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Abstract Three new CoII coordination polymers, namely

[Co(DNBA)2(pbdmbm)] (1), [Co2(H2O)2(DNBA)2(ebdmbm)2]

(2) and [Co2(DNBA)2(pbbm)2] (3) have been obtained by

hydrothermal reactions of CoII with flexible bis(benz-

imidazole) ligands [1,10-(1,3-propanediyl)bis(5,6-dimeth-

ylbenzimidazole) (pbdmbm), 1,10-(1,2-ethanediyl)bis(5,6-

dimethylbenzimidazole) (ebdmbm), 1,10-(1,3-propanediyl)

bis(benzimidazole) (pbbm)] plus 3,5-dinitrobenzoic acid

(HDNBA). The complexes have been characterized by

single crystal X-ray diffraction, elemental analyses, IR and

TG. Complexes 1 and 3 exhibit one-dimensional chains

composed of CoII centers bridged by flexible bis(benz-

imidazole) ligands. Complex 2 is a three-dimensional NaCl-

type supramolecular framework constructed from binuclear

units, which are formed by two CoII centers and two eb-

dmbm ligands. The spacer length and substituents on the

bis(benzimidazole) ligands are crucial for the construction

of these structures. The photoluminescence properties of the

complexes and the cyclic voltammetry behavior of complex

1 are described.

Introduction

In recent years, the design and construction of coordination

polymers with novel structures have attracted great atten-

tion due to their potential applications in magnetism,

catalysis, gas storage and nonlinear optics [1–5]. Thus, a

large number of coordination polymers with various

structures have been prepared through rational selection of

the metal and ligands, as well as the synthesis conditions

[6–10]. Multidentate N-heterocyclic ligands, especially

those containing flexible spacers, have been widely used in

these systems, and many complexes with novel architec-

tures have been obtained [11–14]. Some complexes with

flexible N-heterocyclic ligands such as 1,3-bis(4-pyridyl)-

propane (bpp), 1,4-bis(imdazol-1-ylmethyl)benzene (bix),

1,3,5-tri(imidazol-1-ylmethyl)benzene (tib), and 1,10-(1,4-

butanediyl)bis-1H-benzotriazole (bbbt) have been reported

by Lang, Bu, Ma and our group [15–19].

To expand our previous work, flexible bis(benzimid-

azole)-based ligands have been used here [pbdmbm =

1,10-(1,3-propanediyl)bis(5,6-dimethylbenzimidazole),

ebdmbm = 1,10-(1,2-ethanediyl)bis(5,6-dimethylbenzimida-

zole), pbbm = 1,10-(1,3-propanediyl)bis(benzimidazole)]

(Fig. 1) as neutral organic linkers to systematically inves-

tigate the influence of substituents and spacer length on the

structures of their complexes. Complexes based on

pbdmbm and ebdmbm ligands have rarely been reported up

to now [20].

In this study, we describe three new CoII coordination

polymers [Co(DNBA)2(pbdmbm)] (1), [Co2(H2O)2(DNBA)2

(ebdmbm)2] (2), and [Co2(DNBA)2(pbbm)2] (3) using DNBA

(3,5-dinitrobenzoic acid) as counter-ion. Complexes 1 and 3

exhibit one-dimensional chain structures, while complex 2 is

binuclear. In addition, the fluorescence properties and elec-

trochemical behaviors of the complexes are described.
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Experimental

All chemicals were used as supplied from commercial

sources without further purification. The heterocyclic

ligands were synthesized by the literature method [21] and

characterized by FT/IR spectra. FT/IR spectra (KBr pellets)

were taken on a Magna 560 spectrometer. Elemental

analyses were obtained on a Perkin–Elmer 240CHN ana-

lyzer. Thermogravimetric analysis was carried out with a

Pyris Diamond TG-DTA instrument. Luminescence spectra

were measured on a Hitachi F-4500 fluorescence spectro-

photometer. Electrochemical experiments were carried

out using a CHI 440 Electrochemical quartz crystal

microbalance.

Synthesis of [Co(DNBA)2(pbdmbm)] (1)

A mixture of CoCl2�6H2O (0.0237 g, 0.1 mmol), HDNBA

(0.0424 g, 0.2 mmol), pbdmbm (0.0334 g, 0.1 mmol), and

H2O (10 mL) was sealed in a 25-mL Teflon reactor at

150 �C for 3 days. After slow cooling to room temperature,

purple block crystals of 1 were obtained. Yield: 30% based

on CoII. Calc. for C35H30CoN8O12: C, 51.7; H, 3.7; N, 13.8.

Found: C, 51.5; H, 3.6; N, 13.4%. IR (KBr, cm-1): 3,449m,

2,950m, 2,362s, 2,327s, 1,625w, 1,539m, 1,454m, 1,342m,

1,224m, 1,085m, 992m, 844m, 782m, 747s, 649m, 565s.

Synthesis of [Co2(H2O)2(DNBA)2(ebdmbm)2] (2)

Complex 2 was prepared in the same manner as for 1 but

using ebdmbm (0.0323 g, 0.1 mmol) in place of pbdmbm.

Yield: 40% based on CoII. Calc. for C68H60Co2N16O26: C,

49.9; H, 3.7; N, 13.7. Found: C, 50.0; H, 3.6; N, 13.7%. IR

(KBr, cm-1): 3,560m, 3,460s, 3,401s, 3,092s, 2,960m,

2,368s, 1,634m, 1,590m, 1,546s, 1,484m, 1,453s, 1,414m,

1,344s, 1,274m, 1,224s, 1,070s, 1,000s, 915s, 854s, 782s,

726s, 626s.

Synthesis of [Co2(DNBA)2(pbbm)2] (3)

The synthesis complex 3 was similar to that of 1, except that

pbbm (0.0278 g, 0.1 mmol) was used instead of pbdmbm.

Yield: 35% based on CoII. Calc. for C62H44Co2N16O24: C,

49.2; H, 2.9; N, 14.8. Found: C, 49.2; H, 2.9; N, 14.7%. IR

(KBr, cm-1): 3,449m, 3,338m, 3,085m, 2,362s, 2,327s,

1,637s, 1,541m, 1,458m, 1,394s, 1,348m, 1,288m, 1,259m,

1,190s, 1,070s, 1,007w, 930s, 890m, 719s.

Preparation of compound 1 bulk-modified carbon paste

electrode (1-CPE)

The 1-CPE was obtained as follows: complex 1 (0.034 g)

and graphite powder (0.5 g) were ground together with

an agate mortar and pestle for approximately 30 min to

achieve an even, dry mixture. Paraffin oil (1.1 mL) was

added, and the mixture was stirred with a glass rod; then

the homogenized mixture was used to pack 3-mm inner

diameter glass tubes to a length of 0.6 cm. The electrical

contact was established with a copper stick, and the surface

of the 1-CPE was wiped with weighing paper.

X-Ray crystallographic study

Diffraction data for the complexes 1–3 were collected on a

Bruker Smart 1000 CCD area detector diffractometer (Mo

Ka radiation, graphite monochromator, k = 0.71073 Å for

1, 3 and k = 0.71069 Å for 2). The crystal structures were

solved by direct method and refined on F2 by full-matrix

least-squares techniques with the SHELXL-97 software

package [22]. All non-hydrogen atoms were refined

anisotropically, and hydrogen atoms of the ligands were

placed in geometrically idealized positions and refined

isotropically. The crystallographic information is summa-

rized in Table 1. Selected bond lengths and angles for

complexes 1–3 are listed in Table 2.

Results and discussion

Complex 1 exhibits a 1D chain structure based on the

building blocks of one CoII atom, two DNBA anions and

one pbdmbm ligand. As depicted in Fig. 2, each Co atom is

tetra-coordinated by two oxygen atoms (O2, O8) from two

anionic DNBA ligands and two nitrogen atoms (N1, N4)

from two pbdmbm ligands, forming a distorted tetrahedral

geometry [CoN2O2]. Each DNBA is monodentate.

The adjacent [CoN2O2] geometries are linked into a 1D

chain by pbdmbm ligands, with a Co���Co distance of

10.2178(20) Å (Fig. 3). In complex 1, pbdmbm adopts a

trans–trans conformation, and the dihedral angle between

Fig. 1 The ligands used in this paper
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the imidazole rings is 70.87�. Two adjacent chains are

expanded to a 1D supramolecular double chain via p–p
stacking interactions, and the face-to-face distances

between DNBA and the benzene ring of the pbdmbm

ligand are 3.5503(4) Å and 3.5761(4) Å (Fig. S4).

Single crystal X-ray diffraction reveals that complex 2 is

a three-dimensional supramolecular framework constructed

from binuclear structures. Each CoII atom is coordinated by

two nitrogen atoms (N1, N4) from two ebdmbm ligands

and two oxygen atoms (O1, O7) from two anionic DNBA

ligands, giving a distorted tetrahedral geometry [CoN2O2]

(Fig. 4). Each DNBA ligand is monodentate, similar to

complex 1. The neutral ebdmbm ligand in complex 2 has a

shorter linker than pbdmbm. The ebdmbm ligands adopt

trans conformation linking two adjacent [CoN2O2] geom-

etries to form a binuclear structure, with a Co���Co distance

of 7.3463(20) Å. The dihedral angle between the imidazole

rings is 68.93�. There are three kinds of p–p stacking

interactions in 2. Two adjacent binuclear units are con-

nected into two-dimensional supramolecular layers by p–p
stacking interactions between the aromatic rings from

two parallel DNBA ligands with face-to-face distances of

3.6364(11) and 3.7437(10) Å (Fig. S5). The neighboring

layers are further extended into a 3D supramolecular

framework through p–p stacking interactions between the

aromatic rings of the ebdmbm ligands with a face-to-face

distance of 3.8165(12) Å. Finally, the structure of complex

2 can be described as a NaCl-type supramolecular frame-

work if each binuclear unit is considered as a node

(Fig. S6).

Complex 3 is a 1D coordination polymer, which is

further extended into a 1D double chain by p–p stacking

interactions. Each CoII center is tetrahedrally coordinated

by two nitrogen atoms (N3, N5) from two pbbm ligands,

two oxygen atoms (O3, O5) of two anionic monodentate

DNBA ligands forming [CoN2O2] units (Fig. 5). Compared

with the pbdmbm ligand in complex 1, pbbm has no sub-

stituents in the aromatic rings and bridges two adjacent

[CoN2O2] units to build a 1D zigzag chain with a Co���Co

distance of 9.3955(10) Å, which is 0.9 Å shorter than

complex 1, as shown in Fig. 6. The pbbm ligands in 3 also

show trans–trans conformation, and the dihedral angle

between the benzimidazole rings is 74.45�. Two adjacent

chains are expanded to a 1D supramolecular double chain

by p–p stacking interactions, and the face-to-face distance

between DNBA ligands is 3.6683(5) Å (Fig. S7).

Although these complexes are all constructed from

HDNBA and different bis(benzimidazole) derivatives, and

synthesized under similar conditions, they show different

structures. As shown in Fig. S8, the pbdmbm ligand of

Table 1 Crystal data and

structure refinement details

for complexes 1–3

a R1 = R(||Fo| - |Fc||)/R|Fo|
b wR2 = [w(|Fo|2 -|Fc|

2)2/

(w|Fo|2)2]1/2

Complex 1 2 3

Formula C35H30CoN8O12 C68H60Co2N16O26 C62H44Co2N16O24

Formula wt. 813.60 1,633.15 1,515.00

Cryst. syst Triclinic Triclinic Triclinic

Space group P �1 P �1 P �1

a (Å) 10.2178(13) 11.065(5) 13.3351(17)

b (Å) 13.850(3) 11.509(5) 15.512(2)

c (Å) 14.917(2) 14.791(5) 15.867(2)

a (�) 109.868(3) 92.094(5) 88.714(2)

b (�) 108.488(2) 111.250(5) 85.286(2)

c (�) 100.133(3) 98.075(5) 79.792(2)

V (Å3) 1,785.1(5) 1,730.3(12) 3,219.2(7)

Z 2 1 2

D/g cm-3 1.514 1.565 1.563

l/mm-1 0.558 0.578 0.612

F(000) 838 838 1548

hmax (�) 27.6 27.70 27.90

Tot. data collected 29,321 28,737 53,806

Uniq. data reflections 8299 8133 15348

Rint 0.053 0.016 0.022

R1
a [I [ 2r(I)] 0.1047 0.0410 0.0421

wR2
b(all data) 0.3288 0.1438 0.1237

GOF 1.09 1.09 1.03

Dqmax (e Å-3) 2.70 0.68 0.88

Dqmin (e Å-3) –0.80 –0.70 –0.70
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complex 1 adopts trans–trans conformation with an N���N
distance of 4.9110(97) Å. The angles between the adjacent

–CH2– spacers are 114.37�, 113.99� and 114.17�. In

complex 3, the pbbm ligands also display trans–trans

conformation with spacer angles of 111.32�, 111.60� and

112.24�, leading to an N���N distance of 4.3840(25) Å,

a little shorter than in complex 1, which may be attributed

to the steric hindrance of the methyl substituents of

pbdmbm. In complex 2, we choose ebdmbm as ligand with

an N���N distance of 3.1249(23) Å, much shorter than the

ligands used in 1 and 3 because of the two –CH2– spacers.

Ebdmbm shows trans conformation, and the angles of the

adjacent –CH2– spacers are 113.94� and 114.64�. Hence,

variations in spacer length and substituents exert influence

on the final structures of the complexes (Fig. S9). Both

complexes 1 and 3 exhibit 1D chains with different shapes,

which are expanded into 1D double chains through p–p
stacking interactions, whereas complex 2 displays a binu-

clear structure with a NaCl-type supramolecular frame-

work involving p–p stacking interactions.

The IR spectra of complexes are shown in Figs. S1–S3.

The bands at 844, 1,454, and 1,539 cm-1 for 1 (854, 1,453,

and 1,546 cm-1 for 2, 890, 1,458, and 1,541 cm-1 for 3)

can be attributed to mC–N of the N-heterocyclic rings of the

Table 2 Selected bond

lengths (Å) and angles (�)

for complexes 1–3

Complex 1

Co(1)–O(2) 1.925(7) Co(1)–O(8) 1.940(7)

Co(1)–N(1) 2.037(6) Co(1)–N(4)#1 2.028(6)

O(2)–Co(1)–O(8) 102.1(3) O(2)–Co(1)–N(1) 119.9(3)

O(2)–Co(1)–N(4)#1 108.4(3) O(8)–Co(1)–N(1) 110.8(3)

O(8)–Co(1)–N(4)#1 119.2(3) N(1)–Co(1)–N(4)#1 97.6(2)

Symmetry code for 1: #1: 1 ? x, y, z

Complex 2

Co(1)–O(1) 1.923(2) Co(1)–N(1) 2.0033(19)

Co(1)–O(7) 1.955(2) Co(1)–N(4)#1 2.0195(19)

O(1)–Co(1)–O(7) 100.78(8) O(1)–Co(1)–N(1) 116.12(7)

O(1)–Co(1)–N(4)#1 116.56(7) O(7)–Co(1)–N(1) 112.82(7)

O(7)–Co(1)–N(4)#1 94.01(7) N(1)–Co(1)–N(4)#1 113.41(7)

Symmetry code for 2: #1: 1 - x, 1 - y, 1 - z

Complex 3

Co(1)–O(3) 1.9509(17) Co(1)–O(5) 1.9380(18)

Co(1)–N(3) 2.0257(16) Co(1)–N(5) 2.0359(18)

Co(2)–O(1) 1.954(2) Co(2)–O(2) 1.958(2)

Co(2)–N(2) 2.0616(19) Co(2)–N(7) 2.0612(19)

O(3)–Co(1)–O(5) 109.09(7) O(3)–Co(1)–N(3) 112.65(7)

O(3)–Co(1)–N(5) 99.97(7) O(5)–Co(1)–N(3) 108.37(7)

O(5)–Co(1)–N(5) 117.63(7) N(3)–Co(1)–N(5) 109.06(7)

O(1)–Co(2)–O(2) 117.16(9) O(1)–Co(2)–N(2) 105.67(8)

O(1)–Co(2)–N(7) 112.17(8) O(2)–Co(2)–N(2) 113.42(9)

O(2)–Co(2)–N(7) 104.26(8) N(2)–Co(2)–N(7) 103.45(7)

Fig. 2 The coordination environment of CoII in complex 1, showing

a distorted tetrahedral geometry. The hydrogen atoms are omitted for

clarity

Fig. 3 1D chain connected by pbdmbm ligands in complex 1

894 Transition Met Chem (2011) 36:891–896

123



ligands. The bands at 2,950 cm-1 for 1, 2,960 cm-1 for 2,

and 3,085 cm-1 for 3 can be assigned to the methylene

mC–C of the ligands, while bands at 1,342, and 1,625 cm-1

for 1, 1,344, and 1,634 cm-1 for 2, 1,348 and 1,637 cm-1

for 3 can be attributed to m(–NO2) and m(–COO) of DNBA.

For complex 2, a band at 3,460 cm-1 is assigned to m(H2O)

[23].

To estimate the thermal stabilities of the complexes,

thermogravimetric analyses were performed in the tem-

perature range of 50–800 �C (Figure S10). The TG curves

of complexes 1 and 3 are similar, showing only one weight

loss step from 329 to 614 �C for 1 and from 302 to 619 �C

for 3. The remaining weights (9.7% for 1, 10.3% for 3)

correspond to CoO (calculated 9.2% for 1, 9.9% for 3). The

TG curve of complex 2 exhibits two weight loss steps in

the temperature range of 116–505 �C. The first weight loss

of 2.5% at 116–152 �C is ascribed to the loss of lattice

water molecules (calculated value 2.2%). Decomposition

of the organic ligands ebdmbm and DNBA can be observed

from 316 to 495 �C, and the remaining weight of 10.0% is

equivalent to CoO (calculated 9.2% for 2).

The photoluminescence properties of the complexes,

together with those of the bis(benzimidazole)-based

ligands, were studied in the solid state at room temperature.

The emission spectra of the complexes are shown in Fig. 7.

Bands are observed at 465 nm for 1, 446 nm for 2, and

426 nm for 3 with excitation wavelengths of 352, 370 and

400 nm, respectively. The emission spectra of the free

ligands are shown in the inset of Fig. 7. The main emission

bands of the complexes are similar to those of the free

ligands, which may be attributed to intraligand charge

transfer [24, 25].

In order to study the redox properties of the CoII coor-

dination polymer, complex 1 was used as a solid modifier

to fabricate a bulk-modified carbon paste electrode (CPE)

due to its insolubility in water and common organic sol-

vents. The electrochemical behavior of 1-CPE was inves-

tigated in 1 M H2SO4 at room temperature. As shown in

Fig. 8, in the potential range of ?750 to -100 mV with

Fig. 4 The coordination environment of CoII in complex 2, showing

a distorted tetrahedral geometry. The hydrogen atoms are omitted for

clarity

Fig. 5 The coordination environment of CoII in complex 3, showing

a distorted tetrahedral geometry. The hydrogen atoms are omitted for

clarity

Fig. 6 1D zigzag chain connected by pbbm ligands in complex 3

Fig. 7 Emission spectra of the free ligands and complexes 1–3 in the

solid state at room temperature
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scan rate of 100 mV s-1, no redox peak was observed at

the bare CPE. In contrast, 1-CPE showed one quasi-

reversible redox peak and the mean peak potential

E1/2 = (Epa ? Epc)/2 was approximately 400 mV, which

could be attributed to the CoIII/CoII redox couple [26].

The effect of varying scan rates on the electrochemical

behavior of the 1-CPE was also investigated under the

same conditions. It can be seen from Fig. 8 that the peak

potentials changed gradually: the cathodic peak potentials

gradually shifted to negative direction and the corre-

sponding anodic peak potentials shifted to positive direc-

tion as the scan rate was increased from 20 to 450 mV s-1.

The inset of Fig. 8 shows that the anodic and cathodic peak

currents are proportional to the scan rates, suggesting that

the redox process for 1-CPE is surface-controlled [27].

Conclusion

In summary, three new CoII complexes were synthesized

using the flexible double benzimidazole derivative ligands

pbdmbm, ebdmbm, and pbbm with HDNBA co-ligand.

The different structures of the complexes imply that the

ligands are important in determining the final crystal

structures and properties of the CoII coordination polymers.

Supplementary materials

CCDC 826289, 826292, 826832 contain the supplementary

crystallographic data for compounds 1–3, which offer

TG, IR, tables of selected bond lengths and angles and

structural figures. These data can be obtained free of charge

via http://www.ccdc.cam.ac.uk/conts/retrieving.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.
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