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Halise Yalazan a, Zehra Kurtuluş b, Atıf Koca b, Halit Kantekin a,*

a Faculty of Sciences, Department of Chemistry, Karadeniz Technical University, Trabzon, 61080, Türkiye
b Engineering Faculty, Department of Chemical Engineering, Marmara University, İstanbul, Türkiye
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A B S T R A C T

Novel CoII (nANTH–CoPc), CuII (nANTH–CuPc), and MnIIICl (nANTH-MnClPc) phthalocyanines were ob
tained by substituting the 3-(4-((1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-ylimino)methyl)phe
noxy) Schiff base compound (nANTH–OH) obtained by the acid-catalyzed condensation reaction of 4- 
aminoantipyrine and 4-hydroxybenzaldehyde at non-peripheral positions. By using various spectroscopic tech
niques, (NMR, MALDI-TOF, FT-IR, and UV–Vis), the structures of green-colored phthalocyanine compounds and 
precursor phthalonitrile compounds were identified. The electrochemical responses of cobalt (II) 
(nANTH–CoPc), cupper (II) (nANTH–CuPc), and manganese (III) (nANTH-MnClPc) phthalocyanines were 
determined, and their redox responses were analyzed based on the different metal centers. The results indicated 
that using redox-active Co2+ and Mn3+ cations instead of Cu2+enhanced the redox richness of the complexes due 
to the observation of extra metal-based electron transfer reactions in addition to the Pc-based ones. In-situ 
spectroelectrochemical analyses of the complexes were used to support the peak assignments of the redox 
processes and the spectrum and color of the electrogenerated species during the redox reactions. Supported these 
redox mechanisms. Multi-electron transfer processes and distinct color changes during these processes indicate 
the possible usage of these complexes in various electrochemical and opto-electrochemical processes. Metal- 
based electron transfer reactions illustrated different spectral changes than those of the Pc-based ones, and 
these spectral changes significantly differed the color of the anionic and cationic species.

1. Introduction

Recent years have witnessed significant advancements in the field of 
electrochemical organic synthesis. Organic synthesis is one of the most 
potential fields for electrochemical methodology development, as it can 
facilitate the simplification of synthetic pathways. As such, there has 
already been a significant rise in the finding of novel compounds based 
on phthalocyanines (Pcs). A significant strategy for using phthalocya
nines in the realm of electrochemistry is the design and construction of 
novel phthalocyanines that include appropriate metal ions and 
substituted groups inside the same molecule [1–3].

Aromatic macrocyclic compounds, metallophthalocyanines (MPcs), 
possess an 18 π-electron system and have extensive uses in multiple 
fields, including enzyme inhibition [4–6], photocatalytic [7–9], sensor 
[10,11], photovoltaic [12,13], solar cells [14–16], and photodynamic 

therapy [17–19]. In addition, metallophthalocyanines have been used in 
various electrochemical technologies, such as electro-catalytic, elec
tro-sensing, and electro-chromic fields, due to their rich redox properties 
[20–22]. The redox activities of MPcs are assigned to the Pc ring, metal 
center, and/or the substituents. The Pc ring can illustrate up to four 
reduction and two oxidation processes due to the conjugated 18 π 
electrons of the Pc ring. Additionally, redox-active metal centers and 
redox-active substituents can cause extra electron transfer reactions in 
addition to those of the Pc ring [23–25].

Pcs with redox-active metal centers (such as Cr, Co, Fe, Mn, etc.) are 
particularly significant due to their electrochemical characteristics. Of 
these, the corresponding metallophthalocyanines (MPcs) with oxidation 
states ranging from Mn+ to Mn4+ and from Co1+ to Co3+ exhibit 
promising electrochemical capabilities owing to the electroactive nature 
of the two essential metals, Mn and Co [26,27]. Although the synthesis 
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and electrochemistry of many MPcs have been documented in the 
literature, the majority of these complexes—such as CoII, ZnII, CuII, and 
NiII—feature a MIIPc core because of their easy synthesis, high yield, and 
simplicity of purification [28,29]. Due to their redox richness, MPcs 
featuring more oxidized metal centers are rare and have more applica
tion potential [30–35]. Since the metal center of MnIIIClPc has a 3+
oxidation state, the metal center has an axial ligand. An axial ligand’s 
capacity to bind to the central metal ion of MPc allows it to be used as a 
potential functional material for applications such as electrochemical 

sensing and electrocatalytic reduction/oxidation. The target species and 
MPcs’ electron transport characteristics are impacted by this type of 
complex binding of the target species to the axial location of the metal 
center [36].

There are many papers on the electrochemistry and spectroelec
trochemistry of different metal phthalocyanines including Co, Cu and 
Mn metal centers. It is known that redox properties of MPcs can be 
altered by changing the metal centers and substituent environments. 
Type, number and position of substituents influence the solubility and 

Scheme 1. Phthalonitrile compound (nANTH–CN) and Schiff base substituted non-peripheral symmetrical cupper (nANTH–CuPc), cobalt (nANTH–CoPc), and 
manganese (nANTH-MnClPc) phthalocyanines. (i) dry DMF, N2, 55 ⁰C, anhydrous K2CO3 (ii) CoCl2, CuCl2, and MnCl2, N2, DBU, n-penthanol, 138 ⁰C. M: CoII, 
CuII, MnIIICl.
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aggregation properties of the complexes which influence their electro
chemical features [36]. Additionally, electron withdrawing/releasing 
behaviors of the substituents affects the positions of these complexes. 
Thus it is important to determine the electrochemistry and spec
troelectrochemistry of newly synthesized metal phthalocyanines to 
predict their possible applications in different fields. The nature, kind, 
and electron transfer capabilities of the metal or substituents, as well as 
their solubility and aggregation characteristics, determine the potential 
applications of Pcs. By attaching bulky groups in the right locations and 
adding the appropriate metal, Pcs with rich redox characteristics and 
high solubility may be designed [3]. The electrochemical reactions of 
the Pc ring and metal core are known to be more impacted by 
non-peripherally substituted moieties than by peripheral substitution. 
For instance, because of the substituents’ steric influence and/or 
electron-releasing capacity, non-peripheral substitutions hinder the 
interaction of the core metal with molecular oxygen [33].

Schiff bases, which are structures with the imine bond N––CH-, are 
commonly recognized. They are created by condensing primary amines 
with carbonyl groups that are active, such as aldehydes or ketones, and 
then removing the water. The availability of donor lone electron pairs on 

the nitrogen atom, conjugation ability, and the capacity to offer a sig
nificant degree of conformational flexibility needed by supramolecular 
chemistry are the benefits of the imine moiety [37]. In this study, Schiff 
base compounds designed as a substituent group for the Pc ring have 
wide applications in medicine and biological processes, and there are a 
limited number of studies examining their electrochemical properties. It 
is well known that redox responses of MPc are significantly influenced 
with the substituents in addition to the effects of metal centers [38–40], 
thus it is important to determine the redox features of newly synthesized 
nANTH–CoPc, nANTH–CuPc, and nANTH-MnClPc complexes in 
order to predict their possible applications in different areas.

Taking all these features into consideration, the synthesis of Schiff 
base-substituted non-peripheral nANTH–CoPc, nANTH–CuPc, and 
nANTH-MnClPc was designed in this study. To predict possible appli
cation fields of the newly synthesized phthalocyanines, detailed elec
trochemical properties should be determined. For this purpose, we have 
investigated the voltammetric and spectroelectrochemical responses of 
nANTH–CoPc, nANTH–CuPc, and nANTH-MnClPc.

Fig. 1. 13C NMR spectrum of nANTH–CN.

Fig. 2. Mass spectrum of nANTH–CN.
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2. Experimental

Supplementary information is provided, including the materials, 
equipment, and electrochemical and in situ spectroelectrochemical 
measurements of the phthalocyanines.

2.1. Synthesis

2.1.1. 3-(4-((1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4- 
ylimino)methyl)phenoxy) phthalonitrile (nANTH–CN)

In 20 mL of dry dimethyl formamide (DMF), the yellow Schiff base 
compound (0.46 g, 1.50 mmol) (nANTH–OH) was dissolved, and then 

3-nitrophthalonitrile was added to the reaction content. Anhydrous 
K2CO3 (0.62 g, 4.50 mmol) began to be added to the reaction content in 
parts as soon as the temperature reached 50 ◦C. With the addition of 
K2CO3, the color of the reaction mixture changed from yellow to dark 
brown. For ninety hours, the reaction mixture with a dark brown color 
was stirred at 55 ◦C in an atmosphere of nitrogen. Following the pouring 
of this mixture into about 100 g of ice, the product precipitated and was 
filtrated. Using a column containing alumina and a chloroform solvent, 
the resultant product was purified using column chromatography. A 
yellow solid known as phthalonitrile compound (nANTH–CN) was 
produced.

Yields: 55% (0.36 g). Melting point: 248− 250 ◦C. FT–IR (ATR), υmax 
(cm-1): 3088 (Ar‒H), 2930− 2853 (Aliph. C− H), 2231 (C–––N), 1682 
(C=O), 1649 (C=N), 1574, 1497, 1455, 1358, 1269, 1198, 1133, 1099, 
984, 852, 769. 1H NMR (DMSO‑d6), (δ:ppm): 9.68 (s, 1H, C=N), 8.09 (d, 
1H, Ar‒H), 7.91 (d, 1H, Ar‒H), 7.63‒7.50 (m, 1H, Ar‒H), 7.44 (t, 2H, 
Ar‒H), 7.32 (d, 2H, Ar‒H), 7.19 (s, 1H, Ar‒H), 7.14 (d, 2H, Ar‒H), 7.09 
(d, 2H, Ar‒H), 3.16 (s, 3H, N‒CH3), 2.57 (s, 3H, CH3). 13C NMR (CDCl3), 
(δ:ppm): 160.09 (C=N), 159.85, 159.18, 156.35, 134.74, 134.59, 
134.14, 133.77, 132.31, 131.55, 129.45, 128.51, 127.83, 127.72, 
125.05, 122.39, 121.60, 120.17, 119.83, 117.76 (C–––N), 117.51 (C–––N), 
114.98, 112.45, 106.96, 35.42 (N‒CH3), 10.92 (CH3). MS (MALDI–TOF) 
m/z: Calculated: 433.46; found 433.07 as [M]+ for C26H19N5O2.

2.1.2. Schiff base substituted non-peripheral metallated phthalocyanines 
(nANTH–Co/Cu/MnClPc)

Following the dissolution of the phthalonitrile compound 
(nANTH–CN) (0.1 g, 0.23 mmol) in n-pentanol (5 mL), anhydrous 
metal salt (CoCl2 (0.015 g, 0.12 mmol) or CuCl2 (0.015 g, 0.12 mmol) or 
MnCl2 (0.014 g, 0.12 mmol)) and 1,8-diazabicyclo[5.4.0]undec‑7-ene 
(DBU) (8 drops) were added. When metal salt and DBU were added, the 
reaction content’s color changed from light yellow to dark green. The 
mixture with a green color was mixed for 19 h at 138 ◦C in an atmo
sphere of nitrogen, and then the product was filtered after being 
precipitated by the addition of ethyl alcohol (20 mL). Using an alumina- 
loaded column and a solvent system consisting of chloroform (5 mL): 

Fig. 3. UV–Vis spectra of nANTH–Co/Cu/MnClPc.

Table 1 
Electrochemical data of the complexes in DMSO/TBAP solution. All potentials 
were given versus Ag/AgCl.

E1/2 (V) of Redox 
Processes

Complexes R1 R2 R3 O1 O2 Refs.

nANTH–CuPc − 0.63 − 1.02 − 1.46 0.97 
(1.02)a

1.43 tw

nANTH-CoPc − 0.32 − 067 − 1.20 0.31 0.94 (1.19)b tw
nANTH-MnClPc 0.24 − 0.67 − 1.25 0.96 1.16 tw
CoPc − 0.48 − 1.29 − 1.92 0.30 0.91 [65]
CoPc − 0.38 − 1.30 – 0.39 – [49]
CoTMPyrPc − 0.50 − 1.34 − 1.93 0.47 1.00 [66]
CoTMPyrPc − 0.26 − 1.25 − 1.84 0.52 1.00 [58]
CuPc(mpt) − 0.95 − 1.21 − 1.88 0.58 1.30 [67]
CuPc − 0.70 − 1.02 – 0.68 1.13 [58]
CuPc − 0.73 − 1.08 − 1.64 – – [49]
MnClPc − 0.30 − 0.90 − 1.36 0.38 

(0.51)
0.88 [65]

MnClPc − 0.08 − 0.84 – 0.30 0.87 [68]
MnTMPyrPc − 0.06 − 0.68 − 1.19 – – [66]
MnClPc(m) − 0.23 − 0.80 − 1.04 – – [69]

a : CoPc illustrated O3 at 0.90 V and O4 at1.20 V in addition to O1 and O2 in 
DMSO/TBAP electrolyte.
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ethyl alcohol (2 drops) (for all compounds), the green solid was purified 
by column chromatography. The corresponding title products were 
produced as solids with colors of turquoise green, dark blue, and brown- 
green for CoIIPc (nANTH–CoPc), CuIIPc (nANTH–CuPc), and 
MnIIIClPc (nANTH-MnClPc), respectively.

2.1.2.1. 1(4),8(11),15(18),22(25)-[4-((1,5-dimethyl-3-oxo-2-phenyl- 
2,3-dihydro-1H-pyrazol-4-ylimino)methyl)phenoxy)] phthalocyaninato co
balt (II) (nANTH–CoPc). Yields: 26% (26 mg). Melting point >300 ◦C. 
FT–IR (ATR), υmax (cm-1): 3060 (Ar‒H), 2926− 2857 (Aliph. C− H), 
1713, 1650, 1590, 1499, 1331, 1244, 1211, 1134, 1093, 978, 833. UV‒ 
Vis (CHCl3), λmax, nm (logε): 690 (4.99), 620 (4.42), 337 (5.08). MS 
(MALDI–TOF) m/z: Calculated: 1792.78; found 1793.97 as [M + H]+ for 
C104H76N20O8Co.

2.1.2.2. 1(4),8(11),15(18),22(25)-[4-((1,5-dimethyl-3-oxo-2-phenyl- 
2,3-dihydro-1H-pyrazol-4-ylimino)methyl)phenoxy)] phthalocyaninato 
cupper (II) (nANTH–CuPc). Yields: 29 % (29 mg). Melting point >300 
◦C. FT–IR (ATR), υmax (cm-1): 3063 (Ar‒H), 2926− 2856 (Aliph. C− H), 
1713, 1645, 1590, 1477, 1338, 1245, 1156, 1091, 976, 833. UV‒Vis 
(CHCl3), λmax, nm (logε): 698 (5.10), 627 (4.46), 335 (4.95). MS 
(MALDI–TOF) m/z: Calculated: 1797.39; found 1797.85 as [M]+for 
C104H76N20O8Cu.

2.1.2.3. 1(4),8(11),15(18),22(25)-[4-((1,5-dimethyl-3-oxo-2-phenyl- 
2,3-dihydro-1H-pyrazol-4-ylimino)methyl)phenoxy)] phthalocyaninato 
manganese (III)chloride (nANTH-MnClPc). Yields: 30 % (30 mg). 
Melting point >300 ◦C. FT–IR (ATR), υmax (cm-1): 3059 (Ar‒H), 
2923− 2853 (Aliph. C− H), 1723, 1646, 1592, 1476, 1355, 1245, 1155, 
972, 833. UV‒Vis (CHCl3), λmax, nm (logε): 752 (5.06), 682 (4.55), 520 
(4.52), 404 (5.17). MS (MALDI–TOF) m/z: Calculated: 1824.24; found 
1824.59 as [M]+ for C104H76N20O8MnCl.

3. Results and discussion

3.1. All compounds’ characterizations

The synthesis route of Schiff base substituted cobalt 
(nANTH–CoPc), copper (nANTH–CuPc), and manganese (nANTH- 
MnClPc) phthalocyanines and the phthalonitrile compound 
(nANTH–CN), which is the precursor molecule for these compounds, is 
given in Scheme 1.

Results from Fouirer Transform Infrared spectroscopy (FT-IR) and 
nuclear magnetic resonance (NMR) spectroscopy, UV–Vis spectropho
tometry, and matrix-assisted laser desorption ıonization–time of flight 
(MALDI-TOF) mass spectrometry were in agreement with all com
pounds’ theoretical structures, and the experimental section contains all 
pertinent information.

The structure of the precursor phthalonitrile compound 
(nANTH–CN) is confirmed by the observation of the nitrile stretching 
vibration at 2231 cm-1 in the FT-IR spectrum. This compound’s imine 
group (CH––N) was detected at 9.68 ppm, aromatic protons were 
detected among 8.09‒7.09 ppm, and methyl groups were detected be
tween 3.16 (N–CH3) ppm and 2.57 (CH3) ppm in the 1H NMR spectrum. 
In the 13C NMR spectrum, the imine group (C=N) was seen at 160.09 
ppm, and the nitrile groups (C–––N) were seen at 117.76 and 117.51 ppm. 
(refer to Figs. 1‒S1).

Schiff base-substituted precursor phthalonitrile derivative’s 
(nANTH–CN) mass spectrum (MALDI-TOF) result verified the molec
ular ion peak at m/z 433.07 as [M]+ (refer to Fig. 2).

The metallated phthalocyanines (nANTH–Co/Cu/MnClPc) with 4- 

Fig. 4. CVs and SWVs of nANTH–CuPc (5.0 × 10–4 mol.dm-3) recorded at 
various scan rates on a GCE working electrode in DMSO/TBAP.

Fig. 5. CVs and SWVs of nANTH–CoPc (5.0 × 10–4 mol.dm-3) recorded at 
various scan rates on a GCE working electrode in DMSO/TBAP.
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((1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-ylimino) 
methyl)phenoxy) moieties at the non-peripherally tetra substituted and 
the preferred solvent, n-penthanol at reflux temperature, were produced 
by cyclotetramerization of the precursor ligand (nANTH–CN) in the 
presence of metal salts (CoCl2, CuCl2, and MnCl2) in an attempt to 
prepare targeted MPcs.

The disappearance of the strong C–––N vibration at 2231 cm-1 indi
cated the cyclotetramerization of the phthalonitril derivative, and thus 
the formation of phthalocyanine compounds (nANTH–Co/Cu/ 
MnClPc) was observed in the FT-IR. The paramagnetic properties of the 
Schiff base substituted cobalt (nANTH–CoPc), copper 
(nANTH–CuPc), and manganese (nANTH-MnClPc) phthalocyanines 
prevented NMR measurement from being performed. Pcs exhibit two 
absorption bands in the UV–Vis spectrum, referred to as the Q and B 
bands, which are among the most significant indicators of phthalocya
nine compound synthesis [35]. We measured the UV–Vis spectra of the 
cobalt (nANTH–CoPc), manganese (nANTH-MnClPc), and copper 
(nANTH–CuPc) phthalocyanines in CHCl3. These compounds’ Q and B 
bands were measured to be between 752− 690 nm and 404− 335 nm, 
respectively. nANTH-MnClPc also showed the B band in addition to the 
new absorption band at about 520 nm (refer to Fig. 3).

The synthesis of Pcs required MnCl2, hence the production of MnIIPc 
was expected. On the other hand, the MnIIPc (nANTH-MnClPc) has 
redshifted Q band absorption in the UV–Vis spectrum. This observation 
recommended the formation of MnIIICl-type phthalocyanine. The pri
mary cause of the synthesis of the MnIIIClPc product during purification 
procedures was most likely the aerobic conditions. The nANTH-MnClPc 

UV–Vis spectrum is clearly different from the nANTH–CoPc and 
nANTH–CuPc spectra. In the compound with Pc, nANTH-MnClPc has 
an oxidation state of 3+, whereas the oxidation states of nANTH–CoPc 
and nANTH–CuPc are 2+. In comparison to the Q bands of the other 
Pc-Co and Pc-Cu, the Q band of Pc-Mn is displaced by 54–62 nm. 
Additionally, the nANTH-MnClPc UV–Vis spectrum has a red-shifted Q 
band at 752 nm, which is characteristic of MnIIIClPc [35].

The molecular ion peaks in the phthalocyanines mass spectra were 
found to be at m/z values of 1793.97 as [M + H]+ nANTH–CoPc, 
1797.85 as [M]+ nANTH–CuPc, and 1824.59 as [M]+ nANTH-MnClPc 
(refer to Fig. S2).

3.2. Voltammetric measurements

Especially, the number of electron transfer reactions, ease of the 
redox processes, and their reversibility are among the fundamental 
factors for their usage in different electrochemical fields [41–46]. Thus, 
here the number of redox reactions, redox reaction characters, and in
fluence of the metal centers on the redox richness of the MPcs are 
determined with cyclic voltammetry (CV) and square wave voltammetry 
(SWV) measurements on glassy carbon electrode (GCE) indimethyl 
sulfoxide (DMSO) / tetrabuthlyammonium perchlorrate (TBAP) elec
trolyte. The half-wave potentials of the redox processes of the complexes 
were electrochemical analyses derived from the SWVs and the results 
are tabulated in Table 1. As shown in this table, and Fig. 4, 
nANTH–CuPc illustrates three reductions at − 0.63 V (R1), − 1.02 V 
(R2), and − 1.46 V (R3), and two oxidation processes 1.02 V (O1) and 
− 1.43 V (O2). All reduction reactions have diffusion-controlled and 
electrochemically reversible character concerning the peak-to-peak 
separation (ΔEp), peak current to the square rate of the scan rates (Ip 
vs. ν1/2), and peak current ratio (Ipa/Ipc) responses. However, the 
oxidation couples have quasi-reversible characters [47]. The position of 
the reduction and oxidation potentials indicate their Pc-based characters 
and the redox cuples are assigned to [CuIIPc2-]/[CuIIPc3-]1- (R1), 
[CuIIPc3-]1-/[CuIIPc4-]2- (R2), [CuIIPc4-]2-/[CuIIPc5-]3- (R3), 
[CuIIPc2-]/[CuIIPc1-]1+(O1), and [CuIIPc1-]1+/[CuIIPc0]2+(O2). Since 
Redox-active metal centers generally give electron transfer reactions 
before the Pc based one at low potentials due to the positioning of the 
d orbitals of the metal center between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 
the Pc ring. This is not the case for CuPc since Cu2+ is not a redox-active 
cation when coordinated in the Pc ring [48–50]. As shown in Table 1, 
nANTH–CuPc illustrates similar redox couples at similar potentials 
with the similar CuPc reported in the literature.

CoPc and MnPc illustrate different redox responses than CuPc due to 
the redox activity of Co2+ and Mn3+central cations. Due to the location 
of the empty and/or occupied d orbitals of Co2+ and Mn3+cations be
tween HOMO and LUMO of the Pc ring, reduction reactions of metal 
centers are observed before the Pc-based ones, which enhance the redox 
richness of these complexes [51–54]. As illustrated in Fig. 5, two 
metal-based processes, [CoIIPc2-]/[CoIPc2-]1-and [CoIIPc2-]/[
CoIIIPc2-]1+couples, are observed at − 0.32 V (R1) and 0.31 V (O1) 
respectively. Additionally, Pc-based reductions and oxidations at − 0.67 
V (R2) and − 1.20 V (R3), 0.94 V (O2), and 1.19 V (O3) are recorded after 
the metal-based electron transfer reactions. These assignments are in 
harmony with the similar CoPcs given in Table 1, and they are proved 
with the in-situ spectroelectrochemical measurements discussed below. 
Concerning ΔEp, Ip vs. ν1/2, and Ipa/Ipc responses while the R1 and O1 
couples are electrochemically and chemically reversible, the other 
couples have chemically quasi-reversible characters. The reversibility of 
the redox processes of nANTH–CoPc is clearly shown in the SWVs 
(Fig. 6b).

Fig. 6 illustrates the CVs and SWVs of nANTH-MnClPc in the DMSO/ 
TBAP electrolyte. MnPcs undergo three reductions and one oxidation 
process within the electrolyte potential window. Due to the redox active 
Cl-1-Mn+3 metal center, this complex gives two metal-based reduction 

Fig. 6. CVs and SWVs of nANTH-MnClPc (5.0 × 10–4 mol.dm-3) recorded at 
various scan rates on a GCE working electrode in DMSO/TBAP.

H. Yalazan et al.                                                                                                                                                                                                                                Journal of Molecular Structure 1321 (2025) 139999 

6 



Fig. 7. In-situ UV–Vis spectral changes of nANTH–CuPc in DMSO/TBAP electrolyte. a) Eapp= − 0.80 V b) i: Eapp= − 1.20 V, ii: Eapp= − 1.60 V, c) i: Eapp= 1.20 V, ii: 
Eapp= 1.50 V, d) Chromaticity diagram (each symbol represents the color of electro-generated species; : [CuIIPc-2]; :[CuIIPc-3]1-; : [CuIIPc-4]2-; : [CuIIPc-5]3-; 
: [CuIIPc0]2+.

Fig. 8. In-situ UV–Vis spectral changes of nANTH–CoPc in DMSO/TBAP electrolyte. a) Eapp= − 0.45 V b) Eapp= − 1.20 V, c) Eapp= 0.50 V, d) Chromaticity diagram 
(each symbol represents the color of electro-generated species; : [CoIIPc-2]; :[CoIPc-2]1-; : [CoIIPc-3]2-; : [CoIIIPc-2]1+.
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reactions at 0.24 V (R1) and − 0.67 V (R2), which are assigned to [Cl1-- 
MnIIIPc2-]/[Cl1--MnIIPc2-]1- and [Cl1--MnIIPc2-]1-/[Cl1--MnIPc2-]2- re
ductions. Additionally, Pc-based one reduction and two oxidation pro
cesses are also observed at − 1.25 V (R2), 0.96 V (O2), and 1.16 V (O3), 
respectively [55,56]. Due to the chemical reaction succeeding the R2 
process, the R3 couple has a small peak current concerning R1 and R2. 
Also, O2 and O3 peaks have small peak potential concerning the O1 
couple due to the succeeding chemical reactions.

3.3. In-situ spectroelectrochemical measurements

In-situ spectroelectrochemical measurements (SEC) lor of the elec
trogenerated species. SEC responses of nANTH–CuPc are given in 
Fig. 7. During the reduction reactions the Q band changes without 
shifting and new bands are observed in the ligand-to-metal charge 
transfer. All of these spectral changes are consistence with the Pc-based 
reduction processes reported in the literature [46,57,58]. While distinct 
spectral changes are observed during the reduction reactions (Fig. 7a-b), 
oxidation reactions do not cause distinct spectral changes (Fig. 7c). 
Significant spectral changes observed during the reduction reactions 
resulted in significant color change as shown in Fig. 7d. The cyan color 
of the neutral nANTH–CuPc (point : x = 0.2977 and y = 0.3486) 
changes to blue (point : x = 0.2812 and y = 0.2654), purple (point : x =
0.3029 and y = 0.2529) and then to pink (point : x = 0.3326 and y =
0.2602) after the R1, R2 and R3 couples. A distinct color change is not 
observed during the oxidation reactions.

CoPc has different SEC responses than that of CuPc due to the metal- 
based reduction and oxidation of CoPc which gave completely different 

spectral changes. As shown in Fig. 8a, the Q band of nANTH–CoPc 
shifts from 670 nm to 706 nm, and a new band is observed at 456 nm 
during the first reduction reaction (R1) of nANTH–CoPc at − 0.50 V 
applied potential, which are characteristic changes for the reduction of 
[CoIIPc-2] to [CoIPc-2]1- [46,52,59,60]. The band at 456 nm is the 
characteristic band of the Co1+ oxidation state of the nANTH–CoPc. 
Well-resolved isosbestic points at 570 and 693 nm indicate the chemical 
reversibility of the process. During the second reduction reaction, 
observation of a band at 535 nm and decrease of the Q band at 706 nm 
without a shift are characteristic changes of the reduction of [CoIPc-2]1- 

to [CoIPc-3]− 2 species (Fig. 8b). Similarly characteristic spectral changes 
for the [CoIIPc-2] / [CoIIIPc-2]1+process are observed during the O1 
oxidation couple (Fig. 8c). Shifting of the Q band to longer wavelengths 
with slight increase in intensity are the indicator of the metal-based 
oxidation process. The chromaticity diagram in Fig. 8d shows chang
ing the cyan color of the neutral nANTH–CoPc (point : x = 0.281 and y 
= 0.342) of [CoIIPc-2] to green (point : x = 0.334 and y = 0.363) and 
then light yellow (point : x = 0.350 and y = 0.328) after the R1 and R2 
processes. A significant color change is not observed after the oxidation 
reactions as shown in Fig. 8d.

As shown in Fig. 9, SEC responses of nANTH-MnClPc support the 
metal-based reduction characters of the R1 and R2 process in the DMSO/ 
TBAP electrolyte. Without a potential application, nANTH-MnClPc 
gives the Q band at longer wavelengths concerning CuPc and CoPc due 
to the Mn3+ oxidation state of the central metal [52,61]. Under 0.0 V 
applied constant, the Q band shifts from 744 nm to 693 nm (Fig. 9a), 
which are characteristic chances for the reduction of the [Cl1--MnIIIPc2-] 
to the [Cl1--MnIIPc2-]1- species [46]. The characteristic band for the 
Mn3+ oxidation state at 515 nm disappeared after the R1 process due to 
the reduction to the Mn3+ oxidation state. During the second reduction 
reaction at − 0.80 V, the characteristic Q bands of [Cl1--MnIIPc2-]1- 

species at 693 nm decrease in intensity while the characteristic Q band 
of [Cl1--MnIPc2-]2- species increase at 518 nm (Fig. 9b) [18]. Moreover, 
two charge transfer bands are also observed at 452 nm and 851 nm 
during the R2 process [41,46,62–64]. No observable spectral change 
could be recorded during the process. Color changes during the reduc
tion reactions are represented in the chromaticity diagram in Fig. 9c, the 
orange color of the [Cl1--MnIIIPc2-] species (point : x = 0.407 and y =
0.380) turns to green (point : x = 0.410 and y = 0.286), and then dark 
red color (point : x = 0.320 and y = 0.300) after the reduction reactions.

4. Conclusion

The cobalt (nANTH–CoPc), cupper (nANTH–CuPc), and manga
nese (nANTH-MnClPc) phthalocyanine substituted with four Schiff base 
substituents in non-peripheral locations has been synthesized and 
described successfully. Voltammetric responses supported the proposed 
structure of the complexes. While nANTH–CuPc illustrated only Pc- 
based redox processes, nANTH–CoPc and nANTH-MnClPc gave 
metal-based electron transfer reactions in addition to the Pc-based 
processes. Enhancement of the redox richness with the incorporation 
of Co2+ and Mn3+ central metals to the Pc ring increases the function
ality of these complexes in different electrochemical applications. 
Observation of distinct spectral and color changes during the redox re
action of the complexes indicated their possible functionalities in op
toelectronic fields.
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[10] D. Akyüz, Ü. Demirbaş, Sensor performances of novel piperidine substituted cobalt 
(II) and copper(II) phthalocyanines for detection of dopamine, ascorbic acid and 
uric acid, J. Organomet. Chem. 982 (2022) 122537.

[11] D. Akyüz, A. Koca, An electrochemical sensor for the detection of pesticides based 
on the hybrid of manganese phthalocyanine and polyaniline, Sens. Actuators, B 
283 (2019) 848–856.
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