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ABSTRACT
SYNTHESIS, ELECTROCHEMISTRY AND SPECTROSCOPIC
BEHAVIOUR OF SOME PALLADIUM (II) COMPLEXES CONTAINING
OXIME LIGAND

Elkhajkhaj, Marai
M.S.,Chemical Engineering and Applied Chemistry
Supervisor: Prof. Dr. Şeniz ÖZALP YAMAN
January 2018, 97 pages

In this work, Pd(L)Cl2] (L= pyridine oxime, pyrrole oxime and thiophene oxime)
were prepared and their electrochemical behaviour and electronic absorption spectra
were studied by cyclic voltammetry technique in DMF-(n-C4H9)4NBF4 solventelectrolyte couple at room temperature vs Ag/AgCl reference electrode.
Constant potential electrolysis of the palladium complexes were carried out at their
first oxidation peak potentials and monitored by UV-Vis spectrophotometer. In order
to suggest the reaction mechanism and to identify the final product of the
electrochemical oxidation process of the complexes, the spectroelectrochemical
studies were repeated at cold medium, as well. The obtained results were evaluated
by correlating the results of mass spectrum, FTIR analyses and the chronocoulometry measurements. It was found that palladium complexes yielded the dimer
of the oximes with a two solvent coordinated palladium(II) chloride complexes via
one electron transfer from a ligand based orbital during the electrochemical
oxidation.
Keywords:Palladium(II) complexes, oxime ligands, dimer, cyclic voltammetry,
spectroelectrochemistry, electronic absorption spectra.

I

ÖZ

OXIME LIGAND'I BAZI BAZI PALLADYUM (II) KOMPLEKSLERİNİN
SENTEZ, ELEKTROKİMYA VE SPEKTROSKOPİK DAVRANIŞLARI

Elkhajkhaj, Marai
Yüksek Lisans, Kimya Mühendisliği ve Uygulamalı Kimya Bölümü
Tez Yöneticisi: Prof. Dr. Şeniz ÖZALP YAMAN
Ocak 2018, 97 sayfa

Bu

çalışmada,

[Pd(L)Cl2]

(L=

piridin

oksim,

piroloksimvetiyofenoksim)

kompleksleri hazırlanarak elektrokimyasal davranımları dönüşümlü voltametre
yöntemi ile DMF-(n-C4H9)4NBF4 çözücü-elektrolit çifti içinde, oda sıcaklığında
Ag/AgCl referans elektroduna karşı çalışılmıştır.
Palladyumkomplekslerinin sabit potansiyel elektrolizleri ilk yükseltgenme tepe
gerilimlerinde yapılmış ve UV-Visspektrofotometre ile izlenmiştir. Komplekslerinin
elektrokimyasal yükseltgenme mekanizmalarını çıkartabilmek ve yükseltgenme
ürünlerini tanımlayabilmek amacıyla spektroelektrokimyasal çalışmalar soğuk
ortamda tekrarlanmış sonuçlar kütle spekturumu, FTIR analizleri ve kronokulometrik

ölçümlerle

birleştirilerek

değerlendirilmiştir.

Pd(II)-

oksimkomplekslerinin elektrokimyasal yükseltgenmesi sırasında elektronun ligand
bazlı bir orbitalden alınarak oksim ligandının dimer oluşturduğu ve yükseltgenme
sırasında ayrılan ligand yerine çözücü moleküllerinin koordine olduğu saptanmıştır.
Anahtar Kelimeler: Paladyum(II)

kompleksleri, oksim ligandları, dimer,

dönüşümlü voltametre, spektroelektrokimya,
II

elektronik soğurma spektrumu.
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CHAPTER I

INTRODUCTION
1.1. The importance of Palladium (II) Complexes
In terms of annual demand, palladium is a standout amongst a large portion of
platinum group metals [1]. Pd(II) complexes have attracted great interest due to
applications found in organic syntheses [2], motivational processes [3], and
biological and pharmaceutical use [4,5].
Furthermore, palladium salt complexes are utilized widely as catalysts in organic
synthesis. Even though palladium is frequently thought to be poisoned by the sulfur
component during catalysis, it has been proven to be effective in a lot of organic
reactions involving sulfur compounds such as, hydrothiolation of unsaturated 1alkynylphosphines [6] and thiolation of haloarenes[7,8].
Palladium carbene complexes or Pd(OAc)2 [9] exemplifies one of the appropriate
ways to prepare palladium nanoparticles in ionic liquids. There are other different
methods to process metal nanoparticles in ionic liquids providing that the
nanoparticles contain hydrides or molecular hydrogen gas, which result in the
reduction of metal precursors like PdCl 2, Na2PdCl4. Therefore, the method of choice
in processing nanoparticles affects the reactivity and stability of metal nanoparticles
in ionic liquids [10]. Efforts have been put forth to correct the structure of the ligand
of the zwitterionic palladium complex for a more efficient catalytic system so that Pd
nanoparticles (NP) for C-C reaction continues [11].
Nitrogen-donor palladium complexes have been utilized extensively as a catalyst
because of their electrophilic metal centers, which empower them to structure
generally solid Pd-H and Pd-C bonds. Additionally, palladium allows for 0 and + 2
oxidation. Oxidation, transmetallation and reductive elimination operation are states,
which are the center of the start of palladium reactions [12].
1

Thanks to the seminal work by Brookhart et al. [13], nitrogen-donor palladium
complex catalyst has brought great attention due to its high activity in polyolefin
manufacture and are tolerant to unipolarity [14]. The use of a palladium complexes
as a catalyst for the reaction of olefins requires a larger volume of the cosmic ligand
to prevent the formation of side products of [bis(pyrazolyl)palladium][BAr 4] [15].
Also, polyfluorene synthesis and its copolymers have mostly employed Suzuki
condensation due to its mild reaction, including stable reactants (esters
boronicfluorenyl and dibromide) and Pd(0) catalyst (and sometimes generated at the
site of the purchases (II) compounds) [16,17]. The polymerization process is easily
carried out, however, its step-growth mechanism is typically produced in structural
defects, for example, rising polydispersity indices (PDI) and ill-defined end groups,
particularly where heavy remnants of Br and Pd atoms act as a trap charge to
influence the performance of the device powerfully [18-20]. Palladium may be a
standout amongst the greater part of a catalytic versatile for the transition metal.
Nitrogen-containing ligand-supported palladium catalyst based Suzuki coupling
reaction is the most frequently used methods of inorganic synthesis of carbon-carbon
bonding mode [21-23].
Schiff base ligands are effortlessly synthesized and shape complexes with almost all
metal ions. Many Schiff base complexes show excellent catalytic activity in diverse
reactions at excessive temperature (> 100 ◦C) and in the presence of moisture. Over
the last few years, there have been many evaluations in homogeneous and
heterogeneous catalysis, therefore the need for a study evaluating and highlighting
the catalytic activity of Schiff base complexes came to light. The study in the
polymerization of olefins has expanded these days due to the discovery of catalytic
activity in Schiff base complexes in the synthesis of commercially important
branched [24, 25] and linear polyethylene [26-37].
Schiff base transition metal complexes are generally utilized for organic synthesis,
drug design and catalysis [38-40]. The redox conduct for palladium may be
overwhelmed

toward

electrochemical

conversions

between

palladium(0),

palladium(II), and palladium(IV) species. Palladium(I) complexes are seldom found
because of their instability and disproportionation, while palladium(II) complexes are
relatively stable [41, 42].

2

Pd-based nanostructured materials are usually utilized as stellar anode for direct
formic acid fuel cells (DFAFCs) mostly due to their electro-catalytic intense activity
and their high strength when compared to Pt-based electrodes. However, low
sturdiness owing to poisoning with a sturdy adsorbed carbon monoxide (CO)
intermediates and the sintering of the catalyst, which also applies to nanoparticles,
limits the practical application of their trade seriously [43,44].
To this end, different methodologies have been used to enhance the activity and
stabilization of Pd-based catalysts. For instance, efficient promoters together with 2 nd
metals, nonmetals, and metal oxides have been proposed to enhance the catalytic
properties of Pd-based catalysts through synergetic effect [45-51].
Installation and characteristics of palladium(II) complexes have been the focus of
interest for some time [52-54]. It has been famed as efficacious catalysts [55-58] and
also as a potential metal-based anti-cancer drug [59-61] since they show the same
geometry and electronic configuration with platinum. However, the ligand-exchange
kinetics for platinum(II) and palladium(II) subsidiaries is very different. Hydrolysis
of palladium(II) subsidiaries is almost 105 times faster, leading to a very reactive
species unable to reach pharmaceutical goals [62,63]. Therefore, it has been
demonstrated that through the prevention of cis-trans isomeration, stabilization of
palladium complexes is achieved utilizing chelate ligands in a complex installation
that possesses similar or much better activity than platinum-approved drugs [64].
Much interest was given to the investigation of the electrochemistry of palladiumbased complexes in the past few years due to the high toxic activity of the cells and
lesser effect when compared to the well-established platinum-based drug molecules
such as Cisplatin. Palladium(II) complexes have also been found to be potential
inhibitors of the enzyme alkaline phosphatase (ALP). Interaction of Pd-complexes
with the negatively charged functional groups of ALP organizes the structures and
stimulates the activities of the enzymes [65]. It is known that palladium complexes
with nitrogen and sulfur containing ligands display antibacterial and anti-tumor
activity. They play a vital part in the ability to control gene expression hindering cell
repetition, and hence are used as valuable drugs. They show different modes of
interactions, such as electrostatic, intercalative and groove binding that can be
monitored by cyclic voltammetry (sometimes called cyclic stationary electrode
3

voltammetry), UV-Vis, Raman, fluorescence, and NMR spectroscopies [66-68].
However, the problem with such complexes is that they are ready to resolve the
disintegration leading to much reactivity and cannot reach their pharmaceutical
targets, such as the DNA. This problem can be quickly solved if palladium(II)
complexes are stabilized by bulky ligands such as triphenyl- phosphine [69].

1.2. Transition metal complexes with oxime ligands
Oximes are usually used as chelating ligands in the field of coordination chemistry
and their metal complexes have been of great significance for a very long time [7076]. For the oxime and oximate, there are multiple ways of viewing diverse
coordination modes, such as monodentate (N or O), bidentate chelating (N, O) and
bridging (N, O) [76-81]. Given the ability of coordination among them, they have
been widely used in the field of analytical chemistry for the separation and detection
of metal ions [82-86]. Furthermore, the reporting of certain oximes and their
complexes is known to be a great bio-chemical activity [87-93].
Since the pioneering efforts of Hantzch and Werner in the late nineteenth century and
of Chugaev in the 1900s regarding oximes and transition metal complexes,
compounds from this category have been extensively studied [94-95]. The molecular
confession of the formation of hydrogen bonds between molecules in oximes is used
on a large scale in the construction of supermolecular aggregates in solid state [96].
The oximes generally have an O-H group hydrogen bond donor. N and O atoms is
possible to accept hydrogen bonds, where in most cases, the bonding to the N atom is
preferred [97]. Most oximes form hydrogen-bonded dimers in solid state, which are
relatively common, such as trimmers [98], tetramers [99] and also linear chains
[100]. The access to the goal of achieving more flexibility is possible by the E/Z
isomers of the oxime group. Moreover, various modes of coordination, including
nitrogen and /or oxygen-coordination between various transition metal atoms are
known for oximato-metals types [95-101].
In recent years, great attention has been drawn to oximes and their complexes in
theory. The study of oximes and metal-oximes in laboratories (experimental studies)
may be matched by theoretical calculations. Density functional theory and other
4

theories and methods providing the geometry optimization of isomers[102-115] have
given the opportunity to study the mechanisms [116-119] of interaction and
characteristic spectral properties of certain oximes [120-128]. On the other hand,
they have been utilizing Ru(III) catalysis for the development and synthesis of
pyridines from easily available α,β-unsaturated oximes and alkynes under moderate
conditions as well as the use of depressed temperatures [129]. Polysubstituted
pyridines rank as one of the most common non-homogeneous synthesis encountered
by medicinal chemists [130-131]. Transition metal catalyst is a powerful tool in these
reactions [132-133].
The classical approach for the synthesis of pyrrole oximes is primarily based on the
reaction of an aldehyde or ketone with hydroxylamine hydrochloride in pyridine–
ethanol[134,135], sodium acetate–methanol or ethanol [136-139], sodium carbonate–
ethanol–water [140], or potassium hydroxide–ethanol [141] systems. Through
editing these techniques, it is viable to achieve pyrrole oxime from 5-bromo-2dimethylmethylene-3,4-dimethyl-2H-pyrrole.
De-bromination of the pyrrole oxime inside the gadget containing palladium on
barium

sulfate–sodium

methoxide–sodium

hydroxide

leads

to

3,4-

dimethylpyrrolecarbaldehyde oxime as shown in Figure 1.1 [142].

Figure 1.1. A way of synthesis of Pyrrole oxime.

There are many studies showing that oximes can readily form complexes with a lot
of transition metal ions, including palladium. Therefore, they are broadly utilized
within the quantitative palladium determination [143,144] and extractive isolation of
5

palladium compounds from the mixtures [145,146]. In addition, palladium
complexes are applied on the basis of oxime as a catalyst in asymmetric
synthesis[147,148].

Coordination modes of various types of oxime and oximate are depicted in Figure
1.2, refers to the electronic distribution diversified within the ligands. Here, it is
already clear to us that the chemistry of metal-bonded oximes should be rich [149].

Figure 1.2. Coordination modes of oxime and oximate species

In many research, the syntheses, structures and solution chemistry of oxime and
oximate, especially containing metal complexes, have been studied and described on
a large scale. Aldoximes and ketoximes are known for their capacity to complex
metals. One of the ways to get many of the complexes is to use ligands with the
oxime functional group linked to heterocycle. Heterocycles carry an oxime function
that are derived from the aldehyde or ketone which is always located in the 2position. Heterocyclic mono-aldoximes and their metal complexes have often been
depended on the descriptive method [150-152].
Oximes and the oximate group (acquired eventually by deprotonation hydroxyl
moiety) consist of two coordination atoms: the nitrogen atom of the imine and the
oxygen atom of the hydroxyl, deprotonated or not [153,154].
There are many different means of complexation, namely the oxime group is
involved in coordination using (bidentate ligand) the imine nitrogen and oxygen of
hydroxyl or only one of these atoms is used [154]. The heteroatom of the heterocycle
may be included into the coordination, particularly when the oxime group will be
placed on 2-position in some situations [155].
6

The improvement and development of new ligands with less common utilized
functional groups contribute to extend our comprehension about coordination
chemistry, which also allows us to find a new catalyst, such as transition-metal
catalysts [156]. The chemistry for aldoxime ligands and also for aldoxime including
metal complexes is stunningly rich and away from being exhausted. In all cases, the
ligand might go as neutral oxime or likewise an oximate anion [157].
One significant factor in the creation of novel coordination clusters is the choice of
primary ligand that occurs between the paramagnetic metal ions dictating the
intramolecular magnetic and molecular topology exchange between these ions. The
employment of N, O consists of numerous ligand coordination sites, such as Schiff
base ligands [158], and it has been proven as an efficient artificial protocol. As peers
of Schiff base ligands, aldoximes are significant chelating ligands found in the
coordination and analytical chemistry and also in the biological field [159]. Different
sorts of aldoximes, including pyrrole aldoximes [160] and pyridine aldoxime [161]
reveal their strong coordination tendency and the ability to form various polynuclear
systems [162].

1.3. Redox properties of the palladium complexes
Palladium complexes are the most attractive catalysts for many synthetic organic
reactions and these reactions have organometallic intermediates in different oxidation
states. The electrochemical methods are the best way to determine the catalytic
cycles. In order to achieve this this strategy electrochemical data for Pd(II)/Pd(0),
Pd(II)/Pd(III) and Pd(II)/Pd(IV) redox couples can be successfully used.
Redox chemistry of palladium complexes reported in the literature provides different
sources for the electron transfer. Depending on the kind of the ligand the electron
transfer occurs from a metal or a ligand base molecular orbitals. For instance, the
electrochemistry

of

palladium

dichloride

complexes

of

3-

dimethylhydrazinocamphorsulfonimide at platinum electrode indicates a ligand base
oxidation and reduction process [163]. On the other hand, the redox properties of
new class of unsymmetrical palladium(II) macrocyclic complexes containing 2-[4fluro-2-(2-oxo-1,2-diphenyl-ethylideneamino)-phenylimino]-1,2-diphenyl-ethanone
7

with appropriate diamines such as 1,2- diaminoethane, 1,3- diaminopropane, 1,4diaminobutane, 1,5- diaminopentane and 1,6- diaminohexane, reveal a metal based
reduction by cyclic voltammetric techniques on glassy carbon electrode. The
reduction peak was attributed to a two electron transfer of Pd(II)/Pd(0) process [164].
Similarly, ortho-vanillin with 2-mercaptoethylamine coordinated and palladium
complexes also suggested metal based reduction. The cyclic voltammogram of the
Pd(II) complex showed a well-defined redox process corresponding to the formation
of Pd(II)/Pd(I) couple at Epc = 0.09 V and Epa = 0.41 V; where Epc represents
cathodic peak potential and Epa denotes anodic peak potential [165].
A combination of electrochemical techniques, ESR spectroscopy and quantum
chemical calculations were applied to a series of cyclometalated Pd(II) complexes to
determine the electrochemical properties and the structure by Dudkina and
coworkers [166]. The studies of cyclic and differential pulse voltammetry by
quantum chemical calculations showed an effect of the complexes oxidation on the
metal–metal distance in the complexes: the larger Pd–Pd distance, the higher
oxidation potentials.
Electrochemistry of the complexes Pd(Phpy), Pd(Thpy) and Pd(bhq), (Phpy-, Thpy-,
and bhq = the deprotonated forms of 2-phenylpyridine, 2-(2-thienylfpyridine, and
benzo[h]quinoline, respectively) was studied, and the results compared with the
platinum (II) and (IV) anologs of the same ligands in another report [167]. The
cyclometalated complexes generally displays irreversible metal based oxidation and
reversible one-electron ligand based reduction processes Pd(Phpy), and Pd(Thpy),
also illustrated this usual behavior, but Pd(bhq) 2 exhibits irreversible metal based
reduction. Likewise, pyridine-2-carbaxaldehyde coordinated palladium complex
exhibited a quasi-reversible oxidation peak at 0.86 V which was assigned to ligand
based thiophenolato to thiyl radical oxidation [168].
Palladium(II) complexes containing novel oxime based ligand, phenyl-(pyridine-2yl-hydrazono)-acetaldehyde oxime exhibit

quasi-reversible Pd(II)/Pd(III) and

Pd(III)/Pd(IV) redox couples [169], contrary to our findings in our work.
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1.4. Cyclic Voltammetry
Cyclic Voltammetry (CV), sometimes referred to as cyclic stationary-electrode
Voltammetry,

is probably the most efficient and multilateral electroanalytical

technique available for the mechanistic study of redox systems [170-172]. It
empowers the electrode potential to find a chance to be scanned quickly in search of
couples’ oxidation. Once located, a couple could then have a chance to be portrayed
starting with the potentials from claiming peaks on the cyclic voltammogram and the
changes resulting from the difference of the scan rate. CV is frequently the first
experiment performed in an electrochemical study. To acquire a cyclic
voltammogram, the current at the working electrode in an unstirred solution is
measured for the duration of the potential scan. The potential scan that changed is
carried out throughout the electrode-solution interface to achieve the simulated cyclic
voltammogram, which is identical to the profile depicted in Figure1.3 [173].

Figure 1.3. Typical potential-time excitation signal for cyclic voltammetry

Cyclic Voltammetry is the most special occasion to study electro-oxidation and
electro-reduction reactions. CV employs isosecelestriangle wave, which was
practiced for the first time by Sevcik technology [174,175]. Cyclic Voltammetry is a
technique that allows one to examine the potential of working in the electrode and
anodic (cathodic) direct and control peaks due to oxidation (reduction) of the
substrate. The potential is then scanned in the (anodic) direction and cathodic peaks
during the forward scan can be seen due to reduction (oxidation) and the
intermediates formed. The electrode system utilized within the CV is directed
towards those natures of the medium and in addition by those methodologies being
9

examined. Vast majority of the basic electrodes utilized are platinum disks, platinum
wires, hanging mercury drops, carbon paste and platinum bead electrodes [166,177].
CV has become a standard technique in all fields of chemistry as a way of analyzing
redox states. The approach allows an extensive potential range variety to be hastily
scanned for reducible or oxidizable species. This functionality, together with its
variable time scale and good sensitivity, makes CV the most flexible electroanalytical technique. However, it should be emphasized that it is used in large within
the realm of qualitative or “diagnostic” experiments. Quantitative measurements (of
rates or concentrations) are obtained through different approaches (e.g., step, pulse,
or hydrodynamic techniques). Due to the kinetic management of many CV
experiments, some caution is beneficial whilst comparing the effects in phrases of
thermodynamic parameters.
Possibly, the most useful element of CV is its application to the qualitative prognosis
of electrode reactions which are coupled to homogeneous chemical reactions [170172]. The distinctiveness of CV is its capacity to generate species during one scan
and then, probe its destiny with subsequent scans [173].

1.5. Spectroelectrochemistry
Spectroelectrochemistry is an experimental technique that mixes an electrochemical
measurement coupled to an insitu spectroscopic measurement [178]. Electrochemical
techniques are used to monitor electrochemical events in situ by means of
spectroscopic probes and are tightly coupled by electrochemical and spectral
processes. Both optical and electrochemical measurements were carried out, and the
results included quantitative, qualitative and dynamic information about the species
in the electrochemical reaction [179]. The spectroscopical measurement can be
achieved either in reflectance or in transmittance. The light is used to probe the
instantaneous area of the running electrode placed within the cell. The spectroscopic
measurement offers beneficial complementary information all through an
electrochemical measurement. It is able to be used to identify reaction intermediates
or a product structure that occurs during an electrochemical measurement [178].
There are many spectroscopic techniques to provide a higher degree of accuracy and
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selective quantitative information about the type of solution for simple
electrochemical techniques. The most commonly used method is to absorb
ultraviolet-visible light from the materials of interest and to reflect the beam through
the electrodes or from inside or outside the electrodes. However insitu Infra-Red,
Electron Spin Resonance, NMR Luminescence, X-Ray diffraction and Mossbauer
spectroelectrochemical techniques have been used to probe the process in the
electrolysis solution [180].

1.6. Aim of the study
The first aim of this work is to prepare and identify the palladium complex
containing oxime ligands in cis-geometry, namely, [PdII(L1)Cl2] (a), K[PdII(L2)Cl2]
(b), [PdII(L3)Cl2] (c)

The second aim of this study is to elucidate the electrode reaction mechanism of
these palladium complexes and identify their electrolysis products and possible
reaction intermediates.
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CHAPTER II
MATERIALS AND METHODS

2.1. Preparation of Compounds
2.1.1. Oxime Ligands (L)
Oxime ligands, L1, HL2 and L3,which were prepared using the methods reported in
literature [181], by our group in COST project [182], and analyzed by 1H-NMR
spectrum, were used directly in this study.

2.1.2. Synthesis of [dichloro(pyridineoxime)]palladium(II): [PdC (L1)] 3.5
H2O(Pd(L1))
0.0421 g (0.256 mmol) of pyridine oxime, was dissolved in 5 ml methanol (MeOH).
On another side, 0.1004 g (0.241mmol) of K2PdCl4 was dissolved in 5 ml double
distilled water. The palladium solution was added drop wise to the methanolic
solution of pyridine oxime solution while continuously stirred by a magnetic stirrer.
Yellow-colored precipitate formation was observed and the resultant solution was
refluxed at 40 ºC for 24 hours, which changed the precipitate color from yellow to
dark yellow. The solution then was kept in the fridge two hours. Afterwards, the dark
yellow precipitate of [PdCl2(L1)]was collected under vacuum (Figure 2.1) and dried
at room temperature.(%Yield: 81.432)

Elemental Analysis: [PdC7H8ON2Cl2]3,5 H2O : C, 22.33; H, 2.14; N, 7.44. Found: C,
22.30; H, 2.43; N, 7.94. MS(EI) m/z= 377 [M.3.5 H2O]; HRMS (EI) calcd:
376.54722, found: 377.0243.
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Figure 2.1. Preparation of thePd-complex containing pyridine oxime ligand.

2.1.3. Potassium[dichloro(pyrroleoxime)]palladate(II): K[PdC (L2)](Pd(L2))
0.0387 g (0.256 mmol) of pyrroleoxime was dissolved in 5 ml MeOH. To this
solution, 5 ml aqueous solution of 0.1001 g (0.241 mmol) K2PdCl4 was added drop
wise while stirring as depicts in Figure 2.2.

Figure 2.2. Preparation of the Pd-complex containing pyrrole oxime ligand.

Then the solution was connected to reflux condenser and the temperature of the
medium was increased gradually to 40 oC and maintained at this temperature for
overnight (24 hours). Dark brown colored precipitate formation was observed during
the reflux process and then the solution was kept in the refrigerator to increase the
yield of product. Afterwards, the dark brown colored solid was collected under
vacuum and washed with cold water at room temperature. (Yield: 78.9 %).

13

Elemental Analysis: K[PdC6H7ON2Cl2]: C, 21.22; H, 2.08; N, 8.25. Found: C, 21.31;
H, 2.39; N, 8.56. MS(EI) m/z= 339 [M]; HRMS (EI) calcd: 339.55808, found:
339.2012.

2.1.4. [Dichloro(thiopheneoxime)]palladium(II): [PdC (L3)](Pd(L3))
As clearly observed in Figure11, to the 5 ml MeOH solution of 0.0434g (0.256
mmol) thiophene oxime and 5 ml aqueous solution of 0.1001g K2PdCl4 (0.241 mmol)
was added drop by drop, to the ligand-MeOH mixture and continuously stirred by a
magnetic stirrer. Yellow-colored precipitate was observed and the resultant solution
was refluxed at 49 ºC for 21 hours, which changed the precipitate color from yellow
to dark brown near from black. The solution was kept in the fridge two hours. Then,
the dark brown precipitate of [PdCl2(L3)] was collected under vacuum (Figure 2.3)
and dried at room temperature. Yield of complex is 62.81%.

Elemental Analysis: [PdC6H7ONSCl2]: C, 22.63; H, 2.22; N, 4.40; S: 10.06. Found:
C, 22.54; H, 2.34; N, 4.67; S: 10.11. MS(EI) m/z= 340 [M-H+K]; HRMS (EI) calcd:
340.4999, found: 340.2055.
“

Figure 2.3. Preparation of the Pd-complex containing thiophene oxime ligand.

2.1.5. Solubility
All the palladium(II) complexes are soluble in common organic solvents such as
acetonitrile, ethanol, methanol, acetone and very soluble in DMF.
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Table 2.1. Solubility of the complexes
Sample

EtOH

MeOH

Acetonitrile

Acetone

DMF

Pd(L1)

S

S

SS

S

VS

NS

Pd(L2)

S

S

S

S

S

NS

Pd(L3)

S

S

VS

S

VS

VSS

O

S: Soluble SS: Slightly Soluble VS: Very Soluble NS: Not Soluble
VSS: Very Slightly Soluble

2.2. Materials
In this study, potassium tetrachloropalladate(II) (
(DMF),

methanol

(CH3OH),

PdC ), dimethylformamide
acetonitrile

(CH3CN),

tetrabutyleamoniumtetrafloroburate (n-(C4H9)4NBF4) commercially provided and
were used without further purification.

2.3. Electrochemistry
2.3.1. Cyclic voltammetry
Cyclic voltammograms (CV) were recorded by using RADIOMETER PGZ 301
DYNAMIC–EIS VOLTAMMETRY. Figure 2.4 shows the cell used for Cyclic
Voltammetry measurements.
The CV was carried out in DMF within the potential range +1.8 V to -1.2 V at room
temperature. Argon gas was allowed to pass through the solution prior to the
voltammetric scans to eliminate oxygen from the system.
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Figure 2.4. The cell which used in the CV.

Three electrodes system was used during the study. In this system Ag/AgCl was used
as a reference electrode, platinum bead electrode was used as a working electrode
and platinum wire electrode was used as a counter (auxiliary) electrode. The three
electrodes in the system were placed as close as possible to minimize IR drop.
(n-(C4H9)4NBF4) was used as the electrolyte in order to maintain cell resistance low.
The 0.001 M complex solution was used in each measurement. Scan rate was 100
mV/sec during the recording of cyclic voltammograms.

2.3.2. Coulometry
In order to determine the number of electrons involved during the oxidation of the
[PdC (L)], the peak clipping method was used. For this purpose the area under the
oxidation peak of the complexes was integrated automatically by the computer and
that value was compared with that obtained during the oxidation process of
ferrocen/ferrocenium ion. During these measurements, the concentration of the
palladium complexes and the ferrocene were the same.
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Chrono-coulometry is the other method, in order to calculate the number of the
electron during the electro-oxidation. Where I-t plots were obtained during the
electrolysis of the complexes and the area under the curves were calculated. Since
this area equivalent to the electrical charge, the ratio of Q (electrical charge) to F
(96500 C/mol e-) was used to determine the number of electron.

2.3.3. Spectroelectrochemistry
Since the electron absorption spectrum can provide qualitative information about the
intermediate

product

or

the

electrochemical

process

product,

in

situ

spectroelectrochemical studies were carried out by using HP Agilent 8453
spectrophotometer. Figure 2.5 shows the instrument and the cell used for insitu
measurements.

Figure 2.5. The instrument and the cell which used in the electrolysis.
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The electrolysis of each complex was carried out in DMF at its first oxidation peak
potential at room temperature and then at -15oC temperature. The platinum gauze and
the platinum plate electrode (1cm2) were used as the working electrode and the
counter electrode, respectively, and the Ag-wire is used as the reference electrode
after making necessary corrections between the Ag/wire and Ag/AgCl (0.1 V vs
Ferrocene/ferrocenium couple). The electrolysis of all complexes took at around 4
hours.
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CHAPTER III
RESULTS AND DISCUSSION
3.1. CHARACTERIZATION (THE SPECTRAL IDENTIFICATION OF THE
COMPLEXES)
3.1.1. Electronic Absorption Spectrum:
Electronic Absorption Spectrum of the complexes was taken in DMF and the spectral
data are given in Table 3.1. The electronic absorption spectrum of the Pd(L1)
complex (Figure 3.1a) is composed of three bands at around 282 nm, 334 nm and
413 nm. The absorption band at 282 nm is assigned to an intra-ligand π→π*
transitions. However, a metal to ligand charge transfer (MLCT) transition bands
observed at 331 nm in the spectrum of the Pd(L1) [183-185]. Addition to these a
spin forbidden d-d-transition and appeared at around 413 nm in weak intensity [63].
The electronic absorption spectrum of the Pd(L2) complex is observed in Figure
3.1b, contains an intense band and a shoulder at around 273 nm and 304 nm,
respectively. Similar to the Pd(L1) complex, the intra ligand π→π* transition is
observed at about 273 nm. The shoulder, on the other hand, is attributed to a metal to
ligand charge transfer transition [183-185]. The d-d transition of the complex does
not appeared due to its weak intensity, where increasing concentration causes to a
solubility problem.
The intense band at around 287nm in the spectrum of Pd(L3) is assigned as the
π→π* transition, the shoulders appeared at about 360 and 392 nm are concerned as
the metal to ligand charge transfer transition [183-185] as assigned to Pd(L1) and
Pd(L2) complexes. The weak band obtained at around 458 nm is attributed to the
spin forbidden d-d-transition [63].However, the molar absorptivity constant of the
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this band cannot be calculated due to the solubility problem of the Pd(L3) in high
concentration, as well.

Table 3.1. Electronic absorption spectral data for the complexes in DMF.
Band No.

(cm-1)

λ(nm)

ε( M-1cm-1)

Pd(L1) complex
I

35460.993

282

24471.230

II

30211.480

331

6313.304

III

24213.075

413

1701.630

I

36630.037

273

9861.579

II

32894.737

304(sh)

3095.571

I

34843.206

287

10911.339

II

27777.778

360(sh)

2378.516

III

34246.575

392(sh)

1694.570

IV

21834.061

458

Pd(L2) complex

Pd(L3) complex

-*

sh: shoulder; * not measurable due to the solubility problem.
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Figure 3.1. Electronic absorption spectrum of a)Pd(L1), b) Pd(L2) and c)
Pd(L3)complexes in DMF.
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3.1.2. Infrared Spectrum
Infrared spectra were recorded at room temperature and selected vibrational frequencies
are given in Table 3.2. for the oxime ligands and their corresponding palladium(II)
chlorides.
The principle absorption peak of pyridine, pyrrole and thiphene oxime are obtained in
the range of 1584-1608 cm-1 is assigned to the aromatic C=N vibration frequencies,
respectively. The bands appeared at around 1223-1229 cm-1 in the spectrum of all the
oximes are assigned to (N-O) frequencies. The C=C stretching vibration frequencies of
the aromatic group in the oxime structures, on the other hand, are observed at around
1411-1468 cm-1 [182].The infrared spectrum bands at around 3150- 3411 cm-1 are due
to(OH)vibration frequencies and the bands in the range of 1000-1113cm-1 are assigned
to the O-H strechings. Oximes’ aromatic ring C-H vibrations generate intense peaks in
the range of 3060-3120cm-1.δ(C-H

out of plane ring)

and δ(C-C

out of plane)stretching

frequencies are observed at around 870-930 cm-1 and 700-775 cm-1, respectively. N-H
vibration of the pyrrole oxime exists at about 2863 cm-1 and (C-S-C ring) vibration of the
thiophene oxime is observed at 919 cm-1 [182].
In the IR spectrum of the complexes (Table 3.2, Figure A1-A3), the C=N stretching
vibration frequency is shifted to 1602, 1625 and 1619 cm -1for Pd(L1), Pd(L2) and
Pd(L3) complexes, respectively, confirming the coordination of Pd(II) ions to the Natoms of the oxime rings [182,183]. A similar shift is observed for aromatic (C=C)
vibration frequencies which appear at 1551 and 1481cm-1for the Pd(L1) complex, 1414
cm-1for the Pd(L2) complex and 1466 cm-1for Pd(L3) complex. The aromatic (N-O)
vibration frequencies of the complexes, on the other hand, are observed in the range of
1282 to 1305 cm-1. This deviation in the vibration frequencies supports to the
coordination of palladium(II) to the bidentate oxime ligands. The presence of the crystal
water in the structure of Pd(L1) is supported by means of the (HOH) vibration observed
at around 3453 cm-1. However, this broad band obscure the (OH) vibration in the FTIR
spectrum of Pd(L1).
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Table 3.2. Selected infrared vibration frequencies (cm-1) for the ligand and the
palladium complexes.
Frequencies
(cm-1)

L1

L2

L3

Pd(L1)

Pd(L2)

Pd(L3)

oxime

1584

1618

1606

1602

1625

1619

ν(C=C)aromatic

1468

1417

1551
1481

1414

1466

ν(N-O)

1223

1229

1227

1305

1282

1299

ν(O-H)

3150

3411

3201

Obscured
by ν(HOH)

3024

1000

1113
1032

1000

1083
1046

1112
1042

1119
1027

3063

3121

3073

3065

3157

3127

775

726

702

770

741

746

933

921

871

879

881

871

ν(C=N)

δ(O-H)
ν(Ar-H)
δ(C-C)

1411

3422

out of plane

δ(C-H)
out of plane
ring

ν(HOH)

3454

ν(C-S-C)
919

ring

ν(N-H)

2863

23

941

The (OH) vibration of Pd(L2) and Pd(L3) is appeared at around 3024 and 3422 cm -1.
Stretching frequencies of O-H bond are also deviates 20-40 cm-1 and observed at around
1027-1120 cm-1. The aromatic-H vibration of the palladium complexes appears at about
3065, 3157 and 3127 cm-1 for the pyridine, pyrrole and thiophene oxime coordinated
palladium(II) complexes. The IR bands at 879, 881 and 871 cm-1 are assigned to δ(C-H out
of plane ring) stretching

frequencies of Pd(L1), Pd(L2) and Pd(L3) complexes, respectively.

Similarly, the absorption peaks at about 770, 741 and 746 cm -1 are supposed as δ(C-C out
of plane)stretching

frequencies of the palladium complexes.(C-S-C

ring)

vibration of the

thiophene oxime is shifted to 941 cm -1 with the coordination of Pd(II) and N-H
vibration of the pyrrole oxime observed at 2863 cm-1 disappeared as expected [182,183].
3.1.3. 1H-NMR Spectrum
Proton NMR of the pyridine oxime, pyrrole oxime and thiophene oxime ligand is
taken in CDCl3 [182] and that of Pd(L1),Pd(L2) and Pd(L3) complexes were
obtained in d-DMSO. The chemical shifts of the complexes are presented in the
Table 3.3. and 1H-NMR spectrum of the complexes is given in the Appendix B.

Table 3.3. 1H-NMR data for the ligand and the complexes
1

Compound

H-NMR

L1(CDCl3)

δ : 2.22 (Me,H10), 7.37 (H5), 7.79 (H3), 7.85 (H4), 8.58 (H6)

L2 (CDCl3)

δ : 2.06 (Me,H9), 6.11 (H4), 6.51 (H3), 6.88 (H2)

L3 (CDCl3)

δ : 2.14 (Me,H9), 7.02 (H4), 7.29 (H3), 7.47 (H2)

Pd(L1) (d-DMSO)

δ : 2.38 (Me,H10), 7.65(H5), 8.03 (H3), 8.33 (H4) and 8.33
(H6), 3.36 (H-OH)

Pd(L2) (d-DMSO)

δ : 2.07 (Me,H9), 6.16 (H4), 6.50 (H3), 6.96 (H2)

Pd(L3) (d-DMSO)

δ : 2.27 (Me,H9), 7.40 (H4), 7.57 (H3), 7.74 (H2)
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The observed slight deviation in the chemical shifts of the oxime ligands with the
coordination to the palladium(II) ion clearly support the formation of the complexes.
However, the aromatic peaks in 1H-NMR of the Pd(L) complexes were not clearly
observable (Fig. B1-3). In order to identify these peaks, it was needed to intensify
this region. But, zooming out the aromatic region led to the appearance of impurities,
as well.

Since all the Pd(L) complexes are highly colored compounds, the

concentration adjustment would not be done properly by the technician, which
caused these low intensity peaks accordingly.

3.2. ELECTROCHEMICAL OXIDATION OF COMPLEXES
The electrochemical oxidation of Pd(L1), Pd(L2) and Pd(L3) were studied in DMF
by cyclic-voltammetry at room temperature. Cyclic voltammetry data are presented
in Table 3.4. The spectroelectrochemical data for each palladium complex is
discussed separately below.

Table 3.4. Cyclic-voltammetric data for the ligands L1, HL2, L3 and the palladium
complexes of these ligands, at platinum electrode in DMF at room temperature.
Compound

Ia (V)

L1[174]

1.27

Pd(L1)

1.26

HL2 [174]

1.19

Pd(L2)

1.19

HL3 [174]

1.43

Pd(L3)

1.14

IIa(V)

Ic(V)

IIc(V)

IIIc(V)

0.30

-0.30

-0.7

-0.34

-0.81

0.15

-0.30

-0.33

-0.80

0.18

-0.25

-0.96
1.08*

0.81*

0.66*

a

-0.57

-0.58

Anodic peak potentials; ccathoic peak potentials; *dependence of cathodic scan;

v

volt.
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3.2.1. L1 and Pd(L1)
The cyclic voltammogram of pyridine oxime (L1) was studied in DMF in detailed
before in our group as a part of a COST project [182]. Cyclic voltammogram of L1
consists of an irreversible oxidation peak at 1.27 V (Table 3.4) and an irreversible
reduction peak at -0.96 V versus Ag/AgCl reference electrode. The reduction peak
appeared after the anodic scan. Spectroelectrochemical investigations made on
during the one electron transition of the ligand indicated the formation of the dimer
of the ligand according to the following electrode mechanism [182];

CH3

N
N

- e-

CH3

N
N

OH

-H+

CH3

N
N

OH

O

(2)

(1)

dimer

CH3
N

N
O
O

N

N
(3)

H3C

Figure 3.2. The electrochemical oxidation mechanism of L1 in DMF [174].

Formation of the dimer of L1 was proved by following the O-O vibration frequency
that was at around 700-950 cm-1 in FTIR and the electronic absorption band observed
at about 355 nm in the same project.
The

cyclic

voltammogram

of

Pd(L1)

was

taken

in

DMF

as

well.

An irreversible oxidation peak at 1.26 V and a reduction peaks at around 0.30 V were
observed vs Ag/AgCl reference electrode during the anodic scan. Upon reversal of
the scan, two more irreversible reduction peaks appeared at -0.30 and -0.700 V by
depending on this oxidation peak. During the consecutive anodic scan followed to
the cathodic one, a new irreversible oxidation peak at 1.08 V (IIa) arose as depicted
clearly in Figure 3.3. Appearance of this new oxidation peak at 1.08 V, on the other
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hand, leaded a potential shift for the first oxidation peak towards the more positive
region (1.31 V).
The number of the electron passed during the electrochemical oxidation at 1.26 V
was calculated via peak clipping and chrono coulometric methods. The area under
the plot of Q (electrical charge) vs t (time) was integrated automatically by the
computer in chronocoulometry. The number of the electron removed during the
electro-oxidation of the Pd(L1) was calculated as one. Similarly, the comparison of
the area under the oxidation peak of ferrocene and that of our complex in the same
concentration by peak clipping method suggests the same result.

160
140

Ia

Current Density, uA/cm

2

120
100
80
60
40

Ia
IIa

20
0

Ic

-20

IIIc

-40

IIc

-60
-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

Potential, V

Figure 3.3. Cyclic voltammogram of Pd(L1) in DMF at platinum electrode vs
Ag/AgCl. (a) anodic scan (b) cathodic scan

The plot of current density (Ia, µA/cm2) versus the square root of the voltage scan
rate (v1/2) is given in Figure 3.4a. According to the Nicholson Shain criteria [185],
the positive slope obtained in the plot attributes a diffusion controlled electron
transfer reaction. The negative slope obtained in the plot (Figure 3.4b) of current
function (Ia/(Cv1/2) versus voltage scan rate (v) indicates a reversible electron
exchange followed by a chemical reaction, where C represents the concentration of
the complex. Appearance of an irreversible peak instead of reversible one is due to
fast chemical reaction following the electrochemical one [187].
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Figure 3.4. Nicholson-Shain Plots of Pd(L1) a) Plot of current density (I) versus the
square root of the voltage scan rate (v1/2) b) Plot of current function (Ia/(Cv1/2) versus
voltage scan rate (v).

Electochemical oxidation of Pd(L1) was carried out at 1.30 V vs Ag-wire in DMF
after making necessary corrections between the Ag/AgCl and the Ag-wire reference
electrodes. The oxidation process was followed in-situ by the electronic absorption
spectrum at room temperature and -15 oC. Spectral changes obtained during the
electrolysis at room temperature are given in Figure 3.5. The electronic absorption
spectrum of the complex consists of three absorption bands at 282, 334 and 413 nm
(Table 3.2).
Examination of Figure 3.5 shows that, as the intensities of the bands at 282 and 413
nm increases steadily, the intensity of the band at 331 nm was sifted to 328 nm.
During these spectral changes, two isosbestic points which were obtained at 345 and
377 nm, indicated one step electron transfer transition during the electro-oxidation.
Additionally, a slight increase was also observed at around 365 nm during the
electrolysis of Pd(L1), suggesting the formation of ligand dimer in the electrolyte
solution [182].
The spectroelectrochemical changes obtained at -15 oC depicts the same results as
observed in Figure 3.6.
Electrochemical oxidation of Pd(L1) at -15 oC, gives rise to increase all the band
intensities with an isobestic point at about 274 nm. The formation of the new band at
about 365 nm was observed very clearly at cold medium confirming to the
generation of L1-dimer [182].
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In order to support our findings, bulk electrolysis of L1 and Pd(L1) were carried out
in ethanol at their first oxidation peak potentials at room temperature during 5 hours
and the samples were given for mass and FTIR analysis.
Mass analyses results clearly indicate the formation of L1-L1 dimer in both
electrolysis solutions. Careful inspection of the mass spectrum (Figure C4) of the
bulk electrolysis solution of L1 reveals the presence of the dimer (C 7H7N2O2)2 and
(C7H7N2O2)2Na fractions with the molar masses of 267.9729 and 293.0856,
respectively, where the theoretical values are 268.27068 for dimer and 293.1014 for
the sodium attached dimer.
Mass analyses of the electrolysis solution of the palladium complex (Figure C7)also
contains the dimer fraction with a molar mass of 268.3119 and the solvent
coordinated palladium(II) complex, [Pd(C2H5OH)(H2O)Cl2], (theoretical weight:
243.4154 for M+2) with a molecular weight of 243.2921.
FTIR analysis of the electrolyte solutions of the L1 and Pd(L1) in ethanol (Figure A4
and 7) shows O-O vibration of peroxide at around 803 cm-1 as a further prove of the
formation of the dimer (C7H7N2O2)2. The similar O-O vibration was observed by
Karlin [188] and Baldwin [189] for the cupper complexes.
The spectroscopic and coulometric results suggest that the electrochemical oxidation
of Pd(L1) at 1.26 V takes place through the ligand based orbital rather than the metal
center. The possible mechanism for the spectroelectrochemical oxidation of Pd(L1)
may be as follows;
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Figure 3.7. The electrochemical oxidation mechanism of Pd(L1) in DMF.
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According to the above mechanism, the first electrochemical step corresponds to
·

Pd(L1)/Pd(L1) couple. As Nicholson Shain plots prove that this electrochemical step
is followed by a chemical step of dimerization of the unstable ligand radical by
generating a new solvent coordinated palladium complex, as well.
At the reduction peak one of the products may be reduced to an unknown compound
and at the second oxidation peak potential newly formed palladium complex may be
oxidized. At this stage, it is not clearly commented what happens at that oxidation
and reduction peaks potentials.

3.2.2. HL2 and Pd(L2)
In our previous project [174], we studied the electrochemical behaviour of the pyrrol
oxime, HL2, which is analogous of the pyridine oxime. An irreversible oxidation
peak at about 1.19 V and two irreversible reduction peaks at -0.34 and -0.80 V were
observed (Table 3.4) versus Ag/AgCl reference electrode in its cyclic
voltammogram. The reduction peaks observed after the oxidation peak. Electrooxidation of HL2 at its anodic peak also yielded a dimer as follows [182];
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Figure 3.8. The electrochemical oxidation mechanism of HL2 in DMF [174].
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Formation of the dimer of HL2, (C6H7N2O)2, was followed from the appearance of
the O-O vibration frequency at around 700-950 cm-1 in FTIR and the electronic
absorption band observed at about 364 nm [182].
The cyclic voltammogram of Pd(L2) which was taken in DMF at room temperature
is shown in Figure 3.9 At the first anodic scan an irreversible oxidation peak at 1.19
V and an irreversible reduction peak at about 0.146 V vs Ag/AgCl were observed
(Table 3.4). When the scan direction was reversed, two more irreversible reduction
peaks appeared at around -0.30 V and -0.57 V. All the reduction peaks were
dependent on the oxidation peak at 1.19 V. At the second anodic scan, on the other
hand, a new oxidation peak was also obtained at about 0.81 V by depending on the
reduction peak IIIc.

80

Ia

Current Density, uA/cm

2

60

40

20

IIa

0

-20

Ic

IIc
IIIc

-40

-60
-1,0

-0,5

0,0

0,5

1,0

1,5

Potential, V

Figure 3.9. Cyclic voltammogram of Pd(L2) in DMF at platinum electrode vs
Ag/AgCl. (a) anodic peak (b) cathodic peak

The number of electrons removed per complex molecule during the electrochemical
oxidation of Pd(L2) was calculated from the peak clipping and chronocoulometric
methods as explained in the previous section. The area under the coulommetric plot
was integrated automatically by the computer and the number of the electron
removed during the electro-oxidation of the Pd(L2) was found to be one. Similarly,
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the comparison of the area under the oxidation peak of ferrocene/ferrocenium ion by
the peak clipping method gave the same result.
The plot of current density (Ia, µA/cm2) versus the square root of the voltage scan
rate (v1/2) is given in Figure 3.9a. According to the Nicholson Shain criteria [186],
the positive slope obtained in the plot attributes a diffusion controlled electron
transfer reaction.
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Figure 3.10. Nicholson-Shain Plots of Pd(L2) a) Plot of current density (I) versus the
square root of the voltage scan rate (v1/2) b) Plot of current function (Ia/(Cv1/2) versus
voltage scan rate (v).

The negative slope obtained in the plot of current function (Ia/(Cv1/2) versus voltage
scan rate indicates a reversible charge transfer at the oxidation peak (Figure 3.10b)
followed by a chemical reaction as it was observed for Pd(L1). The reversible
oxidation peak was not observed in the CV of Pd(L2) because of the fast chemical
reaction followed the electron transfer, like Pd(L1).
The electrochemical oxidation of Pd(L2) was performed at the oxidation peak
potential, 1.19 V, in DMF and the changes in the electronic absorption spectrum of
the complex was followed by the UV-Vis. spectrophotometer during the electrolysis
(Figure 3.11).
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The electronic absorption spectrum of the complex, Pd(L2), consists of two
absorption bands and a shoulder at 273 nm, 304 nm. During the electrolysis, the
intensity of the both bands decreased. Two new absorption bands were obtained at
about 360 nm and 466 nm with two well-defined isosbestic points at 289 nm, 314
nm. The final spectrum was very similar to the spectrum of dimer [182],
(C6H7N2O)2, which suggests that the oxidation of Pd(L2) produces the dimer of L2L2 with a new palladium complex.
Electrochemical oxidation of Pd(L2) at -15 oC, provided almost same spectral
changes as inspected in Figure 3.12.
In order to support the presence of the ligand dimer in our electrolyte solution, bulk
electrolysis of L2 and Pd(L2) were carried out in ethanol and acetonitrile,
respectively at their oxidation peak potentials at room temperature during 5 hours
and the electrolysis products were identified by mass and FTIR measurements.
The formation of L2-L2, (C6H7N2O)2, dimer was clearly identified in mass spectrum
of the electrolyte solution of both the ligand and the complex. The mass spectrum of
the electrolyte solution of the ligand (Fig.C5) contains a peak at the molar mass of
246.8918 and 269.8523 for the dimer (C7H7N2O2)2 and (C7H7N2O2)2Na fractions,
respectively, where the theoretical values are 246.26876 for dimer and 269.25856 for
sodium attached dimer.
Mass analyses of the electrolyte solution of the palladium complex (Figure C8) also
involves the dimer fraction with a molar mass of 246.7447 and a fraction with a
molecular weight of 260.8869, which is confirming the presence of

a solvent

coordinated palladium complex, [Pd(CH3CN)2Cl2]+1 (theoretical weight: 260.4254).
FTIR analysis of the electrolyte solutions of the L2 and Pd(L2) in ethanol (Figure A5
and A8) shows a peak at around 803 cm -1 which is assigned as the O-O vibration of
the dimer (C6H7N2O2)2 [188-191].
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On the basis of the bulk electrolysis and the spectrochemical investigation and
coulometric measurements, the electrochemical behavior of Pd(L2) could be
characterized by the following suggested mechanism:

Figure 3.13. The electrochemical oxidation mechanism of Pd(L2) in DMF.

In this proposed mechanism, the first electrochemical step is followed by a chemical
step forming the dimer of the ligand and a solvent coordinated new palladium
chloride complex.

3.2.2. L3 and Pd(L3)
The cyclic voltammetry data of thiophen oxime, L3, which was taking in DMF at
room temperature in our previous work [174], is given in Table 3. During the anodic
scan one reversible oxidation peak was observed at around 1.43 V vs Ag/AgCl. Two
irreversible reduction peaks were also observed during the cathodic scan by
depending on the anodic peak. Electrochemical oxidation was carried out at the
oxidation peak potential vs Ag-wire in DMF-[n-(C4H9)4BF4] solvent-electrolyte
couple and the changes in the electronic absorption spectrum of the electrolysis
solution was followed in-situ. During the electrolysis, intensity of the characteristic
band at 281 nm decreased and shifted to 286, a new band formation is observed at
around 338 nm indicating the formation of the dimer of thiophen oxime,
(C6H6NSO)2, as given in the following electrode mechanism(Figure 3.14) [182];
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Figure 3.14. The electrochemical oxidation mechanism of L3 in DMF [174].

Formation of the dimer of L3, (C6H6NSO)2, was proved by the newly generated O-O
vibration frequency in FTIR at around 700-950 cm-1 [182].
The electrochemical behaviour of Pd(L3) was also carried out by cyclic voltammetry
and the voltammogram taken in DMF at room temperature, is shown in Figure 3.15.
At the first anodic scan, an irreversible oxidation and an irreversible reduction peaks
were observed at around 1.14 V and 0.18vs Ag/AgCl. Upon reversal of the scan
direction, two more irreversible reduction peaks appeared at -0.25 and -0. 58V. It
was found that these peaks depended on the oxidation peak. During the second
anodic scan a new irreversible oxidation peak was obtained at 0.66 V depending on
the third cathodic peak at -0.58 V.

The number of electrons removed per complex molecule during the electrochemical
oxidation of Pd(L3) was calculated in two different methods calculated as in the case
of Pd(L1) and Pd(L2). The number of electrons consumed during the oxidation of
Pd(L3) is one, on the basis of coulometry data and the peak clipping method.
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Figure 3.15. Cyclic voltammogram of Pd(L3) in DMF at platinum electrode vs
Ag/AgCl. (a) anodic peak (b) cathodic peak

The plot of current density (Ia, µA/cm2) versus the square root of the voltage scan
rate (v1/2) is given in Figure 3.16a. According to the Nicholson Shain criteria, the
positive slope obtained in the plot shows a diffusion controlled electron transfer
reaction. The declined line obtained in the plot of current function (I a/(Cv1/2) versus
voltage scan rate (v) clearly reveals an irreversible charge transfer at the oxidation
peak (Fig 3.16b), as it was observed for the other palladium–oxime complexes.
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In order to understand the details of the oxidation process taking place at the first
oxidation peak potential, constant potential electrolysis of Pd(L3)was carried out at
the oxidation peak potential vs Ag-wire in DMF as given in Figure 3.17. The
changes in the absorption spectrum of the complex during the electrolysis were
followed in-situ by measuring the electronic absorption spectrum of electrolysis
solution with 5 mC intervals.
Electronic absorption spectrum in DMF contains an absorption band at 283 nm and
a shoulder at 381 nm. During the oxidative electrolysis, the intensity of the band at
280 nm decreased and sifted to 280 nm, while an increase was observed in a region
at around 340 nm with a two clear isosbestic points at 272 nm and 331 nm. The band
at 381 nm was obscured by the newly formed shoulder at around 340 nm as shown in
Figure 3.16. The similar spectroelectrochemical changes were obtained during the
cold medium electro-oxidation of Pd(L3) at -15 oC (Figure 3.18) in DMF.
In order to elucidate the oxidation mechanism of the ligand and Pd(L3), bulk
electrolysis of L3 and the complex were carried out in ethanol and acetonitrile,
respectively at their oxidation peak potentials at room temperature during 5 hours
and the electrolysis products were identified by mass and FTIR measurements.
The formation of L3-L3, (C6H6NSO)2,

dimer was identified in the electrolyte

solution of both the ligand and the complex by mass spectrum (Fig. C6). The molar
mass of (C6H6NO2)2dimer and (C6H6NSO)2Na fraction was observed as 281.0562
(M+1) and 303.2609, respectively.
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the electrolysis.
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Mass spectrum of the electrolyte solution of the palladium complex (Fig.C9) also
comprises the dimer fraction with a molar mass of 281.0562 (M+1) and solvent
coordinated palladium complex, [Pd(CH3CN)2(H2O)Cl]+ (theoretical weight:
241.993), fraction with a molecular weight of 242.2841.
The vibration frequency observed at around 803 cm -1 in the FTIR spectrum of the
electrolyte solutions of the L3 and Pd(L3) in ethanol (Fig.A6 and 9) is attributed to
theO-O vibration of the dimer (C6H7NSO)2 [188-191].
Under the light of the spectral and the electrochemical findings, the mechanism of
the electro-oxidation of Pd(L3)can be proposed as shown in Figure 3.19.

Figure 3.19. The electrochemical oxidation mechanism of Pd(L3) in DMF.

In this mechanism, as it was observed in our other oxime coordinated palladium
complexes, the first electrochemical step is followed by a chemical step forming the
dimer of the ligand and a solvent coordinated new palladium chloride complex.
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CHAPTER IV
CONCLUSION
In this work, mononuclear palladium chloride complexes, [Pd(L)Cl 2] (L= pyridine
oxime, pyrrole oxime and thiophene oxime) were prepared and investigated using
electrochemical and in-situ spectroelectrochemical techniques.
The first oxidation peak in the cyclic voltammograms of all complexes is irreversible
and corresponds to one electron transfer from a ligand based orbital. A careful
examination of the oxidation peak potentials of the free oxime ligands and their
corresponding palladium complexes (Table 3) showed that both free and metal
coordinated structure almost oxidized at the same potential except the thiophene
oxime coordinated one(Pd(L3)),indicating that coordination of the ligand with the
metaldoes not change the electron density on the oxime ligands. However, the
oxidation peak potential of thiophen oxime decreased sharply from 1.43 to 1.14 V
when it coordinated to palladium and produced an unstable complex against
electrochemical oxidation. This surprising relatively lower oxidation potential of
Pd(L3) can be explained in terms of Lewis acids-base properties of metal and
thiophen oxime (L3) ligand. Pd(II) is a soft Lewis acid. L3 ligand coordinates to the
metal ion through the sulphur and nitrogen atoms. Sulphur is a soft Lewis base but
nitrogen is a hard Lewis base. On the basis of the Hard-Soft Acid Base (HSAB)
principle, the bond strength between sulphur and palladium will be stronger
compared to the bond strength between nitrogen and palladium. This difference in
the bond strength resulted from the unequal electron donation ability of two donor
atoms on the same oxime molecule may cause a weakness on the chelating ability of
L3 and hence decrease the overall stability, leading to lower oxidation potential.

Constant potential electrolysis at the first oxidation peak potentials was carried and
formation of the products was followed in-situ measurements of the electronic
45

absorption spectrum of the complex solutions during the electrolysis vs Ag-wire. All
the palladium oxime complexes undergo one electron transfer followed by a
chemical one, generating the dimers of the oxime ligands with a two or three solvent
coordinated palladium chloride complex.

A general mechanism was suggested according to our experimental data, is
consistent with the coulometric and spectrophotometric results as follows;

The formation of the solvent coordinated palladiım(II) complexes and the dimer of
the oxime ligands were shown by using FTIR and mass spectra. The presence of O-O
bond vibration at around 803 cm-1 in FTIR and the molar mass of the dimer of each
oxime ligands in the mass spectrum of the electrolysis solution of the complexes
indicated the generation of the oxime dimers during the electro-oxidations.
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APPENDIX A
INFRARED SPECTRA
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Figure A1. Infrared spectrum of Pd(L1) in the range of 4000-400 cm-1.
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Figure A2. Infrared spectrum of Pd(L2) in the range of 4000-400 cm-1.
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Figure A3. Infrared spectrum of Pd(L3) in the range of 4000-400 cm-1.
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Figure A4. Infrared spectrum after the electrolysis of L1.
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Figure A5. Infrared spectrum after the electrolysis of L2.
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Figure A6. Infrared spectrum after the electrolysis of L3.
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Figure A7. Infrared spectrum after the electrolysis of Pd(L1).
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Figure A8. Infrared spectrum after the electrolysis of Pd(L2).
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Figure A9. Infrared spectrum after the electrolysis of Pd(L3).
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APPENDIX B
1

H-NMR SPECTRA
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1

Figure B1. H-NMR spectrum of Pd(L1) in d-DMSO.
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Figure B2.1H-NMR spectrum of (PdL2) in d-DMSO..
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Figure B3.1H-NMR spectrum of (PdL3) in d-DMSO..
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MASS SPECTRA
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Figure C1. Mass spectrum of Pd(L1)
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Figure C2.Mass spectrum of Pd(L2)
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Figure C3. Mass spectrum of Pd(L3)
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Figure C8. Mass spectrum after the electrolysis of Pd(L2).
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Figure C9. Mass spectrum after the electrolysis of Pd(L3).
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