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Electrochemical characterization and metallization of two novel meso-susbstituted porphyrins were
carried out by sweep and step potential techniques. Redox potentials of 5,10,15-tris(p-chlorophenyl)-
20-(2-hydroxy-3-methoxyphenyl)porphyrin and 5,10,15-tris(p-methoxyphenyl)-20-(p-chlorophenyl)
porphyrin were identified, and their respective diffusion coefficients at 25 = 1 °C in CH,Cl;, using
tetrabutylammonium hexafluorophosphate as supporting electrolyte were determined. The dianion
radical formation potentials were found to be influenced by the electrodonor effects of the porphyrin
substituents. The metallization process of the porphyrins were carried out by controlled potential
electrolysis using an aluminum sacrificial anode to form the metallic ions in situ. The aluminum
metalloporphyrin formation of each porphyrin was confirmed by UV-Vis, IR and atomic absorption
spectroscopy.
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1. INTRODUCTION

Porphyrins and porphyrin like compunds are of special interest because of their many
technological applications. Porphyrins are capable to be functionalizated and to form metallic
complexes. For this reason, they have been studied and used in different areas. They can be used as
precursors for new polymers with optical and semiconductor properties or in cancer photodynamic
therapy as photosensitizers. This last medical application has conferred special importance to
porphyrins [1-3]. The chemical and spectroscopic properties of porphyrins and porphyrin like
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compounds can be changed by functionalization of their substituents or by the insertion of a metallic
ion in the porphyrin cavity [4,5].

Usually, the traditional synthesis of metalloporphyrins involves long reaction times, high
temperatures and reflux conditions, and also the use of a metallic salt that provides the metallic ion of
interest. A huge quantity of metalloporphyrins and porphyrin like compounds have been synthesized
using this method [6-9]. Nevertheless, different ways of synthesis have been studied; one of them is
the electrosynthesis [10,11]. Electrochemical metallization can be carried out by using a sacrificial
anode that provides the metallic ion; the free-base and the metallic ions are generated in situ and then
they chemically react to form the corresponding metalloporphyrin complexation reaction [11]. Using
this electrochemical method, high temperatures and long reaction times can be avoided.

Electrochemical methods have not been widely used to synthesize porphyrins [10, 12-15]. In
particular, only a few papers on using a sacrificial anode to form a metalloporphyrin have been
published [16,17] in spite of the mild conditions this method requires.

In this paper we report on the electrochemical characterization of two novel asymmetric meso-
susbstituted tetraphenyl porphyrins: 5,10,15-tris(p-chlorophenyl)-20-(2-hydroxy-3-
methoxyphenyl)porphyrin ~ (A) (Figure 1 (a)), and 5,10,15-tris(p-methoxyphenyl)-20-(p-
chlorophenyl)porphyrin (B) (Figure 1 (b)). We also report on the metallization of these porphyrins
using an aluminum sacrificial anode under mild conditions, which was performed based on the results
of the previous electrochemical characterization.
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Figure 1. (a) 5,10,15-tris(p-chlorophenyl)-20-(2-hydroxy-3-methoxyphenyl)porphyrin (A). (b)
5,10,15-tris(p-methoxyphenyl)-20-(p-chlorophenyl)porphyrin (B).
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2. EXPERIMENTAL

2.1 Reagents

Porphyrins A and B were synthesized in the Laboratory of Industrial Chemistry, Chemical
Sciences School, Autonomous University of Nuevo Leon, and were used as received. HPLC-grade
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dichloromethane from Tedia was used. It was distilled using P4O1 0.005 g/mL as a solvent and stored
over molecular sieves that were previously activated at 134 °C. Hexane from Tedia was used as
received. Acetonitrile from Aldrich was wused as received. Tetrabuthylammonium
hexafluorophosphate (TBAHFP) from Aldrich (>99.0% purity; electrochemical grade) was used as
supporting electrolyte in all experiments. It was dryed at 134 °C for 24 h before preparing all solutions.
The precursors of the porphyrins from Aldrich were used for the electrochemical characterization (o-
vanillin, p-chlorobenzadehyde and p-methoxybenzaldehyde) as received. All solutions were purged
with nitrogen for 15 min before every experiment. Silica gel from J. T. Baker was used as received.

2.2 Equipment

All  the electrochemical measurements were carried out in an AUTOLAB
potentiostat/galvanostat, PGSTAT 30 model. The bulk electrolyses were carried out in a BAS Epsilon
potentiostat/galvanostat. All voltammetric and chronoamperometric measurements were carried out
under nitrogen atmosphere using the typical three-electrode configuration. For measurements in
organic media, a glassy carbon electrode and two platinum wires were used as working, counter and
pseudo-reference electrodes, respectively. The pseudo-reference electrode was externally calibrated
with a 5.0 mM Fc/Fc¢™ and a 0.1M TBAHFP solution in dichloromethane. For measurements in
aqueous media, a glassy carbon electrode, a platinum wire and an Ag/AgCl electrode were used as
working, counter and reference electrodes, respectively. For the electrosyntheses, a reticulated vitreous
carbon electrode (RVC) was used as working electrode and an electrochemical grade aluminium foil
was used as sacrificial anode. Electrosyntheses were performed in an undivided cell. For the
determination of the diffusion coefficient, the working electrode was mechanically polished with 0.5
um alumina, then immersed in distilled water with sonication for 4 min, and finally activated at 1.23 V
vs. Ag/AgCl for 5 min in a 1M NaOH solution. This electrode was stored under N, between diffusion
coefficient experiments. The spectroscopic UV-Vis determinations were carried out in a VARIAN
Cary spectrophotometer, model 100Conc Infrared spectra were obtained from a Bruker FT-IR
spectrophotometer, model Tensor 27. Atomic absorption determinations were carried out in a GBC
spectrophotometer, model 932AA.

2.3 Methods

For the electrochemical characterization, cyclic voltammetry, differential pulse voltammetry
and chronoamperometry were performed. For the metallization of each porphyrin, a controlled
potential electrolysis was carried out at a potential a few mV higher potential than that identified as the
formation potential of the dianion radical. The chromatography in column was carried out using
dichlorometane-hexane 7:3 as eluent system.
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3. RESULTS AND DISCUSSION

3.1 Electrochemical characterization

In order to identify and correlate each redox process with each part of the molecule, cyclic
voltammetries of each porphyrin precursor were performed in CH,Cl,. Figure 2 shows the cyclic
voltammetries of o-vanillin and p-chlorobenzaldehyde, which were used as precursors for A.
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Figure 2. (a) Cyclic voltammetry of o-vanillin 1.97 mM and 0.1M TBAHFP in CH,Cl, at a 100 mV/s
scan rate. (b) Cyclic voltammetry of p-chlorobenzaldehyde 2.0 mM and 0.1M TBAHFP in
CH,Cl, at a 100 mV/s scan rate.
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Figure 3. Cyclic voltammetry of A 0.2 mM and 0.1M TBAHFP in CH,ClI, at a 100 mV/s scan rate.

In Figure 2(a), the oxidation process at 0.947 V corresponds to the transformation of the
phenolic part in a quinone. The reduction process can be attributed to the reduction of the quinone to a
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phenol. From Figure 1(b) we conclude that this aldehyde is not an electroactive agent in these
conditions.

Figure 3 shows the redox processes of A. Because under these conditions cyclic voltammetry
cannot provide a clear identification of these processes, particularly the oxidation processes of A,
differential pulse voltammetry was used [18]. Process Il 4 is attributed to the two-electron oxidation of
the phenolic part [19, 20] in the o-vanillin substituent of A, which corresponds with the processes
shown in Figure 2(a). Processes I and Il are associated to the formation of the porphyrin dication
radical via two-electron steps, as is reported in several works [21-23]. Processes V¢ and V¢ are
attributed to a two-electron step formation of the dianion radical [21-23], because the reduction
processes are independent of the oxidation processes [17].

The linear behavior for the Randles-Sevcik relationship for A shown in Figure 4(a) indicates
that the redox processes are controlled by diffusion. The cyclic voltammetries shown in Figure 4(b)
indicate that Process Illa is less favored at high scan rates.
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Figure 4. (a) Randles-Sevcik relationship for A. (b) Cyclic voltammetry of A at five different scan
rates.
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Figure 5. Cyclic voltammetry of p-methoxybenzaldehyde 24.5 mM and 0.1M TBAHFP in CH,Cl, at a
100 mV/s scan rate.
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Figure 5 shows the cyclic voltammetry of the p-methoxybenzaldehyde precursor for B.

The oxidation process at 0.727 V shown in Figure 5 can be attributed to the oxidation of the
methoxy group present in the molecule and the possible formation of a cation radical, which, in a
media lacking nucleophilic species, can be reduced at 0.720 V. The reduction process at -1.941 V can
be attributed to the reduction of the aldehyde group to an alcohol.

Figure 6 shows the electrochemical characterization of B, including cyclic and differential
pulse voltammetries and the Randles-Sevcik relationship.

Differential pulse voltammetry showed that in Il there are two processes partially overlapped.
Process Ia and the first process of lla correspond to the formation of the dication radical of the
porphyrin, and the second process of lla corresponds to the oxidation of the methoxy group as
described previously. Processes Illc and IV correspond to the formation of the dianion radical. These
last two processes are independent of the oxidation processes shown in Figure 6(a). B also showed
diffusion controlled processes, as shown in Figure 6(c).
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Figure 6. (a) Cyclic voltammetry of B 0.2 mM and 0.1 M in TBAHFP at a 250 mV/s scan rate. (b)
Differential pulse voltammetry in the oxidation direction. (c) Randles-Sevcik relationship.
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Diffusion coefficients of both porphyrins were determined with a modified version of the
procedure described in [24]. We used the Cottrell equation to find the real electrode area and the
diffusion coefficients. Because of the volatility of the wused organic media, only 10
chronoamperometries were performed. The diffusion coefficient of the reference substance (potassium
ferrocyanide) is 0.62 x 10 cm? s at 25 °C. The electrode area for the determination of the diffusion
coefficient of A was 56.184 + 0.07 cm® and the calculated diffusion coefficient was 0.873 x 10° + 0.26
x 10-7 cm? st at 25 + 1 °C. The electrode area for the determination of the diffusion coefficient of B
was 56.897 + 0.11 cm? and the diffusion coefficient was 0.974 x 10°+0.13 x 10® cm?s™ at 25+ 1 °C.

The potentials of the redox processes of a porphyrin are affected by its substituents. Figures 7
and 8 show the effect of the substituent on the formation potential of the dianion radical in a
porphyrin. For this study, two other porphyrins were considered: 5,10,15,20-tetrakis(p-
chlorophenyl)porphyrin (C) and 5,10-bis(p-methoyphenyl)-15,20-bis(p-chlorophenyl) porphyrin (D).
Figure 7 shows the formation potential of the dianion radical of porphyrins A, B, C and D (represented
by dots) and the voltammograms of these porphyrins. The figure also shows the line representing the
linear correlation for the four potentials. The correlation is not good, because the structure of porphyrin
C is significantly different from those of A, B, and D. Porphyrin C does not behave as A, B, and D
because of its symmetry and the predominant electroatractor effect of its substituents.
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Figure 7. Dianion radical formation potential as a function of the sum of the Hammett sigma
constants.

Figure 8 shows the effect of of not considering porphyrin C in the analysis. The linear
correlation improves to -0.988. The negative slope in this plot indicates an electrodonor effect in the
redox processes of the molecule. The slope is small (-0.064), but this voltage variation is still
significant.
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Figure 8. Dianion radical formation potential as a function of the sum of the Hammett sigma constants
for porphyrins A, B and D.

Table 1 summarizes the collected data from the electrochemical characterization of porphyrins
A and B.

Table 1. Peak potentials for each porphyrin obtained by differential pulse voltammetry. The diffusion
coefficients were determined at 25 + 1 °C.

Epcl,V Epc2,V  Epal,V Epa2,V Epa3,V Dx106,cm?s*

B -2.10 -1.79 0.32 0.56 0.65 0978 +£0.11

A -1.99 -1.69 0.45 0.69 0.92 0.873 £0.22

3.2 Electrochemical metallization of porphyrins

The controlled potential electrolysis of A using an aluminum foil as sacrificial anode was
performed at -2172 mV. The electrochemical efficiency of the process was 94.42%. During the
experiment, the characteristic violet color of the free-base porphyrin changed to dark green. The
reaction was monitored by TLC and metallization was reached after 45 min. Figure 9 shows the UV-
Vis spectra of the free-base porphyrin and the reaction mixture. Figure 9(b) is a mixture of a free-base

porphyrin and a metallized porphyrin. A red shift about 24 nm in the Soret band and the pronounced f
band can be observed.
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Figure 9. (a) UV-Vis spectrum of the free-base porphyrin. (b) UV-Vis spectrum of the reaction

mixture.

Due to the solubility of the product in the reaction media and in other solvents, purification by
chromatography in column was the only viable purification procedure for the reaction mixture.
However, the obtained product decomposed during the purification. The color of the solution changed
to violet and the spectra of its collected fractions were the same as that in Figure 9(a).

The controlled potential electrolysis of B using an aluminum foil as sacrificial anode was
performed at -0.215 V. The electrochemical efficiency of the process was 90%. During the experiment,
the characteristic violet color of the free-base porphyrin changed to a bright green one. The reaction
was monitored by TLC and the metallization was reached after 25 min. However, if the electrolysis
continues for more than 30 min, the formed product is destroyed and the free-base porphyrin is
obtained again. This behavior is different form that of porphyrin A. Figure 10 shows the UV-Vis
spectra of the free-base porphyrin and the reaction mixture. Observe that in Figure 10(b) shows a
mixture of free-base porphyrin and metallized porphyrin. Note the red shift of approximately 26 nm in
the Soret band and the pronounced 3 band.

The reaction mixture was evaporated and redissolved in acetonitrile. A bright green solid
precipitated and was filtered in vacuum and washed with cold acetonitrile. The yield of the reaction
was of 37%. Atomic absorption analysis reveals that the green solid contains 2.49% of aluminum. IR
spectrum confirms the absence of the band that corresponds to a N-H tension band due to the
protonated pirrols of the free-base porphyrin. The UV-Vis spectrum of the solid is shown in Figure
10(c). The red shift of approximately 32 nm in the Soret band is an expected behavior of a
metalloporphyrin [25, 26]. These results, indicated that the bright green solid is the aluminum
metalloporphyrin of B.
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Figure 10. UV-Vis spectra of: (a) Free-base porphyrin. (b) Reaction mixture. (c) Metalloporphyrin.

4. CONCLUSIONS

The electrochemical characterization of both studied porphyrins allowed to determine the
formation potentials of the dianion radicals. The electrochemical characterization uncovered other
redox processes, which were identified and assigned to each part of the molecule. The diffusion
coefficients of porphyrins A and B were determined at 25 = 1 °C for concentrations of 0.2 mM of both
porphyrins and 0.1 M of TBAHFP. Under these conditions, the diffusion coefficient of B is greater
than that of A. It was observed that, for the studied porphyrins, the formation potential of the dianion
radical is influenced by the electrodonor effect of the porphyrin substituents. Furthermore, the dianion
radical of B is thermodynamically easier to obtain than that of A.

The metallization of A seems to have been reached, but the purification process needs to be
improved. The electrolytic efficiency is approximately 94%. Spectroscopic techniques confirm that the
metallization of B was reached. The reaction yield is 37% and the electrolytic efficiency is

approximately 90%.
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