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a b s t r a c t 

The novel and highly soluble cobalt(II), copper(II) and manganese(III) phthalocyanines (( Pc -Co, Pc -Cu , 

and Pc -Mn ) bearing 3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1 H -pyrazol-3-yl)phenol have been 

synthesized and characterized by FT-IR, NMR, UV-Vis and mass spectroscopic methods. Additionally, 

electrochemical and spectroelectrochemical properties of these phthalocyanine compounds were inves- 

tigated. Due to the redox inactivity of the Cu 2 + central cation of ( Pc -Cu ), Pc based reductions and ox- 

idation processes are recorded. [Co II Pc 2 −]/[Co I Pc 2 −] 1 − and [Co II Pc 2 −]/[Co III Pc 2 −] 1 + couples for the central 

metal redox reactions, and [Co I Pc 2 −] 1 −/[Co I Pc 3 −] 2 −, [Co I Pc 3 −] 2 −/[Co I Pc 4 −] 3 − and [Co III Pc 2 −] 1 + /[Co III Pc 1 −] 2 + 

couples for the Pc based reduction and oxidation are observed respectively with ( Pc -Co ). Like ( Pc - 

Co ), ( Pc -Mn ) also illustrated metal-based reduction processes, [Cl 1 −-Mn III Pc 2 −]/[Cl 1 −-Mn II Pc 2 −] 1 − and 

[Cl 1 −-Mn II Pc 2 −] 1 −/[Cl 1 −-Mn I Pc 2 −] 2 − in addition to the Pc based [Cl 1 −-Mn I Pc 2 −] 2 −/[Cl 1 −-Mn I Pc 3 −] 3 −, [Cl 1 −- 

Mn I Pc 3 −] 3 − /[Cl 1 −-Mn I Pc 4 −] 4 − and [Cl 1 −-Mn III Pc 2 −]/[Cl 1 −-Mn III Pc 1 −] 1 + redox couples were also recorded. 

These redox mechanisms were supported with the characteristic spectral changes observed during the 

in-situ spectroelectrochemical measurements. Especially metal-based electron transfer changes caused 

distinct spectral and color changes, which are the desired properties of the complexes for the possible 

opto-electrochemical applications. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Phthalocyanines represent an important class of macrocyclic 

ompounds that have been used in modern applications applica- 

ions, such as, cancer [1] , liquid crystalline [2] , electrocatalytic [3] , 

ptical and electrochemical [4] , photodynamic antimicrobial activ- 

ty [5] , nonlinear optical [6] , photodynamic therapy [7] . Due to the

xcellent electron transfer properties of phthalocyanines, they are 

lso used as functional materials in various energy conversion sys- 

ems [8–10] . The use of phthalocyanines in the application areas 

epends on the following properties: solubility, aggregation, the 

tructure of the substituent attached to the Pc ring, the electron 

ransfer ability, the type of metal ion in the Pc ring. Solubility 

roperties of phthalocyanine compounds can be increased by bind- 

ng bulky groups in the appropriate position in addition, phthalo- 

yanine compounds with redox properties that are rich with suit- 
∗ Corresponding author at: Department of Chemistry, Karadeniz Technical Univer- 
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ble metal ions can be designed and their use in this field can be 

ncreased [ 11 , 12 ]. 

The most important aim of this study is to design phthalocya- 

ine compounds that can show good solubility and electrochemical 

roperties. Metallophthalocyanines (MPcs) are widely used in var- 

ous electrochemical applications such as electrocatalytic [13–15] , 

lectrochemical sensor [16–21] and electrochromic devices [ 22 , 23 ] 

ue to their superior redox activities [24–30] . The redox properties 

an be tailored by changing the metal center and substituent to de- 

ign the required physicochemical properties [31] . MPcs containing 

edox active metal centers are very important in terms of their su- 

erior electroactive nature. Especially, MPcs containing Fe 2 + , Co 2 + 

nd Mn 

3 + center cations have promising electrochemical proper- 

ies due to their oxidation state range from M 

+ to M 

4 + [32] . 

In addition to the redox active metal center, the main hypothe- 

is for choosing the pyrazoline based substituent here is that it is 

 bulky ligand and has intramolecular charge transfer upon exci- 

ation [33] . Pyrazolines are members of the electron-rich nitrogen- 

ontaining heterocyclic class of compounds. In recent years, it has 

een reported that many pyrazoline structures have a wide range 

f biological properties and are compounds of great interest by re- 

earchers [34] . 

https://doi.org/10.1016/j.jorganchem.2022.122405
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2022.122405&domain=pdf
mailto:halit@ktu.edu.tr
https://doi.org/10.1016/j.jorganchem.2022.122405
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As far as we know, there is one study on the electrochemi- 

al properties of phthalocyanines containing 3-(1,5-diphenyl-4,5- 

ihydro-1 H -pyrazol-3-yl)phenol as the pyrazoline group, which 

as brought to the literature by our working group [35] . In this 

tudy, we wanted to investigate both electrochemistry and spec- 

roelectrochemistry properties of phthalocyanines (M: Co II ( Pc -Co ), 

u 

II ( Pc -Cu ), Mn 

III Cl ( Pc -Mn )) containing methoxylated pyrazoline

roup and redox active/inactive metal center ions (Cu 

2 + , Co 2 + , and 

n 

3 + ). Then electrochemical and spectroelectrochemical behaviors 

ere determined in detail in order to determine the possible us- 

ge areas of the newly synthesized MPcs. In this study, we wanted 

o investigate the contribution of the methoxy group to the elec- 

rochemical properties of phthalocyanine compounds. Pc -Co and 

c -Mn compounds have developed electrochemical properties by 

etal-based redox processes in various electrochemical application 

reas. Considerable color changes observed during the redox re- 

ctions indicated the solvotochromic properties of the phthalocya- 

ines. 

. Experimental 

The equipment and materials, electrochemical and in situ spec- 

roelectrochemical measurements were offered as Supplementary 

nformation. 

.1. Syntheses 

.1.1. 3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1H-pyrazol- 

-yl)phenol ( Przl-OH ) 

( E )-3-(3,5-dimethoxyphenyl)-1-(3-hydroxyphenyl)prop-2-en- 

-one ( Clcn-OH ) (2g, 7.03 mmol) was solved in dry ethanol, 

fter dissolution, phenylhydrazine (0.761g, 7.03 mmol) was added 

nto the reaction content. Then, glacial acetic acid (1.41 mL) was 

ttached dropwise slowly and the reaction mixture was continued 

ith stirring at reflux temperature under N 2 atm, for 1 night. The 

rude product was extracted with ethyl acetate and water. Then, 

rganic phase was evaporated and purified by column chromatog- 

aphy on silica gel. Consequently, title compound ( Przl-OH ) was 

btained as a dark yellow oily product. The data of the Przl-OH 

ompound is given below. 

Yield: 94% (2.47 g). 

Column chromatography solvent: ethyl acetate. 

Solubility: Chloroform, ethyl acetate, ethyl alcohol, 

ichloromethane. 

FT–IR (ATR), υmax (cm 

−1 ): 3305 (OH), 3060 (Ar–H), 2936–2837 

Aliph. C–H), 1654 (C = N), 1594, 1496–1455 (N–N), 1393, 1286, 

151, 1059, 998, 923, 872, 748. 
1 H NMR (DMSO- d 6 ), ( δ:ppm): 7.45–7.39 (m, 1H, Ar–H), 7.35–

.30 (m, 1H, Ar–H), 7.25 (d, 1H, Ar–H), 7.24 (d, 1H, Ar–H), 7.22 (d, 

H, Ar–H), 7.19 (d, 1H, Ar–H), 7.17–7.13 (m, 1H, Ar–H), 7.06–6.96 

m, 1H, Ar–H), 6.77–6.71 (m, 1H, Ar–H), 6.48–6.46 (m, 1H, Ar–H), 

.41–6.37 (m, 1H, Ar–H), 6.31 (d, 1H, Ar–H), 5.32 (t, 1H, pyrazole 

CH), 5.03 (s, 1H, OH), 4.91 (dd, 1H, pyrazole –CH 2 ), 3.78 (dd, 1H,

yrazole –CH 2 ), 3.67 (s, 3H, –OCH 3 ), 3.66 (s, 3H, –OCH 3 ) . 
13 C NMR (CDCl 3 ), ( δ:ppm): 161.4, 160.9, 160.5, 151.8, 146.9, 

46.5, 143.45, 140.8, 133.9, 133.8, 132.6, 131.7, 128.9, 127.9, 125.6, 

22.4, 119.8, 119.3, 100.8, 55.4 (OCH 3 ), 55.3 (OCH 3 ), 55.3 (pyrazole 

CH), 43.5 (pyrazole –CH 2 ). 

MALDI–TOF–MS m /z: Calculated for C 23 H 22 N 2 O 3 : 374.43; 

ound: 374.71 [M] + . 

.1.2. 3-(3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1H- 

yrazol-3-yl)phenoxy) phthalonitrile ( Przl-CN ) 

3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1 H -pyrazol- 

-yl)phenol ( Przl-OH ) (1.12g, 2.99 mmol) was solved in dry DMF, 

fter dissolution, 3-nitrophthalonitrile (0.52g, 2.99 mmol) was 
2

dded into the reaction content. Then, anhydrous potassium car- 

onate (1.24g, 8.97 mmol) was added and the reaction mixture 

as continued with stirring at 60 °C under N 2 atm, for 113 

ours. The crude product was poured onto ice, filtered, purified 

y column chromatography upon aluminum oxide. Consequently, 

itle compound ( Przl-CN ) was obtained as a yellow colored solid 

roduct. The data of the phthalonitrile compound ( Przl-CN ) is 

iven below. 

Yield: 52% (0.78 g). 

Melting point: 88 −90 °C. 

Column chromatography solvent: Ethyl acetate 

Solubility: Chloroform, ethyl acetate, ethyl alcohol, 

ichloromethane 

FT–IR (ATR), υmax (cm 

−1 ): 3079 (Ar–H), 2936–2837 (Aliph. C–

), 2231 (C 

≡N), 1659 (C = N), 1594, 1455 −1428 (N–N), 1385, 1354, 

267, 1203–1153–1059 (Ar–O–Ar), 991, 927, 836, 792, 749. 
1 H NMR (CDCl 3 ), ( δ:ppm): 7.83 (d, 1H, Ar–H), 7.73 (d, 1H, Ar–

), 7.70–7.68 (m, 1H, Ar–H), 7.65–7.63 (m, 1H, Ar–H), 7.59–7.51 (m, 

H, Ar–H), 7.49–7.43 (m, 1H, Ar–H), 7.38–7.32 (m, 1H, Ar–H), 7.21–

.01 (m, 1H, Ar–H), 6.94–6.91 (m, 1H, Ar–H), 6.87–6.83 (m, 1H, Ar–

), 6.82 (s, 1H, Ar–H), 6.55 (d, 1H, Ar–H), 6.46 (d, 1H, Ar–H), 6.42 

d, 1H, Ar–H), 6.38–6.34 (m, 1H, Ar–H), 5.20 (t, 1H, pyrazole –CH), 

.07 (dd, 1H, pyrazole –CH 2 ), 3.83 (dd, 1H, pyrazole –CH 2 ), 3.74 (s,

H, –OCH 3 ), 3.73 (s, 3H, –OCH 3 ). 
13 C NMR (CDCl 3 ), ( δ:ppm): 161.6, 161.4, 160.9, 160.6, 154.1, 

54.0, 150.4, 145.3, 145.1, 144.7, 144.6, 144.4, 134.4, 134.3, 131.7, 

30.7, 129.1, 128.9, 128.8, 127.8, 126.8, 125.3, 123.5, 117.3 (C 

≡N), 

17.2 (C 

≡N), 113.5, 106.8, 55.4 (OCH 3 ), 55.3 (OCH 3 ), 55.3 (pyrazole 

CH), 43.2 (pyrazole –CH 2 ). 

MALDI–TOF–MS m /z: Calculated for C 31 H 24 N 4 O 3 : 500.55; 

ound: 500.84 [M] + . 

.1.3. General syntheses of Co II , Cu II and Mn III Cl phthalocyanines 

earing methoxylated pyrazoline ( Pc-Co, Pc-Cu and Pc-Mn ) 

Phthalonitrile compound ( Przl-CN ) (0.1 g, 0.199 mmol for Pc- 

o , Pc- Cu and Pc- Mn ) was solved in 1-pentanol (4 mL), after dis-

olution, related anyhdrous metal salt CoCl 2 or CuCl 2 (13 mg, 0.099 

mol for the compounds Pc- C o and Pc- Cu ) or MnCl 2 (12 mg,

.099 mmol for the compound Pc- Mn ) was added into the reac- 

ion content. Then, DBU (5 drops) was added dropwise slowly and 

he reaction mixture was continued with stirring at reflux temper- 

ture under N 2 atm, for 19 hours. The crude product was precip- 

tated with ethanol, filtered and purified by column chromatog- 

aphy upon aluminium oxide. Consequently, Co II ( Pc- Co ) and Cu 

II 

 Pc- Cu ) phthalocyanines were obtained as turquoise blue solids, 

nd manganese phthalocyanine ( Pc- Mn ) was acquired as brown 

olid. The data of the Co II , Cu 

II and Mn 

III Cl phthalocyanines are 

iven below. 

.1.3.1. 3-(3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1H- 

yrazol-3-yl)phenoxy) phthalocyaninato cobalt(II)( Pc-Co ) . Yield: 

4% (24 mg), m.p. > 300 °C. 

Solvent system of column chromatography: C 2 H 5 OH:CHCl 3 
0.05:5 v/v) 

FT–IR (ATR), υmax (cm 

−1 ): 3058 (Ar–H), 2999–2928 −2836 

Aliph. C–H), 1591, 1456, 1353, 1243, 1152, 1059, 991, 836, 747. 

UV–Vis (CHCl 3 ), λmax , nm (log ε): 689 (5.07), 622 (4.53), 335 

4.92). 

MALDI–TOF–MS m/z : Calculated for C 124 H 96 N 16 O 12 Co: 2061.12; 

ound: 2061.16 [M] + . 

.1.3.2. 3-(3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1H- 

yrazol-3yl)phenoxy) phthalocyaninato copper(II) (Pc - Cu) . Yield: 

4% (35 mg), m.p. > 300 °C. 

Solvent system of column chromatography: C 2 H 5 OH:CHCl 3 
0.05:5 v/v) 
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FT–IR (ATR), υmax (cm 

−1 ): 3058 (Ar–H), 2953–2918 −2849 

Aliph. C–H), 1591, 1456, 1353, 1203, 1152, 1058, 991, 835, 744. 

UV–Vis (CHCl 3 ), λmax , nm (log ε): 701 (5.16), 630 (4.53), 330 

4.75). 

MALDI–TOF–MS m/z : Calculated for C 124 H 96 N 16 O 12 Cu: 2065.74; 

ound: 2065.35 [M] + . 

.1.3.3. 3-(3-(5-(3,5-dimethoxyphenyl)-1-phenyl-4,5-dihydro-1H- 

yrazol-3yl)phenoxy) phthalocyaninato manganese(III)chloride 

 Pc-Mn ) . Yield: 27% (28 mg), m.p. > 300 °C. 

Solvent system of column chromatography: C 2 H 5 OH:CHCl 3 
0.05:5 v/v) 

FT–IR (ATR), υmax (cm 

−1 ): 3063 (Ar–H), 2997–2932 −2836 

Aliph. C–H), 1591, 1496, 1455, 1323, 1243, 1151, 1059, 991, 895, 

42. 

UV–Vis (CHCl 3 ), λmax , nm (log ε): 757 (5.06), 694 (4.49), 536 

4.33), 354 (4.87). 

MALDI–TOF–MS m/z : Calculated for 

 124 H 96 N 16 O 12 MnCl:2092.58; Found:2093.76 [M + H] + . 

. Results and discussion 

.1. Characterization of synthesized compounds 

The general synthesis scheme of methoxylated pyrazoline 

 Pyrzl-OH ), its phthalonitrile derivative ( Pyrzl-CN ) and methoxy- 

ated pyrazoline bearing Co II ( Pc- Co ), Cu 

II ( Pc- Cu ) and Mn 

III Cl ( Pc -

n ) phthalocyanines is given in Scheme 1 . 

The structure of the novel metoxylated pyrazoline ( Pyrzl-OH ) 

as characterized using MALDI-TOF mass, FT-IR, 13 C NMR and 

1 H 

MR spectral data. The IR spectrum of the pyrazolines disclosed 

bsorption bands in the regions 1654 cm 

−1 corresponding to the 

 

= N stretching bands on account of ring closure. Furthermore, the 

bsorption bands (N–N) at 1496–1455 cm 

−1 revealed stretching 

ibrations, proving the formation of the pyrazoline ring (Fig.S1). 

he 1 H NMR and 

13 C NMR spectra of the metoxylated pyrazo- 

ine ( Pyrzl-OH ) were taken in CDCl 3 . The obtained pyrazoline com- 

ound has characteristic peaks known as doublet of doublet (dd) 

n the 1 H NMR spectrum and these peaks were observed at 4.91 

nd 3.72 ppm. The aromatic ring protons of this compound were 

een among 7.45–6.31 ppm (Fig.S6). In the 13 C-NMR spectrum, the 

arbon atom resonances of the pyrazoline compound were seen at 

3.5, 55.3 and 151.8 ppm and these signals prove the formation 

f the newly formed pyrazoline ring (Fig.S7). The mass spectrum 

f pyrazoline derivative, the molecular ion peak was observed at 

/z: 374.71 [M] + (see Fig. 1 ). 

The phthalonitrile derivative ( Pyrzl-CN ) was characterized by 

he same spectroscopic methods as the metoxylated pyrazoline 

ompound. Looking at the FT-IR spectrum of the phthalonitrile 

ompound ( Pyrzl-CN ), the –OH stretching vibration of the pyrazo- 

ine compound ( Pyrzl-OH ) at 3305 cm 

−1 disappeared and showed 

he typical C 

≡N stretching vibration at 2231 cm 

−1 (Fig. S2). 1 H 

 

13 C NMR spectra of the phthalonitrile derivative were taken 

n CDCl 3 . In the 1 H NMR spectrum of phthalonitrile compound 

 Pyrzl-CN ), the aromatic protons were seen between 7.82–6.34 

pm. The pyrazole –CH protons were observed at 5.20 ppm, also 

he pyrazole –CH 2 proton was seen at 5.07 and 3.83 ppm (Fig. 

8). When the 13 C NMR spectrum was examined, the nitrile carbon 

toms of the phthalonitrile compound ( Pyrzl-CN ) were observed at 

17.3 and 117.2 ppm. In addition, the carbon atom of pyrazole ring 

pyrazole –C ꞊N), the carbon atom of pyrazole ring (pyrazole –CH) 

nd the carbon atom of pyrazole ring (pyrazole –CH 2 ) were seen at 

50.4, 55.3 and 43.2 ppm, respectively (Fig. S9). The mass spectrum 

f pyrazoline substituted phthalonitrile ( Pyrzl-CN ), the molecular 

on peak was seen at m/z: 500.84 [M] + (see Fig. 1 ). 
3

When the FT-IR spectra was examined of Co II , Cu 

II and Mn 

III Cl 

hthalocyanines, the typical C 

≡N stretching vibration of the ph- 

halonitrile was not observed (Fig. S3–S5). In addition to the struc- 

ural characterization of pyrazoline and phthalonitrile compounds, 

V-Vis spectrum was used for the structural elucidation of ph- 

halocyanine compounds. In the UV-Vis spectrum, which is one 

f the most important indicators of the formation of phthalo- 

yanine compounds, Pcs have two absorption bands known as Q 

nd B bands. The UV–Vis spectra of Co II ( Pc- Co ), Cu 

II ( Pc- Cu ) and

n 

III Cl ( Pc -Mn ) phthalocyanines compounds were taken in CHCl 3 
t a concentration of 1.0 × 10 −5 M. The Q bands of these com- 

ounds were observed at approximately 757–689 nm and the B 

ands about 354–330 nm (see Fig. 2 ). Besides, Pc -Mn exhibited the 

ew absorption band at around 536 nm in addition to the B band. 

ecause MnCl 2 was used in the synthesis of the Pcs, the formation 

f Mn 

II Pc was expected. However, Q band absorption in the UV–Vis 

pectrum of the Mn 

II Pc ( Pc -Mn ) is redshifted. This observation rec- 

mmended the formation of the Mn 

III Cl type phthalocyanine. The 

erobic conditions in purification processes were presumably the 

ain reason for the formation of Mn 

III ClPc product [36] . The UV–

is spectrum of Pc -Mn is openly distinct from the spectrum of the 

c- Co and Pc- Cu . The oxidation state of Mn in the complex with

c is + 3, while the other metal Co and Cu are in oxidation state

 2. The Q band of Pc -Mn is shifted by 50–70 nm compared the

 band of the other Pc- Co and Pc- Cu . Also, the UV–Vis spectrum

f Pc -Mn is typical of Mn 

III ClPc with a red shifted Q band at 757

m. The red shift is a result of lowering of HOMO-LUMO gap, by 

ither the destabilizing of the HOMO or stabilizing of the LUMO 

y the central metal [ 37 , 38 ]. When we look at the literature, MnPc

hthalocyanines with different substituents show similar absorp- 

ion properties [ 12 , 13 , 39 , 40 ]. When the mass spectra of phthalo-

yanines were analyzed, the molecular ion peaks were exhibited 

t m/z values of 2061.16 [M] + ( Pc- Co ), 2065.35 [M] + ( Pc- Cu ) and

093.76 [M + H] + ( Pc -Mn ) (see Fig. 3 ). 

The data obtained show that the structures of all the com- 

ounds were formed and the obtained data were also compatible 

ith the anticipated structures as stated in Section 2 . 

.2. Voltammetric measurements 

It is well documented that the redox functionalities are related 

ith Pc ring, metal center and substituent based electron transfer 

eactions [41–46] . While Pc ring can undergo up to four reduction 

nd two oxidation reactions depending on the electrolyte potential 

indows. However, it is not always possible to record all these pro- 

esses due to the narrow potential window of the electrolytes. At 

east two reduction and two oxidation processes could be recorded 

n the DMSO and DCM electrolytes. In addition to the Pc based 

rocesses, redox active metal centers can illustrate addition redox 

rocesses before the Pc based ones. The position and character of 

he redox processes of Pc and metal centers can be altered by 

he electron donating or withdrawing ability of the substituents. 

ubstituents may also give redox processes and significantly in- 

uence aggregation tendencies and solubility of the complexes 

 45 , 46 ]. Here MPcs bearing 3-(5-(3,5-dimethoxyphenyl)-1-phenyl- 

,5-dihydro-1 H -pyrazol-3-yl)phenol substituents supply solubility 

f the complexes in DCM/TBAP electrolyte. Thus, redox reactions 

f all complexes could be carried out in 5.0 10 −5 mol dm 

−3 con- 

entration in this electrolyte and half wave potentials of the redox 

ouples derived from the voltammograms are tabulated in Table 1 . 

s shown in Fig. 4 and Table 1 , Pc- Cu illustrated four reduction 

nd one oxidation reaction within the potential windows of the 

lectrolyte. All of these processes can be easily attributed to the 

c ring due to the redox inactivity of the Cu 

2 + cation in the core 

f the Pc ring. Due to the aggregation of the complex especially 

eduction processes get complicated with the electron transfer re- 
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Scheme 1. Synthesis scheme of all synthesized compounds ( Przl-OH, Przl-CN, Pc- Co, Pc- Cu and Pc -Mn ). Reagents and conditions (i) ethanol, phenylhydrazine, glacial acetic 

acid, reflux temperature (ii) N 2 , K 2 CO 3 , DMF, 60 
0 

C (iii) N 2 , 1-pentanol, DBU, CoCl 2 , CuCl 2 , MnCl 2 , reflux temperature. 

4 
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Fig. 1. Mass spectra of pyrazoline and phthalonitrile compounds ( Przl-OH and Przl-CN ). 
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ctions of aggregated and non-aggregated species at similar poten- 

ials. Due to this issue redox couples are split into two waves. CVs 

ecorded with different vertex potentials clearly illustrate the in- 

uence of the aggregation to the redox behaviors of the complex. 

lectron releasing nature of 3-(5-(3,5-dimethoxyphenyl)-1-phenyl- 

,5-dihydro-1 H -pyrazol-3-yl)phenol substituents cause to shifting 

f the redox coupes towards the negative potentials with respect 

o similar complexes in the literature as shown in Table 1 [31] . 

Changing of the metal center of Pc from Cu 

2 + to Co 2 + signifi- 

antly influenced the redox response of the complex. As shown in 
5 
ig. 5 , three reduction and two oxidation processes are observed 

ith the CVs and SWVs of Pc-Co. Observation of the R(1) at -0.43 

 and Ox(1) at 0.18 V at the potentials very close to 0 V are com-

letely different than the Pc based processes. Since Pc bassed re- 

uction and oxidation processes can be generally observed after 

0.60 V and 0.70 V respectively. When compared with the similar 

oPcs given in Table 1 , the Red (1) and Ox(1) couples are easily 

ssigned to [Co II Pc 2 −]/[Co I Pc 2 −] 1- and [Co II Pc 2 −]/[Co III Pc 2 −] 1 + pro-

esses. After the R(1) couple, Pc based R(2) at -1.38 V, and R(3) at -

.96 V are olso observed during the cathodic potential scans. More- 
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Fig. 2. UV-Vis spectra of Co II , Cu II and Mn III Cl phthalocyanines ( Pc- Co, Pc- Cu and Pc -Mn ) in CHCl 3 (C:1 × 10 −5 M). 

Fig. 3. Mass spectra of Co II , Cu II and Mn III Cl phthalocyanines ( Pc- Co, Pc- Cu and Pc -Mn ). 
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ver, after the and [Co II Pc 2 −]/[Co III Pc 2 −] 1 + process, the second ox- 

dation couple Ox(2) assigned to the Pc based process is observed 

t 0.97 V. With respect to these assignments the mechanism given 

n Scheme 2 is proposed. This mechanism was also suprroted with 

he in situ spectroelectrochemical measurements discussed below. 

imilar voltammetric mechanisms (metal-Pc-Pc based reductions 

nd metal-Pc based oxidations) were reported with Nyokong et al. 

 17 , 41 , 44 ]. In a review article, Koca A. summurized the electro-

hemistry of MPcs and reported the same mechanism for CoPcs 

n polar electrolyte [45] . With respect to peak to peak separation 

 �E p ), and peak current ratio ( I pa / I pc ), while the R(1), R(2), and

x(1) are electrochemically and chemically reversible, the other 

rocesses are chemically quasi-reversible. Reversibility of the pro- 

esses are supported with the CVs recorded with various vertex 
6 
otentials ( Fig. 5 b). These analyses are also supported with the ca. 

nity of the I pa / I pc ratios of R(1), R(2), and Ox(1) couples shown in

WVs ( Fig. 5 b). 

C o 

I I I P c 2 −
]1+ − e −

E 1 / 2 =0 . 97 V ( O ( 2 ) ) ⇐⇒ 

[
C o 

I I I P c 1 −
]2+ 

C o 

II P c 2 −
]

− e −
E 1 / 2 =0 . 18 V ( O ( 1 ) ) ⇐⇒ 

[
C o 

I I I P c 2 −
]1+ 

C o 

II P c 2 −
]

+ e −
E 1 / 2 = −0 . 43 V ( R ( 1 ) ) ⇐⇒ 

[
C o 

I P c 2 −
]1 −

C o 

I P c 2 −
]1 − + e −

E 1 / 2 = −1 . 38 V ( R ( 2 ) ) ⇐⇒ 

[
C o 

I P c 3 −
]2 −
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Fig. 4. CVs and SWVs of Pc- Cu (5.0 × 10 −4 mol.dm 

−3 ) recorded at various scan rates on a GCE working electrode in DMSO/TBAP. 

7 
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Fig. 5. CVs and SWVs of Pc- Co (5.0 × 10 −4 mol.dm 

−3 ) recorded at various scan rates on a GCE working electrode in DMSO/TBAP. 

8 
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Fig. 6. CVs and SWVs of Pc -Mn (5.0 × 10 −4 mol.dm 

−3 ) recorded at various scan rates on a GCE working electrode in DMSO/TBAP. 
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Table 1 

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

E 1/2 (V) of Redox Processes 

Complexes Red.(I) Red.(II) Red.(III) Red.(IV) Oxd.(I) Oxd.(II) Ref. 

CuPc ( Pc -Cu) -0.70 

(-0.84) 

-1.07 

(-1.30) 

-1.83 -2.15 0.98 - tw 

CoPc ( Pc -Co) -0.43 -1.38 -1.96 0.18 0.97 tw 

MnClPc ( Pc -Mn) -0.13 -0.75 -1.38 -1.91 0.86 - tw 

CoPc -0.48 -1.29 -1.92 0.30 0.91 [60] 

CoPc -0.38 -1.30 - 0.39 - [61] 

CoTMPyrPc -0.50 -1.34 -1.93 0.47 1.00 [62] 

CoTMPyrPc -0.26 -1.25 -1.84 0.52 1.00 [52] 

CuPc(mpt) -0.95 -1.21 -1.88 0.58 1.30 [53] 

CuPc -0.70 -1.02 - 0.68 1.13 [52] 

CuPc -0.73 -1.08 -1.64 - - [61] 

MnClPc -0.30 -0.90 -1.36 0.38 (0.51) 0.88 [60] 

MnClPc -0.08 -0.84 - 0.30 0.87 [50] 

MnTMPyrPc -0.06 -0.68 -1.19 - - [62] 

MnClPc(m) -0.23 -0.80 -1.04 - - [63] 

a The potentials given in parantehesis are assigned to the electron transfer reactions of the aggregated species. 
b The potentials given in parantehesis are assigned to the electron transfer reactions of the species produced 

with chemical reactions (See scheme 3). 

Scheme 2. Redox mechanism of Pc- Co . 
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Like Pc- Co, Pc -Mn has also redox active metal center [ 47 , 48 ].

hus, it illustrates metal based reduction processes in addition to 

he Pc based electron transfer reactions. When compared with the 

imilar MnPcs reported in the literature, R(1) at-0.13 V and R(2) at- 

.75 V are assigned to the Mn 

3 + /Mn 

2 + and Mn 

2 + /Mn 

+ reductions 

espectively ( Fig. 6 ) [ 42 , 47 , 49 , 50 ]. Moreover, Pc based processes are

lso observed at -1.38 V (R(3)), -1.91V (R(4)), and 0.86 V (Ox1)). 

his proposed mechanism is represented in Scheme 3 . The pro- 

osed mechanism was supported with the in-situ spectroelectro- 

hemical measurements discussed below. Due to the releasing of 

he axial Cl −1 ligand after the R(2) process, further redox processes 

re complicated with the following chemical reactions as shown in 

ig. 6 b and c. Due to the chemical reactions, especially R(3) and 

(4) couples get chemically irreversible and small waves are ob- 

erved after and before the R(3) at around -1.11 V and -1.63 V. 

C l 1 − − M n 

I I I P c 2 −
]

− e −
E 1 / 2 =0 . 86 V ( O ( 1 ) ) ⇐⇒ 

[
C l 1 − − M n 

II P c 1 −
]1+ 
10 
C l 1 − − M n 

I I I P c 2 −
]

+ e −
E 1 / 2 = −0 . 13 V ( R ( 1 ) ) ⇐⇒ 

[
C l 1 − − M n 

II P c 2 −
]1 −

C l 1 − − M n 

II P c 2 −
]1 − + e −

E 1 / 2 = −0 . 75 V ( R ( 2 ) ) ⇐⇒ 

[
C l 1 − − M n 

I P c 2 −
]2 −

C l 1 − − M n 

I P c 2 −
]2 − ↔ 

[
M n 

I P c 2 −
]1 − + C l 1 −

M n 

I P c 2 −
]1 − + e −

E 1 / 2 = −1 . 11 V ⇐⇒ 

[
M n 

I P c 3 −
]2 −

C l 1 − − M n 

I P c 2 −
]2 − + e −

E 1 / 2 = −1 . 38 V ( R ( 3 ) ) ⇐⇒ 

[
C l 1 −M n 

I P c 3 −
]3 −

M n 

I P c 3 −
]2 − + e −

E 1 / 2 = −1 . 63 V ⇐⇒ 

[
M n 

I P c 4 −
]3 −

C l 1 −M n 

I P c 3 −
]3 − + e −

E 1 / 2 = −1 . 91 V ( R ( 4 ) ) ⇐⇒ 

[
C l 1 −M n 

I P c 4 −
]4 −

.3. In-Situ Spectroelectrochemical measurements 

Electrochemical derived from the voltametric analyses are real- 

zed with in-situ spectroelectrochemical measurements (SEC). Ad- 

itionally, color and spectra of the different oxidation states of the 

omplexes are determined with these measurements. Fig. 7 illus- 

rates spectral and color changes recorded during the redox reac- 

ions of Pc- Cu . As shown in Fig. 7 a-c, changing the intensity of

he Q band without a shift and observation of new bands due 

o the ligand to metal charge transfer processes supported the Pc 

ing based electron transfer reactions [ 46 , 51 , 52 ]. Neutral CuPc gives

he Q band at 695 nm and the B band at 378 nm. Under -1.0

 applied potential the Q band decrease in absorption intensity 

ithout a shift and two new bands are enhanced at 598 and 790 

m, due to the [Cu 

II Pc 2 −] / [Cu 

II Pc 3 −] 1 −reduction. Clear isosbestic

oints at 370, 610, and 740 nm, indicating chemical reversibility 

f the reduced species ( Fig. 7 a) [ 53 , 54 ]. During the R(2) process,

hile the Q band is completely disappeared, a LMCT bands are ob- 

erved at 544 and 755 nm, which are characteristic changes for the 

Cu 

II Pc 3 −] 1 −/ [Cu 

II Pc 4 −] 2 −reduction ( Fig. 7 b). Characteristic spectral

hanges for the Pc based oxidation reaction are observed during 
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Scheme 3. Redox mechanism of Pc -Mn . 
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he Ox(1) wave as shown in respectively ( Fig. 7 c). Chromaticity di- 

gram in Fig. 7 d illustrates the color changes from cyan (point : 

 = 0.283 and y = 0.343) to blue (point : x = 0.288 and y = 0.296)

nd then to purple (point : x = 0.309 and y = 0.249) after the

eduction’s and to light green (point : x = 0.322 and y = 0.345)

fter the oxidation process. 

Fig. 8 represents in-situ UV-Vis spectral changes of Pc- Co 

ecorded during the redox reactions in DMSO/TBAP electrolyte. 

t -0.50 V applied potential, the Q band shifts from 672 to 

14 nm and a new characteristic bad is observed at 470 nm 

 Fig. 8 a) [ 46 , 55 , 56 ]. Especially the bad at 470 nm is a character-

stic changes for the formation of Co + based complex, thus the 

pectral changes in Fig. 8 a support the [Co II Pc −2 ]/[Co I Pc −2 ] 1 − re-

uction allocated for R(1) couple of CoPc. Decreasing of the Q 

and and observation of a broad band at around 550 nm are due 

o the [Co I Pc −2 ] 1 −/[Co I Pc −3 ] 2 − process ( Fig. 8 b). Due to the oxi-

ation of [Co II Pc −2 ] to [Co III Pc −2 ] 1 + , the Q band is shifted from

72 nm to different spectral changes than those of CuPc due to 

he metal based ch60 nm under 0.50 V and then it decreases in 

ntensity at 1.10 V during the further oxidation of [Co III Pc −2 ] 1 + 

o [Co III Pc −1 ] 2 + as shown in Fig. 8 c. The cyan color (point :

 = 0.283 and y = 0.343) turns to colorless and then yellow (point

: x = 0.379 and y = 0.365) after the reduction reactions. Negligi- 

le color changes could be observed due to the slight changes in 

he spectra as shown in Fig. 8 d. 

More distinct spectral changes are observed during the reduc- 
ion of Pc -Mn due to two metal and two Pc based reductions of 

11 
he complex as shown in Fig. 9 . Under open circuit potential the 

and at 513 nm is characteristic for the Mn 

3 + oxidation state of 

he MnPc. Moreover, a bathochromic shift on the Q band (751 nm) 

s observed due to this phenomenon with respect to other com- 

lexes [46] . At -0.30 V applied potential, the Q band of the com- 

lex disappeared and a new sharp band is recorded at 574 nm. 

oreover, the characteristic band of Mn 

3 + at 513 nm is disap- 

eared while new small charge transfer bands are observed at 650, 

05, and 853 nm ( Fig. 9 a,i). Disappearance of the band at 513 nm

nd the characteristic band of Mn 

2 + at 574 nm indicate the reduc- 

ion of [Cl 1 −-Mn 

III Pc 2 −] to [Cl 1 −-Mn 

II Pc 2 −] 1 − species during R(1) 

rocess. Clear isosbestic points at 451, 661 and 794 nm indicate 

eversibility of the [Cl 1 −-Mn 

III Pc 2 −] / [Cl 1 −-Mn 

II Pc 2 −] 1 − reduction 

ouple [ 46 , 57 ]. During the R(2) process, the band associated to 

Cl 1 −-Mn 

II Pc 2 −] 1 − species at 574 nm disappears and a new band 

t 656 nm increases due to the reduction of [Cl 1 −-Mn 

II Pc 2 −] 1 −

o [Cl 1 −-Mn 

I Pc 2 −] 2- ( Fig. 9 a,ii). Spectral changes given in Fig. 9 b,

re characteristic changes for the further Pc ring reduction pro- 

esses. During the Ox(1) process, first of all the Q band starts to 

ncrease and then all bands decrease in intensity slightly ( Fig. 9 c). 

ny change on the position of the Q band illustrate Pc based char- 

cter of this process. All of these spectral responses support the 

roposed mechanism given as a result of the voltammetric analy- 

is and in consistence with the literature [ 44 , 46 , 57–59 ]. As shown

n Fig. 9 d, distinct color changes are observed during the reduc- 

ion reactions. Brownish yellow color (point : x = 0.384 and 

 = 0.34387) of the neutral [Cl 1 −-Mn 

III Pc 2 −] species turn to pink

point : x = 0.329 and y = 0.307), blue (point : x = 0.287 and

 = 0.278) and then to deep blue (point : x = 0.251 and y = 0.213)
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Fig. 7. In-situ UV-Vis spectral changes of Pc- Cu in DMSO/TBAP electrolyte. a ) E app = -1.00 V b ) E app = -1.50 V, c ) E app = 1.10 V, d ) Chromaticity diagram (each symbol represents 

the color of electro-generated species; : [Cu II Pc −2 ]; :[Cu II Pc −3 ] 1 −; : [Cu II Pc −4 ] 2 −; : [Cu II Pc −1 ] 1 + . 

12 
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Fig. 8. In-situ UV-Vis spectral changes of CoPc in DMSO/TBAP electrolyte. a ) E app = -0.50 V b ) E app = -1.40 V, c ) E app = 0.50 V and then 1.10 V, d ) Chromaticity diagram (each 

symbol represents the color of electro-generated species; : [Co II Pc −2 ]; :[Co I Pc −2 ] 1 −; : [Co II Pc −3 ] 2 −; : [Co III Pc −1 ] 2 + . 

13
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Fig. 9. In-situ UV-Vis spectral changes of MnPc in DMSO/TBAP electrolyte. a ) i: E app = -0.30 V, ii: E app = -0.90 V b ) i: E app = -1.50 V and then ii: -2.00 V, c ) E app = 1.00 

V, d ) Chromaticity diagram (each symbol represents the color of electro-generated species; : [Cl 1 −-Mn III Pc −2 ]; :[Cl 1 −-Mn II Pc −2 ] 1 −; : [Cl 1 −-Mn I Pc −2 ] 2 −; : [Cl 1 −- 

Mn I Pc −3 ] 3 −; : [Cl 1 −-Mn I Pc −4 ] 4 −; : [Cl 1 −-Mn III Pc −1 ] 1 + . 
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fter the reduction reactions. After the oxidation reaction, light yel- 

ow color (point : x = 0.336 and y = 0.357) is obtained for the

ationic form of the complex. These color differences of the elec- 

rogenerated species are fundamental properties for the polyelec- 

rochromic application of the complex. 

. Conclusion 

In this study, methoxylated pyrazoline bearing Co II ( Pc- Co ), 

u 

II ( Pc- Cu ) and Mn 

III Cl ( Pc -Mn ) phthalocyanines which structures

ere elucidated by various spectroscopic methods, were synthe- 

ized and their electrochemical properties were investigated. Elec- 

rochemical behaviors of the MPcs were determined with voltam- 

etric and spectroelectrochemical measurements. Electrochemical 

esponses of the complexes were in consistence with the responses 

f the similar MPcs. Characteristic Pc based processes of ( Pc- Cu ) 

ere complicated with the aggregation of the complex. Co 2 + /Co + 

eduction and Co 2 + /Co 3 + oxidation couples were recorded between 

he Pc based electron transfer processes due to the location of the 
14 
 orbitals of Co 2 + cation between the HOMO and LUMO of Pc ring. 

ifferently two Mn 

3 + based reduction reactions were observed be- 

ore Pc based ones. Extra metal based redox processes in addition 

o the Pc based ones enhanced electrochemical worthy of the ( Pc- 

o ) and ( Pc -Mn ) complexes in various electrochemical application 

elds. Prominent color changes observed during the redox reac- 

ions showd solvotochromic features of the complexes. 
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