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Mo, 5S,: First Evidence of a New Molybdenum Cluster Type in a Metastable

Solid-State Compound

Dialla Salloum,'”! Régis Gautier,”” Michel Potel,””! and Patrick Gougeon*!*!

Abstract: The MosS,, compound was
obtained by thermal decomposition of
the metastable binary Mo;sS,, in sealed
silica tube at temperatures above
500°C. Its crystal structure was solved

original Mo,S,; cluster unit and the
classical one Mo4S¢Ss interconnected
through Mo—S bonds. The Mo core of
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the MooS,; unit is totally new and
formed a tricapped trigonal prism.
Quantum chemical calculations carried
out in order to understand these trends
as well as magnetic susceptibility mea-

and refined from a two-component
composite crystal by X-ray diffraction
in the hexagonal space group P6s/m
and consists of an equal mixture of the

cluster

Introduction

Chalcogenides containing low-valent molybdenum are gen-
erally characterized by metal clusters of diverse sizes and
geometries!!! and have been studied intensively in the last
three decades because of their exceptional physical proper-
ties.”! In such compounds, the Mo clusters can accept a vari-
able number of electrons (often called metallic electrons
(ME)) available for Mo—Mo bonding. The ME count, which
governs the physical properties, can be modified through
topotactic reduction—oxidation reactions at low tempera-
tures. This is particularly well exemplified by the silver dein-
sertion from Ag;,MooSe;; that yields the isomorphous meta-
stable compound 0-Mo,Se,;.”! The latter phase is a super-
conductor with 32 ME per Mo, cluster, while the parent ter-
nary compound is a semiconductor and has 35.6 ME per
Mo,. Previous work has shown that the indium/molybdenum
chalcogenide clusters, such as InMogS;, In;;Mo;sS;,
In;3sMo,5Se 9, In,Mo,5Se o or In,MogSeq are also good candi-
dates for topotactic reduction-oxidation reactions at low
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surements are also reported. The title
compound becomes superconducting
below 5 K.

electronic

temperatures.”) Indeed, the indium can be removed easily
from these ternary compounds by oxidation with I, or HCl
gas to give the corresponding metastable binary compounds.
These binary compounds always decompose directly into
Mo and MoS, or MoSe, generally above 600°C. We present
here the first example of a metastable cluster compound,
that is, Mo,sS;9 containing octahedral Moy and bioctahedral
Mo, clusters,” that decomposes into a new metastable clus-
ter compound Mo;sS,,. This process is accompanied by a
modification of the bi-octahedral Mo, cluster, which adopts
a novel form. All measurements were performed on single
crystals. An X-ray diffraction study, magnetic susceptibility
measurements, and electronic structure calculations of this
new compound are reported herein.

Results and Discussion

Figure 1 shows the X-ray powder diagrams of crushed single
crystals of MoysS;, before (bottom) and after a prolonged
annealing at 700°C (middle) in sealed silica tube. It is clear
that the phase after annealing is totally different from the
initial binary compound. As a consequence, we undertook
an X-ray structural study on a single crystal. This study re-
vealed that the new phase has the composition Mo,sS,, and
its crystal structure is based on the new unit Mo,S,; which
coexists in equal proportion with the MogSg unit as shown in
Figure 2. The Mo,S,; moiety is shown in Figure 3. It can be
viewed as resulting from the fusion of two Mo;S;; and three
MoS; units. In fact it derives from the migration of the three
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Figure 1. Experimental X-ray powder diffractograms of Mo,sSy (bottom)
and Mo;sS,, (middle). The theoretical diagram of Mo,sS,, at the top was
calculated from the refined crystal parameters.
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Figure 2. The crystal structure of MoysS,,. Thick lines denote Mo—Mo
bonds and thin lines, Mo—S bonds.

Mo atoms of the median triangle of the bi-octahedral Mo,
cluster found in MosS;y towards adjacent octahedral sites of
sulfur atoms that are occupied by the trivalent indium ions
in the precursor In;;Mo;sS;y compound (cf. Figure 4). The
Mo core of the Mo,S,; unit consists of two Mo; triangles
(Mo2 atoms) forming an elongated prism, surrounding an
interstitial sulfur atom (S6), with three additional Mo3
atoms bridging the edges of the rectangular faces. The
Mo2—Mo2 distances along the edges of the triangles are
2.8512(4) A, while those between the triangles are
3.5100(6) A. The distances between the Mo2 atoms of the
triangles and the bridging Mo3 atoms are 2.8766(4) A. All
the Mo atoms are surrounded by sulfur atoms forming dis-
torted octahedra, with Mo—S distances in the range
2.3668(11)-2.7116(12) A. The second unit, that is, the
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Figure 3. The Mo,S,; and Mo4SsS¢ units with the atomic labeling scheme.
Selected distances (A): Mol—Mol 2.7572(4), Mol—Mol 2.7700(4), Mol—
S1 2.4073(7), Mol1-S1 2.4172(7), Mo1—S4 2.4370(9), Mo1-S2 2.4570(7),
Mol-S1 2.4915(7), Mo2—Mo2 2.8512(4), Mo2—Mo3 2.8766(4), Mo02—-S2
2.4051(7), Mo2—S6 2.4062(3), Mo2—S5 2.4441(11), Mo2—S3 2.4746(9),
Mo2—-S2 2.5902(7), Mo3—S3 2.3668(11), Mo3—S2 2.3901(7), Mo3—S4
2.4871(7), M0o3—S3 2.7116(12).

N

; s

Figure 4. Process of formation of the Mo,S,; unit (right) by migration of
the molybdenum atoms of the median triangle of the Mo,S,; unit (left).

MogS¢S¢ unit, is similar to that encountered in the well-
known Chevrel phases and can be described as a Moy octa-
hedron surrounded by eight face-capping inner S' (6 S1 and
2 S4) and six apical S* (S2) ligands. The Mo—Mo distances
within the Moy clusters are 2.7572 (4) for the intratriangle
distances (distances within the Mo3 triangles formed by the
Mo atoms related through the threefold axis) and
2.7700(4) A for the intertriangle distances. The Mo—S bond
lengths are in the range 2.4073(7)-2.4915(7) A. Each Mo,S,;
unit is interconnected to six MogSgSs units (and vice-versa)
through Mo—S bonds (Figure 3) to form the three-dimen-
sional Mo—S framework. From this arrangement, the short-
est intercluster Mol—Mo2 distance between the Mo, and
Mo, clusters is 3.0652 (3) A in the Mo,sS,, compound.

Since Mo—Mo contacts between Mo, and Mo, units are
rather long, as a first approximation, bonding in this com-
pound can be tackled by considering the Mo4S,, and Mo,S,;
clusters as isolated units. Previous studies have shown that
the optimal ME count that corresponds to the occupation of
bonding and nonbonding molecular orbitals (MOs) and va-
cancy of antibonding MOs, is equal to 24 for an octahedral
MoS,, unit.”! The electronic structure of Mo,S,, cluster of
C;, symmetry can be formally analyzed as resulting from the
interaction between the (Mo;),S;3 prism and the three cap-
ping MoS; ligands. On the other hand, the MO diagram of
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the (Mos),S;5 fragment itself can easily be derived from the
one of the MosS;; triangular cluster. The MOs associated
with M—M bonding in a M;L,; cluster are sketched on the
left of Figure 5. Since no metal-metal interaction occurs
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Figure 5. Qualitative MO diagrams based on EHT calculations for a) the
Mo;S;; cluster, b) the (Mo3),S;s prismatic fragment, c) the Mo,S,; cluster,
and d) the (MoS;); fragment. The FMOs of the MoS; fragment are
shown on the far right side.

between the two Mos units, the metallic part of the MO dia-
gram of the (Mo;),S5 unit consists of six low-lying MOs and
six higher MOs that derive from the three M—M bonding
and three M—M antibonding orbitals of the Mo, triangle, re-
spectively. The “t,,” set of the MoS; fragments is sketched
on the right of Figure 5. When brought together, the frontier
MOs of the three MoS; groups give rise to a set of three
combinations of the “d.”-like MOs and six combinations
coming from the doubly degenerate MOs of MoS;. These
last MOs interact mainly with the six Mo—Mo intra-Mo; an-
tibonding orbitals, whereas the other three FMOs (fragment
molecular orbitals) of the (MoS;); capping fragments inter-
act with intra-Mo; Mo—Mo bonding MOs of the (Mo;),S;s
fragment. These interactions results from overlap considera-
tions between FMOs and are confirmed by extended
Hiickel (EH) calculations. Therefore, the resulting MO dia-
gram of the isolated Mo,S,; presents twelve low-lying MOs
with an overall Mo—Mo bonding character. These MOs are
separated by a significant energetic gap (equal to about
0.5 eV according to EH calculations) from the three slightly
antibonding MOs mainly centered on capping MoS; ligands.
Therefore, the optimal count for such a unit is equal to
24 ME, which are distributed on the twelve Mo—Mo bonds.
The experimental ME count is equal to 50. If a weak inter-
action occurs between the Mo, and Mo, clusters so that it
can be considered as negligible in a first approximation, the
two electrons, that remain when Mo—Mo bonding and non-
bonding MOs of both clusters are occupied, must lie in Mo—
Mo antibonding levels of one of the two clusters. Periodic
density functional theory (DFT) calculations were carried
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out in order to study the intercluster interactions. Density of
states (DOS) and crystal orbital Hamiltonian population
(COHP) curves for different Mo—Mo contacts are sketched
in Figure 6. The Fermi level cuts a DOS peak that is Mo—

L

80

Lol

DOS 40 -

/ states / eV cell Vﬂ

-COHP
/ cell r

%

c)

3

-COHP i
/ cell r i
1L |
1
\
1
1+ d)
i
+ |
i
o Lhm A ! ST S
COHP My
/cell r !
ERS i
1
:
-6 4 2 0 2
EleV
—

Figure 6. DFT calculations for Mo,sS,,: a) Total DOS and COHP for
Mo-Mo bonds of ab) the Moy, ¢) the Mo, units, and d) for the Mol—Mo2
intercluster bond.

Mo nonbonding in the Mos and Moy clusters and has weak
Mo—Mo intercluster antibonding. Integrated COHP of
—0.127 and —0.103 Ry per unit cell are computed for Mo—
Mo bonds of the Mog and the Mo, clusters, respectively. An
ICOHP value of —0.062 Ry per unit cell is computed for the
Mol1—Mo2 intercluster bond. This shows that a significant
interaction occurs between the clusters and that the above-
mentioned approximation is probably too rough in this case,
since Mo—Mo intercluster interaction is of the same order of
magnitude as the Mo—Mo bonds of Moy and Moy units. Be-
cause of the weak intercluster Mo—Mo antibonding and
intra-Mog and intra-Mo, Mo—Mo nonbonding characters of
the bands that just lie above the Fermi level, it should be
possible to reduce the title compound without altering its ar-
chitecture.

According to the DFT DOS curve (Figure 6), metallic
properties are envisioned for this compound. This was con-
firmed by susceptibility measurements on a batch of crystals
(50 mg) which showed that Mo;sS,, is a superconductor
below 5 K (Figure 7).
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Figure 7. Temperature dependence of the magnetic susceptibility for
Mo;sS,. The magnetic field applied was 20 Oe.

Experimental Section

Preparation of Mo,sS,): The compound Mo,sS,, was obtained in three
steps. The first one was the synthesis of the solid-state compound
In;;Mo,5S,, followed by obtaining the binary Mo;sS;y by “chimie douce”
and, finally the synthesis of the title compounds by prolonged annealing
at 700°C. All these steps were performed on single crystals.

In;;Mo,;5S;y was synthesized from a stoichiometric mixture of MoS,, In,S;
and Mo, all in powder form. To avoid any contamination by oxygen and
moisture, the starting reagents were mixed, ground together in a mortar
and then cold-pressed in a purified argon-filled glove box. The pellet (ca.
3 g) of the starting reagents was then loaded in a silica ampoule, which
was then sealed under a dynamic vacuum of about 1072 Pa. The ampoule
was heated at a rate of S0°Ch™" up to 1120°C and held there for 48 h,
then cooled at 100°Ch™! to 1000°C and finally cooled down to room
temperature in the furnace. The resulting product was found as a pure
phase on the basis of its X-ray powder diffraction diagram. Single crystals
suitable for X-ray structural studies were obtained at 1050°C by using In
metal in excess.

Single crystals of the binary compound Mo,sS;y were obtained from oxi-
dation of single-crystals of In;;Mo,5S;, by iodine in silica tube sealed
under vacuum. The end of the tube containing the crystals of the indium
compounds and an excess of iodine was placed in a furnace with about
3 cm of the other end sticking out of the furnace, at about room tempera-
ture. The furnace was then heated at 300°C for 96 h. At the end of the
reaction, crystals of Inl; and I, were obtained at the cool end of the tube.

Single crystals of Mo;sS,, were obtained by prolonged annealing, up to
45 days, of single crystals of Mo,;5S;y at 700°C in silica ampoule sealed
under vacuum. The new binary phase is stable up to 750°C, temperature
at which it decomposes into Mo,S; and Mo.

Magnetic measurements: Magnetic susceptibility data of Mo,;sS,, were
collected on a SHE-906 SQUID magnetosusceptometer under a magnetic
field of 20 G.

Crystal structure data for Mo,sS,,: Hexagonal, space group P6;/m (no.
176), a=9.2473(2), ¢=17.5943(2) A, V=1302.96(4) A>, Z=2, pouca=
5.302 Mgm™3, F(000)=1900, 1(Moy,)=0.71073 A, u(Moy,)=8.541 mm",
T=20°C. A black hexagonal crystal of approximate dimensions 0.09 x
0.08x0.07 mm?* was employed in the intensity data collection conducted
with a Nonius KappaCCD diffractometer. The COLLECT program
package® was used to establish the angular scan conditions (¢ and w
scans) used in the data collection. A total of 508 frames were collected
with a frame width of 0.8° and an exposure time of 30 s. Reflection index-
ing, Lorentz-polarization correction, peak integration, and background
determination were performed by using the EvalCCD program.”’ An ab-
sorption correction (min/max transmission=0.5744/0.6063) was applied
using the description of the crystal faces.'”) Of 24190 reflections collected
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in the 3.44-39.76° 0 range, 2715 were independent (R, =0.0516). The
structure was solved with SIR97,!"" and revealed the three Mo and the
six S atoms forming the crystal structure of Mo,sS,,. Refinement of this
model using SHELXL!" lead to a value R=0.0655. At this stage, a dif-
ference Fourier synthesis revealed two peaks of 23 and 18 e A~ which
correspond to the position of the Mo3 and Mo2 atoms forming the Mo,
cluster in the parent structure Mo,sS,y, which also crystallizes in the
space group P6;/m. This clearly indicates the existence of a small amount
of the starting phase in the crystal investigated despite the fact that it
was annealed during 45 days at 700°C. Consequently, subsequent refine-
ments were made on a model that simultaneously including both Mo,5S,
and MosS;y phases. To take into account the percentage of the two
phases in the crystal, two overall occupancy factors, the sum of which
was constrained to the unity, were ascribed to all atoms of the phases
Mo5S,, and MoysSe. The positional and atomic displacement parameters
of the Mo and S atoms forming the Mo,Ss unit that is common to both
structures were refined dependently. Refinement of this model led to the
final values R;=0.0306, wR,=0.0684 for the 2407 reflections with 7>
20(I). The ratio between the phases Mo;sS,y, and MoysS;y was
92.5(1):7.5(1). The final electron density difference map was flat with a
maximum of 1.66 e A> and a minimum of —1.87 ¢ A’. Refinements with
the multiphase option in Jana2000, which used combination of two
phases as if they diffract independently, failed because the second
domain was completely cancelled. This proves that the disorder effect
takes place within a coherent region. In addition, as the ¢ parameter of
the starting binary Mo;sS;o is 1.08 times greater than that of Mo,sS,,, we
made a reconstruction of the (0k/) reciprocal plane to see the possible ex-
istence of split or overlapping reflections and if all reflections were in-
dexed with the parameters a=9.2473(2) and c¢=17.5943(2) A. The
Figure 8 shows that all reflections are indexed with these parameters (cir-
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Figure 8. Reconstructed precession image of the (0k/) reciprocal plane.

cles in Figure 8) and no reflections were observed at the position corre-
sponding to the ¢ parameter of the starting Mo;sS;9 (squares). This shows
clearly that the two components of the crystal have the same unit-cell pa-
rameters. In particular, it is interesting to note that during the decompo-
sition process, the ¢ parameter of the unit cell of Mo,sS;y contracts by
7.7% and the a parameter expands by 0.7 %. Further details of the crys-
tal structure investigation may be obtained from the Fachinformations-
zentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax:
(4+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the
depository number CSD-416352.

Chem. Eur. J. 2006, 12, 8513 -8517


www.chemeurj.org

Cluster Compounds

Computational methods: Extended Hiickel™ calculations were carried
out by using the program CACAO."! The exponents (£) and the valence
shell ionization potentials (Hii in eV) were (respectively): 2.275, —32.3
for S 3s; 1.817, —13.3 for S 3p; 1.956, —8.34 for Mo 5s; 1.921, —5.24 for
Mo 5p. Hii values for Mo 4d were set equal to —10.50. A linear combina-
tion of two Slater-type orbitals of exponents §; =4.542 and &, =1.901 with
the weighting coefficients ¢, =c,=0.5898 was used to represent the Mo
4d atomic orbitals. Self-consistent ab initio band structure calculations
were performed with the scalar relativistic tight-binding linear muffin-tin
orbital (LMTO) method in the atomic spheres approximation including
the combined correction.'” Exchange and correlation were treated in the
local density approximation using the von Barth-Hedin local exchange
correlation potential.'"”) Within the LMTO formalism interatomic spaces
are filled with interstitial spheres. The optimal positions and radii of
these additional “empty spheres” (ES) were determined by the proce-
dure described in reference [18]. Ten non-symmetry-related ES with
0.83 <rgs<2.30 A were introduced for the calculations. The full LMTO
basis set consisted of Ss, 5p, 4d and 4f functions for Mo spheres, 3, 3p,
and 3d for S spheres, and s, p, and d functions for ES. The eigenvalue
problem was solved using the following minimal basis set obtained from
the Lowdin downfolding technique: Mo Ss, 5p, 4d; S 3's, 3p; and intersti-
tial 1s LMTOs. The k space integration was performed using the tetrahe-
dron method.” Charge self-consistency and the average properties were
obtained from 117 irreducible k points. A measure of the magnitude of
the bonding was obtained by computing the crystal orbital Hamiltonian
populations (COHP), which are the Hamiltonian population weighted
density of states (DOS).***] As recommended, a reduced basis set (in
which all ES LMTOs have been downfolded) was used for the COHP
calculations.’”l DOS and COHP curves were shifted so that e lies at
OeV.
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