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Syntheses, structures and characteristics of four
metal–organic coordination polymers based on
5-hydroxyisophthalic acid and N-containing auxiliary
ligands†

Liangliang Zhang,a Jie Guo,b Qingguo Meng,b Rongming Wang*a

and Daofeng Sun*ab

Solvothermal reactions of 5-hydroxyisophthalic acid (hip) and different N-containing auxiliary ligands with transition

metal salts provided four new metal–organic coordination polymers (MOPs), namely, {Zn(hip)(2,2′-bipy)·2H2O}n (1),

{[Ni(hip)(4,4′-bipy)(H2O)]·DMF·2H2O}n (2), {Zn(hip)(tib)·2H2O}n (3), {[Zn2(hip)2]·5H2O}n (4), (2,2′-bipy =

2,2′-bipyridine, 4,4′-bipy = 4,4′-bipyridine, DMF = N,N′-dimethylformamide, tib = 1,3,5-tris(1-imidazolyl)benzene).

All of the complexes have been structurally characterized by single-crystal X-ray diffraction analyses, infrared spec-

tra (IR), elemental analyses and powder X-ray diffraction (PXRD). Single crystal X-ray diffraction analysis reveals that

complex 1 exhibits a one-dimensional zig-zag chain, in which strong π⋯π interactions are found between

neighbouring 2,2′-bipy molecules. Complex 2 has a 2D double-layer square framework, exhibiting AA stacking

sequence, and the topology of each layer is typical 2D (44)-sql. In complex 3, both hip and tripodal ligand tib act

as bidentate bridging ligand and extend the tetragonal pyramid Zn(II) centers to a 2D wavy framework, exhibiting

an AB stacking sequence. The 2D layer structures in 2 and 3 are different from each other. In complex 4, the oxy-

gen atoms of the hydroxy group of hip participate in constructing a framework, which results to the 3D net frame-

work with 1D channel. The structural and topological differences of the four MOPs indicate that the auxiliary

ligand play important roles in the formation of final structures. Furthermore, the thermal stability and

photoluminescence properties of complexes 1–4 were investigated.
Introduction

In recent years, the rational design and synthesis of novel
metal organic coordination polymers (MOPs) has become an
active topic of investigation, owing to their fascinating struc-
tural versatility and their tremendous functional properties
in gas storage, chemical separations, ion exchange, micro-
electronics, nonlinear optics, and catalysis.1–4 Many coordina-
tion polymers with intriguing topologies and properties have
been reported,5 but the control of structural dimensionality
remains a great challenge in crystal engineering.6 Generally,
the construction of MOPs is seriously affected by the bewil-
dering structure-directing factors such as the metal ions, the
predesigned organic linkers, solvent, pH value of the solu-
tion, the temperature, the counter ion with different bulk or
coordination ability, the template and metal-to-ligand stoichi-
ometry, et al.7,8

Carboxylates are often employed as bridging ligands to
construct coordination polymers because of their versatile
coordination modes and their ability to act as H-bond accep-
tors and donors.9 Our investigations were focused on the
5-hydroxyisophthalic acid (hip) ligand. We chose hip based
on the following considerations: (1) compared to many other
polycarboxylates, hip has a higher solubility in many organic
solutions, which impedes the precipitate; (2) the ligand has
two carboxyl groups and one hydroxyl, providing abundant
coordination and H-bond sites, which may facilitate the for-
mation of novel topologies and supramolecular assembly.

Apart from the carboxylates linkers, the utilization of aux-
iliary ligands strategy leading to different structures in the
formation of coordination complexes is of enormous impor-
tance. A lot of MOPs structures have been demonstrated
based on mixed organic ligands.10 N-containing auxiliary
ligands were frequently selected to explore the effect on the
coordination modes of ligands, such as 2,2′-bipy, 4,4′-bipy
yal Society of Chemistry 2013
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Scheme 1 N-containing ligands involved in this work.
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and tib, in which 2,2′-bipy adopts a chelating mode; 4,4′-bipy
is the bridging ligand; and tib belongs to the tripodal imidaz-
ole ligand (Scheme 1). The particular behavior allows them to
be promising candidates for designing beautiful metal build-
ing blocks.11

As a result, solvothermal reactions of hip and metal ions (Zn
and Ni), with the aid of N-containing auxiliary ligands, resulted
in the formation of four new metal organic coordination com-
plexes with different dimensions, {Zn(hip)(2,2′-bipy)·2H2O}n (1),
{[Ni(hip)(4,4′-bipy)(H2O)]·DMF·2H2O}n (2), {Zn(hip)(tib)·2H2O}n
(3), {[Zn2(hip)2]·5H2O}n (4), (2,2′-bipy = 2,2′-bipyridine,
4,4′-bipy = 4,4′-bipyridine, DMF = N,N′-dimethylformamide,
tib = 1,3,5-tris(1-imidazolyl)benzene). Complexes 1–4 were
characterized by elemental analysis (EA), single-crystal X-ray
crystallography, powder X-ray diffraction (PXRD), infrared
spectroscopy (IR), and thermogravimetric analyses (TGA), and
the luminescent properties of compounds 1–4 and hip have
also been investigated. Moreover, the coordination modes of
the hip ligand as well as the structure comparisons of the
complexes are discussed in detail.

Experimental section
Materials and general methods

All chemicals were of reagent grade and were used as commer-
cially obtained without further purification. Elemental analyses
(for C, H or N) were carried out on a Perkin-Elmer 240 elemen-
tal analyzer. Powder X-ray diffraction measurements were
performed with a Bruker AXS D8 Advance instrument. The
FT-IR spectra were recorded in the range 4000–400 cm−1 on a
Nicolet 330 FTIR Spectrometer using the KBr pellet method.
Thermogravimetric analysis (TGA) experiments were per-
formed using a Perkin-Elmer TGA 7 instrument (heating rate
of 10 °C min−1; nitrogen stream). Photoluminescence spectra
were measured on an F-280 fluorescence spectrophotometer.

Preparation of complexes 1–4

{Zn(hip)(2,2′-bipy)·2H2O}n (1). A mixture of hip (10 mg,
0.05 mmol), Zn(NO3)2·6H2O (29.7 mg, 0.1 mmol) and
2,2′-bipy (15.6 mg, 0.1 mmol) were dissolved in 1.5 mL of
mixed solvents of DMF, EtOH and H2O (v/v/v = 5 : 2 : 1). After
ultrasonication at room temperature for 10 min, the glass
tube was sealed and placed in an oven and slowly heated to
This journal is © The Royal Society of Chemistry 2013
110 °C from room temperature over 10 h, kept at 110 °C for
50 h, and then slowly cooled to 30 °C in 800 min. The
colorless crystals were collected and dried in air. (Yield: 60%,
based on zinc.) Anal. calc. (found) for C18H12N2O5Zn: C,
54.00 (53.37); H, 3.02 (3.20); N, 6.97 (6.46) %. IR (KBr):
ν(cm−1) = 3507 (s), 3179 (m), 3078 (w), 2929 (w), 1664 (s),
1381 (s), 1274 (s), 1097 (s), 789 (s), 718 (s), 655 (m).

{[Ni(hip)(4,4′-bipy)(H2O)]·DMF·2H2O}n (2). A mixture of
hip (10 mg, 0.05 mmol), Ni(NO3)2·6H2O (29.0 mg, 0.1 mmol)
and 4,4′-bipy (15.6 mg, 0.1 mol) was dissolved in 1.5 mL of
mixed solvents of DMF, EtOH and H2O (v/v/v = 1 : 1 : 1). After
ultrasonication at room temperature for 10 min, the glass
tube was sealed and placed in an oven and slowly heated
to 115 °C from room temperature in 10 h, kept at 115 °C for
50 h, and then slowly cooled to 30 °C in 800 min. The green
crystals were collected and dried in air. (Yield: 37%, based on
nickel.) Anal. calc. (found) for C18H10N2O7Ni: C, 50.87 (51.27);
H, 2.37 (2.85); N, 6.59 (6.07) %. IR (KBr): ν(cm−1) = 3563 (s),
3489 (s), 3184 (m), 3074 (m), 1968 (w), 1599 (s), 1380 (s), 1279
(s), 1218 (s), 829 (s), 780 (s), 726 (s), 637 (s), 487 (m).

{Zn(hip)(tib)·2H2O}n (3). A mixture of hip (10 mg,
0.05 mmol), Zn(NO3)2·6H2O (29.7 mg, 0.1 mmol) and tib
(17 mg, 0.06 mmol) were dissolved in 1.5 mL of mixed solvents
of DMF, H2O (v/v = 2 : 1) and one drop of KOH (0.1 mol dm−3)
solution. After ultrasonication at room temperature for 10 min,
the glass tube was sealed and placed in an oven and slowly
heated to 120 °C from room temperature in 10 h, kept at
120 °C for 66 h, and then slowly cooled to 30 °C in 800 min.
The colorless crystals were collected and dried in air. (Yield:
63%, based on zinc.) Anal. calc. (found) for C23H17N6O5Zn: C,
52.84 (52.64); H, 3.28 (3.49); N, 16.07 (16.37) %. IR (KBr):
ν(cm−1) = 3444 (s), 3150 (m), 3105 (m), 2959 (w), 2836 (w),
1628 (s), 1566 (s), 1503 (m), 1343 (m), 1243 (w), 1067 (w),
784 (w), 727 (w), 648 (w).

{[Zn2(hip)2]·5H2O}n (4). A mixture of hip (10 mg,
0.05 mmol), Zn(NO3)2·6H2O (29.7 mg, 0.1 mmol) were
dissolved in 1.5 mL of mixed solvents of DMF, EtOH (v/v = 1 : 1).
After ultrasonication at room temperature for 10 min, the
glass tube was sealed and placed in an oven and slowly
heated to 110 °C from room temperature in 10 h, kept at
110 °C for 50 h, and then slowly cooled to 30 °C in 800 min.
The colorless crystals were collected and dried in air. (Yield:
25%, based on zinc.) Anal. calc. (found) for C16H6NO10Zn2: C,
38.21 (37.94); H, 1.20 (1.23); N, 2.78 (2.56) %. IR (KBr): ν(cm−1) =
3452 (w), 3195 (w), 2970 (w), 2783 (w), 1656 (s), 1580 (s),
1371 (s), 1278 (s), 1209 (m), 1101 (m), 1007 (m), 887 (w),
800 (m), 778 (s), 730 (s), 658 (w), 472 (m).
X-ray crystallography

Single crystals of compounds 1–4 with appropriate dimen-
sions were chosen under an optical microscope and quickly
coated with high vacuum grease (Dow Corning Corporation)
before being mounted on a glass fiber for data collection.
Data were collected on a Bruker Apex II Image Plate single-
crystal diffractometer with graphite-monochromated Mo Kα
CrystEngComm, 2013, 15, 9578–9587 | 9579
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Table 1 Crystal data for 1–4

Compound 1 2 3 4

Formula C18H12N2O5Zn C18H10N2O7Ni C23H17N6O5Zn C16H6NO10Zn2
Mr 401.67 424.99 522.80 504.95
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group C2/c P1̄ P21/c P21/c
a (Å) 13.629(3) 10.163(6) 9.6938(14) 16.784(2)
b (Å) 24.248(5) 10.737(6) 13.682(2) 12.9256(18)
c (Å) 14.286(3) 11.300(6) 16.569(2) 14.555(2)
α (°) 90.00 74.521(9) 90.00 90.00
β (°) 104.645(3) 89.840(9) 93.601(2) 108.565(2)
γ (°) 90.00 68.492(9) 90.00 90.00
Z 8 2 4 4
V (Å3) 4567.8(17) 1099.3(11) 2193.3(6) 2993.3(7)
Dc (g cm−3) 1.168 1.284 1.583 1.120
μ (mm−1) 1.099 0.919 1.170 1.639
F(000) 1632.0 432.0 1068.0 1000.0
No. of unique reflns 11 113 5354 10 718 14 402
No. of obsd reflns [I > 2σ(I)] 4009 3780 3860 5251
Parameters 235 279 316 262
GOOF 0.961 1.057 1.026 1.054
Final R indices [I > 2σ(I)]a ,b R1 = 0.0447, wR2 = 0.1201 R1 = 0.0547, wR2 = 0.1613 R1 = 0.0364, wR2 = 0.0875 R1 = 0.0695, wR2 = 0.2229
R indices (all data) R1 = 0.0623, wR2 = 0.1278 R1 = 0.0618, wR2 = 0.1670 R1 = 0.0539, wR2 = 0.0962 R1 = 0.0768, wR2 = 0.2315

a R1 = Σ||Fo| − |Fc||/Σ|Fo|.
b wR2 = [Σw(Fo

2 − Fc
2)2/Σw(Fo

2)2]0.5.

CrystEngCommPaper

Pu
bl

is
he

d 
on

 0
6 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 C

hi
na

 u
ni

ve
rs

ity
 o

f 
Pe

tr
ol

eu
m

 (
E

as
t C

hi
na

) 
on

 1
7/

07
/2

01
4 

11
:4

7:
49

. 
View Article Online
radiation source (λ = 0.71073 Å) operating at 50 kV and
30 mA for 1–4. All absorption corrections were applied using
the multiscan program SADABS.12 In all cases, the highest
possible space group was chosen. All structures were solved
by direct methods using SHELXS-9713 and refined on F2 by
full-matrix least-squares procedures with SHELXL-97.14 Atoms
were located from iterative examination of difference F-maps
following least squares refinements of the earlier models.
Hydrogen atoms were placed in calculated positions and
included as riding atoms with isotropic displacement param-
eters 1.2 times Ueq of the attached C atoms. All structures
were examined using the Addsym subroutine of PLATON15 to
assure that no additional symmetry could be applied to the
models. The crystallographic details of 1–4 are summarized
in Table 1. Selected bond lengths and angles for 1–4 are col-
lected in Table S1, ESI.† The hydrogen bond geometries for
1–4 are shown in Table S2 (ESI†).

Results and discussion
Synthesis

Crystallization of all complexes 1–4 were obtained under sim-
ilar reaction conditions by the solvothermal method, which
has been proven to be an effective and powerful in the self-
assembly of metal–organic coordination polymers. By chang-
ing the auxiliary ligand, compounds 1–3 and 4 have been
synthesized.

Descriptions of the crystal structures

{Zn(hip)(2,2′-bipy)·2H2O}n (1). X-ray crystallographic
analysis reveals that 1 bears a one-dimensional zig-zag chain,
crystallizing in monoclinic C2/c space group. There is one
Zn(II) ion, one hip ligand and one 2,2′-bipy in the asymmetric
unit. As shown in Fig. 1a, the five-coordinated Zn(II) adopts a
9580 | CrystEngComm, 2013, 15, 9578–9587
distorted [ZnN3O2] square pyramid geometry, where three O
atoms from the carboxylic group (O1, O2, O3) of three hip
ligands, and two N atoms (N1, N2) are from one 2,2′-bipy
molecule. The Zn–O distances range from 2.1551(14) to
2.2198(14) Å, and the distance of Zn–N is 2.1867(15) Å. In
compound 1, two carboxylic groups of the hip ligand adopt
μ1-η

1-η0 and μ2-η
1-η1 bridging fashion. Hence, the structure

of compound 1 shows that two adjacent and coplanar hip
molecules link four Zn(II) atoms to form a 16-membered-ring,
and then 16-membered-rings connect each other to furnish a
one-dimensional zig-zag chain by [Zn2(CO2)2] units with the
distance of neighbouring Zn ions being 4.64(7) Å. A pair of
bipy molecules occupy the left coordination sites, which
interrupt to construct high-dimensional architectures
(Fig. 1b).

As depicted in Fig. 1c, the most fascinating feature of 1 is
the large dumbbell-like channels composed by π⋯π interac-
tions, which is observed between two adjacent bipy molecules
from one and the same zig-zag chain or two neighboring zig-
zag chain, with centroid-to-centroid distances of 3.635(7) and
3.877(4) Å. O–H⋯O hydrogen bond interactions are also
found between the hydroxy group of hip and the carboxylate
oxygen atoms together with weak C–H⋯O hydrogen bond
interactions. The significant π⋯π and hydrogen bond inter-
actions are thought to play a key role for the stability of the
crystal lattice. Therefore, the structure of 1 forms a final 3D
supramolecular framework with large dumbbell-like chan-
nels, which occupy a 23.2% solvent-accessible volume calcu-
lated from PLATON as shown in Fig. 1d. [Symmetry code: (a)
−x, y, 0.5 − z; (b) 0.5 − x, 0.5 − y, 1 − z.]

Previously, Plater et al. employed zinc acetate,
5-hydroxyisophthalic acid and 2,2′-bipy to obtain a 1D
chain coordination polymer with the formula of
[Zn(C8H4O5)(2,2′-bipy)]n, which was connected by a Zn2C2O4
This journal is © The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ce41035h


Fig. 1 (a) The coordination environment of the Zn(II) ion in 1. [Symmetry code: (a) −x, y, 0.5 − z; (b) 0.5 − x, 0.5 − y, 1 − z.] (b) 1D zig-zag chain formed by [Zn2(CO2)2] units

and 16-membered-ring viewed from c direction. (c) Ball-and-stick packing of 1 viewed from a direction. (d) Space-filling of 1 viewed from c direction. All H atoms are omitted

for clarity.
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ring and 5-hydroxyisophthalic acid ligand;16 Yin et al. used
Zn(NO3)2·6H2O with the same mixed ligands to assemble a
1D ribbon with the formula of {[Zn(C8H4O5)(C10H8N2)]·H2O}n,
which was constructed by ZnN2O4 and 5-hydroxyisophthalic
acid ligand.17 Based on the structural analysis, complex 1 in
our work is different from the above two coordination poly-
mers. Comparing the results indicates that the reagent ratios,
solvent, temperature or reaction vessel may strongly influence
the resulting structures, which also suggests that the design
and prediction of coordination polymer structures are still
very difficult, even if the same reagents are used.

{[Ni(hip)(4,4′-bipy)(H2O)]·DMF·2H2O}n (2). X-ray single
crystal diffraction exhibits that complex 2 has a 2D double-
layer square framework and crystallizes in triclinic P1̄ space
group. The asymmetrical unit contains one Ni(II) ion, one hip
ligand, one disordered 4,4′-bipy, and one coordination and
one lattice water molecule. The coordination environment of
the Ni(II) ion is shown in Fig. 2a. Ni(II) is coordinated to three
carboxylate oxygen atoms from two hip ligands, one oxygen
atom from the coordinated water molecule, and two nitrogen
atoms from two 4,4′-bipy in the axial direction, forming an
enlarged octahedron geometry. The Ni–O distances ranged
from 2.024(3) Å to 2.179(3) Å, the distance of Ni–Ow is
2.055(3) Å, and Ni–N distances range from 2.100(3) to
2.132(3) Å. The mean Ni–O and Ni–N bond lengths (2.101(8)
Å and 2.116(3) Å) are comparable to those of the reported
similar complexes.18 The carboxylate group in compound 2
adopts μ1-η

1-η1 and μ2-η
1-η1 bridging modes to link two Ni(II)

ions along one direction to form a hip–Ni–hip chain, and
then the linear 2,2′-bipy ligand links these chains in a verti-
cal direction, which results in the final 2D square structure
(extending along the ac plane) (Fig. 2b).

The topological analysis of one layer in complex 2 has also
been performed. It has a typical 2D (44)-sql layer framework,
This journal is © The Royal Society of Chemistry 2013
and the length of squares is 10.16 (distance of neighbour Ni
separated by hip ligand) and 11.30 Å (distance of neighbour
Ni separated by 4,4′-bipy ligand). As illustrated in
Fig. 2c and 2d, complex 2 exhibits AA stacking double-layered
framework along the plane ac, which involves O–H⋯O and
C–H⋯O hydrogen bond interactions among the hydroxy
group, lattice and coordination water molecules, and carbox-
ylate oxygen atoms of hip. These interactions not only consol-
idate the 2D structures but also make the 3D supramolecular
structures form finally. [Symmetry code: (a) 1 + x, y, z).]

{Zn(hip)(tib)·2H2O}n (3). When we used a tripodal
imidazole ligand (tib) instead of rigid 4,4′-bipy or 2,2′-bipy,
complex 3 was obtained in a good yield. X-ray single crystal
diffraction indicates that complex 3 has a 2D wavy frame-
work and crystallizes in monoclinic P21/c space group. The
asymmetrical unit contains one Zn(II) ion, one hip ligand,
and one tib molecule. The coordination environment of
Zn(II) ion is shown in Fig. 3a. It is coordinated to three car-
boxylate oxygen atoms from two hip ligands and two nitro-
gen atoms from two tib molecules, forming tetragonal
pyramid geometry. The Zn–O and Zn–N distances range
from 1.929(2) to 1.948(2) Å and 2.022(3) to 2.027(3) Å,
respectively. In compound 3, all carboxylate groups adopt
μ1-η

1-η0 bridging mode to link two Zn(II) ions along one
direction to form a hip–Zn–hip chain, and then linear tib
ligands link these chains in a vertical direction, which
results in the final 2D wavy structure (Fig. 3b). Only two of
the imidazole nitrogen atoms of the tib molecule participate
in the construction of the 2D wavy structure. Hence, the tib
can also be thought of as a two-connected ligand. At the
same time, because of the synergistic effect of electronic
and steric hindrance effect between the imidazole ring and
the central benzene ring, the coordination mode of tib is
not strictly linear, which satisfies the tetragonal pyramid
CrystEngComm, 2013, 15, 9578–9587 | 9581
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Fig. 2 (a) The coordination environment of the Ni(II) ion in 2. [Symmetry code: (a) 1 + x, y, z).] (b) Single-layer 2D square structure in 2 constructed by two-connected hip

and 4,4′-bipyridyl ligands. (c) The double-layer structure of 2 viewed along the a direction. (d) The double-layer structure of 2 viewed along the c direction. Hydrogen atoms

are omitted for clarity.
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coordination geometry of Zn(II) ion. It should be mentioned
that there are two kinds of Zn–Zn distances: one (9.6938(14) Å)
is connected by the hip molecule, the other (12.9303(14) Å) is
linked by the tib ligand, which is a little longer than that in
compound 2.
Fig. 3 (a) The coordination environment of the Zn(II) ion in 3. Hydrogen atoms are om

structure constructed by two-connected hip and tib ligands. (c) 3D supramolecular structu

9582 | CrystEngComm, 2013, 15, 9578–9587
The topological analysis of complex 3 has also been
performed. Compared with complex 2, complex 3 also has a
2D (44)-sql layer topology by considering Zn ions as nodes,
and tib and hip as 2-connected linkers. However, their 2D
layer structure (2D square in 2 vs. 2D wavy in 3) have an
itted for clarity. [Symmetry code: (a) x, 0.5 − y, 0.5 + z; (b) 1 + x, y, z.] (b) 2D wavy

re of 3.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 (a) The coordination environment of the Zn(II) ion in 4. Hydrogen atoms are omitted for clarity. [Symmetry code: (a) −x, 1 − y, −z; (b) −x, −0.5 + y, 0.5 − z; (c) −1 + x,
1.5 − y, −0.5 + z.] (b) 3D frameworks of 4 with a 1D channel.
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obvious difference since the length and angle of tib and
4,4′-bipy ligands are different. (Fig. 3c). [Symmetry code: (a)
x, 0.5 − y, 0.5 + z; (b) 1 + x, y, z.]

{[Zn2(hip)2]·5H2O}n (4). X-ray single crystal diffraction
indicates that complex 4 has a 3D net framework and
crystallizes in monoclinic P21/c space group. The
asymmetrical unit contains two Zn(II) ions, two hip and one
lattice water molecule. The coordination environment of Zn(II)
ion is shown in Fig. 4a. Both Zn1 and Zn2 are coordinated to
three carboxylate oxygen atoms from three hip ligands, one
oxygen atom from the phenolic hydroxyl group of one hip
molecule, forming a tetrahedron geometry. Meanwhile, Zn1
and Zn2 were connected by oxygen atoms to furnish a
dinuclear [Zn2O8] SBUs. The Zn–O distances range from
1.931(5) to 1.995(4) Å, which are in the normal ranges.19 The
carboxylate groups in compound 4 adopts μ1-η

1-η0 and
μ2-η

1-η1 bridging mode to link four Zn(II) ions, which results
in the final 3D square structure. The structure shows small 1D
channels with a window size of 8.08 × 9.61 Å2 along a axis, in
which the disordered solvent molecules reside (Fig. 4b). The
solvent accessible volume is estimated by using the PLATON
program to be about 27.4% of the total crystal volume.

Xiao et al. used Zn(NO3)2·6H2O and 5-hydroxyisophthalic
acid to synthesize a zig-zag chain under the conditions of the
liquid diffusion method, in which the hip ligand adopts a
μ2-η

1-η1 bridging mode.20 The structural differences between
this complex and compound 4 further indicated that the con-
struction of MOPs was seriously affected by the bewildering
structure-directing factors.
Scheme 2 Coordination mode of hip in 1–4.
Comparison of the crystal structures

Single-crystal X-ray diffraction analyses reveal that complexes
1–4 exhibit structural diversity from 1D chains, 2D layers to
3D net frameworks. From the structural point of view, the dif-
ferent structures maybe partly attributed to the versatile coor-
dination modes of hip anions, which are listed in Scheme 2.
This journal is © The Royal Society of Chemistry 2013
In complex 1, hip adopts mode A to connect three five-
connected zinc ions, forming the one-dimensional zig-zag
chain. Mode B appears in 2, the 2D layer square framework
is formed by linking hip to two six-connected nickel ions,
which connect with two-connected 4,4′-bipyridyl. Mode C is
observed in 3, hip joins two four-connected zinc ions,
together with two-connected tib, which leads to a 2D wavy
framework. In complex 4, the mode D is adopted, and the 3D
net framework is obtained since the oxygen atoms of the
hydroxy group of hip participate in the coordination.

Effects of N-connecting ligand and solvent system on the
structure

The design and synthesis of novel structure and specific func-
tionality MOPs has been a goal, constantly pursued in the
CrystEngComm, 2013, 15, 9578–9587 | 9583
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field of coordination chemistry. The key strategy rests on the
selection of organic ligands bearing various geometry, length
and flexibility, another important factor is the using of an
auxiliary ligand. In the present work, we selected different N-
connecting ligands. For example, 2,2′-bipyridyl acts as a che-
lating ligand, 4,4′-bipyridyl is a two-connected ligand, and tib
has a tripodal configuration and coordination possibilities.
But in complex 3, all imidazole groups of each tib ligand
coordinate through only two nitrogen atoms, leaving one
uncoordinated nitrogen atom. Comparing 2 with 3, though
both 2 and 3 are 2D layer structures, the differences of
auxiliary ligand in terms of lengths and angles may play
a vital role in the final structure (2D double-layer square vs.
2D wavy layer).

Moreover, the structures of complexes 1–4 are also
influenced by the solvent systems. The dimensionality and
topology of networks are mainly determined by the coordina-
tion modes of hip and the N-connecting ligand, which are
clearly dominated but involve the effect by of the solvent mol-
ecules to some extent. For complexes 1 and 2, both of them
were obtained in DMF–C2H5OH–H2O, but the proportions of
ingredient solvents are different (5 : 2 : 1 vs. 1 : 1 : 1). In 2, the
water molecule occupies one of the coordination sites of
nickel, which interrupts to construct high-dimensional archi-
tectures. Meanwhile, one lattice water molecule is found in
Fig. 5 TGA curves for complexes 1–4.

9584 | CrystEngComm, 2013, 15, 9578–9587
its asymmetrical unit of 2, acting as both donor and acceptor
of hydrogen bonds. Plater and Yin et al. used water as a sol-
vent and the same mixed ligands to assemble two similar
coordination complexes with the formulae of
[Zn(C8H4O5)(2,2′-bipy)]n and {[Zn(C8H4O5)(C10H8N2)]·H2O}n,
respectively.16,17 The differences in dimensionality and struc-
ture may contribute to the solubility of hip and N-connecting
ligand in water or DMF–C2H5OH–H2O. For 3, 1.5 mL of
mixed solvents of DMF and H2O (v/v = 2 : 1) were used with
the addition of one drop KOH (0.1 mol L−1) solution, which
makes tib ligands partially deprotonated. Therefore, one non-
coordination nitrogen atom is left and then makes tripodal
tib become a two-connected ligand. However, the oxygen
atoms of hydroxy group hip participate in construction of the
framework in complex 4, which is obtained in mixed solvents
of DMF and EtOH (v/v = 1 : 1). The results indicate that the
solvent systems have a remarkable effect on the formation of
MOP structures.
IR spectra, X-ray powder diffraction analyses and thermal
analyses

The IR spectra of compounds 1–4 show the sharp bands in
the ranges of 1700–1600 and 1400–1300 cm−1, which are
attributed to asymmetric and symmetric stretching vibrations
This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Photoluminescence of the free ligand and complexes 1–4.
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of the carboxylic group, respectively.21 To confirm the
phase purity of complexes 1–4, the PXRD patterns were
also recorded at room temperature. As shown in Fig. S1
(ESI†), all the PXRD patterns measured for the as-
synthesized samples are in good agreement with the PXRD
patterns simulated from the respective single-crystal X-ray
data using the Mercury 3.1 program, demonstrating the
phase purity of the products. The dissimilarities in inten-
sity may be due to the preferred orientation of the crystal-
line powder samples.

To assess the thermal stability and their structural varia-
tion with the temperature, thermogravimetric analysis (TGA)
of compounds 1–4 was performed under a N2 atmosphere
by using single-phase polycrystalline samples (Fig. 5). Com-
plex 1 has two identifiable weight loss steps: the first one is
consistent with the removal of lattice water and 2,2′-bipy
molecule (obsd 43.7%, calcd 44.6%), which appears between
100 and 184 °C. The second one is attributed to the collapse
of the framework, which is in the range of 184 to 290 °C.
For 2, the first weight loss from 249 °C is consistent with
the removal of lattice and coordinated water, and DMF mol-
ecule (obsd 24.2%, calcd 22.3%). The second one from 249
to 375 °C is assigned to the collapse of the framework. Com-
plex 3 continuously loses lattice solvent molecules before
390 °C, and then the framework of 3 collapsed after this
temperature. Complex 4 has a successive weight loss
This journal is © The Royal Society of Chemistry 2013
process, indicating the instability of frameworks during
heating.
Photoluminescence properties

Based on the various applications in chemical sensors, photo-
chemistry and electroluminescent display, the luminescent
coordination compounds are of great current interest to
chemical researchers.22 Although still in its early stages, the
unique characteristics of these MOPs materials provide a
platform for understanding light emission with both unparal-
leled synthetic flexibility and a highly ordered, inherently
quantifiable, structure. From a practical point of view, it is
also becoming clear that luminescence spectroscopy is a
superb tool for assessing the structural integrity and purity of
MOPs, with sensitivity far exceeding that of powder X-ray dif-
fraction (PXRD). The photoluminescence spectra of com-
plexes 1–4, tib and hip were investigated in the solid state at
room temperature, as shown in Fig. 6. Upon the irradiation
of ultraviolet light at 300 nm, the free ligand hip displays a
strong emission with a maxima at 362 nm, which can be
attributed to the intraligand π* → π transition. The free
ligand tib shows an emission with a maxima at 397 nm,
which is assigned to the π* → π transition of tib as previously
reported.23 Complex 1 exhibits a broad emission with a maxi-
mum at 381 nm, which is attributed to the emission of the
CrystEngComm, 2013, 15, 9578–9587 | 9585
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hip ligand. Complex 2 displays almost no luminescent emis-
sion in comparison with the free ligand. The emission of this
compound becomes drastically quenched, probably owing to
d–d electron transitions and vibrations of single electrons,
such as Co(II) and Ni(II). The maximum of complex 3 is
located at 405 nm, which belongs to the emission of tib. The
emission peak of complex 4 appears at 385 nm with 25 nm of
red shift when compared with the hip ligand, which is proba-
bly assigned to a mixture characteristic of intraligand and
ligand-to-ligand charge transition (LLCT) as Zn(II) ion belongs
to d10 electronic configurations and is difficult to oxidize or
reduce.24 At the same time, the increase of intensity is proba-
bly due to the rigidity of ligands which is restricted to the
periodic coordinated structure, with the decrease of radia-
tionless decay process of the intraligand (π → π*) excited
state and reduced energy loss between intramolecular or
intermolecular interactions of organic linkers.25

Conclusions

In summary, four metal–organic coordination complexes
based on 5-hydroxyisophthalic acid (hip) and different N-
containing auxiliary ligands were synthesized and characterized.
These complexes show diverse structures and dimensionality
from 1D chain (1), 2D (44)-sql double-layer (2), 2D wavy frame-
work (3) to 3D net (4). The diversity of structures results from
different arrangements and coordination fashions of the hip
ligand and the various N-containing ligands with different
geometries, coordinative abilities and sizes which induce the
different coordination spheres of central metal ions. Work is
also underway to study more MOPs with fascinating structures
and interesting potential properties based on the N-containing
ligands materials.
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