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abstract

In this study, we compared four glassy carbon electrodes modified with adsorbed porphyrins of cobalt containing one, two, three, or four bis(methoxyphenyl) 
groups as substituents of the ligand. The aim of this work was to determine the effect of these donating groups on the electrocatalyst behavior of the modified 
electrodes for the reduction or oxidation of sulfite in water or in mixtures of 12% ethanol in water (v/v) at different pHs. The results showed that the modified 
electrodes are not catalytic toward the electro-reduction of sulfite in the whole range of pH studied (2-12). However, all the electrodes showed a catalytic toward the 
oxidation of sulfite at basic pHs. We found that the best catalytic system was the four-substituted porphyrin modified electrode at pH 9.8. This system performed 
well as an amperometric sensor for sulfite in ethanol-water mixtures and in aqueous solutions at the same pH. When the calibration curve was carried out by cyclic 
voltammetry, a detection limit of 0.10 mg L-1 for the four-substituted cobalt porphyrin modified electrode in water and in ethanol-water mixtures was found. 
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introduction

The detection and remediation of sulfur-containing species has drawn the 
attention of chemical and biological researchers over the last few decades [1-5]. 
Sulfite is used as an antioxidant and antiseptic agent in the food and beverage 
industries. However, sulfite content should be strictly limited due to its potential 
toxicity [6, 7].  Several analytical methods and procedures can be used to 
detect sulfite [8-17]. Electrochemical techniques have also been explored for 
sulfite detection [18-23]. To our best knowledge, the main advantage is the fast 
response and the low cost of the electrochemical methods compared to other 
methods [13, 16, 19, 20, 24-35]. On the other hand, the detection limit for sulfite 
analysis varies on the method used. As example, the modified para-rosaniline-
formaldehyde method [36] permits to detect sulfite with a detection limit of 
7.1·10-5 M. On the other hand, by polarography the detection limit is 2·10-6M 
[37]. Using a sulfite oxidase biosensor [38] the detection limit is 1.6 ·10-3M. 
For sequential injection-flow injection spectrophotometrical determination 
of sulfite the detection limit of 0.3mgL-1 [39].  Porphyrins and other related 
macrocycles have been used as catalysts in many reactions of environmental 
and analytical significance [40-45]. These complexes exhibit catalytic activity 
either in the homogenous phase or immobilized onto electrode surfaces.  

The purpose of this work is to evaluate the electrocatalytic activity of 
glassy carbon electrodes modified by a series of substituted Co(II) porphyrins 
toward sulfite oxidation in solutions of water and ethanol in water.  The aim is to 
determinate the effect of the number of donor substituent in the electrocatalytic 
behaviour of four modified electrodes with Co-porphyrins. 

ExpErimEntal

reagents: Meso-Veratrylporphyrins (monoaryl, diaryl, triaryl, and 
tetraaryl) were synthesized according to reference [46]. The metallations of 
the complexes were done following the general procedure described in the 
literature [47, 48].  All reagents and solvents used in the preparation of the 
complexes were purchased from Aldrich or Merck (p.a.) and used without 
further purification.  High purity (99.999%) nitrogen (AGA) was used in the 
electrochemical experiments. Water was deionized and double distilled. All 
the solutions were used freshly. Sulfite solutions were prepared by weight of 
Na2SO3 in a deaerated 12% v/v ethanol-water mixture or water containing 0.1 
M·L-1 NaCl. The pH was adjusted by adding NaOH or HCl to the solution. 
electrodes: Glassy carbon (CHI 104) (geometrical exposed area: 12.6 mm2) 
was polished first with sandpaper and then with an alumina slurry of 0.3 mm 
particles (Struers OP-NAP) on polishing cloth with water as lubricant, then 
sonicated for 2 min. and rinsed with pure water. The electrode has some little 
bits or defects for enhancing the adsorption of the porphyrin. An Ag/AgCl 

(CHI 111) electrode was used as reference and Pt wire as counter electrode. 
The working electrode was modified with the porphyrin solution by placing 
a drop of solution (1 mM) in CH2Cl2 (dichloromethane) on the glassy carbon 
surface. After 45 minutes the electrode was rinsed with CH2Cl2, ethanol and 
deionized, double-distilled water. The modification of the electrode was tested 
by comparison of the voltammetric response of the bare glassy carbon and the 
treated electrode. The voltammetric response of the modified electrode shows 
two semi reversible couples that do not appear in the case of the bare glassy 
carbon. 

electrochemical measurements: The voltammetric responses were done in 
deaerated solutions in a conventional three compartment Pyrex glass cell and 
using A 640C CHI Electrochemical Analyzer Potentiostat. A HI8424 HANNA 
pH meter was used to measure the pH of the solutions. The products from 
electrolysis experiments were detected using a HPLC Chromatograph Waters 
1515 isocratic HPLC pump coupled with Waters 432 conductivity detector and 
428 refractive index detector. UV-visible spectra were obtained using quartz 
cuvettes (1 cm length) in a Specord Analyticjena S 100 spectrometer. 

rEsults and discussion

Figure 1 shows the structures of the four porphyrins employed in this 
study.  The synthesis of these porphyrin, ligands were previously reported 
[46]. The metallization of each compound gave practically the same yield of 
approximately 75%, regardless of the substituents. 

figure 1.  Molecular structures of the porphyrins employed in this study.
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As shown in Fig. 1, the porphyrins are labelled as I, II, III and IV depending 
on the number of ligand substituents. We also use the labels I-Co, II-Co, III-
Co and IV-Co or I-H, II-H, III-H and IV-H to indicate the metallated complex 
or the free ligand, respectively. The substituents affect the electron density 
of the metal center as well as the difference between the HOMO and LUMO 
of the principal electronic transition bands (Q and Soret bands) of the ligand. 
The Soret bands of the free ligand and those of the metallated complexes 
shift to higher wavelengths when the substituent number changes from 1 to 4, 
indicating an increase in the conjugation of the azamacrocycle caused by the 
substituents.  The increase in conjugation suggests, interestingly, that torsion 
of the phenyl substituents occurs in order to permit a certain degree of planarity 
with the core of the macrocycle [47, 48].  

Figure 2 shows the variation of the maximum of the Soret band as a 
function of the number of substituents of the peripheral ligand.  

reduced (more negative values of the cathodic peaks). These facts are attributed 
to the more negative density of the redox sites, the metal center and the ligand 
skeleton due to the donating effect of the substituents. This result confirms 
that the groups are electronically connected with the metal center and with the 
porphyrinic ligand. On the other hand, the current is different for each modified 
electrode. However, if the number of molecules deposited on the surface are 
“measured” in terms of the current or the charge of the peak 1, IV-Co, III-Co 
and II-Co are practically in the same quantity. The capacitive current is higher 
as a function of the number of substituents probably due to the formation of 
more disordered layers on the surface. 

figure 2. Maximum of the Soret band as function of number of substituents 
of the peripheral ligand. Solid square: Co-complexes. Open square: free 
ligands. Data was taken from the UV-Vis spectra of the compounds in CH2Cl2. 

Figure 2 indicates that, as substituents are added, they become conjugated 
with the core of the azamacrocycles. These changes are also reflected on the 
voltammetric profiles of the ligands and complexes. All the complexes show 
two semi-reversible waves corresponding to Co(III) and Co(II) and a ligand 
process labeled peaks 1 and 2 respectively (see Figure 3) [49, 50]. Table I 
gives the potential of the cathodic (Epc) and  the anodic peak (Epa) of the four 
complexes adsorbed on glassy carbon and measured in a 0.5M NaCl (pH 9) 
solution at 50 mVs-1. The assignment of the redox processes are made based in 
literature [49, 50].  

table i: Potential corresponding to the maximum of the redox process 
Co(III)/Co(II) (peak 1) and the ligand L_1/L (peak 2) of the four complexes. The 
data were obtained from the voltammetric profiles of the complexes adsorbed 
on glassy carbon and registered at 50 mVs-1 in 0.5M NaCl pH 9.85 electrolyte. 
Epa: anodic potential peak. Epc: cathodic potential peak

Epa  1 / V vs. 
Ag/AgCl

Epc 1 / V vs. 
Ag/AgCl

Epa 2 / V 
vs. Ag/AgCl

Epc 2 / 
V vs. Ag/

AgCl
I-Co 0.21 0.11 0.50 0.40
II-Co 0.20 0.10 0.49 0.39
III-Co 0.19 0.09 0.48 0.38
IV-Co 0.18 0.08 0.47 0.37

Figure 3 shows a shift in both peak potentials (1 and 2) depending on the 
number of substituents in the molecule. In fact, when the number of substituents 
increases, the potential values of the anodic peaks 1 and 2 are shifted toward 
more negative potential values, indicating that the more highly substituted 
complexes are more easily oxidized. Also, the cathodic peaks become more 
negative as the number of substituents changes from one to four [51-53].  The 
more negative values of the potentials of both, the anodic and cathodic peak 
of the metal and the ligand redox processes indicates that the species is more 
negatively charged compared to the others. For that reason, is easily to be 
oxidized (more negative value of the anodic peaks) and more difficult to be 

figure 3. Potentiodynamic profiles of the four modified electrodes in 
the solution. pH of the aqueous solution: 9.85. Scan rate: 50 mVs-1. Peak 1 
corresponds to Co(II)/Co(III) transition and peak 2 corresponds to a redox 
process centered in the ligand.

Finally, we demonstrate that only the tetrasubsituted porphyrin-modified 
electrode acts as electrocatalyst compared to the bare glassy carbon for the 
oxidation of sulfite. Considering the reduction process, we studied the behavior 
in aqueous and mixture ehanol/water solutions at different pH values ranging 
from 2 to 12. In all four cases, the modified electrodes were unable to catalyze 
the reaction. In the case of the oxidation, the same pHs were studied and the 
four modified electrodes were catalytic at basic pH, catalyzing the oxidation 
of sulfite to sulfate. It was not detected dithionate as a product after one hour-
electrolysis experiment. After obtaining this result, we carried out a more 
detailed study of pH to determine that the best response is obtained at pH 9.85.  
Figure 4 shows the electrocatalytic response of the four modified electrodes to 
the oxidation of sulfite compared to the bare glassy carbon. 

figure 4. Potentiodynamic profiles of the four modified electrodes and the 
bare glassy carbon for the oxidation of sulfite (100 ppm). pH of the aqueous 
solution: 9.85. Scan rate: 5 mVs-1.
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Clear differences in the potential required for the reaction are seen among 
the four systems. The four-substituted porphyrin shows a current wave that 
starts at more negative potentials compared to the other modified electrodes. 
The potential of the foot of the wave of the four-substituted system is practically 
the same of the glassy carbon electrode. Then, the catalysis observed is only 
in terms of current considering the stability and the unique reaction product 
obtained with the modified electrode. On the other hand, in all four cases, the 
current was proportional of the square root of the scan rate, indicating diffusion 
control of the process (data not shown). As expected, the best modified 
electrode is that corresponding to the more oxidizable porphyrin (IV-Co), 
indicating that the porphyrin acts as a redox mediator of the sulfite oxidation. 
In fact, the onset for the oxidation processes are concordant with the onset of 
peak 2 (not shown), indicating that the oxidized ligand promotes the oxidation 
of sulfite. Interestingly, the redox active site is not the metal center. However, 
the free ligands are not catalytic compared to the metallated ones. The role of 
the metal in the case of the Co-porphyrins is to change the electronic density 
of the ligand due to a significant metal dp-porphyrin ring p* interaction (metal 
to ligand p-backbonding) [51, 52].  A similar result was obtained by us using 
Cu-porphyrin/modified electrodes toward the same reaction [53]. In this case, 
as in the Co-porphyrin case, a possible mechanism can be described as follows:

2 [M(III)Pc]+ -----------à 2 [M(III)Pc]2+  + 2 e     eq.1
2 [M(III)Pc]2+ + SO3

2- + H2O ----------à 2 [M(III)Pc]+ + SO4
2- + 2H+    eq.2

From another point of view, all the systems promote the oxidation of 
sulfite to sulfate (measured after one hour of electrolysis at 650 mV) and show 
a linear relationship between current and concentration with R=0.9989. The 
detection limit of the most sensitive modified electrode is 0.10 mg L-1.

Finally, the modified electrodes were shown to be stable at least for one 
week and for 50 measurements in the absence of sulfite. When sulfite is present 
in the solution, the profile change after the first oxidation but maintain its 
behavior for the second and subsequent oxidations (see Figure 5). 

unique that is more catalytic that the bare glassy carbon is that one modified 
with the porphyrin with four substituents because it is more oxidizable than the 
others and catalyzes the reaction as a redox mediator. A possible mechanism 
involves the ligand as the active site and two transferred electrons. It is not 
common that the ligand and not the metal acts as the active site but it is not 
an unique example. Notably, the active site is not the metal center, although 
the non-metallated porphyrins are not catalytic. This finding is explained in 
terms of a change in the electronic density of the ligand due to π b Surprising; 
the modified electrodes cannot catalyze the reduction of sulfite over the whole 
range of pH studied. backbonding between the metal and the porphyrin ring. 

The four-modified electrode is stable, acts as an amperometric sensor of 
sulfite with a detection limit of 0.10 mg L-1.
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It is interesting to note that the enhancement in the current for the 
four-substituted modified electrode is not an artifact due to a difference 
in concentration or number of species on the electrode surface because the 
second and subsequent oxidations show only the current for potentials more 
positive than 0.8V where the others modified electrodes show in the first 
scan, practically the same current. On the other hand, as mentioned above, the 
charge of the peak 1 for the IV-Co, III-Co and II-Co systems are quite similar 
indicating the same quantity of active porphyrins.  Lose in the activity after 
the second cycle is due to a concentration effect because the solution is not 
agitated. If N2 is bubbled between each measured, the profile of the first scan 
maintains. 

conclusions
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