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Porphyrin-based film materials are widely applied in the design 
of a number of functional devices.1–5 Films of hydroxyphenyl 
porphyrin are useful as sensors,6,7 nonlinear optical materials,8 
organic ferroelectrics,9 electrocatalysts,10 and fluorescent materials 
in organic light-emitting diodes.11 We have recently demonstrated 
that aminophenyl porphyrins allow one to produce functional 
films from DMSO solutions by the new superoxide-assisted 
electrochemical deposition method.12,13 It has been supposed 
that this method can be successfully used for the formation of 
functional films of hydroxyphenyl porphyrins via the interaction 
between hydroxyphenyl porphyrins and superoxide generating 
porphyrins bearing a reactive phenoxyl radical as the substitutent 
according to other14,15 and our16–20 previous reports. In this work, 
we have shown that polymer films of hydroxyphenyl porphyrins 
can be produced via the superoxide-assisted electrochemical 
deposition and verified semiconductor properties of the obtained 
films.

5,10,15,20-Tetrakis(3-hydroxyphenyl)porphyrin 1, 5,10,15,20- 
tetrakis(4-hydroxyphenyl)porphyrin 2, and their zinc complexes 
3 and 4 were obtained via the known two-step procedure21,22 
and their characteristics were consistent with those reported 
earlier.23,24

Electrooxidation and electroreduction of hydroxyphenyl 
porphyrins studied using compound 2 in degassed DMSO solu
tions [Figure 1(a), curve 2] are irreversible processes without 

significant changes in the electrochemical responses from 
cycle to cycle. No film formation on the working electrode was 
observed. In the absence of porphyrin [see Figure 1(a), curve 3], 
oxygen electroreduction in DMSO is  quasi-reversible and 
proceeds via a one-electron mechanism resulting in superoxide 
(O2

•–) formation: O2 + e ® O2
•–.25,26 The oxygen electroreduction 

becomes irreversible in oxygen-saturated solutions of hydroxy
phenyl porphyrin. We have also observed a change in the CV 
curve shape from cycle to cycle [see Figure 1(a), curve 4] and 
formation of a film on the surface of the working electrode. 

The data obtained by the electrochemical quartz microbalance 
(EQMB) method under natural aeration conditions revealed that 
the electrodeposition of investigated hydroxyphenyl porphyrins 
is similar to compound 2, with some variations in the intensity 
and position of the desorption waves and difference in the 
contribution of direct porphyrin electroreduction during the film 
formation. After 20 cycles, the masses of the film on the working 
electrode were: 2.15, 1.85, 2.40, and 1.73 mg for compounds 
1–4, respectively. There were two waves of poly-2 film mass 
increase in the cathode region for the first cycle [Figure 1(b)]. 
The film formation began at the potential of onset of oxygen 
electroreduction. The second wave of film deposition indicates 
that the porphyrin anion was involved in the polymerization 
process probably due to its interaction with O2

•– or dissolved 
oxygen. The film deposition associated with the porphyrin electro
oxidation process as well as the film desorption were observed in 
the anodic region. The significant film growth was noted after the 
potential passed through the range of oxygen electroreduction, 
both in the forward and reverse directions, starting from the 
second cycle. The desorption and deposition waves were shifted 
towards positive potentials during the potential cycling and film 
formation [see Figure 1(b)]. Consequently, no film deposition 
was detected due to the direct porphyrin electrooxidation after 
the third cycle. Beginning from the fifth cycle, the formation of 
poly-2 films appeared as a broad wave once the potential passed 
through the range of oxygen electroreduction. Thus, the film forma
tion process involves an interaction of hydroxyphenyl porphyrins 
with superoxide to give porphyrins bearing a reactive phenoxyl 
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The method of superoxide-assisted electrochemical deposition 
was employed for the formation of film materials based on 
hydroxyphenylporphyrins and their metal complexes. The 
C–O–C bridges were the major moieties for bonding porphyrins 
inside the electropolymer. The obtained polyporphyrin films 
demonstrated a hole type of conductivity, which makes them 
suitable for various applications.	  
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radical as a substituent and then triggering a radical-chain 
mechanism for the formation of a polymer film. This mechanism 
may include a dehydrogenative coupling of phenoxyl radicals 
with aryl moieties of another porphyrin molecule resulting in the 
formation of C–O–C bridges. This was assumed taking into 
account the recent report27 on the aromatic substrates 
functionalization.

Spectral data have confirmed the EQMB results. The spectral 
characteristics of the precursor and resulting film [Figure 1(c),(d)] 
were compared using compound 3 as the example. The presence 
of Soret (433 nm) and Q (562 and 603 nm) bands in the spectrum 
of poly-3 films indicates that the inner Zn ion is preserved in the 
undestroyed porphyrin core during electropolymerization. The red 
shift of the Soret band and its broadening are typical of porphyrins 
in the polymerized state with the preserved structure of the 
porphyrin core.28 The appearance of absorption bands near 515 
and 635 nm apparently points out the presence of porphyrin-
quinoid fragments.29 The appearance of band with maximum at 

783 nm may be explained by the protonation of the tetrapyrrole 
ring and aggregation of the porphyrin fragments in the film.30 
The IR spectra [see Figure 1(d)] revealed a shift of the tetrapyrrole 
cycle vibrations towards lower frequencies upon the formation 
of the poly-3 film, which can be associated with the increase in 
the substituent effective mass.31,32 It may indicate the formation 
of poly-porphyrins linked via a lateral substituent. This assump
tion was confirmed by changes in the bands of out-of-plane 
collective C–H vibrations of the phenyl substituent in the region 
from 840 to 650 cm–1 [see Figure 1(d), curve 1]. They were 
practically disappeared in the spectrum of film [see Figure 1(d), 
curve 2]. In  addition, the relative intensity and position of 
bands about 1600 cm–1 (C=C oscillations of the phenyl ring) were 
significantly varied. The shoulder at 1735 cm–1 was assigned to 
vibrations of  the C=O group, which belongs apparently to the 
quinoid side or the end groups of the electropolymer formed. 
The C–O–C bridges act as the main moiety for porphyrin bonding 
in the electropolymer, and their presence is confirmed by the 
band at 1123 cm–1.33–35 The coordination bonds of the central 
ion can serve as an additional means of the porphyrin bonding 
in the film. It can be indicated by the appearance of the band at 
460 cm–1, which is presumably attributed to the vibrations of the 
Zn–O bond.36,37 The halo in the region of 1100 cm–1 indicates an 
incorporation of ClO4

– ions into the film.38

The semiconductor properties of films formed on the Pt 
electrode were estimated using to the Mott–Schottky approach 
(see Online Supplementary Materials for details), which revealed 
a hole type of conductivity of the obtained materials. In the case 
of poly-3 films, the concentration of charge carriers was in the 
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Figure  1  (a) Electrochemical responses in DMSO on glassy carbon electrode of (1) background current, (2) 2 in a degassed solution, (3) oxygen in DMSO 
without porphyrin, and (4) 2 in an oxygen-saturated solution. The tendency of the CV curve change is shown by arrows, the scan rate was 0.02 V s–1. 
(b) EQCM data on the deposition of 2 on Pt in an air saturated DMSO. The potentials were measured vs. Ag/AgCl electrode, the scan rate was 0.02 V s–1. The 
numbers 1, 2, 5, and 10 correspond to the number of cycle, ‘a’ is the range of oxygen electroreduction, and ‘b’ is the range of porphyrin electrooxidation. 
(c) UV-VIS spectra of 3 in (1) a DMSO solution and (2) in a film on an ITO electrode. The range of Q-band (D × 10) is shown in the inset. (d) A fragment of 
the vibrational spectra of (1) compound 3 and (2) poly-3 films.
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range of 1025–1026 m–3, and the flat band potential (Efb) was 
0.39±0.01 V. The value of potential Efb corresponds to the energy 
equality state between the charges inside the semiconductor and 
charges on its surface. If E ³ Efb, a non-activating transfer of 
charge through the interphase is possible making the material 
promising for photo- and electrocatalytic applications. All the 
obtained films have demonstrated the semiconductor properties. 
The optical band gap of the semiconducting films was 
determinated via Tauc plots39–41 (see Online Supplementary 
Materials). The values of the optical band gap of poly-1, poly-2, 
poly-3 and poly-4 films on the ITO working electrode were 
2.78, 2.68, 2.75 and 2.81 eV, respectively.

In conclusion, we have demonstrated that the method of 
superoxide-assisted electrochemical deposition can be useful 
for  the production of film materials based on hydroxyphenyl 
porphyrins and their metal complexes. In this case, the C–O–C 
bridges act as the major moiety for the bonding of porphyrins 
inside the electropolymer. DMSO used as the medium ensures a 
sufficiently safe working environment due to its low toxicity and 
extends the capabilities of electrodeposition in forming coatings 
with predetermined properties. The polyporphyrin films prepared 
according to our method possess a hole type of conductivity.
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