
Creative Construction of a Series of Chiral 3D Indium−Organic
Frameworks with a umy Topology
Xin He,† Xin Wang,† Tianyu Xiao, Shunlin Zhang, and Dunru Zhu*

Cite This: https://dx.doi.org/10.1021/acs.inorgchem.0c02913 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Using 2,2′-R2-biphenyl-4,4′-dicarboxylic acid to bind with a cis-[InO4(μ2-OH)2] octahedron, three novel chiral 3D
indium−organic frameworks, [In(μ2-OH)L] [1, L

1, R = N(CH3)2; 2, L
2, R = OCH3; 3, L

3, R = CH3], have been hydrothermally
synthesized without chiral reagents. Crystal structure analyses reveal that 1−3 show an unprecedented 4-connected umy topology
with the Schlafl̈i symbol (42·64). 1 exhibits high water stability and good sorption selectivity of CO2 over N2, while 3 displays high
C2H2, C2H4, and C2H6 uptake capacity at 273 K.

Metal−organic frameworks (MOFs) involving divalent
transition metals have attracted intense attention

because of their aesthetic and topological interest and potential
applications in gas separation, catalysis, sensors, and proton
conductivity and photoluminescence properties.1−11 However,
relatively fewer studies have been reported for the synthesis of
MOFs incorporating trivalent main-group metals, especially for
indium. One of the main reasons may be the lower abundance
of indium in nature. Recently, investigation of indium−organic
frameworks (InOFs) has become an active topic of research
because of the very low acute toxicities, high chemical
stabilities, and intriguing topologies and properties of
InOFs.12,13 Generally, InOFs are built from three typical
secondary building units (SBUs), including tetrahedral [In-
(CO2)4] monomers, [In3O(CO2)6] trimers, and [In(OH)-
(CO2)2] chains.14−16 Among them, 1D straight chains
consisting of trans-[InO4(μ2-OH)2] octahedra are commonly
found, while 1D helical chains with cis-[InO4(μ2-OH)2]
octahedra are quite unusual.17−19 It is noteworthy that the
helical chain can often act as a chiral origin to induce
spontaneous resolution upon crystallization of the racemic
compounds, resulting in chiral MOFs.20 This idea is also
important for the construction of chiral MOFs from both
academic and practical points of view. Nevertheless, chiral
MOFs originating from the helix [In(OH)(CO2)2] chains are
rarely reported.18 Thus, a large number of chiral nets have not
been experimentally identified, although they theoretically
exist. For example, the topological number of the 4-connected
chiral nets is 71 in theory, but only 11 nets have been
discovered in practice.21 Therefore, the exploration of chiral
MOFs with a novel topology still remains a big challenge.
Over the past decade, our group has been interested in

building MOFs with substituted biphenyl-4,4′-dicarboxylic
acid (BPDC).22−28 Especially, 2,2′-bisubstituted BPDC with
an atropisomeric conformation is a potential chiral source
because the free rotation of biphenyl about the C−C bond is
often restricted if large groups are attached on the phenyl ring,
and the resulting MOFs may show an acentric or chiral
structure.29−31 For instance, 2,2′-dimethoxybiphenyl-4,4′-

dicarboxylic acid has been used to construct acentric
cadmium-based MOFs, which feature an unprecedented 3D/
3D heterointerpenetrating framework consisting of a dia net
and a bcu network.24,25 However, the chiral main-group-based
MOFs built directly from 2,2′-bisubstituted BPDC ligands
have not been reported until now. On the basis of these
considerations, we designed and synthesized a new substituted
BPDC ligand, 2,2′-bis(dimethylamino)biphenyl-4,4′-dicarbox-
ylic acid (H2L

1 in Scheme S1), and expected that the ligand
with two large dimethylamino groups could be used to
construct chiral MOFs. Herein, when indium was chosen as
the metal center, three chiral InOFs, [In(μ2-OH)L] (1, L

1; 2,
L2; 3, L3), were built successfully from H2L

1 and two known
2,2′-bisubstituted BPDC ligands, H2L

2 and H2L
3 (Scheme S2),

under solvothermal conditions. Crystal structure analyses
reveal that InOFs 1−3 show an unprecedented 4-connected
umy topology induced by an 1D helical chain with a rare cis-
[InO4(μ2-OH)2] octahedron. Their gas adsorption properties,
spectral features, and stabilities have been systematically
investigated.
A solvothermal reaction of equimolar In(NO3)3 and H2L

1−3

in a mixture solvent of N,N-dimethylformamide (DMF)/
acetone/water (H2O) or dimethylacetamide/H2O produced
1−3 in a yield of 70, 58, and 85%, respectively (see the
Supporting Information, SI). Structural analyses reveal that
isomorphous 1−3 crystallize in the hexagonal P6522 space
group for L-1−3 and in P6122 for the enantiomers D-(1−3
(Table S1). Because 1−3 are isostructural, only the structure
of L-1 is discussed in detail. The asymmetric unit of L-1
consists of 0.5 In3+ ion, 0.5 (L1)2− ligand, and 0.5 μ2-OH

− ion
(Figure S1). Each In3+ center is coordinated by two cis-
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oriented μ2-OH
− ions (O3 and O3i) and four carboxyl oxygen

atoms (O1, O1ii, O2i, and O2iii) from four different L1 ligands
to form a distorted [InO6] octahedron where O1, O1ii, O3,
and O3i are in the equatorial plane, while O2i and O2iii sit in
the axial positions (Figures 1 and S2). The In1−O1 and In1−

O2i distances are 2.150(2) and 2.154(3) Å, respectively. Each
μ2-OH

− bridge links two In3+ ions with an equidistance of
2.0811(13) Å and a In1−O3−In1iv angle of 119.1(1)° (Table
S2). All In−O bond lengths are comparable to the related
InOFs.17−19 Each adjacent In3+ ion is bridged by a μ2-OH

− ion
and two carboxylic groups to produce a 1D helical [In(μ2-
OH)(COO)2] chain with an In1···In1i (i, 1 + x − y, 1 + x, z −
1/6) distance of 3.5878(2) Å (Figure 2a). Along the c axis,
there is a pitch of 17.7236(9) Å, which is exactly equal to the c
dimension of the unit cell. Each 1D helical chain as a chiral
source is further connected to six peripheral ones through the
biphenyl groups to form a 3D homochiral framework (Figure
2b). This arrangement generates 1D trigonal channels with an
edge of 9 Å along the c axis (Figure S3). The channels are
occupied by one H2O and two DMF molecules, accounting for
the 48.4% solvent-accessible voids of the L-1 framework.32

Notably, the chirality of L-1 may come from the axially chiral
conformation of the H2L

1 ligand owing to the existence of two
large dimethylamino groups on the 2 and 2′ positions of the
biphenyl ring. This hypothesis can be confirmed by the
observation of a big dihedral angle [59.07(2)°] between the
biphenyl ring (Table S3) and the solid-state circular dichroism
spectra (Figure S4). The present InOFs 1−3 are good
examples of chirality transfer from an achiral ligand to the
1D helical chain and finally to the homochiral lattices. This
result may originate from two elements of chirality: (1) the
2,2′-bisubstituted BPDC ligand is locked into an atropisomeric
conformation, and (2) the rare cis-coordinated μ2-OH

− ions
can induce 1D [In(μ2-OH)(COO)2]n chains to form a helix,
thus promoting the transfer of chirality and a spontaneous
resolution.20

Topologically, if we neglect the μ2-OH
− ions and connect all

carboxylate carbon atoms in the same way as that shown in
Figure 2d, it will give a helical ladder with the carbon atoms at
the vertices. In this case, each cis-[InO4(μ2-OH)2] octahedron
can be simplified as a 4-connected node, and the framework of

L-1 is finally a 4-connected chiral umy net with (42·64)
topology (Figure 2e).33−35 To our knowledge, the present 4-
connected chiral network with a umy topology has not yet
been experimentally observed, although it should theoretically
exist (Table S5). Furthermore, when the large dimethylamino
groups in the H2L

1 were changed to two smaller ones
(methoxy in H2L

2 and methyl in H2L
3), while the cis-[InO4(μ2-

OH)2] SBU remained, the same chiral umy net can still be
obtained, revealing that self-assembly of the cis-[InO4(μ2-
OH)2] SBU with the nonchiral 2,2′-bisubstituted BPDC is an
effective strategy for the construction of uninodal chiral 3D
MOFs.
The experimental powder X-ray diffraction (PXRD) patterns

of 1−3 are basically identical with the respective simulated
ones, indicating the high phase purity of the bulk products of
1−3 (Figures S10−S12). When the crystals of 1 are immersed
in H2O for 1 month, their PXRD peaks are in good agreement
with the simulated ones, revealing that 1 is highly water-stable.
Moreover, the framework of 1 can also be retained in a pH = 2
aqueous solution for 1 day (Figure S10), which is very unusual
in the carboxylate-based 3D InOFs.18,36−38 In the thermogra-
vimetric analysis (TGA) curve of 1, the first observed weight
loss (26.3%) between 298 and 548 K is due to the loss of one
H2O and two DMF molecules (calcd 26.4%; Figure S13). The
framework of 1 collapses above 673 K, and the final residue is
In2O3 at 813 K (the observed loss of 22.1% and calcd 22.3%).
The TGA results of 2 and 3 are similar to those of 1 (Figures
S14 and S15), further supporting the isostructural nature of 1−
3.
The 55.9% solvent-accessible volume of 2 is smaller than

58.7% of 3 because the size of methoxy in H2L
2 is larger than

that of methyl in H2L
3. To confirm the permanent porosities of

1−3, the N2 adsorption isotherm at 77 K is determined, and
the results show that all InOFs exhibit a reversible type I
isotherm, a characteristic of microporous materials (Figures
S16−S18). The Brunauer−Emmett−Teller (BET)/Langmuir
surface areas of 1−3 are 1167/1196, 1460/1524, and 1694/
1829 m2/g, respectively, and the corresponding porosities are
0.46, 0.56, and 0.65 cm3/g, respectively (Table 1). Because 3
possesses the biggest BET area and porosity among 1−3, the
gas adsorption properties of 3 are studied in detail. The CO2,
CH4, C2H2, C2H4, and C2H6 adsorption isotherms were
measured at 273 and 298 K, respectively (Figure 3). The
saturated CO2, CH4, C2H2, C2H4, and C2H6 adsorption of 3 at
273 K are 87.5, 32.2, 134.4, 122.5, and 125 cm3/g, respectively
(Table S4), while the N2 adsorption is only 7.1 cm3/g. At 298
K, the CO2, CH4, C2H2, C2H4, and C2H6 uptake capacities of 3
decrease to 48.9, 21.0, 85.6, 80.2, and 92.5 cm3/g, respectively,
while the N2 adsorption is merely 2.9 cm3/g. Thus, 3 shows
high C1/C2 gas uptakes compared to the InOFs with similar
BET surface area and porosity (Table S4). The CO2
adsorption value of 3 at 273 K is larger than that (64 cm3/
g) found in a related InOF (FJI-C1) with a similar BET area
(1726 m2/g) but quite smaller than those (190.8 and 129 cm3/
g) in two related InOFs (CPM-200-In/Mg and JLU-Liu18)
with the same porosity.39−41 However, the C2H2 and C2H6
adsorption values of 3 at 273 K are almost equal to the
corresponding ones (135.9 and 123.6 cm3/g) found in FJI-C1,
while the C2H4 adsorption value of 3 is larger than that (85.2
cm3/g) in FJI-C1. Notably, 2 shows the highest CO2
adsorption capacity of 111.2 cm3/g at 273 K, which is
comparable to the known InOF (JLU-Liu7, 113 cm3/g) with a
smaller BET area (879 m2/g).38 The better affinity of 2 with

Figure 1. cis-[InO4(μ2-OH)2] octahedron in L-1 (a) and D-1 (b).
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CO2 is attributed to the bigger adsorption enthalpy Qst (24.2
kJ/mol), which is simulated by the virial method (Table 1).
On the basis of Henry’s law, we calculated the CO2/N2
separation selectivity, which is evaluated from the single-
component isotherm data. The selective separation ratios of
CO2/N2 for 1−3 are 27.6, 25.9, and 23.0, respectively.
Notably, the good separation ratio of CO2/N2 and high water
stability make 1 a promising candidate for industrial
postcombustion gas separation applications.
In summary, by selecting different 2,2′-bisubstituted BPDC

to assemble with a 4-connected cis-[InO4(μ2-OH)2] SBU, we
successfully constructed three chiral 3D MOFs with an
unprecedented 4-connected umy topology. This creative
strategy may offer a general method for designing and

Figure 2. Structure of 1, with all dimethylamino groups and hydrogen atoms omitted for clarity. 1D helical [In(μ2-OH)(COO)2] chain in L-(1) (a)
and D-(1) (f). One 1D chain shown as polyhedra linked to six neighboring ones by the biphenyl groups to form a 3D chiral framework in L-(1) (b)
and D-(1) (g). Parts of the 1D helical chain shown as polyhedra in L-(1) (c) and D-(1) (h). Helical ladder formed in L-(1) (d) and D-(1) (i) if all of
the carboxylate carbon atoms are connected. 4-connected 3D chiral network with a novel umy topology in L-(1) (e) and D-(1) (j).

Table 1. Pore Volume, Surface Area, Gas Uptake Capacity, CO2 Adsorption Heat (Qst), and Selectivity of CO2/N2 (50:50) and
CO2/CH4 (50:50) for InOFs 1−3 at 273 K

surface area, m2/g gas uptake,c cm3/g STP selectivitye

InOF Vp, cm
3/g BETa Langmuirb CO2 N2 CH4 C2H2 C2H4 C2H6 CO2 Qst,

d kJ/mol CO2/N2 CO2/CH4

1 0.46 1167 1196 91.2 5.5 23.3 95.3 21.8 27.6 4.9
2 0.56 1460 1524 111.2 6.3 24.2 25.9
3 0.65 1694 1829 87.5 7.1 32.2 134.4 122.5 125 21.4 23.0 2.3

aCalculated by the BET method. bCalculated by the Langmuir method. cAt 760 mmHg. dCalculated by the virial method. eCalculated by Henry’s
law at 273 K.

Figure 3. Gas sorption isotherms for 3 at (a) 273 and (b) 298 K.
Solid symbols: adsorption. Open symbols: desorption.
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synthesizing novel chiral MOF materials that may have
potential applications in asymmetric catalysis. Exploration of
the present InOFs as catalysts is in progress.
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