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Self-assembly of Zn(NO3)2�6H2O, 5-amino-2,4,6-triiodoisophthalic acid (H2atiip) and 4,40-bipyridine
(bpy) or 1,3-di(4-pyridyl)propane (dpp) gave rise to three unusual zinc metal–organic frameworks,
Zn2(bpy)2(atiip)2�3H2O�2dmf (1), Zn8(dpp)8(atiip)8�4H2O (2), Zn(dpp)(atiip)�(dmf)�(H2O) (3). All com-
plexes possess 2D layer frameworks constructed from 1D Zn-carboxylate tubular unit for 1, 1D Zn-car-
boxylate helical chain for 2 and 3. In 1 and 2, the bpy or dpp act as both bridging and blocking ligands
and the blocking ligands play an important role in the formation of the 2D layer frameworks. Both 2
and 3 contain two different large metallomacrocycles. Photoluminescence measurements of 1–3 in the
solid state at room temperature show that all complexes exhibit luminescence, which can be assigned
to an intraligand p ? p* transition or ligand-to-metal charge transfer (LMCT).

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

Supramolecular chemistry and crystal engineering of metal–
organic frameworks (MOFs) have received much attention of
chemists due to its powerful function in design and synthesis of
functional materials with interesting structures and desired topol-
ogies [1–5]. Carboxylate ligands as versatile organic linker have
been widely used in the construction of MOFs with 1D, 2D, and
3D frameworks [6,7]. By introducing secondary organic ligands in
the carboxylate systems, many metal–organic frameworks based
on mixed organic ligands have been designed and synthesised
[8,9]. In this regard, two types of pyridine-derivatives have been
introduced in the carboxylate system as the secondary organic li-
gands based on the difference of their linking modes. 2,20-bipyri-
dine and its derivatives have been used as blocking ligand in the
construction of low-dimensional frameworks due to their chelat-
ing coordination mode [10,11], and 4,40-bipyridine and its deriva-
tives usually adopt bridging coordination mode to connect two
metal ions or clusters to give rise to high-dimensional frameworks
[12,13], although a few examples with 4,40-bipyridine as mono-
dentate ligand have been explored [14,15].

On the other hand, the introduction of the bridging pyridine-
based ligands into the carboxylate system can generate more topo-
logical structures than the single carboxylate system, despite the
fact that it adds more difficulty in the prediction and control of
the components or the structure of the product in the mixed li-
009 Published by Elsevier B.V. All r
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gands system due to the competition between the ligands. Our re-
search focuses on the construction of MOFs based on mixed
organic ligands and understanding the different roles of the mixed
ligands in the formation of the framework. We select 5-amino-
2,4,6-triiodoisophthalic acid (H2atiip) as the assembly organic li-
gand considering its following characteristics: (i) it has two car-
boxylate groups, which can bridge metal ions in multiply
coordination modes, similar to 1,3-bdc; (ii) the steric hindrance be-
tween the iodine atoms and the carboxyate groups provide the
central benzene ring and the carboxylate groups the ability to
not locate in a plane, which result in the face that the carboxylate
groups connect to metal ion in different directions; (iii) the two
carboxylate groups locate in the meta positions of the benzene ring
and are not in a plane with the benzene ring, which may connect
the metal ion to form tubular or helical structure. Very recently,
by introducing 4,4-bipyridine in the carboxylate system, we syn-
thesised a novel 1D zinc metal–organic nanotube exhibiting
reversible adsorption of (H2O)12 cluster [16]. In this full paper,
we report the synthesis, crystal structures and photoluminescence
properties of three 2D zinc metal–organic frameworks,
Zn2(bpy)2(atiip)2�3H2O�2dmf (1), Zn8(dpp)8(atiip)8�4H2O (2),
Zn(dpp)(atiip)�(dmf)�(H2O) (3), constructed from mixed organic li-
gands of H2atiip and bpy or dpp.

2. Experimental

2.1. Materials and physical measurements

All chemicals used are as purchased without purification. H2ati-
ip, 4,4-bipy and 1,3-di(4-pyridyl)propane are bought from Alfa
ights reserved.

mailto:dfsun@sdu.edu.cn
mailto:zhangchqiao@sdu.edu.cn
http://www.sciencedirect.com/science/journal/00201693
http://www.elsevier.com/locate/ica


Table 1
Crystal data for complexes 1–3.

Complex 1 2 3

Formula C36H26I6N6O11Zn2 C220H192I24N32O36Zn8 C24H23I3N4O5Zn
Formula weight 1610.77 7428.62 893.53
crystal size 0.2 � 0.1 � 0.05 0.3 � 0.2 � 0.1 0.15 � 0.1 � 0.1
crystal color yellow brown yellow
crystal system triclinic monoclinic monoclinic
space group P1 P21/n P21/n
a (Å) 8.5532(8) 9.41530(10) 9.2478(5)
b (Å) 18.2032(18) 34.3442(5) 15.2758(9)
c (Å) 19.583(3) 18.6939(3) 20.3701(12)
a (�) 113.997(2) 90.00 90.00
b (�) 95.211(3) 99.8780(10) 91.7550(10)
c (�) 99.150(2) 90.00 90.00
V (Å3) 2708.8(5) 5955.26(14) 2876.3(3)
Z 2 1 4
Dcalc (g cm�3) 1.975 2.071 2.063
F(0 0 0) 1500 3536 1696
l (mm�1) 4.357 3.977 4.114
Goodness of fit 0.989 1.039 1.019
R1[I > 2r(I)] 0.0551 0.0404 0.0424
wR2 0.1621 0.0947 0.0983
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Asian. Thermogravimetric experiments were performed using a
TGA/SDTA851 instrument (heating rate of 10 �C/min, nitrogen
stream). Elemental analyses (C, H, N) were obtained on a Perkin–
Elmer 240 elemental analyzer. Photoluminescence spectra were
performed on a Perkin Elmer LS 50B luminescence spectrometer.

2.2. Preparation of complexes

2.2.1. [Zn2(bpy)2(atiip)2]�3H2O�2dmf (1)
Zn(NO3)2�6H2O (0.01 g, 0.0277 mmol), H2atiip (0.01 g,

0.0179 mmol) and 4,4-bipy (0.01 g, 0.064 mmol) were dissolved
in 8 mL mixed solvents of DMF, EtOH and H2O (v/v = 5:2:1) in a
25 mL beaker. After being stirred at room temperature for ten min-
utes, the reaction mixture was filtered. The filtrate was left to stand
at room temperature and the yellow crystals of 1 were obtained
after one week (yield: 65%). Elemental Anal. Calc. for 1: C, 28.71;
H, 2.29; N, 6.38%. Found: C, 28.55; H, 2.22; N, 6.09%.

2.2.2. [Zn8(dpp)8(atiip)8]�4H2O (2)
Zn(NO3)2�6H2O (0.01 g, 0.0277 mmol), H2atiip (0.10 g,

0.0179 mmol), 1,3-di(4-pyridyl)propane (0.01 g, 0.05 mmol) were
dissolved in 10 mL mixed solvents of DMF, EtOH and H2O (v/
v = 5:2:1) in a 25 mL beaker. After being stirred at room tempera-
ture for 10 min, the beaker was left at 90 �C for 3 days. The result-
ing brown block crystals of 2 were collected in 75% yield on the
basis of zinc. Elemental Anal. Calc. for 1: C, 35.57; H, 2.61; N,
6.03%. Found: C, 35.59; H, 2.51; N, 5.96%.

2.2.3. [Zn(dpp)(atiip)]?(dmf)?(H2O) (3)
Zn(NO3)2�6H2O (0.01 g, 0.0277 mmol), H2atiip (0.10 g,

0.0179 mmol) and 1,3-di(4-pyridyl)propane (0.01 g, 0.05 mmol)
were dissolved in 10 mL mixed solvents of DMF, EtOH and H2O
(v/v = 5:2:1) in a 25 mL beaker. After the mixture being stirred in
the air for 10 min, the resulting yellow solution was allowed to
evaporate at room temperature for 7 days to give block crystals
of 3 in 50% yield. Elemental Anal. Calc. for 3: C, 31.62; H, 2.76; N,
6.15%. Found: C, 31.78; H, 2.52; N, 6.15%.

2.3. Crystal structures determinations

Crystallographic data for 1–3 were collected on a Bruker APEXII
CCD diffractometer with Mo Ka (k = 0.71073 Å) at room tempera-
ture. All structures were solved by the direct method using the
SHELXS program of the SHELXTL package and refined by the full-matrix
least-squares method with SHELXL [17,18]. The metal atoms in each
complex were located from the E-maps, and other non-hydrogen
atoms were located in successive difference Fourier syntheses
and refined with anisotropic thermal parameters on F2. The hydro-
gen atoms were generated geometrically (CAH 0.96 Å). A summary
of the crystallographic data are given in Table 1.
Scheme 1. The coordination modes of organic ligands in complexes 1–3.
3. Results and discussion

3.1. Synthetic chemistry

Self-assembly process is an important method in construction
of supramolecular architecture [19]. Many coordination complexes
such as discrete molecules, 1D, 2D and 3D frameworks have been
synthesised through supramolecular self-assembly. Complexes 1
and 3 were synthesised at room temperature, while complex 2
was obtained when heating the reaction mixture at 90 �C for 3
days, indicating the temperature has a significant influence on
the formation of 2 and 3. In complexes 1–3, the zinc ions were first
connected by the carboxylate ligand to generate a 1D tubular (for
1) or helical (for 2 and 3) subunit, which was further linked by
the bridging bpy or dpp ligand to form the 2D layer frameworks.
The bpy and dpp ligands act as both bridging and blocking ligand
in 1 and 2, respectively, while dpp ligand acts as only bridging li-
gand in 3. Scheme 1 shows the coordination modes of the organic
ligands in complexes 1–3.

3.2. Crystal structure analysis

3.2.1. Crystal structure of complex (1)
As shown in Fig. 1, the asymmetric unit of 1 consists of two zinc

ions, two atiip ligands, two and two halves of bpy ligands, and
three uncoordinated water molecules. Zn1 is five-coordinated by
three oxygen atoms from two atiip ligands, two nitrogen atoms
from two bpy ligands, in a distorted trigonal bipyramidal geome-
try, while Zn2 is four-coordinated by three oxygen atoms from
three atiip ligands, one nitrogen atom from bpy ligand in a tetrahe-
dral geometry.

Two types of atiip ligands with different coordination modes
are present in the structure: (a) one carboxylate group adopts
bidentate chelating mode, chelating one Zn1 ion, whereas the
other one adopts monodentate mode, coordinating to one Zn2
ion (scheme 1e); (b) one carboxylate group adopts bidentate bridg-
ing mode, linking one Zn1 and one Zn2 ions, the other one adopts
monodentate coordination mode, connecting one Zn2 ion (scheme
1f). As expected, the carboxylate groups and the central benzene
ring are not in a plane with the average dihedral angle of 88.3�.
Thus, Zn1 and Zn2 are infinitely connected by atiip ligands to give
rise to a 1D tubular unit (Fig. 2a and c), which can be considered as
the basic building unit of 1. To the best of our knowledge, only a



Fig. 1. The coordination environment of zinc ion in 1.

Fig. 2. (a) and (c) The 1D tubular unit generated by atiip ligands and zinc ions; (b)
and (d) the 1D tubular unit showing bridging bpy ligands locate inside (brown
color) to connect two Zn1 ions; (e) the final 2D layer generated by bpy connecting
the 1D tubular units with two types of bpy in different colors, bridging bpy (brown,
inside the tubular unit), bridging bpy (red, connecting the tubular units), blocking
bpy (blue). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. The 3D porous supramolecular architecture of 1.
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few examples containing tubular unit have been reported in the lit-
erature [20–22].

The 1D tubular unit contains a 24-membered metallo-macrocy-
cles made up of four atiip and four zinc ions with the dimensions of
9.6 � 5.5 Å (supporting information). It is interesting to note that
there are two types of 4,40-bipyridine molecules, which play differ-
ent roles in the formation of 1: one type of bpy ligand, which lies
about independent inversion centers, acts as bridging ligand to con-
nect two Zn ions (scheme 1a); while the other one, which locates in
a general position, acts as blocking ligand (scheme 1b) to coordinate
to one zinc ion to prevent complex 1 further extending. The bridg-
ing bpy ligand plays two roles in the formation of complex 1: locat-
ing in the tubular unit to connect two Zn1 ions to further stabilize
the tubular unit (Fig. 2b and d), and bridging two tubular units
through coordinating to two Zn2 ions (Fig. 2e). Thus, the 1D tubular
units are infinitely connected by bridging bpy ligand to generate a
2D layer structure, as shown in Fig. 2e. Hence, the atiip, bridging
and blocking bpy connect zinc ions to form the 1D tubular unit,
which is further connected by the bridging bpy to generate the final
2D layer framework. In the past reported MOFs containing 4,40-
bipy, the 4,40-bipy acts as either bridging ligand to connect two me-
tal ions or blocking ligand to coordinate to one metal ion, few exam-
ples that 4,40-bipy acts as both bridging and blocking ligand have
been documented in the literature [22–27].

All the blocking ligands of bpy point out of the layer. The p–p
interactions (3.7 Å) between blocking bpy ligands in different lay-
ers as well as the strong N–I interactions (2.997 Å) further connect
the 2D layers into a 3D porous supramolecular architecture, as
shown in Fig. 3. The dimensions of the channels are 15.3 � 7.0 Å,
in which uncoordinated water molecules reside. It should be
pointed out that the N–I contact is very short in 1. Normally, the
N–X (X = F, Cl, Br, and I) contact falls into the range of 3.0–3.5 Å
[28], and the examples such as in 1 that the N–I contact is less than
3.0 Å is quite rare.
3.2.2. Crystal structure of complex (2)
Complex 2 was synthesised in a solvothermal condition by use

of 1,3-di(4-pyridyl)propane as the secondary organic ligand. The
asymmetric unit of 2 consists of two zinc ions, two atiip ligands,
three dpp ligands and one uncoordinated water molecule. As
shown in Fig. 4, Zn1 is four-coordinated by two oxygen atoms from
two atiip ligands, two nitrogen atoms from two dpp ligands, in a
tetrahedral geometry. One of remaining carboxyl oxygen atoms
has a weak coordination to Zn1 ion with the distance of 2.313 Å,
thus the geometry of Zn1 ion can also be considered as a pseudo
trigonal bipyramidal environment. Zn2 is four-coordinated by
two oxygen atoms and two nitrogen atoms from different ligands
in a tetrahedral geometry.



Fig. 4. The coordination environment of central zinc ions in 2.
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As found in complex 1, there are two types of atiip ligands
which possess different coordination modes in 2, as shown in
scheme 1e and g. Thus, Zn1 and Zn2 ions are infinitely connected
by atiip ligand to result in the formation of a left- or right-handed
helical chain (Fig. 2a and b), in which the two types of atiip are alt-
ernant. The nearest Zn–Zn distance in the chain is 9.437 Å. The
average dihedral angle between the carboxylate groups and the
central benzene ring is 92.3�, which is slightly larger than that in
1. The helical chains are further connected by the bridging dpp
(scheme 1c) to generate a 2D layer structure with the separation
of the helical chains of 13.369 Å. The remaining coordination sites
of Zn1 and Zn2 ions are occupied by the blocking ligands of dpp
(scheme 1d), which locate above or below the layer to prevent fur-
ther extending into high dimensional framework. The left- and
right-handed helical chains are equal in the layer, thus, the whole
structure is achiral.
Fig. 5. (a) and (b) The left- and right-handed Zn-carboxylate helical chains; (c) and (d)
blocking dpp as yellow color; (e) the small 40-membered metallo-macrocycles; (f) the la
the ligand and metal ions schematically. (For interpretation of the references to color in
The layer can also be viewed as ladders sharing legs, in which
the legs are formed by Zn-atiip helical chains and rungs by the
bridging dpp ligands. It is interesting to note that the layer contains
two different metallo-macrocycles: one is a 40-membered metal-
lo-macrocycles (12.4 � 4.4 Å) made up of two atiip ligands, two
bridging dpp ligands and four zinc ions; the other one is a 72-
membered metallo-macrocycles (30.7 � 7.2 Å) made up of six atiip
ligands, two bridging dpp and eight zinc ions, as shown in Fig. 5e
and f, respectively. Hence, the 2D layer can also be considered as
formed by infinitely sharing 40-membered and 72-membered
metallo-macrocycles [28,29]. If Zn1 and Zn2 ions are treated as a
single node, then complex 2 has a graphite-like (6,3) net, as shown
in Fig. 5g.

3.2.3. Crystal structure of complex (3)
Single crystal X-ray diffraction reveals that complex 3 crystal-

lizes in monoclinic space group P21/n and has a 2D layer frame-
work possessing a (4,4) net. The asymmetric unit of 3 contains
one zinc ion, one atiip ligand, one dpp ligand and one uncoordi-
nated dmf molecule. As shown in Fig. 6, the central zinc ion is
four-coordinated by two oxygen atoms from different atiip ligands
and two nitrogen atoms from different dpp in a tetrahedral geom-
etry with the average Zn–O and Zn–N distances of 1.943(4) and
2.034(5) Å, respectively.

Different from complexes 1 and 2, both the carboxylate groups
of atiip ligand in 3 adopt mono-dentate bridging mode to connect
one zinc ion (scheme 1g). The average dihedral angle between the
carboxylate groups and the central benzene ring is 94�, which is
slight larger than that in 1 and 2. Thus, the zinc ions are infinitely
connected by atiip ligands to generate a 21 helical chain with the
nearest Zn-Zn distance in the chain being 9.532 Å (Fig. 7a). The
21 helical chains are further connected by the bridging dpp ligands
to give rise to a 2D layer structure with the nearest Zn–Zn distance
between the helical chains of 11.543 Å (Fig. 7c and d). Since the 21

left- and right-handed helical chains are alternant and equal in the
layer, thus, the whole structure is achiral.
the 2D layer containing large void with bridging dpp represented as red color and
rge 72-membered metallo-macrocycles; (g) the graphite-like (6,3) net representing
this figure legend, the reader is referred to the web version of this article.)



Fig. 6. The coordination environment of central zinc ion in 3.
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The layer can also be viewed as consisting of ladders sharing
legs, in which the vertical bar are formed by Zn-atiip 21 helical
chains and rungs by dpp ligands. As in 2, the 2D layer contains
two different metallo-macrocycles. Although both are 40-mem-
bered metallo-macrocycles made up of two atiip ligands, two
dpp ligands and four zinc ions, there are slight difference due to
the amino-group of atiip ligands pointing to different directions.
One adopts head-to-head mode, in which the two atiip ligands lo-
cate inside the metallomacrocycles with the size of the metallo-
macrocycles being 15 � 4 Å (Fig. 7e); the other one adopts tail-
to-tail mode, in which the two atiip ligands locate outside the
Fig. 7. (a) and (b) The left- and right-handed Zn-carboxylate helical chains; (c) and (d) the
the two atiip ligands adopting head-to-head arrangement; (f) the 40-membered metallo-
arrangement; (g) the (4,4) net of 3.
metallomacrocycles with the size of the metallomacrocycles being
11.8 � 12.2 Å (Fig. 7f). If the atiip and dpp ligands can be consid-
ered as linear linkers and the zinc ion as single node, then complex
3 possesses a (4,4) net, as shown in Fig. 7g.

3.3. Thermal stabilities of complexes 1–3

Thermogravimetric analysis showed that 1, 2 and 3 have high
thermal stabilities. For 1, the gradual weight loss of 11.0% from
45 to 200 �C corresponds to the loss of three uncoordinated water
molecules and two uncoordinated dmf molecules in the lattice
(calc.: 11.4%). There is no further weight loss from 200 to 350 �C,
and after that, 1 starts to decompose. For 2, we did not find the loss
of the uncoordinated water molecule. The first weight loss of 10.0%
from 280 to 310 �C corresponds to the loss of one blocking dpp li-
gand (calc.: 10.7%). The second weight loss of 10.0% from 310 to
410 �C corresponds to the loss of the second blocking dpp ligand
(calc.: 10.7%), and after 420 �C, 2 starts to decompose. For 3, the
gradual weight loss of 9.3% from 45 to 290 �C corresponds to the
loss of one uncoordinated dmf and one uncoordinated water mol-
ecule in the lattice (calc.: 10.1%), and after 290 �C, 3 starts to
decompose.

3.4. Photoluminescence properties of complexes 1–3

On the basis of current research on luminescent MOFs, the
emission of coordination polymers can be assigned to a ligand-
to-metal charge transfer (LMCT) [30], metal-to-ligand charge
transfer (MLCT) [31] or to an intraligand p ? p* transition. In gen-
eral, metal coordination significantly influences fluorescence prop-
2D layer; (e) the 40-membered metallo-macrocycles with the two amino-groups of
macrocycles with the two amino-groups of the two atiip ligands adopting tail-to-tail



Fig. 8. Photoluminescence emission spectra for H2atiip, 1, 2 and 3 in the solid state
at room temperature.
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erties in MOFs (compared to organic ligands), an important prop-
erty to consider when trying to synthesize new luminescent mate-
rials. The solid state fluorescence spectra of 1, 2 and 3 have been
measured and are depicted in Fig. 8. At room temperature, 1 shows
moderated luminescence with emission maxima at 570 nm upon
excitation at 420 nm in solid state (as powder samples). Complexes
2 and 3 exhibit similar luminescence at kmax = 440 nm (upon exci-
tation at 370 nm), although the intensity is slightly different. The
emissions of 2 and 3 can probably be assigned to an intraligand
p ? p* transition [32], as free H2atiip ligand possesses similar
emission in the solid state. These observations suggest that the
coordination of the atiip ligand with Zn2+ ions has no influence
on the emission mechanism of the metal–organic coordination
polymers [33], although increasing the intensity of intraligand
fluorescent emission due to the coordination of atiip ligand to
the metal ion to increase the rigidity of the ligand and reduce the
nonradiative decay of the intraligand excited state [34]. These
emissions can be assigned to the ligand-to-metal charge transfer
[30].

4. Conclusions

In summary, three 2D photoluminescent zinc metal–organic
frameworks based on mixed organic ligands of carboxylate and
4,40-bipy or 1,3-di(pyridin-4-yl)propane have been synthesised
and characterized. Complexes 1 and 2 contain both blocking bpy
or dpp and bridging bpy or dpp, which play different roles in the
formation of the 2D layer frameworks: the bridging bpy or dpp li-
gands directly take part in the extension of the framework by
bridging zinc ions, and the blocking bpy or dpp act as terminal li-
gand to prevent the 2D layer extending into 3D network. Both
complexes 2 and 3 contain different large metallomacrocycles,
which are quite rare in the literature. In all three complexes, due
to the non-planarity of the carboxylate ligand, the zinc ions are
first connected by the carboxylate ligand to generate a 1D tube
or helical chain, which can be considered as the building unit of
the whole structure. The 1D tubular or helical subunit is further
connected by the bridging bpy or dpp to result in the formation
of the 2D layer framework. All the blocking ligands in 1 and 2 adopt
monodentate coordination mode and the remaining nitrogen atom
of the ligand is available for coordinating to other metal ion. Thus,
complexes 1 and 2 may act as the synthetic intermediate to assem-
ble high-dimensional MOFs. Studies on this subject as well as con-
structing 3D porous metal–organic frameworks with these mixed
organic ligands are currently underway.
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