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While metal-oxygen clusters are widely used as secondary building units in the construction of

coordination polymers or metal-organic frameworks, multimetallic nodes with heavier chalcogenide
atoms (S, Se, and Te) are comparatively untapped. The lower electronegativity of heavy chalcogenides
means that transition metal clusters of these elements generally exhibit enhanced coupling,

delocalization, and redox-flexibility. Leveraging these features in coordination polymers provides these

Received 19th June 2020
Accepted 20th July 2020

materials with extraordinary properties in catalysis, conductivity, magnetism, and photoactivity. In this

perspective, we summarize common transition metal heavy chalcogenide building blocks including
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Introduction

Coordination polymers (CPs) or metal-organic frameworks
(MOFs) are an exciting class of materials due to their modular
nature as well as their applicability in areas such as gas sepa-
ration," storage,” catalysis,® and medicine.* Much of the seminal
work in this area has relied upon metal oxygen bonds to form
nodes or secondary building units (SBUs) as exemplified by
carboxylate linkers and metal oxide clusters found in MOF-5
and UiO-66.> While these building blocks have been enor-
mously successful as structural units and even catalytic sites,®
building CPs around bonds to heavier chalcogenides, such as S,
Se, or Te offers many advantages. The better energetic matching
between transition metals and less-electronegative heavier
chalcogenides offers the possibility of enhanced coupling
throughout these materials, a feature of particular importance
for emerging areas such as conductive or magnetic MOFs.”
Indeed, several new materials with remarkable properties have
been made by coupling S-based ligands with monometallic
nodes, an area which has received substantial recent attention.®
The use of multi-metallic nodes with heavier chalcogenides
offers similarly exciting advantages in redox activity and
conductivity with potentially new directions as catalytic sites
analogous to metal sulfide and selenide sites in biology and
heterogeneous catalysis.” While this area has had several
exciting recent developments, it is comparatively underexplored
compared to the wealth of materials built around metal oxygen
based SBUs. Here we will provide an overview of recent
discoveries in this area and an outline of challenges and
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polynuclear metal nodes with organothiolate/selenolate or anionic heavy chalcogenide atoms. Based on
recent discoveries, we also outline potential challenges and opportunities for applications in this field.

opportunities. We will focus on multi-metallic SBUs where
anionic S, Se, or Te (as thiolate, selenolate, sulfide, selenide, or
telluride) have been utilized in polynuclear transition metal
nodes. We will structure the overview of these materials by
focusing on specific clusters as SBUs including cases where
known O-based SBUs can be modified to include heavier chal-
cogenides as well as new cluster morphologies featuring these
elements. Closely related assemblies of polynuclear clusters in
extended arrays will not be discussed, although several recent
reviews are available on this topic.™

Structures and properties of heavy
chalcogenide SBU based coordination
polymers

1. Replacing oxygen with sulfur in known MOF nodes

Since Robson's seminal discovery of diamondoid Cu frame-
works in the 1990's," tens of thousands of MOFs have been
reported as an emergent class of porous materials. The majority
of these materials rely upon hard O-based linkers and SBUs
which are inherently electronically insulating, limiting their
utility in applications such as advanced electronics and energy
storage."” While generating fundamentally new materials with
heavy chalcogenides is an ultimate goal, a more facile strategy
to endow MOFs with better charge transport properties is to
replace oxygen atoms in known SBUs with less electronegative
and more donating sulfur atoms. This strategy enables better
predictive control over the morphology and porosity of resulting
materials while enhancing electronic properties. In this section
we will show some examples where selective exchange of
phenolate oxygen or oxide ligands with sulfur results in
improved properties.

This journal is © The Royal Society of Chemistry 2020
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(a) Sulfur-replacement strategies in MOF-74 (M = Mn, Fe).
To realize “through-bond” charge transport, Sun et al
substituted the (-M-0-),, chains constituting the SBUs of MOF-
74, with (-M-S-),, chains (Fig. 1B, M = Mn; Fig. 1C, M = Fe).*3**
By using 2,5-disulfhydrylbenzene-1,4-dicarboxylate (DSBDC*")
instead of 2,5-dihydroxybenzene-1,4-dicarboxylate (DOBDC*")
(Fig. 1A), two new MOF-74 analogues, Mn,(DSBDC)(DMF), and
Fe,(DSBDC)(DMF), were synthesized and structurally charac-
terized by single-crystal X-ray diffraction (SXRD, Fig. 1D). Both
Mn,(DSBDC) and Fe,(DSBDC) exhibit conductivities of 2.5 x
107" S em ™" and 3.9 x 107° S ecm ™, respectively, which are
each higher by roughly one order of magnitude than their
“oxygen” analogues, Mn,(DOBDC) (3.9 x 10 ** S em ") and
Fe,(DOBDC) (3.2 x 1077 S cm™'). Furthermore, analysis by
flash-photolysis time-resolved microwave conductivity indicates
that the charge mobility of Mn,(DSBDC) is as high as 0.02 cm?
v~ ! s7!, comparable to that found in organic semiconductors
such as polythiophenes (Su = 0.003-0.1 cm® V' s™)** and

(A) HO__O HO__O
OH sulfur replacement H
————-
HO H
O0“ "OH O0“ "OH
H,DOBDC H,DSBDC
(B) Mn,(DSBDC) (C) Fe,(DSBDC)

Fig. 1 Representation of a thiolate sulfur replacement strategy (A);
view of an (~-M-S-),, SBU in Mn,(DSBDC) (B)*** and Fe,(DSBDC) (C);***
view of the 1D pores in Mn,(DSBDC), H atoms and DMF molecules
have been omitted for clarity (D). Color code: S, yellow; O, red; C, grey;
Mn, purple; Fe, orange; DMF O, green.
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rubrene (Su = 0.05 cm® V™' s7'), where Su is the sum of the
electron and hole mobilities.”* These results suggest that the
infinite metal-sulfur chains create a more efficient charge
transport pathway. In addition to chalcogenide replacement,
the authors also noted a million-fold improvement in conduc-
tivity in Fe,(DEBDC) versus Mn,(DEBDC) (E = O and S). This
enhancement is assigned to lowered band gaps from additional
loosely bound minority-spin carriers from the d°® Fe(n) ions
which are absent in the d°> Mn(n) ions.'® Later, a systematic
analysis on a few Fe-based MOFs proposed that mixed valency
from trace amounts of Fe(in) in these materials likely contrib-
utes to the conductivity increase as well."”

Recently, Sun et al. also investigated the effects of DMF guest
molecules on the electrical conductivity of Fe,(DSBDC)."*
Three phases were isolated—a solvated phase, Fe,(DSBDC)
(DMF),-x(DMF); a DMF-coordinated phase, Fe,(DSBDC)
(DMF),; and an activated phase, Fe,(DSBDC). It was found that
stepwise removal of unbound and coordinated DMF causes the
conductivity to decrease by 1 or 2 orders of magnitude,
respectively. Density functional theory (DFT) calculations
suggest that DMF binding does not affect charge mobility but
instead increases the concentration of holes as charge carriers.

These systems can be considered dimensionally reduced
versions of all inorganic metal-chalcogenides and demonstrate
that enhanced redox-matching from metal-sulfur bonding
provides better charge transport pathways.'®

(b) Substituting sulfide for oxide. While thiolates can be
synthesized and used as components in solvothermal synthesis,
sulfide can be more difficult to incorporate synthetically.
Nevertheless, inclusion of dianionic sulfide should result in
even greater covalency and orbital overlap than thiolates, and
there have been some efforts that have shown that sulfide
congeners of known oxide-based nodes can be generated
(Fig. 24).

The SBU containing square-planar tetra-coordinated oxygen
(sptO) was first discovered in PCN-9 by the Zhou group in
2006." In the same year, Dinca et al. reported a related square-
planar Mn,Cl building block.?* Although more cases of sptO/Cl
were reported later,”* the square-planar tetra-coordinated sulfur
(sptS) SBU has been harder to generate and has only recently
been observed in the new material MCOF-89 by Yang et al.*
MCOF-89 was synthesized through a high-temperature (190 °C)
solvothermal reaction of 1,3,5-benzenetricarboxylic acid,
Mn(0O,CMe), and thiourea in a mixed solvent of DMF and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU). The topology of MCOF-
89 (Fig. 2D) belongs to the (3,8)-connected network family
with two kinds of cages, a truncated octahedral cage and
a cuboctahedral cage, as is observed in other MOFs based on
M,Cl or M ;O SBUs. The former cage is constructed by six
[Mn,(p,-S)] squares (Fig. 2B and C) and the latter is composed of
12 SBUs. Although the metal chalcogenide units are separated
in the framework, the optical bandgap of MCOF-89 is 2.82 eV,
which is in the range of semiconducting materials and signifi-
cantly smaller than other Mn-BTC MOFs.* In addition, indium
tin oxide (ITO) photoelectrodes with deposited MCOF-89
generate a photocurrent density of ~1.9 pA ecm™?, which is
also larger than that of MOF-Mn-BTC-1 (ref. 23b) and further
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Fig. 2 Representation of a sulfide substitution strategy (A); ball-and-
stick depictions of the coordination environment of the Mn,S SBU (B)
and (C); the three-dimensional open framework of MCOF-89 (D).%
Color code: S, yellow; O, red; C, grey; Mn, purple.

supports semiconducting character in MCOF-89. While the
delocalization of this system may still be limited by the use of
carboxylate linkers, the changes in bandgap and photocurrent
likely arise from enhanced coupling within the SBUs due to the
substitution for sulfur.

2. Self-assembled transition metal-thiolate/selenolate
cluster SBUs

Polynuclear transition metal complexes supported by soft donor
(i.e. S, Se, Te) containing ligands have been increasingly
receiving attention not only because of their intrinsic structural
diversity but also their potential application in non-linear optics
(NLO), magnetism, electrochemistry, and catalysis.*** Investi-
gations have demonstrated that molecular properties such as

8352 | Chem. Sci,, 2020, 1, 8350-8372
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magnetic exchange can be enhanced using soft donor con-
taining ligands as compared to harder donors like oxygen.*
Nevertheless, significant challenges for the rational design and
synthesis of these complexes remain, such as controlling their
size and nuclearity. Novel or unexpected products can also form
due to the flexible coordination geometry of metal-chalcoge-
nolate bonds.*® The generation of CPs with metal-chalcogeno-
late based SBUs without oxygen analogues faces challenges that
parallel those found in molecular systems, and examples of
well-defined CPs featuring these building blocks are rare. Only
a few examples have been reported so far using organosulfur or
organoselenide ligands for the in situ generation of discrete
metal-thiolate clusters or infinite metal-thiolate/selenolate
SBUs, but these materials display promising magnetic interac-
tions and electrical conductivity.

(a) Discrete metal-thiolate clusters as SBUs. Multi-metallic
metal-oxygen clusters based on carboxylate ligands are widely
used as SBUs in the construction of MOFs.>” These clusters are
typically rigid with discrete shapes which make them useful in
predicting the topology of resulting MOFs based on the geom-
etry of the SBU. For instance, in the crystal structure of MOF-31,
the four carboxylate C atoms in each Zn(CO,), cluster can be
viewed as a tetrahedral inorganic SBU which can extend into
a diamond network when linked by linear spacers such as
acetylenyl (C=C).>** In contrast to common oxygen-based SBUs,
metal-thiolate clusters have been used as SBUs far less
frequently, and thus predicting the morphology of materials
with these SBUs can be more complicated. One early example of
a metal-thiolate polymer, [Ni(C4H3N,S)4],, was isolated
through a hydrothermal reaction of Ni(O,CMe), with
pyrimidine-2-thiol by Zhao et al.?® The polymer has a lamellar
structure and the smallest repeating unit is a Ni,(C4H3N,S),
dimeric cluster (Fig. 3A and B). Magnetometry shows that xy7 =
2.60 cm® K~' mol ™" per dimer at 299 K but increases slightly
upon cooling to a maximum value of 2.78 cm® K" mol ™" at 60 K
before abruptly decreasing to 1.44 cm® K * mol " at 7.9 K.
Fitting this magnetic data suggests the existence of ferromag-
netic interactions between the two Ni centers in the [Ni,S,]
clusters with antiferromagnetic interactions between both
adjacent clusters and adjacent layers. Solid state [Ni,(C,H;N,-
S)4]. also exhibits a conductivity of 5 x 107* S cm ™" at 28 °C.

Similarly, employing the heterocyclic 2-mercaptonicotinic
acid (mna) as a ligand under hydrothermal conditions enables
the preparation of a new 2D framework formulated as [Niq(-
mna);o(H,0)10]- (H20)13.>° This 2D (4,4)-topological network
features heptanuclear [Ni,S;o] clusters which are some of the
largest discrete nickel-sulfur SBUs in any 2D coordination
network (Fig. 3C). These clusters are linked by binuclear nickel
oxygen [Ni,O,] nodes to generate the 2D framework (Fig. 3D).
Interestingly, the sulfur atoms adopt two different p,- and p;-
binding modes and the authors propose that the latter are
crucial for the stabilization of the cluster. The experimental T
value per [Niy] unit is 6.38 cm® K~ mol " at room temperature,
which is considerably lower than the expected theoretical value
for nine non-interacting S = 1 Ni centers (9 cm® K~ ' mol ') and
likely suggests antiferromagnetic exchange coupling in the [Nig]
units.

This journal is © The Royal Society of Chemistry 2020
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(A)[NizS,]

(B) [Nin(C,H3N,S), 1,

(C) [Ni;Syo] (D) [Nie(az'm"a)m]n

Fig. 3 Discrete metal thiolate clusters as SBUs. Representation of the
[Ni>S4] cluster (A) and the lamellar metal-thiolate polymer [Ni>(Cy4-
HsN»S)4l, (B);?® the heptanuclear [Ni;Sio] cluster (C) and its corre-
sponding connection in the 2D framework of [Nig(2-mna)scl, (D);? the
[Mn4S;0] clusters (E) and the adamantoid 3D network formed by the
cluster units in [Mn4(SPh)gl,, (F).3° Color code: S, yellow; O, red; C,
grey; N, blue; Mn, purple; Ni, green.

Outside of group 10, there is also an interesting 3D frame-
work containing [Mn,(SPh),,] clusters that has been reported by
Eichhofer et al®® Four Mn atoms and six p,-bridging SPh
ligands constitute adamantanoid cages (Fig. 3E) and extend in
three dimensions through four additional p,-bridging benze-
nethiolate ligands (Fig. 3F). The magnetic behavior of this
material was studied between 2 K and 300 K with a field of 100
Oe. The continual decrease of T with decreasing temperature
indicates the presence of antiferromagnetic interactions. Fitting
the xmT vs. T data provides an antiferromagnetic coupling
constant of ] = —8.2 cm™ ' assuming six equal exchange path-
ways between the Mn(u) ions through the SPh- bridges for an
isolated Mn, cluster. This material also emits brightly in the
red/near infrared below 100 K with a relatively large Stokes shift.
This red emission, in contrast to a characteristic green-to-
orange emission for Mn(u) d-d transitions, is ascribed to
triplet excitations arising from the Mn(u), S(Se) bridges, and
phenyl(mesityl) ligands. This observation may suggest some
degree of delocalization throughout this network, but experi-
mental evidence for this hypothesis has not yet been reported.

(b) Coordination polymers with infinite (-M-S/Se-),, SBUs.
The bridging ability of thiolate/selenolate ligands frequently

This journal is © The Royal Society of Chemistry 2020
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leads to the formation of infinite SBUs as opposed to discrete
clusters with transition metals. For instance, a series of 1D CPs
with the formula [M(SR),], (M = Fe, Co; R = Ph, Mes, Mes =
2,4,6-Me;CeH,) and [M(SeR),],, (M = Fe, Mn; R = Ph, Mes) have
been reported.** The formation of polymeric structures rather
than monomeric, dimeric, or oligomeric structures depends on
the steric demand of the organic ligands, with smaller linkers
favoring polymers. These polymeric chains generally display
antiferromagnetic coupling and, analogous to classic studies on
coupling in oxide materials,*” magnetic measurements reveal
that the bridging angle can strongly influence the antiferro-
magnetic exchange interactions along the chain. An illustration
of this comes from comparing the structures and properties of
[Fe(SR),], chains.*® The four-membered Fe,S, rings in
[Fe(SPh),],, (Fig. 4A) display a butterfly shape (75.22° for the Fe-
S-Fe bridging angle) while the rings are more planar and closer
to a square in [Fe(SMes),], (91.38°, Fig. 4B). The more acute
bridging angle in the former chain gives rise to a stronger
antiferromagnetic exchange interaction based on magnetic
analysis.

In addition to 1D polymers, 2D and 3D networks with infinite
(-M-S/Se-),, chains have been reported using either mixed thi-
olate-pyridyl or thiolate-carboxylate ligands. These materials
also display unique magnetic properties.

The reaction of CoCl,-6H,0 with the thiosalicylate dianion
under hydrothermal conditions yields a new crystalline poly-
nuclear phase, [Co((0,C)(S)C¢H,)],, rather than the molecular
complexes formed under ambient conditions.*** The overall
topology is a complicated 2D layered network where the
neighboring Co(u) centers are bridged in three modes, Co-S-Co,
Co-0-Co, and Co-OCO-Co. The infinite Co-S—-Co chains form
parallel to the crystallographic ¢ axis (Fig. 4C).

Magnetic measurements show a steady decrease in moment
with temperature for [Co((O,C)(S)C¢H,)], before a sharp
increase at 9 K which is suggestive of long-range magnetic
interactions. Fitting to the Curie-Weiss law in the high
temperature region (above 100 K) provides a large negative value
for the Weiss constant of § = —585(3) K, indicating strong
antiferromagnetic coupling. The greater covalency of Co-S
bonding than Co-O bonding makes it likely that the Co-S lattice
is responsible for the magnitude of these antiferromagnetic
interactions. The strength of the applied field was varied to
explain the peak at low temperature. The observation that
weaker applied fields induce higher magnetization suggests
that antiferromagnetic coupling with spin canting is the origin
of this feature.

It is worth noting that recently this polymer was also grown
as nanosheet arrays on Ni foil. This composite has been
explored as a battery-type electrode for an asymmetric super-
capacitor.*® While powders of [Co((0,C)(S)CeH,4)],, show poor
electrochemical performance, nanosheets deposited on Ni foils
display pseudocapacitive behaviors with high specific capaci-
tance of 759 F g, good rate performance (58.8% at 10 A g ),
and excellent cycling stability (73.4% retention after 5000
cycles). The faradaic process was assigned to a Co(u)/Co(ur)
redox couple and this proposal is supported by X-ray photo-
electron spectroscopy (XPS).

Chem. Sci., 2020, 11, 8350-8372 | 8353
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(A) [Fe(SPh),],

(B) [Fe(SMes),],

a

A

(C) [Co((0;C)(S)CeHAIn

Fig. 4 Infinite (-M-S-), chains in representative 1D polymers
[Fe(SPh),], (A), [Fe(SMes),l, (B),3% the 2D polymer [Co((O,C)(S)CsH4)l,
(C)*** and the 3D polymer [Nig(6-mna)gl,, (D).** Color code: S, yellow;
O, red; C, grey; N, blue; Fe, orange; Co, rose; Ni, green.

Similarly, using 6-mercaptonicotinic acid (6-mna) with Co(ur)
or Ni(u) leads to 3D frameworks with antiferromagnetic inter-
actions containing both isolated metal-thiolate clusters and
infinite M-S chains.** However, only the Ni complex has been
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characterized by SXRD. As shown in Fig. 4D, there are two
distinct coordination environments for the Ni centers. One
shows octahedral Ni(u) ions chelated by two 6-mna ligands via
four equatorial thiolate sulfurs in a square plane and two pyri-
dine nitrogens arranged trans at the apical sites. These Ni
octahedra are edge-sharing and thus form an undulating chain
of Ni-S, squares. The other Ni species exist as isolated Nis
clusters which are bridged by syn,syn-OCO-carboxylate and cis-
solvent molecules. These clusters connect the infinite Ni-S
chains into a 3D network. While the Weiss constant of —17.5 K
indicates antiferromagnetic coupling as the dominant exchange
interaction, the xT of these Ni polymers shows a peak at 14 K
which decreases with increasing magnetic field suggesting the
presence of spin-canting.

The materials described above leverage M-S linkages for
interesting magnetic behaviors, but this design element also
enables high electrical conductivity. Two 2D m-d conjugated
CPs with planar 2D Kagome lattices and a formula of
[Cus3(CeQe)]- (Q = S, Se) have been prepared from Cu(u) and
benzenehexathiolate (BHT)/benzenehexaselenolate (BHSe) by
the Zhu group.*® In these two structures each ligand is con-
nected to six Cu(u) ions to generate six-fold symmetry. Each Cu
atom is coordinated to four ,-S in a square-planar geometry
leading to a dense nonporous network with infinite (-Cu-S/Se-)
linkages (Fig. 5A). The conductivity of a pressed pellet of
[Cus(CeSeq)] is 110 S em™ ' and a thin film of [Cus(CeSe)]n

(A)\\”/\ oWse % <b |
he .
[Cus(CeSelln |, 1] »\%/\%‘%

(B)

1.0
< 1.0
o
0.8% 08 7
8, §0.6 ]
& S04 {
E 02
E02" 'ﬂ:{o:o
00 01 02 03 04 05
0.0 U
) 0 50 100 150 200 250 300

T (K)

Fig.5 The planar 2D Kagome lattice of [Cus(CgSe)l, (A). Color code: S,
yellow; C, grey; Cu, sky blue.3* Temperature dependence of the
normalized resistance R(T)/R (300 K). Inset: expanded scale for
temperatures near the superconducting transition (B) (reproduced
from ref. 35b with permission from Wiley-VCH, copyright 2017).

This journal is © The Royal Society of Chemistry 2020
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displays a conductivity of 2500 S cm ™' at room temperature,
which is the highest among reported CPs. Ultraviolet photo-
electron spectroscopy (UPS) on both materials suggests a Fermi
edge above 0 consistent with an intrinsic metallic nature in
these materials and provides an explanation for the observed
high conductivity. Furthermore, a superconducting transition
was observed at 7. = 0.25 K at ambient pressure for [Cuz(CeSe)]»
as indicated by electrical resistivity, magnetic susceptibility,
and specific heat measurements, making it the first and only
example of a CP that exhibits superconductivity (Fig. 5B).
Meanwhile, under field-effect modulation, [Cu;(CeSe)],, displays
ambipolar charge transport with extremely high electron and
hole mobilities (116 cm® V™' s~ for electrons and 99 cm”® V"
s~ for holes). In short, the unique Kagome topologies of these
materials and extraordinary conductivity highlight the great
potential in designing new superconducting and advanced
electronic materials from transition metal-heavy chalcogenide
SBUs.

3. Discrete transition metal sulfide/selenide/telluride
clusters as nodes

While the strategy of using organosulfur or organoselenide
ligands to generate metal-thiolate/selenolate SBUs directly in
the construction of CPs has been remarkably successful, pre-
formed transition metal sulfide/selenide/telluride clusters are
also attractive SBUs for new materials. Transition metal-chal-
cogenide clusters, here defined as polynuclear complexes with
multiple metal-chalcogenide (S, Se, Te) bonds, have been
investigated for some time as mimics or molecular analogues of
chalcogenide minerals.*® These clusters are potentially useful
building blocks in the construction of functional materials
because of their tunable structural diversity, catalytic activity,
multiple accessible redox states, and magnetic properties.
Several examples have been reported so far using known metal
sulfide/selenide/telluride clusters as nodes either through
ligand substitution or “complex as ligand” methodologies,*” but
the utility of these building blocks is vastly underexplored
relative to oxygen-based alternatives.

(a) Coordination polymers based on Mo;S; clusters.
Molybdenum disulfide (MoS,), especially as nanoparticles or
monolayers, is an active catalyst for the hydrogen evolution
reaction (HER) and thus is a popular research target in the field
of renewable energy.*® Since the fundamental mechanism of
catalysis is still under debate, molecular clusters such as
Mo;S,*" have been targeted as models of MoS, as these species
demonstrate an ideal topology to mimic the active sites in
mechanistic studies.*

Recently, Ji et al. have successfully linked Mo;S; clusters with
1,4-benzenedithiolate (BDT) to form dimers, cages, and 1D
chains.* The robust ligand substitution chemistry of the well-
documented Mo;S, clusters enables its extension into chains
as a three-connected SBU (Fig. 6A). The highly crystalline chains
of MOS-3 (Fig. 6B) display dramatically improved catalytic
activity for HER with a 40-fold enhancement in turnover
frequency (TOF) over molecular Mo;S,-cluster complexes. This
material also enables electrocatalysis with a current density of

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Representation of a ligand substitution strategy (A);*° MosS;
clusters connected by BDT into a chain structure (MOS-3) (B). Color
code: Br, orange; S, yellow; C, grey; Mo, light green. Comparison of
HER catalysts between MOS-3 (red dot) and various inorganic MoS,
materials (black dots): TOF per Mo at an overpotential (n) of 0.2 V
plotted against the overpotential required for a current density of 10
mA cm™2 (C) (reproduced from ref. 40 with permission from the
American Chemical Society, copyright 2018).

10 mA cm ™ ? at an overpotential of only 89 mV, representing the
lowest value among both molecular and solid-state Mo-S,
compounds (Fig. 6C). This outstanding performance is ascribed
to the periodic arrangement of Mo3S; clusters on the electrodes
facilitating mass transport. Unlike previous catalytic studies on
amorphous MoS, materials, highly crystalline polymers allow
for analysis on well-defined structures at the molecular level.
This advance also enables straightforward synthesis and pro-
cessing onto electrodes or devices.

(b) Coordination polymers based on Fe,S, clusters. Iron-
sulfur clusters were first discovered in ferredoxins in the early
1960s, and more than 120 distinct types of enzymes and proteins
containing these clusters have been identified since then.***'
These enzymes are generally involved in redox processes which
are enabled by the various oxidation states of the iron-sulfur
clusters. A variety of synthetic molecular clusters have been
investigated as mimics of these important cofactors. In the family
of iron-sulfur clusters nuclearities can range from 2 to 18 with as
many as 30 bridging sulfur (sulfide) atoms, resulting in diverse
geometric and electronic structures.”” The diverse structures and
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redox properties of this family of clusters make them ideal
candidates as SBUs. However, incorporating these iron-sulfur
clusters into CPs has only recently been explored.

Recently, Horwitz, Xie, et al. demonstrated that the most
thoroughly studied Fe,S, clusters can be connected with BDT
through solvothermal reactions between BDTH, and [NR,],[-
Fe,S,](SPh), (R = methyl or n-butyl groups) to generate highly
crystalline 1D-chain polymers (Fig. 7A).** The crystallinity of
these chains is possibly due to slow or reversible ligand
substitution processes between BDT and benzenethiolate.
Furthermore, it was found that anionic chains exhibited coun-
terion dependent solubility. The tetramethylammonium (TMA)
salt is soluble in DMF and small-angle X-ray scattering (SAXS)
confirms that the anionic chains exist as swollen polymer coils
in solution. Taking advantage of this solubility, the electronic
properties of Fe,S,~-BDT chains were probed via UV-visible
spectroscopy and cyclic voltammetry and compared to the
{[Fe4S4](SPh),}*~ precursors. Importantly, two quasi-reversible
reduction processes are observed for the chain material which
are assigned as the [Fe,S,]*"/[Fe,S,]" and [Fe,S,]'/[Fe S|’
couples respectively (Fig. 7B). Further studies show that the
redox-activity of the Fe,S, clusters can be accessed with chem-
ical reagents as post-synthetic reduction increases the electrical
conductivity of the materials by up to 4 orders of magnitude
from 5(3) x 10 " to 5(2) x 107 ®*Scem .

These results highlight the advantages of using redox-active
metal-chalcogenide clusters as building blocks in preparing

(A) Fe,S,(BDT),

Fe,S4(BDT),(TMA), in DMF
[Fe4S4(SPh)4I(TMA),

N
o
il

Current (pA)

L L B B L B B B B
12 14 16 -1.8 -20 -22 -24 -26
V vs. FeCp, /FeCp,

Fig. 7 Structural representation of [Fe4S4(BDT),]?~ anion chains (A).
Color code: S, yellow; C, grey; Fe, orange.** Cyclic voltammograms of
polymer Fe4sS4(BDT)2(TMA), and monomeric [FesS4(SPh)4]1[TMAL.
Conditions: DMF, 0.1 M [Li][CFsSOs], 0.1V s~ (B) (reproduced from ref.
43 with permission from the American Chemical Society, copyright
2019).
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new classes of CPs with tuneable properties, but it is noteworthy
that there are comparatively few examples where well-defined
sulfide clusters have been used in this manner.

(c) Coordination polymers based on [TeFe;(CO)yCu,]
clusters. Transition metal carbonyl complexes have been known
for more than 100 years and are classic case studies in organ-
ometallic chemistry. Many metal carbonyl clusters exhibit
redox-activity and can serve as electron reservoirs. Thus, they
may serve as functional nodes for CPs.** Among the family of
transition metal carbonyl clusters, carbonyl chalcogenide clus-
ters have emerged as a unique subclass and this area has
matured over the past few decades.”” Incorporation of these
clusters into extended structures through organic linkers has

(A) [TeFe;(CO)oCuy,]

(B) [{TeFe;(CO)sCu}( bpy) sln

Fb‘

. .

Fig. 8 Schematic representation of the TeFes(CO)oCu,(MeCN),
cluster (A); a 1D zigzag chain of [{TeFes(CO)gCuz}bpy)isl, (B);%6* 2D
honeycomb-Llike polymers of [{TeFes(CO)oCu}Cu(lL), 5], (L = bpea) (C);
a 2D wave-like cation—anion polymer of [{Cuy(L)4}—-({TeFes(CO)g-
Cul()], (L = bpp) (D).*¢* Color code: Te, brown; O, red; N, blue; C,
grey; Fe, orange; Cu, sky blue. CO has been omitted for clarity.
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been explored in only a limited manner, with a few examples of
CPs reported so far using dipyridyl ligands and the [TeFes(-
CO)yCu,] cluster.*®

A particularly important example is the ternary Te-Fe-Cu
polymer chain [{TeFe;(CO)oCus}(bpy)s.s}. (bpy = n-4,4'-dipyr-
idyl) which is prepared from the parent cluster [Et,N],[TeFe;(-
CO)o], [Cu(MeCN),][BF,;] and bpy in a one-pot reaction.***
Alternatively, crystalline polymer chains can also be obtained by
generating the neutral cluster TeFe3(CO)yCu,(MeCN), (Fig. 8A)
first and then reacting with organic linkers. SXRD analysis
shows that the polymer chain consists of the [TeFe;(CO)oCus,]
units alternately linked by single and pairs of bpy ligands in
a zigzag fashion (Fig. 8B). Furthermore, this material exhibits
semiconducting behavior with low band gaps of ~0.41 eV. This
behavior is ascribed to the extended structure and the m-m
interactions between the paired bpy ligands based on DFT
calculations. Later, a series of CPs were prepared via mecha-
nochemical synthesis using TeFe3(CO)yCu,(MeCN), as
a precursor with different dipyridyl linkers, including a 1D
zigzag polymer [{TeFe;(CO)oCu,}(L)], (L = 1,2-bis(4-pyridyl)

(A) 1D chain transformation

(B) Wavy chain

D A

(C) Zigzag chain

Fig.9 Schematic representation of the structural transformation of 1D
chains based on cis-[RegSeg(PEts)4(bpy)s]2™ (A);5°2 a wavy chain (B) and
a zigzag chain (C) based on trans-[RegSeg(PEts)4(bpy),l2+.5° Color
code: Se, orange; O, red; N, blue; P, lavender; C, grey; Cd, sky blue; Co,
rose; Zn, pink; Re, navy blue.

This journal is © The Royal Society of Chemistry 2020
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ethane (bpea) or 1,2-bis(4-pyridyl)ethylene (bpee)), 2D honey-
comb like polymers [{TeFe;(CO)oCu}Cu(L), 5], (L = bpea or
bpee) (Fig. 8C), and 2D wave-like charged polymers [{Cu,(L),}-
({TeFe;(CO)oCu},(L))], (L = 1,3-bis(4-pyridyl)propane (bpp))
(Fig. 8D).*» All of these materials are semiconducting.
Surprisingly, the [{Cuy(L),}-({TeFes(CO)oCul,(bpp))], material,
which uses the bpp ligand that has no extended conjugation,
exhibits better semiconducting characteristics with a bandgap
of 1.43 eV and a conductivity of 1.5 x 107> S cm ™,

(d) Coordination polymers based on M¢Qg clusters. Over
the past few decades, a family of octahedral molecular transi-
tion metal-chalcogenide clusters with the general formula
MeQs (M =V, Cr, Co, Fe, Mo, W; Q = S, Se) have been actively
studied. These molecules represent the minimum units in solid
Chevrel phases used for superconductivity, fast ion conduc-
tivity, thermoelectrics, and catalysis.*” These clusters consist of
a regular M, octahedron face-capped by eight chalcogenide
atoms Q and are accessible through solution chemistry.***** The
physical properties of these molecular precursors make them
attractive building blocks for CPs, and there have been several

(A) [KGd(H,0)s},(tdc)][ResSeg(CN)g]

(B)

(C)
CREEn, Br,/MeCN
P S N,H,/MeCN

Fig. 10 Part of the asymmetric unit linked by Gd, tdc, and RegSeg
clusters in the MOF material [{Gd(H,0)s},(tdc)][ResSeg(CN)gl (A) and
schematic representation of the crystal packing (B).>* Color code: Se,
orange; O, red; N, blue; C, grey; Gd, light blue; Re, navy blue. Color
change of the reversible oxidation and reduction for the bulk material
(C) (reproduced from ref. 51 with permission from American Chemical
Society, copyright 2018).
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studies that have shown that new materials can be built from
these clusters.*

Among the many possible clusters, Re¢Qg is one of the most
studied because of its structural stability and intriguing phys-
ical properties. Since Long et al. discovered a general method to
isolate soluble [ReqQg]** clusters via a solid-state route in 1996,
materials generated from this hexanuclear rhenium chalco-
genide cluster have been rapidly developed.*” For instance,
combining the linker-capped cluster cis-[ResSes(PPh;)4(bpy).]**
with Cd** in a 1 : 1 (molar) ratio results in a 1D chain of corner
sharing squares (Fig. 9A left). Adding excess Cd** triggers
a further transformation into zigzag chains with denser packing
(Fig. 9A right). This transformation suggests an equilibrium
between the two structures dependent on the concentration of
Cd*". similarly, employing trans-[ResSes(PEts),(bpy).]*" as
a dipyridyl ligand for coordination with M>* ions (M = Co, Cd,
Zn) results in a series of 1D RegSeg-based coordination chains.
These chains adopt different configurations such as a wavy
arrangement for Cd** or Co>" (Fig. 9B) or a zigzag chain for Zn**
(Fig. 9C).%°

Besides these 1D chains, two novel types of 3D porous MOFs
have been reported using [RecSes(CN)e]* ", Gd**, and dicarbox-
ylate linkers in a three-component framework.>® These mate-
rials exhibit trigonal symmetry which can be viewed as 1D
chains of [{Gd(H,0)s},(L)]*" (L = furan-2,5-dicarboxylate, fdc;
thiophene-2,5-dicarboxylate, tdc) being extended to three
dimensions by the [Re¢Ses(CN)]*~ clusters. The SXRD structure
of [{Gd(H,0)3},(tdc)][ResSeg(CN)g] is shown in Fig. 10A and B

(B)
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and serves as a typical example. After activation under vacuum,
these porous materials exhibit high volumetric CO, uptake
(4.18 mmol mL ™" at 298 K), comparable with the highest values
for MOF materials (i.e., Mg-MOF 74, 2.92 mmol mL~*; HKUST-
1, 4.91 mmol mL ™), and remarkable CO,/N, selectivity with
a factor of 400 at a total pressure of 1 bar at room temperature.
Furthermore, reversible chemical redox events are observed
along with color changes and a luminescence response in the
red region upon treatment with Br,/N,H, (Fig. 10C). These
findings demonstrate how the properties of these chalcogenide-
based clusters can be leveraged in multifunctional materials for
gas separation and chemical sensors.

Inspired by the rich chemistry of ResSeg clusters, a series of
differentially and directionally substituted superatoms CogSeg
(CO)«(PR;)(6—x) have been developed by Champsaur et al. Link-
ing two or three clusters with 1,4-phenylenediisocyanide results
in the isolation of diatomic and linear triatomic molecules with
rich electrochemical profiles that make them ideal for incor-
poration into redox-switchable frameworks.*>* In order to inte-
grate this type of building block into a solid-state assembly,
Champsaur et al. functionalized the phosphine ligands of the
molecular clusters with carboxylate groups in the precursor
CogSeg[PEt,(4-CeH,COOH)]s (Fig. 11E). Solvothermal reaction
with Zn>" ions leads to a trigonal 3D crystalline solid (Trig 3D,
Fig. 11A) or a tetragonal 2D crystalline solid (Tet 2D) if addi-
tional HCI is added during the synthesis.*® While the structure
of Trig 3D is a complicated network in which each {CosSeg|-
PEt,(4-C¢H4COO0)]}°" cluster is coordinated to six unusual

(E) CogSeg[PEt,(4-C4H,CO,H)]

o N N

Current (uA) ~—
)

1
5N

0.5 00 -05 -1.0 -15
Potential (V vs Fc/Fc+)

Fig.11 Partial connection view of CogSeg clusters and Zn(i) in 3D network Trig 3D (A), structure of tri-Zn clusters (B); views of 2D network Tet 2D
along the b direction (C), and c direction (D); CoeSeg cluster capped with 4-(diethylphosphine)benzoic acid as a building block (E); solid-state
cyclic voltammogram of exfoliated Tet 2D sheet (F) (reproduced from ref. 53 with permission from American Chemical Society, copyright 2017).5

Color code: Se, orange; O, red; P, lavender; C, grey; Zn, pink; Co, rose.
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trinuclear Zn nodes (Fig. 11B), Tet 2D is a stacked 2D material in
which each layer is a square of CogSeg clusters bonded to four
Zn-carboxylate paddlewheels in the plane (Fig. 11C). In the
direction normal to the sheet, two axial carboxylate ligands
coordinate an additional Zn®* ion forming bent bridges
between neighboring cores above or below the plane (Fig. 11D).
Tet 2D can be chemically exfoliated to yield ultrathin, soluble
sheets and cyclic voltammetry reveals that the redox properties
of the CogSeg cores are preserved (Fig. 11F). In addition, a novel
phosphine stabilized CosSg molecular cluster formulated as
Co¢Sg(PTA)s-4HC1 (PTA = 1,3,5-triaza-7-phosphaadamantane)
has recently been reported as a candidate for redox flow
batteries due to its air stability, water solubility, and redox
activity. It has been further assembled into a 3D CP with Cuyl,
SBUs linked by cage-like PTA units resulting in a semi-
conducting material with an optical band gap of 1.59 eV.** Thus,
this class of extended solids also shows potential applications
in energy storage.

(e) Coordination polymers based on Mo/W-Cu-S clusters.
Discrete Mo(W)-Cu(Ag)-S clusters were investigated starting in
the early 1990s, initially motivated as models of enzymatic

(A) 2D layer

View Article Online
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active sites such as the iron-molybdenum cofactor (FeMoco)
and the PN-cluster of nitrogenase which contain [MoFe,S,] and
[FegSo] clusters respectively as well as the heterobimetallic
active site of Mo-Cu CODH.* An extensive library of stable
molecular Mo(W)-M'-S(Se) (M’ = Fe, Cu, Ag, Au, and others)
clusters have been synthesized and display notable properties
and applications as third-order NLO materials, catalysts,
adsorption materials, and sensors.*® These clusters have there-
fore also been used as building blocks for the construction of
supramolecular assemblies and CPs. Among them, cluster-
based coordination oligomers and polymers from Mo(W)-Cu-
S precursors with various geometries have been extensively
studied by Lang and other groups.*”

Due to their extensive delocalization and conjugation,
Mo(W)-Cu-S compounds are promising third-order NLO mate-
rials. A number of extended materials for this targeted applica-
tion have been described using a preformed cubane-like cluster
[PPh4][(n’-CsMes)MoS;(CuX);] (X = Br, NCS) and multitopic
pyridyl-based ligands, including a family of 1D chains with
single, double, triple, and quadruple strands, 2D honeycomb
and brick-wall networks, and a 3D adamantane-like network.*®

(B) 2D honeycomb

Fig. 12 Perspective view of a 2D layered network based on [(n°-CsMes)MoSs(CUNCS)s] clusters connected by bpea (A); a honeycomb 2D (6,3)
network connected by tpt (B); a 2D brick-wall like network connected by Hxtpyp (C); a 3D adamantane like framework connected by 1,4-pyz
(D).%8 Color code: S, yellow; N, blue; C, grey; Cu, sky blue; Mo, light green. n°-CsMes in (A) and (C) have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2020
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An interesting observation from these results is that the
symmetries of the multitopic ligands can essentially dictate the
topology of the final polymers. For instance, reacting the cluster
[PPh,][(n>-CsMes)MoS;(CuNCS),] with bpea (Cs symmetry) gives
rise to a 2D layered network in which the cluster cores serve as
both T-shaped three-connecting nodes and as angular two-
connecting nodes (Fig. 12A). Solid-state reactions of the clus-
ters with 2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt) (Dsn symmetry)
affords a honeycomb 2D (6,3) network in which each cluster
core serves as a trigonal-planar three-connecting node
(Fig. 12B). Using 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphyrin
(Haotpyp) (Dan symmetry) gives rise to an unusual 2D brick-wall
like network where each cluster core acts as a T-shaped three-
connecting node (Fig. 12C). On the other hand, using pyr-
azine (pyz) (D,n symmetry) surprisingly results in a 3D
adamantane-like framework with symmetrical tetrahedral
connections for the cluster cores (Fig. 12D).>*

However, the NLO performance of these materials did not
show marked improvement when compared to the cluster-
based molecules mostly because of the weak interaction of the
pyridyl ligands with the clusters. In contrast, assembling a nest-
shaped cluster of [Et,N],[MoOS;(CuCN)] into 2D (4,4) networks
with different equivalents of Cu(i), where cyanide ligands form
the bridges, results in a significant increase in NLO perform-
ance.” These findings suggest that, aside from assembly
effects, the character of the linkers such as charge and bonding
can determine the photo-activity of these materials as well.

In addition to the cubane-like clusters mentioned above,
ligand substitution of the saddle-shaped [Et;N],[WS,Cu,ls]
cluster with bpy affords an unusual 3D porous CP.°”” The
resulting polymer contains an interpenetration of the four
independent diamond nets—two [WS,Cuy(bpy),]*" cationic
frameworks and two [WS,Cu,I4(bpy),]> anionic networks. The
cationic cluster is coordinated by four pairs of bridging bpy
ligands (Fig. 13A) and extends to four crystallographically
equivalent clusters that lie at the corners of a distorted tetra-
hedron, while the anionic cluster (Fig. 13B) retains four iodide
ions and further coordinates to four bridging bpy ligands linked
to four equivalent clusters that lie at the vertices of a distorted
tetrahedron. Beyond these unusual topologies, this [WS,Cu,]
cluster-based MOF is capable of selectively absorbing iodine
and the absorption process is associated with a single-crystal to
single-crystal transformation. Fig. 13C shows the phase of the
anionic network after I, loading. An unusual Cu-I-I-I-I-Cu
bridge that runs parallel to the bpy bridge was discovered in the
I,-loaded phase. This result suggests that these clusters can be
functionalized and that unique chemical reactions between
guests and clusters can enable applications as sensors or
absorbents.

Challenges with using heavy
chalcogenide-transition metal clusters
as building blocks

The above examples clearly demonstrate that heavy-

chalcogenide based SBUs have exciting properties that make
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(A) [WS,Cu,(bpy),J?*

Fig. 13 Representation of the [WS4Cu4(bpy)s®* cationic framework

(A) and the [WS4Cuals(bpy),]?~ anionic network (B); a single channel
after absorbing guest I, molecules (C).3”” Color code: S, yellow; N,
blue; C, grey; Zn, pink; Cu, sky blue; W, light green; I, dark purple.
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their inclusion into CPs attractive. Nevertheless, there are fewer
examples of heavy chalcogenide-based SBUs than those based
on O or N. As such, it is worthwhile to consider the potential
challenges associated with using heavy-chalcogenide based
SBUs.

1. Instability of clusters and heavy chalcogenide-based
ligands

Many of the clusters and precursors described above are not
amenable to classic solvothermal synthesis and require more
complicated handling such as air- and water-free conditions.
For example, unlike carboxylic acids which form the key
ligating functionality in many MOF materials, dithiocarboxylic
acids are far less stable. Dithiocarboxylic acids with an a-
hydrogen atom are prone to double deprotonation and the
resulting dianion is highly reactive and can decompose to
other by-products.” Some thiolate-based ligands, especially
mono- and dithiocarboxylates, are hydrolytically unstable and
these linkers tend to degrade into carboxylates under sol-
vothermal conditions with adventitious water. Furthermore,
many thiolate, sulfide, or selenide based clusters can also be
oxidized or hydrolyzed in air.

Even when stable at room temperature, the decomposition
of preformed clusters under harsh synthetic conditions is
another concern. For instance, during the synthesis of [NR,],[-
Fe,S,](BDT),, we found that some amount of [NR,],[-
Fe,S4](SPh), decomposed into lamellar iron sulfide when
heated for more than one week. Further research showed that
the speed of degradation was accelerated with additional
oxidants.*

2. Comparatively poor crystallinity

To date, SXRD and powder XRD are still two of the primary tools
for structural determination of CP materials. Additionally, large
crystalline domains are beneficial for physical characterization
techniques such as four-probe conductivity measurements.®
Thus, the preparation of crystalline materials is critical to the
design, synthesis, and characterization of new CPs. However,
a number of metal-organo-chalcogenide polymers, especially
metal-dithiolene-based ones,* suffer from rapid precipitation
and poor crystallinity. This problem is shared by the chemistry
of covalent organic frameworks (COFs), many of which are also
linked through strong covalent bonds.*

In looking to address this challenge, mechanistic studies on
COFs provide two lessons. First, strong covalent bonds can
form quickly and irreversibly which prevents the self-
correction of miscoordination and defects eventually leading
to disorder. Second, for 1D and 2D CPs, interlayer or interchain
packings are also important and the irreversible aggregation of
soluble oligomers could lead to nanocrystalline powders.*
Both factors may play similar roles in the crystallization
process of metal-organo-chalcogenide materials, considering
the similarly high covalency of metal-chalcogenide bonds.
Thus, the rational improvement of crystallization conditions is
an urgent problem for the development of novel metal heavy-
chalcogenide CPs.

This journal is © The Royal Society of Chemistry 2020
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3. Poorly understood effect of templating agents

Modulators are commonly used in conventional MOF synthesis
to prevent rapid precipitation of amorphous materials by
reversibly binding to SBUs during framework growth.** In
contrast, few templating agents for heavy-chalcogenide frame-
works have been reported. Ethylenediamine is a competing
ligand frequently used to improve the crystallinity of strong-
bonding frameworks.* However, one of the main issues is the
incomplete replacement of modulators due to the strong
binding of these chelating ligands. Incomplete substitution
results in undesired products or impurities associated with
ethylenediamine coordination. Monocarboxylate ligands, such
as benzenecarboxylate, are frequently used as modulators in
conventional MOF synthesis, and the monothiolate ligand,
benzenethiolate, may be a likely candidate as a modulator for
heavy-chalcogenide based materials. However, as shown above,
owing to the large size of sulfur atoms, this ligand may bind
multiple metal centers yielding other CPs and insoluble by-
products instead of soluble intermediates for dynamic
exchange with targeted linkers.

In addition to competing modulators, the charged nature of
both preformed heavy chalcogenide SBUs and resulting CPs
suggests that ion effects in solution may also be important. We
found that in situ addition of excess lithium tri-
fluoromethanesulfonate dramatically improved the crystallinity
of [NR,],[Fe;S,](BDT), chains. Ionic screening was proposed as
a likely mechanism, but the details of ionic effects on nucle-
ation and crystal growth are yet unclear.

In sum, the usage of modulators is a promising synthetic
method to control the crystallinity of chalcogenide-rich frame-
works, but current agents suffer from impurities and unwanted
by-products. In addition, other templating effects such as ionic
strength are still poorly understood.

4. Demands on new synthetic methods for desired
morphologies and device fabrication

The challenges in generating crystalline phase-pure frameworks
subsequently make their detailed characterization difficult. In
order to test the intrinsic electronic structures of many CPs, these
materials must be fabricated into suitable morphologies or
devices such as thin films or transistors. Conventional chemical
vapor deposition (CVD) methods,* widely used for the synthesis
of inorganic 2D materials, are typically not suitable for fabrication
of most CPs. Thus, not only are the syntheses of these materials
more challenging than traditional CPs, the synthetic conditions
must also be carefully tuned to provide tailored morphologies.
Currently, liquid-liquid interface growth is widely adopted for the
synthesis of thin films* and even monolayer MOFs.®® This and
related approaches are promising for the fabrication of functional
inorganic organic hybrid materials in the future.

Opportunities for multifunctional
mineral-like coordination polymers

Heavy chalcogenide-based clusters are in some ways atomic
level units of solid-state transition metal chalcogenides.® As
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such, CPs built with these clusters as SBUs may be thought of as
inorganic-organic mimics of minerals with the added benefits
of tunability and porosity. As demonstrated above, transition
metal-heavy chalcogenide clusters inherit electrochemical
properties and some functions like catalytic activity from their
parent minerals. On the other hand, the reassembly of these
clusters with organic linkers leads to porous structures and
more diverse topologies, far beyond the limited dense solid
phases of their all-inorganic congeners. Porous mineral-like
CPs potentially also possess unique interactions with hard/
soft guest molecules, which may provide new strategies for
heavy metal capture and ion conduction. Plus, porous and
robust frameworks should also benefit the catalytic perfor-
mance of embedded clusters by stabilizing unusual geometries
and rigidly separating catalytic sites.

The beginning of the 21st century has seen a surge of interest
in two-dimensional materials with layered structures, typified
by graphene” and transition-metal dichalcogenides.” Inspired
by these in-plane conjugated 2D inorganic materials, a new
family of graphene-like 2D metal-organic frameworks has been
reported exhibiting high electrical conductivity and porosity.”
As exemplified by materials in the previous section, 2D -
d conjugated CPs based on metal-bis-dithiolene nodes display
record conductivity and even superconductivity.***? Transition
metal chalcogenide clusters as nodes are less developed despite
the fact that the combination of the delocalized electronic
structure of clusters with highly conjugated linkers could
produce a number of new conducting CP families. In addition
to conductivity, nanoscale transition metal dichalcogenides
(TMDCs) frequently display semiconducting characteristics. As
such, these mineral-like CPs are potentially attractive for
applications in electronics and photonics.”> Moreover, the
distinct structures and unique chemical properties of both
clusters and organic linkers endow these materials with
advantages in some applications such as electrochemical
energy storage and coupling of conductivity and magnetism.

1. Structural diversity and associated host-guest chemistry

(a) Preformed clusters serve as highly symmetric building
blocks. The concept of SBUs was considered a turning point in
the discovery of permanently porous MOFs and in launching
the field of reticular chemistry.” Polynuclear clusters as SBUs
play the key role of dictating the structural diversity inherent to
MOFs. Recent advances in the synthesis of MOFs with pre-
formed SBUs and linker molecules allow researchers to
prepare pure materials in desirable topologies and crystalline
forms.” For instance, synthesis from discrete metal-oxygen
clusters as starting materials, such as [ZrsO4(OH),(OMc);,]
(OMc = methacrylate), [Fe;0(0,CMe)s(OH)], and Fe™;-
O(MeOH)3, results in a number of robust and kinetically inert
frameworks with predictable topologies.” It is reasonable to
expect similar advantages from molecular metal sulfide/
selenide clusters. Furthermore, the structural diversity of
known heavy-chalcogenide clusters may also enable new
framework topologies. Most preformed metal-chalcogenide
clusters are highly symmetric, as seen in the Op-symmetric
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M¢Qs clusters, and are therefore naturally suited for “SBU-
directed” synthetic approaches which provide the opportunity
to template novel porous structures.

(b) Host-guest interactions and applications. Other than
gas and solvent absorption, porous MOFs also offer the ability to
store charged guests. Chalcogenide-rich CPs, particularly with
anionic frameworks, have dramatically different hard/soft inter-
actions with cationic guests compared to traditional MOF mate-
rials. This guest preference has potential applications in heavy
metal absorption like Hg?" uptake as well as in ion conduction or
battery applications with hard ions such as Li" (Fig. 14).”

A traditional strategy for heavy metal capture has been
functionalization of known MOF frameworks with thiol
groups.” The formation of strong chemical bonds between
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thiolate and guest metals results in less reversible capture and
release, for instance requiring a proton exchange reaction for
reversibility.” In contrast, the interactions between anionic
metal-chalcogenide frameworks and cationic guests should
generally be based on electrostatic and non-covalent interac-
tions instead of chemical bond formation, potentially favoring
fast and reversible cycling.

In another direction, many MOFs that exhibit high ionic
conductivity of alkali and alkaline earth metals are either
halide-loaded or have dangling chalcogenide groups.*®** Their
superionic conductivity is ascribed to an ideal pore size and
pore polarity that minimize the activation energy for cation
mobility. Despite being less explored in this area, chalcogenide-
rich SBUs themselves present the same features and the inte-
gration of these SBUs into frameworks could be a new synthetic
strategy for highly efficient solid electrolytes.

2. Cluster-based catalysis

(a) Accurate atomic defect engineering. Many heavy chal-
cogenide clusters support useful chemical transformations and
catalysis. For example, in a perspective article, Zheng discussed
the activation of small molecules such as acetonitrile and CO by
the Lewis acidic cluster core of [Reg(u3-Se)s]*".*> These chemical
transformations suggest that solid-state transition metal clus-
ters embedded in porous frameworks are ideal platforms for
similar catalytic applications. To illustrate this potential, we can
consider a hypothetical RegSeg-based framework as an example.
Inspired by a reported 2D Kagome [RegSeg|-PTA-Ag sheet® the
proposed platform is shown in Fig. 14 (bottom right), where
RegSeg clusters are integrated into the framework. Two Re sites
per cluster would face voids. If these sites were capped by
solvent or other weakly bound ligands, they could serve as active
catalytic sites. Currently, there has been substantial interest in
the development of molecular clusters as models of inorganic
minerals in order to accurately control and understand atomic
defect formation, and molecular oxide clusters have recently
been assembled into coordination networks.** Advances in this
area suggest exciting possibilities in catalytic materials via the
reassembly of heavy chalcogenide clusters with organic linkers
into new solid-state frameworks. In addition to providing
a higher density of catalytic sites compared with homogeneous
cluster catalysts, common catalyst deactivation pathways such
as aggregation can be avoided as the clusters are rigidly
embedded in the framework and have a spatially even
distribution.

(b) Addition of catalytic sites via post-synthetic modifica-
tion. Metal-oxygen nodes are widely used as a platform to load
single-site active metals for catalysis.** For example, Ji, Manna,
et al. metalated the Zr;, SBUs of the MOF Zr,,-TPDC with Co
affording unsaturated, highly active catalytic sites and a reus-
able solid catalyst for hydrogenation of various substrates.®”*
Similarly, the bridging chalcogenide atoms in many clusters
may support additional metal centers via analogous post-
synthetic modification (Fig. 14). Here too, a similar strategy
with molecular clusters has recently been reported with Fe edge
sites supported by a CogSeg cluster.®® In addition to the unique
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binding sites provided by these clusters, the rich properties of
metal-chalcogenides, such as photo-activity and redox-activity,
can potentially enhance catalysis with cooperative effects.®”

3. Energy storage

Electrochemical energy-storage technologies that power
portable electronic devices are ubiquitous in modern life. As
such, high-performance energy-storage materials are urgently
needed by the growing markets of mobile consumer electronics
and electric vehicles. However, the specific capacities and
stability of prevalent cathode materials for lithium-ion
batteries, such as LiFePO, and LiCoO,, are fundamentally
imposed by their metal-based single electron redox couples.®® In
efforts to surmount this limit, an appealing strategy is promo-
tion of redox activity in metal-organic frameworks.’>** The
incorporation of metal- and ligand-based redox processes
enables redox-active MOFs to achieve theoretical capacities that
exceed those of traditional inorganic materials. A key example is
the exploration of battery chemistry of semiquinoid-based
MOFs by Ziebel et al. recently.” Indeed, metal-chalcogenide
clusters with multiple stable oxidation states are attractive
targets as well (Fig. 15). For instance, Li et al reported
a reversible Li" intercalation process in the hybrid organic/
inorganic dimensionally reduced 1D TiS,(ethylenediamine).”*
Additionally, several 2D and 3D frameworks containing CosSeg
clusters, as discussed above, display reversible redox behavior
with potential applications as battery materials.

Outside of battery applications, high surface areas make
conductive porous MOFs promising candidates for super-
capacitors and particularly pseudocapacitors.”>** Pseudocapa-
citive materials that store charge through battery-like redox
processes with fast rates owing to surface reactions offer
a pathway to simultaneously achieve high energy density and
high power density.** TMDCs such as nano-MoS, are conven-
tionally considered representative of intrinsic pseudocapacitive
materials.” Compared to these inorganic congeners, mineral-
like CPs are “expanded” by longer organic linkers. The result-
ing larger voids and higher surface area can ideally allow for
efficient mass transport and predominantly surface-centered
redox reactions which can benefit charge storage processes.
Overall, CPs based on metal-chalcogenide clusters present an
attractive target to become a new family of conducting MOFs
that meet the twin demands of energy and power density.

4. Coupling conductivity and magnetism

Multifunctional spintronic devices that respond to electrical,
magnetic, optical, and chemical stimuli are an area of intense
current interest.”® The development of modern quantum
materials, such as topological insulators,® is required not only
to understand the fundamental properties required for
a “second quantum revolution”,”® but also to provide alterna-
tives for traditional logic circuit technology and low-power
electronics.”” Recently, there has been significant interest in
spin interactions in conductive MOFs that contain para-
magnetic metals or radical ligands.®**'*° As early as 2013, Wang
et al. theoretically predicted that the honeycomb framework
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Ni3(BHT),, which was previously synthesized by the Nishihara
group, would exhibit nontrivial topological states in both
a Dirac band and a flat band.**** In 2019, Yang et al. modelled
the spin interactions in graphene-like conductive MOFs within
isolated triphenylene-bridged trinuclear complexes of Cu.'**?
Besides graphene-like frameworks, Liu et al. reported the
reversible redox switching of both magnetic order and electrical
conductivity in manganese benzoquinoid frameworks, sug-
gesting these novel magnetic conductors could have potential
applications in spintronic devices.'**

In a metal-chalcogenide cluster-based framework with
conjugated linkers, the clusters may display high spin ground
states and redox-events on cluster SBUs could inject spins into
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delocalized systems, providing the possibility of coupling
conductivity and magnetism (Fig. 15). In addition, compared to
current conductive and magnetic MOFs based on first-row
transition metals and O-based linkers, CPs that contain heavy
metal-chalcogenide clusters could potentially have stronger
spin-orbit coupling. Thin films or monolayers of these mate-
rials may also exhibit quantum spin Hall effects similar to those
observed in monolayer WSe,/Te,."**

Conclusions

While clusters formed from transition metals and heavy chal-
cogenides have been known for many years with some examples
of CPs reported nearly 40 years ago, these building blocks have
still received far less attention than their oxide counterparts in
MOF chemistry. This is despite the fact that these clusters have
features such as unique geometries, redox and magnetic prop-
erties, and hard-soft matching which make them attractive for
many applications. While general synthetic protocols for
incorporating these clusters into CPs are less well-developed,
recent examples illustrate that these promising building
blocks can be reliably incorporated into new CP materials. The
use of these clusters as nodes therefore offers exciting potential
for emerging areas in CP and MOF materials and applications.
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