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ABSTRACT: A synthetic strategy to construct discrete
indium−organic polyhedra has been illustrated based on
small three-membered windows from a 2,5-pyridinedicar-
boxylate (PDC) ligand with an angle of 120°.
[Et2NH2]6[In6(PDC)12] (InOF-10) is a high-symmetry
octahedron with eight three-membered windows, and
[Et2NH2]18[In18(BPDC)6(PDC)30] (InOF-11) is a com-
plex polyhedron derived from 3-edge-removed octahedra
with an auxiliary biphenyl-3,3′-dicarboxylate (BPDC)
ligand. Moreover, the sorption behavior of the latter is
also well investigated.

As one aspect of crystal engineering, the rational design and
synthesis of metal−organic polyhedra (MOPs) have

attracted enormous attention owing to not only their intriguing
architectures1 but also their promising applications, such as gas
separation and storage,2 nanoscale catalysis,3 chemical sensing,4

and host−guest interaction and recognition.5 As the name
implies, MOPs are discrete polyhedra constructed from metal
cations/clusters with polytopic organic linkers.6 From a
predesign perspective, high-symmetry polyhedral cages are of
growing interest because they are structurally simple and
interesting and serve as platforms for the systematic study of
their structures and functions. Although a large number of
coordination cages with various sizes and geometries with high
symmetry (tetrahedron, cube, octahedron, and dodecahedron)
have been successfully developed,7 there is still no synthetic
approach to constructing an octahedron and/or octahedron-
derived polyhedron, which remains a great challenge.
Previously reported by both the Zaworotko and Yaghi groups,8

the cuboctahedron [Cu24(BDC)24(DMF)14(H2O)10] (BDC =
1,3-benzenedicarboxylate) can be assembled from the dicopper
paddlewheel secondary building units (SBUs), where each BDC
ligand bears a 120° bend angle suitable for constructing a
truncated cuboctahedron structure with 12 Cu2(CO2)4 SBUs
and 24 BDC ligands. In this case, the bend angle of BDC is crucial
in deciding large molecular cuboctahedra. Thereafter, isostruc-
tural cuboctahedra can be prepared from Cu2(CO2)4 SBUs and
functionalized BDC ligands, such as NH2−BDC and OH−
BDC.9 Very recently, a series of examples are reported on three-
dimensional metal−organic frameworks (MOFs) from these
discrete nanoscale MOPs by auxiliary linear linkers.10

Inspired by this design principle, we propose in this
Communication a strategy for constructing new MOPs by
utilizing the smallest three-membered window11 supported by
the 120° angle organic ligand (Scheme 1), which are some of the

most ideal SBUs because they can be further extended to form
finite three-membered window-based octahedra and octahe-
dron-derived polyhedra.

Despite the fact that a number of crystallineMOFmaterials are
solvothermally obtained by the main-group element indium (In),
there are very few reports on discrete indium−organic polyhedra
(InOPs). Our group is particularly interested in seeking the
design and synthesis of new solid indium−organic hybrid
materials.12 Presented here is a synthetic strategy for
constructing octahedron and its derivative InOPs, namely,
[ E t 2NH2 ] 6 [ I n 6 (PDC) 1 2 ] ·Gue s t ( I nOF - 10 ) a nd
[Et2NH2]18[In18(BPDC)6(PDC)30]·Guest (InOF-11)
(H2BPDC = biphenyl-3,3′-dicarboxylic acid; H2PDC = 2,5-
pyridinedicarboxylic acid). InOF-11 is kind of a serendipitous
product because we also tried elongated carboxylic ligands to
construct new InOPs without success. Herein, the syntheses,
single-crystal structures, and sorption behaviors of these two
novel indium-based polyhedra are discussed in detail as follows.
Colorless cubic crystals of InOF-10 were obtained under

solvothermal reaction conditions by heating a mixture of
In(NO3)3 and H2PDC in a 1:2 molar ratio in a DEF/HNO3
solvent (5:0.1, v/v; DEF = N,N′-diethylformamide; 65 wt %
HNO3) in a 23 mL vial at 85 °C for 5 days. For rhombic InOF-
11, colorless crystals were similarly obtained by heating a mixture
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Scheme 1. Schematic Route to Constructing Indium−Organic
Coordination Cages from the 120° Angle PDC Ligand with
Extra Auxiliary Ligands
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of In(NO3)3, H2BPDC, and H2PDC in a 3:1:5 molar ratio in a
DEF/EtOH/HNO3 mixed solvent (3:3:0.1, v/v/v) at 110 °C for
7 days. The phase purity of the bulk products was confirmed by
powder X-ray diffraction (PXRD) analysis (Figure S9 in the
Supporting Information, SI). Their final formulas with guest
solvent molecules were calculated from the SQUEEZE results
combined with thermogravimetric analysis (TGA) and elemental
analysis data. For more details about synthesis conditions, see the
SI.
Single-crystal X-ray diffraction analysis reveals that InOF-10 is

crystallized in the cubic space group Ia3 ̅ with cell parameters a =
b = c = 31.1940(1) Å and V = 30354.0(2) Å3 (refer to Table S1 in
the SI). In its asymmetry unit, this compound is composed of one
In(III) ion, 2 PDC2− ligands and 1 charge-balancing Et2NH2

+

cations with the removal of other disordered guest solvent
molecules, leading to the formation of one indium-organic
octahedron with the formula of [Et2NH2]6[In6(PDC)12]

13

(Figure 1a, S1).
Structurally speaking, each indium(III) cation is eight-

coordinated to two nitrogen atoms and six oxygen atoms from
four separate PDC2− ligands to constitute a [InN2(CO2)4]
moiety (Figure S2 in the SI), which is connected to others by
bridging ligands to construct an anionic indium−organic
octahedron [In6(PDC)12]

6−. Meanwhile, these Et2NH2
+ cations

lying inside the open space are the byproduct of in situ
decomposition of DEF molecules, thus leading to charge
equilibrium. In the structure of InOF-10, each [In6(PDC)12]

6−

consists of six indium(III) ions occupying six vertexes of the
octahedron bridged by 12 PDC2− ligands acting as the edges,
with the In−N and In−O bond lengths in the ranges of
2.324(4)−2.367(4) and 2.168(4)−2.595(6) Å (Figure S3 in the
SI), respectively.
P r e v i o u s l y r e p o r t e d b y t h e B u g r o u p ,

[Me2NH2]1 0[ In1 0(NDC)4(PDC)16] (CPM-8) and
([Me2NH2]10[In10(BPDC)4(PDC)16] (CPM-9)14 belong to
the Johnson-type solid family15 derived from the vertex-removed
octahedron and consist of 10 indium(III) ions, 16 PDC2−

ligands, and 4 linear NDC2−/BPDC2− ligands. In the well-
refined crystal structure, indium ions can be treated as vertexes
and the linear carboxylate ligands as edges; thus, they are
described as elongated square bipyramids.
Single-crystal X-ray diffraction analysis reveals that InOF-11 is

crystallized in the trigonal space group R3̅ with cell parameters a
= b = 48.4679(5) Å, c = 44.1057(6) Å, and V = 89729.3(4) Å3

(Table S1 in the SI), structurally featuring a complex nanosized

indium−organic coordination polyhedron never reported
previously with the formula [Et2NH2]18[In18(BPDC)6(PDC)30].
There are 6 indium(III) ions, 2 anti-BPDC2− ligands, and 10
PDC2− ligands in the asymmetry unit (Figure S4 in the SI). In
this case, these charge-balancing Et2NH2

+ cations are disordered
and also the byproducts of in situ decomposition of the DEF
solvents.16

As shown in Figure S5 in the SI, a basic three-membered
[In3(PDC)3]

3+ window is constructed from the combination of
three indium(III) ions and three PDC2− ligands with a 120° bend
angle. With the removal of two neighboring PDC2− edges from a
complete In6PDC12 octahedron, five such [In3(PDC)3]

3+

windows tend to constitute an edge-removed hexanuclear
In6PDC10 secondary building block (SBB) with three saturated
indium(III) ions only coordinated by PDC2− ligands (In1, In2,
and In5) and three unsaturated indium(III) ions coordinated by
both PDC2− and auxiliary BPDC2− ligands (In3, In4, and In6)
(Figure 1b). In this In6PDC10 SBB, we can see that each saturated
indium(III) ion adopts a seven/eight-coordinated geometry via
binding to nitrogen/oxygen centers from four bent PDC2−

ligands to give a 4-connected node, while the unsaturated In3
and In4 ions are connected to three PDC2− and one BPDC2−

ligands, and the unsaturated In6 is coordinated by two PDC2−

and two BPDC2− ligands (Figure S6 in the SI). Meanwhile, each
PDC2− ligand takes its carboxylate groups and pyridyl nitrogen
atoms to link two separate indium(III) centers, and each
BPDC2− ligand acts as the bridging linker to connect two
indium(III) ions from two independent SBBs with all In−N and
In−O bond lengths in the ranges of 2.276(7)−2.399(6) and
2.095(6)−2.569(6) Å, respectively.
We note that InOF-11 is a discrete nanosized polyhedron

symmetrically constituted from three In6PDC10 SBBs and six
BPDC2− ligands. Upon extraction from the middle of the
polyhedron of three indium(III) atoms from one opening
orientation and three carbon atoms from another one, the cavity
consists of two kinds of window sizes along the c axis, where the
small three-membered carbon window has a side-length value of
3.86 Å, while the large three-membered indium window is 13.90
Å (Figure 2). There is an irregular reverse triangular prism in the
cavity of the molecular polyhedron InOF-11, and careful
examination of the model reveals that there is enough interspace
left from the space-filling environment (Figure S7 in the SI).
The free volume of InOF-11 with removal of disordered

solvent molecules is calculated to be 60% (solvent area volume
53943 Å3; unit cell volume 89729 Å3). To confirm the

Figure 1. (a) In6(PDC)12 octahedron, In10(NDC)4(PDC)16 and In10(BPDC)4(PDC)16 dodecahedra, and In18(BPDC)6(PDC)30 polyhedron. (b)
Hexanuclear In6PDC10 SBB.
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architectural rigidity and permanent porosity, the N2 sorption
isotherms of desolvated samples at 77 K are determined with a
saturated N2 uptake of 115.5 cm

3 g−1 (Figure 3), corresponding

to Brunauer−Emmett−Teller and Langmuir surface areas of 374
and 473 m2 g−1, respectively. Meanwhile, we also investigate the
volumetric H2 uptake at 77 and 87 K. Both H2 isotherms exhibit
rapid kinetics and good reversibility without any hysteresis
(Figure 3). The H2 uptake capacity is up to 79.9 cm

3 g−1 (0.71 wt
%) at 77 K and 1.0 bar and 58.6 cm3 g−1 (0.52 wt %) at 87 K and
1.0 bar. Moreover, the isosteric heat of H2 is simulated by the
Clausius−Clapeyron equation, which is ∼7.17 kJ mol−1 at zero
coverage and increases slowly with incessant H2 loading (Figures
S11 and S12 in the SI).
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Figure 2. Two types of three-membered window sizes in the single-
crystal structure for InOF-11.

Figure 3. Experimental N2 sorption isotherm at 77 K for InOF-11: (●)
adsorption; (○) desorption. H2 sorption isotherms are at 77 and 87 K.
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