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Electronic structure of molybdenum chalcogenide
clusters as supports for low-valent actinidesf

*3P and S. Genevieve Duggan (2 2P

Pere Mird
The metallation, bonding, and electronic structure of redox active incomplete-cubane Mz(pz-Q)(p2-Q)s
chalcogenide clusters with early actinides were studied using density functional theory and multireference
methodologies. We confirmed that the incorporation of low-valent U(ii) leads to its oxidation to U(iv) due
to an intramolecular redox reaction with the molybdenum sulfide core. On the contrary, open questions
remain with respect to the oxidation state of low-valent transuranic elements upon their coordination to
the molybdenum sulfide core. Density functional theory calculations indicate that the transuranic center
remains An(i), while complete active space calculations suggest an actinide oxidation analogous to the
one observed in the uranium species. The predominantly electrostatic bonding between the actinides and
the molybdenum sulfide cluster was assigned using the quantum theory of atoms in molecules. Our
results on clusters with harder and softer chalcogenides are in agreement with a preferential soft—soft

rsc.li/dalton

1 Introduction

In the last decade, layered transition-metal chalcogenides
(TMC) have rapidly emerged for spintronics, optoelectronics,
energy harvesting, and flexible electronics applications as they
display unique chemical and physical properties that are
absent or difficult to obtain in other materials.' The relatively
weak van der Waals interaction between TMC layers allows for
the intercalation of ions to tune the electronic properties of
these materials which can be also used for chemical separ-
ations.* In this aspect, molybdenum disulfide (MoS,) has been
used to extract uranium from sea water, taking advantage of
the soft-soft interactions between uranium and the chalcogen-
ide surface to preferentially uptake uranium over harder
ions.>® For uranium, the aqueous solution is dominated by
the hexavalent state in the form of the uranyl ion. Under redu-
cing conditions, uranium forms tetravalent U(wv) species,
which are significantly less soluble in aqueous media than
hexavalent U(vi) ones. Tang et al. reduced uranium to enhance
its extraction with MoS, via the formation of unstable penta-
valent U(v) species which disproportionate back to U(vi) and
U(v) phases.” Other actinides such as thorium(iv) have been
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interaction between the actinide and its support.

extracted using MoS,, opening up the possibility of exploring
TMC surfaces for separations of other actinide species.®
Therefore, it is important to understand the nature of the
interaction of reduced actinide ions with chalcogenide sur-
faces to improve actinide separations based on TMC as well as
to develop new ones.

Incomplete-cubane transition metal chalcogenide clusters,
such as Mo3S,, can be used as redox active molecular ana-
logues of TMC surfaces.”'' Many incomplete-cubane TMC
clusters containing M;Q, cores (Q = O, S, Se, or Te) have been
isolated for both molybdenum and tungsten.”™*
Incorporation of a second metal into the these cores leads to
cubane-like heterobimetallic clusters.">” Recently, Matson
and co-workers'®'" incorporated for the first time, an actinide
center into the [(Cp*);Mo0;S,] species through its reaction with
[(Cp*)U(m)(I),(THF);]. Based on the X-Ray diffraction of this
species, the authors suggested that coordination of the U(m)
center to the Mo;S, core induces an intramolecular redox reac-
tion forming [(Cp*)sMo03S4][U(1v)(Cp*)(I),]- Upon the addition
of 2.2 equivalents of KCg, the M03S, core is fully reduced with
three Mo(m) centers. Finally, the addition of an additional 2.2
equivalents of KCg was proposed to lead to the reduction of
the actinide center. The formation of a low-valent uranium
species was inferred vig its reactivity with azobenzene, and
they are assigned as the synthetic equivalent to an U(u)
species.'®

Herein, we investigate the electronic structure, chemical
bonding, and electrochemical properties of molybdenum chal-
cogenide clusters metalated with low-valent actinides.
Specifically, we explored the impact of the actinide’s nature by

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0002-3281-0708
http://orcid.org/0000-0002-7900-1369
https://doi.org/10.1039/d4dt02911a
https://doi.org/10.1039/d4dt02911a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02911a&domain=pdf&date_stamp=2025-05-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt02911a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054021

Open Access Article. Published on 16 April 2025. Downloaded on 6/19/2026 12:24:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper
=g = = g
Mo +CpAnl(THF) ' +e A re A
S é S 2 3 /g\ S/é\s 5 S/I\S
Mo Mo el ‘>Mo<l =4 ‘>Mo/\l = ‘>Mo/\\
\S /MO\/I Mo__ _ O\/I Mo | __Mo_ I Mo__
Cp’ Cp' \S/ Co' Cp gy \S/ Cp' Cp A\ Cp’
An(IV) An(IV) An(lll)

Mo(lll) Mo(1V) Mo(IV) Mo(l11) Mo(lll) Mo(1V)

Mo(lIl) Mo(lll) Mo(lll) Mo(lIl) Mo(lll) Mo(lll)

Fig. 1 Species involved in the actinide metallation of [(Cp*)sMo3S4] and its derived species. From left to right: unmetalated [(Cp*)sMo3S4] and meta-
lated [(Cp*)3sMo3S4lIAN(Cp*)(1)2], [([Cp*)3sM0o3S4I[AN(Cp*)(I)], and [(Cp*)sMo3S4][An(Cp*)]l. Formal oxidation states of the molybdenum and actinide

center are shown below each species.

expanding wupon the experimentally isolated uranium
[(Cp*)sMo03S,4][U(Cp*)(1),] and derived species to include trans-
uranic elements (Fig. 1). Furthermore, we also investigated the
effect of the TMC support by studying both harder and softer
chalcogenides.

2 Computational details

Density Functional Theory (DFT) calculations were performed
using the Amsterdam Density Functional package with the
PBE exchange-correlation functional in conjunction with a
triple-{ Slater-type basis set with a small frozen core and an
additional polarization function.'®?* Relativistic corrections
were taken into account using the scalar relativistic zero-
order regular approximation (ZORA).>> All species with
unpaired electrons were considered to be in their high spin
state indicating the highest possible multiplicity between the
actinide 5f electrons and any unpaired 4d molybdenum elec-
trons. Dispersion effects were included using Grimme’s D3
correction.”® The nature of all stationary points and tran-
sition states were verified by the calculation of analytical
vibrational frequencies. Single point calculations on the gas
phase optimized geometries were performed with the hybrid
PBEO exchange-correlation functional in conjunction with an
all electron triple- Slater-type basis set with an additional
polarization function. Solvent effects were included in the
PBEO-D3/TZP single point calculations using the COSMO sol-
vation model with toluene parameters on gas phase opti-
mized geometries at the PBE/TZP level of theory.”>” All cal-
culations were performed without symmetry constraints.
Redox potentials were calculated with respect to the ferrice-
nium/ferrocene (Fc'/Fc) reference electrode in non-aqueous
media.*®?°

Multiconfigurational complete active space self-consistent
field (CASSCF) calculations followed by second-order pertur-
bation theory (CASPT2) were performed on the DFT optimized
geometries using the OpenMolcas software suite.**>* For the

This journal is © The Royal Society of Chemistry 2025

fully reduced unmetallated species, an active space of 9 elec-
trons in 9 orbitals (9e, 90) was used. This includes the three
lowest 4d orbitals for each of the molybdenum centers and all
the corresponding electrons. This choice is based on the
crystal field splitting expected for the three quasi Cz, molyb-
denum centers. Each center has a symmetric ligand environ-
ment that will lead to a large crystal field splitting. An analo-
gous active space was used for the singly and doubly reduced
species with (7e, 90) and (8e, 90) active spaces, respectively.
For uranium species, we used an (Xe, 160) active space that
included all the uranium f electrons distributed in the seven 5f
orbitals, and the three lowest 4d orbitals for each of the molyb-
denum centers (X = 10, 11, and 12 for [(Cp*)sMo03S,][U(Cp*)
(2], [CP*)sMosS.JUCPA(M], and  [(Cp*)sMosS.J[U(CP*],
respectively). Analogous calculations were performed for the
neptunium and plutonium species.®® The resulting active
natural orbitals are presented in the ESI (Fig. S8-S147). For
CASPT2 calculations, an imaginary shift of 0.2 au and the so-
called IPEA shift of 0.25 were employed.**** Scalar relativistic
effects were included at the CASSCF level using the second
order Douglas-Kroll-Hess Hamiltonian and relativistic all elec-
tron ANO-RCC basis sets.**® Specifically, the following con-
tractions were used: [9s,8p,6d,4f,2g,1h] for uranium, neptu-
nium, and plutonium, [7s,6p,4d,2f,1g] for molybdenum,
[6s,5p,3d,1f] for iodine, [4s,3p,1d] for sulfur, [3s,2p,1d] for
carbon atoms coordinated to molybdenum or actinide centers,
[2s,1p] for all other carbon atoms, and [1s] for hydrogen.
Cholesky decomposition in conjunction with local-exchange
screening was used to reduce the computational cost.*® For
CASPT2 calculations, the default number of frozen orbitals
was selected in the correlation space. We also explored the per-
formance of multiconfiguration pair-density functional theory
(MC-PDFT) with a translated PBE functional as a less computa-
tionally expensive alternative to recover dynamic correlation
than second-order perturbation theory.’® For the systems in
this study, spin splitting energies from MC-PDFT are in good
agreement with CASPT2; however, this is system-dependent
and should always be tested.
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3 Results and discussion
3.1 Unmetallated molybdenum sulfide clusters

Incomplete cubane-type clusters with both molybdenum oxide
(Mo30,4) and sulfide cores (Mo03S,) have been experimentally
isolated with different capping ligands. Similarly, many incom-
plete cubane-type clusters with Mo;0,_,S,, cores have been
synthesized, and their structures have been determined by
single crystal X-ray diffraction. Molybdenum is in oxidation
state v in these species; however, one can easily reduce these
centers to oxidation state m. For example, both [(Cp*);Mo0;S,]
PF; and [(Cp*);Mo05S,] complexes have been isolated, having a
formally Mo(m)Mo(v1), oxidation state.*' The former species is
diamagnetic with three metal-metal bonded Mo(wv) (d?)
centers, while the latter has a single unpaired electron. Our
density functional theory optimized geometry for
[(Cp*)sM05S,4]" has molybdenum-molybdenum, molybdenum-
sulfur (p,), and molybdenum-sulfur (p;) distances of ca.
2.83 A, 2.31 A, and 2.35 A, respectively. The first reduction of
this unmetallated cluster from the all Mo(wv) species is loca-
lized, generating a single Mo(u1) center, as shown by the loca-
lized spin density on a single molybdenum center (Fig. 2 left).
This can be explained since even though the Cp* ligands
break the symmetry of the Mo;S, core, it maintains quasi Cs
symmetry where the two quasi-equivalent molybdenum
centers remain in oxidation state v, while the remaining one is
reduced. A second reduction to generate a formally Mo(iv)Mo
(m), species leads to a triplet ground state with delocalized
redox states between the molybdenum centers thus the oxi-
dation state of this cluster would be better described using
Enemark-Feltham notation {Mo(iv);}* (Fig. 2 right).*” In this
notation it is clear that we have three centers with 2 d electrons
each but an additional 2 electrons are delocalized between the
three molybdenum centers. Finally, the third reduction gener-
ates an all Mo(u) species with similar spin density on all three
molybdenum centers and a quartet ground state (Table S37).
In all of these species, the bridging sulfide centers have a
small fraction of the spin density that increases as the formal
number of Mo(u) centers increases. The p; sulfide ligand has
a lower spin density than the p, sulfide ligands until the third

< «<&
%@a’/" %@@"

Fig. 2 Spin density for the unmetalated [(Cp*)sMosS,s] (left) and
[(Cp*)3sM03S4]™ (right) clusters at PBEO/TZP/COSMO level of theory. Spin
density isovalue was set to 0.03. Methyl groups in Cp* ligands are not
shown for clarity. Color code: molybdenum in blue, sulfur in yellow,
carbon in grey, hydrogen in white, and spin density in red.

8512 | Dalton Trans., 2025, 54, 8510-8517

View Article Online

Dalton Transactions

reduction. The calculated redox potentials for the first
reduction of the [Mo3S,Cp; | species is —1.34 V with respect to
the Fc/Fc' reference electrode, which is in very good agreement
with the experimental reduction of these species (—1.26 V in
toluene). The second calculated reduction potential is —3.25 V
which is significantly lower than the experimental value. We
attribute this to other interactions present in experiment that
facilitate this redox event not being captured by our calcu-
lations such as ion pairing in the [Mo3;S,Cp;] species with
alkali cations and a crown ether.*?

The complete active space calculations (CASPT2) confirm
doublet, triplet, and quartet ground states for the
[(CP*)sM05S,], [(Cp*)sMo3Ss]”, and [(Cp*);Mo3S4]>~ species,
respectively. However, the Mo(ui) centers in the doubly reduced
species are localized in CASSCF (Table S41), suggesting density
functional theory could be overdelocalizing the spin in these
species. Some multiconfigurational character is observed
arising from contributions of electron configurations associ-
ated with partial occupation of anti-bonding orbitals in the
Mo-Mo bonds, a common occurrence in metal-metal
bonding.**

3.2 Thorium molybdenum sulfide clusters

We decided to first study the addition of Th(w) to the cluster
as a non-redox active actinide. We assumed the formation of
[(Cp*)sMo5S,][Th(iv)(Cp*)(1),]" could be the analog to
[(Cp*)sMo03S4][U(v)(Cp*)(I),] isolated by Matson and co-
workers.'® The thorium metallation cannot involve an intra-
molecular redox reaction between thorium and the MosS, core
due to the inaccessibility of lower oxidation states for thorium
under the same experimental conditions used in the synthesis
of [(Cp*)sMo;S,][U(Cp*)(1),]."° Any reduction of the
[(Cp*)sMosS,][Th(Cp*)(1),]" species must add electrons into the
Mo;S, core. In contrast with the unmetallated species, all the
reductions of [(Cp*);Mo;S,][Th(Cp*)(1),]" lead to localized Mo
(m) centers (Table S117). This can be attributed to the more
asymmetric environment in metallated species due to the pres-
ence of the additional Cp* and two iodide ligands in the
thorium coordination sphere as we assumed no iodide was
decoordinated upon cluster reduction. Furthermore, the
thorium center coordinates to the Mo;S, support via three p,-S
ligands, reducing their spin densities with respect to the
unmetallated species (Table S3 ¢f. Table S117).

3.3 Uranium and transuranic metallation of molybdenum
chalcogenide clusters

Experimentally, Matson and co-workers'® used [(Cp*)U(),
(THF);] as their metallating agent; however, exactly analogous
species with neptunium and plutonium do not exist.
Nevertheless, similar species with two Cp* ligands, [(Cp*),An
(I)(THF)], exist for neptunium and plutonium.*® Alternative
species without the Cp* such as [An(I);(THF), | have been iso-
lated for all three actinides.*® Therefore, we decided to explore
the metallation of [(Cp*);Mo0;S,] by keeping the metallating
species as [(Cp*)An(I),(THF);] for all three actinides. This
allows us to focus on the differences arising from the acti-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Enthalpies and Gibbs free energies (in parenthesis) for the
metallation of the [(Cp*)sMo3zQ,4] molybdenum chalcogenide clusters
(where Q = O, S, or Se.). Energies in kcal mol™

o S Se
U —5.5 (=23.0) -13.3 (-32.9) —14.2 (-31.9)
Np —0.5 (-18.9) +3.0 (-17.5) +0.7 (-17.7)
Pu +13.0 (=5.9) +2.0 (=18.1) +0.1 (=18.3)

nide’s nature, rather than the metallating species. The enthal-
pies and Gibbs free energies of metallation of the molyb-
denum chalcogenide clusters are presented in Table 1.

While the metallation of all molybdenum sulfide clusters
are exergonic independent of the actinide (U, Np, or Pu), it is
significantly more favorable to incorporate uranium than
transuranic elements. The entropic effects at room tempera-
ture contribute ca. —19 kcal mol™' and are linked to the
decoordination of the tetrahydrofuran ligands in [(Cp*)An
(I)o(THF)3]. As expected the entropic contribution to the metal-
lation Gibbs free energy is actinide independent as such a
dependence is part of the metallation enthalpy. In contrast to
the free energies, not all of the reactions are enthalpically
favorable (i.e., not all reactions are exothermic). The experi-
mentally isolated structure for [(Cp*);Mo03S,][U(Cp*)(I),] indi-
cated that the coordination of U(ui) to the molybdenum sulfide
cluster involved an intramolecular redox reaction leading to
species with Mo(m),Mo(1v)U(1v) formal oxidation states.'® All
species have frontier molecular orbitals with significant orbital
delocalization between the [Mo03S,] core and the actinide thus
rendering any oxidation state assignment challenging (Fig. S5-
S77). Nevertheless, the spin densities of [(Cp*);sMo3S,][An(Cp*)
(I),] and [(Cp*)3Mo03S4][An(Cp*)(I)] are presented in Fig. 3 and
Table 2. The oxidation of U(m) to U(wv) can be assessed by the
drop in spin density of the uranium center from the precursor
to the [(Cp*)sMo3S4][U(Cp*)(1),] species (2.24 c¢f. 2.95). On the
other hand, the neptunium and plutonium metallation show a
significantly lower change in the spin density at the actinide
(3.73 ¢f. 4.00 for neptunium and 4.98 ¢f. 5.05 for plutonium).
This is in agreement with the U(iv)/U(u1) redox potential being
lower than in the transuranic counterparts.?” DFT calculations
suggest that the transuranic elements could remain in their
low-valent state upon their incorporation to the [(Cp*)sMo03S,]
species.  Additionally, the two Mo(m) centers in
[(Cp*)sMo03S4][U(Cp*)(1),] are delocalized, which is in agree-
ment with a {Mo(v);}> U(iv) oxidation state. On the contrary,
the [(Cp*)sMosS,][Pu(Cp*)(I),] species present with a single
localized Mo(m1) center which would be in agreement with a
Mo(m)Mo(v),Pu(m) oxidation state assignment (Table 2).
Finally, no clear oxidation state can be assigned from DFT in
the neptunium complex due to spin delocalization.

Metal-ligand interactions are dictated by the hard-soft
acid-base principle, whereby soft low-valent actinides interact
most strongly with soft chalcogenides and vice versa.
Therefore, we studied the metallation of [(Cp*);M030,4] and
[(Cp*)sMosSe,] species which contain harder and softer chalco-
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Fig. 3 Spin density for the [(Cp*)3sMo3sS4lIU(Cp*)(1).] (left) and
[(Cp*)3sMo3S41[U(Cp*)()] (right) species at PBEO/TZP/COSMO level of
theory. Spin density isovalue was set to 0.03. Methyl groups in Cp*
ligands are not shown for clarity. Color code: uranium in green, molyb-

denum in blue, sulfur in yellow, carbon in grey, hydrogen in white, and
spin density in red.

Table 2 Ground state DFT Bader spin densities for the
[(Cp*)sMo3S4I[AN(Cp*)(1)2] and [(Cp*)3Mo3S41IAN(Cp*)(1)] species (ground
state CASSCF Mulliken spin densities in parenthesis)

Species An Mo(1) Mo(2) Mo(3)

[(Cp*)sM03S,][U(Cp¥)(T),]  2.24(2.00) 0.52(0.89) 0.48(—0.03) 0.79(0.94)
[(Cp*)sMo3S,][Np(Cp*)(1),] 3.73(2.99) 0.65(0.87) 0.65(—0.04) —0.08(0.96)
[(Cp*)sMosS,][Pu(Cp*)(I),] 4.98(3.99) 0.12(0.85) 0.03(0.00)  0.89(0.94)
[(Cp*)sMosS4[U(Cp*)(I)]  2.47(2.07) 0.78(0.89) 0.68(0.89)  0.80(0.85)
[(Cp*)sMo5S,][Np(Cp*)(I)] 3.81(3.08) 0.71(0.87) 0.51(0.88)  0.83(0.86)
[(Cp*)sMo3S4][Pu(Cp*)(I)] 5.07(4.07) 0.77(0.88) 0.21(0.87) 0.85(0.86)

genides (Table 1). These metallations follow the same trend as
those observed in the sulfide species with respect to the acti-
nide nature. The hard-soft acid-base principle between the
actinide and the different chalcogenides reveals a preferential
binding with softer surfaces (Table 1). The uranium metalla-
tion Gibbs free energy of molybdenum oxide, sulfide, and sele-
nide substrates are —23.0, —32.9, and —31.9 kcal mol ™" respect-
ively, following the trend in chemical hardness of oxygen with
respect to sulphur and selenium.*®
Multiconfigurational CASPT2
[(Cp*)sMo3S4][U(Cp*)(1),] species confirmed a high spin
quintet ground state, which arises from the ferromagnetic
coupling between the two uranium f electrons and the two
[Mo3S,] core d electrons (Table 3). The antiferromagnetic
singlet state is 1.3 kcal mol™" higher in energy, suggesting a
weak coupling between the uranium and the MosS, core.
Finally a triplet state involving antiferromagnetic coupling of
the two MosS, electrons is 2.8 kcal mol™" higher than the
ground state. MC-PDFT calculated splittings are in agreement
with CASPT2, thus validating this methodology for the study of
actinide systems herein. Similar results were obtained via
MC-PDFT for the [(Cp*)sMo3S,][An(Cp*)(I),] species with nep-
tunium and plutonium. Specifically, the neptunium species
have an antiferromagnetic doublet ground state while the
ferromagnetic sextet state is less than 1 kcal mol™ higher in

calculations on

Dalton Trans., 2025, 54, 8510-8517 | 8513
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Table 3 Energy splitting at CASPT2 and MC-PDFT levels of theory for
the [(Cp*)sMo3S4]lU(Cp*)(I);] species and their dominant CASSCF
configurations. Only configurations with more than 10% weight are con-
sidered dominant. Bold occupations are predominantly 4d orbitals in
molybdenum. Occupations are labeled as 2 (doubly occupied), u
(unpaired up), d (unpaired down), and O (unoccupied). Energies in kcal
mol™. See ESIt for CASSCF orbitals and configuration averaged
occupations

State CASPT2 MC-PDFT Weight Configuration
Quintet 0.0 0.0 59.6% 222u0000u00uu000
15.1% 2220u0u0000uu000
Triplet 2.8 2.0 29.3% 222u0000u0002000
28.2% 222u0000u0020000
Singlet 1.3 1.0 43.1% 222u0000u00dd000
12.6% 2220u0u0000dd000

energy (Table S187). In the plutonium species, the ferro-
magnetic septet and antiferromagnetic triplet states are degen-
erate (Table S207%). This indicates that the coupling between
the actinide and Mo3;S, core weakens across the actinide
series. The natural orbitals are localized either on the actinide
or the [Mo3S,] cluster allowing us to assign a Mo(u),Mo(iv)An
(iv) oxidation states, which is further supported by the
Mulliken atomic spin densities (Table 2 and Fig. S8, S11, and
S137).

3.4 Reduction of actinide molybdenum chalcogenide clusters

Experimentally, the reduction of [(Cp*);Mo3S,][U(Cp*)(I),]
using 2.2 equivalents of KC; is followed by the decoordination
of an iodide, which leads to the generation of [(Cp*);Mo03S,][U
(Cp*)] species. The changes in spin density upon reduction
take place predominantly in the molybdenum centers
especially for transuranic species (Table 2). This is in agree-
ment with a reduction event taking place in the Mo3S, core.
Furthermore, the calculated vertical electron affinities for this
redox event are —2.72, —2.89, and —2.79 eV for the uranium,
neptunium, and plutonium species respectively. The vertical
electron affinities are very similar for all the actinide species
further supporting that this event takes place at the molyb-
denum centers. Multiconfigurational MC-PDFT calculations
confirmed a high spin ground state for all [(Cp*);Mo;S,][An
(Cp*)(M)] species with low lying excited states, each with the
expected varying degrees of antiferromagnetic coupling charac-
ter (Tables S15, S18, and S20}). No mixing between either
uranium- or plutonium-based orbitals is observed indicating a
Mo(m);An(wv) oxidation state profile. Two singly occupied
natural orbitals show mixing between neptunium and molyb-
denum; however, the Mulliken spin density supports the
assignment of Mo(m);Np(v) as well. Note that the experi-
mental [(Cp*);Mo3S,][U(Cp*)(I)] crystal structure presents with
two Mo-Mo distances of ca. 2.896 A and a short one of
2.676 A, while all of the Mo-Mo distances in the DFT structure
are ca. 2.906 A (Table S131). The experimental spectroscopic
data of these species suggest a symmetric [Mo;S,] environment
in solution.'® Geometry optimizations with other spin states
result in a shorter Mo-Mo distance of 2.787 A with the remain-
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ing ones ca. 2.899 A; however, they contain significant spin
contamination (Table S107). Additionally, no sign of bond for-
mation is present in the CASSCF calculations; therefore, we
hypothesize the origin of the experimentally observed shorter
Mo-Mo distance is due to solid state effects.

The final reduction of [(Cp*);Mo0sS4][U(Cp*)(I)] and the
decoordination of an iodide leads to the generation of
[(Cp*)sMo03S4][U(Cp*)] species with three Mo(iu) and one U(u)
center. Since these species have not been experimentally iso-
lated but inferred via their reactivity with azobenzene'® and
the discrepancy in the oxidation state of transuranic species
between the DFT and CASSCF levels of theory, we limited our
study to the uranium species. [(Cp*);Mo03S,4][U(Cp*)] species
exhibit a more complex electronic structure since the molyb-
denum centers engage in further Mo(u)-Mo(m) interactions as
well as additional coupling with the actinide center. On one
hand, DFT predicts a quintet ground state for the
[(Cp*)sMo3S4][U(Cp*)] species. On the other hand, CASPT2 pre-
dicts a highly multireference triplet ground state with a
quintet state just 1.9 kcal mol™" higher in energy (Table S167).
The ground state involves a Mo(ur)-Mo(m) interaction and anti-
ferromagnetic coupling of the remaining Mo(m) and the U(m)
center, while the low-lying excited state involves ferromagnetic
Mo(ur)-U(u) interaction. Other spin states lie ca. 17 kcal mol™
above the ground state.

3.5 Topological analysis of the electron density

To further characterize the actinide bonding with the molyb-
denum chalcogenide cluster, we applied quantum theory of
atoms in molecules (QTAIM) and analyzed the topology of the
electron density. Table 4 contains selected QTAIM descriptors
for the actinide-sulfur interaction in [(Cp*);M03S,](AnCp*1,).
In QTAIM, a bond critical point (BCP) exists when there is a
saddle point of electron density between two nuclei with a
maximum of the electron density in two directions of space
and a minimum in the third one. Furthermore, the Laplacian
at a BCP, V?py, is the sum of two negative and one positive
eigenvalues of the density Hessian matrix, and thus may be
positive or negative. We found a BCP between the actinide and
each of the sulfur atoms with p, < 0.1 a.u. and a V?p, > 0,
which is indicative a closed-shell interaction. The total elec-
tronic energy density at the BCP (Hy,) is the sum of the kinetic
(Gp) and the potential (V},) energy densities. The former domi-
nates in non-covalent interactions, while the later is associated
with accumulation of charge between the nuclei thus domi-
nates in covalent interactions. In all cases, Hy, is slightly nega-

Table 4 Selected QTAIM data for actinide and sulfur interaction in the
ground state [(Cp*)3sMo3zS4I[An(Cp*)(1),] species

U Np Pu
b 0.055 0.047 0.043
Vpp 0.098 0.098 0.101
Hy -0.015 -0.010 —0.007
|Vb|/Gp 1.378 1.281 1.216
5(An,S) 0.547 0.465 0.392
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tive but very close to zero. Hence, pgcp, V>pp, and H,, indicate
an ionic type or donor-acceptor interaction with a very small
covalent component, in accordance with previous QTAIM ana-
lysis on actinide complexes.**° Bianchi and co-workers
suggested a bond classification according to the ratio of the
potential energy density to the kinetic energy density at the
BCP (|Vb|/Gp).>" Clear closed-shell ionic bonds or van der
Waals interactions have |V}|/Gy, < 1 while clear electron-shared
covalent bonds have |V},|/G, > 2. All actinide-sulfur inter-
actions have |V}|/Gp of ca. 1.35 indicating some covalent con-
tribution.>* Finally the magnitude of the exchange of electrons
between the actinide basin and sulfur basin can be estimated
by the delocalization index 5(An,S).>° If we consider a bonded
interaction between the actinide and the sulfur atoms, §(An,S)
can be used as a measure of the bond order between them.
These indices decrease along the actinide series indicating a
weaker interaction between the actinide and the cluster. The
delocalization indices are similar to the ones observed in other
predominantly electrostatic actinide bonds.**>°

The delocalization index is also used as a metric for energy
degeneracy-driven covalency, while the electron density,
Laplacian, energy density at the BCP are indicative of overlap-
driven covalency. However, it is important to stress that
covalency is not a physically observable property and quantify-
ing it via QTAIM in actinide bonding is only meaningful when
comparing bond covalency changes across different species.
That said, the values herein support both higher orbital and
degeneracy driven covalency for uranium than for transuranic
elements. For the studied species, we observe that all QTAIM
descriptors indicate a prevalent actinide-sulfur close-shell
interaction with a progressive reduction of small covalent char-
acter as we move across the actinide series. Similar con-
clusions can be drawn from QTAIM analysis of
[(Cp*)sMo3S4][An(Cp*)(I)] (Tables S137).

4 Conclusions

We studied the metallation, bonding, and electronic structure
of redox active incomplete-cubane M; (p3-Q)(12-Q); chalcogen-
ide clusters with low-valent actinides using density functional
theory and multireference methodologies. We confirmed that
the incorporation of low-valent U(u) to the MosS, core leads to
species with U(wv) due to an intramolecular redox reaction with
the molybdenum sulfide core. {Mo(iv);}*U(iv) and Mo(m),Mo
(v)U(v) redox states can be assigned to the [(Cp*);Mo3S,|[U
(Cp*)(1),] species at the DFT and CASSCF levels of theory. For
transuranic analogs, density functional theory indicates that
the transuranic center remains as an An(m); however, it could
be underestimating the charge transfer between the transura-
nic center and the molybdenum sulfide cluster. Based on spin
density, a Mo()Mo(iv)Mo(v)Pu(ur) redox state can be assigned
to [(Cp*)sMo;S,][Pu(Cp*)(I),] species, while no clear redox state
assignment can be made for the neptunium analog. On the
other hand, complete active space calculations indicate an acti-
nide oxidation analogous to the one observed in the uranium
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species, thus a Mo(u),Mo(iv)An(iv) redox state can be assigned
to all [(Cp*);Mo03S4][An(Cp*)(I),] species. With CASSCF, the
redox state of all derived [(Cp*);Mo3S4][An(Cp*)(I)] species are
better described as Mo(m);An(wv). Further experiments are
needed to shed light onto the transuranic elements’ oxidation
state upon their coordination to the [(Cp*);M;S,] clusters.
However, the subtle changes as a function of actinide and
ligand choice suggest opportunities to modulate the reactivity
and properties of such clusters via ligand design.

The predominantly electrostatic bonding between the acti-
nide and the molybdenum sulfide cluster was confirmed using
quantum theory of atoms in molecules. Our results on clusters
with harder and softer chalcogenides are in agreement with a
preferential soft-soft interaction between the actinide and the
support. The intrinsic differences in the Gibbs free energies of
metallation across the actinides could be exploited in actinide
separations approaches; however, the An(m) oxidation state is
not common during in current separations. Therefore, further
studies are needed to determine if these differences are also
present in higher oxidation states such as An(w).
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