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Interfacial magnetism in a fused superatomic
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An isolated CogSeg(PEts)g cluster is non-magnetic; however, we find that a magnetic unit can be formed
by fusing two CogSeg(PEts)s superatoms into a [CogSeg(PEts)sl, dimer. Theoretical studies indicate that
the dumbbell-shaped [CogSeg(PEts)sl, dimer has a spin moment of 2ug, and the spin density is primarily
localized at the interfacial Co-sites where two clusters are fused into a dimer. The dimer has a low ioniza-
tion energy of 4.17 eV, allowing the dimer to donate charge to C;o during the formation of a cluster
assembled material, as seen in recent experiments by Nuckolls and co-workers. The donation of charge
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causes the dimer’'s magnetic moment to drop from 2ug to 1ug. We hypothesize that adding electrons to
the dimer, such as doping impuirities to the crystal lattice, may enhance the magnetic moment by neutra-
lizing the charged cluster. This reveals a strategy for stabilizing magnetic moments in ligated cluster
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1. Introduction

Ligated metal chalcogenide clusters have emerged as a new
class of superatoms that have attracted considerable
interest.'”” The most common central cores of metal-chalco-
genide clusters have a composition of TMXg(L)s (TM: tran-
sition metal, X: chalcogen, L: ligand). These building blocks
are highly stable, can be prepared in solution, and are redox-
active, allowing the formation of ionic cluster assembled
solids with various complementary units.**° These interesting
classes of solids were initially reported by Roy et al.,"*° who
synthesized three such solids, including [CosSeg(PEt;3)s][Ceola,
[CreTeg(PEt;)s][Coo)2; and [NigTes(PEt;)s][Coo)- In each case, the
core consists of chalcogenide-based clusters decorated with 6
or 8 triethylphosphine (PEt;) ligands connected to the metal
atoms, thus protecting the sensitive metallic core. In the solid
phase, the ligated clusters donate charge to Ceo, which acts as
charge acceptor to form an ionic assembly analogous to CdI,
or NaCl class of ionic salts.® Recent theoretical investigations
have revealed that the ligands protect the metallic cores and
control the electronic and magnetic properties.'**® For
example, the attachment of donor PEt; ligands lowers the
ionization energies leading to clusters with ionization energies
even lower than the conventional alkali atoms.'” Donation of
charge to counterions then promotes the formation of stable
crystalline solids through ionic cluster assemblies.”*>?
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The attached ligands generally protect the clusters and
promote the formation of the ionic solids; however, the
ligands may also lead to other outcomes. For example, PEt;
ligands quench the magnetic moment of the transition metal
atoms, while the unligated metal cores usually possess a
higher magnetic moment.>* Thus, it is important to ask if
there is a way to protect the metal-chalcogenide cluster with
ligands while also stabilizing the respective magnetic state. In
this work, we show that by fusing two ligated superatomic clus-
ters, one can form a dimer with a magnetic moment localized
at the interface between the fused clusters.”>>® We demon-
strate this intriguing possibility by considering the metal-chal-
cogenide cluster-core of CogSeg with PEt; ligands. The addition
of six PEt; ligands to the Co-sites quenches the spin magnetic
moment of the cluster.

In contrast, removing the PEt; ligands can restore the spin
moment. However, the unligated cluster becomes unstable.
One way to overcome this problem is to join two CosSeg(PEt;)s
clusters into a composite [CosSeg(PEt;)s], unit through
covalent bonding between Co and Se sites on different clus-
ters. Here we show that such a composite cluster has a finite
spin moment localized at the interfacial sites, thus offering a
unique opportunity for a tunable spin magnetic moment in a
ligand protected cluster. Additionally, these magnetic units
can also be arranged into a magnetic cluster assembly.

Our investigations are inspired by the recent experimental
work by Nuckolls et al.,*® who have stabilized metal-chalco-
genide dimers, [CosSeg(PEt;)s], with C;,~ dimers forming a
cluster assembled solid. As pointed out by Nuckolls et al.> the
dimers’ elongated shapes allow the facile synthesis of novel
solids that pack these dumbbell-shaped composite metal-chal-
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cogenide clusters with other dumbbell-shaped C,4, counter-
ions to form stable anisotropic solids. The toluene solvent fills
the space between the dumbbell-shaped chalcogenide-dimers
and Cy,. Furthermore, the shape allows the generation of
multiple assemblies with differing atomic arrangements of
these ionic cluster solids formed from [CoeSes(PEt;)s]," cations
and Cy40°~ anions. In addition to the investigation of the mag-
netic character, we also analyze the role of charge transfer on
the stability of the cluster assembled solid. We find large cohe-
sive energy of the cluster assembled material demonstrating a
significant stabilization during the formation of the material.
This stabilization is caused by charge transfer from the metal-
chalcogenide dimers to the fullerenes. Hence, the material is
stabilized via ionic bonding. The nature of electronic states
characterizing the HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital) was analyzed
to understand how this charge transfer affects the spin mag-
netic moment of the metal-chalcogenide dimers.

2. Results

2.1. Effect of ligands on the magnetic properties of a
CogSeg(PEt;),, (1 = 0-6) cluster and dimer formation

We present a brief review of the ligand effects on a CogSeg clus-
ter’s spin-magnetic moment. The ground-state structure of
CogSeg consists of an octahedron of 6 Co-sites with faces deco-
rated with 8 Se-atoms, as shown in Fig. 1a. The cluster has a
spin magnetic moment of 10 pg. The average Co-Se bond is
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Fig. 1 (a) Ground state structures of CogSeg(PEts), (n = 0-6). The net

magnetic moments (up) for each system are also provided. (b) A repre-
sentative plot of the local magnetic moments of the unligated and
ligated Co sites for CoeSeg(PEts), (n = 0-6). The total magnetic
moments of each clusters are also plotted in orange.
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around 2.39 A, and each Co-site carries a local spin magnetic
moment of approximately 1.5u4g. All cluster structures were
fully optimized without constraints. The successive additions
of PEt; ligands decrease the total magnetic moment monoto-
nically, thereby completely quenching the magnetic moment
for the fully ligated cluster, as seen in Fig. 1b. The local spin-
moments reduce drastically after the ligation on the Co-sites,
also seen in Fig. 1b. The magnetic moments on the Co-sites
decrease from 1.5up to Oup once the PEt; ligand is attached. A
detailed electronic structure investigation reveals that the
ligand states bind with the d-states of the Co-sites that lead to
a filling of minority states resulting in a decrease in the local
moment, as shown in our previous work.>*

These results suggest that one way to create a magnetic
cluster is to remove one or more ligands; however, losing the
ligand exposes the metal-sites to reactants. Such unligated
species are likely to be transient. One strategy for stabilizing
such magnetic clusters is to fuse two ligated metal-chalcogen-
ide clusters where the exposed metal ions bind to the chalco-
gen on the other cluster, making the system stable. When two
CoeSeg(PEt;)5 clusters, each with one missing ligand, combine
through the unligated Co-sites of one cluster with the Se-sites
of the other, they form a composite superatomic dimer
[CosSeg(PEts)s],, as shown in Fig. 2. This dimer could result in
a magnetic species with no exposed metal sites and enhanced
stability. The ligated dimer is protected from exposure;
however, the lack of a closed electronic shell and numerous
phosphine ligands means that such dimers will likely be excel-
lent charge donors and become cations when forming the
cluster assembled solids.

We investigated the atomic and electronic structure of
[CoeSeg(PEt;)s], using theoretical methods. Fig. 2 shows the
dumbbell-shaped ground state structure of [CosSeg(PEt;)s),,

[CogSes(PEL3)s],
M=2pg

[CoSes(PEL)s],
M=1pg

Fig. 2 (a) Optimized ground state structures and (b) spin density isosur-
face plot of the neutral and cationic [CogSeg(PEts)s], dimer. The value of
spin magnetic moment at the interfacial Co-atoms are given in red font
and the direction of the spin is shown by black arrow.

This journal is © The Royal Society of Chemistry 2021
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which has a spin magnetic moment of 2uz. The Adiabatic
Ionization Potential (AIP) of the dimer is only 4.17 eV, slightly
less than that of a K atom,*® showing that it is a suitable
donor. Since the cluster is expected to donate charge while
forming an ionic solid, we also calculated the spin magnetic
moment of the cationic species and found it to be 1ug. The
spin densities for both neutral and cationic dimers are loca-
lized at the interfacial Co-atoms that lie at the junction
between the fused clusters without any PEt; ligand attached to
them, as seen in the isosurfaces in Fig. 2b. The localization of
the spin densities at the interface is due to the presence of
dangling bonds on the Co atoms at the junction whose spin
magnetic moment is quenched when ligated by the phos-
phine, but not by the Se of the adjacent cluster. For neutral
dimer, Co-atoms at the junction have local spin moments of
0.81up and 0.79up, while the other 10 Co-atoms contribute
small spin moments to make a total 2uy magnetic moment.
Thus, we have a magnetic moment on the unligated Co-sites at
the interface while still protecting the interfacial Co-atoms
from the reactivity.

To gain more insight into the nature of states contributing
to the moment, we show in Fig. 3, the one-electron levels in
the neutral and cationic dimers. The ground state of the
neutral cluster is marked by a pair of d-states a; and a, (Dy,/
D,, and D.:) in the majority spin states that are unoccupied in
the minority spin states (b2 and b3), as shown in Fig. 3a.
These states correspond to the d-states of the interfacial Co-
atoms and are responsible for the spin magnetic moment of
2p5. The HOMO level is in the majority spin, while the LUMO
level is in the minority manifold. However, when the dimer
becomes cationic, the HOMO level shifts to the minority spin
channel, and the LUMO level shifts to the majority spin states,
as shown in Fig. 3b. We also analyzed the electronic states to
examine the stability of clusters. The neutral and cationic
species are marked by HOMO-LUMO gaps of 0.35 and 0.30 eV,
respectively.

Additionally, we found that the magnetic moment of the
dimer with +2 oxidation state is also 2ug. It is interesting to
note that both neutral and +2 state has a magnetic moment of
2ug, while the cationic dimer has the spin magnetic moment
of 1up. Since a pair of unfilled minority states characterize the
neutral species, one may ask if filling those states would com-
plete the electronic shell and lead to an electronically stable
cluster. To explore this possibility, we investigated the elec-
tronic structure of a [CoeSeg(PEt;)s],>~ cluster. The cluster is
found to be non-magnetic with electronic shell-closure and a
larger HOMO-LUMO gap of 0.53 eV, indicative of an electroni-
cally stable species, as shown in ESI Fig. 1.7

2.2. Cluster assembled solid

As mentioned earlier, Nuckolls et al®>’ have recently

synthesized a cluster assembled solid by combining
[CogSeg(PEt;)s], dimers with C,,, motifs composed of two-
linked C,, clusters.”® Both [CoeSes(PEts)s], and Ciyo are
observed to have dumbbell-shaped structures, and unfilled
interstitial space is filled by toluene solvent molecules. They
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Fig. 3 The one-electronic energy levels of (a) neutral and (b) cationic
[CoeSeg(PEts)sl, dimer. The blue (solid) and red (dotted) lines indicate
occupied and unoccupied levels, respectively. The black (dashed) lines
show the correspondence between the majority and the minority spin
states. The isosurfaces of a few selected orbitals are also shown.

have synthesized three different cluster-assembled solids
made from [CoeSeg(PEt;)s], and the C,, dimers(Cyy0), using
different stoichiometry of toluene molecules. Initially, we start
with investigating the redox properties of the cluster building
blocks to understand the formation of this cluster assembled
solid. The [CogSes(PEt3)s], dimers have a low AIP of 4.17 eV
and donate charge to the C,,, which has a large electron
affinity of 2.86 eV, as shown in ESI Fig. 2.f The le~ energy
levels of the [CosSes(PEts)s], dimer and C,, are plotted side by
side in ESI Fig. 3% indicate that the HOMO of the
[CoeSes(PEt;)s], dimer is higher than the LUMO of the Cy.

Hence, the electron transfer from the dimer to the C,, is
energetically favorable. The radical C,,~ anions formed have
HOMO-LUMO gaps of only 0.12 eV and are highly reactive.
Hence, the C,,~ anions combine to form the dimer Ci4>7,
that has a closed electronic shell and a large HOMO-LUMO
gap of 0.73 eV, as shown in ESI Fig. 4.1

Nanoscale, 2021,13,15763-15769 | 15765
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We next examined the electronic structure of one of the
crystal structures from the experiment*® to understand how
the electronic structure of the metal chalcogenide-dimers
evolves as they form the observed cluster-assembled solid. We
studied the crystal structure of the solid with the stoichiometry
of {[CosSeg(PEt;3)s]»(Toluene),Cyy0}, in the unit cell, and the
details of the calculations are noted in the Methods section.
The crystal structure was fully optimized without constraints.
The shortest distance between atoms in the nearest Ci49
dimers is found to be 6.1 A. Fig. 4 shows the unit cell and an
isosurface of the electron spin density. Note that the spin
density is localized on the interface between the fused clusters,
as seen in Fig. 4b. The magnetic moment on each dimer is
found to be 1ug; however, the coupling between the four
dimers in the unit cell is antiferromagnetic. This antiferro-
magnetic arrangement is only 0.03 eV more stable than the
ferromagnetic state, which displays the magnetic moment of
1up per dimer or 4up per unit cell. The schematic of the anti-
ferromagnetic and ferromagnetic couplings between the
dimers in the solid is given in ESI Fig. 5.1 Besides the energies
being very close for the antiferromagnetic and ferromagnetic
couplings, the bandgap energies are also almost equal with
the values of 0.24 eV for each. We know that the spin magnetic
moments of the neutral and cationic dimers are 2up and 1ug,
respectively, from our free cluster calculations. Hence, the

(b)

Fig. 4 (a)

The
{[CoeSeg(PEt3)sl>(Toluene),Ci40}, crystal. (b) The spin density isosurface
of the dimer unit.

optimized unit cell structure of
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dimers in the solid with 1xg can be best described as cations,
[CogSes(PEt;)s],". To confirm this, we did a Bader analysis of
the charge density and found a charge transfer of a 0.81e”
from each [CosSeg(PEt;)s],-dimer units to the Cq40 units, as
seen in Table 1. It confirms that the dimers are in the cationic
state, and the C,,, are also best described as Cy40>~. These
theoretical calculations verify the experimental inference of
charge transfer between the dimers and the fullerene units.>®
The stabilization of the cluster assembly due to charge transfer
is confirmed by an energy analysis that gives the cohesive
energy of the unit cell to be 26.68 eV. The cohesive energy is
calculated by eqn (1),

Ecohesive = Esolid — 4E[CosSes (PEt;),], — 4ECs — 4ET0l (1)

5

Esotidy Efcogse,(pEt,)]y Ec,,, and Er represent the energies of
solid, [CoeSes(PEt;)s],, Cro, and toluene molecules, respectively
in eqn (1). To investigate further, we have calculated the
removal energy of individual components in the solid. The
removal energy is computed as the energy difference between
the optimized {[CosSeg(PEts)s]o(Toluene),Cyq0}, crystal and the
optimized solid without the respective component. We found
that the toluene’s removal energy is 0.97 eV per molecule, and
this comes to 3.88 eV for the four molecules in the unit cell.
For comparison, the removal energies of the (C,), and
[CosSeg(PEt;3)s], are found to be 9.66 and 7.72 eV, respectively.
These large removal energies confirm that there is ionic inter-
action holding the material together. An alternative way of
looking at this is that the cohesive energy of the cluster
assembled material per electron transfer from the dimer to the
C, is 6.67 eV, as there are 4 electron transfers per unit cell.
For comparison, the cohesive energy for NaCl is ~8.19 eV per
electron transfer,>'*> so the value is in the range expected for
an ionic solid. The 6.67 eV cohesive energy combines several
factors; in addition to the electron transfer, the bonding that
forms the (C,,), by combining two C,, is also included, as our
reference energy is isolated C,,. For free clusters, this bond
energy is approximately 1.11 eV for combining two C,,~ into
(C50)2>". The result of this dimer formation is a rough estimate
since the stability of double anions in free space is much lower
than in a solution or in a solid. The cohesive energy of 6.67 eV
per electron transfer demonstrates that the present cluster
assembled material is not a molecular solid but rather a
material held together via ionic bonding.

The projected density of states (PDOS) of metal chalcogen-
ide dimer, fullerene, and toluene within the solid is shown in
Fig. 5. The material’s bandgap energy is calculated to be
0.24 eV, with the valence band edge composed of the states on

Table 1 The charge transfer between fused clusters, Ci40 units, and
toluene molecules

Units Charges Total number of units Total-Charge
Cluster 0.8056 4 3.2224
Ci0 ~1.6174 2 —3.2348
Toluene 0.00297 4 0.0119

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 The projected density of state (PDOS) plot including the various
components of {[Co;,5e16(PEts)10]2(Toluene),Cq40}, solid.

the metal-chalcogenide dimer. In contrast, the conduction
band edge is mostly localized on the fullerenes (Cy40). The gap
on the metal-chalcogenide dimers is found to be 0.32 eV. The
optical bandgap from the experiment is reported to be 0.55 eV,
which is higher than the calculated value. Our calculated value
is expected to be lower than the experimentally observed value
since the valence band edge is found on the metal-chalcogen-
ide while the edge of the conduction band is on the fullerenes
so that the band edge excitations may be relatively weak.
Furthermore, the density functional theory also tends to
underestimate the bandgap energy.>*—°

We next want to understand how the electronic structure
changes as we move through the fused cluster dimer and are
especially interested in the interfacial region where the two
clusters are joined. We plotted the local density of states of
different regions of the dimer in Fig. 6. The regions corres-
pond to different cross sections of the fused clusters as we
move from one terminal end, the 1% and 2" regions, through
the interface, the 3™ region, and on to the other terminal end
of the cluster dimer, the 4™ and 5" regions. The 1% and 2"
regions are the mirror images of the 5" and 4™ regions,

|——Up-spin
Down-spin

1 ond 3rd 4 50

PDOS

Fig. 6 (a) The splitting of dimer into different regions, (b) local density
of states of different sections of the cationic metal—-chalcogenide dimer
in isolated system and (c) within the {[CogSeg(PEts)sl2(Toluene),Cigo}z
solid.
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respectively, as shown in Fig. 6a. Fig. 6b provides the local
density of states of free cationic dimer [CogSeg(PEt;)s],", and
Fig. 6¢ presents the local density of states of the metal-chalco-
genide dimer in the cluster assembled solid. In both the free
cluster and the solid, we see that the spin is quenched in every
region except in the 3™ region that lies at the junction between
the fused clusters. In the 3" region, two unfilled minority
states and one unfilled majority impurity states are found, con-
sistent with a spin of 1up per cluster. This offers additional
proof that the spin is localized at the interfacial Co-atoms and
that ligands have quenched the spin of Co-atoms at their
respective sites. Hence, we have stabilized a ligand protected
cluster with a finite magnetic moment at the junction by
fusing two clusters. Moreover, we have reconfirmed that the
interfacial magnetic moments of the metal-chalcogenide
dimers are conserved even after the assembly of the solid.

Next, we consider the effect of adding or removing electrons
on the magnetic state of such metal-chalcogenide dimers. The
metal-chalcogenide dimers in the solid have +1 charge states
with a magnetic moment of 1uz. However, the neutral and +2
states of metal-chalcogenide dimers have a magnetic moment
of 2ug. Hence, if an electron can be added to or taken out from
the dimers in the solid, then the magnetic moment of the
solid can be increased. Fortunately, the controlled doping of
impurities in the crystal lattice is possible through chemical
synthesis.>® Thus, the addition of electron-donating or elec-
tron-withdrawing species to the material might enhance the
magnetic moment, offering a cluster assembled material with
tunable magnetic properties.’’*® It can be used as a method
to enhance the magnetic moment in the ligated cluster
assembled materials. We would like to add that in recent
experiments,”® the significant electron transport was observed
for only one of the three synthesized cluster assembled
materials-{[CogSeg(PEt;)5]1.44(Toluene),Cy40},, where the dis-
tance between the Cy40 chains was only 3.8 A (the shortest dis-
tance between three cluster assembled materials). It was pro-
posed that the conduction in that assembly was through fuller-
enes. However, it should be possible to induce conduction
pathways through chalcogenide clusters®® by appropriate
doping. One strategy to induce conductivity through the
metal-chalcogen clusters would be to use bidentate aromatic
ligands that could connect different clusters or use smaller
ligands such as PMe; to decrease the distance between the
clusters. The second strategy could be to use 4d or 5d tran-
sition metals as these clusters may be more delocalized than
the 3d clusters, resulting in better conduction. However, this
may also lead to a change in the spin on the cluster interface.
Hence, under circumstances where the conduction is through
the metal-chalcogen clusters, the currents will be spin-
polarized.

3. Conclusions

To summarize, we have shown that by Ilinking two
CoeSeg(PEt;)5 clusters, it is possible to form a composite dimer
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[CosSeg(PEt;)s], that is magnetic. The spin magnetic moment
is primarily localized at the interfacial Co-sites, where the two
clusters are fused into a dimer. This means that we have stabil-
ized a ligand protected magnetic cluster by combining two
highly stable superatomic clusters. Furthermore, the dumb-
bell shaped dimer is marked by low ionization energy of
4.17 eV, which can interact with the similar shaped C,4, com-
posed of two C,, units, characterized by a high electron
affinity to form a stable ionic solid. Additionally, the theore-
tical calculations also support the experimental work done by
Nuckolls and co-workers,*® who have stabilized the anisotropic
solids by using toluene molecules as space fillers. Theoretical
studies confirm that the [CosSeg(PEt;)s], dimer loses electrons
to Cy40 in the solid, leaving each metal-chalcogenide dimer as
cations. The neutral dimers have a spin moment of 2up per
cluster, while the cationic dimers have spin moments of 1xp.
When an electron passes through the metal-chalcogenide
dimer, the transient neutrality of the cationic species will favor
the higher magnetic state of the neutral dimer. Thus, the
cluster-dimer is expected to show an intriguing magnetic
characteristic when an electron is added to the system. If the
electron is induced through the impurities to the cluster
assembled materials, it can be used as a strategy to enhance
the magnetic moment and might also lead to spin-polarized
current. This situation may be useful for spintronic-related
applications.

4. Methods

4.1. Theoretical techniques

The studies performed here are based on the first-principles
density functional methods using the Amsterdam Density
Functional (ADF) program.®® The exchange-correlation func-
tional proposed by Perdew, Burke, and Ernzerhof (PBE), which
utilizes the generalized gradient approximation (GGA), was
used.”’ The Slater type valence triple-{ basis sets with two polar-
ization functions (TZ2P) basis sets’>** were used for all the
elements with a large frozen electron core. The local minimum
for each structure was found using the quasi-Newton method**
without any symmetry restrictions, and the lowest energy struc-
tures were determined for all the calculated systems. The SCF
convergence criterion was set to 1 x 10~° Hartree, whereas the
default criteria®® were used for all optimizations. The relativistic
effects were incorporated using the zero-order regular approxi-
mation (ZORA).*> We have investigated several spin multiplici-
ties to determine the most energetically stable ground state
structure for the anionic, neutral, and cationic species.

The geometric optimization and the electronic structure
calculation of the periodic crystal structure were performed
by the projector-augmented wave (PAW) method’®"” as
implemented in the Vienna Ab initio Simulation Package
(VASP).*®*° The dispersion-corrected density functional theory
(DFT) within the generalized gradient approximation (GGA)
framework proposed by Perdew, Burke, and Ernzerhof (PBE)*!
for the exchange and correlation functional is utilized for all
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calculations. The DFT-D3 method was used to include the van
der Waals corrections.’® The Kohn-Sham orbitals were
expanded using a plane-wave basis set, and the cutoff was set
to 400 eV. For the VASP*®* calculations, the crystal structure
was fully optimized, and the threshold for the electronic con-
vergence was set to 107> eV, whereas 0.01 eV A" was chosen as
the criterion for ionic convergence.
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