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The binding of alkaline (Li* and Na*) and zinc (Zn®*) cations to mononuclear disulphides MS, and to
persulphides, containing an S-S bond, M(S;), to binuclear disulphides M,S, and persulphides M,(S;) and
to cubic tetranuclear sulphides M4S4 where M = Fe, Co, is examined by density functional theory with
the B3LYP functional, and dispersion corrections were applied. For the small-sized clusters (up to two
transition metal centres), the energy gaps between different configurations were verified by CCSD(T)
calculations. Persulphides M(S,) are more stable than disulphides MS, as bare clusters, upon carbonyl
and chloride ligand coordination and upon cation binding (Li*, Na*, Zn®*). The one-electron reduction
of alkali cations and two-electron reduction of Zn?* reverses order of stability and the planar disulphides
(MS,-reduced cation) become more stable; the energy gap disulphide to persulphide increases. In all
reduced clusters, zinc ions form bonds with sulphur and with the transition metal centre (Co or Fe).
Lithium cations also form bonds to cobalt or iron, but only in the M,S, clusters, upon reduction. Energy
barriers were calculated for the disulphide to persulphide reaction in the Zn-Co-S, system in the iso-
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of M,S, clusters are antiferromagnetic; in the reduced Zn—-M,S, clusters, magnetic moment is induced
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mechanism involving sulphide S~ to persulphide (SS)*~ inter-
conversion was proposed.'® Theoretical studies expand our knowl-

1. Introduction

Transition metal sulphides have the ability to accept, efficiently
redistribute and store electrons, which they can selectively
transfer to a substrate. Their potential applications range from
catalysts in redox reactions and photosynthesis to materials for
electrodes.™? Disulphides of cobalt and iron were considered
promising as anode materials in sodium-ion batteries." Zink-ion
batteries are another alternative to the lithium-ion or sodium-ion
batteries and they can operate in either aqueous or non-aqueous
media.’®"* Cobalt disulphide outperforms iron disulphide as
redox electrode for non-aqueous Zn batteries and an intercalation
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t Electronic supplementary information (ESI) available: Supplementary material
for method validation, Table S1, Natural orbital population, Table S2, extended
version of Tables 2 and 3 on CoS,, FeS, and Co,S, cluster isomers, as Tables S3
and S4. Data on M4S4 clusters and full-length data on Li- and Na-cation binding,
as well as N,/O, adsorption are in Tables S5-S8. Molecular electrostatic potential
(MEP) maps of Li cation-bonded clusters and the persulphide/disulphide iso-
merisation in the Fe-S-Zn system are presented in Fig. S1 and S2. See DOI:
https://doi.org/10.1039/d2cp02415b
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edge for the unique properties of transition metal sulphides.*
Cubic [Fe,S,] or dimeric [Fe,S,] centres compose the active sites in
various proteins (rubredoxin, ferredoxin, hydrogenase enzymes),
where the active sites are coordinated by inorganic ligands, CN™
and CO." Depending on their local protein and ligand coordina-
tion these clusters are able to catalyse redox reactions, including
CO, reduction, or to be applied for nitrogen fixation and
photosynthesis.>®° Iron sulphides are among the most widely
studied as either solid state materials,"®™® or clusters.”>'%192¢
As far as clusters and molecular systems are considered, the
sulphides are found to be structural analogues of oxides: the
clusters with M/S ratio 1:1 (M = Fe, Zn) have nearly identical
structure as the corresponding oxide clusters, the smaller clusters
being planar and the larger ones forming hollow polyhedra, where
all atoms become three-coordinated.'>'**>?*?”-3% At M/S ratio 1:2
(M = Mo, W) the disulphides can crystallize in two-dimensional
(2D) structures, consisting of sandwich-type monolayers S-M-S
with six-fold coordination of the central M atom within the
monolayer.*! The monolayers are kept together by van der Waals
forces. Other members of the chalcogen group (Se, Te) also form
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layered 2D structures: MSe,, MTe,, (M = Mo, W).**** These
materials are thin semiconductors and they can be optimized for
application as photodetectors, LED materials or photocatalysts.
The chalcogens allow more flexible geometry in their compounds
and higher coordination numbers than oxygen, due to their lower
electronegativity and the presence of d-orbitals, which allow s-d
and s-p-d hybridization. At the molecular level, the members of
the chalcogen group, sulphur, selenium and tellurium form
diatomic molecules with triplet ground state, similar to oxygen,
and hydrides H,M (M = S, Se, Te). The bond strength decreases
with increasing the element number.** The importance of H,S and
sulphides in the origin of life*>*® prompted reinvestigation of the
H,S Auger spectra and the photoionization fragmentation paths
resulting from double and triple ionization were elucidated.*”°
Experimental and theoretical studies on the diatomic molecular
sulphides of the 3d elements MS (M = Sc-Cu) proved that they
have identical electronic ground states as the corresponding
oxides, and the M-S bond strength follows a similar trend to the
M-O bond strength, except for CoS.**™** The CoS molecule forms
the strongest bond among all monosulphides of the 3d elements,
which was attributed to possible 3d-4p orbital mixing, so as to
form a stronger m-bonding orbital with sulphur.*** It can be
expected that even in the lack of stabilizing ligands, bare cobalt
sulphide clusters would be as stable as the iron sulphides and
indeed, cobalt analogues of the iron-sulphur dimers, trimers and
tetramers have been synthesized.***> Despite of the fact that cobalt
sulphides proved active in electrochemistry and electro-
catalysis,® ®*° they remain much less studied.

The diverse applications of transition metal sulphides rely
on their ability to reversibly accept and donate electrons. The
cobalt and iron disulphides MS,, M,S,, with M = Fe, Co, their
persulphide isomers, containing an S-S bond, and the cubic
M,S, cage-shaped sulphides are examined in the present study
by density functional theory with respect to stability of different
isomeric structures, bonding and magnetic properties. Persul-
phides are structural analogues of peroxides and they are
denoted as M(S,) or M,(S,), as the disulphur molecule is not
dissociated upon binding to the cobalt or iron centres. The
formal oxidation state of the transition metal cation is M(v)S,
in sulphides and M(u)(S,) in persulfides. In binuclear persul-
phide clusters, M,(S,), disulphur may bind to the metal cations
side-on, or bridging and the main bonding patterns are shown
on Fig. 1.

The effect of carbonyl and chloride ligands on the electron
distribution is assessed. Li', Na" and Zn>" cations bind at
sulphur centres in the cobalt and iron-sulphide clusters, as
they bear partial negative charge and the energy minimum
configuration is sought. Two schemes of cluster reduction are
examined: (i) the isomerisation sulphide — persulphide with
reduction of the transition metal cation formal oxidation state;
(i) alkaline cation reduction and electron delocalization within
the cluster: Li" + e~ + (M,S,) — Li(M,S,); Na" + e~ + (M,S,,) —
Na(M,S,), where M,S, denote sulphide and persulphide clus-
ters MS,, M(S,), M5S;, My(S,), M,4S,4. The reduction process was
studied as a two-step reaction in which cations were allowed to
bind to the clusters, relaxed, and then electrons were attached
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Fig. 1 Cation binding to cobalt sulphides and persulphide: (a) planar
rhombic disulphide CoS,-Zn with Co—-Zn bond, C,, symmetry and nota-
tion of bonding scheme CoZn(u-S),; (b) rhombic disulphide CoS,-Zn%*
with C,, symmetry; (c) non-planar rhombic persulphide Co(S;)—Zn?* with
Cs symmetry; (c) rhombic planar persulphide CoZn(S,) with Cs symmetry
and side-on bonding of disulphur; (e) Li*,e™ binding to rhombic Co,S,
cluster with Co-Li bond formation; (f) Li* binding to Co,S, via S—Li bond
formation; (g) Li* binding to Co4S4; (h) N, adsorption to the CosS4—Li*

cluster. Colour legend: Cobalt atoms are red, zinc atoms — blue, lithium
ions — small pink balls, sulphur atoms — yellow, nitrogen atoms — orange.

o
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to the cation-cluster structure and re-optimized. The degree to
which bonded alkali cations retain Lewis acid properties is
evaluated by nitrogen and oxygen adsorption. The reaction
mechanism of sulphide-persulphide isomerisation upon Zn**
cation binding and the reduction Zn>" + 2e~ + M(S,) — Zn(MS,)
in different solvents (water, acetonitrile and 1-chlorohexane) is
traced.

2. Computational details

The B3LYP functional®’>° was selected for DFT calculations
among several density functionals tested for the FeS and CoS
molecules, for which experimental data are available, see Table
S1 in ESLY For the smaller-sized clusters MS, and M,S,, also
including carbonyl and halogen ligands, the coupled-cluster
method singles and doubles, including non-iterative triples,
CCSD(T), was applied to the B3LYP optimized geometries in
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order to verify their B3LYP calculated relative stability.>'~>* The
6-311+G(2df) basis set with diffuse and polarization functions
was employed, which consists of the McLean-Chandler (12s,
9p) — (621111, 52111) basis sets for second-row atoms*>> and
the Wachters-Hay all electron basis set for the first transition
row, using the scaling factors of Raghavachari and Trucks.’®™>®
All calculations were performed with the Gaussian 16
software.®® The spin-unrestricted formalism was applied to
clusters containing two or more transition metal cations and
anti-ferromagnetic states were determined in the broken-
symmetry approach by taking into account spin-polarization
on ligands, cations, and bridging sulphur atoms.®>®" Transition
states in studying the Zn(u) coordination reaction mechanism
were identified by the presence of a single imaginary frequency.
Intrinsic reaction coordinate (IRC) calculations were performed
to confirm the transition states structure and for evaluating
activation energies.®> Reaction studies in solution were per-
formed using the Polarizable Continuum Model®® (PCM) and
by explicitly taking into account water molecule and acetonitrile
coordination to Zn(u) cations and to the sulphide cluster.
Dispersion effects were taken into account for cation binding
to the sulphide clusters by using the formula of Grimme with
Becke-Johnson damping.®* Magnetic moments at the atoms (1)
were calculated as a difference between o and f natural popula-
tions. The bond populations and charge distributions were
examined by using natural orbitals and natural bond orbital
(NBO) analysis.®>*® The electrostatic potential (ESP) of the
clusters was calculated from the B3LYP density and molecular
electrostatic potential (MEP) maps were derived; they denote
electropositive and electronegative regions in the clusters.

3. Results and discussion
3.1. Sulphides MS, disulfides MS, and persulphides M(S,)

Experimental bond lengths, dissociation energies, vibrational
frequencies, electron affinities are available for the diatomic
molecules FeS and S,, Table 1, while for CoS only the bond
length and the ground electron state were reported.*>**677°
The B3LYP density functional provides accurate description of
FeS, CoS and S, in terms of bond length; the dissociation
energies and electron affinities of FeS and S, also match well
with experiment, see Table 1. B3LYP outperforms other hybrid
functionals (B3PW91 and M06), pure functionals (BLYP and
TPSS) in predicting dissociation energies and electron affi-
nities, see section Method validation and Table S1 in ESLf}
The Fe-S bond bears higher ionic character as compared to the
Co-S bond, evidenced by the calculated natural charge,
Fe(+0.71g) vs. Co(+0.55¢). NBO analysis indicates that the Co
4s orbital is lower in energy than the Fe 4s orbital and the local
orbital occupancy reads as Co 4s%°” 3d7-°® 4p°*°; Fe 4s°*° 3d%°°
4p®*®. The stronger Co-S bond is due to 4s-3d,.d,, orbital
mixing, which lowers the energy of the n-bonding orbitals. The
Co4s orbital also contributes to the c-bond.

The disulphide CoS, also forms shorter Co-S bonds than
FeS,, but the persulphides with lengthened Co-S and Fe-S
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Table1 Bond length, dissociation energy (Dzpe) corrected for zero-point

energy, harmonic vibrational frequency (w) and electron affinity (EA) for
FeS, CoS, S,

Cluster/method Ry-o, A Dype, ki mol™ o, cm™"  EA, eV

FeS; °A

B3LYP 2.029  327.7 515.6 1.717

Exp. 2.017° 3289 4+ 14.6" 523.2°  1.725 =+ 0.0107
CoS; ‘A

B3LYP 1.989  323.4 520.6 1.293

EXp. 1.978°

Sy *Ey

B3LYP 1.909  423.2 712.4 1.682

Exp. 1.889”  421.6” 725.77  1.670 + 0.015

Experimental data are from references: “ Ref. 43. ” Ref. 67. © Ref. 68.
“ Ref. 13. ¢ Ref. 42.7 Ref. 69.

bonds are more stable: Co(S,) is separated from CoS, by
0.57 €V, while FeS, and Fe(S,) lie close by energy, 0.13 eV.
The possible co-existence of cyclic and opened structure for
Fe:S ratio 1:2, namely disulphide/persulphide, was suggested
in previous studies."***”® The S-S bond is lengthened, as
compared to the S, molecule, to 2.15-2.19 A in Fe(S,) and
Co(S,), see Table 2 and Table S3 in ESI.1 The electron affinity of
FeS, was experimentally determined from PES spectra of the
anion, FeS,” at 3.222 £ 0.009 eV." The electron attachment
breaks the S-S bond, the ground state monoanion adopts
opened structure with a broader angle / S-Fe-S of 168.4°,
and our B3LYP calculated adiabatic electron affinity (AEA) for
this isomer is 3.240 eV, in excellent agreement with the experi-
ment. The calculated vertical detachment energy of 3.692 eV,
however, is higher than the experimental value of 3.306 eV.'?
A signal from isomer was detected with lower accuracy, 2.05 +
0.09 eV, which corresponds to our calculated AEA value of
1.89 eV for iron persulfide Fe(S,). The neutral CoS, has a local
minimum in linear *E, configuration at 1.90 eV above the
global minimum, with lengthened Co-S bonds as compared
to other cobalt disulphides, including carbonyl and chloride
coordinated CoS,. The linear FeS, however, is not a local
minimum, but a second-order saddle point, which bends in
either the xy or xz plane to form the 5A, stable disulphide. The
cobalt disulphide monoanion is linear, in a °A, ground state.
The B3LYP calculated EA is 3.453 eV, and the vertical detach-
ment energy is 3.822 eV. A persulphide monoanion in ®A, state,
with lengthened Co-S bonds of 2.258 and angle / S-Fe-S of
56.8° is found by 1.23 eV above the linear monoanion. The AEA
value, calculated for this persulphide isomer is 1.733 eV.
Invariably, persulphides are more stable than disulphides.
The dissociation limit to Co(*F, 3d”"4s”) + S, lies at 2.51 eV above
the global minimum and similarly, the dissociation limit to
Fe(°D, 3d74s%) + S, lies at 2.57 €V above the global minimum of
Fe(S,), therefore all computed geometries are thermodynami-
cally stable. The global minimum and the ground states of
cobalt disulphide isomers are quartet states, and those of iron
disulphide isomers are quintet states, as they are in the
diatomic molecular sulphides. The CCSD(T) calculated energies
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Table 2 Bond lengths, bond angles, magnetic moments on atoms (1, Bohr magnetons), and energies? for disulfides XMS, and persulfides XM(S,), with
X = CO, ClI” and M = Co, Fe. Full table with lowest energy states in different multiplicity channels is available as Table S3 in ESI

Cluster model State Ryis, A Rgs, A /.SCoS, deg Ry m, A U Us AEy, €V B3LYP AE, €V CCSD(T)

Co(S,) A, 2.141 2.155 60.4 217 0.41 0 0

CoS, 4B2 1.980 110.7 2.02 0.49 0.50 0.38
42g 2.103 180.0 2.24 0.38 1.90 1.81

CO)Co(S ‘B 2.196 2.085 56.7 1.888 2.14 0.40 0 0

( > 1

(Co)Cos, A, 2.037 154.8 1.795 1.49 0.80 0.96 1.33

Cl—CO(SZ) 3B2 2.173 2.024 55.5 2.108 2.00 —0.04 0 0

Cl-CoS, 3B2 1.983 113.6 2.094 1.77 0.05 1.72 1.89

Fe(SZ) 5A1 2.166 2.186 60.6 3.33 0.33 0 0

FeS, SBZ 2.015 113.5 3.34 0.33 0.13 0.14

CO)Fe(S,, A 2.238 2.074 55.2 1.884 3.10 0.48 0 0

(

(CO)FeSZ A 2.044 107.6 2.053 3.09 0.54 0.97 0.93

Cl—Fe(Sz) 4B2 2.239 2.053 54.5 2.138 3.27 —0.18 0 0

Cl-FeS, A, 2.040 113.8 2.134 3.17 —-0.12 1.25 1.40

% AE: total energy difference relative to the ground state energy for a given composition; for Co(S,) Eior = —2179.226190 Hartree (B3LYP); for Fe(S,)
E¢or = —2060.174869 Hartree (B3LYP); zero-point and dispersion correction included. CCSD(T) Ey, = —2177.080007 for Co(S,) and —2058.068628 for

Fe(Sy).

confirm the ordering by stability, predicted by B3LYP. It is
worth noting that sulphur atoms bear certain magnetic
moment and in the lower spin multiplicity clusters, antiferro-
magnetic ordering is observed. In persulphides, the angle / S-
M-S varies in a narrow range, 54.5° to 60.4°, while in the
disulphides the range is wider, 107.6° to 120.7° for most
structures, but with even larger variations for (CO)CoS,,
154.8° and for CoS, in °A; state, 155.9°. Natural population
analysis reveals increased 4p orbital occupancy in CoS,, Co
45°*° 3d7°> 4p°?3, and the 4s orbital occupancy is also higher
than in FeS,, Fe 4s%*' 3d®>® 4p°3°, see also Table S2 in ESLt In
Co(S,) the 4p orbital occupancy further increases, Co 4s**
3d7°° 4p®*!, but this is not the case for Fe(S,), with Fe 4s%°
3d%®® 4p®?2, The cobalt and sulphur centres in cobalt persul-
phide, Co(S,) bear minor charges of +0.22 at Co and —0.11 at
S. In iron persulphide the Fe-S bonds tolerate certain ionic
character as found in the disulphide, with natural charge of
+0.50 at Fe and —0.25 at S. The moderate difference in cation
local orbital occupancy between FeS, and Fe(S,) and the high
local charge on sulphur atoms in the persulphide explain the
small energy gap between the persulphide and the disulphide
of iron.

When carbonyl and chloride ligands are coordinated to the
metal cation in the plane of the MS, bonds, they increase
significantly the energy gap between persulphides and sulphides.

The metal-sulphur bonds are lengthened upon carbonyl and
chloride ligand coordination in disulphides and persulphides,
while the S-S bond in persulphides XM(S,) is strengthened. The
Co-S bonds are weakened more significantly by carbonyl ligands
for Co(S,) and CoS, (lengthening of 0.05-0.06 A) while chloride
anion coordination causes minor change of Co-S bonds in
ClCo(S,) (0.003 A), but more significant strengthening of the
S-S bond, Table 2. For XFe(S,) and XFeS, the trends are similar,
with the exception that both carbonyl and chloride coordination
weaken significantly the Fe-S bond in XFe(S,), as it is lengthened
by 0.07 A. Carbonyl coordination is stronger, as evidenced by the
Co-CO and Fe-CO bonds, which are by up to 0.3 A shorter as
compared to the Co-Cl and Fe-Cl bonds. Both ligands, CO and
Cl” can be used for fine tuning of electrophilic/nucleophilic
properties in the clusters, see Fig. 2.

The chloride and carbonyl ligands act in favour of electron
density delocalization in a different way. In the chloride coor-
dinated Co(S,), the electronegativity at the ligand dominates.
Carbonyl ligands are a strong electron donor and therefore the
charge on sulphur centres becomes more negative. The two
symmetric clouds of increased electron density above and
below the molecular plane at the sulphur atoms, which are
already present in Co(S,), Fig. 2¢, become larger. The charge
distribution confirms that carbonyl groups increase the polarity of
Co-S and Fe-S bonds, see Table S2 in ESL{ Chloride coordination

Fig. 2 Molecular electrostatic potential (MEP) map of a) Cl-Co(S,), b) CO-Co(S,) and c) Co(S,), global minimum. Sulphur atoms are yellow, cobalt - red,
chloride anions — green, carbon — grey, oxygen is light blue. Electrophillic area is golden yellow, nucleophillic areas — dark blue. Contour lines are drawn

at 0.085 a.u.
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decreases the probability of a nucleophilic attack at the sulphur
centres.

3.2. Clusters with M/S = 1 ratio: Co,S,, C0,S,, Fe,S,, Co,Fe,S,

A number of isomers, containing persulfo-groups exist for
Co,S,: side-on binding, or bridging two separated cobalt cen-
tres in non-planar cyclic clusters, Fig. 3. They all lie at more
than 2 eV above the global minimum, which is a rhombic
disulphide in antiferromagnetic 'A state. All disulphides and
persulphides contain a Co-Co bond, Table 3. Chloride ligands
weaken the Co-Co bond, the Co-S bonds become slightly
strengthened, but the bond angles undergo minor change
and the antiferromagnetic ordering is nearly identical with that
of Co,S, in the global minimum. In the non-planar cyclic
clusters with C,, symmetry the Co-Co bonds are lengthened
and they allow two configurations: (i) disulphide with separated
sulphur atoms and bonding pattern denoted as Co,(p-S), (ii)
persulphide with midway positioned S-S bond (Co,-pu-n*n>S,),
though this S-S bond is weaker as compared to the planar side-
on bonded disulphur, Co,-n*-S,. The configurations lying close

o—o0
A 3A1
0Q
o—0
- 0.21eV
1.75eV A
[oXe]
el N
v P.SOeV
1Ag 2 3A2 2 7A1 »
e o—o ¢ o
(6] @ ]
4 5A; I 0.33eV
3 0.53eV 00 7B1 00
By o o—o «—33
2.82eV e I
: 5 0.60eV
Bz, 4 5 2.14eV
2.42¢eV o—o
O
7
1.88eV Ay .
—
1A Y P "
e 5N
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Fig. 3 The global minimum A, corresponding to the antiferromagnetic
planar rhombic Co,S,, and isomers in higher multiplicity channels: triplets,
quintets and septets. The dissociation limit to CoS is denoted. Co atoms
are small red circles, S atoms — yellow large circles; shaded circles denote
atoms shifted above the molecular plane in non-planar geometry. The
arrows denote the energy difference AE., corresponding to adiabatic
transitions, with zero-point and dispersion corrections included.
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to the global minimum all have very similar geometry: rhombic
planar disulphides in variable high-spin state (triplet, quintet
and septet multiplicity) with even stronger Co-Co bond and
ferromagnetic ordering. The next closely lying clusters are those
with side-on bonded disulphur, in quintet and septet state. The
non-planar clusters lie at higher energy, by 2.95 eV for the
triplet A, state (with Co-Co bond) and by 3.01 eV in the septet
’A, state (with S-S bond, persulphide). There is no significant
difference in bond population between planar and non-planar
disulphide clusters with separated S-atoms and a Co-Co bond
present. The persulphide cluster in “A; state with separated
cobalt atoms and an S-S bond, is more covalent and the local
AO occupancies deviate from that of the global minimum. The
natural charge on cobalt is +0.61 in the antiferromagnetic
ground state cluster (—0.61 on S) and the Co 4s occupancy is
lower than in the mononuclear sulphides, Co 4s°73d”"4p®2¢,
while in the non-planar persulphide the natural charge on Co is
+0.43 and the Co 4s occupancy is higher, Co 4s°°'3d”-%44p®2°,
see also Table S2 in ESL{ The same trend is observed in diiron
disulphides, Fe,S, and persulphides, Fe,(S,). The binding of
disulphur never occurs end-on, in distinction to the binding of
dioxygen, which forms stable super-oxide compounds. A single
persulphide in which disulphur connects two separated cobalt
centres in trans-orientation, and in *A, electronic state, lies
above the dissociation limit to CoS, see Fig. 3.

The Co,S, and Fe,S, clusters are stable in cubic configu-
ration, with antiferromagnetic ordering at the Co or Fe centres.
The bridging sulphur atoms bear small magnetic moment
and in most clusters, it is close to zero, Table S5, ESL.¥ The
coordination of carbonyl ligands at the four metal cation
centres brings minor lengthening of Co-S and Fe-S bonds;
the local magnetic moment on Co and Fe increases, and
respectively, the antiferomagnetic coupling is stronger. Chloride
ligands stabilize the cubic clusters as the M-S bonds are
considerably shortened, particularly for the mixed Co,Fe,S,Cl,
cluster. The position of alkali cations upon coordination is above
the plane of a four-member ring, Fig. 1g. The Li" cations form
weak bonds to the M,S, clusters and electrostatic interactions
play dominant role in binding to the negatively charged sul-
phur centres, as they retain a natural charge of +0.94, which,
upon one-electron reduction remains almost unchanged, to
+0.91. The charges on sulphur atoms become consequently
more negative, from —0.22 to —0.79, (Table 2 in EST¥). The Li*-S
internuclear distances of 2.647 A and Li*-Co distance of 2.778 A
are shortened upon one-electron reduction, to 2.348 A and
2.662 A. The clusters also undergo deformation and the S-S
inter-nuclear distances in the down non-bonding ring are
broadened: from 3.147 A for Li* binding to 3.440 A for Li',e”
binding. It can be concluded, that cation binding to M,S,
clusters is sub-optimal, as compared to mononuclear MS,
and dinuclear M,S, clusters. The MEP maps indicate that
Li" cation binding creates a dominant positive electrostatic
potential, overwhelming the whole M,S, cluster, irrespective
of ligand coordination, Fig. 4. In the reduced cluster, nucleo-
philic areas appear at the sulphur centres and they are much
smaller at the ring, where Li',e” binding occurs.
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Table 3 Bond lengths, bond angles, magnetic moments on atoms (i, Bohr magnetons),? and energies for neutral (CoS), and for the persulfo-isomers
Co,(S,). The full table with data for all calculated states is available as Table S4 in ESI

/- SCos, Dihedral AE., €V  AEy, €V
Cluster model State Rgo.s, A Rss, A Reocoy A £ CoSS’, deg /. SCoSCo, deg it co s B3LYP CCSD(T)
C0,55, Dop, COa(1-S), A 2.183 3.655  2.388 113.7 2.46, —2.46 0.00 0.00 0 0
C0,55, Cayy COn(1-S), A,  2.105 3.153  2.496 97.0 33.7 0.86 0.14 2.95 2.81
C0,S5, Cayy Cop-p-m*n>S, 7A;  2.260 2.302  3.508 61.2 43.2 2.80 0.20 3.01 2.88
C0,(S5), Cayy CO;M>-S, A, 2.130 2.169  2.330 92.2 1.87 0.13 2.48 2.57
C0,5,Cl,, Cayy Coy(1-S), A 2.133 3.462  2.494 108.5 2.47, —2.47 0.00

“ Negative signs in magnetic ordering denotes antiferromagnetic ordering. ” £ SCoS for sulfide clusters with separated sulfur atoms and for non-
planar disulfide clusters; / CoSS for planar clusters with bridging or side-on bonded S,. AE - total energy difference relative to the ground state
energy of neutral Co,S,: Eoy = —3562.050919 Hartree for B3LYP, zero-point and dispersion correction included; —3558.797034 Hartree for CCSD(T).

Fig. 4 Molecular electrostatic potential (MEP) map of (a) Co4S4-Li* and
(b) Co4S4—LiT,e™. Li-S bond lengths are denoted. Atom colors as in Fig. 1.
Electropositive area is golden yellow, electronegative areas — blue. Con-
tour lines are at 0.015 a.u.

3.3. Binding of Li and Na cations to mononuclear and
dinuclear disulphides and persulphides

The alkali cations bind to the mononuclear disulphides by
forming rhombic planar or rhomboid non-planar clusters with
minor deviation from planarity, Scheme 1. The cation binding
to persulphides results in boat-shaped rhomboid -clusters.
The energy gap between cobalt persulphide and disulphide

Energy

Li*

oY %7*

Scheme 1 Relative stability of disulphide and persulphide clusters upon
Li* cation binding and subsequent one-electron reduction. Atom colors as
in Fig. 1.

This journal is © the Owner Societies 2022

increases from 0.38 eV for the bare disulphide to 0.66 eV upon
Li" binding, Table 4 (0.64 eV for Na', see Table S7 in ESIt) and
the trend is very similar for iron persulphide/disulphide. Upon
one-electron reduction the ordering by stability is reversed and
disulphides become more stable than persulphides, as shown
in Scheme 1, with a much larger disulphide-to-persulphide
energy gap: 1.26 eV for Li',e”, 1.32 eV for Na',e” in CoS,; the
values for iron are even higher. Neither lithium, nor sodium
cations are able to form bonds with the transition metal center
(Fe, Co) in the reduced mononuclear clusters. The cation
charge does not experience significant change upon reduction
and remains close to +0.9 in the disulphides, while in persul-
phides it is lowered to +0.75 (Li*,e ) and to +0.86 (Na',e”). The
local natural charge at Co and Fe centers is strongly diminished,
particularly in persulphides: from close to +1.0 before reduction,
to +0.3 after reduction.

The cobalt-sulphur and iron-sulphur bonds are lengthened
upon Li* and Na* cation binding by 0.03-0.06 A, more signifi-
cantly upon Li" binding, Table 4 and Table S7 in ESL.{ Upon 1e~
reduction, Li'-S and Na'-S bonds are strengthened, while Co-S
and Fe-S bonds are lengthened, most notably in persulphides,
with bond length changes of 0.12-0.14 A. The magnetic
moment on transition metal and sulphur centers increases
upon reduction in the disulphides; in persulphides the mag-
netic moment increases predominantly at the transition metal
centre. Though chloride ligands diminish the nucleophilic
strength at S atoms, Li" binding is possible, because sulphur
centres still bear a small negative charge. In these clusters Cl-
MS,Li" and CI-M(S,)-Li" the Co-S and Fe-S bonds undergo
minor lengthening, while the Li'-S bonds become significantly
stronger, see Table 6 in ESL¥

Cation binding to the dinuclear Co,S, and Fe,S, clusters is
weaker as compared to mononuclear clusters, evidenced by the
lengthened Li*-S and Na'-S bonds, Table 4 and Table S7 in
ESL} For Co,S,-Li‘,e” two sextet states are found: (i) the
ground state °A (Fig. 5b) with Li*~Co, Co-Co and Li*-S bonds,
and (ii) a less-stable configuration in °B, state at much higher
energy of 2.20 eV, with shorter Li-S bonds, but lack of Li-Co
interaction and without a Co-Co bond (Fig. 5c¢). In diiron
disulphide Fe,S,, the Li*,e” binding to sulphur is weaker than
in Co,S,, and all bonds, including Fe-Fe, are lengthened. The
octet ground state ®A has a similar structure to the Co,S,-Li",e”
ground state, with Li'-Fe, Fe-Fe, and Li'-S bonds (Fig. 5d).
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Table 4 Bond lengths, bond angles, magnetic moments on atoms (1, Bohr magnetons), and Energies for disulfides MS,, M,S, and persulfides M(S;),
bonded to Li* cations and upon le~ reduction. The full table with data for all calculated states is available as Table S6 in ESI. Sodium binding data are

available as Table S7 in ESI

Cluster nodel State Rys, A Rs cany A £ S-M-S, deg Unt Us AE." eV B3LYP
Co(S,)-Li* vy 2.198 2.377 59.4 2.33 0.33 0.0
CoS,-Li" ‘B, 2.029 2.421 97.4 2.13 0.41 0.66
CoS,-Li",e” A, 2.081 2.360 120.3 2.50 0.75 0.0
Co(S,)-Li"e™ A 2.349 2.253 54.6 3.57 0.19 1.26
C0,S,-Li" A 2.223 2.505 98.1 2.53 0.43
Co0,5,-Li",e” (Li-S; Li-Co,) bonds °A 2.245 2.420 (S), 2.519 (Co) 107.7 2.27 0.23 0.0
Co0,5,-Li*,e” (Li-S) bond B, 2.239 2.306 86.6 2.71 —0.23 2.20
Fe(S,)-Li" SA 2.228 2.369 54.3 3.47 0.26 0.0
FeS,-Li" °B, 2.043 2.426 102.3 3.33 0.31 0.35
FeS,-Li*,e” A, 2.110 2.357 118.8 3.72 0.64 0.0
Fe(S,)-Li"e™ A’ 2.368 2.257 57.5 4.62 0.17 1.34
Fe,S,-Li* A 2.197 2.502 100.4 3.12 —0.12
Fe,S,-Li*,e (Li-S; Li-Fe,) bonds 5A 2.271 2.442 (S), 2.574 (Fe) 106.8 3.30 0.20 0.0
Fe,S,-Li*,e (Li-S) bond °A 2.207 2.390 100.5 2.69 —0.16 0.91

% AE - total energy difference relative to the ground state energy, zero-point and dispersion corrections included.

2.314

Fig. 5 Cation binding to Co,S, and Fe,S,. (a) Co,S,LiT, 7A state (b) Co.S,—
Lit,e” in °A state; (c) CopS,—Li*,e™ in ®B; state; (d) Fe,S,—Lit,e™ in ®A state;
(e) Co,S,-Nat,e™ in °A state; (f) Fe,S,—Nat,e™ in 8B, state. Cobalt atoms
are red, iron atoms — brown, sulphur atoms - yellow, lithium atoms -
small pink balls, sodium — large light yellow balls.

The lowest energy state in the sextet multiplicity channel
Fe,S,Li °A, contains only Li*-S bonds, Table 4. The monovalent
cation (Li", Na') to sulphur bonds are always strengthened
upon reduction, more significantly the Li-S bonds. Sodium
binding is generally weaker, and even in the reduced clusters,
Na-Co and Na-Fe bonds do not form.

Upon one-electron reduction of M,S,-Li" or M,S,-Na’,
(M = Fe,Co) the extra charge is delocalized at S, Co or Fe
centers, with the transition metal cation 4s and 4p orbitals
involved, while the 3d occupancies undergo minor changes.
The S 3p orbital occupancy varies in the range from 4.2 to 5.0
and the molecular electrostatic potential (MEP) maps indicate
strong increase in negative charge density at S atoms in reduced
clusters, see Fig. S1 and Table S2 in ESL{ Cation binding changes
the magnetic ordering in dinuclear clusters and they become more
stable in high-spin state, Table 4. Antiferromagnetic coupling does
not have an impact on the cluster stability after alkali cation
coordination and upon reduction.

Though local charges and MEP maps indicate the strength
of Lewis acidity and electrophillic properties of cations, the

20234 | Phys. Chem. Chem. Phys., 2022, 24, 20228-20238

Table 5 Adsorption energies E (kJ mol™) of N, and O, at alkali cations in
MSZ and MzSza

Cluster E (Ny) E (0y)
C0,S,-Li" 14.4 8.6
C0,S,-Li"e” 11.3 5.6
CoS,-Li* 40.7 25.8
CoS,-Li‘,e” 23.1 11.0
CoS,-Na* 27.6 18.0
CoS,-Na',e” 15.7 11.2
Liy" 23.1 9.2

¢ For iron disulphide clusters see Table S8 in ESI.

adsorption of nitrogen and oxygen allows discerning their
reactivity towards different nucleophillic reactants. Lithium
clusters are known for their ability to bind nitrogen and they
have been proposed as material for Li-N, batteries.”"”> The
highest adsorption capacity is found in mononuclear disul-
phides, and though the positively charged CoS,-Li" cluster has
higher N, adsorption energy of 40.7 k] mol ", the reduced
cluster with N, adsorption energy of 23.1 k] mol~' has a more
favourable N,/O, ratio, 1.58 vs. 2.10, as shown in Table 5. Still,
Li;" clusters have the highest N,/O, adsorption ratio of 2.51.

3.4. Binding of Zn cations to mononuclear and dinuclear
disulphides and persulphides

The coordination of zinc cations follows a similar trend as the
coordination of lithium cations, the persulphides being more
stable than the disulphides of Zn*", and reversal of the stability
upon reduction in favor of disulphides, Table 6. The non-planar
rhomboid persulphides Co(S,)-Zn>* and Fe(S,)-Zn>" are the
global minima, Fig. 1c, and they are separated by small energy
gaps from the planar disulphides CoS,~Zn** and FeS,-Zn*",
Fig. 1b: 0.42 eV for CoS,~Zn** and 0.22 eV for FeS,~Zn**. These
energy gaps are much smaller than in the alkali-ion coordi-
nated clusters and closer to the gaps in the bare clusters. The
rhombic planar disulphides become the global minima upon
2e” reduction, and Zn-Co and Zn-Fe bonds contribute to
the cluster stability, Fig. 1a. The energy gap to persulphides

This journal is © the Owner Societies 2022
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Table 6 Bond lengths, bond angles, magnetic moments on atoms (1, Bohr magnetons), and energies for disulfides MS,, M,S, and persulfides M(S,),

bonded to Zn?* cations and upon 2e~ reduction

Cluster model State  Ry—s A  Rs—cac A [ S-M-S, deg Unt Us AE, €V B3LYP
Co(S,)-zn** A/ 2.308 2.318 59.1 2.50 0.26 0.0
CoS,-Zn*" “B, 2.146 2.313 95.2 2.39 0.29  0.42
CoS,-Zn** 2e~ ‘B, 2.202 2.235, 2.441 (Co-Zn) 114.5 2.38 0.29 0.0
Co(S,)-Zn**,2e” (ZnCo)n>S, A" 2.213 2.543, 2.437, (Co-Zn)  102.7, /. CoSS 2.16 0.44  0.90
Co(S,)-Zn**,2e” Zn-(Con*S,)  “A’ 2.134 2.169, 2.510 (Co-Zn) 58.6 2.18 0.41  1.08
C0,S,-Zn>" A 2.322 2.339 93.1 2.62 0.38
C0,S,-Zn?"2e "~ ’A 2.247 2.624 2.691 (Co-Zn) 109.2 2.30/0.70 (Zn) 0.35 0.00
C0,8,-Zn*" 2e” °A 2.256 2.560 2.703 (Co~Zn) 106.9 2.27/-0.74 (Zn) 010  0.29
Fe(S,)-Zn*" A/ 2.337 2.312 59.0 3.59 0.20 0.0
FeS,-Zn** °B, 2.148 2.307 97.4 3.52 0.21 0.22
FeS,~Zn>",2e” Ay 2.255 2.232, 2.499 Zn-Fe 111.5 3.56 021 0.0
Fe(S,)-Zn**,2e” (ZnFe)n>S, A 2.232 2.343, 2.448 Zn-Fe 97.03, L Fe-SS  3.66 0.20  1.29
Fe,S,~Zn>" A 2.327 2.341 89.0 3.17 0.18
Fe,S,-Zn*"2e~ A 2.279 2.500 2.728 (Fe-Zn) 104.6 3.24/-0.76 (zn)  0.14  0.00

“ AE - total energy difference relative to the ground state energy, zero-point and dispersion corrections included.

increases, though not as much as in Li- and Na-clusters. The
structure of persulphides upon reduction is not the boat
shaped typical for alkali cations, but disulphur becomes side-
on bonded to Co-Zn and Fe-Zn, see Fig. 1d. The binding of zinc
in cation state is largely covalent and the positive charge is
efficiently redistributed, as Zn centres bear a charge not higher
than +1.35. The cobalt or iron centres acquire a higher positive
charge and the charge on sulphur becomes less negative,
Table S2, ESL.f The persulphide and disulphide clusters effi-
ciently donate electrons to zinc cations and the AO occupancy
is in the range Zn 4s%*¢%%% 4p%'® 92! Upon two-electron
reduction, the negative charges are again redistributed
throughout the cluster: the zinc local charge is reduced from
+1.35 to +0.8 in mononuclear disulphides, the sulphur charge
changes from —0.15 to —0.75 and the charge at Co or Fe change
from +1.0 to +0.60, + 0.70. The 4p orbitals at the transition
metal centers (Co, Fe, Zn) experience the largest increase in
population. The local AO occupancy at sulphur centers varies in
the range 3s"%%19° 3p**™  the lower 3p orbital occupancy of
4.2-4.3 being typical for persulphides, mid-range occupancy of
3p*>™*7 for disulphides, and higher occupancy of 3p*°~>° for
Li*,e”, Na',e” or Zn**,2e” binding to the clusters. The Zn()
cations have close crystal and ionic radii to Co() in high-spin
state”® and in all of the reduced clusters Zn-Co bonds are
formed. The ground-state Zn-Co disulphide clusters have their
analogues as Co,S, clusters - rhombic planar, with Co-Zn
bond. Fe(n) in high spin state also forms Fe-Zn bond, slightly
lengthened than the Co-Zn bond, Table 6. In the reduced
persulphide clusters, the S-S bond is retained and Zn-Co
bonds are formed. Two forms were found, one with S-S side
bonding to Co only and Zn binding end-on to Co (or Fe), with
bonding pattern Zn—(Co-n’-S,) - this configuration does not
have an iron analogue. The side-on bonded disulphur to a
Zn-Co bond (or Zn-Fe bond) is more stable, (Zn-Co)n?>-S,.
The dinuclear disulphides bind Zn cations in a similar way
to Li cations and upon reduction Co-Co and Fe-Fe bonds
emerge. In the reduced state, Zn always forms bonds to the
transition metal cation centers in addition to the Zn-S bonds,
Table 6. Magnetic moment of 0.7-0.8 MB is induced at Zn,

This journal is © the Owner Societies 2022

as a result from the difference between o and [ 4s orbital
populations. In Fe,S,-Zn clusters and in the quintet state of
Co,S,-Zn, the unpaired spin moment at Zn is antiferromagne-
tically coupled to that at Fe, Co centers. Nevertheless, the
binding of Zn to the dinuclear clusters Co,S, and Fe,S, is not
as strong as in the mononuclear clusters. The bonds to sulphur
centers and to the Co and Fe centers are significantly length-
ened, particularly in the reduced forms. The septet and quintet
state of C0,S,-Zn*",2e” have very similar geometry and their
magnetic structure differs by spin ordering, which places them
closely spaced by energy (0.29 eV).

The potential energy surfaces of mononuclear disulphides
and persulphides MS, and M(S,) are rather flat, indicating
small energy barriers for the conversion reaction between the
two isomers. Zinc binding to the mononuclear clusters
increases the energy gap between the two isomers and the
energy barrier for the isomerisation reaction also increases.

The barrier is smaller for the cation form in CoS,Zn*" to
Co(S,)Zn*" (0.18 eV), but more significant for FeS,Zn*" to
Fe(S;)Zn** (0.46 eV), see Fig. 6a. The isomerisation reaction of
the reduced clusters to disulphides, in which again Co-Zn
bonds are present, has a higher energy barrier of 1.16 eV for
the isolated clusters (gas-phase) at standard temperature and
pressure, Fig. 6b. The transition state, identified by a single
imaginary frequency in the vibrational spectrum, contains
neither S-S bonds, nor Co-Zn bonds, but only Co-S and Zn-S
bonds. Water and acetonitrile solvents do not lower as much as
expected the energy barrier of the cationic form, though up to
two water and acetonitrile molecules participate in direct
coordination of each cation in the clusters. The coordination
of solvent to the reduced clusters is weaker and one water or
acetonitrile molecules forms bond per Zn and a second one per
Co cation centres. The Zn(un)-OH, bond length in the cation
form equals 1.997 A and the Zn(i)-N bond length is 2.001 A;
upon reduction the coordination of a single water molecule is
at a Zn-OH, distance of 2.124 A and the acetonitrile molecule
also drifts away at a distance of 2.148 A. The solvent 1-chloro-
hexane is much less polar, with dielectric constant ¢ = 5.9491
and while it does not coordinate directly to the clusters, it

Phys. Chem. Chem. Phys., 2022, 24, 20228-20238 | 20235
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Fig. 6 IRC reaction path following of (a) disulphide to persulphide iso-
merisation of cationic clusters CoS,-Zn?*, FeS,—Zn?* in gas-phase and in
solution, and (b) persulphide to disulphide isomerisation in reduced
clusters Co(S,)-Zn(i),2e™. Zinc-cobalt persulphide forms two isomers with
bonding patterns: (ZnCo)-n2-S, in A" state and Zn—(Co-n2-S,) in “A’
state, see Table 6. Acetonitrile and water molecule coordination to the
clusters is denoted by blue lines.

reduces more significantly the energy barriers for both the
cationic (to 0.11 eV) and for the reduced zinc-cobalt-sulphur
clusters. Water reduces the energy barrier of the Co(S,)Zn(0) to
Co8S,Zn(0) isomerisation from 1.16 to 0.90 eV, acetonitrile - to
0.72 eV and 1-chlorohexane - to 0.38 eV.

Iron persulphide Fe(S,) has a very small endothermic effect
(0.14 eV) for the isomerisation to FeS, as a bare cluster and
the calculated activation barrier for gas-phase isomerisation
FeS, — Fe(S,) is 0.55 eV, higher than in the CoS, — Co(S,)
reaction (0.31 eV). Zn>* cation binding does not increase this
gap measurably (0.22 eV), but the activation barrier for the
disulphide to persulphide isomerisation is again higher (0.46 eV)
than in CoS,Zn*" (0.18 eV). Upon 2e~ reduction, the reaction
persulphide Fe(S,)Zn(0) to disulphide FeS,Zn(0) turns exothermic
by 1.29 eV and with an activation barrier of 1.55 eV, the Zn cations
would strongly prefer binding to FeS, in the reduced cluster, see
Fig. S2 in ESL} Though solvents lower the energy barrier of the
zinc-iron persulphide to disulphide isomerisation, it remains still
high in 1-chlorohexane (0.79 eV) as compared to the cobalt
analogue (0.38 eV) and the heat effect in solution is not signifi-
cantly changed, with minor decrease to 1.15 eV. While the
isomerisation reaction is reversible for the cobalt disulphide, for
iron disulphide much higher energy is needed to convert the
stable disulphide FeS,Zn(0) back to a persulphide configuration.
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4. Conclusions

The mononuclear disulphide and persulphide clusters of iron
and cobalt are separated by small energy gaps and the two
isomeric forms are inter-convertible, the persulphides being
more stable. The binding of a carbonyl or chloride electron-
donor ligand to the transition metal centre or cations (Li*, Na*,
Zn") to sulphur increases the energy gap between persulphides
and sulphides, and persulphides remain more stable than
disulphides. The joint addition of cation and electron-donor
ligand does not increase further the energy gaps. Upon one-
electron reduction of Li* and Na" bonded clusters, or two-
electron reduction of Zn>" bonded clusters, the persulphide/
sulphide stability is reversed and disulphides become more
stable. Though disulphides and persulphides of Zn-Co and
Zn-Fe are separated by smaller energy gaps as compared to
the lithium and sodium bonded clusters, the isomerization
reaction has an energy barrier, which is higher for the reduced
clusters. Polar solvents, such as water and acetonitrile lower the
energy barriers of the isomerisation reaction disulphide to
persulphide and vice versa, but despite the direct coordination
of water and acetonitrile molecules to the transition metal
centres, their impact is much smaller as compared to the
non-binding, less polar solvent 1-chlorohexne. The results
reveal that upon reduction or electron transfer and delocaliza-
tion, metal-metal bonds are formed, more easily Co-Co, Fe-Fe,
Co-Zn, Fe-Zn, but also Co-Li and Fe-Li. In a reversible iso-
merization reaction sulphide-to-persulphide, S-S and Co-Zn
bonds undergo break-up and re-form again. These effects can
be expected also in adsorbed clusters and in layered materials.
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