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 Abstract  

 

In this work the interaction between peripherally (β) substituted nickel 

tetrahydroxyphthalocyanines (β-NiPc(OH)4 and poly-β-Ni(O)Pc(OH)4) with 4-chlorophenol 

is theoretically rationalized by performing calculations at the B3LYP/6-31G(d) level. Density 

functional theory (DFT) and molecular orbital theory are used to calculate the condensed 

Fukui function for phthalocyanine derivatives and 4-chlorophenol, in order to determine the 

reactive sites involved when 4-chlorophenol is oxidized, and to compare theoretically 

predicted reactivity to experimentally determined electrocatalytic activity. Electrocatalytic 

activities of adsorbed NiPc derivatives: OPGE-α-NiPc(OH)8 (OPGE = ordinary pyrolytic 

graphite electrode, α = nonperipheral substitution), OPGE-α-NiPc(OH)4 and OPGE-β-

NiPc(OH)4 are compared with those of the polymerized counterparts: OPGE-poly-α-

Ni(O)Pc(OH)8, OPGE poly-α-NiPc(OH)4 and OPGE-poly-β-NiPc(OH)4, respectively.  

 

β-NiPc(NH2)4, β-NiPc(OH)4, α-NiPc(OH)4, α-NiPc(OH)8, α-NiPc(C10H21)8 are adsorbed on 

singled walled carbon nanotube (SWCNT) and β-NiPc(NH2)4-SWCNT (linked to SWCNT), 

are used to modify glassy carbon electrode (GCE) and employed for the electro oxidation of 

chlorophenols. The β-NiPc(NH2)4-SWCNT gave the best current response for the oxidation 

of 4-chlorophenol. α-NiPc(OH)8-SWCNT and α-NiPc(C10H21)8 gave the best resistance to 

electrode fouling due to oxidation by product of 4-chlorophenol.  

 

The synthesis of conjugates of cadmium telluride quantum dots (CdTe-QDs) capped with 

thioglycolic acid and peripherally substituted nickel tetraamino phthalocyanine (β-

NiPc(NH2)4) complex were also employed for the oxidation of chlorophenols.  

 

Separation of one of the diastereomers of 1, 2-subnaphthalocyanine (SubNPc) was achieved 

as well as separation of the enantiomers. The absorption and magnetic circular dichroism 

spectra, together with theoretical calculations, reveal rather small variations in the frontier 

molecular orbitals of the SubNPc compared to conventional subphthalocyanine (SubPc), 

except for the destabilization of the highest occupied molecular orbital (HOMO), which 

results in a characteristic absorption in the Soret band region. The chirality of SubNPc, 

including the cyclic dichroism (CD) signs and intensities, are discussed in detail. 
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Figure 4.5: Cyclic voltammogram of GCE-β-NiPc(OH)4 electrode in buffer solution of pH  

                   9.2. 
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Figure 4.6: (A) Cyclic voltammogram of α-NiPc(C10H21)8-SWCNT, (B) Square wave  

                  voltammogram of α-NiPc(C10H21)8-SWCNT  

Figure 4.7: Cyclic voltammograms of 1mM [Fe(CN)6]
3-/[Fe(CN)6]

4- in 0.1 M KCl on (A) 

                 GCE-β-NiPc(OH)4-SWCNT  

Figure 4.8: (A) Cyclic voltammograms of Au electrode with pre-adsorbed ((a) and (b)) 

                  CdTe-QDs And (c) bare Au electrode in blank buffer pH 9.2;  

Figure 4.9: DPV scans of (A) CdTe-QDs 1st scan to 6th scan, (B) 6th scan to 14th scan. (C) the  

                 last scan in (B) following rinsing in pH 9.2 buffer  

Figure 4.10: (A) Cyclic Voltammograms of Au electrode with pre-adsorbed (a) CdTe-QDs  

                  and (b) CdTe-QDs-β-NiPc(NH2)4 in blank buffer pH 9.2. 

Figure 4.11: (A) DPV scans of CdTe-QDs-β-NiPc(NH2)4 in pH 9.2 buffer solution with 

                  0.1 M Na2SO4 as an electrolyte.  

Figure 4.12: DPV scans of (A) CdTe-QDs and (B) CdTe-QDs-β-NiPc(NH2)4 in pH 9.2  

                   buffer solution containing Na2SO4. 

Figure 4.13: (a) Nyquist plots, (b) Bode plots and (c) Equivalent circuit used in this work. 

Figure 5.1: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on (i) bare   

                 OPGE, (ii) β-NiPc(OH)4 on OPGE and (iii) poly-β-Ni(O)Pc(OH)4-OPGE. 

Figure 5.2: Comparison of cyclic voltammogram of poly-β-Ni(O)Pc(OH)4-OPGE in the  

                 absence (i) and presence (ii) of 4-chlorophenol in 0.1 M NaOH. 

Figure 5.3: Cyclic voltammograms of 7 × 10-4 M 4-chlorophenol in 0.1 M NaOH on 

                 OPGE modified with (A) α-NiPc(OH)4 and (B) α-NiPc(OH)8.  

Figure 5.4: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on  GCE- 

                  poly-α-Ni(O)Pc(C10H21)8 and GCE-poly-α-Ni(O)Pc. 

Figure 5.5: Oxidation of 0.7 mM of 4-chlorophenol in 0.1 mM NaOH aqueous solution 

                  on GCE-β-NiPc(NH2)4-SWCNT(linked), GCE-β-NiPc(NH2)4-SWCNT. 

Figure 5.6: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on (i) bare  

                 GCE, (ii) GCE-SWCNT and (iii) GCE-α-NiPc(C10H21)8-SWCNT 

Figure 5.7: Variation of peak current with scan number for the voltammetric responses in 0.7  

                 mM 4-chlorophenol in 0.1 M NaOH for GCE-β NiPc(OH)4 and SWCNT. 

Figure 5.8: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH solution  

                  catalysed by GCE-α-NiPc(OH)4-SWCNT . 

Figure 5.9: Cyclic voltammograms of 0.7 mM 2,4-dichlorophenol in 0.1 M NaOH on  

                  poly-α-Ni(O)Pc(C10H21)8 and GCE and GCE-poly-Ni(O)Pc. 
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Figure 5.10: Cyclic voltammograms of 0.7 mM 2,4-dichlorophenol in 0.1 M NaOH on 

                    GCE-SWCNT, GCE-α-Ni(O)Pc(C10H21)8 and GCE-α-NiPc(C10H21)8-SWCNT  

Figure 5.11: DPV scans for detection of 0.7 mM 2, 4-dichlorophenol in pH 9.2 buffer on: (A)  

                  bare Au electrode in the absence (a) and presence (b) of 2, 4-dichlorophenol.  

Figure 5.12: Electrodep-CdTe-QDs-β-NiPc(NH2)4 in the absence (a) and presence (b) of  

                   0.7 mM 2, 4-dichlorophenol.  

Figure 5.13: DPV scans for detection of 0.7 mM pentachlorophenol in pH 9.2 buffer on: (A)  

                  bare Au electrode in the absence (a) and presence (b) of 2, 4-dichlorophenol.  

Figure 5.14: DPV scans for detection of 0.7 mM pentachlorophenol in pH 9.2 buffer on (A)  

                  electrodep-CdTe-QDs-β-NiPc(NH2)4.  

Figure 5.15: Oxidation of 0.7 mM of pentachlorophenol in 0.1 M NaOH aqueous solution on  

                    (a) GCE-α-NiPc(C10H21)8-SWCNT-QDs, (b) GCE-α-NiPc(C10H21)8-SWCNT, (c)     

                  GCE-α-NiPc(C10H21)8. 

Figure 5.16: Plot of the change in peak current, Ip, versus cycle number for GCE-α- 

                   NiPc(C10H21)8-SWCNT-QDs (a), GCE-SWCNT (b), GCE bare (c). 

Figure 5.17: Fully optimized molecular structures at the B3LYP/DFT 6-31G(d) level of   

                   calculations of (a) β-H2Pc(OH)4 ,(b) β-NiPc(OH)4  

Figure 5.18: Orbital energy diagrams for D4h configuration of (A) β-NiPc(OH)4 and (B)  

                     β-Ni(O)Pc(OH)4. 

Figure 5.19: Orbital energy diagrams for 4-chlorophenol 

Figure 5.20: (A) Optimised structure of β-NiPc(OH)4 and 4-chlorophenol using 

                   B3LYP/6-3g(d). (B) Electron density distribution of β-NiPc(OH)4 . 

Figure 5.21: β-NiPc(OH)4 (a), β-NiPc(OH)4/4-chlorophenol (b), β-Ni(O)Pc(OH)4/4- 

                      chlorophenol (c) and β-Ni(O)Pc(OH)4 (d) frontier molecular orbitals (LUMO). 

Figure 5.22: Fukui 2D plots of condensed softness for maximum softness. 
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Schemes 

Scheme 1.1: General phthalocyanine synthesis. M = metal, MX = metal salt, DBN = 1,5- 

                   Diazabicyclo[4.3.0]non-5-ene, ROH = alcohol. 

Scheme 1.2: Synthesis of a peripherally tetrasubstituted phthalocyanine. R= any functional  

                  group. 

Scheme 1.3: Synthesis of non-peripherally tetrasubstituted phthalocyanine. (R = any  

                    substituent, Ac2O = Acetic anhydride). 

Scheme 1.4: Synthesis of tetra and octa substituted ß-phthalocyanines. (R = any functional  

                  group, Ac2O = Acetic anhydride). 

Scheme 1.5: Preparation of 3, 6-dialkylphthalonitrile. (R = alkyl, MCPBA = m- 

                   chloroperoxy-Ibenzoic acid, RBr = alkyl bromide). 

Scheme 1.6: Cross coupling reactions of aryl triflate. (DCM = dichloromethane, and RT =  

                   room temperature and CF3SO2)2O = triflate ester. 

Scheme 1.7: Formation of an aryl triflate (28). 

Scheme 1.8: Negishi coupling reaction. (R = aryl or alkyl, X = Halogen, Ph =phenyl) 

Scheme 1.9: Preparation of unsubstituted subphthalocyanine 

Scheme 1.10: Subphthalocyanine regio- and enantiomers (R = can be any functional group) 

Scheme 3.1: Preparation of nickel(II) 2,9,16,23-tetrahydroxy phthalocyanine, α-NiPc(OH)4. 

Scheme 3.2: Synthesis pathway for non-peripherally substituted α-NiPc(OH)8. 

Scheme 3.3: 1, 4, 8, 11, 15, 18, 22, 25-Octadecylphthalocyanine Nickel(II) 

Scheme 3.4: Synthesis of 1,2-subnaphthalocyanines 
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Tables 

Table 1.1: A selection of all known hydroxy phthalocyanine complexes 

Table 1.2: List of known Subnaphthalocyanines and chiral Subphthalocyanine, see Figure  

               1.4. 

Table 1.3: Raman and spectral data of known NiPcs 

Table 1.4: Electrocalysis of chlorophenols using NiPc electrodes. 

Table 1.5: Known MPc-SWCNT conjugate used for electrocatalysis 

Table 3.1:List of Synthesised phthalocyanine, SubNPc and and NiPc-Nanomaterial 

Table 3.2: Gross Mulliken populations and atomic charge (Q) 

Table 3.3: Calculated parameters (bond length R in Ǻ, bond angle θ in deg) 

Table 3.4: Fluorescence lifetimes of QDs linked to β-NiPc(NH2)4 λExc = 480 nm. pH 9.2  

                buffer 

Table 3.5: Mass concentration percentage (%) 

Table 3.6: Selected transition energies and wave functions of Faction 1 and SubPc calculated  

                by the TDDFT (B3LYP/6-31G(d)) method. 

Table 4.1. Electrochemical parameters for NiPc derivatives in 0.1 M NaOH. 

Table 4.2: Electrochemical parameters for electrode characterization (using [Fe(CN)6]
3-   

                          /[Fe(CN)6]
4- in 0.1 M KCl. Potentials versus Ag|AgCl on GCE. 

Table 4.3: Impedance data adsorbed CdTe QDs and CdTe-QDs-β-NiPc(NH2)4. pH 9.2  

                buffer. Fe(CN)6]
4-/[Fe(CN)6]

3- in 1M KCl solution.  

Table 5.1: Electrochemical parameters for the detection 0.7 mM 4-chlorophenols in 0.1 M  

               NaOH. Potentials versus Ag|AgCl on GCE. 

Table 5.2: Electrochemical parameters for the detection dichlorophenol in 0.1 M NaOH.  

                Potentials versus Ag|AgCl. 

Table 5.3: Oxidation potentials for 2, 4-dichlorophenol and pentachlorophenol and current  

               percentage loss after second scan in pH 9.2 buffer. 

Table 5.4: Peak potential for PCP oxidation and Current drop percentage from first scan for  

               the detection of pentachlorophenol in 0.7 mM in 0.1M NaOH. 

Table 5.5: Calculated energy gaps (eV) between HOMO and LUMO and Molecular  

                 hardness(η) in gas phase. 

Table 5.6: Calculated HOMO-LUMO energy gaps (eV) in gas phase. 
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1. Introduction  

The main focus of the work is on the study of nickel phthalocyanines (NiPc) as 

electrocatalysts using chlorophenols as test pollutants. The theoretical and experimental study 

of the electrocatalysis is presented. The other small part of the thesis is on the isolation of 

isomers of Subnaphthalocyanines (SubNPc). Thus the introduction will include both SubNPc 

and NiPc.  

 

1.1. Phthalocyanines and Subphthalocyanines 

Phthalocyanines (Pcs) are remarkable 18 π  electron macrocyclic compounds that possess 

interesting physical and chemical properties. Their bright colours, conductivity, chemical and 

thermal stability have made them very desirable for many applications. Phthalocyanines 

continually find their usefulness in contemporary and emerging technologies such as catalysis 

[1], photodynamic therapy (PDT) [2], nonlinear optics [3], electrochemical sensors [4], 

thermal writing displays [5] and solar cells [6].  
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Figure 1.1: Phthalocyanine. 

 

The inner aromatic ring shown in black (Figure 1.1) is responsible for the intense blue-green 

colour of these macrocycles ( *ππ − transition occurring in the visible region). The 

phthalocyanine ring is numbered following the International Union of Pure and Applied 

Chemistry (IUPAC) nomenclature of tetrapyrroles (Figure 1.1) [7]. The presence of four 
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benzene groups causes solubility and aggregation problems. By substituting functional 

groups on these benzene groups, solubility can be improved considerably. When a 

phthalocyanine is coordinated to a central metal it is referred to as metallophthalocyanine 

(MPc). Substituting with electron donating or withdrawing functional groups on the periphery 

of the phthalocyanine molecule alters electrochemical and physical properties of the 

macrocyle.  

Subphthalocyanine (SubPc) is a ring-contracted congener of phthalocyanine (Pc), comprising 

of three isoindole units linked by three nitrogen atoms (Figure1.2) [8, 9].  

 

Figure 1.2: Unsubstituted Subphthalocyanine. 

 

As a result of the C3V-symmetric bowl-shaped structure [10] with boron atom at the center 

and the 14 π -electron aromatic conjugate system, SubPc exhibits unique optical properties, 

such as strong absorption in the UV/vis region, intense fluorescence with moderate quantum 

yields, and unique nonlinear optical properties [8, 11, 12]. The central boron atom plays a 

critical role in maintaining the bowl-shaped structure, as well as enabling further 

functionalization by linking other functional units at the axial position [13-17]. Due to  the 

proximity of the lowest unoccupied molecular orbital (LUMO) energy levels of SubPc to a 

fullerene (C60), hybrid materials of SubPc and C60 have received extensive interest in the 

fields of organic solar cells [18-21], organic transistor devices [22] and photo-induced energy 

and electron-transfer processes [23, 24]. The bowl-shaped molecular structure of SubPc is 

also beneficial for constructing supramolecular architectures with fullerenes both in solution 

[25] and the solid state [26]. 
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1.1.1. Phthalocyanine synthesis 

Pc complexes may be synthesised from a wide variety of starting materials, Scheme 1.1. The 

synthetic route that is generally used in the laboratory involves the use of unsubstituted or 

substituted phthalonitrile (or dicyanobenzene) derivatives as starting materials to produce 

unsubstituted Pc or peripherally and non-peripherally substituted molecules. 

Monosubstitution at the 3-position will lead to four isomers of (C4h) 1, 8, 15, 22-, (D2h) 1, 11, 

15, 25-, (C2v) 1, 11, 18, 22 and (Cs) 1, 8, 18, 22- non-peripherally (α) tetrasubstituted Pc 

complexes. When substitution is at the 4-position, isomers of peripherally (β) tetrasubstituted 

complexes are obtained ((C4h) 2, 9, 16, 23-, (D2h) 2, 10, 16, 24-, (C2v) 2, 9, 17, 24- and (Cs) 2, 

9, 16, 24-). In this thesis Pcs that are non-peripherally (α) and peripherally (β) substituted 

with OH or alkyl groups are reported, hence the general synthesis for these Pcs are presented. 

 

phthalic acid

phthalimide

phthalic anhydride
dibromobenzene

o-cyanobenzamide

diiminoisoindoline

phthalonitrile

MX
Solvent

a) Li, reflux,ROH then H +

b)Fuse w ith hydroquinone
c) w ith DBN, ROH
d) M, ROH

urea,heat
Metal ion

MX

formamide

MX
Solvent, heat

NH3(g)

CuCN, heat

MX, Solvent

300oC, dry

MX, Solvent

precursor for 
laboratory syntheses

intermediate for 
milder condensation

Precursors used for
industrial scale syntheses

 
Scheme 1.1: General phthalocyanine synthesis. M = metal, MX = metal salt, DBN = 1,5-

Diazabicyclo[4.3.0]non-5-ene, ROH = alcohol.  
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1.1.1.1. Peripherally tetrasubstituted phthalocyanine 

Scheme 1.2 shows a general synthetic route of peripherally tetrasubstituted phthalocyanine 

(6) involving the nucleophilic aromatic substitution of 4-nitrophthalonitrile (4). The 

phthalonitrile derivative (4) is commercially available or can be easily prepared following 

literature method [27]. Nucleophilic aromatic substitution of 4-nitrophthalonitrile (4) results 

in the substituted phthalonitrile (5).  

 

Scheme 1.2: Synthesis of a peripherally tetrasubstituted phthalocyanine. R= any 

functional group.  

 

A strong nucleophile can effectively displace the good leaving nitro group (4) from its 

activated aromatic substituent in the presence of a base [28] and dry polar aprotic solvents 

such as dimethyl formamide (DMF) or dimethylsulfoxide (DMSO). Reaction of the 

substituted phthalonitrile (5) with a metal salt in the presence of ethylene glycol, through a 

metal assisted cyclotetramerisation process, gives the peripherally tetrasubstituted 

phthalocyanine (6).  

 

(1) (2) (3) 
(4) 

(5) (6) 
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1.1.1.2. Non-Peripherally tetrasubstituted phthalocyanine 

The synthesis of non-peripherally tetrasubstituted phthalocyanines is similar to that of their 

peripherally substituted counterparts except for the initial steps, as outlined in Scheme 1. 3. 

 

Scheme 1.3: Synthesis of non-peripherally tetrasubstituted phthalocyanine. (R = any 

substituent, Ac2O = Acetic anhydride).  

 

Non-peripherally tetrasubstituted phthalocyanine synthesis involves the nucleophilic aromatic 

substitution of 3-nitrophthalonitrile (11). The phthalonitrile derivative is commercially 

available or maybe synthesised following the synthetic route in Scheme 1.3 [29] and maybe 

transformed into substituted phthalonitrile (12) as mentioned for the peripehrally 

teterasubstituted phthalocyanine. The non-peripherally substituted Pc (13) is then formed by 

cyclotetramerisation of substituted phthalonitrile (12) as explained above.  

 

  

 

 

 

 

 

 

(7) (8) (9) (10) 

(12) (11) (13) 
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1.1.1.3. Peripherally octasubstituted phthalocyanine 

Scheme 1.4 shows the synthetic method for octasubstituted Pc.  For the preparation of 4,5-

disubstituted phthalonitriles (18), 1, 2-dichlorophthalic acid (14) is commonly used as the 

precursor [30]. Nucleophilic aromatic substitution of 4,5-dichlorophthalonitrile (18) with any 

functional group (R), results in the substituted phthalonitrile (19). The final step involves 

reacting the 4,5-disubstituted phthalonitrile (19) with a metal salt in the presence of 1,8-

diazabicyclo-[5.4.0]-undec-7-ene (DBU) and solvent (or urea) to yield the peripherally 

octasubstituted MPc (20), Scheme 1.4.  

 

Scheme 1.4: Synthesis of tetra and octa substituted ß-phthalocyanines. (R = any 

functional group, Ac2O = Acetic anhydride). 

 

 

(14) (15) (16) 

(17) (18) 

(19) 

(20) 
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1.1.1.4. Non-peripherally octasubstituted phthalocyanine 

In this thesis a Pc possessing C-C bonds at the non-peripheral position is developed, hence 

the general synthetic procedure of these Pcs is presented. 

 

For the synthesis of 3,6-disubstituted phthalonitriles containing C-C bonds (alkyl 

substituted), [4+2] cycloaddition reactions have been successfully developed [31, 32]. 

Fumaronitrile (24) is used as dienophile and heterocyclic systems (five membered) such as 

thiophene (21) or furan can be used as a source of diene (Scheme 1.5). To prepare 3, 6-

disubstituted phthalonitrile (26), (21) is first reacted with BuLi (butylithium) /RBr to form 2, 

5-dialkylthiophene-1 (22). Oxidation of the thiophene ring (22) to the 1,1-dioxide (23) is 

required to break the aromaticity of this system which can then undergo Diels-Alder reaction 

with fumaronitrile (24). Compound (23) is known to form unstable cycloaddition adduct (25) 

with (24). Thermally or by treating with a non-nucleophilic base, (25) will self aromatize to 

yield (26). 

S SR R SR R
O O

R

R

CN

CN

NaBO3, 4H2O, AcOH

CN

CN

R

R

SO2

 

CN

NC

-SO2

2 x BuLi/RBr

or MCPBA

(11) (12) (13)

(14)

(15) R=alkyl (16)

(m-chloroperoxy-
lbenzoic acid)

thiophene 2, 5 dialkylthiophene-1 1-dioxide

fumaronitrile

 

Scheme 1.5: Preparation of 3, 6-dialkylphthalonitrile. (R = alkyl, MCPBA = m-

chloroperoxy-Ibenzoic acid, RBr = alkyl bromide).  

 

Another synthetic route of 3,6-dialkylphthalonitrile (26) involves the use of 3,6-

bis(trifluoromethanesulfonyloxy)phthalonitrile (28)  as a precursor (Scheme 1.6). This 

method was developed by Cook’s group [33, 34]. 

 

(21) (22) (23) 

(24) 

(25)       (26) 

       (23) 
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2,6-Lutidine (22)

-20 oC, (CF3SO2)2O

then RT

Ni(PPh3)4,

RZnX

R = alkyl

(27) (28)
(26)

DCM

X = halogenPPh3 = triphenylphosphine
 

Scheme 1.6: Cross coupling reactions of aryl triflate. (DCM = dichloromethane, and RT 

= room temperature and CF3SO2)2O = triflate ester. 

 

Compound (28) is synthesised by reacting 2,3-dicyanohydroquinone (27) with (CF3SO2)2O, 

using 2,6-lutidine as a base and a solvent, expanded in Scheme 1.6. For the synthesis of 3,6-

dialkylphthalonitrile (26) a Suzuki [35] coupling is used.  

2,6-lutidinetriflate ester
(27) (29) (28)

Scheme 1.7: Formation of an aryl triflate (28). 

 

The role of the 2,6-lutidine (29) (a base) is to neutralize triflic acid generated by the reaction 

of (27)  with triflate ester, Scheme 1. 7.  

 

A Negishi coupling is a cross coupling reaction between an organometallic reagent RMX 

(M=Sn, Zn, Mg and X = halogen for example) and a triflate (28) in Scheme 1.6, and is one of 

the most important methods for forming a new carbon-carbon σ bond. Negishi and co-

workers [36] developed the first transition-metal catalysed cross-coupling reaction between 

Negishi reaction 
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an aryl halide and an organozinc reagent. However Cook et al. used the triflate method, 

which will be employed in this thesis (Scheme 1.6). 

 

Different functional groups can be incorporated into the organozincs used by Negishi (RZnX) 

[37, 38]. Due to the low-lying p orbitals of zinc, organozincs can undergo smooth 

transmetallations with a variety of transition metal salts or complexes (Scheme 1.6). 

 

Sub Aims of thesis: 

The aim of this thesis is to synthesise tetra- and octa- substituted nickel phthalocyanine 

complexes. The Negishi method (Scheme 1.6) will be employed to synthesise phthalonitrile 

for NiPc containing C-C bonds. The NiPc derivatives which will be synthesised in this work 

are shown in Figure 1.3 as complexes β-NiPc(OH)4, α-NiPc(OH)4, α-NiPc(OH)8, α-

NiPc(C10H21)8 and β-NiPc(NH2)4.  

 

Table 1.1, lists a selection of known MPc(OH) complexes [39-42]. As shown, only β-

NiPc(OH)4 complexes is known. OH functional groups are very important for applications 

such as photodynamic therapy (PDT) where OH increases potency [2], hence synthesis of a 

wide range of OH substituted Pc’s with multiple points of OH substitution is of importance, 

even though the Ni atom is not good for PDT. The simplicity of the OH substituent also 

allows for the ease of modelling of the substituted Pc. Ni is chosen because NiPc derivatives 

readily form O-Ni-O oxo bridges which have proven to be good in electrocatalysis, which 

will be discussed later. The long alkyl chain C10H21 was chosen for comparison purposes in 

electrocatalysis compared to OH ligands. β-NiPc(NH2)4 is chosen because NH2 groups can be 

linked to functionalized carbon nanotubes (CNT) and quantum dots (QDs) to form amide 

bonds.  
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Figure 1.3: The NiPc derivatives synthesised in this work 
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Table 1.1: A selection of all known hydroxy phthalocyanine complexes 

 

Phthalocyanine 

 

References 

 

β-NiPc(OH)4 

 

               [39] 

 

β-Fe(Cl)Pc(OH)4 

 

               [40] 

 

α-Fe(Cl)Pc(OH)4 

                  

[40] 

 

β-Al(Cl)Pc(OH)4 

 

[41] 

 

β-In(Cl)Pc(OH)4 

 

[41] 

 

β-Cr(Cl)Pc(OH)4 

 

[41] 

 

β-Sn(Cl)Pc(OH)4 

 

[41] 

 

β-Hf(Cl)Pc(OH)4 

 

[41] 

 

α-Al(OH)Pc(OH)4 

 

[41] 

 

α-Cr(OH)Pc(OH)4 

 

[41] 

 

α-Ga(OH)Pc(OH)4 

 

[41] 

 

β-ZnPc(OH)8 

 

[42] 
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1.1.2. Syntheses of Subphthalocyanines (SubPcs) and Subnaphthalocyanines (SubNPcs)  

Subphthalocyanines are synthesised in good yields by the cyclotrimerization reaction of 

phthalonitrile precursors in the presence of boron derivative (typically a boron trihalide), 

Scheme 1.8 [8].   

BCl3

1-chloronaphthalene

 

Scheme 1.8: Preparation of unsubstituted subphthalocyanine [8] 

 

SubPcs are obtained as a mixture of C1 and C3 constitutional isomers, when the starting 

material (substituted dinitrile) does not belong to the C2V symmetry group [43]. Each of these 

isomers is in turn a racemic mixture of enantiomers. Inherent molecular chirality, which was 

suggested by Torres and Claessens [44, 45], is obtained when SubPc molecule is 

asymmetrically substituted. From reactions of asymmetrically substituted phthalonitriles, 

such as 4-iodophthalonitrile [45] and 3-nitro-5-tert-butylphthalonitrile [46], two structural 

isomers having C3 and C1 molecular symmetries with respect to the arrangement of 

substituents are obtained, and each structural isomer is inherently chiral due to the absence of 

any mirror plane in their structures. Scheme 1.9 shows general synthetic procedure of 

asymmetrically substituted subphthalocyanines and distribution of products. 
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Scheme 1.9: Subphthalocyanine regio- and enantiomers (R = can be any functional 

group)[8].  

 

Preparative high performance liquid chromatography (HPLC) was first used by Hanack and 

coworkers to resolve the C1 and C3 enantiomers [43]. Very few C3 organic compounds have 

been obtained in optically active forms. The resolution of aromatic chiral C3 molecules has 

been described only in the case of a subphthalocyanine. Torres and coworkers used column 

chromatography on silica gel to separate constitutional isomers of a series of 3-substituted 

[44] and 4-substituted [45] subphthalocyanines. 

 

Sub aim of thesis: 

To synthesise, separate and characterise novel chiral 1,2-subnaphthalocyanine (SubNPc) 

having C3 and C1 molecular symmetries relative to the arrangement of the fused benzene 

rings. Table 1.2 and Figure 1.4 lists a selection of known SubNPcs and SubPcs [46-56], no 

chiral SubNPcs derivatives haven been separated hence the aim of this thesis.  
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                           A                                             B                                            C 

  

                         D [46]                                             E [46] 

Figure 1.4: Selection of SubPcs which have been reported in literature  
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Table 1.2: List of known Subnaphthalocyanines and chiral Subphthalocyanine, see 

Figure 1.4. 

 

Subnaphthalocyanine 

 

R : peripheral  

 

X : axial  

 

Reference 

 

A 

 

H 

 

Ph 

 

[47, 48] 

 

A 

 

tetr-butyl  

 

Ph 

 

[47, 48] 

 

A 

 

H 

 

Cl 

 

[49, 50] 

 

A 

 

H 

 

Br 

 

[51] 

 

 Chiral SubPcs 

   

 

B 

 

tert-butyl 

 

Ph 

 

[48] 

 

B 

 

tert-butyl 

 

Cl 

 

[48] 

 

B 

 

tert-butyl 

 

Br 

 

[52] 

 

B 

 

NO2 

 

Cl 

 

[48] 

 

B 

 

NO2 

 

Br 

 

[53] 

 

B 

 

I 

 

Cl 

 

[48] 

 

B 

 

SO2Cl 

 

Br 

 

[54] 

 

B 

 

SC8H17 

 

Cl 

 

[55] 

 

B 

 

SO2C8H17 

 

Cl 

 

[56] 
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C 

 

I 

 

Cl 

 

[48] 

 

C 

 

SC3H7 

 

Cl 

 

[44] 

 

C 

 

SO2C3H7 

 

Cl 

 

[44] 

 

C 

 

NO2 

 

Cl 

 

[48] 
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1.1.3. Spectroscopic properties of phthalocyanines  

1.1.3.1. UV-vis spectra  

The electronic structure of MPc is known to have a strong effect on its electrocatalytic 

activity. Figure 1.5 shows ultraviolet/visible (UV/Vis) spectra that are typical of 

unmetallated (i) and metallated (ii)  Pc. An intense and isolated absorption band is found near 

700 nm (systematically labelled as the Q band). The next absorption bands are much less 

intense and lie at considerably higher energies near 340 nm (systematically labelled the B 

bands). The Q band and the B bands occur due to *ππ − transitions (see Figure 1.6). The Q 

band arises from a1u →  eg transition and the B bands arise from a2u →  eg and b2u 

→  eg transitions. The B band is broad compared to the Q band due to the superimposition 

of the B1 and B2 bands. It is known that the introduction of a metal ion inside the cavity will 

generate a slight blue shift in the Q band. This occurs because the introduction of a metal ion 

reduces the electronic density of the phthalocyanine ring system. It has been demonstrated 

that the more electronegative the metal ion is, the greater the blue shift. Some compounds 

which have their metal ions outside the cavity, for example PbPcs, often show a red shifted Q 

band. 

 

Figure 1.5: Absorption spectra of unmetallated phthalocyanine (i) and metallated (ii).  

 

An unmetallated Pc is of lower, D2h, symmetry while a metallated Pc is of higher, D4h, 

symmetry. Due to the lower symmetry of unmetallated phthalocyanine, the eg energy levels 

are not degenerate, giving rise to a split Q band. The symmetry of the metallated 
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phthalocyanine causes the energy level to be degenerate, therefore the Q band is not split 

(Figure 1.5). Substitution on the benzene ring gives rise to a shift (bathochromic or 

hypsochromic shift depending on the type of substituent) of the Q-band relative to the 

unsubstituted Pc. Non-peripheral substitutions show greater shifts than peripheral substitution 

[57].   

LUMO

HOMO

B2B1Q

eg

b2u

b1u

eg

n
a1u

eg

a2u

b2u

a2u

 

Figure 1.6: Schematic representation of energy levels and origins of Q and B band. 

 

Theoretical interpretation of MPcs electronic spectra has been a subject of great interest for a 

long time [58-60]. In the past, calculations which made use of semi-empirical methods with 

questionable accuracy were used. Recently more accurate high level density functional theory 

(DFT) calculations have been used [61-63]. Global and local reactivity of MPc complexes 

involved in electrocatalytic processes have been predicted by use of DFT methods [64-66]. In 

this work, DFT calculations are carried out in order to understand the effect on the electron 

density due to substituents at the peripheral and nonperipheral positions of NiPcs, with the 

aim of explaining electrocalytic activity. DFT calculations are also used in this thesis to 

describe the molecular structure, atomic charges, IR and Raman spectra of these NiPc 

complexes.  
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1.1.3.2. Raman spectra  

Raman spectroscopy measures the scattering of radiation by the sample rather than the 

absorption process [67, 68]. Raman spectroscopy provides structural information about the 

molecules based on the vibrational energy bands. This technique exploits the Raman effect 

which is due to inelastic light scattering [67, 68].  

 

An example of its use is in the study of the intermolecular interaction of copper 

phthalocyanine aggregates [69]. In CuPc films, CuPc molecules have been shown to pile up 

in a direction almost perpendicular to the molecular plane due to strong π electronic   

interactions between adjacent molecules [69]. Metallated phthalocyanine complexes may 

belong to a C4v point group (in this case the metal atom is located above or below the 

molecular plane), or D4h point group when the metal is on the plane. 

 

 

 

Figure 1.7: The 1350-1550 cm-1 region of NiPc, CoPc, ZnPc and PbPc illustrating the 

Raman band that exhibit unique patterns for each phthalocyanine [71].  

 

One band in Raman spectrum has been identified as highly sensitive to the metal ion present 

[70]. Figure 1.7 [71] shows that this is the most intense band near 1500 cm-1 in the Raman 



Chapter 1                                                                                                               Introduction 

21 

 

spectra of MPc compounds. This band has been found to shift by up to 50 cm-1 depending on 

the metal present (see Figure 1.7). The major feature of this vibration is the displacements of 

the C-N-C bridge bonds of the phthalocyanine macrocycle.  

 

For the purpose of understanding the effect of substitution on the spectroscopic 

characteristics of phthalocyanines, DFT and TD-DFT calculations can be performed to 

comparatively describe their molecular structures using infrared (IR) and Raman spectra [72-

75].  

 

Sub aim of thesis: 

In this work DFT and TD-DFT are used to study the effect of number of hydroxyl 

substituents on the C-N-C Raman stretch of NiPcs. Table 1.3 [70, 71, 76] shows the Raman 

specral data of known NiPc C-N-C stretch. Even though these studies have been reported on 

NiPc derivatives, Table 1.3, the effect of number of substituents has not been explored and is 

addressed by this work. 
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Table 1.3: Raman and spectral data of known NiPcs 

Phthalocyanine  C-N-C(Raman stretch) 

/cm-1 

Reference 

 

NiPc 

 

1545 

 

[71] 

 

ß-NiPc(S(CH2)5CH3)8 

 

1576 

 

[70] 

 

ß-NiPc(S(CH2)11CH3)8 

 

1576 

 

[70] 

 

ß-NiPc(S(CH2CH2O)3CH3)8 

 

1576 

 

[70] 

 

ß-NiPc(SCH(CH2OC12H25)2)8 

 

1576 

 

[70] 

 

 

 

 

 

 

 

 

 

 

 

1548 

 

 

 

[76] 

 

 

 

 

 

 

 

 

 

 

 

M = Ni 
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1.1.4. Spectroscopic properties of subphthalocyanines  

UV-vis spectra of subphthalocyanines (SubPcs) are comparable to the ones obtained for Pc’s 

in that they both show a Q-band and a Soret (B) band as in other aza aromatic macrocyclic 

compounds.  The Q band (560 nm) and Sorret band (300 nm) of SubPcs tend to shift to 

shorter wavelength with respect to the Pcs as a consequence of the dectrease of the π –

conjugation system, Figure 1.8.  

 

 

Figure 1.8: UV-vis spectrum of subphthalocyanine (thick line) compared to the one of 

nickel phthalocyanine (thin line) both in chloroform [8]. 

 

The absorption coefficients of both the Q-band and Soret band also decrease on going from 

Pcs to SubPcs. The non-planer structure of SubPcs compared to Pcs may contribute to the 

small Q band observed for SubPcs [51, 77]. Peripheral donor substituents tend to shift the Q-

band of SubPcs toward longer wavelengths, while axial substituents have no or only a very 

small effect on the position of the band.  

 

To complement the UV-vis spectroscopy, magnetic circular dichroism (MCD) is usually 

employed to retrieve valuable information about the nature of UV-Vis transitions such as 

position (energy) and number of transitions. MCD will be employed in this work to 

characterise SubPc complexes hence the basis of MCD are discussed briefly below.  
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MCD peaks in the Q-band region are approximately at the same position as the absorption 

peaks. The Q0-0 band corresponds to a transition to an orbitally degenerate state that could 

only be fitted with a Faraday A term in both Pcs and SubPcs. The Soret region contains the 

Faraday B terms (in both Pcs and SubPcs) [51, 77, 78]. MCD is based on the wavelength 

dependent differential absorption of left (lcp) and right (rcp) circularly polarised light in the 

presence of a magnetic field to form excited electronic states. MCD intensity is dependent on 

the coupling of the ground and excited states through the electric (m) and magnetic dipole 

moments (µ), while the intensity in the UV-vis absorption is dominated by the electric dipole 

moment (m) [79, 80]. The MCD intensity is given in terms of Equation 1.1: 

                                    

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
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01
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                                     1.1 

 

where B is the field strength (in Tesla), cl is the product of the concentration in mol L-1 and 

path length in cm-1, E represents the energy coordinate in cm-1, f refers to the normalized 

band shape function (Gaussian shaped curve). Analysis of the MCD spectra is thus a function 

of an estimation of the magnitudes of the three Faraday terms A1, B0 and C0, see Figure 1.9. 

 

 

Figure 1.9: The three Faraday terms AAAA1111, BBBB0000 and CCCC0000 [80] 

(A) (B) 

(C) 
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The A1 term intensity is due to the relative magnitudes of the combined orbital (Lz) and spin 

(Sz) angular momenta of electrons within the ground excited states, Figure 1.9 (A)[80]. The 

B0 term is due to second order effects based on the field induced mixing of the zero-field 

states via magnetic dipole transition moments, Figure 1.9 (B) [80]. Pseudo-A term often 

occur as a result of small splitting of the x/y-polarised transitions. The C0 term is due to the 

Boltzmann population distribution across a degenerate ground state and as a result shows a 

strong kT/1 temperature dependence, Figure 1.9 (C) [80].  

 

For chiral SubPcs CD spectra is a useful tool to differentiate between the enantiomers 

(Figure 1.10).  Absorption of a photon by dissymmetric molecules with a chiral center is due 

to both magnetic and electric dipoles, because there is a helical redistribution of electronic 

charge [80].  Enantiomers preferably absorb left (lcp) and right (rcp) circularly polarised light 

based on the handedness of the helical electron redistribution.  

 

 

Figure 1.10: Electronic (bottom) and circular dichroism (top) spectra of subPc in 

chloroform  [46].  

 

This inherent chirality of the asymmetrically substituted SubPc can be regarded as a type of 

“bowl chirality” [81], which has recently been of intense study for fullerenes [82] and carbon 



Chapter 1                                                                                                               Introduction 

26 

 

nanotubes [83], since molecules containing three-dimensional chiral π -surfaces can provide 

a chiral three-dimensional space for chiral recognition and asymmetric catalytic reactions. 

Although the use of chiral SubPcs towards these applications has been anticipated, the 

chirality of SubPcs is still at an early stage of its chemistry due to a lack of general 

information on a relationship between absolute molecular structure, signs and intensities of 

their CD spectra, hence in this work the MCD spectra of chiral SubNPcs are studied.      

 

1.1.5. Electrode modification and characterisation  

1.1.5.1. Modification methods 

Over the past several decades, substantial interest in the field of electrochemistry has been 

focused on the development of modified electrodes [84-90]. The modification of carbon 

electrodes with macromolecules which act as electrocatalysts is currently an area 

commanding wide attention in electrochemistry. Modification of the electrode surface can 

alter the reactivity of the surface [91], and can offer extensive control over heterogeneous 

kinetics and the molecular recognition processes. The resulting electrodes are termed 

chemically modified electrode (CME).  

 

Various methods can be used to modify electrodes, these include covalent bonding [92, 93], 

composite method [94, 95], dip dry [96-100], drop dry [96], self assembled monolayer 

(SAM) and electropolymerisation [84, 85-88]. In this work electropolymerisation, dip dry and 

drop dry methods are used to modify glassy carbon (GCE), ordinary pyrolytic graphite 

(OPGE) and Au electrodes. Drop dry method involves dropping of a known volume of Pc 

solution on to the electrode surface and rinsing off after known time interval. The Pc strongly 

adsorbs on to the electrode material and the bulk of the material is held by π-π interaction 

between the N4 macrocycles [101].  Dip dry involves dipping the electrode in the Pc solution 

and allowing spontaneous adsorption to occur. Electropolymerisation involves repetitive 

oxidative or reductive cycling of suitable MPc momomer process resulting in the coating of 

the polymeric MPc film on the electrode.  

 

GCE is the most commonly used type of carbon electrode. It is made up of an amorphous 

form of carbon, which is denser than natural graphite. GCE (Figure 1.11 A) has an unknown 

composition, is non-homogenous, hard and resistant to chemical attack and thus more 
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mechanically durable. OPGE (Figure 1.11 B) is made up of ordered sheets of hexagonally 

bonded carbon atoms arranged in the same direction. The OPGE basal plane surface is non 

ionic, hydrophobic, slightly denser than natural graphite, very reproducible and rich in π-

electrons density. The high electron density makes strong chemisorption possible, and due to 

its porosity, electrode modifiers are easily adsorbed.  

 

Figure 1.11:  Model of Glassy carbon electrode GCE (A) and Structure of planes of 

ordinary pyrolytic graphite (OPGE) (B).  

 

Gold electrodes are highly conductive and exhibit negligible background currents, high 

sensitivity and reproducibility. However, they are prone to corrosion and passivation.     

 

1.1.5.2. Voltammetric characterization of modified electrodes  

Cyclic voltammetry (CV) is the most widely used electrochemical technique in order to probe 

and study electron transfer mechanisms in reactions. The technique can also provide 

information about formal oxidation and reduction potentials, reversibility and kinetics of the 

system [102-106]. 

 

Differential pulse voltammetry (DPV) is a more sensitive technique compared to CV, 

because DPV technique rejects capacitive currents and the differential nature of faradaic 

current measurements [107].  Under optimal conditions DPV allows the detection of 

electroactive species at concentrations as low as 10-8 M.  Thus this technique is useful for 

voltammetric studies with species available in very limited supply. The peak-shaped output 

of DPV technique favors the resolution of voltammetric features having close oE values. 

 

(A) (B) 
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1.1.5.3. Electrochemical Impedance Spectroscopy (EIS) characterization  

Electrochemical impedance spectroscopy (EIS) is an important tool that is used to 

characterize or study materials and electrochemical processes. Materials whose external 

parameter or property has an influence on the conductivity of an electrochemical system can 

be studied by use of impedance spectroscopy [108]. EIS has vast applications, such as 

characterization of thin films, corrosion and kinetics studies.  

 

Electrochemical impedance spectroscopy makes use of a three electrode set up, similar to a 

voltammetric analysis cell set up. In performing a basic EIS experiment, a general approach 

involves applying an electrical stimulus (voltage or current) to the electrode and observing 

the response (the resulting current or voltage). The overall electronic response is due to the 

microscopic process taking place throughout the cell. The spectroscopic processes include 

transport of electrons through the electronic conductor and the movement of charged particles 

towards the electrode through a concentration gradient. The flow rate of the charged particles 

depends on the ohmic resistance, electrolyte and on reaction rates at the electrode-electrolyte 

interfaces [109].  

 

In EIS spectroscopy a general stimulus used to measure impedance is a single-frequency 

sinusoidal voltage signal. The response measured is the phase shift and amplitude, or real and 

imaginary parts, of the resulting current at that particular frequency using fast Fourier 

transform (FFT) analysis of the response. FFT analysis converts measurements in the time 

domain into the frequency domain. The results or response can be related to the physical and 

chemical properties of the material [108].  

 

Impedance is a complex resistance and differs from ordinary Ohm’s law resistance (R) which 

is defined in terms of ratio between voltage (V) and current (I) (Equation 1.2). 

                                                                  
I

V
R =                                                               1.2 

Impedance (Z) is defined as a ratio of the alternating potential and the alternating-current 

signal:  
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)()( αω += tj

meEtE                                                 1.4 

and 

                                                                  
)()( βω += tj

meItI                                                   1.5 

with                                                                12 =j  

where Equations 1.4 and 1.5 represent a sinusoidal wave with amplitude of potential mE  and 

current mI  and an angular frequency ω (where fπω 2= ( f in Hz)), t is time and α and β  in 

radians are phase angles (Figure 1.12 (a)). From Equation 1.3 it can be seen that impedance 

is dependent on frequency and has a phase angleθ . This impedance (Equation 1.3) can be 

presented as a vector in the complex plane with modulus mm IEZ /= and argument

βαθ −= . The resistance 'Z (real part) and reactance ''Z (the imaginary part) are the x and y 

axis of the complex plane (Figure 1.12 (b)) and Equation 1.6.  

                                                                    )()()( ''' ωωω jZZZ +=                                            1.6 

 

 

Z''

Z'

|Z|

(b)  

Figure 1.12: (a) Applied sinusoidal voltage and resulting sinusoid current response (b) 

vector representation of real (Z’) and imaginary (Z’’) part of impedance (Z). 

 

EIS is becoming a popular analytical tool in materials research and development because 

simple electrical measurements can be made and the results can often be correlated with the 

material variables. These variables include: mass transport [110], rates of chemical reactions 

[111], corrosion [112], dielectric properties [113], and defects [114].  A flow diagram of a 

general characterization procedure using EIS is represented in Figure 1.13. Experimentally 

obtained impedance data for a given electrode-materials system may be analyzed by using 

v(
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/I(
t)

t
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electrical equivalent circuits.   These circuits (RC circuits) consist of simple elements such as 

resistance (R) and capacitance (C) which are connected to model the electrochemical 

processes [108, 109]. The resistance in the equivalent circuit represents the electrical 

conductivity of the electrolyte (bulk resistance) and the capacitance (double-layer 

capacitance) caused by the charge which is in excess at the electrode-electrolyte interface. 

The most commonly used equivalent circuit in EIS is the Ershler-Randles circuit [109]. This 

circuit is equivalent to an electrode to which a chemical reaction, RneO ↔+ −  occurs 

(Figure 1.14). 

 

 

 

Figure 1.13: Flow diagram for the measurement and characterization of a material-

electrode system. 

 

In Randles equivalent circuit the electrolyte resistance (RE) is connected in series to the 

parallel connections of charge transfer resistance (RCT) and the double layer capacitance (Cd).  

Randles equivalent circuit also takes into account the fact that the reaction rate might be 

controlled by the transport phenomenon of electroactive species [108], by having an extra 

component called Warburg impedance (ZW). This component is connected in series with the 

charge transfer resistance. 

 

 

 

Material -Electrode  
System  

EIS 
Experiment  

Equivalent Circuit  

Curve Fitting System  
Characterization  
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Figure 1.14: Ershler-Randles circuit for the electrochemical system with diffusion-

limited behaviour. 

 

Impedance data is graphically represented as a Nyquist and Bode plots. Nyquist plot, is a plot 

of the imaginary part (-Z’’, y-axis) versus the real part (Z’, x-axis) of impedance (Figure 

1.15). In this representation of impedance data there is no clear indication of the dependence 

of impedance and phase angle to frequency.  For this reason Bode plots are used to monitor 

the real part of impedance and phase angle (θ) as a function of frequency. Bode data 

representation is a plot of the phase angle (θ) and the logarithm of impedance magnitude (log 

Z) versus the logarithm of the frequency (log f) (Figure 1.16). 

 

 

Figure 1.15: Nyquist plot for the electrochemical system with diffusion-limited behavior. 
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Figure 1.16: Bode plot for the Randles equivalent circuit with diffusion-limited 

behavior.  

 

1.1.6. Electrocatalysis 

1.1.6.1. Definition  

Electrocatalysis is defined as the increase in electron transfer rate of electrochemical 

reactions by using a catalyst. The catalyst acts as a mediator thus it takes part in the reaction 

but it is not consumed. MPc containing transitional metals are known to have good 

electrocatalytic properties. During electron transfer, MPcs show chemical and physical 

stability, this property makes them superior electrocatalysts compared to metal and metal 

oxides. MPcs have been used to modify electrodes such as glassy carbon and gold electrodes 

and therefore act as electron mediators during electrocatalysis. In general metal based redox 

processes mediate the catalytic reaction of MPcs [115-118], but ring based catalysis have 

been reported [119]. MPc containing metals such as nickel, cobalt, iron and manganese show 

enhanced electroactivity. Substituents on different positions of the Pc ring can also contribute 

to the overall electrocatalytic efficiency of the Pc, due to the effect they have on the electron 

density. In order that electrocatalysis should occur, initially there must be some interaction of 

the catalyst with the analyte, i.e. adsorption of the latter on the catalyst [120]. MPcs are 

known to achieve this effectively thereby facilitating electron transfer processes; as a 

consequence reactions would occur at reduced potentials with increased current densities 

[121, 122].  
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Cyclic voltammetry (CV) can be used to study electrocatalysis, by comparing the CV of an 

analyte on modified electrode with that on the bare electrode; higher catalytic current (Ip) and 

lowering of overpotentials in CV of the former compared to the latter is an indication of 

electrocatalysis.  

 

The redox couple of the electrocatalyst (O/R) mediates and improves electron transfer 

process between the electrode and the substrate, Figure 1.17.  

 

 

Figure 1.17: A schematic representation of an electrocatalytic reaction. (S = substrate 

and O/R = redox couple).  

 

The electrochemical reaction undergone by the substrate will occur at a potential close to the 

O/R formal potential, E°, of the electrocatalyst. The return peak of the O/R couple will not be 

observed because the oxidized species would have interacted with the substrate.  

 

1.1.6.2. General electrocatalytic behavior of Pcs 

MPcs are also well known electrocatalysts for the oxidation of a variety of analytes including 

chlorophenols [123-125]. NiPc complexes have received less attention as elecrocatalysts for 

degradation of chlorophenols, hence extending the range of Ni macrocyclic compounds for 

use in chlorophenol oxidation deserves attention. The interest in NiPc complexes is due to the 

formation of O-Ni-O bridges [116,117], for adsorbed NiPc complexes which results in 

increased sensitivity and reduced electrode fouling. Electrooxidation of chlorophenols on 

glassy carbon electrode (GCE) modified with nickel based cyclam, porphyrin and 
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tetrasulfonated phthalocyanine has been reported [124, 126, 127]. These electrodes were 

found to reduce fouling of electrodes (to different extents) towards the detection of 

chlorophenols. It has been observed that the nature of the ring substituents on the Ni 

macrocyclic complexes affects the stability of the modified electrodes [125].  

 

The mechanism for electro oxidation using MPcs for catalysis is shown in Equations 1.7 to 

1.10. Equations 1.7 and 1.9 suggest that the metal or ring oxidation occurs first followed by 

a chemical process leading to oxidation of the analyte by the reactive oxidised catalyst, the 

latter is then regenerated. Equations 1.7 and 1.8 are metal based oxidation reactions and 

Equations 1.9 and 1.10 are ring based oxidation process. 

 

                                                 M2+Pc2-     →      M3+Pc 2-+ e-                                        1.7 

                                                  M3+Pc 2- + A    →      M2+Pc2-+P                                      1.8 

                                                  M2+Pc2-     →         M2+Pc1- + e-                                            1.9 

                                                   M2+Pc1- + A     →    M2+Pc2- + P                                   1.10 

 

A is the analyte and P is the product. 

 

1.1.6.3. Chlorophenols  

Rapid industrial and agricultural growth worldwide has led to increasing discharge of toxic 

substances such as chlorophenols as effluents. Chlorinated phenols such as 4-chlorophenol, 

2,4-dichlorophenol, and pentachlorophenol  (Figure 1.18) are classified as priority pollutants 

by both the European Union (EU) and the United State Environmental Protection Agency 

(USEPA) [128, 129]. Their toxicity depends on degree of chlorination and the positions of 

chlorine atoms relative to the hydroxyl group and it increases as the chlorine atom is further 

away from the hydroxyl group [130, 131]. Chlorophenol toxicity also depends on pH and the 

presence of some other compounds accompanying them in the environment [130-132]. 

 

Unmodified electrodes such as glassy carbon [133], platinum (Pt) [134-136] and gold [137] 

have been used for electro oxidation of chlorophenols but they showed instability towards 

electrode fouling.   
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Catalysis of chlorophenol oxidation requires the interaction between the catalyst and the 

chlorophenol. It is to be expected that the type of oxidation process would depend on the 

properties of the adduct formed. There are relatively few models, if any, proposed to explain 

a specific aspect of chlorophenol interacting with metal chelates. In this work density 

functional theory (DFT) calculations are carried out in order to describe the molecular 

orbitals of 4-chlorophenol and metal chelate and to describe their interactions. The possible 

consequences of the electronic structure of the 4-chlorophenol adduct on the reduction 

mechanism are also discussed.  

 

 

Figure: 1.18. Molecular structure of chlorophenols 

 

1.1.6.4. NiPc as an electrocatalyst 

Oxidation of chlorophenols results in the formation of polyphenols. Several factors such as 

concentration of the phenol, the structure of the phenolic compounds and the operational 

conditions play an important role in the extent of electrode passivation. In addition for 

unmodified electrodes the oxidation potential of chlorinated phenol are very high.  When Au 

or Pt electrodes are used, the chlorophenol oxidation potentials are at the region where the 

metal oxides are formed [133-137]. Development of electrochemical sensors which are stable 

and are able to prevent electrode fouling is a major area of research and this has led to the use 

of macromolecular complexes for electrode modification. Macromolecular complexes with 

transition metals are known to improve the performance of solid electrodes because of their 

robust nature and provision of catalytic sites at the electrode/solution interface [138, 139]. 

The nickel macro molecular complexes have been shown to be the most effective in 

improving stability and electrocatalytic abilities towards chlorophenols [127, 140].  

Repetitive cycling of nickel macro molecular complexes in strong alkaline media, results in 

the formation of O-Ni-O bridges between the macro molecular complexes (represented as 

Ni(O)Pc) [141-143], which play an important role in the improvement of their catalytic 
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efficiency. Table 1.4 [144 -148] shows a list of known NiPc modified electrode used for the 

detection of 4-CP. As this table shows all the NiPc complexes studied are tetra substituted at 

the β position. There have been no studies on octasubstituted NiPc and those of α 

substitution. This thesis presents a systematic study on the effect of number and points of 

substitution on the electrocatalytic behavior of NiPc derivatives towards the oxidation of 

chlorophenols.   
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Table 1.4: Electrocalysis of chlorophenols using NiPc electrodes.  

 
NiPc 

 
Eectrode 

 
Analyte 

 
Ep/V vs 
SCE 

 
Medium 

 
Reference 

 
NiTpPc 

 
VCE or Pt 

 
4-CP 

 
0.39 

 
0.1M NaOH 

 
[144] 

 
Ni(O)TpPc 

 
VCE or Pt 

 
4-CP 

 
0.33 

 
0.1 M NaOH 

 
[144] 

 
NiPc(SO3)4 

 
GCE/ITO 

 
2-CP 

 
0.16 

 
pH 11 

 
[145] 

 
Poly-NiTBMPc 

 
Au 

 
4-CP 

 
0.34 

 
0.1 M NaOH 

 
[146] 

 
Poly-Ni(O)TBMPc 

 
Au 

 
4-CP 

 
0.33 

 
0.1 M NaOH 

 
[146] 

 
Poly-NiTDMPc 

 
Au 

 
4-CP 

 
0.34 

 
0.1 M NaOH 

 
[146] 

Poly-
Ni(O)TDMPc) 

 
Au 

 
4-CP 

 
0.33 

 
0.1 M NaOH 

 
[146] 

 
Poly-NiTBMPc 

 
Au 

 
TCP 

 
0.55 

 
0.1 M NaOH 

 
[146] 

 
Poly-Ni(O)TBMPc 

 
Au 

 
TCP 

 
0.53 

 
0.1 M NaOH 

 
[146] 

 
Poly-NiTDMPc 

 
Au 

 
TCP 

 
0.55 

 
0.1 M NaOH 

 
[146] 

Poly-
Ni(O)TDMPc) 

 
Au 

 
TCP 

 
0.50 

 
0.1 M NaOH 

 
[146] 

 
NiTPhPyPc 

 
VCE 

 
4-CP 

 
0.43 

 
0.1 M NaOH 

 
[147] 

 
Ni(O)TPhPyPc 

 
VCE 

 
4-CP 

 
0.35 

 
0.1 M NaOH 

 
[147] 

TpPc = tetra-4-(pyrrol-1-yl) phenoxy phthalocyanine, TPhPyPc = tetra (pyrro-1-yl) 

phenoxy phthalocyanine, TDMPc = tetrakis (dodecyl mercapto) phthalocyanine, 

TBMPC = tetrakis (benzylmercapto) phthalocyanine, SCE = saturated calomel 

electrode, VCE = Vitreous carbon electrode, GCE = glassy carbon electrode, to convert 

potential vs. Ag|AgCl to SCE, a correction factor of -0.0045V is applied [148].  
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1.1.7. Theoretical consideration and computational method 

1.1.7.1. Density functional theory  

Density functional theory (DFT) provides a very convenient framework for the discussion of 

chemical reactivity. Most of the frontier orbital theory of chemical reactivity can be 

rationalized from the DFT described electronic structure of molecules [149, 150]. DFT theory 

is a branch of quantum mechanics in which the emphasis is on the one electron density 

function, rather than on the more usual wave function. Many useful and important concepts in 

chemistry have been identified by and derived from DFT. Among these DFT-derived 

concepts, the Fukui function, as derived by Parr and co-workers [151-155], is related to the 

electron density in the frontier molecular orbitals (FMO) and thus plays a vital role in 

describing chemical selectivity.  DFT methods are based on the density-functional theory of 

Hohenberg, and co-workers, and allow for the theoretical study of material properties [150, 

156]. The functional employed is computed separately into several components according to 

the Kohn-Sham equation. Electron correlation is computed as a functional of the electron 

density Equation 1.11. 

 

                                                      XCJVT EEEEE +++=                                                 1.11 

 

where ET is the kinetic energy term that contains the motion of electrons, EV is the potential 

energy term that includes nuclear-nuclear and nuclear-electron interactions.  EJ is the 

electron-electron repulsion term and EXC is the exchange-correlation term that includes the 

electron-electron interaction. A diversity of functionals have been defined according to the 

treatment of the exchange-correlation components, including both traditional and hybrid 

functionals. The local and the gradient-corrected or non local functionals are the traditional 

functionals.  The gradient–corrected exchange functional proposed by Becke (B) [157] and 

the gradient–corrected correlation function proposed by Lee, Yang and Parr (LYP) [158] are 

the most popular functionals used. Hybrid functionals define the exchange functional as a 

linear combination of Hatree-Fock, local and non-local exchange terms; and the correlation 

function as a local and/or non-local correlation term. A widely used hybrid functional is the 

Becke’s three-parameter formulation, B3LYP.  
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1.1.7.2. The Fukui function 

Electronegativity and chemical hardness are two important qualitative chemical concepts, 

formulated by DFT of many electron systems.  In this work an energy perturbation method 

within DFT formalism is used to discuss chemical reactivity and selectivity.  

 

The fundamental DFT differential equation for a virtual change of the ground state is defined 

by Equation 1.12: 

 

                                                     ∫+= drrdrdNdE )()( νρµ                                           1.12 

 

 where E is the total electronic energy, N is the number of electrons, )(rρ  is the electron 

density, v(r) is the external electrostatic potential an electron at r experiences due to the 

nuclei and µ the chemical potential defined by Equation 1.13, according to Koopman’s 

theorem [159-162]: 
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where HOMO∈  is the energy of the highest occupied molecular orbital (HOMO) and LUMO∈  is 

the energy of the lowest unoccupied molecular orbital (LUMO).  

Electronagetivity χ is defined by Equation 1.14 [152] as  

 

                                              
)(rvN

E









∂
∂−=−= µχ                                                       1.14 

When studying the chemical activity of two systems of interest, it is the difference in 

chemical potential that will drive the given reaction between them. A finite difference 

approximation for Equation 1.14 yields the Mullikan electronegativity, Equation 1.15: 

 

 
                                                 µχχ −=≈+=
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where I and A are the ionization pontential and the electron affinity of the system of interest. 

When studying the chemical reactivity of two interacting molecules the chemical potential 

(µ) has an important role to play. In order for a reaction to proceed via a low-energy path, an 

electron should be transferred from a molecule with higher chemical potential to a molecule 

with a lower chemical potential [160].  This means that the larger the difference in the 

chemical potential between the two molecules, the easier the reaction will be.  

 

If a reaction is to take place, the driving force in a reaction is the equalization of the chemical 

potential between the two reacting species. Changes in the number of electrons and the 

external potential will cause the chemical potential of a system to change. If only 

infinitesimal changes in µ are considered, the following relation is established, Equation 

1.16: 
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The first term gives the chemical hardness (η ) shown in Equation 1.17, which is an 

important factor governing the reactivity of two chemical species.  
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The final relation of the ionization potential (I) and the electron affinity (A) is arrived at by 

finite difference approximation of the differential. The molecular hardness gives account of 

the molecular reactivity and is associated with the energy gap between the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) in a DFT 

framework. The chemical hardness of a given system is a resistance of the chemical potential 

to change in the number of electrons [159]. Chemical hardness (η) governs reactivity [159, 

160]. A higher η implies that a molecule has a higher ability to attract electrons, hence a 

good catalytic activity towards oxidation. The concept of hardness is used in this work to 

explain the reactivity in electrodic reactions occurring on the OPGE. The global chemical 

softness (S) is defined by Equation 1.18, which is as inverse of the chemical hardness: 
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Chemical potential (µ), chemical hardness (η ) and chemical softness (S) are three useful 

molecular indices in the DFT framework.   

 

The second term in Equation 1.16 is related to the Fukui function )(rf  which is defined by 

Equations 1.19 and 1.20: 
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In the DFT framework, the Fukui function is a local reactivity descriptor and provides the 

reactive site where the reaction occurs. The Fukui function gives the site of higher reactivity 

because the function gives the largest variation in the electronic density for a molecular 

system when it accepts or donates electrons.  

 

The Fukui function (Equation 1.19) is a quantity involving the electron density of the atom 

or molecule in its frontier orbitals and has a local quantity which has different values at 

different points [159-163]. This function is indicative of how the electronic density varies at a 

constant external potential when there is a change in the number of electrons in the system.  

When electrons are added to the LUMO or removed from the HOMO, the density as a 

function of N has slope discontinuities, hence three different reaction indices can be defined, 

)(),( rfrf −+
 and )(0 rf ; which are the Fukui functions for nucleophilic attack, electrophilic 

attack and radical attack, respectively. They are defined by Equations 1.21-1.23: 
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where )(rf − , measures the reactivity towards an electrophile,)(rf + , measures reactivity 

towards a nucleophile and )(0 rf   measures reactivity towards radical attack. The quantities 

)(),(1 rr NN ρρ + and )(1 rN−ρ  are the electronic densities for the system with N+1, N and N-1 

electrons, respectively.  

 

When charges of two interacting molecules are small or may be zero, for example in a 

reaction between two neutral molecules, the maximal Fukui function ()(rf ) site is preferred 

for the reaction [159-162].   When the charges of the molecules are relatively large, then the 

Fukui function ( )(rf ) needs to be minimised in order for the reaction to proceed smoothly 

[161].  

 

1.1.7.3. Computational aspects and calculation procedure 

In this work, the Gaussian 03 program [164] running on an Intel/Linux cluster was used to 

perform all DFT calculations.  The calculations were done at the B3LYP level with basis set 

6-31G(d) for both optimization and excited energy calculations (using time dependent density 

functional theory, TD-DFT). The Gaussview 4.1 program was used for all visualization 

[164].  

 

Geometry optimization for the ground state of a given molecule A (e.g. β-NiPc(OH)4) was 

obtained. From this calculation, the value of the energy for molecule A with N electrons 

(EA(N)) and the Mulliken charges on the kth atom of the molecule  (qAk (N)) were obtained.  

Single point energy calculations were performed on molecule A with N-1 and N+1 electrons. 

Accordingly EA(N-1), qAk(N-1) and EA(N+1), qAk(N+1) are obtained from the calculations.  

Ionization potentials (IPA) and electron affinities (EAA) for molecule A, are calculated using 

Equations 1.24 and 1.25 of Koopman’s theorem: 

         )()1( NENEIP AAA −−=                           1.24 

                                                               )()1( NENEEA AAA −+=                                              1.25 

From the values obtained for A, absolute electronegativity, absolute hardness and absolute 

softness valuesAχ , Aη  and AS , respectively can be calculated using Equations 1.26-1.28:  

               )(
2

1
AAA EAIP +=χ                                       1.26 
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              )(
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Mulliken charges for each of the kth atoms in A with N, N-1 and N+1 electrons, allow for the 

calculation of the condensed Fukui function according to Equations 1.29-1.31:  

                                                    
)()1( AAkAAkAk NqNqf −+=+
                                            1.29 

                                                   )1()( −−=− NqNqf AkAAkAk                                               1.30 

                                       ][
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2
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Condensed local softness is represented by Equations 1.32-1.34: 

                                                                 
++ = AkAAk fSS                                                           1.32 

                                                                 
−− = AkAAk fSS                                                         1.33 

                                                                 
00
AkAAk fSS =                                                           1.34 

1.1.7.4. Computation of interactions between molecules  

In this work the focus is on the noncovalent intermolecular interactions between NiPcs and 

chlorophenols.  

 

Intermolecular interactions range from strong, long-distance electrical attractions and 

repulsions between ions to relatively weak dispersion forces which have not yet been 

completely explained. According to the different origins of these interactions, they are 

categorized as dispersions, electrostatic, polarization and repulsion-exchange interactions. 

Therefore, the total intermolecular interaction energy for a system is defined as the sum of 

these four intermolecular energies, Equation 1.35: 

                                                        exdispoles EEEEE +++=int                                            1.35 

where, Ees, Epol, Edis, Eex are electrostatic, polarization, dispersion and exchange respectively.   

Repulsion – exchange interactions originates from charge overlap of occupied orbitals and 

exchange effects. Electrostatic interactions are between two molecules with permanent 

dipole. Some types of electrostatic interaction are charge-charge, charge-dipole, dipole-

dipole.  
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For intermolecular interaction energy calculation, the ab-initio methods are the most 

accurate. Ab-initio methods make use of the perturbation and supermolecular methods to 

study the intermolecular interaction energy.  The perturbation method [150] treat the 

interaction between the subsystem wave function as a perturbation and the interaction energy 

is evaluated by the perturbation theory. The different interaction energies, electrostatic 

energy, polarization energy, dispersion energy and exchange energy, are calculated 

separately. Therefore the total energy is a summation of these contributions. The 

supermolecular method has been the most common procedure for the calculation of the 

interaction energies, when dealing with large molecules.   

 

Consider a chemical system AB composed of two interacting fragment A and B. The 

interaction can be defined by Equation 1.36 [149] 

                                                    moleculecomplex EEE ∑−=int                                               1.36 

where, Eint is the intermolecular interaction energy or binding energy, Ecomplex the energy of 

complex AB and moleculeE∑ , is the total energy of isolated molecules A and B. Several ab 

initio methods such as Hartree-Fock (HF), Moller-Plesset theory (MP2), and DFT can be 

employed for intermolecular interaction energy calculation, using the supermolecular 

approach. However not all of them can describe interaction energy. HF method does not take 

into account the dispersion energy, which is involved in electron correlation between 

electrons on different molecules. In the post HF methods, the electron correlation is 

evaluated. Therefore the accuracy of the interaction energy should be better. The post HF 

method such as the second-order MP2, with greater computational cost, gives accurate 

intermolecular interaction energies. DFT method contains the exchange-correlation function 

and is less demanding computationally compared to post HF. However the method has a 

disadvantage of not being able to evaluate the dispersion energy, because DFT method does 

not have the correlation function that can describe dispersion [149].  
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1.2. Nanostructured materials  

1.2.1. Singled-walled carbon nanotubes (SWCNT) 

1.2.1.1. Basics of structure 

Carbon nanotubes (CNTs) were discovered in the early 90s independently by Iijima 

(Japanese electron microscopist) [165, 166] and Bethune [167], although Oberlin and 

coworkers [168] observed a similar structure in 1976. To date CNTs have generated great 

interest for several applications based on their high mechanical strength [169], chemical 

properties, field emission and electronic transport properties [170, 171] such as  nanoscale 

transistors [172, 173], tips for scanning microscopy [174], and component for composite 

material [175].  These properties have made CNTs to be one of the most commonly used 

building blocks of nanotechnology. CNTs include both single walled and multi walled 

structures. A single-wall carbon nanotube (SWCNT) is a rolled-up tubular shell of sheet 

which is made up of benzene-type hexagonal rings of carbon atoms (sp2 hybridised) (Figure. 

1.19). The (m, n) indices determine the diameter (0.4 – 2 nm), the length (of several microns) 

and chirality, which are key parameters of a nanotube [176]. SWCNT are defined as quasi-1-

dimensional (1-D) quantum structures or pseudo-quantum wires due to the spatial 

confinement of the electrons in 2-dimensions [177, 178].  

 

Figure: 1.19 Schemetic representation of a 2-dimensional graphite layer sheet with the 

resultant SWCNT tubular structures [176].  
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1.2.1.2. Electrocatalytic behaviour of phthalocyanines in the presence of SWCNT 

Single walled carbon nanotube’s (SWCNT) remarkable electrical, chemical, mechanical and 

structural properties have found their applications in various disciplines, such as 

electrochemistry [179], materials science [180] and surface science (imaging) [181]. SWCNT 

are ideal material to use for fabrication of electrochemical sensors because of their electrical 

conductivity, large surface area, low surface fouling and ability to reduce overpotentials [182-

185]. It has been demonstrated that chemically modified SWCNT electrodes enhance the 

reactivity of reactions involved in electrocatalysis [186-188]. Metallophthalocyanines are 

used to functionalized SWCNT, covalently [189] or noncovalent (ππ − interaction) [190], 

in order to improve electron transfer process in electrocatalysis. The main advantage of the 

noncovalent functionalization of CNTs is that it fully preserves the electronic network of 

these tubular structures. This approach of functionalisation is useful and important for 

developing new nanomaterials. The immobilization of MPc molecules onto CNTs may give 

rise to novel nanodevices where the photophysical and conducting properties of the Pcs are 

coupled to the unspoiled electronic properties of the nanotubes. The immobilization of the Pc 

cores onto the CNT sidewalls results from the π-π interaction between the conjugated surface 

of the CNTs and the aromatic Pc macrocycles. 

 

Application of SWCNT in various fields is limited due to their lack of solubility. The most 

classical approach to the covalent functionalization of the surface of the SWCNT involves the 

reaction of the nanotubes with strong acids, usually mixtures of concentrated sulfuric and 

nitric acids [191-193]. This oxidizing treatment opens the SWCNT, giving rise to short 

uncapped CNTs (pipes with an average length of 100-300 nm) bearing oxygen-containing 

groups, such as carboxylates at the end of the pipes and at defective sites of the sidewalls. 

The carboxyl groups can be readily derivatized to acid chlorides by treatment with SOCl2 and 

subsequently coupled to amines or alcohols. The preparation of covalent Pc-SWCNT 

ensembles by the oxidative route was reported by several groups [194-197]. In their study, 

SWCNT with carboxylic moieties at the open ends were used to prepare a hybrid Zn(II)Pc-

SWCNT system by means of amide bond formation. Covalent functionalization alters the 

conjugated sp2-hybridised system to sp3, which is seldom a desired characteristic as many of 

the optical, electrical and thermal properties are dependent on the extended π-conjugated 

system. The SWCNT bound to Pc may be characterized by Fourier transform infrared (FT-
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IR), ultraviolet-visible (UV-Vis) electronic absorption and Raman spectroscopy [186, 193-

208]. 

 

In this work, carboxylic acid functionised SWCNT are used for the attachment of nickel 

based phthalocyanine (Pc) units. Table 1.5 [209-217] shows known MPc-SWCNT 

conjugates, adsorbed and linked, and used for electrocatalysis. As Table 1.5 shows only the 

most common NiPc derivatives, which have been studied in the presence of SWCNT. None 

of the NiPc-SWCNTs have been used for detection of chlorophenols. In this work α-

NiPc(C10H21)8, β-NiPc(OH)4, α-NiPc(OH)4 or α-NiPc(OH)8 and β-NiPc(NH2)4 are adsorbed 

and linked (only for β-NiPc(NH2)4 ) to SWCNT and employed for the detection of 

chlorophenols. α-NiPc(C10H21)8 is added because long chains have been found be better 

electrode modifiers than aryl substituents [218].   
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Table 1.5: Known MPc-SWCNT conjugate used for electrocatalysis 

Metallophthalocyanine-

SWCNT conjugates 

 

Electrode 

 

Analyte detected  

 

References 

 

CoPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

 

Thiocholine 

 

[209] 

 

NiPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

 

Nitric oxide  

 

[210]  

 

NiPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

 

2-ME 

 

[211]  

 

NiPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

  

Nitric oxide 

 

[211] 

 

CoPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

 

2-ME 

 

[211] 

 

CoPc(SO3)4/SWCNT 

(adsorbed) 

 

GCE 

  

Nitric oxide 

 

[211] 

 

CoPc/SWCNT(adsorbed) 

 

GCE 

 

Hydrazine 

 

[192] 

 

NiPc(NH2)4/SWCNT 

(linked) 

 

GCE 

 

2-ME 

 

[212]  

 

FePc(NH2)4-SWCNT 

(linked) 

 

GCE 

 

Amitrole 

 

[213]  

 

CoPc(NH2)4-EA-SWCNT 

(linked) 

 

GCE 

 

Amitrole 

 

[214] 
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CoPc(COOH)4-SWCNT 

(linked) 

 

GCE 

 

Amitrole 

 

[215] 

 

NiPc(NH2)4-SWCNT 

(linked) 

 

Au-AE 

 

Dopamine 

 

[216] 

 

CoOBCPPc-SWCNT 

(linked) 

 

GCE 

 

NADH 

 

[217] 

OBCP = octa [(3,5-biscarboxylate)-phenoxy], 2-ME = 2-mercaptoethanol, NADH = ß-

nicotinamide adenine dinucleotide, and EA = ethylene amine.  
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1.2.2. Quantum dots (QDs) 

1.2.2.1. Basics of spectra and size  

Quantum dots are defined as 0-dimensional semiconductor material as result of quantum 

confinement of electrons in three dimensions [177, 178]. QDs are generally synthesised from 

elements in the periodic table belonging to groups 12-14 or 13-15 to form clusters which 

have dimensions smaller then the exciton Bohr radius; which is about 10 nm [178, 198, 219-

221]. Over the past two decades there has been a rapid growth in research of nanometer sized 

conducting and semiconducting structures such as QDs [222, 223]. QDs’ unique electronic 

properties, which depend on their size, have sparked intense interest and quantized electronic 

behavior of these nanoparticles haven been explored by electrochemical means [224-231].  

 

 

Figure 1.20: Absorption and Photoluminisence(PL) of typical CdTe-QDs, (a), (b) and (c) 

correspond to the growth time of 90, 150, and 360 minute respectively[231].  

 

Cyclic voltammetry has been used to correlate the optical band gap of QDs to band gap 

estimated from the oxidation and reduction peak position [224, 226, 228]. QDs quantised 

energy gives them their unique optical properties, which lie between those of bulk and atomic 

materials [232]. QDs possess broad absorption spectrum and narrow emission spectrum 

spanning the ultraviolet region (UV) to infrared region, see Figure 1.20. Fluorescence 

emission or photoluminescence (PL) in QDs arises from the radiative recombination of 

electron-hole pairs. The recombination of the charge carries can follow different processes 

such as, radiative recombination (band gap emission), recombination via trap state or 

annihilation of the exciton [233]. Slight defects in the solid, such as a vacancies, impurities, 
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or adsorbates at the surface cause the formation of “trap” states into which the photo-excited 

electron can fall. The electron recombination from these surface traps (defects sites) on the 

surface of the QDs results in radiative emission of low intensity. Some of the recombinations 

of the electrons and hole from surface states result in non-radiative (NR) emission [233, 234].  

 

Figure1.21: Band gap in bulk crystals and QDs showing (a) continuous conduction and 

valence energy bands separated by a fixed energy gap, Eg(bulk) (b) QD characterized 

by discrete atomic-like states with energies that are determined by the QD’s radius 

[232].  

 

At this small dimension there is what is called quantum confinement for which the spatial 

extent of the electronic wave function is comparable with the dot size [232]. As a result, the 

electronic structure is altered from the continuous electronic band to discrete atomic-like 

states with energies that are determined by the QDs radius, Figure 1.21. This behavour is 

known as the quantum size effect. The band gap energy decreases with increasing particle 

size, whereby the absorption profile shifts towards higher wavelengths of the electromagnetic 

spectrum.  In addition to the band gap, the absorption spectrum depends on the shape 

fluctuation of the nanocrystals [235], the crystalline defects, concentration and the 

environmental inhomogeneities.  

 

CV and DPV methods provide useful information on the surface of QDs. In this work these 

two methods are used to investigate whether phthalocyanine linked to QDs will improve the 

stability of QDs from electrochemical degradation. 
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1.2.2.2. Electrocatalytic behaviour of QDs  

Figure 1.22 shows CdTe-QDs preadsorbed on Au electrode cycled in buffer (pH 9.2) 

solution. Three main peaks A1, A2 and C1 are observed from Figure 1.22. Peak A1 and A2 are 

due to oxidation and peaks C1, C2 and C3 are due to reduction of CdTe-QDs. These peaks are 

similar to the peaks belonging to Au oxidation. The peak positions are known to depend on 

the CdTe-QDs size [177, 178].  A2 is due to intact QDs, A1 due to defects.  

 

 

Figure 1.22: Voltammograms of the Au electrode with preadsorbed CdTe-QDs in blank 

buffer solution [225].  

 

Due to high surface area-to-volume ratio and good interfacial properties, QDs have been used 

to modify electrode surfaces for electrochemical detection of analytes such as magnesium 

ions, glutathione and glucose [236-239]. The focus of this thesis is to investigate the 

electrochemical stability of QDs on electrode surfaces alone or when coordinated to β-

NiPc(NH2)4, making use of CV and DPV techniques. NiPc complexes are also well known 

electrocatalysts, however the use of these two electrocatalysts together has not been explored. 

Therefore the synergetic effect of their electrocatalysis is explored [125, 240,241]. Oxidation 

of 2, 4-dichlorophenol and pentachlorophenol on bare Au, and on Au modified with CdTe-

QDs, CdTe-QDs-β-NiPc(NH2)4 and β-NiPc(NH2)4 electrode is comparatively studied, for the 

first time.   
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QDs capping consisting of carboxylic acid functionalities (such as glycolic acid, TGA, used 

in this work) could be used to covalently attach amino functionalized molecules. A number of 

structures have been reported where QDs are linked to MPc [189, 242-246], but the Pc 

contained electro-inactive zinc and the conjugate were for photophysical studies. In this work 

the aim is to investigate the effect of linking the nickel tetraamino phthalocyanine (β-

NiPc(NH2)4, Figure. 1.23) complex to QDs (forming: CdTe-QDs-β-NiPc(NH2)4 conjugates) 

on the redox properties of QDs, β-NiPc(NH2)4 is linked via an amide bond to CdTe-QDs. β-

NiPc(NH2)4 is chosen due to the presence of amino groups on the periphery which can form 

an amide bond with the carboxylic acid group of the TGA capped CdTe-QDs. 

Electrocatalytic behavior of the MPc-QDs conjugates was explored for the first time. 

 

 

 

 

 

 

 

 

 

 

Figure 1.23: Nickel tetra amino conjugate (CdTe-QDs-β-NiPc(NH2)4) 

 

1.2.2.3. QDs-SWCNT-MPc conjugate  

An extensive research of literature has not revealed any QDs-MPc conjugates that have been 

used for electrocatalysis. SWCNT-MPc conjugates have been used for detection of various 

analytes as discussed above and in Table 1.5. This work reports on QDs/SWCNT/MPc 

conjugates for the first time for electroctalysis of chlorophenols. Deliberate combination of 

these three electrochemical sensors (SWCNT, QDs and MPc complexes) may have a 

synergistic effect on each other.  
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1.3. Summary of Aims of thesis 

This thesis presents the following: 

 

Ordinary pyrolytic graphite electrode (OPGE) surface is easily renewed and offers a better π-

π interaction compared to GC electrode, thus allows easy adsorption of electrode modifiers. 

However, OPGE is not readily avaible compared to GC electrodes, due to this limitation 

OPGE was employed only for β-NiPc(OH)4, α-NiPc(OH)4 and α-NiPc(OH)8. 

 

(i) The electro-oxidation of 4-chlorophenol (4-CP) on OPGE coated with films of 

adsorbed β-NiPc(OH)4 which was polymerised (in 0.1 M NaOH) to form (poly-β-

Ni(O)Pc(OH)4) containing Ni-O-Ni bridges. The concept of donor-acceptor 

hardness ( DAη ) is used to explain the reactivity of electrodeposited β-NiPc(OH)4 

and films of poly-β-Ni(O)Pc(OH)4 on OPGE electrode for catalysis of 

cholorophenols, assuming that the distance is kept constant between the β-

NiPc(OH)4, poly-β-Ni(O)Pc(OH)4 and the 4-chlorophenol. 

 

(ii)  The use of the Fukui function in order to theoretically investigate if there is any 

effect on selectivity and reactivity of the ring, due hydroxy groups substituted at 

different positions on Ni phthalocyanines. The Fukui function gives information 

on possible reactive sites on the metallo phthalocyanine, where electrocatalytic 

oxidation of analytes such as 4-chlorophenol may occur. The Fukui function plots 

of three differently substituted metallo phthalocyanines {non-pheripherally-(α-

NiPc(OH)4) and peripherally tetrasubstituted (β-NiPc(OH)4) and non-peripherally 

octasubstituted (α-NiPc(OH)8), Figure 1.3} are comparatively studied and the 

information used to explain the catalytic activity of 4-chlorophenol. The 

molecules are adsorbed on ordinary poly graphite electrode (OPGE). 

Electrocatalytic activities of adsorbed OPGE-α-NiPc(OH)8 and OPGE-poly-α-

Ni(OH)Pc(OH)8 are compared with adsorbed OPGE-β-NiPc(OH)4 and OPGE-

poly-β-NiPc(OH)4. 

 
 

(iii)  The electro-oxidation of 4-chlorophenol (4-CP) and 2, 4-dichlorophenol (2,4-

DCP) on glassy carbon electrodes modified with SWCNT which are non-
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covalently functionalized with the α-NiPc(C10H21)8 complex. The activity of this 

complex is compared with that of unsubstituted NiPc. 

 

(iv) Also studied are the effects of linking nickel tetraaminophthalocyanine (β-

NiPc(NH2)4), Figure 1.23) complex to QDs (forming: CdTe-QDs-β-NiPc(NH2)4 

conjugates) on the redox properties of QDs, β-NiPc(NH2)4 is linked via an amide 

bond to CdTe-QDs. The electrochemistry of QDs, β-NiPc(NH2)4 and CdTe-QDs-

β-NiPc(NH2)4 are carried out when adsorbed on the electrode and also when in 

solution. The electrochemical stability of QDs on electrode surfaces alone or when 

coordinated to β-NiPc(NH2)4 is of particular importance. 

 

(v) CdTe-QDs easily adsorb on Au electrode surface compared to OPGE and GCE, 

hence this electrode was used to study the redox properties of QDs. The 

electrochemical stability of QDs on electrode surfaces alone or when coordinated 

to β-NiPc(NH2)4, making use of CV and DPV techniques. Oxidation of 2, 4-

dichlorophenol and pentachlorophenol on bare Au, and on Au modified with 

CdTe-QDs, CdTe-QDs-β-NiPc(NH2)4 and β-NiPc(NH2)4 electrodes is 

comparatively studied.  

 

(vi) The interaction of β-NiPc(OH)4, α-NiPc(OH)4 and α-NiPc(OH)8 with SWCNT 

and electrochemical oxidation of 4-chlorophenol on glassy carbon electrode 

modified with SWCNT which is non-covalently and convalenlty functionalized 

with β-NiPc(NH2)4 complex.  

 
(vii)  The deliberate combination of SWCNT, QDs and α-NiPc(C10H21)8 complexes 

thus forming conjugates composed of all three complexes. SWCNT, α-

NiPc(C10H21)8, SWCNT-α-NiPc(C10H21)8 and α-NiPc(C10H21)8-SWCNT-QDs 

complexes are used to modify glassy carbon electrode (GCE) and used for the  

electro-oxidation of pentachlorophenol. α-NiPc(C10H21)8 is converted to α-

Ni(O)Pc(C10H21)8 on GCE and comparatively studied with other electrodes.  
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(viii)  The synthesis, separation and characterisation of novel chiral 1,2-

subnaphthalocyanine (SubNPc) having C3 and C1 molecular symmetries relative to 

the arrangement of the fused benzene rings. 
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2. Experimental 

2.1. Materials  

Acetone, dimethylformamide (DMF), dichloromethane (DCM), tetrahydrofuran (THF), 

toluene, hydrogen peroxide, sulfuric acid, potassium hydroxide pallets where obtained from 

SAARCHEM. 1.8-diazabicyclo[5, 4, 0] undec-7-ene (DBU), 3-nitrophthalic acid, 2, 3-

dicyanohydroquinone, dibromoethane, p-toluenesulfonyl chloride, K3Fe(CN)6, K4Fe(CN)6, 

potassium chloride, dodacanethiol, potassium cabornate, buffer tablets, cerium chloride, 

nickel chloride, nickel acetate tetrahydrate, tetraethylammonium perchlorate (TEAP), 

dicyclohexylcarbodiimide (DCC), N-hydroxy succinimide (NHS) , thiol glycolic acid (TGA), 

CdCl2, H2Te, NaBH4 , SWCNT (diameter of 2-10 nm and length of 1-5 µm) and nickel 

phthalocyanine (NiPc) were purchased from Sigma-Aldrich. 2,6-Lutidine, iododecane, 

bis(triphenylphosphine)nickel(II) dichloride and lithium chloride were from Alfa Aesar. 

Triphenylphosphine, Zn dust and n-butyllithium (2.5 M hexane) were procured from 

Lancaster. Trifluoromethanesulfonic acid anhydride and trimethylsilyl chloride were from 

Apollo. Decyl iodide (for making C10H21ZnI, respectively) according to reference [49] was 

from Aldrich. Glacial acetic acid and Li metal were obtained from commercial suppliers. 

Column chromatography was performed on silica gel 60 (0.04-0.063 mm). DMF was stored 

over alumina, distilled and stored dry over molecular sieves before use.  

2.2. Equipment  

Fluorescence emission spectra were recorded on a Varian Eclipse spectrofluorimeter. UV-

visible spectra were recorded on a Shimazu UV-vis/NIR spectrophotometer or JASCO V-570 

spectrophotometer. 

 

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

equipped with a proportional counter, using Cu-Kα radiation (λ = 1.5405 Å, nickel filter).  

Data were collected in the range from 2θ = 5º to 60º, scanning at 1º min-1 with a filter 

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

silicon wafer slide. The X-ray diffraction data were treated using the freely-available 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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Atomic force microscopy (AFM) images were recorded in the non-contact mode in air with a 

CP-11 Scanning Probe Microscope from Veeco Instruments (Carl Zeiss, South Africa) at a 

scan rate of 1 Hz. Samples for AFM were prepared by placing a drop of a colloidal 

suspension of QDs in a volatile solvent, teterahydrofuran (THF) and dried. The samples 

where ultrasonicated for 30 minutes in THF, before being dropped on a glass plate. 

Transmission electron microscope (TEM) images were recorded using, JEOL JEM 1210 at 

100 KV accelerating voltage. 

 

FT-IR spectra (Nujol and KBr pellets) were recorded on a Perkin-Elmer spectrum 100 

ATR spectrometer. Raman spectra were acquired with Bruker Vertex 70 - Ram II 

spectrometer (equipped with a 1064 nm Nd:YAG laser and a liquid nitrogen cooled 

germanium detector). Solid samples containing KBr were employed. 

 

Fluorescence lifetimes were measured using a time correlated single photon counting 

(TCSPC) setup (FluoTime 200, Picoquant GmbH). The excitation source was a diode 

laser (LDH-P-C-485 driven by PDL 800-B, 480 nm, with 10 MHz repetition rate, 88 ps 

pulse width). Fluorescence was detected under the magic angle with a peltier cooled 

photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated electronics 

(PicoHarp 300E, Picoquant GmbH).  A monochromator with a spectral width of about 8 

nm was used to select the required emission wavelength band. The response function of 

the system, which was measured with a scattering Ludox solution (DuPont), had a full 

width at half-maximum (FWHM) of about 300 ps. The ratio of stop to start pulses was 

kept low (below 0.05) to ensure good statistics. All luminescence decay curves were 

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

FluoFit (Picoquant). The support plane approach was used to estimate the errors of the 

decay times. 

 

X-ray photoelectron spectroscopy (XPS) experiments were recorded with 75 W power source 

using hybrid-slot spectral acquisition mode and an angular acceptance angle of ±20°. The 

analyzer axis made an angle of 90° with the specimen surface, with the specimen surface 

making an angle of 45° with the X-ray angle. Charge neutraliser was used due to the 

insulating surface used to prepare the sample. The elemental analysis and metal core level 
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were recorded with a step of 1eV and pass energy of 160 eV. XPS data analysis was 

performed with Kratos version 2 program. 

 

Circular dichroism (CD) and magnetic circular dichroism (MCD) spectra were recorded on a 

JASCO J-725 spectrodichrometer equipped with a JASCO electromagnet, which produces 

magnetic fields of up to 1.09 T (1T = 1 tesla) with both parallel and antiparallel fields.  The 

magnitudes were expressed in terms of molar ellipticity ([θ] / deg dm3 mol–1 cm–1) and molar 

ellipticity per tesla ([θ]M / deg dm3 mol–1 cm–1 T–1). 

 
1H NMR spectra were recorded on a JEOL ECA-600 spectrometer (operating as 594.17 MHz 

for 1H) using the residual solvent as the internal reference for 1H (δ = 7.260 ppm for CDCl3) 

or a Bruker AMX 400 MHz NMR spectrometer. 

 

Mass spectra data were collected with a Bruker AutoFLEX III Smart-beam TOF/TOF mass 

spectrometer. The instrument was operated in positive ion mode using a 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 dithranol as the MALDI matrix, 

using a 354 nm nitrogen laser. 

 

Preparative separations were performed by silica gel column chromatography (Merck 

Kieselegel 60H for thin layer chromatography). Separation of all the enantiomers was carried 

out by high-performance liquid chromatography (HPLC) with a preparative CHIRALPAK IA 

column. 

 

2.3. Electrochemical methods 

Cyclic (CV) and differential pulse (DPV) voltammetry data were obtained with an Autolab 

potentiostat PGSTAT 30 (Eco Chemie, Utretch, The Netherlands) driven by the General 

Purpose Electrochemical Systems data processing software (GPES, software version 4.9, Eco 

Chemie), using a conventional three-electrode set-up with gold electrode (Au, 3 mm 

diameter), glassy carbon electrode (GCE) or ordinary polygraphite electrode (OPGE) as 

working electrodes, platinum wire as a counter electrode and Ag|AgCl wire as a pseudo-

reference electrode. The potential of the pseudo reference electrode was less than that of 
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Ag|AgCl (3M KCl) by 0.015 ± 0.003 V. The OPGE was constructed in house. Conduction 

between the copper wire and OPGE material was facilitated by making use of high purity 

silver paint and Teflon was used for the outer casing.  

 

Electrochemical impedance spectroscopy (EIS) experiments were performed on an Autolab 

potentiostat PGSTAT 30, controlled by FRA software which was used for the acquisition and 

analysis of the impedance data. EIS experiments were recorded in the frequency range 

between 100 mHz to10 KHz at a formal potential of 150 mv (E1/2 of Fe(CN)6
3-/4- redox couple 

on bare gold electrode) and with an amplitude 5mV sinusoidal modulation. 

 

Electrochemical experiments for detection of phenols were performed in phosphate buffer 

(pH = 9.2) containing 0.1 M sodium sulfate (Na2SO4) as a supporting electrolyte.  Prior to 

scans, the working electrodes were polished with alumina paste on a Buehler felt pad, 

followed by washing with milli-pore water.  

 

2.4. Density functional theory calculations  

In this work, The Gaussian 03 program [164] running on an Intel/Linux cluster was used to 

perform all DFT calculations. The calculations were done at the B3LYP level with basis set 

6-31G(d) for both optimization and excited energy calculations (using time dependent density 

functional theory (TDDFT). The Gausview 4.1 program was used for all visualization [164]. 

B3LYP employs Becke’s method of using Lee-Yang-Parr’s gradient-correction, exchange-

correlation density functional, which includes a hybrid of the Hatree-Fock exchange and the 

DFT exchange. 

 

2.5. Synthesis  

The preparation of 3, 6-bis(trifluoromethanesulfonyloxy) phthalonitrile (28), 3, 6-

didecylphthalonitrile (26), 3, 6-bis(4-methylphenylsulfonyloxy) phthalonitrile (30) (Scheme 

3.2), 3-nitrophthalonitrile (11) and 4-nitrophthalonitrile (4) have been reported before and 

will not be repeated here [30-34, 247]. The synthesis of β-tetraaminophthalocyanine (β-

NiPc(NH2)4, and β-tetrahydroxylphthalocyanine (β-NiPc(OH)4) have been reported [39].  
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2.5.1. α-Nickel(II)tetrahydroxylphthalocyanine ( α-NiPc(OH)4), Scheme 3.1.  

A mixture of 3-nitrophthalonitrile (11) (1g, 5.8 mmol) in 1-pentanol (3 ml) was heated under 

an atmosphere of nitrogen at 180°C for 6 h. Thereafter the reaction mixture was cooled to 

room temperature, followed by consecutive refluxing in methanol (30 ml) for 30 min. The 

fine green black product was collected by filtration, washed with distilled water, methanol 

and petroleum ether and then air dried to give unmetallated tetranitrophthalocyanine (α-

H2Pc(NO2)4). α-H2Pc(NO2)4 (0.2 g, 0.34 mmol) was then reacted with K2CO3 (0.16g, 1.16 

mmol) and NaNO2 (0.057g, 0.29 mmol) to afford unmetallated tetrahydroxyphthalocyanine 

(α-H2Pc(OH)4). α-H2Pc(OH)4 (0.17 g, 0.29 mmol) was then reacted with nickel chloride 

(0.085 g, 0.34 mmol) in benzonitrile to afford α-nickel tetrahydroxylphthalocyanine (α-

NiPc(OH)4). α-NiPc(OH)4 was precipitated out using methanol, filtered and purified by 

alternate treating with HCl and distilled water: Yield:0.14g (63%), IR [(KBr) 1
max / −cmν ]: 

3291(OH), 2927 (C-H), 2854(C-H), 1631, 481, 1325, 1754. MS (ESI-MS) m/z: (α-

NiPc(OH)4) Calculated. 635; Found: 635 [M]+. 

 

2.5.2. The synthesis of non-peripherally octahydroxy nickel phthalocyanine (αααα-

NiPc(OH)8), Scheme 3.2.  

2, 3-Dicyanohydroquinone (27) was converted to 3, 6-bis(4-methylphenylsulfonyloxy) 

phthalonitrile (30) following literature method [247]. For the synthesis of (30) (1g, 2.13 

mmol), and 3 ml of dry 1-pentanol were placed in a standard round bottom flask and refluxed 

for 30 minutes. Anhydrous nickel acetate tetrahydrate (0.13 g, 0.53 mmol) was added to the 

hot solution followed by a drop of DBU. The mixture was further refluxed for 7 h to afford 

α-NiPc(OTos)8 (OTos = Tosyl). α-NiPc(OTos)8 (0.77 g, 0.53 mmol) was stirred in NaOH 

(1M) solution for 24 hours to afford α-NiPc(OH)8. The product was separated and purified 

using 1M sodium hydroxide, 1M hydrochloric acid and finally with water. α-NiPc(OH)8 was 

further stirred in hot methanol: water  mixture (1:1) and finally dried at 80 °C overnight. α-

NiPc(OH)8 was purified further on alumina column, using DMF as the eluting solvent. DMF 

was removed under high vacuum. Yield 0.22g (60 %). 1H-NMR: Hδ (DMSO), 7.3 – 7.8 (8H, 

m, Ar–CH), 5.8 (Ar-OH): IR spectrum (cm-1): 3314 (OH), 3057 (Ar-CH), 1588, (C=C), 1554 

(C=N), 1491, 1474, 1361, 1286, 1172, 1142, 1081, 928, 812, 747, 704, 747. MS (ESI-MS) 

m/z: (α-NiPc(OH)8) Calculated. 699; Found: 699 [M]+. A broad 1H-NMR singlet due to 

hydroxy substituent at 5.8 ppm, disappeared upon addition of D2O.  
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2.5.3. 1, 4, 8, 11, 15, 18, 22, 25-Octadecylphthalocyanine nickel(II) (α-NiPc(C10H21)8) 

(Scheme 3.3). 

 

1, 4, 8, 11, 15, 18, 22, 25-Octadecylphthalocyanine (α-H2Pc(C10H21)8) was synthesised using 

the lithium base catalysed method as follows: 3, 6-didecylphthalonitrile (26) (0.7g, 2.35 

mmol) was dissolved in hot 1-pentanol (15 mL) in open atmosphere. Lithium metal was 

added in portions (0.28 g, 6eq) at room temperature and the yellow suspension was heated 

under reflux for 24 h under an atmosphere of Ar. The dark green mixture was cooled down to 

room temperature. Glacial acetic acid (30 mL) was added and the mixture was stirred at RT 

for 30 minutes, precipitated out with methanol and filtered to afford H2Pc(C10H21)8 (0.65g). 

H2Pc(C10H21)8 (0.025g, 0.015 mmol) and nickel acetate (2.65 mg, 0.015 mmol) were 

dissolved in hot pentanol and refluxed at 150˚C for 90 min. The green product obtained was 

concentrated under reduced pressure and precipitated out with cold methanol. The product 

was recrystallized from THF and methanol to afford α-NiPc(C10H21)8.  

α-H2Pc(C10H21)8 Yield:0.65g, 68%,1H-NMR: Hδ (CDCl3): Hδ  (300 MHz, CHCl3), 7.8 (8H, 

Harom), 4.4(16H, t, -CH2-Ar), 2.1 (16H, m, Ar-CH2-CH2-), 1.3 (112H, m, Haliphatic), 0.90 

(24H, t, CH3-), -0.2 (2H, s, inner protons). Calc. for C112H176N8: C: 82.25 % H: 10.89 % N: 

6.85 %: Found C: 82.94 H: 11.07 N: 6.96 %. 

α-NiPc(C10H21)8 Yield: 0.018g, 70%, Calc. for C112H176N8Ni C, 79.43: H, 10.40: N, 6.62 %: 

Found C: 80.00 H: 11.11 N: 6.69 %: Mass spec: calculated (1692). Found 1692 [M+]. IR 

[(KBr) vmax/cm-1]: 3417, 2934 (C-H), 2842 (C-H), 2849, 1612, 1470, 1320, 1178, 1086. 

 

2.5.4. Synthesis of 1,2-subnaphthalocyanine (SubNPc) (Scheme 3.4) 

1.2-Naphthalenedicarbonitrile (178 mg, 1 mmol) was first dissolved in 1,2,4 trichlorobenzene 

(4 mL) followed by addition of xylene (1 mL) under stirring. The reaction flask was then 

cooled to 0°C (care was taken such that xylene will not solidify). Boron trichloride (BCl3) (1 

mL, 0.01 mol) was added slowly under nitrogen atmosphere. The addition of BCl3 resulted 

with an immediate change in colour of the solution to yellow. The mixture was then refluxed 

under nitrogen at 214 °C for 90 min. After 20 min at 192°C the colour changed from brown 

to red and after 40 min the mixture turned to violet. After 90 min, the violet mixture was 

allowed to cool to room temperature and the solvent removed by distillation under reduced 

pressure. The dry remaining solid was dissolved in toluene and filtered. The toluene was 

removed from the filtrate under low pressure at 100 mmHg at 45°C to obtain the crude 
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product. The crude purple product was purified by column chromatography over silica and 

bio-bead S-X1. The axial ligand of 1,2-subnaphthalocyanines was chloride as-synthesised, 

but during column chromatography using silica gel, it was gradually replaced with hydroxide. 

Toluene was used as the first eluting solvent followed by methanol: toluene (1:2) mixture to 

obtain pure isomeric mixture as the product (Fractions 1 and 2). HPLC-GPC column 

(chloroform as eluent = 3.8 mL min-1) was used to separate the isomeric mixture, two isomers 

were collected from Fraction 1 ((isomer 1) 9.8 mg, 1.74 %) and ((isomer 2) 3.32 mg, 0.6%) 

(Scheme 3.4). Optical resolution of C3 and C1 chiral isomers (Scheme 3.4) of isomer 1 and 

isomer 2 were performed by using Chiral Pak®IA LC column. Hexane: chloroform (3:2) 

mixture was used for isomer 1 and Hexane: Chloroform (1:9) mixture for isomer 2 with a 

constant flow rate of 1mL min-1. NMR data for isomer 1 and 2 gave multiplets around 10 

to10.3 ppm, corresponding to the protons attached to carbon atom of the isoindole group. 

 

Axial hydroxy substituted 1,2-subnaphthalocyanine (SubNPc) (isomer 1) and (isomer 

2):1H NMR (CDCl3, 400 MHz): 10.1(d, 3H, arom), 8.85 (d, 3H, arom), 8.80 (d, 3H, arom), 

8.25(d, 3H, arom), 8.10(t, 3H, arom),7.80(t, 3H, arom). UV-vis (CHCl3;): λmax [nm] (ε): 342 

(0.92), 390 (0.96), 522 (1.30), 574 (4.44).  

 

2.5.5. Functionalization of singled walled carbon nanotubes (SWCNT) 

2.5.5.1. Purification of singled walled carbon nanotubes 

SWCNTs (100 mg) were suspended in a mixture of concentrated HNO3:H2SO4 (1:3) and 

stirred at 70°C for 2h. The SWCNT were separated from solution and washed with distilled 

water. The purified SWCNT were dried in the oven at 70°C over night. SWCNT: IR [(KBr) 

υmax/cm-1]: 3439 (OH), 1630 (C=O), 1382 [Raman υmax/cm-1]:1595 (G), 1298 (D), 165 

(RBM). 
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2.5.5.2. Adsorption of NiPc, derivatives to SWCNT. 

SWCNT (1 mg) were functionalized with NiPc, β-NiPc(NH2)4 ,  β-NiPc(OH)4, α-NiPc(OH)4, 

α-NiPc(OH)8 or α-NiPc(C10H21)8 (represented as NiPc-SWCNT, β-NiPc(NH2)4-SWCNT, β-

NiPc(OH)4-SWCNT, α-NiPc(OH)4-SWCNT, α-NiPc(OH)8-SWCNT and α-NiPc(C10H21)8-

SWCNT) by mixing (0.5 mg) of each in dry DMF (1.5 mL) for all NiPc derivatives with the 

exception of α-NiPc(C10H21)8 whereby dry THF (1.5 mL) was employed followed by 

ultrasonication for 30 min. The conjugates were washed several times with DMF or THF 

depending on the conjugate to remove excess catalyst. 

 
β-NiPc(OH)4-SWCNT : IR [(KBr) υmax/cm-1]: 3719 (OH), 3058, 2955(C-H), 2867 (CH) , 

1741, 1525, 1340, 1144. [Raman υmax/cm-1]: 1596 (G), 1560 (C-N-C), 1342 (D), 753,171 

(RBM = ring breathing mode).  

 

α-NiPc(OH)4-SWCNT : IR [(KBr) υmax/cm-1]: 3415 (OH), 3233 (C-H), 7614, 622. [Raman 

υmax/cm-1]: 1596 (G), 1340, 1287 (D), 1675, 756, 171 (RBM) 

 

α-NiPc(OH)8-SWCNT : IR [(KBr) υmax/cm-1]: 3134 (OH), 2849(C-H), 2922 (C-H), 1558, 

1729, 1507, 1402, 1287, 1084[Raman υmax/cm-1]:1598(G), 1298(D), 770, 171 (RBM). 

 

α-NiPc(C10H21)8-SWCNT: IR [(KBr) υmax/cm-1]: 3444, 2934 (C-H), 2842 (C-H), 1612, 

1389, [Raman υmax/cm-1]: 1595 (G), 1298 (D), 165 (RBM).  

 

The adsorbed and linked β-NiPc(NH2)4-SWCNT has been reported before [212]. 

 

2.5.6. CdTe-QDs-β-NiPc conjugates 

2.5.6.1. Synthesis of CdTe-QDs 

The preparation of thiol capped QD was performed from literature [248]. Briefly, 2.35 mmol 

of CdCl2-H2O was dissolved in 125 ml of water and 5.7 mmol of thioglycolic acid (TGA) 

was added under stirring. The solution was adjusted to pH 12 by addition of 0.1M NaOH 

dropwise. Nitrogen gas was bubbled through the solution for about 1 h. The aqueous solution 

was reacted with H2Te gas. H2Te gas was generated by the reaction of NaBH4 with Te 

powder in the presence of 0.5 M H2SO4 under a flow of nitrogen gas. The molar ratio of 
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Cd2+: Te2-: TGA was 1: 0.5: 2.4 (Te as powder). A change of colour was observed at this 

stage. The solution was then refluxed under air at 100˚C for different times to control the size 

of the CdTe-QDs. Different sizes are formed at different reaction times, the solution was 

continuously sampled to record the emission spectra of the quantum dots until the desired 

wavelength (hence size) was attained. 

 

2.5. 6. 2. Synthesis of CdTe-QDs-β-NiPc(NH2)4 conjugates  

β-NiPc(NH2)4-CdTe-TGA conjugate was synthesised by dissolving CdTe-TGA (0.002 g) and 

DCC (0.1 g) in DMF: water mixture (4:1), followed by stirring for 7 h at room temperature. 

After this time NHS (0.1 g) was added to the solution and further stirred for 1 h, followed by 

addition of β-NiPc(NH2)4 (0.02 g) to the solution. Stirring continued for four days. After this 

time, methanol was added to the mixture, resulting in the precipitation of linked conjugates of 

CdTe-QDs and β-NiPc(NH2)4 (represented as CdTe-QDs-β-NiPc(NH2)4(linked)). The 

precipitate was washed further with DMF (to remove unreacted β-NiPc(NH2)4(linked)) and 

methanol (to remove unreacted CdTe-QDs, DCC and NHS). CdTe-QDs-β-NiPc(NH2)4 is not 

soluble in the two solvents. The precipitate was dried at 70°C in an oven overnight to afford 

CdTe-QDs-β-NiPc(NH2)4(linked).  

 

CdTe-QDs-β-NiPc(NH2)4: Far IR [(Nujol) υmax/cm-1]: 295, 251, 220, 197, 169, [Raman 

υmax/cm-1]: 1595 (G), 1298 (D), 165 (RBM). 

 

2.5.6.3. Adsorption of TGA-CdTe-QDs to α-NiPc(C10H21)8-SWCNT conjugate 

TGA CdTe-QDs were adsorbed onto SWCNT-α-NiPc(C10H21)8 to form SWCNT-α-

NiPc(C10H21)8-QDs as follows: α-NiPc(C10H21)8-SWCNT (0.1mg) was added to an aqueous 

solution of TGA CdTe-QDs (0.01 mg in 5 ml) and ultrasonicated for 30 min to obtain 

SWCNT-NiPc(C10H21)8-QDs. The colloidal solution with α-NiPc(C10H21)8-SWCNT-QDs 

suspension was decanted and repeatedly washed with millipore water to remove excess 

CdTe-QDs. α-NiPc(C10H21)8-SWCNT–QDs suspension was then dried at 80°C in an oven. α-

NiPc(C10H21)8-SWCNT–QDs: [Raman υmax/cm-1]: 1595 (G), 1270 (D), 1170, 1073 
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3. Synthesis and Characterization  

Table 3.1 List of Synthesised phthalocyanine, SubNPc and and NiPc-Nanomaterial 

 

Phthalocyanine 

 
NiPc (Known) 
 
β-NiPc(OH)4 (Known) 
 
α-NiPc(OH)4 
 
α-NiPc(OH)8 
 
α-NiPc(C10H21)8 
 
β-NiPc(NH2)4 (Known) 
 
SubNPc 
 
Phthalocyanine-Nanomaterial 
 
 β-NiPc(OH)4-SWCNT  
 
α-NiPc(OH)4-SWCNT 
 
α-NiPc(OH)8-SWCNT  
 
α-NiPc(C10H21)8-SWCNT  
 
β-NiPc(NH2)4-SWCNT (linked) 
 
QDs-β-NiPc(NH2)4 (linked) 
 
α-NiPc(C10H21)8-SWCNT-QDs  
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3.1. NiPc derivatives  

NiPc, β-NiPc(NH2)4 and β-NiPc(OH)4 are known and their synthesis will not be presented. 
 

3.1.1. Synthesis 

1 Pentanol

Reflux for 4-5 hr

K2CO3, NaNO2

DMSO

(12) (44)

(45)

 

 
Scheme 3.1: Preparation of nickel(II) 2,9,16,23-tetrahydroxy phthalocyanine, α-

NiPc(OH)4.  

 

Following literature methods [249] α-NiPc(OH)4 was synthesised from 3-nitrophthalonitrile 

(11) (Scheme 3.1). The first step was synthesis of metal free α-H2Pc(NO2)4 which was 

converted to α-H2Pc(OH)4 according to Scheme 3.1 with a yield of 63%. The formation of α-

NiPc(OH)4 was confirmed by IR and mass spectroscopy. NMR could not be done for some 

complexes due to poor solubility.  

 

α-H2Pc(NO2)4 

NiCl2

Benzonitrile
OH

NNN

N

N N N

N

OH

OH

OH

Ni

α-NiPc(OH)4 α-H2Pc(OH)4 

(11)

NO2

CN

CN
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Scheme 3.2: Synthesis pathway for non-peripherally substituted αααα-NiPc(OH)8. 

 

The synthesis of non-peripherally octahydroxy nickel phthalocyanine (α-NiPc(OH)8) is 

shown in Scheme 3.2. The first step was to synthesise (30) from the precursor (27) following 

literature methods [247]. Compound (30) was then used to synthesise α-NiPc(OH)8, Scheme 

3.2, with a yield of 60%. 1H-NMR spectrum in DMSO exhibits a broad multiple at 7.30-7.80 

ppm, due to the 8 protons at the β position of the benzene ring (Ar-CH) and an aromatic 

broad OH signal at 5.80 ppm which disappeared upon addition of D2O. α-NiPc(OH)8 was 

comfirmed by IR and mass spectroscopy. 
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(35)
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chloride
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reflux(2hr)
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N
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3.1.2. Synthesis of nickel octadecylphthalocyanine (αααα-NiPc(C10H21)8) 

(26)

R=C10H21

1) reflux in pentanol for 5 h
    Li metal, N 2

2) glacial AcOH for 0.5 h

reflux for 90 min

 

Scheme 3.3: 1, 4, 8, 11, 15, 18, 22, 25-Octadecylphthalocyanine Nickel(II) 

 

Nickel octadecylphthalocyanine (α-NiPc(C10H21)8) was synthesised by first synthesising α-

H2Pc(C10H21)8. α-H2Pc(C10H21)8 was metallated with nickel chloride to afford α-

NiPc(C10H21)8 (Scheme 3.3) with a good percentage yield of 70%. The UV/vis spectra of α-

NiPc(C10H21)8  in THF (Figure 3.1), shows a typical phthalocyanine main adsorption band (Q 

band) at 702 nm, vibronic band at 630 nm and a B band at 341 nm. The IR spectrum of α-

NiPc(C10H21)8 showed C-H stretches at 2842 and 2934 cm-1. Phthalocyanine ring system 

stretches were observed from 400 to 1600 cm-1. Elemental analysis further confirmed the 

formation of this complex.  

 

 

α-H2Pc(C10H21)8 

α-NiPc(C10H21)8 
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Figure 3.1: Ground state absorptuion spectra of α-NiPc(C10H21)8 (A) and α-

NiPc(C10H21)8-SWCNT (B) in THF. 

 

3.1.3. Modelling of IR spectra  

β-NiPc(OH)4 was chosen as model complex for theoretical modelling of IR and Raman 

spectra of NiPcs, in order to assign the peaks observed from experimental data. The IR and 

Raman spectra of β-NiPc(OH)4 are similar to that of α-NiPc(OH)4 and α-NiPc(OH)8.  

 

In Figure 3.2 the experimental FTIR spectrum (a) of β-H2Pc(OH)4 is compared with the 

theoretical spectrum (b) of β-H2Pc(OH)4. In general, the calculated bands (gas phase) are in 

good agreement with the observed ones (solid phase – KBr pellets), apart from frequency 

variation.  

A
bs

or
ba

nc
e

 



Chapter 3                                                                               Synthesis and Characterization 

 

75 

 

4000 3500 3000 2500 2000 1500 1000 500 0
3000

2500

2000

1500

1000

500

0

4000 3500 3000 2500 2000 1500 1000 500

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00
In

te
ns

ity

Wavenumber (cm -1)

CH-Stretch

OH-Stretch

NH-stretch N-H-Stretch

(a)

(b)

In
te

ns
ity

H
2
O

OH
CH-Stretch CO

2
-Stretch

 
 
Figure 3.2: IR spectrum of β-H2Pc(OH)4 (a) Experimental (b) and Theoretical . 

 

For β-NiPc(OH)4 the Ni-N band is predicted from the theoretical calculations of IR spectra 

(in Figure 3.3) to be an in plane stretch at 337 cm-1, this band is outside the wavelength range 

used at experimental level, Figure 3.4a, but is observed as a split band for the calculated 

spectrum, Figure 3.4b. The Ni-N band is known to be dependent on the substituent position 

and the type of ligand substituted on the periphery of the ring [62]. The comparison of 

experimental (Figure 3.2a and 3.4a) with theoretical (Figure 3.2b and 3.4b) results show 

very good agreement.  
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Figure 3.3: N-Ni: stretch: ν=337 cm-1 in plane stretches.  
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Figure 3.4: IR spectrum of β-NiPc(OH)4 (a) Experimental and (b) Theoretical  
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3.1.4. Modelling of Raman spectra  

Raman spectra of a range of phthalocyanines are known to be related to structural data. 

Figure 3.5 shows the experimental and theoretical Raman spectra for β-H2Pc(OH)4  and 

Figure 3.6 experimental and theoretical spectra of β-NiPc(OH)4. In this work DFT method is 

used for vibrational assignment of β-H2Pc(OH)4  and β-NiPc(OH)4 Raman spectra, in Figure 

3.5b, 3.6b. The experimental data (Figure 3.5a, 3.6a) showed very good agreement with 

theoretical results (Figure 3.5b, 3.6b, respectively). In order to minimise self absorption and 

to obtain a good signal-to-noise ratio, KBr powder was used to dilute β-H2Pc(OH)4 and β-

NiPc(OH)4 samples for recording of Raman experimental data.  
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Figure 3.5: Raman spectrum of β-H2Pc(OH)4 (a) Experimental and (b) Theoretical.  
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Figure 3.6: Raman spectrum of β-NiPc(OH)4 (a) Experimental and (b) Theoretical. 

 
The Raman spectra of β-H2Pc(OH)4 and β-NiPc(OH)4 show intense bands at 1557 and 1558 

cm-1, respectively. This region is known to show a remarkable sensitivity to the metal ion 

present and provides a specific signature for phthalocyanine studied [63, 69, 72]. The 

sensitivity to the metal ion has been ascribed to a change in shape of the entire ring. This 

sensitivity has been correlated with the bond strength [72] and in this case the small metal ion 

coupled with electron donating substituent in β-NiPc(OH)4 causes an in-plane distortion of 

the ring. The nickel atom has a formal charge of +2 in the neutral β-NiPc(OH)4 complex. The 

calculated Mulliken atomic charges (Q in Table 3.2) show the effective atomic charge to be 

0.82 for β-NiPc(OH)4. This value is almost the same as that calculated for NiPc (0.80), Table 

3.2, suggesting a similar covalent character of metal ligand bond for both NiPc and β-

NiPc(OH)4.  Theoretical calculations shows that the bond length in β-NiPc(OH)4 (Ni-N = 

1.905 Ǻ) is equal to the bond length of NiPc (Ni-N = 1.905 Ǻ), Table 3.3, this means that the 

Ni-bond is not affected by the OH substituent and that there is no substantial change in the 

electronic delocalization of the two complexes. 
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Table 3.2: Gross Mulliken populations and atomic charge (Q) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 3.3: Calculated parameters (bond length R in Ǻ, bond angle θ in deg) 

 
 

 
β-H2Pc(OH)4 

 

 
β-NiPc(OH)4 

 
NiPc 

RNi-N1/RH-N1 
 

1.0112 1.905 1.905 

RN-C1 

 
1.396 1.380 1.381 

RC1-N2 

 
1.295 1.317 1.318 

RC1-C2 

 
1.470 1.454 1.452 

RC2-C2’ 

 
1.413 1.401 1.400 

RC2-C3 

 
1.393 1.392 1.396 

RC3-C4 

 
1.398 1.397 1.393 

RC4-C4’ 

 
1.410 1.414 1.410 

RC4-O 

 
1.387 1.366 - 

RC-H 

 
1.087 1.084 1.081 

θC-N1-C1’  

 
113.0 106.6 106.5 

θN2-C1-N1 

 
129.7 127.8 127.7 

θN1-C1-C2 

 
105.2 110.5 110.5 

θC4-O-H 106.7 109.2 - 

Charge  β-H2Pc(OH)4 β-NiPc(OH)4 
 

NiPc 

QM  0.43  0.82  0.80 
QN1 -0.75 -0.71 -0.70 
QN2 -0.57 -0.55 -0.55 
QC1  0.51  0.52  0.48 
QC2  0.054  0.08  0.08 
QC3 -0.27 -0.22 -0.19 
QC4  0.36  0.38 -0.14 
QH1  0.15  0.19  0.16 
QH2 -0.64 -0.61  0.14 
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3.1.5. Solution cyclic voltammetry characterization  

α-NiPc(C10H21)8 was characterized in solution. However for all other NiPc derivatives the 

ring based redox processes were not clear in solution, but seen when adsorbed on GCE 

electrode. This will be discussed in chapter 4. Figure 3.7 shows the cyclic voltammogram for 

α-NiPc(C10H21)8 in THF containing TBABF4, with four redox processes due to ring oxidation 

and reduction labelled i, ii,  iii and iv at 0.88 (Ep), 0.65 (E½), -0.04(Ep) and -0.34 (Ep) V, 

respectively. The processes are generally irreversible as has been observed for other NiPc 

derivatives [250, 251]. All the processes are ring based for α-NiPc(C10H21)8 since NiPc 

derivatives do not show metal based processes unless transformed into O-Ni-O oxo bridge.  

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

E vs (Ag|AgCl)/V

2µµµµA

(ii)

(i)

(iii)

(iv)

 

Figure 3.7: Cyclic voltammograms of α-NiPc(C10H21)8 in THF with TBABF 4 as 

electrolyte. 

 

3.2. NiPc-SWCNT Conjugates  

The first step is the functionalisation or purification of SWCNT with carboxylic acids. [191-

193]. The formation of β-NiPc(NH2)4-SWCNT (linked) has been reported before [212], and 

was characterised sufficiently.  
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The structures formed by chemical coordination of β-NiPc(NH2)4 to SWCNT may be 

represented by the dendrimer shown in Figure 3.8a [212]. This has been suggested before for 

the coordination of β-FePc(NH2)4 to SWCNT using UV-Vis spectroscopy [212]. For 

adsorbed species, NiPc derivatives are adsorbed onto SWCNT through π-π interactions, 

Figure 3.8b. The π-π interaction preserves the sp2 nanotube structure and thus their 

electronic characteristics. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.8: (a) possible structures formed on linking β-NiPc(NH2)4 to SWCNT and(b) 

representation of adsorbed β-NiPc(NH2)4  on SWCNT. 

 

Adsorbed β-NiPc(NH)2-SWCNT, β-NiPc(OH)4-SWCNT α-NiPc(OH)4-SWCNT and α-

NiPc(OH)8-SWCNT conjugates, were formed by mixing SWCNT with β-NiPc(OH)4, α-

NiPc(OH)4 or α-NiPc(OH)8, followed by washing with DMF, forming the structure suggested 

Figure 3.8b. 
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3.2.1. IR spectra  

α-NiPc(OH)4 and NiPc(C10H21)8-SWCNT were used as examples. Figure 3.9 shows a FT-IR 

spectra of SWCNT (A), α-NiPc(OH)4 (B) and α-NiPc(OH)4-SWCNT (C). The SWCNT 

shows bands at 1382 and 1630 cm-1 (Figure 3.9 A). The band at 1630 cm-1 corresponds to the 

carbonyl (C=O) stretch of the carboxylic acid and the band at 1382 cm -1 corresponds to C-C 

stretch for SWCNT. Figure 3.9 B shows the IR spectrum of α-NiPc(OH)4 with OH stretches 

between 3000 and 3500 cm-1. Stretches from 500 to 1600 cm-1 are due to the phthalocyanine 

ring system and are known to be the finger print region for these complexes [252]. The IR 

spectra of α-NiPc(OH)4-SWCNT, Figure 3.9 C, shows peaks corresponding to both SWCNT 

and α-NiPc(OH)4 suggesting that α-NiPc(OH)4 is adsorbed on the SWCNT. β-NiPc(NH2)4-

SWCNT, α-NiPc(OH)8-SWCNT and  β-NiPc(OH)4-SWCNT gave similar IR spectra as α-

NiPc(OH)4-SWCNT.  
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Figure 3.9: FT-IR spectra of SWCNT (A), α-NiPc(OH)4 (B) and α-NiPc(OH)4-SWCNT 

(C) adsorbed conjugate. 

 

Figure 3.10 shows FT-IR spectra of SWCNT (Figure 3.10A), α-NiPc(C10H21)8 (Figure 

3.10B) and α-NiPc(C10H21)8-SWCNT conjugate (Figure 3.10C). Figure 3.10B shows the IR 
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spectrum of NiPc(C10H21)8 with C-H stretches at 2842 and 2934 cm-1. Stretches from 400 to 

1600 cm-1 are due to the phthalocyanine ring system [252]. Figure 3.10C shows the IR 

spectrum of α-NiPc(C10H21)8-SWCNT(ads) conjugate showing peaks corresponding to both 

SWCNT and α-NiPc(C10H21)8 suggesting that α-NiPc(C10H21)8 is adsorbed on the SWCNT.  
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Figure 3.10: IR spectra of SWCNT (A), α-NiPc(C10H21)8 (B) and α-NiPc(C10H21)8-

SWCNT (C). 

 

3.2.2. Raman spectra 

Figure 3.11 shows a Raman spectra of SWCNT (A), α-NiPc(OH)4 (B) and α-NiPc(OH)4-

SWCNT (C). The Raman spectra provide an insight on the extent of functionalisation of the 

SWCNT. The spectrum in Figure 3.11 (A) shows a characteristic ring breathing mode 

(RBM) at 165 cm-1, tangential vibrational mode at 1595 cm-1 (the G band) and vibrational 

mode due to disorder on the hexagonal lattice on the SWCNT sidewalls at 1269 cm-1 (the D 

band) [201]. The Raman spectrum of α-NiPc(OH)4, Figure 3.11 (B), shows intense bands at 

756, 1075, 1340 and 1546 cm-1 as discussed above. The sensitivity to the metal ion has been 
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ascribed to a change in shape of the entire ring. This sensitivity has been correlated with the 

bond strength [253] and in this case the small metal ion coupled with electron donating 

substituent in α-NiPc(OH)4 causes an in-plane distortion of the ring. The band at 1340 cm-1 is 

due to deformation of the ring. Figure 3.11 (C) shows that the interaction between SWCNT 

and α-NiPc(OH)4 causes the D band to shift from 1269 cm-1 to 1287 cm-1. This significant 

shift of 18 cm-1 suggests a strong interaction between SWCNT and α-NiPc(OH)4. Similar 

Raman spectral changes were observed for all the NiPc derivatives substituted with hydroxyl 

groups in the presence and absence of SWCNT. 
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Figure 3.11: Raman spectra of SWCNT (A), α-NiPc(OH)4 (B) and α-NiPc(OH)4-

SWCNT. 

 

Figure 3.12 shows a Raman spectra of SWCNT (Figure 3.12A), α-NiPc(C10H21)8 (Figure 

3.12B) and α-NiPc(C10H21)8-SWCNT (Figue 3.12C). Figure 3.12B shows the Raman spectra 

of α-NiPc(C10H21)8 with intense bands at 165, 1277, 1549 and 1590 cm-1, respectively. A 

specific C-N-C stretch band of α-NiPc(C10H21)8 is observed in the region of 1590 cm-1 [71, 

253, 254 ]. In this region the C-N-C band overlaps with SWCNT band in the conjugate. The 

band at 1277 cm-1 is due to deformation of the ring. Figure 3.12C shows that the interaction 

between SWCNT and α-NiPc(C10H21)8 causes the D band to shift from 1269 cm-1 to 1298 cm-

1. This significant shift of 29 cm-1 suggests a very strong interaction between SWCNT and α-

NiPc(C10H21)8.  
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Figure 3.12: Raman spectra of SWCNT (A), α-NiPc(C10H21)8 (B) and α-NiPc(C10H21)8-

SWCNT (C). 

 

3.2.3. UV-Vis spectra 

The ground state absorption spectrum of α-NiPc(C10H21)8  adsorbed on SWCNT (in THF) is 

shown in Figure 3.1B . The absorption spectrum of SWCNT is typified by a broad feature 

that extends into the near-infrared region. In the conjugate with α-NiPc(C10H21)8, the 

absorption of the latter appears to be riding on the broad absorption spectrum of the former. 

The adsorbed conjugate has peaks corresponding to the main absorption bands (Q bands) of 

the phthalocyanine unit at 702 nm and 330 nm which is evidence for the presence of the 

phthalocyanine unit on the SWCNT. Similarly no significant changes were observed for all 

NiPc complexes adsorbed on SWCNT. 

 

3.2.4. Microscopic study 

Figure 3.13 shows the transmission electron microscopy (TEM) image of SWCNT (a), β-

NiPc(OH)8-SWCNT (b), initially dispersed through ultrasonication in DMF. Figure 3.13 (b) 

shows ropes of SWCNT coated with aggregates of β-NiPc(OH)8 complex, thus further 
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confirming the structural integrity of β-NiPc(OH)8-SWCNT. The black spots observed on 

SWCNT before adsorption of NiPc are consistent with a known fact that carbon nanotubes 

are not 100% pure but consist of metal catalyst (which are difficult to remove) used in the 

synthesis of SWCNT [255].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: TEM image of SWCNT before (a) and after (b) functionalization with α-

NiPc(OH)8 at 200 nm resolution 

 

TEM images of α-NiPc(C10H21)8 and α-NiPc(C10H21)8-SWCNT are shown in Figure 3.14. 

The α-NiPc(C10H21)8 complex shows aggregated porous film in Figure 3.14A. The presence 

of both SWCNT and α-NiPc(C10H21)8 in the conjugate is shown by Figure 3.14B. The porous 

film is rougher in the presence of SWCNT. AFM image of the conjugate (Figure 3.15) 

confirms the rough and compact nature of the film. 

(b) 

(a) 

200 nm 
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Figure 3.14: TEM images of α-NiPc(C10H21)8(ads) (A) film and α-NiPc(C10H21)8-

SWCNT (B) at 200 nm resolution.  
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Figure 3.15: AFM images of α-NiPc(C10H21)8-SWCNT 

 

3.2.5. XPS of NiPc-SWCNT 

In Figure 3.16 (A) the carbon and oxygen peaks are found at 283.2 and 531.1 eV 

respectively, and arise from SWCNT carbon atoms and the oxygen from the carboxylic acid 

functional groups functionalising the ends of the SWCNT. Glass was used as a substrate; 

hence the two peaks at 152.0 and 101.4 eV are due to silicon, the oxygen peak will also be 

affected by the silicon. In Figure 3.16 (B) the oxygen, nitrogen, carbon and nickel peaks are 

found at 531.1, 399.0, 283.2 and 68.6 eV respectively, which arise from α-NiPc(C10H21)8 

adsorbed on SWCNT. The increase in the relative intensity (compared to oxygen peak) of the 

carbon peak, suggest an increase in number of carbon atoms in the sample compared to 

SWCNT alone. The increase in carbon atoms is attributed to the Pc ring carbons and carbon 

from the long alkyl groups attached to the α position of α-NiPc(C10H21)8, thus confirming the 

structural integrity of the complex. 
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Figure 3.16: XPS spectra of SWCNT (A) and α-NiPc(C10H21)8-SWCNT (B) 
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3.3. CdTe-QDs-β-NiPc(NH4)2 conjugate 

β-NiPc(NH2)4 [39] and CdTe quantum dots caped with thiol glycolic acid (TGA) [248, 256, 

257] were synthesised following literature methods, using DCC and NHS as coupling agents.  

 

3.3.1. XRD spectra  

Figure 3.17 shows an XRD spectrum of CdTe-QDs, which is similar to that of CdTe-QDs-β-

NiPc(NH2)4. The diffraction pattern in Figure 3.17 corresponds well with the three 

characteristic peaks for bulk CdTe structure having a cubic crystalline structure. 

 

The relative size of 2.3 nm for CdTe-QDs and 2.4 nm for CdTe-QDs-NiPc(NH2)4 conjugate 

were obtained by fitting the XRD spectra with the, Scherrer Equation 3.1 

          
θβ

λ
cos

k
)A(d

o

=             3.1 

where k is an empirical constant equal to 0.9, λ is the wavelength of the X-ray source (1.5405 

Å), β is the full width at half maximum of the diffraction peak and θ is the angular position of 

the peak.  

 

 

Figure 3.17: XRD spectrum of CdTe-QDs. 
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3.3.2. UV-Vis spectra  

As is typical of QDs in general, the absorption spectrum of the CdTe-QDs is broad and the 

emission spectrum is narrow, Figure 3.18, and there were no changes in the wavelength of 

both emission (at 577 nm) and absorption (at 545 nm) spectra for QDs alone and when they 

are in a conjugate (CdTe-QDs-β-NiPc(NH2)4). The emission and absorption spectra of QDs 

shift with increase in size [256]. The observation that the spectra of CdTe-QDs-β-NiPc(NH2)4 

conjugate (which has a larger size) is the same as that of CdTe-QDs (with a smaller size) is 

expected because we are not increasing the size of the CdTe core but the radius of the 

capping agent. 

 

 

Figure 3.18: Absorption (a) and Emission (b) spectra of CdTe-QDs-β-NiPc(NH2)4 in pH 

9.2 buffer solution. 

 

3.3.3. Fluorescence lifetimes  

These studies were performed in order to confirm the bonding between β-NiPc(NH2)4 and 

CdTe-QDs. Attachment of MPcs on the surface of QDs is known [256] to result in quenching 

of fluorescence lifetimes of the latter, due to energy transfer. The fluorescence lifetimes were 

also used to confirm the integrity of QDs in the conjugates. Figure 3.19 shows the 

photoluminescence decay curve of CdTe-QDs-β-NiPc(NH2)4 conjugate (Figure 3.19A) and 

CdTe-QDs (Figure 3.19B) using the time correlated single photon counting (TCSPC) 

technique. The quality of the fit was judged on the basis of χ2 values which were close to 

unity, Table 3.4. The QDs showed triexponential excitonic emission decay kinetics as also 

observed by other researchers [258]. The origin of the longer lifetime component (τ1) may be 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

450 500 550 600 650 700
In

te
n

si
ty

A
b

so
rb

a
n

ce

Wavelength(nm)

(b)(a)



Chapter 3                                                                               Synthesis and Characterization 

 

92 

 

due to the involvement of surface defects in the carrier recombination process [258]. The 

second fluorescence lifetime component, (τ2), is a result of radiative electron-hole 

recombination processes due to surface states [258]. According to some researchers [259-

261] the shortest component, τ3 is caused by the band-edge recombination at the surface; but 

this is contradicted by other researchers who attribute this short lifetime to intrinsic 

recombination of initially populated core states [261-263]. Within experimental error, the 

fluorescence lifetime values of QDs have not changed for the CdTe-QDs-β-NiPc(NH2)4 

conjugate, as would have been expected upon coordination of β-NiPc(NH2)4 (Table 3.4), and 

as observed for other studies [189, 256, 264]. Thus the use of fluorescence lifetimes did not 

unequivocally prove the changes on the surface of QDs due to coordination of β-NiPc(NH2)4, 

however the data confirms the integrity of QDs in the conjugate.  
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Figure 3.19: Photoluminescence decay curves of (A) CdTe-QDs-NiPc(NH2)4 and (B)  

CdTe QDs in a buffer solution of pH 9.2. Excitation wavelength = 480 nm. 

 

Table 3.4: Fluorescence lifetimes of QDs linked to β-NiPc(NH2)4 λλλλExc = 480 nm. pH 9.2 

buffer 

Life times  ns/1τ  1A ns/2τ  2A ns/3τ  3A χ2 

 
CdTe-QDs 

 

 
20.15 

    (±±±±2 .20) 

 
0.56 

 
3.37 

(±±±± 0.43) 

 
0.20 

 
0.46 

(±±±± 0.20) 

 
0.24 

 
1.04 

 
CdTe-QDs-β-
NiPc(NH2)4 

 

 
19.25 

    (±±±± 1.27) 

 
0.51 

 
3.01 

(±±±± 0.67) 

 
0.28 

 
0.49 

(±±±± 0.13) 

 
0.21 

 
1.05 
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3.3.4. IR Spectra  

Figure 3.20 shows IR spectra of CdTe-QDs (Figure 3.20A), β-NiPc(NH2)4 (Figure 3.20B) 

and CdTe-QDs-β-NiPc(NH2)4 (linked) conjugate (Figure. 3.20C). Figure 3.20A shows the 

presence C=O stretch at (1542 cm-1), due to the carboxylic acid functional group of the CdTe-

QDs and a C-O at 1324 cm-1. When β-NiPc(NH2)4 is linked to CdTe-QDs through a 

carboxylic group a reduction in intensity of the C-O stretch was observed, appearing as a 

shoulder, Figure 3.20C, which suggests that not all carboxylic acid on the QDs reacted with 

β-NiPc(NH2)4 to form an amide bond. The band at 1200 cm-1, Figures 3.20A and C, is due to 

the S-C stretch from the TGA capping.  
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Figure 3.20: Infrared (IR) Spectra of (A) CdTe-QDs, (B) β-NiPc(NH2)4 and (C) CdTe-

QDs-β-NiPc(NH2)4(linked) 

 

Figure 3.21 shows a far IR (FIR) spectra of β-NiPc(NH2)4 (Figure 3.21A), CdTe-QDs-β-

NiPc(NH2)4 (linked) conjugate (Figure 3.21B) and CdTe-QDs (Figure 3.21C). The 

assignment of the FIR bands for β-NiPc(NH2)4 are based on the work done by Kobayashi et 

al. [265]. In Figure 3.21A and B, bands (a) around 300 cm-1 are metal dependent isoindole 
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ring stretches. The absorption bands (b) and (c) are assigned to macrocyclic ring deformation. 

Band (e) around 175 cm-1 is assigned to metal-ligand vibrations. Bands (f) around 150 and 

125 cm-1 are assigned as metal independent out of plane deformation vibrations. The 

macrocyclic metal independent absorption bands in this region are considered as those due to 

phthalocyanine macrocyclic ring vibrations. Figure 3.21B and C shows a band at 104 cm-1 

due to the Cd-Te bond stretch [266]. Both the bands due to QDs and to β-NiPc(NH2)4 were 

also observed in the CdTe-QDs-β-NiPc(NH2)4 (linked), hence confirming the integrity of 

QDs and β-NiPc(NH2)4 in the conjugate.   
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Figure 3.21: Far Infrared (FIR) Spectra of (A) β-NiPc(NH2)4, (B) CdTe-QDs-β-

NiPc(NH2)4 (linked) and (C) CdTe-QDs 

 

3.3.5. Raman spectra 

Figure 3.22 shows a Raman spectra of CdTe-QDs-β-NiPc(NH2)4 (linked) conjugates (Figure 

3.22A), CdTe-QDs (Figure 3.22B) and β-NiPc(NH2)4 (Figure 3.22C). Figure 3.22A Raman 

spectra show Raman bands at 1595, 1561, 1481, 1402, 1364, 1333, 1275, 1105 and 754 cm-1. 

The band at 1595 cm-1 is due to the C-H2 out of plane stretch of the TGA capping agent 
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(Figure 3.22B). The stretch at 1561 cm-1 (in Figure 3.22A and C) is due to C-N-C stretch 

which is sensitive to the central metal and provides a specific signature for the 

phthalocyanine studied [71, 253, 254]. The stretch at 754 cm-1 is due to phthalocyanine ring 

distortion and is present in both the conjugate (Figure 3.22A) and free β-NiPc(NH2)4 (Figure 

3.22C). 
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Figure 3.22: Raman spectra of (A) CdTe-QDs-β-NiPc(NH2)4 (linked), (B) CdTe-QDs 

and (C) β-NiPc(NH2)4 

 

3.3.6. AFM 

Figure 3.23 shows an AFM images of CdTe-QDs (Figure 3.23A) and CdTe-QDs-β-

NiPc(NH2)4 (linked) conjugate (Figure 3.23B). The AFM pictures show that CdTe-QDs 

(Figure 3.23A) are highly aggregated compared to QDs-β-NiPc(NH2)4 (linked) conjugates 

(Figure 3.23B). The aggregation problem of CdTe-QDs did not allow for the estimation of 

the size of an individual quantum dot. The average size measured of CdTe-QDs aggregates 
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(Figure 3.23A) is 5.5 nm and that of the disaggregated QDs (Figure 3.23B) is 2.2 nm. The 

size is very close to the size calculated from XRD spectrum for CdTe-QDs (2.3 nm). 

 

 
 

B 

 
 
Figure 3.23: AFM image of (A) CdTe-QDs and (B) CdTe-QDs-β-NiPc(NH2)4. 

 

3.4. NiPc-SWCNT-QD conjugate 

CdSe quantum dots have been found to strongly adsorb on the surface of SWCNT by gentle 

heating in organic solvents [125], without the need for covalent chemical modification. The 

current work employs the simple method of adsorbing CdTe-QDs on SWCNT in aqueous 

media through sonification and without the use of heat. CdTe-QDs have been shown to play 



Chapter 3                                                                               Synthesis and Characterization 

 

98 

 

an important role in facilitating the electron transfer between the proteins and the electrode 

surface, and this was attributed to the small sizes of quantum dots which allow rapid transfer 

of electrons to the surface, resulting to higher charge efficiency [238]. α-NiPc(C10H21)8 was 

chosen as an example out of all NiPc derivatives. TGA-CdTe-QDs were adsorbed onto α-

NiPc(C10H21)8-SWCNT to form α-NiPc(C10H21)8-SWCNT-QDs as follows: SWCNT-

NiPc(C10H21)8 (in THF) was added to an aqueous solution of TGA CdTe-QDs and 

ultrasonicated to obtain SWCNT-α-NiPc(C10H21)8-QDs. During ultrasonication the QDs will 

adsorb on vacant areas (areas which are not coated with α-NiPc(C10H21)8) on SWCNT. The 

method is explained in the experimental section. 

 

3.4.1. UV-Vis spectra 

The ground state absorption spectrum of α-NiPc(C10H21)8  in the absence (A) and presence of 

SWCNT (B) and CdTe-QDs (C) is depicted in Figure 3.24. The absorption spectrum of 

SWCNT is typified by a broad feature that extends into the near-infrared region. In the 

conjugate with α-NiPc(C10H21)8-SWCNT, the absorption of the latter appears to be riding on 

the broad absorption spectrum of the former. In the presence of both SWCNT and CdTe QDs 

(for α-NiPc(C10H21)8-SWCNT-QDs), there is no change in the Q band maximum, which is 

evidence for the presence of the phthalocyanine unit on the SWCNT even in the presence of 

CdTe-QDs. It is expected that the CdTe-QDs are assembled onto SWCNT (using spaces not 

filled by α-NiPc(C10H21)8-SWCNT as reported before [238]. 
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Figure 3.24: Ground state absorption spectra of α-NiPc(C10H21)8 (A) and α-

NiPc(C10H21)8-SWCNT (B) and α-NiPc(C10H21)8-SWCNT-QDs conjugate (C) in THF. 

 

3.4.2. Raman spectral characterization of α-NiPc(C10H21)8-SWCNT-QDs conjugate 

Figure 3.25 shows a Raman spectra of SWCNT (Figure 3.25A), α-NiPc(C10H21)8 (Figure 

3.25B), α-NiPc(C10H21)8-SWCNT (Figure 3.25C) and α-NiPc(C10H21)8-SWCNT-QDs 

conjugate (Figure 3.25D). Figure 3.25D shows the Raman spectrum of α-NiPc(C10H21)8-

SWCNT-QDs. The D band of α-NiPc(C10H21)8-SWCNT-QDs has shifted to lower wave 

number, from 1299 (for α-NiPc(C10H21)8-SWCNT) to 1281 cm-1, with a difference of 18  

cm-1. This difference suggests that the presence of QDs also interacts with the SWCNT. 
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Figure 3.25 Raman spectra of SWCNT (A), α-NiPc(C10H21)8 (B), α-NiPc(C10H21)8-

SWCNT (C) and α-NiPc(C10H21)8-SWCNT-QDs conjugate (D). 

 

3.4.3. XPS analysis of α-NiPc(C10H21)8-SWCNT-QDs conjugate 

Figure 3.26 shows XPS spectra of SWCNT (Figure 3.26A), α-NiPc(C10H21)8-SWCNT 

(Figure 3.26B) and α-NiPc(C10H21)8-SWCNT-QDs conjugate (Figure 3.26C). The XPS 

spectra for SWCNT and α-NiPc(C10H21)8-SWCNT were discussed as Figure 3.16 and are 

compared here with XPS of SWCNT-QDs. Figure 3.26C shows the XPS spectrum of α-

NiPc(C10H21)8-SWCNT-QDs. The elemental composition of oxygen is much higher in 

intensity with respect to carbon intensity (see Figure 3.26C), compared to Figure 3.25 B. 

The increase in intensity of the oxygen is due to the OH subtituents of the carboxylic acid 

group surrounding the QDs. The main cadmium and telluride peaks arising from the 3d 

orbital are found at 403.4 and 573.4 (eV) respectively. There are other peaks observed, which 

arise from the 3s, 3p, 4p and 4d orbitals of these metals and are depicted in Figure 3.26C. 
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Figure 3.26: XPS spectra of SWCNT (A), α-NiPc(C10H21)8-SWCNT (B) and α-

NiPc(C10H21)8-SWCNT-QDs conjugate (C). 

Table 3.5 shows mass concentration percentages of SWCNT, α-NiPc(C10H21)8-SWCNT and 

α-NiPc(C10H21)8-SWCNT-QDs. The mass concentration percentages of C (27.37%), Te 

(14.18%), Cd (26.71%), O (24.99 %) and Ni (1.46%) atoms are obtained for α-

NiPc(C10H21)8-SWCNT-QDs, the Ni peak is not clear in Figure 3.26C. In Figure 3 26C the 

nitrogen signal is supper-imposed on the Cd 3d signal at 400 eV and thus contributes to the 

mass concentration of Cd. It is known that QDs which are less than 2 nm have more than 

50% of their atoms residing on the surface. The size we employed in this work is slightly 

higher than 2 nm. The C and O will also be affected by the presence of the capping agent. 

The S peak from the capping is also observed, Figure 3.26C.  

 

 

 

 

 



Chapter 3                                                                               Synthesis and Characterization 

 

103 

 

Table 3.5: Mass concentration percentage (%) 

  C 1s O 1s N 1s Ni 2p Te 3d Cd 3d 

  

SWCNT 

  

59.04 

  

  

33.13 

  

  

- 

  

- 

  

- 

  

- 

 

α-NiPc(C10H21)8-

SWCNT 

  

58.86 

  

  

18.23 

  

4.84 

  

5.78 

  

- 

  

- 

 

α-NiPc(C10H21)8-

SWCNT-QDs 

  

27.37 

  

24.99 

  

- 

  

1.46 

  

  

14.18 

  

  

26.71 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 3                                                                               Synthesis and Characterization 

 

104 

 

3.5. SubNPc 

3.5.1. Synthesis  

Scheme 3.4 shows Synthesis of SubNPc. The Cl was converted to OH during the purification 

as shown in Scheme 3.4. Silica and biobeads S-X1 were employed for purification. 

1,2,4-trichlorobenzene
Xylene, 214 oC, 90 min

1, 2 Naphthalenedicarbonitrile

Fraction 1

Fraction 2

BCl3

 

Scheme 3.4: Synthesis of 1,2-subnaphthalocyanines 

(1) (2)

Fraction 1

Fraction 2

 

Figure 3.27: Subnaphthalocyanine enantiomers 
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High pressure liquid chromatography-gel permeation chromatography (HPLC-GPC) column 

(chloroform as eluent) was used to purify Fraction 1 giving C3 chiral isomers 1 and 2 

(Figure 3.27). The chiral isomers were separated using Chiral Pak®IA LC column with a 

solvent mixture of hexane: chloroform (3:2) to obtain fraction (a) and (b) (Figure 3.28). The 
1H NMR spectrum of Fraction 1 in CDCl3 exhibits doublets at 10.10, 8.80, 8.85 and 8.25 

ppm and two triplets at 7.90 and 7.80 ppm due to the naphthalene moieties, reflecting the C3 

symmetric structure.  

 

 
Figure 3.28: HPLC trace of Fraction 1: Solvent: Chloroform: Hexane (2:3) Flow rate 

(1mL/Pa). 

 

3.5.2.UV/vis , CD, and MCD spectra 

Figure 3.29 shows the spectra of subnaphthalocyanine (Fraction 1 in Figure 3.27) (SubNPc) 

in chloroform. The absorption spectra shows similar characteristic to that of 

subphthalocyanines which have a Q-band at 560 nm and a B-band at 300 nm. SubNPc 

absorption spectra, in Figure 3.29C, has a red shifted Q-band at 574 nm and a B-band at 390 

nm due to the increased conjugated system. Both enantiomers (1 and 2 in Figure 3.29) 

showed identical absorption and magnetic circular dichromism (MCD) spectrum. The 

absorption coefficient in both the Q and B bands is smaller in comparison to that of 

phthalocyanines. This decrease in the Q and B bands extinction coefficients with respect to 

phthalocyanines has been attributed to the non-planarity of a SubPc and SubNPc. MCD was 

employed as a complementary technique to UV-Vis spectroscopy in order to retrieve valuable 

information about the nature of UV-vis transitions. The MCD spectrum of the enatiomers 

(Figure 3.29A), showed a clear positive Faraday A-term curve associated with the absorption 

peak at 574 nm, which means that the LUMO energy levels are degenerate.  

(1) (2) 



Chapter 3                                                                               Synthesis and Characterization 

 

106 

 

300 400 500 600

0

1

2

3

4

5
-10
-8
-6
-4
-2
0
2
4
6
8

10
12

-30

-20

-10

0

10

342 390 522

10
-4

εε εε/
dm

3 m
ol

-1
cm

-1

Wavelength/nm

323

340 360 388

574

10
-4
[ θθ θθ

]/d
eg

 .d
m

3 .m
ol

-1
.c

m
-1

(1)

(2)

341 399

359 370
524

546
566

579

Data for Fraction 1
X10

[ θθ θθ
]/d

eg
.d

m
3 .m

ol
-1
cm

-1
T

-1
[x

10
4 ] 

 

Figure 3.29: (A) MCD of SubNPc (Fraction 1) measured in CHCl3 at room temperature 

(B) CD and (C) electronic absorption spectra. (ε = 3.42 x 10-5 M) 

 

According to the following discussion based on the MCD spectra and theoretical calculations, 

the absorptions in the longer wavelength region of 500-600 nm are assigned as Q bands, 

which consist of transitions from the HOMO to the nearly degenerate, LUMO and LUMO+1.  

 

In order to deduce further information from the absorption spectra, MCD measurements were 

performed on Fraction 1 (enantiomers). The MCD spectra of isomer 1 exhibit similar 

spectral features over the complete region as isomer 2. Corresponding to the Q band, 

derivative-shaped signals are observed with negative and positive envelopes at 579 and 566 

nm. Based on the molecular symmetries of C3, the MCD signals can be assigned as a Faraday 

A term. In the MCD spectra of isomers 1 and 2, the positive envelopes of the Q bands at 

ca.470–570 nm are significantly smaller than the negative envelopes at 570–600 nm. This is 

due to cancellation of the positive envelope by the edge of the negative envelope and their 

vibronic bands. In the higher energy region of 300–450 nm, several MCD signals correspond 

to the characteristic absorptions for SubNPc molecules are observed. Their smaller intensities 

compared to those of the Q band region are mainly due to the smaller angular momentum of 

these transitions. Although these signals are not easily assigned, due to the contributions of a 

(A) 

(B) 

(C) 
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number of transitions and their vibronic bands, dispersion type negative to positive envelopes 

at 399 and 370 nm correspond to the broad absorption at 390 nm, respectively, indicates the 

presence of transitions to the nearly degenerate excited states. In addition to variation in 

shapes of the absorption spectra from those of SubPcs in the higher energy region, these 

MCD signals imply that the annulation of benzene rings at the α, and β positions on going 

from SubPc to SubNPc cause rather significant changes in the energy level of molecular 

orbitals, especially for those lying lower than the HOMO and/or higher than the LUMO+1. 

Details of this are discussed based on theoretical calculation in the following section. 

 

In the CD spectra (Figures 3.29B), isormer 1 show a negative sign between 350 and 579 nm, 

whereas isormer 2, show a positive sign in the corresponding regions. 

 

3.5.3. Electronic structures and theoretical absorption spectra 

Theoretical calculations were performed on Fraction 1 (isomer 1 or 2). Structural 

optimization was performed based on the DFT method at the B3LYP/6-31G(d) level, and 

time-dependent (TD) DFT calculations were also carried out with the same hybrid functional 

and basis set. As a reference, DFT and TDDFT calculations were also performed on a model 

compound of a non-substituted SubPc, in which the axial ligand was hydroxide. With respect 

to the frontier molecular orbitals (MOs), Fraction 1 (isomer 1 or 2) of SubNPc exhibit a 

similar electron density distribution pattern to that of SubPc, and delocalization of electron 

density on the exterior benzene rings is also common to Fraction 1 (isomer 1 or 2) (Figure 

3.30). 
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Figure 3.30: Partial molecular diagram of SubPc (left) and SubNPc (right). 

 

In-depth analyses on the MOs higher than the LUMO+1 and lower than the HOMO reveals 

slight stabilization of the degenerate LUMO+2 and LUMO+3 and rather significant 

destabilization of the HOMO–3 along with the degenerate HOMO–1 and HOMO–2 

compared to those of SubPc. Based on the TDDFT calculations, two main bands at 511 and 

508 nm for Fraction 1 (isomer 1 or 2) of SubNPc which can be assigned as Q bands, are each 

composed of transitions from the HOMO to the nearly degenerate LUMO and LUMO+1 

(Table 3.6).These calculation results are in good agreement with the observed small red-shift 

of the Q band in the absorption and dispersion-type MCD signals in the corresponding 

region.  In the case of SubPc, the secondary main absorptions at 299 and 297 nm are 

composed of several transitions from MOs lower than the HOMO to the degenerate LUMO 

and LUMO+1 (Table 3.6). Meanwhile, the secondary main bands of Fraction 1 (isomer 1 or 

2) at 399 and 395 nm are significantly red-shifted for SubNPc, and are mainly composed of 

transitions from the HOMO–3 to the LUMO and LUMO+1. As a result of the small mixing 

of bands in this region, dispersion-type MCD signals, corresponding to the absorptions at 390 

nm are clearly observed in the MCD spectra of Fraction 1 (isomer 1 or 2). These results 

indicate that the main change caused by the annulation of benzene rings at the α, and β 

Fraction 1 
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positions of SubPc molecule is destabilization of the HOMO–3 along with the HOMO–1 and 

HOMO–2. Thus, the two weak bands at 350–430 nm region are fairly characteristic for the 

electronic structures of SubNPcs, whereas conventional SubPc molecules exhibit two broad 

bands in the same region [8, 47, 51]. 

 

Table 3.6: Selected transition energies and wave functions of Faction 1(SubNPc) and 

SubPc calculated by the TDDFT (B3LYP/6-31G(d)) method.   

 

Compound energy [nm] f [a] wave function[b] 

Fraction 1 

(SubNPc) 

 

 

 

 

 

 

 

SubPc 

511 

 

508 

 

399 

 

395 

 

             489 

 

486 

 

299 

 

 

297 

0.36 

 

0.35 

 

0.24 

 

0.24 

 

 0.31 

 

0.31 

 

0.26 

 

 

0.24 

 

+ 0.621|146 ← 145> – 0.114|147 ← 138> + 0.167|147 ← 142> … 

 

+ 0.621|147 ← 145> + 0.116|146 ← 138> – 0.172|146 ← 142> … 

 

+ 0.636|146 ← 142> – 0.149|147 ← 143> – 0.128|146 ← 144> + 0.112|147 ← 145> … 

 

+ 0.658|147 ← 142> – 0.101|146 ← 143> – 0.104|146 ← 145> … 

 

                                + 0.617|107 ← 106> – 0.109|108 ← 100> + 0.176|108 ← 103>  

 

+ 0.618|108 ← 106> + 0.111|107 ← 100> – 0.177|107 ← 103> 

 

+ 0.225|108 ← 99> + 0.361|107 ← 101> + 0.289|108 ← 102> – 0.319|107 ← 103> + 0.100|107 ← 

104> + 0.11|108 ← 105> – 0.105|109 ← 106> 

 

+ 0.225|108 ← 98> – 0.196|107 ← 99> + 0.163|108 ← 100>  

+ 0.435|108 ← 101> – 0.123|107 ← 102> + 0.353|108 ← 103> 

[a] Oscillator strength. [b] The wave functions based on the eigenvectors predicted by 

TDDFT. The |145> and |106> represent the HOMO of Fraction 1 and that of SubPc, 

respectively. Eigenvectors greater than 0.10 are included. 

 

The theoretical CD spectra based on TDDFT calculations at the B3LYP/6-31G(d) level on 

model compounds of Fraction 1 gives a first clue for assigning absolute structures (Figure 

3.31). The model compounds having a clockwise arrangement of benzene rings exhibit 

negative CD bands in the Q band region (isomer 1), while those having an anti-clockwise 
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arrangement show, inversely, positive CD bands (isomer 2). The theoretical CD spectra 

reproduce the observed CD spectra of, compounds Fraction 1. 

 

 

Figure 3.31: Theoretical absorption and CD spectra of clockwise isomer (left) and anti-

clockwise isomer (right) of Fraction 1 based on TDDFT calculation. 

 
 
 
 

(1) 

(2) 
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4.1. NiPc derivatives and their conjugates with SWCNT 

4.1.1. NiPc derivatives  

Electrode surfaces modified by MPcs can be obtained by simple adsorption on pyrolytic 

graphite electrode (OPGE) and glassy carbon electrodes (GCE). The simplicity of adsorbing 

complexes on carbon materials has been the preferred method by researchers due to its 

reproducibility. OPGE surface is easily renewed and offers a better π-π interaction compared 

to GC electrode, thus allows easy adsorption of electrode modifiers. However, OPGE is not 

readily avaible compared to GC electrodes, due to this limitation, OPGE was employed only 

for β-NiPc(OH)4, α-NiPc(OH)4 and α-NiPc(OH)8. The NiPc derivatives (β-NiPc, β-

NiPc(NH2)4, β-NiPc(OH)4, α-NiPc(OH)4, α-NiPc(OH)8 and α-NiPc(C10H21)8) were adsorbed 

onto the GCE or OPGE by dipping the electrode in dry dimethysulfoxide (DMSO) containing 

NiPc derivative except for α-NiPc(C10H21)8 (which was desolved inTHF) and allowing the 

solvent to dry to give adsorbed derivatives. The electrochemical transformation of the NiPc 

derivatives in alkaline aqueous solution to form the interconnected O-Ni-O oxo bridges was 

achieved by cycling NiPc, β-NiPc(NH2)4, β-NiPc(OH)4, α-NiPc(OH)4, α-NiPc(OH)8 and α-

NiPc(C10H21)8, respectively in 0.1 M NaOH, giving the polymerized derivatives: poly-

Ni(O)Pc, poly-β-Ni(O)Pc(NH2)4, poly-β-Ni(O)Pc(OH)4, poly-α-Ni(O)Pc(OH)4 poly-α-

Ni(O)Pc(OH)8 and poly-α-NiPc(C10H21)8, respectively. The potential difference between 

OPGE and GCE for NiIII /Ni II redox process for poly-β-Ni(O)Pc(OH)4, poly-α-Ni(O)Pc(OH)4 

and poly-α-Ni(O)Pc(OH)8 was found to be ~ 0.08 V. The formation of O-Ni-O oxo bridges 

for β-NiPc(OH)4, α-NiPc(OH)4 and α-NiPc(OH)8 were easily achieved on OPGE compared 

to GCE. To serve as an example, the formation of O-Ni-O oxo bridge is only discussed for 

OPGE. For the rest of the complexes (β-NiPc, β-NiPc(NH2)4 and α-NiPc(C10H21)8) the 

readily available GCE was employed.  

 

Figure 4.1 shows the cyclic voltammograms of β-NiPc(OH)4 adsorbed on OPGE in 0.1 M 

NaOH. There was an immediate formation of a typical pair of peaks due to NiIII /Ni II in 

Ni(O)Pc complexes polymerized in 0.1 M NaOH [125, 144], but instant peaks were also 

observed on GCE. Continuous cycling resulted in only a slight increase in current in Figure 

4.1. Thus the cyclic voltammograms shown in Figure 4.1 are due to poly-β-Ni(O)Pc(OH)4. 

The peaks due to NiIII /Ni II are observed at 0.23 and 0.33 V in 0.1 M NaOH and 0.09 and -

0.04V in pH 7 (Figure 4.2).  
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Figure 4.1: Cyclic voltammograms of β-NiPc(OH)4, adsorbed on the OPGE in 0.1 M 

NaOH, forming poly-β-Ni(O)Pc(OH)4, Scan rate = 100 mVs-1. 

 

The shape of the final cyclic voltammogram is very similar to those obtained with electro-

transformed nickel macrocyclic-based films in alkaline aqueous solution, which are also 

similar to those of Ni(OH)2 on electrodes [142, 143]. The formation of the peaks can be 

explained by the formation of the O-Ni-O oxo bridges in alkaline aqueous solution and are 

indication of the transformation of the β-NiPc(OH)4 into the ‘O-Ni-O oxo’ bridged forms.  

 
Figure 4.2: Cyclic voltammograms of poly-β-Ni(O)Pc(OH)4 on OPGE in (i) pH 7 buffer 

solution and (ii) in 0.1 M NaOH, Scan rate = 100 mVs-1. 

 

 

-0.5 -0.3 -0.1 0.1 0.3 0.5
E/V (Ag|AgCl)

10µA 

-0.5 -0.3 -0.1 0.1 0.3 0.5
E/V (Ag|AgCl)

5µA

(i)

(i i)
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Figure 4.3A shows only a weak feature at ~ -0.2 V for α-NiPc(OH)4, this is due to ring based 

reduction (NiPc2-/NiPc3-) as also observed for ring based reduction process for α-

NiPc(C10H21)8 in solution (Figure 3.7). On cycling the adsorbed α-NiPc(OH)4 in 0.1 M 

NaOH solution, NiIII /Ni II couple began to form near 0.35 V. The cyclic voltammograms in 

Figure 4.3A are indication of the transformation of the α-NiPc(OH)4 into the O-Ni-O oxo 

bridged to form poly-α-Ni(O)Pc(OH)4 on OPGE [125, 267, 268]. Figure 4.3B shows the 

cyclic voltammograms of α-NiPc(OH)8 in 0.1 M NaOH. Unlike the case with poly-α-

Ni(O)Pc(OH)4, Figure 4.3A, there was an immediate formation of a pair of peaks associated 

with NiIII /Ni II for poly-α-Ni(O)Pc(OH)8, Figure 4.3B. This was followed by a gradual 

increase of the current with scanning in 0.1 M NaOH. In the case of β-NiPc(OH)4 on OPGE 

(Figure 4.1) and α-NiPc(C10H21)8  the formation of NiIII /Ni II complexes on GCE was 

immediate (Figure 4.3C) compared to α-NiPc(OH)4 or NiPc where cycling was needed for 

formation of the couple as observed in Figure 4.3A and 4.3D. This suggests that the ease of 

formation of O-Ni-O bridges depends on the point of substitution, with formation being 

easier for the peripherally substituted derivatives, comparing β-NiPc(OH)4 and α-NiPc(OH)4. 

Comparing the formation of poly-α-Ni(O)Pc(OH)4 with poly-α-Ni(O)Pc(OH)8, the latter 

forms O-Ni-O bridges more readily than the former in that the peaks were formed instantly in 

the latter. Thus the ease of formation of the O-Ni-O bridges also depends on the number of 

substituents. The scan rate dependence of the peak current was linear, suggesting surface 

bound redox processes.The type of substituent also plays a role in the formation of O-Ni-O 

bridge. For example nickel tetrasulfophthalocyanine (NiTSPc) readily forms O-Ni-O oxo 

bridges without the need of activation, whereas for nickel tetraaminophthalocyanine (β-

NiPc(NH2)4), activation is needed [125, 267, 268].  
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Figure 4.3: Cyclic voltammograms of (A) α-NiPc(OH)4, and (B) αααα-NiPc(OH)8 adsorbed 

on the OPG electrode in 0.1 M NaOH, forming poly-α-Ni(O)Pc(OH)4 and poly-α-

Ni(O)Pc(OH)8, respectively, (C) α-NiPc(C10H21)8 adsorbed on the GC electrode and 

cycled in 0.1 M NaOH, forming GCE-poly-α-Ni(O)Pc(C10H21)8, (D) NiPc adsorbed on 

the GC electrode in 0.1 M NaOH, forming GCE-poly-Ni(O)Pc. Scan rate = 100 mVs-1 
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Figure 4.4A overlays the cyclic voltammograms of (i) poly-β-Ni(O)Pc(OH)4, (ii) poly-α-

Ni(O)Pc(OH)4 and (iii) poly-α-Ni(O)Pc(OH)8 in 0.1 M NaOH. The peaks due to NiIII /Ni II are 

observed at E½ = 0.39 V for poly-α Ni(O)Pc(OH)8, 0.40 V for poly-α-Ni(O)Pc(OH)4  and at  

E½ = 0.28 V for poly-β-Ni(O)Pc(OH)4 in 0.1 M NaOH on OPGE, Table 4.1. The NiIII /Ni II 

peaks for poly-α-Ni(O)Pc(OH)4 and poly-α-Ni(O)Pc(OH)8 occur at more positive potentials 

compared to poly-β-Ni(O)Pc(OH)4, suggesting difficulty of oxidation for the former 

complexes which are non-peripherally substituted. Figure 4.4B shows a large peak 

separation for poly-α-Ni(O)Pc(C10H21)8 (curve ii), suggesting that the formation of O-Ni-O 

oxo bridge is not favorable for poly-α-Ni(O)Pc(C10H21)8 due to increased irreversibility of 

that process, with respect to poly-Ni(O)Pc and all other NiPc complexes. The irreversibility 

observed suggest that the OH- ions cannot easily penetrate the film in order to react with the 

Ni atom and form more O-Ni-O oxo bridge. Figure 4.4C shows the NiIII /Ni II peaks for poly-

β-Ni(O)Pc(NH2)4 (E½  = 0.45 V, Table 4.1) to occur at less positive potentials compared to 

poly-Ni(O)Pc(OH)n complexes with the exception of poly-β-Ni(O)Pc(OH)4.  
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Figure 4.4: (A) Cyclic voltammograms of (i) poly-β-Ni(O)Pc(OH)4, (ii) poly-αααα-

Ni(O)Pc(OH)4 and (iii) poly-α-Ni(O)Pc(OH)8 on OPG electrode, (B) Comparison of 

cyclic voltammogram of poly-Ni(O)Pc (i) with poly-α-Ni(O)Pc(C10H21)8 (ii)on GCE, (C) 

Cyclic voltammograms of poly-β-Ni(O)Pc(NH2)4 on GCE in 0.1 M NaOH. Scan rate = 

100 mVs-1. 

 

The effective electrodes area were estimated by using the [Fe(CN)6]
3−/4− redox system and 

applying the Randles–Sevick (Equation 4.1) for a reversible process [269]:      

 

                                      ��� � �2.69	 � 	10����/���/���/����                                4.1 

 

where D and Co are the diffusion coefficient and bulk concentration of the redox probe 1 mM 

K3[Fe(CN)6], respectively, v is the scan rate and A is the effective electrode area and was 

determined to be 0.079 cm2 for GCE. Cyclic voltammetry experiments at different scan rates 

were performed with each of the complexes stated above immersed in a solution of 1 mM 

K3[Fe(CN)6] in 0.1 M KCl. The D value for K3[Fe(CN)6] is 7.6 × 10−6 cm2 s−1 [269] and n is 

1. 
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The surface coverages (Γ, mol/cm2) for GCE-poly-β-Ni(O)Pc(OH)4, GCE-poly-α-

Ni(O)Pc(OH)4, GCE-poly-α-Ni(O)Pc(OH)8, GCE-poly-β-Ni(O)Pc(NH2)4, GCE-poly-α-

Ni(O)Pc(C10H21)8, GCE-poly-Ni(O)Pc and GCE-poly-β-Ni(O)Pc(NH2)4-SWCNT (linked) 

were estimated from the charge under their relative oxidation peak using Equation 4.2 [87, 

270].  

                                                              � � 	���Γ                                                     (4.2)  

 

where Q is the total charge (C), A the effective surface area of the electrode and Γ is the 

surface coverage of the redox species. Using Equation 4.2, the total surface coverages of the 

electrodes of 2.46, 1.42, 4.74, 4.10, 4.81,1.20 and 1.06 x 10−10 mol cm-2 were obtained for 

GCE-poly-α-Ni(O)Pc(OH)8, GCE-poly-α-Ni(O)Pc(OH)4, GCE-poly-β-Ni(O)Pc(OH)4, GCE-

poly-α-Ni(O)Pc(C10H21)8, GCE-poly-Ni(O)Pc and, GCE-poly-β-Ni(O)Pc(NH2)4 respectively, 

Table 4.1. 

 

In the absence of O-Ni-O peaks, peaks due to the ring processes were employed. Figure 4.5 

shows the CV of adsorbed β-NiPc(OH)4 species on GCE as an example. The quasi reversible 

peak is attributed to adsorbed NiPc derivative as observed before [140]. The surface 

coverages were calculated by using the charge under the adsorption peak in Figure 4.5, 

according to Equation 4.2 [271].  

 

Figure 4.5: Cyclic voltammogram of GCE-β-NiPc(OH)4 electrode in buffer solution of 

ph 9.2. 
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Table 4.1. Electrochemical parameters for NiPc derivatives in 0.1 M NaOH, on GCE 

unless otherwise stated.  

NiPc derivative E½   vs 
(Ag/AgCl)/V 
(Ni III /Ni II ) 
or (Pc-2/Pc-3) 

10-10 ×××× ΓΓΓΓ/  
mol cm-2 

Number of 
NiPc 
derivative 
moleculesc 

poly-β-Ni(O)Pc(OH)4 (0.28)b 0.36  4.74  2.37 × 1013 
(2.9 × 1013)c 

poly-α-Ni(O)Pc(OH)4 (0.40)b 0.48 1.42 7.6 × 1012  
(2.9 × 1013)c 

poly-α-Ni(O)Pc(OH)8, (0.39)b 0.47  2.46 1.23 × 1013  
(3.7 × 1010)c 

β-NiPc(OH)4,
a -0.39 0.26 1.3 × 1012 

NiPca -0.36 7.20 3.6 × 1013 
α-NiPc(OH)4,

a -0.51 5.18 2.5 × 1013 

α-NiPc(OH)8
a -0.52 3.23 1.6 × 1013 

β-NiPc(NH2)4 -0.76 1.02 6.14 × 1013 

α-NiPc(C10H21)8
d 0.15 1.54 7.7× 1012 

poly-α-
Ni(O)Pc(C10H21)8 

 
0.81 

 
4.10 

 
1.9 × 1012 

poly-Ni(O)Pc 0.51 4.81 2.0 × 1013 

poly-β-Ni(O)Pc(NH2)4 0.45 1.20 7.2 × 1013 

poly-β-Ni(O)Pc(NH2)4-
SWCNT(linked) 

 
0.30 

 
1.06 

 
5.1 × 1012 

 
a Values determined using Pc-2/Pc-3 due to lack of NiIII/NiII couple. b Values in 

brackets were determined using OPGE. c Numbers in brackets are calculated 

values.d Values determined using Pc-1/Pc-2 peak. 

 

The surface coverage values are within the order of magnitude of values expected for 

phthalocyanine molecule lying flat on the surface (10-10 mol cm-2 [87]). All electrodes in the 

absence of SWCNT (except for β-NiPc(OH)4) gave values larger than a monololayer, 

suggesting multilayers [272]. 

 

The number of molecules covering the surface area of the electrode was estimated 

experimentally using the surface coverage above and the geometric area of the GCE, whereas 

the theoretical number of molecules (in brackets in Table 4.1) covering the surface area of 

the electrode were determined from optimized molecular structures (hence area of one 

molecule) using Gaussian at B3LYP/6-31G(d) level, Table 4.1. The number of molecules 

experimentally determined on GCE were of the order of 1012 to 1013, typical of Pcs [272] 

compared to literature. The calculated (theoretical) number of molecules for poly-α-
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Ni(O)Pc(OH)4 and poly-β-Ni(O)Pc(OH)4, are larger than the experimentally determined 

values, which suggest that the surface coverage is less than a monolayer. For poly-α-

Ni(O)Pc(OH)8 the calculated number of molecules is much lower than the experimental 

values, which suggests that the surface coverage exceeds that of a monolayer.  

 

The surface coverages, in Table 4.1, obtained for GCE-NiPc, GCE-β-NiPc(NH2)4, GCE-β-

NiPc(OH)4, GCE-α-NiPc(OH)4, GCE-α-NiPc(OH)8 and GCE-α-NiPc(C10H21)8, Pc-2/Pc-3 or 

Pc-1/Pc-2 peaks were used to determine the surface coverage due to lack of NiIII /II couple as 

indicated on Table 4.1. GCE-NiPc, GCE-α-NiPc(OH)4 and GCE-α-NiPc(OH)8 gave surface 

coverage values which are larger then a monolayer, suggesting multilayers. GCE-β-

NiPc(OH)4 and GCE-β-NiPc(NH2)4 gave surface coverage values which are lower or within a 

monolayer value.  

 

4.1.2. NiPc-SWCNT conjugates 

The adsorption of NiPc derivatives on the SWCNT was achieved by ultrasonication of the 

mixture of the two in DMF or THF followed by purification. The NiPc derivatives are 

expected to adsorb on SWCNT by π-π interactions. There is a chemical bond between the 

two, via an amide bond, only for β-NiPc(NH2)4-SWCNT(linked). The GCE was modified 

with SWCNT, NiPc-SWCNT, β-NiPc(NH2)4-SWCNT(linked), β-NiPc(NH2)4-SWCNT, β-

NiPc(OH)4-SWCNT, α-NiPc(OH)4-SWCNT, α-NiPc(OH)8-SWCNT and α-NiPc(C10H21)8-

SWCNT by the drop dry method, where by a drop of the colloidal solution of each modifier 

was placed onto the electrode and allowed to dry as explained in the experimental section. 

For complexes without SWCNTs, the GCE was modified by placing a drop of DMF solutions 

of NiPc, β-NiPc(NH2)4, β-NiPc(OH)4, α-NiPc(OH)4 or α-NiPc(OH)8 and a drop of α-

NiPc(C10H21)8 in THF on GCE followed by drying in nitrogen atmosphere. The modified 

electrodes are represented as GCE-SWCNT, GCE-NiPc, GCE-β-NiPc(NH2)4, GCE-β-

NiPc(OH)4, GCE-α-NiPc(OH)4, GCE-α-NiPc(OH)8, GCE-α-NiPc(C10H21)8, GCE-β-

NiPc(NH2)4-SWCNT(linked), GCE-β-NiPc(NH2)4-SWCNT, GCE-β-NiPc(OH)4-SWCNT, 

GCE-α-NiPc(OH)4-SWCNT, GCE-α-NiPc(OH)8-SWCNT, GCE-NiPc-SWCNT and GCE-α-

NiPc(C10H21)8-SWCNT.  
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There was no clear peak due to the the adsorbed NiPc derivative in the presence of SWCNT 

except for poly-β-Ni(O)Pc(NH2)4-SWCNT (linked). As an example square wave 

voltammograms of GCE-α-NiPc(C10H21)8-SWCNT after 30 scans in 0.1 M NaOH are shown 

in Figure 4.6B. Cyclic or differential pulse voltammetry of GCE-α-NiPc(C10H21)8-SWCNT 

in 0.1 M NaOH, did not show typical peaks due to NiIII /Ni II redox process (Figure 4.6A).The 

square wave voltammogram (SWV) in Figure 4.6B shows a weak, but highly reversible, 

redox process observed at -0.24 V, with a peak separation (∆E) near zero, typical of adsorbed 

species. The peak is also clear in the cyclic voltammogram in Figure 4.6A. This redox 

process is assigned to phthalocyanine ring reduction, because typical NiIII /Ni II redox process 

occurs at positive potentials. Similarly for all NiPc derivatives when adsorbed on SWCNT, 

and cycled in 0.1M NaOH, no NiIII /Ni II couple was observed. However NiIII /Ni II couple was 

observed only for β-NiPc(NH2)4-SWCNT(linked) (Figure 4.6C). The above suggests that, 

for β-NiPc(NH2)4-SWCNT(linked), the linking Ni central atom is still available to form O-

Ni-O bonds, but when adsorbed on SWCNT this is not possible. The NiIII /Ni II peak was 

observed at 0.30 V for β-NiPc(NH2)4-SWCNT(linked) compared to 0.45 V in the absence of 

SWCNT (Table 4.1). The surface coverage for the linked was 1.06 x 10-10, typical of a 

monolayer.  

 

The shift of NiIII /Ni II process to lower oxidation potential for the linked complex compared to 

β-NiPc(NH2)4 alone, further confirms the linking of β-NiPc(NH2)4 to SWCNT. The shift to 

lower oxidation potential suggests that linking β-NiPc(NH2)4 to SWCNT lowers the energy 

required to drive the NiIII /Ni II redox process. The ∆E of NiIII /Ni II redox process is 0.15 V for 

the linked poly-β-Ni(O)Pc(NH2)4–SWCNT and 0.25 V for β-NiPc(NH2)4. The small ∆E 

value for poly-β-Ni(O)Pc(NH2)4–SWCNT (linked) compared to poly-β-Ni(O)Pc(NH2)4 

suggests that the rate of electron transfer for NiIII /Ni II redox process is enhanced when β-

NiPc(NH2)4 is linked to SWCNT. The above results suggest that SWCNT have an effect on 

the redox properties of NiIII /Ni II process, by lowering the oxidation potential where NiIII /Ni II 

redox process occurs with respect to poly-β-Ni(O)Pc(NH2)4.  
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Figure 4.6: (A) Cyclic voltammogram of α-NiPc(C10H21)8-SWCNT, (B) Square wave 

voltammogram of α-NiPc(C10H21)8-SWCNT and (C) cyclic voltammogram of GCE-β-

Ni(O)Pc(NH2)4-SWCNT (linked) in 0.1 M NaOH solution, Scan rate 100 mVs-1 

 

4.1.3. Surfaces characterization of electrodes in [Fe(CN)6]
3-/4- 

The [Fe(CN)6]
3-/[Fe(CN)6]

4- couple is often employed to characterize the blocking ability of 

surfaces [272]. Figure 4.7A shows cyclic voltammograms of 1 mM [Fe(CN)6]
3-/[Fe(CN)6]

4- 

in 0.1 M KCl on GCE-β-NiPc(OH)4-SWCNT (15), bare GCE (1), GCE-α-NiPc(OH)8-

SWCNT (12) and GCE-SWCNT (2), as representatives of the rest of the electrodes listed in 

Table 4.2. All the modified electrodes showed the [Fe(CN)6]
3-/[Fe(CN)6]

4- redox probe, 

hence do not block the electrode effectively. Table 4.2 shows the anodic to cathodic peak 

separations (∆E) for the [Fe(CN)6]
3-/[Fe(CN)6]

4- redox probe on the various electrodes. 

Numbers are used in Table 4.2 for ease of discussion.  

 

The lack of blocking of [Fe(CN)6]
3-/[Fe(CN)6]

4- redox probe by MPc complexes has been 

reported previously for adsorbed cobalt tetraaminophthalocyanine films on glassy carbon 

electrode [273]. In terms of current, GCE-β-NiPc(NH2)4-SWCNT (5), GCE-β-NiPc(OH)4-

(C) 
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SWCNT (15) and GCE-α-NiPc(OH)4-SWCNT (9) (only (15) shown in Figure. 4.7A, for 

clarity of the figure) showed larger currents than bare GCE (1). GCE-β-NiPc(NH2)4-

SWCNT(linked) (6) (not shown in Figure. 4.7A), GCE-α-NiPc(OH)8-SWCNT (12) and 

GCE-SWCNT (2) showed lower currents than the bare GCE (1), the latter two showed highly 

distorted voltammograms, hence showing slow kinetics and some blocking of the [Fe(CN)6]
3-

/[Fe(CN)6]
4- couple. The ∆E value for the [Fe(CN)6]

3-/[Fe(CN)6]
4- couple are 0.09 V for bare 

GCE (1), 0.13 V for GCE-β-NiPc(OH)4-SWCNT (15), 0.14 V for GCE-α-NiPc(OH)4-

SWCNT (9) and GCE-β-NiPc(NH2)4-SWCNT (5), 0.19 V for GCE-β-NiPc(NH2)4-SWCNT 

(linked) (6), 0.27 V for GCE-α-NiPc(OH)8-SWCNT (12) and 0.50 V for GCE-SWCNT (2), 

Table 4.2.Thus the largest ∆E value is for GCE-SWCNT (2). The ∆E values suggest that 

adsorbing NiPc complexes on SWCNT improves the rate of electron transfer compared to 

SWCNT alone. GCE-β-NiPc(NH2)4-SWCNT (5), GCE-β-NiPc(OH)4-SWCNT (15) and 

GCE-α-NiPc(OH)4-SWCNT (9) have similar ∆E values (∆E = 0.13 or 0.14), suggesting 

similar rate of electron transfer which is faster compared to the rest of the electrodes.  

 

The ∆E values on β-NiPc(OH)4-SWCNT (15) and α-NiPc(OH)4-SWCNT (9) are similar at 

0.13 and 0.14, respectively, showing that the point of substitution has no effect on electrode 

kinetics. Comparing GCE-α-NiPc(OH)4-SWCNT (9) with GCE-α-NiPc(OH)8-SWCNT (12), 

with ∆E = 0.14 and 0.27, respectively, shows that the latter has about double the ∆E value of 

the former, suggesting that the number OH functional groups has an effect on the rate of 

electron transfer, when adsorbed on SWCNT. It is known that the rate of electron transfer 

depends on the orientation of aromatic complexes on SWCNT [274]. Thus the above results 

suggest that β-NiPc(OH)4 and α-NiPc(OH)4 have similar orientation on SWCNT which is 

different from the orientation of α-NiPc(OH)8 containing a larger number of substituents. 

When GCE-β-NiPc(OH)4-SWCNT (15) is compared to GCE-β-NiPc(NH2)4-SWCNT (5), the 

∆E values obtained for both electrodes are very close to each other, 0.13 and 0.14 V 

respectively. This suggests that the rate of electron transfer, for NiPcs adsorbed on SWCNT, 

is not affected by the electron donating ability of the NH2 group. β-NiPc(NH2)4 was then 

covalently linked to SWCNT via amide bond and its electrochemical behavior compared to 

that of β-NiPc(NH2)4 adsorbed on SWCNT. The ∆E value of β-NiPc(NH2)4–SWCNT 

(linked) (6) is higher (∆E = 0.19 V) compared to β-NiPc(NH2)4–SWCNT (5), ∆E = 0.14 V), 

suggesting that linking SWCNT to β-NiPc(NH2)4 via covalent bond reduces the rate of 

electron transfer. 
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Figure 4.7: Cyclic voltammograms of 1mM [Fe(CN)6]

3-/[Fe(CN)6]
4- in 0.1 M KCl on (A) 

GCE-β-NiPc(OH)4-SWCNT (15), bare GCE (1), GCE-α-NiPc(OH)8-SWCNT (12) and 

GCE-SWCNT (2); (B) GCE-α-NiPc(OH)8 (10), GCE-α-NiPc(OH)4 (7) and GCE-β-

NiPc(OH)4 (13) Scan rate = 100 mVs-1. See Table 4.2 for numbering. 

 

Figure 4.7B shows cyclic voltammograms (in the absence of SWCNT) for GCE-α-

NiPc(OH)8 (10), GCE-α-NiPc(OH)4 (7) and GCE-β-NiPc(OH)4 (13), in 1 mM [Fe(CN)6]
3-

/[Fe(CN)6]
4- in 0.1 M KCl, with ∆E values of 0.18, 0.25 and 0.24 V, respectively (Table 4.2).  
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Table 4.2: Electrochemical parameters for electrode characterization (using [Fe(CN)6]
3-

/[Fe(CN)6]
4- in 0.1 M KCl. Potentials versus Ag|AgCl on GCE, Scan rate = 100 mVs-1 

 
Electrodes 
 

 
 ∆E / V 

 
(1) bare GCE 

 
0.09 

 
(2) GCE-SWCNT 

 
0.50 

 
(3) GCE-β-NiPc(NH2)4 

 
0.25 

 
(4) GCE-poly-β-Ni(O)Pc(NH2)4 

 
0.12 

 
(5) GCE-β-NiPc(NH2)4-SWCNT  

 
0.14 

 
(6) GCE-β-NiPc(NH2)4-SWCNT (linked) 

 
0.19 

 
(7) GCE-α-NiPc(OH)4 

 
0.25 

 
(8) GCE-poly-α-Ni(O)Pc(OH)4 

 
0.14 

 
(9) GCE-α-NiPc(OH)4-SWCNT  

 
0.14 

 
(10) GCE-α-NiPc(OH)8 

 
0.18 

 
(11) GCE-poly-α-Ni(O)Pc(OH)8 

 
0.15 

 
(12) GCE-α-NiPc(OH)8-SWCNT  

 
0.27 

 
(13) GCE-β-NiPc(OH)4 

 
0.24 

 
(14) GCE-poly-β-Ni(O)Pc(OH)4 

 
0.12 

 
(15) GCE-β-NiPc(OH)4-SWCNT  

 
0.13 

 
(16) GCE-α-NiPc(C10H21)8 

 

0.76 

 
(17) GCE-poly- α-Ni(O)Pc(C10H21)8 

 
0.81 

 
(18) GCE–α-NiPc(C10H21)8-SWCNT 

 
0.12 

 
(19) GCE-NiPc 

 

0.16 

 
(20) GCE-poly-Ni(O)Pc  

 

0.51 

 
(21) GCE-NiPc –SWCNT  

 
0.20 
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Again, the ∆E values suggest that the number OH functional groups have an effect on the rate 

of electron transfer in the absence of SWCNT and again the point of substitution has no effect 

on the ∆E values as was the case in the presence of SWCNT. As already stated, in the 

absence of SWCNT, α-NiPc(OH)8 (10) with ∆E = 0.18, shows fast kinetics compared to α-

NiPc(OH)4 (7) with ∆E = 0.25. The opposite was true in the presence of SWCNT as 

discussed above. 

 

Long Chain vs unsubstiuted NiPc 
 
The ∆E value for the [Fe(CN)6]

3-/[Fe(CN)6]
4- couple are 0.09 V (see Table 4.2) for the bare 

GCE (∆E = 0.09 V for the ferrocene standard), 0.12 V for GCE-α-NiPc(C10H21)8-SWCNT 

(18) and 0.20 V for GCE-NiPc-SWCNT (21). The values suggest that the rate of electron 

transfer for GCE-α-NiPc(C10H21)8-SWCNT is slightly improved compared to GCE-NiPc-

SWCNT. When α-NiPc(C10H21)8  and NiPc are not adsorbed on SWCNT, ∆E value of 0.76 V 

for GCE-α-NiPc(C10H21)8 (16), 0.16 V for GCE-NiPc (19) were obtained, Table 4.2. The ∆E 

value for GCE-α-NiPc(C10H21)8 (∆E = 0.76 V) suggest that the [Fe(CN)6]
3-/[Fe(CN)6]

4- redox 

process is not reversible and shows slower rate of electron transfer compared to the fast rate 

of electron transfer for GCE-NiPc (∆E = 0.16 V). The ∆E values for GCE-NiPc (0.16 V) and 

GCE-NiPc-SWCNT (0.20 V) are very close to each other, showing that for NiPc, the effect 

of SWCNT is minimal unlike for α-NiPc(C10H21)8 where there is a huge improvement on 

electron transfer kinetics in the presence of SWCNT with ∆E = 0.81 V in the absence and 

0.12 V in the presence of SWCNT. When α-NiPc(C10H21)8 or NiPc are transformed into poly-

α-Ni(O)Pc(C10H21)8  (∆E = 0.81 V) or poly-Ni(O)Pc (∆E = 0.51 V), the electron transfer 

becomes much worse for the latter, with only a small change for the former compared to the 

values in the absence of O-Ni-O at 0.16 V (NiPc) and 0.76 V for α-NiPc(C10H21)8. The rate of 

electron transfer will depend on the orientation of the NiPc derivatives on SWCNT, as has 

been reported for the interaction of other aromatic complexes with SWCNT [274]. 
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4.2. QDs and their conjugates with β-NiPc(NH2)4 

4.2.1. Pre-adsorbed CdTe-QDs on Au electrode 

4.2.1.1. CV 

 

CdTe-QDs easily adsorb on Au electrode surface compared to OPGE and GCE, hence this 

electrode was used to study the redox properties of QDs. Modification of electrodes to form 

adsorbed CdTe-QDs or CdTe-QDs-β-NiPc(NH2)4 was performed by dipping a bare Au 

electrode into the CdTe-QDs colloidal solution for 1 h, followed by rinsing with pH 9.2 

buffer solution, and allowing the electrode to dry under nitrogen atmosphere. The modified 

electrode was then rinsed with buffer solution to remove excess CdTe-QDs or CdTe-QDs-β-

NiPc(NH2)4 on the electrode, as explained in the experimental section.These electrodes are 

refered to as pre-adsorbed. 

 

In order to understand the effect of the β-NiPc(NH2)4 on the electrochemical properties of 

CdTe-QDs, anodic and cathodic scans from the open circuit potential were recorded on gold 

electrode for pre-adsorbed CdTe-QDs (Figure 4.8A) and CdTe-QDs-β-NiPc(NH2)4 (Figure. 

4.8B). Figure 4.8A (c) and Figure 4.8B (c) shows a cyclic voltammogram of the bare Au 

electrode in buffer solution (pH = 9.2), scanned from the open circuit potential (Eoc) in the 

positive direction. All the cyclic voltammogram experiments are first scan experiments. The 

gold oxidation and stripping peaks are observed at 0.56 V and 0.1 V vs Ag|AgCl on bare gold 

electrode at pH 9.2, Figure 4.8A (c) and Figure 4.8B (c), as reported before at the same pH 

[225]. Figure 4.8A(a) and (b) shows a cyclic voltammogram scanned from the open circuit 

potential (Eoc) in the positive direction (blue scan) from -0.19 to + 1.05, and from + 1.05 to -

1.2 V back to -0.19 V and in the negative direction (black scan) from - 0.19 to -1.20 V, and 

from -1.20 to + 1.05 V back to -0.19 V. Fresh CdTe-QDs were pre-adsorbed for both positive 

and negative scans. The cyclic voltammogram of CdTe-QDs capped with TGA has been 

reported in literature and three anodic peaks have been observed for CdTe-QDs [225, 266, 

275, 276]. The two anodic peaks observed between 0 and 1.0 V are known to be due to 

oxidation of QDs (in pH 9.2 buffer solution). When the potential is swept in positive 

direction (Figure 4.8A(a)), the anodic scan shows one distinct peak at 0.51 V (A1) and one 

weak peak -0.50 V (A3). The peak at 0.51 V (A1) will have a contribution of both the Au and 

CdTe-QDs oxidation peaks hence the enhancement in currents compared to bare Au 
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electrode. The reverse scan shows two peaks at 0.04 V (C1) and -0.86 V (C3). Peak (C1) is 

shifted to more negative potentials compared the peak observed for gold electrode in blank 

buffer solution. Peak C3 is associated with the electrochemical reduction of CdTe-QDs 

oxidation products which are metallic in nature.  

 

 

Figure 4.8: (A) ((a) and (b)) cyclic voltammograms of Au electrode with pre-adsorbed  

CdTe-QDs and (c) bare Au electrode in blank buffer pH 9.2; (B) ((a) and (b)) cyclic 

voltammograms of Au electrode with pre-adsorbed CdTe-QDs-β-NiPc(NH2)4 and (c) 

bare Au electrode in blank buffer pH 9.2. The potential sweep rate was 50 mVs-1. Eoc: 

open circuit potential. 
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The metallic oxidation products which are obtained on oxidation of CdTe-QDs are shown by 

Equation 4.3 [225] 

 

   CdTe + 6 OH- → Cd2+ + TeO3
2- + 3H2O + 6e-          4.3 

 

As Equation 4.3 shows the oxidation of QDs generates Te4+ and Cd2+. Two DPV peaks have 

been reported for the reduction of Te4+ in pH 9.4 buffer [277]. The first is attributed to the 

reduction Te 4+ to Te0, the second to Te0 to Te2-. The two peaks have been reported to be 

located at ~ -0.6 and – 0.9 V in basic media [277] vs Ag|AgCl. There is only a weak peak 

near -0.6 V in Figure. 4.8A(a) (C2), but a stronger peak at ~ -0.86 V (C3). Thus both C2 and 

C3 are associated with reduction of metallic oxidation products of QDs. 

 

The electrochemistry of CdTe-QDs is highly influenced by the nature of the stabilisers, pH of 

solution and QD size [225, 236]. The relative intensities of the peaks are highly influenced by 

pH, with only two peaks A1 and A2 normally dominating the voltammograms in basic media 

[236]. In this work the dominating peak is A1 which is associated with the oxidation of intact 

QDs [225]. Peak A2 has been associated with the oxidation of surface defects of intact QDs 

[225], hence changes in its position and height may be an indicator of changes on the surface 

of the QDs. A2 is not pronounced when scanning in the positive direction from open circuit, 

Figure 4.8A (a).  

 

When the potential is swept in the negative direction from the Eoc (Figure 4.8A (b)), the 

cathodic scan does not show the C3 peak, associated with reduction of the oxidation products 

of CdTe-QDs which are Te4+ and Cd2+ according to Equation 4.3. As stated above, C3 was 

observed in the positive direction following oxidation of QDs, confirming that this peak is 

due to the reduction of oxidation products of QDs. The absence of C3 in the negative 

direction confirms the absence of oxidation products. On negative scan, weak peaks labelled 

C2 and C4 are observed which could be related to the reduction of free metallic ions which are 

not associated with the oxidation of QDs. Also on negative scan from open circuit potential, 

peak A2 is clearly observed. The increase in current, on negative scan, for peak A2 and a 

significant decrease in current for peak A1 with a shift towards lower potential as observed in 

Figure 4.8A (b), is a typical behavior observed for CdTe-QDs in buffer pH 9.2 solution 

[225].  
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4.2.1.2. DPV  

The more sensitive DPV was further employed to characterize adsorbed QDs in solution and 

adsorbed on Au electrode. As stated above three voltammogram oxidation peaks are observed 

for CdTe-QDs, labelled A1, A2, A3 in Figure 4.9A. The relative intensities of the peaks are 

highly influenced by pH, with only two peaks A1 and A2 dominating the voltammograms in 

basic media as stated above [236, 239].  

 

A1 in Figures 4.9A and B may be associated to the oxidation of the CdTe core as has been 

suggested in the literature [239] and stated above. This leaves A2 to be discussed which as 

stated above is associated with the oxidation of surface QDs defects. In this work A2 

increases in intensity with cycling and it becomes sharper probably due to conditioning of 

adsorbed species. Sharp peaks are associated with adsorption [278]. In general as A2 

increases, A1 decreases in Figure 4.9A, suggesting the interrelation of the two. Since we 

associate A1 with CdTe core, it is logical to also associate A2 with CdTe. Thus we associate 

A2 with the oxidation of core CdTe-QDs surface defects, and the adsorption of the oxidation 

products. It is possible that as oxidation continues, A1 decreases as free QDs depletes and A2 

increases as more surface defects are created due to QDs oxidation. Figure 4.9B is a 

continuation of Figure 4.9A. As discussed above we can assign A3 and A4 in Figure 4.9A 

(after the first scan) to the two telluride reduction processes. The final product of the 

reduction of Te4+ is thus anionic Te2-. 

 

During the second scan the shoulder which appears next to A2 in Figure 4.9A is probably due 

to the oxidation of free TGA molecules on the adsorbed QDs which form a film, this 

oxidation was reported [239] to occur at a lower potential than for free TGA on Au, Figure 

4.9D (ii). TGA oxidation products (most likely disulfides) can diffuse into the bulk solution. 

Thus, on cycling, the shoulder due to TGA oxidation disappears. 
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Figure 4.9: DPV scans of (A) CdTe-QDs 1st scan to 6th scan, (B) 6th scan to 14th scan. (C) 

the last scan in (B) following rinsing in pH 9.2 buffer and recording of 8 DPV scans in 

pH 9.2 buffer (i) 1st scan, (ii) 8th scan and (iii) bare Au electrode. (D) DPV scans of bare 

gold electrode in a blank solution (i) and solution containing TGA capping agent (ii). 

Electrolyte: pH 9.2 buffer solution containing Na2SO4. 
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Peaks in the potential range of A5 and A6, Figure 4.9B have been reported before [279] for 

the reduction of Te4+ on glassy carbon electrode and their presence was dependent on the 

media and the formation on new tellerium complexes which are further reduced at negative 

potentials. Thus A5 and A6 are associated with the reduction of Te products. It is also known 

[277] that at potentials more negative than -0.9 V, Te2- may interact with Cd2+ near the 

electrode surface to form CdTe. Reduction of Cd2+ in solution occurs at ~ -0.9 V [279] at pH 

9.2 and on GCE. Cd2+ peak was observed at -0.86 V on Au electrode at pH 9.2 (figure not 

shown).  Thus the reduction of Cd2+ will overlap with that of Te0 to Te2- since they occur at 

about the same potential.  

 

Following the last scan in Figure 4.9B, the electrode was rinsed in pH 9.2 solution and DPV 

scans (8) were recorded in the blank (pH 9.2 buffer), Figure 4.9C. There is appearance of the 

shoulder to A2 due to free TGA, which soon disappears on cycling. It is important to note that 

A1 decreases significantly with cycling as A2 increases. Since the DPV scan were recorded in 

the absence of QDs in the solution, the observed voltammograms are associated with the 

oxidation of electrodeposited CdTe-QDs. Peak A1 decays to currents below those of bare Au 

( Figure 4.9C (iii) ) suggesting the blocking of the Au oxidation peak by adsorbed QDs on 

Au, which is a known phenomena [239]. A closer look at Figure 4.9C shows that A1 occurs 

at lower potentials (0.35 V) compared to Figure 4.9B at 0.44 V. This is due to the fact that 

QDs are electrodeposited in the former (hence oxidation occurs at a lower potential) than 

when QDs are adsorbed before oxidation (Figure 4.9B). A1 shifts from 0.35 to 0.32 V (in 

Figure 4.9C) occurs with cycling suggesting change of surface. Similarly A2 appears at -

0.014 V in Figure 4.9C compared to 0.04 V in Figure 4.9B. The modified electrode shown 

in Figure 4.9C after the final scan (containing electrodeposited QDs) will be used for the 

electrocatalytic oxidation of dichlorophenol (DCP) and pentachlorophenol (PCP) and is 

represented as electrodep-CdTe-QDs as opposed to electrodes which contain adsorbed CdTe-

QDs (represented ads-CdTe-QDs), without cycling. 
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4.2.2. Pre-adsorbed CdTe-QDs-β-NiPc(NH2)4 conjugate 

4.2.2.1. CV 

Figure 4.8B ((a) and (b)) shows a cyclic voltammograms of CdTe-QDs-β-NiPc(NH2)4 

(linked). The cyclic voltammograms in Figure 4.8B are all first scans. Figure 4.8B (a) shows 

similar CVs as discussed for CdTe-QDs, Figure 4.8A (a). No peaks due to β-NiPc(NH2)4 are 

observed in Figure 4.8B ((a) and (b)). NiPc complexes show a very distinct peaks near +0.2 

V vs Ag|AgCl due to the formation of O-Ni-O bridges in basic media [125, 265], See also 

Figure 4.4. However these peaks are only formed on continuous cycling for β-NiPc(NH2)4 

[250], hence do not contribute to the changes in voltammograms in Figure 4.8B ((a) and (b)). 

The first scan for β-NiPc(NH2)4 shows featureless voltammogram scans [250]. Figure 4.8B 

(a) shows the absence of C3 on return for CdTe-QDs-β-NiPc(NH2)4, suggesting that β-

NiPc(NH2)4 stabilizes the QDs against oxidation, since C3 is associated with the reduction of 

metallic oxidation products of QDs. The negative scan is similar to that of QDs alone, except 

C2 is no longer evident.   

 

In Figure 4.10A the positive scans for CdTe-QDs and CdTe-QDs-β-NiPc(NH2)4 are overlaid. 

C1 occurs at a less negative potential for CdTe-QDs-β-NiPc(NH2)4 compared to CdTe QDs, 

resulting in a reduced peak separation (A1 and C1) for the former, suggesting improved 

kinetics in the presence of β-NiPc(NH2)4. While there is very little change in potential for A1, 

the absence of C3 for CdTe-QDs-β-NiPc(NH2)4 is very clear in Figure 4.10A, confirming the 

stabilization of QDs by β-NiPc(NH2)4 against oxidation to metallic products, similar 

behavour as for overlaid nenegative scans in Figure 4.10B.  
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Figure 4.10: (A) Cyclic Voltammograms of Au electrode with pre-adsorbed (a) CdTe-

QDs and (b) CdTe-QDs-β-NiPc(NH2)4 in blank buffer pH 9.2 The positive potential 

sweep direction was from -0.19 V to 1.05 V, then from 1.05 V to -1.20 V and back to - 

0.19 V. (B) Cyclic Voltammograms of Au electrode with pre-adsorbed (a) CdTe-QDs 

and (b) CdTe-QDs-β-NiPc(NH2)4 in blank buffer pH 9.2. The potential sweep rate was 

50 mVs-1. 
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4.2.2.2. DPV studies  

Figure 4.11 shows DPV scans of CdTe-QDs-β-NiPc(NH2)4 in pH 9.2 buffer. Only A1 and A2 

are present with significant intensities, Figure 4.11A. Both of these are associated with intact 

CdTe-QDs, the former the oxidation of QDs core, the latter the oxidation of surface defects. 

There is no sign of the peaks due to the reduction of Te4+ and Cd2+ observed between -0.6 V 

and -1.0 V in Figure 4.9A. This shows that β-NiPc(NH2)4 stabilizes the QDs against 

disintegration into metallic products on oxidation. Only a weak peak appears with cycling 

near -0.6 V, Figure 4.11A. 

 

On continuous cycling in CdTe-QDs-β-NiPc(NH2)4, an increase in anodic peak A2 and a 

simultaneous decrease in anodic peak A1 are observed, similar to CdTe-QDs. As also 

discussed above, there is an interrelation between the two peaks. Thus, again A2 is associated 

with the oxidation of QDs surface defects on CdTe-QDs-β-NiPc(NH2)4, and A1 to the CdTe 

core. β-NiPc(NH2)4 shows NiIII /Ni II redox process when cycled in basic media. This process 

is usually observed between 0 V and 0.5 V, hence will overlap with the redox processes of 

the CdTe-QDs in this potential range. Comparing of DPVs of CdTe-QDs with CdTe-QDs-β-

NiPc(NH2)4, Figure 4.12 clearly shows the lack of metallic oxidation products in the latter. 
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Figure 4.11: (A) DPV scans of CdTe-QDs-β-NiPc(NH2)4 in pH 9.2 buffer solution with  

0.1 M Na2SO4 as an electrolyte, (i) 1st scan and (ii) 4th scan. (B) CdTe-QDs-β-NiPc(NH2)4 

adsorbed on the Au electrode and cycled in pH 9.2 buffer, (i) 1st scan, (ii) last scan and 

(iii) bare Au in pH 9.2 buffer. 
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Figure 4.12: DPV scans of (A) CdTe-QDs and (B) CdTe-QDs-β-NiPc(NH2)4 in pH 9.2 

buffer solution containing Na2SO4. 

 

Following the last scan in Figure 4.11A, the electrode was rinsed in buffer solution of pH 9.2 

and DPV scans (4) were recorded in the blank (pH 9.2 buffer), Figure 4.11B. Unlike in the 

case of CdTe-QDs, A1 increases and A2 decreases slightly with scanning, showing 
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stabilization of CdTe-QDs. There is also a slight increase in current on the metallic reduction 

parts but not nearly as intense as for CdTe-QDs alone. It is clear from Figure 4.11B that the 

CdTe-QDs-β-NiPc(NH2)4 oxidation products are electrodeposited onto the electrode, hence 

the oxidation peaks are present. Again, the modified electrode shown in Figure 4.11B after 

the final scan (modified by electrodepostion) will be used for the electrocatalytic oxidation of 

DCP and PCP and is represented as electrodep-CdTe-QDs-β-NiPc(NH2)4 as opposed to 

electrodes which contain adsorbed without DPV scans CdTe-QDs-β-NiPc(NH2)4 (represented 

as ads-CdTe-QDs-β-NiPc(NH2)4). 

 

4.2.3. Electrochemical impedance spectroscopy  

In this work electrochemical impedance spectroscopy (EIS) was used to monitor the effects 

of adsorbed CdTe-QDs and CdTe-QDs-β-NiPc(NH2)4 on the rate of electron transfer process. 

EIS experiments were carried out under potentiostatic polarization. The quality of the 

impedance data were validated by applying the Voigt model to the data, which is equivalent 

to the Kramers-Kronig transforms [280]. The suitable equivalent circuit for the observed 

electrode behaviour under study is shown in Figure 4.13c, where Rs is the resistance of the 

electrolyte solution between the reference and the working electrodes, RCT is the charge 

transfer resistance, ZW is the mass-transfer or Warburg impedance and CPE is the constant 

phase element [109]. The values of these quantities are shown in Table 4.3. Figure 4.13a 

shows the Nyquist plots of bare (A), adsorbed CdTe-QDs (B), and adsorbed CdTe-QDs-β-

NiPc(NH2)4 conjugate (C) obtained in 1 mM [Fe(CN)6]
3-/[Fe(CN)6]

4- in 0.1M KCl. 

[Fe(CN)6]
3-/[Fe(CN)6]

4- redox system was chosen because of its fast reaction kinetics. The 

experiments were done at an applied potential of 0.12 V versus Ag|AgCl. The diameter of the 

semicircle Figure 4.13a give charge transfer resistance (Rct). Adsorbed CdTe-QDs has the 

larger semicircle, Table 4.3 and Figure 4.13a, hence a large Rct than CdTe-QDs-β-

NiPc(NH2)4 and therefore  the former shows the slowest rate of charge transfer. The apparent 

electron-transfer rate constant kapp was obtained from Rct using the conventional Equation 

4.4, [281]: 

 

                             
CRFn

RT
k

ct
app 22

=                      4.4          

where C is a concentration of the [Fe(CN)6]
3-/4-, n is the number of electrons, R, T and F have 

their usual meanings. The order in terms of kapp is as follows (Table 4.3): bare Au electrode 
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(2.1 x 10-3 cm/s) > adsorbed CdTe-QDs-β-NiPc(NH2)4 (7.1 x 10-5 cm/s) > adsorbed CdTe-

QDs (3.5 x 10-6 cm/s). Thus adsorbed CdTe-QDs-β-NiPc(NH2)4 gave a higher kapp than 

CdTe-QDs due to the smaller RCT. 

 

 Figure 4.13b (Bode plot of phase angle versus log f ) shows that the bare Au electrode, has a 

maximum phase angle at a higher frequency compared to CdTe-QDs. The shift for CdTe-

QDs-β-NiPc(NH2)4 is minimal. However the shifts confirm that [Fe(CN)6]
3-/[Fe(CN)6]

4- 

redox process takes place on the modified electrode surfaces rather than directly on the bare 

gold. The phase angle remains less than 90° for all the electrodes [282]. A phase angle 

greater or equal to 90° means that the modified surface behaves like an ideal capacitor. 

Whereas, a phase angle less than 90°, the modified surface is viewed as a contaminated 

capacitor meaning the modified surface is permeable to solution ions [282]. 
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Figure 4.13: (a) Nyquist plots, (b) Bode plots of (A) bare Au, (B) Au/CdTe-QDs 

(adsorbed) and (c) Au/CdTe-QDs-βNiPc(NH2)4 (adsorbed) (c) Equivalent circuit used in 

this work and. Electrolyte = 0.1M [Fe(CN6)]
4-/[Fe(CN)6]

3- in 1M KCl solution with 

equilibrium potential of 0.045 V. Applied potential = 0.12 V versus Ag|AgCl. (C) 

(Randle cell: Equivalent circuit with mixed kinetic and charge transfer). 
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Table 4.3: Impedance data of adsorbed CdTe-QDs and CdTe-QDs-β-NiPc(NH2)4 in pH 

9.2 buffer. Fe(CN)6]
4-/[Fe(CN)6]

3- in 1M KCl solution with equilibrium potential of 0.045 

V.  

 
 
 
 

 

 

 

 

 

 
Electrode 
 

 
kapp/cm s-1 

 
θ 

 
Rct (KΩ)cm-2 

 
Au-CdTeQDs 
 

 
3.5 x10-6 

 
73 

 
75.3 

 
Au-β-NiPc(NH2)4-
CdTeQDs  

 
7.1x 10-5 

 
       39 

 
3.74 

 
Au-bare 

 

 
2.1 x 10-3 

         

 
44 

 
0.13 
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5.1. 4-Chlorophenol (4-CP) 

5.1.1. NiPc derivatives in the absence of nanomaterials 

OPGE was employed for all NiPc(OH)n complexes and GCE used for the rest of the 

complexes, see section 4.1 for reasons.  

5.1.1.1. β-NiPc(OH)4 

Figure 5.1 shows the CVs of 1mM 4-CP (a) in 0.1 M NaOH at (i) unmodified OPGE 

electrode; (ii) OPGE-β-NiPc(OH)4 before cycling in NaOH but NiIII /Ni II peaks already 

present, and (iii) OPGE-poly-β-Ni(O)Pc(OH)4. Electrocatalysis is characterized by a shift of 

potential to lower values and/or increase in current with respect to an unmodified electrode. 

Figure 5.1 show that OPGE-β-NiPc(OH)4 shifts the 4-chlorophenol peak to much lower 

potential when compared to bare OPGE or OPGE-poly-β-Ni(O)Pc(OH)4. The peak observed 

on the bare OPGE is less defined than the peaks on OPGE-β-NiPc(OH)4 or OPGE-poly-β 

Ni(O)Pc(OH)4, Figure 5.1. The peak potentials observed in Figure 5.1 for 4-chorophenol at 

0.26 V on OPGE-β-NiPc(OH)4 and 0.41 on GCE-β-NiPc(OH)4  are lower than reported for 

this analyte on GCE in literature [125, 241] at 0.62 V, using the same reference electrode 

(Ag|AgCl), showing that this NiPc complex has potential in terms of analysis of phenols. The 

onset of the 4-chlorophenol peak occurs at a lower potential compared to the NiIII /Ni II peak, 

Figure 5.2, showing catalytic response of OPGE-poly-β-Ni(O)Pc(OH)4. The ratio of anodic 

to cathodic peak currents was ~ 28 for oxidation of 4-CP on OPGE-poly-β-Ni(O)Pc(OH)4 and 

2 for the latter alone, hence showing the catalytic nature of the complex. The fact that there is 

a return peak (cathodic) for detection of 4-chlorophenol on OPGE-poly-β-Ni(O)Pc(OH)4 

shows that 4-chlorophenol is incapable of reducing the entire NiIII  species [283]. 
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Figure 5.1: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on (i) bare 

OPGE, (ii) OPGE-β-NiPc(OH)4 before cycling but NiIII /II  peaks already present and (iii) 

OPGE-poly-β-Ni(O)Pc(OH)4. 

 
 
Figure 5.2: Comparison of cyclic voltammogram of OPGE-poly-β-Ni(O)Pc(OH)4 in the 

absence (i) and presence (ii) of 4-chlorophenol in 0.1 M NaOH.   

 

Background corrected currents (66 µA) for 4-chlorophenol oxidation on the OPGE-poly-β-

Ni(O)Pc(OH)4 were higher than those of adsorbed β-NiPc(OH)4 (13 µA), showing better 

catalytic behaviour of the former in terms of current. Thus in terms of potential, adsorbed 

OPGE-NiPc(OH)4 is superior to OPGE-poly-β-Ni(O)Pc(OH)4, but in terms of current 

enhancement, the latter is better.  
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5.1.1.2. α-NiPc(OH)4  

Figure 5.3A shows the cyclic voltammograms of 4-chlorophenol on bare (i), OPGE-α-

NiPc(OH)4 (ii) and OPGE-poly-α-Ni(O)Pc(OH)4 (iii). There is no peak observed for the 

oxidation 4-chlorophenol on OPGE-α-NiPc(OH)4 even though there is one on bare OPGE. 

However an oxidation peak for 4-chlorophenol is clearly observed on GCE-α-NiPc(OH)4 and 

it occurs at 0.36 V, (figure not shown) suggesting different interaction between 4-

chlorophenol and the two electrode systems (Table 5.1). The peaks observed near -0.2 for 

OPGE-α-NiPc(OH)4 and near -0.3 for OPGE-poly-α-Ni(O)Pc(OH)4 are due to ring reduction 

(NiPc2-/NiPc3-) process, as discussed above. This process is not involved in the catalysis of 4-

chlorophenol since it is at a much more negative potential than expected for the catalytic 

oxidation of this species. It has been reported that for the oxidation of 2-chlorophenol on 

poly-NiTSPc (tetrasulfonated phthalocyanine) two anodic peaks are observed [284]. The first 

anodic peak (for oxidation of 2-chlorophenol) appears at the same potential as on the bare 

electrode, it is followed by a second peak (with higher currents) located at about 30 mV more 

positive than the potential of NiIII /Ni II couple in the absence of 2-chlorophenol. The two 

peaks are observed in Figure 5.3A for the oxidation of 4-chlorophenol on (iii) OPGE-poly-α-

Ni(O)Pc(OH)4 at 0.42 and 0.45 V, Table 5.1. The first peak observed in Figure 5.3A (iii)  is 

due to oxidation of 4-chlorophenol on the part of the bare electrode not covered with the NiPc 

and the second peak is due its oxidation on OPGE-poly-α-Ni(O)Pc(OH)8. 

 
Oxidation of 4-chlorophenol on OPGE-poly-α-Ni(O)Pc(OH)4 occurs with currents which are 

lower than those on bare OPGE, suggesting no catalytic activity. However, there is an 

enhancement in the anodic currents of the NiIII /Ni II couple in the presence of 4-chlorophenol 

(Figure 5.3A (iv)), compared with the cyclic voltammogram of OPGE-poly-α-Ni(O)Pc(OH)4 

in the absence of 4-chlorophenol, suggesting the involvement of the former species in the 

oxidation process of the latter. However, since the currents for oxidation of 4-chlorophenol 

on bare OPGE are higher than on OPGE-poly-α-Ni(O)Pc(OH)4, catalytic activity cannot be 

proved convincingly. 
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Figure 5.3: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on OPGE 

modified with (A) α-NiPc(OH)4 and (B) α-NiPc(OH)8. (i) bare OPGE, (ii) adsorbed 

complexes and (iii) polymerized complexes containing O-Ni-O bridges. (iv) in (A) is for 

OPGE-poly-α-Ni(O)Pc(OH)4 in the absence of 4-chlorophenol (in 0.1 M NaOH). Scan 

rate = 100 mVs-1. 
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Table 5.1: Electrochemical parameters for the detection 0.7 mM 4-chlorophenols in 0.1 

M NaOH. Potentials versus Ag|AgCl on GCE and on OPGE. 

 

Electrode 

 

 

4-CP/V 

 

4-CP peak 

current (µµµµA) 

 

Regeneration 

% 

bare  0.40(0.40)a 18(95)a 67(61)a 

SWCNT 0.40 25 57 

β-NiPc(OH)4   (0.26)a  (60)a  (70)a 

poly-β-Ni(O)Pc(OH)4 (0.39)a (122)a (70)a 

α-NiPc(OH)4  No peak detected No peak detected - 

poly-α-Ni(O)Pc(OH)4 (0.42, 0.45)a (47, 67)a (70)a 

α-NiPc(OH)8   (0.41)a  (40)a  (70)a 

poly-α-Ni(O)Pc(OH)8 (0.37)a (90)a (70)a 

poly-α-Ni(O)Pc(C10H21)8 0.39 17 32b 

α-NiPc(C10H21)8-SWCNT 0.41 28 30b 

poly-β-Ni(O)Pc(NH2)4 0.41 39 60 

β-NiPc(NH2)4-SWCNT(linked)  0.40 

(0.41)c 

20 

(35.4)c 

70 

(35)c 

β-NiPc(NH2)4-SWCNT 0.36 

(0.41)c 

24 

(35)c 

68 

(35)c 

β-NiPc(OH)4-SWCNT 0.38 

(0.43)c 

20 

(18)c 

86 

(81)c 

α-NiPc(OH)4-SWCNT 

 

0.36 

(0.36)c 

23 

(29)c 

76 

(69)c 
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GCE-α-NiPc(OH)8-SWCNT 0.37 

(36)c 

41 

(29)c 

96 

(70)c 

 GCE-poly-Ni(O)Pc 0.36 20 84 

GCE-NiPc-SWCNT 0.35 22.6 24b 

aOxidation potential or current (in brackets) of 4-CP on OPGE and b decrease in 

current after the first scan was used.c values in brackets are for complexes on GCE in 

the absence of SWCNT 
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5.1.1.3. α-NiPc(OH)8 

Figure 5.3B shows that the anodic currents on bare OPGE (i) are higher than for OPGE-α-

NiPc(OH)8 before cycling in NaOH, but with NiIII /Ni II peaks already present (ii) and OPGE-

poly-α-Ni(O)Pc(OH)8 (iii) modified electrodes for 0.7 mM 4-chlorophenol oxidation. For the 

OPGE-α-NiPc(OH)8 (ii), the currents for 4-chlorophenol are lower than for OPGE-poly-α-

Ni(O)Pc(OH)8 (iii). Figures 5.3B (iii) shows that the anodic currents for OPGE-poly-α-

Ni(O)Pc(OH)8 in the presence of 4-chlorophenol are higher than the cathodic currents 

confirming the involvement of the NiIII /Ni II couple in the oxidation of 4-chlorophenol. The 4-

chlorophenol oxidation peak is observed at 0.41 V for α-NiPc(OH)8 and at 0.37 V for poly-α-

NiPc(OH)8 on OPGE, Table 5.1. The 4-chlorophenol oxidation peak is observed at 0.36 V on 

GCE-α-NiPc(OH)8 with lower currents (29 µA) compared to OPGE-α-NiPc(OH)8 (41 µA). 

This oxidation potential is lower compared to OPGE-α-NiPc(OH)8. 

 

In summary, for the oxidation of 4-chlorophenol on OPGE-poly-α-Ni(O)Pc(OH)4 and OPGE- 

poly-α-Ni(O)Pc(OH)8, the observed currents are less than those of the bare OPGE, with no 

improvement in potential. However for OPGE-poly-β-Ni(O)Pc(OH)4 higher currents for 4-

chlorophenol oxidation are observed than on bare OPGE showing good electrocatalytic 

activity compared to OPGE-poly-α-Ni(O)Pc(OH)4 and OPGE-poly-α-Ni(O)Pc(OH)8.  

 

It can thus be concluded that non-peripheral substitution (α) does not favour electrocatalytic 

oxidation of 4-chlorophenols. The behaviour could be related to the ease of formation and 

nature of the O-Ni-O bridges, which form more readily for poly-β-Ni(O)Pc(OH)4 compared 

to either poly-α-Ni(O)Pc(OH)4 or poly-α-Ni(O)Pc(OH)8. The better catalysis observed for 

poly-β-Ni(O)Pc(OH)4  could also be due to the fact the NiIII /Ni II peaks are observed at a much 

lower potential (0.28 V) when compared to OPGE-poly-α-Ni(O)Pc(OH)4 and OPGE-poly-α-

Ni(O)Pc(OH)8 (0.40 and 0.39 V, respectively), Table 4.1. 

 

5.1.1.4. α-NiPc(C10H21)8, β-NiPc(NH2)4 and NiPc 

There was instant formation of NiIII /Ni II peaks, which did not improve on cycling for poly-α-

Ni(O)Pc(C10H21)8, hence adsorbed species are not discussed. NiIII /Ni II peaks did not form 

instantly for NiPc or β-NiPc(NH2)4, however for comparative purposes with poly-α-

Ni(O)Pc(C10H21)8, only poly-Ni(O)Pc and poly-β-Ni(O)Pc(NH2)4 will be discussed in this 

section. Even though the GCE-poly-α-Ni(O)Pc(C10H21)8 is not catalytic towards 4-
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chlorophenol, as judged by the low currents compared to bare GCE, the onset of the 4-

chlorophenol peak is at about the same potential as the NiIII /Ni II peak, Figure 5.4A. The peak 

for 4-chlorophenol is observed at 0.39 V, Table 5.1.  

-0.4 -0.2 0.0 0.2 0.4 0.6

E vs (Ag|AgCl)/V

5 µµµµA

(A)

(i)

(ii)

 

 
Figure 5.4: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on (A) (i) 

bare GCE and (ii) GCE-poly-α-Ni(O)Pc(C10H21)8 and (B) (i) bare GCE and (ii) GCE-

poly-Ni(O)Pc. 

 

The above observation suggests that the involvement of NiIII /Ni II process, and the fact that 

there is only a small return peak (cathodic) for detection of 4-chlorophenol on GCE-poly-α-

Ni(O)Pc(C10H21)8 shows that 4-chlorophenol is capable of reducing almost all of the NiIII  
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species. Table 5.1 shows the oxidation potential for 4-chlorophenol on GCE-NiPc(NH2)4 

occurs at 0.41 V (35 µA)which is at the same potential as GCE-poly-Ni(O)Pc(NH2)4 (38.5 

µA), thus showing no improvement for electrocatalytic oxidation of 4-chlorophenol in terms 

of potential.  

 

Figure 5.4B shows oxidation of 0.7 mM of 4-chlorophenol in 0.1 M NaOH solution on bare 

GCE (curve i) and GCE-poly-Ni(O)Pc (curve ii). The redox process corresponding to 

oxidation of 4-chlorophenol was observed at 0.36 V on GCE-poly-Ni(O)Pc, Table 5.1. GCE-

poly-Ni(O)Pc (19.8 µA) shows slightly larger currents compared to bare GCE suggesting that 

this  electrode shows minimal electrocatalysis but better than GCE-poly-α-Ni(O)Pc(C10H21)8 

(16.6 µA), Table 5.1. GCE-poly-α-Ni(O)Pc(C10H21)8 showed lower currents compared to 

bare GCE. Again the onset of the 4-chlorophenol peak, for GCE-poly-Ni(O)Pc is at about the 

same potential as the NiIII /Ni II peak suggesting the involvement of this process with only a 

small return peak (cathodic) suggesting that 4-chlorophenol is capable of reducing most of 

the NiIII  species. Oxidation peak of 4-CP on GCE-poly-β-Ni(O)Pc(NH2)4 was observed at 

0.41 V (Table 5.1), which is worse than GCE-poly-Ni(O)Pc (0.36 V). 

 

5.1.1.5. Mechanism  

The mechanism for the oxidation of 4-chlorophenol in basic media may be proposed as 

shown by Scheme 5.1, Equation 5.1, [284] on poly-β-Ni(O)Pc(OH)4 where clear catalytic 

activity was involved. 

 

(5.1)

(5.2)

Ni2+Pc Ni3+Pc e-

H2O Cl- 2H+ e- Ni2+PcNi3+Pc

 

Scheme 5.1. Proposed mechanism for the catalytic oxidation of 4-chlorophenols by poly-

ββββ-Ni(O)Pc(OH)4 or poly-α-Ni(O)Pc(OH)8 derivatives. 

 

 In highly basic media (such as 0.1 M NaOH), 4-chlorophenol is deprotonated. The first step 

is the electrochemical oxidation of NiII to NiIII  for poly-Ni(O)Pc (Equation 5.1), followed by 
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the reaction of NiIII  with deprotonated 4-chlorophenol in the presence of water molecules 

from electrolyte to form benzoquinone (Equation 5.2). Quinones are well known as products 

of electrocatalytic oxidation of chlorophenols [267]. For the nonpolymerized species, it is 

possible that ring based processes of the NiPc derivatives are involved since NiIII /Ni II are not 

known when NiPc derivatives are not polymerized. 

 

5.1.2. NiPc-SWCNT conjugates on GCE 

As already stated under basic conditions, NiPc derivatives readily transform into O-Ni-O 

when adsorbed, however the O-Ni-O bridges did not form for NiPc adsorbed on SWCNT. 

Only covalently linked β-NiPc(NH2)4 to SWCNT was able to transform into O-Ni-O bridge 

when cycled in 0.1 M NaOH solution (discussed below). In the absence of SWCNT, O-Ni-O 

bridges formed. 

 

5.1.2.1. NiPc(NH2)4 and NiPc(OH)n derivatives 

Figure. 5.5 shows oxidation of 0.7 mM of 4-chlorophenol in 0.1 mM NaOH aqueous solution 

on GCE-β-NiPc(NH2)4-SWCNT, GCE-β-NiPc(NH2)4-SWCNT(linked), GCE-α-NiPc(OH)4-

SWCNT and bare GCE, as representatives of all electrodes. Table 5.1 lists the peak 

potentials and currents for the oxidation of 4-chlorophenol on the various electrodes. The 

irreversible redox process, which corresponds to oxidation of 4-chlorophenol, is observed at 

potentials of 0.36 V for GCE-α-NiPc(OH)4-SWCNT and GCE-β-NiPc(NH2)4-SWCNT, 0.37 

V for GCE-α-NiPc(OH)8-SWCNT, 0.38 V for GCE-β-NiPc(OH)4-SWCNT, and 0.40 V for 

bare GCE, GCE-SWCNT and GCE-β-NiPc(NH2)4-SWCNT(linked), Table 5.1. Thus in 

terms of potential (and in the presence of SWCNT), all electrodes performed equally or better 

than the bare GCE. Comparing GCE-β-NiPc(OH)4-SWCNT and GCE-α-NiPc(OH)4-SWCNT 

shows no major difference in terms of potential for 4-chlorophenol oxidation, hence showing 

no effect of the point of substitution. Comparing GCE-α-NiPc(OH)4-SWCNT and GCE-α-

NiPc(OH)8-SWCNT in terms of potential also shows no effects of the number of substituents 

on 4-chlorophenol oxidation, the same applies to GCE-β-NiPc(NH2)4-SWCNT and GCE-β-

NiPc(OH)4-SWCNT, where the effects of the different substituents is not clear. In terms of 

current, GCE-α-NiPc(OH)8-SWCNT (41 µA) performed better compared to all other 

electrodes containing SWCNT in Table 5.1. Even though for α-NiPc(OH)4 and α-NiPc(OH)8 

adsorbed on SWCNT catalytic activity in terms of potential remains approximately the same, 
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the current for 4-chlorophenol improved considerably for the latter suggesting that the 

number of substituents, which will affect orientation, result in improved catalytic activity in 

terms of current. The bare GCE (17.9 µA) and GCE-poly-α-Ni(O)Pc(C10H21)8 (16.6 µA) gave 

the lowest current for 4-chlorophenol detection.  

 

 

Figure 5.5: Oxidation of 0.7 mM of 4-chlorophenol in 0.1 mM NaOH aqueous solution  

on GCE-β-NiPc(NH2)4-SWCNT (a), GCE-α-NiPc(OH)4-SWCNT (b). GCE-β-

NiPc(NH2)4-SWCNT(linked) (c) and bare GCE (d), Scan rate = 100 mVs-1. 

Peaks observed in the absence of SWCNT are also listed in Table 5.1. These values are 0.36 

V, 0.36 V, 0.41 V and 0.43 V for GCE-α-NiPc(OH)4, GCE-α-NiPc(OH)8, GCE-β-

NiPc(NH2)4 and GCE-β-NiPc(OH)4, respectively. Non-peripherally substituted derivatives 

showed improved potential in the absence of SWCNT compared to peripherally substituted 

derivatives (compare GCE-β-NiPc(OH)4 and GCE-α-NiPc(OH)4), contradicting results in the 

presence of SWCNT where there was no significant change in potential. However change of 

substituent from NH2 (GCE-β-NiPc(NH2)4) to OH (GCE-β-NiPc(OH)4) did not affect the 

potential for 4-chlorophenol oxidation in the absence of SWCNT as was the case in its 

presence. 
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Table 5.1 suggests that the catalytic activity of β-NiPc(OH)4 towards the oxidation for 4-

chlorophenol is improved in terms of potential when adsorbed on SWCNT (peak potential, 

Ep = 0.38 V for GCE-β-NiPc(OH)4-SWCNT compared to Ep = 0.43 V in the absence of 

SWCNT (GCE-β-NiPc(OH)4). Similar behavior was observed also for β-NiPc(NH2)4 in terms 

of potential (comparing GCE-β-NiPc(NH2)4 with Ep = 0.41 V compared to GCE-β-

NiPc(NH2)4-SWCNT with Ep = 0.36 V). It can be concluded that non-peripheral substitution 

improves catalytic behavior in terms of current compared to peripheral substitution in the 

presence of SWCNT (compare GCE-β-NiPc(OH)4-SWCNT and GCE-α-NiPc(OH)4-

SWCNT). In terms of potential, SWCNT do not improve the catalytic behavior of non-

peripherally substituted derivatives, but improve that of peripherally substituted ones. This 

could be related to the orientation of the differently substituted derivatives onto the SWCNT. 

 

5.1.2.2. α-NiPc(C10H21)8 and NiPc 

Figure 5.6A shows oxidation of 0.7 mM of 4-chlorophenol in 0.1 M NaOH aqueous solution 

on bare GCE (curve i), GCE-SWCNT (curve ii) and GCE-α-NiPc(C10H21)8-SWCNT (curve 

iii). The irreversible redox process which corresponds to the oxidation of 4-chlorophenol 

occurs at 0.40, 0.40 and 0.41 V for GCE, GCE-SWCNT and GCE-α-NiPc(C10H21)8-SWCNT, 

respectively, Table 5.1. GCE-α-NiPc(C10H21)8-SWCNT showed poor electrocatalytic 

response in terms of potential, but good electrocatalytic response in terms of current with 

respect to the bare GCE and GCE-SWCNT. The onset of the 4-CP oxidation peak occurs at a 

lower potential for GCE-α-NiPc(C10H21)8-SWCNT (Figure 5.6), showing good catalytic 

activity. 
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Figure 5.6: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH on (A) (i) 

bare GCE, (ii) GCE-SWCNT and (iii) GCE-α-NiPc(C10H21)8-SWCNT and (B) (i) GCE-

SWCNT, (ii) GCE- poly-Ni(O)Pc and (iii) GCE-NiPc-SWCNT  

 

Figure 5.6B shows oxidation of 0.7 mM of 4-chlorophenol in 0.1 M NaOH solution on GCE-

SWCNT (curve i), GCE-poly-Ni(O)Pc (curve ii)  and GCE-NiPc-SWCNT (curve iii). Figure 

5.6B shows that GCE-SWCNT electrode does not respond well to 4-chlorophenol in terms of 

current, with respect to other modified electrodes. This was also the case in Figure 5.6A. 

However once NiPc is adsorbed on the SWCNT there is some improvement in current for the 

detection of 4-chlorophenol (curve iii). When NiPc is adsorbed on the SWCNT, the onset of 

the 4-CP oxidation is at a lower potential compared to GCE-poly-Ni(O)Pc. Comparing GCE-

poly-Ni(O)Pc with GCE-NiPc-SWCNT, Figure 5.6B shows that the presence of SWCNT 

does not improve electrocatalysis, in terms of current and potential whereas, catalysis is 

improved when α-NiPc(C10H21)8 is adsorbed on SWCNT. A closer look at Figure 5.6B, 

shows a weak but sharp return peak between 0.1 ~ 0.2 V for GCE-NiPc-SWCNT in Figure 

5.6B (iii) and poly-Ni(O)Pc in Figure 5.6B (ii). This peak can thus be related to the NiPc 
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complex. Even though the NiIII /Ni II couple is not evident in Figure 5.6B for adsorbed GCE-

NiPc-SWCNT, the small peak in Figure 5.6B suggests traces of this redox process for both 

GCE-poly-Ni(O)Pc and GCE-NiPc-SWCNT.  

 

5.1.3. Electrode stability 

Surface fouling and restoration of electrodes during electrochemical detection of phenolic 

compounds is a major concern. Electrode passivation is illustrated by a drastic decrease in 

current, shown Figure 5.7 where a drop in Ip with increase in scan number is observed, 

indicating passivation. For complexes adsorbed on OPGE, there was a ~ 70% regeneration of 

the electrodes on rinsing with water on both OPGE-poly-β-Ni(O)Pc(OH)4 and OPGE-β-

NiPc(OH)4. GCE-β-NiPc(OH)4 regeneration is 81% compared to 70% on OPGE, see Table 

5.1. This result suggest that when β-NiPc(OH)4 is adsorbed on GCE it offers greater 

resistance to passivation compared to when it is adsorbed on OPGE, possibly due to different 

interaction and orientation of β-NiPc(OH)4 on the surface of GCE and OPGE.  

 
Figure 5.8 shows cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH solution 

catalysed by GCE-α-NiPc(OH)4-SWCNT electrode. The second scan in Figure 5.8(c) shows 

a considerable decrease in current compared to the first scan, Figure 5.8(a). Figure 5.8(b) 

shows the the scan obtained after rinsing the modified electrode with millipore water. Figure 

5.8(b) shows that there was recovery of the oxidation currents following rinsing with 

millipore water. Table 5.1 shows the % recoveries obtained for all other electrodes studied. 

Of all the modified electrodes shown in Table 5.1, GCE-α-NiPc(OH)8-SWCNT (96% 

recovery) gave the best recovery against electrode fouling, followed by GCE-β-NiPc(OH)4-

SWCNT at 86% recovery. In all cases, the % recovery considerably improves in the presence 

of SWCNT, showing the huge influence of SWCNT on the stability of the electrode.  
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Figure 5.7: Variation of peak current with scan number for the voltammetric responses 

in 0.7 mM 4-chlorophenol in 0.1 M NaOH for (A) (a) bare GC, (b) GCE-β NiPc(OH)4, 

(c) GCE-β-NiPc(OH)4-SWCNT(ads), (d) SWCNT. 

 

 

Figure 5.8: Cyclic voltammograms of 0.7 mM 4-chlorophenol in 0.1 M NaOH solution 

catalysed by GCE-α-NiPc(OH)4-SWCNT electrode showing the first (a), second (b) and 

the scan(c) obtained after rinsing the modified electrode  with Millipore water.  
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The linked β-NiPc(NH2)4-SWCNT(linked) showed the same passivation pattern compared to 

adsorbed β-NiPc(NH2)4-SWCNT modified electrode, but both are improved compared to 

bare electrode. Electrode regeneration, after rinsing with water, for GCE-β-NiPc(NH2)4-

SWCNT (linked) electrode was calculated to be 70% compared to 68% for β-NiPc(NH2)4-

SWCNT electrode, Table 5.1. Thus, comparing the linked and adsorbed β-NiPc(NH2)4 there 

is no huge advantage of linking in terms of improvement in electrode regeneration. GCE-β-

NiPc(NH2)4-SWCNT (linked) and β-NiPc(NH2)4-SWCNT electrode showed better resitance 

to electrode fouling compared to poly-β-Ni(O)Pc(NH2)4 and β-NiPc(NH2)4 electrodes in the 

absence of SWCNT, which gave 60% and 35% regeneration respectively. Thus poly-β-

Ni(O)Pc(NH2)4 electrode showed improved stability towards electrode fouling compared to 

β-NiPc(NH2)4 electrode. 

 

The GCE-poly-Ni(O)Pc could be regenerated to 84% of its original current while bare GCE 

could be regenerated only to 67%, after using followed by rinsing in water. In terms of 

electrode passivation, GCE -α-NiPc(C10H21)8-SWCNT showed a 30% decrease (Table 5.1) in 

current between the first and second scans which is lower than for bare GCE at 36% (not in 

Table 5.1). 

 

5.2. 2,4-Dichlorophenol (DCP) 

5.2.1. NiPc derivatives without SWCNT 

Only α-NiPc(C10H21)8 and NiPc are employed as examples for this analyte. Figure 5.9A 

shows oxidation of 0.7 mM of 2, 4-dichlorophenol in 0.1 M NaOH aqueous solution on bare 

GCE (curve i), and GCE-poly-α-Ni(O)Pc(C10H21)8 (curve ii). Again the GCE-poly-α-

Ni(O)Pc(C10H21)8 does not show activity (in terms of current and potential) towards the 

oxidation of 2,4-dichlorophenol (as was the case for 4-CP) compared to GCE. The small 

return peak (cathodic, for GCE-poly-α-Ni(O)Pc(C10H21)8) suggests that 2,4-dichlorophenol is 

capable of reducing most of the NiIII  species. GCE-poly-α-Ni(O)Pc(C10H21)8 showed a good 

stability towards electrode fouling following the detection of 2, 4-dichlorophenol with a 

current decrease of 15% compared to 23% for bare GCE (Table 5.2).  
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Figure 5.9: Cyclic voltammograms of 0.7 mM 2,4-dichlorophenol in 0.1 M NaOH on (A) 

(i) bare GCE and (ii) poly-α-Ni(O)Pc(C10H21)8 and (B) (i) bare GCE and (ii)GCE-poly-

Ni(O)Pc. 

 

Figure 5.9B shows oxidation of 0.7 mM of 2, 4-dichlorophenol in 0.1 M NaOH aqueous 

solution on bare GCE (curve i) and GCE-poly-Ni(O)Pc (curve ii). GCE-poly-Ni(O)Pc showed 

an excellent response towards 2, 4-dichlorophenol oxidation in terms of enhanced currents 

and low potential. The stability test showed that the 2,4-DCP current drops to 12% after the 

first scan compared to 23% on bare GCE, Table 5.2. The return peak (cathodic) for detection 

of 2, 4-dichlorophenol on GCE-poly-Ni(O)Pc (Figure 5.9B) shows that 2, 4-dichlorophenol 
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is less capable of reducing the entire NiIII  species compared to GCE-poly-α-Ni(O)Pc(C10H21)8 

(Figure 5.9A). 

 

Table 5.2: Electrochemical parameters for the detection dichlorophenol in 0.1 M NaOH. 

Potentials versus Ag|AgCl. 

Electrode 2, 4-
dichlorophenol 
/V 

% decrease in 
current after 
the first scan 

Bare 
 

0.41 23 

GCE-SWCNT 0.42 14 

GCE-poly- α-
Ni(O)Pc(C10H21)8 

0.41 15 

GCE-α-NiPc(C10H21)8-

SWCNT 

~0.40 15 

GCE-poly-Ni(O)Pc  0.33 12 

GCE-NiPc -SWCNT 0.42 18 

 

5.2.2. NiPc-SWCNT conjugates: α-NiPc(C10H21)8 and NiPc used as examples 

Figure 5.10A shows oxidation of 0.7 mM of 2, 4-dichlorophenol in 0.1 M NaOH solution on 

bare GCE (curve i), GCE-SWCNT (curve ii), GCE-poly-α-Ni(O)Pc(C10H21)8 (curve iii)  and 

GCE-α-NiPc(C10H21)8-SWCNT (curve iv). The potentials for 2,4-dichlorophenol oxidation 

are shown in Table 5.2 at 0.41, 0.42, 0.41 and ~0.4 V, for bare GCE, GCE-SWCNT, GCE-

poly-α-Ni(O)Pc(C10H21)8 and GCE-α-NiPc(C10H21)8-SWCNT, respectively. GCE-α-

NiPc(C10H21)8-SWCNT- performed the best (compared to all electrodes in Figure 5.10A) in 

terms of current. The onset of the 2,4-DCP oxidation peak occurs at a lower potential for 

GCE-α-NiPc(C10H21)8-SWCNT electrode showing good catalytic activity. This electrode 

showed stability towards electrode fouling with a percentage decrease in current between first 

and second cycles of 15% (Table 5.2), which is similar to GCE-α-NiPc(C10H21)8 without 

SWCNT and lower than for bare at 23%. The GCE-α-NiPc(C10H21)8-SWCNT electrode could 

be regenerated to 84% after rinsing in water following use. On their own SWCNT showed a 

good stability for 2,4-dichlorophenol detection with 14% decrease in current between the first 

and second cycles.  
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Figure 5.10: Cyclic voltammograms of 0.7 mM 2,4-dichlorophenol in 0.1 M NaOH on 

(A) (i) bare GCE, (ii) GCE-SWCNT, (iii) GCE-poly-α-Ni(O)Pc(C10H21)8 and (iv) GCE-α-

NiPc(C10H21)8-SWCNT and (B) (i) bare GCE, (ii) GCE-SWCNT, (iii) GCE-poly-Ni(O)Pc 

and (iv) GCE-NiPc-SWCNT. 

 

Figure 5.10B shows oxidation of 0.7 mM of 2, 4-dichlorophenol in 0.1 M NaOH solution on 

bare GCE (curve i), GCE-SWCNT (curve ii), GCE-poly-Ni(O)Pc (curve iii)  and GCE-NiPc-

SWCNT (curve iv). When NiPc is adsorbed on the SWCNT there is some improvement in 

current for the detection of 2, 4-dichlorophenol (curve iv) compared to bare GCE and GCE-
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SWCNT. However compared to GCE-poly-Ni(O)Pc without SWCNT, CGE-NiPc-SWCNT is 

less effective for detection of 2,4-DCP.  

 

Thus, in the presence of SWCNT, α-NiPc(C10H21)8 shows good catalytic activity towards 

both 4-CP and 2,4-DCP in terms of current and onset of potential, whereas, the activity of 

NiPc does not improve in the presence of SWCNT. In terms of stability towards the detection 

of 2,4-DCP, all electrodes showed an improvement compared to bare GCE, Table 5.2. The 

combination of NiPc and SWCNT showed slightly worst behaviour in terms of stability 

compared to the rest of the modified electrodes.  

 

5.2.3. CdTe-QDs and its conjugates 

Please refer to section 4.2 for explanation of ads vs electrodeposition.  

5.2.3.1. CdTe-QDs without β-NiPc(NH2)4 

Figures 5.11 A(b) show that the oxidation peak for DCP occurs at 0.33 V (Table 5.3) on 

bare Au electrode. Figure 5.11A(a) represents the bare Au electrode in buffer. The peak for 

the oxidation of DCP is shifted to 0.38 V (Table 5.3) on electrodep-CdTe-QDs Figure 

5.11B(b). The DCP peak is more intense on electrodep-CdTe-QDs, showing the catalytic 

activity of the CdTe-QDs following oxidation. Thus the electrodep-CdTe-QDs show 

electrocatalytic activity towards the oxidation of DCP in terms of current but not lower 

overpotential. The current for the oxidation potential of DCP on ads-CdTe-QDs at 0.34 V 

(Figure 5.11B (c)) is slightly more enhanced, with respect to the bare (Figure 5.11B(d)), 

suggesting some electrocatalytic activity. Ads-CdTe-QDs shows better electrocalytic 

response in terms of lower oxidation potentials compared to electrodep-CdTe-QDs, but 

exhibits poor catalytic currents for DCP. 
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Figure 5.11: DPV scans for detection of 0.7 mM 2, 4-dichlorophenol in pH 9.2 buffer on: 

(A) bare Au electrode in the absence (a) and presence (b) of 2, 4-dichlorophenol. (B) 

electrodep-CdTe-QDs in the absence (a) and presence (b) of 2, 4-dichlorophenol. (c) and 

(d) in B are DPV scans for 2, 4-dichlorophenol on ads-CdTe-QDs and bare Au electrode 

respectively. 
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Figure 5.12: (A) electrodep-CdTe-QDs-β-NiPc(NH2)4 in the absence (a) and presence (b) 

of 0.7 mM 2, 4-dichlorophenol. (c) and (d) in (A) are DPV scans are for 2, 4-

dichlorophenol on ads-CdTe-QDs-β-NiPc(NH2)4, and bare Au electrode respectively. (B) 

An overlay of the DPV scans for the detection of 2, 4-dichlorophenol on (a) electrodep-

CdTe-QDs, (b) electrodep-CdTe-QDs-β-NiPc(NH2)4, (c) ads-CdTe-QDs, (d) ads-CdTe-

QDs-β-NiPc(NH2)4 and bare Au (e). 
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5.2.3.2. CdTe-QDs-β-NiPc(NH2)4 conjugates 

Figure 5.12A (b) shows the oxidation peak for DCP at 0.36 V (Table 5.3) on electrodep-

CdTe-QDs-β-NiPc(NH2)4. Figure 5.12A (c) shows that ads-CdTe-QDs-β-NiPc(NH2)4 

exhibited low electrocatalytic activity (in terms of current). However it gave the best response 

in terms of oxidation potential (lower potentials of 0.28 V) for DCP with respect to the bare 

and electrodep-CdTe-QDs-β-NiPc(NH2)4, hence shows improved electrocatalytic activity. In 

summary, Figure 5.12B shows that electrodep-CdTe-QDs exhibits much higher catalytic 

activity (in terms of current) followed by electrodep-CdTe-QDs-β-NiPc(NH2)4. Even though 

the latter stabilises QDs against oxidation, it shows poor performance in terms of current and 

a good response in terms of oxidation potential for DCP compared to electrodep-CdTe-QDs. 

Ads-CdTe-QDs-β-NiPc(NH2)4 and ads-CdTe-QDs showed the best electrocatalytic activity in 

terms of oxidation potential for DCP, but poor performance in terms of current with respect 

to the electrodeposited electrodes (Figure 5.12B). In all cases the oxidation potentials for 

DCP are in the potential range of the oxidation of CdTe QDs core, and are thus catalysed by 

it. The involvement of NiIII /Ni II couple cannot be ruled out since, as stated above, this couple 

is observed in the region for DCP oxidation. 

 

Table 5.3 shows relative stabilities of all the electrodes discussed towards DCP detection. In 

terms of stability the electrodep-CdTe-QDs showed less fouling compared to other electrodes 

and ads-CdTe-QDs showed the worst behavior. 
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Table 5.3: Oxidation potentials for 2, 4-dichlorophenol and pentachlorophenol and 

current percentage loss after first scan in pH 9.2 buffer. 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

5.3. Pentachlorophenol (PCP) 

5.3.1. CdTe-QDs  

 
Figure 5.13A show the oxidation peak for PCP at 0. 46 V (Table 5.3) on bare Au electrode.  

The peak for the oxidation of PCP is shifted to 0.48 V (Table 5.3) on Au electrode modified 

with electrodep-CdTe-QDs, Figure 5.13B (b) and is slightly enhanced in current compared to 

PCP detection on bare Au electrode, hence showing weak electrocatalytic activity in terms of 

current. For ads-CdTe-QDs there is no electrocatalytic activity, Figure 5.13 B (c) (in terms of 

current), performing worse than bare Au electrode. However ads-CdTe-QDs gave a lower 

oxidation potential for PCP peak (0.44 V) compared to electrodep-CdTe-QDs at 0.48 V. 

Electrodep-CdTe-QDs appears at potential more positive of the of the oxidation of CdTe-

QDs core (Figure 5.13B (a), hence are catalysed by the CdTe-QDs. 
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5.3.2. CdTe-QDs-β-NiPc(NH2)4 conjugates 

The peak for the oxidation of PCP is observed at 0.47 V (Table 5.3) on Au electrode 

modified with electrodep-CdTe-QDs-β-NiPc(NH2)4. The PCP oxidation potential on 

electrodep-CdTe-QDs-β-NiPc(NH2)4 is at about the same potential as for electrodep-CdTe-

QDs, but in terms of current enhancement, the latter shows slightly better activity. Adsorbed 

CdTe-QDs-β-NiPc(NH2)4 (Figure 5.14B (e)) shows improved electrocatalytic activity for 

PCP, due to low oxidation potential for this analyte at 0.42 V compared to the bare (0.46 V) 

and electrodep-CdTe-QDs-β-NiPc(NH2)4 (0.47 V) with very low currents. As with DCP, ads-

CdTe-QDs-β-NiPc(NH2)4 showed the best catalytic activity in terms of potential but not 

currents. In terms of stability, Table 5.3, ads-CdTe-QDs-β-NiPc(NH2)4 and electrodep-CdTe-

QDs  showed less fouling compared to other electrodes.  
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Figure 5.13: DPV scans for detection of 0.7 mM pentachlorophenol in pH 9.2 buffer on: 

(A) bare Au electrode in the absence (a) and presence (b) of 2, 4-dichlorophenol. (B) 

electrodep-CdTe-QDs in the absence (a) and presence (b) of pentachlorophenol. (c) and 

(d) in B are DPV scans are for  pentachlorophenol on adsorbed CdTe-QDs and bare Au 

electrode respectively. 
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Figure 5.14: DPV scans for detection of 0.7 mM pentachlorophenol in pH 9.2 buffer on 

(A) electrodep-CdTe-QDs-β-NiPc(NH2)4 in the absence (a) and presence (b) of 

pentachlorophenol. (c) and (d) in (A) are DPV scans are for pentachlorophenol on ads-

CdTe-QDs-β-NiPc(NH2)4 and bare Au electrode respectively. (B) An overlay of the DPV 

scans for the detection of pentachlorophenol on (a) electrodep-CdTe-QDs, (b) 

electrodep-CdTe-QDs-β-NiPc(NH2)4, (c) ads-CdTe-QDs, (d) bare Au and (e) ads-CdTe-

QDs-β-NiPc(NH2)4. 
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5.3.3. NiPc-SWCNT-QDs conjugate 

Figure 5.15. compares oxidation of 0.7 mM of pentachlorophenol in 0.1 M NaOH aqueous 

solution on GCE-α-NiPc(C10H21)8-SWCNT-QDs (a), GCE-α-NiPc(C10H21)8-SWCNT (b) and 

GCE-α-NiPc(C10H21)8 (c). These studies were perfomed by making use of α-NiPc(C10H21)8 

only. As explained already CdTe-QDs were adsorbed on α-NiPc(C10H21)8-SWCNT and the 

conjugate was adsorbed on GCE. The aim was to confirm the effect of the combined 

nanomaterials on the catalytic behaviour of NiPc. The irreversible redox process, which 

corresponds to oxidation of pentachlorophenol, is observed at potentials of 0.58 V for GCE-

α-NiPc(C10H21)8-SWCNT-QDs, 0.58 V for GCE-SWCNT, 0.51 V for GCE-α-NiPc(C10H21)8-

SWCNT, 0.48 V for poly-GCE-α-Ni(O)Pc(C10H21)8 and 0.52 V for bare GCE, Table 5.4. The 

bare GCE and GCE-α-NiPc(C10H21)8 have similar oxidation potential values for 

pentachlorophenol oxidation, similarly GCE-α-NiPc(C10H21)8-SWCNT-QDs and GCE-

SWCNT have similar oxidation potential values, which were the worst values. However, in 

terms of current, the GCE-α-NiPc(C10H21)8-SWCNT-QDs electrode gave the highest current 

compared to all other electrodes in Figure 5.15. The bare GCE and GCE-poly-α-

Ni(O)Pc(C10H21)8 gave the lowest current for pentachlorophenol detection. The above results 

suggest that the combination of SWCNT, α-NiPc(C10H21)8 and QDs improves the detection 

current.  
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Figure 5.15: Oxidation of 0.7 mM of pentachlorophenol in 0.1 M NaOH aqueous 

solution on (a) GCE-α-NiPc(C10H21)8-SWCNT-QDs, (b) GCE-α-NiPc(C10H21)8-SWCNT 

and (c) poly-GCE-α-Ni(O)Pc(C10H21)8. 

 

Figure 5.16 shows the change in the peak current (background corrected) of 

pentachlorophenol with increase in the number of scans for GCE-α-NiPc(C10H21)8-SWCNT-

QDs (a), GCE-SWCNT (b), bare GCE (c), GCE-α-NiPc(C10H21)8-SWCNT (d) and GCE-

poly-α-Ni(O)Pc(C10H21)8 (e) electrodes respectively. Electrode passivation is illustrated by a 

drastic decrease in current, shown Figure 5.16 where a drop in Ip with increase in scan 

number is observed, indicating passivation. GCE-α-NiPc(C10H21)8-SWCNT-QDs stabilised at 

a higher current compared to the rest of the electrodes. 
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Figure 5.16: Plot of the change in peak current, Ip, versus cycle number for GCE-α-

NiPc(C10H21)8-SWCNT-QDs (a), GCE-SWCNT (b), GCE bare (c), GCE-α-

NiPc(C10H21)8-SWCNT (d) and GCE-α-Ni(O)Pc(C10H21)8 (e) in 0.7 mM 

pentachlorophenol in 0.1 M NaOH. 

 

Table 5.4 lists the current percentage drop (after subtraction of background current) from the 

first scan for the electrodes studied. GCE-SWCNT gave the lowest percentage drop of 6%, 

followed by poly-GCE-α-Ni(O)Pc(C10H21)8, GCE-bare and GCE-α-NiPc(C10H21)8-SWCNT-

QDs and with current percentage drop of 19 %, 12 % and 16% respectively. The highest 

current drop percentage was obtained for GCE-α-NiPc(C10H21)8-SWCNT(ads) and poly-

GCE-α-Ni(O)Pc(C10H21)8 electrode with percentage of 25% and 19 % respectively. 

Comparing GCE-α-NiPc(C10H21)8-SWCNT with GCE-α-NiPc(C10H21)8-SWCNT-QDs, the 

electrode stability is drastically improved upon adsorption of QDs to α-NiPc(C10H21)8-

SWCNT conjugate.  
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Table 5.4: Peak potential for pentachlorophenol (PCP) oxidation and Current drop 

percentage from first scan for the detection of pentachlorophenol in 0.7 mM in 0.1M 

NaOH. 

Electrode Peak potential for 
PCP detection 

Current drop % 
after first scan 

GCE-SWCNT 0.58 6 
Bare 0.52 12 
Poly-GCE-α-Ni(O)Pc(C10H21)8 0.48 19 
GCE-α-NiPc(C10H21)8-
SWCNT 

0.51 25 

GCE-α-NiPc(C10H21)8-
SWCNT-QDs 

0.58 16 

 

5.4. Theoretical prediction of the interaction between NiPc complexes and 4-

chlorophenol.  

 

The reactivity of β-NiPc(OH)4 and β-Ni(O)Pc(OH)4  electrodes towards the electrocatalytic 

oxidation of 4-chlorophenol is described by theoretical calculations. These calculations give 

information on electron transfer when the acceptor (NiPc complex) interacts with the donor 

(4-chlorophenol). 

 

Optimization (Figure 5.17) and molecular orbital (MO) calculations of the HOMO (highest 

occupied MO) and LUMO (lowest unoccupied MO) of β-NiPc(OH)4 (Figure 5.18A) and β-

Ni(OH)Pc(OH)4 (Figure 5.18B) and 4-chlorophenol (Figure 5.19) were obtained at the 

B3LYP/6-31G(d) level of calculation. Theoretical calculations of frontier MOs are known to 

provide information about molecular reactivity, which usually occurs in the frontier orbitals 

of a system [64]. The most probable reactive sites, which have a major probability to be 

involved in an oxidation or reduction process, are represented by the local regions where the 

frontier MOs are localized. It was observed that for β-NiPc(OH)4 the frontier MO of the 

HOMO is localized on the ligand rather than on the nickel atom (Figure 5.18A), as judged by 

the high electron density on the ligand.  This means that redox processes would occur on the 

ligand. Metal atom contribution to some molecular orbitals near the frontier of the system 

were also investigated. Nickel contribution was predicted from HOMO-1 to HOMO-2 and 

from LUMO+1 to LUMO+2 which both showed a strong contribution of nickel atom. The 

results indicate that if the complex studied were chosen for a redox process, the charge 
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transfer would occur between the donor (4-chlorophenol) and acceptor (NiPc) species, based 

mainly on the ring, but with a participation of the central metal atom. 

 
 

                              
  (a)                                                                                                                   (b)       
 

 
 
                                                                       

   
                        (c) 
 
 

Figure 5.17: Fully optimized molecular structures at the B3LYP/DFT 6-31G(d) level of  

calculations of (a) β-H2Pc(OH)4 ,(b) β-NiPc(OH)4 and (c) side view of (b). 

 

The absolute molecular hardness (η) is defined by Equation 5.3 [62, 285]  

 

     η = (IP – EA)/2                                5.3 

 

where IP is the ionization potential and EA is the ionization energy.  A good approximation 

of the EA is the lowest unoccupied molecular orbital (LUMO), the IP is approximated by 

highest occupied molecular orbital (HOMO). 

 

The molecular hardness gives account of the molecular reactivity and is associated with the 

energy gap between the LUMO and the HOMO in a DFT framework. A higher η  implies 

that a molecule has a higher ability to attract electrons, hence a good catalytic activity 
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towards oxidation. The concept of hardness is used in this work to explain the reactivity in 

electrodic reactions occurring on the OPGE modified with β-NiPc(OH)4 and β-Ni(O)Pc(OH)4 

as redox mediators. 

 

  

Figure 5.18: Orbital energy diagrams for D4h configuration of (A) β-NiPc(OH)4 and (B) 

β-Ni(O)Pc(OH)4. 
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Figure 5.19: Orbital energy diagrams for 4-chlorophenol 

 

Molecular hardness calculated for β-NiPc(OH)4 is 1.10 eV and β-Ni(O)Pc(OH)4 is 1.03 eV 

(Table 5.5) compared to values ranging from 1.3 eV to 2.0 eV for similar macrocycles [66] 

suggesting that NiPc complexes discussed in this work have lower ability to attract electrons, 

due to the electron donating nature of the hydroxyl groups. Koopman’s approximation [159] 

was used to estimate the electronic coupling of β-NiPc(OH)4 and 4-chlorophenol by taking 

one half of the difference between the energy of the LUMO of β-NiPc(OH)4 and the energy 

of the HOMO of 4-chlorophenol. The donor–acceptor molecular hardness (DAη ), Equation 

5.4 

 

    ηDA = (IPD – EAA)/2                                   5.4 

 

where IPD is the ionization energy of the donor and EAA is the ionization energy of the 

acceptor. The smaller the ηDA value, the larger the interaction between the donor and the 

acceptor, and hence the smaller the energy gap between the donor HOMO and the acceptor 

LUMO. The calculated ηDA values for β-NiPc(OH)4/4-chlorophenol (1.98 eV) and for β-
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Ni(O)Pc(OH)4/4-chlorophenol (1.87 eV) are smaller than the values reported for other 

macrocycles such as CoPc (ηDA = 2.98 eV in the gaseous phase) for their interaction with 2-

mercaptoethanol. Thus NiPc interacts better with 4-chorophenol than CoPc does with 2-

mercaptoethanol [66].  

 

Table 5.5: Calculated energy gaps (eV) between HOMO and LUMO and Molecular 

hardness(η) in gas phase. 
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1.10 
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As shown by Figures 5.18A the LUMO of the β-NiPc(OH)4 has substantial contributions 

located on the metal center, and possesses the correct symmetry to interact with the HOMO 

orbital of the extra planar ligand 4-chlorophenol. The lower value of ηDA for β-

Ni(O)Pc(OH)4/4-chlorophenol compared to the value for β-NiPc(OH)4/4-chlorophenol, 

shows that the β-Ni(O)Pc(OH)4 interacts more strongly with 4-chlorophenol, resulting in 

better catalytic activity in terms of increased currents compared to the former. Also compared 

to NiPc(OH)4, the LUMO of β-Ni(O)Pc(OH)4 (Figure 5.18B) shows a substantial 

contribution located on the metal, therefore interaction of this HOMO with the LUMO of 4-

chlorophenol is more pronounced. This confirms the cyclic voltammetry experiments which 

showed poly-β-Ni(O)Pc(OH)4 to be a better catalyst than adsorbed NiPc(OH)4 in terms of 

currents. Theoretical calculations also shows that β-Ni(O)Pc(OH)4 is paramagnetic, because 

there is an unpaired electron in the HOMO orbital, this implies that poly-β-Ni(O)Pc(OH)4 on 

the surface of the electrode is paramagnetic.  

 β-NiPc(OH)4/4-
chlorophenol 
 

β-Ni(O)Pc(OH)4/4-
chlorophenol 

 
2/)( )()( DHOMOALUMODA EE −=η  

 

 

1.98 

 

1.87 
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The larger electronic coupling between the donor and the acceptor results in the lowering of 

the activation energy which means a higher reaction rate constant and redox reactions will 

occur at lower potentials [65].  

 

Application of the Fukui function  

Molecular orbital calculations together with Fukui functions, hardness and softness indices, 

were used to analyse the chemical interaction of β-NiPc(OH)4 and β-Ni(O)Pc(OH)4  with p-

chlorophenol. The condensed Fukui function (+
Akf ) is used in order to further understand the 

electron transfer process. The theoretical calculations are compared with experimental results. 

 

Figure 5.20A shows optimized structure of β-NiPc(OH)4 and p-chlorophenol adduct. The 

energy levels of β-H2Pc(OH)4, β-NiPc(OH)4 and β-Ni(O)Pc(OH)4 and the interaction of the 

latter two with 4-chlorophenol were calculated, Table 5.6. The HOMO-LUMO energy gaps 

of β-H2Pc(OH)4, β-NiPc(OH)4 and β-Ni(O)Pc(OH)4 HOMO-LUMO gap are 2.11 eV, 2.19 

eV and 2.06 eV respectively.  

 

Table 5.6. Calculated HOMO-LUMO energy gaps (eV) in gas phase.  

 
Molecules 

 

|| LUMOHOMO −
    (eV) 

 

β-H2Pc(OH)4 

 

 

             2.11 

 

β-NiPc(OH)4 

 

 
             2.19  

 

β-Ni(O)Pc(OH)4 

 

 
             2.06  

 

β-NiPc(OH)4/ 

p-chlorophenol 
 

 
             2.17  

 
β-Ni(O)Pc(OH)4/ 
p-chlorophenol 
 

 

             1.64  

p-chlorophenol 
 

             6.01 
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(A) 

 
β-NiPc(OH)4                     β-NiPc(OH)4/4-chlorophenol 

 
β-Ni(O)Pc(OH)4                   β-Ni(O)Pc(OH)4/4-chlorophenol 

      (B) 
 

Figure 5.20: (A) Optimised structure of ββββ-NiPc(OH)4 and 4-chlorophenol using  

B3LYP/6-3g(d). (B) Electron density distribution of ββββ-NiPc(OH)4 in the absence and  

presence of and ββββ-Ni(O)Pc(OH)4 in the absence and presence of 4-chlorophenol. 

 

The donor acceptor molecular hardness (DAη ) factor was employed to study the interaction of 

4-chlorophenol and the NiPc complexes, the result obtained suggested that the β-

Ni(O)Pc(OH)4 ( DAη = 1.87 eV) interacted better with 4-chlorophenol compared to β-

NiPc(OH)4 ( DAη = 1.98 eV). To futher understand the interaction between 4-chlorophenol and 

the NiPc complexes a supramolecular approach method is used. The method gives more 

explicit and quantitative description of the interaction energy between the NiPc complexes 

and 4-chlorophenol which correlates better with experimental data. The intermolecular 
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interaction energy calculations were obtained using the supramolecular approach, using 

Equation 5.5 

    ∑−= moleculescomplex EEEint                        5.5 

 

where Eint is the interaction  energy of the molecules, Ecomplex the energy of the complex 

(NiPc/4-chlorophenol) and ∑ moleculesE  is the sum total energy of isolated NiPc and p-

chlorophenol. Interaction energy of 4-chlorophenol and NiPc complexes was calculated using 

DFT calculations to be -20.59 kcal/mol (β-NiPc(OH)4) and 19.1 kcal/mol (β-Ni(O)Pc(OH)4). 

Figure 5.20B shows the electron density distribution before and after the formation of the 

adduct. The interaction energy suggests that there is greater interaction of p-chlorophenol 

with  β-NiPc(OH)4 than with β-Ni(O)Pc(OH)4. This is evidenced by shifting of the oxidative 

peak towards less positive potentials for β-NiPc(OH)4, Table 5.1 compared to poly-β-

Ni(O)Pc(OH)4 in the presence of chlorophenol. The opposite was observed when we 

employed DAη   values. The results suggest that one has to be very careful when using 

molecular indices to study interaction between supramolecular complexes.  

 

Figure 5.21 shows that for β-NiPc(OH)4 the frontier MO (LUMO) is localised on the ligand 

and partly on the Ni atom. When β-NiPc(OH)4 interacts with p-chlorophenol (Figure 15.21b) 

the LUMO shows extensive localization of MO mainly on the Pc ligand with some on the Ni 

atom. For to β-Ni(O)Pc(OH)4 in the presence p-chlorophenol (Figure 15.21d), there is less 

extensive delocalization on the Pc ring compared to when β-NiPc(OH)4 interacts with p-

chlorophenol. This suggests that for β-NiPc(OH)4 the ring is more extensively involved in the 

oxidation of 4-chlorophenol when compared to β-Ni(O)Pc(OH)4. When adsorbed specie 

(without cycling or conditioning in 0.1 M NaOH) are employed for the catalytic oxidation of 

4-chlorophenol, the oxidation potentials are observed at different values compared to when 

the electrode has been cycled in 0.1 M NaOH, suggesting that there are different catalytic 

sites involved. Following cycling in 0.1 M NaOH, there will be sites containing NiIII /Ni II, 

hence the central metal will be involved in the catalytic reaction.  
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β-NiPc(OH)4                       β-NiPc(OH)4 /                                              β-Ni(O)Pc(OH)4        β-Ni(O)Pc(OH)4/  

                                                4-chlorophenol                                                                    4- chlorophenol 

                                                                                                                      

Figure 5.21: ββββ-NiPc(OH)4 (a), ββββ-NiPc(OH)4/4-chlorophenol (b), ββββ-Ni(O)Pc(OH)4/4-

chlorophenol (c) and ββββ-Ni(O)Pc(OH)4 (d) frontier molecular orbitals (LUMO). 

 

The oxidation process of p-chlorophenol is viewed as a nucleophilic attack of β-NiPc(OH)4 

by p-chlorophenol. According to Equations 1.21-1.23 and 1.29-1.34, in order to calculate the 

Fukui function and condensed Fukui function ( )(rf  and +
Akf ), one needs to determine the 

electron density of the molecule and the charges of the atoms in the molecule. In this work 

the Mulliken gross population analysis have been used for qAK , Equations 1.29 and 1.32 to 

determine the condensed Fukui function and  the condensed local softness.  

 

Tetrasubstituted phthalocyanine derivatives contain a mixture of four possible structural 

isomers, with the position of the substituents being at 2(3), 9(10), 16(17) and 23(24) for the 

peripherally substituted derivatives and at 1(4), 6(11), 15(18) and 22(25) for non-peripherally 

substituted derivatives (see numbering in Figure 5.22 (f)). However for the purposes of the 

current calculations, the substituents have been fixed to one position on each benzene group. 

Figure 5.22(a–e) gives a clearer picture of what is actually happening to the carbons attached 

to nitrogens when β-H2Pc(OH)4 is metallated. Comparing Figure 5.22a and b, shows the 

condensed local softness (less reactive) values for carbons at 5,12,19,26 (red region) lie 

below the ones at 7,14,21,28 (blue regions), for unmetallated β-H2Pc(OH)4, (Figure 5.22a). 

Upon metallation (Figure 5.22b) the condensed local softness values for carbons at 

5,12,19,26 (red region) have increased (more reactive) to a point where they have surpassed 

the values for carbons at 7,14,21,28 (blue regions).  

 

 

                   (a)                                    (b)                                 (c)                               (d) 

LUMO 
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Figure 5.22a and b suggest that when Ni is inserted into the ring, the carbon atoms at 

5,12,19,26 (red region) are activated differently compared to unmetallated. The 5,12,19,26 

(red region) carbons are situated on the side where the OH is substituted and show greater 

local softness (hence greater reactivity). The carbons at 7,14,21,28 (blue regions) are situated 

on the side where there are no OH substituents and have lower local softness values (less 

reactive compared to 5,12,19,26 carbons). This suggests that even though the OH substituents 

have no effect on the bond length between the Ni atom and the N, it has some destabilization 

effect on the 5,12,19,26 carbons for β-NiPc(OH)4. Figure 5.22, shows that for unsubstituted 

NiPc all the carbons are activated equally compared to β-NiPc(OH)4. Figure 5.22c suggest 

that, for α-NiPc(OH)8, the Ni atom is made softer or more reactive relative to all other atoms. 

The Fukui plots of α-NiPc(OH)8 suggests that if this complex were to be used for electro 

catalytic oxidation of p-chlorophenol, catalysis through the nickel atom would be favoured 

over the ring. Figure 5.22e show the Fukui plots of α-NiPc(OH)4, showing that only the 

carbons are activated. It is observed experimentally that α-NiPc(OH)4 and α-NiPc(OH)8 

shows the bad catalytic activity towards the oxidation of 4-chlorophenol compared to β-

NiPc(OH)4 in terms of catalytic currents. 
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Figure 5.22: Fukui 2D plots of condensed softness for maximum softness, β-H2Pc(OH)4  

(a), ββββ-NiPc(OH)4 (b), αααα-NiPc(OH)8 (c), NiPc (d), and αααα-NiPc(OH)4 (e), (f) shows the  

atomic numbering in the phthalocyanine molecule which is used for describing  

peripheral and non-peripheral positions. 
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6.1. General Conclusion 

In conclusion this work has shown that FTIR and Raman spectra of NiPc complexes can be 

predicted accurately using DFT calculations. We have also shown that both β-NiPc(OH)4, 

adsorbed on an OPGE electrode, its polymerization product poly-β-Ni(O)Pc(OH)4 (forming 

Ni-O-Ni bridges), show catalytic activity towards the oxidation of 4-chlorophenol. 

Electrocatalysis is characterized by a shift of potential to lower values and/or increase in 

current with respect to an unmodified electrode. β-NiPc(OH)4 shows lowering in oxidation 

potentials while poly-β-Ni(O)Pc(OH)4 shows enhanced currents compared to unmodified 

OPGE. DFT calculations show the poly-β-Ni(O)Pc(OH)4 to be paramagnetic. Using donor 

acceptor molecular hardness (ηDA) values, we have shown that both complexes interact 

strongly with 4-chlorophenol, with the β-Ni(O)Pc(OH)4 showing a larger interaction hence a 

better catalytic activity towards the oxidation of 4-chlorophenol, hence the larger catalytic 

currents. 

 

This work has shown that fused benzene rings at the α, and β positions of SubPcs enabled the 

successful separation and characterization of one of the diastereomers and enantiomers for 

the first time in the chemistry of inherently chiral SubPcs. Electronic absorption and MCD 

measurements, in addition to theoretical calculations, reveal that the annelation of the 

benzene rings causes minor alterations in the energy levels of the HOMO, LUMO, and 

LUMO+1, but major changes in the HOMO–3, which leads to the appearance of 

characteristic bands in the Soret band region. The CD spectra of chiral SubNPcs exhibited 

similar shapes to those of the absorption spectra apart from their signs. 

 

NiPc derivatives: OPGE-poly-α-Ni(O)Pc(OH)4, OPGE-poly-α-Ni(O)Pc(OH)8 and OPGE-

poly-β-Ni(O)Pc(OH)4 and their adsorbed counterparts (OPGE-α-NiPc(OH)4, OPGE-α-

NiPc(OH)8 and OPGE-β-NiPc(OH)4) were studied for their catalytic activity towards the 

oxidation of 4-chlorophenol. In terms of electrocatalytic activity, OPGE-poly-α-

Ni(O)Pc(OH)4 and OPGE-poly-α-Ni(O)Pc(OH)8, showed evidence for the involvement of the 

Ni III /Ni II couple in the oxidation of 4-chlorophenol, but the catalytic currents were less than 

those of the bare OPGE. OPGE-poly-β-Ni(O)Pc(OH)4 showed higher currents than the  bare 

OPGE showing good electrocatalytic activity compared to for OPGE-poly-α-Ni(O)Pc(OH)4 

and OPGE-poly-α-Ni(O)Pc(OH)8. Interaction energy values suggest that p-chlorophenol 

interacts better with β-NiPc(OH)4 than poly-β-Ni(O)Pc(OH)4, hence the former is a better 
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catalyst in terms of lowering of overpotential. We have used the condensed Fukui function to 

determine the reactive sites where electron transfer would take place between 4-chlorophenol 

and the nickel phthalocyanine complexes.  

 

CdTe-QDs and CdTe-QDs-β-NiPc(NH2)4 conjugate were synthesised and characterised. 

Fluorescence lifetime studies showed the QDs remain intact within the CdTe-QDs-β-

NiPc(NH2)4 conjugate. Thus the conjugates of the two have potential for use in 

electrocatalysis with CdTe-QDs remaining intact. 

 

The work demonstrates that CdTe-QDs can be stabilised against electrochemical oxidation, to 

some extent, by linking them with β-NiPc(NH2)4 molecules. The work futher demonstrate 

that oxidation products of CdTe-QDs adsorbed on Au electrode can be used to 

electrochemically detect chlorophenols. When electrodep-CdTe-QDs and electrodep-CdTe-

QDs-β-NiPc(NH2)4 electrodes were used for electrocatalysis of 2, 4-dichlorophenol and 

pentachlorophenol, larger currents were observed on electrodep-CdTe-QDs than on 

electrodep-CdTe-QDs-β-NiPc(NH2)4 electrode. Electrodep-CdTe-QDs and electrodep-CdTe-

QDs-β-NiPc(NH2)4 showed the best performance with respect to currents and ads-CdTe-

QDs-β-NiPc(NH2)4 gave the best response in terms of potential. This study shows that when 

CdTe-QDs are employed for electrocatalysis, the electrodeposited form performs better in 

terms of currents (hence sensitivity) compared to simple adsorption which is often employed 

in electrocatalysis. 

 

This work has shown that GCE electrode modified with β-NiPc(NH2)4-SWCNT(linked), β-

NiPc(NH2)4-SWCNT, β-NiPc(OH)4-SWCNT, α-NiPc(OH)4-SWCNT and α-NiPc(OH)8-

SWCNT exhibit electrocatalytic activity towards the oxidation of 4-chlorophenol. The study 

demonstrates that in general SWCNT improves the electrocatalytic activity of NiPc 

complexes, when adsorbed on SWCNT. SWCNT improves the resistance to electrode fouling 

when used inconjunction with NiPc complexes. Catalytic activity of NiPc adsorbed on 

SWCNT is affected by substitution of electron donating substituents at the α or β position.  
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α-NiPc(C10H21)8 was synthesised and characterised. The complex was adsorbed on SWCNT 

and fully characterised the conjugate with UV/Vis, IR and Raman spectroscopies, as well as 

AFM and TEM. The α-NiPc(C10H21)8-SWCNT film was used to modify GCE for 

electrocatalysis of 4-chlorophenol and 2,4-dichlorophenol and stability of the electrode 

studied. GCE-α-NiPc(C10H21)8-SWCNT showed the best response, in terms of current, 

towards 4-chlorophenol and 2, 4-dichlorophenol compared to the absence of SWCNT. 

Electrocatalytic activity for α-NiPc(C10H21)8 is improved in the presence of SWCNT, 

showing the favourable effects of the substituents.  

 

α-NiPc(C10H21)8 and CdTe-QDs were adsorbed on SWCNT and fully characterised the 

conjugate with XRD, IR and Raman spectroscopies. The α-NiPc(C10H21)8-SWCNT-QDs 

conjugate film was used to modify GCE for electrocatalysis of pentachlorophenol and 

stability of the electrode studied. α-NiPc(C10H21)8-SWCNT-QDs electrode showed the best 

response, in terms of current, towards pentachlorophenol compared to SWCNT, α-

NiPc(C10H21)8-SWCNT, α-NiPc(C10H21)8 and poly-Ni(O)Pc(C10H21)8 electrode. α-

NiPc(C10H21)8-SWCNT-QDs showed better stability from the first scan to the second scan in 

pentachlorophenol. 
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