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Abstract
We report the synthesis of non-peripheral metallophthalocyanines which carry four 4-(4-methoxyphenyl)-2-thiazole-2-thio 
units. 1H-NMR, FT-IR, UV–Vis, and MS data were acquired to characterize the synthesized compounds. Voltammetric and 
in situ spectroelectrochemical measurements shed light on the redox properties of the metallophthalocyanines (MPcs) in 
order to show the influence of the metal cations and thiazole-bearing substituents. In solution, the redox processes had an 
influence to the electrochromic responses, which were examined with in situ spectrocolorimetry. Phthalocyanines having 
cobalt (II), manganese (III), iron (III), and zinc (II) at the center yielded characteristic redox couples which are metal- and/
or Pc-based and which are harmonious with the common redox properties of these types of compounds. In situ spectroelec-
trochemistry provided the information that MPc species underwent distinct color changes during electron transfer reactions. 
Electropolymerization of all complexes was performed on glassy carbon electrode, and the electropolymerized film of FePc 
was evaluated as an active electrocatalyst, in the alkaline medium, for oxygen evolution reaction (OER).
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Introduction

Phthalocyanines comprise of a class of molecules that are 
closely associated with porphyrins, having the capacity to 
allow various metal ions at the macrocyclic cavity, which 
is due to their high planarity and 18 π-electron conjugation, 
yielding an aromatic structure [1]. Four isoindole units are 
present in these porphyrin analogs and their synthesis is 
mainly through cyclotetramerization of phthalonitrile, diimi-
noisoindole, phthalic anhydride, and phthalimide. Phthalocy-
anines could either be peripheral or non-peripheral, depend-
ing on the starting material used, having the substituent at 4 
or 3 position on the precursor, respectively.

Extensive electron-transfer abilities of the metal-bearing 
Pcs can be considered to be an indicator of their applications 
in innovative emerging fields, where the redox properties can 

be utilized depending upon the substituents at the periphery 
and the metal ion at the center [1–3].

The Q-band appearance around 600–750 nm is of rather 
high intensity when compared to the Soret band which 
appears at 300–400 nm. Moreover, one changes the sub-
stituents at the periphery along with the central metal ion, 
and this combination can even yield absorptions at more 
than 1000 nm [4].

When compared with porphyrins, phthalocyanines have 
higher chemical and thermal stability, improved near-IR 
absorption, and higher quantum yield values, and this makes 
MPcs perfect for manufacturing advanced aggregates of 
donor–acceptor feature [5].

It is of utmost importance to take the climatic and environ-
mental issues into account, faced by the world, to search for 
clean-burning fuels. Water-splitting process is employed to 
obtain oxygen and hydrogen from water and they are light- or 
electricity-driven; so far, they are the most proficient meth-
ods. The splitting reaction is consisted of anodic oxygen 
evolution reaction (OER) and cathodic hydrogen evolution 
reaction (HER). OER is a slower process and it hinders the 
efficiency of water-splitting; however, it has a critical role 
in producing energy alternatives that are clean and sustain-
able. Fruitful results with OER are possible to develop some 
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power catalysts, which will boost the reaction, but this has 
been a challenge. MPcs have been found to serve this pur-
pose, owing to their extraordinary properties, high avail-
ability, and low price. Substitution with various metal ions 
showing high catalytic activity toward OER and also being 
capable of bonding to –OH and O2 helps tailor the catalytic 
activity of MPcs [6]. MPc complexes like CoPc, MnPc, and 
FePc are redox-active and they have been reported to con-
tain more electron transfer ability because of the reduction or 
oxidation of metal centers than redox-inactive MPcs having 
Pc-based redox activities only [7–9]. The redox activity of 
the metal centers has the influence to technological applica-
tions, such as electrochromic materials [10], electrocatalysts 
in OER [11], HER [12], light absorbents in solar cells as 
dye sensitizers [13], and photodynamic cancer therapy [14]. 
For instance, Aralekallu, S. et al. studied the electrocatalytic 
activity of cobalt phthalocyanine containing structure as an 
efficient electrocatalyst for oxygen evolution reaction and 
reported overpotential of 370 mV at the current density of 
10 mA cm − 2 with cobalt phthalocyanine polymer-coated Ni 
foam and overpotential of 304 mV with the mixing of cobalt 
phthalocyanine polymer with the benchmark catalyst IrO2 
[15]. In another study, Liao, Z. et al. reported 1.60 V onset 
potential with the Ni–Fe-based bimetal-phthalocyanine for 
the oxygen reduction reaction [16]. There are many stud-
ies in the literature on the electrocatalytic activity of MPcs, 
especially CoPc and FePc due to their coordination with 
molecular oxygen after the M(II)/M(III) oxidation of the 
metal centers [17–20]. It is well documented in these studies 
that, electrode modification methods have significant influ-
ence on the catalytic activity in addition to the nature of the 
catalysts. Thus, here we aimed to prepare modified electrodes 
with electropolymerization technique. For this purpose, we 
synthesized new metallophthalocyanines-bearing electropo-
lymerizable thiazole moieties. The studies on the synthesis 
and electrochemistry of MPcs-bearing thiazole groups are 
in scare and incorporation redox-active substituents to the 
Pc are still taking attention to increase the redox richness 
of similar complexes [21–26]. Thus, here synthesis, electro-
chemistry and spectroelectrochemistry of thiazole-substituted 
phthalocyanines were examined in detail to illustrate the 
influence of the thiazole substituents and metal cations and 
to determine their possible usage in different electrochemical 
technologies.

In this study, we investigated the influence of thiazole 
groups at the periphery and metal ions at the center on the 
redox activity/inactivity of cobalt (II), manganese (III), iron 
(III), and zinc (II) phthalocyanines. Existing literature on 
the synthesis and electrochemistry of MPcs-bearing thia-
zole groups is scarce and incorporation of redox-active sub-
stituents to the periphery still attracts attention to increase 
the redox richness of similar complexes [21–26]. Thus, we 
here examined in detail the synthesis, electrochemistry, and 

spectroelectrochemistry of thiazole-substituted phthalocya-
nines to show the influence of the thiazole substituents and 
metal cations. In electrochemical fields, phthalocyanines 
required preparation of the modified electrodes for efficient 
use, and electropolymerization of MPcs on the electrode 
surface is one of the best electrode coating techniques. This 
is because this method allows more control on the modifica-
tion process. Thus, MPcs that contain thiazole substituents, 
which are electropolymerizable, were employed in this study 
to show how the electrode is modified with electropolym-
erization. We tested the electropolymerization of FePc on 
glassy carbon electrode and used the modified electrode as 
a catalyst for OER.

Results and discussion

Synthesis and characterization

Electrochemical studies of thiazole groups have been 
reported in some publications [25, 26]. We first looked at 
the effect of metal ion in the macrocyclic cavity on phthalo-
cyanines featuring electrocatalytic activity and we started 
the synthesis of thiazole-containing phthalocyanines. 
3-nitrophthalonitrile was used as the starting material to 
the phthalocyanine precursor. In Scheme 1, the synthesis 
of dinitrile compound and the target phthalocyanines are 
depicted (2–5). The compound 3-[4-(4-methoxyphenyl)-
2-thiazole-2-thio]-phthalonitrile (1) was synthesized 
in the reaction between 3-nitrophthalonitrile and 4-(4- 
methoxyphenyl)thiazole-2-thiol in N,N-dimethylformamide.  
The reaction was maintained at 85  °C for 24  h. In 2- 
dimethylaminoethanol as solvent, and metal salts (CoCl2, 
MnCl2, Fe(CH3COO)2, Zn(CH3COO)2), cyclotetrameri-
zation of compound 1 yielded the respective metallo-
phthalocyanines (2–5). Elemental analysis and spectral 
data (MALDI-TOF, 1H NMR, UV–Vis, and FT-IR) were 
employed for the elucidation of the structures.

FT-IR spectrum of compound 1 showed absorption sig-
nals at 2227 and 3112 cm−1, which are assigned to C≡N 
and C–H stretching of the aromatic rings, respectively. The 
1H-NMR spectrum of 1 in DMSO-d6 showed the signals at 
3.32 ppm as singlet due to protons of CH3 moiety. A singlet 
was due to the aromatic proton of the thiazole moiety at 
δ = 8.18 ppm. The dinitrile’s aromatic protons were observed 
at δ = 8.10, δ = 8.05–8.03 and δ = 7.95–7.94 ppm. Doublets 
were spotted originating from the aromatic protons of phe-
noxy ring at δ = 7.83–7.81 and δ = 6.99–6.95 ppm.

In the IR spectra of phthalocyanine derivatives (2–5), the 
metal at the center did not make a difference. Aromatic CH 
and aliphatic CH vibrations were observed in the range of 
3106–3055 and 2972–2829 cm−1, respectively. In the 1H 
NMR spectrum of 5, the aromatic protons were observed 
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between δ 8.20 and 7.01 ppm, integrating for 32 protons. 
Methoxy group protons were present at δ = 3.79 ppm. In 
the mass spectra, for FePc, [M-Ac]+ ion peak was recorded 
at m/z = 1453.32, while [M-Cl]+ ion peak for MnPc was 
observed at m/z = 1451.72. CoPc yielded the characteristic 
molecular ion peak at m/z = 1456.37 [M]+, confirming the 
target structure.

The π–π* transitions in the Pc ring appear as two bands 
in the UV–Vis region: the Q-band in 600–700 nm region 
and the B-band in 300–350 nm region [27–29]. In the spec-
tral spectrum of the heteroaromatic 18-π-electron system, 
π–π* transitions are seen as Q and B bands. In 1973, π → π* 
transition-based classification of MPc complexes was pro-
posed by Schaeffer et al. [30, 31]. With this method, π → π* 

transitions are named Q, B, N, L, and C in order of increas-
ing energy from 660 to 210 nm. If Q and B bands are present 
in the UV–Vis spectrum, it means that the phthalocyanine 
ring is formed. UV–Vis spectrum of the compounds 2, 4 and 
5 in THF display typical B-bands at 327, 304, and 398 nm, 
and Q bands at 682, 692, and 697 nm, respectively (Fig. 1). 
In the UV–Vis spectrum of MnPc (3), the B and Q bands 
were observed at 349 and 749 nm, respectively. Furthermore, 
MnPc (3) shows an absorption, owing to a charge transfer 
as LMCT, at 505 nm [32]. It is known that the Q-bands of 
Mn(III)Pc derivatives appear at longer wavelengths com-
pared to the + II oxidation states Pc metal complexes [33, 
34]. As a result, 40–50 nm visible redshift is observed in the 
absorption spectra for Mn (III) compounds.

Scheme 1.   Synthesis of 1–5. 
i. K2CO3, DMF, 85 °C, 24 h, 
ii. anhydrous metal salts, 
2-dimethylaminoethanol, 
24 h, 135 °C (M: Co, MnCl, 
Fe(OAc), Zn)
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Voltammetric and spectroelectrochemical 
measurements

As thiazole groups are polymerizable, they are a prefer-
ence in electropolymerization studies. Our group published 
a number of thiazole-substituted phthalocyanine com-
pounds [13, 14, 21, 27] and by Değirmencioğlu et al. [35], 
but only one of them was subjected to polymerization. We 
prepared, in this study, new phthalocyanines carrying four 
4-(4-methoxyphenyl)-2-thiazole-2-thio moieties and stud-
ied their electropolymerization properties in detail. The 
MPcs prepared were subjected to cyclic voltammetry and 
square wave voltammetry to study their electrochemical and 
spectroelectrochemical behaviors as to how the molecules 
respond to the electrochemical applications [36–39].

Table 1 lists the basic parameters, which include half-
peak potential (E1/2), anodic–cathodic peak potential sepa-
ration (ΔEp), anodic–cathodic peak current ratio (Ipa/Ipc) 
and the difference between the first oxidation and the first 
reduction potentials (ΔE1/2) used in the CV and SWV scans.

ΔE1/2 and E1/2 values lead to the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) energy levels and band gap. According to 
the reports, if the MPcs contain redox-inactive metal cent-
ers and the ΔE1/2 values are observed within 1.7–1.9 eV, the 
HOMO–LUMO transitions fall in ca. 650–700 nm. These 
MPcs are, in general, dark blue and are redox-inactive [40]. 
Dye sensitizers for solar cells generally employ these types 
of MPcs [41]. Generally, ΔE1/2 values less than 1.40 eV indi-
cate that the respective MPcs are redox-active and could be 
employed as electrocatalysts in a wide number of applica-
tions [42]. The MPcs in this study in which the central metal 
is redox-active were investigated with electrochemical and 
spectroelectrochemical methods to shed light on their rather 
wide applications. The effect of Co2+, Mn3+, and Fe3+ cati-
ons at the macrocyclic center and the presence of thiazole 
moieties on the redox responses of the respective phthalo-
cyanines was determined, and the results were compared 
with each other. The redox-active nature of these MPcs, 
metal-based along with the ring-based electron transfers is 
clearly observed.

In Fig. 2, CV and SWV voltammograms of CoPc on 
GCE in TBAP/DMF electrolyte are seen. The electro-
chemical behavior of CoPc yielded two oxidation waves, 
II at 0.61 V (ΔEp = 126 mV and Ip,a/Ip,c = 0.80), I at 1.04 V 
(ΔEp = 160 mV and Ip,a/Ip,c = 0.79), along with three reduc-
tion waves, III at -0.20 V (ΔEp = 63 mV and Ip,a/Ip,c = 0.83), 
IV at -1.20 V (ΔEp = 58 mV and Ip,a/Ip,c = 0.70), and V at 
-1.82 V (ΔEp = 73 mV and Ip,a/Ip,c = 0.72). ΔEp, Ip,a/Ip,c and 
peak current versus the square root of scan rates (Ip α ν1/2) 
led to the conclusion that I and II oxidation waves are elec-
trochemically and chemically quasi-reversible, and III, IV, 
and V reduction waves are electrochemically and chemi-
cally reversible. Metal-based reduction characters of the first 

Table 1   Voltammetric data of 
the complexes. All data were 
given versus Ag/AgCl in DMF/
TBAP electrolyte

Complexes Parameters I II III IV V V’

CoPc aE1/2 (V) 1.04 0.61 -0.20 -1.20 -1.75 -1.82
bΔEp (mV) 160 126 63 55 - 73
cIp,a/Ip,c 0.79 0.80 0.83 0.70 - 0.72

MnPc aE1/2 (V) 0.96 0.38 0.06 -0.67 -1.24 -1.74
bΔEp (mV) 60 81 72 121 60 110
cIp,a/Ip,c 0.88 1.00 1.00 0.78 0.70 0.70

FePc aE1/2 (V) 1.16 0.54 0.22 -0.54 -1.04 -1.85
bΔEp (mV) 80 60 97 60 80 90
cIp,a/Ip,c 1.00 0.60 1.00 0.98 0.87 1.00
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Fig. 2   a) CVs of CoPc (5.0 × 10–4  mol.dm−3) recorded from 25 to 
500  mV/s scan rates and b) SWV of CoPc recorded at 0.100 Vs−1 
scan rate on a GCE working electrode in TBAP/DMF electrolyte sys-
tem
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reduction (III) and first oxidation (II) waves of the complex 
are supported by the ΔE1/2 and E1/2 values (0.81 V). Slight 
differences between the cathodic peak currents of the III and 
IV processes may be due to the succeeding fast chemical 
reaction. This chemical reaction may be due to the coor-
dination or non-coordination of the coordinating DMF on 
the central cobalt cation of the complex. Analyses of these 
couples indicated that the IV couple has diffusion-controlled 
mass transfer processes and behaves electrochemically and 
chemically reversible. Moreover, the possible chemical 

reaction succeeding the III couple slightly influences the 
behaviors of the IV process. 0.81 V of ΔE1/2 and -020 V 
of E1/2 values of the III and 0.61 V of II redox couples of 
CoPc complex support the metal-based reduction and oxida-
tion characters of the corresponding couple. Electrochemi-
cal measurements are solely not enough to determine the 
reaction mechanism of complexes. Spectroelectrochemical 
measurements are performed in tandem to reveal the reac-
tion mechanisms. In situ spectroelectrochemical measure-
ments are performed during electrolysis of the complexes 

Fig. 3   In situ UV–Vis spectral changes of CoPc in TBAP/DMF electrolyte system. a) Eapp = -0.40 V b) Eappi = -1.40 V c) Eapp = 1.20 V, d) Chro-
maticity diagram (each symbol represents the color of electro-generated species; ▯: [CoIIPc−2]; O: [CoIPc−2]1−; ∆: [CoIPc−3]2−; ☆: [CoIIIPc−2]1+
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and they help us determine the exact mechanism of the redox 
couples and they support the Pc and metal center electron 
transfer processes. Voltammetric results proposed some 
information about the mechanisms and spectroelectrochemi-
cal measurements clarify them. In TBAP/DMF electrolyte, 
CoPc’s in situ UV–Vis spectrum and chromaticity responses 
are presented in Fig. 3.

When the first reduction potential was applied to the 
working electrode, the Q band at 679 nm along with a 
small shoulder at 623 nm undergoes hypochromism with 
a bathochromic shift of 30 nm and a new band was seen 
in the LMCT region (Fig. 3a). [CoIIPc−2]/[CoIPc−2]1− pro-
cess is therefore deduced owing to the couple III of CoPc 
(Fig. 2) [43, 44]. At -1.40 V applied potential, the spectrum 
in Fig. 3b is typical for a reduction in Pc. During the sec-
ond reduction in the molecule, the 709 nm band decreased 
without shift, and a new band was observed at 546 nm. This 
is a clear explanation for [CoIPc−2]1−/[CoIPc−3]2 reduction 
process [45–47]. Because the Q band shifted bathochromi-
cally (Fig. 3c), the first oxidation process (II) seems to be 
logical for the assignment of [CoIIPc−2]/[CoIIIPc−2]1+ oxida-
tion process. The oxidation of Pc ring is eminent as the Q 
band at 694 nm decreased in intensity when more positive 
potential was applied, and thus, second oxidation wave (I) 
corresponds to [CoIIIPc−2]1+ /[CoIIIPc−1]2+ process. Dur-
ing redox process, the color of CoPc changes and this is 
illustrated in Fig. 3d. CoPc’s color changed from light blue 
(x = 0.288 and y = 0.328) to cyan (x = 0.332 and y = 0.334) 
during the first reduction process III. Process IV, namely 
the second reduction, caused the complex to go to purple 
(x = 0.329 and y = 0.292). In the first oxidation, the color 
changes from light blue (x = 0.288 and y = 0.328) to light 
green (x = 0.316 and y = 0.336).

The influence of Cl− MnIII ion at the center on the MPc 
system was investigated for different redox activities.  
Figure 4 shows that MnPc undergoes two oxidation (I and II)  
steps and four reductions (III, IV, V, and VI) in TBAP/
DMF. Table 1 provides an analysis for these peaks and it 
seems that only IV and VI couples are quasi-reversible, 
while the other processes are electrochemically reversible. 
Figure 4 indicates that very low potentials, such as 0.06 
and -0.67 V, are required to reduce the MnPc macrocycle 
as in [Cl1−-MnIIIPc−2]/[Cl1−-MnIIPc−2]1− and the reduc-
tions following are [Cl1−-MnIIPc−2]1− to [MnIIPc−2]0) and 
[MnIIPc−2]/[MnIPc−2]1− Process IV, as mentioned before, 
has a quasi-reversible character, and this chemical reaction 
might be the reason for this. Successive ring reductions 
for MnPc are observed as ([MnIPc−2]1−/[MnIPc−3]2− and 
[MnIPc−3]2−/[MnIPc−4]3−) and these are harmonious with 
the literature [25, 48]. In situ spectroelectrochemistry con-
firms all these assignments (Fig. 5).

The UV–Vis response of MnPc during its electroly-
sis is shown in Fig.  5. In Fig.  5a, controlled potential 

reduction in MnPc at -0.40 V vs Ag/AgCl is shown, and 
this reduction wave corresponds to the redox potential of 
couple III. A hypsochromic shift from 748 to 680 nm was 
encountered, and new bands at 510, 581, and 854 nm were 
observed during this process. Metal-based reduction [49] 
and formation of [Cl1−-MnIIPc−2]1− species are consistent 
with these spectral changes. When this process was com-
pleted, [Cl1−-MnIIPc−2]1− species underwent a release of 
the axially bound chloride ion and a new species, namely 
[MnIIPc−2], was formed. Couples IV and V are indicative of 
metal- and ring-based reductions, respectively, accompanied 
by the spectral changes, and these changes are presented in 
Fig. 5b. When the [MnIIPc−2] is reduced to [MnIPc−2]1−, 
the Q band undergoes a hypochromic change, along with 
the formation of new bands at 474, 509, 605, and 653 nm, 
and the Q band vanished. When [MnIPc−2]1− was reduced 
to [MnIPc−3]2−, this caused a hypochromic change in the Q 
band, and new bands were observed in the MLCT region, 
which are typical of ring-based reduction behavior in MPcs 
[25, 46]. During oxidation, Q band was hyperchromic with 
a tiny bathochromic shift from 745 to 754 nm (Fig. 5c). This 
is a clear indication of metal-based oxidation and sheds light 
on [Cl1−-MnIIIPc−2]/[Cl1−-MnIVPc−2]1+ process. During 
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766 Journal of Solid State Electrochemistry (2022) 26:761–772



1 3

in situ electrocolorimetry of MnPc, the chromaticity dia-
gram is produced and shown in Fig. 5d. Neutral MnPc is 
cyan (x = 0.226 and y = 0.322) and it was reduced to blue 
(x = 0.227 and y = 0.288), and then to dark blue (x = 0.226 
and y = 0.238). When neutral MnPc was oxidized, it turned 
to green (x = 0.308 and y = 0.343).

CV and SWV of FePc, in DMF/TBAP electrolytic sys-
tem, are presented in Fig. 6. Acetate ion was bound to 
iron(III) in the neutral state, symbolized as [Ac1−-FeIIIPc−2]. 

As soon as the circuit is complete, the iron(III) ion 
was immediately reduced to iron(II), forming the 
[Ac1−-FeIIPc−2]1− species. The redox couple at 0.26 V was 
ascribed to the reduction process, shown as [Ac1−-FeIIIPc−2] 
to [Ac1−-FeIIPc−2]1− and at 0.0 V, it was present in the latter 
form. When scanned anodically with CV and SWV, there 
were two oxidative processes at 0.56 V (II, [Ac1−-FeIIIPc−2] 
/ [Ac1−-FeIIIPc1−]1+) and at 1.16 V (I; [Ac1−-FeIIIPc1−]1+ 
/ [Ac1−-FeIIIPc0]2+). [Ac1−-FeIIPc−2]1− species reduced to 

Fig. 5   In situ UV–Vis spectral changes of MnPc in TBAP/DMF elec-
trolyte system. a) Eapp = -0.40  V b) Eappi = -1.20  V c) Eapp = 1.20  V, 
d) Chromaticity diagram (each symbol represents the color of 

electro-generated species;  ▯: [MnIIIPc−2]; O: [MnIIPc−2]1−;  ∆: 
[MnIIPc−3]2−; ☆: [MnIIIPc−1]1+

767Journal of Solid State Electrochemistry (2022) 26:761–772



1 3

[Ac1−-FeIPc−2]2− at -0.54 V (IV) during cathodic poten-
tial scans. The oxidation state of FePc was reduced, 
and the axial ligand, acetate, was released after the pro-
cess IV, yielding the [FeIPc2−]1− species. There were 
further reductions, at -1.04 (couple V) and -1.85  V 
(couple VI), assignable to [FeIPc−2]1−/[FeIPc−3]2− and 
[FeIPc−3]2−/[FeIPc−4]3− processes.

Spectroelectrochemical responses of FePc are also evalu-
ated to provide an exact explanation to the system. The spec-
tral changes of FePc are illustrated in Fig. 7.

When the circuit is established, [Ac1−-FeIIIPc−2] spe-
cies were reduced to [Ac1−-FeIIPc−2]1− species and thus 
the spectrum observed at 0.0  V represents response of 
[Ac1−-FeIIPc−2]1− species. Potential applied at -0.70 V led to 
a hyperchromic change of [Ac1−-FeIIPc−2]1− and new peaks 
emerge at 576 and 810 nm. This is a clear indication of the 
reduction in [Ac1−-FeIIPc−2]1− to [Ac1−-FeIPc−2]2− species 
(Fig. 7a). Figure 7a shows that, toward the end of the reduc-
tive process, the spectral response started to change. The 
release of acetate ion is eminent in the shift of 810 nm band 
and hypochromism of the 389 nm band. During this reduc-
tion, acetate ion was released from [Ac1−-FeIPc−2]2− and 
turned to [FeIPc−2]1− species. At -1.20  V, the spectral 
changes pointed to a ring-based reductive change, which can 

be ascribed to [FeIPc−2]1− to [FeIPc−3]2− reduction (Fig. 7b). 
Figure 7c shows the spectral changes during oxidation. 
Under 0.40 V potential applied, [Ac1−-FeIIPc−2]1− species 
were oxidized to neutral [Ac1−-FeIIIPc−2]. A bathochromic 
shift of the Q band from 676 to 730 nm is a supportive find-
ing to the oxidation to neutral [Ac1−-FeIIIPc−2] (Fig. 7c). 
The hypochromic change of the Q band with the potential 
application at 0.70 V is an attributable observation to the 
oxidation of neutral [Ac1−-FeIIIPc−2] (Fig. 7c inset). In situ 
colorimetry was exercised in the recording of FePc’s redox 
processes accompanied by color change of the solution 
(Fig. 7d). When no potential is applied, the solution contain-
ing [Ac1−-FeIIPc−2]1− species was greenish blue (x = 0.261 
and y = 0.362). When the potential was applied by stepping 
from 0 to -1.20 V, the initial color changed to light blue 
(x = 0.261 and y = 0.287) and then to blue (x = 0.246 and 
y = 0.228). The first oxidation led to a color change to tur-
quoise (x = 0.273 and y = 0.348). Between redox species, 
distinct changes of colors are a consideration of possible 
use of them in electrochromism.

Electrode modification and oxygen 
evolution reaction

Our previous paper indicated that MPcs having thiazole 
groups could be electropolymerized on the electrode surface, 
thus possibility of the electropolymerizations of MPcs was 
examined [26]. Metallophthalocyanines with thiazole groups 
are, as reported by our group, capable of being electropoly-
merized and thus, we searched the possibility of electropo-
lymerizations of MPcs. It is known that thiazole-containing 
compounds are easy to electropolymerize in dichlorometh-
ane. MPcs having tetrakis [4-(4-methoxyphenyl)-2-thiazole-
2-thio] substituents were electropolymerized on the work-
ing electrode in DCM/TBAP electrolyte. Repetitive cyclic 
voltammetry is reported in the literature as a potential elec-
tropolymerization technique, which is adopted by us [50–52]. 
We observed that all compounds were electropolymerized 
on the working electrode with similar repetitive CV scans. 
Figure 8 is an example of the electropolymerization of FePc. 
FePc had two oxidative waves at 1.00 and 1.62 V along with 
a single reductive wave at 0.31 V. During the first CV, cati-
onic radicals of thiazole groups are formed. These cationic 
radicals dimerize from the neighboring carbon of the S in 
the thiazole ring, which is followed by the formation of a 
sigma bond between two thiazole groups. During the con-
secutive CV cycles, new nucleation and oligomerization 
processes are taken place to form conductive MPc film on 
the electrode surface [53]. The formation of electropolymer-
ized film was evidenced by a cathodic shift during repetitive 
CVs. The increase in current starts to decrease after the sixth 
cycle, owing to the decrease in conductivity of the film that is 
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formed on the working electrode. GCE/FePc modified elec-
trode is thus optimized after 6 CV cycles.

As a possible electrocatalyst for oxygen evolution reac-
tion (OER), GCE/FePc modified electrocatalyst was tested 
in 1.0 mol dm−3 NaOH electrolyte at the pH of 12.54. For 
OER catalytic activity, linear sweep voltammetry (LSV) 
was performed on a rotating disk electrode (RDE) at a 3 
mVs−1 scan rate within 1.00–2.25 V potential range ver-
sus reversible hydrogen electrode (RHE). The experiments 

were performed versus Ag/AgCl, but the plot was drawn 
versus RHE46 to compare easily with the literature and to 
remove the pH effect. In Fig. 9, LSV curves are provided 
for the fabricated GCE/FePc, commercial GCE/IrO2, and 
bare GCE, with onset potentials as 1.57, 1.71, and 1.95 V, 
respectively. With increased current density, the fabricated 
GCE/FePc yielded a significantly low onset potential. The 
fabricated GCE/FePc could be a possible electrocatalyst 
for the water-splitting reactions.

Fig. 7   a) Eapp = -0.70 V b) Eappi = -1.20 V c) Eapp = 0.40 V (inset; Eapp = 0.70 V), d) Chromaticity diagram (each symbol represents the color of 
electro-generated species; ▯: [Ac1−-FeIIPc−2]1−; O: [FeIPc−2]2−; Δ: [FeIPc−3]3−; ☆: [Ac1−-FeIIIPc−2]
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Conclusions

In this work, 4-(4-methoxyphenyl)-2-thiazole-2-thio sub-
stitutions at non-peripheral metallophthalocyanines were 
formed, then 1H-NMR, FT-IR, UV–Vis, and MS data were 
acquired to characterize the synthesized compounds. The 
effects of redox-active cobalt (II), chloromanganese (III), 
and acetatoiron (III) metal centers on electrochemical and 
spectroelectrochemical properties of the metallophthalo-
cyanines were investigated. Through electrochemical and 
spectroelectrochemical measurements, the proposed struc-
tures of the compounds were suggested. Voltammetric 

and spectroelectrochemical studies provided the insight 
that CoPc, MnPc, and FePc underwent metal- and ligand-
based, diffusion-controlled, multi-electron and reversible/
quasi-reversible redox processes. The presence of multi-
electronic metal- and ring-based redox chemistry increases 
the benefit of the complexes, as functional materials in 
electrosensing, electrochromisms, and electrocatalysis, 
being some examples to possible electrochemical appli-
cations. In addition, GCE/FePc modified electrode can 
be operated as an active electrocatalyst for OER, in some 
examples like PEM and alkaline water electrolysis devices.
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