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ABSTRACT: Hierarchical solids created from the binary
assembly of cobalt chalcogenide and iron oxide molecular
clusters are reported. Six different molecular clusters based
on the octahedral Co6E8 (E = Se or Te) and the expanded
cubane Fe8O4 units are used as superatomic building
blocks to construct these crystals. The formation of the
solid is driven by the transfer of charge between
complementary electron-donating and electron-accepting
clusters in solution that crystallize as binary ionic
compounds. The hierarchical structures are investigated
by single-crystal X-ray diffraction, providing atomic and
superatomic resolution. We report two different super-
structures: a superatomic relative of the CsCl lattice type
and an unusual packing arrangement based on the double-
hexagonal close-packed lattice. Within these superstruc-
tures, we demonstrate various compositions and orienta-
tions of the clusters.

We describe a family of binary solid-state compounds in
which the fundamental building blocks are independ-

ently prepared, electronically and structurally complementary
inorganic molecular clusters. Charge transfer between cobalt
chalcogenide and iron oxide clusters generates atomically
defined hierarchical assemblies1 in which the intercluster
electrostatic attractions form the binary superlattice. We
demonstrate various levels of control over the structure of
the material: (i) we modify the composition of the clusters
while retaining the same cluster arrangement; (ii) we change
the orientation of the cluster building blocks while retaining the
same cluster superstructure; and (iii) we force the super-
structure to adopt a different configuration that has polar
symmetry.
Non-molecular compounds with identifiable cluster subunits

(e.g., Chevrel and Zintl phases) can display remarkable
materials properties,2−5 but their solid-state syntheses from
elemental or polyatomic precursors inhibit the rational tuning
of their structure and properties. Assembling solid-state
materials from preformed and intact nanoscale building blocks
with well-controlled and tunable properties offers significant
benefits over traditional solid-state reactions and is expected to
lead to the realization of materials by design.6 Each type of
building block, however, comes with its own set of benefits and
limitations. For instance, nanocrystals have been assembled into

remarkable superlattices, but these materials intrinsically lack
atomic precision.7,8 Molecular clusters with discrete, atomically
defined structures can exhibit superatom-like collective proper-
ties9−11 and offer rich chemistry.12 Single-cluster-component
functional materials12−17 as well as binary cluster assemblies
from charged precursors18,19 or interconnected supertetrahe-
dral clusters20 have been prepared, but a generally applicable
route toward crystallographically precise solids combining two
or more cluster units remains an open issue.21,22

Our strategy for creating hierarchical binary assemblies of
clusters was to use charge transfer between neutral clusters and
subsequent intercluster electrostatic attraction as a driving force
for co-assembly and crystallization. We designed, synthesized,
and combined pairs of complementary molecular clusters in
which one cluster is electron-donating and the other is electron-
accepting.23−25 Each building block is comprised of a redox-
active core encapsulated in a protective redox-inert shell of
ligands. These superatoms are shown in Figure 1 with their
respective energy levels as measured by cyclic voltammetry
(CV) (see Figures S32−S37). The octahedral clusters
Co6Se8(PEt3)6, Co6Te8(PEt3)6, Co6Te8(P

nPr3)6, and
Co6Te8(PEt2Ph)6 are electron-rich and can reversibly donate
up to five electrons (the first four are shown in Figure 1).
Conversely, the cubane clusters Fe8O4pz12Cl4 and Fe8O4pz12Br4
(pz = pyrazolide) are good electron acceptors and can
reversibly take up to four electrons. Being electrically neutral,
these donor and acceptor clusters are soluble in non-polar
solvents such as toluene and benzene.
The respective redox potentials of Co6Te8(PEt3)6 and

Fe8O4pz12Cl4 indicate that the clusters undergo one-electron
transfer in solution, though we recognize that the binary ionic
lattice formation and symmetry will be further governed by the
crystal lattice energy. We combined the clusters Co6Te8(PEt3)6
and Fe8O4pz12Cl4 in toluene and after ∼12 h obtained
millimeter-sized black crystals that are insoluble in non-polar
solvents but are very soluble in polar organic solvents such as
dichloromethane and tetrahydrofuran. The solubility of these
crystals is consistent with the formation of an ionic compound.
Single-crystal X-ray diffraction (SCXRD) established that the

resulting solid is a 1:1 binary combination of the clusters
(Figure 2), and powder X-ray diffraction confirmed the
homogeneity of the crystalline phase. The internal structures
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of the constituent clusters remain unchanged in the solid-state
compound, and the overall packing of [Co6Te8(PEt3)6]-

[Fe8O4pz12Cl4] can be approximated to a primitive cubic
lattice with a two-cluster basis that is the superatomic analogue
of the CsCl lattice type.26 The atomic resolution of SCXRD
allows us to discern subtle crystallographic variations in the
orientation of the superatoms that lower the symmetry of the
crystal. While Co6Te8(PEt3)6 adopts a single orientation, the
triclinic unit cell contains two Fe8O4pz12Cl4 units related by an
inversion center (clusters α and β shown in bright red and dark
red in Figure 2). Thus, layers of Fe8O4pz12Cl4 are alternating
along the c-axis between two inversion-center-related orienta-
tions. The centroid-to-centroid distance between two comple-
mentary adjacent clusters ranges from 11.81 to 12.75 Å.
Simple cubic superlattices are also obtained when we

combine donor and acceptor clusters with sizes, core structures,
and redox properties similar to those of Co6Te8(PEt3)6 and
Fe8O4pz12Cl4. The structures of the solid-state compounds
[Co6Se8(PEt3)6][Fe8O4pz12Cl4], [Co6Te8(PEt2Ph)6]-
[Fe8O4pz12Cl4], and [Co6Te8(PEt3)6][Fe8O4pz12Br4] all ap-
proximate the CsCl packing, but the crystallographic details of
each solid differ. While the compounds [Co6Se8(PEt3)6]-
[Fe8O4pz12Cl4] and [Co6Te8(PEt3)6][Fe8O4pz12Br4] adopt the

Figure 1. Molecular structures and redox potentials of the cluster building blocks as determined by SCXRD and CV. The clusters are depicted on
the same size scale.

Figure 2. Crystal structure of [Co6Te8(PEt3)6][Fe8O4pz12Cl4]
showing the crystal packing looking down the a-axis. (a) Perspective
view with the capping ligands removed. (b) View displaying the
position of the ligands. Fe, dark and light red; O, yellow; Co, dark
blue; Te, teal; P, orange; N, light blue; Cl, green; C, black. Hydrogen
atoms were omitted to clarify the views.

Figure 3. (a) Crystal structure of [Co6Te8(PEt2Ph)6][Fe8O4pz12Cl4] showing the various orientations of the superatomic cation and anion as
different shades of blue and red, respectively. (b,c) Schematic views of the crystal packing of [Co6Te8(P

nPr3)6][Fe8O4pz12Cl4]. Cations are blue, and
anions are red. (d,e) Crystal structure of [Co6Te8(P

nPr3)6][Fe8O4pz12Cl4]. Panels (b) and (d) show views of a single hexagonal bilayer looking down
the c-axis; panels (c) and (e) show the stacking sequence of the hexagonal layers along the c-axis. Capping ligands were removed in (a) and (e) to
clarify the views. Colors as previously defined. Hydrogen atoms were omitted to clarify the views.
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same triclinic unit cell as [Co6Te8(PEt3)6][Fe8O4pz12Cl4] with
slightly different lattice parameters (Table S1), the structure of
[Co6Te8(PEt2Ph)6][Fe8O4pz12Cl4] is more complex. The
substitution of a rigid phenyl group on the phosphine capping
ligands forces each building unit to adopt four different
orientations in the monoclinic unit cell (Figure 3a).
The cluster Co6Te8(P

nPr3)6 has the same redox-active
Co6Te8 core, but the Co ions are capped with bulkier
phosphines. Reaction of this larger donating superatom with
the acceptor Fe8O4pz12Cl4 gives large hexagonal black plates
that are 1:1 combinations of Co6Te8(P

nPr3)6 and Fe8O4pz12Cl4,
as measured by SCXRD (Figure 3b−e). In this crystal, the two
clusters form alternating hexagonal close-packed layers with an
unusual sequence of stacking along the c-axis. The cluster
Co6Te8(P

nPr3)6 adopts an ABACA (hc) double-hexagonal
close-packed arrangement, and the cluster Fe8O4pz12Cl4 follows
the sequence A′A′B′B′A′A′. The combined stacking sequence
is thus AB′BB′AA′CA′ (hccc). The lattice parameter within
each hexagonal layer is 21.46 Å, and the shortest centroid-to-
centroid distance between two neighboring complementary
clusters is 12.86 Å. It is worth noting that this compound
belongs to one of only 10 pyroelectric27 (or polar) point
groups, C3v (or 3m).
To understand the formation of these binary compounds, we

used a combination of CV, electronic absorption spectroscopy,
and crystallography. Our CV data suggest that the cobalt
chalcogenide clusters transfer one electron to Fe8O4pz12Cl4
(see Figure 1). Here we present further characterization of the
compound [Co6Te8(PEt3)6][Fe8O4pz12Cl4] supporting this
observation, and we note that analogous results were obtained
for all our materials.
We verified that the binary hierarchical lattice of

[Co6Te8(PEt3)6][Fe8O4pz12Cl4] forms via a one-electron-
transfer process by comparing its electronic absorption
spectrum with those of model compounds [CoCp2]-
[Fe8O4pz12Cl4] and [CoCp2]2[Fe8O4pz12Cl4] (Figures S15,
S18, and S19). The cluster Fe8O4pz12Cl4 is composed of a cubic
core of four high-spin FeIII metal centers bridged by four μ4-oxo
ligands. A one-electron reduction of Fe8O4pz12Cl4 delocalizes
the transferred electron between the metal ions in the redox-
active Fe4O4 core, giving rise to an intervalence charge-transfer
(IVCT) band centered around 1650 nm.28 Electronic
absorption spectroscopy reveals that the IVCT band present
in the near-infrared (NIR) region of the [CoCp2]-
[Fe8O4pz1 2C l 4 ] spec t rum is absent in tha t o f
[CoCp2]2[Fe8O4pz12Cl4]. The electronic absorption spectra
of [Co6Te8(PEt3)6][Fe8O4pz12Cl4] dissolved in dichloro-
methane as well as dispersed in KBr similarly show a weak,
broad IVCT band centered around 1650 nm. This IVCT
transition, characteristic of a Robin and Day class II
compound28 between the oxo-bridged Fe ions, confirms the
presence of the monoanion [Fe8O4pz12Cl4]

− in
[Co6Te8(PEt3)6][Fe8O4pz12Cl4]. The lengthening of the Co−
P and Fe−Cl bonds in the crystal structure of [Co6Te8(PEt3)6]-
[Fe8O4pz12Cl4] compared to the neutral clusters provides
further evidence28,29 of the presence of these superatomic ions
in the solid state.
Our binary solids are assembled from superatomic ions with

multiple reversible redox states. The solubility of these crystals
in dichloromethane allows us to measure their redox properties
using CV. Figure 4 shows a typical cyclic voltammogram
measured for [Co6Te8(P

nPr3)6][Fe8O4pz12Cl4]. This com-
pound exhibits eight reversible redox couples that correspond

to the shuttling of nine electrons into and out of the cluster
units. While these redox processes were measured in solution,
we anticipate that similar behaviors exist in the crystals and
could lead to the creation of cluster-assembled intercalation
compounds.1

By combining molecular clusters with complementary
electronic properties, we have synthesized binary solid-state
compounds whose infinite crystalline structures are defined on
both the superatomic and atomic scales. The packing of clusters
with the same physical profile is robust to changes in the
elements that populate the inorganic cores. By capitalizing on
the synthetic variability of individual clusters, we have
incorporated multiple redox-active clusters into a diverse family
of solid-state materials. We have further shown that subtle
variations of the capping ligands on cluster cores produce
significant changes in the atomic structure and the superatomic
packing, such as the adoption of a configuration that has
symmetry-allowing pyroelectrical behavior. With a virtually
limitless library of ligands available, the structures of these solid-
state compounds become more versatile as one can imagine
controlling cluster arrangements with great precision.
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