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Abstract

Assembly of InCl3 with 1,3,5-benzenetricarboxylic acid (H3btc) and pyridine or pyridine derivatives under hydrothermal conditions

produces a series of isostructural coordination polymers with the interesting frameworks: {(HL)[In4(OH)4(btc)3] �L � 3H2O}n,

L ¼ pyridine (1); L ¼ 2-picoline (2); L ¼ 4-picoline (3) and {(Hdpea)[In4(OH)4(btc)3] � 3H2O}n (4) (dpea ¼ 1,2-di(4-pyridyl)ethane). In

these four complexes, carboxyl and hydroxyl oxygen atoms bridge indium(III) centers to form octahedral chain-like sinusoidal curves,

which are further interlinked by btc3� moieties to generate 3-D frameworks with 1-D channels. The protonated guests HL in 1–3 located

at the channels can be fully exchanged by K+ ion or partially exchanged by Sr2+, and Ba2+ ions.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The construction of metal-organic porous hosts repre-
sents one of the most challenging subjects due to their
potential application in adsorption and separation pro-
cesses, [1–2] ion-exchange, [3] catalysis [4] and sensor
technology [5]. Recently, intense research activities in this
field have resulted in enormous number of porous solids
with structures and properties different from the well-
known zeolite frameworks. In the assembly of metal-
organic porous solids, pyridine and its derivatives (pyds)
have been employed to deprotonate carboxyl groups in
organic ligands, such as 1,3,5-benzenetricarboxylic acids
(H3btc), (Scheme 1) [6]. Pyridine and pyds can also act as
the guests to fill into the cavities of the host frameworks or
as the terminal ligands to complete the metal coordination
environment [7]. Furthermore, interactions including hy-
drogen bond contacts and p2p stacking are usually found
in the pyds-containing system and play an important role
e front matter r 2006 Elsevier Inc. All rights reserved.
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in the assembly process. H3btc is a promising ligand,
providing high symmetry, with diverse charge and multi-
connecting ability that has been applied in the design of
hybrid complexes. Much current research is being focused
on the syntheses and structural characterization of
coordination polymers assembled from H3btc and divalent
metal elements [6–8]. The use of trivalent metal elements to
date, however, has mostly been confined to the field of rare
earth metals compounds, which are typical of high
coordination number conformation [9–10] and very similar
to the six-, seven- and eight-coordination that are
commonly found in the polymers of the IIIA group
elements [11,12]. Furthermore, it is postulated that the
incorporation of trivalent metal of IIIA group might create
diverse structures due to the increased valence charge of
metal centers [13]. Based on above idea, InIII has been
employed and a series of InIII-btc complexes with 1-D
chain, 2-D layer and 3-D network have been successfully
synthesized. Herein, we report four non-interpenetrated
3-D coordination polymers with channels located inside
by protonated organic guests: {(HL)[In4(OH)4(btc)3] �
L � 3H2O}n, L ¼ pyridine (1); L ¼ 2-picoline (2); L ¼

www.elsevier.com/locate/jssc
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Scheme 1. H3btc and pyridine derivatives.
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4-picoline (3) and {(Hdpea)[In4(OH)4(btc)3] � 3H2O}n (4)
(dpea ¼ 1,2-di(4-pyridyl)ethane).
2. Experimental

2.1. Materials and physical measurements

All the syntheses were carried out in Teflon-lined
stainless-steel autoclaves under autogenous pressure. Che-
micals were commercially purchased and used as received.
Infrared spectra were recorded on a Perkin-Elmer Spec-
trum One FT-IR spectrometer using KBr pellets. Ele-
mental analyses were carried out on Elementar Vario EL
III microanalyzer. Thermal gravimetric (TG) analyses
were performed with heating rate of 15 1Cmin�1 on a
NETZSCH STA 449C simultaneous TG-DSC instrument.
Powder X-ray diffraction (XRD) data were collected on a
Rigaku DMAX2500 diffractometer.

2.2. Preparations

A mixture of InCl3 � 4H2O (147.0mg, 0.5mmol), H3btc
(105mg, 0.5mmol), pyridine (typical example: 1.0mL,
12.2mmol) and H2O (5.0mL) in 42-mL Teflon-lined
stainless-steel vessel was heated at 165 1C for 85 h, and
then was cooled to room temperature at a rate of 6 1Ch�1,
giving light yellow prismatic crystals of 1. The crystals were
collected by density-difference and washed with N,N-
dimethylformamide (DMF) and water sequentially, giving
an isolated yield of 77% based on InCl3 � 4H2O. Com-
pounds 2, 3, and 4 were prepared in similar methods by
simply replacing pyridine with 2-picoline (1.0mL,
10.1mmol), 4-picoline (1.0mL, 10.3mmol) and 1,2-di(4-
pyridyl)ethane (1104mg, 6.0mmol), respectively, and were
obtained in the yields of 42%, 74% and 80%. Elemental
analyses and IR spectra (KBr pellet, cm�1) were given: for
1: C37H30In4N2O25, Calcd. (Found) C, 32.63 (32.74); N,
2.06 (2.09); H, 2.22 (2.37). IR: 3419(vs, br), 3254(m),
3086(m, sh), 1626(vs), 1605(sh), 1574(s), 1539(vs), 1491(m),
1449(s), 1372(vs), 1100(w), 1061(w), 935(w), 749(m),
716(m); for 2: C39H34In4N2O25, Anal. Calcd. (Found) C,
33.68 (33.79); N, 2.02 (2.00); H, 2.47 (2.37). IR: 3400(vs,
br), 3379(m, br), 3264(m), 3071(m), 2972(m), 1623(s),
1572(m), 1539(s), 1449(s), 1375(vs), 1110(w), 1042(w),
937(w), 769(m), 737(m), 711(m); for 3: C39H34In4N2O25,
Anal. Calcd. (Found): C, 33.68 (33.49); N, 2.02 (1.99); H,
2.47 (2.38). IR: 3389(m, br), 3073(m), 2974(m), 2922(m),
1622(vs), 1572(m), 1538(s), 1448(s), 1374(vs), 1110(w),
1048(w,br), 935(w), 809(w), 769(s), 736(m), 710(s); for 4:
C39H32In4N2O25, Anal. Calcd. (Found): C, 33.75 (33.46);
N, 2.02 (1.95); H, 2.32 (2.17). IR: 3270(s, br), 3074(m),
2971(m), 1623(vs), 1575(s), 1538(vs), 1446(s), 1425(s),
1375(s), 1112(m), 1061(m), 936(m), 846(w), 825(w),
768(s), 737(s), 711(s).
2.3. Crystallographic studies

Intensity data were collected on a Rigaku mercury
CCD diffractometer with graphite-monochromated
MoKa(l ¼ 0.71073 Å) radiation by using o� 2y scan
method at room temperature. The structures were solved
by direct methods using SHELXS-97 [14] and were refined
on F2 by full-matrix least-squares methods using
SHELXL-97 [15]. All non-hydrogen atoms were refined
anisotropically except for the Hdpea+ cation in 4. All
hydrogen atoms were calculated on the ideal positions and

refined isotropically. Final R ¼
P

(||Fo|�|Fc||)/
P

|Fo|, and

wR ¼ {
P

w[(Fo
2
�Fc

2)2]/
P

w[(Fo
2)2]}1/2 with w ¼ 1/[s2(Fo

2)+
(aP)2+bP], where P ¼ (Fo

2+2Fc
2)/3. 2-pic molecules in 2

cannot be located due to the major disordered problem.
However, the data were corrected with SQUEEZE [16] for
the effects of disordered species so as to improve the R

factor by approximately 2.0%. The crystallographic data
are summarized in Table 1.
3. Results and discussion

3.1. Synthesis

Through the systematic experiments to find out the
optimum reaction condition, we believe that the formation
of the coordination framework is extremely dependent on
the pH value of the reaction system. Pyds are added to
adjust the pH value and also act as template guests. So the
amount of pyds plays an important role in the resulting
structure. The appropriate pH value favoring the genera-
tions of 1–4 is ca. 6. With pH value less than 3 the reaction
system generates a 2-D layered structure formulated as
[In2(btc)2(H2O)2]n � 2nH2O, [13] while the reactions would
produce the mixture of [In2(btc)2(H2O)2]n � 2nH2O and the
corresponding compounds of 1–4 when the pH scale ranges
from 3 to 4. Thus, excessive pyds is required to ensure the
purity of compounds 1–4.
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Table 1

Crystallographic data for compounds 1–4

1 2 3 4

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group C2/c C2/c C2/c C2/c

Empirical formula C37H30In4N2O25 C39H34In4N2O25 C39H34In4N2O25 C39H32In4N2O25

Formula weight 1361.92 1389.96 1389.96 1387.95

a, Å 18.664(3) 18.446(12) 18.576(11) 18.7360(12)

b, Å 14.4433(19) 14.413(9) 14.424(8) 14.459

c, Å 17.573(3) 17.527(12) 17.601(11) 17.5216(12)

b, deg 114.680(6) 114.228(5) 114.536(5) 114.764(2)

V, Å3 4304.3(1) 4249.6(4) 4290.0(3) 4310.2(4)

Z 4 4 4 4

Dcalcd, g/cm
3 2.102 2.173 2.152 2.139

m, mm�1 2.213 2.244 2.223 2.212

R1ðI42sðIÞÞ 0.0665 0.0796 0.0704 0.0326

wR2 (all data) 0.1159 0.1836 0.1202 0.0789

Fig. 1. View of the coordination environments of In(III) centers in

compound 4.
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3.2. Description of structure

Since four compounds have the same host frameworks,
compound 4 is selected to represent their structures. Three
indium atoms in 4 are each bonded by six oxygen atoms
from four carboxyl and two m-OH groups (O10 and O11)
to form a distorted octahedral geometry (Fig. 1). There are
two kinds of indium coordination environments: for In1
and In3, two m-OH oxygen atoms occupy apical positions
of octahedron in a cis mode; for In2, two m-OH oxygen
atoms occupy apical positions of octahedron in a trans

mode. The average In–O distance is 2.154 Å, compatible to
those observed in other InIII–carboxylate complexes
[11,12]. Bond valence sum (BVS) calculation [17] confirms
that all indium ions have the oxidation state of +3. BVS is
also applied for O10 and O11, giving the result of 1.17 and
1.25, which confirms that both are actually m-OH groups.
Interestingly, each InO6 octahedron is connected to two
adjacent InO6 octahedra by m-OH groups through corner-
sharing, resulting in an infinite In–O–In–O– chain like a
sinusoidal curve (Fig. 2). The octahedra are severely tilted
with angles of 117.6(2)1 (In1–O10–In2) and 126.2(2)1
(In1–O11–In3), very far from 1801 for the perfect linear
In–O–In–O chains. Arrangement of nine consecutive InO6

octahedra completes a period of the sinusoidal curve. The
crest and the trough of sinusoidal curve are invariably
occupied by In3 atoms which are coordinated by one
chelating bidentate carboxyl unit (O9–C15–O9B) of a kind
of btc3� groups (btc-B). The other two bidentate carboxyl
units (O7–C14–O8 and their symmetry equivalent atoms)
of btc-B each bonds to two indium atoms (In1 and In2)
belonging to another chain. In this way btc-B ligands
act as the bridges to connect chains into a layer
substructure (Fig. 2).
The btc-A ligands interlink the layers. One carboxyl

group (O3–C8–O4) of btc-A ligand bidentately attaches to
a chain in a layer, while the other two carboxyl groups
(O1–C7–O2 and O5–C9–O6), adopting monodentate and
bidentate fashions, respectively, link to two chains in
another layer (Fig. 3). The carboxyl arm (O5–C9–O6) is
out of the btc-A benzene ring plane with a dihedral angle of
44.11. Layers pack in the way of ABAB that neighboring
layers are related by the half unit cell translation along
crystallographic b-axis direction. The interactions between
layers and btc-A groups result in a 3-D framework
containing 1-D tunnels (Fig. 4) with approximate sizes of
9.797� 8.917 Å2 calculated from the centroid-to-centroid
distances between the benzene rings of opposite btc3�

groups. The length 9.797 Å is also the distance between the
two neighboring layers. Protonated organic guests (Hdpea)
and free water molecules are located in the tunnels and
form hydrogen bonds with the host framework
[O12?N1(N10) 2.692, 2.868 Å; O12?O11 2.691 Å;
O12?O2 2.986 Å]. For compounds 1–3, their two guest
molecules, one neutral L and one cation HL, are located in
approximately the above-mentioned position of Hdpea in
the tunnel of 4 forming hydrogen bonding with free water
molecules [N1?O12 2.692–2.871 Å]. And the guest water
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Fig. 2. The layer formed through the octahedral chains shaping like sinusoidal curve. The coordination environments on btc-B ligands binding in 4 can be

clearly seen. The btc-A ligands are not shown for clarity. Selected bond lengths (Å): In1A–O7 2.193(3), In1–O10 2.121(3), In1–O11 2.110(3), In2–O10

2.081(3), In2–O8 2.219(3), In3–O11 2.044(3), In3E–O9 2.255(3). Symmetry code: A 1�x, 1�y, 1�z; B 1�x, y, 1.5�z; C x, 1�y, 0.5+z; D 1�x, 1�y, 2�z;

E x, �1+y, z.

Fig. 3. The arrangement of alternate octahedral layers and btc-A gives a 3-D framework in 4. The btc-B ligands and guest molecules are not shown for

clarity. Selected bond lengths (Å): In1A–O3 2.137(3), In1B–O1 2.106(3), In1C–O6 2.164(3), In2–O4 2.179(3), In3D–O5 2.189(4). Symmetry code: A 1�x,

1�y, 1�z; B 0.5�x, �0.5+y, 0.5�z; C�0.5+x, 1.5�y, �0.5+z; D 0.5�x, 1.5�y, 1�z.
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molecules also form hydrogen bonds with the host frame-
works [O12?O11 2.748–2.765 Å; O12?O2 2.777–2.812 Å
for 1–3]. All of compounds 1–4 have highly open
architectures since the accessible volumes within their
crystals are more than 36% as calculated by PLATON [18].
Compounds 1–4 represent an unprecedented anionic
framework since no analogous has been reported in the
literatures.
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Fig. 4. Layers interlink through btc-A groups to generate a 3-D network with 1-D tunnels in 4. The hydrogen bonds are displayed as dash lines. The

uncoordinated O2 atoms are displayed as light gray balls. The btc-B groups are not shown for clarity. Symmetry code: A 1�x, 1�y, 1�z ; B 0.5�x,

�0.5+y, 0.5�z; C 1.5�x, �0.5+y, 1.5�z; D 0.5+x, �0.5+y, z.
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3.3. Thermal analysis and ion-exchange properties

TG data for compounds 1–4 under flowing nitrogen
atmosphere are shown in Fig. 5. The losses of weight with
heating for 1–4 are concentrated into two major stages.
The first stages occurring from room temperature to 150 1C
correspond to the loss of three water molecules per formula
unit (found: 3.5–4.0% for 1–4, calculated ca.4.0%). Then,
the weight kept nearly constant from 150 to 400 1C. In the
second stage (400–480 1C), these compounds began to lose
organic guests and, finally, their frameworks collapsed with
the further simultaneous removal of organic cations and
btc3� units.
In ion-exchange experiments, each crystalline sample
(about 20mg) of 1–4 was immersed in an aqueous solution
of KCl, SrCl2, or BaCl2 (10mL, 1.0M) in a 20-mL flask
kept a constant temperature of 60 1C for 1 day. The
exchanged products were filtered off, washed with distilled
water three times, and then dried in air. Elemental analysis
results [19] indicate that protonated pyds cations in 1–3 can
be exchanged with the above-mentioned inorganic ions
reflected by the decrease in C and N contents. The cation-
exchanged products of 1–3 were also characterized by
XRD. The XRD patterns confirm that the frameworks of
1–3 remain unchanged after Hpyds guests were replaced, as
shown in Fig. 6 for some results. Exchange of Hdpea
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cations of 4 with the above inorganic ions is difficult based
on slight changes in C, N and H contents for ion-
exchanged product of 4.
4. Conclusions

Copolymerization of H3btc with indium ions under
hydrothermal condition gives a 3-D anionic channel
framework. The indium ions are linked by bridges forming
In–O–In chains in compounds 1–4. The protonated pyds
(Hpy+, 2-Hpic+, 4-Hpic+, and Hdpea+) located at the
channels act as counter ions to balance the negative charge
frameworks. They can be exchanged by K+, Sr2+, and
Ba2+ cations. However, the organic guest cation Hdpea+

at the channel is too large to be exchanged by inorganic
cations. The sizes of guest molecules play an important role
in the exchange ability of its parent compound.
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