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ABSTRACT 

 
In this project, nickel and metal-free 4β-(4-tert-butylphenoxy) phthalocyanine, biphenyl bridged 

binuclear 4-tert-butylphenoxy phthalocyanine and naphthalene bridged binuclear 4-tert-

butylphenoxy phthalocyanine have been synthesised. The Z-scan technique has been employed 

to comparatively study their second order nonlinear optical (NLO) properties. This work, shows 

that the presence of H-aggregation in binuclear Pcs of metal-free and nickel 4β-(4-tert-

butylphenoxy) phthalocyanines do not have an effect on the magnitude of second order nonlinear 

absorption coefficient (β) as compared to monomeric Pcs. 

 Density functional (DFT) calculations of dipolar/octupolar contributions were performed, in 

order to explain experimentally determined β values. Spectroscopic and photophysical properties 

of the synthesised compounds have been determined using a range of different spectroscopic 

techniques, including magnetic circular dichroism (MCD), time correlated single photon 

counting spectroscopy (TCSPC), UV-visible absorption spectroscopy, mass spectroscopy and IR 

Spectroscopy. 

 

 

 

  



 TABLE OF CONTENT 

 

v 
 

TABLE OF CONTENT 

 
DEDICATION............................................................................................................................................. ii 

ACKNOWLEDGEMENT ......................................................................................................................... iii 

ABSTRACT ................................................................................................................................................ iv 

TABLE OF CONTENT .............................................................................................................................. v 

LIST OF ABBREVIATIONS ................................................................................................................. viii 

LIST OF SYMBOLS .................................................................................................................................. x 

LIST OF FIGURES .................................................................................................................................. xii 

LIST OF SCHEMES ............................................................................................................................... xiv 

LIST OF TABLES .................................................................................................................................... xv 

CHAPTER ONE: INTRODUCTION ....................................................................................................... 1 

1. Introduction ............................................................................................................................................. 2 

1.1 Phthalocyanines ................................................................................................................................. 2 

1.2   Electronic Absorption Spectra of Phthalocyanines ..................................................................... 3 

1.3 General synthesis of phthalocyanines ............................................................................................. 6 

1.3.1 Synthesis of peripheral tetra substituted phthalocyanines. ...................................... 7 

1.4 Second order nonlinear optical activity (NLO) .............................................................................. 8 

1.4.1 Second-Order nonlinear optical activity in phthalocyanines ................................... 9 

1.5 Binuclear phthalocyanines ............................................................................................................. 17 

1.5.1 Binuclear phthalocyanine synthesis .......................................................................... 19 

1.5.2   Second-order NLO Activity in Binuclear Pthalocyaniness................................... 20 

1.6 Spectroscopic characterization ...................................................................................................... 25 

1.6.1 Magnetic Circular Dichroism (MCD) ....................................................................... 25 

1.7 Time-correlated single photon counting (TCSPC) technique ..................................................... 29 

1.8 Z-scan technique ............................................................................................................................. 30 

1.8.1 Theory behind Z-scan measurements ....................................................................... 31 

1.9 Density Functional Theory ............................................................................................................. 34 

1.9.1 DFT calculations for NLO properties. ...................................................................... 34 

1.10 Summary of thesis Aims ............................................................................................................... 38 

CHAPTER TWO: EXPERIMENTAL ................................................................................................... 40 

2 Experimental .......................................................................................................................................... 41 



 TABLE OF CONTENT 

 

vi 
 

2.1 Materials .......................................................................................................................................... 41 

2.2 Equipment ....................................................................................................................................... 41 

2.3 Synthesis of peripheral substituted phthalonitriles ..................................................................... 43 

2.3.1 Synthesis of 4β- (4-tert-butylphenoxy) phthalonitrile (9) ....................................... 43 

2.4 Syntheses of Bisphthalonitriles (linkers) ....................................................................................... 43 

2.4.1 Synthesis of conjugated bisphthalonitrile (14) ......................................................... 43 

2.4.2 Synthesis of 4, 4- Diphthalonitrileoxybiphenyl (16a) .............................................. 44 

2.4.3 Synthesis of 2, 7-Diphthalonitrileoxynaphthalene (18b) ......................................... 44 

2.5 Synthesis of monomeric and binuclear phthalocyanines. ............................................................ 45 

2.5.1 Synthesis of metal-free 4β-(4-tert-butylphenoxy) phthalocyanine (19a) and 

biphenyl-bridged binuclear 4β-(4-tert-butylphenoxy) phthalocyanine (20a) ................ 45 

2.5.2 Synthesis of metal-free naphthalene-bridged binuclear 4β-(4-tert-butylphenoxy) 

phthalocyanine (21a) ........................................................................................................... 46 

2.5.3 Synthesis of nickel 4β-(4-tert-butylphenoxy) phthalocyanine (19b) and biphenyl-

bridged binuclear nickel 4β-(4-tert-butylphenoxy) phthalocyanine (20b) ..................... 47 

2.5.4 Synthesis of Naphthalene-bridged binuclear nickel 4β-(4-tert-butylphenoxy) 

phthalocyanine (21b) ........................................................................................................... 47 

CHAPTER THREE: SYNTHESIS AND CHARACTERISATION .................................................... 48 

3 Synthesis and Characterisation ............................................................................................................ 49 

3.1 Synthesis of Phthalonitriles ............................................................................................................ 49 

3.1.1 Synthesis of 4-(4-tert-butylphenoxy) phthalonitrile (9) .......................................... 49 

3.1.2 Synthesis of bridging conjugated phthalonitrile (14) .............................................. 50 

3.1.2 Synthesis of 4, 4-diphthalonitrileoxybiphenyl and 2,7-

diphthalonitrileoxynaphthalene phthalonitrile ................................................................. 53 

3.2 Synthesis of binuclear Phthalocyanines ........................................................................................ 56 

3.2.1 Synthesis of metal-free 4β-(4-tert-butylphenoxy) phthalocyanine (19a), biphenyl 

bridged binuclear 4-tert-butylphenoxy phthalocyanine (20a) and naphthalene bridged 

binuclear 4-tert-butylphenoxy phthalocyanine (21a)........................................................ 57 

3.3 Electronic absorption and MCD spectroscopy ............................................................................. 60 

3.4 Fluorescence lifetimes and rotational correlation lifetimes......................................................... 64 

3.4 Nonlinear optical (NLO) parameters ............................................................................................ 70 

3.5 DFT calculations ............................................................................................................................. 74 

CHAPTER FOUR: CONCLUSIONS ..................................................................................................... 80 



 TABLE OF CONTENT 

 

vii 
 

4. General Conclusion ............................................................................................................................... 81 

REFERENCES .......................................................................................................................................... 83 

 



 LIST OF ABBREVIATIONS 

viii 
 

LIST OF ABBREVIATIONS 

 
Abs                      Absorption   

Bi-Pcs                  Binuclear phthalocyanines 

DBU                    Diazabicxylo-undec- 7- ene 

DCM                   Dichloromethane 

DFT                    Density functional theory 

DMF                   Dimethylformamide 

DMSO                Dimethylsulfoxide 

DR                      Depolarization ratio  

Em                      Emission 

Exc                     Excitation 

HCl                    Hydrochloric acid 

HOMO              Highest occupied molecular orbital 

HRS                  Hyper-Rayleigh Scattering 

IR                      Infrared 

Lcp                    Left circular polarized 

LUMO              Lowest unoccupied molecular orbital 

MDC                 Magnetic circular dichroism 

mJ                     millijoules 

mmol                 millimolar 

MOs                  Molecular orbitals 

mpa.s                millipascal second 

MPcs                 Metalated phthalocyanines 

NLO                  Nonlinear optical 



 LIST OF ABBREVIATIONS 

ix 
 

Nm                     Nanometers   

NMR                  Nuclear magnetic resonance 

 Ns                      Nanoseconds 

Pcs                      Phthalocyanines 

PDT                    Photodynamic therapy 

Ppm                    parts per million 

Rcp                     Right circular polarized 

RSA                    Reserve saturable absorption  

RT                      Room temperature 

TCSP                 Time correlated single photon counting 

TD-DFT             Time dependant density functional theory 

THF                    Tetrahydrofuran 

UV-Vis               Ultraviolet visible 

 

  



 LIST OF SYMBOLS 

x 
 

LIST OF SYMBOLS 

  
β                        Nonlinear absorption coefficient  

ε                         Extinction coefficient 

G                       Giga 

հ                        Planck’s constant 

HZ                     Hertz   

J                       Joules 

κ                       Boltzmann constant 

K                      Kelvin 

L                      Sample length 

Leff                    Effective propagation length in the material 

m                     Meters 

N                     Number of active species per unit volume 

ρ                      Nonlinear anisotropy parameter 

ρ0                               peak power of the pulses 

T                     Temperature 

 τ                      Fluorescence lifetime 

q0 (zs)              Parameter characterizing the strength of the nonlinearity 

Vm                  Molecular volume 

W                    Watts 

Wo                  Beam width of the sample 

W (Zs)            Beam width of the sample 

Zo                    Location of the beam focus 

ZR                    Rayleigh length 



 LIST OF SYMBOLS 

xi 
 

Ф                      Anisotropy rotational correlation time 

ФJ=1                    Dipolar contribution 

ФJ=3                    Octupolar contribution 

λ                       Wavelength 

μ                       Micro 

η                      Viscosity 

π (π*)               Pi bonding (anti pi bonding) 

∆E                   Change in energy 

 

 

 

  

 

  



 LIST OF FIGURES 

 

xii 
 

LIST OF FIGURES 

 
Figure 1.1               General structure of phthalocyanine (Pc), (M= H2 or Metal ion). 

Figure 1.2               UV/Vis spectra of Metalated (MPc) and metal-free (H2Pc) phthalocyanines. 

Figure 1.3               Electronic energy levels for Metalated Pc (left) and Metal-free Pc (right). 

Figure 1.4  Five energy level diagram. 

Figure 1.5               General structure of binuclear phthalocyanine. 

Figure 1.6               Formation of D2h, D2 and D2d symmetry. 

Figure 1.7               Faraday A1 terms. 

Figure 1.8               Faraday C0 terms. 

Figure 1.9               Faraday B0 terms. 

Figure 1.10             Absorption (bottom) and MCD (top) of metal-free (left) phthalocyanines in  

                                O-dichlorobenzene. 

Figure 1.11             Z-scan measurement set up. 

Figure 1.12 Dipolar and Octupolar plots 

Figure 1.13             Synthesised molecules studied in this thesis. 

Figure 3.1               IR spectra for compounds 10, 11, 12, 13 and 14. 

Figure 3.2     IR spectra for compounds 15, 1 and 16a (top) and compounds 17, 1, 18b    

 (bottom). 

Figure 3.3               Mass spectra (MALDI-TOF) for complexes 19a, 19b, 20a, 20b, 21a and      

                        21b. 

Figure 3.4               UV-VIS (bottom) and MCD (top) spectra for: Left hand side (LHS) A  

                     (19a), B (20a) C (21a). Right hand side (RHS) D (19b), E (20b) and F  

                        (21b) in THF. 



 LIST OF FIGURES 

 

xiii 
 

Figure 3.5             Absorption, excitation and emission of A (19a), B  

                   (20a) and C (21b) in THF.    

Figure 3.6             Fluorescence decay curves for compounds 19a (X), 20a (Y) and 21a (Z) in 

THF.  

                    Excitation wavelength of 638 nm.   

Figure 3.7             Z-Scan (left) and nonlinear fit curves (right): A (19a), B (19b), C (20a), D     

                   (20b), E (21a) and F (21b) in THF. 

Figure 3.8             Polar plots for compounds (Left): A (19a), B (20a), C (21a). (Right): A (19b),  

                   B (20b) and C (21b.) 

Figure 3.9             Front (A and C) and side (B and D) view of compounds 21b (top) 20b  

                  (bottom). 

 

  



  LIST OF SCHEMES 

xiv 
 

LIST OF SCHEMES 
 

Scheme 1.1              General synthesis of phthalocyanines, MX2=Metal salt. 

Scheme 1.2              Synthesis of peripheral tetra substituted phthalocyanine, OR=any functional  

         group. 

Scheme 1.3              An example of a condensation reaction used to synthesis binuclear  

                      phthalocyanine.  

Scheme 3.1              Synthesis of 4-(4-tert-btylphenoxy) phthalonitrile (9).  

Scheme 3.2              Synthesis of bridging conjugated phthalonitrile (14).    

Scheme 3.3              Synthesis of bisphthalonitriles (compounds 16a and 18a). 

Scheme 3.3              Synthesis of metal-free and nickel compounds 19a, 19b, 20a, 20b, 21a, and  

                      21b. 

 

 

  



  LIST OF SCHEMES 

xv 
 

LIST OF TABLES 

 
Table 1.1          Summary of some selected known Pcs with their second order β values. 

Table 1.2          Selected examples of known Bi-Pcs and their second order nonlinear absorption      

     coefficient (β).  

Table 3.1        Q band maxima in the absorption (Abs), fluorescence excitation (exc),  

                     emission (em) spectra, fluorescence lifetime (τ), anisotropy rotational      

 Correlation time (Φ) values and molecular volumes (Vm) in THF and    

 DCM. 

Table 3.2          Experimental and theoretical Z-scan results for second order nonlinear.  

               Polarizability,β in THF. DFT calculated with the B3LYP functional and SDD  

              basis set.        



  CHAPTER ONE                                                                                                          INTRODUCTION 

1 

 

 

CHAPTER ONE: INTRODUCTION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  CHAPTER ONE                                                                                                          INTRODUCTION 

2 

1. Introduction 

1.1 Phthalocyanines 

Phthalocyanines (Pcs) are synthetic compounds that are made up of four isoindole units joined 

together by aza nitrogen atoms, with an 18 π-electron system within the macrocycles [1], Figure 

1.1. Pcs are interesting compounds due to their physical and chemical properties such as, 

conductivity, thermal and chemical stability towards environmental influences. Pcs are well 

known by their blue or green colours which are used as pigments in printing inks, paints and 

plastics [1, 2, 3]. These interesting compounds have a variety of technological applications such 

as photodynamic therapy (PDT) [4], gas and chemical sensors [5], catalysis [6], photovoltaic 

cells [7], semi-conductors devices [8] and nonlinear optics [9]. Pcs can be modified by 

coordination with different metals and substitution of peripheral or non-peripheral positions with 

different substituents. These modifications on Pcs can increase their specificity in various 

applications. Peripheral or non-peripheral positions are generally referred to as β and α position 

respectively (Figure 1.1). 
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    Figure 1.1: General structure of phthalocyanine (Pc), (metalated form MPc and metal-free  

       form H2Pc) 

1.2   Electronic Absorption Spectra of Phthalocyanines 

 
Pcs spectra generally shows two major absorption bands referred to as Q and B band (Soret 

band), Figure 1.2. The strong colours of Pcs arise from the Q band which is a strong band in the 

far red of the visible spectrum around 660 and 720 nm. The most energetic set of transitions 

referred to as B bands (soret) are less intense and lie to the blue of the electromagnetic spectrum 

between 320-400 nm. These intense absorption bands are due to transitions from bonding to anti-

bonding orbitals, π→π* transitions.  

In phthalocyanines, the highest occupied molecular orbital (HOMO) is labelled a1u (π) and the 

next low lying orbital is labelled a2u (π). The lowest unoccupied molecular orbital (LUMO) is 

doubly degenerate and labelled eg (π*) and the one after it is labelled b1u (π*) [10].  
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The π-π* transition involve a1u to eg transition results in the intense Q-band and the less intense B 

band is due to the second π-π* transitions which involves a2u and/ or b2u to eg transitions. The 

electronic energy level diagram summarising the energy level labelling is shown in Figure 1.3. 

 

 Figure 1.2 UV/Vis spectra of Metalated (MPc) and metal-free (H2Pc) phthalocyanine in 

Chloroform [11] 

Metal-free Pcs have lower D2h molecular symmetry, while metalated Pcs have higher D4h 

molecular symmetry. Due to the lower molecular symmetry of metal-free Pcs, the eg energy 

levels are not degenerate; hence they have a split Q band, Figure 1.2. Metalated Pc Q band is not 

split due a higher molecular symmetry which causes the eg energy level to be degenerate, (as 

shown in Figure 1.2).  Aggregation which is enhanced by van der Waals attractive forces 

between the rings of larger planar molecules also lowers the molecular symmetry of Pcs and 

results in the broadening and splitting of the Q band. Aggregated Pc couples between rings of 
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two or more π-system which leads to the blue or red shifting of the Q band. Aggregation lowers 

solubility, prevents photo chemistry and makes purification difficult [12]. 

 

Figure 1.3 Electronic energy levels for Metalated Pc (left) and Metal-free Pc (right) [11] 

The Q-band wavelength changes when oxidation potential of the central metal ion changes. The 

wavelength shift of the Q-band is also observed in the presence of coordinating solvents or when 

coordinating ligands are added [13]. When electron-donating group is introduced at the α 

position of the Pc, the Q band shifts to the longer wavelength, while at the β position, the Q band 

shifts to the shorter wavelength [14]. For electron-withdrawing groups, the effect is completely 

opposite with regards to α and β positions. Introducing the electron-withdrawing group at the α 

position shifts the Q band to the short wavelength while at the β position, the Q band shifts to the 

longer wavelength [14]. 
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1.3 General synthesis of phthalocyanines 

 

Synthesis of Pcs can be done using different methods. The nature of the precursors and 

availability of the substituents as the study materials determine the method of making these Pcs 

[15]. The most common synthetic method used involves the heating of substituted phthalonitriles 

derivatives as the starting materials in the presence of other reagents such as 1,8-diazabicylo-

[5,4,0]-undec-7-ene (DBU) or lithium (used as catalysts), solvent (e.g. pentanol, octanol) and 

metal salt in the case of metalated Pcs [15], Scheme 1.1. 

 

 Scheme 1.1: General synthesis of phthalocyanines, MX2=Metal salt [16].  
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1.3.1 Synthesis of peripheral tetra substituted phthalocyanines. 

 

Phthalocyanine’s solubility in some organic solvents can be improved by the addition of 

substituents at the β or α position of macrocycles. Substituents improve Pc dissolution due to the 

increase in distance between the stacked molecules [17]. In this work, β tetra substituted Pc is 

studied. Synthetic route for peripheral tetra substituted phthalocyanine is shown below in 

(Scheme 1.2) involving the nucleophilic substitution reaction of 4-nitrophthalonitrile (1) and an 

alcohol in the presence of K2CO3 as a base and dry polar aprotic solvent to produce the 4-

alkoxyphthalonitrile (2) [18]. Scheme 1.2 also shows the synthesis of β tetra substituted Pc using 

microwave method. Microwave method involves heating of phthalic anhydride with urea in the 

presence of a catalyst mainly ammonium molybdate or aluminium oxide. These substances are 

mixed together and irradiate in a domestic microwave oven for less than 5 minutes. This method 

is fast and cheap however purification takes time [19]. 
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    Scheme 1.2: Synthesis of peripheral tetra substituted phthalocyanine, OR=any functional     

group [18]. 

1.4 Second order nonlinear optical activity (NLO) 

 

Studies on organic second-order nonlinear optical (NLO) materials have been conducted in the 

recent past. NLO materials have gained promising applications in practical areas such as optical 

sensors, laser frequency conversion devices, optical information storage and higher speed 

electro-optic switching [20-24]. Second-order optical nonlinearity in many organic compounds 
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arises from highly polarizable π-conjugated system capped with groups of different electron 

affinities. Traditional inorganic materials have been studied for their NLO properties in the past. 

It has been reported in literature [25], that these inorganic materials have some disadvantages 

such as difficulty of substitution, low response coefficient and delayed response. However, these 

drawbacks have been overcome by using organic dipolar molecules such as phthalocyanines.  

1.4.1 Second-Order nonlinear optical activity in phthalocyanines 

 

 Phthalocyanines are applied as potential nonlinear optical materials based on two-photon 

absorption (2PA) and the nonlinear reverse saturable absorption (RSA) mechanism [26].Two 

photon absorption is a process in which an atom absorbs two-photons at the same time. In this 

process, an electron from a lower energy level (ground state) is promoted to a higher energy 

level referred to as the excited state. The sum of the two photon energies is equal to the total 

energy of the transition [27]. RSA mechanism is observed when nonlinear excited state 

absorption is larger than the ground state absorption. RSA mechanism depends on the 2PA 

mechanism. Figure 1.4 shows how RSA is rationnalised. It is understood that Pc molecule lie 

within the vibration manifold of one of the five electronic states. The ground state, S0, one of the 

two excited singlet states, S1or S2 and one of the two excited triplet states T1 or T2. The 

absorption cross section for the transition S0→S1, S1→ S2 and T1→T2 are denoted as σG, σS and 

σT respectively. The excited state cross sections (σS, σT) are larger than the ground state cross 

section (σG) for RSA mechanism. The decays S1→ S0, S1→ T1 and T1→ S0 have rate constant 

kSG, kISC and kTG respectively [27]. 
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Figure 1.4: Five energy level diagram [27]. 

Pcs have a network of conjugated 18 π-electrons, which enables them to have high polarizability 

and fast charge redistribution when they interact with rapidly varying intense electromagnetic 

fields of laser radiation [28]. Pcs also take up high position as NLO materials due to their high 

excellent chemical and thermal stability and can easily be prepared [28]. In addition, Pcs have 

high threshold for damage [30].  Pcs are very good candidate for NLO optics, because they show 

high second- order nonlinear absorption coefficient (β) over a broad spectra bandwidth, which 

appears within a nanoseconds response time. Nonlinear absorption coefficient is the nonlinear 

optical property of the material that changes in the presence of high intensity light [29]. Table 

1.1 gives the summary of some known Pcs and their β values that have been reported in literature 

for the last 10 years. The β value is obtained by a nonlinear fit of q0 (zs), a parameter that 
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describes the strength of the nonlinearity. Literature reports that the higher the β value, the better 

the nonlinear optical material [29]. β values can be determined using different methods such as; 

electric field induced second-harmonic generation (EFISHG) measurements, hyper-Rayleigh 

light scattering (HRS) measurements and Z-scan measurents. It is reported in literature that 

analysis of results obtained from these different measurements show consistent results, although 

results may not be exactly the same [31].  

Table 1.1: Summary of some selected known Pcs with their second order β values for the last 10 

years. 

Compound (Pc) β value (x10 
-10 

m/W) Reference 

 

 

 

 

 

 

Z-scan  measurements 

in DMSO 

 

[32] 0.15  
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Z-scan  measurements 

in DMSO 

 

 

 

 

 

 

 

 

Z-scan  measurements 

in DMSO 

 

 

 

 

 

 

 

Z-scan  measurements 

in Chloroform 

 

[33] 0.43 
 

0.36 
 

[34] 

0.15  
[35] 
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2,3,9,10,16,17,23,24-octakis-(heptyloxy) 

phthalocyanine 

 

6.00  

Z-scan measurements 

in DMSO 

 

 

 

5.38  

 

Z-scan measurements 

in DMSO 

 

 

 

 

 

 

 

Z-scan measurements 

in DMSO 

 

 

[36] 

[37] 

0.22 
 

[38] 
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0.29  

Z-scan measurements 

in Toluene 

 

 

 

 

 

 

 

 

0.39  

 

Z-scan measurements 

in Chlororm 

 

 

 

 

 

 

3.50  

Z-scan measurements 

in Toluene 

 

[39] 

[40] 

[41] 
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0.44  

 

Z-scan measurements 

in DMSO 

 

 

 

 

 

0.16 
 

 

Z-scan measurements 

in Chlororm 

 

 

Although Pcs have been studied extensively and used as NLO materials due to high second order 

nonlinear absorption coefficient (β), they possess some barriers that prevent further improvement 

of nonlinear optical activities, such as aggregation. Aggregation reduces active absorbing excited 

state and lifetime of the Pcs based material causing a drastic decay in their optical properties 

such as reduction in second order nonlinear absorption coefficient [12, 39, 40]. There are two 

types of aggregation, namely; H and J aggregations. With respect to Q band, H aggregation is 

blue shifted and J aggregation is red shifted [43]. Density functional theory (DFT) calculations 

[33] 

[42] 
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also show that phthalocyanines being dipolar molecules due the presence of dipole moments tend 

to arrange in antiparallel ways that enables the formation of crystalline larger materials 

(aggregates), which contributes to the reduction of second order nonlinear activity [44]. 

Some second order nonlinear optical applications require materials that display high 

transparency in the red region of their UV-Vis spectra, which cannot be achieved by 

phthalocyanines due their extended conjugated π-electron system [45].Increased conjugation 

length causes a loss in optical transparency [46], which reduces the second order β value. Despite 

phthalocyanines having these barriers, there are various ways that can be done to further improve 

their NLO activities. 

Some of the ways include, firstly, changing the central metal in the cavity of the phthalocyanines 

ring. Literature reports that Pcs containing heavy metals such as Indium [47] promotes 

intersystem crossing which results in improved NLO behaviour that is different from a metal-

free Pc. In this work, nickel is used. Nickel is used as a central metal because it has good 

chelating and stability properties and possesses enhanced NLO properties. [48]. 

Secondly, alteration of peripheral, non-peripheral or axial substituents in Pcs can also modify the 

molecular structural arrangement and enhance the solubility of Pcs, which has an effect on 

improving the NLO activity [49, 50]. It is reported that phthalocyanines with substituents at the 

peripheral positions, provide better NLO activity compared to non-peripheral substitution [51]. 

Hence, this work looks at peripheral substituted Pcs and introduction of binuclear 

phthalocyanines (Bi-Pcs) as potential molecules to overcome some the challenges faced by 

monomeric Pcs. 
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1.5 Binuclear phthalocyanines 

 
Binuclear phthalocyanines have two phthalocyanines units connecting one another via covalent 

bonding, Figure 1.5. Bi-Pcs are formed by fusing two chromophores directly or linking through 

different types of conjugated or non-conjugated bridges. These binuclear complexes can exist in 

various conformations depending upon the nature of the bridging unit, such as co-facial, planar 

and clamshell [52]. Bi-Pcs that are covalently linked with highly conjugated species have 

received attention in the recent past [53, 54]. The presence of highly conjugated species enables 

Bi-Pcs to have a lot of applications, hence the attention. 
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     Figure 1.5: General structure of binuclear phthalocyanine 

The two linked Bi-Pcs nuclei couple between electronic states, which lead to important variation 

in the absorption spectra of the molecules. These make Bi-Pcs play significant roles as serious 

building blocks with high excitonic properties for the construction of multicomponent photo 

which brings about electron transfer supramolecular systems [53]. Excellent chemical, thermal 

stability, bright colour and conductivity have made Bi-Pcs very desirable for many applications, 

such as in electrochemical sensor, single molecular magnets, organic light-emitting diode [52]. 

Spectroscopic properties of Bi-Pcs are similar to that of monomeric Pcs because the Pc units are 

covalently linked through a bridge 
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1.5.1 Binuclear phthalocyanine synthesis 

 

Bi-Pcs have been synthesised in order to look for excitonic or electronic interactions within the 

rings of the molecules so as to change the electrical and optical behaviour of the binuclear 

systems more than mononuclear parent compounds. Table 1.2, gives some examples Bi-Pcs and 

their second order β values that have been reported in literature for the last fifteen years 

The synthesis of Bi-Pc is usually carried out by statistical condensation reaction. In this reaction,   

dicyano substituted intermediate reacts with a large excess selected phthalonitrile. Unfortunately, 

this reaction produces more monomeric phthalocyanines than binuclear phthalocyanine. Scheme 

1.3, shows an example of a typical statistical condensation reaction. In statistical condensation 

reaction, two different phthalonitriles or diiminoisoindolines are used as starting materials for the 

synthesis of Bi-Pcs and other condensation products [55]. The use of diiminoisoindoline is the 

preferred method when the reactivity of the phthalonitrile is very low, because 

diiminoisoindoline is more reactivity than phthalonitrile. Phthalonitrile is a precursor for 

diiminoisoindoline. Diiminoisoindoline is prepared by refluxing phthalonitrile in methanol in the 

presence of ammonia gas and sodium metal as a catalyst [56]. 
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Scheme 1.3: Example of a condensation reaction used to synthesise binuclear phthalocyanine 

[55]. 

1.5.2   Second-order NLO Activity in Binuclear Pthalocyaniness  

 

Second-order nonlinear optical properties have been mainly studied on monomeric Pcs, and few 

studies have been conducted on Bi-Pcs. Hence, this work focuses on the second order 

hyperpolarizability (β) of Bi-Pcs, in order to further contribute to the study of the material with 

NLO properties. Bi-Pcs are non-centrosymmetric and therefore expected to show an enhanced 

second β term, which in turn has a direct impact on the macroscopic second order NLO response. 

Bi-Pcs have the potential to transform D2h symmetry Pc unit to a D2 or D2d symmetry. This can 

be achieved by changing the angles corresponding to the torsional relationship between the Pc 
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unit and the linker least square plane [57], Figure 1.6. Almost all known NLO octupolars have 

either a D3h or Td symmetry. The D2 and D2d symmetry could be exploited in the design of 

octupolar compounds. Timothy et al has shown that a strongly coupled D2 symmetry oscillator 

can provide an important design for NLO chromospheres with enhanced NLO properties [57]. 

Figure 1.6 shows that torsional angle of          correspond to D2 symmetry with Hyper-

Rayleigh Scattering (HRS) active,          correspond to D2d symmetry, with maximum 

HRS active and         correspond to D2h symmetry with HRS silent. In general, 

Multinuclear Pcs have shown potential of improving β values [58-62]. 

s 

 Figure 1.6: Formation of D2h, D2 and D2d symmetry [57] 

Low symmetry Pcs are known to possess variable degrees of dipolarity and octupolarity ratio 

[63], which contribute to the measured second order β values. 

Molecules which are more octupolar are known to show great potential as novel second-order 

NLO material, due to their diverse and complex charge distribution [63, 64]. Compared to their 

dipolar counterparts, octupolar molecules possess favourable characteristics such as insensitivity 
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to polarization, increased transparency and absence of dipole moment. However, Bi-Pcs are 

known to form strong H-aggregation in solution [65, 66], which in turn could contribute to the 

reduction of β values [67]. 

Although, synthesis of Bi-Pcs has been reported, less work has been done on the application of 

Bi-Pcs as second order nonlinear optical material, through the determination of second order 

nonlinear absorption coefficient (β) as indicated in the Table 1.2.Therefor, much work needs to 

be done in this area. 

Table 1.2: Selected reported Bi-Pcs and their second order β values for the last fifteen years 

Binuclear Pc β value (x10
-10

 m/W) References 

  

3.50 

Z-scan measurements 

in Toluene 

 

[40] 
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2.50 
 

 

Z-scan measurements 

in DC 
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[69] 

[70] 

[71] 

[68] 
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1.6 Spectroscopic characterization 

 

This section discusses briefly some of the spectroscopic techniques used in this thesis. 

 

1.6.1 Magnetic Circular Dichroism (MCD) 

 

Magnetic Circular Dichroism spectroscopy is an extremely powerful technique used to 

investigate the electronic structures and spectra of paramagnetic transition metal complexes. This 

technique has clear advantage compared to UV-Vis absorption spectroscopy because of better 

[75] 

[76] 
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resolution of electronic transitions. The polarizations of the electronic transitions are accessible 

by MCD in samples of randomly oriented molecules [77]. MCD spectroscopy provides the 

ground and excited state degeneracy information required to fully understand the electronic 

structure of the high symmetry complexes of heteroaromatic π-systems such phthalocyanines on 

the basis of the orbital angular momentum properties of the frontier π-molecular orbitals (MOs). 

The additional information provided by the MCD technique is derived from the three highly 

characteristic spectra features, the Faraday A1, B0 and C0 terms based, on the Zeeman splitting of 

the absorption bands for left circular polarized (lcp) and right circular polarized (rcp) light, the 

field induced mixing of the zero-field states and the Zeeman splitting based ground state 

population adjustment [78]. The A1term, Figure 1.7: arises from the Zeeman splitting of an 

orbitally degenerate excited state. There is a highly distinctive first derivative band shape due to 

the separation of the band centres for the absorption of lcp and rcp light. [79].  

 

                      Figure 1.7: Faraday A1 terms [79]. 

The B0 term arises from second order effects based on the field induced mixing of the zero field 

states. B0 terms completely dominate the MDC spectrum when there is no three-fold or higher 
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rotation axis, since there are no orbitally degenerate states that can be split due to the Zeeman 

effect [78, 79]. 

When a structural modification results in a small zero–field splitting, relative to the spectral band 

width of what would otherwise be an orbitally degenerate π-π* excited state, the resulting 

derivative-shaped signal is often referred to as a pseudo-A1 term, Figure 1.8, [79], since there is 

a dependence on the energy separation of states J and K (∆EKJ) mixed by the field. 

 

                                            Figure 1.8: Faraday B0 terms [79]. 

The B0 terms can be readily distinguished from C0 terms by measuring spectra at both room and 

cryogenic temperatures since they lack 1/kT temperature dependence, [78, 79]. 

An MCD band shape which peaks nearly at the absorption maximum and whose magnitude is 

temperature-dependent is generally called a faraday C0 term, and its sign and magnitude are 

related to the sign and magnitude of splitting of the ground state, Figure 1.9, [78]. 
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                    Figure 1.9: Faraday C0 terms [79]. 

Thus a non-zero C0 term requires the presence of a degenerate ground state and a non-zero A1 

term requires either a degenerate ground state or excited state.  Mathematical expressions for the 

Faraday A1, B0 and C0 terms are reported in literature [78-80] and not repeated here. 

As mentioned before, the spectra of phthalocyanines consist generally of two regions. The one in 

the 600-750 nm region is the called the Q band and the other in the 300-450 nm is called the B 

band (soret).In case of metalated phthalocyanines (MPcs) with D4h symmetry, the intense Q band 

is related to a single transition from the non-degenerate ground state to a doubly degenerate 

excited state, while the B band contains a set of transitions of less intensity.  The B band of the 

MPcs includes at least one transition from the non-degenerate ground state to a doubly –

degenerate excited state. Thus, MPcs show Faraday A1 terms at both the B and Q bands. In 

contrast, metal-free Pcs exhibit only Faraday B0 terms through all regions since there is no 

degeneracy at either ground or excited states. MDC curves can have both plus and minus signs, 

[79, 80], Figure 1.10. 
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Figure 1.10: Absorption (bottom) and MCD (top) of MPc (black) and MBi-Pc (red) in Toluene 

[81]. 

1.7 Time-correlated single photon counting (TCSPC) technique  

 

Time-Correlated Single Photon Counting (TCSPC) is based on the detection of single photons of 

a periodical light signal, the measurement of the detection times of the individual photons within 

the signal period, and the reconstruction of the waveform from the individual time 

measurements. The TCSPC technique makes use of the fact that for low level, high repetition 

rate signals the light intensity is usually so low that the probability to detect one photon in one 

signal period is much less than one. Therefore, the detection of several photons per signal period 

can be neglected [82].The TCSPC measurements relies on the concept that the probability 

distribution for emission of a single photon after an excitation yields the actual intensity against 
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time distribution of all the photons emitted as a result of the excitation[82]. TCSPC measures 

fluorescence emission, excitation, lifetimes and rotational correlation time (anisotropy).  

The time it takes for any molecule to rotate one radian is referred to as rotational correlation time 

[82,83]. Rotational correlations time depends on the particle size of the molecule and the 

viscosity of solvent. Less work in literature has been reported on determining the rotational 

correlation time of Pcs. Therefore, in this work, rotational correlation time of β tetra substituted 

Pcs and Bi-Pcs are measured. 

1.8 Z-scan technique 

 
Figure 1.11, depicts the schematic of the experiment set up for the Z-scan measurements. The Z-

scan works on the principle of moving the sample under investigation through the focus of a 

tightly focussed Gaussian laser beam. The interaction of the medium with the laser light changes 

as the sample is moved. This is because the sample experiences different intensities, dependent 

on the sample position (Z) relative to the focus [82]. 

 

Figure 1.11: Z-scan measurement set up. 
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Information about the light-matter interaction can be extracted by measuring the transmittance 

through the sample as a function of Z-position of the sample. The two nonlinear interactions that 

can be determined in this fashion are the sample’s nonlinear index of retraction and nonlinear 

absorption coefficient [29, 82,84]. Determination of nonlinear absorption coefficient 

measurements is done by the removal of the aperture thus making the scan insensitive to 

nonlinear refraction. Nonlinear index of refraction is measured by placing the aperture in front of 

the detector measuring the transmitted light. This makes the measurements sensitive to beam 

spreading or focusing and relates to a transformation of phase distortion into amplitude 

distortion. Sample displaying nonlinear refraction will act as a lens of variable focal length as it 

is moved along the z-axis [81, 84].  

1.8.1 Theory behind Z-scan measurements  

 

Second order NLO parameter ( ) was determined experimentally by measuring the normalised 

transmittance from an open aperture Z-scan experiment.  The normalised transmittance is given 

by Equation 1 [85, 86]: 

 

  (  )  
 

   (  )
∫         (  ) ( 

  

  
)                                                                                   (1) 

   

where  ( ) is a function of time describing the temporal profile of the pulse for Gaussian pulses 

and has the form  ( )   (   ) . A is a normalization constant equal to ∫  ( )  
  

  
 and   (  ) 

is a parameter characterizing the strength of the nonlinearity. When using circular Gaussian 

beam    is represented by Equation 2 [87, 88]: 
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  (  )  
        

   (  )
                                                                                                                          (2) 

where   is the nonlinear absorption coefficient of the material,    is the peak power of the pulses 

and the      is the effective propagation length in the material, given by the relation 

     
    (  )

 
                                                                                                                   (3) 

where L is the sample length (or the thickness of the sample respectively) and   is the linear 

absorption coefficient.   can be determined using Equation 4: 

  
  

 
                                                                                                          (4) 

where N corresponds the number of active species per unit volume,  h is Planck’s constant and v  

is the frequency of a laser excitation.  The parameter  (  )  (in Equation 2) is the beam width at 

the sample plane defined as the distance from the beam centre to the point where the intensity 

reduces to     of its axis value.  (  ) is defined by Equation 5 [85]: 

 (  )    √  (
     

  
)
 

                                                                                                            (5) 

where    is the beam width at the focus and   is the location of the beam focus. The parameter 

   is the Rayleigh length, defined by Equation 6:  

   
   

 

 
                                                                                                                                        (6) 

where   is the bean wavelength. Equations (1)-(6) are used to determine the nonlinear 

absorption coefficient ( ) from experimentally measured transmittance. Tsigaridas et al. [85] 

have produced an analytical formula given by Equation 7:  
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  (  )  {
       (  )      

 (  )      
 (  )         (  )      

        (  ) 
         (  )      

                                  (7) 

where, the coefficients                      for Gaussian pulses are given as 15.66, -37.45, 

30.76, -8.97, -2.301, 2.156, -1.563 respectively [85]. Equation7 provides values of   (  ) 

directly from the normalized transmittance   (  ). Tsigaridas again demonstrated that the 

technique allows straight forward determination of   and is very robust to noise [85]. Absorption 

coefficient ( ), as well as the beam parameters    and    can be determined from   (  ) values 

obtained from Equation (7). Substituting Equation 5 into Equation 2    (  ) is then defined by 

Equation 8: 

 

  (  )  
  

  (     )    
                                                                                                                  (8) 

Where  

   
        

   
  

        

   
                                                                                                             (9) 

 

Equation 7 gives a Gaussian plot with    as the maximum value at the beam waist (     ). 

The full width at half maximum (FWHM) of the   (  ) is equal to    .  The peak value and the 

FWHM of the plot gives values of    and  . Equation 10 is then used to calculate the nonlinear 

absorption coefficient ( ). 

 

  
     

       
                                                                                                                                  (10) 
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1.9 Density Functional Theory  

  

Density functional theory (DFT) is a modelling tool used in computational physics, 

computational chemistry and materials sciences. This computational method is used to obtain 

general properties of the compound due to the presence of the electron density within the 

molecule. DFT theory puts more emphasis on one electron density function than the wave 

function. DFT could be used to investigate the electronic molecular structure of atoms and 

molecules [89]. In the recent past, understanding of chemical structure and the natural of the 

chemical reaction of different molecules based on the calculations of the electronic structure has 

gained a lot of interest by different researchers. The interest arose as a result of the fact that, DFT 

calculations can be done correctly while maintaining the time of calculating. 

1.9.1 DFT calculations for NLO properties. 

 

DFT calculation of hyper-Rayleigh Scattering (HRS) response coefficient (    ) is done in order 

to calculate the first static hyperpolarizability [20, 90,91 92]. As mentioned earlier, HRS β values 

when compared with Z-scan β values show consistence results (same trend). Therefore, 

theoretical HRS β values from DFT calculations are compared with experimentally determined β 

values from Z-scan measurements. The advantage of DFT calculation method is that octupolar 

and dipolar second order NLO contributions are theoretically separated compared to other 

methods [93]. The values of both dipolar (    ) and octupolar (    ) are known to be 

significantly influenced by the number of electrons in the system [20]. Due to symmetry 

constraints there is no permanent dipole moment for octupolar molecules [91], hence octupolar 

molecules present an isotropic β tensor.  



  CHAPTER ONE                                                                                                          INTRODUCTION 

35 

It is to be noted that the equations presented below are only valid in the off-resonance region 

[94].The following equations were used to calculate the       response. In Equation 11, 〈    
 〉 

and 〈    
 〉 are the orientation average of the molecular   tensor components.  

 

     (       )  (〈    
 〉  (〈    

 〉)                                                                              (11) 

 

The molecular   tensor was calculated using Equations 12 and 13 [95]: 

〈    
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In addition, the molecular geometric information is given by the depolarization ratio (DR), which 

is expressed by    〈    
 〉 〈    

 〉. The nature of the symmetric Rank-3   tensor is further 

clarified by decomposing  〈    
 〉 as the sum of the dipolar (    ) and octupolar (    ) tensorial 

components [91], which are expressed as Equation 14 to 16: 
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The ratio of octupolar [       (   )] and dipolar [       (   )] contribution to the 

hyperpolarizability tensor is determined by substituting the nonlinear anisotropy parameter   

|    | |    | [91]. The nonlinear anisotropy parameter values run from 0 (pure dipole) to 

  (pure octupole). 

The theoretical normalized HRS intensity (   
  ) is determined by using Bersohn’s expression 

[91], Equation 17, which assumes a general elliptically polarised incident light propagating 

along the X direction, see Figure1.12 as an example, reported in literature [64]. 
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            Figure 1.12: Dipolar and Octupolar plots [64] 

 

 Equation 17 further assumes that the intensity of the harmonic light is scattered at 90° along the 

Y direction and the vertically (V) polarised light along the Z axis [91].   

   
   〈    

 〉      〈    
 〉                 〈(         )           〉         (17) 

The orientational averages 〈(         )           〉 in Equation 17 is expressed as 

Equation 18: 
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1.10 Summary of thesis Aims 

 

The aims of this thesis are: 

(1)  To synthesise metal-free and nickel monomeric 4-(4-tert-butyphenoxy) phthalocyanines, 

biphenyl bridged binuclear 4-tert-butyphenoxy phthalocyanines and naphthalene bridged 

binuclear 4-tert-butyphenoxy phthalocyanines, Figure 1.12 (19-21). These complex 

molecules will be characterised by mass spectroscopy (MS), UV-Vis spectroscopy, 

Infrared (IR) spectroscopy and Magnetic circular dichroism (MDC) spectroscopy. 

 

       Figure 1.13: Synthesised molecules studied in this thesis 
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(2) To investigate fluorescence lifetimes and rotational correlation time of these metal-free 

complexes using time correlated single photon counting (TCSPC). 

(3) Nature of second- order nonlinear optical activity of biphenyl bridged binuclear 

phthalocyanines and naphthalene bridged phthalocyanines in comparison with 

monomeric phthalocyanines will be investigated. 

(4)  Octupolar/Dipolar contributions  to the second-order nonlinear optical response of all the 

synthesised complexes using density functional theory will be studied 
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CHAPTER TWO: EXPERIMENTAL 
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2 Experimental 

 

2.1 Materials 

 

4-Nitrophthalonitrile, 4, 4-dihydroxybiphenyl, and 4-tertbutylphenol were purchased from 

Sigma-Aldrich and were used without further purification. The solvents dimethylsulfoxide 

(DMSO), dichloromethane (DCM), 1-octanol, dimethylformamide (DMF) and tetrahydrofuran 

(THF) were purchased from Merk and were used as received, whereas, dichlorobenzene and 

hexane were purchased from Sigma-Aldrich. Other solid materials that were purchased from the 

sigma-Aldrich include; potassium carbonate, aluminium oxide and Silica gel. Bio-beads were 

purchased from the Bio-Rad laboratories.  

2.2 Equipment 

 
Ground state electronic absorption spectra were performed on Shimadzu UV-2550 

spectrophotometer in THF. Magnetic Circular Dichroism (MCD) spectra were run on Chirascan 

plus spectrometer as solution in THF. IR spectra were recorded with the Perkin Elmer spectrum 

2000 FT-IR spectrometer. Elemental analyses were performed on an Elementar vario micro cube 

(CHNS analysis). Mass spectra data were collected on a Bruker AutoFLEX III smart-beam 

MALDI-TOF mass spectrometer using alpha cyano as the matrix in the positive mode. Column 

chromatography was carried out on silica gel, aluminium oxide and on Bio-beads
TM 

S-x1 

support.  
1
H- NMR and 

13
C- NMR were recorded on Bruker AM-300 equipment. 

Fluorescence lifetimes were measured with a FluoTime 300 EasyTau spectrometer (PicoQuant 

GmbH) using a time correlated single photon counting (TCSPC) technique.  The samples were 

excited at 670 nm with a diode laser (LDH-P-670, 20 MHz repetition rate, 44 ps pulse width, 
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PicoQuant GmbH).The detector employed was a Peltier cooled photomultiplier (PMA-C 192-M, 

PicoQuant GmbH). 

All Z-scan experiments described in this study were performed using a frequency-doubled Nd: 

YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm pulse duration) as the excitation source.  The laser 

was operated in a near Gaussian transverse mode at 532 nm (second harmonic), with a pulse 

repetition rate of 10 Hz and an energy range of 0.1 µJ - 0.1 mJ, which was monitored with an 

energy detector (Coherent J5-09).  The low repetition rate of the laser prevents cumulative 

thermal nonlinearities.  The beam was spatially filtered to remove the higher order modes and 

tightly focused with a 15 cm focal length lens.  No damage was detected between runs when the 

sample was moved or replaced. 

The Gaussian 03 software package [96] running on an Intel/Linux cluster was used to perform all 

DFT calculations. The calculations were done at the B3LYP geometry optimizations with 6-31G 

(d) and SDD basis sets.  Gaussview 4.1 was used for all visualizations of molecular orbitals 

(MOs) and properties.  The B3LYP exchange-correlation density functional employs Becke’s 

method for using Lee-Yang Parr’s gradient-correction, which includes a hybrid of semi-

empirical Hatree-Fock and DFT exchange.   
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2.3 Synthesis of peripheral substituted phthalonitriles 

 

2.3.1 Synthesis of 4β- (4-tert-butylphenoxy) phthalonitrile (9) 

 

1.04g, (6.00 mmol), of 4-nitrophthalonitrile (1) and 0.90g, (5.98 mmol) of 4-tert-butyphenol (2) 

were dissolved in 10 ml dry DMF under nitrogen gas at room temperature. Anhydrous K2CO3 

(2.50g, 18 mmol) was crushed and added portion-wise every 15 minutes. The reaction was 

allowed for 24 hrs. After 24 hrs of total reaction, 1.00 M HCl (50 ml) was added to the reaction 

mixture to allow formation of precipitates. The reaction was then filtered, and recrystallized in 

methanol and small amount of water to yield a pale yellow product. Yield: 72%, Elemental: 

expected values (%): (C=75.7), (H=2.9), (N=13.6), results (%): (C=74.5), (H=3.04), (N=13.7) IR 

[(KBr) vmax, cm
-1

)]: (C≡N = 2228.01), (C-H = 2964). 

2.4 Syntheses of Bisphthalonitriles (linkers) 

  

2.4.1 Synthesis of conjugated bisphthalonitrile (14)  

 

Telethaldehyde (0.20 g, 0.15 mmol) and 4-aminophthalonitrile (0.21 g, 0.15 mmol) in the ratio 

1:1 were refluxed in toluene overnight at 110°C. After the reaction time, the product was filtered 

and recrystallizes in acetonitrile to obtain a yellow compound referred to as compound 12. The 

yellow product was then dried in oven overnight at 50°C. Compound 12 (0.30 g, 0.12 mmol) and 

2, 6-diaminopyridine (0.06 g, 0.06 mmol) in the ratio 2:1 were refluxed in methanol at 65°C 

overnight. After the total reaction time, the product was filtered and recrystallizes in acetonitrile 

to obtain a pure brown compound referred to as compound 14. The pure compound 14 was then 

dried in oven at 60°C overnight. Yield: 64%. Elemental: Expected results (%) (C=75.11), 



  CHAPTER TWO                                                                                                        EXPERIMENTAL 

 

44 

(H=3.5), (N=21.31), Results (%) (C=74.78), (H=4.46) (N=20.76). IR [(KBr) vmax, cm
-1

)]: (C≡N 

= 2219.67), (=C-H =3100) 

2.4.2 Synthesis of 4, 4- Diphthalonitrileoxybiphenyl (16a) 

 

Dihydroxybiphenyl (15) (0.10 g; 0.54 mmol) and 4-nitrophthalonitrile (1) (0.19 g; 1.1 mmol)   

were dissolved in 2.00 ml of DMSO, stirred at 70
 ○

C for 30 hrs. After 6 hrs of the reaction, 

K2CO3 (0.50g, 3.60 mmol) was added at once and the reaction continued for 24 hrs. After the 

total reaction time (30 hrs), 1.00 M HCl (13.00 ml) was added to the reaction mixture to 

precipitate out the desired product. The product was filtered and recrystallizes in methanol to 

obtain a yellow compound. The yellow product was purified using flash chromatography on 

silica gel and eluting with chloroform to afford 4, 4-diphthalonitrileoxybiphenyl as a white solid. 

Yield: 69%, and the melting point of the compound was found to be between 154-156
o
C. 

Elemental: expected values (%) (C=76.7), (H=3.2), (N=12.8), results (%): (C=75.56), (H=3.25), 

(N=12.44). IR [(KBr) vmax, cm
-1

)]: (C≡N = 2219.67), (=C-H =3100). 
1
H

1
NMR: δH (300 MHz; 

CDCl3) 7.19 (4H, d, J = 8.6 Hz, ArH), 7.31-7.35 (4H, m, overlapping signals, ArH), 7.68 (4H, d, 

J = 8.6 Hz, ArH) and 7.76 (2H, d, J = 8.4 Hz, ArH). 
13

C
1
NMR:  δC (150 MHz; CDCl3) 109.2 

(Ar-C), 114.9 and 115.3 (CN), 117.8, 121.1, 121.6, 121.7, 129.3, 135.5 and 138.1 (Ar-C), 153.4 

and 161.6 (ArC-O). 

2.4.3 Synthesis of 2, 7-Diphthalonitrileoxynaphthalene (18b) 

 

2, 7-dihydroxynaphthalene (17) (0.08 g, 0.50 mmol) and 4-nitrophthalonitrile (0.17 g, 1.00 

mmol) were dissolved in 2.5 mL of DMSO, stirred at 70 
○
C for 30 hrs. After 6 hrs of the 

reaction, K2CO3 (0.50 g, 3.60 mmol) was added at once and the reaction continued for 24 h. 
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After the total reaction time (30 hrs), 1M HCl (10 mL) was added to the reaction mixture to 

precipitate out the desired product. The product was filtered and recrystallizes in methanol to 

obtain a yellow compound. The yellow product was purified using flash chromatography on 

silica gel and eluting with chloroform to afford a white solid. Yield: 60%. Elemental: expected 

values (%) (C=78.2), (H=5.8), (N=10.1), results (%): (C=77.5), (H=5.43), (N=10.8). IR [(KBr) 

vmax, cm
-1
)]: (C≡N = 2219.67), (=C-H = 3100). 

1
H NMR: δH (300 MHz; DMSO) 7.40(2H, dd, J 

= 8.8 and 2.2 Hz, ArH), 7.51 (2H, dd, J = 8.8 and 2.5 Hz, ArH), 7.68 (2H, d, J = 2.2 Hz, ArH), 

7.91 (2H, d, J = 2.5 Hz, ArH) and 8.14 (4H, d, J = 8.8 Hz, ArH); 
13

C
 
NMR: δC (75 MHz; 

DMSO) 108.7 (Ar-C), 115.5 and 116.0 (CN), 116.3, 116.9, 119.8, 122.8, 123.3, 128.7, 131.0, 

135.1 and 136.5 (Ar-C), 152.7 and 160.8 (ArC-O). 

2.5 Synthesis of monomeric and binuclear phthalocyanines. 

2.5.1 Synthesis of metal-free 4β-(4-tert-butylphenoxy) phthalocyanine (19a) and biphenyl-

bridged binuclear 4β-(4-tert-butylphenoxy) phthalocyanine (20a) 

 

 A ratio of (1:20) compound 16a (0.01 g, 0.03 mmol) and compound 9 (0.16 g; 0.59 mmol), were 

dissolved in the mixture of o-dichlorobenzene and 1-octanol in the presence of lithium (as a 

catalyst). The mixture was stirred and refluxed at 120
 ○

C for 6 hrs and left to cool to room 

temperature. Acetic acid was then added to the mixture (to remove lithium metal), and stirred for 

30 minutes. Methanol was then added to precipitate the product out. The mixture was then 

filtered and the solid green product dried. The product was purified on column chromatography 

using silica gel. The mixture of DCM and methanol (10:1) was used to elute the first fraction 

(green in colour), which consisted of a monomeric phthalocyanine. THF was then used as the 
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second eluent in order to elute out the second fraction which was blue in colour. The second 

fraction was further purified on Bio-beads using THF to obtain a pure metal-free monomeric Pc 

(19a) and metal-free binuclear Pc (20a). Compound 20a came out first in the column because of 

its lager molar mass and the compound 19a came out last.  

Compound (19a): Yield: 35%, IR [(KBr) vmax, cm
-1

)]: (N-H=3700), (C-H=2964.99).UV/Vis 

(THF): λmax nm (log ε): 700 (6.00), 665 (5.96), 637 (5.54), 605 (5.35), 338 (5.75).MS (MALDI-

TOF) m/z: Calculated 1107.34; Found 1109.88 [M + H
+
].

 

Compound (20a): Yield: 15%, IR [(KBr) vmax, cm
-1

)]: (N-H=3700), (C-H=2964.99).UV/Vis 

(THF): λmax nm (log ε): 698(6.09), 663(6.14), 629 (6.02), 603 (5.99), 325 (6.23). MS (MALDI-

TOF) m/z: Calculated 2100.5; Found 2101.39 [M + H
+
]. 

2.5.2 Synthesis of metal-free naphthalene-bridged binuclear 4β-(4-tert-butylphenoxy) 

phthalocyanine (21a) 

Naphthalene binuclear metal-free 4β-(4-tert-butylphenoxy) phthalocyanine (21a) was 

synthesised as described above for compounds (20a), the difference being that, compound 18a 

(0.02 g, 0.05 mmol) and 9 (0.27 g, 0.98 mmol) were used. 

Compound (21a): Yield: 13%, IR [(KBr) vmax, cm
-1

)]: (N-H=3700), (C-H=2964.99).UV/Vis 

(THF): λmax nm (log ε): 699 (6.42), 664 (6.48), 631 (6.42), 610 (6.39), 331 (6.57). MS 

(MALDI-TOF) m/z: Calculated 2074.4; Found 2080.8 [M + H
+
].
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2.5.3 Synthesis of nickel 4β-(4-tert-butylphenoxy) phthalocyanine (19b) and biphenyl-

bridged binuclear nickel 4β-(4-tert-butylphenoxy) phthalocyanine (20b) 

Compound 16a (0.01 g; 0.03 mmol) and compound 9 (0.15 g; 0.55 mmol), in the ratio 1:20, were 

dissolved in the mixture of o-dichlorobenzene, 1-octanol  and  Nickel (II) acetate in the presence 

of  three drops DBU as a catalyst. A similar reaction and purification procedure was followed as 

above (2.51). The difference being that nickel acetate was used instead of lithium metal and 

hence no need for the acetic acid 

Compound (19b) Yield: 37% IR [(KBr) vmax, cm
-1

)]: (C-O-C=1246), (C-H=2964.99).UV/Vis 

(THF): λmax nm (log ε): 668 (5.86), 601 (5.16), 375 (5.13), 323 (5.92). MS (MALDI-TOF) m/z: 

Calculated 1164.00; Found 1166.19 [M + H
+
]. 

Compound (20b): Yield: 17%, IR [(KBr) vmax, cm
-1

)]: (C-O-C=1246), (C-H=2964.99).UV/Vis 

(THF): λmax nm (log ε): 664 (6.07), 608 (6.29), 327 (6.29). MS (MALDI-TOF) m/z: Calculated 

2113.8; Found 2215.07 [M + H
+
]. 

2.5.4 Synthesis of Naphthalene-bridged binuclear nickel 4β-(4-tert-butylphenoxy) 

phthalocyanine (21b) 

Naphthalene binuclear nickel 4β-(4-tert-butylphenoxy) phthalocyanine (21b) was synthesised 

using (0.01 g, 0,02 mmol) of compound 18b and (0.16g, 0,58 mmol) of compound 9. Similar 

method and purification procedure was followed as above for compound 20b. 

Compound (21b) Yield: 15% IR [(KBr) vmax, cm
-1

)]: (C-O-C=1246), (C-H=2964.99). UV/Vis 

(THF): λmax nm (log ε) 661(6.12), 610(6.30), 319(6.39). MS (MALDI-TOF) m/z: Calculated 

2187.8; Found 2193.86 [M + H
+
].
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3 Synthesis and Characterisation  

3.1 Synthesis of Phthalonitriles 

In order to prepare binuclear phthalocyanines, two different types of phthalonitriles have been 

synthesised. The two types of phthalonitriles are; substituted phthalonitrile, which was 

synthesised from 4-nitro phthalonitrile and the linking (bridging) phthalonitrile referred to as 

bisphthalonitrile, which is used to join two monomeric Pcs together .Three different linking 

phthalonitriles have been synthesised. One of the linkers synthesised is conjugated in order to 

make conjugated Bi-Pcs. This conjugated phthalonitrile was synthesised from 4-

aminophthalonitrile.The two other bridging phthalonitriles are not conjugated but covalently 

bonded so as to make covalent bonded Bi-Pcs. These two bridging phthalonitriles have been 

synthesised from 4-nitrophthalonitrile. 

3.1.1 Synthesis of 4-(4-tert-butylphenoxy) phthalonitrile (9) 

The substituted phthalonitrile needed for this work was derived from 4-nitrophthalonitrile, 

following synthetic method [97].The synthesis of 4-nitro phthalonitrile is routine or sometimes 

can be bought from Sigma-Aldrich, hence not repeated here. The synthesised 4-

nitrophthalonitrile (1) was reacted with 4-tert-butulphenol (8) in dry DMF in the presence of 

Potassium carbonate (K2CO3) as a catalyst at RT for 24 hours to form 4-(4-tert-butylphenoxy) 

phthalonitrile, yield 72%, Scheme 3.1. 
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  Scheme 3.1: Synthesis of 4-(4-tert-butylphenoxy) phthalonitrile (9) 

The IR spectra of compound 9 showed a strong C≡N stretch band at 2228.01 cm
-1

. Strong C-O-C 

bond stretch was found between 1220 -1350 cm
-1

 ranges. Expected C-H stretching band at 

2964.99 cm
-1 

was observed. Elemental results for compound 9 correlated very well with 

calculated values. 

3.1.2 Synthesis of bridging conjugated phthalonitrile (14) 

 

Scheme 3.2 shows a synthetic route for compound 14. Telethaldehyde (10) and 4-

aminophthalonitrile (11) in the ratio 1:1 were refluxed together in toluene overnight at 110 
○
C to 

form compound 12. Compound 12 together with 2, 6-diaminopyridine (13) in the ratio 2: 1 were 

refluxed in methanol at 65°C overnight to obtain a yellow product. The product was then 

recrystallised in hot acetonitrile to yield 64 % of pure compound 14.  
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Scheme 3.2: Synthesis of bridging conjugated phthalonitrile (compound 14) 

IR Spectrum of compound 14 showed a C≡N stretch band at 2235 cm
-1

, C-N band at 1215 cm
-1

 

and small C=N peak was observed at 1626, Figure  3.1. Elemental results for compound 14 

agreed very well with calculated values. 
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    Figure 3.1: IR Spectra for compounds 10, 11, 12, 13 and 14  
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3.1.2 Synthesis of 4, 4-diphthalonitrileoxybiphenyl and 2,7-diphthalonitrileoxynaphthalene 

phthalonitrile 

Dihydroxybiphenyl (15) and 2, 7-diphthalonitrileoxynaphthalene (17) were used to synthesise 4, 

4-Diphthalonitrileoxybiphenyl phthalonitriles (16a) and 2, 7 diphthalonitrileoxynaphthalene 

phthalonitriles (18b). The synthesis was carried by reacting compound 1 with compounds 15 and 

17 respectively, in dry DMSO in the presence of K2CO3 at room temperature for 30 hours. The 

resulting products where further purified by column chromatography using chloroform and 

methanol (10:1) to afford 69 % and 60 % yields of compounds 16a and 18b respectively, 

Scheme 3.2. 
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Scheme 3.3: Synthesis of bisphthalonitriles (compounds 16a and 18b) 

IR spectra of compounds 16a and 18b showed a C≡N stretch band at 2228cm
-1

 and the C-H 

stretching band at 2964 cm
-1

, Figure 3.2. Elemental results for compounds, 16a and 18b 

correlated very well with the measured values. The 
1
H NMR and 

13
C

 
NMR data obtained were in 

agreement with the structures of compound 16a and 18b. The 
1
H NMR aromatic region of 

compound 16 exhibited peaks at 7.19 ppm, 7.31-7.35ppm, 7.68ppm and 7,76ppm. These were 

assigned to the protons on the phthalonitrile and benzene rings. The 
13

C NMR data showed 

aromatic carbon (Ar-C) signal at 109.2, 117.8, 121.1,121.6, 121.7, 129.3,135.5 and 138.1 ppm, 
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CN signal at 114.9 and 115.3 ppm and ArC-O at 153.4 and 161,6 ppm.  The melting point of 

compound 16a was found to be between 154-156 
◦
C. 

 For compound 18b, the 
1
HNMR exhibited aromatic protons peaks at 7.41.7.53, 7.67. 7.91 and 

8.16 ppm. The 
13

C NMR data also showed aromatic carbon (Ar-C) signals at 108.9, 116.5, 117.1, 

120.0, 123.1, 123.6, 128.9, 131.3, 135.4 and 136.7 ppm. CN signal at 115.8 and 116.2 and Ar-O 

at 152.8 and 160.9 ppm. 
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 Figure 3.2: IR spectra compounds 15, 1 and 16a (top) and compound 17, 1 and 18b (bottom) 

3.2 Synthesis of binuclear Phthalocyanines 

 
Binuclear phthalocyanines are formed as the result of mixed condensation of bisphthalonitriles 

and substituted phthalonitriles. Substituted phthalonitrile used should be in large excess to 

prevent self-condensation of the bisphthalonitriles. An attempt was made to try and make 

conjugated Bi-Pcs using substituted phthalonitrile 9 and conjugated bisphthalonitrile 14. 

Unfortunately, the Bi-Pc was not formed only the monomeric Pc instead was formed. It was 

suspected that the bisphthalonitrile was not active enough to cyclise. Therefore, bisphthalonitrile 

was converted to bisisoindoline as reported in literature [56, 98, 99], to improve reactivity. 

However, Bi-Pc did not form despite the activation. Covalently bonded Bi-Pcs formed by using 
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the other two covalently bonded bisphthalonitriles (16a and 18b) as wanted. However, the Bi-pcs 

were obtained in low yields.  

3.2.1 Synthesis of metal-free 4β-(4-tert-butylphenoxy) phthalocyanine (19a), biphenyl 

bridged binuclear 4-tert-butylphenoxy phthalocyanine (20a) and naphthalene bridged 

binuclear 4-tert-butylphenoxy phthalocyanine (21a). 

 

 

Scheme 3.4: Synthesis of metal-free and nickel compounds 19a, 19b, 20a, 20b, 21a and 21b 
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The synthesis of metal-free and nickel 4β-(4-tert-butylphenoxy) phthalocyanine (19a and 19b),) 

and biphenyl bridged binuclear 4-tert-butylphenoxy phthalocyanine (20a and 20b) and synthesis 

of metal-free naphthalene bridged binuclear 4-tert-butylphenoxy phthalocyanine (21a and 21b) 

is depicted in Scheme 3.4. 

Using statistical condensation method, substituted phthalonitriles (9) was reacted with 

bisphthalonitrile (16a) and (18b) in the presence I-octanol, o-dichlorobenzene and lithium metal 

or nickel acetate to afford Bi-Pcs (20a, 20b, 21a and 21b). Compound 19a and 19b were 

obtained as by-products of the reaction. The Bi-Pcs (20a, 20b, 21a and 21b) were purified by 

size exclusion method using bio-bead column, eluting with THF. 

MS-MALDI-TOF data were in agreement with the structure of complexes 19a, 19b, 20a, 20b, 

21a and 21b, Figure 3.3. MS-MALDI-TOF was used to analyse these large complexes because 

it is very fast, easy to use, very sensitive, tolerant to buffer and does not fragment large 

molecules into smaller charged particles, rather it turns the large molecules being ionised into 

small droplets. These droplets can then be further desolvated into even smaller droplets, which 

creates molecules with attached protons [100, 101]. Due to aggregation and paramagnetic nickel 

metal centre, poor H
1
NMR signals were observed for these complexes. 

IR spectra of complexes 19a, 19b,20a,20b, 21a and 21b, clearly showed the absence of C≡N 

stretching band at 2228 cm
-1

, the presence of =C-H band at 2928 cm
-1

 , C-O-C vibrational at 

1260 cm
-1

and  N-H stretching band at 3700 cm
-1

 for metal-free complexes. For nickel 

complexes, N-H stretch was not observed due to metalation. 
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Figure 3.3: Mass spectra (MALDI- TOF) for complexes 19a, 19b, 20a, 20b, 21a and 21b 

3.3 Electronic absorption and MCD spectroscopy 

MCD spectroscopy can be used to identify the main electronic Q (0, 0) and B (0, 0) 

bands, due to the presence of intense Faraday A1 terms or coupled pairs of oppositely-

signed Faraday B0 terms [102].The band assignment was modified by the Stillman group 

[103-107] on this basis to, in ascending energy, determine the Q (ca. 670 nm), B1 (ca. 370 

nm), B2 (ca. 330 nm), N (ca. 275 nm), L (ca. 245 nm) and C (ca. 210 nm) bands. Figure 

3.4 contains the absorption and MCD spectrum of compounds 19a, 19b, 20a, 20b, 21a 

and 21b.  The presence of intense Faraday B0 term intensity for all the complexes 

demonstrates that the B1 and B2 bands lie in the 300-400 nm region.   
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The UV-visible absorption and MCD spectra (in Figure 3.4) of metal-free binuclear (20a and 

21a) and mononuclear 4β-(4-tert-butyphenoxy) phthalocyanines (19a) are consistent with 

those reported previously for D2h symmetry [108, 109]. Similarly for nickel complexes 

19b, 20b and 21b are consistent with those reported for D4h symmetry [108]. MCD and 

UV/vis spectra of compounds 20a, 20b, 21a, and 21b (in Figure 3.4 B, C, E and F) shows 

an intense blue shifted band between 600-350 nm, which is associated with H-aggregation 

through the exciton coupling of the Pc units [110]. The intensity of the peak and 

wavelength indicates a strong intramolecular coupling and thus reflects a co-facial 

arrangement of the binuclear phthalocyanines aggregates [110]. 

Pcs with D2h symmetry are known to produce negative MCD troughs associated with the Q band 

absorption peak in the longest wavelength [78]. The metal-free Pc (19a) has D2h symmetry and 

each unit of the metal-free Bi-Pcs (20a and 21a) also approximate D2h symmetry.  Therefore the 

π system of compounds 20a and 21a is predicted to contain four lowest unoccupied molecular 

orbitals (LUMOs) of b3g, b2g, b1u and au symmetry and two highest occupied molecular orbitals 

(HOMOs) each from the 1a1u and 1a2u molecular orbitals (MOs).  These MOs are associated with 

Counterman’s 4-orbital model [111], with   b3g and au, and b2g and b1u symmetry, respectively. 

The MCD spectra of 20a and 21a (Figure 3.4 (B) and (C) respectively) show negative MCD 

troughs associated with Faraday B0 term for the Q band (630-700 nm) in the longest wavelength.  

The presence of Faraday B0 terms indicate that no degeneracy exists in either the ground or the 

excited states [78].  
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Figure 3.4 UV-VIS (bottom) and MCD (top) spectra for: Left hand side (LHS)  A (19a), B 

(20a), C (21a). Right hand side (RHS)  D  (19b),  E (20a) and F  (21b) in THF. 

The split Q-band for compound 19a (Figure 3.4 A) attributed to the π - π
* 

transition is assigned 

as the Qx00 and Qy00 of the Pc
2
- ring [112].  The split Q-band is due to the presence of low 

symmetry (D2h) which lifts the degeneracy of the two LUMO levels. The B band in the UV 

region arises from the deeper π level - LUMO transition.  

Similarly a split Q-band is observed for compounds 20a and 21a and its assigned transitions 

follow a similar assignment as compound 19a, see Figure 3.4, the difference being in the 

number of MOs as discussed above. However, the Q-bands observed for 20a and 21a in the 

longer wavelength consist of superposition of Faraday B0 terms from individual phthalocyanine 

units.  

The envelope of absorption intensity in the 400-470 nm region has been assigned 

previously to n → π* transitions associated with the lone pairs on the peripheral oxygen 

atoms [113], or to the destabilizing effect of the electron donating effect of the sp
3
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hybridized oxygen atoms on the π-MOs that are associated primarily with the fused-ring-

expansion of the ligand with benzo rings [114].   

The MCD Q-band of nickel phthalocyanine (19b) and binuclear phthalocyanine (20b and 21b), 

Figure 3.4 (D), (E) and (F) respectively, shows a single Q-band (700 nm) with a Faraday A1 

term which is consistent with phthalocyanine possessing a D4h symmetry [78].   The observed Q-

band Faraday A1 terms for both complexes suggest that the LUMOs energy levels in both 

complexes are degenerate. However, the nickel binuclear phthalocyanines (19b and 21b) MCD 

Q band consists of superimposition of two Faraday A1 terms, since each phthalocyanine unit has 

an approximate D4h symmetry. The prominence of the blue shifted aggregation bands observed 

in Figure 3.4 (E) and (F) again is an indication of strong intramolecular coupling and thus 

reflecting a co-facial arrangement of the nickel binuclear phthalocyanines.  A monomer-like 

species is expected in the Q band region if the solution contains a monomer-like species with an 

intense and negative MCD absorption peak around 700-710 nm [115], which is the case for 

compounds 19a, 20b, 21a and 21b. The intensity of the aggregated peak for 20b and 21b is 

higher with respect to that of 20a and 21a, suggesting that 20b and 21b are more prone to 

aggregation. The insertion of nickel atom in the central cavity may promote aggregation, because 

the binuclear Pc units will assume a flatter geometry compared to its metal-free counterpart.    

3.4 Fluorescence lifetimes and rotational correlation lifetimes. 

 

Figure 3.5 A, B and C shows the normalised absorption, excitation and emission spectra 

of metal free 19a, 20a and 21a.  The excitation spectrum of 19a is identical to its ground 

state absorption spectrum, whereas 20a and 21a differ in the intensity of the aggregation 

band. The excitation spectra of 20a and 21a confirm that the bands between 600-650 nm 
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correspond to aggregation, since aggregated species do not fluoresce. As expected no 

emission or excitation spectra was obtained for nickel complexes. This is because nickel 

atom is known to quench the excited state, due to the unpaired electron in the d orbial 
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Typical time resolved mono-exponential fluorescence decay curves (obtained from 

TCSPC) for complexes 19a, 20a and 21a in THF are shown in Figure 3.6. One 

fluorescence life time (τ) for 19a, 20a and 21a were obtained (in THF and DCM) and 

were found to be between 5.0-5.8 ns range, see Table 3.1, which falls within the typical 

range for monomeric phthalocyanine compounds [115]. A single fluorescence lifetime 

also suggests that the compounds are relatively pure 

 

 

 

 

(C) 

 Figure 3.5: Absorption, excitation and emission of A(19a), B(20a) and C(21a) in 

THF.
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Figure 3.6: Fluoresces decay curves for compounds 19a (A), 20a (B) and 21a (C) in THF.     

Excitation wavelength of 638 nm. 

The rotational correlation times (Ф) in THF and DCM (in brackets) for 19a, 20a and 21a were 

found to be 0.52 (0.49),   0.73 (0.58) and 0.57(0.43) ns respectively.  Compound 21a has a 

significantly greater correlation time in both solvents. Ф is usually controlled by solvent 

viscosity, size and shape of the molecule. The difference in (Ф) can be attributed to the 

differences in the molecular structures.  The correlation times suggest that compound 21a has a 

greater interaction with the solvent molecules.  
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Table 3.1: Q band maxima in the absorption (Abs), fluorescence excitation (Exc), 

emission (Em) spectra, fluorescence lifetime (τ), anisotropy rotational correlation time 

(Φ) values and molecular volumes (Vm) in THF and DCM. 

 

      (nm) τ (ns) Φ (ns) Vm Solvent 

 Abs Exc Em   (     m3)  

19a  664:699 639 649 5.3±0.024 0.57±0.19 4.88 THF 

 665:700 635 645 5.7±0.084 0.43±0.13 4.32 DCM 

20a 663:698 634 644 5.2±0.019 0.52±0.31 4.46 THF 

 660:694 634 644 5.4±0.031 0.49±0.15 4.91 DCM 

21a 663:698 638 648 5.2±0.021 0.73±0.02 6.25 THF 

 660:698 640 650 5.6±0.020 0.58±0.19 5.82 DCM 

 

The rotational correlation times ( ) were further used to calculate the molecular volume 

occupied by each compound using Equation 19 [116] 

   
  

  
       (19) 

Where   is the Boltzman constant,   the viscosity, V the molecular volume and T the absolute 

temperature. The results of molecular volume using the above equation are summarised in Table 

3.1.  The molecular volumes from Equation 19 are within range of theoretically calculated 

molecular volume of              for an unsubstituted phthalocyanine compound. 

The unsubstituted phthalocyanine diameter was estimated to be       .  The theoretical value 

was calculated from DFT optimised structures at the B3LYP/6-31G (d) level of theory.  
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Compounds 19a, 20a and 21a molecular volumes are experimentally determined in THF and 

DCM (in brackets) to be 4.46 x 10
-27

 (4.91 x 10
-27

), 6.25 x 10
-27

 (5.82 x 10
-27

) and 4.88 x 10
-27 

(4.32 x 10 
-27

) m
3
 respectively (see Table 3.1). THF has higher viscosity compared to DCM 

(0.46 and 0.41 mPa.s respectively). The experimentally determined molecular volume is 

expected to be more accurate in more viscous solvents. This is because viscous solvents tend to 

slow down the rotation of the molecules in solution, hence the determined rotational lifetimes 

become more reliable. 

3.4 Nonlinear optical (NLO) parameters  

 

Figure 3.7  A, B, C D, E and F shows the open aperture Z-scan curves obtained for  compounds 

19a, 19b, 20a, 20b, 21a and 21b respectively in THF.  All the compounds showed a strong 

nonlinear absorption behavior with reverse saturable absorption (RSA) profile. The experimental 

and theoretical nonlinear absorption coefficient (β) values for all the six complexes were 

obtained and are tabulated in Table 3.2. The experimental  β values were obtained by a nonlinear 

fit qo (zs), a parameter that characterises the strength of the nonlinearity, in the curve depicted in 

Figure 3.7 (A’), (B’), (C’) (D’), (E’) and (F’),  using Equations 7 and 10. The highest measured 

β value of 5.36 X 10
-10 

m/W was obtained for the metal-free compounds (19a) and the lowest β 

value of 1.78X10
-10 

m/W was obtained for nickel complex (19b). The measured β values lie 

within the range of those reported previously for phthalocyanine complexes [117]. The reduction 

in the β value upon metalation of compound (19a) is expected since metalation leads to a more 

centrosymmetric compound (19b). Low β values are expected for centrosymmetric compounds 

[118]. Therefore upon metalation all complexes showed lower β values as expected with respect 

to their metal-free counterpart. Aggregation in monomeric Pc is also known to leads to the 

reduction of β values [12, 39, 40, 119]. However despite severe aggregation, Bi-Pcs (20a, 20b, 
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21a and 21b) measured β values were found to be in range of monomeric Pc β values, see Table 

3.2. Metal-free Bi-Pcs (20a and 21a) showed higher β values of 4.10 X 10
-10 

m/W and 3.37 X 10
-

10 
m/W respectively, compared to that of nickel Bi-Pcs (20b and 21b) with β values of 3.33 X 10

-

10 
m/W and 2.25 X 10

-10 
m/W respectively. The differences in β values between nickel Bi-Pcs 

(20b) and (21b) is attributed to the differences in the bridge compound. Restricted rotation could 

cause compounds (21a and 21b) to be more prone to aggregation compared to Bi-Pcs (20a and 

20b). Hence higher β values are observed for Bi-Pcs 20a and 20b.  
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Figure 3.7: Z-Scan (left) and nonlinear fit curves (right) for compounds: A (19a), B (19b), C 

(20a), D (20b), E (21a) and F (21b) in THF. 

The observed differences in β values between Bi-Pc 20b and Bi-Pc 21b are explained by the 

same reasoning as above.  Insertion of nickel atom also makes the Bi-Pc units to be more planar, 

thus increasing aggregation tendency between the Pc units. This could also contribute to the 

observed differences in β values between metalated and metal-free Bi-Pcs.  
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Table 3.2: Experimental and theoretical Z-scan results for second order nonlinear polarizability, 

β, in THF. DFT calculated with the B3LYP functional and SDD basis sets. 

      (mm)  (
 

 
)  

     (Exp.) 

    (   )

      (     ) 

            DR 

19a  0.612 5.93 5.36 0.65 0.78 0.28 0.36 6.34 

20a 0.544 4.14 4.10 7.12 0.50 0.49 0.98 4.27 

21a 0.33 6.85 3.37 7.38 0.39 0.61 1.54 3.56 

19b 0.288 4.20 1.78 0.46 0.75 0.26 0.35 6.35 

20b 0.267 10.38 3.33 6.02 0.57 0.43 0.77 4.74 

21b 0.23 7.06 2.35 6.07 0.43 0.57 1.34 3.77 

 

3.5 DFT calculations 

 

DFT calculations were done in order to calculate the theoretical β values and to theoretically 

determine dipolar and octupolar (     and     ) contribution to the NLO response. Equations 

11 to 18 were used to theoretically calculate β,       and       values of compounds 19a, 19b, 

20a, 20b, 21a and 21b, see Table 3.2. All DFT calculations were carried out using SDD basis set 

at B3LYP level of theory. Theoretically determined β values for compounds 19a, 19b, 20a, 20b, 

21a and 21b showed a similar trend to experimentally determined values in terms of lowering of 

β values upon metalation. A trend peculiarity occurred for the β value for 19a, which shows the 

largest experimentally determined β value compared to 20a and 21a, but a much smaller 

theoretical β value compared to 20a and 21a. The large β value for compound 19a is explained 

by the fact that compound 19a is monomeric in solution, whilst Bi-Pcs compounds 20a and 21a 
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are considerably aggregated. The theoretically determined β values suggest that without 

aggregation compounds 20a, 20b, 21a and 21b should show much higher β values compared to 

compounds 19a. This trend peculiarity was not observed for the metalated Pc and Bi-Pcs. The 

experimental results correlates well with theoretical prediction and Bi-Pcs β values are still 

within range of β values determined for monomeric Pcs despite considerable aggregation.  

Aggregation is known to significantly reduce β values for monomeric Pcs [65].   This fact 

suggests that higher β values are expected for disaggregated Bi-Pcs. However compounds 20a, 

20b, 21a and 21b could not be disaggregated.   

The theoretically determined β values were further separated into dipolar and octupolar 

contribution using Equation 11 to 18. Table 3.2 and Figure 3.8 summarize the theoretical 

results. Figure 3.8 plots the Harmonic light intensity as a function of the polarization angle by 

polar representation for compounds 19a, 19b, 20a, 20b, 21a and 21b with increasing octupolar 

contribution and their corresponding DR values. The nonlinear anisotropy parameter (ρ), in 

Table 3.2, was used to calculate the the ratio of dipolar/octupolar contribution. Anisotropy 

parameter of a value less than one suggest  a more pronounced dipolar character and greater than 

one a more pronounced octupolar character [63]. The theoretical results suggest that Bi-Pcs 20a, 

20b, 21a and 21b β values have greater octupolar contributions compared to monomeric Pcs 

(19a and 19b). Octupolar contribution presents an isotropic β tensor (hence free from symmetry 

restriction) and a complex charge distribution within the compound.  The large octupolar 

contribution and two dimensional nature of Bi-Pcs suggest that the large β value is due to an 

increase in π- orbital energy [120]. DFT results suggest that in general the presence of the central 

metal does not significantly affect the ratio of dipolar/octupolar contribution. Hence the 

experimentally observed higher β values for Bi-Pcs could be attributed to the increased octupolar 
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nature. The molecular geometric information is given by the depolarization ratio (DR) [63]. 

Upon metalation there is a decrease in DR values for compounds 19a and 19b and an increase in 

DR values for compounds 20a, 20b, 21a and 21b (see Table 3.2). An increase in DR values 

suggests lowering of symmetry [63].  An increase in DR values of Bi-Pcs (20a, and 21a) upon 

metalation suggests that the nickel Bi-Pcs (20b and 21b) have slightly lower symmetry 

compared to their metal-free counterpart. These results together with the shape of the polar plots 

in Figure 3.8, suggest a preservation of a dipole nature of the molecule after metalation. 
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Figure 3.8: Polar plots for compounds (Left): A (19a), B (20a), C (21a). (Right): A(19b), B 

(20b) and C (21b).  
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Bi-Pcs have the potential to transform their approximated D2h symmetry to a D2 or D2d 

symmetry, by changing the angles (       ) corresponding to the torsional relationship 

between their Pc units and the bridge least square plane [44]. Torsional angle of   

       correspond to D2 symmetry,          correspond to D2d symmetry 

and         correspond to D2h symmetry [56].  As an example Figure 3.9 shows the 

DFT optimize compounds 21b and 20b 
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 Figure 3.9: Front (A and C) and side (B and D) view of compounds 21b (top) 20b 

(bottom) 

 

The angles         corresponding to the torsional relationship between the Pc units and 

the naphthalene bridged least square plane are measured to be         , which 

approximate a D2d symmetry [56].  The Pc units with biphenyl bridged least square plane 

are measured to be           , approximating a D2d symmetry. The above results 

suggest that the enhanced β value for both 20b and 21b is also due to the approximation 

of the D2d symmetry.  Similar improvements in β value due to D2d symmetry have been 

observed in literature [56]. The D2d symmetry, similar to D3h or Td symmetry, is 

responsible for the increase in octupolar contribution. The highly aggregated Bi-Pc 

complexes (20a, 20b, 21a, and 21b) suggest that the measured β value is mainly due to 

the octupolar contribution. The calculated   and DR values also supports the above 

interpretation.  
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4. General Conclusion 

 

Metal-free and nickel 4β-(4-tert-butylphenoxy) phthalocyanines (19a, 19b), biphenyl bridged 

binuclear 4-tert-butylphenoxy phthalocyanines (20a, 20b) and naphthalene bridged binuclear 4-

tert-butylphenoxy phthalocyanines (21a, 21b) were successfully synthesised and characterised. 

UV-vis absorption, MCD and fluorescence spectroscopy of these compounds have been studied. 

The Fluorescence life time where determined to be in range of literature values for Pcs ~5 ns and 

anisotropy rotational correlation time was found to be between 0.45 and 0.75 ns. The mass 

spectrometry results showed the m/z of 1109.88,1166.6, 2101.39, 2215.07, 2080.8, and 2193.86, 

which are close to the calculated  m/z peak of  1107.34,1164.00,2100.5,2213.8,2074.4 and 

2187.8 for the compounds 19a,19b, 20a, 20b, 21a and 21b respectively. 

 Nonlinear optical activities of the compounds 19a, 19b, 20a, 20b, 21a and 21b were 

investigated. The profiles of the open aperture for the compounds revealed reverse saturable 

excited state absorption in THF solution.  The highest and lowest β value of 5.36 X 10
-10 

m/W 

and 1.78X10
-10 

m/W were measured for compound 19a and 19b respectively. Metal-free Bi-Pcs 

(20a and 21a) showed higher β values of 4.10 X 10
-10 

m/W and 3.37 X 10
-10 

m/W respectively, 

compared to that of nickel bi-Pcs (20b and 21b) with β values of 3.33 X 10
-10 

m/W and 2.25 X 

10
-10 

m/W respectively. These results suggest that these compounds 20a, 20b, 21a, and 21b can 

find potential applications in nonlinear optics, similar to compounds 19a and 19b. 

The DFT determined β values suggested that without aggregation compounds 20a and 

21a should show much higher β values compared to compound 19a. The theoretically 

determined β values were further separated into dipolar and octupolar contributions. The 
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depolarization ratio (DR) and nonlinear anisotropy parameter (ρ) of these synthesized 

compounds were determined. The theoretical results suggest that Bi-Pcs (20a, 20b, 21a 

and 21b) have more octupolar contributions compared to monomeric Pcs (19a and 19b). 

This has been observed due to the decrease of DR values of Bi-Pcs and increase of ρ 

values of monomeric Pcs. The presence of the central metal does not significantly affect 

the ratio of dipolar/octupolar contribution. Hence the experimentally observed higher β 

values for Bi-Pcs could be attributed to the increased octupolar nature. The improvement 

in Bi-Pcs β values is also attributed to D2d symmetry approximation.  
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