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The 3D Channel Framework Based on Indium(1mr)-btec, and Its Ion-Exchange
Properties (btec = 1,2,4,5-Benzenetetracarboxylate)
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Hydrothermal reactions of InCl; with pyromellitic dianhy-
dride and pyridine derivatives produce three coordination
polymers: {(HL)[Ins(btec),(OH),]-L}, [btec = 1,2,4,5-ben-
zenetetracarboxylate, L = 2-picoline (1), L = 4-picoline (2)]
and {(Hdpea)[Inz(btec),(OH),]}, [dpea = 1,2-bis(4-pyridyl)
ethane] (3). Single crystal X-ray diffraction and powder X-
ray diffraction analyses reveal that compounds 1-3 are iso-

structural and possess the same 3D framework as 1D open
channels. Thermal gravimetric studies show that compounds
1-3 are stable up to 300 °C. The guests of the protonated pyr-
idine derivatives located at the channels in 1 and 2 can be
fully exchanged by Ca?* and Ba?* ions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The construction of porous structures or open frame-
works with new sizes, shapes, and chemical environments
that can undergo solvent removal, solvent inclusion, solvent
absorption, or ion exchangel'# represents one of the most
challenging subjects in recent years. In this regard, various
carboxylate-containing ligands, including 1,2,4,5-ben-
zenetetracarboxylic acid (Hybtec), have been used in the as-
sembly of such robust frameworks. Hybtec, which exhibits
variation in the possible binding mode of the four acid
groups and a strong tendency to form large, tightly bound
metal cluster aggregates, has been applied as an organic
component to construct porous coordination frameworks.!
Moreover, the rigid conformation of Hybtec endows robust-
ness to the resulting frameworks to make them thermally
stable. With the aim of thoroughly investigating the coordi-
nation chemistry of Hybtec, we recently began studies on
the assembly reactions of Hybtec with indium metal ions.
The reason we selected indium(im) is that, in spite of the
enormous number of coordination polymers assembled
from divalent metal and Hybtec,[%81 the field of indium()
with btec ligands remains unexplored. Furthermore, it was
postulated that the incorporation of trivalent metal ions
might create diverse structures strikingly different from
those containing divalent metal ions because of the in-
creased valence charge of the metal centers. The indium ion
is liable to hydrolyze, which limits its use in the construction
of coordination polymers. However, by adding an appropri-
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ate basic reagent to deprotonate Hybtec and carefully con-
trolling the reaction conditions, we have found that in-
dium(1) ions can be used to construct the new frameworks.
Herein we report three novel coordination polymers:
{(HL)[In3(btec),(OH),J-L}, (1, L = 2-picoline; 2, L = 4-
picoline), and {(Hdpea)[Ins(btec),(OH),]},, [3, dpea = 1,2-
bis(4-pyridyl)ethane]. Complexes 1-3 bear the same 3D
channel frameworks. The protonated organic guests in com-
plexes 1 and 2 can be fully exchanged by certain inorganic
ions. Although a number of compounds based on {M-
btc} 3 or {M-1,4-bdc}®! (M = metal ions, btc = 1,3,5-ben-
zenetricarboxylate, and 1,4-bdc = 1,4-benzenedicarboxyl-
ate) systems are capable of guest exchange, the exchange
behavior reported here is rarely found in the coordination
polymers based on {M-btec}.

Results and Discussion

Syntheses and Crystal Structures

The hydrolysis reaction of pyromellitic dianhydride un-
der hydrothermal conditions gives Hybtec, which further
aggregates with indium(i) ions to produce compounds 1-
3. The in situ method of using pyromellitic dianhydride to
synthesize {M-btec} compounds has been reported be-
fore.l'97 The preparation depends on the pH value of the
starting reaction mixture. Pyridine derivatives are added to
adjust the pH value and act as templates. So the amount of
pyridine derivatives is vital, and the proper pH value ranges
between 5 and 6. With a pH value lower than 3 the reaction
systems of compounds 1-3 produce a byproduct with a 3D
structure formulated as [In,(H,btec),(OH),],-2n H,O.['!]
Thus, to ensure the purity of compounds 1-3, an excessive
amount of pyridine derivatives is needed.
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As compounds 1-3 possess the same framework, com-
pound 2 is selected to represent their structures. There are
two kinds of indium coordination environments: the Inl
center is bonded to four oxygen atoms from four btec® li-
gands, and to two p3-OH groups (O9 and its symmetrically
equivalent atom) to form a distorted octahedral geometry.
Two p3-OH groups occupy the axial positions of an octahe-
dron. The In2 center is coordinated to five oxygen atoms
from four btec® ligands, and two ps;-OH groups to form a
pentagonal bipyramidal motif. The two axial positions are
occupied by a p3-OH group and a carboxylate oxygen atom
(Figure 1). The In-O distances range from 2.094(5) to
2.314(5) A, compatible with those observed in other In'-
carboxylate complexes.['”l Bond valence sum (BVS) calcula-
tions!!3 confirm that all indium ions have an oxidation state
of +3. To balance the charge, O9 can be considered to be a
us-OH group. This assumption is confirmed by BVS for O9,

Figure 1. Coordination environment of indium ions in compound
2. Symmetry code: (A) 1+x, »,z; (B) 1 —x, 1 -y -z (C) x, 1.5 -
»-05+zMD)1-x,-05+»05-z(E)-x,1-y =z (F) —x,
05+»05-2(G)—x,05+»05-z (H) x, 1.5-» 05+ z
(D 1-x,0.5+y, 0.5 -z For clarity only two carboxylate arms of
a part of the btec groups are drawn.

Figure 2. In4O,, tetranuclear cluster and its conceptual representa-
tion. Inl-+In1A= 7.203 A, In2-~In2B = 3.268 A

1928 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which gives a result of 1.22. The four carboxylate arms of
the btec ligand are all deprotonated, two of them biden-
tately bind to four indium ions, and the other two adopt
the chelating bidentate mode and the monodentate mode
(Figure 1). The two p3;-OH groups bridge indium ions to
form an InyO,, tetranuclear cluster in which four indium
ions (two Inl and two In2) are in a plane. The two p;-OH
groups are located at both sides of the plane (Figure 2). If
four tetranuclear clusters and eight btec ligands are concep-
tually viewed as edges, then a subunit similar to a right
prism is obtained (Figure 3). Four Inl vertexes are con-
nected by four btec groups to give the rhombic top side of
the prism. All btec benzene rings are perpendicular to the
top side. The centroids of the four benzene rings connected
to the Inl vertexes lie above and below the top side. Above
the top side are two neighboring btec benzene rings whose
centroids are situated at x = 0.12608; the other two btec
benzene rings below the top side are located at x = —-0.12608
(Figure 4). These two positions are related through the cen-
trosymmetric operation. This situation can also be found

Figure 3. (a) A subunit constructed from four In O,, tetranuclear
clusters and eight btec groups. In the subunit the opposite benzene
rings are parallel to each other. It can be seen that the plane defined
by four In ions in a tetranuclear clusters is parallel to the plane in
the opposite tetranuclear cluster and perpendicular to the plane in
the neighboring tetranuclear cluster. (b) The conceptual representa-
tion of a right prism for the subunit. (c) Front view of the right
prism. (d) The detailed show of one lateral side of the prism.

Figure 4. Demonstration of the positions of the btec groups sur-
rounding a prism. Benzene rings A and B are located above the
top side and benzene C-F below the top side. For clarity only two
carboxylate arms of the lateral btec groups are drawn.
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Figure 5. (left) View of a 3-D network in 2 with 1-D channels containing H4pic guests and (right) its conceptual representation (H4pic
guests are omitted for clarity; note that the view directions of these two drawings are different).
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Figure 6. XRPD patterns of compounds 1-3: (a) calculated pattern
based on [Ins(btec),(OH),]  framework, (b) experimental pattern
of 1, and (c) pattern of the exchanged product of 1 with Ba*, (d)
experimental pattern of 2, and (e) pattern of the exchanged product
of 2 with Ba?*, (f) experimental pattern of 3.

when arranging the four btec benzene rings connected to
the bottom-side Inl vertexes. Prisms are extended along
[100], [011], and [011] directions to generate a 3D network
(Figure 5) containing the planar layers defined by Inl ions.
By sharing Inl vertexes, tetranuclear clusters are extended
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Figure 7. TG curves of 1-3 measured under flowing air.

through the crystallographic « axis to give infinite chains
which act as pillars to support the planar layer. The shortest
contact between the pillars is 5.496 A (O4++05). The btec
groups reproduced along the [011] axis are alternately ar-
ranged above and below the Inl planar layer. This also ap-
plies to the btec groups reproduced along the [011] direc-
tion. In such an arrangement mode, the btec groups fill in
the space between the pillars and therefore prevent the
framework from generating channels along the [011] and
the [011] directions. The only channel runs through the
crystallographic a axis with diagonal dimensions as long as
13.425% 17.544 A2. The organic guests, protonated pyridine
derivatives, reside in the channels. The pyridine rings are
parallel to each other and the centroid-to-centroid distances
are longer than 4.5 A, indicating no n—m contacts between
pyridine rings. However, the centroid-to-centroid distances
between pyridine rings and the nearest opposite btec ben-
zene rings are 3.790 A, indicating strong n—m contact. The
nitrogen atoms in pyridine rings have no hydrogen bond
interactions with the oxygen atoms in the framework. On
the basis of PLATON calculations,'¥] the solvent accessible
volume constitutes 43.3% of the total crystal volume.

The homogeneities of compounds 1-3 are confirmed by
X-ray powder diffraction (XRPD) patterns (Figure 6). The
fact that the powder patterns obtained experimentally are
in good agreement with the calculated patterns indicates
that these three compounds are isostructural coordination
polymers with the same 3D frameworks.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1929
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Thermal gravimetric (TG) data for compounds 1-3 un-
der flowing air are shown in Figure 7. From 360 to 512 °C,
compounds 1-3 dramatically lose the weight of both or-
ganic guests and btec ligands simultaneously. Powder X-
ray diffraction for their residues shows that 1-3 are finally
transformed to In,Oj5 after being heated at 512 °C. The to-
tal weight loss of 1, 2, and 3 is about 39.43%, 38.48%, and
40.34%, respectively, consistent with the calculated value of
In,O; (about 39.1%).

Ion-Exchange Analysis

In a typical ion-exchange experiment, original samples
(about 25 mg) of compounds 1-3 were each immersed in a
solution of CaCl, and BaCl, (10 mL, 1.0 m) for one day at
60 °C. The products were filtered, washed with distilled
water and then dried in air. After exchange experiments,
compounds 1 and 2 became less crystalline, while 3 re-
mained in its crystalline form. Elemental analysis indicates
that the guest cations in 1 and 2 can be fully exchanged by
Ca®" and Ba>* ions, reflected by the significant decrease in
C and N content. Only slight changes in C and N con-
tent!!3] were observed for the exchanged sample of 3, indi-
cating that 3 cannot undergo ion exchange. The Hdepa
molecule has a larger size than H2pic and H4pic; this in-
hibits it from moving freely along channels and therefore
reduces its exchange ability. The major XRD reflections
(Figure 6) of 1 and 2 can also be observed in their sample
exchanged with Ba*, indicating that in both 1 and 2 the
[In;(btec),(OH),] framework remains unchanged after the
exchange.

Experimental Section

Preparation: A mixture of InCl;-4 H,O (74.0 mg, 0.25 mmol), pyro-
mellitic dianhydride (55 mg, 0.25 mmol), 2-picoline (typical exam-
ple: 0.8 mL, 8 mmol), and H>O (5.0 mL) in a 30-mL Teflon-lined
stainless steel vessel was heated at 165 °C for 85 h, and then was
cooled to room temperature at a rate of 6 °C-h~!, giving light yel-
low prism crystals of 1. The crystals were collected by density dif-
ference and washed with N,N-dimethylformamide (DMF) and
water sequentially, giving an isolated yield of 62 mg (70%) based
on InCl34 H,O. Compounds 2 and 3 were prepared in a similar
way simply by replacing 2-picoline with 4-picoline (0.8 mL,
8 mmol) or with a mixture of pyridine (0.1 mL, 1.2 mmol) and
dpea (368 mg, 2 mmol) and obtained in the yields of 60 mg (68 %)
and 53mg (60%), respectively, based on InCl;*4H,0. 1:
C35Hs1In3N,Oy5 (1065.97): caled. C 36.03, H 1.99, N 2.63; found
C 36.22, H 2.12, N 2.66. IR (KBr): ¥ = 3503 (br), 3054 (m), 1613
(s), 1589 (vs), 1499 (s), 1411 (s), 1371 (vs), 1317 (m), 1252 (m), 1141
(m), 878 (w), 805 (m), 761 (m) cm !, 2: C3,H,;In3N>0,5 (1065.97):
caled. C 36.03, H 1.99, N 2.63; found C 35.81, H 2.10, N 2.58. IR
(KBr): ¥ = 3606 (m), 3523 (m), 3221 (m), 3086 (m), 1636 (m), 1595
(vs), 1548 (s), 1505 (m), 1427 (s), 1382 (s), 1337 (s), 1135 (m), 1005
(m), 941 (m), 857 (m), 805 (m), 779 (m), 755 (m) cm '. 3:
C3,H0In3N,015 (1063.97): caled. C 36.12, H 1.80, N 2.63; found
C 36.44, H 2.10, N 2.67. IR (KBr): ¥ = 3422 (m), 3327 (m), 3129

1930 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(m), 1615 (s), 1590 (s), 1552 (sh, vs), 1497 (s), 1402 (s), 1373 (s),
1317 (m), 1140 (m), 932 (m), 878 (m), 815 (m), 761 (m) cm~".

Crystallographic Studies: Intensity data of 2 and 316 were collected
with a Rigaku mercury CCD diffractometer with graphite-mono-
chromated Mo-K,, (. = 0.71073 A) radiation by using the w20
scan method at room temperature. The structures were solved by
direct methods using SHELXS-97'74 and were refined on F> by
the full-matrix least-squares methods SHELXL-97.1'7"! Because of
a disorder problem, some atoms of the dpea molecule in 3 could
not be located. All non-hydrogen atoms were refined anisotropi-
cally except for the organic guest molecules. All hydrogen atoms
were calculated at the ideal positions and refined isotropically. The
crystallographic data, selected bond lengths and angles are summa-
rized in Table 1 and Table 2.

Table 1. Crystallographic data for compounds 2 and 3.

2 3
Crystal system monoclinic monoclinic
Space group P2/c P21/c
Empirical formula C32H2|IH3N20|8 C32H]9IH3N2018
Formula mass 1065.97 1063.95
a[A] 7.203(6) 7.2104(13)
b [A] 13.43(3) 13.637(2)
¢ [A] 17.54(3) 17.379(3)
AL 100.76(11) 100.657(7)
VAP 1666.8(4) 1679.3(5)
V4 2 2
Deaeq. [grem ] 2.124 2.104
4 [mm] 2.147 2.131
Ry [I > 20(D)]® 0.0508 0.0753
WR, (all data)l@l 0.1163 0.1784

[a] R, = Z(|F| — |FINEIF,), and wRy = {Zw{(F,* — FZ2)JZw-
[(FAT".

Table 2. Selected bond lengths and angles for compounds 2 and 3.

Bond lengths [A] Angles [°]
Compound 2

In1-02C? 2.094(5) O2F-In1-O7E 90.8(2)
Inl1-O7 2.157(5) O2F-In1-09 87.5(2)
In1-09 2.198(4) 07-In1-09 86.6(2)
In2-O8A 2.129(5) 08A-In2-04C 98.9(2)
In2-04C 2.174(6) 08A-In2-09 172.3(2)
In2-09 2.203(5) 04C-In2-03D 148.9(2)
In2-03D 2.208(5) 09-In2-06 94.5(2)
In2-06 2.263(5) 09-In2-05 90.4(2)
In2-05 2.275(6) 04C-In2-09B 75.9(2)
In2-0O9B 2.314(5) 03D-In2-06 132.7(2)
Compound 3

Inl1-02C 2.092(6) O2F-In1-O7E 90.9(2)
Inl-O7 2.147(6) O2F-In1-09 87.8(2)
Inl1-09 2.196(6) 07-In1-09 86.3(2)
In2-O8A 2.125(6) O8A-In2-04C 99.0(2)
In2-04C 2.166(6) O8A-In2-09 173.02)
In2-09 2.199(5) 04C-In2-03D 149.0(2)
In2-03D 2.200(6) 09-In2-06 94.1(2)
In2-06 2.264(7) 09-In2-05 90.7(2)
In2-05 2.267(7) 04C-In2-09B 75.7(2)
In2-O9B 2.308(6) 03D-In2-06 132.7(2)

[a] Symmetry code: A1+ x,y,z;B1-x,1-y -z Cx, 1.5y,
—05+zD1-x,05+»05-zE—x,1-y,—z; F—x,-05+y,
05-2G-—x,05+»05-zHx,1.5-»05+z11-x,05+
05—z
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