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Abstract Two coordination polymers, namely [Cu(L)2]�
(NO3)2 (1) and [Co(L)(chdc)]�2H2O (2) [(chdc = 1,

4-cyclohexanedicarboxylate, L = 1,3-bis-(5,6-dimethylben-

zimidazole-1-yl-methylene)-benzene], based on a flexible

5,6-dimethylbenzimidazole ligand have been synthesized and

characterized by physico-chemical and spectroscopic meth-

ods and single-crystal diffraction. Complex 1 shows a 2D (4,4)

network structure linked by L ligands while complex 2 dis-

plays a 1D ladder-like chain bridged by L and chdc ligands.

The catalytic activities of both complexes for the degradation

of methyl orange have been investigated.

Introduction

Current interest in the crystal engineering of metal–organic

coordination polymers not only results from their diverse

applications in porous materials, optical devices, magne-

tism, microelectronics, and heterogeneous catalysis, but

also from their intriguing variety of molecular architectures

and topologies [1–6]. In the rational design and synthesis of

metal–organic coordination compounds, several factors

need to be taken into consideration, such as the preferred

coordination geometry of the metals, the functionality,

flexibility and symmetry of the organic ligands and the

template effects of structure-directing agents [7, 8]. Among

various organic ligands, the flexible bis(benzimidazole)

derivatives, which can satisfy the coordination needs of the

metal centers and consequently generate more robust and

intricate networks, have attracted much attention and have

been widely used as a classical N-based ligands. We and

other groups have devoted much effort to investigate the

coordination modes of these ligands, the geometric con-

formation of the metal centers and the different properties

of the resulting coordination compounds [9–15]. In a series

of benzimidazole derivatives, the most prominent com-

pound is 5,6-dimethylbenzimidazole, which also serves as

an axial ligand for cobalt in vitamin B12 [16]. Bis(5,6-

dimethylbenzimidazole)alkanes act as flexible bridging

ligands, frequently giving coordination polymers that can

provide more information on the influence of the benzim-

idazoles on the structures and properties of the resulting

complexes. However, to the best of our knowledge, such

coordination polymers based on the flexible bis(5,6-

dimethylbenzimidazole) ligands with various metal salts

have only been scarcely studied [17].

The development of metal–organic frameworks (MOFs)

into heterogeneous catalysts could yield several significant

advantages, such as enhanced catalyst stability due to the

spatial separation of individual catalytic sites within the

framework [18]. MOFs can possess high porosities in the

absence of any inaccessible bulk volume (dead volume),

and most evidently their pore size(s), and thus their sub-

strate shape and size selectivity can be systematically tai-

lored by employing different organic linkers [19].

Our particular interest is in the catalytic purification of

contaminated water. Much attention in this area has been

focused on the advanced oxidation processess (AOPs)

[20, 21], which uses Fenton-like chemistry to oxidize

contaminants of concern and is largely dependent on metal-

based catalysts [22–24]. This technique has the potential to

completely mineralize organic compounds. As a part of our

ongoing studies on metal coordination polymers of flexible
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bis(benzimidazole) ligands, herein we report the synthesis

and characterization of Cu(II) and Co(II) coordination

polymers and their catalytic activity for the degradation of

methyl orange as a model organic contaminant.

Experimental

All commercially available chemicals were of reagent

grade and used as received without further purification. The

ligand L (see Scheme 1) was synthesized according to the

literature method [25]. Elemental analyses were obtained

on a Perkin-Elmer automatic analyzer. IR spectra were

recorded on a Nicolet FTIR Avatar 360 spectrophotometer

in the 4,000–400 cm-1 region using KBr pellets. Powder

X-ray diffraction measurements were executed on a

D/MAX 2500PC X-ray diffractometer using Cu-Ka radia-

tion (k = 0.1542 nm) in the 2h range of 5�–50� with a step

size of 0.02� and a scanning rate of 10� min-1. The

absorption of methyl orange solution was measured with a

Shanghai Jingke 722 N spectrophotometer at the maximum

wavelength of 506 nm.

Synthesis of the coordination polymers

Coordination polymer 1, [Cu(L)2]�(NO3)2: A mixture of

Cu(NO3)2�2.5H2O (0.233 g, 1.0 mmol), L (0.39 g, 1.0 mmol),

H2O (10 mL) and ethanol (2 mL) was placed in a Teflon-lined

stainless steel vessel, heated to 140 �C for 72 h under autog-

enous pressure and then cooled to room temperature at a rate of

5�/h. Blue crystals of 1 suitable for X-ray diffraction were

obtained in 46 % yield based on Cu(NO3)2�2.5H2O. Calcd. for

C52H52O6N10Cu (Fw = 976.58): C 64.0, H 5.4, N 14.3 %;

found C 63.7, H 5.6, N 14.6 %. FTIR (KBr pellet, cm–1):

3,442(m), 3,126(m), 2,905(m), 1,629(m), 1,515(m), 1,380(s),

1,320(s), 1,300(w), 1,206(m), 1,024(m), 857(m), 709(m).

Coordination polymer 2, [Co(L)(chdc)]�2H2O: A mixture

of Co(CH3COO)2�4H2O (0.249 g, 1.0 mmol), L (0.39 g,

1.0 mmol), 1,4-cyclohexanedicarboxylic acid (0.172 g,

1.0 mmol), H2O (8 mL) and DMF (2 mL) was placed in a

Teflon-lined stainless steel vessel, heated to 140 �C for 72 h

under autogenous pressure and then cooled to room temper-

ature at a rate of 5�/h. Purple crystals of 2 suitable for X-ray

diffraction were obtained in 37.5 % yield based on

Co(OAc)2�4H2O. Calcd. for C34H40N4O6Co (Fw = 659.65):

C 61.9, H 6.1, N 8.5 %; found C 61.7, H 6.3, N 8.7 %. FTIR

(KBr pellet, cm–1): 3,419(s), 2,930(m), 1,569(m), 1,498(s),

1,444(s), 1,365(m), 1,276(m), 1,213(m), 1,022(w), 842(m),

711(w).

Catalytic experiments

The catalytic activities of 1 and 2 were tested using

200 mL aqueous methyl orange solution (10 mg/L) con-

taining 2 mL H2O2 (30 %) and 60 mg of 1 or 2 as catalyst

[26]. The experiments were performed at 45 �C, and the

pH was adjusted to 3 by dropwise addition of 0.1 mol/dm3

H2SO4 or NaOH as required. Samples of the mixture were

withdrawn and analyzed periodically using a Shanghai

Jingke 722 N UV–vis spectrophotometer at 506 nm. This

procedure was also done in the absence of catalyst as a

control experiment under the same conditions.

X-ray crystallography

The selected crystal of 1 or 2 was mounted on the tip of a

glass rod at room temperature. The crystallographic data

collections were carried out on a Bruker Smart 1000 CCD

diffractometer with graphite-monochromated Mo–Ka
radiation (k = 0.71073 Å) and x - 2h scan mode at

293 K. All absorption corrections were applied using the

SADABS program [27]. The structures were solved by

direct methods and refined anisotropically by the full-

matrix least-squares technique using the Bruker SHELXTL

program package [28]. All non-hydrogen atoms were

refined with anisotropic displacement parameters. Hydro-

gen atoms of water were located on a difference Fourier

map, while other hydrogen atoms were included in calcu-

lated positions and refined with isotropic thermal parame-

ters riding on the corresponding parent atoms. Crys-

tallographic data and experimental details for structural

analysis of 1 and 2 are summarized in Table 1. However,

the crystal size of complex 2 was small and the crystal was

also not of good quality, which might lead to decay during

data collection; hence, the wR2 parameter of 2 is high. In the

crystal structure of 2, one lattice water molecule is normal

and the other solvent water molecule with partial occupa-

tion sites has been isotropically treated; final difference

Fourier maps were flat, if excluding a residual electron

density peak with a height of ca. 2 e Å-3, which is located

toward the carboxylate C27 atom (2.09 Å), but this spuri-

ous peak could not be modeled as a disordered position.

This may be caused by residual absorption artefacts.Scheme 1 The ligand L
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Results and discussion

Synthesis and spectroscopic characterization

The coordination polymer 1 was obtained by hydrother-

mally reacting Cu(NO3)2�2.5H2O with ligand L in a mole

ratio of 1:1 in water/ethanol (5:1); complex 2 was prepared

by hydrothermal reaction of Co(OAc)2�4H2O, ligand L and

1,4-cyclohexanedicarboxylic acid at a molar ratio of 1:1:1

in water/DMF (4:1). Both of the complexes are stable in air

and insoluble in common solvents such as water, methanol

and ethanol. The elemental analyses for 1 and 2 were in

good agreement with the theoretical requirements of their

compositions (X-ray analysis results). In the FTIR spectra

of 1 and 2, the bands at 1,515, 1,206 and 1,024 cm-1 for 1

and 1,498, 1,213, 1,022 cm-1 for 2 could be assigned to the

vibrations of the benzimidazolyl rings in the ligand L. In 1,

the C=N stretching vibration of the benzimidazolyl groups

(1,515 cm-1) is blue-shifted by 19 cm-1 compared with

that (1,496 cm-1) in the free ligand, consistent with coor-

dination of L to Cu(II). For complex 2, a strong band at

3,419 cm-1 may be assigned to the stretching vibrations

(tOH) of lattice water molecules, and the broad shape of

this band suggests the existence of H-bonds. The asym-

metric and symmetric stretching vibrations of the carbox-

ylate groups were observed at 1,720 and 1,410 cm-1,

respectively, for free 1,4-cyclohexanecarboxylic acid,

while for complex 2 these bands were observed at 1,569

and 1,365 cm-1, respectively, with a separation Dt[tas(-

COO) - ts(COO)] of 204 cm-1, indicating monodentate

coordination of the carboxylate to the metal center [29].

Crystal structure of complex 1

Crystallographic analysis indicates that 1 is a 2D coordi-

nation polymer. The molecule has twofold symmetry with

a center of inversion located at the Cu(II) atom. The

asymmetric unit consists of half of a Cu(II) atom, one L

ligand and one nitrate anion. Selected bond distances and

angles for 1 are listed in Table 2. As shown in Fig. 1, each

Cu(II) center is coordinated by four N atoms from four

different L ligands, giving square planar geometry. The

Cu–N bond lengths vary from 1.990(2) to 2.002(3) Å, and

the bond angles are from 89.46(10)� to 90.54(10)�, all in

the normal range for analogous CuN4 complexes [30].

The Cu(II) atoms in 1 are bridged by L in bis-mono-

dentate mode to form a 1D infinite chain, and these chains

are further linked by other L in same coordination mode to

form a 2D (4,4) network, which contains a 48-member

rhombic grid with Cu(II) atoms at each corner and L

ligands at each edge; the length of the edges is defined by a

Cu���Cu distance of 11.886(9) Å. The ligands L are all

neutral and adopt anti conformation, which have dihedral

angles between the mean planes of the two benzimidazole

rings of L of 57.392(71)�. The NO3
- anions lie in each

rhombic grid to balance the charge and stabilize the crystal

Table 1 Crystal data and structure refinement for 1 and 2

1 2

Empirical formula CuC52H52N10O6 C34 H40CoN4O6

Formula weight 976.58 659.65

Temperature 296(2) K 296(2) K

Wavelength (Å
´

) 0.71073 0.71073

Crystal system Monoclinic Triclinic

Space group P21/c P-1

Unit cell dimensions

a (Å) 11.6581(12) 10.487(5)

b (Å) 21.871(2) 13.756(7)

c (Å) 9.3143(10) 14.369(6)

a (�) – 108.934(5)

b (�) 96.511(2) 108.491(6)

c (�) – 104.390(5)

V (Å3) 2,359.6(4) 1,710.8(13)

Z 2 2

Dc(g cm-3) 1.375 1.246

F (000) 1,022 674

Crystal size (mm) 0.18 9 0.18 9 0.19 0.13 9 0.12 9 0.08

h range (�) 2.39–27.46 2.21–25.00

Reflections collected 21,484 5,993

Independent reflections 5,383 5,993

Rint 0.0740 0.081

Absorption coefficient

(mm-1)

0.526 0.549

Goodness of fit on F2 1.009 1.094

Final R indices [I [ 2r
(I)]a,b

R1 = 0.0552 wR2 = 0.1236

R1 = 0.0851 wR2 = 0.2373

R indices (all data) R1 = 0.1331 wR2 = 0.1570

R1 = 0.0956 wR2 = 0.2481

Dqmax (e Å-3) 0.239 2.018

Dqmin (e Å-3) -0.779 -0.801

aR1 = R ||Fo| - |Fc||/R |Fo|; b wR2 = {R [w(Fo
2 - Fc

2)2]/R [w(Fo
2)2]}1/2

Table 2 The selected bond lengths (Å) and angles (�) for 1

Parameter Value Parameter Value

Cu1–N3 1.990(2) Cu1–N1 2.002(3)

N5–O2 1.217(4) N5–O1 1.235(4)

O3–N5 1.256(4) O2–N5–O1 121.5(4)

N3–Cu1–N1 89.46(10) N3–Cu1–N1A 90.54(10)

O2–N5–O3 119.6(4) O1–N5–O3 118.7(4)

Symmetry transformations used to generate equivalent atoms: A =

-x ? 1, -y, -z ? 1
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structure, (Fig. 2), giving an overall [Cu(L)2](NO3)2

stoichiometry.

Crystal structure of complex 2

Single-crystal X-ray diffraction reveals that complex 2

crystallizes in monoclinic space group P-1 and displays a

1D ladder-like chain structure. Selected bond distances and

angles for 2 are listed in Table 3. The asymmetric unit

consists of one Co(II) atom, one L ligand, one 1,4-chdc

dianion and two lattice water molecules, giving the formula

[Co(L)(chdc)]�2H2O. The Co(II) center is coordinated by

two nitrogen atoms from two different L ligands (Co1–

N1 = 2.029(4), Co1–N3 = 2.028(4) Å), plus two carbox-

ylate oxygen atoms from two distinct chdc ligands, giving

a distorted tetrahedral CoO2N2 coordination geometry

(Fig. 3). The Co–N bond lengths vary from 2.028(4) to

2.029 (4) Å, the Co–O bond lengths lie in the range of

1.935(5)–1.938(5) Å and the coordination bond angles

range from 103.16(17)� to 121.83(18)�, all in the normal

ranges for related CuN2O2 complexes [31].

Each L ligand adopts anti conformation to cross-link

Co2(chdc)2 units in which the chdc dianionic ligands show

bis-monodentate coordination mode, giving a 1D ladder-

like chain (Fig. 4). The adjacent non-bonding Co���Co

distances are 8.213(4) Å (Co1���Co1D) and 10.487(5) Å

(Co1D���Co1E) (symmetry codes: D = -x, -y ? 1, -z;

E = 1 ? x, y, z), respectively. Different from 1, the dihe-

dral angle between the mean planes of the two benzimid-

azole rings of L is 61.89(11)�. In addition, O–H���O
hydrogen bonding interactions between the lattice water

and uncoordinated carboxylate O atoms of chdc further

stabilize the ladder-like structure. The distances of

O1w–H1wA���O4D (symmetry code: D = -x, 1 - y, -z)

and O1w–H1wB���O2 are 2.796(9) and 2.775(10) Å,

respectively.

Fig. 1 Coordination

environment of the Cu(II) atom

in 1. Hydrogen atoms were

omitted for clarity, and

symmetry transformations were

used to generate equivalent

atoms: A: 1 - x, -y, 1 - z; B:

x, 0.5 - y, 0.5 ? z; C: 1 - x,

0.5 ? y, 1.5 - z

Fig. 2 2D (4,4) net connected

by L ligands in 1
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X-ray powder diffraction (XRPD)

Complexes 1 and 2 were also characterized by X-ray

powder diffraction (XRPD) at room temperature (Figs. 5, 6).

It is clear that the peak positions in the experimental pat-

terns are well matched to the corresponding simulated

patterns generated by the Mercury Program [32] using the

single-crystal X-ray diffraction data, confirming the phase

purities of 1 and 2. The differences in peak intensifies for

the simulations may be due to the preferred orientation of

the powder samples.

Catalytic degradation of methyl orange

Recently, a new advanced oxidation technology based on

Fenton-like reactions has been developed to degrade azo

dyes such as methyl orange [33]. However, the uncatalyzed

reaction efficiency is extremely low. Fenton-like reaction

Fig. 3 The coordination

environment around Co(II)

center in 2. Hydrogen atoms and

lattice water molecules were

omitted for clarity, and

symmetry transformations were

used to generate equivalent

atoms: D = -x, -y ? 1,

-z. E = 1 ? x, y, z.)

Fig. 4 1D ladder-like chain

connected by L and 1,4-chdc

ligand in 2
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consists of producing �OH radicals from H2O2 in presence

of the metal coordination polymers 1 or 2 as catalyst. It is

possible to represent the MO degradation by a simplified

schema [23].

The methyl orange degradation experiments were car-

ried out using UV–vis spectrophotometer, and the results

are depicted in Fig. 7 (The vertical axis shows the

remaining percentage of methyl orange at time t.). As

shown, within the first 10 min the control experiment

proceeded rapidly and then nearly ceased when the

remaining percentage of methyl orange was about 81 %.

For the equivalent reaction with complex 1 as catalyst, the

concentration of methyl orange decreased steadily within

60 min, and finally the remaining percentage was 62 %. In

contrast, using complex 2 as catalyst, the concentration of

methyl orange continued to decrease until 120 min, and the

final remaining percentage reduced to 13 %. Compared

with the control experiment, both complexes have a posi-

tive impact on degradation of methyl orange, while their

different catalytic activities may be due to their distinct

metal centers or molecular structures [17].

Conclusion

In summary, two coordination polymers of a benzimid-

azole ligand, having different structural types, have been

synthesized hydrothermally. Complex 1 shows a 2D net-

work structure connected by the benzimidazole ligands,

with nitrate located in the grid center to balance the charge,

while complex 2 shows a 1D ladder-like chain connected

by benzimidazole ligands and chdc dianions. In both

complexes, the benzimidazole ligands L all adopt anti

conformation but with different dihedral angles between

the two benzimidazole rings, revealing the flexibility of

this ligand. Both complexes, and especially 2, show higher

catalytic activity compared with those of complexes

Table 3 The selected bond lengths (Å) and angles (�) for 2

Parameter Value Parameter Value

Co1–O1 1.935(4) Co1–N1 2.029(4)

Co1–O3D 1.942(4) Co1–N3 2.028(4)

O1–Co1–O3D 111.0(2) O1–Co1–N3 121.83(18)

O1–Co1–N1 103.59(17) O3D–Co1–N3 103.16(17)

O3D–Co1–N1 120.52(17) N1–Co1–N3 97.23(15)

Symmetry transformations used to generate equivalent atoms: D =

-x, -y ? 1, -z

Fig. 5 XRPD pattern of 1

Fig. 6 XRPD pattern of 2

Fig. 7 The experiments on the degradation of methyl orange [C0

(mg/L) is the initial concentration of methyl orange and C (mg/L) is

the concentration of methyl orange at reaction time t]

584 Transition Met Chem (2012) 37:579–585

123



reported in the literature for the degradation of methyl

orange [23].

Supplementary materials

CCDC 877560 and 877561 contain the supplementary

crystallographic data for complexes 1 and 2, respectively.

These data can be obtained free of charge via http://www.

ccdc.cam.ac.uk/conts/retrieving.html or from the Cam-

bridge Crystallographic Data Centre, 12 Union Road,

Cambridge CB2 1EZ, UK; fax: (?44) 1223-336-033; or

e-mail: deposit@ccdc.cam.ac.uk.
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