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This work involves the synthesis and characterization of metallic (Co, Fe, Mn, Ni, Zn) ball-type
phthalocyanine precursors by using novel 4,4’-(((4-(tert-butyl)-1,2-phenylene)bis-(methylene))bis(oxy))
diphthalonitrile starting compound. The classical oxo-bridge in phthalocyanines was altered with the -
OCH,- bridge first time for these ball-type phthalocyanine precursors, and the effects of this change on
the chemical, physical and spectral features of phthalocyanine complexes were investigated, in the study.
The redox properties of phthalocyanines were researched by electrochemical and in situ spectroelectro-
chemical measurements on a Pt working electrode in non-aqueous medium. The color changes involved
in the redox processes were observed via in situ electrocolorimetric techniques. Electrochemical and UV-
Vis spectral measurements exhibited that the compounds had reversible and serial one-electron reduc-
tion and oxidation processes. Furthermore, they also had nitrile reduction processes because of opened
nitrile groups located at peripheral tails of the phthalocyanine complexes. The plentiful redox conducts
of the complexes such as Pc ring based and/or central redox active metal-based reduction and oxidation
reactions at low potentials showed that these complexes can be used as functional materials. Because of
the apparent spectral and net color changes, the complexes are suitable for utilization in electrochromic
devices. Moreover, their rich redox features are a sign of their high electrocatalytic activity for oxygen

reduction.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Metallo and metal-free phthalocyanine (Pc) complexes are
biaromatic heterocyclic macromolecules that have attracted great
interest in recent years. Due to their aromaticity originating from
the conjugated 18- electron systems in the inner ring, they are
extremely stable physically, chemically, and spectrally, and thus
have a wide variety of electronic, electrical, electrochemical, and
optical properties [1]. Pc complexes are very valuable chemicals
due to their unique properties mentioned above and are involved
in many applications such as dyes [2], conductive materials [3],
solar cell systems, optical/electronic/optoelectronic materials [4-6],
sensors |7], photodynamic therapy (PDT) agent [8], electrocatalyst
[9], electrochromic devices [10], photovoltaic devices [11] and elec-
trochemical energy conversion and storage systems (cell/battery
systems) [12] in various technological fields. Pc variants with dif-
ferent features can be designed efficiently by adjusting synthetic
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procedures, by changing the type/number/linkage bridge of sub-
stituents in peripheral and non-peripheral positions of their outer
rings (aromatic phenyl rings), or by using metals with different co-
ordination numbers in the center. Thus, since newly synthesized
metal Pc complexes have become more attractive in technological
applications, investigations on these compounds have been contin-
uing effectively for about 115 years [13]. As an alternative start-
ing material to the phthalonitrile, Pc researchers started to use
diphthalonitrile compounds for the first time in the early 2000s,
for classical Pc synthesis. The expectation was the formation of a
classical mononuclear Pc from two molecules of this new start-
ing compound. However, contrary to expectations, the reaction re-
sulted not only with this predicted product, but also with the
other two different types of phthalocyanine compounds from four
molecules of diphthalonitrile, in some cases the formation of a
mononuclear Pc with eight nitrile end groups [14-16] and some-
times a dinuclear Pc involving two mononuclear Pc units con-
nected to each other by four organic bridges [17,18], depending
on the nature of the starting material and reaction conditions. The
mononuclear Pc including eight nitrile groups has brought great
innovation to Pc research in two different ways. Firstly, the CN


https://doi.org/10.1016/j.molstruc.2022.134769
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134769&domain=pdf
mailto:zodabas@marmara.edu.tr
https://doi.org/10.1016/j.molstruc.2022.134769

S. Sahin, 0. Akdag, E.B. Orman et al.

Scheme 1. The molecular shapes and 3D structures of the ball type Pc complexes.

groups in this compound are redox-active and reduced themselves.
In addition, nitrile groups are very strongly electron withdrawing
and thus, Pc compound involving these groups at the end are eas-
ily reduced with respect to many other Pc compounds.

On the other hand, if desired, the mononuclear ball-type Pc
precursor with the eight nitrile groups can be used to obtain homo
or hetero dinuclear ball-type phthalocyanines (Pcs) (Scheme 1)
when suitable reaction conditions are provided. Therefore, it can
be used as a high-tech material with very different features from
classical Pcs [17-22].

It can be inferred from the previous studies that the mononu-
clear Pcs and the dinuclear ball-type Pcs have different redox be-
haviors. As shown in Scheme 1, there are two identical Pc rings
in the ball-type molecular structure. Because of the presence of
two identical Pc rings in one M,Pc, unit, ball-type phthalocyanines
have richer redox features than mononuclear Pcs. Scheme 2 shows
and compares the redox behaviors of mononuclear and dinuclear
ball-type Pc complexes. If we consider the first reduction process,
this process may split into two processes or involve the reduction
of two Pc rings at the same potential without splitting [23-25].

In this study, the ball-type metallo (Co, Fe, Mn, Ni, Zn) Pc
precursors have been synthesized using 4,4’-(((4-(tert-butyl)—1,2-
phenylene)bis(methylene))bis(oxy))diphthalonitrile as the starting
compound (Scheme 3). Since the Pcs are peripherally tetrasubsti-
tuted derivatives, each Pcs (2-6) contained a mixture of four posi-
tional isomers, which would have the following symmetry groups:
D2h, C4h, C2v, and Cs [26]. Thus, the image in Scheme 3 suggests
that the terminal oxygen reacts to the joint to the lateral aromatic
ring of the Pcs, however, the representation shows there is a bond
between this oxygen atom and the ring but does not clarify the po-
sition. Additionally, the -OCH,- the bridge was used instead of the
oxo bridge which was used in traditional Pcs for the first time in
ball-type Pc precursor compounds, and the effects of this change
on the chemical, physical and spectral properties of Pc complexes
were investigated.
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Mononuclear

Pc Complexes Redox Processes Process
o Co(ll)Pc(-2)/[Co(ll)Pc(-2)]" o1
(i: D°Mso) Co(llPe(-2)[Co(l)Pc(-2)] R1
[Co(l)Pc(-2)] /[Co(l)Pc(-3)]* R2
Zn(IPe(-2)/Zn(I1)Pc(-1)]* o1
ZnPc Zn(IPe(-2)/Zn(I1)Pe(-3)] R1
(in DMSO) [Zn(I1)Pc(-3)]/1Zn(1l)Pc(-4)> R2
[Zn(I1)Pc(-4)P/Zn(I1)Pc(-5)]> R3
Dinuclear Ball-type Redox Processes Process

Pc Complexes

[Co(I)Pc(-2)2/[Co(l)Pc(-2).Co(ll)Pc(-1)]* o1

CozPcs [Co(I)Pc(-2)]2/[ Co(ll)Pc(-2)]Co(l)Pc(-2)] R1
(in DMSO) [Co(Il)Pc(-2)]Co(l)Pc(-2)]/[Co(l)Pe(-2)]% R2
[Co(l)Pc(-2)12/[Co(l)Pc(-2).Co()Pc(-3):>  R3
[Co(l)Pc(-2).Co(l)Pc(-3)1%/[ Co()Pc(-3)* R4
[Zn(I)Pc(-2)/Zn(Il)Pc(-1)]22* o1
e [Zn(IPc(-2)]/Zn(I)Pc(-3)]% R1
(in DMSO) [Zn(Pc(-3)]2/[Zn(Il)Pc(-4)|2* R2
Zn(IPc(-4)]/Zn(I)Pc(-5)]* R3
[Zn(I)Pc(-5)]2/[Zn(Il)Pc(-6)]* R4

Scheme 2. The representative redox processes of mononuclear and dinuclear ball-
type Pc complexes.

M: Co, Fe(OAc), Mn(OAc), Ni, Zn
1 2 3 4 5 6

Scheme 3. Synthesis of phthalonitrile compound (1) and MPcs (2-6), Reagents and
conditions: (i) Ny, K;COs3, dry DMF, 55 °C, 24 h. (ii) Ny, Co(OAc),.4H,0, Fe(OAc),,
Mn(OAc),.4H, 0, NiCl, and Zn(OAc),.4H,0, DMF, DBU, at reflux temp., 12 h.

MN, macrocyclic compounds have electroactive multiple re-
versible redox processes and may behave as electron transfer in-
termediaries [27]. Pcs have rich redox behaviors such as; reversible
redox processes, multi-electron transfer, and redox peaks at low
potentials. These features are desired properties for electrochromic
applications. Moreover, the increased redox richness of the com-
plexes directly affects the spectral changes caused by the redox
reactions [28]. There is a near and heavy relation between the
molecular structure and the rich redox features of a phthalocya-
nine compound. Redox properties of Pcs determine the applica-
bility in the electrochemical technological areas [29]. Modifica-
tions of Pcs with functional groups expand the redox richness and
flexibility in different electrochemical applications [30]. Many al-
ternatives for the Pc compounds can be designed by using var-
ious central metals and substituents (peripheral, nonperipheral,
axial, tetra, or octa substitution), to enrich the redox properties
[31]. To use Pcs complexes efficiently, characteristic redox fea-
tures of novel Pc compounds that include redox active and inac-
tive metal (M) centers, should be investigated accurately. When
similarities in the general redox behaviors of MPc compounds are
examined, it is clearly understood that the behaviors of both re-
dox inactive and redox active metal-centered complexes are quite
similar to each other. For the inactive metal-centered Pc com-
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plexes, all oxidation and reduction redox processes happen on
the Pc ring. However, redox active metal-centered compounds dis-
play both metal-centered and ring-centered electron deliver mech-
anisms because redox active metals have various half-filled and/or
empty d orbitals in the HOMO-LUMO gap. Complexes with such
a rich and low potential redox conduct generally have the poten-
tial to own higher electrocatalytic activity, and elucidation of elec-
trochemical redox attitudes of them is of great importance in this
respect [32,33].

This research focuses on the effects of metal centers on the re-
dox properties of novel phthalocyanine complexes. It is different
from the early studies because it aimed to systematically com-
pare the redox properties of Pcs that had redox active and inactive
metal centers, and CN groups end of the tail of molecular struc-
ture. Metal centers, substitution positions, and substituted groups
directly affect the redox properties. So as to make a good compar-
ison of the effects of metal centers on the redox properties; redox
active metals (iron, cobalt, manganese) and redox inactive metals
(nickel and zinc) were chosen in this work. To exactly describe the
characteristic redox properties of Pcs, electrochemical, in situ elec-
trocolorimetric, and in situ spectroelectrochemical techniques were
also used.

The major aim of this research is to discover the role of the
metal-centered on the Pc ring in redox processes by establish-
ing particular relations between electrochemical and spectroelec-
trochemical results. In the light of this approach, electrochemi-
cal redox attitudes of novel Pc complexes (CoPc (2), Fe(OAc)Pc
(3), Mn(OAc)Pc (4), NiPc (5), and ZnPc (6) were examined by us-
ing square wave voltammetry (SWV), cyclic voltammetry (CV), and
controlled potential coulometry (CPC) techniques.

2. Experimental

In this study, 4,4’-(((4-(tert-butyl)—1,2-phenylene)bis(methy-
lene))bis(oxy))diphthalonitrile (1) have been synthesized nu-
cleophilic aromatic substitution reaction of sodium (4-(tert-
butyl)—1,2-phenylene)dimethanolate and 4-nitrophthalonitrile, and
novel metallophthalocyanine compounds (CoPc (2), Fe(OAc)Pc (3),
Mn(OAc)Pc (4), NiPc (5), and ZnPc (6)) have been achieved by using
the starting compound (Scheme 3). The used materials, equipment,
and Matrix-Assisted Laser Desorption/lonization (MALDI) sample
preparation are given as supplementary information section.

2.1. Synthesis of sodium (4-(tert-butyl)—1,2-phenylene)dimethanolate
[34]

2.32 g (61 mmol) LiAlH; was mixed with 40 mL diethylether
and then 1.08 g (5 mmol) 5-tert-butylphthalic anhydride was dis-
solved in 40 mL diethyl ether. The prepared second solution was
adjoined to the first solution dropwise. Then, after the reaction
concoction was stirred at room conditions for 10-15 min, the
reaction was terminated as it was understood from the thin layer
chromatography (TLC) of the reaction mixture that the starting
materials were consumed. After the solids in the reaction mixture
are filtered off and 390 mg (10 mmol) of NaNH, were adjoined to
the ether solution and stirred for 2 h, the newly formed solid was
filtered. Drying of the solid product obtained 1.00 g of the salt.
Sodium (4-(tert-butyl)—1,2-phenylene)dimethanolate is soluble in
water, dimethylsulfoxide (DMSO) and dimethylformamide (DMF).
Yield: 1.00 g (84.00%). Melting point: 300 °C.

2.2. Synthesis of 4,4'-(((4-(tert-butyl)—1,2-phenylene)
bis(methylene))bis(oxy))diphthalo-nitrile (1)

1.52 g (12.6 mmol) 4-nitrophthalonitrile, 1.00 g (4.4 mmol)
sodium  (4-(tert-butyl)—1,2-phenylene)dimethanolate, 534 g
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(50 mmol) anhydrous sodium carbonate and 20 mL dry DMF
heated at 55 °C for 24 h and the compound of 4,4’-(((4-(tert-
butyl)—1,2-phenylene)- bis(oxy))bis(methylene))diphthalonitrile
was obtained by nucleophilic aromatic substitution reaction. The
crude product was precipitated by a reaction mixture poured into
the water and after it was filtered and dried, the raw product
was purified via column chromatography eluting with CHCls.
The structure of the substance was elucidated through elemental
analysis, FT-IR, TH-NMR, and 3C-NMR.

Complex 1 is soluble in dichloromethane (DCM), tetrahy-
drofuran (THF), CHCl;, acetonitrile, acetone, DMSO, and DMF.
Yield: 1.57 g (35.71%). Melting point: 188 °C. Elemental Anal-
ysis of CygHyy0,N4 calculated: C, 75.32; H, 4.97; N, 12.55,
obtained results: C, 75.15; H, 5.11; N, 12.67. IR (KBr pel-
let) vmax/cm~!: 3116.74(Ar-H), 3047.71(Ar-H), 2966.72(Alp-H),

2232.80(C=N), 1594.56(C=C), 1561.78(C=C), 1493.40, 1460.55,
141638, 1387.65, 1364.81, 1306.17(Ar-0-Ar), 1297.04(Ar-O-Ar),
1249.59(Ar-O-Ar), 120528, 1177.90, 110451, 1093.17, 1082.71,

1032.77, 983.11, 944.13, 928.50, 882.88, 870.11, 843.81, 831.46,
758.38, 711.42, 642.32, 625.20, 605.97, 521.73, 456.64. 'H-NMR
data (CDCl3) ppm: 1.36(s, 9H), 5.24(s, 2H), 5.25(s, 2H), 7.25(d,
J=8.81 Hz, 1H), 7.30(d, J=8.81 Hz, 1H), 7.33(s, 1H), 7.36(s, 1H),
7.43(d, J=8.00 Hz, 1H), 7.51(s, 1H), 7.51(s, 1H), 7.73(d, J=8.00 Hz,
1H), 7.76(d, J=8.00 Hz, 1H). 3C-NMR ppm: 31.18(3C), 34.82,
68.83, 69.53, 108.06, 115.04, 115.08, 115.36, 117.68, 119.47(2C),
119.78(2C), 119.81(2C), 126.76(2C), 127.33(2C), 129.78, 130.08,
132.43, 135.31(2C), 153.18, 161.33.

2.3. Synthesis of mononuclear (5-(tert-butyl)—2-((3,4-dicyano-
phenoxy )methyl)phenyl)-methanolate substituted metallo
phthalocyanines (CoPc (2), Fe(OAc)Pc (3), Mn(OAc)Pc (4), NiPc (5),
ZnPc (6))

100 mg (0.22 mmol) 4,4’-(((4-(tert-butyl)—1,2-phenylene)bis
(methylene))bis(oxy))diphthalonitrile starting compound,
0.06 mmol metal salt, 12 mg (0.22 mmol) sodium methoxide
and 0.25 mL DBU as catalyst and 0.25 mL dry DMF. It was re-
fluxed for 12 h in an inert medium (N, atmosphere). After the
system was cooled, the reaction concoction was diluted with DMF
and the Pc was precipitated by adding acetic acid-water (7/3).
The crude mono-nuclear Pc compound was washed with acetic
acid-water (7/3) mixture, water, and methanol, respectively, by
using the Soxhlet tool and then was dried. (Except for Fe(OAc)Pc
and Mn(OAc)Pc; in these Pc species methanol was used instead of
acetic acid) Molecular structures of Pc complexes were elucidated
with elemental analyses, UV-Vis, FT-IR and MALDI-TOF-MS. It was
observed that the MPcs dissolved in chloroform, DCM, THF, DMF,
DMSO, and toluene at room temperature.

For CoPc (2) Yield: 60 mg (58.06%). Melting point >300 °C.
Elemental Analysis of Cq5HggCoN150g calculated: C,72.91; H,4.81;
N, 12.15, obtained results: C,73.07; H,4.65; N, 12.26. UV-vis data
(Amax nm (A)) 350(1.434), 622(0.700), 683(0.992) (Solvent: CHCls,
M:1x10-6 molar). FT-IR data (KBr pellet)vmax/cm~1: 3058.99(Ar-
H), 2955.39(Alp-H), 2923.50(Alp-H), 2863.30(Alp-H), 2227.33(C=N),
1607.35(C=C), 1522.63, 1462.27, 1479.49, 1463.04, 1404.73,
1361.99(Ar-O-Ar), 1260.94(Ar-O-Ar), 1228.03(Ar-O-Ar), 112147,
1096.19, 1062.52, 1005.48, 879.91, 822.13, 751.36, 661.36, 605.75.
MALDI-TOF-MS  data  (M/z):1687.867(M-CH,O-phthalonitrile)*,
1789.889(M-t-butyl)*, 1847.547 (M+2H)*.

For Fe(OAc)Pc (3) Yield: 26 mg (24.40%). Melting point >300 °C.
Elemental Analysis of Cy14HgiFeN;g01¢ calculated: C,72.03; H, 4.83;
N, 11.79, obtained results: C,72.12; H, 4.97; N, 11.95. UV-vis data
(Amax nm (A)) 360(1.941), 607(0.431), 710(1.024) (Solvent: CHCls,
M:1x10-6 molar). FT-IR data (KBr pellet)vmax/cm~1: 3059.65(Ar-
H), 2951.70(Alp-H), 2924.55(Alp-H), 2857.95(Alp-H), 2224.43(C=N),
1709.28(C=0), 1607.05(C=C), 1500.31, 1459.69, 1393.04, 1363.26,
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1259.74(Ar-0-Ar), 1220.03(Ar-O-Ar), 1200.52(Ar-O-Ar), 1123.60,
1083.89, 1022.91, 925.06, 888.19, 822.19, 752.05, 621.59, 579.04.
MALDI/TOF/MS data (M/ z): 1842.867 (M-OAc+H)*.

For Mn(OAc)Pc (4) Yield: 40 mg (37.46%). Melting point
>300 °C. Elemental Analysis of Cy;4Hg;MnNg0¢o calculated: C,
72.07; H,4.83; N,11.80, obtained results: C, 71.92; H, 4.95; N, 11.62.
UV-vis data (Amax nm (A)) 372(0.862), 523(0.204), 671(0.334),
737(0.636) (Solvent: CHCl3, M:1x10~6 molar). FI-IR data (KBr
pellet)vmax/cm~1:  3074.27(Ar-H), 2955.43(Alp-H), 2920.40(Alp-
H), 2852.06(Alp-H), 2228.51(C=N), 1717.72(C=0), 1596.37 (C=C),
1562.72, 1460.09, 137718, 1338.16(Ar-O-Ar), 1321.11(Ar-O-Ar),
1241.02(Ar-0-Ar), 1086.69, 1054.53, 995.03, 886.55, 828.68, 746.90,
730.28, 662.62, 616.53, 522.83, 453.32, 406.96. MALDI-TOF-MS
data (M/z): 1840.373(M-0OAc)™, 1857.754(M-OAc +H,0)", 1874.942
(M-OAc +2H,0)*.

For NiPc (5) Yield: 31 mg (29.98%). Melting point >300 °C.
Elemental Analysis of C;1,HggNiNgOg calculated: C,72.92; H,4.81;
N, 12.15, obtained results: C,73.07; H4.99; N, 12.08. UV-vis
data (Amax nm (A)) 386(1.121), 626(0.949), 678 (0.950) (Sol-
vent: CHCl3, M:1x10-¢ molar). FT-IR data (KBr pellet)vmax/cm—1:
3060.82(Ar-H), 2959.13(Alp-H), 2930.69(Alp-H), 2868.45(Alp-H),
2223.47(C=N), 1612.38(C=C), 1531.32, 1479.63, 1414.16, 1385.92,
1363.34, 1323.81(Ar-O-Ar), 1228.11(Ar-O-Ar), 1124.77, 1095.05,
1065.48, 1020.30, 867.61, 828.32,752.01. MALDI/TOF/MS data
(M/z):1815.586(M-2CH5+H)™.

For ZnPc (6) Yield: 60 mg (57.82%). Melting point >300 °C. El-
emental Analysis of Cy1,HggZnN;g0g calculated: C,72.66; H,4.79;
N, 12.10, obtained results: C, 72.49; H,4.62; N,11.92. UV- vis
data (Amax nm (A)) 347(0.808), 621(0.226), 686(0.636) (Sol-
vent: CHCl3, M:1x10-% molar). FT-IR data (KBr pellet)vmax/cm—1:
3060.47(Ar-H), 2956.39(Alp-H), 2922.78(Alp-H), 2852.32(Alp-H),
2222.22(C=N), 1605.53(C=C), 1523.61, 1482.68, 1460.38, 1394.33,
1362.01, 1339.52(Ar-O-Ar), 1260.83(Ar-O-Ar), 1222.82(Ar-O-Ar),
1089.18, 1046.11, 999.49, 941.84, 872.94, 823.13, 773.20, 746.23,
728.24, 659.38, 521.66. MALDI-TOF-MS data (M/z): 1815.586(M-CN-
CH3+2H)™, 1851.453(M)™.

2.4. Electrochemical measurements

Electrochemical redox behaviors of novel Pc complexes were
attentively examined by using SWV, CV, CPC, in-situ Spectroelec-
trochemical, and in-situ electrocolorimetric techniques at 25°C. In
all electrochemical and spectroelectrochemical surveys, a three-
electrode system was utilized. A platinum working electrode with
a covering field of 0.10 cm? was used in electrochemical mea-
surements. A spiral platinum wire was utilized being the counter
electrode. The saturated calomel electrode (SCE) was utilized
being the reference electrode. A bridge was used to separate
the SCE from the solution. During the cyclic and square wave
voltammetry surveys, which were achieved with Gamry Refer-
ence 600 Model galvanostat or potentiostat, pure nitrogen gas
was passed through the solutions for 30 min. The solutions were
kept in an atmosphere of inert nitrogen gas for the duration
of the experiments. CV and SWV techniques were supported by
in situ spectroelectrochemistry. Spectroelectrochemical redox be-
haviors were monitored via the diode array UV-Vis spectropho-
tometer named Ocean Optics HR2000+ operating in combination
with Gamry Reference 600 potentiostat/galvanostat during the po-
tentiostatic control. A thin layer spectroelectrochemical cell man-
ufactured using a quartz cuvette and the three electrodes for-
mat were utilized to achieve the spectroelectrochemical measure-
ments at 25°C. In this system, a translucent and wire mesh plat-
inum gauze working electrode, a spiral platinum wire counter
electrode, and a saturated calomel reference electrode (SCE) were
operated [35].
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3. Results and discussion
3.1. Synthesis and characterizations

Firstly, the diol compound (4-(tert-butyl)—1,2-phenylene)
dimethanol) was obtained by reducing 4-tert-butylphthalic anhy-
dride with LiAlH4 in one step by conventional method [34]. Then,
4-(tert-butyl)—1,2-phenylene)dimethanol was converted into its
salt, which is a stronger nucleophile, by reacting with the very
strong base NaNH,. Finally, starting compound 4,4’-(((4-(tert-
butyl)—1,2-phenylene)bis(methylene))bis(oxy))diphthalonitrile (1)
was obtained nucleophilic aromatic substitution reaction between
4-nitrophthalonitrile and sodium salt of 4-(tert-butyl)-1,2-
phenylene)dimethanol. This compound was purified, and charac-
terized by elemental analyses, FT-IR, UV-Vis, TH- and 3C-NMR
spectra. In the FT-IR spectrum of the 4,4’-(((4-(tert-butyl)—1,2-
phenylene)bis(methylene))bis(oxy))diphthalonitrile, bands in the
range of 3116.74-3047.71 cm~! and 2966.72-2850.00 cm~! show
the stretching vibrations of the aromatic CH bonds (in the rings
of aromatic benzene) and aliphatic CH bonds (in the tertiary
butyl group and -CH, groups on the bridge), respectively. The
stretching vibration of the C=N bond was monitored at 2232.80
cm~! and that of the C=C bond in benzene rings was monitored
between 1594.56 and 1561.78 cm~'. The bands seen in the range
of 1306.17-1249.59 cm~! belong to the stretching vibrations of
the carbon-oxygen bonds in the (-CH,-O-Ar) group. The presence
of bands of the -CH,-O-Ar and C=N bonds is a strong indication
of the formation of the target compound.

The BC-NMR and 'H-NMR spectra of the 4,4'-(((4-(tert-
butyl)—1,2-phenylene)bis-(methylene))bis(oxy))diphthalonitrile ex-
actly match the proposed molecular construction. The molecular
structure of starting materials was confirmed by the singlets at
1.36, 5.24, and 5.25 ppm in the aliphatic region and singlets and
doublets in the range of 7.33-7.76 ppm in the ring with electron-
withdrawing nitrile groups and in the range of 7.25-7.36 ppm in
the ring with electron-releasing t-butyl group in the aromatic re-
gion. A detailed description of the TH-NMR and >C-NMR spectra
of compound 1 is shown on the molecules in Fig. S1 and Fig. S2.

All the bands in the FT-IR spectra of the Pc molecules were gen-
erally similar to those in the FT-IR spectrum of compound 1. How-
ever, an extra peak around 1700 cm~! was observed in the spectra
of FePc and MnPc. This peak should belong to the C=0 bond in
the acetate group attached to the Pc ring from the axial position,
pointing out that the formulas of these Pc complexes are Fe(OAc)Pc
(3) and Mn(OAc)Pc (4), and the oxidation number of the metals is
+3 (Fig. S3).

In general, the MALDI-TOF mass spectra of the Pc compounds
well confirmed their molecular structures (Figs. S4-S8). Unfortu-
nately, the molecular ion (M*) peaks of the Pc molecules were not
observed in most of their MALDI-TOF mass spectra. This situation
occurred most probably due to the fact that the Pc molecules could
not be ionized easily by laser light and thus, degradation products
of the Pc molecules formed under these conditions despite the ion-
ization assistance of the matrix molecule. The (M-OAc)* peak has
been observed as the main one in the mass spectra of Fe(OAc)Pc
(3) and Mn(OAc)Pc (4) complexes since the acetate group in the
axial position in the molecules of these compounds is easily split
by the laser light effect.

The -CH,0- bridge in the structure of the Pc compounds in this
study presents less mesomeric electron current and more inductive
electron current than the classical oxo bridge. In this work, accord-
ing to the Q bands of classical oxo bridged Pcs, red shifting was
observed in the Q bands of CoPc (2), NiPc (5), and ZnPc (6) while
blue shifting in those of Fe(OAc)Pc (3) and Mn(OAc)Pc (4). This
situation shows that inductive electron current is more effective
in the -OCH,- bridge. However, unexpected results for Fe(OAc)Pc
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(3) and Mn(OAc)Pc (4) can be explained that the electronic ef-
fects of the axially linked substituents (electron withdrawing ac-
etate group) are stronger than electron releasing effect of -OCH,-
group.

The aggregation is generally unavoidable for Pc molecules due
to their high molecular mass and unfortunately, it is often a ma-
jor disadvantage for various technological applications. Unluckily,
the novel molecules which contain four branched substituents in
this study have high molecular weight and thus, most probably
form aggregated species in solution. However, to prevent these
compounds from aggregation, t-butyl groups have been included
as substituents so that increase solubility and decrease aggregated
species in common solvents. Therefore, it was thought that H ag-
gregates formed by face-to-face interaction in solutions of CoPc (2)
and NiPc (5) are examples. In the UV-vis spectrum of the Pcs ex-
cept for Mn(OAc)Pc (4) and ZnPc (6), the extra bands were mon-
itored between the vibrational bands and Q bands. These bands
may originate from H aggregates formed by face-to-face interac-
tion in solutions of CoPc (2) and NiPc (5). In fact, since the ab-
sorbance of the extra band of NiPc (5) is higher than that of CoPc
(2), it can be stated that there are more H aggregated species in
the NiPc (5) solution. Due to the variable valence of the metals in
FePc and MnPc and their higher coordination numbers compared
to other metals, the spectral behaviors of these two complexes are
different [36,37]. UV-vis spectra of complexes Fe(OAc)Pc (3) and
Mn(OAc)Pc (4) in DMSO solution showed that Fe(OAc)Pc (3) has
a mixture of FePc and Fe(OAc)Pc species, whereas Mn(OAc)Pc (4)
has only Mn(OAc)Pc species. When the absorbance values of the
bands were compared for the Fe complex Fe(OAc)Pc (3), it was ob-
served that it was predominantly Fe(OAc)Pc species in the DMSO
solution (Fig. S9). This result do not show that these compounds
are not pure, it show that these pure species formed the mixture
of M+2 and M+3 of Pcs in DMSO.

3.2. Electrochemistry and in situ spectroelectrochemistry

It is exhibited by controlled potential coulometric investiga-
tions that redox processes thoroughly analyzed for Pc complexes
broadly cover the transfer of one electron [38]. Characteristic data
of complexes of redox processes, such as reduction and oxidation
half-peak potentials (E;;), anodic-cathodic peak potential divisions
((AEp), peak currents ratio (Ipa/lpc), and initial oxidation-initial re-
duction half-peak potential differences were determined by using
a carrier electrolyte in 0.10 mole dm~3 concentration, tetrabuty-
lammoniumperchlorate (TBAP) salt, in absolutely pure DCM and
DMSO solvent media. Voltammetric data obtained from electro-
chemical definitions are summarized in Table 1. It has been sighted
that complexes usually form redox peaks with one electron trans-
fer per redox-active species, arising from metals and/or Pc ligands.
The AE, values, varying in the range of 60-90 mV with 0.100 V
s~1 scan rate, and the peak currents ratio, having unit value, of all
redox processes in both solvent mediums reveal that these pro-
cesses are reversible events with one electron transfer for MPc
complexes [39]. This electrochemical reversibility was also strongly
supported by the fact that the peak currents change in direct pro-
portion to the square root of the potential scanning speed for cyclic
voltammograms recorded at different scan rates. In addition, this
reversibility displayed that chemical reactions do not accompany
electron transfer processes as a result of voltammograms recorded
at different scan rates. The reversible character of electrochemical
reactions supports that compounds can transfer electrons rapidly.
Therefore, it is possible to attribute the rapid occurrence of elec-
tron transfer to the high conjugation in compounds. The peak sym-
metry of the forward and backward SWV scans also props re-
versibility conditions from CV.
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The metal centers, solvent environment, and environmental
conditions of the complexes change the electrochemical parame-
ters. For this reason, when consistent similarities in general re-
dox behaviors of metal Pcs are attentively examined; it is under-
stood that the conducts of NiPc (5) and ZnPc (6) complexes are
exactly similar to each other and that CoPc (2), Fe(OAc)Pc (3), and
Mn(OAc)Pc (4) compounds own quite analogous redox properties
among themselves. These results, which are based on NiPc (5) and
ZnPc (6) complexes, demonstrate that they behave as having an in-
active metal center; all events happened like as in the form of two
consecutive reductions and one or two oxidations centered on the
Pc ring and also the third reduction centered on nitrile groups lo-
cated at four peripheral corner tails of the Pc complex [23]. How-
ever, the redox attitudes CoPc (2), Fe(OAc)Pc (3), and Mn(OAc)Pc
(4) compounds are remarkably different from that of NiPc (5) and
ZnPc (6) complexes. This other way of behaving can be explained
by the redox-active metal centers in the CoPc (2), Fe(OAc)Pc (3),
and Mn(OAc)Pc (4) compounds. Therefore, these complexes have
both ring-centered and metal-centered electron transfer transac-
tions because they have redox active metals in the ring centers.
The main molecular reason for this voltammetric difference is that
complexes with electro-active metals such as CoPc (2), Fe(OAc)Pc
(3), and Mn(OAc)Pc (4) own various half-filled and/or empty d or-
bitals between the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO). Consequently,
while the first reduction events of CoPc (2), Fe(OAc)Pc (3), and
Mn(OAc)Pc (4) compounds take place at pretty low negative po-
tential values meaning closer to zero, their first oxidation takes
place at lower positive potentials, compared to NiPc (5) and ZnPc
(6) (Table 1). Complexes with such rich and low potential redox
behavior generally have the capacity to own higher electrocatalytic
activity, and elucidation of electrochemical redox actions is of great
importance in this respect. The axial position occupied by the co-
ordination property of neutralizing and/or donor solvent molecule
significantly affects the potential of redox processes of MPcs. In
order to make a comparison, it can be seen that in the Pc com-
plexes, manganese and iron can have an oxidation state of +3,
while cobalt metal has a state of +2. Therefore, the acetate ion is
bound from the axial position to the Fe(OAc)Pc (3) and Mn(OAc)Pc
(4) compounds; moreover, for CoPc (2) complex, donor DMSO sol-
vent binding takes place from the axial position. In situ spectral
and IR spectroscopy characterizations made this situation more ev-
ident. In IR spectroscopy, the carbonyl peak was observed due to
the binding of the acetate group to the Mn(OAc)Pc (4) complex,
and therefore it was understood that before the redox reactions,
the original state of manganese metal in the complex was in the
Mn (II) valence state. In addition, iron metal had the same be-
havior as manganese metal. However, cobalt metal in the original
state had an oxidation state of +2. The initial reduction and oxida-
tion events of complexes with redox active metal centers in polar
solvents as in as DMSO and DMF happen on the metal center. On
the other hand, the initial oxidation which happens in an apolar
solvent such as DCM belongs to the Pc ring.

SWV and CV voltammograms for CoPc (2) in the DMSO-TBAP
solution medium are represented in Fig. 1. Furthermore, it can be
noticed in Table 1 and Fig. 1 that CoPc (2) showed two oxidation
attitudes with one electron. The first oxidation redox process for
cobalt metal specified O1 at 042 V of E;j, value can be ascribed
to the redox couple Co(II)Pc(—2)/[Co(IlI)Pc(—2)]*. The secondary
oxidation process, which was characterized by 02 at 1.04 V half-
wave potential, is in the form of [Co(IIl)Pc(—2)]*/[Co(III)Pc(—1)]2+
and belongs to the Pc ring. Moreover, the CoPc (2) complex
showed three reduction processes with one-electron (—0.50 V for
R1, —1.43 V for R2, and —1.57 V for R3 versus SCE) [40]. The first
reduction redox process defined R1, Co(II)Pc(—2)/[Co(I)Pc(—2)],
obviously demonstrating the electron transfer of the cobalt
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Table 1
The electrochemical redox data for CoPc (2), Fe(OAc)Pc (3), Mn(OAc)Pc (4), NiPc (5) and ZnPc (6) corresponding to previous studies.
Complexes Redox Processes Process 3E;p(V) > AE,(mV) Ipa/lpe 4AE Refs.
V) ]

CoPc (2) (in DMSO) [Co(1I)Pc(—2)]*/[Co(1II)Pc(—1)]?+ €02 1.04 - - [38]
Co(II)Pc(—2)/[Co(II)Pc(-2)]*+ 01 0.42 80 0.80 092
Co(I1)Pc(—2)/[Co(I)Pc(—2)]~ R1 —-0.50 65 0.85 :

[Co(1)Pc(—2)]~ [[Co(1)Pc(—3)]?>~ ¢ R2 -1.43 - -
Nitrile Reduction ¢R3 -1.57 - -

Fe(OAc)Pc (3) (in DMSO) [Fe(IV)(OAC)Pc(—2)]* [[Fe(IV)(OAc)Pc(—1)]?+ €02 1.09 - - [30]
Fe(II1)(OAC)Pc(—2)/[Fe(IV)(OAc)Pc(—-2)]* 01 0.15 70 0.88 050
Fe(II1)(OAc)Pc(—2)/[Fe(II)(OAc)Pc(—2)]~ R1 -0.35 60 0.95 i
[Fe(IT)(OAC)Pc(— 2)] [[Fe(1)(OAc)Pc(—2)]>~ ¢ R2 -1.08 - -

[Fe(I)(OAc)Pc(—2)]%>~ [[Fe(1)(OACc)Pc(—3)]*~ ¢ R3 -1.36 - -
Nitrile Reduction ¢ R4 —-1.60 - -

Mn(OAc)Pc (4) (in DMSO) Mn(IV)(OAc)Pc( 2)+/[Mn (IV)(OAC)Pc(—1)]2+ e 02 1.00 - - [31]
Mn(111)(OAc)Pc(—2)/[Mn(IV)(OAc)Pc(-2)]* 01 0.39 90 0.80 0.68
Mn(II)(OAc)Pc(—2)/[Mn(II)(OAc)Pc(— )]* R1 -0.29 75 0.85 !
[Mn(11)(OACc)Pc(—2)]~ /[Mn(1)(OAc)Pc(—2)]*~ R2 -0.90 85 0.88
[Mn(I)(OAc)Pc(—2)]?~/[Mn(1 )(OAc)Pc( 3)]P- R3 -1.30 80 0.85
[Mn(I)(OACc)Pc(—3) 13~ /[Mn(1)(OAc)Pc(—4)]4~ ¢ R4 —~1.54 - -

Nitrile Reduction ¢R5 -1.70 - -

NiPc (5) (in DMSO) Ni(I1)Pc(—2)/[Ni(I1)Pc(—1)]* e 01 0.97 - - 154 [45]
Ni(II)Pc(— )/[Nz(Il)Pc( 3)- R1 -0.57 80 0.75 i
[Ni(I)Pc(—3)]~ /[Ni(1[)Pc(—4)]>~ ¢ R2 -1.02 - -

Nitrile Reduction ¢R3 —1.40 - -

ZnPc (6) (in DMSO) [Zn(I)Pc(—1)]*/[Zn(11)Pc(0)]?+ €02 1.00 - - [31]
Zn(11)Pc(—2)/[Zn(11)Pc(-1)]* €01 0.60 - - 1.55
Zn(11)Pc(—2)/[Zn(1)Pc(—3)]~ R1 -0.95 75 0.80 :
[Zn(11)Pc(—3)]~/[Zn(11)Pc(—-4)]*~ ¢ R2 -1.35 - -

Nitrile Reduction - - - -

ZnPc (6) (in DCM) Zn(I1)Pc(—2)/[Zn(11)Pc(-1)]* €01 0.55 - - 123 [38]
Zn(11)Pc(—2)/[Zn(11)Pc(-3)]~ ¢ Rl —-0.68 - - i

¢(R1") (-0.92)
[Zn(I1)Pc(—3)]~ /[Zn(11)Pc(—4)]2~ e R2 -1.34 - -
Nitrile Reduction ¢R3 -1.68 - -

3: Eqp = (Epat Epc)/2 at 0100 V s7! scan rate.
b: AEp = Epa -Epc at 0.100 V s~! scan rate.
€: Ipaflpe, at 0100 V s~! scan rate.

d: AE;); = Eqp(first oxidation) - Ey, (first reduction). It represents the HOMO-LUMO gap for Zn and Ni, but the charge transfer transitions for Fe, Mn, and Co involving redox

active metal centers.

¢: This redox couples were just determined by using Square Wave Voltammetry (SWV).

metal center. The second reduction redox process marked R2,
[Co(I)Pc(—2)]~/[Co(1)Pc(=3)]%~, belongs to the Pc ring centered
electron transfer [41]. The final reduction process tagged R3 is
caused by the nitrile groups that are placed at four peripheral tails
in the structure of the complex CoPc (2).

Cyclic and square wave voltammograms for Fe(OAc)Pc (3) in
DMSO/TBAP environment are revealed in Fig. 2. Fe(OAc)Pc (3) com-
plex; showed two oxidation and four reduction behaviors with
one electron. E;j; value of 0.15 V for the first oxidation pair
labeled O1 belongs to iron metal, which can be attributed to
the redox pair, Fe(IlI)(OAc)Pc(—2)/[Fe(IV)(OAc)Pc(—2)]*. The sec-
ond oxidation process, [Fe(IV)(OAc)Pc(—2)]*/[Fe(IV)(OAc)Pc(—1)]%+,
displayed by 02 labeled with 1.09 V half-wave potential, belongs
to the Pc ring. Also, Fe(OAc)Pc (3) showed a series of four re-
duction behaviors. The first reduction event labeled R1 occurred
at —0.35 V half-wave potential value. The R1 reduction redox
pair, Fe(IlI)(OAc)Pc(—2)/[Fe(I1)(OAc)Pc(—2)]~, indicates the electron
transfer of the iron metal center. The second reduction identified
as R2, [Fe(II)(OAc)Pc(—2)]~/[Fe(I)(OAc)Pc(—2)]%~, was metal cen-
tered at —1.08 V half-wave potential value. The third reduction re-
dox process labeled R3, [Fe(I)(OAc)Pc(—2)]2~/[Fe(I)(OAc)Pc(—3)]3-,
took place at —1.36 V of E;, value and belongs to Pc ring centered
electron transfer [32]. The R4 redox process happening at —1.60 V
half-wave potential belongs to the last reduction process due to
the nitrile groups located at four peripheral corner tails of the Pc
complex (Table 1 and Fig. 2). Additionally, the cause of the inter-

play betwixt Pc ligand molecular and Fe-d orbitals, the first ring
centered reduction event for this complex occurs at a greatly neg-
ative potential (at —1.36 V). Thus, the second and ongoing ring-
based reduction processes of Pc are often outside the range of cur-
rent negative potential and unfortunately cannot be noticed as es-
timated. Additionally, when the charge transfer transition energies
of CoPc (2), Fe(OAc)Pc (3), and Mn(OAc)Pc (4) compounds are com-
pared in order of 0.92 V, 0.50 V, and 0.68 V, it can be observed
from the Table 1 that the charge transfer transition energy for the
complex Fe(OAc)Pc (3) is lower than the others.

In the solution medium that was prepared with pure DMSO
and TBAP, CV and SWV voltammograms obtained for Mn(OAc)Pc
(4) are displayed in Fig. 3. For this compound, two oxida-
tions (0.39 V for O1 and 1.00 V for 02) and five reductions
(-0.29 V for R1, —0.90 V for R2, —1.30 V for R3, —1.54 V for
R4, and —1.70 V for R5) processes were noted with one elec-
tron transfer for each redox process [42]. The first reduction
processes (R1), Mn(IIT)(OAc)Pc(—2)/[Mn(II)(OAc)Pc(—2)]~ and the
second one (R2), [Mn(II)(OAc)Pc(—2)]~/[Mn(I)(OAc)Pc(—2)]?>~ for
Mn(OAc)Pc (4) were metal centered (Table 1). The third reduc-
tion processes (R3), [Mn(I)(OAc)Pc(—2)]2~/[Mn(I)(OAc)Pc(—3)]3~
at -130 V and fourth reduction processes (R4),
[Mn(I)(0Ac)Pc(—3)]3~/[Mn(I)(OAc)Pc(—4)]*~ at —1.54 V belong
to the ring of Pc rather than the reduction of manganese
ions in the complex [43]. The R5 process at —1.70 V is the
last reduction because of the nitrile groups located at four



S. Sahin, 0. Akdag, E.B. Orman et al.

a) 104 CV of 2 at 0.100 Vs™ scan rate on a Pt working
electrode in DMSO/TBAP. R2

0.5 0.0 -0.5 -1.0 -1.5
E /V versus SCE

SWV of 2.

o1

1.0 0.5 0.0 0.5 -1.0 -1.5
E /V versus SCE
Fig. 1. (a) Cyclic voltammogram at 0.100 Vs~' scan rate and (b) square wave

voltammograms (pulse size: 100 mV; step size: 5 mV; frequency: 25 Hz.) of CoPc
(2) (5.00x10~* M) on a Pt working electrode in DMSO/TBAP electrolyte system.

a) CV 0f3at0.100 Vs™ scan rate on a Pt working
54 electrode in DMSO/TBAP. R4

R3
R1 R2

-104
0.5 0.0 0.5 -1.0 -5
E /V versus SCE

b) SWV of 3.

104
1
o] o2 01 RI R2 R3 R4
o

-104

1.0 0.5 0.0 0.5 -1.0 -1.5

E /V versus SCE

Fig. 2. (a) Cyclic voltammogram at 0.100 Vs~! scan rate and (b) square wave
voltammograms (pulse size: 100 mV; step size: 5 mV; frequency: 25 Hz.) of
Fe(OAc)Pc (3) (5.00x10~4 M) on a Pt working electrode in DMSO/TBAP electrolyte
system.

peripheral corner tails of the Pc structure. The initial oxida-
tion reaction of Mn(OAc)Pc (4), obviously characterized as 01,
Mn(III)(OAc)Pc(—2)/[Mn(IV)(OAc)Pc(—2)]+ at 0.39 V is metal cen-
tered (Table 1). On the other hand, the first oxidation of the Pc
ring is observed at 1.00 V as the second oxidation of Mn(OAc)Pc
(4) (02), Mn(IV)(OAC)Pc(—2)*/ [Mn(IV)(OAC)Pc(—1)]2+ (Fig. 3) [44].
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a) [CVof4at0.100 Vs scan rate on a Pt working electrode
104 in DMSO/TBAP.

R3

1.0 0.5 0.0 0.5 -1.0 1.5
E /V versus SCE
b)
SWV of 4.
5
« 0] 02 o1 R1 R2 R3 R4R5
=
S
]
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Fig. 3. (a) Cyclic voltammogram at 0.100 Vs—' scan rate and (b) square wave
voltammograms (pulse size: 100 mV; step size: 5 mV; frequency: 25 Hz.) of
Mn(OAc)Pc (4) (5.00x10~4 M) on a Pt working electrode in DMSO/TBAP electrolyte
system.

Generally, it is expected in the DMSO/TBAP electrolyte sys-
tem that while the initial reduction and oxidation events of com-
plexes containing redox-active metals such as Fe, Co, and Mn
in the +2 valence state, are metal-centered corresponding to
the [M(II)Pc(-2)]/IM(I)Pc(—2)]~ and [M(II)Pc(—2)]/[M(III)Pc(—2)]"
pairs, respectively, the second reduction belong to the Pc ring.
Therefore, CoPc (2), Fe(OAc)Pc (3), and Mn(OAc)Pc (4) com-
plexes containing redox active metal showed both ligand and
metal originated electron transfer processes in voltammetric stud-
ies performed in a solution medium containing DMSO/TBAP and
DCM/TBAP. For the CoPc (2), Fe(OAc)Pc (3), and Mn(OAc)Pc (4)
complexes, valence states of redox active metals were determined
as +3 for Mn and Fe, and +2 for Co by IR spectroscopy. Aimed at
understanding this situation more clearly, these redox processes,
metal or ligand centered, should be elucidated, which is possi-
ble by supporting voltammetric studies with in situ spectroelectro-
chemical analyzes. Therefore, in situ spectral changes of the com-
plexes have been recorded at appropriate fixed potentials in order
to support the redox behaviors. Additionally, in situ electrocolori-
metric evaluations, which are a vital indicator for electrochromic
applications by giving chromaticity (color) diagrams that allow the
determination of x, y, and z coordinates, have been integrated into
spectroelectrochemistry measurements.

In situ spectral and electrocolorimetric specifications of the
Mn(OAc)Pc (4) complex are presented in Fig. 4, as an instance
for the realization of the electron transfer behavior of redox-active
metal-centered Pc complexes. All color changes involved in the re-
dox processes were clearly and entirely given on the chromatic-
ity diagram, also representing the color of the electrogenerated
species in Fig. 4e. Additionally, Fig. 4a is obvious to grasp the oxi-
dation state of the metal in Mn(OAc)Pc (4) before any potential is
applied. The metal ligand charge transfer band (MLCT) remarked
at 518 nm and the Q band at 745 nm confirm that the manganese
species in the complex is in a +3 oxidation state initially. The
spectral changes happening under —0.55 V constant potential ver-
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The first reduction changes of 4 at b)
-0.55 V vs. SCE in DMSO/TBAP.
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The third and fourth reduction changes
of 4 at -1.65 V vs. SCE in DMSO/TBAP,
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d) The first oxidation changes of 4 at 0.70 V vs. SCE in DMSO/TBAP.
Mn(TIT)(OAc)Pe(-2)/Mn(TV)(OAc)Pe(-2) .

Abs.

300 400 500 600 700 800 900
Wavelength /nm

300 400 500 600 700 800 900
Wavelength /nm

300 400 500 600 700 800 900

Wavelength /nm
e) 08 The Chromaticity diagram
of 4 in DMSO/TBAP.
06{
s 0.4
0.2
0.0

Fig. 4. In situ UV-vis spectral changes of Mn(OAc)Pc (4) during the controlled-potential electrolysis in DMSO/TBAP electrolyte system at (a) Eqpp= —0.55 V (b) Ezpp= —1.05 V
(c) Eapp= —1.65 V (d) Eapp= 0.70 V (e) the chromaticity diagram with the color changes of Mn(OAc)Pc (4).

sus SCE in the DMSO/TBAP solution are given in Fig. 4a medium.
For the R1 redox process, Mn(III)(OAc)Pc(—2)/[Mn(II)(OAc)Pc(-2)] -,
while the Q band shifts from 745 nm to 694 nm, new bands are
recorded in the charge transfer zone. The existence of clear isos-
bestic points at 320, 382, and 600 nm obtained by analysis of the
changes in the absorbance spectrum via UV-Vis spectrophotome-
ter affirms the predominance of reduced [Mn(II)(OAc)Pc(—2)]~
species. These changes point out the R1 tagged redox pair ex-
pressed by voltammetric measurements in Fig. 3. The color of the
original spectrum, obtained by in situ color determination with-
out applying any potential to the electrolyte, coincides with a
burgundy-orange color in the color diagram in Fig. 4a which is
indicated as the star token with position (x = 0.407, y = 0.377)
on the chromaticity diagram fitted in the coordinate plane in
Fig. 4e, before the first reduction process of the Mn(OAc)Pc (4).
In the direction of reduction with the application of —0.55 V con-
stant potential versus SCE, the reduction of the manganese metal
Mn(IIT)(OAc)Pc(—2)/[Mn(I)(OAc)Pc(—2)]~ starts, and during the R1
redox process initially observed burgundy-orange color turns into
light green color as shown with square sign x = 0.332, y = 0.382
in Fig. 4a and 4e. In the second redox reduction process R2,
[Mn(IT)(OAc)Pc(—2)]~ /[Mn(I)(OAc)Pc(—2)]%~, the changes in the ab-
sorbance spectrum recorded at —1.05 V can be seen in Fig. 4b.
Notably, the composition of a novel band in the range of 500-
550 nm in the MLCT transition region and the increase in the
band indicate that the second reduction event is metal centered.
In that case, the second reduction of manganese metal takes place
in the way of Mn(II)/(Mn(I). At the end of the color investigations
accompanying the second reduction of manganese metal R2 pro-
cess [Mn(I1)(OAc)Pc(—2)]~/[Mn(I)(OAc)Pc(—2)]%~, the blue color is
obtained in Fig. 4b (diamond symbol x = 0.332, y = 0.304). It can

be noticed from Fig. 4c that while the magnitude of the Q band
declines in the course of the R3 process under —1.65 V constant
potential, the genesis of a clear peak at 765 nm, the increase in
the peak intensity at 530 nm, and the formation of a wide band in
this region indicate the Pc based reduction process. Besides, these
changes in the absorbance spectrum are the characteristic behav-
iors of the Pc ligand centered reduction reactions [45]. Since the
constant potential value of —1.65 V includes both R3 and R4 Pc re-
duction reactions, which were determined by using electrochemi-
cal techniques (Fig. 3 and Table 1). These changes corresponds to
processes R3 [Mn(I)(OAc)Pc(—2)]2~/[Mn(I)(OAc)Pc(—3)]>~ and R4
[Mn(I)(0Ac)Pc(—3)]3~/[Mn(I)(OAc)Pc(—4)]*~. With the constant po-
tential —1,65 V, the total Pc reduction process, specified R3 on the
chromaticity diagram produced the light pink color as shown with
triangle sign x = 0.356, y = 0.246 in Fig. 4e. The changes in the
absorbance spectrum via in situ UV-Vis spectrophotometer under
the 0.70 V constant potential are presented in Fig. 4d. The same
spectral properties of the original spectral wave seen in Fig. 4a ob-
tained before both reduction and oxidation processes without ap-
plying any constant potential. In the beginning, the presence of the
broad Q band between 714 and 850 nm and the 518 nm band
demonstrates the existence of [Mn(III)(OAc)Pc(—2)]. These results
confirm that the manganese ion in the Mn(OAc)Pc (4) complex is
in the +3 oxidation state. The growth of the Q band and shift-
ing to 745 nm indicates that there is metal-based oxidation. This
oxidation process, O1, remarked via not only CV but also SWV,
corresponds to Mn(III)(OAc)Pc(—2)/[Mn(IV)(OAc)Pc(-2)]* (Fig. 3
and Table 1). During this electrolytic redox process, the increase
strictly observed in the band of metal-ligand charge transfer re-
gion in the range of 440-480 nm reveals that O1 oxidation takes
place on the metal and can be categorized as Mn(III)/Mn(IV)
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Fig. 5. (a) Cyclic voltammogram at 0.100 Vs~' scan rate and (b) square wave
voltammograms (pulse size: 100 mV; step size: 5 mV; frequency: 25 Hz.) of NiPc
(5) (5.00x10~* M) on a Pt working electrode in DMSO/TBAP electrolyte system.

[44]. As a result of the O1 oxidation of the manganese metal,
Mn(III)(OAc)Pc(—2)/[Mn(IV)(OAc)Pc(—2)]*, in the Pc complex un-
der 0.70 V fixed potential, the burgundy-orange color changes to
light yellow-light orange (circle sign x = 0.379, y = 0.361). Unfor-
tunately, spectral changes corresponding to the oxidation event in
the Pc ring and supporting CV and SWV characterizations could
not be observed, probably due to the limited anodic working range
of the DMSO/TBAP solution medium [46].

In this part of the study, it was tried to elucidate the
differences in the basic redox act of complexes contain-
ing redox inactive nickel and zinc metal centers and un-
derstand the effect of these different metal centers on Pc
centered redox events. Fig. 5 demonstrates SWV and CV
voltammograms of complex NiPc (5) in DMSO/TBAP solution
medium. In this complex, one electron oxidation, O1 at 0.97 V,
Ni(II)Pc(—2)/[Ni(Il)Pc(—1)]*, and two one-electron reductions as R1
at —0.57 V for Ni(II)Pc(—2)/[Ni(Il)Pc(—3)]~ and R2 at —1.02 V for
[Ni(IDPc(—3)]~/[Ni(II)Pc(—4)]>~ were detected [47]. All redox pro-
cesses occurred on the Pc ring, as the complex has redox inactive
metal nickel, except R3, which is related to the nitrile groups at-
tached to peripheral ends in the complex. The O1 oxidation pro-
cess, which cannot be regrettably discovered with CV, was clearly
determined by high precision square-wave voltammetry as high-
lighted in Fig. 5b [48].

Spectroelectrochemical and electrocolorimetric determinations,
performed in order to clearly elucidate the electrochemical atti-
tude of the NiPc (5) complex were detailed in Fig. 6. The colori-
metric changes of the first oxidation and first reduction redox pro-
cesses were given on the chromaticity diagram created by mea-
suring the changes in the color of the redox-active compounds in
Fig. 6¢. Fig. 6a demonstrates the changes in the absorbance spec-
trum of the NiPc (5), under —1.20 V constant potential versus SCE
in the medium containing the DMSO/TBAP solution medium. In
the course of this redox process, the blue color of the original
spectrum (star symbol x = 0.292, y = 0.281) turned into light
purple color (square token x = 0.350, y = 0.210 as displayed in
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Fig. 6¢). In this reduction process, which corresponds to the pro-
cesses, R1 reduction Ni(I[)Pc(—2)/[Ni(II)Pc(—3)]~ and R2 reduction
[Ni(I)Pc(—3)]~/[Ni(I)Pc(—4)]2>~ (Table 1), while the magnitude of
the Q band at 684 nm decreased with no shifting, the flatness band
at 813 nm and the bands in the 460-600 nm region increased. The
presence of well-defined isosbestic points at 284 nm and 718 nm
during these changes in the absorbance spectrum corresponding to
the R1 and R2 reduction processes of the Pc ring and the absence
of moving isosbestic points are an indication of the electrochemi-
cal events occurring on a single species [47]. It can be plainly seen
both in Fig. 6b and 6c, that before applying 1.10 V constant poten-
tial to the cell system, the color of the original spectrum was blue
(star image x = 0.292, y = 0.281) and the initial spectrum was
the same as the spectrum observed before first reduction process
by in situ color measurement. Fig. 6b fully represents in situ spec-
troelectrochemical changes in the course of the first oxidation O1,
Ni(II)Pc(—2)/[Ni(Il)Pc(—1)]*, of the Pc ring under constant 1.10 V
potential. The increase in the band betwixt 500-600 nm interval,
the decline in the magnitude of the Q band at 684 nm without
shifting, and the increment in the flatness band at 815 nm be-
tween 780 nm and 900 nm indicate that the oxidation event is Pc
based. After the first oxidation process of the NiPc (5) complex in
the DMSO/TBAP electrolyte system, the beginning blue color con-
verted to orange, which was symbolized with the circle token in
the color diagram (x = 0.432 y = 0.358) in Fig. 6¢.

Fig. 7 evidently represents the CV and SWV voltammo-
grams of ZnPc (6) in the DMSO/TBAP solution medium.
Two one-electron oxidation; Zn(IDPc(—2)/[Zn(I1)Pc(—1)]+
(01), [Zn(INPc(—1)]*/[Zn(II)Pc(0)]?t (02) and two one-
electron reduction;  Zn(I[)Pc(—2)/[Zn(1I)Pc(-3)]- (R1) and
[Zn(IPc(—3)]~/[Zn(II)Pc(—4)]%>~ (R2) processes occurring on
the Pc ring, were noted for this complex [49]. Since zinc is a redox
inactive metal, any redox process belonging to the metal that is
centered in the core of the molecule of ZnPc (6), could not be
detected [50]. Also, the reduction process of the nitrile groups was
not detected. On the other hand, although the second oxidation
process, [Zn(II)Pc(—1)]*/[Zn(I)Pc(0)]>+ (02) at 1.00 V, could not
be monitored with CV, it was possible to determine it by SWV.
Electrochemical data from this study clearly indicated that NiPc
(5) and ZnPc (6) complexes act as redox inactive metal-centered
complexes. This similarity in the redox nature of nickel and zinc
phthalocyanine complexes is consistent with the studies in the
literature (Table 1). As a consequence of this deduction, it has been
understood that all redox processes originate from the Pc ring of
the ZnPc (6) complex [51]. In addition, when the voltammetric
nature of zinc metal-centered Pcs was thoroughly investigated, it
was noticed that redox events occurred at slightly more negative
potentials (O1 at 0.60 V, R1 at —0.95 V, and R2 at —1.35 V) for
the complex ZnPc (6) than the nickel metal centered complex
NiPc (5) (O1 at 0.97 V, R1 at —0.57 V and R2 at —1.02 V) in the
DMSO/TBAP solution medium (Table 1). This can be attributed to
the different polarization power of the atoms in the center.

The electrochemical characterization of ZnPc (6) including spec-
troelectrochemistry was also carried out in a solvent medium
DCM/TBAP without coordinative properties. The results were
quite similar to those obtained in DMSO/TBAP electrolyte system
(Table 1). The SWV voltammogram of ZnPc (6) in the DCM/TBAP
solution medium can be seen in Fig. 8. A one-electron oxidation
at 0.55 V, Zn(II)Pc(—2)/[Zn(I1)Pc(—1)]T (O1) and two one-electron
reductions were remarked for this complex. The first reduction R1,
Zn(INPc(—2)/[Zn(11)Pc(—3)]~ was divided into two waves in SWV as
R1’ at —0.68 V and R1” at —0.92 V. To obviously reveal why the
reduction of R1 split into two waves in SWV, in situ spectroelec-
trochemical analysis was performed. R2 reduction redox process,
[Zn(INPc(—3)]~/[Zn(I)Pc(—4)]>~, was certainly detected at —1.34 V
via SWV. Since there is redox inactive zinc metal in the complex
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Fig. 6. In situ UV-vis spectral changes of NiPc (5) during the controlled-potential electrolysis in DMSO/TBAP electrolyte system at (a) Eapp= —1.20 V (b) E;pp= 1.10 V (c) the
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Fig. 7. (a) Cyclic voltammogram at 0.100 Vs~! scan rate and (b) square wave
voltammograms (pulse size: 100 mV; step size: 5 mV; frequency: 25 Hz.) of ZnPc
(6) (5.00x10~4 M) on a Pt working electrode in DMSO/TBAP electrolyte system.
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Fig. 8. Square wave voltammograms (pulse size: 100 mV; step size: 5 mV; fre-
quency: 25 Hz.) of ZnPc (6) (5.00x10~4 M) on a Pt working electrode in DCM/TBAP
electrolyte system.
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center, the first two reduction and oxidation events took place on
the Pc ring. Furthermore, in the DCM/TBAP system, the redox pro-
cess R3 belonging to the nitrile groups located at peripheral tails
of the Pc complex can be detected at —1.68 V since the operating
range of the DCM/TBAP system shifts to more positive compared
to the DMSO/TBAP electrolyte system.

In situ electrocolorimetric and spectroelectrochemical analyzes
were also operated to elucidate the electrochemical redox con-
duct of the ZnPc (6) in DCM/TBAP solution (Fig. 9). As a result
of the first oxidation and the first reduction redox processes, the
colorimetric changes were given on the diagram of chromaticity
in Fig. 9c. Before applying any constant potential for first reduc-
tion and oxidation processes, the same original spectrums were
easily acquired with light blue color demonstrated by using star
emblem (x = 0.282, y = 0.286) on the diagram of chromaticity
in Fig. 9. The spectral changes of the ZnPc (6) complex under
—1.20 V fixed potential in the medium containing the DCM/TBAP
system were presented in Fig. 9a. In this reduction process, dur-
ing the decline in the magnitude of the Q band at 688 nm with
no shifting, it was noticed that the bands in the 460-600 nm re-
gion and the flatness band at 809 nm increased. Not only obser-
vations of the changing isosbestic points in the 600-660 nm and
700-800 nm regions in the time of the spectroelectrochemical R1
process of mononuclear zinc phthalocyanine complex, but also the
splitting of the peak of the first reduction process defined R1 in
SWV are indications and evidence of the presence of aggregation
in this complex. This way of behaving is typical of mononuclear
metal-centered phthalocyanine complexes [32]. When the changes
in the absorbance spectrum of ZnPc (6) recorded via in situ UV-vis
spectrophotometer are examined, the existing moving isosbestic
points verify that the splitting of the peak of the R1 reduction pro-
cess in SWV into R1’ and R1” is due to aggregation (Fig. 8 and
Table 1). After applying —1.20 V constant potential, the light blue
color of the complex in the DCM/TBAP electrolyte system turned
into purple color marked by the square emblem, which can be sim-
ply shown on the chromaticity diagram together with coordinates

= 0.350, y = 0.240 in Fig. 9a and c. Furthermore, Fig. 9b ex-
presses the in situ spectroelectrochemical changes in which oxida-
tion O1, Zn(II)Pc(—2)/[Zn(I1)Pc(—1)]*, of the Pc ring is remarked at
0.80 V. Not only the upsurges in the band in the range of 500-
600 nm and the planarity band between 780 nm and 900 nm at
814 nm but also decline in the magnitude of the 688 nm band
with no shifting indicate that the oxidation redox process is Pc
based. During the O1 process, the clear and well-defined isos-
bestic points, which were seen at 323 nm, 391 nm, 609 nm, and
728 nm in the spectroelectrochemical process of the ZnPc (6) com-
plex, demonstrate that the oxidation event happened on a single
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Fig. 9. In situ UV-vis spectral changes of ZnPc (6) during the controlled-potential electrolysis in DCM/TBAP electrolyte system at (a) Eqpp= —1.20 V (b) Eapp= 0.80 V (c) the

chromaticity diagram with the color changes of ZnPc (6).

species. After the first oxidation process, the light orange color was
obtained, and it was presented on the chromaticity diagram with
a circle emblem (x = 0.422, y = 0.364) in Fig. 9b and c.
Electrochemical and spectroelectrochemical investigations sug-
gested that iron and manganese metal centers in Fe(OAc)Pc (3)
and Mn(OAc)Pc (4) respectively, are in the oxidation states of +3,
whereas the cobalt metal center in CoPc (2) has an oxidation state
of +2. Furthermore, oxidation states of the nickel and zinc met-
als in NiPc (5) and ZnPc (6) complexes, are +2 in Pcs. It was con-
cluded that because of the beginning +3 oxidation states of met-
als, Fe(OAc)Pc (3) and Mn(OAc)Pc (4) complexes have exceedingly
more affluent redox properties when compared to CoPc (2). More-
over, for the same reason, complexes Fe(OAc)Pc (3) and Mn(OAc)Pc
(4) were observed to possess palpably imitative spectroelectro-
chemical and electrocolorimetric properties. Although cobalt has
a + 2 valence state in the Pc complex, spectroelectrochemical
and electrocolorimetric results of this compound reveal similarities
when compared with Fe(OAc)Pc (3) and Mn(OAc)Pc (4). It demon-
strates entirely analogous first reduction and oxidation demeanors
as they occur on the redox-active metals that are centered in the
Pc ring. When the charge transfer transition energies of CoPc (2),
Fe(OAc)Pc (3), and Mn(OAc)Pc (4) complexes are compared respec-
tively 0.92 V, 0.50 V, and 0.68 V, the charge transfer transition en-
ergy for the complex Fe(OAc)Pc (3) is pretty lower than the others
in DMSO/TBAP solution medium. Furthermore, these findings pro-
vide additional information about the comparison between redox
inactive metal-centered complexes; for instance, the complex NiPc
(5) has better redox properties than the complex ZnPc (6). Met-
als of both NiPc (5) and ZnPc (6) have no reduction and no oxida-
tion processes; thus, all redox processes belong to Pc rings. HOMO-
LUMO gaps of NiPc (5) and ZnPc (6) are pretty close, respectively
154 V and 1.55 V in DMSO/TBAP solution medium. With a more
positive first reduction process, the NiPc (5) complex has a fairly
better redox attitude than the complex ZnPc (6) in DMSO/TBAP
solution medium, whereas, with a more negative first oxidation
process, the complex ZnPc (6) possesses a better redox feature
than NiPc (5). The electrochemical redox properties obtained in the
DCM/TBAP solution medium of ZnPc (6) are better than the redox
properties of the same complex in the DMSO/TBAP electrolyte sys-
tem. By comparison of the HOMO-LUMO gap of ZnPc (6) between
DCM/TBAP and DMSO/TBAP solution mediums, in DCM/TBAP solu-
tion medium; a relatively more positive first reduction and a more
negative first oxidation processes were obtained and additionally,
the HOMO-LUMO gap is somewhat lower with 1.23 V. Nitrile re-
ductions were observed for all mononuclear Pc complexes in the
DMSO/TBAP electrolyte system, except ZnPc (6). In addition, the ni-
trile reduction for the complex ZnPc (6) was detected in DCM/TBAP

1

electrolyte system. When the square wave voltammograms are an-
alyzed, it can be seen that nitrile reductions have considerably
higher current values than other reduction processes due to the
reduction of nitrile groups located at four peripheral corner tails
of the Pc molecule, as expected. Redox inactive metal centered Pc
complexes have closely similar spectroelectrochemical and electro-
colorimetric results parallel to the literature in the same electrolyte
system.

4. Conclusion

The synthesis and characterization of the metallo (Co, Fe,
Mn, Ni, Zn) ball-type phthalocyanine precursors were succeeded
by using novel 4,4’-(((4-(tert-butyl)—1,2-phenylene)bis(methylene))
bis(oxy))diphthalonitrile as a starting compound. The novel start-
ing material compound 1 and metallophthalocyanines were speci-
fied by classical spectroscopic techniques such as elemental anal-
yses, FT-IR, UV-vis, and MALDI-TOF mass. All the Pcs (2-6) were
fairly soluble in common organic solvents, such as DCM, chloro-
form, toluene, DMF, DMSO, and THF. The ball-type phthalocyanine
precursors planned to be used as starting materials in the synthe-
sis of -CH,0- bridged ball-type Pc compounds are the first exam-
ples in this field as extended oxo-bridged mononuclear Pcs. In this
study, although the longer oxo (-CH,0-) bridge did not have much
effect on the physical, chemical, and spectral properties of Pcs,
it is expected that the above-mentioned features will change, as
the distance between the cofacial Pc units will increase in -CH,0-
bridged ball-type Pcs which are planned to be synthesized from
later.

It can be deduced from voltammetric, in situ electrocolori-
metric, and in situ spectroelectrochemical analysis of CoPc (2),
Fe(OAc)Pc (3), Mn(OAc)Pc (4), NiPc (5), and ZnPc (6) in nonaqueous
media that these mononuclear Pc compounds usually displayed re-
versible, Pc ring- and/or central redox active metal-based serial
one-electron reduction and oxidation processes. It was observed
that due to the redox-active nature of their metal centers, CoPc
(2), Fe(OAc)Pc (3), and Mn(OAc)Pc (4) showed richer redox redox
behavior with additional redox processes than that of NiPc (5), and
ZnPc (6). Therefore, the complexes with redox active metal centers
were more easily reduced and oxidized with respect to the others.
The complexes also had nitrile reductions that enhanced the redox
properties. The high electrochemical performance of the complexes
recommended that the complexes have the potential of display-
ing high electrocatalytic activity, and thus, they can be utilized as
functional electrocatalysts for various electron transfer processes,
for instance for oxygen reduction. Electrocatalytic performance of
these complexes will be evaluated in our future reports after the
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completion of our ongoing studies. Furthermore, in situ spectro-
electrochemical evaluations provided support for a complete deci-
sion on the nature of the redox processes of the complexes, i.e., the
applicability of their electron transfer processes for color change.
Their intense absorption peaks and net color changes through the
redox processes showed that they also have the potential for usage
as electrochromic materials.
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