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ABSTRACT

Synthesis, Thermal and Electrochemical Properties of 2-
Mercaptobenzothiazole and 8- Hydroxyquinoline, and 4-
Hydroxyphenylacetamide Substituted Phthalocyanine Complexes

Othman Abdulrahman Hamad JUKL

Doctoral Thesis

FIRAT UNIVERSITY
Graduate School of Natural and Applied Sciences

Department of Chemistry

October 2024, Page: xviii + 147

Phthalocyanines are aromatic macrocyclic compounds made up of four iminoisoindoline groups in
the center of macrocycle that have a total of 18 m electrons. Phthalocyanine compounds have many interesting
properties and applications because of electronic structures, high thermal stability, and physical and chemical
properties, therefore these compounds have the potential to be used in several different technological fields.

In this study, 4-nitrophthalonitrile synthesized first from phthalimide and then the reaction of 2-
mercaptobenzothiazole, 8-hydroxyquinoline, and 4-Hydroxyacetamitade afforded the three different new
phthalonitrile ligands, namely (4-(benzo[d]thiazol-2-ylthio)phthalonitrile, 4-(quinolin-8-
yloxy)phthalonitrile, and 2-(4-(3,4-dicyanophenoxy) phenyl)acetamide). Next, phthalocyanine complexes of
first row transition metals synthesized from these ligands (CrPc, FePc, CoPc, NiPc, CuPc, ZnPc, and H2Pc)
including unmetalled phthalocyanine compounds

Characterization of synthesized compounds performed with numerous spectroscopic methods, such
as 1H NMR, 13C NMR, UV-Vis, FT-IR spectroscopy, and elemental analysis, was also used to analyze the
structures of the synthesized compounds. The metal phthalocyanine complexes' UV-visible absorption
spectra revealed a prominent Q band that more around 660-680 nm. Thermogravimetric (TG) and Differential
Thermogravimetric (DTG) analysis revealed that phthalocyanine complexes MPc (M= Cr, Fe, Co, Ni, Cu,
and Zn ) and metal-free phthalocyanines, were stable (up to 200 °C) throughout a broad temperature range
(weight loss starting at 200 and more weight loss between 300-600 °C). Electrochemical properties of
synthesized phthalocyanine compounds performed using cyclic (CV) and square wave (SWV)voltammetry.
It was observed that all of the phthalocyanine compounds showed characteristic electrochemical redox waves
of the central macrocyclic ring and in the case of redox-active metal phthalocyanine complexes showed the
additional redox wave representing metal oxidation and reduction. Generally, phthalocyanine rings have four
reductions and two oxidation potentials in the electrochemical windows of the solvent. In most cases we have
observed all of the redox potentials of the phthalocyanine complexes in DMF and reported
ferrocene/ferrocenium sudo reference electrode.

Keywords: Phthalocyanine, 2-Mercaptobenzothiazole, 8-Hydroxyquinoline, 4-Hydroxyphenylacetamide,
Thermal Analysis, and Electrochemistry.

Vil



OZET

2-Merkaptobenzotiyazol, 8- Hidroksikinolin ve 4-Hidroksifenilasetamid,
Substitiie Ftalosiyanin Komplekslerinin Sentezi, Termal ve Elektrokimyasal
Oezllikleri

Othman Abdulrahman Hamad JUKL
Doktora Tezi

FIRAT UNIVERSITESI
Fen Bilimleri Enstitlsi

Kimya Anabilim Dali

Ekim 2024, Sayfa: xviii + 147

Ftalosiyanin bilesikleri, merkez halkada toplam 18 n elektron bulunduran dort iminoizoindolin grubundan
olugsmusg aromatik makrosiklik bilesiklerdir. Ftalosiyanin bilesikleri, elektronik yapilari, yiiksek termal
kararliliklar ve fiziksel ve kimyasal 6zellikleri sebebi ile birgok ilging 6zellige ve uygulamalara sahip oldugu

icin, ftalosiyanin bilesiklerin bir¢ok farkli teknolojik alanda kullanilma potansiyeli vardir.

Bu calismada, ilk once ftalimidden c¢ikilarak 4-nitroftalonitril sentezi gerceklestirildi. Takiben 4-
Nitroftalonitril ile 2-merkaptobenzotiyazol, 8-hidroksikinolin ve 4-Hidroksiasetamitatin reaksiyonu sonucu,
ii¢ farkli yeni ftalonitril bilelsigi (ligand1) Sentezlendi, (4-(benzo[d]tiazol-2-iltiyo)ftalonitril, 4-(kinolin-8-
iloksi)ftalonitril ve 2-(4-(3,4-disiyanofenoksi) fenil)asetamid).

Daha sonra, bu ligandliin ile birinci sira gecis metal tuzlarinin (Cr*2, Fe*2, Co*2, Ni*2, Cu*?, Zn*?) susuz
ortamda etkilestirilmesi ile bu metallere ait ftalosiyanin kompleksleri sentezlendi (CrPc, FePc, CoPc, NiPc,
CuPc, ZnPc). Sentezlenen bilesiklerin karakterizasyonu, 1H NMR, 13C NMR, UV-Vis, FT-IR spektroskopisi

ve element analizi gibi enstriimental analiz yontemleri gerceklestirildi.

Metal ftalosiyanin komplekslerinin UV-goriiniir bolge absorpsiyon spektrumlarinda 660-680 nm bélgesinde
ftalosiyanin bilesiklerine ait karekteristik Q bandi goriilmektedir. Termogravimetrik (TG) ve Diferansiyel
Termogravimetrik (DTG) analizler sonuglari, ftalosiyanin komplekslerinin MPc (M: Cr, Fe, Co, Ni, Cu ve
Zn) genis bir sicaklik araliginda (200 -600 °C) kararli oldugunu, 200 °C'ye kadar bozunmadan kaldigin1
ortaya koymustur. Sentezlenen ftalosiyanin bilesiklerinin elektrokimyasal 6zellikleri, doniistimli (CV) ve
kare dalga (SWV) voltametre kullanilarak gergeklestirildi. Sentezlenen biitlin ftalosiyanin bilesiklerinin
Merkez aromatik makrosiklik halkaya ait karakteristik elektrokimyasal redoks dalgalarini gosterdigi ve
redoks aktif metal ftalosiyanin komplekslerinde ise metale ait yilikseltgenme ve indirgenme reaksiyonlarina
ait ek redoks dalgalar1 da gozlenmistir. Genel olarak, ftalosiyanin bilesikleri ¢oziiciiniin elektrokimyasal
pencere araligia bagl olarak dort indirgenme ve iki oksidasyon potansiyeline sahiptir. Sentezlenmis olan
ftalosiyanin bilesiklerinin biri haric DMF'deki ftalosiyanin komplekslerine ait dort indirgenme potansiyelleri
gozlenirken, iki kompleks hari¢ oksidasyon potensiyelleri gézlenmis ve ferrosen/ferrosenyum sudo referans
elektroduna kars1 rapor edilmistir.

Anahtar Kelimeler: Ftalosiyanin, 2-Merckaptobenzotiyazol, 8-Hydroksikinolin, 4-Hidroksifenilasetamid,
Termal Analiz, Elektrokimya.
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1. INTRODUCTION

In navigating the vast landscape of phthalocyanine research, there are a variety of objectives.
The aim of this research is to synthesize novel phthalocyanine complexes and investigate thermal,
spectroscopic, and electrochemical properties that contribute to scientific knowledge. This involves
the synthesis of new phthalocyanine compounds, and characterization fundamentals, and helps to

find new applications field of technology.

1.1. Coordination Compound

One of the most stunning and fascinating features of chemistry, is coordination chemistry,
in particular, the spectrum of colors that compounds may have [1]. Coordination chemistry has a
wide range of applications in various fields, including chemistry and industry. They are essential
in catalysis, materials science, and the study of many biological processes. Additionally, many
brightly colored compounds and pigments are coordination complexes, making them of interest in
the field of dyes and pigments. Throughout medical history, metal-based coordination compounds
have been utilized to treat a wide range of illnesses, including cancer [2]. Therefore this section
will discuss the metal-ligand bonding, coordination compounds, and coordination geometries [3,
4].

Coordination compounds, also known as coordination complexes, are classes of compounds
in chemistry that consist of a central metal atom or ion bonded to surrounding molecules or ions,
known as ligands [5]. Ligands have one or more lone pairs of electrons that can be donated to the
metal atom, forming coordinate covalent bonds. Ligands can be classified as monodentate,
bidentate, or polydentate [6]. The arrangement of ligands around the central metal atom is described
by the coordination geometries, which include octahedral, tetrahedral, square planar, and more [7-
9]. Depending on the charges of the central atom and the ligands, the coordinated species may have
a positive, neutral, or negative charge. The total number of ligands bonded to the metal atom is
referred to as the coordination number [10]. The coordination number of the central metal atom is
the number of bonds it forms with the ligands, the common coordination numbers include 4, 6, and
8. [7].

Around the start of the 18" century, the renowned painter Diesbach developed the first
coordination compound which is known as Prussian blue or KFe[Fe(CN)e]. Different oxidation
state forms a distinct geometric shape, such as a tetrahedral, square planner, octahedral, etc. [11].
Alfred Werner, in 1893, provided the definitive explanation for these compounds. He proposed the
idea of secondary valence, or residual valence, for the metals, suggesting that these valences exist

alongside the more familiar primary valence [10].



The bonding of ligand molecules with a metal in some cases results in tension and
deformation. The effects of extremely short and long bonds, as well as severe angular distortions,
on reactivities, coordination complex stabilities, electronic and spectra, and reduction potentials,
are analyzed using data from many concrete examples, such as cobalt(l11), cobalt(ll), iron(I11) and
iron(11) hexaamines, and copper(ll) and copper(l). [12]. There are several different configurations
that meet the basic geometric criteria for nitrogen to operate as a bond donor in organic and
coordination compounds containing nitrogen such as Porphyrins and Phthalocyanines. The
structure of Cu(ll) complexes with N-heterocyclic ligands, for instance, revealed the presence of
bonds of the -N=N-, -C=N-, and -C-N- types [13]. Phthalocyanines are flexible chemical dyes that
may be functionalized with various kinds of substituents at their periphery or inner core to obtain
cationic, anionic, or neutral ligands [14].

There are three different hypotheses that attempt to describe the characteristics of the
coordinate bond. They are the crystal field theory, the valence bond theory, and the molecular
orbital theory. Linus Pauling is widely credited as the creator of the valence bond theory of metal
complexes. According to this model, a covalent bond forms when a ligand's pair of electrons enters
the hybridized atomic orbitals of the metal [10, 15]. The molecular orbital theory is now the most

prominent model for the chemical bonds.

1.2. Phthalocyanines Overview

Phthalocyanines (Pcs) are large organic aromatic macrocyclic compounds [16, 17] with 18x
delocalized conjugate electron system [18, 19], comprising four isoindole units connected by
nitrogen atoms in a two-dimensional ring structure [20, 21]. These compounds are often associated
with porphyrins due to their structural resemblance, [22] possessing the basic porphyrin ring
structure [23]. The chemical formula of unsubstituted phthalocyanine is (Cs2H1sNs) [24], shown in

& %

Figure 1.1. Phthalocyanine structure.



Pcs are large, planar systems [25] containing 16-membered (8 carbons and 8 nitrogen)
molecules with a highly conjugated n-electron system [26, 27]. These nitrogen-rich, redox-active
conjugated macrocycles are an important class of compounds that have a wide range of metal-based
applications due to the great stability they provide to the metal ion through their rigid N4-
coordination site [28]. The highly conjugated molecular structure of Pcs gives them distinctive
spectra and electrical properties [29]. The core cavity of Pc can accommodate around seventy
different elements, and the physical or chemical characteristics of Pc are sensitive to the nature of
the core metal cation in the center of phthalocyanines [30-32]. It is well known that the variety of
electron-donating and electron withdrawing substituents added to the aromatic macrocycle affect
the physical and chemical characteristics of metal phthalocyanines as well as the central metal ions
[33]. In recent decades, Pcs have attracted significant interest [28], as they can form coordination
complexes with the vast majority of elements and typically exhibit very vivid colors. Numerous pc
derivatives, most of which have a blue-green hue, have been produced, although Pc with various
colors in general other than blue and green are rare [34].

Generally, Pcs are poorly soluble in many organic solvents [22, 34, 35], and have no
solubility in water [36], due to their high inclination to aggregate as a consequence of interactions
between their n-electron systems [34]. Once they are being aggregated, Pc molecules become very
responsive to the effects of polar solvents [29]. However, it is possible to increase their solubility
in a wide variety of organic solvents by substituting various groups into the Pc macrocycle at either
peripheral or non-peripheral position [35, 37]. Their spectroscopic, photophysical, photochemical,
and electrochemical properties that are degraded due to aggregation affected by influenced by
factors such as concentration, solvent composition, substituents, metal ions, and temperature [34,
38]. Also, Pcs are employing both structural elements and pigments due to their thermal and
chemical stability, increased electron transfer rate, and ring interchangeability as they are just a few
of the unique features of Pcs. Some Pcs, including copper Pcs and cobalt Pcs, are named for their
respective core elements, suggesting that the material's properties vary with their composition [39].

In most cases, Pcs are thermally stable up to ~400 °C in a vacuum and are solid at room
temperature. Additionally, they are resistant to strong acids [40, 41]. Diamagnetic ion complexes
of phthalocyanines are considered more promising photosensitizers than their metal-free
counterparts [42]. It is well-known that Pcs and porphyries are effective oxygen reduction catalysts,
and_may serve as low-cost alternatives to platinum [43, 44] for fuel cell applications. Furthermore,
Pcs have the ability to change conductivity by adjusting the distance between hopping sites [45].
Absorption peaks at about 400 and 700 nm are quite prominent due to 7 to 7* transitions [41, 46].

In recent years, Pcs have emerged as a critical component in a variety of emerging
technologies, including photodynamic therapy, liquid crystals, solar cells, gas sensors, and

electrochemical sensors [47]. The chemical, photophysical, and photochemical properties of these



materials make them useful in a wide variety of technological applications, from chemical sensors
to medicinal applications including photodynamic therapy (PDT) as well as antifungal, antioxidant,
and antibacterial compounds [48]. Pcs are excellent candidates for large-scale applications due to
their intense absorption in the near-infrared (NIR) and red region of spectroscopic radiations,
reversible redox chemistry with a large number of substituents and a metal center, and high
fluorescence quantum yields [47]. Modifying the central metal atom and locations of substituents
on the macrocycle ligands are well-known methods of fine-tuning the electrochemical and
spectroscopic properties of phthalocyanine derivatives [49].

Since their discovery at the turn of the twentieth century, metal phthalocyanines (MPcs) have
played a significant role in advancing research across scientific fields; including molecular
electronics [50]. As shown in Figure 1.2.

Figure 1.2. Metal Phthalocyanine structure.

Numerous studies have been conducted on phthalocyanine with a wide variety of metal ions
and peripheral (B) and non-peripheral (o) position substituents. Binuclear double-decker, clamshell,
polynuclear, and dendritic phthalocyanine have all been synthesized, and their characteristics have
been described. Ball-type phthalocyanine is a relatively new form of Pcs that has received much
attention in recent years [51]. In their simplest form, MPc (Cs2,Hi1sNsM) consists of four isoindole
groups linked by nitrogen atoms to create an 18m-electron ring structure, with two covalent
connections and two coordination bond chelating a metal or metalloid core [52]. As shown in

Figure 1.3.



Peripheral Position (R4)

Bay Position (Ry)

H R,
Li | Be B
Na| Ma A|Si| P
K| Ca| Sc| Ti Cu|Zn| Ga| Ge| As
Y | Zr Ag| Cd| In|Sn| Sb
Ba | La | Hf Au| Hg| Ti | Pd
Ac

Ce| Pr{Nd|Pm|Sm | Eu|Gd | Tb | Dy | Ho| Er [ Tm | Yb | Lu
Th| Pal| U| Np| Pul Am

Figure 1.3. Schematic diagram of MPc structure with elements that form phthalocyanine complexes.

Phthalocyanines are an attractive option for the initial 7-7* transition on the MPc [53], due
to their high absorption, Q-band, ranging from 600 to 800 nm_accounted for by a second n-n*
transition, with relatively low absorption Soret band ranging from 300 to 500 nm [52, 54, 55]. The
absorption spectra of MPcs are shown in Figure 1.4 a, b, with a strong band at 670 nm (Q-band)
and a weak band near 350 nm (Soret or B-band) corresponding to the HOMO-LUMO r-r*
transitions in the visible range. These structures often have high molar absorption coefficients
resulting from the high degree of conjugation. The necessary electrochemical and spectroscopic
traits may be achieved by modifying the Pc macro ring (o or  position), changing the central metal

atom, or adding an axial ligand to the central metal atom [56].
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Figure 1.4. Molecular structure (a) and absorption spectrum (b) of MPc.



1.3. A Brief History of Phthalocyanine

The first synthesis of phthalocyanines started a new field of study for scientists across various
fields of science [47]. The name Pc is derived from the Greek words for rock oil (naphtha) and dark
blue (cyanine). Dieshach and Van Der Weid accidentally founded Pcs in the early 19" century [27,
57, 58], exactly discovered in 1907 [57, 59]. During the Synthesis of 2-Cyanobemzamide by
heating o-dibromo benzene with copper cyanide in pyridine at 200 °C, a blue-colored insoluble
substance was produced [57, 60]. However, its structure remained unclear until at that time [27].
Twenty years later, in 1927, Disbach and his colleague successfully synthesized copper
phthalocyanine from 1,2-dibromobenzene [60, 61]. Additionally, Scottish Dyes, Ltd. of
Grangemouth, Scotland, synthesized a new iron Pc at around the same time. An unexpected blue-
green impurity was found in phthalic anhydride and phthalimide which was produced commercially
from ammonia. It was later determined that this impurity formed when phthalimide reacted with
iron, resulting in a highly persistent, insoluble pigment. The structure of phthalimide is illustrated.
Phthalimide structure is shown in Figure 1.5. Linstead and his team defined the nomenclature and
structure of Pc for the first time between 1928 and 1933, as they categorized these macrocyclic
compounds as a new class of organic molecules [27, 59]. Their structure was fully clarified after
1928 as they began to have economic significance. Pcs have a long history of use as pigments and
dyes [58]. In 1935, an English firm began industrial production of CuPc as a blue pigment,
followed by others in Germany and the United States [60].

O

NH

(@)

Figure 1.5. Phthalimide structure.

The chemical structure of Pc was fully elucidated between 1930 and 1950, During this period
their X-ray spectra, absorption spectra, oxidation and reduction properties, catalytic characteristics,
magnetic properties, photoconductivity, and many other physical properties were studied. This
research confirmed that Pcs, like porphyrins, are highly colorful aromatic complexes with 18-n
electrons [62]. Before 1960, Pcs were the only known class of synthesized macro cyclic ligands
with such high conjugation [62]. However, since the late 1980s, significant advances have been
made in the synthesis of low-symmetry phthalocyanine structures. The selective production of low

symmetry free complexes was first described by Kobayashi et al. in 1990 [63].



1.4. Structure of Phthalocyanines and Nomenclature

In general, phthalocyanines have structural similarities with other macrocyclic pigments,
particularly the with the porphyrin. These macrocycles are characterized by a fundamental structure
made of four pyrrole like subunits connected circularly by methine or azamethine bridges, to create
a ring with 16 atoms. The conjugated base of phthalocyanines (H.Pc) contains pyrrole-like rings
that are structurally similar to isoindole [57], as shown in Figure 1.6.

16

Figure 1.6. Structure of basic phthalocyanine with IUPAC nomenclature, reproduced from Ref.

Pcs are a type of macrocyclic compound with bivalent, tetradentate, planar, conjugated 18x
electron aromatic ring structures, on the other hand, include four phenylene rings and four aza (—
N=C—) groups attached to the carbon of the pyrrole unit through four aza bridges [62, 64]. As

shown in Figure 1.7.

Figure 1.7. Metal-free phthalocyanine (H.Pc) (a), metal phthalocyanine(M-Pc) (b), porphyrins (c).



Phthalocyanines, which are structurally linked to the porphyrins, are more stable than
porphyrins and offer appropriate characteristics for photodynamic therapy by absorbing visible
light, while porphyrins primarily absorb light around 400 nm, Pcs absorbing light at much longer

wavelengths [65, 66]. The numbering and naming of Pcs is given in Figure 1.8.

Number and position of the substituents
T = tetra pheripheral = 2(3), 9(10), 16(17), 23(24)
OP = octa pheripheral = 2,3,9,10,16,17,23,24
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NPc = Naphthalocyanine
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Figure 1.8. Notation and naming of Pcs. [62, 67].



1.5. Applications of Phthalocyanines.

After the synthesis of Pc complexes in the early 20" century, it has been found that there are
numerous applications [29]. These complexes have been widely employed in various fields due to
their excellent electronic, and physicochemical properties, as well as their stability [47, 68, 69].

The application of MPc depends on the kind of central metal present, the redox activity of
that metal, and the functional groups attached to it. By introducing or removing functional groups
with different excitation characteristics from the metal phthalocyanine backbone, their
photochemical and photophysical properties can be altered [70, 71].

Pcs have been used in a wide range of technological, industrial, and medical applications,
including chemical sensors [47, 58, 68, 72-74], biological applications [40, 68], optical data storage
[26, 74], catalysts [51, 70, 71, 75-78], semiconductors [73, 79, 80], photodynamic therapy, and
more [58, 74, 81]. Several investigations on the in vitro biological activities of Pcs [68, 82],
including antioxidant, antibacterial, [40, 68], enzyme inhibition [68, 83], DNA interaction, and
anticancer effects [68, 83], have been described [68].

In recent years, MPcs have gained significant interest due to their affordability [84], chemical
and thermal stability, and ease of production [84, 85]. Their usefulness has been demonstrated in
several fields, including dye solar cells [51, 84, 85], photosensitizers [27, 71, 78, 81, 86],
photocatalysis [27, 53], pigment and dye production [84, 87, 88], drug delivery [83, 84],
low production costs, ease of manufacturing [84], and chemical and thermal stability [82, 84, 90].
MPcs are also used in liquid crystal materials [26, 47, 78, 91], electronic materials [53], and for
coating various carbon substrates to enhance electrical conductivity and create unique active sites
[92]. Notably, the use of Pcs as metal clusters in the creation of CO; electrocatalysts proved very
fruitful. Copper, in particular, has been favored over other metals due to the unique ability to create
valuable C; or higher carbon compounds [93].

1.5.1. Pigments and Dyes Applications.

There are two primary categories of colorants: dyes and pigments. A pigment is an inorganic
or organic colorant that cannot be dissolved in water, while a dye is soluble in water or other
solvents [61, 94]. The photophysical and photochemical properties of dyes, which are aromatic
macrocycles with vivid green or blue-green hues, are of great interest [95, 96]. MPcs are an
interesting and versatile family of organic functional dyes and pigments [76]. For a long time,
phthalocyanines have been the go-to blue pigment for applications like road signs and bullet trains

due to their low production costs, high durability, and resistance to fading. [97].



Copper phthalocyanine has been recognized as one of the most significant and earliest
industrial pigments and dyes among phthalocyanines [98, 99]. This structure imparts their
characteristic blue or green color [87, 100], making them particularly suitable for dyeing strong and
large-sized materials. They are commonly utilized in the production of polyester fibers,
polyacrylonitrile, and notably in the manufacturing of nylon. Additionally, they are employed for
dyeing cellulose-based substrates such as paper and cotton [98, 99]. CuPcs also have other
applications, in paints, inks, coatings, plastics, and textiles, known for their excellent lightfastness,
chemical stability, and strong coloring power [87, 100]. Thus, phthalocyanine pigments are used to
color the majority of blue and green automobiles, especially sports cars and vehicles. In recent
years. Pcs have also found widespread usage in cutting-edge technological fields [61].

Copper phthalocyanine is inherently blue and exists in several polymorphic forms, with o
and B being the most common. The metastable a form, which is a redder blue than the B form, is
preferred for paints. In contrast, the stable polymorph, which is the greenish-blue B form, is ideal
for inks used in labeling. Fully halogenated (often chlorinated) copper phthalocyanines are
commonly used to make green pigments [61]. CuPc is depicted in Figure 1.9. was initially
produced on an industrial scale in 1953 under the trade name Monastral blue. To enhance the
brightness of the copper phthalocyanine pigment, the technique of dissolving and reprecipitating it
in sulfuric acid was employed to produce a-form particles. This method increased the solubility of
copper phthalocyanine derivatives that contained more than one sulfo group, as reported in the
synthesis [67].
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Figure 1.9. Copper phthalocyanine pigment and dyes.

Copper phthalocyanine pigments are commonly used in inkjet printers to produce vibrant
and high-quality prints. These pigments offer several advantages that make them suitable for inkjet
inks: Color Stability, Lightfastness, water fastness, and wide color gamut. It's important to note
that, other pigment types such as carbon black and dyes are also utilized in ink formulations to

achieve specific color requirements and performance characteristics. In the late 1980s, the first-

10



generation inkjet printers utilized nonstandard dyes specifically refined for inkjet printing to meet

the specific requirements of early inkjet technology [26, 101]. As shown in Figure 1.10.

SOSNa

NaO3S /

Figure 1.10. Copper phthalocyanine for Inkjets printers.

1.5.2. Electrophotography Application.

Phthalocyanine compounds have significant applications in electrophotography, the
technology behind modern laser printers and photocopiers, as well as Photosensitive drum coating,
charge generation layer, toner pigment, and charge transport layer [102]. They exhibit desirable
electrical and optical properties, making them suitable for generating and transporting charge
carriers in electrophotographic systems [103]. Phthalocyanines have been extensively used in these
materials, and technologies, such as amorphous silicon, organic photoconductors, and newer
generations of toner formulations, have also emerged and gained significance in this field [102].

Phthalocyanines are widely recognized for their role in laser printing and photocopying
technology. They are essential chemicals in both the photoconductor and image forming processes,
enabling the creation of visible images on the substrate surface. Among various types of Pcs, the
titanyl oxy phthalocyanine type titanium (V) polymorph, stands out as the most effective material
for generating the latent image in modern laser printers [104] [105]. As shown in Figure 1.11.

Figure 1.11. Titanyloxy phthalocyanine.
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1.5.3. Optical Data Storage Applications.

Phthalocyanines have also found applications in optical data storage [26]. The optical
constants of thin films provide valuable insights into the materials' microscopic characteristics,
making their determination crucial. EI-Nahass et al. studied the effect of film thickness on the
optical absorbance of metal-free phthalocyanine (H2Pc) films. Recent studies have also analyzed
the impact of film thickness on the structural and optical properties of InPcCl and NazPc thin films.
Optical phase transitions were inferred indirectly [20].

In optical computing technology, digital data is conveyed in the form of pits on the surface
of an optical disk or through a circular track on the disk's surface using a laser beam. As the
brightness of the reflected light from the pits varies, a low-power laser detector "reads" these pits
and converts them into electrical impulses. The CD-ROM (compact disk read-only memory) format
contains text, sound, and pictures; the WORM (write-once, read-many) format allows data to be
saved once and read multiple times; and the latest disks are fully rewritable, representing the most

up-to-date method for creating compact discs [106]. As shown in Figure 1.12.
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Figure 1.12. Schematic diagram of Na,Pc molecule and FT-IR spectra of NasPc (a) powder, (b) films, (c)
calculated.

Transemittance (a.u.)

The optical bandgap between the HOMO and LUMO levels explains the charge transfer
interaction inside the molecule. The HOMO-LUMO electronic transition energy was determined
using the GGA-RPBE function and DNP basis set, as shown in Figure 1.13. Na,Pc has a HOMO
value of 4.945 eV and a LUMO value of 3.642 eV, resulting in an energy difference of 1.303 eV.

A smaller energy gap may be attributed to a stronger charge transfer interaction [20].
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Figure 1.13. Frontier molcular orbital of Na;Pc molcule.

1.5.4. Phthalocyanines in organic light emitting devices Applications.

Phthalocyanines have gained significant attention for their applications in organic light
emitting devices (OLEDs). OLED:s are a type of display technology that utilizes thin organic layers
to emit light when an electric current is applied. Phthalocyanines offer several advantages as
materials for OLEDs, including high stability, strong absorption in the visible spectrum, and
excellent charge transport properties [107]. It is well known that phthalocyanines, such as metal-
free phthalocyanine (PcH,), copper phthalocyanine (PcCu), and oxo-titanium (V) phthalocyanine
(PcTiOs), have excellent thermal and chemical stability, as shown in Figure 1.14. They undergo
partial oxidation when exposed to oxidizing agents like iodine or atmospheric oxygen, with the
latter causing an intrinsic doping effect [108]. This phenomenon enhances the stability and
conductivity of phthalocyanines, which could be beneficial for OLEDs [107]. Pcs can also adjust
conductivity by changing the number of hops between nodes. Several experiments investigating
the impact of compression on the conductivity of Pc under isothermal conditions have provided
convincing evidence of this phenomenon [45].

Overall, Pc provides a versatile platform for various roles in OLEDs including hole and
electron transport, light emission, sensitization, and doping. Their unique properties make them
promising candidates for the development of efficient and stable organic light-emitting devices
[109].
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Figure 1.14. Constitution of phthalocyanine (1), copper phthalocyanine (2) and oxotitanium (IV)
phthalocyanine (3). In the case of oxotitanium (IV) phthalocyanine, the phthalocyanine
macrocycle is slightly distorted from planarity.

1.5.5. Non-linear Optical Devices Application.

Non-linear optical devices are a subfield focused on the behavior of non-linear media.
Research into safeguarding optical sensors and the human eye from laser radiation became
important after the introduction of high-intensity light sources with laser mechanisms in the 1960s.
There are now several tools and resources available to help with this problem. Organic and
organometallic compounds with nonlinear optical characteristics are among the most promising
candidates for dampening laser light. Materials in this category include phthalocyanines, fullerenes,
organometallic compounds, and porphyrins. Porphyrins and phthalocyanines are particularly
valuable due to their non-linear optical characteristics, quick response times, low absorption losses,
low dielectric constants, and resilience to heat and environmental conditions [32, 110].

The optical nonlinearity is determined by the characteristics of the core ion. For instance, the
nonlinear absorption coefficient of europium phthalocyanine was found to be higher than that of
lutetium and terbium complexes. This is because complexes with bigger core ions experienced
quicker excitation and a higher population of excited states. By comparing substituted and
unsubstituted versions, the effect of peripheral bromine groups on non-linear optical characteristics
was determined [32, 111].

1.5.6. Biological Applications.

Over the past few years, several Pcs, both free-base and metallated forms, have been studied
for their biological applications. Research has focused on the inactivation of microorganisms by
introducing structural changes to their skeletons, such as the absence or presence of a metal or the
addition of various substituents [95, 96]. Pcs are widely used due to their involvement in the

metabolism of living organisms as biological pigments or biochromes [57]. Given their
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pharmacological and biological uses including antioxidant, antibacterial, DNA binding/cleavage,
and enzyme inhibition, researchers have concentrated on synthesizing water-soluble
phthalocyanines [40]. However, the low solubility of Pcs has significantly limited their potential in
the biomedical field [48, 112]. Therefore, further studies into molecular docking, enzyme
inhibition, and anticancer effects are necessary to fully characterize these drug compounds [83].

It's important to note that while phthalocyanines offer various applications in biological and
protein-related research [113], this interaction between phthalocyanines and proteins is complex,
due to various factors, including size, charge, and specific chemical modifications. Pcs can be large
and negatively charged molecules, and their size and charge of these compounds can affect their
ability to enter protein globules or interact with proteins. The electrostatic repulsion between
negatively charged pcs and negatively charged regions on proteins may impact their binding or
penetration [114].

1.5.7. Photodynamic Therapy (PDT) Applications.

PDT is very effective for superficial cancer lesions because of its high precision, low toxicity
to healthy cells, and low minimally invasion nature [115, 116]. In PDT, a photosensitizer (PS)
sensitive to a specific wavelength range of light, typically between 700 and 800 nanometers, is used
to treat cancer without the need for invasive surgery [117, 118]. The success of PDT relies on many
factors, including cell culture, the quantity and distribution of photosensitizer, and eventually,
photosensitizer itself. Phthalocyanines represent the next generation of safe and effective
photosensitizers, distinguished by their interesting chemical structures, widespread absorption
spectrum, and widespread utility [119]. The effectiveness of phthalocyanine as a sensitizer may be
enhanced by modifying its substituent type and central metal atom [89, 120]. Because of its strong
absorption in the red region of the visible spectrum, which may be photoactive, a heavy central
atom like indium delivers a high triplet yield [86, 120]. Certain Pcs are excellent photon sources
for PDT, with activation wavelengths between 670 and 690 nm and well-defined tissue penetration
in target cells. Pcs have several advantageous properties, including high absorption of long-
wavelength light, localization within cells, and high triplet yield, allowing them to be used safely
at low concentrations [47, 81].

In recent years, researchers have explored the potential of Pcs in developing new cancer
treatments with fewer side effects. It is well established that anticancer drugs can bind to DNA
either covalently or noncovalently, subsequently cleaving it via nucleotide hydrolysis and DNA
oxidation pathways. Phthalocyanines, due to their functional groups' strong DNA-binding abilities,

are indispensable in a wide range of pharmacological and biological diagnostic applications [18,

58].
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One method of PDT involves the local or systemic application of a light-sensitive
photosensitizer to the affected tissue or cell [42]. In the second method, the photosensitizer is then
activated by lights of a certain wavelength; if the photosensitizer concentration in the lesion is
sufficiently high and the ratio to neighboring normal tissue cells is satisfactory, then the
photosensitizer transfers energy to surrounding oxygen, generating cytotoxic reactive oxygen
species (ROS) that kill the cancer cell. The targeted destruction of lesions results from a cascade of
cellular and molecular events [121-123].

Raab first observed this phenomenon when he noted that visible light rapidly killed
paramecia in the presence of oxygen and small quantities of dyes. This process was further explored
after Auler and Banzer demonstrated that certain porphyrins, such as hematoporphyrin, had a
greater affinity for malignant tissues than normal tissues. [124]. As shown in Figure 1.15

H,C(HO)HC CHj;
HsC CH(OH)CH3;
CH; H2C,
HOOCH,C CH,COOH

Figure 1.15. Structure of hematoporphyrin.

In photodynamic treatment, the photosensitizer drug is excited by visible or infrared light,
which converts molecular oxygen from its triplet ground state to its singlet excited state (*Oy).
Singlet oxygen (*O,) is the most common kind of ROS [100]. According to, the electronic
configuration of singlet oxygen is O2(*'Ag), representing its least excited state. Singlet oxygen is
often generated by transferring energy from a photosensitizer to triplet molecular oxygen O2(*Xg).
Direct excitation from 0O:0Xg) to O:('Ag) is forbidden, but energy transfer occurs via

photosensitization [125, 126]. As shown in Figure 1.16.
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Figure 1.16. Singlet oxygen O, (*Ag) and triplet oxygen O, (33 g) electronic configurations.

By absorbing light in its lowest excited singlet (S:) state, a photosensitizer is generated; this

photosensitizer is subsequently excited to its lowest excited triplet (T1) state, where it transfers its
energy to Oz (33) to form O, (*A,), as shown in Figure 1.17. Applications including photodynamic
cancer treatment PDT, photooxidation of hazardous compounds, and photoproduction of critical
intermediates for various chemicals benefit from singlet oxygen's (*Ag) potent oxidation

capabilities. Extensive research has been conducted on photosensitizers as singlet oxygen

producers [125, 127].
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Figure 1.17. Mechanism of generation singlet oxygen and it is luminescence.
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1.5.8. Solar cell Applications.

Since their discovery, phthalocyanines have been extensively used not only as dyes and
catalysts but also in cutting-edge technical applications such as the active layers of solar cells,
diodes, and transistors [72, 83]. Phthalocyanines are excellent sensitizers for dye-sensitized solar
cells (DSSCs). Ragoussi et al. described the synthesis and utilization of several Pc derivatives with
2,6-diphenylphenoxy groups as DSSCs [85]. Pcs are utilized in DSSC because to their excellent
absorption spectrum, high thermal stability, and chemical inertness. They also provide a more
affordable substitute for standard silicon-based electronics [20, 128]. Throughout the last century,
phthalocyanine derivatives' electrochemical, photochemical, and photophysical characteristics
have garnered a lot of attention [35], so they have been used as catalysts, semi-conductors, and
light-harvesting dyes in solar cells [78]. However, metal-free phthalocyanine-sensitized solar cells
have been unable to generate photocurrent because the energy level of their excited singlet state
LUMO is lower than the conduction band of TiO,. However, by introducing zinc metalation, the
LUMO level of the phthalocyanine was elevated, resulting in an exergonic free energy change, that
enabled efficient electron injection. Consequently, the zinc phthalocyanine-sensitized solar cell
achieved a power conversion efficiency of 0.57% and a maximum IPCE (incident photon-to-current
conversion efficiency) of 4.9% in the near-infrared region [46].

1.6. Synthesis of phthalocyanines.

The general synthesis of phthalocyanine involves several key steps. It is essential to specify
the type of phthalocyanine desired (metal-free or metal-substituted) [129] [130] and the specific
substituents intended for incorporation, as the synthesis may vary accordingly. Below is a general
overview of the synthesis of metal phthalocyanine and metal-free phthalocyanines [131].
Phthalocyanines are typically synthesized from phthalonitrile, which serves as the central building
block [132]. Phthalonitrile can be synthesized by heating phthalic anhydride in the presence of
ammonia or a primary amine. The reaction generally involves nucleophilic substitution to form the
nitrile groups [133, 134]. The reaction typically occurs at elevated temperatures and may require a
solvent such as dimethyl formamide or dimethylacetamide. The resulting phthalonitrile is a solid
compound [135] [136].

1.6.1. General Synthesis of Phthalocyanine.

Phthalocyanines are very stable chemical substances that have been synthesized but are not
found in nature. Researchers have been intrigued by the 18z electron structure and the stability of
these molecules [40, 83]. Additionally, most commercial MPc are synthesized and are available

inexpensively from major chemical producers [27, 137].

18



Most metal-containing Pcs are synthesized by heating phthalic acid, phthalic anhydride, 2-
cyanobenzamide, phthalimide, diiminoisoindoline, or phthalonitrile to temperatures over 200 °C in
the presence of the relevant metal or metal salt. These processes can be carried out using either a
suitable solvent or the melt itself. Incorporating a metal halide during the melting process often
results in a monohalogenated form of Pc. A nitrogen supply, often urea, is necessary for
cyclotetramerizations except when using phthalonitrile and diiminoisoindoline. The in situ
synthesis and cyclotetramerization of phthalonitrile by the action of copper(l) cyanide (the
Rosenmund-von Braun reaction) also utilizes 1,2-dibromobenzene as a precursor to PcCu(ll) [138,

139]. As shown in Figure 1.18. Pc has been capacity to form coordination compounds with most
metal attoms in the periodic table [75].
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Figure 1.18. General principles for metall-phthalocyanine synthesis.
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The initial synthesis of a phthalocyanine compound was documented in 1907. It was
discovered that subjecting o-cyanobenzamide to high temperatures resulted in the formation of a
blue compound as shown in Figure 1.9. However, this compound was not fully characterized until

twenty-five years later [124].
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Figure 1.19. First metal-free phthalocyanine synthesis.

1.6.2. Formation Mechanisms of Phthalocyanines.

The formation mechanism of phthalocyanines is challenging to fully elucidate to understand
the nature of phthalocyanine compounds due to the specific reaction conditions, the abundance of
initial materials, and the elevated temperatures involved. Various synthesis methods have been
employed, and while some of these methods allow for the identification of intermediate products
along the known reaction pathway, a complete understanding of the formation mechanism remains
largely elusive. Despite all these obstacles, isolatable intermediates obtained from the reaction
media provide valuable insights into the creation of the phthalocyanine complex. These
intermediate products are depicted as shown in Figure 1.20. Notably, intermediates (a) and (b)
arise from the reaction of isoindoline with NiCl; in pentanol [140]. Intermediate (c) is similarly
obtained through electrochemical methods [141]. For metal-free phthalocyanines, the reaction
progresses through isolated intermediates (d), (e), (f), and (g), which remain unaffected by the
absence of metals [142, 143]. However, the general applicability of these intermediates cannot be
universally extended to all phthalocyanine complexes [144].

Possible path ways for the formation of metal phthalocyanines during synthesis are shown

in Figure 1.21.
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Figure 1.20. Isolated intermediates in the synthesis of metal and non-metallic phthalocyanines.
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Figure 1.21. Possible formation mechanism of metal phthalocyanines.
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1.6.3. Using Phthalic anhydride.

Synthesizing phthalocyanines using phthalic anhydride as a starting material is a common
laboratory method. Phthalic anhydride (CsH40Os) is first converted into phthalonitrile (CsHiN-0>),
which serves as the key precursor for phthalocyanine synthesis. Phthalic anhydride is heated with
urea (used instead of ammonia as a nitrogen source due to its higher stability) in the presence of a
suitable catalyst, typically zinc chloride, sodium chloride, or ammonium molybdate. The reaction
occurs under elevated temperatures and produces phthalonitrile as a solid product [61, 145]. As

shown in Figure 1.22.
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Figure 1.22. Syntheses of phthalocyanines using phthalic anhydride.

1.6.4. Using Phthalimide

Preparative procedures for obtaining pure phthalocyanine derivatives from phthalimide have
been sought after for quite some time. These starting substrates are both more readily available and
less costly than phthalonitrile or diiminoisoindoline derivatives [146].

The syntheses MPc often involve cyclotetramerization of phthalic acid analogs such as
phthalimide (PI) requiring high temperatures of approximately 200 °C and prolonged reaction
durations of 10-24 h. Despite needing a co-reagent like urea or ammonium chloride, phthalic acid
analogue techniques are preferred in the industry because of the lower cost precursor [147].

CuPc can be prepared from Phthalimide using CuCl;, p-toluenesulfonic acid monohydrate,
and hexamethyldisilazane (HMDS), these reagents were placed in a glass tube and heated to 100
°C for 1 hour under an argon atmosphere while being agitated. The mixture had cooled when DMF
was added. The mixture was then placed in a sealed tube and heated to 150 °C. A solid dark purple

product appears instantaneously. The mixture is then heated for 10 hours before being cooled and
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filtered. Methanol was used to clean the solid. DMF produced a higher yield, compared to DMSO
[146]. As shown in Figure 1.23.

O HDMS.MXn
p-TsOH.H20
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DMF
0]
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Figure 1.23. Syntheses of phthalocyanines by using phthalimide as starting material.

1.6.5. Synthesis of Metal Phthalocyanine.

The structural versatility of MPc improves their solubility, as the ring can be customized by
substituting functional groups. Changing the metal cations within the MPc's core structure allows
for its synthesis of a variety of forms. The phthalocyanine moiety has a large enough central cavity
to hold the most metal cations [148]. However, the catalytic characteristics of MPcs vary depending
on the metal atom utilized as a coordinated atom in this macrocycle, which is why various metals
are used [149]. Metal phthalocyanines are widely used as dyes, photoconductors, solar cells [150],
catalysts, nonlinear optical materials, and more [151].

The metal phthalocyanines were prepared by heating a combination of phthalonitrile
compounds, with anhydrous metal salt (CuCly), for 24 hours at 160 °C in dry n-pentanol in a sealed
tube. The green product was precipitated using ethanol and then filtered out once the reaction was
complete. The green solid result was washed with hot ethanol, distilled water, and diethyl ether.
The product was dried in a vacuum and purified on a basic alumina column using a chloroform-
methanol solvent [148]. The presence of Zn(Il) and Cu(ll) metal ions in the core of the
phthalocyanines, as well as the unique chemical groups substituted on the Pc rings, are likely

responsible for their observed activity [152] Figure 1.24.
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Figure 1.24. Syntheses of metal phthalocyanines.

1.6.6. Synthesis of Unsymmetrically-substituted phthalocyanine.

Unsymmetrically-substituted phthalocyanines are compounds in which different substituents
are attached to the peripheral positions of the phthalocyanine macrocycle. By introducing different
substituents at specific positions around the phthalocyanine ring, the properties of the compound
can be modified for various applications [128].

The most widely used strategy for the synthesis of monofunctionalized A3B-type Pcs
involves the statistical reaction of two different phthalonitrile or diiminoisoindoline precursors A
and B in ratios 3:1 equivalents (or a slight excess of A) as shown in Figure 1.25. In this approach,
compound A contains a chemically inert moiety like tert-butyl or mono- or dioxyether groups,
while compound B provides the functional group to be incorporated into the Pc scaffold. This is
the general schematic representation of the statistical condensation strategy for preparing
unsymmetrically substituted A3B-type phthalocyanines. However, severe aggregation of Pcs is
typically seen but this may be avoided by introducing chemically inert bulky groups, these bulky
groups not only improve solubility but, also modify the electronic properties (electron-donating or

electron-withdrawing characteristic) of the Pcs [153].
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i- Li/ ROH
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Figure 1.25. Syntheses unsymmetrical-substituted phthalocyanine.

In 1997, two separate research groups led by van Lier and Torres reported the successful
synthesis of a highly soluble A3B-type zinc(ll) Pc, in this context, A denotes substituted tert-butyl
isoindolines, and B represents an iodine-containing unit. The first group synthesis of mononitro Pc
by combining 4-nitrophthalonitrile and 4-tert-butylphthalonitrile via statistical condensation in the
presence of zinc acetate [154]. As shown in Figure 1.26.

CN
\ R CN' ZnX,.2H,0
>
CN CN 160 °C
R=N02
R=|

i - Na,S.9H,0 / DMF-THF
ii - NaNO, / H,80, /K1

Figure 1.26. Methods for preparing monoiodo Pc.
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1.6.7. Syntheses of Ball-type Phthalocyanines.

Ball-type or face-to-face diphthalocyanines were not previously reported until 2002 [66].
The Zefirov team reported the first successful synthesis of dinuclear ball-type metallo
phthalocyanines [153]. These compounds consist of two Pc monomers arrayed and connected by
four substituents at the ring's outermost locations. Unlike the parent monomers, the distance
between the two Pc monomers in these compounds is highly variable and dependence on the linker
components [155]. This variability makes these compounds appealing catalysts for the discovery
of novel chemical processes. Two-metal-centered ball-type or cofacial bis-phthalocyanines have
garnered significant interest recently owing to their unusual properties [74]. As shown in Figure
1.27. Dioxygen reduction catalysis which is particularly important for fuel cell applications, and

ball-type cobalt phthalocyanines have shown strong catalytic activity in this regard [66].

Figure 1.27. Syntheses of Ball type Pc.

1.6.8. Synthesis of Double Decker Phthalocyanines.

Double-decker phthalocyanines are a class of synthetic compounds consisting of two
phthalocyanine rings stacked on top of each other. These compounds have gained significant
attention due to their unique electronic, optical, and magnetic properties, making them suitable for

various applications, including organic electronics, catalysis, and sensing [156].
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The syntheses of mixed porphyrin-phthalocyanine sandwich complexes typically begin with
refluxing the porphyrin with excess M(acac)s.nH2O in 1,2,4-trichlorobenzene to produce the
(porphyrin) M(acac) complex. This is followed by the addition of dilithium phthalocyanine (Li-Pc)
and prolonged reflux. Depending on the reaction circumstances, the metal used, and the macrocycle
substituents, various stacking structures, including double and triple stacks, may be produced [157].

Novel Co(ll), Cu(ll), and double decker Lu(lll) phthalocyanine have been synthesized,
characterized, and reported on for their optical limiting features. The nonlinear absorbance is
greatest in the lutetium and copper phthalocyanine complexes, and minimal in the cobalt
phthalocyanine compound. Bis(phthalocyaninato) lanthanide complexes can be synthesized
through several different methods, all requiring relatively high temperatures and longer reaction
durations than monomeric phthalocyanines. To generate heteroleptic bis- and tris(phthalocyanine)
compounds in high yields, Pushkarev and colleagues have proposed a novel synthesis process [37].

As shown in Figure 1.28.
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Figure 1.28. Syntheses double decker (i) K.COs, DMF, Ar; (ii) NH3, CHs ONa; (iii) Co(CH3COOQ)-4H0,
DMF, Ar; (iv) Cu(CHsCOO),-2H,0, DMF, Ar; (v) Lu(CH3COO0)s-H.0, DBU, octanol, Ar.
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1.6.9. Synthesis of Triple-decker phthalocyanines.

Triple-decker phthalocyanine refers to a class of coordination compounds consisting of three
phthalocyanine units stacked on top of each other. These compounds have attracted interest due to
their unique electronic and optical properties. The synthesis of triple-decker phthalocyanines can
be challenging and often requires specialized techniques. One common approach involves the
stepwise assembly of the phthalocyanine units using metal-mediated coupling reactions [158]. By
reacting Bi, Ses with 1,2-dicyanobenzene at 220 °C, triclinic crystals of bismuth(III) triple-decker
phthalocyanine, Bi, Pcs, were produced. The bismuth atoms in BizPcs are shifted outward from the
center ring toward the phthalocyaninato (2-) rings, making the molecule centrosymmetric. Four N-
isoindole atoms link each bismuth(111) ion to the outer Pc ring at an average distance of 2.333 A,
and four more link it to the inner Pc ring at a further 2.747 A [159]. In another experiment, was
dissolved the "half-sandwich" phthalocyanine complex EuPc(acac) in n-pentanol and heated it with
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) for 10 hours at 140 °C while passing a slow stream of
nitrogen through the mixture. The resultant green solution cooled at room temperature, and the
solution had volatiles removed under vacuum, leaving behind a stable compound. CHCI; was used
in a chromatographic elution to separate the residue [160].

Metallophthalocyanines containing M(l11) are very sensitive to the conditions used during
their synthesis, which can significantly affect their chemical composition. Using this process a
triple-decker phthalocyanine containing indium(lll) has been produced through this method.
However, while the InPc complex may be formed by direct interaction of pure indium metal with
phthalonitril, the Bi, Pcs complex cannot be obtained using this approach due to the difference in
the oxidation reaction M—M*3 + 3e between In and Bi. The crystal structure investigation of In.Pc;
reveals that the unpaired electron is relatively delocalized across both Pc macrocyclic rings [159].
The excellent thermal and chemical durability of triple-decker molecules makes them ideal for use
in the production of organic thin films by vacuum sublimation, spin coating, or Langmuire -
Blodgett methods [160]. As shown in Figure 1.29.

M=1In,Bi, Eu

Figure 1.29. Syntheses triple decker Pc.
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1.6.10. Synthesis of Subphthalocyanines.

Subphthalocyanines (SubPc) are relatively new compounds, that have already shown
significant promise in materials science, physics, and chemistry. [161] [162]. SubPcs are a class of
synthetic macrocyclic compounds derived from phthalocyanines. They share a similar structure to
pcs but have an altered central core, leading to unique properties that make them useful in various
applications, and are the lowest homologues of phthalocyanines, which are well-known aromatic
two-dimensional complexes with peculiar optical and electrical characteristics [163].

These compounds possess a particular macrocyclic ring, arranged by three isoindole subunits
bound together by three azabridges. This unique structure results made and gives rise to an aromatic
14 nt- electron heteroannulene with specific characteristics, including the ability to accommodate a
boron(l11) ion within its central binding core [164]. X-ray crystallography has revealed their
attractive chemical and physical properties.

In 1972, Meller and Ossko coincidentally discovered SubPcs while attempting to synthesize
BPc. The anticipated cyclotetramerization product was not produced by the condensation reaction
of phthalonitrile in chloronaphthalene in the presence of boron trichloride at 200°C. Instead, they
observed the formation of a purple substance, which subsequent studies confirmed as chloro-SubPc
[161, 164]. These compounds are known exclusively as boron derivatives. Nowadays, SubPcs are
produced with an excellent yield of up to 90% occasionally by cyclotrimerization of phthalonitrile
precursors in the presence of a boron derivative, usually a boron trihalide of the BXs type [163].
As shown in Figure 1.30.
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Figure 1.30. First SubPc synthesized.

1.6.11. Synthesis of Superphthalocyanines.

Superphthalocyanine (SPc) is the only compound known to have five isoindole units, making
it a ring-expanded pentapyrrolic congener [165]. In 1964, uranyl SPc, a kind of super
phthalocyanine, was synthesized, and in 1975, its structure was validated by x-ray crystallography

[124], We have synthesized and extensively described and characterized the first example of an

29



antiaromatic expanded phthalocyanine, which is a norcorrole of a super-phthalocyanine [166]
[162].

The uranyl ion acts as a nucleus in the SPc molecule, allowing four additional phthalonitrile
moieties to assemble around it, forming the more common four-subunit uranyl SPc. An
unsubstituted SPc with a linear and stiff O=U=0 central core was synthesized by condensing
UO,(0OACc), in DMF with five fumaronitrile molecules at 190 °C for 1 hour. The yield was
significantly reduced due to the inclusion of moisture and the use of alternative uranyl salts. Very
low yields of alkylated SPcs were also achieved by using substituted phthalonitrile. Additionally,
octa-alkylated phthalocyanines can be obtained by reacting the corresponding super-
phthalocyanine complexes with either acid (e.g., acetic acid in chlorobenzene), to produce the
metal-free complex, or a metal salt (e.g., copper acetate in DMF), generating the metallated
complex, due to the inherent instability of SPc's [124, 165]. As shown in Figure 1.31..
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Figure 1.31. Superphthalocyanine structure.

1.6.12. Synthesize phthalocyanine polymers

There are four categories of phthalocyanine polymers: (1) those where the phenylene rings
of neighboring monomers are linked by single bonds similar to biphenyl, (2) variations where
monomers are connected through substituents attached to the phenylene ring, (3) a group that has
the phenylene rings of the phthalocyanines fused, and (4) polymers where the phthalocyanine
molecules are interconnected at the central metallic atom in a stacked arrangement [167, 168]. To
prepare polymeric phthalocyanines, metal salts or metals are typically used in cyclatetramerization
reactions of bifunctional monomers such as tetracarbonitriles, various oxy-, arylenedioxi-,
alkylenedioxy-, and bridged diphthalonitriles, among others [169].

Metal phthalocyanine polymers are of interest due to their high thermostability and potential
use as dyes and high-tech materials in industry [170]. They are well-suited for various applications.

Moreover, the semiconducting variants of these polymers exhibit higher conductivities compared
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to their low molecular weight counterparts. Despite these advantages [169], the use of polymeric
phthalocyanines is limited to specific fields due to their inability to dissolve in water and common
solvents [169, 171].

The method developed by Hanack and colleagues to generate main-chain-type polymers
based on Pcs is particularly appealing as it involves the connection of the metal ions within the core
through suitable bivalent bridges. Using this method, the Pc molecules are arranged in a cofacial
fashion inside the "shish-kebab" polymer. When suitable groups are attached to the perimeter of
the Pc macrocycles, the resulting macromolecules may contain up to 200 macrocyclic units and
exhibit relatively good solubility. Pc units in phthalocyaninato-polysiloxane 28 have crown ethers
connected to chiral alkyl side chains, inducing helicity in the columnar architecture, making it an
exemplary member of this class of rod-like polymers. The Pc rings are stacked closely together
(0.34 nm) because the polysiloxane backbone goes right through the middle of them [97, 154, 167].
As shown in Figure 1.32.
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Figure 1.32. The Pc polymer is a main-chain polysiloxane.
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2. MATERIAL AND METHOD

Common glassware and other general laboratory equipment were used during the synthesis,
purification, and identification of the synthesized compounds in the laboratory.

The synthesized compounds were analyzed and characterized by using the following
instruments.
IR-Spectroscopy

Infrared spectra were recorded on a PerkinElmer, Spectrum One FT-IR Spectrophotometer
(in the range of 4000-450 cm™) at the (Chemistry Department, Firat University). Solid substances
were ground with spectroscopic grade KBr and pressed into pellets.
NMR-Spectroscopy

Nuclear magnetic resonance (:H and *C NMR) spectra were obtained using a Bruker Avance
111 400 MHz NMR Spectrometer with deuterated dimethyl sulfoxide (DMSO-ds) as the solvent and
tetramethylsilane (TMS) as the internal standard at the (Chemistry Department, Firat University).
Chemical shifts are reported in 6 [ppm].
UV/Visible Spectroscopy

Electronic spectra obtain by Shimadzu 1900 i UV-Visible spectrophotometers. (Chemistry
Department-Firat University). All spectra were recorded in DMF solution, with the path length of
1lcm.
Elemental analyses

Elemental analyses were performed by Leco CHNS 932.
Thermal analysis

Thermal characterizations, thermogravimetric analysis, and differential thermal analysis
(TG/DTA), of the samples were done by SHIMADZU TGA 50 series thermal analysis instrument
with a 20 °C/min scan rate. (Chemistry Department-Firat University).
Electrochemical Properties

Electrochemical properties work done by Gamry Interface 1010 B, in DMF, with glassy
carbon electrode as working electrode, Pt electrode as counter electrode tetrabutyl ammonium
tetrafluoro borate (TBTFB) as supporting electrolyte using ferrocene/ferrocenium as sudo reference

electrode. (Chemistry Department-Firat university).

2.1. Materials and Methods

Materials used in this study included Argon (HABAS), Ammonia gas (NHs) (HABAS), 65%
nitric acid (Merck), 98% sulfuric acid (Sigma Aldrich), NHz (25%) (Merck), anhydrous potassium
carbonate (Merck), anhydrous potassium Bromide (Merck), Thionyl chloride (Merck), Copper(ll)
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acetate (Merck), Nickel(ll) acetate (Merck), Cobalt(ll) acetate (Merck), Zinc(ll) acetate (Merck),
Fe(ll) acetate, Cr(Il) acetate, 2-mercaptobenzothiazole, 8-Hydroxyquinoline, and 4-
hydroxyacetamide (Acros Organics), (DMF) (CHEM SOLUTE), dimethyl sulfoxide (DMSO)
(Carlo Erba), tetrahydrofuran (THF) acetonitrile (Merck), acetone (Carlo Erba), chloroform
(Merck), and Ethanol (Sigma Aldrich).

All reactions were carried out under an argon atmosphere unless otherwise specified.
Commercially available chemicals from Merck, Carlo Erba, and Sigma-Aldrich were used, and all
solvents were dried according to standard procedures. The starting materials were prepared
according to published protocols.

In this study, the experiments were conducted out, in several different steps. The process
involved in the synthesis and creation of phthalocyanine compounds, both metal-free and
metalated, starts with the synthesis of 4-nitrophthalonitrile. To achieve this, phthalimide is first
nitrated to produce 4-nitrophthalimide. Subsequently, 4-nitrophthalimide is converted into 4-
nitrophthalamide. Following this step, it is transformed into 4-nitrophthalonitrile using thionyl
chloride in dimethylformamide (DMF).

In the next step, 4-nitrophthalonitrile undergoes nucleophilic substitution by reacting with 2-
mercaptobenzothiazole, 8-Hydroxyquinoline, and 4-hydroxyacetamide, resulting in the formation
of 4-(benzo[d]thiazol-2-ylthio) phthalonitrile, 4-(quinolin-8-yloxy) phthalonitrile, and 2-(4-(3,4-
dicyanophenoxy)phenyl) acetamide, respectively. Metalated phthalocyanine complexes were then
synthesized by cyclotetramerizing these ligands in the presence of different metals to produce
various metal Phthalocyanine compounds. Finally, the synthesized phthalocyanine compounds are

subjected to purification.

2.2. Synthesis 4-Nitrophthalonitril.

The synthesis of 4-nitrophthalonitrile involves the introduction of a nitro group (NO,) at the
4-position of phthalonitrile. The nitration reactions can be hazardous, and appropriate safety
precautions should be taken, including the use of safety equipment and working in a well-ventilated

area.

2.2.1. Synthesis of 4-Nitrophthalimide.

4-Nitrophthalimide was prepared in a 500 ml three-neck round bottom flask equipped with
a magnetic stirrer, a dropping funnel, and a thermometer. The flask was charged 280 ml of
concentrated sulfuric acid (95%). Then 80 ml of fuming nitric acid (%96-97) was added dropwise
at 0 °C, using an ice bath to cool the mixture. 50 g (339.83 mmol) of phthalimide was gradually

added to the mixture over a period of 2 hours, with constant stirring to maintain a uniform
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temperature. The reaction mixture was kept at 0-5 °C while phthalimide was being added. After all
the phthalimide had been added, the reaction mixture was left in the ice bath to slowly warm to

room temperature overnight. As shown in Figure 2.1.

O O
+ HNO3 0-5°C
NH - NH
H,SO,4
O,N
O @)
Phthalimide 4-nitrophthalimide

Figure 2.1. Syntheses 4-Nitrophthalimide.

The clear, light-yellow solution was added to 500 g of ice to precipitate, and filtered then
washed with cold water several times to bring pH to neutral. The obtained white solid dried at room
temperature. To purify the product, it was dissolved in hot boiling alcohol (Ethyl alcohol) then
allowed to cool to room temperature to crystalize, and then filtered, product 42 g of white 4-
nitrophthalimide, with a yield of 64.4%.

2.2.2. Synthesis of 4-Nitrophthalamide.

4-Nitrophthalamide was synthesized in a 500 ml three-neck round bottom flask equipped
with a magnetic stirrer, and thermometer. 26 g (135.32 mmol) of the 4-nitrophthalimide was added
to the flask followed by 250 ml of Ethanol and 20 ml of THF. The temperature was raised to 40 °C,
and ammonia gas was bubbled through the reaction mixture and continued for about 15 minutes.
The reaction was monitored by FTIR. When the reaction was complete the mixture was cooled to
room temperature, filtered, and dried product in air at room temperature. A yield was 28 g,
corresponding to 94%, of 4-nitrophthalamide was obtained which has a white color, as shown in

Figure 2.2.

O O
NH + NH3 40°C N H2
> NH
02 N 02 N 2
O
@)
4-nitrophthalimide 4-nitrophthalamide

Figure 2.2. Synthesize of 4-nitrophthalamide.
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2.2.3. Synthesis 4-Nitrophthalonitrile.

4-Nitrophthalonitrile was synthesized in a 500 ml three-neck round bottom flask equipped
with a magnetic stirrer and thermometer. The flask was charged with 120 ml of dry DMF, and the
mixture was cooled to 0 °C using an ice bath. At a temperature below 5 °C, 16 mL of thionyl
chloride (SOCI;) was added dropwise using a dropper. After stirring for 10 minutes, 20 g (95.62
mmol) of 4-nitrophthalamide was added for 1 hour, while maintaining the temperature at 0-5 °C,
and stirring continued for 1 h. Also, the mixture was stirred for an additional 20 hours at room
temperature. After this period, the mixture was poured into 200 mL of ice and stirred for 1 hour to
obtain the product. The precipitate was filtered and washed several times with water, and dried,
14.50 g, of 4-nitrophthalonitrile, representing an 87.61 % yield. The product appears white color.

As shown in Figure 2.3.

o
NH, +S0Cl, N
O,N NH; DMF 0-5°C O,N N
o
4-nitrophthalamide 4-nitrophthalonitrile

Figure 2.3. Synthesized 4-Nitrophthalonitril.

2.3. Synthesis of Ligands.

Ligands are often organic molecules that can be synthesized using various organic synthesis
techniques. The method synthesis varies widely depending on the specific ligands being prepared
and their intended application. The coupling of 4-Nitrophthalonitril with the molecule containing

alcohol group was performed in DMF under inert gas (Ar) at temperature 70-90 °C

2.3.1. Synthesis 4-(benzothiazol-2-ylthio) phthalonitrile.

In a 100 ml three-necked round bottom flask, 4-nitrophthalonitrile 2.20 g (12.70 mmol) was
dissolved in 40 ml DMF under an argon gas. To this solution, 2-mercaptobenzothiazole 2.38 g
(14.23 mmol) was added. After stirring for 20 minutes at room temperature, finely powdered
anhydrous potassium carbonate 2.5 g (18.08 mmol) was added portion-wise over 1 h at 70-90 °C.
The reaction was carried out for an additional 24 h, during which the color of the reaction mixture
changed pale yellow to brown. After 24 hours, the homogeneous mixture was precipitated in 200

ml of water and filtered then the product was dried. The final product, 4-(benzothiazol-2-ylthio)
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phthalonitrile, was obtained as a light yellow solid with a yield of 3.2 g, corresponding to an 85.79

% yield. As shown in Figure 2.4.

: CN
[ I +K,CO, Ji:[
S H —————— S
0NN C[ N/>' (N

90°C, Ar

4-(benzothiazol-2-ylthio)

4-nitrophthalonitrile benzothiazole-2-thiol phthalonitrile

Figure 2.4. Synthesized 4-(benzo[d]thiazol-2-ylthio) phthalonitrile.

2.3.2. Syntheses of 4-(quinolin-8- yloxy) phthalonitrile

In a 100 mL three-necked round-bottom flask, 3 g (17.32 mmol) of 4-nitrophthalonitrile and
2.5 g (17.22 mmol) of 8-hydroxyquinoline were dissolved in 45 mL of dry DMF under an argon
atmosphere. After stirring for 30 minutes, finely powdered anhydrous potassium carbonate K,CO3
2.39 g (17.29 mmol) was added in portions over 1 hour period. The reaction mixture was then
stirred at 90°C for 24 hours. Then the mixture was added to 500 mL of an ice-water mixture to
precipitate the product. The precipitate was filtered, washed with water, and dried at room
temperature. The yield of the product was 3.57 g, corresponding to a 76.106 % yield, and a brown

color product was obtained. As shown in Figure 2.5.

CN
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4-nitrophthalonitrile quinolin-8-ol 4-(quinolin-8-yloxy)phthalonitrile

Figure 2.5. Synthesized 4-(quinolin-8- yloxy)phthalonitrile.

2.3.3. Syntheses of 2-(4-(3,4- dicyanophenoxy)phenyl)acetamide.

In a 100 mL three-necked round-bottom flask, 1 g (5.77 mmol) of 4-nitrophthalonitrile was
dissolved in 25 mL of DMF under an argon atmosphere. To this solution, 0.9 g (5.95 mmol) of 2-
(4-hydroxyphenyl) acetamide was added. After stirring for 20 minutes, 1.38 g of anhydrous
potassium carbonate (9.98 mmol) was added portion-wise over 1 hour time. The reaction mixture
was then stirred under argon gas at 90 °C for an additional 24 hours. Then reaction mixture was

precipitated in 500 mL of water, followed by filtration, washed with water then dried at room
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temperature. The final product obtained was a light-yellow color, 1.4 g, with a yield of 87.5 %. The

reaction is shown in Figure 2.6.

CN
en +K,CO )@E
2 3
o e o
O,N CN 90° C Ar 0

4-nitrophthalonitrile  2-(4-hydroxyphenyl)acetamide 2-(4-(3,4-dicyanophenoxy)phenyl)acetamide

Figure 2.6. Synthesized of 2-(4-(3,4- dicyanophenoxy)phenyl)acetamide.

2.4. Syntheses of metallated and metal-free phthalocyanine compounds

The phthalocyanine moiety contains a sufficiently large central cavity to accommodate
almost all the metal cations. In this study, novel phthalocyanines were synthesized, each
incorporating metal cations and functional ligand groups at non-peripheral sites of the
phthalocyanine macrocycle. Under high temperature boiling and in an anhydrous solvent in the
presence of a catalyst, the phthalonitrile derivative reacted with metal salts, leading to
cyclotetramerization to form substituted MPcs. The resulting compounds were purified by solving

in solvent generally DMF and precipitating several times.

2.4.1. Synthesis of 4-(benzothiazol-2-ylthio) phthalocyaninato metal complexes (A) (M: Cr,
Fe, Co, Ni, Cu, Zn).

Within a 2 cm diameter glass tube fitted with an argon inlet, 0.25 g (0.85 mmol) of 4-
(benzo[d]thiazol-2-ylthio) phthalonitrile and 0.08 g (0.47, 0.45, 0.45, 0.45, 0.44, 0.43) mmol of
metal acetate salts (Cr, Fe, Co, Ni, Cu, Zn) respectively, were added. Then, 3 mL of DMF was
added under an argon atmosphere, and the mixture was heated to a stable boiling point of DMF
under an argon atmosphere followed by adding 3-4 drops of DBU as a catalyst. The reaction
continued for 24 hours. The progress of the reaction was monitored visually checking the color of
the solution to turn to green or blue color, when the intensity of color did not increase, the reaction
was stopped. Once the reaction was complete, the mixture was cooled down and diluted with 2 mL
of ethanol. The resulting solution was then precipitated by adding to 200 mL of water drop by drop
while stirring. The precipitate was filtered and washed multiple times with distilled water and
ethanol until the eluent became colorless. The solid product, which had a blue-green color, was
dried first at room temperature and then at 75 °C in a drying oven. The products obtained were 0.22
g,0.087 g,0.221 g, 0.22 g, 0.183 g, and 0.175g, with (66%, 26%, 66%, 66%, 55%, 53%) yields for
Cr, Fe, Co, Ni, Cu, and Zn respectively. As shown in Figure 2.7. and Table 2.1.
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Figure 2.7. Synthesized of 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole) Metal
phthalocyanine complexes (A). (M: Cr, Fe, Co, Ni, Cu, and Zn).
2.4.2. Syntheses metal free phthalocyanine (H2Pc).

The same procedure was used to synthesize metal-free phthalocyanine, but without adding
metal acetate; all other steps remained unchanged. This resulted in 0.246 g of product, with a yield
of 74.5%. As shown in Figure 2.8.

CN

S
—
@ />’S CN Reflex, Ar
N

Figure 2.8. Synthesized of 2,2',2",2"-(phthalocyanine-2,9,16,23-tetrayltetrakis(sulfanediyl)) tetrakis (benzo
[d] thiazole) (A).
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Table 2.1. Elemental analysis of the ligand and phthalocyanine complexes, including their molecular
formula, molecular weight, and experimental yield (A).

Molecular Elemental Analysis (Theo.) Exp.
Name E/L?,I;C;fr \(/:/?qgot:; Yield % %0 %H Y %i\l ) %F;
o o 5 9 07w
A-CrPc  CrlCeoHzsNiSs]  1225.44 66 % fg:i? (;:i? (12:23) (2(1):22)
A- FePc Fe[CeoH28N12Sg] 1229. 29 26% igi? (522) (gg;) (2822)
A- CoPc  Co[CeoHaNiSs] 123238 66% (gz:gg) %ﬁig) (12:2111) (38:22)
A-NiPc  Ni[CoHzxNSj] 123214 66% (gg:gg) (g:ig) (12:2‘31) (zgzg?
A-CuPc  CulCooHzNiSe] — 1236.99 s oo (229 (359 (2079
mze zicemasd  amess s (o) GO0 GO0 GO0
A Cot s, 1175.48 74.5% (61.31) (2.57) (14.30) (21.82)

61.67 2.46 13.92 21.41

2.4.3. Synthesis of 2,9,16,23-tetrakis(quinolin-8-yloxy) metal phthalocyanine complexes
(B). (M: Cr, Fe, Co, Ni, Cu, and Zn).

Within a 2 cm diameter glass tube fitted with argon inlet, 0.25 g (0.92 mmol) of 4-(quinolin-
8-yloxy) phthalonitrile and 0.09 g (0.52, 0.51, 0.50, 0.50, 0.49, 0.49 mmol) of metal acetate salts,
(Cr, Fe, Co, Ni, Cu, Zn) respectively, were added. Then, 3 mL of DMF and 3-4 drops of DBU were
added under an argon atmosphere, and the mixture was heated to boiling of DMF. The reaction was
maintained at this temperature for 24 hours. The progress of the reaction was monitored by
checking the color of the reaction mixture. Once the reaction was complete, the mixture was cooled
down and diluted with 2 mL of ethanol. The resulting solution was then precipitated by adding to
200 mL of water drop by drop while stirring. The precipitate was filtered and washed multiple times
with distilled water and then with ethanol until the eluent became colorless. The solid product,
which had a blue-green color, was dried first at room temperature and then at 75 °C in a drying
oven. The yield of the solid product was as follows: 0.199 g, 0.112 g, 0.23 g, 0.275 g, 0.208 g, and
0.202 g, corresponding to different percentages of metal phthalocyanine (Fe: 38.25%, Co: 21.38%,
Ni: 43.67%, Cu: 52.23%, Zn: 39.17%, 37.92%,) respectively of yield, shown in Figure 2.9. and
Table 2.2.
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Figure 2.9. Synthesized of 2,9,16,23-tetrakis(quinolin-8-yloxy) Metal phthalocyanine complexes (B).

2.4.4. Syntheses metal free phthalocyanine (H2Pc).

Using the same procedure as previously to synthesize metal-free phthalocyanine, but without
adding metal acetate; all other steps remain unchanged. This results in 0.182 g (0.167 mmol) of
product, with a yield of 38.4%, Figure 2.10.
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Figure 2.10. Synthesized of 2,9,16,23-tetrakis(quinolin-8-yloxy)phthalocyanine (B).



Table 2.2. Elemental analysis of the ligand and phthalocyanine complexes, including their molecular
formula, molecular weight, and experimental yield (B).

Elemental Analysis (Theo.)

Molecular Molecular .
0,
Compound Formula Weight (g/mol) Vield % Exp.
%C %H %N

. (75.27) (3.34) (15.49)

- 0,
B-Ligand C17HoNsO 271.28 76.1 % 75 63 3.60 1516
(71.83) (3.19) (14.78)

- 0,
B-CrPc Cr[CesH36N1204] 1137.11 38.25% 7194 328 14.93
(71.58) (3.18) (14.73)

- 0,
B-FePc Fe[CesH36N1204] 1140.96 21.38% 7174 326 14.39
(71.39) (3.17) (14.69)

- 0,
B-CoPc Co[CesH36N1204] 1144.05 43.67 % 70.01 335 15.02
. . (71.41) (3.17) (14.70)

- 0,
B-NiPc Ni[CesH36N1204] 1143.81 52.23 % 7168 3.5 1423
(71.10) (3.16) (14.63)

- 0,
B-CuPc Cu[CesH36N1204] 1148.66 39.17 % 7059 3.39 14.35
(70.99) (3.15) (14.61)

o 0,
B-ZnPc Zn[CesHzsN1204] 1150.50 37.92 % 70.74 331 14.94
B-HzPc CesHasN1204 1087.064 38.38 % (75.13) (3.52) (15.46)

2.4.5. Synthesis of 2-(4-(3,4-dicyanophenoxy)phenyl) acetamide phthalocyaninato metal
complexes (C). (M: Cr, Fe, Co, Ni, Cu, Zn).

Within a 2 cm diameter glass tube fitted with argon inlet, 0.25 g (0.90 mmol) of 2-(4-(3,4-
dicyanophenoxy) phenyl) acetamide and 0.09 g (0.52, 0.51, 0.50, 0.50, 0.49, 0.49) mmol of metal
acetate salt [M(Ac)2, where M: Cr, Fe, Co, Ni, Cu, Zn] respectively, then added 3 mL DMF and 3-
4 drop DBU under an argon atmosphere and heated to a stable boiling temperature of solvent,
reaction continued for 24 hours. Once the reaction was completed, the mixture was cooled down to
room temperature and diluted with 10 mL of ethyl alcohol. The resulting solution was precipitated
adding drop by drop to 200 mL of water while stirring. The precipitate was filtered and washed
multiple times with distilled water and then with ethyl alcohol until the eluent turned from dark
brown to colorless. The solid product, which had a blue-green color, was dried first at room
temperature and then at 75 °C in a drying oven. The yield of the metal phthalocyanine was as
follows: 0.208 g, 0.21 ¢g,0.201 g, 0.23 g, 0.213 g, 0.202 g, also CrPc (19.80 %), FePc (20 %), CoPc
(21.10 %), NiPc (21.9 %), CuPc (20.09 %), ZnPc (19.05 %) respectively, Figure 2.11. and Table
2.3.
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Figure 2.11. Synthesized of 2,2'2"2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Metal phthalocyanine (C).

2.4.6. Syntheses metal free phthalocyanine (H2Pc).

Using the same procedure as previously to synthesize metal-free phthalocyanine, but without
adding metal acetate; all other steps remain unchanged. This results in 0.198 g of product, with a
yield of 19.8%, Figure 2.12.

NH,
H,N 0
(o]
CN
CN
DMF Ar gas
(o] S
Reflex 150°C
HoN™ o
HyN o HyN o

Figure 2.12. Synthesized of 2,2'2"2"-((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide phthalocyanine (C).

42



Table 2.3. Elemental analysis of the ligand and phthalocyanine complexes, including their molecular
formula, molecular weight, and experimental yield (C).

Elemental Analysis (Theo.)

Name Molecular Molecular Weight  Yield EXp.
Formula (g/mol) %
%C %H %N
. (6931)  (400) (15.15)
- 9
C-Ligand Ci16H11Ns02 277.28 65% 69.01 415 14.85
(6620) (3.82)  (14.48)
- 9
C-CrPc Cr[Ce4H44N120g] 1161.13 19.80% 65.72 410 14.76
(65.98) (3.81)  (14.43)
- 9
C-FePc Fe[Ce4H44N120s] 1164.98 20% 65.54 368 1458
(65.81)  (3.80)  (14.39)
- 0
C-CoPc Co[Ce4H44N120s] 1168.07 21.10% 66.35 301 14.48
. . (65.82)  (3.80)  (14.39)
- 0
C-NiPc Ni[Ce4H44N120s] 1167.83 21.9% 66.51 367 1411
(6555) (3.78)  (14.33)
- 0
C-CuPc Cu[Ce4H44N1208] 1172.68 20.09% 65.3 3.06 14.16
(65.45)  (3.78)  (14.31)
- 9
C-ZnPc Zn[Ce4H44N120s] 117451 19.05% 65.66 411 1458
C-H:Pc CoaHasN120s 1111.15 198%  (69.18)  (4.17) (15.13)
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3. RESULTS AND DISCUSSION.

Elemental analysis, Fourier transform infrared (FT-IR) spectroscopy, ultraviolet-visible
(UV-Vis) Spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy (*H and **C) were
used to characterize the produced chemicals. Two regions of the FT-IR spectra are crucial for
determining the chemical structures of substances. The first region, known as the functional group
area, spans 4000-1400 cm™! and includes significant peaks such as -C=C aromatic, C-H aromatic,
and -NH. The second region, known as the fingerprint region, extends from 1440 to 900 cm™.
Phthalocyanine compounds are easily recognizable by their distinctive UV-visible spectra, which
exhibit a strong band at around 650 nm for metallated phthalocyanine and a double band for metal
free phthalocyanine, the latter is responsible for the green to blue hues seen in compounds of this
class. Additional bands, also referred to as the B or Soret band, typically overlap with the second
band at around 400 nm.

Derivatives Thermogravimetry (DTG) and Thermogravimetry (TG) are techniques used to
study the thermal stability, decomposition, and degradation of materials. TG/DTG analysis was
performed on each sample using a SHIMADZU TGA 50 series apparatus in the heat flux instrument
mode to ascertain the samples' thermal properties. In a dry air environment, samples weighing about
4 mg were heated in (Al pan) aluminum oxide Al.Os crucibles at a rate of 10 °C/min over a
temperature range of 20-700 °C. According to thermogravimetric data was suitable to assess the
mass loss caused by the degradation and decomposition of complexes at temperatures up to 220 °C.
[172-174].

In addition, the electrochemical properties of synthesized compounds are studied with
techniques like cyclic voltammetry (CV) and square wave voltammetry (SWV), Cyclic
voltammetry is a widely used electrochemical technique, that measures the current response of a
system concerning an applied potential, particularly emphasizing electron transfer during reaction
processes. This technique is instrumental in studying the redox properties of electroactive species
in liquid solutions. The procedure involves systematically varying the electrode potential within a
specified range at a constant rate while monitoring the resulting current in an electrochemical cell
[175]. In this study, CV and SWV measurements of the compounds were performed on a glassy
carbon (GC) electrode in DMF using tetrabutylammonium tetrafluoroborate (TBAFB) as a
supporting electrolyte. To explore the electrochemical properties of each phthalocyanine molecule,
a wider potential range (-2.6 to +1.1 V versus Fc/Fc+) was employed. Relevant data from the
literature on similar substances are included for comparison. Phthalocyanine complexes can
undergo multiple one-electron reductions and oxidations of the conjugated macrocycle, generating

anion and cation radicals, respectively.
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3.1. 4-Nitrophthalonitrile

Phthalocyanines could be synthesized using traditional processes with various precursors,
such as 4-Nitro phthalonitriles. Building on these considerations, our ultimate objective is to
achieve the synthesis and characterization of new phthalocyanine. Figure 3.1. shows the synthesis
of 4-nitrophthalonitrile from phthalimide, in the first step, phthalimide nitrated to form 4-
Nitrophthalimide subsequent transformation of 4-nitrophthalimide to 4-nitrophthalamide and
finally, 4-nitrophthalonitrile is obtained [134].

0
_HS0,
NH H NH H, DMF
NO; H, SOClz
O,N
0

Phthalimid 4-NitroPhthalimid 4- NitroPhthalamide 4- NitroPhthalonitrile

Figure 3.1. 4-Nitrophthalonitrile can be synthesized from phthalimide in most cases.

* IR Spectrum
We have prepared and employed KBr pellets to analyze the infrared spectrum of 4-
nithrophthalimide. The presence of two sharp peaks at 1347 cm™ and 1660 cm, corresponding to
the nitro NO- group, indicates that the phthalimide compound underwent nitration at position 4, as

shown in Figure 3.2.

o
4000 3500 3000 2500 2000 1500 1000 500450
cm-1

Figure 3.2. FT-IR spectrum of 4-Nitrophthalimide.
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The IR spectra of 4-nitrophthalamide showed a stretching band at 3427 cm-, indicating the

presence of NH groups typical of amides. Additionally, peaks corresponding to amide carbonyl

(C=0) bonds were seen at 1660 cm™, as shown in Figure 3.3.

%T
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807

0 3500 3000 2500 2000 1500 1000 500450
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Figure 3.3. FT-IR spectrum of 4-NitroPhthalamide.

The presence of the nitrile (-C=N) signal at 2240 cm™ supports the synthesis of 4-

nitrophthalonitrile The IR spectra of 4-nitrophthalonitrile, as seen in Figure 3.4. and Table 3.1.

%T

KF

3500 3000 2500 2000 1500 1000 500450
cm-1

Figure 3.4. FT-IR Spectrum of 4- NitroPhthalonitrile.
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Table 3.1. Important FT-IR spectrum of 4-Nitrophthalonitrile.

Vibrations (cm™) Assignment
3082 Ar-CH

2240 C=N

1609 Cc=C

1353, 1534 Aromatic NO;

3.2. 2-Mercaptobenzothiazole

We utilized 2-mercaptobenzothiazole as the starting material, structure is shown in Figure
3.5. The chemical formula is C;HsNS;, the molecular weight is 167.24 g/mol and has a white-

yellow Color.

)~

Figure 3.5. 2-mercaptobenzothiazole.

FT-IR spectra of 2-mercaptobenzothiazole have distinct peaks that correspond to the various
functional groups found in the molecule. This area of the infrared spectrum showed two weak-
intensity peaks (C-H aromatic) at 3037 and 2965 cm™. A very weak band was also recognized at
2576 cm* for the S-H stretching vibration.

The stretching mode of C=C is attributed to the bands seen at 1596, and 1495 cm™. The
interaction between the C-N stretching vibrations of the C=N group, when is seen as a strong and
weak band at 1244, and 2235 cm™ respectively. The distinct bands seen in a cluster at 1012, 1033,

and 1075 cm™* correspond to normal vibrations in the N=C-S groups, Figure 3.6. and Table 3.2.
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Figure 3.6. FT-IR Spectrum of benzothiazole-2-thiol.

Table 3.2. Important FT-IR spectrum of 2-Mercaptobezotriozole.

Vibrations (cm™) Assignment
3037, 2965 Ar-CH
2244 C=N

1244 C-N

1596, 1495 c=C

1075, 1033 C-S

2576 H-S

3.3. 4-(benzothiazol-2-ylthio)phthalonitrile

In a dry, inert environment, the ligand 4-(benzothiazol-2-ylthio)phthalonitrile was
synthesized using DMF as a solvent at 90 °C. The chemical formula is CisH7NsS;, the molecular
weight is 293.36 g/mol and it has a light-yellow Color, Figure 3.7.

W

Figure 3.7. 4-(benzothiazol-2-ylthio)phthalonitrile.
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= FT-IR Spectrum
The compound was analysed using FT-IR using a KBr pellet to generate its spectra. As seen
in Figure 3.8 The new ligand is absent two distinct peaks at 1354 cm™ and 1536 cm, which
correspond to the missing of the nitro NO; group. Other peaks are retained and appear in the graph,
as shown in Table 3.3.

%T

T
4000 3500 3000 200 2000 1500 1000 500450
cm-1

Figure 3.8. FT-IR spectrum of 4-(benzothiazol-2-ylthio)phthalonitrile.

Table 3.3. Important FT-IR peaks of 4-(benzothiazol-2-ylthio)phthalonitrile.

Vibration (cm™) Assignment
3090-3060, 3023 C-H Aromatic
1080-1360 C-N weak
2232 C=N

1581, 1454 c=C

583, 684,724 C-S

= HNMR Spectrum
The *HNMR spectrum was recorded in DMSO-d6. The hydrogen atoms of 4-(benzo (d)
thiazol-2-yithio), specifically H9, H12, and H3, appeared as doublets at 8.60, 8.30, and 8.20 ppm,
respectively. The peaks for hydrogens H1 and H6 were observed as a singlet at 8.12 and 8.03 ppm.
While the two hydrogen H7 and H8 were observed as a triplet at 7.56 and 7.53 ppm, respectively.
The solvent peak for DMSO-d6 and a water impurity appeared at 2.70 ppm and 1.23 ppm,
respectively, as shown in Figure 3.9.
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Figure 3.9. H-NMR spectrum of 4-(benzothiazol-2-ylthio) phthalonitrile.

3.4. 8- Hydroxyquinoline

8-hydroxyquinoline is a colorless solid, its conjugate base is a chelating agent, which is used
for the quantitative determination of metal ions. The chemical formula is CoH;NO, with a molecular

weight of 145.16 g/mole, and it has a light brown color shown in Figure 3.10.

~X

.

N
OH

Figure 3.10. 8-Hydroxyquinoline (Quinolin-8-ol).

= FT-IR Spectrum
The most effective method for determining the functional groups is to analyze the FT-IR

spectra. The presence of the OH in the 8-hydroxyquinoline aromatic ring is indicated by a broad
band between 3370 -2700 cm™ in the spectrum. Additionally, there is a band around 3047.34 cm™,
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and the C=C group vibration in the aromatic ring is responsible for the three peaks at 1470, 1496,
and 1432 cm™. The presence of C=N and C-N groups in the aromatic ring is indicated by bands at

1578 cm* and 1378 cm! respectively. As shown in Figure 3.11. and Table 3.4.

81
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Figure 3.11. FT-IR Spectrum of quinolin-8-ol.

Table 3.4. Important FT-IR peaks of quinoline-8-ol.

Vibration (cm™) Assignment
3047 C-H Aromatic
1378 C-N weak
1578 C=N

1470, 1496, 1432 c=C

3370 -2700 H-O wide

3.5. 4-(quinolin-8-yloxy) phthalonitrile.

The ligand was synthesized using 8-hydroxyquinoline and 4-Nitrophthalonitrile in DMF
solvent under specific conditions. The final product has the chemical formula C17HsN3O, with a

molecular weight of 271.28 g/mol, and exhibits a dark brown Color. Shown in Figure 3.12.

CN
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=

-

Figure 3.12. 4-(quinolin-8-yloxy)phthalonitrile

51



= FT-IR Spectrum
To determine the functional groups most effectively, the FT-IR spectrum was analyzed. The
IR spectra of the compound were examined after its production in a KBr tablet. The novel ligand
loses the two typical peaks at 1354 cm™ and 1536 cm?, indicating the absence of the nitro NO2
group, however other peaks representing functional groups that were either retained or newly
introduced during synthesis may appear. These peaks offer vital information about the structure
and composition of the ligand. Shown in Figure 3.13 and Table 3.5.
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Figure 3.13. FT-IR spectrum of 4-(quinolin-8-yloxy)phthalonitrile

Table 3.5. Important FT-IR peaks of 4-(quinolin-8-yloxy)phthalonitrile.

Vibration (cm™) Assignment
3111-3080, 3047 C-H Aromatic
1351-1250 C-N weak
2233 C=N

1599, 1534 c=C

1125 C-O0

* HNMR Spectrum
The IHNMR spectrum was recorded in DMSO-d6. The hydrogen atoms of 4-(quinolin-8-
yloxy) phthalonitrile, specifically H15, and H17, appeared as singlet at 8.83, and 8.54 ppm,
respectively. The peaks for hydrogens H6, H13 and H3 were observed as a doublet at 8.05, 8.00,
and 7.76 ppm. The other hydrogens H16, H8, H1, and H9 appeared as a singlet at 7.72, 7.67, 7.29,
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and 7.26 ppm respectively. Additionally, The solvent peak for DMSO-d6 and a water impurity
appeared at 2.57 ppm and 1.10 ppm, respectively as shown in Figure 3.14.
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Figure 3.14. HNMR of 4-(quinoline-8-yloxy) Phthalonitrile.

3.6. 4-Hydroxyacetamitade

4-hydroxyphenyl acetamide has more names like 2-(4-Hydroxyphenyl)acetamide, 4-
Hydroxybenzeneacetamide, p-Hydroxyphenylacetamide is finds some use as a plasticizer and as
an industrial solvent. The molecular formula of 4-hydroxyphenylacetamitade is CsHoNO. with a

molecular weight of 151.16 g/mol, as shown in Figure 3.15.

Figure 3.15. 2-(4-hydroxyphenyl)acetamide
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= FTIR Spectrum

A broad, high absorption at 3326 cm™, was attributed to the O-H stretching vibration. A very
strong band at 3162 cm™ was seen for the N-H stretching vibrations. The weak band at 3035 cm'?
is ascribed to the symmetric stretching vibration of C-H. The heteroaromatic chemical molecule
and its derivatives have a close structural relationship with benzene. As a result, they often display
several weak bands in the 3100-3000 cm™ range, caused by contractions of the C-H bonds. C-C
stretching vibrations in rings typically occur between 1600 and 1400 cm™. A band spanning the
range of 1430-1650 cm™ is typical for aromatic compounds, which show strong C-C stretching
vibrations at 1443 and 1565 cm™. In this work, the C=C stretching vibrations were found to be
particularly prominent in the FTIR spectrum at 1654 cm™.

The stretching vibration of the C-O bond is responsible for the single sharp band as seen
often observed between 1690 -1655 cm™, which is the most defining feature of the carbolic group.
Typically, the C-O stretching vibrations occur between 1320-1210 cm™. The stretching vibrations
of C=0 are clearly visible at 1654 cm™, while the C-O stretching vibrations are clearly visible
around 1227 cm™. As shown in Figure 3.16, and Table 3.6.
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Figure 3.16. FT-IR Spectrum of 2-(4-hydroxyphenyl)acetamide.

Table 3.6. Important FT-IR peaks of 2-(4-(3,4-dicyanophenoxy) phenyl) acetamide.

Vibration (cm-1) Assignment
3326, C-H Aromatic
3162 H-N

1654 c=C

1654 Cc=0

1227 C-0

1611, 1593, 855 N-H
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3.7. 2-(4-(3,4-dicyanophenoxy) phenyl) acetamide.

In a dry, inert environment, the ligand 2-(4-(3,4-dicyanophenoxy) phenyl) acetamide was
synthesized using DMF as a solvent at 90 °C. The chemical formula is C16H1:N3O>, the molecular
weight is 277.28 g/mol and it has a light-yellow Color. As shown in Figure 3.17.

H,N CN

O
0] CN

Figure 3.17. 2-(4-(3,4-dicyanophenoxy)phenyl)acetamide

= FTIR Spectrum
Removal of nitro groups was indicated by the absence of nitro (NO.) peaks at 1354 cm™ and
1536 cm™ and emerging a new peak at 2228 cm belonging to the C=N group confirms the formation
of ligand. The structure and content of the synthesized ligand may be inferred from these peaks. As
shown in Figure 3.18. and Table 3.7.
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Figure 3.18. FT-IR Spectrum of 2-(4-(3,4-dicyanophenoxy)phenyl)acetamide.
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Table 3.7. Important FT-IR peaks of 2-(4-(3,4-dicyanophenoxy)phenyl)acetamide.

Vibration (cm™) Assignment
3203-3140, 3077 C-H Aromatic
2228 C=N

1557 c=C

1666 C=0

1249, 1202 C-0

1611, 1593, 855 N-H

* HNMR Spectrum

The 1HNMR spectrum was recorded in DMSO-d6. The hydrogen atoms of 2-(4-(3,4-
dicyanophenoxy) phenyl) acetamide, specifically H6, H3, and H1, appeared as doublets at 8.04,
7.93, and 7.82 ppm, respectively. The peaks for hydrogens H13 and H15 were observed as a singlet
at 7.55 ppm. The amide hydrogen (H10) appeared at 7.47 ppm, while hydrogens H12 and H16 were
observed as a doublet at 7.29 ppm. Additionally, H8 was seen as a doublet at 3.51 ppm. The solvent
peak for DMSO-d6 and a water impurity appeared at 2.19 ppm and 1.25 ppm, respectively shown
in Figure 3.19.
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Figure 3.19. H-NMR spectrum of 2-(4-(3,4-dicyanophenoxy)phenyl)acetamide.

56



3.8. 2,2'2",2""(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole)
Chromium phthalocyanine
The chromium phthalocyanine (CrPc) was prepared by reacting 4-(benzothiazol-2-ylthio)
phthalonitrile with chromium (I1) acetate under an argon atmosphere in DMF. The presence of
Cr(Il) salt in this condition caused the cyclotetramerization of four phthalonitrile ligands to form

green-colored CrPc, a characteristic property of phthalocyanines. As shown in Figure 3.20.

Figure  3.20. 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole) Chrome
phthalocyanine

e FT-IR Spectrum
The KBr pellet in IR spectra showed the loss of the C=N peak at 2232 ¢m™, indicating the
completion of the reaction. Notable peaks include a weak peak at 2923 cm™ corresponding to
aromatic C-H stretching, a peak at 1649 cm™ for C=C macrocycle ring deformation, and peaks at
1457 and 1425 cm™ for C=N stretching. Additionally, a peak at 1185 cm™ corresponds to C-N
stretching, while peaks at 1042 cm™ and 756 cm™ correspond to C-C and C-S bonds, respectively,

shown in Figure 3.21.
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Figure 3.21. FT-IR spectrum of Cr(Il)phthalocyanine.

= UV-visible spectrum
MPcs in DMF have strong absorptions between 600 -700 nm in the Q band area according
to their UV-vis spectra. The n-n* transition from the HOMO to the LUMO of the phthalocyanine
ring defines the Q band absorptions of the compounds. The transitions from the deeper = levels to
the LUMO caused the B band absorptions of the compounds to be seen in the UV area between
300-400 nm. The CrPc compound in DMF has two absorptions in the Q band area at 683, and 615
nm (shoulder) on the Soret band at 440 nm as shoulder in the UV—vis spectrum, Figure 3.22.
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Figure 3.22. UV-visible spectrum of Cr(ll)phthalocyanine
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= Thermal analysis

The TG and DTG analyses of the CrPc complex demonstrated thermal stability up to 250
°C, starting of thermogram less than 100 caused by experimental error, resulting in a weight loss
of approximately 4%. The complex then undergoes a three-step decomposition process: First
exothermic decomposition occurs between 270-420 °C, with a 15% weight loss. Following that, a
second exothermic decomposition happened, taking place at 425-520 °C, with a 30% weight loss.
Finally, a third decomposition occurs between 520-680 °C, leading to a 22% weight loss. The total
weight loss is 71%, and the TG thermograms reveal that CrPc decomposes without displaying a

melting point, leaving about 26% of residue, as shown in Figure 3.23.
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Figure 3.23. TG and DTG of Cr(Il)phthalocyanine

= Electrochemical Properties.

The electrochemical analysis of CrPc was conducted using cyclic voltammetry (CV) and
square wave voltammetry (SWV), in DMF with tetra butyl ammonium tetrafluoroborate (TBAFB)
as the supporting electrolyte. The Fc/Fc+ pair, ferrocene, and ferrocenium ion served as a sudo
reference electrode. Potentials were measured relative to Fc/Fc+ in non-aqueous solutions. Due to
the limited solubility of CrPc, the intensity of the CV voltammogram was great. On the other hand,
the SW voltammogram has better results than CV. Multiple reduction and oxidation reactions
observed occur across the macrocycle’s moiety of CrPc seen in Figure 3.24 and Figure 3.25. The

SW voltammogram of CrPc reveals four reduction waves at -1.28, -1.52 -1.83, and -2.14 volts,
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representing R1, Rz, Rs, and R4, respectively, with only one oxidation wave (O;) at 0.83 volts. It
also has a redox wave of Chromium(lI/111) metal (Mr) at -1.04 V.

In phthalocyanine rings, the redox behaviour is associated with the removal of electrons from
the HOMO, whereas the LUMO may accept up to four more electrons. The electrochemical
molecule bandgap is equal to the difference in energy between these oxidation and reduction
processes. These redox reactions often exhibited quasi reversible behaviour in terms of peak
separations and peak potential variations with scan rate.

There are four redox processes indicated as R1, Rz, R, and R4 on the CV and SWV attributed
to Cr(11)Pc-2/Cr(11)Pc-3, Cr(11)Pc-3/Cr(11)Pc-4, Cr(11)Pc-4/Cr(11)Pc-5, and Cr(11)Pc-5/Cr(I1) Pc-6
respectively. O1, and O; are corresponding to the oxidation process of CrPc, specifically Cr(ll)Pc-
2/Cr(11)Pc-1, and Cr(I11)Pc-1/Cr(11)PcO respectively. Additionally, there metal-based redoxes
process refers to Cr(11)Pc-2/Cr(I)Pc-2 because the Cr?* ion redoxes are active in phthalocyanine
complexes [176].

ox

10 pA

E (Volt) vs Fc/Fc*

Figure 3.24. Cyclic voltammogram of Cr(Il)phthalocyanine.
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Figure 3.25. Square wave voltammogram of Cr(ll)phthalocyanine.

3.9. 2,2',2",2""(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole)
Iron phthalocyanine.
The Iron phthalocyanine FePc¢ was prepared from 4-(benzo[d]thiazol-2-ylthio) phthalonitrile
with Fe(Il)acetate under an argon atmosphere in DMF. The presence of Fe(ll) helps
cyclotetramerization of four phthalonitrile ligands to form green-colored FePc, Figure 3.26.

Figure 3.26. 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole) Iron phthalocyanine.
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= FT-IR Spectrum
The KBr pellet in IR spectra showed no C=N peak at 2232 ¢cm indicating the reaction
completion. Two peaks at 2978 and 2926 cm* indicate aromatic C-H stretching, while one at 1632
cm? indicates C=C macrocycle ring stretching. Three peaks at 1516, 1452, and 1424 cm™* indicate
C=N stretching. Other peaks at 1315 cm™ and 1140 cm relate to the stretching of carbon atoms C-
N. In addition, the C-S bond peaks at 756 and 725 cm, and the C-C bond's peak at 1050 cm™ is

also visible. as shown in Figure 3.27.
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Figure 3.27. FT-IR spectrum of Fe(ll)phthalocyanine.

= UV-visible spectrum
MPcs in DMF had normal absorptions between 600 and 700 nm in the Q band area according
to their UV-vis spectra. The n-n* transition from the HOMO to the LUMO of the phthalocyanine
ring defines the Q band absorptions of the compounds. The transitions from the deeper 7 levels to
the LUMO caused the B band absorptions of the compounds to be seen in the UV area around 300—
400 nm. FePc compound in DMF has two absorptions in the Q band area at 683, and 614 nm and

the Soret band at 370 nm on the UV-vis spectrum as shown in Figure 3.28.
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Figure 3.28. UV-visible spectrum of Fe(ll)phthalocyanine.

=  Thermal analysis
The TG and DTG analyses of the FePc complex demonstrated thermal stability up to 200
°C, iron phthalocyanine complex undergoes a one-step decomposition process, an exothermic
decomposition occurs between 200-400 °C with a 50% weight loss, then there was no weight loss
observed up to 700 °C. The total weight loss is 64%, and the TG thermograms reveal that FePc

decomposes without displaying a melting point, leaving about 36 % residue, Figure 3.29.
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Figure 3.29. TG and DTG of Fe(ll)phthalocyanine.
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= Electrochemical Properties.

FePc reveals four reduction waves at -0.86, -1.61, -2.20, and -2.39 volts, along with two
oxidation waves at 0.28, and 0.59 volts, representing R1, Rz, R3, R4, and Oy, O, respectively. Also,
have oxidation reduction on metal Mr and Mo at -0.56 and -0.07 Vs respectively. All of these redox
reactions labeled Ri.4 originate in macrocycle rings. In phthalocyanine rings, the redox behavior is
associated with the removal of electrons from the HOMO, whereas the LUMO may accept up to
four more electrons Figure 3.30, and Figure 3.31.

The redox processes Ri, Rz, R3, and R4 are assigned to Fe(ll)Pc-2/Fe(ll)Pc-3, Fe(ll)Pc-
3/Fe(I)Pc-4, Fe(ll)Pc-4/Fe(1l) Pc-5, and Fe(ll1)Pc-5/Fe(11)Pc-6, respectively. O1 and O, correspond
to the two FePc oxidation processes, which are Fe(I1)Pc-2/Fe(l11)Pc-1 and Fe(Il)Pc-1/Fe(l11)PcO,
respectively. Furthermore, as the Fe?* and Fe* ions are redox and oxidize active in phthalocyanine
complexes, the metal-based Mr and Mo process refers to Fe(ll)Pc-2/Fe(l)Pc-2 and Fe(ll)Pc-
2/Fe(11T)Pc-2 respectively.

O3

10 LA

E (Volt) vs Fc/Fc™

Figure 3.30. Cyclic voltammogram of Fe(ll)phthalocyanine.
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Figure 3.31. Square wave voltammogram of Fe(ll)phthalocyanine.

3.10. 2,2',2"",2'"*(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole)

Cobalt phthalocyanine.

The Cobalt phthalocyanine CoPc was prepared from 4-(benzothiazol-2-ylthio) phthalonitrile
with Co(Il)acetate under an argon atmosphere in DMF. The presence of Co(ll) salt in this condition
caused the cyclotetramerization of four phthalonitrile ligands to form green-colored CoPc, Figure
3.32.

Figure 3.32. 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole) Cobalt phthalocyanine.
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= FT-IR Spectrum
The FT-IR spectrum recorded using KBr pellet, showed the disappearance of the C=N peak
at 2232 cm™. Aromatic C-H stretching appeared as two weak peaks at 2978 and 2926 cm, while
C=C macrocycle ring stretching at 1640 and 1605 cm™. Three distinct peaks at 1521, 1455, and
1424 cm were attributed to C=N stretching. The stretching of carbon atoms' C-N bonds was
associated with the other peaks at 1311 cm™. The peaks at 754 and 725 cm correspond to the C-
S bonds, and the peaks at 1101 and 1049 cm™ were assigned to the C-C bond, and are all clearly

visible. As shown in Figure 3.33.
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Figure 3.33. FT-IR spectrum of Co(ll)phthalocyanine.

= UV-visible spectrum
MPcs in DMF had normal absorptions between 600 and 700 nm in the Q band area according
to their UV-vis spectra. The n-n* transition from the HOMO to the LUMO of the phthalocyanine
ring defines the Q band absorptions of the compounds. The transitions from the deeper & levels to
the LUMO caused the B band absorptions of the compounds to be seen in the UV area between
300-400 nm. CoPc compound in DMF has two absorptions in the Q band area at 668, and 606 nm

a weak shoulder on the UV-vis spectrum. As shown in Figure 3.34.
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Figure 3.34. UV-visible spectrum of Co(ll)phthalocyanine.

= Thermal analysis
The TG and DTG curves show that CoPc is thermal stabile up to 250 °C, with a minor
weight loss of 3% attributed to the loss of adsorbed surface water. The decomposition happened in
two stages: The first stage occurred around 250-380 °C, with a weight loss of about 18%. The
second thermal event corresponds to the decomposition of the complex starting from 380-575 °C,
with about 65% weight loss. The total weight loss was 86 %, leaving approximately 14% residue
[177]. As shown in Figure 3.35.
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Figure 3.35. TG and DTG of Co(ll)phthalocyanine.
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= Electrochemical Properties.

The electrochemical analysis of CoPc was conducted using CV and SWV in DMF with
TBAFB as the supporting electrolyte. The Fc/Fc+ pair served as a sudo reference electrode.
Potentials were measured relative to Fc/Fc+ in non-aqueous solutions. Due to the limited solubility
of CoPc, the CV voltammogram was not able to effectively demonstrate the redox processes. On
the other hand, the experiment performed using the SW voltammogram, provided a better result
than CV. There for all the electrochemical data given here is taken from the SW Voltammogram
average of anodic and cathodic redox potentials.

There are four waves that represent the reductions of CoPc, labeled R, Rz, Rs and R4, with
-1.25, -1.61, -2.18, and -2.36 V respectively. There were, two oxidations’ waves, labeled O; and
0., at 0.48 and 0.68 V, which is phthalocyanine ring based oxidation, in addition, cobalt based
redox waves were also observed labeled with Mr and Mo at -0.77 and 0.16 V respectively. An
important part of the redox activity is the removal of electrons from the HOMO of the
phthalocyanine ring, which could accommodate up to four additional electrons in the LUMO. MPcs
typically have a potential difference of 1.5 V between the initial reduction and oxidation, while
CoPc has a value of 1.2 V. As shown in Figure 3.36 and Figure 3.37.

However, there are four redox processes Ri, Rz, Rs, and R4 attributed to Co(ll) Pc-2/Co(1l)
Pc-3, Co(ll) Pc-3/Co(ll) Pc-4, Co(ll) Pc-4/Co(ll) Pc-5, and Co(ll) Pc-5/Co(ll) Pc-6 respectively.
Nonetheless, O1, and O are corresponding to the two oxidation processes of CoPc, specifically
Co(I) Pc-2/Co(lll) Pc-1, and Co(llI)Pc-1/Co(l11)PcO respectively. Additionally, there are metal-
based redox processes referred to as Co(ll)Pc-2/Co(l)Pc-2, and Co(Il)Pc-2/Co(l11)Pc-2, labelled

Mr and Mo respectively.

2.5 2 1.5 1 -0.5 0 0.5 1

E (Volt) vs Fc/Fct

Figure 3.36. Cyclic voltammogram of Co(ll)phthalocyanine.
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Figure 3.37. Square wave voltammogram of Co(ll)phthalocyanine.

3.11. 2,2',2",2'"*(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole)
Nickel phthalocyanine
The Nickel phthalocyanine NiPc was prepared from 4-(benzothiazol-2-ylthio) phthalonitrile
with Ni(ll)acetate under an argon atmosphere in DMF. The presence of Ni(ll) salt in this condition
cyclotetramerization of four phthalonitrile ligands afforded the green-colored NiPc, shown in
Figure 3.38.

Figure 3.38. 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole) Nickel phthalocyanine.
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= FT-IR Spectrum
The KBr pellet in IR spectra showed that the C=N peak disappeared at 2232 cm™ indicating
no starting material is present. Three weak peaks at 3060, 2976, and 2928 cm™ indicate aromatic
C-H stretching, while a peak at 1603 cm™ indicates C=C macrocycle ring stretching, and three
peaks at 1532, 1455, and 1424 cm™* were attributed to C=N stretching. Other peaks at 1311 cm*
and 1236 cm™* correspond to the stretching of carbon atoms C-N. In addition, the C-S bond's peaks
at 753 and 725 cm, and the C-C bond's peaks at 1098 cm™ and 1049 cm™ are also visible. as shown

in Figure 3.39.
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Figure 3.39. FT-IR spectrum of Ni(ll)phthalocyanine.

= UV-visible spectrum

The Q band absorptions between 600 -700 nm in their UV-vis spectra were observed in the
UV-visible spectra of the nickel phthalocyanine complex in DMF. The compounds' Q band
absorptions reflect the m-n* transition from the phthalocyanine ring's HOMO to LUMO. The
compounds' B band absorptions were found between 300-400 nm in the UV area, resulting from
transitions from deeper « levels to the LUMO. In DMF, the NiPc compound had three absorption
peaks at 611 and 675 nm (Q band), and Soret (B) band at 450 nm, also has absorption at 845 nm in
the UV-visible, as shown in Figure 3.40 indicating strong aggregation in DMF.
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Figure 3.40. UV-visible spectrum of Ni(ll)phthalocyanine.

=  Thermal analysis
The TG and DTG curves show that NiPc is thermal stabile up to 270 °C, with a minor
weight loss of 3% attributed to the loss of adsorbed surface water. The decomposition happened in
three stages: The first stage occurred around 300-480 °C, with a weight loss of about 27%. The
second thermal event corresponds to the decomposition of the complex starting from 480-540 °C,
with about 8% weight loss, also third stage starting from 540-600 °C, with about 32% weight loss.
The total weight loss was 70%, leaving approximately 30% residue. As shown in Figure 3.41.
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Figure 3.41. TG and DTG of Ni(ll)phthalocyanine.
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= Electrochemical Properties
The electrochemical analysis of NiPc was conducted using CV and SWV in DMF with
TBAFB as the supporting electrolyte. Potentials were measured relative to Fc/Fc+ in non-aqueous
solutions. Due to the limited solubility of NiPc, the CV and SW voltammograms were not able to

effectively demonstrate the redox processes.
There are four waves that repairs represent the reductions of NiPc, labeled Ri, Rz, Rs, and
R4, at-1.18, -1.59, -1.94, and -2.37 V respectively, with two oxidations” waves, labeled O; and Oy,
were observed at 0.38 and 0.70 V, representing the oxidation potentials of NiPc respectively. Due
to the presence of redox-inactive Ni(ll) metal in the phthalocyanine complex, all the redox
processes originate from phthalocyanine macrocycle rings, as shown in Figure 3.42 and Figure
3.43. The four redox processes Ri, Rz, Rs, and Ry are identified as follows: Ni(I1)Pc-2/Ni(I1)Pc-3,
Ni(l1)Pc-3/Ni(1l)Pc-4, Ni(IT)Pc-4/Ni(I1)Pc-5, and Ni(lI)Pc-5/Ni(lI)Pc-6 respectively. In addition,
O; and O correspond to the two NiPc oxidation processes, which are Ni(Il)Pc-2/Ni(Il)Pc-1 and
Ni(11)Pc-1/Ni(I1)PcO, respectively. Because Ni?* is not redox active in phthalocyanine, therefore

there is no metal-based redox waves in voltammograms.

E (Volt) vs Fc/Fc?t

Figure 3.42. Cyclic voltammogram of Ni(Il)phthalocyanine.
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Figure 3.43. Square wave voltammogram of Ni(ll)phthalocyanine.

3.12. 2,2',2",2'""(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole)
Copper phthalocyanine
The Copper phthalocyanine CuPc was prepared from 4-(benzothiazol-2-ylthio)
phthalonitrile with Cu(ll)acetate under an argon atmosphere in DMF. Cu(ll) induced the
cyclotetramerization of four phthalonitrile ligands, resulting in the formation of green-colored

CuPc, phthalocyanines complex, shown in Figure 3.44.

Figure 3.44. 2,2',2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole) Copper
phthalocyanine.
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= FT-IR Spectrum
The FT-IR spectrum, recorded using a KBr pellet, showed the disappearance of the C=N
peak at 2232 cm™. There are distinct peaks at 2978 and 2920 cm* for aromatic C-H stretching,
while a peak at 1699 cm™ for C=C macrocycle ring deformation. Peaks at 1454 and 1424 cm* were
associated with C=N stretching. The peaks at 1275 cm?, 1188 cm?, and 1137 cm? are
corresponding to C-N starching. The C-C bond was indicated by a peak at 1049 cm™, and peaks at
755 and 727 cm correspond to the C-S bond, shown in Figure 3.45.
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Figure 3.45. FT-IR spectrum of Cu(ll)phthalocyanine.

= UV-visible spectrum
MPcs Q band absorptions bands observed between 600 -700 nm in their UV-vis spectra. The
compounds' Q band absorptions reflect the m-n* transition from the phthalocyanine ring's HOMO
to LUMO. The compounds' B band absorptions were found between 300-400 nm in the UV area,
resulting from transitions from deeper 7 levels to the LUMO. In DMF, the CuPc compound had
absorptions at 610 and 681 nm, in UV-visible spectra, Figure 3.46.
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Figure 3.46. UV-visible spectrum of Cu(ll)phthalocyanine.

=  Thermal analysis
According to the TG/DTG curves, the CuPc complex remained thermally stable up to 220
°C, with a 2% weight loss likely due to the loss of absorbed water from the surface of the complex.
The first stage of decomposition occurs between 220-340 °C with a weight loss of about 15%. The
second exothermic decomposition occurs at temperatures ranging from 350 to 440 °C, resulting in
a weight loss of 40 %. Without melting, resulting in a 65% total mass loss up to 700 °C, Figure
3.47.
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Figure 3.47. TG and DTG of Cu(Il)phthalocyanine.
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= Electrochemical Properties

The electrochemical analysis of CuPc was conducted using CV and SWV in DMF with
TBAFB as the supporting electrolyte. Due to the limited solubility of CuPc, the CV voltammogram
was not able to effectively demonstrate the redox processes. The experiment was performed using
SW voltammetry, which provides better results than CV for the redox processes of CuPc, therefore
all the electrochemical data were obtained from SW voltammogram.

The CuPc complex exhibited four reduction peaks, labeled R1, Rz, R3, and R4, at potentials
of -1.61, -1.86, -2.06, and -2.32 V, respectively. Additionally, two oxidation waves O and O were
observed at 0.04 and 0.66 V, respectively. Also, it has redox potential attributed to Cu metal (Mr)
at -1.22 V, Figure 3.48. and Figure 3.49.

The redox processes Ri, Rz, Rs, and R4 ascribed to Cu(ll)Pc-2/Cu(Il)Pc-3, Cu(ll)Pc-
3/Cu(ll)Pc-4, Cu(I)Pc-4/Cu(Il)Pc-5, and Cu(Il)Pc-5/Cu(lIl)Pc-6, respectively. On the other hand,
01 and O, correspond to oxidation of the cupper phthalocyanine complex oxidation processes that
is Cu(I)Pc-2/Cu(I)Pc-1 and Cu(ll)Pc-1/Cu(l1l)PcO0, respectively. There is also a metal-based redox
process known as Cu(ll)Pc-2/Cu(l)Pc-2, which observed at -1.22 VV

E (Volt) vs Fc/Fc*

Figure 3.48. Cyclic voltammogram of Cu(ll)phthalocyanine.
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Figure 3.49. Square wave voltammogram of Cu(ll)phthalocyanine.

3.13. 2,2',2",2'""(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzothiazole)  Zinc
phthalocyanine.

Zinc phthalocyanine (ZnPc) was prepared from 4-(benzothiazol-2-ylthio) phthalonitrile with
Zinc(Il)acetate under argon atmosphere in DMF. Template effect of Zn(ll) ion help to
cyclotetramerization of four phthalonitrile ligands, resulting in the formation of green-colored
ZnPc, Figure 3.50.

Figure 3.50. 2,2'2",2"(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis(benzo[d]thiazole) Zinc
phthalocyanine.
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= FT-IR Spectrum

The FT-IR spectrum, obtained from the KBr pellet, shows the disappearance of the C=N
peak at 2232 cm*. Aromatic C-H stretching appears as two peaks at 2970 and 2923 cm™. The C=C
macrocycle ring stretching is observed at 1643 cm, while C=N stretching is represented by three
peaks at 1554, 1456, and 1425 cm™™. The C-N stretching related to peaks at 1381 cm™* and 1309 cm-
1 The peaks at 756 cm™, correspond to the C-S bond, and the peaks at 1096 and 1047 cm™
correspond to the C-C bond, all are visible in Figure 3.51.

s
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Figure 3.51. FT-IR spectrum of Zn(Il)phthalocyanine.

= UV-visible spectrum
In DMF solution, MPcs' UV-vis spectra display Q band absorptions between 600-700 hm
which reflects the absorptions of the n-n* transition from HOMO to LUMO of the phthalocyanine
ring. Soret or B-band absorptions were found in the UV range between 365 nm, resulting from

transitions from deeper m levels to the LUMO. Q-band of the ZnPc complex in DMF shows
absorptions at 684, shown in Figure 3.52.
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Figure 3.52. UV-visible spectrum of Zn(ll)phthalocyanine.

= Thermal analysis
According to the TG/DTG curves, the ZnPc complex remained thermally stable up to 250
°C, with a 7% weight loss likely due to the loss of absorbed water from the surface of the complex.
The first stage of decomposition occurs between 250-450 °C with a weight loss of about 22%. The
second exothermic decomposition occurs at temperatures ranging from 450 to 490 °C, resulting in
aweight loss of 5 %. Last stage decomposition from 490- 610 °C, weight loss around 40% Without
melting, resulting in a 74% total mass reduced, also 26% remained. As shown in Figure 3.53.
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Figure 3.53. TG and DTG of Zn(ll)phthalocyanine.
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= Electrochemical Properties.

The electrochemical properties of the ZnPc complex were analyzed using CV in DMF, with
TBAFB as the supporting electrolyte. The CV revealed six (oxidation and reduction) redox
processes labeling O; =0.44V, 0, =0.72V,R; =-1.09V,R; =-1.35V, R; =-2.02 V, and R4 = -
2.48 V. The complex exhibits characteristic electrochemical behavior of phthalocyanine base, the
first reduction and first oxidation processes are phthalocyanine ring. The separation between these
processes (0:1-R: = 1.65 V) corresponds to the complex's HOMO-LUMO gap, Figure 3.54, and
Figure 3.55.

However, There are four redox processes Ri, Rz, Rs, and Ry attributed to Zn(I1)Pc-2/Zn(l1)
Pc-3, Zn(I1)Pc-3/Zn(11)Pc-4, Zn(11) Pc-4/Zn(11)Pc-5, and Zn(I1)Pc-5/Zn(I1)Pc-6 respectively. O,
and O; are corresponding to the two oxidation processes of Zn(Il) Pc-2/Zn(l1) Pc-1, and Zn(Il) Pc-

1/Zn(11) PcO respectively.

10 LA

E (Volt) vs Fc/Fc*t

Figure 3.54. Cyclic voltammogram of Zn(Il)phthalocyanine.
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Figure 3.55. Square wave voltammogram of zinc(ll)phthalocyanine.

3.14. 2,2' 2" 2'"-(2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis (benzothiazole)
phthalocyanine
The metal-free phthalocyanine H;Pc was prepared from 4-(benzothiazol-2-ylthio)
phthalonitrile under an argon atmosphere in DMF. The H,Pc complex was obtained free of starting
materials, as a green-colored HzPc solid, Figure 3.56.

Figure 3.56. 2,2',2",2"-( -2,9,16,23-tetrayltetrakis(sulfanediyl))tetrakis (benzothiazole) phthalocyanine.
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= FT-IR Spectrum

Based on the KBr pellet sample, the FT-IR spectrum confirmed that the C=N peak
disappeared at 2232 cm™. Two peaks at 2973 and 2926 cm™ indicate aromatic C-H stretching, while
a weak peak at 1632 cm indicates C=C macrocycle ring stretching, and C=N stretching by a peak
at 1424 cm™. Other peaks at 1124 cm™ and 873 cm relate to the C-N and H-N bonds respectively.

In addition to, the C-S bond peak appears at 713 cm™, and the C-C bond peak is visible at 1050 cm-
! Figure 3.57.

3000 2500 2000 1500 1000
cm-1

Figure 3.57. FT-IR spectrum of free metal phthalocyanine.

UV-visible spectrum

In DMF, Pc compounds UV-vis spectra display Q band absorptions between 600-700 nm.
Compounds Q band absorptions reflect the n-n* transition from HOMO to LUMO of the

phthalocyanine ring. B-band absorptions of compounds were found in the UV range between 300-
400 nm, resulting from transitions from deeper 7 levels to the LUMO. A Q-band UV-vis spectrum
of the H,Pc complex in DMF shows strong absorption at 629 nm and so small shoulder at 687 nm.
As shown in Figure 3.58. Unmetalated phthalocyanine has a characteristic double band at 600-700
nm, in this spectrum we see strong absorption at 629 nm and a relatively weak band at 687 nm

caused by the stacking of the phthalocyanine compounds forming strong aggregate in solution.
Therefore we can not see the general unmetalated phthalocyanine spectra.
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Figure 3.58. UV-visible spectrum of unmetallic phthalocyanine.

= Thermal analysis.

Based on the TG and DTG curves of H,P indicates thermal stability up to 250 °C, with a
mass loss of 2%. Beyond this temperature, three distinct phases of mass loss were observed. The
first phase, involving low thermal decomposition, occurs between 250-370 °C, with an approximate
weight loss of 7%. The second phase, characterized by exothermic decomposition occurs between
380 and 550 °C, also resulting 8% weight loss. The third phase of degradation, occurs between 580
-720 °C, with a 30% weight loss. The thermogram analysis suggests that H.Pc decomposed without
showing a melting point, resulting in a 45% mass loss up to 700 °C. The residue after decomposition

accounts for approximately 53%, as shown in Figure 3.59.
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Figure 3.59. TG and DTG of free metal phthalocyanine.

83



= Electrochemical Properties.

The electrochemical analysis of H.Pc was conducted using CV in Figure 3.60 and SWV
Figure 3.61 in DMF with TBAFB as the supporting electrolyte. Potentials were measured relative
to Fc/Fc+ in non-aqueous solutions. Due to the limited solubility of H2Pc, the CV voltammogram
was not able to effectively demonstrate the redox processes. Therefore, the experiment was
performed using the SW voltammogram, since it provides better results than CV for the redox
processes.

There are four electrochemical waves that represent the reductions of H.Pc, labeled R1, Rz,
Rs and Rg, at -1.22, -1.68, -2.02, and -2.19 V respectively, with two oxidations waves, labeled O;
and O, were observed at 0.33 and 0.76 V, respectively. All of these redox waves originate from
phthalocyanine macrocyclic ring. An important part of the redox activity is the removal of two
electrons from the HOMO of the phthalocyanine ring, which could accommodate up to four
additional electrons in the LUMO.

10 LA

E (Volt) vs Fc/Fc*t

Figure 3.60. Cyclic voltammogram of unmutilated phthalocyanine.
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Figure 3.61. Square wave voltammogram of un-metalated phthalocyanine.

3.15. 2,9,16,23-tetrakis(quinolin-8-yloxy) Chrome phthalocyanine.

Chrome phthalocyanine CrPc was synthesized from 4-(quinolin-8-yloxy) phthalonitrile and
Chrome(ll)acetate under an argon atmosphere in DMF. The CrPc complex, which is green in color
and possesses the characteristic properties of phthalocyanines, is shown in Figure 3.62.
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Figure 3.62. 2,9,16,23-tetrakis(quinolin-8-yloxy) Chrome phthalocyanine.
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= FT-IR Spectrum

The FT-IR spectrum showed that the C=N stretching mode at 2233 cm™! was absent. A weak
peak at 2921 cm™ was observed for the C-H bond. The bands at 1640 cm™ and 1499 c¢m™
corresponded to the aromatic C=C stretching vibration and the C=N stretching vibration,
respectively. A peak at 747 cm™ was identified for the substituted benzene ring. Aromatic C-H
bending vibrations were found at 1466 cm™ and 1247 cm™. While the band at 788 cm™ was
attributed to C-C macrocycle ring distortion. Typical C-O stretching vibrations of the complex were
detected at 1111 and 1087 cm, Figure 3.63.

A i

%T

55
4000 3500 3000 2500 2000 1500 1000 500450

Figure 3.63. FT-IR spectrum of Cr(Il)phthalocyanine.

= UV-visible spectrum
The UV-visible spectra of MPcs (CrPc) in DMF showed different absorption bands in the Q
band area, which were located at 612 (shoulder) and 680 nm, as shown in Figure 3.64. The Q-band
was ascribed to a transition from the orbital HOMO to the LUMO of the phthalocyanine ring, which

was characterized by a © —7* transition.
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Figure 3.64. UV-visible spectrum of Cr(Il)phthalocyanine.

=  Thermal analysis
The TG and DTG analysis of CrPc shows three stages of mass loss. The first phases occurred
between 20 to 130 °C involved approximately 4% weight loss, likely due to losing surface adsorbed
water. The second stage (200-330 °C) involved a weight loss of about 11%, corresponding to the
decomposition of the complex. Also, a weight loss of 64% was observed between (340-490 °C)
which may be attributed to the decomposition remaining of the complex. The total weight loss of
mass was 87 %, with 18% of the residue remaining, Figure 3.65.
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Figure 3.65. TG and DTG of Cr(Il)phthalocyanine.
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= Electrochemical Properties.

The electrochemical analysis of CrPc was conducted using CV and SWV in DMF with
TBAFB as the supporting electrolyte. Potentials were measured relative to Fc/Fc+ in non-aqueous
solutions. Due to the limited solubility of CrPc, the CV voltammogram was not able to effectively
demonstrate the redox processes, on the other hand, the SW voltammogram, provided better results,
therefore all the data were obtained from SW voltammogram.

There are four waves that repairs represent the reductions of CrPc, labeled R1, Rz, Rs, and
R4, at -1.29, -1.66, -1.86, and -2.26 V respectively, and two oxidations’ waves, labeled O; and O,
were observed at 0.44 and 0.82 V, respectively. Also has redox waves of chromium metal Mr at -
0.66 V. An important part of the redox activity is the removal of electrons from the HOMO of the
phthalocyanine ring, which could accommodate up to four additional electrons in the LUMO. As
shown in Figure 3.66, and Figure 3.67.

There are four redox processes Ri, Rz, Rs, and R. attributed to Cr(11)Pc-2/Cr(11)Pc-3,
Cr(I1)Pc-3/Cr(I1)Pc-4, Cr(11)Pc-4/Cr(11)Pc-5, and Cr(I1)Pc-5/Cr(I1)Pc-6 respectively. Nonetheless,
04, and O, are corresponding to the two oxidation processes of CrPc, specifically Cr(11) Pc-2/Cr(111)
Pc-1, and Cr(Il) Pc-1/Cr(l1l) PcO respectively. Additionally, their metal-based reduction process

refers to Cr(11)Pc-2/Cr(1)Pc-2 because the Cr?* ion redox active in phthalocyanine complexes.

10 A

E (Volt) vs Fc/Fc*

Figure 3.66. Cyclic voltammogram of Cr(Il)phthalocyanine.
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Figure 3.67. Square wave voltammogram of Cr(ll)phthalocyanine.

3.16. 2,9,16,23-tetrakis(quinolin-8-yloxy) Iron phthalocyanine.

The Iron phthalocyanine FePc was synthesized from 4-(quinolin-8-yloxy) phthalonitrile with
Fe(Il)acetate under an argon atmosphere in DMF. The FePc complex, characterized by its green
color and possessing the properties of phthalocyanines, was obtained by the through the

cyclotetramerization of four phthalonitrile ligands with a Fe(Il), shown in Figure 3.68.
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Figure 3.68. 2,9,16,23-tetrakis(quinolin-8-yloxy) Iron phthalocyanine.
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= FT-IR Spectrum

The experimental results did not show a C=N stretching mode at 2233 cm™. The weak peaks
at 3060 cm™ and 2926 cm™" were detected for the C-H bond. The bands seen at 1615 cm™ and 1499
cm? were identified as the aromatic C=C stretching vibration and the C=N stretching vibration,
respectively. An absorption peak at 751 cm™ was observed for the substituted benzene ring,
indicating a C-C macrocycle ring. The aromatic C-H bending vibrations were detected at 1466 and
1248 cm™. While the characteristic C-O stretching vibration structure was seen at 1085 cm™, Figure
3.69.
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Figure 3.69. FT-IR spectrum of Fe(ll)phthalocyanine.

= UV-visible spectrum
The UV-visible spectra of FePc in DMF showed an absorption band in the Q band region,
which was located at 660 nm, as shown in Figure 3.70. The Q-band was ascribed to a transition
from the HOMO to the LUMO orbital of the phthalocyanine ring.
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Figure 3.70. UV-visible spectrum of Fe(ll)phthalocyanine.

= Thermal analysis
Based on the TG and DTG analysis, indicated that FePc was thermally stable up to 270 °C,
most probably due to the loss of absorbed water, with a weight loss of approximately 12%. Beyond
this temperature, there have been two distinct stages of mass loss were observed. The first stage,
characterized by low thermal evaporation, occurred between 275-350 °C, with 73% weight loss.
The second stage involved exothermic decomposition between 350-460 °C resulting in a 12%
weight loss. The thermogram shows that FePc decomposed without showing a melting point, and

the total mass loss is 95% with 5% of the residue remaining, shown in Figure 3.71.
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Figure 3.71. TG and DTG of Fe(ll)phthalocyanine.

= Electrochemical Properties.

Electrochemical analysis of FePc was performed using a glassy carbon (GC) electrode in
DMF with TBAFB as the supporting electrolyte by CV and SWV techniques and potentials were
recorded relative to the ferrocene/ferrocenium couple (Fc/Fc+), which served as a pseudo reference
electrode. The CV voltammogram could not adequately reveal redox processes due to the poor
solubility of FePc.

The electrochemical voltammogram of FePc has four reduction peaks, namely Ri, Rz, Rs,
and R4 occurring at potentials of -1.09, -1.60, -1.94, and -2.52, respectively, and one oxidation
0,=0.78 V. Also has oxidation-reduction on metal Mr and Mo at -0.61 and 0.39 V respectively. All
of these redox processes originate from phthalocyanine macrocycle rings and iron metal. The redox
behavior of the phthalocyanine ring involves the removal of electrons from its HOMO, while up to
four more electrons may be added to its LUMO of the phthalocyanine ring CV and SW
voltammograms shown in Figure 3.72, and Figure 3.73.

The redox processes Ri, Rz, Rs, and R4 are assigned to Fe(ll)Pc-2/Fe(Il)Pc-3, Fe(ll)Pc-
3/Fe(I)Pc-4, Fe(ll)Pc-4/Fe(ll)Pc-5, and Fe(ll)Pc-5/Fe(11)Pc-6, respectively. However, O; and O-
correspond to the two FePc oxidation processes, which are Fe(ll)Pc-2/Fe(l1l)Pc-1 and Fe(Il)Pc-
1/Fe(I11) PcO, respectively. Furthermore, the metal-based Mr and Mo process identified as Fe(ll)Pc-
2/Fe()Pc-2 and Fe(I)Pc-2/Fe(l11)Pc-2 respectively.
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Figure 3.72. Cyclic voltammogram of Iron(Il)phthalocyanine.

— >
(0]
M 1
R4 R3 R2 Rl MR ox
«—
5 uA

-2.8 -2.4 -2 -1.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2
E (Volt) vs Fc/Fct

Figure 3.73. Square wave voltammogram of Iron(Il)phthalocyanine.

3.17. 2,9,16,23-tetrakis(quinolin-8-yloxy) Cobalt phthalocyanine.

Cobalt phthalocyanine CoPc was synthesized from 4-(quinolin-8-yloxy) phthalonitrile with
Cobalt(I1)acetate under argon atmosphere in DMF. FT-IR spectra reveal that the CoPc complex

did not contain any starting materials, the molecule structure of CoPc is shown in Figure 3.74.
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Figure 3.74. 2,9,16,23-tetrakis(quinolin-8-yloxy) Cobalt phthalocyanine.

=  FT-IR Spectrum

The FT-IR spectrum showed no C=N stretching mode at 2233 cm™!. Weak peaks at 3058 and
2926 cm* were detected in the experimental C-H bond. Bands seen at 1611 cm™ and 1500 cm
were identified as the aromatic C=C stretching vibration and the C=N stretching vibration,
respectively. A peak at 756 cm™ was observed for the substituted benzene ring, attributed to C-C
macrocycle ring distortion. Aromatic C-H bending vibrations were found at 1457 and 1247 cm™.
While the characteristic C-O stretching vibration was detected at 1094 cm™. FT-IR spectra are
given in Figure 3.75.

94



I4IJ[I0 3500 3000 2500 2000 1500 1000 500450

Figure 3.75. FT-IR spectrum of Co(ll)phthalocyanine.

= UV-visible spectrum
The UV-visible spectra of CoPc in DMF showed distinct absorption bands in the Q band
region, which were located at 604 (shoulder) and 668 nm, as shown in Figure 3.76. The Q-band
was ascribed to a transition from the HOMO to the LUMO of the phthalocyanine ring, which was

characterized by a transition from = to *.
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Figure 3.76. UV-visible spectrum of Co(ll)phthalocyanine.
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= Thermal analysis
Based on the TG and DTG curves, CoPc demonstrated thermal stability up to 230 °C, with
a 5% weight loss, likely due to the loss of absorbed surface water from the complex. Although, two
distinct phases of mass loss were observed. The first stage involved exothermic decomposition
between 270-500 °C, resulting in a 78% weight loss, and the second stage of degradation occurred
between 600-770 °C, involving a 4% weight loss. Thermogram analysis indicated that CoPc
decomposed without showing a melting point, the total mass loss was 87% with 13% of the residue

remaining, as shown in Figure 3.77.
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Figure 3.77. TG and DTG of Co(ll)phthalocyanine.

= Electrochemical Properties.

Electrochemical analysis of CoPc was performed using a GC electrode in DMF with TBAFB
as the supporting electrolyte. CV and SWV were techniques used, and potentials were recorded in
non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which served as a
pseudo reference electrode.

The CoPc molecule may undergo many cycles of oxidation and reduction of phthalocyanine
macrocycle moiety. The electrochemical voltammogram of CoPc has four reduction peaks, namely
Ri, Rz, Rs, and R4, occurring at potentials of -1.13, -1.40, -1.83, and -2.57 V, respectively.
Additionally, there are two oxidations O; = 0.04 V and O, = 0.51 V. Also has oxidation reduction
on metal Mr and Mo at -0.92 and 0.08 Vs respectively. The redox behavior of the phthalocyanine
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ring involves the removal of two electrons from its HOMO, while up to four more electrons may
be added to its LUMO of the ring, Figure 3.78, and Figure 3.79.

There are four redox processes Ri, Rz, Rs, and Ry attributed to Co(ll)Pc-2/Co(ll)Pc-3,
Co(IDPc-3/Co(IPc-4, Co(IPc-4/Co(Il)Pc-5, and  Co(l)Pc-5/Co(Il)Pc-6  respectively.
Nonetheless, O1 and O are corresponding to the two oxidation processes of CoPc, specifically
Co(I) Pc-2/Co(lll)Pc-1, and Co(ll)Pc-1/Co(lI1)PcO respectively. Additionally, there is a metal-
based redox process that refers to Co(ll)Pc-2/Co(l)Pc-2, and Co(ll)Pc-2/Co(ll)Pc-2, Mr, and Mo
respectively.

E (Volt) vs Fc/Fc*

Figure 3.78. Cyclic voltammogram of Co(ll)phthalocyanine.
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E (Volt) vs Fc/Fct

Figure 3.79. Square wave voltammogram of Co(ll)phthalocyanine.

3.18. 2,9,16,23-tetrakis(quinolin-8-yloxy) Nickel phthalocyanine.

The Nickel phthalocyanine NiPc was prepared from 4-(quinolin-8-yloxy) phthalonitrile with
Nickel(Il)acetate under an argon atmosphere in DMF. The addition of Ni(ll) salt triggered the
cyclotetramerization of four phthalonitrile ligands, resulting in green NiPc, a phthalocyanine

complex shown in Figure 3.80.

N
4

R

Figure 3.80. 2,9,16,23-tetrakis(quinolin-8-yloxy) Nickel phthalocyanine.
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= FT-IR Spectrum
The experimental results did not show a C=N stretching mode at 2233 cm™. Weak peaks at
3063 cm™ and 2926 cm™ were detected for the C-H bond. The bands seen at 1611 cm™ and 1498
cm™ were recognized as the aromatic C=C stretching vibration and the C=N stretching vibration,
respectively. An absorption peak at 753 cm™ was observed for the substituted benzene ring,
attributed to C-C macrocycle ring deformation. The aromatic C-H bending vibrations were detected
at 1466 and 1248 cm, while the characteristic C-O stretching vibration of the structure was seen

at 1093 cm™. FT-IR spectra of CoPc are given in Figure 3.81.
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Figure 3.81. FT-IR spectrum of Ni(ll)phthalocyanine.

= UV-visible spectrum
According to, the UV-vis spectra of MPcs in DMF showed the usual absorptions in the Q
band region, at 680 and 610 nm (shoulder). The n-* transition from the HOMO to the LUMO of
the Pc ring is attributed to the Q band. As a result of transitions from deeper « levels to the LUMO,
the compound B band absorptions were detected in the UV area at 340 nm as a shoulder, shown in
Figure 3.82.
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Figure 3.82. UV-visible spectrum of Ni(ll)phthalocyanine.

= Thermal analysis

TG and DTG analyses of NiPc exhibit thermal stability up to 250 °C with a 7% loss of
absorbed surface water. The mass loss occurs in one distinct stage, with decomposition occurring
between 260-500 °C, causing a 93% mass loss. Then a 7% weight loss up to 500 °C. These results
show some anomalies that 100% weight loss at 500 °C is not normal, even if all the organic material
is decomposed to CO- and water, there must be inorganic residue like NiO at the end. In addition,
it is impossible for any organic compound pyrolyzed completely at this temperature, which led us
to speculate that, during the heating process small explosion of samples caused such results. TG

and DTA thermograms are shown in Figure 3.83.
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Figure 3.83. TG and DTG of Ni(ll)phthalocyanine.
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= Electrochemical Properties.

Electrochemical analysis of NiPc was performed using a GC electrode in DMF with TBAFB
as the supporting electrolyte. CV and SWV techniques were used, and potentials were recorded in
non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which served as a
pseudo reference electrode.

As can be seen in Figure 3.84, and Figure 3.85, the NiPc macrocycle moiety is capable of
undergoing many different reduction and oxidation steps. The SW voltammogram reveals four
reduction waves that are Ri, Ry, R3, and R4 at -1.10, -1.54, -1.74, and -2.34 Vs, and two oxidation
waves O, =0.07 VV and O, = 0.64 V. All of these redox waves belong to phthalocyanine macrocycle
rings because of redox inactive Ni(ll) metal in the center of the complex. These four redox
processes Ri, Rz, Rs, and R4 can be identified as follows: Ni(Il)Pc-2/Ni(11)Pc-3, Ni(ll)Pc-
3/Ni(I1)Pc-4, Ni(ll)Pc-4/Ni(Il)Pc-5, and Ni(ll)Pc-5/Ni(ll)Pc-6 respectively. Also, O; and O
correspond to the two oxidation processes, which are Ni(Il)Pc-2/Ni(I1)Pc-1 and Ni(ll)Pc-
1/Ni(I1)PcO0, respectively.

E (Volt) vs Fc/Fc*

Figure 3.84. Cyclic voltammogram of Ni(Il)phthalocyanine.
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Figure 3.85. Square wave voltammogram of Ni(ll)phthalocyanine.

3.19. 2,9,16,23-tetrakis(quinolin-8-yloxy) Copper phthalocyanine.

The Copper phthalocyanine CuPc was synthesized from 4-(quinolin-8-yloxy) phthalonitrile
with Copper(Il)acetate under an argon atmosphere in DMF. The addition of Cu(ll) salt triggered
the cyclotetramerization of four phthalonitrile ligands acting as a template, forming green CuPc,

that the molecular structure is given in Figure 3.86.
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Figure 3.86. 2,9,16,23-tetrakis(quinolin-8-yloxy) Cupper phthalocyanine.
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= FT-IR Spectrum
The FT-IR spectrum showed no C=N stretching mode at 2233 cm™'. Weak peaks at 3055
cm! and 2926 cm™ were detected for the C-H bond. Bands at 1597 cm™ and 1499 cm™ were
identified as the aromatic C=C stretching vibration and the C=N stretching vibration, respectively.
An absorption peak with a peak at 713 cm™ was observed for the (C-C) bond in the substituted
benzene ring. The C-H aromatic bending vibrations were detected at 1466 and 1250 cm™. While
the characteristic C-O stretching vibration of the structure was seen at 1091 cm?, The FT-IR spectra

of CuPc were given in Figure 3.87.
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Figure 3.87. FT-IR spectrum of Cu(ll)phthalocyanine.

= UV-visible spectrum
The UV-vis spectra of CuPc in DMF showed the usual absorptions in the Q band region at
680 nm and 610 nm as a shoulder. The n-n* transition from the HOMO to the LUMO of the CuPc
ring at 680 nm is attributed to the Q band of the CuPc complex. As a result of transitions from
deeper 7 levels to the LUMO, the compound B band absorptions were detected at 420 nm as

shoulder in the UV-visible spectra of CuPc. UV-visible spectra of CuPc are shown in Figure 3.88.
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Figure 3.88. UV-visible spectrum of Cu(ll)phthalocyanine.

=  Thermal analysis
TG and DTG studies of the CuPc complex are thermally stable up to 250 °C, with a 5%
weight loss, likely due to the loss of surface adsorbed water. The mass loss occurred in two distinct
stages. Initially, there is a decomposition between 300-410 °C, resulting in a 53% mass reduction.
The second stage involves decomposition between 600-680 °C, causing a 10% mass loss, with the

total mass loss leading to 68%. The Thermogram of CuPc is shown in Figure 3.89.
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Figure 3.89. TG and DTG of Cu(ll)phthalocyanine.
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= Electrochemical Properties.

Electrochemical analysis of CuPc was performed using a glassy carbon (GC) electrode in
DMF with TBAFB as the supporting electrolyte. CV and SWV were techniques used, and potentials
were recorded in non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+),
which served as a pseudo reference electrode.

As can be seen in Figure 3.90, and Figure 3.91, the CuPc macrocycle moiety is capable of
undergoing a number of different reduction and oxidation steps. The electrochemical
voltammogram of CuPc reveals that R, R2, R, and R4 are each represented by four reduction waves
at -1.06, -1.47, -1.95, and -2.37 Vs, and together with two oxidations waves represented as O; and
O at 0.23 and 0.66 Vs. When removing one electron from the HOMO, phthalocyanine rings show
oxidative activity, on the other hand, when an electron is added to the LUMO of phthalocyanine
molecule up to four more electrons, it shows reduction waves in the voltammogram.

The redox processes Ri, Rz, Rs, and R4 ascribed to Cu(ll)Pc-2/Cu(Il)Pc-3, Cu(ll)Pc-
3/Cu(ll)Pc-4, Cu(I)Pc-4/Cu(Il)Pc-5, and Cu(Il)Pc-5/Cu(Il)Pc-6, respectively. On the other hand,
01 and Oy correspond to CuPc two oxidation processes: Cu(ll) Pc-2/Cu(ll)Pc-1 and Cu(Il)Pc-
1/Cu(I1)Pc0, respectively.

10 pA

E (Volt) vs Fc/Fc*

Figure 3.90. Cyclic voltammogram of Cu(ll)phthalocyanine.
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Figure 3.91. Square wave voltammogram of Cu(ll)phthalocyanine.

3.20. 2,9,16,23-tetrakis(quinolin-8-yloxy) Zinc phthalocyanine.

Zinc phthalocyanine ZnPc was synthesized from 4-(quinolin-8-yloxy) phthalonitrile with
Zinc(I)acetate under an argon atmosphere in DMF. The addition of Zn(ll) salt triggered the
cyclotetramerization of four phthalonitrile ligands, resulting in the formation of ZnPc, shown in
Figure 3.92.
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Figure 3.92. 2,9,16,23-tetrakis(quinolin-8-yloxy) Zinc phthalocyanine.
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= FT-IR Spectrum

The FT-IR spectrum analysis did not show a C=N stretching mode at 2233 cm™, which means
all the phthalonitrile was converted to phthalocyanine. Weak peaks of the C-H bond were observed
at 3063 and 2926 cm™. Bands at 1610 cm™ and 1499 cm corresponded to the aromatic C=C
stretching vibration and the C=N stretching vibration, respectively. An absorption peak at 761 cm-
! indicating deformation of the C-C macrocycle ring, was noted for the substituted benzene ring.
Aromatic C-H bending vibrations were detected at 1467 and 1247 cm™. While the C-O stretching
vibration characteristic of the complex was identified at 1089 cm™. FT-IR spectra of ZnPc are
shown in Figure 3.93.
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Figure 3.93. FT-IR spectrum of Zn(ll)phthalocyanine.

= UV-visible spectrum
The UV-vis spectra of ZnPc in DMF showed the usual absorptions in the Q band region at
683 nm and 612 nm as a shoulder. The n-n* transition from the HOMO to the LUMO of the ZnPc
ring at 683 nm is attributed to the Q band of the ZnPc complex. As a result of transitions from
deeper 7 levels to the LUMO, the compound B band absorptions were detected at 354 nm as

shoulder in the UV-visible spectra of ZnPc. Are shown in Figure 3.94.
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Figure 3.94. UV-visible spectrum of Zn(ll)phthalocyanine.

»= Thermal analysis
TG and DTG analyses of ZnPc exhibit thermal stability up to 220 °C with a 7% loss of
absorbed surface water. The mass loss occurs in two distinct stages, with decomposition occurring
between 220-475 °C, causing a 31% mass loss. Then a 46% weight loss between 475-610 °C. These
results show total reducing as 84%, with a 16% remained, that are shown in Figure 3.95.
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Figure 3.95. TG and DTG of Zn(ll)phthalocyanine.
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= Electrochemical Properties.

Electrochemical analysis of ZnPc was performed using a glassy carbon (GC) electrode in
DMF with TBAFB as the supporting electrolyte. CV and SWV were techniques used, and potentials
were recorded in non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+),
which served as a pseudo reference electrode.

As can be seen in Figure 3.96, and Figure 3.97. the ZnPc macrocycle moiety is capable of
undergoing a number of reduction and oxidation steps. The voltammogram of ZnPc reveals four
reduction waves represented with R, Rz, Rz, and R4 at -1.32, -1.54, -1.69, and -2.29 Vs, and two
oxidations waves Oy, and O, at 0.37, and 0.79 V. Because of redox inactive Zn metal in the center
of phthalocyanine complex all these redox waves has belonged to phthalocyanine macrocycle rings

These four redox processes Ri, Rz, Rs, and Ry attributed to Zn(11)Pc-2/Zn(11)Pc-3, Zn(Il)Pc-
3/Zn(1)Pc-4, Zn(I1)Pc-4/Zn(11)Pc-5, and Zn(11)Pc-5/Zn(11)Pc-6 respectively and O,, and O are
corresponding to the two oxidation process of Zn(I1)Pc-2/Zn(11)Pc-1, and Zn(Il)Pc-1/Zn(I1)PcO
respectively.

E (Volt) vs Fc/Fc?t

Figure 3.96. Cyclic voltammogram of Zinc(Il)phthalocyanine.
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Figure 3.97. Square Wave Voltammogram of ZnPc

3.21. 2,2",2",2"'((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Chrome phthalocyanine.
The Chrome phthalocyanine, CrPc, was synthesized from 2-(4-(3,4-dicyanophenoxy)
phenyl) acetamide with Chrom(ll)acetate under an argon atmosphere in DMF. The CrPc complex
was formed by cyclotetramerizing four phthalonitrile ligands with Cr(1l), Figure 3.98.

NH,
O
H,N
O%D
H,N H,N
o 2 O

Figure 3.98. 2,2'2",2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Chrome
phthalocyanine.
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= FT-IR Spectrum
The FT-IR spectrum did not exhibit the C=N stretching mode at 2233 cm™! but did show C-
H stretching peaks at 3066 and 2970 cm™. The bands at 1606 cm™ and 1505 cm™ were identified
as aromatic C=C stretching vibrations and C=N stretching vibrations, respectively. The aromatic
C-H bending vibrations were identified at 1468 and 1224 cm™. The band at 751cm* was identified
due to C-C macrocycle ring deformation. The characteristic C-O stretching vibration of the

structure was detected at a wavenumber of 1094 cm™, Figure 3.99.
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Figure 3.99. FT-IR spectrum of Cr(Il)phthalocyanine.

= UV-visible spectrum
The UV-visible spectra of CrPc in DMF showed the usual absorptions in the Q band region,
at 680 nm. This absorption is caused by n-n* transition from the HOMO to the LUMO of the
chromium phthalocyanine complex. Transitions from deeper « levels to the LUMO, than HOMO
of phthalocyanine compounds called Soret or B band absorptions were not detected in the UV
region, because of the high absorption of light in this region. UV-visible spectra of CrPc are shown
in Figure 3.100.
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Figure 3.100. UV-visible spectrum of Cr(Il)phthalocyanine.

= Thermal analysis.

According to TG and DTG studies, the CrPc complex shows thermal stability up to 250 °C,
while it shows 7% weight loss, due to absorbed water. The mass loss happens in two discrete stages.
The initial step comprises decomposition between 270-450 °C, resulting in a 41% mass loss. While
the second stage occurs between 470 and 700 °C with a 9% mass loss. Overall, thermogravimetric
analysis revealed that CrPc decomposes without a melting point, resulting in a total mass loss of

57%. The Thermogram of CrPc is shown in Figure 3.101.
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Figure 3.101. TG and DTG of Cr(Il)phthalocyanine.
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= Electrochemical Properties.

An electrochemical experiment of CrPc was performed using a GC electrode in DMF with
TBAFB as the supporting electrolyte and CV and SWV techniques were used, potentials were
recorded in non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+).

The CrPc macrocycle moiety is capable of reduction and oxidation processes. The
electrochemical voltammogram of CrPc demonstrated four reduction waves that were R1, Rz, Rs,
and R4 at -1.17, -1.60, -1.86, and -2.22 V, as well as two oxidation waves O; and O; at 0.21, and
0.57 Vs respectively, it can be seen the oxidation and reduction waves of chromium metal Mr at -
1.05 V, shown in Figure 3.102, and Figure 3.103.

There are four redox processes Ri, Rz, Rs, and R. attributed to Cr(11)Pc-2/Cr(11)Pc-3,
Cr(11)Pc-3/Cr(11)Pc-4, Cr(I11)Pc-4/Cr(11)Pc-5, and Cr(ll)Pc-5/Cr(11)Pc-6 respectively. O4, and O
are corresponding to the two oxidation processes of CrPc, specifically Cr(l1I)Pc-2/Cr(111)Pc-1, and
Cr(I1)Pc-1/Cr(I11)PcO respectively. Additionally, there are metal-based redoxes process referred to
as Cr(I)Pc-2/Cr(l)Pc-2 labeled as Mr.
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Figure 3.102. Cyclic voltammogram of Cr(Il)phthalocyanine.
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Figure 3.103. Square wave voltammogram of Cr(Il)phthalocyanine.

3.22. 2,2",2",2"'((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Iron phthalocyanine.
The Iron phthalocyanine FePc was synthesized from 2-(4-(3,4-dicyanophenoxy) phenyl)
acetamide with Iron(ll)acetate under an argon atmosphere in DMF, The FePc complex, was formed
by cyclo-tetramerizing four phthalonitrile ligands with Fe(ll), which was obtained as green solid,

the molecule formula is given in Figure 3.104.

NH,
o
H,N
o
H2N"Xg H2N"Xy

Figure 3.104. 2,2'2",2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Iron
phthalocyanine.
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= FT-IR Spectrum
The FT-IR spectrum did not exhibit the C=N stretching mode at 2233 cm™!, but it did show
a weak C-H stretching peak at 2976 cm™. The bands at 1609 cm™ and 1505 cm™ were attributed to
aromatic C=C stretching vibrations and C=N stretching vibrations respectively. The aromatic C-H
bending vibrations were identified at 1468 and 1231 cm™. The band at 746 cm™ was identified as
C-C macrocycle ring deformation, and the characteristic C-O stretching vibration of the structure

was detected at a wavenumber of 1087 cm™. FT-IR spectra are given in Figure 3.105.
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Figure 3.105. FT-IR spectrum of Fe(ll)phthalocyanine.

= UV-visible spectrum

The UV-vis spectra of MPcs dissolved in DMF exhibited characteristic absorption band in
the Q band region at 684 nm, strong absorption at 642 nm is due to strong aggregation of
phthalocyanine molecules in DMF. The Q band absorptions of the compounds correspond to the -
7* transition between the HOMO and LUMO of the phthalocyanine ring. The compounds exhibited
B band are not clearly visible in the UV range 300-450 nm that the result of transitions from the
lower 7 energy levels to the LUMO. The UV-vis spectrum of the FePc complex in DMF exhibits
three absorptions at 642 nm, and shoulder at 684 nm, as well as at 810 nm, as shown in Figure
3.106.
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Figure 3.106. UV-visible spectrum of Fe(ll)phthalocyanine.

= Thermal analysis
TG and DTG analysis indicate that FePc is thermally stable up to 220 °C, but the thermogram
shows loss of surface absorbed water from the FePc complex of about 8%. The mass loss occurs in
two discrete phases. The first step involves decomposition from 230 to 450 °C resulting 46% mass
loss. While the second step starts from 450 to 540 °C, with a loss of 29%. Overall, the
thermogravimetric analysis revealed that FePc decomposes without melting, resulting in a total

mass loss of 86% with 17% of the residue, shown in Figure 3.107.
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Figure 3.107. TG and DTG of Fe(ll)phthalocyanine.

= Electrochemical Properties.

Electrochemical analysis of FePc was performed on a GC electrode as a working electrode
in DMF with TBAFB as the supporting electrolyte, and CV and SWV techniques were used.
Potentials were recorded in non-agqueous solutions relative to the ferrocene/ferrocenium couple
(Fc/Fc+), which served as a pseudo reference electrode.

The FePc macrocycle moiety is capable of a variety of reduction and oxidation processes.
The voltammogram of FePc demonstrates four reduction waves that are labelled as R1, Rz, Rs, and
Rsat-1.11, -1.34, -1.69, and -2.15 Vs, as well as two oxidation waves O; and O, at 0.12, and 0.37
Vs, also has redox waves of iron metal Mr at -0.68 V, as shown in Figure 3.108, and Figure 3.1009.

The redox processes Ri, Rz, Rs, and R4 are assigned to Fe(Il)Pc-2/Fe(Il)Pc-3, Fe(Il)Pc-
3/Fe(IPc-4, Fe(ll)Pc-4/Fe(Il)Pc-5, and Fe(11)Pc-5/Fe(11)Pc-6, respectively. All these reduction
processes are quasi-reversible reactions. O and O correspond to the two FePc oxidation processes
of the phthalocyanine ring, which are Fe(ll)Pc-2/Fe(lll)Pc-1 and Fe(Il)Pc-1/Fe(l11)PcO,
respectively. Furthermore, as the Fe?* ions are redox active in phthalocyanine complexes, the metal-

based oxidation process Moy refers to Fe(ll)Pc-2/Fe(l11)Pc-2.
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Figure 3.108. Cyclic voltammogram of Fe(ll)phthalocyanine.

E (Volt) vs Fc/Fc*
Figure 3.109. Square wave voltammogram of Fe(ll)phthalocyanine.
3.23. 2,2",2",2"'((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Cobalt phthalocyanine.

The Cobalt phthalocyanine CoPc was synthesized from 2-(4-(3,4-dicyanophenoxy) phenyl)

acetamide and Cobalt(Il)acetate under an argon atmosphere in DMF. The green CoPc complex was
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produced by cyclotetramerizing four phthalonitrile ligands with Co(ll). The molecule structure of

CoPc is shown in Figure 3.110.
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Figure 3.110. 2,2',2",2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Cobalt
phthalocyanine.

= FT-IR Spectrum
The FT-IR spectra did not show the C=N stretching mode at 2233 cm™. However, weak
peaks corresponding to the C-H bond were observed peaks at 2976 and 2923 cm™. The bands at
1607 cm and 1505 cm™ were assigned aromatic C=C stretching vibrations and C=N stretching
vibrations, respectively. Aromatic C-H bending vibrations were identified at 1407 and 1224 cm™.
The band at 743 cm™ was attributed to C-C macrocycle ring deformation. The unique C-O
stretching vibration of the structure was detected at 1090 cm™. FT-IR spectra of CoPc is given in

Figure 3.111.
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Figure 3.111. FT-IR spectrum of Co(ll)phthalocyanine.

= UV-visible spectrum
The UV-vis spectra of CoPc dissolved in DMF exhibited characteristic absorptions in the Q
band region, at 668 nm with a shoulder at 604 nm. The Q band absorptions of the compounds
correspond to the m-* transition occurring between the HOMO and LUMO of the phthalocyanine
ring. The compounds exhibited B absorptions band at 450 nm in the UV range which resulted in
transitions from the lower n energy levels to the LUMO. The UV-vis spectrum of the CoPc

complex in DMF is shown in Figure 3.112.
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Figure 3.112. UV-visible spectrum of Co(ll)phthalocyanine.
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= Thermal analysis

TG and DTG assays indicate that CoPc is thermally stable up to 260 °C. Thermograms also
show that CoPc adsorb water up to 5% at room temperature. The mass loss takes place in two
discrete stages. The first stage occurs in between 270-500 °C, resulting with 53% mass and the
second stage decomposition occurs in between 500-560 °C, resulting in a 5% mass loss. In addition,
thermogram data also revealed that CoPc decomposes without melting, resulting in a total mass
loss of 68%, with approximately 32% of residue left. The thermogram of CoPc is given in Figure
3.113.
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Figure 3.113. TG and DTG of Co(ll)phthalocyanine.

= Electrochemical Properties.

Electrochemical analysis of CoPc was performed using a GC as a working electrode in DMF
with TBAFB as the supporting electrolyte. CV and SWV were techniques used, and potentials were
recorded in non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which
served as a pseudo reference electrode. SW voltammogram, which more accurately shows the
individual redox reactions, therefore all the data were obtained from SW voltammogram.

The CoPc complex is capable of a variety of reduction and oxidation processes. The
electrochemical voltammogram for CoPc shows four reduction waves that are R1, Rz, Rs, and Ry at
-0.93, -1.15, -1.42, and -1.88 V, as well as two oxidation waves O; and O; at 0.00, and 0.40 Vs,
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belong to phthalocyanine ring. It has also has oxidation and reduction on cobalt metal labelled as
Mo at -0.21 and Mr at -0.65 V, as shown in Figure 3.114, and Figure 3.115.

The four redox processes Ri, Rz, Rs, and Ry attributed to Co(ll)Pc-2/Co(ll)Pc-3, Co(ll)Pc-
3/Co(ll)Pc-4, Co(I)Pc-4/Co(I)Pc-5, and Co(l1)Pc-5/Co(I1)Pc-6 respectively. Nonetheless, Oz, and
O are corresponding to the two oxidation processes of CoPc, specifically Co(l11)Pc-2/Co(lll)Pc-1,
and Co(ll)Pc-1/Co(lll) PcO respectively. Additionally, there are metal-based redox processes
refers to Mr and Mo Co(I1)Pc-2/Co(l)Pc-2, and Co(ll)Pc-2/Co(ll1)Pc-2.

E (Volt) vs Fc/Fct

Figure 3.114. Cyclic voltammogram of Co(ll)phthalocyanine.

-2.4 -2 -1.6 -1.2 -0.8 -0.4 0 0.4 0.8
E (Volt) vs Fc/Fc*

Figure 3.115. Square wave voltammogram of Co(ll)phthalocyanine.
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3.24. 2,2'2",2'"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Nickel phthalocyanine.
The Nickel phthalocyanine NiPc was synthesized from 2-(4-(3,4-dicyanophenoxy) phenyl)
acetamide with Nickel(ll)acetate under argon atmosphere in DMF. The obtained green NiPc
complex was synthesized by cyclotetramerization of four phthalonitrile ligands with Ni(ll). The

molecule structure of NiPc is shown in Figure 3.116.

NH,
o)
H,N
o
HoN" g H2N"y

Figure 3.116. 2,2',2",2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Nickel
phthalocyanine.

= FT-IR Spectrum

The absence of C=N stretching mode at 2233 cm™ confirms the formation of a
phthalocyanine complex. The C-H bond produced weak peaks at 2976 and 2923 cm™. The bands
observed at 1608 cm-tand 1505 cm™ were attributed to aromatic C=C stretching vibrations and
C=N stretching vibrations, respectively. Aromatic C-H bending vibrations were identified at 1408
and 1236 cm™. The band at 751 cm™ was assigned to C-C macrocycle ring deformation. The C-O
stretching vibration of the title structure was observed at 1092 cm™. FT-IR spectra of NiPc is shown
in Figure 3.117.
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Figure 3.117. FT-IR spectrum of Ni(ll)phthalocyanine.

= UV-visible spectrum
The UV-vis spectra of NiPc dissolved in DMF exhibited characteristic absorptions in the Q
band region, at 674 nm and 624 nm as a shoulder. The Q band absorptions of the compounds
correspond to the m-* transition occurring between the HOMO and LUMO of the phthalocyanine
ring. The compounds exhibited B band absorptions in the UV range at 450 nm as a result of

transitions from the lower & energy levels to the LUMO, shown in Figure 3.118.
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Figure 3.118. UV-visible spectrum of Ni(Il)phthalocyanine.
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= Thermal analysis

According to DTG studies, NiPc is thermally stable up to 300 °C, with a 20% weight loss
most probably due to the loss of absorbed water from the surface of the complex. Thermogram
shows that NiPc has more adsorption than other phthalocyanine complexes with the same ligand.
Loss of water starts from room temperature to 300 °C. The mass loss occurs in two distinct stages.
The first stage occurring between 300-440 °C, involves decomposing in a 60% mass loss. The
second stage, between 450-540 °C, involves further decomposition, leading to a 20% mass loss
with no residue, which means the second decomposition reaction is explosive leading to the
removal of the sample pan during the heating stage. This is an experimental error we were not able
to repeat the experiment due to time constraints, The Thermogram of NiPc is shown in Figure
3.119.
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Figure 3.119. TG and DTG of Ni(ll)phthalocyanine.

= Electrochemical Properties.

Electrochemical analysis of NiPc was performed using a GC electrode in DMF with TBAFB
as the supporting electrolyte. CV and SWV were techniques used, and potentials were recorded in
non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which served as a
pseudo reference electrode. The CV voltammogram could not adequately reveal redox processes
due to the poor solubility of NiPc. Therefore, the experiment was redone using the SW

voltammogram, which more accurately shows the individual redox reactions.
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The NiPc is capable of a variety of reduction and oxidation processes. The electrochemical
voltammogram of NiPc exhibits four reduction waves that are Ri, Rz, Rs, and R4 at -1.16, -1.59, -
1.80, and -2.40 V, as well as two oxidation waves O; and O, at 0.31, and 0.64 Vs respectively,
shown in Figure 3.120, and Figure 3.121. The initial phase of all of these redox reactions in
macrocycle rings because of redox-inactive Ni(ll) metal.

There are four redox processes namely as Ri, Rz, Rs, and Ry attributed to Ni(11)Pc-2/Ni(11)Pc-
3, Ni(IDPc-3/Ni(I)Pc-4, Ni(I1)Pc-4/Ni(11)Pc-5, and Ni(ll)Pc-5/Ni(ll)Pc-6 respectively. O1, and O
are corresponding to the two oxidation processes of NiPc, specifically Ni(Il)Pc-2/Ni(Il)Pc-1, and
Ni(l1)Pc-1/Ni(11)PcO respectively.

E (Volt) vs Fc/Fc?t

Figure 3.120. Cyclic voltammogram of Ni(ll)phthalocyanine.
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Figure 3.121. Square wave voltammogram of Ni(Il)phthalocyanine.

3.25. 2,2",2",2"'((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Copper phthalocyanine.
The Copper phthalocyanine CuPc was synthesized from 2-(4-(3,4-dicyanophenoxy) phenyl)
acetamide with Copper(ll)acetate under argon atmosphere in DMF. The green CuPc complex,
exhibiting typical phthalocyanine characteristics, was synthesized by cyclotetramerization of four

phthalonitrile ligands with Cu(ll), the molecule structure of CuPc is shown in Figure 3.122.

NH,
o
H,N
Oyﬁ
H,N H,N
(@) 2 o

Figure 3.122. 2,2'2"2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Copper
phthalocyanine.
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= FT-IR Spectrum

FT-IR spectra of CuPc are given in Figure 3.123, and have a weak C=N stretching peak at
2233 cm® due to impurities left in the CuPc. The C-H bond showed weak peaks at 2976 and 2928
cm™. The bands observed at 1598 cm-! and 1505 cm™ were attributed to aromatic C=C stretching
vibrations and C=N stretching vibrations, respectively. Aromatic C-H bending vibrations were
identified at 1474 and 1230 cm™. The band at 749 cm™ was assigned to C-C macrocycle ring
deformation. Additionally, the unique C-O stretching vibration of the complex was observed at
1093 cm™,

L
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Figure 3.123. FT-IR spectrum of Cu(ll)phthalocyanine.

= UV-visible spectrum

The UV-vis spectra of CuPc dissolved in DMF exhibited characteristic absorptions in the Q
band region, between 600-700 nm. The Q band absorptions of the compounds correspond to the n-
n* transition occurring between the HOMO and LUMO of the phthalocyanine ring. The compounds
exhibited B band absorptions in the UV range 300-400 nm as a result of transitions from the lower
7 energy levels to the LUMO energy level. The UV-vis spectrum of the CuPc complex in DMF
exhibits two absorptions in the Q band region at 610 as shoulder and 674 nm. As shown in Figure
3.124.
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Figure 3.124. UV-visible spectrum of Cu(ll)phthalocyanine.

=  Thermal analysis

Based on TG and DTG studies, CuPc is thermally stable up to 350 °C, with an 8% mass loss
attributed to the release of absorbed water from the complex's surface. The complex decomposition
starts from 350 to 410 °C, resulting in a 65% mass loss. Additionally, the CuPc complex

decomposes without melting, leading to a 76% total mass loss. The thermogram indicates that 24%

of the residue remains after decomposition, as shown in Figure 3.125.
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Figure 3.125. TG and DTG of Cu(ll)phthalocyanine.
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= Electrochemical Properties.

The electrochemical experiment of CuPc was performed using a GC electrode in DMF with
TBAFB as the supporting electrolyte. CV and SWV techniques were used, and potentials were
recorded in non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which
served as a pseudo reference electrode.

From Figure 3.126, and Figure 3.127 it can be seen that the CuPc may undergo numerous
reduction and oxidation reactions labelled as Ri, Rz, and Rz on the electrochemical voltammogram
of CuPc at -0.77, -1.10, and -1.45 V together with two oxidations wave O; and O at 0.35 and 0.55
V respectively belong to phthalocyanine ring, which also has a reduction wave on copper metal
labelled as Mr at -0.53 V. While removed of electron takes place from the HOMO energy level of
phthalocyanine rings, the addition of electron goes to LUMO energy level. These redox reactions
exhibited quasireversible behavior in terms of peak current and peak potential variations with scan
rate.

The redox processes represented as Ri, Rz, and Rs ascribed to Cu(ll)Pc-2/Cu(ll)Pc-3,
Cu(IDPc-3/Cu(Il)Pc-4, and Cu(Il)Pc-4/Cu(ll)Pc-5, respectively. On the other hand, O; and O
correspond to oxidation processes: Cu(I1)Pc-2/Cu(l1)Pc-1 and Cu(Il)Pc-1/Cu(l1l)PcO, respectively.

20 LA

' I ' I ' |
-1.5 -1 -0.5 0 0.5 1

E (Volt) vs Fc/Fc*

Figure 3.126. Cyclic voltammogram of Cu(ll)phthalocyanine.
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Figure 3.127. Square wave voltammogram of Cu(ll)phthalocyanine.

3.26. 2,2",2",2"'((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl))
tetraacetamide Zinc phthalocyanine.
The Zinc phthalocyanine ZnPc was prepared by reacting 2-(4-(3,4-dicyanophenoxy) phenyl)
acetamide with Zinc(Il)acetate in DMF under an argon atmosphere. Cyclotetramerisation of four
phthalonitrile ligands with Zn(I1), afforded the green ZnPc complex, the molecular structure of the

complex is shown in Figure 3.128.

NH,
o
H,N
Oyﬁ
HaN "N H2N Ry

Figure 3.128. 2,2'2"2"((2,9,16,23-tetrayltetrakis(oxy))tetrakis(benzene-4,1-diyl)) tetraacetamide Zinc
phthalocyanine.
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= FT-IR Spectrum
FT-IR spectra of the ZnPc given in Figure 3.129 do not have the C=N stretching vibration
at 2233 cm? indicating the formation of ZnPc without impurities of starting matarials. A weak peak
corresponding to C-H bond vibrations was observed between 2976 cm™ and 2923 cm™'. The
aromatic C=C and C=N stretching vibrations were identified at 1608 cm™ and 1505 cm™,
respectively. Aromatic C-H bending vibrations were found at 1410 and 1235 cm™. The band at 743
cm™ was attributed to C-C macrocycle ring deformation, and a characteristic C-O stretching

vibration was observed at 1090 cm™.
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Figure 3.129. FT-IR spectrum of Zn(Il)phthalocyanine.

= UV-visible spectrum
The UV-vis spectra of ZnPc dissolved in DMF exhibited characteristic absorptions in the Q
band region, in between 600-700 nm. The Q band absorptions of the compounds correspond to the
n-n* transition occurring between the HOMO and LUMO of the phthalocyanine ring. The ZnPc
complex exhibited B band absorptions in the UV range at 350 nm as a result of transitions from the
lower 7 energy levels to the LUMO. The UV-vis spectrum of the ZnPc complex in DMF exhibits
Q bands at 610 and 680 nm, as well, as shown in Figure 3.130.
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Figure 3.130. UV-visible spectrum of Zn (Il)phthalocyanine.

= Thermal analysis
Based on TG and DTG studies, ZnPc is thermally stable up to 250 °C, with an 5% mass loss
attributed to the release of absorbed water from the complex's surface. The complex decomposition
starts from 250 to 420 °C, resulting in a 25% mass loss. The second stage happened from 420-610
°C, with reducing mass 55%. Additionally, the ZnPc complex decomposes without melting, leading
to a 85% total mass loss. The thermogram indicates that 15% of the residue remains after

decomposition, as shown in Figure 3.131.
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Figure 3.131. TG and DTG of Zn(Il)phthalocyanine.
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= Electrochemical Properties.

Electrochemical analysis of ZnPc was performed using a GC electrode in DMF with TBAFB
as the supporting electrolyte. CV and SWV were techniques used, and potentials were recorded in
non-aqueous solutions relative to the ferrocene/ferrocenium couple (Fc/Fc+), which served as a
pseudo reference electrode.

According to Figure 3.132, and Figure 3.133. The ZnPc macrocycle moiety may undergo
four reduction and two oxidation reactions. The electrochemical reduction waves labelled R1, Ry,
Rs, and R4 0on voltammogram at -1.34, -1.60, -1.83, and -2.12 Vs, and two oxidations wave O; and
O at 0.45 and 0.78 V respectively are all belong to phthalocyanine ring. The electrochemical
molecule bandgap is equal to the difference in energy between these oxidation and reduction
processes. These redox reactions of ZnPc exhibited reversible behaviour in terms of peak current
and peak potential variations with scan rate.

The four redox processes Ri, Rz, Rs, and Ry attributed to Zn(I1)Pc-2/Zn(I1)Pc-3, Zn(I1)Pc-
3/Zn(I1)Pc-4, Zn(ll)Pc-4/Zn(I1)Pc-5, and Zn(ll)Pc-5/Zn(I1)Pc-6 respectively. O: and O, are
corresponding to the two oxidation processes of ZnPc, specifically Zn(11)Pc-2/Zn(11)Pc-1, and
Zn(I1)Pc-1/Zn(11)PcO respectively.

E (Volt) vs Fc/Fct

Figure 3.132. Cyclic voltammogram of zinc(ll)phthalocyanine.
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Figure 3.133. Square wave voltammogram of zinc(Il)phthalocyanine.
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4. CONCLUSION

This thesis discusses the synthesis of novel phthalocyanine compounds with symmetric
structures, including 4-nitrophthalonitrile and three ligands that each have a unique structural
substituent. The versatility of 4-nitrophthalonitrile as a synthetic precursor to a new class of
phthalocyanines opens up possibilities for experimenting with different substituents to change the
physical and chemical properties of synthesized phthalocyanine compounds.

After the synthesis of three new ligands, 18 metal phthalocyanine complexes and one metal-
free phthalocyanine compound were obtained by combining three different ligands with acetate
salts of Cr(ll), Fe(Il), Co(ll), Ni(1l), Cu(ll), and Zn(Il). Utilizing FT-IR, UV/visible spectroscopy,
Thermal analysis (TG/DTG), and Electrochemistry (CV/SWV) techniques, the structures of the
metal and metal-free phthalocyanine compounds were studied. The resulting data was used to
describe the compounds and their properties. Witnessing the formation of phthalocyanine
compounds via the use of their distinctive green color is the most fundamental and uncomplicated
testing direction. All of the produced molecules being green is a telltale sign that phthalocyanine
compounds were the ones that were created. It is also possible to tell that phthalocyanine
compounds have formed when the C=N peaks in the FT-IR spectra vanish.

The most of the synthesized phthalocyanine compounds that have very low solubility in
general organic solvents, it was possible to get UV-visible spectra using DMF solvent which is the
best solvent for the synthesized phthalocyanine compounds. These Pc compounds' UV/visible
spectra showed the Q bond between 600-700 nm and the B bond from 350 to 500 nm in line with
what has been reported in the literature.

All Pc complexes that were synthesized exhibit thermal stability up to 250 °C, but
decomposition starts without a melting point, and all the decomposition is exothermic, according
to the TG/DTG data. Because of the limitation of the experimental condition, residue after pyrolysis
reaction is not conclusive to predict the metal oxides produced are comparable with the formula of
phthalocyanine compounds.

Phthalocyanine compounds showed all the characteristic redox potentials in the
electrochemical window of the solvent DMF, studied by CV and SWV techniques. The metal
phthalocyanine complexes showed two oxidation potentials and four reduction potentials, which is
typical for phthalocyanine complexes. There are also metal-related redox waves, also observed if

the metal ion is redox active in the phthalocyanine compounds like Cr, Fe, Co, and Cu.
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APPENDICES

APPENDICES-1:

Figure A 1. The reaction of synthesized 4-nitrophthalimide.

Figure A 2. Filtration of 4-nitrophthalimide.



Synthesise 4-Nitrophthalamide
40 °C. 12-11-2023

Figure A 3. Synthesize 4-Nitrophthalamide.

Figure A 4. Neutralization Mixture using PH Metter.
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Synthesise L4.
16-11-2023. 90°C

Figure A 6. Synthesize of Ligand 2-(4-(3,4- dicyanophenoxy)phenyl)acetamide.
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L2+(Cr,H2)
23-6-2023

Figure A 7. Continue reaction to synthesize CrPc and HzPc.

Figure A 8. Cooling down FePc and H,Pc complexes.
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Figure A 10. Part of samples ligand and Pc complexes.
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Figure A 12. FT-IR Spectrophotometer, Perkin EImer 1600.
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Figure A 13. The UV visible spectrophotometer 1900 i.
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Figure A 14. Pyris Diamond TG/DTA thermogravimetric/differential thermal analyzer.
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Figure A 15. Bruker advance 111 400 MHz NMR spectrophotometer.
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