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ABSTRACT

The main objective of this research was to synthesis and study the photonic, magnetic and
metallomesogenic properties of Cu(ll), Ni(Il), Co(ll), Fe(Il) and Mn(I1)/Mn(l11) with
alkylcarboxylates, Schiff bases and cyclam as ligands. Three new Schiff bases
(H2L1, H2L2 and H2L3) were successfully obtained from the condensation reactions of
1,8-diaminooctane with 2-hydroxybenzaldehyde, 2,4-dihydroxybenzaldehyde, and
3,5-di(tert-butyl)benzaldehyde, respectively. A total of twenty-two (22) complexes were
successfully synthesised. The structures of these complexes were deduced from *H-NMR
(for ligands), X-ray crystallography (for crystals), elemental analyses, FTIR and
UV-visible spectroscopies, their band gap were determined from UV-visible,
fluorescence spectroscopies and cyclic voltammetry, their room-temperature magnetic
susceptibilities by the Gouy method and their thermal and mesomorphic properties by
themogravimetry (TG), optical polarizing microscopy (OPM) and differential scanning
calorimetry (DSC). All Cu(ll), Fe(1l) and cyclam complexes were mononuclear, while all
Ni(I), Co(ll) and Mn(11)/Mn(I1l) complexes were dinuclear. The optical band gaps of
these complexes were in the range of 0.31 eV to 3.61 eV and the lifetimes were in the
range of 0.7 ns to 3.9 ns. All complexes were paramagnetic, and their decomposition
temperatures were in the range of 134 °C to 301 °C. Finally, only
[Mn2(R)2(L1)(H20)4].2H20, [Ni(R’)(cyclam)]R’.4H,0 and [Co(R’)2(cyclam)].R’H,

(where R = CH3zCOO and R’ = CH3(CH2)14COO0) were mesomorphic.



ABSTRAK

Objektif utama kajian ini adalah untuk mensintesis dan mengkaji sifat-sifat fotonik,
magnet dan mesogenik kompleks yang terbentuk daripada tindak balas Cu(ll), Ni(ll),
Co(Il), Fe(I1) and Mn(11)/Mn(111) dengan alkilkarboksilat, bes Schiff dan siklam sebagai
ligan. Tiga bes Schiff yang baru (H2L1, HoL2 dan H.L3) telah berjaya diperolehi daripada
tindak balas kondensasi 1,8-diaminooktana dengan 2-hidroksibenzaldehid, 2,4-
dihidroksibenzaldehid atau 3.5-di(tert-butil)benzaldehid. Sejumlah dua puluh dua (22)
kompleks telah berjaya disintesis. Struktur kompleks ini telah dideduksikan daripada *H-
NMR (untuk ligan), kristalografi sinar-X (untuk kristal), analisis unsur, spektrometri
FTIR dan UV-vis, jalur optik dan electrokimia telah ditentukan dari spektrometri UV-vis,
pendarfluor dan voltametri kitaran, sifat kerentanan magnet pada suhu bilik ditentukan
melalui kaedah Gouy dan sifat terma dan mesomorfik melalui termogravimetri (TG),
mikroskopi pengutuban optik (OPM) dan kalorimeter pembeza imbasan (DSC). Semua
kompleks Cu(ll), Fe(Il) dan siklam adalah mononuklear, manakala semua kompleks
Ni(Il), Co(ll) dan Mn(I1)/Mn(l1l) adalah dinuklear. Jalur optik kompleks ini adalah
dalam julat 0.31 eV ke 3.61 eV dan tempoh hayat kompleks adalah dalam julat 0.7 ns
hingga 3.9 ns. Semua kompleks adalah paramagnetik, dan suhu penguraian adalah dalam
julat 134 °C hingga 301 °C. Akhir sekali, hanya [Mn2(R)2(L1)(H20)4].2H20,
[Ni(R*)(cyclam)]R’.4H20 dan [Co(R’)2(cyclam)].R’H, (R = CH3COO dan

R’ = CH3(CH2)14COO0) adalah mesomorfik.
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CHAPTER 1: INTRODUCTION

Metallomesogens are metal-containing liquid crystals. Liquid crystals exhibit the
characteristics of both the solid and liquid states. In addition, metallomesogens of first-
row transition metal ions with one or more unpaired electrons are potential magnetic and
semiconductor materials. Various semiconductor based on both molecular and polymeric
materials have been reported. The majority of organic semiconductors reported to date
demonstrate power conversion efficiencies of less than 1% [1]. In order to design an
efficient organic semiconductor, it is imperative that the efficiency in the dissociation of
excitons and the charge transport process should be improved, by lowering the band gap.
The ability to tune the band gap is becoming increasingly important for developing highly
efficient solar cells and transparent conducting oxides. For example, Wong et al. [2] have
reported the fabrication of photovoltaic cells using chlorotricarbonylrhenium(l)
bis(phenylimino)acenaphthene (Re-DIAN) (Figure 1.1) as the photosensitizer. The band

gap for this complex was 2.0 eV.
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Figure 1.1 Structure of Re-Dian

Due to the presence of the transition metal atom, an efficient spin—orbit coupling
would favour intersystem crossing, which leads to the formation of long-lived triplet
excited states. It is therefore envisaged that after photoexcitation, the exciton formed may

have a longer lifetime so that subsequent exciton dissociation process is favoured.



Metal complexes derived from salicyldiimine Schiff bases are the most
extensively studied metallomesogens. Schiff bases are synthesised from the condensation
of amino compounds with carbonyl compounds. Schiff base ligands can be coordinated
to transition metal ions via azomethine nitrogen. The strength of the azomethine group is
insufficient to form a stable complexes. Hence, the present of functional group, preferably
hydroxyl group as substituent, is nearly enough to permit formation of more stable
complexes [3]. The salen type Schiff bases complexes are most extensively studied topic
in coordination chemistry [4-8]. They also play important role in magnetism and have
some interesting applications, such as in catalytic oxidation-reduction processes [4,9,10],
metal-containing liquid-crystalline polymers [4,11], and as dye and fluorescent agents
[12].

Cyclam (Figure 1.2) is a macrocyclic ligand able to bind strongly to many
transition metal ions. It is an easily functionalised ligand and exhibits enhanced structural
stabilities, since the metal ion is firmly held within its cavity. Functionalization of the
parent macrocycle has opened new directions in fields ranging from fundamental
coordination chemistry [13], diagnostic and nuclear medicine [14-16] to waste water

treatment [17-19].

~
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Figure 1.2 Structure of cyclam

Hence, this research was focused on the synthesis and characterization of Cu(ll),
Ni(ll), Co(ll), Fe(Ill) and Mn(I1)/Mn(111) with anionic ligands from Schiff bases, and
alkylcarboxylato and cyclam as co-ligands. Photonic, magnetic and metallomesogenic

properties of these complexes were studied.



A total of twenty two (22) complexes were successfully prepared and
characterised. For homometallic complexes of Cu(ll), Ni(l1), Co(ll), Fe(ll) and Mn(ll),
the ligands were anions of three Schiff bases (H2L1, HoL2 and H>L3) formed from the
condensation reactions of 1,8-diaminooctane with  2-hydroxybenzaldehyde,
2,4-dihydroxybenzaldehyde, and 3,5-di(tert-butyl)benzaldehyde, respectively. In
addition, four homometallic complexes were synthesized from the reaction of cyclam
with [M(CH3(CH)14CQOO0).], where M = Ni(ll), Co(ll), Fe(ll) and Mn(ll). For the
heterometallic complexes, three complexes were synthesized from the reactions of HoL1,
HoL2, and HoL3 with a mixture of [Cu(CH3COQ),] and [Co(CH3COO),]. These are

shown in Scheme 1.1.

[M(RCOO),]
leLl leLz leLs lcyclam
complexes1-5  complexes6-10  complexes 11 - 15 complexes 16 - 19
(R =CHj) (R=CHy) (R=CHy) (R =CH;3(CHy)14
(@)

[Cu(CH;CO0),] + [Co(CH3CO0),]

leLl lHZLZ lH2L3
complex 20 complex 21 complex 22
(b)

Scheme 1.1 (a) Homometallic complexes 1 — 19 (M = Cu(ll), Ni(lI), Co(ll), Fe(Il), Mn(l1); and
(b) heterometallic complexes 20 — 22

These materials were characterised by 'H-NMR (for ligands), X-ray
crystallography (for crystals), elemental analyses, FTIR, UV-visible and fluorescence

spectroscopies, cyclic voltammetry, room-temperature magnetic susceptibilities by the



Gouy method, thermogravimetry (TG), optical polarizing microscopy (OPM) and
differential scanning calorimetry (DSC).

The findings of this research were accepted for publication in ISI journals and
were presented in regional and international conference and seminar (Appendices 2-5),
as listed below.

1. Norbani Abdullah, Suhana Mohd Said, Yanti Yana Halid, Naimah Sharmin, Siti Amira
Mat Hussin, Nik Muhd Jazli Nik Ibrahim, Nurul Atikah Safiin, Nurul Shafinaz Anuar.
Complexes of Nickel(Il) Carboxylates With Pyridine and Cyclam: Crystal Structures,
Mesomorphisms and Thermoelectrical Properties, J. Coord. Chem. (accepted on 26
May 2016).

2. Norbani Abdullah, Yanti Yana Halid, Tee Jia Ti, Afig Azil Crystal Structures and
Mesomorphic Properties of Schiff Base Homologs and Derivative, and Magnetic
Properties of their Dimeric and Dinuclear Copper(ll) Complexes. Mol. Cryst. Lig.
Cryst., Vol. 624, No. 1, 132-143, 2016

3. Yanti Yana Halid and Norbani Abdullah. Synthesis and Characterization of Cu(ll) and
Co(ll) Complexes of a Schiff Base Ligand as Potential Spintronics and Low Band Gap
Photonic Materials. The Fourth International Conference for Young Chemists, 2013,
Pulau Pinang (Oral presentation).

4. Yanti Yana Halid and Norbani Abdullah, Synthesis and Characterization of Cu(ll) and
Co(ll) Complexes as Spintronic and Low Band-Gap Photonic Materials
[M(CH3COO)x(C22H26N204)x(H20)x. International Conference of lonic Liquid, 2013,
Langkawi (Oral presentation).

This thesis contains five chapters. Chapter 2 presents the theory and literature review
of Schiff bases and cyclam complexes with focused on structural elucidation by *H-NMR
(for ligands), X-ray crystallography (for crystals), elemental analyses, FTIR and UV-
visible spectroscopy, followed by band gap and magnetic, thermal and liquid crystalline
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properties. Chapter 3 contains the experimental methods used in the syntheses and the
techniques of instrumental analyses. Chapter 4 presents the results and discussion, and
finally, Chapter 5 presents the conclusions and suggestions for future works. A list of

references and appendices are included at the end of this thesis.



CHAPTER 2: THEORY AND LITERATURE REVIEW

2.1 Introduction

The main focus of this research project was to synthesize and characterize homometallic
and heterometallic complexes with alkylcarboxylate ion, Schiff bases and cyclam as
ligands. These complexes were designs as molecular magnetic and/or low band gap
metallomesogenic materials. Accordingly, this chapter presents literature reports, theory

and basic concepts relevant to this project.

2.2 Schiff bases
Schiff bases (Figure 2.1) are a group of organic compounds containing an imine group
(R-C|::N-), either secondary ketimines or secondary aldimines, and also known as

azomethines. These compounds are named after a German chemist, Hugo Schiff [20].

Ry
|

Cx
Rz/ ST

R3

Figure 2.1 General structure of a Schiff base (R: = hydrogen, alkyl or aryl, Rz, Rs = alkyl or aryl)

These compounds are usually synthesised by the condensation reaction of a

primary amine with a carbonyl group (aldehydes or ketones) (Scheme 2.1). The reaction

is reversible and generally takes place under acid or base catalysis, or upon heating.
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Scheme 2.1. General equation for the synthesis of a Schiff base

A few examples of Schiff bases are shown in Figure 2.2.
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Figure 2.2. Examples of Schiff bases

Schiff bases play important roles in agriculture, pharmaceutical and industrial
chemistry. Examples are as catalysts, pigments and dyes, intermediates in organic
synthesis, polymer stabilizer, antiviral, enzymatic agents and in various biological
systems [21-24].

The structure of Schiff bases, if single crystals, can be characterised directly using
X-ray crystallography. Examples are vanillin-Schiff base (Figure 2.3(a)) [25],
2,2’-[decane-1,10-diylbis(nitrilomethylidyne)]diphenol  (Figure 2.3(b)) [26], and
2,2’-[nonane-1,9-diylbis(nitrilomethylidyne)]diphenol (Figure 2.3 (c)) [27]. The
structure of non-crystalline Schiff bases may be ascertained by combined instrumental

analyses, namely elemental analyses, and NMR and IR spectroscopies.
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Figure 2.3 Molecular structures of crystalline Schiff bases

Elemental analyses are used for identification and quantification of elements,
elemental compounds and molecular species in terms of the weight percent of each
element (C, H and N) in the compounds. It can also be used to determine the sample purity
as it give very accurate results. This technique can be applied to both solid and liquid
samples. For example, Khalaji et. al [28] reported that the calculated percentage
composition of C, H and N for 2-[(4-methoxy-2-nitrophenyl)iminomethyl]phenol were
61.76% C, 4.44% H and 10.29% N, while the analytical results were 61.70% C, 4.51% H
and 10.38% N.

'H-Nuclear magnetic resonance spectroscopy (*H-NMR) is used for determining
the content and purity of a sample as well as its molecular structure. For example, the
spectrum can either be used to match against spectral libraries or to infer the basic

structure directly. For example, Raman et al. [29] reported that a Schiff base derived from



benzyl-2,4-dinitrophenylhydrazone with aniline exhibited a multiplet signal at 7.3-7.8
ppm for aromatic H, and at 10.1 ppm for N-H.

Fourier transform infrared spectroscopy (FTIR) is a technique to identify the
presence of certain functional groups in a molecule, and to confirm the identity of a pure
compound and detect the presence of specific impurities. For Schiff bases, the most
important functional group is C=N (imine) stretch, which appear as a strong peak at
around 1600 cm™. For example, a Schiff base derived from 8-acetyl-7-hydroxycoumarin
and p-phenylenediamine showed characteristic bands for C=N, C=0 and C-O vibrations

at 1590 cm?, 1710 cm™ and 1221 cm!, respectively [12].

2.3 Metal (1) complexes of Schiff bases: syntheses, chemical formulas and structures
Schiff bases that coordinate to metal ions have been playing an important role in the
development of coordination chemistry and have been studied extensively [7,8]. These
compounds were also important in the development of inorganic biochemistry as they
were reported to possess remarkable antibacterial, antifungal, anticancer and antimalarial
activities [30-32]. In addition, they also have wide applications in food industry, dye

industry, analytical chemistry, catalysis, magnetism and medical imaging [7,17,33].

2.3.1 Copper(Il) complexes of Schiff bases
Complexes of Schiff bases with Cu(Il) have been extensively studied [34,35]. They were
synthesised either by reaction of Cu(ll) acetate monohydrate [36,37] or Cu(ll) salt
(sulphate, chloride, nitrate) [38,39] with Schiff bases. The structure of a complex formed
between Cu(ll) and a Schiff base can be characterised directly using X-ray
crystallography (for a crystal) or elemental analyses, IR and UV spectroscopies (for a
non-crystalline complex).

For example, Sasaki et al. [40] reported the synthesis of [Cu(salabza)], where

Hosalabza = N,N’-bis(salicylidene)-2-aminobenzylamine, by dissolving copper(Il)



acetate monohydrate in a minimum volume of water and adding the solution to a solution
of Hpsalabza in warm methanol. The complex was isolated as dark green crystals
(Figure 2.4), and its crystal structure showed Cu(ll) coordinated to phenolate oxygen and

imine nitrogen, resulting in a distorted tetrahedral geometry at the copper(ll) centre.

Figure 2.4 Molecular structure of [Cu(salabza)] [40]

Another example is [Cu(Sal-6)]., where Sal-6 = N,N'-bis(4-hydroxysalicylidene)-
1-6-diaminooctane [41]. It was synthesised by adding a methanolic solution of copper(11)
acetate over a period of 3-4 hours to a methanolic solution of the ligand using cannula.
Then, the volume was reduced using a rotary evaporator. Pea-green crystals were
obtained and the crystal structure (Figure 2.5) showed dimers with one end of two
primary ligands bonded to each copper(ll) centre, which have a tetrahedral environments

and exhibited a trans-N2O> donor set.
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Figure 2.5 Crystal structure of [Cu(Sal-6)]. [41]

For non-crystalline complex, the same analytical technique as for Schiff bases can
be used. For example, the calculated values for [CuLs], where Ls = N,N-bis(3,5-di(tert-
butyl)salicylidene)-1,6-diaminohexane) (Figure 2.6(a)) [4] were 70.84% C, 8.92% H,
and 4.59% N, while the results from the CHN elemental analyses were 71.78% C, 9.59%
H, and 4.38% N.

For FTIR spectroscopy, the C=N group appears at around 1550 to 1650 cm™ in
the Schiff bases, but shifts to lower energy by 6-11 cm™ in complexes indicating
coordination through to azomethine nitrogen [42,43]. For example, in 2003, Sandra and
co-workers [44] reported an FTIR spectrum of [Cu(L)CI].CI (L = salicylaldehyde
B-hydrazone of isitin) (Figure 2.6(b)). It showed peaks for v(C=N) at 1560 cm™, Cu-N at
461 cm™? and Cu-O at 498 cm™. Another example is [Cu(SAH)(H20)], where SAH =
bis(salicylaldiminato)hydrazone (Figure 2.6(c)), which showed peaks for v(C=N), Cu-N

and Cu-O bands at 1649 cm™, 450 cm™ and 514 cm™?, respectively [45].
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Figure 2.6 Examples of Cu(ll) complexes (a) [CuLs]; (b) [Cu(L)CI].CI; (c) [Cu(SAH)(H20)]

Molecular absorption spectroscopy in the UV-visible spectral regions is widely
used for qualitative and quantitative analyses of a large number of inorganic species. For
complexes, UV-visible spectroscopy is useful to determine the geometry of the metal
centre from the number and value(s) of Amax (Wavelength at maximum absorbance) of
d-d absorption band(s) [46,47]. For Cu(ll) complexes, there should be one d-d band and
its Amaxvalue should be about 600 nm for square planar, 700 nm for square pyramidal, and
800 nm for octahedral geometry at the metal(Il) centre. The molar absorptivity (¢) value
for the d-d band is relatively low, roughly below 1000 M cm!?, as the transition is
forbidden. The & value can be calculated using the Beer-Lambert law (A = ¢bc), where A
is the absorbance, b is the path length, and c is the concentration. As an example, Aazam
et al. [12] in 2005 reported the UV-vis spectrum of [Cu(HL)(OACc)2], where HL = 8-(1-
(4-aminophenylamino)ethylidene)-2H-chromene-2,7(8H)-dione (Figure 2.6(c)), which
showed a d-d band at 685 nm. The authors suggested a square planar geometry at the

Cu(ll) centre.
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2.3.2 Nickel(I1) complexes of Schiff bases

Most nickel(Il) complexes are either octahedral, tetrahedral or square planar. Octahedral
and tetrahedral complexes have two unpaired electrons, while square planar complexes
have no unpaired electron. Complexes of Ni(Il) with strong field ligands tend to be square
planar, while those with weak field ligands tend to be tetrahedral.

As an example, Mukherjee et al. [7] reported the synthesis of
[Ni(HSalpn)(NCS)(H20)].H20, where  Salpn = 2,2’-[propane-1,3-diylbis
(nitrilomethylidyne)]diphenol), by adding a solution of Ni(SCN)2.4H.O in methanol-
water (9:1 v/v) mixture to a solution of H.Salpn in methanol with constant stirring for an
hour at room temperature and then filtered. The complex was green crystals. The results
from elemental analyses were 49.52% C, 4.36% H, and 9.57% N (calculated: 49.80% C,
4.88% H, and 9.68% N). Its FTIR spectrum shows peaks for v(C=N) at 1634 cm™, v(SCN)
at 2094 cm™ and v(H20) at 3328 cm™. Its crystal structure (Figure 2.7) shows that Ni(ll)
was coordinated through O and N of the ligand in a distorted octahedral environment.
Both axial positions were occupied by N atom of thiocyanate group and O atom of water
molecule. The complex also contains non-coordinated water molecules and formed a
strong hydrogen bond with the coordinated water molecules and a weaker H-bond with

N atom of coordinated isothiocyanate.

Figure 2.7 Crystal structure of [Ni(HSalpn)(NCS)(H20)].H20 [7]
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Ni(Il) complexes with different geometries show differences in their UV-vis
spectra. For octahedral complexes, the d-d bands are weak and the spectra usually show
three absorptions at around 1428-770, 909-500 and 525-370 nm. These bands are
assigned to 3Azq — 3T2g, 3Azg — 3Tig, and 3Azq — 3T1g(P) transitions, respectively. For
tetrahedral complexes, the spectra are similar but the bands are at lower wavenumbers,
usually at around 1420 to 1000 nm due to 3T1 — 3A;, 935 to 760 nm due to *T1 — E, 870
and 580 nm due to 3T1 — 3T1(P) [48]. For square planar complexes, the d-d bands are
found between 450 and 600 nm. For example, Yousef et al. [49] reported in 2013 that the
UV-vis spectrum of [Ni(HPTP)CI].H20, where HPTP = (2)-2-(4-(pyridine-2-yl)
thiosemicarbazido)propanoate) (Figure 2.8 (a)), showed a broad band at 672 nm assigned
to 1A1g — 1Azg and at 396 nm assigned to spin-forbidden transition, suggesting a square
planar geometry. Other examples are [Ni(L)2(H20)2] (L =2-Benzoyl-3-hydroxy-1-
naphthylamino-3-phenyl-2-propen-1-on) (Figure 2.8(b)), which showed three bands at
1002 nm, 595 nm, and 380 nm, suggesting an octahedral geometry [50], and [Ni(L).]
(L = 3-Methoxysalicyliden-p-aminoacetophenoneoxime) (Figure 2.8(c)), which showed

a band at 632 nm, suggesting a tetrahedral geometry [42].
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Figure 2.8 Examples of Ni(I1) complexes () [Ni(HPTP)CI].H.0; (b) [Ni(L)2(H20)2]; (c) [Ni(L)2]

2.3.3 Cobalt(Il) complexes of Schiff bases

Most Co(ll) complexes are octahedral, and depending on the ligands, may be high spin
(HS) or low spin (LS). There are also tetrahedral complexes, while square planar
complexes are quite rare. Another fact is Co(ll) tends to be oxidised to cobalt(I11) when
coordinated with moderate to strong field ligands.

In 2013, Barnerjee et al. [51] reported a dinuclear complex,
[Co2(L)(H20)2(CH3C02)2](CH3CO2)2, (L was derived from N-(2-aminoethyl)piperazine
and 2,6-diformyl-4-methylphenol ) (Figure 2.9). This complex was prepared by adding
N-(2-aminoethyl)piperazine to a heated methanolic solution of 2,6-diformyl-4-
methylphenol, and the mixture refluxed for an hour, followed by adding a methanolic
solution of Co(CH3COQ),.2H,0. The dark red solution formed crystals after it was kept

in a CaCl; desicator for a few days. The calculated composition percentages of C, H and

15



N were 41.04% C, 6.89% N and 9.90% N, while the results obtained from the elemental
analyses were 41.01% C, 6.85% H and 9.88% N. Its crystal structure (Figure 2.9) shows
Co(Il) ions in adistorted octahedral geometry, and two acetate ligands bridging the Co(ll)

ions in a syn-syn coordination mode.

Figure 2.9 Crystal structure of [Coz(L)H20)2(CH3CO2)2](CH3CO2): [51]

Generally, the colour of octahedral Co(ll) complexes is pink, tetrahedral is green,
and square planar is brown [48,52]. For HS Co(ll) octahedral complexes, there are two
principle regions of the UV-vis absorption spectra: a band near 1250-1000 nm assigned
to the “T1g — “Toq transition, and another band near 500 nm with a higher intensity
assigned to “T1g — “T14(P) transition. For LS Co(ll) octahedral complexes, the spectra
show two bands near 1175 nm and in the range from 3300 — 1600 nm, both with similar
intensity. On the other hand, the spectra for Co(ll) tetrahedral complexes show two bands
at 3330-1000 nm and 770-550 nm, assigned to *A; — “Ti(F) and *A; — *T1(P)
transitions, respectively. As an example, Raman et al. [29] reported that the spectrum of
an octahedral HS [Co(L)2(H20)2] (H2L was the Schiff base formed from benzyl-2,4-
dinitophenylhydrazone and aniline) (Figure 2.10(a)) showed two spin-allowed transition
at 560 and 460 nm, assigned to *T1g(F) — *Azg(F) and *T1g(F) — “Axg(P) transitions,

respectively. Another example is [Co(L)CI]CI, where L = salicylaldehyde B-hydrazone
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of isitin (Figure 2.10(b)), reported by Konstantinovic et al. [44]. Its UV-vis spectrum

showed three bands at 610, 628 and 645 nm, suggesting a tetrahedral geometry.

(@) (b)

Figure 2.10 Examples of Co(ll) complexes: (a) [Co(L)2(H20).]; and (b) [Co(L)CI]CI

2.3.4 Iron complexes of Schiff bases
As for cobalt(11) complexes, iron(11) also formed octahedral (HS and LS), tetrahedral and
square planar complexes. In addition, Fe(ll) is easily oxidised to Fe(lll) in the presence
of oxygen and in alkaline condition.

As an example, Zeyrek et al. [53] reported their study for [Fe(HL)](CIOa), where
HL2 was the anion derived from the Schiff base HsL formed from triethylenetetramine
and 5-chlorosalisalcylaldehyde (Figure 2.11). The complex was prepared by adding a
solution of Fe(ClO4)..6H20 in methanol to a solution of HsL and stirring for 10 minutes.
The complex was obtained as dark violet crystals after the solution was left to stand at
room temperature for five days. The calculated composition percentages of C, H and N
were 41.66% C, 3.84% N and 9.72% N, while the results obtained from the elemental
analyses were 41.97% C, 3.10% H and 10.16% N. Its FTIR spectrum showed a strong
band at 1627 cm™ assigned to v(C=N), suggesting that the imine nitrogen atoms are

coordinated to the iron(I11) ion. Its crystal structure (Figure 2.11) showed the metal atom
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in a distorted octahedral geometry, with two terminal phenolic O and amine N atom cis,
and the imine N atoms trans, to each other. The Fe-N (imine) bond distance (1.935(5) A
and 1.941 (5) A) were significantly shorter than Fe-N (amine) bond distance (1.999 (4) A
and 2.008 A), which suggests a LS spin Fe(I1l) complex (the Fe-L bond length for HS

complexes is in the range of 2.00 to 2.10 A, while for LS is in the range 1.93-1.96 A [54].

Figure 2.11 Crystal structure of [Fe(HL)](CIO,) [53]

Abdullah et al. [55] reported a Fe(ll) complex with the chemical formula
[Fe2(OOC(CH2)14CH3)2(L3)(H20)4]-2%H,0, where L3? was the anion of a Schiff base
(H2L3) derived from 2-hydroxybenzaldehyde and 1,8-diaminooctane (Figure 2.12). This
complex was obtained by refluxing [Fe(OOC(CH2)14CHs)2(EtOH)] with H.L3 in ethanol

for 3 hours and the brown powder formed was filtered and dried at room temperature.
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e
Figure 2.12 Proposed structure of [Fe2(OOC(CH2)14CHs)2(L3)(H20)4]-2%2H,0 [55]

The proposed structure of this complex was deduced based on combined
instrumental results. The calculated composition percentages of C, H and N were 59.4%
C, 9.3% N and 2.6% N, while the results obtained from the elemental analyses were
59.1% C, 8.8% H and 2.9% N. Its FTIR spectrum showed peaks (in cm™) at 3396, 2917,
2849, 1612, 1574, 1446, 592 and 461, assigned to v(H20), v(asymCH2), vsym(CH2), v(C=N),
V(asymCOO), v(symCOO), v(Fe-N) and v(Fe-O), respectively. The ACOO
(ACOO = VasymCOO - veymCOO) value was 128 cm™, suggesting a chelating binding mode
of CH3(CH)14COO" ligand at both Fe(ll) centres. Its UV-vis spectrum showed two
overlapping bands at 468 nm (smax = 114.3 Mt cm™) and 510 nm (emax = 63.5 Mt cmY),

suggesting LS octahedral Fe(ll) centres.

2.3.5 Manganese(l1) complexes of Schiff bases

Many manganese complexes with ligands from Schiff bases have been reported in recent
years. The most stable oxidation state for manganese in these complexes is +2. Mn(ll)
ion has d° electronic configuration, and various geometries are expected, but most Mn(l1)
complexes are octahedral. In 2007, Pouralimardan et al. [56] reported a hydrazone Schiff
base-manganese(11) complex with the chemical formula [MnCl2(H20)(L%)], where L° was

derived from pyridine-2-carbaldehyde and benzohydrazide (Figure 2.13). This complex
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was synthesised by adding MnCl..4H>0 into a solution of pyridine-2-carbaldehyde and
stirring the mixture at room temperature for 30 min. Then, an ethanolic solution of
benzohydrazide was added, and the reaction mixture was refluxed for 3 hours. The
complex was obtained as yellow crystals. The calculated composition percentages of C,
H and N were 43.30% C, 2.43% H and 11.78% N, while the results obtained from the
elemental analyses were 42.30% C, 3.01% H and 11.39% N. Its FTIR spectrum displayed
peaks at 3124 cm™ and 1627 cm™, assigned to v(N-H) and v(C=N), respectively. Its
crystal structure (Figure 2.13) showed a distorted pseudo-octahedral manganese(ll) atom
coordinated to N,N,O donors of the ligand, and two cis-coordinated Cl and H>O at axial

positions.

Figure 2.13 Crystal structure of [MnCl(H20)(L®)] [56]

Another example was an octahedral Mn(ll) complex with chemical formula
[Mn(L)(H20)2] (L= acetoacetanilido-o-phenylenediamine) (Figure 2.14) reported by
Raman et al. [57]. This complex was prepared by refluxing an ethanolic solution of HzL
with MnCl; for 6 hours, and then the volume was reduced to one third and cooled at 0°C.
The calculated composition percentages of C, H and N were 60.6% C, 5.4% H and 10.9%
N, while the results obtained from the elemental analyses were 60.2% C, 5.2% H and
10.7% N. Its IR spectrum showed a peak for v(C=N) at around 1600-1580 nm, indicating
the coordination of azomethine nitrogen and Mn(ll) ion. Its UV-vis spectrum did not
show d-d transition band due to spin and Laporte forbidden transitions. Generally, the

spin-forbidden bands for octahedral Mn(Il) are found at about 538, 437, 397, 358 and 336
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nm, assigned to ®Aig — *T1g(G), A1y — “T24(G), SA1g — “E(G), CA1g — *Aig(G),
®A1g — *T24(G), and %A1y — “E(D) transitions, respectively. For tetrahedral Mn(ll)
complexes, the bands are found between 525-400 nm (*D), 400 and 340 nm (*P and “D)
and 285 and 260 nm (*F). However in most cases, no bands were observed in the visible

region as each orbital is singly occupied and the transition is spin forbidden [48].
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Figure 2.14 Proposed structure of [Mn(L)(H20).] [57]

2.4 Cyclam and its metal carboxylate complexes

Many macrocyclic ligands have been reported and synthesized because of their
importance in coordination chemistry [58]. Coordination compounds containing
macrocyclic ligands have been intensively studied due to their wide applications in
biological and  sensor  fields  [59-65]. An example is  cyclam
(1,4,8,11-tetraazacyclotetradecane; Figure 2.15). In coordination with metal complexes,
cyclam binds strongly to many transition metal cations and compared to its open-chain
analogue, the ligand often enhances thermodynamics and kinetic stabilities with respect

to metal dissociation [66-69].

)

NH HN

.

NH HN

L

Figure 2.15 Structure of cyclam
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For example, Tajidi et al. [70] synthesised
[Cu(cyclam)(H20)2](CH3(CH2)10C02)..2H20 by adding an ethanolic solution of cyclam
to a warm ethanolic solution of dimeric copper(ll) dodecanoate
([Cu2(CH3(CH2)10C02)4)]), and heating gently for 2 h. The complex was obtained as
purple plates. Its crystal structure (Figure 2.16) showed that the copper(ll) ion in
[Cu(cyclam)(H20).]?* was located at the inversion center and coordinated to cyclam
through the four aza-N atoms at the basal plane and two water molecules coordinated at
axial positions of a distorted octahedron. Another two uncoordinated water molecules
linked the complex cation with the dodecanoate counter ions through H-bonding. This
complex exhibited metallomesogenic properties, and hence a potential functional material

in the field of molecular electronic, photonic and spintronics.

Figure 2.16 Molecular structure of [Cu(cyclam)(H20).][CH3(CH2)10CO:].. 2H.0 [70]

Another example is [Cu(cyclam)(H20)2](CeHsCOO0)2.2H20, reported by Lindoy
et al. [71]. The complex was synthesized from the reaction of bis(benzoato)copper(ll)
with cyclam in methanol. The complex was isolated as bluish-purple crystals. Its crystal

structure (Figure 2.17) was similar to [Cu(cyclam)(H20)2](CH3(CH2)10C0O2)2.2H20 [70].
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Figure 2.17 Crystal structure of [Cu(cyclam)(H20).].(CsHsCOOQ),(H.0). [71]

In the same paper, Lindoy et al. also reported [Ni(cyclam)(CsHsCOO)2], which
has a different structure from the corresponding Cu(ll) complex. Its crystal structure
(Figure 2.18) showed nickel(ll) atom on an inversion centre with trans-unidentate
O-benzoate ligands coordinated to the nickel(Il) atom and the uncoordinated O H-bonded
to two of the cyclam amine hydrogen, forming an octahedral geometry. Its UV-vis
spectrum shows absorption bands at 522, 635, 721, 873 and a shoulder at 975 nm,
suggesting the coordination of the complex was tetragonally distorted octahedral in

solution.
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Figure 2.18 Crystal structure of [Ni(cyclam)( CsHsCOO).] [71]

2.5 Band gap

The band theory is the result of the application of molecular orbital theory to metals. The
total number of molecular orbitals produced always equals to the number of atomic
orbitals that overlap to produce them. These bonding and antibonding orbitals are so
closely spaced in terms of energy that they are called a "band.” The formation of a band

is shown in Figure 2.19.

Antibanding
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Figure 2.19 The formation of a band
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The band containing the valence shell electrons is called the valence band and any
band that is either vacant or partially filled is called a conduction band. The energy
difference between the top of the valence band to the bottom of the conduction is called
band gap.

Based on band gap values (Figure 2.20), materials are categorised as conductors,
insulators and semiconductors. Conductors do not have band gaps (Eg ~ 0). All metals are
conductors. These materials conduct electricity because electrons are able move freely
and easily from the valence to the conduction bands. Insulators have large band gaps
(usually more than 3 eV), making it impossible for an electron to jump to the conduction
band. Most non-metals and organic compounds are insulators. These materials do not
conduct electricity. Semiconductors have narrower band gaps (Eg ~ 1-3 eV) than
insulators. In these materials, electrons are able to jump from a valence band to a
conduction band by acquiring a specific minimum amount of energy. Under certain
conditions, they behaved as metals or insulators or have properties of both. They can
conduct electricity if sufficient energy is provided (in the form of light or heat) to

overcome the gap.

conduction
band

valance
band

(a) (b)

Figure 2.20 Comparison of the electronic band structures of (a) insulators; (b) semiconductors;

and (c) conductors
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Youjun et al. [72] reported that the absorption property, especially the absorption
in visible region, are very important for the photovoltaic (PV) materials. Semiconductors
with low band gap (E¢<1.8 eV) are of interest because their absorption spectra cover from
the visible to the near-infrared region [73] which have the greatest potential to form an
efficient solar cell. Band gaps are important in semiconductors, nanomaterials and solar
materials. The band gap can be determined from optical spectroscopy (absorption and

emission) and cyclic voltammetry.

2.5.1 Absorption spectroscopy

Optical absorption spectroscopy is based on the principle of electronic transition in atoms
or molecules upon absorbing suitable energy from an incident light that allows electrons
to excite from a lower energy state (ground state) to higher excited energy state (excited
state). Interaction with infrared light causes molecules to undergo vibrational transitions,
and the shorter wavelength with higher energy radiations in the UV (200-400 nm) and
visible (400-700 nm) range of the electromagnetic spectrum causes many
atoms/molecules to undergo electronic transitions. Four types of electronic transition are
possible: n — o*, n — n*, 6 — ¢*, and 1 —n* (Figure 2.21).

A

oO*

TO*

— O
Figure 2.21 Four types of electronic transition in molecules

For complexes, there are two types of electronic absorption transition; d-d

transition and charge transfer transition. The d-d electronic transition deals with the
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electronic transitions within the d-orbitals from lower energy to higher energy. Ligand-
to-metal charge transfer (LMCT) may occur from the filled ligand molecular orbitals to
an empty or partially filled metal d-orbitals (reduction of the metal), and metal-to-ligand
charge transfer (MLCT) is the opposite [74].

Absorption spectroscopy is a simple technique to determine an optical band gap,
based on the wavelength (1) of the onset of the absorption edge on the low energy side of
a charge transfer band (CT). The formula is Eq= (hc/)) X 6.24x10'8) eV, where h is Planck
constant (6.626 x 10 J s) and c is the speed of light (3.0 x 108 m s™). For example, the
absorption spectrum of TiO2 is shown in Figure 2.22. From the spectrum, its optical band

gap was 3.02 eV, defining it an insulator [75].

Vaf - , o ——

Figure 2.22 UV-vis spectrum of TiO; [75]

Examples of band gap values for complexes were reported by Turan et al. [76] in
2014 for [Cu(L)2(OAC)](OAC).3.5H0 (E; = 2.489 eV) (Figure 2.23(a) and
[Cu(L)2(NO3).].6H20 (Eq = 1.556 eV) (Figure 2.23(b), where L = 5,5-dimethyl-2-(-2-(3-
nitrophenyl)hydrazono)cyclohexane-1,3-dione). The lower band gaps (< 3.0 eV) suggest
that these complexes were semiconductors. These values were in the same range as highly

efficient photovoltaic materials, such as CuO; (2.1 eV) and GaAs (1.43 eV), and hence
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can be considered as potential materials for harvesting solar radiation in solar cells [77]

and in electronic and optoelectric devices [76].
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Figure 2.23 Example of semiconductor materials

2.5.2 Emission spectroscopy

Emission spectroscopy measures the emission of radiation by material that has been
excited. Emission is the process that creates a photon and takes the atom or molecule in
an excited state back to the ground state. Fluorescence spectroscopy is one type of
emission spectroscopy which is a fast, simple and inexpensive method. In fluorescence
spectroscopy, a beam with a wavelength ranging between 180 — 800 nm passes through
the solution in a cuvette and the light that is emitted from the sample is measured. Both
an excitation and absorption spectra can be measured. To record an emission spectrum,
the excitation wavelength is kept fixed, and to record excitation spectrum, the wavelength
of the emission is kept fixed. When an atom or molecule absorb energy (photon), it is
excited to a higher energy state. After a very short time (hanoseconds), the excited atom
or molecule lose the energy and return to the ground state. The steps involved are: (a)
internal conversion; and (b) competitive processes (emission, heat, energy transfer, and

inter-system crossing), as shown in a Jablonski diagram (Figure 2.24) [78].
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Figure 2.24 Jablonski energy diagram [78] (green: excitation/absorption; yellow: internal
conversion and vibrational conversion; red: fluorescence; dark blue: intersystem crossing; purple:

guenching; blue: non-radiative relaxation; orange: delayed fluorescence; pink: phosphorescence)

When electrons go from the excited state to the ground state, there is a loss of
vibrational energy. As a result, the emission spectrum is shifted to longer wavelengths
than the excitation spectrum. The difference between the peak excitation and the peak
emission wavelengths is known as Stokes shift (Figure 2.25). Each molecule has a
distinct and individual Stokes shift. The greater the Stokes shift, the easier it is to separate
excitation light from emission light. The Stokes shift is especially critical in multiplex
fluorescence applications, because the emission wavelength of one atom may overlap,
and therefore excite, another atom in the same sample. For example, Aazam [12] reported
a metal-chelate Schiff base complexes with chemical formula [MHL1(OAc)2(H20)2]

(where HL: = 8-(1-(4-aminophynylamino)ethylidene)-2H-chromene-2,7(8H)-dione and
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M = Zn(11), Cd(I1)). Its photoluminescence spectrum showed emission band at 446 nm
and stokes shift 51 nm for both complexes.

Stokes shift Stokes shift
F====i 1

Excitation Energy
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Excitation Energy
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Wavelength (nm) Wavelength (nm)
Figure 2.25 The Stokes shift of the excitation and emission spectra of compounds

After excitation, molecules will remain in the excited state for a short time before
returning to the ground state. This is called fluorescence lifetime (t), which ranges from
nanoseconds (10 s) to picoseconds (1022 s). The fluorescence lifetime can be calculated
from the data obtained from the emission spectrum. During the excited state lifetime, a
molecules can undergo conformational changes as well as interact with other molecules
and diffuse through the local environment. There are two techniques of lifetime
measurement: the time domain and the frequency domain. In the time domain, a short
pulse of light excites the sample, and the subsequent fluorescence emission is recorded
as a function of time. This technique is based on fluorescence decay law, which is based
on first-order kinetics. The decay law postulates that if a population of molecules is
instantaneously excited when photons are absorbed, then the excited population
(fluorescence intensity) as a function of time, I(t) gradually decays to the ground state.
Decay kinetics can be described by:

| () =oet”
where a is the intensity at time t = 0, t is the time after the absorption, and z is the

fluorescene lifetime. Whenl(t) = 0, the fraction of the fluorescence intensity has decreased
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by a factor of 1/e, or ~37%. For example, Table 2.1 show the t value for various

fluorescein derivatives for commercial dyes, reported by Zhang and co-workers [79].

Table 2.1 Fluorescence lifetime (t) for various dyes

X H Cl Br |
T (ns) 4.16 4.72 3.50 0.80

The onset of an emission spectrum may also use to calculate the optical band gap.
Thirugnanasambandan et al. [80] reported Pb nanopowder as a new semiconductor. From
its photoluminescence spectrum (Figure 2.26), the Eq values were 3.28 eV ( Aem= 380

nm) and 1.64 eV (Aem = 759 nm), respectively.
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Figure 2.26 Photoluminescence spectrum of Pb nanopowder (red: excitation’ blue: emission)
2.5.3 Cyclic voltammetry

Cyclic voltammetry (CV) is most widely used for the preliminary determination of redox

properties of a given species. The experiment is carried out under stationary condition
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where the solution is kept unstirred. This is to make sure that the mass transport involves
diffusion only. During the potential sweep, the potentiostat measures the current resulting
from the applied potential. The resulting plot of current vs. potential is termed a cyclic
voltammogram (CV). A typical CV profile exhibited by a species which undergoes a
reversible electrochemical reaction is shown in Figure 2.27. An electrochemical process

is reversible when the rate of the electron transfer is higher than the rate of mass transport.

more (+) O+4+ne =R

current

more (-)

more (+) more (-)

potential

Figure 2.27 Typical cyclic voltammogram for a reversible electrochemical process

In CV, it is assumed that only the oxidized form O is present initially. Thus, a
negative-going potential scan is chosen for the first half cycle, starting from a value where
no reduction occurs. As the applied potential approaches the characteristic E°® for the
redox process, a cathodic current begins to increase, until a peak is reached. After
traversing the potential region in which the reduction process takes place, the direction of
the potential sweep is reversed. During the reverse scan, the reduced form R is reoxidized
back to O and an anodic peak resulted. CV is characterized by several important
parameters, the two peak current sand two peak potentials. The well defines characteristic
of reversible electrochemical reaction is: (a) the separation between the peak potentials
(AEp) is approximately 59/n mV at 25° C, where n is the number of electrons transferred;

and (b) the ratio of the reverse-to-forward peak currents is equal to one [81].
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AEp = Epa - Epc = 59mV/n (1)
ipr/ipf = 1 (2

As examples, [Fe''(salen)] (salen = N, N -ethylenebis(salicylideneimine) showed
a one-electron oxidation process (E°’ = -0.28 V), and [Fe''(saloph)] (saloph = N,N -
disalicylidene-o-phenylenediamine) showed a one-electron reduction process
(E°’= -0.33). Both complexes underwent chemically and electrochemically reversible
processes (ip/ipf = 1; AE, ~ 60 mV). Therefore, it was inferred that they maintained their
initial geometries [81].

An irreversible process is when the rate of electron transfer is lower than the rate
of mass transport. Commonly, the separation between the forward peak and the reverse
peak is so large that the latter peak is undetected. A quasireversible process occurs when
the rate of electron transfer is in the same order of magnitude as that of mass transport.
The separation ratio between the forward and reversed peaks is much greater than for a
reversible process (AEp> 59 mV). For example [Ni(3,5-Clzsaloph], where 3,5-Clzsaloph
is N,N'-bis(3,5-di-chlorosalicylidene)-benzene-1,2-diamine, showed characteristics of
chemical reversibility (ip/ ipf = 1) and electrochemical quasireversibility (AEp = 110 mV)
[81].

In addition, this technique also has been recognized as an easy and effective
method to estimate the highest occupied molecular orbital (HOMO) and the lower
unoccupied molecular orbital (LUMO) energy levels, and hence, the electrochemical
band gap (Eg), of a material. The oxidation process corresponds to removal of electron(s)
from the HOMO energy level, while the reduction corresponds to addition of electron(s)
to the LUMO energy level. Bredas et al. [82] reported that the onset potential of oxidation
(Eox) and reduction (Ereq) Of a material can be correlated to the ionization potential (Ip)

and electron affinity(Ea) according to the empirical relationship that he proposed:
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lp (Evomo) = (Eox + 4.4) eV
Ea(ELumo) = (Ered + 4.4) eV
Eg=1lp-Ea
The onset potential are estimated from the intersection of the two tangents drawn
at the rising current and baseline charging current of the CV. For example, Abdullah
et al. [83] reported a copper(Il) mixed valence complex,
[Cu(IDCu(I)(R)3(RH)2L4].CH3COCH3, where L = CH3COCH,C(OH)(CHs).) and
R =CeHsCOO, as a low band gap photovoltaic material. From the CV (Figure 2.28), they
reported that the onset potential reduction process was -0.68 V, and the onset potential
oxidation process was +0.49 V. From these values, the calculated HOMO and LUMO
were 49 V and 3.7 V, respectively. Hence, the electrochemical band gap was

1.2 eV.
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Figure 2.28 CV of [Cu(Il)Cu(I1)(R)3(RH)2L4].CH3sCOCH;s [83]

2.6 Magnetisms

A material may either be diamagnetic and paramagnetic. A diamagnetic material does not
have unpaired electrons. Accordingly, the net value of the total spin quantum number is
zero (S=0). Itis repelled by magnetic field. In contrast, a paramagnetic material has one
or more unpaired electrons (the overall quantum number will be greater than zero (S > 0).
It is attracted by magnetic field.
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The classical theory of magnetism states that when a substances is placed within
a magnetic field, H, the field within the substance, B, differs from H by the induced field
(applied magnetic field), 4xl, which is proportional to the intensity of magnetization, I.
B=H + 4nl
This equation may also be written as:
B/H=1+4nl/H or B/H=1 + 4px
where B/H is magnetic permeability, and « is the magnetic susceptibility per unit volume,
(I/H). Since the value of k in a vacuum is zero, B = H. It is more convenient to measure

mass (gram) susceptibility, xg, Which is related to the volume susceptibility through

density (p).
Xo =K/ p

The most common way of reporting a magnetic susceptibility value in the

literature is by molar susceptibility, designated as (m, which is a dimensionless quantity.

The relationship of molar susceptibility to mass susceptibility is:
™ =% MW

Where yg IS mass susceptibility and MW is the molecular weight of the substance. The

m Vvalue has to be corrected for diamagnetic contribution ()gia) from the ligands and metal

ions (obtained from Pascal’s constant) as follows:
" = %M - Ydia

where Ym®" is corrected molar susceptibility.From the value of ym®", the effective

magnetic moment (Uefrin B.M.) can be calculated using the following equation:

Heff = 2.84 (Tym®"— Na)
where T is the absolute temperature, and Na is the temperature-independent
paramagnetism (TIP) for each metal ion. TIP is usually small and can be ignored. For
example, the TIP value is 60 x 10 cm® mol™ for Cu(ll), 100 x 10" cm® mol* for Ni(1l),
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and 200 x 10® cm?® mol™ for Co(ll). The experimental et value is then compared with

the theoretical value, calculated using the following equation:

Hett™y/n(n +2)
where n is number of unpaired electron(s).

Magnetic moment is often used in conjunction with electronic spectroscopy to
obtained information of oxidation number of a metal ion and its geometry. A common
method to determine the magnetic moment of a powder sample is known as the Guoy
method.

Metal ion can coordinated with ligands in different geometry, but the most
common is octahedral, tetrahedral and square planar. According to the Crystal Field
theory, the energy of the d orbitals in an octahedral complex are split into two sets: dyx?-y?
and d.? (eq subset) at higher energy, and dxy, dxz, dyx orbitals (tog subset) at lower energy.
(Figure 2.29). The electrons then filled these orbitals according to Aufbau principle, Pauli

exclusion principle, and Hund’s rule.
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Figure 2.29 Energy level of the d orbitals in: (a) tetrahedral; (b) free ion; (c) octahedral;

and (d) square planar complexes

For octahedral complexes of metal ion with valence electronic configurations d*
to d’, there are two possible arrangements depending on the ligand(s) (Figure 2.30).

Weak field ligand(s) form high spin (HS) complexes (maximum number of unpaired
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electrons), while strong field ligand(s) form low spin (LS) complexes (minimum number

of unpaired electrons).
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Figure 2.30 d-orbital splitting for octahedral d® (a) high spin; and (b) low spin
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For tetrahedral complexes, the energy of the d orbitals also split into two sets, but
in the opposite way (Figure 2.29(a)). This is because of lower electrostatic repulsion
between the ligands and the electrons in the d orbitals of the metal ion since the ligands
are not pointing directly at these orbitals. The difference between the two subsets of
energies is much smaller than in octahedral complexes (At = 4/9 Ao) since there are only
four ligands in these complexes. Hence, all tetrahedral complexes have the maximum
number of unpaired electrons.

Finally, square planar complexes are favoured by strong field ligands. The
splitting of the d orbitals are larger (Figure 2.29(d)) than for octahedral complexes
(A ~ 1.3 Ao) because of the formation of stronger M-L bonds in the x,y plane. Hence,
square planar complexes have minimum number of unpaired electrons.

Copper(ll) ion has one unpaired electron (valence electronic configuration 3d°).
Hence, mononuclear copper(ll) complexes are expected to have the spin-only Lf value
of 1.73 BM. For example, the pes value for [Cu(L)H20], where H.L was
bis(salicylaldiminato)hydrazone) (Figure 2.31(a), was 1.84 BM. The authors suggested

a square planar geometry at Cu(ll) centre [45]. For binuclear complexes, the pefr value is
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actually lower than the spin-only value (2.44 B.M.). For example, the pes for
[Cu2(CH3(CH2)12C00)4] (Figure 2.31(b)) was 1.45 B.M. at 20 °C [84]. This was
ascribed to electronic communication between the two metal centres, through the bridging

ligands (termed the superexchange mechanism).
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Figure 2.31 Molecular structure of: (a) [Cu(L)H20] [45]; and (b) [Cu2(CH3(CH,)12C0O0)4] [84]

Nickel(l1) ion have two unpaired electrons (valence electronic configuration 3d®).
Hence, its octahedral complexes are expected to have the pes value of 2.83 BM. The
reported values were in the range of 2.9 to 3.4 BM due to orbital contribution. Square
planar complexes are diamagnetic (Mesf = 0 BM), while the pefr values for tetrahedral
complexes were found to be in the range of 3.0 to 4.0 BM. However, complexes with
larger tetrahedral distortion have lower magnetic moments. For example, Jha et al. [85]
reported that the pesr value for [Ni(L)2].2H20 (HL = 1-indenylacetohydroxamic acid) was
294 BM, and suggested an octahedral geometry at Ni(ll) centre, while
[Ni(L)(Py)(HCOO)] (HL = p-methylphenylacetohydroxamic acid) was diamagnetic and
suggested a square planar geometry.

Cobalt(I1) ion has three unpaired electrons (valence electronic configuration 3d).
The expected spin-only pefr values for its octahedral complexes are either 3.87 BM for
HS (3 unpaired electrons) or 1.73 BM for LS (1 unpaired electron). Typically, octahedral
Co(Il) complexes have the pefr values between 4.7 to 5.2 BM for HS, and about 1.8 BM
for LS. For tetrahedral complexes, the values are usually lower than 4.7 BM. For example,

Canpolat et al. [42] reported the persr value for [Co(L)2], where L is
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p-aminoacetophenoneoxime-3-methoxysalicylaldiminato (Figure 2.32) as 4.23 BM,

which is characteristic for a tetrahedral complex.

CH3
H;CO o/
Figure 2.32 Molecular structure of [Co(L)] [42]

Iron(11) ion have four unpaired electrons (valence electronic configuration 3d°).
The expected spin-only e values for its octahedral complexes are either 4.9 BM for HS
(4 unpaired electrons) or 0 BM for LS (0 unpaired electron). For HS octahedral and for
tetrahedral complexes, the observed s values are around 5.1 to 5.7 BM and 5.3 to 5.5
BM, respectively. For example, Abdullah et al. [55] reported that [Fe(L).](BF4), where
HoL was a Schiff base formed from 2,6-pyridinedicarboxaldehyde and
1-aminohexadecane (Figure 2.33(a)), was diamagnetic at room temperature, indicating a
LS complex. In the same paper, the authors also reported a HS octahedral,
[Fe(OOC(CH2)14CHa)2(L)(H20)2], where HzL is derived from reaction of
pyrole-2-carboxaldehyde and 2,4-diamino-6-phenyl-1,3,5-triazine (Figure 2.33(b)),

which has the ymT value of 6.2 cm® K mol™ at 298 K (expected 6 cm® K mol™ for dimeric

HS octahedral).

39



(b)
Figure 2.33 Molecular structures of: (a) [Fe(L)2](BF4); (b)[Fe(OOC(CH:)14CHs)2(L)(H20)-] [55]

Manganese(l1) ion have five unpaired electrons (valence electronic configuration
3d°). The expected spin-only perr values for its octahedral complexes are either 5.9 BM
for HS (5 unpaired electrons) or 1.73 BM for LS (1 unpaired electron). For HS octahedral
complexes, the observed pes values were about 5.6 to 6.1 BM, which were also observed
in tetrahedral complexes, while the values for LS octahedral complexes were about 1.8 to
2.1 BM. Thus, the pess values are not sufficient to distinguish the geometry of these
complexes. For example, Salavati-Niasari and Amiri, [45] reported that the pes value for
[Mn(L)H20], where H.L = bis(salicylaldiminato)hydrazone) (Figure 2.34(a)), was
5.86 BM, and proposed a tetrahedral geometry for this complex. On the other hand,

Yousef et al. reported the value of 6.01 BM for their yellow octahedral complex,
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[Mn(HPTP)CI(H20)2] (HPTP = (2)-2-(4-(pyridine-2-yl)thiosemicarbazido)propanoate)

(Figure 2.34(b)) [49].

H@)
(a) (b)
Figure2.34 Molecular structures of: (a) [Mn(L)H20] [45]; and (b) [Mn(HPTP)CI(H20),] [49]

2.7 Metallomesogens

The study of liquid crystals encompasses a multi-disciplinary field of research that
includes the concepts and techniques from chemistry and physics, and in some cases,
demands ideas from mathematics, biology and engineering. These materials generally
have several common characteristics. Examples are rigidness of the long axis, and strong
dipoles and/or easily polarizable substituents. The characteristic of liquid crystals that
distinguishes them from liquids and solids is the tendency of their molecules (mesogens)

to point along a common axis, called the director.

Figure 2.35 The average alignment of the molecules for solid, liquid crystal and liquid.

Metallomesogens or metal-containing liquid crystals are a relatively well
established field in science. Vorlander in 1923 was the first person to describe the first

metallomesogens [86]. Thermotropic metallomesogens have been made incorporating
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many metals from s, p, d and f blocks of the Periodic Table. Examples of all types of
mesophases are known, such as rod-like (calamitic), disc-like (discotic) and polycatenar
(many tailed), and many different varieties of ligands can be used, such as monodentate,

bidentate and polydentate. Three examples of metallomesogens are shown in Figure 2.36.

R = C12Has

(b)

OR

OR

R = CyHons
n=4,6,8, 10, 12, 14, 16, 18

OR

(©)

Figure 2.36: Example of metallomesogen: (a) calamitic; (b) discotic; (c) polycatenar
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Liquid crystals can show nematic, smectic or columnar mesophases according to
their position order and orientational order (Figure 2.37). Some liquid crystals may only
exhibit one type of mesophase, whilst others may exhibit different mesophases at different

temperatures.
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Figure 2.37 Different phases of a liquid crystal

The nematic liquid crystal phase is characterized by molecules that have no
positional order but tend to point in the same direction (along the director). It was notice

that the molecules point vertically but are arranged with no particular order (Figure 2.38).

Figure 2.38 The nematic phase
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Liquid crystals are anisotropic materials, and the physical properties of the system
vary with the average alignment with the director. If the alignment is large, the material
IS very anisotropic and if the alignment is small, the material is almost isotropic. Due to
the microstructure of the nematic phase, many of the macroscopic properties are
anisotropic. For example, nematics exhibit a birefringence due to polarised light and can
undergo a reorientation (electro-optic switching) due to an anisotropy in the distribution
of electrical charge across the molecule. Therefore, nematic liquid crystals possess a
number of useful material properties such as a high birefringence, sensitivity to low
frequency electric fields and structural flexibility.

The smectic phase is another distinct mesophase of liquid crystals. In smectic
phase, the molecules maintain the general orientational order of nematics, but also tend
to align themselves in layers or planes. The increased order means that the smectic state
is more "solid-like" than the nematic. Many compounds are observed to form more than
one type of smectic phase. The most commonly used smectics phase are smectic A (SmA)
and smectic C (SmC) (Figure 2.39). In the smectic A mesophase, the director is
perpendicular to the smectic plane, and there is no particular positional order in the layer
while, in the smectic-C mesophase, molecules are arranged as in the smectic-A
mesophase, but the director is at a constant tilt angle measured normally to the smectic

plane.
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Smectic C

Figure 2.39 The smectic phases

Columnar liquid crystals are shaped like disks. This mesophase is grouped by their
structural order and the ways of packing of the columns. The columns are packed together
to form a two-dimensional crystalline array. The arrangement of the molecules within the

columns and the arrangement of the columns themselves leads to new mesophases.

Figure 2.40 Columnar liquid crystal

Optical polarizing microscopy (OPM) is a useful tool as it provides a lot

information about the macroscopic structure of liquid crystal phases. The optical
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properties of liquid crystal phases often directly reflect the symmetry of their structures.
Anisotropy of the refractive index, or birefringence, is one of the characteristic physical
properties of liquid crystals, and it allows for the visualization of the macroscopic
molecular orientation. Although there are many experimental techniques available to
investigate the structure and physical properties of liquid crystal phases, microscopic
observations often give enough information to determine the structure even if a well-
aligned domain is not obtained. The identification of a mesophase through optical
polarizing microscopy usually involves the magnified view of a thin sample of
mesomorphic material sandwiched between a glass microscope slide and a glass
coverslip. In the case of an isotropic liquid, polarized light remains unaffected when the
polarizer and analyser are in cross configuration, which give a black appearance.
However, when an anisotropic, birefringent medium is present, polarized light is not
extinguished and an optical texture appears that gives information relating to the
arrangement of the molecules within the medium.

Differential scanning calorimetry (DSC) is a tool which complements optical
methods in the study of liquid crystal phase transitions. The DSC can shows the presence
of phase transitions in a material by detecting the enthalpy change associated with each
phase transition. The precise identity of the phase cannot be obtained but the enthalpy
changes do indicate the types of phase involved. DSC have two furnaces, one to heat the
sample and the other to heat the reference material. The two furnaces are separately heated
but connected by two control loops to ensure that the temperature of both remains
identical through a heating or cooling cycle and heating or cooling rate for each is
constantly identical. If the phase transition occurs, energy must be supplied to the sample
to prevent an imbalance in temperature between sample and reference. The energy

required is measured and recorded by the instrument as a peak on a baseline. The sample
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can be cooled using liquid nitrogen and a working temperature range of between -180 and
600 °C is possible.

For example, Bhattacharjee et al. [87] reported the thermal behaviour of Ni-160pd
(Figure 2.41) by OPM and DSC. This complex showed enantiotropic mesomorphic
behaviour and OPM showed that, upon cooling from isotropic phase, a spherulitic growth
appeared which combine to a fan-like texture at 130°C (Figure 2.42) with large
homeotropic regions, suggesting a columnar mesophase (Col). The mesophase was stable

down to room temperature.

Figure 2.42 Photomicrograph of Ni-16opd at 130 °C [87]

The DSC thermogram (Table 2.2) for the complex exhibited two transitions in

heating cycle and two transitions in cooling cycle.
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Table 2.2 DSC data of complex Ni-160pd [87]
T (°C) | Transition | AH (kJ mol?)
108.2 | Cr-Col; 2.9
135.0 | Col-I 2.6
133.9 | I-Col, 25
87.1 | Col,-Cr 0.93

Cr = crystal, Col, = rectangular columnar, | = isotropic

Heating

Cooling

For thermotropic liquid crystals, it is important to record their decomposition
temperatures before studying their mesophases by POM and DSC. This may be done by
thermogravimetric analysis (TGA). TGA measures weight changes in a material as a
function of temperature (or time) under a controlled atmosphere. Its principle uses include
measurement of thermal stability and composition of a material. For example, a dinuclear
Cu(Il) complex (Figure 2.43) started to decompose at around 280 °C, which was reported

near its clearing temperature to the isotropic liquid [88].
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Figure 2.43 (a) molecular structure; and (b) TGA thermogram of Cu(ll) complex [88]
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CHAPTER 3: EXPERIMENTAL

3.1 Introduction
The main objective of this research project was to synthesize and characterize
homometallic and heterometallic complexes as molecular magnetic and/or low band gap
metallomesogenic materials.

For the homometallic complexes, the ligands were anions of three Schiff bases
(H2L1, H2L2 and H2L3) (Figure 3.1).

HO
N
|N/\/\/\/\/ AN

OH

(@)

HO

HO
OH

OH

(b)
HO,

N
P VT N P

OH

(©
Figure 3.1 Structural formulas of: (a) H.L1; (b) H.L2; and (c) H.L3
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These Schiff bases were then reacted with [M(CH3COOQO)z], where M = Cu(ll),
Ni(I1), Co(ll), Fe(ll) and Mn(Il) to form a total of 15 complexes. In addition, four
homometallic complexes were synthesized from the reaction of cyclam (Figure 3.2) with
[M(CH3(CH2)14COO0)2], where M = Ni(ll), Co(ll), Fe(ll) and Mn(ll). For the
heterometallic complexes, three complexes were synthesized from the reactions of HoL1,

H>L2, and H2L3 with a mixture of [Cu(CH3COO).] and [Co(CH3COO)].

Figure 3.2 Structural formula of cyclam (1,4,8,11-tetraazacyclotetradecane)

The numbers of complexes synthesized were 22, and they were analyzed by
'H-NMR (for ligands), X-ray crystallography (for crystals), elemental analyses, FTIR,
UV-visible and fluorescence spectroscopies, cyclic voltammetry, room-temperature
magnetic susceptibilities, thermogravimetry (TG), optical polarizing microscopy (OPM)

and differential scanning calorimetry (DSC).

3.2 Chemicals
All chemicals (Table 3.1) and solvents used in this research were of analytical grade and

used as received.
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Table 3.1 Chemicals used in this project

Name Chemical formula Malecular weight
(g mol)
Copper(Il) acetate monohydrate [Cu(CH3C0O0);].H:0 199.65
Cobalt(I1) acetate tetrahydrate [Co(CH3CO0);].4H,0 | 249.08
Cyclam CioH24N4 200.32
Iron(11) acetate anhydrous [Fe(CHsCOO);] 173.93
1,8-diaminooctane NH2(CH2)sNH; 144.26
2,4-dihydroxybenzaldehyde CsH3(OH).CHO 138.12
3,5-ditertbutyl-2-hydroxybenzaldehyde | CgHs(C(CHzs)s3).CHO 234.33
Manganese(ll) acetate tetrahydrate [Mn(CHsC0O0),].4H,O | 245.09
Nickel(Il) acetate tetrahydrate [Ni(CH3COO0),].4H,O | 248.86

3.3 Synthesis of Metal(I1) Complexes of H2L.1

3.3.1 Step-wise synthesis

(@) HoL1

A solution of 1,8-diaminooctane (1.4787 g; 1.03 mmol) in ethanol (100 mL) was added
to a solution of 2-hydroxybenzaldehyde (2.00 g; 2.00 mmol) in ethanol (100 ml). A few
drops of glacial acetic acid was added to the mixture as a catalyst. It was refluxed for 3
hours, and then left to stand at room temperature for 3 days. A yellow powder formed
was filtered off, washed several times with cold ethanol, and dried in a warm oven. The

yield was 3.1184 g (88.5%).

(b) Copper(11) complex
A solution of copper acetate monohydrate (0.8073 g, 4.04 mmol) in ethanol (50 mL) was
added to a solution of HoL1 (0.7119 g, 2.02 mmol) in ethanol (100 ml). It was refluxed

for 3 hours, and then left to stand at room temperature until the precipitate comes out. The
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khaki-green powder formed was filtered off from the hot reaction and dried in an oven

overnight. The yield was 0.6966 g (41.2%).

3.3.2 One-pot synthesis

(@) [Cu(L1)]2.H20 (1)

A mixture of 1,8-diaminooctane (0.3139 g; 2.18 mmol), 2-hydroxybenzaldehyde
(0.50 g; 4.10 mmol) in ethanol (200 mL), and a few drop glacial acetic acid (catalyst) was
refluxed for 1 hour. Copper(Il) acetate monohydrate (0.8369 g; 4.20 mmol) was dissolved
in a small amount of hot ethanol, and the solution was added portionwise and the hot
reaction mixture, which was then refluxed for another 3 hours. The khaki-green powder
formed was filtered off from the hot reaction and dried in an oven overnight. The yield

was 0.8883 g (69,9%).

(b)[Ni2(CH3sCOO)2(L1)].3H20 (2)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3142 g; 2.18 mmol), 2-hydroxybenzaldehyde (0.50 g; 4.10 mmol)
and nickel(ll) acetate tetrahydrate (1.0455 g; 4.20 mmol). The product was a green

powder, and its yield was 0.7463 g (55.7%).

() [Co2(CH3CO0)2(L1)].2H20 (3)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3129 g; 2.17 mmol), 2-hydroxybenzaldehyde (0.5 mL; 4.10 mmol)
and cobalt(ll) acetate tetrahydrate (1.0533 g; 4.23 mmol). The product was a brown

powder, and its yield was 0.7340 g (56.2%).

(d) [Fe(CH3COO)(L1)] (4)
The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using

1,8-diaminooctane (0.3208 g; 2.22 mmol), 2-hydroxybenzaldehyde (0.5 mL; 4.10 mmol)
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and iron(I1) acetate anhydrous (0.7401 g; 4.26 mmol). The product was a black powder

and, its yield was 0.7679 g (79.0%).

(e) [Mn2(CH3CO0)4(L1)].5H20 (5)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3087 g; 2.14 mmol), 2-hydroxybenzaldehyde (0.5 mL; 4.10 mmol)
and manganese(l1) acetate tetrahydrate (1.1100 g; 4.53 mmol). The product was a black

powder, and its yield was 1.2756 g (77.2%).

3.4 Synthesis of Metal(l11) Complexes of H2L2

3.4.1 Step-wise synthesis

(a) HoL2

The ligand H2L2 was similarly synthesized as for ligand HzL1 (Section 3.3.1(a)), using
1,8-diaminooctane  (0.9274 g; 6.43 mmol) and 2,4-dihydroxybenzaldehyde
(0.1748 g; 1.27 mmol). The product was an orange powder, and its yield was 2.2560 g

(91.3%).

(b) Copper(11) complex
The complex was similarly synthesized as for copper complex (Section 3.3.1(b)), using
H>L2 (0.1018 g; 0.26 mmol), and copper(l1) acetate monohydrate (0.1226 g; 0.53 mmol).

The product was a brown powder, and its yield was 0.0711 g (49.6%).

3.4.2 One-pot synthesis

(@) [Cu(CH3COO0)(HL2)(H20)].H20 (6)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (1.4462 g; 10.02 mmol), 2,4-dihydroxybenzaldehyde (2.8070 g;
20.32 mmol) and copper(1l) acetate monohydrate (4.0230 g; 20.15 mmol). The product

was a brown powder, and its yield was 4.3595 g (80.4%).
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(b) [Ni2(CH3CO0)2(L2)].4H20 (7)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane  (1.4562 g; 10.09 mmol), 24-dihydroxybenzaldehyde
(2.7840 g; 20.16 mmol) and nickel(ll) acetate tetrahydrate (4.9828 g; 20.02 mmol). The

product was a green powder, and its yield was 5.2317 g (75.8%).

(c) [Co2(CH3C00)2(L2)].H20 (8)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (1.4461 g; 10.02 mmol), 2,4-dihydroxybenzaldehyde (2.7685 g;
20.04 mmol) and cobalt(11) acetate tetrahydrate (5.0038 g; 20.09 mmol). The product was

a black powder, and its yield was 3.3075 g (52.0%).

(e) [Fe(CH3COO)(HL2)].3H20 (9)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (1.4473 g; 10.03 mmol), 2,4-dihydroxybenzaldehyde (2.7620g;
20.00 mmol) and iron(Il) acetate anhydrous (3.4795 g 20.01 mmol). The product was

maroon powder, and its yield was 5.1054 g (92.4%).

(d) [Mn(HL2)2(H20).] (10)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane  (1.4473 ¢g; 10.03 mmol), 2,4-dihydroxybenzaldehyde
(2.7710 g; 20.06 mmol) and manganese(ll) acetate tetrahydrate (4.9252 g; 20.10 mmol).

The product was a dark brown powder, and its yield was 3.0143 g (35.1%).
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3.5 Synthesis of Metal(11) Complexes of H2L.3

3.5.1 Step-wise synthesis

(a) HoL3

The ligand H.L3 was similarly synthesized as for ligand HoL1 (Section 3.3.1(a)), using
1,8-diaminooctane (0.7329 g; 5.08 mmol) and 3,5-ditertbutyl-2-hydroxybenzaldehyde
(2.3727 g; 10.13 mmol). The product was orange crystals, and the yield was 2.6016 g

(90.2%).

(b) Copper(11) complex
The complex was similarly synthesized as for copper complex (Section 3.3.1(b)), using
H>L3 (0.2658 g; 0.46 mmol), and copper(l1) acetate monohydrate (0.1845 g; 0.92 mmol).

The product was a brown powder, and its yield was 0.1141 g (44.7%).

3.5.2 One-pot synthesis

(a) [Cu(L3)] (11)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.1258 g; 0.85 mmol), 3,5-ditertbutyl-2-chydroxybenzaldehyde
(0.4054 g; 1.70 mmol) and copper(Il) acetate monohydrate (0.3465 g; 1.70 mmol). The

product was a brown powder, and its yield was 0.4757 g (87.3%).

(b) [Ni(L3)] (12)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.4206 g; 2.90 mmol), 3,5-ditertbutyl-2-hydroxybenzaldehyde
(0.9873 g; 4.20 mmol) and nickel(ll) acetate tetrahydrate (1.0677 g; 4.20 mmol). The

product was a dark green powder, and its yield was 0.6484 g (35.3%).
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() [Co2(CH3CO0)2(L3)].3H20 (13)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3058 g; 2.12 mmol), 3,5-ditertbutyl-2-hydroxybenzaldehyde
(0.9919 g 4.23 mmol,) and cobalt(ll) acetate tetrahydrate (1.0539 g; 4.23 mmol). The

product was a yellow powder, and its yield was 0.3047 g (16.8%)

(d) [Fe(CH3COO)(HL3)(H20).].3H20 (14)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.4268 g; 2.90 mmol), 3,5-ditertbutyl-2-hydroxybenzaldehyde
(0.9955 g; 4.2 mmol) and iron(l1) acetate anhydrous (0.7330 g; 4.2 mmol). The product

was a dark purple powder, and its yield was 1.5262 g (67.4%).

(€) IMn(HL3)2(H20)] (15)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.4282 g; 2.9 mmol), 3,5-ditertbutyl-2-hydroxybenzaldehyde
(0.9852 g; 4.20 mmol) and manganese(ll) acetate tetrahydrate (1.1062 g; 4.20 mmol).

The product was a black brown powder, and its yield was 1.0665 g (29.6%).

3.6 Metal(11)/(111)-Palmitate-Cyclam Complexes

(a) [Ni(CH3(CH2)12COO0)(cyclam)(H20)].(CH3(CH)14C0O0).4H20 (16)

Cyclam (0.2542 g; 1.27 mmol) was dissolved in ethanol (50 ml), and the colourless
solution was added portionwise to a magnetically stirred hot suspension of
[Ni(CH3(CH2)14C00)2(H20):] (0.7115 g; 1.18 mmol) in ethanol (100 ml). A clear brown
solution formed was gently heat for an hour and then filtered hot. Brown crystals were
formed on slow evaporation of the solution at room temperature. The yield was 0.8622 g

(56.0%).
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(b) [Co(CH3(CH2)14C00)2(cyclam)].CH3(CH2)14COOH (17)

The complex was similarly synthesized as for nickel complex (Section 3.6(a)), using
[Co(CH3(CH2)14C00)2(H20)2] (0.7366  ¢; 1.22 mmol) and cyclam
(0.2547 g; 1.27 mmol). The product was dark purple crystals, and the yield was 0.8593 g

(55.9%).

(c) [Fe(CH3(CH2)14COO0)(OH)(cyclam)].H20.CH3CH>0OH (18)
The complex was similarly synthesized as for nickel complex (Section 3.6(a)), using
[Fe(CH3(CH2)14C00)2(H20)2] (0.7143 g; 1.19 mmol) and cyclam (0.2522 g; 1.26 mmol).

The product was an orange powder, and its yield was 0.5274g (52.4%).

(d) [Mn(CH3(CH2)14CO0)(0OH)2(NHs3)2(H20)] (19)
The complex was similarly synthesized as for nickel complex (Section 3.6(a)), using
[Mn(CH3(CH2)12C00)2(H20)2] (0.7083 g; 1.18 mmol) and cyclam (0.2510 g;

1.25 mmol). The product was a black powder, and its yield was 0.3916 g (83.7%).

3.7 Mixed-Metal Complexes

(@) [CuCo(CH3COO0)2(HL1)2(H20)] (20)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3177 g; 2.1 mmol) and 2-hydroxybenzaldehyde (0.5126 g;
4.2 mmol), copper(ll) acetate monohydrate (0.4280 g; 2.1 mmol) and cobalt(Il) acetate
tetrahydrate (0.5277 g; 2.1 mmol). The product was a dark brown powder, and its yield

was 0.7590 g (75.2%).

(b) [CuCo(CH3CO0)2(L2)].2H-0 (21)
The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3146 g; 2.18 mmol) and 2,4-dihydroxybenzaldehyde (0.5844 g;

4.23 mmol), copper(ll) acetate monohydrate (0.4215 g; 2.11 mmol) and cobalt(Il) acetate
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tetrahydrate (0.5291 g; 2.12 mmol). The product was a dark brown powder, and its yield

was 1.0443 g (71.5%).

(c) [CuCo(CH3CO0)2(HL3)2] (22)

The complex was similarly synthesized as for copper complex (Section 3.3.2(a)), using
1,8-diaminooctane (0.3100 g; 2.1 mmol) and 3,5-ditertbutyl-2-hydroxybenzaldehyde
(1.0145 g; 4.2 mmol), copper(l1) acetate monohydrate (0.4272 g; 2.1 mmol) and cobalt(11)
acetate tetrahydrate (0.5317 g; 2.1 mmol). The product was a dark brown powder, and its

yield was 1.1871 g (40.6%).

3.8 Instrumental Analyses

3.8.1 Nuclear magnetic resonance spectroscopy

The nuclear magnetic resonance spectroscopy was recorded on a Jeol 400 MHz NMR
spectrometer using CDCls as solvent. The chemical shifts were references to that of the

residual CDCls in deuterated solvent.

3.8.2 X-Ray Crystallography

The data of X-Ray Crystallography was collected on a Bruker SMART APEX CCD
diffractometer at about 100 K using graphite-monochromated Mo-Ko radiation
(1=0.71073A). All structures were solved by direct method using SHELXS-97 program

package.

3.8.3 Elemental analyses
The elemental analyses were recorded on a Perkim-Elmer CHNS/O analyser 2400 Series
I1. The sample (1-2 mg) in a tin capsule (5 x 8 mm) was folded into a tiny piece, inserted

inside the analyser, and heated to a maximum temperature of 900 °C.
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3.8.4 FTIR- spectroscopy

The FT-IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum RX1 spectrometer.
The sample was mixed with KBr in the mass ration of about 1:9 was ground using a clean
dry mortar and pestle. The mixture was carefully packed to obtain a transparent thin
pellet. The pellet was mounted on a holder and the spectrum was recorded from 4000-
400 cm™. The peaks were assigned by comparison with the corresponding wavenumber

from the literature.

3.8.5 Magnetic Susceptibility

The magnetic moment was determined using a Sherwood Scientific magnetic
susceptibility balance at room temperature. The sample was ground using a clean dry
agate pestle and mortal. A small amount of the complex was packed into a short
cylindrical tube to the mark, and its mass susceptibility was recorded. The molar magnetic
susceptibility (ym) was then calculated using the equation: ym =yg X My, where M;was the

formula mass of the complex.

3.8.6 UV-visible spectroscopy

The UV-vis spectra for both solid samples and solutions were recorded on a Shimadzu
UV-NIR 3600 spectrophotometer. For solid sample, the sample was compressed and
inserted into the cell holder. The spectrum obtained was calibrated against barium
sulphate (BaSO4) as the background. For solution, a known mass of the sample was
dissolved in a suitable solvent and the spectrum was recorded in 1-cm quartz cuvettes
from 1000-200 nm. The molar absorptivity (¢) was calculated using the Beer-Lambert’s

Law, A = ecl.
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3.8.7 Fluorescence spectroscopy

Excitation and emission photoluminescence spectra were recorded on a PTI
QuantaMaster™ 40 spectrofluorometer. The sample was held in a quartz fluorescence
cuvette (I =1 cm x 1 cm) and fluorescence was detected at 90° to the excitation beam
with the corrected background. The emission spectrum was measured by exciting the
sample at excitation wavelength for each complex and collecting the emitted
fluorescence. Slit widths were adjusted for excitation emission. Fluorescence lifetime
measurement was recorded on a TimeMaster (TM-200) LED-Based Strobe Lifetime
spectrofluorometer obtained from Photon Technology International and using the
stroboscopic technique. The observed fluorescence decay was analysed using Felix GX™

data acquisition and analysis software.

3.8.8 Cyclic voltammetry (CV)

The CV were recorded on a Gamry Instrument Reference 600
potentiostat/galvanostat/ZRA. A three-electrode cell, consisting of a glassy carbon
electrode as the working electrode, saturated colomel electrode (SCE) as reference
electrode and platinum wire as the counter electrode, was used. The supporting electrolyte
was tetrabutylammonium tetrafluoroborate (TBATFB). The sample solution was bubbled

with N2 gas prior to the measurement.

3.8.9 Thermogravimetric analysis (TGA)

The TGA analyses were performed on a Pyris Diamond TG/DTA Perkin Elmer
Thermogravimetric Analyzer TGA6 with scan rate of 20 °C min'* under N,. The powder
(about 4-7 mg) was introduced into an alumina crucible, inserted into the sample holder,

and heated from 50°C to 900 °C.
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3.8.10 Differential scanning calorimetry (DSC)

The DSC thermographs were obtained on a Mettler Toledo DSC 822 model with a scan
rate of 5 °C min. The powder (about 0.6 mg to 0.8 mg) was introduced into an aluminium
crucible and heated in the sample holder from 25 °C to 250 °C for the first heating cycle,
followed by cooling from 250 °C to 25 °C for the cooling cycle, and finally back to

250 °C for the second heating cycle.

3.8.11 Optical polarized microscopy (OPM)

The optical microscopy was done on an Olympus polarizing microscope equipped with a
Mettler Toledo FP90 central processor and FN82HT hot stage. The magnification was
50x. A small amount of the sample was placed into a clean glass slide, which was then
placed on a hot stage. Heating and cooling rates can be adjusted between 2-5 °C min™

depending on the suitability of the samples.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

The main objective of this research project was to synthesize and characterize
homometallic and heterometallic complexes as molecular magnetic and/or low band gap
metallomesogenic materials.

For the homometallic complexes, the ligands were anions of three Schiff bases
(H2L1, H2L2 and H2L3) formed from the condensation reactions of 1,8-diaminooctane
with  2-hydroxybenzaldehyde, 2,4-dihydroxybenzaldehyde, and 3,5-di(tert-butyl)
benzaldehyde, respectively. These Schiff bases were then reacted with [M(CH3COO)2],
where M = Cu(ll), Ni(ll), Co(ll), Fe(ll) and Mn(Il) to form a total of 15 complexes. In
addition, four homometallic complexes were synthesized from the reaction of cyclam
with [M(CH3(CH2)14COO0).], where M = Ni(ll), Co(ll), Fe(ll) and Mn(ll). For the
heterometallic complexes, three complexes were synthesized from the reactions of HoL1,
HoL2, and H2L3 with a mixture of [Cu(CH3COO).] and [Co(CH3COO).]. The total
number of complexes were 22. These reactions are shown in Scheme 4.1.

The structural formulas of these ligands and complexes were deduced from the
results of tH-NMR (for ligands), X-ray crystallography (for crystals), elemental analyses,
and FTIR and UV-visible spectroscopies (for complexes). The band gap energies of these
complexes were calculated from UV-visible and fluorescence spectroscopies and from
cyclic voltammetry. Then, their room-temperature magnetic susceptibilities were
measured by the Gouy method, their thermal properties deduced from thermogravimetry
(TG), and finally their mesomorphic properties by optical polarizing microscopy (OPM)

and differential scanning calorimetry (DSC).
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[Cu(CH3CO0),] + [Co(CH3CO0),]

leLl lHZLZ lH2L3
complex 20 complex 21 complex 22
(b)

Scheme 4.1. (a) Homometallic complexes 1 — 19 (M = Cu(ll), Ni(l1), Co(ll), Fe(ll), Mn(ll); and
(b) heterometallic complexes 20 — 22

4.2 Hz2L1 and its Metal(11) Complexes

4.2.1 H:L1

HoL1 was obtained as a yellow powder from the reaction of HoN(CH2)sNH. with
2-HOCgH4CHO in ethanol. The yield was 88.5%, and it was soluble in chloroform but
insoluble in other common organic solvents. Its structural formula (Figure 4.1) was
ascertained from the combined results of elemental analyses, FTIR spectroscopy and

'H-NMR spectroscopy.

HO

N
@NW
OH
Figure 4.1 Structural formula of HoL1
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(a) Structural deduction
The results from the elemental analyses (74.95% C; 8.13% H; 8.26% N) were in good
agreement with the chemical formula C22H2sN202 (formula weight, 352.47 g mol™;
74.97% C, 8.01% H, 7.95% N).

Its FTIR spectrum (Figure 4.2) shows two peaks for CH2 (vasym) and CH2 (vasym) at
2919 cm* and 2850 cm™, respectively, a peak for the C=N (imine) bond at 1630 cm™, a
peak for aromatic C=C at 1608 cm™, and a peak for aromatic ring at 1498 cm™. However,
the peak for the OH group was not observed. This is likely due to strong intramolecular

hydrogen bond between OH -N=C, resulting in a broad band [89].
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Figure 4.2 The FTIR spectrum of H,L1

Its TH-NMR spectrum is shown in Figure 4.3, and the peak assignments are given

in Table 4.1.
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Figure 4.3 The *H-NMR spectrum of H,L1
Table 4.1 The *H-NMR data (in ppm) and peak assignment for HoL1

Chemical shift Integral ratio Multiplicity | Assignment
1.15-1.28 7.35 Multiplet H-9, H-10
1.51-1.63 4.10 Multiplet H-8
3.52 3.66 Triplet H-7
6.76-6.89 3.49 mutiplet H-3, H-4
7.15-7.25 3.93 mutiplet H-1, H-2
8.24 1.77 singlet H-6
13.60 1.00 singlet H-5

(b) Mesomorphic properties

The phase transitions for HoL1 were studied by DSC, while

captured by OPM on cooling from its isotropic liquid phase (1).

its optical textures were

Its DSC scans (Figure 4.4) showed an endothermic peak at 75.6 °C

(AH = +48.1 kJ mol™) for the crystal-to-mesophase transition on heating, and an

exothermic peak at 43.9 °C (AH = -40.4 kJ mol™) for the mesophase-to-crystal transition

on cooling. The results indicate that the ligand strongly supercooled. I1ts OPM showed a

smectogenic optical texture at 78.0 °C (Figure 4.5), consistent with its calamitic (rod-

like) molecular shape.
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Figure 4.4 DSC scans for HoL1

Figure 4.5 A photomicrograph of H,L1 at 78 °C on cooling from |

4.2.2 [Cu(L1)]2.H-0
The Cu(ll) complex of HoL1 (Complex 1) was synthesised by step-wise and one-pot

reactions (Scheme 4.2).

One-pot reaction:
2 2'HOC6H4CHO + NHz(CHz)SNHZ + [CUz(CH3COO)4(H20)Z] —— [CU(Ll)]ZHzo

Step-wise reaction:
H2L1 + [CUZ(CchOO)4(H20)Z] —_— [Cu(Ll)]2H20

Scheme 4.2 Synthetic steps for Complex 1
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Both methods gave khaki green powders, and the yield was 41.2% (step-wise
method) and 69.9% (one-pot method). The powders were soluble in chloroform,
dimethylsulfoxide (DMSQ) and tetrahydrofuran (THF), but insoluble in water and other
common organic solvents. The CHN elemental analyses and FTIR spectra for both
products are similar (Figure 4.6). From these, it may concluded that the products obtained
from both methods were the same. Thus, the following analyses are presented for the
product obtained from the one-pot method only as it was a more facile method and gave

a higher yield.

(a) Structural deduction
The structure of Complex 1 was deduced from combined results of the elemental
analyses, FTIR spectroscopy and UV-visible spectroscopy.

The results from the elemental analyses (62.48% C, 5.99% H, 6.78% N) were in
good agreement with the chemical formula Cu2CasHssN4Os (846.02 g mol™; 62.47% C,
6.43% H, 6.62% N).

Its FTIR spectrum (Figure 4.6) shows two peaks for CH2 (vasym) and CH2 (vsym) at
2921 cm* and 2851 cm™?, respectively, and a strong peak for the C=N at 1620 cm™. The
latter peak was shifted to a lower wavenumber compared to HoL1 (1630 cm™) indicating

coordination of the azomethine nitrogen to Cu(ll) atom [90].
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Figure 4.6 FTIR spectra for Complex 1 obtained from: (a) step-wise method, and

(b) one-pot method

Its UV-visible spectrum was recorded in THF (Figure 4.7). The spectrum shows
a broad d-d band at 679 nm (emax = 75 M cm™) and a week shoulder at 385 nm

(emax = 25 Mt cm™). These suggest a square pyramidal Cu(ll) centre in the complex [91].

68



0.2 -

0.18 -
0.16 -
0.14 -
a
S 012 -
1]
2 01 -
Q
2 008 -
2o
0.06 -
0.04
0.02
O T T T T 1
300 400 500 600 700 800

Wavelength/ nm
Figure 4.7 UV-visible spectrum of Complex 1 in THF

Combining the above results, the proposed structural formula for Complex 1 is
[Cu(L1)]2.H20 (Figure 4.8). The dimeric structure is similar with [Cu(Sal-5)]. reported
by Nathan et al. [41], but differs from [Cu2(L)(CH3COO),].2H20 (L was dianionic Schiff

base formed from H2N(CH2)9NH2 and 2-HOCgH4+CHO), reported by Abdullah et al. [27].

Figure 4.8 Proposed structure for Complex 1 (lattice H>O is omitted)

(b) Determination of bandgaps
The optical bandgap (Eo) may be calculated from both the absorption and fluorescence
spectra, using the equation is Eo= Ac/A, where ¢ = velocity of light (3.0 x 108 m s1),

h = Planck constant (6.626 x 103* J s™), and A (absorption edge of the CT band). The
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calculated value in joule (J) was then converted to electron volt (eV). For complex 1, the
Eo value from its absorption spectrum (Figure 4. 7) was 3.53 eV (A =351 nm).

Its fluorescence spectra (Figure 4.9) were recorded in chloroform. Upon excitation
at 298 nm (LMCT band), it shows an emission peak at 342 nm, while upon excitation at
688 nm (d-d band), it shows an emission peak at 697 nm. The Stokes shifts (the difference
between the excitation and emission wavelengths) are 44 nm and 9 nm, respectively. Its

Eo value were 3.82 eV (A = 325 nm) and 1.76 eV (A = 704 nm).
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Figure 4.9 Fluorescence spectra for Complex 1 after excitation at: (a) 298 nm, and (b) 688 nm

The fluorescence lifetime (z) of the excited complex was calculated from its decay

curve (Figure 4.10). The value was 1.0 ns (for both Aemission = 342 Nm and 697 nm).
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Figure 4.10 Fluorescence decay of Complex 1 at Aemission (@) 342 nm, and (b) 697 nm

Electrochemical bandgaps (Ee) may be calculated by cyclic voltammetry (CV).
For complex 1, its CV was determined in DMSO at a scan rate of 50 mV s? in the
potential range of -1.5 V to +1.5 V. The voltammogram (Figure 4.11) shows a weak
cathodic peak at -0.98 V, assigned to the reduction of [Cu(Il)] to [Cu(l)], but no
corresponding anodic peak, indicating an irreversible redox process. This suggests that
the structure of the reduced complex was not stable. Hence, its electrochemical band gap

could not be calculated [92].
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Figure 4.11 Cyclic voltammogram for Complex 1

(c) Magnetic properties

Its effective magnetic moment (Uerr) was 1.89 BM at 298 K. The value was calculated
using the formula: werr = 2.83[T(m®™" — Na)]”, and the following data:
FM = 422.14 g mol™ (monomer), xg = 3.18 x 10° cm® g%, ym = 1.34 x 10 cm® mol?,
ydia = -2.20 x 10 cm® mol?, and " = 1.56 x 10 cm?® mol*. The calculated value is
higher than expected spin-only value of 1.73 BM for a mononuclear Cu(ll) complex

(S = %), indicating ferromagnetic interaction between Cu(ll) centre [93].

(d) Thermal properties

Its TGA trace (Figure 4.12) shows an initial weight loss of 76.5% from about 268 °C to
900 °C, assigned to the decomposition of L1% ion (calculated, 82.9%). Hence,
Complex 1 was thermally stable up to 268 °C. The experimental value was lower than the
expected value as the trace did not plateau out at temperatures above 900 °C due to
incomplete decomposition of the organic ligand. Also, it is inferred that the lattice H.O
has evaporated before the thermal analysis was recorded since the trace does not show an

initial loss below its decomposition temperature.
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Figure 4.12 TGA of Complex 1
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.13) was recorded for a heating-cooling cycle from 25 °C to
210 °C. On heating, there were two endothermic peaks at 1482 °C
(AH = +3.13 kJ mol™?) and 184.4 °C (AH = +16.6 kJ mol™?), assigned as the evaporation
of lattice water molecule and dissociation of the dimers, respectively. On cooling, there
was a broad exothermic peak at 174.2 °C (AH = -8.6 k] mol™), assigned to the reformation

of the dimers.
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Figure 4.13 DSC of Complex 1
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Viewed under an OPM, Complex 1 (Figure 4.14) was observed to clear at
200 °C. Upon cooling from the isotropic liquid, the complex exhibited birefringence at
154 °C, signifying an isotropic liquid-to-crystal transition. Hence, Complex 1 was not

mesomorphic.

(a) (b)
Figure 4.14 Photomicrographs of Complex 1 (a) on heating at 200 °C; and
(b) on cooling at 154 °C

4.2.3 [Ni2(CH3COO0)2(L1)].3H20

The Ni(Il) complex of HoL1 was synthesised using the one-pot reaction only since this
was an easier method and found to give a higher yield of the product (for Complex 1). In
this method, 2-hydroxybenzaldehyde, 1,8-diaminooctane and [Ni(CH3COQ),].4H,0
were reacted in ethanol to form a green powder (Complex 2) in good yield (55.7%). It

was soluble in chloroform and insoluble in water and other common organic solvents.

(a) Structural deduction
The structure of Complex 2 was similarly deduced as for Complex 1. The results from
the elemental analyses (48.67% C, 5.01% H, 4.29% N) were in good agreement with the
chemical formula Ni2C26H3sN209 (638.13 g mol™; 48.8% C, 5.98% H, 4.38 % N).

Its FTIR spectrum (Figure 4.15) shows a broad peak at 3266 cm™ for H,0, two
peaks for CHz (vasym) and CHz (vsym) at 2923 cm™® and 2854 cm™, respectively, a strong

peak for the C=N at 1627 cm™, a strong peak at 1544 cm™ for vas,mCOO, and a peak at
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1446 cm™ for veymCOO. From the latter peaks, the A value was 98 cm™, suggesting a

chelating binding mode for CHsCOO" ligand [94].

70

65 T T T T T
3900 3400 2900 2400 1900 1400 900 400

cmt

Figure 4.15 FTIR spectrum for Complex 2

Its UV-visible spectrum, recorded in chloroform (Figure 4.16), shows a d-d band
at 410 nm (emax = 446 Mt cm™) and metal-to-ligand charge transfer (MLCT) band at
325 nm (emax = 1305 M cm™). This suggests a tetrahedral geometry at both Ni(ll) centres

of this complex [29].
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Figure 4.16 UV-visible spectrum of Complex 2
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Combining the above data, the proposed structural formula for Complex 2 is
[Ni2(CH3COO0)2(L1)].3H20 (Figure 4.17). Hence, unlike the corresponding Cu(ll)
complex, it was a dinuclear complex with two CH3COO™ and one L1% ions coordinated

to Ni(ll) ion.
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Figure 4.17 Proposed structure for Complex 2 (lattice H2O is omitted)
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(b) Determination of bandgaps

Its Eo value, calculated as before from its UV-vis spectrum, was 3.30 eV (A = 375 nm).
Its fluorescence spectra (Figure 4.18) were recorded in chloroform. Upon

excitation at 325 nm (MLCT band), it shows an emission peak at 360 nm, while upon

excitation at 411 nm (d-d band), it shows an emission peak at 419 nm. Hence, the Stokes

shifts were 35 nm and 8 nm, respectively. Additionally, its Eo,, was 3.38 eV

(A=2367 nm).
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Figure 4.18 Fluorescence spectra of Complex 2 after excitation at: (a) 325 nm, and
(b) 411 nm

Its = value, calculated from its decay curve (Figure 4.19) was 1.0 ns (for both

Aemission = 340 nm and 697 nm).
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Figure 4.19 Fluorescence decay of Complex 2 at Aemission (@) 360 nm, and (b) 419 nm

Its CV scan was recorded anodically in chloroform at a scan rate of
50 mV s? in the potential range of +2.0 V to -2.0 V. The voltammogram (Figure 4.20)
shows an anodic peak at +1.24 V assigned to the overlapping oxidation of Ni(Il) to Ni(lll)
and oxidation of the ligand, and two cathodic peaks observed at +0.8 V and -1.7 V
assigned to the reduction of Ni(lll) to Ni(ll) and the ligand, respectively.

The separation between the forward and the reverse peak (AEp) was 440 mV and

its Ipe/lpa ratio is 0.18, indicating a quasireversible redox reaction
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(AEp > 59 mV at 30 °C) and chemically unstable reduced complex (lpc/lpa ratio for
chemically stable reduced complex is 1) [81].

The electrochemical band gap (Ee) was calculated from its CV voltammogram
using the relationship: Ee = [HOMO — LUMO|, where HOMO and LUMO is the highest
occupied molecular orbital and the lowest unoccupied molecular orbital, respectively.
The values are determined as follows: HOMO = onset oxidation peak voltage + 4.4 eV,
and LUMO = onset reduction peak voltage + 4.4 eV. For 2, the values for HOMO and

LUMO were 5.30 V and 5.40 V, respectively. Hence, the E¢ value was 0.1 eV.
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Figure 4.20 Cyclic voltammogram for Complex 2
(c) Magnetic properties
Its mert value, calculated as previously done from the values of
FM = 638.13 g mol?, 33 = 1.09 x 10° cm® g?, ym = 6.98 x 10° cm® mol?,
ydia = -2.81 x 10* cm® mol?, and yn®" = 7.26 x 10° cm® mol?, was 4.13 BM at
298 K. The value is similar to that found for [Niz(L)2(CH3COO),].4H.0, where
L = 3-(4'-aminobiphenyl-4-ylimino)-butan-2-one oxime (uett = 4.04 BM at room

temperature), which also has tetrahedral Ni(Il) centres [95].
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(d) Thermal properties

Its TGA trace (Figure 4.21) shows an initial weight loss of 8.0% from about
50 °C to 116 °C due to the evaporation of lattice H>O (calculated, 8.5%). The next weight
loss of 71.8% from 307 °C to 683 °C is assigned to the decomposition of L1% and
CH3COO  ions (calculated, 73.1%). The amount of residue at temperatures above 683 °C
was 20.2%, which is in a good agreement with the calculated value of 23.4%, assuming

pure NiO [96]. Accordingly, the decomposition temperature for Complex 2 was 307 °C.
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Figure 4.21 TGA of Complex 2
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.22) was recorded for a heating-cooling cycle from
25 °C to 225 °C. On heating, there was an endothermic peak at 138.1 °C

(AH = +107 kJ mol™), assigned as its melting temperature. However, there was no peak

on cooling.
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Figure 4.22 DSC of Complex 2

Viewed under OPM, Complex 2 (Figure 4.23) did not show any optical textures.
It was further noted that the sample remained fluid on cooling from its isotropic
temperature (227 °C) to room temperature. Combining both the DSC and OPM results, it
is suggested that on heating at temperatures above 100 °C, the imine bonds of this
complex were hydrolysed by the lattice H.O to form 1,8-diaminooctane and

2-HOCsH4CHO (a liquid at 30 °C) [26].

(a) (b)
Figure 4.23 Photomicrographs of Complex 2 (a) on heating at 138 °C; (b) on heating at 227 °C;

and (c) on cooling at 30 °C

4.2.4 [Co2(CH3COO0)2(L1)].2H20
The Co(ll) complex of HoL1 was also synthesised by the one-pot method, using

2-hydroxybenzaldehyde, 1,8-diaminooctane and [Co(CH3COQ),].4H20 in ethanol. The
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product was a dark brown powder (Complex 3), and the yield was 56.2%. Its solubility

was similar to Complex 2.

(a) Structural deduction
Based on the analytical data discussed below, it is proposed that its structural formula is
similar to Complex 2.

The results from the elemental analyses (49.29 % C, 5.53 % H, 4.57 % N) were in
good agreement with the chemical formula C02C26H3sN20g
(622.44 g mol™; 50.17 % C, 5.83 % H, 4.50 % N).

Its FTIR spectrum (Figure 4.24) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3246 cm™, 2921 cm?, 2853 cm?, 1596 cm™,
1536 cm?, and 1442 cm™) as the corresponding Cu(ll) and Ni(ll) complexes. The

Av(COO) value is 94 cm™, suggesting a chelating binding mode for CHzCOO" ion.
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Figure 4.24 FTIR spectrum for Complex 3
Its UV-visible spectrum was recorded in chloroform (Figure 4.25). The spectrum

shows a d-d band at 608 nm (smax = 153 M cm™?) and MLCT band at 364 nm

(emax = 2509 M cm™). The position of the d-d peak was similar to tetrahedral Co(ll)
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complexes reported in the literature. An example is [Co(L)2], where

L = 3-methoxysalicyliden-p-aminoacetophenoneoxime (Amax = 669 nm) [42].
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Figure 4.25 UV-visible spectrum of Complex 3

(b) Determination of bandgaps

Its E, value, calculated as before from its UV-vis spectrum, was 2.82 eV (A = 440 nm).
Its fluorescence spectra (Figure 4.26) were recorded in chloroform. Upon

excitation at 362 nm (MLCT band), it shows an emission peak at 416 nm, while upon

excitation at 611 nm (d-d band), it shows an emission peak at 633 nm. Accordingly, its

Stokes shifts were 54 nm and 22 nm, respectively. Additionally, its Eo, was 2.96 eV

(A =419 nm).
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Figure 4.26 Fluorescence spectra of Complex 3 after excitation at: (a) 362 nm, and
(b) 611 nm

Its = value, calculated from its decay curve (Figure 4.27) was 1.0 ns (for both

Aemission = 316 Nm and 633 nm).
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Figure 4.27 Fluorescence decay of Complex 3 at Aemission (&) 416 nm, and (b) 633 nm

Its CV (Figure 4.28) was recorded anodically in chloroform at a scan rate

50 mV st in the potential range of +2.0 V to -2.0 V. However, there were no redox peaks

for Co(Il). Hence, its electrochemical band gap cannot be calculated.
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Figure 4.28 Cyclic voltammogram for Complex 3
(c) Magnetic properties
Its pefr Value, similarly calculated as for the previously discussed complexes, from the
values of FM = 622.44 g mol™, yg = 2.51 x 105 cm® g2, ym = 1.56 x 102 cm® mol™?,
Ydia = -2.68 x 10" cm® mol ™, and ¥m®" = 1.59 x 102 cm® mol, was 6.13 BM at 298 K.
This value is comparable to [Coz2(L)Cl2(H20)2], where

L = 3-hydroxy-N-phenyl-but-2-enamidine (uett = 5.97 BM at room temperature), which

also have two tetrahedral Co(Il) centres [95].

(d) Thermal properties

Its TGA trace (Figure 4.29) shows an initial weight loss of 4.8% from about 50 °C to
225 °C due to evaporation of lattice H>O (calculated, 5.8%). The next weight loss of
72.0% from 247 °C to 623 °C is assigned to decomposition of L1%- and CH3COO" ions
(calculated, 75.3%). The amount of residue at temperatures above 637 °C was 23.2%,
which is in a good agreement with the calculated value of 24.1 %, assuming pure CoO

[96,97]. Hence, Complex 3 was thermally stable up to 247 °C.
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Figure 4.29 TGA of Complex 3

(e) Mesomorphic properties

The DSC scan of Complex 3 (Figure 4.30) was recorded for a heating-cooling cycle
from 25 °C to 230 °C. On heating, there were endothermic peaks at 75.8 °C
(AH = +3.49 kJ mol™) assigned as the evaporation of lattice water molecules, 133.5 °C
(AH = +56.31 kJ mol?) assigned to its melting temperature, and 177.2 °C
(AH = +5.70 kJ mol™) and 198.3 °C (AH = +4.45 kJ mol™) intuitively assigned to weak

bond breaking processes. However, there were no peaks on cooling.
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Figure 4.30 DSC of Complex 3
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Viewed under OPM (recorded for a heating-cooling cycle from 25 °C to
225 °C), Complex 3 did not show any optical textures. The sample remained fluid on
cooling from its isotropic liquid phase (222 °C) to room temperature (Figure 4.31). These
observations were similar to Complex 2, and may be similarly explained. Hence, this

complex did not exhibit mesomorphism.

(d) () ()
Figure 4.31 Photomicrographs of Complex 3: (a) on heating at 75.8 °C; (b) on heating at
133.5 °C; (c) on heating at 177.2 °C; (d) on heating at 198.3 °C; (e) on heating at 225 °C; and (f)
on cooling at 30 °C

4.2.5 [Fe(CHsCOO)(L1)]

The Fe(ll) complex of H.L1 was also synthesised by the one-pot method, from the
reaction of 2-hydroxybenzaldehyde, 1,8-diaminooctane and [Fe(CH3COO)2] in ethanol.
The product was a dark reddish-brown powder, and the yield was 79.0%. Its solubility

was similar to Complexes 2 and 3.
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(@) Structural deduction

Based on the same instrumental analyses, it is proposed that the structural formula of the
complex was [Fe(CH3COO)(L1)] (Complex 4). Hence, in contrast to the previously
discussed complexes of HoL1, Complex 4 was mononuclear.

The results from the elemental analyses (60.95% C, 6.28% H, 5.56% N) were in
good agreement with the chemical formula FeC24H29N204 (465.34 g mol™?; 61.95% C,
6.28% H, 6.02% N).

Its FTIR spectrum (Figure 4.32) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3360 cm™, 2922 cm™, 2853 cm?, 1614 cm?,
1542 cm?t, and 1445 cm™) as the corresponding metal(Il) complexes. From the latter
peaks, the Av value was 94 cm, suggesting a chelating binding mode for CHzCOO-

ligand.
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Figure 4.32 FTIR spectrum for Complex 4
Its UV-visible spectrum was recorded in chloroform (Figure 4.33). The spectrum
shows a broad d-d band at 500 nm (emax = 117 M cm™), a shoulder at 409 nm
(emax = 296 M cm™) and a MLCT band at 322 nm (emax = 2033 Mt cm™). This value is

agree with the reported octahedral Fe(ll) high spin complexes.
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Figure 4.33 UV-visible spectrum of Complex 4

Combining the results of elemental analyses and FTIR and UV-visible
spectroscopies, the proposed structural formula of Complex 4 ([Fe(CH3COOQO)(HL1)]) is
shown in Figure 4.34. Unlike the Fe(Il) complex reported by Abdullah et. al [55], it was

dinuclear. The shorter alkyl chain of the carboxylate tend to form more planar structure.

Figure 4.34 Proposed structure for Complex 4

(b) Determination of bandgaps

Its E, value, calculated as before from its UV-vis spectrum, was 3.30 eV (A = 440 nm).
Its fluorescence spectra (Figure 4.35) were recorded in chloroform. Upon

excitation at 322 nm (MLCT band), it shows an emission peak at 355 nm, while upon

excitation at 502 nm (d-d band), it shows an emission peak at 508 nm. Hence, its Stokes

shifts were 33 nm and 6 nm, respectively. Its Eo was 3.02 ¢V (A =411 nm).
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Figure 4.35 Emission spectra of Complex 4 after excitation at: (a) 322 nm, and (b) 502 nm

Its = value, calculated from its decay curve (Figure 4.36), was 1.0 ns

(/lemission =355 nm) and 0.7 ns (/Iemission =508 nm).
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Figure 4.36 Fluorescence decay of Complex 4 at Aemission,(2) 355 nm, and (b) 508 nm

Its CV scan (Figure 4.37) was recorded anodically in chloroform at a scan rate of
50 mV st in the potential range of +2.0 V to -2.0 V. However, there were no redox peaks
for Fe(Il). Hence, its electrochemical band gap cannot be calculated. From this, it may be
suggested that the complex has an insulating effect because its structure is more planar
and stable, protecting the central Cu from being easily reduced and oxidised (higher
potentials). ~ Similar  deduction was made for [Cu(RCOO)4(RCOOH)]

(R = 2-hexyldecanoate) [92].
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Figure 4.37 Cyclic voltammogram for Complex 4
(c) Magnetic properties
Its ym T value, calculated as previously done from the values of FM = 465.34 g mol™,
¥g = 2.12 x 10° cm3 gt ym = 9.86 x 10 cm® mol?, ygia = -2.17 x 10* cm® mol?, and
™" = 1.01 x 102 cm?® mol?, was 3.00 cm® K mol. This value agreed with theoretical

value 3.00 cm® K mol-1 for a high spin (HS) Fe(I1) complex (S = 2) [98].

(d) Thermal properties

Its TGA trace (Figure 4.38) shows an initial weight loss of 83.3% from about 134 °C to
760 °C due to decomposition of L1~ and CH3COO" ligands (calculated, 88.0%). The
amount of residue at temperature 760 °C was 16.7%, which is in a good agreement with
the calculated value of 15.3% (assuming pure FeO) [99]. Hence, Tgec for Complex 4 was

134 °C.
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Figure 4.38 TGA of Complex 4

(e) Mesomorphic properties

The DSC scan of Complex 4 (Figure 4.39) was recorded for a heating-cooling cycle

from 25 °C to 115 °C. On heating, there was an endothermic peak at 72.5 °C

(AH = +4.46 k] mol™) and assigned as crystal to crystal transition. However, there were

no peaks on cooling.

miv

i Heating

) /L

25 35 45 55 65 75 85 95 105 115
Temperature/ °C

Figure 4.39 DSC of Complex 4
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Viewed under OPM, which was recorded for a heating-cooling cycle from
25 °C to 115 °C, the complex did not show any optical textures. Hence, this complex did

not exhibit mesomorphism.

4.2.6 [Mn2(CH3CO0)4(L1)].5H20

The Mn(Il) complex of H.L1 was also synthesised by the one-pot method, from the
reaction of 2-hydroxybenzaldehyde, 1,8-diaminooctane and [Mn(CH3C0OO)2].4H-0 in
ethanol. The product was a dark purple powder (Complex 5), and the yield was 77.2%.

Its solubility was similar to Complexes 2 - 4.

(a) Structural deduction
Based on the instrumental data discussed below, the proposed structural formula for
Complex 5 is [Mn2(CH3CO0)4(L1)].5H20 (a dinuclear complex).

The results from the elemental analyses (45.78% C, 5.92% H, 2.99% N) were in
good agreement with the chemical formula Mn2CsoH4sN2015 (786.58 g mol™; 45.81% C,
6.15% H, 3.56% N).

Its FTIR spectrum (Figure 4.40) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3230 cm™, 2927 cm™, 2854 cm?, 1615 cm?,
1548 cm, 1435 cm™ and 1391 cm™) as the corresponding metal(I1) complexes. From the
latter peaks, the Av(COO) values are 112 cm™ and 157 cm™, suggesting chelating and

bridging binding modes for CH3COO" ligands, respectively.
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Its UV-visible spectrum was recorded in chloroform (Figure 4.41). The spectrum

shows a d-d band at 685 nm (smax = 235 M cm™?) and MLCT band at 370 nm

(emax = 3422 M cm™?). The d-d band suggests an octahedral geometry at each Mn(11)

centres, as suggested for [Mn(HPTP)CI(H20);] (HPTP

(2)-2-(4-(pyridine-2-yl)

thiosemicarbazido)propanoate), which also has an octahedral Mn(I1) centre [49].
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Figure 4.41 UV-visible spectrum of Complex 5
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Combining the results of elemental analyses and FTIR and UV-visible

spectroscopies,  the  proposed  structural  formula of Complex 5

([Mn2(CH3COO0)4(L1)].5H20) is shown in Figure 4.42

::" \\\\\O O///’ :E
A YO_/MH\_O
O>//\O O\<o

Figure 4.42 Proposed structure for Complex 5 (lattice H,O molecules are not shown)

(b) Determination of bandgaps

Its Eo value, calculated as before from its UV-vis spectrum, was 2.81 eV (A = 442 nm).
Its fluorescence spectra (Figure 4.43) were recorded in chloroform. Upon

excitation at 368 nm (MLCT band), it shows an emission peak at 410 nm, while upon

excitation at 689 nm (d-d band), it shows an emission peak at 705 nm. Hence, its Stokes

shift were 42 nm and 16 nm, respectively. Additionally, its Eo was 3.01 eV (A =412 nm).
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Figure 4.43 Fluorescence spectra of Complex 5 after excitation at: (a) 368 nm; and
(b) 689 nm

Its = value, calculated from its decay curve (Figure 4.44) was 2.4 ns

(Aemission=410 nm) and 0.8 NS (Aemission= 705 NM).
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Figure 4.44 Fluorescence decay of Complex 5 at Aemission,(2) 410 nm, (b) 705 nm

Its CV was recorded anodically in chloroform at a scan rate 50 mV s? in the
potential range of +2.0 V to -2.0 V. The voltammogram (Figure 4.45) shows an anodic
peak at +1.42 V assigned to the oxidation of the ligand, and the corresponding cathodic
peak at -1.42 V assigned to the reduction of the ligand. There was also an anodic peak at
+0.6 V assigned to the oxidation of Mn(l1) to Mn(lll), but there were no corresponding
reduction peak, indicationg the irreversibility of metal-based redox process. Hence, its

electrochemical band gap cannot be calculated.
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Figure 4.45 Cyclic voltammogram for Complex 5

(c) Magnetic properties

Its ym T value, calculated as previously done from the values of FM = 786.58 g mol™,
¥g = 1.19 x 10° cm® g%, ym = 9.36 x 102 cm® mol?, ygia = -3.34 x 10* cm® mol?, and
™" = 9.69 x 103 cm?® mol™?, was 2.89 cm?® K mol™. The theoretical value for a high spin
(HS) Mn(Il) complex (S = 5/2) is 4.377 cm® K mol™, and for a low spin (LS) Mn(Il)
complex (S =%2) is 0.375 cm® K mol ™ [98] . From this, it may be inferred that this complex

was made up of 27% HS and 73% LS Mn(Il) at room temperature (298 K).

(d) Thermal properties

Its TGA trace (Figure 4.46) shows an initial weight loss of 10.9% from about 50 °C to
150 °C due to loss of lattice water molecules (calculated, 11.5%). The next weight loss of
67.4% from 231 °C to 717 °C was due to decomposition of L1% and CHsCOO" ligands
(calculated, 74.6%). The amount of residue at temperatures above 717°C was 21.7%,
which is in agreement with the calculated value of 20.1% (assuming pure Mn203) [100].

Hence, Complex 5 was thermally stable up to 231 °C.
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Figure 4.46 TGA of Complex 5

(e) Mesomorphic properties

The DSC scan of Complex 5 (Figure 4.47) was recorded for a heating-cooling cycle
from 25 °C to 225 °C. On heating, there was an endothermic peak at 81.0 °C
(AH = 53.57 kJ mol) assigned as the melting temperature of the dimeris (Cr1). Another
two endothermic peaks were observed at 108.0 °C (AH = 9.9 kJ mol™?) and 149.4 °C
(AH = 51.2 kJ mol™?), assigned as the breaking of the dimers to monomers (Cr1-Cr2) and
to monomers to mesophase transition (Cr2-M), respectively. On cooling, an exothermic

peak was observed at 144.8 °C (AH = - 3.5 kJ mol™?) corresponding to M-Cr2 transition.

Table 4.2 DSC data for Complex 5

Cycle Temperature (°C) | AH (kJ mol?) Assignment
Heating 81.0 53.57 Melting of dimers (Crl)
108.0 9.9 Crl-Cr2
149.4 51.2 Cr2-M
Cooling 144.8 3.5 M-Cr2
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Figure 4.47 DSC of Complex 5

Viewed under OPM, which was recorded for a heating-cooling cycle from
25 °C to 200 °C, Complex 5 (Figure 4.48) was observed to be fluid at 200 °C and cleared
at 230 °C (accompanied by decomposition). On cooling from this temperature, there were
no optical texture and the sample remained fluid until room temperature. However, when
a new sample was heated to 200 °C, and cooled from this temperature, it exhibited a
strong birefringence at 129 °C, which did not change on further cooling to room

temperature (30 °C). The results suggest that Complex 5 exhibited mesomorphisms.

(b)
Figure 4.48 Photomicrographs of Complex 5 on: (a) heating at 200 °C; and
(b) cooling at 129 °C
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4.2.7 Summary

The analytical results for Complexes 1-5 are summarised in Table 4.3. Complex 1 was
dimeric, 4 was mononuclear, while Complexes 2, 3 and 5 were dinuclear. All complexes
were paramagnetic.

The optical bandgaps (from the CT absorption bands and emission bands) for all
complexes were similar (2.81 eV — 3.61 eV), suggesting that the band gap were
independent of the metal (1) centre and nuclearity of the complexes. Hence, these
complexes were semiconductors, and their values were similar to reported photovoltaic
materials, such as 6H-SIC (2.9 eV) [101] and [Cu(HPTP)](H20)2 (3.26 eV) [77].
Accordingly, these complexes were potential solar cell materials [49].

In contrast, Complex 2 has electrochemical band gap 0.1 eV and for the other
complexes, the electrochemical band gap cannot be calculated because the complexes
were redox inactive. The significantly lower Ee value compared to E, is expected as the
electrochemical process involved an electron in the antibonding 3d orbital, while the
optical process involved photonic excitation of an electron from ligand orbital(s) to metal.

Except for Complex 5, the lifetimes of all excited complexes were similar (0.7 ns to
1.3 ns). The lifetime for Complex 5 was the longest at 2.4 ns. It is to be noted that these
lifetimes were sufficiently long to allow for the electronic injection from absorbed dyes
into nanocrystalline TiO2, reported to occur within several hundred femtoseconds [102].
The Stokes shift values for all complexes were in the range of 35-54 nm (CT transition)
and 6-22 nm (d-d transition). The larger Stokes shift is more favourable and an important
parameter in photovoltaic and solar cell.

These complexes were thermally stable (Tgec = 134 °C to 307 °C) and unlike the
other complexes, the coordination mode of acetate anion in Complex 5 were chelating
and bridging between the Mn(ll) centres. This will results a more planar structure and
enhance the anisotropy molecular shape. Hence, only Complex 5 was mesormophic.
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Table 4.3 Analytical results for metal(I1) complexes of H,L1

Complex 1 2 3 4 5
Chemical Formula [Cu(L1)]2.H:0 [Ni2(CH3C0O0)2(L1)].3H20 | [Co2(CH3CO0)2(L1)].2H20 | [Fe(CH3COO)(L1)] | [Mn2(CH3CO0)4(L1)].5H.0
CH3;COO mode - chelating bridging
Geometry square pyramidal tetrahedral octahedral
Eo absorption 3.53 3.30 2.82 3.30 2.81
ev) [

emission 3.82 3.38 2.96 3.02 3.01
Stokes shift (nm)
CT. dd 44,9 35,8 54,8 54, 22 42, 16
T (ns) 1.0 1.0 1.0 1.0, 0.7 24,08
Ccv redox inactive redox active redox inactive
Hett (BM) 1.80 4.13 6.13 4.95 23 % HS, 77 % LS
Taec (°C) 268 307 247 134 224

Mesomorphism

Non-mesomorphic

Mesomorphic




4.3 H2L2 and its Metal(11) Complexes

4.3.1 HoL2

H2L2 (Figure 4.49) was obtained as a yellow powder from the reaction of HoN(CH2)sNH>
and 2,4-(HO)2Ce¢H3CHO in ethanol. Its yield was 91.3%, and it was soluble in ethyl

acetate but insoluble in other common organic solvents.

HO OH

N
/Oi\'\'/\/\/\/\/
HO OH

Figure 4.49 Structural formula of H,L2

(a) Structural deduction

The results from the elemental analyses (67.93 % C, 7.32 % H, 7.14 % N) were in good
agreement with the chemical formula C22H2sN204 (384.47 g mol™; 68.73% C, 7.34% H,
7.29% N). Its FTIR spectrum (Figure 4.50) shows a broad peak for OH group at 3201
cm?, two medium peaks for vsCH, and vsCH, at 2938 cm?® and
2852 cm?, respectively, and a sharp peak for C=N at 1639 cm™. Its H-NMR spectrum

is shown in Figure 4.51, and the peak assignments are given in Table 4.4.
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Figure 4.51 The *H-NMR spectrum of H,L2
Table 4.4 The *H-NMR data and peak assignment for HoL2
Chemical shift (ppm) | Integral ratio | Multiplicity | Assignment
1.04-1.31 5.74 multiplet H-8, H-9, H-10
3.34-3.50 4.07 multiplet H-4, H-7
6.12 0.97 singlet H-3
6.21-6.24 0.92 doublet H-1, H-2
7.16 1.03 singlet H-6
8.32 1.00 singlet H-5
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(b) Mesomorphic properties

Its DSC spectrum (Figure 4.52) was recorded for a heating-cooling cycle from 25 °C to
220 °C. On heating, there was an endothermic peak at 200.4 °C (AH = +47.6 kJ mol™?)
assigned for crystal-to-isotropic liquid transition. However on cooling, there were no

peaks observed.
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Figure 4.52 DSC of H,L2

Viewed under OPM, which was recorded for a heating-cooling cycle from
25 °C to 220 °C, there were no optical textures observed. Hence, this ligand did not exhibit

mesomorphism.

4.3.2 [Cu(CHsCOO)(HL2)(H20)].H20

The Cu(ll) complex of H2L2 was also synthesised by two methods involving step-wise
and one-pot reactions. Both methods gave khaki green powders (Complex 6), and the
yield was 49.6% (step-wise method) and 80.4% (one-pot method). Both powders were
soluble in DMSO, dimethylformamide (DMF), and tetrahydrofuran (THF), but insoluble
in water and other common organic solvents. The CHN elemental analyses and FTIR

spectra of both powders are similar (Figure 4.53). From these, it may concluded that the
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products obtained from both methods are the same. Thus, the instrumental results are

discussed for the product obtained from the one-pot method only.
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Figure 4.53 FTIR spectrum of Complex 6: (a) step-wise method, and (b) one-pot method.

(a) Structural deduction
Based on the instrumental data discussed below, the structural formula of Complex 6 is
[Cu(CH3COO)(HL2)(H20)].H20. Hence, unlike the Complex 1, it was mononuclear
with one CH3COO" ion and one HL2 ion as ligands.

The results from the elemental analyses (52.49% C, 5.78% H, 5.25% N) were in
good agreement with the chemical formula CuC2sH34N20s (542.08 g mol™*; 53.18% C,

6.32% H, 5.17% N).
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Its FTIR spectrum (Figure 4.53) shows peaks as similarly found and assigned for

previously discussed complexes at 3159 cm™, 2927 cm™, 2855 cm™, 1593 cm,

1547 cm™ and 1444 cm™, respectively. From the latter two peaks, the A value was

103 cm™!, suggesting a chelating binding mode for CH3COO" ligand. Also found are peaks

for coordinated H20 at 836 cm™ [12], Cu-N at 517 cm, and Cu-O at 467 cm™ [103].

Its UV-visible spectrum (Figure 4.54), recorded in DMSO, shows a d-d band at

632 nm (emax = 142 Mt cm™) and a LMCT band at 440 nm (emax = 1398 Mt cm™). The

position of the d-d band suggests a square pyramidal geometry at Cu(ll) centre.
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Figure 4.54 UV-visible spectrum of Complex 6

Combining the results of elemental analyses, and FTIR and UV-vis

spectroscopies, the  proposed  structural  formula  for  Complex

([Cu(CH3COO0)(HL2)(H20)].H20) is shown in Figure 4.55.
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Figure 4.55 Proposed structure for Complex 6. Lattice H2O is not shown
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(b) Determination of bandgaps

Its Eo value, calculated as before from its UV-vis spectrum, was 2.29 eV (A =542 nm).
Its fluorescence spectra (Figure 4.56) were recorded in DMSO. Upon excitation

at 438 nm (LMCT band), it shows two emission peaks at 472 nm and 501 nm, and upon

excitation at 629 nm (d-d band), it shows an emission peak at 632 nm. The Stokes shifts

were 34 nm, 63 nm and 3 nm, respectively, and its Eo was 2.41 ¢V (A =515 nm).
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Figure 4.56 Emission spectra of Complex 6 after excitation at: (a) 4 = 438 nm, and
(b) A= 629 nm.
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Its = value, calculated from its decay curve (Figure 4.57) was 2.0 ns

(iemission =501 nm and 632 nm).
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Figure 4.57 Fluorescence decay of Complex 6 at (a) Aemission = 501 nm, and
(b) iemission =632 nm.

Its CV was recorded cathodically in DMSO at a scan rate of
50 mV st in the potential range of +1.0 V to -1.0 V. The voltammogram (Figure 4.58)

shows a cathodic peak at -0.78 V, assigned to the reduction of [Cu(l1)] to [Cu(l)], and the
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corresponding anodic peak at +0.45 V, assigned to the oxidation of [Cu(l)] to [Cu(Il)].
The AEp was 1230 mV, indicating a quasireversible redox reaction (AEp, > 59 mV at
30 °C), and its lpa/lpc ratio was 0.8, indicating the reduced complex was chemically
unstable. The HOMO and LUMO of the complex was 0.11 V and -0.60 V, respectively.

Hence, its E¢ value was 0.71 eV.

2.0E-05

1.5E-05

1.0E-05 -

Im (A)

5.0E-06 -

0.0E+00 -

-5.0E-06

-1.0E-05 . . . |
-1 -0.5 0 0.5 1

Vf (V vs. Ref.)

Figure 4.58 Cyclic voltammogram for Complex 6

(c) Magnetic properties

Its merr value, calculated as previously done wusing the following data:
FM = 542,08 g mol?, g = 25 x 10°% cm® g%, ym = 1.34 x 10° cm® mol?,
ydia = -2.00 x 10 cm?® mol™* and ym®" = 1.54 x 10 cm?® mol?, was 1.88 BM at 298 K.

This value is the same as Complex 1 (1.89 B.M) and may be similarly explained.

(d) Thermal properties

Its TGA trace (Figure 4.59) shows an initial weight loss of 3.6% from about 51 °C to
145 °C due to the evaporation of lattice H>O (calculated, 3.3%). The next weight loss of
4.4% (219 °C to 303 °C) and 10.3% ( 302 °C to 458 °C ) were assigned to the evaporation
of coordinated water molecule (calculated, 3.3%) and the decomposition of CHzCOO™ ion

(calculated, 10.9%), respectively. This was followed by a gradual weight loss of 38.3% at
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458 °C up to 900 °C (the maximum temperature of the instrument), assigned to the
decomposition of HL2", suggesting incomplete decomposition of the organic ligand.

Hence, Complex 6 was thermally stable up to 219 °C.
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Figure 4.59 TGA of Complex 6
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.60) was recorded for a heating-cooling cycle from 25 °C to

190 °C. There was an endothermic peak at 163.1 °C (AH = +15.5 kJ mol™) assigned to

the breaking of H-bonds. However, there were no peaks on cooling.
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Figure 4.60 DSC of Complex 6
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 190 °C, the complex did not show any optical textures. Hence, this complex did not

exhibit mesomorphism.

4.3.3 [Ni2(CH3COO0)2(L2)].4H.0

The Ni(ll) complex of H.L2 was also synthesised by the one-pot method involving
2,4-dihydroxybenzaldehyde, 1,8-diaminooctane and [Ni(CH3COQ),].4H.0 in ethanol.
The product was a green powder, and the yield was 75.8%. It was insoluble in most

organic solvents.

(a) Structural deduction

Based on the same instrumental analyses, it is proposed that the structural formula of the
green powder was [Niz(CH3sCOO)2(L2)].4H20O (Complex 7). Hence, unlike the
corresponding Cu(ll) (Complex 6), it was dinuclear and has two acetate ions and one L2%
ion coordinated to Ni(ll) ion.

The results from the elemental analyses (45.32% C, 5.97% H, 3.61% N) were in
good agreement with the proposed chemical formula NizC2sH40N2012 (689.99 g mol™?;
45.26% C, 5.84% H, 4.06% N).

Its FTIR spectrum (Figure 4.61) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3128 cm™, 2923 cm?, 2854 cm?, 1575 cm?,
1541 cm™ and 1441 cm-1) as the corresponding Cu(ll) complex. From the latter peaks,

the A vCOO value was 100 cm™, suggesting chelating binding mode for CH3COO" ligand.
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Figure 4.61 FTIR spectrum for Complex 7

Its UV-visible spectrum (Figure 4.62), recorded in the solid state, shows d-d
bands at 1123 nm and 651 nm, suggesting that the geometry of Ni(ll) in the complex was

tetrahedral [104].
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Figure 4.62 UV-visible spectrum of Complex 7

Combining the results of elemental analyses, and FTIR and UV-vis

spectroscopies, the proposed structural formula for Complex 7 is shown in Figure 4.63.
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Figure 4.63 Proposed structure for Complex 7 (lattice H,O molecules are omitted)

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 2.75 eV (A =451 nm).
Fluorescence spectroscopy and cyclic voltammetry could not be performed for the

complex as it was insoluble in most common solvents.

(c) Magnetic properties

Its umerr value, calculated as previously done wusing the following data:
FM = 689.99 g mol?, y3 = 9.90 x 10% cm® g%, ym = 6.83 x 102 cm® mol?,
ydia = -2.66 x 10 cm® mol™ and ym®°" = 7.10 x 10 cm® mol?, was 4.15 BM at 298 K.
This value lies in the range reported for a dinuclear complex with tetrahedral Ni(ll) ions

[85].

(d) Thermal properties

Its TGA trace (Figure 4.64) shows an initial weight loss of 8.1% from about 50 °C to
131 °C due to evaporation of lattice H2O (calculated, 10.4%). The lower than calculated
value suggests loss of lattice H.O molecules during storage. The next weight loss of 75.8%
from 234 °C to 758 °C was assigned to decomposition of L2% and CHsCOO" ions
(calculated, 72.5%). The amount of residue at temperatures above 637 °C was 16.1%,
which is in a good agreement with the calculated value of 21.6 %, assuming pure NiO

[105]. Hence, Complex 7 was thermally stable up to 234 °C.
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Figure 4.64 TGA of Complex 7
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.65) was recorded for a heating-cooling cycle from 25 °C to
200 °C. On heating, there were two overlapping endothermic peaks at 152.9 °C
(AH = +13.4 k mol) and 183.4 °C (AH = +9.4 kJ mol™), assigned as the hydrolysis of

C=N and the breaking of H-bonds, respectively. On cooling, there were no peaks.
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Figure 4.65 DSC of Complex 7
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Viewed under OPM, it was recorded for heating-cooling cycle from 25 °C to
200 °C. The complex was did not show any phase transitions. Hence, this complex did

not exhibit mesomorphism.

4.3.4 [Co2(CH3CO0)2(L2)].H20

The Co(ll) complex of H2L2 was also synthesized by the one-pot method, involving
2,4-dihydroxybenzaldehyde, 1,8-diaminooctane and [Co(CH3COQ),].4H20 in ethanol.
The product was a black powder (Complex 8), and the yield was 52.0%. It was insoluble

in most common organic solvents.

(a) Structural deduction

Based on the same instrumental analyses, it is proposed that the structural formula of
Complex 8 is [C02(CH3COO)2(L2)].H20, which is similar to Complex 7
([Ni2(CH3COO0)2(L2)].4H20).

The results from the elemental analyses (50.07% C, 5.84% H, 4.55% N) were in
good agreement with the proposed chemical formula Co2C26H34N20g (636.42 g mol™;
49.07% C, 5.38% H, 4.40 % N).

Its FTIR spectrum (Figure 4.66) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3223 cm™, 2922 cm?, 2852 cm™, 1600 cm?,
1539 cm?, and 1436 cm™) as the corresponding complexes. From the latter peaks,

the A vCOO value was 103 cm™, suggesting chelating binding mode for CH;COO" ion.
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Figure 4.66 FTIR spectrum for Complex 8

Its UV-visible spectrum (Figure 4.67), recorded in the solid state, show d-d bands
at 1177 nm, 950 nm and 587 nm, suggesting that the geometry of Co(ll) in the complex

was tetrahedral [106].
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Figure 4.67 UV-visible spectrum of Complex 8

(b) Determination of bandgaps

Its E, value, calculated as before from its UV-vis spectrum, was 2.78 eV (A = 445 nm).
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Fluorescence spectroscopy and cyclic voltammetry could not be performed for the

complex as it was insoluble in most common solvents.

(c) Magnetic properties

Its perr value, calculated using the following data: FM = 636.42 g mol?,
¥g = 1.79 x 10° cm® g%, ym = 1.14 x 102 cm® mol ™, ygia = -2.27 x 10 cm® mol™, and
™" = 1.16 x 102 cm® mol™, was 5.24 B.M at 298 K. This value is comparable with the

reported tetrahedral dinuclear Co(ll) complexes [95,107].

(d) Thermal properties

Its TGA trace (Figure 4.68) shows an initial weight loss of 2.9% from about 50 °C to
123 °C due to evaporation of lattice H>O (calculated, 2.8%). The next weight loss of
77.3% from 197 °C to 795 °C is assigned to decomposition of L2% and CH3COO" ligands
(calculated, 78.6%). The amount of residue at temperatures above
795 °C was 19.8%, which is in a good agreement with the calculated value of 23.5%,

assuming pure CoO [96,100]. Complex 8 was thermally stable up to 197 °C.
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Figure 4.68 TGA of Complex 8
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(e) Mesomorphic properties

Its DSC spectrum (Figure 4.69) was recorded for heating-cooling cycle from 25 °C to
160 °C decomposed. On heating, there were two endothermic peaks at 109.4 °C
(AH =+2.7 kJ mol'!) and 137.6 °C (AH =+14.6 kJ mol™), assigned as hydrolysis of C=N

and the breaking of H-bonds, respectively. On cooling, no peaks were observed.
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Figure 4.69 DSC of Complex 8

Viewed under OPM, it was recorded for heating-cooling cycle from 25 °C to
160 °C. The complex was did not show any phase transitions. Hence, this complex did

not exhibit mesomorphism.

4.3.5 [Fe(CHsCOO)(HL2)].3H20

The Fe(Il) complex of H2L2 was also synthesised by the one-pot method, involving
2,4-dihydroxybenzaldehyde, 1,8-diaminooctane and [Fe(CH3COO).] in ethanol. The
product was a dark brown reddish powder, and the yield was 92.4%. It was insoluble in

most common solvents.
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(a) Structural deduction

Based on the same instrumental analyses, it is proposed that the structural formula of the
complex was [Fe(CH3COO)(HL2)].3H20 (Complex 9). Hence, its structural formula was
similar to Complex 4 ([Fe(CH3COO)(HL1)]).

The results from the elemental analyses (52.94% C, 6.45% H, 4.25% N) were in
good agreement with the proposed chemical formula FeCz4HssN20g (552.40 g mol™;
52.18% C, 6.57% H, 5.07% N).

Its FTIR spectrum (Figure 4.70) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3420 cm™, 2928 cm?, 2856 cm™?, 1611 cm?,
1582 cm, and 1442 cm™) as the corresponding complexes. From the latter peaks, the

A(COO0) value is 140 cm?, suggesting chelating binding mode for CH3COO" ion.
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Figure 4.70 FTIR spectrum for Complex 9

Its UV-visible spectrum (Figure 4.71), recorded in the solid state, shows d-d

bands at 1013 nm, 477 nm and 356 nm, suggesting tetrahedral geometry at Fe(ll) centre.
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Figure 4.71 UV-visible spectrum of Complex 9

Combining the results of elemental analyses and FTIR and UV-visible
spectroscopies, the proposed structural formula of Complex 9 s

[Fe(CHsCOO)(HL2)].3H:0 (Figure 4.72).

Fe(,,,,o HO OH

HO o
O%k

Figure 4.72 Proposed structure for Complex 9 (lattice H2O is omitted)

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 3.10 eV (A =400 nm).
Fluorescence spectroscopy and cyclic voltammetry could not be performed as the

complex was insoluble in most common solvents.

(c) Magnetic properties
Its et value, calculated as previously done wusing the following data:

FM = 55240 g mol?, yg = 1.81 x 10° cm® g, ym = 9.88 x 10° cm® mol?,
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ydia = -2.21 X 10* cm® mol™ and ym®" = 1.02 x 102 cm? mol™* was 4.93 BM at 298 K. The

value is consistent with the proposed tetrahedral geometry at the Fe(ll) center [108].

(d) Thermal properties

Its TGA trace Figure 4.73) shows an initial weight loss of 2.0% from about 50 °C to
108 °C due to evaporation of H2O (calculated 9.8%, suggesting some of the lattice H.O
molecules were loss during storage). The next weight loss of 84.5%
from 170 °C to 842 °C was assigned to decomposition of HL2" and CH3COO" ions
(calculated, 79.9%). The amount of residue at temperature 842 °C was 13.5%, which is in
a good agreement with the calculated 13.0% (assuming pure FeO) [99]. Hence,

Complex 9 was thermally stable up to 170 °C.
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Figure 4.73 TGA of Complex 9

(e) Mesomorphic properties
Its DSC spectrum (Figure 4.74) was recorded for a heating-cooling cycle from 25 °C to
150 °C. On heating, there was an endothermic peak at 131.1 °C (AH = +9.3 kJ mol™?)

assigned as the breaking of H-bonds. On cooling, there were no peaks observed.
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Figure 4.74 DSC of Complex 9

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 150 °C, the complex did not show any optical textures. Hence, Complex 9 did not

exhibit mesomorphism.

4.3.6 [Mn(HL2)2(H20)q]

The Mn(Il) complex of HoL2 was also synthesized by the one-pot method, involving
2,4-dihydroxybenzaldehyde, 1,8-diaminooctane and [Mn(CH3sCOOQO),].4H20 in ethanol.
The product was a dark brown powder (Complex 10), and the yield was 35.1%. It was

insoluble in most common solvents.

(a) Structural deduction
Based on the instrumental data discussed below, the structural formula of Complex 10 is
[Mn(HL2)2(H20)2].

The results from the elemental analyses (61.61% C, 6.90% H, 5.71% N) were in
good agreement with the proposed chemical formula MnCasHssN4O10 (857.89 g mol™;

61.6% C, 6.81% H, 6.53% N).
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Its FTIR spectrum (Figure 4.75) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3376 cm™, 2926 cm™, 2853 cm™ and 1639 cm™) as

the corresponding metal complexes. The peaks for CH3COO" ligand were not found.

100
95
90

85

T%

80

75

70

65

60 T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

cm?
Figure 4.75 FTIR spectrum for Complex 10
Its UV-visible spectrum (Figure 4.76), recorded in the solid state, show d-d bands
at 677 nm, 478 nm and 400 nm, suggesting that the geometry of Mn(ll) in the complex
was octahedral [109].
30 -
25
20 +

15 ~

Abs.

10 ~

200 300 400 500 600 700 800 900 1000
nm

Figure 4.76 UV-visible spectrum of Complex 10

126



Combining the results of elemental analyses and FTIR and UV-visible

spectroscopies, the proposed structural formula of Complex 10 is shown in Figure 4.77.
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Figure 4.77 Proposed structure for Complex 10

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 3.10 eV (A =400 nm).
Fluorescence spectroscopy and cyclic voltammetry could not be performed for the

complex as it was insoluble in most common solvents.

(c) Magnetic properties

Its ym®™°'T value was calculated as previously done using the following data:
FM = 857.89 g mol?, ¥4 = 0.955 x 10° cm® g%, ym = 8.19 x 102 cm® mol?,
ydia = -3.09 x 10 cm® mol?, and ¥m*" = 8.50 x 107 cm® mol?, was 2.53 cm® K mol™.
From this, it may be inferred that this complex was made up of 54% HS and 46% LS

Mn(Il) at room temperature.

(d) Thermal properties

Its TGA trace (Figure 4.78) shows an initial weight loss of 3.6% from about 112 °C to
230 °C due to loss of coordinated water molecules (calculated, 4.2%). The next rapid
weight loss of 88.5% from about 230 °C to 900 °C due to decomposition of two HL2" ion

(calculated, 89.4%). Hence, the complex was thermally stable up to 230 °C.
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(e) Mesomorphic properties
Its DSC spectrum (Figure 4.79) was recorded for heating-cooling cycle from 25 °C to
210 °C. On heating, there were two endothermic peaks at 1451 °C

(AH = +12.2 kI mol?), and 195.1 °C (AH = +42.1 kJ mol), assigned [as the hydrolysis

of C=N bond and the breaking of H-bond, respectively. On cooling, there were no peaks.
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Figure 4.79 DSC of Complex 10
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 210 °C, the complex did not show any optical textures. Hence, Complex 10 did not

exhibit mesomorphism.

4.3.7 Summary

The analytical results for Complexes 6-10 are summarised in Table 4.5. Complexes 6,
9 and 10 were mononuclear, while Complexes 7 and 8 were dinuclear. All complexes
were paramagnetic.

The optical bandgaps from the CT absorption bands for all complexes were similar
(2.29 eV- 3.10 eV), while for an emission bands and electrochemical bandgap only can
be calculated for Complex 6 (2.41 eV and 0.71 eV, respectively). Hence, these complexes
were semiconductors and potentials as photovoltaic and solar cells materials.

Except for Complex 6, the lifetimes and the Stokes shift value of other complexes
cannot be calculated. The lifetime and Stokes shift values for Complex 6 was 1.9 ns and,
34 and 63 nm, respectively for CT band and 2.0 eV and 3 nm, respectively for d-d band.

All complexes were thermally stable. Their decomposition temperatures range from

197 °C to 234 °C. Finally, all complexes were not mesormophic.
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Table 4.5 Analytical results for metal(11) complexes of H,L2

Complex 6 7 8 9 10
Chemical Formula [Cu(R’)(HL2)(H20)].H20 | [Niz(R*)2(L2)].4H.0 [Co2(R")2(L2)].H20 | [Fe(R*)(HL2).3H,0 | [Mn(HL2)2(H-0)-]
CH3;COO mode chelating -
Geometry square pyramidal tetrahedral octahedral
Eo absorption 2.29 2.75 2.78 3.10 3.10
(eV) | emission 241 - - - -
electrochemical 0.71 - - - -
Stokes Shift (nm)
CT. d-d 34, 63,3 - - - .
7 (NnS) 2.0 - - - _
cVv redox active - - - -
Hett (B.M.) 1.88 4.15 5.24 4.93 54 % HS, 46 % LS
Teec (°C) 219 234 197 170 230
Mesomorphism Non-mesomorphic
R’ =CH3COO




4.4 H2L3 and its Metal(11) Complexes

4.4.1HoL3
HoL3 was obtained as orange crystals from the reaction of H2N(CH2)sNH. with
3,5-di(tert-butyl)-2-hydroxybenzaldehyde in ethanol. Its yield was 90.2% and it was

soluble in chloroform but insoluble in other common organic solvents.

(a) Structural deduction
The structural formula of H>L3 was ascertained by elemental analyses and IR
spectroscopy, and confirmed by X-ray crystallography.

The results from the elemental analyses (79.6% C, 11.1% H, 4.9% N) were in good
agreement with the chemical formula CasHsoN202 (576.90 g mol™; 79.1% C, 10.5% H,
4.9% N). Its FTIR spectrum (Figure 4.80) shows two medium peaks for CH2 (vas) and
CH: (vs) at 2959 cm™ and 2860 cm™, respectively, and a strong peak for C=N at

1634 cm™.
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Figure 4.80 The FTIR spectrum of H,L3

The molecular structure and the packing diagram for H,L.3 are shown in Figure

4.81 and Figure 4.82, respectively. The crystallographic and structure refinement data is
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given in Table 4.6 and selected bond lengths and angles are given in Table 4.7. The
molecule crystallised in the triclinic P-1 space group. The two aromatic rings of each
molecule were almost coplanar to each other, while the two OH groups pointed in the
opposite direction. There were strong intramolecular N-H-O hydrogen bonding
interactions, and the molecules packed so as to optimise the van der Waals interaction

between the tert-butyl groups at the aromatic rings of neighbouring molecules.

Figure 4.81 An ORTEP presentation of H,L3

Figure 4.82. The packing diagram viewed along the c-axis (H atoms are omitted for clarity).
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Table 4.6 Crystal data and structure refinement for H,L3

Chemical formula

Formula weight (g mol?)
Temperature (K)
Wavelength(A)

Crystal system, space group

Unit cell dimension

Volume (A3)

Z, Calculated density (g cm™®)
Absorption coefficient (mm™)
F(000)

Theta range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices

[1 > 2.06(1)]

R indices (all data)

Aprmas, Apmin (¢ A7)

CssHesoN202

576.88

293(2)

0.71073

Triclinic, P-1

a(A)=8.4479(5) a(°) =93.434(5)
b (A)=9.7130(7) B (°) = 97.544(5)
¢ (A)=11.1572(7) y (°) = 100.786(5)
888.18(10)

1,1.079

0.065

318

2.870 - 25.990
-10<h<9,-11<k<11,-13<1<10
7840

3496 (0.0325)

3496/0/197

1.031

R1=0.0863

WR2 = 0.2238

R1=0.1102, wR2 = 0.2464

1.460, -0.375

Table 4.7 Selected bond lengths (A) and angles (°) for H,L3

Bond length

O(1)-C(2) 1.336(3) N(1)-C(7) 1.254(4)
O(1)-H(1A) 0.8200 N(1)-C(8) 1.481(4)
Angle

C(1)-O(1)-H(1A) 109.5 N(1)-C(7)-H(7A) 119.3
C(7)-N(1)-C(8) 117.6(3) N(1)-C(8)-C(9) 110.4(3)
O(1)-C(1)-C(6) 122.1(3) N(1)-C(8)-H(8A) 109.6
O(1)-C(1)-C(2) 117.8(2) N(1)-C(8)-H(8B) 109.6
N(1)-C(7)-C(2) 121.4(3)
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Table 4.8 Hydrogen bonds for H,L3 (A and °).

D-H..A D-H H..A D..A <(DHA)
O(1)-H(IA)...N(1) 0.82 1.84 25752(14) 1480
C(9)-H(9B)...O(1)#2 0.97 2.55 3.3492(15)  139.3

(b) Mesomorphic properties
Its DSC spectrum (Figure 4.83) was recorded for a heating-cooling cycle from 25 °C to
100 °C. On heating, there was an endothermic peak at 89.7 °C (AH = +61.3 kJ mol™)

assigned for crystal-to-isotropic liquid transition. On cooling, there were no peaks.
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i

Cooling

25 50 75 100

Temperature/ °C

Figure 4.83 DSC of H,L3

Viewed under OPM, on cooling-heating cycle from 25 °C to 100 °C, the ligand
did not show any optical textures. This is likely a consequent of the unfavorable packing
pattern dictated by the two tert-butyl groups at the aromatic ring, as indicated from its

molecular structure.

4.4.2 [Cu(L3)]

As for previously discussed complexes, the Cu(ll) complex of H2L3 was synthesised by
two methods: step-wise and one-pot reactions. Both methods gave khaki green powders
(Complex 11), and the yield was 44.7% (step-wise method) and 87.3% (one-pot method).

Both powders were soluble in chloroform but insoluble in water and other common
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organic solvents. The CHN elemental analyses and FTIR spectra of both products are
similar (Figure 4.84). From these, it may concluded that the products obtained from both
methods were similar. Thus the following data are shown for the product obtained from

the one-pot reaction only.
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Figure 4.84 FTIR spectrum of Complex 11: (a) step-wise reaction, and (b) one-pot reaction

(a) Structural deduction
Based on the instrumental data discussed below, the structural formula of Complex 11 is

[Cu(L3)]. The proposed structure is similar with [Cu(L)] as reported by Kasumov et al.,
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where L was N,N-bis(3,5-di-(tert-butyl)salicylidene)-1,x-diaminoalkane (x = 2, 3, 4, 5
and 6) [4].

The results from the elemental analyses (70.54% C, 9.69% H, 4.40% N) were in
good agreement with the chemical formula CuCssHssN202 (638.43 g mol™*; 71.49% C,
9.16% H, 4.39% N).

Its FTIR spectrum (Figure 4.84) shows a broad peaks similarly found for Complex
1 at 2951 cm?, 2929 cm™, 2859 cm?, and 1618 cm™.

Its UV-visible spectrum (Figure 4.85), recorded in chloroform, shows a broad

d-d band at 667 nm (emax = 432 Mt cm™). This suggests a square pyramidal geometry at

Cu(Il) centre of this complex in solution.
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Figure 4.85 UV-visible spectrum of Complex 11

Combining the results of elemental analyses and FTIR and UV-vis spectroscopies,

the proposed structural formula for the complex is shown in Figure 4.86.
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Figure 4.86 Proposed structure for Complex 11

(b) Determination of bandgaps
Its Eo value, calculated as before from the UV-vis spectrum, was 2.29 eV (A = 542 nm).
Its fluorescence spectra (Figure 4.87) were recorded in chloroform. Upon
excitation at 374 nm (LMCT band), there was an emission peak at 450 nm, while upon
excitation at 683 nm (d-d band), there was an emission peak at 689 nm. The Stokes shifts
were 90 nm and 6 nm. Additionally, its Eo, was 2.39 eV (A =520 nm).
Its = value, calculated from its decay curve (Figure 4.88) was 1.3 ns

(iemission = 464 nm) and 1.0 ns (/lemission =689 nm).
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Figure 4.87 Fluorescence spectra of Complex 11 after excitation at: (a) 374 nm, and (b) 683 nm
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Figure 4.88 Fluorescence decay of Complex 11 after excitation at: (a) 465 nm, and (b) 689 nm

Its CV was recorded cathodically in chloroform at a scan rate
of 50 mV st in the potential range of +1.5 V to -1.5 V. The voltammogram (Figure 4.89)
shows a reduction peak at -0.97 V assigned to the reduction of [Cu(I1)] to [Cu(l)], and no
corresponding oxidation peak, indicating irreversible process. It may be inferred from this
that the structure of the reduced complex was not stable in this solution. Hence its
electrochemical band gap cannot be calculated.

Also observed were two anodic peaks at +1.02 V and + 0.80 V, and the
corresponding cathodic peaks at +1.10 and 1.37 V, assigned to the oxidation and

reduction of the ligand, respectively.
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Figure 4.89 Cyclic voltammogram for Complex 11
(c) Magnetic properties
Its merr value, calculated as before from the values of FM = 638.43 g mol™,
¥g = 1.56 x 10% cm? g, ym = 9.96 x 10 cm™ mol™, ygia = -3.94 x 10* cm™ mol?
and ym®" = 1.39 x 102 cm™ mol™, was 1.80 B.M. The value was in agreement with the

spin only value of 1.73 B.M for a mononuclear copper(ll) complex (one unpaired

electron).

(d) Thermal properties

The TGA trace (Figure 4.90) shows an initial weight loss of 87.0% from about 280 °C to
680 °C, assigned to decomposition of L3? ligand (expected 88.8%). The amount of
residue at temperatures above 680 °C was 13.0%, which is in a good agreement with the
expected value of 12.4%, assuming pure CuO [96,110]. Hence, Complex 11 was

thermally stable up to 280 °C.
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Figure 4.90 TGA of Complex 11
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.91) was recorded for a heating-cooling cycle from 25 °C to

250 °C. On heating, there was an endothermic peak at 144.8 °C (AH = +8.21 kJ mol?)

assigned as the breaking of H-bond. On cooling, there were no peaks.

Cooling

25 75 125 175 225
Temperature/ °C

Figure 4.91 DSC of Complex 11

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C to

250 °C, the complex did not show any optical textures. Hence, Complex 11 did not

exhibit mesomorphism.
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4.4.3 [Ni(L3)]

The Ni(ll) complex of H2L3 was also synthesised by the one-pot method, involving
H2N(CHz2)sNHz, 3,5-di(tert-butyl)-2-hydroxybenzaldehyde and [Ni(CH3COOQ)].4H20 in
ethanol. The product was a green powder (Complex 12), and the yield was 35.3%. It was

soluble in chloroform but insoluble in water and other common organic solvents.

(a) Structural deduction
Based on the same instrumental analyses as discussed previously, it is proposed that the
structural formula of Complex 12 is [Ni(L3)], which is similar with Complex 11
[Cu(L3)].

The results from the elemental analyses (72.40% C, 9.84% H, 4.15% N) were in
good agreement with the chemical formula NiCasHsgN2O2 (633.57 g mol™; 72.04% C,
9.23% H, 4.42% N).

Its FTIR spectrum (Figure 4.92) shows peaks for the expected functional groups
and bonds at similar wavenumbers (2951 cm?, 2858 cm™, and 1624 cm™) as the

corresponding Cu(ll) complex.
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Figure 4.92 FTIR spectrum for Complex 12
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Its UV-visible spectrum, recorded in chloroform (Figure 4.93), shows a d-d band
at 654 nm (emax = 446 M cm?l) and an MLCT band at 405 nm
(emax = 2333 Mt cm). This suggests a distorted tetrahedral geometry at Ni(ll) centres

[104].

/\

650 700 750 800
Wavelength/ nn

Figure 4.93 UV-visible spectrum of Complex 12

Combining the results of elemental analyses and FTIR and UV-vis spectroscopies,

the proposed structural formula for the complex is shown in Figure 4.94.

Nl\O

Figure 4.94 Proposed structure of Complex 12

(b) Determination of bandgaps

Its Eo value, calculated as before from its UV-vis spectrum, was 2.67 eV (A = 465 nm).
Its fluorescence spectra (Figure 4.95) were recorded in chloroform. Upon

excitation at 404 nm (MLCT band), it shows an emission peak at 425 nm, while upon

excitation at 659 nm (d-d band), it shows an emission peak at 662 nm. Hence, the Stokes
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shifts were 21 nm and 3 nm, respectively. Additionally, its E, value was 2.89 eV
(A=429 nm).
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Figure 4.95 Fluorescence spectra of Complex 12 after excitation at: (a) 404 nm, and (b) 659 nm

Its = value, calculated from its decay curve (Figure 4.96) was 1.0 ns

(ﬂ.emission: 425 nm and 662 nm).
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Figure 4.96 Fluorescence decay of Complex 12 at Aemission: (a) 425 nm, and (b) 662 nm
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Its CV was

recorded

anodically

in

chloroform

at

a

Scan

rate

50 mV st in the potential range of +1.0 V to -1.0 V. The voltammogram (Figure 4.97)

shows an anodic peak at +0.51 V assigned to the oxidation of [Ni(I11)] to [Ni(I11)] and no

corresponding reduction peak. Hence its electrochemical band gap cannot be calculated.
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Figure 4.97 Cyclic voltammogram for Complex 12
(c) Magnetic properties
Its uetr value, calculated as before from FM = 633.57 g mol™, yg = 0.636 x 10°cm? g1,
¥m = 4.03 x 10 cm® mol™?, ygia = -3.94 x 10 cm® mol™ and y»®" = 4.42 x 10 cm?® mol?,
was 3.21 B.M at 298 K. This value is in the normal range (2.9-3.9 B.M.) for tetrahedral

nickel(Il) complex [111].

(d) Thermal properties
Its TGA trace (Figure 4.98) shows an initial weight loss of 96.3% from about 283 °C to
591 °C, assigned to decomposition of L3% ion (expected 90.7%). Hence, Complex 12 was

thermally stable up to 283 °C.

146



100 ~

80 -

60 -

Weight %

40 ~

20 ~

O T T T T T T T T
50 150 250 350 450 550 650 750 850

Temperature/ °C

Figure 4.98 TGA of Complex 12
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.99) was recorded for heating-cooling cycle from 25 °C to
250 °C. On heating, there were three endothermic peaks at 36.2 °C
(AH = +0.39 kJ molY), 519 °C (AH = +0.41 kJ mol®) and 68.7 °C

(AH = +1.73 kJ mol™), assigned as the breaking of weak bonds. On cooling, there were

no peaks.
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Figure 4.99 DSC of Complex 12
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C to
250 °C, the complex did not show any optical textures. Hence, Complex 12 did not

exhibit mesomorphism.

4.4.4 [Coz(CH3COO0),(L3)].3H20

The Co(Il) complex of HoL3 was also synthesised by the one-pot method involving the
reaction  of  HaN(CH2)sNH2,  3,5-di(tert-butyl)-2-hydroxybenzaldehyde  and
[Co(CH3COO0),].4H20 in ethanol. The product was an orange powder (Complex 13), and

the yield was 16.8%. It was soluble in chloroform and insoluble in other organic solvents.

a) Structural deduction
Based on the same instrumental analyses, it was proposed that the structural formula of
Complex 13 is [Co2(CH3CO0)2(L3)].3H-0.

The results from the elemental analyses (58.46% C, 8.12% H, 2.67% N) were in
good agreement with the chemical formula Co,C26H34N20s (864.88 g mol™; 58.3% C,
8.16% H, 3.24 % N).

Its FTIR spectrum (Figure 4.100) shows peaks for the expected functional groups
and bonds at similar wavenumbers as the corresponding Cu(ll) and Ni(Il) complexes
(3423 cm?, 2948 cm™, 2859 cm?, and 1598 cm™), in addition to two peaks at 1530 cm™
(vCOOQasym) and 1429 cm* (vCOOsym). Accordingly, the A vCOO value was 101 cm™,

suggesting chelating binding mode for CH3COO" ligand.
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Figure 4.100 FTIR spectrum for Complex 13
Its UV-visible spectrum was recorded in chloroform (Figure 4.101). The
spectrum show two d-d bands at 570 nm (emax = 109 Mt cm?) and 468 nm
(emax = 449 Mt cm™) which appeared as a shoulder on a strong MLCT band at 376 nm
(emax = 5047 Mt cm™). This suggests a distorted tetrahedral geometry at Co(lI1) centres.
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Figure 4.101 UV-visible spectrum of Complex 13

Combining the results of elemental analyses and FTIR and UV-vis spectroscopies,

the proposed structural formula for the complex is shown in Figure 4.102.
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Figure 4.102 Proposed structure for Complex 13 (lattice water molecules are omitted)

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 2.85 eV (A =435 nm).
Its fluorescence spectra (Figure 4.103) were recorded in chloroform. Upon
excitation at 372 nm (MLCT band), it shows an emission peak at 410 nm, while upon
excitation at 574 nm (d-d band), it shows an emission peak at 592 nm. Hence, its Stokes
shifts were 37 nm and 18 nm, respectively. Additionally, its Eo,, was 3.00 eV
(A=414 nm).
Its = value, calculated from its decay curve (Figure 4.104) were 3.9 ns

(Zemission = 410 nm) and 3.2 ns (Aemission= 592 nm).
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Figure 4.103 Fluorescence spectra of Complex 13 after excitation at: (a) 372 nm, and (b) 574 nm
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Figure 4.104 Fluorescence decay of Complex 13 at Aemission (@) 410 nm, (b) 592 nm

CV was recorded anodically in chloroform at a scan

rate

50 mV st in the potential range of +1.0 V to -1.0 V. The voltammogram (Figure 4.105)
shows an anodic peak at +0.44 V assigned to the oxidation of [Co(ll)] to [Co(lIl)] and a
cathodic peak at -0.38 V assigned to the reduction of [Co(ll1)] to [Co(ll)]. The AEp was
820 mV, indicating a quasireversible redox reaction (AEp > 59 mV at 30 °C) and its lpc/lIpa

ratio was 0.7, indicating the reduced complex was chemically unstable. The HOMO and
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LUMO of the complex was 0.30 V and -0.18 V, respectively. Hence, its Ee value was

0.48 eV.
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Figure 4.105 Cyclic voltammogram for Complex 13

(c) Magnetic properties

Its per value, calculated as before from FM = 864.88 g mol™?, yg = 2.64 x 10° cm® g,
wm = 2.28 X 102 cm® mol %, ygia = -4.71 x 10" cm® mol, and yn®°" = 2.33 x 102 cm® mol 2,
was 7.44 BM at 298 K. The value was slightly higher than expected spin only value of
6.93 BM for a dinuclear Co(ll) complex (six unpaired electrons), suggesting a weak

ferromagnetic interaction between the Co(ll) centres.

(d) Thermal properties

Its TGA trace (Figure 4.106) shows an initial weight loss of 4.4% from about 50 °C to
251 °C due to evaporation of three lattice H2O (calculated, 6.25%). The next weight loss
of 81.9% from 251 °C to 594 °C was assigned to decomposition of L3% and two CHzCOO-
ions (calculated, 80.1%). The amount of residue at temperatures above 594 °C was 13.7%,
which is in a good agreement with the calculated value of 17.3 % (assuming pure CoO).

Hence, the complex was thermally stable up to 251 °C.
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Figure 4.106 TGA of Complex 13
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.107) was recorded for heating-cooling cycle from 25 °C to
220 °C. On heating there were three endothermic peaks at 84.6 °C (AH = +2.3 kJ mol™?),

99.8 °C (AH=+7.4 kI mol?), and 123.7 °C (AH =+1.5 kJ mol?), assigned as the breaking

of weak bonds. On cooling, there were no peaks.
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Figure 4.107 DSC of Complex 13
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 220 °C, the complex did not show any optical textures. Hence, Complex 13 did not

exhibit mesomorphism.

4.4.5 [Fe(CH3sCOO)(HL3)(H20)2].3H20

The Fe(ll) complex of H.L3 was also synthesised by the one-pot method involving
H2oN(CH2)sNH2,  3,5-di(tert-butyl)-2-hydroxybenzaldehyde and [Fe(CH3COO).] in
ethanol. The product was a dark brown reddish powder, and the yield was 67.4%. It was

soluble in chloroform and THF, and insoluble in other common organic solvents.

(a) Structural deduction
Based on the same instrumental analyses, it is proposed that the structural formula of the
complex was [Fe(CH3COO)(HL3)(H20)2].3H20, which is similar to Complex 4
([Fe(CHsCOO)(HL1)]) and 9 ([Fe(CH3COO)(HL2)].3H20). Hence, it was mononuclear
and the Schiff base (H.L3) was only partially deprotonated.

The results from the elemental analyses (61.39% C, 9.22% H, 4.31% N) were in
good agreement with the chemical formula FeCaoH72N20g (780.85 g mol™; 61.53% C,
9.29% H, 3.59% N).

Its FTIR spectrum (Figure 4.108) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3212 cm™, 2939 cm?, 2860 cm™?, 1610 cm?,
1548 cm, and 1408 cm™) as the corresponding metal complexes. From the latter peaks,

the AvCOO value was 140 cm, suggesting chelating binding mode for CH3COO" ion.
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Figure 4.108 FTIR spectrum for Complex 14

Its UV-visible spectrum (Figure 4.109), recorded in chloroform, shows MLCT
bands at 328 nm (emax = 9406 M cm™), 454 nm (emax = 1872 Mt cm™) and 532 nm
(emax = 2293 Mt cm™), and no d-d band up to 900 nm. This suggests that the complex has

a high spin Fe(Il) atom.

2.5 H

1.5 -+

Abs

O T T T T 1 L_-_L--—I

300 400 500 600 700 800 900
Wavelenght/ nm

Figure 4.109 UV-visible spectrum of Complex 14

Combining the results of elemental analyses and FTIR and UV-visible

spectroscopies, the proposed structural formula for the complex is shown in Figure 4.110.
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Figure 4.110 Proposed structure for Complex 14 (lattice H,O molecules are not shown)

(b) Determination of bandgaps

Its E, value, calculated as before from its UV-vis spectrum, was 1.94 eV (A = 640 nm).
Its fluorescence spectrum (Figure 4.111) was recorded in chloroform. Upon

excitation at 532 nm (MLCT band), it shows an emission peak at 549 nm. Hence, its

Stokes shift was 17 nm. Additionally, its Eo, was 2.22 eV (A = 558 nm).
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Figure 4.111 Fluorescence spectrum of Complex 14 after excitation at 532 nm

Its = value, calculated from its decay curve (Figure 4.112) was 0.7 ns

(iemission =549 nm.

157



3 4
25 4 r\

S
5 2
=
= 15 4
1]
=
[+4]
£ 17
0.5 A
o -
‘05 T T T T 1
0 20 40 60 80 100

Time/ ns
Figure 4.112 Fluorescence decay of Complex 14 at Aemission = 549 nm

Its CV (Figure 4.113) was recorded anodically in chloroform at a scan rate
50 mV s in the potential range of +1.5 V to -1.5 V. The voltammogram does not show

any peaks. Hence, its electrochemical band gap cannot be calculated.
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Figure 4.113 Cyclic voltammogram for Complex 14
(c) Magnetic properties
Its ym® T value, calculated as before from the values of FM = 780.85 g mol?,
¥g = 1.07 x 10° cm?® g%, ym = 8.32 x 10 cm® mol™?, ygia = -4.56 x 10* cm® mol™?, and

™" =8.78 x 10 cm® mol*, was 2.6 cm® K mol™ at 298 K. From this, it may be inferred
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that this complex was made up of 87% HS and 13% LS Fe(Il) at room temperature, in

agreement with the data from UV-vis spectroscopy.

(d) Thermal properties

Its TGA trace (Figure 4.114) shows an initial weight loss of 2.3% from about 50 °C to
192 °C due to loss of lattice H.O molecules (calculated, 6.9%). The lower than calculated
value suggests loss of lattice H2O molecules on storage. The next weight loss of 6.5%
from 192 °C to 285 °C was due to the evaporation of coordinated H2O molecules
(calculated, 6.9%). The final weight loss of 83.1% (285 °C to 793 °C) was due to the
decomposition of HL3  and CH3COO" ions (calculated, 81.4%). The amount of residue at
temperatures above 793 °C was 8.1%, which is in a good agreement with the calculated

9.2% (assuming pure FeO) [99]. Hence, the complex was thermally stable up to 192 °C.
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Figure 4.114 TGA of Complex 14
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.115) was recorded for heating-cooling cycle from 25 °C to

250 °C. On heating there were three endothermic peaks at 138.13 °C

(AH = +1.0 kJ mol™), 154.9 °C (AH = +0.3 kJ mol™), 176.2 °C (AH = +17.0 kJ mol™)
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assigned as evaporation of water molecules, crystal-to-crystal transition, and breaking of

H-bond, respectively. On cooling, there were no peaks.
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Figure 4.115 DSC of Complex 14

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C to
250 °C, the complex did not show any optical textures. Hence, Complex 14 did not

exhibit mesomorphism.

4.4.6 [Mn(HL3)2(H20).]

The Mn(11) complex of HoL3 was also synthesised by the one-pot method involving the
reaction  of  HoN(CH2)sNH.,  3,5-di(tert-butyl)-2-hydroxybenzaldehyde  and
[Mn(CH3COO0)2].4H20 in ethanol. The product was a dark brown powder (Complex 15),
and the yield was 29.6%. It was soluble in chloroform and insoluble in other organic

solvents.

a) Structural deduction
Based on the instrumental data discussed below, the structural formula of the complex is
[Mn(HL3)2(H20)2]. Hence, it was mononuclear and the Schiff base (H2L3) was only

partially deprotonated.
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The results from the elemental analyses (73.19% C, 9.65% H, 3.76% N) were in
good agreement with the chemical formula MnC76H122N40s (1242.74 g mol*; 73.45% C,
9.89% H, 4.51% N).

Its FTIR spectrum (Figure 4.116) shows peaks for the expected functional groups
and bonds at similar wavenumbers (3419 cm™, 2952 cm™, 2859 cm™ and 1616 cm™) as

the corresponding metal complexes.
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Figure 4.116 FTIR spectrum for Complex 15

Its UV-visible spectrum was recorded in chloroform (Figure 4.117). The
spectrum shows two d-d bands at 701 nm (emax = 361 M cm?) and 562 nm
(emax =511 Mtcm™?), and a MLCT band at 417 nm (emax = 4431 M cm®). These suggest

that the geometry of Mn(11) in the complex was octahedral [109].
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Figure 4.117 UV-visible spectrum of Complex 15

Combining the results of elemental analyses and FTIR and UV-visible

spectroscopies, the proposed structural formula of the complex is shown in Figure 4.118.

Figure 4.118 Proposed structure for Complex 15

(b) Determination of bandgaps
Its E, value, calculated as before from its UV-vis spectrum, was 2.62 eV (A =474 nm).
Its fluorescence spectra (Figure 4.119) were recorded in chloroform. Upon

excitation at 416 nm (MLCT band), it shows an emission peak at 473 nm, while upon
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excitation at 704 nm (d-d band), it shows an emission peak at 717 nm. Hence, its Stokes

shifts were 57 nm and 13 nm, respectively. Additionally, its Eo was 2.55 ¢V (A= 486 nm).
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Figure 4.119 Fluorescence spectra of Complex 15 upon excitation at: (a) 416 nm, and

(b) 704 nm
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Its = value, calculated from its decay curve (Figure 4.120) was 1.7 ns

(Aemission= 473 nm) and 1.2 NS (Aemission= 717 NM).
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Figure 4.120 Fluorescence decay of Complex 15 at Aemission: (&) 473 nm, and (b) 717 nm

Its CV was recorded anodically in chloroform at a scan rate 50 mV s in the
potential range of +1.5 V to -1.5 V. The voltammogram (Figure 4.121) shows an anodic
peak at +0.44 V assigned to the oxidation of [Mn(I1)] to [Mn(l11)] and a cathodic peak at
-1.20 V assigned to the reduction of [Mn(ll1)] to [Mn(ll)]. The AEp was 1640 mV,
indicating a quasireversible redox reaction (AEp > 59 mV at 30 °C) and its Ipc/lpa ratio is

0.2 indicating the oxidised complex was chemically unstable. The HOMO and LUMO of
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the complex is 0.25 V and -0.75 V, respectively. Hence, the E¢ value of the complex was

1.0eV.
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Figure 4.121 Cyclic voltammogram for Complex 15
(c) Magnetic properties
Its ym®°'T value, calculated as before from the values of FM = 1242.74 g mol?,
¥g = 0.841 x 10° cm® g%, ym = 1.02 x 102 cm® mol™?, ygia = -7.70 x 10* cm® mol?, and
™" = 1.12 x 102 cm® mol?, was 3.34 cm® K mol™. From this, it may be inferred that

this complex was made up of 74% HS and 26% LS Mn(ll) at room temperature.

(d) Thermal properties

Its TGA trace (Figure 4.122) shows a gradual weight loss of 91.3% from 279 °C to
766 °C due to evaporation of two coordinated H.O molecules and decomposition of two
HL3" ligands (calculated, 95.6%). The amount of residue at temperature 766 °C was 8.7%,
which is in a good agreement with the calculated 6.4% (assuming pure Mn2O3z). Hence,

the complex was thermally stable up to 279 °C.
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Figure 4.122 TGA of Complex 15
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.123) was recorded for heating-cooling cycle from 25 °C to
250 °C. On heating, there were three overlapping endothermic peaks at 90.5 °C
(AH = +59 kJ mol?), 1658 °C (AH = +1.7 kJ mol?) and 200.8 °C

(AH = +3.8 k] mol?), assigned as the breaking of weak bonds. On cooling, there were

no peaks.
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Figure 4.123 DSC of Complex 15
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 250 °C, the complex did not show any optical textures. Hence, Complex 15 did not

exhibit mesomorphism.

4.4.7 Summary

The analytical results for Complexes 11-15 are summarised in Table 4.9. All complexes,
except for Complex 13, were mononuclear. Complex 13 was dinuclear. All complexes
were paramagnetic.

The optical bandgaps (from the CT absorption bands and emission bands) for all
complexes were similar (1.94 eV- 2.85 eV). Hence, these complexes were
semiconductors and have potential as solar cell materials [49].

Except for Complex 13, the lifetimes of all excited complexes were similar (0.7 ns
to 1.7 ns). The lifetime for Complex 13 was the longest at 3.9 eV. These lifetimes were
sufficiently long to allow for electronic injection from absorbed dyes into nanocrystalline
TiO2. The Stokes shift values for all complexes were in the range of 21-90 nm (CT
transition) and 3-17 nm (d-d transition).

All complexes were thermally stable. Their decomposition temperatures range from

251 °C to 285 °C. Finally, all complexes did not exhibit mesormophism.
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Table 4.9 Analytical results for metal(11) complexes of H,L3

Complex 11 12 13 14 15
Chemical Formula [Cu(L3] [Ni2(L3)] [Co2(CH3CO0)2(L3)].3H.0 | [Fe(CHsCOO)(HL3)(H20)2].3H20 | [Mn2(HL3)(H20)2]
CH3COO mode - - chelating -
square square )
Geometry . distorted tetrahedral octahedral octahedral
pyramidal planar
e absorption 2.29 2.67 2.85 1.94 2.62
°  [emission 2.39 2.89 3.00 2.22 2.55
(eV)
electrochemical - - 0.48 - 1.0
Stokes Shift (nm)
90, 6 21,3 37,18 17 57,13
CT, d-d
T (ns) 13,10 1.0 3.9,32 0.7 1.7,1.2
cv redox inactive redox active redox inactive redox active
Hett (B.M.) 1.78 0.97 7.44 87% HS, 13LS 74% HS, 26% LS
Taec (°C) 280 283 251 285 279

Mesomorphism

Non-mesomorphic




4.5 Cyclam and its Metal(ll) Palmitate Complexes

4.5.1 [Ni(CH3(CH2)14C0O0)(cyclam)(H20)](CH3(CH)14C00).4H.0
[Ni(CH3(CH2)14C00)2(H20)2] and cyclam reacted in ethanol to form brown crystals
(Complex 16) in good vyield (56.0 %). It was soluble in methanol, ethanol, and

chloroform, but insoluble in other organic solvents.

(a) Structural deduction
The structural formula of Complex 16 was ascertained by elemental analyses and IR
spectroscopy, and confirmed by X-ray crystallography.

The results from the elemental analyses (58.38% C, 10.99% H, 7.21% N) were in
good agreement with the chemical formula NiCs2HoeN4Og (58.66% C, 11.25% H,
6.52% N).

Its FTIR spectrum (Figure 4.124) shows a broad peak at 3381 cm™ for OH group,
two peaks at 2915 cm™ and 2850 cm™ for CH2 (vas) and CH2 (vs), and peaks for vasymCOO
at 1650 and 1558 cm™, and vsymCOO at 1391 cm™ Accordingly, from the latter peaks, the
A vCOO value were 259 cm™and 167 cm™, suggesting the presence of both monodentate
CH3(CH2)14COO" ligand and CH3(CH2)14COO" ion, respectively.
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Figure 4.124 The FTIR spectrum of Complex 16
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The crystallographic and structure refinement data for Complex 16 is given in
Table 4.10 and selected bond lengths and angles are given in Table 4.11. The molecular
structure and the packing diagram are shown in Figures 4.125 and Figures 4.126,
respectively. The molecular structure shows that the complex was made up of
[Ni(CH3(CH2)14CO0)(cyclam)(H20)]* cation, CH3(CH2)14COO™ anion and four lattice
H>O. The Ni(ll) atom was coordinated to cyclam through its four aza-N atoms of cyclam,
one O atom of CH3(CH2)14COO™ ion and one O atom of H>O ligands (NiNsO>

chromophore).

Figure 4.125 An ORTEP presentation of Complex 16 along b-axis. The probability level was 30%.

Figure 4.126 The packing diagram viewed along the b-axis (H atoms are omitted for clarity).
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Table 4.10 Crystal data and structure refinement for Complex 16

Chemical formula Ca2H92N4sNiOg

Formula weight (g mol?) 855.90

Temperature (K) 293(2)

Wavelength(A) 0.71073

Crystal system, space group Triclinic, P-1

Unit cell dimension a(A)=8.7722(4) (4) « (°) = 90.283(3)

b(A)=9.3242(4) B (°)=97.177(3)
c(A)=32.2381(11) y(°)=113.61(4)

Volume (A3) 2392.70(18)

Z, Calculated density (g cm™®) 2,1.188

Absorption coefficient (mm™) 0.458

F(000) 944

Theta range for data collection (°) 2.870 - 25.990

Index ranges -10<h<10;-11 <k<11;-39<1<39
Reflections collected 22203

Independent reflections 9401 (0.0278)
Data/restraints/parameters 9401/3/546
Goodness-of-fit on F? 0.890

Final R indices R1 =0.0626,

[1 > 2.06(1)] wR2 = 0.1609

R indices (all data) R1=0.0722, wR2 = 0.1708
Aprmax, Apmin (€ A%) 1.785, -1.082

171



Table 4.11 Selected bond lengths (A) and angles (°) for Complex 16

Bond length

N(1)-Ni(01) 2.063(3) N(4)-Ni(01) 2.096(2)
N(2)-Ni(01) 2.063(2) O(1)-Ni(01) 2.156(2)
N(3)-Ni(01) 2.056(2) 0O(2)-Ni(01) 2.1183(19)
Angles

C(10)-N(2)-Ni(01) 116.29(19) N(3)-Ni(01)-N(1) 179.08(10)
C(1)-N(1)-Ni(01) 106.06(18) N(3)-Ni(01)-N(2) 95.29(10)
Ni(01)-N(1)-H(2) 105(2) N(1)-Ni(01)-N(2) 85.24(10)
C(2)-N(2)-Ni(01) 106.02(17) N(3)-Ni(01)-N(4) 85.28(9)
C(3)-N(2)-Ni(01) 115.84(18) N(1)-Ni(01)-N(4) 94.18(10)
Ni(01)-N(2)-H(2) 99(2) N(2)-Ni(01)-N(4) 178.85(9)
C(6)-N(3)-Ni(01) 106.19(18) N(3)-Ni(01)-0(2) 88.61(9)
C(5)-N(3)-Ni(01) 116.5(2) N(1)-Ni(01)-0(2) 92.10(9)
Ni(01)-N(3)-H(3) 108(2) N(2)-Ni(01)-0(2) 94.65(9)
C(7)-N(4)-Ni(01) 105.29(17) N(4)-Ni(01)-0(2) 86.36(9)
C(8)-N(4)-Ni(01) 114.61(18) N(3)-Ni(01)-O(1) 91.58(10)
Ni(01)-N(4)-H(4) 108(2) N(1)-Ni(01)-O(1) 87.67(10)
Ni(01)-O(1)-H(1C) 133(4) N(2)-Ni(01)-O(1) 91.03(9)
Ni(01)-O(1)-H(1D) 113(3) N(4)-Ni(01)-0(1) 87.95(9)
C(11)-0(2)-Ni(01) 135.26(18) 0O(2)-Ni(01)-0(1) 174.28(8)

Its UV-visible spectrum (Figure 4.127), in methanol, shows a d-d band at 441 nm
(emax = 338 M cm™) assigned to 3Ax(F) to 3T14(P) transition, suggesting a octahedral
geometry at Ni(ll) centre [112,113]. Another possible peaks at around 750 nm and
500 nm may not be observed because it is towards NIR region. Hence, its crystal structure,

which shows octahedral geometry, was maintained in solution.
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Figure 4.127 UV-visible spectrum of Complex 16

(b) Determination of bandgaps
Its Eo value, calculated as before from the UV-vis spectrum, was 3.6 eV (356 nm).

Its CV scan was recorded anodically in chloroform at a scan rate of 50 mV s in
the potential range of +1.0 V to -1.0 V. The voltammogram (Figure 4.128) shows an
anodic peak at +0.51 V and an cathodic peak at +0.40 V assigned to the oxidation of
[Ni(ID] to [Ni(111)] and reduction [Ni(l11)] to [Ni(1l)], respectively. The AE, was 110 mV
and its Ipc/lpa ratio is 0.4, indicating a quasireversible redox reaction and chemically
unstable oxidised complex. This value is similar with complex [Ni''L?]?* where L is
cyclam-pyridine, reported by Sanae El Ghachtouli in 2005 (AE, = 100 mV) [17]. The
HOMO and LUMO values was 4.70 V and 5.01 V, respectively. Hence, its Ee value was

0.31eV.
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Figure 4.128 Cyclic voltammogram of Complex 16
(c) Magnetic properties
Its merr value, calculated as previously done from the values of
FM = 859.93 g mol?, 34 = 3.63 x 10° cm® g?, ym = 3.12 x 10° cm® mol?,
Ydia = -5.86 x 10 cm® mol* and ym®°" = 3.71 x 10 cm® mol?, was 2.93 BM. The value
is in good agreement with the spin-only value of 2.83 B.M. for a mononuclear nickel(ll)

complex (two unpaired electrons).

(d) Thermal properties

The TGA trace (Figure 4.129) shows an initial weight loss of 7.7% (calculated, 8.4%)
from about 50 °C to 150 °C due to evaporation of lattice H>O. This was followed by a
major weight loss of 80.9% (calculated, 84.8%) from 243 °C to 615 °C due to evaporation
of coordinated H.0O and decomposition of CH3(CH2)14COO™ ion and cyclam. The amount
of residue at temperatures above 615 °C was 11.4% (calculated, 8.7%, assuming pure

NiO. Hence, Tqec for Complex 16 was 243 °C.
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Figure 4.129 TGA trace of Complex 16
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.130) was recorded for one heating-cooling cycle in the
temperature range 25 °C to 150 °C. On heating, there were two endothermic peaks at
56.1 °C (AH = +10.6 kJ mol™) and 71.2 °C (AH = +49.0 kJ mol™?), assigned to the
breaking of H-bonds and crystal-to-mesophase transition, respectively. On cooling from

its isotropic liquid phase at 150 °C, there was an exothermic peak at

54.0 °C (AH = -66.5 kJ mol™) assigned to the mesophase-to-crystal transition.
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Figure 4.130 DSC of Complex 16
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Viewed under OPM, recorded for a heating-cooling cycle from 25 °C to 145 °C,
Complex 16 melted at 70 °C, and separated into a colourless fluid region and a dark red
‘solid’ region which did not clear completely at 150 °C (Figure 4.131 (a)). On cooling,

an optical texture was observed at 66.4 °C within the colourless region (Figure 4.131

(b)).

(a) (b)
Figure 4.131 Photomicrograph of Complex 16 on: (a) heating at 150 °C; and
(b) cooling at 66.4 °C

4.5.2 [Co(CH3(CH2)14C00)2(cyclam)].(CH3(CH2)12COOH)>
[Co(CH3(CH2)14C00)2(H20)2] and cyclam reacted in ethanol to form dark purple
crystals (Complex 17) in good yield (55.9%). It was soluble in methanol, ethanol, and
chloroform, but insoluble in other organic solvents.
(a) Structural deduction
Based on the instrumental analyses, it was proposed that the structural formula of
Complex 17 is [Co(CH3(CH2)14C0O0)2(cyclam)].2CH3(CH2)14COOH. It was noted that
this structure IS different from its corresponding Ni(l1),
[Ni(CH3(CH2)14COO0)(cyclam)(H20)](CHs3(CH2)14C0O0).4H:0.

The results from the elemental analyses (68.86% C, 12.59% H, 4.50% N) were in
good agreement with the chemical formula CoC7sH149N4Og (69.33% C, 11.72% H,

5.37% N).
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Its FTIR spectrum (Figure 4.132) shows peaks for the expected functional groups
and bonds at wavenumbers (2914 cm™, 2849 cm, 1584 cm?, 1471 cm™, and 1383 cm™)
as the corresponding Ni(ll) complexes. From the latter peaks, the Av value was

201 cm?, suggesting a monodentate binding mode for CHs(CH2)14COO0".
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Figure 4.132 The FTIR spectrum of Complex 17

The crystallographic and structure refinement data for the crystals is given in
Table 4.12, and selected bond lengths and angles are given in Table 4.13. The molecular
structure (Figure 4.133) shows that the complex was made up of
[Co(CH3(CH2)14C0O2)2(cyclam)]* cation, and CH3(CH2)14COO" anion. The Co(ll) atom
was coordinated to cyclam through the four aza-N atoms of cyclam and two O atoms of
two CH3(CH2)14COO" ligands (CoN4O> chromophore). The packing diagram of the

molecules in the structure is shown in Figure 4.134.
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Figure 4.133 An ORTEP presentation of Complex 17 along b-axis. The probability level is 50%.

Figure 4.134 The packing diagram of Complex 17, viewed along the b-axis (H atoms are omitted

for clarity).
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Table 4.12 Crystal data and structure refinement for Complex 17

Chemical formula

Formula weight (g mol?)
Temperature (K)
Wavelength(A)

Crystal system, space group

Unit cell dimension

Volume (A3)

Z, Calculated density (g cm™)
Absorption coefficient (mm™)
F(000)

Theta range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices

[1 > 2.06(1)]

R indices (all data)

Aprmax, Apmin (¢ A7)

Cr4H149N4C00sg

1281.89

293(2)

0.71073

Triclinic, P-1

a(A)=8.3533(4) «(°)=83334(4)
b (A)=9.1249(4) B (°) = 85.390(4)
¢ (A)=24.7421(11) y (°) = 87.674(4)
1866.18(15)

1,1.141

0.284

712

2.852 - 26.000
-9<h<10,-11<k<11,-30<1<29
16995

7329 (0.0371)

7329/0/404

1.087

R1 = 0.0404

WR2 = 0.1032

R1 = 0.0461, wR2 = 0.1076

0.760, -0.310
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Table 4.13 Selected bond lengths (A) and angles (°) for Complex 17.

Bond length

N(1)-Co(1) 1.9780(11) Co(1)-0(1)#1 1.9097(10)
N(2)-Co(1) 1.9672(13) Co(1)-N(2)#1 1.9672(13)
O(1)-Co(2) 1.9098(10) Co(1)-N(1)#1 1.9780(11)
Angle

C(1)-N(1)-Co(2) 119.03(9) O(1)-Co(1)-N(2) 90.94(5)
C(4)-N(1)-Co(2) 107.12(9) N(2)#1-Co(1)-N(2) 180.0
Co(1)-N(1)-H(1C) 101.8(11) O(1)#1-Co(1)-N(1)#1 84.38(5)
C(1)-N(1)-Co(2) 119.03(9) 0O(1)-Co(1)-N(1)#1 95.62(5)
C(4)-N(1)-Co(2) 107.12(9) N(2)#1-Co(1)-N(1)#1 93.80(5)
C(5)-N(2)-Co(1) 108.12(9) N(2)-Co(1)-N(1)#1 86.20(5)
C(3)-N(2)-Co(1) 118.34(9) O(1)#1-Co(1)-N(1) 95.63(5)
Co(1)-N(2)-H(2C) 104.3(12) 0O(1)-Co(1)-N(2) 84.38(5)
C(6)-O(1)-Co(1) 132.90(9) N(2)#1-Co(1)-N(1) 86.21(5)
O(1)#1-Co(1)-0(1) 180.0 N(2)-Co(1)-N(1) 93.79(5)
O(1)#1-Co(1)-N(2)#1 90.94(5) N(1)#1-Co(1)-N(1) 180.0
O(1)-Co(1)-N(2)#1 89.06(5)

Its UV-visible spectrum was recorded in chloroform (Figure 4.135). The
spectrum shows a d-d band at 547 nm (emax = 156 M cm™), shoulders at 450 nm
(emax = 156 M cm™) and 384 nm (emax = 184 Mt cm™), assigned to *T1g(F) = *Tz4(F),
“T1g(F) = *T1g(P) and *T14(F) = *Azy(F) transitions, respectively. Hence, suggesting a
octahedral geometry at Co(ll) centre and the crystal structure geometry was maintained

in solution.
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Figure 4.135 UV-visible spectrum of Complex 17

(b) Determination of bandgaps
Its Eo value, calculated as before from the UV-vis spectrum, was 3.31 eV (375 nm).

Its CV was recorded anodically in chloroform at a scan rate 50 mV s* in the
potential range of -1.5 V to +1.5 V. The voltammogram (Figure 4.136) shows an anodic
peak at +1.12 V and a cathodic peak at -0.82 V, assigned to the oxidation of [Co(Il)] to
[Co(I1N)] and reduction [Co(lll)] to [Co(Il)] respectively. The AEp, was 1940 mV,
indicating a quasireversible redox reaction (AEp > 59 mV at 30 °C) and its Ipc/Ipa ratio is
1.5 indicating that the oxidised complex was chemically unstable. The HOMO and
LUMO of the complex is 5.25 V and 4.73 V, respectively. Hence, the redox process was

quasireversible, and its Ee value was 0.52 eV.
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Figure 4.136 Cyclic voltammogram of Complex 17
(c) Magnetic properties
Its ym®°"T value, calculated as before using the following data: FM = 1281.93 g mol?,
¥g = 1.98 x 10 cm® g%, ym = 2.54 x 10 cm® mol, ygia = -8.65 x 10* cm® mol™ and
™" = 3.40 x 1073 cm® mol™ was 1.01 cm® K mol™. The theoretical value for a high spin
(HS) Co(I1) complex (S = 3) is 1.876 cm® K mol%, and for a low spin (LS) Co(Il) complex
(S =1) is 0.375 cm® K mol. From this, it may be inferred that this complex was made

up of 42% HS and 58% LS Co(ll) at room temperature (298 K).

(d) Thermal properties

Its TGA trace (Figure 4.137) shows an initial weight loss of 6.8% (calculated, 6.6%)
from about 50 °C to 157 °C due to evaporation of lattice Ho.O molecules that may be
absorbed during storage. This was followed by a major weight loss of 85.2% (calculated
89.2%) from 157 °C to 615 °C due decomposition of CH3(CH)14COQO" ion and cyclam.
The amount of residue at temperatures above 714 °C was 8.0% (calculated, 5.5%,

assuming pure CoO). Hence, Tgec for Complex 17 was 157 °C.
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Figure 4.137 TGA trace of Complex 17

(e) Mesomorphic properties

Its DSC spectrum (Figure 4.138) was recorded for one heating-cooling cycle in the
temperature range of 25 °C to 150 °C. On heating, there were three endothermic peaks at
87.4 °C (AH = +144.9 kJ mol?), 118.0 °C (AH = +2.4 kJ mol?) and 137.2 °C
(AH = +69.4 kJ mol™) assigned to its melting temperature, the breaking of H-bond and
Co-OOC(CH2)14CHz bond. On cooling, there were two exothermic peaks at 78.9 °C
(AH = -5.7 kJ mol™) and 71.1 °C (AH = 79.8 kJ mol™), assigned to the isotropic to

mesophase (I-to-M) and mesophase to crystal (M-to-Cr) phase transition.
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Figure 4.138 DSC of Complex 17
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Viewed under POM, which were recorded for one heating-cooling cycle from
25 °C to 122 °C, the sample was observed to start melting at 118.9 °C and clear to the
isotropic liquid at 121.5 °C. On cooling from the isotropic liquid phase, an optical texture
(cholesteric phase) was observed at 70.2 °C (Figure 4.139(b)) which became brighter on

further cooling to 61.0 °C (Figure 4.139(c)).

(@) (b) (c)
Figure 4.139 Photomicrographs of Complex 17 on: (a) heating at 122 °C; (b) cooling at 70.2 °C;
and (c) further cooling at 61.0 °C

4.5.3 [Fe(CH3(CH2)12C0O0)(OH)(cyclam)].H.0.CH3CH.0OH
[Fe(CH3(CH2)14C00)2(H20)2] and cyclam were reacted in ethanol to form an orange
powder (Complex 18) in good yield (52.4 %). It was soluble in water, methanol, ethanol,

and chloroform, but insoluble in other organic solvents.

(a) Structural deduction
The structure of Complex 18 was deduced based on the combined results of the elemental
analyses, FTIR, and UV-visible spectroscopies.

The results from the elemental analyses (57.44% C, 11.27% H, 8.96% N) were in
good agreement with the chemical formula FeCasHssN4Os (592.86 g mol™; 56.74% C,
10.88% H, 9.45% N).

Its FTIR spectrum (Figure 4.140) shows peaks for the expected functional groups
and bonds at wavenumbers (3380 cm, 2916 cm™, 2850 cm™, 1656 cm™, 1560 and
1419 cm™) similar to the corresponding Ni(ll) and Co(Il) complexes. From the latter
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peaks, the Av value was 141 cm™, suggesting monodentate binding mode for

CH3(CH2)14COO ion.
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Figure 4.140 The FTIR spectrum of Complex 18
Its UV-visible spectrum was recorded in water (Figure 4.141). The spectrum
show a d-d band (shoulder) at 440 nm (emax = 409 M cm™) assigned to *Aig = Tig
transition, suggesting octahedral geometry at centre of low spin Fe(ll). Additionally,

MLCT band was observed at 314 nm (gmax = 3933 Mtcm™).
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Figure 4.141 UV-visible spectrum of Complex 18
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Combining the results of elemental analyses and FTIR and UV-visible
spectroscopies, the proposed structural formula for Complex 18 s

[Fe(CH3(CH2)14CO0)(OH)(cyclam)].H20.CH3CH20H (Figure 4.142).

( \FL/NHj

NH/ i
'y

\/\/\/\/\/\/\}o

Figure 4.142 Proposed structure for Complex 18 (lattice HO and CH3;CH,OH are omitted).

(b) Determination of bandgaps
Its Eo value, calculated as before from the UV-vis spectrum, was 2.9 eV (Aonset = 430 nm).
Its CV scan was recorded anodically in water at a scan rate 50 mV s? in the
potential range of +1.5 V to -1.5 V. The voltammogram (Figure 4.143) shows an anodic
peak at +1.14 V and a cathodic peak at -0.82 V, assigned to the oxidation of [Fe(I)] to
[Fe(l11)] and reduction [Fe(lll)] to [Fe(Il)], respectively. The AEp, was 1960 mV,
indicating a quasireversible redox reaction (AEp > 59 mV at 30 °C) and its Ipc/Ipa ratio is
1.6 indicating the oxidised complex was chemically unstable. The HOMO and LUMO of
the complex is 536 V and 3.96 V, respectively. Hence, its Ee value was

1.40 eV.
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Figure 4.143 Cyclic voltammogram of Complex 18
(c) Magnetic properties
Its ym®™T value, calculated as previously done using the following data:
FM = 59268 g mol?!, yg = 0.84 x 10° cm® g?, ym = 5.00 x 10° cm® mol?,
ydia = -3.78 x 10 cm® mol?, and ym®" = 5.38 x 10 cm® mol?, was 1.60 cm® K mol™.
From this, it may be inferred that this complex was made up of 53% HS and 47% LS

Fe(11) at room temperature.

(d) Thermal properties

The TGA trace (Figure 4.144) shows an initial weight loss of 6.2% (calculated, 10.8%)
from 50 °C to 168 °C due to evaporation of lattice H>O and CHzCH>OH. The lower than
calculated value suggests loss of lattice H.O molecules during storage. This was followed
by a major weight loss of 83.8% (calculated, 82.8%) from 168 °C to 771 °C due to
evaporation of coordinated H>0, and decomposition of CH3(CH2)14COO" ion and cyclam.
The amount of residue at temperatures above 771 °C was 10.0% (calculated 12.1%,

assuming pure FeO). Hence, Tqec for Complex 18 was 186 °C.
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Figure 4.144 TGA trace of Complex 18

(e) Mesomorphic properties

The DSC scan of Complex 18 (Figure 4.145) was recorded for one heating-cooling cycle

from 25 °C to 150 °C. On heating, there were two endothermic peaks at 78.2 °C

(AH = +20.1 kJ mol™) and at 139.5 °C (AH = +9.7 kJ mol™), assigned to breaking of

Fe-OH and Fe-OH> bond. On cooling from 150 °C, there were two exothermic peaks at

45.9 °C (AH = -6.1 kJ mol™?) and 31.4 °C (AH = -2.7 kJ mol™) assigned to formation of

H-bond to H,0.
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Figure 4.145 DSC of Complex 18
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Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 115 °C, the complex was did not show any optical textures. Hence, Complex 18 did

not exhibit mesomorphism.

4.5.4 [Mn(CH3(CH2)14CO0)(0OH)2(NHs3)2(H20)]
[Mn(CH3(CH2)14C00)2(H20)2] and cyclam reacted in ethanol to form a black powder
(Complex 19) in good vyield (83.7 %). It was soluble in methanol and ethanol, but

insoluble in other organic solvents.

(a) Structural deduction

Based on the instrumental data discussed below, the structural formula of Complex 19 is
[Mn(CH3(CH2)14CO0)(OH)2(NHs)2(H20)], which was not the expected complex. It
suggests that Mn(Il) was oxidized to Mn(lll), and cyclam reduced to NHs during
synthesis. Currently, similar redox reaction could not be found in the literature.

The results from the elemental analyses (47.70% C, 9.23% H, 7.57% N) were in
good agreement with the chemical formula MnC16H41N20s (396.45 g mol™; 48.47% C,
10.42% H, 7.07% N).

Its FTIR spectrum (Figure 4.146) shows peaks for the expected functional groups
and bonds at wavenumbers (3365 cm, 3259 cm™, 2915 cm™, 2850 cm?, 1657 cm?,
1395 cm?, cm™) as the corresponding metal complexes. From the latter peaks, the A
vCOO value was 262 cm™, suggesting monodentate binding mode for CH3(CH2)14CO0O"

ion.
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Figure 4.146 The FTIR spectrum of Complex 19

Its UV-visible spectrum was recorded in methanol (Figure 4.147). The spectrum
show a d-d band (shoulders) at 408 nm (emax = 795 M?T cm?) and 531 nm
(emax = 270 Mt cm™). These suggest an octahedral geometry at the Mn(111) centre. Also
observed is an intense LMCT band at 306 nm (emax = 1654 M*cm™),
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Figure 4.147 UV-visible spectrum of Complex 19

(b) Determination of bandgaps
Its Eo value, calculated as before from the UV-vis spectrum, was 2.84 eV (437 nm).

Its CV scan was recorded cathodically in water at a scan rate 50 mV s* in the
potential range of -1.5 V to +1.5 V. The voltammogram (Figure 4.148) shows a cathodic
peak at -0.88 V and an anodic peak at +0.62 V, assigned to the reduction of [Mn(l11)] to
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[Mn(11)] and oxidation [Mn(ll)] to [Mn(lll)], respectively. The AE, was 1500 mV,
indicating a quasireversible redox reaction (AEp > 59 mV at 30 °C) and its lpa/lpc ratio is
0.27 indicating the oxidised complex was chemically unstable. The HOMO and LUMO
of the complex is 3.88 V and 4.79 V, respectively. Hence, the redox process was

quasireversible and its Ee value was 0.91 eV.
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Figure 4.148 Cyclic voltammogram of Complex 19

(c) Magnetic properties

Its ym®™'T wvalue, calculated as previously done using the following data:
FM = 396.45 g mol?, 34 = 1.36 x 10° cm® g?, ym = 5.38 x 10° cm® mol?,
ydia = -2.19 x 10 cm® mol %, and yn®" = 5.60 x 10 cm® mol?, was 1.67 cm® K mol ™. The
theoretical value for a high spin (HS) Mn(I11) complex (S = 2) is 3.001 cm® K mol?, and
for a low spin (LS) Mn(I11) complex (S = 1) is 1.000 cm® K mol*. From this, it may be
inferred that this complex was made up of 67% HS and 33% LS Mn(lll) at room

temperature.
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(d) Thermal properties

The TGA trace (Figure 4.149) shows an initial weight loss of 5.0% (calculated, 4.5%)
from 50 °C to 140 °C due to evaporation of water. This was followed by a major weight
loss of 82.1% (calculated, 81.6%) from 140 °C to 653 °C due to evaporation of NHz and
decomposition of OH™ and CH3(CH2)14COO" ions. The amount of residue at temperatures
above 653 °C was 12.9% (calculated, 17.9%, assuming pure MnO. Hence, Tgec for

Complex 19 was 140 °C.
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Figure 4.149 TGA trace of Complex 19
(e) Mesomorphic properties
Its DSC scan (Figure 4.150) was recorded for one heating-cooling cycle from 25 °C to
120 °C. On heating, there was a broad endothermic peak at 81.6 °C
(AH =+16.5 kJ mol™) assigned to the breaking of H-bond. On cooling from 120 °C, there

was an exothermic peak at 103 °C (AH = -20.9 kJ mol™) and assigned to formation of

H-bond.
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Figure 4.150 DSC of Complex 19

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 120 °C, the complex did not show any optical textures. Hence, Complex 19 did not

exhibit mesomorphism.

4.5.5 Summary
The analytical results for Complex 16-19 are summarised in Table 4.14. All complexes
were mononuclear and paramagnetic.

The optical bandgaps from the CT absorption bands for all complexes were similar
(2.84 eV- 3.60 eV), while for electrochemical bandgap is in the range 0.31 eV and
1.40 eV. Hence, these complexes were semiconductors and potentials as photovoltaic and
solar cells materials.

All complexes were thermally stable. Their decomposition temperatures range from

140 °C to 243 °C. Finally, only Complexes 16 and 17 were mesomorphic.
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Table 4.14 Analytical results for metal(1l) complexes of cyclam

Complex 16 17 18 19

Chemical Formula [Ni(R)(cyclam)(H20)](R).4H20 | [Co(R)z(cyclam)].2RH | [Fe(R)(cyclam)(OH)].H20.CH3sCH2OH | [Mn(R)(OH)2(NH3)2(H20)]
CH3COO mode monodentate

Geometry octahedral

Eo absorption 3.60 3.31 2.90 2.84

(eV) | electrochemical 0.31 0.52 1.40 0.91

CcVv Redox active

et (B.M.) 2.93 281 (34:)_/08;_'8’ | % 3.60 (53% HS, 47% LS) 3.68 (67% HS, 33% LS)
Taec (°C) 243 157 186 140
Mesomorphism mesomorphic Non-mesomorphic

R= CH3(CH2)14COO



4.6 Mixed-Metal Complexes
In this research, attempts were made to prepare mixed-metal complexes of general
formula [CuM(CH3COO)2(Ln)], where M = Ni(I1), Co(ll), Fe(ll), and Mn(ll), and n = 1,

2, and 3. However, only complex with M = Co(ll) was successfully, as discussed below.

4.6.1 [CuCO(CH3COO0)2(HL1)2(H20)]

The Cu(Il)-Co(ll) mixed metal complex of H.L1 was synthesised using the one-pot
reaction from the reaction of H2N(CH2)sNH2, 2-hydroxybenzaldehyde,
[Cu(CH3sC00)2].H20 and [Co(CH3COO0),].4H20 in ethanol. The product was a khaki
green powder (Complex 20) and the yield was 75.2%. It was soluble in DMSO, DMF,

and THF, but insoluble in water and other common organic solvents.

(a) Structural deduction

Based on the combined results of the elemental analyses and FTIR and UV-visible
spectroscopies presented below, it is proposed that the structural formula of
Complex 20 was [CuCo(CH3COO)2(HL1)2(H20)].

The results of the elemental analyses (59.90% C, 6.18% H, 5.68% N) were in good
agreement with the chemical formula CuCoCasHs2N4Og (FW, 961.51 g mol™; 59.96% C,
6.50% H, 5.83 % N).

Its FTIR spectrum (Figure 4.151) shows a small broad peak at 3377 cm™ for H,0,
two peaks for CHz (vasym) and CHa (vsym) at 2921 cm™ and 2851 cm™, respectively, a
strong peak for C=N at 1620 cm™, a strong peak at 1538 cm™ for COQasym, and a peak at
1446 cm™ for COOgym. From the latter peaks, the A value was 92 cm™, suggesting a

chelating binding mode for CH3COO" ligand.
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Figure 4.151 FTIR spectrum for Complex 20

Its UV-visible spectrum, recorded in chloroform (Figure 4.152), shows d-d bands
at 640 nm (emax = 153 M cm™) and 461 nm (emax = 545 Mt cmt), and MLCT bands at
369 nm (emax = 5749 M1 cm™) and 307 nm (emax = 5446 M cm™). These suggest a

tetrahedral geometry at each Cu(ll) and Co(ll) centre for this complex.
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Figure 4.152 UV-visible spectrum of Complex 20

(b) Determination of bandgaps

Its Eo value, calculated as before from its UV-vis spectrum, was 2.95 eV (Aonset = 421 nm).
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Its CV scan was recorded cathodically in chloroform at a scan rate 50 mV s in the
potential range of -1.5.0 V to +1.5 V. However, its voltammogram (Figure 4.153) did not

show any redox peaks. Hence, its electrochemical band gap cannot be calculated.

1.E-05

5.E-06

0.E+00

-5.E-06

Current/ A

-1.E-05
-2.E-05
-2.E-05

-1.5 -1 -0.5 0 0.5 1 1.5
Potential/ V

Figure 4.153 Cyclic voltammogram for Complex 20

(c) Magnetic properties

Its uefr value, calculated as previously done from the values of FM = 961.51 g mol?,
¥g = 6.92 x 108 cm® g%, ym = 6.65 x 10" cm® mol ™, ygia = -4.16 x 10 cm® mol?, and
™" = 7.07 x 102 cm® mol?, was 4.13 B.M. This is lower than the expected value
5.60 B.M for 4 unpaired electron (1 unpaired electron from Cu(Il) and 3 unpaired electron
from Co(ll)), suggesting a weak ferromagnetic interaction between Cu(ll) and Co(ll)

centers.

(d) Thermal properties

Its TGA trace (Figure 4.154) shows an initial weight loss of 1.8% from about 142 °C to
222 °C due to the evaporation of coordinated H>O (calculated, 1.9%). The next weight
loss of 79.3% from 222 °C to 676 °C is assigned to decomposition of two HL1 and two

CHsCOO  ions (calculated, 86.4%). The amount of residue at temperatures above 676 °C
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was 18.9%, which is in a good agreement with the calculated value of 16.1%, assuming

pure CuO and CoO. Accordingly, Tgec for Complex 20 was 142 °C.
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Figure 4.154 TGA of Complex 20
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.155) was recorded for a heating-cooling cycle from 25 °C to
200 °C. On heating, there was an endothermic peak at 177.8 °C

(AH = +49.52 kJ mol™) assigned as the melting temperature of the complex. However,

there was no peak on cooling from this temperature.
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Figure 4.155 DSC of Complex 20
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Viewed under OPM, which was recorded for a heating-cooling cycle from
25 °C to 200 °C, the complex did not show any optical textures. Hence, Complex 20 did

not exhibit mesomorphism.

4.6.2 [CuCO(CH3CO0)2(L2)].2H20

The Cu(l1)-Co(ll) complex of H2L2 was synthesised using the one-pot reaction from the
reaction of NH2(CH.)sNH2, 2,4-dihydroxybenzaldehyde, [Cu(CHsCOO),].H.O and
[Co(CH3CO0)2].4H20 in ethanol. The product was a khaki green powder (Complex 21),
and its yield was 71.5%. It was soluble in DMSO, DMF, and THF, but insoluble in water

and other common organic solvents.

(a) Structural deduction

Based on the combined results of the elemental analyses and FTIR and UV-visible
spectroscopies presented below, it is proposed that the structural formula of Complex 21
was [CuCo(CH3COO)2(L2)].2H20, which was similar as Complex 8
([Co2(CH3CO0)2(L2)].H20).

The results from the elemental analyses (48.05% C, 5.50% H, 4.41% N) were in
good agreement with the chemical formula CuCoCz6HssN2010 (FM, 695.05 g mol™;
47.38% C, 5.51% H, 4.25% N).

Its FTIR spectrum (Figure 4.156) shows peaks at similar wavenumbers (in cm™)
as previously discussed complexes (3194, 2927, 2858, 1598, 1553 and 1444) and may be
similarly assigned. From the latter two peaks, the A value was 109 cm, suggesting a

chelating binding mode for CH3COO" ligand.
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Figure 4.156 FTIR spectrum for Complex 21
Its UV-visible spectrum, recorded in DMSO (Figure 4.157), shows d-d bands at
614 nm (emax = 76 Mt cm™) and 436 nm (emax = 598 Mt cm™?). These suggest a tetrahedral

geometry at each Cu(ll) and Co(ll) centre for this complex.
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Figure 4.157 UV-visible spectrum of Complex 21

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 3.06 eV (Aonset = 405 nm).
Its CV scan was recorded cathodically in chloroform at a scan rate 50 mV s in the

potential range of -2.0 V to +2.0 V. The voltammogram (Figure 4.158) shows an anodic
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peak at -0.98 V assigned to the oxidation of [Co(Il)] to [Cu(lll)], but no corresponding
cathodic peak, indicating an irreversible redox process. Hence, its electrochemical band
gap cannot be calculated. The voltammogram (Figure 4.158) shows an anodic peak at
+1.47 V assigned to the oxidation of the ligand and no corresponding cathodic. No redox
peaks were observed for Cu(ll) and Co(ll), hence its electrochemical band gap cannot be

calculated.
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Figure 4.158 Cyclic voltammogram for Complex 21
(c) Magnetic properties
Its mert value, calculated as previously done from the values of
FM = 659.05 g mol?, yg = 1.61 x 10° cm® g2, ym = 1.06 x 102 cm® mol?,
ydia = -2.40 x 10" cm® mol?, and ym®°" = 1.08 x 102 cm?® mol™ was 5.07 B.M. Comparing
with Complex 20, it may be inferred that the presence of OH group at para position in
Complex 21 led to geometrical distortion through the formation of H-bonds, and a more

stronger ferromagnetic interaction between Cu(ll) and Co(ll) centres.

(d) Thermal properties
Its TGA trace (Figure 4.159) shows an initial weight loss of 5.6% from about 50 °C to

151 °C due to the evaporation of lattice H>O (calculated, 5.5%). The next weight loss of
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72.4% from 194 °C to 796 °C is assigned to decomposition of L2% and two CH3COO"
ions (calculated, 75.9%). The amount of residue at temperatures above 796 °C was 22.0%,
which is in a good agreement with the calculated value of 23.4%, assuming pure CuO and

Co0. Accordingly, Tgec for Complex 21 was 194 °C.
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Figure 4.159 TGA of Complex 21

(e) Mesomorphic properties

Its DSC spectrum (Figure 4.160) was recorded for heating-cooling cycle from 25 °C to
160 °C. On heating, there was an endothermic peak at 140.8 °C (AH = +48.7 kJ mol™?),
assigned as its melting temperature. However, there was no peak on cooling from this

temperature.

202



12 Heating

10

miv

0 Cooling

25 45 65 85 105 125 145

Temperature/ °C
Figure 4.160 DSC of Complex 21

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 160 °C, the complex did not show any optical textures. Hence, Complex 21 did not

exhibit mesomorphism.

4.6.3 [CUCO(CH3COO0)2(HL3).]

The Cu(l1)-Co(11) complex of H2L3 was synthesised using the one-pot reaction from the
reaction of NH2(CH2)sNHz, 3,5-di(tert-butyl)-2-hydroxybenzaldehyde,
[Cu(CHsC00)2].H20 and [Co(CH3CO0)2].4H20 in ethanol. The product was a dark
brown powder (Complex 22) and the yield was 40.6%. It was soluble in chloroform and

insoluble in water and other common organic solvents.

(@) Structural deduction

Based on the combined results of the elemental analyses and FTIR and UV-visible
spectroscopies presented below, it is proposed that the structural formula of Complex 22
was [CuCo(CH3COO)2(HL3):], which  was similar to Complex 20

[CuCo(CH3COO0)2(HL1)2].2H20.
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The

results from the elemental analyses (68.69% C, 8.98% H, 3.95% N) were in

good agreement with the chemical formula CuCoCsgoH124N4Os (FM, 1392.34 g mol™;

69.01% C

Its

, 8.98% H, 4.02% N).

FTIR spectrum (Figure 4.161) shows peaks shows peaks at similar

wavenumbers (in cm™) as previously discussed complexes (2950 cm™, 2859 cm™,

1617 cm™

peaks, the

T%

Its

band at

, 1531 cm™ and 1434 cm™) and may be similarly assigned. From the latter two

A value was 97 cm™, suggesting a chelating binding mode for CHsCOO" ligand.
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Figure 4.161 FTIR spectrum for Complex 22

UV-visible spectrum, recorded in chloroform (Figure 4.162), shows a d-d

663 nNm (emax = 498 M?T cm?) and MLCT band at 497 nm

(emax = 1408 M cm™). This suggests a tetrahedral geometry at each Cu(ll) and Co(ll)

centre in t

his complex.
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Figure 4.162 UV-visible spectrum of Complex 22

(b) Determination of bandgaps
Its Eo value, calculated as before from its UV-vis spectrum, was 2.08 eV (Aonset = 595 nm).
Its CV scan was recorded anodically in chloroform at a scan rate 50 mV s in the
potential range of -1.5 V to +1.5 V. The voltammogram (Figure 4.163) shows a cathodic
peaks at -0.87 V, assigned to a reduction of Cu(ll)Co(ll) to Cu(l)Co(ll) and an anodic
peak at +1.15 V, assigned to an oxidation of Cu(l)Co(ll) to Cu(I)Co(lll). Another two
cathodic peak was observed at +0.59 V, assigned to reduction of Cu(I)Co(lll) to
Cu(InCo(ll). The AE, value for Cu(ll) was 2020 mV and for Co(ll) was 180 mV. The
lpa/lpc ratio for Cu(Il) was 1.3 and for Co(ll) is 0.8, indicating a quasireversible redox
reaction (AEp > 59 mV at 30 °C) and chemically unstable reduced Cu(l) and oxidised
Co(lll) complex. The HOMO and LUMO values was 5.44 V and 3.73 V, respectively.

Hence, its Ec value was 1.71 eV.
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Figure 4.163 Cyclic voltammogram for Complex 22
(c) Magnetic properties
Its merr value, calculated as previously done from the values of
FM = 1392.34 g mol?, 43 = 5.87 x 10® cm® g, yn = 8.18 x 10° cm® mol?,
Ydia = -7.82 x 10 cm® mol?, and ym®" = 8.96 x 103 cm?® mol™?, was 4.64 B.M. This is

lower than the expected values 5.60 B.M and may similarly explained as Complex 20.

(d) Thermal properties

Its TGA trace (Figure 4.164) shows an initial weight loss of 86.3% from about 251 °C to
645 °C due to decomposition of two HL3™ and two CH3COO" ions (calculated, 91.2%).
The amount of residue at temperatures above 645 °C was 13.7%, which is in a good
agreement with the calculated value of 11.1%, assuming pure CuO and CoO. Accordingly,

Taec for Complex 22 was 251 °C.
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Figure 4.164 TGA of Complex 22
(e) Mesomorphic properties
Its DSC spectrum (Figure 4.165) was recorded for heating-cooling cycle from 25 °C to
180 °C. On heating, there was an endothermic peak at 153.42 °C (AH = +9.7 kJ mol™?),

assigned as the breaking of H-bond. However, there was no peak on cooling from this

temperature.
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Temperature/ °C
Figure 4.165 DSC of Complex 22

Viewed under OPM, which was recorded for heating-cooling cycle from 25 °C
to 200 °C, the complex did not show any optical textures (Figure 4.166). Hence,

Complex 22 did not exhibit mesomorphism.
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(a) (b)
Figure 4.166 Photomicrograph of Complex 22: (a) on heating at 200 °C; and (b) on cooling at 62 °C

4.6.4 Summary

The analytical data for Complexes 20-22 are summarised in Table 4.15. All complexes
were dinuclear and paramagnetic.

The optical bandgaps from the CT absorption bands for all complexes were in the
range of 2.08 eV- 3.06 eV. Hence, these complexes were semiconductors and potentials
as photovoltaic and solar cells materials.

All complexes were thermally stable. Their decomposition temperatures range from

142 °C to 251 °C. Finally, all complexes were not mesomorphic.
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Table 4.15 Analytical results for heterometallic complexes

Complex 20 21 22

Chemical Formula [CuCo(CH3COO0)2(HL1)2(H20)] [CuCo(CH3COO0)2(L2)].2H.0 [CuCo(CH3sCO0),(HL3),]
CH3;COO mode chelating

Geometry tetrahedral

E, absorption 2.95 3.06 2.08

(eV) | emission - - -

Ccv Redox inactive

Let (B.M.) 4.13 5.07 4.64

Taec (°C) 142 151 251

Mesomorphism

Non-mesomorphic




CHAPTER 5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

5.1 Conclusions

Three new Schiff bases (H2L1, HoL2 and H2L3) were successfully obtained from the
condensation reactions of 1,8-diaminooctane with  2-hydroxybenzaldehyde,
2,4-dihydroxybenzaldehyde, and 3,5-di(tert-butyl)benzaldehyde, respectively. All
ligands were obtained in good yields (88.5% - 90.2%). The structural formulae of these

ligands are shown in Figure 5.1.

(©)
Figure 5.1 Structure formula of Schiff bases (a) H.L1, (b) H2L2 and (c) H.L3

Fifteen homometalic complexes of Cu(ll), Ni(ll), Co(ll), Fe(ll) and Mn(ll) and
three heterometallic complexes of Cu(ll)Co(ll) with each ligand were successfully
obtained by one-pot reaction. Another four complexes of Ni(ll), Co(ll), Fe(1l) and Mn(l1)
with cyclam also prepared by step-wise reaction. All complexes were obtained in good

yields. The structure, band gap, redox, lifetime, thermal and mesomorphic properties of
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these complexes were determined. The chemical formula of these complexes are shown

in Table 5.1.

Table 5.1 Chemical formulae of complexes

Complex | Chemical formula
1 [Cu(L1)]>.H-0
2 [Ni2(CH3COO0)2(L1)].3H20
3 [Co2(CH3CO0)2(L1)].2H20
4 [Fe(CH3COO)(L1)]
5 [Mn2(CH3COO)2(L1)(H20)4].2H.0
6 [Cu(CH3;COO0)(HL2)(H.0)].H-0
7 [Niz(CH3COO0)2(L2)].3H-0
8 [C02(CH3C0O0)2(L2)].2H20
9 [Fe(CHsCOO)(HL2)]
10 [Mn2(CH3COO0)2(L2)(H20)4].2H20
11 [Cu(L3]
12 [Niz(L3)]
13 [C02(CH3C0O0)2(L3)].3H20
14 [Fe(CH3sCOO)(HL3)(H20)2].3H20
15 [Mn2(HL3)(H-0).
16 [Ni(CH3(CH2)14CO0)(cyclam)(H20)](CHs(CH;)14C00).4H,0
17 [Co(CH3(CH2)14C0O0)2(cyclam)].2CH3(CH2)14COOH
18 [Fe(CHs3(CH2)14CO0)(cyclam)(OH)].H.O CH;CH,OH.
19 [Mn(CH3(CH2)14COO0)(OH)(NH3)(H20)]
20 [CuCo(CH3COO0)2(HL1)2(H;0)]
21 [CuCo(CH3CO0)2(L2)].2H.0
22 [CuCo(CH3CO0)2(HL3);]

All complexes with HzL1 were paramagnetic. Complex 1 was dimeric complex, 4

was mononuclear, while Complexes 2, 3 and 5 were dinuclear. The optical bandgaps for

all complexes were similar (2.81 eV — 3.61 eV). Only Complex 2 was redox active
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(electrochemical band gap was 0.1 eV). Except for Complex 5, the lifetimes of all excited
complexes were similar (0.7 ns to 1.3 ns). The lifetime for Complex 5 was the longest at
2.4 ns. These complexes were thermally stable (Tgec = 134 °C to 307 °C) and only
Complex 5 was mesormophic.

All complexes with H2L2 were paramagnetic. Complexes 6, 9 and 10 were
mononuclear, while Complexes 7 and 8 were dinuclear. The optical bandgaps from
absorption spectroscopy were similar (2.29 eV- 3.10 eV) for all complexes, while the
bandgaps from emission spectroscopy and cyclic voltammetry only can be calculated for
Complex 6 (2.41 eV and 0.71 eV, respectively). Accordingly, only the lifetime of
Complex 6 can be determined (1.9 eV for the CT band and 2.0 eV for d-d band). All
complexes were thermally stable (197 °C to 234 °C), but were not mesormophic.

All complexes with H2L3 ligand were mononuclear and paramagnetic except for
Complex 13 (dinuclear) and Complex 12 (diamagnetic). The optical bandgaps for all
complexes were similar (1.94 eV- 2.85 eV). Except for Complex 13, the lifetimes of all
excited complexes were similar (0.7 ns to 1.7 ns). The lifetime for Complex 13 was the
longest at 3.9 eV. All complexes were thermally stable. Their decomposition
temperatures range from 251 °C to 285 °C, but these complexes were not mesormophic

All Carboxylate complexes of Ni(ll), Co(ll), Fe(ll) and Mn(ll) with cyclam as co-
ligand were mononuclear and paramagnetic. The optical bandgaps for all complexes were
similar (2.84 eV- 3.60 eV), while for electrochemical bandgaps were in the range
0.31 eV and 1.40 eV. All complexes were thermally stable. Their decomposition
temperatures range from 140 °C to 243 °C. However, only Complexes 16 and 17 were
mesomorphic.

All heterometallic complexes were dinuclear and paramagnetic. The optical

bandgaps for all complexes were in the range of 2.08 eV— 3.06 eV, and there were redox
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inactive. All complexes were thermally stable (142 °C to 251 °C) but were not

mesomorphic.

5.2 Suggestions for Future Works

The chemical and structural formulas of these materials should be further ascertained by
either forming crystals and the molecular structures investigated by single-crystal X-ray
diffraction, or by molecular modelling. A shorter linear chain and branched-chain amino
group can be used to obtain single crystals.

A study of similar complexes with lower band gaps may be undertaken, using
conjugated polymeric organic ligands, mixed valence complexes and other mixed-metal
complexes.

Their magnetic properties should be further studied by using SQUID
magnetometer to investigate their spin crossover properties.

Most of the Schiff base complexes were not mesomorphic as their C=N bonds
were hydrolysed on heating. A possible solution to this problem is to design complexes
with lower melting temperatures, such as using long linear alkyl or alkyloxy chain or
branched alkyl chains substituted at the aromatic rings.

Lastly, it would be interesting to study the thermoelectric behaviour of these

complexes by measuring their electrical conductivities at different temperatures.
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