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Novel Cage Clusters of Mo% in the Gas Phase
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Laser evaporation of Mg®ianoflakes gives negatively charged magic number clusters of compositigs&Mo

and MasSys, which are shown to have closed-cage structures. The clusters are stable and do not show
fragmentation in the post-source decay analysis even at the highest laser powers. Computations suggest that
Mo15S;5 has a central cavity with a diameter of 4.5 A. The nanosheets of Bm8d curl upon laser irradiation,
explaining the cluster formation.

Introduction Experimental and Computational Details

Inorganic molecular structures such as polyoxomolybdates Bulk MoS, and WS were ground well to form particles of
are fascinating not only because of their architecturet also 20-um diameter, dispersed in acetone, and spotted on the target
because of their ability to form self-organized structirés. plate of a Voyager DE PRO Biospectrometry Workstation
recent years, large cage structures known as inorganic fullerene¢Applied Biosystems) matrix-assisted laser desorption ionization
(IFs) have become an active subject of investigatitiis were  time-of-flight (MALDI-TOF) mass spectroscopy (MS) instru-
originally made from layered metal chalcogenides, {W¢here ment. A pulsed nitrogen laser of 337 nm was used, and the
M = Mo, W and X= S, Se* Later, layered metal halides such TOF was operated in the delayed extraction mode. For
as NiCh, CdCh, and TICES and oxides such as Tiand \,LOs fragmentation by post-source decay (PSD), as well as clustering
were also shown to produce IE&oron nitride also forms IF5. studies, we used a timed ion selector. Isotope pattern was clearly
The hollow cage structure of IFs imparts elasticity, and the discernible in all the cluster peaks, and a comparison of the
materials can work as novel lubricants under various condiions. €xpected and observed patterns was used to assign the peaks.
The sheetlike structure of these chalcogenides, similar to The cluster peaks were significantly higher in intensity when
graphite, suggests that a mechanism similar to that of fullerenesn@nosized flakes of MaSwere used, which were obtained by
and carbon nanotubes may be operative in the formation of IFs, Senicating a well-ground MoSsample in acetone for 10 min.
The unsatisfied valencies present at the periphery of the layered” Plué-colored dispersion of nanoflakes was formed, which was
structure makes it unstable at finite dimensions. For the layereddirectly spotted on the target plate, giving a deep blue film upon
structure of graphite to fold and form cages or closed cylinders, 47Ying, and laser desorption ionization (LDI) mass spectra were
high energy is needed, which can be provided by laser taken from the_fllm. Thg blue_materlal obtained by_evaporatlon
vaporizatior® arc discharg, or other means. Ultrasound of the solvent in the dispersion was used for various spectro-

irradiation can be used for the synthesis of 1k all methods ;copic, micrpscopic, and diffraction studies using standard

described above, the IFs formed were in the solid state. A recemmstrumeqtatmn. .

report suggested that the formation of IFs in liquid medium was T confirm the stability of observed clusters and to understand

achieved by laser ablatida Formation of onions and nanorods ~ their structures, we carried out nonempirical calculatios

of GasS by laser ablation was reported recetlgak et al'3 the quantum mechanical ground state of electrons based on
reported the synthesis of Me®ased IFs in the gas phase, which density functional theory with a generalized gradient ap-

were subsequently analyzed in the solid state. The encapsulatiorp_rOXimation to the many electrons exchange 00”_9'3“0” energy
of WC into an IF of WS was reported, showing that IFs are given by the PerdewBurke—Ernzerhof (PBE) functiondf We

cagelike'# Structures such as octahedron, dodecahedron, andused a Sta”d"’?rd plane-wave code_ PWSC.F 2.0ith uItrgsoft
triangular prism have been proposédut a single molecular pseudopotential&to represent the interaction between ions and
cage has not been reported sofawe explored the possibility eIectrons._An energy cutoff of 25 RY was used on th? pla.me—
of making magic cage clusters containing Mo, W, and S in the wave basis used in the representation of wave functions; the

gas phase. Initial results of this investigation are reported here.curm‘f was 150 Ry for th_e representation of densny._S_trqctu_res
of clusters were determined through total energy minimization
. . - . using the BroydertFletcher-Goldfarb—Shanno (BFGS) algo-
* Corresponding authors. E-mail: (T.P.) pradeep@iitm.ac.in; (U.V.W.) ' rithm and HellmanrFeynman forces on atoms. In this proce-
waghmare@jncasr.ac.in. . s
TIndian Institute of Technology Madras. dure, we used different polyhedral structures as initial guesses

* Jawaharlal Nehru Centre for Advanced Scientific Research. for smaller clusters and various cage structures of sulfur atoms
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Figure 1. LDI mass spectrum of MoSnanoflakes in the negative mode. Inset: Experimental spectrum taken from nanoflakes (a) shows the
expected isotope distribution for Mg®,s~ (b).
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with Mo atoms located on an inner shell at positions with four-

to sixfold sulfur coordination as initial guesses for larger clusters. = ]

A large supercell was used with periodic boundary conditions _,@

with a vacuum of at least 10 A separating periodic images and e 8k‘ 30k

a singlek-point (0, 0, 0) as Bloch vector. :3 ] E25k

o

Results and Discussion 'e 6k' EZDR
The negative-ion mass spectrum of the MolBisters obtained ™~ 1 Stk

from the blue film is shown in Figure 1. The clusters formed _E';\ 4k- %'wk

are MoS™, MoS™, MoS,™, M0,S;7, M0,Ss™, M0,S5™, M0,S57, ) 18 Bk

and so on. Isotope patterns matched exactly for all the clusters ¢= =

up tom/z ~2000. Even in very pure samples of Moshd WS, D 2k' 0

MOy~ clusters were observed in poor intensity, possibly due i ]

to the presence of oxide impurities in the material. The spectra =—— 0

exhibit a trend: The intensity increases starting from MoS

reaches a maximum around M~, and decreases thereafter.
Beyond this region, the spectrum is featurelessntitt 2000,
and suddenly, a magic peak appears with a maximum/at
2049, followed by another peakmitz 2144. The isotope pattern _
of the peak at/z 2049 is shown in the inset, which matches fragmentation. Inset: PSD mode LDI mass spectrum ofidShg-
with the expected pattern of MgSs. On the basis of the
expected patterns and the mass numbers, we assigned the magigation). The M@:Ss~ and Ma Sy~ clusters were unique and
peaks to M@sS;s~ and MasSys~, respectively. Following these,
there are some less intense peaks attributed to clusters @f Mo

and Mas.

irradiated.

peaks at M@S;s~ (MVz 2081) and Me;S;9~ (mVz 1664). All
the smaller clusters such as Mg, M04Ss~, and so on showed
well-defined fragmentation patterns (data in Supporting Infor- nanodimension with a particle size €60—70 nm (Figure 4b).
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Figure 2. PSD mode LDI mass spectrum of M85~ showing no

showing fragmentation.

were found only in the negative ion mode.

Instead of the flakes, if we irradiate bulk MgSwve get a

spectrum as shown in Figure 3. Note that the magic peaks are
When a finely ground sample dispersed in acetone is spottedbarely detected. Most of the lower clusters are observed, but
on the sample plate, two regions are seen. A typical view of intensity, in general, is poor.
the sample spot as seen by a video camera is shown in The blue sample collected, both by scratching the periphery
Supporting Information. The center region is composed of bulk of the sample spot as well as by sonicating bulk Mo8as
MoS,, which is black in color. The periphery is composed of analyzed using UVvisible spectroscopy (UMvis), powder
several blue spots due to the nanoflakes. We get a spectrunX-ray diffraction (XRD), transmission electron microscopy
similar to the one shown in Figure 1 when the flakes are (TEM), energy-dispersive X-ray analysis (EDAX), Fourier
transform infrared spectroscopy (FT-IR), and Raman spectros-
The stability of the ions was checked by PSD. The ion copy under identical conditions. These investigations were done
Mo13S,5- did not show any fragmentation (Figure 2). Even at to characterize the nature of the starting material, as other forms
the highest laser power, no fragmentation was observable.of molybdenum blues are known in the literatdir€éhe X-ray
However, MasS;s~ showed (inset of Figure 2) two fragment

diffractogram shows the (002) reflection of Mg&nd Mo and
S features in the expected atomic ratio are shown in EDAX
(Figure 4a). The material therefore is Mo8self, in the
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mental observations. As no stable unusual clusters were found
in the intermediate region, we did not explore them through
computations.

The calculated structure of these clusters exhibits a core of
Mo atoms, each with 46 neighboring S atoms located in an
outer shell, each with-13 neighboring Mo atoms. The core of
Mo atoms forms a cage with 12 atoms, and the 13th Mo atom
is at one end forming a small tetrahedral cap. In the structure,
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0- ' 12 of the Mo atoms have 5 S-neighbors each, while the
1950 2100 2250 remaining 1 has 3 S-neighbors. Of the sulfurs, 19 have 3 Mo-
m/z neighbors each, 3 have 2 Mo-neighbors each, and the rest (3)
U‘k have 1 Mo- and 1 S-neighbor each. Average sulfur coordination
A of Mo in M013Sps (M013Spg) is 4.84 (5.0). The structure of

0

T T T 1 — Mo13Sssis like a cage with an almost spherical void space with
500 1000 1500 2000 2500 a diameter of about 4.5 A (Supporting Information). The
m/z Mo013S;5 structure has a threefold symmetry (evident in Figure
. 5), and its core of Mo atoms resembles a curled triangular net
Figure 3. LDI mass spectrum of bulk MagSInset: Zoomed (2%) of Mo atoms, while that of M@Sys has the shape of a short
portion of the same spectrum showing M®s~ and MasS;s~ with X v o 8 . P o
very low intensity. cylinder, revealing significant structural relaxation and deviation
from the initial spherical cagelike structure. This indicates that
Characteristic % and Ay modes of Mo$ appear in the  these clusters may have formed by curling of the Msigeets.
Raman spectrum at 381 and 406 cnrespectively (ref 20). It Examination of charge density contours (Supporting Informa-
appears that thinner flakes with fewer layers are easier to gettion) reveals mixed ionic and directional bonding between Mo
evaporated, which could be curling to form the cagelike and s atoms. Stability of these clusters arises from mixed-ionic
structures. All the other data are presented in the Supporting covalent bonding between Mo and S and electrostatic interionic
Information. ) interactions. Comparison of energies of MoS, Md80S;, and
. The possibility of formation .of the_Nh@ clustgrs by aggrega-  \jos, clusters shows that the energy of a M® bond is the
tion of smaller clusters was investigated using the timed ion strongest in Mog while the binding energy per atom is highest
selector. None of the smaller clusters showed features due (R MoSs. Fragmentation energies of & and MoSs clusters
Moi3 (data in Supporting Information). This clearly indicates into MoS and Mo$ clusters are 2.35 and 1.14 eV/atom
that the magic clusters around Mare formed by direct laser respectively (2MgS; = 3MoS + MoSs .and ZMQSSIZ MoS + '
desorption of Moglayers and not due to aggregation of smaller SME%) whyereas that for fragmenting M8 and MaSs into
clusters. MoS, and MoS (2M0,Ss = 3MoS, + MoS; and MaSs =

Calculated cohesive energies per atom (Figure 5), while ;
expected to be overestimated, clearly show that$4@nd MosS; + MoSy) are 0.74 and 0.57 eV/atom, respectlvely. Thg
former are much larger than the latter because MoS itself is

Mo13S;5 clusters are relatively more stable than others. Also,

we note that the MaS;s cluster is most stable among the ones Ot Very stable.

studied here. Energies needed to fragment38g and MasS;5 In WS, magic peaks were found at ¥%,00~ (m/z = 2862)
into the most stable smaller ones such as®j@and MaSs are and W3Sy~ (m/z = 3094). There is also an intense ion at
estimated to be 0.45 and 0.57 eV/atom, respectively, accordingWeSeO~ (m/z 1407). These peaks show high stability in PSD
to their stability. In addition, this result demonstrates greater (data in Supporting Information). Oxygenation could not be
stability for M013S;5 than MaisSys, consistent with the experi-  avoided despite repeated baking of the samples in Ar.
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Figure 4. (a) XRD pattern of the acetone extract showing Md&atures. The pattern shows the presence of M082) plane (JCPDS no.

87-2416). Inset: EDAX analysis gave Mo and S in the expected ratio. The Cu signal is due to the copper grid used for TEM. (b) TEM of the

extract. The material is composed of nanosize flakes of M®Be particle size is estimated to b&0—70 nm. The analysis was done with a 120

keV Philips CM12 instrument.
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7 : : computational results and W8ata. This material is available
free of charge via the Internet at http://pubs.acs.org.
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