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The catalytic activity of transition metal sulfide (TMS) clusters in small molecule activation, redox
transformations, and charge transfer has inspired the design of novel TMS-based materials for energy-
related catalysis and chemical applications. Polyoxometalates (POMs), known for their structural diversity,
can in principle be transformed into TMS clusters; however, fully sulfided analogs are rarely isolated,
likely due to the strong tendency of uncapped TMS clusters to agglomerate. Here, we report the
geometric and electronic structure of a capping ligand-free fully sulfided analog of heptamolybdate
Anderson POM [Mo"',0,41°~, synthesized through the sulfidation of a nanoconfined POM secured within
a porous Zr-metal organic framework (NU-1000). A combined computational and experimental analysis
indicates that the sulfided counterpart of the Anderson POM is geometrically and electronically more
sophisticated than the parent POM. Comparison of experimental pair distribution function (PDF) data
with computational simulations confirms that, unlike the oxygen-only [MoY,0,41°" cluster, the
IMo™-(p3-S)e(io-SH)6(S2)6]>~ polythiometalate (PTM) exhibits diverse sulfur anions (527, HS™, $,27). DFT
calculations indicate that H,S acts as a reducing agent, and together with terminal disulfide (S,27) ligands

in the PTM structure, facilitates the complete reduction of all seven Mo"' centers in the parent POM to
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Accepted 19th August 2025 Mo". These findings are supported by X-ray photoelectron spectroscopy (XPS), which confirms exclusive

Mo", and elemental analysis, which shows quantitative sulfur incorporation. Difference envelope density
(DED) mapping further reveals that the PTM clusters are spatially confined within the MOF pores,
preventing agglomeration and preserving molecular integrity.
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analogs.'®" In theory, substituting sulfur for oxygen in well-

Introduction
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Transition metal sulfide (TMS) clusters are versatile platforms
for sustainable energy catalysis, owing to their rich structural
diversity, flexible redox chemistry, and dynamic charge-transfer
capabilities."” Inspired in part by their biological counter-
parts—which mediate multi-electron bond activations in
nitrogenases,®® nitrous oxide reductase,” and carbon monoxide
dehydrogenases'®**—synthetic TMS clusters have been
explored as molecular models and functional catalysts for
hydrogen evolution, CO, reduction, and other reductive
transformations.”” Among metal oxides, polyoxometalates
(POMSs)—particularly those composed of Mo, W, or V in high
oxidation states—offer precise structural control and electronic
versatility, making them appealing precursors for sulfided
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defined polyoxometalate (POM) structures should yield a wide
variety of polythiometalates (PTMs); however, reports of fully
sulfided POM analogs are scarce.” This scarcity could be
attributed to the strong internal metal-sulfur redox reactions
and the tendency of uncapped PTMs to agglomerate.”**

We have recently shown that capping-ligand-free, fully sul-
fided analogs of the well-defined Anderson polyoxometalate
[Co™M0Y60,,]°" can be accessed by sulfidating the POM
precursor when immobilized within the Zr-metal organic
framework NU-1000 (MOFkey:>*
Zr. HVCDAMXLLUJLQZ.MOFkey-v1.csq; see Fig. 1a).>**” In NU-
1000, the reactant-accessible ¢ pore (Fig. 1b) spatially sepa-
rates and confines the POMs (Fig. 1c), enabling controlled sul-
fidation within these confined microenvironments. A difference
envelope density (DED) map reveals that, like the POM precur-
sors, the resulting PTMs are individually isolated within the
open-channel-connected micropores of the MOF, thereby pre-
venting their agglomeration. Assessments of elemental
composition establish that the replacement of the oxygen ions
of each POM by sulfur ions is quantitative within experimental
uncertainty. No evidence for loss of Mo or Co is observed.

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) Crystal structure of NU-1000, showing 30 and 10 A channels along the c-axis, (b) side view of the c pore, (c) top views of an a-type
planar Anderson POM, which can be anchored in the c pore. X represents a heterometal center. Hydrogen atoms in a, b, and ¢ are omitted for

clarity.

Further, XPS measurements indicate complete conversion of
Mo"" to Mo", which is supported by density functional theory
(DFT) calculations.

Preliminary results indicate that PTM@MOF materials
remain structurally stable up to 300-350 °C under hydrogena-
tion conditions. However, sensitized framework photolysis
experiments revealed that MogCoS,,™~ @NU-1000, as initially
synthesized, is catalytically inactive for evolution of molecular
hydrogen from an acidified mixture of acetonitrile and water.
With extended photolysis, however, the MOF-immobilized
cluster became progressively more catalytic. Concomitant with
increasing activity is loss of sulfur and release of H,S. The
behavior was tentatively attributed to progressively increasing
exposure of otherwise coordinatively saturated molybdenum
centers to potentially reactive hydronium ions. The stability of
these materials when isolated in NU-1000, as well as their
promise for thermal- and electrocatalytic reduction motivates
this study into the PTM composition and structure.

Unlike bulk or 2D MoS,, where only edge sites are active and
basal planes remain inert,”*?° Anderson-type PTMs expose
nearly all Mo and S atoms, yielding a high density of catalytic
sites that enhance activity and facilitate molecular-level
structure-activity studies. All-molybdenum sulfide clusters
additionally offer a compositionally uniform and structurally
simplified platform for probing how sulfur coordination and
molybdenum reduction influence redox behavior—insights
often obscured in heterometallic or amorphous systems. Low-
nuclearity thiomolybdates such as [Mo;S;3]*~ and [Mo0,S1,]>~
have served as useful molecular models for catalytically active
MoS, motifs,**"** but their limited nuclearity restricts the
degree of structural complexity and electronic delocalization
they can capture. In contrast, higher-nuclearity clusters such as
Mo,S,4, may overcome these limitations by combining the
tunable electronic properties of molecular systems with local
geometric features resembling amorphous MoS,.*** If these
structural and electronic parallels are confirmed, the clusters
can serve as atomically precise models for probing the factors

This journal is © The Royal Society of Chemistry 2025

that govern redox catalysis, ultimately guiding the design of
PTMs and molybdenum sulfides for hydrogen evolution and
other reductive transformations.

Along these lines, in this manuscript, we combined
computational and experimental methods to study the
geometric and electronic structure of the sulfided analog of
a heptamolybdate Anderson POM [Mo"",0,4]°". Our objective
was to shed light on: (i) what geometrical structural features
uniquely differentiate the PTM from the parent POM, and (ii)
how does wholesale replacement of oxygen by sulfur change the
cluster electronic structure? Inductively coupled plasma optical
emission spectroscopy (ICP-OES), X-ray photoelectron spec-
troscopy (XPS), pair distribution function (PDF) analysis, and
DED mapping were employed to probe elemental composition,
oxidation states, local coordination environments, and spatial
confinement—revealing the expected stoichiometry, complete
reduction of Mo"" to Mo", diverse sulfur ligands, and discrete
localization within the MOF pores. Extensive DFT calculations
refine the structural model to a Mo,S,, core composed of S*~,
HS™, and S,> ligands, indicating that H,S acts as both sulfur
source and reducing agent, facilitating Mo reduction via
terminal disulfide formation. This wholesale sulfur substitution
preserves the cluster's compact geometry while significantly
modulating its frontier orbitals, resulting in a delocalized,
redox-active electronic structure consistent with enhanced
catalytic performance.

Synthesis details

NU-1000 was synthesized according to the literature.’®
Mo,S,,@NU-1000 was synthesized as follows. Ammonium
molybdate tetrahydrate (60 mg, 0.049 mmol) was dissolved in
10 mL of deionized water. NU-1000 (50 mg, 0.023 mmol) was
added to the solution and dispersed by sonication for about 1
minute. The suspension was shaken periodically. After 3 days,
the solid was washed three times with water and soaked in
acetone overnight. Then, the solid was washed two more times

J. Mater. Chem. A, 2025, 13, 32382-32390 | 32383
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with acetone and dried at 80 °C for 4 h under vacuum prior to
activation on the Smart VacPrep. The dried sample (50 mg) was
placed in a tube furnace and subjected to 25 scem of 4%H,S/N,,
and the temperature was increased at a rate of 5 °C min ' to
180 °C. After 18 h, the sample was cooled to room temperature
under N, and stored under inert environments.

Additional experimental methods

ICP-OES, XPS, powder X-ray diffraction (PXRD) with DED anal-
ysis, and PDF analysis and methods are detailed in SI Section 1.

Computational details

Geometries of all studied structures were optimized in the gas
phase without any geometric constraints using DFT as imple-
mented in the Gaussian16 code.*” The M06-L functional® was
employed. The molybdenum center was described using the
def2-TZVPP basis set, while all the other centers were described
using the def2-SVP basis set.>*** Default convergence criteria
were used in electronic structure and geometry relaxations.
Computation of vibrational frequencies confirmed all struc-
tures to be minima on the potential energy surface. Molecular
orbitals and band gaps were calculated through single-point
calculations wusing the hybrid MN15 functional” and
Def2TZVPP basis set on the optimized structures using the
method described above. This functional was used for these
calculations since hybrid functionals with the incorporation of
fractions of the exact Hartree-Fock exchange perform better for
computing precise electronic structures. Gibbs free energies
were calculated at 298.15 K and 1.0 atm. The procedure for
identifying PTM species with varying hydrogen contents is
detailed in SI Section 2.1. Some PTM clusters considered for the
DFT calculations contained reduced Mo centers, which have the
possibility of multiple spin multiplicities. Testing of the
[Mo,S:5(SH)s] species revealed that low-spin states are more
electronically favorable than high-spin states (see Table S1).
Therefore, while searching for isomers with varying H content,
we only considered the lowest spin state. However, once we
identified the favorable isomers, we computed multiple spin
states and noticed that even these species favored low spin
states (see Table S2).

In this study, gas-phase modeling was employed to gain
a fundamental understanding of the intrinsic structural and
electronic properties of the cluster. This approach is consistent
with the structural characteristics observed in experimental
analyses and reflects the conditions under which the cluster was
synthesized. While we acknowledge that solvent effects can
influence the electronic structure and reactivity of molecular
clusters—particularly in solvated environments—reactivity
modeling is beyond the scope of the present work. Nevertheless,
solvent effects will be considered in a follow-up study focused
on cluster reactivity in solutions. Additionally, we evaluated the
spin multiplicity of the final [M0,S;5(SH)s]>~ (b-He>") structure
in both the gas phase and in acetonitrile solvent using the SMD
implicit solvation model.** Results are shown in Table S2. They
indicate that low-spin states are energetically favored in both
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cases, suggesting that spin-state preferences are consistent
across gas and solvent environments.

Results
Experimental results

Following the synthesis of the fully sulfided polyoxomolybdate
(PTM) cluster within the NU-1000 MOF, we carried out
comprehensive characterization to elucidate its geometric and
electronic features. ICP-OES was performed on the synthesized
material to learn the relative S to Mo composition. This data
showed that the S/Mo ratio is 3.87. XPS was employed to provide
additional data, as well as to learn the oxidation states of the Mo
centers. The S scan of XPS showed no sulfate, indicating that all
oxygen within the POM were replaced with sulfur during the
synthesis of the PTM cluster.

XPS also indicated that the oxidation state of the molyb-
denum centers in the synthesized PTM was significantly
different than the parent Anderson POM. For example, the Mo
3d spectrum (Fig. 2b) consisted of peaks at approximately
229 eV and 233 eV, which correspond to the 3ds, and 3dj),
components of Mo"™ in the PTM, whereas only the Mo"" is
present in the parent POM. The broad S 2s feature observed
near the Mo 3ds,, peak indicates the presence of sulfur in
multiple forms. In contrast, in the parent POM the corre-
sponding oxygens are present only as monoatomic, proton-free
dianions (albeit, in both terminal and bridging configurations).
For further analysis, we examined the S 2p region of the PTM,
which was fitted with two distinct doublets (2ps/2, 2P1/2; Fig. 2¢).
XPS data indicated a higher binding energy doublet at 163.8 and
164.9 eV, reflecting the presence of bridging sulfhydryl (SH™)
and apical $>~ ligands, along with a lower binding energy
doublet at 162.3 and 163.5 eV, attributed to terminal S,>~
ligands.*"** Thus, the PTM contains sulfur atoms (sulfide and
sulfhydryl) having a formal oxidation state of -II as well sulfur
atoms (disulfide atoms) having a formal oxidation state of -I.
The formation of S,>~ from H,S (i.e., sulfur in oxidation state -
II) points to H,S as a source of reducing equivalents for the
conversion of Mo"" to Mo".

Powder X-ray diffraction (PXRD) data for PTM@NU-1000
(Fig. S7) exhibit a slight increase in low-angle diffuse scattering
compared to the POM-loaded starting material, which may
suggest structural disorder introduced during sulfidation or the
presence of a second non-periodic phase. To assess the location
and verify the isolated nature of the clusters, difference envelope
density (DED) analysis was carried out based on synchrotron X-
ray scattering data. DED analysis, obtained by subtracting the
structure envelope of pristine NU-1000 from that of POM@NU-
1000 and PTM@NU-1000, revealed that both the parent Ander-
son POM and its fully sulfided analog are localized in the NU-
1000 c-pore, with partial extension towards the adjacent trian-
gular channels (Fig. 2a and S6). As we have shown for related
systems, nanoscale confinement is crucial for suppressing
agglomeration,** a common issue for uncapped or unsup-
ported PTMs. By physically isolating the clusters, NU-1000
stabilizes discrete, well-defined molecular species and prevents
their transformation into disordered or amorphous aggregates.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta03649f

Open Access Article. Published on 19 August 2025. Downloaded on 3/16/2026 1:50:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
&b
a. ;,” “Q b. .
- Z@‘* ’
s% s; b )
roos vl o é é Bridging S Terminal S
r' ‘1 /At o 1= =
/ ‘,\
e L
; 2
’, 2CI57 2:‘54 231 2&8 2&5 1(‘58 1é5 1(‘52 1%9

q2.44) Mo-S

@ Mo-Mo

Binding Energy (eV)

Binding Energy (E) (eV)

. A AN . .
0 1\/\/\} 3 4\/

NP NW-AVANW S

5 6 7 8 9 10
Distance (A)
Fig. 2 (a) Difference envelope density plot corresponding to the location of the PTM (yellow surface) in the NU-1000 c pore. (b) and (c) X-ray
photoelectron spectra of the Mo 3d (b) and S 2p regions (c). (d) Differential pair distribution function data obtained for the PTM@NU-1000
system.

Differential PDF (d-PDF; Fig. 2d) was carried out to interro-
gate the PTM structure. The d-PDF of the parent [Mo"",0,4]°~
cluster is included in the SI Section 3 for reference. d-PDF
results were obtained by subtracting the PDF for pristine NU-
1000 from that of the PTM@NU-1000. Results from d-PDF
illustrate the closest Mo-S and Mo---Mo distances (i.e., low r
region; the dash and ellipsis indicate directly and indirectly
connected atom pairs, respectively) within the PTM. Specifi-
cally, the well-defined peaks at ~2.44 A and at 2.76 A correspond
to the Mo-S and Mo---Mo distances within the PTM. At longer
distances, where there are multiple discrete atom-atom corre-
lations of similar distance, the assignment of peaks in the PDF
to specific atom-atom pairs is less straightforward. The features
in the d-PDF associated with the PTM clusters confined within
NU-1000 are distinctly different than observed in previous PDF
studies of amorphous MoS, phases.*® Indeed, the sharp Mo-S
and Mo---Mo correlations observed in the d-PDF for the PTM
confirm a well-defined local structure. The absence of features
beyond ~5 A in the d-PDF suggests that this order is confined to
a molecular scale, as is consistent with a discrete cluster.
Collectively, the PDF, PXRD, and DED analyses all indicate that

This journal is © The Royal Society of Chemistry 2025

the PTM forms a locally ordered, discrete molecular cluster that
is spatially confined within the c-pores of NU-1000. These
findings also confirm significant structural transformation and
full reduction of Mo centers from Mo"" to Mo"". Nevertheless,
precise structural assignment and a deeper understanding of
the electronic structure necessitate computational modeling,
which is described in the following section.

Computational results

The results from the XPS study, which identified reduced Mo
centers and a variety of sulfur-based ligands in the synthesized
PTM, provide a basis for modeling the geometric structure of
the PTM. Based on these results, we constructed four possible
model structures with the chemical composition of [M0,S,4]°~

These structures are shown in Fig. 3 and are labeled a, b, ¢, and
d. Structure a is the exact analog of the Anderson POM built by
replacing O with S. Structures a, b, ¢, and d exhibit various types
of sulfide groups such as bridging sulfides/disulfides (S>7/S,>),
terminal sulfides/disulfides (S*>7/S,>7), and apical sulfides (p5-
$>7), which have also been observed in the structures of other
thiomolybdates.>*”~** Structures a, b, and c¢ have the same

J. Mater. Chem. A, 2025, 13, 32382-32390 | 32385
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Fig. 3 (a—d) Possible structures considered for modeling the sulfided analog of Anderson polyoxometalate [Mo¥',0,418~ and their relative Gibbs
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Mo, (p3-S)s(12-S)e core, whereas structure d has a core contain-
ing six bridging disulfides. Further, structures b, ¢, and d have
six disulfides, resulting in reduced Mo centers, while a has 12
terminal sulfides, resulting in fully oxidized Mo"" centers—
notably at odds with the experimental finding of molybdenum
exclusively in oxidation state IV.

All model structures have the same [Mo,S,4]®"
composition, which allows thermodynamic stability compar-
ison. Structure a, which resembles the structure of the parent
POM, is thermodynamically the most favorable structure, while
structure d, which comprises bridging disulfide ligands (S,>") is
the most unfavorable structure with a relative free energy of
144.3 keal mol . This suggests that bridging disulfide ligands
are very unstable in these PTMs. Among the clusters containing
terminal disulfide ligands (S,>"), structure b is more favorable
than ¢, making it the 2nd most favorable geometric configura-
tion amongst the model structures. The terminal disulfide
ligands (S,>7) in b are connected to one molybdenum center as
commonly observed in thiomolybdates.

Since structure a is thermodynamically most favorable, we
computed the thermodynamics of the generation of this PTM
species due to the reaction of the [Mo7024]6’ POM with H,S,
forming H,O (see SI Fig. Sla). We find this reaction is ender-
gonic by 25.0 kcal mol™". On the other hand, the presence of
protons in the cluster stabilizes the PTM, making the sulfida-
tion of the POM thermodynamically viable (Fig. S1b). Therefore,
we considered the thermodynamics of PTM formation with
various numbers of added protons. Since structures a and
b were found to be the most stable, we explored the protonation
of both clusters by adding up to 6 protons to each structure
(Fig. 4a). Protonation suggests that the sulfided analog of the
Anderson POM contains sulfhydryl (SH™) groups, which is in
contrast to the Anderson POM which lacks hydroxyl groups
(OH™). Multiple proton configurations were evaluated to find
the most stable isomer, since various sulfur atoms could
potentially be protonated. Fig. 4a shows the thermodynamically
most favorable isomers with addition of up to 6 protons. The
energies of other isomers are available in SI Tables S3 and S4.
Fig. 4b shows that the thermodynamic stability trend of a-H,,
and b-H,, species depends on the number (1) of protons present.
For values of n between 0 and 2, a-H,, structures are more
favorable. However, for 2 < n = 6, b-H,, structures become more
favorable. The structural stability, hence, depends on the
proton content.

Next, we employed PDF analysis in order to compare with the
synthesized structure. PDFs of the simulated structures (colored
lines) are compared with the experimental d-PDF (black line) in
Fig. 4c. Since most peaks found in the experimental d-PDF are
located between 1.5 to 4 A (Fig. 2d, and 4c), Pearson correlation
analysis between the simulated (a-H,, b-H,, ¢, and d) and
experimental structures was performed in that range. Further
details about this analysis are provided in SI Fig. S4. In general,
b-H,, species have higher average Pearson correlation coeffi-
cients (0.49) with the experimental structure than a-H,, species
(0.29), indicating that the synthesized PTM has more structural
similarities with b-H,, structures. We additionally compared
distances (Mo-S and Mo---Mo) in the favorable protonated PTM

chemical

This journal is © The Royal Society of Chemistry 2025
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structures (from Fig. 4a) with the experimental d-PDF Mo-S and
Mo--Mo distances of ~2.44 A and 2.76 A. The first two intense
peaks in the simulated b-H,, structures (purple, yellow, blue,
and green lines in Fig. 4c) are Mo-S at ~2.45 A and Mo---Mo at
~2.88 A, which are similar to the experimental dPDF.
Conversely, a-H,, structures (gold and red in Fig. 4c) display
a single peak for Mo-S at ~2.20 A, which is shorter than that
observed in experimental dPDF. Further, a-H,, structures exhibit
no Mo---Mo peak due to longer Mo---Mo distances in the a-H,,
structures. Therefore, the Pearson correlation and consider-
ation of Mo-S and Mo---Mo bond distances indicate that b-H,,
species are structurally more similar to the experimental
structure than proposed a-H, structures. This finding is
consistent with XPS results which indicate the presence of
reduced Mo centers. We discuss below that the reduced centers
result from the conversion of multiple sulfides (S*; oxidation
state of -II) to terminal disulfide ligands (S,”"; with oxidation
state of —I) due to exposure to H,S. These findings are addi-
tionally consistent with free energy calculations, which show
that for 2 < n = 6, b-H,, structures are more stable than a-H,,
structures, and that the addition of up to four protons to either
species remains thermodynamically favorable.

The addition of a 5th proton (H") is thermodynamically di-
sfavored by 31.5 kcal mol ™" (Fig. 4a); however, the hydrogen
content of the b-H,>~ cluster can be increased using a reducing
agent such as H,S which is present in PTM synthesis. Under
H,S, two hydrogen atoms (H-) can be added to the b-H*~
cluster, resulting in the formation of b-Hs>~ (Fig. 4a). Further
reduction of the b-Hg>~ PTM by H,S will further change the
oxidation state of Mo in the PTM. Protonation of b-Hg>~ to form
b-H, ™ is unfavorable by 37.6 kcal mol ™" (Fig. S3); therefore, the
b-Hg>~ species is the thermodynamically most feasible model.

(Characterized PTM)

(Parent POM)

Sulfidation

[MoY!,(13-0)4(1,-0)4(0) 1,1 [Mo™;(3-S)g(1,-SH)((Sy)gl* (b-Hg™)

HOMO

Partially filled Mo d-
orbitals

23 eV

Empty Mo d-orbitals

51eV HOMO-LUMO Gap

Fig.5 Structure (top) and highest occupied molecular orbital (isovalue
= 0.03; bottom) of the Anderson POM (left) and the characterized PTM
(right). The PTM orbital uses the triplet structure which is nearly iso-
energetic to the singlet (low spin) structure for visual purposes.
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This observation supports the electronic nature of the PTM
observed in XPS and the geometric features observed in d-PDF
and XPS. The b-Hg>~ structure has the chemical formula
[Mo"5(13-S)s(12-SH)6(S2)s]>~ and comprises six terminal S,>~,
six bridging sulfhydryl (1,-SH™), and six (15-5>7) ligands (Fig. 5,
right figure). The arrangement and configuration of the main-
group elements in this PTM are hence richer than in the
parent POM, which only contains oxides.

Discussion

Disulfide and sulfhydryl groups in the PTM geometrically
differentiate and contribute to changing the electronic structure
of the PTM compared to its parent heptamolybdate cluster. We
calculate a HOMO-LUMO gap for the PTM of 2.3 eV, which is
much lower than the parent Anderson POM (of 5.1 eV) and
consistent with the black color of PTM@NU-1000 crystals. The
synthesized PTM consists of seven Mo' centers, which theo-
retically requires reduction of 14 electrons to convert all seven
Mo"" of the parent POM into Mo" during synthesis. Conversely,
forming the b-He>~ cluster involves a two-electron reduction
process facilitated as protonation by H,S. This necessitates an
additional 12 electron reduction process to explain the PTM's
electronic structure observed in XPS. This extra 12 electron
reduction process in the b-Hg>~ cluster results from its unique
geometric feature of having six terminal disulfides (S,>7).
Terminal disulfides in the PTM structure set it apart from the
parent POM structure, which instead has twelve terminal oxides
(0>7) while maintaining the similar Mo,(u3-S/0)e(11,-S/O)s core.
In the POM, twelve terminal oxides (O”>”) carry a total charge of
—24, while in the PTM, six terminal disulfides (S,>") carry a total
charge of —12. This enables the remaining —12 charge to be
stabilized by reduction of the molybdenum centers. Frontier
molecular orbitals confirm the change in electronic structure
accompanying POM to PTM conversion. In the POM, the high-
est occupied molecular orbital (HOMO) and several orbitals
near the HOMO consist of contributions from oxide molecular
orbitals, while the d-orbitals of molybdenum are empty due to
the Mo"" centers (Fig. 5 and S8). On the other hand, the HOMO,
as well as other occupied frontier molecular orbitals near the
HOMO of the PTM, have a clear contribution from the partially
filled d-orbitals of Mo™ (Fig. 5 and S9).

At the molecular level, the PTM shares geometric and elec-
tronic motifs with low-nuclearity thiomolybdate clusters such as
[Mo3S:5]*~ and [Mo,S,,]*~, which are known to contain low-valent
Mo centers, short Mo---Mo separations (~2.7-2.8 A), and diverse
sulfur ligands.*** Simultaneously, the PTM mimics amorphous
MosS, through its short-range atomic order and lack of long-range
periodicity, a hallmark of catalytically active amorphous MoS,
phases such as MoS;.** However, unlike these bulk amorphous
materials, the PTM is atomically precise and chemically uniform,
enabling detailed structural modeling and electronic analysis.**

Conclusions

A combined computational and experimental study shows that
a MOF-enshrouded and fully sulfided analog of a representative
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POM, o Mo",0,,]°", differs from the parent POM both
geometrically and electronically. In contrast to the [Mo"',0,,]°~
cluster, which contains unprotonated oxygen anions exclusively
in oxidation state -II, the sulfided cluster includes a variety of
sulfur anions (S%, HS ™, and S,*>"). Obtained by treating the POM
with H,S, the replacement of oxygen by sulfur is complete in the
PTM. DFT calculations indicate that H,S works as a reducing
agent, converting Mo"" ions to Mo' while also generating
partially oxidized, terminal disulfides (S,>", formal oxidation
state -I). PDF analysis of total X-ray scattering yields key atom-
atom separation distances. Combining this structural infor-
mation with the results of further DFT calculations and with
comparisons to modeling results for an extensive collection of
candidate PTM structures yields as a best structure of [Mo"(j5-
S)G(HZ'SH)G(SZ)G]Zi-

Building on this, the POM@MOF to PTM@MOF conversion
enables a pivot in catalytic focus away from cluster-enabled
oxidation reactions and toward reduction reactions, including
hydrogenation and other proton-coupled redox reactions.
Preliminary results indicate that catalytic activity emerges only
after partial sulfur loss and exposure of metal-ion sites and that
the activated form sustains hydrogenation and dehydration at
moderate temperatures but deactivates at higher temperatures.
Preliminary results also indicate that the as-synthesized and
activated materials are susceptible to oxidative degradation
upon prolonged air exposure, underscoring the need for inert
handling. These current results indicate strong potential for
practical gas-phase catalysis with proper activation and
protection. Exploration of the generality of MOF-isolation-
enabled formation of arrays of stable, agglomeration-resistant
PTMs from similarly configured POMs is a focus of current
work, as is the catalytic application of reactant-accessible PTMs
to energy-science-relevant reduction reactions.
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