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Abstract Two new complexes, [Co(C3H;-bim),Br;] and
[Co(CsH;;-bim),Br;], have been synthesized and the
structures characterized by X-ray crystallography, IR
spectroscopy, and elemental analysis. The cobalt atoms of
the two complexes both adopt distorted tetrahedral geom-
etry. The electrochemical behavior of and electrocatalysis
by the propyl complex bulk-modified carbon paste elec-
trode have been studied by cyclic voltammetry. It has good
electrocatalytic activity toward reduction of trichloroacetic
acid (TCA) and bromate. The detection limit and the sen-
sitivity are 0.01 uM and 60.93 pA uM~' for TCA
detection, and 0.02 uM and 43.94 pA pM ™' for bromate
detection. This modified electrode has good reproducibil-
ity, high stability, low detection limit, technical simplicity,
and possibility of rapid preparation, which is important for
practical application.

Keywords Cobalt complexes - Crystal structure -
Electrochemistry - Cyclic voltammetry

Introduction

The significant contemporary interest in organic—inorganic
hybrid materials reflects both the fundamental chemistry of
the rational design of complex materials and practical
applications to fields as diverse as catalysis [1], optical
materials [2, 3], membranes [4-6], and sorption [7, 8]. In
these materials, transition metal complexes with diverse
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structural arrangements not only serve as charge-compen-
sating units but also modify the wide-ranging properties,
for example magnetic and optical properties, electronic
conductivities, and electrocatalysis [9, 10]. Recently, great
efforts have been directed toward the study of Cu(Il)
complexes incorporating pyridine, thioether, imidazole,
and imine donors, which not only stem from their fasci-
nating structures but also from their potential applications
as new materials [11-16]. The electrochemistry and
electrocatalysis of copper complexes with various different
ligands have been investigated by several groups [17-19].
Wang et al. [20] investigated electrocatalytic activity
toward the reduction of bromate, nitrite, and hydrogen
peroxide of a copper-complex bulk-modified carbon paste
electrode (CPE). Jiang et al. [21] studied electrocatalysis
for trichloroacetic acid (TCA) reduction of a binuclear
cobalt phthalocyaninehexasulfonate-surfactant film-modi-
fied electrode.

Interest in exploring benzimidazole derivatives and their
metal complexes has continually increased, because many
of these materials may serve as models which mimic both
the structure and reactivity of metal ion sites in complex
biological systems [22-29]. Xia et al. [24] studied the syn-
thesis, structures, and magnetic properties of Co(Il)
complexes based on 2-(N-pyridyl)benzimidazole. Sanchez-
Guadarrama et al. [25] studied the cytotoxic activity, X-ray
crystal structures, and spectroscopic characterization of
cobalt(Il), copper(Il), and zinc(II) coordination compounds
with 2-substituted benzimidazoles. Lopez-Sandoval et al.
[26] reported the synthesis, structures, and biological
activity of Co(II) complexes with 2-benzimidazole deriva-
tives. Despite all this work, to our best knowledge, study of
the electrochemistry and electrocatalysis of cobalt com-
plexes containing benzimidazole is less reported [25-29].
This paper work reports the synthesis and characterization of
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two new Co(Il) complexes, [Co(C3H7-bim),Br;] (1) and
[Co(CsH;;-bim),Br,] (2) (bim = benzimidazole). The
electrochemical behavior of and electrocatalysis by the title
complex [Co(C3H7-bim),Br;] bulk-modified carbon paste
electrode (1-CPE) have been studied by cyclic voltammetry.
This modified electrode has excellent electrocatalytic
activity toward the reduction of TCA and bromate, and
possible mechanisms are proposed.

Results and discussion
Crystal structure of the title complexes

Crystal data and structure refinement of two title complexes
are listed in Table 1. The molecular structure of [Co(C;H-
bim),Br,] (1) with the atomic numbering scheme is shown in
Fig. 1. The structure of the title complex 1 contains a pair of
independent, unconnected [Co(C3H7-bim),Br,] asymmetric
units. The cobalt atom adopts distorted tetrahedral geometry
involving two bromine atoms and two nitrogen atoms from
two 1-propyl-1H-benzo[d]imidazole ligands. The Co-Br
[Co(1)-Br(1) 2.38(2) and Co(1)-Br(2) 2.384(2) A] and Co-N

[Co(1)-N(4) 2.014(7) and Co(1)-N(2) 2.027(6) A] bond
lengths are comparable with those found in similar
complexes [25, 26]. The angles around the Co center are
N(4)-Co(1)-N(2) 114.2(2)°, N(4)-Co(1)-Br(1) 105.2(2)°,
N(2)-Co(1)-Br(1) 111.9(2)°, N(4)-Co(1)-Br(2) 105.5(2)°,
N(2)-Co(1)-Br(2) 104.4(2)°, and Br(1)-Co(1)-Br(2)
115.80(6)°. These values are consistent with similar struc-
tures reported earlier [25, 26]. There are two types of n—=
stacking interactions between the imidazole and phenyl
rings and the center-to-center distances both are 3.9664 A.
The shortest interplanar distances are 3.626 and 3.657 A
respectively. There are also two types of m—m stacking
interactions between phenyl ring and phenyl ring and the
center-to-center distances are 3.7295 and 3.7611 A. The
shortest interplanar distances above are 3.638 and 3.532 A,
respectively. There are two types of C-H.---m stacking
interactions. The distance of C(16) to the plane [C(5)-C(6)—
C(7)-C(8)-C(9)-C(10)] is 3.7419 A. The distance of C(21)
to the plane [C(25)-C(26)-C(27)-C(28)-C(29)-C(30)] is
3.6136 A. In the solid state, all these intermolecular inter-
actions stabilize the crystal structure.

The molecular structure of the title complex 2 with the
atomic numbering scheme is shown in Fig. 2. The cobalt atom

Table 1 Crystal data and
structure refinement for

the two title complexes

Empirical formula C4oH4gBr,Co,Ng C,4H3,Br,CoNy
Formula weight 1,078.36 595.29
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073

Crystal system, space group
Unit cell dimensions

a(A)

b (A)

c (A

a (%)

B

7 )

Volume (1&3)

Z, Calculated density (g cm™)
Absorption coefficient (mm™Y
F(000)

Theta range for data collection (°)

Limiting indices

Reflections collected/unique
Completeness to 0 (%)
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ > 2a(I)]
R indices (all data)

Largest difference peak
and hole (e A™?)

Triclinic, Pr~

10.153(2)
10.732(2)
23.342(5)
76.96(3)
81.82(3)
66.40(3)
2,266.8(8)
2, 1.580
4294
1,076
3.01-27.48

—-13<h <10, -13 <k <13,
-30<1<29

21,543/10,051 [Rin = 0.0872]
96.7

10,051/2/488

1.085

R, = 0.0818, wR, = 0.2001
R, = 0.1413, wR, = 0.2856
1.269 and —1.497

Trigonal, R 3

27.569(4)
27.569(4)
19.701(4)
90

90

120
12,968(4)
18, 1.372
3.385
5418
3.06-27.48

—35 <h <35, -33 <k<35,
-25<1<25

40,824/6,602 [Rine = 0.1188]
99.8

6,602/4/281

0.913

R, = 0.0610, wR, = 0.1565
R, = 0.1657, wR> = 0.2077
0.441 and —0.454

@ Springer



Two new Co(II) complexes of benzimidazole

397

Fig. 1 The molecular structure
of [Co(C3H;-bim),Br,] (1)
showing the atom labeling
scheme

Fig. 2 The molecular structure
of [Co(CsH,,-bim),Br,] (2)
showing the atom labeling
scheme

adopts a distorted tetrahedral geometry involving two bro-
mine atoms and two nitrogen atoms from two 1-amyl-1H-
benzo[d]imidazole ligands. The space group of the title
complex 2 is not identical with that of the title complex 1. The
bond lengths and bond angles are similar to those of 1. There
are three types of n—m stacking interactions between the
imidazole and phenyl rings and the center-to-center distance is
in the range 3.5225-3.7745 A. The shortest interplanar dis-
tances are in the range 3.405-3.432 A. There are two types of
n—7 stacking interactions between phenyl ring and phenyl ring
and the center-to-center distances are 3.5742 and 3.9505 A.
The shortest interplanar distances above are 3.393 and

3448 A, respectively. There is also one type of n—m stacking
interaction between imidazole ring and imidazole ring and the
center-to-center distance is 3.7745 A. The shortest interplanar
distance is 3.343 A. In the solid state, all these intermolecular
interactions stabilize the crystal structure.

Electrochemical behavior of 1-CPE

The electrochemical behavior of 1-CPE was investigated by
cyclic voltammetry in aqueous solution. We chose a 0.1 M
aqueous KCl solution, 0.1 M, pH 7.0, Britton—Robinson (B-R)
buffer solution, and 0.1 M, pH 7.0, phosphate buffer solution
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Fig. 3 CVs of 1-CPE in 0.1 M, pH 6.1, B-R buffer solution. Curves
a—j correspond to the scan rates 0.03, 0.06, 0.09, 0.12, 0.15, 0.18,
0.21, 0.24, 0.27, and 030 V s, respectively. Inset: plot of peak
current versus scan rate

as the supporting electrolyte solutions. It was found that the
modified electrode in B-R buffer solution showed strong
current response and symmetric peak shape. We then inves-
tigated the electrochemical behavior of the modified CPE in
the pH range 4.0 to 8.0 in B-R buffer solution and found that
the electrochemical signal was relatively stable at pH 6.1.
Therefore, we studied the electrochemical behavior and
electrocatalytic properties in 0.1 M, pH 6.1, B-R buffer
solution.

The cyclic voltammograms (CVs) of 1-CPE are pre-
sented in Fig. 3. When the scan rate was 0.03 V sfl, the
curve a had two redox peaks at —0.808 and —0.675 V, with
the formal potential (E”) at —0.741 V, corresponding to
the electrochemical process Co(Il)/Co(I). The separation
of the cathodic and anodic peak potential, AE = 0.133 V,
ipc/ipa = 1.06, indicated that the electrochemical behavior
of the title complex on the electrode was quasi reversible.

The effect of scan rate on the electrochemical behavior
of 1-CPE can be seen from Fig. 3. When the scan rate was
varied from 0.03 to 0.30 V s, the peak potentials chan-
ged gradually: with increasing scan rate the cathodic peak
potentials shifted to the negative direction and the corre-
sponding anodic peak potentials shifted to the positive
direction. The plot of peak current versus the scan rate is
shown in the inset of Fig. 3. The anodic and cathodic
currents are proportional to the scan rate, suggesting that
the redox process is confined to the surface.

Electrocatalytic activity of 1-CPE
Electrocatalytic reduction of TCA

Organohalides are found as pollutants of the environment.
TCA is formed during water chlorination. Electrochemical
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Fig. 4 CVs of 1-CPE in 0.1 M, pH 6.1, B-R buffer solution
containing (a—e) 0, 0.02, 0.06, 0.10, and 0.20 uM TCA, with a scan
rate of 0.10 V s™'. Inset: plot of cathodic peak current versus TCA
concentration

oxidation or reduction is an effective measure for dealing
with pollutants of the environment [21]. Some insoluble
metal complexes containing redox mediators can be used
for electrocatalysis. The electrocatalytic activity of 1-CPE
toward TCA is shown in Fig. 4. On addition of TCA to the
solution (curves a—e), the oxidation and reduction peak
potentials did not obviously change, there was dramatic
enhancement of the cathodic peak current, and the anodic
peak current decreased. When the concentration of TCA
added was 0.20 uM, the maximum value of the reduction
peak current was obtained, and the value of the oxidation
peak current was almost reduced to zero, which indicated a
strong catalytic effect. The possible reaction processes
could be described by use of the following equations
[21, 30]:

Co(Il) + e~ « Co(I)

2Co(I) + CCLLCOOH + HT « 2Co(ID)
+ CHCI,COOH + CI~

The inset of Fig. 4 shows that the catalytic current varies
linearly with TCA concentration in the range 0.02-0.20 puM.
The linear regression equation is I,(uA) = —60.93C
(LM) — 13.32 with a correlation coefficient of 0.996. The
detection limit (signal to-noise ratio = 3) and sensitivity are
0.01 uM and 60.93 pA pM ', respectively.

Electrocatalytic reduction of bromate

Bromate is a disinfectant by-product contaminant found in
drinking water, and is formed during the ozonation of
source water containing bromide. The overpotential for
bromate reduction is high and, therefore, an efficient
electrocatalyst would be beneficial [20]. However, the
reduction of bromate can readily be catalyzed by 1-CPE in
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Fig. 5 CVs of 1-CPE in 0.1 M, pH 6.1, B-R buffer solution
containing (a—e) 0, 0.05, 0.10, 0.20, and 0.30 pM bromate, with a
scan rate of 0.10 V s™'. Inser: plot of cathodic peak current versus
bromate concentration

0.1 M, pH 6.1, B-R buffer solution. As shown in curves
a—e in Fig. 5, on addition of bromate the peak potentials
had little change, and the reduction peak current increased
while the corresponding oxidation peak decreased. When
the concentration of bromate added was 0.30 pM, the
maximum value of the reduction peak current was
obtained, and the value of the oxidation peak current was
almost reduced to zero, indicating that 1-CPE had excellent
electrocatalytic activity in the reduction of bromate. The
possible reaction processes could be described in the
following equations [20, 30]:

Co(Il) + e~ « Co(I)

6Co(I) + BrO; + 6H" « 6Co(l) + Br~ + 3H,0O

The inset of Fig. 5 shows that the catalytic current varies
linearly with bromate concentration in the range 0.05-
0.30 uM. The linear regression equation is I,.(HA) =
-43.94C(uM) — 14.75 with a correlation coefficient of
0.996. The detection limit (signal-to-noise ratio = 3) and the
sensitivity are 0.02 uM and 43.94 pA pM ™', respectively.
Comparing the performances of the different electrochemical
sensors for bromate, this detection limit is much lower than
earlier reports (0.1 uM [10], 0.036 pM [13], and 0.6 uM [2])
in which other modified electrodes were used.

Compared with other modified film electrodes, the title
complex-modified electrode showed high stability. In our
experiment, after the electrocatalytic reaction 1-CPE was
investigated in buffer solution under the same condition as
shown in Fig. 3, and we found that the peak potentials and
peak currents had no obvious change, which suggested that no
new materials appeared. This indicated that the title complex
was still stable and acted as catalyst during the reactions.
When the potential was maintained in the same range, it was
stable over 100 cycles at a scan rate of 0.10 V s™' and the

current response remained almost unchanged. When the bulk-
modified CPE was stored at room temperature for at least two
months, the current response decreased by 2.1% only.

Conclusions

In summary, two new complexes, [Co(C3H7-bim),Cl,] and
[Co(CsH;-bim),Cl,], were synthesized and the structures
were characterized. The electrochemical behavior and
electrocatalysis of 1-CPE have been investigated. This
modified electrode has excellent electrocatalytic activity in
the reduction of TCA and bromate, and the results are
reproducible with a lower detection limit than mentioned in
earlier reports. They may, therefore, be suitable for quanti-
tative analysis of environmentally hazardous materials. The
advantages of the bulk-modified 1-CPE are stability, excel-
lent catalytic activity, low detection limit, and simplicity of
preparation compared with other methods; these advantages
seem promising for construction of chemical and biosensors.

Experimental
Chemicals and measurements

All chemicals were analytical reagent-grade and used
without further purification. Elemental analyses were per-
formed with a Perkin—Elmer (USA) 1400C analyzer, and
results agreed with calculated values. Infrared spectra in
the 4,000-400 cm™! range were recorded on a Nicolet
170SX spectrometer (USA) using pressed KBr disks.
Crystal structure was determination by X-ray diffraction on
a Bruker—Nonius diffractometer with Kappa geometry
attached to an APEXII-CCD detector (Bruker, Germany).
Electrochemical measurements were performed with an
Autolab PGSTAT-30 digital potentiostat/galvanostat
(EcoChemie, Utrecht, The Netherlands). A three-electrode
cell was used in the experiments. The working electrode
was a modified CPE. The counter-electrode was a platinum
wire. The reference electrode was AglAgCl, KCI (1 M); all
potentials reported in this work were measured relative to
this electrode (236.3 mV/SHE at 25 °C). Britton—Robinson
(B-R) buffer solution (0.1 M, pH 6.1) was used as the
supporting electrolyte. All solutions were deaerated with
pure nitrogen for 30 min and kept under a nitrogen atmo-
sphere during the experiments. All measurements were
performed at room temperature (25 + 2 °C).

Dibromobis(1-propyl-1H-benzimidazol-N3)cobalt

(1, CyoHp4Br,CoNy)

[Co(C3H;-bim),Br,] (1) was synthesized by dissolving
219 mg cobaltous bromide (1 mmol) and 321 mg 1-propyl-1
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H-benzo[d]imidazole (2 mmol) in 50 cm’ ethanol and stirring
for 2 h. The resulting blue precipitate was collected by filtra-
tion. Recrystallization from acetonitrile gave a yield of 76%.
IR: v = 3,058, 2,952, and 2,879 (C-H), 1,296 (C-N) cm™ .

Dibromobis(1-pentyl-1H-benzimidazol-N3)cobalt
(2, Cp4H3,Br,CoNy)
[Co(CsH,;-bim),Br,] (2) was prepared similarly to 1.

X-ray analysis of 1 and 2

X-ray diffraction was conducted at 20 °C using MoK,
radiation (4 = 0.71073 1&) with a graphite monochromator.
The structures of the title complexes were solved by direct
methods and refined by least squares on F2,, by using the
SHELXTL software package [31]. All non-hydrogen atoms
were refined anisotropically, and the hydrogen atoms were
placed in calculated positions and allowed to ride on their
parent atoms. The molecular graphics were plotted using
SHELXTL. Atomic scattering factors and anomalous dis-
persion corrections were taken from the International Tables
for X-ray Crystallography [32]. Crystallographic data of the
structural analysis have been deposited at the Cambridge
Crystallographic Data Centre, CCDC reference numbers
748738 and 741423. Copies of this information can be
obtained free of charge from The Director, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Preparation of 1-CPE

The traditional CPE was prepared by hand-mixing graphite
powder with paraffin oil in the ratio 70:30 (w/w) in an agate
mortar. The modified CPE was fabricated as follows: 0.3 g
graphite powder and 0.03 g title complex 1 in the ratio 10:1
(w/w) were mixed and ground together with an agate mortar
and pestle for about 30 min to achieve an even, dry mixture.
Paraffin oil (0.1 cm®) was added to the mixture, which was
stirred with a glass rod. The homogenized mixture was then
used to fill a glass tube (3 mm inner diameter) to a depth of
0.8 cm. Electrical contact was established with a copper rod,
and the surface of 1-CPE was polished on a piece of
weighing paper until it had a shiny surface.

Different ratios of graphite powder to title complex 1
were investigated to determine the optimum preparation
conditions. We investigated the graphite powder and
the title complex in the ratios 20:1, 14:1, 10:1, 8:1, and 5:1
(w/w), and found the optimum was 10:1. When the amount
of the title complex was too little or too large, the elec-
trochemical signal was too weak.
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