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Two metal-organic coordination polymers, [Zn(1,2,4-BTC)(bipy)]n (1) (1,2,4-BTC¼ 1,2,4-
benzenetricarboxylic acid, bipy¼ 4,40-bipyridine) and [Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n (2)
(1,3,5-BTC¼ 1,3,5-benzenetricarboxylic acid, bipy¼ 4,40-bipyridine), have been synthesized
using the principle of crystal engineering. Despite similar reactants and reaction conditions,
complex 1 is an infinite 2-D square-grid network while complex 2 is a 1-D zigzag chain.
4,40-bipyridine is a terminal monodentate ligand towards the Zn centers, which is rare in Zn
polymers because 4,40-bipyridine is a linear molecule and bridges central ions using two
nitrogen atoms. Both coordination polymers show blue luminescence in the solid state at room
temperature.

Keywords: Zinc coordination polymer; Crystal structure; Benzenetricarboxylic acid;
Hydrothermal; Luminescence

1. Introduction

Transition metal-organic coordination polymers attract attention for their fascinating
applications in catalysis, co-operative magnetic behavior, non-linear optical activity and
electrical conductivity, and also for their interesting topologies [1–11]. To design metal-
organic coordination polymers from transition metals and organic ligands with novel
architectures and desired functionalities by the principles of crystal engineering has been
a challenging subject in coordination chemistry. Selection or design of a ligand
containing features such as flexibility, versatile binding modes, and the ability to form
hydrogen bonds is crucial to the construction of polymeric complexes [12].

Flexible benzenetricarboxylic acids are good candidates for construction of metal-
organic complexes, showing many advantages over other organic ligands: they have
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three carboxyl groups that can be completely or partially deprotonated with rich
coordination modes; they can act not only as a hydrogen-bond acceptor but also as a
hydrogen-bond donor, depending upon the number of deprotonated carboxyl groups;
they may connect metal ions in different directions due to their rigidity and
polycarboxylate groups; it is easy to form crystalline complexes of them, and their
metal-organic complexes always show high dimensional structures [12–34].

Especially, 1,2,4-benzenetricarboxylate, an unsymmetrical benzene polycarboxylate,
can be assembled around metal centers in diverse arrangements owing to the possession
of two or more coordination sites with differing donor ability, resulting in structures
with novel topologies. However, only a few metal-organic frameworks have been
constructed from 1,2,4-BTC [25–34]. So from the standpoint of molecular design, we
have attempted to assemble high dimensional metal-organic complexes using 1,2,4-BTC
as the bridging ligand.

4,40-bipyridine is an excellent rigid bridging ligand for construction of metal-organic
frameworks, the two terminal nitrogens can link central ions to form 1D, 2D or 3D
structures; there have been many reports on various dimensional hybrid complexes
assembled by 4,40-bipy ligands [35–40]. The analysis above provides motivation
for design and synthesis of metal-organic interpenetrating frameworks containing
1,2,4-BTC and 4,40-bipy.

Hydrothermal synthesis has proven to be a powerful method for preparation of
metal-organic coordination compounds; in this manuscript used to prepare a zinc
complex [Zn(1,2,4-BTC)(bipy)]n. The structure forms an infinite 2-D square-grid
network, crystallizing in the space group P2(1)/c. The zinc coordination number is five,
unlike the normal four or six. Only one nitrogen atom of 4,40-bipyridine is coordinated
to Zn ion while the other is uncoordinated. As continuing study of the zinc complexes
with benzenetricarboxylates and heteroaromatic N-donor ligands, we also prepared the
zinc complex with 1,3,5-BTC and 4,40-bipy, [Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n, which
forms a zigzag chain structure; 4,40-bipy also is a monodentate terminal ligand.

2. Experimental

2.1. Preparation of zinc complexes

Zn(CH3COO)2 � 2H2O, 1,3,5-benzenetricarboxylic acid and 1,2,4-benzenetricarboxylic
acid were purchased from Aldrich and used without further purification. All other
reagents were commercially available and used as received.

2.2. [Zn(1,2,4-BTC)(bipy)]n (1)

Zn(CH3COO)2 � 2H2O (110mg, 0.5mmol), 1,2,4-benzenetricarboxylic acid (105.1mg,
0.5mmol) and 4,40-bipyridine (99.1mg, 0.5mmol) were mixed in 10mL deionized
water. After stirring 30min, the mixture was placed in a 25mL Teflon-lined reactor
and heated at 160�C in an oven for 4 d. The resulting solution was cooled slowly
to room temperature; well-shaped colorless single crystals of 1 suitable for X-ray
four-circle diffraction analysis were obtained. Yield: 76%. Anal. Calcd for
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C19H12N2O6Zn: C, 53.06; H, 2.79; N, 6.52%; Found: C, 52.98; H, 2.85; N, 6.58%. IR
(KBr pellet, cm�1): 1411 cm�1

ðVsCOO�Þ, 1546 cm�1
ðVasCOO�Þ.

2.3. [Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n (2)

Zn(CH3COO)2 � 2H2O (110mg, 0.5mmol), 1,3,5-benzenetricarboxylic acid (105.1mg,
0.5mmol) and 4,40-bipyridine (99.1mg, 0.5mmol) were mixed in 10mL deionized
water. After stirring 30min, the mixture was placed in a 25mL Teflon-lined reactor and
heated at 160�C in an oven for 4d. The resulting solution was cooled slowly to room
temperature; well-shaped colorless single crystals of 2 suitable for X-ray four-circle
diffraction analysis were obtained. Yield: 62%. Anal. Calcd. for C19H20N2O10Zn:
C, 45.44; H, 3.99; N, 5.58%; Found: C, 45.37; H, 4.02; N, 5.48%. IR (KBr pellet,
cm�1): 1412 cm�1

ðVsCOO�Þ, 1546 cm�1
ðVasCOO�Þ.

2.4. Measurements and apparatus

Elemental analyses (C, H, N) were determined with an Elementar Cario EL elemental
analyzer. IR spectra were recorded with a Nexus 912 AO446 FT-IR spectrophotometer
(KBr pellet) in the 4000� 400 cm�1 region. The luminescence (excitation and emission)
spectra for the solid complexes were determined with a Perkin-Elmer LS-55 spectro-
photometer, whole excitation and emission slit widths were 10 and 5 nm, respectively.

2.5. Crystal structure determination

X-ray single-crystal diffraction data for crystals with dimensions 0.15� 0.10� 0.08mm
for 1 and 0.10� 0.05� 0.05mm for 2 were performed with graphite-monochromated
Mo-Ka radiation (�¼ 0.71073 Å) on a CCD detector four-circle diffractometer and
were collected by the !–2� scan technique. The structures were solved by direct
methods. All non-hydrogen atoms were refined anisotropically by full-matrix least-
squares methods. The hydrogen atoms were added geometrically and not refined. All
calculations were performed using SHELXS-97 and SHELXL-97 [41, 42].

3. Results and discussion

3.1. Crystal structures of zinc complexes

The structures of [Zn(1,2,4-BTC)(bipy)]n (1) and [Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n
(2) were determined by single crystal X-ray crystallography. The crystallographic and
refinement data are in table 1, with selected bond lengths and angles for 1 and 2 listed
in table 2.

[Zn(1,2,4-BTC)(bipy)]n crystallizes in the monoclinic system, with space group
P2(1)/c. As shown in figure 1, the fundamental units of 1 contain one Zn center, one
1,2,4-BTC and one 4,40-bipy. The Zn center is penta coordinate by four carboxylate
oxygens and one pyridyl nitrogen; the coordination geometry can be described in
terms of a slightly distorted tetragonal pyramidal configuration. The four oxygen
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atoms O(1), O(2), O(5) and O(6) are from four different carboxylate groups, binding
Zn in a symmetrical fashion from Zn(1)–O(1) distance of 2.038(4) Å, Zn(1)–O(2)
distance of 2.020(4) Å, Zn(1)–O(5) distance of 2.017(4) Å and a Zn(1)–O(6) distance
of 2.048(4) Å.

Table 1. Crystal data and structure refinement for 1 and 2.

Complex 1 2

Formula C19H12N2O6Zn C19H20N2O10Zn
Relative molecular weight M 429.68 501.74
Temperature (K) 293(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Radiation Mo-Ka Mo-Ka
Crystal system P2(1)/c C2/c
Space group Monoclinic Monoclinic
Unit dimensions (Å, �)

a 9.910(5) 7.874(3)
b 16.796(8) 17.312(6)
c 11.333(5) 32.429(11)
� 99.994(7) 92.308(6)
V (Å3) 1857.7(16) 4417(3)
Z 4 8

Dc (Mgm�3) 1.536 1.509
F(000) 872 2064
Crystal size (mm3) 0.15� 0.10� 0.08 0.10� 0.05� 0.05
� range for data collection (�) 2.19 to 25.01 1.26 to 25.01
Reflections/collected/unique 6452/3252 [R(int)¼ 0.0305] 9173/3908 [R(int)¼ 0.0827]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 3252/0/253 3908/0/289
Goodness-of-fit on F 2 1.043 1.078
Final R indices [I42�(I )] R1¼ 0.0484, wR2¼ 0.1149 R1¼ 0.0742, wR2¼ 0.1910
Largest diff. peak and hole (e Å�3) 0.891 and �0.568 1.445 and �0.499

Table 2. Selected bond distances (Å) and angles (�) for 1 and 2.

1 2

Zn(1)–O(5) 2.017(4) Zn(1)–O(2) 1.924(5)
Zn(1)–O(2) 2.020(4) Zn(1)–O(3) 1.939(5)
Zn(1)–N(1) 2.025(4) Zn(1)–N(1) 2.026(6)
Zn(1)–O(1) 2.038(4) Zn(1)–O(7) 2.072(6)
Zn(1)–O(6) 2.048(4)

O(5)a–Zn(1)–O(2)b 87.47(18) O(2)–Zn(1)–O(3)a 119.2(2)
O(5)a–Zn(1)–N(1) 105.09(17) O(2)–Zn(1)–N(1) 127.9(2)
O(2)b–Zn(1)–N(1) 103.28(16) O(3)a–Zn(1)–N(1) 104.1(2)
O(5)a–Zn(1)–O(1) 90.03(18) O(2)–Zn(1)–O(7) 103.8(2)
O(2)b–Zn(1)–O(1) 158.13(16) O(3)a–Zn(1)–O(7) 99.3(2)
N(1)–Zn(1)–O(1) 98.36(16) N(1)–Zn(1)–O(7) 95.6(2)
O(5)a–Zn(1)–O(6)c 157.64(17)
O(2)b–Zn(1)–O(6)c 86.96(18)
N(1)–Zn(1)–O(6)c 97.26(17)
O(1)–Zn(1)–O(6)c 87.16(17)

Symmetry transformations used to generate equivalent atoms:
For complex 1: a

�xþ 3/2, yþ 1/2, �zþ 3/2. bxþ 1, �yþ 2, �zþ 1. cx� 1/2, �yþ 3/2, z� 1/2.
d
�xþ 3/2, y� 1/2, �zþ 3/2. exþ 1/2, �yþ 3/2, zþ 1/2.
For complex 2: ax� 1/2, y� 1/2, z. bxþ 1/2, yþ 1/2, z.
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All 1,2,4-BTC ligands are doubly deprotonated, acting as tetradentate-bridging
ligands towards Zn. For one 1,2,4-BTC anion, four oxygen atoms from the two
opposite carboxylates are coordinated to four Zn centers, as shown in figure 2(a).
Two Zn centers are connected into a centrosymmetric binuclear unit [Zn(1,2,4-
BTC)(bipy)]2; the 1,2,4-BTC bridges are symmetric with eight-membered rings
[Zn(1)–O(1)–C(1)–O(2)]2 or [Zn(1)–O(5)–C(1)–O(6)]2, giving the distance between two
Zn centers of 2.9907(14) Å. The binuclear unit leads to a chain along both the a and b
axes and two equivalent chains intersect to result in a neutral two-dimensional square
grid, with a void space of about 11.101 Å, as shown in figure 3. The pyridine rings
alternately parallel each other on both sides of the grid planar construction, intruding
into the square cavities to result in an interdigitation framework. The interdigitated
pyridyl rings form �–� stacks and interdigitation of pyridyl rings from adjacent square
grids efficiently fills the void space. Additionally, there are O–H � � �N intermolecular
hydrogen bonds between oxygens of the uncoordinated carboxyls and the nitrogen
atoms of the pyridine rings with bond angles of 167.0� (O(3)–H(3B) � � �N(2)f). The
interlayer hydrogen bonds are a novel alternate fashion and consolidate the stacked
arrangement leading to a 3D supramolecular architecture. Figure 4 shows the packing

Figure 1. The ORTEP drawing for 1 with atom labeling scheme.

Figure 2. The coordination modes of 1,3,5-BTC and 1,2,4-BTC in 1 and 2.
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view of a unit cell for 1. The detailed hydrogen bonding data for 1 and 2 are shown in
table 3.

Complex 2 [Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n crystallizes in the monoclinic system,
with space group C2/c. Figure 5 shows the coordination geometry and atom labeling in
the crystal structure of 2, consisting of one Zn, one 1,3,5-BTC, one bipy, one
coordinated water and three lattice water molecules. The crystal structure of 2 consists
of a 1-D zigzag chain built from connections of Zn ions and 1,3,5-BTC ligands
alternately along the b axis. The 1,3,5-BTC benzene rings lie on one side of the zigzag
chain in the same plane, and two carboxyl groups are trans, which has less steric
hindrance and favors crystal growth. Simultaneously, bipy planes are coordinated with
Zn(II) centers monodentate on the other side of the zigzag chain alternately paralleling
each other. Each Zn center is tetra coordinate by one nitrogen and three oxygens in a
distorted tetrahedron. Bond distances between the Zn center and nitrogen from bipy is
2.026(6) Å (Zn(1)–N(1)), similar to 1; two oxygen atoms are from two bridging
carboxylate groups with bond distances of 1.924(5) Å (Zn(1)–O(2)) and 1.939(5) Å
(Zn(1)–O(3)); another oxygen atom is from one coordinated water molecule with longer
bond distance, 2.072(6) Å (Zn(1)–O(7)).

Like 1,2,4-BTC in 1, 1,3,5-BTC is doubly deprotonated, however, they are bidentate-
bridging towards Zn. For one 1,3,5-BTC anion, two oxygen atoms from two different
carboxyls coordinate to two Zn centers, as shown in figure 2(b). The Zn centers are
interconnected by bridging 1,3,5-BTC ligands to form an infinite chain (figure 6); the
chains are further linked by interchain hydrogen bonds O–H � � �N between the oxygen
of uncoordinated carboxyls and the nitrogen of pyridine with bond angle of 173.8�

(O(5)–H(5A) � � �N(2)c). Figure 7 shows the packing view of a unit cell for 2.

3.2. Comparison with Zn analogs

Previously, the three-dimensional coordination polymer [Zn6(1,2,4-BTC)4(4,4
0-bipy)5]n

had been synthesized, which crystallizes in the triclinic system [26]. In this structure,

Figure 3. The square grid drawing for 1.
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both Zn(1) and Zn(2) are tetrahedrally coordinated, whereas Zn(3) is hexa coordinate
in a distorted octahedral geometry, unlike the penta coordinate zinc in [Zn(1,2,4-
BTC)(bipy)]n. The three zinc centers are bridged by the 1,2,4-BTC ligands to form a
trinuclear subunit, which is connected through 4,40-bipy and 1,2,4-BTC ligands to
construct a three-dimensional architecture. The 4,40-bipy ligands are bidentate-bridging.
In addition, 1,2,4-BTC ligands are completely deprotonated at the pH of the reaction
(about 7) and a complex with 3 : 2 metal/ligand molar ratio was obtained, differing from
1 : 1 complex, [Zn(1,2,4-BTC)(bipy)]n.

Another three-dimensional coordination polymer [Zn2(OH)(1,3,5-BTC)]2(4,4
0-bipy)

crystallizes in the tetragonal system [43]. In this structure, each pair of Zn atoms is
bridged by hydroxyl and a carboxylate in a dimonodentate fashion to form a
[Zn2(OH)(O2C–)] unit. Four [Zn2(OH)(O2C–)] units are further linked by eight
carboxylates in a dimonodentate fashion to produce a Zn8(OH)4(O2C–)12 secondary

Figure 4. The packing unit cell diagram for 1.

Table 3. Hydrogen bonds (Å) for 1 and 2.

D–H � � �A ff(D–H) ff(H � � �A) ff(D � � �A) ff(DHA)

(1) O(3)–H(3B) � � �N(2)f 0.82 1.87 2.672(7) 167.0
(2) O(5)–H(5A) � � �N(2)c 0.82 1.76 2.581(9) 173.8

Symmetry transformations used to generate equivalent atoms:
For complex 1: a

�xþ 3/2, yþ 1/2, �zþ 3/2. bxþ 1, �yþ 2, �zþ 1. cx� 1/2, �yþ 3/2, z�1/2. d
�xþ 3/2, y�1/2, �zþ 3/2.

exþ 1/2, �yþ 3/2, zþ 1/2. fxþ 3/2, �yþ 3/2, z� 1/2.
For complex 2: ax� 1/2, y� 1/2, z. bxþ 1/2, yþ 1/2, z. cx� 1/2, �yþ 3/2, zþ 1/2.
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building unit. 4,40-bipy molecules exist as templates in the pore formed by Zn and
1,3,5-BTC and aren’t coordinated; 1,3,5-BTC ligands are completely deprotonated.
Unlike this structure, both coordinated and lattice water molecules exist in
[Zn(1,3,5-BTC)(bipy)(H2O) � 3H2O]n.

3.3. Luminescent properties of zinc complexes

Complexes 1 and 2 (crystalline state) exhibit an intense blue photoluminescence upon
radiation with UV light at room temperature. Using 440 nm as the emission wavelength,
the excitation band of 1 has a main peak at 320 nm; under excitation wavelength

Figure 5. The ORTEP drawing for 2 with atom labeling scheme.

Figure 6. The 1-D chain drawing for 2.
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320 nm, the broad emission band of 1 ranges from 350 to 550 nm with maximum

emission at 420 nm. We further measured the emission spectrum of the free 1,2,4-BTC
molecule, which shows one emission at 337 nm, indicating that free 1,2,4-BTC has no
emission in the visible region, but when it is bound to a zinc center, blue luminescence is
observed, as shown in figure 8. The lower energy band would be assigned to the ligand-
to-metal charge transfer (LMCT), and the observed luminescence of 1 is attributed
to the 1,2,4-BTC ligand [44, 45].

Similarly, excitation bands for 2 under 440 nm show one main peak at 323 nm;
the emission band of 2 ranges from 350 to 550 nm with a maximum emission peak
at 398 nm; the emission spectrum of free 1,3,5-BTC shows one emission at 385 nm.
The observed luminescence of 2 is attributed to the coordinated 1,3,5-BTC ligand.

Since hydrothermal products are usually stable and insoluble in common solvents
arising from their polymeric structures, the two complexes may be candidates for
photoactive materials.

Figure 7. The packing unit cell diagram for 2.

Figure 8. Luminescent emission spectra of Zn complexes.
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4. Conclusions

Two polymeric Zn compounds of benzenetricarboxylate and 4,40-bipydirine have been
synthesized by the hydrothermal method. X-ray diffraction crystal structure analysis
reveals that 1 is an infinite 2-D square-grid network while 2 is a 1-D zigzag chain, in
spite of the similar reactants and reaction conditions. Unusually, 4,40-bipyridine is a
terminal monodentate ligand towards the Zn centers. The fluorescence excitation and
emission spectra reveal that both 1 and 2 exhibit a strong blue emission in the solid state
at room temperature and may be potential candidates for photoactive materials.

Supplementary material

Crystallographic data (excluding structure factors) for the structure reported in this
article have been deposited into the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-259950 for 1 and CCDC-259951 for 2. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: (þ44) 1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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