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The low-dimensional Mog and Reg cluster chalcohalides syn-
thesised from solid-state reactions at high temperature are
reviewed. Their crystal structures are described in terms of
interunit connectivities involving inner and apical ligands
shared between adjacent cluster units. It will be shown that
such architectures are controlled by the geometry of the

MgL44 cluster units, the steric hindrance of the ligands linked
to the Mj cluster, the specific location imposed on the halo-
gen or chalcogen ligand and the most favourable electron
count on the cluster core, considering halogen and chalcogen
stoichiometries.

Introduction

Nanometric building blocks are useful for the formation
of low-dimensional materials if they can be connected direc-
tionally by sharing some atoms or by using additional con-
nectors. Such crystal engineering clearly depends on the ge-

[a] Université de Rennes 1, UMR CNRS 6226, Sciences Chimiques
de Rennes,
bat. 10A, case 1008, Avenue du Général Leclerc, 35042 Rennes
cedex, France
Fax: +33-2-23236799
E-mail: andre.perrin@univ-rennes].fr
christiane.perrin@univ-rennesl.fr

ometry of the building block and on its ability to share
some ligands with adjacent units or to connect to spacers.
The latter case implies the use of complexes, organic or or-
ganometallic ligands external to the precursor building
block as it is frequently the case for elaboration of nanoma-
terials and supramolecular compounds by solution chemis-
try routes, for instance in metal cluster (according to the
well accepted definition given by F. A. Cottonl'l) chemis-
try.>-8 The recent developments of the latter hybrid or-
ganic/inorganic chemistry, in regards to the considerable
emergence of nanosciences in recent years, has obscured
some pioneering work developed in solid-state chemistry:
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here the building blocks can be connected together directly
during high temperature synthesis, starting from a stoichio-
metric mixture of elements and/or binary compounds. The
chemistry of metal clusters is of special interest from this
point of view because of the specific geometry and the abil-
ity of clusters to form a variety of different connections.
This is especially the case for Mog and Reg chalcohalides
described in this microreview because the presence of both
halogen and chalcogen ligands with their different elec-
tronic characteristics, linked to the My octahedral core, op-
ens the way to the control of a variety of cluster connectivit-
ies by ab initio syntheses. This then gives access to tailored
low dimensionality compounds. This mechanism takes
place by means of the directional in situ condensation of
ML, units in one, two or three directions in space, a situa-
tion very different from the direct condensation of metallic
clusters that leads, for instance, to 1D T1,MogY (Y = chal-
cogen)P! which is based on chains built from the Mog metal
cluster sharing two opposite faces of their octahedral cores.

The M¢L#gL% Building Block

The Mg (M = Mo, Re) chalcohalides are built from the
M¢LisL3 building block —inscribable in a sphere of one
nanometre in diameter— in which the octahedral cluster,
consisting of six metal atoms in the d* state (Mo'f or Re'™)
linked together by metal-metal bonds, is always bonded to
14 ligands (Figure 1): this metal cluster is face-capped by

Figure 1. The MgLisL?% cluster unit.

Table 1. Mog and Reg chalcohalides reported in this microreview.
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eight inner ligands (noted LY), while six apical ligands
(noted L?) are in terminal positions. This configuration
builds a square-pyramidal environment of ligands around
each metal atom. A ligand shared between two units is
noted L* 2, L or L2 depending on the shared positions.
This notation, which is very useful for describing schemati-
cally all the compounds built from the M¢L4 units, was
proposed for the first time by H. Schifer and H. G. von
Schnering!'” and is now commonly used in metal cluster
chemistry. Note that owing to the difference in valency and
electronegativity between the two types of ligands, in Mog
and Reg chalcohalide chemistry, the L* and L*?# positions
are occupied in priority by the halogen, while L and L2
are occupied in priority by the chalcogen (see Table 1). The
L! position can be occupied by either halogen or chalcogen
leading frequently in the averaged structural model to a
random occupancy of the inner sites by both halogen and
chalcogen, often described as a “rotational disorder”. In-
deed, the more highly charged chalcogen prefers an envi-
ronment adjacent to a positively charged metal centre when
compared with the less highly charged halogen.l'':!?1 Of
course, in the case of pure My chalcogenide chemistry, the
chalcogens occupy all the ligand type positions, for instance
in the Reg ternary chalcogenides.['3] Nevertheless, it should
be borne in mind that for a given compound, all the cluster
units MgL 4 building the framework possess the same stoi-
chiometry, due to a fixed valence electronic count (VEC,
see below). Exceptions are extremely rare in solid-state syn-
thesised compounds and correspond to the presence in the
structure of two types of cluster units, each of them exhibit-
ing a fixed halogen/chalcogen ratio: for instance in the solid
solution Cs3Mogl 4 Se, (1.2 < x < 1.7) where two discrete
Mos cluster units, [(Mogl';Se')I%]> and [(MoglisSel,)I%c]>~
with VEC values of 24 and 23, respectively, coexist in the
structure in a ratio depending on the x value,'* or in
Rb, MogBr4 ,Se, (0.2 < x < 0.7) built from the two dis-
crete [(MogBrig)Bris]> and [(MogBr';Se')Bréc]>  units, both
with a VEC value of 24, in a ratio depending on the rubid-
ium stoichiometry.!”]

Compound® Space Formulal® (X-YLYH YH9) yadiXaaxald  Average M-M  Shorter M-M Ref.

group intracluster intercluster

distance [A]¢l  distances [A]!

2-Dimensional
MogBrgSs Cmcm [(MOGBI‘i4Si7i2/2Siiaz/z)saiiz/zBraiag‘/z] 4-0,2,2)2,4,0 2.66 3.54;3.53 1301
RegSesClg Cmca [(Reg CIi,Selg)Cla2,,Cl2,] (2.6,0,0)0,4,2 2.61 4.52;4.52 (44
RegSegCl, Pl [(RegSelsSet2y/5) Sety,Cl2,] (0-4,0,4)4,0,2 2.64 3.41;3.44 1531
CsRegSgBrs P%]/l’l [(Re6Si6Si—a2/2)Sa—i2/2Bra—32/2Braz]— (0-6,0,2)2,2,2 2.60 3.25;4.53 163
TIResSesCls Pl [(RegSe'sSe23/5)Se 15,Cla5] (0-5,0,3)3,0,3 2.64 3.38; 3.40; 3.46 49
1-Dimensional
MOéIgSez P@j, [(M061i5SeiSei’iz/z)I""am] (51, 2, 0) 0, 6, 0 2.71 3.77 35.36]
RegSesClg Pl [(RegCli3Sels)Cla#,,Cl2,] (3.5,0,0)0,2, 4 2.61 447 44
Cs,ReqSgBry P21/l’l [Re6(si6Saﬁiz/z)siiaz/zBra‘t > (0-6,0,2)2,0,4 2.60 3.25 1471

[a] Compounds of the Mg—X-Y system, the structures of which have been determined by single-crystal X-ray diffraction. All of them
exhibit a VEC value of 24. [b] Developed formula. [c] Number of ligand types per MgL4 cluster unit with X = halogen and Y =
chalcogen; for inner positions, the X,Y notation indicates a random halogen/chalcogen occupancy. [d] Averaged metal-metal intracluster
distances. [¢] 2D: shorter metal-metal intercluster distances in the layer and 1D: shorter metal-metal intercluster distances along the chain.
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Theoretical studies have been carried out by using vari-
ous methods.['2! The molecular orbital diagram of these
MLigL% units is built from six MLs fragments in which
M is in a square-pyramidal environment. The 12 highest
molecular orbitals occupied by the electrons have metal-
metal bonding character with a HOMO level formed by a
doubly degenerated orbital with e, symmetry, considering
an ideal O, symmetry for the MgL,, unit.l' These metal-
metal bonding orbitals are completely filled for 24 valence
electrons per cluster (VEC = 24) which constitutes the
“magic number” in Mog and Reg cluster chalcohalide chem-
istry: this number clearly corresponds to two electrons per
metal-metal bond. Indeed, the Mg chalcohalides obtained
up to now by the solid-state route usually exhibit a VEC
value of 24, with the exception of MogYyg X, (Y = chal-
cogen, X = halogen) Chevrel phase analogues for which the
VEC value can be varied from 20 to 23.% In such com-
pounds the quite strong interactions between the cluster
units lead to a band structure causing metallic conduction
when the bands are partly filled, while the other chalcohal-
ides, in which the intercluster interactions are weaker, exhi-
bit more discrete energy levels and then a VEC value of 24
which is associated with dielectric or semiconducting behav-
iour. Note that as above mentioned, extremely rare exam-
ples of compounds, in which discrete units with VEC = 24
and VEC = 23 coexist, have been isolated in solid-state
chemistry. In contrast, these metal clusters, due to their ox-
ydo-redox properties, are readily oxidised by electrochemi-
cal or soft chemical routes to give many examples of 23
VEC based compounds.?3-27]

The specific geometry and characteristics of these
M LigL% building blocks gave access to a great number of
3D, 2D, 1D and 0D Mg cluster compounds widely reported
in the literature: a number of review papers were published
on the general chemistry of such MgL4 cluster units during
the last decades.?*34 In the following discussion, we have
chosen to focus on significant examples of Mog and Reg
cluster unit connectivities leading to 1D and 2D frame-
works in relation to the emergence of the need for new ma-
terials in the form of nanowires or nanoplatelets for the
purpose of nanotechnology research. All of them, exhibit-
ing a VEC value of 24, have been prepared by solid-state
synthesis at high temperature (800-1100°C) and sub-
sequently structurally characterised by single-crystal X-ray
diffraction.

1D Mg Chalcohalides

Mog Chalcohalides

MogBrgS,, MoglgS, and MoglgSe,: Three 1D isotypical
Mo chalcohalides have been isolated, namely MogBrg-
S5, MoglsS, and MoglgSe,.[>>3 They are built up from
[(MogXisY'Y',,)X* ] cluster units interconnected in
one direction by an inner-inner chalcogen and three associ-
ated apical-apical halogens, due to steric considerations.
The six remaining inner positions are randomly occupied
by one chalcogen and five halogen atoms (Figure 2). These
3850

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chains are connected together by van der Waals interactions
only and, in consequence, the compound crystallises in
form of needles. These needles are very difficult to break
along the growing axis due to the strong intercluster con-
nections along this direction by the Y'*! and X*? ligands
but they are very brittle in a direction perpendicular to this
axis (Figure 3).

Figure 2. MoglgSe,: representation of a chain of units (top) and a
projection of the structure along the ¢ axis (bottom). Colour code:
black for Mo, red for chalcogen, yellow for halogen, orange for
halogen/chalcogen in a statistical occupancy.

Figure 3. SEM image of MogBrgS, (left) and MoglgS, (right).

Due to these characteristics, the single-crystal X-ray
structure determination performed on MoglgSe, was not
very accurate, but the architecture was confirmed some
years later by J. D. Corbett et al. who obtained very fibrous
needles of NbglsS. A reaction in the presence of Rbl or Csl
gave them better single-crystals of this phase allowing an
accurate X-ray structure determination leading to the
[(NbIi¢Si,/,)1* 2,] developed formula.?”! Indeed, in the
latter compound, no random halogen/chalcogen distribu-
tion was present on the inner position, giving a VEC value
of 19 which is typical of Nbg iodide chemistry*®l and a less
symmetrical unit-cell, while the 24 VEC value observed for
MoglgSe, is the magic number in Mog chalcohalide chemis-
try, giving a more symmetrical unit cell, as expected. A

Eur. J. Inorg. Chem. 2011, 3848-3856
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theoretical study suggested NbgloS to be a semiconductor
or a semimetal along the chain direction.**! Notice that hy-
drogen can be inserted in the centre of the Nbg cluster of
the NbglyS compoundB” as in other Nbg iodide examples,
for instance in Nbgl, .9 This gives (H)NbgloS with a VEC
value of 20, whereas such hydrogen insertion in Mog clus-
ters has never been observed.

The MoglgS, fibres have been recently used as nanowires.
Indeed, they can be dispersed in 2-propanol after ultrasonic
debundling and sedimentation*!! for use as an alternative to
carbon nanotubes for applications in nanotechnology (see
ref.*?l and references cited within). An original use of these
fibres was reported by M. Remskar et al. who sulfurised
the MoglgS, precursor under an H,/H,S flow in order to
obtain MoS, nanotubes with encapsulation of MoS, fuller-
enes inside these nanotubes.?! Recently, the “MogSy -
I, (4 < x < 6) composition was proposed for such fibres,
preferentially with x = 6 and 4.5, assuming the absence of
the L ligand (see ref.[*?)) that is not consistent with the
general rules of Mg cluster chemistry stating that each mo-
lybdenum atom of the Mg cluster is always located in a
square-pyramidal environment. Notice, that in contrast to a
“Mo0gS4.514.57 or “MoglgS;” composition, only the MoglgS,
stoichiometry provides a pure compound when used in the
starting mixture. However, a slight shift with respect to the
ideal MoglgS, stoichiometry, corresponding to the formula
[(Mogl's .St 1, S 512 4)5], something which should main-
tain the shape of the fibres and the square-pyramidal envi-
ronment of each molybdenum atom, cannot be ruled out.
Indeed, the inner positions could be randomly occupied by
either a halogen or chalcogen with a VEC < 24 for y > 0,
the other L and L#? positions remaining only occupied
by a chalcogen or halogen respectively (see above). But,
such a hypothetical solid solution, which is difficult to evi-
dence in solid state chemistry by powder X-ray diffraction,
has not been structurally characterised up to now.

Reg Chalcohalides

Notice that such M¢L;, fibres have never been observed
with Reg clusters: indeed, such a hypothetical architecture
with the maximum chalcogen amount, taking into account
the Mg chalcohalides rules for positioning halogens and
chalcogens, should be [(RegYlY',,)X* %], correspond-
ing to a VEC value of 25. This supposes the filling of anti-
bonding metal-metal bands. In order to stabilise such an
arrangement, it would be necessary to add one counter
anion in order to obtain a VEC of 24 and this would lead
to a formula such as RegY;X;3 X. Such a stoichiometry ef-
fectively exists but with a tridimensional stacking and is
written as [(Reg Y, X)X 2 (,].14%] In place, two 1D arran-
gements have effectively been reported in Reg cluster chem-
istry:

ResSesClg: The needle-shaped RegSesClg, exhibits a crys-
tal structure based on trans CI*?# bridged [(RegSe'sCliy)-
Cl*#,,,CI%4] cluster units, where the chains linked together
by van der Waals interactions develop in a zig zag way due

Eur. J. Inorg. Chem. 2011, 3848-3856
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Figure 4. ReeSesClg: representation of the structure along the ¢
axis. Colour code: black for Re, yellow for halogen, orange for
halogen/chalcogen in a statistical occupancy.

to the angles of the chlorine bridges (Figure 4).44 The eight
inner positions are randomly occupied by five Se atoms and
three Cl ones. The corresponding thiobromide was reported
to exhibit a related structure, although not isotypical, due
to a change in the halogen bridge angle.[4°]

Cs,;ReqSgBry: Accurate structural data were obtained for
the fibrous (see Figure 5) Cs,ResSgBry#7! although it was
obviously very difficult to select defect-free crystals. This
structure confirms previously reported structures of
Rb,ReSgBr,, #0481 Cs,ReqSegBr,'!l and Tl,RegSegCly:*]
cluster units are linked by trans Y'#/Y*1 double bridges,
leading to linear chains [(RegY'sY %5)Y* 5 X4 (Fig-
ure 6) interacting together by Coulombic forces.

Figure 6. Representation of the chains in the structure of
Cs,RegSgBry. The caesium atoms have been omitted for clarity;
these atoms lie between the cluster units chains. Colour code: black
for Re, red for chalcogen, yellow for halogen.

3851
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2D Mg Chalcohalides

Mog Chalcohalides

MogBrgS;: With a Mog cluster, a 2D architecture has
been found in the Mo-S—Br system MogBreS;.5% Up to
now, no similar chalcohalide has been evidenced in the
other halogen-chalcogen systems. This compound is built
up from chains - similar to the ones observed in
MogXsY, — in which the [(MogBr,St 58" 2,,5)S% 15, Bre2,]
cluster units are slightly tilted in order to locate two inner
sulfur atoms in apical positions for the clusters of two adja-
cent chains giving formation of a layer by means of these
S+2/S21 interunit connections (Figure 7). Cohesion of the
structure is accomplished by van der Waals contacts be-
tween layers, giving to this compound a strong 2D charac-
ter confirmed by its crystallisation in the shape of thin rib-
bons which can be easily cleaved (Figure 8). This chalcohal-
ide could give access to platelets of nanometric thickness
using a similar process reported in ref.[*!]

0 ot N,
RS

Figure 7. MogBrgS;: view of a layer along the a axis (top) and view
of three adjacent layers along the b axis (bottom). Colour code:
black for Mo, red for chalcogen, yellow for halogen.

Figure 8. MogBr¢S;: SEM micrograph of single crystals.

This compound with a VEC value of 24 exhibits semi-
conducting behaviour with an activation energy of 0.02 eV
calculated from resistivity measurements on a sintered pel-
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let and 0.12 eV calculated from a single crystal measured
along the direction of the growing axis of the cluster
chains.’!l This difference suggests a strong anisotropy of
the material.

Res Chalcohalides

In place of condensation by L' connections, unknown
in Reg chalcohalide chemistry, three 2D Reg chalcohalide
frameworks were evidenced based on different interunit
linkages.

RegSesClg: In the example of RegSesClg, two pairs of
CI# 2 bridges develop in a plane, while the remaining apical
ligands are terminal and point towards the third direc-
tion.[**21 Such interunit connections build layers of units
that are imbricated to each other perpendicularly to the
layer plane (Figure 9). The eight inner positions of the clus-
ter unit are randomly occupied by six Se and two CI atoms.
This compound, which can be written [(ResSe'sCl',)CI%,.
Cl2 2], is in fact strictly isostructural with the binary ha-
lides M¢X;> (M = Mo, W) which were the first examples of
octahedral clusters discovered a long time ago by C. Bros-
setl3 and structurally characterised by H. Schifer et al.b4
Note that attempts to synthesise the analogous RegSeBrg
were unsuccessful,[*®l perhaps for steric reasons.

o
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0 21 © 220
9‘%0 °¥g ©
o} ©

Figure 9. Re¢SesClg: view of a layer along the a axis (top) and view
of three adjacent layers along the ¢ axis (bottom). Colour code:
black for Re, yellow for halogen, orange for halogen/chalcogen in
a statistical occupancy.

ReSegCly: The structure of RegSegCl, is more compar-
able to that of MogBr¢S; while the S* bridges are here re-
placed by a second pair of Se*#/Se* bridges: it turns out
that the clusters are tilted and the layers are connected only
by weak van der Waals contacts implying terminal chlo-

Eur. J. Inorg. Chem. 2011, 3848-3856



Mog and Reg Cluster Chalcohalides

rines.”>>!  This this compound, written as

a strong two dimensional

gives  to

[(RegSe'sSet242)ClSe™ 'y o),
[56]

character (Figure 10).

Figure 10. RegSegCl,: view of a layer (top) and view of two adjacent
layers along the ¢ axis (bottom). Colour code: black for Re, red for
chalcogen, yellow for halogen.

Millimetre-sized single-crystals were grown (Figure 11).
These are easily cleavable by the adhesive tape method and
effectively exfoliated by hydrazine intercalation.’” Trans-
port measurements confirm an anisotropy of the resistivity
of about 10?0% for this n type semiconductor with a direct
band gap of 1.42 eV and photoconductive properties.[*]

Figure 11. RegSesCl,: SEM micrograph of single crystals high-
lighting mica-like faces.

A solid solution was evidenced for a partial substitution
of Se by S or Tel*®! but a complete substitution by sulfur
and/or substitution of chlorine by bromine led to a com-
pletely different structure.[®%¢!] The cluster units here are
linked in two directions in space by halogen X**# bridges
and in the third by pairs of chalcogen Y*/Y*~ double brid-
ges. Note that the latter were omitted in ref.[*%, leading er-
roneously to some Re atoms deprived of their apical li-
gand.l!l These compounds, then, are in fact actually 3D.
The thiochloride RegSgCl, also exhibits this structure.[>8-621

CsRegSgBr3: This compound is built from rigid chains
based on tfrans S"*/S*% double bridges (refer to 1D
Cs,ReqSgBry above), linked together by Br* @ bridges form-

Eur. J. Inorg. Chem. 2011, 3848-3856
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ing layers of cluster units. The framework is then written
[(RegS'6SH55)S% 1, ,Bra2,,,Bré,]- (Figure 12).31 The Cs*
counter cations are sandwiched between two layers, ensur-
ing the structural cohesion in the third direction by electro-
static interactions. This compound is isostructural with the
iodine representative CsRegSgls.['!]

ﬁ:ﬁ%
R

Figure 12. CsRe4SgBrs: representation of a layer. Cs™ counter cat-
ions lying between adjacent layers were omitted for clarity. Colour
code: black for Re, red for chalcogen, yellow for halogen.

European Journal
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Discussion

The Mog and Reg chalcohalides described in this review
are gathered together in Table 1 with their developed for-
mulae, the number of ligand types per cluster unit as well as
the intra- and intercluster metal-metal distances observed in
each compound.

We can see the diversity of interunit connections giving
access to these 2D and 1D architectures which involve all
the possible L, L2 L2 and L*? ligands shared between
adjacent units. However, owing to the geometry of the
MqgL,4 cluster units, the steric hindrance of the ligands
linked to the Mg cluster, the specific position imposed on
the halogen or chalcogen ligand and the most favourable
VEC of the compound considering halogen and chalcogen
stoichiometries, the number of possible architectures are
quite limited. All the possibilities have been systematised by
A. Perricone et al.[*] albeit restricted to the case of symmet-
rical bridges, by J. R. Long et al.l''l in the limited case of
the (ReqY's) cluster core and by P. Batail et al.B?!'l in a very
general case of cluster cores. Both the latter include the pos-
sibility of odd numbers of bridges. Note that only few Mog
chalcohalides of low dimensionality have been isolated,
while the Reg chalcohalide chemistry is richer due to larger
possibilities of halogen/chalcogen combinations per RegL 4
unit in relation to a higher number of valence electrons of
the Re element when compared with Mo one (seven instead
of six).

The double L#/L# bridge connecting two M atoms of
two adjacent Mg clusters with a short M—M intercluster
distance (see Table 1) found in these chalcohalides is the
same as the interunit bridges found in A MogYg Chevrel
3853
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phases with the [(MogYLY! %) Y% 5] framework (A =
wide variety of differently charged cations), the first cluster
compounds discovered with such interunit connectivity.[64
This is different from the arrangement of the simple
L2 and L* bridges observed in several ML, cluster com-
pounds built from edge-bridged Mg clusters, for instance in
NbeCl,4%% or CsZrl 4,10 that give longer M—M interclus-
ter distances (> 4 A).

Notice that the unit condensation by the L™ inner-inner
bridge observed in the two reported Mog chalcohalides is
rare and, up to now, unknown in rhenium chalcohalide
chemistry. However, in Mg chalcogenide chemistry we can
recall the two examples of S*' ligands in Cs; 15sM01,S,4 built
from infinite chains connected to each other in the two
other directions by S"#%/S* ligands {[(MogS",/,S" %4/)-
S, 5] framework } 7 and in Ba;Mo,,S;5 built from dimers
of cluster units interconnected by S"%/S*1 ligands
{[{(MOé)zsigsiiiSiiaé/z}Saiié/zsafa:;] framework}.[ﬁgl In Reg
chalcogenide chemistry, the uniquely related example is
Kg[Re,CS7CNg] in which two Reg clusters are connected
by one Ci ligand leading to a dimeric unit.[®! This unusual
compound, at the border of the scope of this microreview,
is obviously zero dimensional but one can speculate on the
possible formation of chains such as (RegCi, Yie) X% 20
in hypothetical compounds that could be formulated, for
instance AResCY X3 (A = monovalent cation).

Concerning the 1D chalcohalides, the three possible con-
nections in one direction by 2 L=, 2 L*? or 2 (L+#/L*)
which build chains of units have been observed in
MoglgSe,, RegSesClg and Cs,ReqSgBr, In all these com-
pounds, two identical L ligands are located in the trans po-
sition of the cluster unit. In contrast, ligands of different
types in the frans position have not yet been encountered,
such as in the hypothetical compound “[(MgL};Li2,,)-
La—il/2La—al/2La4]” glVlng for instance MO6I“_SS or R66S8I4'5
with VEC values equal to 22.5 and 21.5, respectively. In
2D compounds, similar arrangements could be speculated.
Nevertheless, the interunit connections are almost always
built by pairs of identical ligands located in a trans position
of the cluster unit. This observation is in agreement with
the systematisation of J. R. Long et al. on the possible con-
nectivities between Mg cluster units which indicates that
mainly chalcohalides with pairwise connectivity have been
experimentally observed.['!l However, an exception should
be reported: the 2D TIResSesCl; built from layers
[(RegSelsSe 25,,)Se? i5,,Cl%;] in which one cluster unit is
linked to three others by three Se*#/Se*' bridges (Fig-
ure 13).[4%

These three bridges are located on one side of the cluster
unit while the three apical chlorines are located on the op-
posite side giving a fac geometry to this arrangement which
is very rare in Mg cluster solid-state chemistry. However,
few examples of fac isomers have been reported in the lit-
erature in hybrid organic/inorganic Reg cluster compounds,
for instance in [(n-C4Ho)sN][fac-RegSelg(PEt;)331%5],[70
fac-RegSBri(PPh;)%;Bras"1 or in  fac-RegY!;Bri(Pyz)?s-
Bri;-xH,O (Y =S, Se).l”?l However it is noteworthy that all
these compounds were obtained by “soft” chemistry.
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Figure 13. TIRe(SegCls: representation of a layer (redrawn from
ref.*). Colour code: black for Re, red for chalcogen, yellow for
halogen.

Table 1 also gives the average M—M intracluster distances
for the given structures. All of them correspond to a Pau-
ling bond order PBO* close to 1. The matrix effect, de-
fined by J. D. Corbett as metal-metal separation being dic-
tated by ligand-ligand contact distancel’ is then quite
small in these ML, clusters. In fact, the cluster deform-
ability was calculated to be about 2% in the example of
MogL 4 clusters when going from smaller (Cl") to a larger
(I) inner ligand.['?]

Intercluster M—M distances are obviously strongly de-
pendent on the connectivity mode: they are in the range
3.2-3.5 A for double Y*#/Y*" bridges and around 4.5 A for
X2 bridges depending of course on the ligand size. Y
associated with X*? ligands is a special case: values as dif-
ferent as 3.54 and 3.77 A are obviously related to different
ligand sizes. M-M distances between chains or layers are
typically about 6 A or even more. Other significant dis-
tances, namely M—X' and M-Y! are not discussed here, due
to the wide distribution of examples. Notice that there is a
general trend for M-X® distances to increase significantly
with the anionic charge of [McL4]* unit, as calculated!'>7!
and observed!”>7% in a wide series of Reg chalcohalides.

Conclusions

In this microreview, restricted to 1D and 2D Mo and
Reg octahedral cluster chalcohalides, we have gathered the
various possibilities of building chains or layers of cluster
units by sharing different ligand types between the units
considered as building blocks. Obviously, the mode of con-
nectivity is limited by the general rules governing the archi-
tecture of individual cluster units, the preference for a given
ligand to form a specific bridge and also by steric hindrance
of ligands. In summary, 1D compounds can be built either
from L#2, L# or L™ bridges: all the corresponding exam-
ples are already known. In the case of 2D connectivity, the
possibilities are larger:
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— two pairs of L2 bridges

— one pair of L*?* and one pair of L

— two pairs of L@

— one pair of L (associated to intrachain L*?) and one
pair of L2,

— one pair of L' and one pair of L2

All these connectivities were reported with the exception
of the last one and this is because, due to unit geometry, the
formation of a L™ bridge implies the associated creation
of L*® bonds along the chain. As a general rule, all these
interconnections are symmetrical and then involve an even
number of identical ligands. Exceptions are very rare in so-
lid-state chemistry and are more often encountered in solu-
tion chemistry.

Based on these observations, a number of formulae can
be imagined. Examining for instance the data reported by
Perricone et al.l*l (given for the example of the A—Re-S—
Br system; A = alkaline) a number of expected phases have
been reported. However, some additional observations can
be made: i) several compositions (calculated from valency
balance and VEC number) lead to isomers, refer for in-
stance to AReSgBr; which could be written either as 1D
[(ReeSs)Br* #g,] or 2D [(RegS'6S™#52)S* T Br 5, Brés] .
Only the second connectivity was reported. Similar behav-
iour was observed for A,ResSgBry. These two examples sug-
gest that the S"%/S* double bridges could be more stable
than the Br* @ simple bridge; ii) compounds AResY (X, and
AsReqY,Xs, for which only a developed formula based on
X2 bridges can be written, have not been fully structurally
characterised although they have been detected a long time
ago in AgResSesCl; and ZnRegSe,Cls;’”! iii) the com-
pounds AResY ;X5 (2D or 1D according to two possible
developed formulae) have not been observed for reasons not
yet understood.

Finally, all the compounds reported here originate from
solid-state chemistry and were synthesised ab initio from
elements and/or binary compounds. An alternative ap-
proach to control the dimensionality of such cluster based
materials, based on solution chemistry, has quickly emerged
in recent years. The general idea is to start from (soluble)
0D compounds, eventually obtained by dimensional re-
duction!!'!-3% (or excision) of solid-state condensed com-
pounds, to functionalise some apical ligands and treat them
with a well chosen bidentate ligand in order to rebuilt poly-
meric species. Prominent examples involve inorganic chem-
istry or organic ligands in order to rebuilt 1D or 2D com-
pounds — many polymeric species were reported by V. E.
Fedorov et al.’® and J. R. Long et al.”! starting mainly
from cyano functionalised clusters coordinated to transition
metal complexes. This approach is illustrated, for instance,
by 1D [Ni(NH3)x(en)s o[ {Ni(NH3)4} ResSes(CN)6]Cl,,2H,0
(linear chains) or 1D [{Mn(H,O)(en,)}][Mn(en,)ResTeg-
(CN)g],3H,O (zig zag chain) and 2D (NHy),[{Ni(en),}s-
{RegTeg(CN)glo], 6H,O (wavy layers).B) A comparable
polymerisation scheme occurs from hexahydroxo rhenium
clusters.[®]

Organic ligands were extensively used by Z. Zheng et
al.®? and can act by means of hydrogen bonding {example
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of linear 1D [(M¢Seg)(PEt;)4(isocotinamide),]*" 821} or can
be mediated by secondary metal coordination, as above, in
the example of 4,4'-dipyridyl ligands.??) Although dimers
based on the trans linkage of two clusters by ditopic 4-pyr-
idyl, for instance [{Re;»Se ¢(PEt)s}0(4,4'-bpy)]**, were re-
ported,”! we have no knowledge of extended polymerisa-
tion that would produce 1D chains by direct linkage by
such bidentate organic ligands. Maybe the reason is purely
technical, as such species are expected to quickly precipitate
from solution without allowing the growth of single crystals
suitable for structure determination.
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