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Abstract 

 

This thesis reports on the syntheses and characterizationof symmetrical (charged 

and neutral), asymmetrical (neutral) metallophthalocyanines (MPcs) and 

subphthalocyanines (SubPcs). The charged and neutral Pcs were physically doped 

onto silica nanoparticles (SiNPs). The asymmetrical MPc was also chemically linked 

to SiNPs. Spectroscopic and microscopic techniques were used to confirm the 

formation of SiNPs-MPc conjugates. 

The photophysics and photochemistry of the MPcs were assessed when alone and 

in conjugates (with SiNPs). The studies showed no significant changes in 

fluorescence quantum yields (ϕF) and fluorescence lifetimes (ϕF) of MPcs following 

doping except for 2-SiNPs (2 = Zn tetraaminophenoxyphthalocyanines) and 6-SiNPs 

(doped) (6 = Zn tris[(4-(pyridine-4-ylthio)2-thio-4-methylthiazol-5yl) acetic acid 

phthalocyanine) where there was a decrease in the ϕF value. Also for 1-SiNPs (1 = 

unsubstituted ZnPc)  there was an elongation in τF which could be due to the 

protection offered by SiNPs. Both charged/neutral MPcs displayed high triplet 

quantum yields (ϕT) and singlet quantum yields (ϕ∆) following doping except for 2-

SiNPs where there was a decrease in the latter. For 1-SiNPs there was an increase 

in ϕT but a decrease inϕ∆ .There wasa decrease in ϕT and an increase in ϕ∆for4-

SiNPs (4 = Zn tetrasulfophenoxyphthalocyanine), the decrease in ϕT could be due to 

the orientation of theMPc in SiNPs. An increase in both ϕT and ϕ∆ for 6-SiNPs 

(linked) compared to 6-SiNPs (doped) was observed. Complex 5 (5 = Zn tetra-kis-

(dodecylmercapto) phthalocyanine) showed a low ϕ∆ value.  
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Metallophthalocyanines (MPcs) when conjugated to various nanoparticles have been 

researched due to their promising improved physico-chemical properties, which are 

of importance in many applications such as in photodynamic therapy (PDT). This 

work explores phthalocyanine-silica nanoparticle conjugates in the hope of improving 

the physico-chemical properties of phthalocyanines.   

This chapter highlights the basic structure of phthalocyanines (Pcs), and 

subpthalocyanines (SubPcs), their application and syntheses. A basic background 

on silica nanoparticles (SiNPs), their syntheses and applications are also presented. 

1.1 Phthalocyanines (Pcs) and Subphthalocyanine (SubPcs) 

1.1.1 Brief history and general applications 

Phthalocyanines were accidentally discovered by Braun and Tcherniac [1] and ever 

since then, they have been the centre of research.  

Phthalocyanines are 18 π electron containing macrocyclic compounds with a 2-

dimensional structure consisting of isoindole units which are connected together by 

nitrogen atoms [2-4]. Various substituents can be attached on either the periphery 

(β) or the non-periphery (α) positions of the macrocycle as shown in Scheme1.1 [5-

8]. About 70 metals and metalloids have been incorporated into the Pcs cavity [3]. 

Due to properties such as chemical and thermal stability, high molar extinction 

coefficients, absorption in the near-infrared [9], and the intense blue-green color, 

MPcs have been applied in many fields such as in textiles for pigmentation [3], 

photodynamic therapy (PDT) [10], inactivation of bacteria [11], sensing [12], 

nonlinear optics [13] and in dye sensitised solar cells [14]. PDT is a minimally 

invasive modality for the treatment of cancer. Three components are required for 
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PDT, i.e. a photosensitiserwhich is inactive in the dark, light of appropriate 

wavelength and oxygen. 

SubPcs on the other hand are lower symmetry homologues of phthalocyanines. 

SubPcswere first discovered and documented by Meller and Ossko in 1972. They 

were discovered during an attempt to make a boron phthalocyanine [15].Their 

structure is composed of three isoindoline units connected together by nitrogen [16], 

an example is shown in Scheme 1.2. Their structure consists of 14 π electrons with 

boron as a central atom with an axial ligand. SubPcs have been mostly used for ring 

expansion in the synthesis of low symmetry phthalocyanines [17,18]. Their fused ring 

structure renders these class of compounds stable and they have been employed in 

many fields such as non linear optics [19], photovotaltaics, dye sensitised solar cells 

(DSSCs) [20], and electrode modification  [21]. 

1.1.2 Synthesis 

MPcs can be synthesized using various precursors such as phthalonitriles, phthalic 

anhydride, phthalic acid, phthalimide, o-dibromobenzene and o-cyanobenzamide as 

shown in Scheme 1.1. The most commonly used precursor being the phthalonitriles 

because they produce higher yields of MPcs and pure compounds compared to 

other precursors. The general synthesis is via cyclotetramerization of these 

precursors in the presence of a catalyst, with or without a metal salt (MX), in a higher 

boiling point solvent as shown in Scheme 1.1.  
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Scheme 1.1: Synthesis route of phthalocyanines (MPcs) from different precursors, 

MX = metal salt 

Symmetrical tetrasubstituted Pcs can be synthesised by cyclotetramerization of a 

mono-substituted phthalonitriles in the presence or in the absence of a metal salt 

[22,23]. Low symmetry phthalocyanines can be mainly synthesised by two methods 

i.e. the ring expansion of SubPcs or using two differently substituted phthalonitriles 
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[24] in a static ratio of 1:3. When using the two different phthalonitriles approach, 

there are six possible isomers produced as shown in Scheme 1.3 where the product 

of interest is separated by chromatographic techniques. Peripherally or the non-

peripherally substituted MPcs may be prepared with the aid of 3 or 4-

nitrophthalonitriles as shown in Scheme 1.4. In this thesis all the substituents were 

on the peripheral positions of Pcs.   

 

 

 

 

 

 

 

 

 

Scheme 1.2: General synthesis of SubPcs, R = Substituents. 
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Scheme 1.3: Synthesis route of mono-substituted MPcs from phthalonitriles (A) and 

(B). 
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Scheme 1.4: Synthesis of (A) peripheral and (B) non-peripheral tetra-substituted 

MPcs from mono-substituted phthalonitriles. RT - Room temperature, R – 

substituents. 

Synthesis of SubPcs like MPcs is through cyclization of substituted phthalonitriles in 

the presence of trichloroboron acid and p-xylene. Contrary to Pcs, trisubstituted 

SubPcs only have one isomer C2v [25] as shown in Scheme 1.2. Synthesis of low 

symmetry SubPcs is difficult, however, there area few that have been reported in 

literature [25,26]. To improve their properties, structural modification on the periphery 

or substitution of the axial ligand can be done [21,27,28]. To shift their absorption to 

the near-IR, electron donating groups can be attached on the ring. In this 

 

 

 

 

 

 

 

 

 



Chapter One                                                                                            Introduction 

8 
 

work,electron donating groups were both used as axial ligands and as substituents 

on the peripheral positions of the SubPc. 

1.1.3 Electronic Absorption spectral behaviour of MPcs/ SubPcs 

The spectra of phthalocyanines consist of a weak B-band and an intense Q-band as 

shown in Figure 1.1(A). The Q and B-band transitions can be better explained by 

Gourteman model of linear combination of atomic orbitals (LCAO) [29]. The Q-band 

arises from transitions between the highest occupied molecular orbitals (HOMO 

(a1u)) to lowest unoccupied molecular orbitals (LUMO (eg)) of the macrocycle. B-

band consists of two bands, B1 and B2 which arise from the transitions between a2u 

and b2u of the HOMO to eg of the LUMO as shown in Figure 1.2 [30,31]. 

The electronic absorption spectral behaviour of SubPcs is the same as that of its 

higher homologues MPcs, in that they resemble typical Q, and Soret (B) bands. The 

Q-band of these compounds is blue shifted owing to their 14 π system as shown in 

Figure 1.1(B) [32]. 
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Figure 1.1: Uv-Vis spectra showing the ground state absorption spectra of a (A) 

monomeric MPc (blue) and aggregated MPc (red), (B) SubPc [unpublished work]. 
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Figure 1.2: Electronic transitions in MPcs showing the origin of Q and B absorption 

bands. 

 

MPcs are known to aggregate in both aqueous and some organic solvents. The Q 

band of phthalocyanines is narrow due to the presence of monomeric species, in the 

presence of aggregates the Q-band broadnes or splits due to the presence of dimers 

or higher oligomers as shown in Figure 1.1(A) [33,34]. The most common 

aggregates are the so called H-aggregates. Aggregation adversely affects the 

photophysical behaviour of MPc [35,36], since aggregates self quench singlet 

excited states. 

1.1.4 Photophysical and Photochemical properties of Pcs and SubPcs. 

Photophysico-chemical properties of MPcs and SubPcs are best described using the 

Jablonski diagram. Figure 1.3 gives a detailed picture of the processes that are 

occurring at the electronic level. MPcs and SubPcs can absorb light in their ground 

state (S0) to the first excited state (S1) where they can undergo intersystem crossing 

to the first triplet excited state or undergo fluorescence in the process. In their triplet 

excited state, they may transfer their energy to molecular oxygen (3O2), generating a 
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reactive singlet oxygen species (1O2) or undergo phosphorescence. Singlet oxygen 

species is the main component involved in PDT, photodegradation etc, and is of 

interest in this work.  

 

 

 

 

 

 

 

 

 

Figure 1.3: A modified Jablonski diagram: A=Absorbance, S0=Ground state, S1= 

First excited state, S2=Second excited state, IC=Internal conversion, 

F=Fluorescence, ISC=Intersystem crossing, P=Phosphorescence, ET=Energy 

transfer, T1=First triplet state, T2=Second triplet state, 3O2= Oxygen in its triplet state, 

1O2=Singlet oxygen. 
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1.4.1.1 Fluorescence quantum yields (𝝓𝑭) and lifetimes(𝝉𝑭) 

Fluorescence quantum yield is the ratio of absorbed photons to the emitted photons 

through fluorescence. Fluorescence quantum yields can be determined by 

comparative or absolute methods [37]. The comparative method uses fluorescence 

quantum yields of a standard as a reference and was used in this work. The 

fluorescence quantum yields can be determined using equ. (1.1) 

𝝓𝑭 = 𝝓𝑭
𝑺𝒕𝒅 𝑭𝑨𝑺𝒕𝒅𝒏𝟐

𝑭𝑺𝒕𝒅𝑨𝒏𝑺𝒕𝒅
𝟐  (1.1) 

whereF and 𝑭𝑺𝑻𝑫 are areas under fluorescence emission curves of the sample and 

the standard,  respectively. A and 𝑨𝑺𝑻𝑫  are the absorbances of the sample and 

standard at the excitation wavelength, respectively, n and 𝒏𝑺𝑻𝑫 are refractive indices 

of solvents used for sample and standard, respectively. ZnPc in dimethyl sulfoxide 

(DMSO) was used as a standard, 𝝓𝑭= 0.20 [38], in this work for MPcs and  Rose 

Bengal in ethanol was used as a standard for SubPcs, 𝝓𝑭= 0.11 [39]. For the 

determination of fluorescence quantum yields, the sample and the standard are both 

excited at the same wavelength.  

Fluorescence lifetimes are defined as the time a fluorophore spends in the excited 

state before it relaxes back to the ground state through fluorescence. Time–

correlated single photon counting technique (TCSPC) was used to determine the 

fluorescence lifetime (a typical fluorescence decay curve is shown in Figure 1.4 [40]. 
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Figure 1.4: Fluorescence decay curve in DMSO [40] 

1.4.1.2 Triplet quantum yields 𝝓𝑻and lifetimes𝝉𝑻 

The triplet quantum yield (𝝓𝑻) is used to estimate the efficiency of the molecule to 

populate the triplet state.There are various methods of studying the properties of a 

molecule in its triplet state [41–43]. The laser flash photolysis technique was used in 

this thesis through comparative methods where ZnPc was used as a standard and 

calculations were done using equ. (1.2) 

𝝓𝑻 = 𝝓𝑻
𝑺𝑻𝑫 ∆𝑨𝑻.𝜺𝑻

𝑺𝑻𝑫

∆𝑨𝑻
𝑺𝑻𝑫.𝜺𝑻

 (1.2) 

where∆𝑨𝑻 and ∆𝑨𝑻
𝑺𝑻𝑫 are the changes in the triplet state absorbances of the sample 

and the standard respectively. 𝜺𝑻 and 𝜺𝑻
𝑺𝑻𝑫 are the triplet state molar extinction 

coeffients for the sample and the standard respectively. 𝝓𝑻
𝑺𝑻𝑫 is the triplet state 
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quantum yield for the unsubstituted ZnPc standard 𝝓𝑻
𝑺𝑻𝑫= 0.65 in DMSO [44].  𝛆𝐓 

and 𝜺𝑻
𝑺𝑻𝑫 were calculated from the molar extinction coefficients of their respective 

ground singlet state (𝛆𝐒), the changes in absorbances of the ground state(∆𝑨𝑺) or 

the triplet state (∆𝑨𝑻) using equ. (1.3 a) and (1.3 b).   

𝜺𝑻 = 𝜺𝑺.
∆𝑨𝑻

∆𝑨𝑺
 (1.3 a) 

𝜺𝑻
𝑺𝑻𝑫 =  𝜺𝑺

𝑺𝑻𝑫.
∆𝑨𝑻

𝑺𝑻𝑫

∆𝑨𝑺
𝑺𝑻𝑫 (1.3 b) 

Triplet lifetimes are then determined by fitting data into Origin 8, a typical fitted decay 

curve is shown in Figure 1.5[45]. 

 

 

 

 

 

 

 

 

 

Figure 1.5: Typical decay curve in DMSO [45]. 
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1.1.4.3 Singlet oxygen quantum yield (𝛟∆) 

Singlet oxygen quantum yield (ϕ∆) can be defined as the amount of 1O2 generated 

per photon absorbed by the phthalocyanine/subpthalocyanine complex. Singlet 

oxygen species can be quantified experimentally by two methods, i.e. singlet oxygen 

luminescent and chemical methods. The chemical method was used in this work, 

and it requires a singlet oxygen quencher that will react with singlet oxygen as soon 

as it is produced in an oxygenated solution. Spectroscopic methods are then used to 

monitor production of singlet oxygen through the decay profile of a scavenger [46]. 

 In this work 1,3-diphenylisobenzofuran (DPBF) in organic solvents, and anthracene-

9,10-bis-methylmalonate (ADMA) in water were used as singlet oxygen scavengers. 

Equ. (1.4) was then used to calculate singlet oxygen quantum yields: 

𝝓∆ = 𝝓∆
𝑺𝑻𝑫 𝑹𝑺𝒂𝒎𝒑𝒍𝒆.𝑰𝑨𝒃𝒔

𝑺𝑻𝑫

𝑹𝑺𝑻𝑫.𝑰𝑨𝒃𝒔
𝑺𝒂𝒎𝒑𝒍𝒆 (1.4) 

Where 𝝓∆
𝑺𝑻𝑫 is the singlet oxygen quantum yield for the standard (ZnPc,  𝝓∆

𝑺𝑻𝑫    = 

0.67 in DMSO [47]) and 𝝓∆
𝑺𝑻𝑫 = 0.58 in toluene [38]. AlPcSmix (containing a mixture 

of sulfonated phthalocyanine derivatives) was employed as a standard in aqueous 

media (𝝓∆
𝑺𝑻𝑫 = 0.42) [47]. Rose Bengal was employed as a standard for SubPcs in 

ethanol (𝝓∆
𝑺𝑻𝑫 = 0.68) [48]. 𝑹𝑺𝒂𝒎𝒑𝒍𝒆and 𝑹𝑺𝑻𝑫are the DPBF and ADMA 

photobleaching rates in the presence of the sample under investigation and the 

standard, respectively. 𝑰𝑨𝒃𝒔
𝑺𝒂𝒎𝒑𝒍𝒆

and 𝑰𝑨𝒃𝒔
𝑺𝑻𝑫  are the rates of light absorption by the 

sample and the standard, respectively and are calculated using equ. (1.5a) and 

(1.5b) 

𝑰𝑨𝒃𝒔
𝑺𝒂𝒎𝒑𝒍𝒆

=  
𝜶.𝑨.𝑰

𝑵𝑨
 (1.5a) 
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𝑰𝑨𝒃𝒔
𝑺𝑻𝑫 =

𝜶.𝑨.𝑰

𝑵𝑨
 (1.5b) 

where 𝛼 =  1 − 10−𝐴(𝜆), A (λ) is the absorbance of the sensitizer at the irradiation 

wavelength, A is the irradiated area, I is the intensity of light expressed as photons 

(cm-2 s-1) and NA is Avogadro’s constant. 

1.1.5 MPcs and SubPcs used in this thesis 

Pcs and SubPcs used in this work are shown in Table 1.1. Complexes 1-5 [5,49-51] 

are known, while 6, 7 and 8 are new. The photophysical properties of complex 5 are 

however reported for the first time in this thesis. All the MPcs that are reported in this 

work contain Zn as a central metal. This is because Zn containing MPcs are known 

to have high triplet quantum yields with corresponding high singlet quantum yields 

and they also have longer triplet lifetimes [36,52]. MPcs carrying charges are often 

soluble in aqueous media which is of importance in applications like PDT. Herein this 

thesis reports on the efficiency of charged MPcs towards the generation of singlet 

oxygen when doped onto SiNPs i.e. positively charged (3) versus negatively (4) 

charged, and neutral (1) and (2). 

A low symmetry MPc (6) was both conjugated and doped to SiNPs and the effect of 

doping versus conjugation was investigated. Asymmetrical Pcs are known to 

improve triplet state population [53], hence complex 6 is employed and the effect of 

doping versus linking to SiNPs on the triplet state parameters and singlet oxygen 

generation were assessed. Mercaptopyridine were employed for 6as substituents in 

order to improve solubility due to its bulky nature. Thiazoles are known 

photosensitisers [54] and their linking to MPcs may improve PDT parameters, since 

they are both photosensitisers [55–57], hence a thiazole is employed for 6. 
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Complex 5 was obtained with the aim of doping onto SiNPs, but for reasons 

explained in the discussion, this did not work but its synthesis and photophysical 

properties are reported.  

Synthesis of SubPcs (7 and 8) was also attempted and their photophysical 

properties were determined.  

Table 1.1: showing MPcs employed in this work. 

Complex Complex 
number 

Bond 
formed 

Ref. 
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Chloro (2,9,16(2,9,17))tris-(tert-
butylphenoxy) 
subphthalocyanine boron (II) (7) 
 

Or 
 
N,N-dimethyl-3-
(l1oxidanyl)propan-1-amine 
(2,9,16(2,9,17))-tris-
(tertbutylphenoxy) 
subphthalocyanine boron (II) (8) 
 

 
 
 
 
 
 

(7) 
 

or 
 

(8) 

 
 
 
 
 
 
- 

 
 
 
 
 
 
New 

 

1.2  Silica nanoparticles 

1.2.1 Background and Applications 

Nanoparticles (NPs) are materials with sizes that range from 1-100 nm in diameter. 

These materials have unique properties that are different from their bulk counter 

parts [58]. Their unique properties are controlled by their sizes, composition, 

crystalline behaviour and shape. A number of NPs have been subjected to research 

due to their unique properties; these include quantum dots [12], silver [59], gold 

[9,59] and silica NPs amongst others. SiNPs are employed in this work hence are 

discussed in detail. 
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This work focused on SiNPs due to properties which include: ease of 

functionalization, high surface area, biocompatibility, chemical inertness [60]. 

Because of these interesting properties, SiNPs have been applied in various fields 

such as bio-imaging [61], gene therapy, as drug delivery agents for cancer treatment  

[62], biomarkers, biosensors [61] amongst other applications.  

1.2.2 Syntheses  

SiNPs can be synthesized via two methods i.e. the Stober method and reverse 

micro-emulsion. The Stober method requires the use of an organo-silicate precursor 

(usually tetraethyl orthosilicate, TEOS), which undergoes hydrolysis in a mixture of 

water, ethanol and ammonia solution (acting as the catalyst) to produce silicic acid. 

The silicic acid then undergoes condensation to produce di-silicic acid which also 

goes through condensation to form amorphous silica nanoparticles, Scheme 1.5 

[63]. 

 

 

 

 

 

 

 

Scheme 1.5: Representation of a typical synthesis of SiNPs via the Stober protocol 

[63].  
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The Stober method produces uniformly shaped and sized silica nanoparticles [63], 

however, this method produces large sized nanoparticles. A number of studies have 

have concentrated on improving the size of SiNPs using the Stober method and 

have also revealed that a number of parameters such as the rate at which TEOS is 

added, addition of H2O/ammonia amongst others, play a significant role in the overall 

size [64,65]. 

The reverse micro-emulsion method utilizes the hydrolysis of TEOS in a reverse 

micelle or water in oil micro-emulsion system, containing a homogenous mixture of 

water, oil surfactant and ammonium hydroxide as a catalyst.  In this method, the 

water droplets are stabilized by the surfactant molecules thus allowing for diffusion in 

oil to occur. Since water droplets control the nucleation and growth process, the 

resulting particles are highly monodispersed, uniform, spherical and are smaller in 

thanthe one synthesized by Stober method. The amounts of both water and 

surfactant affect the size of silica particles synthesized in the micro-emulsion method 

[58,65,66]. This method has been used to encapsulate materials ranging from dyes 

such as Pc, as in Figure 1.6(A) to other nanoparticles [58,67]. The reverse micro-

emulsion method was employed in this work. 

Due to the dangling hydroxyl group, SiNPscan be functionalized easily. A number of 

groups have been attached on the surface of SiNPs with the aim of conjugating them 

to various compounds such as biomolecules, other NPs, and photosensitisers 

amongst others [68–70]. In this work SiNPs, were functionalized with amino moiety 

as shown in Figure 1.6(B), with the aim of conjugating to a carboxylic functionalized 

MPc via amide bond. 
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Figure 1.6: Represents (A) SiNPs doped with MPc (blue spheres representing 

MPcs) and (B) representing amine functionalised SiNPs 

1.2.3 MPcs doped/conjugated to SiNPs and their applications 

A number of MPcshave been conjugated to SiNPs either via physical or chemical 

methods. Improvement in the photophysico-chemical properties of MPcshave been 

observed following conjugation/doping. Table 1.2 lists some of the MPcs that have 

been conjugated/doped to SiNPs and applications in literature [68, 71-75].Table 1.2 

shows that mainly symmetrical Pcs have been employed for doping into SiNPs with 

only a few examples of asymmetrical Pcs. The asymmetric Pcs employed in 

literature do not have bulky substituents (which are employed in this thesis for 6), 

bulky substituents improve solubility. This thesis is the first to report asymmetrical Pc 

with bulky functional groups linked to SiNPs. Asymmetry improves triplet state 

parameters. Charged MPcs have been doped onto SiNPs [50], however their 

photophysics are reported here for the first time.   
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Table 1.2: Shows some of the MPcs conjugated to SiNPs and their applications 
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1.3 Aims. 

1. Synthesis and characterization of symmetrical MPcs bearing differently 

charged or neutral substituents. 

2. Synthesis and characterization of amino functionalized SiNPs 

3. Synthesis and characterization of low symmetry phthalocyanine with a 

carboxylic terminal group. 

4. Doping MPcs onto SiNPs. 

5. Evaluating the photophysical properties; comparing the influence of 

charge before and after doping 

6. Linking of asymmetrical Pc to SiNPs via an amide bond 

7. Evaluating the enhancement of singlet oxygen (conjugation vs doping) 

8. Synthesis and characterization of SubPc. 

9. Evaluation of photophysical properties of SubPc.  
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2.1 Material 

2.1.1 Solvents 

Ultra-pure water was obtained from a milli-pore water system. Dimethyl sulfoxide 

(DMSO), dimethylformamide (DMF), cyclohexane, ammonia, hexanol, n-pentanol, 

methanol, ethanol, ethyl acetate, isopropanol, toluene, p-xylene, hexane and 

pyridinewere purchased from Minema.Trichloroboron (BCl3), 3-dimethylamino-1-

propanolwere purchased from Merck. Triton X-100, and deuterated dimethylsulfoxide 

(DMSO-d6) were purchased from Sigma Aldrich. 

2.1.2 Previously synthesized phthalonitriles and MPcs 

Unsubstituted zinc phthalocyanines (complex 1) and zinc acetate (ZnOAc)2 were 

purchased from Sigma Aldrich. 1,8-Diazabicyclo[5.4.0]undec-7-ene  (DBU) was 

purchased from Merck. 4-Pyridylthiophthalonitrile (6a) [5], 4,5-(2-mercapto-4-methyl-

5-thiazoleaceticacid) phthalonitrile (6b) [76], Scheme 3.2 and 4-(4-tert-butylphenoxy) 

phthalonitrile (7a) [77] were synthesized according to literature. zinc tetra (4-

aminophenoxy) phthalocyanine(complex 2) [49], zinc tetrakis[4-(iodo-N-

methylpyridinium)oxy] phthalocyanine(complex 3) [5], zinc tetra(4-sulfophenoxy) 

phthalocyanine (complex 4) [50], and zinc tetrakis (dodecylmercapto) phthalocyanine 

(complex 5) [51] were synthesized and purified as reported in literature.  

2.1.3 Other reagents 

Tetraethyl orthosilicate (TEOS), 1,3-diphenylisobenzofuran (DPBF),anthracene-9,10-

bis-methylmalonate (ADMA), 3-aminopropyl)triethoxysilane(APTES), 2-mercapto-4-

methyl-5-thiazoleacetic acid, N,N'-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) were purchased from Sigma Aldrich, AlPcSmix 
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(containing a mixture of sulfonated phthalocyaninederivatives) was prepared as 

reported in literature [78]. 

2.2. Equipment 

 

i. 1H nuclear magnetic resonance signals were recorded on a Bruker AMX 400 

MHz NMR spectrometer.  

ii. Elemental analyses for CHNS were done using a Vario-ElementarMicrocube 

ELIII Series.  

iii. Ground state electronic absorption spectra were performed on a Shimadzu 

UV-2550. 

iv. Fluorescence excitation and emission spectra were recorded on a Varian 

Eclipse fluorescence spectrofluorimeter.  

v. Fluorescence lifetimes were measured using a time correlated single photon 

counting setup (TCSPC) (FluoTime 200, Picoquant GmbH) with a diode laser 

(LDH-P-670 with PDL 800-B, Picoquant GmbH, 670 nm, 20 MHz repetition 

rate, 44 ps pulse width), Figure 2.1. 
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Figure 2.1: Time correlated single photon counting (TCSPC) setup  

vi. Infra-red spectra were measured on Bruker® ALPHA FT-IR spectrometer.  

vii. Triplet quantum yields were determined using a laser flash photolysis system. 

The excitation pulses were produced using a tunable laser system consisting 

of an Nd:YAG laser (355 nm, 135 mJ/4–6 ns) pumping an optical parametric 

oscillator (OPO, 30 mJ/3–5 ns) with a wavelength range of 420–2300 nm (NT-

342B, Ekspla) as shown in Figure 2.2.  
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Figure 2.2: Laser flash photolysis system 

viii. Singlet oxygen quantum yields were determined using a general electric 

quartz lamp (300W) while 600 nm glass cut off filter (Schott®) and water filter 

were employed to filter off ultra-violet and infrared radiation. An interference 

filter, 700 nm with a band of 40 nm, was placed just before the sample 

chamber, as shown in Figure 2.3. Light intensities were measured with a 

POWER MAX® 5100 (Molectron detector incorporated) power and were 

found to be 4.3 × 1015photons cm-2s-1.  
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Figure 2.3: Singlet oxygen setup 

ix. Transmission electron microscope (TEM) images were obtained using a JEOL 

TEM 1210 transmission electron microscope at 100 kV accelerating voltage. 

TEM samples were prepared by placing a drop of conjugates or nanoparticle 

solution on the sample grid and allowing it to dry before measurements. 

x. X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8, 

Discover equipped with a Lynx Eye Detector, using Cu Kα radiation (λ = 

1.5405 Å, nickel filter). Data were collected in the range from 2θ = 5° to 100°, 

scanning at 1° min-1 with a filter time-constant of 2.5s per step and a slit width 

of 6.0 mm. Samples were placed on a zero background silicon wafer slide. 

The X-ray diffraction data were treated using Eva (evaluation curve fitting) 

software. Baseline correction was performed on each diffraction pattern by 
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subtracting a spline fitted to the curved background and the full width at half 

maximum values used in this study was obtained from the fitted curves. 

xi. X-ray photoelectron spectroscopy (XPS) data were collected using a Kratos 

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

neutralizer and the operating pressure kept below 5 x 10-9 torr. For 

wide/survey XPS scans, the following parameters were used: emission 

current was kept at 5 mA and a dual anode (AI) voltage at 15 kV. The 

resolution used to acquire wide/survey scans was at 160 eV pass energy 

using a hybrid lens in the slot mode. The centre used for the scans was at 520 

eV and the width at 1205 eV, with steps at 1 eV and dwell times at 300 ms. 

For the high resolution scans, the resolution was changed to 10 eV pass 

energy in the slot mode. 

xii. The Brunauer-Emmett Teller (BET) method was employed to determine 

surface area and porosity. Nitrogen adsorption/desorption isotherms were 

measured at 77 K using a Micromeritics ASAP 2020 Surface Area and 

Porosity Analyzer. Prior to each measurement, degassing was carried at 90ºC 

for four days.  The BET surface area and total pore volume were calculated 

from the isotherms obtained. 
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2.3 Syntheses 

2.3.1 SiNPs-NH2, Scheme 3.1 

Unfuctionalized silica nanoparticles (SiNPs-OH) were synthesized as reported in 

literature [58]. The unfunctionalized SiNPs-OH were then functionalized with APTES 

as reported in literature [79]. Briefly in a round bottomed flask equipped with a stirrer, 

0.3g of SiNPs-OH was added in 3 mL of toluene and 2 mL of APTES was added 

dropwise and the reaction was allowed to continue for 48 h, afterwhich the SiNPs-

NH2 were precipitated with ethanol and were washed with water for several times. 

2.3.2 Tris[(4-(pyridin-4-ylthio)-2- thio-4-methylthiazol-5-yl)acetic 

acidphthalocyanine] zinc  (II) (6), Scheme 3.2 

Synthesis of low symmetry MPc was carried out by condensation of phthalonitriles 

6a (0.95 mmol) and 6b (0.32 mmol) with 0.16 mmol of Zn(OAc)2. The mixture was 

refluxed at 240°C overnight in n-pentanol (3 mL)in the presence of   DBU (0.1 mL) as 

a catalyst. The product was precipitated using diethyl ether. The product of interest 

was isolatedusing a silica column with DMF:ethyl acetate (3:1) as an eluting solvent 

system. A green product was obtained. Yield 25%.CHNS Calc. for 

(C53H30N12O2S5Zn.H2O):C,57.26; H, 22.88; N, 15.12; S,14.40. Found: C, 56.98; H, 

2.67; N,14.67; S, 13.57. 1H NMR (600 MHz, DMSO) δ 9.08 (s, 1H, O-H), 8.55 (d,5H, 

Ar-H), 8.28 (dd, 3H,Ar-H), 7.98 – 7.59 (m, 11H,Ar-H), 7.49 – 7.10 (m, 5H, Ar-H), 2.96 

(s, 2H, CH2), 2.75 (s, 3H, CH3). IR (ATR): ν(cm-1)2849-2916(Ar-C-H stretch), 1088-

1037 (-C-O stretch), 1718-1605(-C=O), 3827 -3046 (O-H), 898 -825 (-C-S-). Maldi-

TOF Calculated m/z =1092.59; Found m/z = 1090.59 [M-2]+. λmax nm (log ) DMSO 

686  (4.95),623 (4.27), 361 (4.57). 
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2.3.3Chloro (2,9,16(2,9,17))-tris-(tert-butylphenoxy) subphthalocyanine boron 

(II) (7) and N, N-dimethyl-3-(1-oxidanyl)propan-1-amine (2,9,16(2,9,17))-tris-(tert-

butylphenoxy) subphthalocyanine boron (II) (8), Scheme 3.3 

 

Tert-butylphenoxyphthalonitrile 7a, (100 mg, 36.21 mmol) under argon was 

suspended in 1mL p-xylene. BCl3 (1M) was quickly added in the reaction vessel and 

the reaction was stirred at room temperature for 30 minutes after which the 

temperature was increased to 150oC for 3 h. A pink product (complex 7) was isolated 

then purified over silica column chromatography to remove unreacted and by-

products using ethyl acetate and hexane in 1:1 as an eluent. Yield 

23.1%.C54H49BClN6O3Calc:C, 74.10: H, 5.53; N, 9.60. Found: C, 74.04; H, 5.75; N, 

9.59.1H NMR (300 MHz, DMSO-d6) δ 8.08 (d,3H, Ar-H), 7.76 (d,3H, Ar-H), 7.51 (d, 

6H, Ar-H), 7.33 (d,3H, A-r-H), 7.12 (d,6H, Ar-H), 1.31 (s, 27H,C-H).IR (ATR): ν(cm-

1):3071 (Ar-C-H), 2960-2869 (C-H), 2257 (C=N), 1275-1167 (C-N), 1089-1020 (C-O-

C), 760-655(B-Cl). Maldi-TOF Calculated m/z =876.27, found = 875.33[M-1]+. λmax 

nm ethanol (log ):567  (4.91),513 (4.40), 340 (4.49). 

 

In a reactor flask equipped with a magnetic stirrer, complex 7 (100 mg, 91.4 mmol, 1 

equiv) and 3-dimethylamino-1-propanol (3.66 mmol, 4 equiv) were added. Dry 

toluene (3mL) and pyridine (1mL) were then added, the reaction proceeded at 120oC 

for 24h. The solvents were then removed under pressure in a rotary evaporator. A 

violat product (complex 8) was isolated. Yield 45%. C59H61BN7O4.H2O Calc: C, 

73.69; H, 6.34; N, 10.19. Found: C, 73.87; H, 6.48; N, 9.71. 1H NMR (300 MHz, 

DMSO-d6) δ 8.37 (s, 3H,Ar-H), 8.14 (d, 3H, Ar-H), 7.83 (m, 2H, Ar-H), 7.57 (d,5H, Ar-

H), 7.40 (d, 3H, Ar-H), 7.18 (d, 5H, Ar-H), 2.15 (s, 12H,R-H), 1.37 (s, 27H, R-H).IR 
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(ATR): ν(cm-1): 3306-3071 (Ar-C-H), 2956-2866 (C-H), 2364-2227 (C=N), 1275-1167 

(C-N), 1080-1016 (C-O-C),872-833 (B-O). Maldi-TOF calculated m/z=942.97, found 

m/z= 941.51[M+1]+. λmax nm ethanol (log ):567  (4.21), 507 (3.72), 348 (4.35). 

2.3.4 Synthesis of SiNPs-OH doped with MPcs, Scheme 3.4 

SiNPs-OH were functionalised with complex 1-4 and 6 using the micro-emulsion 

method  as reported in literature [58]. Briefly, to a round bottomed flask equipped 

with a stirrer, a mixture of Triton X-100 (1.8 mL), hexanol (1.8 mL), cyclohexane (7.5 

mL), water (400 µL), and 25% NH3(60 µL) was added, followed by stirring for 30 min. 

Then, complexes 1-4 and 6, (15 mg) in DMF (100 µL)  were added to  the flask and 

the mixture was stirred for a further 10 min after which 200 µL of TEOS was added. 

The reaction was allowed to continue for 24 h. The products were isolated with 

isopropanol via centrifugation, and were washed with ethanol, water and then dried 

under vacuum. SiNPs without complexes 1-4 and 6 were also synthesized as above. 

2.3.5 Conjugation of 6 to SiNPs-NH2, Scheme 3.5 

The carboxylic group on 6 was activated following procedures that have been 

reported [80].Briefly (3.2 mg, 0.002 mmol) of 6 in DMF, DCC (17 mg,0.082 mmol) 

and  (10 mg, 0.082 mmol) DMAP were stirred for 48 h at ambient temperature after 

which SiNPs (11.2 mg) in DMF were added in the reaction vessel and was further 

stirred for 48 h. The conjugate was precipitated by methanol and was further washed 

with methanol, water and was dried in a fumehood. The conjugated MPc is 

represented as 6-SiNPs (linked) and the doped above as 6-SiNPs (doped).  
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Comment: 

The metallophthalocyanines (MPcs) reported in this thesis were synthesized with the 

aim of doping onto SiNPs via the micro-emulsion method, and conjugating 6 to 

SiNPsfunctinalized with an amino group. An attempt to dope 5 to SiNPs was done 

with no success, due to the nature of the substituents (will be discussed in detail 

later). No attempt was made for doping SubPcs to SiNPs 

3.1 Syntheses and characterization of SiNPs alone 

SiNPs-OH were synthesised via micro-emulsion method as reported in literature 

[58]. Functionalization of SiNPs-OH with 3-aminopropyltriethoxysilane to give SiNPs-

NH2 was also done as reported in literature [79], as shown in Scheme 3.1. 

 

 

 

Scheme 3.1: Functionalization of SiNPs-OH to SiNPs-NH2 

The size and morphology of the nanoparticles studied was assessed using 

transmission electron microscope (TEM). The images of SiNPs-OH and SiNPs-NH2 

are shown in Figure 3.1(A) and (B), respectively. Both SiNPs showed spherical 

shaped NPs, with no aggregation observed, their average sizes are summarized in 

Table 3.1. 
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Figure 3.1: TEM micrograms of SiNPs (A) SiNPs-OH, (B) SiNPs-NH2 (C) 1-SiNPs, 

and (D) 6-SiNPs (linked). 
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Table 3.3: Averages sizes of NPs and conjugates  

 

NPs/ Conjugate Average sizes (nm) 

SiNPs-OH 55 

SiNPs-NH2 59 

1-SiNPs 67 

2-SiNPs 68 

3-SiNPs 73 

4-SiNPs 68 

6-SiNPs (linked) 69 

6-SiNPs (doped) 69 

 

 

FTIR was used to determine the functional groups onSiNPs. Figure 3.2 shows 

theFT-IR spectra of (A) SiNPs-OH and (B) SiNPs-NH2. A dominant siloxane peak at 

approximately 1100 cm-1 was observed for both SiNPs-OH and SiNPs-NH2. A broad 

O-H stretch was observed at 3500-3000 cm-1 for SiNPs-OH upon which after 

functionalization, the O-H peak disappeared. A decrease in intensity of Si-O-Si peak 

was observed which could indicate that functionalization occured, as well as a weak 

N-H peak at approximately 1700 cm-1 was observed. 

 



Chapter Three                                                                     Results and discussion 

44 
 

4000 3500 3000 2500 2000 1500 1000 500

  

Wavenumber (cm
-1
)

(A)

O-H

Si-O-Si

 

 

(B)

Si-O-Si

N-H

 

Figure 3.2:FTIR of (A) SiNPs-OH and (B) SiNPs-NH2. 

X-ray powder diffraction (XRD) was employed to provide information about the 

nature of SiNPs nanoparticles synthesized.  Figure 3.3 shows the XRD 

diffractogram of (A) SiNPs-OH as a representative of SiNPs synthesized. The XRD 

pattern shows a broad peak at 2θ= 20-30°. A similar pattern was observed for the 

SiNPs-NH2. The armophous behaviour of SiNPs has been reported before in 

literature [81, 82]. 
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Figure 3.3: XRD of (A) SiNPs-OH, (B) 2, (C) 2-SiNPs. 

 

3.2 Syntheses and characterization of phthalocyanines and 

subphthalocyanines 

Complexes 1-4 and 5 have been reported [5, 49-51]. Synthesis and characterization 

of complexes 6, 7 and 8 are reported here for the first time. The synthesis of 6 was 

achieved by the condensation of 6a and 6b in the presence DBU as a catalyst, n-

pentanol, and Zn(OAc)2 as shown in Scheme 3.2.Complex 7 was synthesized via 

cyclization of 7(a) in the presence of p-xylene and trichloroboronas shown in 

Scheme 3.3. To displace chlorine which was the axial ligand, 7 was substituted with 

3-dimethylamino-1-propanol to yield complex 8. The synthesized complexes 6, 7 and 

8 were characterized spectroscopically by infra-red (IR), UV-Vis, 1HNMR and mass 

spectroscopies, as well as elemental analysis.1H NMR spectra showed all the 
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protons in their correct positions. The absence of the sharp C≡N vibration (~2230 

cm-1) in the IR spectra of both Pcs and SubPcs complexes confirmed phthalonitrile 

cyclization.The found mass to charge ratio for 6 was 1092.05 amu which 

corresponded to the calculated value, as shown in Figure 3.4. 1HNMRspectra for 6 

showed the singlet proton of the carboxylic acid end resonating at 9.08 ppm, CH2 

protons resonating at 2.96 ppm as a singlet, and CH3 protons resonating at 2.75 

ppm in the experiment, while the aromatic protons were found between 8.55– 7.10 

ppm integrated to give anticipated number of protons. 

The formation of 7, was confirmed with mass spectroscopy where the calculated m/z 

ratio was 876.27, the found m/z was 875.33 amu. 1HNMR showed a singlet for 27 

protons resonating at 1.31 ppm for CH3 while the aromatic protons resonated 

between 8.08-7.12 ppm. For 8 the disappearance of B-Cl bond at 760-655 cm-1for 7 

in the FT-IR spectra with an occurance of a new bond of B-O at 872-833 cm-

1confirmed the presence of a new substituted axial ligand, 1HNMR further confirmed 

the presence of protons resonating for 8 as aromatic protons ranged from 8.37-7.18,  

2.15 for 12H due to the presence of the newly substituted axial ligand which were not 

present in 7. Elemental analyses for complexes 6, 7, 8 are in agreement with 

predicted values. 
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Figure 3.4: Maldi-TOF of complex 6 
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Scheme 3.2: Synthesis route of complex 6. 
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Scheme 3.3: Synthesis route of complex 7and 8.Reaction conditions for synthesis of 

7:BCl3, p-xylene, 180oC,for 8: pyridine,toluene, 120oC. 

 

The UV-Vis spectra of all MPcs and SubPcs are shown in Figure 3.5. The ground 

state absorption spectra showed a monomeric behaviour for all the MPcs and 

SubPcs which is shown by the sharpness of the Q-band [83]. Complex 2 is red 

shifted compared to complex 1,due to the presence of electron donating groups 

(NH2)which are known to shift the Q-band to the near-IR [83], Table 3.2. Complex 4 

is slightly red shifted compared to complex 3 by 4 nm, Table 3.2. The spectrum of 

complex 5 was recorded in toluene since it was not soluble in DMSO, hence the 

spectra cannot be compared. Complex 6 has a shoulder near 630 nm  which is 
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typical of H-aggregates [83]. Complexes 3 and 4 are hydrophilic but were highly 

aggregated in water, as can beseen in Figure 3.5(F). Aggregation in 

phthalocyanines is judged by splitting or broadening of the Q-band as a result of 

coplanar association of Pc rings progressing from monomers leading to aggregates 

[83]. Aggregation is typical for phthalocyanines in water [83]. Monomeric behaviour 

was observed for both SubPcs (7 and 8), with a blue shifted Q-band compared to 

MPcsdue to its 14π electron system, Figure 3.5(G). The Q-band of 7 is slightly red 

shifted than8. It has been reported that axial substitution does not significantly affect 

the Q-band of SubPcs, hence the observed shift for 8 [84,85], Table 3.2. 
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Figure 3.5: Uv-Vis showing (A) 1, 1-SiNPs (B) 2, 2-SiNPs, (C) 3, 3-SiNPs, (D) 4, 4-

SiNPs (E) 6, 6-SiNPs (doped), and 6-SiNPs linked in DMSO  in toluene (F) 3 and 

4 in DMSO:H2O and (G) 7 and 8 in toluene 
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Table 3.2: showing Q-band maxima of complexes 1-4, and 6 with their 

conjugates and complexes 5, 7-8. 

Complex/ 

Conjugatea 

Solvent Q-

band(nm) 

1 DMSO 670 

1-SiNPs (194) DMSO 670 

2 DMSO 686 

2-SiNPs (49) DMSO 686 

3 DMSO 683 

Water:DMSO 635 

3-SiNPs (10) DMSO 683 

Water:DMSO 645 

4 DMSO 688 

Water:DMSO 638 

4-SiNPs (7) DMSO 688 

Water:DMSO 639 

5 Toluene 696 

6 DMSO 686 

6-SiNPs (linked) 

(7) 

DMSO 685 

6-SiNPs (doped) 

(6) 

DMSO 687 

7 Ethanol 571 

8 Ethanol 567 

a values in brackets are loading in μg/mg (Pc/SiNPs) 
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Figure 3.6: Absorption, excitation and emission spectra of (A) 4, (B) 6,in DMSOand 

(C) 7 in ethanol. 

The absorption, emission and excitation are shown in Figure 3.6. Complex 4 is used 

as an example for the known MPcs. Emission spectra are mirror images of both the 

absorption and excitation, meaning the absorbing species is the same as the 

emitting species. The same was observed for all complexes. 

3.3 Interaction of SiNPs with MPcs 

3.3.1 Syntheses 

The MPcs were readily doped onto SiNPs-OH, as shown in Scheme 3.4. Complexes 

1 and 2 are hydrophobic while complexes 3 and 4 are hydrophilic. TEOS was used 

as aSiNPs-OH precursor, TEOS allows for hydrophobic dyes to be dragged in the 

silica nanoparticles [86], hence complexes 1 and 2 can be embedded into the 

SiNPscore.In addition, since complex 2 contains amino groups, it is expected that 
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there will be interactions between amino groups of the phthalocyanine and the 

hanging hydroxyl of the silica core to facilitate the grafting as reported before [86]. 

Positively charged complex 3, could be electrostatically bonded to negatively 

charged silica [58]. Complex 4 which is negatively charged could suffer repulsions 

from the negatively charged SiNPs. The encapsulation of complex 1 which contains 

no ring substituents could be through axial ligation of the dangling hydroxyl groups 

within the SiNPs. Due to the polar nature of substituents in complex 5, doping of 5 

onto SiNPs-OH was not successful. It has been reported that another silica 

precursor is required hexadecyltrimethoxysilane (HDTMOS) [86], for Pcs with polar 

substituents to be doped. This was not attempted in this work. 

 

 

 

 

 

Scheme: 

 

 

Scheme 3.4:Representation of doping of MPcs onto SiNPs 

Complex 6 was linked to SiNPs via the amide bond,  DMAP/DCC were employed as 

coupling agents,  after which  NH2 functionalizedSiNPs in DMF were added, Scheme 

3.5. The conjugates were represented as (without a chemical bond) 6-SiNPs 
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(doped)and 6-SiNPs (linked). Amide bond formation was confirmed by FT-IR 

(discussed below). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.5: Conjugation of 6 to SiNPs-NH2. 

3.3.2 Ground state absorption and fluorescence spectra 

There were no changes in the aborbancesfollowing doping for 1-SiNPs, and 3-SiNPs 

as seen in Figure 3.5(A). However, for (B) 2-SiNPs, (D) 4-SiNPsand (E) 6-SiNPs 

(doped) and 6-SiNPs (linked) a slight enhancement around the B-region of the MPc 

was observed compared to MPcsalone,this is due to the presence of SiNPs which 
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are known to absorb around the 400-500 nm region. Conjugates 3-SiNPs and 4-

SiNPs were not fully water soluble; hence 7% of DMSO was added, Q-band maxima 

values are summarized in Table 3.2, and compared to 3 and 4 alone in 

DMSO:water. 

Figure 3.7 shows absorption, emission and excitation of the conjugates (A) 2-SiNPs 

used as an example for neutral MPcs and (B) 3-SiNPs used an example for charged 

MPcs and (C) 6-SiNPs(linked) and (D) 6-SiNPs (doped). The absorption spectra 

were similar to excitation spectra and both were mirror images of the emission 

spectra, showing that the emitting species was the same as the absorbing species in 

DMSO. In water all the spectra were highly affected by aggregation, hence spectra 

not included. 
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Figure 3.7: Absorption, emission, and excitation of (A) 2-SiNPs, (B) 3-SiNPs, (C) 6-

SiNPs (linked) and (D) 6-SiNPs (doped), in DMSO. 

3.3.3 Loading capacity 

The mass loadings of complexes 1-4 and 6 into the SiNPswere determined using 

UV–Vis of the Pcs using reported methods [87-89]. This involves comparing the Q 

band absorbance intensities of the conjugateofPcs before and after the conjugation. 

Equal masses (mg) for Pc and the conjugates were weighed and separately 

dissolved in the same volume of the solvent. This was followed by comparing the Q 

band absorbance intensity of the Pcs in the conjugate with that of the initial Pcs 

before the conjugation. The loadings are listed in Table 3.2. 

The loading efficiency of the charged MPcs (3, 4) was found to be less than that of 

the uncharged MPcs.The observed results may be caused by the repulsion which 
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could be as a result of the negative charge on the surface of SiNPs and that of the 

MPc in the case of 4. Since 3 is positively charged maximum loading was expected 

due to difference in charge, however that was not the case. Loading was found to 

favour the uncharged MPcs, 1 showed a larger loading compared to 2.It is possible 

that hydrophobicity and the lack of bulky substituents could have resulted in easier 

loading of 1 onto SiNPs. Complex 6 is also neutral and has bulky substituents, 

however, the loading was low for both linked and doped conjugates. This was 

surprising since other neutral MPcs showed higher loading. 

3.3.4 X-ray Photoelectron Spectroscopy (XPS) and Energy dispersive x-ray 

spectroscopy (EDS) 

To further confirm if doping occurred XPS was used as shown in Figure 3.8(A) using 

SiNPs alone and 2-SiNP as examples. The XPS survey, Figure 3.8(A) showed 

different binding energies which corresponded to the expected elemental 

composition.The binding energies and their corresponding elemental composition of 

the samples are as follows: for SiNPs, Si 2s (100 eV), Si2p (103 eV), C1s (285eV), 

and O1s (533 eV), while the MPc doped SiNPs showed similar trends as SiNPs 

alone except for the presence of N1s(396 eV). The MPc doped SiNPsexhibited an 

increase in %C compared to SiNPs alone, Table 3.3, due to the addition of the Pcs.  

There is a decrease in % oxygen of the conjugates compared to SiNPs alone, Table 

3.3, even though the Pcs have oxygen which should have resulted in the increase. 

The observed decrease in % oxygen could suggest that the Pcs are interacting with 

the hanging hydroxyl on the surface of the SiNPs, hence the large number of 

hydroxyl are not exposed, the small amount of oxygen atoms on the Pcs are not 

enough to offset the reduction in % oxygen.  The largest reduction in % oxygen was 
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observed for the positively charged complex 3 which electrostatically binds to SiNPs. 

In addition, the presence of N is due to MPcs in the doped analogues.  

The O1s high resolutionXPSanalysiswas carried out to ascertain the chemical 

environment of the O1s of the SiNPs and MPcs in the doped analogues, Figure 

3.8(B). The O1s spectra for SiNPs was deconvuluted, andonly one peak was 

observed at 537 eV which corresponded to Si-O-Si (siloxane peak).The O1s spectra 

of the MPc doped SiNPs (using 3-SiNPs as an example) accounted for two peaks at 

532 eV and 533 eV corresponding to Si-O-Si and C-O-C respectively. C-O-C was 

due to the MPc macrocycle and their oxo bridge between the ring substituents while 

Si-O-Si resulted from SiNPs.  
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Figure 3.8: XPS spectra (A) Wide scan of SiNPs alone and the MPc conjugates and 

(B) O1s High resolution spectra of SiNPs and 2-SiNPs. 
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Table 3.3: Elemental composition of conjugates of complexes 1-4 

 

Complex/Conjugate Atomic concentration (%) 

 C 1s O 1s N 1s S 2p Na 1s I 3d 

SiNPs 69.05 23.91 - - - - 

2-SiNPs 79.88 15.86 1.23 - - - 

3-SiNPs 79.11 6.05 7.13 - - 4.93 

4-SiNPs 77.06 14.98 0.65 0.53 0.15 - 

 

 

Quantitative elemental analysis was done using EDX, Figure 3.9(A) showing 6 alone 

and (B) 6-SiNPs (doped). 6 showed the expected elements, following 

doping/conjugation a new Si peak was observed due to the presence of SiNPs. 

 

 

 

(A) 
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Figure 3.9: Energy dispersive spectra of (A) 6 and (B) 6-SiNPs (doped). 

 

3.3.5Transmission electron microscope (TEM) 

The morphology and sizesof SiNPs alone and MPc doped or linked SiNPs were 

investigated by employingTEM as shown in Figure 3.1(C) for 1-SiNPs and (D) for 6-

SiNPs (linked) (used as examples). There was an increase in size for all doped and 

linked SiNPs, the average sizesare summarized in Table 3.1. The observed increase 

in sizemay suggest that the dye is enclosed within the matrix of the SiNPs (doped) 

[90]. Also the increase in size could be due to well-known aggregation of Pcs 

through  interactions [83]. 

 

3.3.6 Brunauer-Emmett-Teller (BET) 

BET was performed to determine the pore size, surface area, and nature of doped 

and undopedSiNPs, Figure 3.10 ((A) SiNPs-OH alone and (B) 4-SiNPs used as an 

example). The isotherms show the partitioning between the gas phase and adsorbed 

(B) 
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species as a function of applied pressure. Both the SiNPs alone and the doped 

SiNPsshowed a type IV isotherm which is typical of mesoporous material [91]. The 

surface area of SiNPs alone was found to be 57.68 m2/g with a pore size of 27.8 nm 

and the surface area of 4-SiNPs was 72.68 m2/g with a pore size of 9.78 nm. It has 

been reported that rough surface increases surface area [91]. Therefore an increase 

in the surface of area for 4-SiNPs may be due to strong surface roughness, which is 

weaker for SiNPs alone. 4-SiNPs had a smaller pore size compared to SiNPs alone. 

The decrease in pore size of 4-SiNPs is as result of the introduction of MPc onto the 

surface of the SiNPs. 
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Figure 3.10: Nitrogen adsorption-desorption BET isotherms of (A) SiNPs-OH and 

(B) 4-SiNPs. 

 

3.3.7 Fourier Transform Infrared(FTIR) and X-ray power diffraction (XRD) 

To further confirm the doping/conjugation of MPcs to SiNPs FTIR spectra was used. 

Figure 3.11 shows the FT-IR spectra of (A) SiNPs-OH, (B) 2 and (C) 2-SiNPs (used 
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as examples) for known MPcs. A peak was observed near the 1100 cm-1 region due 

to Si-O-Si stretching for both the SiNPs alone and 2-SiNPs. For the latter, there were 

no characteristic peaks due to MPc observed due to the large amount of SiNPs. The 

same behaviour was observed for all the doped conjugates. 

 

Figure 3.12 shows the IR of (A) SiNPs-NH2, (B) 6, (C) 6-SiNPs (linked) and (D) 6-

SiNPs (doped). SiNPs-NH2 showed a peak at 1092 cm-1 which is due to siloxane 

groups. Complex 6 alone showed a broad OH peak between 3007-3500 cm-1, a C-H 

stretch at 2875 cm-1, a C-O stretch at 1648-1692 cm-1. Both conjugates (doped and 

linked) were mainly dominated by the siloxane peaks at 1092 cm-1, however an 

amide peak at 1648 cm-1was observed as seen in the insert, confirming a chemical 

linkage between 6 and SiNPs-NH2. 

XRD was used to determine the morphology of SiNPs-OH and its conjugates. The 

XRD pattern of complex 2 alone (Figure 3.3 (B)) contains a broad peak between 2θ 

= 10 and 30°, which is typical of phthalocyanines [92]. The embedded sharp peaks 

suggest some crystalline behaviour, which has been reported before [93]. Diffraction 

pattern of SiNPs alone and of the conjugates showed an amorphous behaviour as 

shown in Figure 3.3(A) and (C). This therefore suggests that the conjugates were 

mainly dominated by SiNPs as reported before [68]. A slight shift in the 2θ value for 

the conjugate when compared to SiNPs alone was observed. The shift may be due 

to the formation of a new crystal after conjugation occurred [93]. 
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Figure 3.11: FTIR of (A) SiNPs-OH, (B) 2, (C) 2-SiNPs. 
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Figure 3.12: (A) SiNPs-NH2, (B) 6, (C) 6-SiNPs (linked) and (D) 6-SiNPs (doped). 

 

3.4 Conclusions  

MPcs bearing different charges (1-4) (neutral, negative and positive) were readily 

doped to SiNPs. A  low symmetry Pc (6) was both conjugated via amide linkage and 

doped onto SiNPs. Various methods were used to prove if doping/conjugation 

occurred. Some changes were observed following doping/conjugation. Doping of 5 

onto SiNPs was unsuccessful as stated  earlier. For SubPcs 7 and 8 only UV-Vis/ 

fluorescence behaviour are reported.   
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The photophysical and photochemical properties of the synthesized MPcsare 

discussed. For the MPcs, comparisons are made with respect to the presence of 

different substituents, and interaction with SiNPs in MPc-SiNPs conjugate. The 

studies were conducted in dimethyl sulfoxide (DMSO) for 1-4 and 6. Since complex 5 

and 7-8 were not soluble in DMSO, toluene and ethanol were used, respectively.  
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Table 4.1: Physicochemical properties of complexes 1-4, and 6 and their 

conjugates and of 5, 7-8 alone 

 

Complex/ 

Conjugate 

Solvent ϕF 

±0.01 

ϕT ϕ∆ 

±0.02 

𝝉𝑭(𝒏𝒔) 𝝉𝑻(µ𝒔) 

1 DMSO 0.20a 0.65b 0.67c 2.8 350b 

1-SiNPs DMSO 0.19 0.76 0.47 3.2 244 

2 DMSO 0.06d 0.51d 0.35d 2.8d 315d 

2-SiNPs DMSO 0.01 0.35 0.29 2.6 237 

3 DMSO 0.17 0.73 0.41 2.7 326 

Water:DMSO <0.01 - 0.28 - - 

3-SiNPs DMSO 0.17 0.87 0.59 2.6 248 

Water:DMSO <0.01 - 0.37 - - 

4 DMSO 0.17 0.89 0.43 3.0 466 

Water:DMSO <0.01 - 0.24 - - 

4-SiNPs DMSO 0.18 0.82 0.80 2.9 519 

Water:DMSO <0.01 - 0.36 - - 

5 Toluene 0.14 - 0.12 2.57  

6 

 

DMSO 0.09 0.69 0.67 2.57 247 

6-SiNPs 

(linked) 

DMSO 0.08 0.85 0.80 2.57 147 

6-SiNPs 

(doped) 

DMSO 0.05 0.41 0.25 2.49 233 

7 Ethanol 0.22 - 0.52 2.76 - 
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8 Ethanol 0.19 - 0.83 1.73 - 

 

a from reference [38], b from reference [44],c from ference[47], d from reference [94] 

 

4.1 Fluorescence quantum yield and lifetimes 

All samples and standards were excited at the same wavelength. The absorbances 

of the solutions at the excitation source were about 0.05 to avoid any filter 

effects.The fluorescence decay curve is shown in Figure 4.1 (2-SiNPs used as an 

example). The fluorescence quantum yields were determined using equ.1.1.  

The fluorescence quantum yields of 1and 2 are known as 0.2 and 0.06 in DMSO, 

respectively [38, 94]. The ϕF value for complex 2 alone is low due to the known 

quenching effect of the amino groups [95]. Complexes 3 and 4 had equal ϕF values, 

6 had low ϕF maybe due to heteroatomic effect caused by the presence of sulphur 

[96]. Following doping of 1 onto SiNPs there were no significant changes in 

fluorescence quantum yield. This was also the case with complexes 3 and 4, but not 

complex 2, Table 4.1. Compared to 6 there was no significant decrease for6-SiNPs 

(linked), but a significant decrease in ΦF for6-SiNPs (doped) was observed,Table 

4.1. It has been reported that when phthalocyaninesare grafted on the surface of 

theSiNPs, the fluorescence process is more efficient than when not on the surface 

[97], hence the large ϕF is observed for 6-SiNPs (linked) compared 6-SiNPs 

(doped).In water:DMSO, the ϕF values were low due to known quenching of 

fluorescence by water [98]. SubPcs are highly fluorescent material compared to their 

Pc analogues. Of note is following axial substitution of 7 to give 8, a decrease in the 
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fluorescence quantum yield was observed, which could be due to self-quenching of 

subphthalocyanine rings [99]. 

There were no significant decreases in the fluorescence lifetimes of the MPcs 2-4 

following doping, with the exception of 1-SiNPs, where there was a slight 

lengthening, Table 4.1. For 6 a decrease was observed for 6-SiNPs (doped) 

compared to 6 alone however, there was no decreasefor 6-SiNPs (linked). The 

decrease for 6-SiNPs (doped) corresponds to the decrease in ϕF. It has also been 

reported that the increase or decrease in fluorescence lifetimes may depend on 

orientations of the fluorophore [73]. A decrease in fluorescence lifetimes for 7 

following axial substitution was observed corresponding to the decrease in ϕF (8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Fluorescence decay curve of 2-SiNPs in DMSO. 
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4.2 Triplet quantum yields and lifetimes 

Triplet quantum yield represents thefraction of the absorbing species that has 

undergone intersystem crossing. The absorbances of the phthalocyanines and 

phthalocyanine-silica nanoparticle conjugates were kept at approximately 1.5, at 

their maximum Q-band. After introduction of the solution into a 1 cm quartz cell, 

argon was bubbled into the solution for 15 min to remove oxygen. The triplet 

quantum yields were determined using equ.1.2. A high triplet quantum yield 

corresponds to low fluorescence quantum yield. The triplet quantum yields are listed 

in Table 4.1. A typical triplet decay curve is shown in Figure 4.2, with 1-SiNPs used 

as an example. For the Pcs without SiNPs the largest ϕT  was for 4 in DMSO at 0.89, 

lowest for 2 at 0.51. An increase in triplet quantum yield for 1-SiNPs following doping 

was observed, the same was observed for 3-SiNPs. Increase in ϕT values has been 

reported for encapsulated MPc complexes [73]. For complex 1, the increase in ϕT  

value could be due to the higher loading,Table 3.2, though the high loading could 

also induce aggregation. It has also been reported the flat and rigid aromatic core of 

the phthalocyanine allows it to be trapped within the silica network [85]. Thus for 

unsubstituted (hence flat) complex 1, it is possible the molecules stayed within the 

silica matrix hence resulting in improved ϕT value.Complex 3 has low loading but 

shows an increase in ϕT values, showing that it is not only the loading that affects 

the ϕTvalues. It is possible that the electrostatic attraction between the positively 

charged Pc and the negatively charged SiNPs results in a stable conjugate and 

hence an increase in ϕT value. There was a decrease in triplet quantum yield for 2-

SiNPs. Complex 2 is neutral and not as flat as complex 1 due to the presence of 

amino phenoxy group. Thus complex 2 may not have been effectively trapped in 
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silica matrix, resulting in energy loses, hence a decrease in ϕT value. For 4-SiNPs a 

slight decrease in ϕT value in DMSO was observed.  

For  chemically linked conjugate (6-SiNPs (linked)), the triplet quantum yield was 

higher compared to the doped conjugate (6-SiNPs(doped)), the latter was almost 

twice the chemically linked conjugate, Table 4.1. The decrease in triplet quantum 

yields for 6-SiNPs (doped) could be due to non-radiative processes occurringwhen 

trapped within the matrix compared to the surface grafted chemically linked Pc in 6-

SiNPs (linked), since the loading is about the same. There could be energy losses 

due to interaction of Pc molecules within the matrix for 6-SiNPs (doped). For 

complexes 5,7 and 8 the triplet quantum yields were not determined. 

A decrease in triplet lifetimes is expected with an increase in triplet quantum yields 

and vice versa [100]. A decrease in triplet lifetimeswas observed for all conjugates, 

except for 4-SiNPs where there was an elongation, which could be due to how the 

Pc is oriented in the SiNPs. 
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Figure 4.2: Triplet decay curve of 6 in DMSO. 

 

4.3 Singlet oxygen quantum yields 

Photosensitisers in their triplet state can transfer energy to ground state molecular 

oxygen andin that process singlet oxygen is produced. The production of singlet 

oxygen is highly dependent on triplet quantum yield, lifetime and the energy transfer 

efficiency of photosensitiser in its triplet excited state. DPBF was used as a singlet 

oxygen quencher in DMSO and ADMA as the quencher in water.The experiments 

were conducted at room temperature using 1.5 ml of each Pc or Pc-SiNP, or SubPcs 

mixed with equal volumes of ADMA or DPBF. Absorbance of the MPc, MPc-SiNPs, 

or SubPc was at 1.5 at the Q-band and for DPBF/ADMA absorbance was at 2. The 

absorbance profile of the DPBF is shown in Figure 4.3 (using 6 as an example). A 

gradual decrease in the absorbance of DPBF was observed suggesting singlet 
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oxygen was produced, Figure 4.3. There were no decreases in the Q-band for both 

the MPcs and SubPcs, (as seen in Figure 4.3 for MPcs), this therefore proves that 

theMPc was very stable during irradiation.It is expected that when ϕT values 

increase, ϕ values will also increase. Singlet oxygen quantum yield values are 

summarised in Table 4.1. Complex 4 had the largest singlet quantum yield, and 

2had the lowest in DMSO, which correspond to ϕT values discussed above. 

Complex 5 could not be compared to other MPcs since a different solvent was used. 

An increase in singlet oxygen quantum value was obtained for 3-SiNPs (in both 

DMSO:water and DMSO) was observed compared to 3, the increase corresponds to 

the increase in triplet quantum yields of 3-SiNPs. For 2-SiNPs, there was a decrease 

in singlet oxygen quantum value compared to 2, the decrease corresponds to the 

decrease in triplet quantum yields of 2-SiNPs. For 1-SiNPsthere was an increase in 

triplet quantum yield but a decrease in singlet oxygen quantum yield. Usually a 

decrease in singlet oxygen in the presence of NPs is associated with screening 

effect where NPs prevent oxygen molecules from interacting with excited triplet 

phthalocyanine [101]. The decrease for 1-SiNPs could be because of the screening 

effect but it is not clear why this effect affects 1-SiNPs only since the SiNPs 

conjugates are about the same size. There was also an increase in singlet oxygen 

quantum value for 4-SiNPs in both DMSO and DMSO:water, even though there was 

a slight decrease in triplet quantum yield. Complex 4 is negatively charged and is 

most likely to be repelled by SiNPs due the negative hydroxide groups on the latter, 

hence may not suffer from the screening effect observed for 1-SiNPs. A low singlet 

quantum yield for 5 in toluene was observed. There are many factors that contribute 

to the singlet quantum yield such as the solvent effect (viscosity and polarity), 

fluorescence quantum yields amongst others [102-104]. A large increase in the 
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singlet quantum yield was observed following conjugation, corresponding to the 

increase in triplet quantum yield for 6-SiNPs (linked), however, the doped conjugate 

showed lower singlet quantum yield values compared to the chemically linked, 

showing no advantage of doping, ϕ∆ value for 6-SiNPs (doped) is less than that of 6 

corresponding to the decrease in ϕT. A high singlet oxygen ϕ∆ value for 8 was 

observed compared to 7 corresponding to the decrease in ϕF. 
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Figure 4.3: DPBF decay profile of 6in DMSO. 

4.4 Conclusions 

Physico-chemical properties of MPcs, MPc-SiNPs conjugates and SubPcs are 

reported. An improvement in the photophysical properties of some MPcs 

following conjugation/doping was observed. The singlet oxygen quantum yield 

of complex 4 was however lower than that of complex 1 but higher than for 

complexes 2 and 3 in DMSO. Following doping onto SiNPs, the singlet oxygen 

quantum yields increased for positively charged 3 and the negatively charged 4, 

but  not for complex 2. 5 showed lower singlet quantum yields, but could not be 
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compared to other MPcs since the solvent used was different. There was no 

decrease in ϕ∆ for 6-SiNPs (doped) compared to 6, however, for 6-SiNPs 

(linked) there was an improvement in both triplet and singlet quantum yields. 

SubPcs had high singlet oxygen values. 
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5.1 General conclusions 

The syntheses and characterization of  SiNPs doped with unsubstituted ZnPc 

(neutral, 1), Zn tetraaminophenoxyphthalocyanine (neutral, 2), tetrakis[4-(iodo-N-

methylpyridinium)thio] phthalocyanine (cationic, 3), Zn tetra 

sulfophenoxyphthalocyanine (anionic, 4) and zinc tris[(4-(pyridin-4-ylthio)-2-thio-4-

methylthiazol-5-yl)acetic acid phthalocyanine, (neutral, 6) was successfully carried 

out. XPS, FTIR, EDX and other techniques were used to confirm the 

doping/conjugation of MPcs to SiNPs.  

The ground state electronic behaviours of the conjugates were similar to those of 

MPcs alone. A slight enhancement around the B-region of the MPcs was observed 

due to the presence of SiNPs. There were slight decreases in fluorescence quantum 

yields for some SiNPs-MPcs conjugates compared to the MPcs alone, with no 

significant decrease in the fluorescence lifetimes. Singlet oxygen quantum yields 

improvement following doping was dependent on the nature of the MPc. Complex 6, 

chemically linked MPc to SiNPs showed improvement in singlet oxygen quantum 

yield compared to physically linked MPc. Complex 7 showed an improvement in 

fluorescence and  singlet oxygen quantum yield following axial ligand exchange (8). 

5.2 Future 

Doping/Conjugation MPcs to SiNPs has been proven to enhance the physic-

chemical properties of MPcs. It would be interesting to study the antimicriobial 

properties of these MPc-SiNPs conjugates.   
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