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ABSTRACT

ELECTROCHEMICAL AND SPECTROELECTROCHEMICAL
CHARACTERIZATION OF PHTHALOCYANINES AND
DETERMINATION OF THEIR ELECTROCHEMICAL

APPLICATION FIELDS

It is well known that that modern electrochemical technology can offer the preferred
solution to a range of problems in chemical industry. Therefore in this thesis, we have
aimed to use electrochemical methods for the analysis of some newly synthesized
phthalocyanines and their practical applications. The unique properties of
phthalocyanines have generated world-wide interest in their use in chemical sensors,
fuel cells, molecular metals, molecular computers, pollution control, and information
technology.

In this study, electrochemical and spectroelectrochemical characterizations of newly
synthesized free, titanyl, cobalt and nickel phthalocyanines, which were peripheral and
nonperipheral substituted, were performed and according to these results their possible
applications in different electrochemical technologies were determined. Multiple and
reversible, diffusion controlled and multi-electron redox reaction of titanyl
phthalocyanines indicate possible usage of the complexes especially in electro sensing
and electrocatalytic applications. The complexes sense some heavy metals, such as Ag”
and Pd?* in solution and in solid states and catalyzed molecular oxygen in aqueous and
nonaqueous solutions.

Diethylamino and dimethylamino groups on the substituents of the free, nickel and
cobalt complexes cause electropolymerization of the complexes on the working
electrode during the oxidation reactions. Changing the potential window of the
voltammetric cycles alters the electropolymerization mechanisms. Types of the metal
center of the complexes also affect the electropolymerization mechanism.

Reversible and multi-electron metal based electron transfer properties of the relevant
phthalocyanines indicated their possible electrochemical application in the fields of
electrocatalyst, photocatalyst and sensors. Different color of the oxidized and reduced
species of these compounds indicated their possible application in especially
electrochromic, solvatochromic and optically light emitting diodes.

Electron transfer reactions of diethyl amine substituted phthalocyanine complexes alter
the optical responses of the complex in solution as well as in solid state due to the
disappearance of the Q band of the complex and observation of new bands in the visible
region of the light spectrum. Optical changing’s in the visible light spectrum are the
desired properties for a material for the usage in the display technologies.

In situ spectrochronocoulometric measurements indicate that electro polymerized Pc
films illustrate excellent electrochromic properties with fast response time, high
efficiency, high columbic and optic stability, and high optical contrast.

May, 2013 Faruk DEMIR



OZET

FTALOSIYANINLERIN ELEKTROKIMYASAL VE
SPEKTROELEKTROKIMYASAL KARAKTERIZASYONU
VE ELEKTROKIMYASAL UYGULAMA ALANLARININ

BELIRLENMESI

Modern elektrokimya teknolojisinin kimya sanayindeki bir¢ok probleme Oncelikli
¢oziimler sundugu iyi bilinmektedir. Bu tez ¢aligmasinda, yeni sentezlenmis
ftalosiyaninlerin ve elverisli uygulama alanlarinin analiz edilmesi amaciyla
elektrokimyasal metotlar kullanilmistir. Ftalosiyaninlerin benzersiz 6zellikleri; kimyasal
sensorler, yakit pilleri, molekiiler metaller, molekiiler bilgisayarlar, kirlilik kontrolii ve
bilgi teknolojisinde kullaniminda diinya ¢apinda bir ilgi olusmasini saglamistir.

Bu ¢alismada, yeni sentezlenmis hidrojen, titanyum, kobalt ve nikel ftalosiyaninlerin
elektrokimyasal ve spektroelektrokimyasal karakterizasyonu gerceklestirilmis ve bu
sonuglar 1s1¢inda farkli elektrokimyasal teknolojilerde olas1 kullanim alanlar
belirlenmistir. Titanil ftalosiyaninlerinin ¢oklu ve tersinir, diflizyon kontrollii ve ¢ok
elektronlu redoks reaksiyonlar1 bu komplekslerin 6zellikle elektro algilama ve
elektrokatalitik uygulamalarda kullanilabilirligini gdstermektedir. Bu kompleksler Ag”
ve Pd*? gibi agir metalleri ¢ozelti icerisinde ve kati halde algilamaktadir ve oksijeni sulu
ve sulu olmayan ¢ozeltilerde katalizlemektedir.

Hidrojen, nikel ve kobalt komplekslerinin g¢evresindeki dietilamin ve dimetilamin
gruplar1 indirgenme reaksiyonlari1 esnasinda ¢alisma elektrodu iizerinde elektrokimyasal
olarak polimerlesmesini saglamaktadir. Voltametrik doniisiimlerin potansiyelinin
degistirilmesi elektrokimyasal polimerlesme mekanizmasini etkilemektedir. Ayrica
merkezde bulunan metallerde ayrica polimerlesmenin degismesine katki saglamaktadir.
S6z konusu ftalosiyaninlerin tersinir ve ¢ok elektronlu metal merkezli elektron transfer
ozellikleri, elektrokatalizor, fotokatalizor, sensor ve benzeri uygulama alanlarinda
elektrokimyasal uygulamalarinin miimkiin oldugunu goéstermektedir. Bu komplekslerin
yiikseltgenmis ve indirgenmis tiirlerinin farkli renkleri Ozellikle elektrokromik ve
solvatokromik uygulamalarda, 151k sagan diyotlarda ve benzer islemlerde
uygulanabilirligini gdstermektedir.

Q bandinin kaybolmast ve goriiniir bolgede yeni bantlarin olusmasindan Gtiirii
dietilamin bagli ftalosiyanin komplekslerinin elektron transfer reaksiyonlari hem
cozeltide hem de kati haldeki optik degisimlerini etkilemektedir. Goriinlir bolge
spektrumundaki optik degisimler goriintiileme teknolojilerindeki kullanimi agisindan
uygun ozellikleri sahip oldugunu géstermektedir.

Spektrokronokolometrik dlglimler elektrokimyasal olarak polimerlesebilen ftalosiyanin
filmlerinin hizli degisim, yliksek verim, yiiksek kolombik ve optik kararlilik yiiksek
optik kontrast gibi miikemmel elektrokromik 6zelliklere sahip oldugunu gostermektedir.

Mayis, 2013 Faruk DEMIR
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1. INTRODUCTION

Electrochemistry is the branch of chemistry concerned with the interrelation of
electrical and chemical effects. A great part of this field deals with the study of chemical
changes caused by the passage of an electric current and the production of electrical
energy by chemical reactions. The synthesis of new compounds as well as the electronic
and magnetic properties of solids are of principal interest in the field of solid state
chemistry.[1] Electrochemical organic synthesis has seen enormous progresses in recent
years. One of the most promising areas for development of -electrochemical
methodology is within the field of organic synthesis, where it can enable the
simplification of synthetic routes.[2] Thus a precipitous growth in the discovery of new
phthalocyanine-based compounds has already been observed. While the basic principles
of electrochemistry discussed in this text apply to all of these, the main emphasis here is
on the application of electrochemical methods to the study of chemical systems.

Phthalocyanines (Pcs) and metallophthalocyanines (MPcs) are macrocyclic m-electron
conjugated molecules. Metallo-phthalocyanine compounds demonstrate a high potential
for various applications. MPcs and Pcs, primarily due to their -electron conjugation,
may exhibit a series of electrochemical processes and can consequently be used as
efficient electron mediators. Hence, this work uses MPcs attached to electrodes as
electrochemical sensors. [3] The primary aim of these investigations was to probe the
electrochemical and material science aspects of some selected metal phthalocyanines
(MPcs).Metal phthalocyanines characterized by an exclusive planar molecular structure.
As a single class of compounds they have been the subject of ever increasing number of
physicochemical and technological investigations. During the last two decades the
literature on these compounds was flooded by an out pour of original publications and
patents. Almost every branch of materials science has benefited by their application-
surface coating, printing, electrophotography, photoelectrochemistry, electronics and
medicine to name a few. The present study was confined to electrochemical and
spectroelectrochemical properties of free, titanium, cobalt, nickel and copper

phthalocyanines.



1.1 Discovery and History of Phthalocyanines

The first recorded observation of a phthalocyanine occurred in 1907 (Braun and
Tscherniac, 1907). During the synthesis of o-cyanobenzamide from phthalamide and
acetic anhydride, Braun and Tcherniac observed the production of a colored impurity of
unknown structure and origin [4]. The first metal-free phthalocyanine (H,Pc) was also
reported in 1927 de Diesbach and von der Weid made CuPc [5]. However, none of them
characterized the products, so the discovery of Pcs is attributed to chemists at Scottish
Dyes Ltd, who later made and characterized iron phthalocyanine (FePc), whose
structure was elucidated by Linstead [6] at Imperial College and confirmed by
Robertson [5-6] using X-ray diffraction (XRD). A patent describing the manufacturing
process was filed in 1928 [7]. Linstead (1933) to describe both its origin from phthalic
anhydride (phthalo) and its strikingly beautiful blue color which was similar to cyanine
dyes. Phthalocyanines (Pcs) are man’s synthetic analogues of the porphyrins, such as
chlorophyll, cyanocobalamine (vitamin B12) and hemoglobin[8]. Subsequently, work
carried out by Robertson was the first example of a single crystal X-ray study being
used to confirm a structure postulated from conventional chemical analysis [9-10]. In
1929, another Pc derivative, iron (1) phthalocyanine, was found as a green/blue
impurity coming from a defect in the iron vats of which phthalimide was being
produced from phthalic anhydride and ammonia [11] Dandridge and Dunsworthreported
that the compound was very stable, insoluble and resistant to heat (500°C) and
concentrated acid. One year later, a patent for iron (I1) phthalocyanine was granted to
Dandridge, Drescher and Thomas of Scottish Dyes, Ltd., being the first for Pc
compounds.

Up to 1929, none of the observers of the blue coloring matters attempted to determine
its structure. Professor Linstead and his students, at the University of London, supported
by grants from Imperial Chemical Industries, starting in 1929, determined and
announced the structure of Pc and several metallophthalocyanines (MPcs) in 1933 and
1934 [12]. Not only are the Pcs a new class of organic compounds but also they

constitute a new class of coloring matter or chromogen.



Moderate cost of manufacture, good stability and tinctorial properties, in a region of the
visible spectrum which had been lacking in chromogens of as good color properties,
stability, and manufacturing cost, have led the Pcs to become. The potential of
phthalocyanines as pigments was immediately obvious to workers at ICI, which began
trading copper (I1) phthalocyanine under the name Monastral Blue in 1935 [13].

I.G. Farbenindustrie and Du Pont also commenced production. Industrial manufacture
of phthalocyanine was based on the methodology developed by Wyler at the ICI
research center at Blackley, Manchester. The Wyler method involves heating
inexpensive phthalic anhydride in a melt of urea, metal salt, and suitable catalyst (e.g.,
ammonium molybdate) and this is still the method of choice for industrial-scale
manufacture of phthalocyanine colorants. Water-soluble dyes based on sulfonated
phthalocyanines and, subsequently, reactive dyes for permanent textile coloration were
developed in the 1950s and 1960s.

Since 1934 and continuing to the present day, the object of intensive world-wide
investigations, particularly with respect to applications in the field of color. Also,
numerous production facilities for the manufacture of the principal Pc coloring matter,
copper phthalocyanine have been constructed throughout the world. Today, many
thousands of tons of phthalocyanines are produced worldwide, per annum, to help
satisfy the demand for colorants and optoelectronic materials.

1.2 General Properties Of Phthalocyanines

Phthalocyanines consists of 16 carbon and 8 nitrogen atoms and have a two-
dimensional 18n electron conjugated system, in which more than 70 different metals
and non-metals such as those shown in red, Fig.1.1. Incorporation of different ring
substituents in the peripheral and non peripheral positions is also possible.

For instance, the structure of a Pc ring is versatile and thus allows the incorporation of
different substituents on the peripheral {(2, 3), (9, 10), (16, 17) or (23, 14)} or non-
peripheral {(1, 4), (8, 11), (15, 18) or (22, 25)} positions of the ring. Fig.1.2.

The above alterations change the properties of phthalocynanines such as solubility.
Solubility can be varied by changing the central metal ions, axial ligands and ring
substituents. [14]



In MPc, the macrocycle is dianionic, i.e. Pc?, and thus acts as a ligand which complexes
with most metal ions thanks to its rich coordination chemistry. Two Pc nitrogens
covalently bond with the central atom through loss of the central hydrogens, and two

other nitrogens (N3o and N3,) have a co-ordinate linkage with the metal.
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Figure 1.1. Metals and Non-Metals which are conjugated phthalocynanines shown in

red.

A metal-free phthalocyanine (H,Pc) is generally considered to be of square planar
geometry, with a -electron system of D,h symmetry.

Most metal ions in an oxidation state +2, which closely fit inside the cavity of the ring,
complex with the Pc ring to form a stable 1:1 planar metal-ligand complex, thus

increasing the symmetry from Dh to D4h.



These types of phthalocyanine complexes, e.g. NiPc and CuPc, are generally strong

such that removal of a metal ion results in the destruction of the Pc ring.
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Figure 1.2. Phthalocyanine Molecular Complex

They are also not affected by strong acids such as concentrated H,SO, or strong bases;

however, they can be broken down to phthalimide or phthalic acid by strong oxidizing

agents such as dichromate or ceric salts [15, 16, and 17]. Larger metal ions tend to

distort the geometry of the macrocycle to some extent as they do not fit into the cavity

of the ring. The molecular symmetry is decreased to C4v (i.e. square pyramidal) and

thus the metal ions tend to lie above the ring to adopt a ‘shuttlecockshaped’
configuration [18, 19]. Fig. 1.3(i). MPcs such as Pb2+ [20], Sn2+, [21,22] and Ge2+

[23], form these non-planar structures of C4, Symmetry as a result of the rotation of the

rigid isoindole units that reduce the internal stress induced by the large metals.



It is worth mentioning that the introduction of two chloride ions to SnPc and GePc leads
to both change of valence as well as molecular symmetry from C,, to D4y of C,SnPc

and C,GePc as shown in Fig. 1.3 (ii).
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Figure 1.3. MPc structures showing (i) ‘shuttlecock-shaped’ C4, Symmetry and (ii) D4y

symmetry.

On the contrary, 2:1 metal-ligand derivatives of smaller monovalent ions such as Li",
Na®, K are formed where both metal ions lie on each face of the Pc plane [24,25],
Fig.1.4(i). The protrusion enhances their solubility in polar organic solvents by
disrupting the intermolecular forces between the Pc rings [25, 26]. The Li*, Na*, K" ions
are also labile such that they are either easily replaced by robust metal ions that have
stronger interactions with the ring or are easily removed by dilute acids to produce
metal-free phthalocyanines. Therefore they are used as precursors for the synthesis of
novel MPcs such as tetra-, octa-substituted and sandwich-type MPcs [27-30]. The use of
the “dilithium-method” in MPc formation is advantageous over many other routes in
that MPc that require low boiling point solvents and stoichiometric amounts of Pc and
metal salts can be prepared in large amounts. Titanium phthalocyanines (TiPcs) may
additionally adopt different coordination geometries, depending on whether the axial
ligand is ‘O’ or ‘CI’. OTiPc is square pyramidal with C4v symmetry [31] while C;TiPc
has trigonal prism geometry of D3h symmetry [32]. MPcs with coordination number 7
such as in the case with C;3TaPc [33], have a C,, symmetry and exhibit a capped
trigonal prism geometry. In the case of rare-earth metals such as lutetium, a 1:2 metal:
ligand complex (known as sandwich complex or bisphthalocyanine) is formed when the

large metal ion complexes with two Pc units [34, 35].



The formation of bisphthalocyanines is possible through metal coordination to all
isoindole nitrogens in each Pc macrocycle.

The Pc macrocycles are rotated by a staggering angle, with the sandwich complexes
either adopting a cubic geometry, or square antiprism geometry as in the case with bis

(phthalocyaninato) M (111) complexes (M = neodymium and lutetium).
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Figure 1.4. (i) Various forms of MPc complexes (ii) MPc in which metals in oxidation

states greater than +2 are bonded to axial ligands.

1.2.1. Physical Properties

The density of p-phthalocyanine, H.Pc, is 1.43 glcm®; B-copper phthalocyanine, CuPc,
1.61 g/cm®; and polychloro-copper phthalocyanine, 2.14 g/cm®. The color of most
phthalocyanines ranges from blue-blackto a metallic bronze, depending on the
manufacturing process and the chemical and crystalline form of the material. The colors
of the newly divided pigment forms vary from dark blue to green, as phthalocyanines

absorb in the visible region at 600-700pm.



Most compounds do not melt but sublime above 200°C. CuPc can be sublimed without
decomposition at 500-580°C under an inert gas and normal pressure and at 900" C under
vacuum. It decomposes vigorously, however, at 405-420°C in air and in nitrogen
between 460-630" C.

1.2.2. Chemical Properties

The chemical properties of phthalocyanines depend mostly on the nature of the central
atom. Phthalocyanines are stable to atmospheric oxygen up to approximately 100°C.
Mild oxidation may lead to the formation of oxidation intermediates that can be reduced
to the original products. In aqueous solutions of strong oxidants, the phthalocyanine
ring is completely destroyed and oxidized to phthalimide. Oxidation in the presence of
ceric sulfate can be used to determine the amount of copper phthalocyanine
quantitatively. Oxidation can also occur at the central metal atom of the phthalocyanine
system. Mn phthalocyanine, for instance, can be produced in these different oxidation
states, depending on the solvent. The carbon atom of the ring system and the central
metal atom can be reduced, some reversibly, e.g., in vatting. Phthalocyanine compounds
exhibit favorable catalytic properties which makes them interesting for applications in

dehydrogenation, oxidation, electrocatalysis, gas-phase reactions, and fuel cells (qv).

1.2.3. Electrochemistry of Phthalocyanines

The electrochemical characterizations of the MPcs as well as their ability to
electrocatalyst analytes are studied, hence a review of electrochemical techniques
follows. Over the past 40 years the electrochemistry of MPcs has been an area of intense
research [36]. From rather primitive beginnings, the electrochemistry of the
macrocycles was not investigated sooner (unlike porphyrins) due to their poor solubility
and hence relative purity. Phthalocyanines have the capacity to gain or lose electrons
and it is these interesting electronic properties that make them useful in many areas
including solar cells and electricity production. The Pc skeleton exists as a dianion, Pc
(-2), successive removal of up to two electrons from the HOMO (alu) results in the

formation of Pc (-1) and Pc (0) -cation radicals, respectively [37].



The Pc ring redox activity is directly related to the frontier orbitals in the molecule
where oxidation is the removal of electron(s) from the HOMO (alu) while reduction is
the addition of electron(s) to the LUMO (e.g.).

The electrochemical activity of unmetallated Pcs is related to processes occurring on the
ring; on the other hand, the MPcs containing electro active central metals exhibit electro
activity associated with the central metals, in addition to ring processes. Examples of
electro active metals include cobalt, iron and manganese while electrochemically
inactive metals include zinc, nickel and magnesium. Furthermore, electro active ligands
substituted on the Pc also demonstrate their own characteristic redox peaks or couples
[38]. Metallophthalocyanines (MPcs) containing electro active central metals show
electro activity associated with the central metals, in addition to ring processes [39].
Peaks or couples linked to oxidation or reduction of the central metal usually lay
between those for ring oxidation or reduction processes [40]. The MPc electrochemistry
is characterized by multiple and often reversible redox processes that are localized on
the metal center or the Pc ring [41-47], both in solution or when adsorbed on electrode
surfaces. MPcs can be reduced or oxidized, but still retain their molecular structure and
stability [46]. The Pc® ring can be oxidized (Pc* — Pc'” — Pc®) or can be successively
reduced (Pc* — Pc* — Pc* — Pc™ — Pc®). The electro active transition-metal Pcs (Cr,
Mn, Co and Fe) whose orbitals lie between HOMO and LUMO of the Pc ligand [48-50]
have their metal oxidations or reductions occurring in between those corresponding to
ligand reduction or oxidation [51-52], in the presence of coordinating species that would
stabilize the metal center [52-54]. For MPcs containing non-redox metals such as Ni,
Cu, Zn, Pd, the redox processes take place on the Pc ring. Their redox chemistry will be
similar to those of MPcs containing a non-electro active metal [55]. Changes in the
nature of the peripheral substituents affects the electron density and consequently the
redox chemistry of the Pc macrocycles [56, 57, and 58]. Electron-donating substituents
(e.g. amine, ether, thioether, methoxy) shift redox processes towards negative potentials
while the presence of an electron withdrawing group (e.g. fluoro, sulphonate, nitro,
ester, carboxylic acid) shift redox processes towards positive potentials [59]. Since the
electron transfer abilities of Pcs depend on the kind and the number of the substituents
and also on the interaction between the Pc ring and the metal center [53, 60-63], Pc

redox chemistry can be easily tuned.



Thus up to four electrons can be successively added to the doubly degenerate e.g.
orbitals of the LUMO to form Pc®, Pc-*, Pc® and Pc®, and two electrons can be
removed from the HOMO to form Pc™* and Pc® [64].

MPc electrochemistry in the solution phase is typified by multiple and often reversible
redox processes localized on the metal centre and the Pc ring.

Fig. 1.5 shows the energy level diagrams of neutral, one-electron ring reduced, and
one-electron ring oxidized MPc complexes. A small black arrow represents electrons in
Fig. 1.5
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Figure 1.5. Energy level diagrams of neutral, one-electron ring reduced, and one-
electron ring oxidized MPc complexes.

This redox activity is typical of H,Pcs and phthalocyanines with redox inactive metals,
i.e. complexes with closed-shell central ions such as Mg®* and Zn** In light of this, the
metal orbitals (b2g, e.g., alg and b1g) of redox inactive metals are buried inside filled
Pc orbitals while those of redox active metals lie between the HOMO and LUMO of the
Pc ligand. [65,66] Thus the nature and oxidation state of the central metal, the nature of
axial ligands and solvents as well as the nature of substituents on the ring periphery
determine the redox properties of a given complex [67]. Significant alteration of
phthalocyanine electrochemical properties occurs with substituents at the non-peripheral

positions.
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Electron-donating substituents, e.g. alkoxy or alkylthio groups, increase the electron
density of the central metal atom, thereby making it easier to oxidize and harder to
reduce MPc complexes [68]. In contrast, electron withdrawing substituents, e.g. CN
groups, decrease the electron density thereby lowering the LUMO energy levels of the
conjugated system.

As a result, the electron affinity of the macrocycle is increased and hence MPcs are
easier to reduce. In general, central metal ion redox energies are a function of their
polarizing power, expressed as charge/radius (ze/r).

Thus in most redox reactions, there is an apparent well-defined pattern, i.e. oxidation of
MPcs with more positive central metal ions is difficult [69]. MPc electrochemical
reactions are often performed at platinum or a carbon [70] working electrode, the latter
being popular as it is cheaper and is a suitable alternative to platinum. Examples of
carbon electrode materials — depending on percentages of crystalline graphite - include
glassy carbon, pyrolytic graphite, carbon paste, carbon fiber and many more. The most
common reference electrode whose potential does not change with time is silver-silver
chloride (Ag|AgCl). Other reference electrodes employed include normal hydrogen
electrode (NHE) and saturated calomel electrode (SCE). Platinum wire is usually used
as the counter electrode as it is inert and therefore is resistant to corrosion. As in all
electrochemical reactions, inert electrolytes which carry the task of ion transportation
between electrodes are required. Tetraalkylammonium salts are employed in organic
media, e.g. tetraethylammonium perchlorate (TEAP), tetrabutylammonium perchlorate
(TBAP) and tetrabutylammonium tetrafluoroborate (TBABF4). Sodium hydroxide and
potassium chloride or nitrate are utilized in aqueous media whereas buffer salts are
employed for pH controlled experiments. In addition, solvents influence Pc
electrochemical properties due to protic or aprotic and electrophilic or nucleophilic
properties. For example oxidation is easier in DMF than in pyridine for a divalent FePc
[66] due to stabilization in the latter solvent.

1.2.4. Spectroelectrochemistry of Phthalocyanines
Electro active ligands substituted on the Pc also exhibit their own characteristic redox
peaks or couples. Potentials at which redox couples are observed depend on the nature

of the molecule and solvent.

11



Redox processes of MPc complexes are assigned successfully using
spectroelectrochemistry. This technique involves recording UV/Vis spectra as potential
is applied. It therefore requires unique electrodes such as indium tin oxide (ITO), which
are optically transparent, conductive, mechanically strong, and resistant to corrosion and
exhibit low background currents. Central metal or phthalocyanine ring oxidation and
reduction can be afforded by other non-electrochemical methods. Oxidation is afforded
by use of oxidizing agents such as bromine, and photo chemically by irradiation with
light of suitable wavelength in the presence of an appropriate electron acceptor.

On the other hand, reduction is achieved by use of reducing agents such as sodium
borohydride and by photochemical irradiation in the presence of an appropriate electron
donor. Ring oxidation to cation radical is accompanied by loss of intensity of the Q
band , formation of new bands near 500 nm (charge transfer), 830 nm (Pc-1 monomer),
720 nm and 1040 nm due to (Pc™) dimer and solution color change to purple . Ring
reduction involves addition of electrons to the e.g. LUMO energy level resulting in the
collapse of the Q-band and formation of two bands in the 500 - 600 nm regions.
Additional bands are observed near 780 and 860 nm. Ring reduction is accompanied by
color change to bluish purple, purple, blue and blue-green for Pc anion, Pc™* dianion,
Pc™ trianion and Pc’® tetra anions respectively.

Furthermore, oxidation or reduction processes occurring at the central metal of MPcs
are characterized by a shift of the Q band without a drastic decrease of peak intensity.
Intensities of B and Q bands are not affected since they are due to m-n* transitions.
However, charge transfer bands near 500 nm due to metal to ligand (MLCT) or ligand
to metal (LMCT) transitions may be lost or formed.

Classical (e.g. infra-red (IR) spectroscopy) and recent (e.g. matrix-assisted laser
desorption ionization (MALDI)) methods have been used for characterization of Pcs.
The Q and B bands are those occurring most frequently in all Pcs. Fig. 1.6 shows a
typical MPc UV-visible spectrum with the described absorption bands. The most
common method is by UV-visible spectroscopy. A UV/Visible absorption spectrum of
MPcs, Fig. 1.6, is characterized by a Q band in the red area of the visible region, which

has been explained, using the Gouterman’s model [71, 72].
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Figure 1.6. MPc classic electronic absorption spectra showing the common absorption

bands.

The Q band is a transition from the highest occupied molecular orbital (HOMO), alu, to
the lowest unoccupied molecular orbital, e.g. There is also the B band which is observed
at the blue end of the spectrum, and consists of an overlap of B1 and B2 bands, Fig. 1.7.
B1 is due to a transition from the a2u to the e.g. and B2 is due to a transition from the
lower lying b2u to the e.g. orbital. The B1 and B2 bands are usually observed as a
single broad band around the 340 nm region [73]. There are also the N, L and C band
that are associated with MPcs. These are observed at wavelengths that are shorter than
300 nm and are due to transitions from the deeper HOMO orbitals. They are observed
when UV transparent solvents are used.

The position of the Q band is influenced by the point of substitution, which is whether
the substituents are on the a or b positions. It has been observed that substitution at the
position results in greater shifts of the Q band to the infrared region [74, 75]. This can
be attributed to a greater destabilization of the HOMO when the substituent is at the

position in comparism with the b position.
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The position of the Q band is also influenced by the nature of the substituent with
electron donating groups such as alkylthio and alkoxy groups leading to a more red
shifted Q band [76,77].

This is due to the destabilization of the HOMO in a way that the distance between the
HOMO and LUMO is shortened and hence lower energies are experienced [78]. Even
though the sulphur and the oxygen atoms are both electron donating, it has been found
that the alkylthio substituted phthalocyanines lead to a redder shifted spectrum when it
is compared [79]. This has been attributed to the fact that the 3p orbital of the sulphur
group interacts more with the = bond cloud compared to the alkoxy group [80]. Electron
withdrawing groups, tend to shift the Q band to the blue region [81]. The nature of the
substituent together with the number of substituents affects the position of the Q band
with an increase in the number from tetra to octa alkylthio substituents resulting in a
shift to the near infrared region, this shift is clearly observed for MPcs that are
substituted at the a position.

The nature of the central metal has been observed to influence the position of the Q
band, with a bath chromic shift being observed with an increase in the size of the central
metal [82]. The oxidation state of the central metal also influences the Q band position,
with a bath chromic shift being observed with increase in the oxidation state of the
metal [83]. Normally an unmetallated MPc has a Q band that is split; this is due to the
fact that the e.g. orbital of the LUMO is non-degenerate. It has been found that as the
position of the Q band of the unmetallated MPc moves more to the infrared region; it
becomes observed as single band. This is due to the fact that there is generation of
degeneracy as the Q band shifts to the red region [84].

There can be metal to ligand charge transfer (MLCT) or a ligand to metal charge
transfer (LMCT) bands [85], Fig. 1.7. These weak bands are normally observed in the
visible region between the Q band and B band or after the Q band in the near infra red
or infra red region. Charge transfer bands are observed for phthalocyanines with electro
active metal centers.

This has been accounted by the fact that the d-orbitals of the electro active metal [86]
are found within the HOMO and LUMO of the phthalocyanine. The observed CT bands
are due to the movement of electrons between the d-orbitals of the metal centre and the
HOMO/LUMO state of the phthalocyanine.
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Figure 1.7 Probable directions for charge transfer transitions between central metal and

ligand.

The Q band originates from the n-n* electronic transitions from the highest occupied

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the

Pc? ring whilst the B bands occur as a result of deeper = levels to LUMO transitions,

Fig. 1.8.
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Figure 1.8. Pc electronic transitions showing origin of the Q and B absorption bands.
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From Fig. 1.8, the Q, B1, and B2 bands are shown as due to: alu to e.g.; a2u to e.g.; b2u
to e.g. electronic transitions respectively.

The spectral position and intensity of the Q band are important in tailoring new Pc types
for particular applications. The positions of the Pc spectral absorption bands, especially
the Q band, are affected by factors such as central metal, symmetry, substituents,
aggregation, and solvents [87, 88].

Pcs are mostly blue/green in color [89, 90] because the intense Q band usually lies at the
red end of the visible spectrum. In MnPcs the Q band is shifted out of the visible region
into the near infrared region so that the color of the complex is now determined by the
absorption at the blue end of the spectrum and MnPcs consequently appear red or
brown. Absorption can be moved into the near-infrared region by appropriate
substitution of the Pc ring and by varying the central metal atom. The effect of the
central Pc metal atom on the absorption maximum is especially significant for the Q
band spectral position (Amax), spanning from the most hypsochromic metal, iron, to the
most bath chromic metal, manganese [91,92]. The effects of non-peripheral substitution
of a Pc on its Q band position are larger than observed for peripheral substitution [88].
Peripherally substituted derivatives also have a stronger tendency to aggregate [93, 94]
and show a broader Q band than non-peripherally substituted complexes [95].
Furthermore, the consequence of incorporating sulfur donors, as was done in this work,
is to shift the Q-band to the longer (near-infrared) wavelengths [96] essential for high-
technology applications, such as PDT and near-infrared detection. This work studies the
electronic transition properties of the synthesized substituted phthalocyanines for

characterization and spectroelectrochemistry purposes.

1.3. General Synthetic Methods of Phthalocyanines

Synthesis of phthalocyanines can be achieved using different paths depending on the
type of phthalocyanines to be synthesized; metal free, symmetrical and asymmetrical
metallophthalocyanines. Historically, the eldest method for phthalocyanine synthesis is
the reaction of 2- cyanobenzamide in the presence of metal or metal salt in a bulk

reaction or in a solution.
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However, this method is limited to very few cases and has not received much attention
in daily lab practice. The complexation of metal-free phthalocyanine is usually a clean
and efficient reaction. Various precursors such as phthalonitrile, phthalic acid, phthalic
acid anhydride, phthalimide, diiminoisoindoline and o-cyanobenzamide have been
developed for these syntheses. This synthesis of phthalocyanine involved the reaction of
o-cyanobenzamide in refluxing ethanol from which was recovered in low vyield.
Linstead and co workers reported that the yield could be improved if magnesium,
antimony or magnesium salts such as its oxide and carbonate are mixed with o-
cyanobenzamide and heated over 230 °C followed by demetallating the resultant
metallophthalocyanine with cold concentrated H,SO,4 . Use of substituted analogues of

0-cyanobenzamide in order to synthesize substituted Pcs has been rare.

O
d \ \
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! +4H,0
CN

N

(9%

Phthalocyanine

Figure 1.9. The accidental discovery of phthalocyanine from o-cyanobenzamide.

A Pc is formed from the cyclotetramersation of its precursor units so the synthetic
strategy starts from the molecules which make up these units. MPcs can form from
precursors through a metal templated cyclotetramerization reaction. Typical precursors
are phthalic acid (1), phthalonitrile (2), phthalic anhydride (3), phthalimide (4),
diiminoisoindoline (5), and o-cyanobenzamide (6), Figure 1.10.

The variety of starting materials for Pc synthesis and the diversified methods for their
preparation, Figurel.10, allow Pcs to fulfill their promise. The most useful of the un-
substituted MPc precursors is phthalonitrile (2). This compound readily gives MPc

complexes in good yields with most metals except silver and mercury.
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Reactions often involve simply heating the phthalonitrile in the presence of a metal-ion
source and base as either a melt of reagents or in a suitable high boiling point solvent.
Phthalonitrile (2) as a precursor leads to products of high purity but, because
phthalonitriles are generally more expensive, their use tends to be restricted to high-
technological applications (e.g. electrophotography) and small scale syntheses (e.g.
laboratory synthesis) where quality, and not cost, is the main consideration.
Un-substituted MPcs commonly exhibit poor solubility in most organic solvents and
water due to the molecular interactions between their n-systems. These interactions lead
to the Pcs stacking upon themselves to form a strong and hydrophobic crystal lattice.
This insolubility significantly limits the usefulness of un-substituted Pcs.

CN
X .
OH CN
OH 2 0
0 Metal salt, Metal salt, \
. urea, catalyst SDI'I-'EHL base _
1 3
N - Metal salt,
urea, catalyst
Metal salf,
NH Metal salt N— M |'~.| urea, catalyst
2 |
CN N
B
4
Metal salt N

Figure 1.10 Synthesis of metallophthalocyanines (MPcs) from typical starting

materials.
Taking into consideration all these facts, today it is possible to prepare bespoken

phthalocyanine derivatives with highly tailored properties (e.g. Q-band position,

solubility, light absorption, self-assembling, etc.).
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There are two excellent reviews on phthalocyanines preparation; one by Leznoff et al.
[97] and the other, actually the most up-to-date, by Neil B. McKeown [98]. Pc and
related compounds synthesis has been rapidly developing field with yearly appearing

new achievements and publications.

1.3 Application Fields of Phthalocyanines

Pcs have found commercial applications in photocopying, laser printing, information
storage, odor removal, oil sweetening, computer disk writing and infrared security
devices, display devices (electrochromism and electroluminescence), organic catalysis,
electrocatalysis, photo catalysis, photovoltaic devices, lithium batteries, gas sensors and
fuel cells [99,100].

For example, MPcs are valued for their color and therefore are important in visible
applications such as electrophotography [101,102], ink-jet printing [103,104] and
xerography [105]. In electrophotography, light and electricity are used to produce an
image, a process familiar in photocopying and laser printing. A type IV polymorph of
ox titanium (OTiPc) has been found [106] to be the best material to generate the latent
image in laser printers through its excellent compatibility with the semiconductor
infrared lasers. In color photocopiers, the cyan toner used to produce images is based on
CuPc pigment, namely CI Pigment Blue 15. Ink-jet printing produces images by using
electromagnetic fields that guide electrically charged ink streams onto a page. Copper
phthalocyanines [107] are cyan dyes of choice as they possess all-round properties,
namely, high chroma, high strength and high light-fastness. Xerography involves a
photocopying process which forms a negative image by a resinous powder on an
electrically charged plate, such that the image is transferred to and thermally fixed as
positive on paper. Use of Pcs, e.g. OTiPc, NiPc, CuPc [108], as active components is
favored because they are less toxic and many absorb in the infrared (IR) region such
that use of infrared lasers is possible.

Pcs have also attracted much attention in oncology as photosensitisers for malignant
tumor treatment by photodynamic therapy (PDT). In PDT, O, light and a
photosensitizing drug, e.g. phthalocyanines, are used in combination.
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Briefly, PDT involves the selective uptake and retention of a photo sensitizer in a
tumor, followed by irradiation with light of a particular wavelength. Tumor necrosis is
then initiated, through the formation of singlet oxygen, the cytotoxic species.
Biochemical molecules [109] can suffer significant damage that may lead to death
through singlet oxygen ingestion.

In vitro/vivo studies utilizing diode laser and using axially substituted silicon
NiPchthalocyanine (formed through annulations of further benzene units on MPc) have
been found to be effective in cell destruction [110]. Phthalocyanine research activity in
the PDT field has expanded tremendously during the past 20 years [111-114]. For
instance, commercially available Photo senses, composed of differently sulphonated
aluminum phthalocyanines has been successfully used for both diagnosis and clinical
PDT of various cancers including small lung tumors.

Since Pcs strongly absorb light in the red region, introduction of electron donating
substituents can shift their main absorption band to the near-IR region. Infrared-
absorbing Pcs such as sulphur-substituted Pcs find use in energy conversion and optical
applications for laser thermal transfer, solar screens, optical data storage (ODS) as in
CD-RW and security, e.g. brand protection. Pcs absorbing at around 780 nm to match
the 780 and 830 nm semiconductor lasers are used for ODS whilst for security
applications; Pcs are used in lasers to cover the 700-1000 nm range. Near-IR Pcs have
also been investigated for their non-linear optical (NLO) applications needed for eye
protection against pulsed lasers, photonics and photo electronics. Lead [115] and indium
[116] Pcs have shown to be very good materials for optical limiting as their heavy atom
effect reveal enhanced optical limiting behaviours. MPcs are well known as catalysts for
both homogeneous and heterogeneous reactions, which in most cases involve the
transfer of electrons. Both the catalyst and analyte are in solution for homogeneous
catalysis whereas for homogeneous catalysis, the catalyst is in solid form. For both
homogeneous and heterogeneous systems, reactions are possible through usage of
oxidants such as hydrogen peroxide (H,O,) or may be light-driven and thus promote
reactions photo catalytically.

In homogeneous reactions, MPcs exhibit enzyme-like catalytic activities since they are
similar in structure to protohemes found in home-enzymes that are important for many

biological reactions [117].
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The degree of importance is extended to heterogeneous systems in which MPcs catalyze
a number of environmentically toxic pollutants such as chlorophenols by being
immobilized or supported onto resins [118] or polymer matrixes [119]. Oxidative
decompositions of pollutants such as chlorophenols have been observed with iron,
manganese and cobalt Pcs [120]. Furthermore, MPcs may be insoluble in water-based
reactions and thus can be deposited onto electrodes in order to electrochemically
catalyze reactions [121]. Here, the surface of the electrode is modified in some way
such that reactions are accelerated at the electrode and over potentials significantly
reduced. Modification includes adsorption on the electrode surface thus forming an
electro active film of a chemically modified electrode (CME). Also mixing MPcs with
micro particles such that they become part of the electrode constituents, results in the
formation of a composite paste electrode, e.g. carbon paste electrode.

Oxygen electro reduction to hydrogen peroxide or water [122-124], electro oxidation of
mercaptans, [125-127] hydrazine [128-130] and nitrite [131-132], are some of the

reactions catalyzed by MPcs at the electrode surface.
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Figure 1.11. Typical function of phthalocyanine derivatives.
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As stated above, metallophthalocyanines (MPcs) are unique in terms of physical and
chemical properties, which have resulted to a wide range of applications. Over the years
phthalocyanine complexes have attracted many applications in areas such as catalysis
sensors and photodynamic therapy (PDT).New applications of MPcs are emerging,
these include ink jet printing, electrophotography, photocopying and laser printing,
electrochromic display devices, optical computer re-writable discs and information
storage systems, liquid crystal display devices, photovoltaic cells, fuel cells, molecular

electronics, semi-conductor devices and electrochemical sensors [133].

1.4.1. Pigments and Dyes

The phthalocyanines are widely used in textile, paint, printing ink and plastic industries.
The no colorant applications include catalysts, lubricating greases, analytical reagents,
clinical diagnostic agents and electrical devices.

Although the shade range of the phthalocyanines is rather limited and covers only the
blue green regions of the spectrum, their excellent fastness to light, and high
absorptivity render them apt for many applications. The insolubility of phthalocyanines
necessitates preparation of soluble derivatives for application as dyes for textile fibers.
Phthalocyanine pigments in the fon of aqueous dispersions is used in pad-dyeing with
resin emulsions. Because of their excellent stability to acids, alkalis and solvents
phthalocyanines are particularly useful in spin dying. They have also been used in
coloring polyvinylchloride fibers, viscose, cuprommonium cellulose, nylon, 'perlon L',
etc. Both phthalocyanine blue (copper phthalocyanine) and phthalocyanine green
(copper polychloro phthalocyanine) have found wide use as paint pigments. Metal
surfaces can be coated by forming the metal phthalocyanine directly on them. 804 Large
metal surfaces can be coated with metal phthalocyanine by dipping in a solution of
phthalonitrile in acetone, drying, and subjecting the metal to temperatures of around
3500°C in a sealed oven.

The coating is very adherent and the shade of color depends on the metal used.
Phthalocyanines have been used to color rubber, poly styrene, poly urethane foams,
cellulose acetate sheeting, polyesters, polyamides, vinyl chloride polymers and other

plastic and polymeric materials.
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IS-BB Copper phthalocyanine-sodium sulfonate have been used in photographic
processes to produce colored prints. Copper phthalocyanine is also used as a certified
food color. [134]

1.4.2. Catalyst

The first mention of phthalocyanines as catalyst is on the activation of molecular
hydrogen [135] and found that crystals of phthalocyanine and copper phthalocyanine
catalyze atomic interchange between molecular hydrogen and water vapour, and
oxygen.[136] Phthalocyanines catalyze the oxidation of many organic compounds.[137]
Cobalt, nickel and iron phthalocyanines catalyze the oxidation of a-pinene to verbenone.
Nickel phthalocyanine catalyses the auto oxidation of saturated ketones such as 2-
octanone, 4-heptanone and cyclo hexanone at 120-130°C to adiketones and aldehyte.
The aerobic oxidation of unsaturated fatty acids catalyzed by iron and cobalt
phthalocyanine has been reported. [138]

Iron, cobalt, tin and copper phthalocyanines and their derivatives have been used as
rubber emulsification catalysts. When cobalt tetrasulphophthalocyanine is attached to
poly (vinyl amine) it can catalyze the auto oxidation of thiols. [139]

1.4.3. Electrocatalyst

Keto acids, e.g., pyruvic, phenylpyruvic, a-ketobutyric, a-ketoglutaric and a-keto
isocaproic undergo electrocatalyzed reduction at carbon past electrode modified with
cobalt phthalocyanine.[140] CoPc modified electrodes can catalyze numerous electron
transfer processes in addition to those of hydrazine and thiol compounds.[141] Metal
phthalocyanines have received much attention in the electrocatalytic reduction of
dioxygen.[142] The phthalocyanines assume importance in electrocatalysis for two
reasons:

1) Metal phthalocyanines are structural and electronic analogues of porphyrins whose
electrochemistry is important in understanding electron transfer processes in biological

systems.
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2) Electrocatalytic reduction of dioxygen is important in fuel cells. Of the metal
complexes of phthalocyanine, iron and cobalt have been examined in detail.

Because of the lower solubility of phthalocyanines, water soluble phthalocyanines such
as tetrasulphophthalocyanine [143] and tetracarboxy phthalocyanine [144] have been
used as facile catalysts in aqueous medium. The electrocatalytic activity of dioxygen
reduction was improved at a glassy carbon electrode when modified with
polypyrrole/tetrasulfonatophthalocyaniato  cobalt electrode. [145] The glassy
carbon/polypyrrole/cobalt tetrasulfophthalocyanine (GC/PPY /CoTSP) electrode was
formed by electro polymerization of pyrrole on a glassy carbon electrode in methanol
solution containing CoTSP. Oxygen reduction reaction at the GC/PPY/CoTSP electrode
in O.5M ~SO 4 showed about 0.5V more anodic onset ‘potential than the value
obtained with a GC electrode in the same medium.

The reduction of dioxygen at iron tetrasulfonatophthalocyanine (FeTSP) incorporated
into polypyrrole was also studied.[146] It was found that thicker films are stable and
mediate four-electron reduction of dioxygen. It was indicated that dimeric FeTSP
species are responsible for the marked shift in the reduction onset potential.

Polymeric iron phthalocyanine precipitated on activated carbon, when heated to 200-
5000 °C showed a higher rate of deactivation for the electrochemical reduction of
dioxygen. [147]

The iron, cobalt, copper phthalocyanine function as a catalyst layer and oxygen sensor
in fuel cells and air batteries.[148] A porous electrocatalyst material was prepared by
soaking activated carbon in iron phthalocyanine pyridine solution and in
perfluorodecalin - CClI solution and then mixing with P1Fe. The material in the form of
sheet was bonded on a nickel mesh. The electrode was used in a zinc-air battery having

a discharge current density of 63 mAlcm?.

1.4.4. Electrochromic Displays

Electrochromic (Electrochemichromic EC) effect is the production, by faradaic reaction,
of a color change in materials localized at an electrode surface. A thin film of lanthanide

diphthalocyanine deposited on optically transparent electrode shows change in

absorption spectrum of polarization in contact with an aqueous electrolyte. [149,150]
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Rare earth phthalocyanine can be sublimed onto conducting glass and can therefore be
used as materials for EC displays. These electrochemichromic materials are also useful
for full-color imaging and graphic and alphanumeric displays.[151] The rapid decay of
EC characteristics of rare earth diphthalocyanine film electrodes on potential cycling in
neutral aqueous solution has been considerably retarded by using ethylene glycol as
solvent.[152]

1.4.5. Gas Sensors

Devices based on metal phthalocyanine such as PbPc show useful response towards
NO.. A thin film PbPc sensor has successfully been used to monitor NO" produced by
shone firing in coal mines. [153] Pc based devices offer much promise as resistance
modulating sensors for toxic gases. They are thus complementary to metal oxide
devices which are most useful in the detection of flammable gases. The lanthanide

diphthalocyanine complexes have been used as gas detectors for acidic and basic gases.
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2. MATERIAL AND METHOD

This section sets out to represent the electrochemical methods used to study

phthalocyanines presented in this work.

2.1. Mass Transport

Electrochemistry may be broadly defined as the study of the chemical response of a
system to an electrical stimulation. Electrochemistry may more specifically be defined
as the study of chemical reactions to produce electric power or, on the other hand, the
use of electricity to affect chemical processes or systems. [154]

The three mechanisms of mass transport are migration, convection and diffusion. In
most electrochemical techniques, conditions are chosen so that transport of the electro
active species is affected by a single mechanism, typically diffusion. A description of
each mechanism is given below:

« Migration is the movement of ions under the influence of an electric field. Migrational
effects are removed by adding a large excess of an easily ionisable salt (the supporting
electrolyte) e.g. KCI which dissociates to produce inert ions. These ions become the
migration current carriers and also increase the conductivity of the solution;

« Convection is mass transport resulting from movements of the solution as a whole. In
short experiments (as in this work), convection is not a factor in mass transport provided
the solution is quiescent and the electrodes are stationary;

« Diffusion is mass transport driven by a gradient of chemical potential. Anytime that
the concentration of a molecule or ions (charge is not considered here) is uneven
throughout a solution, mass transport will occur to restore the homogeneity of the

solution.

2.2. The Electrochemical Cell

The normal material for cell construction is Pyrex glass for reasons of both visibility

and general chemical inertness. The size of the cell is variable and depends upon the

volume of the sample being studied.
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Some electrochemical measurements can be run in cells under an atmosphere of air.
Oxygen however is electrochemically active and its solubility in water is sufficiently
high that oxygen reduction interference can be a problem. As a consequence, most
measurements are carried out under an inert atmosphere of either nitrogen or argon. A
three-electrode electrochemical cell (Figure 2.1) is often used in electrochemical
experiments. The electrochemical reaction takes place at the working (or indicator)
electrode (labeled W.E. in Figure 2.1). This is the electrode at which the
electrochemical phenomena being investigated takes place. [155] The working electrode
should provide high signal-to-noise characteristics, including a reproducible response.
[155] Hence working electrode selection depends on essentially two factors: the redox
behavior of the target analyte and the background current over the potential region
required for the measurement. The reference electrode is labeled R. E. in Figure 2.1.
This is the electrode whose potential is constant enough that it can be taken as the
reference standard against which the potentials of the other electrodes present in the cell
can be measured. [155] Reference electrodes with large surface areas are often
employed in order to maintain low current densities and hence minimize polarization.
The complete elimination of reference electrode polarization is only possible with
modern potentiostatic instrumentation based on operational amplifiers. The potentiostat
maintains a potential difference, AE, between the R. E. and W. E., and supplies the
current (i) needed for affecting the changes occurring at the W. E.[156-158] An ideal R.
E. is one whose potential does not shift from equilibrium (non-polarisable).

The other electrode, which is called the counter electrode, serves to complete the
electric circuit and provides a reference potential against which the working electrode’s
potential is measured. Ideally the counter electrode’s potential remains constant so that
any change in the overall cell potential is attributed to the working electrode.

In a dynamic method, where the passage of current changes the concentration of species
in the electrochemical cell, the potential of the counter electrode may change over time.
This problem is eliminated by replacing the counter electrode with two electrodes: a
reference electrode, through which no current flows and whose potential remains
constant; and an auxiliary electrode that completes the electric circuit and through
which current is allowed to flow [159].
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The choice of an electrode material depends greatly on the useful potential range of the
electrode in the particular solvent used and the qualities and purity of the material. One
or more of the following limits the usable potential range: [160]

* Solvent decomposition;

* Decomposition of the supporting electrolyte;

* Electrode dissolution or formation of a layer of an insulating/semiconducting
substance on its surface;

* Poisoning through contact with solutions containing contaminants.

There are several reference electrodes used in electro analytical experiments, silver-
silver chloride (Ag-AgCl) being the most common. This consists of a piece of silver
wire anodized with silver chloride in a glass tube. The wire is in contact with
concentrated KCI or NaCl solution.[161] A semi-permeable salt bridge protects the
electrode from the bulk solution. Many materials have been used as working electrodes.
Mercury, carbon and “inert” (or noble) metals such as gold and platinum have been
found to be essential working electrode materials. The geometry of these electrodes
must also be considered. An inert conducting material, such as platinum wire or
graphite rod, is usually used as the current carrying auxiliary electrode.

Supporting electrolytes are usually used in conjunction with solvents for
electrochemical experiments. The choice of the solvent is based upon the solubility of
the analyte including its redox activity and the solvent properties (e.g. electrical
conductivity, electrochemical activity and chemical reactivity). The solvent should not
react with the analyte (or products) and should not undergo electrochemical reactions
over a large potential range. [162]

Solvent types include water, acetonitrile, dichloromethane, dimethylformamide (DMF),
dimethylsulfoxide (DMSQO) or methanol. Certain applications may require mixed
solvents. Supporting electrolytes are necessary in order to: decrease the resistance of the
solution; eliminate electro migration effects; maintain constant ionic strength (by
eliminating the effects of erratic amounts of naturally occurring electrolyte). The inert
supporting electrolyte may be an inorganic salt, a mineral acid or a buffer. While
potassium chloride or nitrate and sodium hydroxide are usually used when employing
water as a solvent, tetraalkylammonium salts are often utilized in organic media. Buffer

systems (e.g. acetate) are used when pH control is essential.
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The supporting electrolyte should be prepared from highly purified reagents and must
not be easily oxidized or reduced. A large excess of the electrolyte concentration is used
(e.g. 0.1 — 1.0 M).[160]. Supporting electrolytes are required in controlled-potential
experiments to decrease the resistance of the solution, to eliminate electro migration
effects, and to maintain a constant ionic strength. The inert supporting electrolyte may
be an inorganic salt, a mineral acid, or a buffer. While potassium chloride or nitrate,
ammonium chloride, sodium hydroxide, or hydrochloric acid are widely used when
using water as a solvent, tetraalkylammonium salts are often employed in organic
media. Buffer systems (such as acetate, phosphate, or citrate) are used when a pH
control is essential. The composition of the electrolyte may affect the selectivity of
voltammetric measurements. For example, the tendency of most electrolytes to complex
metal ions can benefit the analysis of mixtures of metals. In addition, masking agents
[such as ethylenediaminetetraacetic acid (EDTA)] may be added to “remove” undesired
interferences. The supporting electrolyte should be prepared from highly purified
reagents, and should not be easily oxidized or reduced. The usual electrolyte
concentration range is 0.1-1.0 M, in other words, in large excess of the concentration of
all electro active species. Significantly lower levels can be employed in connection with

ultra micro working electrodes.
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Figure 2.1. A typical three-electrode electrochemical cell.
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2.3 Electroanalytical Methods

Galvanostatic method is also named as Chronopotentiometry and carried out by
applying a constant current between the working and auxiliary electrodes using a
galvanostat. Only a simple, two-electrode configuration is required for galvanostatic
electrolysis. The galvanostat ensures a constant current density and thus a controlled
rate of the electrochemical reaction. Common applications of the galvanostat include
constant current stripping potentiometry and constant current electrolysis. One
advantage of all constant current techniques is that the ohmic drop due to solution
resistance is also constant, as it is equal to the product of the current and the solution
resistance. However, as the reaction proceeds, the potential on the working electrode
may change, new electrochemical processes may occur at different potentials and a
change in the composition or character of the product may result and for that reason,
complications may arise in initiation and propagation steps.

Potentiostatic method is conducted with a three-electrode system. The potential between
the working and reference electrodes is maintained by a potentiostat. An electronic
feedback circuit continually compares and controls the working electrode potential with
respect to the reference electrode. Several factors should be considered in choosing the
appropriate electrolysis potential, including the threshold reaction potential determined
by voltammetry, the potential at which interfering reactions may occur and the desired
rate of the electrochemical reaction. The voltage between the working and the reference
electrode may be called the polymerization potential. By keeping the potential constant,
creation of undesired species is prevented; hence the initiation becomes selective, that
is, through the monomer itself. Chronoamperometry, i.e. measuring the current as a
function of time, is the method of choice to study the kinetic of polymerization and

especially the first steps.

2.3.1 Voltammetry

Voltammetry may be defined as an electrolysis process limited by the mass transport
rate at which molecules move from the bulk of the solution to the electrode. The current
is followed as a function of the potential applied using a three-electrode cell of 1-50 ml

working volume.
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Voltammetric methods are limited to easily reducible or oxidizable compounds and are
more practical for low-level quantification, possessing an extensive linear dynamic
range (10-3 to 10-8 M).

Voltammetry represents a wide range of electrochemical techniques. These techniques
can be used to study the solution composition through current-potential relationships in
an electrochemical cell and with the current-time response of a microelectrode at a
controlled potential.

The advantages of voltammetry quickly demonstrate that it is apotent analytical tool.
The foremost advantage is sensitivity. Voltammetry ranks among the most sensitive
analytical techniques available; it is routinely used for the determination of electro
active substances in the sub-parts per million ranges. Analysis times of seconds are
possible. The simultaneous determination of several analytes by a single scan is often
possible with a voltammetric procedure. Voltammetric techniques have a unique
capability to distinguish between oxidation states that may affect a substance’s
reactivity and toxicology. The theory of voltammetry is well developed, and reasonable
estimates of unknown parameters can be made.

The target of voltammetric studies is to provide a current response for analytes. The
current is related to the concentration of the basis analyte. This is achieved by
monitoring the transfer of electrons throughout redox process of the analyte.

Ox +ne~ - Red (2.1)
Here Ox: oxidized form and red: reduced form of the redox couple. At the electrode

surface at 250 °C according to the Nernst equation:
C
log (=) (2.2)

Here Cox and Cred are concentrations of oxidized and reduced form at the

F = g0 4 0059

electrode surface. Ej is the standard electrode potential for redox reaction.

In direct-current voltammetry using a dropping mercury electrode , it is a formidable
problem to develop an expression for the current at expanding spherical electrode when
the surface concentration is held at zero. The original equation was solved by Ilkovic,
who assumed semi-infinite linear diffusion to an expanding plane rather than to an
expanding sphere. The limiting current or diffusion current is related to analyte
concentration by the Ilkovic equation (Eg. 2.3) and this equation is used in quantitative

analysis.
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iy =708.n.D72.m/3ts C (2.3)

where iq is the limiting current (uA), m is the mass flow rate of Hg through the capillary
(mg/sec), t is the drop lifetime in seconds and C is analyte concentration in mol/cm® , n
is number of electrons involved in overall electrode reaction and D is diffusion

coefficient (cm?/s).
2.3.1.1 Cyclic Voltammetry

A more commonly used variation of the technique is cyclic voltammetry, in which the
direction of the potential is reversed at the end of the first scan. This has the advantage
that the product of the electron transfer reaction that occurred in the forward scan can be
probed again in the reverse scan. In addition, it is a powerful tool for the determination
formal redox potentials, detection of chemical reactions that precede or follow the
electrochemical reaction and evaluation of electron transfer kinetics. The basic shape of
the current response for a cyclic voltammetry experiment is shown in Figure 2.2. At the
start of the experiment, the bulk solution contains only the reduced form of the redox
couple (R), so that at potentials lower than the redox potential, i.e. the initial potential,
there is no net conversion of R into O, the oxidized form As the redox potential is
approached, there is a net anodic current that increases exponentially with potential. As
R is converted into O, concentration gradients are set up for both R and O, and diffusion
occurs down these concentration gradients. At the anodic peak , the redox potential is
sufficiently positive that any R that reaches the electrode surface is instantaneously
oxidized to O.

Upon reversal of the a net reduction of O to R occurs which causes a cathodic current
that eventually produces a peak shaped response If there is no reversal of potential then

a Linear Sweep voltammogram is obtained.
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Figure 2.2. A typical cyclic voltammogram for a reversible system.

If a redox system remains in equilibrium throughout the potential scan, the
electrochemical reaction is said to be reversible. This is to say equilibrium requires that
the surface concentrations of O and R be maintained at the values required by the
Nernst equation. Under these conditions, the following parameters characterize the
cyclic voltammogram of the redox process:

* The peak potential separation (Epa - Epc) is equal to 59/n mV for all scan rates

where n is the number of electron equivalents transferred during the redox

process;

* The peak width is equal to 28.5/n mV for all scan rates;

* The peak current ratio (ipa/ipc) is equal to 1 for all scan rates.

Cyclic voltammetry (CV) is the most widely used technique for acquiring qualitative
information about electrochemical reactions. The power of CV results from its ability to
rapidly provide considerable information on the thermodynamics of redox processes
and the kinetics of heterogeneous electron transfer reactions and on coupled chemical

reactions or adsorption processes.
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CV is often the first experiment performed in an electro analytical study. In particular, it
offers a rapid location of redox potentials of the electro active species, and convenient
evaluation of the effect of media on the redox process.

Cyclic voltammetry involves the reduction and oxidation of the species. Oxidation
occurs on application of a positive going potential, an increase in the peak current with
an increase in the potential is observed until the potential where the analyte is oxidized
is reached. Thereafter a decrease in current occurs. The reduction of the species occurs
with application of a negative going potential. The movement of the species to the
electrode can be facilitated by migration, convection and diffusion. Diffusion is the
movement of analyte due to concentration gradient. The latter is the one that is of
interest when dealing with electro analytical reactions. When working with
voltammetry, specifically cyclic voltammetry, a system can be characterized as a
reversible, quasi-reversible and irreversible. This is dependent on the ease of the redox
reaction of the species and whether both the oxidized and reduced species are redox
active. A reversible system shows the redox reaction of the species in the forward scan
followed by the redox reaction upon application of a reverse scan. An irreversible
system is observed by the occurrence of a forward peak with a peak in the reverse
direction being very weak or not observed at all due to failure to regenerate the starting
electro active species. A shift in the potential with change in scan rates is observed for
an irreversible system because of the slow electron transfer.

The problem with cyclic voltammetry is that it has high background currents due to the
charging current, this limits sensitivity. Hence another voltammetric method such as
square wave voltammetry has to be used concurrently with cyclic voltammetry to
increase the sensitivity.

Conclusions can also be drawn from the cyclic voltammograms regarding the rate of
charge transfer, charge transport processes, and the interactions that occur within the
polymer segments, at specific sites and between the polymer and the ions and solvent
molecules. For very thin films and/or at low scan rates, when the charge transfer at the
interfaces and charge transport processes within the film are fast, i.e., electrochemically
reversible (equilibrium) behavior prevails, and if no specific interactions (attractive or

repulsive) occur between the redox species in the polymer film.
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2.3.1.2 Pulse Voltammetry

The potential step is the basis of pulse voltammetry. Pulse techniques were initially
developed for the dropping mercury electrode, the objective being to synchronize the
pulses with drop growth and reduce the capacitive current contribution by current
sampling at the end of drop life. After applying a pulse of potential, the capacitive
current dies away faster than the faradaic current; thus the current is measured at the end
of the pulse [163].

Normal Pulse Voltammetry (NPV)

This technique uses a series of potential pulses of increasing amplitude. The current
measurement is made near the end of each pulse, which allows time for the charging
current to decay. It is usually car- ride out in an unstirred solution at either DME (called
normal pulse polarography) or solid electrodes. The potential is pulsed from an initial
potential Ei . The duration of the pulse, t, is usually 1 to 100 msec and the interval
between pulses typically 0.1 to 5 sec. The resulting voltammogram displays the sampled
current on the vertical axis and the potential to which the pulse is stepped on the

horizontal axis. [164]
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Figure 2.3. Normal pulse voltammetry. (a) operation and (b) response.
Differential Pulse Voltammetry (DPV)

DPV is an extremely useful technique for measuring trace levels of organic and
inorganic species. In DPV, fixed magnitude pulses superimposed on a linear potential
ramp are applied to the working electrode at a time.

The current is sampled twice, just before the pulse application and again late in the
pulse life, when the charging current has decayed). The first current is instrumentally
subtracted from the second, and this current difference is plotted against the applied
potential.

This technique is comparable to normal pulse voltammetry in that the applied potentials
are an overlapping of a fixed amplitude pulse and a linear potential ramp. However, it
differs from normal pulse voltammetry because each potential pulse is fixed, of small
amplitude (10 to 100 mV), and is superimposed on a slowly changing base potential.
Current is measured at two points for each pulse, the first point just before the
application of the pulse and the second at the end of the pulse. These sampling points

are selected to allow for the decay of the nonfaradaic (charging) current.

36



The difference between current measurements at these points for each pulse is
determined and plotted against the base potential.

2.3.1.3 Square Wave Voltammetry

Square Wave Voltammetry (SWV) is a useful method for studying redox reactions with
overlapping waves. This type of polarography is often named Osteryoung Square Wave
Voltammetry. In SWV a square wave potential superimposed to a staircase potential is
applied to the working electrode.

For reversible processes the peaks are Gaussian shaped and the peak potentials (Ep) are
equal to the half potentials (E1,) of the redox processes. An estimate of the number of
electrons (n) involved in the redox process under each peak can be obtained from the
peak height (i.e. the peak current), which is approximately proportional to n. A more
exact evaluation of the number of electrons involved can be calculated from the half
peak widths (W3y,) which depend on factors such as temperature and the number of
electrons involved.

The ability to analyze both the forward and reverse currents as well as the net current in
Square Wave Voltammetry proves useful as information about reaction reversibility can
be obtained easily. Square wave voltammetry (SWV) is a sensitive electro analytical
technique used to investigate redox reactions that may otherwise be impossible with
CV. The more popular technique is known as Osteryoung square wave voltammetry
(OSWV) after its inventors in the 1950s [165]. Current signals are sampled at two
points, the difference of which is plotted as a function of applied potential, such that
peaks rather than voltammetric waves are observed.

SWV eliminates the charging current caused by the electrode double layer, thus an
increased signal-to-noise ratio results. Therefore shortcomings observed with CV, e.g.
overlapping or closely spaced peaks with poor resolution are overcome by SWV.
Optimal peak separation, greater analysis speed, lower electro active species
consumption and lower detection limits of up to 10-8 M, are advantages that can be
obtained with this technique.
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Figure 2.5. Typical Square Wave voltammogram.

2.3.2. Spectroelectrochemistry

Spectroscopic measurements can be carried out concurrently with electrochemical
control, with each technique providing complementary information about the chemical

systems of interest. These studies mainly involve two modes, transmission and

reflection, and the measurements can be in situ or ex situ.
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In transmission experiments, the typical setup involves a light beam passing through the
working electrode. Spectroelectrochemistry allows the simultaneous acquisition of
electrochemical and spectroscopic data . In spectroelectrochemistry, the current and

spectral absorbance bands are concurrently monitored.
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Figure 2.6. Typical Spectroelectrochemical Cell.

Spectroelectrochemistry may also be used to characterize the products of oxidation or
reduction of redox complexes. The use of spectroelectrochemistry in MPc studies is
based on the well known fact that the spectra of ring-based processes drastically affects
the Q band while the metal-based redox processes result only in the shift in the Q band
without much change in intensity. Spectroelectrochemistry may consequently be used
to: monitor electron transfer reactions; investigate the stability of the oxidation or
reduction products; determine the reversibility of an electrochemical reaction.
Information gathered from spectroelectrochemistry can be applied to Faraday’s Law,
equation 2.4:

Q =nFvco [2.4]
where Q is the charge read from the spectroelectrochemical instrument; F is Faraday’s
constant, v is the volume (usually 0.5 ml), and the initial concentration, co, is attained
from Beer’s Law (A = gcol). Hence one may find n, the number of electrons occurring
in the electrochemical process.

The main problem encountered in in situ spectroelectrochemical experiments is that
light must be able to pass through the electro analysis cell, so everything (cell walls,

solution, and electrode) must be highly transparent.
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To construct a cell from quartz or silica is simple, and to work with transparent
solutions is generally problem-free, but transparent electrodes are a greater challenge.
Nevertheless, the use of a wire mini-grid optically transparent electrode (OTE)
overcomes this challenge. Modern methods commonly use a relatively cheap, thin (~0.3
um) film of a semiconductor: either tin oxide doped with fluoride (SnO,:F) or indium
doped with tin oxide otherwise known as indium-tin oxide (ITO). This is a method that
makes use of spectroscopy with electrochemistry. The simplest spectroelectrochemical
method is the one that makes use of UV/Visible spectroscopy. There is passage of
charge while a change in the species is monitored by the change in absorption. There are
two modes that can be utilized when using UV/visible spectroscopy. There is use of
optically transparent electrodes (OTES); these can be made of thin film semiconductors
such as tin oxide and indium oxide or a fine wire mesh that is made of metals such as
platinum, gold.

There is also the use of an optically transparent thin layer electrode (OTTLE), which is
an enclosed chamber with the electrodes within the chamber together with the solution.
Spectroscopic changes can be observed within a shorter time-frame, in seconds when
making use of the OTTLE cell because of the low volumes used, 30-50 pl.
Spectroelectrochemical experiments can be used to probe various adsorption-desorption
processes. In particular, changes in the absorbance accrue from such processes can be
probed utilizing the large ratio of surface area to solution volume of OTEs with long
optical path length. In addition to transmission experiments, it is possible to use more
sensitive reflectance protocols. In particular, in internal reflectance, spectroscopy (IRS)
the light beam is introduced to the electrode at an angle, and the spectrum is recorded
from the reflected beam at the solid/solution interface. Prisms are used to allow the
radiation enter and leave. In addition to its higher sensitivity, IRS is less prone to

solution resistance effects.
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2.4 Electrode Modification (Chemically Modified Electrode)

Compared with other electrode concepts in electrochemistry, the distinguishing feature
of a CME( is that a generally quite thin film (from a molecular monolayer to perhaps a
few micrometers-thick multilayer) of a selected chemical is bonded to or coated
on the electrode surface to endow the electrode with the chemical,
electrochemical, optical, electrical, transport, and other desirable properties of the
film in a rational, chemically designed manner. The range of electrode surface
properties includes, but is more diverse than, that of ion-selective electrodes
(ISEs) which also involve, in their highest forms, rational design of the phase-
boundary, partition and transport properties of membranes on or between electrodes.
While CMEs can operate both amperometrically (or voltammetrically) and
potentiometrically, they are generally used amperometrically, a faradaic (charge
transfer) reaction being the basis of experimental measurement or study, whereas
ISEs are generally used in potentiometric formats where a phase-boundary potential
(interfacial potential difference) is the measured quantity [166]. Gas-sensing
electrodes (e.g., for CO0,, NHs, NO)) are also potentiometrically based [167]
although the oxygen electrode, which functions amperometrically, is an exception
[168].

Chemically sensitive field effect transistors (CHEMFETs) are basically non-
faradaic electrode systems in which electric field variations in the semiconductor gate
region control the magnitude of the source-drain current [169]. Enzyme-based
electrodes detect the product(s) of a reaction between an immobilized enzyme layer
and a reaction substrate in many ways, including both amperometric and

potentiometric means.
2.4.1.Dip-Coating
Dip-coating is an ideal method to prepare thin layers from chemical solutions since it is

a low-cost and waste-free process that is easy to scale up and offers a good control on
thickness.
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For such reasons, it is becoming more and more popular not only in research and
development laboratories, but also in industrial production, as testified by the increasing
number of annual publications.

This procedure consists of immersing the electrode material in a solution of the
polymer for a period sufficient for spontaneous film formation to occur by adsorption.
The film quantity in this procedure may be augmented by withdrawing the electrode

from the solution and allowing the film of polymer solution to dry on the electrode.

2.4.2.Spin coating

In the spin coating process, solution is first deposited on the substrate, and the substrate
is then accelerated rapidly to the desired rotation rate. Liquid flows radially, owing to
the action of centrifugal force, and the excess is ejected off the edge of the substrate.
The film continues to thin slowly until disjoining pressure effects cause the film to
reach an equilibrium thickness or until it turns solid-like due to a dramatic rise in
viscosity from solvent evaporation. The final thinning of the film is then due solely to
solvent evaporation. An excellent description of the basic principles involved in the
spin coating process is given in a review by Bornside, Macosko, and Scriven. A
droplet of a dilute solution of the polymer is applied to the surface of a rotating
electrode. Excess solution is spun off the surface and the remaining thin polymer film is
allowed to dry. Multiple layers are applied in the same way until the desired thickness is

obtained. This procedure typically produces pinhole-free thin films.

2.4.3.Electrochemical Polymerization

A solution of monomer is oxidized or reduced to an activated form that polymerizes to
form a polymer film directly on the electrode surface. This procedure results in few

pinholes since polymerization would be accentuated at exposed (pinhole) sites at the
electrode surface. Unless the polymer film itself is redox active, electrode passivation

occurs and further film growth is prevented.
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2.4.4. Langmuir-Bloddget Films

The Langmuir-Blodgett (LB) technique is one of the most promising methods for the
preparation of thin films as it enables ;

e Precise control of the monolayer thickness,

e Homogeneous deposition of the monolayer over large areas and

e The possibility to make multilayer structures with varying layer composition.
An additional advantage of the LB technique is that monolayers can be deposited on
almost any kind of solid substrate.
There exists a wide range of surfactants with an amphiphilic nature which drastically
lower the surface tension of water. Many of these amphiphilic substances insoluble in
water can, with the help of a volatile and water insoluble solvent, be easily spread on a
water surface to form an insoluble monolayer at the air/water interface. These
monolayers, also called Langmuir (L) films, represent the extreme case when
considering adsorption to interfaces because all molecules are concentrated in a one
molecule thick layer at the interface. The amphiphilic nature of the surfactants dictates
the orientation of the molecules at the interface (air/water or oil/water) in such a way
that the polar head group is immersed in the water and that the long hydrocarbon chain
Is pointing towards air, gas or oil.
The hydrocarbon chain of the substance used for monolayer studies has to be long
enough in order to be able to form an insoluble monolayer. A rule of thumb is that there
should be more than 12 hydrocarbons or groups in the chain ((CH,)n, n > 12). If the
chain is shorter, though still insoluble in water, the amphiphile on the water surface
tend to form micelles.
These micelles are water soluble, which prevents the build-up of a monolayer at the
interface. On the other hand if the length of the chain is too long the amphiphile tends
to crystallize on the water surface and consequently does not form a monolayer. It is
difficult to determine the optimal length for the hydrocarbon chain because its film

forming ability also depends on the polar part of the amphiphile.
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Furthermore, the amphiphile has to be soluble in some organic solvent which is highly
volatile and water insoluble (to transport the surfactant to the surface, chloroform or
hexane is commonly used). Langmuir-Blodgett films are built up by a process of
successive deposition of individual Langmuir monolayers onto a solid substrate.

The monolayer is formed by spreading the organic molecules on the water subphase.
The molecules usually have hydrophilic (head) and hydrophobic (tail) parts, so when
the film is formed the molecules stand on their heads. When the molecules first are
spread on the water they are very loosely packed and form a so called gas phase. This
means that the area on the water available for each molecule is rather large and the
surface pressure is low. The surface pressure is usually measured using a Wilhelmy
plate and a precision scale. The surface pressure can be increased by means of one or
two sliding barriers. At a certain point the surface pressure starts to rise more rapidly
indicating a transition to the liquid phase. As the barrier is moved even further the onset
of the solid phase can be noted by an even steeper rise in the surface pressure.

Monolayer Phases
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Molecular Area

Figure 2.7. Surface pressure - area isotherm.
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One or more monolayers can be transfered to a substrate by dipping the substrate
through the monolayer. The monolayer is kept uniform by controlling the surface

pressure with the barriers throughout the process.
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Figure 2.8. Deposition of a monolayer on a solid substrate.
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3. RESULTS AND DISCUSSION

3.1.Experiments

Electrochemical analyses of the complexes were investigated in solution to propose
possible applications of the complexes in electrochemical technologies.This chapter
consists of the materials (chemical reagents used for electrochemical and
spektroelectrochemical measures,) equipment and experimental procedures used in this

study.
3.1.1 Materials

Ultra pure dimethylsulfoxide (DMSO),dichloromethane (DCM), Acetonitrile (AN)
electrochemical grade tetrabutylammonium perchlorate (TBAP), other reagents were
purchased from Aldrich and used without further purification. MPcs used in this thesis
were obtained from the authors of the published papers.Triple distilled water was used
as solvent for electrocatalytic measurements. A platinum disk electrode, glassy carbon
electrode (GCE), and an indium tin oxide (ITO) plate were purchased from BAS and
SPI Supplies respectively. All sensor applications were performed in phosphate-buffer
solution (0.1 mol.dm™ KH,PO, + 0.1 mol.dm™ H3sPO,) containing 0.1 mol.dm™ LiCIO,

as supporting electrolyte.
3.1.2 Apparatus and Experimental Procedures

The electrochemical measurements were carried out with Gamry Reference 600
potentiostat/galvanostat controlled by an external PC and utilizing a three-electrode
configuration at 25 °C. The working electrode was a Pt disc with a surface area of 0.071
cm?. A Pt wire served as the counter electrode.

Saturated calomel electrode (SCE) was employed as the reference electrode and
separated from the bulk of the solution by a double bridge. Electrochemical TBAP in
ultra pure DCM and/or DMSO were employed as the supporting electrolyte at a

concentration of 0.10 mol dm-3.
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High purity N, was used to remove dissolved O, at least 15 minute prior to each run and
to maintain a nitrogen blanket during the measurements.

UV-Vis absorption spectra and chromaticity diagrams were recorded by an Ocean
Optics QE65000 diode array spectrophotometer. In situ spectroelectrochemical
measurements were carried out by utilizing a three-electrode configuration of thin-layer
quartz thin-layer spectroelectrochemical cell at 25°C. The working electrode was a
semipermeable Pt sheet. Pt wire counter electrode separated by a glass bridge and a
SCE reference electrode separated from the bulk of the solution by a double bridge were
used. In situ electrocolorimetric measurements, under potentiostatic control, were
obtained using an Ocean Optics QE65000 diode array spectrophotometer at color
measurement mode by utilizing a three-electrode configuration of thin-layer quartz
spectroelectrochemical cell.

Langmuir experiments were carried out using a KSV/Nima 5000. 0.1 M CdCl,
dissolved ultrapure water (resistivity greater than 18M/cm) from a Milli-Q Millipore
system was used as the subphase (pH 5.9). LB films were prepared by spreading
chloroform solution of the compounds on subphase. A 100 pl aliquot of the spreading
solution was uniformly spread over the aqueous subphase by adding small drops at
different locations on the water surface. A time period of 15 min was allowed for the
solvent to evaporate before the area enclosed by the barriers was reduced. The n—A
isotherm was recorded using a compression speed of barriers of 10 mm mint. A
surface pressure (m) vs. molecular area isotherm was measured to characterize the
quality of the monolayer on the subphase. The surface pressure was measured by the
Wilhelmy method. After 30min waiting for the stabilization of the monolayer, a vertical
dipping procedure was performed at the selected surface pressure with a speed of 5 mm
min~* for both the down and up strokes to transfer the monolayer on the ITO substrates.
LB film samples were left to dry after each up stroke. 20 monolayers were transferred to
the ITO glass by Y-type deposition.

To characterize the coating ability of the LB film, a transfer ratio was calculated by
dividing the area of deposited film by the area of substrate. Sensor measurements of the
modified electrodes were carried out in aqueous solution with the CV and SWV

techniques.
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During the measurements in solid state, first of all, an adequate number of SWV cycles
were applied to reach the steady state and then, metal ion solutions were added to the

aqueous solution gradually. After an efficient stirring, SWVs and CVs were recorded.

3.2  Results and Commentary

3.2.1. Titanyl derivatised phthalocyanines

The solution redox properties of the complexes (shown in Figure 3.1.) were studied
using CV, DPV,SWV and CPC in DCM and/or DMSO on platinum electrode.

2 RO RO
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)

Figure 3.1. Structure of TiOPc complexes. B-TiOPc: Titanyl phthalocyanine
nonperipherally tetra substituted with 3,4-(methylendioxy)-phenoxy moieties; o -TiOPCc:
Titanyl phthalocyanine peripherally tetra substituted with 3,4-(methylendioxy)-phenoxy
moieties; octa-TiOPc: Titanyl phthalocyanine peripherally octa substituted with 3,4-

(methylendioxy)-phenoxy moieties.
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Table 3.1 lists the assignments of the redox couples and estimated electrochemical
parameters including the half-wave peak potentials (E1/2), ratio of anodic to cathodic
peak currents (I,4/1pc), peak to peak potential separations (AEp), and difference between

the first oxidation and reduction processes (AE1/2).

3.2.1.1. Titanyl phthalocyanine nonperipherally tetra substituted with 3,4-
(methylendioxy)-phenoxy moieties (f —TiOPCc)

CV and SWV responses of peripherally tetra substituted TiOPc ( — TiOPc) is shown in
DCM/TBAP electrolyte system.(Fig. 3.2.) B-TiOPc displays five well-resolved
electrochemically reversible and diffusion controlled reduction (R1 at -0.22 V, R2 at -
1.00 V,R3at-1.40 V, R4 at -1.40 V and R5 at -1.40 V) and two irreversible oxidation
processes (O1 at 0.95 V and O2 at 0.95 V). SWVs clearly show the chemical and
electrochemical reversibility of the redox processes (Fig. 3.2b). When compared with
the responses of internal reference ferrocene, AE, values of all reduction processes of j3-
TiOPc are in electrochemical reversibility range. The effect of coupled chemical
reactions to the electron transfer reactions is illustrated with I./1,¢ ratio change as a
function of the scan rate.
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Figure 3.2. (a) Cathodic CVs of B-TiOPc at various scan rates on a Pt working
electrode in DCM/TBAP and (b) SWV of B -TiOPc recorded with SWV parameters:
step size = 5 mV; pulse size = 100 mV; Frequency = 25 Hz.
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Table 3.1Voltammetric data of the complexes with the related MPcs. All voltammetric data were given versus SCE.

Complex Pct/Pc? Pc/Pct  TiVO/Ti"O Ti"o/ Ti"O Pc*/Pc” Pc¥/Pc* Pc*/Pc> YAE Ref
TiOPc (B) *Eup 1.54° 1.02 -0.53 -0.86 -0.71 -1.02 1.74° 155
(in DCM) "AE, (MV) - - 63 58 55 62 - tw
Ipallpe - - 0.92 0.67 0.85 0.80 -
TiOPc (B) :El/z 0.85 0.55 -0.44 -0.79 -0.59 -0.94 -1.64 1.00
, AE, (mV) 84 75 80 66 61 - - tw
(in DMSO) 1/l 0.27 0.33 0.95 0.98 0.92 . .
TiOPc (a) Eun - 0.82 -0.55 -0.91 -0.74 -1.09°  -1.45° 0.98
(in DCM) "AE, (MV) - 86 80 107 90 ] . w
lpallpe - 0.77 0.58 0.47 0.66 - -
TiOPc (octa) Ewn - 0.52 -0.38 -0.67 -0.86 -1.23 -1.56 1.00
(in DCM) "AE,(MV) - - 120 91 100 85 - tw
“lpallpe - - 0.88 0.86 0.92 0.92 -
AE, (MV) - - 170 110 100 150 - tw
“lpallpe - - 1.10 0.95 0.56 0.45 -
TiOPc (in DCM) Epp 0.73 -0.54 -0.92 -1.81 32
TiOPc (in DCM) *Ep 1.03 -0.43 -0.72 -1.50 21
TiOPc (in DMSO) *Ep 0.54 -0.73 -1.19 22
TiOPc (in DCM) Eyp 0.75 -0.45 -0.85 -1.13 38

%:Eyp, values ((Epat+Epc)/2) were given versus SCE) at 0.100 Vs? scan rate. °; AEp= Epa-Epe. “ilp a1, for reduction ,1, /1, , for oxidation processes.d:AEm = Ey, (first oxidation)-
Eup, (first reduction). ®: Recorded by SWV. tw: This work



The first reduction process is purely diffusion controlled with respect to unit I s/, ratio
at all scan rates. However, while the 1,./l,c ratio of Ry is unity at fast scan rates, it
decreases at slow scan rates and reverse couple of the process disappears completely at
scan rates slower than 50 mVs™. These behaviors indicate presence of a chemical
reaction after the R; process. SWV measurements recorded with different initial
potentials also support the presence of this chemical reaction.

When the reverse SWV scan starts from -1.50 V (blue SWV), the reverse couple of all
reduction process are present. However, when the reverse SWV shifts to -1.90 V,
reverse couple of R; disappears and that of Rs decreases in current intensity. These
voltammetric behaviors indicate the presence of a chemical reaction succeeding the
electron transfer processes.

The effects of vertex potential to the electrochemical behaviors of B - TiOPc in
DCM/TBAP electrolyte system are illustrated in Fig. 3.3. During the cathodic potential
scans at 0.10 Vs scan rate, shifting of the vertex potential to the more negative
potentials slightly decrease the reverse couple of the reduction processes due to the

presence of a slow chemical reaction.
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Figure 3.3. CVs of B -TiOPc recorded with different switching potentials (a) for
reduction; (b) for oxidation processes at 0.100 Vs-1 scan rate on a Pt working electrode
in DCM/TBAP.

o1



Repetitive CV scans after the vertex application applications do not affect the reduction
processes considerably. However irreversible oxidation couples decreases continuously
in current intensity during the vertex and repetitive CV applications. This behavior
indicates presence of a fast chemical reaction which is the reason of the chemical

irreversibility of the oxidation processes.
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Figure 3.4. CVs (recorded with various vertex potential) and SWVs of B -TiOPc
recorded during cathodic potential scan (a), and during anodic potential scan (b) at
0.100 Vs-1 scan rate on a Pt working electrode in DMSO/TBAP.

CV and SWVs were also recorded in DMSQO, a coordinating polar solvent to investigate
the solvent effect to the electrochemical behavior of the complex, B - TIOPc, (Fig. 3.4).
B - TiOPc illustrates very similar voltammetric behaviors in both solvents, DCM and
DMSO. Only the difference is the positions of the electron transfer reactions.

The reduction reactions shift approximately 10 mV towards the positive potentials,
oxidation processes shift to negative potentials approximately 470 mV. Thus B - TiOPc
is easily oxidized and reduced in DMSO.
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All reduction processes are chemically and electrochemically reversible in DMSO,
while a chemical reaction is coupled to the oxidation processes in DMSO.

In situ spectroelectrochemical studies were employed to perform the assignments for the
redox processes recorded with the CVs and SWVs of the complexes and to investigate
effect of the solvent to the peak assignments. The reduction of Ti'VOPc? species has
been a subject of some controversy, with some reports proposing ring reduction and
others suggesting metal reductions followed with the ring reduction processes.

To analyze the effect of the position of the substituents to the assignments of the redox
couples of TiOPcs, spectroelectrochemical measurements of g-TiOPc in DCM/TBAP
electrolyte system were performed in Fig. 3.5. The Q-band corresponding to the neutral
[Ti'YOPc 2] species shifts from 703 to 693 nm with increasing in the intensity during the
controlled potential reduction of B -TiOPc at —0.60 V (Fig. 3.5a). Moreover while the B
band at 295 nm ant the band at 435 nm decrease, a new band increases at 341 nm. As
shown in Fig. 3.5a, the process occurred with clear isosbestic points at 330, 367, 577,
and 710 nm in the spectra which demonstrate that there is no chemical reaction
complicating the electron transfer reaction. These spectral changes are typical for a
metal-based reduction process of titanyl phthalocyanine complexes, and assigned easily
to [Ti'VOPc?] / [Ti""OPc )" process Under the applied potential at —0.75 V, the Q
band at 693 nm decreases without shifting, while a new band is recorded at 590 nm.
Moreover, small new bands are also recorded at 626 and 763 nm. These spectral
changes are easily assigned to a ring reduction process, [Ti"'OPc™?]*/[Ti"'OPc®]
redox process.

Because during the ring reduction reaction of MPc complexes, while the Q band
decreases in intensity without a shift, new bands are recorded at MLCT regions. Fig.
3.4b inset indicates the spectral changes recorded during the third reduction reaction of
B -TiOPc at -0.90 V. During this process, the Q band at 693 nm decreases without shift
and finally disappears completely. At the same time the band at 590 nm shifts to 570 nm
with increasing, while a new band is recorded at 535 nm. These spectral changes
characterizes a ring-based reduction process and assigned to [Ti"'OPc*]%/[Ti"'OPc*]>.
The spectral changes during the fourth reduction process indicate a metal-based
reduction process (Fig.3.5c).
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Figure 3.5. In situ UV-Vis spectral changes of B-TiOPc in DCM/TBAP. a) Eapp=-0.60
V. b) Eapp=-0.75 V (Inset: Eapp=-0.95 V). ¢) Eapp=-1.20 V. d) Chromaticity diagram
(each symbol represents the color of electro-generated species; O : Ti'YOPc? , O :
Ti"oprc?, A : Til'opc?, v : Ti'orc?, € : Ti'opPc™,

Because, the band at 590 nm shifts to 530 nm, while the band at 630 nm disappears
completely. These spectral changes are easily assigned to [Ti"'OPc™*]*/[Ti"OPc™]™. B -
TiOPc decomposed during the oxidation reaction, since all bands decrease in intensity.
Color changes of the B -TiOPc in solution during the redox processes were recorded
with in situ electrocolorimetric measurements and given in Fig. 3.5d.

Without any potential application, the solution of § -TIOPc is green (x = 0.3252 and y =
0.3746) (point in Fig. 3.5d). As the potential is stepped from 0 to -0.55 V, the color of
the neutral B -TiOPc starts to changes and a bluish green color (x = 0.2879 and y =
0.3541) of monoanionic [Ti"'OPc 2] was obtained at the end of the first reduction.
Similarly the color of the complex changed during the further reduction processes, blue
(point in Fig. 3.5d), dark blue (point in Fig. 3.5d) and a purple color (point in Fig.

3.5d) are obtained sequentially for the reduced species.
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When we collect the responses of CV, SWV and spectroelectrochemical measurements
and the data from the literature, we can propose the following mechanism for the
electrochemical responses of B-TiOP¢ and o—TiOPc in DCM.

3.2.1.2. Titanyl phthalocyanine peripherally tetra substituted with 3,4-
(methylendioxy)-phenoxy moieties (a —TiOPc)

CV and SWV of a- TiOPc in DCM/TBAP are represented in Fig. 3.6. Within the
electrochemical window of DCM/TBAP in CV measurements, o - TiIOPc complex
undergoes an irreversible one-electron oxidation, and four reversible one-electron

reduction processes.
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Figure 3.6. CVs (recorded with various vertex potential) (a) and SWVs (b) of a-TiOPc

at 0.100 Vs-1 scan rate on a Pt working electrode in DCM/TBAP.

When compared with the voltammetric responses of - TiOPc, redox processes of o -
TiOPc shift to the negative potentials. It is well documented that electron releasing
ability of a substituent at o position is more dominant that those at 3 position. Thus the
results are in harmony with the literature. Moreover presence of the substituents at o
position decreases the reversibility of the TiOPc complex. As shown in Fig. 3.6 and

Table 1 the redox processes of o -TIOPc are all chemically irreversible at all scan rates.
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Chemical and electrochemical reversibility is illustrated by the similarity of the peak
currents and symmetry of the peaks in the forward and reverse SWVs (Fig. 3.6a).
Changing the vertex potential affects the peak character of the oxidation process as
shown in Fig. 3.6b. When the potential is shifted from the just positive sides of the O
process, O; has a electrochemically irreversible character and the process is diffusion
controlled. However when the potential goes to the more positive potentials, a chemical
reaction occurs and the product of this chemical reaction gives a cathodic wave R(CP)
at 0.45 V during the reverse scan.

Fig. 3.7. illustrates the spectral changes recorded during the reduction reactions of o -
TiOPc in DCM. When the spectral changes of a —TiOPc are compared with those of f3 -
TiOPc, it is clear that both complexes have similar spectral changes during the electron

transfer reactions.
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Figure 3.7. In situ UV-Vis spectral changes of a-TiOPc in DCM/TBAP. a) Eap,= -0.60
V (Ry). b) Eapp=-0.80 V (Ry) (Inset: Ezpp=-0.95 V (Rs) ). €) Eapp=-1.20 V (Ry)
(Inset: Eapp= -1.70 V (Rs) ). d) Chromaticity diagram (each symbol represents
the color of electro-generated species; OI: Ti'VOPc?, O: Ti""OPc?, A: Ti"OPc

3 7: Ti"opc? O Ti'"oPc? W - Ti"OPC®.
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As shown in Fig. 3.7a, the Q band of at 723 nm shifts to 694 nm during the first
reduction process, which can be easily assigned to [Ti'™VOPc™?] / [Ti"'OPc™?]™ process.
Spectral changes shown in Fig. 3.7b and Fig. 3.7b inset recorded during the second and
third reduction processes are characteristic changes for ring reduction processes.
However the spectral changes given in Fig 3.7c are characteristic changes for a metal
based reduction reaction. Similarly a —TiOPc decomposed during the oxidation reaction
like B -TiOPc. Distinct color changes recorded during the electro transfer reactions are
represented in Fig 3.7d. The responses of CV, SWV and spectroelectrochemical
measurements of oo —TIOPc indicate the presence of same mechanism illustrated in eq.
[3.1] proposed for § -TiOPc in DCM.

E.;2=080V  [TiVQPc=2]  Euja=-048V Eij2=—063V

Decgmpgse 4._=~ o 4,_=u [TIH‘!GPC_E]:L_ '“=' [TIIHGPC_H]E_
original complex

Ey 4 =—0.33V Ey ;p=—0.99V s 1a=—170V

== [TM0Pc™*]*" e——= [T 0Pc ¥ ——= [THOPc ]~ [31]

Octa-TiOPc has different electron transfer mechanism than those of  -TiOPc and o —
TiOPc complexes. With respect to spectroelectrochemical measurements, while the first
two reduction reactions are metal based, the following ones are ring based processes for
octa-TiOPc. This order is different for B -TiOPc and a —TiOPc complexes as illustrated
in eq.[3.1].

3.2.1.3. Titanyl phthalocyanine peripherally octa substituted with 3,4-
(methylendioxy)-phenoxy moieties (octa-TiOPCc)
The CV of octa-TiOPc in DMSO/TBAP is represented in Fig. 3.8. Within the

electrochemical window of DCM/TBAP in CV measurements, octa-TiOPc complex
gives an irreversible one-electron oxidation, and five one-electron reduction processes.
When compared with the voltammetric responses of B-TiOPc, tetra substituted complex,
the redox processes of octa-TiOPc shift to the positive potentials. General behaviors of

all redox reactions have similar trend for both octa and tetra substituted complexes.
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But,the redox processes of octa-TiOPc shift to the positive potentials with respect to

the voltammetric responses of B-TiOPc, and a -TiOPc complexes.
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Figure 3.8. CVs of octa-TiOPc recorded with various vertex potential at 0.100 Vs-1
scan rate on a Pt working electrode in DMSO/TBAP.

As illustrated in Fig. 3.9a, the Q band of octa-TiOPc shifts from 701 nm to 689 nm with
slight decreasing under the applied potential of -0.50 V. This spectral change is
characteristic changes for a metal based reduction, thus can be easily assigned to
[TiYOPc 2/ [Ti""OPc 2] process.
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Figure 3.9. In situ UV-Vis spectral changes of octa-TiOPc in DCM/TBAP. a) Eapp= -
0.50 V. b) Eapp=-0.75 V(Inset: Eqpp=-1.00 V). ¢) Eapp=-1.30 V. d) Chromaticity
diagram (each symbol represents the color of electro-generated species; L[I:
TiYopc?, O: Ti"orc?, A: Ti'opc?, v: Ti'oPc?®, € : Ti"oPc™,
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During the second reduction reaction, the band at 689 nm shift to 680 nm with
increasing in intensity (Fig. 3.9b), which is assigned to the further metal based
reduction, [Ti"'OPc 2] / [Ti"OPc ] process. As shown in Fig. 3.5b and Fig.3.7b, this
process is a ring based process for § -TiOPc¢ and a. —TiOPc complexes. As shown in Fig
3.9c inset under the applied potential of the third reduction reaction, the Q band
decreases slightly without shifting and a small hand start to increases at around 600 nm,
which are characteristic spectral changes for the ring reduction reactions of octa-TiOPCc.
During the fouth reduction process, the Q band disappears completely and a new huge
band is recorded at 547 with a shoulder at 623 nm, which are also characteristic spectral
changes of a Pc ring-based reduction reaction (Fig 3.9¢c). When the CV, SWV and the
spectral changes are evaluated, the mechanism given in Eq.[3.2] can be proposed for the
electron transfer reaction of octa-TiOPc. Similarly octa-TiOPc decomposed during the
oxidation reaction like B -TiOPc and a —TiOPc, since all bands decrease in intensity
during the oxidation of the complex (Fig. 3.9a inset).

While only the saturation of the green color of the complex changes during the first
three reduction reaction a deep blue color(x = 0.2699 and y = 0.2122) (point in Fig.
3.9d) is obtained after the fourth reduction reaction.
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Figure 3.10. In situ UV-Vis spectral changes of octa-TiOPc in DMSO/TBAP. a) Epp= -
0.40 V. b) Ezpp= -0.75 V(Inset: Ezpp= -0.90 V). ) Eqpp= -1.35 V. d) Chromaticity
diagram (each symbol represents the color of electro-generated species; L[I:
TiVoprc?, O: Ti"oprc?, A: Ti'oPc?, v: Ti'opc?, €: Ti'oPc™.
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Two investigate effects of the solvent to the spectral changes of the complexes,
spectroelectrochemical measurements of octa-TiOPc were also recorded in DMSO
instead of DCM. Fig. 3.10 illustrates the spectral changes of the complex in DMSO.
When compared with the spectral changes recorded in DCM (Fig. 3.9), general trends of
the spectral changes in both solvent are similar and the redox processes have the same
mechanism given in Eq.3.2.

Eq/,=0.56V 11% -2 Eq/2=-0.34V Eq/2=-0.68V
Decompose Pt .[T.l OPc™] & [Ti'""OPc™2]1~ Pl [Ti"OPc™%)?~
original complex

E1/2=-084V E1/2=-128V 4 E12=-150V

[Ti"" OPc~3]3" [Tif'OPc~]*” e——= [Ti"0Pc™°]>~ [3.2]

As shown in, the Q band at 700 nm shifts to 672 nm during the first reduction process.
Differently a new band at 600 nm is recorded and the © to ©* transition band at 637 nm
increases in intensity. These bands are not observed in DCM (Fig.3.9a). During the
second reduction processes, the band at 672 nm increases in intensity without shift and
the band at 600 nm decreases in intensity (Fig.3.10b). Spectral changes during the
further reduction processes (Fig.3.10b inset) characterize ring based processes. The
complex decomposes also in DMSO during the oxidation reaction as shown in
Fig.3.10c, because all bands decrease in intensity. Color changes of the complex during

the redox reactions are illustrated in Fig.3.10d.
3.2.1.4. Peripherally tetra imidazole substituted oxo-titanium(1V) phthalocyanine.

Electrochemical analyses of the complex( shown in Figure 3.11) were investigated in
solution to propose possible applications of the complexes in different fields of
electrochemical technologies. Thus, CV and SWV analysis of the complexes were
performed in deaerated DCM and/or DMSO/TBAP electrolyte system on a Pt working

electrode.
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Figure 3.11 Structure of oxotitanium(IV) phthalocyanine.

Fig. 3.12 and Fig. 3.13 show CV and SWVs of TiOPc in DMSO/TBAP and
DCM/TBAP respectively. TiOPc illustrates very similar redox responses in both
electrolyte systems. Five reduction and a completely irreversible oxidation processes are
recorded. While the first four reduction processes are electrochemically and chemically
reversible with respect to AE, and the I/l ratio of the couples, the fifth one (Rs) is an
irreversible reduction process.

Rs process is followed with a chemical reaction, which decreases the chemical
reversibility of the previous electron transfer reactions. The product of the chemical
reaction gives a wave at around -0.20 V during the reverse potential scan. This chemical
reaction is dominant in DMSO with respect to DCM solvent. The oxidation couple (O;)

at 1.05 V is completely irreversible.
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Figure 3.12. (a) CVs of TiOPc recorded with different switching potentials at 0.100 Vs-
1 scan rate on a Pt working electrode in DMSO/TBAP. (b) SWV of TiOPc recorded
with SWV parameters: step size =5 mV; pulse size = 100 mV; Frequency = 25 Hz.
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To investigate effect of the solvent to the electrochemical behavior of the complex, CV
and SWVs responses of TiOPc were also recorded in DCM, a non-coordinating and
nonpolar solvent.(Fig. 3.13.) TiOPc gives three well-resolved reversible and 2
irreversible reduction processes. (R at -0.47 V, Ry at -0.62 V, Rz at -0.96 V, Ry at -1.15
and Rs at -1.35). These redox couples shift to the positive potentials in DCM due to the
less electron donor ability of DCM, when compared with those in DMSO. The
reduction processes are more reversible and diffusion controlled in DCM, while they are

complicated with chemical reactions.

10
8 —

%

—Iw/TCPI\‘

4 /_—
-10 —

' I ' ! v I d T v T v

1.0 0.5 0.0 -0.5 -1.0 -1.5
E vs. SCE/V

Figure 3.13. (a) CVs of TiOPc recorded with different switching potentials at 0.100 Vs-
1 scan rate on a Pt working electrode in DCM/TBAP. (b) SWV of TiOPc recorded with
SWV parameters: step size =5 mV; pulse size = 100 mV; Frequency = 25 Hz.
The reduction of Ti'VOPc™ species has been a subject of some controversy, with some
reports proposing ring reduction and others suggesting metal reductions followed with

the ring reduction processes.
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To perform the assigments of the redox couples of TiOPc in this study, performed
spectroelectrochemical measurements were given in Fig. 3.14. During the controlled
potential reduction of TiOPc at —0.55 V (Fig. 3.14a), while the absorption of the Q-band
corresponding to the neutral [Ti'VOPc ] species shifts from 704 to 635 nm, a new band
Is recorded at 590 nm.

As shown in Fig. 3.14a, the process occurred with clear isosbestic points at 640 and 756
nm in the spectra which demonstrate that there is no chemical reaction complicating the
electron transfer reaction. These spectral changes are typical for a metal-based reduction
process of titanyl phthalocyanine complexes, [Ti'VOPc™?] /[Ti"'OPc™]™ . During the
second reduction of TiOPc at —0.70 V, the absorption for the Q band at 635 nm and the
band at 590 nm decrease slightly, while a new band is recorded at 530 nm. These
spectral changes are easily assigned to a ring reduction process, [Ti"'OPc™]
YITi"OPc™]? redox process. The spectral changes given in Fig. 3.14c indicate the
spectral changes recorded during the third reduction at -0.90 V.

During this process, while the bands at 590 and 635 nm decrease in intensity, a new
sharp band is recorded at 676 nm. At the same time, the band at 544 nm increases in
intensity. These spectral changes characterizes a metal-based reduction process and
assigned to the[Ti"'OPc*]%/[Ti"OPc 3. The spectral changes during the fourth
reduction process indicate a ring-based reduction process (Fig.3.14d)

TiOPc decomposes under the applied potential at 1.00 V during the oxidation reaction,
since all bands decrease in intensity as shown in Fig.3.15a. Color changes of the TiOPc
in solution during the redox processes were recorded with in-situ electrocolorimetric

measurements and given in Fig. 3.15b.
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Figure 3.14 In-situ UV-Vis spectral changes of TiOPc in DMSO. a) Eap,= -0.55 V.

When we collect the responses of CV, SWV and spectroelectrochemical measurements
and the data from the literature, we can propose the mechanism the following
mechanism for the electrochemical responses of TiOPc.

v 114 E1/2=080V v 2 E1/2=-048V 1 o1 E1/2=-0.63V 1 Z312—
[Ti"OPc™ 'Y &= [Ti"YOPc™*] &———= [Ti'""0Pc™?] [Ti"'OPc™]

Eq1/2=-0.99 E1/2=—170V

E{/=—-0.83V 14
[Ti'"OPc3]?~ phliianit [Ti"OPc™3]3~ [Ti"OPc™** &——— [Ti'"0Pc™>]5"
[3.3]
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Figure 3.15. In-situ UV-Vis spectral changes of TiOPc in DMSO. a) = 1.00 V.
b)Chromaticity diagram (each symbol represents the color of electro-
generated species; O: [TiVOPc?], O:[Ti"oprc?*a: [Ti"oPc?]?,
[Ti"'oPc®1% A [Ti'OPc®]%; <1 [Ti'"OPe ] ¥« [TiVOPC?T™.

3.2.1.5 Langmuir Blodgett Film Preparation and Sensor Measurements

It is well known that some MPc complexes can be used as sensors for various targets
such as gas sensor for O,, O3, NHz and NO, sensing and metal ion sensor for Ag*, Hg*",
Pd**. Voltammetric and spectroelectrochemical analysis of TiOPc complexes studies
here indicate possible usage as sensors for different target species. It is well documented
that a redox active species having reversible multi-electron transfer properties at low
potentials (potentials near to zero) are candidates for electrochemical sensors. Another
desired property of a complex for sensor application is the presence of an electroactive
group and a binding side on the structure of the complex behaving as an antenna and
receiver for the sensing species. TiOPcs studied here are unique molecular materials
carrying both binding sites (substituents) and attractive functional antennas (metal
center and Pc ring). It is known that the substituents of MPcs carrying O, N and S atoms
behave as binding sites and form stable complexes with soft transition metal ions, such
as Ag", Hg®*, Pd**. Consequently, we investigated the interaction of the TiOPcs studied
here with Ag* and Pd®* ions.
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To investigate the interaction of MPcs with the metal ions, TiOPcs solution is titrated

with metal ions. Results of these titrations indicate that all of three complexes behave as

a sensor for both of Ag* and Pd* ions in solution.
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Figure 3.16. a) (Blank test) SWV responses of bare Pt electrode in DMSO/TBAP
electrolyte system during titration with Ag*. b) SWV responses of B-TiOPc in
DMSO/TBAP electrolyte system on a Pt electrode during titration with Ag™.

(Black arrows show the direction of change of SWV responses with respect to
Ag" addition.)

Fig. 3.16 represents the SWV responses of the interaction of B-TiOPc with the Ag+ ion

in DMSO/LICIO, electrolyte system on a Pt working electrode as a representative of the

sensing measurements in solution. Blank titration of DMSO/LICIO4 electrolyte system

without B-TiOPc on a Pt working electrode is also performed (Fig. 3.16a). As shown in

Fig. 3.16a, Ag" ions give a reduction/oxidation couple at -0.35 V with the negative

potential shift with respect to increasing Ag+ concentration during the SWV scans.
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When B-TiOPc presents in solution, voltammetric responses of the system change
completely (Fig. 3.16b).

While the reduction couples of decreases slightly in current intensity, new waves are
recorded at around 0.27, 0.60 and 0.81 V as a function of the increasing Ag"
concentration. These data indicate that Ag” ions interact with B-TiOPc and the products
of this interaction give the redox processes.

The mechanism of the interaction of Ag" with B-TiOPc could not be derived from the
voltammetric study. However it is well known that soft transition metal ions coordinate
with the electron donating groups, O, N and S atoms of ligands. Most probably in this
study Ag” ions coordinates with the O atoms of B-TiOPc and this coordination cause to
the aggregation of B-TiOPc monomers. This aggregate ion decreases the peak current of
the redox couples due to the decreasing of the concentration of the redox active species.
For practical applications, a sensing material should be coated on a substrate, thus we
coat B-TiOPc on ITO electrode with Langmuir Blodgett technique.
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Figure 3.17. n-A isotherms of B-TiOPc and 1:1 mixture of SA and B-TiOPc.

Fig. 3.17 represents the isotherm recorded for B-TiOPc and B-TiOPc-SA mixture (1:1).
The limiting area calculated from the slope of the curve indicates the area per 3-TiOPc
molecule. The area of B-TiOPc is 190 A2 which is slightly larger than that observed for
unsubstituted bisphthalocyanines , but it is similar with the limiting areas of reported
substituted phthalocyanines (eight C4 groups or phenyl per ring). Limiting areas of -
TiOPc (190 A2) suggests edge-on orientations of the complex on the water subphase.
Presence of SA in B-TiOPc just increases the limiting area to 210 A2. Without SA, B-

TiOPc could not be transferred on the ITO substrate as monolayer.

67



While the transfer rate for the first up stroke is one, this transfer rate decreases during
the further up stroke transfers. Transfer rates for all down strokes are recorded as
approximately zero. This means that B-TiOPc is transferred on ITO surface as Z types
transfer without SA. However when 1:1 mixture of SA and B-TiOPc is used all transfer
rated during both up stroke and down stroke are recorded as one, which indicates a Y
types transfer. B-TIOPc-SA mixture is coated on the ITO surface for sensing studies.
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Figure 3.18. SWV responses of ITO/ B-TiOPc+SA(LB) electrode in H20O/LiCIO4
electrolyte system during titration with Ag+. a) Cathodic potential scans; Ei = +1.0 V
and Ef = -1.0 V. b) anodic potential scans; Ei = -1.0 V and Ef = +1.0 V. (Black arrows
show the direction of change of SWV responses with respect to Ag+ addition.)

SWYV responses of the interaction of ITO/ B-TiOPc+SA(LB) electrode with the Ag+ ion
in H,O/LiClO, electrolyte system are represented in Fig. 3.18. As shown in the SWV
(Fig. 3.16) responses of the system, 3 -TiOPc gives an irreversible reduction process at -
0.80 V and an oxidation process at 0.80 V without Ag".
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When Ag" is added gradually, a new reduction wave is recorded at -0.23 V during the
cathodic potential scan and an anodic wave is recorded at 0.17 V with positive potential
shift as a function of increasing Ag+ concentration. Moreover, the oxidation wave at
0.80 V shifts to positive potentials with decreasing in current intensity. These
voltammetric behaviors indicate the interaction of ITO/ B-TiOPc+SA(LB) electrode

with the Ag+ ion.

50 ] 2 3 T
-1 Pd™ ldm "x10 ):
40 [ ]émo m x )

30 — 10
20 100 S

E (V) vs. SCE

Figure 3.19. CV responses of ITO/ B-TiOPc+SA(LB) electrode in H,O/LiClIO,4

electrolyte system during titration with Pd*?.
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Figure 3.20. SWV responses of ITO/ B-TiOPc+SA(LB) electrode in H20O/LiCIO4
electrolyte system during titration with Pd+2+. a) Cathodic potential scans; Ei = +1.0 V
and Ef = -1.0 V. b) Anodic potential scans; Ei =-1.0 V and Ef = +1.0 V. (Black arrows
show the direction of change of SWV responses with respect to Pd+2 addition.)
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Fig. 3.19 and Fig. 3.20 represents the CV and SWV responses of the interaction of ITO/
B-TiOPc+SA(LB) electrode with the Pd** ion in H,O/LiClO, electrolyte system. Redox
responses of ITO/ B-TiOPc+SA(LB) electrode to the Ag* and Pd®* ion are different than
each other. As shown in Fig. 3.19 and 3.20, two reduction wave during the cathodic
scan and an anodic wave during the reverse scan at cathodic potentials are observed as a
function of gradual increasing of the Pd®* ion concentration. These data indicate the
interaction of Pd** ion with B -TiOPc. Since ITO electrode did not give any response to
the addition of Pd®* ion during the blank test, we may easily assign all changes on the
redox responses of ITO/ B-TiOPc+SA(LB) electrode to the interaction of Pd?* ion with
B-TiOPc.

3.2.1.6. Electrocatalytic oxygen reduction reaction (ORR) measurements

We aim to use these complexes as electrocatalysts for oxygen reduction reaction as a
sequel of our energy based studies. Redox responses of all TiOPcs were recorded with
and without O, to investigate the interaction of molecular oxygen with the complexes
and effects of these interactions to the redox responses of TiOPcs and O,. These
measurements indicated that all complex interact with O,. While these interactions have
a general trend for all complexes, some specific differences are recorded with respect to
different structure of the complexes. Comparative CV and SWV responses of octa-
TiOPc recorded in “case 3 (both of TiOPc and O, are present in electrolyte) are given
in Fig. 3.21 and 3.22 for comparison with the responses of octa-TiOPc¢ in “case 1” (only
TiOPc is present in electrolyte) and responses of O, in “case 2” (only O, is present in
electrolyte) (Fig. 3.21 inset). Inset graph in Fig. 3.21 shows the CV responses of O,
which is dissolved in DCM/TBAP electrolyte system without octa-TiOPc (case 2). It is
shown in the literature that that molecular O, reduces to superoxide in the non-aqueous
environment at around -1.0 V vs. SCE depending on the electrolyte system and type of
the working electrode. Similarly oxygen/superoxide (O,/0;) reduction couple is
recorded at -1.12 V (Epc) in DCM at 0.10 mVs™ scan rate ant this process shifts up to -

1.46 V with increasing of O, concentration.
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Fig. 3.21. CVs of octa-TiPc recorded at 0.100 Vs scan rate with increasing amounts of
O, in DCM/TBAP electrolyte system on Pt working electrode. (Inset: oxygen
reduction reaction on a Pt electrode at 0.100 Vs™ scan rate with increasing
amounts of O, in DCM/TBAP electrolyte system).

The voltammetric responses of octa-TiOPc in the O, dissolved DCM/TBAP electrolyte
system (case 3) were recorded to monitor the interaction of octa-TiOPc with O, (Fig.
3.21 and 3.22). Without O,, octa-TiOPc gives five redox couples sequentially Ic/la at -
0.40V, lic/llaat -0.72 V, llic/llla at -0.87 V, IVc/IVa at -1.24 V, and Vc/Va at -1.55 V
in DCM/TBAP electrolyte without O, (in case 1). These redox responses change
considerable with increasing O, concentration (in case 3). These redox responses are
recorded more clearly with SWV measurements given in Fig. 3.22 During the forward
SWV scans (Ei=1.0 V and Ef=-1.80 V) and because of the increasing O, concentration
(Fig. 3.22a), these are the changes of octa-TiOPc responses: first, IVc peak disappears
immediately while the others decrease in current intensity. Then Il ¢, Ic and Ilic peak
disappears sequentially, while V¢ peak shifts to negative potentials. During this process
two new waves are also recorded at -0.94 V and -1.13 V.While the second peak at -1.13
V is immediately recorded and stay approximately constant in current intensity during
the initial bubbles of oxygen addition, the wave at around 0.94 V increases in current
intensity continuously with the negative potential shifts as a function of the increasing

O, concentration.
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Fig. 3.22. SWVs of octa-TiPc recorded at 0.100 Vs scan rate with increasing amounts
of O, in DCM/TBAP electrolyte system on Pt working electrode. (a) Forward
SWV: Initial potential E; = 1.0 V and final potential E; = -1.80 V. (b) Backward
SWV: E;=-1.80VandEs=1.0V.

These new waves can be easily assigned to the reduction of the interaction products of
octa-TiOPc and O, to the superoxide or peroxide species. During the reverse SWV
scans (Initial potential (E;j) = -1.80 V and final potential (Ef) = 1.0 V), similar
voltammetric responses are recorded. Initially Illa and IVa peaks, and then la peak
disappears completely due to the interaction with oxygen and a new anodic peak (Oxd
(Oy)) is recorded at -1.01 V.
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When octa-TiOPc responses in “case 3” is compared with the redox responses of O in
“case 27, it is clear that ORR splits into two waves in “case 3”, while only one wave is
recorded in “case 2”.

This voltammetric difference indicates the catalytic effects of octa-TiOPc and this
catalytic effect decreases the ORR at about 0.50 V and changes the products of the

ORR. Moreover, redox response of ORR gets more reversible in “case 3”.

Red.(0)

0.0 -0.5 -1.0 -1.5
E (V) vs. SCE

Fig. 3.23. CVs of a -TiPc recorded at 0.100 Vs™ scan rate with increasing amounts of
O, in DCM/TBAP electrolyte system on Pt working electrode.

a-TiOPc (CVs are in Fig. 3.23) and B-TiOPc (CVs are in Fig. 3.24) exhibit similar
redox responses with those of octa-TiOPc in “case 3”.

L]
1.0 o.s o.o -0.5 -1.0 -1.5 -2.0
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Fig. 3.24. CVs of B-TiPc recorded at 0.100 Vs™ scan rate with increasing amounts of
O, in DCM/TBAP electrolyte system on Pt working electrode.

73



12

_ Red.(0,) a
o] (a)
]
ERE
= ]
> |
Y T ' T ' I v I
0.0
== (b)
2 &
= 1
=
= -4 —
-6
0.0 -0.5 -1.0 -1.5

E (V) vs. SCE

Fig. 3.25. SWVs of a-TiPc recorded at 0.100 Vs™ scan rate with increasing amounts of
O, in DCM/TBAP electrolyte system on Pt working electrode. (a) Forward
SWV: E;=0.0V and E; =-1.80 V. (b) Backward SWV: E; =-1.80 V and E; =
0.0V.

During the reaction of a-TiOPc with O, Il; and IV, peaks during the forward SWV

scans (Fig. 3.25a) and la, lla and 1VVa peaks during the reverse SWV scans (Fig. 3.25a)

disappear completely while the others decreases in current intensity. At the same times,
new cathodic waves (Red O,) are recorded at -0.83 V (shift to -0.93 V) and -1.13 V due
to the ORR. While octa-TiOPc gives only one anodic wave, a-TiOPc gives two anodic
waves (labeled as Oxd.(O;)) at -0.89 V and -1.15 V. Same ORR responses are also
recorded with B-TiOPc. Differences between these complexes are the behaviors of

ORR. The cathodic waves assigned to ORR are recorded at the more negative potentials

(-0.98 V and -1.29 V) and shift to the more negative potentials (-1.14 V and -1.46 V)

with increasing oxygen concentration, when B-TiOPc is used as the electrocatalyst.

Similar redox trends are recorded during the reverse SWV scans.
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Fig. 3.26. SWVs of B-TiPc recorded at 0.100 Vs scan rate with increasing amounts of
O, in DCM/TBAP electrolyte system on Pt working electrode. (a) Forward SWV: E; =
0.70 V and E;=-1.80 V. (b) Backward SWV: E;=-1.80V and E;=0.70 V.

When the redox responses illustrated in Fig. 3.26 (B-TiOPc) are compared with those in
Fig. 3.21 (octa-TiOPc) and Fig. 3.22 (a-TiOPc), it is clearly drawn that electro catalytic
ORR activity of B-TiOPc is less than those of o-TiOPc and octa-TiOPc. Highest
catalytic activity is recorded with a-TiOPc with respect to the decreasing of the ORR
potentials. These catalytic activity differences are most probably resulted from the
different degrees of the effects of the electron releasing 3,4-(methylendioxy)-phenoxy
substituent to the Pc ring electron density. Since it is well known that the substituents
present at o position of Pc ring is more effective than the B- position to the
electrochemical and spectral response of Pc ring. Increasing the electron density of the
Pc ring also effect the electron transfer properties, especially reduction and /or oxidation
potentials of the metal centers. These effects also alter the electrocatalytic activities of
the complexes.

75



To investigate the effect of the solvent to the catalytic activities of the complexes for
ORR, similar measurements were also performed in DMSO, which is a polar

coordinating solvent.
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Fig. 3.27. CVs of B-TiPc recorded at 0.100 Vs™ scan rate with increasing amounts of
O, in DMSO/TBAP electrolyte system on Pt working electrode. (Inset: oxygen
reduction reaction on a Pt electrode at 0.100 Vs™ scan rate with increasing
amounts of O, in DMSO/TBAP electrolyte system).

Fig. 3.27 and 3.28 represents CV and SWV outcomes of B-TiOPc in “case 3” and

responses of O2 in “case 2”. Fig. 3.27 (inset) gives CV responses of O, dissolved in

DMSO (case 2). Quasi-reversible oxygen/superoxide (O,/05) couple is recorded at -

1.00 V in DMSO at 0.100 Vs™ scan rate, which shifts up to -1.25 V with increasing

oxygen concentration. This ORR wave is recorded at -0.83 V and shifts up to -0.93 V in

“case 3” (Fig. 3.27). when B-TiOPc is present in the electrolyte system (Fig. 7). These

data indicate that presence of B-TiOPc in the DMSO electrolyte system catalyzes ORR

and as a result of this catalytic reduction ORR process is recorded at less negative
potential (about 0.20 V) than those recorded in in “case 2”. SWV responses of the
interaction reaction of B-TiOPc with O, are represented in Fig. 3.26. Interaction
reaction of B-TiOPc with O, gives generally similar SWV responses in both DCM and

DMSO. Two main differences are observed; Oxd (O,) peak shifts up to -0.67 V in

DMSO, while this wave is recorded at -1.00 V in DCM. Red(O;) waves are also

recorded at less negative potentials (at-0.90 V and -1.23 V) without any shifting in

DMSO.
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Fig. 3.28. SWVs of B-TiPc recorded at 0.100 Vs™ scan rate with increasing amounts of
O, in DMSO/TBAP electrolyte system on Pt working electrode. (a) Forward
SWV: E;=0.70 V and E; =-1.80 V. (b) Backward SWV: E;j=-1.80V and Es =
0.70 V.

These waves are recorded at approximately 0.10 V higher potentials and shifts in high

extend in DCM. These voltammetric responses indicate higher electro catalytic activity
of B-TiOPc in DMSO than those in DCM.
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Fig. 3.29. In-situ UV-vis spectral changes of octa-TiPc in DCM/TBAP electrolyte
without molecular oxygen (purged with Nj) a) Eapp=-0.50 V. b) Egpp=-0.75 V.
C) Eapp=-1.20 V. d) Eqpp=-1.50 V
In-situ spectroelectrochemical studies were applied to support the interaction between
TiOPcs and O,. All TiOPcs showed very similar in situ spectroelectrochemical
responses in solutions saturated with molecular oxygen, although their responses were
different in oxygen-removed solutions. Fig. 3.29 and 3.30 illustrate in-situ UV-vis
spectral changes of octa-TiOPc in “case 1 and 3" respectively in DCM/TBAP
electrolyte system the applied constant potential (Eapp) at the potentials of the redox
processes as a representative of TiIOPcs.
To illustrate the spectral changes of octa-TiOPc without molecular oxygen in situ
spectroelectrochemical responses of octa-TiOPc is recorded in oxygen-removed
DCM/TBARP electrolyte system (case 1) and these responses were compared with those
recorded in oxygen-saturated system (case 3). As illustrated in Fig. 3.29a, the Q band of
octa-TiOPc shifts from 701 nm to 689 nm with slight decreasing under the applied
potential of -0.50 V. This spectral change is characteristic changes for a metal based

reduction of the complex, [Ti'VOPc 2]/ [Ti"OPc?]™ process.
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During the second reduction reaction under -0.85 V, the band at 689 nm shift to 680 nm
with increasing in intensity (Fig. 3.29b), which is assigned to, [Ti"'OPc]* /
[Ti'"OPc ]2 process. As shown in Fig 3.29¢c the Q band decreases slightly without
shifting and a band increases at around 600 nm under the-1.20 V potential application.
These spectral changes are assigned to [Ti"OPc™?]% [Ti"OPc]. During the fourth
reduction process, the Q band disappears completely and a new huge band is recorded at
547 with a shoulder at 623 nm, which are also characteristic spectral changes of
[Ti'"OPc 1% [Ti'"OPc ] reaction (Fig 3.29d).
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Fig. 3.30. In-situ UV-vis spectral changes of octa-TiPc in DCM/TBAP electrolyte
saturated with Oz. @) Eqpp=-0.50 V. b) Egpp=-1.25V (inset: Ezpp=0.00 V.).
For comparison, same in-situ spectroelectrochemical measurements of octa-TiOPc were
performed in oxygen saturated DCM/TBAP electrolyte (Fig 3.30). Under the open
circuit potential, spectra of octa-TiOPc did not change with time both in “case 1 and in
“case 3. This indicates that [Ti"Pc?] do not interact with O,. During the first
reduction process at -0.50 V, same spectral changes are recorded both in “case 1” (Fig
9a) and in “case 3” assigned to [Ti'VOPc?] / [Ti"'OPc™]™. These spectral changes
indicate that [Ti'VOPc™] species do not interact with O,. When -1.25 V was applied to
the working electrode, all bands decrease continuously in the spectra of the complex in
“case 3” .These spectral changes are different than those for the second reduction of

octa-TiOPc recorded in “case 1”.
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This behavior indicates interaction of reduced form of the complex, [Ti"'OPc™?]*
species, with O,. This interaction reaction is not a reversible process. Because, 0.0 V
application does not change the spectrum to those of the previous form of the complex

as shown in (Fig 3.30b inset).

@) (5

Abs.
Abs.

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 3.31. In-situ UV-vis spectral changes of B-TiPc in DCM/TBAP electrolyte
saturated with Oy. &) Eapp=-0.60 V. b) Eapp=-1.25 V (linset: Ezpp= 0.00 V).

a-TiOPc and B-TiOPc (Fig. 3.31.) represent similar spectral changes in “case 3”, which
indicate interaction of all TiOPcs with molecular oxygen and this interaction reaction
alters the spectrum of the complexes.

In summary, voltammetric and spectroelectrochemical results of this study indicate that
TiOPcs behaves as homogeneous electrocatalysts for ORR in aprotic solvents, DCM
and DMSO. To investigate the heterogeneous electro catalytic activity of TiOPcs for
ORR in aqueous electrolyte, LB films of TiOPcs are coated on ITO electrodes and these
modified electrodes (ITO/TiOPc (LB)) were testes as heterogeneous electro catalyst for
ORR in aqueous solution. For practical applications, a catalyst should be coated on a

substrate, thus we coat octa-TiOPc on ITO electrode with Langmuir Blodgett technique.
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Fig. 3.32. n-A isotherms of o -TiPc and 1:1 mixture of SA and o -TiPc.

Fig 3.32 represents the w-area isotherm of o -TiOPc-SA mixture (1:1). The area per a -
TiOPc molecule is calculated from the slope of the curve as 230 A? which is in harmony
with those observed for similar phthalocyanine [33,34] Limiting areas of o -TiOPc (230
A®) suggests face-on orientations of the complex on the water subphase [33,34].
Presence of SA in octa-TiOPc just increases the limiting area to 235 A% Without SA, o
-TiOPc could not be transferred on the ITO substrate as monolayer. Thus SA was used
to facilitate transfer of octa-TiOPc on ITO surface.

When 1:1 mixture of SA and a -TiOPc is used all transfer rated during both up stroke
and down stroke are recorded as one, which indicates a Y type transfer. 20 LB
monolayers could be coated on ITO surface with all a -TiOPc sprayed on the tray of the

LB instrument in one trial.
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Fig. 3.33 SWVs of ITO/ o -TiPc LB film recorded at 0.100 Vs™ scan rate with
increasing amounts of O, in LiClO,4 aqueous electrolyte system on Pt working
electrode. (a) Forward SWV: E; =1.10 V and E¢ =-1.10 V. (b) Backward SWV:
Ei=-1.10Vand Er=1.10 V.

LB film of all complexes indicates similar voltammetric responses for the ORR in

LiClO,4 aqueous solution bubbled with molecular oxygen gradually (case 3). Fig. 3.33

represents SWV outcomes of ITO/octa-TiOPc(LB) as a representative of TiOPcs. ITO/

a -TiOPc(LB) give two reduction reactions at -0.07 and -0.77 V without O..

As a result of increasing O, concentration, while the redox processes of ITO/ o -

TiOPc(LB) decreases, a new wave is recorded at -0.47 V.
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This new wave shifts until -0.59 V with increasing O, concentration. These
voltammetric responses indicate catalytic activity of ITO/ o -TiOPc(LB) for ORR.
Because O, reduced at -0.65 V with negative shifting up to -0.77 V on unmodified ITO

electrode in LiClO4 aqueous solution.

3.2.2 Dimethylamine (DMA) derivatised Phthalocyanines (H,Pc,NiPc, CuPc and
CoPc)

Electrochemical analyses of the complex( shown in Figure 3.34) were investigated in
solution to propose possible applications of the complexes in different fields of
electrochemical technologies. Thus, CV and SWV analysis of the complexes were
performed in deaerated DCM and/or DMSO/TBAP electrolyte system on a Pt working

electrode.
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Figure 3.34 Molecular Complex of DMA Phthalocyanine Compounds.
Results of the voltammetric analysis were tabulated on Table 3.2 with the similar
complexes in the literature for comparison. As shown in Table 1 E;;, and AE,/, values of

the complexes are in agreements with the similar complexes in the literature.
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Generally while H,Pc, CuPc and NiPc complexes give two common ring-based
reduction processes, CoPc gives a metal-based and a ring based reduction processes
during the cathodic potential scans.

General similarities of the complexes are the aggregation of the complexes. Because of
the aggregation of the complexes, the first reduction couples are complicated with a
chemical reaction, aggregation-disaggregation equilibrium. Due to the aggregation, the
peak current of the first couples of the complexes generally smaller than those of the
second reduction couples. All redox couples are far from the reversible character due to
the aggregation. Concentration, and scan rate effects to the peak characters support the
aggregation behaviors of the complexes. During the oxidation processes, all complexes
are electro polymerized on the working electrode. Applied potential ranges and metal
center of the complexes affect the polymerization mechanism. Electropolymerization
processes increases the possible usage of the complexes in different areas. Since for
practical applications, a functional species should be coated on a substrate. It is well
documented that electrode modification with electropolymerization process is of the
most preferred method for the electrode coating processes. Because, it is very easy to
control the film thickness and film type and morphology on an electrode with
electrochemical polymerization technique.

H.Pc, CuPc and NiPc complexes illustrate very similar electrochemical responses, thus
the CV and SWV responses of CuPc are represented in Fig. 3.32. CuPc displays two
reduction couples (R; at -0.84 V and R, at -1.12 V). SWVs clearly show these redox
processes (Fig. 3.32b). AE,’s of these couples are 100 and 90 mV respectively at 0.10
Vi AE, values of these redox couples are bigger than that of reversible ferrocene
whose AE, is 70 mV at 0.10 Vs™. Thus these couples are in electrochemical quasi-

reversible character.

84



G8

Table 3.2Voltammetric data of the dimethyl amine phthalocyanine complexes. All voltammetric data were given versus SCE.

Complex Ring Oxidations MMt MM Ring Reductions YAEy,
1 - 0.81° - - -0.83 113 - 1.17
HaPc bAE, (MV) - - - - 89 86 -
Ipallpe - - - - 0.95 096 -
NiPc 31 - 0.75° - - -0.97 126 - 1.00
"AE, (MV) - - - - 110 96 -
Ipallpe - - - - 0.92 097 -
CuPc 31 - 0.78° - - -0.92 122 - 0.98
AE, (MV) - - - - 100 110 -
Ipallpc - - - - 0.96 091 -
3 1.44 0.87° 0.41 -0.20 -1.44 - - 0.77
CoPc bAE, (MV) - - 64 95 83 - -
Ipallnc - - 0.93 0.73 0.96 - -

%: Eyp values ((Epa+Epc)/2) were given versus SCE and Fc/Fc™ (in parenthesis) at 0.100 Vs scan rate. °: AEp= Epa-Epe. © 1pa/lpc for reduction,
lp.c/1p,. fOr oxidation processes. 9 AEy; = Eqp, (first oxidation)- Eyp (first reduction). ®: Recorded by SWV. % the solvent is DMSO/CI". ": the
solvent is DMF. " the solvent is DCM. (Ferrocene gives a redox couple at 0.30 V in DMF, at 0.28 V in DMSO, and at 0.50 V in DCM versus
SCE at 0.100 Vst scan rate). tw: This work.
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Figure 3.35. (a) CVs of CuPc recorded at cathodic potentials at various scan rates on a
Pt working electrode in DCM/TBAP and (b) SWV of CuPc recorded with SWV
parameters: step size =5 mV; pulse size = 100 mV; Frequency = 25 Hz.

Moreover reversibility of these couples can be concluded with respect to symmetry and

peak current ratios of the waves recorded during the forward and reverse SWV scans

(Fig. 3.35b). During the anodic scans, CuPc is electro polymerized on the working

electrode.
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Figure 3.36. (a) Repetitive CVs of CuPc recorded with in the whole potential windows
of DCM/TBAP electrolyte system at 0.100 Vs scan rate on a Pt working
electrode (b) Repetitive CVs of CuPc recorded at anodic potential windows of
DCM/TBAP electrolyte system at 0.100 Vs™ scan rate on a Pt working
electrode.

As shown in Fig. 3.36, when the reverse applied potentials are changed, polymerization
process also changes. Fig. 3.36a illustrates the repetitive CV scans within the whole
potential windows of DCM/TBAP (between -1.70 and +1.60 V). When only the anodic
potentials are scanned responses of the electropolymerization process get different than

the previous one.

87



During the first anodic scan an anodic wave at 0.78 V and its reverse couple is recorded
at 0.64 V. During the continuous CV scans, anodic wave increases in current intensity
with positive potential shift up to 1.02 V until the 10. CV scan. However the cathodic
couple increases in current intensity with negative shift from 0.64 V to 0.57 V until the
5. scan. A new wave is recorded at 0.23 V between the 5. and 10. scans. After this point
these couples stars to decrease in current intensity with the same potential shifts. These
voltammetric behaviors indicate the electropolymerization of the complex on the
working electrode. When only anodic potentials are scanned (from 0.0 V to 1.70 V),
polymerization process of the complex changes. As shown in Fig. 3.36b, an anodic
wave was recorded at 0.77 V and its reverse couple is recorded at 0.64 V during the first
CV cycle. the anodic wave increases during the second CV cycle, however it
immediately shifts to 1.00 V during the third CV cycle and increases in current intensity
until the 5. cycle. However after this point, it decreases in current intensity until the 20.
cycle. During these anodic changes the cathodic wave increases until the 5. Cycle and
decreases until the 20. cycle. As we compare the CV responses given in Fig. 3.36a with
Fig. 3.36b, it is clearly shown that changing the potential range of CV cycles, alter the
polymerization process considerable.

To analyze the effects of redox active metal center to the electropolymerization and
reduction processes of MPcs, CV and SWV responses of CoPc are also performed and
compared with those of CuPc. Fig. 3.37 illustrates the CV and SWV responses of CoPc
in DCM/TBAP electrolyte system. CoPc gives two common reduction processes, first
one is a metal based reduction at -0.20 V and the second one is a Pc ring based
reduction at -1.30 V during the cathodic scan.
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Figure 3.37. (a) CV and SWV of CoPc recorded at 0.100 Vs scan rate on a Pt working
electrode in DCM/TBAP (b) Repetitive CVs of CoPc recorded with in the whole
potential windows of DCM/TBAP electrolyte system at 0.100 Vs™ scan rate on a Pt

working electrode.

CoPc is also electro polymerized on the working electrode. During the first CV, it gives
an anodic peak at 0.87 V and its reverse cathodic couple at 0.60 V and these waves
increase in current intensity until the fourth CV cycle. Moreover a small anodic wave is
also recorded at 1.45 V during the first CV cycle and it disappeared just after the second
CV cycle.
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In addition to the previous wave, an anodic wave is recorded at 0.50 V during the
second CV cycle, and then it shifts to the positive potentials and mixes with the wave at
0.87 V with increasing CV cycles. It is clearly shown in Fig. 5 and 6 that CV responses
of CoPc is completely different than those of CuPc, which indicates that changing the
metal center of MPcs alters the electropolymerization process.

In situ spectroelectrochemical studies were employed to perform assignments of the
electron transfer reactions recorded with CV and SWV measurements. It is well
documented that H,Pc, CuPc and NiPc complexes have redox inactive metal centers,
thus these complexes show spectral changes assigned to the electron transfer of Pc rings
during the reduction reactions. Spectral changes, decreasing the Q bands in intensity
without shift and observation of new bands in the LMCT regions, are characteristic
changes for the MPcs having redox inactive metal centers. During the oxidation
reactions, all bands of these complexes decreased in intensity, which support the
electropolymerization of the complexes. Because concentration of MPcs decreases due
to the polymerization, thus the bands decrease in intensity. CoPc has redox active metal
center thus its spectral changes are different than those of Pcs having redox inactive
metal center.

Fig. 3.38 represents in situ UV-Vis spectral changes and in situ recorded chromaticity
diagram of CoPc in DCM/TBAP during the electron transfer processes. Shifting of the
Q band and observation of a new band at 450 nm during the first reduction reaction
indicates reduction of [Co"Pc?] to [Co'Pc?]" (Fig. 3.35a) [19-24]. Well defined
isobestic points at 382, 575, and 700 nm and a color changes from bluish green (x =
0.270 and y = 0.351) to light green ( x = 0.3368 and y = 0.4108) are recorded during the
first reduction reaction (Fig. 3.38d). Spectral changes given in Fig. 3.38b indicate the
ring-based reduction character of the second reduction reaction. Since while the Q band
at 706 nm and its shoulder at 674 nm decrease, a new broad band is recorded at 537 nm.
All bands decreases in intensity due to the electropolymerization of the complexes
during the oxidation reaction at 1.10 V potential application (Fig. 3.38c from red to pink
spectrum). However, when more positive potential is applied, absorption intensity of the
ligand to metal charge transfer regions (MLCT) ( around 600 nm and 800 nm)
increases, while the intensity of the Q band and its shoulder decreases in intensity (Fig.

3.38c from pink to blue spectrum).
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These spectral changes indicate a ring based oxidation process of the complex.

% %)
5 ¥e)
< | <
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
0.8 (d)
0.7 560 nm
0.6
0.5{!
%) >, iz
S 0.4{
<
0.3
0.2
0.1
300 400 500 600 700 800 900 .0 0.1 02 03 04 05 06 0.7
Wavelength (nm) X

Figure 3.38. In-situ UV-Vis spectral changes of CoPc in DCM/TBAP. &) Eapp=-0.50 V.
b) Eapp= = -1.50 V. b) Eqpp= = 1.50 V. d) Chromaticity diagram (each symbol represents
the color of electro-generated species; O: [Co"Pc?], O:[Co'Pc?]™ A [Co'Pc®]

Well defined isosbestic points at 382, 575, and 700 nm and a color changes from bluish
green (x =0.270 and y = 0.351) to light green ( x = 0.3368 and y = 0.4108) are recorded
during the first reduction reaction (Fig. 3.38d). Spectral changes given in Fig. 3.38b
indicate the ring-based reduction character of the second reduction reaction.

Since while the Q band at 706 nm and its shoulder at 674 nm decrease, a new broad

band is recorded at 537 nm.
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All bands decreases in intensity due to the electropolymerization of the complexes
during the oxidation reaction at 1.10 V potential application (Fig. 3.38c from red to pink
spectrum). However, when more positive potential is applied, absorption intensity of the
ligand to metal charge transfer regions (MLCT) ( around 600 nm and 800 nm)
increases, while the intensity of the Q band and its shoulder decreases in intensity (Fig.
3.38c from pink to blue spectrum). These spectral changes indicate a ring based

oxidation process of the complex.

3.2.3 Diethylamine (DEA) Derivatised Phthalocyanines (H,Pc,NiPc,and CuPc)

Electrochemical analyses of the complex( shown in Figure 3.39) were investigated in
solution to propose possible applications of the complexes in different fields of
electrochemical technologies. Thus, CV and SWV analysis of the complexes were
performed in deaerated DCM and/or DMSO/TBAP electrolyte system on a Pt working

electrode.
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Figure 3.39. Molecular Complex of DEA Phthalocyanine Compounds.

Voltammetric analyses were tabulated on Table 3 with the similar complexes in the

literature for comparison.
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As shown in Table 3 fundamental voltammetric parameters, especially Ei, and AEj
values of the complexes are in agreements with the similar complexes in the literature
[9-12], which support the proposed structures of the complexes. It is well documented
in the literature that, phthalocyanines bearing 2H*, Cu*?, and Cu*? ions in the core and
redox inactive substituents give only ring-based reduction and oxidation processes

which have AE;, values at around 1.50 V.

Table 3.3Voltammetric data of the complexes. All voltammetric data were given versus
SCE.

Complex Polymerization Waves Ring Reductions
= - 0.767 (0.65)°  -0.76 -1.08
H,Pc PAE, (MV) - - 75 84
“lpallpe - - 0.96 0.92
NiPc ®E1p - 0.867 (0.62)°  -0.97 -1.26
PAE, (MV) - - 110 96
“lpallpe - - 0.92 0.97
a _ d e ~ _
CuPc bEl/z 0.85" (0.61) 0.96 1.22
AE, (MV) - - 100 110
loallpc - - 0.96 0.91

% Eup values ((Epa*+Epc)/2) were given versus SCE and Fc/Fc™ (in parenthesis) at 0.100 Vs scan rate. °:
AE,= EpyEpe. & 14/l for reduction, 1,/1,, for oxidation processes. % Ey of first CV cycle; °: E,. of first

CV cycle;

H.Pc, CuPc and NiPc complexes studied here obey this behavior. General similarities of
the complexes are the aggregation of the complexes. Especially the first reduction
couples of the complexes deviates from reversibility due to the aggregation. All
complexes are oxidative electro polymerized on the working electrode. Applied
potential ranges and metal center of the complexes affect the polymerization
mechanism.

Fig.3.40 illustrates CV responses of H,Pc. It displays two quasi-reversible couples (R1
at-0.76 V and R; at -1.08 V) during the cathodic potential scans. During the first anodic
scans, it gives an anodic wave at 0.74 V and its reverse cathodic wave at 0.65 V. During
the repetitive potential scans, a new huge anodic wave is recorded at 0.63 V, which
increases with positive potential shift up to 5. CV cycles and collapsed the wave at 0.74
V (Fig.3.40).
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At the same time new wave is observed at -1.12 V with increasing in current intensity.

After the 5. CV cycles, these waves starts to decrease with potential shifts.
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Figure 3.40 (a) Repetitive CVs of H,Pc recorded with in the whole potential windows
of DCM/TBAP electrolyte system at 0.100 Vs™ scan rate on a Pt working electrode (b)
Repetitive CVs of H,Pc recorded at anodic potential windows of DCM/TBAP

electrolyte system at 0.100 V/s™ scan rate on a Pt working electrode.

These voltammetric data indicate electropolymerization of the complex on the working
electrode. While HyPc dissolves in DCM very well, electro polymerized H,Pc is
insoluble in the same solvent. CuPc and NiPc also give two reduction reactions and
electropolymerized during the oxidation reactions. Main differences of the voltammetric

responses are the aggregation of CuPc and NiPc.
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Due to the aggregation, the first reduction reactions of these complexes have

irreversible characters. Electropolymerization behaviors of the complexes also differ

due to the different metal center of the complexes.
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Figure 3.41. (a) CVs of CuPc recorded at cathodic potentials at various scan rates on a
Pt working electrode in DCM/TBAP and (b) SWV of CuPc recorded with SWV

parameters: step size =5 mV; pulse size = 100 mV; Frequency = 25 Hz.

As shown in Fig. 3.41, CuPc gives an irreversible reduction (R; at -0.96 V) followed

with a reversible one (R; at -1.22 V) during the cathodic scans.

However when anodic potentials are scanned after the cathodic potentials continuously,

CuPc is electro polymerized on the working electrode (Fig. 3.42a). Electropolymerized

waves increase up to 11. CV cycles with a potential shift. During electropolymerization

reaction, redox wave of CuPc disappears completely and new waves attributed to the

electro polymerized film are recorded.
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Figure 3.42. (a) Repetitive CVs of CuPc recorded with in the whole potential windows
of DCM/TBAP electrolyte system at 0.100 Vs™ scan rate on a Pt working
electrode (b) Repetitive CVs of CuPc recorded at anodic potential windows of
DCM/TBAP electrolyte system at 0.100 Vs scan rate on a Pt working

electrode.

Electropolymerized film of CuPc is insoluble in DCM like H,Pc. When the positive
potentials are scanned instead of the whole potential window of the electrolyte system,
polymerization mechanism changes as shown in Fig. 3.42b. Shifting of the redox wave
of CuPc is smaller and the redox process of the polymerization reaction is more

reversible when only anodic potentials are scanned.
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Figure 3.43. (a) Repetitive CVs of NiPc recorded with in the whole potential windows
of DCM/TBAP electrolyte system at 0.100 Vs scan rate on a Pt working
electrode (b) Repetitive CVs of NiPc recorded at anodic potential windows of
DCM/TBAP electrolyte system at 0.100 Vs™ scan rate on a Pt working
electrode.

Fig. 3.43 shows the voltammetric responses of NiPc. Reduction processes of NiPc are
more reversible than CuPc, but less reversible than those of H,Pc. It gives the first
reduction reaction (R;) at -0.97 V with AE, of 110 mV and the second reduction
reaction (R) at -1.26 V with AE, of 90 mV. Easy of reduction order of these complex is
H,Pc > CuPc > NiPc. During the anodic potential scans, NiPc gives a huge oxidation
wave, which increases in current intensity with repetitive CV cycles (Fig. 3.43Db).
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Changing the potential window of the potential scan changes the polymerization
mechanism of NiPc, like those of H,Pc and CuPc. Although monomeric NiPc is soluble
in DCM, polymerized film on the working electrode is insoluble in the same solvent.

In situ spectroelectrochemical studies were employed to perform assignments of the
electron transfer reactions recorded with CV and SWV measurements. It is well
documented that H,Pc, CuPc and NiPc complexes.
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Figure 3.44. In-situ UV-Vis spectral changes of H,Pc in DCM/TBAP. a) Ezpp=-1.10 V.
b) Eapp= = -1.50 V. b) Eqp= = 1.50 V. d) Chromaticity diagram (each symbol
represents the color of electro-generated species; O: [HoPc 2], O:[ HoPc ] ™ w

‘[ HoPc 31 A [HoPe M

In situ UV-Vis spectral changes and in situ recorded chromaticity diagram of H,Pc was
represented in Fig. 3.44.Without any potential application, H,Pc shows a split Q band at
670 and 70 nm with a shoulder at 637 nm.
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During the first reduction reaction at -1.00 V, Q band the split Q band turn to a single
band due to increasing a sharp band at 677 nm. These spectral changes are characteristic
changes for the first reduction reaction of metal free phthalocyanines (Fig. 3.44a). Upon
applied potential of -1.40 V, while the Q band at 677 nm decreases in intensity, new
bands are recorded at 675, 800, and 880 nm. Spectral changes given in Fig. 3.44b are
easily assigned to the reduction of dianionic H,Pc species. All bands decreases in
intensity due to the electropolymerization of the H,Pc during the oxidation reaction at
1.10 V potential application (Fig. 3.44c). Color changes due to the electron transfer
reactions of H,Pc are illustrated in the chromaticity diagram (Fig. 3.44d).

CuPc and NiPc complexes gave very similar spectral changes during in-situ
spectroelectrochemical measurements. Both complexes electro polymerized during the
oxidation processes and all bands in the spectra of these complexes decrease in intensity
due to the polymerization. During the reduction reactions both complexes gave spectral
changes assigned to the Pc ring reduction reactions.

In-situ spectroelectrochemical results of CuPc are given as a representative of these
complexes in Fig. 3.45. Before any potential application, CuPc gives the Q band at 678
nm and a shoulder at 621 nm. Due to the aggregation of the complex intensity of the
band at 621 nm is higher than the Q band of the monomeric species. This spectral
behavior supports aggregation effects to the CV responses of the complex.

During the first reduction reaction, while the Q band at 678 nm and the band at 621 nm
decrease in intensity a new band is recorded at 582 nm. Moreover, two new bands are
observed at 887 and 951 nm.

These spectral changes indicated reduction of both aggregated and monomeric Cu''Pc
species to the monomeric Cu"Pc™ (Fig. 3.45a) . During the second reduction reaction,
while the Q band and its shoulder decrease, two new bands increase at 800 and 890 nm.
At the same time the bands at 582 and 951 nm decreases in intensity (Fig. 3.45b).
These are the characteristic changes for the reduction of monoanionic Cu'Pc? to

dianionic Cu"Pc™ species.
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Figure 3.45. In-situ UV-Vis spectral changes of CuPc in DCM/TBAP. a) Eapp= -1.00

3.2.4 Electrochromic Measurements of Diethylamine (DEA) Derivatised
Phthalocyanines (H,Pc,NiPc,and CuPc)

The film coated on the working electrode with electropolymerization (ITO/DEA-Pc
(ep)) gets insoluble in DCM, while monomeric(H,Pc, NiPc, CuPc) is highly soluble.
Thus the film gives stable and reproducible CV responses in different solvents such as
H,O, AN, and DCM without dissolving. During the CV measurements in these solvents,
color changes of the film on the electrode were easily observed with naked eyes due to
the electrochromic feature of the film. Different color of the oxidized and reduced form
of (ITO/DEA-Pcs(ep)) indicate possible application in the display technologies, e.g.

electrochromic and data storage application.

3.2.4.1 Film Thickness Effect

ITO/H,Pc, NiPc, and CuPc(ep) films were prepared with different film thickness
adjusted with the CV cycle numbers and their in situ spectrochronocoulometric (SCC)

analyses were carried out to derive the basic electrochromic parameters of the

complexes.
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Figure 3.46 %T changes of ITO/NiPc(ep) film in DCM/TBAP electrolyte system in
different film thickness. a) 5 cycle b) 10 cycle c) 20 cycle.

Fig. 3.46 indicates %T changes of ITO/NiPc(ep) film in different film thickness. As it is
seen in the figure that the optimum electrochromic responses were recorded with the
ITO/NiPc(ep) film prepared with 5 CV cycles. For this reason all electrochromic
measurements the films prepared with 5 cycles were used.

3.2.4.2 Supporting Electrolyte Effect

To explore ideal supporting electrolytes, in situ spectrochronocoulometric analysis were

repeated in different electrolyte systems consisting different anions.
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Figure 3.47 %T changes of ITO/NiPc(ep) film in DCM at different electrolyte system
a) Tetrabutylammonium  fluoride b)  Tetrabutylammonium  chloride c¢)
Tetrabutylammonium tetrafluoroborate d) Tetrabutylammonium perchlorate

Fig. 3.47 represents in situ % transmitans change of ITO/NiPc(ep) film in DCM
consisting different supporting electrolyte. When ion size of the supporting electrode
decreases, % transmittance change also diminishes. This means that size of the anion
should be fitted to porosity of the film. If the anion is too smaller than pore of the film,
anion could not easily hold on the film or If the anion is too larger than pore of the film,
it could not penetrate in to the film. Perchloride is found as the optimal anion for
ITO/NiPc(ep) film in DCM. For this reason, all measurements were carried out in

TBAP electrolyte system.
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3.2.4.3 Solvent Effect
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Figure 3.48 %T changes of ITO/CuPc(ep) film at 500nm (red) and 620 nm (green)
versus time in different solvents during the repetitive chronocoulometric measurements.
a) Dichloromethane(DCM/TBAP) b) Acetonitrile(AN/TBAP) c) Distilled water
(H20/LiClOy).

To analyze the effect of solvent to color change of the system, ITO/ CuPc(ep) were
analyzed with respect to the redox responses and spectral changes under the applied
potentials in different media, e.g. DCM/TBAP, AN/TBAP, and H,O/LiClO,. Fig.3.48
shows %T versus time response of the film was recorded at 500 nm and 620 nm in
different solvents. ITO/CuPc(ep) illustrates excellent electrochemical responses in
AN/TBAP electrolyte system. While the basic electrochromic parameters of the film in
DCM/TBAP was also stable and acceptable, H,O/LiClO,4 results were not satisfying.
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It is obvious that such a definition of solvent effect cannot be expressed by an individual
physical quantity .
These results show that the solvent effect on UV/vis absorption spectra of CuPc film

was variable strongly depend on the nature of the substituent on the phthalocyanines

3.2.4.4 Central Metal Effect

After all parameters were measured, to investigate the central metal effect on the

electrochromic responses ITO/H,Pc,NiPc,CuPc(ep) films were analyzed in AN/TBAP

media.
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Figure 3.49 SCC analysis of ITO/H,Pc(ep) film in AN/TBAP electrolyte system. a) %T
changes recorded during in situ spectroelectrochemical measurement under 1.50 V
potential application. b) Chromaticity diagram of ITO/H,Pc(ep) film. c) Repetitive
chronoamperometric responses between Epp =0.0 V and Eapp = 1.50 V within 100 s time
interval. d) %T changes at 500nm (red) and 620 nm (green) versus time.
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Fig. 3.49 represents in situ spectrochronocoulometric analysis (SCC) analysis of
ITO/ HyPc(ep) film in AN/TBAP electrolyte system.
In situ spectroelectrochemical analysis of the ITO/ H,Pc(ep) is given in Fig. 3.49a to
represent the optic responses of the film under potential stress. Without any potential
application, the Q band of NiPc film is recorded at 621 nm (red spectrum).
When 1.50 V was applied to the working electrode, spectrum of the film changes
immediately. First of all, the Q band decreases slightly in intensity and two new bands
are recorded at 410 and 500 nm. These two different spectral changes indicate presence
of at least two electron transfer reaction. This spectral changes cause a color changes
from cyan to uncolored. Color changes during the redox processes are represented in the
chromaticity diagram in Fig. 3.49b. Under 0.0 V potential application, film has green
color (x: 0.301 and y: 0.329, point O). When 1.50 V was applied, color changes to
uncolored immediately (x: 0.360 and y:0.343, point a). To derive basic electrochromic
parameters of the ITO/ H,Pc(ep) film, repetitive chronocoulometric measurements
were performed with the spectral measurements (in situ spectrochronocoulometric
analysis, SCC). Fig. 3.49c illustrate the current responses of the ITO/ H,Pc(ep) film
under the constant potential application which was switched between 0.0 and 1.50 V. A
stable current-time response is recorded until the 10 cycles as shown in Fig. 3.49c
during the repetitive potential application, which indicate the columbic stability of the
film. %T versus time response of the film was recorded at 500 nm and 620 nm to
determine the response time, optic stability, and columbic efficiency of the film
(3.49d).At 500 nm, while %T is %99 under 0.00 V potential application, it decreases to
%59 when 1.50 V was applied thus illustrate a %40 optic contrast. However this change
was not stable after a copule of cycles. At 620 nm, while %T is %60 under 0.00 V
potential application, it increases to %81 when 1.50 V was applied thus illustrate a %21
optic contrast These %T responses of the film changes very too much during the 10
cycles, which indicates unsatisfactory optic stability of ITO/ H,Pc(ep) film.
Fig. 3.50 illustrates in situ spectrochronocoulometric analysis (SCC) analysis of
ITO/NiPc(ep) film in AN/TBAP electrolyte system.
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In situ spectroelectrochemical analysis of the ITO/NiPc(ep) is given in Fig. 3.50a to
represent the optic responses of the film under potential stress. Without any potential
application, the Q band of NiPc film is recorded at 634 nm (red spectrum). When 1.50

V was applied to the working electrode, spectrum of the film changes immediately.
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Figure 3.50 SCC analysis of ITO/NiPc(ep) film in AN/TBAP electrolyte system. a) %T
changes recorded during in situ spectroelectrochemical measurement under 1.50 V
potential application. b) Chromaticity diagram of ITO/NiPc(ep) film. c) Repetitive
chronoamperometric responses between Epp =0.0 V and Eapp.= 1.50 V within 100 s time

interval. d) %T changes at 500nm (red) and 620 nm (green) versus time.
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When 1.50 V was applied to the working electrode, spectrum of the film changes
immediately. First of all, the Q band decreases slightly in intensity and new band is
recorded at 500 nm. This spectral changes cause a color changes from cyan to red.
Color changes during the redox processes are represented in the chromaticity diagram in
Fig. 3.50b. Under 0.0 V potential application, film has green color (x: 0.324 and y:
0.335, point 0). When 1.50 V was applied, color changes to cyan immediately (x: 0.418
and y:0.338, point a). To derive basic electrochromic parameters of the ITO/NiPc(ep)
film, repetitive chronocoulometric measurements were performed with the spectral
measurements (in situ spectrochronocoulometric analysis, SCC). Fig. 3.50c illustrate the
current responses of the ITO/NiPc(ep) film under the constant potential application
which was switched between 0.0 and 1.50 V. A stable current-time response is recorded
until the 20 cycles as shown in Fig. 3.50c during the repetitive potential application,
which indicate the columbic stability of the film. %T versus time response of the film
was recorded at 500 nm and 620 nm to determine the response time, optic stability, and
columbic efficiency of the film (3.50d).At 500 nm, while %T is %79 under 0.00 V
potential application, it decreases to %57 when 1.50 V was applied thus illustrate a %22
optic contrast. At 620 nm, while %T is %60 under 0.00 V potential application, it
increases to %73 when 1.50 V was applied thus illustrate a %13 optic contrast These
%T responses of the film changes very little during the 20 cycles, which indicates
excellent optic stability of ITO/NiPc(ep) film. Responses times are 1 and 1.2 s for
anodic response (changing from cyan to red) these responses stay stable during 20
cycles. Anodic and cathodic efficiencies of the films (slope of %T versus charge
density) are found as 250 and 160 cm?/mC.
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Figure 3.51 SCC analysis of ITO/CuPc(ep) film in AN/TBAP electrolyte system. a)
%T changes recorded during in situ spectroelectrochemical measurement under 1.50 V
potential application. b) Chromaticity diagram of ITO/CuPc(ep) film. c) Repetitive
chronoamperometric responses between Epp =0.0 V and Eapp = 1.50 V within 100 s time

interval. d) %T changes at 500nm (red) and 620 nm (green) versus time.

Finally, spectrochronocoulometric measurements of ITO/CuPc(ep) film in AN/TBAP
electrolyte system were analyzed. The color of the film was also changed cyan to red.
At 500 and 620 nm films illustrate respectively %12 and %11 optic contrast. These %T
responses of the film changes very few during the 15 cycles, which indicates good optic
stability of ITO/ CuPc (ep) film. Anodic and cathodic efficiencies of the films (slope of
%T versus charge density) are found as 180 and 120 cm? mC. All measurements
indicate that electrochromic properties are affected a couple of paremeters. Metals on

the center of the complexes are also directly related of the characteristic properties.

108



4. CONCLUSIONS

Voltammetric and in-situ spectroelectrochemical studies show that TiOPc complexes
give both metal and ligand-based, multi-electron reduction processes, which were
affected from number and position of the substituents. Substituent variation of the
complexes affects the peak potential and assignment of the redox processes.
Electrochemical and spectroelectrochemical measurement of TiOPc complexes
indicated that incorporation redox active metal centers, TiO into the phthalocyanine
core extend the redox richness of the Pc ring with the reversible metal-based reduction
couples in addition to the common Pc ring-based electron transfer processes. This
expanded redox behavior of the complexes are the desired properties of the
electrochemical applications, especially, electro catalytic, electrochromic and electro
sensing applications. In situ electro colorimetric measurements of the new complexes
allow quantification of color coordinates of the each electro generated anionic and
cationic redox species. Different color of the electro generated species indicates their
possible application in the display technologies, e.g. electrochromic and data storage
application. All TiOPc complexes coated on ITO electrode with LB technique sense
Ag* and Pd*? ions. Presence of Ag* and Pd*? ions in the electrolyte system influences
the redox couples of the complexes due to the interaction between metal ions and
TiOPc. All complexes behave as homogeneous electro catalyst for ORR and catalytic
activities varies with substituent environments of the complexes. According to the
voltammetric and spectroelectrochemical response of the systems with or without O,
the electro catalytic activity of the complexes depends on the substituents and solvent of
the system. Since, catalytic activity of a-TiOPc increases in DMSO with respect to the
activity in DCM. Moreover, Langmuir Blodgett films of the complexes can be used as
heterogeneous ORR electrocatalysts in aqueous solution. These catalytic data indicated
possible usage of the complexes in fuel cell technology as a cathode active material, in
the non-aqueous metal-air batteries, as electrocatalysts for the production of superoxide

from molecular oxygen in the aprotic solvents, and as electrochemical sensors.
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Electrochemical and spectroelectrochemical measurement revealed that incorporation
redox active metal centers, Co", Ti'VO, and Mn"'OAc into the phthalocyanine core
extend the redox richness of the Pc ring with the reversible metal-based reduction and
oxidation couples in addition to the common Pc ring-based electron transfer processes.
This expanded redox behavior of the complexes are the desired properties of the
electrochemical applications, especially, electro catalytic, electrochromic and electro
sensing applications. Solvent of the electrolyte affects the redox properties of the
complexes which have redox active metal center due to the coordination ability
differences of the solvents. In-situ electro colorimetric measurements of the new
complexes allow quantification of color coordinates of the each electro generated
anionic and cationic redox species. Different color of the electro generated species
indicates their possible application in the display technologies, e.g. electrochromic and
data storage application. Presence of O, in the electrolyte system influences the redox
couples of the complexes due to the interaction between O, and MPcs having redox
active metal center, which is the desired properties for the fuel cell applications of the
complexes as cathode active material.

Electrochemical and spectroelectrochemical measurement indicates that substitution of
the complexes with  dimethylamine and diethylamine  groups supply
electropolymerization of the complexes on the working electrode. Coating of the
complexes on a substrate (e.g. an electrode) with electropolymerization is a desired
property for preparation of composite electrode, which has potentials for the usage in
different electrochemical technologies such as, electrocatalytic, electrochromic and
electro sensing applications. Since a functional material should be coated on a substrate
with a techniques (e.g. electropolymerization), with which film thickness, morphology,
roughness, and conductivity could be controlled easily.

Electron transfer reactions of diethyl amine substituted phthalocyanine complexes alter
the optical responses of the complex in solution as well as in solid state due to the
disappearance of the Q band of the complex and observation of new bands in the visible
region of the light spectrum. Optical changing’s in the visible light spectrum are the

desired properties for a material for the usage in the display technologies.
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In situ spectrochronocoulometric measurements indicate that electro polymerized Pc
films illustrate excellent electrochromic properties with fast response time, high

efficiency, high columbic and optic stability, and high optical contrast.
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