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By application of mixed organic ligands of 5-amino-2,4,6-triiodoi-
sophthalic acid (H2ATIBDC) and 4,40-bipyridine (bpy) to assemble
with Zn ions at room temperature, two novel polymorphic struc-
tures, Zn(ATIBDC)(bpy) 3 3H2O (denoted asMONT-1 andMONT-2),
possessing one-dimensional metal-organic nanotubular structures
have been synthesized and characterized. MONT-1 was generated
by connection of the zero-dimensional Zn-bpy squares through the
bridging ATIBDC ligands, while MONT-2 was formed by connection
of the one-dimensional Zn-bpy helix through the ATIBDC ligands.
Both nanotubes possess highly crystalline stabilities and can absorb
the uncoordinated water molecules reversibly.

The existence of polymorphism and interpenetration in
supramolecular chemistry and crystal engineering has intro-
duced more elements of complexity in the construction of
metal-organic frameworks (MOFs) and coordination net-
works with desired topological structures and illuminated the
difficulty in accurately predicting final structures.1-3 As de-
fined byMcCrone, polymorphism is “a solid crystalline phase
of a given compoundwith the samemolecular formula existing

in at least two different arrangements in the solid state”.4 In
the past decades, polymorphism in organic crystals and
coordination networks has been widely studied and documen-
ted.5,6 However, polymorphism in noninterpenetrating me-
tal-organic nanotubes is quite rare. To the best of our
knowledge, only one example of a nanotubular uranyl phe-
nylphosphonate, (UO2)3(HO3PC6H5)2(O3PC6H5)2 3H2O, has
been reported so far.7

On the other hand, the study of polymorphic structures
may gain a better understanding of the factors that influence
the crystal growth and lead to the generation of novel
MOFs.1a It has been documented that, for an angular node
generated by a cis-substituted metal moiety and a linear
linker, there are at least three possible isomers: a zero-
dimensional (0D) square, a one-dimensional (1D) zigzag
chain, and a 1D helix (Scheme 1). The discrete “square
box” or “molecular square” based on linear linkers has been
designed and characterized by the groups of Stang,8 Hupp,9

and Fujita.10 The 1D zigzag chain has also been wi-
dely explored in the past decades.11 Compared to the 0D
square and 1D zigzag chain, reports on the 1D helix are
somewhat rare.12

From a design perspective, the simple isomer may act
as subunits, which can be linked by a secondary organic
ligand to generate novel isomeric MOFs such as metal-
organic nanotubes with desired topologies. Compared to the
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three-dimensional (3D) porous MOFs, the metal-organic
nanotubes possess nearly 1D structures, a uniform single
wall, and unique material properties, which may result in
different adsorption properties. It has been reported that the
0D squares are connected from the vertexes by a bridging
organic ligand to generate a 1D interpenetrating metal-
organic nanotube.13 Very recently, a novel noninterpenetrat-
ing metal-organic nanotube (denoted as MONT-1), which
can reversibly absorb (H2O)12 clusters, has also been docu-
mented by our group (Scheme 1).14 However, in reality, the
connection of the 1D helix to generate novel metal-organic
nanotubes has not been explored prior to the present report.
Herein, reported are two novel noninterpenetrating poly-
morphic metal-organic nanotubes, Zn(ATIBDC)(bpy) 3
3H2O (MONT-1 and MONT-2, where H2ATIBDC =
5-amino-2,4,6-triiodoisophthalic acid and bpy = 4,40-bipyr-

idine), which are generated by ATIBDC ligands connecting
a 0D square or a 1D helix.15

MONT-2 can be isolated from the mother liquor of
MONT-1. When the mother-liquor-containing MONT-1
was sealed and left at room temperature for 4 weeks, light-
yellow needlelike crystals ofMONT-2were formed. The two
phases can be manually separated for further analysis.
MONT-1 andMONT-2 have identical framework formu-

las and can be classified as polymorphic structures.16 Single-
crystal X-ray diffraction studies reveal thatMONT-2 crystal-
lizes in tetragonal space group I41/a. Similar toMONT-1, the
asymmetric unit of MONT-2 consists of one Zn ion, one
ATIBDC, one bpy, and three uncoordinated water mole-
cules. The coordination environment of the central Zn ion
remained unchanged with MONT-1, although the aver-
age Zn-O and Zn-N distances changed a little (2.107 and
2.081 Å for Zn-O and Zn-N, respectively). The most
significant structural change is that the squares (Figure 1a)
in MONT-1 are replaced with a 1D left- or right-handed 41
helical chain inMONT-2 (Figure 1b), similar to that found in
[{Ni(4,40-dipy)(ArCOO)2(MeOH)2}n].

12a The average dihe-
dral angle between the carboxylate groups and the central
benzene ring is 91.65�, which is slightly larger than that in
MONT-1. The shape of the square channel remains
unchanged (Figure 1c,d). The dimensions of the channel
are reduced from 11.81 � 11.81 Å in MONT-1 to 10.9 �
10.9 Å in MONT-2. Similar to MONT-1, the 1D nanotub-
ular coordination polymers in MONT-2 stack each other
without interpenetration through the weak N-H 3 3 3π
(3.325 Å) and I 3 3 3O (3.261 Å) interactions to generate a
3D porous supramolecular architecture (Supporting Infor-
mation). The left- and right-handed 41 helical chains are
alternatives to the 3D packing structure; thus, the whole
structure is achiral.
Another significant change is the arrangement of the

uncoordinated water molecules17 due to the different space
groups as well as the different environments of the channels.
InMONT-1, all of the uncoordinated water molecules (O01,
O02, and O03) locate in the nanotube and form a (H2O)12
cluster (Figure 2a) through hydrogen-bonding interaction.
The cluster was trapped in the Zn8(bpy)8(ATIBDC)4 box
with a separation from one another of 9.581 Å (Figure 2d),
corresponding to the unit cell length. However, inMONT-2,
there is no significant hydrogen-bonding interaction among
the uncoordinated water molecules.15 0.25 uncoordinated
water molecule (O01) resides among the 1D nanotubes by
forming hydrogen bonds (2.799 Å) with the -NH2 group of
the ATIBDC ligand to connect four nanotubes (Supporting
Information). 2.75 uncoordinated water molecules (O02,
O03, and O04) locate in the nanotube. Every uncoordinated
watermolecule in the channel (O02,O03, andO04) is packing
along the c axis to generate a 1D 41 helical chain (Figure 2b,c)
with a separation of the water molecules of 3.705, 5.194, and
8.153 Å for O02, O03, and O04, respectively. In particular,
there is strong hydrogen-bonding interaction (2.761 Å)
between O04 and the uncoordinated carboxyl O atom of
ATIBDC in an adjacent nanotube. All of the 1D 41 helical
arrangements of the water molecules in the channel possess
the same chirality as the 1D Zn-bpy helical chain.

Scheme 1
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(15) Synthesis of MONT-1 and MONT-2: Zn(NO3) 3 6H2O (10 mg,
0.03 mmol), H2ATIBDC (10 mg, 0.02 mmol), and 4,40-bipy (10 mg,
0.052 mmol) were dissolved in 8 mL of a mixed solvent of N,N-dimethylforma-
mide, EtOH, and H2O (v/v, 5:2:1). After the reaction mixture was stirred at room
temperature for 0.5 h, the resulting mixture was filtered. Diffusion of diethyl ether
into the resulting clear yellow solution in a vial for 7 days yielded a large amount
of yellow prismatic crystals of MONT-1 (yield: 45%). Then the vial containing
MONT-1 was sealed and left at room temperature for 4 weeks to generate light-
yellow needlelike crystals of MONT-2 (yield: 10%). The two polymorphic
complexes were manually separated for further analysis. Elem anal. Calcd for
MONT-1: C, 25.97; H, 1.94; N, 5.05. Found: C, 25.65; H, 1.94; N, 5.59. Elem
anal. Calcd for MONT-2: C, 25.97; H, 1.94; N, 5.05. Found: C, 25.85; H, 1.90;
N, 5.32.

(16) Crystallographic data forMONT-1: C18H16I3N3O7Zn,M= 832.41,
tetragonal, space group P4/n, a = b = 24.4385(2) Å, c = 9.57470(10) Å,
U = 5718.40(9) Å3, Z = 8, Dcalcd = 1.934 g cm-3, μ = 4.134 mm-1,
F(000)=3120, crystal size=0.20� 0.10� 0.05mm3; 22 623 reflections were
measured with 6649 unique reflections (Rint = 0.0372), of which 5599 [I >
2σ(I)] were used for the structure solution. Final R1 (wR2) = 0.0671
(0.1921), 289 parameters. Crystallographic data for MONT-2: C18H16-
I3N3O7Zn, M = 832.41, tetragonal, space group I41/a, a = b = 34.3706-
(11) Å, c=9.5456(6) Å,U=11276.6(9) Å3,Z=16,Dcalcd = 1.961 g cm-3,
μ = 4.193 mm-1, F(000) = 6240, crystal size = 0.20 � 0.10 � 0.05 mm3;
32 300 reflections were measured with 6501 unique reflections (Rint =
0.0538), of which 5937 [I > 2σ(I)] were used for the structure solution.
Final R1 (wR2) = 0.0582 (0.1744), 291 parameters.

(17) In the crystal structure, some water molecules are disordered.
However, the existence of three water molecules is further determined by
TGA and elemental analysis.
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Thermogravimetric analysis (TGA) measurement reveals
that bothMONT-1 andMONT-2 can be stable up to 300 �C.
It is especially interesting to note that both nanotubular
materials can remain crystalline at high temperature and the
uncoordinated water molecules can be reversibly absorbed
into the nanotubes. ForMONT-1, the (H2O)12 cluster can be
reversibly trapped in the Zn8(bpy)8(ATIBDC)4 box after the
crystals were heated to 180, 200, 240, and 280 �C for 0.5 h and
cooled back down to room temperature in air. However, for
MONT-2, only part of the uncoordinated water molecules
can be reversibly absorbed into the channel. Single-crystal
X-ray diffraction on the crystal ofMONT-2 that was heated
to 160 �C for 0.5 h in air reveals that only two uncoordinated
water molecules (O03 and O04) were reabsorbed into the
nanotube. The separation of the water molecules in the 1D
helical water chain changes to 5.882 and 8.225 Å for O03 and
O04, respectively. When the crystals were heated to 200 �C,
single-crystal X-ray diffraction shows that only O04 was
reabsorbed into the nanotube because of its formation of
strong hydrogen bonds with the uncoordinated carboxyl
O atom. These results indicate that the uncoordinated water
molecules are apt to be reabsorbed inside the nanotube rather
than outside the nanotube.
In conclusion, two novel polymorphic metal-organic

nanotubes, derived from two structural supramolecular

isomers, a 0D square and a 1D helix, have been synthesized
and characterized for the first time. The uncoordinated water
molecules have different arrangements [a (H2O)12 cluster vs a
1D helix] in the nanotubes because of the different environ-
ments of the channels. The new nanotubular isomer can
remain crystalline at high temperature and reversibly absorb
uncoordinated water molecules. Although detailed studies
are still needed, formation of the two polymorphic complexes
may be controlled by the concentration of the reaction
system, and the generation of polymorphs in this system
may derive from the fact that connection of a metal ion by
bpy ligands can potentially form two structural subunits, a
0D square and a 1D helix, between which there is little or no
difference in formation energy. Current research provides an
effective strategy to construct polymorphic structures by use
of structural supramolecular isomers and may gain an in-
depth understanding of polymorphism in MOFs. Further
studies will focus on producing other metal-organic nano-
tubes by using a wide range of bridging organic ligands.
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Figure 1. (a and b) Structural supramolecular isomers of a 0D square
and a 1D helix in MONT-1 and MONT-2, respectively. 1D nanotubes
along the c axis: (c) MONT-1; (d) MONT-2. (e and f) Nanotubular
structures of MONT-1 and MONT-2 showing the tube interior (yellow
column). (g and h) Schematic representations of the two polymorphic
structures.

Figure 2. (a) (H2O)12 cluster inMONT-1. (b and c) 1D helical arrange-
ment of the uncoordinated water molecules in MONT-2 (green, O02;
blue, O03; red, O04). (d and e) 1D nanotubes showing the arrangement
of the uncoordinated water molecules in the channels for MONT-1 and
MONT-2, respectively.
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