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a b s t r a c t

The hydrothermal reaction of In3 + and 1,2,4-benzenetricarboxylic acid with the presence of piperazine

leads to the generation of a novel 3D porous coordination polymer, [H3O][In2(btc)(bdc)(OH)2] �5.5H2O

(1), (btc=1,2,4-benzenetricarboxylate, bdc=1,4-benzenedicarboxylate). Compound 1 crystallizes in

orthorhombic space group Pbca with a=16.216(7) Å, b=13.437(6) Å, c=31.277(14) Å, and Z=8. It is

interesting to find that the in-situ decarboxylation reaction of 1,2,4-benzenetricarboxylate (btc) partially

transformed into 1,4-benzenedicarboxylate (bdc) occurs. The 16 indium(III) centers were linked by four

btc, four bdc and two m2-OH ligands to form a box-girder. The adjacent box-girders are further

connected by the bdc and btc ligands to generate a novel porous metal–organic framework containing

nanotubular open channel with a cross-section of approximately 11.5�11.3 Å2. The micropores are

occupied by lattice water molecules, and the solvent-accessible volume of the unit cell was estimated to

be 3658.6 Å3, which is approximately 53.7% of the unit-cell volume (6815.4 Å3).

Crown Copyright & 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

In recent years, increasing research interest has been drawn to
explore the porous metal–organic frameworks (MOFs) for poten-
tial applications in ion-exchange, gas storage, magnetism and
heterogeneous catalysis [1–10]. The porous MOFs have many
advantages in that they can provide not only light materials with
high porosity but also desirable regular networks. Compared with
the inorganic porous materials such as zeolites and metal
phosphates, metal–organic coordination polymers can be de-
signed and constructed to generate cavities or channels of various
sizes and shapes by controlling the architecture and function of
the organic linkers [11,12].

Various multi-carboxylate ligands, for example, 1,2,4,5-benze-
netetracarboxylate (btec), 1,4-benzenedicarboxylate (bdc) and
1,3,5-benzenetricarboxylate (1,3,5-btc) [13–17], have been used
in the assembly of robust MOFs. However, in contrast to the above
multi-carboxylate ligands, 1,2,4-btc is rarely employed in the
construction of metal–organic coordination polymers [18,19].
It may be argued that, due to steric reasons, btec, bdc and 1,3,5-
btc ligands have highly symmetrical geometries, While 1,2,4-btc
ligand has an asymmetric geometry and possesses three inequally
spaced carboxylate groups, consequently, it is difficult to co-
ordinate to metal ions. In this paper, we report on the synthesis,
structure and photoluminescent properties of [H3O][In2(btc)(bdc)
(OH)2] �5.5H2O (1). Interestingly, in-situ decarboxylation reaction

occurred and btc ligand was partially transformed into bdc ligand
(Scheme 1) which is different from the previously reported in-situ

ligand reactions [20–29], such as ligand oxidative coupling,
hydrolysis, cleavage of C–S or C–C bonds, and hydroxylation
of aromatic groups and cycloaddition of organonitriles with
ammonia.

2. Experimental section

2.1. Materials and methods

All chemicals and solvents employed were commercially
available and used as received without further purification. The
C, H, and N microanalysis was carried out with Perkin-Elmer 240
elemental analyzer. The FT-IR spectra were recorded from KBr
pellets in the 4000–400 cm�1 range on a Nicolet 5DX spectro-
meter. X-ray power diffraction (XRPD) was recorded on a Bruker
AXS D8 advanced automated diffractometer with CuKa radiation.
Thermal analysis (TGA) was performed on a NETZSCH TG 209
instrument under nitrogen with a heating rate of 10 1C min–1.
The emission spectra were recorded on a Perkin-Elmer LS50B
fluorescence spectrophotometer.

2.2. Synthesis of [H3O][In2(btc)(bdc)(OH)2] �5.5H2O ð1Þ

A mixture of In(NO3)3 �5H2O (0.195 g, 0.5 mmol), 1,2,4-H3btc
(0.32 g, 1.5 mmol), piperazine (0.388 g, 2 mmol ) and H2O (10 ml)
was mixed in a 23 mL Teflon reactor, which was heated at 443 K
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for 3 days and then cooled to room temperature at a rate
of 10 K h�1. Orange–yellow block crystals of 1 were obtained in
78% yield after being washed with distilled water and dried in air.
Anal. Calcd. for C17H23In2O18.5 (1): C, 27.12; H, 3.08. Found: C,
27.33; H, 2.92. IR (KBr, cm�1): 3455(s), 1618(s), 1488(m), 1383(s),
1311(w), 1024(w), 588(m).

2.3. X-ray crystallography

Crystallographic data of 1 were collected at room temperature
with a Bruker P4 diffractometer with MoKa radiation
(a=0.71073 Å) and graphite monochromator using the o-scan
mode. The structure was solved by direct method and refined on
F2 by full-matrix least squares using SHELXTL [30]. All non-
hydrogen atoms were treated anisotropically. The positions of the
hydrogen atoms were generated geometrically. CCDC reference
number 714332. Crystallographic data and experimental details
for structural analysis are summarized in Table 1. Copy of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [Fax: +441223 336 033; E-mail:
deposit@ccdc.cam.ac.uk].

3. Results and discussion

Structure of [H3O][In2(btc)(bdc)(OH)2] �5.5H2O (1) Compound 1
exhibits a 3D porous framework in which the asymmetric unit

contains two In(III) ions, one btc, one bdc, two hydroxyl groups
and six and a half lattice water molecules. Fig. 1 shows the
coordination environment of two independent In(III) ions. Each
In(1) is coordinated by two hydroxyl oxygen atoms (O11 and O12)
and four carboxylate oxygen atoms from two individual
btc ligands and two individual bdc ligands to form a slightly
distorted octahedronal coordination geometry. Each In(2) is also
coordinated by two hydroxyl oxygen atoms (O11 and O12) and
four carboxylate oxygen atoms from one bdc ligand and three
individual btc ligands to form a slightly distorted octahedronal
coordination geometry. The In–O bond distances ranging from
2.025(6) to 2.247(6) are in the normal range [31,32]. Three
carboxylate groups of the btc ligands are all depronated, one of
them coordinates to an In(III) atom in a monodentate mode, while
the other two link two In(III) centers in a bidentate bridging mode.
Each 1,4-bdc ligand connects three indium centers, with one
monodentate carboxylic group connecting one indium center and
the other carboxylic group bridging two indium centers. As shown
in Fig. 2, the 16 In(III) centers were linked by four bdc ligands, four
btc ligands and two m2-OH groups to form a box-girder. The
adjacent box-girders are further connected by the bdc and btc
ligands to generate a novel porous metal–organic framework
containing nanotubular open channels (Fig. 3a). Fig. 3b shows
the framework structure surrounding a single nanotubular
channel along the crystallographic b axis with a cross-section of
approximately 11.5�11.3 Å2. Interestingly, there exist 1D zigzag
In–OH–In chains running along the b axis with the intrachain In–
In distances of 3.725(1) and 3.623(2) Å (Fig. 3c). The lattice water
molecules are present in the channels of the 3D framework. After
omitting the lattice water molecules, the solvent-accessible
volume of the unit cell was estimated (PLATON program [33])
to be 3658.6 Å3, which is approximately 53.7% of the unit-cell
volume (6815.4 Å3).

Bond valence sum (BVS) calculations [34] confirm that all
indium centers have an oxidation state of +3 and O11 and O12
give the oxidation state of 1.1 and 1.2, respectively, which further
support that the O11 and O12 atoms are hydroxyl oxygen atoms.

It is interesting to note the occurrence of decarboxylation that
btc was partially transformed into bdc under the hydrothermal
conditions. Decarboxylation reactions catalyzed by enzyme [35]
and transition metal [36] have been extensively studied over
the past century due to the importance of the carboxylation/
decarboxylation reactions in the carbon cycle. However, to the
best of our knowledge, indium-triggered decarboxylation reaction
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Table 1
Crystallographic data for 1.

Empirical formula C17H23In2O18.5

Formula weight 752.99

Wavelength (Å) 0.71073

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions

a (Å) 13.502(2)

b (Å) 15.465(2)

c (Å) 32.416(4)

V (Å3) 6768.2(17)

Z 8

Dc (g cm�3) 1.478

m (mm�1) 1.427

F(000) 2968

Crystal size/mm 0.37�0.32�0.23

Range for data collection (deg) 2.63–25.00

Reflections collected 6905

Independent reflections 5677

Max, min transmission 0.8318 and 0.6211

T (K) 293(2)

Goodness-of-fit on F2 1.064

Data/restraints/parameters 5677/0/355

Final R indices [I42s(I)]a R1=0.0569, wR2=0.1540

R indices (all data) R1=0.0828, wR2=0.1733

Largest diff. peak and hole (e Å�3) 1.688 and �1.026

CCDC reference number 714332

Fig. 1. Coordination environments of two Indium(III) ions, including btc and bdc in

1. H atoms and water molecules were omitted for clarity. Selected bonds lengths:

In(1)–O(6A) 2.068(6), In(1)–O(10B) 2.118(6), In(1)–O(11) 2.118(5), In(1)–O(1)

2.142(6), In(1)–O(12) 2.247(6), In(1)–O(3C) 2.328(6), In(2)–O(7) 2.025(6), In(2)–

O(4C) 2.056(6), In(2)–O(5D) 2.061(6), In(2)–O(9B) 2.065(6), In(2)–O(11) 2.338(6),

In(2)–O(12C) 2.364(6) Å. Selected bond angles (o): O(11)–In(1)–O(1) 113.1(2),

O(11)–In(1)–O(12) 98.7(2), O(1)–In(1)–O(12) 91.5(2), O(7)–In(2)–O(11) 92.7(2).

Symmetry code: (A) x+1/2,y,�z+1/2; (B) x+1/2,�y+1/2,�z+1; (C) �x+1/2,y+1/

2,z; (D) �x,y+1/2,�z+1/2.
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