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Abstract

A chitosan (CS) immobilized cobalt complex (CS—CoSalen) was prepared by immersing a CS film into the saturated aqueous solution of a
cobalt(Il) complex of N,N'-bis(salicylaldehyde)ethylenediimino (CoSalen). The CS—CoSalen was characterized, and it was found that
CoSalen was immobilized onto CS through the coordination of the amino group of CS. The cobalt(Il) ion in the CS—CoSalen has a five-
coordination structure. Its vacant sixth coordination site was found to bind molecular oxygen reversibly. Electrochemical studies demon-
strated that the CS—CoSalen is active for the catalysis of the electrochemical reduction of oxygen to hydrogen peroxide in an aqueous

medium. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Earlier studies of cobalt complexes were concerned
primarily with the synthesis, structure, electronic, magnetic,
and other characteristic studies of the complexes (Smith &
Pilbrow, 1981). More recently, the literature reveals consid-
erable interest in the potential applications of cobalt
complexes. Among these, most are concerned with the abil-
ity of cobalt(II) complexes to interact with dioxygen. These
complexes have been used as models to mimic oxidases that
activate dioxygen in the oxidation of organic substrates
(Rindone, 1985; Ruzie, Smith & Pilbrow, 1982). Studies
on the use of cobalt complexes immobilized as films or
cells for the separation of oxygen from air were also carried
out (Drago, Gaul, Zombec & Strub, 1980). To prevent the
formation of p-oxo-dimers, which are inactive for the acti-
vation of molecular oxygen, Bied-charreton, Frostin-rio,
and Gaudemer (1982) and others studied in some detail
the synthesis and properties of polymer-supported cobalt
complexes. Although many advantages can be foreseen
for these polymer-supported complexes, they may not be
suitable for biological or food applications because they
are not biodegradable or blood-compatible. Unlike synthetic
polymers, chitosan (CS) is biodegradable (Knorr, 1987) and
blood-compatible. In fact, CS has recently been used in the
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food industry, in processing drinking water, and in several
biomedical applications (Yang & Vigee, 1991). It also has
been used as a carrier for immobilizing cells (Leuba et al.,
1979).

Considering the fact that the CoSalen complex is active
for the activation of molecular oxygen and the complex is
easily deactivated due to formation of p-oxo-dimers, (Mark,
Carter, Paul & Fred, 1974), a CS-supported CoSalen was
prepared and characterized. Furthermore, its electrochemi-
cal behavior was also investigated by employing voltamme-
try. To our knowledge, no information is available to date
on this immobilized complex. This paper reports the results
from this study.

2. Materials and methods
2.1. Materials

CS was prepared by deacetylation of chitin by using a
previously reported method (Midorigaoka, 1983). Several
methods, including thermal analysis, infrared spectroscopy
and elemental analysis, have been employed for the char-
acterization of the product. The peak at 1655 cm ™' in the
profile of the IR spectrum of chitin became insignificant
after deacetylation, clear evidence for the formation of CS
(Midorigaoka, 1983). The thermal analysis (DTG-TGQG)
indicates that the decomposition behavior of the product
was in agreement with the literature (Peniche-Covas &
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Table 1
Data of elemental analysis for CoSalen

Elements Found Calculated
C% 58.93 59.10
H% 4.32 4.31
N% 8.50 8.62
Co% 17.97 18.13

Jimenez, 1988). The degree of deacetylation of the sample
was determined by potentiometric titration (Ke & Chen,
1990), and was found to be 100%. The intrinsic viscosity
of CS was determined in 0.2 M acetic—0.1 M sodium chlor-
ide at 25°C with an Ubbelohde-type viscometer. The vis-
cosity-average-molecular weight (W) of CS was calculated
according to the following equation

[m] =2.51x 10 °Wo¥

The viscosity-average-molecular weight (W,) was deter-
mined to be 7.86X 10°. The product fits the formula
C¢H;O4N-0.83H,0. Other chemicals were of reagent
grade and were used without further purification.

CoSalen was prepared by employing a method described
in the literature (Matsujiro, 1980). 0.6 g of ethylenediamine
was added to 50 ml of ethanol solution containing 2.44 g of
salicylaldehyde under stirring. After the solution was stirred
for approximately 15 min, a yellow product, H,Salen, preci-
pitated. The reaction mixture was heated, until the precipi-
tate was dissolved. A solution containing 2.49 g of
CoAc,-4H,0 in (15 ml of ethanol was prepared and mixed
with the H,Salen solution. The mixture was refluxed for 2 h
and then cooled to room temperature. The CoSalen was
filtered and washed with ethanol. Reddish brown micro-
crystals were obtained after drying under vacuum at
100°C. The elemental analysis results are shown in Table
1. The compound fits a formula of C,¢H;40,N,Co. The char-
acteristic peak, which appeared at 1625 cm ™ in the profile
of the IR spectrum of CoSalen, is assigned to v(C=N).

The CS—CoSalen was prepared in the following way. CS
(2.0 g) was dissolved in a dilute acetic acid solution (1.0%,
114 ml) resulting in a viscous transparent solution. The
solution was carefully cast on a glass plate, dried at room
temperature for 5 h, and then dried in vacuum at 120°C for
4 h. The plate was immersed in NaOH solution (C =
1 mol 171) for 2 h, then washed with pure water until
neutrality. A transparent and flexible CS membrane was
delaminated from the plate after drying in vacuum at
120°C for 4 h. The membrane was cut into a sheet of
1 cm”. The membrane obtained thereby was placed in a
saturated aqueous solution of CoSalen (20 ml) for 12 h,
then washed with pure water several times. A light brown
membrane of CS—CoSalen was obtained after drying in
vacuum at 120°C for 5 h.

A glassy carbon electrode (GCE) (5 mm in diameter)
covered with a teflon tube was polished with alumina

(4.05 pm diameter particles). After being washed with
water and dried at 120°C for 2 h, the polished surface was
coated with an aqueous solution of CS (1.7%, containing
1.0% acetic acid, 20 ml), dried at room temperature for 2 h,
and then dried in vacuum at 120°C for 2 h. The electrode
was immersed in NaOH solution (C = 1 mol 1™ ") for 1.5 h,
and washed with pure water until neutrality. Thus, a CS-
modified electrode was obtained after further drying in
vacuum at 120°C for 2 h. The CS-modified electrode was
immersed in the saturated aqueous solution of CoSalen
(20 ml) at room temperature for 24 h. After this treatment,
the electrode was washed with plenty of water and stored in
KCl solution (0.1 mol 171).

2.2. Methods

2.2.1. IR spectrometry

The IR spectra were recorded on a Mattson FT-IR
spectrophotometer, as a KBr disc for CoSalen and as films
for CS and CS—CoSalen, respectively.

2.2.2. UV-VIS spectrometry

The UV-VIS spectra were recorded on a spectrophot-
ometer (Mold, 756 MC) with an appropriate quartz cell
for CoSalen solution in CHCI;, and membranes for CS
and CS—CoSalen, respectively.

2.2.3. Electron spin resonance spectrometry

The ESR spectra were taken on a Varian-E109 operating
at the X-band frequency and at room temperature for CoSa-
len, CS and CS—CoSalen, respectively. Tetracyanoquinodi-
methane was used as an external standard (g = 2.0026).

2.2.4. X-ray photoelectron spectrometry

The XPS spectra were determined using a Perkin—Elmer
PHI-5400 photoelectrometer. Binding energy of C;; was
used as an external standard. XPS spectra were deconvo-
luted using the GASCAPIV program. The program requires
input for the number of peaks and the half-width, and posi-
tion for each peak suspected of comprising the multiplet.
Based on these parameters, a spectrum is calculated,
which can be compared to the experimental spectrum.
The program contains a routine that performs a point-
by-point subtraction of the calculated spectrum from the
experimental spectrum, until the calculated spectrum
from the deconvoluted spectra fits the experimental
spectrum very well.

2.2.5. Analysis of composition

The contents of C, H, N in CoSalen, CS and CS—CoSalen
were determined with a Perkin—FElmer 2400 analyzer.
Cobalt was determined with an atomic absorption spectro-
photometer (WEX-IF 2).

2.2.6. Electrochemical study
The electrochemical behavior of the CS-supported
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Fig. 1. IR spectra of: (1) CS; and (2) CS—CoSalen.

complex was investigated using the following instruments
and method. Cyclic voltammetry was performed at room
temperature with a DJS-292 Model Potentiostat, XFD-8B
ultra-low-frequency signal generator and ultra-low-
frequency oscillograph. A conventional single-compart-
ment cell, equipped with a three-electrode configuration,
was employed. All measurements were performed in solu-
tion (0.1 mol 1! KClI). The CS—CoSalen-treated electrode
was used as working electrode. A saturated calomel elec-
trode was used as a reference electrode (SCE), and a sheet of
platinum as counter-electrode. The potentials shown in the
cyclic voltammetry curve vs. SCE, E}, and E,, are the poten-
tials of anodic oxidation and cathodic reduction, respec-
tively. The half-wave potential was calculated using
Ee = 1/2(E,, — Epe).

\@z
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Fig. 2. UV-VIS spectra of: (1) CS; (2) CoSalen; and (3) CS—CoSalen.

3. Results and discussion
3.1. Spectrometric study

The IR spectra of the CS and CS—CoSalen films are
shown in Fig. 1. It can be seen that the profiles for the CS
differ from those for the CS—CoSalen complex. A broad
band at 3360 cm ', with small sharp peaks, corresponds
to v,(H-N-H) and v,(H-N-H) of CS, whereas the
corresponding band in the CS—CoSalen spectrum shifts to
a low-frequency region, 3360—3000 cm . The peak corre-
sponding to v(NH,) in the spectrum of CS shifts to
1600 cm ™! after CoSalen was immobilized. The reasons
for these changes can be attributed to the coordination of
the amino group of CS to cobalt in CoSalen. The fact that
the v,((H-N-H) and v,,(H-N-H) shift to a low-frequency
region may originate from the electronic charge transfer
from nitrogen to cobalt. The interaction between the
amino group and cobalt may affect the vibration of 6(H—
N-H) by stereo-hindrance. Thus, the peak of 6(H-N-H)
shifts to a higher wave number. The appearance of a new
peak at 1645 cm ™" in the spectrum of CS—CoSalen may be
attributed to v(C=N) of CoSalen. Additionally, the appear-
ance of a band at 1205 cm ™" in the spectrum of CS—CoSalen
exposed to oxygen may correspond to the absorption of
v(0-0), which relates to the Co—-O, (Dai, Li & Han,
1988). The IR results indicate that as an axial donor, the
amino groups of CS may be coordinated to the cobalt of
CoSalen, and this immobilized complex can absorb oxygen
to form a six-coordinate structure complex.

The electronic spectra of CoSalen in CHCI;, CS and CS—
CoSalen films are shown in Fig. 2. CoSalen is known to be a
four-coordinate Co(II) complex in CHCI; (Robert et al.,
1979). Absorption bands at 350 and 410 nm are assigned
to n—7" transition of the ligand and to d—d transition of
the central ion, respectively, whereas, in the case of the
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Fig. 3. ESR spectra of: (1) CS, (2) CoSalen, and (3) CS—CoSalen.

CS—CoSalen films, the corresponding peaks of absorption
appear at 375 and 425 nm, respectively. These peaks are
red-shifted in comparison with that of CoSalen. The reasons
for these changes can be attributed to the coordination of the
NH, group of CS to the central ion, cobalt, which makes the
electronic density of the equatorial plane conjugates system
increase. This result is reasonably interpreted by Gouter-
men’s theory (Mark et al., 1974). A new band appearing
in the range of 500—600 nm may be assigned to the absorp-
tion of an oxygen adduct (CS—CoSalen—0;) (Tsuchida,
Nishide & Ohyanagi, 1987).

Electron spin resonance spectroscopy provides a very
sensitive probe for the existence of low-spin Co(II) and of
superoxo-cobalt(Il) centers. The dioxygen adducts give rise
to a characteristic ESR signal at about g = 2. Any peroxo-
bridged dimers of type (CoSalen),0, will, of course, be ESR
silent. Some typical ESR spectra of CoSalen, CS and CS—
CoSalen are shown in Fig. 3. The CoSalen gives a very

Table 2
XPS data on Chitosan(CS), CoSalen and CS—CoSalen (Eb/eV)

N Conpann Oy
CS 399.2 532.2,533.02
CoSalen 399.4 780.8 530.9
CS—-CoSalen 399.23, 35,401.45 781.5 530.82, 532.24, 533.05

2
@ = 2.002
3
3276.7 3301.7 3326.7 Gauss
399.2
3994
2
1
401.0 399.0 397.0

Binding Energy(eV)

Fig. 4. N, XPS spectra of: (1) CS membrane; and (2) CoSalen.
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Fig. 5. Ny XPS spectrum of CS—CoSalen and its deconvoluted spectra.

broad, poorly resolved signal. A clear signal at g = 2.002
appears in the ESR spectrum of the CS—CoSalen complex.
This indicates that there is a superoxo-Co(III) moiety in the
CS—CoSalen or an axial donor coordinate to cobalt of CoSa-
len, or that both coexist (Busetto, Cariati & Fusi, 1973;
Murray, Van den Bergen & Kennedy, 1986; Sakurada,
1980), namely, the cobalt ion in the CS—CoSalen possesses
a six-coordinate structure, and molecular oxygen binds to
the CS—CoSalen through its vacant sixth coordination site.
Additionally, a series of clear superhyperfine splitting lines
are observed in the ESR spectrum of the CS—CoSalen
complex (A = 17.3 Gauss). The splitting lines are attributed
to the stronger interaction between CS and CoSalen. It is for
this reason that the coupling between the cobalt nucleus (I =
7/2, N = 8) and its single electron becomes clear, appearing
as eight superhyperfine splitting lines. The values of g and A
are in accordance with those reported by Diemente, Hoff-
man, and Basolo (1970) (g = 1.997, A = 17.9 Gauss) for a
polymer immobilized cobalt complex to possess a six-coor-
dinate structure.

To further our study of coordination between CS and
CoSalen, CS, CoSalen and CS—CoSalen have been charac-
terized by X-ray photoelectron spectroscopy. The results are
listed in Table 2 and shown in Figs. 4 and 5, respectively.

N, binding energies for CS and CoSalen are 399.2 and
399.4 eV, respectively, as shown in Fig. 4. The N, signal
from the CS—CoSalen complex was complicated by the
presence of several different types of nitrogen in it. In
order to separate the individual peaks comprising the
broad signal, the Ny, signal from the CS—CoSalen
complex was deconvoluted. The deconvolution results are
shown in Fig. 5. The fit between calculated and experimen-

NH:

Fig. 6. Proposed structure of CS—CoSalen.

tal peaks is quite good. The peaks that comprise the calcu-
lated spectrum were plotted individually in Fig. 5, and the
binding energies associated with these peaks are listed in
Table 2. The peak at 399.35 eV was assigned to the Ny, of
CoSalen in CS—CoSalen, which is almost unchanged in
comparison with that of unimmobilized CoSalen, whereas
the Ny, peak at 401.45 eV is greater than that of CS. These
results are not difficult to understand because the peaks at
399.23 and 401.45eV are, respectively, assigned to the
nitrogen atoms in unreacted and reacted amino groups of
CS by a comprehensive consideration of the Ny, binding
energy and its intensity. The binding energy of 401.45 eV is
significantly larger than that of CS. Clearly, the greater
binding energy may be attributed to nitrogen atoms, which
are in coordination to cobalt in CoSalen.

The XPS data of Coyys, are presented in Table 2. The
Coyp3 binding energy is 780.8 eV for CoSalen, whereas that
for CS—CoSalen is 781.5 eV. The fact that the nitrogen in
CS coordinates to the cobalt in CoSalen may increase the
electron density on cobalt by donation of a lone electron pair.
The increase in electron density may result in a lower cobalt
binding energy, rather than a higher one. This apparent
contradiction may be explained by the fact that the five-coor-
dinate CS—CoSalen is a high-spin complex, whereas the four-
coordinate one is a low-spin complex. The nucleus of the
metal is more “shielded” from some of the electron density
of the ligand in the high-spin form than in the low-spin form
due to metal-ligand electron—electron repulsion. Conse-
quently, the positive charge on the metal ion is not reduced
as much as it would be if the complex were low-spin, and the
binding energy for the central ion is higher (Burness, Dillard
& Taylor, 1975).

The XPS data of Oy, are listed in Table 2. A broad peak
for Oy of the CS—CoSalen complex was deconvoluted
into three narrower peaks. Each of the narrower peaks was
identified by comparison of the Oy, binding energies and
intensity for CS, CoSalen and the CS—CoSalen. The binding
energies of Ojy, in CS and CoSalen are basically
unchanged. This shows that the oxygen atoms of CS may
not take part in the coordination to CoSalen. It is to be noted
that the XPS spectra for all samples were determined under
vacuum conditions. This means that there is no oxygen
binding in the sample.
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Fig. 7. Cyclic voltammograms of the GCE modified by: (1) CS; and (2) CS—CoSalen in the aqueous solution of KCI (0.1 mol 1. Measuring condition: N,

atmosphere, sweep rate: 25 mV/s.

The composition of CS—CoSalen was determined by
elemental analysis. It fits the formula (monomer of CS);:
(CoSalen)g »3.

Assembling all the characterized information on the CS—
CoSalen complex together indicates that CoSalen was
immobilized onto CS through coordination of the amino
group in CS to the cobalt in CoSalen. The sixth coordination

25pA

-1.5 -1.0 -0.5 0.00 0.05
E/V

Fig. 8. Cyclic voltammograms of the GCE modified by CS—CoSalen
measured under N, atmosphere and at different scan rates: (1) 250; and
(2) 25 mV/s (the electrode was exposed to air for 30 min before it was
immersed in 0.1 mol 1! KCI solution).

site of the CS—CoSalen complex may be occupied by mole-
cular oxygen when it is exposed to air. A proposed structure
for CS—CoSalen is shown in Fig. 6.

3.2. Electrochemical study

The cyclic voltammogram of the CS-modified GCS in
KCI solution (0.1 mol 1_') under N, atmosphere was
recorded and the results are shown in Fig. 7(1). It can be
seen that there are no significant waves in the curve.
However, two peaks appeared in the cyclic voltammogram
of the CS—CoSalen-modified electrode (Fig. 7(2)). The one
appearing at 0 V is an oxidation peak, the other appearing at
—0.053 V is a reduction peak. Both peaks are reversible
upon repetitive cycling. These results indicate that the
CS—CoSalen-modified electrode is electrochemically
active. The oxidation—reduction waves may correspond to
the reaction shown in Eq. (1).

CS—Co(II)Salen ;:e CS—Co(IITI)Salen €))

The cyclic voltammogram obtained by a quick scan
(250 mV/s) of the CS-CoSalen-modified electrode is
shown in Fig. 8(1). It is to be noted that the electrode was
exposed to air for 30 min before it was immersed in KCl
solution (0.1 mol1™") for electrochemical measurement.
Clearly, the profile is very different from that of Fig. 7(2).
The oxidation potential at 0 V is unchanged, whereas the
peak current decreased, and the reduction peak at —0.053 V
disappeared. Two new reduction peaks appeared at —0.23
and —0.67 V, respectively. The cyclic voltammogram was
gradually restored to the previous profile when nitrogen was
blown into the solution for 20—30 min. The reduction peaks
at —0.23 and —0.67 V appeared again, when oxygen was
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Fig. 9. The reversible changes of the cyclic voltammogram of the GCE
modified by CS—CoSalen upon alternate bubbling of O, and N, through the
aqueous solution of KCI (0.1 mol 17"). Scan rate: 250 mV/s.

blown into the solution for a few minutes. Furthermore, the
peak currents increased with increase in gas-bubbling time
(Fig. 9). These results indicate that the CS—CoSalen-modi-
fied electrode could reversibly bind oxygen. This conclusion
is reasonable, considering the structure of the complex. In
order to confirm this, IR spectra of the CS—CoSalen in the
presence or absence of oxygen were recorded as shown in
Fig. 10. A band at 1205 cm ™' is clearly observed in the
presence of oxygen. In contrast, it disappeared in
the absence of oxygen. These changes are attributed to the
nature of the reversible oxygenation of the Schiff base
complexes of cobalt (Suzuki, Ishiguro, Kozuka & Naka-
moto, 1981).

The catalytic activity of CS—CoSalen towards the elec-
troreduction of dioxygen in aqueous solution was investi-

i I
T T

1250 1000 750cm™

Fig. 10. IR spectra of CS—CoSalen obtained in the: (1) presence, and (2)
absence of oxygen.

gated with a cyclic voltammogram. The cyclic
voltammogram curve obtained by slow scan (25 mV/s) of
the modified electrode is shown in Fig. 8(2). The electrode
had been exposed to air for 30 min before it was immersed
in KClI solution (0.1 mol 171), which was saturated with N,
for the measurement. There were hardly any peaks of oxida-
tion occurring during the sweep. Two peaks of reduction at
—0.23 and —0.67 V were observed. Moreover, with the
repeated sweep, the peak current gradually decreased.
This indicated clearly that oxygen in solution was irrever-
sibly expended. As demonstrated earlier, the CS—CoSalen
complex is a five-coordinate Co(II) complex in the absence
of oxygen. The cobalt(I) ion is oxidized by oxygen in the
presence of oxygen. The oxygenation products, thus, are
structurally similar to a cobalt(IlI) complex. This suggests
that the system can be viewed as a superoxide ion attached
to cobalt(Ill), (Co(III)-0O; ). It corresponds exactly to the
oxidation peak (Co" — Co™) at 0 V, which disappeared in
the presence of oxygen. The six-coordinate superoxide
cobalt(III) species in the presence of oxygen is more stable
than the five-coordinate cobalt(Ill) species. The reduction
peak of (Co™— Co™ at —0.053 V for the five-coordinate
complex thus shifts to —0.23 V for the six-coordinate
complex. The reduction peak at —0.67 V is assigned to
0O, , being irreversibly reduced because the current of this
peak was related to the consumption of oxygen. The shapes
of the cyclic voltammogram of the CS—CoSalen-modified
electrode are dependent upon the scan rate. For the quick
scan, the oxidation peak at OV appeared, even though
oxygen was present, and the reduction peak at —0.67 V
decreased. This dependence on scan rate could be inter-
preted by the competition between non-electrochemical
and electrochemical reactions. There is ample time for reac-
tion between the CS—Co(II)Salen with oxygen to form the
CS—-Co(IlI)Salen—0O, in a slow scan (25 mV/s). Thus, the
oxidation peak at 0 V for the CS—Co(II)Salen CS—Co(III)-
Salen disappeared, and the reduction peaks at —0.23 and
—0.67 V appeared. In contrast, the major part of CS—Co(II)-
Salen does not have enough time to react with oxygen in a
quick scan (250 mV/s). Therefore, the oxidation peak at
0V, naturally, appeared and the reduction peak at
—0.67 V decreased due to decrease in the concentration of
CS-CoSalen(II1)O, .

In addition, the effect of pH upon the electrochemical
behavior was investigated. The reduction peak for O, is
more obvious for the system at a lower pH (within a range
of 7—10). This indicates that the proton present acts as a
reactant of the reaction. The reduction product of oxygen
was identified using a rotating ring—disk electrode modified
by the CS—CoSalen. The current in the ring electrode was
observed when the potential of the disk electrode reached
—0.67 V, indicating that H,O, is possibly produced. This
tentative conclusion was further supported by the reaction of
luminol, as a chemiluminescence phenomenon, with the
solution of the electrochemical reaction of CS—Co(II)Sa-
len—O, that has been observed. This indicated that the
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Fig. 11. Proposed electrochemical reaction mechanism.

solution produces H,0,. A proposed reaction mechanism is
schematically shown in Fig. 11.

4. Conclusions

In this study, we showed that the CoSalen can be
immobilized to CS through the coordination of amino
groups in CS to the Co(Il) in CoSalen. The CS—CoSa-
len binds molecular oxygen reversibly in the solid state
through its vacant sixth coordination site to form a 1:1
(Co:0,), superoxo complex. The immobilized complex
may be used as a catalyst due to activation of molecular
oxygen. The site isolation effect present in CS—CoSalen
may inhibit the formation of dimers between two CoSa-
len molecules, and therefore promote the formation of
six-coordinate  species, CS—CoSalen(III)O,. These
results were further supported by electrochemical
studies.

It may be concluded that immobilization prevents the
formation of p-oxo-dimers and other dimers. It is for this
reason that the CS—CoSalen may possess a higher catalytic
activity for the reactions of organic compounds with mole-
cular oxygen.
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