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Abstract 

Novel lanthanide phthalocyanines containing dysprosium, erbium and lutetium as 

central metals were synthesized using phthalonitrile:metal salt ratio of 4:1 or lower 

phthalonitrile content as well as using unmetallated phthalocyanine. They were 

characterized using various spectroscopic and elemental analyses. Dysprosium bis-

phthalocyanine was obtained while monomers were obtained for erbium and 

lutetium phthalocyanines. The open-shell dysprosium bis-phthalocyanine and the 

monomeric complex of the open-shell erbium were neither fluorescent nor showed 

the ability to generate singlet oxygen. The triplet states of all the lutetium 

phthalocyanines were found to be populated with high triplet quantum yields and 

corresponding high singlet oxygen quantum yields. The fluorescence quantum 

yields of the lutetium phthalocyanines were however found to be very low. 

The lutetium phthalocyanines together with unsubstituted zinc phthalocyanine and 

its derivatives were successfully incorporated into electrospun polymer fibers either 

by covalent linkage or sorption forces. Spectral characteristics of the functionalized 

electrospun polymer fibers indicated that the phthalocyanines were bound and their 

integrity maintained within the fiber matrices. Most importantly the fluorescence 

and photoactivity of the phthalocyanines were equally maintained within the 

electrospun fibers. 

The functionalized electrospun polymer fibers especially those containing the zinc 

phthalocyanines could qualitatively detect nitrogen dioxide, a known environmental 

air pollutant. Also all the functionalized electrospun polystyrene and polysulfone 

fibers containing lutetium and zinc phthalocyanines could be applied for the 
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photoconversion of 4-chlorophenol, 4-nitrophenol and methyl orange. Those of 

polystyrene could be re-used. Polyacrylic acid and polyurethane functionalized 

electrospun fibers were found not to be suitable for photocatalytic applications in 

aqueous medium. 4-Chlorophenol was found to be more susceptible to 

photodegradation while methyl orange very difficult to degrade.    
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Chapter 1 

Introduction: Background and literature survey 

1.1. Background on phthalocyanines 

1.1.1. Structure and general applications  

Phthalocyanines (Pcs) are the tetraaza tetrabenzo analogues of the naturally occurring 

porphyrins. Pcs form an important class of macrocyclic compounds which do not occur 

in nature [1, 2]. 

The phthalocyanines were accidentally discovered in the early 1900’s and subsequent 

studies confirmed their structure, Fig. 1.1 [3-12]. Pcs are blue-green conjugated 18π-

electron aromatic macrocyclic compounds. Almost all metals including the actinides 

and lanthanides as well as some non-metals can be introduced into the cavity of the Pc 

ring (1), Fig. 1.1b, to form metallophthalocyanines (2, MPc). A wide variety of 

substituents can be attached to the outer hydrocarbon moiety of the molecule at 

positions designated α, (non-peripheral) and β (peripheral), Fig 1.1b.  

Phthalocyanines are characterized by high chemical and thermal stability. In recent 

years phthalocyanines have been used as redox catalysts, photocatalysts, 

semiconductors and photoconductors. They are also applied in gas sensing devices, 

medicine, solar energy conversion, dye transfer photography as well as non-linear 

optical systems. This demonstrates the versatility of this class of molecules [13-15]. 
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Figure 1.1: The molecular structures of (a) unmetallated (H2Pc) and (b) metallated 

(MPc) phthalocyanines. 

In recent years, compounds of lanthanide ions (Ln3+) with organic ligands have found 

wide applications in areas such as fluorescence materials [16, 17], electroluminescence 

[18] and as fluorescence probes and labels in a variety of biological systems [19-21].   

Interest in lanthanide phthalocyanines in particular has been as a result of possible 

coordination of more than one phthalocyanine macrocyclic unit per metal atom forming 

dimers or trimers [LnPc2 or Ln2Pc3, Ln = lanthanide metal] and are often referred to as 

the sandwinch-type phthalocyanine complexes [22, 23]. Lanthanide phthalocyanines 

have pronounced electrochromic and chemochromic properties, hence are attractive for 

sensor development [24]. The first lanthanide bis-phthalocyanines were obtained by 
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Kirin et al., in 1965 [25] and it was later observed that the colour of lutetium bis-

phthalocyanine thin films changes under applied electric potential [26] and changes in 

pH [27] which finally led to the use of lanthanide phthalocyanines in electrochromism.  

Lanthanide bis-phthalocyanines have also been applied as photocatalyst [28]. However, 

very little attempt has been made in the synthesis and application of their monomeric 

counterparts. 

1.1.2. Synthesis 

1.1.2.1. General synthetic pathways for peripherally and non-peripherally substituted 

phthalocyanines 

The synthesis of phthalocyanines in general can be achieved by cyclotetramerization of 

phthalonitriles precursors in the presence of a metal salt (for MPcs) and a catalyst. 

Metallophthalocyanines can also be obtained by the use of phthalimides, phthalic acids 

and other precursors such as phthalic anhydrides (3-8) in the absence of a metal for 

unmetallated Pc and in the presence of a metal for the metallated counterparts, Scheme 

1.1 [29, 30]. 
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Scheme 1.1: Synthetic routes of metallophthalocyanines from different precursors. 

Introduction of a substituent(s) into either the peripheral (β) or non-peripheral (α) 

positions of the phthalocyanine is usually done using base catalyzed nucleophilic 

aromatic substitution reaction of the starting 3-nitrophthalonitrile or 4-
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nitrophthalonitrile precursors (9, 11), Scheme 1.2 [31-34]. The products are referred to as 

mono-substituted phthalonitriles (10, 12). 

 

 

 

 

 

 

 

 

 

Scheme 1.2: Substitution reaction of nitro for alkoxy group on either at the peripheral 

or non-peripheral positions of the nitro phthalonitrile. 

1(4),8(11),15(18),22(25)-Tetra-substituted (non-peripheral position) phthalocyanines are 

synthesized from 3-substituted phthalonitriles while 2(3),9(10),16(17),23(24)-tetra-

substituted (peripheral position) phthalocyanines are synthesized from the 4-

substituted analogues. Various reaction conditions have been described. 

The cyclotetramerization reaction could be done at a high temperature in the presence 

of a metal salt and a basic solvent such as N,N-dimethylaminoethanol (DMAE). 

Alternatively, a milder and efficient cyclotetramerization can be achieved using high 
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boiling alcoholic solvents such as pentanol in the presence of a basic catalyst such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) or cyclohexylamine [35].  

Also the cyclotetramerization reaction involving the mono-substituted phthalonitrile 

could first be done to form a metallophthalocyanine containing a labile metal such as 

lithium or sodium. The labile metal is then replaced within the phthalocyanine cavity 

with the desired metal [36]. 

 The synthesis of tetra-substituted metallophthalocyanines with substituents either on 

the peripheral position or non-peripheral position normally lead to a mixture of 

products made up of four structural isomers. The four probable isomers are designated 

by their molecular symmetry as C4h, C2v, Cs, and D2h. Separation of the mixture to obtain 

the individual isomers is difficult and time consuming [37] and can only be achieved by 

specifically designed high performance liquid chromatographic (HPLC) column. For 

the peripherally tetra-substituted phthalocyanines the isomers always occur in an 

expected statistical ratio of 12.5% C4h, 25% C2v, 50% Cs, 12.5% D2h [38, 39]. However for 

the non-peripherally tetrasubsituted phthalocyanines, the composition depends on the 

central metal ion and the structure of the peripheral substituent. 

Bulky substituents are often selected for the advantage of enhancing solubility of the 

phthalocyanines in common organic solvents as well as reducing aggregation.    
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1.1.2.2. Synthesis of lanthanide phthalocyanines   

In this thesis, monomeric lanthanide phthalocyanines tetrasubstituted with amino, 

carboxyphenoxy, phenoxy, and pyridiloxy groups were synthesized. 4-

Phenoxyphthalonitrile (10a), 4-carboxyphenoxyphthalonitrile (10b), 4-

pyridiloxyphthalonitrile (10c) [31-33] as well as 3-phenoxyphthalonitrile (13) were used 

as the synthetic precursors [34]. 

 Various synthetic strategies have been devoted to producing lanthanide 

phthalocyanines. Some of these include direct conventional chemical synthesis in which 

classic template reactions using precursors such as phthalonitrile [40] and 

diiminoisoindoline [1] are employed. The reactions occur generally in high boiling point 

non-aqueous solvents. Methods involving direct electrochemical synthesis [41] and 

microwave synthesis [42] have been reported.   

The lanthanide phthalocyanines obtained by direct conventional chemical methods 

usually contain one or two macrocycles per metal atom [43-45]. The ratio of the starting 

metal to phthalonitrile as well as other reaction conditions are paramount in deciding 

the type and amount of phthalocyanine formed, whether monomeric or oligomeric in a 

particular reaction mixture [22]. According to Sokolova et al. [22], for phthalonitrile: 

metal salt ratio of 6:1, a maximum yield of about 80-90% of the Ln2Pc3 is obtained. 

Kalashnikova et al. [23], used phthalonitrile-metal ratio of 8:1 and obtained the 

monomeric, dimeric, trimeric and even the unsubstituented phthalocyanines. These two 

works jointly suggest that higher oligomeric forms of lanthanide phthalocyanines can 
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be obtained if the initial phthalonitrile content is increased. Conversely then, it might be 

reasonable to suggest that the monomeric lanthanide phthalocyanines will be expected 

to be the major reaction products if the starting phthalonitrile – metal ratio is set to 4:1 

or lower phthalonitrile content, as typical of phthalocyanines in general.  

Apart from the initial phthalonitrile-metal ratio in deciding the type of product for 

lanthanide phthalocyanines, it has also been established that the particular lanthanide 

metal also determines the type of phthalocyanine complex formed, whether monomeric 

or oligomeric. Thus it has been reported [43, 44, 45] that the heaviest lanthanides form 

phthalocyanine complexes with lower phthalocyanine units per lanthanide ion while 

the lighter lanthanides form complexes with higher number of phthalocyanine units 

with lanthanum and neodymium being predominant in this.  

Thus combining the two scenarios; low initial phthalonitrile ratio and the use of the 

heavier lanthanide metal ions, for instance lutetium, could result in the monomer as the 

major product. However, it has been maintained that it is impossible to avoid the 

formation of mixed phthalocyanines [43, 44, 46].  

Nemykin et al. [47, 48] have reported on the synthesis of a series of monomeric 

unsubstituted or tetra-tert-butyl-2,3-substituted lanthanide naphthalocyanines, Table 

1.1. The success of the preparation of monomers as the major products was based on the 

use of dimethylsulfoxide (which stabilizes the monophthalocyanine by coordination) 

and the use of excess of the lanthanide salt. Other reported lanthanide 
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monophthalocyanine are also listed in Table 1.1, [49-52]. It therefore seems that not 

much conscious effort has been made at synthesizing monomers of the lanthanide 

phthalocyanines. They are only reported as by-products during the synthesis of their 

oligomeric counterparts. Substituents such as phenoxy and pyridiloxy on monomeric 

lanthanide phthalocyanines have not been reported though they could enhance the 

solubility of the phthalocyanine. 

Sub Aim of the work: 

 This work therefore, in part, is aimed at synthesizing and characterizing monomeric 

phthalocyanine complexes of the lanthanides (erbium and lutetium) substituted with 

phenoxy, carboxyphenoxy, pyrilidiloxy and amino groups. For dysprosium, a dimer 

was formed. Applications of these monomeric lanthanide phthalocyanines will be 

compared with those of zinc Pc complexes especially the unsubstituted zinc 

phthalocyanine with the view of drawing parallels between metallophthalocyanines of 

the d-block metals and those of the f-block. 
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Table 1.1: Some monomeric lanthanide phthalocyanines reported. 

Lanthanide ion Substituent(s) Axial ligand Ref. 

Lu Tetra-tert-2,3-naphthyl Dipivaloylmethanato 47 

Lu Tetra-tert-2,3-naphthyl Acetylacetate 47 

Lu Tetra-tert-2,3-naphthyl Acetate 47 

Lu Tetra-tert-2,3-naphthyl Chloride 47 

Tm Tetra-tert-2,3-naphthyl Acetate 47 

Er Tetra-tert-2,3-naphthyl Acetate 47 

Ho Tetra-tert-2,3-naphthyl Acetate 47 

Tb Tetra-tert-2,3-naphthyl Acetate 47 

Gd Tetra-tert-2,3-naphthyl Acetate 47 

Eu Tetra-tert-2,3-naphthyl Acetate 47 

Eu Tetra-tert-2,3-naphthyl Chloride 47 

Sm Tetra-tert-2,3-naphthyl Acetate 47 

Nd Tetra-tert-2,3-naphthyl Chloride 47 

Pr Tetra-tert-2,3-naphthyl Acetate 47 

Sm H Fod 48 

Eu H Fod 48 

Gd H Fod 48 
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Lu H Btfa 48 

Lu H Acetate 49 

Nd H Acetate 49 

Er n-Pentoxy/ 

tert-butyl 

Acetylacetate 50 

Eu H Acetylacetate/ 

Oxyquinoline 

51 

Lu HPTCP Acetate 52 

          HPTCP = hexaphenoxycyclotriphophazenyl 

           fod = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyloctane-3,5-dionate 

           btfa = 4,4,4-trifluoro-1-phenylbutane-1,3-dionate 

 

1.1.3. Absorption spectra  

1.1.3.1. Origins of spectra and general spectral properties 

The electronic absorption spectra of phthalocyanine and its metal complexes have been 

studied extensively in the gas phase, in solution and in the solid state [53-56]. Their 

extended π-systems, molecular symmetry and packing in the solid state have made 

them very attractive for theoretical investigations [57-61]. 

The basic model that is widely used to explain the origin of the characteristic bands of 

phthalocyanines is the Gouterman’s four-obital model. The model is based on linear 

combination of atomic orbitals (LCAO) [62]. In this model optical spectra are 

interpreted in terms of electronic transitions between the highest occupied molecular 
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orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO), Fig. 1.2. In 

phthalocyanines, the a2u is much lower in energy than a1u, Fig 1.2, as opposed to 

porphyrins where they are closer together and a2u is above a1u. The degeneracy of the 

LUMOs (eg) is maintained in metallophalocyanines because of their high symmetry, 

D4h. In the case of unmetallated phthalocyaines, D2h, the low symmetry results in a 

breakdown of the degeneracy of the eg orbitals resulting in additional spectral features 

of the phthalocyanine. Thus if the symmetry of a metallophthalocyanine is quite altered 

from the D4h geometry, changes in the optical spectral features will be expected. Large 

metals which do not fit in exactly in the phthalocyanine cavity protrude out and lower 

the symmetry to C4v. For instance zinc metallophthalocyanine is domed shaped [63, 64], 

while those of lead assumes shuttlecock shape [65]. 
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Figure 1.2: Electronic energy orbital diagram showing the origin of the two major      

absorption bands in phthalocyanines and porphyrins. 

In practice, the electronic spectra of phthalocyanines can be categorized into two main 

band regions which arise from the π-π* transitions originating from their delocalized 

18π electron system, Fig. 1.3. The spectra usually consist of an intense band in the near-

IR referred to as the Q band. The band is characterized by high molar absorptivity than 

any other band within the spectrum and it is the one that is responsible for the overall 

color of the phthalocyanine molecule [66, 67]. The Q band originates from transition 

from a1u of the HOMO to the eg of the LUMO. As indicated earlier, for 

metallophthalocyanines with high symmetry, D4h, the Q band is a single band,  

eg eg

b2u b2u
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Fig. 1.3a. 

 

 

Figure 1.3: Ground state electronic absorption spectra of (a) metallated and (b) 

unmetallated phthalocyanines. 

However for the unmetallated phthalocyanine, the lower symmetry, D2h, results in a 

split in the Q-band, Fig. 1.3b. If the symmetry of the metallophthalocyanine is lowered 

by the introduction of large metals, the split in the Q band is also observed.  

The optical spectra of phthalocyanines also contain a second band towards the ultra-

violet portion of the spectrum referred to as the Soret or B band. This band originates 

from a transition from the a2u of the HOMO to the eg of the LUMO with only one band 

expected. However, the Gouterman’s model has been modified to cater for two Soret 

bands B1 and B2. 
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Depending on the solvent in which the spectra are run additional bands; N, L and C 

may be observed.  

Just like any conjugated aromatic π-system, the electronic properties of phthalocyanines 

can be modified by extension of the conjugation through fusion of additional benzene 

rings at the periphery of the macrocycle [68] or construction of conjugated oligomers 

[69]. Most phthalocyanines exhibit the Q band around 680 nm. This band will usually 

shift towards the near IR region up to 1000 nm and beyond on extension of conjugation 

[70]. The exciton interaction in non-conjugated dimers [69, 71-73] and in phthalocyanine 

aggregates [74-76] as well as their solid crystals [77] also induces shifts in the electronic 

absorption bands depending on the arrangement of the macrocycles.   

Also the spectral features of the phthalocyanines could be changed by introducing 

electron withdrawing or donating substituents on the ring as well as changing the 

central coordinating atom.  

1.1.3.2. Spectra of lanthanide phthalocyanines 

In general, the lanthanide bis-phthalocyanines can exist in two forms depending on the 

medium. In a non-basic medium, the dimer contains a radical and is usually referred to 

as ‘the Green form’. By adding alkalis such as potassium hydroxide or sodium 

methoxide, the corresponding reduced form, usually called ‘the Blue form’ is obtained 

[78-81]. 



                                                                                                                                             Introduction 

16 
 
 

  

Figure 1.4: UV-visible spectra of (a) the blue form (b) the green form of lutetium bis-

phthalocyanine in chloroform [82]. 

The absorption spectra of the green form of the lanthanide bis-phthalocyanines which 

usually contain a radical have additional spectral bands compared to the blue 

counterpart, Fig. 1.4 [82]. Apart from the typical Soret (B) and Q-bands found in a 

phthalocyanine, there is usually a medium intensity peak around 500 nm, Fig. 1.4 (b), 

referred to as the radical peak, a weak near-IR peak around 900 nm and a broad 

absorption comprising one or two peaks in the 1100-1800 nm region.  

However the electronic absorption spectra of the monomeric lanthanide 

phthalocyanines have similar features as the normal monomeric phthalocyanine 

absorption spectra. A monomeric unsubstituted lutetium phthalocyanine with an 
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acetate axial ligand has been reported to have a split Q band with maxima as 626 

(intense) and 712 (weak) nm in dichloromethane [49]. 

1.1.4. Photophysical and photochemical processes 

Absorption of light by materials at their molecular level produces physical and chemical 

changes [83]. Photochemistry focuses on the chemistry involved as a material is 

impacted by photons, whereas photophysics deals with physical changes that result 

from the impact of photons. Phthalocyanines are able to absorb visible light of the 

appropriate wavelengths resulting in interesting physical processes such as 

fluorescence [84] as well as being able to effect chemical transformation of compounds 

such as organic substrates [85]. 
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1.1.4.1. Jablonski diagram  

The origin of photophysical processes is illustrated by the Jablonski diagram, Fig. 1.5 

[86-89].  

A F

P IC

IC

VR

ISC

S0

S1

T1
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Energy

 

Figure 1.5: Jablonski diagram displaying transitions of a molecule from its lower 

ground state energy to its higher excited state energy following irradiation with light; 

A = absorption, VR = rotovibrational relaxation, ISC = intersystem crossing, F = 

fluorescence, IC = internal conversion, P = phosphorescence, S0 = singlet ground 

state, S1  = singlet excited state and T1 = first excited triplet excited state, T2 = second 

excited triplet state. 
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The interaction of light with phthalocyanines and the subsequent physical and chemical 

processes have been widely researched particularly because these complexes have very 

high molar absorptivity in the visible region [66, 67]. Phthalocyanines containing large 

diamagnetic metals are known to enhance intersystem crossing of the singlet excited 

state to the triplet state, generating singlet oxygen. Singlet oxygen is implicated in 

several photochemical processes such as photodynamic therapy [90] and has also been 

applied in the photochemical transformation of various analytes [85, 91]. Lanthanide 

phthalocyanines contain large metals and are expected to show interesting 

photophysical and photochemical properties.   

Sub aim:  

Lanthanide phthalocyanines are to be embedded in electrospun polymer fibers and 

used for the detection and phototransformation of environmental pollutants.  

1.1.4.2. Equations usually employed for triplet state studies: triplet quantum yield 

(ΦT) and triplet lifetime(T) 

The triplet quantum yield of a photosensitizer refers to the fraction of the excited singlet 

state molecules that can undergo intersystem crossing to the triplet state. 

Experimentally, the triplet state parameters (ΦT, T) of phthalocyanines are determined 

using laser flash photolysis. This involves rapid introduction of pulse of laser light into 

a sample solution of the phthalocyanine. A time-resolved absorption signal is obtained 

if the triplet state of the phthalocyanine is populated. The signal originates from a 
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transition from T1 to T2 or higher states, Fig. 1.5, and information on ΦT and T may be 

obtained.  

The triplet quantum yield of a phthalocyanine may be determined by a comparative 

method, Equation 1.1, using a standard. Most often for phthalocyanines, the standard is 

unsubstituted zinc phthalocyanine. 

T
T





 A
AΦ Std

T

Std
TTStd

T





                 (1.1) 

where TA  and Std
TA 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 coefficients 

for the sample and the standard, respectively. ΦT
std  is the triplet quantum yield of the 

standard in the particular solvent. 

The molar extinction coefficient of the triplet state, εT is determined from Equation 1.2 

[92]: 

𝜀𝑇  = 𝜀𝑠  
𝛥𝐴𝑇

𝛥𝐴𝑠
                                                                                                 (1.2) 

where TA  and ∆As are the changes in the triplet state and singlet state absorptions 

respectively. εs is the singlet state molar extinction coefficient. 
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1.1.4.3. Fluorescence quantum yield (ΦF) and fluorescence lifetime (F) 

Fluorescence quantum yields (ФF) of the phthalocyanines may be determined by the 

comparative method [93], Equation 1.3:  

2
StdStd

2
StdStd

FF nA  F
n A F



                            (1.3) 

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

standard, respectively. A and StdA  are the respective absorbances of the sample and 

standard at the excitation wavelength. Unsubstituted zinc phthalocyanine is usually 

employed as the standard.  

For the lanthanide phthalocyanines especially those containing lutetium which is a 

large diamagnetic metal, intersystem crossing to the triplet states of the MPcs is 

expected. Correspondingly low fluorescence and high triplet quantum yields are 

expected. Dysprosium and erbium phthalocyanines are expected to have their triplet 

states being populated but with a very short lifetimes because of their paramagnetic 

nature.  

Fluorescence lifetimes are usually of the order of nanoseconds (10-9 s). Several 

techniques are available for the determination of fluorescence lifetimes [94-96]. In this 

work however, time–correlated single photon counting technique (TCSPC) is used [97, 

98]. 
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1.1.4.4. Singlet oxygen quantum yield (Φ∆)  

Singlet oxygen (O2(1Δg)) is known to play a key role in many photo-induced oxidative 

processes in biological as well as in chemical systems. Singlet oxygen is believed to be 

the initial agent in the photodynamic therapy of cancer (PDT) [90, 99-102] and it 

participates in many photochemical processes such as photo-oxidation of sulfides [103], 

thiols [104], phenols [105] and other organic compounds [106-108]. Singlet oxygen is 

generated by energy transfer from the triplet excited state of the phthalocyanine (a 

photosensitizer) to ground state triplet oxygen O2 (3Σg-). Singlet oxygen lies 0.98 eV in 

energy above the corresponding triplet ground state, thus the energy difference 

between T1 and S0 of the phthalocyanine should be above this value to enable the 

generation of singlet oxygen. The T1→S0 energy gap of most phthalocyanine complexes 

containing diamagnetic metals is above 0.98 eV and thus they are capable of generating 

singlet oxygen [109]. For applications of the phthalocyanine in any phototransformation 

reaction, it is important to determine singlet oxygen quantum yield (ΦΔ), which is a 

measure of the efficiency of singlet oxygen generation of the phthalocyanine within the 

applied environment.  

Experimentally, singlet oxygen quantum yields of phthalocyanines can be determined 

using optical or chemical methods. 

The optical method involves the time-resolved phosphorescence decay of singlet 

oxygen at 1270 nm [110]. The dynamic course of O2(1Δg) concentration [O2(1Δg)] can be 



                                                                                                                                             Introduction 

23 
 
 

clearly monitored and recorded, following Equation 1.4 as theoretically described in 

literature [111].    

    ][)( // DT tt

DT

D eeBtI 



 



                                        (1.4) 

where, I(t) is the phosphorescence intensity of O2(1Δg) at time t, D is the lifetime of 

O2(1Δg) phosphorescence decay, T is the triplet state lifetime of standard or sample and 

B is a coefficient involved in sensitizer concentration and singlet oxygen quantum yield. 

The singlet oxygen quantum yield, ΦΔ, of the phthalocyanine is then determined by a 

comparative method using Equation 1.5: 

 

AB
ABΦΦ Std

Std
Std
ΔΔ




         (1.5) 

where Std
ΔΦ  is the singlet oxygen quantum yield for the standard usually unsubstituted 

zinc phthalocyanine. B and BStd refer to coefficient for the sample and standard 

respectively and; A and AStd to the absorbances of the sample and standard respectively 

at the excitation wavelength.   

The chemical method requires a suitable singlet oxygen sensitive compound (quencher) 

that can react quickly with the singlet oxygen in a 1:1 ratio without side reactions. It is 

expected that the decomposition product of the quencher should neither react with the 

singlet oxygen nor interfere with the monitoring process. The chemical method does not 

require extensive and expensive instrumentation. The experiment is usually carried out 

by irradiating a sample solution containing the phthalocyanine, oxygen and the 
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quencher. The degradation of the quencher is usually monitored spectrocoscopically 

[112, 113]. The most common chemical quencher in organic solvents is 1,3-

diphenylisobenzofuran (DPBF). However, other furans as well as derivatives of 

anthracene, guanine and bilirubin have been used [112, 114, 115]. In water, the 

commonly used chemical quencher is anthracene-9,10-bis-methylmalonate (ADMA). 

The singlet oxygen quantum yield of the phthalocyanine can be determined using a 

comparative method based on Equation 1.6. Unsubstituted zinc phthalocyanine is often 

used as standard. 

                          

(1.6) 

 

where 
std
ΔΦ

 
is the singlet oxygen quantum yield for the standard, Rsample  and R

Std 
are 

the photobleaching rates of the quencher in the presence of sample  and standard 

respectively, while 𝐼𝑆𝑎𝑚𝑝𝑙𝑒
 
and 𝐼𝑠𝑡𝑑  

 
are the respective rates of light absorption by 

sample and standard. 

Alternatively, an absolute methods based on Equation 1.7 can be used.  

𝛷𝑞𝑢𝑒𝑛𝑐 ℎ𝑒𝑟 =  
(𝐶0−𝐶𝑡)𝑉𝑅

𝐼𝑎𝑏𝑠 .𝑡
                                                      (1.7) 

where C0 and Ct are the concentrations of the chemical quencher prior to and after 

irradiation, respectively; VR is the solution volume; t is the irradiation time per cycle 

and 𝐼𝑎𝑏𝑠  is defined by Equation 1.8: 

Samplestd

stdSample
std
ΔΔ IR

IRΦΦ




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A

abs N
α.A.I  I        (1.8) 

where α = 1 – 10-A() , A() 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.  The singlet oxygen quantum yields  can 

then be calculated using equation 1.9 [116].  

1

𝛷𝑞𝑢𝑒𝑛𝑐 ℎ𝑒𝑟
 = 

1

ΦΔ
 + 

1

ΦΔ
.
𝑘𝑑

𝑘𝑎
.

1

[𝑞𝑢𝑒𝑛𝑐 ℎ𝑒𝑟 ]
                                                 (1.9) 

where kd is the decay constant of singlet oxygen in respective solvent and ka is the rate 

constant of the reaction of the quencher with O2(1g). The intercept obtained from the 

plot of 1/ Φquencher versus 1/[quencher] gives 1/.  

1.1.4.5. Photobleaching quantum yield (Φp)  

The stability of a phthalocyanine is of paramount importance for any application 

involving the generation of the singlet oxygen. While generation of singlet oxygen by 

phthalocyanine is essential in its applications in PDT and photoconversions of both 

organic as well as inorganic substrates, singlet oxygen has the tendency of oxidizing the 

phthalocyanine itself. This leads to decomposition of the phthalocyanine to low 

molecular weight compounds such as phthalimide and the efficiency of singlet oxygen 

production is reduced. This process is referred to as photobleaching.  
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Photobleaching quantum yield (Φp) refers to the fraction of phthalocyanines molecules 

decomposed per quanta of light absorbed. 

The determination of the photobleaching quantum yield of a phthalocyanine is done by 

monitoring the intensity of its Q-band absorption upon irradiation. The quantum yield 

(Φp) is calculated from Equation 1.7, where the change in the concentration of the 

phthalocyanine replaces that of the quencher. 

The phthalocyanine complexes of the f-block metals are expected to show interesting 

photophysical and photochemical properties. Apart from lanthanum and lutetium, the 

rest of the lanthanides are paramagnetic in all their normal oxidation states. La(III) and 

Lu(III)  are diamagnetic and because of their large size, their phthalocyanine complexes 

are expected to show enhanced singlet oxygen production since their excited singlet 

state can easily undergo intersystem crossing to the triplet state due to the heavy atom 

effect [117]. This will result in corresponding low fluorescence quantum yields. For the 

phthalocyanine complexes of the other lanthanides, singlet oxygen production is not 

expected due to very short triplet lifetimes (T). Table 1.2 shows the spectral, 

photophysical and photochemical properties of some lanthanide phthalocyanines. As 

can be seen on Table 1.2, the studies of the photophysical and photochemical properties 

of lanthanide phthalocyanines are limited and hence are part of the aims of this thesis. 
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Table 1.2: Spectral, photophysical and photochemical properties of some lanthanide 

phthalocyanines.  

MPc Type λabsQ-
band/nm 

λem/nm ΦF 

(τF/ns) 
ΦT 
(τT) 

ΦΔ Ref 

[(acac)Er{Pc(β-
OC5H11)4}] 

monomer 675 700-710 -- -- -- 50 

[(acac)Er{Pc(β-
C4H9)4}] 

monomer 670 700-710 -- -- -- 50 

Er{ Pc(β-
OC5H11)4}2 

Dimer 678 700-710 -- -- -- 50 

Er{Pc(β-C4H9)4}2 Dimer 675 700-710 -- -- -- 50 

Eu(acac)Pc monomer 670 697 -- -- -- 51 

Eu(q)Pc monomer 679 696    51 

[(Ac)Lu{Pc(β-
HPTCP)4}] 

monomer 680 690 0.01(0.07) -- 0.66 52 

Lu{Pc(HPCP)4}2 Dimer 665 703 0.03(0.03) -- 0.10 52 

         HPTCP = hexaphenoxycyclotriphophazenyl, q = quinolinato, acac = ethylacetate 

Most applications of phthalocyanines such as photodynamic therapy [90] and 

homogeneous catalysis [85] usually occur in solution. However, some applications of 

phthalocyanines are preferable in their solid state as in read-write compact disc [118] or 

when the phthalocyanine is incorporated into solid support systems. Such support 

systems offer comparably better advantages such as ease of recovery of the 

phthalocyanine during photocatalysis. In this work, lutetium and zinc phthalocyanines 

(the later for comparison) are supported on electrospun polymer fibers and applied for 

the detection and/or phototransformation of environmental analytes. 
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1.2. Phthalocyanines on polymer support systems 

1.2.1. General 

The evolution of polymer composite technology is opening up prospects for creating 

materials made from synthetic phthalocyanines which are supported on a polymer 

matrix [119-121]. Attaching the phthalocyanine in a polymer support offers many 

advantages which do not exist when unattached phthalocyanines are used. They 

include cooperative reactions in polymer chains, separation of active sites, the 

possibility of specific binding of different substrates on active sites, increasing the 

stability of the tetrapyrole component and decrease in its toxicity with respect to 

biological media [121, 122]. Phthalocyanines-containing polymers are obtained by 

covalent, ionic or coordinate binding of the Pc with the polymer. Two groups of 

modified polymer matrices containing physically attached and chemically bound 

phthalocyanines can therefore be distinguished [123]. Systems in which the 

phthalocyanine is primarily bound to the support by sorption forces constitute the 

group of physically supported phthalocyanines. Phthalocyanines can also be 

incorporated inside the polymer matrix during synthesis of the polymer or formation of 

thin films, fibers and composites [124].  

Natural and synthetic macromolecular substances of different structures are used as 

polymer supports. Polysaccharides and proteins are most often used among the 

biopolymers. Synthetic polymeric materials are however more convenient supports 

since their properties, composition and structure can be purposefully altered with 
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respect to subsequent binding to phthalocyanines. Of the synthetic polymer supports, 

polyethelene glycol, polyesters, polyacrylates, acrylate copolymers among others are 

commonly used [125-129]. 

Various applications of these phthalocyanine bound polymers have been reported. 

These include the use of metallophthalocyanine containing chlorine or phosphorus 

bound to polymers as fireproofing materials [130, 131]. Phthalocyanine containing 

polymer materials have also been applied in biological systems and medicine [119, 132]. 

Another application of phthalocyanine containing polymers is in optics and electronics 

[133, 134].  

The use of phthalocyanine-containing polymers in solving environmental problems is 

an ongoing exciting challenge. As functional molecules in chemical sensors, 

phthalocyanines when incorporated on polymer supports can be used in the detection 

of toxic gases such as nitrogen oxides, carbon monoxide and sulfur oxides as well as 

hydrazine, phosphine, methane and other gases [135]. It has been reported that cobalt 

(II) and copper(II)  bis-(3,4-dicarboxybenzoyl)phthalocyanines, covalently bound to 

linear polystyrene showed high sensitivity to nitrogen dioxide gas as well as 

responding to chloroform and perchloroethylene [136]. Also cobalt(II) 

tetracarboxyphthalocyanine, covalently bound to polyvinylamine has been shown to 

have high stability and exhibits catalytic activity in the oxidation of mercaptoethanol 

[137]. In another report [138], iron(III) phthalocyanine complex covalently bound to 

copolymer consisting of N-acrylo-β-alanine(aminoethylene)amide, N-



                                                                                                                                             Introduction 

30 
 
 

acryloylpyrrolidone and N,N-bis-(methacyloyl)-1,2-diaminoethane has been shown to 

be catalytically active towards the oxidation of 2,4,6-trichlorophenol and 3,5-di-tert-

butylcatenol. 

In particular, Amanbaeva [137], suggested that if the phthalocyanine-containing 

polymer is made porous, it could be used as a catalyst in the treatment of industrial 

petroleum products and wastewater to remove sulfur. Such porosity of the 

functionalized polymer could be achieved by electrospinning the polymer into fibers as 

is the case in this work. Thus this work focuses on the use of electrospun polymer fibers 

from polyacrylic acid, polystyrene, polysulfone and polyurethane, functionalized with 

metallophthalocyanines for photocatalytic conversions. This is due to the fact that 

electrospun polymer fibers are characterized by large surface area to volume ratio and 

high porosity that can allow effective interaction between the embedded 

phthalocyanine molecules and light or with reactant species such as gas molecules. 

  

1.2.2. Electrospun polymer fibers 

1.2.2.1. Basics of electrospinning 

Among the techniques used to form polymeric fibers, such as drawing, template 

synthesis, phase separation and self-assembly, electrospinning is  quite a promising 

technique in forming fibers, in the sense that it is simple, convenient, reproducible 

process and generally versatile technique for generating fibers with diameters that 

range from several micrometers to tens of nanometers [139, 140]. By changing the 
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process parameters, such as solution concentration and molecular weight of the 

polymer [141], fibers of different diameters can be prepared to meet the requirements of 

various applications. 

In the process of electrospinning, fibers are generated through an electrically charged jet 

of polymer solution. The fundamental principle of electrospinning is similar to 

electrospraying. 

The principal variables that govern the quality of polymer fibers or determine whether 

electrospinning will occur at all are the average molecular weight of the polymer, the 

nature of the solvent, and the magnitude of the electric field used to induce the 

electrospinning process. Usually, for the process to be feasible, a polymer of adequate 

average molecular weight should be dissolved in a solvent having suitable 

conductivity, surface tension, and vapor pressure. The concentration of the polymer 

solution should be moderately high to facilitate its flow during the electrospinning 

process.  

Experimentally, the apparatus for electrospinning consist of three basic components, 

Fig. 1.6 as described by Carlberg B. et al. [142]: 

(a) A container, usually a syringe for the polymer solution 

(b) A high voltage source  

(c) Conductive collector plate where the fiber mat is deposited. 
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Figure 1.6: Schematic diagram of an electrospinning setup [142]. 

The process begins with polymer solution being gradually pumped out of the syringe 

through the needle to form a drop of solution at the tip of the needle. The drop is 

charged by applying a high voltage on the needle. When the applied voltage is 

gradually increased, the Coulombic forces will counteract the surface tension that tends 

to hold the drop in a spherical shape thus distorting it into the so-called Taylor cone. 

When the electric field surpasses a certain threshold value, a charged fluid jet is ejected 

from the tip of the Taylor cone in the form of fiber toward the collector plate and is 

collected as unwoven fiber mat. 
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1.2.2.2. Factors affecting the morphology of electrospun polymer fibers 

It has been reported that the morphology of the electrospun fibers is influenced by a 

large number of different parameters. However these parameters can be broadly 

classified into three main categories: solution properties, processing conditions and 

ambient conditions [143]. 

The concentration of the polymer solution should allow adequate chain entanglement, 

continuous and uniform electrospun fibers under the applied electric field. The 

concentration of polymer in solution often determines whether it can be electrospun at 

all and generally has a dominant effect on the fiber diameter, as well as fiber 

morphology [144]. High concentrations generally yield fibers of large average diameters 

but the quantitative relationship between the concentrations of the solution and the 

average fiber diameters appears to be variable depending on the polymer used. At 

extremely low polymer concentrations, fibers do not usually form and the solution 

simply sputters.  

Environmental factors such as humidity and temperature affect the quality of the fibers 

formed. The rate of drying of the polymer jet is determined by the surrounding 

conditions and will determine whether the fibers will be fused or not in the fiber mat.   

The process parameters include tip to collector distance, flow or pump rate and the 

voltage applied. All these affect the quality of the fibers obtained differently. A good 

blend of all these factors usually leads to fibers for the desired application.  
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1.2.2.3. Characterization of electrospun polymer fibers 

In principle there are a large number of different characterization techniques that can be 

used for electrospun fibers. However, four common characterization methods for fiber 

mats that are relevant to this work will be discussed, although only microscopic and X-

Ray diffraction techniques were used. 

(a) Mat porosity and pore size distribution 

The interstitial porosity of an electrospun fiber mat is referred to as the fractional void 

space contained within it. It is the pore size distribution and is three-dimensional 

geometry that determines the key properties such as filtration or permeability to gases 

of the fiber mats. Various techniques are available for the determination of the porosity 

of fiber mats. These include Brunauer, Emmett and Teller (BET) surface area, Mercury 

Intrusion Porosimetry, Liquid Extrusion Porosimetry and Capillary Flow Porosimetry. 

(b) Diameters and pore size 

Microscopic imaging is routinely used in the initial characterization of electrospun fiber 

mats. Although optical microscopy has sometimes been used to assess fiber diameter 

distributions in electrospun fiber mats, it is electron microscopy that is extensively used 

for the purpose. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

techniques are both particularly useful in understanding and quantifying fiber 

morphology. Both techniques essentially yield two-dimensional representations of 

electrospun fibers and pores. Only the surface of the fiber can be observed in an image 
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of the mat. Fig. 1.7 shows a SEM image of electrospun fiber mat of poly(methyl 

methacrylate) (PMMA) [145]. 

       

 

Figure 1.7: Scanning electron microscopy (SEM) image of electrospun PMMA fiber 

mat [145]. 
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The periodic variation of morphological features on the surface of the fiber as well as 

occurrence of beads is an important feature of fibers that is usually characterized. 

Atomic Force Microscopy (AFM) has been used extensively for this. Various authors 

have reported AFM images of fibers of different polymers. Demir et al. [146] have 

reported the AFM image of electrospun fibers of polyurethane, while Morozov et al. 

[147] have studied the occurrence of beads in electrospun fibers of poly(ethylene 

dioxide) using the same technique. 

(c) Mechanical properties of fiber mat (Modulus, Tensile strength and Elongation) 

The techniques available to measure the mechanical properties of films and textile 

materials in most instances can be applied with some modification to electrospun fiber 

mats. The most common of such technique is tensile property measurement using the 

same general experimental technique used for film or woven textile samples. 

Electrospun polymer fiber mats usually contain randomly aligned single fibers. Various 

authours have described cutting them into some shapes (rectangular or bumbbell-

shape) [148, 149] and using a universal testing machine to obtain the tensile properties.   

Wang et al. [150] for instance, successfully measured the mechanical properties of 100 

mm thick poly(vinyl alcohol) (PVA) electrospun fiber mats. This is feasible with the 

thicker electrospun fiber mat samples. 

Factors unrelated to the chemical nature of the polymer used in electrospinning affect 

the tensile properties of the fiber mats. Electrospun fibers of the same polymer obtained 

from different solvents often display very different mechanical properties. This is due to 
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the morphology of the electrospun fibers being affected by the different rates of 

evaporation of solvent and consequently different kinetics of development of the 

relevant phase morphologies, giving rise to different degrees of fusion of the individual 

fibers, existence of imperfections and branching of fibers. 

(d) Crystallinity of electrospun fibers 

The crystallinity or the molecular orientation within electrospun fibers is usually 

determined using differential scanning calorimetric (DSC) technique [151, 152]. It is a 

comparative method in which differences in the thermal capacity of metal sample pan 

containing the electrospun fiber and reference metal pan without any sample is used to 

generate a DSC curve. The sample pan containing the electrospun fiber is expected to 

have higher thermal capacity than the reference pan. Thus more thermal energy is 

required to raise the temperature of the sample by the same amount as for the reference. 

In the DSC measurement, this is translated into differences in electric power required 

which is then monitored as a function of temperature to yield the thermal data on the 

electrospun fiber.  

Events such as first and second-order transitions, chemical reactions, or solvent 

evaporation can generally be readily observed as distinctive patterns in DSC curve. 

With electrospun fiber samples, the significant thermal event anticipated is the melting 

of the crystalline fraction, an endothermic process. Loss of residual solvent from the 

electrospun fiber mat may also take place and will constitute an endothermic event. 

These thermal data are particularly useful for the polymer fiber containing a functional 
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molecule such as phthalocyanines [130, 131]. X-ray diffraction technique (XRD) can also 

be used to give a fair idea of the crystalline nature of the fiber, though information on 

phase transitions and the lost of residual solvent cannot be obtained as with DSC 

technique.  

Functionalization of electrospun fibers through the integration of functional molecules 

into polymer fiber core, are often desirable in fields such as biosensor technology, tissue 

engineering, drug delivery, heterogeneous catalysis and nanoelectronics. Incorporation 

of phthalocyanines into electrospun polymer fibers has been reported with the 

properties of the phthalocyanine still maintained within the fiber matrix [153-157]. Such 

functionalized electrospun polymer fibers are promising fabric materials for various 

applications. Table 1.3 shows some typical applications of phthalocyanine 

functionalized electrospun fibers. 
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Table 1.3: Electrospun fibers functionalized with phthalocyanines and their  

applications. 

Phthalocyanine Polymer Application Ref. 

Copper(II) tetraamino-

Phthalocyanine 

Poly(ethylene oxide) for optoelectronic 

devices (expected) 

153 

Zinc phthalocyanine Polyurethane Antibacterial activity, 

photooxidation of 

iodide   

154 

Cobalt tetraamino-

phthalocyanine 

Cellulose fiber Photoconversion of 

Reactive Red X-3B 

155 

Iron tetranitro-

phthalocyanine 

TiO2/ 

Poly(vinylpyrrolidone) 

Photoconversion of 

methyl orange 

156 

HOAlPc(SO3H)4 

ZnPc(OC2H4N+CH3)4 

 

Polyurethane Gram-positive 

bacteria 

157 

 

Sub Aim: 

As Table 1.3 shows, electrospun polymer fibers incorporating lanthanide 

phthalocyanines have not been reported, hence the aims of this thesis. 
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1.3. Phthalocyanines as photocatalysts and gas sensors. 

There has been growing interest in the use of dyes such as phthalocyanines in 

photosensitized catalytic applications for some industrial by-products [85] and 

environmental pollutants [158]. This is due in part to the fact that currently, emphasis is 

being placed on advanced oxidation processes (AOPs) [159] for environmental 

remediation and in particular for water treatment. Photochemical oxidation using 

molecular oxygen is one of the most important methodologies, since it does not liberate 

any additional pollutants. Singlet oxygen is a particularly good candidate for these 

applications. It is a very reactive species, as can be seen from its applications in areas 

such as photodynamic therapy [90]. As already stated, phthalocyanines have been 

shown to be highly effective photosensitizers capable of producing singlet oxygen with 

high quantum yields [160]. Phthalocyanines are particularly very promising sensitizers 

since their maximum light absorption occurs in the visible portion of the 

electromagnetic spectrum, which constitutes a larger portion of the spectrum and thus 

more available than the ultra-violet portion required by other sensitizers [161, 162]. 

Two mechanisms of the photocatalytic behavior of phthalocyanines are described: Type 

I mechanism, also referred to as free radical mechanism and Type II, which involves the 

generation of singlet oxygen [163-166]. In both cases the reaction is principally initiated 

by the triplet excited state of the phthalocyanine. 
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In Type I, Scheme 1.3, the triplet state of the phthalocyanine (3Pc*) transfers an electron 

to ground state molecular oxygen resulting in the formation of radicals (Pc.+ and 3O2.-). 

In a series of subsequent intermediate reactions (Scheme 1.3), the oxygen radical is 

transformed into hydroxyl radicals, hydroxide ions and other reactive species. All these 

reactive species are then able to effect the phototransformation of the substrate. 

 

Scheme 1.3: Type I reaction mechanism by free radical production. 
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In Type II mechanism, Scheme 1.4, singlet oxygen is generated from the ground state 

molecular oxygen by energy transfer from the triplet excited stated of the 

phthalocyanine. It is the singlet oxygen that is responsible for the transformation of the 

analyte. 

 

Scheme 1.4: Type II reaction mechanism by singlet oxygen generation. 

In order to facilitate recovery of the phthalocyanine from the sample matrix during 

photocatalysis, various solid support systems have been used to anchor the 

phthalocyanine, Table 1.4. As indicated in the table, such support systems have been 

applied in the photoconversion of various analytes such as phenols and dyes using 

phthalocyanines [167-175], but not electrospun fibers.  
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Table 1.4: Phthalocyanines on various supports and analytes photocatalyzed. 

Complex Support Species photocatalyzed Ref. 

CoPcs MCM-41 

(Mesoporous 

molecular sieve) 

2,4-DCP 167 

ZnPcs, AlPcs, 

GePcs, SiPcs, 

SnPcs 

Amberlite 4-CP, 2,4-DCP, 2,4,6-TCP, 

PCP 

168 

ZnPc Polydivinylbenzene 2,4-DCP 169 

H2Pc Al2O3/TiO2 Sulfite ion 170 

FePc Silica/Zeolite Y Phenol 

sulfur heterocycles 

158 

NiPc, CoPc, 

FePc, TiPc, 

CuPc, SiPc, 

ZnPc, AlPc  

Al2O3 Peroxo- substances 171 

MnPcs TiO2@SiO2 Rhodamine B                     o-

phenyldiammine 

172 

HoPc2 TiO2 (Nano- 

microcrystalline)  

4-NP 173 
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CoPc TiO2 

WO2 

Sulphite ion 

Thiosulphite ion 

174 

Ln(TSPc)2 

Ln = Sm, Eu, 

Dy, Ho 

SiO2 gel Promising photocatalyst 175 

TSPc = tetrasulphonated phthalocyanine  DCP = 2,4-dichlorophenol                              

TCP =2,4,6-trichlorophenol PCP = pentachlorophenol  

Although electrospun polymer fibers are promising support systems for 

phthalocyanines they have not been used for phototransformation of phenols [154-156]. 

Moreover, to the best of the candidate’s knowledge, lanthanide phthalocyanines have 

not been functionalized on polymer fibers for catalytic application though the use of 

lanthanide phthalocyanine as catalyst in solution has been reported [28]. Due to the 

large size of the central metal, the corresponding phthalocyanines are expected to be 

efficient photocatalysts. This work reports for the first time, the use of lanthanide 

phthalocyanines on electrospun polymer fibers for the phototransformation of 

pollutants. Lutetium phthalocyanines are either mixed with polymers or covalently 

linked to them. ZnPc derivatives are used for comparison.  

The structures of all phthalocyanines used in this work are shown Fig. 1.8 and those of 

the polymers are in Fig. 1.9. 
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Figure 1.8: Structures of all the phthalocyanines in this work. Substituents are shown 

in Table 1.5. 
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Table 1.5: Key to structures in Figure 1.8 (b). 

Abbreviation of 
complex 

R =  Position Axial 
ligand 

Complex 
number 

AcLuTPPc α 

O
 

 Acetate 14 

DyPc2 

O
 

 ----- 15 

H2TPPc α 

O
 

 ----- 16 

ClErTPPc α 

O
 

 Chloride 17 

AcLuTPPcβ 

O
 

 Acetate 18a 

AcLuTCPPcβ 

O COOH
 

 Acetate 18b 

AcLuTPyPcβ 

N
O

 

 Acetate 18c 

AcLuTmPyPcβ 

N
CH3

+
O

 

 Acetate 19 
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AcLuTNPcβ NO2  Acetate 20 

AcLuTAPcβ NH2  Acetate 21 

ZnTAPcβ NH2  -- 22 

ZnTPyPcβ 

N

O

 

 -- 23 

ZnTmPyPcβ 

N

O

CH3

+

 

 -- 24 

 

TCP = tetracarboxyphenoxy, TN = Tetranitro, TP = tetraphenoxy, TA 

= tetraamino, TPy = tetrapyridiloxy and          TmPy = tetra-N-

methylpyridiloxy, α = non-peripheral β = peripheral positions 
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Figure 1.9: Structure of all polymers used in this work.  

Polystyrene (PS) and polysulfone (PSU) polymers were chosen for this work because of 

their extensive aromatic systems. This will allow for π-π electronic interaction between 

the aromatic systems of the phthalocyanine and the polymers, hence preventing 

leaching of the former from the latter during application. The carboxylic acid functional 

group of polyacryclic acid allows a covalent amide bond formation with lutetium and 
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zinc tetraaminophthalocyanines (21, 22), while the choice of polyurethane is governed 

by the presence of secondary amine groups that can also form an amide bond with the 

carboxylic acid functional groups of lutetium tetracarboxyphenoxy phthalocyanines 

(18b). Phenoxy substituent was used to enhance solubility of the Pcs for easier solvent 

compartibility with the polymer required for formation of the functionalized 

electrospun fibers. 

Some of the phthalocyanine functionalized electrospun polymer fibers discussed above 

will also be used for gas sensing. Detection of toxic and flammable gases is a subject of 

growing importance in both domestic and industrial environments. For local 

monitoring, devices that are smaller, cheaper and more sensitive than analytical 

instruments are currently being used for atmospheric measurements. The well known 

gas sensors are semiconducting metal oxide sensors made of ZnO, SnO2 and WO3 [176] 

which respond based on changes in conductivity. However these sensors are highly 

energy consuming, sensitive to humidity and therefore not attractive as gas or fire 

detectors. Alternatively phthalocyanines have been used in gas sensing as indicated in 

Table 1.6. 
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Table 1.6: Phthalocyanines on various supports and gas sensed. 

Phthalocyanine Support system Gas  Ref 

CoPc Polystyrene 

polymer 

NO2, CHCl3, 

perchloroethylene 

[135] 

CuPc Thin film NO2 [177] 

Crown ether 

substituted H2Pc 

Thin film NO2 [178] 

PbPc Thin film NO2 [179] 

PbPc Thin film Cl2 [180] 

Tetrasulphonated 

CuPc 

Thin film NO2, N2O4 [181] 

(NR3)2FePc Nanostructure 

matrix 

NO2 [182] 

 

As indicated in Table 1.6, the application of phthalocyanines in gas sensing has been 

limited to the use of thin films employing the semiconductor properties of the 

phthalocyanine [177-181]. Few cases involving the use of the optical properties of the 

phthalocyanine are reported [182].  

This work reports for the first time the use of phthalocyanines on electrospun fibers for 

qualitative optical detection of nitrogen dioxide gas (NO2(g)). 
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1.4. Background on environmental pollutants studied in this work 

Nitrogen dioxide, chlorophenols and azo dyes are used as examples for the application 

of phthalocyanines incorporated in electrospun fibers. They represent air and water 

pollutants which are commonly encountered. 

1.4.1. Oxides of nitrogen (nitroxides) 

Nitrogen oxides (NOx) are among the most toxic gaseous pollutants and are major 

components of outdoor air pollutants which directly affect humans [183]. Nitrogen 

oxides play an important role in the generation of photochemical smog and 

photochemical oxidants such as ozone and peroxyacetyl nitrate [184]. In particular, the 

concentration of NO2(g) has been found to increase spontaneously on the onset of fire 

and this is independent of the material involved in the burning [185]. Therefore, NO2 in 

the gas phase is an early indicator of heat developed. Various methods have been 

reported for the detection of nitrogen dioxide including the use of organometallic 

compounds [186]. Phthalocyanines containing metal ions such as Fe(II) or Fe(III) can 

bind gaseous ligands such as NO2 and hence can be used as gas sensors [187].  

The general low solubility of phthalocyanines in common solvents make it imperative 

for the use of appropriate solid support systems in which the phthalocyanine is quite 

dispersed. Thus in order to develop sensors based on phthalocyanines for the detection 

of NO2(g), the following gas permeable supports among others have been suggested: tin 

modified mesoporous silica [188], tin dioxide (SnO2) [189], gas-permeable liquid core 

waveguides [190] and porous silicon [191].  
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However, the use of phthalocyanines anchored on electrospun polymer fibers for the 

detection of gases particularly nitrogen dioxide has not been explored though there are 

numerous advantages associated with their use. Electrospun fibers are generally very 

porous that will allow permeation of gas molecules. Thus in this work lutetium and 

zinc phthalocyanines functionalized on various electrospun polymer fibers are applied 

for the detection of NO2 gas. 

1.4.2. Phenols 

Phenols and phenolic compounds are ubiquitous pollutants which are introduced into 

the natural water resources from the effluents of a variety of chemical industries such as 

phenol manufacturing, pharmaceuticals, paint, dyeing, textile, wood, petrochemical 

and pulp mills [192-194]. As a result, aquatic organisms including fish are subjected to 

these pollutants [195]. Phenol and its derivatives are capable of inducing genotoxic, 

carcinogenic, immunotoxic, and physiological effects [196, 197] and have a high 

bioaccumulation rate along the food chain due to their lipophilicity. Thus phenol 

pollution represents a threat against natural environment and also to human health 

[198].  

Increasing research activities have been devoted to development of various treatment 

methods for removing or destroying phenolic compounds including biodegradable 

processes [199-201], photocatalytic oxidation [84, 202], electrochemical oxidation [203, 

204] and adsorption [205, 206] among others. Photocatalytic oxidation of phenolic 

compounds using semiconductors such as TiO2 [207, 208] or photo-assisted Fenton 
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reaction [209] have been reported and are receiving attention because of the potential 

use of sunlight. However these two photocatalytic methods require high energy which 

is in the less available ultra-violet portion of the electromagnetic radiation. Removal of 

these phenolic compounds using environmentally friendly processes involving 

hydrogen peroxide or molecular oxygen as oxidant and water as solvent has been 

encouraged. The use of phthalocyanines in activating the oxygen for such 

photocatalytic processes is gaining ground because phthalocyanines absorb in the much 

more abundant visible portion of the electromagnetic spectrum. Aluminum and zinc 

phthalocyanines have been reported to catalyze such photocatalytic conversions [210-

212]. However, very few cases involving the use of lanthanide phthalocyanines as 

catalyst have been reported [28]. Thus this work also reports of the use of lanthanide 

phthalocyanines anchored on electrospun polymer fibers in the photocatalytic oxidation 

of phenolic compounds. The use of phthalocyanines on electrospun polymer fibers is 

reported for the first time for phenolic transformation. 

1.4.3. Azo dyes 

Different types of dyes are used in industries such as textiles, paint, ink, plastics and 

cosmetics. However about a half of the total global production are classified as azo 

compounds that have characteristic –N=N- as a chromophore in their molecular 

structure. The azo bond determines the colour of the dye and is the most reactive 

usually undergoing oxidation leading to a fading of the color of its solution [213]. 

Complete degradation of azo dye is difficult due to their complex structure [214]. Apart 
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from given aesthetic problems, azo dyes are reported to show biotoxicity as well as 

possible mutagenic and carcinogenic effects [215]. Azo dyes are resistant to aerobic 

bacterial degradation [216]. On the other hand, anaerobic bacteria reduce the azo 

linkage to produce potentially carcinogenic aromatic amines [217].  

Various chemical and physical processes such as chemical precipitation, coagulation 

and electrocoagulation [218] as well as adsorption on activated charcoal have been 

applied in the removal of azo dyes from the environment. However, these methods are 

not destructive but only transfer the dye from one phase to another requiring yet a 

different kind of treatment [219, 220]. In recent years an alternative to these 

conventional methods is the AOPs discussed above based on the generation of very 

reactive species such as hydroxyl radicals and singlet oxygen that oxidize a broad range 

of organic pollutants. Inorganic photosensitizers such as ZnO have been applied 

particularly in the conversion of azo dye [221]. The use of electrospun polymer fibers 

functionalized with phthalocyanines offer promising heterogeneous catalytic mimetic 

systems for the photoconversion of azo dyestuff. However, very few cases have been 

reported [155]. This work further explores the use of electrospun polymer fibers 

functionalized with phthalocyanines for the conversion of methyl orange, a typical azo 

dye. 
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1.5. Summary of aims of thesis  

The aims of this thesis are as follows: 

1. Syntheses and characterization of a variety of novel monomeric lutetium 

phthalocyanines with alkoxy and amino substituents at both peripheral and non-

peripheral positions.  

2. Syntheses and characterization of novel dysprosium and erbium phthalocyanines with 

phenoxy substituent at non-peripheral position. 

3. Studies of the photophysical and photochemical properties of the phthalocyanine 

complexes in solution. 

4. Anchoring these complexes on electrospun polymer fibers through: 

(a) Physisorption. 

(b) Covalent linked. 

(c) Ionic interactions. 

5. Characterization of these functional fibers using spectroscopic (FT-IR, Raman, XRD) 

and microscopic (SEM) techniques. 

6. Investigation of the fluorescence and photoactivity of the embedded lutetium 

phthalocyanines within the functionalized fibers, using zinc phthalocyanines including 

the un-substituted phthalocyanine for comparison. 

7. Investigation of the suitability of each polymer fiber containing lutetium and zinc 

phthalocyanines as gas sensing fabric material for the detection of nitrogen dioxide. 
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8. Investigation of the suitability of each polymer fiber containing lutetium and zinc 

phthalocyanines for the photodegradation of 4-chlorophenol, 4-nitrophenol and methyl 

orange in aqueous media. 

9. Compare the relative ease of photodegradation of 4-chlorophenol, 4-nitrophenol and 

methyl orange. 

10. Assess the re-usability of each polymer fiber in the photocatalytic process.  
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Chapter 2 

2. Experimental 

2.1 Materials 

2.1.1 Solvents 

Dichloromethane (DCM), diethyl ether, N, N- dimethylformamide (DMF), 

dimethylsulfoxide (DMSO), ethanol, formamide, glacial acetic acid, n-hexane, methanol, 

tetrahydrofuran (THF), 1-pentanol and quinoline were purchased from SAARCHEM. 

Acetic acid (AA) (99.8%) and formic acid (FA) (98-100%) were from Sigma Aldrich. 

Ultra-pure water was obtained from (Milli-Q water system, Millipore Corp., Bedford, 

MA, USA). Phosphate buffer solutions were prepared using reagent grade potassium 

dihydrogen orthophosphate (ACE) and dipotassium phosphate (PAL chemicals).  

2.1.2 Synthesis reagents 

Ammonia (25%), anthracene-9,10-bis-methylmalonate (ADMA), deuterated  

dimethylsulfoxide (DMSO-d6), dimethyl sulphate, 1,8-diazabicyclo[5.4.0] undec-7-ene 

(DBU), dicyclohexylcarbodiimide (DCC) (99%), 3-diphenylisobenzofuran (DPBF), 

dysprosium(III) acetate, erbium(III) chloride, 4-hydroxybenzoic acid,  lutetium(III) 

acetate, metallic copper, phenol, potassium carbonate, nitric acid (55%), potassium 

nitrate and sodium azide (99%) were from Sigma Aldrich. Deuterated water (D2O), 

silica gel 60PF254 and 3-nitrophthalic acid were purchased from Merck. Sodium sulphite 

nanohydrate (Na2S·9H2O) and thionyl chloride were purchased from SAARCHEM. 
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2.1.3 Polymers for electrospinning 

Polyacrylic acid (PAA) (average molecular weight = 450,000 g/mol), polystyrene (PS) 

(average molecular weight = 192,000 g/mol), polysulfone (PSU) (average molecular 

weight = 22,000 g/mol) and polyurethane (PUR) (average molecular weight = 5000 

g/mol, specific gravity 1.14) were from Sigma Aldrich. Polyamide 4.6 (P.A 4.6) (average 

molecular weight = 80,000 g/mol and polyamide 6.9 (P.A 6.9) (average molecular 

weight = 60,000 g/mol) were obtained from DSM and Scientific Polymer Products 

respectively. 

 

2.1.4 Photocatalysis  analytes and products  

4-Chlorophenol (4-CP) (99%) and tert-butanol (99%) were from Fluka. Hydroquinone 

was from May and Baker. Benzoquinone, methyl orange (MO), 4-nitrocatechol and 4-

nitrophenol (4-NP) were from Sigma Aldrich.  

 

2.1.5 Previously synthesized phthalocyanines and their precursors 

4-Nitrophthalonitrile (9), 4-phenoxyphthalonitrile (10a), 4-

carboxyphenoxyphthalonitrile (10b), 4-pyridiloxyphthalonitrile (10c) [31-33], 3-

nitrophthalonitrile (11), 3-phenoxyphthalonitrile (13) [34], 1(4), 8(11), 15(18), 22(25)-

tetraphenoxyphthalocyanine H2TPPcα (16) [222], zinc(II) 2(3), 9(10), 16(17), 23(24)-

tetraaminophthalocyanine ZnTAPcβ (22) [223], zinc(II) 2(3), 9(10), 16(17), 23(24)-(tetra-4-

pyridyloxy)]-phthalocyanine ZnTPyPcβ (23) and zinc(II) 2(3), 9(10), 16(17), 23(24)- 
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tetrakis[4-(N-methylpyridyloxy)]-phthalocyanine ZnTmPyPcβ (24)  [224], were 

synthesized according to literature procedures. Zinc phthalocyanine (ZnPc) was 

purchased from Sigma Aldrich.  

2.2 Instrumentation 

(a) Elemental analyses for CHNS were done using a Vario-Elementar Microcube ELIII 

Series. 

(b) Mass spectral data for the characterization of phthalocyanines were collected with a 

Bruker AutoFLEX III Smartbeam TOF/TOF mass spectrometer. The instrument was 

operated in the positive ion mode using an m/z range of 400-3000 amu. The voltage 

of the ion sources were set at 19 and 16.7 kV for ion sources 1 and 2 respectively, 

while the lens was set at 8.50 kV. The reflector 1 and 2 voltages were set at 21 and 9.7 

kV respectively. The spectra were acquired using α-cyano-4-hydroxycinnamic acid 

as the MALDI matrix and a 354 nm nitrogen laser as ionizing source. 

(c) Ground state electronic absorption spectra were recorded on either Cary 500 

UV/Vis/ NIR or Shimadzu UV-2550 UV/Vis spectrophotometer. Quartz cells of 1 

cm pathlengths were employed. The absorbance of the phthalocyanine in the fiber 

was measured by placing the modified fiber directly on a glass plate. 

(d) Infrared (IR) spectra were recorded using either Perkin-Elmer Fourier transform–IR 

(100 FT-IR) or Perkin-Elmer Fourier transform-IR (2000 FT-IR) spectrophotometer. 
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(e) Proton-nuclear magnetic resonance spectra (1H-NMR) were recorded in deuterated 

solvent (DMSO-d6 or D2O) using either Bruker EMX400 MHz NMR spectrometer or 

a Bruker ADVANCE II 600 MHz spectrometer. 

(f) Raman data was obtained using a Bruker Vertex 70-Ram II spectrometer equipped 

with a Nd:YAG laser that emit at 1064 nm and liquid nitrogen cooled germanium 

detector. 

(g) Scanning electron microscope (SEM) images of electrospun polymer fibers were 

obtained using a JOEL JSM 840 scanning electron microscope and the average 

diameters obtained using Cell^D software from Olympus. 

(h) Fluorescence images of electrospun fibers were taken with a DMLS fluorescence 

microscope. The excitation source was a high-voltage mercury lamp and light in the 

wavelength range of 550-730 nm. 

(i) X-ray powder diffraction patterns were recorded on a Bruker D8 Discover equipped 

with a proportional counter, using Cu-K radiation ( = 1.5405 Å, nickel filter).  Data 

were collected at various 2  ranges, scanning at 1º min-1 with a filter time-constant 

of 2.5 s per step and a slit width of 6.0 mm.  Samples were placed on a zero 

background silicon wafer slide. The X-ray diffraction (XRD) data were treated using 

Eva (evaluation curve fitting) software. Baseline correction was performed on each 

diffraction pattern by subtracting a spline fitted to the curved background and the 

full-width at half-maximum values used in this study were obtained from the fitted 

curves. 
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(j) Fluorescence emission and excitation spectra were obtained on a Varian Eclipse 

spectrofluorimeter. 

(k) Fluorescence lifetimes were measured using a time correlated single photon 

counting setup (TCSPC), Fig. 2.1, (Fluo Time 200, Picoquant GMbH) with a diode 

laser as excitation source (LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz 

repetition rate, Picoquant GmbH). Fluorescence was detected under the magic angle 

with a peltier cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant 

GmbH) and integrated electronics (PicoHarp 300E, Picoquant GmbH). A 

monochromator with a spectral width of about 4 nm was used to select the required 

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

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

(FWHM) of about 300 ns. The ratio of stop to start pulses was kept low (below 0.05) 

to ensure good statistics. All luminescence decay curves were measured at the 

maximum of emission peak. The data were analyzed with the program FluoFit 

(Picoquant GmbH). The support plane approach [225] was used to estimate the 

errors of the decay times. 
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Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC) 

setup. (MCP)-PMT = Monochromator photomultiplier tube, PC = Personal computer. 

(l) The Guassian 03 programme [226] running on an Intel/Linux cluster was used to 

perform DFT calculations. The calculations were done at the B3LYP/6-31G(d) level 

for geometry optimization and excited energy calculations (TDDFT). All 

visualisation used the Gausview 4.1 program. 

(m) Laser flash photolysis experiments, Fig. 2.2, were performed with light pulses 

produced by a Quanta-Ray Nd:YAG laser providing 400 mJ, 9 ns pulses of laser 

light at 10 Hz, pumping a Lambda-Physik FL3002 dye laser (Pyridin 1 dye in 

methanol). Single pulse energy ranged from 2 to 7 mJ. The analyzing beam source 
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was from a Thermo Oriel Xenon arc lamp, and photomultiplier tube (a Kratos Lis 

Projekte MLIS-X3) was used as a 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.  

 

Figure 2.2: Schematic diagram for a laser flash photolysis setup.                                

PMT = Photomultiplier tube 

(n) Determination of singlet oxygen and photodegradation quantum yields as well as 

photocatalytic conversion of environmental pollutants (4-chlorophenol, 4-

nitrophenol and methyl orange) were done using General Electric Quartz lamp   
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(300 W) as irradiation source, Fig. 2.3. A 600 nm glass (Schott) and water filters were 

used to filter off ultra-violet and far infrared radiations respectively. An interference 

filter 670 nm with band of 40 nm was placed in the light path just before cell 

containing the sample. The intensity of the light reaching the reaction vessel, Fig. 2.3, 

was measured with a power meter (POWER MAX 5100, Molectron Detector Inc). 

 

Figure 2.3: Schematic diagram of photolysis setup. 

(o) The photolysis products of 4-chlorophenol and 4-nitrophenol were separated and 

analyzed using gas chromatography (GC), an Agilent Technologies 6820 GC system 

(fitted with a BD5-MS), using an Agilent J & W GC column. 



                                                                                                                                             Experimental 

65 
 
 

(p) A Finnigan MAT LCQ ion trap mass spectrometer equipped with an electro-spray 

ionization (ESI) source was used for mass analysis of the chromatographic products. 

Spectra were acquired in the negative ion mode, with the capillary temperature set 

at 200 oC and sheath gas set at 80 arbitrary units, with the capillary and tube lens 

voltage set at -20 V and -5 V respectively.   

(q) Time resolved phosphorescence decay of singlet oxygen at 1270 nm was used to 

determine singlet oxygen quantum yield in either DMF or THF. The dynamic 

phosphorescence decay of singlet oxygen (O2(1Δg)), was demonstrated using time 

resolved phosphorescence of O2(1Δg) at 1270 nm. For these studies an ultra sensitive 

germanium detector (Edinburgh Instruments, EI-P) combined with a 1000 nm long 

pass filter (Omega, RD 1000 CP) and a 1270 nm band-pass filter (Omega, C1275, 

BP50) was used to detect O2(1Δg) phosphorescence under the excitation using 

Quanta-Ray Nd:YAG laser providing 400 mJ, 90 ns pulses of laser light at 10 Hz 

pumping a Lambda-Physik FL3002 dye laser (Pyridin 1 dye in methanol), with a 

pulse period of 7 ns and repetition rate of 10 Hz, Fig. 2.4. The near-infrared 

phosphorescence of the samples were focused onto the germanium detector by a 

lens (Edmund, NT 48-157) with detection direction perpendicular to the excitation 

laser beam. The detected signals were averaged with a digital oscilloscope 

(Tektronics, TDS 360) to show the dynamic decay of O2(1Δg).  
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Figure 2.4: Schematic diagram for the singlet oxygen detection setup using its 

phosphorescence. 

(r) Electrospun polymer fibers were obtained from a set up, Fig. 2.5, consisting of a high 

voltage source (Glassman High Voltage. Inc., EL series, 0-40 kV), a pump (Kd 

Scientific, KDS-100-CE), a glass syringe (Am Bildacker 3-7, D-97877 Wertheim, 

Poulten &Grat GmBh) connected to a steel needle of internal diameter of 0.584 mm 

and aluminum foil as collector. 
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Figure 2.5: Electrospinning setup used in this work.  

  

2.3 Synthesis of phthalocyanines 

2.3.1 Synthesis of 1(4), 8(11), 15(18), 22(25)-(tetraphenoxyphthalocyaninato) 

lutetium(III) acetate (14), Scheme 3.1  

A mixture of anhydrous lutetium(III) acetate (134 mg, 0.38 mmol) and 3- 

phenoxyphthalonitrile (13) (339 mg, 1.54 mmol) in 1-pentanol (2 mL) was refluxed for 7 

h under nitrogen atmosphere with DBU as a catalyst. After cooling, the crude product 

was precipitated with n-hexane, filtered and washed with excess n-hexane and then 
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dried in air. Column chromatography (silica gel) was employed using THF:methanol 

(10:1) as the eluting solvent mixture. Complex (14) was obtained as the major product, 

which was recrystallized from hexane. Yield: 23%. IR [KBr, v, cm-1] 748, 802, 862, 880, 

969, 1024 (Pc skeleton), 1248, 1324, 1482 (C-O-C), 1727, 1771 (C=O, acetate), 2955 (C-H, 

aromatic), 3635 (CH3). UV-vis (THF): λmax nm (log ε) 321 (4.55) 430 (4.30) 627 (4.31), 690 

(5.12). Anal. Calc. for C58H35N8O6Lu: C, 62.48; H, 3.16; N, 10.05. Found: C, 61.68; H, 3.32; 

N, 9.42%. 1H NMR (DMSO-d6): δ, ppm 7.76-7.86 (12-H, m, Pc-H), 6.58-6.87 (20-H, m, 

Phenyl-H), 2.09 (3-H, s, acetate-CH3); MS (MALDI-TOF): (m/z); Calc. 1115; Found: 1119 

[M+4H+]. 

2.3.2 Synthesis of bis-{1(4), 8(11), 15(18), 22(25)-(tetraphenoxyphthalocyaninato)} 

dysprosium(III) complex (15), Scheme 3.1  

A mixture of anhydrous dysprosium(III) acetate (129 mg, 0.38 mmol) and 3-

phenoxyphthalonitrile (13) (339 mg, 1.54 mmol) in 1-pentanol (2 mL) was refluxed for 7 

h under nitrogen atmosphere with DBU as a catalyst. After cooling, the crude product 

was precipitated with n-hexane, filtered and washed with excess n-hexane and then 

dried in air. The crude product was purified as explained above for 14 to give complex 

15 which was recrystallized from hexane. Yield: 40%. IR [KBr, v, cm-1] 751, 893 (Pc 

skeleton), 1090, 1220, 1246, 1360, 1433 (C-O-C), 2954 (C-H, aromatic). UV-vis (THF): λmax 

nm (log ε), 430 (4.34), 625 (4.72), 690 (5.11). Anal. Calc. for C112H64N16O8Dy: C, 70.50; H, 

3.91; N, 5.57. Found: C, 69.47; H, 4.86; N, 6.64%. MS (MALDI-TOF): (m/z); Calc. 1924; 

Found: 1926 [M+2H+]. 
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2.3.3 Synthesis of 1(4), 8(11), 15(18), 22(25)-(tetraphenoxyphthalocyaninato) 

erbium(III) chloride (17), Scheme 3.1  

A mixture of 1(4), 8(11), 15(18), 22(25)-tetraphenoxyphthalocyanine (16) (500 mg, 0.56 

mmol), synthesized and characterized as reported before [222], and erbium chloride 

(164 mg, 0.6 mmol) was heated in 1-pentanol (2 mL) under reflux for 2 h in the presence 

of DBU and under nitrogen gas. The product was precipitated with hexane filtered and 

air dried. The crude product was then purified on a column chromatography (silica gel) 

with THF:methanol (10:1) as eluting solvent mixture. Finally the product was 

recrystallized from hexanes. Yield: 17%. IR [KBr, v, cm-1] 784, 861, 886, 926, 1024 (Pc 

skeleton), 1120, 1201, 1249, 1363, 1474 (C-O-C), 2871, 2956 (aromatic C-H). UV-vis 

(THF): λmax nm (log ε) 322 (4.64), 623 (4.38), 690 (5.03). Calcd. for C56H32N8O4ClEr: C, 

62.07; H, 2.98; N, 10.34. Found: C, 62.04; H, 3.21; N, 10.10%. MS (MALDI-TOF): (m/z); 

Calc. 1084; Found: 1088 [M+4H+]. 

2.3.4 Synthesis of 2,(3), 9(10), 16(17), 23(24)-(tetraphenoxyphthalocyaninato) 

lutetium(III) acetate (18a), Scheme 3.2 

A mixture of anhydrous lutetium(III) acetate (134 mg, 0.38 mmol) and 4-

phenoxyphthalonitrile (10a) (339 mg, 1.54 mmol) in 1-pentanol (2 mL) was refluxed for 

7 h under nitrogen atmosphere with DBU as a catalyst. After cooling, the crude product 

was precipitated with n-hexane, filtered and washed with excess of n-hexane and then 

air dried. Column chromatography (silica gel) was employed using THF:methanol 

(10:1) as the eluting solvent mixture. Yield: 25%. IR [KBr, v, cm-1] 773, 824, 883, 938, 
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1039, 1067 (Pc skeleton), 1224, 1264, 1390, 1467, 1482 (C-O-C), 1606, 1714, 1770 (C=O), 

2927, 2957 (C-H, aromatic), 3058 (CH3). UV-vis (DMF): λmax nm (log ε) 351 (4.51) 610 

(5.11), 678 (5.78). Calcd. For C58H35N8O6Lu; C 62.48%, H 3.16%, N 10.05%. Found C 

62.00%, H 3.32%, N 10.24%; 1H NMR (DMSO-d6): δ, ppm 7.79-7.91 (12-H, m, Pc-H), 6.88-

6.97 (20-H, m, Phenyl-H), 1.99 (3-H, s, acetate CH3); MS (MALDI-TOF): (m/z); Calc. 

1115; Found: 1116 [M+H+]. 

2.3.5 Synthesis of 2(3), 9(10), 16(17), 23(24)-(tetracarboxyphenoxyphthalocyaninato) 

lutetium(III) acetate (18b), Scheme 3.2  

A mixture of anhydrous lutetium(III) acetate (134 mg, 0.38 mmol) and 4-(4-

carboxyphenoxy)phthalonitrile (10b) (981 mg, 0.76 mmol) in 1-pentanol (2 mL) was 

refluxed for 7 h under a nitrogen atmosphere using DBU as a catalyst. After cooling, the 

crude product was precipitated with n-hexane, filtered and washed with excess n- 

hexane and then dried in air. Column chromatography (silica gel) was employed using 

DMF as the eluting solvent to purify the product. Yield: 10%. IR [KBr, v, cm-1] 748, 802, 

862, 880, 969, 1024 (Pc skeleton), 1248, 1324, 1482 (C-O-C), 1656  (C=O), 2856, 2927 (C-H, 

aromatic), 3504 (O-H). UV-vis (DMF): λmax/nm (log ε) 345 (5.02), 610 (4.61), 678 (5.31), 

calcd for C62H35N8O14Lu; C 57.68 H 2.73, N 8.68. Found C 57.23, H 3.10, N 9.04%; 1H 

NMR (DMSO-d6): δ, ppm 10.81 (4-H, s carboxylic acid), 8.00-8.10 (12-H, m, Pc-H), 6.58-

7.87 (16-H, m, Phenyl-H), 2.09 (3-H, s, acetate CH3). MS (MALDI-TOF): (m/z); calc. 

1291; found: 1293 [M + 2H+]. 
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2.3.6 Synthesis of 2,(3), 9(10), 16(17), 23(24)-(tetra-2-pyridiloxyphthalocyaninato)                    

lutetium(III) acetate (18c), Scheme 3.2 

The synthesis of 18c was as outlined for 18a and 18b except 10c was employed as the 

phthalonitrile precursor. The amounts of the reagents and the purification procedures 

were similar to those of 18a. Yield: 23%. IR [KBr, v, cm-1] 837, 910, 1012, 1057, 1077, 1133 

(Pc skeleton), 1269, 1355, 1384, 1489 (C-O-C), 1654, 1719, 1769 (C=O), 2927, 2957 (C-H, 

aromatic), 3053 (CH3). UV-vis (DMF): λmax nm (log ε) 337 (4.74) 613 (5.26), 678 (5.94). 

Calcd. for C54H31N12O6Lu; C 57.97%, H 2.79%, N 15.02%. Found C 58.14%, H 3.01%, N 

14.89%; 1H NMR (DMSO-d6): δ, ppm 7.76-8.67 (12-H, m, Pc-H), 6.78-7.27 (16-H, m, 

Pyridyl-H), 2.11 (3-H, s, acetate CH3); MS (MALDI-TOF): (m/z); Calc. 1119; Found: 1120 

[M+H+]. 

2.3.7 Synthesis of 2,(3), 9(10), 16(17), 23(24)-tetrakis[2-(N-methylpyridiloxy)-

phthalocyaninato)] lutetium acetate (19), Scheme 3.2 

This was synthesized following a reported procedure for forming quaternised 

phthalocyanines [227]. Complex 18c, (Ac)LuTPyPcβ  (100 mg, 0.09 mmol) was dissolved 

in freshly distilled DMF and the solution was heated under reflux. Dimethylsulphate 

(0.2 mL) was added drop-wise. The resulting mixture was then heated under reflux for 

12 h after which the solution was cooled and the product precipitated with chloroform. 

The resulting solid product was purified by Soxhlet extraction with acetone. Yield: 21%, 

IR [KBr, v, cm-1] 761, 857, 953, 1001, (Pc skeleton), 1042 (S=O), 1246, 1341, 1355 (C-O-C), 

1482, 1472, (S=O), 1633, 1777 (acetate), 2795, 2957 (C-H aromatic), 3063 (acetate-CH3), 
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3428 (H2O); 1HNMR (D2O): δ, ppm 8.91-9.44 (28-H, m, Pc-H, and Pyridyl-H), 4.11-4.33 

(12-H, m, Pyridyl-CH3), 2.09 (3-H, s, acetate CH3); Calcd for C58H43N12O22S4Lu ·2(H2O); 

C 43.56%, H 2.84%, N 10.51%, S 8.02%, Found C 43.63%, H 2.93%, N 10.35% S 8.51%; 

UV-vis (DMF): λmax nm (log ε) 353 (4.55), 614 (4.41), 680 (5.68); MS (MALDI-TOF): 

(m/z); Calcd 1563; Found 1548 [M-CH3]+ 

2.3.8 Synthesis of 2,(3), 9(10), 16(17), 23(24)-tetraaminophthalocyanato lutetium(III)   

             acetate (21), Scheme 3.3 

Complex (21) was synthesized using the procedure reported for other tetraamino 

metallophthalocyanines complexes [223]. A mixture of anhydrous lutetium (III) acetate 

(134 mg, 0.38 mmol) and 4-nitrophthalonitile (9), (131 mg, 0.76 mmol) in quinoline (2.5 

mL) was refluxed for 7 h under nitrogen atmosphere using DBU as catalyst. After 

cooling, the crude product was precipitated with n-hexane, filtered and dried. The 

crude product was purified using column chromatography on silica gel with DMF as 

eluting solvent. The solvent was evaporated to give product 20. Product 20 was then 

stirred in 250 mL aqueous solution containing 10 g NaS·9H20 for 24 h. The solid product 

was separated in a centrifuge and treated with 500 mL of 1 M HCl. The residue was 

separated and treated with 500 mL of 1 M NaOH for 1 h, after which the solid product 

was separated in a centrifuge, washed several times with de-ionized water and dried in  

a vacuum. Yield 17% [KBr, v, cm-1] 3327 N-H stretching, 1623 N-H bending mode, 2846 

and 2927 (C-H aromatic), 1570 C=O, 1443, 1434, 1347 and 1307 C-N vibrations due to the 

phthalocyanine ring. UV-vis (DMF): λmax/nm (log ε) 350 (3.81), 704 (4.55), Calcd. for 
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C34H23N12O2Lu; C 50.63%, H 2.87%, N 20.81%. Found C 50.91%, H 3.00%, N 21.04%; 1H-

NMR (DMSO-d6) δ, ppm: 2.12 (3-H, s, acetate CH3), 4.02 (8-H, s, NH2), 8.29 (4-H, s, 

Aromatic-H), 8.20 (4-H, d, Aromatic-H), 8.00 (4-H, d, Aromatic-H). MS (MALDI-TOF): 

(m/z); Calcd. 807; Found 807 [M+]. 

2.4 Preparation of functionalized electrospun polymer fibers 

2.4.1 Preparation of electrospun fibers of polyamide 4.6 and polyamide 6.9 

The fibers were obtained on a mono-nozzle electrospinning setup, Fig. 2.5, with a tip-to-

collector distance of either 6 cm or 10 cm at a flow rate of 2 mL/h. The applied voltage 

was adjusted for each polymer solution under the prevailing humidity conditions to 

obtain a steady Taylor cone. To obtain 50% relative humidity, the setup was placed 

under the open laboratory conditions. For 10% and 70% relative humidity, a closed 

electrospinning chamber was used in which the air was dried using silica or wetted 

using a saturated solution of potassium nitrate. A humidity sensor, Vaila HMl 41 

indicator was used to continuously monitor the humidity in the closed electrospinning 

chamber. 

Various concentrations of polymer solutions ranging from 8%w/w to 20%w/w in 

different solvent ratios of formic acid (FA) and acetic acid (AA) were prepared and 

electrospun into fibers. SEM images of the fiber mats were taken and the fiber diameters 

measured from using Cell^D software from Olympus.  
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2.4.2 Preparation of functionalized polystyrene polymer fibers    

The fibers were prepared by mixing the phthalocyanine with the polymer solution and 

the mixture electrospun into fibers. The same molar amount of the particular 

phthalocyanine was added in each polymer solution for easy comparison.  Briefly, the  

following conditions were used: a solution containing 2.5 g (1.3 x 10-5 moles of 

polystyrene (PS) and the mass equivalent (mg) of 1.2 x 10-6 moles of the phthalocyanine 

in 10 mL DMF/THF (4:1) was stirred for 24 h to produce a homogeneous solution. The 

phthalocyanines which were employed for studies with this polymer are AcLuTPPcα 

(14) (1.34 mg), AcLuTPPcβ (18a) (1.34 mg), AcLuTPyPcβ (18c) (1.34 mg), AcLuTmPyPcβ 

(19) (1.87 mg) and ZnPc (0.70 mg). The phthalocyanines were employed for this 

polymer to enable electrostatic interaction between their aromatic systems that will 

prevent leaching of the phthalocyanines from the polymer fibers during application. 

They were also used in order to demonstrate the effect of the nature of the substituent 

and the position of the substitution on the phthalocyanine ring.  The solution was then 

placed in a cylindrical glass tube fitted with a capillary needle. A potential difference of 

20 kV was applied to provide charge for the electrospinning process. The distance 

between the cathode (static fiber collection point) and anode (tip of capillary needle) 

was 15 cm and pump rate of 0.02 mL/h. For electrospun polystyrene polymer fibers 

without the functional phthalocyanine molecules, all experimental conditions were 

maintained except the flow rate that was reduced to 0.01 mL/h.  
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2.4.3 Preparation of functionalized polysulfone (PSU) polymer fibers 

The fibers were also prepared by mixing the phthalocyanine with the polymer solution 

and then electrospun under conditions as reported before [228] with modifications as 

follows: a solution containing 2.0 g of polysulfone (PSU) and AcLuTPyPcβ (18c) (3.61 

mg), ZnTPyPcβ (23) (1.35 mg), ZnTmPyPcβ (24) (2.2 mg) or ZnPc (0.70 mg) in 10 ml 

DMF/THF (4:1) was stirred for 24 h to produce a homogeneous solution. The choice of 

the phthalocyanines was also to enable electrostatic interaction between the aromatic 

systems of phthalocyanines and polymer. The solution was then placed in a cylindrical 

glass tube fitted with a capillary needle. A potential difference of 20 kV was applied to 

provide charge for the electrospinning process. The distance between the cathode (static 

fiber collection point) and anode (tip of capillary needle) was 10 cm and pump rate was 

0.5 mL/h. Similar conditions were applied to obtain fiber of the polysulfone alone.  

2.4.4 Preparation of functionalized polyurethane polymer fibers 

The phthalocyanine employed here contained carboxy substituents to allow for the 

chemical linking with the amino group of the polymer.  AcLuTCPPcβ (18b) was 

employed for these studies. Experiments were also performed where AcLuTPPcα (14), 

AcLuTPPcβ (18a), AcLuTCPPcβ (18b), AcLuTPyPcβ (18c) or ZnPc were merely mixed 

with the polymer without the formation of a chemical bond.  The chemical linking of 

phthalocyanine to polyurethane was done as follows. A solution of complex 

AcLuTCPPcβ (18b) was prepared by dissolving 15.5 mg in 10 mL of DMF. Then 0.5 g of 
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dicyclohexylcarbodiimide (DCC) was added and the resulting solution stirred for four 

days. This was done to enhance the electrophilicity of the carbonyl in the carboxylic 

acid functional group for amide bond formation with the polyurethane polymer. In 

order to prepare 7.5% polymer solution, 0.75 g of polyurethane was then added to the 

solution containing AcLuTCPPcβ (18b) and stirred for a further four days and the 

resulting solution electrospun into fibers using the following conditions. The voltage 

was set at +20 kV and -10 kV with the flow rate of the solution set at 1 mL/h and the 

distance between the cathode (static fiber collection point) and anode (tip of capillary 

needle) was 15 cm.  

2.4.5 Preparation of functionalized polyacrylic acid polymer fibers 

The phthalocyanines employed here contained amino substituents to allow for the 

chemical linking with the carboxylic group of the polymer. The polyacrylic acid (PAA) 

functionalized fibers were prepared as follows. PAA (0.2 g) was dissolved in 100 mL of 

DMF. Dicyclohexylcarbodimide (DCC), 0.5 g was added and the solution stirred for 

four days. This is to activate the carbonyl of the carboxylic acid of PAA for covalent 

amide bond formation. A mass equivalent of 1.2 x 10-6 moles of LuTAPcβ (21) (1.0 mg) 

or ZnTAPcβ (22) (0.77 mg) was added to the resulting solution. Each mixture was stirred 

for several days while taking the IR spectra intermittently to monitor the amide bond 

formation, after which the composite was precipitated using diethyl ether and dried in 

a dessicator. For the conjugate of unsubstituted ZnPc with PAA, 10 mg (0.58 mmol) of 

ZnPc was mixed with 0.2 g (PAA) with no addition of DCC.  
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The solutions for electrospinning were prepared by dissolving 6.6 wt% of each 

composite in 1:4 (v/v) water/ethanol solvent mixture and stirred for 24 h. The 

following electrospinning conditions were used; 1 mL/h flow rate, 10 kV applied 

voltage and 15 cm collector distance. Similar conditions were used for PAA alone and 

PAA/ZnPc composite without a chemical bond. 

2.5 Photophysical and photochemical conditions 

2.5.1 Fluorescence quantum yields (ФF) 

Fluorescence quantum yields (ФF) of the phthalocyanines were determined in either 

DMF or DMSO by a comparative method, Equation 1.3. The same solvent was used in 

each case for samples and standard. Unsubstituted ZnPc (DMF Std
F  = 0.30 [228], DMSO

Std
F  = 0.2) [229]) was employed as the standard. Both the samples and standard were 

excited at the same wavelength. The absorbances of the solutions at the excitation 

wavelength were about 0.05 to avoid any inner filter effects. 

2.5.2 Triplet quantum yields (ФT) and lifetimes (τT) 

The decay kinetics of the triplet absorption of the phthalocyanines were recorded using 

laser flash photolysis setup, Fig. 2.2. The absorbance of sample solutions and that of the 

standard were adjusted to be approximately 1.5 at their Q-band maximum. After 

introducing the solution to a 1 cm quartz cell, argon was bubbled through the solution 

to remove dissolved oxygen before taking readings. The triplet quantum yields of the 

sample phthalocyanines were determined using Equation 1.1.  Unsubstituted ZnPc 
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DMF Ф𝐓
𝐬𝐭𝐝

  = 0.68 [230] and DMSO Ф𝐓
𝐬𝐭𝐝= 0.65 [231] was employed as the standard. 

Triplet lifetimes were determined from the kinetic data obtained, using ORIGIN Pro 8 

software. 

2.5.3 Singlet oxygen (Ф∆) and photodegradation (Фp) quantum yields 

An optical method and a chemical method were employed in this work for Ф∆ 

determination. 

The optical method involves the monitoring of the fluorescence decay of the singlet 

oxygen generated at 1270 nm in air, Fig. 2.4. Sodium azide (NaN3) was used as singlet 

oxygen quencher. The dynamic course of the singlet oxygen concentrations were clearly 

recorded following Equation 1.4. The Ф∆ values were then determined using Equation 

1.5, and employing ZnPc in DMF, Ф∆
std

 = 0.56 [232] or in THF, Ф∆
std

 = 0.53 [90] as a 

standard.    

A chemical method was also used in the determination of Ф∆ of the phthalocyanines in 

solution (DMF). The experiments were carried out in air with 1.5 mL of each 

phthalocyanine solution with approximate absorbance of  1 at its Q band mixed with 

equal volume of a solution of DPBF with approximate absorbance of 2 at 414 nm. The 

resulting solution was irradiated using the setup shown in Fig. 2.3 and the degradation 

of the DPBF monitored by recording the UV-vis spectra of the sample solution at 5 s 

time intervals. The singlet oxygen quantum yields of the standard (Ф∆
𝐬𝐭𝐝) were the same 

as used for the optical method. Equation 1.6 was employed. 
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The photodegradation quantum yield Фp of complex 24  was similarly determined but 

in this case DPBF was not added but the degradation of the Q band of the 

phthalocyanine was similarly monitored with time upon irradiation. Equation 1.7 was 

employed. 

For the singlet quantum yield of the phthalocyanines within the fiber matrices, ADMA 

was used as the singlet oxygen quencher since the fabric materials are intended for use 

in aqueous media. In each case 10 mg of the modified fibers was suspended (as small 

pieces) in an aqueous solution of ADMA and similarly irradiated using the photolysis 

set-up, Fig. 2.3. The quantum yields (ADMA) were estimated using Equation 1.7, using 

the extinction coefficient of AMDA in water log () = 4.1 [117] and using the absorbance 

of the phthalocyanine in the polymer fiber matrix. Equation 1.9 (the absolute method) 

was employed for Ф∆ values. The Ф∆ values are estimates due to light scattering and 

the intensity of light was the one reaching the spectrophotometer cell but not the fibers.  

2.5.4 Fluorescence micrographs 

Fluorescence micrographs of the functionalized fibers were taken by placing the fiber 

on a glass slide. This was then placed under the DMLS fluorescence microscope and the 

excitation source, a high-voltage mercury lamp, set at wavelength range of 550-730 nm 

to give the characteristic red fluorescence of phthalocyanines. Pictures of the 

micrographs were then taken using a digital camera. 

 



                                                                                                                                             Experimental 

80 
 
 

2.5.5 Optical detection of nitrogen dioxide 

Nitrogen dioxide (NO2) gas was generated from a reaction of copper metal with dilute 

nitric acid. About 2 mL of the gas was then bubbled through a solution of the 

phthalocyanine and the fluorescence intensity of the solution recorded. This process 

was repeated for each spectrum recorded. 

For the detection of the gas using the functionalized fibers, a small sample of each fiber 

mat was placed on a glass slide and placed on the sample holder of the DMLS 

fluorescence microscope. The sample was irradiated using a high-voltage mercury lamp 

as excitation source in the wavelength range of 550-730 nm. The initial micrograph was 

then taken and about 2 mL of the generated nitrogen dioxide gas sprayed into the air 

just above the sample. After a while a micrograph was taken and this process repeated 

several times for each sample. However the quantitative amount of nitrogen dioxide in 

each of 2 mL gas sample could not be determined as it contained air and not dried. 

2.6 Photocatalysis and analysis of degradation products. 

2.6.1 Photocatalytic reactions 

Photocatalytic reactions were carried out in a magnetically stirred batch reactor (glass 

vial). The irradiation experiments were carried out using the photolysis setup described 

above for singlet oxygen determination, Fig 2.3. The intensity of the light reaching the 

reaction vessel was measured with a power meter (POWER MAX 5100, Molelectron 

Detector Inc) and found to be 3.52 x 1020 photons cm-2 s-1. The transformations were 
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monitored by observing the absorption bands at 243 and 297 nm for 4-CP, 400 nm for 4-

NP and 470 nm for methyl orange, after each photolysis cycle of thirty minutes, using a 

Shimadzu UV-2550 spectrophotometer. The experiments were carried out using a 

variety of concentrations of 4-chlorophenol (pH 11), 4-nitrophenol (pH 8.2) and methyl 

orange (pH 9.2) in aqueous buffer solutions.   Each sample solution (4 mL) contained 20 

mg of functionalized fiber, suspended in small pieces. 

For the homogeneous catalytic conversion of methyl orange using complex 24, all 

experimental conditions described above were maintained except the functionalized 

fibers were replaced with 1.5 x 10-5 mol L-1 of complex 24 in the sample solution. 

2.6.2 Identification of photocatalytic products 

The photolysis products were analyzed using gas chromatography (GC) and/or by 

direct injection into ion trap mass spectrometer fitted with an electrospray ionization 

(ESI-MS) mass source. The aqueous photocatalyzed sample solutions were extracted 

with dichloromethane in the case of 4-chlorophenol and 4-nitrophenol and then injected 

into the GC. The chromatographic peaks were identified by comparing with standards. 

Sample solutions of methyl orange were directly injected into the ion trap mass 

spectrometer.
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Chapter 3 

3.1. Synthesis, characterization and physico-chemical properties of novel 

lanthanide phthalocyanines   

3.1.1. Non-peripherally substituted phenoxy lutetium, dysprosium and erbium 

phthalocyanines (14, 15 and 17) 

The dysprosium, erbium and lutetium phthalocyanines tetrasubstituted with phenoxy 

groups at non-peripheral positions were synthesized according to Scheme 3.1. Whereas 

dysprosium and lutetium phthalocyanines were obtained from the cyclotetramerization 

reaction from the substituted phthalonitrile 13, erbium phthalocyanine was obtained 

from the unmetallated phthalocyanine, complex 16.  

MALDI-TOF method was employed for mass spectrometry study, using 2,5-

dihydroxybenzoic acid as the matrix. Complex 14 showed a molecular ion peak 

corresponding to a protonated species [M+4H]+ at 1119 amu which is consistent with 

the calculated values of 1115 amu. The matrix employed in this work (2,5-

dihydroxybenzoic acid), which is known [233] to intensify the fragmentation process 

hence the observed mass spectral data. For complex 17, the most intense ion peak at 

1088 amu corresponding to a protonated species [M+4H]+ is comparable to the 

calculated mass of 1084 amu. In the case of complex (15), a dysprosium bis-

phthalocyanine, the molecular ion base peak occurred at 1926 amu, which compares 

well with the calculated value of 1924 amu and is consistent with the protonated species 
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[M+2H]+, where M is -(Pc(_2)DyIIIPc(-1) in this case, as will be proved by the near infra 

red spectra below.  

 

Scheme 3.1: Synthetic routes for non-peripherally substituted phthalocyanines (14, 15 

and 17). 
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1H NMR data was consistent with the structure for 14. All the protons were observed in 

their respective regions. The phthalocyanine ring protons integrated for 12 and phenyl 

for 20 as expected. In addition, protons due to the acetate axial ligand were observed. 

The isomeric nature of the molecules results in the broadening of the 1H NMR spectra, 

but the protons were observed in their respective positions. Complexes 15 and 17 are 

paramagnetic hence no NMR data was obtained. Elemental analysis results were in 

agreement with the proposed structure.  

The fact that for Er and Lu, the main products were the monomeric phthalocyanine 

species while for Dy the main product was the dimer (DyPc2) is consistent with the 

tendency of the lighter lanthanides to form complexes with higher coordination number 

than the heavier ones [43, 45]. The three lanthanide phthalocyanines are all soluble in 

polar organic solvents such as DMF, DMSO, THF and DCM. This is typical for 

phthalocyanines with alkyl and alkoxy substituent groups in either or both peripheral 

and non-peripheral positions of the phthalocyanine framework [234].  

The UV–vis spectra of the three lanthanide phthalocyanines in THF are shown in Fig. 

3.1. The spectra are typical of metallated phthalocyanines, with a similar Q-band  
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Figure 3.1: UV-vis spectra of complexes 14, 15 and 17 in THF, concentrations ~ 4 x 10-6 

mol L-1. 

absorption maximum of 690 nm in THF, Table 3.1.  

The introduction of the phenoxy substituents and the lanthanide central metals into the 

phthalocyanine macrocycle has led to appreciable red shift in the visible region 

compared to unsubstituted ZnPc (Q band maximum at 670 nm) [54]. Such a red shift in 

phenoxy substituted phthalocyanines has also been reported by Luk’yanets et al. [235].  

The Q band maxima in THF and DMSO are listed in Table 3.1. In DMSO the peaks are 

more red-shifted than in THF. This is attributed to the fact that DMSO is more polar 
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than THF. A similar observation and explanation have been put forward for the 

changes in band positions of Ti(IV)Pc complexes with changes in polarity of the solvent 

[236]. 

Table 3.1: Q band maxima for complexes 14, 15, 17, and corresponding molar 

extinction coefficients as well as excitation and emission wavelengths. 

Complex Solvent Q-band 

λabs/nm (log ε) 

λex λem 

AcLuTPPcα (14) THF 

DMSO 

690 (5.12) 

697(5.16) 

690 

678 

699 

705 

DyPc2 (15) THF 

DMSO 

690 (4.87) 

695 (5.04) 

689 

695 

719 

708 

ClErTPPcα (17) THF 

DMSO 

690 (5.03) 

696 (5.11) 

690 

695 

710 

706 

          Abs = absorption,   ex = excitation and  em = emission 

In order to further ascertain whether these lanthanide phthalocyanines are monomeric 

or bis-phthalocyanines, the ground state electronic absorption spectra of the complexes 

were extended to 1600 nm, Fig. 3.2. It has been reported that a broad near-IR band near 

900 nm is highly characteristic of lanthanide double deckers which contain a hole in one 

of the ligands [237].  
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Figure 3.2: UV-vis-near IR spectra of complexes 14 (1.7 x 10-5 mol L-1), 15 (1.5 x 10-5   

mol L-1) and 17 (8.2 x 10-6 mol L-1) in THF.  

As shown in Fig. 3.2, the spectrum of complex 15 (circled) has a weak near IR band near 

920 nm, which is a diagnostic for the presence of an oxidized phthalocyanine ring in 

lanthanide bis-phthalocyanines. Thus complex 15 is the green neutral Pc(-2)DyPc(-1) 

complex. Chemical reduction of this complex resulted in the change of the colour from 

green to blue and the disappearance of the band at 920 nm, as is typical for reduction of          

Pc(-2)DyPc(-1) to [Pc(-2)DyPc(-2)]-. The spectrum also confirms that the complex is a 

double decker phthalocyanine as indicated by its mass spectral data. On the other hand, 

the spectra of complexes 14 and 17 do not contain such near IR absorption bands, Fig. 

3.2, which also confirms their monomeric nature. Fig. 3.3 shows the dependence of the 
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absorbance of complex 14 (as a representative of the other complexes) on concentration 

and the insert is a linear calibration plot at 690 nm, showing that the Beer–Lambert law 

is obeyed for concentrations ranging from 1.35 x 10-6 mol L-1 to 1.04 x 10-5 mol L-1. All 

the complexes showed no aggregation in DMSO and THF at concentrations less than           

1 x 10-5 mol L-1.  

 

Figure 3.3: UV- visible spectra of complex 14 showing variation of absorbance with 

concentration in THF (a) minimum concentration: 1.35 x 10-6 mol L-1 and (h) maximum 

concentration 1.04 x 10-5 mol L-1. Insert: Beer- Lambert law for concentration ranging 

from 1.35 x10-6 mol L-1 to 1.04 x 10-5 mol L-1.  
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3.1.2. Lutetium phthalocyanines peripherally substituted with phenoxy, 

carboxyphenoxy, pyridiloxy, N-methylpyridiloxy and amino groups (18a-c, 19 

and 21) 

The monomeric lutetium phthalocyanines tetra-substituted with phenoxy (18a), 

phenoxycarboxy (18b) and pyridiloxy (18c) groups at the peripheral positions were 

synthesized from their corresponding substituted phthalonitriles (10a, 10b and 10c) 

respectively, Scheme 3.2. Low phthalonitrile content was used in the 

cyclotetramerization reaction with the lutetium salt. The lutetium phthalocyanine tetra-

substituted with N-methylpyridiloxy group (19) was obtained from quaternization of 

complex (18c), Scheme 3.2. 
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Scheme 3.2: Synthetic routes of peripherally substituted phthalocyanines (complexes 

18a, 18b, 18c, and 19). 

The complexes were characterized by several techniques including 1H NMR, mass, IR 

and UV-vis spectroscopies as well as elemental analyses. For AcLuTCPPcβ (18b), a 

molecular ion peak corresponding to a protonated species [M + 2H]+ at 1293 amu was 

obtained. The IR spectrum of AcLuTCPPcβ (18b)  showed a broad peak around  3504 
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cm-1  due to the O–H stretch of the carboxylic acid functional group, the peaks at 2927 

and 2856 cm-1 are due to C–H stretches, the sharp intense peak at 1656 cm-1 could be 

assigned to the C=O group of the carboxylic acid, the peaks at 1499, 1439, 1403 and 1383 

cm-1 are due to phthalocyanine C–N vibrations, 1254 and 1221 cm-1 are due to the ether 

(C–O–C) bond while those at 1148, 1087 and 1060 cm-1 could be assigned to phenyl 

vibrations [238]. For AcLuTPPcβ (18a), AcLuTPyPcβ (18c) and AcLuTmPyPcβ (19) 

molecular ion peaks corresponding to protonated species [M+ H]+,  [M + 2H]+ and [M-

CH3]+ respectively were obtained.  Details of other spectroscopic and elemental 

characterization of the complexes are given in section 2.4. 

The UV-vis spectra of all the complexes, Fig. 3.4, are typical of metallated 

phthalocyanines, with Q-band absorption maxima in DMF listed in Table 3.2. The Q 

band maxima of 14 (692 nm) is more red shifted compared to 18a (678 nm), though they 

contain similar substituent but only differ in position. It is known that substitution at 

the α position leads to red shifting [239]. 

 

 



                                                                                                                              Results and Discusions 

97 
 
 

 

Figure 3.4: UV-vis spectra of complexes 18a (1.78 x10-6 mol L-1), 18b (1.02 x 10-6 mol L-1),  

18c (1.78 x 10-6 mol L-1) and 19 (1.46 x 10-6 mol L-1).  
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Table 3.2: Spectral properties of complexes 18a, 18b, 18c and 19, Q-band maxima and 

corresponding molar extinction coefficients, solvent = DMF. 

Complex Q band λabs (log ε) λex λem 

AcLuTPPcβ (18a) 678 (5.78) 677 692 

AcLuTCPPcβ (18b) 678 (5.31) 679 689 

AcLuTPyPcβ (18c) 678 (5.94) 681 689 

AcLuTmPyPcβ (19) 680 (5.68) 680 705 

AcLuTAPc (21) 701 (4.55) -- -- 

Abs = absorption, ex = excitation and em = emission 

The synthesis of (Ac)LuTAPcβ (21), is reported here for the first time, Scheme 3.3 and 

was characterized by 1H-NMR, mass and IR spectroscopy, as well as elemental analysis.  
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Scheme 3.3: Synthetic route for AcLuTAPcβ (21). 

A molecular ion peak corresponding to [M+] at 807 amu was obtained. Infrared 

spectroscopic analysis of (Ac)LuTAPcβ (21) showed a partially split peak around 3327 

cm−1 which is characteristic of N-H stretching mode of a primary amine group [238]. 

This was supported by a corresponding N-H bending mode at 1623 cm−1. The C-H 

stretchings were observed at 2846 and 2927 cm−1. The peak at 1590 cm−1 is attributed to 

C=O bond from the axial acetate group, while the C-N vibrations due to the 

phthalocyanine ring were observed at 1443, 1434, 1347 and 1307 cm−1. The UV-visible 
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spectral features of AcLuTAPcβ (21) in DMF was compared with that of ZnTAPcβ (22) 

which is well known [223, 240], Fig. 3.5.  

 

 

 

Figure 3.5: UV-visible spectra of 1 x 10-5 mol L-1 AcLuTAPcβ (21) and 1 x 10-4 mol L-1 

ZnTAPcβ (22) in DMF. 

The broad Q-band is characteristic of monomeric aminophthalocyanines. The Q band of 

AcLuTAPcβ (21), (701 nm), Table 3.2, is more red-shifted than the other β-substituted 

LuPc derivatives, Table 3.2, due to the electron donating ability of amino groups. The 
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Beer-Lambert law was obeyed for concentration below 1.42 x 10−5 mol L-1 for 

AcLuTAPcβ (21).  

 

3.2. Photophysical studies 

3.2.1. Fluorescence quantum yields (ФF) and lifetimes (τF) 

The fluorescence properties of the investigated complexes (14, 15, 17, 18a-c, 19, 21) were 

studied in either DMF or DMSO degassed with argon. The fluorescence spectra were 

mirror images of the excitation spectra for all the complexes, Fig. 3.6 for complex 18c, 

used as an example. The proximity of the Q band maxima of the absorption and 

excitation spectra listed in Tables 3.1 and 3.2, for all complexes suggests that the nuclear 

configurations of the ground and excited states are similar and not affected by 

excitation in the various solvents.  
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Figure 3.6: Fluorescence (Em), absorption (Abs), Excitation (Ex) spectra in DMF for    

complex 18c.  

The Stokes shifts were typical for phthalocyanines [241], Tables 3.1 and 3.2. The 

fluorescence quantum yields (ФF) values were determined by the comparative method 

and the values were mostly lower than 0.01. These low ФF values, Table 3.3, could be 

attributed to the heavy atom effect of the central metals, which encourages intersystem 

crossing to the triplet state. A similar argument has also been suggested for hafnium 

phthalocyanines which do not fluoresce at all [242]. In the case of complexes 15 and 17, 

the central metals are paramagnetic. Paramagnetic metal ions equally enhance the yield 
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of the triplet state, but only inevitably shorten the lifetime of the excited states, hence 

the low fluorescence quantum yields for the complexes [243].  

For AcLuTAPcβ (21) which contains large central metal and in addition to the quenching 

effect of the amino group, the lack of fluorescence is not surprising [223, 240, 242], Table 

3.3. 

Table 3.3: Fluorescence parameters. 

complex ΦF τF1/ns (RA) τF2/ns (RA) τF3/ns (RA) 

14 < 0.01 0.09  0.01 
(0.96) 

1.70  0.60 
(0.01) 

4.70  0.20 
(0.03) 

15 < 0.01 0.01  0.05 
(0.53) 

2.20  0.20 
(0.17) 

5.00  0.10 
(0.30) 

17 
 

< 0.01 0.08  0.02 
(0.96) 

2.4  0.50 
(0.02) 

4.60  0.10 
(0.02) 

18a < 0.01 0.01  0.04 
(0.91) 

4.27  0.31 
(0.09) 

---- 

18b 0.01 3.2  0.05 
(1.00) 

---- ---- 

18c 0.017 0.11  0.04 
(0.86) 

4.60  0.21 
(0.14) 

---- 

19 0.01 0.16  0.04 
(0.50) 

4.23  23 
(0.95) 

---- 

 21 ---- ---- ---- ---- 

 

RA = relative amplitude 

The fluorescence decay profiles of complexes 18a, 18c and 19 (Fig. 3.7, using complex 

18c as an example) are characterized by two exponential decay processes. The lifetimes 

of all the complexes are listed in Table 3.3. Biexponential fluorescence decay profiles of 
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phthalocyanines are attributed to the formation of ground-state dimers which can 

quench the monomer fluorescence, leading to a quenched and unquenched lifetimes 

[244]. 

 

Figure 3.7: Fluorescence decay profile for complex 18c in DMF. Excitation wavelength 

673 nm. Χ2 = 1.06.   
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The longer (unquenched) lifetime is attributed to the monomer and the shorter lifetime 

is attributed to quenched lifetime of the dimer [244]. In this work three lifetimes were 

observed with some of the complexes (14, 15, and 17), Table 3.3. The short-lived 

component of the decay profile could then be attributed to the set of molecules in which 

the coordinating phthalocyanine ligand and the lanthanide ion behave as coordinating 

entities resulting in the observed fluorescence. This is a general characteristic feature in 

fluorescence of lanthanides phthalocyanines which due to their big mass, have shorter 

fluorescence lifetimes than the metal free phthalocyanines or porphyrins [52, 245]. The 

long lifetime (τF3), Table 3.3, could then be attributed to some small amount of 

phthalocyanine molecules in which lanthanide ions seem to have been lost and the 

observed fluorescence attributed to the coordinating phthalocyanine without the central 

metal. The values for τF3 are in the range observed for monomeric phthalocyanines 

[244]. The intermediate lifetime (τF2) might be due to metal free phthalocyanine dimers 

or oligomers which are formed in the solution. The value of τF2 lies in the range of the 

quenched lifetimes in metallophthalocyanines [244]. The estimated amplitudes of all 

three complexes confirmed the above assignments. In complexes 14 and 17 which are 

monomeric, the amplitude of τF1 is about two to three orders of magnitude greater than 

the amplitudes of τF2 and τF3. Here only very small amounts of species without 

lanthanide central metal and dimers/oligomers are in the solution. In the case of 

complex 15 which is dysprosium bis-phthalocyanine the amplitudes of τF1 is only about 

two times bigger than the amplitude of the other two lifetimes. The reason for this is the 
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lower stability of complex 15 which results in more phthalocyanine molecules which 

can lose their central metal (τF3) or form dimers/oligomers (τF2).  

For complex 18b, only one exponential decay process was observed with one lifetime. 

This suggests that one molecular species is present in solution. The value for the lifetime 

is in the range observed for monomeric phthalocyanines [244]. 

3.2.2. Triplet quantum yields (ФT) and lifetimes (τT) 

Singlet oxygen which is mostly implicated in photosensitized reactions is produced 

through transfer of energy from the excited triplet state of the photosensitizer to ground 

state molecular oxygen [246]. Thus the ability of a sensitizer to undergo the spin 

forbidden transition from its excited singlet state to the triplet state is a fundamental 

requirement for photosensitization processes. 

Dysprosium(III) and erbium(III) are open shell, paramagnetic metal ions which cause a 

short-lived excited triplet state [243, 239]. The lifetime of the excited triplet state seems 

to be faster than the resolution of the flash photolysis system used. Also for DyPc2 (15), 

the strong intramolecular π-π interactions increase relaxation routes and therefore 

decreases the triple-state lifetime [241]. The triplet lifetime of phthalocyanines 

containing a central paramagnetic transition metal have been found to be very short 

(nanosecond scale), hence the lack of triplet decay curves for complexes 15 and 17. The 

low triplet lifetimes impose a severe limitation on the use of phthalocyanines containing 

paramagnetic central metals as photosensitizers. 
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For the lutetium phthalocyanines (14, 18a-c, 19 and 21), there was evidence of 

population of their triplet states because lutetium is a large diamagnetic metal. This 

encourages intersystem crossing of the singlet excited states of the complexes to the 

triplet states. The triplet decay curves of all the complexes were consistent with first 

order kinetics. Fig. 3.8 shows the triplet decay profile of complex 14 in DMSO.  

 

Figure 3.8: Triplet decay curve of complex 14 in DMSO at 490 nm. Excitation  

wavelength = 682 nm. 

The triplet quantum yields and the corresponding lifetimes of the lutetium 

phthalocyanines are listed in Table 3.4. The triplet state quantum yields of the 

complexes presents a good possibility of them generating singlet oxygen. The lowest ΦT 
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was for complex 21 due to the quenching of its singlet excited state by the amino 

groups. The largest ΦT was observed for complexes 14, 18a and 19. The ΦT for complex 

14 is higher than for 18a, though both have the phenoxy group. This can be explained in 

the context of their symmetry. Low symmetry results in large intersystem crossing (ISC) 

to the triplet state. Phenoxy substituents results in lost of symmetry due to their bulky 

size. This is more pronounced when they are at the α position due to steric hinderance 

[247], hence the observed higher ΦT for complex 14 compared to 18a, 18b, 18c and 19.  

The triplet lifetimes of all the phthalocyanines were generally low due to the large 

central metal. The effect of solvent on the triplet lifetimes is shown using complex 14 as 

an example, Table 3.4. In DMSO its triplet lifetime is longer (25 ± 0.60 μs) than in DMF 

(3.10 ± 0.03 μs). Such an observation has also been made before [248]. 
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Table 3.4: Triplet quantum yield (ФT), triplet lifetime (T) and singlet oxygen 

quantum yield (Ф∆) of the lutetium complexes in DMF unless otherwise stated. 

Complex 
Triplet quantum yield 

(ФT)  

Triplet lifetimes (T)/µs Singlet oxygen 

quantum yield (Ф∆) 

14 0.83a  

0.78 

25.00  0.60a 

3.10 ± 0.03 

0.71b (optical method)  

0.63 

18a 0.71  2.60  0.01 0.68  

18b 0.51  2.70  0.01 0.33 (optical method)  

18c 0.68  2.64  0.01 0.62  

19 0.73  3.21  0.04 0.64  

21 0.43  3.74  0.01 0.29  

a values in DMSO   b values in THF 

3.2.3. Singlet oxygen quantum yields (ΦΔ) 

Singlet oxygen quantum yield (Ф∆) values are expected to depend on the corresponding 

triplet quantum yield (ФT) values of the photosensitizer. That is if the triplet state of a 

photosensitizer is populated, it can then interact with ground state triplet molecular 

oxygen exciting it to its singlet excited state. In this work, the singlet oxygen quantum 

yields of the complexes were determined using either a chemical method or an optical 

method bases on time-resolved near-IR phosphorescence decay of singlet oxygen.  

Complexes DyPc2 (15) and ClErTPPcα (17) have no observed triplet state population as 
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stated above, due to the open-shell, paramagnetic nature of Dy3+ and Er3+. Hence there 

was no singlet oxygen generation by these complexes. There were neither a signal 

corresponding to the phosphorescence decay of singlet oxygen upon irradiating them 

with laser light nor were there changes in the DPBF spectra even after long period of 

visible light exposure in the presence of these complexes in DMF solution.  

The lutetium phthalocyanines AcLuTPPcα (14), AcLuTPPcβ (18a), AcLuTPyPcβ (18c) and 

AcLuTmPyPcβ (19) gave reasonably high singlet oxygen quantum yields, corresponding 

to high ФT , Table 3.4. For 18b and 21, low Ф∆ values were obtained which also 

correspond to low ФT  values. The singlet oxygen quantum yields for complexes 

AcLuTPPcα (14) and AcLuTCPPcβ (18b) were determined by the phosphorescence decay 

of singlet oxygen at 1270 nm in THF and DMF respectively. Fig. 3.9 shows the singlet 

oxygen decay profile for AcLuTPPcα (14) in THF. The singlet oxygen quantum yield of 

AcLuTPPcα (14) was also determined by the chemical method using DPBF as quencher, 

Table 3.4.    
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Figure 3.9: Singlet oxygen phosphorescence decay profile for AcLuTPPcα (14) in THF. 

For the other lutetium phthalocyanines, singlet oxygen quantum yields were 

determined in DMF using 1,3-diphenylisobenzofuran (DPBF) as quencher. Fig. 3.10 

shows the UV-visible monitored decay profile of DPBF in DMF solution containing 

AcLuTmPyPcβ (19) upon irradiation with visible light. The two methods have been 

compared and found to give quite similar results.  
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Figure 3.10:  UV-visible spectral changes during degradation of 4.3 x 10-4 mol L-1 

DPBF using AcLuTmPyPcβ (19) in DMF. Time interval 5 sec. 

There were no changes in the Q-band intensities during the process suggesting that the 

phthalocyanine was not degraded, but DPBF degraded due to singlet oxygen 

production by complex. The single oxygen quantum yields obtained for the lutetium 

phthalocyanines suggest that they are promising photosensitizing agents that could be 

applied for photoconversion of environmental pollutants such as phenols and azo dyes. 

3.3. Remarks on chapter 

Dysprosium bis-phthalocyanine and monomeric erbium phthalocyanines studied in 

this work did not show triplet state decay curves and their fluorescence quantum yields 
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ФF  were found to be very low. Thus they can neither be applied in photoconversion of 

analytes where generation of singlet oxygen is required nor be applied in fluorimetric 

detection of analytes. On the hand the lutetium phthalocyanines were found to be 

photoactive and promising photosensitizers for the conversion of environmental 

pollutants such as phenols and dyes. However their low fluorescence limits them as 

fluorimetric agents for detection of analytes. 

In further work therefore, zinc phthalocyanines, ZnTPyPcβ (23) and ZnTmPyPcβ (24) 

including the unsubstituted zinc phthalocyanine which are known photoactive and 

fluorescent agents were used alongside the lutetium phthalocyanines for detection 

and/or phototransformation of environmental pollutants. The phthalocyanines were 

first incorporated into electrospun polymer fibers and characterized as discussed in the 

next chapter. 
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Chapter 4 

4. Electrospun polymer fibers 

4.1. Influence of electrospinning conditions on morphorlogy of polymer fiber 

Electrospun polymer fibers have a wide range of applications due to their porosity, 

small pore sizes and high surface area [249-252]. However, their uniformity and 

morphology during the production processes are heavily dependent on a number of 

factors. In this work, prior to functionalization of the electrospun polymer fibers with 

phthalocyanines for various applications, the effect of some of the electrospinning 

conditions (polymer concentration, relative humidity, tip-to-collector distance and 

solvent ratio) on the morphology of the fibers were investigated using polyamide 6.9 

and polyamide 6.4 as model polymers. These are closely related polymers but differ 

significantly in some of their physical properties. Average fiber diameters and diameter 

of the circular deposition of fiber mats were used in this work to assess the effect of 

these electrospinning conditions. All electrospinning experiments were done at flow 

rate of 2 mL/h. This study will give a better understanding of how to generate 

electrospun fibers of other polymers incorporating functional molecules such as 

phthalocyanines as in this work.  
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4.1.1. Effect of polymer concentration at various humidity conditions on fiber 

morphology 

The electrospinning processes of the two polymers were significantly affected by the 

polymer concentrations. It was quite impossible to obtained fibers at very low polymer 

concentration (6, 8 and 10 %w/w) at all humidity conditions studied as the polymer 

solutions formed drops. These drops appear significantly at higher humidity 

particularly for PA 4.6 which is known to be much more hydrophilic than PA 6.9 [253].  

Table 4.1 gives the diameters of the circular deposition areas of the PA 4.6 and PA 6.9 

solutions. The area of deposition of the fiber mat is particularly important where multi-

nozzle jets are to be applied for large scale industrial production. The diameters are 

those of the fiber mats for each polyamide solutions that could be electrospun at steady 

state. The stable Taylor cone obtained resulted in uniform and reproducible electrospun 

fibrous structures with defined area of fiber mat for each polymer concentration.  

The concentration of PA 4.6, did not really affect the area of deposition particularly at 50 

and 70% relative humidity conditions. However the area was influenced by the relative 

humidity, decreasing with increasing humidity for all PA 4.6 concentrations. This may 

indicate that the water molecules adsorbed at the jet surface homogenize the charge 

density, which results in a steady Taylor cone with a smaller base area [253]. 

On the other hand, the area of deposition for fiber mats of PA 6.9 was less affected by 

both the relative humidity and polymer concentration, as no clear trends are noticeable. 

The reason may be found in the lower affinity of PA 6.9 to water. Electrospun fibers of 
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PA 6.9 have a significantly lower moisture absorption [253] and lower wicking rate 

[254] compared to PA 4.6.  

Table 4.1: The diameters (cm) of the circular deposition as a function of the 

polyamide concentration and the relative humidity, solvent ratio was 50:50 of formic 

acid (FA)/acetic acid (AA). 

Polymer 

conc./%w/w 

P.A 4.6 P.A 6.9 

10% RH 50% RH 70% RH 10% RH 50% RH 70% RH 

12 3.3 2.8 2.4 2.2 2.8 2.8 

14 3.7 3.0 2.5 2.2 2.8 2.8 

16 3.1 3.1 2.3 2.4 2.6 2.6 

18 2.8 2.8 2.3 2.4 2.6 2.4 

 

The average fiber diameters of the electrospun fibers of both polymers were used also to 

assess the effect of polymer concentration and humidity. The fiber diameters generally 

increased with increasing polyamide concentration for both PA 4.6 and PA 6.9, at each 

relative humidity, Table 4.2. This is consistent with other works [255, 256]. The changes 

were much more dramatic for electrospun fibers of PA 4.6 than those of PA 6.9.  Again 

the effect of relative humidity was very significant on the average fiber diameters of 

both polymers, generally decreasing with increasing humidity.  Polymer solutions of 
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P.A 4.6 were virtually solidifying (drying up) especially at higher polymer 

concentrations resulting in very large fiber diameters.  

Table 4.2: The average fiber diameter (nm) as a function of the polyamide 

concentration and the relative humidity. solvent ratio was 50:50 of FA/AA. 

Polymer 

conc./%w/w 

P.A 4.6 P.A 6.9 

10% RH 50% RH 70% RH 10% RH 50% RH 70% RH 

12 151 ± 27  83 ± 14 72 ± 10 209 ± 58 104 ± 32 93 ± 41 

14 310 ± 30 167 ± 19 136 ± 24 214 ± 36 147 ± 40 128 ± 37 

16 531 ± 62 198 ± 15 154 ± 14 353 ± 13 186 ± 43 171 ± 26 

18 734 ± 122 250 ± 20 208 ± 18 413 ± 55 317 ±72 214 ± 35 

 

4.1.2. Effect of tip-to-collector distance (TCD) 

The distance between the tip of the capillary needle and the collector plate for the fiber 

mat also influences the morphology of the fibers. In this work collector distances (6 and 

10 cm) were used at different relative humidity for the two polymers. Table 4.3 presents 

a typical data obtained in this work for P.A 4.6. 
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Table 4.3: Comparison of fiber diameters of P.A 4.6 at 6 and 10 cm tip to collector 

distance (TCD). 

% FA 

solvent 

(FA:AA)  

10% Humidity  50% Humidity  70% Humidity  

Ave fiber 

diameter/nm 
  

Ave fiber 

diameter/nm  
Ave fiber 

diameter/nm  

30  321 ± 49a 
315 ± 33 b 

155  ± 19 a 
134  ± 23 b 

114  ± 21 a 
116  ± 19 b 

40  288 ± 30 a 
256 ±  39 b 

167  ± 22 a 
139  ± 20 b 

112  ± 25 a 
130  ± 16 b 

50  310 ±  35 a 
309  ± 41 b 

161  ± 19 a 
141 ± 17 b 

136  ± 24 a 
160 ± 32 b 

 

AA = acetic acid   FA = formic acid TCD = tip-collector distance 

  a diameters at 6 cm TCD    b diameters at 10 cm TCD 

As indicated on Table 4.3, the fiber diameters were found to generally decrease with 

increasing tip-to-collector distance. This is expected since the polymer drop from the 

Taylor cone is stretched for a longer distance before being deposited as fiber mater 

under the same applied potential. However the area of fiber mat deposition was found 

to increase with the collector distance. This is not desirable as a uniform fiber mat with 

the same packing density cannot be obtained. 
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4.1.3. Effect of solvent ratios in polymer solutions and humidity conditions 

The two polymers were dissolved in solvent mixtures of formic acid (FA) which acts a 

solvent for polymers and acetic acid (AA) which is a non-solvent but is required for the 

electrospinning to occur, with different ratios.  As shown in Table 4.4, at 10% relative 

humidity, the fiber diameters of P.A 4.6 generally increased with decrease in the formic 

acid content. At the extreme content of 40% formic acid, the polymer solution dried up 

without fiber formation. However, for P.A 6.9, no clear pattern was obtained though the 

solution equally dried up at 40% formic acid content. As the relatve humidity was 

increased to 50 and 70%, a better pattern of increasing fiber diameters with decrease in 

formic acid content was observed in both cases. This can be attributed to the fact that 

formic acid is the solvent that dissolved the polymers. Reduction in its content in the 

solvent mixture results in an unforeseen high concentration of the polymers in solution 

leading to the larger fiber diameters observed. Also a steady state Taylor cone, from 

observation, could only be obtained at 50 and 60% formic acid content. This is a 

fundamental condition for producing electrospun polymer fibers which are expected to 

be uniform in diameter and other morphological characteristics. 
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Table 4.4: The average fiber diameters (nm) as a function of the percentage formic 

acid and the relative humidity, the polyamide concentration was 14 wt% PA. 

Percentage 

FA/%v/v 

P.A 4.6 P.A 6.9 

10% RH 50% RH 70% RH 10% RH 50% RH 70% RH 

90 144 ± 21 129 ± 17 80 ± 15 275 ± 25 135 ± 20 124 ± 20 

80 251 ± 42 147 ± 18 130 ± 22 288 ± 19 158 ± 25 125 ± 16 

70 321 ± 42 155 ± 19 114 ± 21 306 ± 35 187 ± 38 122 ± 14 

60 288 ± 30 167 ± 22 112 ± 25 268 ± 21 170 ± 30 134 ± 27 

50 310 ± 33 161 ± 19 136 ± 24 207 ± 41 149 ± 28 174 ± 28 

40 -- 231 ± 63 114 ± 25 -- 152 ± 29 122 ± 42 

 

Thus by optimizing all the above conditions, suitable electrospun polymer fibers 

functionalized with phthalocyanines possessing appropriate morphology can be 

obtained. Such functionalized fiber can then be applied in gas sensing and 

photodegradation of environmental pollutants which are core aims of this work. 

 

4.2. Characterization of electrospun polymer fibers functionalized with lutetium 

and zinc phthalocyanines and their physico-chemical behavior 

This section discusses the characterization of both covalently linked and physisorbed 

Pc/ polymer fibers. The choice of the polymers in this work was guided by their ability 
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to either covalently bind the phthalocyanine or interact strongly through their extensive 

aromatic systems. 

For non-covalently linked functionalized fibers, the complexes used are 14, 18a, 18c, 19, 

23 and 24 since they do not have functional groups for covalent linking. Polystyrene 

(PS) and polysulfone (PSU) do not also have appropriate functional groups. 

AcLuTCPPcβ (18b) and MTAPcβ (21 and 22) were employed for conjugation to 

polyurethane (PUR) and polyacrylic acid (PAA) respectively. Polyurethane (PUR) 

covalently binds to the carboxylic acid group of 18b through an amide bond. Similarly 

polyacrylic acid binds to the amino groups of 21 and 22. Though the covalent bond 

formation ensures that the phthalocyanine is tightly bound to the polymer, it limits the 

number of phthalocyanine molecules that can be held by the polymer. On the other 

hand, polystyrene (PS) and polysulfone (PSU) have extensive aromatic systems that can 

interact with that of the phthalocyanines. This might not bind the phthalocyanines 

molecules as tightly as with covalent bond formation. However, it has the advantage 

that different amounts of the phthalocyanines can be placed on the polymer until the 

onset of leaching of the phthalocyanine from the polymer. 

 

4.2.1. Elemental analysis- Consistency of composition 

This was done to assess the uniformity in composition of the functionalized fibers 

during production particularly for mixtures of the polymer and the phthalocyanine that 

are not covalently linked but are held together by sorption forces. This is important 
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because the phthalocyanines have relatively smaller sizes and are much more 

electrically conducting compared to the polymer, thus a separation of the composite 

during the electrospinning process similar to what has been observed in gel 

electrophoresis is possible [257]. This would result in fibers at different stages of the 

electrospinning process having different compositions, with fibers at the first stage of 

electrospinning having higher phthalocyanine content than those at later stages.  In 

order to assess the uniformity in composition of the functionalized electrospun fibers 

during the different stages of their formation from the mixture of polymer and 

phthalocyanine, samples of the electropun fibers in each case were collected at different 

stages of the electrospinning process and analyzed using elemental analyses. Table 4.5 

gives typical data of such elemental analysis involving electrospun polystyrene fiber 

functionalized with complex 14.  

Table 4.5: Elemental composition of samples of PS/AcLuTPPcα (14) composite fiber. 

SAMPLE ELEMENT 

C H N 

PS/LuTPPcα (14) 1 92.00 7.621 - 

PS/LuTPPcα (14) 2 92.39 7.533 - 

PS/LuTPPcα (14) 3 92.19 7.627 0.03 

 1 = fibers just at the start of formation, 2 and 3 = fibers after 5 and 10 mL of polymer 

solution has been electrospun respectively. 
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As indicated, the nitrogen content in the mixture was overshadowed by the high carbon 

and hydrogen content in the polystyrene and the phthalocyanine.  However, the fibers 

have generally the same composition and are expected to show reproducible behavior 

in any application. Thus elemental analyses results confirm that there was no separation 

of the phthalocyanines from the polymers during the fiber formation. One important 

deduction from the elemental analysis is the fact that the molecules of the 

phthalocyanine and the polystyrene have interacted strongly through their π-π 

electrons of their aromatic systems. This was equally observed with other electrospun 

polymer fibers functionalized with phthalocyanines. 

4.2.2.  Microscopic characterization 

Two geometric properties of the fibers (fiber diameter and morphology) were assessed 

using SEM technique. The average diameters of the electrospun fibers of each polymer 

alone and those when functionalized with phthalocyanine were determined using 

Cell^D software from Olympus. 

For polystyrene (PS) polymer, the functionalized fibers contained complexes 14, 18a, 

18c, 19 and unsubstituted zinc phthalocyanine. The electrospun fibers of polystyrene 

alone and those functionalized with the phthalocyanines complexes did not form 

appreciable amount of beads under the experimental conditions and consist of mostly 

long unbranched strands of cylindrical fibers as shown in Fig. 4.1. for PS and 

PS/AcLuTPPcα (14)  fibers. 
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Figure 4.1: Fiber mat of (A) PS alone and (B) PS/AcLuTPPcα (14) composite at 100 μm 

resolution and insert is 50 μm resolution. 

The fiber diameters of the polystyrene alone ranged from 1800-3200 nm (1.8-3.2 µm). 

These fiber diameters were thinner than those obtained (3.52-4.09 µm) by Pai C.-L. et al. 

[258], using DMF alone as solvent, instead of THF:DMF solvent mixture used in this 

work. This is expected because higher concentration of the polymer in the solvent, 30%, 

was used in their case, while polymer concentration of 25% was used in the present 

work. This observation is consistent with theory which predicts that the fiber diameter 

depends allometrically on solution viscosity [255, 256]. Table 4.6 shows the average 

diameters of the other polystyrene polymer fibers functionalized phthalocyanines in 

this work. 
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Table 4.6: Average fiber diameters of electrospun polystyrene polymer fibers 

functionalized with phthalocyanines. 

Electrospun fiber Average diameter/ µm Standard deviation 

PS alone 1.56   0.40 

PS/AcLuTPPcα (14) 1.73  0.51 

PS/AcLuTPPcβ (18a) 1.66 0.35 

PS/AcLuTPyPcβ (18c) 1.79 0.60 

PS/AcLuTmPyPcβ (19) 1.80 0.47 

PS/ZnPc 1.63 0.32 

 

For electrospun fiber of polyacrylic acid functionalized with complexes 21 and 22 the 

conjugates were formed through an amide bond involving the NH2 group of 

AcLuTAPcβ (21) or ZnTAPcβ (22) with the carboxylic acid groups of PAA. Their 

electrospun fibers were generally cylindrical and unbranched with relatively wide 

diameter range, Fig. 4.2. In the case of non functionalized PAA fibers, the diameters 

ranged from 124-930 nm, while the range for PAA/AcLuTAPcβ (21) was 153-1356 nm 

and 130-1309 nm for PAA/ZnTAPcβ (22).   The fibers of PAA alone had a number of 

beads (circled), Fig. 4.2. However those of the functionalized AcLuTAPcβ (21) and 

ZnTAPcβ (22) fibers had virtually no beads. This could be accounted for by the fact that 

phthalocyanines are high charge density aromatic macromolecules. Thus their presence 
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in the functionalized polymer solution will lead to an increase in charge density. Such 

an increase in the net charge density of polymer solutions during electrospinning has 

been reported [259] to lead to elimination of beads similar to what has been observed in 

this work. 

      

Figure 4.2: Fiber mats of (a) PAA alone, (b) PAA/AcLuTAPcβ (21) composite and (c) 

PAA/ZnTAPcβ (22) composite. Circle = bead. 

The conjugate of polyurethane containing complex 18b was formed through a 

covalent amide bond between the N-H group of PUR and the carboxylic group of the 

AcLuTCPPcβ (18b). 

Fig. 4.3a shows the SEM image of the electrospun fiber mat of PUR/AcLuTCPPcβ 

(18b) hybrid. The fibers are randomly aligned and are more or less a network of 

random diameters ranging from 187-5734 nm under the operating conditions.  The 

SEM of PUR  alone shows more defined structure, Fig. 4.3b, than for the 

PUR/AcLuTCPPcβ (18b) hybrid.  

(b) (c)
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Figure 4.3: Fiber mat of (a) PUR/AcLuTCPPcβ (18b) composite and (b) PUR alone. 

 

4.2.3. Spectroscopic characterization 

The covalent attachment was done by first activating the COOH groups of 18b for 

attachment to polyurethane (PUR) or polyacrylic acid (PAA) for attachment to 21 and 

22. Dicyclohexylcarbodiimide (DCC) was used as coupling agent. 

 

4.2.3.1. FT-IR spectral characterization of covalently conjugated Pc-polymers 

The attachment of AcLuTCPPcβ (18b) to polyurethane (PUR) is depicted in Scheme 

4.1. The covalent attachment of AcLuTCPPcβ (18b)  to the polyurethane polymer was 

first assessed using IR spectroscopy by observing changes of various functional 

groups of polyurethane and AcLuTCPPcβ (18b). Fig. 4.4 shows the FT-IR spectra of 

AcLuTCPPcβ (18b)  powder (Fig. 4.4a) polyurethane fibers (Fig. 4.4b) and the 

AcLuTCPPcβ (18b)  functionalized fiber (Fig. 4.4c) recorded from 4000 to 650 cm -1.    
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Scheme 4.1: Formation of amide bond between AcLuTCPPcβ (18b) and PUR. 

The IR spectrum of PUR fiber (Fig. 4.4b), shows the following peaks: 3316 cm -1 is due 

to weak N-H stretching of a secondary amine; 2932, 2851 and 2790 cm -1 are due to C-

H stretches, 1704 cm-1 is due to the C=O stretch of the amide; 1525 1444 and, 1365 

cm-1 are due to C-N stretches; peak at 1224 cm-1 could be assigned to C-O-C 

stretching [238]. 

 

N

NN
N

N
N

N
N

Lu

OOCCH3RO

O

HOOC

OR

OR

N

NN
N

N
N

N
N

Lu

OOCCH3RO

O

OR

OR
N

O

NH CCO

OO

(CH2)n

C

+NH

DCC



                                                                                                                              Results and Discusions 

129 
 
 

 

Figure 4.4: FT-IR spectra of (a) AcLuTCPPcβ (18b) (b) PUR fiber (c) PUR/AcLuTCPPcβ 

(18b) hybrid fiber. 
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In the case of the hybrid fiber (Fig. 4.4c), the disappearance of the broad band at 

about 3504 cm-1  in Fig. 4.4a (for AcLuTCPPcβ (18b)  alone  suggest the cleavage of 

the  hydroxyl group of the acid functional group of AcLuTCPPcβ (18b)  on  covalent 

amide bond formation with some of the N-H groups of PUR. Also the shift of the 

carbonyl peak at 1656 cm-1 of AcLuTCPPcβ (18b)  and 1704 cm-1 for PUR to 1699 cm-1 

in the hybrid fiber suggest an electronic interaction involving the carbonyl group of 

AcLuTCPPcβ (18b)  due to amide bond formation. This is supported by the shift of 

the N-H peak position from 3316 cm-1, for PUR, to 3322 cm-1 for PUR/AcLuTCPPcβ 

(18b) hybrid. Equally the rest of the existing peaks in Fig. 4.4a and Fig. 4.4b 

especially those of the phenyl groups have their positions and intensities slightly 

changed in the hybrid fiber. These are indications that AcLuTCPPcβ (18b)  molecules 

are embedded in the hybrid fiber and that there is electronic interaction between the 

two components. The strong new peak at 2116 cm-1  for the PUR/AcLuTCPPcβ (18b)  

fiber (Fig. 4.4c) is attributed to N=C=N stretch originating from some residual bound 

dicyclohexylcarbodiimide [260] in the hybrid fiber, which was used as a coupling 

agent .  

In the case of polyacrylic acid functionalized with tetraaminophthalocyanines the 

conjugates were formed through an amide bond involving the NH2 group of 

AcLuTAPcβ (21) and ZnTAPcβ (22) with the carboxylic acid groups of PAA as illustrated 

in Scheme 4.2 for AcLuTAPcβ (21)/PAA composite. 
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Scheme 4.2: Formation of amide bond between AcLuTAPcβ (21) and PAA. 

The FT-IR spectral features of polyacrylic acid, Fig. 4.5(b), include the broad O-H band 

around 3100-3600 cm-1 and the carbonyl stretching at 1699 cm-1. In the case of 

AcLuTAPcβ (21), Fig. 4.5(a), the partially split and broad band around 3270-3327   cm-1 

may be assigned to asymmetric and symmetric stretching vibrations of the amino 
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groups of the phthalocyanine [223]. This is supported by the intense –NH2 group in-

plane bending vibration observed at 1623 cm-1. 

For PAA/ AcLuTAPcβ (21) composite, Fig. 4.5 (c), the N-H stretching vibration of the 

AcLuTAPcβ (21) has diminished in intensity, and the corresponding bending mode 

around 1623 cm-1 has almost disappeared. This suggests that the amino groups are 

engaged in amide bond formation with PAA. The incomplete disappearance of these 

two bands of the –NH2 of the phthalocyanine could be due to the fact that not all four 

amino groups of any particular AcLuTAPcβ (21) molecule are engaged in the amide 

bond formation. There is slight shift of the carbonyl position indicating electronic 

interactions between the components. Similarly, the position and intensity of the 

aromatic C-H of AcLuTAPcβ (21) as well as it characteristic phthalocyanine C-N 

vibrations, have their positions slightly changed in the hybrid. These observations 

jointly suggest that the phthalocyanine molecules are bound within the polymer matrix 

through electronic interactions.  
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Figure 4.5: FT-IR spectra of fibers (a) AcLuTAPcβ (21), (b) PAA and (c) PAA/ 

AcLuTAPcβ (21) hybrid. 
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4.2.3.2.Raman spectral characterization 

  Non-covalently linked 

The Raman spectral studies were done in order to ascertain the Van der Waal’s 

electronic interactions between the polymers (PS and PSU) and the phthalocyanines 

where there is no covalent linkage between the two. Interpretation of these spectra was 

aided by the theoretical spectrum of the pure polymer obtained from density functional 

theory (DFT) calculations carried out on a subunit of the polymer. Fig. 4.6A shows the 

theoretical (a) and experimental (b) Raman spectra of the polystyrene alone.  
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Figure 4.6: (A) Theoretical (a) and experimental (b) Raman spectra of PS and (B) 

Raman spectra of (a) PS and (b) PS/AcLuTPPcα (14), composite fibers. 
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Polystyrene was used for these studies due to its extensive aromatic system capable of 

π-π interaction with the phthalocyanine. 

As indicated in Fig. 4.6A, there is a good correlation between the theoretically obtained 

spectrum and the experimental one. The peaks between 2500 and 3000 cm-1 are 

attributed to stretches due to the aromatic ring of the polystyrene [261], and are 

consistent with the theoretical calculations.  To determine any electronic interaction 

between the polystyrene and the phthalocyanine, the Raman spectrum of the composite 

fiber, PS/AcLuTPPcα (14), was taken and compared with that of the polymer alone as 

depicted in Fig. 4.6B.    The observed changes in the peak shapes of the PS/AcLuTPPcα 

(14) composite, Fig. 4.6B (b) compared to PS alone, Fig. 4.6B (a) suggest that the 

phthalocyanine is interacting with the polystyrene aromatic system. This might be due 

to the strong π-π interactions of the phthalocyanine and polystyrene aromatic systems.  

Similar changes in the aromatic region were also observed when AcLuTPPcβ (18a), 

AcLuTPyPcβ (18c) and AcLuTmPyPcβ (19) were functionalized on the polystyrene 

polymer fibers. These phthalocyanines were used as examples for all Pcs in this work 

when non-covalently attached to polystyrene (PS). 

Covalently linked 

Apart from FT-IR spectroscopy, Raman spectroscopy was also used to establish the 

covalent linkage of AcLuTCPPcβ (18b) to polyurethane fibers through covalent amide 

bond formation. As indicated in Fig. 4.7, the  Raman spectra of PUR/AcLuTCPPcβ (18b) 
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conjugate shows amide I, amide II and amide III bands at 1591, 1452  and 1294  cm-1 

(low intensity) respectively, further confirming the linkage between the AcLuTCPPcβ 

(18b) and PUR. These amide bands are in agreement with what has been observed 

elsewhere for amides [262, 263] 
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Figure 4.7: Raman spectrum of PUR/AcLuTCPPcβ (18b) composite fiber. 

Similarly the covalent amide bond formation between tetraaminophthalocyanine 

complexes of lutetium and zinc and polyacrylic acid polymer were further established 

by identification the characteristic Raman bands. Fig. 4.8 shows the spectrum of 

PAA/AcLuTAPcβ (21) conjugate fiber. As shown in Fig. 4.8, the peaks at 1606 cm−1 (I), 

1445 cm−1 (II) and 1298 cm−1 which are low in intensities, are the characteristic amide 

peaks [262, 263].  



                                                                                                                              Results and Discusions 

138 
 
 

 

Figure 4.8: Raman spectrum of PAA/AcLuTAPcβ (21) fibers. 

4.2.3.3. X-ray diffraction (XRD) spectral characterization 

Non-covalently linked 
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3500 3000 2500 2000 1500 1000
0.00

0.01

0.02

0.03

R
am

an
 In

te
ns

ity

Wavenumber/cm-1

I

II

III



                                                                                                                              Results and Discusions 

139 
 
 

the (002) reflection of carbon [264]. The sharp nature of this peak suggests that the 

phthalocyanine is quite crystalline which is characteristic of ionic compounds. The XRD 

pattern for PSU fiber Fig. 4.9 (b) shows a broad peak that suggests that it is not 

crystalline [265]. For the composite fiber Fig. 4.9 (c), the crystallinity of the ZnTmPyPcβ 

(24) is lost as a result of the large polymer matrix. Nonetheless, the characteristic 

phthalocyanine peak clearly appears in the composite indicating the phthalocyanine is 

embedded within the polymer fiber matrix. Similar XRD patterns were obtained for the 

other non-covalently linked polymer/Pcs except the amorphous nature of the Pcs 

resulted in broader peaks for the Pc alone. 

Similar X-ray diffraction patterns were obtained for polystyrene polymer fibers 

functionalized with phthalocyanines. 
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Figure 4.9: X-ray diffraction (XRD) patterns of (a) ZnTmPyPcβ (24) alone (b) PSU fiber 

alone (c) PSU/ZnTmPyPcβ (24) composite fiber. 
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Covalently linked 

The XRD pattern of AcLuTAPcβ (21) Fig 4.10 (a) shows a pronounced broad peak 

covering 2θ = 15 - 30° with maximum occurring around 24°. The broad nature of this 

peak indicates that phthalocyanine is amorphous. The peak maximum around 24° is 

close to the (002) reflection plane of carbon [264]. In PAA alone the XRD pattern, Fig. 

4.10 (b), shows two broad peaks. In the conjugate there is an overlap of PAA peaks with 

those of AcLuTAPcβ (21), Fig. 4.10 (c).  The broadening in all peaks shows the low 

crystallinity of AcLuTAPcβ (21) in both the pure form and within the polymer fiber.  
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Figure 4.10: X-ray diffraction (XRD) patterns of (a) AcLuTAPcβ (21) powder, (b) PAA 

fiber and (c) PAA/AcLuTAPcβ (21) fiber. 



                                                                                                                              Results and Discusions 

143 
 
 

4.2.3.4.UV-visible spectral characterization 

Fig. 4.11 shows the electronic absorption spectrum of the AcLuTPPcα (14), used as an 

example, in THF (both PS and the Pc are soluble in THF) together with the solid state 

electronic spectra of phthalocyanine, polystyrene fiber and that of the PS/AcLuTPPcα 

(14) composite fiber. The spectra of the solid states of AcLuTPPcα (14) power and fibers 

were recorded by placing them on a glass slide. 

As shown in Fig. 4.11 (a), the electronic spectrum of AcLuTPPcα (14) shows a sharp Q-

band absorption maximum of 690 nm in THF. The solid state electronic spectrum of the 

phthalocyanine alone, Fig. 4.11 (b) shows broadening.  
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Figure. 4.11: UV-visible absorbance spectra of : (a) 3.8 x 10-6 mol L-1 AcLuTPPcα (14) in 

THF solution (b) solid AcLuTPPcα (14)  (c)  PS fiber   (d) PS/AcLuTPPcα (14) 

composite fiber. 

For phthalocyanines in the solid state or on solid support systems, the theory of 

molecular exciton is usually used to rationalize the differences between the optical 

spectra in the liquid phase and those in the solid state [266-268]. 

When more than one phthalocyanine macrocycles are close to each other, whether they 

are chemically bonded or not, the transition diplole moments can couple (exciton 

coupling) to cause drastic spectral changes particularly in the Q-band region.  

Depending on the conformation between the chromophores, shifts of the Q-band 
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(generally to the blue, while to the red in less common cases), splitting and/or 

broadening can be observed [269]. The red-shifts of the Q-band have mostly been 

observed in the solid-state phase where the chromophores are aligned in a slipped-

cofacial manner (the degeneracy of Q band is lifted in this arrangement) and can be 

rationalized in terms of exciton coupling. These differences in spectra of 

phthalocyanines in the solid state and solution have been reported by other workers 

[270].  Aggregation in the solid state however does not favor generation of singlet 

oxygen.  

In Fig. 4.11 (c), the non-functionalized polystyrene fibers show no obvious absorption 

band. However for PS/AcLuTPPcα (14), the Q-band absorption is relatively broader and 

more red-shifted (6 nm) compared to that of the phthalocyanine in THF solution, but 

less red shifted compared to solid AcLuTPPcα (14), Fig. 4.11 (d). It could also be 

deduced from Fig.  4.11 (d), that the phthalocyanine is uniformly dispersed within the 

fiber matrix, since there is less broadening (hence less aggregation) compared to solid 

AcLuTPPcα (14).   

For further evidence of a uniform dispersal of the AcLuTPPcα (14) on the fiber matrix 

and for possible quantitative applications of the functionalized polystyrene fiber, the 

electronic spectra of various packing of the fiber were obtained, Fig. 4.12. There is 

quantitative correlation between the amount of phthalocyanine on the fiber, since 

doubling the thickness of the fiber on the glass substrate, almost doubles the 

AcLuTPPcα (14) absorbance. This observation also suggests that the composite fiber is 



                                                                                                                              Results and Discusions 

146 
 
 

uniform in composition. Similar spectral features were observed for the other 

functionalized fibers.  

 

Figure 4.12: Variation of absorbance of the PS/ AcLuTPPcα (14) composite fiber with 

fiber mat thickness r ≈ 0.1 cm placed on glass plate: (a) r (b) 2r (c) 4r. 

 

4.3. Leaching studies 

Leaching has been reported [271] to be a major problem associated with the application 

of these functionalized electrospun polymer fibers in various solvent media. In this 
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work, attempt was made to find a suitable solvent in which the functionalized polymer 

fibers could be applied with minimal or no leaching of the phthalocyanine from the 

fiber. It was observed that in purely hydrocarbon based solvents such as hexane; there 

was no leaching or very minimal leaching of the phthalocyanine molecules. Similarly 

there was no leakage in water for polystyrene, polysulfone and polyurethane 

electrospun fibers even when non-covalently attached. This suggests that the 

functionalized fiber can be applied in real-life environment especially in aquatic 

systems. However, in some organic solvents there is considerable leaching or even a 

complete dissolution of the fiber to liberate the phthalocyanine. A typical case involving 

THF, water and hexane as solvent media and complex (14) functionalized on 

polystyrene are shown in Fig. 4.13. As shown, even after 12 h in hexane and 18 h in 

water, there was no sign of the phthalocyanine in solution and thus hexane and water 

could serve as a solvent for a heterogeneous catalytic application of the functionalized 

fibers. Also Pcs do not dissolve in these solvents. However, even ZnTmPyPcβ (24) and 

AcLuTmPyPcβ (19) did not leach out of the polymers even though they are water 

soluble. This will be clearer in the photodegradation studies of methyl orange. The 

integrity of the phthalocyanine is also still maintained in the fiber as shown from the 

appearance of the Q-band region of spectrum (d) of Fig. 4.13. 
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Figure 4.13: UV-visible spectra of PS/AcLuTPPcα (14) functionalized fiber in water, 

THF and hexane after immersing it in (a) water, 18 h  (b) hexane, (4 h) (c) hexane, 12 h 

(d) THF, momentarily. 

4.4. Photophysical and photochemical behavior of the polymer fiber 

functionalized with metallophthalocyanines 

The photophysical and photochemical properties of phthalocyanines functionalized on 

polymer fibers have been reported to be maintained within the solid polymeric matrix 

[267]. In this work, the fluorescence behavior of the electrospun polymer fibers 

functionalized with various phthalocyanines were assessed as well as their 

photoactivity with the view of possibly using these polymeric materials in gas sensing  

and/or for photocatalytic conversion of environmental pollutants. Table 4.7 gives 

fluorescence and singlet oxygen quantum yields of the phthalocyanines in solution as 
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well as their corresponding single quantum yields estimated within the fiber matrices. 

This helps in clearer understanding of their comparative behavior in solution and 

within the solid fiber supports. The ΦΔ values for the fibers are estimates due to 

scattering of light discussed in chapter 2. For covalently linked PUR/AcLuTCPPcβ 

(18b), ΦΔ value is low since less Pc was contained in the fiber as the number of Pc 

molecules on the polymer is restricted by the number of functional groups available. 

The PSU functionalized fibers have higher singlet oxgen quantum yields than PS 

functionalized fibers. For instance PSU/ZnPc has a yield of 0.25 which higher than that 

of PS/ZnPc (0.13). A similar trend was observed for PSU/AcLuTPyPcβ (18c) and 

PS/AcLuTPyPcβ (18c). This could be due to the fact that polystyrene has more extensive 

aromatic system than polysulfone. Thus the phthalocyanine molecules are much more 

bound within the polystyrene fiber matrix resulting in decreased photochemical 

parameters [267]. 
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Table 4.7: Fluorescence and singlet oxygen quantum yields of the phthalocyanines in 

DMF and within solid polymer fibers. 

 Complex ΦF (DMF) ΦΔ Polymer 

Solution 

(DMF) 

Fiber (water) 

ZnPc 0.30 [30] 0.56 [31,32] 0.25  
 

PSU 

0.13  PS 

(Ac)LuTPPcα 
(14) 

<0.01 0.71 (THF) 0.22  PS 

(ac)LuTPPcβ 

(18a)   
<0.01 0.68 0.28  PS 

(Ac)LuTCPPcβ 
(18b) 

0.01 0.33 0.11  PUR 

(ac)LuTPyPc 
(18c) 
 

0.017 
 

0.62 
 

0.17  PS 

0.26  PSU 

(ac)LuTmPyPc 

(19)  

0.01 0.64 0.15  PS 

(ac)LuTAPcβ 
(21) 

a 0.29 B PAA 

ZnTAPcβ (22) <0.01 0.17 B PAA 

ZnTPyPc (23) 0.23[224] 0.56  0.24  PSU 

ZnTmPyPcβ 

(24) 
0.22[224] 0.59  0.21  PSU 

atoo low to be detected, b no value determined – polymer dissolves in water 

 

 

 



                                                                                                                              Results and Discusions 

151 
 
 

4.4.1. Fluorescence behavior of the phthalocyanine with solid polymer fibers 

The fluorescence behaviors of the phthalocyanines within the fiber were assessed by 

taking fluorescence micrographs by exciting the functionalized fibers in the Q band 

region with a high-voltage mercury lamp, Fig. 4.14.  The fluorescence of unsubstituted 

zinc phthalocyanine, a known fluorophore, [84] functionalized on the various polymers 

was used as reference for the other phthalocyanine functionalized fibers. Fluorescence 

is judged by the red colour of the fiber under illumination. Electrospun polymer fibers 

functionalized with unsubstituted zinc phthalocyanine fluoresce, Fig. 4.14 (a-d) even 

though those of polyurethane fibers seem to be fused together, under excitation. This is 

consistent with the fluorescence behavior of the phthalocyanine in solution and 

suggests that the molecules are quite dispersed within the polymer matrices and not 

stacked together as in the solid state that are usually not emissive [272].  For ZnTAPcβ 

(22) functionalized fibers, no (or very low) fluorescence has been reported due to the 

quenching effects of the amino group [223, 240, 273], hence no fluorescence is observed 

in Fig. 4.14 (a).  The same explanation applies to (Ac)LuTAPcβ (21) which is further 

affected by the heavy atom effect [117], Fig. 4.14 (a). For the other ZnPc derivativies, 

ZnTPyPcβ (23) and ZnTmPPcβ (24), fluorescence has been reported in solution [224]. 

Their fluorescence has been maintained in the functionalized fibers as shown in their 

fluorescence micrographs, Fig. 4.14 (c). The fluorescence intensities are not as strong as 

that for unsubstituted ZnPc, which is expected since this was also observed in solution. 
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The lutetium phthalocyanines are generally not emissive in solution due to the large 

size of lutetium atom which encourages intersystem crossing to the triplet state. Thus as 

shown in Fig. 4.14 (b and d), the fluorescence micrographs of the corresponding 

functionalized polymer fibers containing the various lutetium phthalocyanines do not 

show the red fluorescence exhibited by those containing the unsubstituted zinc 

phthalocyanine. Thus whether the phthalocyanine is embedded within the electrospun 

polymer fiber matrix through electrostatic or ionic attraction as well as being covalently 

linked, its fluorescence characteristics are quite similar to that in solution. 
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Figure 4.14: Phthalocyanine functionalized fibers and their corresponding    

fluorescence micrographs with (a) PAA (b) PS (c) PSU and (d) PUR polymers. 
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4.4.2. Singlet oxygen generation behavior of functionalized fibers 

Non-covalently linked 

The ability of the functionalized fibers to generate single oxygen was demonstrated by 

monitoring the decay of 1,3-diphenylisobenzofuran (DPBF) a singlet oxygen quencher, 

using UV-visible spectroscopy. Fig. 4.15 shows spectral changes of the DPBF, monitored 

at 414 nm, in hexane on exposure to light in the presence of the functionalized fiber, 

PS/AcLuTPPcα (14) as representative. There was degradation of the DPBF indicating 

that oxygen was generated. 

Also it is apparent that the phthalocyanine could be regenerated after use as shown in 

Fig. 4.15, where the PS/AcLuTPPcα (14) was re-dissolved in THF and the spectra 

recorded. When the PS/AcLuTPPcα (14) modified fiber (which was used for DPBF 

studies) was re-dissolved, the peak due to DPBF was not evident on the UV-vis 

spectrum, Fig 4.15b. This confirmed that the decrease in absorbance of DPBF was not 

due to its adsorption onto the fiber, but was phototransformed in the presence of the Pc 

functionalized fiber which generates singlet oxygen. 
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Figure 4.15: (a) Degradation of 2.10 x 10-4 mol L-1 DPBF in the presence of 

PS/AcLuTPPcα (14) fiber in hexane at various photolysis times. (b) Regeneration of 

AcLuTPPcα (14) from the fiber by dissolving the modified fiber in THF and recording 

the spectrum.  

The singlet oxygen quantum yields of the phthalocyanines within the polymeric fibers 

were determined in water since the fibers were applied for the transformation of 4-

chlorophenol, 4-nitrophenol and methyl orange in aqueous media. ADMA was used as 
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singlet oxygen quencher in aqueous media. Fig. 4.16 shows the degradation profile of 

ADMA in solutions containing PS/AcLuTPPcα (14) fibers in water upon irradiation.  

 

Figure 4.16: UV-vis spectral changes observed on photolysis of ADMA in water in the 

presence of 10 mg PS/AcLuTPPcα (14) fiber. (a) starting spectrum of ADMA, (j) 

spectrum after 20 min   of photolysis, starting ADMA concentration = 5.53 x 10-5 mol 

L-1, irradiation interval = 2 min. 

Similar spectral changes were observed for all other functionalized polymer fibers 

except those of polyacrylic acid which were soluble in water. The phthalocyanines did 

not leach out of solution, since they are bound within the fiber matrices as shown in Fig. 
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4.16.  No degradation of ADMA was observed under similar conditions when fibers of 

the polymers were used alone without functionalization with phthalocyanines. The 

singlet oxygen quantum yields were estimated using Equation 1.9 and are listed in 

Table 4.7. These values are significantly lower than those obtained when the 

phthalocyanines were in DMF solution and can be explained in two contexts. First, it 

could be due to the fact that the photophysical and photochemical behavior of the 

phthalocyanine can be altered when constrained within the environment of a solid 

polymeric matrix. Thus a direct correlation between the phthalocyanine behavior in 

solution and in solid fiber matrix cannot be feasible. Such an assertion has been put 

forward by Lang K. et al. [267]. Secondly, equally important is the fact that such 

lowering of the singlet oxygen quantum yield of phthalocyanines in protic solvents 

such as water has been observed [229]. It is believed that such a decrease is due to 

interaction between the vibrational levels of the solvent molecules and the electronic or 

vibrational levels of singlet oxygen resulting in deactivation of the singlet oxygen in 

such solvents.   

Nonetheless, the singlet oxygen quantum yields suggest that the functionalized fibers 

are promising photosensitizers that could be applied in the photo-conversion of various 

analytes. Thus as part of this work, an attempt was made to apply these fabric materials 

for conversion of environmental pollutants in aqueous media.  

The photoactivity of the electrospun functionalized polymer fibers were also assessed 

using optical method based on time-resolved phosphorescence decay of singlet oxygen 
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using germanium detector at 1270 nm as described in Fig. 2.4, experimental section. Fig. 

4.17 shows the decay curve for singlet oxygen phosphorescence irradiation of 

PS/AcLuTPPcα (14) fiber with laser light.  
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Figure 4.17: Singlet oxygen generation by PS/AcLuTPPcα (14) fiber suspended in 

oxygen saturated water. exc = 696 nm. 

Fig. 4.17 clearly shows that PS/AcLuTPPcα (14) is capable of generating singlet oxygen 

(O2(1Δg)). The lifetime of the singlet oxygen generated was found to be 18 µs. The 

determination was done by exciting at the Q band of the PS/AcLuTPPcα (14) fiber (696 

nm). Similar decay profiles were obtained for the other functionalized fibers. This 
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further suggests that the properties of the phthalocyanines are maintained within the 

fiber matrix, especially their ability to generate singlet oxygen.  

Covalently linked 

The ability of the covalently linked functionalized fibers (PAA/AcLuTAPcβ (21), 

PAA/ZnTAPcβ (22) and PAA/ZnPc) to generate singlet oxygen within the polymeric 

fiber matrices were assessed using DPBF as singlet oxygen quencher in hexane as 

solvent. In water, the fibers gradually dissolved to form gelatinous solution and as such 

water was not a suitable medium.  Pieces of the functional fibers were placed in 

solutions of DBPF in hexane and irradiated using the same photolysis setup as 

described in the experimental section and the degradation of DBPF monitored by UV-

visible spectroscopy. 
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Figure 4.18: Spectral changes observed during degradation of DPBF using 

PAA/AcLuTAPcβ (21) composite fiber in hexane. Time interval 15 min. 

Fig. 4.18 shows a typical degradation of DPBF when PAA/AcLuTAPcβ (21), composite 

fiber was used. This demonstrates that the phthalocyanines within the fiber matrix are 

still capable of generating singlet oxygen though a longer period of irradiation was 

required for a significant change of the absorbance of DPBF around 414 nm than in 

solution or when non-covalently linked. This could be due to the fact that the inherent 

photophysical and photochemical behavior of the phthalocyanine can be altered when 

constrained within the environment of a polymeric matrix. Thus a direct correlation 
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between the phthalocyanine behavior in solution and in solid fiber matrix cannot be 

feasible as suggested earlier [267]. Additionally, low amounts of the Pc molecules are 

within the fiber matrix due to the restriction on covalent bond formation. When PAA 

fiber alone was used no degradation of DPBF occurred suggesting that the 

phthalocyanine molecules within the fibers are the agents involved in the singlet 

oxygen generation. The fact the phthalocyanines showed photoactivity within the fiber 

matrix suggests that not all the molecules are completely encapsulated within the fiber 

but are found equally covalently bound around the large exposed surface area of the 

fiber because of the smaller fiber diameters. The phthalocyanines did not leach out of 

the fiber into solution as evidenced from the Q-band region of the sample solutions 

during photolysis. This confirms once again the bound nature of the phthalocyanines 

within the fiber matrix. 

 

4.5. Remarks on chapter 

The photophysical and photochemical properties of lutetium and zinc phthalocyanines 

incorporated into various polymer fiber matrices were studied. The fluorescence 

behaviors of the composite fibers were found to follow trends in solution. The zinc 

phthalocyanine composites showed the characteristic red fluorescence under 

irradiation. The fluorescence could possibly be quenched on interaction with gaseous 

nitrogen dioxide, a free radical and hence these functionalized fibers could serve as 
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promising fabric materials in developing optoelectronic devices that are responsive to 

the gas. 

Also the singlet oxygen generating ability of the phthalocyanines were maintained in 

the solid fibers, thus these polymeric fiber materials incorporating the phthalocyanines 

could be promising materials for the photo-conversion of environmental pollutants 

such as 4-nitrophenol, 4-chlorophenol and methyl orange especially in aqueous media. 

These applications of the functional fabric materials are discussed in the next chapter.   
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  Chapter 5 

5. Detection and phototransformation of environmental pollutants 

5.1  Optical detection of nitrogen dioxide gas (NO2(g)) 

Molecular orbital theory predicts nitrogen dioxide (NO2(g)) gas to have an unpaired 

electron, thus it is a reactive radical and could quench fluorescence [274]. The 

electrospun polymer materials containing the fluorescent zinc phthalocyanines could 

therefore serve as promising sensing materials for fluorometric detection of NO2(g). As 

discussed above, Chapter 4, the functionalized polymer fibers containing lutetium 

phthalocyanines do not show fluorescence in the micrographs and therefore not 

suitable for detection of the gas.  

Preliminary investigations were done by observing the fluorescence behavior of the zinc 

phthalocyanines in DMF solution in the presence of NO2(g). As shown in Fig. 5.1, for 

unsubstituted zinc phthalocyanine, a decrease in the fluorescence intensity was 

observed on exposure to NO2(g). The same was observed with the other zinc 

phthalocyanine derivatives (23 and 24). Though the amount of NO2(g) could not be 

quantified at each exposure, the changes in the emission spectra suggest that such 

chemical entities would be promising functional molecules for the detection of NO2(g). 

Thus the zinc phthalocyanines incorporated into various polymer fibers were applied 

for the detection of the gas.  
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Figure 5.1: Decrease in the fluorescence intensity of ZnPc with introduction of NO2(g). 

The functionalized fibers that were chosen for the detection were PS/ZnPc, PAA/ZnPc 

PSU/ZnPc, PSU/ZnTPyPcβ (23) and PSU/ZnTmPyPcβ (24) fiber mats, since they 

showed the fluorescence of the phthalocyanines in a dispersed solid state under 

irradiation, Chapter 4. 



                                                                                                                              Results and Discusions 

166 
 
 

The emission intensity was observed to rapidly diminish on exposure of the fibers to 

NO2(g), Fig. 5.2 for PAA/ZnPc. Though the amount of NO2(g) could again not readily be 

quantified, the results suggest that the fabric materials are gas permeable and 

promising for qualitative detection of the gas in the natural environment. Other 

polymer support systems such as thin films have been reported for the detection of 

NO2(g) [275]. However, the use of electrospun fabric materials is still limited and 

remains much more promising for large scale application due to the ease of production 

of these electrospun fabrics materials. 

         

Figure 5.2: Detection of NO2(g) using PAA/ZnPc fiber mat: (a)  before and (b) after 

exposure to NO2(g).  

5.2 Photocatalytic applications of the functionalized fibers 

Phthalocyanines can be employed as photocatalysts either in solution or in their solid 

state as well as when dispersed in solid support systems [85, 118, 276]. In this work the 

use of electrospun polymer fibers functionalized with lutetium and zinc 

phthalocyanines is explored for the degradation of environmental pollutants (4-

chlorophenol, 4-nitrophenol and methyl orange) in aqueous media. 
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5.2.1 Suitability of the polymer fibers in photocatalytic application in aqueous 

solutions 

The solvent compatibility of the functionalized electrospun polymer fibers is paramount 

in their applications. Thus the possibility of using the various functionalized fibers for 

photo-conversion of the environmental organic pollutants (4-chlorophenol, 4-

nitrophenol and methyl orange) in aqueous media was first assessed.  

Electrospun fibers from polyacrylic acid were found not to be suitable for application 

involving aquatic systems. This is because the functionalized electrospun polyacrylic 

acid fibers dissolved extensively in water to give a gelatinous solution. Thus the idea of 

holding the photoactive phthalocyanines on electrospun polyacrylic acid fibers as solid 

supports to mimic heterogeneous catalytic systems could not be achieved. 

For electrospun polyurethane polymer fibers functionalized with phthalocyanines; 

AcLuTPPcα (14), AcLuTPPcβ (18a), AcLuTCPPcβ (18b) and ZnPc as examples are 

photoactive as discussed in Chapter 4. However, these functionalized fibers could not 

degrade any of the pollutants to any detectable extent, even after 12 hours of 

irradiation. This was irrespective of whether the phthalocyanine and the polymer were 

merely mixed or covalently linked (for AcLuTCPPcβ 18b) and electrospun into fibers. 

This could be due primarily to the morphology and nature of the fiber mat which shows 

that the fibers are fused together as compared to those of polystyrene, Fig. 5.3. Thus 
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they are not porous enough for sufficient interaction of reacting species with the 

embedded photo-active phthalocyanines molecules within the fiber matrix. 

  

Figure 5.3: Fiber mats for (a) polyurethane polymer (b) polystyrene polymer. 

On the other hand, functionalized electrospun fibers of polystyrene and polysulfone 

were found to be insoluble in water and cotton-like, being quite porous, thus more 

promising in the photocatalytic application in aqueous systems. 

5.2.2 Photodegradation of 4-chlorophenol 

Electrospun polystyrene polymer fibers functionalized with the phthalocyanines [ZnPc, 

AcLuTPPcα (14), AcLuTPPcβ (18a), AcLuTPyPcβ (18c) and AcLuTmPyPcβ (19)] and those 

of polysulfone functionalized with [AcLuTPyPcβ (18c), ZnPc and ZnTPyPcβ (23), 

ZnTmPyPcβ (24)] were applied as examples for the photoconversion of 4-chlorophenol 

in aqueous media. Thus ZnPc and AcLuTPyPcβ (18c) were studied with both 

polystyrene (PS) and polysulfone (PSU) as examples to compare the effect of the nature 

(b)
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of the polymer. The efficiency of the photoconversion of 4-CP was compared with that 

of other phthalocyanine support systems that have been applied in the photoconversion 

of 4-chlorophenol.  

Studies of the photocatalyzed degradation of 4-chlorophenol (4-CP) were carried out at 

a pH of 11 to enhance the deprotonation of 4-chlorophenol, since its pKa value is 9.34. It 

has been reported that the deprotonated form of 4-chlorophenol, is more oxidizable by 

singlet oxygen than in its protonated or neutral forms [165, 210]. The progress of the 

reaction was monitored in each case by taking the UV-visible spectra of sample 

solutions at various time intervals during irradiation. Fig. 5.4 shows the electronic 

absorption spectral changes observed on photolysis of 4-chlorophenol using PS/ 

AcLuTPPcα (14) fiber.  The 4-chlorophenol peaks around 243 nm and 297 nm decrease 

in intensity during irradiation of the sample in the presence of the functionalized fiber. 

This suggests conversion of the 4-chlorophenol to photolysis products. This is 

supported by the emergence of two new absorbance bands, observed at 227 nm and 280 

nm which increase in intensity with time, Fig 5.4 (insert). The increase is clearer for the 

peak at 227 nm since it is more resolved. These peaks are similar to what has been 

reported for the degradation of 4-chlorophenol in the presence of phthalocyanines and 

other photosensitizers [276]. The absorption peak at 227 nm could be assigned to 

benzoquinone while that at 280 nm to hydroquinone [162, 277, 278, 279]. When the pure 

polystyrene polymer fiber was used as control, no spectral changes of the aqueous 4-

chlorophenol solution were observed. Thus suggesting that the phthalocyanines in the 
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functionalized fibers were the agents involved in the photo-conversion of the 4-

chlorophenol. When PS/ZnPc fiber was employed, spectral changes similar to those in 

Fig. 5.4 were obtained though a longer time (30 min) was required for a significant 

change. This is due to lower singlet oxygen quantum yield for PS/ZnPc (0.13) 

compared to PS/AcLuTPPcα (0.22) and the other fibers functionalized with LuPc and 

ZnPc derivatives. 

There was no leaching of the phthalocyanines from the composite fiber into the aqueous 

solution of 4-chlorophenol. This was apparent from the fact that there was no Q-band 

absorption corresponding to the phthalocyanine in the UV-visible spectra of sample 

solution during photocatalysis, similar to what was observed with ADMA, Fig 4.16. 

Thus the polystyrene polymer fiber serves as a good support system. 
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Figure 5.4: Electronic absorption spectral changes of 3.58 x 10-4 mol L-1 4-CP during its 

visible light photocatalysis in the presence of PS/AcLuTPPcα (14) functionalized 

fiber. The spectra were recorded 15 min intervals. Insert: plot of absorbance versus 

time for the two peaks. 

It has been reported [162] that the formation of p-benzoquinone is mainly due to the 

reaction of singlet oxygen with 4-chlorophenol (Type II mechanism, Scheme 1.4), while 

the formation of hydroquinone and other dimeric products are explained by an electron 

transfer reactions involving the phthalocyanine, oxygen and 4-chlorophenol (Type I 

mechanism, Scheme 1.3). The type of mechanism involved was investigated by 

conducting the photolysis in an oxygen saturated solution and in a solution containing 

sodium azide, a singlet oxygen quencher. The production of p-benzoquinone at 227 nm 
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was quite enhanced in the oxygen saturated solution, while drastically reduced in the 

azide saturated solution, thus supporting the Type II mechanism proposed for its 

formation. Production of the hydroquinone, on the other hand under the above 

conditions was not affected all.  Also when a free radical scavenger, tert-butyl alcohol, 

was used, hydroquinone was not produced. Thus the functionalized fibers are capable 

of degrading 4-chlorophenol via both the proposed Type II and Type I mechanisms, 

Scheme 5.1, which starts with the photogeneration of singlet oxygen and radicals, 

respectively, by the immobilized phthalocyanine. Such dual photodegradative routes 

have been reported for a sulphonated cobalt phthalocyanine anchored on MCM-41, a 

mesoporous molecular sieve, for the degradation of 2,4-dichlorophenol [167].    
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Scheme 5.1: Mechanism of photooxidation of 4-chlorophenol.   

The reaction kinetics were also investigated since the initial concentration of the 

pollutant is of immense importance in any water treatment. First order kinetics were 

observed in all cases for the photodegradation of 4-chlorophenol as shown in Fig 5.5 for 

PS/AcLuTPPcα (14). Similar kinetics were observed before for the photodegradation of 

4-chlorophenol using sulphonated phthalocyanine complex of aluminum [280] and 

degradation of 2,4-dichlorophenol by sulphonated cobalt phthalocyanine immobilized 

on a mesoporous molecular sieves, (MCM-41) [167] as well as the heterogeneous 

photodegradation of 4-nitrophenol using suspension of TiO2 [281].     
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Figure 5.5: Effect of initial concentration of 4-chlorophenol on its rate of 

photodegradation: Concentrations were monitored at 243 nm. Starting concentrations 

(a) 2.72 x 10-4 mol L-1, (b) 3.58 x 10-4 mol L-1 and (c) 4.36 x 10-4 mol L-1. Amount of 

functionalized fiber 10 mg. Fiber = PS/AcLuTPPcα (14).                                      

 The initial reaction rates (R) and half-lives (t1/2) were evaluated from Equations 5.1 and 

5.2 respectively, while the observed rate constants (kobs) were evaluated from Fig. 5.5 

and are listed Tables 5.1 and 5.2.   
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                                            Initial Rate (R) = Kobs[4-CP]0                                                5.1 

where [4-CP]0  is the initial concentration 4-chlorophenol 

                                               t1/2 =   
ln  2

kobs
                                                                5.2 

The observed rate constant (kobs) decreased with an increase in concentration as 

expected, Table 5.1. The values of kobs listed in Table 5.2 for all MPc derivatives are 

larger, (except ZnPc) than those reported using sulfonated phthalocyanines in aqueous 

media under homogeneous photocatalytic oxidation of 4-chlorophenol [280], which 

were of the order of 10-3 min-1 on average. The rate constants for LuPc derivatives and 

substituted ZnPc derivatives were larger than for PS/ZnPc used as standard. Thus the 

former showed faster photocatalytic behavior towards the oxidation of 4-chlorophenol 

than the later. 
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Table 5.1: The rate (R), rate constant (kobs) and half-life (t1/2) of various initial 

concentrations of 4-chlorophenol using PS/AcLuTPPcα (14).  Values in brackets are 

when PS/ZnPc fiber was employed. 

Concentration/ 

x 10-4 mol L-1 

kobs/min-1 Initial Rate/x  

10-6 mol L-1 min-1 

Half-life/min 

1.56 0.0231 (0.006) 3.60 (0.94) 30.00 (116) 

2.72 0.0155 (0.005) 4.22 (1.36) 44.72 (139) 

3.58 0.0133 (0.0045) 4.76 (1.61) 52.12 (154) 

4.04 0.0123 (0.0042) 4.97 (1.69) 55.45 (165) 

4.36 0.0116 (0.0041) 5.06  (1.79) 59.75 (169) 

5.06 0.0101 (0.0038) 5.11 (1.92) 68.63 (182) 

 

From Table 5.2, the kobs are highest for AcLuTPPcβ (18a) which has the largest ΦΔ in the 

fiber. AcLuTPPcα (14) and ZnTPyPcβ (18c) also have relatively large kobs due to large ΦΔ, 

Table 5.2. The nature of the polymer also has an effect with ZnPc in PSU having larger 

kobs and ΦΔ than in PS as discussed in Chapter 4. Polystyrene has much more extensive 

aromatic system than polysulfone. The ZnPc could therefore be more tightly bound 

within the PS polymer matrix than within the PSU resulting in decrese in singlet oxygen 
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quantum yield and hence kobs. The same behaviour was observed for AcLuPyPcβ (18c), 

where higher singlet oxygen quantum yield was obtained within the PSU fiber matrix 

(0.26) compared to that in PS in fiber matrix (0.17), Table 5.2. Comparing complexes 

AcLuTPPcβ (18a) and AcLuTPPcα (14), embedded in PS fiber, both contain the same 

substituent, but peripherally and non-peripherally substituted, respectively, 

PS/AcLuTPPcα (14) functionalized fiber shows larger kobs values for PS/AcLuTPPcβ 

(18a) fiber with correspondingly smaller half-lives. The values correspond to the singlet 

oxygen quantum yields, Table 5.2. Thus factors which affect the production of singlet 

oxygen by the Pc within the fiber, will affect the effectiveness of the functionalized 

fibers for the phototransformation of pollutants.  

The half-lives of the photo-degradation of 4-chlorophenol by the PS/AcLuTPPc or 

PSU/ZnPc substituted derivatives, within the experimental concentrations, are smaller 

than the values (three hours) reported for other higher substituted chlorinated phenols 

[167], Table 5.2. Equally encouraging is the fact that these half-lives are within half an 

hour of photo-irradiation for PS/LuPcs for concentration of 4-CP less than 2 x 10-4 M 

except unsubstituted ZnPc. Thus suggesting that the functionalized fibers are promising 

fabric materials that could be applied in real life removal of chlorophenols in aquatic 

systems since quite a short time is required for phototransformation. 
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Table 5.2: Kinetic data for phototransformation of 4-CP at initial concentration of      2 

x 10-4 mol L-1 using different functional fibers. 

Functionalized 

fiber 

kobs/x 10-2 min-1 Initial reaction rate 

/x 10-6 mol L-1 min-1 

Half-life/min 𝚽𝚫 in fiber 

PS/ZnPc 0.6 1.2 116 0.13 

PSU/ZnPc  1.75 3.50 40 0.25 

PS/LuTPPcα (14) 1.98 3.95 35 0.22 

PS/LuTPPcβ (18a) 2.11 4.22 33 0.28 

PS/LuTPyPcβ 

(18c) 

1.80 3.60 39 0.17 

PSU/LuTPyPcβ 

(18c) 

2.07 4.14 34 0.26 

PS/LuTmPyPcβ 

(19) 

1.77 3.55 39 0.15 

PSU/ZnTPyPcβ 

(23) 

2.01 4.02 35 0.24 

PSU/ZnTmPyPcβ 

(24) 

1.75 3.50 40 0.21 
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The Langmuir-Hinshelwood rate equation was also used to describe the relationship 

between the initial rate of degradation of 4-chlorophenol and the corresponding initial 

concentration. This model, equation 5.3, has successfully been applied to describe the 

kinetics of solid-liquid reactions. In particular, it has been applied in heterogeneous 

photocatalytic degradation reactions [282]. These studies were only carried out for 

PS/ZnPc and PS/AcLuTPPcα (14) as examples. A linear relationship can conveniently 

be obtained by plotting the reciprocal of the initial rate against the reciprocal of the 

initial concentration, Equation 5.3. 

1

𝑟𝑎𝑡𝑒
=

1

𝑘𝑎
+

1

𝑘𝑎𝐾𝐶𝑜
     5.3 

where ka is the apparent reaction rate constant, K is the adsorption coefficient and Co 

corresponds to the initial concentration of 4-chlorophenol. 
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Figure 5.6: Plot of the inverse of initial reaction rate (rate-1) versus the reciprocal of 

the initial concentration of 4-CP for photooxidation using 10 mg PS/AcLuTPPcα (14) 

functionalized fiber. 

In this work, a reasonable linear fit was obtained (for the plot of 1/rate versus 1/Co) 

with a non-zero intercept and a correlation coefficient of 0.98, Fig. 5.6. The results 

presented in Fig. 5.6 for PS/AcLuTPPcα (14) give an indication that the Langmuir-

Hinshelwood (L-H) kinetic model is an appropriate model in describing the kinetics of 

the photo-degradation of 4-chlorophenol by the heterogeneous catalytic system based 

on the phthalocyanines functionalized on polystyrene polymer fibers. A similar plot as 
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shown in Fig. 5.6 was also obtained for PS/ZnPc. Therefore it could be said that the 

catalysis occurs appreciably at the surface of the functionalized fiber.  

From the intercept in Fig. 5.6, the apparent rate constants ka were obtained. The 

adsorption coefficients, K were determined from Equation 5.3 and are listed in Table 

5.3. 

Table 5.3: Langmuir-Hinshelwood (L-H) parameters. 

Functionalized 

fiber 

Analyte ka/mol L-1 min-1 K/ mol-1 

PS/ZnPc 4-CP 3.30 x 10-7 2.48 x 103 

PS/AcLuTPPcα (14) 6.39 x 10-3 0.81 

PS/AcLuTPPcβ (18a) 4-NP 8.76 x 10-6 1.50 x 103 

PS/AcLuTPyPcβ 

(18c) 

8.48 x 10-6 2.00 x 103 

PSU/ZnPc 4.50 x 10-6 5.80 x 103 

PSU/ZnTmPyPcβ 

(24) 

MO 1.86 x 10-6 0.03 

 

The apparent rate constant for PS/AcLuTPPcα (14) (6.39 x 10-3 mol L-1 min-1) is larger 

than that for PS/ZnPc (3.3 x 10-7mol L-1 min-1), Table 5.3. This again indicates faster 

reaction kinetics for the degradation of 4-chlorophenol with PS/AcLuTPPcα (14) fiber 

than with PS/ZnPc fiber due to low ΦΔ in the later.  Additionally, the adsorption 
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coefficients, K, were found to be 0.81 mol-1 L for PS/AcLuTPPcα (14) and 2.48 x 103    

mol-1 L for PS/ZnPc.  The value of adsorption coefficient is less than one (K < 1), in the 

case of PS/AcLuTPPcα (14), suggesting that adsorption was less favored compared to 

desorption while the converse is true for PS/ZnPc fiber. 

 

5.2.3 Photodegradation of 4-nitrophenol 

In this work, 4-nitrophenol was used as a representative nitrophenol. The photocatalytic 

reaction was carried out in a buffer aqueous solution of pH 8.2 which is slightly higher 

than the pKa 7.15 of 4-nitrophenol [283], since the deprotonated forms of substituted 

phenols are much more easily oxidizable by singlet oxygen [165]. PS/AcLuTPPcβ (18a), 

PS/AcLuTPyPcβ (18c), PS/AcLuTmPyPcβ (19) and PS/ZnPc fibers were used as 

examples. 
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Figure 5.7: Electronic absorption spectral changes observed during photolysis of    

2.72 x 10-4 mol L-1 4-nitrophenol using 20 mg polystyrene fiber functionalized with 

PS/AcLuTPPcβ (18a) in pH 8.2 buffer solution.  

Fig. 5.7 shows the UV-visible spectral changes of 4-nitrophenol solution during the 

photolysis process using PS/AcLuTPPcβ (18a). As shown, the peak around 400 nm 

corresponding to 4-nitrophenol decreases in intensity with irradiation in the presence of 

the functionalized fiber. There are corresponding increases in the absorbance around 

280 and 455 nm, suggesting the formation of photodegradative products of 4-
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nitrophenol. Similar spectral observations were made with the polystyrene fiber 

functionalized with complexes 18c, 19 and ZnPc, though the changes were slightly less 

pronounced. This could possibly be due to higher singlet oxygen quantum yield of 

PS/AcLuTPPcβ (18a) (0.28) compared to PS/AcLuTPyPcβ (18c) (0.17), PS/AcLuTmPyPcβ 

(19) (0.15) and PS/ZnPc (0.13). However, when non functionalized polystyrene polymer 

fiber was used under similar conditions, no spectral changes of the aqueous 4-

nitrophenol sample solutions were observed. This suggests that the phthalocyanines 

(AcLuTPPcβ (18a), AcLuTPPcβ (18c), AcLuTPyPcβ (19) and ZnPc) are the agents involved 

in the phototransformation process due to their ability to generate the reactive singlet 

oxygen. Similarly, when only the 4-nitrophenol sample solution was irradiated with the 

visible light no spectral changes were observed further suggesting that the catalysis can 

only occur in the presence of the sensitizer.  

The supposed involvement of singlet oxygen in the conversion of 4-nitrophenol was 

assessed by conducting the photolysis reaction with and without sodium azide, a 

singlet oxygen quencher, in the sample solutions. Fig. 5.8 shows the kinetics of the 

various reaction conditions using first order kinetic model. There is generally a good fit 

with R2 values above 0.96 in all cases. Fig 5.8 shows that the phototransformation 

reaction is slowed when sodium azide is added to 4-nitrophenol solution. This is an 

indication of the ability of PS/AcLuTPPcβ (18a), and PS/AcLuTPyPcβ (18c) to generate 

singlet oxygen which is a key factor in the phototransformation of 4-nitrophenol. 
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Figure 5.8: Effect of initial concentration of 4-NP on its transformation in air using (a) 

PS/AcLuTPPcβ (18a), (b) PS/AcLuTPyPcβ (18c). (c) PS/AcLuTPPcβ (18a) and (d) 

PS/AcLuTPyPcβ (18c) show fiber with sodium azide. An amount of 20 mg of the 

functionalized fibers used in all cases. 

Kinetic parameters of the phototransformation of 4-nitrophenol at different initial 

concentrations using the functionalized fibers (PS/AcLuTPPcβ (18a), PS/AcLuTPyPcβ 

(18c), PS/AcLuTmPyPcβ (19) and PS/ZnPc) are given in Tables 5.4 and 5.5. Again lower 

kobs values for PS/ZnPc were obtained compared to PS/AcLuTPPcβ (18a), 
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PS/AcLuTPyPcβ (18c) and PS/AcLuTmPyPcβ (19) due to lower ΦΔ for the former. The 

half-lives for PS/ZnPc are slightly higher than for the other complexes but not as high 

as using PS/ZnPc for the transformation of 4-CP due to the differences in reactivity of 

these substituted phenols.  

Table 5.4: Rates, rate constants (kobs) and half-lifes (t1/2) of various initial 

concentrations of 4-nitrophenol. 

4-NP 
Concentration/ 

x 10-4 mol L-1 

Complex kobs/min-1 

x 10-2 
Initial Rate/x 10-6 

molL-1min-1 

Half-life/min 

0.9 PS/18a 
PS/18c 

PS/ZnPc 

1.46 
1.12 
1.00 

1.31 
1.01 
0.90 

47 
61 
69 

1.2 PS/18a 
PS/18c 

PS/ZnPc 

1.38 
1.07 
1.02 

1.66 
1.26 
1.22 

50 
64 
68 

2.0 PS/18a 
PS/18c 
PS/19 

PS/ZnPc 

1.22 
1.05 
0.97 
0.85 

2.44 
2.14 
1.94 
1.69 

56 
66 
71 
81 

2.5 PS/18a 
PS/18c 

PS/ZnPc 

1.11 
0.95 
0.74 

2.78 
2.38 
1.86 

61 
72 
93 

 

Comparing all complexes at the same concentration of 4-NP, Table 5.5, shows that the 

largest kobs occur where ΦΔ is large. The half-life for PS/ZnPc is comparable to the rest 

of the lutetium phthalocyanines though slightly higher, Table 5.5.  
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Table 5.5: Kinetic data for phototransformation of 4-NP at initial concentration of       

2 x 10-4 mol L-1 using different functional fibers. 

Functionalized 

fiber 

kobs/x 10-2 min-1 Initial reaction 

rate/x 10-6 mol L-1 

min-1 

Half-life/min 𝚽𝚫 in fiber 

PS/ZnPc 0.85 1.69 82 0.13 

PS/AcLuTPPcα 

(14) 

1.03 2.06 67 0.22 

PS/AcLuTPPcβ 

(18a) 

1.22 2.44 57 0.28 

PS/AcLuTPyPcβ 

(18c) 

1.05 2.14 66 0.17 

PS/AcLuTmPyPcβ 

(19) 

0.97 1.94 71 0.15 

 

The Langmuir-Hinshelwood rate expression, Equation 5.1, was also used to describe the 

relationship between the initial rate of degradation of 4-nitrophenol and the 

corresponding initial concentration. Complexes 18a, 18c and unsubstituted ZnPc were 

used as examples. Plots of the inverse of initial reaction rate (rate)-1 versus the reciprocal 

of the initial concentration of 4-nitrophenol (C0)-1 were found to be linear with non zero 
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intercepts for the functionalized fibers, Fig. 5.9. The apparent rate constants ka and the 

adsorption coefficients, K, are listed in Table 5.3.  

 

Figure 5.9: Plot of the inverse of initial reaction rate (rate-1) versus the reciprocal of 

the initial concentration of 4-nitrophenol for photooxidation using 20 mg (a) 

PS/AcLuTPPcβ (18a)  (b) PS/AcLuTPyPcβ (18c)  (c) PS/ZnPc functionalized fiber. 
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The apparent rate constant for PS/AcLuTPPcβ (18a) (8.76 x 10-6 mol L-1 min-1) is larger 

than for both PS/AcLuTPyPcβ (18c) (8.48 x 10-6 mol L-1 min-1) and PS/ZnPc (4.5 x 10-6 

mol L-1 min-1). This also indicates a slightly faster reaction kinetics for the degradation 

of 4-nitrophenol with PS/AcLuTPPcβ (18a) fiber than with both PS/AcLuTPyPcβ (18c)  

and PS/ZnPc fibers. This is a reflection of the slightly higher singlet oxygen quantum 

yields of the former. The absorption coefficient, K of PS/AcLuTPPcβ (18a) (1.5 x 103 mol-

1) is slightly lower than those of PS/AcLuTPyPcβ (18c) (2 x 103 mol-1) and PS/ZnPc (5.8 x 

103 mol-1) but all greater than 1. This suggests that adsorption was favored than 

desorption.   

5.2.4 Photodegradation of methyl orange 

The double bond in azo dyes determines the colour of the dyes and is very reactive 

usually undergoing oxidation leading to fading of the color of its solution [213]. In this 

work methyl orange was used as representative azo dye. The catalysis of methyl orange 

was carried out at pH of 9.2 in an aqueous buffer solution. Preliminary work was done 

on homogeneous catalysis using ZnTmPyPcβ (24) and when ZnTmPyPcβ (24) was 

functionalized on polysulfone (PSU) electropun fiber.  It has been reported that azo 

dyes with the sulphonic groups, such as methyl orange, tend to adsorb onto the surface 

of a positively charged catalyst at low pH and thus are merely being transferred from 

solution to solid and no degradation occurs [284, 285]. In this work the functionalized 

fiber, PSU/ZnTmPyPcβ (24) has such positive units, hence the choice of basic (pH 9.2) 

instead of acidic pH. The change in the absorption spectra of aqueous solutions of 
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methyl orange, an azo dye, during the photocatalytic processes at different irradiation 

times are shown in Fig 5.10. As shown in both cases, the band around 470 nm that 

corresponds to azo dye decreases in intensity during irradiation of methyl orange in the 

presence of the ZnTmPyPcβ (24) in solution or in the functionalized fiber. The band in 

the UV portion (around 330 nm) could be attributed to the benzene rings of methyl 

orange [155, 286]. This band did not decrease in intensity but rather showed a slight 

increase in both cases. This suggests that the benzene rings were not degraded during 

the catalysis. Thus products of substituted benzene are expected in the reaction mixture 

and not products resulting from ring opening. When methyl orange solution alone as 

well as the solution in the presence of the non-functionalized fiber, were irradiated, no 

visible decrease in the azo band absorption was observed.  

This suggests that the phthalocyanine is the agent involved in the photo-transformation 

of the dye.   
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Figure 5.10: UV-visible spectral changes of an aqueous solution of methyl orange 

containing (a) 20 mg PSU/ZnTmPyPcβ (24) and (b) 1.5 x 10-5 mol L-1 ZnTmPyPcβ (24). 

The plots of ln(C0/Ct) versus irradiation time, Fig. 5.11, in both cases were linear and 

this suggests that the photodegradation reactions follows first order reaction kinetics. 
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The observed rate constant at various initial concentrations and other kinetic 

parameters are listed in Table 5.6. The reaction rates are faster for the photo-conversion 

of the dye occuring in aqueous solution of ZnTmPyPcβ (24). This is expected since 

generally in homogeneous systems there is better and more effective interaction 

between the reactants. Also the singlet oxygen oxygen quantum yield of the 

ZnTmPyPcβ (24) is higher in water (0.43) than when it is constrained within the solid 

fiber matrix (0.21). Singlet oxygen is implicated in photocatalysed reactions and hence 

the above observed differences in the reaction rates.  
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Figure 5.11: First order kinetics plots for degradation of 1.5 x 10-4 mol L-1 of methyl 

orange using ZnTmPyPcβ (24), (a) in solution (b) in fiber. 
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Table 5.6: The kinetic data of various initial concentrations of methyl orange using 

ZnTmPyPcβ (24) in aqueous solution and PSU fiber. 

Concentration/ 

x 10-4 mol L-1 

Medium of the 

ZnTmPyPcβ (19) 

kobs/ x 10-3 min-1 

 

Initial Rate/x 

10-6mol L-1 min-1 

Half-life 

/min 

1.5 Solution 

Fiber 

8.5 

5.1 

1.28 

0.77 

81.55 

135.91 

2.5 Solution 

Fiber 

5.6 

3.7 

1.40 

0.93 

123.78 

187.34 

3.1 Solution 

Fiber 

4.8 

3.3 

1.49 

1.02 

144.41 

210.04 

4.0 Solution 

Fiber 

4.2 

2.9 

1.68 

1.16 

165.04 

239.04 

 

Kinetic studies were also conducted for complexes 14, 18a, 18c, and 19 using PS fiber in 

addition to PSU/ZnTmPyPcβ (24) fiber. Table 5.7 compares the kinetics of the 

phototransformation of methyl orange using PS or PSU functionalized fibers. As  

shown, the reaction rates are again dependent on ΦΔ values for Pc complexes, with 

AcLuTPPcβ  (18a) with high ΦΔ value giving the largest kobs, and AcLuTmPyPcβ (19) 

with a low ΦΔ giving the lowest kobs. The half-lives are largest  for lowest ΦΔ as was the 

case for 4-CP and 4-NP.  
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Table 5.7: Kinetic data for phototransformation of methyl orange at initial 

concentration of      2.5 x 10-4 mol L-1 using different functional fibers. 

Functionalized 

fiber 

kobs/x 10-2 min-1 Initial reaction 

rate/x 10-6 mol L-1 

min-1 

Half-life/min 𝚽𝚫 in fiber 

PS/AcLuTPPcβ 

(18a) 

0.40 1.0 173 0.28 

PS/AcLuTPPcα 

(14) 

0.36 0.91 192 0.22 

PS/AcLuTPyPcβ 

(18c) 

0.34 0.85 204 0.17 

PS/AcLuTmPyPcβ 

(19) 

0.32 0.80 216 0.15 

PSU/ZnTmPyPcβ 

(24) 

0.37 0.93 187 0.21 

 

In the case of the  photocatalysis involving the functionalized fiber, the Langmuir-

Hinshelwood (L-H) expression was also used to assess the extent of adsorption of 

methyl orange onto the functionalized fiber. The apparent rate constant was found to be 

1.86 x 10-6 mol L-1 min-1 and the adsorption coefficient of methyl orange onto the 

functionalized fiber surface was found to be 0.025 mol-1 . The adsorption coeffient is less 
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than one (K < 1), suggesting that adsorption of the methyl orange is less favourable than 

desorption at pH 9.2.  

 

5.3 Summary of the degradation of 4-chlorophenol, 4-nitrophenol and methyl 

orange 

5.3.1 Polystyrene PS/phthalocyanine functionalized fibers       

The reactivity of phenolic compounds can be drastically affected by the electronic 

nature of substituents and by their positions in the aromatic ring [287, 288]. Thus the 

extent to which each of these phenolic pollutants can be removed from the environment 

by any particular catalytic system is greatly influenced by their reactivity. In this work 

the ease of photodegradation of the two substituted phenolic compounds (4-CP and 4-

NP) was assessed using the polystyrene functionalized fibers PS/(Ac)LuTPPcα (14), 

PS/(Ac)LuTPPcβ (18a), PS/(Ac)LuTPyPcβ (18c) and PS/(Ac)LuTmPyPcβ (19), these are 

photoactive with  = 0.22, 0.28, 0.17 and 0.15, respectively, Table 5.8.  
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Table 5.8: Kinetic data using PS fibers for photodegradation of the pollutants. 

 

 

 

Functionalized 
fiber 

ΦΔ Pollutant Initial 
conc. 
/x 10-4 

mol L-1 

kobs/               
x 10-2 

min-1 

Initial rate/x 
10-6 mol L-1 

min-1 

Half-life 
/min 

PS/(Ac)LuTPPcβ 
(18a) 

0.28 4CP 
4NP 
MO 

1.2 3.00 
1.38 
0.61 

3.60 

1.66 
0.73 

23 
50 
114 

4CP 
4NP 
MO 

2.0 2.11 
1.22 
0.46 

4.22 

2.44 
0.91 

33 
57 
151 

4CP 
4NP 
MO 

2.5 
 

1.90 
1.11 
0.40 

4.76 

2.78 
1.00 

36 
62 
173 

PS/(Ac)LuTPPcα 
(14) 

0.22 4CP 
4NP 
MO 

1.2 2.62 
1.09 
0.53 

3.14 

1.31 
0.64 

26 
64 
131 

4CP 
4NP 
MO 

2.0 1.98 
1.03 
0.38 

3.95 

2.06 
0.76 

35 
67 
182 

4CP 
4NP 
MO 

2.5 1.71 
1.01 
0.36 

4.27 

2.53 
0.91 

41 
69 
193 

PS/(Ac)LuTPyPcβ 
(18c) 

0.17 4CP 
4NP 
MO 

1.2 1.93 
1.07 
0.38 

2.31 
1.26 
0.45 

36 
65 
182 

4CP 
4NP 
MO 

2.0 1.80 
1.05 
0.36 

3.60 
2.14 
0.72 

39 
66 
193 

4CP 
4NP 
MO 

2.5 1.58 
0.95 
0.34 

3.95 
2.38 

0.85 

44 
73 
204 
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PS/(Ac)LuTmPyPcβ 
(19) 

0.15 4CP 
4NP 
MO 

1.2 1.83 
0.98 
0.38 

2.20 
1.17 
0.45 

38 
71 
182 

4CP 
4NP 
MO 

2.0 1.77 
0.97 
0.34 

3.55 
1.94 
0.68 

39 
71 
204 

4CP 
4NP 
MO 

2.5 1.58 
0.92 
0.32 

3.95 
2.31 
0.80 

44 
75 
217 

 

In general, it was observed that photodegradation of 4-chlorophenol occurs faster than 

for 4-nitrophenol, with higher kobs values for similar initial concentrations, Table 5.8. 

This is consistent with reported studies using other sensitizers [287]. The reported 

studies showed that the kinetics of the photocatalytic degradation of phenolic 

pollutants is faster for those containing electron-donating substituents. The –Cl group in 

this case is more electron donating than the –NO2 group which accounts for the 

observed trend. 

Furthermore, as illustrated in Fig. 5.12, a solution of 2.72 x 10-4 mol L-1 4-chlorophenol 

could be degraded completely within two and half hours of irradiation with 

PS/(Ac)LuTPPcβ (18a) fiber, while sample solution of 4-nitrophenol of the same 

concentration and under similar experimental condition was not completely degraded.  

The use of these functionalized fibers for the photoconversion of methyl orange, an azo 

dye, showed much slower reaction kinetics than those of the phenolic compounds, 

Table 5.8.  Such slow photoconversion has been reported before for methyl orange [289, 
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290].  In all cases it was observed that the initial reaction rates increases with the initial 

concentration of the analyte. This is consistent with basic reaction kinetics laws. 
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Figure 5.12: Electronic spectral changes of 2.72 x 10-4 mol L-1 of (A) 4-chlorophenol 

showing complete and (B) 4-nitrophenol incomplete degradation during its visible 

light photocatalysis in the presence of PS/(Ac)LuTPPcβ (18a) fiber at times: (a) 0 (b) 1 

h (c) 1.5 h (d) 2 h (e) 2.5 h. 
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5.3.2 Polysulfone PSU/phthalocyanine functionalized fibers      

Zinc pthalocyanines complexes ZnPc, ZnTPyPcβ (23) and ZnTmPyPcβ (24), as examples, 

were used to functionalize polysulfone polymer fibers for the photoconversion of 4-

chlorophenol, 4-nitrophenol and methyl orange. The fibers were generally insoluble in 

water and quite porous cotton-like in morphology and thus promising materials for 

photocatalytic application in aquatic systems.  

ZnTPyPcβ (23) and ZnTmPyPcβ (24) have been reported to be photoactive with the 

quantum yield of singlet oxygen production 0.56 and 0.59 respectively in DMF [224], 

which are quite reasonable values for zinc phthalocyanines in DMF [212, 291]. 

The singlet oxygen yields in water were estimated to be 0.24 for PSU/ZnTPyPcβ (23), 

0.21 for PSU/ZnTmPyPcβ (24) and 0.25 for PSU/ZnPc fibers, Table 5.9. The lower 

singlet oxygen quantum yield for ZnTPyPcβ (23), ZnTmPyPcβ (24) and ZnPc within the 

solid fiber matrices and in water compared to those in DMF (at  = 0.56, 0.59 and 0.56, 

respectively) could be due the reasons given above for polystyrene functionalized 

fibers. The efficiency of the photoconversion of 4-chlorophenol, 4-nitrophenol and 

methyl orange using PSU/ZnTPyPcβ (23), PSU/ZnTmPyPcβ (24) and PSU/ZnPc fibers 

follow similar trends as those of polystyrene functionalized fibers Table 5.9. Again 4-

chlorophenol proved to be much more susceptible to photodegradation than 4-

nitrophenol with methyl orange been quite difficult to photodegrade.  
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Table 5.9: Kinetic data for PSU functionalized electrospun fibers with various initial 

concentrations of the pollutants. Values in brackets for DMF solution. 

Functionalized 
fiber 

ΦΔ 

fiber 
Pollutant Initial conc. 

/x 10-4mol L-1 
kobs/               

x 10-2 min-1 
Initial rate/x 10-6 

mol L-1 min-1 
Half-life 

/min 

PSU/ZnTPyPcβ 
(23) 

0.24 
(0.56) 

4CP 
4NP 
MO 

1.2 2.83 
1.21 
0.62 

3.39 
1.45 
0.74 

24 
57 
112 

4CP 
4NP 
MO 

2.0 2.01 
1.19 
0.45 

4.02 
2.37 
0.89 

34 
58 
154 

4CP 
4NP 
MO 

 
2.5 

1.68 
1.05 
0.38 

4.21 
2.63 
0.94 

41 
66 
182 

PSU/ZnTmPyPcβ 
(24) 

0.21 
(0.59) 

4CP 
4NP 
MO 

1.2 2.24 
1.09 
0.50 

2.69 
1.31 
0.60 

31 
64 
139 

4CP 
4NP 
MO 

2.0 1.75 
0.99 
0.41 

3.50 
1.98 
0.82 

40 
70 
169 

4CP 
4NP 
MO 

2.5 
 

1.64 
0.81 
0.37 

4.10 
2.02 
0.93 

42 
86 
187 

PSU/ZnPc 0.25 
(0.56) 

4CP 
4NP 
MO 

1.2 2.34 
1.13 
0.50 

2.81 
1.36 
0.60 

30 
61 
139 

4CP 
4NP 
MO 

2.0 1.75 
1.02 
0.42 

3.50 
2.03 
0.83 

40 
68 
165 

4CP 
4NP 
MO 

2.5 
 

1.64 
0.85 
0.37 

4.11 
2.13 
0.93 

42 
82 
187 
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The PSU/ZnPc and PSU/ZnTPyPcβ (23) fibers are more promising photo-sensitising 

material than PSU/ZnTmPyPcβ (24) fibers possibly due to their difference in singlet 

oxygen quantum yields.  

5.4 Product analysis 

The catalytic products of 4-chlorophenol and 4-nitrophenol were identified with gas 

chromatography using standards. Also samples solutions were injected directly into ion 

trap mass spectrometer to further ascertain the identity of the products. 

In the case of 4-chlorophenol, three degradation products were obtained, benzoquinone, 

hydroquinone and 4,4’-oxydiphenol, Fig. 5.13 (a). The benzoquinone and hydroquinone 

photoproducts are consistent with what was suggested from the UV-visible spectral 

changes of the sample solutions, Section 5.2.2, while 4,4’-oxydiphenol, a dimeric 

product originate from electron transfer reactions (Type I mechanism) as been reported 

[162], Scheme 5.1. 

In the case of 4-nitrophenol, benzoquinone, hydroquinone and 4-nitrocatechol (Fig. 5.13 

(b)) were the products also suggesting the involvement of both Type I and Type II 

photodegradation mechanisms involving the sensitizers, Scheme 5.2. 
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Scheme 5.2: Mechanisms of photooxidation of 4-NP to form benzoquinone, 4-    

                      nitrocatecol and hydroquinone.   
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Figure 5.13 : Gas chromatographic traces of photolysis products of (a) 4-chlorophenol 

(b) 4-nitrophenol  in dichloromethane after extraction from aqueous sample 

solutions. 
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Mass spectral analysis of the photodegradation products of methyl orange showed the 

presence in the solution of a coupling product at m/z = 293 amu as well as a series of 

oligopolymeric products (m/z = 324, 325, 397, 398 amu). Similar degradation products 

have been reported for oxidative degradation of methyl orange, and the coupling 

product was identified as 2-amino-5-(3-hydroxy-4-oxo-cyclohexa-2,5-

dienylideneamino)-benzene sulphonic acid (m/z = 293 amu) and the oligopolymeric 

product (m/z = 325 amu) was identified as poly(catechol) [292]. 

5.5 Stability and re-usability of fibers 

The photostability of imbedded sensitizer is an important factor for the application of 

such fabric materials for photocatalysis. Therefore the photostability of phthalocyanines 

within the fiber matrices were assessed by observing the Q-band absorption spectrum 

of an equivalent amount (10 mg) of the fibers before and after catalysis, both dissolved 

in equal volume of THF (4 mL), Fig 5.14, for (Ac)LuTPPcα (14)/PS fiber. As indicated, 

the decrease in the absorption band after the photolysis suggests that the 
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Figure 5.14: UV-Vis spectra of 10 mg of PS/(Ac)LuTPPCα (14) functionalized fiber (a) 

not used in catalysis and (b) used in catalysis (Time 12 h), each dissolved in 4 mL of 

THF. 

phthalocyanine photodegrades slightly upon continuous irradiation for 12 h. This could 

account for the decrease in the reaction rates when the functionalized fibers were used 

for repetitive conversion of the the pollutants. Nonetheless, the fiber could be re-used 

for at least three cycles of degradation. FT-IR analysis of the fibers before and after 

irradiation showed no apparent structural changes in the components. Also scanning 

electron microscopic (SEM) images of all the functionalized electrospun polystyrene 

polymer fibers after use indicate that their average diameters remained virtually the 
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same. However the strands of fibers became more closely compressed than before use. 

Thus there was reduced porosity in the fiber mats and this could also account for the 

reduced degradation rate of the analytes during re-use of the fibers. 

In the case of the polysulfone functionalized fiber, the zinc phthalocyanines were quite 

stable under the applied irradiation light intensity. However, the functionalized fibers 

folded up into a hard lump when they dried after the first cycle of catalysis and could 

not be applied again. 

For ZnTmPyPcβ (24), its stability was assessed as an example, by irradiating an aqueous 

solution of it with visible light. This was done since this complex was employed to 

phototransform methyl orange in solution. It is known that phthalocyacines oxidatively 

decompose with time in the presence of singlet oxygen upon irradiation with visible 

light. Fig 5.15 shows the degradation profile of the phthalocyanine which occurred at an 

elevated light intensity of 3.52 x 1020 photons cm-2 s-1.  A very slow decrease in both the 

Q and B bands were observed. The decomposition follows first order kinetics and the 

rate constant which is a quantitative index of the stability of the phthalocyanine was 

found to be 8.0 x 10-4 min-1. This is far smaller than the rate constants reported for other 

alkoxy and arloxy substituted phthalocyanines [85]. The difference in the rate constants 

could be attributed to the different solvent media, as stated before since water quenches 

singlet oxygen. Nonetheless the small value of rate constants obtained suggests that the 

phthalocyanine is photostable and could be applied for catalysis involving long periods 

of irradiation. The corresponding photodegradation quantum yield (Φp) was found to 



                                                                                                                              Results and Discusions 

209 
 
 

be 1.9 x 10-4 quantum cm-2 s-1 which is comparable to those of alkoxy-substituted 

phthalocyanine complexes reported [85], which have been described as stable 

complexes. 
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Figure 5.15: Photodegradation profile of ZnTmPyPcβ (24) in DMF, light intensity: 3.52 

x 1020 photons cm-2 s-1, time interval 1 h. 

5.6 Remarks on chapter 

In this work various polymers incorporating a series of zinc and lutetium 

phthalocyanine complexes were electrospun into fibers and used for either the detection 

of nitrogen dioxide or the photo-conversion of azo dye and phenolic compounds in 

aqueous media.  Polystyrene and polysulfone functionalized fibers were found to be 

promising fabric materials for the photodegradation of 4-chlorophenol, 4-nitrophenol 

and the methyl orange with the ease of conversion generally in the order 4-

chlorophenol > 4-nitrophenol > methyl orange. Polystyrene fibers were found to be re-
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usable for at least three times. Electrospun polymer fibers incorporating the fluorescent 

zinc phthalocyanine derivatives were found to be promising materials for the detection 

of nitrogen dioxide gas in the environment. 
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Chapter 6 

6. Conclusions and suggestions 

6.1. Conclusions 

In this work, syntheses and spectroscopic characterization of lanthanide 

phthalocyanines containing dysprosium, erbium and lutetium as central metals were 

carried out. It was intended to synthesize the monomers of these lanthanide 

phthalocyanines. However under the synthetic conditions employed, a dimeric 

dysprosium bis-phthalocyanine was obtained, while those of erbium and lutetium were 

the monomers. The dysprosium bis-phthalocyanine and monomeric erbium 

phthalocyanines did not show photoactivity and their fluorescence was found to be 

very low. Thus they could neither be applied in photoconversion of analytes where 

generation of singlet oxygen is required nor be applied in fluorimetric detection of 

analytes. On the other hand the lutetium phthalocyanines were found to be photoactive 

and promising photosensitizers for the conversion of environmental pollutants such as 

phenols and dyes. However their low fluorescence limited them as fluorimetric agents 

for detection of analytes. 

 Zinc phthalocyanines, zinc(II) 2(3), 9(10), 16(17), 23(24)-(tetrapyridyloxy)]-

phthalocyanine and zinc(II) 2(3), 9(10), 16(17), 23(24)- tetrakis[4-(N-methylpyridyloxy)]-

phthalocyanine including the unsubstituted zinc phthalocyanine which are known 

photoactive and fluorescent agents were used alongside the lutetium phthalocyanines 
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for detection and phototransformation of environmental pollutants. The 

phthalocyanines were first incorporated into electrospun polymer fibers and 

characterized using various spectroscopic and microscopic techniques. Results 

suggested that the phthalocyanines were embedded and uniformly disperse within the 

fiber matrices. 

The photophysical and photochemical properties of the lutetium and zinc 

phthalocyanines incorporated into various electrospun polymer fiber matrices were also 

assessed. The fluorescence behaviors of the composite electrospun fibers were found to 

parallel those in solution. The zinc phthalocyanines composite electrospun fibers 

showed the characteristic red fluorescence under irradiation, while those of lutetium 

did not fluoresce which was similar to studies in solution.  Also the singlet oxygen 

generating ability of each of the phthalocyanines was maintained in the solid fibers. 

These polymeric fiber materials incorporating the phthalocyanines were thus promising 

fabric materials in developing optoelectronic devices that are responsive free radical 

especially nitrogen dioxide gas as well as promising materials for the photo-conversion 

of environmental pollutants such as 4-nitrophenol, 4-chlorophenol and methyl orange 

especially in aqueous media.  

The electrospun polymer fibers containing the zinc phthalocyanines could detect 

qualitatively nitrogen dioxide within the environment by fluorescence quenching, while 

those containing lutetium phthalocyanine were not suitable. 
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All the functionalized electrospun fibers containing both lutetium and zinc 

phthalocyanines were found to be promising fabric materials for the photodegradation 

of 4-chlorophenol, 4-nitrophenol and the methyl orange. The ease of photo-

transformation of these environmental pollutants was found to follow generally the 

order: 4-chlorophenol > 4-nitrophenol > methyl orange except a small difference in the 

trend with PS/ZnPc.  

Electrospun fibers of polyacrylic acid and polyurethane were found not to be suitable in 

the photocatalytic applications while those of polystyrene could be applied and re-used 

for at least three times. Those of polysulfone could be applied once. 

6.2. Future Prospects 

The use of electropun fibers functionalized with phthalocyanines for solving 

environmental problems is quite promising. However, the porosity of these electrospun 

fibers and catalyst loading could be studied alongside the efficiency (mol of pollutant 

substrate transformed by mol of the catalyst) of the photocatalytic reaction as well as all 

other conditions that affect the quality of the fibers. Also a mixture of the pollutants to 

mimic a real-life environment should be photocatalyzed for a comparative study of the 

ease of phototransformation. 

It will be of interest if these photoactive fabric materials could be applied in 

photodynamic anti-fungal and anti-bacterial studies possibly to use them as fabric 

materials for wound dressing.
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