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SYNOPSIS 

Porphyrins are aromatic tetrapyrrolic macrocycle, composed of four 

pyrrole rings and four bridging methine carbon atoms, exhibits a planar 

conformation (Figure 1). Porphyrin macrocycle undergoes peripheral 

functionalization at the four meso positions of the methine bridges and 

eight β-positions on the pyrrolic rings. Porphyrin exhibits two 

characteristic absorption band, Soret band and the Q-band around 400–

700 nm in the visible region. The photonic and electronic properties of 

the porphyrin macrocycle can be tuned by peripheral functionalization. 

Porphyrin derivatives have been used in various applications such as, 

photosynthesis, organic photovoltaic, P450-related biocatalysts, 

bioimaging probes, photodynamic therapeutic agents, chemosensors, 

information storage, light emitting materials, conductive organic 

materials, near-infrared dyes, molecular wires, nonlinear optical 

materials, supramolecules, metal ligands and many more. 

 

 

 

 

 

 

 

Figure 1. The structure of the porphyrin molecule. 

The photonic and electronic properties of the porphyrin 

macrocycle can be tuned by introducing the donor and acceptor units at 

the β-pyrrolic positions. A wide variety of donor (triphenylamine, 

phenothiazine, ferrocene, N, N-dimethylaniline, 1,1,2,2-

tetraphenylethene and carbazole) and acceptor (tetracyanoethylene, 

naphthalimide, benzothiazole and quinoxaline) functionalized 

porphyrin based donor–acceptor systems were explored. The Frontier 
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molecular orbital energy levels of these porphyrin based donor–acceptor 

molecular systems was stabilized to attain low HOMO–LUMO gap. The 

photophysical, electrochemical and computational studies of these 

porphyrin π-systems were investigated, which reveals its application in 

optoelectronics.  

 

 

Figure 2. General representation of donor-acceptor functionalized 

porphyrins in this work. 

 

The main objectives of present study are: 

✓ To synthesize donor and acceptor substituted β, β′-push–pull 

porphyrins and to investigate the effect of donor and acceptor 

units on the photophysical and computational studies.  

✓ To understand the effect of TCBD functionalization on β-

substituted porphyrins and its photophysical and computational 

studies were investigated.  
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✓ To fine-tune the photophysical and electrochemical properties of 

the porphyrin macrocycle by incorporating the donor 

substituents at the β-pyrrolic position of the porphyrin π-system. 

✓ To explore the influence of acceptor units on the photophysical 

and computational studies of the porphyrin π-system.  

✓ To investigate the effect of 2,3,3-triphenylacrylonitrile, 1,1,2,2-

tetraphenylethene and 9-propyl-9H-carbazole units on the 

photophysical and electrochemical properties of the porphyrin π-

systems. 

 

Chapter 1: Introduction 

This chapter describes the synthesis and functionalization at the β-

pyrrolic position of the porphyrin macrocycle via bromo, formyl, vinyl, 

ethynyl, nitro and amino groups for the construction of more elaborate 

push-pull architectures and their applications in diverse fields. 

 

Chapter 2: Materials and experimental techniques 

This chapter summarizes the general experimental methods, 

characterization techniques and details of instruments used for 

characterization. 

 

Chapter 3: Unsymmetrical β-substituted push–pull 

tetraarylporphyrins 

 In chapter 3, β-pyrrole functionalized unsymmetrical push−pull 

porphyrins 1–6 were designed and synthesized via β-mono and 

dibrominated TPP 10 and 11, using Sonogashira cross-coupling 

reaction and zinc metallation reaction. The photophysical and 

computational studies of porphyrin 1–6 were investigated. The 

absorption spectra of the porphyrin 5 and 6 with triphenylamine donor 

and the naphthalimide acceptor units at the opposite β, β′-positions 

exhibit a red shifted absorption in the Soret band and the Q-band region 

compared to porphyrin 1, 2, 3 and 4. The Steady state fluorescence 

spectra show considerable red shift in fluorescence maxima of 

porphyrin 5 and 6 compared to porphyrin 1, 2, 3 and 4 due to the strong 
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electronic communication between the electron donor and the acceptor 

units. The computational study of porphyrin 5 and 6 reveals that the 

HOMOs are concentrated on triphenylamine donor unit and the LUMO 

are populated over the porphyrin macrocycle and the naphthalimide 

acceptor units. 
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Chapter 4: β-Substituted TCBD Functionalized Push–Pull 

Porphyrins 

In Chapter 4, the free base and Zn(II) metallated, β-donor 

(phenothiazine and N, N-dimethylaniline) substituted porphyrins 1, 2, 5 

and 6 were designed and synthesized via Pd-catalyzed Sonogashira 

cross-coupling reaction. Their TCBD analogues 3, 4, 7 and 8 were 

synthesized by the [2+2] cycloaddition–retro electrocyclization (CA‐

RE) reaction. The photophysical and computational studies of porphyrin 

1–8 were investigated. The UV-visible absorption spectra of TCBD 

functionalized porphyrin 3, 4, 7 and 8, exhibits a red shift in Soret band 

and Q band region compared to their corresponding donor substituted 

porphyrins 1, 2, 5 and 6. The red shifted electronic absorption spectra of  
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TCBD functionalized porphyrin 3, 4, 7 and 8 are attributed to the 

incorporation of electron accepting TCBD unit with strong 

intramolecular charge-transfer (CT). The blue shifted emission spectra 

of TCBD functionalized porphyrins 3, 4 and 8 are due to the twisted 

nonplanar conformation between the porphyrin and TCBD units. The 

frontier molecular orbitals of the push–pull porphyrin 3, 4, 7 and 8 

shows the electronic delocalization of HOMO are concentrated on the 

porphyrin unit whereas the LUMO are localized on the TCBD unit. 

 

Chapter 5: Donor Substituted Unsymmetrical β-Pyrrole Porphyrins 

In chapter 5, the donor substituted unsymmetrical free base β-

pyrrole porphyrins 1, 3, 5 and 7 were designed and synthesized by the 

Suzuki cross-coupling reaction and their metallation was carried out 

using Zn(OAc)2, which resulted in zinc complexes of porphyrin 2, 4, 6 

and 8. The UV-visible absorption spectra of the zinc complexes of 

porphyrin 2, 4, 6 and 8 exhibits a slight red shift in the Soret band 

compared to its free base analogues 1, 3, 5 and 7. The porphyrin 1 and 

2 exhibits a red shifted absorption in the soret band compared to other 

donor substituted porphyrins 3−8. The TPA substituted porphyrin 3 

exhibits slight red shift in the fluorescence maxima compared to the free 

base porphyrin 1, 5 and 7. The Zn(II) porphyrin 4 and 6 exhibits a red 

shifted emission compared to 2 and 8. The porphyrin 5 and 7 exhibits 

low electrochemical band gap of 0.71 and 0.70 V compared to rest of 

the porphyrins. The computational studies on porphyrin 3−8 show, the 

HOMO is spread on the donor unit whereas the LUMO is localized on 

the porphyrin macrocycle, whereas in 1 and 2 the HOMO and LUMO 

are populated on porphyrin macrocycle. 
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Chapter 6: Acceptor Functionalized Unsymmetrical β-Porphyrins 

In chapter 6, a series of acceptor functionalized unsymmetrical 

β-porphyrin 1a–8d were designed and synthesized by reacting β-

monobrominated tetraphenyl porphyrin 9 with the corresponding 

boronate ester of acceptors via Pd-catalyzed Suzuki cross-coupling 

reaction, followed by the Zn(II) metallation with Zn(OAc)2.2H2O. The 

photophysical and computational studies of porphyrins 1a–8d were 

investigated. The UV-visible absorption spectra of zinc complexes 2a, 

4b, 6c and 8d exhibited a red shifted absorption around 6−8 nm in the 

high energy region compared to its corresponding free bases 1a, 3b, 5c, 

and 7d. The porphyrins 3b, 4b, 5c and 6c with p- and m-substituted 

benzothiazoles at the β-pyrrolic position of the porphyrin macrocycle 
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exhibits a similar absorption spectrum in the Soret and the Q–band 

region. The emission spectra of electron-deficient naphthalimide 

substituted Zn(II) porphyrin 2a exhibits a red shifted emission of about 

2–5 nm in the longer wavelength region, compared to benzothiazole and 

quinoxaline substituted porphyrins 4b, 6c and 8d. The computational 

study of porphyrin 1a–8d reveals that the porphyrin 1a and 7d exhibits a 

low HOMO–LUMO band gap compared to other free base and Zn(II) 

porphyrins. 

 

 

 

 

 

 



IX 
 

Chapter 7: Triphenylacrylonitrile (TPAN), 1,1,2,2-

tetraphenylethene (TPE) and Carbazole Functionalized β-

Porphyrins 

In chapter 7, TPAN, TPE and carbazole substituted unsymmetrical β-

porphyrins 11–18 were synthesized via Pd-catalyzed Suzuki cross-

coupling reaction and zinc metallation reaction. The photophysical, 

electrochemical and computational studies of these unsymmetrical 

porphyrins 11–18 were investigated. The UV-Visible absorption spectra 

of zinc complexes 12, 14, 16, and 18 exhibit red shifted absorption of 

around 7−9 nm in the soret band region compared to its corresponding 

free base analogues 11, 13, 15 and 17. The absorption spectra of 2,3,3-

triphenylacrylonitrile substituted porphyrin 11–14 exhibit similar 

absorption band in the Soret band and Q-band region. The emission 

spectra of 2,3,3-triphenylacrylonitrile and 1,1,2,2-tetraphenylethene 

substituted unsymmetrical porphyrin 11–16 exhibits a red shift in the 

emission maxima of around 4–5 nm, compared to the carbazole 

substituted porphyrin 17 and 18. The electrochemical properties of 

2,3,3-triphenylacrylonitrile substituted porphyrin 13 exhibits a 

stabilized HOMO energy levels with low electrochemical band gap of 

about 1.70 V. The computational studies of porphyrin 11–18 shows that 

the electron density is localized on the porphyrin macrocycle in HOMO 

whereas in LUMO it is mainly populated on the porphyrin macrocycle 

with parts dispersed over the phenyl ring of the 2,3,3-

triphenylacrylonitrile, 1,1,2,2-tetraphenylethene and carbazole entity. 
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Chapter 8: Conclusions and future scope 

This chapter summarizes the salient features of the work and future 

prospective to develop new materials for optoelectronic applications. 
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Chapter 1  

Introduction 

 
1.1. Porphyrin 

Porphyrins are a class of tetrapyrrole compounds and are found in nature 

such as chlorin in chlorophyll, corrin in vitamin B12 and as heme in 

hemoglobin and myoglobin. The porphyrins are promising scaffolds 

which are intensively investigated in many biological processes such as 

photosynthesis, electron transfer, detoxification, oxygen storage and 

transport.[1–8] The porphyrin macrocycle are composed of four pyrrole 

rings connected by a methine bridge, which consists of four meso-

positions and eight beta-positions as shown in Figure 1.1. The aromatic 

character of the porphyrin macrocycle, which consists of 18‐π electron 

is evident by its strong diatropic ring current.[9–12] The natural 

photosynthetic process is carried out by the light harvesting pigments 

containing porphyrin derivatives such as chlorophylls and 

bacteriochlorophylls, which convert light energy into chemical energy. 

The artificial photosynthetic process are used to mimic the natural 

system by employing the porphyrin chromophores as light harvesting 

antennae and are used in energy-transfer and electron-transfer processes 

such as storage and transport of respiratory gases and photosynthesis.[13–

16]  

The electronic absorption spectra of the porphyrin macrocycles are in 

the UV-Visible region around 400–600 nm with a characteristic 

absorption, the Soret and the Q-bands. The different relative intensities 

of the Q-bands depends on the substitutions at the -pyrrolic positions 

of the porphyrin macrocycles.[17–19] The nature of the substituents at the 

β- pyrrolic positions of the porphyrin are of interest, as it perturbs the 

photonic and electrochemical redox properties of the porphyrin 

macrocycle by inducing varying degree of distortion on the planarity of 

molecules.[20,21] Upon light irradiation, the porphyrin chromophores are 

excited to a singlet state via energy transfer process to produce a triplet 

excited state by undergoing intersystem crossing (ISC). The long triplet 
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state lifetime and their high quantum yield for intersystem crossing for 

porphyrin chromophore, employs them as a robust electron 

transporter.[22–24] Due to the ability of porphyrin macrocycles to transfer 

energy and electron in their excited state, these chromophores are 

employed in photosensitization and photoredox catalysis.[23,25–27] The 

porphyrin macrocycle have been used as a building block in the design 

and synthesis of donor–acceptor (D–A) molecular systems and shows a 

wide range of applications in areas such as catalysis, sensing, dye-

sensitized solar cells (DSSCs), photodynamic therapy (PDT) and 

nonlinear optics (NLO).[28–34] 

The peripheral substitution of donor and acceptor units on the porphyrin 

macrocycle perturbs its photonic and electronic properties.[35–37] The 

porphyrin based D–A systems are employed in organic solar cells (OSC) 

due to its light harvesting ability, efficient electron transfer capability 

and tunable optical and electronic properties.[38–43] The porphyrin-based 

D–A systems are extensively used in dye sensitized solar cell (DSSCs) 

applications.[44,45] This chapter focus on the synthetic aspects of the β-

substituted porphyrins and their optical and electrochemical properties 

for better understanding about their application in organic photovoltaics, 

non-linear optics, photodynamic therapy and its supramolecular 

chemistry as chemosensors.   

  

Figure 1.1. The structure and numbering of porphyrin molecule. 
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1.2. Synthesis  

Porphyrins are highly versatile, due to the ability to fine-tune its 

photophysical and electrochemical properties of the macrocycle by meso 

and β-substitutions. The modification of the β-substituents on the 

porphyrin ring can results in a highly unsymmetrical porphyrinic 

architecture. [20, 21] The synthetic approach of the β-functionalized 

porphyrins are tedious and remains much unexplored till date due its 

difficulties in separation. In this section, we discuss the functionalization 

at the β-pyrrolic positions via bromo, formyl, vinyl, ethynyl, nitro and 

amino groups for the construction of more elaborate push-pull 

architectures. 

1.2.1. General Synthesis of meso-Tetraphenylporphyrins (1) 

5,10,15,20-tetraphenylporphyrin (H2TPP) 1 and its analogues are of 

interest for researcher due to its ease of preparation, diverse metal 

coordination and facile functionalization at the meso and β-positions. 

The symmetrical free base porphyrin was synthesized in low yield by 

Rothemund et al. in 1935 by treating aldehyde and pyrrole in pyridine 

and methanol at 220 ℃ for 48 hours. [46–48] Later Alder et al. improved 

this method to attain higher yield, by using propionic or acetic acid at 

141 °C for 30 min (Scheme 1.1).[49] The 2-step 1-flask synthetic 

procedure of 5,10,15,20-tetraarylporphyrins 1 was reported by Lindsey 

et al. with first step involving the condensation of aldehyde and pyrrole 

using trifluoroacetic acid (TFA) or boron trifluoride (BF3)–etherate as 

catalyst in CH2Cl2 around 1 h, which resulted in porphyrinogen. The 

second step involves the conversion of porphyrinogen to porphyrin with 

the addition of an oxidant, DDQ or p-chloranil to attain 30–40% yields 

(Scheme 1.1). [50–52] The porphyrins are aromatic in nature and can be 

functionalized at its β-pyrrolic positions. Porphyrins undergo a series of 

reactions at the β-pyrrolic positions such as aromatic electrophilic 

substitution, oxidation, reduction and pericyclic reactions. 
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Scheme 1.1. Synthetic scheme of meso-tetraphenylporphyrins 1. 

 

1.2.2. Synthesis of β-bromo substituted tetraphenyl porphyrin 

(H2TPPBrn) (2) 

The β-pyrrole halogenated porphyrins are of interest owing to their use 

as precursors for synthetic modification and further functionalization. 

The bromo substituents at the β-pyrrolic positions influence the π-

electron system of the porphyrin macrocycles, which can further alter 

their optical and electrochemical properties. The β-bromo substituted 

tetraphenylporphyrin 2a, 2b, 2c and 2d were first reported by Callot et 

al. in 1973 by treating tetraphenylporphyrin 1 with N-bromosuccinimide 

(NBS) in chloroform, which resulted in a complex mixture of mono and 

poly β-bromo substituted tetraphenylporphyrins (H2TPPBrn) (n=1–8) 2 

(Scheme 1.2). [53a,54] Bhyrappa et al. reported the synthesis of β-

dibrominated TPP, by treating tetraphenylporphyrin 1 with 2.8 equiv. of 

N-bromosuccinimide (NBS) in chloroform at room temperature for 24 

hours, which resulted in H2TPPBr 2a and H2TPPBr2 2b as a isomeric 

mixture of the products. The β-dibromoporphyrin H2TPPBr2 2b consists 

of mixture of isomers with (2,12) or (2,13) as major product and (2,3) 

as minor dibrominated product. [53a, 53b] Crossley et al. reported 
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7,8,17,18-tetrabromo-5,10,15,20-tetraphenylporphyrin by treating 

tetraphenylporphyrin 1 with 4.3 equiv. of N-bromosuccinimide (NBS) 

in chloroform, which resulted in H2TPPBr4, 2c in 80% yield. [53a, 53c] 

Krishnan et al. synthesized the free-base 

octabromotetraphenylporphyrin (H2TPPBr8) using the bromination 

reaction on (meso-tetraphenylporphyrinato) copper(II), (CuTPP) 

followed by an acid demetallation reaction. The CuTPP was dissolved 

in CHC13/CC14 (1:l v/v) was treated with excess amount of liquid 

bromine in CHC13/CC14 solvent mixture and stirred for a period of 4 

hours at room temperature and then pyridine in solvent mixture was 

added dropwise and the solution was stirred for another 12 h, which 

resulted in H2TPPBr8 2d. [53a, 53d] The steric crowding in the porphyrin 

ring results in a non-planar conformation of 2d due to the increased 

number of substituents at the β-pyrrolic positions. 

Scheme 1.2. Synthesis of β-bromo substituted tetraphenyl porphyrin 

(H2TPPBrn) (n=1–8) 2. 
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1.2.3. Synthesis of β-formyl-meso-tetraphenylporphyrin (3) 

In 1966, Inhoffen and Johnson reported the use of Vilsmeier-Haack 

reaction to introduce the formyl group at the β-pyrrolic position of the 

porphyrins.[55–57] The Vilsmeier–Haack formylation at the β-pyrrolic 

position of meso-tetraarylporphyrin 1 was carried out by Ni (II) or Cu(II) 

complexes due to their acid lability (Scheme 1.3). The formylation of 

meso-tetraarylporphyrins 1 using Zn(II) and Mg(II) complexes resulted 

in low reactivity, due to the demetallation of porphyrin macrocycles.[58–

62] Later, Crossley et al. reported the β-formyl-meso-

tetraphenylporphyrin (β-H2TPPCHO) 3 in 95% yield by the 

demetallation of the iminium salts using concentrated H2SO4 and basic 

hydrolysis (Scheme 1.3).[63]  

 

Scheme 1.3. Synthesis of β-formyl-meso-tetraphenylporphyrin 3. 
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1.2.4. Synthesis of β-vinyl-meso-tetraarylporphyrins (4) 

The β-vinyl-meso-tetraarylporphyrins 4 was reported by callot et al. in 

1973 using wittig reaction, by treating Ni(II) complex of β-formyl-meso-

tetraphenylporphyrin 3 with methyltriphenylphosphonium bromide in 

the presence of n-butyllithium in THF at room temperature which 

resulted β-vinylTPP 4 in 52% yield (Scheme 1.4).[58] This synthetic 

protocol results in good yield with free-base, zinc and copper 

complexes. Later, Officer and co-worker prepared β-vinylTPP 4 in free-

base and Zn metallated form with quantitative yields using wittig 

reactions performed under mild conditions. The Wittig reaction was 

performed by treating porphyrin aldehyde with three equivalent of 

phosphonium salt dissolved in toluene with DBU in excess under reflux 

condition which results in β-vinyl-meso-tetraarylporphyrins 4. The β-

vinyl-meso-tetraarylporphyrin 4 is used as 4π and 2π dienes and 

dienophiles in Diels–Alder Cycloaddition reaction.[64–67]  

 

 

Scheme 1.4. Synthesis of β-vinyl-meso-tetraarylporphyrins 4. 
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1.2.5. Synthesis of β-ethynyl-meso-tetraarylporphyrins (5) 

 In 1994, Lier et al. reported the synthesis of β-ethynyl porphyrin 5 by 

the Pd-catalysed Sonogashira cross-coupling reaction. The Ni(II) or 

Cu(II) β-halogenated porphyrins was treated with TMS-acetylene in the 

presence of bis(triphenylphosphine)palladium(II) chloride and  CuI, 

dissolved in a mixture of triethylamine and DMF solvent at 85 °C for 48 

h resulted in β-ethynyl porphyrin 5 in 60–80% yields (Scheme 1.5).[68] 

Later in 2006, Schuster and co-worker reported β-ethynyl 

tetraarylporphyrin 5 via β-(Trimethylsilyl)ethynyl porphyrin 

intermediate 2a using sonogashira cross-coupling reaction and further 

deprotection of 2a was carried out using tetrabutylammonium fluoride 

(TBAF) in THF at room temperature.[69] Recently in 2016, Zhao et al. 

reported the synthesis of Zn(II) β-ethynyl-meso-tetraarylporphyrin 5 by 

treating Zn(II) β-bromo tetraarylporphyrin with triisopropylacetylene in 

the presence of Pd(PPh3)2Cl2 in triethylamine and THF solvent, resulted 

in 82% yields.[70] 

 

 

 

 

 

 

 

 

 

 

Scheme 1.5. Synthesis of β-ethynyl-meso-tetraarylporphyrins 5. 
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1.2.6. Synthesis of β-nitro-meso-tetraarylporphyrins (6) 

In 1977, Callot and Jordan synthesized Cu(II) complex of β-nitro 

tetraphenylporphyrin 6 by reacting Cu(II) complex of 

tetraphenylporphyrin Cu(II)TPP  with Cu(NO3)2.6H2O in acetic 

anhydride dissolved in a mixture of chloroform and acetic acid for 1 h 

at 30–35 °C (Scheme 1.6).[71] The β-nitro tetraphenylporphyrin 6 was 

synthesized from the demetallation of Cu(II)TPPNO2 by treating with 

concentrated sulfuric acid and aqueous ammonia and then 

recrystallization from DCM : MeOH solvent mixture. In 1982, Baldwin 

et al. synthesized Zn(II) complex of β-nitro tetraphenylporphyrin 6 using 

Zn(II) complex of tetraphenylporphyrin (Zn(II)TPP) with silver nitrite 

dissolved in acetonitrile followed by iodine in dichloromethane solvent 

(Scheme 1.6).
[72] Later in 1986, Jackson and coworkers reported the 

nitration of TPP using nitronium tetrafluoroborate in pyridine : 

chloroform mixture at 140 °C, resulted in β-nitro tetraphenylporphyrin 

6 (Scheme 1.6).[73] Smith et al. in 1998, reported an alternate method for 

nitration of Cu(II)TPP using dinitrogen tetraoxide (N2O4), followed by 

demetallation in H2SO4.
[74] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.6. Synthesis of β-nitro meso-tetraarylporphyrins 6. 
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1.2.7. Synthesis of β-amino-meso-tetraarylporphyrins (7) 

The most common protocol for the synthesis of β-amino-

tetraarylporphyrins 7 is the reduction of β-nitro tetraphenylporphyrin 6 

using SnCl2/HCl, Sn/HCl, HCOONH4/Zn, HCOONH4/Pd/C, 

NaBH4/Pd/C and H2/Pd/C.[75–79] In 1982, Baldwin et al. synthesized β-

aminoporphyrin 7 in quantitative yield, by hydrogenating β-

nitroporphyrin 6 using sodium borohydride in presence of palladium on 

carbon catalyst in a mixture of DCM : methanol solvent (Scheme 1.7).[72] 

The alternate method for the reduction of β-nitroporphyrin 6 was carried 

out using Sn(II)chloride with hydrochloric acid which resulted in β-

aminoporphyrins 7 (Scheme 1.7). 

Scheme 1.7. Synthesis of β-amino-meso-tetraarylporphyrins 7. 

The porphyrin macrocycle having bromo, formyl, vinyl, ethynyl, nitro 

and amino substituents at the β-pyrrolic position act as a versatile 

building block for the design and synthesis of diverse porphyrin 

analogues. The porphyrin π-system conjugated with the β-substituents 

significantly modulate the electronic absorption, electrochemical redox 

potential, HOMO–LUMO gap and the planarity of the macrocycle. The 

degree of nonplanarity on the porphyrin macrocycle depends on the 

steric hindrance caused by the donor or acceptor substituents at the β-

pyrrolic position, which in turn induce large dipole moment in the 

molecule. 
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1.3. Electronic properties 

The porphyrin macrocycle exhibits a characteristic absorption profile in 

the UV−visible region, which includes a high energy Soret band with 

high intensity and a low energy Q band with low intensity. Tuning of 

the optical and electronic properties of the porphyrin macrocycle have 

been investigated over years to improve the efficacy of a wide range of 

applications including organic light emitting diodes, photodynamic 

therapy, nonlinear optics, dye sensitized solar cells, single molecule 

switches and many more. [28–34] The photophysical properties of the 

porphyrins can be tuned by altering the electron donor or acceptor 

substituents at the meso or β-position of the macrocycle. Porphyrin 

analogues are used in the investigation of the intramolecular excitation 

energy transfer to mimic the natural photosynthetic systems.  

Gupta et al. investigated the energy transfer of -donor substituted 

porphyrin dyads 8−13 with N-butylcarbazole and triphenylamine as 

donor units (Chart 1.1).[80] The dyads show an efficient energy transfer 

up to 93% from the -donors to the porphyrin macrocycle. The 

efficiency of energy transfer in the β-pyrrolic position of porphyrins 

showed better result compared to those of the meso-substituted 

porphyrins. The optical, electrochemical and DFT studies of porphyrin 

dyads 8−13 were investigated. The UV-visible absorption spectra of -

donor substituted porphyrin dyads 8−13 exhibits a red shifted absorption 

in the Soret bands region compared to unsubstituted porphyrins H2TPP, 

ZnTPP and PdTPP. The fluorescence spectra of dyads 8−11 exhibits red 

shifted emission in the visible region compared to the unsubstituted 

porphyrins due to the effect of donor substitutents at the β-pyrrolic 

positions. The reduced emission quantum yields of the dyads 8−11 may 

be attributed to the increased non-radiative decay processes in the 

systems. The electrochemical band gap of dyads 8 and 9 were similar to 

that of H2TPP, whereas in dyads 10 and 11 there was a slight difference 

from that of ZnTPP. The computational study reveals that the transitions 

involved in dyads 8 and dyads 10−13 belongs to π–π* transitions, 
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whereas intramolecular charge transfer (ICT) was observed in the dyad 

9.  

 

 

 

 

 

 

 

 

 

 

 

Chart 1.1. Porphyrin based chromophore 8−13. 

Kadish et al. investigated the electrochemistry of two series of ethyl 

acetoacetate (EAA), acetylacetone (acac) and ethyl acetate (EA) 

appended -substituted tetraphenylporphyrins MTPP(EAA)X2 14, 

MTPP(acac)X2 15 and MTPP(EA)X2 16 with two antipodal positions 

occupied by H, Br or Ph groups. The porphyrin 14, 15 and 16 was 

investigated in dichloromethane containing 0.1 M tetrabutylammonium 

perchlorate both in neutral and basic conditions (Chart 1.2).[81] The 

trisubstituted porphyrins 14, 15 and 16 can be switched into their enolate 

form which is highly electroactive and can be obtained by the chemical 

deprotonation processes and the electrochemical reduction method. The 

singly reduced porphyrins are highly stable on the cyclic voltammetry 

timescale whereas the doubly reduced porphyrins are highly reactive 

leading to a deprotonated substituent. The doubly reduced EAA and 

acac porphyrin derivatives 14 and 15 are highly reactive leading to a 

deprotonated EAA− or acac− (enolate) substituents. Compared to neutral 

porphyrins, the mono-anionic porphyrins are harder to reduce by 110–

160 mV due to their interaction between the porphyrin π-ring system 

and deprotonated EAA− or acac− (enolate) substituents. 
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Chart 1.2. Porphyrin based chromophore 14−16. 

 

Gordon et al. reported a series of ethenyl ferrocene substituted β-

pyrrolic Zn(II) porphyrin, ZnTPP-Fc-R, 17−20 with various electron-

accepting groups attached to the other cyclopentadiene unit of the 

ferrocene (Chart 1.3). The computational study and electronic properties 

of ethenyl ferrocene substituted β-pyrrolic Zn(II) porphyrin 17−20 were 

studied.[82] The transient absorption spectra of these molecules were 

recorded in dichloromethane and their singlet and triplet-state lifetimes 

were investigated. The ethenyl ferrocene substituted β-porphyrin 17 

shows decreased lifetime (18.1 μs) in triplet excited states compared to 

that of ZnTPP (22 μs). The substituted ethenyl ferrocene porphyrins 

18−20 does not show any influence in singlet state but shows further 

decrease in the triplet-state lifetime by 10.4−10.6 μs, compared to the 

unsubstituted ferrocene porphyrin 17 with an increase in the 

nonradiative decay pathways which confirms that the ferrocene units are 

deactivating the triplet state. 
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Chart 1.3. Porphyrin based chromophore 17−20. 

 

Sankar et al. synthesized fused nickel (II) porphyrin Ni(II)(NH)TPP 21, 

Ni(II)(NH)(CHO)TPP 22 and Ni(II)(N−CH3)(CHO)TPP 23 with 

electron donating methyl group in it (Chart 1.4.). The influence of 

electron donating methyl group on optical and electrochemical redox 

properties were investigated.[83] The N-methylated fused nickel(II) 

porphyrin 23 showed a red-shifted absorption spectrum compared to 

their precursors Ni(II)-fused porphyrin 21 and -formyl Ni(II)-fused 

porphyrin 22 which might be due to the presence of electron donating 

methyl group. The electrochemical properties of Ni(II)(N-

CH3)(CHO)TPP 23 exhibits a anodic shift in the first oxidation and the 

reduction wave compared to Ni(II)(NH)TPP 21. The Ni(II)(N-
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CH3)(CHO)TPP 23 exhibits the third oxidation wave related to the 

oxidation of Ni(II) to Ni(III) ions. 

 

 

 

 

 

 

 

 

 

 

 

Chart 1.4. Porphyrin based chromophore 21−23. 

Sankar and co-worker synthesized and characterized two series of -

substituted push-pull porphyrin (M= H2, Co, Ni, Cu, or Zn and R= 

Br/Ph), MTPP(R2)acac 24 and MTPP(R2)EA 25 with acetylacetone 

(acac) or ethyl acetate (EA) acceptor units and the Br/Ph group at the 

opposite antipodal β,β’-positions of the porphyrin macrocycle (Chart 

1.5).[84] The nickel porphyrin with acetylacetone (NiTPP(Br)2acac) 24 

exhibits a nonplanar conformation whereas the free base H2TPP(Br)2EA 

25 and zinc porphyrin ZnTPP(Ph)2EA 25 shows quasi-planar 

conformation, which was evidenced from the single crystal X-ray 

diffraction analysis. The acetylacetone appended dibromo substituted 

porphyrins MTPP(Br)2acac 24 shows hydrogen bonded dimers which 

may be due to the formation of keto-enol tautomerism. The frontier 

molecular orbitals of H2TPP(Ph)2acac 24 shows that the HOMO and 
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LUMO had a contribution from the porphyrin macrocycle as expected 

for electron deficient porphyrins, whereas the LUMO+2 shows the 

contribution from both, the meso-phenyl units and the porphyrin ring. 

 

 

 

 

 

 

 

Chart 1.5. Porphyrin based chromophore 24 and 25. 

 

Maurya and co-worker reported -substituted tetrabromo vanandyl 

porphyrin 26 and investigated their optical, electrochemical, 

computational and catalytic applications in the epoxidation of alkenes 

(Chart 1.6).[85] The optical spectrum of porphyrin 26 show one Soret and 

two Q-band in which the soret band exhibits similar absorption maxima 

whereas first Q-band shows redshift and the second Q-band exhibits 

blue shift compared to H2TPPBr4. The electrochemical studies show two 

oxidation and two reduction potential for porphyrin 26. The -

substituted tetrabromo vanandyl porphyrin 26 was used as the catalyst 

in the epoxidation of alkenes which shows good conversion efficiency 

and TOF of 7600–9800 h–1 with low reaction time of 0.5 h. 
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Chart 1.6. Porphyrin based chromophore 26. 

1.4. Applications of β-functionalized porphyrins 

The porphyrin based β-substituted D–A systems have been explored for 

various applications. Some of the important applications are discussed 

here. 

1.4.1. Sensors 

Chemosensors based on porphyrins are well known for anion sensing, 

such as CN−, F− and −OAc ions. The complexation of anionic species by 

an appropriate binding sites using β-substituted porphyrin systems are 

gaining much attention in supramolecular chemistry. The molecular 

sensing can be detected using spectrophotometric and 

spectrofluorimetric measurements with the changes observed in the 

absorption and emission spectra. The porphyrin sensors are mostly based 

on meso-substituted porphyrin macrocyles whereas the β-substituted 

porphyrins are not much explored.[86] In this section, we have explored 

the ion-sensing properties of β-substituted porphyrin and their analogues 

which are employed as chemosensors in the detection of anions and 

metal ions. Here we have discussed the excellent available examples of 

β-porphyrin analogues with ion-sensing properties. 
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Sankar et al. reported β-substituted octa-phenylethynyl porphyrin, 

ZnTPP(PE)8 27 and their Co(II), Ni(II), Cu(II) and Zn(II) metal 

complexes (Chart 1.7).[87] The photophysical and  solvatochromic 

studies on porphyrin 27 were carried out. In β-substituted octa-

phenylethynyl porphyrins and their metal complexes, only ZnTPP(PE)8 

27 was utilized as chemosensors for the naked-eye detection of Cl‒, Br‒

, CN‒, F‒, CH3COO‒ and H2PO4
‒ ions. The Zn(II) metal centre shows 

high binding constants of 1012 to 107 M‒2 through axial coordination of 

anions, which was explained by axial ligation studies with anions in 

toluene.  

 

 

 

 

 

 

 

Chart 1.7. Porphyrin based chromophore 27. 

The β-substituted dicyanovinyl porphyrin and its nickel complexes 

28−31 were synthesized by Sankar et al. and were employed as 

chemodosimeters for the detection of cyanide ions (Chart 1.8).[88]
 The 

electronic absorption spectra, electrochemical redox properties and 

single crystal X- ray of these porphyrins 28−31 were explored. The β-

substituted dicyanovinyl porphyrin exhibits excellent sensing ability 

after the addition of CN‒ ions with the unperturbed blue shifted 

absorption spectrum and the lowest detection limit (LOD) of 0.023-

0.082 ppm. The sensing ability of chemodosimeter was confirmed by 

the formation of cyanide addition adduct which was confirmed by the 

1H-NMR titrations and ESI-mass spectrometry. 
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Chart 1.8. Porphyrin based chromophore 28−31. 

The efficient synthetic protocol for porphyrin–pyrazole conjugates 32a–

d were reported by Lodeiro et al. by treating phenylhydrazine with β-

porphyrin–chalcone derivatives in acetic acid (Chart 1.9).[89] The metal 

binding ability of porphyrin–pyrazole analogues with Cu2+, Zn2+, Cd2+, 

and Hg2+ were investigated. The porphyrin–pyrazole conjugates shows 

significant changes in the ground state and excited state of the 

absorption spectra. The sensing ability of porphyrin–pyrazole 

conjugates with Zn2+ ion and selective detection of Cu2+ and Ag+ in gas 

phase shows considerable changes in the emission spectra, which was 

analysed by spectrophotometric and spectrofluorimetric titrations. 
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Chart 1.9. Porphyrin based chromophore 32a–d. 

1.4.2. Dye-sensitized solar cells (DSSCs) 

In recent years, the global energy consumption has increased drastically 

due to the population growth in developing countries. The fossil fuels 

such as coal, crude oil and natural gas are the major energy resources 

which contributes around 80% of the global energy consumtion. The 

environmental pollution and the depletion of the fossil fuels are the 

major concern to approach for the alternate source of energy. The solar 

energy remains as an alternate for fossil fuels, which are highly desirable 

due to its artificial photosynthetic technology. After Grätzel et al. 

reported their revolutionary work on Dye Sensitized Solar Cells 

(DSSCs) in 1991, it has emerged as a cutting-edge technology in the 

field of photovoltaics (PV) due to the low-cost production and high-

power conversion efficiency.[90]  

Segawa et al. synthesized a series of mono/di acetylene-bridged push-

pull porphyrin, 33–37 with phenylcarboxyl, thienylcyanoacryl, 

pyridinyl and fluorophenylcarboxyl group at the β-pyrrolic position 

(Chart 2.0).[91] The absorption spectra of porphyrin 37 exhibits a red 

shifted absorption band compared to porphyrin 33–36, which may be 

due the extension of π-conjugated system. The photovoltaic 

performance of these dyes were investigated, in which porphyrin dye 37 

shows maximum PCE of 5.7% and an IPCE of up to 92% compared to 

other porphyrins which shows IPCE between 76–80%. 
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Chart 2.0. Porphyrin based chromophore 33–37. 

 

Imahori et al. reported quinoxaline-fused porphyrin dyes 38 and 39. In 

porphyrin 39 one of the pyrrole unit of tetraarylporphyrins was fused 

with electron-withdrawing carboxy quinoxalino anchoring group. In 

porphyrin 38, two pyrrole unit of the tetraarylporphyrin were fused with 

imidazole group and carboxyquinoxalino anchoring group at the β, β’-

edge (Chart 2.1).[92] Recently quinoxaline-fused porphyrins are utilized 

as sensitizers due to its strong light-harvesting properties. The porphyrin 

38 shows broader soret band with a red shifted absorption towards the 

longer wavelength region compared to porphyrin 39. The performance 

of porphyrins 38 and 39 with chenodeoxycholic acid (CDCA) as co-

adsorbent exhibits a highest PCE of 6.8% and 6.3% with high Jsc value 

of 13.9 mAcm-2 and 13.2 mAcm-2. 
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Chart 2.1. Porphyrin based chromophore 38 and 39. 

 

Kim and co-worker synthesized zinc porphyrin dyes 40, 41 and 42 of 

donor–π–acceptor architecture in which the meso-position was 

appended by electron-donating bis(4-tert-butylphenyl) amino group and 

the opposite β-pyrrolic position was substituted by 2-propenoic acid or 

2,4-pentadienoic acid moiety (Chart 2.2).[93] The acid moiety substituted 

at the β-position serve as a anchoring groups for interacting with the 

TiO2 surface. The electron-donating group on the porphyrin architecture 

provides a considerable electronic coupling which results in low 

HOMO–LUMO energy gap with a broad red shift in the absorption 

spectra (Figure 21). The DSSC device were composed of TiO2 spheres 

with a diameter of 600–800 nm prepared from P-25 and anatase TiO2 

nanoparticles functioning as photoelectrodes. The porphyrin dyes 42 

were sensitized with anatase TiO2 nanoparticles and P-25 TiO2 spheres, 

in which the anatase TiO2-based DSSC showed enhanced power 

conversion efficiencies (η) of 7.47% with high Jsc value of 18.4 mAcm-

2.  
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Chart 2.2. Porphyrin based chromophore 40–42. 

 

Kim et al. studied the performances of push–pull porphyrin dyes, 43–46 

for DSSC application in which the porphyrins was substituted with 

diarylamine group at the meso-position and the β-position were 

functionalized with benzoic acid for porphyrin 43 and 44 and 

vinylbenzoic acid for porphyrin 45 and 46 (Chart 2.3).[94] The 

photophysical study reveals a red shifted absorption spectra for 

vinylbenzoic acid substituted porphyrin 45 and 46 relative to the benzoic 

acid substituted porphyrin 43 and 44. The DFT study shows intrinsic 

intramolecular charge-transfer character of push–pull dyes and the 

extent of charge-transfer depends on the β-conjugated linkage. The 

photovoltaic performances of push–pull porphyrin sensitizers 43–46, 

the vinylbenzoic acid substituted porphyrin 45 and 46 shows higher 

power conversion efficiency due to the vinyl linkage compared to the 

benzoic acid substituted porphyrin 43 and 44. The DSSC performance 

of cells were made to improve by more than 1% by employing cobalt 

(II/III)-based electrolyte instead of I−/I3− reference electrolytes. The 

highest PCE were shown by 45 and 46 were about 6.6% and 5.3%. 
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Chart 2.3. Porphyrin based chromophore 43–46. 

Imahori et al. reported quinoxaline-fused porphyrins 47–49, with 

carboxylic-acid anchoring group, and investigated the effects of π-

conjugation due to the fused quinoxaline moiety on photophysical, 

electrochemical, and photovoltaic properties (Chart 2.4).[95] The 

porphyrins 48 and 49 showed a red-shifted abosorption compared to 

porphyrin 108. The photovoltaic properties were compared in a sealed 

device structure under the optimized conditions, using TiO2 double 

layers, treated with TiCl4. The porphyrins 47 and 48 exhibited a 

relatively high-power conversion efficiency (η) of 6.3% and 5.1% with 

high Jsc value of 13.2 mAcm-2 and 11.1 mAcm-2, while the 49 showed a 

low PCE (η) value of 0.80%. 
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Chart 2.4. Porphyrin based chromophore 47–49. 

 

Zhao and co-worker synthesized β-functionalized porphyrin with 

diphenylquinoxaline unit in 51 and benzothiadiazole unit in 52 (Chart 

2.5). The influence of electron-withdrawing moiety such as quinoxaline 

and benzothiadiazole unit on the photovoltaic performance in DSSC 

were investigated relative to the porphyrin dye 50.[96] On addition of the 

acceptor unit at the β-position of the porphyrin macrocyle, 51 and 52, 

results in decreased LUMO energy levels with broader absorption 

spectra and higher short-circuit current density (Jsc) compared to 50 

reference dye. These results provide an insight, to manipulate the 

LUMO energy levels of the porphyrin sensitizers via the modification 

of β-linker for the photovoltaic applications. The PCE were recorded for 

porphyrin dye 52 of 6.14% with high Jsc value of 11.47 mAcm-2. 
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Chart 2.5. Porphyrin based chromophore 50–52. 

1.4.3. Nonlinear optics  

Sankar et al. synthesized two series of triphenylamine (TPA) substituted 

β-porphyrins 53, MTPP(TPA)2X, (where M = 2H, Co(II), Ni(II), Cu(II), 

Zn(II) and X = NO2/CHO) and investigated their photophysical, 

electrochemical, computational and nonlinear optical (NLO) properties 

(Chart 2.6).97 The UV-Visible spectra of MTPP(TPA)2X shows red 

shifted absorption in the soret and Q band region compared to their 

MTPPs due to the inductive and resonance effect caused by the 

triphenylamine donor unit appended at the β-pyrrolic position of the 

porphyrin π-systems. The fluorescence lifetime and quantum yields of 

MTPP(TPA)2X are very low for nitro appended porphyrins compared to 

the formyl substituted porphyrins. The CuTPP(TPA)2 with NO2 and 

CHO group shows a anodic shift compared to CuTPP due to the electron 

withdrawing nature of  NO2 and CHO groups. The DFT studies on 

porphyrin MTPP(TPA)2X reveals a nonplanar saddle shape 

conformation of the porphyrin ring due to the presence of TPA and 

NO2/CHO units. 
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Chart 2.6. Porphyrin based chromophore 53. 

 

1.4.4. Bulk heterojunction (BHJ) solar cells 

The bulk heterojunction solar cell is a promising approach for increased 

efficiency and light harvesting properties of organic photovoltaic cells 

(OPV). The bulk heterojunction solar cells have been utilized because 

of their mechanical flexibility and low processing costs compared to 

other conventional solar cells. The solution-processed bulk 

heterojunction (BHJ) solar cells have reduced the manufacturing costs 

through spray deposition at low temperatures. The conjugated organic 

molecules as donors and electron withdrawing fullerene derivatives as 

acceptors are commonly used in bulk heterojunction solar cells. Marks 

et a1. reported the solution-processed bulk-heterojunction (BHJ) solar 

cell in 1994, followed by Yu et al. in 1995. [98, 99] Currently, the binary 

and ternary BHJs, have reported the best PCEs of about 14% using non-

fullerene and fullerene acceptors along with conjugated polymer donors.  
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Chart 2.7. Porphyrin based chromophore 54 and 55. 

In bulk heterojunction solar cells, organic molecules with low HOMO-

LUMO gap and good charge transport properties are used as donors. 

Wong et a1. reported the synthesis of FHBC-quinoxalinoporphyrin 

hybrid using bromo-quinoxalinoporphyrin and 9,9-dioctylfluorenyl 

hexa-peri-hexabenzocoronene (FHBC) boronate ester.[100] The 

photoluminescence studies suggests that the emission from the higher 

energy hexa-peri-hexabenzocoronene (HBC) unit was completely 

quenched by the porphyrin macrocycle indicating efficient energy 

transfer. The FHBC-quinoxalinoporphyrin hybrid were investigated for 

bulk heterojunction photovoltaic devices and Porphyrin 54 showed a 

PCE of around 1.2%. 
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1.4.5. Photodynamic therapy (PDT) 

Photodynamic therapy (PDT) consists of a photosensitizing chemical 

substance to treat a wide range of medical conditions, involving wet age-

related macular degeneration, acne, atherosclerosis, psoriasis and 

malignant cancers. The development of PDT is related with the 

involvement of non-toxic photosensitizers capable of providing the 

maximum therapeutic effect without affecting the non-malignant 

tissues. The β-substituted tetraphenyl porphyrin 56 and 57 was used to 

determine the ability of the porphyrin photosensitizers to accumulate in 

cancer cells by measuring the fluorescence intensity after incubation for 

2 and 24 h. [101] The estimated binding constant between the bovine 

serum albumin and porphyrin suggest that the length and the position of 

functional group influences the binding affinity of porphyrin 

photosensitizers in cancer cells.  

 

  

 

 

 

 

 

 

 

 

 

Chart 2.8. Porphyrin based chromophore 56 and 57. 

 

The main objectives of present study are: 

✓ To synthesize donor and acceptor substituted β, β′-push–pull 

porphyrin via β-mono and dibrominated tetraphenylporphyrin by 

the Sonogashira cross-coupling reaction and zinc metallation 

reaction 
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✓ To understand the effect of TCBD functionalization on β-

substituted porphyrins and their photophysical and 

computational studies were investigated 

✓ To fine-tune the photophysical and electrochemical properties of 

the porphyrin macrocycle by incorporating the donor 

substituents at the β-pyrrolic position of the porphyrin π-system. 

✓ To explore the influence of acceptor units on the electronic 

properties of the porphyrin π-system.  

✓ To investigate the effect of 2,3,3-triphenylacrylonitrile, 1,1,2,2-

tetraphenylethene and 9-propyl-9H-carbazole units on the 

photonic and electronic properties of the porphyrin π-systems. 

 

 

 

Figure 1.2. General representation of donor-acceptor functionalized 

porphyrins in this work. 

 

1.5. Organization of thesis 

Chapter 1: This chapter gives an outline of various design and synthetic 

strategies of porphyrin chromophores at the β-pyrrolic positions and 

their applications in diverse fields. 
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Chapter 2:  This chapter summarizes the instrumentation and general 

methods used for the present study. 

Chapter 3: In this chapter, we discuss the design and synthesis of donor 

and acceptor substituted push–pull porphyrins and their photophysical 

and computational studies were investigated in order to understand the 

effect of donor and acceptor on the porphyrin π-systems. 

Chapter 4: In this chapter, we discuss the design and synthesis of β-

donor, acceptor functionalized porphyrins and their photophysical and 

computational studies were explored to understand the effect of TCBD 

functionalization on β-substituted porphyrins. 

Chapter 5: In this chapter, we discuss the synthesis of donor substituted 

unsymmetrical free base β-pyrrole porphyrins and investigated their 

electronic properties of the porphyrin π-system by incorporating the 

donor substituents at the β-pyrrolic position. 

Chapter 6: In this chapter, we discuss the synthesis of acceptor 

functionalized unsymmetrical β-porphyrin and investigated the 

influence of acceptor units on the electronic properties of the porphyrin 

π-system. 

Chapter 7: In this chapter, we discuss the synthesis of TPAN, TPE and 

carbazole substituted unsymmetrical β-porphyrins and their 

photophysical, electrochemical and computational studies were 

explored.  The effect of TPAN, TPE and carbazole entity on the photonic 

and electronic properties of the porphyrin π-systems were investigated. 
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Chapter 2  

Materials and Experimental Techniques 

 
2.1. Introduction 

This chapter discusses about the materials used, spectroscopic 

techniques, the computational calculations and the instrumentation 

employed in the characterization of synthesized molecules. 

2.2. Chemicals for synthesis 

Common solvents used for syntheses were purified according to known 

procedures.[1] Benzaldehyde, pyrrole, propionic acid, N-

bromosuccinimide, HCl, NaOH, bispinacolato diboron, 4-bromo-1,8-

naphthalic anhydride, triphenylamine, phenothiazine, N, N-

dimethylaniline and carbazole were obtained from S. D. Fine chem. Ltd. 

Triethylamine, was obtained from Spectrochem, PdCl2(PPh3)2, 

Pd(dppf)Cl2·CH2Cl2, Pd(PPh3)4, tetrabutylammonium 

hexafluorophosphate (TBAPF6), ferrocene, were procured from Aldrich 

chemicals USA. Silica gel (100–200 mesh and 230–400 mesh) were 

purchased from Rankem chemicals, India. TLC pre-coated silica gel 

plates (Kieselgel 60F254, Merck) were obtained from Merck, India. Dry 

solvents chloroform, dichloromethane, N,N-dimethylformamide 

(DMF), tetrahydrofuran (THF), 1,2-dichloroethane, acetone, toluene 

and methanol were obtained from S. D. Fine chem. Ltd and Spectrochem 

India. All moisture sensitive reactions were performed under 

nitrogen/argon atmosphere using standard schlenk method. The N-

Bromosuccinmide was recrystallized from hot water before use. The 

solvents and reagents were used as received unless otherwise indicated. 

Photophysical and electrochemical studies were performed using 

spectroscopic grade solvents. 
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2.3. Spectroscopic Measurements 

2.3.1. NMR Spectroscopy 

1H NMR (400 MHz and 500 MHz), and 13C NMR (101 MHz and 126 

MHz) spectra were recorded on the Bruker Avance (III) 400 MHz and 

Model AVNACE NEO500 Ascend Bruker 500 MHz, using CDCl3 as 

solvent. Chemical shifts in 1H, and 13C NMR spectra were reported in 

parts per million (ppm). In 1H NMR chemical shifts are reported relative 

to the residual solvent peak (CDCl3, 7.26 ppm). Multiplicities are given 

as: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). 13C NMR 

chemical shifts are reported relative to the solvent residual peak (CDCl3, 

77.02 ppm). 

2.3.2. Mass Spectrometry 

High resolution mass spectra (HRMS) were recorded on Brucker-

Daltonics, micrOTOF-Q II mass spectrometer using positive and 

negative mode electrospray ionizations. 

2.3.3. UV-Vis Spectroscopy 

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio 

UV-Vis and PerkinElmer LAMBDA 35 UV/Vis spectrophotometer. 

2.3.4. Fluorescence Spectroscopy 

Fluorescence emission spectra were recorded upon specific excitation 

wavelength on a Horiba Scientific Fluoromax-4 spectrophotometer. The 

slit width for the excitation and emission was set at 2 nm. 

The fluorescence quantum yields (ɸF) 

The fluorescence quantum yields (ɸF) of compounds were calculated by 

the steady-state comparative method using following equation, 

ɸF = ɸst × Su/Sst × Ast / Au × n2Du/n2 Dst …………………. (Eq. 1) 

Where ɸF is the emission quantum yield of the sample, ɸst is the emission 

quantum yield of the standard, Ast and Au represent the absorbance of 

the standard and sample at the excitation wavelength, respectively, 
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while Sst and Su are the integrated emission band areas of the standard 

and sample, respectively, and nDst and nDu the solvent refractive index 

of the standard and sample, u and st refer to the unknown and standard, 

respectively. 

2.4. Electrochemical Studies 

Cyclic voltammograms (CVs) were recorded on CHI620D 

electrochemical analyzer using Glassy carbon as working electrode and 

Pt wire as the counter electrode, Ag/Ag+ as the reference electrode. The 

scan rate was 100 mVs‐1. A solution of tetrabutylammonium 

hexafluorophosphate (TBAPF6) in CH2Cl2 (0.1 M) was employed as the 

supporting electrolyte. 

2.5. Computational Calculations 

The density functional theory (DFT) calculation were carried out at the 

B3LYP/6-31G level for C, N, O, H, Zn, S in the Gaussian 09 program.[2] 
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Chapter 3  

Unsymmetrical β-substituted push–pull 

tetraarylporphyrins 

 

3.1. Introduction 

Porphyrin molecules are often reported as a promising candidate for the 

generation of artificial photosynthetic system to mimic the natural 

photosynthetic process.[1] The energy-transfer and electron-transfer 

processes in the light-harvesting capability of porphyrin chromophores 

have been well studied for organic photovoltaics and photodynamic 

therapy. [2−7] Porphyrin chromophores have potential applications in 

biomimetic catalysis, molecular electronics and Supramolecular 

chemistry. [8−10] Push-pull chromophores with electron donors (D) and 

acceptors (A) have been a topic of interest due to its widespread 

applications.[11,12] Triphenylamine (TPA) unit have been used as an 

electron-donor and hole-transporting material for photovoltaic 

applications, whereas 1,8-naphthalimide chromophores act as a strong 

acceptor unit and possess high charge carrier mobility.[13−16] Over the 

years, porphyrin dyes have been used in the push−pull systems due to 

its potential light absorption ability.[17] The porphyrin macrocycle can 

be functionalized at the meso as well as at the β-positions. The 

substitution at the β-position have greater steric repulsion which leads 

to the distorted structures in the porphyrin molecules. The introduction 

of β-substituents has a substantial effect on the electronic properties of 

these molecules. The introduction of mono- and disubstituent at the β-

pyrrole positions of the porphyrin ring are synthetically more attractive 

due to its synthetic challenges.[18, 19] The synthesis of di and 

trisubstitution on the β-pyrrole ring was reported by H. J. Callot in 

1974.[20]  

The synthesis and regiochemistry of β-disubstituted porphyrins and 

metalloporphyrins are largely unexamined due to the formation of 
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mixture products. Bhyrappa et al. have reported the preparation of 

partial β-pyrrole brominated TPP with isomers and the crystal structures 

of the complexes were explored.[21] Recently Pizzotti et al. synthesized 

β-disubstituted push–pull tetraaryl ZnII porphyrinates and were used for 

DSSC applications.[22] Sankar et al. have reported the synthesis of mixed 

antipodal β-substituted porphyrins and its electronic and the redox 

properties were explored.[23] Tagliatesta et al. have synthesized 2,12 

positions of β-substituted porphyrin and its electron-transfer processes 

were investigated.[24]  

In this chapter, we wish to report the design and synthesis of push–pull 

porphyrins 1–6 via β-pyrrole functionalization, wherein the push group, 

triphenylamine (TPA) and the pull group, naphthalimide (NI) units have 

been incorporated in the porphyrin π-system (Figure 3.1). Therefore, 

we have comparatively investigated the photophysical and 

computational studies of porphyrins 1–6, in order to understand the 

effect of donor and acceptor on the push−pull porphyrin derivatives. 

 

 

 

 

Figure 3.1. Structure of the push-pull porphyrins, 1-6, used in the 

present study. 
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Scheme 3.1. Synthesis of porphyrins 1−6. 
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3.2. Results and Discussion 

Synthesis 

The synthesis of push–pull porphyrin and its zinc derivatives 1–6 are 

shown in Scheme 3.1. The tetraphenylporphyrin (TPP) and 

monobrominated TPPBr, 10 were synthesized as per the reported 

procedures.[25] The synthesis of β-dibrominated TPP 11 was carried out 

using controlled amount of N-bromosuccinimide (NBS) (1.8 equiv) in 

CHCl3 at room temperature for 24 hours, which resulted in H2TPPBr2 

(11) as mixture of products (Scheme 3.1).[21] The Pd-catalyzed 

Sonogashira cross-coupling reaction using phenylacetylene 7 with 

TPPBr in the presence of Pd(PPh3)4 at 70 °C in THF solvent resulted in 

porphyrin 1 with 53% yield (Scheme 3.1). The Sonogashira cross-

coupling reaction of β-monobrominated TPPBr with 1 equivalents of 2-

butyl-6-ethynyl-1H-benzo[de]isoquinoline-1,3(2H)-dione 8 resulted in 

porphyrin 3 with 78% yield. The H2TPPBr2 11 mixture was subjected to 

Sonogashira cross-coupling reaction with 4-ethynyl-N,N-diphenyl 

aniline 9 resulted in porphyrin 12 (expected 12a/12b) isomers in 79% 

yield. The separation of the porphyrin 12a was evidenced from 1H NMR 

characterization. However, it may be mentioned here that we were 

unable to discriminate the positions of bromination, whether it was at 

the 2,12- or 2,13-positions, although there is clear 1H NMR evidence 

that only one dibrominated product was isolated.[22] The Sonogashira 

crosscoupling reaction was further carried out on porphyrin 12 with 1 

equivalent of 2-butyl-6-ethynyl-1H-benzo[de]isoquinoline-1,3(2H)-

dione 8 resulted in porphyrin 5 with 47% yield. The zinc insertion on 

porphyrins 1, 3 and 5 were carried out with Zn(OAc)2 in MeOH/CHCl3 

(3:1) mixture, which resulted in zinc porphyrin 2, 4 and 6 with 87, 86 

and 81% yields, respectively. The porphyrin and its zinc derivatives 1–

6 were purified and well characterized by 1H and 13C NMR, HRMS and 

MALDI-TOF mass spectra.  
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3.3. Photophysical Properties 

The absorption and emission spectra of β-mono and disubstituted 

porphyrin and their zinc complexes 1–6 were recorded in 

dichloromethane (Figure 3.2), and the corresponding data are compiled 

in Table 3.1. The absorption spectrum of porphyrins 1–6 show the 

typical absorption spectra with intense Soret bands in the range of 

426−436 nm and the Q-bands between 522–667 nm. The incorporation 

of electron withdrawing naphthalimide unit 8 on the β-position of the 

porphyrin 3 and 4 results in a slight red shift of the Soret band and the 

Q-bands compared to the porphyrin 1 and 2. The Soret and Q band of 

push–pull porphyrin 5 and 6 containing triphenyl amine and 

naphthalimide unit at the opposite β, β′-positions of the porphyrin 

exhibits red shifted absorption in the soret and the Q band region. The 

Soret and Q band of the porphyrin 5 and 6 resulted in red shift by 4–6 

nm in the Soret band region compared to porphyrin 1 and 2 respectively. 

The porphyrin 5 and 6 shows a redshifted absorption of about 2–7 nm in 

the soret band region compared to porphyrin 3 and 4 respectively. The 

observed red shift in the Soret and the Q-bands of porphyrin 5 and 6 

resulted from the enhanced π-conjugation due to a stronger push−pull 

effect of the electron donor and the acceptor units at the opposite β, β′-

positions.  

The Steady state fluorescence spectra of the β-porphyrin and 

their zinc complexes was measured in dichloromethane (Figure 3.2) and 

the data are tabulated in Table 3.1. The porphyrin 1–6 shows emission 

band around 607–748 nm in the visible region. The free base porphyrin 

1, 3 and 5 shows a redshifted emission band compared to their zinc 

complexes 2, 4 and 6. The porphyrin 3 and 4 with naphthalimide unit at 

the β-pyrrolic position exhibits red shifted emission band  
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Figure 3.2. Normalized electronic absorption of porphyrin (a) 1–6 and 

emission spectra of porphyrin (b) 1–6 measured in dichloromethane at 1.0 

× 10-5 M concentration.  

Table 3.1. Photophysical and theoretical data of porphyrin 1–6. 

a Absorbance measured in dichloromethane at 1×10-5 M concentration; λabs: absorption wavelength; 

λem: emission wavelength; ε: extinction coefficient. b The fluorescence quantum yields were recorded 

using H2TPP as a standard (Φst = 0.11). c Calculated from computational study.  

 

compared to porphyrin 1 and 2. The emission spectra show considerable 

red shift in the fluorescence maxima of push–pull porphyrin 5 and 6 

 

 

Compound 

 

λabs (nm) a 

 

 

 

λem (nm) 

 

 

Φf 
b 

 

 

 

H–L 

gap(eV) 
c 

Soret 

band 

ε (M−1 

cm−1) 

Q-bands 

1 426 10810 522, 558, 

599, 655 

666, 729 0.08 2.50 

2 430 12240 556, 590 659, 607 0.03 2.64 

3 428 95410 524, 563, 

602, 657 

671, 733 0.07 2.38 

4 429 10460 558, 597 664, 613 0.03 2.38 

5 430 

 

 

12170 

 

529, 580, 

612, 667 

684, 748 

 

0.05 

 

2.06 

6 

 

 

436 08690 568, 610 683, 632 0.09 2.17 
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compared to porphyrin 1, 2, 3 and 4 respectively. The red shifted 

emission in porphyrin 5 and 6 confirms the strong electronic 

communication between the electron donor and the acceptor units. The 

fluorescence quantum yields (Φ) were recorded in dichloromethane 

using H2TPP (Φst = 0.11) as a standard. The quantum yields (Φ) for 

porphyrin 1–6 were seen around 0.03–0.09. The highest quantum yield 

value of 0.09 were observed for porphyrin 6.  

3.4. Computational studies 

To gain further insight into the electronic distribution of the 

push–pull porphyrin 1–6, the density functional theory (DFT) 

calculations were performed at B3LYP/6-31G level using the Gaussian 

09 W program.[26] The energy level diagram and the frontier orbitals of 

porphyrin 1–6 are shown in Figure 3.3. The porphyrin 1 and 2 shows 

that the electron density of HOMO is localized on the porphyrin 

macrocycle, whereas in LUMO it is mainly populated on porphyrin 

macrocycle with parts dispersed over the phenylacetylene group. In 

porphyrin 3 and 4, the HOMO is populated on the porphyrin macrocycle 

and the LUMO is mainly concentrated on the naphthalimide unit with 

parts dispersed over the porphyrin macrocycle. In porphyrins 5 and 6 the 

electron density of HOMO is concentrated on triphenyl amine donor 

group whereas the LUMOs are populated on the naphthalimide unit with 

parts dispersed over the porphyrin macrocycle. The theoretically 

calculated HOMO levels of the porphyrins 1, 2, 3, 4, 5 and 6 are –5.25 

eV, –5.20 eV, –5.28 eV, –5.22 eV, –5.03 eV and –5.01 eV whereas 

LUMO levels are –2.75 eV, –2.56 eV, –2.90 eV, –2.84 eV, –2.97 eV 

and –2.84 eV respectively. The theoretically calculated HOMO and 

LUMO energy level of porphyrin 5 and 6, exhibits a low HOMO–

LUMO band gap of about 2.06 eV and 2.17 eV compared to porphyrins 

1, 2, 3 and 4. 
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Figure 3.3. Energy level diagram and the frontier HOMO and LUMO 

on B3LYP/6-31G optimized structures of porphyrins (a) 1, 3, 5 and (b) 

2, 4, 6. 
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The time-dependent density functional theory (TD-DFT) calculation 

was performed to explore the electronic absorption spectra of porphyrin 

1–6, using B3LYP/6-31G level and the data are tabulated in Table 3.2. 

The TD-DFT calculation of porphyrin 1–6 shows two absorption bands 

in the UV-visible region, the Soret band and the Q-band. The porphyrin 

1–6 shows absorption bands around 378–675 nm in the Soret band and 

the Q-band region. The porphyrins 1, 2, 3, 4, 5 and 6 exhibits absorption 

band around 603, 554, 613, 572, 675 and 628 nm in the low energy Q-

band region and are assigned to ICT transitions. The major ICT 

transitions for porphyrin 1–6 arises from HOMO →LUMO.  

Table 3.2. Calculated Electronic Transitions of porphyrin 1–6. 

fa Oscillator strength 

The porphyrin 1, 2, 3, 4, 5 and 6 exhibits absorption band between 387, 

380, 380, 378, 486 and 416 nm in the high energy Soret band region and 

are attributed to π–π* transitions. The π–π* transitions for porphyrin 1–

6 occurs from HOMO–2→LUMO, HOMO‒1→LUMO+1, 

HOMO→LUMO+1, HOMO‒3→LUMO and HOMO–5→LUMO, 

respectively. The TD-DFT calculated values was in good agreement 

with the experimental data. 

Compounds λmax Composition & Molecular 

contribution 

fa Assignment 

1 387 

603 

HOMO–2→LUMO (0.39) 

HOMO→LUMO (0.59) 

1.63 

0.04 

π–π* 

ICT 

2 380 

554 

HOMO‒1→LUMO+1 (0.34) 

HOMO→LUMO (0.48) 

1.12 

0.03 

π–π* 

ICT 

3 380 

613 

HOMO→LUMO+1 (0.34) 

HOMO →LUMO (0.61) 

1.22 

0.05 

π–π* 

ICT 

4 378 

572 

HOMO–1→LUMO+1 (0.37) 

HOMO→LUMO (0.62) 

0.84 

0.08 

π–π* 

ICT 

5 486 

675 

HOMO‒3→LUMO (0.39) 

HOMO →LUMO (0.67) 

1.08 

0.35 

π–π* 

ICT 

6 416 

628 

HOMO–5→LUMO (0.45) 

HOMO →LUMO (0.67) 

0.61 

0.48 

π–π* 

ICT 
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3.5. Experimental Section 

General: All chemicals were used as received unless otherwise noted. 

All moisture sensitive reactions were performed under argon/nitrogen 

atmosphere. The NMR spectra were recorded at room temperature (298 

K). Chemical shifts are given in ppm with respect to tetramethylsilane 

as internal standard (CDCl3, 7.26 ppm, 77.0 ppm). 1H NMR and 13C 

NMR spectra were recorded using a 400 MHz and 100 MHz 

spectrometer. Multiplicities are given as s (singlet), d (doublet), t 

(triplet) and m (multiplet) are given in Hertz. TLC analysis was carried 

out using silica gel 60 F254 plates. UV-visible absorption spectra were 

recorded on a Cary-100 Bio UV-visible spectrophotometer. Emission 

spectra were taken in a The Fluoromax-4C, S/n. 1579D-1417-FM 

Fluorescence software Ver 3.8.0.60. UV/Vis and emission spectrums of 

all compounds were recorded in dichloromethane solution. The density 

functional theory (DFT) calculation were carried out at the B3LYP/6-

31G level for C, N, H, O, Zn in the Gaussian 09 program. HRMS was 

recorded on TOF-Q mass spectrometer. 

Synthesis 

Synthesis of 5,10,15,20-tetraphenyl-7-(phenylethynyl) porphyrin 

(1). 

7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.150 g, 0.21 

mmol), ethynylbenzene 7 (0.033 g, 0.32 mmol) in THF: TEA (1: 1, v/v), 

palladium(0)-tetrakis(triphenylphosphine) (0.070 g, 0.06 mmol), and 

CuI (0.010 g, 0.05 mmol) were added under argon atm at room 

temperature. The reaction mixture was stirred for 12 h at 70 °C, and then 

cooled to room temperature. The solvent was then evaporated under 

reduced pressure and the resultant mixture was diluted with DCM and 

the organic layer was collected, dried over anhydrous Na2SO4 and 

evaporated under vacuum. The solid was adsorbed on silica gel and 

purified by column chromatography, using a DCM: hexane (20: 80) 

mixture to produce (0.080 g, 53%) of compound 1 as purple solid. 1H 

NMR (400 MHz, CDCl3): δ ppm= -2.66 (s, 2 H) 7.37 (m, 4 H) 7.64 - 

7.82 (m, 13 H) 8.23 (s, 8 H) 8.76 - 8.89 (m, 6 H) 9.09 (s, 1 H). 13C NMR 
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(100 MHz, CDCl3): δ ppm= 85.58, 98.48, 119.58, 119.69, 119.74, 

120.04, 123.47, 126.28, 126.37, 127.43, 128.25, 131.64, 134.12, 134.16, 

140.80, 141.43, 141.67, 141.72, 141.77. HRMS (ESI-TOF): m/z 

calculated for C52H34N4 [M+nH] + 715.2856, found 715.2834. 

Synthesis of 5,10,15,20-tetraphenyl-7-(phenylethynyl)porphyrin, 

zinc (2). 

5,10,15,20-tetraphenyl-7-(phenylethynyl) porphyrin 1 (0.100 g, 

0.14 mmol), Zn (OAc)2, (0.289 g, 1.32 mmol) in MeOH: CHCl3 (3 : 1, 

v/v), were added and the reaction mixture was stirred for 1 h at room 

temperature. The solvent was then evaporated under reduced pressure 

and the resultant mixture was diluted with DCM/water and the organic 

layer was collected, dried over anhydrous Na2SO4 and evaporated under 

vacuum. The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (40: 60) mixture to produce 

(0.095 g, 87%) of compound 2 as red solid. 1H NMR (400 MHz, CDCl3): 

δ ppm= 7.35-7.40 (m, 4 H), 7.60 - 7.78 (m, 13 H) 8.23 (s, 8 H) 8.89-8.95 

(m, 6 H) 9.26 (s, 1 H). 13C NMR (100 MHz, CDCl3): δ ppm= 86.41, 

99.28, 121.38, 121.74, 124.22, 126.22, 126.76, 126.85, 128.07, 128.72, 

132.30, 134.41, 134.62, 139.17, 142.21, 142.83, 148.49, 150.36, 150.90, 

151.01, 151.32. HRMS (ESI-TOF): m/z calculated for C52H32N4Zn 

[M+nH] + 777.1991, found 777.1996. 

Synthesis of 2-butyl-6-((5,10,15,20-tetraphenylporphyrin-7-yl) 

ethynyl)-1H-benzo[de] isoquinoline-1,3(2H)-dione (3). 

7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.200 g, 0.28 

mmol), 2-butyl-6-ethynyl-1H-benzo[de]isoquinoline-1,3(2H)-dione 8 

(0.104 g, 0.37 mmol) in THF: TEA (1: 1, v/v), palladium(0)-

tetrakis(triphenylphosphine) (0.070 g, 0.06 mmol), and CuI (0.010 g, 

0.05 mmol) were added under argon atm at room temperature. The 

reaction mixture was stirred for 12 h at 70 °C, and then cooled to room 

temperature. The solvent was then evaporated under reduced pressure 

and the resultant mixture was diluted with DCM and the organic layer 

was collected, dried over anhydrous Na2SO4 and evaporated under 
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vacuum. The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (30: 70) mixture to produce 

(0.195 g, 78%) of compound 3 as black solid. 1H NMR (400 MHz, 

CDCl3): δ ppm= -2.66 (s, 2 H), 1.02 (t, J=7.28 Hz, 3 H), 1.46 - 1.54 (m, 

2 H), 1.79 (quin, J=7.53 Hz, 2 H), 4.22 (m, 2 H), 7.28 - 7.35 (m, 3 H), 

7.52 (t, J=7.65 Hz, 2 H), 7.69 (d, J=7.78 Hz, 1 H), 7.72 - 7.85 (m, 10 H), 

8.20 - 8.27 (m, 7 H), 8.53 (d, J=7.53 Hz, 1 H), 8.61 (dd, J=10.79, 7.78 

Hz, 2 H), 8.75 - 8.79 (m, 2 H), 8.83 - 8.88 (m, 1 H), 8.92 (s, 2 H), 9.21 

(s, 1 H). 13C NMR (100 MHz, CDCl3): δ ppm= 13.90, 20.45, 29.71, 

40.33, 95.09, 96.02, 120.06, 120.38, 120.42, 120.58, 121.53, 122.78, 

126.77, 126.84, 126.87, 126.95, 127.88, 128.05, 128.55, 128.72, 129.09, 

130.07, 130.90, 131.25, 131.41, 133.25, 134.44, 134.55, 134.59, 134.63, 

141.23, 141.73, 141.92, 141.97, 163.90, 164.15. HRMS (ESI-TOF): m/z 

calculated for C62H43N5O2 [M+nH] + 890.3490, found 890.3493. 

Synthesis of 2-butyl-6-((5,10,15,20-tetraphenylporphyrin-7-

yl)ethynyl)-1H-benzo[de] isoquinoline-1,3(2H)-dione, Zinc (4). 

2-butyl-6-((5,10,15,20-tetraphenylporphyrin-7-yl) ethynyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione 3 (0.100 g, 0.11 mmol), Zn 

(OAc)2, (0.270 g, 1.23 mmol) in MeOH: CHCl3 (3 : 1, v/v), were added 

and the reaction mixture was stirred for 1 h at room temperature. The 

solvent was then evaporated under reduced pressure and the resultant 

mixture was diluted with DCM/water and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (50: 50) mixture to produce 

(0.090 g, 86%) of compound 4 as black solid. 1H NMR (400 MHz, 

CDCl3): δ ppm= 0.81 (t, J=7.28 Hz, 3 H) 1.11 - 1.19 (m, 2 H) 1.26 - 1.32 

(m, 2 H) 3.30 (t, J=7.40 Hz, 2 H) 7.20 - 7.25 (m, 1 H) 7.46 (t, J=7.65 Hz, 

3 H) 7.52 - 7.56 (m, 1 H) 7.64 (dt, J=15.62, 7.62 Hz, 2 H) 7.73 - 7.82 

(m, 9 H) 8.09 - 8.14 (m, 3 H) 8.19 - 8.25 (m, 6 H) 8.52 (d, J=8.28 Hz, 1 

H) 8.72 (d, J=5.02 Hz, 1 H) 8.86 (d, J=4.77 Hz, 1 H) 8.90 - 8.95 (m, 3 

H) 9.28 (s, 1 H). 13C NMR (100 MHz, CDCl3): δ ppm= 13.62, 20.01, 

29.70, 39.32, 95.17, 96.48, 120.30, 120.77, 121.22, 121.32, 121.50, 
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121.92, 124.21, 126.52, 126.65, 126.74, 127.58, 127.74, 128.36, 128.55, 

129.80, 130.82, 131.17, 131.98, 132.38, 132.56, 132.89, 133.15, 134.23, 

134.47, 138.90, 142.04, 142.57, 142.59, 163.95, 164.10. HRMS (ESI-

TOF): m/z calculated for C62H41N5O2Zn [M+nH] + 952.2624, found 

952.2644. 

Synthesis of 4-((17-bromo-5,10,15,20-tetraphenylporphyrin-7-

yl)ethynyl)-N,N-diphenylaniline (12). 

4-ethynyl-N, N-diphenyl aniline 9 (0.078 g, 0.28 mmol), TPPBr2 

mixture 11 (0.45 g, 0.58 mmol) in THF: TEA (1: 1, v/v), palladium(0)-

tetrakis(triphenylphosphine) (0.100 g, 0.08 mmol), and CuI (0.010 g, 

0.05 mmol) were added under argon atm at room temperature. The 

reaction mixture was stirred for 12 h at 70 °C, and then cooled to room 

temperature. The solvent was then evaporated under reduced pressure 

and the resultant mixture was diluted with DCM and the organic layer 

was collected, dried over anhydrous Na2SO4 and evaporated under 

vacuum. The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to produce 

(0.211 g, 79%) compound 12 mixture with slight separation of 

substituted TPPBr2 mixture on TLC Figure S13. However, compound 

12 mixture were separated by silica gel column chromatography. The 

separation of the porphyrin 12a isomer was evidenced from the 1H NMR 

characterization Figure S14. However, it has to be mentioned that we 

have clear 1H NMR evidence that only one dibrominated product was 

isolated as black solid. 1H NMR of 12 mixture (400 MHz, CDCl3): δ 

ppm= -2.79, -2.67 (s,s, 4 H) 6.95 - 7.02 (m, 4 H) 7.05 - 7.12 (m, 4 H) 

7.13 - 7.22 (m, 12 H) 7.29 - 7.35 (m, 8 H) 7.69 - 7.80 (m, 23 H) 8.04 - 

8.11 (m, 3 H) 8.15 - 8.25 (m, 13 H) 8.67 - 8.78 (m, 4 H) 8.78 - 8.92 (m, 

7 H) 8.95 - 8.99 (d, 1 H) 9.03 (s, 1 H). 1H NMR of 12a (400 MHz, 

CDCl3): δ ppm= -2.65 (s, 2 H) 7.01 (d, J=8.55 Hz, 2 H) 7.10 (t, J=7.32 

Hz, 2 H) 7.15-7.25 (m, J=8.54 Hz, 6 H) 7.30 - 7.37 (m, 4 H) 7.55 (d, 

J=8.55 Hz, 1 H) 7.70 - 7.80 (m, 11 H) 8.19 - 8.24 (m, 7 H) 8.72 (d, 

J=4.88 Hz, 1 H) 8.78 (s, 2 H) 8.82 (d, J=4.88 Hz, 1 H) 8.87 (s, 2 H) 9.04 

(s, 1 H). 13C NMR (100 MHz, CDCl3): δ ppm= 85.5, 99.6, 119.9, 120.1, 
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120.5, 121.9, 123.5, 125.0, 126.7, 126.8, 127.8, 127.9, 128.6, 129.4, 

133.1, 134.6, 141.9, 142.1, 147.3, 147.6. HRMS (ESI-TOF): m/z 

calculated for C64H42N5Br [M+2] + 962.2681, found 962.2686. 

Synthesis of 2-butyl-6-((17-((4-(diphenylamino)phenyl)ethynyl)-

5,10,15,20-tetraphenyl porphyrin-7-yl)ethynyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (5). 

4-((17-bromo-5,10,15,20-tetraphenylporphyrin-7-yl)ethynyl)-

N,N-diphenylaniline 12 (0.100 g, 0.10 mmol), 2-butyl-6-ethynyl-1H-

benzo[de]isoquinoline-1,3(2H)-dione 8  (0.034 g, 0.12 mmol) in THF: 

TEA (1: 1, v/v), palladium(0)-tetrakis(triphenylphosphine) (0.070 g, 

0.06 mmol), and CuI (0.010 g, 0.05 mmol) were added under argon atm 

at room temperature. The reaction mixture was stirred for 12 h at 70 °C, 

and then cooled to room temperature. The solvent was then evaporated 

under reduced pressure and the resultant mixture was diluted with DCM 

and the organic layer was collected, dried over anhydrous Na2SO4 and 

evaporated under vacuum. The solid was adsorbed on silica gel and 

purified by column chromatography, using a DCM: hexane (25: 75) 

mixture to produce (0.054 g, 47%) compound 5 as black solid. 1H NMR 

(400 MHz, CDCl3): δ ppm= -2.66 (s, 2 H) 1.01 (t, J=7.63 Hz, 3 H) 1.48 

(dd, J=14.95, 7.63 Hz, 2 H) 1.69 - 1.79 (m, 2 H) 4.19 (t, J=7.63 Hz, 2 

H) 6.99 (d, J=7.93 Hz, 2 H) 7.08 (t, 2 H) 7.15 - 7.21 (m, 5 H) 7.26 - 7.35 

(m, 5 H) 7.50 (td, J=7.63, 3.66 Hz, 2 H) 7.60 - 7.66 (m, 1 H) 7.69 - 7.80 

(m, 11 H) 8.19 - 8.26 (m, 8 H) 8.47 (t, J=7.32 Hz, 1 H) 8.52 - 8.61 (m, 

2 H) 8.69 (s, 1 H) 8.74 (s., 1 H) 8.84 (d, J=7.93 Hz, 1 H) 8.91 (s, 1 H) 

8.98 (d, J=4.27 Hz, 1 H) 9.16 (d, J=3.05 Hz, 1 H). 13C NMR (100 MHz, 

CDCl3): δ ppm= 13.9, 20.4, 22.7, 29.70, 40.3, 85.5, 95.2, 96.0, 100.0, 

121.8, 123.5, 125.0, 126.8, 126.9, 128.7, 129.4, 130.9, 131.4, 133.1, 

134.4, 134.6, 140.9, 141.1, 141.7, 141.9, 147.3, 147.6, 163.9, 164.1. 

HRMS (ESI-TOF): m/z calculated for C82H56N6O2 [M+nH] + 

1157.4538, found 1157.4544. 
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Synthesis of 2-butyl-6-((17-((4-(diphenylamino)phenyl)ethynyl)-

5,10,15,20-tetraphenyl porphyrin -7-yl)ethynyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione, Zinc (6). 

2-butyl-6-((17-((4-(diphenylamino)phenyl)ethynyl)-5,10,15,20-

tetraphenylporphyrin-7-yl)ethynyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione 5 (0.050 g, 0.04 mmol), Zn (OAc)2, (0.104g, 0.47 mmol) 

in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction mixture was 

stirred for 1 h at room temperature. The solvent was then evaporated 

under reduced pressure and the resultant mixture was diluted with 

DCM/water and the organic layer was collected, dried over anhydrous 

Na2SO4 and evaporated under vacuum. The solid was adsorbed on silica 

gel and purified by column chromatography, using a DCM: hexane (40: 

60) mixture to produce (0.039 g, 81%) of compound 6 as green solid. 1H 

NMR (400 MHz, CDCl3): δ 9.28 (s, 1H), 9.15 (s, 1H), 8.91 (s, 1H), 8.84 

(dd, J = 4.7, 1.6 Hz, 1H), 8.74 (dd, J = 4.7, 3.2 Hz, 1H), 8.67 (s, 1H), 

8.60 (d, J = 8.9 Hz, 1H), 8.48 (d, J = 7.2 Hz, 1H), 8.14 – 8.24  (m, 8H), 

7.68 – 7.78 (m, 11H), 7.47 – 7.51 (m, 3H), 7.32 (t, J = 12.9, 4.8 Hz, 5H), 

7.21 – 7.24 (dd, 2H), 7.16 (d, J = 8.4 Hz, 4H), 7.09 (t, J = 7.3 Hz, 2H), 

7.00 (m, 2H), 3.91 (t, 2H), 2.33 (t, J = 7.5 Hz, 2H), 1.35 – 1.41  (m, 2H), 

0.95 (t, 3H). MS (MALDI-TOF) m/z: calculated for C82H54N6O2Zn [M] 

+ 1220.75, found 1220.60. 

3.6. Conclusion  

 The β-functionalized unsymmetrical push–pull porphyrins 

1–6 were synthesized by the Sonogashira cross-coupling reaction and 

their photophysical and computational studies were explored. A 

comparative investigation was carried out to understand the effect of 

donor and acceptor units on the push−pull porphyrin and their zinc 

derivatives. The red shifted absorption in the Soret and the Q-bands of 

porphyrin 5 and 6 resulted from the enhanced π-conjugation of the 

electron donor and the acceptor units at the opposite β, β′-positions. The 

red shifted emission in porphyrin 5 and 6 confirms the strong electronic 

communication between the electron donor and the acceptor units. The 
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computational study of porphyrin 5 and 6 exhibits a stabilized HOMO 

energy levels with low HOMO–LUMO gap of about 2.06 eV and 2.17 

eV compared to other porphyrins. These results implies that the β, β′-

substituted push-pull porphyrins have wide applications in 

optoelectronics. 
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Chapter 4  

β-Substituted TCBD Functionalized Push–Pull Porphyrins  

 
4.1. Introduction 

Porphyrinoids are employed in mimicking chlorophyll and heme 

molecules in natural photosynthetic architecture to perform essential 

roles in oxygen transport and in the generation of charge separated state. 

[1-3] Porphyrin macrocycles play a key role in light harvesting and 

electron transfer processes. [4, 5]  Porphyrins are aromatic, 18-π-electron 

conjugated system with ease of modification in the tetrapyrrole unit via 

meso and β-functionalization. [6-8] The light-harvesting ability of 

porphyrins can be improved via β-pyrrole functionalization. Porphyrin 

under light irradiation shows singlet–triplet splitting, long triplet state 

lifetime, energy/electron transfer process and high quantum yield for 

intersystem crossing. [9] The properties of porphyrin-based D-A systems 

can be tuned, by altering the substitutents at the β-position of the 

porphyrin macrocycle. [10, 11] In recent years, the β-functionalized push-

pull porphyrins have been explored, due to its excellent photophysical 

and redox properties which shows potential applications in dye-

sensitized solar cells (DSSCs), optoelectronics, photonics, 

chemosensors, catalysis, nonlinear optics (NLO), sensors and 

photodynamic therapy (PDT). [12-18] 

Phenothiazine is a electron-rich tricyclic heterocycles containing lone 

pair of electrons on nitrogen and sulphur atom of the six-membered ring. 

The phenothiazine derivatives show potential applications in biological, 

pharmacological and organic light-emitting diodes (OLEDs). [19, 20] The 

electron-donating amino-substituents on the aromatic ring of N, N-

dimethylaniline, enhances the electron donating capability and are used 

as precursors in the synthesis of dyes and synthetic rubber. [21] The 

incorporation of electron deficient tetracyanoethene (TCNE) unit results 

in nonplanar push–pull molecules with strong intramolecular charge-

transfer (CT). The TCNE/TCNQ functionalized β-donor substituted 

porphyrin derivatives are largely unexplored. [22] 
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Recently, Yang et. al. have reported a series of meso-substituted 

unsymmetrical porphyrins with different click moieties and explored its 

optical-limiting behaviour. [23] Hong and co-worker synthesized a series 

of NIR absorbing porphyrin derivatives with different click moieties and 

employed in enhancing photoacoustic (PA) imaging and photothermal 

therapy (PTT) technologies. [24] 

In this chapter, we report the design and synthesis of β-donor, acceptor 

functionalized porphyrins 1–8. The effect of TCBD functionalization on 

β-substituted porphyrins were investigated and their photophysical, 

electrochemical and computational studies were explored. The 

phenothiazine and N, N-dimethylaniline donor unit and TCBD acceptor 

unit were incorporated through π–linkers in the porphyrin macrocycle 

(Figure 4.1). 

 

Figure 4.1. Structure of the porphyrins 1–8, and the control 

compounds 9 and 10, used in this study. 
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Scheme 4.1. Synthetic routes for porphyrins 1–8. 

4.2. Results and Discussion  

Synthesis  

The synthetic routes of β-donor substituted TCBD functionalized push-

pull porphyrins 1–8 are shown in Scheme 4.1. The β-monobrominated 

tetraphenyl porphyrin (TPPBr) 11 were synthesized according to the 

reported procedures (Scheme 4.1). [25, 26] The Pd-catalyzed Sonogashira 

cross-coupling reaction of TPPBr 11 using one equiv of 3-ethynyl-10-

propyl-10H-phenothiazine 12 and 4-ethynyl-N, N-dimethylaniline 13 in 

the presence of Pd(PPh3)4 in THF solvent at 70 °C resulted in porphyrin 

1 and 5 in 73 and 69% yields, respectively (Scheme 4.1). The zinc 

complexation of the porphyrins 1 and 5, were carried out using 

Zn(OAc)2 by dissolving in MeOH and CHCl3 (3:1) mixture, which 

resulted in zinc derivatives 2 and 6 in 86 and 83% yields, respectively. 

The TCBD functionalized push-pull porphyrins 3, 4, 7 and 8 were 

synthesized via [2 + 2] cycloaddition-retroelectrocyclization (CA-RE) 
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reaction and are shown in Scheme 4.1. The reaction of porphyrin and its 

zinc derivatives 1, 2, 5 and 6 with TCNE 14 in dichloroethane (DCE) 

resulted in β-substituted TCBD functionalized push-pull porphyrins 3, 

4, 7 and 8 in 91, 88, 91 and 91% yields, respectively. The porphyrin 

derivatives 1–8 were characterized by 1H and 13C NMR, HR-MS and 

MALDI-TOF mass spectra.  

 

 

Figure 4.2. Normalized electronic absorption spectra of porphyrins (a) 

1, 2, 5, 6 and (b) 3, 4, 7, 8 measured in dichloromethane at 1.0 × 10-5 M 

concentration.  

4.3. Photophysical Properties  

The UV-Visible absorption spectra of β-donor substituted TCBD 

functionalized push-pull porphyrins 1–8 were recorded in CH2Cl2 at 

room temperature, and data are tabulated in Table 4.1. The porphyrin 

1−8 exhibits a characteristic Soret band around 423–447 nm and Q–

bands between 520–722 nm, respectively. The Figure 4.2(a) and 4.2(b) 

illustrates the absorption spectra of β-phenothiazine and β-N, N-

dimethylaniline substituted porphyrin and TCBD functionalized 

porphyrin 1−8. The free base porphyrin 1 and 5 shows a soret band and 

four Q bands, whereas Zn(II) porphyrin 2 and 6 exhibits a characteristic 

soret band and two Q bands in the low energy absorption band, 

respectively. The Zn(II) porphyrin 2, 4, 6 and 8 with phenothiazine and 

N, N-dimethylaniline at the β-pyrrolic position shows absorption band 
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in the range of 426–447 nm, which results in a slight red shift by 2–6 

nm in soret and Q band region compared to their free base porphyrin 

analogues 1, 3, 5 and 7. The Zn(II) complexes of β-functionalized TCBD 

porphyrin 4 and 8 shows, the absorption band around 432 and 447 nm, 

with a slight red shift of 6–11 nm in the soret band region compared to 

its corresponding β-donor substituted porphyrin 2 and 6. In β-donor 

substituted porphyrin, the N, N-dimethylaniline substituted porphyrin 5 

and 6 exhibits red shifted absorption by 10–11 nm in the soret band 

region compared to the phenothiazine substituted porphyrin 1 and 2. The 

N, N-dimethylaniline substituted TCBD functionalized porphyrin 7 and 

8 shows the absorption band around 441 and 447 nm, with a red shift of 

15 nm in the soret band region compared to the phenothiazine 

substituted TCBD functionalized porphyrin 3 and 4. These results 

suggests, the N, N-dimethylaniline donor unit have better electron 

donating capability compared to the phenothiazine donor units. The red 

shifted absorption band of TCBD functionalized porphyrins are 

attributed to the extended π-conjugation, due to the incorporation of 

electron deficient TCBD units with a strong intramolecular charge-

transfer (CT). 

 

 

Figure 4.3. Normalized emission spectra of porphyrins (a) 1, 2, 5, 6 and 

(b) 3, 4, 7, 8 measured in dichloromethane at 1.0 × 10-5 M concentration. 
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Table 4.1. Photophysical and theoretical data of porphyrin 1–8. 

a Absorbance measured in dichloromethane at 1×10-5 M concentration; sh = shoulder; λabs: 

absorption wavelength; λem: emission wavelength; ε: extinction coefficient. b The fluorescence 

quantum yields were recorded using H2TPP as astandard (Φst = 0.11). c Calculated from 

computational study.  

The emission spectra of porphyrin 1–8 were recorded in CH2Cl2 at room 

temperature, and the data are summarized in Table 4.1. Figure 4.3(a) and 

4.3(b) shows the emission spectra of porphyrin 1–8. The β-donor 

substituted porphyrin show a characteristic two emission bands in the 

low energy region (Figure 4.3a). The free base porphyrin 1 and 5 shows 

emission band in the range of 661–733 nm and their Zn(II) complexes 2 

and 6 emits around 608–665 nm, respectively. The free base porphyrin 

1 and 5 shows significant red shift in fluorescence maxima compared to 

their Zn(II) derivatives 2 and 6 respectively. The β-functionalized 

TCBD porphyrin 3, 4, 7 and 8 shows emission band around 532–723 nm 

(Figure 4.3b). The TCBD functionalized porphyrins 3, 4 and 8 shows 

emission band around 532–722 nm with a blue shift in emission maxima 

 

Compound 

 

 

 

λabs 

(nm)a 

 

  

λem (nm) 

 

f
 b 

 

H–L 

gap(eV)c 

Soret 

band (S- 

band) 

ε (M−1 

cm−1) 

Q-bands 

1 423 67680 525, 563, 

600, 656 

661, 730 0.06 2.31 

2 426 41460 559, 596 608, 662 0.02 2.48 

3 426 20850 520, 651, 

 

533, 575 

664 

0.01 1.93 

4 432 34410 560, 605 532, 573 

617 

– 1.95 

5 434,       

465(sh) 

40100 

 

551, 594, 

629, 722 

665, 733 

 

0.21 2.23 

 

6 436 13210 586, 624 611, 665 0.20 2.41 

 

7 441 

 

91030 

 

539, 697 666, 723 

 

– 1.73 

 

8 447 25300 583, 627 533, 562 

635, 702 

722 

– 1.75 
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by 134–161 nm as compared to their N, N-dimethylaniline substituted 

TCBD functionalized porphyrin 7. The emission bands of porphyrins 3, 

4 and 8 exhibits blue shifted emission around 532–722 nm as compared 

to their corresponding donor substituted porphyrin 1, 2 and 6 with 

emission between 608–730 nm. The TCBD functionalized porphyrins 7 

shows almost similar emission maxima compared to its subsequent 

donor substituted porphyrin 5. The blue shifted emission of TCBD 

functionalized porphyrin may be due to the twisted nonplanar 

conformation of porphyrin molecules with the incorporation of TCBD 

unit. [27] The fluorescence quantum yields of porphyrin 1, 2, 3, 5 and 6 

were observed between 0.01–0.21. The porphyrin 5 and 6 shows highest 

quantum yield value of 0.21 and 0.20, respectively. Compared to 

porphyrins 5 and 6, other porphyrins show significantly reduced 

fluorescence quantum yields, which may be due to the fast non radiative 

deactivation of the excited state with intra molecular charge-transfer. [28] 

 

Figure 4.4. Optimized structure, frontier HOMO and LUMO of 

porphyrins 1–8. 
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4.4. Theoretical Calculations  

To understand the electronic properties of β-donor substituted TCBD 

functionalized porphyrins 1–8, DFT calculations at B3LYP/6-31G level 

were performed using the Gaussian 09W program. [29] The frontier 

molecular orbitals (FMOs) of porphyrins are illustrated in Figure 4.4. In 

case of porphyrin 1 and 5 the electron density of HOMOs are mainly 

localized on phenothiazine and N, N- dimethylaniline donor units and 

the LUMO are concentrated on porphyrin macrocycle. The Zn(II) 

porphyrin 2 and 6 the HOMOs are mainly populated on phenothiazine 

and N, N- dimethylaniline donor units with parts spread over porphyrin 

macrocycle and the LUMO are concentrated on porphyrin unit. These 

result exhibits the strong electron donating capability of phenothiazine 

and N, N- dimethylaniline donor unit. The phenothiazine substituted 

TCBD functionalized porphyrin 3 and 4 shows the HOMO are populated 

on porphyrin macrocycle and the LUMO are populated on TCBD unit 

with parts on porphyrin macrocycle. The N, N- dimethylaniline 

substituted TCBD functionalized porphyrin 7 and 8 shows the HOMO  

 

Figure 4.5. Energy level diagram of the frontier orbitals of porphyrin 1–

8, estimated by DFT calculations. 
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are populated on porphyrin macrocycle and the LUMO are populated on 

TCBD unit which implies the possibility of intramolecular charge 

transfer from porphyrin macrocycle to TCBD unit. The TCBD 

functionalized porphyrins 3, 4, 7 and 8 shows low HOMO–LUMO band 

gap compared to their donor substituted porphyrin 1, 2, 5 and 6. The 

lesser energy gap of TCBD functionalized porphyrins are due to the 

incorporation of strong electron-accepting TCBD unit. The theoretically 

calculated HOMO levels of the porphyrins 1, 2, 3, 4, 5, 6, 7 and 8 are –

5.04 eV, –5.02 eV, –5.36 eV, –5.37 eV, –4.91 eV, –4.89 eV, –5.29 eV 

and –5.33 eV whereas LUMO levels are –2.73 eV, –2.54 eV, –3.43 eV, 

–3.42 eV, –2.68 eV, –2.48 eV, –3.56 eV and –3.58 eV respectively 

(Figure 4.5).  

The electronic transitions, oscillator strength (f) and UV−vis absorption 

spectra of porphyrin 1–8 were calculated using time-dependent density 

functional theory (TD-DFT) at B3LYP/6-31G level on optimized 

porphyrins and the data are depicted in Table 4.2. [29] The electronic 

excitations of porphyrin 1–8 shows two absorption bands in UV-visible 

region. The Soret band with greater oscillator strength arises from the 

high energy region, where as the Q-bands with lesser oscillator strength 

occurs in the lower energy region. The electronic absorption in donor 

substituted porphyrin 1, 2, 5 and 6 shows absorption band around 601, 

569, 608 and 572 nm in the Q-band region are related to ICT transitions 

arising from HOMO→LUMO. The S-band in donor substituted 

porphyrin with greater oscillator strength were assigned to π–π* 

transitions with compositions arising from HOMO–2→LUMO, 

HOMO→LUMO+2, and HOMO–3→LUMO. The absorption band in 

the TCBD functionalized porphyrins 3, 4, 7 and 8 shows ICT transition 

in the low energy Q-band region where as π–π* transition occurs in the 

high energy soret band region. The absorption band for TCBD 

functionalized porphyrins 3, 4, 7 and  
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Table 4.2. Calculated Electronic Transitions of porphyrin 1–8. 

fa Oscillator strength. 

 

8 in the soret band region occurs around 379, 425, 369 and 394 nm and 

are related to π–π* transitions. The charge-transfer occurs from HOMO–

1→LUMO+1 and HOMO–2→LUMO for TCBD functionalized 

porphyrins whereas the main ICT transitions for Q-band in the donor 

substituted porphyrin occurs from HOMO→LUMO, respectively. The 

TD-DFT calculated values was in good agreement with the experimental 

data. 

 

 

Compounds λmax Composition & Molecular 

contribution 

fa Assignment 

1 397 

601 

HOMO–2→LUMO (0.31) 

HOMO→LUMO (0.61) 

1.14 

0.26 

π–π* 

ICT 

2 386 

569 

HOMO→LUMO+2 (0.35) 

HOMO→LUMO (0.64) 

1.07 

0.33 

π–π* 

ICT 

3 379 

523 

HOMO–2→LUMO+2 (0.40) 

HOMO –1→LUMO +1 (0.68) 

0.61 

0.17 

π–π* 

ICT 

4 425 

519 

HOMO–2→LUMO+1 (0.35) 

HOMO–1→LUMO +1 (0.62) 

0.78 

0.15 

π–π* 

ICT 

5 389 

608 

HOMO–3 →LUMO (0.39) 

HOMO →LUMO (0.58) 

1.43 

0.25 

π–π* 

ICT 

6 385 

572 

HOMO–2 →LUMO (0.46) 

HOMO →LUMO (0.64) 

1.44 

0.33 

π–π* 

ICT 

7 

 

369 

609 

HOMO–4 →LUMO+1 (0.34) 

HOMO–2 →LUMO (0.57) 

0.53 

0.16 

π–π* 

ICT 

8 394 

616 

HOMO–1 →LUMO+2 (0.39) 

HOMO–2 →LUMO (0.69) 

 

0.50 

0.12 

π–π* 

ICT 
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Figure 4.6. Experimental (lower) and TDDFT simulated (upper) UV-

vis spectra of porphyrin 4. 

4.5. Experimental Section 

General: Experimental data:  

All the chemicals were purchased from commercial sources and used 

without further purification. The NMR spectra were recorded at room 

temperature (298 K). Chemical shifts are given in ppm with respect to 

tetramethylsilane as internal standard (CDCl3, 7.26 ppm, 77.0 ppm). 1H 

NMR and 13C NMR spectra were recorded using a 400 MHz and 100 

MHz spectrometer. Multiplicities are given as s (singlet), d (doublet), t 

(triplet) and m (multiplet) are given in Hertz. TLC analysis was carried 

out using silica gel 60 F254 plates. UV-visible absorption spectra were 

recorded on a Cary-100 Bio UV-visible spectrophotometer. Emission 

spectra were taken in a The Fluoromax-4C, S/n. 1579D-1417-FM 

Fluorescence software Ver 3.8.0.60. UV/Vis and emission spectrums of 

all compounds were recorded in dichloromethane solution. The density 

functional theory (DFT) calculation were carried out at the B3LYP/6-

31G level for C, N, H, S, Zn in the Gaussian 09 program. HRMS were 

recorded on a Bruker-Daltonics micrOTOF-Q II mass spectrometer. 
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Synthesis 

Synthesis of compound 1. 

7-bromo-5,10,15,20-tetraphenylporphyrin 11 (0.120 g, 0.173 mmol), 3-

ethynyl-10-propyl-10H-phenothiazine 12 (0.068 g, 0.260 mmol) in 

THF: TEA (1: 1, v/v), palladium(0)-tetrakis(triphenylphosphine) (0.070 

g, 0.06 mmol), and CuI (0.005 g, 0.025 mmol) were added under argon 

atm at room temperature. The reaction mixture was stirred for 12 h at 70 

°C, and then cooled to room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM and the organic layer was collected, dried over anhydrous 

Na2SO4 and evaporated under vacuum. The solid was adsorbed on silica 

gel and purified by column chromatography, using a DCM: hexane (20: 

80) mixture to produce (0.110 g, 73%) of compound 1. 1H NMR (400 

MHz, CDCl3) : δ ppm=  9.03 (s, 1 H), 8.87(s, 2 H) , 8.82(d, 1 H),  8.77(s, 

2 H), 8.73(d, 1 H),  8.21(m, 8 H), 7.78–7.74(m, 12 H),  7.19– 7.13(m, 3 

H), 7.09(s, 1 H),  6.96(t, 1 H), 6.89(d, 1 H),   6.78(d, 1 H),  3.84(t, 2 H),  

1.90–1.85(m, 2 H),  1.06(t, 3 H), -2.67(s, 2 H). 13C NMR (101 MHz, 

CDCl3): δ ppm= 145.09, 144.80, 142.31, 142.25, 142.01, 141.44, 

134.72, 134.69, 131.35, 131.10, 128.87, 128.00, 127.91, 127.64, 127.43, 

126.93, 126.88, 126.84, 124.47, 124.19, 122.80, 120.61, 120.20, 120.04, 

117.71, 115.65, 114.72, 98.87, 86.13, 49.47, 20.28, 11.48. HRMS (ESI-

TOF): m/z calculated for C61H43N5S [M+nH] + 878.3312, found 

878.3313. 

Synthesis of compound 2. 

Compound 1 (0.100 g, 0.114 mmol), Zn (OAc)2, (0.249 g, 1.14 mmol) 

in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction mixture was 

stirred for 1 h at room temperature. The solvent was then evaporated 

under reduced pressure and the resultant mixture was diluted with 

DCM/water and the organic layer was collected, dried over anhydrous 

Na2SO4 and evaporated under vacuum. The solid was adsorbed on silica 

gel and purified by column chromatography, using a DCM: hexane (35: 

65) mixture to produce (0.092 g, 86%) of compound 2. 1H NMR (400 
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MHz, CDCl3) : δ ppm=  9.18 (s, 1 H), 8.92(d, 3 H), 8.87(d, 1 H), 8.81(s, 

1 H), 8.76(d, 1 H), 8.23–8.19(m, 8 H), 7.77–7.71(m, 12 H), 7.19– 

7.15(m, 2 H), 7.10(s, 1 H), 6.99–6.93(m, 2 H), 6.89(d, 1 H),  6.78(d, 1 

H),, 3.84(t, 2 H), 1.90–1.85(m, 2 H),   1.06(t, 3 H). 13C NMR (101 MHz, 

CDCl3): δ ppm= 151.25, 150.86, 150.73, 150.26, 148.50, 147.02, 

144.92, 144.75, 142.87, 142.32, 138.73, 134.55, 134.45, 132.87, 132.39, 

132.32, 132.24, 131.82, 131.35, 131.06, 128.63, 127.72, 127.62, 127.58, 

127.40, 126.70, 126.68, 126.32, 124.36, 124.04, 122.73, 121.57, 121.15, 

120.88, 117.85, 116.45, 115.59, 114.67, 98.88, 86.40, 49.45, 20.25, 

11.47. HRMS (ESI-TOF): m/z calculated for C61H41N5SZn [M] + 

939.2369, found 939.2368. 

Synthesis of compound 3. 

Compound 1 (0.050g, 0.057 mmol) and tetracyanoethylene 14 (.018 g, 

0.142 mmol) were dissolved in 7 ml 1,2-Dichloroethane. The mixture 

was stirred overnight at room temperature. The resultant mixture was 

poured into water and extracted with dichloromethane. After drying over 

Na2SO4, the remaining liquid was concentrated and purified by column 

chromatography using (hexane: dichloromethane=40: 60) to produce 

(.052 g, 91%) of compound 3. 1H NMR (400 MHz, CDCl3) : δ ppm=  

8.97 (d, 1 H), 8.87–8.84(m, 2 H), 8.80(d, 1 H), 8.74(d, 1 H), 8.68–

8.64(dd, 2 H), 8.32(m, 4 H), 8.20(m, 4 H), 7.85–7.76(m, 10 H), 7.71–

7.67(t, 2 H), 7.17–7.05(m, 3 H), 6.96(t, 1 H), 6.85(d, 1 H), 6.79(d, 1 H), 

6.72(s, 1 H), 3.81(t, 2 H), 1.83–1.77(m, 2 H), 1.02–0.98(t, 3 H), -2.29(s, 

2 H). 13C NMR (101 MHz, CDCl3): δ ppm= 165.64, 161.70, 141.15, 

135.30, 134.63, 134.48, 130.00, 129.28, 127.95, 127.56, 127.41, 127.16, 

126.94, 126.81, 126.73, 125.37, 123.68, 120.32, 115.86, 114.77, 110.66, 

65.18, 62.46, 49.63, 19.75, 10.94. HRMS (ESI-TOF): m/z calculated for 

C67H43N9S [M+nH] + 1006.3435, found 1006.3445. 

Synthesis of compound 4. 

Compound 2 (.050 g, 0.053 mmol) and tetracyanoethylene 14 (.017 g, 

0.133 mmol) were dissolved in 7 ml 1,2-Dichloroethane. The mixture 

was stirred overnight at room temperature. The resultant mixture was 
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poured into water and extracted with dichloromethane. After drying over 

Na2SO4, the remaining liquid was concentrated and purified by column 

chromatography using (hexane: dichloromethane=20: 80) to produce 

(.049 g, 88%) of compound 4. 1H NMR (400 MHz, CDCl3) : δ ppm=  

9.04(s, 1 H), 8.90(d, 1 H), 8.84(s, 2 H), 8.76(d, 1 H), 8.57(d, 2 H), 8.29–

8.24(m, 4 H), 8.18(m, 4 H), 7.86–7.73(m, 12 H), 7.18(t, 1 H), 7.12(t, 2 

H), 7.00(t, 2 H), 6.90–6.84(m, 2 H), 3.87(t, 2 H), 1.90–1.85(m, 2 H), 

1.05(t, 3 H). 13C NMR (101 MHz, CDCl3) : δ ppm=  166.21, 160.59, 

152.53, 152.40, 151.69, 150.36, 150.00, 142.83, 142.61, 142.38, 142.15, 

141.77, 141.62, 135.06, 134.55, 134.47, 133.63, 133.14, 132.90, 132.53, 

130.73, 129.28, 128.04, 127.77, 127.51, 126.79, 126.67, 124.78, 123.96, 

123.03, 116.13, 115.04, 112.34, 110.46, 73.16, 71.03, 49.96, 19.99, 

11.16. HRMS (ESI-TOF): m/z calculated for C67H41N9SZn [M+nH] + 

1068.2570, found 1068.2593. 

Synthesis of compound 5. 

7-bromo-5,10,15,20-tetraphenylporphyrin 11 (0.120 g, 0.173 mmol), 4-

ethynyl-N,N-dimethylaniline 13 (0.037 g, 0.260 mmol) in THF: TEA 

(1: 1, v/v), palladium(0)-tetrakis(triphenylphosphine) (0.070 g, 0.06 

mmol), and CuI (0.005 g, 0.025 mmol) were added under argon atm at 

room temperature. The reaction mixture was stirred for 12 h at 70 °C, 

and then cooled to room temperature. The solvent was then evaporated 

under reduced pressure and the resultant mixture was diluted with DCM 

and the organic layer was collected, dried over anhydrous Na2SO4 and 

evaporated under vacuum. The solid was adsorbed on silica gel and 

purified by column chromatography, using a DCM: hexane (20: 80) 

mixture to produce (0.090 g, 69%) of compound 5. 1H NMR (400 MHz, 

CDCl3): δ ppm= 9.01(s, 1 H), 8.85(s, 2 H), 8.80–8.77(m, 3 H), 8.72(d, 

1 H), 8.23–8.20(m, 8 H), 7.80–7.72(m, 12 H), 7.25(d, 2 H), 6.67(d, 2 

H), 3.03(s, 6 H), -2.66(s, 2 H). 13C NMR (101 MHz, CDCl3): δ ppm= 

159.43, 149.86, 142.29, 142.19, 141.93, 141.36, 134.58, 134.53, 133.42, 

128.48, 127.73, 126.77, 126.72, 126.68, 120.44, 120.14, 119.94, 119.67, 

111.41, 110.74, 100.87, 84.18, 40.25. HRMS (ESI-TOF): m/z calculated 

for C54H39N5 [M+nH] + 758.3278, found 758.3297. 

Synthesis of compound 6. 
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Compound 5 (0.100 g, 0.132 mmol), Zn (OAc)2, (0.289 g, 1.32 mmol) 

in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction mixture was 

stirred for 1 h at room temperature. The solvent was then evaporated 

under reduced pressure and the resultant mixture was diluted with 

DCM/water and the organic layer was collected, dried over anhydrous 

Na2SO4 and evaporated under vacuum. The solid was adsorbed on silica 

gel and purified by column chromatography, using a DCM: hexane (35: 

65) mixture to produce (0.090 g, 83%) of compound 6. 1H NMR (400 

MHz, CDCl3) : δ ppm=  9.16(s, 1 H), 8.92(d, 3 H), 8.87(d, 2 H), 8.76(d, 

1 H), 8.23–8.20(m, 8 H), 7.78–7.70(m, 12 H), 7.23(d, 2 H), 6.53(d, 2 

H), 2.83(s, 6 H). 13C NMR (126 MHz, CDCl3) : δ ppm=  162.33, 149.07, 

146.51, 144.64, 142.73, 134.41, 134.30, 133.27, 128.01, 127.73, 126.59, 

126.47, 118.54, 111.51, 99.80, 81.52, 40.19 MS (MALDI-TOF) m/z: 

calculated for C54H37N5Zn [M]+ 819.23, found 819.53. 

Synthesis of compound 7. 

Compound 5 (.050 g, 0.066 mmol) and tetracyanoethylene 14 (.021 g, 

0.165 mmol) were dissolved in 7 ml 1,2-Dichloroethane. The mixture 

was stirred overnight at room temperature. The resultant mixture was 

poured into water and extracted with dichloromethane. After drying over 

Na2SO4, the remaining liquid was concentrated and purified by column 

chromatography using (hexane: dichloromethane=40: 60) to produce 

(.053 g, 91%) of compound 7. 1H NMR (400 MHz, CDCl3) : δ ppm=  

8.96(d, 1 H), 8.86(m, 1 H), 8.79–8.74(dd, 2 H), 8.71(s, 1 H), 8.68–

8.64(dd, 2 H), 8.41(d, 2 H), 8.32(d, 2 H), 8.20(m, 2 H), 7.83–7.74(m, 12 

H),  7.08(d, 2 H), 6.65(d, 2 H), 3.11(s, 6 H), -2.27(s, 2 H). 13C NMR 

(101 MHz, CDCl3) : δ ppm=  182.95, 182.34, 175.63, 172.87, 170.16, 

166.16, 154.03, 152.68, 147.00, 141.09, 135.61, 135.45, 134.83, 134.66, 

133.09, 132.75, 127.70, 127.06, 126.88, 123.48, 115.70, 111.56, 73.34, 

67.08, 40.09. MS (MALDI-TOF) m/z: calculated for C60H39N9 [M]+ 

886.03, found 886.65. 

Synthesis of compound 8. 

Compound 6 (.050 g, 0.061 mmol) and tetracyanoethylene 14 (.019 g, 

0.152 mmol) were dissolved in 7 ml 1,2-Dichloroethane. The mixture 
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was stirred overnight at room temperature. The resultant mixture was 

poured into water and extracted with dichloromethane. After drying over 

Na2SO4, the remaining liquid was concentrated and purified by column 

chromatography using (hexane: dichloromethane=20: 80) to produce 

(.052 g, 91%) of compound 8. 1H NMR (400 MHz, CDCl3): δ ppm= 

9.07(s, 1 H), 8.90(d, 1 H), 8.83(s, 3 H), 8.75(d, 1 H), 8.59(d, 1 H), 8.31–

8.29(m, 4 H), 8.19–8.17(d, 4 H), 7.80–7.72(m, 12 H), 7.05(d, 2 H), 

6.71(d, 2 H), 3.17(s, 6 H). 13C NMR: After repeated submission peaks 

were not raised. MS (MALDI-TOF) m/z: calculated for C60H37N9Zn 

[M]+ 949.39, found 949.58. 

4.6. Conclusion  

The β-donor (phenothiazine and N, N-dimethylaniline) substituted 

TCBD functionalized porphyrins 1–8 were designed and synthesized by 

the Sonogashira cross-coupling reaction and [2+2] CA–RE reaction. 

The effect of TCBD functionalization on the photophysical and 

computational studies were analysed. The UV–vis absorption spectra of 

TCBD functionalized porphyrin shows a red shifted absorption due to 

the incorporation of strong electron accepting TCBD unit. The emission 

spectra of TCBD functionalized porphyrin exhibits blue shift in the UV-

visible region due to the nonplanar conformation of porphyrins due to 

the incorporation of TCBD units. The computational study reveals, 

stabilized LUMO levels with low HOMO–LUMO band gap after the 

incorporation of TCBD acceptor unit. These results provide a new 

insight for the β-functionalized TCBD porphyrin and their application 

in energy transfer studies.  
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Chapter 5  

Donor Substituted Unsymmetrical β-Pyrrole Porphyrins 

5.1. Introduction 

The solar energy usage has substantially increased in recent times 

compared to conventional energy sources such as coal, gas and fossil 

fuels in order to meet the rising global demands.[1-3] Porphyrin analogues 

occur in nature to perform many important roles in photosynthesis such 

as electron transfer, oxygen transport, etc.[4,5] Porphyrin macrocycles are 

hydrophobic and rigid in nature.[6] Porphyrins mimic the natural 

photosynthetic architecture to perform the effective conversion of 

radiant energy into chemical energy.[7, 8] The porphyrin macrocycle 

comprises of four meso- and eight beta-positions, which can be further 

functionalized to enhance the electronic properties of the porphyrin π-

system.[9] Porphyrin based donor–acceptor architecture are highly 

attractive due to their efficient energy transfer and electron transfer 

processes.[10-12] Porphyrins are widely explored in the fields of dye-

sensitized solar cells, nonlinear optics (NLO) and optoelectronics. [13-16] 

The electron donating triphenylethylene (TPE) are used in organic 

luminescent materials, which shows aggregation-induced emission 

(AIE) properties with potential application in electroluminescence 

devices and chemosensors.[17] The triphenylamine (TPA) donor shows a 

propeller shape geometry with three phenyl groups connecting the 

nitrogen atom.[18] The triphenylamine (TPA) incorporated donor–

acceptor (D–A) framework improves the hole transporting ability and 

device performances in organic light emitting diodes (OLEDs).[19] 

Phenothiazine is a tricyclic heterocycle with nonplanar geometry 

containing electron-rich sulfur and nitrogen atom, which shows 

potential application in organic photovoltaics.[20] 

 The organic dyes incorporating triphenylamine (TPA), 4,4'-

dimethoxy triphenylamine and phenothiazine have been explored as 

potential sensitizers for DSSC.[21] Our group has reported the push–pull 

porphyrin containing triphenylamine and naphthalimide substituents at 



96 
 

the opposite β, β’-positions and explored their charge-separated states in 

polar solvents. [22] Weihong Zhu and co-workers investigated the effect 

of electron donors on the efficiency of the DSSCs, by introducing the 

triphenylamine and dimethoxy triphenylamine unit on the meso-position 

of the porphyrin moiety.[23] Cristea et al. have synthesized an array of 

phenothiazine substituted meso-porphyrins and their optical and 

electrochemical properties were elucidated.[24] 

In this chapter, we have designed and synthesized a set of 

triphenylethylene, triphenylamine, dimethoxy triphenylamine and 

phenothiazine substituted unsymmetrical β-pyrrole functionalized 

porphyrins and its zinc metal derivatives 1–8 and their photophysical, 

electrochemical and computational studies were explored. The tuning of 

electronic properties for porphyrins 1–8 were investigated by 

incorporating the donor substituents at the β-pyrrolic position of the 

porphyrin π-system. 

 

 

Scheme 5.1. Synthetic routes of the investigated porphyrins 1–8. 
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5.2. Results and Discussion 

The synthesis of porphyrin and its Zn(II) complexes 1–8 are shown in 

Scheme 5.1. The β-monobrominated tetraphenyl porphyrin (TPPBr) 13 

and the intermediate 9, 10, 11 and 12 were synthesized according to the 

reported procedures (Scheme 5.1). [25-27] The porphyrin 1, 3, 5 and 7 

were synthesized by the Suzuki cross-coupling reaction. The Pd-

catalyzed Suzuki coupling reaction of TPPBr 13 with 1.5 equiv of 

4,4,5,5-tetramethyl-2-(1,2,2-triphenylvinyl)-1,3,2-dioxaborolane 9 and 

N, N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 

10 in the presence of Pd(PPh3)4 in THF solvent at 70 °C resulted 1 and 

3 in 75% and 80% yields, respectively (Scheme 5.1). The porphyrin 5 

and 7 were synthesized by Pd-catalyzed Suzuki coupling reaction of 

TPPBr 13 with 1.5 equiv of 4-methoxy-N-(4-methoxyphenyl)-N-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2 yl)phenyl)aniline 11 and 10-

propyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-

phenothiazine 12 in the presence of Pd(PPh3)4 in THF solvent at 70 °C 

resulted in 81% and 76% yields, respectively (Scheme 5.1). The zinc 

metallation on porphyrins 1, 3, 5, and 7 were carried out using Zn(OAc)2 

by dissolving in MeOH and CHCl3 (3:1)  mixture, which resulted in zinc 

complexes 2, 4, 6, and 8 with 90, 83, 86 and 83% yields, respectively. 

The porphyrin derivatives 1–8 were characterized by 1H and 13C NMR 

and HRMS mass spectroscopic techniques.  

 

5.3. Photophysical Properties 

 The UV-Vis absorption spectra of porphyrins 1–8 were recorded 

in THF at room temperature (Figure 5.1) and the data are tabulated in 

Table 5.1. The Figure 5.1 illustrates the electronic absorption spectra of 

β-donor substituted porphyrin 1−8, which shows a characteristic Soret 

band and Q–bands in the UV-Visible region. The zinc complexes 2, 4, 

6, and 8 exhibits a characteristic Soret band around 425−428 nm and 

these were slightly red shifted by 6−8 nm in the high energy region 

compared to its subsequent free base derivatives 1, 3, 5, and 7. The 

porphyrins 1−8 shows a characteristic Q–bands around 517−651 nm in 
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the low energy region. The triphenylethylene substituted porphyrin 1 

and 2 shows a small red shifted absorption in the soret band compared 

to the triphenylamine, dimethoxy triphenylamine and phenothiazine 

substituted porphyrin 3−8. The absorption spectra of porphyrin with 

different donor units 3−8 shows similar absorption band with 1−3 nm 

red shift in the Soret and Q–band region, for the free base along with 

Zn(II) complexes. The red shift in the soret and Q band follows the 

order; for free base 1 > 5 > 3 ≈ 7 and zinc complexes 2 > 4 ≈ 8 > 6. A 

similar absorption bands were observed for the free base and zinc 

complexes, which might be due to the electron donating capability of 

the donor entities at the β-pyrrolic positions. 

 

Figure 5.1. Normalized electronic absorption spectra of porphyrin a) 1–

4 and b) 5–8 in THF at 1.0 × 10-5 M concentration. 

The emission spectra of porphyrin 1–8 (Figure 5.2) was recorded in THF 

at room temperature, and the data are summarized in Table 5.1. The 

emission spectra of β-donor substituted porphyrin 1–8 show a 

characteristic two emission bands in the low energy region around 613–

724 nm. The free base porphyrin 1, 3, 5 and 7 shows emission band 

around 655–724 nm and for their Zn(II) complexes 2, 4, 6, 8 the 

emission occurs in the range of 613–662 nm, respectively. The 

triphenylamine substituted porphyrin 3 shows slight red shift of 2–6 nm 

in the emission maxima compared to other free base porphyrins 1, 5 and 

7. The triphenylethylene and dimethoxy triphenylamine porphyrin 1 and 
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5 exhibits small red shift of 3–4 nm in the fluorescence maxima 

compared to the phenothiazine substituted porphyrin 7. The 

triphenylamine and dimethoxy triphenylamine Zn(II) porphyrin 4 and 6 

exhibits a red shifted emission maxima of 4–8 nm compared to the 

triphenylethylene and phenothiazine substituted porphyrin 2 and 8. The 

red shifted  emission maxima of free base and its Zn(II) porphyrin 1–8 

may be due to the nonplanarity of  β-donor substituted porphyrin which 

is evidenced from the computational studies. The free base porphyrin 1, 

3, 5 and 7 shows higher quantum yields compared to its corresponding 

zinc complexes 2, 4, 6, 8. The fluorescence quantum yield of 

triphenylamine substituted porphyrin 3 shows high quantum yield value 

of 0.61. 

 

Figure 5.2. Normalized emission spectra of porphyrin a) 1–4 and b) 5–

8 in THF at 1.0 × 10-5 M concentration. 
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Table 5.1. Photophysical and theoretical data of porphyrin 1–8. 

a Absorbance measured in THF at 1×10-5 M concentration; λabs: absorption wavelength; λem: 

emission wavelength; ε: extinction coefficient. b The fluorescence quantum yields were recorded 

using H2TPP as a standard (Φst = 0.11). c Calculated from computational study. 

5.4. Electrochemical Properties 

The electrochemical redox potential of porphyrin 1–8 were investigated 

by cyclic voltammetry in dichloromethane using 0.1M TBAPF6 as 

supporting electrolyte.[28-30] The cyclic voltammograms of porphyrin 1–

8 and their data are depicted in Figure 5.3 and Table 5.2. The free base 

porphyrin 1, 3, 5 and 7 exhibits, their redox potentials around -1.58 to 

1.51 V whereas in zinc porphyrin 2, 4, 6 and 8 the redox potentials were 

observed between -1.80 to 1.41 V. The zinc porphyrin 2, 4, 6 and 8 

exhibits a cathodic shift in the redox potentials compared to their 

corresponding free base porphyrin 1, 3, 5 and 7. In general, the porphyrin 

macrocycle exhibits two oxidation and two reduction waves due to the 

formation of cations and anions of the porphyrin ring. In β-donor  

 

 

Compound 

 

 

λabs (nm)a 

 

 

 

λem (nm) 

 

 

f
 b 

 

 

H–L gap 

(eV) c 

Soret 

band (S- 

band) 

ε (M−1 

cm−1) 

Q-bands 

1 421 23460 517, 552, 

594, 650 

658, 723 0.55 2.65 

2 428 16600 560, 599, 

633 

613, 662 0.35 2.81 

3 418 18270 517, 552, 

595, 650 

661, 723 0.61 2.47 

4 426 99770 559, 598, 

632 

617, 661 

 

0.41 2.62 

5 419 17930 518, 553, 

595, 651 

659, 724 0.33 2.23 

6 425 20940 560, 598 621, 661 0.13 2.38 

7 418 14560 517, 551, 

594, 650 

655, 722 

 

0.24 2.59 

8 426 20580 559, 598 613, 660 

 

0.14 2.73 
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Table 5.2. Electrochemical data of porphyrin 1–8. 

d Electrochemical analysis was estimated by cyclic voltammetry in 0.1 M solution of 
tetrabutylammonium hexafluorophosphate (TBAPF6) in DCM at 100 mV/s scan rate. e 

Electrochemical band gaps. 

substituted porphyrins 1–8, the additional reversible oxidation waves 

were observed due to the oxidation of the donor units. The 

triphenylethylene and triphenylamine substituted porphyrin 1–4 exhibits 

two reduction waves corresponding to the porphyrin macrocycle and 

three reversible oxidation waves representing the porphyrin macrocycle 

and the donor units. In porphyrin 1–4, the first and second oxidation 

wave in the region of 0.80 to 1.18 V can be attributed to the porphyrin 

macrocycle, whereas the third oxidation wave in the region of 1.12 to 

1.51 V can be assigned to the triphenylethylene and triphenylamine 

donor units. The dimethoxy triphenylamine and phenothiazine 

substituted porphyrin 5–8, exhibits two reduction waves corresponding 

to the porphyrin macrocycles. The dimethoxy triphenylamine 

substituted porphyrin 5 and 6 exhibits four reversible oxidation wave 

corresponding to the porphyrin macrocycle and the dimethoxy  

 

 

Compound 

 

 

Potential (V vs Ag/Ag+) d 

Ered Eox Eg (eV) e 

1 -1.31, -1.58 0.95, 1.18 

1.51 

2.00 

2 -1.46, -1.80 

 

0.80, 1.04, 

1.22 

2.03 

3 -1.29, -1.53 0.89, 1.05, 

1.24 

2.00 

4 -1.43, -1.75 0.81, 0.94, 

1.12 

2.01 

5 -1.30, -1.53 0.65, 1.02, 

1.22, 1.41 

1.71 

6 -1.43, -1.76 0.62, 0.83, 

1.10, 1.41 

1.85 

7 -1.28, -1.52 0.67, 1.02,  

1.24 

1.70 

8 -1.42, -1.75 0.66, 0.85, 

1.12 

1.90 
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Figure 5.3. Cyclic voltammograms of porphyrin 1–8 in 

dichloromethane containing 0.1 M solution of TBAPF6 with a scan rate 

of 100 mV/s. 
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triphenylamine donor unit. In porphyrin 5 and 6, the first oxidation wave 

around 0.62 to 0.65 V is attributed to the methoxy unit. The second and 

third oxidation wave of porphyrin 5 and 6 between 0.83 to 1.22 V, 

corresponds to the porphyrin macrocycle whereas the fourth oxidation 

wave can be assigned to the triphenylamine donor unit. In phenothiazine 

substituted porphyrin 7 and 8, three reversible oxidation waves were 

observed which corresponds to the porphyrin macrocycle and the 

phenothiazine unit. In porphyrin 7 and 8, the first oxidation wave around 

0.66 to 0.67 V is attributed to the phenothiazine unit whereas the second 

and third oxidation wave between 0.85 to 1.24 V, corresponds to the 

porphyrin macrocycle. The calculated HOMO energy levels of 

porphyrin 1–8 were -5.24 V, -5.11 V, -5.21 V, -5.11 V, -4.95 V, -4.93 

V, -4.96 V and -4.97 V and the LUMO energy levels were -3.24 V, -

3.08 V, -3.21 V, -3.10 V, -3.24 V, -3.08 V, -3.26 V and -3.07 V, 

respectively.  

5.5. Theoretical Calculations 

The electronic structures of the porphyrin 1–8 were deduced by 

performing DFT calculations at B3LYP/6-31G level using the Gaussian 

09W program. [31] The optimized structures of porphyrin 1–8 show 

twisted nonplanar geometry due to the presence of donor substituents at 

the β-pyrrolic position (Figure 5.4). The energy level diagrams of the 

porphyrin 1–8 are illustrated in Figure 6. In case of porphyrin 1 and 2 

the HOMO and LUMO are mainly populated on the porphyrin 

macrocycle. In porphyrin 3, 4, 5 and 6 the HOMO energy levels are 

localized on triphenylamine and dimethoxy triphenylamine donor units 

and the LUMO is mainly concentrated on the porphyrin macrocycle. 

The phenothiazine substituted porphyrins 7 and 8 shows that the 

majority of the electron density in HOMO were concentrated on the 

phenothiazine unit with little over the porphyrin ring, whereas the 

LUMO are localized on the porphyrin macrocycle. The theoretically 

calculated HOMO levels of the porphyrins 1, 2, 3, 4, 5, 6, 7 and 8 are –

4.91 eV, –4.98 eV, –4.78 eV, –4.81 eV, –4.51 eV, –4.55 eV, –4.87 eV 

and –4.91 eV whereas LUMO levels are –2.26 eV, –2.17 eV, –2.31 eV, 
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–2.19 eV, –2.28 eV, –2.17 eV, –2.28 eV and –2.18 eV respectively 

(Figure 5.5). The theoretically calculated HOMO and LUMO energy 

level reveals that the dimethoxy triphenylamine substituted porphyrin 

derivatives 5 and 6 exhibits, low HOMO–LUMO band gap of about 2.23 

eV and 2.38 eV compared to other donor substituted porphyrins. 

 

Figure 5.4. Frontier HOMO and LUMO on B3LYP/6-31G optimized 

structures of porphyrins 1–8. 

The electronic absorption spectra, electronic transitions, and oscillator 

strength (f) were calculated using time-dependent density functional 

theory (TD-DFT) at B3LYP/6-31G level and the data are depicted in 

Table 5.3.31 The TD-DFT calculation of porphyrin 1–8 shows two 

characteristic absorption band, the Soret band with high oscillator 

strength and the Q-band with lesser oscillator strength. The porphyrin 1, 

2, 3, 4, 5, 6, 7 and 8 shows absorption band around 502, 471, 539, 528, 

653, 606, 529 and 514 nm in the Q-band region, which is assigned to the 

ICT transitions. The major ICT transitions for porphyrin 1 and 2 occurs 

from HOMO–1→LUMO and HOMO–2→LUMO, whereas in 
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porphyrin 3 and 4 it arises from HOMO–1→LUMO +1. In porphyrin 5, 

6 and 8, the ICT transition occurs from HOMO →LUMO and in 

porphyrin 7 it arises from HOMO–1→LUMO +1. In porphyrin 1, 2, 3, 

4, 5, 6, 7 and 8 the absorption band observed around 381, 381, 386, 377, 

380, 378, 382 and 381 nm in the soret  

Table 5.3. Calculated Electronic Transitions of porphyrin 1–8. 

fa Oscillator strength. 

band region, attributes to the π–π* transitions. In porphyrin 1, 3, 7 and 

8, the π–π* transitions arises from HOMO–2→LUMO whereas in 

porphyrin 2 and 4, it occurs from HOMO–1→LUMO+1 and HOMO–

2→LUMO+1. In porphyrin 5 and 6, the π–π* transitions arises from 

HOMO–3→LUMO+1 and HOMO–2→LUMO+1. The TD-DFT 

calculated values of porphyrin 1a–8d are in good agreement with the 

experimental values.  

Compounds λmax Composition & Molecular 

contribution 

fa Assignment 

1 381 

502 

HOMO–2→LUMO (0.36) 

HOMO–1→LUMO (0.49) 

1.11 

0.13 

π–π* 

ICT 

2 381 

471 

HOMO–1→LUMO+1 (0.32) 

HOMO–2→LUMO (0.55) 

1.42 

0.14 

π–π* 

ICT 

3 386 

539 

HOMO–2→LUMO (0.47) 

HOMO–1→LUMO +1 (0.54) 

1.37 

0.09 

π–π* 

ICT 

4 377 

528 

HOMO–2→LUMO+1 (0.50) 

HOMO–1→LUMO +1 (0.41) 

1.34 

0.06 

π–π* 

ICT 

5 380 

653 

HOMO–3→LUMO+1 (0.53) 

HOMO →LUMO (0.69) 

0.80 

0.07 

π–π* 

ICT 

6 378 

606 

HOMO–2→LUMO+1 (0.47) 

HOMO →LUMO (0.69) 

1.34 

0.09 

π–π* 

ICT 

7 

 

382 

529 

HOMO‒2→LUMO (0.43) 

HOMO–1 →LUMO+1 (0.44) 

1.08 

0.09 

π–π* 

ICT 

8 381 

514 

HOMO–2 →LUMO (0.50) 

HOMO →LUMO (0.48) 

1.40 

0.09 

π–π* 

ICT 
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Figure 5.5. Energy level diagram of the frontier orbitals of porphyrin 1–

8 estimated by DFT calculations. 

5.6. Experimental Section 

General: All the chemicals were purchased from commercial sources 

and used without further purification. The NMR spectra were recorded 

at room temperature (298 K). Chemical shifts are given in ppm with 

respect to tetramethylsilane as internal standard (CDCl3, 7.26 ppm, 77.0 

ppm). 1H NMR spectra were recorded using a 400 MHz and 500 MHz 

spectrometer. 13C NMR spectra were recorded using a 101 MHz and 126 

MHz spectrometer. Multiplicities are given as s (singlet), d (doublet), t 

(triplet) and m (multiplet) are given in Hertz. TLC analysis was carried 

out using silica gel 60 F254 plates. UV-visible absorption spectra were 

recorded on a Cary-100 Bio UV-visible spectrophotometer. Emission 

spectra were recorded in a The Fluoromax-4C, S/n. 1579D-1417-FM 

Fluorescence software Ver 3.8.0.60. UV/Vis and emission spectrums of 

all compounds were recorded in THF solution. The density functional 

theory (DFT) calculation were carried out at the B3LYP/6-31G level for 



107 
 

C, N, H, O, S, Zn in the Gaussian 09 program. HRMS were recorded on 

a Bruker-Daltonics micrOTOF-Q II mass spectrometer. 

Synthesis of compound 1. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 13 (0.080 g, 0.115 

mmol) and 4,4,5,5-tetramethyl-2-(1,2,2-triphenylvinyl)-1,3,2-

dioxaborolane 9 (0.066 g, 0.173 mmol) were dissolved in THF (20 mL) 

and purged by nitrogen for 15 min. Meanwhile, a solution of sodium 

carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. After 

purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.075 

g, 75% of compound 1. 1H NMR (400 MHz, CDCl3) δ 8.83(d, 2 H), 

8.79(d, 1 H), 8.73(d, 1 H), 8.68(d, 1 H), 8.59(s, 1 H), 8.55(d, 1 H), 

8.21(s, 5 H), 8.04(s, 2 H), 7.88(s, 1 H), 7.76–7.67(m, 8 H), 7.48(s, 1 H), 

7.38(d, 1 H), 7.31(s, 2 H), 7.22–7.18(s, 3 H), 7.09–7.05(m, 1 H), 6.89(s, 

3 H), 6.72–6.67(m, 3 H), 6.46(t, 1 H), 6.11–6.09(m, 4 H), -2.72(s, 2 H). 

13C NMR (101 MHz, CDCl3) δ 152.11, 149.76, 148.42, 147.66, 143.34, 

143.09, 142.53, 142.44, 141.92, 140.54, 140.37, 139.72, 139.20, 136.90, 

136.36, 134.63, 134.49, 134.40, 132.99, 132.03, 129.68, 129.01, 128.76, 

127.67, 127.62, 127.46, 127.29, 127.22, 126.77, 126.61, 126.51, 126.28, 

120.24, 120.17, 120.09, 119.76, 119.63, 106.57. HRMS (ESI-TOF): m/z 

calculated for C64H44N4 [M+nH] + 869.3639, found 869.3633. 

Synthesis of compound 2. 

Compound 1 (0.040 g, 0.046 mmol) and Zn (OAc)2, (0.111 g, 0.506 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 
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adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.037 g, 90% of compound 2. 

1H NMR (500 MHz, CDCl3) δ 8.93–8.91(m, 3 H), 8.87(d, 1 H), 8.82(d, 

1 H), 8.66(s, 2 H), 8.22–8.18(m, 5 H), 8.08(d, 1 H), 8.01(d, 1 H), 7.86(s, 

1 H), 7.77–7.65(m, 8 H), 7.51(t, 1 H), 7.37(d, 1 H), 7.31(m, 2 H), 7.20–

7.15(m, 3 H), 7.09(t, 1 H), 6.86(m, 3 H), 6.69–6.66(m, 3 H), 6.35(t, 1 

H), 6.04(d, 2 H), 5.97(t, 2 H). 13C NMR (101 MHz, CDCl3) δ 151.36, 

150.37, 150.11, 149.99, 147.91, 147.26, 145.29, 144.00, 142.98, 142.91, 

142.86, 141.27, 139.84, 137.78, 137.27, 137.02, 136.17, 134.45, 134.04, 

132.76, 132.71, 131.94, 131.82, 131.22, 129.56, 128.97, 128.70, 127.57, 

127.47, 127.25, 127.17, 127.02, 126.58, 126.54, 126.40, 126.22, 126.14, 

125.56, 125.41, 122.25, 121.26, 120.76, 120.41. HRMS (ESI-TOF): m/z 

calculated for C64H42N4Zn [M] + 930.2695, found 930.2662. 

Synthesis of compound 3. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 13 (0.080 g, 0.115 

mmol) and N, N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl) aniline 10 (0.064 g, 0.173 mmol) were dissolved in THF (20 mL) 

and purged by nitrogen for 15 min. Meanwhile, a solution of sodium 

carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. After 

purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.080 

g, 80% of compound 3. 1H NMR (400 MHz, CDCl3) δ 8.84–8.80(m, 4 

H), 8.76(s, 1 H), 8.74(d, 1 H), 8.68(d, 1 H), 8.25–8.21(m, 6 H), 7.98(d, 

2 H), 7.75(m, 10 H), 7.55(d, 2 H), 7.40–7.31(m, 5 H), 7.25(t, 3 H), 

7.16(d, 3 H), 7.05(t, 2 H), 6.89(d, 1 H), -2.61(s, 2 H). 13C NMR (126 

MHz, CDCl3) δ 147.90, 146.28, 145.68, 142.62, 142.33, 141.88, 141.16, 

136.84, 136.23, 135.08, 134.65, 134.56, 131.24, 129.51, 129.28, 129.13, 

128.86, 127.72, 127.24, 126.80, 126.68, 126.64, 126.17, 124.34, 124.01, 
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123.66, 122.56, 121.19, 120.52, 120.43, 119.95, 119.72. HRMS (ESI-

TOF): m/z calculated for C62H43N5 [M+nH] + 858.3591, found 

858.3562. 

Synthesis of compound 4. 

Compound 3 (0.040 g, 0.046 mmol) and Zn (OAc)2, (0.112 g, 0.513 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.035 g, 83% of compound 4. 

1H NMR (400 MHz, CDCl3) δ 8.92(s, 4 H), 8.86(s, 2 H), 8.79(s, 1 H), 

8.22(m, 6 H), 7.96(d, 1 H), 7.88(d, 1 H), 7.75(m, 10 H), 7.52–7.50(m, 1 

H), 7.46(m, 1 H), 7.39–7.32(m, 5 H), 7.18–7.14(m, 6 H), 7.06(t, 2 H), 

6.90(d, 1 H). 13C NMR (126 MHz, CDCl3) δ 147.98, 147.84, 146.05, 

142.91, 142.64, 142.37, 140.03, 139.39, 138.15, 138.06, 137.40, 136.90, 

136.72, 136.38, 136.00, 135.39, 134.48, 134.33, 133.71, 131.21, 129.10, 

127.46, 126.55, 126.52, 126.30, 125.91, 123.95, 122.44, 120.74, 119.63, 

118.19. HRMS (ESI-TOF): m/z calculated for C62H41N5Zn [M] + 

919.2648, found 919.2683. 

Synthesis of compound 5. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 13 (0.080 g, 0.115 

mmol) and 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline 11 (0.074 g, 0.173 

mmol) were dissolved in THF (20 mL) and purged by nitrogen for 15 

min. Meanwhile, a solution of sodium carbonate (0.750 g, 7.07 mmol) 

in water (15 mL), was added. After purging, palladium (0) 

tetrakis(triphenylphosphine) (0.100 g, 0.08 mmol) was added and the 

reaction mixture was refluxed in an oil bath for 16 h at 70 °C. The 

solvent was then evaporated under vacuum, the resultant mixture was 

diluted with DCM and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 
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DCM: hexane (20: 80) mixture to yield 0.080 g, 81% of compound 5. 

1H NMR (500 MHz, CDCl3) δ 8.84(s, 2 H), 8.81(dd, 1 H), 8.78(dd, 1 

H), 8.75(s, 1 H), 8.72(dd, 1 H), 8.68(dd, 1 H), 8.24–8.21(m, 6 H), 7.97(d, 

2 H), 7.77–7.73(m, 9 H), 7.52(t, 1 H), 7.38(t, 2 H), 7.18(d, 2 H), 7.10(d, 

4 H), 6.90(d, 4 H), 6.76(d, 2 H), 3.85(s, 6 H), -2.61(s, 2 H). 13C NMR 

(126 MHz, CDCl3) δ 142.42, 142.36, 141.97, 141.41, 140.95, 139.03, 

138.96, 137.38, 136.37, 136.20, 134.63, 134.52, 130.98, 127.71, 127.07, 

126.87, 126.83, 126.77, 126.65, 126.59, 126.55, 126.20, 126.17, 126.12, 

125.98, 125.79, 123.07, 122.44, 121.20, 121.04, 120.98, 118.12, 114.56, 

113.84, 55.57. HRMS (ESI-TOF): m/z calculated for C64H47N5O2 

[M+nH] + 918.3803, found 918.3788. 

Synthesis of compound 6. 

Compound 5 (0.040 g, 0.043 mmol) and Zn (OAc)2, (0.105 g, 0.479 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.036 g, 86% of compound 6. 

1H NMR (500 MHz, CDCl3) δ 8.95–8.91(m, 4 H), 8.87(d, 2 H), 8.80(d, 

1 H), 8.24–8.20(m, 6 H), 7.94(d, 2 H), 7.77–7.71(m, 9 H), 7.51(t, 1 H), 

7.36(t, 2 H), 7.19(d, 2 H), 7.10(d, 4 H), 6.87(d, 4 H), 6.76(d, 2 H), 3.80(s, 

6 H). 13C NMR (126 MHz, CDCl3) δ 155.47, 151.37, 150.45, 150.37, 

150.23, 150.14, 150.04, 148.14, 147.48, 146.94, 146.58, 146.32, 143.04, 

142.82, 142.78, 142.39, 141.98, 141.55, 139.18, 138.91, 138.80, 135.93, 

135.22, 134.45, 134.41, 132.61, 132.31, 132.12, 131.97, 131.93, 131.86, 

131.41, 130.95, 127.50, 127.45, 127.11, 126.90, 126.68, 126.58, 126.39, 

125.93, 122.39, 121.50, 121.01, 120.92, 120.41, 114.57, 55.58. HRMS 

(ESI-TOF): m/z calculated for C64H45N5O2Zn [M] + 979.2859, found 

979.2875. 

Synthesis of compound 7. 
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  7-bromo-5,10,15,20-tetraphenylporphyrin 13 (0.080 g, 0.115 

mmol) and 10-propyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

10H-phenothiazine 12 (0.063 g, 0.173 mmol) were dissolved in THF (20 

mL) and purged by nitrogen for 15 min. Meanwhile, a solution of 

sodium carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. 

After purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.075 

g, 76% of compound 7. 1H NMR (500 MHz, CDCl3) δ 8.84–8.81(m, 3 

H), 8.80(d, 1 H), 8.73(s, 2 H), 8.70(d, 1 H), 8.21(m, 6 H), 7.90(d, 2 H), 

7.77–7.70(m, 10 H), 7.24–7.22(m, 2 H), 7.18(t, 2 H), 7.11(t, 1 H), 6.97–

6.91(m, 3 H), 6.69(d, 1 H),  3.87(t, 2 H), 1.94–1.89(m, 2 H), 1.13(t, 3 

H), -2.64(s, 2 H). 13C NMR (126 MHz, CDCl3) δ 142.53, 142.34, 

140.45, 135.53, 134.62, 134.59, 134.45, 129.48, 128.88, 127.71, 127.47, 

127.33, 127.16, 126.77, 126.65, 126.59, 125.93, 122.24, 121.21, 120.41, 

119.95, 119.67, 115.31, 114.53, 49.06, 20.26, 11.50. HRMS (ESI-TOF): 

m/z calculated for C59H43N5S [M+nH] + 854.3312, found 854.3280. 

Synthesis of compound 8. 

Compound 7 (0.040 g, 0.046 mmol) and Zn (OAc)2, (0.112 g, 0.515 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.035 g, 83% of compound 8. 

1H NMR (500 MHz, CDCl3) δ 8.95–8.91(m, 4 H), 8.86(d, 1 H), 8.83(s, 

1 H), 8.81(d, 1 H), 8.23–8.19(m, 6 H), 7.86(d, 2 H), 7.77–7.67(m, 10 

H), 7.24–7.21(m, 2 H), 7.19–7.16(m, 2 H), 7.08(t, 1 H), 6.97–6.90(m, 3 
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H), 6.67(d, 1 H), 3.86(t, 2 H), 1.94–1.90(m, 2 H), 1.13(t, 3 H). 13C NMR 

(126 MHz, CDCl3) δ 151.26, 150.45, 150.31, 150.25, 150.22, 150.19, 

150.13, 147.92, 146.66, 146.30, 145.63, 142.89, 142.79, 142.76, 142.57, 

141.23, 134.99, 134.43, 134.33, 133.79, 132.65, 132.13, 132.03, 131.97, 

131.91, 131.38, 129.48, 128.78, 127.49, 127.45, 127.13, 126.57, 126.54, 

126.50, 125.69, 125.29, 123.93, 122.36, 122.16, 121.49, 120.95, 120.47, 

115.26, 114.41, 49.02, 20.25, 11.52. HRMS (ESI-TOF): m/z calculated 

for C59H41N5SZn [M] + 915.2369, found 915.2402. 

5.7. Conclusion  

The free base 1, 3, 5 and 7 and zinc metallated 2, 4, 6 and 8 porphyrins 

were designed and synthesized by the Suzuki cross-coupling reaction 

and the metallation reaction. The photophysical properties of Zn(II) 

complexes exhibits a red shifted absorption in the low energy region 

compared to its corresponding free bases. The β-donor substituted 

porphyrins 3, 4 and 6 exhibits slight red shift in the fluorescence maxima 

compared to other porphyrins. The red shifted emission maxima may be 

due to the nonplanarity of donor units substituted at the β-position. The 

electrochemical properties of zinc porphyrin 2, 4, 6 and 8 exhibits a 

cathodic shift in the redox potentials compared to their corresponding 

free base porphyrin 1, 3, 5 and 7. The computational study shows that 

the Q bands in the longer wavelength region corresponds to the ICT 

transition and the soret band in high energy region relates to π–π* 

transition. The dimethoxy triphenylamine substituted porphyrin 5 and 6 

shows low HOMO–LUMO energy gap compared to other donor 

substituted porphyrin 1, 2, 3, 4, 7 and 8. These results provide a better 

understanding about the effect of donor substituents on the electronic 

properties of porphyrin π-system and its application in optoelectronics.  
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Chapter 6  

 Acceptor Functionalized Unsymmetrical β-Porphyrins 

6.1. Introduction 

In the light harvesting process of natural photosynthetic system, the 

porphyrin analogues have been widely used in energy and electron 

transfer processes.[1-3] The porphyrin macrocycle are aromatic 

molecules with square planar geometry consisting of four pyrrole ring 

connected by four methine carbons.[4] The porphyrin macrocycles are 

attractive due to their tunable photophysical and electrochemical 

properties with a wide range of applications in  optoelectronics, 

photonics, nonlinear optics (NLO) and photodynamic therapy (PDT).[5-

7] The metallated porphyrins are of interest owing to its biologically 

important properties, as witnessed for hemes and chlorophylls.[8] Natural 

and synthetic porphyrin derivatives and its analogues have been 

explored for their unique electronic properties in the areas of catalysts, 

therapeutic agents, sensors, molecular recognition, and dye sensitized 

solar cells (DSSCs).[9-12]  

1,8-Naphthalimides (NI) is a fluorescent molecule with planar structure, 

which exhibits electron-accepting character with remarkable photo, 

thermal, and chemical stability.[13] Naphthalimide based D–A systems 

exhibits potential applications in memory devices, bulk heterojunction 

organic solar cells, perovskite solar cells, OLEDs and also in the 

pharmaceutical field for anti-cancer treatments.[14-18]  Benzothiazoles are 

a class of sulfur-containing heterocycles made of benzene ring fused to 

a thiazole ring. The benzothiazoles are stable, aromatic ring system 

containing reactive sites for further functionalization.[19] The D–A 

systems containing benzothiazole scaffold show wide applications in 

diverse pharmacological agents, natural products, and synthetic 

intermediates. [20,21] Quinoxalines are a class of nitrogen-containing 

heterocyclic compounds, in which carbon atoms are replaced by N 

atoms in the naphthalene ring. Quinoxalines are formed by the fusion of 

benzene ring with pyrazine ring and are identified as benzopyrazine.[22]  
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The acceptor substituted β-porphyrins are not much explored due to its 

synthetic difficulties.[23] The acceptor functionalized porphyrins have 

been employed in a wide range of application such as electron transfer, 

sensing, switching, and catalysis.[24] Our group has reported ethynyl 

naphthalimide substituted β-porphyrins and investigated their charge-

separated states upon photoexcitation.[25] Nonell et al. reported 

thiazolo[4,5-c]porphycenes and explored its photosensitizing 

properties.[26] Nath et al. have reported the synthesis of 2-(1H-

imidazo[4,5-b]phenazine-2-yl)-5, 10, 15, 20-tetraphenyl porphyrin in 

good yields.[27] 

In this chapter, we have designed and synthesized the acceptor 

functionalized unsymmetrical β-porphyrin 1a–8d, with the electron-

deficient naphthalimide, p- and m-benzothiazole and quinoxaline units 

at the β-pyrrolic position. The photophysical and computational studies 

of porphyrins 1a–8d were explored and the influence of acceptor units 

on the electronic properties of the porphyrin π-system were investigated.  

 

 

Scheme 6.1. Synthetic routes of investigated porphyrins 1a–8d. 
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6.2. Results and Discussion 

Synthesis 

The synthesis of acceptor functionalized β-porphyrin 1a–8d are shown 

in Scheme 6.1. The β-monobrominated tetraphenyl porphyrin (TPPBr) 

9 and the pinacol boronate esters of acceptor a, b, c and d were 

synthesized according to the reported procedure (Scheme 6.1).[25,28–30] 

The reaction of TPPBr 9 with 1.5 equiv of 2-butyl-6-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione a and 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)benzo[d]thiazole b by the Pd-catalyzed Suzuki cross-

coupling reaction in presence of Pd(PPh3)4 in THF solvent at 70 °C 

resulted in porphyrin 1a and 3b in 85% and 64% yields, respectively 

(Scheme 6.1). The porphyrin 5c and 7d were synthesized by the Suzuki 

cross-coupling reaction of TPPBr 9 with 2-(3-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)phenyl)benzo[d]thiazole c and 4,4'-(6-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)quinoxaline-2,3-diyl)bis(N,N-

diphenylaniline) d using Pd(PPh3)4 in THF solvent at 70 °C in 74% and 

71% yields, respectively (Scheme 6.1). The Zn(II) metallation of 

porphyrin 1a, 3b, 5c, and 7d were carried out using Zn(OAc)2 in MeOH 

and CHCl3 (3:1)  mixture, which resulted 2a, 4b, 6c, and 8d in 81, 76, 

70 and 85% yields, respectively. The unsymmetrical porphyrins 1a–8d 

were characterized by 1H, 13C NMR and HRMS mass spectroscopic 

techniques.  

6.3. Photophysical Properties 

The electronic absorption spectra of the acceptor functionalized β-

porphyrin 1a–8d were recorded in THF at room temperature (Figure 

6.1) and the data are tabulated in Table 6.1. The UV-Visible absorption 

spectra of porphyrin 1a–8d shows a characteristic absorption band 

around 421–652 nm, in the Soret and Q–band region. The free base 

porphyrin 1a, 3b, 5c and 7d shows a characteristic absorption band 

around 421 nm in the Soret band and 516−652 nm in the Q–band region. 

The acceptor functionalized free base porphyrin 1a, 3b, 5c and 7d 
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exhibits a similar absorption spectrum in the soret and Q–bands region. 

The zinc complexes 2a, 4b, 6c and 8d exhibits a characteristic Soret 

band around 427−429 nm and Q–bands in the range of 559−599 nm. 

The zinc complexes 2a, 4b, 6c and 8d exhibits a red shifted absorption 

around 6−8 nm in the high energy region compared to its corresponding 

free base analogues 1a, 3b, 5c, and 7d. The porphyrins 3b, 4b, 5c and 

6c with p- and m-substituted benzothiazoles at the β-pyrrolic position of 

the porphyrin macrocycle exhibits a similar absorption spectrum in the 

Soret and the Q–band region. The absorption spectra of p- and m-

benzothiazole substituted porphyrin 3b, 4b, 5c and 6c states that the 

position of the substituents does not influence the electronic properties 

of the porphyrin macrocycles. The electron-deficient quinoxaline 

substituted porphyrin 7d and 8d shows similar absorption spectrum as 

that of naphthalimide substituted porphyrin 1a and 2a. These results 

confirms that the electron-deficient naphthalimide, p- and m-

benzothiazole and quinoxaline units have similar effect in the ground 

state of the porphyrin π-system.  

 

Figure 6.1. Normalized electronic absorption spectra of porphyrin a) 

1a–4b and b) 5c–8d in THF at 1.0 × 10-5 M concentration. 

The emission behaviour of porphyrins 1a–8d (Figure 6.2) were studied 

in THF solvent at room temperature and the data are shown in Table 6.1. 

The acceptor functionalized β-porphyrin 1a–8d exhibits the emission 

band around 616–725 nm in the longer wavelength region. The emission 
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spectra of free base porphyrin 1a, 3b, 5c and 7d arises between 660–725 

nm. The emission maxima of free base porphyrin 1a, 3b, 5c and 7d 

exhibits a similar emission bands. The emission spectra for zinc 

complexes were observed between 616–662 nm in low energy region. 

The electron-deficient naphthalimide substituted Zn(II) porphyrin 2a 

exhibits a red shift in the emission maxima of around 2–5 nm in the 

longer wavelength region compared to benzothiazole and quinoxaline 

substituted porphyrins 4b, 6c and 8d. The p-benzothiazole substituted 

Zn(II) porphyrin 4b shows a red shifted emission around 1–3 nm in the 

longer wavelength region, compared to porphyrin 6c and 8d. The p-

benzothiazole substituted Zn(II) porphyrin 4b exhibits a slight red shift 

in the emission maxima of about 3 nm, compared to its m-benzothiazole 

substituted Zn(II) porphyrin 6c. The quinoxaline substituted Zn(II) 

porphyrin 8d exhibits a blue shifted emission maxima compared to other 

zinc complexes 2a and 4b. The fluorescence quantum yield of porphyrin 

1a–8d were observed between 0.01–0.12. The fluorescence quantum 

yield of quinoxaline substituted porphyrin 7d shows the highest 

quantum yield value of 0.12, whereas the low quantum yield value of 

0.01 were observed for porphyrin 2a and 6c.  

 

Figure 6.2. Normalized emission spectra of porphyrin a) 1a–4b and b) 

5c–8d in THF at 1.0 × 10-5 M concentration.   
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Table 6.1. Photophysical and theoretical data of porphyrin 1a–8d. 

a Absorbance measured in THF at 1×10-5 M concentration; λabs: absorption wavelength; λem: 

emission wavelength; ε: extinction coefficient. b The fluorescence quantum yields were recorded 

using H2TPP as a standard (Φst = 0.11). c Calculated from computational study. 

6.4. Theoretical Calculations  

To gain an insight into the electronic distribution of the acceptor 

functionalized β-porphyrins 1a–8d, DFT calculations at B3LYP/6-31G 

level were performed using the Gaussian 09W program.[31] The 

optimized structure and frontier molecular orbitals of porphyrin 1a–8d 

are depicted in Figure 6.3. The frontier molecular orbitals of porphyrin 

1a and 2a suggests that the HOMO is populated on the porphyrin 

macrocycle whereas the LUMOs are concentrated on the porphyrin 

macrocycle and the naphthalimide accepting unit. In case of p- and m-

benzothiazole functionalized porphyrin 3b, 4b, 5c and 6c, the HOMO is 

populated on the porphyrin macrocycle and the LUMOs are 

concentrated on the porphyrin unit with parts dispersed over the phenyl 

ring of benzothiazole unit. These results of p- and m-benzothiazole 

functionalized 

 

 

Compound 

 

 

 

λabs (nm) 
a 

 

  

λem (nm) 

 

f
 b 

 

H–L 

gap(eV) c 

Soret 

band (S- 

band) 

ε (M−1 

cm−1) 

Q-bands 

1a 421 57960 517, 551, 

596, 652 

661, 725 0.04 2.51 

2a 429 24770 560, 599, 621, 661 0.01 2.70 

3b 421 12950 517, 552, 

596, 651 

660, 723 0.04 2.60 

4b 427 16910 560, 599, 619, 661 0.03 2.77 

5c 421 19720 516, 551, 

595, 650 

660, 723 0.04 2.56 

6c 427 18340 559, 598 616, 661 0.01 2.79 

7d 422 13160 517, 552, 

595, 651 

662, 724 0.12 2.51 

8d 429 14950 560, 599 618, 662 0.04 2.63 
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                                  HOMO                     LUMO              

Figure 6.3. Optimized structure, frontier HOMO and LUMO of 

porphyrins 1a–8d. 
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porphyrin 3b–6c confirms that the electronic properties of the molecules 

are not influenced by the position of the substituents. In porphyrin 7d 

and 8d, the HOMO is localized on the triphenylamine donor and 

quinoxaline acceptor units, whereas the LUMO is concentrated on the 

porphyrin macrocycle with some parts dispersed on quinoxaline entity. 

The theoretically calculated HOMO levels of the porphyrins 1a, 2a, 3b, 

4b, 5c, 6c, 7d and 8d are –5.09 eV, –5.19 eV, –4.98 eV, –5.06 eV, –4.89 

eV, –5.00 eV, –4.85 eV and –4.87 eV whereas LUMO levels are –2.58 

eV, –2.49 eV, –2.38 eV, –2.29 eV, –2.33 eV, –2.21 eV, –2.34 eV and –

2.24 eV, respectively (Figure 6.4). The theoretically calculated HOMO 

and LUMO energy level reveals that the quinoxaline substituted 

porphyrin 7d and 8d exhibits a stabilized LUMO energy levels 

compared to other acceptor functionalized porphyrins. 

The UV-Visible absorption spectra of the porphyrins 1a–8d were 

evaluated using time-dependent density functional theory (TD-DFT) at 

B3LYP/6-31G level and the data are listed in Table 6.2.[31] The 

transitions with composition, oscillator strengths, and assignments are 

shown in Table 6.2. The TD-DFT calculation of porphyrin 1a–8d shows 

a characteristic two absorption band, the Soret band and Q-band around 

370–598 nm. The porphyrin 1a, 2a, 3b, 4b, 5c, 6c, 7d and 8d shows 

absorption band around 598, 544, 587, 539, 594, 537, 585 and 517 nm 

in the low energy Q-band region and are assigned to ICT transitions. The 

major ICT transition for porphyrin 7d occurs from HOMO‒1→LUMO, 

whereas for porphyrin 1a–6c and 8d the ICT transitions arises from 

HOMO→LUMO. In porphyrin 1a–8d, the π–π* transition occurs 

between 370‒385 nm in the high energy soret band region. The TD-DFT 

calculated values of porphyrin 1a–8d are in good agreement with the 

experimental values. 
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 Table 6.2. Calculated Electronic Transitions of porphyrin 1a–8d. 

fa Oscillator strength. 

 

 

Figure 6.4. Energy level diagram of the frontier orbitals of porphyrin I) 

1a, 3b, 5c, 7d and II) 2a, 4b, 6c, 8d estimated by DFT calculations. 

Compounds λmax Composition & Molecular 

contribution 

fa Assignment 

1a 385 

598 

HOMO–2→LUMO+2 (0.41) 

HOMO→LUMO (0.60) 

1.47 

0.06 

π–π* 

ICT 

2a 377 

544 

HOMO‒1→LUMO+1 (0.40) 

HOMO→LUMO (0.58) 

0.89 

0.04 

π–π* 

ICT 

3b 383 

587 

HOMO–2→LUMO+1 (0.29) 

HOMO →LUMO (0.43) 

1.19 

0.04 

π–π* 

ICT 

4b 370 

539 

HOMO–1→LUMO+1 (0.50) 

HOMO→LUMO (0.55) 

1.20 

0.03 

π–π* 

ICT 

5c 380 

594 

HOMO‒2→LUMO+1 (0.46) 

HOMO →LUMO (0.60) 

0.95 

0.05 

π–π* 

ICT 

6c 377 

537 

HOMO–1→LUMO+2 (0.42) 

HOMO →LUMO (0.54) 

0.93 

0.03 

π–π* 

ICT 

7d 372 

585 

HOMO‒3→LUMO+2 (0.44) 

HOMO‒1 →LUMO (0.58) 

0.84 

0.04 

π–π* 

ICT 

8d 378 

517 

HOMO–3 →LUMO+1 (0.47) 

HOMO →LUMO (0.67) 

1.41 

0.10 

π–π* 

ICT 
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6.5. Experimental Section 

General: All the chemicals were purchased from commercial sources 

and used without further purification. The NMR spectra were recorded 

at room temperature (298 K). Chemical shifts are given in ppm with 

respect to tetramethylsilane as internal standard (CDCl3, 7.26 ppm, 77.0 

ppm). 1H NMR spectra were recorded using a 500 MHz spectrometer. 

13C NMR spectra were recorded using a 101 MHz and 126 MHz 

spectrometer. Multiplicities are given as s (singlet), d (doublet), t 

(triplet) and m (multiplet) are given in Hertz. TLC analysis was carried 

out using silica gel 60 F254 plates. UV-visible absorption spectra were 

recorded on a Cary-100 Bio UV-visible spectrophotometer. Emission 

spectra were taken in a The Fluoromax-4C, S/n. 1579D-1417-FM 

Fluorescence software Ver 3.8.0.60. UV/Vis and emission spectrums of 

all compounds were recorded in THF solution. The density functional 

theory (DFT) calculation were carried out at the B3LYP/6-31G level for 

C, N, H, O, S, Zn in the Gaussian 09 program. HRMS were recorded on 

a Bruker-Daltonics micrOTOF-Q II mass spectrometer. 

Synthesis of compound 1a. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 9 (0.080 g, 0.115 

mmol) and 2-butyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione a (0.065 g, 0.173 mmol) were 

dissolved in THF (20 mL) and purged by nitrogen for 15 min. 

Meanwhile, a solution of sodium carbonate (0.750 g, 7.07 mmol) in 

water (15 mL), was added. After purging, palladium (0) 

tetrakis(triphenylphosphine) (0.100 g, 0.08 mmol) was added and the 

reaction mixture was refluxed in an oil bath for 16 h at 70 °C. The 

solvent was then evaporated under vacuum, the resultant mixture was 

diluted with DCM and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (20: 80) mixture to yield (0.085 g, 85 %) of compound 

1a. 1H NMR (500 MHz, CDCl3) δ 8.91–8.89(dd, 2 H), 8.86(s, 1 H), 

8.84–8.81(dd, 2 H), 8.76(d, 1 H), 8.56(d, 1 H), 8.50(t, 2 H), 8.26–
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8.18(m, 6 H), 7.91(d, 1 H), 7.80–7.72(m, 11 H), 7.30(t, 2 H), 7.01(t, 1 

H), 6.87(t, 1 H), 6.47(t, 1 H), 4.27(t, 2 H), 1.84–1.81(m, 2 H), 1.52–

1.49(m, 2 H), 1.06(t, 3 H), -2.60(s, 2 H). 13C NMR (101 MHz, CDCl3) 

δ 165.29, 164.58, 164.25, 142.17, 142.03, 141.74, 140.88, 140.11, 

139.67, 139.38, 138.59, 136.66, 136.10, 135.67, 135.52, 135.30, 134.63, 

134.56, 133.52, 132.35, 132.05, 131.76, 131.63, 130.78, 130.76, 130.56, 

130.21, 130.14, 129.56, 129.53, 127.91, 127.87, 126.95, 126.85, 126.74, 

126.05, 125.73, 124.49, 123.57, 122.93, 122.27, 121.17, 120.64, 40.24, 

29.70, 20.43, 13.95. HRMS (ESI-TOF): m/z calculated for C60H43N5O2 

[M+nH] + 866.3490, found 866.3503. 

Synthesis of compound 2a. 

Compound 1a (0.040 g, 0.046 mmol) and Zn (OAc)2 (0.111 g, 0.508 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield (0.035 g, 81%) of compound 2a. 

1H NMR (500 MHz, CDCl3) δ 9.00–8.93(m, 5 H), 8.83(d, 1 H), 8.61(d, 

1 H), 8.38–8.34(m, 2 H), 8.27–8.16(m, 6 H), 7.86(d, 1 H), 7.81–7.67(m, 

11 H), 7.30–7.25(m, 2 H), 6.96(t, 1 H), 6.81(t, 1 H), 6.40(t, 1 H), 4.11(t, 

2 H), 1.77–1.70(m, 2 H), 1.51–1.45(m, 2 H), 1.03(t, 3 H). 13C NMR (126 

MHz, CDCl3) δ 164.52, 164.19, 151.13, 150.80, 150.68, 150.66, 150.56, 

150.42, 147.58, 147.12, 145.04, 142.64, 142.60, 142.58, 142.25, 135.69, 

135.10, 134.55, 134.47, 134.40, 134.28, 133.72, 132.71, 132.43, 132.37, 

132.31, 131.79, 131.72, 130.73, 130.15, 129.58, 127.65, 127.62, 126.66, 

126.61, 125.95, 125.47, 124.22, 122.11, 121.89, 121.69, 121.41, 121.01, 

120.90, 40.09, 29.72, 20.39, 13.94. HRMS (ESI-TOF): m/z calculated 

for C60H41N5O2Zn [M] + 927.2546, found 927.2571. 

Synthesis of compound 3b. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 9 (0.080 g, 0.115 

mmol) and 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
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yl)phenyl)benzo[d]thiazole b (0.058 g, 0.173 mmol) were dissolved in 

THF (20 mL) and purged by nitrogen for 15 min.  Meanwhile, a solution 

of sodium carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. 

After purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield (0.060 

g, 64 %) of compound 3b. 1H NMR (500 MHz, CDCl3) δ 8.86–8.84(m, 

4 H), 8.80(s, 1 H), 8.77(dd, 1 H), 8.74(dd, 1 H), 8.26–8.19(m, 7 H), 

8.14(d, 1 H), 7.97–7.92(m, 3 H), 7.87(d, 2 H), 7.79–7.74(m, 11 H), 

7.54(t, 1 H), 7.46–7.41(m, 3 H), -2.61(s, 2 H). 13C NMR (101 MHz, 

CDCl3) δ 168.20, 154.36, 142.42, 142.24, 141.83, 140.56, 135.98, 

135.14, 134.62, 134.52, 130.79, 127.76, 127.46, 126.80, 126.68, 126.42, 

126.30, 125.10, 123.18, 121.61, 121.18, 120.48, 120.08, 119.96. HRMS 

(ESI-TOF): m/z calculated for C57H37N5S [M+nH] + 824.2842, found 

824.2857. 

Synthesis of compound 4b. 

Compound 3b (0.040 g, 0.048 mmol) and Zn (OAc)2, (0.117 g, 0.534 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield (0.032 g, 76%) of compound 4b. 

1H NMR (500 MHz, CDCl3) δ 8.97–8.93(m, 5 H), 8.88(d, 1 H), 8.84(d, 

1 H), 8.25–8.21(m, 7 H), 8.14(d, 1 H), 7.97(d, 1 H), 7.91(d, 2 H), 7.87(d, 

2 H), 7.77–7.73(m, 11 H), 7.54(t, 1 H), 7.47–7.41(m, 3 H). 13C NMR: 

After repeated submission peaks are not getting raised. HRMS (ESI-

TOF): m/z calculated for C57H35N5SZn [M] + 885.1899, found 885.1920. 
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Synthesis of compound 5c. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 9 (0.080 g, 0.115 

mmol) and 2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)benzo[d]thiazole c (0.058 g, 0.173 mmol) were dissolved in 

THF (20 mL) and purged by nitrogen for 15 min.  Meanwhile, a solution 

of sodium carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. 

After purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield (0.070 

g, 74 %) of compound 5c. 1H NMR (500 MHz, CDCl3) δ 8.86–8.82(m, 

5 H), 8.76(d, 1 H), 8.72(d, 1 H), 8.25–8.21(m, 7 H), 8.08(d, 1 H), 7.92–

7.89(m, 3 H), 7.77–7.73(m, 10 H), 7.58(d, 1 H), 7.49(t, 1 H), 7.38(t, 1 

H), 7.34(t, 1 H), 7.16(m, 3 H), -2.61(s, 2 H). 13C NMR (101 MHz, 

CDCl3) δ 168.17, 154.19, 142.44, 142.28, 141.88, 140.40, 139.69, 

135.66, 135.11, 134.65, 134.62, 134.54, 132.57, 132.47, 129.99, 128.10, 

127.77, 127.53, 126.81, 126.69, 126.28, 126.19, 125.09, 125.00, 123.22, 

121.62, 121.16, 120.47, 120.10, 120.00. HRMS (ESI-TOF): m/z 

calculated for C57H37N5S [M+nH] + 824.2842, found 824.2852. 

Synthesis of compound 6c. 

Compound 5c (0.040 g, 0.0486 mmol) and Zn (OAc)2, (0.117 g, 0.534 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield (0.036 g, 70%) of compound 6c. 

1H NMR (500 MHz, CDCl3) δ 8.96(d, 1 H), 8.94(s, 4 H), 8.87(d, 1 H), 

8.81(d, 1 H), 8.25–8.21(m, 7 H), 8.05(d, 1 H), 7.92–7.86(m, 3 H), 7.80–
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7.70(m, 10 H), 7.60(d, 1 H), 7.47(t, 1 H), 7.37–7.31(m, 2 H), 7.14(m, 3 

H). 13C NMR (101 MHz, CDCl3) δ 168.29, 154.17, 151.21, 150.56, 

150.36, 147.71, 146.46, 146.01, 142.79, 141.22, 140.58, 135.36, 135.08, 

134.46, 132.70, 132.56, 132.30, 132.09, 131.54, 130.09, 127.97, 127.54, 

127.31, 126.57, 126.22, 125.92, 125.03, 124.75, 123.16, 122.24, 121.58, 

121.06, 120.74. HRMS (ESI-TOF): m/z calculated for C57H35N5SZn 

[M] + 885.1899, found 885.1892. 

Synthesis of compound 7d. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 9 (0.080 g, 0.115 

mmol) and 4,4'-(6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)quinoxaline-2,3-diyl)bis(N,N-diphenylaniline) d (0.128 g, 0.173 

mmol) were dissolved in THF (20 mL) and purged by nitrogen for 15 

min.  Meanwhile, a solution of sodium carbonate (0.750 g, 7.07 mmol) 

in water (15 mL), was added. After purging, palladium (0) 

tetrakis(triphenylphosphine) (0.100 g, 0.08 mmol) was added and the 

reaction mixture was refluxed in an oil bath for 16 h at 70 °C. The 

solvent was then evaporated under vacuum, the resultant mixture was 

diluted with DCM and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (20: 80) mixture to yield (0.100 g, 71 %) of compound 

7d. 1H NMR (500 MHz, CDCl3) δ 8.87(s, 1 H), 8.85(s, 2 H), 8.84–

8.82(m, 2 H), 8.78(d, 1 H), 8.75(d, 1 H), 8.33(s, 1 H), 8.26–8.23(m, 6 

H), 7.79–7.71(m, 11 H), 7.54–7.50(m, 6 H), 7.31–7.26(m, 9 H), 7.16(t, 

9 H), 7.10–7.05(m, 9 H), -2.57(s, 2 H). 13C NMR (101 MHz, CDCl3) δ 

152.99, 152.60, 151.96, 151.47, 148.48, 147.38, 143.63, 142.37, 142.25, 

141.83, 140.82, 140.57, 140.27, 139.52, 139.33, 136.29, 134.64, 134.50, 

132.87, 132.79, 132.50, 130.91, 130.84, 129.38, 129.36, 128.96, 128.70, 

127.82, 127.77, 127.48, 127.35, 126.81, 126.70, 126.24, 124.95, 124.92, 

123.43, 123.39, 122.37, 122.32, 121.17, 120.50, 120.10, 120.06. HRMS 

(ESI-TOF): m/z calculated for C88H60N8 [M+nH] + 1229.5014, found 

1229.5000. 

Synthesis of compound 8d. 
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Compound 7d (0.040 g, 0.0325 mmol) and Zn (OAc)2, (0.078 g, 0.358 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield (0.035 g, 85%) of compound 8d. 

1H NMR (500 MHz, CDCl3) δ 8.99(s, 1 H), 8.96(d, 2 H), 8.94(s, 2 H), 

8.89(d, 1 H), 8.85(d, 1 H), 8.31(s, 1 H), 8.25–8.23(m, 6 H), 7.77–7.72(m, 

11 H), 7.56–7.52(m, 6 H), 7.31–7.26(m, 9 H), 7.18–7.14(m, 9 H), 7.11–

7.05(m, 9 H). 13C NMR (101 MHz, CDCl3) δ 152.93, 152.51, 151.19, 

150.63, 150.36, 148.45, 147.74, 147.40, 146.34, 145.95, 142.79, 141.77, 

141.39, 140.25, 139.26, 135.91, 134.47, 134.38, 132.89, 132.67, 132.14, 

131.60, 130.93, 130.87, 129.39, 129.36, 128.91, 127.56, 127.20, 126.61, 

126.03, 124.94, 124.92, 123.42, 123.38, 122.38, 121.58, 121.12, 120.84. 

HRMS (ESI-TOF): m/z calculated for C88H58N8Zn [M+nH] + 

1291.4149, found 1291.4153. 

6.6. Conclusion 

The acceptor functionalized unsymmetrical β-porphyrin 1a–8d were 

synthesized by the Pd-catalysed Suzuki cross-coupling reaction 

followed by the Zn(II) metallation. The photophysical and 

computational studies of porphyrin 1a–8d were carried out to 

understand the influence of acceptor units on the electronic properties of 

the porphyrin π-system. The electronic absorption spectra confirms that 

the electron-deficient naphthalimide, p- and m-benzothiazole and 

quinoxaline units have similar effect on the electronic properties of the 

porphyrin macrocycle. The fluorescence quantum yield of quinoxaline 

substituted porphyrin 7d shows high quantum yield value of 0.12. The 

computational study of p- and m-benzothiazole functionalized porphyrin 

3b–6c confirms that the electronic properties of the molecules are not 

influenced by the position of substituents. The quinoxaline substituted 

porphyrin 7d and 8d exhibits a stabilized LUMO energy levels 
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compared to other porphyrins. These results provide a new insight for 

the acceptor functionalized porphyrin and its further applications in 

optoelectronics. 
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Chapter 7  

Triphenylacrylonitrile (TPAN), 1,1,2,2-tetraphenylethene 

(TPE) and Carbazole Functionalized β-Porphyrins 

7.1. Introduction 

In recent years, the renewable solar energy is in high demand due to the 

depletion of conventional energy sources such as coal, oil and natural 

gas.[1,2] The porphyrins are used to mimic the natural photosynthetic 

architectures to perform energy/electron transfer processes.[3] Porphyrin 

analogues such as heme (iron protoporphyrin) and chlorophyll (a 

magnesium-containing metalloporphyrin) plays a significant role in 

sustaining life in living organisms.[4] Porphyrins are π-conjugated 

aromatic system and shows intense absorption bands in the soret and Q-

band in visible region.[5,6] The electronic properties of the porphyrin 

macrocycles can be tuned by altering the substituents at the meso and β-

position of the porphyrin π system.[7] The porphyrin π systems have been 

investigated for their wide range of applications in therapeutic agents, 

optoelectronics, molecular recognition, nonlinear optics (NLO), 

catalysts, photonics, photodynamic therapy (PDT), sensors and dye 

sensitized solar cells (DSSCs).[8–14]  

The 2,3,3-triphenylacrylonitrile (TPAN) and 1,1,2,2-tetraphenylethene 

(TPE) are propeller-shaped molecular structures with twisted 

conformations.[15] The Donor–Acceptor (D–A) molecular system with 

2,3,3-triphenylacrylonitrile (TPAN) and 1,1,2,2-tetraphenylethene 

(TPE) moiety are utilized in various fields such as OLEDs, chemical 

sensing, and detection of stimuli responses, etc.[16,17] Carbazole is a 

tricyclic aromatic heterocyclic compound comprising of two benzene 

rings fused on both sides of the pyrrole ring.[18] The carbazole-based 

compounds exhibit high thermal and photochemical stability and are 

used in a wide range of applications such as fluorescence switches, 

biological imaging, optical sensors and as charge-transporting materials 

in organic light-emitting diodes.[19–22] 

The substitution of donor and acceptor entities at the β-pyrrolic position 

of porphyrins are extensively used for the construction of unsymmetrical 
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porphyrinic architecture. Wagner et al.  reported a series of β-vinyl-

substituted porphyrin dyads and used as a light-harvesting sensitizers in 

DSSC application.[23] Feng et al.  synthesized a series of vinylated 

tetraphenyl porphyrins and explored its luminescence properties.[24] 

Gupta et al. have investigated the steady-state and time-resolved 

fluorescence spectra of carbazole substituted β-porphyrins.[25] Our group 

has reported the β-Substituted ferrocenyl porphyrins and investigated 

their electronic properties.[26]  

In this chapter, we wish to report the synthesis of TPAN, TPE and 

carbazole substituted unsymmetrical β-porphyrins 11–18 (Figure 1). 

The photophysical, electrochemical and computational studies of these 

unsymmetrical porphyrins 11–18 were investigated. The effect of 

electron withdrawing cyano substituted 2,3,3-triphenylacrylonitrile and 

the electron donating 1,1,2,2-tetraphenylethene and 9-propyl-9H-

carbazole units on the photonic and electronic properties of the 

porphyrin π-systems were explored.  

 

 

Scheme 7.1. Synthesis of porphyrin derivatives 11–18. 
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7.2. Results and Discussion 

Synthesis 

The synthesis of TPAN, TPE and carbazole substituted unsymmetrical 

β-porphyrin and its zinc complexes 11–18 are shown in Scheme 7.1. The 

β-monobrominated tetraphenyl porphyrin (TPPBr) 10 and the 

intermediates, pinacol boronate esters of 2,3,3-triphenylacrylonitrile 1 

and 2, 1,1,2,2-tetraphenylethene 3 and carbazole 4 were synthesized 

according to the reported procedures (Scheme 7.1).[27–29] The electron 

accepting cyano substituted 2,3,3-triphenylacrylonitrile functionalized 

β-porphyrins 11 and 13, and the electron donating 1,1,2,2-

tetraphenylethene and carbazole functionalized β-porphyrins 15 and 17 

were synthesized by the Pd-catalyzed Suzuki cross-coupling reactions. 

The TPPBr 10 was reacted with 1.5 equiv of 3,3-diphenyl-2-(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylonitrile 1 and 2,3-

diphenyl-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acrylonitrile 2 by the Pd-catalyzed Suzuki cross-coupling 

reaction in presence of Pd(PPh3)4 in THF solvent at 70 °C resulted in 

porphyrin 11 and 13 in 83% and 78% yields, respectively (Scheme 7.1). 

The 2,3,3-triphenylacrylonitrile 2 substituted porphyrin 13 is an 

inseparable mixture of cis and trans isomers and was reported as 1:1 

mixture. [30] The Suzuki cross-coupling reactions of TPPBr 10 with 1.5 

equiv of 4,4,5,5-tetramethyl-2-(4-(1,2,2-triphenylvinyl)phenyl)-1,3,2-

dioxaborolane 3 and 9-propyl-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9H-carbazole 4 in the presence of Pd(PPh3)4 in THF 

solvent at 70 °C, resulted in porphyrin 15 and 17 in 64% and 69% yields, 

respectively (Scheme 7.1). The zinc metallation of TPAN, TPE and 

carbazole functionalized β-porphyrins 11, 13, 15 and 17 were carried out 

using Zn(OAc)2 in MeOH : CHCl3 mixture (3:1 ratio), resulted in zinc 

complexes 12, 14, 16, and 18 with 88, 83, 88 and 74% yields, 

respectively. The TPAN, TPE and carbazole functionalized β-

porphyrins and its zinc complexes 11–18 were characterized by 1H, 13C 

NMR and HRMS mass spectroscopic techniques. 
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7.3. Photophysical Properties 

The electronic absorption spectra of the β-substituted unsymmetrical 

porphyrin 11–18 were recorded in THF at room temperature (Figure 7.1) 

and the data are shown in Table 7.1. The absorption spectra of electron 

accepting cyano substituted TPAN functionalized β-porphyrins 11–14, 

and the electron donating TPE and carbazole functionalized β-

porphyrins 15–18 are shown in Figure 7.1. The unsymmetrical 

porphyrin 11–18 shows a characteristic Soret band  

 

Figure 7.1. Normalized electronic absorption spectra of porphyrin a) 

11–14 and b) 15–18 in THF at 1.0 × 10-5 M concentration. 

around 418–430 nm. The absorption spectra of free base porphyrin and 

its zinc complexes shows four Q–bands and two Q–bands in the low 

energy region between 517–652 nm. The zinc complexes 12, 14, 16, and 

18 exhibits a red shifted absorption of about 7−9 nm in the soret band 

region compared to its free base analogues 11, 13, 15 and 17. The 

absorption spectra of 2,3,3-triphenylacrylonitrile substituted porphyrins 

11, 12, 13 and 14 with different spatial arrangements of cyano moiety at 

β-pyrrolic position exhibits similar absorption band in the Soret and Q–

band region. The 1,1,2,2-tetraphenylethene substituted porphyrin 15 and 

16 exhibits a slight red shifted absorption spectra compared to other 

porphyrins. The carbazole functionalized porphyrin 17 and 18 shows a 

blue shift in the absorption spectra compared to 2,3,3-

triphenylacrylonitrile and 1,1,2,2-tetraphenylethene substituted 
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porphyrin 11–16. The red shifted absorption spectra of 1,1,2,2-

tetraphenylethene substituted porphyrin may be due to the increase in 

the phenyl unit present in the tetraphenyl ethene moiety which further  

enhances π-conjugation of the molecule. 

The emission spectra of β-substituted unsymmetrical porphyrins 

11–18 (Figure 7.2) were explored in THF solvent at room temperature, 

and the data are shown in Table 7.1. The unsymmetrical porphyrins 11–

18 shows emission band around 616–724 nm in the low 

 

Figure 7.2. Normalized emission spectra of porphyrin a) 11–14 and b) 

15–18 in THF at 1.0 × 10-5 M concentration. 

energy region. The 2,3,3-triphenylacrylonitrile and 1,1,2,2-

tetraphenylethene substituted porphyrin 11–16 exhibits similar emission 

maxima with a slight red shift of 1–2 nm around 620–724 nm in the low 

energy region. The free base and zinc complexes of 2,3,3-

triphenylacrylonitrile substituted porphyrins 11–14 with different 

spatial arrangements of cyano moiety shows similar emission maxima 

in the longer wavelength region around 662–724 nm and 620–662 nm, 

respectively. The 1,1,2,2-tetraphenylethene substituted porphyrins 15 

and 16 shows similar emission bands as that of 2,3,3-

triphenylacrylonitrile substituted porphyrins. The porphyrins 11–16 

shows a red shift in the emission maxima of around 4–5 nm in the low 

energy region compared to 9-propyl-9H-carbazole substituted free base 
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and Zn(II) porphyrin 17 and 18. The red shifted emission maxima of 

porphyrin 11–16 may be due to the enhanced π-conjugation of the 

phenyl group present in the 2,3,3-triphenylacrylonitrile and 1,1,2,2-

tetraphenylethene moiety. 

Table 7.1. Photophysical and theoretical data of porphyrin 11–18. 

a Absorbance measured in THF at 1×10-5 M concentration; λabs: absorption wavelength; λem: emission 

wavelength; ε: extinction coefficient. b The fluorescence quantum yields were recorded using H2TPP as a 

standard (Φst = 0.11). c Calculated from computational study. 

7.4. DFT Calculation 

 The electronic structures of unsymmetrical porphyrins 11–18 

were determined by performing density functional theory (DFT) 

calculations at B3LYP/6-31G level using the Gaussian 09W program.[31] 

The optimized structures of 2,3,3-triphenylacrylonitrile and 1,1,2,2-

tetraphenylethene substituted porphyrin 11–16 exhibits a propeller 

shaped nonplanar geometry with TPAN and TPE entity at the β-pyrrolic 

positions (Figure 7.3). In 2,3,3-triphenylacrylonitrile substituted 

porphyrin 11–14, the electron density is localized on the porphyrin 

macrocycle in HOMO whereas in LUMO it is mainly concentrated on 

porphyrin macrocycle with little over the phenyl ring of the 2,3,3-

triphenylacrylonitrile entity. In 1,1,2,2-tetraphenylethene substituted 

 

Compound 

 

 

 

λabs (nm) a 

 

  

λem (nm) 

 

f
 b 

 

H–L 

gap(eV)c 

Soret band  ε (M−1 cm−1) Q-band 

11 421 21590 517, 552, 

595, 651 

662, 724 0.10 2.55 

12 428 15280 559, 599, 

 

620, 661 0.02 2.77 

13 421 19220 517, 552, 

596, 652 

664, 724 0.06 2.58 

14 428 12390 560, 599, 

 

620, 662 0.01 2.76 

15 421 10150 518, 552, 

595, 652 

662, 724 0.05 2.62 

16 430 24980 560, 599 621, 661 0.02 2.79 

17 418 96230 518, 551, 

594, 649 

658, 723 0.07 2.63 

18 426 16170 559, 598 616, 660 0.04 2.80 
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porphyrin 15 and 16, the electron density in HOMO is concentrated on 

the porphyrin macrocycle whereas the LUMOs are populated on the 

porphyrin macrocycle with some parts dispersed on the phenyl unit of 

the 1,1,2,2-tetraphenylethene moiety. The carbazole substituted 

porphyrin 17 and 18 shows that the majority of the electron density in 

HOMO were concentrated on the porphyrin macrocycle, whereas 

 

Figure 7.3. Optimized structure, frontier HOMO and LUMO of 

porphyrins 11–18. 

LUMO is populated on the porphyrin macrocycle with little over the 

phenyl unit of the carbazole moiety. The energy level diagrams of 

porphyrin 11–18 are shown in Figure 7.4. The theoretically calculated 

HOMO levels of the porphyrins 11–18 are –4.92 eV, –5.03 eV, –4.96 

eV, –5.04 eV, –4.92 eV, –4.99 eV, –4.86 eV and –4.93 eV whereas 

LUMO levels are –2.37 eV, –2.26 eV, –2.38 eV, –2.28 eV, –2.30 eV, –

2.20 eV, –2.23 eV and –2.13 eV respectively. The theoretically 

calculated HOMO and LUMO energy level states that, a stabilized 

LUMO energy level with low HOMO–LUMO band gap of about 2.55 

eV and 2.58 eV was observed for 2,3,3-triphenylacrylonitrile substituted 

free base porphyrin 11 and 13 compared to other porphyrins. 
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Table 7.2. Calculated Electronic Transitions of porphyrin 11–18. 

fa Oscillator strength. 

The UV-visible absorption spectra, electronic transitions, assignments, 

and oscillator strength (f) were calculated using time-dependent density 

functional theory (TD-DFT) using B3LYP/6-31G basis set, and the data 

are depicted in Table 7.2. The UV-Visible absorption spectra of 

porphyrin 11–18 shows two absorption band, the Soret band and the Q-

band. The porphyrin 11, 12, 13, 14, 15, 16, 17 and 18 exhibits absorption 

band around 596, 540, 589, 542, 587, 538, 585 and 538 nm in the low 

energy Q-band region and are assigned to ICT transition. The major ICT 

transitions for porphyrin 11–18 occurs from HOMO→LUMO. In 

porphyrin 11–18 the absorption band around 398, 375, 396, 376, 385, 

384, 377 and 378 nm in the soret band region corresponds to π–π* 

transition. In porphyrin 11 and 13, the π–π* transition arises from 

HOMO–1→LUMO+2, whereas in porphyrin 12 and 14, it occurs from 

Compounds λmax Composition & Molecular 

contribution 

fa Assignment 

11 398 

596 

HOMO–1→LUMO+2 (0.46) 

HOMO→LUMO (0.59) 

0.94 

0.05 

π–π* 

ICT 

12 375 

540 

HOMO‒1→LUMO+1 (0.44) 

HOMO→LUMO (0.55) 

1.39 

0.03 

π–π* 

ICT 

13 396 

589 

HOMO–1→LUMO+2 (0.45) 

HOMO →LUMO (0.58) 

0.79 

0.04 

π–π* 

ICT 

14 376 

542 

HOMO–1→LUMO+1 (0.46) 

HOMO→LUMO (0.56) 

1.36 

0.04 

π–π* 

ICT 

15 385 

587 

HOMO‒2→LUMO (0.43) 

HOMO →LUMO (0.58) 

1.39 

0.03 

π–π* 

ICT 

16 384 

538 

HOMO–2→LUMO (0.46) 

HOMO →LUMO (0.52) 

1.68 

0.02 

π–π* 

ICT 

17 

 

377 

585 

HOMO‒2→LUMO (0.44) 

HOMO→LUMO (0.57) 

1.31 

0.03 

π–π* 

ICT 

18 378 

538 

HOMO–2→LUMO (0.44) 

HOMO →LUMO (0.45) 

1.68 

0.02 

π–π* 

ICT 
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HOMO‒1→LUMO+1, respectively. The major π–π* transitions for 

porphyrin 15–18 occurs from HOMO‒2→LUMO. The TD-DFT 

calculated values are in good agreement with the experimental data. 

 

Figure 7.4. Energy level diagram of the frontier orbitals of porphyrin 

11–18 estimated by DFT calculations. 

7.5. Electrochemical Properties 

The electrochemistry of β-substituted unsymmetrical porphyrins 11–18 

were investigated by the cyclic voltammetry using 0.1M TBAPF6 as 

supporting electrolyte in dichloromethane, (Figure 7.5) and the data are 

depicted in Table 7.3.[32–34] In general, porphyrin macrocycle exhibits 

two oxidation and two reduction waves. The 2,3,3-triphenylacrylonitrile 

substituted free base porphyrin 11 and 13, exhibits two reduction waves 

in the region -1.25 to -1.47 V and three oxidation waves between 0.64 

to 1.51 V. In 2,3,3-triphenylacrylonitrile substituted zinc porphyrin 12 

and 14, two reduction waves and two oxidation waves were observed 

around -1.22 to -1.55 V and 0.55 to 1.10 V, respectively.  
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Figure 7.5. Cyclic voltammograms of porphyrin 11–18 in 

dichloromethane containing 0.1 M solution of TBAPF6 with a scan rate 

of 100 mV/s. 
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Table 7.3. Electrochemical data of porphyrin 11–18. 

d Electrochemical analysis was estimated by cyclic voltammetry in 0.1 M solution of 

tetrabutylammonium hexafluorophosphate (TBAPF6) in DCM at 100 mV/s scan rate. e 

Electrochemical band gaps.  

The 1,1,2,2-tetraphenylethene and 9-propyl-9H-carbazole substituted 

porphyrin 15, 16, 17 and 18 shows two reduction waves around -1.27 to 

-1.75 V and are assigned to porphyrin macrocycle, whereas three 

oxidation waves in the range of 0.81 to 1.41 V, attributed to the 

porphyrin macrocycle and the tetraphenylethene and carbazole donor 

units. In 1,1,2,2-tetraphenylethene substituted porphyrin 15 and 16, 

three reversible oxidation waves were observed, in which the first and 

second oxidation wave in the region of 0.83 to 1.20 V is attributed to the 

porphyrin macrocycle, and the third oxidation wave around 1.40 V 

corresponds to the tetraphenylethene donor unit. In 9-propyl-9H-

carbazole substituted porphyrin 17 and 18, the first and second oxidation 

wave, observed in the region of 0.81 to 1.17 V, corresponds to the 

porphyrin macrocycle whereas the third oxidation wave in the region of 

1.30 to 1.32 V is attributed to the carbazole donor unit. The zinc 

porphyrin 12 exhibit a anodic shift in their reduction potentials, whereas 

 

Compound 

 

Potential (V vs Ag/Ag+) d 

Ered Eox Eg (eV) e 

11 -1.25, -1.46 1.00, 1.24 

1.51 

2.07 

12 -1.22, -1.41 0.82, 1.10 

 

1.84 

13 -1.27, -1.47 0.64, 1.01, 

1.23 

1.70 

14 -1.40, -1.55 0.55, 1.08 

 

1.96 

15 -1.27, -1.52 0.95, 1.20, 

 1.40 

2.03 

16 -1.41, -1.72 0.83, 1.08, 

1.41 

2.04 

17 -1.30, -1.56 0.96, 1.17,  

1.32 

2.04 

18 -1.43, -1.75 0.81, 1.05, 

1.30 

2.03 
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in the oxidation potentials a cathodic shift was observed, compared to 

their corresponding free base analogue 11. The zinc porphyrin 14, 16 

and 18 exhibits a cathodic shift in the oxidation and reduction potentials 

compared to their corresponding free base analogues 13, 15 and 17. The 

onset oxidation and reduction potentials were utilized to evaluate the 

HOMO/ LUMO energy levels for porphyrin 11–18, which are -5.32/-

3.25 V, -5.12/-3.28 V, -4.95/-3.25 V, -5.05/-3.09 V, -5.27/-3.24 V, -

5.13/-3.09 V, -5.25/-3.21 V and -5.11/-3.08 V, respectively. The 2,3,3-

triphenylacrylonitrile substituted porphyrin 13 exhibits a stabilized 

HOMO energy levels with low electrochemical band gap of about 1.70 

V. 

7.6. Experimental Section 

General: All the chemicals were purchased from commercial sources 

and used without further purification. The NMR spectra were recorded 

at room temperature (298 K). Chemical shifts are given in ppm with 

respect to tetramethylsilane as internal standard (CDCl3, 7.26 ppm, 77.0 

ppm). 1H NMR spectra were recorded using a 500 MHz spectrometer. 

13C NMR spectra were recorded using a 101 MHz and 126 MHz 

spectrometer. Multiplicities are given as s (singlet), d (doublet), t 

(triplet) and m (multiplet) are given in Hertz. TLC analysis was carried 

out using silica gel 60 F254 plates. UV-visible absorption spectra were 

recorded on a Cary-100 Bio UV-visible spectrophotometer. Emission 

spectra were taken in a The Fluoromax-4C, S/n. 1579D-1417-FM 

Fluorescence software Ver 3.8.0.60. UV/Vis and emission spectrums of 

all compounds were recorded in THF solution. The density functional 

theory (DFT) calculation were carried out at the B3LYP/6-31G level for 

C, N, H, Zn in the Gaussian 09 program. HRMS were recorded on a 

Bruker-Daltonics micrOTOF-Q II mass spectrometer. 

Synthesis of compound 11. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.080 g, 0.115 

mmol) and 3,3-diphenyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)acrylonitrile 1 (0.070 g, 0.173 mmol) were dissolved in 

THF (20 mL) and purged by nitrogen for 15 min. Meanwhile, a solution 
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of sodium carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. 

After purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.085 

g, 83% of compound 11. 1H NMR (500 MHz, CDCl3) δ 8.82(s, 3H), 

8.80(d, 1H), 8.75(d, 1H), 8.73(d, 1H), 8.70(s, 1H), 8.23–8.21(m, 6H), 

7.90(d, 2H), 7.77–7.73(m, 9H), 7.52–7.50(m, 3H), 7.47(m, 3H), 7.35–

7.32(m, 5H), 7.21(d, 2H), 7.15–7.13(m, 2H), 7.05(d, 2H), -2.63(s, 2H). 

13C NMR (126 MHz, CDCl3) δ 156.93, 142.53, 142.25, 141.83, 140.80, 

140.67, 139.34, 136.05, 134.64, 134.57, 131.77, 130.80, 130.39, 130.01, 

129.82, 129.07, 128.67, 128.49, 128.41, 127.76, 127.47, 126.81, 126.70, 

126.66, 126.31, 121.19, 120.49, 120.05, 119.82, 111.78. HRMS (ESI-

TOF): m/z calculated for C65H43N5 [M+nH] + 871.3795, found 

871.3742. 

Synthesis of compound 12. 

Compound 11 (0.040 g, 0.044 mmol) and Zn (OAc)2, (0.107 g, 0.492 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.037 g, 88% of compound 12. 

1H NMR (500 MHz, CDCl3) δ 8.95–8.90(m, 4H), 8.88(d, 1H), 8.83(d, 

2H), 8.24–8.20(m, 6H), 7.87(d, 2H), 7.78–7.72(m, 9H), 7.53–7.50(m, 

3H), 7.47–7.46(m, 3H), 7.34–7.30(m, 5H), 7.22(d, 2H), 7.17–7.15(m, 

2H), 7.06(d, 2H). 13C NMR (126 MHz, CDCl3) δ 156.79, 151.22, 

150.57, 150.34, 147.71, 146.87, 146.52, 146.37, 142.92, 142.69, 141.46, 

140.86, 139.71, 139.38, 135.80, 135.12, 134.44, 132.79, 132.20, 132.15, 
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132.04, 131.57, 131.47, 130.81, 130.41, 130.02, 129.79, 129.05, 128.54, 

128.48, 128.41, 127.56, 127.27, 126.60, 126.09, 122.83, 122.33, 121.58, 

121.07, 120.59, 120.10, 111.88. HRMS (ESI-TOF): m/z calculated for 

C65H41N5Zn [M] + 939.2369, found 939.2368. 

Synthesis of compound 13. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.080 g, 0.115 

mmol) and (Z)-2,3-diphenyl-3-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl) phenyl) acrylonitrile 2 (0.070 g, 0.173 mmol) were 

dissolved in THF (20 mL) and purged by nitrogen for 15 min. 

Meanwhile, a solution of sodium carbonate (0.750 g, 7.07 mmol) in 

water (15 mL), was added. After purging, palladium (0) 

tetrakis(triphenylphosphine) (0.100 g, 0.08 mmol) was added and the 

reaction mixture was refluxed in an oil bath for 16 h at 70 °C. The 

solvent was then evaporated under vacuum, the resultant mixture was 

diluted with DCM and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (20: 80) mixture to yield 0.080 g, 78% of compound 13. 

1H NMR (500 MHz, CDCl3) δ 8.84–8.82(m, 3H), 8.80(s, 1H), 8.76–

8.72(m, 2H), 8.69–8.67(m, 1H), 8.26–8.20(m, 6H), 7.97–7.92(m, 2H), 

7.79–7.72(m, 10H), 7.54(d, 2H), 7.40–7.28(m, 10H), 7.24(d, 1H), 

7.20(d, 1H), 7.09(d, 1H), 6.79(d, 1H), -2.61(d, 2H). 13C NMR (126 

MHz, CDCl3) δ 157.67, 157.55, 153.23, 142.47, 142.38, 142.26, 142.17, 

142.06, 141.84, 141.75, 141.11, 140.93, 140.72, 139.51, 139.30, 137.54, 

136.30, 136.14, 135.14, 134.97, 134.73, 134.62, 134.51, 131.11, 130.23, 

130.07, 129.83, 129.71, 128.99, 128.64, 128.46, 128.34, 128.10, 127.73, 

126.79, 126.67, 126.36, 126.19, 121.17, 120.41, 120.00, 111.28, 110.91. 

HRMS (ESI-TOF): m/z calculated for C65H43N5 [M+nH] + 871.3795, 

found 871.3742. 

Synthesis of compound 14. 

Compound 13 (0.040 g, 0.044 mmol) and Zn (OAc)2, (0.107 g, 0.492 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 
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evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.036 g, 83% of compound 14. 

1H NMR (500 MHz, CDCl3) δ 8.95–8.91(m, 4H), 8.89–8.86(m, 1H), 

8.83(d, 1H), 8.78(d, 1H), 8.24–8.20(m, 6H), 7.94–7.89(m, 2H), 7.76(m, 

10H), 7.56(s, 2H), 7.41(d, 2H), 7.32–7.31(m, 6H), 7.23–7.21(m, 3H), 

7.11(d, 1H), 7.03(d, 1H), 6.80(d, 1H). 13C NMR (101 MHz, CDCl3) δ 

151.17, 150.61, 150.37, 150.33, 150.25, 150.11, 148.15, 147.78, 147.64, 

146.43, 146.25, 142.94, 142.85, 142.70, 141.97, 141.56, 140.53, 136.06, 

135.89, 135.44, 135.04, 134.47, 132.70, 132.17, 132.07, 131.99, 131.62, 

131.54, 131.13, 130.31, 130.25, 130.09, 129.96, 129.85, 129.75, 129.43, 

129.07, 128.84, 128.65, 128.46, 128.35, 128.11, 127.56, 127.05, 126.59, 

126.12, 125.96, 122.89, 122.06, 121.86, 121.10, 120.60, 116.23, 111.20, 

110.21. HRMS (ESI-TOF): m/z calculated for C66H45N5Zn [M] + 

939.2369, found 939.2368. 

Synthesis of compound 15. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.080 g, 0.115 

mmol) and 4,4,5,5-tetramethyl-2-(4-(1,2,2-triphenylvinyl)phenyl)-

1,3,2-dioxaborolane 3 (0.079 g, 0.173 mmol) were dissolved in THF (20 

mL) and purged by nitrogen for 15 min. Meanwhile, a solution of 

sodium carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. 

After purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C. The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.070 

g, 64% of compound 15. 1H NMR (500 MHz, CDCl3) δ 8.84–8.80(m, 

3H), 8.77(d, 1H), 8.72–8.70(m, 2H), 8.67(d, 1H), 8.25–8.21(m, 6H), 

7.93(d, 2H), 7.79–7.73(m, 11H), 7.50(t, 1H), 7.33(t, 2H), 7.23(d, 2H), 
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7.20(d, 2H) 7.12–7.10(m, 9H), 7.06–7.04(m, 2H), 6.82(d, 2H), -2.63(s, 

2H). 13C NMR (126 MHz, CDCl3) δ 144.18, 143.86, 142.61, 142.32, 

141.88, 141.04, 140.88, 140.72, 136.22, 134.66, 131.74, 131.42, 131.33, 

130.46, 129.65, 127.84, 127.72, 127.62, 127.51, 127.24, 126.80, 126.68, 

126.65, 126.50, 126.46, 126.31, 126.19, 121.26, 120.38, 119.92, 119.75. 

HRMS (ESI-TOF): m/z calculated for C70H48N4 [M+nH] + 871.3795, 

found 871.3742. 

Synthesis of compound 16. 

Compound 15 (0.040 g, 0.042 mmol) and Zn (OAc)2, (0.102 g, 0.466 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.037 g, 88% of compound 16. 

1H NMR (500 MHz, CDCl3) δ 8.95–8.90(m, 4H), 8.86(d, 1H), 8.81–

8.79(m, 2H), 8.25–8.20(m, 6H), 7.90(d, 2H), 7.75–7.73(m, 11H), 7.49(t, 

1H), 7.31(t, 2H), 7.23(d, 2H), 7.20(d, 2H), 7.15–7.11(m, 9H), 7.06(d, 

2H), 6.82(d, 2H). 13C NMR (101 MHz, CDCl3) δ 151.28, 150.49, 

150.25, 150.20, 150.14, 150.07, 149.21, 147.94, 147.38, 146.71, 144.26, 

143.91, 143.00, 142.77, 141.84, 140.87, 140.51, 137.48, 135.95, 135.47, 

134.44, 132.70, 132.12, 132.04, 131.91, 131.76, 131.42, 131.34, 130.31, 

129.62, 127.82, 127.60, 127.49, 127.05, 126.56, 126.43, 126.27, 125.96, 

122.43, 120.49. HRMS (ESI-TOF): m/z calculated for C70H46N4Zn [M] 

+ 939.2369, found 939.2368. 

Synthesis of compound 17. 

  7-bromo-5,10,15,20-tetraphenylporphyrin 10 (0.080 g, 0.115 

mmol) and 9-propyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

9H-carbazole 4 (0.058 g, 0.173 mmol) were dissolved in THF (20 mL) 

and purged by nitrogen for 15 min. Meanwhile, a solution of sodium 

carbonate (0.750 g, 7.07 mmol) in water (15 mL), was added. After 

purging, palladium (0) tetrakis(triphenylphosphine) (0.100 g, 0.08 



155 
 

mmol) was added and the reaction mixture was refluxed in an oil bath 

for 16 h at 70 °C.  The solvent was then evaporated under vacuum, the 

resultant mixture was diluted with DCM and the organic layer was 

collected, dried over anhydrous Na2SO4 and evaporated under vacuum. 

The solid was adsorbed on silica gel and purified by column 

chromatography, using a DCM: hexane (20: 80) mixture to yield 0.065 

g, 69% of compound 17. 1H NMR (500 MHz, CDCl3) δ 8.88–8.84(m, 

3H), 8.83–8.80(dd, 2H), 8.72(d, 1H), 8.67(d, 1H), 8.27–8.21(m, 6H), 

8.05(s, 1H), 8.02(d, 1H), 7.90(d, 2H), 7.77–7.71(m, 9H), 7.50–7.44(m, 

3H), 7.23(d, 1H), 7.15(d, 1H), 6.98(t, 2H), 6.81(t, 1H), 4.31(t, 2H), 

2.00–1.96(m, 2H), 1.03(t, 3H), -2.57(s, 2H). 13C NMR (101 MHz, 

CDCl3) δ 142.71, 142.43, 141.97, 140.84, 140.65, 139.02, 135.55, 

134.66, 134.62, 134.54, 128.93, 128.30, 127.71, 126.79, 126.66, 126.62, 

125.66, 125.34, 122.95, 122.41, 122.21, 121.50, 120.49, 119.88, 119.64, 

118.62, 108.67, 107.72, 44.54, 22.39, 11.86. HRMS (ESI-TOF): m/z 

calculated for C59H43N5 [M+nH] + 871.3795, found 871.3742. 

Synthesis of compound 18. 

Compound 17 (0.040 g, 0.048 mmol) and Zn (OAc)2, (0.117 g, 0.535 

mmol) in MeOH: CHCl3 (3 : 1, v/v), were added and the reaction 

mixture was stirred for 1 h at room temperature. The solvent was then 

evaporated under reduced pressure and the resultant mixture was diluted 

with DCM/water and the organic layer was collected, dried over 

anhydrous Na2SO4 and evaporated under vacuum. The solid was 

adsorbed on silica gel and purified by column chromatography, using a 

DCM: hexane (35: 65) mixture to yield 0.032 g, 74% of compound 18. 

1H NMR (500 MHz, CDCl3) δ 8.97(d, 2H), 8.94(s, 3H), 8.86(d, 1H), 

8.79(d, 1H), 8.27–8.22(m, 6H), 8.04(s, 1H), 8.01(d, 1H), 7.89(d, 2H), 

7.79–7.71(m, 9H), 7.50–7.45(m, 3H), 7.22(t, 1H), 7.17(d, 1H), 6.97(s, 

2H), 6.79(t, 1H), 4.34(t, 2H), 2.02–1.98(m, 2H), 1.06(t, 3H). 13C NMR 

(126 MHz, CDCl3) δ 151.40, 150.41, 150.17, 150.10, 150.03, 148.42, 

148.20, 147.22, 143.02, 142.83, 141.43, 140.82, 138.84, 135.41, 134.44, 

134.39, 132.62, 131.97, 131.83, 131.31, 129.96, 128.20, 127.49, 126.58, 

126.54, 125.23, 122.97, 122.66, 122.31, 122.09, 121.48, 120.89, 120.45, 
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118.50, 108.61, 107.56, 44.53, 22.40, 11.86. HRMS (ESI-TOF): m/z 

calculated for C60H45N5Zn [M] + 939.2369, found 939.2368. 

7.7. Conclusion 

The TPAN, TPE and carbazole substituted unsymmetrical β-porphyrins 

11–18 were designed and synthesized. The photophysical, 

electrochemical and computational studies of these porphyrin 11–18 

were explored. The effect of TPAN, TPE and carbazole units on the 

photonic and electronic properties of the porphyrin π-systems were 

investigated. The absorption spectra of porphyrin 11–14 suggests that 

the 2,3,3-triphenylacrylonitrile with different spatial arrangements of 

cyano unit exhibits similar effect on the porphyrin macrocycle. The red 

shifted emission maxima of porphyrin 11–16 may be due to the 

enhanced π-conjugation of the phenyl group present in the 2,3,3-

triphenylacrylonitrile and 1,1,2,2-tetraphenylethene moiety. The 

electrochemical properties of zinc porphyrin 14, 16 and 18 exhibits a 

cathodic shift in the oxidation and reduction potentials compared to their 

corresponding free base analogues 13, 15 and 17. The computational 

studies of porphyrin 11–18 suggests, that the 2,3,3-triphenylacrylonitrile 

substituted porphyrin 11 and 13 exhibits a stabilized LUMO energy 

levels with low HOMO–LUMO band gap of about 2.55 eV and 2.58 eV 

compared to other porphyrins.  
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Chapter 8  

 Conclusions and Future Scope  

 

8.1. Conclusions 

The porphyrins are promising scaffolds, which are essential to 

perform a key role in electron and energy transfer processes such as 

storage and transport of oxygen, photosynthesis and many more.[1–3] The 

photonic and electronic properties of the porphyrins can be fine-tuned 

by diverse electron donor or acceptor entities at the β-pyrrolic 

positions.[4,5] Tuning of optical and electronic properties of the 

porphyrin macrocycle have been investigated to improve the efficiency 

of a wide range of applications including organic light emitting diodes, 

photodynamic therapy, nonlinear optics, dye sensitized solar cells and 

single molecule switches.  

In this regard, we have synthesized various donor and acceptor 

substituted unsymmetrical β-functionalized porphyrins and investigated 

their photophysical, electrochemical and computational studies. 

            In chapter 3, β-functionalized unsymmetrical push–pull 

porphyrins 1–6 were designed and synthesized via β-mono and 

dibrominated TPP by the Sonogashira cross-coupling reaction and their 

photophysical and computational studies were explored. A comparative 

investigation was carried out to understand the effect of donor and 

acceptor units on the push−pull porphyrin and their zinc derivatives. The 

red shifted absorption in the Soret and the Q-bands of porphyrin 5 and 6 

resulted from the enhanced π-conjugation of the electron donor and the 

acceptor units at the opposite β, β′-positions. The red shifted emission in 

porphyrin 5 and 6 confirms the strong electronic communication 

between the electron donor and the acceptor units. The computational 

study of porphyrin 5 and 6 exhibits a stabilized HOMO energy levels 

with low HOMO–LUMO gap of about 2.06 eV and 2.17 eV compared 

to other porphyrins. These results implies that the β, β′-substituted push-

pull porphyrins have wide applications in optoelectronics.[6] 
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In chapter 4, β-donor substituted TCBD functionalized 

porphyrins 1–8 were designed and synthesized by the Sonogashira 

cross-coupling reaction and [2+2] cycloaddition–retro 

electrocyclization (CA–RE) reaction. The effect of TCBD 

functionalization on the photophysical and computational studies were 

investigated. The UV–vis absorption spectra of TCBD functionalized 

porphyrin shows a red shifted absorption due to the incorporation of 

strong electron accepting TCBD unit with strong intramolecular charge-

transfer (CT). The emission spectra of TCBD functionalized porphyrin 

exhibits blue shift in the UV-visible region due to the twisted nonplanar 

conformation between the porphyrin and TCBD units. The 

computational study reveals, stabilized LUMO levels with low HOMO–

LUMO band gap after the incorporation of TCBD acceptor unit. These 

results provide a new insight for the β-functionalized TCBD porphyrin 

and their application in energy transfer studies.[7] 

In chapter 5, the donor substituted unsymmetrical free base β-

pyrrole porphyrins 1, 3, 5 and 7 were designed and synthesized by the 

Suzuki cross-coupling reaction and their metallation was carried out 

using Zn(OAc)2, which resulted in metal derivatives of porphyrin 2, 4, 

6, and 8. The photophysical properties of Zn(II) complexes exhibits a 

red shifted absorption in the low energy region compared to its 

corresponding free bases. The β-donor substituted porphyrins 3, 4 and 6 

exhibits slight red shift in the fluorescence maxima compared to other 

porphyrins. The red shifted emission maxima may be due to the 

nonplanarity of donor units substituted at the β-position. The porphyrin 

5 and 7 exhibits a low electrochemical band gap of 0.71 and 0.70 V 

compared to rest of the porphyrins. The computational study shows that 

the dimethoxy triphenylamine substituted porphyrin 5 and 6 shows low 

HOMO–LUMO energy gap compared to other donor substituted 

porphyrin 1, 2, 3, 4, 7 and 8. These results provide a better understanding 

about the effect of donor substituents on the electronic properties of 

porphyrin π-system and its application in optoelectronics. 

In chapter 6, the acceptor functionalized unsymmetrical β-

porphyrin 1a–8d were designed and synthesized by the Pd-catalysed 



165 
 

Suzuki cross-coupling reaction followed by the Zn(II) metallation. The 

photophysical and computational studies of porphyrin 1a–8d were 

carried out to understand the influence of acceptor units on the electronic 

properties of the porphyrin π-system. The electronic absorption spectra 

confirms that the electron-deficient naphthalimide, p- and m-

benzothiazole and quinoxaline units have similar effect on the electronic 

properties of the porphyrin macrocycle. The fluorescence quantum yield 

of quinoxaline substituted porphyrin 7d shows high quantum yield value 

of 0.12. The computational study of porphyrin 1a–8d reveals that the 

porphyrin 1a and 7d exhibits a low HOMO–LUMO band gap compared 

to other free base and Zn(II) porphyrins. The p- and m-benzothiazole 

functionalized porphyrin 3b–6c confirms that the electronic properties 

of the molecules are not influenced by the position of substituents. These 

results provide a new insight for the acceptor functionalized porphyrin 

and its further applications in optoelectronics. 

In chapter 7, The TPAN, TPE and carbazole substituted unsymmetrical 

β-porphyrins 11–18 were designed and synthesized via Pd-catalyzed 

Suzuki cross-coupling reaction and zinc metallation reaction. The effect 

of TPAN, TPE and carbazole units on the photonic and electronic 

properties of the porphyrin π-systems were investigated. The absorption 

spectra of porphyrin 11–14 suggests that the 2,3,3-triphenylacrylonitrile 

with different spatial arrangements of cyano unit exhibits similar effect 

on the porphyrin macrocycle. The red shifted emission maxima of 

porphyrin 11–16 may be due to the enhanced π-conjugation of the 

phenyl group present in the 2,3,3-triphenylacrylonitrile and 1,1,2,2-

tetraphenylethene moiety. The electrochemical properties of zinc 

porphyrin 14, 16 and 18 exhibits a cathodic shift in the oxidation and 

reduction potentials compared to their corresponding free base 

analogues 13, 15 and 17. The computational studies of porphyrin 11–18 

suggests, that the 2,3,3-triphenylacrylonitrile substituted porphyrin 11 

and 13 exhibits a stabilized LUMO energy levels with low HOMO–

LUMO band gap of about 2.55 eV and 2.58 eV compared to other 

porphyrins.  
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8.2. Future Scope 

The thesis highlights an important strategy for designing the β-

functionalized porphyrin based D–A systems, to fine tune the photonic 

and electronic properties of the porphyrin macrocycle. The HOMO–

LUMO gap of the β-functionalized porphyrins can be perturbed by 

varying the π-linkers, donors and acceptor units at the β-pyrrolic 

positions. The incorporation of TCBD acceptor units at the β-pyrrolic 

position of the porphyrin macrocycle resulted in the significant tuning 

of the HOMO–LUMO gap. The incorporation of strong electron 

accepting TCBD unit resulted in a red shifted absorption with strong 

intramolecular charge-transfer (CT). The β-substituted porphyrins with 

broad absorption spectra in the visible region could be promising 

candidate for various applications such as organic light emitting diodes, 

photodynamic therapy, organic field-effect transistor and perovskite 

solar cell. 

8.3. References  

[1] Kadish, K. M., Smith, K. M., Guilard, R. (2010). The porphyrin 

handbook. World scientific, 2011, 1-20.  

[2] Chatterjee, T., Shetti, V. S., Sharma, R., Ravikanth, M. (2017). 

Heteroatom-containing porphyrin analogues. Chem. Rev. 

117(4), 3254-3328. (DOI: 10.1021/acs.chemrev.6b00496). 

[3] Singhal, A. (2017). Meso-linked multiporphyrins as model for 

light harvesting systems: Review. Nat Prod Chem Res, 5, 259. 

(DOI: 10.4172/2329-6836.1000259). 

[4] Rio, Y., Rodriguez-Morgade, M. S., Torres, T. (2008). 

Modulating the electronic properties of porphyrinoids: a voyage 

from the violet to the infrared regions of the electromagnetic 

spectrum. Org. Biomol. Chem., 6(11), 1877-1894. (DOI: 

10.1039/b800617b). 

[5] Bromby, A. D., Jansonius, R. P., Sutherland, T. C. (2013). 

Synthesis and optical and electronic properties of core-modified 



167 
 

21, 23-dithiaporphyrins. J. Org. Chem. 78(4), 1612-1620. (DOI: 

10.1021/jo302707f). 

[6] Sekaran, B., Jang, Y., Misra, R., D'Souza, F. (2019). Push–Pull 

Porphyrins via β‐Pyrrole Functionalization: Evidence of Excited 

State Events Leading to High‐Potential Charge‐Separated States. 

Chem. Eur. J., 25(56), 12991-13001. (DOI: 

10.1002/chem.201902286). †  

[7] Sekaran, B., Dawson, A., Jang, Y., MohanSingh, K. V., Misra, 

R., D'Souza, F, (2021) Charge-Transfer in Panchromatic 

Porphyrin-Tetracyanobuta-1,3-diene-Donor Conjugates: 

Switching the Role of Porphyrin in the Charge Separation 

Process. Chem. Eur. J. Accepted Author Manuscript. (DOI: 

10.1002/chem.202102865) † 

 

 


