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ABSTRACT 

A number of zinc, gallium and indium metallophthalocyanines (MPcs) with diverse 

substituents have been synthesized and characterized using various characterization 

tools such as proton nuclear magnetic resonance (1HNMR), matrix assisted laser 

desorption time of flight (MALDI-TOF) mass spectrometry, Fourier-transformed 

infra-red (FT-IR), Ultraviolet-visible (Uv-vis) spectrophotometry, magnetic circular 

dichroism and CHNS elemental analysis. The time dependent density functional 

theory was employed to probe the origin of spectroscopic information in these 

complexes. Complexes with gallium and indium as central metal showed higher 

triplet quantum yield compared to the zinc derivatives. Some of the MPcs were 

covalently linked to nanomaterials such as CdTe, CdTeSe, CdTeSe/ZnO, graphene 

quantum dots (GQDs) as well as metallic gold (AuNPs) and silver (AgNPs) 

nanoparticles. Others were either surface assembled onto AuNPs and AgNPs or 

embedded into polystyrene as polymer source. The phthalocyanine-nanomaterial 

composites (Pc-NMCs) were characterized with FT-IR, UV-visible 

spectrophotometry, transmission electron microscopy (TEM), dynamic light 

scattering (DLS), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) 

and X-ray diffractometry (XRD). The thickness of the thin films was determined by 

utilization of the knife edge attachment of the A Bruker D8 Discover X-ray 

diffraction. 

The optical limiting properties (using the open-aperture Z-scan technique) of the 

MPcs and the Pc-NMCs were investigated. The investigated MPcs complexes 

generally showed good optical limiting properties.  

The nonlinear optical response of the MPcs were improved in the presence of 

nanomaterials such as the semiconductor quantum dots (SQDs), graphene quantum 

dots (GQDs) as well as metallic AuNPs and AgNPs with MPc-QDs showing the best 
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optical limiting behavior. The optical limiting properties of the MPcs were greatly 

enhanced in the presence of polymer thin films.
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1. Introduction 

The design and development of materials which exhibit nonlinear optical (NLO) 

behavior (including optical limiting) is important in applications such as data 

storage, communications, and defense [1–4]. Optical limiters strongly attenuate high 

intense optical beam to a threshold level while maintaining linear transmittance at 

reduced intensity. These devices possess the ability to protect optical sensors 

including the human eyes from laser induced damage. Understanding the 

mechanisms of optical limiting is paramount in modulating the synthesis of new 

materials. Many and diverse materials has been investigated in the quest to develop 

efficient optical limiting materials. However, there has been no single material or 

combination of materials that satisfies the ideal material capable of protecting optical 

sensors from potential laser threat. Thus, it becomes of utmost important for further 

research toward developing materials with satisfactory optical limiting capacity. 

The focus of this study is to design and develop materials with improved optical 

limiting properties using targeted phthalocyanine-based materials. To achieve this, 

diverse metallophthalocyanine (MPcs) were synthesized, characterized and tested 

for optical limiting application. The synthesized compounds were either linked to 

selected nanomaterial or embedded into polymer thin film to further improve the 

optical limiting properties. The nanomaterials employed include metallic 

nanoparticles (silver and gold), semiconductor quantum dots (SQDs) and carbon-

based graphene quantum dots (GQDs).  
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1.1. METALLOPHTHALOCYANINES 

1.1.1.Structure and applications 

Phthalocyanines (Pcs) are planar aromatic tetrapyrrolic macrocycles possessing 

conjugated 18 π-electron system with four isoindoline units linked via nitrogen atom, 

[5–8] (Scheme 1.1)             

More than 70 elements of the periodic table can be accommodated at the central 

cavity of phthalocyanine. The numbering of Pc ring is done following the 

International Union of Pure and Applied Chemistry (IUPAC) nomenclature of 

tetrapyrroles (Scheme. 1.1). The positions 1,4,8,11,15,18,22 and 25 within the 

structure of phthalocyanine are known as α or non-peripheral positions, while, 

2,3,9,10,16,17,23 and 24 are known as β or peripheral positions. The optical and 

redox properties of phthalocyanine molecules can be altered via substitution with 

different functional groups on the periphery (α or β position). The wide range of 

applications of phthalocyanine is attributed to relative ease of architectural 

maneuvering on the structures, their chemical, thermal as well as photo-stability 

properties [5,9,10]. Pcs have been employed in many and diverse areas which 

include but not limited to catalysis [11], photodynamic therapy [12], nonlinear optics 

[13], electrochemical and optical sensors [14,15], thermal writing displays [16] and 

solar cells [17]. 

 

1.1.2.Synthesis of symmetric phthalocyanines 

The synthesis of peripheral, non-peripheral and ball-type tetrasubstituted 

phthalocyanines can be achieved using different synthetic routes as indicated in 

Schemes 1.1 and 1.2. 
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Scheme 1.1: General synthesis of peripherally or non-peripherally tetrasubstituted 

phthalocyanines. 
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The common synthetic route in the lab involves the use of substituted phthalic acid 

derivatives as starting materials (Scheme 1.1). The laboratory synthesis of α and β 

substituted tetrasubstituted Pcs requires the use of 4-nitrophthalonitrile for the latter, 

and 3-nitrophthalonitrile for the former as the starting materials. These phthalonitrile 

can be modified to afford different types of substituted phthalocyanines. 

The ball-type Pcs are a relatively new class of macrocycle in which two Pc 

monomers are cofacially arranged with four bridging substituents on the peripheral 

positions of the benzene rings and were first reported by Tomilova’s group in 2002 

[18,19]. 

              

                        Scheme 1.2: Synthetic route for ball-type phthalocyanines 
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The binuclear ball-type phthalocyanines are usually prepared by tetracyclization of 

the precursor bisphthalonitriles using appropriate reaction conditions (Scheme 1.2). 

The precursor phthalonitriles are generally synthesized through the reaction of diols 

with excess of 4-nitrophthalonitrile using dimethylformamide (DMF) or 

dimethylsofoxide (DMSO) in the presence of K2CO3 as a base (Scheme 1.2) at 25-

1000 C and time duration of 60-96 h [18,19]. Worthy of note is that all the ball-type 

phthalocyanine reported in literature were bridged by substituted benzene rings. 

A series of ball-type phthalocyanines were synthesized and studied in this work for 

optical limiting applications. The non-benzene substituted bridging linker ball-type 

Pcs having long alkyl chain as the linker were also synthesized in this work for the 

first time. The use of ball-type Pcs as nonlinear optical materials is relatively new 

with only one literature report showing the optical limiting properties of this class of 

macrocycles [20]. The ball-type Pcs could be potential optical limiting materials due 

to possession of enhanced π-conjugated system compared to corresponding 

monomers, which is the one generally accepted property of good optical limiting 

materials. 

It is pertinent to note that the practical applications of symmetrical Pcs is sometimes 

limited where specific binding or coordination with other molecules are needed due 

inherent uniformity of this macrocycles [21]. There has been a rising research 

interest in the synthesis of asymmetric phthalocyanine with a single anchor moiety 

fixed at a specific position because of enhanced physicochemical properties with 

valuable applications in material science, optical signal detection and optical 

limiting [22–24]. The asymmetric A3B-type Pc possess three identical (A) and one 

different (B) isoindole unit. Though many synthetic routes such as the statistical 

mixed condensation [21,25,26], subphthalocyanine ring expansion route [21,27,28], 

and polymeric support based route [21,29,30] have been reported, the statistical 

condensation method (Scheme 1.3) remains the most widely used due to its 
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simplicity. The individual phthalonitrile are usually combined in ratio of 3:1 or 9:1 

(A: B) which usually affords a mixture of six compounds but favors the formation 

of asymmetrical Pcs (Scheme 1.3). 

The different reactivities of the substituent group sometimes leads to the use of a 

combination ratio of 10:1 or even 40:1 (A:B) of the corresponding phthalonitrile 

[31]. Although A3B-type Pcs have been widely prepared using this method, it is often 

tedious due to the difficulty usually encountered during separation and purification 

process. 

  

 

  Scheme 1.3:  Synthetic route for asymmetrical phthalocyanines 
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1.1.3.Nonlinear optical applications of phthalocyanines 

The possession of highly delocalized π-electron systems confer strong optical 

nonlinearities in organic molecules [32–36] and phthalocyanine with their extended 

two dimensional 18 π-electron system fulfil the requirement. Research in nonlinear 

optical properties of Pcs was triggered by the first report of optical limiting response 

in chloroaluminium phthalocyanine (ClAlPc) [37]. Table 1.1 gives an overview of 

many and diverse phthalocyanine molecules that have been characterized for 

nonlinear optics/optical limiting applications   [13,38-58] and the parameters are 

summarized in Table 1.2   

Attempts have been made to provide the experimental conditions employed during 

NLO measurement and intrinsic properties such as Q band absorption maxima and 

linear absorption coefficient for the Pc molecules presented in Table 1.2.  

This information become vital since the NLO/OL performance of a Pc molecule 

depends strongly on the electronic properties of the molecule, and the experimental 

conditions under which they are studied. 
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Table 1.1. Selected Phthalocyanine molecules that have been characterized for 

optical limiting application 

Structure No Ref 

 

I 

 

               

[51] 

 

II 

 

 

 

             

[51] 

 

 
 

 
 

 
 

 
 

 
 

 

[38-42, 

50] 
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IX: M = Zn, R1 - R8 = -OSO2C3H7, X = 

nil 

 

X: M = Ni, R1 - R8 = -OSO2C3H7, X = 

nil 

 

XI: M = Co, R1 - R8 = -OSO2C3H7, X = 

nil 

 

XII: M = Co, R1 - R8 = -OSO2C8H17, X 

= nil 

 

XIII: M = Zn, R1 – R6 = -OSO2C3H7, R7 

= I, R8 = H, X = nil 

 

XIV: M = Co, R1 – R6 = -OSO2C3H7, R7 

= I, R8 = H, X = nil 

 

XV: M = Co, R1 – R6 = -OSO2C8H17, R7 

= I, R8 = H, X = nil 

 

XVI: M = Co, R1 – R6 = -OC4H9, R7 = -

C≡CH, R8 = H, X = nil 

 

 
 

 

[38-

42,44, 

47-49] 
 
 
 
 
 
 
 
 
 
 

 

XIX: M = Pd, R1 - R8 = -C6H13, X = nil 

 

XX: M = In, R1 - R8 = -C6H13, X = Cl 

 

XXI: M = Zn, R1 - R8 = -C6H13, X = nil 

 

XXII: M = Pb, R1 - R8 = -C6H13, X = nil 

 

XXIII: M = Ni, R1 - R8 = -C6H13, X = nil 

 

XXIV: M = Co, R1 - R8 = -C10H21, X = 

nil 

 

XXV: M = Ni, R1 - R8 = -C10H21, X = nil 

 

 

[13, 38, 

43, 45] 
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XXVI: M = Zn, R1 - R8 = -C10H21, X = 

nil 

 

XXVII: M = Zn, R1 - R8 = -iso-C5H11, X 

= nil 

 

XXVIII: M = Cu, R1 - R8 = -iso-C5H11, 

X = nil 

 

XXIX: M = Co, R1 - R8 = -iso-C5H11, X 

= nil 

 

 
 

 

XXX: M = Zn 

XXXI: M = Ga 

 

[38, 46] 

 

 
 

 
 

 

[40, 52] 
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XXXV: M = M’= Ga 

 

XXXVI: M = M’= In 

 

XXXVII: M =Ga, M’= In 

 

 

[53] 

 

 
 

XXXIX:  R1 – R4 = -C(CH3)3,  

R5 – R8= H 

 

[54, 55] 
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[56] 

 

XLI 

 
[57] 
 

 

XLII 

 
[52] 
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XLIII: M =Zn, n=1 

XLIV: M =Co, n=1 

XLV: M =Zn, n=2 

XLVI: M =Co, n=2 

 

[58] 
 

 
      

[20] 
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Table 1.2: Nonlinear optical data of phthalocyanine molecules that have been 

reported in literature as potential material for optical limiting application. The 

laser excitations wavelength was mostly at 532 nm and nanosecond pulse 

duration unless otherwise stated. All the data taken were those obtained with 

the Z scan technique. 

Pc Solv. Conc. 
(g L-1) 

λmax 

Q band 

(nm) 

α0 
(cm-1) 

βeff (cm/GW) Im[χ3]  
× 10-11 (esu) 

Υ  
×10-33 (esu) 

k (δex/δ0) Fsat 
(J.cm-1) 

I DCM 2.5a 640 NA 10.9 0.93 NA NA NA 

II DCM 2.5a 685 NA 21.0 0.18 NA NA NA 

III T 0.5 696 0.91 29.0 ±5.0 1.1 ±0.2 8.7 ±1.7 13.6 ±0.4 8.4 ±0.4 

IV T 0.5 695 1.10 32.0 ±6.0 1.2 ±0.2 8.4 ±1.6 13.5 ±0.4 27.0 ±1.0 

V T 0.5 697 0.53 44.0 ±9.0 1.6 ±0.3 13.0 ±2.0 27.4 ±0.6 24.0 ±0.8 

VI C 0.4 NA NA 420.0 7.1 NA NA NA 

VII C 1.0 699 0.48 62.0 ±12.0 NA NA 22.8 ±0.8 NA 

VIII C 1.0 701 0.30 59.0 ±11.0 NA NA 23.1 ±0.8 NA 

IX T 1.0 685 2.11 14.0 ±3.0 0.64 ±0.1 3.2 ±0.6 5.4 ±0.1 17.6 ±0.7 

X T 1.0 675 1.39 7.4 ±1.4 0.28 ±0.05 1.6 ±0.3 8.7 ±0.2 16.5 ±0.8 

XI C 1.0 676 1.86 13.0 ±3.0 0.45 ±0.09 3.0 ±0.6 8.1 ±0.2 27.0 ±1.0 

XII T 1.0 676 2.20 0.073 ±0.014 0.0028 
±0.0005 

0.023 ±0.004 1.1 ±0.2 40.0 ±70 

XIII T 1.0 704 1.28 15.0 ±3.0 0.57 ±0.11 3.2 ±0.6 13.4 ±0.3 18.1 ±0.6 

XIV T 1.0 694 1.17 0.58 ±3.0 0.022 ±0.004 0.12 ±0.02 2.4 ±0.4 35.0 ±19 

XV T 1.0 694 2.21 0.23 ±0.04 0.0085 
±0.0017 

0.062 ±0.012 1.7 ±1.2 160 ±100 

XVI T 0.5 677 1.80 7.2 ± 1.4 0.27 ±0.05 2.3 ±0.4 4.9 ±0.3 32.0 ±3 
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Pc Solv. Conc. 
(g L-1) 

λmax 

Q band 

(nm) 

α0 
(cm-1) 

βeff (cm/GW) Im[χ3]  
× 10-11 (esu) 

Υ  
×10-33 (esu) 

k (δex/δ0) Fsat  
(J.cm-1) 

XVII C 1.0 700 0.86 190.0 ± 50 NA NA 18.1 ±1.1 3.4 ±0.8 

XVIII C 1.0 702 0.62 130.0 ± 40 NA NA 20.0 ±0.9 3.2 ±0.7 

XIX T 1.0 687 2.60 96.0 ± 19.0 3.6 ±0.7 21.0 ±4.0 5.9 ±0.1 2.1 ±0.1 

XX T 1.0 730 0.93 32.0 ± 6.0 1.2 ±0.2 7.3 ±1.4 16.1 ±0.3 10.1 ±0.5 

XXI T 1.0 705 1.17 40.0 ± 8.0 1.5 ±0.3 8.6 ±1.7 11.4 ±0.3 7.1 ±0.3 

XXII T 1.0 741 0.83 29.0 ± 6.0 1.1 ±0.2 7.0 ±1.4 16.1 ±0.3 9.8 ±0.3 

XXIII T 1.0 702 1.05 1.6 ± 0.3 0.059 ±0.011 0.34 ±0.06 2.4 ±0.2 18.0 ±3.0 

XXIV T 1.0 700 0.83 0.16 ± 0.03 0.0059 
±0.0011 

0.45 ±0.009 2.2 ±0.7 95 ±70 

XXV T 1.0 702 0.94 1.5 ± 0.3 0.055 ±0.011 0.42 ±0.08 2.1 ±0.1 13.3 ±2.0 

XXVI T 1.0 705 1.17 24.0 ± 4.0 0.91 ±0.18 6.9 ±1.3 11.7 ±0.3 13.6 ±0.5 

XXVII T 1.0 703 1.05 40.0 ± 8.0 1.5 ±0.3 7.9 ±1.5 12.2 ±0.3 6.6 ±0.2 

XXVIII T 1.0 705 1.63 64.0 ± 10.0 2.4 ±0.4 13.0 ±2.0 8.8 ±0.1 4.6 ±0.1 

XXIX T 1.0 696 2.74 0.85 ± 0.17 0.032 ±0.006 0.17 ±0.03 0.85 ±0.17 170.6 
±190 

XXX T 0.5 684 1.95 35.0 ± 7.0 1.3 ±0.2 8.3 ±1.6 8.9 ±0.3 13.9 ±0.7 

XXXI T 0.5 673 1.76 1.4 ± 0.3 0.051 ±0.01 0.32 ±0.06 3.3 ±0.8 76 ±30 

XXXII D NA 714 NA NA 4.37 1020 NA NA 

XXXIII C 1.0 726 0.22 36.0 ± 7.0 NA NA 23.5 ±0.9 2.6 ±0.6 

XXXIV C 1.0 728 0.18 41.0 ± 8.0 NA NA 25.7 ±0.8 2.6 ±0.6 

XXXV T 0.5 693 1.60 NA 1.3 ±0.2 0.18 ±0.03 11.3 ±1.0 13.5 ±1.0 
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Pc Solv. Conc. 
(g L-1) 

λmax 

Q band 

(nm) 

α0 (cm-

1) 
βeff 

(cm/GW) 
Im[χ3]  
× 10-11 
(esu) 

Υ  
×10-33 (esu) 

k (δex/δ0) Fsat  
(J.cm-1) 

XXXVI T 0.5 697 1.13 NA 1.5 ±0.3 0.24 ±0.04 12.4 ±0.3 7.6 ±0.3 

 T 0.5 696 1.02 NA 1.1 ±0.2 0.15 ±0.03 10.0 ±0.2 14.6 ±0.6 

XXXVIIIb DF 3.4 m 696 NA NA 0.42 0.0000011 NA NA 

XXXIXb C 9.6 m NA NA NA NA 2.79 1.44 NA 

XLb DF 2.7 m 674 NA NA 0.027 0.0000071 NA NA 

XLI T 0.5 NA 1.30 NA 1.3 ± 0.2 21.0 ± 3.0 10.4 ± 0.3 8.9 ± 0.4 

XLII T 0.5 692 3.13 NA 0.73 ± 0.1 11.3 ± 2.0 4.8 ± 0.6 7.9 ± 0.8 

XLIII T 0.5 678 1.06 12.0 ± 2.0 0.46 ± 0.08 5.8 ± 1.1 3.0 ± 0.1 1.9 ± 0.1 

XLIV T 0.5 677 1.22 5.6 ± 1.1 0.21 ± 0.04 2.6 ± 0.5 1.8 ± 0.1 1.3 ± 0.1 

XLV T 0.5 709 1.19 23.0 ± 5.0 0.87 ± 0.16 11.0 ± 2.0 5.4 ± 0.2 3.9 ± 0.3 

XLVI T 0.5 691 1.60 35.0 ± 7.0 1.3 ± 0.2 17.0 ± 3.0 11.8 ± 0.1 9.5 ± 0.1 

XLVIIb C 1.0 m 697 1.51 14.0 NA NA 16.2 10.1 

T= toluene, C= chloroform, D= DMSO, DF= DMF. 

aAbsorbance at Q-band maxima 

bm= 10-4 for sample XXXVIII, XXXIX, XL and XLVII. 

NA= not available 

NOTE: The respective equation employed to obtain the presented parameters in table 1.2 will be 

presented at the appropriate place in results and discussion section. 
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A critical look at Table 1.1 shows that most of the studied complexes are 

symmetrical with only few asymmetrical and only one ball-type derivative. The use 

of ball-type Pcs as NLO materials is desired due to enhanced π-conjugated system 

as well as the ability to host two central metal within the cavity compared to the 

monomeric analogues. On the other hand, the use asymmetric Pcs for optical limiting 

applications is still in the minority due to problems associated with purification and 

isolation of desired products. The presence of permanent dipole moment in 

asymmetric Pcs offers greater advantage as optical limiting materials since this 

improves polarizability which is beneficial in nonlinear optical study [13,23].  

Table 1.1 also showed that only few heavy metals such as gallium and indium have 

been employed for NLO, hence are employed in this work. The introduction of heavy 

atom has been known to induce spin orbit coupling which results in enhanced triplet 

population and consequently improved optical limiting properties of Pcs [59–61]. 

The effect of zinc, gallium and indium central metal ions on the optical limiting 

performance of diverse functional group substituted phthalocyanines were 

investigated in this thesis. 

  

1.1.4.Phthalocyanines used in this work 

Diverse targeted phthalocyanine complexes possessing different functional 

substituents were synthesized in this work (Table 1.3) for optical limiting 

applications. The numbering of the complexes considers the 9 different 

phthalonitrile precursors used for the synthesis of Pcs, which will be discussed in 

chapter 2. Thus, the numbering of the complexes will start from 10 (Table 1.3).  

The complexes can be generally classified into three major groups: (1) the ball-type 

complexes 10-21  

(2) the symmetric complexes 22-33 and (3) the asymmetric complexes 34-36.  
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 All the complexes in this work are reported for the first time apart from complex 22 

and 25, which has been previously reported [62,63]. The optical limiting properties 

of all the complexes are also investigated for the first time.  

 For the group 1 (ball-type complexes), different bridging linkers were chosen 

to study their effect on the NLO response. 

 Carboxylic acid linker (10-12) was chosen due to its polarizable electron 

which enhances NLO response. 

 The long alkyl substituted linker (13-15) was chosen to increase solubility. 

 The aldehyde linker (16-18) was chosen in order to compare the optical 

limiting effect with the corresponding aldehyde monomers (28-30) 

 The benzothiazole linker (19-21) was chosen to enhance NLO response since 

benzothiazole small molecules has been reported to possess second order 

nonlinear optical properties [64]. The NLO response these dimers with 

corresponding monomers (22-24) will be compared. 

 The bis(aminophenoxy)phenoxyl Pc complexes (31-33) were chosen for 

solubility and to study effect of covalent linkage and surface assembly to 

metallic nanoparticles. 

  The asymmetric complexes (34-36) were chosen to compare NLO response 

with the symmetrical counterparts 22-24 as well as to study effect of covalent 

linkage and surface assembly to metallic nanoparticles. 
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Table 1.3: Summary of different phthalocyanine complexes used in this work 

Molecular structure Study with nanohybrid or 

thin fims 

 
M = Zn    (10) 

     = GaCl (11) 

     = InCl   (12) 

12 was covalently linked to 

glutathione (GSH) capped silver 

and gold nanoparticles (AgNPs, 

AuNPs), CdTe, CdTeSe, 

CdTeSe/ZnO QDs and graphene 

quantum dots (GQDs) through 

amide bond formation 

 

10 and 11 were covalently 

linked to CdTe and GQDs 

 
M = Zn     (13) 

     = GaCl (14) 

     = InCl   (15) 

Formulated into polystyrene 

polymer thin films 

 
M = Zn     (16) 

     = GaCl (17) 

     = InCl   (18) 

 

 Formulated into polystyrene 

polymer thin films 
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M = Zn     (19) 

     = GaCl (20) 

     = InCl   (21) 

Surface assembled on metallic 

Au and Ag nanoparticles (NPs) 

 
M = Zn     (22) [62] 

     = GaCl (23) 

     = InCl   (24) 

Surface assembled on metallic 

Au and Ag nanoparticles and 

formulated into polystyrene 

polymer thin films 
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M = Zn     (25) [63] 

     = GaCl (26) 

     = InCl   (27) 

Surface assembled on metallic 

Au and Ag nanoparticles and 

formulated into polystyrene 

polymer thin films 

 
M = Zn    (28) 

     = GaCl (29) 

     = InCl  (30) 

Formulated into 

polystyrene polymer thin 

films 
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M = Zn     (31) 

     = GaCl (32) 

     = InCl   (33) 

(a) 31 was surface 

assembled and 

covalently linked to 

metallic Au and Ag 

nanoparticles 

(b) All were covalently 

linked to GSH capped 

CdTe QDs 

 
M = Zn     (34) 

     = GaCl (35) 

     = InCl   (36) 

(a) 34 was surface 

assembled and 

covalently linked to 

metallic Au and Ag 

nanoparticles 

(b) All covalently linked to 

GSH capped CdTe QDs 
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1.1.5.Electronic Absorption in phthalocyanines 

The nonlinear optical activity in phthalocyanines is expected to have strong 

dependence on the electronic structure as well as location of optical absorption 

spectra. The ground state optical absorptions in Pcs are dominated by two major 

absorption bands in the visible or near infrared (IR) (670 – 1000 nm) and the UV 

(325 – 370 nm) regions of the spectrum corresponding to the Q and the B bands [65] 

(Fig. 1.1) 

 

Figure 1.1: Electronic ground state absorption spectrum of MPc (unpublished 

data) 
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The Q and B bands are assigned in accordance with the Gouterman’s four-orbital 

model [65,66] with Q band (Q00) being characterized by a high molar extinction 

coefficient (ε) usually found to be of the order of 105 M-1.cm-1, with accompanying 

vibrational band (Q01) (Fig. 1.1). The B band is less intense compared to the Q band, 

and lies at considerably higher energies around 350 nm. In metallated Pcs, the single 

intense Q band arising from D4h symmetry is observed due to π-π* transition from 

the a1u of the highest occupied molecular orbital (HOMO) to eg of lowest unoccupied 

molecular orbital (LUMO) of the MPc ring (Fig. 1.2). The Q band for unmatallated 

Pcs (H2Pcs) on the other hand is split into two (Qx and Qy) due to D2h reduced 

symmetry and this is due to transitions from a1u the HOMO to the non-degenerate 

b2g and b3g of LUMO respectively (Fig. 1.2). The B bands occur due to transitions 

from a2u and b2u to eg.  

Substitution on the Pc ring results in shift in the Q band absorption maxima (blue or 

red shift depending on substituent type) relative to the unsubstituted Pc. In ball-type 

Pcs, a splitting and/or broadening is expected at the Q band due to intermolecular 

interaction between the Pc rings [67–69] depending on the conformation of the two 

Pc rings. Broadening and splitting results from the staggered rather than eclipsed 

conformation [70]. 

The theoretical approach has been a subject of interest for the past decades with the 

aim of better understanding and interpreting the electronic spectra in MPcs 

complexes [71–73]. The main aim in this field is to study the excited state properties 

of Pcs in finite and extended system using established theoretical and computational 

methodologies especially those based on the electronic density such as the Density 

Functional Theory (DFT). A great effort has been made on the study of the 

spectroscopic techniques by means of the time-dependent extension of the density 

functional theory. The time dependent density functional theory (TD-DFT) has been 
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shown to provide accurate results for transitions with significant charge transfer 

character [74], hence was employed in this work for spectra interpretations. 

 

 

Figure 1.2: Electronic energy levels in phthalocyanine complexes showing the 

origin of Q and B bands 

 

1.1.6.Photophysics of phthalocyanine 

The Jablonski diagram (Fig. 1.3) describes the processes occurring after electronic 

excitation of Pc molecules.  

Upon irradiation,  Pc molecule in the ground singlet state (S0) gets excited to the 

higher energy singlet state (S1), and subsequently to Sn state as shown in Fig. 1.3 

[75,76]. In the Sn states, molecules are short-lived due to collisions, and undergo 
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vibrational relaxation (VR) to the first level of the S1 state. Once in S1 state, the 

molecule can either loose energy by emitting light through fluorescence with 

lifetime τ0, undergo internal conversion by releasing heat to the surrounding or 

undergoes intersystem crossing to the excited triplet state T1. Subsequent absorption 

by molecules in the first excited triplet lead to excitation to higher excited triplet Tn.   

 

 

Figure 1.3: Modified Jablonski diagram illustrating the transition between the ground state 

singlet (S0) and electronic excited (Ex) states (S1 and T1). Excited state singlet-singlet 

absorption (Ex S-S abs), Excited state triplet-triplet absorption (Ex T-T abs), fluorescence 

lifetime (τ0), triplet lifetime (τ1), intersystem crossing lifetime (τisc), vibrational relaxation 

(VR), intersystem crossing (ISC)  
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The accurate knowledge of excited state dynamics such as fluorescence quantum 

yield (ΦF) and lifetime (τF), triplet quantum yield (ΦT) and lifetime (τT) and the 

intersystem crossing time (τISC) become paramount in understanding the NLO 

behavior of phthalocyanine based materials. 

1.1.6.1. Triplet quantum yields and lifetimes 

The nonlinear absorption which results in reverse saturable absorption (RSA) 

process for optical limiting applications is dependent on the population of the excited 

triplet state, hence the excited state dynamic is vital in designing good nonlinear 

optical materials [13,60,61,77]. The nanosecond laser flash photolysis technique was 

used to determine the excited triplet state properties. This is based on the change in 

absorbance in the triplet state, which occurs because of the triplet-triplet transition 

(T1 → Tn) and is directly proportional to the triplet quantum yield. The triplet 

quantum yield is generally determined by the comparative method using 

unsubstituted zinc phthalocyanine (ZnPc) as standard [75] and calculated as shown 

in equation 1.1 

Φ𝑇 =  Φ𝑇
𝑠𝑡𝑑 .

∆𝐴𝑇.𝜀𝑇
𝑠𝑡𝑑

∆𝐴𝑇
𝑠𝑡𝑑.𝜀𝑇

                                               (1.1) 

where Δ𝐴T and Δ𝐴T
std are the changes in the triplet state absorbance of the sample 

and the standard, respectively. 𝜀𝑇 and 𝜀𝑇
𝑠𝑡𝑑 are the respective triplet state molar 

extinction coefficients for the sample and the standard. Φ𝑇
𝑠𝑡𝑑 is the triplet quantum 

yield of the standard ZnPc. The molar extinction coefficient of the sample (𝜀𝑠) and 

standard (𝜀𝑠
𝑠𝑡𝑑) and the respective change in triplet state absorbance of sample (∆𝐴𝑇) 

and standard (∆𝐴𝑇
𝑠𝑡𝑑) are used to determine 𝜀𝑇 and 𝜀𝑇

𝑠𝑡𝑑 according to equation 1.2 

and 1.3 

𝜀𝑇 =  𝜀𝑠.
∆𝐴𝑇

∆𝐴𝑠
                                                        (1.2)       
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𝜀𝑇
𝑠𝑡𝑑 =  𝜀𝑠

𝑠𝑡𝑑 .
∆𝐴𝑇

𝑠𝑡𝑑

∆𝐴𝑠
𝑠𝑡𝑑                                                 (1.3) 

 

1.1.6.2. Fluorescence quantum yield and lifetime 

Fluorescence quantum yield (ΦF) measures the efficiency of an emission process and 

it may be defined as the ratio of the number of photons emitted, to the number of 

photons absorbed [78]. The determination of ΦF in this study was done using 

comparative method with unsubstituted ZnPc as reference standard, where the 

quantum yield of the Pc is related to that of the standard by Equation 1.4.  

Φ𝐹 =  Φ𝐹
𝑠𝑡𝑑 .

𝐹.𝐴𝑠𝑡𝑑.𝑛2

𝐹𝑠𝑡𝑑.𝐴.𝑛𝑠𝑡𝑑
2                                             (1.4) 

where F and Fstd are the areas under the fluorescence emission curves of the sample 

and standard respectively. A and Astd are the respective absorbance of the sample 

and standard at the excitation wavelength, while n and nstd are the refractive indices 

of the solvents for the sample and standard, respectively. 

Fluorescence intensity varies linearly to absorbed light intensity but nonlinearly with 

the concentration of the Pc. However, if the absorbance at the wavelength of 

excitation is ≤ 0.05, then a linear dependence can be assumed between the Pc 

concentration and the fluorescence intensity, which is important to prevent the inner-

filter effects [79]. The inner filter effects result in self-quenching of the fluorescence, 

and a decrease in the ΦF values. 

The fluorescence lifetime (τF) is the measure of the average time spent by the 

fluorophores in the excited singlet state. It can be measured using time-correlated 

single-photon counting (TCSPC) technique among others [80,81]. 

 

 

 



Introduction Chapter one 
 

30 
 

1.1.7.Fӧrster resonance energy transfer (FRET) 

The Forster Resonance Energy Transfer (FRET) is an important phenomenon for 

studying the energy transfer interactions between two molecules within several 

nanometers [82]. The mechanism of FRET involves a non-radiative energy transfer 

from a donor fluorophore in an excited electronic state to a nearby acceptor 

chromophore through long-range dipole-dipole interactions, resulting in formation 

of donor-acceptor pair. Figure 1.4 illustrates a FRET energy transfer process 

between a suitable excited donor molecule (QDs) and an acceptor molecule (MPcs) 

in a close proximity.  Energy transfer from donor to acceptor molecule is generally 

accompanied by loss or decrease in the fluorescence quantum yield and lifetime of 

the donor leading to enhancement in the fluorescence properties of the acceptor. 

 

Figure 1.4: FRET diagram illustrating energy transfer from quantum dots QDs (Donor, D) 

to MPc (Acceptor, A): Abs = absorption, Ems = emission, AE = non- radiative acceptor 

excitation, ASE = acceptor stimulated emission, S0 = singlet ground state, S1 = singlet excited 

states, VR = vibrational relaxation. 
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An overlap in the fluorescence emission spectrum of the donor fluorophore with the 

absorption spectrum of the acceptor is prerequisite for FRET to occur. FRET is also 

dependent on the relative orientation of the transition dipole moments of the donor 

and acceptor as well as the quantum yield of the donor [78,83]. The FRET efficiency 

(Eff) can be determined experimentally either from the fluorescence quantum yield 

of the donor in the absence (ФF(A)) and presence (ФF(P)) of acceptor or from the 

photoluminescence lifetime of the donor in the absence (τA) and presence (τp) using 

equation 1.5 and 1.6 

𝐸𝑓𝑓 = 1 −
Φ𝐹(𝑃)

Φ𝐹(𝐴)
                                          (1.5) 

 

𝐸𝑓𝑓 = 1 −
𝜏𝑃

𝜏𝐴
                                               (1.6) 

The amplitude weighted average lifetime obtained from equation 1.7 are used in 

solving equation 1.6 

𝜏 =  ∑ 𝛼𝑖𝜏𝑖                                                    (1.7) 

where 𝛼𝑖 is the relative amplitude contribution to the lifetime 𝜏𝑖.  The Eff is 

dependent on centre to centre distance r (Å) between the donor and acceptor through 

a 6th order inverse law as shown in equation 1.8 due to dipole-dipole coupling 

[78,84]. 

𝐸𝑓𝑓 =  
𝑅0

6

𝑅0
6+𝑟6

                                                 (1.8) 

where R0 is the Fӧrster distance (Å) defined as the critical distance between the donor 

and the acceptor molecules for which efficiency of energy transfer is 50% and 

depends on the quantum yield of the donor according to equation 1.9. 

𝑅0
6 =  8.8 𝑥 1023𝑘2𝑛−4Φ𝐹(𝐴)𝐽                        (1.9) 
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where 𝜅 is the dipole orientation factor, n is the refractive index of the medium, 

Φ𝐹(𝐴) is the fluorescence quantum yield of the donor in the absence of the acceptor, 

and J is the Fӧrster overlap integral that is calculated using Equation 1.10 

𝐽(𝜆) =  
∫ 𝐹𝐷(𝜆)𝜀𝐴𝜆4𝜕𝜆

∞

0

∫ 𝐹𝐷𝜕𝜆
∞

0

                                                         (1.10) 

where FD is the normalized intensity of QDs emission spectrum and ε is the molar 

extinction coefficient (M-1 cm-1) of the acceptor. 𝜆 is the wavelength (nm) at the 

absorption maximum of the acceptor i.e. the Q-band. The PhotochemCAD® software 

[85,86] was used for the calculation of FRET parameters in this work.  

 

1.2. Introduction to nanomaterials 

Apart from synthesizing new materials with potential NLO attributes as inherent 

properties, an alternative approach for efficient materials with enhanced nonlinear 

optical response could be achieved through the fabrication of composites of 

materials that have already been identified as good optical limiters, such as MPcs 

and the nanomaterials mentioned above. Thus, part of the focus of this work was to 

enhance the optical limiting properties of the MPcs either through covalently linkage 

or surface assembly of the complexes to metallic gold and silver nanoparticles, 

semiconductor quantum dots or carbon-based graphene quantum dots to form new 

nanohybrid materials. Additionally, the optical limiting performance of the MPcs 

were investigated in solid polymer support through the conversion of Pc-polymer 

blend into thin films using drop and dry method. This is because the polymer confers 

high photodegradation threshold on the materials, hence making them able to 

withstand high input laser beam fluence for a long period. 
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1.2.1.Quantum dots 

Semiconductor quantum dots (SQDs) are zero-dimensional inorganic semiconductor 

nanocrystals usually synthesized from group 12-16 (II-VI), 13-15 (III-V) or 14-16 

(IV-VI) elements of the periodic table. They are known as zero-dimensional 

semiconductor material due to the quantum confinement of their electrons in three 

dimensions [87,88]. The energy levels in SQDs are confined to discrete values 

resulting in a decrease in nanocrystal size with increase in band gap energy.  

SQDs have found wide and diverse applications in many areas of science and 

technology such as nonlinear optics [89–93], optical sensing [94,95], engineering 

solar device [96], labelling and bio-imaging [97], bioanalytical applications [98] and 

many others [99–102]. 

Though independent optical limiting investigation of SQDs [89–93] and metallated 

phthalocyanine [13,38,47,58,60] are known, the nonlinear optical study of 

covalently linked MPc-QDs dyad are still limited. In this work, complexes 10-12, 

31-33, 34, and 35-36 were covalently linked to glutathione functionalized CdTe 

SQDs. Table 1.4 showed Pcs molecules that have been previously combined with 

nanomaterials for optical limiting applications [103-113]. This thesis reports for the 

first time the covalent linkage of ball-type Pcs to SQDs as well as the optical limiting 

behavior of ball-type-SQDs nanohybrids. The glutathione functionalized SQDs were 

chosen since glutathione possess both carboxylic acid and amine functional group 

which confer dual functional properties. The carboxylic acid functional group will 

be utilized when linking complexes that possess primary amine groups while the 

amine group will be employed when linking complexes that have carboxylic acid 

functional group.  
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Table 1.4: Selected Phthalocyanine molecules that have been combined with 

nanomaterials for optical limiting application 

 

 
 
        Encapsulated into silica core shell 

 

 

 

 
 

[103] 

 

 

                M=Al, R=H (π-conjugated to  

                      multiwalled carbon nanotubes) 

 

           M= Zn, R=NH2 (covalently linked to 

                               graphene oxide (GO) NPs) 

 

             
                             (covalently linked to silica 

                          coated  magnetic NPs) 

 

          
           (surface assembled onto metallic Ag/Au 

              nanoalloy) 

 

          
                (π-conjugated to graphene oxide NPs) 

 

 

[104, 105, 

108, 109, 112, 

113] 
 

 

       M= Zn, R= -NH2 (covalently linked to 

                                           GO NPs) 

 
       M= Zn, R= -O-(CH2)5OH (covalently  

                                           linked to GO NPs) 

 
       M = Zn, R= -O-CH2CH2OCH2CH2OH   

                         (covalently linked to GO NPs) 

 

[105, 106] 
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     M = InOH, R = H (Covalently linked to  

                                              CdTe/ZnS QDs) 

 
 

  
(Covalently linked to graphene QDs and GO NPs) 

 

 

[107, 110, 

111] 
 

 

 

Graphene quantum dots (GQDs) on the other hand are the fragmented pieces of 

larger and multi-layered graphene sheet with size range between 1-20 nm and also 

possess zero-dimensional (0D) framework [114–116]. The wide applications of 

GQDs such as in optoelectronic devices, energy-storage media and drug-delivery 

are due to their unique characteristics including but not limited to large surface area, 

high carrier transport mobility, superior mechanical flexibility and excellent thermal 

and chemical stability [116–118]. Thus, GQDs share similar excellent characteristics 

such as high photostability, size and wavelength tunable photoluminescence (PL) 

with SQDs [114,119,120]. Despite numerous literature reports on application of 

GQDs, the optical limiting study of Pc-GQDs for NLO are still limited. The 

nonlinear optical response of pristine GQDs covalently linked to MPcs was recently 

reported [110]. The optical limiting response of GQDs covalently linked to ball-type 

MPcs are reported in this work for the first time. Complexes 10-12 possessing 

carboxylic acid functional group were covalently coupled with amine functionalized 

GQDs to form new MPc-GQDs nanohybrids and the optical limiting response was 

compared with the corresponding MPc-SQDs nanohybrids formed by covalent 

linkage of the same MPc complexes to SQDs.   
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1.2.2. Silver (AgNPs) and gold (AuNPs) nanoparticles. 

The recent years has witnessed significant research interest in noble metal 

nanoparticles because of their unusual optical properties and their potential 

applications in emerging optoelectronic and photonic technologies [121,122]  

There has been a rapid progress in the study of potential optical limiting properties 

of metallic nanoparticles [123–132]. Among metal nanoparticle limiters, special and 

more attention has been given to metallic gold and silver nanoparticles [125–

129,131,132], due to broad surface plasmon resonance (SPR) absorption band in the 

visible region of the electromagnetic spectrum. It has been shown that the optical 

properties of gold nanoparticles are mainly due to the surface plasma resonance 

(SPR), which result from the collective oscillation of particles’ free electrons in the 

conduction band [131].  

Despite various research reports in independent optical limiting applications of 

AgNPs and AuNPs, limited research studies have been done on nonlinear optical 

response of MPcs in combination with metallic nanoparticles. In this work, 

complexes 12, 31 and 34 were covalently linked to glutathione functionalized 

AuNPs and AgNPs. Since complexes 19-27, 31- 33 and 34-36 all possess either 

terminal amino group or sulphur/nitrogen within the benzothiazole ring with high 

affinity for gold and silver, they were surface assembled on AuNPs and AgNPs. The 

effects of surface assembly versus covalent linkage of 31 and 34 on metallic gold 

and silver nanoparticles on photophysical and optical limiting properties were 

investigated for the first time. 
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1.3. Nonlinear optical processes 

When light (electric field) of a given frequency passes through a material, oscillation 

of electrons occurs in response to applied field. With small electric field intensity, 

the polarization field is linearly dependent to incident electric field according to 

equation 1.11 [77] 

𝑃 =  𝜀0𝜒𝐸                                                     (1.11) 

where ɛ0 is vacuum permittivity, χ is the electrical susceptibility and E is the applied 

electric field. However, for a stronger electric field, the polarization field no longer 

obeys the linear relationship given above because the susceptibility is now 

dependent on the electric field. Then polarization can be expanded in a Taylor series 

as shown in equation 1.12 

𝑃 =  𝜀0(𝜒1𝐸 + 𝜒2𝐸2 + 𝜒3𝐸3 + ⋯ . )          (1.12) 

where χ1 is the linear electric susceptibility, χ2 is the second-order nonlinear 

susceptibility and χ3 is the third-order nonlinear susceptibility [133–136]. In 

centrosymmetric media, χ2 is absent because of the reversibility of polarization when 

the electric field is reversed. The dominant optical nonlinearity in this media is due 

to χ3, which gives rise to third order nonlinear effects such as third-harmonic 

generation, self-phase modulation, self-focusing and four-wave mixing [137,138]. 

The third order nonlinear susceptibility has the real (χ3
Re) and the imaginary (χ3

Im) 

components as described in equation 1.13. 

𝜒3 =  𝜒𝑅𝑒
3 + 𝜒𝐼𝑚

3                                      (1.13) 

The real portion is responsible for NLO refraction processes while the imaginary 

portion give rise NLO absorption processes [77]. 

The limiting threshold (Ilim) is an important term in the optical limiting measurement 

and can be defined as the input fluence (or energy) at which the transmittance is 50% 
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of the linear transmittance [13]. Material for optical limiting applications perform 

better at lower limiting threshold. A more generally accepted indicator for evaluating 

the strength of good optical limiting material is the energy density at which  the 

output fluence reaches its saturation value represented as Fsat [38,53,57]. A lower 

saturation energy density indicates efficient optical limiting materials. 

The optical limiting effect of NLO material involves a decrease in transmittance 

under high intense irradiation. Thus, the transmission of an optical limiter is high at 

normal light intensities and becomes low when the illumination intensity is high 

[13,139]. Ideally, a linear rise in output energy of a limiter with increase input energy 

is expected until a threshold (Ilim) is reached as shown in Fig. 1.5.  At a critical 

intensity, the output energy is attenuated to a constant value that can cause less 

damage to optical sensors. The three main mechanisms for optical limiting response 

are nonlinear absorption (NLA), nonlinear refraction (NR) and nonlinear light 

scattering (NLS). However, this work is focused on optical limiting that result from 

NLA processes using the Z-scan technique [140,141], which the set up will be 

described in the experimental section.  

 



Introduction Chapter one 
 

39 
 

 

Figure 1.5: optical limiting behavior of real and ideal optical limiters 

 

The difficulty in separating various nonlinear optical mechanisms such as: excited 

state absorption, two photon absorption, nonlinear scattering and nonlinear 

refraction responsible for RSA process has been a serious limitation of the z-scan 

technique. To solve this limitation, suitable equations for analysis of z-scan data 

have been developed, and the explanation of results from such analysis is usually 

given based on the nature of the investigated material and the properties (pulse width 

and repetition rate) of the laser beam employed. The appropriate equations employed 

for the analysis of the z-scan experimental will be discussed at results of this thesis. 

 

 

 

 

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.00

0.05

0.10

0.15

0.20
O

u
tp

u
t 

fl
u

e
n

c
e

(J
. 

c
m

-1
)

Input fluence (J.cm
-1
)

Ideal

Real

linear transmittance

Ilim



Introduction Chapter one 
 

40 
 

1.4. SUMMARY OF AIMS OF THESIS 

The aims of this thesis are summarized as follows: 

1. Synthesis of co-facial ball-type phthalocyanines containing zinc-zinc, 

gallium-gallium and indium-indium central metals (complexes 10-21) and 

investigation of the photophysical and NLO response of the complexes.  

2. Synthesis of peripherally substituted Zn (II), Ga (III) and In (III) 

phthalocyanines containing benzothiazole, benzaldehyde and phenoxyl-

bis(aminophenoxy) substituents (complexes 22-33) and the detailed 

investigation of the photophysical and NLO properties. 

3. Synthesis of asymmetric benzothiazole substituted Zn (II), Ga (III) and In (III) 

phthalocyanines with phenoxylacetic acid terminal (complexes 34-36) 

4. Synthesis of functionalized metallic nanoparticles. 

5. Synthesis of functionalized semiconductor and graphene quantum dots 

6. Covalent linkage appropriate phthalocyanine complexes to functionalized 

nanoparticles and study of the photophysical and NLO response. 

7. Surface assembly of appropriate phthalocyanine complexes to metallic gold 

and silver nanoparticles and detail study of the NLO response of the new 

nanohybrids.  
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2. Experimental 

2.1. Materials 

2.1.1.General Solvents 

Ultra-pure water was obtained from a Milli-Q Water System (Millipore Corp, 

Bedford, MA, USA), spectroscopic dimethyl formamide (DMF), spectroscopic 

dimethyl sulfoxide (DMSO), deuterated (DMSO-d6, CDCl3-d6), 1-pentanol, were 

purchased from sigma Aldrich®.  Dichloromethane (DCM), tetrahydrofuran (THF), 

diethylether, absolute ethanol (abs. EtOH), chloroform, toluene, hexane, petroleum 

ether, ethyl acetate, and acetone were obtained from SAARCHEM®. 

2.1.2.Chemical and reagents 

Dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP), zinc 

acetate, gallium chloride, indium chloride, 1,8-diazabicyclo[5.4.0] undec-7-ene 

(DBU), 1,2-hexadecanediol, 4-(2,4-dichlorophenoxy)phthalonitrile, 

cetyltrimethylammonium bromide (CTAB), 2-aminothiophenol, 3,4-

dihydroxybenzoic acid, 3, 4-dihydroxybenzaldehyde, 4-hydroxylbenzaldehyde, 4-

aminophenol, 4-nitrophthalonitrile, polystyrene (Mw 192 000 g mol-1),  Rhodamine, 

6G and 1, 3-diphenylisobenzofuran (DPBF) were purchased from Sigma Aldrich®.  

 

2.2. Instrumentations and methods 

 Ground state electronic absorption spectra were recorded on a Shimadzu® 

UV-2550 spectrometer (in solution) or Perkin-Elmer® UV/Vis/NIR 

spectrometer at 250 nm to 2500 nm range (for thin films). 

 Fluorescence emission spectra were recorded on a Varian Eclipse 

spectrofluorimeter. 
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 Infra-red spectra (FT-IR) were collected Infrared (IR) spectra were recorded 

on a Bruker Alpha IR (100 FT-IR) spectrophotometer. 

 1H-NMR spectra were recorded using a Bruker AVANCE 600 or 400 MHz 

NMR spectrometer in deutrated DMSO, THF or chloroform. 

 Elemental analyses were obtained using a Vario-Elementar Microcube ELIII. 

 Mass spectra data were recorded using a Bruker AutoFLEX III Smart-beam 

TOF/TOF mass spectrometer with α-cyano-4-hydrocinnamic acid as the 

matrix in the positive ion mode. 

 The z-scan equipment used was fabricated at the University of Stellenbosch, 

South Africa. The laser pulses as the excitation sources were either produced 

by a tunable laser system consisting of a Nd-YAG laser (355 nm, 135 mJ/4–

6 ns) pumping an OPO (30 mJ/3–5 ns) with a wavelength range of 420–2300 

nm (NT-342B, Ekspla) and a pulse repetition rate of 20 Hz, or a frequency-

doubled Nd-YAG laser (Quanta-Ray, 1.5 J/10 ns FWHM pulse duration) with 

a pulse repetition rate of 10 Hz and an energy range of 0.1 μJ–0.1 mJ, limited 

by the energy detectors D1 and D2 (Coherent J5-09) (Fig. 2.1). Both lasers 

were operated in a near Gaussian transverse mode at 532 nm (second 

harmonic) with low repetition rate of the lasers to prevent cumulative thermal 

nonlinearities. The beams were spatially filtered to remove the higher order 

modes and tightly focused with a 15 cm focal length lens. The liquid samples 

were placed in a cuvette cell with internal dimensions: 2 mm × 10 mm × 55 

mm, 0.7 mL and a path length of 2 mm (Starna 21-G-2). 
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Figure 2.1: Schematic diagram of a basic Z-scan set-up Beam splitter (BS), convex lens (CL), 

zero position (ZP), sample holder (S), aperture (A), reference (D1) and probe detector (D2). 

The – z to + z describes the movement of sample along the z-axis through the focus (ZP) of 

the lens 

 

 The nanosecond laser flash photolysis set-up (Fig. 2.2) used to determine the 

triplet state behaviors employed an Ekspla laser described below. The 

analyzing beam source was a Thermo Oriel 66902 xenon arc lamp, and a 

Kratos-Lis Projekte MLIS-X3 photomultiplier tube was used as detector. 

Signals were recorded with a two-channel, 300 MHz digital real time 

oscilloscope (Tektronix TDS 3032C). The kinetic curves were averaged over 

256 laser pulses. The detailed procedure of the flash photolysis experiment is 

as follows: The Q band absorbance of solutions of the Pc alone and the 

standard ZnPc were set at ~1.0  (~0.5 for nanocomposites). The solution was 

de-aerated for 30 min inside a 1 cm path length UV-visible 

spectrophotometric cell. Thereafter the solution was sealed and irradiated 

using an appropriate excitation wavelength (the cross-over wavelength of the 

sample and the ZnPc standard). The maximum triplet absorption and singlet 

depletion wavelengths are determined from the transient curve 

D1

D2A

S
Zp

0
-z +z

BS CL
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Figure 2.2: Schematic set up diagram for laser flash photolysis 

 

 Fluorescence lifetimes were obtained using a time correlated single photon 

counting (TCSPC) setup (FluoTime 200, Picoquant GmbH or FluoTime 300). 

The excitation source was a diode laser (LDH-P-670 driven by PDL 800-B, 

670 nm, 20 MHz repetition rate, 44 ps pulse width, Picoquant GmbH) for 

MPcs, MPcs-NPs and the excitation source was a diode laser (LDH-P-C-485 

with 10 MHz repetition rate, 88 ps pulse width) for QDs. A monochromator 

with a spectral width of about 8 nm was used to select the required emission 

wavelength. The response function of the system, which was measured with 

a scattering Ludox solution (DuPont), had a full width at half-maximum 

(FWHM) of about 300 ps. The ratio of stop to start pulses was kept low (below 

0.05) to ensure good statistics. The emission peak maxima were used for 

measurement of all luminescence decay curves. The data were analyzed with 
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the program FluoFit (Picoquant). The support plane approach was used to 

estimate the errors of the decay times. 

 Raman spectra were obtained using a Bruker RAM II spectrometer equipped 

with a 1064 nm Nd-YAG laser and a liquid nitrogen cooled germanium 

detector. Samples were diluted with KBr before measurements. 

 Transmission electron microscope (TEM) images were obtained using a Zeiss 

Libra TEM, 120 models and operated at 90 kV accelerating voltage. AuNPs, 

AgNPs, QDs, and composite samples for TEM were prepared separately by 

ultrasonication in abs. EtOH, H2O or toluene. 

 X-ray powder diffraction patterns were recorded on a Bruker D8 Discover, 

equipped with a LynxEye detector, using Cu Kα radiation (λ = 1.5405 Å, 

nickel filter). Scanning was at 10 min-1 with a filter time-constant of 2.5 s per 

step and a slit width of 6.0 nm. The data were obtained in the range from 2θ 

= 10° to 100°. The sample was placed in a zero-background silicon wafer 

slide. The X-ray diffraction (XRD) data analysis was carried out using Eva 

(evaluation curve fitting) software. Subtraction of spline fitted to the curved 

background was used for baseline correction of each diffraction pattern and 

the full width at half maximum (FWHM) values were obtained from the fitted 

curve.  

 Magnetic circular dichroism (MCD) spectra were measured using a Chirascan 

plus spectrodichrometer equipped with a 1 T (Tesla) permanent magnet by 

using both the parallel and antiparallel fields. 

 Thin-films were obtained using a special coating system (SCS), 6800 Spin 

Coater Series, coupled with a vacuum pump. The SCS system is connected to 

an air supply, without which it cannot function. The ramp and dwell times (in 

seconds), and the speed (in rpm), were varied to achieve the optimum 
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conditions for the best thin-film. The film thickness was determined by using 

the knife-edge attachment of a Bruker D8 Discover X-ray Diffraction (XRD) 

Spectrometer. 

 Theoretical calculations were done using Gaussian 09 program with 

Intel/Linux cluster [142]. The Gausview 4.1 or Avogadro program was used 

for all visualization.  

 The qualitative elemental compositions of the NPs and their conjugates with 

Pcs were obtained using INCA® PENTA FET coupled with VAGA 

TESCAM energy dispersive x-ray (EDX) spectrometer operated at 20 kV. 

 The X-ray photoelectron spectroscopy (XPS) data were obtained using a 

Kratos Axis Ultra DLD, with an Al (monochromatic) anode, equipped with 

charge neutralizer and the operating pressure was kept below 5 x10-9 torr. 

The resolution was 10 eV pass energy in the slot mode. For the XPS wide 

scan, the following parameters were used: emission current was kept at 12.5 

mA and the anode (HT) voltage at 15 kV. The resolution was maintained at 

160 eV pass energy using a hybrid lens in the slot mode. For the high-

resolution scans, the resolution was changed to 40 eV pass energy in the slot 

mode. 

 Singlet oxygen quantum yields (ФΔ) were obtained using a general electric 

quartz lamp (300 W) with 600 nm (± 3 nm) cut-off glass filter (Schott®) for 

ultra violet radiation and a water filter for infrared radiation. Interference filter 

of 700 nm with a band of 40 nm was placed before the sample chamber. Light 

intensities were measured with a POWER MAX 5100 (Molelectron® detector 

incorporated) power meter and were found to be 4.3 x 1015 photons cm-2 s-1. 

 Dynamic light scattering (DLS) experiments were done on a Malvern 

Zetasizer nanoseries, Nano-ZS90. 
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 Hydrothermal syntheses were carried out using a Berghof (Germany) High 

Pressure Laboratory Reactor (high preactor) BR-300, V.3.0 equipped with 

PT-100 temperature and pressure sensors, BTC-300 Temperature regulator 

and manometer and PTFE lining. 

 A Metrohm Swiss 827 pH meter was used for pH measurements 

 

2.3. Synthesis of phthalonitriles 

 Out of the nine phthalonitrile employed in this work, 4-[4-(1,3-benzothiazol-2-

yl)phenoxy] phthalonitrile (5), 4-{[1H-benzo(d)thiazol-2-yl]thio} phthalonitrile (6), 

4-(4-formylphenoxy) phthalonitrile (7) and 2-(4-(3,4-

dicyanophenoxy)phenoxy)acetic acid (9) has been  reported [62,63,143,144] The 

synthesis of the novel phthalonitriles (1-4, 8) are hereby presented. 

2.3.1. Synthesis of 3, 4-bis(3, 4-dicyanophenoxy)benzoic acid (1), Scheme 

3.1 

A mixture of 3,4-dihydroxybenzoic acid (1.78g, 11.55 mmol) and 4-

nitrophthalonitrile  (2g, 11.55mmol) in dry DMF (20 mL) was stirred in 100 mL 

round bottom flask at 50 °C under inert atmosphere for 1hr. Dry K2CO3 (3g, 21 

mmol) was added in six equal portions at 1 h interval and the reaction was allowed 

to stir undisturbed at ambient temperature for 7 days.  The reaction was poured into 

ice water and the precipitated product was filtered under reduced pressure. The light-

yellow precipitate was purified by column chromatography using 

chloroform/methanol (9:1) as eluent to give a crystalline yellow solid.  Yield: 1.35g, 

(49%), IR (ATR): ν (cm-1): 3079 (OH stretch), 3034 (Ar–CH), 2230 (CN stretch), 

1676 (C=O stretch).  1H NMR (400 MHz, DMSO) (δ, ppm): 10.45 (s, J = 9.46, 1H, 

COOH), 8.01–7.93 (m, 3H, Ar–H), 7.78–7.69 (m, 5H, Ar–H), 7.53–7.47 (d, J = 7.69 
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Hz, 1H, Ar–H), 13C NMR (600MHz, CDCl3) δ 178.62, 161.20, 147.04, 140.92, 

138.56, 134.70, 132.55, 129.13, 128.31, 126.08, 126.03, 126.01, 125.81, 125.64, 

120.77, 120.54, 119.93, 116.64, 115.99, 115.07, 106.72, 106.33, 102.98.  Anal. Calc. 

for C23H10N4O4: C, 67.98; H, 2.48; N, 13.79; O, 15.75 Found: C, 67.82; H, 2.43; N, 

13.76.  

2.3.2.Synthesis of 4-(hexadecane-1,2-dioxyl)-bis(phthalonitrile) 

(2), Scheme 3.2 

A mixture of 1,2-hexadecanediol (1.0 g, 3.86 mmol) and 4-nitrophthalonitrile (1.34 

g, 7.72 mmol) in dry DMF (20 mL) was stirred in a 100 mL round bottom flask at 

50°C under an inert atmosphere for 1 h. Dry K2CO3 (1.5 g, 10.5 mmol) was added 

in two equal portions at an interval of 6 h and the reaction was stirred undisturbed at 

ambient temperature for 7 days. The reaction mixture was poured into ice water and 

the precipitated product was filtered under reduced pressure. The light-yellow 

precipitate was purified by column chromatography using THF/methanol (9 :1) as 

the eluent to give a crystalline yellow solid. Yield: 0.95 g (41%), IR (ATR): v (cm-

1): 2914 (Ar–CH), 2233 (C≡N), 1595 (C = N/C = C), 1248–1095 (C–O–C). 1H NMR 

(300 MHz, DMSO) δ  8.26–8.05 (d, J = 8.1 Hz, 2H, Ar–H), 8.04 (d, J = 7.6 3.9 Hz, 

2H, Ar–H), 7.55 (d, J = 7.5, 3.7 Hz, 2H, Ar–H), 4.28–4.20 (d, J = 9.2, 8.6 Hz, 3H, 

alkyl-H), 3.25 (t, J = 8.8, 8.6, 7.5 Hz, 2H, alkyl-H), 1.30–1.23 (m, 24H, alkyl-H), 

0.91 (s, 3H, alkyl-H). MALDI TOF-MS: calculated: 510.30; found: 510.39 [M + 1]+. 
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2.3.3.Synthesis 4,4'-[(4-Formyl-1,2-bis(phenoxyl)diphthalonitrile] 

(3), Scheme 3.3 

A mixture of 3, 4-dihydroxybenzaldehyde (1 g, 7.24 mmol) and 4-nitrophthalonitrile 

(2.51 g, 14.48 mmol) in dry DMF was stirred at 70°C under nitrogen inert gas for 2 

h, followed by addition of dry K2CO3 (1 g, 7.24 mmol) in two equal portions within 

an additional period of 6 h. The reaction was then allowed to continue for further 

120 h. The reaction mixture was poured into ice water and the precipitated product 

was filtered under reduced pressure and dried in vacuo to give a brownish solid. 

Yield, 2.6g (74%), IR (ATR): υ (cm−1): 2937 (Ar–CH), 2231 (C≡N), 1595 (C=C), 

1248–1095 (C–O–C). 1H NMR (600 MHz, DMSO) δ 9.58 (s, 1H, Aldehyde-H), 8.09 

– 7.98 (d, J = 7.64 Hz, 2H, Ar-H), 7.95 – 7.88 (d, J = 7.52 Hz, 2H, Ar-H), 7.61 – 

7.57 (s, 1H, Ar-H), 7.53 – 7.39 (m, 4H, Ar-H). Anal. Calc. for (C23H10N4O3): C, 

70.77; H, 2.58; N, 14.35. Found: C, 70.74: H, 2.62; N, 14.29.  

 

2.3.4.Synthesis of precursor 3, 4-dihydroxybenzylbenzothiazole 

(Scheme 3.4) 

A mixture of 3, 4-dihydroxybenzaldehyde (1 g, 7.2 mmol) and 0.14g (0.38 mmol) 

of CTAB was stirred in 50 mL of water at 80 0C for 30 min, followed with addition 

of 2-aminothiophenol (1.08 g, 8.69 mmol). The reaction mixture was allowed to 

reflux at 150 0C for 5 h. On cooling, the reaction mixture was diluted with ethyl 

acetate (EtOAc) (200 mL) and was transferred to a separating funnel. The organic 

layer was isolated and washed with NaHCO3 (100 mL), and the aqueous layer further 

extracted with fresh EtOAc (3 x 100 ml). The combined organic extracts were 

washed with water (3 x 100 ml), isolated, dried using Na2SO4 and concentrated under 

reduced pressure. The crude product was purified using silica gel column 

chromatography with petroleum ether/ethyl acetate (9:1) as eluent to give bright 
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yellow solid. Yield: 1.6 g (82 %), ),  IR (ATR) (cm-1) νmax 2973.17 (C-H from Ar-H 

stretch), 2934.37, 1519.56 (C=N stretch),  756.34 (C-S stretch), 1H NMR (600 MHz, 

DMSO) δ 8.05 – 7.58 (dd, J = 8.2, 7.6 Hz, 2H, Ar-H), 7.54 – 7.07 (m, 4H, Ar-H), 

7.0 – 6.58 (d, J = 7.5 Hz, 1H, Ar-H),  3.55 – 3.50 (s,  2H, H-hydroxyl group Anal. 

Calc. For C13H9NO2S:  C, 64.18; H, 3.73; N, 5.76; S, 13.18, Found: C, 64.22; H, 

3.70; N, 5.78; S, 13.22. 

 

2.3.5.Synthesis of 4,4'-((4-(benzo[d]thiazol-2-yl)-1,2-bis(phenoxy)) 

diphthalonitrile (4), Scheme 3.4 

A mixture of 3, 4-dihydroxybenzylbenzothiazole (1.00 g, 4.11 mmol) and 4-

nitrophthalonitrile (1.42 g, 8.22 mmol) in dry DMF (25 mL) was stirred in a 100 mL 

round-bottomed flask at 50 ⁰C under an inert atmosphere for 1 h.  Dry K2CO3 (3 g, 

21 mmol) was added in six equal portions at 1 h intervals and the mixture was 

allowed to stir undisturbed at ambient temperature for 7 days. The mixture was 

poured into ice water and the precipitated product was filtered under reduced 

pressure. The light-yellow precipitate was purified by column chromatography using 

hexane/ethyl acetate (8:2) as eluent to give a crystalline yellow solid (3). Yield: 1.03 

g, (42%), IR (ATR) (cm−1): 3034 (Ar-CH stretch), 2230 (C≡N stretch), 1676 (C=O 

stretch), 748 (C-S stretch). 1H NMR (600 MHz, DMSO) δ 8.21 (d, J = 8.7 Hz, 5H, 

Ar-H), 8.16 (dd, J = 8.3, 4.8 Hz, 1H, Ar-H), 8.08 (d, J = 8.0 Hz, 1H, Ar-H), 7.96 (d, 

J = 2.5 Hz, 1H, Ar-H), 7.59–7.54 (m, 3H, Ar-H), 7.50–7.46 (m, 1H, Ar-H), 7.38 (d, 

J = 8.7 Hz, 1H, Ar-H). 13C NMR (600 MHz, CDCl3) δ 165.82, 160.52, 160.07, 

153.84, 147.75, 145.57, 136.67, 132.47, 127.58, 127.15, 127.10, 126.30, 122.81, 

122.64, 122.97, 122.80, 122.77, 122.75, 122.35, 122.28, 117.93, 116.25, 116.20, 

115.67, 115.57, 109.86, 109.59,109.33, 109.25. Anal. Calc. For C29H13N5O2S: C, 

70.29; H, 2.64; N, 14.13; S, 6.47, Found: C, 69.08; H, 2.72; N, 14.09; S, 6.25 
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2.3.6.       Synthesis of 4-(2, 4-bis (4-

aminophenoxy)phenoxy)phthalonitrile (8), Scheme 3.7 

For the synthesis of 8, a mixture of 4-(2, 4-dichlorophenoxyl)phthalonitrile (1g, 3.47 

mmol) and 4-aminophenol (3) (0.76g, 6.94 mmol) in dry DMF was heated at 70 0C 

under argon for 72 h. The reaction mixture was precipitated in ice water, filtered and 

recrystalized in dry methanol. The resultant yellowish solid was dried under vacuum 

to yield 0.98 g (55.8%). IR (ATR): ν (cm−1): 3286 (NH2 stretch), 2928 (Ar–CH), 

2231 (C≡N stretch), 1557, 1464 (C=N stretch of primary amine).  1H NMR (600 

MHz, DMSO-d6) (δ, ppm):  8.25-8.18 (m, 1H, Ar-H), 8.09-8.05 (d, J = 8.17 Hz, 1H, 

Ar-H), 7.88-7.83 (d, J = 8.28 Hz,  3H, Ar-H), 7.68 – 7.64 (m, 3H, Ar-H), 7.52 – 7.39 

(m, 3H, Ar-H), 7.28 – 7.25 (m, 1H, Ar-H), 6.82 – 6.76 (d,  1H, J = 7.12 Hz,  Ar-H), 

6.71 – 6.68 (d,  1H, J = 6.23 Hz,  Ar-H), 5.25 (s,  4H,   NH2 proton), Anal: Calc for 

C26H18N4O3, C, 71.88; H, 4.18; N, 12.90. Found: C, 71.81; H, 4.13; N, 13.02. 

 

2.4. Synthesis of phthalocyanines 

The synthetic pathways for complexes 10-21, 23, 24, 28-36 are shown in Schemes 

3.1-3.9. The numbering considers the phthalonitrile compound 1-9. While 

tetrakis[(4-benzo[d]thiazol-2-y phenoxy) phthalocyaninato]zinc(II) (22) and 

tetrakis[(4-benzo[d]thiazol- 2-ylthio) phthalocyaninato] zinc(II) (25) have been 

reported [62,63], the rest of the complexes are reported for the first time. 

 

2.4.1.Complexes 10-12, Scheme 3.1 

A mixture of zinc acetate (0.20 g, 1.09 mmol) for 10, gallium chloride (0.2 g, 1.10 

mmol) for 11, indium chloride (0.2 g, 0.9 mmol) for 12 and  (3,4-bis (3,4-
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dicyanophenoxy) benzoic acid (1) (0.25 g, 0.62 mmol), DBU (0.1 mL) and 1-

pentanol (5 mL) was refluxed at 160 ⁰C for 24 h under nitrogen atmosphere. The 

product was precipitated using methanol and collected through centrifugation. The 

product was washed with methanol, ethanol and 1 M HCl. The dark green product 

was further purified by reverse phase column chromatography using 

dichloromethane and methanol (97:3) solvent mixture as eluent. The purified 

product was dried in enclosed fume hood.  

Complex 10: Yield: 0.18 g (45%), IR (ATR): ν (cm-1): 3327 (OH stretch), 3108 (Ar-

CH), 1598 (C=O stretch). 1H NMR (400 MHz, DMSO-d6) δ 10.35 (s, 4H, COOH), 

8.24 – 8.13 (m, 14H, Ar-H), 8.08 (d, J = 8.0 Hz, 3H, Ar-H), 7.96 (d, J = 2.5 Hz, 3H, 

Ar-H), 7.60 – 7.53 (m, 7H, Ar-H), 7.48 (t, J = 7.6 Hz, 3H, Ar-H), 7.38 (d, J = 8.7 

Hz, 6H, Ar-H). Anal: Calc for C92H40Zn2N16O16, C, 62.92; H, 2.30; N, 12.76. Found: 

C, 63.74; H, 2.25; N, 12.91. UV-vis., 𝜆max/nm (log ε): (DMSO), 688(5.86), 620 

(4.75), 361 (5.32). MALDI TOF-MS: Calculated: 1756.22; Found: 1757.38 

 

Complex 11: Yield: 0.15 g (38%), IR (ATR): ν (cm-1): 3276 (OH stretch), 2983 (Ar-

CH), 1564 (C=O stretch). 1H NMR (400 MHz, DMSO-d6) δ 10.17 (s, 4H, COOH), 

8.09 – 7.98 (m, 14H, Ar-H), 7.95 (d, J = 8.0 Hz, 3H, Ar-H), 7.83 (d, J = 2.5 Hz, 3H, 

Ar-H), 7.62 – 7.57 (m, 7H, Ar-H), 7.36 (t, J = 7.6 Hz, 3H, Ar-H), 7.14 (d, J = 8.7 

Hz, 6H, Ar-H). Anal: Calc for C92H40Cl2Ga2N16O16, C, 60.19; H, 2.20; N, 12.21. 

Found: C, 61.03; H, 2.18; N, 12.37. UV-vis., 𝜆max/nm (log ε): (DMSO), 688(5.12), 

620 (4.35), 361 (4.98). MALDI TOF-MS: Calculated: 1835.77; Found: 1836.02. 

 Complex 12:  Yield: 0.13g (29%), IR (ATR): ν (cm-1): 3215 (OH stretch), 3019 

(Ar–CH), 1598 (C=O stretch).   1H NMR (600 MHz, DMSO) (δ, ppm): 10.21 (s, 

J.9.32 Hz, 4H, COOH), 8.25-7.75 (m, 16H, Ar-H), 7.7-7.30 (m, 2H, Ar-H), 7.33 (m, 

8H, Ar-H), 7.02-6.91 (m, 10H, Ar-H). Anal: Calc for C92H40Cl2In2N16O16, C, 57.37; 
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H, 2.09; N, 11.64. Found: C, 56.97; H, 1.83; N, 11.75; S, 8.49. UV-vis., λmax/nm (log 

ε): (DMSO), 695(5.28), 620 (4.12), 361 (4.48). MALDI TOF-MS: Calculated: 

1924.02; Found:1929.27 [M+5]+. 

 

2.4.2.Complexes 13-15, Scheme 3.2 

A mixture of zinc (II) acetate (0.20 g, 1.4 mmol) for 13, gallium (III) chloride (0.3g, 

1.70 mmol) for 14, Indium (III) chloride (0.2 g, 0.90 mmol) for 15 and  4-

(hexadecane-1, 2-dioxyl)-bis(phthalonitrile) (2, 0.25 g, 0.49 mmol), DBU (3 drops) 

and 1-pentanol (5 mL) was refluxed at 140 0C for 24 h under argon atmosphere. On 

cooling, methanol was added and the precipitate was collected through 

centrifugation. The product was washed with methanol, ethanol and diethyl ether. 

The dark green product was further purified by column chromatography using THF 

and methanol (98:2) as eluent to give a green product. The purified product was 

dried in enclosed fume hood.  

Complex 13: Yield: 0.09g (24%), IR (ATR): ν (cm-1): 3017 (Ar–CH), 1613 

(C=N/C=C), 1261–1138 (C–O–C). 1H NMR (300 MHz, THF-δ6) δ 8.68 (dd, J = 8.6, 

2.3 Hz, 1H), 8.30 (d, J = 8.6 Hz, 1H), 7.88 (dt, J = 7.7, 3.8 Hz, 7H), 7.62 (dd, J = 

24.2, 2.6 Hz, 8H), 7.39 (ddd, J = 30.5, 8.8, 2.6 Hz, 7H), 5.06 (dd, J = 6.1, 3.5 Hz, 

3H), 4.53 – 4.27 (m, 6H), 2.61 (s, 3H), 1.97 – 1.80 (m, 6H), 1.49 – 1.20 (m, 97H), 

0.91 (t, J = 6.6 Hz, 13H). Anal: Calc for C128H152N16O8Zn2 C, 70.73; H, 7.05; N, 

10.31; O, 5.89; Zn, 6.02. Found: C, 71.27; H, 6.88; N, 10.76. UV-vis., λmax/nm (log 

ε): (THF), 682(5.24), 617 (4.62), 349 (5.18). MALDI TOF-MS: Calculated: 

2173.52; Found: 2173.81 [M+1]+.  

 

Complex 14: Yield: 0.27g (49%), IR (ATR): ν (cm-1): 3003 (Ar–CH), 1607 

(C=N/C=C), 1258–1115 (C–O–C). 1H NMR (300 MHz, THF) δ 8.52 (dd, J = 8.1, 

2.5 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H), 7.74 (dt, J = 8.1, 3.7 Hz, 7H), 7.49 (dd, J = 
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22.1, 2.6 Hz, 8H), 7.59 (ddd, J = 28.5, 8.3, 2.7 Hz, 7H), 5.12 (dd, J = 6.8, 3.7 Hz, 

3H), 4.61 – 4.32 (m, 6H), 2.52 (s, 3H), 1.89 – 1.76 (m, 6H), 1.52 – 1.09 (m, 97H), 

0.95 (t, J = 6.9 Hz, 13H). Anal: Calc for C128H152Cl2Ga2N16O8 C, 68.24; H, 6.80; Cl, 

3.15; Ga, 6.19; N, 9.95; O, 5.68. Found: C, 70.07; H, 6.13; N, 10.27. UV-vis., 

λmax/nm (log ε): (THF), 697(5.37), 619 (4.69), 352 (5.21). MALDI TOF-MS: 

Calculated: 2253.07; Found: 2253.97 [M+1]+.  

 

Complex 15 : Yield: 0.21g (47%), IR (ATR): ν (cm-1): 3063 (Ar–CH), 1623 

(C=N/C=C), 1271–1185 (C–O–C). 1H NMR (300 MHz, THF) δ 8.65 (dd, J = 8.7, 

2.7 Hz, 1H), 8.37 (d, J = 8.5 Hz, 1H), 7.94 (dt, J = 8.0, 3.6 Hz, 7H), 7.58 (dd, J = 

26.1, 2.8 Hz, 8H), 7.67 (ddd, J = 29.5, 8.5, 2.6 Hz, 7H), 5.32 (dd, J = 6.9, 3.3 Hz, 

3H), 4.81 – 4.42 (m, 6H), 2.60 (s, 3H), 1.92 – 1.81 (m, 6H), 1.57 – 1.13 (m, 97H), 

1.03 (t, J = 7.1 Hz, 13H). Anal: Calc for C128H152Cl2In2N16O8 C, 65.61; H, 6.54; Cl, 

3.03; In, 9.80; N, 9.56; O, 5.46. Found: C, 66.12; H, 6.82; N, 10.02. UV-vis., λmax/nm 

(log ε): (THF), 705(5.14), 642 (4.72), 356 (5.13). MALDI TOF-MS: Calculated: 

2343.26; Found: 2344.02 [M+1]+.  

 

2.4.3.Complexes 16-18,  Scheme 3.3 

A mixture of zinc acetate (0.2 g, 1.4 mmol) for 16, gallium (III) chloride (0.2 g, 1.14 

mmol) for 17, indium (III) chloride (0.2 g, 0.90 mmol) for 18 and 4,4'-[(4-formyl-

1,2-bis(phenoxyl)diphthalonitrile] (3) (0.3 g, 0.77 mmol), DBU (0.2 mL) and 1-

pentanol (7 mL) was refluxed at 180 °C for 18 h under an nitrogen atmosphere. Upon 

cooling, the product was precipitated using methanol and collected by 

centrifugation.  The dark green product was washed with methanol, ethanol and 

diethyl ether and purified by column chromatography using DCM and methanol 

(8:2) as eluent.  The purified product was dried in an enclosed fume hood.  
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Complex 16: Yield: 0.21 g (42%), IR (ATR): ν (cm−1): 2892 (Aldehyde C-H 

stretch), 2832, 1624 (C=O stretch), 1577, 1177.   1H NMR (600 MHz, DMSO) (δ, 

ppm):  10.08 – 9.99 (s, 4H, aldehyde-H), 8.26 – 8.23 (m, 1H, Ar-H), 8.15 (d, J = 7.1 

Hz, 1H, Ar-H), 8.10 (dd, J = 15.1, 7.4, Hz, 6H, Ar-H), 7.99 (dd, J = 8.4, 1.9 Hz, 4H, 

Ar-H), 7.94 (dd, J = 6.4, 2.2 Hz, 7H, Ar-H), 7.88 (t, J = 3.2 Hz, 4H), 7.59 (t, J = 7.6 

Hz, 4H, Ar-H), 7.55 (dt, J = 7.7, 3.9 Hz, 4H, Ar-H), 7.50 (dt, J = 8.2, 4.1 Hz, 5H, 

Ar-H). Anal. Calc. for C92H40N16O12Zn2: C, 65.30; H, 2.38; N, 13.24. Found: C, 

64.71; H, 2.41; N, 13.37.  UV-vis, λmax/nm (log ε): (DMSO), 684(5.12), 616 (4.09), 

358 (5.02).  MALDI TOF-MS: Calculated: 1692.22; Found: 1693.08 [M+1]+. 

Complex 17: 0.19 g (38%), IR (ATR): ν (cm−1): 2842 (Aldehyde C-H stretch), 2855, 

1708 (C=O stretch), 1564, 1169.   1H NMR (600 MHz, DMSO) (δ, ppm):  10.12 – 

9.95 (s, 4H, aldehyde-H), 8.23 – 8.07 (m, 1H, Ar-H), 8.17 (d, J = 7.1 Hz, 1H, Ar-

H), 8.22 (dd, J = 15.1, 7.4, Hz, 6H, Ar-H), 7.99 (dd, J = 8.4, 1.9 Hz, 4H, Ar-H), 7.92 

(dd, J = 6.4, 2.2 Hz, 7H), 7.75 (t, J = 3.2 Hz, 4H), 7.62 (t, J = 7.6 Hz, 4H), 7.55 (dt, 

J = 7.7, 3.9 Hz, 4H, Ar-H), 7.53 (dt, J = 8.2, 4.1 Hz, 5H, Ar-H). Anal. Calc. for 

C92H40N16O12Cl2Ga2: C, 62.37; H, 2.28; N, 12.65. Found: C, 62.98; H, 2.26; N, 

12.72.  UV-vis, λmax/nm (log ε): (DMSO), 691(5.31), 619 (4.11), 347 (5.23).  

MALDI TOF-MS: Calculated: 1771.84; Found: 1772.94 [M+1]+. 

 

Complex 18:  Yield: 0.26 g (52%), IR (ATR): ν (cm−1): 2835 (Aldehyde C-H 

stretch), 2799, 1712 (C=O stretch), 1571, 1173.   1H NMR (600 MHz, DMSO) (δ, 

ppm):  10.07 – 9.98 (s, 4H, aldehyde-H), 8.31 – 8.10 (m, 1H, Ar-H), 8.25 (d, J = 7.1 

Hz, 1H, Ar-H), 8.17 (dd, J = 15.1, 7.4, Hz, 6H, Ar-H), 7.96 (dd, J = 8.4, 1.9 Hz, 4H, 

Ar-H), 7.92 (dd, J = 6.4, 2.2 Hz, 7H, Ar-H), 7.71 (t, J = 3.2 Hz, 4H, Ar-H), 7.69 (t, 

J = 7.6 Hz, 4H, Ar-H), 7.60 (dt, J = 7.7, 3.9 Hz, 4H, Ar-H), 7.58 (dt, J = 8.2, 4.1 Hz, 

5H, Ar-H). Anal. Calc. for C92H40N16O12Cl2In2: C, 59.35; H, 2.17; N, 12.04. Found: 
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C, 59.89; H, 2.19; N, 12.15.  UV-vis, λmax/nm (log ε): (DMSO), 696(5.21), 626 

(4.23), 363 (5.24).  MALDI TOF-MS: Calculated: 1861.97; Found: 1863.02 [M+1]+. 

 

2.4.4.Complexes 19-21, Scheme 3.4 

A mixture of zinc acetate (0.2 g, 1.4 mmol) for 19, gallium (III) chloride  (0.28g, 1.6 

mmol) for 20, indium (III) chloride (0.20g, 0.90 mmol) for 21 and 4,4'-((4-

(benzo[d]thiazol-2-yl)-1,2-bis(phenoxy))diphthalonitrile (3) (0.3g, 0.61 mmol), 

DBU (0.3 mL) and 1-pentanol (10 mL) was refluxed under argon atmosphere at 180 

°C for 24 h . The reaction mixture upon cooling was precipitated using methanol and 

the precipitate was collected by centrifugation.  The green product was subsequently 

washed with methanol, ethanol and diethyl ether and purified by column 

chromatography using THF and methanol (9:1) as eluent. The product was dried 

under fume hood.  

Complex 19: Yield: 0.12 g, (24%), IR (ATR): (cm−1): 3047 (Ar-C-H stretch), 1477 

- 1655 cm-1 (C=C stretch), 1496–1560 cm–1 (C=N stretch), 748 (C-S stretch).  1H 

NMR (600 MHz, DMSO) δ 8.15-8.05 (dd, J = 8.5, 5.7 Hz, 11H, Ar-H), 8.00–7.98 

(d, J = 7.6 Hz,  5H, Ar-H), 7.96-7.94 (m,  5H, Ar-H), 7.90–7.88 (m,  4H, Ar-H), 7.80 

(m,  4H, Ar-H), 7.55-7.50 (t, J = 6.8 Hz, 6H, Ar-H), 7.45-7.40 (t, J = 7.2 Hz, 6H, Ar-

H), 7.35 (m, 5H, Ar-H), 7.20  (d, J = 7.2 Hz, 6H, Ar-H). Anal. Calc. for 

C116H52N20O8S4Zn2: C, 65.94; H, 2.48; N, 13.26, S, 6.07. Found: C, 64.89; H, 3.05; 

N, 13.93, S, 5.85.  UV-vis, λmax/nm (log ε): (DMSO), 681(5.44), 612 (4.77), 341 

(5.36).  MALDI TOF-MS: Calculated: 2112.86; Found: 2113.92 [M+1]+.  

 

Complex 20: Yield: 0.15 g (26%), IR (ATR): (cm−1): 3052 (Ar-C-H stretch), 1451 

- 1636 cm−1 (C=C stretch), 1487–1560 cm–1 (C=N stretch), 754 (C-S stretch).  1H 

NMR (600 MHz, DMSO) δ 8.05–7.97 (dd, J = 8.5, 5.7 Hz, 11H, Ar-H), 7.95–7.84 
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(d, J = 7.6 Hz,  5H, Ar-H), 7.82–7.77 (m,  5H, Ar-H), 7.75-7.68 (m,  4H, Ar-H), 7.65 

(m, 4H, Ar-H), 7.56–7.51 (t, J = 6.8 Hz, 6H, Ar-H), 7.47–7.41 (t, J = 7.2 Hz, 6H, 

Ar-H), 7.28 (m, 5H, Ar-H), 7.23 (d, J = 7.25 Hz, 6H, Ar-H). Anal. Calc. for 

C116H52N20O8S4Ga2Cl2: C, 63.55; H, 2.39; N, 12.78, S, 5.85. Found: C, 64.81; H, 

2.97; N, 13.22, S, 6.09.  UV-vis, λmax/nm (log ε): (DMSO), 698(5.59), 624 (5.07), 

370 (5.52).  MALDI TOF-MS: Calculated: 2192.43; Found: 2193.17 [M+1]+.  

 

Complex 21: Yield: 0.18 g (36%), IR (ATR): (cm−1): 3052 (Ar-C-H stretch), 1459 

- 1633 cm−1 (C=C stretch), 1491–1564 cm−1 (C=N stretch), 751 (C-S stretch).  1H 

NMR (600 MHz, DMSO) δ 8.11–8.02 (dd, J = 8.5, 5.7 Hz, 11H, Ar-H), 7.98–7.93 

(d, J = 7.6 Hz, 5H, Ar-H), 7.88–7.83 (m,  5H, Ar-H), 7.78–7.70 (m,  4H, Ar-H), 7.63 

(m, 4H, Ar-H), 7.58–7.50 (t, J = 6.8 Hz, 6H, Ar-H), 7.52–7.46 (t, J = 7.2 Hz, 6H, 

Ar-H), 7.32 (m, 5H, Ar-H), 7.29 (d, J = 7.2 Hz, 6H, Ar-H). Anal. Calc. for 

C116H52N20O8S4In2Cl2: C, 61.04; H, 2.30; N, 12.27, S, 5.61. Found: C, 62.31; H, 

3.07; N, 13.11, S, 6.11.  UV-vis, λmax/nm (log ε): (DMSO), 701(5.39), 624 (4.97), 

370 (5.24).  MALDI TOF-MS: Calculated: 2282.61; Found: 2283.71 [M+1]+.  

 

2.4.5.Complexes 23, 24, Scheme 3.5 

A mixture of  gallium (III) chloride (0.2 g, 1.14 mmol) for 23, indium (III) chloride 

(0.2 g, 0.90 mmol) for 24 and 4-[4-(1,3-benzothiazol-2-yl)phenoxy]phthalonitrile 

(5)   ( 0.3 g, 0.849 mmol), DBU (3 drops) and 1-pentanol (5 mL) was refluxed at 

160 0C for 24 h under argon  atmosphere. On cooling, methanol was added and the 

precipitated was collected through centrifugation. The product was washed with 

methanol, ethanol and diethyl ether. The dark green product was further purified by 

column chromatography using chloroform and methanol (95:5) as eluent to give a 

green powder.  
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Complex 23: Yield: 0.123g (41%), IR (ATR): ν (cm-1): 3071 (Ar–CH), 1620 

(C=N/C=C), 753 (C–S), 1234–1170, 1091–1048 (=C–O–C). 1H NMR (300 MHz, 

DMSO) (δ, ppm): 8.90 (m, 8H, Ar-H), 7.93 (m, 8H, Ar-H), 7.42 (m, 28H, Ar-H). 

Anal: Calc. C, 66.43; H, 2.92; Cl, 2.33; N, 11.07; O, 4.21; S, 8.45. Found: C, 66.51; 

H, 2.85; N, 10.98; S, 8.01. UV-vis., λmax/nm (log ε): (DMSO), 688(5.28), 617 (4.36), 

318 (5.12). MALDI TOF-MS: Calculated: 1516.14; Found: 1518.05 [M+2]+. 

 

Complex 24 : Yield: 0.27g (54%).  IR (ATR): ν (cm-1): 3077 (Ar–CH), 1623 

(C=N/C=C), 749 (C–S), 1238–1162, 1087–1048 (=C–O–C).  1H NMR (300 MHz, 

DMSO-d6) (δ, ppm): 8.18 (m, 8H, benzothiazole Ar-H), 8.14 (m, 8H, benzothiazole 

Ar-H), 8.09-8.06 (m, 4H, Ar-H), 8.04 (m, 4H, Ar-H),  7.58 (m, 8H, Ar-H), 7.54 (dd, 

J=7.62, 7.58, 4H, Ar-H), 7.48(m, 8H, Ar-H).  Anal. Calc. for C84H44N12S4O4InCl: 

C, 67.76; H, 3.10; N, 7.18; S, 8.22 Found: C, 66.71; H, 3.55; N, 7.33; S, 7.17.  UV-

vis, λmax/nm (log ε): (DMSO), 688(5.32), 617 (4.06), 318 (4.72).  MALDI TOF-MS: 

Calculated: 1563.8; Found: 1564.05 [M+1]+. 

 

2.4.6.Complexes 26, 27, Scheme 3.5 

A mixture of gallium (III) chloride (0.2 g, 1.14 mmol) for 26, indium (III) chloride 

(0.2 g, 0.90 mmol) for 27 and 4-{[1H-benzo(d)thiazol-2-yl]thio}phthalonitrile (6) 

(0.3g, 0.85 mmol), DBU (3 drops) and 1-pentanol (5 mL) was refluxed at 160 0C for 

24 h under argon  atmosphere. On cooling, methanol was added and the precipitated 

was collected through centrifugation. The product was washed with methanol, 

ethanol and diethyl ether. The dark green product was further purified by column 

chromatography using chloroform and methanol (95:5) as eluent to give a green 

powder.  
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Complex 26: Yield: 0.118g (39%). IR (ATR): ν (cm-1): 3027 (Ar–CH), 1611 

(C=N/C=C), 757 (C–S), 1H NMR (400 MHz, DMSO) (δ, ppm): 8.61–8.52 (m, 9H, 

Ar–H), 8.50–8.07 (m, 11H, Ar–H), 8.01–7.24 (m, 8H, Ar–H). Anal: Calc. C, 56.36; 

H, 2.21; N, 13.15; S, 20.06. Found: C, 57.01; H, 2.08; N, 13.73; S, 20.51. UV-vis., 

λmax/nm (log ε): (DMSO), 692(5.11), 618 (4.39), 314 (4.48).  MALDI TOF-MS: 

Calculated: 1275.93; Found: 1279.02 [M+3]+. 

 

Complex 27: Yield: 0.18g (36%).  IR (ATR): ν (cm-1): 3005 (Ar–CH), 1623 

(C=N/C=C), 749 (C–S).  1H NMR (400 MHz, DMSO- d6) (δ, ppm): 8.52 – 8.48 (m, 

9H, Ar-H), 8.45 – 8.40 (m, 11H, Ar-H), 8.01 - 7.54 (m, 8H, Ar–H).  Anal. Calc. for 

C60H28N12S8InCl: C, 58.24; H, 2.44; N, 8.49; S, 19.44. Found: C, 57.99; H, 2.25; N, 

8.62; S, 19.57.  UV-vis, λmax/nm (log ε): (DMSO), 692(5.11), 618 (4.39), 314 (4.48).  

MALDI TOF-MS: Calculated: 1323.74; Found: 1324.08 [M+1]+. 

 

2.4.7.Complexes 28-30, Scheme 3.6 

A mixture of zinc acetate (0.2 g, 1.4 mmol) for 28,  gallium (III) chloride (0.2 g, 1.14 

mmol) for 29, indium (III) chloride (0.2 g, 0.90 mmol) for 30 and 4-(4-

formylphenoxy)phthalonitrile (7) (0.3 g, 1.2 mmol) , DBU (0.2 mL) and 1-pentanol 

(7 mL) was refluxed at 180 °C for 18 h under an nitrogen atmosphere. Upon cooling, 

the product was precipitated using methanol and collected by centrifugation.  The 

dark green product was washed with methanol, ethanol and diethyl ether and purified 

by column chromatography using DCM and methanol (8:2) as eluent.  The purified 

product was dried in an enclosed fume hood.  

Complex 28: Yield 0.33 g (66%), IR (ATR): ν (cm−1): 2836 (Aldehyde C-H stretch), 

2810, 1719 (C=O stretch), 1581, 1190.   1H NMR (600 MHz, DMSO) (δ, ppm):  

10.01 (s, 4H), 8.19 (d, J = 8.7 Hz, 4H), 8.05 – 7.96 (m, 12H), 7.60 (d, J = 7.4 Hz, 
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4H), 7.37 (d, J = 8.2 Hz, 8H). Anal. Calc. for C60H32N8ZnO8: C, 68.09; H, 3.05; N, 

10.59. Found: C, 68.78; H, 3.07; N, 10.68.  UV-vis, λmax/nm (log ε): (DMSO), 679 

(5.17), 626 (4.18), 363 (4.73).  MALDI TOF-MS: Calculated: 1058.36; Found: 

1058.97 [M+1]+. 

 

Complex 29: Yield 0.27 g (54%), IR (ATR): ν (cm-1): 2872 (Aldehyde C-H stretch), 

2861, 1723 (C=O stretch), 1602, 1159.   1H NMR (600 MHz, DMSO) (δ, ppm):  

10.12 (s, 4H), 8.17 (d, J = 8.7 Hz, 4H), 8.03 – 7.96 (m, 12H), 7.49 (d, J = 7.4 Hz, 

4H), 7.25 (d, J = 8.2 Hz, 8H). Anal. Calc. for C60H32N8O8ClGa: C, 65.63; H, 2.94; 

N, 10.20. Found: C, 64.95; H, 2.96; N, 10.32.  UV-vis, λmax/nm (log ε): (DMSO), 

689(5.26), 620 (4.31), 367 (4.43).  MALDI TOF-MS: Calculated: 1098.14; Found: 

1099.02 [M+1]+.  

 

Complex 30: Yield 0.27 g (54%), IR (ATR): ν (cm−1): 2866 (aldehyde C-H stretch), 

2839, 1742 (C=O stretch), 1591, 1174.   1H NMR (600 MHz, DMSO) (δ, ppm):  

10.06 (s, 4H), 8.22 (d, J = 8.7 Hz, 4H), 8.15 – 7.81 (m, 12H), 7.61 (d, J = 7.4 Hz, 

4H), 7.33 (d, J = 8.2 Hz, 8H). Anal. Calc. for C60H32N8O8ClGa: C, 63.04; H, 2.82; 

N, 9.80. Found: C, 63.85; H, 2.79; N, 9.69.  UV-vis, λmax/nm (log ε): (DMSO), 

695(5.12), 627 (4.38), 352 (4.51).  MALDI TOF-MS: Calculated: 1143.23; Found: 

1144.37 [M+1]+.  

 

2.4.8.Complexes 31-33 (Scheme 3.7) 

A mixture of zinc acetate (0.25 g, 1.1 mmol) for 31, gallium chloride (0.3g, 

1.70 mmol) for 32, indium chloride (0.3 g, 1.36 mmol) for 33 and  4-(2, 4-

bis(2, 4-bis(4-aminophenoxy)phenoxyl)phthalonitrile (8) (0.3 g, 0.7 mmol), 

DBU (0.25 mL) and 1-pentanol (5 mL) was refluxed at 170 °C for 24 h under 
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argon atmosphere.  On cooling, methanol was added and the precipitate was 

collected through centrifugation.  The product was washed with methanol, 

ethanol and diethyl ether. The dark green product was further purified by 

column chromatography using THF and methanol (96:4) solvent mixture as 

eluent.  The purified product was dried in enclosed fume hood.  

Complex 31: Yield: 0.18 g (34%), IR (ATR): ν (cm−1): 3326 (NH2 stretch), 

2928 (Ar–CH), 1595, 1473 (C=N stretch of primary amine).  1H NMR (600 

MHz, DMSO-d6) (δ, ppm):  8.15-8.00 (m, 10H, Ar-H), 7.96 - 7.80 (m, 13H, 

Ar-H), 7.65-7.50 (m, 8H, Ar-H), 7.50 – 7.35 (m, 12H, Ar-H), 7.30 – 7.15 (m, 

3H, Ar-H), 6.92 – 6.75 (m, 5H, Ar-H), 6.75 – 6.65 (m, 5H, Ar-H), 5.18 (s, 

16H,   NH2 proton).  Anal: Calc for C104H72N16O12Zn, C, 69.42; H, 4.57; N, 

12.11; O, 10.37; Zn, Found: C, 69.28; H, 4.62; N, 11.97, UV-vis., λmax/nm 

(log ε): (DMSO), 681(5.08), 616 (4.10), 348 (4.50). MALDI TOF-MS: 

Calculated: 1803.21; Found: 1802.75. 

 

Complex 32: Yield: 0.19 g (32%), IR (ATR): v (cm-1): 3401 (NH2 stretch), 3021 

(Ar–CH), 1592, 1480 (C=O stretch of primary amine).  1H NMR (400 MHz, DMSO-

d6) (d, ppm): 8.21–8.02 (m, 9H, Ar–H), 7.95–7.86 (m, 3H, Ar–H), 7.65–7.60 (m, 

6H, Ar–H), 7.49 –7.38 (m, 3H, Ar–H), 7.30–7.26 (m, 7H, Ar–H), 6.91–6.80 (m, 

14H, Ar–H), 6.71–6.59 (m, 14H, Ar–H), 5.49-4.95 (s, 16H, NH2 proton).  Anal. calc. 

for C104H72N16O12Ga, C, 67.78; H, 3.94; N, 12.16; found: C, 69.11; H, 3.65; N, 11.99, 

UV-vis., λmax/nm (log ε): (DMSO), 687 (5.09), 617 (4.13), 354 (4.92).  MALDI 

TOF-MS: calculated: 1842.91; found: 1843.20. 

 

Complex 33: Yield: 0.22 g (36%), IR (ATR): v (cm−1): 3276 (NH2 stretch), 2930 

(Ar–CH), 1592, 1477 (C=O stretch of primary amine). 1H NMR (600 MHz, DMSO-

d6) (d, ppm): 8.17–8.02 (m, 9H, Ar–H), 7.93–7.86 (m, 3H, Ar–H), 7.65–7.64 (m, 
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6H, Ar–H), 7.48 –7.36 (m, 3H, Ar–H), 7.30–7.24 (m, 7H, Ar–H), 6.90–6.80 (m, 

14H, Ar–H), 6.71–6.59 (m, 14H, Ar–H), 5.49-5.00 (s, 16H, NH2 proton).  Anal. calc. 

for C104H72N16O12In, C, 65.53; H, 3.91; N, 11.76; found: C, 64.96; H, 4.06; N, 11.25, 

UV-vis., λmax/nm (log ε): (DMSO), 691 (5.14), 620 (4.15), 356 (4.83). MALDI TOF-

MS: calculated: 1887.69; found: 1888.09. 

 

2.4.9. Complex 34-36 (Scheme 3.8) 

A mixture of 4-(4-(1,3-benzo[d]thiazol-2-yl)phenoxy)phthalonitrile (5) (1 g, 2.83 

mmol), 2-(4-(3,4-dicyanophenoxy)phenoxy)acetic acid (9) (0.28 g, 0.94 mmol), zinc 

acetate (0.4 g, 2.19 mmol) for 34, gallium chloride (0.35 g, 1.99 mmol) for 35, 

indium chloride (0.20 g, 0.90 mmol) for 36,  DBU (3 drops) and 1-pentanol (10 mL) 

was refluxed at 140 0C for 24 h under argon atmosphere. On cooling, methanol was 

added and the precipitate was collected through centrifugation. The product was 

washed with methanol, ethanol and diethyl ether. Column chromatography showed 

several fractions using THF and methanol (98:2) as eluent. The desired A3B product 

was identified through mass spectrometry and 1HNMR. The purified product was 

dried in enclosed fume hood.  

Complex 34: Yield: 0.28g (21%).  IR (ATR): ν (cm-1): 3395 (COOH), 3005 (Ar–

CH), 1623 (C=N/C=C), 735 (C–S).  1H NMR (600 MHz, DMSO- d6) (δ, ppm): 10.25 

(s, 1H, COOH proton), 8.25 – 8.19 (m, 6H, Ar-H), 8.15 - 8.10 (m, 6H, Ar–H), 8.09 

- 8.01 (d, J = 8.68 Hz, 3H, Ar–H), 7.98 - 7.90 (d, J = 8.68 Hz, 3H, Ar–H), 7.60 – 

7.55 (m,  13H, Ar–H), 7.50 - 7.45 (t, J = 8.22 Hz, 3H, Ar–H), 7.40-7.30 (m, 6H, Ar-

H),    4.18 - 4.10 (s, 2H, CH2)  .  Anal. Calc. for C79H43N11: C, 66.83; H, 3.05; N, 

10.85; S, 6.78. Found: C, 67.57; H, 3.08; N, 10.74; S, 6.85.  UV-vis, λmax/nm (log 

ε): (DMSO), 680(5.31), 610 (4.15), 319 (4.38).  MALDI TOF-MS: Calculated: 

1419.42; Found: 1417.82 [M+1]+. 
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Complex 35: Yield: 0.28 g (19%).  IR (ATR): ν (cm-1): 3183 (COOH-stretch) 2987 

(Ar–CH), 1704 (C=N/C=C), 745 (C–S).  1H NMR (600 MHz, DMSO-d6) (δ, ppm): 

10.23 (s, 1H, COOH proton), 8.22 – 8.18 (m, 6H, Ar-H), 8.13 - 8.11 (m, 6H, Ar–H), 

8.09 - 8.01 (d, J = 8.68 Hz, 3H, Ar–H), 7.96 - 7.91 (d, J = 8.68 Hz, 3H, Ar–H), 7.61 

– 7.56 (m,  13H, Ar–H), 7.50 - 7.45 (t, J = 8.22 Hz, 3H, Ar–H), 7.42-7.30 (m, 6H, 

Ar-H),    4.08 - 4.02 (s, 2H, CH2)  .Anal. Calc. for C79H43N11S3: C, 65.01; H, 2.97; 

N, 10.56; S, 6.59. Found: C, 66.07; H, 2.86; N, 10.78; S, 6.61.  UV-vis, λmax/nm (log 

ε): (DMSO), 689(5.23), 615 (4.28), 319 (5.08).  MALDI TOF-MS: Calculated: 

1457.15; Found: 1458.01 [M+1]+. 

 

Complex 36: Yield: 0.31g (21%).  IR (ATR): ν (cm-1): 3275 (COOH-stretch), 2988 

(Ar–CH), 1714 (C=N/C=C), 749 (C–S).  1H NMR (600 MHz, DMSO-d6) (δ, ppm): 

10.25 (s, 1H, COOH proton), 8.21 – 8.19 (m, 6H, Ar-H), 8.11 - 8.10 (m, 6H, Ar–H), 

8.09 - 8.00 (d, J = 8.68 Hz, 3H, Ar–H), 7.97 - 7.91 (d, J = 8.68 Hz, 3H, Ar–H), 7.62 

– 7.58 (m,  13H, Ar–H), 7.50 - 7.45 (t, J = 8.22 Hz, 3H, Ar–H), 7.41-7.32 (m, 6H, 

Ar-H),    4.07 - 4.00 (s, 2H, CH2).    Anal. Calc. for C79H43N11S3: C, 63.06; H, 2.88; 

N, 10.24; S, 6.39. Found: C, 62.91; H, 2.71; N, 9.89; S, 6.08.  UV-vis, λmax/nm (log 

ε): (DMSO), 693(5.03), 617 (4.57), 319 (4.97).  MALDI TOF-MS: Calculated: 

1503.12; Found: 1504.22 [M+1]+. 
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2.5. Procedure for conjugation of phthalocyanines with 

nanoparticles 

2.5.1.Covalent linkage of phthalocyanine to nanoparticles to form 

Pc-NPs (complexes 10-12 and 31-36), Scheme 3.9 and 3.10 

The synthesis of GSH capped CdTe [145], CdTeSe, CdTeSe/ZnO [146], GQDs 

[147], AuNPs and AgNPs [148] has been reported. 

The conjugation was performed follows: complexes 10 (0.025 g, 0.014 mmol), 11 

(0.025 g, 0.014 mol), and 12 (0.025 g, 0.13 mol), 34 (0.020 g, 0.01 mmol), 35 and 

36 (0.03 g, 0.02 mmol) each were separately   dissolved in 10 ml of DMF, followed 

by addition of DCC (0.015 g, 0.072 mmol) to activate the carboxylic acid functional 

group in 10-12 and 34-36.  The reaction mixture was stirred for 48 h at ambient 

temperature. After this time, DMAP (0.025 g, 0.082 mmol) and 0.01 g of glutathione 

(GSH) functionalized CdTe QDs were added (Scheme 3.9) and the reaction was 

allowed to stir for further 48 h at ambient temperature. Complexes 10-12 was also 

linked to amine functionalized GQDs and 12 to GSH capped CdTeSe, CdTeSe/ZnO, 

AuNPs and AgNPs while 31 and 34 were also linked to GSH capped AuNPs and 

AgNPs, all using the same procedure. 

For the covalent linkage of 31-33 that possess amine functional group, a 0.05g each 

of the GSH functionalized CdTe were separately dissolved in 10 ml of DMF, 

followed by addition of DCC (0.015 g, 0.072 mmol) to activate the carboxylic acid 

of the nanoparticles (Scheme 3.10). After this time, a mixture of each of 31 (0.04g, 

0.02 mmol), 32 (0.03g, 0.02 mmol)  or  33 (0.03g, 0.02 mmol) and DMAP (0.025 g, 

0.082 mmol) were added and allowed to stir for further 48 h. The formed 

nanoconjugates were precipitated out of solution with methanol and collected 

through centrifugation, washed several times using ethanol and dried in enclosed 

fume hood. 
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2.5.2.Surface assembly of phthalocyanine on metallic 

nanoparticles (complexes 19-27, 31 and 34), Scheme 3.11 

The synthesis of olyamine capped AuNPs and AgNPs was has been reported [148]. 

The attachment of the phthalocyanine onto the nanoparticles was carried out using 

reported method [148] with slight modification. Briefly, 1 mg of the oleyamine (OA) 

functionalized AuNPs or AgNPs in 2 ml of toluene was added to a refluxing solution 

of 5 mg of each of the complexes in 10 ml of toluene and the mixture was allowed 

at reflux for 2 h. The mixture was cooled to the room temperature while stiring and 

subsequently left stirring at room temperature for a further 12 h for ligand exchange 

of loosely bound OA on the surface of nanoparticles with the complexes.  The 

mixture was diluted with methanol and the Pc-nanoconjugates were collected by 

centrifugation at 500 rpm for 10 min.  The products were washed with methanol and 

ethanol and then dried in enclosed fumehood. 

 

2.6. Preparation of polymer thin films (complexes 13-18, 22-30) 

Polystyrene (200 mg) was weighed into clean vials containing 4 mL of chloroform 

and the mixture was sonicated for 30 min.  Then 1 × 10−2 moles of each of the 

complexes (13-15, 16-18, 22-30) were separately dissolved in 1 mL of chloroform 

and transferred into the vials, followed by stirring for 24 h.  A homogenous mixture 

of Pc-polystyrene was coated on thin glass slides.  The coated glass slides were air 

dried to remove the chloroform.  The resultant thin films are labelled as 13-TF, 14-

TF, 15-TF, 16-TF, 17-TF, 18-TF, 22-TF, 23-TF, 24-TF, 25-TF, 26-TF, 27-TF, 28-

TF, 29-TF and 30-TF respectively.  The knife edge attachment of a Bruker D8 

Discover X-ray diffraction (XRD) instrument was used to determine that the 

thicknesses of the thin films. The thickness of the thin films was reported as 0.015 
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mm (13-TF), 0.021 mm (14-TF), 0.017 mm (15-TF), 0.031 mm (16-TF), 0.027 mm 

(17-TF), 0.032 mm (18-TF), 0.044 mm (28-TF), 0.027 mm(29-TF) and 0.039 mm 

(30-TF), 0.014 mm (3-TF), 0.019 mm (4-TF), 0.016 mm (5-TF) and 0.014 mm (6-

TF).
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The synthesis of complexes 22 and 25 have already been reported elsewhere [62,63], 

hence will not be discussed here. The rest of the complexes (10-12, 13-15, 16-18, 

19-21, 23, 24, 26, 27, 28-30, 31-33, 34-36) will be discussed in detail. 

 

3.1. Phthalocyanines alone 

3.1.1.Complexes 10-12 

The synthetic route for complexes 10-12 is shown in Scheme 3.1. The structural 

characterization of this complexes using 1H-NMR, Uv-vis, infra-red, MALDI-TOF 

mass spectroscopies and elemental analysis agreed well with the proposed 

structures. The formation of 10-12 was confirmed by the disappearance of CN peak 

observed at 2230 cm-1 in the FT-IR spectrum of 1. 1H NMR spectrum for complexes 

10, 11 and 12 showed the singlet proton of the carboxylic acid at 10.35, 10.17 and 

10.21 ppm respectively, which were integrated into a total of 4 protons for each. The 

aromatic protons appear at 8.24-7.38 ppm for 10, 8.09 – 7.14 for 11 and 8.25-6.91 

ppm for 12, all integrated to give anticipated number of 36 protons (Fig. A1, 

appendix). 

The Uv-vis of the complexes showed a monomeric behavior with single intense Q 

band, typical of metalated Pc with degenerate D4h symmetry[149] (Fig. 3.1) The Q 

band maxima of gallium complex 11 and indium complex 12 lie at longer 

wavelength at 689 nm and 695 nm, respectively, more red-shifted compared to 682 

nm observed for 10 containing zinc (Table 3.1). Red shifts in the Q band are typical 

for MPcs containing central metals with big atomic radius in the Pc cavity [150]. 
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Scheme 3.1: Synthetic route for ball-type complexes 10-12 
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Table 3.1: Absorption wavelengths of ball-type Pcs 10-21 in DMSO 

Complex λmax 

Group 1 bearing Zinc central metal 

10 682 

13 681 

16 682 

19 681 

Group 2 bearing Gallium central metal 

11 689 

14 697 

17A 691 

17B 689 

20 698 

Group 3 bearing Indium central metal 

12 695 

15 707 

18 696 

21 701 
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Figure 3.1: Electronic absorption spectra of 10-12 in DMSO 

 

A splitting of molecular orbitals as well as lowering of symmetry is expected to 

result in splitting or broadening of the Q band due to strong intermolecular 

interaction between the Pc rings in ball-type Pcs [69,151]. There was no observed 

splitting in Q band of 10-12. Non splitting of the Q band in ball-type Pcs is expected 

with dimers having eclipsed rather than staggered conformation [70] and have been 

observed before [152].  

The absorption, excitation and fluorescence spectra of 10-12 are shown in Fig. 3.2. 

The absorption spectrum is similar to the excitation spectrum, and both are mirror 

images of the emission spectrum, suggesting that the nuclear configuration of the 

ground state is not affected by excitation wavelength of interest. 
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Figure 3.2: Absorption, fluorescence emission and excitation spectra of 10 in DMSO. 

 

3.1.2.Complexes 13-15  

Scheme 3.2 shows the pathway for the synthesis of hexadecane alkyl chain bearing 

ball-type complexes. The choice of long alkoxyl chain is due to its electron donating 

nature which can lead to increase in electron density and stabilizes the Pcs ring as 

well as to provide –C-O-C- bonds for rotational flexibility, which could result in 

symmetry distortion that favours NLO response. The structural analysis of the 

complexes was consistent with the proposed structure shown in Scheme 3.2. The  

1H NMR spectra for complex 13-15 were similar with only slight variation in 

chemical shift (Fig A2, appendix). The aromatic protons from the Pc ring were 

observed between 8.68 ppm – 7.39 ppm with corresponding signals integrated to 

give a total of 24 protons while the long alkyl chain length protons resonate around 

5 ppm – 1 ppm integrated to give total of 128 protons. The elemental composition 
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was within the expected values. The expected mass to charge ration (m/z) for 13, 14 

and 15 were 2173.52, 2253.07 and 2343.26 respectively while the observed were 

2173.81, 2253.97 and 2344.02 respectively all corresponding to (M+1)+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

   

 

 

 

 

               

                  Scheme 3.2: Synthetic route for preparation of complex 13-15 
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A red shifting of absorption spectra as the atomic weight increases was observed 

(Fig. 3.3) as observed for 10-12. The Q-bands were observed at 681 nm, 699 nm and 

707 nm respectively for 13, 14 and 15 respectively (Table 3.1),  

                        

Figure 3.3: Absorption spectra for 13-15.  Solvent = DMSO 

The pronounced broadening witnessed for 14 and 15 compared to 13 could be due 

to the usual aggregation [153]. Ideally, aggregation should be less expected for 14 

and 15 since axial ligation tend to reduce aggregation. 

To probe into the probable cause of broadening, the absorption spectra of 13–15 

were recorded at different concentrations in solution. The plots of concentration 

against absorbance obeyed the Beer–Lambert law confirming non-aggregated 

species (Fig. 3.4, using 13 and 14 as representatives). 
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Figure 3.4: Absorption changes of (A) 13 and (B) 14 in solution at different concentrations. 

Solvent: DMSO 
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This indicate that the broadening of the Q band observed for 14 and 15 is not due to 

aggregation.  

When 13-15 were formulated into polystyrene thin films, further broadening of the 

spectral bands was observed due aggregation of phthalocyanines in solid state (Fig. 

3.5)  

              

Figure 3.5: Absorption spectra of 13-15 in polymer thin films 

 

Aggregation in thin films (TF) was judged by red-shifting of the Q band and the 

presence of high energy peaks at 620, 650 and 655 nm in 13-TF, 14-TF and 15-TF 

respectively with loss of B bands (Fig. 3.5). A lack of clear B band and red-shifting 

of Q band peaks is typical of the solid-state spectra of phthalocyanines[154]. 

The principles of MCD spectroscopy is based on the analyses of the three Faraday 

terms, A1, B0 and C0 which provide information on state degeneracies and band 

polarizations that cannot be derived from the UV-visible absorption spectrum alone 

[155]. The MCD spectrum of 13  (Fig. 3.6 ) is very similar to what would normally 

be expected for a monomeric ZnPc [156] since pseudo-A1 terms are observed in the 

Q and B band regions with cross-over point at 681 nm that correspond to 681 nm 
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absorption maxima observed in Uv-vis spectra. The TD-DFT calculation for 13 (Fig 

3.6 ) predict a single intense Q band transition of Gouterman’s four orbital model 

[65] similar to what would be observed for monomeric M11Pc complexes. A similar 

spectrum was observed for 14 and 15 (Fig. 3.6 for 14, Table A1, appendix) with 

some minor differences in the B band region resulting from the effect of axial 

chloride ligands on the energy of 2a2u molecular orbital of the parent D4h symmetry 

ring. 
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Figure 3.6: Absorption and MCD spectra of 13 and 14 in THF. The calculated TD-DFT 

spectrum of the isomer of 13 and 14 with four 3,3-position attachments is plotted against a 

secondary axis. Red diamonds are used to highlight bands associated with the Q and B bands 

of Gouterman’s 4-orbital model while blue diamonds are used for transitions associated with 

what would be the 2a2u MO of the Pc rings, if D4h symmetry were assumed. 

 

 

13

14



Synthesis and characterization Chapter three 
 

85 
 

The frontier molecular orbital showed a decrease in energy gap between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) in order of 13 > 14 > 15 (Fig. 3.7), which account for the red-shift in Q 

band absorption maxima of 14 and 15 compared to 13. It is pertinent to note that the 

point of attachment of the bridging substituents in ball-type Pcs can either be in 3,3 

or 3,4-position, hence there is scope for isomers. 

        

Figure 3.7: The angular nodal patterns and energies of the six frontier π-MOs of the isomer 

of 13 that are associated with the Q transition of Gouterman’s 4-orbital model are shown 

from two perspectives (top). The MO energies and HOMO–LUMO gaps for the isomers of 

13–15 with four 3,3-position attachments (bottom). The HOMO–LUMO gaps are highlighted 

with red diamonds and are plotted against a secondary axis. 

13 14 15

13
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 To investigate if there are significant differences in spectra of the isomers, six 

different structures were modelled for 13, two with either 3,3 or 3,4 attachments and 

four mixed structures arranged in 3:1, oppositely and adjacently arranged 2:2, and 

1:3 arrangement (Fig. 3.8). Their energies were found to lie within 15 kcal mol-1, so 

it is reasonable to anticipate that a mixture of these isomers is formed in each case. 

The calculated TD-DFT spectra are similar enough (Fig 3.8, Table A1, appendix) 

that it is reasonable to anticipate a single dominant pseudo-A1 term in the Q and B 

band regions. 

Figure 3.8: The structures and predicted relative energies calculated for B3LYP optimized 

geometries at the CAM-B3LYP/6-31G(d) level of theory for isomers of 4 with only either 3,3- 

and 3,4- attachments (3,3 and 3,4), and structures with both types of attachment arranged 

in a 3:1 manner (mono), in oppositely and adjacently arranged 2:2 structure (adj-di and opp-

di), and a 1:3 manner (tri).  The hydrogen atoms are omitted for clarity. 
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The TD-DFT predict presence of isomers and the possibility of weak intensity for 

the forbidden bands in the spectra as seen in Fig. 3.6, which explain the band 

broadening that is observed in the Q band region relative to the spectra of monomeric 

MIIPc complexes [157]. It is noteworthy in this regard that although the isomer with 

only 3,3-position attachments is predicted to be almost perfectly eclipsed, the other 

isomers are not (Fig. 3.8). 

The absorption spectra of 14 and 15 differ somewhat from that of 13 (Fig. 3.3), 

because of the presence of axial chloride ligands and the larger Ga(III) and In(III) 

sitting out of the plane of the Pc π-system (Fig. 3.9). This leads to significant changes 

in the vibrational band envelope to the blue of the Q band (Fig. 3.3), and the 

differences observed at higher energy in the B band region can be readily explained 

by the TD-DFT calculations (Fig. 3.6), because the axial chloride ligands interact 

significantly with Pc ring MOs with 1a2u and 2a2u symmetry (under the D4h symmetry 

of MPc monomers), since they have large MO coefficients on the pyrrole nitrogen 

atoms [158]. Thus, the broadening observed in 14 and 15 can be attributed the 

orientation of chloride axial ligand that tend to distort the electronic density of Pc 

ring. 
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Figure 3.9: Side views of the B3LYP optimized geometries of 13-25 for isomers with four 3,3-

position bridging moieties. 

 

 

 

 

13: isomer with four 3,3 position bridges

14: isomer with four 3,3 position bridges

15: isomer with four 3,3 position bridges
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3.1.3.Complexes 16-18  

Scheme 3.3 showed the synthetic route for 16-18, which was accomplished through 

cyclotetramerization of 4, 4’-[(4-formyl-1,2 bis(phenoxyl)diphthalonitrile) (3) in the 

presence of catalytic amount of DBU using 1-pentanol as a solvent. In the 1HNMR 

(Fig. A3, appendix), the characteristic protons due to aldehyde were observed at 

9.95-10.12 ppm was integrated to give 4 protons. The rest of the aromatic protons 

were found between 8.31–7.50 ppm, and integrated to give anticipated number of 

protons. The elemental composition and mass spectral data of the complexes 

corresponded to the expected values. 

Fig. 3.10 shows the absorption spectra of 16-18. Two isomers of 17 were 

successfully isolated during chromatographic separation. The Q bands of the 

complexes were observed at 682, 691, 689 and 696 nm for 16, 17A, 17B and 18 

respectively (Table 3.1) 

The broadening in the spectra was more pronounced in 17 compared to 16 and 18, 

which could be due to conformational effect resulting from the axial chloride as 

explained before for 13-15. Both the absorption and excitation spectra are similar 

and mirror images of the emission spectra (Fig. 3.10), suggesting that the ground 

state nuclear configurations are not affected by excitation. Complex 18 showed weak 

emission and excitation due to low fluorescence as will be discussed in chapter four. 
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                           Scheme 3.3: Synthetic route for complexes 16-18 

 



Synthesis and characterization Chapter three 
 

91 
 

      

Figure 3.10: Absorption spectra of 16-18 (A) and absorption, emission and excitation spectra 

of 17A (B). Solvent: DMSO 
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A minus-to-plus sigmoid curve was observed in the MCD spectra of 16-18 (spectra 

not shown) with a cross-over point at 682, 690, 689 and 698 nm for 16, 17A, 17B 

and 18 respectively as observed for 13-15, which essentially correspond to the Uv-

vis absorption maxima of the complexes. 

It is anticipated that the most probable isomers observed in complex 17 (A and B) 

might arise due to rotation of one of the two axial chlorides inside the ring (Fig. 

3.11) resulting in destabilization of the HOMO-LUMO gap. The TD-DFT predicts 

the two isomers to differ with 4 nm in the Q-band maxima, which is in close 

agreement with the 2 nm difference observed in the experimental UV–vis spectra 

(Table 3.1). 

 

Figure 3.11: The structures and calculated for B3LYP optimized geometries at the CAM-

B3LYP/6-31G(d) level of theory for two of the positional isomers of 17 that have only 3,3-

attachments. Hydrogen atoms are omitted for clarity. 
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3.1.4.Complexes 19-21 

Complexes 19-21 bearing benzothiazole bridged linker were prepared according to 

Scheme 3.4 through cyclotetramerization of the 4,4'-((4-(benzo[d]thiazol-2-yl)-1,2-

bis(phenoxy)) diphthalonitrile (4) using 1-pentanol as the solvent and DBU as a 

catalyst. 

 

Scheme 3.4: Synthetic pathway for complexes 19-21 
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The FT-IR spectra of 19-21 showed disappearance of the C≡N peak observed at 

2230 cm–1 in the FTIR of 4, confirming the formation of the target complexes.  The 

FTIR spectra of the complexes showed C-H stretch of the benzothiazole which 

ranged from 3047 to 3052 cm–1, while the C-S stretch ranged from 748 to 754 cm−1. 

The 1H NMR spectra (Fig. A4, appendix) showed aromatic ring protons between 

8.15–7.20 ppm, all integrated to give the anticipated number of protons. The 

MALDI-TOF mass spectra of the complexes showed fragmentation with molecular 

ion peak as [M+1]+. The CHNS elemental analysis of the complexes agrees with the 

proposed structure. 

The Q bands of the complexes were observed at 681 nm, 698 nm and 702 nm (Table 

3.1) (spectra not shown) without any sign of aggregation. The MCD and TD-DFT 

calculations for 19-21 also showed similar spectra pattern as observed for 13-15 and 

16-18.  

 

3.1.5.Effect of nature of bridging substituents on absorption spectra 

(complexes 10-21) 

The comparison of the spectra of the ball-type Pcs 10-21 indicate that the different 

substituents do not show any significant difference in the Q band absorption maxima 

of group 1 complexes bearing zinc (Table 3.1), suggesting that the bridging linkers 

have limited effect on the energy gap between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) that could have 

result in a visible shift in position.  

For group 2 and 3 bearing gallium and indium central metal, a significant red-shift 

was observed for the electron donating alkyl substituted complex 14 and 15 as well 

as the benzothiazole 20 and 21 compared to corresponding electron withdrawing 

carboxylic acid (11, 12) and aldehyde (17, 18) substituted complexes (Table 3.1) 
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3.1.6.Complexes 22-27 

The MPcs 22-27 were prepared by cyclotetramerization of the phthalonitriles (5 or 

6) with the corresponding metal salts (Scheme 3.5).  

The ground state absorption spectra for complexes 22–27 showed that they are 

monomeric in DMSO (Fig. 3.12) with single Q-band absorption maxima between 

681–697 (nm) in DMSO, Table 3.2.  

 

            

                          Scheme 3.5: Synthetic route for 22-27 
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Figure 3.12: Absorption spectra of 22-27 in DMSO (Top), 22 and 25 in different solvents 

(Bottom) 

For complexes 22, 23 and 24 that bear the same substituent but only differ on the 

central metal, 23 and 24 shows a more red-shifted Q-bands due to the large size of 

gallium and indium [159] as discussed above. Similar trend was also observed for 

complexes 25, 26 and 27 that have the same substituent. Complexes 25-27 bearing 

sulfur bridged benzothiazole show more red-shifted Q-band compared to the 

corresponding central metal oxygen bridged complexes 22-24 (Table 3.3). The 

presence of electron donating sulfur atom is known to result in red-shifting in 

phthalocyanines [159,160]. The absorption spectra in different solvents 

predominantly showed red-shifting of the Q bands as solvent polarity increases in 

order of DMSO > DMF > CHCl3 > THF (Fig. 3.12, Table 3.2). 
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    Table 3.2: Spectral data for complexes 22–27 in different solvents 

Complex 

                                                     

Solvent                               Q Band   

λmax. (nm)              

Excitation 

λexc. (nm)     

Emission 

λem. (nm)       

Stoke Shift 

  (nm) 

22        DMSO 681 680 690 10 

        DMF 679 684 693 9 

                     CHCl3 677 680 689 9 

        THF 674 677 687 10 

23       DMSO 688 691 699 8 

       DMF 686 690 700 10 

       CHCl3 685 688 698 10 

       THF 682 685 701 16 

24       DMSO 692 692 700 8 

       DMF 691 693 698 5 

       CHCl3 689 688 701 13 

       THF 686 686 697 11 

25       DMSO 685 682 699 17 

       DMF 683 682 694 12 

        CHCl3 681 683 692 9 

       THF 679 681 691 10 

26       DMSO 692 691 702 11 
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All the complexes displayed similar fluorescence behavior with maximum emission 

and excitation peaks ranging from 699-706 nm and 682 nm - 698 nm respectively in 

DMSO. The observed stoke shift of 8-19 nm are typical of MPcs complexes in 

DMSO.  

3.1.7. Complexes 28-30 

Complexes 28-30 were obtained by cyclotetramerization of 4-(4-formylphenoxy) 

phthalonitrile (7) in the presence of catalytic amount of DBU using pentanol as 

solvent (Scheme 3.6). The sharp peak of C≡N stretch at 2234 cm-1 in the FTIR 

spectra of 7 disappears after cyclotetramerization, confirming formation Pc 

complexes. The 1H NMR spectra (Fig. A5, appendix) showed the protons due to 

aldehyde between 10.01–10.12 ppm integrated to give four protons in each complex. 

The rest of the aromatic protons were found between 8.22–7.25 ppm, and integrated 

Complex 

                                                     

Solvent                               Q Band   

λmax. (nm)              

Excitation 

λexc. (nm)     

Emission 

λem. (nm)       

Stoke Shift 

  (nm) 

 DMF 690 694 705 11 

 CHCl3 688 691 699 8 

 THF 687 691 700 9 

27 DMSO 697 698 706 8 

 DMF 693 693 707 14 

 CHCl3 690 692 701 9 

 THF 686 687 697 10 
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to give anticipated number of protons. The elemental composition and mass spectral 

data of the complexes corresponded to the expected values.  

 

                                       

                                          Scheme 3.6: Synthetic route for complexes 28-30 
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Table 3.3: Spectral data for complexes 22–36 in DMSO 

Complex λmax 

Phenoxylbenzothiazole substituted complexes 

22 681 

23 688 

24 692 

Thiarybenzothiazole substituted complexes 

25 685 

26 692 

27 697 

Aldehyde substituted complexes 

28 679 

29 689 

30 695 

Aminophenoxyl substituted complexes 

31 680 

32 687 

33 691 

Asymmetric benzothiazole substituted complexes 

34 680 

35 687 

36 693 
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The ground state electronic absorption spectra of the complexes showed monomeric 

behavior with absorption maxima at 679, 689 and 695 nm in DMSO for 28-30, 

respectively (Table 3.3). 

The excitation spectra are like absorption and both were mirror image of emission 

indicating that excitation at wavelength of interest did not change the ground state 

nuclear configuration of the complexes. 

The TD-DFT calculation showed the frontier molecular orbital with the HOMO and 

LUMO localized within the pyrrole inner ring and the HOMO-LUMO energy gap 

narrowing as the atomic weight of the central metal increases as observed before 

which accounted for red-shifting for 29 and 30 compared to 28.    

                

3.1.8. Complexes 31-33 

The synthetic route of complex 31-33 is depicted in Scheme 3.7. 4-(3,5-

dichlorophenoxy)phthalonitrile was reacted to 4-aminophenol to give the precursor 

4-(2,4-bis(4-aminophenoxy)phenoxy)phthalonitrile (8).  

Cyclotetramerization of 8 using 1-pentanol as solvent, catalytic amount of DBU and 

appropriate metal salt give complex 31-33.  The disappearance of C≡N peak at 2232 

cm−1 (for 8) in the FT-IR spectrum of 31-33, confirmed the formation of the 

complexes. The 1H NMR spectra of 31-33 (Fig. A6, appendix) showed aromatic 

ring protons between 8.15 – 6.59 ppm while the amino proton was confirmed 

between 5.49-4.95 ppm integrated into 16 protons. MALDI-TOF mass spectra and 

elemental analyses agrees with the proposed structure. The Q band maxima for 31, 

32 and 33 was observed at 680, 687 and 691 nm respectively (Table 3.3). 

A pseudo-Faraday A1-term characterized with an S-shaped sigmoid curve (Fig. 3.13) 

with high intensity between 600−750 nm and lower intensity between 300−400 nm 

was observed in the MCD spectra of the complexes similar to all Pcs complexes.  
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           Scheme 3.7: Synthetic route for complexes 31-33  

 

The crossover points in the Q band region at 681, 689 and 692 nm for 31, 32 and 33 

respectively essentially corresponding to absorption maxima at 680, 687 and 691 nm 

observed in the UV-visible absorption spectra of the complexes. 

In the context of phthalocyanines, Gouterman’s 4-orbital model has been modified 

to include two close-lying B1 and B2 bands, because of configurational interaction 

with other higher energy ππ* states [161] (Fig. 3.13 A).   
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Figure 3.13: (A) Absorption and MCD spectra of 33 in DMSO with TD-DFT spectrum of the C4v 

positional isomer of 33. Red diamonds are used to highlight bands associated with the main Q and 

B bands of Gouterman’s 4-orbital model  that are associated with transition out of the 1a1u and 1a2u 

MOs into the 1eg* LUMO. (B) The angular nodal patterns and energies of the frontier orbital of 

the D4h positional isomer of complex 2 that are associated with the Q transition. 
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As is the case with other complexes, the TD-DFT calculations predict the presence 

of bands to the red of the main B1/B2 band envelopes in UV-visible absorption 

spectra and a set of relatively weak bands in the MCD spectra.  Similar bands have 

been reported for Pcs containing alkoxy, phenoxy, thioalkyl and thiaaryl substituents 

and were attributed to either n→π* transitions that are associated with the lone pairs 

of electrons on the peripheral oxygen or sulfur atoms, or to π→π* transitions that 

are associated with low-lying occupied π-molecular orbital that are localized largely 

on the peripheral benzene rings, which are destabilized by the electron donating 

substituents [161] 

There is a relative stabilization of the LUMO and LUMO+1 of 32 and 33, which 

have similar nodal patterns that differ only by being rotated by 90° with respect to 

each other [162,163], due to the large MO coefficients on two of the pyrrole 

nitrogens (Fig. 3.13 B, 33 as an example), which are absent in the HOMO, since the 

pyrrole nitrogens lie on nodal planes.  The central ions of 32 and 33 are in higher 

oxidation states than that of 31 and can withdraw more electron density from the 

ligand π-system.  

 The bulky aminophenoxy substituents interact significantly with the Pc π-system 

resulting in a lifting of the degeneracy of the LUMO and LUMO+1 of the optimized 

geometries that were determined for the D4h positional isomers of 31-33.  Since the 

substitution is at the peripheral positions, similar trends in the MO energies and 

optical spectra of the four possible positional isomers are anticipated to be broadly 

similar in each case [162], so the spectra obtained for the mixture of isomers that are 

present in solution show no obvious evidence of spectral differences due to 

isomerism.  
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3.1.9.Complexes 34-36 

The synthesis of complex 34-36 (Scheme 3.8) was accomplished by statistical 

condensation of 4-(4-(1,3-benzo[d]thiazol-2-yl)phenoxy)phthalonitrile(5) and 2-(4-

(3,4-dicyanophenoxy)phenoxy) acetic acid (9)   in the presence of metal salt and 1-

pentanol.  

                    

                        Scheme 3.8: Synthetic Route for complex 34-36 
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The disappearance of the C≡N peak at 2231 cm-1 and 2237 cm-1 in the respective 

phthalonitriles 5 and 9 showed complete cyclisation to form complexes 34-36. 

Characterization of the complex using FTIR, 1HNMR, UV-vis and elemental 

analysis confirmed the proposed structure. The broad peak of COOH group was 

observed in the FTIR between 3183-3395 cm-1. The 1HNMR (Fig. A7, appendix) 

showed the singlet proton of the carboxylic acid end resonating at 10.25-10.23 ppm 

while the rest of the aromatic protons were found between 8.25 – 7.30 ppm and 

integrated to give anticipated number of protons. The characteristic CH2 proton of 

the phenoxyacetic acid was found between 4.18-4.00 ppm integrated into two 

protons. The MALDI TOF mass spectra of the complexes showed fragmentation 

with a molecular ion peak as [M + 1]+ and the elemental analysis agreed with the 

proposed structure.  

The ground state electronic absorption spectra of 34-36 revealed that the complexes 

were monomeric with single intense Q band at 680, 687 nm, 693 nm (Fig. 3.14 A-

C, Table 3.3), respectively, as observed above for other MPcs. The absorption 

maxima of 35 and 36 lie at longer wavelength compared to that of 34 as discussed 

above. 

 The MCD spectra of the complexes showed a distinct S-shaped sigmoid curve 

between 600-750 nm with a pseudo A1 term in the Q band region at 682 nm, 688 nm, 

and 694 nm for 34, 35 and 36 respectively, which essentially correspond to the 

absorption maxima of the complexes at 680, 687, and 693 nm (Fig. 3.14 A-C). A 

similar curve was observed in the B band region at 358 nm, 360 nm and 359 nm for 

34, 35 and 36, respectively, similar to other Pcs discussed above.   
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Figure 3.14: Absorption and MCD spectra of 34-36 in DMSO (A-C) and the calculated TD-

DFT spectrum of the isomers is plotted against a secondary axis. Red diamonds are used to 

highlight bands associated with the Q and B bands of Gouterman’s 4-orbital model while 

green diamonds are used for transitions associated with what would be the 2a2u MO of the 

Pc rings. Absorption, excitation and emission spectra of 35 in DMSO (D) 
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The TD-DFT transition calculations are very close to the experimental (Table A2, 

appendix) and a single intense band arising from the Q and B band transitions were 

predicted in the TD-DFT calculations of the complexes (Fig. 3.14) 

The absorption spectra are similar to excitation and both are mirror images of the 

emission (Fig. 3.14) indicating that the absorbing and emitting molecules are the 

same and not affected by excitation at selected wavelength. 

 

3.1.10. Comparison of the spectra of ball-type with monomer 

MPcs (complexes 16-21, 22-24 and 28-30) 

The Q band absorption maxima for the co-facial ball-type complexes 16-18, 19-

21 and the corresponding monomers 22-24 and 28-30 are shown in Table 3.4. 

Though a red-shifting with increase in atomic weight was observed both for the 

dimer and monomeric analogues, the Q band of the dimeric 16-18 lie at longer 

wavelength compared to the corresponding monomer (Table 3.4) except for 18 

and 30. 

For the benzothiazole substituted dimers 19-21 and the corresponding 22-24 

monomers, there was no difference in absorption maxima for the zinc complexes 

19 and 22, but significant red-shifting of 10 nm and 9 nm respectively for 20 and 

21 was observed compared to 23 and 24. This can be attributed to the presence 

of forbidden bands that arise from the co-facial arrangement of phthalocyanines 

[164] especially with axial ligated MPcs. 
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Table 3.4: effect of ball-type MPcs and monomeric derivatives spectra 

Type Complexes Q band maximum absorption 

wavelength 

Aldehyde substituted co-facial ball-

type dimers 

16 (Zn) 682 

17 (GaCl) 691 

18 (InCl) 696 

Aldehyde substituted monomers 28 (Zn) 679 

29 (GaCl) 689 

30 (InCl) 695 

Benzothiazole substituted co-facial 

ball-type dimers 

19 (Zn) 681 

20 (GaCl) 698 

21 (InCl) 701 

Benzothiazole substituted  

monomers 

22 (Zn) 681 

23 (GaCl) 688 

24 (InCl) 692 

 

3.2. Conjugation of metallophthalocyanine to nanomaterials 

The amidation reaction was used to covalently linked complexes 10-12 and 31-36 

with glutathione functionalized nanoparticles using DCC as activating agent [165], 

which activates the carboxylic acid groups for susceptible attack by the amine group 

and DMAP as a coupling agent. Complexes 10-12 were covalently linked to CdTe 

semiconductor QDs as well as carbon based GQDs and are represented as 10-CdTe, 

11-CdTe and 12-CdTe for semiconductor QDs and 10-GQDs, 11-GQDs and 12-

GQDs. 12 was further covalently linked CdTeSe (core), CdTeSe/ZnO (core shell), 

AgNPs and AuNPs. A complete list on Table 3.5. 
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Complexes 19-27, 31 and 34 were surface assembled onto metallic AgNPs and 

AuNPs due to strong affinity of gold and silver to sulphur and nitrogen. The self 

assembled conjugates are listed in Table 3.6. Since 31 and 34 were self assembled 

as well as covalently linked to metallic Au and Ag NPs, the covalently linked 

conjugates are represented as 31CB and 34CB in Table 3.5, where CB stand for 

covalent bond. The nanoparticles were chosen for linkage to MPcs due to the 

following reasons. 

1. Complexes 10-12 were linked to CdTe QDs and GQDs to evaluate the effect 

of semiconductor QDs and carbon based QDs on photophysical and nonlinear 

optical response. 

2. Complex 12 was linked to CdTe (bare), CdTeSe (core) and CdTeSe/ZnO 

(core shell) QDs to investigate effect of bare, core and core shell on 

photophysical and nonlinear optical properties. 

3. The comparative effect of semiconductor QDs and metallic AgNPS and 

AuNPs on photophysical and nonlinear optical behavior was investigated 

through linkage of 12, 31 and 34 with the mentioned nanoparticles 

4. Complexes 31 and 34 was covalently linked as well as self-assembled on 

AgNPs and AuNPs to investigate effect of self-assembly with covalent 

linkage on photophysical and nonlinear optical properties.   

 

3.2.1.Covalent linkage of 10-12 and 31-36 with nanomaterials 

Complexes 10-12 and 34-36 contain carboxylic acid functional group which can be 

activated using DCC and covalently coupled with the amine group of the 

nanoparticles using DMAP (Scheme 3.9, complex 12 as example). For complexes 

31-33 that contain amino groups, the carboxylic acid of GSH functionalized 
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nanoparticles were activated instead using DCC and subsequently coupled with the 

amino group of 31-33 using DMAP (Scheme 3.10). 

 

Scheme 3.9: Illustration of synthetic route for covalent linkage of 12 to nanomaterials as 

example. 
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Scheme 3.10: Synthetic route for covalent linkage of 31 to metallic nanoparticles 
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3.2.1.1. FT-IR and Raman spectra 

Fig. 3.15 shows the representative FT-IR spectra of complex 12, CdTeSe/ZnO and 

12-CdTeSe/ZnO and Raman spectra of GQDs and 11-GQDs. 

             

Figure 3.15: FTIR (A) and Raman (B) spectra of complex 11 and 12 when covalently linked 

to CdTeSe/ZnO and GQDs respectively 
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The carbonyl C=O stretches of primary amine of CdTeSe/ZnO and 12 were observed 

at 1561 and 1534 cm-1. After covalent linkage, a distinct and sharp vibration band 

observed at 1648 cm-1 for 12-CdTeSe/ZnO, which corresponds to the peak due to 

the amide bond (O₌C-NH), and confirms the successful formation of the amide bond 

between the Pc and the NPs because this band was not present in either 12 or 

CdTeSe/ZnO. 

The Raman spectrum obtained after conjugation of Pc complexes to GQDs displayed 

a shift in the characteristic D (disordered carbon atoms at the edges) and G (sp2 

bonded carbon atoms) bands of the GQDs (Fig. 3.15 B). The observed Raman shift 

after conjugation is an indication of the introduction of defects within the carbon 

framework in the GQDs and confirmation of the formation of a new nanocomplex. 

 

3.2.1.2. TEM Micrograph analysis 

The TEM images of the nanoparticles before and after covalent linkage reveal 

significant changes in the morphologies resulting from linkage (Fig. 3.16, using 

CdTeSe/ZnO, GQDs, AuNPs and conjugate of AuNPs as examples). Monodispersed 

particles were observed for the nanoparticles alone with average size of 5.9, 9.6, 9.1, 

9.8, 8.2 and 15.1 nm respectively for GQDs, CdTe, CdTeSe, CdTeSe/ZnO, AgNPs 

and AuNPs (Table 3.5). Increase in size was observed for all the conjugates except 

for 31CB-AuNPs and 34CB-AuNPs, where a decrease in size was observed (Table 

3.5). The increase in size for the nanoconjugates are probably due to   aggregation 

resulting from interaction between the MPcs on adjacent NPs via π-π stacking. The 

interfacial interaction such as adsorption of the ligand as well as change in surface 

curvature for metallic nanoparticles has been shown to result in increase or decrease 

of size depending on orientation [166–168]. Decrease in size with higher number of 

adsorption sites and symmetry distortion has been reported [169]. Thus, the observed 
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decrease in size for 31CB-AuNPs and 34CB-AuNPs could be due to the presence of 

higher number of adsorption sites resulting from eight terminal amino nitrogen in 31 

and symmetry distortion in asymmetric 34.  

             

 

Figure 3.16: Representative TEM micrograph of nanoparticles before and after covalent 

linkage to MPcs complexes 

 

0

2

4

6

8

10

12

Fr
eq

ue
nc

y

Diameter (nm)

0              4               8             12             16            20            24 

0

5

10

15

20

25

30

F
re

q
u

en
cy

Diameter (nm)

4.0           4.5            5.0            5.5            6.0            6.5  

8 10 12 14 16 18

0

5

10

15

20

25

30

F
re

q
u

e
n

c
y

)

Diameter (nm)

 

0

5

10

15

20

25

20      16.0      18       14      12      

F
re

q
u

e
n

c
y

Diameter (nm)

   10      

s

s



Synthesis and characterization Chapter three 
 

116 
 

Table 3.5: Absorption wavelengths and sizes of nanoparticles and the covalent conjugates  

Compoundsb λmax (nm)a TEM sizes (nm) XRD sizes (nm) Loading (mg/mg) 

Ball-type complexes 10-12 
10 682 - - - 

11 689 - - - 

12 695 - - - 

GQDs 352 5.9 4.8 - 

CdTe 561 9.6 8.3 - 

CdTeSe 428 9.1 9.0 - 

CdTeSe/ZnO 501 9.8 9.6 - 

AgNPs 403 8.2 7.6 - 

AuNPs 536 15.1 14.8 - 

10-GQDs 682 (352) 9.3 10.1 12 

11-GQDs 689 (358) 8.7 7.4 15 

12-GQDs 697 (356) 7.2 5.9 7 

10-CdTe 682 (561) 11.2 10.7 8 

11-CdTe 689 (565) 10.1 9.8 11 

12-CdTe 699 (567) 11.3 10.4 9 

12-CdTeSe 690 (428) 11.6 9.1 19 

12-CdTeSe/ZnO 701 (501) 12.9 10.3 25 

12-AgNPs 697 (403) 13.1 10.5 5 

12-AuNPs 697 (536) 17.9 15.3 16 

 aminophenoxy substituted complexes 31-33 

31 680 - - - 

32 687 - - - 

33 691 - - - 

31-CdTe 684 10.5 8.9 10 

32-CdTe 691 10.0 9.4 7 

33-CdTe 694 11.2 11.5 3 

31CB-AgNPsb 680 (473) 14.3 14.8 37 

31CB-AuNPsb 680 (539) 12.3 11.7 30 
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Table 3.5 continued 

Compoundsb λmax (nm)a TEM sizes (nm) XRD size (nm) Loading (mg/mg) 

Asymmetric benzothiazole substituted complexes 34-36 
34 680 - - - 

35 687 - - - 

36 693 - - - 

34-CdTe 684 10.2 9.1 9 

35-CdTe 691 10.7 10.5 7 

36-CdTe 696 9.8 8.4 4 

34CB-AgNPsb 681(400) 15.3 13.8 11 

34CB-AuNPsb 682 (529) 13.5 10.9 17 
aNumbers in bracket are for nanoparticles in the conjugate,  
bCB = covalent bond 

 

3.2.1.3. XRD Diffraction pattern 

An XRD peak was observed in the range of 2θ = 17.8° to 28.5° for the Pcs (Fig. 

3.17, using 20 for example), which is typical for phthalocyanine [170]. The 

diffraction peaks due to CdTeSe and CdTeSe/ZnO NPs alone were observed at 2θ = 

26, 42.8 and 51°, which correspond to cubic zinc-blend CdTe QDs [171]. The 

metallic Ag/Au showed diffraction peaks at 38.5, 44.8, 65.1, 77.9 corresponding to 

(111), (200), (220) and (311) for face centered cubic of Au or Ag NPs [172]. After 

covalent linkage of the complexes to MPcs, attenuated peak of MPcs was observed 

on the diffractogram of the nanoconjugates with peak due to nanoparticles showing 

significant presence (Fig. 3.17, using 12-CdTeSe/ZnO and 20-AuNPs as examples) 

The attenuation of the MPcs diffraction peaks could be adduced to the possible 

interaction between the MPc and NPs.  
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Figure 3.17: XRD Diffractogram of complex 20, NPs and corresponding nanoconjugates. 

 

The crystallite diameter size of NPs was calculated using Debye–Scherrer’s 

equation:3.1 [173]  

𝑑 =  
0.89𝜆

𝛽𝐶𝑂𝑆𝜃
            (3.1) 

where λ is the wavelength of the X-ray source (λ = 1.5405 Å), β is the full width at 

half maximum of the diffraction peak, and θ is the angular position.  The sizes were 

determined by focusing on the (111) plane peak. The size calculated from XRD 

closely agreed with those obtained from TEM (Table 3.5).  
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3.2.1.4. EDX analysis 

The energy dispersive X-ray spectrometer (EDX) was used to qualitatively ascertain 

the elemental compositions of the nanoparticles before and after covalent linkage 

with the complexes and the spectra is shown in (Fig. 3.18 using 12, CdTeSe and 

AgNPs as examples). The EDX of the NPs alone showed the expected atoms. After 

covalent linkage of the complexes to nanoparticles, additional peaks (In, Cl) were 

observed indicating the presence of the complexes in the nanoconjugates. The Cl is 

the axial ligand on the In central metal. 

 

Figure 3.18: Representative EDX spectra of NPs before and after linkage to MPcs 
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3.2.1.5. UV-vis absorption spectra 

Fig. 3.19 shows the absorption spectra of the nanoparticles in water for 

semiconductor and GQDs and toluene for metallic nanoparticles. The broad 

absorption spectral bands for semiconductor QDs [174] were observed at 561, 428 

and 501 nm respectively for CdTe, CdTSe/ZnO and CdTeSe, while the carbon based 

GQDs displayed absorption band at 352 nm (Table 3.5). The surface plasmon 

resonance bands of the metallic nanoparticles were observed at 403 and 536 nm for 

AgNPs and AuNPs respectively (Fig. 3.19, Table 3.5). The absorption peaks of the 

nanoparticles alone in the conjugates were found to be either slightly red-shifted or 

remain the same apart 34CB-AgNPs and 34CB-AuNPs that showed a blue-shift. The 

red-shifting of the absorption bands of the nanoparticles could be attributed to 

increase in size following conjugation as shown in Table 3.5. 

 

Figure 3.19: Uv-vis absorption spectra for different nanoparticles. Solvent: water for 

CdTeSe, CdTeSe/ZnO and GQDs, toluene for AgNPs and AuNPs. 
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Upon covalent linkage of these nanoparticles to MPcs, some significant changes in 

absorption spectra of the Pcs were seen (Fig. 3.20). 12-CdTeSe showed a 5 nm blue 

shifting while a 6 nm and 4 nm red-shifting was observed for 12-CdTeSe/ZnO and 

12-CdTe respectively. The conjugates of asymmetric 34-36 also showed a red shift 

of 4 nm each for 34-CdTe and 35-CdTe, and 3 nm for 36-CdTe (Table 3.5). Blue or 

red shifting of MPcs conjugated to nanoparticles has been attributed to π-π 

interaction of the MPcs with the nanomaterials [175]. A slight red-shifting of 2 nm 

was also observed for 12-AgNPs and 12-AuNPs.  

 

 

Figure 3.20: Representative absorption spectra of the complexes and corresponding 

nanoconjugates (A-C) and absorption, excitation and emission spectra of 10-GQDs (D) 
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The loading of complexes onto the nanoparticles was investigated following a 

literature report [176], but using absorption instead of fluorescence. This involves 

comparing the Q band absorbance intensity of the Pc in the conjugate with that of 

the initial Pc before the conjugation. Increased loading of 9, 19 and 25 mg/mg for 

12-CdTe, 12-CdTeSe and 12-CdTeSe/ZnO (Table 3.5) was observed as size 

increases from core (CdTe), core-shell (CdTeSe) and core-shell-shell (CdTeSeZnO). 

Though it is expected that smaller particle size should result in more loading due to 

higher surface to volume ratio, larger particles has been shown to possess core that 

allow more drugs to be loaded [177]. Higher loading was observed for 31CB-AgNPs 

and 31CB-AuNPs compared to other conjugates, which could be due to easy 

accessibility of the eight terminal amino group of 31-33 for nucleophilic attack. 

The emission spectra of the nanoconjugates were mirror image of both the 

absorption and excitation and the latter two are similar (Fig. 3.20 C, using 10-GQDs 

as example), suggesting that excitation at selected wavelengths does not affect the 

ground state nuclear configuration of the nanocomplexes. 

 

3.2.1.6. X-ray photoelectron spectroscopy (XPS) Analysis 

 An important indication of amide linkage is characteristic carbonyl (-N=C=O) peak 

at binding energy between 396-404 eV in high resolution N1s deconvolution XPS 

[178]. The XPS high resolution N1s deconvolution of the glutathione functionalized 

nanoparticles before and after covalent linkage are shown in Fig. 3.21.  The binding 

energies of GSH-AuNPs alone was observed at at 396.3 eV, 398.1 eV and 399.2 eV 

corresponding to N-C, N-H and N-C=O (Fig. 3.21). This is expected since 

glutathione also contain amide bond. The GSH-AgNPs alone showed similar trend 

with binding energy for N-C peak at 396.7 eV, N-H at 397.3 eV and N-C=O at 397.3 

eV (figure not shown). After covalent linkage of 31 and 34 to the nanoparticles, there 
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was a significant increase in intensity of N-C=O from 152 cps in GSH-AuNPs to 

8550, 3920 and 4732 cps in 31CB-AuNPs, 31CB-AgNPs and 34CB-AuNPs 

respectively as well as shift in binding energy due to amide bond  (N-C=O) from 

399.2 eV for GSH-AuNPs alone to 401.5 and 399.5 eV in 31CB-AuNPs and 34CB-

AuNPs. A similar trend was also observed for 31CB-AgNPs and 34CB-AgNPs with 

shift in amide amide bond to 399.8 and 399.7 eV respectively. Thus, the amide bond 

resulting from linkage with MPcs complexes lie at slightly longer binding energy 

than that resulting from glutathione alone. 

 

Figure 3.21: High resolution XPS N 1s spectra of GSH-AuNPs and nanoconjugates of 

complexes 31 and 34  
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3.2.2.Surface assembly of 19-27, 31 and 34 onto metallic nanoparticles 

Scheme 3.11 illustrate the route used to assemble MPcs onto metallic gold and silver 

nanoparticles. Two batches of oleyamine functionalized AgNPs and AuNPs were 

employed, hence different sizes of Au/Ag NPs are presented in Table 3.6. The 

sulphur and nitrogen atoms within the benzothiazole ring for 22-27, 34 or the 

terminal amino nitrogen for 31 were utilized due to strong affinity of gold and silver 

to sulphur and nitrogen.  The ligand exchange between Ag/Au NPs and S or N of 

the complexes result in displacement of the loosely bound olyamine (OA) on surface 

of the NPs. 

          

Scheme 3.11: Schematic illustration of surface assembly of the synthesized complexes onto 

metallic nanoparticles. 
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3.2.2.1. TEM/EDX 

The TEM micrographs of the AuNPs and AgNPs (Fig. 3.22, first batch as examples) 

showed monodispersed particles with average size of 12.5 nm and 10.4 nm for first 

batch and 10.1 and 9.3 nm for second batch (Table 3.6,). Complexes 19-21 was 

conjugated to first batch while 22-27, 31 and 34 were conjugated with the second 

batch. The size increases to 13.2, 13.0 and 12.7 nm for 19-AuNPs, 20-AuNPs and 

21-AuNPs after conjugation. Similarly, the corresponding silver nanocomposite also 

increases to 11.2, 10.8 and 11.7 nm respectively for 19-AgNPs, 20-AgNPs and 21-

AgNPs. Conjugates of complexes 22-27 as well as 31 and 34 also follow similar 

trend with increase in sizes after conjugation (Table 3.6) as discussed before. 

The elemental compositions of the nanoparticles were qualitatively determined 

using energy dispersive X-ray spectrometer (data not shown). The EDX of the 

metallic NPs alone showed the expected atoms. On conjugation of the complexes 

AgNPs or AuNPs, additional peaks (Zn. Ga, In and Cl) were observed indicating the 

presence of the Pc in the nanoparticles. 

  

3.2.2.2. XRD pattern 

The XRD patterns shows crystalline face centred cubic of the metallic Ag/Au as 

observed in Fig. 3.17. Peak broadening around 23⁰ was observed after conjugation 

shows the presence of Pcs in the nanocomposite (Fig. 3.17, using 20 as example) 

The NP sizes from XRD were calculated using the Debye–Scherrer equation 3.1 

described above. The sizes of metallic AuNPs and AgNPs were found to be 12.0 and 

9.4 nm for the first batch, slightly lower than the observed size using TEM (Table 

3.6) while the second batch showed a size of 9.4 and 8.3 nm for Au and Ag NPs. As 

observed in TEM, the size increases to 11.9, 13.2 and 10.6 nm for 19-AuNPs, 20-

AuNPs and 21-AuNPs and 9.2, 11.3, and 8.7 nm for corresponding 19-AgNPs, 20-
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AgNPs and 21-AgNPs (Table 3.6). All other conjugates also showed increase in size 

following conjugation (Table 3.6) as discussed before.  

                  

Figure 3.22. Representative TEM images of nanoparticles alone and when conjugated to the 

complexes 
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24-AuNPs
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Table 3.6: Absorption maxima for complexes and corresponding self assembled 

nanoconjugates in DMSO with size determination parameters 

Compound λmax (SPR)a (nm) TEM sizes 

(nm) 

XRD sizes 

(nm) 

Loading 

(g/cm2 NPs) 

Ball-type complexes 19-21 and conjugates 

19 681 - - - 

20 698 - - - 

21 701 - - - 

AgNPs 422 10.4 9.4 - 

AuNPs 536 12.5 12.0 - 

19-AgNPs 686 (392) 11.2 9.2 17 

19-AuNPs 688 (536) 13.2 11.9 11 

20-AgNPs 698 (415) 10.8 11.3 40 

20-AuNPs 696 (554) 13.0 13.2 23 

21-AgNPs 701 (422) 11.7 8.7 52 

21-AuNPs 705 (540) 12.7 10.6 31 

Benzothiazole substituted complexes 22-27 and conjugates 

22 681 - - - 

23 688 - - - 

24 692 - - - 

25 685 - - - 

26 692 - - - 

27 697 - - - 

AgNPs 417 9.3 8.3 - 

AuNPs 536 10.1 9.4 - 

22-AgNPs 681 (423) 13.8  12.1 9 

22-AuNPs 682 (536) 13.4  13.4 14 

23-AgNPs 689 (422) 15.3  14.9 6 

23-AuNPs 696 (537) 14.2  11.5 11 

24-AgNPs 692 (427) 14.3  15.0 7 

24-AuNPs 695 (536) 12.4  17.1 22 

25-AgNPs 686 (430) 17.9 13.2 13 

25-AuNPs 685 (537) 17.5 15.1 23 

26-AgNPs 691(422) 13.8 10.8 12 

26-AuNPs 692 (540) 12.9 14.7 29 

27-AgNPs 701 (422) 16.7 11.8 19 

27-AuNPs 697 (538) 11.5 14.9 33 
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Table 3.6 continued 

Compounds λmax (SPR) 

(nm) 

TEM sizes (nm) XRD sizes 
(nm) 

Loading 
(g/cm2 NPs) 

aminophenoxy substituted complexes 31 and conjugates 

31 680 -  - 

31-AgNPs 680 (417) 11.2 9.9 28 

31-AuNps 681 (529) 13.1 12.5 16 

Asymmetric benzothiazole substituted 34 and conjugates 

34 680 -  - 

34-AgNPs 680 (407) 10.7 8.8 21 

34-AuNPs 681(523) 10.4 9.6 33 
aValues in bracket are for nanoparticles  

3.2.2.3. Electronic absorption spectra 

The metallic AgNPs and AuNPs shows characteristic surface plasmon resonance 

(SPR) bands at 422 nm and 536 nm for AgNPs and AuNPs respectively (Fig. 3.23 

A and B, Table 3.6). Please note that Au/Ag NPs here are capped with OA unlike 

GSH capped ones in Table 3.5, hence the spectra may differ. The ball-type 19-21, 

20-AuNPs and 21-AuNPs showed a red-shift in the SPR peaks to 554 and 540 nm 

while 19-AuNPs remain unchanged. On the other hand, 19-AgNPs and 20-AgNPs 

showed a blue-shift to 392 and 415 nm even with increased sizes while the SPR peak 

for 21-AgNPs remain unchanged (Table 3.6). SPR peaks for all the other conjugates 

either red-shifted or remain unchanged apart from 31-AuNPs, 34-AgNPs and 34-

AuNPs that showed a blue shift (Table 3.6). A red-shift in SPR after conjugation 

has been reported [166] and was attributed to increase in size of the nanoparticles 

due to π-π interaction of the dye chromophore with the nanoparticles. The blue-shift 

in SPR peak with increase in size has been explained from the fact that the shifts in 

SPR bands in metallic nanoparticles can be affected by surface curvature and 

damping of electrons [166,179]. The orbital overlap can result in stiffness of surface 

plasmon and this occurs with a very low surface curvature (large particle size), 
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leading to a high energy resonance, and hence blue-shift in the SPR band. Link et al 

[179] observed blue shifts of the SPR peak in gold-silver nano-alloys with increasing 

particle size.   

       

Figure 3.23: UV-vis absorption spectra of (A) 23, AuNPs and 23-AuNPs  (B) 26, AgNPs and 

26-AgNPs. Solvent = DMSO. 
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This stiffness of the surface plasmon is usually associated with close packing of 

chromophore onto the nanoparticles [166].  

All the complexes either maintain their Q band maxima or predominantly red-shifted 

(Table 3.6). The shift in the Q band of the Pc could be attributed to the molecular 

orientation of the MPc to the NPs as reported elsewhere [180] 

Because the interaction of the MPcs and Au/Ag NPs occurs through adsorption 

rather than covalent attachment, a different method for calculating loading was 

employed in this section. The loading of MPcs onto the nanoparticles was 

investigated according to reported procedure [181]. This involves investigating the 

ratio of metallic nanoparticles required to saturate the dyes molecule, hence resulting 

in almost disappearance of the Q-band (Fig. 3.24).  The complete disappearance of 

the absorption band of 19-21 occurs at an [Au]/[complex] ratio of 5.2, 8.5 and 6.0 

for 19, 20 and 21 respectively (Fig. 3.24 A and B using 19-AgNPs and 20-AuNPs 

as examples). The number of gold or silver atoms per particle (Nx) was determined 

using equation 3.2. 

Nx = (59 nm–3)(π/6)(DMS)3       (3.2) 

where DMS is the mean diameter size of the particles as found from TEM and x is 

the metallic nanoparticles (i.e AgNPs or AuNPs). Thus, for a silver nanoparticle with 

12.5 nm will have 35776.1 numbers of silver atoms.  For complex 20 with the ratio 

[Ag]/[complex 20] of 5.2, the number of molecules of complex 20 per gold 

nanoparticle was determined to be 6880. With the known molecular weight of 20, 

the mass of the complex per unit area of nanoparticles was calculated to be 40 (Table 

3.6).   
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Figure 3.24: Absorption spectra of 3 × 10–6 M of (A) 19 and (B) 20 in aqueous solution 

containing different ratios of AuNPs or AgNPs, respectively. 
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For ball-type 19-21, more loading of complexes was observed for the Ag conjugates 

compared to Au conjugates (Table 3.6) which could be attributed to smaller particles 

size, hence high surface area to volume ratio for the former compared to the latter. 

On the other hand, the Au conjugates of 22-27 displayed higher loading than the 

correspond Ag conjugates. A critical look at Table 3.6 indicates larger particle size 

for Ag conjugates compared to that of Au, hence the Au conjugates in this case will 

have slight higher surface area to volume ratio resulting to higher loading. 

Conjugates of 31 and 34 also follow similar trend in that larger particle size 

conjugates showed lower loading (Table 3.6) 

                

3.2.2.4. X-ray photoelectron spectroscopy (XPS) 

The probable site of interaction of the nanoparticles with MPcs was investigated 

using XPS analysis.  

The XPS survey spectra of the compounds exhibited the expected elemental 

compositions at their respective binding energies (eV). Ga (21 eV), Ga (101 eV), S 

(161 eV), C (285 eV), N (400 eV), and O (534 eV) were found in complex 26 for 

example while its conjugates with AuNPs (26–AuNPs) and AgNPs (26–AgNPs) 

depicted similar trends but with the presence of Au (665 eV) and Ag (575 eV and 

606 eV) for the respective conjugates (Fig. 3.25 A).  

Because sulfur to metal interaction is expected, the high-resolution spectra 

deconvolution of S 2p was performed. The S 2p peak of complex 26 was 

deconvoluted and it accounted for two sub peaks with binding energies at 169.91 eV 

and 165.08 corresponding to S–C and S. Similar patterns were observed for the 

conjugates with the appearance of a new peak which could be attributed to the 

interaction between S–Au or S–Ag. Upon deconvolution of 26–AuNPs, three sub 

peaks were obtained, and they correspond to S–C, S and S–Au at 164.58 eV, 165.72 
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eV and 166.83 eV respectively, (Fig. 3.25 B). Deconvolution of 26–AgNPs also 

showed three sub peaks which correspond to S–C, S and S–Ag at 165.10 eV, 167.07 

eV and 169.05 eV respectively. The appearance of the additional sub peaks and 

chemical shift in the binding energy of S could suggest the successful formation of 

the S–Au or S–Ag. For all conjugates, there was no evidence from XPS of the 

involvement of nitrogen groups on the MPc substituents in the binding with AgNPs 

or AuNPs except for 31 without any sulphur atom within the structure. 
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Figure 3.25: XPS spectra (A) Survey spectra for complex 26, 26–AuNPs and 26–AgNPs; and 

(B) High resolution spectra of S 2p for complex 26, 26–AuNPs and 26–AgNPs. 
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assembly while others did not.  The set of doublets were resolved using peak fitting to 

investigate different nitrogen groups present. The peak at 400.8 eV is assigned as 

nitrogen bound to gold, while the peak at 397.7 eV could indicate unbound nitrogen. 

Xiao et al [182] reported a binding energy of 399.2 eV for unbound amino nitrogen and 

401.7 eV for nitrogen bounded to gold while Zhang et al [183] also observed a binding 

energy of 398.8 eV and 401.5 eV for free amine and amine bounded to gold 

nanoparticles, respectively. 

                                         

 

Figure 3.26: XPS High resolution spectra of N1s for 31–AuNPs. 
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3.3. Conclusion for the chapter 

The different metallophthalocyanines synthesized in this work were characterized 

using various spectroscopic and analytical techniques. The complexes were either 

covalently or surface assembled onto different nanomaterials. 

Evidence from XPS, FTIR, Uv-vis, XRD and EDX spectra showed successful 

linkage of these complexes to nanomaterials.  

The origin of optical transitions in these molecules was investigated using TD-DFT 

calculation. 

The Uv-vis absorption spectra showed spectral broadening for the ball-type 

complexes compared to their corresponding monomeric analogues. For all 

complexes with the same substituents, a red-shifting in order of Zn < Ga < In was 

observed in the Q band maxima, which was confirmed from TD-DFT to be due to 

narrowing of HOMO-LUMO gap with increase in atomic weight of the central 

metal. In most cases, the Q band absorption maxima of the nanoconjugates were red-

shifted compared to that of the corresponding complex alone.  
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The photophysical behavior of all the substituted phthalocyanine complexes 10-36 

was investigated in DMSO. The effect of central metal was investigated by 

synthesizing zinc, gallium and indium bearing central metal for each functional 

substituent. The spin orbit interaction arising from heavy atom effect is expected to 

play indispensable role in the photophysical properties. It is expected that enhanced 

triplet population will be achieved for complexes possessing heavy central metal ion 

in comparison to their relatively lighter metal derivatives. Because one predominant 

aim of this work is to maximize the triplet population with the expectation of 

enhancing nonlinear optical response. Selected complexes possessing requisite 

functional groups were further combined with nanomaterials mainly containing 

heavy atoms. Improvement in photophysical properties when organic chromophores 

were combined with nanomaterials has been reported [184,185], hence selected 

complexes in this work were linked to different semiconductor QDs, metallic gold 

and silver nanoparticles as well as carbon based graphene QDs. 

 

4.1. Complexes 10-36 alone 

4.1.1.Fluorescence quantum yield (ФF) and lifetime (τF) 

 Table 4.1 showed the photophysical behavior of all complexes in DMSO. The ФF 

were calculated using equation 4.1 (same as equation 1.4) with ZnPc (ФF = 0.2 in 

DMSO) as standard [186]  

Φ𝐹 =  Φ𝐹
𝑠𝑡𝑑 .

𝐹.𝐴𝑠𝑡𝑑.𝑛2

𝐹𝑠𝑡𝑑.𝐴.𝑛𝑠𝑡𝑑
2                                                          (4.1) 

where 𝐹 and 𝐹𝑠𝑡𝑑 are the areas under the fluorescence emission curves of the sample 

and standard respectively. A and Astd are the respective absorbance of the sample 

and standard at the excitation wavelength, while n and nstd are the refractive indices 

of the solvents for the sample and standard, respectively. 
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Table 4.1: Photophysical parameters of 10-36 in DMSO 

Complexes ФF τF (ns) ФT τT (μs)  kr x 107 

(s-1) 

τisc 

Carboxylic acid substituted ball-type complexes 

10 (Zn) 0.20 3.20 0.58 289 6.25 5.52 

11 (Ga) 0.12 2.70 0.67 102 4.44 4.03 

12 (In) 0.04 2.30 0.81 59 1.74 2.78 

Long alkyl substituted ball-type complexes 

13 (Zn) 0.10 3.07 0.62 264 3.26 4.95 

14 (Ga) 0.07 1.05 0.69 84 6.67 1.52 

15 (In) 0.02 0.97 0.83 44 2.06 1.13 

Aldehyde substituted ball-type complexes 

16 (Zn) 0.11 3.19 0.60 321 3.45 5.32 

17A (Ga) 0.08 1.05 0.65 95 7.62 1.62 

17B (Ga) 0.07 1.03 0.69 93 6.80 1.49 

18 (In) 0.04 0.97 0.75 69 4.12 1.29 

Benzothiazole substituted ball-type complexes 

19 (Zn) 0.17 3.27 0.58 289 5.20 5.64 

20 (Ga) 0.11 2.30 0.64 112 4.78 3.59 

21 (In) 0.05 1.09 0.71 61 4.59 1.54 

Mononuclear Pcs complexes 22-36 

Phenoxylbenzothiazole substituted complexes 22-24 

22 (Zn) 0.24 2.86 0.56 130 8.39 5.11 

23 (Ga) 0.16 2.73 0.68 193 5.86 4.01 

24 (In) 0.03 0.78 0.75 55 3.85 1.04 

Thiarylbenzothiazole substituted complexes 25-27 

25 (Zn) 0.18 1.92 0.65 148 9.38 2.95 

26 (Ga) 0.12 2.45 0.72 205 4.90 3.40 

27 (In) 0.02 0.73 0.78 48 2.74 0.93 

Aldehyde substituted monomer complexes 28-30 

28 (Zn) 0.14 3.24 0.57 331 4.32 5.68 

29 (Ga) 0.09 1.17 0.63 107 7.69 1.86 

30 (In) 0.06 1.07 0.69 73 5.61 1.55 
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Table 4.1 continued 

Complexes ФF τF (ns) ФT τT (μs)  kr x 107 

(s-1) 

τisc 

aminophenoxyl substituted complexes 31-33 

31 (Zn) 0.21 3.25 0.61 343 6.46 5.33 

32 (Ga) 0.11 2.01 0.69 196 5.47 2.91 

33 (In) 0.08 0.98 0.72 52 8.16 1.36 

asymmetric benzothiazole substituted complexes 34-36 

34 (Zn) 0.15 3.82 0.59 347 3.93 6.50 

35 (Ga) 0.09 1.92 0.64 239 4.69 3.00 

36 (In) 0.03 1.02 0.70 95 2.94 1.46 

 

Generally for each substituent, the ФF decreases with increase in atomic weight of 

the central metal ion attributed to heavy atom spin orbit coupling deactivation of the  

excited singlet state through intersystem crossing to populate the triplet [185].    For 

ball-type Pcs, 10, 13, 16 and 19 bearing zinc central metal, the fluorescence quantum 

yield (ФF) slightly decreases in order of 10 > 19 > 16 ≈ 13, showing the lowest ФF 

value for long alkyl and aldehyde bridging substituents. For complexes bearing 

indium central metal, the ФF values were low due to heavy atom effect. The ФF  for 

11, 14, 17 and 20 bearing gallium central metal also follow the same trends as for 

zinc complexes, with decrease in fluorescence quantum yield in order of 11 > 20 > 

17 ≈ 14. 

For monomeric Pcs 22-27 containing benzothizolylphenoxyl and 

benzothiazolylthiaryl substituents respectively, a lower ФF was observed for 25-27 

compared to the corresponding 22-24 except 24 and 27 that showed almost the same 

order of magnitude (Table 4.1). It has been shown that MPcs with absorption peak 

at shorter wavelength show higher fluorescence quantum yield [187] and complexes 

22-24 have shorter absorption wavelength compared to 25-27 (Table 3.3), hence 

lower ФF for the former than the latter. 
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 The ФF for aldehyde substituted 28-30 was found to be 0.14, 0.09 and 0.06, 

generally lower than for 22-27, while those of the asymmetric 34-36 showed ФF of 

0.15, 0.9 and 0.03 respectively (Table 4.1). 

The fluorescence lifetime (τF) decay curve for the complexes are shown in Fig. 4.1 

(using 13 and 16 as examples). The complexes bearing indium showed biexponential 

decay with existence of two lifetimes while the rest of the complexes exhibit mono-

exponential decay. Average lifetimes for the indium complexes and mono-

exponential lifetimes for other complexes are presented in Table 4.1. The existence 

of two lifetimes in Pcs has been reported in terms of the presence of aggregates 

which quench fluorescence, resulting in quenched (shorter) and unquenched (longer) 

lifetimes [188].  

Generally, for each substituent of Zn, Ga and In series, the τF also decrease with 

decrease in ФF, which is expected since quantum yield is directly proportional to 

lifetime.  

Though the fluorescence lifetime for 10-21 directly relate to the quantum yield, 

complexes 11 and 20 showed fluorescence lifetime (F) that were 2 times more than 

that of complex 14 and 17. It is well known that the fluorescence lifetime will depend 

on other non-radiative processes that compete for deactivation of the excited state 

[78] as represented in equation 4.2. 

𝜏 =  
1

𝑘𝑟+𝑘𝑛𝑟
                                      (4.2) 

where kr and knr are radiative and non-radiative rate constants. Thus, the presence of 

non-radiative processes will compete and decrease the radiative pathways. From 

equation 4.2, a decrease in fluorescence rate constant will increase the fluorescence 

lifetime. The radiative rate constant of fluorescence was calculated from the 

fluorescence quantum yield and fluorescence lifetime using kr = ФF/F [78]. and 

presented in Table 4.1. The increased lifetime observed in 11 and 20 compared to 
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14 and 17 can be attributed to decrease in fluorescence rate constants in the former 

due to non-radiative competing processes.  

             

Figure 4.1: Fluorescence decay (blue), X2 fitting (red) and IRF (black) curves of 13 and 16 in 

DMSO. Absorbances at Q band <0.04 
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4.1.2.Triplet quantum yield (ФT) and lifetime (τF) 

4.1.2.1. Ball-type MPcs 10-21 

The ФT were calculated using equation 4.3 (same as equation 1.1) with ZnPc (ФT 

= 0.65 in DMSO) [189]. 

Φ𝑇 =  Φ𝑇
𝑠𝑡𝑑 .

∆𝐴𝑇.𝜀𝑇
𝑠𝑡𝑑

∆𝐴𝑇
𝑠𝑡𝑑.𝜀𝑇

                                               (4.3) 

where ∆𝐴𝑇 and ∆𝐴𝑇
𝑠𝑡𝑑 are the changes in the triplet state absorbance of the sample 

and the standard, respectively. 𝜀𝑇 and 𝜀𝑇
𝑠𝑡𝑑 are the respective triplet state molar 

extinction coefficients for the sample and the standard. Φ𝑇
𝑠𝑡𝑑 is the triplet quantum 

yield of the standard ZnPc.  

A plot of Φ𝑇 against the atomic weight of the central metal ions showed enhanced 

population of the triplet with increase in atomic weight (Fig. 4.2 using 10-21 as 

example) for all the substituents. 

 

 

Figure 4.2: Plots of triplet population vs molecular weight of 10-21 
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The values for ФT was found to increase with decrease in ФF for complexes having 

the same central metal ion (Table 4.1). The triplet quantum yields (ФT) for long 

alkyl substituted Zn, Ga and In complexes 13, 14 and 15 respectively were also 

found to be marginally higher than their corresponding carboxylic acid (10-12), 

aldehyde (16-18) and benzothiazole (19-21) substituted complexes corresponding to 

lower ФF.  Though the ФF for 10 and 19 slightly differ, the ФT were found to be the 

same. In general, for the ball-type 10-21, only complexes 13, 14 and 15 with bridging 

long alkyl substituent showed significant effect on the photophysical properties. The 

electron donating effect of alkoxy long alkyl substituent that shows enhancement in 

rate of intersystem crossing to populate the triplet has been reported in porphyrin 

macrocycle [190], hence the consistent lower rate of fluorescence and higher triplet 

quantum yield  for complexes 13, 14 and 15 could be attributed to electron donating 

effect of this complexes. 

The relative lower ФF for complex 17 compared to 11 does not translate to higher 

ФT for the latter, suggesting that other excited singlet deactivation pathways such as 

internal conversion must have been involved in the observed low ФF, since such 

pathways do not actually enhance the intersystem crossing to the triplet. Brookfield 

et. al [191] have shown that for dimer molecules, the two rings may be close and the 

interaction can be sufficient to result in exciton coupling, which will provide extra 

pathway for non-radiative process. Thus, non-radiative process that did not populate 

the triplet must have been responsible for lower ФF as well as lower triplet 

population in 17 compared to 11. Though the fluorescence quantum yield for 12 and 

18 are the same, 12 possessed enhanced ФT.   

Fig. 4.3 showed the transient absorption data of 12 as well as the triplet decay curve 

for the complexes (using 11, 12, 16 and 19 as examples). The triplet state absorption 

maxima for 12 was observed at 495 nm with a large negative band at 705 nm which 

could be attributed to the depletion or bleaching of the ground state [192]. The triplet 
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decay curves obey second order decay kinetics due to triplet-triplet recombination 

of MPcs at high concentration [193].  

The triplet lifetime (τT) was obtained by fitting the triplet absorption data to rate 

equation 4.4 

𝐴𝑡 =  𝐴0𝑒
(−

𝑡

𝜏𝑇
)

+ 𝑘𝑡                               (4.4) 

where At and A0 are the relative absorbance at time t = t and t = 0 respectively; k is 

the triplet state absorption rate constant.  

 

Figure 4.3: Transient absorption curve of 12 and triplet absorption decay of selected 

complexes in DMSO. The red solid curve depicts the fitting curve. 
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4.1.2.2. Mononuclear 22-36 

For non ball-type 22-36, the sulphur-bridged benzothiazole substituted complexes 

25-27 showed higher ФT compared to corresponding benzothizolylphenoxyl 22-24, 

bis(aminophenoxy)phenoxyl substituted 31-33, aldehyde substituted 28-30 and the 

asymmetric 34-36 (Table 4.1). The ФT values for the bis(aminophenoxy)phenoxyl 

substituted 31-33 are higher than the corresponding aldehyde substituted 28-30 

(Table 4.1). The presence of amino substituents has been shown to quench 

fluorescence [194], hence enhance intersystem crossing to populate the triplet.  

The asymmetric 35 and 36 showed lower ФT compared to 23 and 24, suggesting that 

other non-radiative pathways must have contributed to the lower ФF observed for 

the asymmetric 35 and 36. Also, electron withdrawing substituents has been shown 

to decrease intersystem crossing [187,195], hence the presence of electron 

withdrawing carboxylic acid in the asymmetric complexes could be responsible for 

the lower triplet population. The intersystem crossing lifetime was calculated using 

equation 4.5 

𝜏𝑖𝑠𝑐 =  
𝜏𝐹

Ф𝑇
                                                                                       (4.5) 

For each substituent, the 𝜏𝑖𝑠𝑐 decreases in order of In < Ga < Zn, suggesting faster 

rate of intersystem crossing to populate the triplet by heavy atom (Table 4.1).  

 

 

 

 

 

 

 

 



Photophysical and photochemical properties Chapter four 

 

148 
 

4.2. Metallophthalocyanine in combination with nanomaterials 

Table 4.2: comparative photophysical parameters of complexes alone and when linked with 

nanomaterials. Solvent DMSO 

Complexes Loading 

(mg/mg) 

ФF(pc) τF(Pc) 

(ns) 

ФF(QDs)
a τF(QDs) (ns)a ФT τF 

(μs) 

τisc 

(ns) 

Carboxylic acid substituted ball-type complexes 10-12 

10 - 0.20 3.20 - - 0.58 289 5.52 

10-GQDs 12 0.16 2.91 0.85 (0.89) 9.1 (10.4) 0.61 221 4.75 

10-CdTe 8 0.13 2.50 0.47(0.63) 11.3 (18.5) 0.67 189 3.73 

11 - 0.12 2.70 - - 0.67 102 4.03 

11-GQDs 15 0.10 2.40 0.82 (0.89) 8.7 (10.4) 0.69 93 3.48 

11-CdTe 11 0.08 1.90 0.39(0.63) 10.9 (18.5) 0.72 72 2.64 

12  - 0.04 2.30 - - 0.81 59 2.78 

12-GQDs 7 0.04 2.18 0.79 (0.89) 9.3 (10.4) 0.85 56 2.56 

12-CdTe 9 <0.01 1.54 0.37(0.63) 8.8 (18.5) 0.90 48 1.71 

12-CdTeSe 19 0.02 1.74 0.04 (0.09) 5.9 (12.6) 0.90 63 2.09 

12-

CdTeSe/ZnO 

25 0.01 1.25 0.02 (0.14) 3.7 (11.3) 0.83 67 1.37 

12-AgNPs 5 0.02 1.85 - - 0.80 65 2.31 

12-AuNPs 16 0.017 1.82 - - 0.85 58 2.14 

Benzothiazole substituted ball-type 19-21 and conjugates 

19  - 0.17 3.27 - - 0.58 289 5.64 

19-AgNPs 17 0.14 2.53 - - 0.63 103 4.02 

19-AuNPs 11 0.11 2.09 - - 0.67 96 3.12 

20  - 0.11 2.30 - - 0.64 112 3.59 

20-AgNPs 40 0.09 1.70 - - 0.69 73 2.46 

20-AuNPs 23 0.06 1.29 - - 0.73 69 1.77 

21  - 0.05 1.09 - - 0.71 61 1.54 

21-AgNPs 52 0.03 1.01 - - 0.82 48 1.23 

21-AuNPs 31 <0.01 0.85 - - 0.88 39 0.97 
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Table 4.2 continued 

Complexes Loading 

(mg/mg) 

ФF(pc) τF(Pc) 

(ns) 

ФF(QDs)
a τF(QDs) (ns)a ФT τF 

(μs) 

τisc 

(ns) 

Phenoxyl benzothiazole substituted 22-24 and conjugates 

22 - 0.24 2.86 - - 0.56 130 5.11 

22-AgNPs 9 0.11 1.82 - - 0.58 107 3.14 

22-AuNPs 14 0.09 1.71 - - 0.63 119 1.85 

23 - 0.16 2.73 - - 0.68 193 4.01 

23-AgNPs 6 0.07 1.39 - - 0.67 158 2.01 

23-AuNPs 11 0.05 1.26 - - 0.73 172 1.73 

24 - 0.03 0.78 - - 0.75 55 1.04 

24-AgNPs 7 <0.01 0.62 - - 0.79 41 0.78 

24-AuNPs 22 <0.01 0.59 - - 0.87 47 0.68 

Thiaryl benzothiazole substituted 25-27 and conjugates 

25 - 0.18 1.92 - - 0.65 148 2.95 

25-AgNPs 13 0.08 1.37 - - 0.62 121 2.21 

25-AuNPs 23 0.06 1.28 - - 0.69 137 1.86 

26 - 0.12 2.45 - - 0.72 205 3.40 

26-AgNPs 12 0.07 0.83 - - 0.73 167 1.13 

26-AuNPs 29 0.05 0.71 - - 0.77 188 0.92 

27 - 0.02 0.73 - - 0.78 48 0.93 

27-AgNPs 19 <0.01 0.57 - - 0.83 34 0.69 

27-AuNPs 33 <0.01 0.51 - - 0.91 39 0.56 

aminophenoxyl substituted 31-33 and conjugates 

31  - 0.21 3.25 - - 0.61 343 5.33 

31-AgNPs 16 0.15 3.12 - - 0.63 325 4.95 

31-AuNPs 28 0.13 2.64 - - 0.66 312 3.94 

31CB-AgNPs 37 0.10 3.02 - - 0.68 303 4.44 

31CB-AuNPs 30 0.09 2.05 - - 0.75 298 2.73 

31-CdTe 10 0.13 2.60 0.46 (063) 14.1 (18.5) 0.68 265 3.82 

32  - 0.11 2.01 - - 0.69 196 2.91 

32-CdTe 7 0.09 0.98 0.42 (0.63) 12.8 (18.5) 0.73 76 1.34 
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Table 4.2 continued 

Complexes Loading 

(mg/mg) 

ФF(pc) τF(Pc) 

(ns) 

ФF(QDs)
a τF(QDs) (ns)a ФT τF 

(μs) 

τisc 

(ns) 

33  - 0.08 0.98 - - 0.72 52 1.36 

33-CdTe 3 0.02 0.78 0.38 (0.63) 11.3 (16.8) 0.76 40 1.02 

Low symmetry benzothiazole substituted 34-36 and conjugates 

34  - 0.15 3.82 - - 0.59 347 6.50 

34-AgNPs 21 0.10 3.84 - - 0.67 329 5.7 

34-AuNPs 33 0.08 2.35 - - 0.71 353 3.3 

34CB-AgNPs 11 0.13 3.20 - - 0.61 331 5.2 

34CB-AuNPs 17 0.11 2.90   0.63 349 4.6 

34-CdTe 9 0.06 2.60 0.45 (0.63) 11.9 (18.5) 0.74 293 3.51 

35  - 0.09 1.92 - - 0.64 239 3.00 

35-CdTe 7 0.05 1.50 0.41 (0.63) 10.2 (18.5) 0.74 192 2.02 

36   0.03 1.02 - - 0.70 95 1.46 

36-CdTe 4 <0.01 0.98 0.39 (0.63) 9.5 (18.5) 0.80 41 1.23 

aValues in brackets are for QDs alone.  

Excitation at Pcs absorption =615-620 nm, 400 nm for SQDs and  340 for GQDs 

 

4.2.1.Fluorescence quantum yield (ФF) and lifetime (τF) 

Due to the fluorescent nature of QDs, the nanohybrid of QDs were excited either at 

QDs or MPcs absorption wavelength. The metallic Au and Ag NPs nanocomposites 

were only excited at the MPcs absorption wavelength since Au and Ag NPs do not 

fluoresce. 

For all the nanoconjugate when exciting at absorption wavelength of Pcs, the ФF(pc) 

decreased compared to the corresponding complexes alone (Table 4.2), suggesting 

deactivation of the excited singlet of MPc complexes and enhancement of 

intersystem crossing either through heavy atom effect from the SQDs or enhanced 

π-conjugated system for GQDs. The nanoconjugates of AuNPs showed lower ФF 

values compared to the corresponding AgNPs. 
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When exciting at QDs absorption wavelength, equation 4.6 was used to determine 

the fluorescence quantum yields following the covalent linkage of complexes ΦF(Pc-

QDs)) 

𝛷(𝑃𝑐−𝑄𝐷𝑠) =  𝛷𝑄𝐷𝑠
𝐹(𝑃𝑐−𝑄𝐷𝑠)

𝐹𝑄𝐷𝑠
                                                                (4.6) 

where F(Pc-QDs) and FQDs are the fluorescence intensities of QDs in Pc-QDs conjugates 

and QDs alone, respectively. (QDS) represents fluorescence quantum yield of the 

QDs alone and was used as a standard. 

The semiconductor QDs showed lower ФF(QDs) compared to GQDs. A significant 

decrease in ФF(QDs) were observed for the nanoconjugates compared to QDs alone 

(Table 4.2), which can be attributed to energy transfer from the donor QDs to 

acceptor MPcs leading to excited state quenching of the former [78] as will be 

discussed below.  

The fluorescence decay curves for all the nanoconjugates when exciting at 

absorption wavelength of MPcs showed biexponential decay with two lifetimes. 

Average lifetimes are presented in Table 4.2.  

The τF(QDs) for GQDs, CdTe, CdTeSe and CdTeSe/ZnO alone was found to be 10.4, 

18.5, 12.6 and 11.3 ns respectively (Table 4.2). Upon conjugation of the complexes 

to these nanoparticles, a significant reduction in lifetime was observed for all the 

nanoconjugates (Fig. 4.4, using CdTe and 33-CdTe as examples, Table 4.2), which 

is the hallmark of Förster resonance energy transfer (FRET) [76]. 
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Figure 4.4: Fluorescence decay profile of CdTe QDs before and after covalent linkage to 

33. Excitation wavelength = 560 nm.  

 

4.2.2.Förster resonance energy transfer (FRET) 

The FRET study was carried out since energy transfer from QDs to MPcs is expected 

following excitation of the MPc-QDs nanohybrids. For FRET to occur, the emission 

spectra of donor fluorophore (QDs) must overlap the absorption spectra of the 

acceptor (MPcs) as shown in Fig. 4.5A. Upon excitation where QDs absorbs, the 

occurrence of FRET will result in fluorescence quenching for QDs and enhancement 

for Pcs (Fig. 4.5B)  
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Figure 4.5: (A)Emission spectra (dotted line) of QDs and absorption spectra (solid lines) 

of 10–12 and (B) emission spectra of 35 (i), 35-CdTe (ii) and CdTe (iii). Excitation at 400 

nm. 
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A significant quenching in emission spectra of CdTe QDs with emergence of new 

peaks around 650-700 nm was observed when MPc complexes was covalently 

linked with QDs at excitation wavelength of 400 nm (Fig. 4.5B, using 35 and 

conjugate as an example).  

 

Table 4.3: Energy transfer parameters for QDs-Pc conjugates in DMSO using FRET Method 

Conjugates Loading 

mg/mg 

ФF J (𝜆) (M-1 cm-1 nm4)  Eff (%) R0 (Å) r (Å)     kT (r) 

(ns-1) 

Carboxylic acid substituted ball-type complexes 10-12 

10-CdTe 8 0.13 5.70 x 10-14 50.1 59.3 53.3 0.08 

11- CdTe 11 0.08 2.60 x 10-14 51.9 40.2 38.7 0.04 

12- CdTe 9 <0.01 2.27 x 10-14 49.5 40.5 36.2 0.07 

10-GQDs 12 0.16 6.57 x 10-13 19.2 64.5 92.7 0.012 

11-GQDs 15 0.10 1.27 x 10-13 16.3 49.1 78.9 0.006 

12-GQDs 7 0.04 1.09 x 10-13 14.6 41.3 73.5 0.014 

Bis(aminophenoxyl)phenoxyl substituted complexes 31-33 

31-CdTe 10 0.13 3.20 × 10-14 78.1 41.3 40.8 0.21 

32-CdTe 7 0.09 4.02 × 10-14 60.3 42.9 42.0 0.09 

33-CdTe 3 0.02 7.20 × 10-14 51.0 40.5 40.1 0.06 

Low symmetry benzothiazole substituted complexes 34-36 

34-CdTe 9 0.06 6.58 x 10-14 62.2 41.3 38.7 0.51 

35-CdTe 7 0.05 6.67 x 10-14 57.4 31.5 30.9 0.67 

36-CdTe 4 <0.01 6.79 x 10-14 53.3 35.8 35.5 0.24 

 

This new peak around 650-700 is known as stimulated emission since it is not 

observed either in the CdTe or complex 35 alone at the same excitation wavelength.  

This stimulated emission can be attributed to a nonradiative energy transfer from the 

donor quantum dots to the acceptor Pcs.  Excited state quenching is one major 

process that results in FRET for a donor-acceptor pair, and this process turns the 
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“bright” QDs into “dark” QDs due to attachment of the acceptor on the surface of 

donor [196]. 

The PHOTOCHEMCAD [85] was employed to compute the FRET parameter using 

equations 1.5-1.10 and presented in Table 4.3. From Table 4.3, The FRET 

efficiencies (Eff) were found ranging from 15-78%. The semiconductor QDs 

showed higher transfer efficiency compared to the graphene based QDs. The 

efficiency of FRET is expected to increase with decrease in overlap integral (J) 

[197], which could be the reason for higher efficiency for semiconductor QDs 

compared to GQDs. Enhancement in FRET efficiency has been shown to occur in 

QDs-dyes conjugate with increase in number of acceptor molecules per donor [198], 

but this is not always in all case as seen in Table 4.3 where 11-GQDs has larger 

loading but low Eff compared to 10-CdTe. It should be mentioned that the calculated 

FRET efficiency values are only estimates, since there are a wide variety of factors 

[83,199] which influences the decrease in QDs emission in addition to FRET. 

 

4.2.3. Triplet quantum yield (ФT) and lifetime τT) 

Generally, the ФT for the nanoconjugates were found to be higher compared to the 

corresponding complex alone (Table 4.2). The ФT values for 10-CdTe, 11-CdTe and 

12-CdTe were found to be 0.67, 0.72 and 0.90, higher than 0.61, 0.69 and 0.85 for 

the corresponding 10-GQDs, 11-GQDs and 12-GQDs respectively (Table 4.2), due 

to heavy atom effect in the former compared to the latter. 

For all the metallic nanoparticle conjugates, the ФT for the Au conjugates were 

higher compared to the corresponding Ag conjugates, which could be due to Au 

being heavier atom than Ag (Table 4.2). For complexes 31 and 34 that was 

covalently linked as well as surface assembled to Au and Ag NPs, the ФT for the 

covalently linked 31CB-AuNPs and 31CB-AgNPs were found to be 0.75 and 0.68, 

higher than 0.66 and 0.63 for self-assembled 31-AuNPs and 31-AgNPs (Table 4.2). 
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On the other hand, the ФT for the self-assembled 34-AuNPs and 34-AgNPs were 

0.71 and 0.67, higher than 0.63 and 0.61 for 34CB-AuNPs and 34CB-AgNPs. These 

observations could be attributed to the loading of MPc complexes on the 

nanoparticles as higher loading was observer for the covalently linked conjugates of 

31 and self-assembled conjugates of 34 (Table 4.2) 

The τF generally decreases with increase in ФT as expected. The τisc was high where 

ФT were low. 

 

4.2.4.Singlet oxygen (Ф∆) and photodegradation (Фpd) quantum 

yields 

Though singlet oxygen generation is not required for materials intended for NLO 

application, the selected complexes in this section were studied to determine whether 

they would be suitable candidates for use as photosensitisers in other applications 

where singlet oxygen is required such as in photodynamic therapy (PDT). 

The singlet oxygen quantum yield (ФΔ) was determined by monitoring the chemical 

photodegradation of singlet oxygen quencher 1,3-diphenylisobenzofuran (DPBF) 

(Fig. 4.6, using 31 and 34CB-AuNPs as examples) and calculated using equation 

4.7.  

Ф∆ =  Ф∆
𝑠𝑡𝑑 .

𝐵𝐼𝑎𝑏𝑠
𝑠𝑡𝑑

𝐵𝑠𝑡𝑑𝐼𝑎𝑏𝑠
                                        (4.7) 

where Ф∆
std is the singlet oxygen quantum yield of unsubstituted ZnPc standard in 

DMSO (Ф∆ = 0.67)[200] , 𝐵 and 𝐵𝑠𝑡𝑑 are the coefficients of the sample and standard, 

𝐼𝑎𝑏𝑠    and      𝐼𝑎𝑏𝑠
𝑠𝑡𝑑 are the rates of light absorption by the complexes and the standard, 

respectively 

Iabs is define by equation 4.8.  

𝐼𝑎𝑏𝑠 =
𝛼𝐴𝐼

𝑁𝐴
                                                   (4.8) 
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where α=1−10-A(λ)  A(λ) is the absorbance of the sensitizer at the irradiation 

wavelength, A is the irradiated area (2.5 cm2), I is the intensity of light 

(4.0 × 1016photons cm−2 s−1) and NA is Avogadro's constant. 

There was no significant change in Q-band intensity of the complexes or the 

nanoconjugates during irradiation showing stability over the irradiation period, 

while DPBF degraded. A significant increase in singlet oxygen generation as 

evidenced by singlet oxygen quantum yield (Table 4.4) was observed upon 

conjugation of complexes to the metallic nanoparticles corresponding to increase in 

triplet quantum yields. Conjugates with higher ФT also showed higher singlet 

oxygen generation capacity (Table 4.4).  
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Figure 4.6: Typical spectra observed during the generation of singlet oxygen using DPBF as 

a singlet oxygen quencher for complex 31(top) and 34CB-AuNPs (bottom) in DMSO. 
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Table 4.4: Singlet oxygen generation of selected complexes and corresponding 

nanoconjugates. 

Complexes Loading 

(mg/mg) 

ФT Ф∆
 

Bis(aminophenoxyl)phenoxyl substituted complexes 31 

31  - 0.61 0.37 

31CB-AgNPs 37 0.68 0.47 

31-AgNPs 16 0.63 0.40 

31CB-AuNPs 30 0.75 0.53 

31-AuNPs 28 0.66 0.44 

Low symmetry benzothiazole substituted complexes 34 

34  - 0.59 0.32 

34CB-AgNPs 11 0.61 0.34 

34-AgNPs 21 0.67 0.43 

34CB-AuNPs 17 0.63 0.38 

34-AuNPs 33 0.71 0.51 

 

4.3. Conclusions for the chapter 

The photophysical and photochemical properties of MPcs complexes either alone or 

in combination with different nanomaterials were investigated. 

A decrease in ФF and corresponding increase in ФT was observed for complexes 

having gallium and indium central metal compared to the corresponding zinc 

analogues. Further enhancement in ФT was observed when the complexes were 

linked to nanomaterials. 

Excited state quenching of the luminescence properties of SQDs and GQDs was 

found to occur through FRET process and the efficiency of FRET was found to be 

higher in SQDs compared to corresponding GQDs.
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5. NLO parameters 

5.1. Equations used 

5.1.1.Conventional Sheik Bahae analysis 

The difficulty in separating various nonlinear optical mechanisms such as: excited 

state absorption (ESA), two photon absorption (TPA), nonlinear scattering and 

nonlinear refraction responsible for reverse saturable absorption (RSA) or saturable 

absorption (SA) processes has been a serious limitation of the Z-scan technique. To 

solve this limitation, suitable equations for analysis of Z-scan data have been 

developed, and the explanation of results from such analysis is usually given based 

on the nature of the investigated material and the properties (pulse width and 

repetition rate) of the laser beam employed. The nonlinear absorption coefficient (𝛽) 

is an important parameter for measuring optical limiting ability of materials. For 

molecules that have zero linear absorption at the laser wavelength of 532 nm, all the 

observed absorptions at that wavelength must be due to multi-photon absorption. 

However, when lasers with nanosecond pulses are employed as is the case in this 

study, the absorption may also be due to sequential TPA and ESA [201]. Therefore, 

the intrinsic value for β that is associated only with TPA cannot be determined, and 

an effective value (βeff) is determined instead.   The 𝛽eff measures the degree of 

nonlinear absorption and depends on the population of molecules in the first excited 

triplet state (T1). The 𝛽eff can be calculated by fitting the Z-scan data to the 

transmittance equation 5.1 reported by Sheik-Bahae et al [89,140,141]  

𝑇(𝑍) =
1

1+𝛽𝑒𝑓𝑓𝐿𝑒𝑓𝑓(𝐼00 (1+(𝑧 𝑧0⁄ )2⁄ ))
                        (5.1) 

where T(Z) is the normalized transmittance of the sample, I00 is the intensity of the 

light on focus, βeff is the two-photon absorption coefficient, z0 is the diffraction 

length of the beam, z is the sample position with respect to input intensity and Leff is 

the effective length for 2 photon absorption using equation 5.2 



Nonlinear optical properties Chapter five 
 

162 
 

𝑙𝑒𝑓𝑓 =
1−𝑒−𝛼𝑙

𝛼
                                                                                                      (5.2) 

where α is the linear absorption coefficient. Since equation (5.1) is not generally 

suited to directly fit experimental data, a numerical form of the equation was 

employed to  fit  the experimental data, equation 5.3 :  

T(z)=0.363𝑒
(

−𝑞(𝑧)

5.60
)
+0.286𝑒

(
−𝑞(𝑧)

1.21
)
+0.213𝑒

(
−𝑞(𝑧)

24.62
)
+0.096𝑒

(
−𝑞(𝑧)

115.95
)
+0.038𝑒

(
−𝑞(𝑧)

965.08
)
   

                                                                                                          (5.3)     

Equation 5.3 describes reverse saturable absorption emanating from two-photon 

pumped excited state, hence the excited state cross-section (δexc) can be determined 

by fitting the experimental data from Z-scan to equation 5.4 

𝑇𝑁𝑜𝑟𝑚 =  
𝐼𝑛(1+(𝑞/(1+𝑋2))

𝑞/(1+𝑋2)
                                                                  (5.4) 

where q is a dimensionless parameter given by equation 5.5 

𝑞 =  
𝛼𝛿𝑒𝑥𝑐

2ℎ𝑣
𝐹0𝐿𝑒𝑓𝑓                                                                              (5.5) 

where 𝑇𝑁𝑜𝑟𝑚 is the normalized transmittance (𝑇⁄𝑇0), and 𝑇0 = exp (−𝛼𝐿), 𝐹0 = 2𝐼00 (in 

J/cm2), ℎ is the Planck constant, 𝜒 = 𝑧⁄𝑧0, 𝜈 is the frequency of the laser beam, 𝛼 and 

𝐿𝑒𝑓𝑓 are as defined above in Equation 5.2. 

The imaginary third order susceptibility [Im(χ3], which measures the nonlinear 

absorption per mole can be determined by equation 5.6 

𝐼𝑚[𝜒(3)] =  
𝑛2𝜀0𝐶𝜆𝛽𝑒𝑓𝑓

2𝜋
                                                                      (5.6) 

where 𝑛 and c are the linear refractive index and the speed of light respectively, ɛ0 is 

the permittivity of free space, 𝛽eff is the nonlinear absorption coefficient, and λ is the 

wavelength of the laser beam. 

The second-order hyperpolarizability (γ) values of the materials were calculated 

using Equation 5.7 
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𝛾 =  
Im[χ(3)]

ƒ4𝐶𝑚𝑜𝑙𝑁𝐴
                                              (5.7) 

were, 𝑁𝐴 is the Avogadro constant, 𝐶mol is the concentration of the active species in 

the triplet state in mole and f is the Lorentz local field factor given as, 𝑓 = (𝑛2 + 2)⁄3. 

 

5.1.2.Five level rate equations 

In phthalocyanines, it has been shown that upon excitation by intense laser, two-

photon absorption (TPA) process is usually accompanied by excited state absorption 

[202] due to large excited state absorption cross-section in Pcs. This large cross 

section of two photon-induced excited state absorption (TPA-induced ESA) is 

directly related to the molecular structures [203,204]. Thus, understanding the 

relation between the molecular structures and the nonlinear absorption mechanisms 

is of paramount importance in the development of new materials with strong NLO 

properties. However, the existing Z-scan equations given above are inadequate to 

differentiate the contributions resulting from TPA and ESA. Additionally, since the 

ESA comprises of the singlet and triplet contributions, alternative model need to be 

invoked to track the individual contributions of each state to the RSA process. 

A well-known five-level model can adequately explain the nonlinear absorption 

phenomenon in MPcs [205–207]. The necessity of five level models (Fig. 5.1) 

becomes imperative since transitions due to two photon absorption (TPA), the S1-T1 

intersystem crossing process and T1-Tn processes in the nanosecond time scale can 

be accounted for in this model. In this model, laser irradiation at 532 nm excites 

molecules from the ground state to either the S1 or an Sn state with an excited state 

absorption cross-section δ1. The population of the triplet state will depend on the rate 

of intersystem crossing as well as the lifetime of the triplet state. In phthalocyanines, 

the triplet lifetimes are far longer than the intersystem crossing lifetime, hence the 

rate of intersystem crossing to build up the triplet state are high. Molecules in the T1 
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state can subsequently absorb laser radiation resulting in excitation from the T1 state 

to a higher energy Tn state with excited state absorption cross-section, δ2. 

 

Figure 5.1. Five level energy diagrams explaining the dynamic of the excited state population 

(upward arrows), non-radiative relaxation (dashed arrows) in the studied complexes and 

nanoconjugates 

 

The five-level systems in Fig. 5.1 can be treated with 5-level model rate Equations 

5.8-5.11 

   

𝑑𝑁𝑜

𝑑𝑡
= −

𝛿0𝐼𝑁0

ℏ𝜔
−

𝛽𝐼2

2ℏ𝜔
+

𝑁0

𝜏0
+

𝑁2

𝜏1
         (5.8) 

 

𝑑𝑁1

𝑑𝑡
=

𝛿1𝐼𝑁1

ℏ𝜔
+

𝛿0𝐼𝑁0

ℏ𝜔
−

𝑁0

𝜏0
−

𝑁0

𝜏𝑖𝑠𝑐
+

𝑁1

𝜏1
       (5.9) 

 

𝑑𝑁2

𝑑𝑡
=

𝛿1𝐼𝑁1

ℏ𝜔
+

𝛽𝐼2

2ℏ𝜔
−

𝑁1

𝜏1
          (5.10) 
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𝑑𝑁3

𝑑𝑡
= −

𝛿2𝐼𝑁3

ℏ𝜔
−

𝑁2

𝜏2
+

𝑁0

𝜏𝑖𝑠𝑐
+

𝑁3

𝜏3
       (5.11) 

where δ0, δ1 and δ2 are the absorption cross section for the ground, singlet and triplet 

excited respectively, ℏ is Planck’s constant,  is the frequency of light, the Ni values 

represent the populations in the different states; β is the two-photon absorption 

(TPA) cross-section, the i values are the lifetimes of the excited states, and isc is 

the intersystem crossing lifetimes.  

The intensity transmitted through the sample is represented as I and is given by 

equations (5.12-5.14): 

𝑑𝐼

𝑑𝑡
=

𝑐

𝑛𝑟

𝑑𝐼

𝑑𝑧
=

𝑐𝐼

𝑛𝑟
[𝛿0𝑁1 + 𝛿1𝑁2 + 𝛿2𝑁3]        (5.12) 

 

with 𝐼 =  𝐼00 (
0

2

 ω2(z)
) 𝑒𝑥𝑝 (−

𝑡2

𝑝
2 ) 𝑒𝑥𝑝 (−

2𝑟2

𝜔2(𝑧)
)       (5.13) 

𝜔(𝑧) =  𝜔0√{1 + (
𝑧

𝑧0
)

2

} ;   𝑧0 =  
𝜋0

2

𝜆
         (5.14) 

where nr is the refractive index (nr = 1.479 in DMSO), c is the speed of light in 

vacuum, I00 is the peak intensity at the focus of Guassian beam; τp is the input pulse 

width; w0 is beam waist at focus, z0 is Rayleigh range and r is the radius of the 

aperture.  dI/dz in equation. 5.12 describes the change of photon flux with 

propagation of laser light through the sample with z as the position of the sample in 

the beam profile. 

These equations are numerically solved using the ordinary differential equation 

(ODE45) function in Matlab with the boundary condition that each electron must be 

either in the ground or the excited state. Also in nanosecond regime, the rate 

equations can be analytically solved with all the time derivatives of the upper excited 

state being set to zero [208]. In this case, the steady state approximation becomes 
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the valid approach of solving the above equations [38,49] and the intensity 

dependent absorption coefficient can be given as equation 5.15. 

𝛼(𝐼) =  
𝜎0𝑁

1+
𝐼

𝐼𝑠𝑎𝑡

⌈1 +
𝜎1

𝜎2
.

𝜏𝑖𝑠𝑐

𝜏2
.

𝐼

𝐼𝑠𝑎𝑡
+

𝜎2

𝜎0
.

𝐼

𝐼𝑠𝑎𝑡
⌉               (5.15) 

where the ground state linear absorption coefficient α0 = 𝜎0𝑁 (N is the total number 

density of the dissolved molecules). Isat= hv
(σ0τ0)⁄  the intensity of saturation and k 

is is the ratio excited state to ground state cross-sections. 

It is pertinent to note that in Pcs, 𝜎2 and 𝜎1 are approximately the same order when 

τisc ˂ ˂ τ2. Then the term with 𝜎1 on the numerator can be eliminated and the intensity 

dependent absorption coefficient can be now defined as 

𝛼(𝐼, 𝐼𝑠𝑎𝑡 . 𝑘) =  
𝛼0

1+
𝐼

𝐼𝑠𝑎𝑡

(1 + 𝑘
𝐼

𝐼𝑠𝑎𝑡
)                             (5.16) 

The excited state absorption cross-section 𝜎2 can be replaced with 𝜎𝑒𝑥 since the 

excited state absorption is mostly due to triplet state. Thus, the ratio of excited to 

ground state absorption cross-section k is 
𝜎𝑒𝑥

𝜎0
 .  The parameter I/Isat in the equation 

can be replaced with F/Fsat. where F and Fsat are respectively fluence per pulse and 

the energy density of saturation defined as the energy density at which the output 

reaches saturation value. The 𝛼(𝐼, 𝐼𝑠𝑎𝑡 . 𝑘) must be substituted back to the 

propagation formalism equation 5.12 before fitting the open aperture data to obtain 

the optical limiting parameters k and Fsat. Integration over a homogenous sample of 

thickness L yields a transcendental equation for transmission T as T = Iout/Iin [209]. 

In this work, both the five energy model rate equations and/or the conventional Sheik 

Bahae Z-scan equations were employed for the analysis of the experimental data to 

understand the proper mechanism responsible for the nonlinear optical response.  
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5.2. Metallophthalocyanine alone 

5.2.1.Ball-type complexes 10-21 (Effect of bridging substituents) 

This section compares the ball-type complexes 10-21 having carboxylic acid, long 

alkyl, aldehyde and benzothiazole bridged substituents. Each of the four substituent 

bear zinc-zinc (group 1), gallium-gallium (group 2) and indium-indium (group 3) 

central metals.  

Reverse saturable absorption (RSA) process is dependent on absorption cross-

section [210,211] and can only occur when the excited state absorption cross-section 

is greater than that of the ground state. Complexes 10-21 all showed a RSA behavior 

as evidenced by valley dip decrease in transmittance around the focus (z = 0) along 

the z-position (Fig. 5.2, using 10, 13, 19 and 20 as examples). 

 

Figure 5.2: RSA profile of zinc ball-type complexes with different bridging substituents. 

Solvent: DMSO 
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For group 1 complexes containing zinc, the RSA reduction in transmittance was 

found in order of 13 (43%) > 16 (35%) > 10 (33%) > 19 (24%) (Fig. 5.2) 

corresponding to the triplet population as evidenced by triplet quantum yield (Table 

5.1). For group 2 complexes, the reduction in transmittance was found in order of 

14 (59%) > 11 (56%) > 17 (49%) ≈ 20 (48%) while that of group 3 were in order of 

15 (63%) > 18 (59%) > 12 (57%) > 21(56%) (Table 5.1). The above values show 

that 13, 14 and 15 having long alkyl substituents showed highest RSA dip. The 

benzothiazole substituted complexes showed the lowest reduction in transmittance 

compared to other complexes. The βeff values were obtained by fitting z-scan data to 

the TPA-assisted ESA equations 5.2 and 5.3 described above. 

The improvement in nonlinear absorption coefficient (βeff.) for the group 1 zinc 

complexes was found in order of 13 (35.1 cm/GW) > 16 (23.2 cm/GW) > 19 (18.3 

cm/GW) > 10 (12.8 cm/GW), suggesting better enhancement in nonlinear absorption 

properties for the long alkyl substituted complex 13 followed by the aldehyde 

substituted complex 16. Though complex 10 showed higher percentage 

transmittance (33%) compared to 19 (24%), the latter displayed higher βeff value 

than the former. This could be attributed in slight increase in beam waist (w0) for 19 

compared to 10 (Table 5.1),which has been shown to increase absorption coefficient 

[38].  There was no clear trend between the carboxylic and benzothiazole substituted 

complexes. Generally, the value of βeff increases with increase in atomic weight of 

the central metal in order of group 3 (In) > group 2 (Ga) > group 1(Zn), which 

could be attributed to heavy atom effect that enhances population of the excited 

triplet hence improving RSA behavior.  
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Table 5.1: Optical limiting parameters of 10-21 in DMSO 

Comp ФT % T βeff (cm/GW) Im [χ3](esu) γ(esu) Fsat (J. cm-2)             k(δex/δg)      
w0 

(µm) 

Zinc containing complexes with different bridging substituents (Group 1) 

10 0.58 33 12.8 2.99 × 10-8 3.23 × 10-27 34.2 13.7 19.2 

13 0.62 43 35.1 8.19 × 10-8 1.20 × 10-26 26.4 10.3 19.2 

16 0.60 35 23.2 5.41 × 10-8 3.57 × 10-27 29.3 5.2 17.6 

19 0.58 24 18.3 2.35 × 10-8 2.82 × 10-27 35.1 17.2 20.1 

Gallium containing complexes with different bridging substituents (Group 2) 

11 0.67 56 21.5 5.01 × 10-8 5.42 × 10-27 25.2 27.9 18.7 

14 
0.69 

59 78.9 1.84 × 10-7 2.81 × 10-26 20.0 16.1 19.6 

17A 0.66 49 47.3 1.27 × 10-7 1.41 × 10-26 23.8 8.1 19.3 

17B 0.69 51 49.7 1.25 × 10-7 1.42 × 10-26 20.2 11.0 19.3 

20 0.64 48 48.2 1.12 × 10-7 7.42 × 10-27 25.9 9.5 18.9 

Indium containing complexes with different bridging substituents (Group 3) 

12 0.81 57 52.4 1.22 × 10-7 1.32 × 10-26 16.3 17.8 18.2 

15 0.83 63 101.2 2.35 × 10-7 3.59 × 10-26 11.8 18.3 17.1 

18 0.75 59 63.1 1.72 × 10-7 2.56 × 10-26 14.2 10.8 18.5 

21 0.71 56 49.9 1.16 × 10-7 7.68 × 10-27 18.1 23.4 17.3 
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The plot of βeff against absorbance (Fig. 5.3, using 13-15 as examples) shows the 

dependence of βeff on the concentration. It was observed that βeff values increase with 

the concentration [212,213], indicating a strong dependence of βeff on the number of 

available active excited state molecules. 

               

Figure 5.3: Plots of absorbance versus βeff for 13–15. Each data point represents an 

independent z-scan measurement. I00 ≈ 360 MW cm-2 for each measurement. Solid lines are 

theoretical fits. 

 

The energy density of saturation (Fsat) as well as the ratio of excited state to ground 

state absorption cross-section (k) were obtained by plotting the normalized 
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and Fsat were treated as free parameters in the fitting algorithm equation 5.16.  The 
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at the lowest energy density (Table 5.1), indicating the superior nonlinear optical 
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from 5 - 150 J cm−2, k ranges from 2-27 and  βeff  of 1.52 x 10−9 – 8.3 x10−8  cm W−1 

(15.2-83 cm/Gw) in solution [38]. 

            

Figure 5.4: Representative plot of normalized transmission against pulse energy density for 

selected complexes. Solid lines are theoretical fits. 
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An important measure of a good nonlinear optical material is the value of the 

imaginary component of the third-order nonlinear susceptibility (Im[χ3]) since this 

provides a measure of the speed of the response of an optical material to the 

perturbation initiated by an intense laser beam [77]. The Im[χ3] is directly related to 

hyperpolarizability (γ), which measures the polarizability experienced by a molecule 

when it is exposed to light.           

The Im[χ3] and γ obtained from equation 5.6 and equation 5.7 showed that 

complexes with high βeff  also displayed high third order susceptibility as well as 

high hyperpolarizability with complexes having alkyl substituent still exhibiting 

better activity (Table 5.1). 

It is pertinent to note that the excited state absorption cross-section used to determine 

the k value in Table 5.1 arise from both excited singlet and triplet together, hence 

does not give information of which of the excited state is dominating the RSA 

observed in the complexes. 

To probe into the singlet (S1) and triplet (T1) contribution to the observed RSA, the 

five level model (Fig. 5.1) rate equations 5.8-5.11 [214] were employed to map out 

the population dynamics in ball-type 10-21 as well as the monomeric 22-36.  The 

ground state absorption cross-section (δ0) was obtained from absorption 

spectroscopy using equation 5.17 

𝛿0= 𝛼 𝑁0
⁄                           (5.17) 

The best fit to equations showed the excited singlet state absorption cross-section 

(𝛿1) arising from the singlet in the range of 8.01 × 10–19 cm2 – 5.08 × 10–17 cm2 (2–

4 times higher than the ground state absorption cross-section) (Table 5.2) for group 

1 complexes. 
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Table 5.2: RSA ground and excited state population dynamics of 10-37 in DMSO 

 

 

Comp ФT TPA δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  
k1 

(δ1/δ0) 

k2 

(δ2/δ0) 

Ilim 

(J.cm-2) 

Zinc containing complexes with different bridging substituents (Group 1) 

10 0.58 928 2.37 × 10−18 1.02 × 10−17 1.80 × 10−16 4.3 7.6 - 

13 0.62 805 2.52 × 10−19 1.04 × 10−18 1.19 × 10−18 4.1 4.7 - 

16 0.60 883 3.49 × 10−19 8.01 × 10−19 1.23 × 10−18 2.3 3.5 - 

19 0.58 1002 1.19 × 10-17 5.08 × 10-17 1.14 × 10-16 4.3 9.6 - 

Gallium containing complexes with different bridging substituents (Group 2) 

11 0.67 721 2.95 × 10−18 6.37 × 10−17 5.00 × 10−16 21.6 16.9 0.63 

14 0.69 633 2.07 × 10−19 9.41 × 10−19 1.79 × 10−18 4.5 8.6 0.35 

17A 0.65 925 1.70 × 10−19 4.51 × 10−19 1.05 × 10−18 2.7 6.1 0.44 

17B 0.69 700 1.59 × 10−19 4.93 × 10−19 1.65 × 10−18 3.1 10.4 0.37 

20 0.75 509 2.01 × 10-17 3.02 × 10-17 1.18 × 10-16 1.5 5.9 0.40 

Indium containing complexes with different bridging substituents (Group 3) 

12 0.81 192 8.10 × 10−17 9.27 × 10−16 9.83 × 10−16 11.4 12.1 0.41 

15 0.83 106 1.64 × 10−19 1.14 × 10−18 1.58 × 10−18 7.0 9.7 0.18 

18 0.75 245 1.57 × 10−19 5.11 × 10−19 9.55 × 10−19 3.2 6.1 0.29 

21 0.71 273 6.07 × 10-17 7.72 × 10-17 1.12 × 10-15 1.2 18.5 0.31 

Phenoxylbenzothiazole substituted 22-24 

22 0.56 1020 1.35 × 10-17 2.79 × 10-17 4.94 × 10-17 2.1 3.7 - (Zn) 

23 0.68 717 9.8 × 10-18 1.83 × 10-17 5.78 × 10-17 1.8 5.9 0.67 (Ga) 

24 0.75 119 2.77 × 10-17 8.31 × 10-17 2.02 × 10-16 3.0 7.3 0.24 (In) 

Thiarylbenzothiazole substituted 25-27 

25 0.65 702 1.81 × 10-17 9.82 × 10-17 3.39 × 10-16 2.8 5.1 - (Zn) 

26 0.72 627 1.69 × 10-17 1.03 × 10-16 1.86 × 10-16 6.1 11.0 0.47 (Ga) 

27 0.78 292 3.03 × 10-17 8.72 × 10-17 3.78 × 10-16 5.0 12.5 0.22 (In) 
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Table 5.2 continued 

 

The corresponding triplet absorption cross-section, on the other hand, ranges from 

1.19 × 10–18 cm2–1.80 × 10–16 cm2 (4–10 times higher than the ground state 

absorption cross-section). Group 2 complexes also showed (𝛿1) ranging from 4.51 

× 10–19 cm2 – 6.37 × 10–17 cm2 (2–22 times higher than the ground state absorption 

cross-section) and (𝛿2) ranging from 1.05 × 10–18 cm2 – 5.00 × 10–16 cm2 (5–17 times 

higher than the ground state absorption cross-section) while group 3 showed the 

(𝛿1) ranging from 5.11 × 10–19 cm2 – 9.27 × 10–16 cm2 (1–11 times higher than the 

ground state absorption cross-section) and (𝛿2)  from 9.55 × 10–19 cm2 – 1.12 × 10–

15 cm2 (6–19 times higher than the ground state absorption cross-section). It can be 

seen from Table 5.2 that the observed RSA behavior was dominated by the triplet 

population, which is expected since at higher fluence and longer pulse durations, Pcs 

exhibit RSA resulting from the strong absorption from the singlet and/or triplet 

comp ФT 
TPA 

(GM) 
δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  

k1 

(δ1/δ0) 

k2 

(δ2/δ0) 

Ilim 

(J.cm-2) 

Monomeric aldehyde substituted 28-30 

28 0.57 342 3.08 × 10−19 6.11 × 10−19 1.04 × 10−18 2.0 3.3 -       (Zn) 

29 0.63 263 1.52 × 10−19 3.90 × 10−19 7.50 × 10−19 2.6 4.9 0.61 (Ga) 

30 0.69 174 1.28 × 10-17 2.82 × 10-17 5.79 × 10-17 2.2 4.5 0.45 (In) 

Aminophenoxyl substituted complexes 31-33 

31 0.61 216 2.97 × 10−17 2.02 × 10−16 3.97 × 10−16 6.8 13.4 -     (Zn) 

32 0.69 155 3.24 × 10−19 2.11 × 10−18 1.29 × 10−18 6.5 4.0 -     (Ga) 

33 0.72 113 1.63 × 10−19 3.08 × 10−18 1.61 × 10−18 18.9 9.9 0.18 (In) 

Asymmetric benzothiazole substituted complexes 34-36 

34 0.59 392 2.40 × 10−16 1.00 × 10−16  5.8 × 10−16 42 24.2 -    (Zn) 

35 0.64 211 1.92 × 10−16 5.81 × 10−17  9.4 × 10−16  30.3 48.9 -    (Ga) 

36 0.70 195 1.1 × 10−16 2.80 × 10−16 1.3 × 10−16 2.6 11.8 0.38 (In) 
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manifold [214]. Though the singlet and triplet manifold showed higher absorption 

cross-section than the ground state, there was no clear trend for the substituent effect. 

A close look at the sum of the k1 and k2 values for singlet and triplet contribution 

showed that the rate equation values (Table 5.2) are relatively close to the values 

obtained from steady state approximation (Table 5.1). 

 

5.2.2.Mononuclear complexes 22-36 

Fig. 5.5 shows the open aperture Z-scan profile of 22-24 as examples. The RSA 

profile dips are higher for indium and gallium containing complexes compared to 

the corresponding zinc due to heavy atom effect as discussed before.  

        

 

Figure 5.5: Representative open-aperture Z-scans of complexes 22-24 in THF. Input 60 μJ 
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The symmetrical complexes 22-33 showed values of k1 ranging from 2-19 and k2 

ranging from 3-13, indicating higher excited state absorption cross-sections than that 

of the ground state (δ0) (Table 5.2). The asymmetric complexes 34-36 showed k1 

value of 42, 30.3 and 2.6 for 34, 35 and 36 respectively while the correspond k2 were 

24.2, 48.9 and 11.8 

The absorption cross-section due to two photon absorption (TPA) pathways for all 

complexes ranges from 106 - 1020 GM (1GM = 10-50 cm2). It has been shown that 

at 532 nm and using nanosecond pulse regime, the nonlinear absorption response of 

phthalocyanines is dominated by excited state absorption from the singlet and/or 

triplet excited states rather than two-photon absorption [215], which account for the 

low TPA (1.06 x 10-48-1.020 x 10-47 cm2) observed for 22-27 compared to δ1 or δ2 

(order of 10-19 - 10-18 cm2). 

A plot of ФT versus TPA as well ФT versus ratio of triplet to ground state absorption 

cross-section (k2) (Fig. 5.6, using 13-15 and 25-27 as examples) predominantly 

showed significant depopulation of TPA cross-section with attendance increase in 

k2. This is reasonable since triplet population will reduce the number of available 

molecules for TPA. 
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              Figure 5.6: Plots of ФT vs TPA (black) and ФT vs k2 (red) 

 

The limiting threshold (llim) is an important term in optical limiting measurements 

and can be defined as the input fluence at which the transmittance is 50% of the 

linear transmittance value [216]. Fig. 5.7 (using 31-33 as examples) shows the plot 

of input fluence against transmittance from which the limiting threshold (llim) was 

determined.  
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Figure 5.7: Plot of normalized transmittance vs input fluence for 31-33. Solid red line 

indicates 50% linear transmittance 

 

For all zinc complexes, the llim could not be determined since the transmittance did 

not reach 50%. For complexes with the same substituents, the llim decreases in order 

of In < Ga , suggesting lower limiting threshold, hence better NLO performance with 

incorporation of heavy atom.   Lower limiting threshold, hence better NLO response 

was observed for 26 and 27 containing sulfur bridge and no phenyl bridging ligand 

compared to corresponding 23 and 24, which could be attributed to enhanced k2 

(Table 5.2) corresponding to higher triplet quantum yield for 26 and 27 (Table 5.2). 
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5.2.3.Comparative effect of co-facial ball-type and symmetry 

(complexes 16-18, 19-21, 22-24 and 28-30) 

The aldehyde and benzothiazole substituted complexes 28-30 and 22-24 are 

monomeric analogue of the ball-type complexes 16-18 and 19-21, respectively. On 

the other, 22-24 are symmetric analogue of asymmetric 34-36 hence the comparative 

effect of their optical limiting properties is hereby discussed.  

Comparing the ball-type aldehyde (16-18) and with 28-30, k2 values were found to 

be 3.5, 6.1, 10.4 and 6.1 for 16, 17A, 17B and 18, higher than 3.3, 4.9 and 4.5 for 

the monomeric 28, 29 and 30 (Table 5.2). Comparing 19-21 with 22-24, complex 

20 and the monomeric analogue 23 show the same k2. However, the k2 values for 19 

and 21 were significantly higher than corresponding 22 and 24 (Table 5.2). The 

limiting threshold (llim) for the ball-type 16-18 and 19-21 were found to be lower 

compared to the corresponding monomeric 28-30 and 22-24 respectively. These 

observations suggest that dimerization could be a potential means of tuning NLO 

response. 

For the asymmetric 34-36 and the symmetric 22-24, the former showed higher k2 

and lower llim for 35 compared to corresponding symmetric 22-24 (Table 5.2). 

Lack of symmetry in Pcs molecules, which result in uneven peripheral substitution 

has been shown to result in enhanced nonlinear optical response compared to the 

symmetric analogue  [47].  The symmetric 22-24 showed higher TPA pathway than 

the asymmetric 34-36, suggesting that enhanced TPA for 22-24 could have lower 

the excited absorption cross-section. 
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5.3. Combination of phthalocyanines and nanomaterials. 

5.3.1.Covalently linked complexes 10-12, 31-33 and 34-36  

Fig. 5.8 shows the open aperture Z-scan profile of selected complexes and the 

corresponding nanoconjugates. Results obtained by fitting the experimental data into 

five level rate equations described before showed decrease in transmittance around 

the focus (z = 0), signifying RSA behavior.  The nanoconjugates displayed higher 

percentage reduction in transmittance compared to the corresponding Pc complexes 

alone showing the important of formulation of complexes into nanohybrid in 

improving the nonlinear absorption behavior. 

 

Figure 5.8: Open aperture Z-scan profile of selected complexes and corresponding 

nanoconjugates in DMSO. Scattered circles are experimental data. 
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Table 5.3: Nonlinear optical parameters of complexes and nanoconjugates in DMSO 

 

 

Complex 
TPA 
(GM) 

δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  
k1 
δ1/δ0 

k2 
δ2/δ0 

Loading 
(mg/mg) 

  Ilim  

 (J cm-2) 

Carboxylic acid substituted ball-type complexes 10-12 

10 928 2.37 × 10−18 1.02 × 10−17 1.80 × 10−16 4.3 7.6  - 

10-CdTe 1088 2.41 × 10−18 3.15 × 10−17 4.00 × 10−16 13.1 16.2 8 0.85 

10-GQDs 186 2.37 × 10−18 2.47 × 10−17 2.80 × 10−16 10.4 11.8 12 - 

11 721 2.95 × 10−18 6.37 × 10−17 5.00 × 10−16 21.6 16.9  0.63 

11-CdTe 917 3.90 × 10−18 3.11 × 10−17 1.01 × 10−16 8.0 25.9 11 0.42 

11-GQDs 202 2.88 × 10−18 4.23 × 10−17 5.10 × 10−17 14.7 17.7 15 0.67 

12 192 8.10 × 10−17 9.27 × 10−16 9.83 × 10−16 11.4 12.1  0.41 

12-CdTe 543 8.10 × 10−17 8.65 × 10−16 1.53 × 10−15 10.7 18.9 9 0.32 

12-CdTeSe 213 2.03 × 10−16 6.34 × 10−15 3.81 × 10−14 31.2 187.7 19 0.50 

12-

CdTeSe/Zn

O 
305 1.94 × 10−16 7.18 × 10−15 4.24 × 10−14 37.0 218.5 25 0.40 

12-GQDs 272 8.10 × 10−17 9.30 × 10−16 1.03 × 10−14 11.5 12.7 7 0.48 

12-AgNPs 134 5.50 × 10−17 9.75× 10−16 8.15 × 10−15 17.7 14.8 5 0.68 

12-AuNPs 312 1.94 × 10−16 4.29 × 10−15 3.94 × 10−15 22.1 20.4 16 0.55 

Bis(aminophenoxyl)phenoxyl substituted complexes 31-33 

31 216 2.97 × 10−17 2.02 × 10−16 3.97 × 10−16 6.8 13.4 - - 

31CB-

AgNPs 
189  2.27 × 10−17 3.15 × 10−16 4.09 × 10−16 13.9 18.0 37 0.42 

31CB-

AuNPs 
449  3.03 × 10−17 6.33 × 10−16 6.01 × 10−16 11.5 29.6 30 0.36 

31-CdTe 348 5.36 × 10−19 8.60 × 10−19 2.96 × 10−18 2.0 5.2 10 0.38 

32 155 3.24 × 10−19 2.11 × 10−18 1.29 × 10−18 6.5 4.0 - - 

32-CdTe 309 3.24 × 10−19 9.50 × 10−19 1.99 × 10−18 2.9 6.1 7 0.50 

33 113 1.63 × 10−19 3.08 × 10−18 1.61 × 10−18 18.9 9.9 - 0.18 

33-CdTe 437 1.63 × 10−19 1.92 × 10−18 2.32 × 10−19 11.8 14.2 3 0.04 
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Table 5.3 continued 

 

Generally, for complex 12 that was linked to CdTe (core), CdTeSe (core shell), 

CdTeSe/ZnO (core shell shell), the ratio of δ1/δ0 and δ2/δ0 was found in order of 

CdTeSe/ZnO > CdTeSe > CdTe (Table 5.3) showing that either larger core/shell 

QDs are advantageous to optical limiting behavior of phthalocyanines or due to 

higher loading of complex 12 on CdTeSe/ZnO (Table 5.3). 

The semiconductor QDs also predominantly showed higher TPA cross-section 

compared to the carbon based GQDs. The metallic 12-AuNPs showed k1 and k2 to 

be 22.1 and 20.4 respectively, higher than 17.7 and 14.8 for 12-AgNPs. 12-AuNPs 

also showed higher TPA than 12-AgNPs, which could be attributed to SPR band of 

Au being in resonance with the 532 nm excitation wavelength of the laser employed. 

Enhancement in TPA for AuNPs compared to AgNPs when both were coupled to 

conjugated polymers has been reported [217].  

Though the values of Ilim for all the nanoconjugates are lower than the Pc complexes 

alone, which indicate superior optical limiting response, 12-CdTe with lower ratio 

Complex 
TPA 
(GM) 

δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  
k1 
δ1/δ0 

k2 
δ2/δ0 

Loading 
(mg/mg) 

  Ilim  

 (J cm-2) 

Asymmetric benzothiazole substituted complexes 34-36 

34 392 2.40 × 10−16 1.00 × 10−16 5.8 × 10−16 42 24.2  - 

34CB-

AgNPs 
186 2.98 × 10−18 3.15 × 10−18 1.09 × 10−16 10.6 36.6 11 0.82 

34CB-

AuNPs 
249 3.73 × 10−18 6.23 × 10−17 1.01 × 10−16 18.5 30.0 17 0.77 

34-CdTe 623 7.93 × 10−18 5.83 × 10−17 7.30 × 10−17 23.7 21.7 9 0.75 

35 211 1.92 × 10−16 5.81 × 10−17 9.40 × 10−16  30.3 48.9  0.56 

35-CdTe 501 5.40 × 10−18 9.80 × 10−18 1.11 × 10−18 1.8 20.3 7 0.44 

36 115 1.10 × 10−16 2.80 × 10−16 1.30 × 10−16 2.6 11.8  0.31 

36-CdTe 432 2.60 × 10−18 7.20 × 10−18 7.63 × 10−17 2.8 29.1 12 0.25 
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of δ1/δ0 and δ2/δ0 showed better limiting threshold of 0.32 J. cm-2 compared to 0.5 

and 0.4 J. cm-2 for 12-CdTeSe and 12-CdTeSe/ZnO, which could be due to faster 

response time for core CdTe than its core-shell derivatives as described elsewhere 

[218–220].  

The conjugates of the aminophenoxyl 31-33 and the asymmetric benzothiazole 34-

36, 31CB-AgNPs showed a δ1 of 3.15 × 10-16 and δ2 of 4.09 × 10-16 (14 and 18 times 

higher) than δ0. The corresponding 31CB-AuNPs showed a δ1 of 6.33 × 10-16 and δ2 

of 6.01 × 10-16 (12 and 29 times higher) than δ0. Thus, the Au conjugate showed 

enhanced NLO performance irrespective of higher loading in Ag conjugate (Table 

5.3). The δ1 and δ2 for 31-CdTe was found to be 8.60 × 10-19 and 2.96 × 10-18 (2-5 

times higher) than δ0. The limiting threshold was found in order of 31CB-AuNPs 

(0.36) < 31-CdTe (0.38) < 31CB-AgNPs (0.42) (Table 5.3). Similar trends were 

observed for Au and Ag conjugates of 34. However, 34-CdTe showed enhanced 

NLO performance as evidenced by lower Ilim compared to corresponding Au and Ag 

conjugates.  

 

5.3.2.Surface assembly of complexes 19-27, 31 and 34 onto metallic 

gold and silver nanoparticles. 

The open aperture Z-scan profile of these complexes and the corresponding 

nanoconjugates showed downward dipping curve symmetrical about the focus as 

observed for the covalently linked conjugates (spectra not shown) which signify 

RSA behavior. All the nanoconjugates showed enhanced RSA behavior than the 

corresponding Pc complexes alone as was the case for the covalently linked 

conjugates.  

k1 and k1 values of dimeric benzothiazole ball-type 19-21 respectively range from 

2–5 and 8-31 (Table 5.4).  
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It should be noted that while other complexes and nanoconjugates shown in Table 

5.4 were studied in DMSO, 22-27 and the nanoconjugates were studied in THF to 

avoid high light scattering observed when DMSO was employed, hence comparison 

of the NLO data for 22-27 and conjugates with other nanoconjugates may not be 

entirely accurate.  

Comparing the asymmetric nanoconjugates 34-AgNPs and 34-AuNPs with the 

corresponding the dimeric ball-type nanoconjugate of 19-AgNPs and 19-AuNPs, the 

k2 were higher for the asymmetric derivatives, indicating enhanced NLO response 

for the asymmetry than the ball-type analogues.  
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Table 5.4: Nonlinear optical parameters of complexes and nanoconjugates in DMSO unless 

otherwise stated 

 

 

Complex TPA 
(GM) 

δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  k1 
δ1/δ0 

k2 

δ2/δ0 
  Ilim  

 (J cm-2) 

Ball-type benzothiazole bridged complexes 19-21 

19 1030 1.19 × 10-17 4.92 × 10-17 1.29 × 10-16 4.1  10.8  - 

19-AgNPs 133 3.05 × 10-17 5.10 × 10-17 2.42 × 10-16 1.7  7.9  - 

19-AuNPs 2247 3.08 × 10-17 9.48 × 10-17 4.60 × 10-16 3.1  14.9  - 

20 509 2.01 × 10-17 3.28 × 10-17 2.51 × 10-16 1.6  12.5  0.18 

20-AgNPs 161 7.04 × 10-17 3.37 × 10-16 7.02 × 10-16 4.8  10.0  0.19 

20-AuNPs 692 4.02 × 10-17 7.91 × 10-17 6.96 × 10-16 2.0  17.3  0.10 

21 273 6.07 × 10-17 8.99 × 10-17 1.49 × 10-15 1.5  24.5  0.12 

21-AgNPs 110 1.06 × 10-17 3.07 × 10-17 3.01 × 10-16 2.9   28.4 0.10 

21-AuNPs 489 4.22 × 10-17 2.17 × 10-16 1.32 × 10-15 5.1 31.2 0.09 

 Tetra-substituted benzothiazole complexes 22-27a  

22 1020 1.35 × 10-17 2.79 × 10-17 4.94 × 10-17 2.1 3.7 - 

22-AgNPs 106 1.01 × 10-17 2.92 × 10-17 8.57 × 10-17 2.9 8.5 0.59 

22-AuNPs 22900 1.45 × 10-17 9.98 × 10-17 9.22 × 10-17 2.0 6.4 0.53 

23 717 9.8 × 10-18 1.83 × 10-17 5.78 × 10-17 1.8 5.9 0.67 

23-AgNPs 340 1.08 × 10-17 2.21 × 10-17 1.29 × 10-16 2.0 12.0 0.47 

23-AuNPs 9700 1.61 × 10-17 2.73 × 10-17 1.53 × 10-16 1.7 9.5 0.41 



Nonlinear optical properties Chapter five 
 

186 
 

Table 5.4 continued 

aSolvent =THF 

 

Complex TPA 
(GM) 

δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  k1 
δ1/δ0 

k2 
δ2/δ0 

  Ilim  

 (J cm-2) 

24 129 2.77 × 10-17 8.31 × 10-17 2.02 × 10-16 3.0 7.3 0.34 

24-AgNPs 172 2.38 × 10-17 4.05 × 10-17 1.50 × 10-16 1.7 6.3 0.28 

24-AuNPs 307 2.52 × 10-17 6.30 × 10-17 2.07 × 10-16 2.5 8.2 0.19 

25 702 1.81 × 10-17 9.82 × 10-17 3.39 × 10-16 2.8 5.1 - 

25-AgNPs 235 2.16 × 10-17 2.89 × 10-17 1.53 × 10-16 1.3 7.1 0.56 

25-AuNPs 32900 2.45 × 10-17 3.77 × 10-17 1.72 × 10-16 1.5 7.0 0.33 

26 627 1.69 × 10-17 1.03 × 10-16 1.86 × 10-16 6.1 11.0 0.47 

26-AgNPs 1020 3.02 × 10-17 6.03 × 10-17 2.07 × 10-16 2.0 6.9 0.28 

26-AuNPs 40300 3.17 × 10-17 5.62 × 10-17 2.12 × 10-16 1.8 6.7 0.25 

27 292 3.03 × 10-17 8.72 × 10-17 3.78 × 10-16 5.0 12.5 0.22 

27-AgNPs 2330 2.98 × 10-17 1.19 × 10-16 2.10 × 10-16 4.0 7.0 0.14 

27-AuNPs 289020 3.42 × 10-17 1.76 × 10-16 3.35 × 10-16 5.1 9.8 0.12 

  Bis(aminophenoxyl)phenoxyl substituted complex 31 

31 216 2.97 × 10−17 2.02 × 10−16 3.97 × 10−16 6.8 13.4 - 

31-AgNPs 137 1.78 × 10-17 3.37 × 10-16 5.30 × 10-16 6.6 10.3 - 

31-AuNPs 39100 2.05 × 10-17 4.47 × 10-16 4.40 × 10-16 21.8 21.5 0.68 

Asymmetric benzothiazole substituted complex 34 

34 392 2.40 × 10−16 1.00 × 10−16  5.8 × 10−16 42 24.2 - 

34-AgNPs 194 2.95 × 10-18 6.37 × 10-17 1.30 × 10-16 21.6 44.0 0.42 

34-AuNPs 661 2.87 × 10-18 4.47 × 10-17 1.40 × 10-16 15.6 48.8 0.39 
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The limiting threshold (Ilim) values for asymmetric 34-AgNPs and 34-AuNPs were 

found to be 0.42 and 0.39 J.cm-2 respectively, while the Ilim for 19-AgNPs and 19-

AuNPs could not be determined since the conjugates did not reduce transmittance 

up to 50% (Table 5.4). The enhanced NLO performance for 34-AgNPs and 34-

AuNPs could be attributed to effect of asymmetry, which has been shown to improve 

dipole moment, hence provide faster optical limiting response [221–223]. 

Comparing the NLO performance of the metallic nanoparticles the conjugates of 

AuNPs consistently showed higher RSA dip as well as lower limiting threshold 

compared to the corresponding AgNPs derivatives. 

 

5.3.3.Comparative effect of covalent linkage and surface assembly 

onto metallic nanoparticles (complexes 31 and 34) 

The effect type of linkage on the optical limiting performance was investigated using 

complexes 31 and 34, which were covalently linked as well as surface assembled 

onto metallic gold and silver nanoparticles to form the respective conjugates and the 

NLO parameters are presented in Table 5.5.  
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Table 5.5: Nonlinear optical parameters of nanoconjugates in DMSO. 

 

For complexes 31, the minimum transmittance values of 62% and 53% respectively 

were observed for the covalently linked 31CB-AuNPs and 31CB-AgNPs, higher 

than 51% and 35% for the corresponding surface assembled 31-AuNPs and 31-

AgNPs, respectively (figure not shown), which could be due to more Pcs being 

loaded on the surface of the nanoparticles through the covalent route compared with 

the surface assembled route (Table 5.5). Additionally, these covalently linked 

conjugates show enhancement in TPA as well as lower limiting threshold compared 

to the surface assembled analogues (Table 5.5). 

For the asymmetric conjugates, the minimum transmittance value of 66% and 60% 

was observed for the surface assembled 34-AuNPs and 34-AgNPs respectively, 

which is higher than 58% and 51% for the corresponding covalently linked 

derivative. The limiting threshold for surface assembled conjugates were lower, 

hence superior NLO response compared to the covalently linked conjugates (Table 

5.5). The loading of complexes onto the nanoparticles also showed more loading of 

Complex TPA 
(GM) 

δ0 (cm2)  δ1 (cm2)  δ2 (cm2)  δ1/δ0 δ2/δ0 Loading 
(mg/mg) 

  Ilim  

 (J cm-2) 

  Bis(aminophenoxyl)phenoxyl substituted complex 31 

31CB-AgNPs 286  2.27 × 10−17 3.15 × 10−16 4.09 × 10−16 13.9 18.0 37 0.42 

31-AgNPs 137 1.78 × 10-17 3.37 × 10-16 5.30 × 10-16 6.6 10.3 16 - 

31CB-AuNPs 449  3.03 × 10−17 6.33 × 10−16 6.01 × 10−16 11.5 29.6 30 0.36 

31-AuNPs 391 2.05 × 10-17 4.47 × 10-16 4.40 × 10-16 21.8 21.5 28 0.68 

Asymmetric benzothiazole substituted complexes 34 

34CB-AgNPs 98.6 2.98 × 10−18 3.15 × 10−18 1.09 × 10−16 10.6 36.5 11 0.59 

34-AgNPs 93.6 2.95 × 10-18 6.37 × 10-17 1.30 × 10-16 21.6 44.0 21 0.42 

34CB-AuNPs 249 3.73 × 10−18 6.23 × 10−17 1.01 × 10−16 18.5 30.0 17 0.52 

34-AuNPs 261 2.87 × 10-18 4.47 × 10-17 1.40 × 10-16 15.6 48.8 33 0.39 
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complex 34 through the surface assembly route with accompanying high triplet 

quantum yield. Thus, none of the linking route could be categorically said to offer 

better optical limiting behavior since it greatly dependent on the number of 

complexes loaded. 

 

5.3.4.Effect of formulation into thin films (complexes 13-15, 16-18, 

22-27 and 28-30) 

Fig. 5.9 shows the open aperture results of the complexes in solution and in polymer 

thin-films (TF), using polystyrene as the polymer sources.  

 

Figure 5.9: RSA profile of selected complexes in solution and thin films. Scattered circles are 

experimental data. Input energy 50 μJ. 
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The RSA behavior shows significant reduction in transmittance when the complexes 

were fabricated into thin films. The optical limiting parameters for the complexes 

and corresponding thin films are presented in Table 5.6. The observed value of βeff 

for the thin films 13-TF, 14-TF and 15-TF are 38.9, 80.7 and 108.4 cm/GW 

respectively, higher than 35.1, 78.9 and 101.2 cm/GW for 13, 14 and 15 respectively 

in solution (Table 5.6). Similarly, the thin films of complexes 16-18 and 22-30 

follow similar trend by displaying higher absorption coefficient in polymer support 

than in solution. The enhanced NLA may generally be related to the high 

photodegradation threshold of Pcs in solid state compared to when they are in 

solution where they tend to degrade faster [224]. 

The energy density of saturation (Fsat) values when the complexes were formulated 

into thin films were lower than for the complexes in solution (Table 5.6). Thus, the 

thin films exhibit highest nonlinear absorption coefficient and saturates at the lowest 

energy density, suggesting better optical response for the thin films. 
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Table 5.10: optical limiting parameters of complexes in solution and thin films 

Comp βeff (cm/GW) Im [χ3](esu) γ(esu) Fsat (J. cm-2)        k(δex/δg) w0 (µm) 

Long alkyl-substituted ball-type complexes 13-15 and thin films 

13 35.1 8.19 × 10-8 1.20 × 10-27 16.4 10.3 19.2 

13-TF 38.9 9.07 × 10-8 5.99 × 10-27 14.3 9.9 17.1 

14 78.9 1.84 × 10-7 2.81 × 10-26 15.0 16.1 19.6 

14-TF 80.7 1.88 × 10-7 3.24 × 10-26 14.3 18.9 18.9 

15 101.2 2.35 × 10-7 3.59 × 10-26 11.8 18.3 17.1 

15-TF 108.4 2.53 × 10-7 3.67 × 10-26 11.3 15.2 18.9 

Aldehyde substituted ball-type complexes 16-18 and thin films  

16 23.2 5.41 × 10-8 3.57 × 10-27 25.3 5.2 17.6 

16-TF 52.5 1.22 × 10-7 8.08 × 10-27 7.30 3.1 20.8 

17 48.5 1.13 × 10-7 1.22 × 10-26 24.8 7.1 19.3 

17A-TF 62.7 1.46 × 10-7 2.73 × 10-26 5.19 9.2 18.9 

17B-TF 69.1 1.62 × 10-7 3.01 × 10-26 3.94 5.7 20.1 

18 60.1 1.42 × 10-7 3.26 × 10-26 14.2 10.8 18.5 

18-TF 114.0 2.66 × 10-7 2.89 × 10-26 3.01 11.2 19.8 

Phenoxyl benzothiazole substituted complexes 22 and 23 

22 43.0 4.46 × 10-8 4.62 × 10-27 30.2 3.7 20.2 

22-TF 48.2 6.87 × 10-8 5.81 × 10-27 15.8 9.3 23.2 

23 89.0 5.11 × 10-8 7.07 × 10-27 24.7 2.4 20.1 
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Table 5.10 continued 

Comp βeff (cm/GW) Im [χ3](esu) γ(esu) Fsat (J. cm-2)        k(δex/δg) w0 (µm) 

23-TF 97.0 7.28 × 10-8 7.93 × 10-27 21.4 7.8 24.6 

24 92.2 6.93 × 10-8 7.95 × 10-27 18.9 10.2 19.8 

24-TF 98.5 8.11 × 10-8 9.07 × 10-27 18.6 10.8 22.7 

25 47.2 5.22 × 10-8 6.02 × 10-27 27.8 8.1 20.2 

25-TF 53.7 6.39 × 10-8 7.05 × 10-27 23.8 13.5 23.9 

26 96.1 5.99 × 10-8 8.25 × 10-27 26.1 9.5 20.4 

26-TF 112.0 7.78 × 10-8 1.17 × 10-26 23.2 11.2 21.7 

27 101.3 7.34 × 10-8 9.82 × 10-27 24.1 5.4 20.2 

27-TF 119.4 8.33 × 10-8 1.88 × 10-26 23.3 15.2 23.4 

Monomeric aldehyde substituted 28-30 

28 16.1 3.75 × 10-8 2.48 × 10-27 13.8 4.5 19.0 

28-TF 17.8 4.15 × 10-8 2.74 × 10-27 6.8 9.2 20.7 

29 18.9 4.41 × 10-8 2.91 × 10-27 11.5 7.5 18.9 

29-TF 20.3 4.74 × 10-8 3.13 × 10-27 5.9 7.4 19.4 

30 63.8 1.49 × 10-7 9.82 × 10-27 9.7 10.4 20.1 

30-TF 46.9 1.09 × 10-7 7.22 × 10-27 4.2 13.1 21.6 
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5.4. Conclusion for the chapter 

The nonlinear optical study ball-type, symmetric and asymmetric MPcs complexes 

alone, when combined with nanomaterials or formulated into polymer thin films was 

investigated using the Z-scan technique at 532 nm. 

The nonlinear optical response showed reverse saturable absorption behavior. The 

origin of RSA behavior was investigated using the Sheik Bahae Z-scan analysis 

equations. The five-energy level model was employed to map out the population 

dynamics resulting from TPA, excited singlet or excited triplet states. The NLO 

analysis result showed that the observed RSA behavior originates mainly from the 

excited triplet manifold. 

The enhancement in NLO response was observed for complexes having Ga and In 

central metals compared to corresponding zinc analogues. The ball-type MPcs 

predominantly showed better optical limiting performance than the corresponding 

monomeric analogues  

Formulation of the complexes with nanomaterials or polymer thin films results in 

improved NLO response compared to the complexes alone. 
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Conclusion 

The synthesis of ball-type, asymmetric and symmetric phthalocyanine complexes 

with zinc, gallium and indium central metals was successfully accomplished and the 

synthesized complexes were characterized with various analytical and spectroscopic 

techniques. The origin of optical absorption from the complexes was investigated 

using time dependent density functional theory. 

A decreased in ФF and τF with accompanied increase in ФT was observed as the 

atomic weight of the central metal increases and this attributed to heavy atom effect. 

The ball-type complexes showed enhanced ФT compared with the corresponding 

monomeric analogues.  

The formation of amide bond through the covalent linkage of selected complexes to 

CdTe, CdTeSe, CdTeSe/ZnO, GQDs, AuNPs and AgNPs as well as surface 

assembly of the complexes onto metallic AuNPs and AgNPs was confirmed using 

FTIR and XPS analysis. The changes in photophysical parameters of the employed 

semiconductor quantum dots and carbon based GQDs was found to occur through 

Fӧrster resonance energy transfer process. A significant improvement in the 

photophysical properties was observed when the complexes was linked to 

nanoparticles. 

The optical limiting performance was investigated with either the complexes alone, 

when linked to nanoparticles or when embedded into polystyrene thin films. The 

effect of central metal in nonlinear optical performance was found in order of Zn < 

Ga < In corresponding to ФT enhancement. The ball-type Pc complexes showed high 

absorption coefficient (βeff) and lower energy density of saturation (Fsat) compared 

to corresponding monomeric derivatives, hence exhibit better optical limiting 

behavior. The asymmetric complexes 34, 35 and 36 display better optical limiting 

properties compared to the symmetric complexes 22, 23 and 24. A significant 
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improvement in optical limiting behavior was found when the complexes were 

linked to nanoparticles or formulated in polystyrene thin films.  

The dominant mechanism resulting in NLO response was found to be strong 

absorption from the triplet excited state manifold.  

 

Future prospect 

It is pertinent that more researches are carried out with the aim to answering the 

following questions that emerge from the findings in this work. 

1. At what wavelength range of light can NLO material considered sensitivity? 

2. What types of laser beams can the material limit, femtosecond, picosecond, 

nanosecond, or all? 

3. Could incorporation of two different central metal in ball-type phthalocyanine 

give better optical limiting response? 

4. Could the solution of phthalocyanine-nanoconjugate fabricated into thin films 

offer greater advantage in nonlinear response?
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Figure A1: 1NMR Spectrum of complex 11 in DMSO-δ6 as a representative for 10-12 (insert, 

expanded section of aromatic proton between 8.22-7.39 ppm for clarity) 
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Figure A2: 1NMR Spectrum of complex 15 in DMSO-δ6 as a representative for 13-15 
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Figure A3: 1NMR Spectrum of complex 16 in DMSO-δ6 as a representative for 16-18 
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Figure A4: 1NMR Spectrum of complex 19 in DMSO-δ6 as a representative for 19-21 
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Figure A5: 1NMR Spectrum of complex 28 in DMSO-δ6 as a representative for 28-30 
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Figure A6: 1NMR Spectrum of complex 32 in DMSO-δ6 as a representative for 31-33 
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Figure A7: 1NMR Spectrum of complex 34 in DMSO-δ6 as a representative for 34-36 
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Table A1:  TD-DFT spectra of the B3LYP optimized geometries for the isomers of 13-15 with 

with four 3,3-position attachments calculated with the CAM-B3LYP functional and SDD 

basis sets. 

 a − Band assignment described in the text. b − The number of the state assigned in terms of ascending energy within the TD-DFT 

calculation. c − Calculated band energies (103.cm−1), wavelengths (nm) and oscillator strengths in parentheses (f). d − Observed 

energies (103.cm−1) and wavelengths (nm) in Figures 3.6, e − The wave functions based on the eigenvectors predicted by TD-DFT. 

One-electron transitions associated with MOs associated with the four frontier π-MOs of Gouterman’s 4-orbital model are 

highlighted in bold.  The symmetry notations used refer to the D4h symmetry of the parent monomeric complexes 

13 

Banda #b Calcc Expd Wave Functione = 

---- 1 ---- ---- ---- ---- ---- Ground State 

Q 
4 16.9 590 (0.65) 14.7 681 89% 1a1u → 1eg*; … 

5 16.9 590 (0.65) 14.7 681 90% 1a1u → 1eg*; … 

B 
33 32.0 312 (0.97) 28.7 348 30% 1a2u → 1eg*; 26% 1b2u → 1eg*; … 

34 32.1 311 (0.81) 28.7 348 42% 1a2u → 1eg*; … 

14 

Banda #b Calcc Expd Wave Functione = 

---- 1 ---- ---- ---- ---- ---- Ground State 

 Q 4 16.8 594 (0.58) 14.3 697 90% 1a1u → 1eg*; … 

5 16.8 594 (0.58) 14.3 697 90% 1a1u → 1eg*; … 

-- 18 29.6 338 (0.05) --- --- 68% 1a2u → 1eg*; 13% 1b2u → 1eg*; … 

19 29.6 338 (0.05) --- --- 68% 1a2u → 1eg*; 13% 1b2u → 1eg*; … 

-- 24 31.4 319 (0.48) --- --- 38% 1a2u → 1eg*; 31% 2a2u → 1eg*; … 

25 31.4 319 (0.48) --- --- 38% 1a2u → 1eg*; 31% 2a2u → 1eg*; … 

 B 33 32.7 306 (0.59) 28.2 355 31% 1a2u → 1eg*; 27% 1b1u → 1eg*; 16% 2a2u → 1eg*; … 

34 32.7 306 (0.59) 28.2 355 31% 1a2u → 1eg*; 27% 1b1u → 1eg*; 16% 2a2u → 1eg*; … 

-- 36 32.9 304 (0.68) --- --- 37% 2a2u → 1eg*; 28% 1b1u → 1eg*; 19% 1a2u → 1eg*; … 

15 

Banda #b Calcc Expd Wave Functione = 

---- 1 ---- ---- ---- ---- ---- Ground State 

 Q 4 16.4 611 (0.61) 14.2 705 88% 1a1u → 1eg*; … 

5 16.4 611 (0.61) 14.2 705 88% 1a1u → 1eg*; … 

-- 18 29.3 341 (0.08) --- --- 67% 1a2u → 1eg*; … 

19 29.3 341 (0.08) --- --- 67% 1a2u → 1eg*; … 

-- 27 30.8 325 (0.46) --- --- 34% 1a2u → 1eg*; 31% 2a2u → 1eg*; … 

28 30.8 325 (0.46) --- --- 34% 1a2u → 1eg*; 31% 2a2u → 1eg*; … 

--B 

31 31.5 317 (0.33) --- --- 56% 2a2u → 1eg*; … 

32 31.5 317 (0.33) --- --- 56% 2a2u → 1eg*; 12% 1a2u → 1eg*; … 

34 32.0 312 (1.21) 28.4 352 45% 2a2u → 1eg*; 15% 1a2u → 1eg*; … 



Appendix  
 

220 
 

Table A2: TD-DFT spectra of the B3LYP optimized geometries for 34-36 calculated with the 

CAM-B3LYP functional and 6-31G(d) basis sets. 

34  

 Banda #b Calcc Expd Wave Functione = 

 Q 
1 16.2 616 (0.67) 

14.7 680 
91% 1a1u → 1eg*; … 

2 16.4 615 (0.60) 91% 1a1u → 1eg*; … 

 B 
11 30.4 329 (0.67) 

28.1 356 
31% 1a2u → 1eg*; … 

16 30.9 323 (0.98) 32% 1a2u → 1eg*; … 

35 

Banda #b Calcc Expd Wave Functione = 

 Q 

1 15.6 641 (0.61) 

14.5 687 

92% 1a1u → 1eg*; … 

2 15.7 637 (0.57) 92% 1a1u → 1eg*; … 

 B 

40 30.9 341 (0.63) 

27.3 366 

53% 2a2u → 1eg*; … 

41 30.9 340 (0.52) 52% 2a2u → 1eg*; …… 

                                                                                                       36 

 Banda #b Calcc Expd Wave Functione = 

 Q 
1 15.6 641 (0.61) 

14.5 687 

92% 1a1u → 1eg*; 15% 1a2u → 1eg*; … 

2 15.7 637 (0.57) 92% 1a1u → 1eg*; 7% 1a2u → 1eg*; … 

 B 
10 29.3 342 (0.63) 

27.3 366 

53% 1a2u → 1eg*; … 

14 29.4 340 (0.52) 52% 1a2u → 1eg*; … 

 

a − Band assignment described in the text. b − The number of the state assigned in terms of 

ascending energy within the TD-DFT calculation. c − Calculated band energies (103.cm−1), 

wavelengths (nm) and oscillator strengths in parentheses (f). d− Observed energies (103.cm−1) 

and wavelengths (nm). e − The wave functions based on the eigenvectors predicted by TD-

DFT with one electron transitions associated with Gouterman’s 4-orbital model highlighted 

in bold.  

 

 


