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It was shown that the electropolymerization of Cu 5,10,15,20-tetrakis(3-aminophenyl)porphyrin from dimethyl 
sulfoxide can be carried out both by electrochemical oxidation of the porphyrin, and via initiating the process with 
electrochemically synthesized superoxide. In oxygenated solutions, initiation of polymerization by superoxide 
provides a greater contribution to a film formation than electrochemical oxidation of porphyrin. The rates of the film 
formation by these two mechanisms differ by approximately three times. Despite the differences in the rate of 
formation and surface morphology of the films for oxygen-free and oxygen-saturated solutions, the resulting 
materials’ surface is formed by particles of similar lateral sizes. The resulting roughness also differs insignificantly. 
This indicates a proportional increase in both the rate of nucleation and the rate of new phase growth in the presence 
of oxygen. The long-wavelength absorption edge of the semiconductor material is revealed in the short-wavelength 
region of the UV-Vis film spectrum. The calculation resulted in the band gap values of 3.48 and 3.19 eV for materials 
obtained by porphyrin oxidation and via the superoxide assistance, respectively. The influence of the obtaining 
method of the Cu 5,10,15,20-tetrakis(3-aminophenyl)porphyrin-based material on the reaction of the electro-
reduction of oxygen on its surface in an alkaline medium was shown. 
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Пленки Cu 5,10,15,20-тетракис(3-аминофенил)порфирина  
при инициировании полимеризации электрохимическим 
окислением и супероксидом в качестве медиатора 

В. И. Парфенюк, С. М. Кузьмин,@ С. А. Чуловская, Ю. А. Филимонова 

Институт химии растворов им. Г.А. Крестова Российской академии наук, 153045 Иваново, Россия 
@E-mail: smk@isc-ras.ru 

О. И. Койфману ‒ большому ученому и организатору науки посвящается
 

Показано, что электрополимеризация Cu 5,10,15,20-тетракис(3-аминофенил)порфирина из растворов в 
диметилсульфоксиде может быть осуществлена как при электрохимическом окислении порфирина, так и 
при инициировании процесса электрохимически синтезируемым супероксидом. В насыщенных кислородом 
растворах инициирование полимеризации супероксидом дает больший вклад в формирование пленки, чем 
электрохимическое окисление порфирина; скорости формирования пленки по этим механизмам различаются 
приблизительно в три раза. Несмотря на различия скорости формирования и морфологии поверхности 
пленок, наблюдающихся в бескислородных и насыщенных кислородом растворах, поверхность полученных 
материалов сформирована частицами близкого латерального размера. Несущественно различаются и 
шероховатости поверхностей частиц. Это указывает на пропорциональное повышение в присутствии 
кислорода, как скорости зародышеобразования, так и скорости роста новой фазы. Анализ коротковолновой 
области спектра пленок демонстрирует длинноволновую границу поглощения полупроводникового 
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материала. Расчет приводит к величинам ширины запрещенной зоны около 3.48 и 3.19 эВ для материалов, 
полученных окислением порфирина и медиаторным способом, соответственно. Показано влияние способа 
получения материала на основе Cu 5,10,15,20-тетракис(3-аминофенил)порфирина на реакцию электро-
восстановления кислорода в щелочной среде на его поверхности. 

Ключевые слова: Порфирин, электрополимеризация, механизм, пленки, поверхность, ширина запрещенной 
зоны, реакция восстановления кислорода. 
 

 

Introduction  

Due to their complexing, redox and photophysical 
properties, compounds of the porphyrin series attract close 
attention as parent molecular structures for creation of 
catalytic, photovoltaic and sensor systems.[1-10] As a rule, 
the key element of the above-mentioned devices is the 
active layer, in which porphyrin molecules are assembled 
into supramolecular structures in a certain way.[11-13] When 
the active layer of a device is located on a conductive sub-
strate, the electrochemical methods turn out to be a con-
venient tool for its preparing.[14-16] In this respect, polymer 
active layers[15-16] obtained by electropolymerization[14,15] or 
copolymerization[17-20] of porphyrins are attractive for 
creating such devices. Electrochemical approaches to the 
formation of polymer film materials combine the simplicity 
of technological equipment, and the low costs, with the 
ample opportunities for monitoring and control of the tech-
nological process.[21,22] The work[23] shows that change of 
environment, from which the electrochemical deposition of 
the polyporphyrin occurs, results in changing: a) the 
porphyrin electrochemical behavior; b) film deposition rate; 
c) size of the deposited particles and aggregates; d) chromo-
phore state in the formed material; e) morphological charac-
teristics of the material surface. We have also demonstrated 
the influence of the amino group position in the phenyl sub-
stituent and substrate material on the porphyrin electro-
chemical behavior and deposited film properties. Potential 
scan rate variations in the process of electrochemical depo-
sition of poly-aminophenylporphyrin films in potentiodyna-
mic conditions change the surface morphology and effi-
ciency of material formation.[24] When the growth effi-
ciency is low, they lead to the formation of films with a 
rather smooth surface; when it is high, the film surface 
resembles "crumpled paper". This allows scan rate to be 
considered as a control parameter when the surface 
morphology significantly affects the film functional 
characteristics. 

In the present work, we investigate the processes of 
formation of polyporphyrin films via two polymerization 
mechanisms, in particular, the initiated by the oxidation of 
porphyrin, and initiated by the interaction of porphyrin with 
superoxide. The possibility of deposition of aminophenyl-
porphyrins’ films from dimethyl sulfoxide when the process 
is activated by an electrochemically synthesized superoxide 
anion radical (O2

• –) was shown earlier elsewhere.[15,25] For 
electropolymerized films based on aminophenylporphyrins, 
the type of porphyrin fragments’ binding in the polymer 
chain was determined;[26] and the prospects for their use as 
sensors,[27,28] catalysts,[10,29] and nonlinear optical devices[30] 

were shown. The object of the present study is Cu 
5,10,15,20-tetrakis(3-aminophenyl)porphyrin. During its’ 
film formation from dimethyl sulfoxide solutions, the 

mechanism of superoxide-initiated polymerization both can 
be turned “on” and “off.” Here we compare the physico-
chemical and practical characteristics of films obtained via 
two mentioned mechanisms. 

 
Experimental  

Synthesis 
 
2H-5,10,15,20-Tetrakis(3-aminophenyl)porphyrin (H2T(3-

NH2Ph)P) was synthesized using a two-step procedure. At the first 
stage, 5,10,15,20-tetrakis(3-nitrophenyl)porphyrin was obtained as 
a result of the reaction of pyrrole with 3-nitrobenzaldehyde. At the 
second stage, the intermediate product was reduced to H2T(3-
NH2Ph)P according to the procedure described earlier.[31] 

To prepare Cu 5,10,15,20-tetrakis(3-aminophenyl)porphyrin 
(CuT(3-NH2Ph)P), a solution containing H2T(3-NH2Ph)P (0.15 
mmol) and copper chloride excess (CuCl2, about 0.8 mmol) in 10 
mL of DMF was boiled for 1 h. The reaction mixture was poured 
into 100 mL of water. The residue was filtered with water and 
dried in air. Then, the residue was dissolved in a mixture of 100 
mL of water and 1.5 mL of concentrated HCl. The undissolved 
residue was filtered off; the filtrate was neutralized with 25% 
ammonia solution; the precipitate was filtered and dried in air at 
room temperature. The formation of CuT(3- NH2Ph)P (Figure 1) 
was confirmed by optical spectra with typical Q-band position 
(Figure 3a, curve 1). 

 
 

 
 
Figure 1. Structure of the porphyrin under study. 

 
 

Electrochemical procedure 
 

Electrochemical studies were performed on an SP-150 
potentiostat (Bio-Logic Science Instruments, France). The deposi-
tion of polyporphyrin films was carried out in a three-electrode 
electrochemical cell from 1·10-3 M solutions of CuT(3-NH2Ph)P 
in a DMSO solution (DMSO > 99.5%, Aldrich). A 0.02 M tetra-
butylammonium perchlorate(TBAP > 99.0, Aldrich) was used as a 
supporting electrolyte. Fluorine-doped tin oxide electrode (FTO, 
KV-FTO-R15T22-100100, Sheet Resistance < 15 ohm/sq, Trans-
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mittance > 83%) was used as the working electrode. The working 
electrode potential was set in relation to the Hg/Hg2Cl2 (1 M LiCl) 
reference electrode using a Luggin capillary. A disk of platinized 
platinum of 25 mm was an auxiliary electrode located at a distance 
of 5 mm from the working electrode. To turn “off” the mechanism 
of superoxide-initiated polymerization, the dissolved oxygen was 
removed from solutions by Ar (99.998%) bubbling for 30 minutes 
before film deposition. The method used in the present study for 
film formation was sufficiently effective. Films formed under 
these conditions are marked as "Film I". To switch “on” the 
superoxide-initiated polymerization, oxygen (99.7%) was bubbled 
for 30 min into the solution before film deposition. Films obtained 
under these conditions are marked as "Film II". The films were 
formed by cycling the working electrode potential in the range 
from -2.0 to +1.5 V with scan rate of 20 mV/s for 10 cycles. The 
resulting film was removed from the electrochemical cell, washed 
with pure DMSO, and dried in ambient conditions for 24 h. 

The spectra of solutions of porphyrins in DMSO and their 
films on FTO electrodes were recorded in a 1 cm quartz cuvette on 
a Cary 50 spectrometer (Varian, USA). The spectrum of a cuvette 
filled with DMSO was used as a baseline when studying solutions. 
When studying films, the spectrum of a cuvette filled with DMSO 
with a clean FTO electrode placed in it was used. The morphology 
of the film surface was studied by atomic force electron 
microscopy using a Solver-47-Pro microscope (NT-MDT, Russia). 

To evaluate the electrochemical response of the oxygen 
electroreduction reaction (ORR), films were deposited on a 
carbositall electrode. The study was performed on rotating at a 
speed of 500 rpm electrode in thermostated (25 ± 0.5 °C) oxygen-
saturated 0.1 M KOH solution. The potential of the working 
electrode was set in relation to the Ag/AgCl (3.5 M KCl) reference 
electrode; the auxiliary electrode was a glassy carbon rod of 4 mm 
in diameter. Linear voltammograms (LSV) were recorded in the 
range from 0.0 V to -0.8 V with a potential sweep rate of 10 mV/s. 

 

(a) 
 
 
 
 
 
 
 

(b) 

 

(c) 

 
Scheme 1. Formation of radical forms of porphyrin during electrooxidation (a) and during the interaction of porphyrin with 
superoxide (b); formation of a dimer (hereinafter referred to as a polymer chain) during the recombination of radicals (c). 
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Results and Discussion  

Film formation 
 
Figure 2a shows that in oxygen-free DMSO solutions 

on the FTO electrode the Faraday processes are not 
observed in the range from -2.0 to +1.5 V (see curve 1). In 
1·10-3 M CuT(3-NH2Ph)P solution, electrochemical 
responses of porphyrin reduction are observed in the first 
cycle (current maxima at potentials of about -1.27 V and -
1.79 V, Figure 2b, thick line). These maxima have 
complementary responses from the oxidation of reduced 
forms of porphyrin (current maxima at potentials of about -
1.17 V and -1.67 V). In the positive potential region, no 
irreversible response of porphyrin oxidation is observed 
(maximum current at a potential of 1.18 V). The value of 
current of the porphyrin electrooxidation peak is 
approximately two times greater than the value of current of 
the electroreduction peak. It can be assumed that the 
porphyrin reduction processes are one-electron, and are 
represented with the redox transformations of the metal ion 
Cu2+/Cu+ and Cu+/Cu0. And the electrooxidation involves 
the transfer of two electrons. Electrooxidation is 
accompanied by deprotonation of porphyrin with the radical 
forms formation (Scheme 1a). The recombination of these 
radical forms leads to the formation of a polymer (Scheme 
1c). The formation of phenazine-like bridges as the main 
type of binding of aminophenylporphyrins was 
demonstrated in the following literature sources.[32,33] The 
proposed scheme demonstrates the type of binding between 
the porphyrin fragments in the polymer chain, but does not 
reflect the polymer molecular structure. Such reactions 
occurrence is indicated by the appearance of new 
electrochemical responses (electroreduction at about -0.98 
V and electrooxidation at about +0.83 V). The value of 
current of these new responses increases from cycle to 
cycle. The formation of Film I on the surface of the FTO 
electrode is observed visually (Figure 2b, inset). The 
possible types of bridges between porphyrins during 
polymer formation via the electrochemical oxidation of 
aminophenylporphyrins were previously described 
elsewhere.[26] 

Just like in an oxygen-free environment, in solutions 
saturated with oxygen the presence of porphyrin 
significantly changes the CV curve (Figure 2a, curve 2, and 
2c). The electroreduction of oxygen in DMSO (Figure 2a) 
occurs via a one-electron mechanism with the formation of 
a superoxide anion-radical stable in DMSO solutions.[34,35] 
The adsorption of porphyrin on the electrode changes the 
electron transfer parameters across the interface. This leads 
to the current maxima shift and their magnitude change 
(Figure 2 a,c). An electroreduction response near +1.0 V 
appears, which may indicate the appearance of metallo-
porphyrin and superoxide adducts. Superoxide is a good 
hydrogen atom acceptor, thus the transfer of a labile 
hydrogen atom from the aminophenyl substituent to the 
superoxide is possible (Scheme 1b). This reaction leads to 
the appearance of radical forms of porphyrin,[25] which 
under recombination result in formation of a polyporphyrin 
film (Scheme 1c). The Film II growth is accompanied by a 
change in the CV curve from cycle to cycle (Figure 2c). 

Film II is observed visually after the completion of ten 
cycles (Figure 2c, inset). Films deposited on FTO by 
superoxide anion radical-initiated electrochemical process 
have a more pronounced colour intensity compared to films 
deposited by direct oxidation of porphyrin. 

 
 

 

   
 

 
 

 
Figure 2. Electrochemical responses on the FTO electrode for:  
a) oxygen free (1) and oxygen saturated DMSO solutions (2);  
b) oxygen free 1mM CuT(3-NH2Ph)P DMSO solution (10 cycles); 
c) oxygen saturated 1mM CuT(3- NH2Ph)P DMSO solution (10 
cycles). 
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Spectral properties  
 
In the spectra of Film I and Film II (Figure 3a,b), 

there are bands characteristic to the molecular form of 
CuT(3-NH2Ph)P: the Soret band with a maximum near 423 
nm, and Q-bands with maxima at 543 and 620 nm. 
Compared to the spectrum of molecular porphyrin in 
solution, the spectra of the films exhibit an increase in the 
Soret band width (for Film II greater than for Film I). The 
relative intensity of the Q-band with a maximum at 620 nm 
in the spectra of the films is noticeably reduced. Broadening 
of lines in the spectrum is characteristic of porphyrins in the 
solid state. At this, the spectrum of the polymer may differ 
insignificantly from the spectrum of monomeric forms if 
the binding between the porphyrin fragments through the 
side substituent does not significantly change the electronic 
structure of the macrocycle.[36] The degenerate structure of 
the Q-band in the spectra of the films indicates the presence 
of a metal ion inside the macrocycle. The optical density in 
the films spectra (Figure 3b) characterizes the amount of 
material forming the film. Based on the optical density of 
films at the maximum of the Soret band, one can estimate 
the relative contribution of the mechanisms described in 
Scheme 1 to the film formation. Since the deposition 
duration of both Film I and Film II was similar, we can 
asses the relative efficiency of the two film formation 
mechanisms. Assuming that the presence of oxygen 

(superoxide) in solution does not significantly change the 
efficiency of the radical forms of porphyrin synthesis in 
electrooxidation processes (Scheme 1, reaction (a)), the 
difference in the optical densities of spectra 2 and 1 in 
Figure 2b one can attribute to the contribution of 
superoxide-initiated (Scheme 1, reaction (b)) film 
deposition. The relative contribution was calculated as the 
ratio of the obtained values of optical density. Thus, the 
study performed allowed us to quantify the relative 
efficiency for the two film formation mechanisms. In 
oxygenated solutions, the initiation of polymerization by 
superoxide exhibits a greater contribution to the film 
formation than the electrochemical oxidation of porphyrin 
does. The rates of film formation via these two mechanisms 
were found to differ by approximately three times. 

In addition to the molecular lines of porphyrin 
fragments, the spectra of the films contain a region that can 
be attributed to the long-wave absorption edge of the 
semiconductor material (wavelengths lower than 370 nm) 
on the basis of the linearization in Tauck coordinates 
(Figure 3c,d). According to the modern understanding of 
the spectral characteristics of semiconductor materials, the 
spectral shape relates to the material’s band gap.[37,38] This 
approach is widely used to analyze the characteristics of 
porphyrin-based materials.[37-41] In the present work it leads 
to the band gap values of 3.48 eV for Film I and 3.19 eV 
for Film II. 

 

    

    
Figure 3. (a) Normalized spectra of DMSO solution of CuT(3-NH2Ph)P (1), Film I (2) and Film II (3); (b) optical density of Film I (1) 
and Film II (2) on the FTO electrodes; (c) Tauc plot based on the Film I spectrum; (d) Tauc plot based on the Film II spectrum. 
  



Cu Tetra(aminophenyl)porphyrin Films 

202  Макрогетероциклы / Macroheterocycles 2024 17(3) 197-204 

Surface morphology 
 

The surface morphology at the microscopic level is 
determined by physicochemical phenomena occurring near 
the surface during film deposition, and largely determines 
the functional characteristics of the resulting material. 
According to the AFM study results (Figure 4, Table 1), the 
switching “on” the mechanism of superoxide-initiated 
polymerization leads to a significant change in the surface 
structure. The surface of the materials is formed by rounded 
globules with lateral dimensions of about 70 nm for Film I 
and about 50 nm for Film II. The surface images (Figure 
4a,b,d,e) and the height distributions along the selected line 
(Figure 4c,f) indicate the formation of surface aggregates, 
which have a more complicated shape in the case of the 
Film II. The surface roughness of Film II is higher than 
that of Film I. The topographic images of the surface 
(Figure 4a,d) coincides with the phase contrast images 
(Figure 4b,e), which indicates the homogeneous surface 
composition of the resulting materials. According to the 
spectral characteristics (Figure 3), the deposition rate of 
Film II is higher than that of Film I. It is well known that  

 
Table 1. Roughness parameters of the Film I and Film II. The 
data are collected from the surface areas of 55 m. 

Parameter, nm Film I Film II 

Average Lateral size of 
surface particles  

70 50 

Peak-to-peak, Sy 103.7 123.7 

Ten point height, Sz 51.6 61.7 

Average Roughness, Sa 10.7 14.3 

Root Mean Square, Sq 13.1 18.0 

 

the limiting stage of film growth can be both the formation 
of nuclei of a new phase and the growth of the particles of 
the new phase.[42] So, the size of particles depends on the 
ratio of nucleation and growth rates. The smaller size of the 
surface-forming particles for Film II indicates that in the 
case of turned “on” superoxide-initiated polymerization the 
increasing of nucleation rate is more pronounced than that 
of growth rate. 

 
Oxygen reduction reaction (ORR) 

 
Polymer films of porphyrins, obtained by 

polymerization initiated by electrochemical oxidation[23,26] 
and via the interaction of porphyrin with superoxide,[23,26,43] 
can potentially exhibit catalytic properties in the oxygen 
reduction reaction.[10,25,44,45] To reveal the possible catalytic 
activity of the obtained materials, the electrochemical 
response of oxygen electroreduction on a carbositall 
electrode was compared to that of the carbositall electrodes 
covered with Film I and Film II (Figure 5a,b). The potential 
for the onset of oxygen electroreduction on the electrodes 
under study differs slightly. At the same time, in the region 
of low overvoltages, the value of ORR current density 
increases in a row: carbositall < Film I < Film II. A current 
density of 0.2 mA/cm2 is achieved at a potential of -0.302 V 
on carbositall, -0.296 V on Film I, and -0.284 V on Film II. 
The kinetic control region of the electrochemical process 
presented in Tafel coordinates (Figure 5b) demonstrates a 
decrease in its slope in the same row: carbositall < Film I < 
Film II. The Tafel slope values were 0.153, 0.146, and 
0.130 V/dec for carbositall, Film I and Film II, 
consequentially. Decrease of the slope in Tafel coordinates, 
as a rule, points at the rise in the rate of the kinetic stage of 
electrochemical reaction. 

 
 
 

 
Figure 4. AFM images of the surface of Film I and Film II films: topography mode (a, d); phase contrast mode (b, e); distribution of film 
surface heights along line A’A’’ (c, f). The scanning area is 55 µm. 
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Figure 5. LSV of oxygen electroreduction (a) and Tafel slopes (b) 
on carbositall (1), on Film I (2) and Film II (3) in oxygen-
saturated 0.1 M KOH. Rotation speed 500 rpm. Potential sweep 
rate 10 mV/s. 
 
 
Conclusions 

The study of the formation of films based on CuT(3-
NH2Ph)P from solutions in dimethyl sulfoxide allowed us 
for the first time to reveal that two different mechanisms of 
polymerization initiation coexist in oxygen-saturated 
solutions. An interesting finding is that the CuT(3-NH2Ph)P 
films thick enough to study their physicochemical and 
practical properties can be obtained by electrooxidation of 
porphyrin in oxygen free DMSO. Comparison of the 
characteristics of the films obtained at turned “on” or “off” 
superoxide-initiated polymerization develops our under-
standing of the mechanisms of the processes, and of the 
relationship between the conditions of films formation and 
their properties. The work in this direction will allow us to 
approach the creation of materials with desired properties. 
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