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A novel transition metal–organic framework, [Ni2(l4-btca)(1,4-bib)2(H2O)2]n, was obtained by the
hydrothermal reaction of nickel chloride hexahydrate, 1,2,4,5-benzenetetra-carboxylic acid (H4btca)
and 1,4-bis(1H-imidazol-4-yl)benzene (1,4-bib) in an ethanol aqueous solution. The composition and
structure of the complex were characterized by elemental analyses, single crystal X-ray diffraction anal-
ysis, Fourier transform infrared spectroscopy, thermogravimetry and differential scanning calorimetry.
The complex crystallizes in the triclinic system with the P1 space group. Each nickel(II) ion is hexacoor-
dinated in a 2N4O mode and has a slightly distorted octahedral geometry. The thermal decomposition of
the complex includes dehydration and pyrolysis of the ligands, and the final residue is nickel oxide. The
magnetic property of the complex has been studied by variable temperature magnetic susceptibility
measurements, and it possesses weak antiferromagnetic interactions.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The rational design and controlled synthesis of metal–organic
frameworks (MOFs) and supramolecular coordination complexes,
especially those constructed from predesigned bridging ligands
and p–p stacking interactions have attracted considerable atten-
tion and sustained growth due to their highly fascinating topolog-
ical structures and potential applications, such as gas storage,
magnetic materials, non-linear optics, ion exchange, chemical sep-
aration, catalytic agent and biomimetic chemistry, as well as being
potential candidates for functional materials [1–9]. The shapes and
the coordination behavior of the organic ligands are very important
in the control of the frameworks [10]. It is well known that aro-
matic polycarboxylate ligands have various bridging ways and
bent backbones, and can effectively link metal centers to generate
MOFs, building self-penetrating, porous or helical coordination
frameworks [11–15]. In fact, the diversity of coordination poly-
meric structures and their properties depend onmany factors, such
as ligand, solvent, pH value, metal ion, temperature, metal–ligand
ratio, mixed-ligand and so forth [16,17]. Even small variations
influence the synthetic process and change the framework struc-
ture [18–21].
Organic polycarboxylates are widely used as bridging ligands for
designing polynuclear complexes, such as 1,2,4,5-benzenetetracar-
boxylic acid (H4btca, or pyromellitic acid), which has four carboxyl
groups andmay be completely or only partially deprotonated, induc-
ing a great many coordination modes [22–26]. Moreover, four car-
boxyl groups separated by a phenyl ring can form different
dihedral angles through the rotation of C–C single bonds, leading to
novel motifs with interesting magnetic properties. As a versatile
ligand, H4btca along with its versatile deprotonated forms have
drawn considerable attention, especially in the preparation of novel
high-dimensional functional coordination polymers [27–30]. Addi-
tionally, it can act as a hydrogen-bond acceptor and a hydrogen-bond
donor, depending upon the degree of deprotonation, forming new
extended structures by hydrogen bonding interactions [31,32]. How-
ever, it is important to selectmixed bridging ligands; rigid bis(imida-
zole) based N-donor ligands are frequently used as ancillary ligands
to give multipodal anions, acting as bridging [33]. Compared with
bridging pyridyl ligands, 1,4-bis(1-imidazolyl)benzene possesses a
favorableN-ligating donor set formetal ions. Various nickel pyromel-
litate complexes combined with N-donor aromatic ligands as a type
of excellent rod-like connector to engender awide range of coordina-
tion frameworks have been synthesized and structurally character-
ized, for instance [Ni(btca)0.5(bimb)]n [33] [bimb = 4,40-bis(1-
imidazolyl)biphenyl], [Ni2(btca)(bpt)2(H2O)2]�6H2O [34] [bpt = 1H-
3,5-bis(4-pyridyl)-1,2,4-triazole], [Ni2(btca)(bpy)2(H2O)2]n�2nH2O
[35] (bpy = 4,40-bipyridine), [Ni(btca)0.5(Hbpt)(H2O)3]�2H2O [36]
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[Hbpt = 1H-3-(3-pyridyl)-5-(4-pyridyl)-1,2,4-triazole], {[Ni2(btca)
(bpym)(H2O)4]�4H2O}n [37] (bpym = 5,50-bipyrimidine), {[Ni2(btca)
(pyz)(H2O)4]�2H2O}n [38] (pyz = pyrazine), Ni2(btca)(bpy)3�3DMF
[39] (DMF = N,N0-dimethylformamide) and so on.

To our knowledge, nickel(II) is an essential ultra trace metal ele-
ment for human nutrition, and it maintains normal physiological
functions [40]. In this paper, 1,2,4,5-benzenetetracarboxylic acid
is chosen as the primary anionic ligand, 1,4-bis(imidazol-1-yl)ben-
zene (1,4-bib) acts as ancillary neutral ligand and nickel chloride
hexahydrate acts as the central ion. We have synthesized a novel
homodinuclear coordination polymer [Ni2(btca)(1,4-bib)2(H2O)2]n
using the hydrothermal method. Herein, we report the composi-
tion and crystal structure of the complex, which has been charac-
terized by elemental analyses, single crystal X-ray diffraction, FT-
IR, TG-DSC and its magnetic property.
2. Experimental

2.1. Materials and physical measurements

The chemicals 1,2,4,5-benzenetetracarboxylic acid and 1,4-bis
(1H-imidazol-4-yl)benzene were purchased from Jinan Henghua
Sci. & Tec. Company Ltd., while nickel chloride hexahydrate was
purchased fromMerck Chemicals (Shanghai) Co., Ltd. All chemicals
purchased were of analytical reagent grade and used without fur-
ther purification.

The carbon, hydrogen andnitrogen contents in the complexwere
measured on a Perkin–Elmer 240 elemental analyzer and the nickel
content was determined with a Thermo X-II inductively coupled
plasma mass spectrometer. IR spectra were recorded from potas-
sium bromide pellets in the range 4000–400 cm�1 on a Perkin–
Elmer Spectrum One spectrometer. Thermogravimetric analysis of
the metal complex was performed by a SDT Q600 thermogravimet-
ric analyzer, and the measurements were recorded from ambient
temperature to 600 �C at a heating rate of 10 �C min�1 under an air
flow of 100 mL min�1. The variable temperaturemagnetic suscepti-
bility measurement of the complex was performed on a Quantum
Design SQUID MPMS XL-7 instrument in the temperature range
2–300 K under a field of 1000 Oe.
2.2. Synthesis of the complex

A mixture of pyromellitic acid (0.15 mmol, 0.038 g), 1,4-bis(1H-
imidazol-4-yl)benzene (0.30 mmol, 0.063 g), nickel chloride hex-
ahydrate (0.30 mmol, 0.071 g), sodium hydroxide (0.40 mmol,
0.016 g), 2 mL ethanol, and 12 mL water was placed in a 30 mL
Teflon-lined stainless steel vessel, heated at 170 �C for 72 h, fol-
lowed by slow cooling to room temperature at a rate of 5 �C h�1.
Table 1
Crystal data and structure refinement parameters for the title complex.

Empirical formula Ni2C34H26O10N8 Absorption c
Formula weight (g mol�1) 824.05 F(000)
T (K) 293(2) Crystal size (
Wavelength (Å) 0.71073 Theta range f
Crystal system triclinic Limiting indi
Space group P1 Reflections c
a (Å) 8.0805(11) Completenes
b (Å) 9.8771(12) Absorption c
c (Å) 10.0147(14) Maximum an
a (�) 96.443(2) Refinement m
b (�) 102.682(4) Data/restrain
c (�) 96.393(2) Goodness-of-
V (Å3) 767.21(18) Final R indice
Z 1 R indices (all
Dcalc (g cm�3) 1.784 Largest differ
Green block crystals of the title complex were obtained. The crys-
tals were collected by filtration, and dried at room temperature.
The yield of the complex was 34% (based on Ni). Anal. Calc. for
Ni2C34H26O10N8: Ni, 14.24; C, 49.51; H, 3.16; N, 13.59. Found: Ni,
14.15; C, 49.21; H, 3.14; N, 13.51%.

2.3. X-ray crystallography

A single crystal of the title complex was studied on a Bruker
Smart Apex II CCD diffractometer with graphite monochromated
Mo Ka radiation (k = 0.71073 Å) andx-2h scans. The data were col-
lected at 298(2) K. A colorless and transparent crystal with dimen-
sions 0.35 � 0.33 � 0.24 mm was mounted on a glass fibre. The
structure was solved by direct methods with the SHELXS-97 program
and refined on F2 by full-matrix least-squares using SHELXL-97 [41].
All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms of the organic ligands were placed at calculated positions
and refined using the riding model. All water hydrogen atoms were
found in difference Fourier maps and refined isotropically in the
title complex.
3. Results and discussion

3.1. X-ray crystal structure analysis

The single crystal X-ray diffraction analysis revealed that the
title complex crystallizes in the triclinic system with space group
P1. Crystallographic data and structure refinement parameters for
the title complex are given in Table 1 and selected bond distances
and angles are shown in Table S1. Key fragments of the structures
and the atom numbering are shown in Fig. 1. The complex is the
dinuclear species [Ni(1,4-bib)(H2O)(l-C6H2(COO)4)Ni(1,4-bib)
(H2O)]. There are two crystallographically unique nickel(II) cations,
one btca4� anion ligand, two 1,4-bib neutral ligands and two coor-
dinated water molecules in the asymmetrical structural unit. The
pyromellitate ligands utilize the hydroxyl atoms O2 and O2#1 in
the bridged coordination mode from the carboxylate group to link
the nickel(II) cations, and the nuclear separation between the Ni1
and Ni1#1 atoms is 3.246 Å; this value is slightly larger than
3.079 Å from a dinuclear nickel(II) macrocyclic complex which is
bis-bridged by phenolic oxygen atoms [42]. The two nickel(II)
cations in the title complex show identical coordination environ-
ments, and the Ni1, O2, Ni1#1 and O2#1 atoms are in the same
plane. The crystal packing diagram of the complex is shown in
Fig. S1. Each nickel(II) center is hexacoordinated by two nitrogen
atoms from two 1,4-bib ligands [Ni1–N2 = 2.097(4) Å and
Ni1–N4 = 2.073(4) Å], three carboxyl oxygen atoms from two dif-
ferent btca4� ligands [Ni1–O3#1 = 2.031(3) Å, Ni1–O2#1 = 2.066
oefficient (mm�1) 1.307
422

mm3) 0.35 � 0.33 � 0.24
or data collection (�) 2.61–25.02
ces �9 6 h 6 7, �9 6 k 6 11, �11 6 l 6 11
ollected/unique 4427/2712 [R(int) = 0.0692]
s to theta = 25.02 99.9%
orrection Semi-empirical from equivalents
d minimum transmission 0.7444 and 0.6576
ethod Full-matrix least-squares on F2

ts/parameters 2712/0/244
fit (GOF) on F2 1.048
s [I > 2r(I)] R1 = 0.0588, wR2 = 0.1206
data) R1 = 0.0806, wR2 = 0.1396
ence peak and hole (e Å�3) 0.614 and �0.799



Fig. 3. View of the 3D framework with the 1,4-bib-bridged 2D nets.

Fig. 1. The molecular structure of the title complex.
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(3) Å and Ni1–O2 = 2.146(3) Å], and one oxygen atom [Ni1–O5 =
2.071(3) Å] from one water molecule, showing a slightly distorted
octahedral coordination geometry with the four oxygen atoms in
equatorial positions and two nitrogen atoms in axial positions
[33], as shown in Fig. S2. Each pyromellitate linker is coordinated
to four nickel centers in bidentate and monodentate fashions. The
lengths of the Ni–O bonds and the Ni–N bonds are similar to those
in Ref. [35], but the coordination structures of the title complex
with the complex [Co2(1,4-bib)2(btca)]�2H2O [17] are different. In
this cobalt complex, containing the selfsame ligands, each Co(II)
ion is tetrahedrally coordinated by two imidazole nitrogen atoms
from two distinct 1,4-bib ligands, with Co–N bond lengths of
2.007(2) and 2.016(2) Å, and two monodentate carboxylate groups
from two different btca4� ligands, with Co–O bond lengths of
1.9713(18) and 1.986(2) Å. According to the C–O bond lengths
[C13–O1 = 1.231(6) Å, C13–O2 = 1.273(6) Å, C14–O3 = 1.256(6) Å
and C14–O4 = 1.215(6) Å], the three hydroxyl oxygen [O2, O3 and
O2#1] atoms of the carboxylate groups from the btca4� ligands
are involved in coordination, and the carbonyl oxygen atoms of
the carboxylate groups are not coordinated. In the dinuclear com-
plex, the bond angles [O3#1–Ni1–O2#1 92.50�, O3#1–Ni1–O5
95.22�, O5–Ni1–O2 93.19� and O2#1–Ni1–O2 79.17�] add up to
approximately 360� (360.08�); thus the Ni1, O3#1, O2#1, O2 and
O5 atoms are nearly in the same plane. The H4btca ligand in the title
complex is completely deprotonated and bridges the metal nickel
(II) ions through two carboxylate groups, forming a corrugated
chain. The nickel(II) ions are also bridged by 1,4-bib ligands, result-
ing in a 1D fascinating ladder-like structure, which can be defined
as a single left- or right-handed helix, as shown in Fig. 2. Finally,
the ladders are extended to form a corrugated 2D network parallel
to the bc crystal plane (Fig. 3). The pyromellitic acid is completely
deprotonated and acts as one l4 node to coordinate with four
nickel(II) ions, and the btca4� ligands adopt l4-g1g2g1g2 coordina-
tion modes. The coordination modes of the four carboxylate groups
in the btca4� ligand can be divided into two kinds: two carboxylate
groups of contraposition connect an adjacent nickel(II) ion with one
O atom in amonodentatemode and elongate the structure into a 1D
Fig. 2. 1D ladder chain formed by the btca4� ligands connecting the nickel(II) ions.
chain along the b axis direction; the other two carboxylate groups
of contraposition bond two adjacent nickel(II) ions with one O atom
in a bidentate bridged mode, and the final the 2D layer structure is
formed in the ab plane, stretching along the b axis direction.

As shown in Figs. 2 and 3, the molecules of the complex
[Ni2(btca)(1,4-bib)2(H2O)2]n are held together by intermolecular
hydrogen bonds. The hydrogen bond lengths and bond angles for
the title complex are given in Table S2. A strong intramolecular
hydrogen bond exists between the oxygen atom (O5) of the
coordinated water molecules and the oxygen atom (O3) of a
coordinated carboxylate group (O5–H5B� � �O3, 2.689 Å), and the
oxygen atom (O5) forms the intermolecular hydrogen bonds
O5–H5C� � �O1, 2.775 Å and O5–H5C� � �O4, 3.096 Å, respectively
with the carboxylate O1 and O4 atoms. The distances between
the imidazole rings situated in neighboring mirror planes are
3.423 and 3.659 Å (Fig. 4), which may indicate weak face-to-face
p–p stacking interactions [28,43]. The existence of hydrogen bonds
and p–p type interactions make the complex further connected,
resulting in a three-dimensional framework structure.
3.2. FT-IR analysis

The FT-IR spectrum of the title complex is shown in Fig. S3. The
infrared spectrum of the complex shows wide absorption bands in
the region 3042–3400 cm�1 can be assigned to the O–H stretching
vibration of the water molecules, while a band at about 3146 cm�1

suggests the O–H stretching vibration from the carboxyl group.
Meanwhile, the coordinated water molecules exhibit the
frequencies 650 and 584 cm�1, which are assigned to qr(H2O)
and qw(H2O). The absorption peak near 3042 cm�1 is assigned to
the C–H stretching vibration of the ligands. The absence of the
band at ca. 1700 cm�1 suggests the deprotonation of H4btec in
Fig. 4. Weak spatial p–p stacking interactions of the title complex.
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Fig. 5. TG-DSC curves of the title complex.
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the complex. There are two symmetrical peaks at 1602, 1533 and
1353, 1310 cm�1, which are assigned to the vas(COO�) and
vs(COO�) stretching vibrations, respectively. It confirms that the
btca4� ligand is coordinated to the nickel(II) ion. The difference
in value of 180–292 cm�1 between mas(COO�) and ms(COO�) is in
line with a monodentate or bidentate bridge mode of the carboxy-
late group to the Ni(II) ion [44,45], which well agrees with
corresponding result of the single crystal structure. In addition,
characteristic absorption peaks at 1071, 832 and 717 cm�1 can
be assigned to the v(C–N) stretching vibration of the 1,4-bib ligand
[46]. In the far-infrared region, the absorption peak at 504 cm�1 is
assigned to the v(Ni–N) stretching vibration and the absorption
peaks at 464 and 422 cm�1 are assigned to v(Ni–O) stretching
vibrations.

3.3. Thermal analysis

Studying the thermal decomposition process of complexes is
helpful to understand the coordination structure of complexes
[47,48]. The TG-DSC curves of the title complex are given in
Fig. 5, and the possible pyrolysis reaction, the experimental and
calculated percentage mass losses in the thermal decomposition
process of the complex are summarized in Table S3. Fig. 5 shows
that there is one weak endothermic peak and one strong exother-
mic peak in the DSC curve. The complex has good thermal stability
before 230 �C. The first mass loss of the complex [Ni2(btca)(1,4-
Fig. 6. Temperature dependence of vmT (a),
bib)2(H2O)2]n occurs at about 274 �C in the DSC curve, correspond-
ing to the release of two water molecules, then the complex
becomes [Ni2C6H2(COO)4(C12H10N4)2]. The experimental percent-
age mass loss (4.81%) is close to the calculated one (4.37%). The
coordinated water molecules should be eliminated at higher tem-
peratures than the water molecules of hydration. The water mole-
cule of coordination is usually eliminated in the temperature range
100–316 �C [49,50]. Because of the high temperature for the loss of
water, the two water molecules should be coordinated, which
agrees well with the corresponding results of the single crystal
structure and FT-IR spectra. The next step mass loss in the temper-
ature range 350–450 �C corresponds to the total destruction of the
framework by the oxidation of the organic component, and the
experimental mass loss (76.68%) is close to the calculated one
(77.50%). This is why there is an appreciable exothermic peak at
429 �C in the DSC curve. When the ligands are burnt completely,
the residual mass of the complex remains almost constant in air
until 500 �C, only the inorganic compound nickel oxide is obtained
and the experimental result (18.51%) is in agreement with the
result of the theoretical calculation (18.13%). The results of the
thermal analysis further ascertain that the molecular composition
of the complex is [Ni2(btca)(1,4-bib)2(H2O)2]n.

3.4. Magnetic property

The magnetic property of the title complex has been investi-
gated by variable temperature magnetic susceptibility measure-
ments in the solid state. The temperature dependence of vmT,
1/vm and leff for the title complex in the temperature range
2–300 K under a field of 1000 Oe is displayed in Fig. 6. The vmT
value of the nickel(II) complex at 300 K is 2.799 cm3 K mol�1,
which is larger than the expected value of 2 cm3 K mol�1 for two
isolated nickel(II) ions [51]. The effective magnetic moment (leff)
value at room temperature is close to 4.731 B.M., using the equa-
tion leff = 2.828 � (vmT)1/2 [52]. This can be attributed to a contri-
bution from the orbital angular momentum to the susceptibility at
higher temperatures. While the temperature decreases, the vmT
values remain roughly constant down to 50 K and then vmT
increases rapidly and reaches a maximum of 5.564 cm3 K mol�1

at 2 K. The gradual increase of leff upon cooling suggests the pres-
ence of weak antiferromagnetic spin-exchange interactions
between the two nickel(II) ions within each molecule. The plot of
vm
�1 versus T over the temperature range 20–300 K agrees with

the Curie–Weiss law [vm = C/(T � h)], with C = 2.92 cm3 K mol�1
1/vm and leff (b) for the title complex.
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and h = �8.2 K. The negativeWeiss constant conclusively evidences
the presence antiferromagnetic interactions between the nickel(II)
ions in the complex. In addition, the magnetic properties of a series
of oxygen bridged dinuclear compounds show that when the
included angle between Ni–O–Ni is less than 97�, a ferromagnetic
interaction is present between the Ni(II)–Ni(II) unit; when the
included angle between Ni–O–Ni is higher than 97�, there an anti-
ferromagnetic interaction between the Ni(II)–Ni(II) unit [53]. In the
title complex, the Ni(1)#1–O(2)–Ni(1) bond angle is 100.83�; this
further proves that the complex should exhibit an antiferromag-
netic interaction. The fitting result is comparable with those
reported for other coupled nickel(II) dimers.

4. Conclusions

The homodinuclear ternary coordination polymer [Ni2(l2-btca)
(1,4-bib)2(H2O)2]n was synthesized with nickel chloride, 1,2,4,5-
benzenetetra-carboxylic acid and 1,4-bis(1H-imidazol-4-yl)ben-
zene as the reactants by a hydrothermal method in an ethanol
aqueous solution. The composition and structure of the complex
were characterized by EA, FTIR, single crystal X-ray diffraction
and TG-DSC. The crystal structure of the nickel(II) complex belongs
to the triclinic system, space group P1, with cell parameters
a = 8.0805(11) Å, b = 9.8771(12) Å, c = 10.0147(14) Å, a = 96.443
(2)�, b = 102.682(4)� and c = 96.393(2)�. In this complex, the car-
boxylate group of the pyromellitic acid acts as a bridge between
the nickel(II) ions, and the two nickel(II) ions are both hexacoordi-
nated by two nitrogen atoms from two imidazole rings, three car-
boxyl oxygen atoms from different btca4� ligands and one oxygen
atom from a coordinated water molecule, with a slightly distorted
octahedral geometry. The thermal decomposition processes of the
complex under air include dehydration and pyrolysis of the
ligands, and the final residue at about 450 �C is nickel oxide. The
complex possesses weak antiferromagnetic interactions between
the two Ni(II) metal centers.
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Appendix A. Supplementary data

CCDC 989287 contains the supplementary crystallographic data
for complex [Ni2(l4-btca)(1,4-bib)2(H2O)2]n. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/re-
trieving.html, or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;
or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data associated
with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.poly.2016.03.020.
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