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Structure of Molybdenum and Tungsten Sulfide M,S," Clusters: Experiment and DFT
Calculations

Introduction

Transition metal sulfides such as MoS, and WS, have been
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A combination of experiment and density functional theory was used to investigate the energetics of CO
adsorption onto several small M,S," (M = Mo, W; x/y = 2/6, 3/7, 5/7, 6/8) clusters as a probe of their atomic
and electronic structure. Experimentally, tandem mass spectrometry was used to measure the relative yields
of M,S,"(CO), cluster adducts formed by collisions between a beam of mass-selected M,S," cluster ions and
CO molecules in a high-pressure collision cell (hexapole ion guide). The most probable M,S,"(CO), adducts
observed are those with n < x, that is, only one CO molecule bound to each metal site. The notable exception
is the MsS;" cluster, for which the n = 6 adduct is found to have nearly the same intensity as the n = x =
5 adduct. Density fuctional calculations were used to search for the lowest energy structures of the bare
M,S,* clusters and to obtain their relative stability for sequential CO binding. The calculated trends in CO
binding energies were then compared to the experimental adduct distributions for assigning the ground-state
structures. In this way, it was possible to distinguish between two nearly isoenergetic ground-state isomers
for the MySe™ and M;S;* clusters, as only one isomer gave a calculated CO stabilization energy trend that
was consistent with the experimental data. Similar comparisons of predicted and observed CO adsorption
trends also provide evidence for assigning the ground-state structures of the MsS;™ and MSs™ clusters. The
latter contain metallic cores with most of the sulfur atoms bonded along the edges or in the faces of the metal
core structure. The n = 6 and 7 adducts of MsS;™ are predicted to be more stable than the n = x = 5 adduct,
but only the n = 6 adduct is observed experimentally. The DFT calculations show that the n = 7 adduct
undergoes internal bond breaking whereas the n = 6 framework is stable, albeit highly distorted. For the
MeSs™ cluster, the calculations predict that the two lowest energy isomers can bind more than six CO molecules
without fragmentation; however, the apparent binding energy drops significantly for adducts with n > 6. In
general, the ability of these small M, S, clusters to bind more CO molecules than the number of metal atoms
is a balance between the gain in CO adsorption energy versus the strain introduced into the cluster structure
caused by CO crowding, the consequences of which can be fragmentation of the M,S,*(CO), cluster adduct
(n > x).

metallic core that is the building block of the Chevrel phase of
MoS,, for example, the superconducting AMoeSg compounds
(A = main group, transition, or lanthanide metal).'>!3 Crystalline

the topic of much interest because of their ability to form well-
organized cage structures on the nanoscale. Like carbon, the
S—M-—S layered structure of the metal sulfides has a high
propensity for forming folded structures such as hollow nano-
tubes, nanoctahedra, and nanonions.! ~® Metal sulfide nanoma-
terials also display a wide range of unique catalytic, photovol-
taic, and lubricant properties.”~ For example, MS; nanotubes
have shown potential as a hydrogen storage media,'® whereas
small MoS; nanoplatelets exhibit size-dependent band-gaps and
are active photo-oxidation catalysts.® Small nanoplatelets of
MoS; (1—5 nm) are also considered to be the active species in
commercial hydrodesulfurization catalysts.!! As the metal sulfide
particles become very small, that is, molecular clusters, other
structural motifs have been observed that are nonstoichiometric.
These include the MoeSg moiety that contains an octahedral Mog
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Chevrel phases and amorphous ternary molybdenum sulfides
have been found to be active catalysts for methanethiol synthesis
and hydrodesulfurization.'4

The observation of small cluster units in the condensed phase
has given rise to a number of experimental'>~23 and theoretical
studies?*33 of isolated metal sulfide clusters as a function of
size and metal-to-sulfur ratio. In the case of molybdenum and
tungsten sulfide, gas-phase cluster techniques using laser ablation
and sputtering sources have been used to generate M.,S, clusters
as neutral,'® anion,?%3! and cation?' species with a wide range
of stoichiometry. Experimental investigations are limited to
probes of reactivity and electronic structure, whereas the atomic
structures of the clusters are derived mainly from theoretical
calculations using density functional theory (DFT). A few
clusters have been observed as “magic” due to their large
abundance in anion and cation cluster mass spectra and large
HOMO—LUMO gaps as determined by anion photodetachment
spectroscopy. One such species is the M4S¢ cluster (M = Mo,
W), which is prominent in both anion?%-313* and cation? cluster
mass distributions with measured HOMO—LUMO gaps of ~2
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eV for the neutral cluster.2’ DFT calculations for the Mo4Se
cluster confirm its large HOMO—LUMO gap and predict a
highly symmetric structure consisting of a Moy tetrahedral core
with the six sulfur atoms bridge bonded along the Mo—Mo
edges.?021,31734 The free MogSg cluster with the “Chevrel”
structure is also predicted to be a highly stable “magic” cluster
with a relatively large HOMO—LUMO gap of 0.8—0.9 eV .33:36
Murugan et al. used DFT to show that that the structurally
related MoeS, stoichiometric cluster has a similar HOMO—
LUMO gap (0.7 eV) as well as large magnetic moment (4 ug).>?
A general conclusion of these DFT studies is that the small,
gas-phase M,S, (M = Mo and W) clusters energetically favor
3D structures with metal—metal bonding cores. These structures
can be contrasted to the platelet structures of larger, near-
stoichiometric M,S, nanoclusters, which exhibit the same
S—Mo—S layered structure of bulk MS,. Nanoplatelets with
sizes down to MojpSz4 have been recently observed in STM
studies of self-assembled clusters on the surfaces of Au(111)
and graphite.’’

In the work reported here, we use the interaction of CO with
mass-selected cluster beams to explore the structure of M,S,™
(M = Mo, W) cation clusters. As demonstrated in a previous
study of the MySet (M = Mo, W) magic cluster, a probe
molecule such as CO or NHj preferentially binds to the exposed
metal sites on the cluster. For these gas pick-up experiments, a
beam of mass-selected M4S¢™ cluster cations is passed through
a high-pressure collision cell containing the probe molecule (CO
or NH3) diluted in a He buffer gas. Mass analysis of the resulting
cluster adducts, for example, MXS_‘,.*(CO)n, provides information
on the number and relative stability of the M—CO binding sites.
In the case of MyS¢™(CO),, the product mass spectra showed
that the cluster binds up to four (n = 4) probe molecules with
only a small amount of n = 5 adduct observable. DFT
calculations of the total CO adsorption energies for the lowest
energy MuSe" structure were consistent with the binding of only
four CO molecules, beyond which the M—CO binding energy
decreased dramatically. This combination of experiment and
theoretical analysis provided further evidence for the highly
symmetric structure of the MySe* cluster.

As a follow up to our earlier work on the M4S¢™ cluster, we
present a combined experimental and computational study of
the structure and CO-adduct stability for the MySe™, M3S7T,
Ms5S7T, and MgSg™ clusters (M = Mo, W), which are the most
prominent mass peaks in the M,S,* cation cluster distributions.
In general, we find that the CO pick-up data are very sensitive
to the individual metal—CO binding energies and can be used
to distinguish between geometrical isomers that are predicted
by DFT to have similar total energies. For the small, sulfur-
rich M,S¢™ and M3S;+ clusters, the experimentally favored
geometries involve M—S—M bridge bonds and terminal sulfur
bonds. The substoichiometric MsS;™ and MgSs™ clusters are
predicted to have metallic cores consistent with trends found
in earlier DFT studies. In addition to probing the relative isomer
stabilities, the DFT calculations also illustrate the effects of
multiple CO binding, which can induce structural changes and/
or break bonds within the cluster framework as more CO
molecules are added. The latter may have implications for using
such clusters deposited on supports as catalysts for heteroge-
neous reactions under high-pressure (high coverage) conditions.

Experimental Section

The experimental work was performed on a cluster beam
apparatus that uses a magnetron sputtering source (Oxford,
NC200U) for generating gas-phase cation clusters.’® The M,S,"
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clusters are formed by reactive sputtering of a metal target (Mo
or W) with a mixture of 4% H,S in Ar gas in a region containing
high-pressure He gas (aggregation gas). Both the sputtering and
the aggregation gases are introduced into the source using
variable leak valves with typical backing pressures of 7.6 Torr
(4% H,S/Ar) and 22 Torr (He) for Mo-sulfide, and 7.9 Torr
(4% H,S/Ar) and 24 Torr (He) for W-sulfide. The magnetron
was operated at a power of 185 W. The length of the high-
pressure He region between the metal target and first exit
aperture (cluster condensation region) for Mo-sulfide was 0.75
in. and 1.25 in. for W-sulfide.

The cluster ions leaving the source enter a quadrupole ion
guide, which transmits them to a quadrupole mass filter. A single
cluster mass is then selected by its mass-to-charge ratio and
then focused into a hexapole ion-guide, which also houses a
collision cell for the reaction of the cluster with different probe
molecules. Mass spectra presented in this work were taken with
the hexapole ion guide kept at ground potential, so that the
relative ion—molecule collision energies mirrored the kinetic
energy distribution of the incoming M,S," ions (<2 eV in the
laboratory frame). Gases of interest, in this case CO, are
introduced into the collision cell using a variable leak valve
with the pressure measured by a capacitance manometer (MKS).
The CO sample was introduced as a mixture of 25% CO in He
gas. The He gas collisionally cools the cluster adducts following
the addition of CO molecules. Typical collision cell pressures
for these experiments were in the range of 10—15 mTorr. The
products were mass analyzed by a second quadrupole mass
spectrometer and detected by a channeltron electron multiplier.
All experiments were performed at room temperature.

Computational Details. The theoretical calculations were
performed on the M,S," clusters using all electron DFT with
the DMol® code. A double numerical basis set with p- and
d-polarization functions, comparable in accuracy to a Gaussian
6-31G** basis set, was used with a real-space cutoff of 4.9 A.
The generalized-gradient corrected approximation (GGA), with
the Becke exchange plus Lee—Yang—Parr correlation (BLYP)
functional, was used. The FINE quality standard was chosen
for tolerances of energy, gradient, displacement, and self-
consistent field convergence criteria of 1 x 107 au, 2 x 1073
aw/A, 5 x 1073 A, and 1 x 107® au, respectively. The
calculations were performed with spin state unrestricted. All of
the cation isomers have a doublet state (s = /) as their final
spin configuration with the exception of isomer I (C3, symmetry)
of the M3S7™ cluster, which is a quartet (s = 3/,). In the case of
the highly symmetric MgSg™ cluster (O;), where degenerate
orbitals can give rise to higher spin states, the low spin
configuration (s = !/,) is calculated to be the lowest energy.
Therefore, all of the clusters have a magnetic moment of 1 ug
with the exception of the M3S;* cluster (isomer I), which is 3
us. Relativistic effects were included in the calculations for the
heavier tungsten atoms in the W,S,* clusters.>

Density functional calculations were also used to examine
the bonding of CO with the M,S,™ clusters. The total adsorption
energy was defined relative to the energies of the bare cluster
and the number of free CO molecules, that is,

Eads(n) = E(c]uster+nCO)_ [Ecluster+ nECO] (1)

where n is the number of CO molecules bound to the cluster,
Eciuster+ncoy 1s the energy of the CO cluster adduct, Eciysier 18
the energy of the free cluster cation, and Eco is the energy of
the free CO molecule. We also define the relative binding energy
of a CO molecule to a cluster adduct as the change in total
adsorption energies between adducts with one more adsorbate
attached, that is,
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AEads(n) :Eads(n) _Eads(n - 1) (2)

Note that AE,q(n) represents only an apparent CO binding
energy as sequential CO addition can lead to structural changes
that can significantly alter the stability of the cluster adduct.
Hence, it is somewhat oversimplified to attribute the total energy
difference between the n and n — 1 adducts to the CO binding
energy alone.

In general, the total energy for binding n x CO molecules
depends on the specific metal locations of each of the CO
molecules on the cluster, and only the lowest energy arrange-
ments for sequential CO addition are presented in this work.
For example, we searched for the lowest energy position of the
first bound CO molecule to the M}CSy+ cluster ion, then searched
for the lowest energy configuration among the remaining x —
1 metal sites for the second CO molecule, and so on, until all
of the metal sites are occupied. This approach is justified on
the basis of the experimental evidence that multiple collisions
with He gas are required to stabilize the internally “hot” adduct
that results from CO addition. Simultaneous additions of CO
are unlikely due to the large amount of internal energy (1—2
eV) that would be needed to be dissipated to prevent the CO
molecules from simply boiling off the “hot” cluster adduct.
Nonetheless, when the relative energies of different CO binding
arrangements are small (<0.1 eV), multiple adduct structures
may be possible. Although many of these were explored in this
work, we limit the discussion to only those that represent the
minimum energy path for sequential CO addition.

Structural isomers examined in this work were based on those
obtained in previous studies of metal sulfide clusters. A
combination of theoretical’>33 and experimental studies in the
gas phase,310 solid state,'>!? and solution phase*!~#* provided
preliminary structures for M,S, clusters with similar or the same
stoichiometry. Structures with no imaginary frequencies were
considered valid, and those that had total energies within ~2
eV of the lowest energy structure were chosen for further
calculations of CO binding. Optimized structures and total
energies were generated for sequential nCO binding, and the
energy trends were compared to the experimental CO adduct
product distributions. Structural assignments were based pri-
marily on the correct prediction of the CO “‘saturation” limit,
that is, the point where the apparent CO binding energy for
nCO molecules becomes positive or decreases appreciably
relative to that of (n — 1)CO (see eq 2). Except in the case of
MoeSs™, the lowest energy isomers of the M,S,™ clusters also
yielded the best agreement with experimental trends in CO
binding.

Results and Discussion

Figure 1 shows the mass spectra of the M,S,™ (M = Mo, W)
clusters produced by reactive sputtering. The mass spectra show
“islands” of M)CS;r clusters, each having the same number of
metal atoms but different number of sulfur atoms. The most
prominent mass peaks within each cluster island are considered
to be the most stable and can be assigned to M,S," clusters
with an x/y stoichiometry of 2/6, 3/7, 4/6, 5/7, and 6/8. The
M4Se* cluster is observed as the most prominent mass peak
over a wide range of source conditions and is considered a
“magic number” cluster of unusual stability. In a previous study
of the MyS¢" magic cluster, we showed that gas-phase pick-up
experiments using probe molecules such as CO and NHj3 could
be used to provide information on the number of exposed metal
sites and the overall structure of the cluster.?! Similar experi-
ments using CO as the probe molecule are presented here for
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Figure 1. Mass spectra of M,S,"cluster ions (M = Mo, W) produced
in a magnetron sputtering source. Small peaks between the consecutive

sulfur atom peaks in the W,S,* mass spectrum are a result of a small
oxygen contamination.

the other prominent M,S,* clusters (M = Mo, W; x/y = 2/6,
3/7, 5/7, 6/8). The basic idea is that the observed mass
distribution of the M,S,"(CO), cluster adducts is sensitive to
the detailed structure of the cluster and its stability as CO
molecules are added. More specifically, the adduct distributions
can help identify the ground-state structure of the cluster from
among the lowest energy isomers obtained by DFT geometry
optimization. This is accomplished by comparing the observed
adduct distribution with the calculated trends in total adsorption
energies (Eugs(n) in eq 1) for the different structural isomers.
The products observed from collisions of the cluster ions with
CO correspond to simple cluster adducts in which CO adds

molecularly, that is,
M,S;+ nCO—M,S;(CO), (3)

X7y

Typically, the pressure of the He/CO gas inside of the collision
cell was increased until the relative product yields were found
to be approximately constant. Under these conditions, the most
intense product masses are expected to correspond to the most
thermodynamically stable CO adducts, with variations in
reaction rates accounting for local minima or maxima in the
adduct distributions. These assumptions are supported by
previous ion beam studies of CO association reactions with
metal cation clusters, where the most stable adducts (slowest
reaction rates) are those that remain at higher CO/He pressures,
especially the “saturated” adduct, which has the most CO
molecules possible for a given cluster ion.*~47 As seen below,
most of the CO adduct product distributions observed in this
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Figure 2. Mass spectra of products formed from collisions of the
M,Se" (Mo, W) cluster with a 25% CO/He gas mixture.

work exhibit a distinct cutoff corresponding to the CO saturated
cluster. It is the prediction of this CO saturation limit that is
used to distinguish between structural isomers generated by DFT
geometry optimizations.

As is common in transition metal complexes, the most stable
orientation for CO binding to the Mo atom sites of these clusters
is through the carbon atom. In this configuration, CO bonding
involves charge transfer to the partially empty d-orbitals of the
metal atoms through the CO 5o orbital and back-donation of
charge from the metal to the unoccupied CO 2m*orbital to
relieve some of the built up negative charge.*® Previous DFT
studies on larger molybdenum sulfide clusters, for example,
Mo16S32, show a binding energy of —0.95 eV?’ for CO on
molybdenum, which is typical of the binding energies reported
here.

M,S¢" Cluster. The adducts formed by collisions between
CO and the smallest prominent cluster, M,S¢*, are shown in
Figure 2. For both Mo and W, adducts with one (n = 1) and
two (n = 2) CO molecules are observed, although the bare
cluster is the primary product at all pressures studied in this
work. The latter suggests weak metal—-CO binding and/or
dissociation of the adducts before they can be detected by the
downstream mass spectrometer. A low sticking probability could
be the result of the small size of the cluster (fewer internal
degrees of freedom), which makes it difficult to dissipate the
energy of adsorption even with multiple collisions with the He
background gas. In the case of M0,Se™, very small product peaks
are also observed for 3 < n < 7, whereas the product distribution
for W,S¢™ falls off more rapidly above n = 2.

The two lowest energy structures calculated by DFT for
Mo,Se™ are shown in Figure 3. Tsomer I consists of four bridging
sulfur atoms between the Mo—Mo bond. The other two sulfur
atoms are terminally bound to a single Mo atom. The Mo—Mo
bond length is 2.82 A, which is comparable to interatomic
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Figure 3. Optimized structures for the two lowest energy isomers of
the M,Se™ cluster (M = Mo, W). Figures adjacent to each isomer show
the total adsorption energies for sequential adsorption of CO molecules
to the M,Se™ clusters as determined by DFT calculations.

distances and bond lengths of other Mo—Mo metal systems of
the same stoichiometry.>*#! The structure has near C, symmetry
and is predicted to be only 28.0 meV higher in energy than the
lowest energy structure, isomer II, also shown in Figure 3.
Isomer II has near C; symmetry with two bridging sulfur atoms
connecting the two Mo atoms and four terminal sulfur atoms,
two on each Mo atom. The isomer II structure was also found
to be the lowest energy structure for the anion (M0,Se™) in the
condensed and gas phases.?'*! From the DFT calculations of
Gemming et al., isomer II of Mo,S¢ is expected to be the most
stable among smaller Mo,S, clusters consistent with its large
HOMO-LUMO gap (2.5 eV). These authors noted that the high
stability of the isomer II structure of Mo,S¢ could represent a
structural motif for larger Mo,S, clusters or the bulk phase
MoS3.3! DFT calculations by He et al. have found the same
lowest energy structure for the V,S¢™ cluster.*0

Alongside each of the calculated structures for Mo,S¢™ (I and
ID) in Figure 3 are plots of the calculated total adsorption energy
for the sequential addition of CO. Despite being nearly
isoenergetic, the two isomers exhibit very different CO adsorp-
tion behavior. Specifically, isomer I shows a nearly linear change
in E,gs from n = 1 to n = 3, suggesting that adducts with three
(or even more) CO molecules should be observable in pick-up
experiments. This prediction disagrees with the observed
Mo0,S61(CO), product distribution (Figure 2), which shows
almost no n = 3 adduct. By comparison, the calculated CO
adsorption energies for isomer II plateau at n = 2. A similar
trend is found for the calculated n = 1 and n = 2 CO adsorption
energies of isomer II of W»S¢™. For both metals, the calculated
trend in CO binding energies for isomer II (see Table 1) suggests
that the primary product is the n = 1 adduct, in agreement with
the experimental product distributions (see Figure 2). The fact
that the experimental n = 2 product yield is smaller, especially
in the case of W,S¢™, indicates a small but nonzero binding
energy for the second CO molecule. It is likely that the
appearance of the n = 2 adduct depends sensitively on the
second CO binding energy relative to the internal energy of
the cluster; weakly bound CO molecules could be “desorbed”
from the cluster before detection. The low probability for the n
= 2 adduct means that larger adducts (n > 3) resulting from
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TABLE 1: Calculated Binding Energies, AE ,4s(1), for the
Consecutive Addition of nCO Molecules to Isomer II of the
M,S6" Cluster (M = Mo, W)*

n AE4(n) Mo,S¢(CO),* AE,4(n) W2S¢(CO),*
1 —0.96 —1.38
2 +0.042 —0.11
3 —0.79 0.00

@ All energies are given in eV.

Isomer I1
Mo,S;'(CO),

W:S4'(CO),

n=2

n=3

Figure 4. Geometry-optimized structures of the n =2 and n = 3 CO
adducts of isomer II of the MaS¢" (M = Mo, W) clusters as determined
from DFT calculations.

sequential addition are very unlikely, consistent with the
observed product distributions. On the basis of these compari-
sons, the structure of the M,Sg" (M = Mo, W) cluster is
assigned to isomer II.

It is interesting to note that for isomer II of Mo,Se™, the
calculated CO binding energy for n = 2 is nearly zero, but
dramatically increases again for n = 3 (see Table 1). By contrast,
the CO binding energy for the n = 3 adduct of W,Sg¢"
(isomer II) is even smaller than n = 2. The difference in CO
adsorption behavior can be more readily understood by viewing
the optimized structures for the n = 2 and n = 3 adducts in
Figure 4. It is seen that adding a third CO to Mo0,S¢™(CO),
causes one of the Mo—S—Mo bridge bonds to break. This
opening of the cluster framework is clearly energetically favored,
but this species is likely to be a short-lived intermediate that
undergoes further decomposition into smaller fragments. Any
cation fragments resulting from dissociation would have masses
well outside the range used to detect the cluster—CO adducts.
By comparison, the W»S¢™(CO); cluster remains intact, but the
binding energy for the third CO molecule (see Table 1) is too
small for the n = 3 adduct to be observed. As will be seen
below, distortion or fragmentation of the cluster framework
when the number of CO molecules exceeds the number of metal
atoms is a general feature of these small M,S," clusters.

M;3S;" Cluster. The product mass spectra resulting from
collisions between the M3S;" cluster with CO are shown in
Figure 5. For both Mo and W, the most intense mass peaks
correspond to CO adducts with n < 3, with the most probable
product being M3S;7(CO),. These observations are consistent
with a cluster structure in which all three metal atoms are
exposed and can bind CO, but with an overall stabilization
energy that is a maximum for only two CO molecules (n = 2).
Figure 6 shows the three lowest energy structures for the M3S7™
clusters found by DFT geometry optimizations. Isomer I consists
of a triangular metal core with two bridging sulfur atoms along
each edge (total of 6). The seventh sulfur atom is face capped
on one side of the metal triangle, and the cluster has an overall
symmetry of Cs, (3-fold axis perpendicular to plane of page in
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Figure 5. Mass spectra of products formed from collisions of the
M;S;T (M = Mo, W) cluster with a 25% CO/He gas mixture.

Figure 6). Isomer I is thought to be the basic building block of
a large number of compounds in the condensed phase such as
[NH4]2[Mo03S3]*>#* and the center of a trinuclear cluster
complex with outer dithiolate ligands that has been identified
as a novel molecular conductor.®3 Isomer 11 is structurally similar
to I, but contains two face capping sulfur atoms and has a lower
symmetry (C). The lowest energy structure, isomer III, has C;
symmetry with each metal atom bonded to one terminal sulfur
atom, two bridging sulfur atoms, and one face capping sulfur
atom. Note that isomers I and II contain a triangular M3 metal
core, whereas isomer III is predicted to have only one relatively
long metal—metal bond (2.93 A).

The structures for the cluster adducts, M3S7(CO),", were
geometry optimized, and the total adsorption energies, E,as(7),
were calculated for each of the three isomers. The computed
trends in adsorption energies are shown in Figure 6. For isomer
I, the total adsorption energy, F,as(n), steadily increases to n =
6, after which it reaches a plateau. The calculated adduct
structures for n > 6 (not shown) exhibit significant structural
distortions, which we attribute to steric effects associated with
multiple CO binding to the metal atoms. The calculated
adsorption energies for sequential CO addition to isomer II show
similar behavior (Figure 6). For both isomers I and II, the
calculated total adsorption energies predict that the n = 6 adduct
should be observable, in clear disagreement with the experi-
mental product mass spectra (Figure 5).

The calculated adsorption energies for isomer III show very
different behavior for sequential CO binding (Figure 6). The
calculated total adsorption energies for both Mo and W are seen
to reach a plateau between n = 4 and n = 5, with the n = 6
adducts predicted to be even less stable. These trends are more
easily seen from the apparent CO binding energies, AE,qs(n),
shown in Table 2. For the M03S;7(CO), adducts, the apparent
CO binding energies decrease by ~0.25 eV per added CO until
n =5 for which the binding energy is predicted to be essentially
zero. The sequential CO binding energies for W3S;7(CO),
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Figure 6. Optimized structures for the three lowest energy isomers of
the M3S77 (M = Mo, W) cluster. Figures adjacent to each isomer show
the total adsorption energies for sequential adsorption of CO molecules
to the M3S;" clusters as determined by DFT calculations.

TABLE 2: Calculated Binding Energies, AE ,4s(1), for the
Consecutive Addition of nCO Molecules to Isomer III of the
M;S; Cluster (M = Mo, W)*

n AEads(n) MO3S7(CO)n+ AEads(n) W3S7(Co)n+
1 —0.99 —1.48

2 —0.72 —0.75

3 —0.46 —0.70

4 —0.19 —0.43

5 +0.006 —0.15%*

6 +0.28 +0.026

@ All energies are given in eV. **Denotes breakage in the adduct
cluster.

exhibit a somewhat different behavior, with a large drop in
apparent binding energy between the first (n = 1) and second
(n = 2) CO addition, whereas the second (n = 2) and third
(n = 3) additions have nearly the same binding energy. Beyond
n = 3, the apparent CO binding energies for the W adducts
steadily decrease and eventually becomes positive for n = 6.

On the basis of the calculated trends in consecutive CO
binding energies, we would expect to observe the n = 4 adducts
for isomer III for both the Mo and the W clusters. In fact, the
n = 4 adduct is observed as a small peak in the Mo3S;7(CO),
mass spectrum, but not in the product mass spectrum for the
W cluster (see Figure 5). As was previously found for the
M,S¢"(CO); adducts, the probability of observing the n = 4
adduct depends on the cluster’s stability with respect to
fragmentation when the metal atoms bind to more than one CO
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Figure 7. Geometry-optimized structure of the n = 3 and n = 4 CO

adducts of isomer III of the M3S;" (M = Mo, W) clusters as determined
from DFT calculations.

molecule. The optimized structures for the n = 3 and n = 4
CO adducts are shown in Figure 7. For both Mo and W, addition
of the fourth CO causes a M—S—M bridge bond to break. On
the basis of the mass spectra in Figure 5, it would appear that
the n = 4 adduct survives on the time scale of detection for the
Mo cluster but not for the W cluster. According to the DFT
optimization results (not shown), when a fifth CO molecule is
added to the W3S77(CO), adduct, it undergoes fragmentation
into a WS3(CO) and W,S,7(CO), species. Although the latter
behavior may be an isolated case, the DFT calculations support
the idea that the smaller clusters become structurally unstable
when the number of bonded CO molecules exceeds the number
of metal atoms, even though the total CO adsorption energy
may continue to increase.

Overall, the predicted trends in CO adsorption energies and
adduct stability for isomer III are more consistent with the
observed product mass spectra than that for isomers I and II
for both the Mo and the W clusters. Therefore, we assign the
structure of the M3S;™ cluster to that of isomer III (Figure 6).

M5S;t Cluster. The product distributions for the MsS;™
clusters interacting with CO are shown in Figure 8. For both
Mo and W, the observed products correspond to MsS;7(CO),
adducts up to n = 6, with no higher mass products detected.
The n = 5 adduct is the most probable for both the Mo and the
W clusters, although the n = 6 adduct peak for the Mo cluster
has nearly the same intensity. Although these clusters have only
five metal atoms, the high probability for n = 6 suggests that
they behave differently toward CO binding than do the smaller
clusters discussed above.

Figure 9 shows the two lowest energy isomer structures for
the MsS;™ cluster. Two other higher energy structures were also
considered (Erelaive = 1 €V), but are not presented because their
predicted CO adsorption energy trends were also inconsistent
with the observed CO adduct product yields. The higher energy
structure, isomer I, consists of a trigonal bipyramidal arrange-
ment of the five metal atoms with an overall cluster symmetry
of C,, (C; axis perpendicular to page in Figure 9). This structure
maximizes the number of bridge bonded sulfur atoms and results
in three sets of inequivalent metal atom sites, that is, at the poles
of the bipyramid, and two distinguishable sites in the equatorial
plane. The lowest energy structure, isomer II, has as its core
the tetrahedral Mo4Se cluster whose compact cage structure has
been shown to be especially stable as both an anion® and a
cation.?! The fifth Mo atom is attached at the base of the
tetrahedron via three sulfur bridge bonds and is capped by a
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Figure 8. Mass spectra of products formed from collisions of the
M;S;T (M = Mo, W) cluster with a 25% CO/He gas mixture.
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Figure 9. Optimized structures for the two lowest energy isomers of
the MsS;* clusters (M = Mo, W). Figures adjacent to each isomer
show the total adsorption energies for sequential adsorption of CO
molecules to the MsS; clusters as determined by DFT calculations.

triply bonded sulfur atom. Having no direct metal bonds, the
fifth metal atom is more akin to the metal sites in the smaller
M,S¢™ and M3S;T cluster. Isomer 11 has near C; symmetry with
the reflection plane bisecting the cluster perpendicular to the
page (see Figure 9).

Also shown in Figure 9 are the calculated total adsorption
energy plots for the sequential binding of CO to MosS;*. For
isomer I, the calculated total adsorption energy exhibits almost
a linear increase up to n = 5, where it abruptly levels off with
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TABLE 3: Calculated Binding Energies, AE,4s(1), for the
Consecutive Addition of nCO Molecules to Isomer II of the
M;S;t Cluster (M = Mo, W)?

n AE4(n) MosS7(CO),* AE,4(n) WsS7(CO),*
1 —1.02 —1.48
2 ~0.95 —1.43
3 —0.92 —1.12
4 —0.88 —1.35
5 —0.78 —1.26
6 —0.52 —0.63
7 —0.56 —0.94
8 —0.18 —0.26

@ All energies are given in eV.

a relative CO binding energy close to zero (AE.s(5) ~ —0.03
eV). This calculated trend in CO adsorption energies would
predict that the MosS77(CO), product mass spectrum would
terminate at n = 4, whereas the experiments show that both n
= 5 and n = 6 adducts are prominent products. Note that in
adding a sixth CO molecule, the total adsorption energy
increases sharply by ~2 eV. This adsorption behavior is
reminiscent of the increase in adsorption energy between the n
=2 and n = 3 adducts of M0,S¢"(CO),, which undergo internal
bond breaking with the addition of the third CO molecule (see
Figures 3 and 4). Indeed, the DFT calculations predict that the
addition of a sixth CO molecule to isomer I leads to Mo—Mo
bond breaking in the triangular metal core (not shown). Despite
the high CO adsorption energy or ultimate fate with respect to
dissociation, the probability for forming the n = 6 adduct of
isomer I is small due to the low total adsorption energy of the
n = 5 adduct, which acts as its precursor in sequential addition.
The predicted absence of the n = 5 adducts disagrees with the
observed product mass spectrum (Figure 8); hence, isomer I is
unlikely to be the correct structure of the MosS;™ cluster.
The total CO adsorption energies for isomer II of the MsS;™
cluster exhibit an almost linear gain with sequential CO addition
up to n = 5, beyond which the adsorption energy begins to
level off at n = 8 (see Figure 9; Table 3). The latter would
predict adduct formation beyond what is observed experimen-
tally (n > 6), but a more complete picture of adduct stability
comes from consideration of the adduct structures. Figure 10
shows the calculated structures of the n = 5 to n = 7 adducts
for isomer II of both Mo and W. It is clearly seen that the MsS7™
core of the n = 6 adduct is significantly distorted from that of
the bare cluster (see Figure 9) with two CO molecules bound
to one of the equatorial metal atoms. The ability to accommodate
two CO molecules on one metal site is attributed to the metallic
nature of the four metal atoms forming the inner tetrahedron.
As seen in Figure 10, the seventh CO molecule preferentially
binds to the metal atom that is separated from the My tetrahedral
core by three sulfur bridge bonds. Binding of CO at this metal
site, however, leads to breaking two of the sulfur bridge bonds,
with the MoS(CO), fragment tethered to the larger MoySs™(CO)s
core of the cluster through the remaining bridge bonded sulfur
atom. The observation of the internally fractured n = 7 cluster
adduct will depend on its stability against further fragmentation
on the time scale of our detection measurements. In this case,
the dissociation of the n = 7 adduct into two smaller fragments
may be energetically driven by the high stability of the “magic
cluster” fragment, MosS¢™(CO),.2! Dissociation would lead to
cation species whose mass would fall outside the range of the
intact cluster adducts in Figure 8 and were not detected. Hence,
the calculated CO adsorption energetics for isomer II favor
adduct formation for n = 1—6, but larger adducts may be subject
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Figure 10. Geometry-optimized structure of the n = 5—7 CO adducts
of isomer II of the MsS;™ (M = Mo, W) clusters as determined from
DFT calculations.

to cluster fragmentation and dissociation. This overall picture
for isomer II for both Mo and W is consistent with the observed
product mass spectra that sharply terminate at the n = 6 adduct.
Hence, we tentatively assign the structure of the MsS7™ cluster
cation to that of isomer II.

MSst Cluster. The product mass spectra resulting from
interactions between the MgSg™ (Mo and W) clusters and CO
are shown in Figure 11. In the case of Mo, the n = 6 adduct is
clearly the most favored product with only very small peaks at
higher mass corresponding to CO adducts with n = 7—9. The
CO adduct distribution for the W cluster also shows a maximum
at n = 6; however, the mass peaks corresponding to the bare
cluster ion and the n = 1 CO adduct are of comparable intensity.
A very small peak corresponding to the n = 7 adduct is also
observed. The fact that the product mass spectra for both Mo
and W exhibit a high probability for the n = 6 adduct is
consistent with the qualitative expectation of one CO molecule
bound on each of the six metal atoms of the MgSg™ cluster.

Figure 12 shows the calculated lowest energy structures for
the MogSs™ cluster (the WgSg™ cluster is structurally similar)
as well as the calculated total adsorption energies for sequential
CO addition to both the Mo and the W clusters. The highly
symmetric structure of isomer I has been previously identified
as the building block of the well-known Chevrel phase of
molybdenum sulfide in AMoeSg or ABMoeSg solid-state
compounds.'**® The metal atoms of isomer I are arranged to
form an inner octahedron with the sulfur atoms symmetrically
placed in the triangular faces (near O;, symmetry).

Because the MosSs moiety is known to have the “Chevrel”
structure of isomer I in solid-state and solution-phase chemistry,
it was expected that the calculated CO adsorption energies of
isomer I would follow the experimentally observed CO adduct
product distributions. In fact, the calculated total CO adsorption
energies for Mo and W (see Figure 12) suggest that adducts
with more than six CO molecules should be observable, whereas
the experimental mass spectra show that adducts with n > 6
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Figure 11. Mass spectra of products formed from collisions of the
MeSst (M = Mo, W) cluster with a 25% CO/He gas mixture.
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Figure 12. Optimized structures of the two lowest energy isomers of
the MeSst (M = Mo, W) clusters. Figures adjacent to each isomer
show the total adsorption energies for sequential adsorption of CO
molecules to the MgSs™ clusters as determined by DFT calculations.

have very low probability. The theoretical result is perhaps not
too surprising, as the MsS;™ cluster with a similar metal internal
framework was also predicted to bind more than one CO per
metal atom. Nonetheless, the calculations for isomer I show a
significant decrease in the binding energy for placing two CO
molecules onto a single metal site. Specifically, the decrease in
apparent CO binding energy between the n = 6 and n = 7
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TABLE 4: Calculated Binding Energies, AE,4s(n), for the
Consecutive Addition of nCO Molecules to the MgSg™
Cluster (M = Mo, W)

AEqq(n) MogSs(CO), ™

AEads(n) VVGSt?(CO)nJr

n isomer | isomer II isomer [ isomer II
1 —1.32 —1.10 —1.78 —1.60
2 —1.14 —1.12 —1.55 —1.64
3 —1.06 —0.96 —1.57 —1.40
4 —1.04 —0.95 —1.45 —1.41
5 —1.03 —0.86 —1.50 —1.26
6 —1.00 —1.38 —1.52 —2.24
7 —0.60 —0.60 —0.72 —-0.73
8 —0.60 —0.60 —0.54 —0.54
@ All energies are given in eV.
Isomer I
Mo,S'(CO), WSs'(CO),

Figure 13. Geometry-optimized structures for the n = 6—8 CO adducts
of isomer I of the MgSg™ (M = Mo, W) clusters as determined from
DFT calculations.

adducts is 40% for Mo and 53% for W (see Table 4). The latter
can be qualitatively understood by inspecting the optimized
structures for the n = 6, 7, and 8 adducts shown in Figure 13.
Relative to the n = 6 adduct, it is seen that the addition of a
second CO molecule to a single metal atom site introduces strain
into the cluster framework as well as reorientation of the nearby
CO molecules to minimize repulsive interactions. As a result,
the gain in energy resulting from binding additional CO
molecules is offset by the strain and CO crowding introduced
into the adduct structure. The balance between these two effects
will determine the overall stability of the adduct, and the current
calculations for isomer I yield the correct trends for the relative
adduct stabilities, but appear to overestimate the CO binding
energies of the larger adducts (n > 6).

In searching for other low energy isomers of MgSg™, a
geometry optimization was performed in which the beginning
structure was that of a bulk MS, reduced to the proper
stoichiometry. The resulting structure, isomer II (Figure 12),
has a calculated total energy that is lower than isomer I for the
Mo cluster (—0.22 eV) and higher than isomer I for the W
cluster (+0.25 eV). The prediction of different lowest energy
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Figure 14. Comparison of the geometry-optimized structures for CO
adducts (n = 1—4) of isomers I and II of the MosSs" cluster as
determined from DFT calculations.

structures for the Mo and W clusters is unique among the small
clusters studied in this work. The structure of isomer II is similar
to isomer I except that two of the face centered sulfur atoms
have moved to form a Mo—S—Mo bridge bond on one edge of
the base of metal octahedron and a Mo—S dangling bond with
one of the metal atoms at the apex of the metal octahedron.
These structural changes lower the symmetry of the cluster to
C,, but the metal atoms retain an octahedral configuration.

From Figure 12 and Table 4, it is seen that the trends in
calculated total CO adsorption energies for isomer II are very
similar to that for isomer I for both Mo and W. Moreover, the
calculated CO binding energies for the n = 7 and n = 8 adducts
are essentially identical for both isomer I and isomer II (see
Table 4). The latter can be explained by inspection of the
optimized CO adduct structures as shown for the n = 1—4
adducts of the MogSs™ cluster in Figure 14. For n = 13, the
CO adducts of isomers I and II retain their distinct structures.
For n = 4, however, the geometry optimization procedure results
in isomer II rearranging to form an n = 4 adduct of isomer 1.
It is also seen that the n = 4 adduct resulting from rearrangement
of isomer II has one of the CO molecules in a position different
from that of the calculated lowest energy structure for the n =
4 adduct of isomer I. As shown in Table 4, this difference in
CO binding arrangement leads to somewhat different sequential
CO binding energies for the n = 5 and n = 6 adducts. The
differences in total energies for the adducts of isomer I and
isomer II with n > 4, however, are relatively small (<0.02 eV),
and so these different CO addition pathways are probably
indistinguishable under experimental conditions. Beyond n =
6, where all of the metal atom sites are occupied by one CO
molecule, the cluster adducts formed by either isomeric pathway
are structurally identical and so are the n = 7 and n = 8 total
adsorption energies. The calculated structures and CO adsorption
trends for the W¢Sg™ cluster are essentially the same as those
for the MogSg™ cluster discussed above.

Because of the similarities in the total energy of the CO
adducts and the predicted isomer interconversion for adducts
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with n = 4, the experimental product distributions cannot
provide unambiguous evidence for isomer I or II as being the
preferred structure for the free MgSg™t cation cluster. Previous
DFT studies have reported the existence of both isomers with
binding energies only ~0.1 eV apart, with the Chevrel structure
(isomer I) still being the most stable.>®> The present DFT
calculation, therefore, gives a reasonable prediction of the
relative isomer energies for the free MgSg™ cation clusters. It is
also possible that both isomers I and II coexist under the
conditions of our cluster source or readily interconvert depending
on the internal energy of the clusters. In that case, the observed
adduct product distributions would reflect the CO binding of
both isomers. As shown above, however, isomer I is preferred
in the presence of strongly interacting adsorbates like CO. This
is consistent with the Chevrel structure being the most
stable in other chemically bonded environments, for example,
deposited on surfaces®*>! and in solid phases.!?!3

Summary and Conclusions

In this work, we have used a combination of experiment and
DFT to study the CO adsorption properties of several small
metal sulfide clusters, M,CS;r (M = Mo, W; x/y = 2/6, 3/7, 5/7,
6/8), as a way to probe the cluster’s electronic and atomic
structure. Specifically, the mass distribution of M,S,"(CO),
adducts formed by collisions between the cluster cation and CO
molecules is found to be very sensitive to cluster structure and
provides a way to distinguish between low energy isomers
predicted by theory. For the two smallest clusters, M,S¢™ and
M;S;T, the structural isomers differ by less than 0.1 eV, yet
only the lowest energy structure yielded consecutive CO
adsorption energies that were consistent with the experimental
data. The predicted ground-state structures for the M,S¢™ and
M;S7" clusters involve M—S—M bridge bonds as well as
terminal sulfur atoms on each metal atom.

Similar comparisons of predicted CO adsorption behavior to
experimental CO adduct product distributions also provide
evidence for assigning the ground-state structures of the MsS7™
and MgSg™ clusters. The latter contain metallic cores with most
of the sulfur atoms bonded along the edges or in the faces of
the metal core structure. The metallic core structure of substo-
ichiometric clusters like M5S;™ and MeSg™t has been attributed
to partially filled d-orbitals on the metal atoms, maximizing the
number of sulfur binding sites at edges and faces. The latter
maximize electronic interactions between the Mo—S atoms via
d—s—p orbital hybridization.3>-33

Experimentally, the most probable MXSy+(CO)n adducts
observed are those with n < x, that is, a maximum of one CO
molecule per metal site. As a general feature, the DFT
calculations show that adding more than one CO molecule to a
metal site causes considerable distortion of the cluster. In fact,
the MySe™ and M3S;™ (M = Mo, W) clusters are predicted to
internally fragment when n > x, which may explain the absence
of such adducts in the experimental product distributions despite
having a lower total energy than the n = x adduct. Similarly,
the n = 6 and 7 adducts of MsS;" are predicted to be more
stable than the n = x = 5 adduct, but only the n = 6 adduct is
observed experimentally. The DFT calculations provide a
possible explanation by showing that the n = 7 adduct undergoes
internal bond breaking whereas the n = 6 framework is stable,
albeit highly distorted. For the MgSg™ cluster, the calculations
predict that the two lowest energy isomers can bind to more
than six CO molecules without fragmentation, although the
apparent binding energy drops significantly for adducts with n
> 6. The ability to bind additional CO molecules is likely a
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reflection of the metallic nature of the Mg core of the MgSg™
cluster. Interestingly, the DFT calculations also show that the
addition of four CO molecules to the MgSg™ cluster can lead to
isomerization of the lower symmetry isomer to the more
symmetric “Chevrel” isomer.

Finally, we note that the calculated adsorption energies for
the first CO molecule onto the M,CSy+ cluster cations with x =
2, 3, and 5 are very similar, with a value of ~1 eV for the Mo
clusters and ~1.5 eV for the W clusters. Essentially, the same
adsorption energies were obtained in our earlier study of CO
addition to the MosS¢™ and W4Se™ “magic” clusters (M = Mo,
W).2! The MgSg™ “Chevrel” clusters studied here show some-
what higher CO binding energies for both Mo (1.3 eV) and W
(1.8 eV). These values can be compared to previous studies of
CO bonding, which have focused on larger two-dimensional
clusters (platelets) whose structures mimic bulk MoS,.?728
Binding of CO only occurs at the edges of the platelets, which
can be either Mo or S terminated. These 2D clusters are used
as models for the active catalytic species in hydrotreating
catalysts, which are composed of small nanoplatelets of near-
stoichiometric MoS;. In their study of MoysS, (x = 48, 60, 84),
Zeng et al. obtained a first CO binding energy of 1.2 eV at
4-coordinated and ~0.5 eV for 6-coordinated Mo edge sites.?®
For the near stoichiometric Mo6S, (x = 29, 34, 38) clusters,
the same group calculated a range of 1.1—1.3 eV for the first
CO binding energies at 4-coordinated Mo edge sites (depending
on exact geometry of metal site).”” Near additivity of adsorption
energy is also observed for multiple CO additions on the large
clusters, similar to what is predicted for the smaller MosSe™,
MosS7™, and MogSs™ clusters in this work. Despite the large
variation in structure, the first CO bonding energies are
remarkably similar between these larger bulk-like clusters and
the small clusters studied here, even though the MosSe™,
MosS7T, and MogSs™ have metallic cores that are absent in bulk
MoS,. These results suggest that the metal—CO interaction is
highly localized with the detailed structure of the surrounding
cluster playing only a minor role. Because CO is known to bind
to the same metal sites that are also active for catalysis, it is
likely that even the smaller clusters 3D clusters are active for
promoting surface reactions. In particular, the high CO adsorp-
tion energies and high number of active sites (6) per unit volume
make the MogSg™ “Chevrel” cluster an interesting candidate as
a supported nanocatalyst. Indeed, recent DFT calculations by
Seifert et al. have explored the binding of the MogSg clusters
on a Au(111) surface and have shown it to strongly bind to the
Au surface with only minor structural changes.’*! We are
currently exploring the reactivity of the MoeSs cluster deposited
on a Au(111) surface using mass-selected deposition as recently
demonstrated for the MosS¢/Au(111) system.?
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