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Molecular clusters can function as nanoscale atoms/superatoms,
assembling into superatomic solids, a new class of solid-state
materials with designable properties through modifications on
superatoms. To explore possibilities on diversifying building blocks,
here we thoroughly studied one representative superatom,
Co6Se8(PEt3)6. We probed its structural, electronic, and magnetic
properties and revealed its detailed electronic structure as valence
electrons delocalize over inorganic [Co6Se8] core while ligands
function as an insulated shell. 59Co SSNMR measurements on the

core and 31P, 13C on the ligands show that the neutral Co6Se8(PEt3)6
is diamagnetic and symmetric, with all ligands magnetically
equivalent. Quantum computations cross-validate NMR results and
reveal degenerate delocalized HOMO orbitals, indicating aromaticity.
Ligand substitution keeps the inorganic core nearly intact. After
losing one electron, the unpaired electron in [Co6Se8(PEt3)6]

+1 is
delocalized, causing paramagnetism and a delocalized electron
spin. Notably, this feature of electron/spin delocalization over a
large cluster is attractive for special single-electron devices.

Introduction

Here we elucidate the electronic structure of an atomically
precise superatomic [Co6Se8] cluster, highlighting its symmetry,
stability and other electronic properties that are significant for
its use as a building block in superatomic solids and single-
electron devices. Metal chalcogenide clusters MxEy (where M is
metal and E is chalcogenide), such as Mo6E8, Co6E8, Cr6E8, Ni9E6,
have been discovered to interact with other clusters such as
fullerenes through charge transfer to self-assemble into multi-
component hierarchical structures, termed superatomic
solids.[1–4] This observation opens the door to the design of
unconventional solid-state materials with novel architectures
and unique electronic, magnetic, and thermodynamic
properties.[5,6] Future studies focus on expanding the pool of
superatom candidates and modifying existing superatoms for
desired properties. A study on structure-function relationship of
these superatoms can provide a blueprint for these studies,
allowing for tuning properties and driving new material
applications.

The Co6Se8(PEt3)6 cluster has been used extensively as a
superatom for assembling superatomic solids.[2,3] Co6Se8(PEt3)6
shares a similar structural motif with many other metal
chalcogenide clusters, thus making it a suitable model cluster
to study the structure-function relationship.[3,7] The availability

of a large number of surface d orbitals makes it an interesting
but complex cluster to study. Complications may come from
different oxidation states of Co atoms that occurs in a
potentially mixed-valence system, formation of metal-metal
bonds, and possible Jahn-Teller effect that results in geometric
distortion.[8–11] As a powerful tool to modify superatoms’
properties,[12,13] ligand substitution modulates the HOMO-LUMO
gap;[14,15] it could also introduce perturbations on the [Co6Se8]
inorganic core. Recent multi-wavelength anomalous diffraction
studies on Co6Se8(PEt3)5L (where L is CO or PBu3) cluster reveals
interesting ligand- and charge-dependent electron distribution
over Co atoms: when L is a CO ligand, the attached Co is more
oxidized than the other five Co atoms and the distribution is
unchanged upon oxidation; when L is PBu3 ligand, the six Co
atoms are divided into two sets of three, each set being
meridional, while they collapse into one environment upon
oxidation.[16] Intriguing as these studies are, we lack a systematic
model to thoroughly understand the inorganic core/ligands
and associated properties, for which we need methods
providing atomic resolution information to probe various sites
within the clusters.

Solid-State NMR (SSNMR) is one of the few methods that
provide structural, electronic, and magnetic information with
atomic resolution, and it can provide a comprehensive view on
both the core and the ligands as both the inorganic core atoms
(59Co, 77Se) and ligand atoms (31P, 13C, 1H) are NMR active. Owing
to its versatility, SSNMR has been extensively applied to
quantum dots,[17–19] metal-organic framework,[20–23]

perovskites,[24–26] to obtain structural and electronic
information.[27,28] Here, we present a multinuclear SSNMR study
accompanied by Density-functionals Theory (DFT) calculations
and Superconducting quantum interference device (SQUID)
measurements to generate a molecular and electronic structure
model for Co6Se8(PEt3)6. We start by elucidating the electronic
symmetry of the cluster, by probing how many unique Co and
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P environments in the cluster can be resolved. We have
developed an electronic model for Co6Se8(PEt3)6 consistent with
experimentally derived constraints on symmetry and magnetic
properties of both the neutral and the cationic cluster
[Co6Se8(PEt3)6]

+[BF4
�]. This new model elucidates a number of

functional properties of the clusters and provides many
inspirations to tailor superatomic clusters for exciting applica-
tions, such as single-electron devices and tunable superatomic
solids.

Results and Discussion

Delocalization and Symmetry of Electronic States in
Co6Se8(PEt3)6

The electronic states of the Co6Se8(PEt3)6 clusters can be
characterized in terms of the degree of delocalization of valence
electrons. In one extreme, a valence-trapped situation would
have distinct oxidation states for various Co atoms such as Co(II)
or Co(III) (as in class I in the Robin-Day classification[29]). In
another extreme, the states may be fully delocalized and/or
symmetric so that the Co atoms are indistinguishable, (as in
class III in the Robin-Day classification[29]) This distribution has
implications for the molecular structure and properties. For
example, the lengths of Co�P and Co�Se bonds are dependent
on the oxidation state, which lead to different molecular
structure geometry. For this example, given the stoichiometry
and the fact that the cluster is charge-neutral, localized
electronic states would cause paramagnetism and non-identical
Co and Se and P sites in the cluster, i. e. low symmetry.
Therefore, to understand the valence electron distribution, we
investigated the structural symmetry of Co6Se8(PEt3)6, specifi-
cally the numbers of distinct atomic environments (i. e. 31P, 59Co)
that can be detected using site-specific NMR chemical shifts.

A Symmetric Structure: 31P NMR Reveals an Identical
Environment for All Ligands

31P NMR spectra of the PEt3 ligands in Co6Se8(PEt3)6 cluster were
obtained using Cross-Polarization Magic Angle Spinning
(CPMAS) (Figure 1a). 1H and 13C spectra were also acquired,
showing methylene and methyl peaks in ethyl group.(Figure S1,
S2) The 31P spectra consist of a center band (cb) and multiple
spinning sidebands (ssb), the pattern of which reveals chemical
shift anisotropy (CSA), which is intrinsically related to molecular
orbitals and bonding.[30] Each peak (cb or ssb) is split into 8 J-
coupled peaks due to the coupling of 31P to the 59Co nucleus (a
quadrupole nucleus with spin S=7/2).[31] (Figure 1a,b, S3)
Through spectral fitting using SIMPSON,[32] in which we included
31P CSA, dipolar coupling and J-coupling between 31P and 59Co,
59Co quadrupolar interaction, we show that the isotropic
chemical shift is 64�1 ppm, 1J(59Co, 31P) is 665�5 Hz, CSA
values (in Haeberlen convention) are δ: �156�4 ppm, η : 0.40�

0.05. (Figure 1a, Figure S4, Table S1) Notably, we observe only
one 31P chemical shift in the spectra, which, considering the

narrow linewidth, indicates that there are no isomeric structures
and all P atoms in the neutral cluster are in a very similar
electronic environment. Narrow linewidths of NMR peaks
suggest structural homogeneity and diamagnetism: static
structural inhomogeneity (due to isomers, impurities or low
symmetry) would cause inhomogeneous contributions to the
linewidth, while paramagnetism would results in both homoge-
nous or inhomogeneous broadening. The fitted linewidth
(188�43 Hz, Figures 1b and Figure S3) of the center band 31P
peak of Co6Se8(PEt3)6 indicates high homogeneity in the
structure and electronic environment of neutral cluster and a
diamagnetic core. The diamagnetism is further confirmed with
nuclear spin-lattice relaxation T1 measurements: T1(

31P) is 29�

3 s; T1(
13C, methylene) is 2.8�0.7 s; T1(

13C, methyl) is 1.2�0.2 s;
T1(

1H) is 3.21�0.04 s. (Figure 1e, Figure S5, S8). The T1 values
indicate that there is no paramagnetic center nearby the
measured atoms. This diamagnetic property is further validated
by SQUID measurement and temperature-independent shifts in
NMR experiments (shown later). These NMR data indicate that
all the P atoms in the cluster are chemically equivalent,
suggesting that the directly bonded Co atoms are also
equivalent. Together, these results point to a highly symmetric
structure.

The high symmetry is consistent with the crystal
structure, which can be best described as a face-capped
octahedral (Oh) geometry (Figure 2a), with Co atoms in the
center of cubic faces and Se atoms at the vertices of the
cube.[1] We measured the bond-length of six Co�P bonds in
the crystal structure and for its relaxed structure after
quantum calculations; the Co�P bond-lengths in the relaxed
structure are ~0.03 Å longer than experimental ones, but
nonetheless all six bond-lengths are equivalent within the
structure in both cases. (Table S2). As mentioned in the
introduction, the multi-wavelength anomalous diffraction
data reveal two sets of Co environments in
Co6Se8(PEt3)5(PBu3).

[16] The PBu3 ligand is required in that
study to break the structural symmetry so that different
positions of Co atoms can be distinguished; however, PBu3

has both different steric and electronic characteristics than
PEt3, which may introduce asymmetry in the core.

We also measured a CO-ligated analogous Co6Se8(PEt3)5(CO)
cluster (Figure 2b). By contrast, this compound shows broad-
ened peaks in 31P spectra (Figure 1c), with similar chemical shifts
and CSA parameters (δiso=66�2 ppm, δ: �154�10 ppm,
η : 0.44�0.1) (Figure S9). Based on the spin lattice relaxation
times (T1(

31P): 10.6�0.2 s; T1(
13C, methylene): 0.65�0.08 s;

T1(
13C, methyl): 1.0�0.2 s; T1(

1H): 2.35�0.06 s.),
Co6Se8(PEt3)5(CO) is also a diamagnetic system (Figure 1e, Fig-
ure S6,S8). Likely the broadened linewidth is consistent with
disorder in the P sites, due to the CO ligand breaking the
symmetry. This is consistent with multi-wavelength anomalous
diffraction results.[16] Similarly, we noticed the reduction in T1
values, particularly in P atoms and C atoms in methylene group,
which is probably caused by increased dynamics of the ligands
due to a less ideal space-packing. The relatively small changes
in 31P chemical shift and CSA upon the CO ligand could be
caused by the relatively subtle structural or electronic changes.
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A Symmetric Structure: 59Co NMR Indicates One Environment
for Co Atoms

59Co NMR measurements are also consistent with the conclusion
that the Co6Se8(PEt3)6 structure is highly symmetric. Quadrupo-
lar nuclei, such as 59Co, present particular challenges for NMR
detection and the spectrum spans over a large chemical shift
range due to their quadrupolar interactions together with
chemical shift anisotropy.[33,34] We implemented WURST (Wide-
band Uniform Rate Smooth Truncation)-QCPMG (Quadrupolar
Carr-Purcell Meiboom-Gill)[34] experiments to detect the 59Co
NMR signals of the neutral cluster, revealing a broad 59Co
spectrum (on the order of 10,000 ppm, Figures 1g–h). Spectra

were recorded at two magnetic fields (9.4 T and 14.1 T). Both
the central transition and the inner �1/2 $

�2/3 and 1/2 $2/3
satellite transitions are detected in these experiments (Fig-
ure 1f); the singularities displayed in the satellite transitions are
good for constraining of quadrupolar frequency. Side-by-side
simulation of the spectra taken at two fields also restrains the
determination of the spectral parameters, as the CSA interaction
is linearly field dependent while the 2nd order quadrupolar
interaction is inversely field dependent.(1st order quadrupolar
interaction has no effect on CT in theory.)[35] The envelope of
the central transition is dominated by the CSA interaction; best-
fit parameters include an isotropic chemical shift of 2265�

50 ppm, and CSA values of δ11: 3675�100, δ22: 1701�100, δ33:

Figure 1. 31P spectra (solid lines) and fitted spectra (dash lines) of a,b) Co6Se8(PEt3)6, c) Co6Se8(PEt3)5(CO) and d) [Co6Se8(PEt3)6][BF4] clusters. Spinning sidebands
are marked with asterisks (*). Fitting results (Table S1) indicate that Chemical shift Anisotropy (CSA) pattern is quite similar for all three compounds, despite
the large changes in the isotropic chemical shift in [Co6Se8(PEt3)6][BF4] due to paramagnetic shift. The linewidth of the center band in Co6Se8(PEt3)6 is
highlighted and fitted to 188�43 Hz (b); linewidth in Co6Se8(PEt3)5(CO) and [Co6Se8(PEt3)6][BF4] spectrum is much broader, likely due to structural
heterogeneity and paramagnetism, respectively. e) 31P spin-lattice relaxation T1 values of three clusters (details in Figure S8); compared to the diamagnetic
Co6Se8(PEt3)6 and Co6Se8(PEt3)5(CO), the T1 of paramagnetic Co6Se8(PEt3)6][BF4] is 3–4 orders of magnitude shorter. f) Energy diagram of a 59Co (I=7/2) nuclear
spin in the presence of Zeeman interaction and quadrupolar interaction. g,h) WURST-QCPMG 59Co spectra of Co6Se8(PEt3)6 taken at 14.1 and 9.4 T. It contains
the central transition (1/2 $

�1/2, yellow region) and satellite transitions (�1/2 $

�2/3, green and 1/2 $2/3, tan). Both spectra were fitted (red dash lines);
fitting values are compared to DFT-calculated values in Table 1. A hard pulse direct polarization with echo detection (brown dash line) was also applied to
acquire 59Co CT spectra to show consistency with the spectra taken with WURST-QCPMG.
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1419�100 ppm (δ: 1410�100 ppm, η : 0.20�0.05). The quad-
rupolar coupling constant (CQ) is 25�2 MHz with an asymmetry
parameter ηQ of 0.20�0.05 (Table 1, Figure S11, S12); consider-
ing the quite large quadrupole moment (Q=0.42×10�24 cm2)
for 59Co, the CQ and ηQ are consistent with a near symmetric Co
environment, as was suggested also by the SCXRD. We also
measured the CT spectra by using hard pulse direct polarization
with echo (DP-echo) detection (Figure S13). The spectra are
highly consistent with those taken by WURST-QCPMG (Figure 1
g–h, Figure S14). We estimated the effect of second-order cross
term between Quadrupolar interaction and dipolar interaction
on 31P spectrum linewidth.[36](SI text) With CQ at 25�2 MHz, this
second-order term is small compared to J-coupling, consistent
with our observation of J-coupling resolved 31P spectrum and
narrow linewidth. To put these results in context, in Table S7,
we survey the isotropic chemical shifts of a series of Co(III) and
Co(I) compounds.[37–43] (NMR data for Co(II) are rare since Co(II)
compounds are paramagnetic.) The isotropic chemical shift of
Co6Se8(PEt3)6 has an intermediate value, suggesting that the
59Co is in a delocalized system. (Figure S15).

The observation that Co6Se8(PEt3)6 is diamagnetic does
not support the possibility that this system has a mixed-
valence electronic configuration; if the system were Class I,
the cluster would logically be expected to be paramagnetic
since the Co(II) sites would have an odd-electron electronic
configuration ([Ar]3d7). The dephasing times (T2*, revealed
as narrow linewidths) for both 31P and 59Co, and longitude
relaxation times (T1), and magnetic susceptibility results
(Figures 3a–b) indicate that Co6Se8(PEt3)6 is diamagnetic.
Consistent with this argument, we could not acquire
WURST-QCPMG 59Co spectra for the 1+ charged
[Co6Se8(PEt3)6][BF4] cluster due to a short T2*. The fast
relaxation in T2* is caused by paramagnetism, which is

probed by 1H, 13C, 31P T1 measurements (Figure S7, S8),
variable temperature NMR experiments and SQUID (Figur-
es 3a–b) and is discussed later. We also acquired and fit 59Co
spectra for the Co6Se8(PEt3)5(CO) cluster (Figure S16, S17,
Table S6.) The 59Co CSA do not significantly deviate from
those of Co6Se8(PEt3)6, suggesting that electronic environ-
ment of P attached Co atoms predominately depends on
local chemical bonding, but remotely affected through
delocalization as the quadrupolar coupling constant is
slightly reduced to 21� 2 MHz. This is likely due to the
weaker electron-donating ability of CO ligand compared to
phosphine ligands, reducing the overall electron density
and rendering a smaller electron field gradient. We also
observed another peak around 0 ppm, which has small CSA
and CQ(Difficult to quantify due to overlapped with ST
signals from the major Co signal.) We tentatively assigned it
to the CO attached Co atom. Further validation is needed
for this assignment considering the big change in CSA and
quadrupolar interaction.

To facilitate analysis of the 59Co spectra, the NMR
parameters derived above were compared to corresponding
values calculated through DFT based on the crystal
structure (Table 1). Analogous calculations were also per-
formed for Co(NH3)6Cl3 and K3Co(CN)6 and compared to
experimental data to test the accuracy of these calculations
(Tables S3, S4).[44,45] DFT based calculations for Co6Se8(PEt3)6
as well as the other compounds exhibited good agreement
with the experimental results for these NMR parameters,
including the isotropic chemical shift, its anisotropy, and
asymmetry parameters, as well as the asymmetry of the EFG
tensor. The calculated result on the quadrupolar coupling
constant shows a noticeable ~30% deviation (Table 1).
Considering the very challenging DFT calculations on the
metal cluster, it is likely that the results are subject to
computational errors, noting that we observe comparable
deviations within this study for simpler complexes such as
Co(NH3)6Cl3 and K3Co(CN)6 and similar challenges are
described in prior literature.[38,41]

Figure 2. Crystal structures of a)Co6Se8(PEt3)6, b) Co6Se8(PEt3)5(CO) and c)
[Co6Se8(PEt3)6][BF4] as determined by SCXRD. The ethyl groups are removed
for clarity. d) We hypothesize that these clusters contain an electron-
delocalized inorganic core and an electron-localized ligand layer.

Figure 3. a) Magnetic susceptibility of Co6Se8(PEt3)6 (tomato) and
[Co6Se8(PEt3)6][BF4] (blue) as a function of temperature. The data indicates
that Co6Se8(PEt3)6 is diamagnetic and [Co6Se8(PEt3)6][BF4]] is paramagnetic.
The data were fitted to Curie-Weiss law to derive effective magnetic moment
for [Co6Se8(PEt3)6][BF4]. The 1.7 μB value corresponds to ~1 unpaired electron.
b) 31P chemical shift vs. 1/T for Co6Se8(PEt3)6 [Co6Se8(PEt3)6][BF4]. The slopes
of the linear fits are used to calculate the effect magnetic moment.
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DFT Calculation Reveals Delocalized HOMOs

The symmetry in the molecular structure as indicated by
these NMR studies suggests that the electronic states
(HOMO) may be delocalized. To further explore this hypoth-
esis, we applied DFT calculation to investigate the electronic
structure of Co6Se8(PEt3)6 by examining the HOMO and
LUMO orbitals (Figures 4 a–d). The first two HOMOs (Figur-
es 4a,b) are degenerate and their energy difference from
HOMO level-1 (Figure 4c) is 0.02 eV (Figure 4e). These three
pseudo-degenerate HOMOs are mainly made of the p-
orbitals on the Se atoms. Consistent with X-ray and NMR
results discussed above, the orbitals delocalize extensively
and span the whole Co6Se8 core. In contrast, the P atoms in
the PEt3 ligands are likely isolated from the HOMOs since
the electron density in the HOMOs do not extend to the P
atoms (Figure 2d). The 31P NMR also supports that the
electron density in HOMOs resides mainly in the core,
because the 31P chemical shift and CSA are quite insensitive

to the ligand change from PEt3 to CO (Figure 1 and
Table S1). These results imply that, by modifying their
ligands, we can tune clusters for various purposes, such as
solubility or dimensionality of the cluster-based material,[46]

while leaving the electronic configuration in the core
intact.[15,47] The ligand isolation of the delocalized core
indicates that charge transfer in superatomic solid such as
Co6Se8(PEt3)6[C60]2 is dominated by a charge hopping mech-
anism. Likewise, in a single molecule junction, the ligands
isolate the leads from the cluster core to eliminate coherent
tunneling, which renders cluster of this type ideal systems
to study charge quantization in single molecule junction as
current conducts by charging and discharging the cluster
one electron a time.[48,49]

Table 1. Experimental and DFT-calculated 59Co NMR spectral parameters for Co6Se8(PEt3)6.

δ11/ppm δ22/ppm δ33/ppm CQ/MHz ηQ α/ °C β/ °C γ/ °C

Exp. 3675�100 1710�100 1419�100 25�2 0.20�0.05 32�30 �8�15 �30�20

DFT[a] 3114�75 1790�60 1454�230 33.8�0.2 0.13�0.01 �10�30 �9�20 �12�30

[a] Averaged chemical shielding values for δ11, δ22, δ33 and Quadrupolar Coupling Constants (CQ) and asymmetry ηQ are reported here for the six Cobalt sites.
Reported errors of DFT calculation are from averaging values of the six sites; individual values are reported in Table S5.

Figure 4. a–c) Iso-surfaces for the degenerate HOMO 1, HOMO 2 levels, and HOMO-1 level. The orbitals are delocalized over the core of the cluster. d) The iso-
surface for LUMO orbital is delocalized on both the core and ligand P atoms. e) Energy diagram for the orbitals shown in (a–d). The first two HOMOs are
degenerate. Once oxidized, the 1+charge cluster has one delocalized hole. f) NICS values at as a function of distance for the center of mass of the cluster.
NICS values were calculated for positions on the path (cyan dots) from the center to the outside of Co6Se8(PH3)6 cluster. The negative values indicate the
aromatic property, generating ring-current and shielding the nuclei.
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Ring Current on an Inorganic Core: An Aromatic Property

We hypothesized that the Co6Se8(PEt3)6 core could display
aromatic like characteristics, in that the three delocalized
HOMOs can provide mobile electrons that circulate to form
ring-currents in magnetic fields.[50] Aromaticity has been
demonstrated in inorganic and metallic molecules previ-
ously, for example Cu4Li2, Ga3

2�, involving p-orbitals (i. e. π-
aromaticity), s-orbitals (i. e. σ-aromaticity), or d-orbitals (i. e.
δ-aromaticity).[51] We used a DFT-based method nucleus-
independent chemical shifts (NICS)[51–54] to calculate the
absolute chemical shielding on a virtual nucleus. A negative
NICS value indicates an aromatic system and a positive
value indicates an anti-aromatic system, while zero is non-
aromatic.[51] NICS values were calculated for several posi-
tions from the center to the outside of this molecule
(Figure 4f). At the center of Co6Se8 core, the NICS value is
negative (suggesting an aromatic system[51]), and as the
positions move to the outside of the core, NICS values
gradually increase and eventually approach zero as the
position moves away from the molecule. These results
support our hypothesis of ring-current forming in the
Co6Se8(PEt3)6 cluster, as a result of symmetric structure and
degenerate delocalized HOMOs.

Ionized Co6Se8(PEt3)6 Is Also Symmetric

We tested whether the valence electrons are delocalized in the
oxidized [Co6Se8(PEt3)6][BF4] form (Figure 2c). This 1+ charged
cluster could be a proxy for Co6Se8(PEt3)6 in cluster-based solids,
such as [Co6Se8(PEt3)6][C60]2, which undergoes electron
transfer.[1,55] The 31P spectrum is significantly shifted from
64 ppm to �430 ppm, presumably due to the cluster’s para-
magnetism, as well as change in cluster ring-current effect
(Figure 1d). We observed similar upshift on methylene carbon
(Figure S2). T1 relaxation measurements on various nuclei
(T1(

31P): 0.005�0.001 s; T1(
13C, methylene): 0.40�0.02 s; T1(

13C,
methyl): 1.31�0.04 s; T1(

1H): 0.254�0.001 s.) shows that P
atoms and methylene C atoms and proton atoms are influenced
by a paramagnetic inorganic core (Figure S7, S8). 31P spectrum
linewidth is broadened due to paramagnetism so that the
eight-peak splitting by 59Co is no longer visible. Interestingly,
we still observe mainly one P environment, even though subtle
change of P environment may not be detected due to the
broad linewidth. This indicates that loss of an electron does not
obviously break the symmetry of structure. We attribute this to
the stability of the delocalized electron configuration since the
hole resides over the whole cluster and little structural
reorganization is needed to accommodate the charge. Such a
feature is presumably critical for Co6Se8(PEt3)6 to form supera-
tomic solid with other clusters since the energetic penalty for
reorganization after electron transfer is minimized.[56] In the
spectra, we observed only small changes in central band and
side bands pattern (Figure 1d, Figure S10). This pattern may
also contain contributions from paramagnetic shift anisotropy
besides CSA[57] but we assume that the influence is small due to

the spherically-delocalized feature of the electron spin. It is
worth noting that the significantly shifted 31P chemical shift
could be a particularly unique tool to identify charge-state of a
cluster in study of cluster-based solids.

An Unpaired Electron/Spin Delocalized over the Whole
Cluster Core

We contrasted the magnetic properties of neutral Co6Se8(PEt3)6
with the cationic [Co6Se8(PEt3)6][BF4] cluster. The magnetic
properties of clusters have received tremendous attention;[58]

here we aim to test whether our electronic structure model
explains the cluster’s magnetic properties. Figure 3a shows the
magnetic susceptibility (χ) as a function of temperature for the
neutral and 1+cluster, as determined using SQUID magneto-
metry. Consistent with the NMR data, the neutral cluster is
diamagnetic, as shown by the very small negative value for the
susceptibility; in contrast, the 1+charged cluster is para-
magnetic, as shown by the positive values for the susceptibility.
The magnetic susceptibility data was fitted with the modified
Curie-Weiss law to acquire the effective magnetic moment (μeff)
(Figure S18). The μeff of for [Co6Se8(PEt3)6][BF4] is close to 1.7 μB,
consistent with ~1 unpaired electron, assuming spin-only
contributions. A similar result (μeff=1.9�0.1 μB) is derived from
the slope of chemical shift change over the temperature change
using the Curie-Weiss equation (Figures 3b, Figure S19, Electron
Spin calculation).[59] This is consistent with our electron-
delocalized model: losing one electron causing one unpaired
spin. Like the hole, the spin should be also delocalized as its
influence on the 31P chemical shift of the six ligands is almost
the same, supported by our observation of only one P environ-
ment. To further test this idea, we did the Natural Population
Analysis on both the neutral and the 1+ charged cluster; the
results indicated that the natural charges on the 8 Se or 6 Co
atoms remains equivalent for both clusters, confirming an
electron delocalized configuration. The effect of losing an
electron distributes to all inorganic core, making Se atoms less
negative charged and Co/P atoms more positively charged and
renders the 1+ cluster an unpaired spin. (Table S8, S9) Unlike
an electron spin in an atom, the nature of a delocalized spin
over a ~6 Å diameter core is of particular interest and may lead
to potential interesting applications. With the features of
quantized electron charge-discharge, single spin configuration,
plus its atomically precise composition, the cluster would be a
great candidate for a single spin manipulation in spin-depend-
ent transport devices.[60]

Conclusions

We studied the molecular and electronic structures of
Co6Se8(PEt3)6 cluster in order to build structure-property
relationships for its application in superatomic solids and
single molecule devices. Distinguishing between delocalized
and mixed-valence electronic models for Co6Se8(PEt3)6 is key
to probing the electronic structure. We used [Co6Se8]
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clusters as an initial system to develop approaches to
distinguish oxidation state assignments. Combining NMR,
DFT and magnetic properties measurements by SQUID, we
demonstrated that the structure of the Co6Se8(PEt3)6 cluster
is highly symmetric with one P and Co environment,
implying an electron-delocalized electronic structure. Other
data are also consistent with highly delocalized HOMO
electrons in the Co6Se8 cluster core, while the PEt3 ligands
are outside of the delocalized orbitals in the Co6Se8 cluster,
based on both NMR and DFT calculations. The delocalized
and degenerate HOMOs for the core shown in DFT
calculation leads to aromatic-like properties, confirmed by
NICS calculations. Moreover, NMR and SQUID measurements
show that the neutral Co6Se8(PEt3)6 cluster is diamagnetic
while the 1+ [Co6Se8(PEt3)6][BF4] cluster is paramagnetic
with one unpaired electron. Approaches demonstrated in
the present work provides a molecular basis to understand
these metal chalcogenide clusters, and can be used to
investigate cluster-based building blocks in more complex
heterogeneous solids.
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