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ABSTRACT: The area of two-dimensional (2D) materials research would benefit greatly from the development of synthetically
tunable van der Waals (vdW) materials. While the bottom-up synthesis of 2D frameworks from nanoscale building blocks holds
great promise in this quest, there are many remaining hurdles, including the design of building blocks that reliably produce 2D
lattices and the growth of macroscopic crystals that can be exfoliated to produce 2D materials. Here we report the regioselective
synthesis of the cluster [trans-Co6Se8(CN)4(CO)2]

3−/4−, a “superatomic” building block designed to polymerize and assemble into a
2D cyanometalate lattice whose surfaces are chemically addressable. The resulting vdW material, [Co(py)4]2[trans-Co6Se8(CN)4-
(CO)2], grows as bulk single crystals that can be mechanically exfoliated to produce flakes as thin as bilayers, with photolabile CO
ligands on the exfoliated surface. As a proof of concept, we show that these surface CO ligands can be replaced by 4-
isocyanoazobenzene under blue light irradiation. This work demonstrates that the bottom-up assembly of layered vdW materials
from superatoms is a promising and versatile approach to create 2D materials with tunable physical and chemical properties.

The breadth of 2D materials is constantly expanding,1,2 yet
there exist few exfoliatable van der Waals (vdW)

materials whose structures can be modified in a predictable
manner. vdW materials are typically obtained as large single
crystals composed of just a few elements3 and are difficult to
synthetically modify without completely changing their
compositions or structures.4−6 2D metal−organic frameworks
and covalent organic frameworks offer synthetic flexibility, but
large single crystals are rare, preventing their exfoliation and
study at the 2D limit.7,8 Without synthetically tunable vdW
materials, we cannot study properties as a function of
programmatic changes to the 2D system. Manipulation of
the surface chemistry of ultrathin materials is particularly
desirable, as this can change their height, doping level,
reactivity, photophysics, and interactions in heterostruc-
tures.9−11 This presents an opportunity for synthetic
chemistscan we create exfoliatable 2D materials whose
properties can be tuned through synthetic manipulations?
Atomically precise molecular clusters (so-called “supera-

toms”) are promising building blocks for synthetically tunable
2D materials.12−17 Superatomic properties depend on the
cluster core, ligand periphery and oxidation state,18 and
superatoms can be assembled into ionic materials via charge
transfer15,19,20 and into frameworks via cluster fusion21 or
through molecular bridges.14,22−32 Cyanides are especially
attractive bridges as they enable strong mechanical, electronic,
and magnetic coupling between a variety of metals.33−35

Octahedral clusters of the form M6E8 (M = transition metal, E
= chalcogen) with six surface-capping cyanides have been
polymerized into Prussian Blue-type structures with various
metal ions, but the resulting structures are typically 3D cubic
frameworks (Figure 1).23−28,36,37

In this work, we detail a synthetic strategy to control the
dimensionality of the framework using a site-differentiated
superatom with four cyanides around its belt and two
carbonyls at the apexes (Figure 1). The two groups have
orthogonal reactivity: the cyanides can bridge but are inert
toward substitution while the carbonyls are photolabile but do
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Figure 1. Superatomic building blocks for 3D and 2D lattices.
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not bridge. We find the “2D superatomic node” [trans-
Co6Se8(CN)4(CO)2]

3− (1) forms a layered vdW material that
can be mechanically exfoliated to produce atomically thin
flakes whose surfaces can be functionalized through simple
photoinduced substitution chemistry. The structure presented
herein can be described as a cyanometalate form of a
dimensionally reduced perovskite lattice,38 making it one of
only a handful of known Lieb latticesa desirable depleted
square lattice whose unique topology can give rise to nontrivial
flat bands, superconductivity, and the fractional quantum Hall
effect.39−42

We grow single crystals of the vdW material [Co-
(py)4]2[trans-Co6Se8(CN)4(CO)2] (2) by layering an aqueous
solution of cobalt dibromide (CoBr2) on top of 1equiv of 1
and pyridine (py) in water. The layers mix to form a fine
suspension, from which flat, square crystals of 2 grow over 7
days. Single crystal X-ray diffraction (SCXRD) reveals 2 is a
square 2D lattice of trans-Co6Se8(CN)4(CO)2 linked by
Co(py)4 sites (Figure 2a). Each 2D layer is porous, with

disordered water molecules occupying the pores, but the
material lacks accessible porosity because ABAB packing along
the c-direction positions superatoms from one layer directly
over the pores of its neighboring layers (Figure 2b).
The 2:1 ratio of bridging Co sites to superatoms in 2

indicates that the superatom is reduced in situ to the 4− state.
Energy dispersive X-ray spectroscopy (EDS) of the crystals
gives a 1:1 Co:Se ratio and confirms that there is no Br− or
other counterion in the lattice. Our assignment of the
superatoms as 4− and bridging Co(py)4 as 2+ is further
supported by the SCXRD bond metrics, which are consistent
with high-spin Co(II),43 and the magnetic susceptibility data

for 2, which shows the expected ground state value of χT for
two uncoupled S = 3/2 Co(II) sites and a diamagnetic
superatom (Figures S11 and S12).
The crystal structure of 2 features layers with strong in-plane

bonds and weak out-of-plane vdW interactions. By analogy to
traditional atomic vdW materials, crystals of 2 (Figure 2c) can
be mechanically exfoliated to produce atomically thin flakes
(Figure 2d). Atomic force microscopy (AFM) shows these
flakes have atomically flat surfaces (Figure 2e). We can reliably
produce micrometer-size flakes as thin as 2 nm as determined
by AFM, corresponding to a bilayer. Monolayers are also
observed but tend to be rough, likely due to low mechanical
stability of the porous Lieb lattice.
The key feature of this new 2D material is that its surfaces

are passivated with photolabile CO ligands offering unique
possibilities for surface functionalization. The photoinduced
exchange of CO for phosphines and isocyanides on Co6Se8
clusters has been demonstrated in solution44−46 but not in the
solid state. As a first demonstration, we functionalize exfoliated
flakes of 2 with 4-isocyanoazobenzene (CNAB), which allows
us to monitor the reaction by Raman spectroscopy. Neither the
carbonyl in 2 nor the isocyano group of CNAB, when bound
to the superatom, are detectable by Raman spectroscopy
because they lie perpendicular to the substrate (parallel to the
incident laser). However, spectroscopic signatures from the
azobenzene, including the NN stretch, and from the cyanide
ligands in the plane of the sheets are detectable by Raman
spectroscopy (Figure 3).
To functionalize the exposed surfaces of the sheets, flakes of

2 exfoliated onto a Si/SiO2 substrate are immersed in a

Figure 2. (a, b) Crystal structure of [Co(py)4]2[trans-
Co6Se8(CN)4(CO)2] (2) showing a top view of a single layer (a)
and a side view of the stacking along the c-direction (b). (c) Optical
microscopy image of a crystal of 2. (d) Optical microscopy image of
an exfoliated flake of 2 on a Si/SiO2 wafer. (e) AFM image and height
profile (along the white line) of a thin flake of 2. The number of layers
is indicated on the regions of the flake. The black box in (d) denotes
the area imaged in (e).

Figure 3. (a) Functionalization of exfoliated flakes of 2 with CNAB.
(b) Raman spectroscopy characterization of exfoliated flakes of 2
functionalized with CNAB supported on Si/SiO2. Control spectra are
included.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c12072
J. Am. Chem. Soc. 2022, 144, 1119−1124

1120

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12072/suppl_file/ja1c12072_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12072?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solution of CNAB in toluene. The flakes are irradiated with
blue light (456 nm) for 4.5 h at room temperature (Figure 3a).
The Raman spectrum of exfoliated 2 (before functionalization)
shows only a strong CN stretch at 2100 cm−1 (Figure 3b, red).
After photoinduced surface functionalization, the Raman
spectrum of the same exfoliated flake (rinsed with toluene to
remove leftover CNAB) shows several Raman peaks between
1400 and 1600 cm−1 characteristic of CNAB (Figure 3b,
purple).
The Raman spectrum of the same substrate measured away

from the flake shows no CNAB signal (Figure 3b, green),
indicating CNAB is not indiscriminately sticking to the
substrate but is associated specifically with the exfoliated
flakes. For reference, we include the Raman spectrum of
CNAB dropcast on the Si/SiO2 substrate (Figure 3b, blue).
When exfoliated flakes of 2 are treated with CNAB in toluene
for 4.5 h in ambient light, the CNAB Raman peaks are
extremely weak (Figure 3b, cyan). This suggests a very small
amount of CNAB may bind to 2 through thermal substitution
for CO on the cluster or for pyridine on the bridging Co site.
Within the resolution of AFM, the thickness and shape of the
functionalized flakes is unchanged, indicating the reaction only
takes place on the exposed surface, as a significant expansion of
the interlayer spacing would result from functionalization of all
layers (Figure S13). Overall, these results support the
conclusion that the functionalization is in fact the photo-
induced exchange of CO for CNAB on the surface of exfoliated
flakes of 2.
The facile photoinduced surface substitution reaction

described above can be performed at ambient temperature in
a short time frame and without disturbing the in-plane bonding
of 2. Based on the wide variety of molecules featuring
isocyanides,47 our surface modification approach could provide
access to 2D materials with a diverse set of functional groups.
Given the solution phase precedent,46 we expect this method
to also work with other strong ligands such as alkyl phosphines,
further expanding the scope of surface functionalities.

The regioselective synthesis of the 2D superatomic node is a
critical step in the rational assembly of the versatile 2D
material described above (Figure 4a). We first prepare site-
differentiated trans-Co6Se8(PPh3)4(CO)2 (3) by heating to
reflux a solution of Co2(CO)8 with 4.3 equiv of SePPh3 in
toluene.44 A suspension is obtained after 12 h, which is filtered
hot to give 3 in 97% yield. This reaction can be run on a
multigram scale, and the trans cluster is the sole product,
obviating the need for any subsequent purification. The IR
spectrum of 3 shows a single CO stretch (Figure S14), and the
1H and 31P nuclear magnetic resonance (NMR) spectra
confirm the presence of one symmetry-distinct PPh3 site.
Although 3 is insoluble in most solvents at room temperature,
we were able to grow crystals from hot dichloromethane
(DCM). SCXRD reveals the trans isomer (Figure S1), with
two unique cluster halves in the asymmetric unit. To confirm
that the insoluble solid obtained from the reaction solely
contains 3, we treated the powder with silver hexafluoro-
phosphate ([Ag][PF6]) in DCM to exclusively form the
soluble, oxidized cluster [trans-Co6Se8(PPh3)4(CO)2][PF6]
(4), as determined by IR spectroscopy, NMR, and SCXRD
(Figure 4b and Figure S14). Cyclic voltammetry (CV) of 4 in
DCM shows two reversible redox events: a reduction to 3 at
−0.54 V and an oxidation at 0.13 V vs ferrocene/ferrocenium
(Fc/Fc+, Figure 4c).
The synthesis of the 2D tetracyano superatomic node 1 is as

straightforward as that of precursor 3. The thermally labile
PPh3 ligands allow us to install cyanide ligands via thermal
substitution,48,49 while the CO ligands are kinetically inert
under these conditions. Treatment of 3 with 4.5 equiv of
tetrabutylammonium cyanide ([NBu4][CN]) in tetrahydrofur-
an (THF) at 100 °C for 12 h in a sealed high-pressure reaction
vessel gives [NBu4]4[trans-Co6Se8(CN)4(CO)2] (5) in 93%
yield as a green-brown powder isolated by filtration. The trans
geometry is determined by analyzing the Co−CN and Co−CO
bond metrics from SCXRD of crystals grown from DCM
(Figure 4d) and by IR spectroscopy (CO: 1940 cm−1; CN:
2060 cm−1). The crystal structure contains an intact Co6Se8

Figure 4. (a) Synthesis of 1 and 3−5. (b) Crystal structure of [trans-Co6Se8(PPh3)4(CO)2][PF6] (4). (c) Cyclic voltammogram of 4 (red) and 5
(blue). (d) Crystal structure of [NBu4]4[trans-Co6Se8(CN)4(CO)2] (5). The structures in (b) and (d) are presented with ellipsoids at 30% and
50% probability, respectively. H atoms, solvent molecules, and counterions are omitted for clarity.
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core, and there is no disorder of the CO or CN positions,
showing the fidelity of the trans-CO positions even at elevated
temperature. The CV of 5 shows two reversible oxidations
(Figure 4c) with the accessible charge states corresponding to
the same three oxidation states of the Co6Se8 core seen in the
CV of 5: neutral, 1+, and 2+. Each event is cathodically shifted
compared to those in 4 due to the tetraanionic nature of 5.
While 5 is air-sensitive in DCM solution, oxidation with
ferrocenium hexafluorophosphate yields bench-stable
[NBu4]3[trans-Co6Se8(CN)4(CO)2] (1). Oxidation of 5 to 1
shifts the CO and CN stretching frequencies to higher
wavenumbers: 1978 cm−1 (CO) and 2089 cm−1 (CN),
consistent with a decrease in backbonding from the less
electron-rich core. The final step is to prepare a water-soluble
form of 1 via cation metathesis by treating the cluster with
sodium tetraphenylborate in acetonitrile. We formulate the
brown powder that precipitates from this reaction as
“[Na]3[trans-Co6Se8(CN)4(CO)2]”, though a mixture of
sodium and tetrabutylammonium counterions is also possible.
The precipitate was used directly in the synthesis of 2. Overall,
this synthesis constitutes a simple, three-step route to an air-
and moisture-stable 2D superatomic node.
By designing a site-differentiated superatom with orthogonal

chemistry, we have created a vdW superatomic framework that
can be exfoliated to produce 2D materials with addressable
surfaces. The functionalization of these materials with CNAB
serves as proof of concept of the facile replacement of CO
ligands on the 2D framework’s surface with strong ligands. The
ability to decorate the square lattice of 2 with diverse
functional groups bound via isocyanides presents unique
opportunities for the controlled assembly of heterostructures
and even for the surface-templated growth of new materials.
Ongoing work using this approach aims to both capitalize on
the unique surface chemistry of 2 and to expand the family of
2D superatomic frameworks to include exfoliatable magnetic
materials.
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