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We report a synthetic strategy to integrate discrete coordination
cages into extended porous materials by decorating opposite
charges on the singular cage, which offers multidirectional
electrostatic forces among cages and leads to a porous
supramolecular ionic solid. The resulting material is non-
centrosymmetric and affords a piezoelectric coefficient of 8.19
pC/N, higher than that of the wurtzite ZnO.

Discrete coordination cages, also known as metal-organic
cages or metal-organic polyhedra, constructed by the self-
assembly of metal ion or clusters and organic ligands,'3 have
recently garnered significant attention as a class of
permanently porous materials.*® Structural designability and
modularity, similar to that of MOFs,”2 along with solution
processibility, enable families of coordination cages to be
investigated in gas storage/separation,® catalysis,1%11 and drug
delivery.’2 Given their large internal cavities and tunable
diversified structures, coordinate cages have been viewed as
supramolecular building blocks to build infinite porous
framework materials.131> In order to achieve the extended
frameworks, two well-known strategies!® have been
investigated: 1) pillaring linkers to bridge unsaturated metal
sites of coordination cages (Figure 1a);'7"1® 2) mechanical
bonds, including interlocking and interpenetrating, to expand
the dimension (Figure 1b).20-22 Recently, Bloch et al. reported
an example of porous ionic solids based on the self-assembly
of two different types of coordination cages carrying
oppositely charges (Figure 1c).23

Herein, we report a new synthetic strategy of decorating
charges on the building blocks (e.g., organic ligands), which
results into charge separation on the singular coordination
cage and enables to extend coordination cages into a
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permanently porous material. An ionic solid is composed of
cations and anions held together by electrostatic forces. Our
strategy introduces opposite charges to separated sites of the
singular supramolecular coordination cage, which offers

a)

Bridging linker

Mechanical bond

Charge decoration

This work

Figure 1. a) Pillaring linkers are added to bridge unsaturated metal sites of
discrete coordination cages (® unsaturated metal sites). b) Mechanical bonds,
such as interlocking and interpenetrating, are built to extend the frameworks. c)
Electrostatic forces between oppositely charged coordination cages construct a
porous material. d) Here we report that electrostatic forces between different
sites of the singular cage (®,® sites carrying opposite charges) build a porous
supramolecular ionic solid.
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Figure 2. a) The synthetic steps of 3,5-dicarboxy-1-methylpyridinium chloride
(1). Conditions: i) EtOH, H2S04, 78 °C, 24 h. ii) Mel, toluene, MeCN, 65 °C, 24
h. iii) HCI, 90°C, 72 h. b) Solvothermal reaction of 1 and Cu(OAc)2'H20 affords
blue blocked-shaped crystals of 2.

multidirectional electrostatic forces among cages and leads to
an ordered close-packing supramolecular ionic solid (Figure
1d).

We initiated these investigations by choosing an organic
ligand featuring a motif (e.g., pyridine-3,5-dicarboxylic acid)
resembling isophthalic acid, commonly encountered in the
assembly of coordination cages.?425> Meanwhile, to exemplify
the proof-of-concept, we employed the N-methylation of
pyridine via iodomethane to introduce the positive charge to
the ligand. Therefore, synthesized 3,5-dicarboxy-1-
methylpyridinium chloride (1) as the ligand (Figure 2a), starting
from pyridine-3,5-dicarboxylic acid followed by esterification,

we

N-methylation, and hydrolysis (see details in Supporting
Information). The solvothermal reaction of 1 and Cu(OAc)-H,O
in the presence of N,N-dimethylformamide (DMF) and
methanol at 75 °C for 24 hours provides blue block-shaped
crystals of 2 (Figure 2b). In contrast, the same reaction
condition with pyridine-3,5-dicarboxylic acid, instead of 1,
does not afford any crystalline phase (Figure S1).

Single-crystal X-ray diffraction (SCXRD) analysis reveals that
2 crystallizes in the cubic space group of 143m (a = 20.746(3) A,
Table S1) with an empirical formula of
[Cu12(OCH3)12(CsHeOaN)12(H20)4]. As shown in Figures 3a and
3b, the metal cluster is composed of two square-pyramidal
Cu(ll) cations bridged by two p,-methoxide anions. While an
aqua ligand partially occupies the axial position of the square
pyramid pointing toward the inside, each Cu(ll) also
coordinates with two oxygen atoms of two carboxylate groups
from different ligands in a cis mode, which generates a basal
plane with two oxygen atoms of the methoxide ions. Overall,
each metal cluster with a formula of
[Cuz(OMe),(00C)4(H20)0.7]1%~ (Figure 3b) carries two negative
charges. Each positively charged pyridinium moiety connects
two metal clusters via the carboxylate groups. Thus, the
discrete coordination cage is constructed by six negatively
charged metal clusters (including twelve methoxide anions and
aqua ligands, respectively) and twelve positively charged
organic ligands (Figure 3a). A cuboctahedron can be generated
by connecting the twelve positively charged nitrogen sites,
while the six negatively charged metal clusters are distributed
at the centres of the six square faces (Figure 3c). Separated
charge distribution at the vertices or on the faces of the
polyhedron directs the packing of the coordination cages in
the 3-dimensional space. The multidirectional electrostatic
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Figure 3. a) The discrete coordination cage, 2, is built from the solvothermal
reacton of 1 and Cu(OAc)’H20. b) The metal cluster,
[Cuz2(OMe)2(00C)s(H20)0.7)%, carries negative charges. c) A cuboctahedron is
formed by connecting the twelve positively charged nitrogen sites and the six
negatively charged metal clusters are distributed at the centres of the six
square faces of the cuboctahedron. d) The discrete cages follow a body-
centred cubic packing mode. e) The electrostatic forces between different sites
in the ionic solid are illustrated by dotted lines, drawn by the positive sites and
their closest negative sites (the axial aqua ligands were omitted for clarity).

forces between cages result in a supramolecular ionic solid
with a body-centred cubic packing (Figure 3d). The
electrostatic forces between different sites in the ionic solid
are illustrated in Figure 3e.

Powder X-ray diffraction (PXRD) analysis verifies the phase
purity of 2, based on the agreement between the experimental
patterns and the calculated ones (Figure S2). Meanwhile, the
obtained supramolecular ionic solid, 2, exhibits distinctive
chemical stability after being soaked for one week in a series
of different organic solvents, e.g., acetonitrile (MeCN),
acetone, dichloromethane (CH,Cl;), methanol (MeOH), and
tetrahydrofuran (THF), probed by PXRD patterns (Figure 4a). In
addition, the desolvated sample obtained by extensive
acetonitrile exchange evacuation at 90 °C still
demonstrates consistent PXRD patterns (Figure S2), compared
with the initial ones.
these observations, activated by
exhaustive acetonitrile exchange followed by heating at 90 °C
under vacuum prior to gas adsorption analysis. The permanent
porosity of 2 was characterized by N, adsorption isotherms at
77K (Figure 4b), which provided a measured Brunauer-
Emmett-Teller (BET) surface area of 690 m2/g (P/Po = 0.02—
0.15). Though the multidirectional electrostatic forces lead to a
close-packing solid of 2, it still exhibits permanent porosity due
to the empty internal space of coordination cages and their
ordered packing (Figure S3).

Piezoelectric materials, which convert mechanical stress
into electrical energy (and vice versa), are crucial in energy
storage, sensors, actuators, and others.2627 Given the non-
centrosymmetric space group and the remarkable chemical
stability of 2, we examined its piezoelectric response using a
Berlincourt piezometer (details in Supporting Information).

and

Based on 2 was
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Figure 4. a) Compared with its calculated PXRD pattern (—), 2 shows
consistent PXRD patterns after being soaked for one week in a series of
organic solvents, including MeCN (—), acetone (—), CH2Cl2 (—), MeOH (),
and THF (—). b) N2 adsorption isotherms of 2 (adsorption (®), desorption (O))
were measured at 77 K. Its Brunauer-Emmett-Teller (BET) surface area was
generated with a value of 690 m?/g (P/Po = 0.02-0.15).

Multiple measurements provide an average piezoelectric
coefficient, dss; value, of 8.19 (+1.30) pC/N. To validate the
measurement, the same analysis method provides a ds3 value
of 4.30 pC/N for the wurtzite zinc oxide (ZnO) powder,
consistent with the reported value on ZnO in the range of 3 —
12 pC/N.28 To the best of our knowledge, 2 represents the first
coordination cage reported with a piezoelectric response,
which may expand the scope of well-explored traditional
piezoelectric materials.

In conclusion, we report a new synthetic strategy of
charge decoration to extend discrete coordination cages into a
supramolecular ionic solid. While multidirectional electrostatic
forces between positively charged ligands and negatively
charged metal nodes among cages lead to a close packing, the
empty internal space of the coordination cage still provides the
permanent porosity of the resultant solid. Meanwhile, we
describe its piezoelectric response, which outperforms that of
the ZnO powder. The emerging metal-organic materials may
provide promising potentials as a new class of piezoelectric
materials, in addition to the well-known pure inorganic
materials.
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