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Gas-phase fragmentation of single heteroatom-
incorporated Co5MS8(PEt3)6+ (M=Mn, Fe,
Co, Ni) nanoclusters
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Functionalization of metal-chalcogenide clusters by either replacing core atoms or by tuning

the ligand is a powerful technique to tailor their properties. Central to this approach is

understanding the competition between the strength of the metal-ligand and metal-metal

interactions. Here, using collision-induced dissociation of atomically precise metal sulfide

nanoclusters, Co5MS8L6+ (L= PEt3, M=Mn, Fe, Co, Ni) and Co5-xFexS8L6+ (x= 1–3), we

study the effect of a heteroatom incorporation on the core-ligand interactions and relative

stability towards fragmentation. Sequential ligand loss is the dominant dissociation pathway

that competes with ligand sulfide (LS) loss. Because the ligands are attached to metal atoms,

LS loss is an unusual dissociation pathway, indicating significant rearrangement of the core

prior to fragmentation. Both experiments and theoretical calculations indicate the reduced

stability of Co5MnS8L6+ and Co5FeS8L6+ towards the first ligand loss in comparison

with their Co6S8L6+ and Co5NiS8L6+ counterparts and provide insights into the core-ligand

interaction.
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S ingle-atom substitution to the core of ligated clusters is an
effective strategy for designing clusters with desired elec-
tronic and magnetic properties1–3. Atom-by-atom sub-

stitution has been used to generate atomically precise
nanoclusters and study its effect on their structures and physi-
cochemical properties4–6. However, the small size of molecular
clusters and challenges associated with their purification and
crystallization make it difficult to characterize atomically precise
clusters using conventional approaches7,8.

Mass spectrometric characterization of molecular clusters cir-
cumvents some of these challenges. As a result, mass spectro-
metry (MS) has been extensively used to study structures and
reactivity of cluster ions and supramolecular chemistry of interest,
leading to the development of cluster-based materials9–13. For
example, gas-phase dissociation studies of mass-selected clusters
through collision-induced dissociation (CID) enable the char-
acterization of structures, binding energies, and stability of clus-
ters towards fragmentation14–20. By combining gas-phase studies
with electronic structure calculations, the intrinsic geometric and
electronic structures of clusters may be determined that cannot be
obtained using conventional characterization methods20–22.

Semiconductor clusters have also been examined using MS
techniques23–25. Of particular interest to this work are ligated
metal chalcogenide clusters, which are well-known superatomic
species of interest to applications in energy storage, photovoltaics,
and molecular electronics26–28. Their controlled assembly offers
exciting opportunities for the development of hierarchical
nanomaterials with unique optical, electrochemical, magnetic,
and catalytic properties29–31. Atom-by-atom substitution may be
used to tailor the properties of the cluster core and generate a
broader range of atomically precise metal chalcogenide clusters.
In our previous study, we examined the effect of atom-by-atom
substitution on the electronic and magnetic properties of a
superatomic Co6S8 cluster core32. Using electrospray ionization
mass spectrometry (ESI-MS), we confirmed the incorporation of
Fe, Mn, and Ni atoms among all the first-row 3d transition metal
atoms into the core of the Co6S8(PEt3)6 cluster. Furthermore,
using a combination of experiments and theoretical calculations,
we demonstrated that each heteroatom has a different impact on
the magnetic, and electrochemical properties of the cluster33.

In this study, we systematically examine gas-phase fragmentation
of two series of metal chalcogenide clusters including (Co5MS8L6+,
M=Mn, Fe, Ni, L= PEt3) and Co6-x FexS8L6+ (x= 1–3) to
understand the effect of heteroatoms in the cluster core on dis-
sociation pathways and core–ligand interactions. For all the clusters
examined in this study, the sequential loss of ligands is the pre-
dominant fragmentation pathway. Collision energy-resolved CID
experiments indicate that ligand binding energy (BE) increases in the
order: Co5FeS8L6+ <Co5MnS8L6+ <Co6S8L6+ ≈Co5NiS8L6+. This
result is consistent with the results of density functional theory (DFT)
calculations. We also observe a competing loss of ligand sulfide (LS),
the relative abundance of which is determined by the composition of
the cluster core. CID experiments revealed that ligand loss is much
more favorable than LS loss for Co5MnS8L6+ and Co5FeS8L6+

clusters that are electron deficient in comparison with Co6S8L6+ and
Co5NiS8L6+species. Meanwhile, the electron-rich Co5NiS8L6+ species
show the highest preference toward LS loss. This study is the first
CID characterization of alloy metal chalcogenide clusters, which
provides insights into the effect of heteroatoms in their core on the
strength of core–ligand interaction.

Results and discussion
A series of heteroatom-substituted metal chalcogenide clusters
(Co5MS8L6+, M=Mn, Fe, Ni) were synthesized and their sta-
bility and fragmentation pathways were examined using CID. A
comparison of the experimental and simulated isotopic patterns
of the heteroatom-doped clusters is shown in Supplementary
Fig. S1. In each solution, we observe a mixture of a doped cluster
and its undoped counterpart, which are readily distinguished
using MS. A cluster of interest is isolated in a mass spectrometer
and examined using collision energy-resolved CID. CID spectra
of Co6S8L6+ at 0 and 30 eV are shown in Fig. 1. A minor signal of
the fragment corresponding to the loss of one ligand is observed
at 0 eV and may be attributed to in-source vibrational excitation
of the precursor ion. At 30 eV, we observe several abundant
fragments corresponding to the loss of one, two, and three ligands
along with LS losses. Because all the ligands are attached to metal
atoms in the precursor cluster, LS loss is an unusual dissociation
pathway. We note that both channels correspond to neutral losses
of L and LS molecules from the precursor cation.

To examine the competition between different fragmentation
pathways of Co6S8L6+, we conducted collision energy-resolved
CID experiments with collision energies in the range of 0–60 eV.
Fragmentation efficiency curves obtained for abundant fragments
of Co6S8L6+ are shown in Fig. 2a. A comparison of competing
pairs of fragmentation pathways is provided in Fig. 2b, c. The
fragmentation scheme inferred from the fragmentation efficiency
curves is shown in Fig. 2d. Loss of the first ligand (1L) is the
primary fragmentation channel followed by a second ligand loss
(2L), which occurs in competition with LS loss denoted as 2L1S
(i.e., the overall loss of L+LS). Fragmentation efficiency curves of
these two channels shown in Fig. 2b confirm that they have
similar appearance energies, therefore, occur in competition.
Similarly, loss of the third ligand (3L) competes with LS loss from
2L generating the 3L1S fragment ion as indicated by the curves
shown for this pair of fragments in Fig. 2c. Interestingly, the
abundance of fragments generated by LS loss increases with an
increase in the number of ligands removed from the core. For
example, although 2L is substantially more abundant than its
2L1S counterpart, 3L is a much less abundant fragment than
3L1S. Furthermore, 4L1S is the dominant fragment produced at
high collision energies following the loss of three ligands and one
LS from the precursor ion. We propose that the loss of ligands
from the core induces rearrangement that generates P-S bonds
and facilitates a subsequent loss of LS from the cluster. Based on

Fig. 1 Collision-induced dissociation (CID) spectra of Co6S8L6+. The CID
spectra of Co6S8L6+ obtained at collision energies of 0 eV (top) and 30 eV
(bottom). Black arrows show ligand losses (L= PEt3) and red arrows
highlight ligand sulfide (LS) losses.
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the existing thermochemical information for an analogous tri-
phenylphosonine (PPh3) ligand, we conclude that triethylpho-
sphine sulfide is eliminated in this process as a single molecule
(LS) rather than separated ligand and sulfur atom (L+S).
Specifically, the formation enthalpy of triphenylphosonine
sulfide (PPh3S) is 206 kJ/mol. Meanwhile, enthalpies of the for-
mation of PPh3 and S are 207 and 277 kJ/mol, respectively. As a
result, loss of LS is favorable over the loss of L+S by more than
270 kJ/mol34.

We have also examined gas-phase fragmentation of mass-
selected Co5MS8L6+ (M=Mn, Fe, Ni) clusters to understand the
effect of a single Mn, Fe, and Ni atom incorporation on their
stability and fragmentation pathways. The experimental survival
curves corresponding to the relative abundance of the intact
cluster as a function of collision energy are compared in Fig. 3a.
The results indicate a pronounced dependence of the stability of
the cluster towards fragmentation on the type of heteroatom
incorporated into the core of the cluster. The relative stability of

the clusters towards fragmentation was evaluated using the values
of collision energies corresponding to 50% fragmentation
(CID50%). Because the loss of one ligand is the major primary
pathway for all the clusters, the relative stability of the clusters is
determined by the loss of the first ligand. A comparison of the
survival curves for all the clusters shown in Fig. 3a indicates that
both Co6S8L6+ and Co5NiS8L6+clusters reach 50% fragmentation
at similar collision energies of 22.5 and 21.5 eV, respectively. In
contrast, Co5MnS8L6+ and Co5FeS8L6+ reach 50% fragmentation
at substantially lower collision energies of 11.1 and 6.6 eV,
respectively. Our results indicate that the stability of the
Co5MS8L6+ (M=Mn, Fe, Co, or Ni) clusters toward the first
ligand loss increases in the order: Fe <Mn < Ni ≈ Co with
Co5FeS8L6+ being the least stable cluster against ligand loss. We
also observe a substantial depletion of the Co5FeS8L6+ at 0 eV
collision energy resulting from in-source fragmentation of this
relatively unstable cluster. It is reasonable to assume that the first
ligand loss from Co5FeS8L6+ and Co5MnS8L6+ involves cleavage

Fig. 2 Fragmentation efficiency curves and the associated pathway for the abundant fragments of Co6S8L6+. a Fragmentation efficiency curves for the
abundant fragments of Co6S8L6+ in the collision energy range of 0–60 eV; b formation of 2L and 2L1S fragments; c formation of 3L and 3L1S fragments;
d fragmentation scheme of Co6S8L6+ inferred from the fragmentation efficiency curves.

Fig. 3 Survival curves and total ion signal as a function of collision energy for Co6S8L6+. a Survival curves for Co6S8L6+, Co5FeS8L6+, Co5MnS8L6+, and
Co5NiL5L6+ plotted as a function of the collision energy of the precursor ion. The horizontal dashed line corresponds to 50% fragmentation of the
precursor ion. b Total ion signal as a function of collision energy in CID of Co6S8L6+.
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of the Fe-L and Mn-L bonds, respectively, indicating that these
bonds are weaker than Co-L and Ni-L bonds.

We have also compared the heats of dissociation of
Co5MS8L6+ clusters into Co5MS8L5++ L and Co5MS8L5+ L+.
This comparison indicates that the ligand is detached as a neutral
species. This is because of the large ionization energy of the ligand
compared to those of the Co5MS8L5 clusters. A discussion of this
competing pathway is provided in section Supplementary Note 1
and Supplementary Table S2. Figure 3b shows the dependence of
total ion signal as a function of collision energy in CID of
Co6S8L6+precursor ion. We observe a gradual increase in the total
ion signal, which is likely due to the minor improvement in ion
transmission at higher collision energies. Therefore, the total
amount of ions does not decrease with an increase in the collision
energy, which confirms that dissociation follows
the Co5MS8L5++ L pathway, without any loss of the cationic
ligand.

The difference in the stability of the clusters towards the first
ligand loss is also confirmed by comparing binding energies
obtained using DFT calculations. For this, we first optimized
ground state geometries of ligated metal clusters Co5MS8L6+ and
Co5MS8L5+ (M=Mn, Fe, Co, Ni) shown in Fig. 4. For each
cluster, the core (Co5MS8) possesses octahedral symmetry, where
six metal atoms are placed on the six vertices, and eight S atoms
are placed on the eight faces of the octahedron. The ligands are
always capped on metal atoms. The octahedral symmetry of the
core remains essentially unperturbed by the substitution of a
single Co atom with Fe, Mn, and Ni. To obtain the geometry of
the studied clusters after the first ligand loss, Co5MS8L5+, we
optimized all possible metal sites where the first ligand can detach
from and compared the corresponding energy values. The opti-
mized geometries and energies of the various isomers for each

cluster are provided in Supplementary Fig. S2 and Supplementary
Table S1. Our DFT results show that the first ligand always
prefers to detach from the doped-metal atom site to form
Co5MS8L5+ cations. The corresponding minimum energy geo-
metries are shown in Fig. 4. The calculated BE values for the first
ligand detached from the Co5FeS8L6+, Co5MnS8L6+, Co6S8L6+,
and Co5NiS8L6+ are 1.13, 1.53, 1.65, and 1.74 eV, respectively, as
summarized in Table 1. The lowest BE of the Fe-L in Co5FeS8L6+

indicates that this cluster is the least stable in the series toward the
loss of the first ligand, followed by Co5MnS8L6+. Similarly, the
nearly equal values of ligand BE in Co6S8L6+ and Co5NiS8L6+

cations indicate that these clusters have similar stability toward
ligand loss. The Co-L and Ni-L bond lengths of 2.16 and 2.18Å as
shown in Fig. 4 are further evidence of the same binding strength
of Co-L and Ni-L bonds in Co6S8L6+ and Co5NiS8L6+ clusters,
respectively. Meanwhile, the Mn-L bond length of 2.33 Å in
Co5MnS8L6+ is slightly longer than Fe-L bond length of 2.26 Å in

Fig. 4 Geometries of the fully ligated (Co5MS8L6+) and fragmented cations with the first ligand detached (Co5MS8L5+). The optimized ground state
geometry of the fully ligated (Co5MS8L6+) and fragmented cations with the first ligand detached (Co5MS8L5+) for M= Fe, Mn, Co, and Ni; L= PEt3. Co, S,
Fe, Mn, Ni atoms, and PEt3 ligand are represented by navy-blue, yellow, brown, pink, silver, and cyan colors, respectively. The magnetic moment of each
cluster is in the units of Bohr magneton (μB). Dark gray lines highlight the Co-M, and M-P bonds in the metal-doped cluster, Co-Co, and Co-P for the pure
cobalt cluster, whereas the light gray lines represent all the other bonds present in the studied metal clusters. The average value of Co-M, M-P Co-Co, and
Co-P bond lengths are represented in the units of Å.

Table 1 Ligand binding energies (BE) and the average M-L
and M-Co bond length in the fully ligated metal clusters
(Co5MS8L6+).

Cluster BE (eV) M-L (Å)
Co5MS8L6+

M-Co (Å)
Co5MS8L6+

M-Co (Å)
Co5MS8L5+

Co5MnS8L6+ 1.53 2.33 2.73 2.75
Co5FeS8L6+ 1.13 2.26 2.74 2.58
Co6S8L6+ 1.65 2.16 2.81 2.64
Co5NiS8L6+ 1.74 2.18 2.84 2.69

The last column represents the average M-Co bond length in the fragment cation with the first
ligand detached (Co5MS8L5+) for M=Mn, Fe, Co, and Ni (the ligand BE is calculated using Eq.
(i), provided in the Theoretical methods section).
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Co5FeS8L6+ (Fig. 4), which is partially due to the larger atomic
radius of Mn (161 pm)35 as compared to that of Fe (156 pm). The
reason for the lower ligand BE in Co5FeS8L6+ in comparison to
Co5MnS8L6+ despite the fact that the Mn-L bond is longer than
Fe-L bond will be discussed in the following.

To understand the reason for the lower stability of Co5FeS8L6+

as compared to Co5MnS8L6+ cluster toward the first ligand loss,
we compared the M-Co bond length in the fully ligated cluster
(Co5MS8L6+) with that of the cluster with one ligand detached
(Co5MS8L5+). In Fig. 4, we note that the doped-metal atom
interacts with four nearby Co atoms with equal strength, and with
one ligand in the case of fully ligated clusters. For Co5FeS8L6+

and Co5MnS8L6+, the M-Co bond lengths are 2.74 and 2.73Å,
respectively. The M-Co bond length changes significantly after
the first ligand loss, and the corresponding values are 2.58 and
2.75Å for Co5FeS8L5+ and Co5MnS8L5+, respectively. Note that
the Fe-Co bond length decreases upon first ligand loss, whereas
the Mn-Co bond length increases with respect to their fully
ligated counterparts. This indicates that Fe in Co5FeS8L5+ cluster
experiences stronger interactions with the core atoms as com-
pared to Mn in Co5MnS8L5+. Qualitatively, the collective inter-
actions of the four M-Co bonds dominate over the single M-L
interaction. Therefore, changes in the relative strength of M-Co
bond strength associated with ligand loss are primarily respon-
sible for the observed trend in the stability of the cluster towards
first ligand loss with Co5FeS8L6+ being the least stable species in
the series of clusters examined in this study.

To understand the effect of each heteroatom on the fragmen-
tation pathways of the cluster, we compared fragmentation effi-
ciency curves obtained for fragments generated by ligand and LS
losses from all four clusters as shown in Fig. 5a, b, respectively.
We observe that all four clusters undergo three sequential ligand
losses (1L, 2L, and 3L) shown in Fig. 5a. As expected, based on
the survival curves discussed earlier, loss of the first ligand from
Co5FeS8L6+ and Co5MnS8L6+ precursors occur at much lower
collision energies and 1L fragments are higher in relative abun-
dance than the corresponding fragments of Co6S8L6+ and
Co5NiL5L6+ ions, which are depleted by the presence of com-
peting channels at higher collision energies. In contrast, the losses
of the second and third ligands occur over the same range of
collision energies for all four clusters. This is an interesting
observation provided that the second and third ligand losses
involve cleavage of the Co-L bond. Our results indicate that Co-L
binding in Co5FeS8L5+ and Co5MnS8L5+ fragment ions is
stronger than in Co6S8L5+ and Co5NiL5L5+ fragments.

The relative abundance of the 2L and 3L fragments decreases in
the order: Co5FeS8L6+ > Co5MnS8L6+ > Co6S8L6+ > Co5NiS8L6+,
which is concomitant with an increase in the abundance of
fragment ions produced through channels competing with ligand
loss. Indeed, the major competing pathway corresponding to the
LS loss is more favorable in CID spectra of Co5NiS8L6+ and
Co6S8L6+ in comparison with Co5FeS8L6+ and Co5MnS8L6+.
Fragmentation efficiency curves for LS loss are shown in Fig. 5b.
For all the clusters, the relative yield of ligand loss decreases, and
the relative yield of LS loss increases with an increase in the total
number of ligands detached from the core. The extent of the LS
loss from the Co5FeS8L6+ precursor and its fragments is lower
than for other clusters. Although the fragmentation behavior of
Co5MnS8L6+ is very similar to that of Co5FeS8L6+, it generates
slightly less abundant fragment ions corresponding to ligand
losses and more abundant fragments corresponding to LS losses.
Meanwhile, both Co5NiS8L6+ and Co6S8L6+ clusters generate less
abundant fragments corresponding to ligand losses and more
abundant fragments corresponding to LS losses. However,
Co5NiS8L6+ is the only cluster that undergoes a pronounced LS
loss as a primary channel forming 1L1S fragment in competition
with the first ligand loss, 1L. The corresponding fragment of
Co6S8L6+ is very low in abundance. Similarly, the 2L1S fragment
of Co5NiS8L6+ is more abundant than that of Co6S8L6+ as seen in
Fig. 5b. As discussed earlier, LS loss must be associated with a
rearrangement of the cluster. Because Co5NiS8L6+ and Co6S8L6+

undergo more abundant loss of LS than Co5FeS8L6+ and
Co5MnS8L6+, we conclude that rearrangement resulting in the
formation of metal-sulfur bonds is more favorable in the electron-
rich Co5NiS8L6+ and Co6S8L6+ clusters. Furthermore, this rear-
rangement is promoted by the sequential removal of ligands from
the cluster core.

We have previously demonstrated that multiple Fe atoms can
be incorporated into the core of the Co6S8 cluster32. To
understand the effect of the number of Fe atoms in the core on
the gas-phase fragmentation of the cluster, we compared frag-
mentation efficiency curves for the loss of ligand and LS from
Co5FeS8L6+, Co4Fe2S8L6+, and Co3Fe3S8L6+ precursors as
shown in Fig. 6a, b, respectively. Figure 6a shows that unlike
Co5FeS8L6+ which undergoes three sequential ligand losses,
both Co4Fe2S8L6+ and Co3Fe3S8L6+ undergo losses of up to
four ligands. The relative abundance of fragments correspond-
ing to losses of three and four ligands (3L and 4L) increases
with an increase in the number of Fe atoms in the cluster core.
Another interesting observation is that the second ligand loss

Fig. 5 Comparison of the first three ligand losses, and the comparison of the competing ligand sulfide losses for Co5MS8L6+. a Comparison of the first
three ligand losses (1L, 2L, 3L), b the comparison of the competing ligand sulfide losses (1L1S, 2L1S, 3L1S) for Co5FeS8L6+, Co5MnS8L6+, Co6S8L6+, and
Co5NiS8L6+ clusters.
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(2L) from Co4Fe2S8L6+ and Co3Fe3S8L6+ occurs at substantially
lower collision energies than that from Co5FeS8L6+. This
observation indicates that loss of the second ligand from
Co4Fe2S8L6+ and Co3Fe3S8L+ occurs from one of the Fe atoms
that has a lower BE with the ligand than Co atoms. Meanwhile,
the second ligand loss from Co5FeS8L6+ cluster involves the
cleavage of a relatively strong Co-L bond.

Among the Fe-doped clusters, we observe more abundant
losses of LS from the Co5FeS8L6+ precursor which is more elec-
tron rich as compared to Co4Fe2S8L6+, and Co3Fe3S8L6+. This is
evidenced by the higher abundance of 2L1S and 3L1S fragment
ions produced from Co5FeS8L6+in comparison with cluster ions
with two and three iron atoms in the core. Our results indicate
that as the number of Fe atoms in the core of the cluster increases
ligand loss channels become more favorable and LS losses become
less favorable.

Although the overall fragmentation pathways of the clusters
are similar, the competition between ligand and LS losses is
strongly dependent on the composition of the cluster core. Our
gas-phase studies demonstrate that the relative stability as well as
core–ligand interactions in superatomic metal chalcogenide
clusters may be tailored by incorporating heteroatoms into their
cores. These results provide insights into the effect of a single-
atom substitution to the core of metal chalcogenide clusters on
their structure and stability.

Conclusion
In this study, we performed a systematic investigation of
the gas-phase fragmentation of a series of Co5MS8L6+ clusters
substituted with different heteroatoms including Mn, Fe, and
Ni. We examined the effect of each heteroatom on the structure,
relative stability, core–ligand interaction, and fragmentation
pathways of these species CID experiments revealed that all the
clusters undergo three sequential ligands losses as a dominant
fragmentation pathway. The relative stability of the Co5MS8L6+

cluster toward ligand loss in the gas phase increases in the
order: Fe < Mn < Ni ≈ Co with Co5FeS8L6+ being the least stable
cluster. Electronic structure calculations confirm that Fe-L and
Mn-L bonds are weaker than Co-L and Ni-L bonds. In com-
parison with Mn, Fe is more strongly bound to Co atoms in the
core, which reduces the BE of Fe to the ligand. The second and
third ligand losses in all the clusters occur in competition with
an unusual LS loss. The LS loss is more pronounced for
Co5NiS8L6+ precursor, which is the most electron-rich cluster

in the series. We hypothesize that the clusters undergo rear-
rangement after the loss of one or more ligands, and this
rearrangement is more favorable in electron-rich clusters. CID
studies of Co4Fe2S8L6+ and Co3Fe3S8L6+ confirmed that the
efficiency of LS loss decreases as the cluster core becomes more
electron deficient. Overall, as the number of Fe atoms in
the core increases the ligand loss becomes more favorable than
the parallel LS loss. Theoretical investigation of this rearran-
gement is beyond the scope of this study because it requires
examining numerous isomers to determine the metal sites from
which the sequential ligand loss may occur. CID provides
valuable insight into the effect of different heteroatoms on the
structure, gas-phase fragmentation, and relative stability of
atomically precise metal chalcogenide clusters, which is
important for tailoring their electronic properties for applica-
tions in quantum computing and molecular electronics.

Experimental and theoretical methods
Mass spectrometry experiment. Heteroatom-substituted clusters
were synthesized as described in our previous study33. Briefly,
solutions containing a 1:1 molar ratio of CoCl2 to MCl2
(M=Mn, Fe, or Ni) precursors were prepared by dissolving
0.125 mmol of the precursors in 4 mL methanol. Next, 0.8 mmol
of PEt3 ligand was added to the solution followed by the addition
of 0.085 g of Na2S.9H2O. The solution was stirred for 30 min. The
synthesis was performed inside a standard glove box (830ABB,
PLAS LABS) at room temperature. The as-synthesized solutions
were diluted in methanol to achieve a ~5 µM concentration of the
cluster.

All MS experiments were performed using an ion mobility
quadrupole time-of-flight mass spectrometer (Agilent 6560 IM
QTOF, Agilent Technologies, Santa Clara, CA). Ions were
produced using a custom-designed ESI source operated in
positive ion mode. In this source, a sample solution is delivered
to a mass spectrometer inlet using a syringe pump (LEGATO 180,
KD Scientific, Holliston, MA) through a fused silica capillary (OD
150 µm × ID 50 µm) at a flow rate of 0.12 µL/min and ionized by
applying a high voltage of 3.5 kV to the instrument’s inlet.
Collision energy-resolved CID experiments were performed using
nitrogen as a collision gas, the isolation window of 1.3m/z, and
collision energies in the range of 0–60 eV.

Theoretical methods. Electronic structure calculations are carried
out using spin-polarized DFT to incorporate the effect of magnetic

Fig. 6 Fragmentation efficiency curves of the ligand and ligand sulfide losses for Co5-xFexS8L6+ (x= 1–3). a Comparison of the fragmentation efficiency
curves of the first four ligand losses (1L, 2L, 3L, and 4L), b and the competing LS losses (1L1S, 2L1S, 4L1S, and 4L1S) for Co5FeS8L6+, Co4Fe2S8L6+, and
Co3Fe3S8L6+.
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interaction associated with transition metal atoms. The
exchange–correlation interactions are incorporated using the
generalized gradient approximation, and Perdew–Burke–Ernzerhof
functional as implemented in the Vienna Ab-initio Simulation
Package36,37. The cutoff energy of the plane wave function is fixed
at 500 eV with a vacuum layer of ≈25 Å along the x, y, and z
directions to minimize the effect of periodic boundary conditions.
For the k-space sampling of the Brillouin zone, a single Gamma
point k-space mesh of dimension 1 × 1 × 1 is used. The energy and
force convergence limits are set at 1 × 10−6 eV and 0.05 eV/Å,
respectively. The long-range empirical interactions are included
using Grimme’s D3 dispersion correction function38. The BE
toward the loss of the first ligand attached to the cluster
Co5MS8L6+ is calculated as follows:

BE ¼ ½EðCo5MS8L6
þÞ� � ½EðCo5MS8L5

þÞ þ EðLÞ�; M
¼ ðMn; Fe; Co; NiÞ ðiÞ

Here, E(Co5MS8L6+), E(Co5MS8L5+), and E(L) are the optimized
ground state energy values of the species mentioned in the
parenthesis.

Data availability
All results are reported in the main paper and Supplementary information. All other data
are available from the authors upon request.

Materials availability
Correspondence and requests for materials should be addressed to J.L. or P.J.
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