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Preface

This volume, which deals with ligated transition-metal clusters in solid-state chem-
istry, is dedicated to the memory of Professor Marcel Sergent who devoted his
professional life to this area of chemistry. Marcel was born in Douarnenez, a fishing
port located in the extreme West of Brittany, France, an area that he loved and never
forgot throughout his life. Indeed, he spoke the Breton (Celtic) language fluently in
his childhood, a local language which was still widely used in Brittany when he was
a boy. Marcel Sergent graduated in chemistry from the University of Rennes and
started his Thesis of Doctorat ès Sciences Physiques under the supervision of Prof.
Jacques Prigent in the Laboratoire de Chimie Minérale B. Subsequently he was
appointed by the CNRS from 1964 until his retirement in 1999 with the first class
degree of Directeur de Recherches. Very regrettably, he passed away very suddenly
in 2015.

He earned his doctoral degree in 1969. The topic of his dissertation research was
the study of alkaline thiochromites, thiomolybdites and thiotungstites obtained by
sulphidation/reduction of the double oxides under a CS2 stream at quite low tem-
peratures. He had very early in his research the intuition that direct reduction of
MoS2 by elemental Mo (eventually in the presence of a second metallic element)
could be possible and lead to some interesting compounds. For this purpose he
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developed, in Rennes, the method of high-temperature syntheses using sealed
evacuated silica tubes. This approach turned out to be extremely productive as it
allowed the development in his laboratory of the very rich and varied chemistry of
transition element ligated clusters.

In the early 1970s, with his PhD student Roger Chevrel, he discovered the first
ternary molybdenum chalcogenides, based on the Mo6 octahedral metal-metal
bonded clusters, e.g. PbMo6S8, which exhibits exceptional superconducting proper-
ties, with the highest critical temperatures and critical magnetic fields at that time.
This class contained numerous and related compounds, now well-known as
“Chevrel phases”. They were extensively studied all around the world. As a result
Marcel Sergent established a number of collaborations not only in France but also in
many foreign countries. The most prominent were with Profs. Jean Rossat-Mignot
and Robert Tournier in CRTBT (Grenoble) and Prof. Østein Fischer in DPMC of
Geneva University. Indeed, Marcel Sergent had very early appreciated the great
importance of close collaborations with solid-state physics laboratories.

Following these outstanding results on ternary molybdenum chalcogenides,
Marcel Sergent was the advisor of a large number of students and/or co-workers
who extended the chemistry to halides, chalcogenides and chalcohalides built
around tetrahedral, octahedral and condensed clusters of niobium, tantalum, molyb-
denum, tungsten and rhenium. In parallel, he supervised very original research on
transition metal compounds of phosphides and arsenides with metal-metal bonds.
Later, he also became involved in studies of high critical temperature
superconducting cuprates.

Marcel Sergent understood very early the potential in solid-state chemistry of X-
ray diffraction analyses. His rigor in the complete interpretation of any powder X-ray
diffraction patterns was at the basis of the discovery of a number of original phases.
According to him, a new compound was fully characterized only if, at least (at this
pioneering period), the unit-cell parameters and space group were determined by
single-crystal X-ray diffraction techniques. For this reason he put considerable
efforts to provide his laboratory with Weissenberg and Buerger cameras, which
led to the first Chevrel-phase structure determinations. Later, with the arrival of Prof.
Daniel Grandjean, a crystallographer, this structural approach tended to become
systematic, at a time where the automatic diffractometers still did not exist.

Having always in mind the importance of mastering the crystallization of the
compounds, synthesized by his group, he developed in Rennes various methods of
crystal growth and stimulated the emergence of a thin films growth and character-
ization research group. Also he was strongly involved in the processing of Chevrel-
phase wires (Eureka Program from EU) and the synthesis of catalysts by the
impregnation approach.

Marcel Sergent was the author and co-author of about 400 scientific publications,
mainly in international journals, and a dozen patents. He was the leader of a number
of national and international research programmes, mainly devoted to the study and
applications of Chevrel phases and related cluster compounds. He was also an able
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administrator, being Deputy Director, then Director of the CNRS Laboratory of
Solid State and Molecular Inorganic Chemistry (1981–1992) at the University of
Rennes, member of the CNRS National Committee (1983–1987) and Chargé de
Mission of the CNRS for the scientific research in the Brittany region. His achieve-
ments have been recognized by the French Chemical Society award (1981), the
French Academy of Sciences A. Guye award (1981), and the Silver Medal of CNRS,
shared with R. Chevrel (1981).

Beyond these prominent scientific skills Marcel Sergent is remembered by all his
students and co-workers for his exceptional enthusiasm, dynamism and tenacity, and
most of all for his great creativity. Indeed he worked non-stop in order to check any
of his hypotheses about the formation of new compounds and/or their structural
determination. To all of them he passed on his rigor and scientific honesty as well as
his unusual humility, receptiveness and kindness to his French colleagues and
foreign collaborators. All these qualities mark his most important legacy for those
that worked with him. Everyone who knew Marcel Sergent will have pleasant
memories of his kind, reliable and straightforward personality.

Through this collection of chapters, colleagues and friends gratefully acknowl-
edge his diverse and outstanding contributions to ligated transition-metal clusters in
solid-state chemistry. This volume opens with a historical overview of the Chevrel
phases. André Perrin, Christiane Perrin and Roger Chevrel recount the impact of the
seminal discovery of the Chevrel phases in the early 1970s and the subsequent
developments in the field to this day. The following chapters provide contemporary
accounts of a variety of experimental and theoretical studies in this fascinating area
of chemistry. Examples include the chemistry of molybdenum and rhenium octahe-
dral chalcogenide cluster compounds carried out at the Nikolaev Institute of Inor-
ganic Chemistry (Vladimir Fedorov and Nikolay Naumov), and that of niobium and
tantalum octahedral cluster halide compounds with three-dimensional frameworks
(Pierric Lemoine, Jean-François Halet, Stéphane Cordier). The chapter by Lisa
Szczepura and Ernesto Soto explores the breadth of terminal ligands incorporated
into molybdenum halide and rhenium chalcogenide cluster complexes. In a subse-
quent chapter, Alvaro Muñoz-Castro, Dayan Paez-Hernandez and Ramiro Arratia-
Perez describe the bonding, optical, magnetic, redox and biological properties of
rhenium hexanuclear clusters. Finally, Christophe Candolfi and his co-authors give a
detailed account on the thermoelectric properties of ternary and quaternary molyb-
denum-based selenide clusters in their chapter. Readers will realize that almost 50
years after their discovery, the Chevrel phases and their derivatives continue to
represent a vital research area, which attracts chemists, physicists and material
scientists.

I warmly thank all of the authors for their timely contributions to this volume and
hope that their efforts will stimulate younger chemists to join the field of ligated
transition-metal clusters in solid-state chemistry and thereby keep it and the memory
of Marcel Sergent alive. I am also grateful to Christiane and André Perrin – they
were among the first actors in the field of Chevrel phases – and kindly provided me
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with important details about Marcel Sergent’s scientific career. Finally, my thanks
go to Mike Mingos, Series Editor of Structure and Bonding, who had greatly
admired Marcel's research on clusters and suggested the topic of this volume during
a short visit to Rennes in 2016.

Rennes, France Jean-François Halet
May 2019
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Abstract This chapter summarizes the important role played by Marcel Sergent in
the discovery in the Rennes Laboratory of the Chevrel Phases, which stimulated
considerable interest in the international solid-state chemistry community, because
of their remarkable superconducting properties. After a brief general introduction to
this topic, the seminal discoveries associated with these phases between 1970 and
1990 are described. After that their initial synthesis and structural determination was
discovered, it was necessary to establish their critical superconducting transition
temperature, the critical magnetic field, and the critical current density in wires,
single crystals, and thin films. More recently their applications as battery materials,
in catalysis, and their thermoelectric properties have been studied and are briefly
described. These phases opened up the way not only to a rich solid-state chemistry
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but also to a rich solution chemistry, which complemented the classical field of
transition metal carbonyl clusters. The basic cluster units of the Chevrel Phases
continue to be studied in the Rennes Laboratory by the heirs of Marcel Sergent and
more widely in the international community.

Keywords Chevrel Phases · Hydrodesulfurization · Marcel Sergent · Molybdenum
clusters · Rhenium clusters · Secondary batteries · Superconductivity · Ternary
molybdenum sulfide · Thermoelectricity

1 Introduction

The aim of this chapter dedicated to the memory of Dr. Marcel Sergent is to relate his
outstanding contribution to the discovery of the so-called Chevrel Phases, their
developments, and the way they have paved the way to a large and important area
of cluster chemistry. Although many people consider now that very old papers are
obsolete, we have chosen to systematically refer here to original papers in order to
get a memory of them, because they are often forgotten by the computer-assisted
bibliographic tools and their users: “if nobody remembers something, it did not ever
exist” [1]. This chapter does not provide an up-to-date and comprehensive review of
this area but a historical account of the scientific contribution of Marcel Sergent to
this area and its subsequent development. Consequently, the bibliography concen-
trates on the literature from 1970 to 1990, for which many details are covered in
reference [2], and a more comprehensive review of this area is to be found in a recent
paper by O. Peña [3].

2 The Early Beginnings

The Thesis Dissertation [4] of Marcel Sergent, defended in 1969, was devoted to
the synthesis of new “Alkaline thiomolybdites, thiotungstites and thiochromites.”
This topic was chosen because the head of the Laboratory, Prof. J. Prigent, was a
specialist of uranium chemistry and decided to extend the study of uranates and
thiouranates to molybdenum and tungsten analogues. The experimental solid-state
route for these syntheses was the sulfuration of the metallate by CS2 transported by
N2 at around 300–400�C (Fig. 1). The resulting thiometallates were subsequently
reduced under H2 in the range 500–700�C. This approach was chosen because
the alkaline metals are too reducing and the handling of alkaline sulfides was
problematic.

The study of molybdenum and tungsten led to a number of new compounds of
general formula MMeS2 (M ¼ alkaline metal, Me ¼ Mo or W) where the Me metal
has the formal oxidation state of +3 [5]. Conductivity measurements showed that
they were semiconducting, and the magnetic measurements suggested the presence
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of metal-metal bonds. A further reduction under H2 of the thiotungstites produces
metallic W at temperature as low as 850�C. In contrast, thiomolybdites are reduced
near 900�C to the new compounds of divalent molybdenum: M2Mo5S6 (M¼ K, Rb,
Cs) and M2Mo2S3 (M¼ Li, Na) [4]. The XRD patterns of the latter were very similar
to the one reported just previously by Espelund for “SnMo6S7,” the pattern of which
was tentatively indexed with a pseudocubic unit cell with a ¼ 6.53 Å [6]. Remem-
bering that SnMo6S8 was later shown to have a trigonal R-3 unit cell with a¼ 6.52 Å
and α ¼ 89.73�, it becomes clear now that these compounds were in fact the first
examples of the Chevrel Phases (hereafter abbreviated as CPs).

It is noteworthy to mention the Conclusions of the Thesis of Marcel Sergent,
relative to these thio compounds of Mo(II): “[they] form a very original series, owing
to their electrical and magnetic properties, very different from the ones of chromium
and other transition elements. These compounds are actually characteristic of the
low valency chemistry of molybdenum, tungsten, niobium, and rhenium, based on
Me-Me chains or polymers.”We can guess that the last word in this sentence would
refer in his mind to “MoCl2” derivatives that were already known since the 1940s to
have structures based on octahedral Mo6 units with strong Mo-Mo bonds [7, 8].

3 The Discovery of Chevrel Phases

As he developed an independent research program, Marcel Sergent decided to
pursue this interesting emerging chemistry of ternary molybdenum(II) sulfides.
Indeed, Marcel Sergent and his student Roger Chevrel intuitively felt that it may
be possible to reduce MoS2 by Mo and a third metallic element, using high-
temperature direct solid-state syntheses in evacuated sealed silica tubes (as was
done by Espelund), a method that was not well-developed at that time in the solid-
state community. They implemented it in the laboratory, enabling syntheses up to
about 1,200�C. Indeed, this approach was very fruitful and gave opportunity to

Fig. 1 The setup used by Marcel Sergent in his Thesis for the sulfuration experiments [4]

Chevrel Phases: Genesis and Developments 3



develop in Rennes the transition element cluster chemistry of the early transition
metals. It remains, 50 years on, very commonly used in solid-state laboratories
worldwide for high-temperature solid-state syntheses.

3.1 Syntheses of the First Thio Compounds

The first attempts were carried out within the framework of the M.Sc. Diploma
(unpublished) of his student Roger Chevrel, which described the exploration of the
Fe-Mo-S system. Two new phases were detected: FeMo(II)3S4 which was later
identified and assigned to the so-called Chevrel Phases (CPs) and also FeMo
(III)2S4. These synthetic procedures were extended to a number of ternary sulfides
and reported in the Thesis of R. Chevrel [9]. The overall approach was to explore the
range of compositions M2(I)S-Mo(II)S and M(II)S-Mo(II)S, targeting formulas
M2(I)MonSn+1 and M(II)MonSn+1. Following several oral communications in scien-
tific meetings in the 1968–1970, the results were first published (in French; see
Fig. 2) in 1971 in the seminal paper titled “On New Molybdenum Ternary Sulfides
Phases” [10] and summarized in Table 1.

Stoichiometric compounds were obtained when M was a large cation, namely,
Ag, Sn, Pb, Sr, and Ba. From Weissenberg and Buerger X-ray photographs, it was
shown that they crystallize in the trigonal system, R3 or R-3 space groups (SG). The
unit-cell constants, refined from X-ray diffraction powder data, are all close to
a ¼ 6.5 Å and α ¼ 90�: for instance, in the example of the Pb compound, they are
a ¼ 6.54 Å and α ¼ 89�280.

Fig. 2 A partial facsimile of the first report on Chevrel Phases [10] (reproduced from J. Solid State
Chem., with permission)

4 A. Perrin et al.



Solid solutions, with a large variability in cation concentration, were obtained
with smaller cations, Ni, Co, Fe, and Mn. They also crystallize in the R3 or R-3 SG,
with similar unit-cell constants, but α is now slightly larger than 90�. The Cr solid
solution in contrast showed a triclinic distortion although the unit cell remains very
close to the trigonal parent, while Mg, Zn, and Cd solid solutions undergo a trigonal
to triclinic transition for high concentrations of the cations. A special mention
concerns the copper compounds as they were apparently characterized by a double
nonstoichiometry. In fact, it was found later that the solid solution CuxMo6S8
extended from x ¼ 1.6 to x ¼ 4.

Finally, the paper mentioned some alkaline thiomolybdites that present a trigonal
unit cell similar to the abovementioned ones (for Li, Na), while M2Mo5S6 (M ¼ K,
Rb, Cs) are quadratic.

An important conclusion of this paper, drawn from both the chemical properties
and magnetic measurements, was that the molybdenum had a formal oxidation state
of +2 and the d4 configuration was capable of establishing Mo-Mo bonds, and the
authors restated a visionary hypothesis of the formation of “metal clusters” (defined
by Cotton as “a finite group of metal atoms held together mainly or at least to a
significant extent, by bonds directly between the metal atoms, even though some
non-metal atoms may also be intimately associated with the cluster” [11]) in such
compounds, similar to that reported for MoCl2 [7, 8].

Table 1 M2(I)MonSn+1 and M(II)MonSn+1 compounds reported in the first paper published by
R. Chevrel, M. Sergent, and J. Prigent [10]

Cation n value or range Comment

Ag 4 Stoichiometric compounds (trigonal)

Sn 5

Pb 6

Sr 6

Ba 7

Ni 3–5 Solid solutions (trigonal)

Co 3–5

Fe 2–5

Mn 2–6

Cr 2–3 Triclinic

Cux 3–4 and x ¼ 1–2 Double solid solution

Mg 2–6 Trigonal!triclinic transition depending upon stoichiometry

Zn 3–6

Cd 3–5

Li or Na 2 Trigonal

Chevrel Phases: Genesis and Developments 5



3.2 Syntheses of the First Seleno and Telluro Compounds

For the synthesis of such compounds, a valuable advantage of the sealed
tubes method is the use of elemental Se (Te), avoiding the need to handle the very
harmful H2Se (H2Te). Consequently, many ternary molybdenum(II) selenides were
published in the next few years. O. Bars et al. reported in a short paper the synthesis
and unit cells of Mo3Se4 and the solid solutions MxMo3Se4 (M¼ Fe, Co, Ni) as early
as 1970 [12]. As all these compounds appeared to be isostructural, it was suggested
that the binary product would act as a host structure for counter-cations, leading to
the ternary chalcogenides. Some time later, R. Chevrel and M. Sergent extended and
completed this work [13]. It is noteworthy that in the meantime the crystal structure
of Mo3Se4 was solved (see Sect. 4), giving unambiguous structural evidence for Mo6
octahedral cluster-based Mo6Se8 units. In their second full paper, Chevrel and
Sergent used the notation “MxMo3Se4,” but finally, after structural determinations,
it became evident that the use of the MxMo6Q8 (Q ¼ chalcogen) formula was more
accurate and established that the common basic unit was the rigid Mo6Q8 entity, for
all the CPs (see Sect. 4).

As previously, large cations led to definite compounds MxMo3Se4 where M was
Zn, Ag, Cd, Sn, and Pb with x close to 0.6. They crystallize as above in the trigonal
R3 or R-3 SG, the unit-cell volume increasing monotonically with the radius of
M. For M ¼ Fe, Mn, Cr, V, and Ti, a triclinic solid solution is observed
(0.5 < x < 0.7). For Cu and Co, the trigonal solid solution extends from x ¼ 0
(i.e., Mo3Se4) to x ¼ 1.4 and 0.7, respectively. In the example of NixMo3Se4, the
trigonal solid solution extends in the ranges 0 < x < 0.3 and 0.6 < x < 0.8, while
in-between is observed a triclinic distortion.

3.3 Subsequent Synthetic Studies

This pioneering work resulted in an incredible blooming of new compounds during
the 1970s. Besides the main group and transition elements, they included rare-earth
[14] and actinide counter-cations [15, 16]. For example, in the late 1970s, more than
80 CP compounds were identified and characterized [2, 17]. Also it should be
mentioned that the substitution of some of the chalcogens by halogens could be
achieved and some of the molybdenum atoms could be replaced by Re or Ru. This
opened up the way to very important series of new cluster-based chalcohalides, as
discussed in more detail in Sect. 7.
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4 The Crystal Structures of Chevrel Phases

The first pertinent work related to CPs was the structure determination in 1973 of the
binary Mo6Se8 by O. Bars et al. [18]. Indeed, this compound was synthesized some
years before by decomposition at 1180�C of MoSe2 under a vacuum [19], but only
the full solid-state approach afforded single crystals easily obtained and suitable for
an X-ray diffraction analysis. This pioneering structural work established the pres-
ence of slightly distorted octahedral Mo6 groups, based on octahedral metal “clus-
ters,” and M. Sergent realized that they were similar to those present in MoCl2 (see
Fig. 3). Within the cluster, the Mo-Mo distances are 2.68 and 2.83 Å, consistent with
the presence of strong metal-metal bonds. In molybdenum metal, the Mo-Mo
distance is 2.73 Å [20]. The Mo6 clusters are inscribed in a Se8 pseudo-cube, leading
to theMo6Se8 units, which are the structural basis of all of the CPs. In addition, there are
six longer intercluster Mo-Mo contacts of 3.26 Å. Of special interest in this paper is
another illustration of the unit-cell stacking: the small arrows in Fig. 3 represent Mo-Se
interunit bonds and evidence the fact that a selenium atom lies on each “apical” position
of the Mo6 octahedron (i.e., on the pseudo-quaternary axis), exactly like some of the
halogen atoms in MoCl2. The correct description of the three-dimensional structure is
based on the three-dimensional stacking ofMo6[Se2

iSe6/2
i-a]Se6/2

a-i, where the symbols

Fig. 3 The first
representation of a Chevrel
Phase structure: the empty
Mo6Se8 binary host [18]
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a and i act as “apical” and “inner” (i.e., belonging to the Se8 pseudo-cube), according to
the Schäfer notation [21]. This structure forms some channels and cavities, especially at
the origin of the unit cell, and the assumption was made in the paper that it acted as a
host structure in the ternary CPs.

Indeed, this work was followed very soon by the determination of the structures
of ternary phases: Ni0.66Mo6Se8 [22] and Ni2Mo6S8 [23] and many others. The
structure of PbMo6S8 [24, 25] was particularly noteworthy, because it is considered
as the prototype of CPs with a large cation, as well as the structure of the very
extended solid solution CuxMo6S8 (1.6 < x< 4) [26]. In the first case, Pb2+ counter-
cations are located at the origin (“site 1”), while in the second one, the Cu+ counter-
cations are statistically distributed in a puckered hexagon around this same site 1 and
on another one denoted as “site 2.” Simultaneously, the structure of the selenide
PbMo6Se8 was also reported [25].

In the following years, many of these structures were accurately refined, giving
evidence for some additional nonstoichiometries: as an example, “PbMo6S8” was
actually PbMo6.35S8 [15]. However, for reasons of clarity, we will use the simplified
formulae hereafter.

5 The Electronic Structure of Chevrel Phases

Well before the discovery of CPs, the isolated cluster unit [Mo6Cl8]
4+ was studied by

several authors [27–29] using a simple molecular orbital (MO) approach. Although
the precise ordering of the MO levels was uncertain at this stage (it was precisely
established some years later as a1g, t1u, t2g, t2u, and eg, from the bottom to the top
[30]), the important point was the evidence of the formation of 12 metal-metal bonds
involving 24 electrons on the metal cluster, a magic number called valence electron
count (VEC) [31]. This corresponds obviously to the establishment of single bonds
with a bond order of 1, as formalized by J. D. Corbett [32].

In the late 1970s and early 1980s, such calculations were extended to the newly
discovered CPs [33–36]. The pedagogic report of T. Hughbanks and R. Hoffmann
[37] was particularly noteworthy since their calculations emphasized the crucial role
of apical Sa-i ligands. This point of view agrees closely with the previous statement
of Corbett that “a maxim of cluster chemistry is that the outer or exo [i.e., ‘apical’ in
the Schäfer notation used here] positions are strongly bonding and are always
occupied by some basic group” [32]. Indeed, this is this feature that imposes a
rotation of about 25� (as seen in Fig. 3) of the cluster unit inside the counter-cation
pseudo-cube, in order to put a sulfur atom of a surrounding cluster unit in front of
each molybdenum of a given (Mo6S8) cluster unit. These additional sulfur atoms lie
onto the pseudo-quaternary axes of the octahedron. Introducing these apical sulfur
ligands in the calculation, instead of restricting to the (Mo6S8) cluster unit, actually
opens a gap above the eg MO, the top-most level of the Mo-d group, as illustrated in
Fig. 4. As the eg levels are fully occupied for a VEC ¼ 24, this explains why a
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compound like Mo2Re4Se8, strictly isostructural with Mo6Se8, turns out to be a
semiconductor, as it accommodates exactly 24 e�/cluster (see Sect. 7).

Similar results were reported simultaneously and independently by the team of
R. Lissillour in Rennes [38]. They extended the calculations to a number of M6L8L0

6

cluster-based compounds (M ¼ Mo, Re; L and L0 ¼ halogen or chalcogen; see
Sect. 7) and formalized their results within their so-called three-band model, where
from the bottom to top lies a band mainly composed of p L ligand orbitals and the
second is made of 12 d M metallic orbitals (bonding) and the third, separated by the
gap, of 18 d M metallic orbitals (antibonding) [39].

Fig. 4 Molecular orbital diagram of Chevrel Phases, illustrating the perturbation of the Mo6S8
4�

levels by six apical S2� ions, consequently opening the gap [37]
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6 The Golden Age of Chevrel Phases

6.1 Superconductivity

6.1.1 Critical Temperature

A very short time after the publication of the paper of R. Chevrel, M. Sergent, and
J. Prigent on ternary molybdenum sulfides, the group of B. T. Matthias discovered a
superconducting behavior in several of them and published in Science a short paper
entitled “High-Temperature Superconductors: The First Ternary System” [40]. For
the Cd, Mg, Zn, Cu, Sn, and Pb compounds, critical temperatures (Tc) of 2.3, 2.4,
2.7, 10.8, 10.9, and 12.5 K, respectively, were reported. Such a discovery initiated
immediately an intense international research on the superconductivity of CPs,
promoting in particular a very long-lasting and fruitful collaboration between the
groups of M. Sergent in Rennes and Ø. Fischer in Geneva. As reported in reference
[17], the Tc of more than 80 compounds was measured in 1978. Figure 5 illustrates
an example of resistive transitions reported early [41].

The effect of doping by a fourth (metal) element suggested that the nature of the
counter-cations between the Mo6S8 units plays an important role on the value of the
critical temperature [42]. However, the subsequent report that Mo6S6Br2 exhibits a
Tc as high as that in PbMo6S8 (see Sect. 7) does not support this assertion. From a

Fig. 5 Early reported resistivity curves of several Chevrel Phases, illustrating the superconducting
transitions for the copper and silver compounds [41]
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study of the effect of the (partial) substitution of S by Se or Te in PbMo6S8 and
Mo6S8, it was concluded that correlations between Tc and both the rhombohedral
angle α and the intercluster Mo-Mo distance [43] existed. Further research showed
no direct correlation between the superconductivity and the nature of the ternary
element M, suggesting that the 4d electrons of Mo were essentially responsible for
the superconducting properties [14]. This was confirmed some years later by theo-
retical calculations. In contrast, a clear correlation of Tc and the VEC was established
[31]. Figure 6 shows a maximum of Tc around a value of 3.7–3.8 electrons/Mo, i.e.,
around 22 electrons/Mo6 cluster, again in accordance with a maximum of the density
of states near this value.

6.1.2 Critical Magnetic Field

Another striking characteristic of superconducting CPs is their extraordinary high
critical magnetic field, which was only exceeded by the so-called HCTS cuprates
discovered in 1986. Indeed, the Fischer group reported in 1974 the first measure-
ments, using a pulsed magnetic field limited to 350 kG. For some samples they could
not reach the critical magnetic field Hc2 but deduced from a model values up to about
450 and 550 kG for PbMo6S8 and Al-doped SnMo6S8, respectively [44]. The same
year, using a new coil delivering up to 510 kG, they obtained at 4 K a critical field

Fig. 6 A correlation
between the critical
temperature and the VEC
(here relative to one
molybdenum atom) for a
number of superconducting
Chevrel Phases [31]
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estimated to 560 kG (for full destruction of superconductivity), meaning more than
600 kG at 0 K, for a slightly Gd-doped PbMo6S8 sample [45]. Finally, the following
year, Hc2 was increased to 580 kG at 4 K and more than 600 kG at 2 K for a sample
doped with both Gd and Eu, implying that a magnetic field above 700 kG would be
necessary to make it entirely normal [46]. As CPs are not cubic, experiments were
carried out on oriented single crystals. An anisotropy of about 20%was measured for
all three representative PbMo6S8, PbMo6Se8, and SnMo6Se8, with the maximum of
Hc2 obtained when H is perpendicular to the ternary axis [47].

6.1.3 Coexistence of Magnetism and Superconductivity

Finally, the discovery of the coexistence of magnetism and superconductivity in the
(RE)Mo6S8 systems should be mentioned. Indeed, it was shown that a partial
substitution of Pb or Sn in PbMo6S8 or SnMo6S8 by magnetic rare-earth ions did
not destroy the superconductivity [14, 48] (see Fig. 7 [14]). A subsequent study,
involving all RE ions series, was carried out, and most of the (RE)Mo6S8 are
superconducting above 1.1 K. It was the first time that a system containing a regular
lattice of magnetic ions was superconducting. It was concluded that the exchange
interaction between the superconducting electrons and the RE ions was very weak,
because the latter are located at the origin site, far away from the Mo6 cluster
[14]. This situation contrasts with the case of small magnetic transition elements
of the first group like Fe, where these ions are delocalized around several sites and
are then closer to the cluster, fully destroying the superconductivity, as expected.
Very unusual behavior was reported for some (RE)Mo6S8. For instance, HoMo6S8 is
superconducting at 1.2 K but becomes normal again below 0.65 K where a magnetic

Fig. 7 Critical temperature versus concentration x of europium ions in Sn1.2(1–x)EuxMo6.35S8 [14]
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transition occurs [49]; this particular state was called “reentrant superconductivity”
[50]. On the other hand, EuHoMo6S8 exhibits a phenomenon of magnetic field-
induced superconductivity: at T < 1 K, superconductivity is destroyed in a low field
(about 10 kG), reappears at 80 kG, and finally disappears only above 200 kG
[51]. Interested readers could find more detail in [3] and references therein.

6.1.4 Processing Chevrel Phases

Figure 8 illustrates clearly the superiority of PbMo6S8 with respect to technical
superconductors Nb-Ti, Nb3Sn, and even Nb3Ge in terms of critical field [17].
Indeed, a considerable effort was made to produce wires of CP, because they appear
to be excellent candidates to build coils able to sustain higher magnetic fields. For
this purpose, they have to be processed in the form of wires, additionally able to
support high current density. The main drawback arises from the fact that CPs are
very brittle materials (as Nb3Sn and Nb3Ge, while in contrast Nb-Ti is a ductile

Fig. 8 Comparison between the critical fields of PbMo6S8, Nb3Ge, Nb3Sn, and the Nb-Ti
alloy [17]
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alloy). One of the first attempts was based on the sulfidation of a molybdenum wire,
followed by a heat treatment under Pb vapor (see Fig. 9) [52]. The current density
was quite modest, 2 107A/m2 in a field of 40 kG [52]. In the following years, the
technology of powder metallurgy was developed, implying in most cases the help of
specialized factories. Then several consortiums were established, for instance, in
France, University of Rennes with CGE Marcoussis, CEN Saclay and Grenoble, and
SNCI Grenoble, and in Europe, Universities of Rennes, Geneva, and Nijmegen with
Plansee, Spectrospin, and Promogap (European Union Program Eureka 96). Briefly,
the CP (pre-reacted [53] or its precursors [54]) is compacted in a copper tube
(“billet”) that is extruded and then drawn as a long monofilament wire. In further
improvements, sections of such wires were assembled in bundles and again extruded
and drawn to produce multifilament wires as shown in Fig. 10 [50, 54]. In order to
avoid any contamination of PbMo6S8 by Cu, an anti-diffusion barrier (mainly Nb
and in some cases Mo) was inserted [50, 53, 54]. Whatever the route used, the
critical current density was in the range 1–2 108 A/m2 at 200 kG and 4.2 K
[55]. Values of 5.4 108 and 3.1 108 A/m2 were further reached at 1.9 K for fields
as high as 200 kG and 240 kG, respectively [56]. Figure 11 shows that CP wires
overpassed any technical superconductors above 170 kG [57].

Thin films are the ideal form for some physical measurements, such as critical
current density and the development of superconducting junctions. The first attempt
used RF sputtering from a composite target to grow CPs with Cu, Ag, Sn, and Pb,
deposited onto Mo substrates [58]. The films were either grown in situ on heated
substrates (750–900�C) or deposited at room temperature and subsequently annealed
in silica tube sealed under vacuum. Critical temperatures close to the one of bulk
material were achieved. Such films exhibited Jc as high as 10

9 A/m2 at zero field [59]
and were later used to produce superconducting tunneling junctions based on CPs
[60]. In the following years, reactive physical vapor deposition was proposed [61],
but other groups used sputtering, with different variants [62, 63]. During this period,
M. Sergent decided to provide his laboratory with a miniaturized sputtering device,
and Tc ¼ 13 K and Jc ¼ 3.107 A/m2 were achieved for PbMo6S8 with this very

Fig. 9 A cut along the axis
of a PbMo6S8 wire grown on
the surface of a
molybdenum wire [52]
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simple apparatus [64, 65]. When pulsed laser deposition became popular, this
method was applied to the in situ growth of CuxMo6S8, and epitaxial thin films of
CPs were obtained for the first time [66]. More recently, films of Cu2Mo6S8 were
synthesized by chemical solution deposition, based on the use of a polymeric
precursor: the coatings were first calcined and then sulfided under a H2/H2S flow
and finally reduced under H2 [67]. On the other hand, the preparation of a thick film
(17 μm) of CuxMo6S8 was done by a chemical transport technique [68], similar to the
method used to process wires reported in [52].

Single crystals are obviously of great importance for many physical measure-
ments. Indeed, crystals suitable for structure determination were in most cases
picked from the powders resulting from the synthetic procedures. Chemical transport
reactions were carried out for Co2Mo6S8 [9] and PbMo6S8 [69, 70], giving isolated
well-formed crystals, but the latter were still too small for physical measurements.
Crystallization from melt is difficult, because many of CPs undergo incongruent
melting. In addition, it is necessary to take into account the sensitivity to oxidation,
the high melting temperature, and the high chemical reactivity [71]. Then, welded
Mo crucibles [72], or high Ar or He counterpressure [73, 74] or liquid-encapsulated
melting [75], were proposed, especially in the examples of ternary sulfides with Pb,
Sn, or Cu. Obviously, much efforts were done for rare-earth ternary sulfides, because
of their outstanding properties. Sealed Mo crucibles [76], often associated with an
Al2O3 liner and an excess of RE sulfide [71], were used. A very complete study of
the kinetics of the crystal growth of REMo6S8 was carried out [77]. It established the
possibility of working in open crucibles under argon at atmospheric pressure, as long

Fig. 10 A scanning electron micrograph of a Chevrel Phase multifilament wire in copper matrix.
© A. Perrin LCMBR
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as the initial charge was sufficiently shifted in composition. A general survey
including details about the physical properties measured on REMo6S8 crystals is
given in [78]. The reader is also referred to a recent review [3]. Finally, the
systematic study of the crystal growth of the selenides REMo6Se8 was carried out
more recently [79].

6.2 Other Properties and Potentialities

As outlined in the previous section, CPs have been studied in detail for their
outstanding superconducting behavior. In addition, this series of compounds
exhibits several other striking properties, which are summarized below.

6.2.1 Electrodes for Secondary Batteries

As mentioned above, the structure of CPs provides an open framework with three-
dimensional channels, where delocalized small counter-cations are accommodated.
These metal ions are mobile within these channels. Indeed, Chevrel and Sergent

Fig. 11 A graph of the best
critical current densities as a
function of applied magnetic
field for single-wire Chevrel
Phases obtained in various
laboratories, compared to
the classical Nb3Sn
superconductor [57]
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removed the counter-cations from some small-cation CPs (e.g., copper and nickel),
by leaching them with a dilute inorganic acid and then giving access to the meta-
stable Mo6S8 binary compound [80]. The reaction is reversible, and ternary repre-
sentatives can again be obtained using soft conditions. In addition, the process is
topotactic in character, and the authors were able to determine and refine the crystal
structure of Mo6S8 [80]. Soon after, Schöllhorn et al. succeeded in intercalation-
deintercalation reactions using an electrochemical approach. In their studies, both
transition metal CPs were removed with aqueous electrolyte and alkaline CPs with
an organic one [81]. These results opened the way to the study of CPs as cathode
materials for rechargeable batteries. Most work was devoted to the Cu-, Fe-, Ni-, and
Cr-based CPs associated with lithium and organic electrolyte [82–86]. Thick [87]
and thin films [88, 89] were also studied. More recently, the group of D. Aurbach
highlighted the potential interest of Mg/CP batteries [89] because Mg is eco-friendly,
nontoxic, abundant in the earth crust, and divalent and gives fast and reversible
intercalation in CP. These CPs have been claimed to be the currently best available
model cathode for Mg batteries, as practical energy densities of 60 W h kg�1 (about
half of the Li-ion battery) with excellent cyclability (>3,000 cycles) were reported
[90]. For a recent, complete, and critical review, see reference [91]. As a final
remark, it is clear that CPs have a limited intrinsic massic capacity, due to their
quite high molecular weight. However, they could be very attractive for land-based
stationary battery systems, in relation to the need for the storage of intermittent
renewable energy sources like wind or sun.

6.2.2 Catalysis

In 1984, McCarty and Schräder compared the ability of several CPs as catalysts
for hydrodesulfurization of crude oils versus both classical unpromoted and
Co-promoted MoS2 (usually labeled “CoMoS”) catalysts [92]. They found that all
CPs tested had efficiencies comparable and even better than the standard model
catalysts, on the basis of catalyst surface area. In addition, they showed that CPs had
a higher selectivity and stability. Their long-term activity was also better than those
of classical model catalysts. However, samples were synthesized by the standard
high-temperature solid-state route, resulting in low specific surface area, about
1 m2/g. Obviously, improved efficiency of the catalytic process depends strongly
on the specific area of the material used. Then, M. Sergent and his group launched
a program devoted to increasing the surface areas of the CPs. The work drew on
a previous result in his Thesis [4] that the hydrogen reduction of alkaline
thiomolybdites affords new compounds that turned out to be in fact CPs. The first
approach was to reduce mixtures of ammonium thiomolybdates and, for instance,
copper salts. The CP CuxMo6S8 was obtained at temperature as low as 600�C, with
an intermediate step involving a mixture of MoS2 and Cu [93]. Subsequently,
samples of CuxMo6S8 supported on alumina were prepared by impregnation with
an ammonia solution of ammonium heptamolybdate and copper nitrate, followed by
air calcination, sulfuration under a H2S flow, and finally reduction by hydrogen
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[94]. The crystallites were so small that the CP could not be characterized by
X-ray diffraction, only by EXAFS. Also, searching for a preindustrial route for
CP preparation, finely grained NixMo6S8 powders (0.5–1 μm) were prepared by
bubbling H2S in an aqueous solution of heptamolybdate and Ni nitrate. The
coprecipitate was dried and H2 treated as previously [95]. Finally, an indirect route
to prepare supported Ni-CP catalyst was to start from a commercial Ni-Mo catalyst
precursor; to sulfide it until the early formed “NiMoS”was fully dissociated in MoS2
and Ni particles, as mentioned above in the example of copper; and to react and
reduce them under hydrogen in order to synthesize the CP [96]. Catalytic activity
measurements were used to optimize the reduction treatment. It should be noticed
that CuxMo6S8 was recently evaluated also as a catalyst for the ring opening of
tetrahydrofuran [97] and for hydrogenation, dehydrogenation, and hydrogenolysis
reactions, similar to those commonly catalyzed by platinum group metals [98].

6.2.3 Thermoelectricity

The figure of merit of a thermoelectric material, that is a measure of its efficiency at a
temperature T, is given by ZT ¼ α2T/ρλ, where α is the Seebeck coefficient, ρ
the electrical resistivity, and λ the thermal conductivity (both electronic and of the
lattice). The latter should be minimized, and, in this respect, compounds with heavy
constituent masses and open structures hosting mobile atoms that act as good
scattering centers for phonon are good candidates [99]. This is the case of CPs
where the counter-cations have large thermal factors, especially for smaller ones,
which are strongly delocalized and are able to “rattle” inside their cage-like site. In
addition, partial substitutions are possible both on the chalcogen positions and even
on the cluster itself, increasing the local disorder. Finally, the electrical resistivity
can be tuned, by varying the VEC. Although first evaluations of Seebeck coefficients
of metallic CPs were published quite early [100, 101], it is only in the late 1990s that
theoretical calculations were carried out for the search of CP-based thermoelectric
materials [102, 103]. The same year, T. Caillat et al. studied the semiconducting
mixed-cluster pseudo-binary (see Sect. 7) Mo2Re4Se8 [104], followed by the
obtention of a ZT value of 0.6 at 1150 K for Cu1.38Fe0.66Mo6Se8 [105]. This value
is very encouraging, because it is comparable to that of Si-Ge alloy in the same
temperature range and to the state-of-art thermoelectric materials (ZT� 1 for most of
them) and it was not yet overpassed for any MMo6Q8 true CP, in spite of subsequent
attempts. In contrast, higher value was recently reported for the condensed cluster
(see Sect. 7) compound Ag3.8Mo9Se11 with ZT � 0.7 at 800 K only, about twice the
value calculated for Cu1.38Fe0.66Mo6Se8 at the same temperature [106]. The ther-
moelectric properties of this very rich series of condensed clusters materials are still
the subject of extensive studies within the framework of a close French collaboration
between the Institut des Sciences Chimiques de Rennes and the Institut Jean Lamour
in Nancy ([107] and references therein). Interested readers could also refer to the
chapter of this volume entitled Thermoelectric Properties of Ternary and Quater-
nary Mo6 and Mo9 Cluster Selenides.
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7 The Legacy of Chevrel Phases

Soon after the discovery of CPs and the understanding that they displayed outstand-
ing properties, considerable synthetic works were made in Rennes, under the
supervision of Marcel Sergent. These new approaches involved changing the con-
ditions for the synthetic procedures and thereby providing opportunities for fine-
tuning their properties. These developments are summarized below.

7.1 Condensed Clusters

In 1979 M. Sergent and R. Chevrel, working with indium counter-cation, reported
the first example of a condensed cluster based on CPs [108]. It was based on the
Mo9Se11 unit built from two octahedral Mo6 clusters sharing a common Mo3 face
perpendicular to the ternary axis, as displayed in Fig. 12a. This topic was extended
with M. Potel and P. Gougeon. Indeed, in the same year, the Mo12 cluster (Fig. 12b)
was discovered as well as the infinite chain (Mo6/2)1, based on the stacking of
Mo3Q3 triangular groups staggered along a ternary axis in the structure of K2Mo6S6
[109]. Intermediates in this series were discovered when the giant clusters Mo18,
Mo24, and Mo30 [110, 111] were synthesized and characterized. All these cluster
units can be written by the general formula Mo3nQ3n+2 (n � 2). Note that in many

Fig. 12 The Mo9S11 unit in K2Mo15S19 (a) and the Mo12S14 (b) unit in K2Mo9S11 [109]
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cases, the condensed clusters coexist in the structure with the octahedral one:
for instance, the compound K2Mo15S19 corresponds to the developed formula
K2(Mo6S8)(Mo9S11) [109], and, in contrast, Mo9Se11 alone was found in the struc-
tures of AgxMo9Se11 (x ¼ 3.6 and x � 4) [112]. Many compounds based on such
high-nuclearity clusters were synthesized and structurally characterized in the fol-
lowing years. They included the giant cluster (Mo36S38)

10� [113], as well as the
(Mo15Se17)

3� [114] and (Mo21Se23)
5� ones [115], the latter having an odd number

of molybdenum atoms. A theoretical study of Mo9Q11, Mo12Q14, and (Mo3Q3)1
was performed in the early stage [37], followed by a more extensive DFT calcula-
tions, which interrelated to the whole series Mo3nQ3n+2 (n ¼ 3–8 and 10) [116]. The
filling of all bonding orbitals leads to an optimal VEC of (13n � 2) for even n (refer
to the value of 24 for CP, with n¼ 2) and (13n� 3) for odd n. Also, a large HOMO-
LUMO gap is maintained in all these compounds [116, 117]. Then, depending on the
filling of the MOs, i.e., the counter-cation stoichiometry, semimetallic [112] and
semiconducting [107] behaviors were reported. As mentioned above, the latter
compounds are subject of intensive research as thermoelectric materials. InMo9Se11
and InxMo15Se19 (x ¼ 2–3) were also evaluated for catalysis [118]. Many of these
condensed cluster compounds exhibit superconductivity with Tc in the range
1.7–4 K [110]. In the example of Tl2Mo6Se6 (Tc ¼ 2.2 K), a very high anisotropy
of the critical field was reported [119], as expected from its strongly anisotropic
structure. Finally, some of these infinite chain-containing compounds MxMo6Q6

(Q ¼ Se, Te) were dispersed in polar solvents. The pristine material was recovered
after evaporation, giving access to highly oriented films by brushing a thin layer of
the solution in one direction onto a substrate: the longitudinal conductivity was five
times larger than the transverse one [120].

Finally, it is noteworthy that Marcel Sergent also initiated with P. Gougeon the
study of another type of condensed clusters, present in low-valence molybdenum
oxides, where Mo6 octahedra share their edges [121]. This family is very rich, and its
development is still being pursued in Rennes [122].

7.2 Mo6 and Re6 Cluster Compounds Derived from Chevrel
Phases

The Mo6S8 Chevrel Phase with 20 electrons per Mo6 cluster is not stable and
decomposes at 470�C [80]. Its stabilization can be obtained by adding up to
24 electrons to the Mo 4d band, corresponding to the filling of the energy bands
near the Fermi level. This can be achieved by substituting sulfur ligands by halogen
ones in Mo6S8 or by replacing molybdenum atoms of the Mo6 cluster by other atoms
richer in valence electrons. M. Sergent developed this topic with C. Perrin and
A. Perrin. More details are given in previous review papers [123, 124].
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7.2.1 Mo6 Cluster Chalcohalides

A consequence of the replacement of chalcogen by halogen in CPs, performed at
high temperature (1,000–1,200�C), resulted in new stable Mo6 chalcohalides where
the VEC values ranged from 20 to 24. The first discovered and structurally charac-
terized of these Mo6 chalcohalides were Mo6Q8�xXx (X ¼ halogen, Q ¼ chalcogen,
0 < x � 2) isostructural to Mo6Q8 [125]. In these chalcohalides, the cluster units are
interconnected in the same way as in CPs by inner-apical chalcogen double bridges
(Qi-a/Qa-i), while inner halogens lie on the 2c site located on the threefold axis of the
unit. The channels that develop in the three directions of the lattice are empty
[126]. When Q ¼ S, definite compounds have been obtained with x ¼ 2, namely,
Mo6S6Br2 and Mo6S6I2. They are superconducting at Tc � 14 K, exactly like
PbMo6S8, while Mo6S8 is superconducting only at a very low temperature. A
previous 119Sn Mössbauer study on SnMo6S8 (Tc ¼ 11 K) suggested that the high
Tc of CPs could be due in large part to the additional soft lattice mode associated with
Sn in SnMo6S8 [127]. However, the high Tc reached by Mo6S6Br2 and Mo6S6I2
without any counter-cation in the channels ruled out this assertion. Finally it was
assumed that it is essential that the halogen ligands occupy the 2c sites on the ternary
axis in order to maintain the symmetry and then to maintain the twofold degeneracy
of the Eg-band at the Fermi level [125]. In addition, these two chalcohalides have a
VEC value of 22 as in PbMo6S8 (Tc ¼ 14 K), confirming the importance of the VEC
for the superconducting properties. As discussed by theoreticians, the 22 VEC value
corresponds to a maximum of the density of states near the Fermi level [17].

When Q ¼ Se or Te, solid solutions Mo6Q8–xXx were obtained with X ¼ Cl, Br,
I and 0 � x � 2. Tc increases correlatively with the VEC value up to 7.0, 7.1, and
7.6 K for Q ¼ Se and X ¼ Cl, Br, and I, respectively (Fig. 13). Mo6Te8, not
superconducting above 1 K, becomes superconducting after iodine substitution
with a maximum Tc ¼ 2.6 K for Mo6Te6I2 [125].

Note that these compounds constituted the first molybdenum chalcohalides
obtained at high temperatures, in contrast to the previous ones synthesized around
500�C, like MoS2Cl2, MoS2Cl3, Mo2Cl5S3, or Mo3S7Cl4 [128–130], where molyb-
denum has a higher oxidation state. These results opened the way to new families of
stable, high-temperature Mo6 chalcohalides, in which the 24 VEC Mo6L14 (L ¼ hal-
ogen or chalcogen) units are interconnected by shared inner and/or apical ligands as
in the following examples. The three-dimensional Mo6X10Q (X¼ Cl, Br and Q¼ S,
Se, Te; X ¼ I and Q ¼ Se, Te), with Xa-a interunit connections developing in the
three directions of the space [131], are insulating and exhibit dielectric relaxations
[132]. The one-dimensional Mo6X8Q2 (X ¼ Br and Q ¼ S; X ¼ I and Q ¼ S, Se)
develops infinite chains of units via Qi-i and Xa-a bridges [133, 134]. They are
insulating and exhibit as expected a dielectric anisotropy [132]. The semiconducting
two-dimensional Mo6Br6S3 is built up from chains similar to the ones observed in
Mo6X8Q2, but here the units are slightly tilted in the chains to establish interchain
connections in the second direction of the space via inner-apical ligands (Si-a/
Sa-i) [135].

Chevrel Phases: Genesis and Developments 21



7.2.2 Re6 Cluster Chalcogenides and Chalcohalides

A second way to tune the VEC in CPs was to substitute (at least in part) Mo by a
metal richer in electrons, such as Re [136] or either Ru or Rh [137]. All the
compounds synthesized are isostructural with Mo6Se8. As selected examples, the
solid solutions Mo2Re4S8–xSex (0 � x � 8) and Mo2Re4Se8–xTex (0 � x � 1.2)
turned out to be a rare example of truly semiconducting CP, owing to the filling of
energy band near the Fermi level by 24 valence electrons (Fig. 14) [136]. In the case
of Te, the synthesis of Mo2Re4Te8 failed, and in place, the diamagnetic Mo4Re2Te8
was obtained. With a VEC of 22, it is a superconductor with Tc ¼ 3.55 K (Fig. 14)
and an initial slope of the upper critical field comparable to that of Mo6Se8
[136]. Mo4Re2Te8 is – with the above-mentioned Mo6Te6I2 – a rare example of a
superconducting telluride Chevrel Phase. Note that a mixed cluster compound was
also obtained with ruthenium: the 24 VEC semiconducting Mo4Ru2Se8 [137]. Any
attempt to obtain purely Re6-based CP structure is of course unattainable because it
would imply a VEC value higher than 24, corresponding to the filling of antibonding
metal-metal orbitals.

Indeed, these results prompted M. Sergent and A. Perrin to start a systematic
search for Re6 chalcohalides built from Re6L14 (L ¼ halogen/chalcogen) units with
various halogen/chalcogen ratios, with a VEC ¼ 24. At the beginning, the system
Re-Se-Cl was chosen, because it was particularly suitable for X-ray contrast of
ligands. The first isolated compound was the lamellar Re6Se8Cl2 where adjacent
units are connected in a plane by four inner-apical (Sei-a/Sea-i) double bridges,

Fig. 13 Critical temperature Tc as a function of halogen concentration x for the solid solutions
Mo6Se8–xBrx, Mo6Se8–xIx, and Mo6Te8–xIx [125]
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exactly as in CPs, while in the third direction are terminal Cla ligands [138, 139]. It is
a semiconductor with a resistivity ratio up to 102 at room temperature [140] and a
bandgap of 1.42 eV [141]. Its discovery was followed by the series of definite
compounds Re6Se8–nCl2+2n (n ¼ 1, 2, and 3) where the cluster units are linked
by Cla-a halogen bridges extending along 3, 2, and 1 direction, respectively. 0-D
compounds were also obtained, namely, the neutral Re6Se4Cl10 (i.e., n ¼ 4) and the
ionic compound KRe6Se5Cl9 [139]. All these compounds are dielectrics [132], and
some of them are isostructural with molybdenum analogues, while others display
original structures.

Fig. 14 Temperature dependence of the resistance ratio of the semiconducting Mo2Re4S8,
Mo2Re4S4Se4, Mo2Re4Se8, and Mo2Re4Se7Te and the superconducting Mo4Re2Te8 compounds
[136]
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This work was subsequently extended to brominated compounds, and a number
of new structures were reported, for instance, KRe6S5Br9 [142] or Cs4KRe6S8Br7
[143], if we restrict ourselves to the first reports. Many original arrangements
were subsequently published, the detail of which can be found in review articles
[123, 124, 144, 145]. Note that some ionic compounds with large counter-cations
(viz., cesium) are readily soluble in various solvents [144] and then could act as
starting materials for solution chemistry (see below). A review of the
photoluminescent properties of Re6 cluster-based compounds, in relation with
theoretical calculations, is reported in the chapter of this volume entitled Renium
Hexanuclear Clusters: Bonding, Spectroscopy, and Applications of Molecular
Chevrel Phases.

7.3 The Beginning of Solution Chemistry of Octahedral
Clusters

The CPs are obviously insoluble in any solvent, due to the strong intercluster
bridging ligands. This is also the case of most of the cluster-based chalcohalides
mentioned above. In contrast, several Mo6 chalcohalides built from discrete Mo6L14

units are slightly soluble [146], while the molybdenum halides Cs2Mo6X14 (X¼ Br,
I) appear as efficient precursors for solution chemistry [147]. The ionic K2Re6Se5Cl9
chalcohalide was reported to be slightly soluble in ethanol [148], but not enough to
be effective synthetic reagent. Several approaches were proposed to improve the
solubility of chalcohalides, in order to have available molecular precursors suitable
for developing novel solution chemistry:

• Replace the inorganic counter-cation by an organic one, like tetrabutyl-
ammonium, via a metathesis reaction; this pioneering approach was used for
the electro-crystallization of tetrathiafulvalene derivatives [149, 150].

• Replace the terminal ligands, either starting from an ionic compound or using an
excision reaction; prominent examples include pyridines [151]; phosphines
[152]; cyano [153–155], hydroxo [156, 157], or aquo groups [157, 158]; and
dendrimers [159].

The availability of these precursors led to an intensive research program for
making new hybrid compounds. Novel coordination compounds and self-organized
structures resulted (refer, for instance, to the reviews [123, 124, 144, 155, 157]).
Further examples can be found in the chapters of this volume entitled Octahedral
Chalcogenide Rhenium Clusters: From Solids to Isolated Cluster Complexes and
Exploring the Breath of Terminal Ligands in [Mo6X8]

4+ and [Re6Q8]
2+ Based

Cluster Complexes.
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8 Conclusion

In this chapter we summarized and highlighted the essential role of Marcel Sergent
in the discovery and the development of what are now commonly described as the
Chevrel Phases and the more general cluster chemistry he and his research group in
Rennes developed after this discovery. Marcel Sergent received well-deserved and
worldwide recognition for his outstanding initiation and participation in this research
area. However, we should mention that this topic was only a small part of his scientific
activities. For instance, he found another series of ternary molybdenum chalcogenides,
namely, MMo2Q4, characterized by the presence of zigzag chains of molybdenum
[160] and series of compounds based on tetrahedral clusters, like Mo4S4Br4 [161] and
MMe4Q8 (M¼Al, Ga;Me¼Mo,Nb, Ta, V, Re) [162, 163]. The work onMo6L14 and
Re6L14 clusters was completed by studies devoted to the Nb6L18 and Ta6L18 ones (see
the chapter of this volume: Inorganic Niobium and Tantalum Octahedral Cluster
Halide Compounds with Three-dimensional Frameworks: A Review on their Crystal-
lographic and Electronic Structures). He started the study of Mo6 edge-sharing
condensed clusters, present in low-valence molybdenum oxides, as mentioned above
[121]. He also initiated a research program on ternary phosphides and arsenides with
metal chains and diamond-shaped clusters [164]. Last but not least, he was strongly
involved in the study of high-Tc superconducting cuprates, taking advantage from the
specific equipment he had previously implemented for the study ofChevrel Phases. The
scientific inheritance of Marcel Sergent endures even after several decades. He paved
the way for the present research, outside [165–171] and more especially in his original
laboratory [122, 172–178],where his heirs have built new developments fromhis initial
outstanding contributions to Chevrel Phases and, more generally, to cluster chemistry.

Marcel Sergent was a very effective research advisor, and we consider as a rare
privilege to have worked with him during years. We are confident that all his past
students and coworkers, in Rennes and outside, have the same feeling. We will keep
in our mind the memory of this exceptional researcher and vey kind man. Finally, we
would like to associate with this tribute to Marcel Sergent his close coworker and
very good friend Ø. Fisher (1942–2013). The emergence of the Chevrel Phases was,
in a large part, the fruit of their intense and non-lasting collaboration and friendship.

Acknowledgments The authors are very grateful to Marie-Jeanne Sergent, spouse of Marcel, and
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Abstract This review summarizes the numerous studies on the chemistry of molyb-
denum and rhenium octahedral chalcogenide cluster compounds carried out over the
years at the Nikolaev Institute of Inorganic Chemistry in collaboration with interna-
tional research groups. A pathway from classical solid-state cluster compounds
Mo6Se8, Re6Te15, and K4Re6S12, influenced by the French school of solid-state
cluster chemistry, to soluble molecular complexes with Re6Q8 and Mo6Q8 cluster
cores is provided. Both inorganic and organic ligands can be grafted onto cluster
cages, resulting in a drastic change in the charge and properties of such complexes.

Keywords Cluster · Complex · Crystal structure · Luminescence · Molybdenum ·
Rhenium · Solid state

1 Introduction

For a long time, the classical Werner’s theory served as the fundamental base of
coordination chemistry. However, in the mid-1960s of the last century, this
one-center theory underwent a certain “crisis.” In 1964, Cotton [1, 2] introduced
the term “metal atom cluster compounds,” which defined groups of polynuclear
metal complexes with direct metal–metal bonds. In subsequent decades, the chem-
istry of cluster compounds has been developing very intensively; the studies were
carried out in two, largely independent directions, namely, in solid-state chemistry
and in solution chemistry. In these years, M. Sergent and colleagues have studied the
solid-state chemistry of transition metal compounds (niobium, molybdenum, etc.)
[3, 4]. The systematic study of ternary systems M–Mo–S (where M ¼ Sn, Pb, and
other metals) led to the discovery of new ternary molybdenum chalcogenides
containing octahedral metal cluster units Mo6S8 (Fig. 1). The crystal structures and
precise compositions of these compounds were determined later.

Fig. 1 Structural motif of
PbMo6S8
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This structural type can be considered as a prototype of the wide group of related
ternary compounds MMo6Q8 (M ¼ Pb, Sn, and other metals; Q ¼ S or Se), which
are now named in literature as “Chevrel phases,” in honor of Marcel Sergent’s then-
PhD student Roger Chevrel [3]. These ternary chalcogenides were investigated very
intensively in connection with their superconducting properties: for that period of
time, some compounds of this type showed critical temperatures of about 15 K and
record-breaking critical fields (about 60 Teslas) [5]. Today, the term “Chevrel
phases” is included in educational and encyclopedic editions, along with Zintl
phases, Laves phases, etc. Further development of the work of this group led to
the synthesis of other new cluster solids with different nuclearities, including
heterometallic clusters [6–13].

At the same time, the research on transition metal chalcogenides was initiated at
Nikolaev Institute of Inorganic Chemistry (NIIC), Novosibirsk, Russia. The study of
Mo/Se and Mo/Te systems has revealed that the lowest molybdenum selenide and
telluride had analytical compositions of Mo3Q4 (Q ¼ Se, Te) [14–17]. Later, single
crystal X-ray diffraction showed that crystal structures of these binary chalcogenides
contain octahedral metal clusters Mo6Q8 with the structural motif as in MMo6Q8

phases and, hence, they should be described as Mo6Q8.
A systematic investigation of binary rhenium chalcogenides has led to the

discovery of a new rhenium telluride Re2Te5 [18]. Later, structural study proved
its cluster nature: the compound comprises octahedral metallocluster core Re6Te8,
similar to those in Chevrel phases. These cores Re6Te8 are linked in a three-
dimensional array by unusual polytelluride Te7 ligands (Fig. 2) [19].

In 1978, W. Bronger has described successively the synthesis and crystal struc-
tures of three new ternary rhenium cluster solids. Alkali metal carbonates reacted
with elemental rhenium in an H2S atmosphere at 800�C, producing Cs4Re6S13,
K4Re6S12, and Na2Re6S15. Structure investigations on single crystals showed that
six rhenium atoms formed an almost regular octahedron with Re–Re distances of
2.61 Å. The eight sulfur atoms are arranged over the octahedron surface. Further S
atoms or S2 groups couple the [Re6S8] units via the Re atoms (Fig. 3). The alkali

Fig. 2 Linking of cluster
cores {Re6Te8} through
polytelluride Te7 ligands in
the structure of Re6Te15.
Inner μ3-Te atoms are
omitted
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metal cations are intercalated in interstices of these skeletal structures [20, 21]. These
findings opened the way toward a wide family of molybdenum and rhenium
octahedral chalcogenide clusters.

Octahedral chalcogenide molybdenum and rhenium cluster compounds possess a
typical structure with face-capped units [M6Q8L6]. As sketched in Fig. 4, M6 clusters
are face-capped by eight inner ligands μ3-Q and six inorganic and/or organic apical
ligands L giving [M6Q8L6] complexes (M ¼ Mo, Re, Q ¼ S, Se, Te). The intrinsic
properties of M6 cluster complexes depend on the nature of the metal, the number of
cluster valence electrons (CVE), and the nature of Q and L ligands. As we can see
from Fig. 4, M6 clusters in molecular complexes [M6Q8L6] have 14 ligands.

The 1995–2000 period of time has seen the development of various chemical
modification methods suggested by different research groups, including both tradi-
tional exchange reactions of the outer ligands and atom substitutions in the positions
of the cluster core resulting in heterometallic clusters (selected references: [22–29]).

In the present short contribution, we do not aim at giving a comprehensive survey
of all research executed in the field of chemistry of molybdenum and rhenium
chalcogenide octahedral clusters over the last years. This field of chemistry is well
covered in numerous excellent reviews [30–38]. Here, we only focus on some
fundamental results, obtained mainly at our Institute (NIIC) and in cooperation
with colleagues from different scientific centers. Below, we present the most
relevant examples of the excision reactions from cluster solids, assembly of new

Fig. 3 Structure of the
{[Re6S8]S4/2(S2)2/2}

4�

network in K4Re6S12. Inner
μ3-S atoms are omitted

Fig. 4 Representation of
the octahedral face-capped
[(M6Q

i
8)L

a
6] unit
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molybdenum and rhenium clusters, as well as examples of “assembling” new cluster
polymers from molecular complexes.

2 High-Temperature Reactions

2.1 General Approach for the Synthesis of Octahedral
Molybdenum and Rhenium Octahedral Chalcogenide
Clusters

To date, key octahedral molybdenum and rhenium cluster chalcogenides are syn-
thesized by high-temperature reactions. Exceptions are scarce. The general approach
is based on the thermodynamic stability of cluster solids at certain experimental
conditions. Thus, they can be obtained from various initial compounds taken in the
required stoichiometry. These may be either simple substances or their compounds,
for example, chalcogenides and metal chalcohalides. For instance, Fig. 5 illustrates
some possible strategies for the synthesis of Re6Se4Br10.

A typical experimental technique for the synthesis of metal cluster chalcogenides
may be outlined as follows: the initial reagents are loaded into a quartz ampoule; the
ampoule is evacuated and then sealed. The sealed ampoule is placed in an oven and
heated according to a selected regime. To complete the reaction, the mixture is kept
at a chosen temperature for a required time, normally, tens of hours or several days.

ReSe2 +
Br2(excess)

ReSe2 + ReBr3

(stoichiometry)

Re6Se4Br10

(high stability)

ReSe2 + Re + ReBr3

(stoichiometry)

Fig. 5 Synthetic strategies to octahedral rhenium cluster complex Re6Se4Br10
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These cluster compounds usually possess polymeric structures with intercluster
covalent bonding, translating into insolubility in water and organic solvents and
low reactivity. Thus, their chemical properties remained poorly understood for a
long time. A breakthrough in this area came after the discovery of the ways to
transfer polymeric cluster arrays into soluble forms [23, 26]. In NIIC, some original
approaches have been developed to convert insoluble polymeric cluster compounds
into molecular soluble cluster complexes. Further progress in the study of the
octahedral molybdenum and rhenium cluster chalcogenides is associated with solu-
tion chemistry.

2.2 Excision Reactions

As noted above, progress in the chemistry of molybdenum and rhenium chalcogen-
ide octahedral clusters to a large degree is associated with solution chemistry. In
particular, we have developed several simple and effective methods for converting
the extended cluster compounds into soluble forms using reactions with molten
KCN and KOH.

Historically, the first studied process was the reaction of Re6Te15 with a melt of
potassium thiocyanate KSCN at 600�C that gave the complex [Re6Te2S6(CN)6]

4�

[26, 39]. Such result can be explained based on thermal properties of KSCN, namely,
potassium thiocyanate melts incongruently with the formation of KCN, potassium
polysulfide, and sulfur. So, more nucleophilic sulfur atoms substitute tellurium in the
cluster core [Re6Te8], and CN ligands coordinate to rhenium atoms forming the
cyanide complex [Re6Te2S6(CN)6]

4�. In subsequent experiments, we used melts of
pure KCN or NaCN for synthesis of cyanide cluster complexes. Molten alkali metal
cyanides constitute a fruitful media for excision reactions or assembling new clusters
from binary compounds, owing to the combination of their high thermal stability,
nucleophilicity of CN� ions, as well as unique kinetic and hydrolytic stability of
formed cluster cyanides (characteristic to all cyanides). For example, the reaction of
Re6Te15 with molten sodium or potassium cyanide at 550–650�C leads to the
formation of sodium or potassium salt, respectively, of the anionic complex
[Re6Te8(CN)6]

4� [26, 39, 40]:

Re6Te15 þ 6 MCN ¼ M4 Re6Te8 CNð Þ6
� �þM2Tex þ 7� x Te M ¼ Na or Kð Þ

The reaction proceeds with a high yield by breaking of the polytelluride bridges,
while retaining the cluster core. In literature, related processes are often referred to as
cluster core excision reactions. Polymeric Re6Q8Br2 (Q¼ S or Se) serves as a source
of Re6Q8

2+ core for preparation of [Re6Q8(CN)6]
4� (Q ¼ S, Se) [26, 41] in similar

reactions with molten KCN or NaCN. All obtained anionic complexes
[Re6Q8(CN)6]

4� are stable in aqueous and organic media and undergo reversible
one-electron oxidation to [Re6Q8(CN)6]

3�. To date, the cyano complexes
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[Re6Te8(CN)6]
4�/3� are the only soluble complexes with {Re6Te8}

2+/3+ cluster core
[40, 42]. Molybdenum cluster polymers – Chevrel phases Mo6Se8 and ZnMo6S8 –
may also react with molten alkali cyanides giving molecular soluble complexes
[Mo6Q8(CN)6]

7� (Q ¼ S, Se) [43, 44].
It was found that the cluster cyanide complexes possess high hydrolytic stability.

Their another promising and widely utilized property is the ability of ambidentate
CN ligands to further coordination that makes such complexes good building blocks
in the synthesis of complex structures, as a rule, of a polymeric nature. In particular,
chalcocyanide cluster complexes were extensively utilized as building blocks for
new generation of expanded Prussian blue-type framework solids and other
extended networks and cluster-supported compounds. This research area will be
discussed further.

Another simple and efficient approach to soluble [Re6Q8] clusters is the excision
reaction with molten KOH or CsOH to produce molecular octahedral cluster
hexahydroxocomplexes [Re6Q8(OH)6]

4� [45, 46]. For example, the reaction of
polymeric Re6Q8Br2 (Q ¼ S or Se) with molten KOH results in potassium salt of
[Re6Q8(OH)6]

4� with a high yield. In this reaction, the highly nucleophilic OH
ligands break both Re–Br–Re and rhombic Re2-(μ4-Q)2 bonds.

One more interesting and important reaction is the treatment of polymeric
Cs4Re6S8(S)2/2(CN)4 with aqueous KOH that leads to cleavage of intercluster S
bridges in the structure and formation of ionic trans-[Re6S8(CN)4(OH)2]

4� cluster
complexes [47, 48].

2.3 Formation of New Cluster Solids via High-Temperature
Reactions with Molten Cyanides

Along with excision reaction, it was found that the reaction of binary chalcogenides
ReQ2 (Q ¼ S or Se) with molten KCN or NaCN is a very efficient way to prepare
new cluster compounds. The reactions of ReS2 or ReSe2 with molten cyanides
yield octahedral clusters of M6Q8-type. In this process, reduction of transition
metal cations M4+ by CN� anions takes place. Cyanide ions, as suggested, have
been oxidized and transformed to a gaseous cyanogen (CN)2 or amorphous solid
paracyanogen (CN)n. It is especially valuable that the practically simple method
for obtaining cluster compounds in the melt of cyanides was found to be applicable
for the synthesis of several complexes with different cluster cores, namely,
K6[Mo6Se8(CN)5] [49], Cs4[Re6S9(CN)4] [50], K4[Re6S10(CN)2] [51],
K4[Re6Se10(CN)4] [51], and K8[Re12CS17(CN)6] [52]. For example, reaction of
ReS2 with KCN at elevated temperature leads to the formation of the layered
compound K4Re6S10(CN)2 [51]. In this polymer, the Re6S8 units are linked into
two-dimensional grids by sharing four apical sulfide ligands. Additionally, two
“trans” rhenium atoms in the cluster core are coordinated by terminal cyano groups.
Thus, according to Schäfer notation, the crystallographic formula of this compound
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may be written as K4[Re6S8(CN)2(S)4/2]1. From a formal point of view, this
compound could be imagined as the product of cleavage of two Re–μ-S–Re bridges
in [{Re6S8}(S)6/2] and their substitution by terminal cyano ligands. The next
member of a series of M4[{Re6S8}(CN)2x(S)(6�2x)/2], where M is an alkali metal,
is the new chain polymer Cs4[{Re6S8}(CN)4(S)2/2]1, which was obtained with high
yield by high-temperature reaction of ReS2 with KCN in the presence of CsCl excess
[50]. The compound completes a homologous series of octahedral cluster anions
[Re6S8S6/2]

4�, [Re6S8(CN)2S4/2]
4�, [Re6S8(CN)4S2/2]

4�, and [Re6S8(CN)6]
4�

which could be described as consequent cleavage of Re–μ-S–Re bridges and sub-
stitution of the bridged sulfide ligands by terminal cyano ones (Fig. 6).

The reaction of the mixture of ReS2 and MoS2 in a molar ratio of 1:1 with
an excess of KCN at 750�C leads to the formation of black crystals of
K6[Re3Mo3S8(CN)5] that contains {M6Q8}-type Re–Mo heterometallic clusters.
This compound is isostructural with K6[Mo6Se8(CN)5], which was previously
reported [49]. The metal atoms in the basal plane of each {Re3Mo3S8} cluster core
are bound to four terminal CN ligands, and the clusters are covalently linked by the
two remaining cyanide ligands into linear chains [Re3Mo3S8(CN)4(CN)2/2]

6�
1 that

lie along the c-axis (Fig. 7).

Cs3K[Re6S8(CN)6]
(0-D)

Cs4[Re6S9(CN)4]
(1-D)

K4[Re6S10(CN)2]
(2-D)

Li4[Re6S11]
(3-D)

Fig. 6 Members of the [{Re6S
i
8}(CN)

a
2x(S)

a–a
(6�2x)/2] family

Fig. 7 Fragment of the polymeric chain {[Re3Mo3S8(CN)4(CN)2/2]
6�}1
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The cluster core {Re3Mo3S8} has 24 CVE, as confirmed by the diamagnetism of
the compound. From a formal point of view, as the reaction proceeds, the reduction
of Mo4+ and Re4+ occurs [53–55]. We assume that KCN acted as a reducing agent
according to the following reaction equation:

Re4þS2þ3Mo4þS2þ14KCN¼K6 Re3
2:5þMo3

2:5þS8 CNð Þ5
� �þ9=n CNð Þnþ4K2S

Additional experiments supported by mass spectroscopy revealed that the
reaction between ReSe2, MoSe2, and KCN leads to the formation of a complex
product containing molecular and polymeric cluster species with a mixture of
{Re6�xMoxSe8} (x ¼ 0–4) cluster cores.

Surprisingly, the reaction of ReS2 with KCN at 750�С resulted in the formation of
the diamagnetic compound K8[Re12CS17(CN)6] [52] comprising the 48-electron
cluster anion [Re12(μ3-S)14(μ6-C)(μ-S)3(CN)6]8� (Fig. 8). This cluster can be con-
sidered as a dimer composed of two {Re6} octahedra face-capped by seven inner
sulfide μ3-S ligands and three terminal cyanide ligands. The rhenium atoms of two
triangular faces of the {Re6} octahedra are connected through a μ6-C interstitial atom
and three μ2-S ligands, thus, forming a {Re6CS3} prism. Dissolution of this com-
pound in H2O in the presence of air oxygen led to the two-electron oxidation and
formation of compounds based on 46-electron [Re12CS14(μ-S)3(CN)6]6� anions.
From the chemical point of view, the presence of μ2-S ligands causes a significant
difference between octahedral Re6 and Re12 cluster compounds, first of all, due to
the potential lability of μ2-S ligands in comparison with μ3-S ones. This is the main
reason why the central fragment of {Re12} cluster complexes – the {Re6CS3} prism
– was considered to be the most interesting for investigation. The structural motif
[Re12CS17(CN)6]

8� reminds that of Mo12S18, found in the ternary molybdenum
sulfide Ba4Mo12S18 [56].

Fig. 8 Structure of anionic
cluster complex
[Re12CS17(CN)6]

8�
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The mean Re–Re distance between metalloclusters in [Re12CS17(CN)6]
8� is

3.17 Å. This distance is sensitive to charge of anion and drops to 2.90 Å after
two-electron oxidation [52]. Later extensive substitution chemistry of both apical
CN and bridging μ-S ligands was developed [57–59].

Thus, high-temperature chemistry of rhenium chalcogenides still demonstrates
fascinating variety of thermodynamically stable compounds upon variation of reac-
tion conditions (temperature, stoichiometry, presence of additional ions, etc.).

2.4 Condensation Reactions

M. Sergent’s group synthesized ternary molybdenum chalcogenides, comprising
condensed Mo6+3xQ8+3x (Q ¼ S, Se; x ¼ 1–3) clusters. The formation of such
clusters can be virtually described as the result of the successive condensation of
Mo3 triangles. The first member of this series, Mo9Se11, contains a bi-octahedral
metal cluster Mo9 [60, 61]. In this compound the metal cluster is ligated by eight μ3
selenium atoms and three μ4 selenium atoms located in the plane of the middle Mo3
triangle. In the crystal structure of the compound, the metal atoms localized in the
outer Mo3 triangles are additionally coordinated by six Se atoms, which are bridging
between adjacent cluster Mo9Se11 fragments.

Similar cluster units have not been known to exist in the chemistry of rhenium. In
1999, we discovered the condensation reaction of triangular Re3 fragments using
rhenium tribromide Re3Br9 [62]. Reactions of the rhenium tribromide with cadmium
chalcogenides led to formation of octahedral complexes of different compositions
(Re6Q4Br10 and Re6Q8Br2) depending on the stoichiometric ratio of starting
reagents:

2 Re3Br9 þ 4 CdQ ¼ Re6Q4Br4½ �Br6 þ 4 CdBr2 Q ¼ S; Se;Teð Þ
2 Re3Br9 þ 8 CdQ ¼ Re6Q8½ �Br2 þ 8 CdBr2 Q ¼ S; Seð Þ

The idea of such an approach was that the formation of very stable cadmium
bromide would take place in this reaction, as a result of the ligand exchange reaction
with Re3Br9. In accordance with an ionic model, in such a reaction one divalent
chalcogenide ion Q2�, replacing two bromide ions Br�, liberates one coordination
site of the rhenium atom in the structure of Re3Br9. Two such coordination unsat-
urated fragments can be condensed by forming a rhenium–rhenium bond. As a result
of such a condensation, octahedral clusters were obtained. But it is very interesting
that similar cluster condensation can give bi-octahedral cluster motives of composi-
tion Re9Se11Br6, which is the unique example in a family of condensed octahedral
clusters [62]. This complex contains a cluster core similar to Mo9Se11, with only
terminal bromine atoms acting as apical ligands (Fig. 9).
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2.5 Reactions with Molten Organic Ligands

We proposed a simple and efficient approach to the ligand exchange reactions in
molten organic compounds, which can serve as ligands. These reactions can be
considered as a separate group of reactions. Starting compounds are cluster halides
[Re6Q8X6]

4�/3– (Q ¼ S or Se; X ¼ Cl, Br, or I) [63–66]. Organic compounds are
various N-donor heterocycles, triphenyl pnictogens, etc. melting congruently at
temperatures of the order of 100–200�C, convenient for synthetic works. Upon
completion of the reaction, the excess of organic compound can be easily washed
off. Here are some examples of compounds produced by ligand exchange reactions,
when apical halide ions were replaced by organic ligands. For example, the cluster
complexes [Re6S8(3,5-Me2PzH)6]Br2∙2(3,5-Me2PzH) where Q ¼ S or Se,
3,5-Me2PzH is 3,5-dimethylpyrazole, have been synthesized using reaction of
rhenium chalcobromide complexes Cs4[Re6S8Br6]�2H2O and Cs3[Re6Se8Br6]∙H2O,
respectively, with molten 3,5-dimethylpyrazole (Fig. 10).

This new synthetic approach for grafting various organic ligands to octahedral
rhenium cluster compounds has been applied.

3 Properties of Cluster Complexes

As it was noted earlier, cluster solids prepared at high temperature with low ligand/
metal ratio (L/M6 < 14) are typically extended arrays where a strong intercluster
bridging and even M–M interactions (as is the case of Chevrel phases) are realized.
These compounds demonstrate cooperative properties typical for condensed matter,
namely, band structure (in contrast to molecular orbitals for molecular complexes),

Re3 in Re3Br9 Re6 in Re6Se8Br6]4- Re9 in 
[Re9Se11Br6]2- [Re9Se11Br6]2

Fig. 9 Demonstration of formation of octahedral and bi-octahedral rhenium clusters by conden-
sation of triangles
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conductivity, superconducting properties coupled with very high critical fields [3, 5,
67], thermoelectricity [68–74], or catalytic properties [75, 76]. The features of the
electronic structure of such compounds allow, in some cases, intercalation/
deintercalation reactions of Mo6Se8 and Li4Re6S12 [77].

The transition from extended arrays to isolated molecular cluster complexes
causes the loss of some properties characteristic of extended arrays but allows us
to get new information about the structure and new properties of cluster complexes.
Molecular complexes are soluble and in some cases can be easily modified by the
ligand exchange. Molecular complexes are better suitable for the research on such
properties of the clusters as magnetism, redox reactions, and electron and optical
spectra. On the other hand, molecular complexes, as building blocks, can be widely
used for the synthesis of new compounds with a pre-planned composition and
structure. The mutual transition of a condensed solid into molecular complexes
and back is a fruitful strategy for study of properties and for the design of various
materials.

3.1 Properties of Molecular Clusters

3.1.1 Electrochemical Behavior

Cyclovoltammetric studies of solutions of cluster salt anions [Re6Q8(CN)6]
4�

(Q ¼ S, Se, or Te) showed that these anions undergo quasi-reversible one-electron
oxidation [78]:

Re6Q8 CNð Þ6
� �4� � 1e⇄ Re6Q8 CNð Þ6

� �3�

At higher potentials, the irreversible multi-electron oxidation was observed.
Values of electrochemical potentials of some complexes [Re6Q8(CN)6]

4� (Q ¼ S,
Se, Te) vs. normal hydrogen electrode (NHE) are given in Table 1.

N

N
Pyrazine

(pyz)
Cs4[{Re6S8}Br6]

cis-[{Re6S8}(pyz)4Br2] pyz

160\C

Cs3[{Re6Q7Br}Br6]
(Q=S, Se)

fac-[{Re6Q7Br}(pyz)3Br3]

EPh3
(E=P, As, Sb)

Csn[{Re6Q8}Br6]
(Q=S, n=4; Q=Se, n=3)

Cs3[{Re6Q7Br}Br6]
(Q=S, Se)

trans-[{Re6Q8}(EPh3)4Br2] fac-[{Re6Q7Br}(EPh3)3Br3]

200\C

E

Fig. 10 Reactions in molten ligands: 3,5-dimethylpyrazole and EPh3 [63, 66]
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The decrease of E1/2 in the S–Se–Te series indicates a significant contribution of
chalcogen orbitals to HOMO levels of the cluster that was confirmed by density
functional theory (DFT) calculations. As can be seen from Table 1, the solvent has a
strong effect on the cluster redox potentials. The cluster anions can be chemically
oxidized, for example, by saturated aqueous bromine solution, which appears to be a
convenient oxidizing agent (E0 ¼ 1.07 V vs. NHE), as its oxidation potential is
not too high for further irreversible oxidation of the cluster anion and its excess
can be easily removed. Oxidation results in a change of the color of the solution
(Se derivative changes color from orange to green). Oxidation by oxygen is also
possible for [Re6Q8(CN)6]

4� (Q ¼ Se, Te) in acidic aqueous solutions. The anions
[Re6Q8(CN)6]

3� (Q ¼ S, Se, Te) were successfully isolated and characterized.
In the IR spectra of oxidized anions, intense absorption bands appeared in the

region of 500–600 nm, which is associated with a change in the color of the solution
(in particular, solution of [Re6Se8(CN)6]

4� within oxidation changes color from
orange to green). The position of these bands depends on the nature of the chalcogen,
and, in the S, Se, Te series, they show a characteristic red shift. In addition, in the
long-wavelength part of the spectra (800–1,000 nm), low-energy low-intensity wide
absorption bands appeared [79]. Similar behavior was found in other rhenium
clusters [12, 13, 31, 38, 80].

Electrochemical behavior of heterometallic clusters [Re3Mo3Q8(CN)6]
n� (Q¼ S,

Se) is more complicated and demonstrates several redox waves, for example:
[Re3Mo3Se8(CN)6]

7�/6� (24 ! 23 CVE, E1/2 ¼ �1.410 V),
[Re3Mo3Se8(CN)6]

6�/5� (23 ! 22 CVE, E1/2 ¼ �0.818 V) and
[Re3Mo3Se8(CN)6]

5�/4� (22! 21 CVE, E1/2¼�0.325 V). The observed potentials
agree well with inaccessibility of [Re3Mo3Se8(CN)6]

7� and [Re3Mo3Se8(CN)6]
6�

anions in aqueous solutions, as well as with oxidation of [Re3Mo3Se8(CN)6]
5� anion

by air oxygen in CH3CN or DMF solution. These properties show that mixed-metal
clusters display dramatic decrease of 24/23 CVE redox potential in comparison with
values for [Re6Se8(CN)6]

3�/4� cluster (Table 1). This complex behavior is associ-
ated with destabilization of two frontier molecular orbitals in heterometallic Re–Mo
clusters [53, 54]. On the other hand, the [Mo6Se8(CN)6]

n� clusters display lower
potentials of 22/21/20 CVE transitions in comparison with [Re3Mo3Se8(CN)6]

n�

[44, 81].

3.1.2 Protonation

Coordinated hydroxo-groups in [Re6Q8(OH)6]
4� (Q ¼ S or Se) can be easily

protonated by adjusting acidity of the aqueous solution. The protonation produces

Table 1 Redox potentials of
[Re6Q8(CN)6]

4�, (Q ¼ S, Se,
Te) in acetonitrile and
aqueous solution

Anion Е1/2, V (CH3CN) Е1/2, V (H2O)

[Re6S8(CN)6]
4� 0.66 1.07

[Re6Se8(CN)6]
4� 0.36 0.82

[Re6Te8(CN)6]
4� 0.08 0.53
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a homologue series of [Re6Q8(H2O)x(OH)6�x]
x�4 (x ¼ 0, 2, 4, 6) that was isolated

and structurally characterized [82]. Structures of these compounds comprise many
short hydrogen bonds between coordinated H2O and OH groups with O. . .O
distances varying from 2.49 to 2.69 Å, which seems to be responsible for the
low solubility of aqua-hydroxo complexes K2[Re6S8(H2O)2(OH)4]�2H2O and
[Re6Q8(H2O)4(OH)2]∙12H2O (Fig. 11). Similar short bonds are also observed in
salts based on [Re6S8(CN)4(OH)(H2O)]

3� anion [47].
In contrast to [Re6Q8(OH)6]

4� precipitating at pH 5–9, the complex trans-
[Re6S8(CN)4(OH)2]

4� remains water soluble over a wide range of pH values that
allowed to estimate the acidity constants of coordinated water molecules for the
protonated form trans-[Re6S8(CN)4(OH)2]

4�. According to [47], there are two
distinct steps that gave acidity constants to be pKa1 ¼ 3.3, and pKa2 ¼ 6.6 (Fig. 12).

Re6S8 CNð Þ4 H2Oð Þ2
� �2� þ H2O ¼ Re6S8 CNð Þ4 OHð Þ H2Oð Þ� �3�

þ H3O
þ pKa1 ¼ 3:3ð Þ,

Re6S8 CNð Þ4 OHð Þ H2Oð Þ� �3� þ H2O ¼ Re6S8 CNð Þ4 OHð Þ2
� �4�

þ H3O
þ pKa2 ¼ 6:6ð Þ

Coordination to metal cations gives extended polymeric frameworks based on
Re–OH–M–OH–Re interactions [83].

Fig. 11 Fragment of
structure of
[Re6Q8(H2O)4(OH)2]
∙12H2O (Q ¼ S or Se).
Chalcogen and hydrogen
atoms are not shown
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3.1.3 Apical Ligand Exchange

The chemistry of ligand exchange is well developed for coordination complexes, and
the known approaches are successfully used in cluster chemistry. Kinetic measure-
ments for this class of compounds are not typical. One rare example is the estimation
of k1 rate constants for [Re6Se8(PEt3)5(CH3CN)]

2+ and [Re6Se8(PEt3)5(DMSO)]2+,
which are 3.9 � 10�7 s�1 and 7.5 � 10�8 s�1, respectively. These values allowed
classifying the rhenium octahedral complexes as kinetically inert like Ru3+ or Cr3+

complexes [84]. Usually, apical ligand exchange reactions take place in aqueous
solutions or organic media. We proposed simple and efficient ligand exchange
reactions in the melt of organic compounds, serving as ligands. These reactions
can be considered as a separate group (see Sect. 2.5).

The suitable starting compounds for the ligand exchange reactions were cluster
halides Re6Q8X6

4� (Q ¼ S, Se; X ¼ Cl, Br, I) and hydroxo complexes
[Re6Q8(OH)6]

4�. For example, ligand exchange reactions of [Re6Q8(OH)6]
4� pro-

duced acido complexes [Re6Q8(RCOO)6]
4� (R¼ H, CH3) [85, 86], as well as N and

P donor ligands [26, 40–42, 87] (Fig. 13).
We found that the promising complexes for ligand exchange are also mixed-

ligand cyano-hydroxo complexes trans-[Re6Q8(CN)x(OH)6–x]
4� (Q ¼ S, Se)

possessing both inert (cyano-) and labile (hydroxo-) ligands. The use of these
complexes open the way to wide range of substituted derivatives with the general
formulas trans-[Re6Q8(CN)4L2] and trans-[Re6Q8(CN)2L4] [47, 48, 88].

The apical ligand exchange chemistry of the [Re12CS14(μ-S)3(CN)6]6� complex
was also extensively studied. In recent years, its derivatives with apical OH�, SO3

2�,
and Br� ligands have been reported [89–91] (Fig. 14).

Fig. 12 Titration curve of the trans-[Re6S8(CN)4(H2O)2]
2� complex with 0.05 M solution of KOH
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3.1.4 Inner Ligand Exchange Reactions

As shown above, even apical ligands L in octahedral cluster complexes [Re6Q8]L6

are quite inert. The inner chalcogenide ligands Q (S, Se, Te) are associated with the
metal octahedral cluster of the μ3-type, and their replacement is possible only under
rather severe experimental conditions. For example, at high temperatures (>600�C),

Substitution of OH 
by acido-ligands:
Cl-,Br-, RCOO-

Substitution of OH 
by neutral ligands:

tbp, py, bpy 

Formation of 
[Re6Q8(CN)4(OH)2]4Protonation of OH

groups

Coordination with 
alkaline earth and 
transition metals

Fig. 13 Reactions of rhenium octahedral hexahydroxocomplexes [Re6Q8(OH)6]
4�

[Re12CS17(SO3)6]12-[Re12CS17(OH)6]6-

KOH

300oC

H2O2, KOH

solution

[Re12CS17(CN)6]6-

[Re12CS14(SO2)3(CN)6]6- [Re12CS14(SO2)2(SO3)(CN)6]6-

Na2S2O4

solution

Fig. 14 Reactivity of [Re12CS17(CN)6]
6� cluster
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it is possible to replace tellurium atoms by sulfur or selenium ones in a cluster core
[Re6Te8] within very wide limits: [Re6Te8�xQx] (0 < x < 8).

Generally speaking, complexes with mixed internal ligands can be formed in the
synthetic process without a directed task to replace ligands. Principally, complexes
with different chalcogenide ligands in the cluster core M6Q8 form as a set of isomers,
the separation of which is usually a complicated task. For example, in the case of
M6Q6Q’2, there are three possible geometric isomers, and in the case of M6Q4Q’4,
they are six. In most cases, the structure of solids with mixed ligands tethered to the
cluster core is characterized by the disordering of heteroatoms in all positions.
However, there are examples of compounds with ordered structures; as a rule, they
are formed in the case of a significant difference in the atomic radii of the internal
ligands: Te and Cl in Re6Te8Cl10 ¼ Re6Te6Cl2(TeCl2)2Cl4 [92] or Se and O in
[Re6Se4O4Cl6]

4� [93]. In [Re6Se4O4Cl6]
4�, the Re6 cluster is surrounded by four

oxygen atoms and four selenium atoms located on the opposite faces of the Se4O4

cube (Fig. 15). This ligand environment leads to a noticeable distortion of the metal
cluster: Re–Re distances vary in the range from 2.46 Å for faces coordinated by μ3
oxygen atoms up to 2.62 Å for the faces coordinated by μ3 selenium atoms.

There was a fundamental question about the nature of the resulting solid solutions
in the cluster core [Re6Te8�xQx] (Q ¼ S, Se; x ¼ 0–8). In order to elucidate it, we
carried out an NMR study of the potassium salt K4[Re6Te8�xSex(CN)6] formed
during the reaction of tellurium cluster with selenium [42, 87].

125Te and 77Se NMR spectra were recorded for aqueous solutions of
K4[Re6Te8�xSex(CN)6] with different Te/Se ratio (Fig. 16). Data evaluation was
made using the additivity of mutual influence of inner 125Te and 77Se ligands on their
chemical shifts of corresponding [Re6Te8�xSex(CN)6] isomers. Analysis of the data
obtained showed that solid solutions K4[Re6Te8�xSex(CN)6] are a set of isomers of
different chemical composition, as is observed in mononuclear forms in the reactions
of stepwise replacement of ligands. Thus, the ligand substitution in a cluster core

Fig. 15 Structure of
[Re6Se4O4Cl6]

4� in
Cs11(H3O)
[Re6Se4O4Cl6]3�4H2O
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results in a complete series of mixed-ligand complexes that are in chemical
equilibrium:

Re6Te8 CNð Þ6
� �4� þ Se ! Re6Te7Se CNð Þ6

� �4� þ Se ! Re6Te6Se2 CNð Þ6
� �4�

þSe ! Re6Te5Se3 CNð Þ6
� �4� þ Se ! Re6Te4Se4 CNð Þ6

� �4�

þSe ! Re6Te3Se5 CNð Þ6
� �4� þ Se ! Re6Te2Se6 CNð Þ6

� �4�

þSe ! Re6TeSe7 CNð Þ6
� �4� þ Se ! Re6Se8 CNð Þ6

� �4�

These results showed the fundamental similarity of mixed-ligand mononuclear
and cluster metal complexes.

Inner μ3 coordinated halide ligands in mixed-ligand complexes seem to be
more labile and can be substituted under mild conditions. For example, one of the
μ3-Cl ligands in [Re6Q5Cl3Cl6]

� (Q ¼ S, Se) was successfully substituted using
(Me3Si)E (E ¼ S, Se, Te) in solution [27]. Substitution of the inner bromide in
Re6Q7Br7 (Q ¼ S, Se) in molten organic ligands was also observed. Two rhenium
octahedral cluster complexes, namely, [Re6S7O(3,5Me2PzH)6]Br2�3,5Me2PzH
and [Re6Se7O(3,5Me2PzH)6]Br2�3,5-Me2PzH, were synthesized by the reaction
of rhenium chalcobromides Cs3[Re6(μ3-Q7Br)Br6] (Q ¼ S, Se) with molten
3,5-dimethylpyrazole (3,5-Me2PzH) [65].

The μ-S2� ligands in [Re12CS14(μ-S)3(CN)6]6� anion can also be considered
as inner ligands. In contrast to μ3-S, they are easily oxidized in aqueous solution
by H2O2 forming the [Re12CS14(μ-SO2)3(CN)6]

6� anion [57]. μ-SO2 groups are
chemically active and can be either oxidized to μ-SO3, forming
[Re12CS14(μ-SO2)3�x(μ-SO3)x(CN)6]

6� [58], or reduced to μ-S. A series of Re12
complexes with mixed μ-S, μ-SO, and μ-SO2 groups were prepared and isolated
[58, 94]. Recently, it was shown that μ-SO2 ligands can be also substituted by
μ-O and μ-Se under mild conditions [59]. The following derivatives were
isolated and characterized: [Re12CS14(μ-O)3(CN)6]6�, [Re12CS14(μ-O)3(OH)6]6�,
and [Re12CS14(μ-Se)3(CN)6]6�. It is noteworthy that, during these transformations,
the μ-bridging groups retain their formal oxidation state (2�), which causes the
resulting anions to be of the same total charge (6�) and the same CVE number (46).
The nature of the bridging ligands affects the properties of the Re12 clusters, such as
absorption spectra, redox potentials, etc.

3.1.5 Magnetic Properties

Anionic complexes [Re6Q8(CN)6]
4� (24 CVE per Re6) are diamagnetic, while

oxidized species [Re6Q8(CN)6]
3� (23 CVE per Re6) are paramagnetic [79, 95].

Magnetic behavior of (Ph4P)3[Re6S8(CN)6], (Ph4P)2(Н)[Re6Se8(CN)6]�4H2O, and
(Bu4N)2(H)[Re6Te8(CN)6] salts was measured in the temperature range of
77–300 K. The temperature dependences followed a Curie–Weiss law with μeff
changing from 1.75 to 1.81 μВ in (Ph4P)3[Re6S8(CN)6], from 1.89 to 2.19 μВ in
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(Ph4P)2(Н)[Re6Se8(CN)6]�4H2O and from 1.89 to 2.02 μВ in (Bu4N)2(H)
[Re6Te8(CN)6]. Similar behavior was found in other rhenium clusters with
23 CVE [96–98].

Heterometallic clusters [Re3Mo3Q8(CN)6] with an odd number of CVE (21 or 23)
are also paramagnetic. EPR spectra of these complexes demonstrate broad signals
with g-values lying in the range of 2.43–2.56 that is substantially higher than the
conventional electron spin g-factor (Fig. 17).

3.1.6 Luminescence

Complexes with the general formula [Re6Q8L6] (Q¼ S, Se, or Te; L¼ halide, CN�,
NCS�, N3

�, OH�/H2O, anions of carboxylic acids, pyridine and phosphine deriv-
atives, etc.) with the Re6Q8

2+ core having 24 CVE in the solid state and in solutions
emit luminescence in visible and near-infrared (NIR) regions upon ultraviolet or blue
light excitation (Fig. 18) with emission lifetimes in the microsecond range [47, 63,
64, 66, 78, 85, 86, 99–103]. They demonstrate long emission lifetimes indicating
that the emitting excited state of the hexarhenium (III) complex is a spin-triplet type
and involves orbitals that are primarily localized on the (Re6Q8)

2+ core. In addition
to these experimental observations, theoretical studies of the excited state have
demonstrated that the lowest-energy unoccupied molecular orbitals (LUMOs) are
primarily localized on the (Re6Q8)

2+ core. The long lifetimes, large Stokes shifts,
and excited-state quenching by O2 indicate the spin-triplet nature of the luminescent
excited state of the cluster complexes, i.e., the change in spin multiplicity is
involved in the electronic transitions. The luminescence properties of Re6 cluster
complexes provided an incentive to establish their potential applications [104–106].

Fig. 17 EPR spectrum of polycrystalline [Re3Mo3Q8(CN)6] sample at 77 K (g ¼ 2.430)
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Well-developed synthetic procedures for the preparation of [Re6Q8L6] complexes
with various apical ligand environments afford a range of clusters for developing
new luminescent materials. The quenching of the phosphorescence by O2 suggests
applications in optical sensor technology and singlet oxygen generation that can be
used, for example, in the photodynamic therapy of cancer [107, 108].

3.2 Electronic Structure Calculations

According to extended Hückel calculations, electronic structure of octahedral cluster
complexes M6Q8L6 in which the upper molecular orbitals are represented by a
d-block consisting of 12 MO is responsible for the metal–metal interaction.
Twenty-four valence electrons are required for the formation of twelve covalent
two-electron two-center metal–metal bonds in the metal cluster M6. This is achieved
in compounds where the metal ion has a d4 electronic configuration. This rule is
fulfilled in most Re (III) octahedral complexes containing the cluster core Re6Q8

2+.
For chalcogenide complexes of chromium, molybdenum, and tungsten, compounds
with electron-deficient cluster nuclei are stable (CVE¼ 20–22). The most prominent
examples of such compounds are molybdenum chalcogenides Mo6Se8 (CVE ¼ 20)
and PbMo6S8 (CVE ¼ 22).

DFT calculations of the electronic structures and UV–vis absorption spectra of
the dia- and paramagnetic complexes [Re6Se8(CN)6]

4�/3� confirmed general motif
of electronic structure [109]. According to the spin-restricted calculations, under the
Oh symmetry, the ground HOMO states for both diamagnetic [Re6Se8(CN)6]

4� and
paramagnetic [Re6Se8(CN)6]

3� complexes are characterized by the same orbital eg

Fig. 18 Influence of the nature of apical ligands on emission maximum wavelength in the
photoluminescence spectra of solutions of the complexes [Re6S8(OH)6]

4� (1), [Re6S8(CH3COO)6]
4

(2), and [Re6S8Br6]
4� (3)
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symmetry (Fig. 18). However, the occupation of eg state is different: in the diamag-
netic complex, it is completely occupied with electronic configuration e4g, but it is
only partially occupied for the paramagnetic one, which is characterized by the
electronic configuration e3g (Fig. 19). Similar electronic structure was found in other
rhenium clusters [103, 110, 111].

The case of mixed-metal cluster compounds with {Re3Mo3Q8} core is more
complicated due to the existence of two cluster core isomers, namely, fac- with
C3v symmetry and mer- with C2v symmetry [53, 54]. DFT calculations of
[Re3Mo3Se8(CN)6]

n� (n ¼ 4–7, CVE count from 21 to 24) were performed for
both fac- and mer-isomers of the {Re3Mo3} metallocluster. Molecular orbital
(MO) diagrams for different isomers are shown in Fig. 20. Below the Fermi energy
level, one can see the block of orbitals with mixed bonding–antibonding character,
and above the Fermi energy level, there is an antibonding orbital block. The MO
disposition for both heterometallic isomers [Re3Mo3Se8(CN)6]

n� differs from that in
homometallic [Re6Se8(CN)6]

n� ones by the presence of a gap between HOMO-1
and HOMO-2 orbitals for 24-electron cluster anions. The value of this energy gap is
about 0.4 eV. Both orbitals are bonding in character.

The HOMO and HOMO-1 orbitals for the 24e cluster anion
[Re3Mo3Se8(CN)6]

7� are composed mostly of molybdenum atomic orbitals with
minor contribution of rhenium and selenium. As one can see, consequent electron
removal leads to energy decreasing of the HOMO-1.

The special feature of heterometallic clusters is the destabilization of two bonding
levels (353A and 354A in Fig. 20) and the appearance of two additional gaps.

Fig. 19 Electronic level
scheme for complexes
[Re6Se8(CN)6]

4�/3–
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DFT calculations were also performed on the complexes [Re12CS17(CN)6]
6� and

[Re12CS17(CN)6]
8� [52]. For the [Re12CS17(CN)6]

6� complex, the highest occupied
molecular orbital (HOMO) consists predominantly of S 3p orbitals (80%) with a
small contribution from the Re 5d orbitals. There is no contribution from the μ6-C
orbitals (Fig. 21). The HOMO shows antibonding properties between the Re atoms.
The HOMO–LUMO gap is calculated to be 1.08 eV for the [Re12CS17(CN)6]

6� ion
and 1.44 eV for the [Re12CS17(CN)6]

8� ion. One interesting feature of the cluster is
the position of the 31a200 orbital, which strongly depends on the anion charge
(Fig. 21) and correlates with the length of the Re���Re distances. The absorption
bands in the visible region of the electronic spectrum of [Re12CS17(CN)6]

6� are in
good agreement with the calculated electronic structure. A simple valence electron

Fig. 21 Calculated energy level diagrams and HOMO orbitals: (a) [Re12CS17(CN)6]
8�: The 31a200

MO is shown perpendicular to the C3 axis. Calculated charges: Reinner (+0.083), Reouter (+0.054),
μ6-C (�0.209). (b) [Re12CS17(CN)6]

6�: The 13a2’ MO is shown perpendicular to the C3 axis.
Arrows represent the forbidden (dotted) and allowed (solid) electronic transitions (in nm)
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count shows that in the [Re12CS17(CN)6]
8� ion the rhenium atoms have a charge

of +3 [52]. Accordingly, the [Re12CS17(CN)6]
6� ion contains slightly oxidized

rhenium atoms (Re3.17+), which correlates with charges of rhenium atoms calculated
by DFT.

4 Coordination Polymers Based on M6Q8(CN)6 Cluster
Building Blocks

4.1 General Organization Principles

As it was mentioned above, the complexes [M6Q8(CN)6] are robust and inert toward
ligand exchange. They are accessible to reversible oxidation/reduction. The number
of reversible redox transitions depends strongly on the nature of the M6Q8 cluster
core and ranges from one ([Re6Q8(CN)6], Q ¼ S, Se, Te) to three
([Re3Mo3Q8(CN)6], Q ¼ S, Se). Structural study showed that geometry and size
are independent on the number of CVE. Preliminary studies have shown that, like
mononuclear cyanometallates, such cluster anions are capable of coordinating to
transition metal cations, forming extremely poorly soluble precipitates, indicating
the formation of strong cyanide bridges. Owing to their stability and rigid geometry,
they are suitable to serve as the secondary building units (SBU) for obtaining
coordination polymers via coordination of d- or f-metal cations through the nitrogen
atoms of apical CN ligands, as it was shown for mononuclear cyano complexes.
We should note that the topology of linking nodes resembles the one for
hexacyanometallates (Fig. 22).

Fig. 22 Comparison of size of a chalcocyanide octahedral cluster complex [M6Q8(CN)6]
n– and

hexacyanoferrate anion [Fe(CN)6]
4�/3–
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Van der Waals volumes of these clusters depend mainly on the nature of inner
ligands and vary from 387 Å3 for [Re6S8(CN)6] to 475 Å3 for [Re6Te8(CN)6], and
only slightly on the nature of metal atoms comprising metal core: 428 Å3 for
[W6S8(CN)6]. In general, cyanides demonstrate geometric rigidity and stability in
a wide range of experimental conditions and, meanwhile, have larger size and ability
to one- or multi-electron redox transformations. Despite their differences (atomic
compositions, electronic structures, CVE numbers), these cluster units have rather
similar dimensions and topologies that favor the formation of common structural
types. In recent years, it was shown that octahedral cluster cyano complexes of the
general formula [M6L12(CN)6]

n– or [M6Q8(CN)6]
m– can be used in design of the

coordination polymers with different dimensionality [55, 112–127]. Notably, they
can serve as promising “building blocks” for the creation of new materials. The
ambidentate nature of cyanide ligands is exploited to perform bridging coupling of
moieties forming network structures via coordination of d- or f-metal cations. The
high energy of M–CN–M’ interactions usually lead to the formation of robust
frameworks with a large number of covalent contacts. For several [M6Q8(CN)6]

n–

anions, atom charges were calculated by DFT, which revealed predominant charge
localization on nitrogen atoms (Table 2). The increase of the total anion charge,
evidently, increases the charge of terminal nitrogen atoms, leading to high nucleo-
philicity of [M6Q8(CN)6]

n– as ligands and to the formation of strong M–

CN. . .M’. . .NC bonds.
The first example of an interaction between [Re6Se8(CN)6]

4� and transition metal
cations gave the unique structure type (H3O)2[{M(H2O)2}3{Re6Se8(CN)6}2]∙9H2O
(Mn2+, Co2+) (Fig. 23) [128].

The structure of Cs2[{Mn(H2O)2}3{Re6Se8(CN)6}2]∙9H2O includes a coordina-
tion framework constructed from cluster complexes linked together by cyanide
bridges through manganese (II) cations. All six cyano groups of each cluster
complex are involved in the formation of a coordination framework. In the structural
motif of the framework [{Mn(H2O)2}3{Re6Se8(CN)6}2]3

2�, it is possible to distin-
guish a fragment formed by eight cluster complexes located at the vertices of the
cube. Six manganese (II) cations, to which nitrogen atoms of these cluster complexes
are coordinated in the equatorial plane, are located above the faces of the cube. In
Fig. 23, such a selected fragment is shown schematically. In the coordination

Table 2 Calculated atoms charges (q) in complexes [M6Q8(CN)6]
n�

Cluster anion

q, e�

M Q C N

[Re6S8(CN)6]
4� 0.0656 �0.1524 �0.1232 �0.4058

[Re6Se8(CN)6]
4� 0.0339 �0.1156 �0.1275 �0.4188

[Re6Te8(CN)6]
4� �0.0110 �0.0730 �0.1343 �0.4241

[Mo6S8(CN)6]
6� 0.1408 �0.3342 �0.1803 �0.5149

[Mo6S8(CN)6]
7� 0.1116 �0.3936 �0.1899 �0.5636

[Mo6Se8(CN)6]
6� 0.1038 �0.3060 �0.1858 �0.5101

[Mo6Se8(CN)6]
7� 0.0761 �0.3715 �0.1951 �0.5523
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framework, these fragments are articulated at the vertices, i.e., two adjacent frag-
ments have a common cluster complex. Figure 23 shows schematically the structural
motif of the frame in the form of a package of “cubic” fragments. There are cavities
in the frame that are filled with a large number of water molecules disordered over
several positions.

Later, a large number of compounds with different cluster anions and transition
metal cations were obtained. In general, the transition from one cluster to another
gives new types of structures, and the general classification, which would have
predictive functions, is, apparently, still impossible. It can be stated that in the
interaction of metal aqua complexes, the charge of the cluster anion plays a signif-
icant role in the stoichiometry and topology of the resultant framework. However,
for some types of structures, it has become possible to identify some trends.

4.2 Stable Structural Types of 3D Frameworks

The structures presented here have some similarities:

• The presence of a three-dimensional framework with large number of M–CN–M
bridges.

• The presence of cavities and low packing coefficients making the frameworks
topologically stable to compression and expansion. Such structures can easily
adjust to small differences in volumes of the octahedral cluster anions, and more
importantly, they allow inclusion of cations compensating their negative charge.

4.2.1 The Structural Type
of (H3O)2[{Co(H2O)2}3{Re6Se8(CN)6}2]∙9H2O

This structure was considered shortly in previous section (Fig. 23). This
framework crystallizes in two space groups: R�3c and Im �3 m. Compounds

Fig. 23 Structure of [{M(H2O)2}3{Re6Se8(CN)6}2]
2� polymeric framework in (H3O)2[{Co

(H2O)2}3{Re6Se8(CN)6}2]∙8.5H2O and Cs2[{Mn(H2O)2}3{Re6Se8(CN)6}2]∙9H2O
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(H3O)2[{Co(H2O)2}3{Re6Se8(CN)6}2]∙9H2O and Cs2[{Mn(H2O)2}3{Re6Se8(CN)6}2]
∙9H2O crystallize in R�3c space group [128]. This framework easily adopts a lot of
solvate water molecules as in (H3O)2[{Mn(H2O)1,5}3{Re6Se8(CN)6}2]∙19H2O, as
well as Me4N

+, Et4N
+, compensating negative framework charge. A series of com-

pounds (R4N)2[{M(H2O)n}3{Re6Q8(CN)6}2]∙xH2O (Q¼ S, Se; n¼ 1,5, 2, M¼Mn,
Co, Ni) crystallize in space group Im �3 m [114]. Highly charged [Mo6Se8(CN)6]

7�

anion also adopts this structure, forming (Me4N)4[{Mn(H2O)2}1.5Mo6Se8(CN)6]�
4H2O [129].

4.2.2 The Structural Type of Prussian Blue

A series of compounds crystallize in highly symmetrical 3D framework with
Prussian blue structural type with NaCl packing. The anions are bound through all
six CN groups by M2+ cations, which occupy a special position 4b with the same
high point symmetry located at the middle of the unit cell edge. In turn, the metal
cations are surrounded by the nitrogen atoms of six cluster anions (Fig. 24). In a
whole, the framework is topologically identical to observed in the Prussian blue

Fig. 24 Fragment of the coordination three-dimensional polymer {MnMo6Se8(CN)6}
5� in K5Mn

[Mo6Se8(CN)6]∙xH2O. View down [100] of the crystal packing
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(M2[Fe(CN)6]) and the rock salt (NaCl) and has pcu symbol, according to
O’Keeffe classification [130]. This framework occurs for [Re6Se8(CN)6]

3�, with the
charge 3- [118], and for highly charged [Mo6Se2Br6(CN)6]

4�, [Re3Mo3S8(CN)6]
6�

[131], and [Mo6Se8(CN)6]
7� [129] with various cations compensating the negative

framework charge. Since the cluster anion size is considerably larger than the
hexacyanoferrate size, there is an additional space in the framework available for
various cations compensating its high charge and for solvate water molecules. Such
framework type is as yet the most typical of the known coordination polymers
based on different anionic cluster cyano complexes, namely, [Nb6Cl12(CN)6]

4�,
[Nb6Cl9O3(CN)6]

5�, [Re6Se8(CN)6]
4�/3–, and [Re6Te8(CN)6]

4�. All these compounds
crystallize in the Fm�3m space group, resulting in a high symmetry of the cluster anions
in the structures, even in the case of asymmetric [Nb6Cl9O3(CN)6]

5�. In structures
Ga4[Re6Se8(CN)6]3�38H2O, Fe4[Re6Te8(CN)6]3�xH2O (x � 27) [132],
Fe4[Re6Se8(CN)6]3�36H2O, Co3[Re6Se8(CN)6]2�25H2O, Ni3[Re6Se8(CN)6]2�33H2O,
Ga[Re6Se8(CN)6]�6H2O [118], (Me4N)2Mn[Nb6Cl12(CN)6] [133], and Cs3Mn
[Nb6Cl9O3(CN)6]�3H2O [134], the frameworks carry a total charge from 0 (neutral
framework) to�5, due to different charges of the counterions. Negative charges of the
frameworks are compensated by additional cations located within the cavities.

4.2.3 Structures with Cationic Dimers

The polymeric framework with cationic dimers was found in the structures
of K3{{Mn2(H2O)4}Mo6Se8(CN)6}, Cd2(H2O)4[Re6Se8(CN)6]�14H2O [135],
Co2(H2O)4[Re6S8(CN)6]�10H2O [115], and Co2(H2O)4[Re6Se8(CN)6]�8H2O
[136]. Their structure consists of cluster anions and {M2(μ-H2O)2(H2O)2}

4+ cationic
dimers (Fig. 25). {M2(μ-H2O)2(H2O)2}

4+/[M6Q8(CN)6]
n– ratio is 1/1; therefore, in

the case of rhenium cluster complexes, the framework is neutral, while in the

Fig. 25 Schematic representation of the framework (a) and structure of the cationic dimer {Co2(μ-
H2O)2(H2O)2}

4+ (b) in Co2(H2O)4[Re6Se8(CN)6]�8H2O
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structure K3{{Mn2((H2O)4}Mo6Se8(CN)6}, the framework is negatively charged
adopting extra potassium cations. If the whole {M2(μ-H2O)2(H2O)2}

4+ dimer is
considered as a cationic site, the framework topology corresponds to the one
found in the Prussian blue and NaCl (pcu).

4.3 Layered Compounds

The compounds Cs2[trans-M(H2O)2][Re6S8(CN)6] (M ¼ Mn, Fe, Co, Zn, and Cd)
[118, 137] have a layered structure, where the layers are formed by [Re6S8(CN)6]

4�

cluster anions and M2+ cations. Four of six CN ligands of anion coordinate to M
atoms, giving covalent Re–C � N–M–N � C–Re interactions, while the other two
terminal CN groups are not coordinated. Metal cations M2+ have an octahedral
environment, being coordinated by four nitrogen atoms of CN ligands of cluster
anions and two water molecules in trans-position. The layer with a connectivity 4:4
presents a square lattice of clusters bonded through the metal atoms (Fig. 26). The
connectivity of {M(H2O)2[Re6S8(CN)6]}

2� layers resembles that in (NMe4)2[Mn
(H2O)4][Fe(CN)6]∙4H2O and Hofmann clathrates, having Ni(CN)4

2� anions linked
by other transition metals in “planar” 4 + 2 coordination [138]. The same structural
motif is observed in a series of isotypical compounds with the anions
[Mo6Br6S2(CN)6]

4�/3– and [Mo6Br8(CN)6]
2� [139].

4.4 Examples of One-Dimensional Polymers

As can be seen from previous sections, the interaction of aqueous solutions
of transition metal cations and [M6Q8(CN)6]

n– cluster anions leads to formation of
extended frameworks with numerous M–CN. . .M’–NC–M bridges. The use of
polydentate ligands to restrict the coordination abilities of transition metals favors

Fig. 26 Fragment of the coordination two-dimensional network {[Co(H2O)2Re6S8(CN)6]
2�}1 in

Cs2[Co(H2O)2Re6S8(CN)6]
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the formation of low-dimensional frameworks (2D, 1D, and molecular). The list of
chelate ligands includes bpy, en, dien, trien, threo-tab, salen, gly, erthitrhol, etc.
Below some examples of low-dimensional structures are presented.

Reaction of [Re6Q8(CN)6]
n– with M2+ (M ¼ Mn, Co, Ni) in the presence of

ethylenediamine (en) resulted in the formation of numerous compounds with
low-dimensional structures, depending on the nature of transition metal and reaction
conditions [55, 121, 140]. Figure 27 shows two examples of these polymeric
compounds, namely, [M(NH3)2(en)2]2[{M(en)2}Re6Te8(CN)6]Cl2�xH2O and [{Mn
(H2O)(en)2}{Mn(en)2}Re6Te8(CN)6]�3H2O. Coordination of bridging [Ni(en)2]2+

to trans-cyano ligands of octahedral clusters gives linear chain, while coordination
of [Mn(en)2] to cis-cyano ligands results in zigzag chains.

A set of low-dimensional compounds was prepared with the use of (SnMe3)
+ cation.

This building block was successfully used earlier for linking cyanometallate complexes
[M(CN)6]

n– to get highly porous compounds, namely, super Prussian blue [141–
143]. In the case of the reaction of [Re6Q8(CN)6]

n– with SnMe3Cl, low-dimensional
compounds are usually formed where cluster anions are linked by tin atoms
[122, 144]. The type of structure depends on the acidity of the solution. Compounds
[{SnMe3(H2O)}2{SnMe3}{Re6Se8(CN)6}]�H2O, Cs[{SnMe3}3{Re6Se8(CN)6}], and
[(SnMe3)3(OH)2][{SnMe3}3{Re6Se8(CN)6}] were obtained in acidic, neutral, and
basic solutions, respectively. Cs[{SnMe3}3{Re6Se8(CN)6}] is a quite unique example,
featuring anions linked into infinite chains by three bridges between two adjacent
anions (Fig. 28).

Fig. 27 Linear and zigzag chains in [Ni(NH3)2(en)2]2[{Ni(en)2}Re6Te8(CN)6]Cl2�xH2O (a) and
[{Mn(H2O)(en)2}{Mn(en)2}Re6Te8(CN)6]�3H2O (b). Hydrogen and tellurium atoms are omitted

Fig. 28 One-dimensional chains in the [{SnMe3(H2O)}2{SnMe3}{Re6Se8(CN)6}]�H2O (a) and
Cs[{SnMe3}3{Re6Se8(CN)6}] (b)

62 V. E. Fedorov and N. G. Naumov



4.5 Formation of Polycationic Complexes

Large linear and voluminous dimensions of [M6Q8(CN)6]
n– cluster anions often

favor stabilization of polycationic species in the crystal structures. In most cases
with 3d transition metals and lanthanides, these polycationic species have a charge
+4, balancing the charge of the [Re6Q8(CN)6]

4� anions, as it was found in
Co2(H2O)4[Re6Se8(CN)6]�8H2O [136]. The compounds with rare earth elements
coordinated by chelate ligands provide a large variety of binuclear cationic com-
plexes. In the case of Ln3+, 4+ charge can be achieved by deprotonation of bridging
ligands (H2O or polyalcohols). The structure of [{Ln2(bpy)4(H2O)2(μ2-OH)2}
{Re6Se8(CN)6}]∙6H2O (Ln ¼ Nd, Eu) comprises {Ln2(bpy)4(H2O)2(μ2-OH)2}4+

dimers, where Ln atoms are bridged by two hydroxo-groups. Each Ln atom in the
complex has one accessible site for coordination of CN ligands, giving the chain
structure.

Compounds containing polyatomic alcohols, namely, glycerol and erythritol,
comprise centrosymmetric binuclear cations, where Ln atoms are effectively coor-
dinated by polyalcohols in a variety of ways. Partial deprotonation of the secondary
OH group allows adjusting charge balance of the complexes. Structural motif in
[{Yb2(C4O4H9)2(H2O)2}{Re6Se8(CN)6}]�5H2O, for example, is given in Fig. 29.

4.6 Non-covalent Interactions Between Clusters

The high energy of M–CN–M’ interactions usually leads to the formation of robust
frameworks with a large number of covalent contacts. In general, strong M–CN–M’

Fig. 29 Structural motif in (a) [{Nd2(bpy)4(H2O)2(μ2-OH)2}{Re6Se8(CN)6}] and (b)
[{Yb2(C4O4H9)2(H2O)2}{Re6Se8(CN)6}]�5H2O. Hydrogen atoms are omitted
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covalent interactions dominate over weak dispersive forces. Nevertheless, the rela-
tively weak interactions between specific groups often play a key role in the
formation of polymeric structures from solutions. Along with strong and rigid
coordination bonds, the structures of cluster compounds often comprise multiple
non-covalent interactions determining the overall structure motif: hydrogen bonds
and π–π stacking between aromatic rings [48, 145, 146].

Hydrogen bonds between solvate water molecules and cyano groups of cluster
complexes are characteristic of most crystalline hydrates. The crystallization of the
cluster anions [Re6Q8(CN)6]

4�/3� from acidic solutions (pH < 7) leads to the
formation of acid salts containing hydrogen ions. Acidic protons can be localized
either in the water sub-lattice (H(H2O)n)

+ [147, 148] or between cyano groups
forming short and strong hydrogen bonds, as it was found in [(H){Ln(H2O)4}
{Re6S8(CN)6}]�2H2O, Ln ¼ Yb, Lu [149] or in H[cis-Fe(H2O)2][Re6Se8(CN)6]
∙2H2O [118]. CN. . .NC distances in these compounds range from 2.50 to 2.69 Å.
The anions having both water molecules and hydroxo-groups form strong hydrogen
bonding between OH and H2O ligands, producing H3O2

� groups with distances
between donor oxygen atoms ranging from 2.33 to 2.50 Å. Such bonds determine
the structures of aqua-hydroxo Re6Q8(H2O)4(OH)2∙12H2O and cyano-hydroxo
complexes (Bu4N)3[Re6S8(CN)4(OH)(H2O)]�2H2O and (Ph4P)3[Re6S8(CN)4(OH)
(H2O)]�3.5H2O (Fig. 30).

Fig. 30 (a) H-bonded chain with N. . .N separation of 2.673 Å in [(H){Ln(H2O)4}{Re6S8(CN)6}]�
2H2O, Ln¼Yb, Lu. (b) The fragment of the anionic chain formed by hydrogen bonds (indicated by
dashed lines) between the anions trans-[Re6S8(CN)4(OH)(H2O)]

3�∙in (Ph4P)3[Re6S8(CN)4(OH)
(H2O)]∙3.5H2O
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5 Applications of Cluster Complexes

We should note the difference in the properties of condensed metal cluster materials
and molecular cluster complexes. Strong intercluster interactions in the structures of
condensed materials influence the band structure of solids and their wide range of
transport and other physical properties, suggesting their potential use as supercon-
ductors [3], semiconductors, thermoelectrics (see, e.g., selected references: [63–66,
153]), catalysts, etc. Molecular complexes are able to go into solution and may be
easily modified by ligand substitution. Molecular complexes, as building blocks, can
be widely used in numerous reactions for the synthesis of new compounds with a
predesigned composition and structure. Molecular complexes constitute convenient
models to study such cluster properties as magnetism, redox reactions, electronic and
optical spectra, and properties of metal-containing liquid crystals. Besides, they
exhibit X-ray contrast properties, photocatalytic activity, and photoluminescence
properties [102, 105, 107, 108, 150–152]. The mutual transition of a condensed solid
into molecular complexes and back is a fruitful strategy in the design of various
types of materials. Many interesting applied properties of chalcogenide cluster
compounds are discussed in a recent review [153].

6 Conclusion

In this short review, we attempted to overview studies on the chemistry of molyb-
denum and rhenium octahedral chalcogenide cluster compounds carried out by NIIC
researchers in collaboration with international research groups. We tried to show
a pathway from classical solid-state cluster compounds Mo6Se8, Re6Te15, and
K4Re6S12 to soluble molecular complexes with Re6Q8 and Mo6Q8 cluster cores.
Both inorganic and organic ligands can be grafted onto cluster cages, resulting in
drastic change in the charge and properties of such complexes. Without diminishing
the merits of other authors, we would like to emphasize here the role and importance
of the research of the French school of chemistry, and first of all the University of
Rennes 1, namely, the Laboratoire de Chimie du Solide et Inorganique Moléculaire
(now known as the Institut des Sciences Chimiques de Rennes), where cluster
chemistry of niobium, tantalum, molybdenum, and rhenium was developed. Profes-
sor Sergent and his closest colleagues made a great contribution to the cluster
chemistry of transition metals including many rhenium chalcohalides, and this article
dedicated to him is not only a tribute to his memory but also to his outstanding
scientific achievements.
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Abstract This survey provides an overview of the different types of terminal
ligands incorporated into molybdenum halide and rhenium chalcogenide cluster
complexes. While the incorporation of halide and pseudohalide ligands is prevalent
with these systems, this article focuses on the coordination of other nitrogen-,
oxygen-, sulfur-, and carbon-donor ligands. Emphasis has been placed on synthetic
methodologies and the significance behind coordination of these ligands to discrete
cluster complexes.
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1 Introduction

The cluster chemistry of molybdenum and rhenium is dominated by polynuclear
species having the [Mo6(μ3-X)8]4+ or [Re6(μ3-Q)8]2+ core, where X ¼ halogen and
Q ¼ chalcogen. These cluster cores contain an octahedron of metal atoms inscribed
in a cube of facially bridging heteroatoms. Discrete hexanuclear octahedral clusters
are stabilized by six additional terminal or apical ligands (L) leading to molecular
systems with the general abbreviated formula of [Mo6X8L6]

n+ or [Re6Q8L6]
n+.

Although molybdenum(II) halides have been known for many years [1], the field
was revolutionized in the 1970s when reports of octahedral metal sulfide clusters
appeared in the literature. The discovery of Chevrel phases (M’Mo6S8) had the most
significant impact [2]. The superconducting properties of these ternary molybdenum
chalcogenides were discovered early on; further investigations have proven these
materials to have numerous other interesting properties, with some of the recent
studies examining their potential as cathode materials in rechargeable batteries [3–
6]. Not long after the discovery of Chevrel phase materials, reports detailing the
preparation of analogous hexanuclear rhenium chalcogenide clusters appeared in the
literature [7–9]. However, it was Sergent who pioneered the preparation of rhenium
chalcohalide cluster phases and recognized the potential associated with condensing
discrete clusters to form higher dimensional materials and how this would enable
one to control the physical properties of those materials [10–13]. Cluster excision,
the reverse of cluster condensation, is what brought us discrete cluster complexes
[14–16]. This process, which is also referred to as dimensional reduction, involves
reacting cluster-based materials with simple salts which are able to decrease the
bridging interactions, thereby reducing the dimensionality of a material; the dimen-
sional reduction of Re6Se8Cl2 is shown in Fig. 1 [17].

Owing to the electronic nature of these 24 electron cluster cores, the regular
octahedral geometry and the stereochemical rigidity of these systems (i.e., they are
non-fluxional), [Mo6X8]

4+- and [Re6Q8]
2+-containing clusters, are often considered

to be larger versions of single metal octahedral complexes. Therefore, research
involving these systems has partially been driven by the desire to use these clusters
as building blocks in the preparation of novel supramolecular frameworks [18–
21]. Efforts to expand on earlier reports detailing the unique photophysical and
electrochemical properties displayed by these cluster systems have also been a major
driving force [22–26]. In order to take advantage of the unique structural and
functional properties associated with these octahedral clusters and design clusters
for specific applications, it is necessary to have control over terminal ligand substi-
tution and to have the ability to incorporate a wide variety of ligand types. We
present this review in an effort to highlight the progress that has been made toward
broadening the scope of terminal ligands coordinated to [Mo6X8]

4+ (X ¼ Cl, Br, I)
and [Re6Q8]

2+ (Q ¼ S, Se) cluster cores. The focus of this account is on the
preparation of discrete molybdenum halide and rhenium chalcogenide clusters
containing novel terminal ligands, i.e., ligands other than halides or pseudohalides.
At times, we refer to applications, reactivity, and physical studies which motivated
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researchers to pursue these synthetic endeavors. However, the aim of this article is to
focus on the synthetic methodologies and significance behind the coordination of
these ligands. In addition, it is important to note that this article does not delve into
the materials chemistry of these systems (i.e., coordination polymers, nanoparticles,
incorporation into organic polymers, etc.), but focuses on discrete systems that can
be solubilized. An extensive review of rhenium chalcogenide clusters was published
by Batail and coworkers in 2001 [27], and Prokopuk and Shriver published a review
on the chemistry of Group 5 and 6 octahedral clusters in 1998 [28]. Our objective is
to build on these and other more recent reviews [29–31] and to provide an up-to-date
overview without duplicating material summarized in previous accounts.

2 [Re6Q8]
2+-Based Clusters

2.1 Nitrogen-Donor Ligands

2.1.1 Direct Coordination

Over the years, a number of cluster complexes containing neutral N-donor ligands
have been prepared, common among these are nitriles and heterocyclic ligands such
as pyridine and pyrazine [27]. Acetonitrile was one of the first nitriles to be
coordinated by Holm and coworkers [32], by reacting a cluster complex containing
one or more terminal halide ligands with silver(I) salts of non-coordinating anions
(such as BF4

� or SbF6
�) in the presence of excess nitrile. Our group followed a

Tl2Re6Se8Cl4
1D

3TlCl

Re6Se8Cl2
2D

Tl4Re6Se8Cl6
0D

2TlCl

TlCl

Fig. 1 Dimensional
reduction of Re6Se8Cl2 with
TlCl to generate the discrete
cluster Tl4[Re6Se8Cl6]�TlCl.
Adapted with permission
from [17] Copyright 2001
American Chemical Society
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similar procedure in the preparation of [Re6Se8(PEt3)5(NCC(CH3)3)](SbF6)2, which
contains the sterically bulky trimethylacetonitrile ligand [33]. Nitriles and pyridine
are both readily coordinated to the cluster core; however, pyridine is more versatile
in that there are numerous commercially available pyridine derivatives which can be
used to enhance the functionality of the cluster. For example, Zheng and coworkers
utilized 4,40-dipyridyl and 1,2-bis(4-pyridyl)ethane to bridge [Re6Q8]

2+ cluster cores
together [34]. Coordination of pyridine-based ligands has been achieved either by
following a procedure similar to that used for the coordination of nitriles or by
substitution of acetonitrile ligands by different pyridine donor ligands. It is worth
mentioning the structural and functional advantages that these octahedral rhenium
chalcogenide clusters have in comparison to other high-nuclearity transition metal
clusters for the preparation of supramolecular arrays. The rigid (non-fluxional)
nature of the cluster core, as well as the ability to site-differentiate the terminal
ligands, allows for control over the positioning of ligands and the eventual connec-
tivity between units. That is, these cluster cores can be viewed as building blocks in
the design of supramolecular arrays. Key strategies for assembling these clusters into
supramolecular arrays include (1) insertion of a cluster cation in place of a single
metal center in a metal organic framework, (2) use of ligated clusters with appro-
priate functionalities to connect to other metal ions in solution (“cluster-as-ligand”
approach), and (3) incorporating ligands that can self-assemble through secondary
interactions such as hydrogen bonding and π-stacking. Zheng and coworkers
have published some micro-reviews summarizing their (and others) contributions
to this area [21, 35–37]. More recently, other pyridine-based ligands such as
isonicotinic acid and 4-aminopyridine have been utilized to prepare discrete cluster
complexes (e.g., trans-[Re6S8(4-aminopyridine)4(OH)2] [38] and cis- and trans-
[Re6Se8(PEt3)4(isonicotinic acid)2](SbF6)2 [39]). The difference between the
hydrogen-bonded networks formed when cis- and trans-[Re6Se8(PEt3)4(isonicotinic
acid)2](SbF6)2 crystallize is shown in Fig. 2; two of the structures shown contain
isonicotinate, indicating deprotonation of one of the isonicotinic acid units during
crystallization. The successful coordination of six porphyrin rings to the rhenium
sulfide and selenide cores emphasizes the increased size of the rhenium chalcogenide
cores compared to their single metal counterparts, i.e., [Re6Q8(H2PyT3P)6]

2+ (Fig. 3,
left) and [Re6Q8(ZnPyT3P)6]

2+ (Q ¼ S, Se; H2PyT3P ¼ 5-(4-pyridyl)-10,15,20-
tritolylporphyrin, and ZnPyT3P ¼ 5-(4-pyridyl)-10,15,20-tritolylporphyrinatozinc
(II)) [40]. Electrochemical studies of these and of disubstituted clusters bridged
to ruthenium porphyrin complexes (cis- and trans-[Re6S8Cl4{(μ-bpy)Ru(CO)
(ttp)}2]

2� and trans-[Re6S8Cl4{(μ-pyrazine)Ru(CO)(ttp)}2]2� (Fig. 3, right)
(ttp ¼ tetratolylporphyrin) were undertaken to explore the redox communication
between the cluster core and the porphyrin moieties.

The unique electrochemical and luminescent properties of the [Re6Q8]
2+ and

[Mo6X8]
4+ systems are often cited as reasons behind the sustained interest in these

octahedral clusters. The following are examples where functionalized pyridines were
used to control the physical properties of the cluster complexes. Guldi and coworkers
modified the pyridine ligand with a fullerene in the preparation of a covalently linked
donor-acceptor dyad, wherein a rhenium chalcogenide cluster core was the donor
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Fig. 2 The structures of trans-[Re6Se8(PEt3)4(isonicotinic acid)2]
2+, trans-[Re6Se8(PEt3)4(isonicotinic

acid)(isonicotinate)]+, and cis-[Re6Se8(PEt3)4(isonicotinic acid)(isonicotinate)]
+ (top to bottom), where

intermolecular hydrogen bonding (blue lines) is observed. Reprinted by permission from Springer
Nature Customer Service Centre GmbH [39] Copyright 2015

Fig. 3 Structure of [Re6Se8(H2PyT3P)6]
2+ (left) and a schematic structure of

[Re6S8Cl4{(μ-pyrazine)Ru(CO)(ttp)}2]2� (right). Reprinted with the permission from [40]
Copyright 2002 Wiley-VCH Verlag GmbH & Co
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and C60-fullerene the acceptor (Fig. 4) [41]. Such a design was inspired by the
multicomponent systems found in natural photosynthetic processes. It is proposed
that a light-induced energy transfer from the cluster to the C60-fullerene in the
[Re6Se8(PEt3)5(N-pyridyl-3,4-fulleropyrrolidine)]

2+ complex occurs. Another
example, published by Kitamura and coworkers, involves fine-tuning the
photophysical properties of the rhenium sulfide cluster core by controlling the
energy between the [Re6S8]

2+ core centered HOMO and the π* orbital of the ligand.
In this example, the phenylpyridine ligand in (Bu4N)3[Re6S8Cl5(4-phenylpyridine)]
(obtained by photoirradiation of a MeCN solution of (Bu4N)4[Re6S8Cl6] in the
presence of 4-phenylpyridine) was found to enhance metal-to-ligand charge-transfer
emission leading to a longer excited state lifetime [42]. This provides an example of
how the synthetic chemistry of these systems has improved in such a way that subtle
control over the physical properties of the rhenium chalcogenide clusters is becom-
ing a reality.

In an effort to expand the type of potential organic linkers to rhenium chalcogen-
ide cluster cores, Mironov et al. developed a synthetic route toward the coordination
of neutral pyrazole ligands. Heating a mixture of Cs4[Re6Q8Br6] (Q ¼ S or Se) with
3,5-dimethylpyrazole at 200�C led to the isolation of [Re6Q8(3,5-Me2PzH)6]Br2�2
(3,5-Me2PzH) (Q ¼ S, Se) [43]. Substitution of the starting material with
Cs3[Re6Q7Br7] (Q ¼ S, Se) resulted in the formation of [Re6Q7O(3,5-Me2PzH)6]
Br2�3,5-Me2PzH [44]. This is a rare example of a facially bridging ligand undergoing
exchange where the oxygen is believed to have come from trace water present in the
starting material. These are also the first examples where hot molten ligands were
utilized as the reaction medium for a ligand substitution reaction involving octahe-
dral rhenium clusters (i.e., the cluster and ligand are mixed and sealed in a glass
ampoule which is then heated past the melting point of the organic ligands). The
advantage of this type of synthetic route is discussed by the authors.

Most of the nitrogen-donor ligands mentioned so far have been neutral in charge.
However, Brylev et al. reported the direct coordination of anionic benzotriazolate
(BTA) ligands. When the hexahydroxo species, [Re6Q8(OH)6]

4� (Q ¼ S or Se),
is heated with 1H-benzotriazole at 150�C, the products K4[Re6S8(BTA)6]�
3.5EtOH�4H2O and K2.75H1.25[Re6Se8(BTA)6]�3EtOH�7H2O are isolated [45]
(Fig. 5). The latter complex is considered to be a 3:1 mix of [Re6Se8(1H-BTA)
(BTA)5]

3� and [Re6Se8(1H-BTA)2(BTA)4]
2� along with the potassium ions and

solvate molecules; the weaker electron-accepting ability of the selenide core com-
pared to the sulfide core is believed to be the reason behind the isolation of slightly

N N

2+Fig. 4 Visual
representation of
[Re6Se8(PEt3)5(N-pyridyl-
3,4-fulleropyrrolidine)]2+.
Reprinted with the
permission from [41]
Copyright 2010Wiley-VCH
Verlag GmbH & Co
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different formulations. Acidifying aqueous solutions of these complexes leads to the
precipitation of [Re6Q8(1H-BTA)4(BTA)2] (Q ¼ S or Se). These clusters represent
the first water-soluble rhenium sulfide clusters containing a heterocyclic ligand
and were specifically designed to test their potential for biological applications.
The authors report that both K4[Re6S8(BTA)6]�3.5EtOH�4H2O and
K2.75H1.25[Re6Se8(BTA)6]�3EtOH�7H2O were taken up by human cells and at the
same time did not show any acute cytotoxic effects [45]. In addition, photophysical
properties suggest that these complexes could have applications in bioimaging or
photodynamic therapy. Also, the incorporation of BTA ligands shows a marked
stability over the carboxylate-containing clusters (vide infra) in that the BTA ligands
do not exchange with water over an extended period of time.

2.1.2 Formation of Novel Ligands via Small Molecule Activation

Small molecule activation is frequently associated with catalytic processes whereby
substrates undergo transformation during their association with a metal center. It is
well known that metals can alter the chemistry of coordinated ligands, yet metal
reactivity is often selective making it challenging to predict which of these trans-
formations will be achieved by a given complex. Of interest to this review is that
rhenium chalcogenide cluster cores have been proven to be strong Lewis acids. In
fact, they are strong enough to activate small molecules to undergo transformations
either faster or under milder conditions (or both) than what would be required if the
molecule was not coordinated to the cluster. Unlike so many other Lewis acidic
centers, the rhenium chalcogenide clusters are relatively stable upon exposure to
air and water, making them potentially attractive alternatives to other, less robust,

Fig. 5 The formation of [Re6Q8(BTA)6]
4� from [Re6Q8(OH)6]

4� and molten 1H-benzotriazole
(1H-BTA). Reprinted with permission from [45] Copyright 2014 American Chemical Society
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systems. It is important to note that, as of yet, there are no reported examples of
catalysis by a rhenium chalcogenide cluster core (i.e., examples where more than one
equivalent of substrate is transformed at a given time). The ability of rhenium
chalcogenide clusters to activate small molecules has enabled species such as
nitriles, coordinated to the [Re6Se8]

2+ core, to be converted into unique ligands,
thereby expanding the number and type of ligands incorporated into these
supraoctahedral cluster complexes. Here we discuss the application of this synthetic
methodology toward the coordination of unique terminal N-donor ligands. Rhenium
chalcogenide clusters are known to be substitutionally inert, normally requiring heat
and extended reaction times for reaction to occur. One attractive feature of small
molecule activation is that novel ligands can often be incorporated under milder
conditions. Here we discuss reactions in which different anionic and neutral nucle-
ophiles attack nitriles coordinated to the [Re6Se8]

2+ core.
In 2007, we discovered that inorganic azides, such as NaN3, react with the

acetonitrile ligand in [Re6Se8(PEt3)5(NCCH3)](BF4)2 to form tetrazolate complexes
[46]. Coordination of acetonitrile to the Lewis acidic rhenium selenide cluster core
activates the ligand to undergo a [2 + 3] cycloaddition with N3

� within minutes at
room temperature to form [Re6Se8(PEt3)5(1,5-methyltetrazolate)]

+. This cycloaddition
was classified as “click chemistry” due to the mild conditions, rapid reaction time, high
yield, and purity of the product generated. This is the first click reaction reported for
this family of clusters. Electrochemical studies enabled the determination of an
electronic parameter (EL) for a tetrazolate ligand and demonstrated that Lever’s
method can be applied to higher-nuclearity clusters. Cyclic voltammetric studies also
revealed an unusual oxidative decomposition process indicating formation of the
starting nitrile complex after accessing the [Re6Se8(PEt3)5(1,5-methyltetrazolate)]2+/+

couple. That same year, Orto et al. published the formation of imino ester complexes
generated when simple alcohols react with analogous acetonitrile complexes
[47]. Zheng recently summarized this chemistry, where hydrogen bonding of the
alcohol with the bridging selenide ligands on the cluster core is proposed to explain
the predominant formation of the Z-isomer [48].

This click chemistry was extended to a series of benzonitrile clusters,
[Re6Se8(PEt3)5(N�CC6H4Y)](BF4)2 (Y ¼ –H, –NH2, –NO2, –OMe, and
–COCH3), and the electrochemical, substitution chemistry and reactivity with inor-
ganic azides were investigated [49]. Figure 6 shows click reactions involving
[Re6Se8(PEt3)5(N�CR)]2+and various nucleophilic groups. These coordinated
benzonitriles also undergo cyclization; however, only the N2 isomers are isolated,
e.g., [Re6Se8(PEt3)5(2,5-phenyltetrazolate)](BF4) was the sole product isolated
when [Re6Se8(PEt3)5(N�CC6H5)](BF4)2 was reacted with NaN3 [46, 49]. This is
in contrast to the reaction with coordinated acetonitrile, which forms the N1 isomer
at room temperature and a 50/50 mixture of isomers upon heating, demonstrating
how the steric size of the nitrile substituent influences the coordination mode
of the tetrazolate ring (Fig. 7). Although changing the para substituent on the
phenyl ring had negligible impact on the redox potentials of these clusters, it
did impact the rates of substitution of the coordinated nitriles. Heating
[Re6Se8(PEt3)5(1,5-methyltetrazolate)]+ (or [Re6Se8(PEt3)5(2,5-phenyltetrazolate)]

+)
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with a strong acid in CH3CN leads to the release of 5-methyltetrazole
(or 5-phenyltetrazole) and formation of the nitrile complex, [Re6Se8(PEt3)5(NCCH3)]

2+,
indicating potential for catalysis. Disubstituted tetrazoles could also be generated
using alkylating agents such as MeI and BnBr. Even when starting with a single
tetrazolate isomer (N1 or N2), mixtures of 1,5- and 2,5-disubstituted tetrazoles were
formed, and potential mechanisms for this isomerization process were discussed. It
is interesting to note that nitriles coordinated to the rhenium selenide cluster core do
not click with organic azides, instead, substitution and subsequent photodecompo-
sition leads to the formation of cluster imino complexes. Zheng discusses this
reaction in greater detail in a recent account [48].

Our group also reported the formation of heterocyclic triazolate ligands. Like
the formation of tetrazolate ligands, the triazolates were also prepared via a click
reaction. However, the triazolates were formed when coordinated azides react with
free alkynes [50]. Three different triazolate cluster complexes were synthesized,
[Re6Se8(PEt3)5(4,5-bis(methoxycarbonyl)-1,2,3-triazolate)](BF4) (Fig. 8),
[Re6Se8(PEt3)5(4-methoxycarbonyl-5-(1-propanol)-1,2,3-triazolate)](BF4), and

OH-
NH

+

R

O

= Re = Se = PEt3

nBuLi

R = Me or Ph
N3

-

N
N N

N

N1-isomer N2-isomer

N
N N

N R
+R+

N
O

2+R

N
O

R 2+

N

2+

C R
R = Ph

I OH Br OH
nBuLi

R = Me or Ph

Fig. 6 Schematic diagram showing some of the click chemistry facilitated by the [Re6Se8]
2+ cluster

core, formation of tetrazolate, oxazoline, and oxazine rings in addition to formation of a
carboxamide ligand
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cis-[Re6Se8(PEt3)4(4,5-bis(methoxycarbonyl)-1,2,3-triazolate)2]. The latter complex
demonstrates that these clusters can promote multiple azide moieties to undergo
heterocyclic ring formation. Reaction of the triazolate complexes with electrophilic
reagents such as methyl iodide and benzyl bromide leads to the formation of free
triazoles as well as the halide containing cluster complexes, e.g., [Re6Se8(PEt3)5X]

+

(X ¼ I, Br).
In addition to reacting with simple alcohols, nitriles coordinated to the rhenium

selenide cluster core also react with ammonia (Fig. 9). Specifically, addition of
ammonia to coordinated nitriles in [Re6Se8(PEt3)5(MeCN)](BF4)2 and cis- and
trans-[Re6Se8(PEt3)4(MeCN)2](BF4)2 leads to quantitative conversion to the
corresponding acetamidine complexes, [Re6Se8(PEt3)5(HN¼C(NH2)CH3)](BF4)2,
and cis- and trans-[Re6Se8(PEt3)4(HN¼C(NH2)CH3)2](BF4)2, respectively [51].
As observed with the addition of alcohols to coordinated nitriles, the Z-isomer of
the acetamidine cluster is favored. Amidine ligand removal is achieved through
reaction with trifluoroacetate, which generates acetamidinium trifluoroacetate along
with the starting nitrile complex.

Most recently, we published a report detailing the reaction of coordinated
nitriles with hydroxide and haloalcohols in the presence of nBuLi [52]. Reaction
of [Re6Se8(PEt3)5(benzonitrile)](BF4)2 with an aqueous solution of KOH at room
temperature led to the formation of [Re6Se8(PEt3)5(phenylcarboxamide)]+ (Fig. 10).
In addition, heterocyclic oxazine and oxazoline formation occurs when
[Re6Se8(PEt3)5(NCPh)](BF4)2 and [Re6Se8(PEt3)5(NCCH3)](BF4)2 undergo reac-
tion with BrCH2CH2CH2O

� and ICH2CH2O
� (generated in situ). The incorporation

of four new heterocyclic ligands was achieved by these reactions; these include
2-methyloxazoline, 2-phenyloxazoline, 2-methyloxazine, and 2-phenyloxazine. Of

N1A
N2A

N3A

O2A

C4A

O1A

C3A

C1AC2A

O3AC6A

O4A
C5A

P5P3

P1

Re6

Re1

Re5Re3

Fig. 8 Structure of
[Re6Se8(PEt3)5(4,5-bis
(methoxycarbonyl)-1,2,3-
triazolate)]+.
[50]–Reproduced by
permission of The Royal
Society of Chemistry

Exploring the Breadth of Terminal Ligands Coordinated in [Mo6. . . 85



interest is that isolation of [Re6Se8(PEt3)5(2-phenyloxazine)](SbF6)2 could only be
achieved in the absence of light. Exposure of [Re6Se8(PEt3)5(2-phenyloxazine)]

2+ to
ambient light at room temperature led to the expulsion of 2-phenyloxazine; this
represents the first time ligand removal has occurred without the addition of other
reagents and under such mild conditions. Heat and UV light were shown to facilitate
ligand removal of the other oxazine and oxazoline rings, and the relative strength of
all four heterocyclic ligands was reported as phenyloxazine < phenyloxazoline
< methyloxazine < methyloxazoline. This ranking indicates that ligand strength is
dependent on both steric and electronic factors. As with some of the ligand removal
studies already mentioned, the formation of the starting nitrile cluster complexes is

N

MeOH
2+

= Re = Se = PEt3

NH

2+

MeO

CH3

C CH3

NH3

NH

2+

H2N

CH3

Fig. 9 Schematic diagram showing the reaction of [Re6Se8(PEt3)5(NCMe)]2+ with methanol to
form an imino ester ligand and with ammonia to form a acetamidine ligand

Re6
C1

C3
C2

O1

C4

C5
C6

C7
N

Fig. 10 Structure of [Re6Se8(PEt3)5(phenylcarboxamide)]+. [52]–Reproduced by permission of
The Royal Society of Chemistry
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observed upon ligand removal indicating the potential for catalytic activity. These
examples demonstrate the versatility of small molecule activation in the generation
of cluster complexes containing novel ligands.

2.2 Oxygen- and Sulfur-Donor Ligands

Preparation of the first hexaaqua rhenium chalcogenide cluster, [Re6S8(H2O)6]
2+,

was reported in 1998 [53], and a couple of years later, reports of mixed aqua/hydroxo
cluster complexes appeared. The first of these, [Re6Se8(H2O)4(OH)2]�12H2O, was
generated via the reaction of (Bu4N)4[Re6Se8I6] and aqueous NaOH [54]. Reports of
the hexahydroxo complexes, K4[Re6Se8(OH)6]�8H2O and K4[Re6S8(OH)6]�8H2O,
followed; these were prepared from the chalcohalides, Re6Q8Br2 [55]. As with so
many of the single metal aqua/hydroxo complexes, the nature of the ligands is
dependent on pH. A study involving the dependence of formulation and spectro-
scopic properties of K4[Re6Se8(OH)6]�8H2O and K4[Re6S8(OH)6]�8H2O as a
function of pH led to the formation of K2[Re6Se8(H2O)2(OH)4]�2H2O,
[Re6S8(H2O)4(OH)2]�12H2O, [Re6S8(H2O)6][Re6S8Br6]�10H2O, and
[Re6Se8(H2O)4(OH)2] [56]. A number of these aqua/hydroxo cluster complexes
have been characterized via X-ray crystallography, and the data show extensive
hydrogen-bonding interactions in the solid state. In fact, a comparison of the
structures of [Re6Se8(H2O)4(OH)2] [56] and [Re6Se8(H2O)4(OH)2]�12H2O [54]
emphasizes how much the hydration of these complexes can influence the solid-
state structure. Brylev et al. also studied the chemical and spectroscopic properties of
these compounds in solution and were able to describe the equilibrium that takes
place as pH is varied [56]. There are also examples of complexes containing
mixed terminal ligands, hydroxide/water with ligands such as cyanide (or cyanide
bridging to another metal complex), or pyridine-based ligands (e.g.,
[Re6Se8(CN)4(OH)2]

4� and [Re6S8(OH)2(4,40-bipyridine)4]) [38, 57]. A unique
feature of these complexes is that they often display an extensive array of hydrogen
bonding to the coordinated aqua or hydroxo ligands as well as to waters of solvation.

The hydroxo ligands are reported to be relatively labile in that they can be readily
substituted by halides; they can also act as bridging ligands in the formation of
coordination polymers with Group 2 metal ions [55, 58]. Carboxylate coordination
to the rhenium chalcogenide cluster cores is not as common as with [Mo6X8]

4+

clusters but has been achieved via the reaction of the aforementioned hydroxide-
containing clusters with free carboxylic acids. The first reported example of
carboxylate coordination involved an amphiphilic diblock copolymer, CH3O
(CH2CH2O)12CH2CONH-GlyPheLeuGlyPheLeu-COO

�, with a carboxylate termi-
nus. This was coordinated to the rhenium sulfide cluster core forming
K4[Re6S8(OH)5(CH3O(CH2CH2O)12CH2CONH-GlyPheLeuGlyPheLeu-COO)].
This long-chain carboxylate was designed to improve cellular uptake, and studies
comparing K4[Re6Q8(OH)6]�8H2O (Q ¼ S or Se) and K4[Re6S8(OH)5(CH3O
(CH2CH2O)12CH2CONH-GlyPheLeuGlyPheLeu-COO)] were tested for cellular
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uptake and toxicity with HeLa cells (human cervical epithelial adenocarcinoma
cells) [59]. Notably, both K4[Re6S8(OH)6]∙8H2O and K4[Re6S8(OH)5(CH3O
(CH2CH2O)12CH2CONH-GlyPheLeuGlyPheLeu-COO)] were found to permeate
cell walls and populate the cytoplasm and nucleus. The absence of acute cytotoxic
properties at low concentrations indicates that there is potential for using rhenium
sulfide clusters for diagnostic or therapeutic agents; however, as noted below, the
stability of rhenium chalcogenide carboxylates in aqueous solution limits the appli-
cability of carboxylate-containing clusters.

Hexacarboxylate clusters were obtained when hexahydroxo clusters were utilized
as starting materials. For example, reaction of M4[Re6S8(OH)6]�8H2O (M ¼ K+ or
Cs+) with formic acid leads to the generation of M4[Re6S8(HCOO)6] (M ¼ K+ or
Cs+). Figure 11 shows the structure of Cs4[Re6S8(HCOO)6].

1H NMR studies of
K4[Re6S8(HCOO)6] in D2O indicate a small amount of free formate is present upon
immediate dissolution, the resonance for which increases in intensity over time
(weeks) [60]. Studies in H2O indicate that additional further substitutions occur,
leading to the eventual precipitation of [Re6S8(H2O)4(OH)(HCOO)]. In order to
better understand the ligand substitution chemistry of the hexahydroxo species,
reactions involving [Re6Q8(OH)6]

4� with different pyridine ligands were under-
taken [61]. Reaction with 4-t-butylpyridine (TBP) led to the formation of
trans-[Re6Q8(TBP)4(OH)2]. It is believed that the bulky t-butyl groups prevent

Fig. 11 The crystal structure of Cs4[Re6S8(HCOO)6] is shown to have an alternation of cationic
and anionic layers parallel to the bc plane. Reprinted with permission from [60] Copyright 2009
American Chemical Society
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aggregation and allow for a clean substitution to take place. Unlike substitution of
the halide ligands in [Re6Q8X6]

4� with triethylphosphine, site-differentiation
appears to favor formation of the neutral species, which precipitate from the aqueous
reaction mixture. The authors comment on how this can be used as a general
procedure for the formation of trans-[Re6Q8L4(OH)2] (L¼ a neutral ligand) clusters.
Of interest here is that reaction of trans-[Re6Q8(TBP)4(OH)2] with derivatives of
3,4,5-trihydroxybenzoic acid (or gallic acid) leads to the formation of trans-
[Re6Q8(TBP)4(3,4,5-trismethoxybenzoate)2] and trans-[Re6Q8(TBP)4(3,4,5-tris
(octyloxy)benzoate)2]; these gallic acid derivatives were utilized in attempts to
generate mesomorphic materials [61]. All of the reported carboxylate ligands act
as monodentate ligands.

The only example of sulfonate ligand coordination is that of
[Re6Se8(PEt3)5(OTs)](OTs); this was prepared from the reaction of
[Re6Se8(PEt3)5I]I with silver(I) p-toluenesulfonate (OTs�) [62]. Sulfonate ligands
are traditionally weakly coordinating; therefore, this complex was prepared to be
utilized as a starting material for the preparation of other cluster complexes. A few
rhenium chalcogenide clusters containing alkoxide ligands have been reported, but
they are not well studied. The synthesis and X-ray structures of the mono-alkoxide
complexes, [Re6Se8(PEt3)5(OMe)](PF6) and [Re6Se8(PEt3)5(OPh)](PF6), were reported
[63, 64]. The methoxy complex was prepared from [Re6Se8(PEt3)5(py)](PF6)2 and
NaOMe, while the phenoxy complex was prepared via reaction of
[Re6Se8(PEt3)5(OMe)](PF6) with phenol. The only other known alkoxide complex
is (Bu4N)4[Re6S8(OC6H4NO2)6] which was reported as a private communication
(S. Nagashima, private communication, Cambridge structural database, 2018).

2.3 Carbon-Donor Ligands

Cyanide is by far the most common terminal C-donor ligand that has been incorpo-
rated into hexanuclear [Re6Q8]

2+-based cluster compounds [27]. However, since
CN� is typically considered a pseudohalide, we will not delve into this area any
further. Here, we will focus on studies involving more traditional organometallic
ligands such as carbonyls and carbenes. Numerous examples of transition metal
cluster carbonyls have been reported in the literature, so many in fact that there are
books dedicated to the topic [65]. Thus, it is somewhat surprising that there are so
few examples of organometallic octahedral clusters.

Zheng et al. prepared the first examples of organometallic rhenium chalcogenide
clusters by coordinating CO to the [Re6Se8]

2+ core. The synthesis involved reacting
[Re6Se8(PEt3)xI6-x]

x-4 (x ¼ 4 and 5) with AgSbF6 in a methylene chloride solution
saturated with CO to generate [Re6Se8(PEt3)5(CO)](SbF6)2 and cis- and trans-
[Re6Se8(PEt3)4(CO)2](SbF6)2, respectively [66, 67]. Of interest is that the CO
stretching frequency, ν(CO), shifts to lower wavenumbers upon coordination. This
was surprising at first since it was originally believed that the highest occupied
molecular orbitals (HOMOs) of [Re6Se8]

2+ did not have the appropriate orientation
for back donation to CO. Computational studies revealed that backbonding from the
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cluster core is possible; however, the majority of the electron density (approximately
50%) comes from the nearby selenide ligands. In terms of reactivity of the
coordinated carbonyl, it was mentioned that methyl lithium does react with
[Re6Se8(PEt3)5(CO)](SbF6)2 to form the corresponding acyl complex; as of yet,
there are no reports discussing conversion of this acyl complex into a carbene. A
more detailed summary of these studies has been published [48].

Incorporation of carbene ligands, another important organometallic ligand, into
transition metal clusters is quite limited in comparison with the chemistry of single
metal complexes. Our group has begun to investigate the viability of carbene
containing rhenium chalcogenide clusters. In 2015, we reported the preparation
and study of [Re6Se8(PEt3)5(SIMes)](OTs)2, trans-[Re6Se8(PEt3)4(SIMes)2]
(OTs)2, and [Re6S8(PEt3)2(IMes)2Cl2] (SIMes ¼ 1,3-bis(dimesityl)imidazol-4,5-
dihydro-2-ylidene and IMes ¼ 1,3-bis(dimesityl)-imidazol-2-ylidene) (Fig. 12)
[68]. These represent the first examples of hexanuclear cluster complexes containing
a carbene ligand of any type (N-heterocyclic carbene, Fischer or Schrock).
[Re6Se8(PEt3)5(OTs)](OTs) was initially used as the starting material for the prep-
aration of [Re6Se8(PEt3)5(SIMes)]2+. However, we later found that SIMes was
strong enough to replace the iodo ligand in [Re6Se8(PEt3)5I]

+. This is the only
example of substitution of a [Re6Q8]

2+ coordinated halide where substitution did
not require the use of heat, silver(I) salts, or photoirradiation. NHCs are considered
spectator ligands, and as such the chemistry of [Re6Se8(PEt3)5(SIMes)](OTs)2 was
limited. The advantage of [Re6S8(PEt3)2(IMes)2Cl2] is that there is potential for
further reactivity of the halide ligands. The Re-C bond lengths averaged about
2.22 Å, slightly longer than the Re-CO bond lengths reported by Zheng and
coworkers (average of 2.04 Å) in the carbonyl-containing clusters discussed
above. We are currently in the process of investigating the possibility of incorpo-
rating other types of carbene ligands into these cluster complexes. Our group has
also prepared the isonitrile cluster complex, [Re8Se8(PEt3)5(C�NPh)](SbF6)2
[69]. We are in the process of conducting X-ray crystal structure analyses as well
as investigating the physical properties of this newly prepared species.

3 [Mo6X8]
4+-Based Clusters

3.1 Nitrogen-Donor Ligands

Shriver and coworkers reported the reaction of (Bu4N)2[Mo6Cl8(OTf)6]
(�OTf ¼ CF3SO3

�) with 4,40-bipyridine in the preparation of microporous xerogels
andwith 4-vinylpyridine in the preparation of polymeric materials [70, 71]. However,
the first discrete molybdenum halide cluster complex containing a non-pseudohalide
N-donor ligand to be isolated was reported about 10 years later by Perrin and
Astruc and coworkers; [Mo6Br8L6](OTf)4 (L ¼ pyridine, 4-t-butylpyridine,
4-vinylpyridine, and a new dendronic pyridine derivative 3,30-{CH2Op-C6H4C
(CH2CH¼CH2)3}2py) were synthesized via the reaction of the corresponding
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hexatriflate cluster with an excess of the given pyridine ligand [72]. Another report
details the synthesis of the iodo-based clusters [Mo6I8L6](OTf)4 (L ¼ pyridine, 4-t-
butylpyridine, 4-vinylpyridine) and (Bu4N)[Mo6Br13L] (L ¼ 4-t-butylpyridine,
4-vinylpyridine, and pyridine-based dendrons) [73]. [Mo6Br8(py)6](OTf)4 is only
sparingly soluble in organic solvents making it somewhat challenging to work with.
In addition, stability studies indicate that while [Mo6Br8(py)6](OTf)4 is stable in air
and acetone, even in the presence of light, the complex decomposes in methanol and
in water [72]. As was seen with the rhenium chalcogenide clusters, the advantage of
incorporating pyridine-based ligands is that cluster functionalization can be achieved
simply by utilizing substituted pyridines. For example, the organometallic pyridine
ligands [Ru(Cp(PPh3)2(η1-C�C-4-pyridinyl)] and 1-ferrocenyl-2-(4-pyridinyl)acet-
ylene were incorporated through reaction with (Bu4N)2[Mo6Br8(OTf)6] leading to
the formation of light-sensitive clusters surrounded by organometallic fragments
(Fig. 13) [73, 74]. Cluster-cored dendrimers were also prepared through the reaction
of (Bu4N)2[Mo6X8(OTf)6] (X ¼ Br or I) or (Bu4N)2[Mo6Br13(OTf)] with a variety
of monopyridine dendrons. Based on the extensive chemistry of rhenium chalco-
genide clusters containing pyridine-based ligands, it is somewhat surprising that
there are not more examples of pyridine containing molybdenum halide clusters; this
could be due to issues of solubility as well as stability issues of these cluster
complexes.

N

N

N

N

NN

4+

Ru

Ru

Ru

Ru

Ru

Ru
PPh3

PPh3

PPh3

PPh3

Ph3P

Ph3P

Ph3P

Ph3P

PPh3

PPh3

Ph3P

PPh3

Fig. 13 Visual representation of [Mo6Br8(μ-py-C�C-RuCp(PPh3)2)6]
4+. Adapted with permission

from [73] Copyright 2006 American Chemical Society
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3.2 Oxygen- and Sulfur-Donor Ligands

Carboxylate ligands have become the most widely incorporated apical ligand in
molybdenum halide cluster complexes. The most common synthetic route used
to prepare carboxylate-containing cluster complexes involves the reaction of
(Bu4N)2[Mo6X14] (X ¼ Cl, Br, I) with silver(I) carboxylates, where the removal of
the terminal halogens and precipitation of silver halide salts drives the reaction to
completion. One disadvantage of this synthesis is that commercially available
functionalized carboxylates are limited; therefore, these often need to be synthesized
as well. Another popular route for the molybdenum iodide clusters uses
Na2[Mo6I8(OMe)6] and free carboxylic acids. The key advantage to this method is
that the methanol by-product that is generated upon reaction is easily removed,
simplifying the purification process. In the studies discussed here, both synthetic
methods have been utilized. The first example of a carboxylate-containing [Mo6X8]

4+

cluster complex was that of (Bu4N)2[Mo6Cl8(CF3COO)6], which was prepared from
the starting hexahalide cluster and silver(I) trifluoroacetate [75]. Attempts at
substituting the trifluoroacetate ligands of [Mo6Cl8(CF3COO)6]

2�with sodium acry-
late resulted in an incomplete substitution and the isolation of amixture of complexes,
i.e., (Bu4N)2[Mo6Cl8(CF3COO)6-n(CH2¼CHCOO)n]. A study of a series of molyb-
denum halide complexes containing the heptafluorobutyrate (C3F7COO

�) ligands
was significant in that it led to the discovery that (1) the cluster containing bridging
iodide ligands, i.e., (Bu4N)2[Mo6I8(C3F7COO)6] (Fig. 14, left), possessed enhanced
photophysical properties compared to the corresponding molybdenum chloride
and bromide clusters and (2) modifying the terminal ligands can improve the
photophysical performance of these luminescent cluster complexes [76]. These find-
ings motivated Kirakci and coworkers to prepare the trifluoroacetate iodo cluster,
(Bu4N)2[Mo6I8(CF3COO)6] (Fig. 14, right), and to conduct a comparative study

Fig. 14 Structures of [Mo6Cl8(C3F7COO)6]
2� (left). Reproduced from [76] with permission from

The Royal Society of Chemistry and [Mo6I8(CF3COO)6]
2� (right). Reprinted with permission from

[77] Copyright 2012 Wiley-VCH Verlag GmbH & Co
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of the redox and excited state properties of the following six complexes,
(Bu4N)2[Mo6X8(CF3COO)6] and (Bu4N)2[Mo6X14] (X ¼ Cl, Br, I) [77, 78]. The
data show that both (Bu4N)2[Mo6Br8(CF3COO)6] and (Bu4N)2[Mo6I8(CF3COO)6]
display long excited state lifetimes and high yields of singlet oxygen formation.
However, (Bu4N)2[Mo6I8(CF3COO)6] is unique in that it has an extremely high
quantum yield (ϕem ¼ 1, or 100% efficient) and a narrower emission band than the
other complexes. This comparative study led to the conclusion that pairing terminal
carboxylate ligands with the [Mo6I8]

4+ core optimizes the luminescent properties of
these clusters. However, hexanuclear molybdenum clusters typically display rela-
tively low molar absorption coefficients, which is a disadvantage in that higher
concentrations would be needed for a reasonable response in an application setting.
In order to address this issue, aromatic carboxylates, which could potentially act as an
antenna and transfer their absorbed energy to the cluster core for a brighter lumines-
cence, were incorporated. Reaction of Na2[Mo6I8(MeO)6] with carboxylic acids of
anthracene and pyrene led to the formation of (Bu4N)2[Mo6I8(pyrene–COO)6] and
(Ph4P)2[Mo6I8(anthracene–COO)6] (Fig. 15) [79]. Grafting strongly absorbing chro-
mophores such as anthracene and pyrene to the carboxylate ligand did increase molar
absorption coefficients; however, there was a marked decrease in the quantum
efficiency of the (Ph4P)2[Mo6I8(anthracene–COO)6] complex indicating the fine
balance required in tuning the luminescent properties of these systems.

In an effort to develop the applications of these clusters, adamantane carboxylate
was coordinated to the molybdenum iodide cluster core. The synthesis of
(Bu4N)2[Mo6I8(adamantane–COO)6] (from Na2[Mo6I8(MeO)6] and adamantane-1-
COOH) was published along with its incorporation into films and nanoparticles
[80]. This complex is reported to be the first radioluminescent octahedral complex
capable of X-ray-induced singlet oxygen, making it the first in a new class of
nanoscintillators with potential applications in X-ray-induced photodynamic ther-
apy. The ability of these clusters to generate singlet oxygen upon excitation means

Fig. 15 Structures of [Mo6I8(pyrene–COO)6]
2� (left) and [Mo6I8(anthracene–COO)6]

2� (right).
Reprinted with permission from [79] Copyright 2014 Wiley-VCH Verlag GmbH & Co
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that they could have practical applications for oxygen probing or singlet oxygen
sensitization in biological systems. However, their low stability in water at physio-
logical pH leads to the formation of aqua-hydroxo complexes, which have been
known to be toxic once aggregated. Kirakci and coworkers explored the idea of
utilizing ligands that form inclusion complexes with macrocycles which would
provide a hydrophobic environment for the cluster. This led to the formation
of molybdenum clusters containing closo-dicarbaborane C-carboxylates:
Na2[Mo6I8(1-OOC-1,2-closo-C2B10H11)6], Na2[Mo6I8(1-OOC-1,7-closo-
C2B10H11)6], and Na2[Mo6I8(1-OOC-1,12-closo-C2B10H11)6] all of which have
an affinity for a β-cyclodextrin polymer [81]. The physical properties of the
β-cyclodextrin polymer containing Na2[Mo6I8(1-OOC-1,7-closo-C2B10H11)6] were
investigated, and potential applications discussed. Another example involves the
coordination of a benzoate ligand containing a diphenylphosphino moiety at the
para position, i.e., Na2[Mo6I8(OOCC6H4PPh2)6] (Fig. 16). Although sterically
crowded, the phosphorus atom is still able to donate to another metal center enabling
the formation of coordination polymers. Kirakci and coworkers took advantage of
this property in designing coordination polymers with palladium that were capable
of catalyzing cross-coupling reactions [82].

Multiple cluster complexes containing a wide variety of carboxylate ligands have
been prepared and studied in order to learn how to gain better control over these
various factors. Two series of molybdenum clusters, (Bu4N)2[Mo6I8(RCOO)6]
(RCOO� ¼ acetate, pivalate, α-furancarboxylate, benzoate, 3,5-dimethylbenzoate,
perfluorobenzoate, 3,5-dinitrobenzoate, 1-naphthoate, and perfluoropropionate) and
(Bu4N)2[Mo6Br8(RCOO)6] (RCOO� ¼ acetate, pivalate, α-furancarboxylate,
3,5-dimethylbenzoate, perfluorobenzoate, 3,5-dinitrobenzoate, 1-naphthoate,
4-nitrobenzoate, 4-cyanobenzoate, 3,5-dimethylbenzoate, and 4-methoxybenzoate),
were synthesized and fully characterized and their structural, electrochemical, and

Fig. 16 Structure of [Mo6I8(OOCC6H4PPh2)6]
2�. Reprinted with permission from [82] Copyright

2016 Wiley-VCH Verlag GmbH & Co
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photophysical properties investigated [83–86]. The dependence of some of these
properties on the pKas of the carboxylic acids and how this dependence can be used to
tune the redox, spectroscopic, and luminescent properties is discussed. It is worth
noting that with increasing knowledge of how terminal ligands can be used to tune the
physical properties of the octahedral molybdenum clusters and with a variety of
carboxylate ligands available, researchers have started to design materials which
incorporate these carboxylate-containing clusters for specific applications. We pro-
vide a few references as an example of some research in this area [87–90], but since
this review is focused on discrete/soluble cluster systems, we will not describe these
studies in further detail.

There are examples of molybdenum halide clusters containing alkoxide ligands,
although this area of research is not as well developed as that of the carboxylate
ligands. In an effort to utilize [Mo6X8]

4+ clusters as building blocks in the
generation of supramolecular arrays, Shriver and coworkers utilized the
4-hydroxybenzamide to prepare Na2[Mo6Cl8(OC6H4CONH2)6] [91]. The addition
of 2.2.2-cryptand to the reaction mixture leads to the crystallization of
(cryptNa)2[Mo6Cl8(OC6H4CONH2)6], which is described as a hydrogen-bonded
organic-inorganic network. In trying to prepare hybrid dendrimers that could
potentially take advantage of the interesting electrochemical and photophysical
properties of the molybdenum halide cluster core, Gorman and coworkers also
incorporated phenolate-based ligands in the preparation of dendrimers. Different
focally substituted phenol dendrons, containing 0–2 hyperbranches, were prepared
and then coordinated to the [Mo6Cl8]

4+ cluster core [92]. This synthesis involved
reacting (Bu4N)2[Mo6Cl8(OMe)6] with different dendrons, where the methoxide
ligand is believed to deprotonate the incoming substituted phenols. The structure of
the [Mo6Cl8( p-methoxyphenolate)6]

2� anion is shown in Fig. 17; this is the cluster
containing the zero-hyperbranched ligand. These cluster dendrimers are reported as
having the potential to be utilized for catalysis and for potentially controlling electron
transfer. In a separate study, Méry et al. incorporated dendronic phenolate ligands
(OC6H4C{CH2CH2CH2Si(Me)2Fc}3) to the [Mo6Br8]

4+ core generating an
octadecylferrocenyl dendrimer which is able to recognize the biologically important
adenosyl triphosphate di-anion (ATP2�) [74]. Two nitrophenolate cluster complexes,
(Bu4N)2[Mo6I8(4-nitrophenolate)6] and (Bu4N)2[Mo6I8(2,4-dinitrophenolate)6],
were prepared by Sokolov and coworkers in an effort to test the luminescent prop-
erties of another [Mo6I8]

4+ cluster containing terminal ligands with different elec-
tronic properties [93]. These were prepared from (Bu4N)2[Mo6I14] using silver salts
of 4-nitrophenolate and 2,4-dinitrophenolate. The resulting cluster complexes were
shown to have high molar absorption coefficients, indicative of a strong ligand-
cluster electronic interaction; this is believed to impact the intensity of the emission
band. Although these complexes are also strong emitters, their quantum yields and
excited state lifetimes do not match those of some other molybdenum iodide clusters,
such as [Mo6I8(C3F7COO)6]

2� [76] and as [Mo6I8(CF3COO)6]
2� [77].

The preparation of sulfonate complexes has been driven by the desire to prepare
cluster complexes with weakly coordinating ligands that can be used as starting
materials in the preparation of other cluster complexes. Shriver prepared triflate
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(�OTf) and tosylate (�OTs) cluster complexes, i.e., (Bu4N)2[Mo6Cl8(OTf)6] and
(Bu4N)2[Mo6Cl8(OTs)6] and conducted ligand substitution studies [28, 94]. More
recently the complete series of molybdenum halide hexatosylate (�OTs) and
hexabenzenesulfonate (PhSO3

�) complexes were synthesized and structurally char-
acterized, (Bu4N)2[Mo6X8(OTs)6] and (Bu4N)2[Mo6X8(PhSO3)6] (X ¼ Cl, Br, I)
[95, 96]. These were prepared in acetone by reacting silver(I) tosylate, or silver(I)
benzenesulfonate, with the hexahalide clusters, (Bu4N)2[Mo6X14], and both the
electrochemical and photophysical properties of these clusters were investigated.
The latest study in this area reports the preparation and study of
(Bu4N)2[Mo6I8(OTf)6] along with some tungsten halide cluster complexes
containing triflate ligands [97]. Cyclic voltammetric studies show that substitution
of the terminal halide ligands for sulfonate ligands increases the stability of the cluster
complex toward oxidation. In addition, the iodo-bridged clusters,
[Mo6I8(sulfonate)6]

2�, show superior luminescent properties (longer excited state
lifetimes and higher quantum yields) compared with [Mo6X8(sulfonate)6]

2� (X¼Br,
Cl) as was observed with the molybdenum clusters containing carboxylate ligands.
However, there are issues with the long-term stability of the sulfonate containing

Fig. 17 Structure of [Mo6Cl8(OC6H4OCH3)6]
2�. Reproduced from [92] with permission from The

Royal Society of Chemistry
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cluster complexes in solution, indicating clusters containing these ligands are better
suited as precursors in the coordination of more strongly donating ligands.

Nitrate (NO3
�) and nitrito (ONO�) ligands have also been coordinated to

molybdenum halide cluster cores. The hexasubstituted complexes that have been
isolated include (Bu4N)2[Mo6X8(NO3)6] (X ¼ Cl, Br, I) [98, 99] and
(Bu4N)2[Mo6X8(NO2)6] (X ¼ Cl and Br) [98]. These were all prepared from
(Bu4N)2[Mo6X14] and either AgNO3 or AgNO2, and X-ray structural data was
reported for A2[Mo6X8(NO3)6] (A ¼ Bu4N or AsPh4; X ¼ Cl, Br, I) and
(PPh4)2[Mo6Cl8(NO2)6]. Figure 18 shows the structure of the [Mo6I8(NO3)6]

2�

anion. The structural data indicates O-bound coordination for all species, and IR
spectroscopy confirmed O-bound coordination of the nitrito ligands. Photophysical
measurements of (Bu4N)2[Mo6I8(NO3)6] show that it has the highest quantum yield
and longest excited state lifetime of any previously reported metal cluster complex
with an exclusively inorganic ligand environment. Not surprisingly, however, the
nitrate ligands are similar to the sulfonate ligands in that they are reported to be labile
making these complexes potentially useful precursors. The authors demonstrated
this by using the hexanitrate cluster to incorporate the [Mo6I8]

4+ cluster core into
thiol-functionalized polystyrene microspheres [99].

Two phosphine oxide ligands were coordinated in the synthesis of
[Mo6Cl8(OPEt3)2Cl4] and [Mo6Cl8(OP(nPr)3)2Cl4] [100]. These complexes were
prepared in a manner similar to how the analogous phosphine clusters,
[Mo6Cl8(PR3)2Cl4], were prepared [101], by reaction of Mo6Cl12 with the
corresponding phosphine oxides. Reactivity studies show that the coordinated phos-
phine ligands in [Mo6Cl8(PR3)2Cl4] (R¼ Et or nPr) were susceptible to oxidation by
H2O2 as well as by Me3NO. The reaction with Me3NO was surprising since even
free phosphines do not react with this oxidant; it is likely that the Lewis acidic cluster

Fig. 18 Structure of
[Mo6I8(NO3)6]

2�.
Reproduced from [99] with
permission from The Royal
Society of Chemistry
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core facilitates oxidation of the coordinated phosphine ligand by Me3NO. To the
best of our knowledge, this is the only example where coordination to a molybde-
num halide cluster core significantly alters the reactivity of a ligand in this manner.

The instability of the [Mo6X14]
2� (X¼ Cr, Br, I) anions to hydrolysis is well known

and has been discussed previously [28]. However, there are two hydrolysis studies that
are worth mentioning. The first involves the structural characterization of three new
molybdenum iodide cluster, [Mo6I8(OH)4(H2O)2]�nH2O (n ¼ 2, 12, 14) [102]. These
were obtained by controlled hydrolysis of [K(diglyme)(NCCH3)2][Mo6I14] in sodium
borate buffer solutions. All three complexes show extensive hydrogen bonding in their
solid-state structures as observed with many of the rhenium chalcogenide clusters
containing hydroxo/aqua ligands. The second report describes the unexpected forma-
tion of the first oxo-bridged dimer of a molybdenum halide cluster. During the
recrystallization of (Bu4N)2[Mo6I8(N3)6] out of acetone/diethyl ether, crystals of a
minor by-product, (Bu4N)4[(Mo6I8(N3)5)2O], also formed and were structurally char-
acterized [103]. Although the authors have not been able to optimize the synthesis of
(Bu4N)4[(Mo6I8(N3)5)2O], this study is significant in pointing out the viability of
oxo-bridged molybdenum halide clusters.

The first example of sulfur-donor ligand coordination is that of thiophenol
coordinated in (Bu4N)2[Mo6Cl8(SPh)6]. Two synthetic procedures were reported,
reaction of Na2[Mo6Cl8(OMe)6] with thiophenol or reaction of Mo6Cl12 with NaSPh
[104]. The authors utilized this complex in analyzing Raman spectroscopic data of a
series of [M6X8Y6]

2� clusters (M ¼ Mo, W; X, Y ¼ Cl, Br, I). Thiolate ligands are
an important class of ligands in the chemistry of iron-sulfur clusters; therefore, in
an effort to explore the chemistry of thiolate ligands coordinated to molybdenum
chloride clusters, we prepared a series of thiolate-containing clusters
[Mo6Cl8(SR)6]

2� (SR� ¼ ethanethiolate, n-butylthiolate, benzylthiolate,
3-indolylthiolate) [105]. The structures of (PPN)2[Mo6Cl8(SEt)6]�Et2O and
(PPh3Me)2[Mo6Cl8(SBn)6]�2NO2CH3 were reported (Fig. 19). At a time when it
was thought that only the donor ligand would affect the photophysical properties, we
demonstrated that the thiolate substituent also impacted these properties [106]. The
reaction of (Bu4N)2[Mo6Cl8(SEt)6] with other thiols leads to thiolate ligand substi-
tution, i.e., reaction of [Mo6Cl8(SEt)6]

2� with benzythiol leads to the formation of
[Mo6Cl8(SBn)6]

2�. (Bu4N)2[Mo6Cl8(SEt)6] also undergoes reaction with electro-
philic reagents such as MeI and HCl. This reactivity is reminiscent of the chemistry
of thiolate ligands coordinated to iron-sulfur clusters, indicating that the molybde-
num chloride core does not alter the reactivity of thiolate ligands as was observed
with coordinated phosphine ligands [100]. The only example of thiolate ligand
coordination to the molybdenum iodide core is that of (Bu4N)2[Mo6I8(SC6F4H)6],
which was reported by Fedin and coworkers. As discussed above, the molybdenum
bromide and iodide clusters with fluorinated carboxylates show long excited state
luminescence in the red region; therefore, there was interest in examining fluorinated
thiolate ligands. (Bu4N)2[Mo6I8(SC6F4H)6] was synthesized from the reaction of
(Bu4N)2[Mo6I14] and silver(I) 2,3,5,6-tetrafluorothiolate [107]; unlike the series of
molybdenum chloride thiolate complexes, (Bu4N)2[Mo6I8(SC6F4H)6] shows
improved luminescence compared to (Bu4N)2[Mo6I14].
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3.3 Carbon-Donor Ligands

The first non-pseudohalide C-donor ligands coordinated to a [Mo6X8]
4+ cluster core

were alkyl ligands; these were prepared using alkylaluminum reagents [28, 101]. In
1997, Saito reported the structures of two additional organometallic cluster complexes,
trans-[Mo6Cl8(PnBu3)2(CH2Ph)4] and trans-[Mo6Cl8(PnBu3)2(phenylethynyl)4]. Both
of these were prepared from trans-[Mo6Cl8(PnBu3)2Cl4] undergoing reaction with
solutions of tribenzylaluminum or tris(phenylethynyl)aluminum [108]. More recently,
Sokolov and coworkers synthesized [Mo6I8(C�CC(O)OMe)6]

2�, the first fully organ-
ometallic molybdenum halide cluster complex [109]. This complex was prepared from
(Bu4N)2[Mo6I14], silver(I) triflate, and methyl propiolate (HC�CC(O)OMe) in the
presence of triethylamine. The authors note that they were unsuccessful in preparing
the analogous molybdenum bromide and chloride clusters using the same synthetic
route. Crystals of (PPh4)2[Mo6I8(C�CC(O)OMe)6] were obtained (Fig. 20) and the
structure reported. This cluster is highly luminescent, and although it has a shorter
excited state lifetime and lower quantum yield in comparison to
[Mo6I8(C3F7COO)6]

2�, it is also a good candidate for singlet oxygen generation or
luminescent O2 sensors.

Mo1 Mo2

Mo3
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C3

C5

S2
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S3

Mo1

Mo2

Mo3C1

C8

C15S1
S3

S2

Fig. 19 Crystal structure of [Mo6Cl8(SEt)6]
2� (left) and [Mo6Cl8(SBn)6]

2� (right). Reprinted with
permission from [105] Copyright 2008 American Chemical Society
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4 Summary and Perspectives

As detailed in this chapter, the type and scope of terminal ligands coordinated to
octahedral cluster cores have greatly increased over the past 20 years. Key advance-
ments in the chemistry of rhenium chalcogenide clusters include the expansion of
pyridine-based ligands toward the functionalization of these cluster complexes and
the discovery of small molecule activation facilitated by the [Re6Se8]

2+ cluster core.
Both of these have greatly expanded the variety of N-donor ligands coordinated to
hexanuclear rhenium clusters, which are better stabilized by nitrogen-donor ligands.
The most significant development involving molybdenum halide cluster complexes
was the discovery that molybdenum iodide clusters containing fluorinated carbox-
ylate ligands (e.g., trifluoroacetate and heptafluorobutyrate) possess exceptional
photophysical properties. The fact that carboxylate ligands form stable clusters,
and that incorporation of these clusters into materials does not diminish their
luminescent properties, makes them ideal moieties for a wide variety of applications
such as sensing, imaging, photocatalysis, and photodynamic therapy, to name a few.

Looking forward, although there has been substantial progress in expanding the
breadth of terminal ligands coordinated to these cluster cores, there is substantial
room for growth. The variety of nitrogen- and oxygen-donor ligands still does not
match the type and scope of ligands incorporated into single metal coordination
complexes, and carbon- and sulfur-donor ligands are underexplored. The potential
applications of these systems keep growing as we learn more about the luminescent
properties of these systems and how to develop octahedral cores as building blocks
in the preparation of larger complexes and supramolecular arrays. Understanding
how to incorporate different apical ligands, and how these ligands can be used to
tune the spectral, photophysical, and electrochemical properties of these systems, is

Fig. 20 Crystal structure of
[Mo6I8(C�CC(O)OMe)6]

2�.
Reprinted with permission
from [109] Copyright 2013
American Chemical Society
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what will make incorporating clusters into devices, and commercially available
materials, a reality. We look forward to seeing both the fundamental and applied
chemistry of molybdenum halide and rhenium chalcogenide clusters develop even
further in future years.
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Abstract The discovery in 1971 of the high critical field superconducting proper-
ties of Chevrel phases with transition temperatures Tc between 10 and 18 K stimu-
lated extensive research to improve their superconducting behavior. This fact was
also the starting point for a new research area in solid-state and molecular chemistry
involving the Mo6 and Re6 clusters where the intercluster bonding interactions seen
in the solid phases are lacking, so a more localized cluster wave function at the Fermi
level arises, as suggested by Fischer in 1978. Here, we describe the bonding, optical,
magnetic, redox, and biological properties of related hexanuclear species given by
M6(Q, X)8L6 (M ¼Mo, W, Re; Q ¼ S, Se, Te; X ¼ Cl, Br, I; and L¼ σ or π ligand)
molecular clusters. Noteworthy, cancer cells are more sensitive to [Re6Se8I6]

3�

cluster-induced cell death than normal cells. The molecular view of such species
offers a fresh perspective enabling further rational design of building blocks for
interesting materials.
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1 Introduction

The discovery of the AxMo6Q8 (A ¼ cation, Q ¼ chalcogen) superconducting
Chevrel phases by Chevrel, Sergent, and Prigent in Rennes University in 1971
[1, 2] (A being Sn, Pb, Cu, Ag, La, Ga) gave rise to a new class of solid supercon-
ductors with transition temperatures Tc between 10 K and 18 K. The high critical
field superconducting properties of Chevrel phases stimulated extensive research to
explain and improve their superconducting behavior [3–5]; this fact was also the
starting point for a new research area in solid-state chemistry involving the Mo6 and
Re6 chalcohalide clusters obtained at high temperatures via solid-state routes [3, 4].

Earlier electronic structure studies evidenced that the number of valence electrons
per octahedral cluster unit (VEC) plays an essential role in their superconductivity
suggesting that the Mo6Q8 building blocks exhibit some molecular character [6, 7],
where the superconducting properties of the solid phases are related to their unique
crystallographic structure, in which the distorted Mo6S8 discrete cluster units are
well separated and weakly coupled by bonding interaction through the capping S
atoms suggesting that a localized character of the cluster wave functions could be
responsible for their superconductivities [3, 7–10].

About three decades ago, Saito et al. reported the first molecular analogue
examples, namely, M6S8(PEt3)6 (M ¼ Mo, W), of the superconducting AMo6S8
Chevrel’s ternary solid phases [11–13]. These molecular clusters display a regular
M6 octahedron enclosed by a cubic S8 cage in which intercluster bonding interac-
tions seen in the solid phases are lacking, so a more localized cluster wave function
at the Fermi level was expected [11–16].

We studied in 1993 [16] the M6S8L6 (M ¼ Mo, W) cluster electronic structure
resembling Saito’s molecular analogue [11–13] using a full approximate relativistic
calculations (SCSF-DSW) that allowed us to compare against resolved X-ray and
UV photoelectron data of Saito’s molecular analogue and on the AMo6S8 (A¼ Sn or
Pb) solid phases [17–19]. Two significant experimental values were obtained
for Saito’s cluster, the ultraviolet photoemission spectroscopy (UPS) spin-orbit
splitting of the Mo (3d3/2–3d5/2) ¼ 3.2 eV (calculated, 3.3 eV [16]) and the S
(2p1/2–2p3/2) ¼ 1.2 eV (calculated, 1.3 eV) [11–13, 16]. While the measured X-
ray photoemission spectroscopy (XPS) outer spin-orbit splitting seen in the AMo6S8
(A ¼ Pb, Ln, Ag, In) solid phases reported by Rao [19] for the Mo(3p1/2–3p3/2)
splitting fluctuates between 18.0 and 17.6 eV (calculated, 17.6 eV [16]), that for the
Mo (3d3/2–3d5/2) splitting fluctuates between 3.1 and 3.5 eV (calculated, 3.3 eV
[16]). The VEC value of Saito’s molecular clusters is 24e, while, in the Chevrel
phases, the VEC value may vary from 20e to 24e, depending on A. The intercluster
interactions seen in the solid phases lead to a band structure for metallic conduction
when the bands are partly filled, while the molecular clusters (VEC ¼ 24e) could be
semiconducting or even insulating [10].

The close agreement between the spectroscopic values seen in the molecular
clusters and in the solid phases – corroborated by our calculations [16] – clearly
demonstrates the valid suggestion about cluster-like behavior at the Fermi level
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arising from the Mo6(4d) electrons of the connected octahedral cluster in the solid
phases by Fischer [7–9]. Since Chevrel’s phases discovery, substantial parts of
modern solid-state inorganic chemistry may be now identified with extended frame-
works which contain the well-known polynuclear octahedral building blocks
M6X8L6 and M6Q8L6, where M ¼ Mo, W, and Re; X ¼ Cl, Br, and I; L ¼ any
terminal α or π ligand; and Q ¼ S, Se, and Te [20–26]. The appearance of the
chemical protocol of dimensional reduction of extended cluster frameworks to
obtain soluble isostructural molecular hexanuclear rhenium(III) chalcogenide clus-
ters [27–29] initiated a rapid and fruitful development of their solution chemistry,
where the isostructural cubic Re6Q8(L,X)6 clusters, characterized by having capping
chalcogenide ligands Q ¼ S, Se, and Te, and terminal X (α or π) ligands were
obtained (see Fig. 1) [30–51].

Interestingly, several studies have found that the isostructural 24e molybdenum,
tungsten, and rhenium chalcogenide clusters are luminescent, displaying long emis-
sive lifetimes (at the microsecond scale) and significant quantum yields (at room
temperature) and undergo facile ground- and excited-state multielectron transfer,
thus representing a new class of cluster photoreceptors for chemical reactions
induced by light [25, 26]. They also undergo reversible oxidation process at very
low potentials [36, 37, 53], and both terminal and capping (L and Q) ligands induce a
modulated dependence on the luminescence quantum yield [27–35]. Moreover, the
substitutional lability of the outer terminal L ligands makes the M6(X,Q)8L6 molec-
ular clusters a reasonable point of departure for constructing functional multicluster
aggregates for technological applications [37–58]. The luminescence and magnetic
properties seen in the hexanuclear rhenium clusters are well documented [34, 35, 37,
39–48, 51, 53–63].

Peripheral 
ligand 

Rhenium 
ion  

Chalcogenide 
ligand 

Fig. 1 Molecular model of
the [Re6(μ3-Q8)X6]

4�

cluster
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Due to the interesting photophysical and redox properties of the Mo, W, and Re
hexanuclear clusters, these can be viewed as potential candidates for their uses as
X-ray contrast agents, or useful photoredox sensitizers toward electron acceptors, or
as a novel class of metal cluster photoreceptors for chemical reactions induced by
light [22, 37–39, 46, 52, 57].

Thus, it is now clear that Chevrel phases discovery originated very innovative
molecular chemical research due to the functional hexanuclear clusters synthesized
in many laboratories around the world, and the work continues with many new
applications. Here, we focus on clusters with an [Re6(μ3-Q8)]

2+ core, depicted as
Re6Q8 in short.

2 Bonding and Stability

The first successful synthesis of the hexarhenium chalcogenide-capped clusters
was reported in 1971 by Opalovskii et al. [60, 61]. Twelve years later, in 1983,
the 24-electron octahedral cluster core was identified in a group of chalcohalide
hexarhenium compounds obtained by Leduc et al. [62]. These works paved the way
for the further development and study of the solution chemistry of hexanuclear
rhenium chalcogenide clusters and became the base for a profitable syncretism
with solid-state chemistry.

From the perspective of creating novel materials, the attractive electrochemical
and photophysical properties that are present in these kinds of clusters must be taken
into account. First, a reversible one-electron oxidation event is typically observed.
Moreover, these clusters are phosphorescent, which depends on the coordination
environment of the cluster, particularly of the terminal (or peripheral) ligands that are
coordinated with the [Re6(μ3-Q8)]

2+ core. These interesting peculiarities, though not
yet fully understood largely because of the complicated electronic structures of the
cluster system, suggest the possibility of creating cluster-based functional materials,
as it is well-studied experimentally by Long et al. [27, 38, 51–70].

Computational methods are useful in the rationalization of bonding properties
between different ligands and the hexanuclear cluster core. Particular attention has
been paid to hexanuclear chalcocyanide rhenium clusters, their electronic structure
of which is well discussed in literature [6, 51, 53]. Their geometrical distortion
owing to Jahn-Teller effect upon oxidation toward 23e species was explained on
the basis of theoretical calculations [63, 67] where the doubly degenerated HOMO of
the parent 24e system (eg symmetry) splits into a1g and b1g orbitals driven by the
one-electron oxidation, resulting in a contracted configuration of D4h symmetry.

The presence of different chalcogenide atoms within the hexanuclear core leads to
a similar behavior between isoelectronic compounds as discussed, for example, for
[Re6S8(OH)6]

4� and [Re6Se8(OH)6]
4� species [64], which exhibit related frontier

orbital structure. This is also observed for [Re6Q8(CN)6]
4� (Q ¼ S, Se), involving

also Tc counterparts [69]. Moreover, the bonding characteristic of the Re6Se8 core
toward classical ligands such as carbonyls [70] has been studied on the basis of the
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monocarbonyl [Re6Se8(PEt3)5(CO)]
2+ and dicarbonyl [Re6Se8(PEt3)4(CO)2]

2+ spe-
cies. By using a pictorial analysis, the formation of a 2π* backbonding is found
where the most significant π overlap occurred by contribution from Se atoms, which
provides charge for the Re!2π*-CO backdonation, giving rise to the established
synergistic bonding mode usually found in metal-carbonyl structures.

The possibility to attach different ligands to the Re6Q8 core allows evaluating the
bonding strength in relation to the nature of the ligands, which is of particular interest
since this enables the possibility to modify terminal ligands for new developments in
their chemistry, owing to the promising biomedical applications by taking advantage
of its luminescent behavior [71]. Moreover, a systematic study of the cluster ligand
interaction along the [Re6(μ3-Q8)X6]

4� (Q¼ S2�, Se2�, Te2�; X¼ F�, Cl�, Br�, I�,
CN�, NC�, SCN�, NCS�, OCN�, NCO�) series leads to a detailed description of
the electronic structure of these complexes and the character of the [Re6(μ3-Q8)]

2+

core-ligand interaction [72, 73]. Theoretical calculations allow concluding that all
cores of rhenium chalcogenide clusters have a strong electrophilic behavior, which
tends to interact preferentially with the most polarizable peripheral ligands. This
interaction has a predominantly ionic character (~78% on average) and is indepen-
dent of the chalcogenide bridge ligand; the remaining covalent contribution (~22%)
is mainly related to the possibility of σ-donation from the peripheral ligands to the
core, which appears for all the ligands. It is revealed that the most stable clusters are
those that present stronger σ-donor terminal ligands, whereas cluster stability starts
to decrease when the π-acceptor effect is stronger. This observation can be directly
related to the terminal ligand lability and the strong electrophilic character of the
[Re6(μ3-Q8)]

2+ core (see Fig. 2).

3 Redox and Magnetic Behavior

In addition to the electronic and bonding property calculations, recently the redox
potentials have been achieved theoretically for a series of [Re6(μ3-Q8)X6]

4� clusters,
where Q ¼ S and Se and X ¼ F�, Cl�, Br�, I�, CN�, NC�, SCN�, NCS�, OCN�,
and NCO� [75], by using the Born-Haber thermodynamic cycle along DFT calcu-
lations involving relativistic and solvent effects (see Fig. 3). The obtained values
agree well with the experimental data related to the free energy of the reversible
Re(III)6/Re(III)5Re(IV) process. In addition, the molecular orbital analysis revealed
that the redox process is localized in the cluster core, [Re6(μ3-Q8)]

2+, where the
peripheral ligands contribute into a lesser extent which can be employed to tune the
redox properties.

As a counterpart of the experimental results, several theoretical works have been
reported by Arratia-Pérez and coworkers, especially in the field of the magnetic
properties for hexarhenium face-capped chalcohalide clusters [54, 55]. These studies
were developed on the framework of approximated four-component relativistic
density functional theory to introduce in a proper way the intrinsic relativistic effects
related to heavy atoms. The ground state of each 23e� [Re6Q8X6]

3� cluster ion is a
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Kramers doublet. The calculations predicted isotropic Zeeman tensors, which are in
good agreement with single crystal solid-state cluster EPR experiments, and the
metal and terminal ligand hyperfine tensors are anisotropic, while the hyperfine
tensor arising from the capping S ligands is small and isotropic [54, 55].

Fig. 2 Variation of the bonding energy (EBE) for all peripheral ligands in the [Re6Q8X6]
4� cluster.

Reprinted with permission from Ref. [72]. Copyright 2014 American Chemical Society

[Re6(μ3-Q)8]2+
(gas) [Re6(μ3-Q)8]3+

(gas)

[Re6(μ3-Q)8]2+
(soln) [Re6(μ3-Q)8]3+

(soln) 

   +     e-
(gas)

   +     e-
(soln)

G0 = 0 G0
s(ox)G0

s(red)

G0
s(redox, gas)

G0
s(redox, soln)

Fig. 3 Thermodynamic free energy cycle used to calculate the redox potential for [Re6(μ3-Q)8]2+/
[Re6(μ3-Q)8]3+ pair. ΔG0s(redox, gas) and ΔG0s(redox, soln) are the free energy changes for the
redox process in gas phase and in the presence of solvent, respectively. ΔG0s(red) andΔG0s(ox) are
the solvation free energy changes for the reduced and oxidized form, respectively. Reproduced from
Ref. [74] with permission from the Centre National de la Recherche Scientifique (CNRS) and the
Royal Society of Chemistry
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All these studies have in common the conclusion that these reversible redox
couples [Re6(μ3-Q8)X6]

4�/[Re6(μ3-Q8)X6]
3� could constitute suitable nanoscale

materials for applications in optical and magnetic data storage, ultrafast data com-
munication, and solar energy conversion devices, among others.

4 Optical Properties

In reference to the optical properties, time-dependent density functional theory
(TD-DFT) calculations were carried out with the aim of simulating UV-vis spectra
and understanding the role of the terminal ligands on the absorption band shifting as
well as the composition of the molecular orbitals (spinors) involved in these
electronic transitions. Particularly, the luminescence exhibited by the hexanuclear
rhenium chalcogenide clusters was firstly predicted theoretically by Arratia-Pérez
et al. for the sulfide/selenide rhenium clusters, on the basis of the structural similar-
ities with the well-known luminescent hexanuclear tungsten halide clusters
[W6X14]

2� and with the clusters contained in the superconducting Chevrel phases
[34, 35]. After this theoretical prediction, many other experimental studies corrob-
orated this hypothesis with some relevant results. For instance, one of the longest
excited-state lifetimes for a transition metal complex was attributed to the
hexanuclear molybdenum cluster of the form [Mo6 (μ3-Cl8) Cl6]

2�, and similar
results were found by a family of Mo clusters of the form [Mo6 (μ3-Cl8) (SR)6]2�

(-SR are different thiolates) [75]. This allowed to elaborate an early prediction of
luminescent behavior of clusters derived from the hexarhenium cluster core,
[Re6S8X6]

4� (X ¼ Cl, Br, I), which was latter extended to the related [Re6Se8X6]
4�

structure [34, 35]. The luminescence properties were experimentally corroborated
by Yoshimura et al. [42], Gabriel et al. [51], and Zheng et al. [38]. They found that
the luminescence of the [Re6(μ3-Q8)]

2+ clusters occurs at excitation wavelengths in
the range of their most intense absorption bands at around 350–450 nm. Further-
more, it was found that the luminescence for these series of halide rhenium chalco-
genide clusters shifts to a longer wavelength when we move down to the halogen
group and also that their emission spectra are analogous to that of hexanuclear
molybdenum(II) and tungsten(II) species, which establish these clusters as promis-
ing luminophores for a wide range of light-based applications. Yoshimura and
coworkers found that for the same μ3-Q2� ligand, the plot of the nonradiative rate
versus emission wavelength has a linear behavior not only in rhenium clusters but
also in similar cases with other metals [69]. However, for the same peripheral
ligands, the change in the capping ligand does not produce the same behavior,
concluding that the electronic states of the hexanuclear complexes are influenced
largely by the nature of the capping ligands. The latest efforts to design novel
luminescent materials are focused on the construction of framework structures
containing the [M6(μ3-Q8)]

2+ build linker to incorporate red/near-infrared lumines-
cence in the construction of functional materials.

From a theoretical point of view to calculate the absorption spectra of these
molecules, some technical aspect needs to be considered. Time-dependent density
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functional theory (TD-DFT) combined with relativistic Hamiltonians has proven to
be an indispensable tool. In the same way, a correct assignment of the spectra
requires the use of the double-valued octahedral (Oh*) symmetry constraint that
indicates that it is necessary to change the framework from molecular orbitals
to molecular spinors. Thus, the molecular spinors are considered to transform
according to the octahedral extra irreducible representations. In our notation, these
double-valued irreducible representations are related to the usual Griffith’s notation
as follows: E1/2g,u, E5/2g,u, and U3/2g,u. Here, E and U extra irreps correspond to two-
and fourfold symmetries, respectively. The traditional irreducible representations of
the single group commonly used in the Oh can be translated as follows:

A1g ¼ E1=2g

A2g ¼ E5=2g

Eg ¼ U3=2g

T1g ¼ E1=2g þ U3=2g

T2g ¼ E5=2g þ U3=2g

A1u ¼ E1=2u

A2u ¼ E5=2u

Eu ¼ U3=2u

T1u ¼ E1=2u þ U3=2u

T2u ¼ E5=2u þ U3=2u

These compatibility relationships were obtained as a consequence of the interac-
tion of the single-valued irreducible representations with the spin-irreducible repre-
sentation. It should be clear that the spin-orbit coupling (SOC) splits the orbital
degeneracy and breaks the optical selection rules. Moreover, for the octahedral point
group, it is easy to obtain the double-group symmetry-allowed electronic transitions,
resulting as:

E1=2g $ E1=2u

E1=2g $ U3=2u

E1=2g $ E5=2u

U3=2g $ E1=2u

U3=2g $ E5=2u

E5=2g $ U3=2u
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These symmetry (and spin)-allowed transitions should be taken into account
while assigning the absorption and emission bands.

In the case of the halide terminal ligands (F, Cl, Br, and I) and independently of
the chalcogenide in the [Re6(μ3-Q8)]

2+ core (Q ¼ S2�, Se2�, and Te2�), a redshift is
observed when the halide terminal ligand becomes heavier (more labile) (Fig. 4).
This redshift for the halide series is directly related to the nature of the spinors
involved in the main electronic transitions of their spectra. In all cases, the electronic
transitions occur from molecular spinors centered in the core to spinors also centered
in the core, but with a progressive increment of the terminal ligand contribution.
Then, these transitions are halide dependent with a progressive increment of the
metal-to-ligand charge transfer (MLCT) character [72, 73].

By taking advantage of the [Re6Se8I6]
3� predicted luminescence [55], we

reported in 2012 for the first time that cancer cells are more sensitive to [Re6Se8I6]
3�

cluster-induced cell death than normal cells [71]. This effect is probably mediated by
an apoptotic-like cell death. Thus, the [Re6Se8I6]

3� cluster may be useful for cancer
diagnostics and localization of tumors and may enable the observation through
fluorescence of tumor regression during treatment.

For the CN� and NC� π-acceptor ligands, in the case where the donation and
backdonation phenomena are the same for both terminal ligands, the most important
electronic transitions can be characterized as intra-core with some ligand contribu-
tion. In this case, the ligand contribution is similar to those showed by fluoride and
chloride ligands, and the absorption bands appear in the same region. The same
behavior is observed for the –OCN�/–NCO� couple. In this case the absorption
spectra, as in the case of the halides and the –CN�/–NC� couple, are directly related
to the ligand participation in the orbitals involved in the electronic transitions, but for
this couple of ligands, both molecular orbitals involved in the transitions have a
slight contribution from the terminal ligand atomic orbitals. Similar behavior has
been reported by Yoshimura and coworkers in another group of clusters of the form
[Tc6(μ3-Q8)(CN)6]

4� (Q ¼ S2�, Se2�) [39, 69]. TD-DFT calculations for both
sulfide- and selenide-capped hexatechnetium complexes indicate that the substan-
tially allowed transitions in the range of 400–500 nm are ascribed to the core,
concluding that the electronic structure and electronic transition properties of
[Tc6(μ3-Q8)(CN)6]

4� are similar to those of the hexarhenium analogues [76].
On the other hand, when the chalcogenide ion is changed instead of the terminal

ligand, a bathochromic effect in the absorption spectra possibly due to a heavy
atom effect of the chalcogenide in the hexarhenium chalcogenide core is observed,
which produces an energetic rearrangement of the orbitals and excitation energies
shifting it to longer wavelengths regions, as can be observed in Fig. 5. Moreover, a
decrease in the calculated oscillator strengths is exhibited in the following way:
S2� > Se2� > Te2�; this tendency is in agreement with the absorption intensities
observed experimentally [37, 39, 69].

Finally, for the –SCN� and –NCS� terminal ligands, the nature of the orbitals
involved in the electronic transition is significantly different with respect to all the
other σ-donor and π-acceptor terminal ligands. In this case, the ligand contribution is
bigger than the core contribution for the departure orbitals and around 20% for the
arrival orbitals [73, 76].
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Fig. 4 Calculated excitation energies for the [Re6(μ3-Q8)X6]
4� cluster series at the spin-orbit

relativistic level considering acetonitrile as solvent. Reproduce with permission from Ref.
[73]. Copyright 2015 Royal Society of Chemistry
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5 Conclusions

The close agreement between the spectroscopic XPS and UPS values seen in the
solid phases and in the molecular clusters clearly demonstrated the clever suggestion
by Fischer about the cluster-like behavior at the Fermi level arising from the
Mo6(4d) electrons of the connected octahedral cluster in the solid phases. Due to
this, extended frameworks and clusters in solution now contain the well-known
polynuclear octahedral building blocks M6X8L6 and Chevrel-like octahedral
M6Q8L6 clusters, where M ¼ Mo, W, and Re; X ¼ Cl, Br, and I; L ¼ any terminal
α or π ligand; and Q¼ S, Se, and Te. The hexanuclear tungsten(II), molybdenum(II),
and Re(III) cluster emission spectra are analogous, thus establishing their role as
potential luminophores for a wide range of light-based applications, like cancer cells
that are more sensitive to [Re6Se8I6]

3� cluster-induced cell death than normal
cells [71].

In the case of the halide terminal ligands (F, Cl, Br, and I) and independently of
the chalcogenide in the [Re6(μ3-Q8)]

2+ core (Q ¼ S2�, Se2�, and Te2�), a redshift is
observed when the halide terminal ligand becomes more labile. This redshift for the
halide series is halide dependent with a progressive increment of the MLCT char-
acter. Also, reversible redox couples [Re6(μ3-Q8)X6]

4�/[Re6(μ3-Q8)X6]
3� could

Fig. 5 Calculated excitation energies for the [Re6(μ3-Q8)X6]
4� (Q¼ S2�, Se2�, Te2� and X¼ F�,

I�) cluster series at the spin-orbit relativistic level considering acetonitrile as solvent. Reproduced
with permission from Ref. [73]. Copyright 2015 Royal Society of Chemistry
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constitute suitable nanoscale materials for applications in optical and magnetic data
storage and ultrafast data communication technologies.
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Abstract Mo-based cluster compounds containing Mo6 and Mo9 cluster units have
long been known for their rich chemistry and the diversity and complexity of their
crystal structures. While most studies have mainly focused on their crystallographic
properties, recent investigations have pointed out their potential for thermoelectric
applications in power generation. These compounds derive their good properties
from the three-dimensional arrangement of the clusters between which cations
reside. This inherent disorder strongly limits the ability of these materials to transport
heat that often leads to a temperature dependence of the lattice thermal conductivity
that mirrors that observed in glassy systems. In addition, most of these compounds
can be driven from a metallic toward a semiconducting state through insertion of
additional cations. Here, we review the recent progress made on determining the
transport properties of these compounds, discussing in particular the key ingredients
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that lead to their peculiar thermal properties, and examine possible future directions
to further enhance their thermoelectric properties.

Keywords Chalcogenide · Cluster · Semiconductor · Thermal conductivity ·
Thermoelectric

1 Introduction

Thermoelectric materials in which a temperature difference generates an electric
field and vice versa enable direct solid-state energy conversion between heat and
electricity [1–3]. While thermoelectric refrigerators would provide an elegant alter-
native to replace compression-based refrigerators, thermoelectric generators would
allow for a systematic production of electricity from waste-heat sources. The design
and optimization of efficient thermoelectric devices is intimately linked to the
physical properties of the materials that constitute their active part [1–3]. The
conversion efficiency of the device is governed by the so-called dimensionless
thermoelectric figure of merit ZT defined at the absolute temperature T as
ZT ¼ α2T/ρκ where ρ is the electrical resistivity, α is the thermopower (or Seebeck
coefficient), and κ is the total thermal conductivity which is the sum of a lattice (κL)
and an electronic (κe) contribution [1–3]. The interdependence of these three trans-
port properties via the carrier concentration makes the optimization of thermoelectric
materials a challenging task. Among the various strategies used to identify promis-
ing systems, the search for materials that inherently behave as good thermal
insulators can be driven by simple guiding rules based on their crystallographic
characteristics. A complex unit cell containing a large number of heavy atoms has
been traditionally a fruitful guiding principle to discover compounds that exhibit low
lattice thermal conductivity values [4–14].

The diversity, flexibility, and complexity of the crystal structures formed by
cluster compounds based on molybdenum atoms naturally make these materials
worthy of detailed experimental and theoretical investigations. The Chevrel phases
MxMo6X8 (M ¼ alkali, alkaline-earth, rare-earth, transition metals; X ¼ S, Se, and
Te; 0 � x � 4), the crystal structure of which is based on the octahedral Mo6 cluster,
are one of the most famous family of such compounds widely investigated for their
magnetic, superconducting, and thermoelectric properties [15, 16]. A remarkable
property of their crystal structure is the possibility to accommodate various types of
cations in the voids existing between the Mo6X8 clusters. These cations provide
additional electrons that drive the compound toward a semiconducting state and help
to lower the lattice thermal conductivity. From these two combined effects, inter-
esting thermoelectric properties emerge with a peak ZT value of 0.6 at 1,150 K
achieved in the composition (Cu/Fe)Mo6Se8 [17].

Clusters with higher nuclearities (Mo9, Mo12, Mo15, Mo18, Mo21, Mo24, Mo30,
and Mo36 cluster units) have been obtained in more than 40 different structure types
and extensively studied over the last decades [18–29]. As in Chevrel phases, various
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cations can be inserted in the intercluster space to stabilize the structure. These voids
are significantly larger than those present in the Chevrel phases, often leading to very
large, anisotropic thermal displacement parameters for the cations [18–29]. The
strong disorder induced by the presence of these intercluster atoms is an important
ingredient that helps to limit the propagation of heat-carrying acoustic phonons
[30–41].

In this chapter, we provide a brief overview of the results obtained experimentally
on the thermoelectric properties of these materials over the last few years. Due to the
diversity of structures that can be built with Mo-based clusters, we will focus on
compounds that are formed by Mo6 and Mo9 cluster units with known transport
properties. We will also present the main crystallographic features that give rise to
very low, glass-like lattice thermal conductivity. Our main objective is to highlight
the potential of this large class of materials for thermoelectric applications and
present possible future directions to further enhance their thermoelectric properties.

2 Synthesis and Crystal Structure

2.1 Syntheses and Crystal Growths

Most of the synthetic routes used to prepare polycrystalline samples are based on
direct reactions of powders (Mo, Ag) and precursors (MoSe2, InSe, TlSe) in sealed
silica tubes at high temperatures [30–41]. Prior to use, Mo powders are reduced
under H2 flowing gas at 1,000�C during 10 h in order to eliminate traces of oxygen.
The precursors are also synthesized by direct reaction of elements of high purity in
sealed silica tubes. Monophasic powders of MoSe2, InSe, and TlSe are obtained by
heating stoichiometric mixtures of elemental powders at 700, 800, and 500�C,
respectively, during 48 h.

For the series AgxMo9Se11 with nominal compositions x¼ 3.4, 3.5, 3.75, 3.8, 3.9,
and 4.0, stoichiometric amounts of MoSe2, Mo, and Ag in powder form are cold
pressed into cylindrical pellets which are subsequently placed in silica tubes sealed
under vacuum [30, 31, 36, 37, 40]. The tubes are then heated at 950�C for 48 h.

In some cases, a quaternary phase can be obtained by direct reaction of a ternary
cluster compound with an excess of another element during long-term annealing
at high temperatures. This kind of synthesis has been successfully applied to
Tl2Mo9Se11 in the presence of Ag powders which led to the formation of the
novel quaternary compound Ag2Tl2Mo9Se11 after annealing at 800�C during
2 weeks [32]. Subsequent syntheses of polycrystalline samples of nominal compo-
sitions AgxTl4-xMo9Se11 (1.9 � x � 2.3) by heating stoichiometric mixtures of Ag,
TlSe, MoSe2, and Mo at 1,180�C for 48 h in evacuated silica tubes evidenced the
possibility to vary the Ag-to-Tl ratio while maintaining the monophasic nature of the
sample.

The quaternary cluster compound Ag3RbMo9Se11 has also been discovered
following a similar annealing treatment [38]. Reactions of MoSe2, Ag, and Mo
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powders mixed with powders of the ternary compound Rb2Mo6Se6 at 1,200�C for
48 h in sealed silica tubes led to the formation of a phase-pure polycrystalline sample
of Ag3RbMo9Se11. Further experiments revealed that the Ag content can be slightly
decreased down to 2.6 atoms per formula unit.

For the Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 compounds [33, 41], direct reac-
tions of the precursors InSe, TlSe, and MoSe2 together with Mo and Ag powders
have been realized at 1,300�C for 40 h. Due to the high temperature required for
these reactions, the mixtures were sealed in molybdenum crucibles under a low
argon pressure (c.a. 0.6 bar) using an arc welding system.

Some Mo-based cluster compounds cannot, however, be obtained via direct
reactions of elements with precursors. This is, for instance, the case of the above-
mentioned ternary compound Rb2Mo6Se6 used as a precursor [38]. In such a case, a
two-step synthesis needs to be considered that notably includes an ion-exchange
reaction. As a first step, the ternary compound In2Mo6Se6 has been synthesized by
heating a stoichiometric mixture of InSe, MoSe2, and Mo powders at 1,000�C during
36 h in a sealed silica tube. The second step then consists in an ion-exchange reaction
of In2Mo6Se6 with RbCl at 800�C. For this reaction, In2Mo6Se6 and RbCl powders
are mixed in the proportion 1:2.5 and cold pressed into a cylindrical pellet which is
placed in a long silica tube sealed under vacuum. The end of the ampule where the
pellet is located is introduced in a furnace, heated at 800�C during 2 days while
maintaining the other end of the tube at room temperature.

The growth of single crystals of these various compounds could be realized
by either a vapor-transport technique or by a recrystallization process by subjecting
the polycrystalline pellets to an annealing treatment at very high temperature [31–33,
38, 41]. The former technique has been considered to grow single crystals of
AgxMo9Se11 using AgCl as the transport agent in a sealed silica tube [31]. A
temperature gradient of 30�C has been applied between both ends of the tube
kept at 1,030 and 1,060�C during 10 days. The later route has been used to obtain
single crystals of the cluster compounds Ag3RbMo9Se11 [38], Ag3In2Mo15Se19 [33],
and Ag3Tl2Mo15Se19 [41]. While single crystals of Ag3RbMo9Se11 were obtained
by prolonged annealing at 1,250�C for 96 h, single crystals of Ag3In2Mo15Se19 and
Ag3Tl2Mo15Se19 could be grown by heating cold-pressed pellets in molybdenum
crucibles at 1,650�C during 3 h with applied heating and cooling rates of 300�C/h
and 100�C/h, respectively.

2.2 Crystal Structures

The AgxMo9Se11 (3.4 � x � 3.9) compounds crystallize in the orthorhombic space
group Cmcm [30, 31, 36, 37, 40, 42]. The building block of the crystal structure of
these compounds is the Mo9Se11Se6 cluster unit (Fig. 1a), which can be seen as the
fusion of two octahedral Mo6Se8Se6 cluster units (Fig. 1b) similar to those found in
the Chevrel phases [42].
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The Mo9Se11Se6 units of point group symmetry C2v or mm2 share a part
of the Se atoms to form the Mo9Se11 network. In this arrangement, each of the
Mo9Se11Se6 unit is surrounded by eight other Mo9Se11Se6 units. This structural
arrangement differs from that of the Chevrel phases for which each of the Mo6X8X6

unit is only surrounded by six other units. While in the c direction the interconnec-
tion between the Mo9Se11Se6 units is similar to that observed in the Chevrel phases
(i.e., each Mo9Se11Se6 shares eight Mo-Se or Se-Mo interunit bonds; see Fig. 2),
only four Mo-Se or Se-Mo interunit bonds occur along the b direction (Fig. 2).
Consequently, the crystal structure of AgxMo9Se11 presents a pseudo-bidimensional
character as reflected by the intercluster distance of 3.728 Å in the (ac) plane and
4.960 Å in the b direction. The Ag atoms are delocalized over four independent sites.
The Ag non-stoichiometry in these compounds arises essentially from the filling of
the Ag4 site (shown in dark gray in Fig. 2) located in rhomboid cross-sectional
channels running along the a direction. The occupation of this site varies from
10 (in Ag3.4Mo9Se11) up to 25% (in Ag4Mo9Se11).

While partial substitutions of Cu, Cs, or Cl for Ag and Te and S for Se have been
successfully realized leaving unchanged the orthorhombic symmetry of the unit cell
[18, 36, 37], other substitutions such as Tl and Rb for Ag result in a different

Fig. 1 Schematic representation of the formation of the Mo9Se11Se6 cluster unit (a) resulting from
the condensation of two octahedral Mo6Se8Se6 cluster units (b). The Mo and Se atoms are
represented in blue and orange, respectively. In both figures, the thermal ellipsoids are represented
at the 97% probability level
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arrangement of the Mo9Se11Se6 cluster units [32, 38]. Hence, the crystal structures of
the quaternary compounds Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 are described in the
space groups R-3c and P63/m, respectively.

The crystal structure of Ag2Tl2Mo9Se11 consists in a three-dimensional frame-
work formed by interconnected Mo9Se11Se6 clusters as illustrated in Fig. 3 [32]. The
Mo9Se11Se6 unit has here the point symmetry 32 or D3. The outer and inner atoms
display different environments. The environment of the former is similar to that
encountered in the Mo6X8X6 units (X ¼ S, Se) of the Chevrel phases. They are
surrounded by four Mo atoms and four Se atoms, in an approximately coplanar
coordination, with another Se atom belonging to an adjacent Mo9Se11 cluster. This
last atom constitutes the apex of a square-based pyramidal environment. The Mo
atoms of the median Mo3 triangles are surrounded by six Mo and only four Se atoms
belonging to the same cluster unit. The Mo-Mo distances range from 2.62 up to
2.75 Å. The Mo-Se bond distances are typical, ranging between 2.56 Å and 2.67 Å.
Each unit is connected to six adjacent units via 12 interunit Mo-Se bonds of 2.66 Å
to form a three-dimensional Mo-Se framework with the connective formula
[Mo9Se5

iSe6/2
i-a]Se6/2

a-i according to Schäfer’s notation and in which the shortest
intercluster distance is 3.69 Å. While the Ag atoms occupy a distorted trigonal
bipyramidal site formed by the Se atoms, the Tl atoms occupy sites of ten Se atoms
forming a distorted tetrahedron. The three faces of these tetrahedra are capped with
three edges bridged with Tl-Se distances in the range 3.02–4.38 Å or surrounded by
6 Se atoms at 3.40 Å forming a trigonal antiprism.

The Mo-Se network of the Ag3RbMo9Se11 compound [38] also originates from
interlinked Mo9Se11Se6 clusters via Mo-Se bonds (Fig. 4). The Mo9Se11 unit has the
point symmetry C3h. The connective formula of the molybdenum-selenium frame-
work is [Mo9Se5

iSe6/2
i-a]Se6/2

a-i according to the notation of Schäfer.28

Fig. 2 Projection of the crystal structure of the AgxMo9Se11 compounds (space group Cmcm,
No. 63) in ellipsoid representation (97% probability level) along the a axis (left) and c axis (right).
The Ag, Mo, and Se atoms are in gray, blue, and red, respectively. The Ag4 atoms are distinguished
from the other Ag atoms by their dark gray color
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Fig. 4 (Left) Perspective view of the crystal structure of Ag2Tl2Mo9Se11 (space group P63/m,
No. 176) in ellipsoid representation (97% probability level). (Right) Projection of the crystal
structure onto the (ab) plane. The Ag, Rb, Mo, and Se atoms are in light gray, green, blue, and
red, respectively

Fig. 3 Perspective view of the crystal structure of Ag2Tl2Mo9Se11 (space group R-3c, No. 167) in
ellipsoid representation (97% probability level). The Ag, Tl, Mo, and Se atoms are in light gray,
green, blue, and red, respectively
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As shown in Fig. 4, which shows the crystal structure of Ag3RbMo9Se11
projected onto the (ab) plane, large hexagonal tunnels that are randomly filled by
the Rb+ cations run along the c axis. The Ag+ cations partially occupy positions in
the mirror planes around the ternary axes between adjacent Mo9Se11Se6 units located
on the threefold axis. The Se environment of Ag atoms can be seen as a distorted
square pyramid with Ag-Se bond lengths ranging from 2.64 to 2.93 Å. One of the Rb
cations resides in distorted tri-capped trigonal prismatic Se environment, while the
other ones are each surrounded by six Se atoms forming flattened octahedra along
the ternary axis. The Rb-Se distances spread over a wide range of 3.41–3.99 Å.

The Mo-Se framework of the Ag3M2Mo15Se19 (M ¼ In, Tl) compounds [33, 41]
is similar to that of In2Mo15Se19 which was the first compound in which the Mo9
clusters were observed in 1980 [43] (Fig. 5).

Consequently, the crystal structure of these quaternary compounds is based on an
equal mixture of Mo6Se8

iSe6
a and Mo9Se11

iSe6
a cluster units interconnected through

Mo-Se bonds. The first unit can be described as a Mo6 octahedron surrounded by
eight face-capping inner Sei and six apical Sea ligands and is identical to that
encountered in the Chevrel phases. The second unit is similar to those observed in
the three abovementioned compounds. The Mo6Se8

iSe6
a and Mo9Se11

iSe6
a units are

centered at the 6b and 6a positions with the point-group symmetry �3 and
32, respectively. The Mo-Mo distances within the Mo6 clusters are about 2.67 Å
for the intra-triangle distances (distances within the Mo3 triangles formed by the Mo
atoms related through the threefold axis) and 2.70 Å for the inter-triangle distances.

Fig. 5 Perspective view of
the crystal structure of
Ag3M2Mo15Se19 with
M ¼ In or Tl (space group
R-3c, No. 167) in ellipsoid
representation (97%
probability level). The Ag,
M, Mo, and Se atoms are in
light gray, green, blue, and
red, respectively
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The Mo-Mo distances within the Mo9 clusters are around 2.65 and 2.74 Å for the
intra-triangle distances and 2.68 and 2.78 Å for the distances between the triangles.
The Mo-Se distances range between 2.57 and 2.63 Å within the Mo6Se8

iSe6
a unit

and between 2.54 and 2.70 Å within the Mo9Se11
iSe6

a unit, as usual. The three-
dimensional packing arises from the interconnection of the Mo6Se8

iSe6
a and

Mo9Se11
iSe6

a cluster units through Mo-Se bonds with each Mo6Se8
iSe6

a unit
interconnected to 6 Mo9Se11

iSe6
a units (and vice versa) via Mo-Se interunit bonds.

Because of this arrangement, the shortest distance between the Mo6 and Mo9 clusters
is of the order of 3.60 Å, indicating only weak metal-metal interaction. In these
structures, the Ag atoms occupy distorted triangular bipyramid sites located between
two consecutive M sites with Ag-Se distances ranging from 2.58 to 2.88 Å. The In
and Tl atoms are surrounded by seven Se atoms forming a monocapped octahedron
compressed along the threefold axis (see Fig. 5).

One common feature of these various crystal structures relevant to understanding
their thermal properties is the large, anisotropic thermal displacement parameters
(ADPs) of the cations located in the intercluster spaces [30–41]. The largest thermal
ellipsoids are observed for the Rb and Tl atoms in the Ag3RbMo9Se11 and
Ag2Tl2Mo9Se11 compounds [32, 38], respectively. Low-temperature single-crystal
X-ray diffraction measurements performed on Ag2Tl2Mo9Se11 evidenced that the
ADP values of the Tl atoms exhibit a nearly temperature-independent behavior down
to 85 K [32]. We will see below that the thermal motions of the cations are likely a
key ingredient in determining the lattice thermal conductivity.

3 Thermoelectric Properties

3.1 Electronic Properties

The electronic structure of most of the Mo-based cluster compounds can be deduced
from the molecular orbital diagram of the isolated cluster units [18, 27, 28, 39, 44–
47]. This approach proves to be efficient whenever the clusters in the crystal
structure are isolated enough from the neighboring clusters. It has been indeed
shown that the interactions between the chalcogen atoms that connect the clusters
are not strong enough to perturb the electronic structure of the isolated cluster unit. In
such a case, the number of electrons available for metal-metal bonds, called the
metallic electron count (MEC), is the critical parameter that determines the metallic
or semiconducting nature of the compound. Semiconducting behavior is predicted to
develop when the MEC reaches the optimum value for the cluster unit. In the case of
the Mo9Se11 clusters, the optimum MEC has been determined to be equal to
36 [45]. Assuming ionic interactions between the cations and the clusters and a +1
valence state for the former, several atoms such as Ag, In, Tl, or Rb may thus help to
achieve an optimum MEC for the Mo9Se11 clusters. Varying the concentration of
these cations may also allow for a fine control of the electronic properties by
adjusting the carrier concentration.
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The thermoelectric potential of materials based on Mo9Se11 clusters has been first
assessed on the AgxMo9Se11 series [30, 31]. Based on the abovementioned consid-
erations, a semiconducting state is predicted to be reached for x¼ 4. Experimentally,
the Ag content can be continuously varied between x¼ 3.41 and x¼ 3.81 leading to a
gradual shift from a p-type metallic-like behavior (x¼ 3.41) to a p-type heavily doped
semiconducting state (x¼ 3.81) (Fig. 6) [30, 31]. Despite being close to the predicted
threshold of x¼ 4.0, the highest Ag content achieved experimentally remains limited
to x ¼ 3.81. Recent high-resolution fluorescence detection X-ray absorption spec-
troscopy (HERFD-XAS) and resonant inelastic X-ray scattering (RIXS) experiments
have provided experimental evidence of the presence of subvalent Ag atoms [40],
which contribute to limit the electronic properties to a heavily doped regime. Hence,
if the overall effect of Ag on the electronic properties can be fairly well understood by
a rigid-band picture, these results nevertheless suggest that the evolution of the
electronic structure with x is not entirely captured by this simple picture.

Although the maximum Ag content accessible is too low to reach a semiconduct-
ing behavior, the concomitant increase in the electrical resistivity and thermopower
values result in a significant enhancement in the power factor leading to an optimum
ZT value of 0.65 at 800 K for x¼ 3.81. This value is higher than the maximum value
achieved in the Chevrel phases demonstrating that many of these cluster compounds
may show interesting thermoelectric properties at high temperatures.

Attempt at reaching a semiconducting state by insertion of Cu atoms (up to
y ¼ 0.4 when considering the formula Ag3.6CuyMo9Se11) in the Ag3.6Mo9Se11
compound was unsuccessful [37], even though some enhancement in the power
factor α2/ρ has been observed. Further adjustment of the hole concentration in the
AgxMo9Se11 series has been realized through isovalent substitutions on the Ag site

Fig. 6 Comparison of the
temperature dependences of
the electrical resistivity ρ of
Ag3.81Mo9Se11,
Ag2Tl2Mo9Se11, and
Ag3RbMo9Se11
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and of Te or S for Se [36]. The substitution ranges of these two elements were found
to be rather limited with maximum contents of 0.5. These concentrations were too
low to significantly influence the transport properties resulting in ZT values compa-
rable to those achieved in unsubstituted samples [31].

Other elements such as Tl and Rb have been considered as possible alternatives
to provide the missing charges to the Mo9Se11 cluster unit. The addition of Tl and Rb
atoms in the crystal structure has been successful, giving rise to two new cluster
compounds of chemical compositions Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 [32, 38].
As mentioned above, these partial substitutions are accompanied by a change in the
lattice symmetry from orthorhombic to hexagonal due to a different arrangement of
the Mo9Se11 cluster units. Based on their respective chemical compositions, both
compounds are predicted to be semiconducting (i.e., 36 electrons per Mo9) if Ag, Rb,
and Tl are monovalent. Unlike the AgxMo9Se11 compounds, this prediction has been
verified experimentally with an electrical resistivity following a semiconducting-like
temperature dependence (see Fig. 6). These results suggest that the specific arrange-
ment of the cluster units can play an important role in determining the electronic
properties of these compounds.

The transport properties of compounds built up from an equal mixture of
Mo6Se8

iSe6
a and Mo9Se11

iSe6
a cluster units have so far been investigated only on

the ternary compound Rb2Mo15Se19 [35] and on the quaternary compounds
Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 [33, 41]. The optimal MEC for the Mo6Se8
and Mo9Se11 clusters are equal to 24 and 36, respectively, yielding an optimum
MEC of 60 for the Mo15Se19 clusters [33]. Due to the monovalent character of Rb,
the total MEC is equal to 54 in Rb2Mo15Se19 and should thus give rise to p-type
metallic properties. Measurements of the thermoelectric properties at high temper-
atures have confirmed this prediction [35]. Further optimization of the thermoelectric
properties of A2Mo15Se19 compounds implies the introduction of additional charges
to bring the MEC closer to 60. Experimentally, this approach can be realized
through the insertion of other atoms such as Ag or Cu. The two compounds
Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 provide two examples of such a strategy
[33, 41]. The presence of Ag helps to achieve heavily doped semiconducting
properties and, hence, higher ZT values compared to ternary compositions with a
peak value of 0.45 at 1,100 K in Ag3In2Mo15Se19 [33]. The comparison of the
electronic properties of both compounds nevertheless indicates that the above-
mentioned charge counting scheme is somewhat too simple. The more metallic
character of Ag3Tl2Mo15Se19 with respect to Ag3In2Mo15Se19 promotes the idea
that the valence of the cations deviates from the expected +1 value [33, 41]. The
sensitivity of the transport properties to the nature of the cations should be further
investigated by considering other combinations of elements. This might help to
determine the important factors behind this behavior, thereby guiding the choice
of the most judicious combinations leading to high thermoelectric performances.

One important aspect of the transport in these compounds is the presence of
weakly dispersive valence bands that give rise to electron-like and hole-like contri-
butions to the transport [30–41]. The contributions to the thermopower of these two
types of carriers are of opposite sign and thus usually tend to lower the measured
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values. In spite of this characteristic, high thermopower values have been neverthe-
less measured in the compounds containing Mo9 cluster units (Fig. 7).

Direct experimental evidence for multiband transport has been provided by Hall
effect measurements at low temperatures. In the AgxMo9Se11 series, the Hall data
show a complex behavior as a function of xwith a sign change of the Hall coefficient
evidenced upon cooling below 200 K [31]. The Ag2Tl2Mo9Se11 compound shows
an even more complex behavior with a double sign change of the Hall coefficient
upon cooling down to 5 K [32]. These complex temperature dependences make it
difficult to determine the actual hole concentration in these compounds. Another
complex evolution of the Hall data has been evidenced in the Ag3In2Mo15Se19
compound [33], indicating that the presence of hole-like and electron-like contribu-
tions to the transport is neither tied to a particular cluster arrangement nor to a
specific cluster unit. The fact that so far most of the compounds studied exhibit this
characteristic suggests that this property may prove to be universal in these materials.
It seems therefore natural to ask whether other compounds containing Mo clusters
of higher nuclearity may follow this trend or provide a mean to circumvent this
problem.

3.2 Thermal Properties

One of the distinguishing and common features of these materials is their extremely
low lattice thermal conductivity κL that is typically well below 1 W m�1 K�1, with a
value of 0.5 W m�1 K�1 often achieved at high temperatures [30, 41]. The

Fig. 7 Comparison of the
temperature dependences of
the thermopower α of
Ag3.81Mo9Se11,
Ag2Tl2Mo9Se11, and
Ag3RbMo9Se11
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temperature dependence of κL resembles that observed in amorphous systems, a
remarkable physical property for a well-crystallized compound (Fig. 8) [48].

Several key characteristics of the crystal structure of these compounds likely
concur to yield the observed very low, glass-like lattice thermal conductivity. In
addition to the large unit cells that result in low phonon cutoff wave vectors [49, 50],
the large, anisotropic atomic displacement parameters (ADP) values of the cations
(Table 1) likely lead to low-lying optical modes that cut the acoustic phonon
dispersions. The phase space available for acoustic phonons is thus strongly reduced
resulting in a significant reduction of the lattice thermal conductivity.

Low-energy optical modes also open an additional channel for Umklapp scatter-
ing events which persist down to low temperatures and suppress the dielectric
maximum. This mechanism would be then similar to what has been observed in
tetrahedrites, for instance, a class of sulfur-based compounds exhibiting similar
thermal transport [51, 52]. In these minerals, the low-energy optical modes have
been shown to be strongly anharmonic [51]. Because anharmonicity determines
the scattering probability of phonons during phonon-phonon interactions, highly
anharmonic bonds favor these scattering events and, hence, help to maintain low

Fig. 8 Comparison of the
temperature dependences of
the thermal conductivity κ of
Ag3.81Mo9Se11,
Ag2Tl2Mo9Se11, and
Ag3RbMo9Se11. The
horizontal black solid line
represents the minimum
thermal conductivity
(~0.3 W m�1 K�1)
determined by sound
velocity measurements. The
data between 250 and 300 K
have been discarded due to
the thermal radiations that
accompany low-temperature
thermal conductivity
measurements

Table 1 Largest ADP values (in Å2) for the different cluster compounds determined by single-
crystal X-ray diffraction data at 300 K [19, 32, 33, 38, 41]

Ag3.4Mo9Se11 Ag2.25Tl1.75Mo9Se11 Ag2.6RbMo9Se11 Ag3In2Mo15Se19 Ag2.57Tl2Mo15Se19
Ag2 Tl2 Rb3 Ag Tl

0.080 0.314 0.280 0.046 0.035

The difference in the stoichiometry of these single crystals and of the polycrystalline compounds is
due to the high temperature used during the growth process that leads to a slight loss of Ag
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lattice thermal conductivity upon increasing temperature. This anharmonicity can
have several physical origins such as lone-pair electrons [51–53], resonant bonds
[54], and flat or double-well potentials felt by atoms in cages or tunnels, for instance
[55–57]. Among these possibilities, the presence of double-well potentials is
suggested by the nearly temperature-independent ADP values observed for the Tl
and Rb atoms in the Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 compounds, respectively
[32, 38]. Similar values have been reported in the type-I clathrates Sr8Ga16Ge30 and
Eu8Ga16Ge30 for which Sr and Eu atoms are off-centered in their cages and can
tunnel between potential minima [58–62]. Possible experimental evidence of this
behavior in the AgxMo9Se11 series has been obtained by measurements of the
specific heat down to 0.35 K [31]. Centered near 1 K, a peak in the lattice
contribution to the specific heat when plotted as Cp/T

3 versus T has been evidenced
with a magnitude of the peak scaling with the Ag content. While such a peak can be
usually well explained via simple models taking into account Einstein-like contri-
butions, the temperature at which this peak is observed is too low to be reasonably
accounted for by such models. Thus, this behavior might be due to some of the Ag
cations experiencing double-well potentials. More systematic measurements of the
low-temperature specific heat of other Mo-based cluster compounds would be
worthwhile to determine whether such characteristic is universal in Mo-based cluster
compounds.

Although phonon calculations may provide relevant information about the ther-
mal properties of these compounds, the large number of atoms in the unit cell
combined with the partial occupancies of the cations makes them highly challenging.
It is thus clear that a deeper understanding of the relationships between the key
characteristics of the crystal structure and the heat transport will benefit from detailed
inelastic neutron and X-ray scattering experiments on both polycrystalline and
single-crystalline compounds.

4 Conclusion

Mo-based cluster compounds are a large class of materials in which interesting
electronic and thermal phenomena have been evidenced over the last years. The
Chevrel phases (based on Mo6 cluster units) are the most famous representatives of
this class where superconductivity, magnetic orders, and thermoelectric properties
have been studied in detail since their discovery. Despite compounds built by
clusters of higher nuclearity (Mo9 up to Mo36) are known for several decades, it is
not until recently, however, that their transport properties have been studied thor-
oughly. Their structural complexity is a key characteristic that can potentially result
in extremely low lattice thermal conductivity which is one of the prerequisites to
make them become potential candidates for thermoelectric applications. Over the
last years, several theoretical and experimental studies have revealed that these
phases have indeed interesting thermoelectric properties, some of them rivalling
with more conventional thermoelectric materials.
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While their electronic properties can be often well explained and predicted by
simple valence electron counting rules, the microscopic origin of their thermal
properties is less well understood. The large thermal displacement parameters of
the cations inserted in the intercluster voids likely give rise to low-lying optical
modes that strongly limit the available phase space for acoustic phonons. The
anomalously large ADP values determined in some compounds point to the presence
of double-well potentials, as observed in some clathrates, for instance. Further
spectroscopic tools such as inelastic neutron scattering studies on both single-
crystalline and polycrystalline specimens would be particularly illuminating and
would provide a better understanding of the influence of these characteristics on
the heat transport.

Given the large variety of crystal structures that can be synthesized with
Mo-based cluster units as fundamental building blocks, the surface of this remark-
ably family of materials has been only barely scratched. Further combined experi-
mental and theoretical studies on these compounds will likely lead to the discovery
of efficient thermoelectric materials. Beyond the borders of thermoelectricity, the
fact that cluster compounds are often prone to various lattice and electronic insta-
bilities also makes studies of their low-temperature transport properties an important
area of fundamental interest.
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Abstract This review summarizes the development of the rich crystal and
bonding chemistry of face-capped and edge-bridged inorganic niobium and tantalum
octahedral cluster halide compounds, with a particular emphasis on those showing
three-dimensional cluster frameworks. Discussion is made on varied structures and
bonding which are intimately linked to the valence electron concentration, i.e., the
number of electrons that held the octahedral metal cluster architecture. Exploration
of the literature indicates that apart from Nb6I11 and derivatives, which show
electron-deficient face-capped M6X

i
8X

a
6 units, compounds containing edge-bridged

M6X
i
12X

a
6 motifs are the most largely encountered. Closed-shell compounds with a

valence electron concentration of 16 are predominant, although a few 15-electron
open-shell magnetic compounds or even 14-electron closed-shell species have also
been reported. Particularly interesting from a structural point of view is the fashion in
which these face-capped and edge-bridged clusters “pack” in crystals. The astonish-
ing diversity of structural types, which are observed, is mainly due to the flexibility
of the halogen ligands to coordinate in various manners to metal atoms. However,
a rigorous structural analysis of these compounds reveals no close relationship
between the valence electron concentration and the variability of the intercluster
connections and/or the nature of the counterions. Indeed, the main bonding features
of these compounds can be understood from the delocalized bonding picture of
isolated “molecular-like” M6X

i
8X

a
6 or M6X

i
12X

a
6 clusters.

Keywords Crystal structure · Electronic effect · Electronic structure · Halide ·
Inorganic compound · Interatomic distance · Intercluster distance · Ligand · Matrix
effect · Metal-metal bond · Niobium · Octahedral cluster · Structure type · Tantalum ·
Three-dimensional framework · Valence electron concentration

1 Introduction

Between niobium metal and niobium oxides and halides in their highest oxidation
state (i.e., Nb2O5 and NbX5), metal atom cluster-based compounds form a particular
class of compounds wherein metal atoms are associated and held together by metal-
metal bonds. Such an association leads to well-defined aggregates of low nuclearities
such as dimers, trimers, tetramers, and octahedra [1–5]. They are separated one from
another by a matrix of ligands (i.e., oxygen, halogen, or chalcogen) that are bonded
to the cluster in terminal (Xa), edge-bridging, or face-capping positions (Xi). Locally
the metal is in a square pyramidal NbXi

4X
a arrangement of ligands wherein Nb-Xi

bonds exhibit a stronger covalent character than the Nb-Xa one. Similar clusters are
also formed with tantalum, and despite a same number of valence electrons, it turns
out that less cluster compounds are reported for this element than for its niobium
congener. In the present study, we will focus on octahedral cluster halide compounds
prepared by solid-state synthesis at high temperature. Resulting compounds are
made of niobium or tantalum and are associated with halogen ligands forming
predominantly edge-bridged M6X

i
12X

a
6 building blocks, with M ¼ Nb and Ta and
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X¼ F, Cl, Br, and I (Fig. 1, left), except in the case of niobium iodides and some
derivative compounds based on face-capped M6X

i
8X

a
6 building blocks (Fig. 1,

right) which are largely encountered with transition elements from groups 6 and
7. Within the solid, the building blocks can be either discrete or they can share
ligands to form different types of bridges, namely, apical-apical, apical-apical-apical,
apical-inner, and inner-apical that are noted Xa-a, Xa-a-a, Xa-i, and Xi-a (Fig. 2),
respectively, according to the notation developed by Schäfer and Schnering
[6]. The cluster building blocks can be viewed as monomers [7] forming polymeric
frameworks through the association of ligands. Thanks to the orthogonal disposition
of ligands around the clusters, the connectivity can be developed in one-dimensional
(1D), bi-dimensional (2D), or three-dimensional (3D) directions. When alkali
metals, alkaline earth metals, p-block metals, and rare earth metals are used during
the synthesis of clusters, they act as counter-cations, and the cluster unit building
block is negatively charged [8–23]. The size and the charge of the counterions as

Fig. 1 Representation of the edge-bridged M6X
i
12X

a
6 (left) and face-capped M6X

i
8X

a
6 (right)

building blocks

Fig. 2 Representation of the different types of building block bridges encountered in inorganic
niobium and tantalum octahedral cluster halide compounds: (a) apical-apical Xa-a, (b) apical-apical-
apical Xa-a-a, and (c) apical-inner Xa-i and inner-apical Xi-a
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well as the total charge, the nature of halogen, and the metal atoms of the units are the
keystones that govern crystal packing. The average oxidation state of M in the M6

clusters ranges from +2.67 in Ta6Br15(TaBr6) to +1.67 in CsNb6I11. However, the
metal atoms cannot be considered independently since overlapping occurs between
them leading to metal-metal bonds. Consequently, for a better description of the
bonds within the cluster units, one must consider the number of valence electrons
that are available to form metal-metal bonds, the so-called valence electron concen-
tration (VEC). It can be simply calculated considering an ionic Zintl-Klemm model
with a total transfer of electrons from the counterions to the cluster and from the
cluster to the ligands. The VEC value ranges between 14 as in Ta6Br15(TaBr6) and
20 as in CsNb6I11. The VEC value drives the physical properties such as magnetism
and absorption in the UV-visible region. Beyond fascinating structures and unusual
specific physical properties, some of these cluster-based solid-state compounds are
soluble. Solution chemistry not only revealed interesting redox properties enabling
to stabilize species with lower VEC values, but it also enabled the use of metal
clusters as redox active or UV-IR blocking building blocks for the design of
composites and electrochromic cells [24, 25], nanoparticles [26], or modified elec-
trodes [27], for instance.

Herein, we review the crystal chemistry and electronic structure of inorganic
solid-state compounds based on Nb6 and Ta6 cluster halides actively studied earlier
in the group of Marcel Sergent enlarged to more contemporary work reported in the
literature. The structural richness encountered in this class of compounds is illus-
trated in Table 1 where a classification with respect to structural network dimen-
sionality, as well as main information of the different structure types, is given. Due to
the limited allotted space, solid-state oxyhalides, which constitute an important class
of cluster species (see, e.g., [36] and references therein), are excluded, as well as the
halide compounds for which the structure is discretely molecular (see, e.g., [37] and
references therein). Thus, the following discussion will focus on inorganic solid-
state halide compounds containing three-dimensional niobium and tantalum octahe-
dral cluster frameworks through description and analysis of the electronic and steric
factors that drive their crystal chemistry and bonding. Unit cell parameters and main
interatomic distances of three-dimensional cluster frameworks compounds with
complete crystal structure data available in literature are gathered in Tables 2 and
3, respectively.

2 Cluster Frameworks of Structural Formula
[M6X

i
8X

a-a
6/2]

2.1 Nb6I11 Type (HT and LT Forms)

The existence of the binary compound Nb6I11 (i.e., NbI1.83) was first reported in
1965 [30, 44] and interpreted as a cluster compound with [Nb6I

i
8I
a-a

6/2] structural
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formula [44, 51]. This hypothesis was confirmed independently by Bateman et al. in
1966 [52] and Simon et al. in 1967 [28] with the resolution of its crystal structure.
Nb6I11 crystallizes in the orthorhombic symmetry space group Pccn (No. 56) with
normalized lattice parameters a � 11.30 Å, b � 15.31 Å, and c � 13.56 Å
[28, 52]. Niobium atoms are located on three independent crystallographic sites of
general position 8e, and iodine atoms are located on five independent 8e and one 4c
crystallographic sites [28]. The structure is built up on four face-capped [Nb6I

i
8]
3+

cluster cores per unit cell, which are three-dimensionally bridged two by two by the
apical ligands (Fig. 3) leading to the structural formula [Nb6I

i
8I
a-a

6/2]. Such face-
capped cluster units are generally found with molybdenum, tungsten (group 6), and
rhenium (group 7), Nb6I11 representing the first compound containing unusual
[M6X

i
8]
n cluster core for the group 5 of transition elements [52].

Nb6I11 is characterized by a second-order structural phase transition at 274 K
from the centrosymmetric space group Pccn (high-temperature (HT) form) to the
non-centrosymmetric one Pna21 (low-temperature (LT) form) [29]. As the space
group Pna21 is a subgroup of Pccn and differs only by the lack of the inversion
center, the LT form can be viewed as a continuous deformation of the HT form.
Hence, each crystallographic site of general position 8e (according to Pccn space
group) occupied by either niobium or iodine atoms in the HT form splits into two
different crystallographic sites of general position 4a (according to Pna21 space
group) in the LT form (Fig. 4). It leads for the LT form to the distribution of niobium
and iodine atoms on 6 and 11 different 4a crystallographic sites, respectively [29]. It
should be noted that for the sake of comparison, the published space group was
P21cn [29] instead of the standardized one Pna21 (No. 33), allowing keeping
equivalent unit cell parameters and orientation of the cluster units for both HT and

Fig. 3 Crystal structure
representation of the high-
temperature form of Nb6I11
(space group Pccn)
highlighting the three-
dimensional cluster
framework. Inner ligands
are omitted for clarity
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LT forms. This structural phase transition was firstly suggested by large bump in the
inverse magnetic susceptibility measurements [28] and then confirmed by specific
heat measurements [53, 54] and single-crystal X-ray diffraction [29]. From single-
crystal X-ray diffraction, it was shown than both forms evidence a distortion of the
Nb6 clusters (Fig. 4). For the HT form, this distortion is due to the interconnection of
the clusters leading to a shift of two opposite metals of the octahedral Nb6 cluster. It
induces that only the inversion center is kept as symmetry element and, conse-
quently, leads to strongly distorted octahedral Nb6 cluster with Nb-Nb distances
ranging between 2.743 Å and 2.918 Å at 298 K (Fig. 4). For the LT form, a distortion
component is added which is essentially a twist of 5� at 258 K and 7� at 110 K
between the two opposite triangular faces of the Nb6 octahedron accompanied by a
compression along the twist axis [29]. This twist removes the inversion center
leading to a non-centrosymmetric structural arrangement and induces a strong
distortion of the octahedral Nb6 cluster with Nb-Nb distances ranging between
2.698 Å and 2.955 Å at 258 K and between 2.676 Å and 2.982 Å at 110 K (Fig. 4).

The [Nb6I
i
8]
3+ cluster core shows remarkable magnetic properties in relation with

its electron deficiency, only 19 electrons available for 12 cluster metal-metal bond-
ing d orbitals (see Sect. 8), and its second-order structural phase transition [28, 53,
54]. Indeed, Nb6I11 exhibits a paramagnetic behavior in agreement with the VEC of
19 with a thermal dependence of the inverse magnetic susceptibility characterized by
four different regions (named regions I to IV according to Ref. [54]). Above 274 K
(i.e., region IV), Nb6I11 evidences a Curie-Weiss behavior with a quartet ground
state (S¼ 3/2) which changes into a doublet ground state (S¼ 1/2) supplemented by
a van Vleck paramagnetism contribution between 40 K and 170 K (i.e., region II)
[54]. Between these two regions (i.e., region III), the susceptibility of Nb6I11 is
unusual and related to a second-order structural phase transition through a spin

Fig. 4 Representation of the structural transition effect on the distortion of the Nb6 clusters in the
HT form (left) and in the LT form (right) of Nb6I11. Inner ligands are omitted for clarity. Data are
from Ref. [29]
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crossover transition: the S¼ 3/2 level gradually depopulated due to an increase in the
separation between the two states at the expense of the S ¼ 1/2 level [54]. From
polarized neutron diffraction measurements, it was shown (1) that each Nb6I11
cluster carries three unpaired spins in region IV and only one in region II and
(2) that the spin density is predominantly distributed on one of the three pairs of
equivalent niobium atoms (centrosymmetrically related) in region IV, while in
region II, the spin density is not delocalized over the cluster but rather mainly
associated to a niobium site and in a lesser extent to its partner involved in the
so-called polarized bond [55]. Finally, the magnetic behavior below 40 K (i.e.,
region I) is still not well understood as no magnetic ordering is detected down to
2.5 K [54]. For more information see Refs. [53–55].

In parallel to the study of the binary Nb6I11 compound, the H-filled and D-filled
analogues were also reported (Table 2). As for its parent compound, a structural
phase transition at T ¼ 324 K from the centrosymmetric space group Pccn to the
non-centrosymmetric one Pna21, as well as similar level crossing mechanism, is
observed for HNb6I11 [29, 53, 54]. The HT and LT crystal structures are similar to
those of Nb6I11 with the exception that hydrogen atoms are located into the Nb6
octahedra making these compounds the first examples of centered M6 octahedral
clusters reported in the literature. From neutron powder diffraction results, it was
shown that hydrogen/deuterium atoms are located at the center of the Nb6 octahedra
on the 4a crystallographic site (according to Pccn space group) in the HT form [40],
while in the LT form, these interstitial atoms are probably slightly displaced from the
center of gravity of the Nb6 cluster [42]. However, from a single-crystal neutron
diffraction study, it was shown that interstitial atoms are located at the centroid of the
Nb6 octahedra in both HT and LT forms [39]. Due to the additional electron coming
from hydrogen atom insertion, the [HNb6I

i
8]
3+ cluster core in HNb6I11 presents a

VEC of 20 explaining the diamagnetic behavior observed at low temperature
[40]. Photoelectron spectroscopy data indicated that insertion of hydrogen into
Nb6I11 induces an increase of the oxidation state of niobium from �1.8 to �2.0
[56]. This result could be related with the weak polarization of hydrogen atom by
neighboring niobium atoms highlighted by theoretical calculations performed with
the self-consistent-field-Xα-scattered-wave (SCF-Xα-SW) method [57]. Structural
data and magnetic measurements for both Nb6I11 and HNb6I11 are well explained by
a coupled structural and electronic phase transition where degeneracy is reduced
through the crossing of electronic levels [29, 53]. On the crystal chemistry point of
view, insertion of hydrogen in Nb6I11 leads to a weak increase of the unit cell volume
(Table 2) and the Nb-Nb distances (Table 3) whatever the structure [29]. Imoto and
Simon indicated that this experimental result is in apparent contradiction with the
theoretical increase in the number of bonding electrons expected by the electron
transfer from hydrogen atom to metal cluster [29]. However, the distribution of
the Nb-Nb distances is narrower in both forms of HNb6I11 compared to those of
Nb6I11 [29].

The crystal structure and magnetic influence of a bromine for iodine substitution
were evidenced with the study of the Nb6I11-xBrx (0 � x � 2.7) series [38]. The
authors showed from X-ray diffraction analysis that the unit cell parameters decrease
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with the increase of bromine content (Table 2), in agreement with the size difference
of bromine and iodine atoms. From single-crystal X-ray diffraction data obtained on
x¼ 0.5 and x¼ 2.3 samples at both 298 K and 110 K (Table 2), they established that
a preferential substitution of one bridging apical ligand position (i.e., the 4c crystal-
lographic site according to Pccn space group for the HT form) by bromine atoms first
occurs for lower bromine content (i.e., x¼ 0.5), and then for higher bromine content
(i.e., x ¼ 2.3), bromine atoms are equally distributed on all of the apical ligand
positions. Finally, they also showed that the structural phase transition from Pccn
space group (HT form) to Pna21 space group (LT form) occurs for all substituted
compounds but with a (nonlinear) decrease of the transition temperature with
increasing bromine content from 274 K for Nb6I11 to 170 K for Nb6I8.3Br2.7.
Concomitantly, a broadening of the transition interval arises from the disorder on
apical ligand positions. This influence is also observed through the inverse magnetic
susceptibility measurements, where the bump induced by phase transition is less and
less pronounced upon the increase of bromine content.

More recently, the crystal structure of two heterometallic iodide compounds
(Mo4.7Nb1.3I11 and Mo5Nb1I11, Table 2) was solved by single-crystal X-ray diffrac-
tion technique at different temperatures [41]. These compounds crystallize in the
Nb6I11-HT type of structure even at 110 K. Due to very close scattering factors
between molybdenum and niobium, the three independent metal atom positions
were assumed by the authors to have the same statistical distribution. The ratios
were fixed by the chemical composition determined from EDX data for
Mo4.7Nb1.3I11 and estimated on the basis of the chemical data and similarity of the
unit cell parameters for Mo5Nb1I11 [41]. The authors interpreted the surprising
crystal structure modification from Mo6I12 to Nb6I11-HT for only one niobium to
molybdenum atom substitution, by considering the VEC values in Mo6I12, Nb6I11,
and Mo6-xNbxI11. Indeed, Nb6I11 is characterized with an electron deficient character
of the cluster core (VEC ¼ 19), while Mo6I12 contains the optimal VEC number of
24. The niobium for molybdenum substitution should decrease the VEC number;
however, the crystal structure transition from Mo6I12-type to Nb6I11-HT implies a
transformation of the terminal iodine ligands into bridging atoms resulting to optimal
VEC number of 24 for the [Mo5Nb1I

i
8]
3+ cluster core [41]. Nevertheless, electron

spin resonance spectrum revealed a broad signal corresponding to one unpaired
electron, suggesting also the existence of the [Mo4Nb2I

i
8]
3+ cluster core with VEC

number of 23 in the solid solution Mo6-xNbxI11 (x ¼ 1–1.5). Finally, the authors
showed that in Mo6-xNbxI11 (1) the average M-M bond lengths are intermediate
between those of the HT form of Nb6I11 and of Mo6I12 and (2) the M-Xi and M-Xa

bond lengths are quite similar to those found in Mo6I12 and Nb6I11, respectively
(Table 3) [41].

2.2 CsNb6I11 Type

The crystal structure of CsNb6I11 was reported in 1980 by Imoto and Corbett
[9]. This compound crystallizes in the non-centrosymmetric hexagonal symmetry
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space group P6322 (No. 182) with refined cell parameters a ¼ 11.007(2) Å and
c ¼ 11.894(2) Å from a Guinier film at room temperature and a ¼ 11.007(3) Å and
c ¼ 11.899(4) Å from single-crystal X-ray measurements at the same temperature.
Niobium atoms are located on one crystallographic site of general position 12i;
iodine atoms on three independent crystallographic sites 12i, 4f, and 6g; and cesium
atoms on the 2b site. The crystal structure consists of a pseudo hexagonal close-
packed arrangement along the c-axis of distorted face-capped octahedral [Nb6I

i
8]
2+

cluster cores (D3d symmetry, VEC ¼ 20) three-dimensionally interconnected by
sharing their apical ligands (Fig. 5). This leads, as in Nb6I11, to a cluster framework
of structural formula [Nb6I

i
8I
a-a

6/2]. Cesium atoms lie in the triangular interstices of
the hexagonal cluster layers. The coordination polyhedron of cesium atoms is then
formed by six inner iodine ligands at a distance of 4.110(2) Å forming a flattened and
twisted trigonal antiprism oriented perpendicularly to the c-axis and six apical iodine
ligands at a distance of 4.293(1) Å forming an elongated trigonal antiprism along the
c-axis (Fig. 6).

In CsNb6I11, Nb-Nb distances range from 2.771 Å to 2.941 Å for an average of
2.826 Å, Nb-Ii distances range between 2.862 Å and 2.918 Å for an average of
2.882 Å, and Nb-Ia-a distances are equal to 2.981 Å (Table 3). Existence of short and
long Nb-Nb distances arises from the rotation of one metal triangle by 6.1� about the
C3 axis relative to the other [9]. The Nb-Nb and Nb-Ii distances in CsNb6I11 are
comparable with those reported for the high-temperature form of Nb6I11 (Pccn)
(Table 3), indicating that the VEC increase of the cluster core from 19 ([Nb6I

i
8]
3+) to

20 ([Nb6I
i
8]
2+) does not influence the interatomic distances [9]. On the contrary, the

Fig. 5 Crystal structure representation of CsNb6I11 highlighting the three-dimensional cluster
framework and the hexagonal close-packed arrangement of the cluster units. Inner ligands are
omitted for clarity
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Nb-Ia distances are longer in CsNb6I11 than those reported for the high-temperature
form of Nb6I11 (Table 3), suggesting that the longer Nb-Ia distances encountered in
CsNb6I11 in comparison to those found in Nb6I11 are related to the different cluster
unit arrangements as well as ionic interactions between cesium cations and iodine
apical ligands in CsNb6I11.

The hydride CsNb6I11H0.93 was reported to be isostructural with its parent
compound with unit cell parameters determined from a Guinier film at room
temperature (a ¼ 11.021(1) Å and c ¼ 11.899(2) Å) [9]. As for Nb6I11, insertion
of hydrogen into CsNb6I11 leads to a very similar weak increase of the unit cell
volume. Consequently, even if the localization of the hydrogen atoms was not
determined, it can be assumed that hydrogen atoms are located at the center of the
Nb6 octahedra as shown for Nb6I11 compounds. Finally, the existence of CsNb6I11H,
for which the VEC is equal to 21, indicates that hydrogen insertion into Nb6I11 is not
simply a result of the presence of an odd number of electrons binding the cluster
cage [9].

2.3 Structural Comparison of Nb6I11 and CsNb6I11

As previously mentioned, Nb6I11 and CsNb6I11 compounds are characterized
by clusters sharing apical ligands leading to the same structural formula
[Nb6I

i
8I
a-a

6/2]. However, these compounds evidence different cluster unit arrange-
ments. Indeed, the structure of Nb6I11 may be described as an orthorhombic distor-
tion of a face-centered cube defined by [Nb6I

i
8I
a
3] cluster units (Fig. 3), while that of

CsNb6I11 consists of a pseudo hexagonal close-packed arrangement of [Nb6I
i
8I
a
3]
�

cluster units (Fig. 5). The cluster units packing is the result of a compromise between
the repulsion between adjacent clusters (electronic effect) and the attraction between
cluster units and counter-cations (halogen matrix effect). In CsNb6I11, these two
effects coexist, while only the former governs the structure of Nb6I11. Ionic interac-
tions between cesium cations and iodine apical ligands of the cluster units in
CsNb6I11 explain the weak Nb-Ia-a-Nb bond angle of 118.41�, leading to short
Nb���Nb distances of 5.122 Å (Table 4). On the opposite, the absence of this halogen

Fig. 6 Representation of
the cesium environment in
CsNb6I11
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matrix effect in Nb6I11 induces larger Nb-Ia-a-Nb bond angles, especially that at
�152�, leading to longer Nb���Nb distances (Table 4) even if the Nb-Ia distances are
shorter in comparison to those encountered in CsNb6I11 (Table 3).

These structural features are also observed through the intercluster distances (i.e.,
distance between centroids of two adjacent Nb6 clusters). In CsNb6I11, each Nb6
cluster is surrounded by six clusters at 11.007(2) Å and by six clusters (three above
and three below the hexagonal layer) at 8.704(2) Å (Fig. 7). In Nb6I11-HT, each Nb6
cluster is surrounded by four and two clusters in the (a,c) plane at 8.829(2) Å and
11.319(2) Å, respectively, and by two and two clusters at 9.520(2) Å and 10.223
(2) Å, respectively, both above and below the pseudo hexagonal layer (Fig. 7). The
shorter intercluster distances (8.704(2) Å for CsNb6I11, 8.829(2) Å and 9.520(2) Å
for Nb6I11-HT) are observed between Nb6 clusters bridged by the iodine atoms in
apical position. On the opposite, the longer intercluster distances (11.007(2) for

Table 4 Nb���Nb distances
(Å) and Nb-Ia-a-Nb bond
angles (�) in CsNb6I11 and
Nb6I11

CsNb6I11 (RT)
a

Nb1���Nb1 5.122 Nb1-I3-Nb1 118.41

Nb6I11-HT (T ¼ 298 K)b

Nb1���Nb1 5.629 Nb1-I6-Nb1 152.15

Nb2���Nb3 5.204 Nb2-I5-Nb3 124.59

Nb6I11-LT (T ¼ 258 K)b

Nb1���Nb2 5.635 Nb1-I11-Nb2 151.98

Nb3���Nb5 5.185 Nb3-I9-Nb5 124.18

Nb4���Nb6 5.200 Nb4-I10-Nb6 124.25

Nb6I11-LT (T ¼ 110 K)b

Nb1���Nb2 5.618 Nb1-I11-Nb2 150.78

Nb3���Nb5 5.157 Nb3-I9-Nb5 123.87

Nb4���Nb6 5.178 Nb4-I10-Nb6 123.58
aRef. [9]
bRef. [29]

Fig. 7 Representation of the intercluster Nb6���Nb6 distances in the high-temperature form of
Nb6I11 (left part) and in CsNb6I11 (right part). Distances are calculated from crystal data reported
at room temperature in [9, 29], respectively. Cesium and iodine atoms were omitted for clarity
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CsNb6I11, 10.223(2) Å and 11.319(2) Å for Nb6I11-HT) are observed between
clusters which are not bridged by apical ligands. The longer intercluster distances
in CsNb6I11, observed in the layers where the cesium cations are lying, are interme-
diate between those measured in Nb6I11-HT in relation with both steric and electro-
static effects. This observation is coherent with the shorter Nb���Nb distances of
adjacent cluster units in CsNb6I11 compared to those in Nb6I11-HT and confirms the
important role of cesium cations to the cluster framework compactness through
halogen matrix effect in CsNb6I11.

3 Cluster Frameworks of Structural Formula
[M6X

i
10X

i-a
2/2X

a-i
2/2X

a-a
4/2]

The preparation of Ta6Br14 and Ta6I14 [58], as well as the crystal structures of
Nb6Cl14 [30] and Ta6I14 [44], was reported almost at the same time in 1965. These
compounds crystallize in the orthorhombic symmetry normalized space group Cmca
(No. 64) with lattice parameters a ¼ 13.494(5) Å, b ¼ 12.252(5) Å, and c ¼ 11.019
(5) Å for Nb6Cl14 [30] and a ¼ 15.000(5) Å, b ¼ 14.445(5) Å, and c ¼ 12.505(5) Å
for Ta6I14 [44] (Table 2). Nb6Cl14 and Ta6I14 were at first published in the
non-normalized space group Bbam, leading to the redetermination of the crystal
structure of Ta6I14 by Artelt and Mayer in 1993 [45]. While the preparation of
Ta6Br14 was described in 1965 [58], its crystal structure was reported only in 1995,
confirming that this compound is isostructural with Nb6Cl14 and Ta6I14 [43].
Attempts to prepare the isostructural tantalum chloride compound in the same
conditions than those used for Ta6Br14 and Ta6I14 led to the formation of Ta6Cl15
[58]. One paper reports about the preparation of Ta6Cl14 from electrochemical
reduction of Ta(V) in NaCl-AlCl3 melts [59]; however the chemical composition
and crystal structure of the dark green powder product were never confirmed. No
publication reports about the existence of the isostructural niobium bromide and
iodine compounds. Surprisingly, a temperature independent paramagnetic behavior
was reported for Nb6Cl14 and Ta6I14, though these materials are characterized by an
even VEC of 16 [30, 44].

In this type of structure, metal atoms are located on two independent crystallo-
graphic sites, one of general position 16g and one 8f, whereas halogen atoms are
located on five independent 8d, 8e, 8f, 16g, and 16g crystallographic sites. The
structure is built up on four edge-bridged [M6X

i
12]

2+ cluster cores per unit cell.
Each cluster is linked to eight neighboring congeners through four apical-apical
Xa-a, two apical-inner Xa-i, and two inner-apical Xi-a bridges (Fig. 8), forming
a three-dimensional cluster framework and leading to the structural formula
[M6X

i
10X

i-a
2/2X

a-i
2/2X

a-a
4/2]. The structure can be viewed as a lozenge arrangement

of clusters in the (a,c) plane linked by the apical-apical Xa-a bridges and stacked
along the b-axis through the apical-inner Xa-i and inner-apical Xi-a bridges (Fig. 9).
In Nb6Cl14, the apical-inner Xa-i and inner-apical Xi-a bridges lead to four short
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intercluster distances of 8.239(3) Å in the (b,c) plane and the apical-apical Xa-a

bridges to four slightly longer intercluster distances of 8.711(3) Å in the (a,c) plane
(Fig. 9). The environment is completed by four surrounded clusters in the (a,b) plane
not directly linked to the central cluster at intercluster distances of 9.113(3) Å
(Fig. 9). Consequently, in Nb6Cl14, each Nb6 cluster is surrounded by 12 Nb6
clusters at relatively close intercluster distances forming a pseudo closed-packed
three-dimensional cluster framework. Similar cluster framework is encountered in
Ta6Br14 and Ta6I14 compounds with longer intercluster distances in relation with the
ionic radius of halogen ligands (Table 5 and Fig. 10). However, the evolution of the

Fig. 8 Crystal structure representation of Nb6Cl14 (space group Cmca) highlighting the three-
dimensional cluster framework through apical-apical Cla-a, apical-inner Cla-i, and inner-apical Cli-a

bridges

Fig. 9 Representation of the three-dimensional cluster framework (left part) and intercluster
Nb6���Nb6 distances in Nb6Cl14 (right part). Distances are calculated from crystal data reported
in [30]
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intercluster distances as a function of the halogen ionic radius shows some depen-
dence with the type of cluster bridges. Indeed, while the intercluster distances related
to surrounding clusters not directly linked (in black in Fig. 10) or linked through
apical-inner Xa-i and inner-apical Xi-a bridges (in red in Fig. 10) evolve similarly
with the halogen ionic radius, those related to apical-apical Xa-a bridges (in blue in
Fig. 10) are not influenced to the same degree with the increase halogen ionic radius.
This evolution should be directly related to the ionicity of the M-X bonds, which
decreases from X ¼ Cl to X ¼ I, at the expense of a covalent character more and
more pronounced.

Table 5 M6���M6 intercluster distances (Å) in Nb6Cl14-type structure compounds

Bridging type Nb6Cl14
a Ta6Br14

b Ta6I14
c Ta6I14

d

Direct (Xa-i � 2, Xi-a � 2) 8.239(3) 8.768(6) 9.553(3) 9.573(3)

Direct (Xa-a � 4) 8.711(3) 9.105(6) 9.764(3) 9.781(3)

Indirect (�4) 9.113(3) 9.640(2) 10.412(3) 10.438(2)

Distances calculated from crystal data reported in: aRef. [30], bRef. [43], cRef. [44], dRef. [45]

Fig. 10 Evolution of the intercluster distances vs. halogen ionic radius in Nb6Cl14-type structure
compounds. Black triangles correspond to intercluster distances between clusters not directly
linked, blue circles correspond to those related to apical-apical Xa-a bridges, and red squares
correspond to those related to apical-inner Xa-i and inner-apical Xi-a bridges
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4 Cluster Frameworks of Structural Formula
[M6X

i
12X

a-a-a
6/3]

The Nb6Cl12-xI2+x (x � 2) compounds, obtained from the reaction of Nb3Cl8 and
Nb3I8 cluster compounds in welded niobium tubes, crystallize in the cubic symmetry
space group Pa�3 (No. 205) with lattice parameters a ranging from 12.578(1) Å for
Nb6Cl12I2 to 12.754(1) Å for Nb6Cl10I4 [31]. Crystal structure resolution, performed
for two chemical compositions, i.e., Nb6Cl12I2 and Nb6Cl10.8I3.2 (Table 2), reveals
that, in Nb6Cl12I2, niobium atoms are located on one crystallographic site of general
position 24d, chlorine atoms on two independent 24d sites, and iodine atoms on an
8c crystallographic site. Excess of iodine atoms (i.e., x value) in the Nb6Cl12-xI2+x
(0 < x � 2) series are located on one of the 24d site occupied by chlorine atoms, the
second one being fully occupied by chlorine atoms. Nb6Cl12-xI2+x compounds
contain four edge-bridged octahedral niobium clusters per unit cell, connected
three by three by iodine atoms in apical position through apical-apical-apical bridges
(Fig. 11). This leads to a face-centered cubic three-dimensional arrangement of
structural formula [Nb6X

i
12I

a-a-a
6/3] (Fig. 12) closely related to that encountered in

Nb6Cl14-type structure (Fig. 9) compounds via a rotation of the [Nb6X
i
12]

2+ cluster
cores [31]. Consequently, in Nb6Cl12I2, each Nb6 cluster is surrounded by 12 Nb6
clusters at intercluster distances of 8.894(1) Å (Fig. 12). This value, slightly longer
than the intercluster distance average encountered in Nb6Cl14 (i.e., 8.688 Å), is due
to the presence of two iodine atoms instead of chlorine atoms.

Fig. 11 Crystal structure
representation of Nb6Cl12I2
(space group Pa�3)
highlighting the three-
dimensional cluster
framework through apical-
apical Ia-a-a bridges
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5 Cluster Frameworks of Structural Formula
[M6X

i
12X

a-a
6/2]

Among inorganic niobium and tantalum octahedral cluster halide compounds
with three-dimensional frameworks, those characterized by the structural formula
[M6X

i
12X

a-a
6/2] form the largest and richest family in term of crystal chemistry and

structure types (Fig. 13). This is mainly due to (1) the nature of the apical-apical
M-Xa-a-M bridges, which can be linear, nonlinear (i.e., bent), or both linear and
nonlinear (Fig. 13) and (2) the ability of the cluster frameworks to incorporate
cations and/or (MX6)

n� complexes (Fig. 13). This latter point directly influences
the VEC of the cluster units which can be stabilized at 14 electrons with incorpo-
ration of anion complexes or 16 electrons with incorporation of counter-cations into

Fig. 13 Classification of the inorganic niobium and tantalum octahedral cluster halide types of
structures with three-dimensional frameworks of structural formula [M6X

i
12X

a-a
6/2]

Fig. 12 Representation of the three-dimensional cluster framework (left) and intercluster
Nb6���Nb6 distances in Nb6Cl12I2 (right). Distances are calculated from crystal data reported in [31]
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15-VECM6X15 cluster frameworks (Fig. 13). In this section, the crystal structures of
cluster compounds of structural formula [M6X

i
12X

a-a
6/2], firstly those related to

Nb6F15 (linear M-Xa-a-M bridges), secondly those related to Ta6Cl15 (bent M-Xa-a-
M bridges in cubic structure), thirdly those related to Nb6Br8F7 (bent M-Xa-a-M
bridges in trigonal structure), and finally those related to InNb6Cl15 (both linear and
bent M-Xa-a-M bridges) will be described.

5.1 Cluster Compounds with Linear M-Xa-a-M Bridges

5.1.1 Nb6F15 Type

The crystal structure of Nb6F15 was reported in 1965 by Schäfer et al. [32]. This
compound crystallizes in the cubic symmetry (space group Im�3m, No. 229) with
lattice parameter a¼ 8.19 Å. Niobium atoms are located on one 12e crystallographic
site, fluorine atoms in inner position on one 24h site, and fluorine atoms in apical
position on the 6b site [32]. Its crystal structure is formed by the interpenetration of
two primitive cubic cluster networks (Fig. 14), related one to the other by a [½,½,½]
translation. Each primitive network forms a three-dimensional framework through
linear apical-apical Fa-a bridges (Fig. 14) and is linked to the second network through
Fi���Fi and Fi���Fa halogen bonds of inter-halogen distances of 2.880 Å [46], slightly
longer than the sum of the van der Waals radius of fluorine (i.e., 2.70 Å). This leads
to a highly compact crystal structure, where each cluster Nb6F15 occupied a volume
of 275 Å3 at room temperature. This volume per cluster unit is by far the smallest one
among the cluster compounds discussed in this review (Table 2).

The crystal structure of Nb6F15 is characterized by halogen bridging between
cluster units leading to the structural formula [Nb6F

i
12F

a-a
6/2] and a VEC of 15,

which could cause Curie-Weiss behavior via superexchange interactions [60]. This
behavior, related to one unpaired electron per [Nb6F

i
12]

3+ cluster core, was con-
firmed by magnetic susceptibility, 19F nuclear magnetic resonance, and electron
magnetic resonance measurements [46, 60–62]. Below 6 K, Nb6F15 exhibits an

Fig. 14 Crystal structure representation of Nb6F15 (space group Im�3m ) highlighting the two
interpenetrated primitive cluster networks. Inner ligands are omitted for clarity
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antiferromagnetic ordering [46, 61, 62]. From a spin exchange interactions analysis
using electronic structure theoretical calculations of extended Hückel type, it was
suggested that this antiferromagnetic arrangement is associated to an antiferromag-
netic coupling between the two interpenetrating ferromagnetic simple cubic cluster
networks [63]. Neutron powder diffraction measurements did not confirm this
magnetic structure but rather revealed a decrease of the low-angle background
upon cooling [62]. This result is consistent with the emergence of magnetic ordering,
which leads to the removal of the paramagnetic scattering contribution to the
background, and is a clear signature of the unpaired electron delocalization on the
[Nb6F

i
12]

3+ cluster core [62].

5.1.2 CsNb6Cl8F7 Type

CsNb6Cl8F7, reported in 2001 by Cordier et al., crystallizes in the cubic symmetry
space group Pm�3m (No. 221) with unit cell parameter a ¼ 8.2743(3) Å [20]. In this
structure, niobium atoms are located on one crystallographic site (6e), chlorine
and fluorine atoms are randomly distributed on one site (12i) corresponding to
the ligands in inner position, fluorine atoms also fully occupy one site (3d )
corresponding to the ligands in apical position, and cesium atoms are distributed
on six independent sites (6f, 12j, 24l, 24l, 24m, and 48n) all partially occupied. This
leads to the refined structural formula Cs1.3(1)[Nb6Cl

i
8F

i
4F

a-a
6/2], where a VEC of

16 is assumed. Its crystal structure can be described as a simple cubic stacking of
[Nb6Cl

i
8F

i
4F

a
6] cluster units linked to six adjacent other ones by linear Fa-a bridges,

leading to the [Nb6Cl
i
8F

i
4F

a-a
6/2] structural formula (Fig. 15). This primitive three-

dimensional cluster framework can be viewed as a Nb6F15 derivative [20] as

Fig. 15 Representation of the three-dimensional cluster framework (left) and intercluster
Nb6���Nb6 distances (right) in CsNb6Cl8F7. Inner ligands are omitted for clarity. Distances are
calculated from crystal data reported in [20]
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highlighted by only one Nb-Nb distance (i.e., perfectly octahedral cluster), linear Fa-a

bridges, and equivalent Nb-Fa-a interatomic distances (2.114 Å for CsNb6Cl8F7
compared to 2.113 Å for Nb6F15, Table 3).

5.1.3 Na2Nb6Cl8F7(NbF6) Type

Na2Nb6Cl8F7(NbF6) was the first niobium cluster chlorofluoride reported in the
literature in 1999 by Cordier and Simon [19]. It crystallizes in the cubic symmetry
space group Pm�3m (No. 221) with unit cell parameter a ¼ 8.2005(9) Å. In this
compound, niobium atoms related to the cluster occupy one 6e crystallographic site,
chlorine and fluorine atoms corresponding to ligands in inner position are randomly
distributed on one 12i site, while the 3d site related to the ligands in apical position is
fully occupied by fluorine atoms. Niobium and fluorine atoms related to (NbF6)

n�

complexes (see below) occupied the 1b and one 6f crystallographic sites, respec-
tively. Finally, sodium cations are statistically distributed on one 12h crystallo-
graphic site with a site occupancy factor (SOF) of 0.156(8). This leads, within the
standard deviations, to the structural formula Na2[Nb6Cl

i
8F

i
4F

a-a
6/2](NbF6) [19].

The crystal structure of Na2Nb6Cl8F7(NbF6) is related to that of Nb6F15, for
which only one cluster network (identical to that encountered in CsNb6Cl8F7,
Fig. 15) is preserved while the second is replaced by (NbF6)

n� complexes
(Fig. 16). Two sodium cations statistically distributed on the faces of the cubic
unit cell provide the cohesion of the crystal structure (Fig. 16) and counterbalance
the charge of the (NbF6)

n� complex located at the center of the cubic unit cell and
eventually that of the cluster [19]. Indeed, the VEC of the cluster should be either
15, if the two sodium cations counterbalance the charge of the (NbF6)

2� complex, or
16 if one sodium cation counterbalances the charge of the (NbF6)

� complex, the
second one counterbalancing the charge of the cluster [19].

Fig. 16 Representation of the unit cell of Na2Nb6Cl8F7(NbF6) (left) and of its three-dimensional
cluster framework (right). Inner ligands are omitted for clarity
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A second compound was found to be isotypic with Na2Nb6Cl8F7(NbF6), namely,
Na2Nb6Br4F11(NbF6) [34]. However, in this case, the atomic coordinates of bromine
and fluorine atoms on the inner position were refined independently, while those of
chlorine and fluorine were constrained to be the same in Na2Nb6Cl8F7(NbF6).

5.1.4 Comparison of Nb6F15, CsNb6Cl8F7, and Na2Nb6Cl8F7(NbF6)
Cluster Frameworks

In Nb6F15, the interpenetration of two primitive cubic cluster networks leads to eight
very short intercluster distances of 7.09 Å (Table 6). The cluster units separated from
these intercluster distances are then not directly linked by halogen bridging but
interact through the Fi���Fi and Fi���Fa halogen bonds existing between the two
networks. Direct linear apical-apical Fa-a bridges induce six short intercluster dis-
tances of 8.19 Å. Finally, the cluster environment is completed by 12 clusters of the
same network at intercluster distances of 11.58 Å, which are not directly linked to
the central cluster unit.

As previously mentioned, the crystal structures of CsNb6Cl8F7 and
Na2Nb6Cl8F7(NbF6) are related to that of Nb6F15. However, in the former com-
pounds, only one cluster network is preserved, the second being replaced either by
cesium cations or (NbF6) anionic complexes. This leads to the absence of the eight
very short intercluster distances related to the interpenetration of the two primitive
cubic cluster networks. Hence, the cluster environment in CsNb6Cl8F7 and
Na2Nb6Cl8F7(NbF6)-type structure compounds is formed by six cluster units
directly linked through Xa-a bridges and 12 cluster units not directly linked to
the central cluster (see, e.g., Fig. 15 and Table 6). The intercluster distances in
CsNb6Cl8F7 are slightly longer compared to those in Nb6F15 (Table 6). On the
contrary, they are equivalent in the Na2Nb6Cl8F7(NbF6)-type structure compounds
(Table 6), despite the fact that partial replacement of fluorine inner ligands either by
chlorine (i.e., Na2Nb6Cl8F7(NbF6)) or by bromine (i.e., Na2Nb6Br4F11(NbF6)) leads
to longer M-Xi interatomic distances (Table 3). This suggests that the size of the
cluster core and the electronic effect induced by the repulsion between cluster units

Table 6 M6���M6 intercluster distances (Å) in Nb6F15, CsNb6Cl8F7 and Na2Nb6Cl8F7(NbF6)-type
structure compounds

Bridging
type Nb6F15

a Nb6F15
b CsNb6Cl8F7

c Na2Nb6Cl8F7(NbF6)
d Na2Nb6Br4F11(NbF6)

e

Indirect
(�8)

7.093(1) 7.091(1) – – –

Direct
(�6)

8.190(1) 8.188(1) 8.274(1) 8.201(1) 8.177(1)

Indirect
(�12)

11.582(1) 11.579(1) 11.702(1) 11.597(1) 11.563(1)

Distances calculated from crystal data reported in: aRef. [32], bRef. [46], cRef. [20], dRef. [19],
eRef. [34]
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and complexes are compensated by halogen matrix effects between sodium cations
and cluster units/complexes.

5.2 Cluster Compounds with Bent M-Xa-a-M Bridges in Cubic
Structure

5.2.1 Ta6Cl15 Type

Ta6Cl15 and Ta6Br15 have been reported in 1968 by Bauer and von Schnering to
crystallize in the cubic symmetry (space group Ia�3d, No. 230) with lattice parameters
a¼ 20.286(1) Å and 21.290(1) Å, respectively [33]. The crystal structure resolution,
performed on single crystal of Ta6Cl15, indicated that niobium atoms are located on
one crystallographic site of general position 96h, halogen atoms in inner position are
located on two independent 96h sites, and halogen atoms in apical position on one
48g site [33]. As in Nb6F15, the crystal structure of Ta6Cl15 is characterized by
clusters sharing apical ligands in the three directions (Fig. 17), leading to the same
kind of structural formula [Ta6Cl

i
12Cl

a-a
6/2] but with a different three-dimensional

cluster framework arrangement (Fig. 18). Indeed, in Nb6F15 the M-Xa-a-M bridges
are linear giving two identical independent interpenetrated cluster networks, while in
Ta6Cl15 the bridges are bent giving a unique network.

Ta6I15 was also reported in 1968 to crystallize in a cubic unit cell with
a ¼ 11.02 Å and then was supposed to be isotypic to Nb6F15 [64]. While the crystal
structure of Ta6Br15 was confirmed in 1999 by von Schnering et al. [47], that of
Ta6I15 is yet unsolved but is probably isotypic to Ta6Cl15.

Isostructural niobium chloride compound derivatives can be stabilized by the
replacement of a small amount of chlorine by fluorine [48]. The crystal structure of
two Nb6Cl15-xFx chlorofluoride compounds (x ¼ 2.2 and 4.4) was studied by single-
crystal X-ray diffraction [48]. Their structure is based on [Nb6X

i
12X

a
6] cluster units

Fig. 17 Crystal structure
representation of Ta6Cl15
(space group Ia�3d)
highlighting the three-
dimensional cluster
framework through apical-
apical Cla-a bridges. Inner
ligands are omitted for
clarity
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sharing apical ligands in which fluorine atoms are randomly distributed on the inner
positions but also on the apical positions for x ¼ 4.4 [48].

As for Nb6F15, Ta6Cl15 and Ta6Br15 exhibit a Curie-Weiss behavior in agreement
with the VEC of 15 of the [Ta6X

i
12]

3+ cluster cores [33, 60]. A magnetic behavior is
also expected for Nb6Cl15-xFx compounds in relation with their VEC of 15 [48], but
this was never confirmed experimentally.

5.2.2 NaNb6Cl15 Type

The crystal structure of NaNb6Cl15 was reported in 1995 by Sägebarth et al.
[16]. This compound and its isotypic compound, LiNb6Cl15, crystallize in the
cubic symmetry space group Ia�3d (No. 230) with lattice parameter a ¼ 20.417
(2) Å at 293 K for NaNb6Cl15 [16] and a ¼ 20.555(2) Å at 100 K for LiNb6Cl15
[49]. The crystal structure of these compounds is characterized by a three-
dimensional cluster framework through bent apical-apical Cla-a bridges, identical
to that encountered in Ta6Cl15 (Figs. 17 and 18), with, however, alkaline cations
statistically distributed on an interstitial position partially occupied. Hence, niobium
atoms are located on one crystallographic site of general position 96h, chlorine
atoms in inner position are located on two independent 96h sites, chlorine atoms
in apical position are located on one 48g site, and sodium/lithium atoms are located
on one 48f site with a SOF of �1/3 [16, 49]. Based on bond distances, the alkaline
environment can be described as distorted tetrahedral for lithium cations and
distorted trigonal-prismatic bicapped for sodium cations [49]. In this type of struc-
ture, alkaline atoms are inside linear channels formed by the body-centered
[Nb6Cl

i
12Cl

a-a
6/2] cluster arrangement. These channels are parallel to the [100],

[010], and [001] directions and are stacked in fashion that they do not intersect
with each other [49].

Fig. 18 Representation of the three-dimensional cluster framework (left) and intercluster Ta6���Ta6
distances in Ta6Cl15 (right). Inner ligands are omitted for clarity. Distances are calculated from
crystal data reported in [33]
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The stabilization of the Ta6Cl15 three-dimensional cluster framework with
[Nb6Cl

i
12]

2+ cluster core through incorporation of sodium is observed only for
the stoichiometric composition NaNb6Cl15, as no range of homogeneity on the
sodium site was detected [16]. It indicates that the NaNb6Cl15 crystal structure is
stable only for compounds having a VEC of 16, value confirmed by magnetic
measurements [16].

NaNb6Cl15 evidences a second-order structural transition around 150 K from the
cubic structure with cell parameter a¼ 20.364(2) Å at 160 K to a tetragonal structure
with cell parameters a ¼ 20.372(6) Å and c ¼ 20.282(2) Å at 80 K [16]. The space
group of the LT form was reported to probably be I41/acd [16] but was never
confirmed. No structural transition was reported for LiNb6Cl15. Infrared reflectivity
measurements performed on NaNb6Cl15 showed a vanishing of the narrow bands
between 50 and 150 cm�1 with the increase of the temperature from 100 to 200 K
[16]. This is explained by a local order of sodium atoms in the low-temperature
crystal structure, while these atoms become mobile above the temperature of the
structural transition, suggesting that NaNb6Cl15 is an ionic conductor [16]. This was
confirmed by 7Li-NMR measurements [49]. These analyses also evidenced a fast
lithium mobility above 170 K in this material [49]. Finally, a study reported on the
reversible intercalation of lithium in Ta6Cl15, leading to the compound LiTa6Cl15,
which is mentioned to be structurally and electronically related to LiNb6Cl15 [65].

5.2.3 KNb6Cl10F5 Type

As for Nb6Cl15-xFx [48] and CsNb6Cl8F7 [20], KNb6Cl10F5 was obtained during
investigations of fluorine for chlorine substitution in order to increase the interac-
tions between Nb6 clusters by reducing the steric hindrance of ligands [20]. This
latter compound was reported to crystallize in the cubic symmetry space group Ia�3d
(No. 230) with lattice parameter a ¼ 19.589(1) Å at 293 K and a refined formula
K1.2(2)Nb6Cl10F5 assumed to be stoichiometric within the standard deviations
[20]. Its crystal structure, derived of the Ta6Cl15-type of structure, is based on cluster
units sharing apical ligands, leading to a three-dimensional cluster framework
[Nb6X

i
12X

a-a
6/2] with bent bridges. Crystallographic sites corresponding to the

ligands positions (two independent 96h sites and one 48g site) are randomly
occupied by chlorine and fluorine atoms. The potassium cations are statistically
distributed on two crystallographic sites: 24d and 96h with SOF of 0.452(24) and
0.08(2), respectively [20]. Despite a complex crystal structure and structural for-
mula, this compound is characterized by a VEC of 16.

5.2.4 Comparison of Ta6Cl15, NaNb6Cl15, and KNb6Cl10F5 Cluster
Frameworks

In Ta6Cl15-type structure, each cluster unit is surrounded by eight clusters at
short intercluster distances, ranging from 8.647(1) Å for Nb6Cl10.6F4.4 to 9.227
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(1) Å for Ta6Br15 (Table 7). Six of these eight cluster units are directly linked to
the central cluster through apical-apical M-Xa-a-M cluster bridges, while the two
remaining cluster units are not directly linked but are located above and below the
central cluster on the threefold axis (Fig. 18). The cluster environment is completed
by six cluster units, not directly linked to the central cluster (Fig. 18), at longer
intercluster distances ranging from 9.985(1) Å for Nb6Cl10.6F4.4 to 10.655(1) Å for
Ta6Br15 (Table 7).

The intercluster distances in Ta6Cl15-type structure compounds evidence a qua-
dratic evolution with the average halogen ionic radius as shown in Fig. 19. This
quadratic evolution is directly related to the average M-M, M-Xi, and M-Xa

interatomic distances which are slightly shorter and longer when chlorine ligands
are partially substituted by fluorine or totally by bromine, respectively (Table 3).
This reflects the electronic effect on cluster framework compactness. Moreover,
from the quadratic equations, it could be estimated that the minimum intercluster
distances should be obtained for an average ionic radius of 1.65/1.66 Å, which
corresponds to a chemical composition of Nb6Cl10F5. This chemical composition,

Table 7 M6���M6 intercluster distances (Å) in Ta6Cl15-type structure compounds

Bridging type Nb6Cl10.6F4.4
a Nb6Cl12.8F2.2

a Ta6Cl15
b Ta6Cl15

c Ta6Br15
c

Direct (�6) 8.647(1) 8.703(1) 8.784(1) 8.801(1) 9.227(1)

Indirect (�2) 8.647(1) 8.703(1) 8.784(1) 8.801(1) 9.227(1)

Indirect (�6) 9.985(1) 10.050(1) 10.143(1) 10.163(1) 10.655(1)

Distances calculated from crystal data reported in: aRef. [48], bRef. [33], cRef. [47]

Fig. 19 Evolution of the intercluster distances vs. the average halogen ionic radius in Ta6Cl15-type,
NaNb6Cl15-type, and KNb6Cl10F5 compounds
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close to that reached experimentally with Nb6Cl10.6F4.4, can be considered as a lower
limit to the Ta6Cl15-type of structure stability, explaining the different type of
structure for Nb6F15.

Due to their identical three-dimensional cluster frameworks, the cluster unit
environments in NaNb6Cl15 and KNb6Cl10F5 are related to that encountered in
Ta6Cl15, with eight clusters at short intercluster distances (six directly linked through
apical-apical M-Xa-a-M cluster bridges and two not directly linked) and six clusters
at longer intercluster distances (Table 8). Similarly to Ta6Cl15-type structure com-
pounds, an electronic effect is observed on the cluster framework compactness.
However, this electronic effect is also influenced by halogen matrix effect through
electrostatic interactions occurring between the cluster units and the counter-cations.
It leads to intercluster distances slightly longer in ternary cluster chlorides
NaNb6Cl15 and LiNb6Cl15 (Table 8) than those observed in binary ones (Table 7)
and shorter in the pseudo ternary cluster chlorofluoride KNb6Cl10F5 (Table 8)
compared to those expected for the corresponding pseudo binary chlorofluoride
cluster compound (Fig. 19).

5.3 Cluster Compounds with Bent M-Xa-a-M Bridges
in Trigonal Structure

5.3.1 Nb6Br8F7 Type

Nb6Br8F7, reported in 2001 by Cordier et al., crystallizes in the trigonal symmetry
space groupR�3c (No. 167) with unit cell parameters a¼ 9.6373(6) Å and c¼ 35.415
(2) Å [34]. Niobium atoms are located on one 36f crystallographic site. Halogen
atoms corresponding to inner ligands are located on two independent 36f sites, one
fully occupied by fluorine atoms and the second statistically occupied by bromine
and fluorine atoms with SOF of 0.887(4) and 0.113(4), respectively. Halogen atoms
corresponding to apical ligands are located on one 18e site fully occupied by
bromine atoms [34]. The crystal structure of Nb6Br8F7 is based on a three-
dimensional cluster framework through bent apical-apical Bra-a bridges (Fig. 20),
leading to the structural formula [Nb6Br

i
5F

i
7Br

a-a
6/2]. The nonlinearity of the bridges

leads to a new kind of cluster arrangement among the M6X15 compounds of VEC
15 and is explained by the destabilization of a hypothetical cubic structure due to the

Table 8 M6���M6 intercluster
distances (Å) in NaNb6Cl15-
type and KNb6Cl10F5
compounds

Bridging type NaNb6Cl15
a LiNb6Cl15

b KNb6Cl10F5
c

Direct (�6) 8.841(1) 8.901(1) 8.482(1)

Indirect (�2) 8.841(1) 8.901(1) 8.482(1)

Indirect (�6) 10.209(1) 10.278(1) 9.795(1)

Distances calculated from crystal data reported in: aRef. [16],
bRef. [49], cRef. [20]
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presence of a large interstitial void, which is partially filled by bromide apical ligands
in the rhombohedral structure [34].

5.3.2 Ta6Br15(TaBr6) Type

Ta6Br15(TaBr6)0.86, formerly known as the elusive “TaBr3”, was reported in 2010 by
Habermehl et al. [35]. This cluster compound crystallizes in the trigonal symmetry
space group R�3c (No. 167) with unit cell parameters a ¼ 12.9860(11) Å and
c ¼ 33.285(4) Å [35]. Tantalum atoms arising from the cluster are located on one
36f crystallographic site, bromine atoms corresponding to inner ligands are located
on two independent 36f sites, and bromine atoms corresponding to apical ligands
are located on one 18e site. Tantalum and bromine atoms arising from the TaBr6
complex occupied the 6a site and one 36f site, respectively, both with SOF of
0.861(13) [35]. Tantalum in the (TaBr6) complex is assumed to be pentavalent,
suggesting that Ta6Br15(TaBr6)0.86 should be a salt formed by the association of
(TaBr6)

0.86� complexes and [Ta6Br15]
0.86+ cluster units [35]. Hence, for a full

occupation of the interstitial sites by TaBr6 complexes, a VEC of 14 is expected
for the [Ta6Br

i
12]

4+ cluster core [35].
The crystal structure of Ta6Br15(TaBr6)0.86 is strongly related to that of Nb6Br8F7

through identical three-dimensional cluster framework based on bent apical-apical
Bra-a bridges, in which interstitial cuboctahedral sites are partially filled by (TaBr6)
complexes (Fig. 21). These complexes form a three-dimensional network similar to
that of the cluster units. Hence, the crystal structure of Ta6Br15(TaBr6)0.86 is formed
by the interpenetration of clusters and complexes networks, related one to each other
by a [2/3, 1/3, 1/12] translation (Fig. 21).

Fig. 20 Representation of the three-dimensional cluster framework (left) and intercluster
Nb6���Nb6 distances (right) in Nb6Br8F7. Inner ligands are omitted for clarity. Distances are
calculated from crystal data reported in [34]
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5.3.3 Comparison of Nb6Br8F7 and Ta6Br15(TaBr6)0.86 Cluster
Frameworks

As previously mentioned, the crystal structures of Nb6Br8F7 and Ta6Br15(TaBr6)0.86
evidence similar three-dimensional cluster networks characterized by bent apical-
apical M-Bra-a-M bridges (Fig. 21). The shorter intercluster distances are found
between cluster linked by apical-apical Bra-a bridges along the c-axis, while the
longer intercluster distances (corresponding to a parameter) are located in the (a,b)
plane between clusters not directly linked by apical-apical bridges (Figs. 20 and 22;
Table 9). The crystal structure of Ta6Br15(TaBr6)0.86 is also characterized by a
second network made of TaBr6 complexes, interpenetrated with that of the clusters
via a [2/3, 1/3, 1/12] translation (Fig. 21). This leads to an increase of the intercluster
Ta6���Ta6 distances (Table 9) in relation with higher Ta-Bra-a-Ta angles (141.3�)
compared to the Nb-Bra-a-Br angles (117.2�) encountered in Nb6Br8F7. This increase
of intercluster distances is more important between clusters located in the (a,b) plane
and forming an hexagonal plane (+35%), compared to clusters directly linked to
the central cluster and located above and below this hexagonal plane (+15%). While,
the increase of intercluster distances in the (a,b) plane is directly related to the
a parameter expansion (from Nb6Br8F7 to Ta6Br15(TaBr6)0.86) via interpenetration
of the two networks, that along the c-axis is in apparent contradiction with the
c parameter contraction of 6% (Table 2). This reveals a large anisotropy of the
electronic and halogen matrix effects between (TaBr6)

n� complexes and [Ta6Br15]
n+

cluster units in Ta6Br15(TaBr6)0.86. The former is predominant in the (a,b) plane and
the latter along the c-axis.

Fig. 21 Representation of the unit cell of Nb6Br8F7 (left) and Ta6Br15(TaBr6)0.86 (right) highlight-
ing the similarity of three-dimensional cluster frameworks. Inner ligands are omitted for clarity
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5.4 Cluster Compounds with Both Linear and Bent M-Xa-a-M
Bridges

The crystal structure of InNb6Cl15 was first reported by Womelsdorf et al. in 1997 to
crystallize in the orthorhombic symmetry space group Pmma (No. 51) with unit cell
parameters a¼ 17.866(1) Å, b¼ 13.4552(8) Å, and c¼ 9.2934(8) Å [18]. Its crystal
structure is based on two kinds of Nb6Cl15 cluster units (named cluster A and cluster
B) sharing apical ligands. Clusters A form zigzag chains along the a-axis through
bent apical-apical Cla-a bridges, and clusters B form linear chains along the c-axis
through linear apical-apical Cla-a bridges (Fig. 23). These chains, perpendicular to
each other, are connected along the b-axis through bent apical-apical Cla-a bridges.
This leads to a three-dimensional cluster framework of structural formula
[Nb6Cl

i
12Cl

a-a
6/2], which can be viewed as the interpenetration of two cluster

networks formed by clusters A and B, respectively, linked to each other by bent
apical-apical Cla-a bridges along the b-axis. Indium atoms are located in tetrahedral
cavities formed by two clusters A and two clusters B. The coordination polyhedron
of indium atoms is then formed by eight inner chlorine ligands at distances between
3.229(2) and 3.400(2) Å and two apical chlorine ligands at distances of 3.301(1) and
3.430(1) Å, forming a distorted bicapped cubic geometry (Fig. 24). Monovalent
indium cations counterbalance the charge of the [Nb6Cl15]

� cluster units, which are
characterized by a VEC of 16. Niobium atoms are located on five independent
crystallographic sites (4j and 8l for cluster A; 2e, 2e, and 8l for cluster B), chlorine
atoms on inner positions are on eight independent sites (4h, 4j, 8l, and 8l for cluster
A; 4i, 4k, 8l, and 8l for cluster B), chlorine atoms on apical positions are on three
independent sites (2f for cluster A; 2e for cluster B; 8l for chlorine atoms common to
cluster A and B), and indium atoms are on one 4k site [18].

Fig. 22 Representation of the three-dimensional cluster framework (left) and intercluster Ta6���Ta6
distances (right) in Ta6Br15(TaBr6)0.86. Inner ligands are omitted for clarity. Distances are calcu-
lated from crystal data reported in [35]

Table 9 M6���M6 intercluster distances (Å) in Nb6Br8F7 and Ta6Br15(TaBr6)0.86 compounds

Bridging type Nb6Br8F7
a Ta6Br15(TaBr6)0.86

b

Direct (�6) 8.112(1) 9.327(1)

Indirect (�6) 9.637(1) 12.986(2)

Distances calculated from crystal data reported in: aRef. [34], bRef. [35]
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The crystal structure of isotypic K0.77Nb6Cl15, RbNb6Cl15, and CsNb6Cl15 com-
pounds was also studied by single-crystal X-ray diffraction [50], while that of
TlNb6Cl15 was assigned from powder X-ray diffraction data [18]. However, in
contrast to the crystal structure of InNb6Cl15 where the cationic 4k site is totally
filled, that in K0.77Nb6Cl15 is partially filled with a SOF of 0.768(5), while alkaline
atoms in RbNb6Cl15 and CsNb6Cl15 are highly disordered with a statistically
distribution on five and four crystallographic sites, respectively.

In InNb6Cl15-type structure compounds, the average Nb-Nb and Nb-Cli inter-
atomic distances are equivalent for clusters A and B (Table 3), even if the cluster
core is more distorted in the latter than in the former. On the contrary, the average
Nb-Cla-a interatomic distances are non-equivalent with a systematic higher value
for cluster A compared to cluster B (Table 3). This is related to longer Nb-Cla-a

interatomic distances in the zigzag chains than those encountered in the linear
chains.

Fig. 23 Representation of
the three-dimensional
cluster framework
encountered in InNb6Cl15.
Inner ligands and indium
atoms are omitted for clarity

Fig. 24 Representation of
the indium environment in
InNb6Cl15
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In InNb6Cl15 short intercluster distances of 8.651(1), 8.933(1), and 9.293(1) Å are
encountered between cluster A and cluster B along the b-axis through bent apical-
apical Nb-Cla-a-Nb bridges (132.2�), between clusters A along the a-axis through
bent apical-apical bridges (138.3�), and between clusters B along the c-axis through
linear apical-apical bridges (180�), respectively (Fig. 25). Due to the interpenetration
of the two cluster networks, short intercluster distances of 9.293(1) Å are also
observed along the c-axis between clusters A, even if these clusters are not directly
linked by apical-apical Nb-Cla-a-Nb bridges (Fig. 25). Finally, the cluster environ-
ments of both clusters B and A are completed by surrounded clusters B at intercluster
distances of 9.452(1) and 10.176(1) Å, respectively (Fig. 25). The intercluster
distances are influenced by the nature of the cation but do not modify the aforemen-
tioned description (Table 10). However, due to cation disordering or partial occu-
pation of the cation site, it is not possible to determine the influence of the cation size
on the intercluster distances and on the halogen matrix effect in the InNb6Cl15-type
structure compounds.

Fig. 25 Representation of the three-dimensional cluster framework (left) and intercluster
Nb6���Nb6 distances (right) in InNb6Cl15. Inner ligands and indium atoms are omitted for clarity.
Distances are calculated from crystal data reported in [18]

Table 10 Nb6���Nb6 intercluster distances (Å) in InNb6Cl15-type structure compounds

Bridging type InNb6Cl15
a K0.77Nb6Cl15

b RbNb6Cl15
b CsNb6Cl15

b

Direct A-B (�4) 8.651(1) 8.634(1) 8.666(1) 8.708(1)

Direct A-A (�2) 8.933(1) 8.901(1) 8.917(1) 8.947(1)

Direct B-B (�2) 9.293(1) 9.255(1) 9.214(1) 9.244(2)

Indirect A-A (�2) 9.293(1) 9.255(1) 9.214(1) 9.244(2)

Indirect B-B (�2) 9.452(1) 9.396(1) 9.351(1) 9.350(1)

Indirect A-B (�4) 10.176(1) 10.119(1) 10.051(1) 10.046(1)

Distances calculated from crystal data reported in: aRef. [18], bRef. [50]
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6 Interatomic Distances in Inorganic Nb6 and Ta6 Cluster
Halide Compounds with Three-Dimensional Frameworks

6.1 Cluster Units Based on Face-Capped M6X
i
8X

a
6 Building

Blocks

First, among cluster units based on face-capped M6X
i
8X

a
6 building blocks, those

arising from Mo5-xNb1+xI11 compounds must be considered separately from the
others. Indeed, these cluster units are generally characterized by a VEC of 24, leading
to very short M-M (dM�M ¼ 2.695 Å) and M-Xi (dM�Ii ¼ 2.785 Å) interatomic
distances compared to those encountered in cluster units characterized by a VEC of
19 or 20 (Table 3). On the opposite, the M-Xa-a interatomic distances are similar to
those found in the other iodides (Table 3), indicating that VEC value influences only
the [M6X

i
8] cluster core.

Second, the structural transition from the HT to LT forms occurring in Nb6I11 and
derivative compounds with VEC of 19 (excluding Nb6I8.7Br2.3 due to strong disor-
der on apical positions, especially Bra, leading to Nb-Bra distances ranging from
2.567 Å to 4.431 Å) does not influence drastically the interatomic distances: dM�M

¼ 2.846 Å, dM�Xi ¼ 2.864 Å, and dM�Xa�a ¼ 2.919 Å for the HT form compounds
and dM�M ¼ 2.850 Å, dM�Xi ¼ 2.861 Å, and dM�Xa�a ¼ 2.920 Å for the LT form
compounds (Table 3).

Finally, as already mentioned, hydrogen/deuterium atom insertion into Nb6I11
leads to a weak increase of the Nb-Nb distances regardless of the structural form and
a narrower distribution of them (Table 3).

6.2 Cluster Units Based on Edge-BridgedM6X
i
12X

a
6 Building

Blocks

In cluster units based on edge-bridged M6X
i
12X

a
6 building blocks, it should be noted

that the M-M interatomic distances are mainly influenced by the halogen matrix
effect. This effect is particularly important when fluorine atoms occupy (partially or
totally) the inner positions, leading to the shortest M-M distances, as exemplified
by average M-M distances of 2.794–2.803 Å in Nb6F15 or 2.815 Å in
Na2Nb6Br4F11(NbF6), while in Ta6Cl15 and Ta6Br15, the average M-M distances
are 2.918–2.925 Å and 2.957 Å, respectively (Table 3).

In this family of compounds, the halogen matrix effect on M-Xi and M-Xa-a

interatomic distances is also predominant. This is highlighted by the linear evolu-
tions of the average M-Xi (Fig. 26) and M-Xa-a (Fig. 27) interatomic distances with
the average Xi and Xa ionic radius, respectively. This leads to short M-Xi and M-Xa-a

distances of 2.049–2.059 Å and 2.113–2.118 Å, respectively, in Nb6F15 to long
M-Xi and M-Xa-a distances of 2.764–2.795 Å and 3.105–3.110 Å, respectively, in
Ta6I14 (Table 3). It should be noted that the number of clusters (i.e., 2 or 3) shared by

Inorganic Niobium and Tantalum Octahedral Cluster Halide Compounds with. . . 179



Fig. 26 Evolution of the average M-Xi interatomic distances vs. the average Xi ionic radius in
cluster units based on edge-bridged M6X

i
12X

a
6 building blocks

Fig. 27 Evolution of the average M-Xa-a interatomic distances vs. the average Xa ionic radius in
cluster units based on edge-bridged M6X

i
12X

a
6 building blocks
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iodine atoms in apical position presents a weak influence on the M-Xa-a/M-Xa-a-a

distances (Fig. 27).
Due to the linear evolution of the average M-Xi and M-Xa-a distances with the

average Xi and Xa ionic radius, a linear evolution between average M-Xi and M-Xa-a

distances is also observed when both Xi and Xa correspond to the same halogen
atoms (Fig. 28). On the contrary, for a different nature of inner and apical ligands, a
deviation to this linear tendency is expected as exemplified with Nb6Br8F7 for which
inner and apical positions are occupied by fluorine/bromine and bromine atoms,
respectively, or CsNb6Cl8F7 for which inner and apical positions are occupied by
fluorine/chlorine and fluorine atoms, respectively (Fig. 28).

7 Structural Relationships Between Crystal Structures
Based on Hexagonal, Cubic, and Trigonal Symmetry

In Fig. 29 are represented the different cluster arrangements along threefold axes
encountered in crystal structures of three-dimensional cluster frameworks with
hexagonal (i.e., along the [001] direction), cubic (i.e., along the [111] direction),
and trigonal (i.e., along the [001] direction) symmetries. One common structural
feature encountered in these types of structures represented in Fig. 29 is that
niobium/tantalum atoms are located on only one crystallographic site, which is not

Fig. 28 Evolution of the average M-Xa-a interatomic distances vs. the average M-Xi interatomic
distances in cluster units based on edge-bridged M6X

i
12X

a
6 building blocks
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the case for the other structure types discussed in this review. A second common
structural feature is related to the fact that the clusters are located on threefold axes.
This leads at least to six identical M-M interatomic distances, which are related to the
cluster faces perpendicular to the threefold axes. This is also true for CsNb6I11 even
if the crystal structure is non-centrosymmetric (Table 1).

These crystal structures can be described by the stacking of hexagonal layers of
clusters, which are separated from another by layers of apical ligands (Fig. 29). Due
to the existence of only one threefold axis direction in hexagonal and trigonal
symmetry structures (i.e., along the [001] direction), the clusters arising from one
layer are all oriented in the same direction. This is also the case for Nb6F15,
CsNb6Cl8F7, and Na2Nb6Cl8F7(NbF6)-type structure compounds due to the fact
that the centroid of the clusters is at the intersection of the threefold axes along the
[111], [�111], [1�11], and [11�1] directions (Fig. 29). On the contrary, in the other cubic
symmetry structure types (i.e., Nb6Cl12I2, Ta6Cl15, NaNb6Cl15, and KNb6Cl10F5),
the clusters are located on only one threefold axis, leading to four different orienta-
tions of the clusters in the same layer (Fig. 29).

The crystal structure of CsNb6I11 is characterized by the stacking along the c-axis
of two cluster layers, denoted A and B in Fig. 29, leading to a pseudo hexagonal
close-packed arrangement of cluster units. The cluster layers are separated from
another by bent apical-apical bridges. The clusters arising from layer A are related to
clusters of layer B by a rotation of 180� induced by the sixfold screw axis 63.

The crystal structure of Nb6F15 is characterized by the interpenetration of two
cluster frameworks, each forming a pseudo cubic close-packed arrangement “A-B-
C” of cluster units oriented in the same direction (Fig. 29), and related one to the
other by a [½, ½, ½] translation (Fig. 14). The cluster layers arising from the same
framework are separated by linear apical-apical bridges. The crystal structure of
CsNb6Cl8F7 and Na2Nb6Cl8F7(NbF6) is characterized by only one pseudo cubic
close-packed arrangement “A-B-C” of cluster units, the second being replaced by
cesium cations and (NbF6) complexes, respectively. As in Nb6F15, the cluster layers
arising from this arrangement are separated to the others by linear apical-apical
bridges. For the sake of clarity, the crystal structure representation of these com-
pounds, shown in Fig. 29, highlights only the cluster layer stacking common to the
three types of structures, the blue spheres representing either the centroid of the
clusters arising from the second framework or the centroid of the cesium cations
distribution/(NbF6) complexes. As in CsNb6Cl8F7 and Na2Nb6Cl8F7(NbF6), the
crystal structure of Nb6Cl12I2 is also characterized by a pseudo cubic close-packed
arrangement “A-B-C” of cluster units (Fig. 29). However in the latter structure, the
clusters are oriented in four different directions, and the cluster layers are separated
one to the others by bent apical-apical-apical bridges.

The crystal structures of Nb6Br8F7 and Ta6Br15(TaBr6) are characterized by a
cluster layer stacking “A-B-C-A0-C0-B0” along the c-axis, where the cluster layers
are separated one to the others by bent apical-apical bridges similar to those
encountered in CsNb6I11 (Fig. 29). The crystal structures of Ta6Cl15, NaNb6Cl15,
and KNb6Cl10F5 are also characterized by a cluster layer stacking “A-B-C-A0-C0-B0”
but with a higher degree of interpenetration (Fig. 29). These structures can be viewed
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as pseudo cubic derivatives close-packed arrangement of cluster units. However, in
Ta6Cl15, NaNb6Cl15, and KNb6Cl10F5, the cubic symmetry induces four different
orientations of the clusters in the same layer, while in Nb6Br8F7 and Ta6Br15(TaBr6),
the clusters show the same orientation inside the layers. Moreover, in Ta6Cl15,
NaNb6Cl15, and KNb6Cl10F5 structures, bent apical-apical bridges are located
between but also inside the cluster layers, leading to an enlargement and a shortening
of the structure perpendicularly and in parallel to the stacking direction, respectively,
compared to trigonal structures (Fig. 29).

8 Electronic Structure of Niobium and Tantalum
Octahedral Cluster Halide Compounds

Face-capped and edge-bridged octahedral clusters, with the general formula
M6X

i
8X

a
6 and M6X

i
12X

a
6, respectively (Fig. 1), are among the oldest prototypes

of inorganic cluster chemistry [66]. Over the years, these octahedral clusters have
been the subject of considerable theoretical studies carried out at different levels of
theory (mostly extended Hückel (EH) and density functional theory (DFT)) [67–
84]. Results converge overall to a bonding picture where the M-M bonding is based
essentially on the interaction of metal d orbitals, a situation notably different from
the bonding picture for most transition-metal carbonyl clusters [74, 85]. The bonding
in both types of cluster has been described initially in terms of localized two-center
or three-center bonds in M6X

i
8X

a
6 and M6X

i
12X

a
6, respectively [68]. In this descrip-

tion, five hybrid orbitals at each metal atom are directed toward the five ligands,
which are arranged in a square-pyramidal fashion (Fig. 1). The remaining four
hybrid orbitals per vertex point along the edges for M6X

i
12X

a
6 and into the faces

for M6X
i
8X

a
6. Later on, a delocalized molecular orbital model has been developed

providing additional insights into the structural and electronic properties of these
clusters [67, 69, 70, 75]. Qualitative molecular orbital diagrams of face-capped and
edge-bridged octahedral clusters M6X

i
8X

a
6 and M6X

i
12X

a
6 are shown in Fig. 30 to

illustrate similarities and differences in their electronic structures [79]. In summary,
the electronic structure of face-capped M6X

i
8X

a
6 clusters shows 12 M-M bonding

molecular orbitals (MOs) energetically separated from antibonding ones. That of
edge-bridged M6X

i
12X

a
6 clusters exhibits only 8 M-M bonding MOs. Consequently,

full occupation of these M-M bonding MOs leads to stable VEC of 24 and 16 metal
electrons for face-capped M6X

i
8X

a
6 and edge-bridged M6X

i
12X

a
6 clusters, respec-

tively (Fig. 30). These two different “magic” numbers differ due to the different
number and structural distribution of the Xi ligands. Indeed, when the ligands are
face-capped, the metal electrons occupy the regions along the M-M bonds to avoid
electron-electron repulsion. Similarly, when the ligands are edge-bridged, the metal
electrons occupy the regions of metal triangle faces [79]. All theoretical calculations
indicate that the highest occupied molecular orbitals (HOMO), eg for M6X

i
8X

a
6 and

a2u for M6X
i
12X

a
6, are somewhat energetically separated from the other occupied
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bonding MOs (Fig. 30). This is due to their peculiar nodal properties. In the former,
the eg orbitals are weakly M-M bonding, being of local δ symmetry with respect to
an axis extending from M to the neighbor Xa atom as shown in Fig. 31 [73]. In the
latter, the a2u orbital is also of δ symmetry and consequently weakly M-M bonding
(Fig. 31) and moreover is M-Xi antibonding [81]. This peculiar situation confers
exceptional “redox” properties to these face-capped and edge-bridged octahedral
clusters and related properties (paramagnetism, conductivity, superconductivity,
optics, etc.), explaining the sustained interest in these compounds. A great advantage
of the delocalized bonding picture described above is that it can equally well
describe M6X

i
12X

a
6 and M6X

i
8X

a
6 clusters with variable VEC. For example,

KLuNb6Cl18 has a VEC of 16 filling all the M-M bonding MOs of an edge-bridged
octahedron, and the Nb-Nb bond lengths are 2.91–2.92 Å [12]. The existence of the

a1g

M6Xi
8Xa

6
MX5

fragment

HOMO
VEC = 16

M6Xi
12Xa

6

t1u
t2g

t2u
eg

a2g

t2u
t1g

eg
t1u

hy(σ)

d(δ)

d(π)

a1g

t1u

t2g

eu

a2u

t2u
t1g
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t1u

t2g

HOMO
VEC = 24

E

X M
X

X

X

X

Fig. 30 Qualitative molecular orbital interaction diagrams for face-capped M6X
i
8X

a
6 (left) and

edge-bridged M6X
i
12X

a
6 (right) octahedral clusters

Fig. 31 Qualitative sketch of the eg and a2u HOMOs of 24-electron face-capped M6X
i
8X

a
6 (left)

and 16-electron edge-bridged M6X
i
12X

a
6 (right) clusters, respectively
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structurally related LuNb6Cl18 compound (VEC of 15) can be associated with the
partial depopulation of the a2u MO. The Nb-Nb bond lengths are 2.95–2.96 Å,
confirming the weakly bonding nature of the HOMO, and the compound is para-
magnetic [12], confirming that the HOMO is singly degenerate.

8.1 Variable VEC of Nb6I11 and Derivatives

As just said, because of the weakly M-M bonding character of the eg orbital in face-
capped octahedral M6X

i
8X

a
6 clusters, the VEC can rather easily be lowered from

24 to 20. This is the case of the “Chevrel phases” PbMo6S8, for instance [86], amply
discussed in Chevrel-Phases: Genesis and Developments of this volume, which
contain 22-electron [Mo6S

i
8]
2� motifs, rendering this compound superconductor

[87]. Being largely encountered for group 6 and 7 transition elements, face-capped
octahedral M6X

i
8X

a
6 are observed with group 5 metals only for electron-deficient

Nb6I11 and derivatives (Tables 1, 2 and 3). With 20 electrons per motif [Nb6I
i
8I
a
3]
�

in CsNb6I11 [9], the eg orbital is fully depopulated. More puzzling is the drastically
electron deficient 19-electron [Nb6I

i
8I
a
3] unit in the paramagnetic Nb6I11 compound

[28, 54]. Indeed, the low value of VEC ¼ 19 is the reason for a reversible
incorporation of a hydrogen atom into the cluster center.

8.2 Electronic Structure of Edge-Bridged M6X
i
12X

a
6 Clusters

Examination of Tables 1, 2, and 3 indicates that the same relatively regular octahe-
dral architectural unit is observed in all edge-bridged inorganic niobium and tanta-
lum octahedral cluster halide compounds, regardless of the VEC which can vary
from 14 to 16. There is, however, some significant lengthening of the M-M distances
and some shortening of the M-Xa and M-Xi bond lengths, respectively, with the
diminution of the electron count from 16 to 15 or 14. This is the case, for instance,
for the structurally related 16-electron KLuNb6Cl18 and 15-electron LuNb6Cl18
compounds just mentioned above due to the partial depopulation of the a2u
HOMO in the latter [12].

It is clear that the conceptual ease of describing the structure of inorganic niobium
and tantalum octahedral cluster halide compounds with the isolated “molecular”
method of construction outlined above obscures the effect of intercluster contacts.
As shown above, clusters can pack in different ways generating a plethora of zero- to
three-dimensional solid-state structures (Table 1). We may wonder if the various
features of intercluster connection and/or the variability in positioning and stoichi-
ometry with regard to the intercalated counterions can influence the VEC of the
M6X

i
12X

a
6 motifs. It seems not much looking at Table 1 where most of M6X

i
12X

a
6

clusters possess a VEC ¼ 16, regardless of the dimensionality of the solid-state
compounds. Indeed, because of the rather large separations between the M6X

i
12X

a
6
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motifs encountered in this kind of compound, it would be difficult to imagine that the
energy bands in the solid-state structures, which can be thought of as consisting of a
broadening version of the cluster MOs depicted in Fig. 30, would be so perturbed
as to modify the electronic properties expected from the “isolated” clusters. This
suspicion has not been directly confirmed for inorganic niobium and tantalum
octahedral cluster halide compounds since no periodic theoretical calculations
have been performed so far to the best of our knowledge. On the other hand, this
has been confirmed using periodic EH-tight binding [88] and DFT [89] calculations
for related octahedral niobium cluster-based solid-state oxyhalides such as
RbNb6Cl12O2 which contains 15-electron [Nb6Cl

i
10O

i
1Cl

a
2O

a
1]
� units and related

compounds [36]. The electronic density of states (DOS) in these species shows
narrow peaks that indicate weak intercluster three-dimensional interactions in the
compound.

9 Summary

In this review we have surveyed the development of crystal and bonding chemistry
of face-capped and edge-bridged inorganic niobium and tantalum octahedral cluster
halide compounds, over a long period, from its origin to most recent work, with a
particular emphasis on those showing three-dimensional cluster frameworks. Struc-
ture and bonding are intimately linked to the valence electron concentration, i.e., the
number of electrons that held the octahedral architecture. Apart from Nb6I11 and
derivatives, which show electron-deficient face-capped M6X

i
8X

a
6 units, compounds

containing edge-bridged M6X
i
12X

a
6 motifs are the most largely encountered.

Closed-shell compounds with a valence electron concentration of 16 are predomi-
nant, although a few 15-electron open-shell magnetic compounds or even
14-electron closed-shell species have also been reported.

Particularly interesting from a structural point of view is the fashion in which
these face-capped and edge-bridged clusters “pack” in crystals. The astonishing
diversity of structural types, which are observed, is mainly due to the flexibility
of the halogen ligands to coordinate in various manners to metal atoms. This is
highlighted with the fact that fluorine ligands in apical positions favor the formation
of linear bridges between building blocks, whereas they are bent for other halogens,
or the predominant halogen matrix effect on M-Xi and M-Xa-a interatomic distances.
Moreover, considering the ionic nature of the M-Xa bonds compared to the M-Xi

ones, it turns out that all these structures can be described by the stacking of layers of
{M6X

i
12}

n+ or {M6X
i
8}

n+ cluster cores separated by layers of apical ligands {Xa}�.
The nature of the clusters orientation arising from one layer influences the degree of
ordering/disordering of the apical ligands in their corresponding layers. This is
exemplified with hexagonal, trigonal, and cubic structures, where the localization
of the cluster units on a threefold axis leads to one or four different orientations of the
clusters in the same layer, inducing in the former case a higher degree of ordering of
the apical ligands compared to the latter case. Finally, a rigorous structural analysis
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of these compounds reveals no close relationship between the valence electron
concentration and the variability of the intercluster connections and/or the nature
of the counterions. Indeed, the main bonding features of these compounds can be
understood from the delocalized bonding picture of isolated “molecular-like”
M6X

i
8X

a
6 or M6X

i
12X

a
6 clusters.
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