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ABSTRACT 
 
 

DAWN MARIE MARIN. The synthesis and photophysical characterization of porphyrin 
photoactive materials for use as sensitizers in organic photovoltaics and photodynamic 
therapy. (Under the direction of DR. MICHAEL WALTER) 

 
 

Solar energy conversion and photodynamic therapy (PDT) are very different 

applications. However, both utilize very similar photoactive molecules called porphyrins. 

Porphyrins are structural analogs of chlorophyll and also function as prosthetic groups in 

some biological enzymes. Understanding the structure/function relationship of these 

molecules is crucial for enhancing the energy generation efficiency of molecular solar 

cells and improving chemotherapeutic activity in PDT. In this dissertation, two 

approaches were applied with the goal of increasing the efficiency of molecular 

semiconductors for these applications: the heavy atom effect and donor-acceptor 

molecules. 

We enhanced the efficiency of triplet excited state formation and singlet oxygen 

generation for porphyrin sensitizers using the heavy atom effect. The heavy atom effect 

induces spin-orbit coupling to promote intersystem crossing into the triplet state. In this 

study, a carbomethoxyphenyl substituent was replaced with either a bromophenyl or an 

iodophenyl substituent on 5,10,15,20-tetrakis(4-carbomethoxyphenyl)porphyrin. The 

longer lifetimes obtained from the increase in the triplet excited state allow for longer 

exciton diffusion lengths and lower recombination rates in photovoltaics. Also, the 

enhanced intersystem crossing is beneficial for photodynamic therapy because it 

increases singlet oxygen generation, which destroys tumor cells.  

Optimizing photovoltaic performance and PDT efficacy can also be accomplished 
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with donor-acceptor molecules because they have extended electronic pi bond 

delocalization across the molecule, which causes the molecule to absorb longer 

wavelengths of light. Donor-acceptor molecules should produce photovoltaic devices that 

absorb more of the solar spectrum and produce sensitizers that absorb wavelengths of 

light that can penetrate through tissues. Donor-acceptor molecules were synthesized 

using 5,15-bis(4-carbomethoxyphenyl)porphyrin as the acceptor and thiazolo[5,4-

d]thiazole derivatives as the donor.  

The excited state dynamics of the heavy atom derivatives and donor-acceptor 

molecules were studied using UV-vis spectroscopy, steady-state emission, time-resolved 

and delayed photoluminescence.  
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CHAPTER 1: INTRODUCTION 

The motivation for this research is to develop new photoactive molecules for 

potential incorporation into solar cells or for use in photodynamic therapy applications 

and to research their structure function relationships. These new compounds are 

derivatives of porphyrin and thiazolo[5,4-d]thiazole (TTz). Chapter 2 of this dissertation 

pertains to the investigation of the heavy atom effect on the photophysical properties of 

5,10,15,20-tetrakis(4-carbomethoxyphenyl)porphyrin when a carbomethoxyphenyl group 

is replaced with either a bromophenyl or an iodophenyl substituent. Chapter 3 describes 

the synthesis, purification, characterization and photophysical properties of thiazolo[5,4-

d]thiazole derivatives, the donor constituents for the donor-acceptor molecules that are 

made in Chapter 4. Chapter 4 pertains to the synthesis of 5,15-bis(4-

carbomethoxyphenyl)porphyrin and its coupling to donor thiazolo[5,4-d]thiazole 

derivatives to generate donor-acceptor and donor-acceptor-donor molecules. 

1.1 Organic Photovoltaics 
Third generation solar cells are devices that incorporate organic photoactive 

materials instead of silicon (1st generation) or other inorganic crystalline semiconductors 

(2nd generation) to generate electric current.1 To accomplish this, the organic layer 

usually consists of at least two types of molecules, an electron donor and an electron 

acceptor.2-3 Electron donors typically have a rigid planar morphology with extensive π 

conjugation and a high ionization potential to permit visible light absorption. Optimizing 
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the p-p stacking interactions and orbital overlap in the donor layer creates favorable 

conditions for exciton diffusion to the acceptor species.1, 4 The electron acceptor must 

have a high affinity for electrons, and its lowest unoccupied molecular orbital (LUMO) 

and highest occupied molecular orbital (HOMO) must be lower in energy than that for 

the electron donor to ensure that the electrons flow down and holes float up the energy 

gradient, as shown in Figure 1.1.1-2, 5  

Figure 1.1 HOMO-LUMO Alignment for Donor Acceptor Molecules.2-3, 5-6 
       

Exciton generation occurs in donor molecules upon exposure to light that has 

wavelengths exceeding its bandgap.1 Energy from the light promotes a valence electron 

from the HOMO of the donor to a LUMO, and leaves a hole where the electron once 
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resided.1 The hole and excited electron are coulombically bound together as an exciton, 

and must diffuse to an acceptor molecule for separation to occur.1 The driving force for 

exciton diffusion is the chemical gradient of charge carriers at or near the donor-acceptor 

interface.5 Separation of free charge carriers (electron and hole) at the donor- acceptor 

interface occurs if the energy difference, between the donor and acceptor LUMO levels, 

is larger than the coulombic attraction between the electron and hole. The coulombic 

attraction between an electron and hole is estimated to be between 0.3 - 0.4 eV.1-2, 6 If the 

energy difference between the LUMO levels is greater than this, electrons will mobilize 

towards the cathode and holes will be attracted to the anode for power conversion, see 

Fig. 1.2.1 

Figure 1.2. illustrates three types of organic solar cells: planar, bulk 

heterojunction (BHJ) and dye sensitized.7  Planar solar cells have distinct layers of donor 

and acceptor material.  BHJ solar cells have donor and acceptor materials that are 

intermixed to reduce the distance that excitons have to diffuse before reaching a donor- 

acceptor interface. Dye-sensitized solar cells have donor material adsorbed or covalently 

attached to a wide band gap semiconductor acceptor material such as TiO2.8 In a dye-

sensitized solar cell, the electron is injected into the acceptor material after 

photoexcitation and then diffuses to the cathode.8 Subsequently, regeneration of the 

donor material occurs via a redox couple, such as iodide/triiodide, which gets reduced at 

the counter electrode and oxidized by the sensitizer.8  
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              Figure 1.2 Types of Solar Cells: A) Planar, B) BHJ and C) Dye Sensitized. 

Device construction involves selecting donor and acceptor materials that have an 

appropriate HOMO-LUMO energy alignment for successful Voc and exciton separation, 

as well as strong absorption between 600 nm and 800 nm to consume the maximum 

number of photons in solar radiation.1-2 Also, donor and acceptor materials should have 

good solubility and the ability to form crystalline films to support ease of processing, fast 

exciton diffusion, and good charge mobility.1-2 Finally, choosing the proper anodic and 

cathodic materials for charge collection is essential for optimum performance.1-2 The 

efficiency of a solar cell epitomizes the quality of engineering and semiconductor 

performance.1 The efficiency is calculated by first measuring J-V curves to find the short 

circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and the maximum power 

point (Pmax).2, 5 
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 Figure 1.3 shows the J-V curves for a planar solar cell and Jsc,Voc, Jmax, Vmax, and Pmax 

are indicated.1-2, 5 

 
         Figure 1.3 J-V Curve for Planar Solar Cell.1-2, 5   

The green/ light blue  J-V curve in Fig. 1.3 represents dark current, and the dark blue J-V 

curve is under illumination. Short circuit current (Jsc) is the current measured under 

illumination when there is no applied voltage, and open circuit voltage (Voc) is the 

maximum voltage obtained by the device, which occurs when it’s not conducting 

current.1-2, 5 The actual current measured in an operating device correlates with the 

donor’s absorption profile. It is always less than Jsc due to recombination, trapped states, 

and inefficiencies in charge separation, transport, and collection.1 Voc is approximated as 
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the difference in energy between LUMO level of the acceptor molecule and the HOMO 

of the donor molecule.2, 5 The maximum power point on a J-V curve, shown as Pmax in 

Fig. 1.3, specifies the maximum current (Jmax) and voltage (Vmax) necessary to get 

maximum power out of a cell.5 Fill factor is the quotient of the maximum power and the 

product of Jsc and Voc, as shown in Eq. 1.1 and is analogous to the electrical/ chemical 

yield of the solar cell.2 

𝐹𝐹 = 	 +,-. 			/	0123
+45	3		065

																																																																		Eq.	1.1		

Photoconversion efficiency (η) is defined as:  

𝜂 = 	 869:
8;<

𝑥100 =	 +45/065/>>
8;<

𝑥100	 	 	 Eq.	1.2	

 

where Pout is the maximum power generated by the solar cell and Pin is the power of 

incident radiation.1-2 The power conversion efficiency of a solar cell articulates how well 

the photovoltaic device, a multi-process component, accomplishes photocurrent 

generation.1  

At present, most organic solar cells incorporate a donor photoactive layer 

comprised of either a small molecule or polymer in which both electron donating (D) and 

electron withdrawing (A) moieties are present.2, 7, 9-10 Confining an electron donating and 

electron withdrawing moiety on the same molecule is a common method employed to 

lower the bandgap of the semiconductor.11 Figure 1.4 and Figure 1.5 display frequent 

donor and acceptor subunits used in small molecule and polymer OPVs in the recent 

literature.1-2, 4-5, 7, 9-10, 12-19 
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                Figure 1.4 Donor Molecules Used for OPV.1-2, 4-5, 7, 9-10, 12-19 

 
                 Figure 1.5 Acceptor Molecules Used for OPV.1-2, 4-5, 7, 9-10, 12-19 
 

Note that the donor and acceptor molecules displayed in Figure 1.4 and Figure 1.5 are 
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representative of a class of molecules listed under that name. Often, these donor/acceptor 

molecules are modified with various functional groups, substituents or polymers.  Such 

modifications can include alkylation, heteroatom substitution (O, S, N), electron donating 

or withdrawing groups (donor or acceptor molecules listed in Fig. 1.4 and Fig. 1.5), 

cyano, carbonyl, sulfonyl, and fluorine.9-10, 13, 17-18 Derivatization permits tuning of the 

band gap of the donor/ acceptor molecule and can improve solubility, ease of processing 

and film crystallinity.9-10, 13, 17-18 As of April 10, 2017, the highest photoconversion 

efficiency is 14% for a dye-sensitized organic photovoltaic cell. It is sensitized with a 

small molecule semiconductor consisting of a carbazole linked to tetrathiophene and co-

sensitized with a semiconducting molecule containing triphenylamine and 

cyclopentadithiophene.20  

 1.2 Photodynamic Therapy 
Photodynamic therapy (PDT) is an antimicrobial, antifungal, antiviral and 

tumoricidal procedure that requires the synergistic action of sensitizers, light, and 

oxygen.21-24 The photosensitizers can be applied topically or injected internally, 

depending on the application.22 PDT sensitizers are light activated, as in OPV’s. 

However, instead of charge separation upon exciton generation, intersystem crossing into 

an electronic triplet state is required, as shown in Figure 1.6.21, 25-26 The triplet state 

sensitizer can then undergo type I or type II photochemical reactions, listed in Figure 

1.7.22, 24, 27 Type I photochemical reactions involve the transfer of hydrogen and electrons 

between the excited state sensitizers, biological substrates, ground state triplet molecular 

oxygen, metal ions, and enzymes.22-24 Type II photochemical reactions involve energy 

transfer from the triplet state of the sensitizer (S) to triplet ground state oxygen.28-29 Both 
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Type I and Type II photochemical reactions lead to the production of reactive oxygen 

species (ROS), such as superoxide, hydrogen peroxide, hydroxyl radicals and singlet 

oxygen.22, 24, 27 All these ROS reactions damage cellular components.22, 24, 27 

Photodynamic therapy achieves it therapeutic affect by direct ROS damage to lipids, 

proteins, DNA, tumor vasculature, and immune activation.30 Typically cell death from 

PDT occurs through apoptosis, necrosis and autophagy .25, 28  

 
       Figure 1.6 Jablonski Diagram for PDT Sensitizer Activation. 21, 25-26   
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                     Figure 1.7 Type I and II Photochemical Reactions and ROS.22, 24, 27  

In 1924 the first PDT sensitizer, Haematoporphyrin, was shown to accumulate in 

tumors and eighteen years later scientists revealed that it had antitumor properties upon 

light activation.23 It took several decades to obtain a semi-purified version, 

hematoporphyrin D (HpD), which is a composite of porphyrin monomers and 

oligomers.23 After passing clinical trials, HpD otherwise known as Photofrin was FDA 

approved for esophageal cancer in 1995 and non-small cell lung cancer in 1998.23, 26, 31 

There are only two PDT sensitizers and three metabolic precursors to porphyrin synthesis 

approved for PDT use in the United States: Photofrin (HpD), Visudyne (benzoporphyrin), 

Levulan (aminolevulinic acid) (a metabolic precursor to porphyrin synthesis), Metvixia 

(methyl aminolevulinate) (a metabolic precursor to porphyrin synthesis), and Cysview 

(hexaminolevulinate) (a metabolic precursor to porphyrin synthesis).22-23, 25-26, 30, 32 Figure 

1.8 shows the structures of approved photosensitizers and metabolic porphyrin 

precursors, their wavelength of excitation in clinical applications and the conditions they  
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treat.22-23, 25-26, 32  

Presently, all PDT agents with FDA approval are porphyrins or metabolic 

precursors to porphyrin.  Porphyrin’s ability to selectively accumulate in tumor tissues 

and generate high yields of singlet oxygen have made them the most extensively studied  

 
         Figure 1.8 FDA Approved PDT Sensitizers.22-23, 25-26, 30  

sensitizers for photodynamic therapy since they were discovered.30 The benefits of 

photodynamic therapy relative to traditional chemotherapeutic options include: its non-

invasiveness, lack of long term side effects, absence of tissue scarring, and it’s cost 

effectiveness.26 Its shortcomings include: 1) light sensitivity which patients often 

experience from four to six weeks, 2) it is not applicable to systemic metastasis, and 3) it 
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can only treat malignancies where light can reach.22, 33 Second generation PDT sensitizers 

have and are being developed to: increase water solubility, have high purity (of a single 

component not a mixture), possess a large absorption extinction coefficient between 650 

nm and 800 nm, and produce high singlet oxygen quantum yields with red light 

excitation.22-23 In addition, sensitizers must be selective for tumors, be safely metabolized 

for excretion, and have low dark toxicity.21, 24, 26 The optimal wavelengths of light for 

PDT are between 650 nm and 800 nm because these wavelengths of light are able to 

penetrate through body tissues.22, 24-25 Third generation sensitizers have the same 

characteristics of second generation sensitizers but are engineered to increase therapeutic 

effects via transportation carriers such as liposomes, lipoproteins, nanoparticles or 

polymers.28, 34-36 These transporters are capable of solubilizing, protecting and targeting 

the sensitizers to a receptor or area of the cell.34 Figure 1.9 displays second generation 

sensitizers developed for PDT.23, 26, 28 Most of the second generation sensitizers are 

structural variants of porphyrin. For example, phthalocyanine, chlorin, bacteriochlorin, 

pheophorbide, bacteriopheophorbide, and texaphyrin have similar structures to 

porphyrin's tetrapyrrolic macrocycle.23, 26, 28 Other synthetic and natural dyes not related 

to porphyrin investigated for anti-tumor or antimicrobial PDT activity include 

anthraquinones, phenothiazines, xanthenes, curcuminoids, squaraines, BODIPY, 

phenalenones, riboflavin, and hypericin. 22-23, 25-26 Some of these are also shown in Figure 

1.9. 23, 26, 28 
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        Figure 1.9 Partial List of Second Generation Sensitizers for PDT. 22-23, 25-26, 30 

 1.3 Porphyrins 
Porphyrins are “a large class of deeply colored red or purple, fluorescent 

crystalline pigments of natural or synthetic origin, having a common substituted aromatic 

macrocyclic ring consisting of four pyrrole units, linked together by four methine 

bridging groups,” as shown in Figure 1.10.37 The porphyrin macrocycle contains 22 π 

electrons of which only 18 are aromatic, shown highlighted in yellow in Figure 1.10.38 

The center cavity of the macrocycle core is approximately 4 Å in diameter and has four 

nitrogen atoms which can bind to divalent metals.39-40 Cationic metals with radii between  
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              Figure 1.10 Porphyrin - Structure and Nomenclature.38-40 

0.55 Å - 0.80 Å easily fit into the cavity to produce an in-plane square-planar “redox 

inactive” geometry.40 Porphyrins are capable of binding cationic metals smaller than 0.55 

Å by contracting into a saddled or ruffled geometry.40 They bind to cationic metals with 

radii greater than 0.8 Å - 0.9 Å by adopting a less stable “sitting atop” geometry.40 

Metalloporphyrins are used in nature to catalyze many important reactions. 

Metalloporphyrins containing iron catalyze the biological functions of oxygen binding 

and transport in hemoglobin, toxin or small molecule metabolism in cytochrome P450 

and cellular respiration in cytochrome c.38 The protein environment and ligands that bind 

axially to the metal in the porphyrin determine whether the metalloporphyrin catalyzes 

oxygen binding, electron/ hydrogen transfer or oxidation/ reduction.38 Two other 

important structural analogs of porphyrin that occur in nature are Chlorophyll and 

Vitamin B12 which contain magnesium and cobalt, respectively.41  
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Due to their fundamental role in catalyzing life-sustaining processes and their 

unique electronic properties, porphyrins have been investigated since they were first 

synthesized by Hans Fischer in 1929, for which he won the 1930 Nobel Prize.41 Fisher’s 

method of condensing substituted brominated dipyrromethene salts in organic acid melts 

at 200 °C required tedious purifications and produced extremely low yields.42-43 In 1935 

Rothemund synthesized porphyrins in low yields by condensing substituted pyrrole, or 

pyrrole and aldehyde in pyridine at 150 °C in a sealed flask.40, 44 Adler and Longo were 

able to increase porphyrin yields to 30% - 40% by adding an acid (propionic) to catalyze 

the condensation between the pyrrole and aldehyde (1967).40, 42-43 Lindsey optimized the 

procedure with an additional step of adding an oxidant (p-chloranil or 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone) in order to convert any remaining porphyrinogen into 

porphyrin (1979-1986).40, 44 Lindsey’s method was performed at room temperature in a 

chlorinated solvent with TFA, BF3•O(Et)2, or InCl3 as the acid catalyst.44 Instead of 

polymerizing mono-pyrrole, MacDonald developed the “2+2 method” of porphyrin 

synthesis in semblance to Fischer’s work.42-43 Instead of condensing brominated 

dipyrromethenes, MacDonald reacted 5,5-diformyl-substituted dipyrromethane with 

either 5,5-dicarboxylic acid substituted or 5,5-unsubstituted dipyrromethane in 

hydroiodic acid.42 Although symmetry restrictions applied and yields vary according to 

reactants, this method provided a viable route to asymmetric porphyrin synthesis.42-43 

Other methods to obtain asymmetric porphyrins include synthesizing stable “open-chain 

tetrapyrroles” known as b-oxobilanes or a,c-biladienes and inducing metalloporphyrin 

formation by heating the “open-chain tetrapyrrole” compounds with divalent copper or 

magnesium salts.42-44 Figure 1.11 shows examples of the different porphyrin synthesis 
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routes discussed.40-44 These are single examples taken from the literature, and numerous 

different porphyrins and related structures have been synthesized by adjusting reaction 

conditions, altering or adding ligands on the β-pyrrole units or on the meso carbons or by 

decreasing or expanding the macrocyclic structure.42-44 

  
                         Figure 1.11 History of Porphyrin Synthesis.40-44  

 The electronic structure of a porphyrin renders light absorption properties which 

can be tuned synthetically for optimal photovoltaic or PDT performance.35, 45-46 Synthetic 
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modifications that alter the absorption properties include: changing the π conjugation of 

the macrocycle by adding or reducing ethylene bonds, metalation, protonation, and 

adjusting the molecular symmetry with substitutions at the β pyrrole or meso carbon 

positions. Absorption, as defined by the Beer-Lambert Law, is shown in Eq. 1.3 

𝐴 = 	𝜀(𝜈)𝑐𝑙 = −𝑙𝑜𝑔( I
I6
)	 	 Eq.	1.3 

and is calculated as the product of the concentration of the compound in a particular 

solvent, the compound’s molar absorptivity in that solvent and the distance the light 

transmits through the sample.47 Absorbance is measured by taking the negative logarithm 

of the intensity of light transmitted through a cuvette containing a particular solvent with 

(I) and without (Io) the compound present.47 The peaks present in an absorption spectrum 

indicate the wavelengths of electromagnetic radiation that contain enough energy to 

induce the electrons in the porphyrin’s HOMO to oscillate. This produces an induced 

electric dipole moment, and thereby couples the porphyrins HOMO wavefunction to an 

electronically excited state wavefunction.41, 47-48 These wavefunctions can be described 

by Martin Gouterman’s “Four Orbital Model” of porphyrin absorption which treats 

porphyrins as a 16 - 18 membered polyene ring but takes a linear combination of Hückel 

molecular orbitals to generate two degenerate frontier HOMOs and two degenerate 

LUMOs as shown in Fig 1.12.40-41, 45, 48-50   
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       Figure 1.12 Gouterman’s 4 Orbital Model of Porphyrin Absorption.40-41, 45, 48-50 

The actual transitions that occur during light absorption are calculated using 

Configuration Interaction Theory, which takes the sum and difference (mixing) between 

the representative π (HOMO) to π* (LUMO) transitions.41, 45, 49 The allowed transitions 

appear as a large peak, designated as the Soret band, between 390 nm – 425 nm and is the 

sum of orbital transitions shown in Figure 1.12. The allowed transitions are represented 

as the sum of the 	 1
2
(b1→c2 + b2→c1) and  1

2
(b1→c1 + b2→c2) transitions along the x and 

y axis of the porphyrin.41, 48 The difference in the orbital transitions dipoles along the x 

and y positions are represented as  1
2
(b1→c2 - b2→c1) and  1

2
(b1→c1- b2→c2) and give 

the forbidden or weakly allowed Q bands.41, 48 These normally appear as small peaks 

between 500 nm – 700 nm. The number, strength and location of the Q bands depend on 
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the symmetry of the molecule and substituents bound to the macrocycle core.41, 46 

Although the HOMO and LUMO levels in Figure 1.12 are degenerate, the actual energy 

of each orbital changes based on the substituents on the porphyrin, metals inserted into 

the porphyrin core and the symmetry of the molecule.40-41, 49 Gouterman’s four orbital 

model is a useful tool for pictorially evaluating how the energy of each orbital is affected 

by a particular substituent at a specific location on the macrocycle.  

The D4h symmetry of metalloporphyrins and porphyrin diacids conveys that the 

transition dipoles along the x and y-axis of the porphyrin are equal. These two equal 

transition dipoles lead to an absorption spectrum that consists of two peaks: the large 

(allowed) Soret band and the relatively weaker (forbidden) Q band.40 However the Q-

band region of the spectrum splits into two peaks, α and β, due to electronic vibrational 

coupling.40, 50 Coordinated metals are more stable when the lower energy peak (α) is 

larger than the higher energy peak (β), and closed shell metals have little or no effect on 

the porphyrin spectra.41 Open shell metals produce either a hypsochromic (blue shifted) 

spectrum due to d electrons interacting with the porphyrin orbitals, or a hyperchromic 

(red shifted) spectrum in which case charge transfer bands may appear due to electron 

transfer from the porphyrin to the metal.46-47  

A porphyrin free base has D2h symmetry as a result of the hydrogens that reside 

on the transverse nitrogens in the porphyrin core. This imparts unequal transition dipoles 

along the porphyrin x and y-axis and consequently produces a Soret band and two Q 

bands.41, 48 These Q bands are much weaker than that found for the metalloporphyrin or 

diacids and are also split (into four peaks) in the absorption spectrum due to electronic 

vibrational coupling.48, 50 An absorption spectrum of a free base porphyrin is shown in 
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Figure 1.13. The inset shows the Q bands expanded and has been manually reconfigured 

to represent the different Q band conformations found for porphyrins with different 

substitution patterns at the -pyrrole or meso-carbon positions.40-41, 46 Figure 1.14 is an 

example of an absorption spectrum of a metallated porphyrin. 

  
Figure 1.13 Absorption of Free Base Porphyrin and Different Q Band  
Spectral Patterns. 
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              Figure 1.14 Absorption Spectrum of Metallated Porphyrin.  

The large Soret band in both the free base and metallated porphyrin absorption 

spectra represents excitation of the valence electron from the HOMO to the second 

excited singlet state, while the Q band region represents excitation of an electron from the 

HOMO to the first excited singlet state.   
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CHAPTER 2: INDUCED EFFICIENT INTERSYSTEM CROSSING IN TCM4PP WITH 
A SINGLE HALOGEN 

2.1 Introduction 
The efficiency of OPV and PDT may be increased by taking advantage of the 

semiconducting properties of porphyrins and the heavy atom effect.  A heavy atom 

substituent, either a heavy metal or a heavy halogen atom, placed in or near the core of a 

porphyrin augments intersystem crossing into the triplet excited state because of strong 

spin-orbit coupling.51-54 Studies show that diphenylanthracene films doped with platinum 

tetraphenylbenzoporphyrin, MEH-PPV donor films doped with platinum 

octaethylporphyrin, and donor films consisting of palladium tetradiphenyaminophenyl 

porphyrin, all which have a heavy atom, increases the photovoltaic response by extending 

the diffusion length of excitons through the active layer.55-58 The longer diffusion lengths 

are a direct consequence of the long triplet state lifetimes.54-58 Also, enrichment of the 

triplet state via the heavy atom effect has also been shown to increase the efficiency of 

singlet oxygen generation, a powerful oxidant used for damaging tumor cells in PDT.25, 

51-52, 59 Chapter 2 of this dissertation presents the investigation of the effect of a single 

heavy atom substitution on the photophysical properties of 5,10,15,20-tetrakis(4-

carbomethoxyphenyl)porphyrin in solution. Either a 4-bromophenyl (TBCM3PP) or a 4-

iodophenyl (TCM3IPP) was substituted for one carbomethoxyphenyl group on 

5,10,15,20-tetrakis(4-carbomethoxyphenyl) porphyrin (TCM4PP), see Fig. 2.1 for the 

structures. Post-synthesis and purification by silica column chromatography, centrifugal 
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chromatography or TLC, the photophysical properties for each compound were measured 

and compared. The properties measured include the absorption and emission profiles, 

rates of conversion, lifetimes, and the efficiencies of formation for the excited singlet and 

triplet states. The quantum yield for triplet formation was determined by accommodating 

Weisman’s triplet-triplet annihilation method to a multi-pulse gated time-resolved 

fluorescence technique.60 Additionally, the singlet oxygen quantum yields were measured 

using two comparative techniques: DPBF chemical quenching and singlet oxygen 

emission. 

 
Figure 2.1 Structure and Nomenclature for 1) TCM4PP, 2)TBCM3PP and 3)         
TCM3IPP. 

 



 

 

24 

2.2 Results and Discussion 

2.2.1 Synthesis of TCM4PP, TBCM3PP and TCM3IPP 

5,10,15,20-tetrakis(4-carbomethoxyphenyl) porphyrin (TCM4PP) and its mono-

halogenated derivatives were synthesized using the Alder-Longo method of porphyrin 

synthesis, shown in Figure 2.2.61 Distilled pyrrole, 4-carbomethoxybenzaldehyde and 

either 4-bromobenzaldehyde or 4-iodobenzaldehyde were refluxed in a round bottom 

flask in propionic acid for 30 min, cooled to room temperature and incubated for 24 h.  

The next day, the purple crystals were filtered, washed with cold methanol and the 

desired products were purified using silica gel column chromatography, centrifugal 

chromatography or silica thin layer chromatography.  

 
               Figure 2.2 Synthesis of 1) TCM4PP, 2) TBCM3PP and 3) TCM3IPP. 
 
 

2.2.2 Absorption and Emission Spectra  

The absorption and emission spectra of TCM4PP, TBCM3PP, and TCM3IPP were 

determined in aerated and degassed dichloromethane (DCM) solutions. The absorption 

spectra of all three compounds are shown overlaid in Fig 2.3. (1) TCM4PP, (2) TBCM3PP 
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and (3) TCM3IPP have nearly identical molar absorptivities of 380,000 M-1cm-1, 442,000 

M-1cm-1and 458,000 M-1cm-1 at 418 nm respectively, and generate an Etio-type 

absorption spectrum.41, 62 The Soret spans the region between 350 nm to 450 nm and 

peaks at approximately 418 nm. The four Q bands appear between 500 nm and 650 nm 

with peaks at approximately 645 nm, 590 nm, 550 nm and 515 nm.41 In solution, all three 

compounds fluorescence at about 653 nm and 717 nm, however, their intensities differ. 

Figure 2.4 illustrates that (1) TCM4PP exhibits the highest fluorescence, followed by (2) 

TBCM3PP and then (3) TCM3IPP.  

 
 

 
Figure 2.3 Absorbance of 6x10-6 M Solutions of: 1)TCM4PP,  2)TBCM3PP, 
and 3) TCM3IPP, Overlaid. 
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              Figure 2.4 Emission of 1) TCM4PP (�), 2) TBCM3PP (o) and 3)TCM3IPP (D). 

2.2.3 Lifetimes and Fluorescence Quantum Yields  

Time-correlated single photon counting was used to measure the fluorescence 

lifetime decay of the three compounds in solution, shown in Figure 2.5, and the data was 

fit to Eq. 2.1 using IGOR Pro software.   

𝐼(𝑡) = 	 𝐼K𝑒
M:
N 	 	 	 Eq.	2.1	

The decay profiles demonstrate that TCM4PP (1) has the longest fluorescence lifetime of 

9.22 ns. The heavy atom derivatives show a decrease in fluorescence lifetimes, at 5.26 ns 

for TBCM3PP (2) and 2.22 ns for TCM3IPP (3).  The decrease seen in the fluorescence 

lifetime of the heavy atom derivatives correlates with their decrease in fluorescence 

intensity.  



 

 

27 

 
     Figure 2.5 Lifetime Decay of TCM4PP, TBCM3PP, and TCM3IPP. 

The quantum yield of fluorescence was determined using the comparative method, 

Equation 2.2, with tetratolylporphyrin (TTP) as a standard, (ΦSTD = 0.11 in DCM).63-64  

Φ> = 	ΦPQ#
R

RS:T

UV

US:T
V 						 	 Eq.	2.2	

In Equation 2.2, ΦF is the fluorescence quantum yield of the unknown, m represents the 

slope of the line when the area of emission is plotted against absorbance at the excitation 

wavelength at different concentrations, and n is the index of refraction of the respective 

solvent. Variables for the standard are labeled with the subscript Std. The fluorescence 

quantum yields in aerated solutions were determined to be 0.10, 0.05 and 0.02 for 

TCM4PP, TBCM3PP, and TCM3IPP respectively. The fluorescence quantum yield and 

lifetime obtained for TCM4PP in DCM are similar to those reported in chloroform with a 
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ΦF of 0.11 and a τF of 9.2 ns.65 The radiative rate of fluorescence was calculated 

according to Eq. 2.3.  

	 𝑘> = 	
XY
ZY
																 	 Eq.	2.3	

The fluorescence lifetimes (τF), fluorescence quantum yields (Φ𝐹), and fluorescence 

radiative decay rates (kF) are listed in Table 2.1.  

Table 2.1 Photophysical Parameters for TCM4PP, TBCM3PP and TCM3IPP. 
Porphyrin   

𝜏>, ns 
 

Φ> 	
 

𝑘> =
ΦY
ZY

, s-1 
 

Φ\ 	
 

𝑘]^_ =
Φ\

𝜏>
, 	𝑠bc	

 TCM4PP Aerated   ~8.52 0.10 1.17 x 107 N/A N/A 
Degassed ~9.22 0.09 9.76 x 106 0.35 ± .10 3.80x107 

TBCM3PP Aerated ~5.02 0.05 9.96 x 106 N/A N/A 
Degassed ~5.26 0.04 7.60 x 106 0.75 ± .10 1.43x108 

TCM3IPP Aerated ~2.34 0.02 8.55 x 106 N/A N/A 
Degassed ~2.22 0.02 9.01 x 106 0.88 ± .10 3.96x108 

  
 
 
Although the three derivatives show the same absorbance, the fluorescence spectra, decay 

profiles and quantum efficiencies establish that the heavy atom derivatives deviate from 

TCM4PP in that their excited singlet states are quenched by the heavy atom effect. The 

spin-orbit coupling of the excited state electron with the magnetic moment generated by a 

heavy nucleus induces electronic spin inversion and intersystem crossing into the triplet 

state.54 Thus, the heavy atom derivatives have lower efficiencies, intensities and lifetimes 

of fluorescence because their excited singlet states are quenched due to formation of the 

triplet state.  
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2.2.4 Triplet State Quantum Yield 

The efficiency of triplet formation was calculated using Weisman’s triplet-triplet 

annihilation method.60 This approach estimates the triplet quantum yield based on the 

ratio of the singlet excited state population (area under prompt fluorescence) to the 

intensity of delayed fluorescence generated by triplet-triplet annihilation in solution, as 

shown in Equation 2.4.60 

𝑄 =	 ef$&	gU#$f	hfKRhQ	"%gKf$^_$U_$
IUQ$U^]Q'	K"	#$%&'$#	"%gKf$^_$U_$	(Qij)

	 	 Eq.	2.4	

Weisman’s mathematical derivation for the intensity of the delayed fluorescence 

implements the steady state approximation due to the duration of the triplet excited state 

lifetime with respect to that of the singlet excited state. The implication of this is that the 

concentration of excited singlet states, at a point in time, is proportional to the 

concentration of excited triplet states squared, see Equation 2.5. Equation 2.5 also shows 

that the intensity of delayed fluorescence, in the presence of strong triplet-triplet 

annihilation, can be modelled by substituting in the second order rate equation for the 

concentration of the triplet excited states at time t.60 

𝐼"
#$%&'$# = 𝛼 lmm

n<5

o
Φ> 𝑆∗r

Q
s = 𝛼 lmm

n<5

o
Φ>

P∗t
6

culvQ P∗t
6

s

				 	 Eq.	2.5	

In equation 2.5, 𝐼"
#$%&'$#, the intensity of delayed fluorescence is calculated as the 

product of α (instrument sensitivity), lmm
n<5

o
	(a ninth of the triplet-triplet encounter rate), 

Φ>	(the fluorescence quantum yield), and [3S*]t (the concentration of the triplet state at a 

point in time, squared).60 The intensity of the delayed fluorescence for each sample was 

fit to Equation 2.5 in order to determine kA, the second order rate constant for triplet state 

quenching. The triplet state quantum yield was determined according to Equation 2.6.60  
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Φ\ = 	
5

1uwlv
	 	 	 	 Eq.	2.6	

In addition to determining how the triplet quantum yield is affected by a single 

halogen atom, this study is significant because a modified approach was used to obtain 

and record the delayed fluorescence. A gated multi-pulsed excitation was applied to build 

up a triplet excited state population, and the fluorescence dynamics were recorded using a 

time-resolved multichannel photon counter. Weisman’s paper used an 8 ns pulse from a 

Nd:YAG laser and both prompt and delayed fluorescence were recorded on an 

oscilloscope.60 The multi-pulsed excitation used in this study was composed of 100 

pulses, each several femtoseconds long with an inter-pulse separation of 12 ns. Figure 2.6 

shows the prompt and delayed fluorescence of the degassed solutions. Table 2.1 lists the 

calculated triplet quantum yields and intersystem crossing rates for TCM4PP (1), 

TBCM3PP (2), and TCM3IPP (3). TCM3IPP demonstrates the highest intensity of delayed 

fluorescence with a lifetime of 49.4 µs and a triplet quantum yield of 0.88. This is 

followed by TBCM3PP (2) with a lifetime of 69.2 µs and triplet quantum yield of 0.75. 

TCM4PP shows the lowest intensity of delayed fluorescence with a fluorescence lifetime 

of 65.8 µs and a triplet quantum yield of 0.35. The intersystem crossing rates for 

(1)TCM4PP, (2) TBCM3PP, and (3) TCM3IPP were 3.80x107 s-1, 1.43x108 s-1, and 

3.96x108 s-1, respectively. These results indicate that a single iodine is capable of 

increasing the intersystem crossing rate over an order of magnitude and increases the 

triplet quantum yield by 151% compared to TCM4PP. Although slightly less potent, a 

single bromine atom is still capable of increasing the triplet quantum yield by 114% and 

more than doubles the rate of intersystem crossing. These increases, in the delayed 

fluorescence, intersystem crossing rate, and triplet quantum yield, are most likely due to 
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the heavy atom effect which induces spin-orbit coupling between a valence electron in 

the excited state with the magnetic moment of the heavy atom in the heavy atom 

derivatives. Since iodine is the heaviest atom, TCM3IPP produces the largest increases in 

the delayed fluorescence, triplet quantum yield, and intersystem crossing rate. 

 
         Figure 2.6 Prompt and Delayed Fluorescence Measurements.  

2.2.5 Singlet Oxygen Quantum Yield 

Energy transfer from the triplet state porphyrin to molecular oxygen generates 

singlet oxygen, which either degrades DPBF in the case of chemical quenching or 

fluoresces in the event of singlet oxygen emission.66 The efficiency of singlet oxygen 

generation is a principle parameter for evaluating its photodynamic therapeutic potential, 

and it is indicative of the effectiveness of triplet state formation. Triplet state sensitizers 
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need a minimum of 0.976 eV to perform energy transfer reactions with molecular oxygen 

to form singlet oxygen.25 This research presents the quantum yield of singlet oxygen for 

(1) TCM4PP, (2) TBCM3PP and (3) TCM3IPP using two different methods: chemical 

quenching of 1,3-diphenylisobenzofuran (DPBF) and the comparative method by 

measuring singlet oxygen emission.  

Chemical quenching with DPBF was performed with a reaction mixture of ~30 - 

50 µM DPBF and ~ 5 - 10 µM porphyrin in a quartz cuvette using a protocol adapted 

from Spiller et. al., Donzello et al. and Figueiredo et al..67-69 The absorbance of the 

reaction was monitored at 552 nm to determine the absorption of the photosensitizer at 

the excitation wavelength and at 408 nm to monitor DPBF depletion. The extinction 

coefficient used for DPBF at 408 nm was 20,744 Lmol-1cm-1. The power of the excitation 

light (P) was found by dividing the current (I) measured with a silicon detector by the 

responsivity of the detector (R), which was determined by the manufacturer.  

𝑃 = I
y	

   units of 		z
{

   Eq. 2.7 

The power of the excitation light was then divided by the area of the detector (AD) to 

yield the energy flux. This was then converted to photon flux (𝜙), in the following way: 

𝜙 =	 8}
e~�_

			units	of	 	������{
�V{

									  Eq. 2.8 

where l is the excitation wavelength in meters, h is planks constant and c is the speed of 

light. This was then used to calculate the number of moles of photons absorbed by the 

solution per unit time per unit volume (Ia).  

𝐼& = 1 − 10b�n3 e��
�v0

		units	of	 ����{	��	������{
�∙	{

	 		Eq.	2.9			

In Eq. 2.9, (1-10-aex) is absorptance, aex is absorption at the excitation wavelength, AI is 
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the area of sample irradiation, NA is Avogadro’s number, and V is the volume of the 

reaction. The DPBF quenching reactions were rapidly stirred during excitation to ensure 

all DPBF molecules were exposed to the light source during irradiation.  

The efficiency of DPBF quenching, Φ�8�>, was calculated using Eq. 2.10.  

Φ�8�> = 	
� ~��Y

�:
I2

= Φ�
l� �8�>

l� �8�> ulT
				Eq.	2.10			

In Eq. 2.10, Φ�	is the singlet oxygen quantum yield, t is time, kr is the rate constant for 

the reaction between DPBF and singlet oxygen and kd is the rate constant for singlet 

oxygen decay. Figure 2.7 illustrates the change in DPBF concentration with time of light 

exposure, for TCM4PP, TBCM3PP and TCM3IPP.  

 

 
Figure 2.7 Normalized DPBF Depletion Via Chemical Quenching with 1O2. 

 

Stern-Volmer plots gave poor coefficients of determination due to the small changes in 

DPBF concentration for our data. Therefore, a method reported by Figueiredo et. al, in 
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which Eq. 2.10 was integrated to yield Eq. 2.11, was implemented.69  

∆𝐷𝑃𝐵𝐹 + lT
l�
𝑙𝑛 �8�> :

�8�> 6
= −𝐼&Φ�𝑡																				Eq.	2.11	

The value of kdkr
-1 in DMF was reported to be 2x10-5.70. The integrated efficiency 

equation, Eq. 2.11, was plotted against time in Fig. 2.8 and relatively straight lines were 

obtained. The change in DPBF concentration represents the total change up to the 

particular time of interest. The singlet oxygen quantum yields for each derivative was 

obtained by dividing the slope of each line by Ia.  

  
Figure 2.8 Integrated Efficiency Equation Plotted as a                         
Function of Time. 

The singlet oxygen quantum yields determined via DPBF chemical quenching, listed in 

Table 2.2, were 0.54 ± 0.07, 0.74 ± .02, and 0.91 ± 0.06 for TCM4PP, TBCM3PP and 

TCM3IPP respectively. The singlet oxygen quantum yield for TCM4PP was reported in 
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the literature as 0.49 in chloroform.65 

Singlet oxygen emission was also measured to evaluate the singlet oxygen 

quantum yield using the comparative method, expressed by Eq. 2.12 and illustrated in 

Fig. 2.9. 

Φ� = Φ�
PQ# I

IS:T

cbcjv
S:T

cbcjv
	 	 	 Eq.	2.12	

In the comparative method, the superscript or subscript Std represents variables for the 

standard, I is the maximum intensity of emission and A stands for the absorption of the 

sensitizer or standard at the excitation wavelength.  The standard used in this method was 

tetraphenylporphyrin (TPP) with a reported singlet oxygen quantum yield of 0.7.71 The 

computed singlet oxygen quantum yields were 0.47 ± 0.11 for TCM4PP (1), 0.76 ± 0.03 

for TBCM3PP (2) and 0.89 ± 0.02 for TCM3IPP (3).   

 
 

 
         Figure 2.9 1O2 Emission from 1) TCM4PP, 2) TBCM3PP                       
         and 3) TCM3IPP. 
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       Table 2.2 1O2 Quantum Yields Determined with DPBF Quenching and 1O2 Emission 
Porphyrin Φ∆	with DPBF quenching ΦΔ with1O2 emission 
TCM4PP 0.54 ± 0.07 0.47 ± 0.11 
TBM3PP 0.74 ± 0.02 0.76 ± 0.03 
TCM3IPP 0.91 ± 0.06 0.89 ± 0.02 

 
 

The corresponding singlet oxygen quantum yields calculated using DPBF chemical 

quenching and singlet oxygen emission are within the standard deviation for each 

derivative. Also, the singlet oxygen quantum yield for TCM4PP is approximate to 0.49, 

the reported singlet oxygen quantum yield reported in chloroform.65 The general trend is 

the same as for the triplet quantum yield; TCM3IPP is the most efficient at generating 

singlet oxygen, followed by TBCM3PP and then TCM4PP. Compared to TCM4PP, a 

single iodine substituent is capable of producing a 69% - 89% increase in singlet oxygen. 

Although bromine has a weaker spin-orbit coupling component, the singlet oxygen 

quantum yields still increased by 37% - 61%.  

2.3 Materials and Methods 
The chemicals used for synthesis and photophysical measurements were obtained 

from Sigma-Aldrich and used as supplied, except for pyrrole which was distilled before 

use.  

2.3.1 Absorption, Emission, and Lifetime Measurements 

The absorption, emission, and lifetime measurements were acquired in quartz 

cuvettes on aerated and degassed solutions of DCM with concentrations ranging between 

2x10-6 M to 2x10-5 M. Samples were degassed using the pump-freeze-thaw method and 

triethylamine or lutidine was added to prevent protonation (~10 uL per 4 mL). A Varian 
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Cary 300 spectrometer was used to detect absorption. Steady state emission and 

excitation were measured on either a Shimadzu RF5301 PC fluorimeter or a Jobin Yvon 

Fluorolog3. The fluorescence quantum yields were quantitated on the Shimadzu RF5301 

using an excitation wavelength of 552 nm and 1.5 nm excitation/emission slit widths. The 

emission was integrated using Shimadzu’s “Fluorescence” software. Tetratolylporphyrin 

with a quantum yield of 0.11 in DCM was used as the standard.65 Time-correlated single 

photon counting was measured on 2x10-5 M solutions in DCM on the Fluorolog 3 

equipped with a 341 nm photodiode laser. The fluorescence lifetimes were obtained by 

fitting the fluorescence decay profile for each compound using IGOR Pro software.  

2.3.2 Triplet Quantum Yields 

Triplet quantum yields were computed by applying a gated multi-pulsed time- 

correlated photon counting technique to an 820 nm Ti:sapphire laser (Spectra-Physics 

MaiTai) operating at a repetition rate of 80 MHz. Frequency doubling of the 820 nm laser 

light to 410 nm was achieved by rendering the light through an optical parametric 

oscillator (OPO) (Spectra Physics Inspire). The light was converted into a gated pulse via 

two electro-optic modulators (Conoptics 350-105 KD*P Series) powered by a high- 

voltage push-pull amplifier. An electronic gate, produced by a delay generator (SRS 

DG535) with an external trigger, was regulated with a synchronous counter operating at 

4kHz. Degassed solutions of each sample, approximately 3 x10-5 M, were sealed in a 10 

mm quartz cuvette and excited with pulsed picked laser light. An electronic gate was 

chosen to excite the sample with 100 pulses of focused light with an inter-pulse 

separation of 12 ns. The fluorescence was detected using a double monochromator 

(Spectral Products CM112) and a hybrid PMT detector (Becker & Hickl HPM-100-40). 
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The fluorescence profile of each sample was recorded using a multichannel photon 

counting board (Becker & Hickl DPC 230). The data collected was fit using IGOR PRO 

software with the second order rate constant for triplet-triplet annihilation constrained 

between 13,000 s-1 and 24,000 s-1. 

2.3.3 Singlet Oxygen Quantum Yields 

Chemical quenching with DPBF was performed in a reaction mixture (4 mL) of 

DPBF (~3-5x10-5 M), porphyrin (5–10x10-6 M) and dimethylformamide (DMF). The 

solution was promptly dispensed inside a (1x1 cm2) quartz cuvette and irradiated with 

552 nm monochromatic light from a Newport monochromator and Xe lamp, with mixing. 

The sample was illuminated for an interval of time, that produced a 5% decrease in DPBF 

concentration (30-100 s) and the absorbance was recorded. This time interval remained 

constant throughout the DPBF quenching period. Each sample was exposed to light and 

absorption at 408 nm and 552 nm were recorded for at least 14 timed intervals. Light 

exposure was controlled by a shutter, and the intensity of the irradiating light was 

measured using a Newport silicon detector and CEN-TECH digital multimeter. The area 

of sample irradiation was calculated by drawing a 1 cm line on a piece of paper. The 

paper was placed in between the monochromator and the cuvette holder. The area of 

exposure could be visualized on the opposite side, through the paper, where the light was 

hitting the paper. A picture was taken and imaging software was used to calculate the 

area of light hitting the detector. The size of the detector was 1 cm x 1 cm. The area of 

light striking the detector was 1 cm x .5 cm (.00005 m2). The same method was used to 

measure the area of sample irradiation. The area of sample irradiation was calculated as 

.000165 m2. The average light intensity was measured as ~4.9 Wm-2. A reference 



 

 

39 

spectrum of the porphyrin in DMF was taken before each experiment and was subtracted 

from the final data. Otherwise an automatic subtraction was obtained by measuring the 

absorption with the reference in the reference cell holder of the Cary 300 UV 

spectrometer, and the reaction in the sample holder of the Cary 300 UV spectrometer. 

Chemical quenching with DPBF was performed in triplicate for each sensitizer, and at 

least fourteen timed intervals were taken.  

Singlet oxygen emission was measured on aerated, 2x10-5 M solutions in toluene. 

Emission was measured on a Jobin Yvon Fluorolog3 and detected with NIR Ga/As 

detector cooled with liquid nitrogen. An 850 nm long pass filter was used with 514 nm 

excitation. The excitation and emission slit widths were set at 14.7 nm and 10 nm 

respectively. The resulting spectrum is an average of 10 scans with an integration time of 

2 s and is corrected for both dark counts and excitation light fluctuations. 

2.4 Conclusions 
This research demonstrates that although TCM4PP (1), TBCM3PP (2), and TCM3IPP (3) 

possess the same absorptivity in the visible region, they display distinctly different 

excited state dynamics due to the “heavy atom effect.” The magnetic moments of the 

heavy atomic nuclei have the ability to couple to the magnetic moment of the excited 

state valence electrons and reorient their spins, so that the molecules undergo intersystem 

crossing instead of singlet fluorescence decay, as seen in the steady-state emission 

spectra. The triplet-triplet annihilation profiles and triplet quantum yields demonstrate 

that triplet state formation is enhanced 151% with a single iodine atom and 114% with a 

single bromine atom compared to TCM4PP. In addition, the singlet oxygen quantum 

yields increase up to 89% for a single iodine and up to 61% for a single bromine. These 
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experiments demonstrate that a single heavy halogen atom substituted for of one of the 

carbomethoxy groups on the phenyl rings of TCM4PP is sufficient to induce triplet state 

formation. It would be interesting to investigate whether these heavy atom containing 

sensitizers are useful for extracting triplet state excitons in photovoltaics or their effect on 

tumor cells. The triplet-triplet annihilation experiments were also unique in that a gated 

multi-pulse excitation was applied to Weisman’s triplet-triplet annihilation method so 

that a triplet state population could be generated and its delayed fluorescence recorded 

using a multichannel analyzer. Singlet oxygen quantum yields increased accordingly with 

the heavy atom substituents and were reported using two different methods. The quantum 

yields for each derivative are within the standard deviation of the other for the two 

approaches used, validating method reliability.  
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CHAPTER 3: THIAZOLO[4,5-d]THIAZOLE DONORS 

The objective of chapter three is to synthesize and to study the structure/ function 

relationships of donor thiazolo[5,4-d]thiazole (TTz) molecules by measuring their 

photophysical properties. These donor molecules will be used for synthesizing donor-

acceptor configurations similar to that shown in Figure 3.1, in chapter 4 of this 

dissertation. The TTz donor molecules are asymmetric, with a triple bond on one end to 

accommodate Sonogashira Coupling to the porphyrin and an octoxy or butoxy substituent 

on the opposite end to assist in solubility, see Fig. 3.1. 

 
 

 
Figure 3.1 Asymmetric Thiazolo[5,4-d]thiazole Donor Molecules for Donor    
Acceptor Configurations. 
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3.1 Introduction  
Thiazolo[5,4-d]thiazoles (TTz) are heteroatom, bicyclic molecules composed of 

two thiazole rings fused together at carbons five and four, of the substituted thiazole ring 

as shown in Figure 3.2.71-72 Their structures are highly aromatic, rigid, planar and form 

strong π stacking interactions. Thiazole, the unicyclic structural constituent in 

thiazolo[5,4-d]thiazole, is structurally similar to thiophene, a conductive molecule used 

extensively in organic electronics.73-74 Thiazole is a structural component in Vitamin B1, 

penicillin and has many derivatives that are useful for treating cancer, allergies and 

bacterial, fungal, and viral infections.75 Computational studies indicate that the 

thiazolo[5,4-d]thiazole molecule is more electron deficient, has a smaller band gap and a 

lower ionization potential than both thiazole and thiophene.76 Unlike the spectrum of 

physiological benefits seen for its constituent thiazole, thiazolo[5,4-d]thiazole’s 

physiological activity is scant with a few derivatives showing moderate antibacterial 

properties.77 Thiazolo[5,4-d]thiazole’s main biological attribute is the ability to induce 

ancillary somnifacient affects when administered with barbituates.78 Their use in organic 

photovoltaics, field effect transistors, and light emitting diodes is becoming more 

prevalent due to their oxidative stability, and high charge carrier capability.72-73, 79-80   

In 2004, Yamashita reported that thiophene/thiazolothiazole polymers had higher 

charge mobilities than thiophene/thiazole polymers, with hole mobilities reaching up to 

0.02 cm2/Vs.81 Improvements were made by adding electron withdrawing 

trifluoromethylphenyl and thiazole subunits to the thiazolothiazole backbone of the 

polymer.82 These improvements generated n-type FETs with electron mobilities up to 

0.64 cm2/Vs.82-83  
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Osaka reported field effect mobilities of 0.14 cm2/Vs with 

thiophene/thiazolothiazole polymers and showed that they were exceptionally stable in 

air and to oxidative doping.73 The charge carrier mobility of these polymers increased to 

0.42 cm2/Vs by functionalizing them with various linear and branched chain alkyl 

thiophene subunits.84 These thiophene/thiazolothiazole polymers produced a PCE of 

7.5% when incorporated into a BHJ solar cells.80  

The highest p-type FET mobility, 10 cm2/Vs, has been obtained with a 

diketopyrrolopyrrole-thiazolo[5,4-d]thiazole-thiophene donor-acceptor polymer.85 These 

high mobilities are attributed to proper energy alignment of the HOMO/LUMO levels in 

the donor-acceptor materials and the molecular ordering and crystallinity found in 

thiazolothiazole containing films.73, 83 In addition to thiophene and thiazole, thiazolo[5,4-

d]thiazole has been incorporated into donor-acceptor configurations with BODIPY, 

triphenylamine, bispentylpropylenedioxythiophene, fluorine, benzodithiophene, 

benzothiadiazole, dibenzosilole, carbazole, and cyclopentadithiophene.74, 79, 86-88 The best 

dye-sensitized solar cells incorporating thiazolo[5,4-d]thiazole donor-acceptor 

configuration contains a triphenylamine donor, a bispentylpropylenedioxythiophene π 

connecting bridge and a cyanoacetate anchor and produced a maximum PCE of 7.71%.87 

Also, a thiazolothiazole-dithienosilole-thiophene donor acceptor polymer has been 

applied in a perovskite solar cell as a hole transport layer with a maximum PCE of 

15.8%.89  

Most thiazole[5,4-d]thiazoles molecules are synthesized, according to Fig. 3.2, by 

condensing dithiooxamide with an aromatic aldehyde in a high boiling solvent, such as 

dimethylformamide (DMF) or nitrobenzene.71, 74 The product, a 2,7-aryl substituted 
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thiazole[5,4-d]thiazole usually precipitates out of solution and is collected for 

purification. 

 
 

 
             Figure 3.2 Synthesis & Structure of Thiazole[5,4-d]thiazole. 
 
 
 
Ephraim was the first to synthesize thiazolo[5,4-d]thiazole (TTz) compounds in 1891.90  

Their structures were not correctly identified until 1959 by Ketchum through chemical 

analysis, IR, and absorption spectra.90-91 Although different TTz derivatives bearing 

various aromatic, carboxylic acid, ester, and amino functional groups at the 2 and 7 

positions have been reported, most of these compounds were synthesized using the one- 

pot condensation reaction, shown in Figure 3.2, and then chemically modified.71-74, 78, 91-93 

Other approaches to producing TTz derivatives have been reported in the literature and 

are shown in Table 3.1.71, 74, 94 Reaction 1 relies on the reactivity of a cyano group with 

disulfur dichloride followed by dehydrohalogenation.94 Schemes 2 and 3 both take 

advantage of the reactivity of an isothiocyano functional group for TTz formation and 

reactions 7 and 8 rely on functionalized thiazoles for bi-heterocycle formation.71 The 

weakly electrophilic cyclic TTz core is very stable against strong bases and oxidizing 
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agents, but will react with powerful nucleophiles.92  

 
 
 
                    Table 3.1 Chemical Reactions for the Production of TTz Derivatives.71, 74, 94   

 
 
 

 
Thiazolo[5,4-d]thiazoles have demonstrated its potential to influence charge 

carrier mobility by imposing molecular ordering and film crystallinity as a result of its 

highly aromatic, rigid and π conjugated structure. In chapter three of this dissertation, 

four different TTz derivatives: OctoxyAsymTTz, ButoxyAsymTTz, DioctoxyTTz, and 

DibutoxyTTz were synthesized and their photophysical properties measured. The 

structures, nomenclature and molecular acronyms used in this dissertation are listed in 

Table 3.2. 
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Table 3.2 TTz Derivatives Synthesized.  
Molecule 

OctoxyAsymTTz 

 
 

2-(4-octoxyphenyl)-7-(4-trimethylsilylethynylphenyl)thiazolo[5,4-d]thiazole 
ButoxyAsymTTz 

 
 

2-(4-butoxyphenyl)-7-(4-trimethylsilylethynylphenyl)thiazolo[5,4-d]thiazole 
DioctoxyTTz 

 
2,7-(4-dioctoxyphenyl)thiazolo[5,4-d]thiazole 

DibutoxyTTz 

 
2,7-(4-dibutoxyphenyl)thiazolo[5,4-d]thiazole 

 
 
 

Deprotected OctoxyAsymTTz and deprotected ButoxyAsymTTz are the two donor 

molecules that are used in donor-acceptor configurations in chapter four.  

3.2 Results and Discussion  

3.2.1 Density Functional Theory Calculations 

Density Functional Theory (DFT) calculations were performed with the goal of 

synthesizing donor-acceptor and donor-acceptor-donor molecules using deprotected 

OctoxyAsymTTz and 5,15-bis(4-carbomethoxyphenyl)porphyrinato zinc (ZnBCM2PP), 

see Fig. 3.1 and Fig. 3.3. Deprotected OctoxyAsymTTz has a calculated HOMO of -5.4 

eV and a LUMO energy level of -2.1 eV. The difference between the HOMO and LUMO 

gives the calculated band gap, which is 3.3 eV. The HOMO and LUMO for ZnBCM2PP 

is -5.3 eV and -2.4 eV respectively, and the calculated band gap is 2.9 eV. The energy of 
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the LUMOs suggests that electrons will move towards the porphyrin. According to the 

calculated energy levels for the HOMOs for Deprotected OctoxyAsymTTz and 

ZnBCM2PP, the holes will not be able to migrate towards deprotected OctoxyAsymTTz 

because it has a deeper HOMO than ZnBCM2PP. The electronic orbitals are distributed 

over the phenyl rings, the heterocyclic core and on the ethynyl group in the ground state 

of deprotected OctoxyAsymTTz. In the excited state of deprotected OctoxyAsymTTz, the 

electronic wave function pushes off the octoxyphenyl ring and towards the ethynyl group. 

These calculations indicate that deprotected OctoxyAsymTTz will act as the electron 

donor and the porphyrin will function as the electron acceptor species, but that charge 

transfer is not likely to occur as a result of the misalignment in the energy of the HOMO 

levels.  

 
 
 

 
Figure 3.3 DFT Calculations For Deprotected OctoxyAsymTTz                               
(D) and ZnBCM2PP (A). 
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3.2.2 Synthesis 

Two different donor thiazolo[5,4-d]thiazole molecules were synthesized,  

OctoxyAsymTTz and ButoxyAsymTTz using Ketcham’s one-pot double condensation 

reaction, see Fig. 3.2 and Fig. 3.4. The donor species were designed with a long chain 

octoxyphenyl or butoxyphenyl substituent to increase its solubility.95-96 The trimethylsilyl 

functions as a protecting group for the triple bond, which is required for Sonogashira 

Coupling. It is removed before coupling.  

Synthesis of OctoxyAsymTTz 

2-(4-octoxyphenyl)-7-(4-trimethylsilanylethynylphenyl)thiazolo[5,4-d]thiazole 

(OctoxyAsymTTz) was synthesized by mixing  a 1:1:1 ratio of rubeanic acid (4.94x10-4 

moles, 0.0594 g), TMS-ethynylbenzaldehyde (4.94x10-4 moles, 0.100 g) and 4-

octoxybenzaldehyde (4.94x10-4 moles, 120 µL) dissolved in 10 mL of anhydrous DMF in 

a 25 mL round bottom flask. The brown solution was refluxed (b.p. for DMF is 153 °C) 

for 4 h and then cooled to room temperature (without mixing). The next day the solution 

was vacuum filtered with cold hexanes and yielded a yellow/ tan precipitate. The yellow 

solids were dissolved in DCM, rinsed through a silica plug, and tested with MALDI-TOF 

mass spectrometry. The MALDI-TOF spectrum demonstrated that all three products were 

present in the reaction mixture and the reaction gave 11.7 mg (4.5 % yield by weight) of 

mixed product. Purification proceeded with Prep TLC, as shown in Fig. 3.5. A total of 

2.5 mg (<1% yield by weight) of OctoxyAsymTTz was collected. We suspect the yield 

was low due to contamination. GC-MS showed that there was residual bromooctane 

present in the 4-octoxybenzaldehyde, which was made by previous lab members. 

Bromooctane could have alkylated the nitrogen on the TTz heterocycle, creating a 
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charged species and lowering the yield obtained through our purification process. 

Although the 2.5 mg of OctoxyAsymTTz made using this reaction was used for 

Sonogashira Coupling, most of the OctoxyAsymTTz that was purified was made by 

previous lab members. See Appendix A, Figure A.2 for the MALDI-TOF spectrum of 

OctoxyAsymTTz and Appendix B, Figure B.2 for the corresponding proton NMR. The 

m/z that was found using MALDI-TOF was 517.62, and the calculated m/z is 518.19. 1H 

NMR (300MHz, CDCl3, δ): 7.94 (d, J = 1.92 Hz, 2H), 7.91 (d, J = 1.92 Hz, 2H), 7.55 (d, 

J = 8.31 Hz, 2H), 6.97 (d, J = 8.97 Hz, 2H), 4.02 (t, J = 6.42 Hz, 2H), 1.86-1.77 (m, 2H), 

1.52- 1.25 (m, 10H), 0.89 (t, J = 6.72 Hz, 3H), 0.28 (s, 9H).   

Synthesis of DioctoxyTTz  

2,7-bis(4-octoxyphenyl)thiazolo[5,4-d] thiazole (DioctoxyTTz) was purified from 

the same one-pot double condensation reaction described for OctoxyAsymTTz and 

isolated via prep TLC, see Fig. 3.5. Very little of the dioctoxyTTz from the reaction was 

collected and therefore, no percent yield is reported. The m/z identified by MALDI-TOF 

was 549.69 and the calculated m/z is 550.27. The MALDI-TOF spectrum is in Appendix 

A, Figure A.4. This compound was also synthesized by previous lab members who 

measured the 1H NMR.  

Synthesis of ButoxyAsymTTz 

2-(4-butoxyphenyl)-7-(4-trimethylsilanylethynylphenyl)thiazolo[5,4-d] thiazole 

(ButoxyAsymTTz) was synthesized by dissolving rubeanic acid (9.017x10-4 moles, 

0.1084 g), 4-trimethylsilylethynylbenzaldehyde (9.017x10-4 moles, 0.1825 g) and 4-n-

butoxybenzaldehyde (9.02x10-4 moles, 0.155 mL) in 3.0 mL anhydrous DMF in a 25 mL 
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round bottom flask. The flask was connected to a condenser, and a heating mantle and the 

reaction was heated to reflux (the b.p. of DMF is 153 °C). The reaction refluxed for four 

h, then cooled to room temperature overnight without mixing. The next day the reaction 

was stored at 4 ºC. The product was a brown solution with yellow solids. The solids were 

re-suspended in cold hexanes and gravity filtered. A yellow solid remained on the filter, 

and the filtrate was a brown solution. After drying, the solids were rinsed through the 

filter with DCM, and the solvent was roto-evaporated off. The percent yield using an 

averaged mass for the product was 64.9 % by weight (270 mg). The yellow solids were 

applied to a clean-up Si column in DCM and the mixed pot was then separated using Prep 

TLC. The percent yield of ButoxyAsymTTz was ~8% by weight (32.9 mg). The MALDI-

TOF peak, shown in Appendix A Figure A.3, was identified at 461.74. This closely 

matches the calculated value of 462.13. The 1H NMR of 2-(4-butoxyphenyl)-7-(4-

trimethylsilylethynylphenyl)thiazolo[5,4-d]thiazole is Figure B.3 in Appendix B. (300 

MHz, CDCl3, δ): 7.94–7.91 (m, 4H), 7.55 (d, J = 8.01 Hz, 2H), 6.98 (d, J = 8.64 Hz, 2H), 

4.04 (t, J = 6.57 Hz, 2H), 1.83-1.76 (m, 2H), 1.53 - 1.48 (m, 2H), 1.00 (t, J = 7.38 Hz, 

3H), 0.27 (s, 9H). 
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          Figure 3.4 Synthesis of OctoxyAsymTTz and ButoxyAsymTTz. 
 
 
 
Synthesis of DibutoxyTTz 

2,7-bis(4-butoxyphenyl)thiazolo[5,4-d]thiazole was purified from the same one-

pot double condensation reaction described for ButoxyAsymTTz and isolated via Prep 

TLC. The amount isolated was 2.8 mg which gives a percent yield of 0.67% by weight. 

However, this value is not accurate because this derivative was not as carefully collected 

as the donor molecules were. The m/z identified by MALDI-TOF was 437.87 and the 

calculated m/z is 438.14. The MALDI-TOF spectrum is shown in Appendix A, Figure 

A.5. The 1H NMR can be found in the Appendix B, Figure B.6. 1H NMR of 2,7-bis-(4-

butoxyphenyl)thiazolo[5,4-d]thiazole (300 MHz, CDCl3, δ): 7.85-7.85 (dd, 4H), 6.92-6.90 

(dd, 4H), 3.96 (tt, 4H), 1.76-1.61 (m, 4H), 1.47-1.44 (m, 2H), 1.18 (m, 2H), 0.91 (t, J = 

7.38, 6H). 
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    Figure 3.5 Mixed Pot Prep TLC of OctoxyAsymTTz and ButoxyAsymTTz. 

Fig. 3.5 shows an example of a developed Prep TLC plate for the one-pot double 

condensation reaction of rubeanic acid with 4-trimethylsilylethynylbenzaldehyde and 

either 4-octoxybenzaldehyde (left) or 4-butoxybenzaldehyde (right). The top bands on 

both prep TLC plates were determined to be 2,7-bis(4-

trimethylsilanylethynylphenyl)thiazolo[5,4-d]thiazole (Di-TMS-TTz). The second band 

was determined to be 2-(4-octoxyphenyl)-7-(trimethylsilanylethynylphenyl)thiazolo[5,4-

d]thiazole (OctoxyAsymTTz) for the left plate and 2-(4-butoxyphenyl)-7-

(trimethylsilanylethynylphenyl)thiazolo[5,4-d]thiazole (ButoxyAsymTTz) for the Prep 

TLC plate on the right. The bottom bands correspond to the dialkoxyTTz’s, with 2,7-

bis(4-dioctoxyphenyl)thiazolo[5,4-d]thiazole (DioctoxyTTz) on the left Prep TLC plate 

and 2,7-bis(4-dibutoxyphenyl)thiazolo[5,4-d]thiazole (DibutoxyTTz) on the right Prep 

TLC plate. 
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Synthesis of Deprotected OctoxyAsymTTz 

2-(4-octoxyphenyl)-7-(4-ethynylphenyl)thiazolo[5,4-d] thiazole was prepared by 

dissolving 2-(4-octoxyphenyl)-7-(4-trimethylsilylethynylphenyl)thiazolo[5,4-d] thiazole 

(1.1x10-5 moles, 5.8 mg) in THF (4 mL) and cooling the solution to 4 °C on ice while 

mixing. Then 1.1 equivalent of tetra-n-butylammonium fluoride (1.2x10-5 moles, 12 µL) 

was added. The reaction mixed for 10-15 min at 0 ºC. Hexanes (2.4 mL) were added and 

the reaction continued to mix for another fifteen min. The solvent was roto-evaporated 

off, and the solids were extracted with DCM and DI water (60-80 mL) three times. The 

product was dried over Na2SO4, filtered and roto-evaporated. The percent yield was 

100% by weight (5.0 mg). Two peaks were identified on the MALDI-TOF spectrum as 

445.60 and 333.94. Deprotected OctoxyAsymTTz has a calculated m/z of 446.15. The 

peak at 333.68 is a fragment in which an octyl group has ionized off. The MALDI-TOF 

spectrum is in Appendix A, Figure A.6. The 1H NMR can be found in Appendix B, 

Figure B.5. 1H NMR of 2-(4-octoxyphenyl)-7-(4-ethynylphenyl)thiazolo[5,4-d]thiazole 

(300 MHz, CDCl3, δ): 7.97-7.91 (m, 4H), 7.59 (d, J = 8.34 Hz, 2H), 6.98 (d, J = 8.97 Hz, 

2H), 4.03 (t, J = 6.57 Hz, 2H), 3.22 (s, 1H), 1.82 – 1.80 (m, 2H), 1.33-1.25 (m, 10H), 

0.90 - 0.97 (M, 3H). 

Synthesis of Deprotected ButoxyAsymTTz 

2-(4-butoxyphenyl)-7-(4-ethynylphenyl)thiazolo[5,4-d]thiazole (deprotected 

ButoxyAsymTTz) was prepared using the same procedure as above. 2-(4-butoxyphenyl)-

7-(4-trimethylsilylethynylphenyl)thiazolo[5,4-d]thiazole (ButoxyAsymTTz) (5.86x10-5 

moles, 27.1 mg) was dissolved in 12.0 mL of THF. The solution was cooled on ice to 4 

°C with mixing. Tetra-n-butylammonium fluoride (6.5x10-5 moles, 65 µL) was added and 
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the reaction was mixed for 35 min. Hexane (12.5 mL) was added and the reaction mixed 

for an additional 10 min. The solvent was removed by roto-evaporation, and the product 

was resuspended in DCM and extracted with H2O three times. The solution was dried 

over Na2SO4, filtered and the solvent roto-evaporated off. The amount of deprotected 

ButoxyAsymTTz obtained was 20.6 mg, giving a 90% yield by weight. Three peaks were 

identified on the MALDI-TOF spectrum as 389.80, 334.01 and 242.53. Deprotected 

ButoxyAsymTTz has a calculated m/z of 390.92. The peaks at 334.12 and 242.57 are 

fragments in which a butyl group and a butoxyphenyl group ionized off. The MALDI-

TOF spectrum is in Appendix A, Figure A.7 and the 1H NMR can be found in the 

Appendix B, Figure B.4. 1H NMR of 2-(4-butoxyphenyl)-7-(4-

ethynylphenyl)thiazolo[5,4-d]thiazole (300 MHz, CDCl3, δ): 7.95 -7.90 (m, 4H), 7.57 (d, 

J = 8.43 Hz, 2H), 6.96 (d, J = 8.79 Hz, 2H), 4.02 (t, J = 6.6 Hz, 2H), 3.21 (s, 1H), 1.81 – 

1.74 (m, 2H), 1.46-1.39 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H) 

 

3.2.3 Crystal Structure of OctoxyAsymTTz 

OctoxyAsymTTz crystals were obtained in DCM and the crystal structure was 

determined, as shown in Figure 3.6. Two octoxy groups are shown due to disorder 
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Figure 3.6 Crystal Structure of OctoxyAsymTTz . 

 
 
 
in the crystal structure for that substituent. 
 

3.2.4 Absorption and Emission Spectra 

The absorption and emission spectra of OctoxyAsymTTz, ButoxyAsymTTz, 

DioctoxyTTz, and DibutoxyTTz were determined in aerated chloroform ~ 4.0x10-7 M- 

4.0x10-5 M solutions. The normalized combined absorption and emission spectra for all 

the derivatives are shown in Fig 3.7. OctoxyAsymTTz (solid green line) and 

ButoxyAsymTTz (solid red line) have identical absorption profiles spanning from ~300 

nm to ~ 430 nm with their maximum at 383 nm. They have slightly different molar 

absorptivities in chloroform with an ε383 = 57,000 M-1cm-1for OctoxyAsymTTz and ε383 = 

46,000 M-1cm-1for ButoxyAsymTTz. DioctoxyTTz (solid blue line) and DibutoxyTTz 

(solid black line) absorption profiles are also identical and span from ~300 nm to 420 nm 

with their peaks at approximately 372 nm. The extinction coefficients in chloroform were 

calculated as ε372 = 43,000 M-1cm-1for DioctoxyTTz and ε372 = 36,000 M-1cm-1for 

DibutoxyTTz. The higher molar absorptivities for the octoxy derivatives are most likely 

due to a higher solubility of the octoxy bearing derivatives compared to the butoxy 
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bearing derivatives. 

 
Figure 3.7 Absorption and Emission Spectra of OctoxyAsymTTz (Green), 
ButoxyAsymTTz (Red), DioctoxyTTz (Blue) and DibutoxyTTz (Black). 

The steady state emission for OctoxyAsymTTz and ButoxyAsymTTz ranges from 

400 nm to 550 nm with the maximum occurring at 453 nm. The steady state emission for 

DioctoxyTTz and DibutoxyTTz are slightly offset starting at 389 nm to 547 nm, with the 

maximum for DioctoxyTTz and DibutoxyTTz at 434 nm and 439, respectively.  

3.2.5 Lifetimes and Fluorescence Quantum Yields  

The lifetimes of fluorescence were recorded using time-correlated single photon 
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counting on aerated ~ 1x10-6 M solutions and measured in triplicate. An example of the 

fluorescence decay, for each sample, is shown in Figure 3.8. The data was fit to Equation 

2.1 using IGOR Pro software and all four thiazolo[5,4-d]thiazole derivatives show 

extremely short S1 excited state lifetimes. OctoxyAsymTTz and ButoxyAsymTTz display 

slightly longer average lifetimes of 490 ± 30 ps and 460 ± 10 ps, respectively. The 

fluorescence of DioctoxyTTz  has a lifetime of 210 ± 20 ps and the fluorescence of 

 

Figure 3.8 Overlaid Fluorescence Decays of OctoxyAsymTTz (Green) & 
ButoxyAsymTTZ (Red) on Left, and DioctoxyTTz (Blue) and DibutoxyTTz (Black) on 
Right. 

DibutoxyTTz has a lifetime of 280 ± 70 ps. Although these initial measurements give a 

good indication of the length of the first excited singlet state, they are near the pulse 

width of the NanoLED equipped on the Fluorolog 3 and additional studies need to be 

conducted to verify these measurements. The longer lifetimes of OctoxyAsymTTz and 

ButoxyAsymTTz correlates with the slightly larger fluorescence quantum yields of 0.33 

and 0.32 compared to DioctoxyTTz and DibutoxyTTz; both have a fluorescence quantum 

yield of 0.21. Table 3.3 lists the fluorescence quantum yields, the fluorescence lifetimes 
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and the radiative fluorescence rates for each of the derivatives. 

Table 3.3 Fluorescence Quantum Yields, Lifetimes, and Radiative Rates. 
Compound Φ> 𝜏>  (ps) kr (s-1) 

OctoxyAsymTTz 0.33 490 ± 30  6.7 x108 
ButoxyAsymTTz 0.32 460 ± 10 7.0 x108 

DioctoxyTTz 0.21 210 ± 20 1.0 x109 
DibutoxyTTz 0.21 280 ± 70 2.8 x 109 

 

3.2.6 Singlet Oxygen Quantum Yields 

The singlet oxygen quantum yields can be used to indicate whether the short excited 

singlet state lifetimes of the thiazolo[5,4-d]thiazole derivatives are due to intersystem 

crossing into the triplet state or because of non-radiative energy loss. The singlet oxygen 

quantum yields were calculated using the comparative method, given as Eq. 2.12. Singlet 

oxygen emission was measured in triplicate on oxygenated chloroform solutions with the 

concentration of each sample having an absorptivity of ~0.4 at 375 nm. Anthracene with 

a singlet oxygen quantum yield of 0.69 was used as the standard.97 Figure 3.9 is a graph 

of the average singlet oxygen emission from each of the four samples. The singlet oxygen 

quantum yields were determined as: 0.64 ± 0.03 for DioctoxyTTz, 0.66 ± 0.02 for 

DibutoxyTTz, 0.58 ± 0.03 for OctoxyAsymTTz, and 0.59 ± 0.02 for ButoxyAsymTTz 

and are listed in Table 3.4. The relatively high singlet oxygen quantum yields of the 

thiazolo[5,4-d]thiazole derivatives indicate that intersystem crossing is a channel for 

quenching of fluorescence and transformation into the triplet excited state.98 The singlet 

oxygen quantum yields of the TTz derivatives are relatively close to the singlet oxygen 

quantum yield reported for anthracene (FD = 0.69), and research demonstrating 
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anthracene’s ability to function as a sensitizer for triplet-triplet annihilation, poses the 

question of whether these compounds can function as triplet-triplet annihilation 

sensitizers for photon up-conversion in solar cells.97, 99 The singlet oxygen quantum yield 

for Photofrin, the compound used in clinical PDT applications is 0.89.22  

 
Figure 3.9 1O2 Emission of OctoxyAsymTTz (Green), ButoxyAsymTTz (Red),   
DioctoxyTTz (Blue) and DibutoxyTTz (Black). 
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          Table 3.4 Singlet Oxygen Quantum Yields.  
Molecule ΦΔ 

OctoxyAsymTTz 

 

 
0.58 ± 0.03 

ButoxyAsymTTz 

 

 
0.59 ± 0.02 

DioctoxyTTz 

 

 
0.64 ± 0.03 

DibutoxyTTz 

 

 
0.66 ± 0.02 

 

3.3 Materials and Methods 
The chemicals used for synthesis and photo-physical measurements were obtained 

from Sigma-Aldrich and used as received. 

3.3.1 Prep TLC 

The one-pot condensation reactions were purified using prep TLC. Approximately 5-6 

mg of the mixed pot was dissolved in 1 mL of DCM and spotted on a prep TLC plate. 

The plate was developed in a chamber containing a 2:3 ratio of DCM:hexanes using a 

total of 85 mL. The band for each compound was scraped off, re-suspended in DCM, 

sonicated and eluted off the silica with DCM using gravity filtration. The identity of each 

band was determined by MALDI-TOF MS; the spectra are in Appendix A. 

3.3.2 Absorption, Emission, and Lifetime Measurements 

The absorption, emission, and lifetime measurements were acquired in quartz 

cuvettes on aerated solutions of chloroform with concentrations ranging between 
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~1.0x10-6 M to 4.0x10-5 M. Absorption was detected using a Varian Cary 300 

spectrometer. Steady-state emission and excitation were measured on either a Shimadzu 

RF5301 PC fluorimeter or a Jobin Yvon Fluorolog3. The fluorescence quantum yields 

were calculated using the Shimadzu RF5301 with an excitation wavelength of 345 nm 

and excitation/emission slit widths of 1.5 nm. The emission was integrated using 

“Origin” software. Anthracene with a quantum yield of 0.27 in ethanol was used as the 

standard.100 Time-correlated single photon counting was measured on ~ 1.0x10-6 M 

solutions in chloroform on the Fluorolog3 equipped with a 390 nm photodiode laser. The 

fluorescence lifetimes were obtained with a 50 ns TAC, 1 MHz rep rate, 20 ns coaxial 

delay, 50 ns sync delay and a peak preset of 10,000 counts. The fluorescence decay 

profiles were fit with IGOR Pro software.  

3.3.3 Singlet Oxygen Quantum Yields 

Singlet oxygen emission was measured in aerated solutions with the absorptivity 

kept at approximately 0.4 at 375 nm. Oxygen was bubbled into each sample for 30 s 

before each measurement.  Emission was measured on a Jobin Yvon Fluorolog3 and 

detected with NIR Ga/As detector cooled with liquid nitrogen. An 850 nm long pass filter 

was used with 375 nm excitation. The excitation and emission slit widths were set at 10 

nm. The resulting spectrum is an average of 10 scans with an integration time of 2 s. The 

spectra are corrected for dark counts and excitation light fluctuations. 

3.4 Conclusions 
 Four different thiazolo[5,4-d]thiazole derivatives have been synthesized: 1) 

OctoxyAsymTTz, 2) ButoxyAsymTTz, 3) DioctoxyTTz, and 4) DibutoxyTTz using 
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Ketchum’s one-pot double condensation reaction with rubeanic acid, 4-

trimethylsilylethynylbenzaldehyde and 4-alkoxybenzaldehyde. Although the one-pot 

synthesis is simple to perform, purification using Prep TLC is challenging and produces 

low yields. Future efforts will be to define a better purification procedure for these 

compounds. Crystals of OctoxyAsymTTz have been obtained and its crystal structure has 

been determined. The derivatives absorb mostly in UV region of the electromagnetic 

spectrum. However, OctoxyAsymTTz and ButoxyAsymTTz have their peak absorbance 

at the lower end of the visible spectrum which makes the amenable to photovoltaic 

applications. Fig. 3.10 shows that the absorption profiles of the thiazole[5,4-d]thiazole 

donor molecules overlap with the acceptor’s absorption profile from 385 nm to 425 nm, 

indicating that both molecules can be excited at the same time. In addition, the emission 

from thiazolo[5,4-d]thiazoles overlaps with the absorption peak of porphyrin. This 

overlap signifies that potential energy transfer from the donor TTz to the porphyrin 

acceptor in solution can occur. 

 
 

 
Figure 3.10 Absorption and Emission of OctoxyAsymTTz (Blue),    
ButoxyAsymTTz (Blue) and ZnBCM2PP (Green). 
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The relatively high singlet oxygen quantum yields indicate that the thiazolo[5,4-

d]thiazole derivatives may be useful triplet state sensitizers and suggest that the triplet 

excited state population may contribute to longer exciton diffusion lengths.56  



 

 

64 

CHAPTER 4: PORPHYRIN DONOR-ACCEPTOR CONFIGURATIONS 

4.1 Introduction 
The objective of chapter four is to describe the synthesis of thiazolo[5,4-

d]thiazole-porphyrin donor-acceptor sensitizers and correlate structure/function 

properties by studying their photophysical properties. Appending an electron donating 

molecule onto an electron accepting molecule is one way to increase the polarizability of 

a molecule, generate a charge separated state and enhance the dielectric of the active 

layer.101 Energetically, it is easier for electron extraction to occur in a charge-separated 

state due to the smaller coulombic attractive forces between the electron and hole, 

resulting from the longer exciton radius.102 The lower energy charge-separated state also 

decreases the band gap which generates molecules that absorb at longer wavelengths. 

Concurrently, the π bond conjugation of the molecule is extended in donor-acceptor 

configurations which also contributes to a lower energy structure.  

Several papers have shown that alkynyl π bridging molecules induce structural 

rigidity, planarity and enhance electrical communication between domains of donor-

acceptor molecules.46, 55, 103 Cao et al showed that linking 2,1,3-benzothiadiazole to a 

porphyrin via an ethynylene bridging group allowed intramolecular charge transfer to 

occur and generated an absorption peak at 800 nm.104 Ventura et. al. demonstrated intense 

red light absorption for zinc porphyrin containing ethynyl π bridging molecules 

connected to a terminal diketopyrrolopyrrole group.105 Also, dye-sensitized solar cells 
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with porphyrins conjugated to thienyl groups through a triple bond showed increased red 

light sensitivity and an energy conversion efficiency of 7.78%.106  

This chapter describes the synthesis and characterization of donor-acceptor 

configurations consisting of thiazolo[5,4-d]thiazole donor chromophores conjugated to 

the meso-carbon of the porphyrin core through π bridging ethynyl moieties. More 

specifically 2-(4-octoxyphenyl)-7-(4-phenyl)thiazolo[5,4-d]thiazole  or 2-(4-

butoxyphenyl)-7-(4-phenyl)thiazolo[5,4-d]thiazole were coupled to 5,15-bis(4-

carbomethoxyphenyl)porphyrinato zinc via an ethynyl bridge. Figure 4.1 demonstrates 

the following donor-acceptor configurations synthesized in this dissertation. 

 
          Figure 4.1 Structures of Donor-Acceptor Configurations.  
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4.2 Results and Discussion 

4.2.1 Density Functional Theory Calculations 
Density functional theory calculations were performed on deprotected 

OctoxyAsymTTz, 5,15-bis(4-carbomethoxyphenyl)porphyinato zinc, the 

OctoxyAsymTTz-Porphyrin donor-acceptor (OctoxyAsymTTz DA) and on the 

OctoxyAsymTTz-Porphyrin donor-acceptor-donor configuration (OctoxyAsymTTz 

DAD), as shown in Figure 4.2. Electrons are predicted to migrate down the energy 

gradient from the LUMO of OctoxyAsymTTz’s to the LUMO of ZnBCM2PP. However, 

according to these DFT calculations, it would be difficult for holes to move up the energy 

gradient from the HOMO of ZnBCM2PP to the HOMO of deprotected OctoxyAsymTTz 

because the HOMO of deprotected OctoxyAsymTTz is lower in energy. When the donor 

and acceptor molecules are combined to form the DA, the band gap decreases to 2.5 eV. 

Adding an additional donor molecule to the DA configuration reduces the band gap 

further to 2.2 eV. These calculations indicate an increase in red light sensitivity of both 

the DA and DAD configurations compared to ZnBCM2PP. The molecular orbitals 

diagrams show that the electronic wavefunction is distributed on the TTz core (with 

heavier density towards the ethynyl group) and the porphyrin nitrogens and meso carbons 

for the DA and DAD ground state structures. There is no electron density on the 

carbomethoxyphenyl substituents in the ground state nor the excited state. The LUMOs 

of the DA and DAD show the electron density shifting from the thiazolo[5,4-d]thiazole 

heterocycle towards the porphyrin’s β pyrrole units, with an emphasis on the meso 

carbons juxtaposed or opposite to the thiazolo[5,4-d]thiazole acceptor species. A 

comparison of the structures for the OctoxyAsymTTz molecular orbitals and the 
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DA/DAD molecular orbitals illustrates that the electron wavefunction shifts off of the 

donor thiazolo[5,4-d]thiazole species and onto the porphyrin.  

 
            Figure 4.2 DFT Calculations for OctoxyAsymTTz, ZnBCM2PP, DA and DAD.  

4.2.2 Synthesis   
Two porphyrin derivatives were synthesized, 5,15-dibromo-10,20- bis(4-

carbomethoxyphenyl)porphyrinato zinc and 5,15-dibromo-10,20-bis(2,6-

dioctoxyphenyl)porphyrinato zinc, as potential acceptor molecules. Both porphyrin 

acceptors were synthesized using the “2+2” method of acid catalyzed condensation of 

dipyrromethane with benzaldehyde as shown in Figure 4.3 and Figure 4.5. These 

acceptor porphyrins were conjugated to the donor TTz molecule via Sonogashira Cross-

coupling. The acceptor molecules were primed for coupling, first with bromine and 



 

 

68 

second by metalation with zinc as shown in Figure 4.4 and Figure 4.6.    

Synthesis of BCM2PP   

As shown in Figure 4.3, dipyrromethane (304.6 mg, 2.084 x10-4 moles) and 

methyl-4-formyl benzoate (342.1 mg, 2.084 x10-4 moles) were dissolved in distilled 

DCM (350 mL) inside a 500 mL (3-neck) round bottom flask. The round bottom flask 

was purged with N2 gas for 10 min, and then TFA (120 µL, 1.6 x10-3 moles) was added 

dropwise with mixing. The reaction was mixed for 4 h, and then the oxidant 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) (703.8 mg, 3.127x10-3 moles) was added. The 

oxidant was allowed to react for an additional 45 min, and then the reaction was 

neutralized with triethylamine (2.8 mL, 2.0 x10-2 moles). The reaction was poured over a 

silica plug to remove oxidant and the solvent roto-evaporated off. The product was 

purified on a silica column in chloroform, as the product isn’t very soluble in hexane or 

DCM. The yield was 17% by weight (103.8 mg), and the Rf in DCM is 0.95. The 

MALDI-TOF spectrum shows a peak at m/z of 577.52, and its calculated m/z is 578.20. 

The spectrum is shown in Appendix A, Figure A.8. The 1H NMR of 5,15-bis(4-

carbomethoxyphenyl)porphyrin is shown in Appendix B, Figure B.7. 1H NMR (300 

MHz, CDCl3, δ):10.37 (s, 2H), 9.44 (d, J = 4.5 Hz, 4H), 9.05 (d, J = 4.8 Hz, 4H), 8.51 (d, 

J = 8.34 Hz, 4H), 8.37 (d, J = 8.31 Hz, 4H), 4.14 (s, 6H).  
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                   Figure 4.3 Synthesis of BCM2PP. 

 
                Figure 4.4 Bromination and Metallation of BCM2PP. 
 

Synthesis of BrBCM2PP and Br2BCM2PP  

Bromination of 5,15-bis(4-carbomethoxyphenyl)porphyrin was performed to 
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prime it for coupling to TTz, as illustrated in Figure 4.4. Bromination was accomplished 

by dissolving 5,15-bis(4-carbomethoxyphenyl)porphyrin (46.4 mg, 8.02 x10-5 moles) in 

chloroform (5.3 mL) and pyridine (42 µL, 5.2 x10-4 moles) with mixing and cooling the 

solution to 0º C on ice. N-bromosuccinamide (28.5 mg, 1.60 x10-4 moles), chloroform 

(2.2 mL) and pyridine (23 µL, 2.8 x10-4 moles) were combined in a separate small beaker 

and dropwise added to the porphyrin solution, at 0º C. The reaction was monitored by 

TLC in chloroform. The reaction was quenched with acetone (350 µL), and the solvent 

was roto-evaporated off. The product was purified using Prep TLC in chloroform. The 

yields for 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphyrin and 5-monobromo-

10,20-bis(4-carbomethoxyphenyl)porphyrin were 31% (18.0 mg) and 14% (7.2 mg) 

respectively, by weight. Bromination was repeated and additional chloroform (~14.25x’s 

as much) was added to help solubilize the porphyrin; the yield was ~34% (57.1 mg) by 

weight for the dibrominated product. The Rf value in chloroform was 0.32 for 5,15-bis(4-

carbomethoxyphenyl)porphyrin, 0.75 for the mono-brominated product and 0.84 for the 

di-brominated porphyrin. The MALDI-TOF spectrum shows a peak at an m/z of 736.81 

for 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphyrin, as seen in Appendix A, 

Figure A.9. It’s calculated m/z is 736.01. The peak for 5-monobromo-10,20-bis(4-

carbomethoxyphenyl)porphyrin appeared at an m/z of 656.97 on the MALDI-TOF 

spectrum, A.10 in the Appendix A. It’s calculated m/z is 656.11. The 1H NMR of 5,15-

dibromo-10,20-bis-(4-carbomethoxyphenyl)porphyrin is in Appendix B, Figure B.9. (300 

MHz, CDCl3, δ): 9.64 (d, J = 4.83 Hz, 4H), 8.79 (d, J = 4.50 Hz, 4H), 8.47 (d, J=8.67 Hz, 

4H), 8.25 (d, J = 8.34 Hz, 4H), 4.14 (s, 6H).   

The 1H NMR of 5-bromo-10,20-bis-(4-carbomethoxyphenyl)porphyrin is in Appendix B, 
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Figure B.8. 1H NMR (300 MHz, CDCl3, δ): 10.19 (s, 1H), 9.76 (d, J = 4.8 Hz, 2H), 9.30 

(d, J = 4.8 Hz, 4H), 8.92 - 8.89 (m, 4H), 8.47 (d, J = 8.34 Hz, 4H), 8.29 (d, J= 8.34 Hz, 

4H), 4.13 (s, 6H).   

Synthesis of ZnBr2BCM2PP 

Metalation was achieved, according to Figure 4.4, by dissolving 5,15-dibromo-10,20-

bis(4-carbomethoxyphenyl)porphyrin (23.1 mg, 3.14 x10-5 moles) in 15.0 mL of 

chloroform and dissolving zinc acetate (69.0 mg, 3.14 x10-4 moles) in a small amount of 

methanol (2.0 mL). The two solutions were combined and refluxed overnight. The next 

day the reaction was quenched with 10 mL DI H2O and extracted with 50 mL of DI H2O, 

four times. The organic layer was isolated and dried over Na2SO4 (13 g) for ~ 45 min. 

The solution was then filtered, roto-evaporated and the solids oven dried.  The theoretical 

yield was calculated to be ~25 mg. However, the actual weight significantly exceeded 

this amount, at approximately 60.0 mg. The extra weight indicated that some acetate 

remained in the mixture. After flushing the porphyrin through a silica plug in chloroform, 

the porphyrin was dried, re-suspended in hexane, sonicated and filtered. The crystals on 

the filter were rinsed with a copious amount of hexane, and the filter was allowed to dry. 

The crystals were then washed off the filter into a clean round bottom flask with 

chloroform, and the solvent was roto-evaporated off. The yield was 52% (13.0 mg) by 

weight. Metalation was repeated without refluxing and the yield increased to 86% (53.6 

mg/61.9 mg x100) by weight. The Rf value in chloroform was 0.22. The peak for 5,15-

dibromo-10,20-bis(4-carbomethoxyphenyl)porphyrinato zinc appeared at m/z of 797.78 

on the MALDI-TOF spectrum, seen in Appendix A Figure A.11. It’s calculated m/z is at 

797.93. The 1H NMR of 5,15-dibromo-10,20-bis-(4-carbomethoxyphenyl)porphyrinato 
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zinc is in Appendix B, Figure B.11. 1H NMR of 5,15-dibromo-10,20-bis-(4-

carbomethoxyphenyl)porphyrinato zinc (300 MHz, CDCl3, δ): 9.75 (d, J = 4.77 Hz, 4H), 

8.88 (d, J = 4.41 Hz, 4H), 8.44 (d, J = 6.0 Hz, 4H), 8.24 (d, J = 6.0 Hz, 4H), 4.13 (s, 6H). 

   
Synthesis of ZnBrBCM2PP 

5-monobromo-10,20-bis(4-carbomethoxyphenyl)porphyrinato zinc was prepared by 

dissolving 5-monobromo-10,20-bis(4-carbomethoxyphenyl)porphyrin (14.6 mg, 2.23 

x10-5 moles) in 30 mL of chloroform in a round bottom flask. Zinc acetate (48.9 mg, 2.23 

x10-4 moles) was dissolved in 1.3 mL of methanol, and the two solutions were combined 

and refluxed overnight. The next day the reaction was quenched with 10 mL of DI H2O 

and extracted three times with approximately 50 mL of DI H2O. The organic layer was 

isolated, dried over Na2SO4 (11.85 g) for ~45 min and filtered. The mass of the product 

was over 100% yield. Therefore, the porphyrin was dissolved in chloroform and rinsed 

through a silica plug with copious amounts of chloroform, and chloroform with 10% 

DCM. The purple eluent was roto-evaporated, and the solids were oven dried. The solids 

were then re-suspended in hexanes, sonicated and filtered. The purple crystals on the 

filter were rinsed with a copious amount of hexanes, and the filter was allowed to dry. 

The crystals were washed off the filter into a clean round bottom flask with chloroform, 

and the solvent was roto-evaporated off. The percent yield was 73% (11.7 mg/16.0 mg 

x100) and the Rf factor in chloroform was found to be 0.60. The MALDI-TOF spectrum 

is in Appendix A, Figure A.12. The m/z peak appears at 718.14 and the calculated m/z is 

718.02. The 1H NMR of 5-bromo-10,20-bis(4-carbomethoxyphenyl)porphyrinato zinc is 

shown in Figure B.12 in Appendix B, and the corresponding data is: (300 MHz, CDCl3, 
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δ): 10.24 (s, 1H), 9.82 (d, J = 4.77 Hz, 2H), 9.38 (d, J = 4.38 Hz, 2H), 8.99-8.96 (, m, 

4H), 8.45 (d, J = 8.07 Hz, 4H), 8.29 (d, J= 8.07 Hz, 4H), 4.12 (s, 6H).   

Synthesis of ZnBCM2PP 

5,15-bis(4-carbomethoxyphenyl)porphyrinato zinc was prepared by dissolving 

5,15-bis(4-carbomethoxyphenyl)porphyrin (9.8 mg, 1.7 x10-5 moles) in 20.0 mL of 

chloroform in a round bottom flask. Zinc acetate (37.1 mg, 1.69 x10-4 moles) was 

dissolved in 1.0 mL of methanol, and the two solutions were combined and mixed at 

room temperature overnight. The next day the reaction was quenched with 10.0 mL of DI 

H2O and extracted three times with approximately 50 mL of DI H2O. The organic layer 

was isolated, dried over Na2SO4 (20 g) for ~45 min and filtered. The reaction had an 88% 

yield by weight, with 9.5 mg of product formed. The MALDI-TOF spectrum, Figure 

A.19 in Appendix A, shows a single peak at 638.77 m/z. It’s calculated m/z is 640.77. 

The 1H NMR of 5,15-bis-(4-carbomethoxyphenyl)porphyrinato Zn is shown in Appendix 

B, Figure B.10. The corresponding data is: (300 MHz, CDCl3, δ): 10.30 (s, 2H), 9.41 (d, J 

= 4.77 Hz, 4H), 9.03 (d, J = 4.41 Hz, 4H), 8.42 (d, J = 8.43 Hz, 4H), 8.28 (d, J = 8.43 Hz, 

4H), 4.07 (s, 6H).  
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               Figure 4.5 Synthesis of 5,15-bis(2,6-dioctoxyphenyl)porphyrin.  
 
 

Synthesis of BDO2PP 

The reaction for the synthesis of 5,15-bis(2,6-dioctoxyphenyl)porphyrin is shown 

in Figure 4.5. 5,15-bis(2,6-dioctoxyphenyl)porphyrin was prepared by dissolving 

dipyrromethane (152.4 mg, 1.042 x10-3 moles) and 2,6-dioctoxybenzaldehyde (377.8 mg, 

1.042 x10-3 moles) in DCM (175 mL)  in a 500 mL round bottom flask. The round 

bottom flask was attached to a manifold and purged with N2 gas for 10 min. The flask 

was sealed, and trifluoroacetic acid (60 µL, 8x10-4 moles ) was added dropwise with 

mixing. The solution was allowed to mix for 3.5 h. The reaction flask was then opened to 

the atmosphere and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (353.3 mg, 

1.560x10-3 moles) was added all at once. The solution mixed another 45 min. The 

reaction was neutralized with triethylamine (1.4 mL, 1.0 x10-2 moles) and mixed for an 

additional 5 min. The reaction was poured over a silica plug to remove the oxidant, and 
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the filtrate was collected in a round bottom flask. The solvent was roto-evaporated off.  

The compound was purified by silica column chromatography using a 5:1 ratio of 

hexanes:DCM. The ratio was slowly reduced to 2:1 until all the porphyrin eluted from the 

column. The yield was 38.4% by weight (196.8 mg), and the Rf value was 0.77 in 1:1 

hexanes: DCM.  Figure A.13 in Appendix A is The MALDI-TOF spectrum and shows a 

peak at 973.57 m/z. The calculated m/z is 974.66. The 1H NMR of 5,15-bis(2,6-

dioctoxyphenyl)porphyrin is Figure B.13 in Appendix B. (300 MHz, CDCl3, δ): 10.06 (s, 

2H), 9.18 (d, J = 4.41 Hz, 4H), 8.89 (d, J = 4.77 Hz, 4H), 7.63(t, J = 8.43 Hz, 2H), 6.94 

(d, J = 8.43 Hz, 4H), 3.76 (t, J= 6.4 Hz, 8H), 0.87 - 0.46 (m, 60H).   

 
     Figure 4.6 Bromination and Metalation of BDO2PP. 
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Synthesis of BrBDO2PP and Br2BDO2PP  

To prime the porphyrin for Sonogashira Coupling, 5,15-bis(2,6-dioctoxyphenyl) 

porphyrin was brominated as shown in Figure 4.6. 5,15-bis(2,6-dioctoxyphenyl) 

porphyrin (190.0 mg, 1.950 x10-4 moles) was brominated by dissolving it in chloroform 

(12.0 mL) and pyridine (104 µL, 1.29 x10-3 moles). The solution was cooled to 4 °C with 

mixing.  In another small beaker, N-bromosuccinimide (NBS) (69.4 mg, 3.90 x10-4 

moles) was dissolved in chloroform (4 mL) and a small quantity of pyridine (56 µL, 7.0 

x10-4 moles). The NBS mixture was added dropwise to the porphyrin solution at 4 °C, 

with mixing. The reaction proceeded for 50 min while monitoring the reaction by TLC. 

The reaction was quenched with acetone (500 µL), and the solvent was removed with 

roto-evaporation. The products 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin 

and 5-monobromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin were purified on a silica gel 

column with a 6:1 ratio of hexanes:DCM. The percent yield was 92% by weight (203.7 

mg) for di-brominated product and 2.26% by weight (5.0 mg) for the mono-brominated 

product. A TLC in a 2:3 ratio of DCM: hexanes showed Rf factors of 0.53 for the di-

brominated product, 0.39 for the mono-brominated product and 0.25 for 5,15-bis(2,6-

dioctoxyphenyl)porphyrin. The MALDI-TOF spectra shows a peak at 1131.70 for 5,15-

dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin and it has a calculated mass of 

1132.48. The MALDI-TOF spectrum for 5,15-dibromo-10,20-bis(2,6-

dioctoxyphenyl)porphyrin is shown as Figure A.14 in Appendix A. The MALDI-TOF 

shows a peak at 1053.33 for 5-monobromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin and 

it’s calculated m/z is 1052.58. The MALDI-TOF spectrum for 5-monobromo-10,20-

bis(2,6-dioctoxyphenyl)porphyrin is shown as Figure A.15 in Appendix A. The 1H NMR 
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of 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin is shown in Appendix B, 

Figure B.16. 1H NMR of 5,15-dibromo-10,20-(2,6-dioctoxyphenyl)porphyrin (300 MHz, 

CDCl3, δ): 9.50 (d, J=6.0 Hz, 4H), 8.79 (d, J= 3.0 Hz, 4H), 7.69 (tt, 2H), 6.98 (d, J = 6 Hz, 

4H), 3.83(t, J = 6.0 Hz, 8H), 0.95 – 0.06 (m, 60H). The mono-brominated product was 

given to another lab member to pursue. 

 

Synthesis of ZnBr2BDO2PP 

5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrinato zinc was prepared by 

dissolving 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin (203.9 mg, 1.800 x10-4 

moles) in 20.5 mL of DCM in a 100 mL round bottom flask. Zinc acetate (395.0 mg, 

1.790x10-3 moles) was dissolved in 11.0 mL of methanol, and the two solutions were 

combined and refluxed overnight. The next day the reaction was quenched with 5.8 mL 

of DI H2O and extracted three times with approximately 50 mL of DI H2O. The organic 

layer was isolated, dried over Na2SO4 (9.0 g) for ~45 min and filtered. The percent yield 

by weight was 97.5% (208.0 mg). The MALDI-TOF shows a peak at an m/z for 1193.15, 

It’s calculated m/z is 1194.40. The 1H NMR of 5,15-dibromo-10,20-bis(2,6-

dioctoxyphenyl)porphyrinato zinc is shown in Appendix B, Figure B.14. (300 MHz, 

CDCl3, δ): 9.63 (d, J = 4.74 Hz, 4H), 8.89 (d, J = 4.77 Hz, 4H), 7.70 (t, J = 8.43 Hz, 2H), 

6.99 (d, J = 8.43 Hz, 4H), 3.84 (tt, 8H), 0.53 - 0.00 (m, 64H).   
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   Figure 4.7 Sonogashira Cross-Coupling to Generate DA & DAD Molecules.  

 

Synthesis of OctAsymTTz DAD  

Sonogashira cross-coupling was performed to couple deprotected 

OctoxyAsymTTz to 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphinato zinc as 

shown in Figure 4.7. First 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphinato 

zinc (4.6 mg, 5.7 x10-6 moles), 2-(4-ethynylphenyl)-7-(4-octoxyphenyl)thiazolo[5,4-

d]thiazole (deprotected OctoxyAsymTTZ) (5.1 mg, 1.1 x10-5 moles), CuI (0.27 mg, 1.4 

x10-6 moles), TEA (162 µL) and THF (2 mL) were added to a 50 mL schlenk-line flask 

and the mixture was flushed with N2 gas for 5 min. The mixture was then degassed by the 

pump-freeze-thaw method for six cycles and brought into the glovebox. 

Tetrakis(triphenylphosphine) palladium (Pd(PPh3)4) (1.3 mg, 1.1x10-6 moles) was added 

to the porphyrin/TEA/CuI mixture. The mixture was heated to ~50 °C and continued to 
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mix overnight. The next day the reaction was removed from the glovebox and was 

resuspended in chloroform to form a green solution. The reaction was filtered via gravity 

filtration to remove any solids, and a brownish-blackish residue remained on the filter 

paper. The filter paper was rinsed with chloroform until the filtrate turned clear.  Then the 

filter was rinsed with THF and a yellow/green solution eluted from the filter paper. The 

solvent was roto-evaporated off, and the solids were oven dried. 0.0007 g of solids were 

obtained to give a 5% yield. The solids were identified by the MALDI-TOF spectrum 

shown in Figure A.16 in the Appendix A, with a peak at an m/z of 1525.24. The 

calculated m/z of OctoxyAsymTTZ DAD is 1530.39. A reasonable 1H NMR has not been 

obtained because the compound is not soluble in chloroform, DCM or THF. An 1H NMR 

will be taken in DMSO in the near future. 

Synthesis of OctAsymTTz DA  

OctoxyoAsymTTz DA was purified from a reaction mixture used to synthesize 

the OctoxyAsymTTz DAD. Sonogashira coupling was performed as shown in Figure 4.7, 

by adding 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphinato zinc (7.4 mg, 9.2  

x10-6 moles), 2-(4-ethynylphenyl)-7-(4-octoxyphenyl)thiazolo[5,4-d]thiazole 

(deprotected OctoxyAsymTTZ) (9.0 mg, 2.0 x10-5 moles), CuI (0.43 mg, 2.3 x10-6 

moles), TEA (260 µL) and THF (3.3 mL) to a 50 mL schlenk-line flask. The mixture was 

flushed with N2 gas for 5 min. and then pump-freeze-thawed for six cycles. The flask was 

brought into the glovebox, and tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) (2.1 

mg, 1.8 x10-6 moles) was added to a vial containing the porphyrin mixture. A stir bar was 

placed into the vial, and the mixture was heated to ~50 °C for 2.5 h. The reaction was 

terminated by removing it from the glove box and roto-evaporating all the solvents off. 
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The next day the reaction was re-suspended in hexanes, and the solids were filtered off. 

The solids were washed with hexanes until the filtrate went colorless. Then the solids 

were rinsed with chloroform until no color eluted from the filter. The filter dried, and the 

solids were eluted off by storing the filter in chloroform overnight. The OctoxyAsymTTz 

DA was purified using Prep-TLC with a mobile phase of 5:1 chloroform: hexanes. The 

DA appeared as a thick green band (approximately band number 5/6) on Prep-TLC. The 

bands were re-purified using Prep-TLC because of multiple peaks on the MALDI-TOF 

spectrum. OctoxyAsymTTz DA appeared as the second green band on the second Prep-

TLC purification. The MALDI-TOF spectrum, Figure A.17 in Appendix A, shows a peak 

at 1083.37 m/z, and the calculated m/z is 1084.24. The sample was mishandled and was 

lost. A reasonable 1H NMR was not obtained because the compound wasn’t soluble 

enough in chloroform or DCM. In the future, THF will be used as the solvent.  

Synthesis of ButoxyAsymTTz DA  

Sonogashira cross-coupling of deprotected ButoxyAsymTTz to 5-monobromo-10,20-

bis(4-carbomethoxyphenyl)porphyrinato zinc was performed by combining 5-

monobromo-10,20-bis(4-carbomethoxyphenyl)porphyrinato zinc (11.7 mg, 1.63 x10-5 

moles), deprotected ButoxyAsymTTz (7.0 mg, 1.8 x10-5 moles), TEA (236 µL), and THF 

(1.2 mL) in a schlenk-line flask. The flask was flushed with N2 gas for 5 min and then 

pump-freeze-thawed for six cycles. The flask was sealed and brought into a nitrogen 

filled glovebox. The mixture was transferred to a vial with a stir bar.  

Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) (1.8 mg, 1.5 x10-6 moles) and CuI 

(degassed in 1 mL of THF) (0.36 mg, 1.9 x10-6 moles) were added to a vial, and the 

reaction was mixed at 50 °C for 4.5 h. The reaction was re-suspended in chloroform and 
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filtered. A black precipitate remained on the filter. The black precipitate was washed with 

chloroform and then DCM. The black precipitate was eluted off the filter with THF into a 

round bottom flask, and the solvent was roto-evaporated off. 4.6 mg was collected to give 

a 6% yield by weight. A single peak on the MALDI-TOF appeared at 1027.56, see 

appendix A.18, and the calculated m/z is 1028.18.  The 1H NMR of ButoxyAsymTTz DA 

can be seen in Figure B.15 in Appendix B. 1H NMR: (300 MHz, THF-d8, δ): 10.23 (s, 

1H), 9.90 (d, J= 3.0 Hz, 2H), 9.36 (d, J=6.0 Hz, 2H), 8.97 (d, J = 6.0 Hz, 2H), 8.90 (d, J= 

3.0 Hz, 2H), 8.47 (d, J = 6.0 Hz, 4H), 8.35 (d, J = 6.0 Hz, 4H), 8.28 (d, J = 9.0 Hz, 2H), 

8.20 (d, J = 6.0 Hz, 2H), 8.01 (d, J = 9.0 Hz, 2H), 7.05 (d, J = 9.0 Hz, 2H), 4.07 (m, 8H), 

1.03 (t, 3H).  

 

4.2.3 Crystal Structures 

 Crystals of 5,15-bis(4-carbomethoxyphenyl)porphyrin (BCM2PP) were obtained 

in chloroform, and the crystal structure was calculated as shown in Figure 4.8. Crystals 

 
 
 

 
Figure 4.8 Xray Structure and Packing Diagram of 5,15-bis(4-
carbomethoxyphenyl)porphyrin. 
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Figure 4.9 Xray Structure of 5,15-bis(2,6-dioctoxyphenyl)porphyrin. 
 
                                  
 

of 5,15-bis(2,6-dioctoxyphenyl)porphyrin were also obtained in a solution of 5:1 

hexanes:DCM. It’s calculated crystal structure is shown in Figure 4.9.  

 

4.2.4 Absorption and Emission Spectra 

The absorption and emission spectra of the 5,15-bis(4-carbomethoxyphenyl) 

porphyrinato zinc and OctoxyAsymTTz DA were determined on aerated, 2.0 x10-7 M to 

2.0 x10-5 M solutions, in chloroform. The absorption and emission of ButoxyAsymTTz 

DA and OctoxyAsymTTz DAD were determined in aerated, 2.0x10-7 M to 2.0x10-5 M 

solutions, in THF. The normalized spectra of all four compounds are overlaid in Figure 

4.10. The Soret band of 5,15-bis(4-carbomethoxyphenyl)porphyrinato zinc ranges from 

380 nm to 445 nm with its peak at 413 nm. It has two small Q bands; a weak α band at 

570 nm and a strong β band at 541 nm, indicating that the metal could be unstable and 

easily displaced by protonation.  The extinction coefficient in chloroform was calculated 

as ε = 525,000 Lmol-1cm-1 at 410 nm and 21,000 Lmol-1cm-1 at 542 nm. Both 
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OctoxyAsymTTz DA and ButoxyAsymTTz DA have their Soret band broadened and 

shifted to 451 nm. The Soret bands of both DA molecules have a shoulder to the left of 

the Soret band with the OctoxyAsymTTz-DA shoulder slightly larger at 340 nm. This 

blue shift indicates a higher energy excited state in the absorption region of the TTz due 

to coupling to the porphyrin. The Q bands for the DA configurations are both red shifted. 

The α band is shifted to 619 for ButoxyAsymTTz DA and 621 nm for OctoxyAsymTTz.  

Both β bands are red shifted to ~570 nm in the DA molecules. The intensity of the α band 

is stronger than the β band, in the donor-acceptor configurations. This indicates that the 

zinc forms a stable square planar complex in these structures. The molar absorptivity was 

calculated as 42,000  Lmol-1cm-1 at 450 nm for OctoxyAsymTTz DA in chloroform. 

However, we found these compounds to be much more soluble in THF. The molar 

absorptivity for ButoxyAsymTTz DA in THF is 139,000 Lmol-1cm-1 at 450 nm, 9,000 

Lmol-1cm-1 at 570 nm and 21,000 Lmol-1cm-1 at 620 nm. The OctoxyAsymTTz DAD has 

its Soret band shifted to 468 nm, and it has a broad shoulder at 381 nm. The shoulder at 

381 nm could be a result of uncoupling between the porphyrin and TTz due to the 

molecule twisting, or it could indicate a slight contamination with TTz. OctoxyAsymTTz 

DAD’s Q band is shifted to 668 nm and it is difficult to distinguish the α and β Q band 

components. This may be an indication of charge transfer. The calculated molar 

absorptivities for OctoxyAsymTTz DAD in THF is 79,000 Lmol-1cm-1 at 468 nm and 

16,000 Lmol-1cm-1 at 668 nm. The spectrum of each derivative has been evaluated with 

respect to the absorbance of 5,15-bis(4-carbomethoxyphenyl)porphyrinato zinc in Figure 

4.10 or with respect to the asymmetric thiazolo[5,4-d]thiazole’s absorbance in Figure 

4.11.  
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Figure 4.10 Absorption of ZnBCM2PP (Black),                 
OctoxyAsymTTz DA (Blue), ButoxyAsymTTz DA (Red)                     
and OctoxyAsymTTz DAD (Green).  

 

 
Figure 4.11 Absorption Spectra of OctoxyAsymTTz (Black),   
ButoxyAsymTTz (Black), OctoxyAsymTTz DA (Blue), 
ButoxyAsymTTz DA (Red) and OctoxyAsymTTz DAD (Green). 
 

 
 
The normalized steady-state emission spectra of all four compounds are displayed 

in Figure 4.12. When excited in the Soret band ZnBCM2PP emits from 542 nm to 680 nm 
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with a major peak at 588 nm and a minor peak at 634 nm. OctoxyAsymTTz DA and 

ButoxyAsymTTz DA both emit at 627 when excited in the Soret band, with a small 

shoulder towards 675 nm. OctoxyAsymTTz DAD emits from 640 nm to 720 nm with its 

peak emission occurring at 676 nm, when excited in the Soret band.  

 
Figure 4.12 Emission of ZnBCM2PP (Black), OctoxyAsymTTz DA (Blue),            
ButoxyAsymTTz DA (Red) and OctoxyAsymTTz DAD (Green).  

 
Altogether, there is a red shift in the absorption and emission profiles as the 

molecule is enlarged from a single porphyrin to a much larger, three-part donor-acceptor-

donor molecule. The increase in the wavelength of absorption and emission is due to the 

extended pi bond delocalization across the molecule, which decreases the band gap of the 

molecule. The residual absorption in the region before 420 nm in the absorption spectrum 

of OctoxyAsymtTTz DAD could indicate some uncoupling between the TTz and 
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porphyrin during light excitation or the possibility that there is slight TTz contamination. 

The same can be said for the absorption spectrum for OctoxyAsymTTz DA, except the 

peak in the region before 420 nm is shifted from 381 to 340 nm, which signifies more of 

an uncoupling effect. Although increasing the π bond conjugation across the molecule red 

shifts the absorption, the molar absorptivity in the Soret band has dropped from 525,000 

Lmol-1cm-1 to 139,000 Lmol-1cm-1 for the DA configuration. The extinction coefficient 

for the Q bands remained relatively consistent to ZnBCM2PP. 

4.2.5 Lifetimes and Fluorescence Quantum Yields 

The comparative method (Eq. 2.2) was used to calculate the fluorescence 

quantum yield of the four compounds. ZnBCM2PP and OctoxyAsymTTz DA have 

fluorescence quantum yields of 0.23 and 0.01 in chloroform. ButoxyAsymTTz DA and 

OctoxyAsymTTz DAD have fluorescence quantum yields of 0.01 and 0.02 in THF. 

These results indicate that the fluorescence quantum yields decrease as the 

AlkoxyAsymTTz or ZnBCM2PP are conjugated into larger DA or DAD configurations. 

The fluorescence lifetimes were measured on ~20 x10-6 M, aerated solutions of each 

compound. ButoxyAsymTTz DA has the longest lifetime of 2.3 ns in THF. This is 

followed by ZnBCM2PP and OctoxyAsymTTz DA with lifetimes of 2.1 ns and 1.9 ns 

respectively in chloroform. OctoxyAsymTTz DAD has the shortest lifetime of 1.4 ns in 

THF. Table 4.1 lists the photophysical parameters measured for the four compounds, and 

Figure 4.13 shows a graph of the fluorescence decay profiles.  
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    Table 4.1Photophysical Properties of ZnBCM2PP, DA, and DAD (in CHCl3 or THF) 
Molecule el FF ôtF (ps) 𝑘> =

ΦY
ZY
,	s-1 Φ∆ 

ZnBCM2PP e410 = 525,000 0.23 2100  1.1 x108 0.71 
ButoxyAsymTTz

DA 
e450 = 139,000 0.01 2320  4.3 x106 0.70 

OctoxyAsymTTz
DA 

e450= 42,000 0.01 1900 5.3 x106 TBD 

OctoxyAsymTTz
DAD 

e468 = 79,000 0.02 1387 1.4 x107 0.48 

 

 
Figure 4.13 Fluorescence Decay of ZnBCM2PP (Black), ButoxyAsymTTz DA 
(Red), OctoxyAsymTTz DA (Blue) and OctoxyAsymTTz DAD (Green). 
 
 

 
These results reveal that the fluorescence lifetimes of the DA molecules are 

similar to the lifetime of the acceptor ZnBCM2PP molecule, but not as many of the DA 

excited singlet states fluoresce. The energy of the excited singlet state could be lost to 

vibrational quenching or through intersystem crossing. The same applies to the DAD, 
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except the fluorescence lifetime also decreases, implying that the excited singlet state 

could be more destabilized compared to ZnBCM2PP. However, it may be possible that 

the lower fluorescence lifetime is a consequence of its poor solubility.  

4.2.5 Singlet Oxygen Quantum Yields 
The singlet oxygen quantum yields were calculated using the comparative 

method, given as Eq. 2.12. The singlet oxygen emission for each sample was performed 

in triplicate, and each solution was oxygenated for ~30 s before being measured. The 

optical density at the excitation wavelength for each sample was kept at ~0.3 and TPP, 

with a quantum yield of 0.62 in THF, was used as the standard.107 Figure 4.14 displays 

two graphs showing the average singlet oxygen emission from ZnBCM2PP, 

ButoxyAsymTTz DA, OctoxyAsymTTz DAD, and TPP. 

 
Figure 4.14 Averaged Singlet Oxygen Emission for ButoxyAsymTTz DA (Red on         
Left), ZnBCM2PP (Black) and OctoxyAsymTTz DAD (Green on Right) and TPP. 

 
 
 
The singlet oxygen quantum yields were determined as: 0.71 ± .02 for ZnBCM2PP, 0.70 

± 0.03 for ButoxyAsymTTz DA, and 0.48 ± 0.03 for OctoxyAsymTTz DAD. Therefore, 
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the ButoxyAsymTTz DA generates an amount of singlet oxygen comparable to the 

acceptor molecule. However, the OctoxyAsymTTz DAD demonstrates a 29% decrease in 

the singlet oxygen quantum yield compared to the acceptor molecule ZnBCM2PP. 

4.3 Materials and Methods 

4.3.1 Absorption, Emission, and Fluorescence Quantum Yields 

The absorption, emission, and fluorescence quantum yield measurements were 

acquired in 1 cm2 quartz cuvettes on aerated solutions with concentrations ranging 

between ~1x10-7 M to 4x10-5 M. Absorption was detected using a Varian Cary 300 

spectrometer. Steady state emission and excitation were measured on either a Shimadzu 

RF5301 PC fluorimeter or a Jobin Yvon Fluorolog3. The fluorescence quantum yields 

were calculated on a Shimadzu RF5301 with excitation/emission slit widths of 1.5 nm. 

The excitation wavelength for ZnBCM2PP was 410 nm, and TPP with a ΦF = 0.62 in 

DMF was used as the standard.108 Orange perylene with a ΦF = 0.99 in chloroform was 

used as the standard for OctoxyAsymTTz DA and ButoxyAsymTTz DA.100 The 

excitation wavelength for both was 450 nm. OctoxyAsymTTz DAD used an excitation 

wavelength of 345 and anthracene with a ΦF = 0.27 in ethanol was used as the 

standard.100 Emission was integrated with “Origin” software.  

4.3.2 Fluorescence Lifetime Measurements 

Time-correlated single photon counting was measured on aerated, ~ 2.0 x10-5 M 

solutions using a Fluorolog 3 equipped with a 390 nm photodiode laser. The fluorescence 

lifetimes for ZnBCM2PP and OctoxyAsymTTz DA were measured in chloroform. The 

fluorescence lifetimes for ButoxyAsymTTz DA and OctoxyAsymTTz DAD were 
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measured in THF. The fluorescence lifetimes of ZnBCM2PP and OctoxyAsymTTz DA 

were obtained with a 50 ns TAC, 1 MHz rep rate, 0 ns coaxial delay, 25 ns sync delay 

and a peak preset of 10,000 counts. The emission was detected at 590 nm for ZnBCM2PP 

and 627 nm for OctoxyAsymTTz DA. The parameter setting for ButoxyAsymTTz DA 

and OctoxyAsymTTz DAD were 50 ns TAC, 1 MHz rep rate, 20 ns coaxial delay, 50 ns 

sync delay and a peak preset of 10,000 counts. Emission was detected at 627 nm for 

ButoxyAsymTTz DA and at 676 nm for OctoxyAsymTTz DAD. All samples used a 

prompt collected at 375 nm.  IGOR Pro software was used for data analysis.  

4.3.3 Singlet Oxygen Quantum Yields 

Singlet oxygen emission was measured on a Jobin Yvon Fluorolog3 with a NIR 

Ga/As detector cooled with liquid nitrogen. An 850 nm long pass filter was used to block 

the detection of excitation light doubling or singlet emission doubling. The optical 

density for all the samples was kept at ~ 0.3 at the excitation wavelength, and oxygen was 

bubbled into each sample for ~30 s prior to excitation. The excitation and emission slit 

widths were set at 14 nm, and the resulting spectrum is an average of 10 scans with an 

integration time of 2 s. The spectra were corrected for dark counts and excitation light 

fluctuations. TPP was used as the standard with a ΦΔ = 0.62 in THF.107 An excitation 

wavelength of 432 nm was used to excite ZnBCM2PP and OctoxyAsymTTz DAD. 

ButoxyAsymTTz DA used an excitation wavelength of 557 nm. A singlet oxygen 

quantum yield of 0.53 ± 0.07 was also calculated for ZnBCM2PP in chloroform using 

anthracene as a standard with a ΦΔ = 0.32 in chloroform.97 
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4.4 Conclusion 
Preliminary data (MALDI-TOF, absorption and emission spectra), indicates that 

the ButoxyAsymTTz DA, OctoxyAsymTTz DA and OctoxyAsymTTz DAD donor-

acceptor molecules have been successfully synthesized. The onset of absorption has 

shifted ~50 to 100 nm for the DA and DAD molecules compared to the acceptor 

ZnBCM2PP molecule. The Soret band of the DAD is shifted 55 nm, and the Q band is 

shifted 98 nm from the acceptor molecule, ZnBCM2PP. The shift in both the Soret and Q 

band regions signify that there is strong electronic coupling between the donor and 

acceptor portions of the molecule due to π bond delocalization.102 The molar absorptivity 

of the Soret band for the DA and DAD configurations decreased significantly with the 

size of the molecule. The Soret band’s molar absorptivity for ButoxyAsymTTz DA 

dropped by ~74 %, and by ~85% for the OctoxyAsymTTz DAD compared to 

ZnBCM2PP. The relative intensity of the α and β bands in the Q band region is reversed 

for the DA and DAD molecules compared to ZnBCM2PP. However, the Q band’s molar 

absorptivities stayed relatively consistent to the acceptor molecule. The fluorescence 

quantum yield dropped by 96% for the DA molecules and 91% for the DAD molecule. 

However, their lifetimes of fluorescence are consistent to the fluorescence lifetime seen 

for ZnBCM2PP.  ButoxyAsymTTz DA has a similar singlet oxygen quantum yield to 

ZnBCM2PP, but the singlet oxygen yield of OctoxyAsymTTz DAD dropped by 32% 

from the acceptor molecule. A small singlet oxygen quantum yield for the DAD molecule 

could be a result of its poor solubility. The singlet oxygen quantum yield for 

ButoxyAsymTTz DA suggests that it could be used as a triplet sensitizer for solar energy 

conversion or PDT.  
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The red shift that is seen for both the Soret and Q band in the DA and DAD 

configurations suggest that electronic coupling is occurring across the entire structure. 

However, the absence of a strong charge-transfer band indicates that the electron and hole 

do not localize on different parts of the molecule. Porphyrins are considered to be 

electron rich semiconducting chromophores and are usually selected to be the electron 

donating species. Additionally, thiazolo[5,4-d]thiazoles are electron deficient molecules 

and are often utilized as acceptors to appropriate good charge carrier capability. 

However, the TTz derivatives used in this research are characterized by high energy 

LUMO levels, which do not align properly for electron transfer from the porphyrin to the 

TTz. 
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CHAPTER 5- GENERAL CONCLUSIONS AND FUTURE WORK 

The goal of this dissertation was to synthesize porphyrin photoactive molecules 

for potential use in organic photovoltaics and in PDT. Porphyrins are excellent light 

absorbing chromophores and undergo intersystem crossing into the triplet state, which 

makes them ideal candidates for each of these applications.  

 
5.1 General Conclusions and Future Work for Chapter 2 

 
In the second chapter of this dissertation, 5,10,15,20-tetrakis(4-

carbomethoxyphenyl)porphyrin was chemically engineered with either a bromine or 

iodine to enhance the triplet state of the porphyrin sensitizer. The decrease in the 

fluorescence intensity, lifetimes and quantum yields, and increase in the triplet quantum 

yield and singlet oxygen quantum yields, demonstrated that a single halogen on the 

peripheral phenyl ring is sufficient to enhance the triplet state of a sensitizer. We also 

applied an alternate protocol for performing Bruce Weismann’s triplet-triplet annihilation 

for the determination of the triplet quantum yield. Finally, the singlet oxygen quantum 

yields were calculated using two different approaches and resulted in similar values.  

An important step in advancing this research would be to determine the triplet 

state energy of the heavy atom derivatives. Once the triplet state energy level is known, 

then it is possible to engineer solar cells with the correct HOMO-LUMO alignments for 

charge extraction and/ or for triplet-triplet fusion and up-conversion. The triplet state 
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energy may be obtained by observing phosphorescence in a degassed, liquid nitrogen 

cooled sample. Otherwise triplet energy transfer methods would be an option. Although 

theory predicts that the long lifetimes of the triplet state could improve the efficiency of 

solar cells, there is a gap in current knowledge of how to engineer organic molecular 

singlet or triplet excitons to quickly diffuse to an interface for charge separation. Thin 

films containing these heavy atom derivatives could serve as model systems to study 

basic questions such as how a triplet exciton diffuses through a film. Simulating triplet 

exciton diffusion in thin films of the heavy atom derivatives using the Monte Carlo 

exciton diffusion simulator, or another comparable computer modeling software, with 

delayed fluorescence could be an approach. Preliminary studies were conducted in which 

the heavy atom derivatives were incorporated into planar solar cells, but these studies are 

not complete. Once completed it may be informative to dope the OPV cells with 

thiazolo[5,4-d]thiazole derivatives to see if up-conversion is present. Demonstrating that 

thiazole[5,4-d]thiazole sensitizers can function as up-conversion triplet-triplet 

annihilation sensitizers could also be tested on degassed solutions of the heavy atom 

derivatives and the thiazolo[5,4-d]thiazole derivatives.  

Chapter 2 of this dissertation also demonstrated the TCM3IPP has a high singlet 

oxygen quantum yield and could be a PDT sensitizer candidate. Although TCM3IPP is 

not water soluble, its carbomethoxy groups can be easily hydrolyzed with an acid or base 

to give a carboxylate, which would increase its water solubility and improve purification. 

Otherwise the carbomethoxy groups can be easily replaced with a ligand or nanoparticle 

vesicle to improve targeting or solubility.  
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5.2 General Conclusions and Future Work for Chapter 3  

Four different TTz derivatives were synthesized and purified in Chapter 3 of this 

dissertation. All TTz derivatives demonstrated fluorescence with moderate fluorescence 

quantum yields and extremely short lifetimes. These TTz derivatives also produced 

singlet oxygen similar to anthracene, which has been reported in the literature as a triplet-

triplet annihilation upconvertor.99 The ability of this molecule to form the triplet state 

could be an important attribute with respect to its material properties, oxidative and 

thermal stability and its use in organic electronics. The obvious question is whether the 

TTz derivatives can function as triplet-triplet up-conversion sensitizers in solution, thin 

films and ultimately in solar cells. These derivatives should also be tested for 

antibacterial or antiviral activity when used as a topical PDT sensitizer.  

In order for progress to be made with the TTz derivatives, more of each 

compound must be synthesized and an alternate protocol for purification is necessary. 

Prep TLC is not efficient with respect to time or yields. A protocol using hexanes and 

silica column chromatography with gradient elution in DCM would be a good start. The 

13C NMR of these compounds still need to be obtained and electrochemistry data would 

be valuable for publication purposes. 

 

5.3 General Conclusions and Future Work for Chapter 4 
 

Three different porphyrin donor acceptor molecules were synthesized, purified 

and their photophysical properties were measured. In addition, two porphyrin crystal 

structures were obtained. The donor acceptor configurations show an onset of absorption 

that is redshifted ~50 to ~100 nm with respect to the absorption of ZnBCM2PP. This 
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redshift is due to the extended pi bond conjugation of each molecule. The fluorescence of 

the DA and DAD configurations also redshifted 40 nm to 88 nm with respect to the 

fluorescence of ZnBCM2PP. However, the fluorescence quantum yields of the DA and 

DAD configurations dropped over 90%. The fluorescence lifetimes of the DA 

configurations were consistent with ZnBCM2PP, however the fluorescence lifetime of the 

DAD configuration was slightly shorter. ButoxyAsymTTz DA and OctoxyAsymTTz 

DAD both demonstrate singlet oxygen generation with quantum yields of 0.70 and 0.48 

respectively. Therefore, the ButoxyAsymTTz DA and OctoxyAsymTTz DAD molecules 

may also function as triplet sensitizers. The data obtained for OctoxyAsymTTz DAD 

should be interpreted with caution due to the low solubility of the compound. 

 The future direction of this work should be to optimize these molecules by 

engineering the HOMO LUMO levels to accommodate intra-molecular charge transfer 

properties. Because the LUMO levels of OctoxyAsymTTz and ZnBCM2PP are aligned 

for electron transfer to the porphyrin, the system could be optimized by raising the 

HOMO of OctoxyAsymTTz to accommodate hole transfer. One possibility to raise the 

HOMO of OctoxyAsymTTz is to conjugate an electron donating substituent, such as 

triphenylamine, to the TTz core. Another opportunity to optimize the system is to 

increase the solubility of the porphyrin. This could be accomplished by attaching long 

alkyl chains onto the porphyrin. Increasing the solubility of the porphyrin will increase 

reaction yields, increase the purity of the product, and improve the photochemical 

analysis. 

Future experiments include making larger quantities of each of these molecules 

for a complete characterization of their photophysical, electrochemical and photovoltaic 
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properties. The experimental HOMO and LUMO energy levels will be obtained using 

cyclic voltammetry and the absorption, fluorescence, and fluorescence lifetimes will be 

determined for the DA and DAD configurations in thin films. They will also be 

incorporated into photovoltaic devices and their photovoltaic performance parameters 

and photoconversion efficiency will be determined. The triplet quantum yield of the 

donor acceptor molecules will be determined using Weisman’s triplet-triplet annihilation 

method and their potential for triplet-triplet up-conversion will be investigated. Other 

potential applications for these donor acceptor molecules include two photon absorption 

and demonstrating PDT activity in vitro with red light excitation. 
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APPENDIX A: MALDI-TOF 

 
  Figure A.1 MALDI-TOF Spectrum of DiTMS-TTz.  

 
The MALDI-TOF spectra of 2,7-bis(trimethylsilanylethynyl) (DiTMS-TTz) is shown in 

Figure A.1. There is a small peak at 471, which is loss of a methyl group. The mass 

analysis is: exact mass: 486.11, molecular weight: 486.80 m/z: 486.11 (100.0%), 487.11 

(28.1%), 487.11 (10.2%), 488.10 (9.0%), 488.10 (6.7%),488.11 (2.9%), 488.11 (2.7%), 

489.11 (2.5%), 489.11 (1.9%), 487.11 (1.6%), 488.11 (1.1%). 
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           Figure A.2 MALDI-TOF Spectrum of OctoxyAsymTTz. 

 
The MALDI-TOF spectrum of 2-(4-octoxyphenyl)-7-(4-trimethylsilanylethynyl-

phenyl)thiasolo[5,4-d]thiazole is shown in Figure A.2. The small peak at 405 is loss of 

C8H17 group. The mass analysis is: exact mass: 518.19, molecular weight: 518.81, m/z: 

518.19 (100.0%), 519.19 (31.4%), 520.18 (9.0%), 519.19 (5.1%), 520.19 (4.7%), 520.19 

(3.3%), 521.19 (2.8%), 519.19 (1.6%), 520.19 (1.6%), 521.19 (1.0%). 
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         Figure A.3 MALDI-TOF Spectrum of ButoxyAsymTTz. 

 
The MALDI-TOF of 2-(4-butoxyphenyl)-7-(4-trimethylsilanyl 

ethynylphenyl)thiazolo[5,4-d]thiazole is shown in Figure A.3. The mass analysis is: exact 

mass: 462.13, molecular weight: 462.70, m/z: 462.13 (100.0%), 463.13 (27.0%), 464.12 

(9.0%), 463.13 (5.1%), 464.12 (3.3%), 464.13 (2.7%), 465.12 (2.4%), 463.12 (1.6%), 

464.13 (1.4%). 
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           Figure A.4 MALDI-TOF Spectrum of DiOctoxyTTz. 

 
The MALDI-TOF spectrum of 2,7-bis(4-dioctoxyphenyl)thiazolo[5,4-d]thiazole is shown 

in Figure A.4. The mass analysis is exact mass: 550.27, molecular weight: 550.82, m/z: 

550.27 (100.0%), 551.27 (34.6%), 552.26 (9.0%), 552.28 (5.8%), 553.27 (3.1%), 551.27 

(1.6%). 
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              Figure A.5 MALDI-TOF Spectrum of DibutoxyTTz. 
 
 
 
The MALDI-TOF spectrum of 2,7-bis(4-butoxyphenyl)thiazolo[5,4-d]thiazole is shown 

in Figure A.5. The mass analysis is: exact mass: 438.14, molecular weight: 438.60, m/z: 

438.14 (100.0%), 439.15 (26.0%), 440.14 (9.0%), 440.15 (2.7%), 441.14 (2.3%), 439.14 

(1.6%). 
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           Figure A.6 MALDI-TOF Spectrum of Deprotected OctoxyAsymTTz. 
 
 
 
The MALDI-TOF spectrum of deprotected OctoxyAsymTTz is shown in Figure A.6. The 

peak at 334 is an ionized fragment as shown. Its mass analysis is: exact mass: 446.15, 

molecular weight: 446.63, m/z: 446.15 (100.0%), 447.15 (28.1%), 448.14 (9.0%), 448.16 

(2.7%), 449.15 (2.5%), 447.15 (1.6%), 448.16 (1.1%) 
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         Figure A.7 MALDI-TOF Spectrum of Deprotected ButoxyAsymTTz. 
 
 
 
The MALDI-TOF spectrum of 2-(4-butoxyphenyl)-7-(ethynylphenyl)thiazolo[5,4-

d]thiazole is shown in Figure A.7. The peaks at 243 and 334 represent ionized fragments 

as shown. The mass analysis is: exact mass: 390.09, molecular weight: 390.52, m/z: 

390.09 (100.0%), 391.09 (23.8%), 392.08 (9.0%), 392.09 (2.7%), 393.09 (2.2%), 391.09 

(1.6%). 
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       Figure A.8 MALDI-TOF Spectrum of BCM2PP. 
 
 
 
The MALDI-TOF spectrum of 5,15-bis(4-carbomethoxyphenyl)porphyrin is shown in 

Figure A.8. The mass analysis is: exact mass: 578.20, molecular weight: 578.63, m/z: 

578.20 (100.0%), 579.20 (38.9%), 580.20 (7.4%), 579.19 (1.5%).  
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       Figure A.9 MALDI-TOF Spectrum of Br2BCM2PP. 
 
 
 
The MALDI-TOF spectrum of 5,15-dibromo-10,20-(4-carbomethoxyphenyl)porphyrin is 

shown in Figure A.9. The mass analysis is: exact mass: 734.02, molecular weight: 

736.42, m/z: 736.01 (100.0%), 734.02 (51.4%), 738.01 (48.6%), 737.02 (38.9%), 735.02 

(20.0%), 739.02 (18.9%), 738.02 (4.7%), 740.02 (3.6%), 738.02 (2.6%), 736.02 (2.4%), 

737.01 (1.5%), 736.02 (1.4%).  
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        Figure A.10 MALDI-TOF Spectrum of BrBCM2PP. 
 
 
 
The MALDI-TOF spectrum of 5-bromo-10,20-(4-carbomethoxyphenyl)porphyrin is 

shown in Figure A.10. The mass analysis is: exact mass: 656.11, molecular weight: 

657.52, m/z: 656.11 (100.0%), 658.10 (97.3%), 659.11 (37.9%), 657.11 (22.7%), 657.11 

(16.2%), 660.11 (7.2%), 658.11 (4.9%), 658.11 (2.5%), 657.10 (1.5%), 659.10 (1.4%) 
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       Figure A.11 MALDI-TOF Spectrum of ZnBr2BCM2PP. 

 

 
The MALDI-TOF spectrum of 5,15-dibromo-10,20-bis(4-carbomethoxyphenyl)porphyrin 

is shown in Figure A.11. The mass analysis is: exact mass: 795.93, molecular weight: 

799.78, m/z: 797.93 (100.0%), 799.92 (57.4%), 795.93 (51.4%), 799.93 (48.6%), 798.93 

(38.9%), 801.92 (38.6%), 797.93 (29.5%), 801.92 (27.9%), 800.93 (22.3%), 799.93 

(19.8%), 800.93 (18.9%), 803.92 (18.8%), 796.93 (16.7%), 802.93 (15.0%), 802.93 

(10.9%), 798.93 (9.6%), 800.93 (8.4%), 804.92 (7.3%), 800.93 (6.4%), 799.93 (4.7%), 

798.93 (4.3%), 802.92 (4.1%), 801.93 (3.6%), 796.93 (3.3%), 801.93 (3.3%), 801.93 

(2.7%), 799.93 (2.6%), 797.94 (2.4%), 803.93 (2.1%), 798.93 (1.9%), 803.93 (1.8%), 

803.93 (1.6%), 801.93 (1.5%), 798.92 (1.5%), 799.93 (1.4%), 799.93 (1.4%), 805.93 

(1.4%), 797.94 (1.4%), 800.93 (1.3%), 803.92 (1.3%), 803.93 (1.0%). 
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           Figure A.12 MALDI-TOF Spectrum of ZnBrBCM2PP. 
 
 
 
The MALDI-TOF spectrum of 5-bromo-10,20-bis(4-carbomethoxyphenyl)porphyrinato 

zinc is shown in Figure A. 12. The mass analysis is: exact mass: 718.02, molecular 

weight: 720.89, m/z: 718.02 (100.0%), 720.02 (97.3%), 720.02 (57.4%), 722.01 (55.8%), 

719.02 (38.9%), 722.02 (38.6%), 721.02 (37.9%), 724.01 (37.5%), 723.02 (21.7%), 

725.02 (14.6%), 721.02 (13.0%), 721.02 (9.3%), 723.02 (8.8%), 721.02 (8.4%), 723.02 

(8.2%), 722.02 (7.2%), 723.02 (6.3%), 720.03 (4.9%), 724.02 (4.1%), 724.02 (3.2%), 

722.02 (2.8%), 726.02 (2.8%), 720.03 (2.5%), 722.02 (1.9%), 724.02 (1.9%), 719.02 

(1.5%), 721.01 (1.4%), 722.02 (1.4%), 722.02 (1.4%), 724.02 (1.3%), 726.01 (1.2%) 
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Figure A.13 MALDI-TOF Spectrum of BDO2PP. 

 
 
 
The MALDI-TOF spectrum of 5,15-bis(2,6-dioctoxyphenyl)porphyrin is shown in Figure 

A.13. The mass analysis is: exact mass: 974.66, molecular weight: 975.42, m/z: 974.66 

(100.0%), 975.67 (69.2%), 976.67 (23.6%), 977.67 (4.5%), 975.66 (1.5%), 976.67 

(1.0%). 
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Figure A.14 MALDI-TOF Spectrum of Br2BDO2PP. 

 
 
 
The MALDI-TOF spectrum of 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin is 

shown in Figure A.14. The mass analysis is: exact mass: 1130.49, molecular weight: 

1133.21, m/z: 1132.48 (100.0%), 1133.49 (69.2%), 1130.49 (51.4%), 1134.48 (48.6%), 

1135.49 (33.7%), 1134.49 (21.0%), 1131.49 (18.9%), 1131.49 (16.7%), 1132.49 (12.1%), 

1136.49 (11.5%), 1135.49 (5.3%), 1134.49 (2.6%), 1137.49 (2.5%), 1133.50 (1.9%), 

1133.48 (1.1%), 1134.48 (1.0%) 
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Figure A.15 MALDI-TOF Spectrum of BrBDO2PP. 
 
 
 
The MALDI-TOF spectrum of 5-bromo-10,20-bis(2,6-dioctoxyphenyl)porphyrin is 

shown in Figure A.15. The mass analysis is: exact mass: 1052.58, molecular weight: 

1054.31, m/z: 1052.58 (100.0%), 1054.57 (97.3%), 1053.58 (69.2%), 1055.58 (67.3%), 

1056.58 (22.9%), 1054.58 (18.5%), 1055.59 (5.3%), 1057.58 (5.1%), 1054.58 (5.1%), 

1053.57 (1.5%), 1055.57 (1.4%), 1054.58 (1.0%). 
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            Figure A.16 MALDI-TOF Spectrum of OctoxyASymTTz DAD. 
 
 
 
The MALDI-TOF spectrum of OctoxyAsymTTz DAD is shown in Figure A.16. The 

mass analysis is: exact mass: 1530.39, molecular weight: 1533.23, m/z: 1530.39 

(100.0%), 1531.39 (95.2%), 1532.39 (57.4%), 1533.39 (54.6%), 1532.40 (44.8%), 

1534.39 (38.6%), 1535.39 (36.7%), 1534.39 (24.5%), 1532.39 (18.1%), 1533.39 (17.2%), 

1536.39 (16.5%), 1533.40 (11.7%), 1534.38 (10.4%), 1535.39 (9.9%), 1533.39 (8.4%), 

1534.39 (8.0%), 1534.39 (7.7%), 1536.38 (7.0%), 1535.40 (6.7%), 1537.39 (6.6%), 

1537.40 (4.5%), 1536.39 (4.4%), 1535.40 (3.6%), 1531.39 (3.2%), 1534.40 (3.1%), 

1532.39 (3.0%), 1538.39 (3.0%), 1531.39 (3.0%), 1532.39 (2.8%), 1533.40 (2.2%), 

1535.40 (2.1%), 1533.39 (1.8%), 1536.40 (1.8%), 1534.39 (1.7%), 1533.38 (1.7%), 

1534.39 (1.6%), 1535.38 (1.5%), 1536.39 (1.5%), 1533.40 (1.4%), 1536.39 (1.3%), 

1533.39 (1.3%), 1535.40 (1.3%), 1535.39 (1.2%), 1532.39 (1.2%), 1534.38 (1.2%),  
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               Figure A.17 MALDI-TOF Spectrum of OctoxyAsymTTz DA. 
 
 
 
The MALDI-TOF of OctoxyAsymTTz DA is shown in Figure A.17. The mass analysis 

is: exact mass: 1084.24, molecular weight: 1086.60, m/z: 1084.24 (100.0%), 1085.25 

(67.1%), 1086.24 (57.4%), 1088.24 (38.6%), 1087.24 (38.5%), 1089.24 (25.9%), 1086.25 

(22.1%), 1088.25 (12.7%), 1086.24 (9.0%), 1090.24 (8.5%), 1087.24 (8.4%), 1087.24 

(6.1%), 1088.24 (5.7%), 1088.23 (5.2%), 1087.25 (4.0%), 1090.23 (3.5%), 1089.24 

(3.5%), 1089.25 (2.7%), 1091.24 (2.3%), 1085.24 (2.2%), 1088.24 (2.0%), 1089.25 

(1.9%), 1091.25 (1.8%), 1085.24 (1.6%), 1086.24 (1.5%), 1090.24 (1.3%), 1087.24 

(1.3%), 1090.24 (1.1%), 1086.24 (1.1%), 1086.25 (1.0%) 
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   Figure A.18 MALDI-TOF Spectrum of ButoxyAsymTTz DA. 
 
 
 
The MALDI-TOF spectrum of ButoxyAsymTTz-DA is shown in Figure A.18. The mass 

analysis is: exact mass: 1028.18, molecular weight: 1030.50 

m/z: 1028.18 (100.0%), 1029.18 (62.7%), 1030.18 (57.4%), 1032.18 (38.6%), 1031.18 

(36.0%), 1033.18 (24.2%), 1030.19 (19.3%), 1032.18 (11.1%), 1030.18 (9.0%), 1031.18 

(8.4%), 1034.18 (7.5%), 1031.18 (5.7%), 1032.18 (5.3%), 1032.17 (5.2%), 1034.17 

(3.5%), 1033.18 (3.3%), 1031.19 (3.1%), 1033.19 (2.2%), 1029.18 (2.2%), 1035.17 

(2.2%), 1032.18 (1.7%), 1033.18 (1.6%), 1029.18 (1.6%), 1035.19 (1.5%), 1030.18 

(1.4%), 1034.18 (1.3%), 1031.17 (1.3%), 1030.18 (1.0%), 1030.18 (1.0%), 1034.18 

(1.0%) 
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            Figure A.19 MALDI-TOF Spectrum of ZnBCM2PP. 
 
 
 
The MALDI-TOF spectrum of 5,15-bis(4-carbomethoxyphenyl)porphyrinato zinc is 

shown in Figure A.19. The mass analysis is: exact mass: 640.11, molecular weight: 

641.99, m/z: 640.11 (100.0%), 642.11 (57.4%), 641.11 (38.9%), 644.10 (38.6%), 643.11 

(22.3%), 645.11 (15.0%), 643.11 (8.4%), 642.12 (7.4%), 644.11 (4.2%), 644.11 (3.3%), 

646.11 (2.8%), 641.11 (1.5%), 646.11 (1.3%) 
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APPENDIX B: 1H NMR 

 
         Figure B.1 1H NMR of DiTMS-TTz. 

 

 

 

1H NMR for 2,7-bis(4-trimethylsilylethynylphenyl)thiazolo[5,4-d]thiazole (Di-

TMS-TTz) (300MHz, CDCl3, δ): 7.95 (d, J = 8.67 Hz, 4H), 7.57 (d, J = 8.34 Hz, 4H), 

0.28 (s,18H).  
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Figure B.2 1H NMR of OctoxyAsymTTz. 
 
 

 
 1H NMR of 2-(4-octoxyphenyl)-7-(4-trimethylsilylethynyl-phenyl)thiazolo[5,4-

d]thiazole, OctoxyAsymTTz (300MHz, CDCl3, δ): 7.94 (d, J = 1.92 Hz, 2H), 7.91 (d, J = 

1.92 Hz, 2H), 7.55 (d, J = 8.31 Hz, 2H), 6.97 (d, J = 8.97 Hz, 2H), 4.02 (t, J = 6.42 Hz, 

2H), 1.86-1.77 (m, 2H), 1.52- 1.2522 (m, 10H), 0.89 (t, J = 6.72 Hz, 3H), 0.28 (s, 9H). 
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Figure B.3 1H NMR of ButoxyAsymTTz. 
 
 
 

1H NMR of 2-(4-butoxyphenyl)-7-(4-trimethylsilylethynyl-phenyl)thiazolo[5,4-d]thiazole 

(300 MHz, CDCl3, δ): 7.94–7.91 (m, 4H), 7.55 (d, J = 8.01 Hz, 2H), 6.98 (d, J = 8.64 Hz, 

2H), 4.04 (t, J = 6.57 Hz, 2H), 1.83-1.76 (m, 2H), 1.53 - 1.48 (m, 2H), 1.00 (t, J = 7.38, 

3H), 0.27 (s, 9H). 
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          Figure B.4 1H NMR of Deprotected ButoxyAsymTTz. 
 
 
 

1H NMR of 2-(4-butoxyphenyl)-7-(4-ethynylphenyl)thiazolo[5,4-d]thiazole (300 MHz, 

CDCl3, δ): 7.95-7.89 (m, 4H), 7.57 (d, J = 8.43 Hz, 2H), 6.96 (d, J = 8.79 Hz, 2H), 4.02 (t, 

J = 6.4 Hz, 2H), 3.21 (s, 1H), 1.81 – 1.74 (m, 2H), 1.46-1.39 (m, 2H), 0.98 (t, J = 7.3, 3H) 
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Figure B.5 1H NMR of Deprotected OctoxyAsymTTz. 
 
 
 

1H NMR of 2-(4-octoxyphenyl)-7-(4-ethynylphenyl)thiazolo[5,4-d]thiazole (300 MHz, 

CDCl3, δ): 7.97-7.91 (m, 4H), 7.59 (d, J = 8.34 Hz, 2H), 6.98 (d, J = 8.97 Hz, 2H), 4.03 (t, 

J = 6.5 Hz, 2H), 3.22 (s, 1H), 1.82 – 1.79 (m, 2H), 1.33-1.25 (m, 10H), 0.90 - 0.97 (m, 

3H) 



 

 

129 

 
Figure B.6 1H NMR of DibutoxyTTz. 

 

 

 

1H NMR of 2,7-bis-(4-butoxyphenyl) thiazolo[5,4-d]thiazole (300 MHz, CDCl3, δ): 7.85-

7.85 (m (dd, 4H), 6.92-6.90 (dd, 4H), 3.96 (tt, 4H), 1.76-1.61 (m, 4H), 1.47-1.44 (m, 2H), 

1.18 (m, 2H), 0.91 (t, J = 7.38, 6H). 
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Figure B.7 1H NMR of BCM2PP. 
 
 
 

1H NMR of 5,15-bis-(4-carbomethoxyphenyl)porphyrin (300 MHz, CDCl3, δ): 10.37 (s, 

2H), 9.44 (d, J = 4.5 Hz, 4H), 9.05 (d, J = 4.8 Hz, 4H), 8.51 (d, J = 8.34 Hz, 4H), 8.37 (d, 

J = 8.31 Hz, 4H), 4.14 (s, 6H).  
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Figure B.8 1H NMR of BrBCM2PP. 
 
 
 

1H NMR of 5-bromo-10,20-bis-(4-carbomethoxyphenyl)porphyrin (300 MHz, CDCl3, δ): 

10.19 (s, 1H), 9.76 (d, J = 4.8 Hz, 2H), 9.30 (d, J = 4.8 Hz, 4H), 8.92-8.89 (m, 4H), 8.47 

(d, J = 8.34 Hz, 4H), 8.29 (d, J= 8.34 Hz, 4H), 4.13 (s, 6H).   
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Figure B.9 1H NMR of Br2BCM2PP. 
 
 
 

1H NMR of 5,15-dibromo-10,20-bis-(4-carbomethoxyphenyl)porphyrin (300 MHz, 

CDCl3, δ): 9.64 (d, J = 4.83 Hz, 4H), 8.79 (d, J = 4.50 Hz, 4H), 8.47 (d, J=8.67 Hz, 4H), 

8.25 (d, J = 8.34 Hz, 4H), 4.14 (s, 6H).   
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Figure B.10 1H NMR of ZnBCM2PP. 
 
 
 

1H NMR of 5,15-bis-(4-carbomethoxyphenyl)porphyrinato Zn (300 MHz, CDCl3, δ): 

10.30 (s, 2H), 9.41 (d, J = 4.77 Hz, 4H), 9.03 (d, J = 4.41 Hz, 4H), 8.42 (d, J = 8.43 Hz, 

4H), 8.28 (d, J = 8.43 Hz, 4H), 4.07 (s, 6H).  
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Figure B.11 1H NMR of ZnBr2BCM2PP. 
 
 
 

1H NMR of 5,15-dibromo-10,20-bis-(4-carbomethoxyphenyl)porphyrinato zinc (300 

MHz, CDCl3, δ): 9.75 (d, J = 4.77 Hz, 4H), 8.88 (d, J = 4.41 Hz, 4H), 8.44 (d, J = 6.0 Hz, 

4H), 8.24 (d, J = 6.0 Hz, 4H), 4.13 (s, 6H).   
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Figure B.12 1H NMR of ZnBrBCM2PP. 
 
 
 

1H NMR of 5-bromo-10,20-bis-(4-carbomethoxyphenyl)porphyrinato zinc (300 MHz, 

CDCl3, δ): 10.24 (s, 1H), 9.82 (d, J = 4.77 Hz, 2H), 9.38 (d, J = 4.38 Hz, 2H), 8.99 -8.96 

(m, 4H), 8.45 (d, J = 8.07 Hz, 4H), 8.29 (d, J= 8.07 Hz, 4H), 4.12 (s, 6H).   



 

 

136 

 
Figure B.13 1H NMR of 5,15-bis(2,6-dioctoxyphenyl)porphyrin. 

 
 

 
1H NMR of 5,15-bis-(2,6-dioctoxyphenyl)porphyrin (300 MHz, CDCl3, δ): 10.06 (s, 2H), 

9.18 (d, J = 4.41 Hz, 4H), 8.90 (d, J = 4.77 Hz, 4H), 7.63 (t, J = 8.43 Hz, 2H), 6.94 (d, J = 

8.43 Hz, 4H), 3.76 (tt, 8H), 0.87 - 0.46 (m, 60H).   
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Figure B.14 1H NMR of 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl) 
porphyrinato zinc. 
 
 
 

1H NMR of 5,15-dibromo-10,20-bis(2,6-dioctoxyphenyl)porphyrinato zinc (300 MHz, 

CDCl3, δ): 9.63 (d, J = 4.74 Hz, 4H), 8.89 (d, J = 4.77 Hz, 4H), 7.70 (t, J = 8.43 Hz, 2H), 

6.99 (d, J = 8.43 Hz, 4H), 3.84 (tt, 8H), 0.53 - 0.00 (m, 60H).   
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Figure B.15 1H NMR of ButoxyAsymTTz DA. 
 
 
 

1H NMR of ButoxyAsymTTz DA (300 MHz, THF-d8, δ): 10.23 (s, 1H), 9.90 (d, J= 3.0 

Hz, 2H), 9.36 (d, J=6.0 Hz, 2H), 8.97 (d, J = 6 Hz, 2H), 8.90 (d, J= 3 Hz, 2H), 8.47 (d, J 

= 6 Hz, 4H), 8.35 (d, J = 6 Hz, 4H), 8.28 (d, J = 9 Hz, 2H), 8.20 (d, J = 6 Hz, 2H), 8.01 

(d, J = 9 Hz, 2H), 7.05 (d, J = 9 Hz, 2H), 4.07 (m, 8H), 1.03 (t, 3H).  
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Figure B.16 1H NMR of 5,15-dibromo-10,20-(2,6-dioctoxyphenyl)porphyrin. 
 
 
 

1H NMR of 5,15-dibromo-10,20-(2,6-dioctoxyphenyl)porphyrin (300 MHz, CDCl3, δ): 

9.50 (d, J=6.0 Hz, 4H), 8.79 (d, J= 3.0 Hz, 4H), 7.69 (tt, 2H), 6.98 (d, J = 6 Hz, 4H), 

3.83(t, J = 6.0 Hz, 8H), 0.95 – 0.06 (m, 60H). 
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APPENDIX C: DPBF CHEMICAL QUENCHING DATA 

 
Figure C.1 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM4PP.  
 
 
 

 
Figure C.2 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM4PP. 
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Figure C.3 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM4PP.  
 
 
 

 
Figure C.4 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TBCM3PP. 
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Figure C.5 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TBCM3PP. 
 
 
 

 
Figure C.6 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TBCM3PP. 
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Figure C.7 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM3IPP. 
 
 
 

 
Figure C.8 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM3IPP. 
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Figure C.9 Integrated DPBF Quenching Efficiency Equation Plotted as                  
a Function of Time for TCM3IPP. 


