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Metal chalcogenide nanoclusters (NC), specifically of type TMgEg(L)g (TM = transition metal, E = chalcogen,
L = ligand) have garnered attention in recent years as promising catalysts and biosensors due to their
remarkable electronic and magnetic properties, as well as their ability to undergo supramolecular assembly
into 2D materials. Furthermore, the undercoordinated metal chalcogenide NCs have shown distinct surface
reactivity, which is strongly dependent on the composition of the TM core. The differences in the reactivity
of the undercoordinated species have been attributed to differences in ligand binding energies. Although
ligand binding energies in homometallic NCs have been extensively studied, little is known about the effect
of heteroatoms in the core on the strength of ligand binding in metal chalcogenide NCs. In this work, we
provide new insights into this topic by examining the relative stability of [Cog_.Fe,Sg(PEts)sl* (x = 0—6) NCs
towards fragmentation using collision energy-resolved collision-induced dissociation (CID) experiments. We
observe that the ligand binding energy gradually decreases until four Fe atoms are incorporated into the
cluster core and then gradually increases until all the Co atoms are replaced with Fe. This experimental

Received 10th March 2025, trend was compared with the results of density functional theory (DFT) calculations, which indicate drastic

Accepted 26th May 2025 differences in the electronic communication between Co and Fe atoms in the TM core. By understanding
the effect of heteroatom incorporation on ligand binding energy to the NC core, our work provides

important insights into the effect of atom-by-atom substitution on the functional properties of tunable

DOI: 10.1039/d5cp00946d

Open Access Article. Published on 27 May 2025. Downloaded on 4/7/2026 9:22:10 PM.

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

(cc)

rsc.li/pccp nanostructures.

Introduction

Atomically precise nanoclusters (NC) are an exciting class of
mixed inorganic-organic systems that exhibit properties of both
molecular species and nanoparticles. Ligand-capped NCs are
typically composed of a well-defined, ultrasmall multi-metal core
protected by a covalently bound organic ligand layer." Similar to
transition metal systems, a unique aspect of NCs is that different
ligands favor specific metal core sizes.” Moreover, the composi-
tion of the ligand shell influences structure, reactivity, and
chirality, thereby imparting distinct physical and chemical proper-
ties of NCs. For example, the achiral ligands in Au;;Cu,,® enzyme-
inspired ligands in [Au,s(pMBA);5]",> and alkynyl-protected
ligands in Ausg,” have been tailored to promote CO, reduction.
In metal chalcogenide NCs, specifically of type TMgSg(PEts)s,
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(TM = transition metal) the ligands can be systematically removed
from the NC with blue light as reported for Co NCs,? or altered to
change the electrochemical properties of the NC as reported for Fe
NCs.” For the neutral and cationic Cos NC systems, the ligands are
thermally labile, and can therefore be removed with heat or
collision induced dissociation (CID).*® Systematically removing
a ligand significantly enhances the NCs catalytic activity and
charge transfer properties.”® Additional research has shown
ligand-mediated surface restructuring in comparison with bare
copper nanoclusters for catalysis.” Furthermore, ligand removal
promotes the formation of dimers and larger oligomers of NCs on
surfaces.'® The undercoordinated species, which are known to be
chemically and catalytically active, are of interest to a broad range
of applications."!

In addition to the ligand shell, heteroatom incorporation
has been widely used for tailoring the electronic and magnetic
properties of metal chalcogenide NCs.'>'* Tuning the multi-
metallic core is an effective route to changing the activity and
selectivity of the NCs. Mass-selected ion deposition experi-
ments, for example, show that the undercoordinated [CosFe-
Ss(PEt;)s]” species do not react on surfaces while the analogous
[CoeSs(PEt;)s]” species undergoes selective dimerization.®
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Moreover, significant differences in ligand binding energies
among [CosMSg(PEt;)s]” (M = Mn, Fe and Ni) NCs have been
observed in collision energy-resolved CID experiments.'* Inter-
estingly, NCs with higher ligand binding energy generate
undercoordinated species that undergo selective dimerization
on surfaces while species with low ligand binding energy
produce stable, unreactive fragments.'® These studies have
demonstrated the influence of heteroatom incorporation on
the surface reactivity and gas-phase stability of atomically
precise NCs.

In our previous study, we synthesized a series of [Coe_,Fe,-
Ss(PEts)e]” (x = 0-6) (Cos_,Fe, for short) by varying the ratio of
FeCl, to CoCl, precursors.'® Using electrospray ionization mass
spectrometry (ESI-MS), we found that by increasing the concen-
tration ratio of FeCl, to CoCl,, up to six Fe atoms can be
incorporated into the core of the NCs. We used high resolution
ion mobility spectrometry measurements to examine structural
changes associated with the incorporation of Fe atoms into the
Cog core. Our results demonstrated that when Co atoms are
successively replaced with Fe atoms, the collision cross section
of [Cos_,Fe,Sg(PEt;)s]" gradually increases, indicating that the
cluster size increases with the number of Fe atoms in the
core.">'® It is remarkable that density functional theory (DFT)
calculations combined with trajectory method collision cross
section simulations successfully reproduced the experimentally
observed trend. This close agreement between experimental
data and theoretical predictions highlights the potential of
using [Coe_,Fe,Sg(PEt;)s]” NCs as a benchmark for validating
theoretical models. However, modeling ligand binding energy
in these systems is difficult due to the multiple possible spin
configurations and the variety of dissociation pathways, where
ligand detachment can occur from different metal atoms
within the core.

In this study, we address this challenge by systematically
investigating the effect of each Fe atom on the structure,
relative stability, core-ligand interaction, and fragmentation
pathways of these NCs. Specifically, we examine the relative
stability of each [Coe_,Fe,Ss(PEt;)s]" (x = 0-6) species towards
fragmentation using collision energy-resolved CID experi-
ments. By comparing the values of collision energies required
to observe the loss of the first neutral ligand for this series of
NCs, we determined that the ligand binding energy gradually
decreases until four Fe atoms are incorporated into the cluster
core and then gradually increases until all the Co atoms are
replaced with Fe. In other words, the cluster with the Cog core is
the most stable and the cluster with the Co,Fe, core is the least
stable towards ligand loss across this series. This trend is
rationalized using DFT calculations of the most stable spin
states of the precursor ions and their undercoordinated analogs.
Furthermore, the NBO analysis shows that the Fe atoms in the
NC core exhibit electronic interactions similar to a bulk material
or nanoparticle. Specifically, we observe the adjustment of the d-
orbital occupancy of all Fe atoms in the core, which helps
compensate for the local alteration in the electronic structure
following ligand removal. In contrast, Co atoms retain the same
average d-orbital occupancy, even when the ligand is removed.
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Our results indicate that Fe and Co exhibit distinctly different
atomic characteristics, despite self-assembling into geometri-
cally similar NCs. This work provides insights into the effect of
atom-by-atom incorporation on the stability of atomically precise
metal chalcogenide NCs towards ligand loss. The qualitative
correspondence between experimental data and theoretical
predictions establishes a robust foundation for investigating
structural changes of transition metal NCs of interest to a broad
range of applications.

Methods

Mass spectrometry experiment

ESI-MS experiments were conducted using a trapped ion mobi-
lity time-of-flight mass spectrometer (Bruker timsTOF Pro2,
Bruker Daltonics, Bremen, Germany). Details of synthesis are
provided in Note S1 (ESIt). The as-synthesized solution containing
Coe_,Fe, NCs was diluted in methanol to 10-20 uM. A custom-
designed ESI source was operated in positive ionization mode.
Samples were delivered through a fused silica capillary (OD 150 um
ID 50 um, Polymicro Technologies L.L.C., Phoenix, AZ) to the
mass spectrometer inlet using a syringe pump (LEGATO 180, KD
Scientific, Holliston, MA) at a flow rate of 0.3 uL, min . Positive
ions were generated by applying a high voltage of +4.5 kV to the
front of the glass capillary of the timsTOF inlet. Mass spectra were
acquired over an m/z range of 200-2000 with a mass resolution
(m/Am) of 20 000. Mass calibration was performed using the ESI-L
tune mix (Agilent Technologies). Collision energy-resolved CID
experiments were performed on mass-selected cations using
nitrogen as the collision gas. The isolation window was 1.3 m/z
with collision energies ranging from 0 to 60 eV. Additional
parameters in the timsTOF system that could influence the in-
source fragmentation are provided in Table S1 (ESIT).

Computational details

Geometry optimizations on [Cos_,Fe,Sg(PEt;)s]" and [Cog_,Fe,-
Ss(PEts)s]” (x = 0, 1, 3, 6) NCs were completed with density
functional theory (DFT) in ORCA 5.0.3."” Every NC was opti-
mized at the PBE0-D3/def2TZVP level of theory. PBEO is a one
parameter hybrid functional with 25% exact Hartree-Fock
exchange,'® D3’ incorporate dispersion effects according to
the Grimme3 model,'° and def2TZVP is an all-electron valence
triple-{ basis set with polarization functions.?>*" The RIJ(COSX)
approximation was used,?* and all calculations were completed
in the gas phase without symmetry constraints. As these clusters
have an open electronic shell, several spin multiplicities were
optimized, and the lowest energy was deemed most stable.
To verify the spin multiplicities, spin-polarized geometry opti-
mizations were completed in Vienna ab initio Simulation Pack-
age (VASP), version 5.4.4, with the PBE functional to obtain the
magnetic moment of each NC (Table S2, ESI}).>*** VASP calcula-
tions were completed with the projector augmented wave (PAW)
method to represent the ionic cores,”® with a cutoff energy of
400 eV and gamma k-points. Natural bond orbital analysis
(NBO)***” and frequency calculations were completed on the
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lowest energy spin state for each NC using PBE0-D3/CEP-31G in
Gaussian 16,® where CEP-31G is an effective core potential
double-{ basis set.>**° The zero-point energy and Gibb’s free
energy corrections from the frequency calculations were added
to the absolute energy from ORCA to calculate AE;pr and
AG,9g.15 values for ligand binding. Partial oxidation states were
calculated using the concepts and perl script provided in the
work of Webster et al,*** and Patel et al®® Using NBO
calculations, the NAO occupation matrix for the valence elec-
trons of transition metal atoms is computed, resulting in a 5 x
5 array for spin up and spin down electrons. The array is
diagonalized, resulting in eigenvalues (between 0 and 1) that
represent the d-orbital occupancy. These values are then used
to establish an oxidation state using different threshold
values.®! Partial density of states (DOS) were computed on each
NC using GaussSum®* with a 0.30 eV FWHM.

Results

To investigate the influence of each incorporated Fe atom on
the relative stability, core-ligand interaction, and fragmentation
pathways of Coe_Fe, NCs, we conducted collision energy-
resolved CID experiments. Survival curves obtained for each
species in this series of NCs are shown in Fig. 1a. Each curve
shows the relative abundance of a mass-selected precursor ion as
a function of collision energy. The relative stability of each
Coe_,Fe, NC towards fragmentation can be evaluated using the
values of collision energies corresponding to 50% fragmentation
of the precursor ion (Esq,).*> Because the loss of one triethyl
phosphine ligand (PEt;) is the major pathway for all Cos_,Fe,
NCs, the relative stability is largely determined by the loss of the
first ligand from the NC resulting from the M-P bond cleavage.
A comparison of the survival curves of each Cos_,Fe, NC shown in
Fig. 1a indicates that the Cos NC is a considerably more stable
precursor than all other NCs in this series with a value of E5g, of
30.2 eV. The values of Esqo, obtained for all the NCs are plotted in
Fig. 1b. The stability of Cos_,Fe, NCs toward ligand loss in the gas
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phase is in this order: Cos > CosFe > Co,Fe, ~ Fes > CosFe; >
CoFes > Co,Fe,. The incorporation of one Fe atom into the Cog
core is associated with a dramatic decrease in the value of E5yq, to
13.4 eV indicating a substantially lower stability of the CosFe NC
towards ligand loss. This observation is partially explained by the
lower Fe-PEt; binding energy of 1.13 eV as compared to 1.65 eV
reported for Co-PEt;."* Although the survival curves of all the NCs
except for Cog are close to each other, we observe an interesting
systematic trend in the values of Esq, across the series. Specifi-
cally, we observe that ligand binding energy gradually decreases
until four Fe atoms are incorporated into the cluster core and then
increases until all the Co atoms are replaced with Fe. Our results
indicate that the Co,Fe, core is the least stable NC towards ligand
loss across this series. This finding is consistent with theoretically
predicted electronic shell closure in related NCs.***” While pre-
vious literature attributing the stability of the transition metal
core to the electronic shell closure was solely based on theoretical
analysis,**?” this work provides the first experimental observation
of such a periodic trend.

To better understand the periodic trend in energies required
to remove the first ligand from the NCs observed experimen-
tally, we examined the structures and stability of [Cos_,Fe,-
Ss(PEts)s]” and [Coe_,Fe,Ss(PEt;)s]" (x = 0, 1, 3, 6) species using
DFT calculations. To accurately model Cog_,Fe, NCs, we exam-
ined multiple spin states and isomeric structures. Considering
the number of possible states and symmetrically different
geometries as the ligand is removed, only a subset of the
experimental NCs were modelled. Each NC was optimized
using PBE0-D3/def2-TZVP level of theory, which demonstrated
excellent correspondence between DFT-calculated geometries
and experimentally measured collision cross section values,
with deviations of less than 3%, as reported in our previous
work." Notably, the PBEO functional used in this study has
been shown to provide accurate geometries, band gaps, and
optical gaps for similar transition metal NC systems.*®

Initially, each fully ligated NC was optimized at different
spin multiplicities, where the lowest energy isomer was deemed
most stable. Our previous study provides a detailed discussion
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(a) Survival curves showing the relative abundance of mass-selected precursor ions of Cog_4Fe, NCs as a function of collision energy in CID

experiments. The horizontal dashed line corresponds to 50% fragmentation of the precursor ions. (b) The values of collision energies corresponding to
50% fragmentation (Esgy) versus the number of Fe atoms in Cog_4Fe, NCs. The inset illustrates ligand removal from the fully coordinated Cog NC.
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of the fully ligated NCs from this series," but for reference, the
relative energies of different spin states of these species are
summarized in Table S3 (ESIt). Unlike the fully ligated NCs,
the undercoordinated NCs exhibit different structural isomers
as the ligand can be removed from any metal of the core.
To reduce the number of structural isomers, we initially calcu-
lated geometry optimizations for the undercoordinated species
starting with structures we expected to be symmetrically equiva-
lent. For example, in homometallic NC cores such as Feg and
Cog, it is expected that the energy would be nearly degenerate
regardless of which metal loses the ligand, due to the symmetry
of the TM core. The symmetrically equivalent isomers were
used as the initial geometries for each NC in the series. For Feg
and Cog cores, we removed the ligand from one of the metal
atoms in the NC core as depicted in the image in Fig. S1 (ESIT).
For CosFe, the ligand removal generates three distinct isomers
shown in Fig. S2 (ESIt): (1) the ligand is removed from the Fe
atom, (2) the ligand is removed from the Co atom across from
Fe (Co - trans), and (3) the ligand is removed from the Co atom
adjacent to Fe (Co - cis). For CosFe;, four different isomers
shown in Fig. S3 (ESIt) can be formed by (1) removing the
ligand from the Fe atom adjacent to Co (Fe - 1), (2) removing
the ligand from the Fe atom that resides between two other Fe
atoms (Fe - 2), (3) removing the ligand from the Co atom
adjacent to Fe (Co - 1), and (4) removing the ligand from the Co
atom located between two other Co atoms (Co - 2). The relative
energies of all the optimized structures and their spin states are
summarized in Table S4 (ESIT). The results shown in this table
indicate that, for NCs with mixed Co/Fe cores, ligand removal
from Fe atoms is more energetically favorable than ligand
removal from Co atoms. For example, the lowest-energy struc-
ture of the undercoordinated CosFe is the species generated
by removing the ligand from the Fe atom. Meanwhile, the
lowest-energy structures of the Co-cis and Co-trans isomers
are 0.23 eV and 0.18 eV higher in energy, respectively.

One thing to note is that the initial set of isomers for the
undercoordinated NCs were not energetically degenerate.
For example, when the ligand is removed from the second Co
atom (M2) in [CoeSs(PEt;)s]", the optimized geometry is 0.11 eV
higher in energy than when the ligand is removed from the first
Co (M1) in [CoeSs(PEt;)s]". This energetic difference can be
attributed to Jahn-Teller distortion. Specifically, when the ethyl
groups of triethylphosphine ligands rotate, they change the
ligand shell of the NCs, which distorts the symmetry of the TM
core. While Jahn-Teller distortion is most commonly observed
in octahedral compounds, there are several examples where
symmetry breaking in the ligand shell leads to a distortion in
the symmetry of the NC. For example, square pyramidal Cu
complexes, which share a similar bonding environment with
the Co/Fe NCs, are known to exhibit structural distortions.*’
Due to this energetic difference, the initial geometries were
not sufficient to cover the number of structural isomers. We
therefore examined the geometries produced by removing one
ligand from each metal atom in the core in all NCs of the series.
The relative energies between different undercoordinated NCs
with the ligand removed from each metal center (M1-M6) are
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summarized in Table S5 (ESIt). This table outlines that the
ligand removed from different metals in all the heteroatom and
Feq species have larger energetic gaps between structural iso-
mers compared to Cog. For example, in Feg, ligand removal from
the Fe atom at position M3 is 0.97 eV less favorable than ligand
removal from the Fe atom at position M2 in [FesSg(PEt;)s]" at the
same spin multiplicity. Further, in mixed Fe/Co NCs, ligand
removal from any of the Fe atoms is more energetically favorable
than ligand removal from Co atoms. For example, the under-
coordinated species is 0.20 eV higher in energy, or less favorable,
when the ligand is removed from any of the Co atoms than if it is
removed from the Fe atom. Additionally, the lowest energy
isomer in [FesSg(PEt;)s]” is when the ligand is removed from
the second Fe atom (M2) with a spin multiplicity of 6; however,
there are two other structural isomers nearly degenerate, 0.01
and 0.03 eV higher in energy. These nearly degenerate isomers
are when the ligand is removed from Fe atom (M4) or removed
from Fe atom (M1) in [FesSg(PEt;)s]” respectively, with the NC at
spin multiplicity 8. Overall, the lowest energy structural isomers
of the undercoordinated species are when the ligand is removed
from: (1) Co atom, M1, in Coe with spin multiplicity 4, (2) Fe
atom, M5, in CosFe with a spin multiplicity of 5, (3) Fe atom, M1,
in CozFe; with a spin multiplicity of 9, and (4) Fe atom M2 in Feg
at a spin multiplicity of 6.

From the optimized geometries, we calculated ligand bind-
ing energies using the lowest energy isomeric structures and
spin state multiplicities of [Cos_,Fe,Sg(PEt;)s]” and [Cog_,Fe,-
Ss(PEts)s]” (x = 0 (Cog), 1 (CosFe), 3 (CosFe;), and 6 (Feg))
species. The ligand binding energy was calculated from the
difference in energy of the lowest energy structures shown in
reaction 1 (AE). Single point calculations were performed on
the structures at the PBE0-D3/CEP-31G level of theory to obtain
zero-point energy (ZPE) and thermodynamic corrections at
298.15 K. The CEP-31G basis set was used for single point
calculations as the calculation of vibrational spectra is compu-
tationally expensive at the def2TZVP basis set. The vibrational
frequencies obtained at this level of theory were used to
calculate ligand binding energies with the ZPE correction
(AEpg) as well as Gibbs free energies at room temperature
(AGyog.15) using reaction 1. The ZPE and Gibbs free energy
corrections are shown in Table S6 (ESIT) for the lowest energy
structural isomers and spin multiplicity. The ligand binding
energies are summarized in Table 1.

[Coe_,Fe,Ss(PEt;)s]” — [Coe_ Fe,Sg(PEts)s]” + (PEt;) (1)

As shown in Table 1, the calculated values qualitatively
reproduce the experimental trend in ligand binding energies.
Specifically, the stability of Cos_,Fe, NCs toward ligand loss in
the gas phase is in the order: Cog > CosFe > Fegs > CozFe;. To
further compare with experiments, ligand binding energies
were calculated on the multi metal NCs with the undercoordi-
nated lowest energy isomer such that the ligand is removed
from the Co atom. These values are summarized in Table S7
(ESIY), where we observe that the removal of a ligand from the
Fe atom is energetically more favorable than its removal from

This journal is © the Owner Societies 2025
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Table 1 Ligand binding energies of [Cog_,Fe,Sg(PEts)sl* (x = 0, 1, 3, and 6)
species calculated at the PBEO-D3/def2TZVP level of theory (L = PEts;
ZPE = zero point energy)

Spin multiplicities

AE  AEzpposas  AGiogis
[Cos—+Fe,SsLs]" [Cos—_ Fe,SeLs]" (eV)  (eV) (eV)
Cog 2 4 2.24 2.16 1.53
CosFe 3 5 2.00 1.93 1.29
CosFe, 3 9 1.50 1.33 0.74
Feg 4 6 1.57 1.49 0.86

the Co atom. These results are consistent with previously
published calculations for CosFe NC.*®

Notably, for all the NCs examined in this study, the electrons
in the undercoordinated species rearrange to a higher spin
multiplicity. For example, the lowest energy undercoordinated
Cog is in the quartet state while the fully ligated species is in the
doublet state. Multiplicity often changes in TM systems when a
ligand is lost due to changes the coordination environment of a
metal center.’® To further examine differences in ligand bind-
ing energies of the NCs, we calculated the energy gap between
the highest occupied and lowest unoccupied electronic orbitals
(SOMO-LUMO). The results are summarized in Table S8 (ESIT).
We observe that all the undercoordinated NCs have a lower
SOMO-LUMO gap compared to their fully ligated counterparts.
This indicates the reduced electronic stability of the under-
coordinated NCs compared to their fully ligated counterparts.
Overall, there is a good qualitative correspondence between the
experimental and computational results presented in this
study. Notably, DFT calculations reproduce the following
experimental findings: (1) the Cos NC has the highest ligand
binding energy in the series; (2) the incorporation of one Fe
atom into the Cog core substantially decreases the stability of
the NC towards ligand loss; (3) the calculated ligand binding
energy follows the order Cos > CosFe > Fegs > CosFes, which is
consistent with the experimental data.

To better understand the trend in ligand binding energies,
we performed detailed NBO calculations for the lowest energy
isomers of the NCs with six and five ligands. Specifically, the
natural atomic orbitals (NAO) occupation matrix for the valence
electrons was diagonalized to obtain the spin-up and spin-
down d-orbital occupancy for each metal center in the NCs.
Applying a threshold value to the electronic occupancies,
depending on the electron withdrawing nature of the ligands,
a partial oxidation state (POS) for each metal center as can be
obtained. For completeness, we calculated the POS at different
threshold values as seen in Tables S9 and S10 (ESIt), however
the threshold value is unknown for these types of NCs. Due to
this, it is more meaningful to analyze the electronic commu-
nication between Co and Fe atoms using the total d-orbital
occupancy. For each NC, we calculated the d-orbital occupancy
from the NAO matrix by adding the spin up and spin down
electron occupancies for each metal atom in the NC. The values
of spin up and spin down occupancies are summarized in
Tables S11 and S12 (ESI). The average d-orbital occupancy was
then computed for atoms of the same type, i.e., Fe or Co. Fig. 2
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Fig. 2 Average d-electron occupancies of Fe and Co atoms in the fully
ligated and undercoordinated Cog_,Fe, (x = 0, 1, 3, 6) NCs at the PBEO-D3/
def2TZVP level of theory.

shows the average d-orbital occupancy for different metal
centers, Fe and Co, in both the fully ligated (L6) and under-
coordinated (L5) Cos_,Fe, (x = 0, 1, 3, 6) NCs.

Notably, the d-orbital occupancy of the Co atoms remains
nearly constant across all NCs, with a value ~ 8.46 e. Given that
Fe has a valence of 8 and Co has a valence of 9, one would
expect Fe to exhibit a lower d-orbital occupancy than Co, which
is indeed observed in all cases. In contrast, the average occu-
pancy of Fe atoms fluctuates significantly, ranging from 6.60 e
to 7.53 e. Additionally, in the undercoordinated mixed Co/Fe
NCs, the average Fe occupancy decreases by ~0.50 e compared
to their fully ligated counterparts. This suggests that Fe d-
orbital occupancy is highly sensitive to changes in the local
environment, such ligand removal and heteroatom doping.
Notably, the decrease in the Fe d-orbital occupancy upon ligand
removal indicates that the surrounding ligand shell exhibits
redox noninnocent characteristics, actively tuning the electro-
nic structure of the Fe d-orbitals.

Another interesting observation is that in all the L5 systems
containing Fe, the d-orbital occupancy changes not only in the
Fe atom that loses the PEt; ligand but also in all other Fe atoms
within the NC (see Tables S11 and S12, ESIt). This suggests all the
Fe atoms electronically “communicate” with each other, a phe-
nomenon characteristic of transition metal bulk materials.*" In
contrast, the d-orbital occupancy of Co atoms is largely unaffected
by heteroatom incorporation or ligand removals, indicating a
lower susceptibility to local environmental changes. The only
notable exception is [CogSg(PEt;)s]', where Co d-orbital occupancy
significantly shifts upon ligand removal. However, because the
overall charge of the NC remains unchanged, the electron redis-
tribution must still occur to compensate for the change in partial
charge of the metal atom, from which the ligand is removed.
Interestingly, this change is localized to only two Co atoms: the
one losing the ligand with a d-orbital occupancy of 7.65 e, (M1
Table S12, ESIT) and its symmetry-equivalent position across the
C3 axis with a d-orbital occupancy of 8.06 e, (M5 Table S12, ESIT)
while the remaining Co atoms retain the occupancy of ~8.46 e.
These differences in d-orbital occupancy shifts upon ligand
removal suggest that Fe atoms respond differently than Co atoms
to local electronic perturbations caused by ligand loss.

Table 2 shows the total d-orbital occupancy for each metal
center in the fully ligated and undercoordinated CosFe NC. The
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Table 2 Total d-orbital occupancy for each metal center in the fully
ligated, [CosFeSg(PEts)el*. and undercoordinated, [CosFeSg(PEts)s]*, NC at
the PBEO-D3/def2TZVP level of theory. M1-M6 represent each metal in
the TM core (scheme: bold = Co atom, italic = Fe atom)

Total d-orbital Total d-orbital

occupancy occupancy
[CosFeSgLe]" M1 8.45 [CosFeSgLs]" M1 8.46
M2 8.45 M2 8.44
M3 8.46 M3 8.46
M4 8.44 M4 8.45
M5 7.15 M5 6.60
M6 8.46 M6 8.46

total occupancy for each metal center in the rest of the series is
shown in Tables S8 and S9 (ESIt). In CosFe, the sole Fe atom has
a d-orbital occupancy of 7.15 e, which is significantly lower than
the ~8.45 e occupancy of the Co atoms. Upon ligand removal,
the d-orbital occupancy of the Fe atom further decreases to
6.60 e while the occupancies of Co atoms remain unchanged.
This decrease in occupancy suggests that the Fe atom exhibits
more redox noninnocent characteristics than the Co atoms.
Similarly, in CozFe;, the Fe atom that preferentially loses the
ligand has a d-orbital occupancy of 7.15 e while Co atoms retain
their ~8.45 e occupancies. Meanwhile, the other two atoms
exhibit higher d-orbital occupancies of ~7.50 e. This higher
value is consistent with the occupancy of Co atoms in the core
corrected for the difference in the valence electron counts
between Fe and Co. Overall, these results indicate that ligand
loss preferentially occurs at the Fe atom with the lowest d-orbital
occupancy. This local change suggests that the Fe atom(s)
exhibits more redox noninnocent characteristics than the Co
atoms. Additionally, ligand removal from one Fe atom in CosFe;
leads to a significant decrease in the d-orbital occupancy of all
three Fe atoms, while the Co atoms remain unaffected. This
indicates that the Fe atoms electronically communicate with
each other in a manner similar to bulk materials.

The collective response of the d-orbital occupancy of Fe
atoms to ligand removal is much less pronounced for Fes NC
indicating that the observed phenomenon cannot simply be
attributed to reduced core stability due to the incorporation of
electron-poor Fe atoms. Further insights can be gained by
analyzing the total electronic occupancy of all metal atoms in
the core. The results obtained for both fully ligated and under-
coordinated NCs are shown in Table S13 (ESI{). We observe a
decrease in overall d-orbital occupancy with an increasing
number of Fe atoms, from 50.76 e in Cog to 44.68 e in Fe.
However, the largest difference in overall d-orbital occupancy of
1.52 e between the fully ligated and undercoordinated NC is
observed in CozFe;. As discussed earlier, atoms with the lowest
d-orbital occupancy are the preferred sites for ligand loss. The
large difference in overall d-orbital occupancy observed for
CozFe; may contribute to its lower stability toward ligand loss.
Overall, the qualitative differences in d-orbital occupancy
between Fe and Co atoms suggest that NCs with lower occu-
pancy are generally less stable. For an additional point of
analysis, the partial density of states (PDOS) was calculated
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for each NC in the series as seen in Fig. S4-S7 (ESIt). It is
notable that [CoeSg(PEt;)s]" is the only NC in the series that has
a large occupation from the Co atoms within the occupied
frontier orbitals. The other NC have large ligand contributions
along with their metal counterparts. Considering the large
contributions from the ligand shell in the PDOS in all the
NCs with Fe, these observations further corroborate with our
NBO analysis in that there are redox noninnocent character-
istics in these clusters through the sulfur and phosphorus
atoms. Through our analysis, the distinct interactions between
Fe and Co atoms provide insight into why these NCs exhibit
characteristics of both molecules and nanoparticles.

Conclusion

In this study, we examined the relative stability of the Cos_,Fe,
(x = 0-6) clusters towards fragmentation using collision energy-
resolved CID experiments and DFT calculations. Loss of a
neutral ligand is the major primary dissociation pathway for
this series of clusters. By comparing the collision energies
corresponding to 50% fragmentation, we determined that Cog
is the most stable species while Co,Fe, is the least stable toward
ligand loss. The ligand binding energy gradually decreases until
four Fe atoms are incorporated into the cluster core and then
increases until all the Co atoms are replaced with Fe. This trend
is rationalized using DFT calculations of ligand binding ener-
gies by considering different isomeric structures and species
with different multiplicities. Overall, CozFe; NC has the largest
d-orbital occupancy difference between the fully ligated and
undercoordinated NCs, which is reflected in the NBO calcula-
tions and ligand binding energies. It is notable that the Fe
atoms communicate electronically with each other more like a
bulk material, whereas the Co atoms retain the same average
occupancy in all NCs. The matching trend between experi-
mental data and theoretical predictions establishes a robust
foundation for investigating these transition metal NCs for a
broad range of applications.
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