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Abstract 

Photo-controlled polymerisation uses a photo-excited photocatalyst (PC) to reversibly 

active and deactivate the propagating species. Under regulation by light, photo-controlled 

polymerisation features temporal control, spatial control, sequence control and high level 

of selectivity/orthogonality between different systems, leading to a range of applications 

in advanced macromolecular synthesis such as surface patterning, 3D/4D printing, 

polymeric micelles, multiblock antimicrobial polymers with precise sequences and 

architectures. All these unique features of photo-controlled polymerisation are largely 

dependent on properties and functionalities of PCs. Traditionally, the selection and 

discovery of appropriate PCs rely heavily on a trail-and-error approach, where extensive 

experimental screening is needed to identify desired candidates. To reduce costs and 

circumvent the challenges in laborious experimental work, a rational design strategy 

emerged where a new PC in application to a photo-controlled polymerisation system can 

be designed based on understanding of the structure-property-performance relationships. 

This dissertation aims to enable and streamline a general fully computer-guided rational 

strategy of designing an efficient and functional PC for a commonly used photo-

controlled polymerisation technique, namely photoinduced electron/energy reversible 

addition-fragmentation chain transfer (PET-RAFT) polymerisation. This thesis starts 

from using naturally evolved Chl a with various functional substituents and investigating 

its photocatalytic performance and functionalities in PET-RAFT polymerisation. General 

orientations for the design of PET-RAFT PCs were inspired from this natural design. On 

top of this, comprehensive structure-property-performance relationships were established 

at the quantum chemical level as guiding principles for rational PC design of PET-RAFT 

polymerisation, by combining experimental and computational studies on a library of 

halogenated xanthene dyes. Finally, by implementing the most cutting-edged quantum 

chemical software packages, the fully computer-guided strategy of functional PC design 

for PET-RAFT polymerisation was enabled based on broadened structure-property-

performance relationships. As an example, an efficient pH-switchable organic PC was 

designed. Application of this rationally designed PC in PET-RAFT polymerisation 

resulted in the first organocatalysed pH and light dual-gated controlled polymerisation. 
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Chapter 1 Introduction 

1.1 Current state-of-the-art of photo-controlled polymerisation 

Over the past 3.4 billion years, chlorophylls and bacteriochlorophylls evolved in plants 

and cyanobacteria have kept on very efficiently harvesting visible light to catalyse 

biosynthesis, which sustains life on the earth. Since 1912 when Ciamician proposed 

artificial use of visible light to mimic photosynthesis in plants and mediate complex 

chemical reactions,1 myriads of man-made photocatalysts (PCs) have emerged to drive 

diverse organic transformations.2-4 In the past decade, photoredox catalysis was then 

introduced to controlled/living polymerisation systems.5 The advent of conventional 

controlled/living polymerisations since the turn of this century has revolutionised 

macromolecular synthesis, bearing effective regulation over molecular weights, 

molecular weight dispersities as well as predefined number, composition and architecture 

of polymer chains.6 However, these techniques usually initiated by heat, light or other 

stimuli cannot afford control over the chain growth step, and thus cannot be reversibly 

ceased and restarted in the course of polymerisation, which restricts their implementation 

in more complex macromolecular synthesis. The incorporation of photoredox catalysis 

into controlled/living polymerisation, which results in photo-controlled polymerisation, 

was initially brought by Hawker,7-9 Matyjaszewski10-11 and coworkers and proven very 

successful in expanding the application of advanced macromolecular synthesis. 

Photo-controlled polymerisation requires the presence of a PC, in its excited states, to 

reversibly active and deactivate the propagating species and thereby afford regulation of 

polymerisation by light, preferably visible light. Due to the instant on/off switching 

capabilities and orthogonal properties of light, photo-controlled polymerisation features 

temporal control, spatial control, sequence control and high level of 

selectivity/orthogonality between different systems. These unique features see 

tremendous potential in rapid synthesis of advanced polymeric materials, such as surface 

patterning,12-13 3D/4D printing,14 polymeric micelles,15-16 multiblock antimicrobial 

polymers with precise sequences and architectures.17 

All these unique features of photo-controlled polymerisation rely heavily on the 

properties of PCs. On one hand, the absorption spectra of PCs determine the activation 

wavelengths of photo-controlled polymerisation. On the other hand, depending on the 



CHAPTER 1 

2 

redox potentials of an excited PC versus those of the initiators, it can selectively activate 

one or more photo-controlled polymerisation techniques via different quenching 

pathways. Different combinations of PCs and photosystems can thus result in numerous 

possibilities of selectivity and orthogonality to enable precise control over complex 

hybrid polymerisation systems. Therefore, rational design of PCs with specialised 

properties is the key in developing advanced polymerisation systems with unique 

functionalities. 

The development of photo-controlled polymerisation catalysed by a PC have been 

expanded to multiple mechanisms and quenching pathways. Current well-established 

systems include photo-controlled atom transfer radical polymerisation (photo-ATRP), 

photoinduced electron/energy transfer reversible addition-fragmentation chain transfer 

(PET-RAFT) polymerisation, photo-controlled living cationic polymerisation (photo-

LCP) and photo-controlled ring-opening metathesis polymerisation (photo-ROMP). In 

particular, photo-ATRP and PET-RAFT fall in the scope of photo-controlled reversible 

deactivation radical polymerisation (photo-RDRP) and can operate intrinsically via an 

oxidative quenching pathway but can also operate via a reductive quenching pathway in 

the presence of an additional reducing agent. In contrast, photo-LCP and photo-ROMP 

are known to operate via a reductive quenching pathway. Normally, oxidative quenching 

requires PCs with sufficiently reducing excited states and by contrast, the reductive 

quenching needs PCs with oxidising excited states.  

Because a PC is composed of a chromophore core and substituents. Modifying 

substitution of the chromophore can achieve precise tuning of PC properties based on the 

benchmark properties of the chromophore core. Hence, simple by judicious tuning of the 

PC structure, desirable properties for selectively activate a certain polymerisation 

mechanism can be obtained. As an typical example, Fors and coworkers demonstrated 

that, in the presence of the same RAFT agent, a PC with highly reducing excited states 

can reduce the RAFT agent and activate radical polymerisation of acylate monomers, 

whereas another PC with highly oxidising excited states can oxidise the same chain and 

active cationic polymerisation of vinyl ethers.18 Consequently, these PCs can be 

selectively photoexcited depending on their absorption wavelengths in an orthogonal 

manner, which resulted in alternating sequence control of the same polymer chain by light 

wavelengths.18 



CHAPTER 1 

3 

1.2 Thesis motivation 

Despite the success of photo-controlled polymerisation in application to advanced 

synthesis of polymeric materials, the selection and discovery of appropriate PCs rely 

heavily on a trail-and-error approach, where massive experimental screening is needed to 

identify desired candidates.19 This approach was once in a while effective at the initial 

stage of developing photo-controlled polymerisation techniques. Indeed, at the early time, 

little was known about the mechanistic interplay between PCs and the polymerisation 

techniques; most importantly, requirements and standards for a PC to be effective for a 

specific system are quite ambiguous. This lack of fundamental knowledge in photo-

controlled polymerisation had driven researches to widely search for new chromophore 

classes as possible PCs. Indeed, almost all the initial discoveries of new chromophore 

cores were based on experimental findings, such as transition-metal based complexes,7, 20 

xanthene dyes,21-22 polycyclic aromatic hydrocarbons,23 porphyrin dyes,24 phthalocyanine 

dyes,25 phenothiazine derivatives,9, 11 dihydrophenazines,26 phenoxazines,27, dimethyl-

dihydroacridines,28, pyrylium derivatives29-30 and acridinium derivatives.31 

PCs constructed by these basic chromophore cores were experimentally proven to be 

effective for specific photo-controlled polymerisation techniques, owing to the 

appropriate benchmark properties of the chromophore cores themselves. However, with 

the advances in photo-controlled polymerisation, modern manufacturing of sophisticated 

polymeric materials requires higher efficiency, more selectivity and even orthogonality 

from the PCs, which demands customisability of PCs with precisely desired properties to 

satisfy different specific needs. In this regard, the traditional trial-and-error approach falls 

short of the customisability in PCs, and a rational strategy is needed to design a PC that 

precisely reflects the demand. 

Rational design of a new PC in application to a photo-controlled polymerisation system 

has to be based on understanding of the requirements for PC properties and how structural 

modification can lead to such requirements. On top of this understanding, relevant 

structure-property-performance relationships that reflects how the variation of PC 

structures would contribute to more desirable properties and thereby better performance 

of a photo-controlled polymerisation system. The emergence of various chromophore 

cores with diverse benchmark properties has provided sufficient selections opportunities 
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to precisely customise the properties of the PCs to achieve specific performance of the 

photo-controlled polymerisation. 

PET-RAFT polymerisation is one of the most commonly used techniques in photo-

controlled polymerisation, because of its robustness, good oxygen tolerance and easy 

control in molecular weight distribution. However, despite the recent progresses in 

developing structure-property relationships and property-performance relationships for 

PC design of the organocatalysed ATRP (O-ATRP) systems, such knowledge is still very 

limited. Indeed, the large differences in the intrinsic mechanisms between O-ATRP and 

PET-RAFT polymerisation, has led to many variations in requirements for an 

efficient/functional PC of PET-RAFT systems. Most importantly, there has been no 

efforts made in rational PC design for PET-RAFT polymerisation, with a huge lack in 

knowledge relating to structure-property-performance relationships. More generally 

speaking, fully computer-guided design of a functional PC in application to a specific 

photo-controlled polymerisation system, in which the real potential of rational PC design 

lies, has not been achieved. 

Hence, the overarching goal of this thesis is to start from understanding the natural 

evolution “strategies” of PC as the general orientation, comprehensively establishing the 

guiding principles (structure-property-performance relationships) in PC design, and 

eventually achieve fully computer-guided design of a functional PC in application to 

PET-RAFT polymerisation with desired functionalities. Thereby, the traditional trial-and 

error strategy can be replaced by a much more efficient and cost-effective computer-

guided rational strategy for PC design. 

Specifically, the goals of this dissertation are as follows: 

1. The naturally occurring Chl a bears multiple functional substituents or structural 

modifications arising from natural evolution. These evolved desirable properties 

result in its strong visible light absorption at long wavelengths, high triplet 

quantum yield ΦT, and unique redox properties. On account of these advantages, 

it is envisaged to exhibit much potential as an efficient multifunctional PC for 

PET-RAFT polymerisation. Thereby, this thesis firstly testifies and demonstrates 

the comprehensive performance and functionalities of PET-RAFT polymerisation 

catalysed by Chl a. Through these initial explorations, the general orientation of a 



CHAPTER 1 

5 

rational PC design strategy is roughly learned from nature, by preliminarily 

clarifying the typical characters of Chl a that makes it superior as a multifunctional 

PET-RAFT PC. 

2. Considering that rational PC design requires explicit understanding of the 

structure-property-performance relationships (SPPRs) at the quantum chemical 

level, this thesis further utilise the classic halogenated xanthene dyes as the 

studying materials to comprehensively establish the SPPRs for functional PET-

RAFT polymerisation. On top of the guiding principles generated, an initial trial 

in rational design of a functional PC for PET-RAFT polymerisation is 

demonstrated. 

3. To finally enable the first computer-guided rational design of a PC for PET-RAFT 

polymerisation with unique functionalities, this thesis enriches the established 

SPPRs as guiding principles and collect the most cutting-edged quantum chemical 

tools as the design platform. With regard to the rising demand in orthogonal 

control of polymerisation by multiple stimuli, the first fully computer-guided 

rational approach is exemplified by designing a PC not only contributes to high 

photocatalytic efficiency and oxygen tolerance in PET-RAFT polymerisation, but 

also designed to exhibits remarkably sensitive pH response that enables the first 

organocatalysed pH and light dual-controlled polymerisation. 

1.3 Thesis outline 

Since the emergence of visible-light-controlled polymerisation in 2012, it is increasingly 

demanding for a rational PC design approach to circumvent the experimental efforts and 

costs in the traditional trial-and-error approach. This dissertation aims to enable and 

streamline a fully computer-guided rational strategy of designing an efficient PC with 

desired functionalities in application to a particular PET-RAFT polymerisation system. 

At the beginning of this thesis project, there has not been any clearly concluded 

requirements for a PET-RAFT PC. To start with, the best shortcut is to learn from nature, 

where the naturally occurring Chl a has been evolved to bear uniquely decorated structure 

and thus exhibit highly desirable properties for photocatalysis. By studying the 

comprehensive performance of Chl a as a PC in PET-RAFT polymerisation, general 

orientations for rational PC design in PET-RAFT systems can be roughly extracted. On 

top of the initial inspiration, more explicit understanding of SPPRs as guiding principles 

for PET-RAFT PC design can be established by detailed experimental and computational 
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investigations. Based on these achievements, the overall aim of this dissertation can be 

realised. 

The milestones for enabling and streamlining a fully computer-guided rational strategy 

of designing an efficient and functional PC for PET-RAFT polymerisation, are briefly 

overviewed in this chapter and will be explicitly covered in the following chapters. 

A comprehensive collection of the state-of-the-art theories, guidelines, methodologies 

and applications in the computer-guided rational strategy of PC design for photo-

controlled polymerisation systems, is summarised in Chapter 2, including the major 

contributions from this thesis. In the first place, all of the key PCs discovered for photo-

controlled polymerisation is listed and overviewed, highlighting their specialties, 

functionalities and importance for different photo-controlled polymerisation techniques. 

The structure-property relationships in pursuit of desired performance in photo-controlled 

polymerisation systems are outlined in detail, with a broad coverage of electronic-spectral, 

photophysical and electrochemical properties. The most cutting-edged quantum chemical 

tools that can be implemented in computer-guided PC design and their usage are 

introduced. Lastly, current progresses and examples in rational and computer-guided PC 

design are summarised. 

The naturally derived Chl a has been evolved to bear a highly decorated porphyrin-based 

structure where excellent properties arise for efficient photocatalysis. Hence, this 

provides a best shortcut to derive the general orientations for rational PC design in PET-

RAFT polymerisation, by studying Chl a and relating its superior properties and 

behaviour to the performance of PET-RAFT systems. Chapter 3 comprehensively 

investigated the use of Chl a and its spinach extract as an efficient functional PC for PET-

RAFT polymerisation. The remarkable visible-light absorption at long-wavelengths 

arsing from the symmetry-breaking modifications to the porphyrin chromophore, high ΦT 

that generates sufficient long-live triplet states and appropriate redox properties have 

resulted in remarkable catalytic efficiency in PET-RAFT polymerisation catalysed by Chl 

a. Given that Chl a is reported capable of singlet oxygen generation suggesting sufficient 

triplet energy, because of its high ΦT, photoexcited Chl a efficiently produce singlet 

oxygen via triplet-triplet annihilation and eliminate molecular oxygen, which brings 

excellent oxygen tolerance to PET-RAFT polymerisation. Interestingly, owing to the 

uniquely evolved structure of Chl a initially designed for rapid metabolism in plants, it 
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can be completely decomposed to colourless small molecules upon exposure to ambient 

air and light. By making use of this functionality of Chl a for  post-decolouration after 

polymerisation, it circumvents the difficulties in removing colours of the synthesised 

polymers from PET-RAFT polymerisation. From the practices in this work, we learned 

from the nature and initially obtained the general orientations for rational PC design of 

PET-RAFT polymerisation. This work has been published as a research article: Wu et al., 

Chlorophyll a crude extract: efficient photo-degradable photocatalyst for PET-RAFT 

polymerisation. Chemical Communications 2017, 53 (93), 12560-12563 (DOI: 

10.1039/C7CC07663K). 

Acknowledging the general orientations, detailed understanding of the structure-

property-performance relationships as guiding principles of rational PC design for PET-

RAFT polymerisation at the quantum chemical level must precede any possible 

computer-guided design. By relating experimental observations to quantum chemical 

calculations, Chapter 4 uses the halogenated xanthene dyes as an example to tease out 

the effect of substituents of the xanthene chromophore on the electronic-spectral, 

photophysical and electrochemical properties of these dyes; subsequently, the effect of 

these properties on the performance of PET-RAFT polymerisation like photocatalytic 

efficiency, activation wavelengths and oxygen tolerance were explicitly evaluated. 

Thereby, the full scope of structure-property-performance relationships were 

comprehensively established and generalised for PET-RAFT systems. Accordingly, 

judicious design of a new PC was exemplified, which can yield efficient PET-RAFT 

photocatalysis while affording the best ever oxygen tolerance in organocatalysed PET-

RAFT polymerisation. This work serves as a theoretical framework in broadly guiding 

the design of high performance photocatalysts for organic photocatalysis. It has been 

published as a research article: Wu et al., Guiding the Design of Organic Photocatalyst 

for PET-RAFT Polymerisation: Halogenated Xanthene Dyes. Macromolecules 2018, 52 

(1), 236-248 (DOI: 10.1021/acs.macromol.8b02517). 

With the solid foundation of the established theoretical framework, in Chapter 5, a fully 

computer-guided rational strategy for PC design was for the first time established. To 

achieve this, the structure-property-performance relationships were further greatly 

enriched, and a collection of the most cutting-edged quantum chemical tools were 

implemented. Specifically, this fully computer-guided strategy was adopted in rationally 

designing an efficient pH-switchable organic PC, unprecedentedly turning colourless at 
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pH 5 and recovering strong visible-light absorption and photoactivity at pH 7. This is the 

first example of a PC design fully guided by comprehensive quantum chemical studies 

covering electrostatic, electrochemical, and photophysical predictions. After the fully 

computer-guided rational design, the proposed PC was synthesised and characterised with 

a range of expected properties that confirmed the design based on computational 

predictions. Thereby, the first pH and light dual-gated controlled polymerisation was 

enabled by using this new PC. This work has been published as a research article:  Wu et 

al., Computer-Guided Discovery of a pH-Responsive Organic Photocatalyst and 

Application for pH and Light Dual-Gated Polymerisation. Journal of the American 

Chemical Society 2019, 141 (20), 8207-8220 (DOI: 10.1021/jacs.9b01096). 

Finally, a brief outlook regarding the current challenges, future developments, potential 

future directions and important potential applications of computer-guided PC design in 

photo-controlled polymerisation is overviewed in Chapter 6. 
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Chapter 2 Literature Review: Computer-Aided 

Photocatalyst Design for Photo-Controlled 

Polymerisation: Theories, Guidelines, 

Methodologies and Applications 

The incorporation of photoredox catalysis into controlled polymerisation techniques has 

brought tremendous new opportunities into macromolecular synthesis, making precise 

synthesis of polymers with defined sequences and complex architectures possible. 

Depending on the physical nature of the core chromophore and substituents, a 

photocatalyst (PC) with a specific chemical structure and molecular geometry exhibits a 

range of electronic states with particular wavefunctions, from which the unique 

electronic-spectral, photophysical and electrochemical properties of the PC arise. 

Different properties of a PC with respect to a certain photo-controlled polymerisation 

system can end up with diverse performance and functionalities of the system. Hence, 

rational design of structures of a PC by studying the evolution in its properties with the 

aid of quantum chemical calculations, can judiciously generate or optimise a 

photocatalysed controlled polymerisation system with designed performance for a 

particular application scenario. This chapter reviews the theories, guidelines and 

methodologies in rational design of PCs for photo-controlled polymerisation techniques 

developed in recent years. In particular, various strategies in tuning the electronic-spectral, 

photophysical and electrochemical properties of a PC for optimised performance in 

photo-controlled polymerisation are comprehensively concluded and overviewed. 

Successful examples in implementing computer-guided rational PC design for functional 

photo-controlled polymerisation systems are summarised. 

2.1 Introduction 

2.1.1 Scope of the review 

Photocatalysts (PCs) are chromophores modified by substituents that can hugely 

accelerate a photoreaction upon excitation by absorbing one or more photons. Chemical 

substituents can donate, withdraw or delocalise electrons to the chromophore core and 

exert additional effects on its wavefunction.1 Consequently, the modified chromophore is 

tuned to display a series of specialised electronic-spectral, photophysical and 
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electrochemical properties and thus leading to specialised catalytic capabilities and 

functionalities.2-3 

An excited state of a PC is both a better oxidant and a better reductant than the ground 

state.4-5 Hence, depending on the relative redox properties between an excited PC and a 

substrate, the excited PC can readily donate an electron to or abstract an electron from a 

substrate, provided the reaction is thermodynamically favourable.5 This feature is 

especially useful in organic transformations driven by electron transfer. As sunlight is the 

cleanest and most abundant energy source on the earth, PCs that can harness the visible 

light energy and drive organic transformations are highly desirable for chemical synthesis. 

Indeed, since last century, a myriad of PCs with diverse properties have been discovered 

to fulfill a broad range of applications in organic synthesis.5-8 

Following the great success of photocatalysed organic reactions by the use of PCs, 

researcher found substantial merits of implementing photoredox catalysis to improve the 

control of macromolecular synthesis by controlled/“living” polymerisation over the past 

decade.9-11 Controlled/“living” polymerisation, which is initiated by an activated initiator 

splitting into a propagating radical/cation/anion with monomer additions and a leaving 

end group, can be terminated by recapping the end group to the polymer chain and can be 

repetitively reinitiated. This has allowed an equilibrium to be established between active 

propagating chains and dormant chains in the course of the controlled/“living” 

polymerisation, which consequently leads to the control in molecular weights and 

molecular weight distributions of the synthesised polymers.  However, traditional 

controlled polymerisations induced by thermo-initiation or photo-initiation cannot 

provide temporal control in the chain growth processes, which impeded the application 

of such techniques into precise synthesis of polymeric materials with well-defined 

compositions, block sequences and complex architectures. Inspired by the photocatalytic 

processes in organic transformations, researchers realised that, upon irradiation, a PC 

appropriately selected/designed with specific redox properties complying a initiator, can 

activate the initiator by donating/abstracting an electron (or transferring energy) forming 

a propagating species to initiate polymerisation and a leaving chain end group to initiate 

the polymerisation and subsequently deactivate the propagating species with the end 

group recapped to the polymer chain. As this process is fully reversible and can be 

regulated by turning on and off the light, temporal control, spatial control and sequence 

control were made possible to allow for synthesising advanced polymeric materials.10 
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Indeed, visible-light-controlled polymerisation catalysed by a PC have provided a 

versatile toolbox for polymer materials manufacturing and found broad applications in 

producing antimicrobial polymers,12-13 decorating bio-substances or organisms with 

functional polymers,14-15 synthesising polymeric micelles with complex architectures,16-

20 surface patterning21-24 and 3D/4D additive manufacturing.25-27 The great merits of 

photo-controlled polymerisation systems lie in their instant temporal and spatial control 

regulated by light,10 orthogonality arising from discrete excitation wavelength28-34 as well 

as high level of molecular weight control in polymerisation.11 Trivial amount of a 

particular PC efficiently converts the low-cost and ubiquitous light into chemical energies 

that facilitate the proceeding and precise regulation of controlled polymerisation 

processes. 

Traditionally, the discovery of PCs for photo-controlled polymerisation or organic 

transformations relies on an experimental trail-and-error approach. This approach has 

generated a large library of PCs capable of mediating specific photo-controlled 

polymerisation systems,9-10 but it requires laborious synthetic workup and therefore lack 

efficiency. With the development of new computational tools, rational design approaches 

have emerged, which can allow rapid discovery of new PCs.2, 4, 35-39 

As the modification of chemical functionality in PCs affect their photophysical and 

electrochemical properties, computational tools can be used to rapidly elucidate structure-

property relationships by probing changes in their wavefunctions. Therefore, by using 

large libraries of synthesised PCs, it is possible to establish correlations between 

structures and photocatalytic activities in photo-RDRP systems.38, 40-41 Thanks to fast-

growing quantum chemical methods, especially density functional theory (DFT) and 

(relativistic) time-dependent (TD) DFT42 in recent years, a variety of emerging programs 

have emerged. By combined use of these programs, it is now possible to precisely predict 

the properties of PCs, which enables a fully computer-guided PC design strategy and thus 

circumvents laborious experimental screening processes. Moreover, wave function 

analyses provide an opportunity to comprehensively investigate and quantitatively 

analyse the physics of the established structure-property-performance relationships 

(SPPRs) for photo-controlled polymerisation systems,2, 38, 40-41, 43-46 thereby enabling 

direct evaluation of rational PC structural design. These computational tools can be 

implemented for phenothiazine, phenoxazine, dihydrophenazine, dimethyl-

dihydroacridine, xanthene, porphyrin, tetraazaporphyrin, phthalocyanine chromophores 
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and resulted in up to a hundred rationally designed PCs with various ligands/substituents, 

exhibiting unique functionalities. Most importantly, rational design of PCs by the aid of 

computational methods allows direct customisation of the photocatalytic systems 

deployed to specific application scenarios.2 Although joint efforts from different research 

areas have contributed to the emergence of a great variety of computational tools and 

guiding principles for rational PC design, these recent efforts and new knowledge have 

not been systematised and reviewed to be available for most researchers. Therefore, it is 

very timely to systematise the large amount of isolated knowledge, guiding principles (i.e. 

SPPRs) and computational methodologies in rational PC design to set solid foundation 

for future development of new functional photo-controlled polymerisation systems. 

This chapter aims to be a comprehensive and accessible overview in the SPPRs of PCs. 

This chapter highlights theories and methodologies which can be applied in judicious 

design of PCs and serves as a guide to researchers who seek to rapidly select/design a PC 

with desired absorbance and photocatalytic activity. More specially, I focus my attention 

on the design of PCs which can be applied in photo-controlled polymerisation techniques, 

mostly the photo-controlled reversible deactivation radical polymerisation (photo-RDRP) 

and also the photo-controlled living cationic polymerisation (photo-LCP). Accordingly, 

this review does not aim to make an exhaustive list of existing PCs, but instead, will 

provide tools, methodologies and knowledges that allow the rational design of PCs. 

2.1.2 Inspiration from PC “design” strategies implemented by natural evolution 

Considering the limited amount of sunlight that can be utilised by organisms or green 

plants, natural PCs in a photosynthetic system tend to be evolved to more efficiently 

absorb accessible solar energy and more efficiently catalyse biosynthesis. This evolution 

has resulted in the functionalisation of the porphyrin chromophore with multiple 

substituents, which led to the emergence of chlorophylls 3.4-4 billion years ago.47-48 

Chlorophylls, predominantly chlorophyll a (Chl a), are Mg porphyrin derivatives 

modified with one reduced pyrrole ring (namely chlorin derivatives) and various 

functional peripheral substituents. These structural modifications have endowed Chl a 

with Q-band absorption of 600-700 nm light which is an important component of visible 

light. 

Indeed, the balance between low energy excitation (strong lower Q band absorption at 

~660 nm) and excellent excited state oxidation potentials has also made Chl a especially 
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attractive in photo-RDRP systems.49-51 For example, Boyer et al reported the use of Chl 

a to highly efficiently catalyse a photo-RDRP system with a dose as low as 4 ppm relative 

to the monomer under mild irradiation by a 5 W red light-emitting diode (LED) lamp.49 

Compared to Chl a, the original Mg porphyrin exhibits no Q band absorption because of 

symmetry-induced cancellation of excitation modes.3, 52 Through hundreds of million 

years of evolution, reduction of one pyrrole ring and installation of various peripheral 

substituents in the original porphyrin core chromophore largely break the porphyrin 

symmetry, leading to significantly enhanced lower Q band absorption and large 

bathochromic effect.3 This has greatly increased the light absorptivity of Chl a. Four 

electron-donating alkyl groups further strengthen its excited state oxidation potentials for 

efficient photo-RDRP.53 Moreover, Chl a is prone to fast degradation under irradiation 

and air for metabolism in nature.54-55 This has made it an excellent degradable PC which 

can turn completely colourless after photo-RDRP by purging with air under irradiation.53 

The natural evolution of Chl a by functionalising the Mg porphyrin chromophore and the 

superiority of Chl a as a PC for chemical transformations including photo-RDRP have 

inspired chemists to seek for a rational strategy to functionalise a chromophore and design 

a desirable PC for a photo-RDRP system with specific functionalities. 

2.1.3 Rational design of PCs for photo-controlled polymerisation 

Photo-controlled polymerisation can be mainly classified as photo-RDRP, photo-

controlled living cationic polymerisation (photo-LCP)56 and photo-controlled ring-

opening metathesis polymerisation (photo-ROMP).57 Major types of photo-RDRP 

techniques include photo-controlled atom transfer radical polymerisation (photo-

ATRP)36, 58 and photoinduced reversible addition-fragmentation chain transfer (PET-

RAFT) polymerisation;59 other types include photo-controlled nitroxide-mediated radical 

polymerisation (photo-NMP),60 photo-controlled cobalt-mediated radical polymerisation 

(photo-CMPR),61 photo-controlled iodine transfer polymerisation (photo-ITP)62 and 

photo-controlled organotellurium-mediated radical polymerisation (photo-TERP).63 

Miyake and coworkers implemented computationally directed discovery to design a class 

of N,N-diaryl dihydrophenazine derivatives with strongly reducing lowest triplet excited 

(T1) states and enhanced triplet quantum yields (ΦT) by the excited-state charge transfer 

(CT) characters for visible-light-controlled organic photo-ATRP (O-ATRP).36 Similarly, 

they continued to implement this computationally directed discovery strategy for PC 
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design of O-ATRP and further introduced N-aryl phenoxazine derivatives37 and dimethyl 

dihydroacridine derivatives35 which also exhibit highly reducing T1 states with CT 

characters. One the hand, Kwon and coworkers used computational tools to establish a 

rapid molecular design platform and successfully discovered highly efficient organic PCs 

based on donor-acceptor (D-A) scaffolds for O-ATRP.38 They further used the same 

computer-aided molecular design strategy to identify organic PC candidates bearing D-A 

scaffolds for PET-RAFT polymerisation with excellent oxygen tolerance.46 Our group 

investigated the SPPRs in PET-RAFT polymerisation by the aid of computational tools 

and designed a highly efficient xanthene PC from a series of halogenated xanthene dyes.40 

On top of that, we enabled a fully computer-guided approach to design the first pH and 

light dual-responsive organic PC for the first pH and light dual-controlled RDRP system.2 

It provides the first example and methodological framework for rational design of 

functional PCs systematically performed by computer-guided strategies with physical, 

electrochemical and photophysical properties all predicted by a combination of DFT, TD-

DFT and relativistic TD-DFT calculations. Additionally, with respect to photo-LCP, Fors 

and coworkers investigated the impact of redox potentials and photophysical properties 

of PCs on the catalytic performance and the temporal control of photo-LCP.64-65 

Through these joint contributions across different groups, the computer-guided discovery 

strategy has shown tremendous potentials for the next few decades in rational design of 

functional PCs complying with various photo-controlled polymerisation application 

scenarios. 

2.2 Overview of PCs in photo-controlled polymerisation 

2.2.1 First photo-ATRP systems with transition-metal-based PCs 

Since the first decade of this century, controlled radical polymerisations including 

ATRP,66 RAFT67-68 and NMP69-70 have made revolutionary contributions to polymer 

chemistry, which enabled the synthesis of functional polymeric materials characteristic 

of well-defined molecular weights and molecular weight distributions. In the second 

decade of this century, the development of photo-RDRP techniques using PCs further 

allowed for the additional regulation over the chain growth processes affording excellent 

temporal, spatial and sequence control by light.10 
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The first example of a photo-RDRP catalysed by a PC is photo-ATRP reported by Fors 

and Hawker (Scheme 2.1, left),58 where they utilised 1 (fac-[Ir(ppy)3], Scheme 2.2) as a 

PC to reversibly activate and deactivate the ATRP process. As shown in Scheme 2.1, left, 

the ground state PC is anticipated to be excited to the lowest singlet excited 1PC* by 

absorption of a photon and subsequently reaching a long-lived lowest triplet excited 3PC*. 
3PC* can then reduce the ATRP initiator (activation of photo-ATRP) to yield the 

propagating carbon radical to initiate radical polymerisation (monomer propagation), a 

bromine ion (Br-, or a chlorin ion Cl-) and the cation radical PC•+. After a certain number 

of monomer additions, PC•+ would occasionally encounters the propagating radical (or 

the radical/Br-) to oxidise the radical affording a dormant polymer chain and the 

regenerated ground state PC. Because of the presence of a Br end group, the polymer 

chain can be repetitively reactivated by 3PC* for continued monomer additions followed 

by recapping of the Br end group. The greatest advantage of this photo-ATRP system 

over the traditional Cu-mediated ATRP is its ability to reversibly activate and deactivate 

the ATRP process by visible light with controlled chain growth. The resultant 

temporal/spatial control benefits from the merits of using a PC with favourable 

photoredox properties versus ATRP initiators. As presented in Scheme 2.1, right, 

Common initiators proven suitable for photo-ATRP include ethyl-α-bromophenylacetate 

(EBPA), ethyl-α-chlorophenylacetate (EClPA), ethyl α-bromoisobutyrate (EBiB) and 

benzyl α-bromoisobutyrate (BnBiB). 

 

Scheme 2.1 Left: the proposed mechanism for photo-ATRP via the oxidative quenching 

pathway. Right: chemical structures of ATRP initiators commonly used in photo-ATRP 

(EBPA, EClPA, EBiB and BnBiB). ISC: intersystem crossing; M: monomer. 
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Scheme 2.2 Chemical structures of transition-metal-based complexes 1-7 used as PCs for 

photo-ATRP. 

The key in selecting appropriate PCs for photo-ATRP lies in two electrochemical criteria, 

i.e. the ability of 3PC* to reduce the initiator (activating ATRP) described by the reduction 

potential of 3PC* as Eox*(PC•+/3PC*), and the ability of PC•+ to oxidise the propagating 

radical (deactivating ATRP) described by the oxidation potential of PC•+ as Eox(PC•+/PC). 

Technically, more negative (stronger) Eox*(PC•+/3PC*) demonstrates higher reducing 

power of the 3PC* and it should be more negative than the reduction potential of the 

initiator as substrate Ered(sub/sub•-) to enable successful activation of ATRP. On the other 

hand, more positive (higher) Eox(PC•+/PC) representing higher oxidising ability of PC•+, 

which is in most cases more positive than Ered(sub/sub•-) of the initiator, leads to 

successful deactivation of ATRP. Combining both criteria, Hawker and coworkers 

identified 1, previously implemented as a transition-metal-based PC for organic 

transformations,71 with both strong Eox*(PC•+/3PC*) = -1.73 V vs. SCE and high 

Eox(PC•+/PC) = 0.77 V vs. SCE, for efficient photo-ATRP of both methacrylates58 and 

acrylates.72 The great merits of transition-metal-based PCs include their excellent excited 

state redox properties, high triplet formation ability (high triplet quantum yield ΦT) and 

enormous absorbance (large molar extinction coefficient ε), which result from the unique 

metal-to-ligand charge transfer (MLCT) characters of their excited states. 
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Therefore, following the initial work on photo-ATRP, more transition-metal based PCs 

were exploited. For example, Lagadec, Alexandrova and coworkers explored the use of 

Ru-based complexes 2 and 3 (Scheme 2.2) to effectively catalyse photo-ATRP of methyl 

methacrylate (MMA), n-butyl acrylate (BA) and styrene (St) under visible light in the 

presence of EBiB as the initiator.73 Lalevée, Fensterbank, Goddard, Ollivier and 

coworkers discovered a novel Au-based complex 4 (Eox*(PC•+/3PC*) = -1.6 V vs. SCE, 

Scheme 2.2) as PC for photo-ATRP of various methacrylates with EBPA as the initiator, 

under sunlight or visible light.74 Similarly, Lalevée and coworkers further demonstrated 

a class of Fe-based PCs 5, 6 and 7 (Scheme 2.2) for photo-ATRP of MMA and BA 

initiated by EBPA; notably, compared to 1, Eox*(PC•+/3PC*) vs. SCE of 5 (-2.35 V), 6 (-

2.16 V) and 7 (-2.74 V) represent highly reducing 3PC* resulting from their unique 

chemical structures.75 

2.2.2 First PET-RAFT systems with transition-metal-based PCs 

Inspired by the successful implementation of photoredox catalysis into ATRP, Boyer and 

coworkers similarly introduced PCs to RAFT polymerisation (namely PET-RAFT 

polymerisation, Scheme 2.3, left)59 and used Ir-based PC 1 and a different Ru-based PC 

8 (Scheme 2.4), in combination of representative trithiocarbonate RAFT agents BTPA 

and BSTP (Scheme 2.3, right) for polymerisation of acrylates, acrylamides, St and 

isoprene, a representative dithiobenzoate RAFT agent CPADB (Scheme 2.3, right) for 

polymerisation of methacrylates and methacrylamides, and a representative xanthate 

RAFT agent (Scheme 2.3, right) for polymerisation of unconjugated monomers like vinyl 

acetate (VAc), vinyl pivalate (VP), N-vinyl pyrrolidinone (NVP) and dimethyl 

vinylphosphonate (DVP). As shown in Scheme 2.3, left, there can be two main possible 

mechanisms of activating RAFT, i.e., photoinduced electron transfer59, 76 (PET, Scheme 

2.3, left top) and photoinduced Dexter/triplet energy transfer77 (P3T, Scheme 2.3, left 

bottom). Despite that PET-RAFT polymerisation is initially proposed to work via the PET 

mechanism,59 in certain cases, it can be via the P3T mechanism. P3T is commonly known 

as electron exchange energy transfer, which involves 3PC* donating its excited electron 

while simultaneously accepting a valence electron from the ground state substrate 

forming PC and triplet excited substrate. For example, Allonas, Boyer and coworkers 

revisited PET-RAFT polymerisation catalysed by 1 and 8 and discovered that these two 

PCs are favourable for the P3T mechanism in activating RAFT agents like BTPA, BSTP, 

CDTPA, CPADB and others.77 As shown in Scheme 2.3, left bottom, as the first step of 
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photoactivation via P3T, the PC 1 or 2 is photoexcited to 1PC* and reaches 3PC* through 

ISC. Subsequently, P3T can occur by transferring the comparable triplet excitation energy 

of 3PC* to the RAFT agent, which is then decomposed to the carbon propagating radical 

and the RAFT end group radical. following certain number of occasional monomer 

additions, deactivation can occur by recombination of both radicals forming the dormant 

polymer chain with a corresponding RAFT end group. Up to now, 1 and 2 are the only 

PCs known possible to proceed photocatalysis through a P3T mechanism in PET-RAFT 

polymerisation, due to their triplet excitation energies comparable to the RAFT agents 

themselves. 

 

Scheme 2.3 Left: the proposed mechanisms for PET-RAFT polymerisation via the 

oxidative quenching pathway. Left top: PET-RAFT polymerisation via the oxidative 

quenching pathway by photoinduced electron transfer (PET). Left bottom: PET-RAFT 

polymerisation via the oxidative quenching pathway by photoinduced Dexter/triplet 

energy transfer (P3T). Right: chemical structures of thiocarbonylthio RAFT agents 

commonly used in PET-RAFT polymerisations (trithiocarbonates: BTPA, BSTP, 
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CDTPA and CPDTC; dithiobenzoates: CPADB and CDB; xanthate). ISC: intersystem 

crossing; M: monomer. Z: the Z group of the RAFT agent. 

 

Scheme 2.4 Chemical structures of transition-metal-based complexes 1 and 8-10 used as 

PCs for PET-RAFT polymerisation. 

However, for longer-wavelength-absorbing PCs with much lower triplet excitation 

energies compared to the blue-light-absorbing RAFT agents, P3T is believed to be 

unfavourable but PET should dominate the mechanism in PET-RAFT polymerisation. 

For example, Seal, Boyer, Smith and coworkers investigated the use of Zn(II) tetraphenyl 

porphyrin (ZnTPP, 9, Scheme 2.4) in PET-RAFT polymerisation and found strong 

evidence that none of the common energy transfer mechanisms such as Förster resonance 

energy transfer, Dexter electron exchange (i.e., P3T) or internal conversion followed by 

vibrational energy transfer is possible for PET-RAFT polymerisation catalysed by 9.76 

Instead, the PET mechanism is strongly supported by extensive quantum chemical 

characterisations.76 Boyer and coworkers systematically explored 9 as a new PC for PET-

RAFT polymerisation of acrylates, acrylamides and St regulated by trithiocarbonates, and 

methacrylates regulated by dithiobenzoates.78 Notably, although the Zn-based 9 can be 

regarded as a transition-metal-based complex, it does not exhibit any MLCT character in 

excited states because of the inert nature of Zn, but instead, it is mainly characteristic of 

local excitation upon exposure to light.76 Similar to the photo-ATRP system, PET-RAFT 

polymerisation catalysed by 9 via an oxidative quenching pathway and a PET mechanism 

has to meet the photochemical criteria. Specifically, 9 was reported to bear an 

Eox*(PC•+/3PC*) = -1.3 V vs. SCE, which is considered sufficiently more negative than 

the reduction potentials of representative RAFT agents BTPA (-0.6 V) and CPADB (-0.4 

V).78 Indeed, unlike photo-ATRP, PET-RAFT processes exhibit chain transfer features 

between dormant chains and active propagating chains, which leads to looser criteria for 

PET-RAFT polymerisation to yield well-defined polymers. Additional merits of using 9 
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as a PC for PET-RAFT polymerisation not only include its excellent capability of light 

absorption over a broad range of wavelengths (435-600 nm), but also include its high ΦT 

for singlet oxygen (1O2) photosensitisation to provide strong oxygen tolerance to the PET-

RAFT polymerisation system.79 Boyer and coworkers further reported a water soluble 

alternative to 9 (i.e., 10, Scheme 2.4) for aqueous PET-RAFT polymerisation.80 

2.2.3 Metal-free photo-ATRP (O-ATRP) with organic PCs 

Pioneered by the successful disclosure of photo-ATRP catalysed by the transition-metal-

based PC 1, researchers started to seek for metal-free alternatives to catalyse photo-ATRP, 

in an effort to eliminate the need for removing the transition metal residues and pursue 

cleaner synthesis of polymer products to expand practical application of photo-ATRP. In 

this consideration, Fors, Hawker and coworkers demonstrated the use of an organic PC 

N-phenyl phenothiazine 12 (Scheme 2.5) for effectively catalysing metal-free photo-

ATRP of methacrylates with EBPA as the initiator via an oxidative quenching pathway.81 

Matyjaszewski and coworkers further expand the monomer scope of 12-catalysed photo-

ATRP to acrylonitrile.82 Remarkably, because 12 exhibits a highly negative 

Eox*(PC•+/3PC*) = -2.1 V vs. SCE, even better than 1 (-1.73 V), the authors decided to 

utilise this feature of 12 to expand the monomer scope to tolerate more functional groups. 

As an example, 2-(dimethylamino)ethyl methacrylate (DMAEMA), a monomer cannot 

be polymerised by 1-catalysed photo-ATRP in a well-controlled manner, was found to 

yield excellently controlled polymerisation through 12-catalysed metal-free photo-ATRP. 

At the same time, independently, Miyake and Theriot demonstrated successful 

implementation of perylene 11 to catalyse metal-free photo-ATRP of MMA with EBPA 

as the initiator in a controlled manner.83 
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Scheme 2.5 Chemical structures of perylene 11 and phenothiazine derivatives 12-17 used 

as PCs for metal-free photo-ATRP. 

Matyjaszewski and coworkers detailedly revisited and experimentally proved the 

proposed mechanism behind 12-catalysed photo-ATRP (Scheme 2.1, left) and expand 

the scope of organic PCs to more phenothiazine derivatives 13-17 (Scheme 2.5). The 

authors further demonstrated the superiority of N-aryl phenothiazine derivatives and its 

π-extended derivatives in catalysing photo-ATRP in well controlled manner, whereas 

none of the other structurally similar dyes studied in their work can perform in a similar 

level of control.84 

Inspired by computationally directed discovery, Miyake and coworkers developed a 

library of dihydrophenazine derivatives 18-23 (Scheme 2.6) as efficient organic PCs with 

highly reducing 3PC* (Eox*(PC•+/3PC*) = -2.0~-2.4 V vs. SCE) for O-ATRP of 

methacrylates and acrylates with EBPA as the initiator.36 In particular, 3-6 exhibits 

excited state CT characters, which makes them even more efficient for O-ATRP (high 

initiator efficiency) compared to 1 and 2. The introduction of excited state CT characters 

in these PCs is reasoned by the presence of lower-lying π-orbitals in the aryl groups of 3-

6 as the acceptor moieties. The effect of CT T1 states in promoted the performance of O-

ATRP was later proven attributed to enhanced ΦT (vide infra).43, 45 Because the 

introduction of  CT characters in their T1 states does not notably sacrifice their 

Eox*(PC•+/3PC*), it is believed to be a generally applicable strategy to construct highly 

efficient organic PCs for O-ATRP. 



CHAPTER 2  

23 

 

Scheme 2.6 Chemical structures of dihydrophenazine derivatives 18-26 used as PCs for 

O-ATRP. 

Accordingly, in an effort to pursue much reduced catalyst loading in O-ATRP, Miyake 

and coworkers synthesised new core-extended dihydrophenazine derivatives 24-26 

(Figure 2.6) designed with functional substitutions to help introduce complex CT 

characters in T1 states and promoting the O-ATRP performance.85 For example, the 

successful implementation of 26 in O-ATRP has led to significant reduction in catalyst 

loading required by efficient O-ATRP from 1000 ppm of 3 (initiator efficiency < 75% 

and molecular weight dispersity > 1.30) down to 5~100 ppm of 26 (initiator efficiency = 
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93.2~106% and molecular weight dispersity 1.09~1.42), which is a remarkable 

improvement in the control of O-ATRP. 

Similarly, Miyake and coworkers made continued progress in discovering a new library 

of phenoxazine derivatives 27-45 (Scheme 2.7 and Scheme 2.8). Except for 27 and 28 

characteristic of local excitation in excited states, 29-45 almost all exhibit CT characters 

in their T1 states and a wide range of Eox*(PC•+/3PC*) expanding from -1.40 to -2.00 V 

vs. SCE depending on the nature of their substituents.37, 41 Most importantly, core 

extension of the PCs leading to extended π-conjugation (e.g. some of 38-45, Scheme 2.8) 

was reported to afford much enhanced visible light absorption, which is favourable for 

more efficient utilisation of visible light for O-ATRP.37, 41 One additional merit of CT 

characters in excited PCs is their broadened absorption peaks, which also helps to expand 

the visible light absorption of these PCs to longer wavelengths.37 
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Scheme 2.7 Chemical structures of phenoxazine derivatives 27-37 used as PCs for O-

ATRP. 
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Scheme 2.8 Chemical structures of phenoxazine derivatives 38-45 with extended π-

conjugation used as PCs for O-ATRP. 

Dimethyl-dihydroacridine derivatives 46-52 (Scheme 2.9) with different CT characters 

in T1 were also developed by Miyake and coworkers as PCs for O-ATRP.35 This class of 

PCs features Eox*(PC•+/3PC*) = -1.45~-1.70 V vs. SCE and very high Eox(PC•+/PC) of 

0.71~0.90 V. Consequently, these dimethyl-dihydroacridine-based PCs can not only yield 

well-controlled O-ATRP of methacrylates, but also can be expanded to excellently 

control O-ATRP of acrylates, which are previously considered challenging in O-ATRP.35 
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Scheme 2.9 Chemical structures of dimethyl-dihydroacridine derivatives 46-52 used as 

PCs for O-ATRP. 

Following the pioneering work by Miyake et al in O-ATRP promoted by PCs with CT 

excited states, Kim, Gierschner, Kwon and coworkers reported a computer-aided 

molecular design/screening strategy to directly construct organic PCs with D-A scaffolds 

from a large library of common organic donor and acceptor moieties.38 Dozens of organic 

PCs were proposed by this strategy. The authors successfully identified 53 (Scheme 2.10) 

as a highly efficient PC for O-ATRP with a requirement of less than 1 ppm catalyst 

loading to yield good control in O-ATRP, because of very strong visible light absorption, 

suitable redox properties (Eox*(PC•+/3PC*) = -1.40 V vs. SCE and Eox(PC•+/PC) = 1.04 V 

vs. SCE) and a highly stable PC•+. Moreover, 54 (Scheme 2.10) is identified as a PC for 
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O-ATRP with a highly reducing 3PC* and sufficiently oxidising PC•+ (Eox*(PC•+/3PC*) 

= -2.30 V vs. SCE and Eox(PC•+/PC) = 0.26 V vs. SCE). 54 displayed a remarkably long 

lifetime of T1 in excess of 1 ms and significant triplet generation ability, favourable for 

O-ATRP.38 

 

Scheme 2.10 Chemical structures of representative examples 53 and 54 of highly efficient 

organic PCs for O-ATRP designed with D-A scaffolds via a computer-aided molecular 

design/screening platform.38 

In addition, highly conjugated thienothiophene derivatives 55-58 were investigated by 

Yagci and coworkers as PCs in application for metal-free photo-ATRP (or O-ATRP), 

considering their competent role in PET reactions.86 These highly conjugated dyes display 

broad absorption peaks and strong visible light absorption covering up to 500 nm of the 

visible spectral region, especially for 56. In the presence of EBiB as the initiator, 55 can 

efficiently catalyse photo-ATRP of MMA with good control in molecular weights, 

excellent temporal control and high efficiency in initiation, however, 57-58 can only 

result in sluggish polymerisation lack of desirable control features. 
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Scheme 2.11 Chemical structures of highly conjugated thienothiophene derivatives 55-

58 for O-ATRP.86 

2.2.4 PET-RAFT polymerisation with organic PCs 

Inspired by successful implementation of photoredox catalysis into RAFT polymerisation 

and the discovery of PET-RAFT polymerisation catalysed by transition-metal-based PCs, 

Boyer and coworkers further demonstrated efficient PET-RAFT polymerisation with the 

naturally derived Chl and BChl as PCs.49, 87 Like Zn in ZnTPP (9), the Mg metal centre 

in Chl and BChl also does not perform any role in generating MLCT characters in excited 

states, but instead, they only serve as an electron-donating substituent in the porphyrin 

macrocyclic chromophore. Hence, the success of these PCs inspired researchers that 

metal-free porphyrin derivatives should also likely to exhibit catalytic activities in PET-

RAFT polymerisation. In light of this postulation, Boyer et al managed to use the metal-

free tetraphenyl porphyrin  (TPP, 59) as an red-light-absorbing organic PC for PET-

RAFT polymerisation of MMA in the presence of CPADB as the RAFT agent.78 On the 

other hand, 59 is found to be incapable of activating trithiocarbonates like BTPA (because 

of the higher reduction potential) and unsuitable for polymerisation of acrylates. To 

circumvent this deficiency of 59, Boyer, Xu and coworkers exploited a novel strategy by 

linking 59 with BSTP affording a donor-acceptor PC for efficient PET-RAFT 

polymerisation of MA in the presence of BTPA as the RAFT agent.88 Similarly, the metal-

free derivative of Chl without a hydrophobic carbon tail, i. e., pheophorbide a (61) was 

also investigated as a red-light-absorbing PC similar to 59, which can selectively catalyse 
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PET-RAFT polymerisation of MMA with CPADB as the RAFT agent.89 Inspired by the 

success in BChl as a PET-RAFT PC, Zhang and coworkers discovered a reduced TPP 

with a bacteriochlorin core (RTPP, 60) as an effective organic PC for PET-RAFT 

polymerisation of both acrylates and methacrylates in the presence of CDTPA or CDB as 

RAFT agents.90 Most encouragingly, 60 has strong absorption in the far-red to near-

infrared (NIR) range of the absorption spectrum, which makes it an unprecedented NIR-

absorbing organic PC for efficient PET-RAFT polymerisation. 

 

Scheme 2.12 Chemical structures of metal-free porphyrin derivatives 59, 60 and 61 used 

as organic PCs for PET-RAFT polymerisation. 

To explore more candidates as organic PCs of PET-RAFT polymerisation, Boyer, Xu and 

coworkers screened a couple of common organic dyes and identified fluorescein (62, 

Scheme 2.13) and its Br-substituted derivative Eosin Y (63, Scheme 2.13) as effective 

PCs for PET-RAFT polymerisation of MMA in the presence of CPADB as the RAFT 

agent.91 The efficacy of 62 and 63 is attributed to their sufficiently reducing T1 

(Eox*(PC•+/3PC*) = -1.22 V vs. SCE of 62 and -1.10 V of 63).91 However, 63 worked 

more efficiently than 62 in PET-RAFT polymerisation because of its much higher ΦT.2 

We then demonstrated the use of other halogenated derivatives of this dye class 64-68 

(Scheme 2.13) as efficient PET-RAFT PCs and compared their performance in PET-

RAFT polymerisation in relation to their structure and properties.2, 40 In particular, the 

newly synthesised Br-substituted 68 was discovered as a highly sensitive and efficient 

pH/light dual-responsive organic PC for PET-RAFT polymerisation of acylates, 

acrylamides, methacrylates and methacrylamides in the presence of BTPA, CPADB and 

CPDTC.2 The great merits of the halogenated xanthene dyes 63-67 are that they bear 

exceptionally strong green-to orange light absorption, high ΦT > 0.3 and suitable 

Eox*(PC•+/3PC*) = -0.91~-1.34 V vs. SCE, which makes them ideal organic PCs for PET-
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RAFT polymerisation requiring only ~20 ppm catalyst loading to yield an excellent 

efficiency.40 Good oxygen tolerance was also achieved in these dye-catalysed systems 

due to high ΦT. To maximise the oxygen tolerance performance in organic PET-RAFT 

polymerisation, 67 is judiciously designed and synthesised, exhibiting the best oxygen 

tolerance among organic PCs for PET-RAFT polymerisation.40 

 

Scheme 2.13 Chemical structures of fluorescein derivatives 62-68 used as organic PCs 

for PET-RAFT polymerisation. 

In course of the development of metal-free photo-ATRP (or O-ATRP), a few of effective 

candidates (69-71 and 53-54) were selected and implemented for PET-RAFT 

polymerisation, which were proven successful.46, 92  
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Scheme 2.14 Chemical structures of PCs emerged from studies on photo-ATRP (68-70 

and 53-54) used as organic PCs for PET-RAFT polymerisation. 

2.2.5 Photo-RDRP with organic PCs via a reductive quenching pathway 

Apart from the usually preferred oxidative quenching cycle (because of minimum use of 

catalytic species and hence less unwanted side reactions), photo-RDRP was also reported 

capable of mechanistically operating through a reductive quenching cycle.11 This 

capability originates from the fact that PCs in their excited states are both a better 

reductant and a better oxidant compared to their ground states.4-5, 93 In the reductive 

quenching pathway (Scheme 2.15, left), a strong reducing agent, typically tertiary amines 

(TAs) can work as the electron donor and donate an electron to 3PC* forming PC•-, which 

can subsequently activate the ATRP process by reducing the alkyl halide (photo-ATRP 

via the reductive quenching pathway, Scheme 2.15, left top) or the RAFT process by 

reducing the thiocarbonylthio compound (PET-RAFT polymerisation via the reductive 

quenching pathway, Scheme 2.15, left bottom). Therefore, the presence of TAs in a 

proper content is the key of enabling a reductive quenching pathway for photo-RDRP. As 

shown in Scheme 2.15, right, common TAs used for reductive quenching photo-ATRP 

or PET-RAFT include triethylamine (TEA), triethanolamine (TEOA), tributyl amine 

(TBA), methyl diethanolamine (MDEA), dimethyl aminopyridine (DMAP) and ethyl 

dimethyl aminobenzoate (EDB).75, 94 
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Scheme 2.15 Left: the proposed mechanisms for photo-RDRP via the reductive 

quenching pathway. Left top: photo-ATRP via the oxidative reductive pathway. Left 

bottom: PET-RAFT polymerisation via the reductive quenching pathway. Right: 

chemical structures of representative tertiary amines (TAs) for photo-RDRP via the 

reductive quenching pathway (TEA, TEOA, TBA, MDEA, DMAP and EDB). ISC: 

intersystem crossing; M: monomer. TA: tertiary amine. 

In reductive quenching photo-ATRP, fluorescein (62),95 Eosin Y (63)96  and Erythrosine 

B (64)96  in conjunction with TAs were demonstrated as effective PC couples to produce 

monodisperse polymers.97 Moreover, other photoactive compounds like camphor 

quinone, thioxanthone, benzophenone and isopropyl thioxanthone were also 

implemented for photo-ATRP via the reductive quenching pathway.97-98 

Similarly, Eosin Y (63) were used as a typical example for researchers to 

comprehensively investigate the kinetics,91 mechanism99 and TA scope94 of reductive 

quenching PET-RAFT polymerisation. In particular, Ferji and coworkers  performed a 

detailed investigation over the effect of the structure of the TA on the efficiency of 
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reductive quenching PET-RAFT polymerisation and its oxygen tolerance.94 The authors 

discovered that enhanced amine radical stability by increased length of the alkyl 

substituents or increased conjugation of the TA structure leads to more efficient PET-

RAFT polymerisation and better oxygen tolerance, with TBA and DMAP (Scheme 2.15, 

right) identified as the best TA candidates. 

2.2.6 Photo-LCP with organic and transition-metal-based PCs 

Herein, photo-LCP exclusively refers to photo-controlled cationic RAFT polymerisation 

developed by Fors et al, which is currently the only photo-LCP system.56 In contrast to 

PET-RAFT polymerisation where the excited PC donates an electron to the RAFT agent 

forming a propagating radical and a leaving thiocarbonylthio anion, photo-LCP is 

activated by a photo-excited PC abstracting an electron from the RAFT agent IBDTC or 

IBTTC, forming a propagating cation and a leaving thiocarbonylthio anion (Scheme 

2.16). The formed propagating cation can then undergo the cationic RAFT process to 

polymerise vinyl ether monomers in a controlled manner. By occasional diffusive 

collision, the negatively charged PC•- can then reduce the propagating cation to restore 

the quenching cycle to dormant states of the PC and the polymer chain with a RAFT end 

group (deactivation). Although in Scheme 2.16, we denoted 3PC* as the active species 

for the subsequent reductive quenching PET, it still remains unclear whether 3PC* or 

1PC* or both should be the dominant active excited state for photo-LCP.65 

 

Scheme 2.16 Left: the proposed mechanism for photo-LCP via the reductive quenching 

pathway. Right: chemical structures of RAFT agents proven effective for photo-LCP, i.e., 

IBDTC (S-1-isobutoxyethyl N,N-diethyl dithiocarbamate) and IBTTC (S-1-
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isobutoxylethyl Sʹ-ethyl trithiocarbonate). ISC: intersystem crossing; M: monomer. Z: the 

Z group of the RAFT agent. 

The first class of PCs that were proven to be effective for photo-LCP is pyrylium 

derivatives including 72-76 (Scheme 2.17). In particular, 72 can afford the best temporal 

control, presumably because of suitable redox properties, especially compared to 73 

whose catalysis for photo-LCP nearly results in no temporal control.65 However, these 

organic dye-catalysed photo-LCP systems still shows some dark polymerisation even for 

72.56, 65 To circumvent this problem and obtain ideal temporal control for photo-LCP, 

Fors and coworkers further introduced a series of modified Ir-based complexes 77-79 

(Scheme 2.17), which has resulted in hugely improved temporal control for photo-LCP 

despite some slowing down in polymerisation rates, seemingly due to their stronger 

ground state reduction capability (more rapidly recapping the propagating cations), i.e., 

more negative  Eox*(PC•+/3PC*).64 
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Scheme 2.17 Chemical structures of pyrylium derivatives (72-76) and Ir-based 

complexes (77-79) used as PCs for photo-LCP. 

2.2.7 Photo-ROMP with organic PCs 

Boydston and coworkers developed a metal-free method to mediate the ring-opening 

metathesis polymerisation (ROMP) by introducing photoredox catalysis in the presence 

of organic initiators (Scheme 2.18, right top).57 Because of the cationic nature of photo-

ROMP, it also operates through a reductive quenching pathway (Scheme 2.18, left) 

similar to photo-LCP. As shown in Scheme 2.18, left, the authors mechanistically 

envisioned that the vinyl ether initiator is activated by donating an electron to the excited 

PC, to yield the vinyl ether radical cation. Subsequently, propagation of the vinyl ether 

radical cation proceeds the polymerisation by monomer (listed in Scheme 2.18, right 

bottom) additions.100 Finally, occasional diffusive collisions between the vinyl ether 

radical cation and PC•- would restore them all to ground states for reinitiation, which 

clearly manifested the reversibility of the photo-RMOP system.57, 101 

 

Scheme 2.18 Left: the proposed mechanism for photo-ROMP via the reductive quenching 

pathway. Right: chemical structures of the initiators (right top) and monomers (right 

bottom) used in photo-ROMP. ISC: intersystem crossing. R and R’ in left: the substitution 

groups on both sides of the initiator. 

Photo-ROMP shares a similar library of PCs with photo-LCP, mainly including pyrylium 

derivatives (72-74 and 82) and thiopyrylium derivatives (80, 81, 76 and 83, Scheme 

2.19).102 By systematically studying these varied pyrylium and thiopyrylium PCs, 

Boydston et al observed higher efficiency of thiopyrylium derivatives 80, 81, 76 and 83 
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over their corresponding pyrylium counterparts.102 We postulated that this could be 

because of the heavy atom effect of S in thiopyrylium derivatives which promotes ΦT 

and increased their efficiency, which could indicate that 3PC* is the active state for the 

process of photo-ROMP. However, likewise in photo-LCP, this perspective (whether 
3PC* or 3PC* or both are the major active states) has not been well established. 

Additionally, less oxidising (more electron-rich) PCs with lower excited state oxidation 

potential Ered*(PC*/PC•+) vs. SCE (1.86 V for 80, 1.89 V for 72, 2.02 V for 82 and 83, 

2.20 V for 76, 2.23 V for 74, 2.41 V for 81 and 2.46 V for 73) tend to afford more efficient 

photo-ROMP (higher polymerisation rate).102 

 

Scheme 2.19 Chemical structures of pyrylium derivatives (72-74 and 82) and 

thiopyrylium derivatives (80, 81, 76 and 83) used as PCs for photo-ROMP. 
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2.3 Setting the frame 

2.3.1 Structure-property-performance relationships (SPPRs) 

As summarised in the previous section, commonly, the photocatalytic activity of a PC in 

Photo-RDRP involves several key steps. Firstly, photoexcitation of the S0 state PC by 

photon absorption generates the S1 state 1PC*, which then undergo subsequent 

intersystem crossing (ISC) to T1 state 3PC* (Scheme 2.20).2, 43, 103 An outer-sphere single 

electron transfer (SET) process can then occur between 3PC* or 1PC* and the substrate.104 

However, the bimolecular SET process in dilute solutions of a photo-controlled 

polymerisation system requires diffusive encounter of the excited PC and the substrate.5 

Consequently, the much more long-lived 3PC* is more preferable in dilute-solution-based 

photo-controlled polymerisation systems.104 Moreover, the triplet spin configuration of 
3PC* supresses the wasteful back electron transfer after the initial SET process, allowing 

more time for diffusive separation of the radical ion pair formed from SET.104 As 

aforementioned, it should also be noted that PET-RAFT polymerisation is also reported 

likely to occur via Dexter energy transfer (i.e., P3T) between 3PC* and the substrate 

RAFT agent in the presence of the iridium-based complex 1 and ruthenium-based 

complex 8, where 3PC* is also the desirable excited species.77 As mentioned in the 

previous section, longer-wavelength-absorbing PCs are less likely to undergo P3T in the 

presence of common RAFT agents. For example, ZnTPP 9 has been found with strong 

evidence by quantum chemical calculations that it can only undergo PET reactions with 

common RAFT agents.76 However, up to now, other PCs have not been fully revisited by 

quantum chemical approaches to specify the contribution via PET or P3T in PET-RAFT 

polymerisation, and thus no definitive conclusions can be made. 

 



CHAPTER 2  

39 

Scheme 2.20 The general mechanism of photo-controlled polymerisation catalysed by a 

PC. Left: the oxidative quenching pathway. Right: the reductive quenching pathway. 

Therefore, the key molecular properties of a PC for a photo-RDRP system includes (i) 

photon absorption (molar extinction coefficients ε at a particular wavelength and the 

maximum absorption wavelength λmax), (ii) the population of the T1 state 3PC* by ISC 

(ΦT), and (iii) redox properties describing thermodynamic feasibility of 

activating/deactivating a photo-controlled polymerisation system.105 Apparently, these 

properties of a PC are determined by the wave function of the electronic structure arising 

from its chemical structure and geometry; on the other hand, variation of these PC 

properties directly manifest in differences in the performance of the photo-controlled 

polymerisation systems.40-41 The overall relationships can be summarised as SPPRs. 

Indeed, the SPPRs are the key guiding principles for researchers to rationally design and 

optimise a PC chromophore deployed as PC to a particular photo-controlled 

polymerisation system with specific functionalities. 

2.3.2 Photon absorption: molar extinction coefficients and absorption wavelengths 

Photon absorption is vertical excitation of an S0 chromophore to generate singlet excited 

states. It is the first event that a PC undergoes in a photo-controlled polymerisation 

process. Depending on the electromagnetic radiation energy, a range of singlet excited 

states may be accessed, but higher-lying singlet excited states will all relax to S1 via rapid 

internal conversion (IC) typically within picoseconds (ps).5 In a practical system, the 

basic criterion is that certain degree of overlap must exist between absorption of the 

chromophore and emission of the light source. As Nicewicz et al pointed out in their 

review paper, notwithstanding that vertical excitation to higher singlet exited states will 

also result in relaxed S1, it is considered most desirable to irradiate the lowest energy 

absorption (i.e. the most red-shifted absorption).5 This is in regard to macroscopic energy 

efficiency and minimisation of possibility in exciting other reactants which may induce 

unwanted side reactions.5 Given a sufficiently high oscillator strength, S0→S1 

photoexcitation corresponds to the absorption peak occurring at the longest wavelength. 

Namely, the maximum absorptivity of this most red-shifted peak is expressed as 

maximum ε (εmax) and the corresponding wavelength is λmax.5 There are multiple factors 

that affect εmax and λmax of a PC. Indeed, more enhanced εmax for more efficient light 

absorption and longer λmax for better solar-to-chemical energy conversion efficiency 
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combined with better light penetration are the most desirable for a photo-controlled 

polymerisation system. Tremendous effects have been made by researcher since last 

century to explore chromophore modification methods to pursue chromophores with 

higher εmax and longer λmax. 

2.3.3 Electronic transitions: rate constants and quantum yields 

In some cases, S1 may be accessed for reactions. However, S1 is still an unstable excited 

state with ns- to µs-scale lifetime and can further decay via a couple of different pathways 

including ISC to triplet excited states which result in T1 (vide infra). Among all excited 

states, T1 has the longest lifetime owing to the spin-forbidden nature of the T1→S0 

transition. As aforementioned, the long-lived T1 with a µs- to ms-scale lifetime naturally 

allows for adequate diffusive encountering of SET reactants. Thereby, the overall triplet 

quantum yield ΦT can determine how much active excited states is accessible by the 

subsequent SET process of photo-RDRP.40, 104-105 On the other hand, the exact value of 

the T1 lifetime τT will not gain much attention in this review, because its µs- to ms-scale 

is sufficiently long for SET reactions and thus the accessibility of T1 is not much affected 

by τT.5 

2.3.4 Activation and deactivation of photo-controlled polymerisation: redox 

properties 

In an outer-sphere bimolecular SET reaction (SET between two individual molecules in 

the solution by collision), reactants are weakly coupled, with an electron transferring in 

between.106-110 Because the outer-sphere bimolecular SET only involves transfer of an 

electron and slight reorganisation of molecular geometries, the reaction barrier of a SET 

reaction is thus minimal. The molecular geometries of both reactants experience slight 

fluctuation in the course of the SET event, ending up with new equilibriums after the 

charge separation. During charge separation, solvent reorganisation and internal 

reorganisation can together provide a small energy barrier. However, because the 

reorganisation energies are very small values which do not exert notable effect in 

thermodynamics, the small energy barrier can be ignored in most practical cases. As a 

result, the thermodynamic feasibility of activating or deactivating a photo-RDRP system 

is determined by the Gibbs free energy change (ΔG) of the corresponding SET redox 

reaction. Experimentally, with respect to the properties on the PC side, this 

thermodynamic feasibility of activation can be evaluated by the T1 reduction potential of 
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the PC, i.e., E0(PC•+/3PC*), or the T1 oxidation potential, i.e., E0(PC•+/3PC*), depending 

on the quenching pathway of the photo-RDRP or photo-LCP systems. Similar 

conventions also apply to the evaluation of thermodynamic feasibility of deactivation in 

photo-RDRP or photo-LCP. 

2.4 Spectral properties: bathochromic shift and hyperchromic effect 

2.4.1 Theories and structure-property relationships 

As discussed in the previous section, εmax and λmax of a PC in most cases roughly 

correspond to S0→S1 photoexcitation. The S0→S1 photoexcitation is contributed by a 

mixture of different molecular orbital (MO) transitions. MO transitions with significant 

contribution to S0→S1 photoexcitation are usually transitions between frontier MO 

(FMO), mostly the highest occupied MO (HOMO) or the second HOMO (HOMO-1) to 

the lowest unoccupied MO (LUMO) or the second LUMO (LUMO+1) transitions. 

Depending on the nature of these MOs, the S0→S1 photoexcitation can commonly be 

classified as local excitation, charge transfer (CT) excitation. Depending on the 

wavefunctions of S0 and S1, their energy difference and the corresponding transition 

electric dipole moment of S0→S1 transition results in the oscillator strength (f) of the 

S0→S1 transition, which directly reflect εmax of the PC. On the other hand, the energy 

level gaps of related MO transition pairs in the S0→S1 excitation impose an overall impact 

on the excitation energy, which consequently determines the λmax. 

Apparently, by introducing substituents or modifications to the chromophore, the MOs 

can be tuned, leading to tuned S0→S1 transition and thus tuned εmax and λmax of a PC. 

Therefore, to achieve tuning of εmax and λmax in a certain direction and to a certain degree 

by rational structure modification/design, the relevant structure-property relationships 

need to be understood and established. In this view, researchers in the past decades have 

established a library of structure-property relationships to judiciously tune εmax and λmax 

of a PC by modifying/designing the PC structure, mostly targeting higher εmax (the 

hyperchromic effect) and longer λmax (the bathochromic effect) discussed as below. 

2.4.2 Computational methodologies 

Direct calculation of absorption spectral properties can be easily performed with common 

software packages like Gaussian,111 ORCA, Dalton,112 BDF113 and specialized programs 
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like MOMAP,114 combined with characterisation of MOs to qualitatively assign different 

excitations with absorption peaks. 

To gain a theoretical insight and a quantitative view into the structure-properties, explicit 

wavefunction analysis can be done with the most cutting-edged methodologies such as: 

1) Hole-electron analysis (based on calculating charge density difference between the 

excited state and the ground state) to visualize the excitation characteristics and discern 

localized excitation, bulk excitation or charge transfer excitation. In the meantime, the 

charge transfer distance, degree of electron/hole separation, contribution of each 

atom/segment to electron excitation and the Coulomb attraction energy can be 

quantitatively determined from hole-electron analysis. A more traditional strategy in 

quantifying charge transfer excitation is Natural Transition Orbital (NBO) analysis and 

Adaptive Natural Density Partitioning (AdNDP) analysis. Other methods include inter-

fragment charge transfer (IFCT) analysis. Packages like Multiwfn115 and NBO can be 

used for relevant analysis. 

2) Analysis of characteristics of π-electrons in a chromophore is of fundamental 

importance in evaluating the photophysical properties of a PC, since π-π* excitations 

usually predominate in photoexcitation of a conjugated organic molecule. This type of 

analysis can clearly visualize and provide basic information about 

aromaticity/antiaromaticity, conjugation pathways and dimensions of the conjugation 

system, which largely influence the excitation energy. Methodologies to evaluate π-

electron characteristics include the electron localization function (ELF) analysis, 

localized-orbital locator (LOL) analysis and π-electron population calculations. 

Multiwfn115 can be used for relevant analysis. 

2.4.3 Bathochromic shift and hyperchromic effect by heavy halogen substituents 

Perhaps the most known strategy to tune λmax and εmax of a chromophore is the 

introduction of halogen substitution. Whilst it is generally accepted that heavier atom 

substitution tends to result in higher εmax and longer λmax,116 heavy halogen substitution is 

the most effective and readily applicable method. For example, recent reports on 

modifying iridium complexes with heavier halogens attributed the observed 

bathochromic shift and hyperchromic effect to the heavy halogen substituents stabilising 

LUMO while remaining HOMO mostly unperturbed.117-118 
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Scheme 2.21 Chemical structures of halogenated xanthene dyes 64, 63, 65 and 66. 

Similarly, we investigated the use of halogenated xanthene dyes (64, 63, 65 and 66 as 

examples in Scheme 2.21) in PET-RAFT polymerisation and more explicitly explored 

how the variation of halogen substitutions tunes λmax and εmax of the chromophore.40 TD-

DFT calculations showed that the HOMO→LUMO transition has more than 98% 

contribution to the S0→S1 vertical excitation of these halogenated xanthene dyes and 

indicated that the evolution of λmax by halogen substitution can be exclusively described 

by the natures and energy levels of HOMO and LUMO. Specifically, because the non-

bonded (n) electrons of halogen substituents in the xanthene core has a significant 

population of HOMO, heavier halogens naturally exhibit higher energy n electrons (i.e. 

I > Br) and lead to higher HOMO energy level, shown by comparing 64 (Figure 2.1A) 

and 63 (Figure 2.1B). On the other hand, there is no population of LUMO localised in 

these xanthene core halogens and thus LUMO energy levels are less effected comparing 

64 (Figure 2.1A) and 63 (Figure 2.1B). Consequently, the heavier I-substituted 64 has 

narrower HOMO/LUMO energy gap and longer λmax = 548 nm compared to Br-

substituted 63 with λmax = 540 nm; similar trend was observed for I-substituted 65 with 

longer λmax = 563 nm compared to Br-substituted 66 with λmax = 555 nm.40 
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Figure 2.1 FMOs and their energy levels of S0 state (A) Erythrosine B (64), (B) Eosin Y 

(63), (C) Rose Bengal (65), and (D) Phloxine B (66). q: percentage of the MO localised 

on the specified element. Reprinted with permission from ref 40. Copyright © 2019, 

American Chemical Society.40 

It was also found that heavier halogen substitution also leads to an increase in εmax (Table 

2.1), contributed by both narrower S1/S0 energy difference and higher transition electric 

dipole moment by the heavy atom effect.40 

Table 2.1 Spectral Properties of Halogenated Xanthene Dyes. 

 
Halogen substituents λmax (nm) εmax (M–1 cm–1) 

64 4 xanthene-I 548 95000 

63 4 xanthene-Br 540 87800 

65 4 xanthene-I & 4 phenyl-Cl 563 97300 

66 4 xanthene-Br & 4 phenyl-Cl 555 93800 

Repoduced with permission from ref 0. Copyright © 2019, American Chemical Society.40 

2.4.4 Bathochromic shift by chromophore core-twisting 

By introducing bulky substituents to the chromophore that produces significant steric 

hinderance, the originally planar chromophore core can be twisted, which leads to 

pronounced changes in its wavefunction and consequently large variation in its molecular 

properties. Researchers have found that core-twisting of same common organic 

chromophores can lead to notable bathochromic effect and absorption peak broadening. 

These core-twisted dyes include nanocarbon (e.g. acene) derivatives, perylene diimide 

(PDI) derivatives and porphyrin derivatives. 

Gidron and coworkers recently reviewed the helically locked twisted acene derivatives 

and focused on the relationship between their twist angles and the resultant effect on their 

optical and electronic properties.119 Overall, with the increase in the twist angle, the 

twisted acene derivative exhibit slight destabilisation of its HOMO as well as slight 

stabilisation of LUMO (Figure 2.2).119-120 This is caused by orbital rehybridization where 

greater σ character is mixed into π as a result of core-twisting.121-122 Consequently, the 

narrowed HOMO/LUMO energy gap lead to slight bathochromic shift observed in its 
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absorption spectra.\cite119-120 This general trend is applicable to most twisting 

nanocarbons.119 

 

Figure 2.2 (a) The planar, bent, and twisted conformations of two adjacent p-orbitals. (b) 

Calculated HOMO and LUMO energy levels of anthracene (as a simplified example of 

twisted acene derivatives) with different twist angles. Reprinted with permission from ref 

119. Copyright © 2019, American Chemical Society.119 

 

Scheme 2.22 Chemical structures of 9 and 84. 

Similarly, Holten and coworkers systematically investigated the conformationally 

distorted porphyrin derivatives and discovered that the non-planarity of the macrocycle 

induced by the steric hinderance of adjacent bulky peripheral substituents largely affects 

the S1 state and hence related photophysical properties.123 Specifically, the saddle 

deformations of twisted porphyrins tend to destabilise their HOMOs while stabilise 

LUMOs and thereby yield smaller HOMO/LUMO energy gaps, which naturally leads to 

bathochromic shift in the absorption spectra.123 Senge more generally reviewed a large 

library of core-twisted porphyrins and concluded that macrocycle distortion of porphyrin 

derivatives can destabilise the π system.124 For example, zinc(II) 2,3,7,8,12,13,17,18-
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octaethyl-5,10,15,20-tetraphenylporphyrin (84, Scheme 2.22) is an excellent core-

twisting porphyrin dye whose planar porphyrin counterpart is zinc(II) 5,10,15,20-

tetraphenylporphyrin (9, Scheme 2.22). While 84 only has eight additional peripheral 

ethyl groups in comparison to 9, these ethyl groups mostly only impose geometrical 

impact on the chromophore without any notable electron-donating/withdrawing effect or 

any conjugated effect. As reported in literature, the experimentally resolved structure of 

ZnOETPP indeed exhibits a saddle-distorted non-planar macrocycle because of the steric 

hinderance formed between ethyl groups and phenyl groups.124-125 This distortion has led 

to a significant ~85 nm bathochromic shift in λmax from 600nm of ZnTPP78 to 685 nm of 

ZnOETPP.126 

2.4.5 Bathochromic shift by introduction of alkyl/aryl oxide or sulfide substituents 

Recently, Zhao and coworkers synthesised a series of PDI derivatives and reported the 

strong bathochromic shift in absorption caused by alkyl sulfide substitution on the bay 

positions of PDI derivatives.127 As shown in Figure 2.3, because of the bay substituents, 

PDI-2, PDI-3, PDI-4, PDI-5 and PDI-6 all exhibit slight core-twisting characters as 

compared to the planar PDI-1. However, this nonplanarity is not significant and 

apparently that the core-twisting halogen-substituted PDI-4 and PDI-5 exhibit 

comparable λmax to PDI-1 (λmax = 523 nm). Therefore, the alkyl/aryl sulfide substituents 

of PDI-2, (λmax = 560 nm), PDI-3 (λmax = 552 nm) must have played an important role in 

the observed significant ~30 nm bathochromic shift in λmax as compared to PDI-1. The 

authors observed that the presence of higher energy n electrons in the S atoms notable 

moves up the HOMO energy level while having much less effect on the LUMO energy 

level, leading to much narrowed HOMO/LUMO energy gaps (Figure 2.3). Consequently, 

these n→π* characters in S0→S1 excitation (~99% contribution from HOMO→LUMO 

transition) result in the notable bathochromic shift of λmax in PDI-2 and PDI-3 with 

respect to PDI-1. On the other hand, the bathochromic shift in PDI-6 is smaller, which is 

because of the strong electron-withdrawing effect of F substituents that greatly withdraw 

the n electrons on S and reduce their impact on the chromophore.127 
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Figure 2.3 Chemical structures, molecular geometries and visualized FMOs (isovalue = 

0.03) of PDI derivatives PDI-1, PDI-2, PDI-3, PDI-4, PDI-5 and PDI-6. Reprinted with 

permission from ref 127. Copyright © 2019, The Royal Society of Chemistry.127 

Würthner and coworkers observed similar bathochromic shifts for PDI derivatives 

substituted with aryl oxide on bay positions, which can lead up to 56 nm bathochromic 

shift in λmax.128 More strikingly, the authors observed 181 nm bathochromic shift in λmax 

by introducing pyrrolidinyl substituents on bay positions,128 which is likely also due to 

the high energy n electrons in the N atoms contributing to n→π* characters of the S0→S1 

excitation. 
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Very recently, Martynov and coworkers employed (TD)DFT methods and spectroscopic 

methods to theoretically interpret the spectral properties across a library of unsubstituted 

and alkoxy-substituted free-base or zinc phthalocyanine derivatives 85, 86, 87, 88, 89 and 

90 (Figure 2.4).129 Two types of alkyloxy substitution are possible for phthalocyanine 

derivatives, i.e., the peripheral β-alkyloxy-substitution (e.g. 86 and 89, Figure 2.4) and 

the nonperipheral α-alkyloxy-substitution (e.g. 87 and 90, Figure 2.4). Interestingly, the 

two types perform very differently in affecting the spectral properties of the 

phthalocyanine chromophores. In the context of the peripheral β-alkyloxy-substituted 86 

and 89, λmax of their Q-bands are located at 703 nm and 679 nm respectively, almost the 

same as their unsubstituted counterparts 85 and 88. In contrast, the nonperipheral α-

alkyloxy-substituted 87 (λmax = 772 nm) and 90 (λmax = 751 nm) exhibit pronounced 

bathochromic shift in λmax as large as ~70 nm (Figure 2.4). The authors concluded that 

the nonperipheral α-alkyloxy-substitution can strongly destabilise HOMO because of 

larger HOMO population on α-carbons resulting in stronger mesomeric interaction with 

n electrons of the O atoms, which consequently leads to narrowed HOMO/LUMO energy 

gap and the observed large Q-band bathochromic shift.129 Another report discovered that 

the Q-band bathochromic shift is enhanced with increasing number of nonperipheral α-

alkyloxy-substituents.130 Similarly, Martin and coworkers observed the same 

nonperipheral α-alkyloxy-substitution effect in generating a large Q-band bathochromic 

for naphthalocyanines.131 
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Figure 2.4 Chemical structures and molecular geometries of the free-base phthalocyanine 

85, the free-base β-alkyloxy-substituted phthalocyanine 86, the free-base α-alkyloxy-

substituted phthalocyanine 87, the zinc(II) phthalocyanine 88, the zinc(II) β-alkyloxy-

substituted phthalocyanine 89, the zinc(II) α-alkyloxy-substituted phthalocyanine 90. 

Reprinted with permission from ref 129. Copyright © 2019, American Chemical 

Society.129 

2.4.6 Bathochromic shift and hyperchromic effect by extended π-conjugation 

π-Conjugation system extension is one of the most applied guiding principle for designing 

long-wavelength absorbing dyes.132 This is based on the conventional recognition that 
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“larger π-conjugation contributes to bathochromic shifts”. Although not always true132 

and can have exceptions,133 this statement is still useful in most cases given sufficient 

understanding of the core chromophore before modification.132 The most commonly seen 

π-expanded dyes include polyaromatic dyes132 and porphyrin derivatives.134 

Adachi and coworkers reported the effect of π-conjugation extension on 

polynaphthalenetetracarboxylic dianhydride diimide dyes 91, 92 and 93 (Figure 2.5).132 

From 91 (λmax = 526 nm, εmax = 81500) to 92 (λmax = 650 nm, εmax = 93300) and 93 (λmax 

= 764 nm, εmax = 16200), with the π-conjugation extension along the long molecular axis, 

significant bathochromic shift in λmax and notable hyperchromic effect in εmax were 

observed (Table 2.2). As shown in Figure 2.5, the extended π-conjugation leads to 

destabilisation of HOMO and move up the HOMO energy level while scarcely affects the 

LUMO energy level. This overall effect contributes to narrowed HOMO/LUMO energy 

gap and therefore contribute to notable bathochromic shifts. The authors further explained 

that all bridges connecting each naphthalene fragments are characterised as antibonding 

connections in HOMOs of these derivatives; because of increasing content of these 

antibonding connections from 91 to 92 and 93, the HOMO is more destabilised and 

exhibits higher energy level, while the LUMO always has bonding connections in all 

bridges and thus not affected (Figure 2.5).132 Meanwhile, the larger π-conjugation which 

causes destabilisation of the HOMO further leads to an increase in the transition dipole 

length and consequently yields enhanced εmax.132 
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Figure 2.5 Chemical structures and HOMOs/LUMOs (and corresponding energy levels) 

of polynaphthalenetetracarboxylic dianhydride diimide dyes 91, 92 and 93. Reprinted 

with permission from ref 132. Copyright © 2001, American Chemical Society.132 

Table 2.2 Observed and calculated absorption spectra of polynaphthalenetetracarboxylic 

dianhydride diimide dyes 91, 92 and 93. 

 observed calculated 

dye λmax (nm) εmax λmax (nm) f  

91 526 81 500 441 1.258 

92 650 93 300 520 1.834 

93 764 162 000 580 2.404 

Reprinted with permission from ref 0. Copyright © 2001, American Chemical Society.132 

On the other hand, Sessler and coworkers reviewed a large library of π-extended boron 

dipyrromethenes (BODIPYs), π-extended sapphyrins, π-extended porphycenes, π-

extended corroles, π-extended rosarins, π-extended cyclo[n]pyrroles and other types of 
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expanded porphyrins with π-extension.134 All of these π-extended dye classes exhibit 

larger bathochromic shift in λmax with larger π-extension.134 As a typical example, the 

phthalocyanine derivative 94 (Scheme 2.23) possesses a λmax of 679 nm and its π-

extended naphthalocyanine counterpart 95 (Scheme 2.23) has a λmax of 783 nm; the π-

extension contributes to a 104 nm bathochromic shift.135 

 

Scheme 2.23 Chemical structures of a phthalocyanine derivative 94 and the 

corresponding naphthalocyanine derivative 95. Reprinted with permission from ref 135. 

Copyright © 2019, John Wiley and Sons.135 

2.5 Electronic transitions: enhanced triplet quantum yield 

2.5.1 Theories and structure-property relationships 

As presented in the Jablonski diagram (Scheme 2.24a), the photophysical processes upon 

irradiation of a chromophore starts from S0→Sn (n ≥ 1) photon absorption, followed by 

Sn→S1 IC decay in accordance to Kasha’s rule.103 From S1, subsequent radiative decay 

(characteristic of fluorescence decay constant kf) and IC decay (characteristic of IC decay 

constant kic) to S0 and ISC decay to Tn (characteristic of ISC decay constant kisc) followed 

by Tn→T1 IC decay finally result in population of T1. The quantum yield of T1 is 

correspondingly defined as ΦT = kisc/(kf + kic + kisc), which is a key parameter for a photo-

RDRP PC as aforementioned.2, 103 In pursuing higher population of long-lived T1 states 

for photo-RDRP (i.e. higher ΦT), there are typically two requirements: (i) faster ISC of 

S1→Tn characteristic of higher ISC decay constant kisc; (ii) reduced fluorescence decay 
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rate kf and IC decay rate kic. To enhance ΦT by promoting ISC, either heavy substituents 

with heavy atom effect or orthogonality between S1 and Tn wavefunctions can be fairly 

effective, as respectively discussed below. 

 

Scheme 2.24 (a) Jablonski diagram. (b) El-Sayed’s rules. (c) Rotational property of the 

orbital angular momentum. Reprinted with permission from ref 103. Copyright © 2019, 

American Chemical Society.103  

2.5.1.1 Heavy atom effect 

Because the transitions between pure spin states with different multiplicities is spin-

forbidden, these transitions can only occur from SOC, which is a relativistic 

phenomenon136 inducing a quantum mechanical mixing of states with different 

multiplicities.137 Qualitatively, SOC arises from the spin magnetic moment of an electron 

interacting with the magnetic field generated by the motion of its nucleus.138 The 

magnitude of the nuclear magnetic field is proportionally related to the nuclear charge, 

i.e. the atomic number Z.137 Consequently, SOC, the relativistic phenomenon which 

contributes to ISC transitions, increases roughly like Z2 for valence shells.136 As such, 

with heavier atom substitution, the chromophore can exhibit enhanced kisc resulting from 

enhanced SOC, and thus bear an enhanced ΦT. 

2.5.1.2 Orthogonality between S1 and Tn wave functions 

According to the El-Sayed’s rules,139 an efficient ISC process via SOC can occur between 

singlet and triplet states bearing different MO types (i. e, orthogonality between S1 and 



CHAPTER 2  

54 

Tn wave functions and thus a change of MO types in the S1→Tn transition).103 This 

orthogonality (either partial or full) may arise either from the simple 3,1(nπ*)↔1,3(ππ*) 

transitions103 (Scheme 2.24b) or transitions between localised ππ*-type states and CT 

states 3,1(ππ*)CT↔1,3(ππ*)loc.38 Moreover, enhanced ISC via SOC was also reported in 

several cases to be attributed to core-twisting with deviation of aromatic backbones from 

planarity,119 which is also believed to arise from orthogonality but has not yet been fully 

addressed in theory. Commonly chromophore core-twisting can be introduced by forming 

steric hinderance between adjacent substituents. 

2.5.2 Computational methodologies 

To calculate ΦT by ΦT = kisc/(kf + kic + kisc), it is a necessity to compute the different 

excited state decay constants kf, kic, and kisc. 

The excited state and ground state geometries, their vibration normal modes, transition 

energies and electric transition dipole moment can be calculated by the Gaussian software 

package. 

kf corresponds to the decay constant of the S1→S0 radiative decay and can be evaluated 

by the Strickler-Berg equation, which requires inputting the spontaneous transition 

frequency from S1 to S0, the electric transition dipole moment between S1 and S0 and the 

vibrational functions for S1 and S0.140-141 Computation of kf can be routinely performed 

via any of the ORCA, Dalton or MOMAP software package. 

kic corresponds to the decay constant of the S1→S0 nonradiative decay. Literature reported 

that the computation of kic has to be based on the correlation function formalism of the 

Duschinsky rotation effect,140 which was found to impose a critical impact on the 

temperature dependence of luminescence phenomena.142 Shuai and coworkers have 

derived a rate formula for the S1→S0 nonradiative decay process through vibronic 

coupling by consideration of the Duschinsky rotation effect.140, 143 Firstly, the Duschinsky 

rotation matrix along with the normal mode displacements can be computed by the 

DUSHIN program;144-145 secondly, vibronic couplings need to be obtained. On top of 

these and the relevant information of S1 and S0 obtained from TD-DFT calculations, kic 

can be calculated by using the MOMAP software package.114 
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kisc corresponds to the decay constants of the S1→Tn intersystem crossing processes. 

Shuai and coworkers proposed a statistical rate analytical formalism on the basis of the 

second-order perturbation theory which combines both SOC and nonadiabatic 

couplings.146 On top of the second perturbation theory, they derived a general ISC rate 

formalism to calculate kisc including  the spin-vibronic coupling where the origin 

displacements, distortion and the Duschinsky rotation within a multimode harmonic 

oscillator model are considered.146 Calculation of kisc by this method can be performed 

with the MOMAP software package while the SOC matrix elements have to be computed 

from other software packages. To precisely and efficiently calculate the SOC matrix 

elements between S1 and Tn, Liu and coworkers developed an extended spin-adapted TD-

DFT (S-TD-DFT) method to treat scalar-relativistic effects to infinite order via the spin-

free part of the exact two-component (sf-X2C) Hamiltonian, and treat the SOC 

perturbatively via an effective one-electron spin-orbit operator from the same X2C 

Hamiltonian, namely the sf-X2C-S-TD-DFT-SOC approach.42, 147 Accordingly, the SOC 

matrix elements between S1 and Tn can be reliably calculated by the BDF software 

package.147-149 Alternatively, the SOC matrix elements can also be readily calculated by 

ORCA, pysoc or Dalton software packages. 

As an example, in a recent research of ours, we calculated ΦT of a halogenated xanthene 

dye and obtained ΦT = 0.58 as presented in Scheme 2.25, which is highly consistent with 

theoretically expected.2 
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Scheme 2.25 Computationally derived Jablonski diagram of a synthesised halogenated 

xanthene dye and its derivation of ΦT from different excited state decay constants.2 

Reprinted with permission from ref 2. Copyright © 2019, American Chemical Society.2 

2.5.3 Enhanced triplet quantum yield by excited state charge transfer 

As aforementioned, it is essential to populate T1 states in photo-RDRP systems as the 

long-lived T1 states can be sufficiently diffused to encounter substrates for SET reactions 

and can effectively suppress the undesirable back electron transfer upon bimolecular 

collision in SET.5, 38, 104 However, most of the purely organic chromophores lack of 

efficient SOC and hence bear rather slow ISC and low ΦT.38 To construct D-A scaffolds 

characteristic of CT excitation has become a popular strategy to design purely light-atom-

based organic chromophores with high ΦT. On one hand, the orthogonal nature of the 
3,1(ππ*)CT↔1,3(ππ*)loc transition largely enhances ISC via SOC in the CT states.38, 45 On 

the other hand, the twisted D-A structure bearing largely offset MOs between the donor 

and acceptor moieties results in minimal HOMO/LUMO offset and thereby has a 

narrowed singlet-triplet energy gap ΔEst,4, 38 which also effectively facilitates ISC because 

the ISC rate is jointly determined by SOC and ΔEst. 

By attaching aryl groups with low-lying π* (either by extended conjugation or electron-

withdrawing substitution), Miyake and coworkers constructed a library of 

dihydrophenazine derivatives,36 phenoxazine derivatives37 and dimethyl-dihydroacridine 

derivatives35 bearing D-A motifs, which are characteristic of CT excited states, as 

effective O-ATRP PCs with high ΦT and highly reducing T1 states. As a typical example, 

they used two comparable π-extended phenoxazine derivatives to demonstrate the effect 

of CT characters of excited states on photophysical properties of a PC.43 Damrauer, 

Miyake and coworkers discovered that the phenoxazine derivative 39 (Figure 2.6) 

possesses a ΦT (i.e. ΦISC, Figure 2.6) of 0.11. As shown in Figure 2.6, right, after local 

excitation in the phenoxazine core of 39 reaching the Frank-Condon singlet SFC, the 

electron density is rapidly shifted to one of the biphenyl substituents reaching the CT state 

SCT-Biph within 10 ps by solvent reorganisation and conformational relaxation. However, 

the subsequent ISC process occurs as SCT-Biph→ TCT-Biph transition, which neither has 

narrow ΔEst nor exhibit orthogonality in their orbital angular momentum modes. 

Consequently, the kisc of SCT-Biph→ TCT-Biph transition is limited and cannot effectively 

compete with kf + kic (i.e. kr + knr) of the SCT-Biph→ S0 transitions, resulting in a low ΦT of 
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0.11 (Figure 2.6). In stark contrast, by replacing the N-phenyl group of 39 with the N-

naphthyl group, the received π-extended derivative 40 (Figure 2.6) exhibit a remarkably 

high ΦT of 0.91. As presented in the energy diagram (Figure 2.6), upon local excitation 

in the phenoxazine core of 40 reaching SFC and further SCT-Biph, the electron density is 

further shifted to the N-naphthyl group reaching SCT-Naph within ~20 ps. Subsequently, 

two ISC pathways can occur (respectively denoted as A and B in Figure 2.9). The ISC 

pathway A has SCT-Naph→TCT-Naph transition as the rate-limiting step, which bears a very 

small ΔEst hence resulting in fast ISC; however, although possible, the pathway A was 

not observed.43 On the other hand, the ISC pathway B directly couples SCT-Naph with TCT-

Biph. The kisc of SCT-Naph→TCT-Biph transition is greatly enhanced because of the notable 

change in orbital angular momentum which greatly facilitates SOC as aforementioned. 

Consequently, 40 exhibits an unprecedented ΦT of 0.91 arising from the excited state CT 

characters.43 

 

Figure 2.6 Left: molecular geometries of 30 and 40, with ΦISC (ΦT) denoted below. Right: 

diagram of excited and ground state energy levels with alternative ISC pathways 

presented for 30 and 40. Less likely pathways are indicated in dashed lines.43 Reprinted 

with permission from ref 43. Copyright © 2018, American Chemical Society.43 

Following this study, Damrauer, Miyake and coworkers further investigated a class of N-

aryl 3,7-diphenyl phenoxazine derivatives 96, 34 and 35 (Figure 2.7) with variation in 

their N-aryl substitution to establish more detailed relationships between the CT character 

of excited states and ΦT.45 Unlike the previous report, the chosen 3,7-diphenyl group to 

replace the 3,7-dibiphenyl group helps isolate the impact of N-aryl substitution on CT 

characters and ΦT. For 96, upon photoexcitation to the Frank-Condon excited state (SFC), 
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it rapidly relaxed to an emitting state Sdeloc characteristic exhibiting orbital character 

delocalised to the whole chromophore. Subsequently, Sdeloc can both relax to S0 by 

fluorescence/IC and TCT-Phen(core) (exhibiting partial CT to a MO spanning the phenoxazine 

core and its one-side adjoining phenyl group) via SOC. Because of the orthogonality in 
1,3(ππ*)deloc→3,1(ππ*)CT,Phen(core) arising from the CT character, the SOC of the Sdeloc→TCT-

Phen(core) transition is enhanced leading to a notable kisc able to compete with kf and kic, 

which results in ΦT = 0.30 (Table 2.3). On the other hand, by replacing the N-phenyl 

group with an N-1-naphthyl group, the resultant 34 exhibited an additional intermediate 

singlet state SCT-Naph with CT character to the N-1-naphthyl group, which is relaxed from 

Sdeloc (Figure 2.7, bottom). Obviously, due to the CT character of the emitting state SCT-

Naph, the irradiative SCT-Naph→S0 transition is greatly impeded, leading to a low kf = 3.0 × 

106 s-1 of 34 as compared to 96 (kf = 2.1 × 108 s-1). Meanwhile, the more pronounced CT 

character of the SCT-Naph→TCT-Phen(core) transition with promoted orthogonality in 
1,3(ππ*)CT,Naph→3,1(ππ*)CT,Phen(core) leads to enhanced SOC. Correspondingly, 34 bears a 

higher kisc = 1.5 × 108 s-1 compared with 96 (kisc = 9.3 × 107 s-1). The overall effect of 

retarted fluorescence and enhanced ISC contribute to the remarkably high ΦT = 0.95 as 

compared to 96 (ΦT = 0.30). On the other hand, the N-2-naphthyl counterpart 35 exhibits 

a naphthyl-to-phenoxazine centre-centre distance of  0.533 nm larger than that of 34 

(0.437 nm). As a consequence, the 35 exhibit less coulombic stabilisation than 34 and 

thus 35 possesses a slightly higher energy SCT-Naph compared to 34, resulting in a larger 

ΔEst of 35 than that of 34. Therefore, 35 exhibits a slightly lower ΦT = 0.92 as compared 

to 34 (ΦT = 0.95), arising from the variation in the N-naphthyl connectivity.45 
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Figure 2.7 Top: chemical structures of 96, 34 and 35. Bottom: energy level diagram of 

96, 34 and 35 showing dominant decay pathways of excited states. Reprinted with 

permission from ref 45. Copyright © 2019, American Chemical Society.45 

Table 2.3 Photophysical properties of 96, 34 and 35. 

 
kf (s-1) kic (s-1) kisc (s-1) ΦT τT (ms) 

96 2.1 × 108 6 × 106 9.3 × 107 0.30 1.5 

34 3.0 × 106 5 × 106 1.5 × 108 0.95 1.5 

35 3.7 × 106 6 × 106 1.1 × 108 0.92 1.4 

Reproduced with permission from ref 45. Copyright © 2019, American Chemical 

Society.45 
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2.5.4 Enhanced triplet quantum yield by heavy atom effect 

Based on the heavy atom effect, ΦT of fluorescein dyes can be simply tuned by the 

halogenation strategy, where the SOC between S1 and Tn is enhanced by halogen 

substituents with larger atomic numbers Z (roughly like Z2),137 leading to higher kisc and 

ΦT. Recently, we reported a synthesised new PC 68 (Scheme 2.26), which possesses ΦT 

= 0.58 and features four Br substituents as compared to its non-substituted counterpart 

fluorescein 62 (ΦT = 0.03, Scheme 2.26).2 As denoted in Scheme 2.26, 62 and 68 bear 

highly comparable kf and both exhibit negligible kic; however, heavier substituents of 68 

results in remarkably higher kisc by enhanced SOC compared to 62.2 Overall, this heavy 

atom effect leads to much higher ΦT = 0.58 of 68. 

 

Scheme 2.26 Chemical structures of 62 and 68, with kf, kic, kisc and ΦT denoted below. 

Reproduced with permission from ref 2. Copyright © 2018, American Chemical Society.2 

Following this trend, heavier halogen substitution appears to result in higher ΦT for these 

halogenated xanthene dyes 64, 63, 65 and 66 mentioned in above sections (Table 2.4).40 

Table 2.4 Photophysical properties of halogenated xanthene dyes 64, 63, 65 and 66. 

 
Halogen substituents ΦT τT (ms) 

64 4 xanthene-I 0.62–0.69 0.35–0.65 

63 4 xanthene-Br 0.28–0.32 0.6–4.0 

65 4 xanthene-I & 4 phenyl-Cl 0.76–0.86 0.26–1.91 

66 4 xanthene-Br & 4 phenyl-Cl 0.4 0.12–1.75 
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Reproduced with permission from ref 0. Copyright © 2019, American Chemical 

Society.40 

2.5.5 Enhanced triplet quantum yield by chromophore core-twisting 

By state-of-the-art theoretical and experimental studies, researchers clarified the 

important role of core-twisting/nonplanarity in promoting ISC via enhanced SOC.150-151 

Hariharan and coworkers initially investigated a class of core-twisted PSI derivatives with 

multiple Br substituted in the bay positions and discovered a significant enhancement in 

triplet generation.152 However, to explore the isolate effect of core-twisting on ISC, the 

impact from heavy atoms must be excluded. With this consideration, Hariharan and 

coworkers further imparted light-atom-based twisting into the core chromophore of PDI 

derivatives forming 98 and 99 with the planar 97 as comparison (Scheme 2.27). Indeed, 

the planar analogue 97 possesses negligible ΦT ~ 0 because of the weak SOC diminishing 

ISC. By imparting H-H repulsion induced core-twisting at one side of the cove regions of 

the PDI core, 98 is received and the one-side twisting effect yields an enhanced ΦT ~ 0.10 

coupled with a kisc = 1 × 109 s-1. By imparting this core-twisting at both sides of the cove 

regions, the resultant more twisted structure exhibits an even higher ΦT ~ 0.30 with a 

higher kisc = 4 × 1010 s-1 (Scheme 2.27). Quantum chemical calculations revealed that the 

C-H and C=C bending vibration modes in the twisted regions contribute to efficient ISC 

between 1(ππ*) and 3(ππ*) driven by the Herzberg-Teller vibronic coupling.153-154 
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Scheme 2.27 Chemical structures and representation of molecular geometries of 97, 98, 

99, with ΦT and kisc denoted below the dye labels. Reproduced with permission from ref 

153. Copyright © 2017, The Royal Society of Chemistry.153 

Very recently, Behrends and coworkers constructed a class of twisted acene derivatives 

Ant-Cn (n = 3-6) tethered with alkyl tethers (n = propyl-tether to hexyl-tether) to 

investigate the effect of core-twisting in ΦT of chromophores (the strategy illustrated as 

Figure 2.8, top).155 With shortened alkyl bridges, the degree of twisting (twist angle) is 

increased from 38° with a hexyl-tether (Ant-C6), 32° with a pentyl-tether (Ant-C5), 30° 

with a butyl-tether (Ant-C4) to 23° with a propyl bridge (Ant-C3). As comparison, a 

planar open reference compound without a tether (open) featuring 0° twist angle is also 

studied. Time-resolved Electron Paramagnetic Resonance (EPR) spectroscopy was 

performed to obtain the transient EPR spectra of all these compounds (Figure 2.8, 
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bottom). Obviously, the highly similar spectral shapes for open, Ant-C6, Ant-C5 and 

Ant-C4 allow direct comparison and clearly evidence progressively increased triplet 

signal intensity indicating higher ΦT with shorter tethers. Despite a different spectral 

shape of Ant-C3 (because of significantly changed spin polarisation caused by stretching-

induced impact on the relative orientation of the phenyl side groups relative to the 

anthracene core), Ant-C3 bears the biggest absolute signal area and hence the highest ΦT 

as expected (Figure 2.8, bottom). Overall, a clear trend was observed by the authors 

towards increased ΦT for more twisted compounds tethered with shorter alkyl tethers.155 

 

Figure 2.8 Top: chemical structures of twisted acene derivatives Ant-Cn (n = 3-6) 

tethered with alkyl bridges (n = propyl bridge to hexyl bridge). Bottom: transient EPR 

spectra for Ant-Cn and the open (no alkyl bridges) reference compound. Reproduced 

with permission from ref 155. Copyright © 2019, The Royal Society of Chemistry.155 

Gidron and coworkers broadly reviewed the consequences of core-twisting nanocarbon 

molecules on their properties including ΦT and summarised the proposed mechanisms.119 
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For example, Brédas and coworkers demonstrated a direct correlation between the 

magnitude of SOC and the degree of nonplanarity in nonplanar aromatic heterocyclic 

compounds.156 Combining with the above mentioned findings, chromophore core-

twisting can generally enhance SOC and accelerate ISC, thereby enhancing ΦT of the 

chromophore. 

Similarly, Holten and coworkers investigated a variety of core-twisted nonplanar metal-

free porphyrin derivatives substituted with bulky alkyl groups that induced steric 

hinderance.123 They observed an increase in kisc primarily from enhanced SOC in these 

nonplanar porphyrin complexes. To interpret this observation, they mentioned that ISC 

in porphyrins is commonly deemed to rely on the wave function overlap which involves 

the central N atoms in the macrocycle and arises from out-of-plane distortion in S1 and/or 

Tn.123 Indeed, previous theoretical studies157 and experimental studies158 on chlorophylls 

argues that ISC can be modulated by the mentioned N-centred perturbations. Further, 

Shchupak, Ivashin and Sagun reported that common planar porphyrin derivatives exhibit 

small SOC matrix elements; however, the nonplanar porphyrin derivatives with more 

distortion of the macrocycle in T1 exhibit considerable increase in SOC matrix elements, 

which is induced by an admixture of s character to π-orbitals in T1 compared to S1 and 

hence enhances SOC.159 

2.6 Redox properties: the catalytic role of PCs in quenching pathways 

2.6.1 Theories and structure-property relationships 

When a PC is excited and reaches a T1 state 3PC*, its direct SET with a substrate is 

commonly called photoinduced electron transfer (PET) reactions. Indeed, the first 

reaction occurs in a quenching pathway of a photo-controlled polymerisation system is 

the PET process. ΔG of the PET (ΔGPET) represents the thermodynamic favourability of 

the PET reaction, and can be expressed as ΔGPET = -F(Ered(sub/sub•-) – Eox*(PC•+/3PC*)) 

for the oxidative quenching pathway (Scheme 2.28, left) or ΔGPET = -F(Ered*(3PC*/PC•-) 

– Eox(sub•+/sub)) for the reductive quenching pathway (Scheme 2.28, right), where F is 

the Faraday constant (F = 23.061 kcal V-1 mol-1) and “sub” stands for the substrate. 
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Scheme 2.28 The oxidative quenching pathway (left) and the reductive quenching 

pathway (right) of a PC. “cat” represents PC and “sub” represents the substrate. 

Reproduced with permission from ref 5. Copyright © 2016, American Chemical Society.5 

As shown in Scheme 2.29, left, in an oxidative quenching pathway, Eox*(PC•+/3PC*) 

represents the reducing ability of a 3PC* to donate an electron, which has to be sufficiently 

negative to reduce the substrate. Given the same chromophore core and similar excited 

state nature, more electron-donating substituents can enhance (towards more negative) 

Eox*(PC•+/3PC*) of a PC. Chromophore cores that are intrinsically highly negative in 

Eox*(PC•+/3PC*) includes phenothiazine,84 dihydrophenazine,36 phenoxazine,37 dimethyl-

dihydroacridine35 and polycyclic aromatic hydrocarbons like perylene.83 

 

Scheme 2.29 Redox potentials for the PET process depicted in the oxidative quenching 

pathway (left) and the reductive quenching pathway (right) of a PC. “sub” stands for the 

substrate. 

On the other hand, Ered*(3PC*/PC•-) represents the reducing ability of a 3PC* to accept an 

electron, which has to be sufficiently negative to oxidise the substrate. In this case, by 

installing more electron-withdrawing substituents to the same chromophore core without 

notable change in the nature of excited states, Ered*(3PC*/PC•-) of a PC can be enhanced 
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(towards more positive). Chromophore cores that are intrinsically highly positive in 

Ered*(3PC*/PC•-) includes pyrylium65, 160-161 and acridinium.162 

Furthermore, the T1 excitation energy 3E0,0* reflects how much excitation energy can 

contribute to a PET process either in an oxidative or a reductive quenching pathway.5 

These high 3E0,0* chromophores are both strong excited state oxidant and reductant.38 

Because of high excitation energies, they mostly exhibit relatively short λmax in the 

ultraviolet (UV) or blue range. Typical examples include fac-[Ir(ppy)3] (1) and 

[Ru(bpy)3]2+ (8) and their derivatives. 

2.6.2 Photo-ATRP via the oxidative quenching pathway 

The first photo-ATRP system was catalysed by 1 (i.e.,  fac-[Ir(ppy)3], Scheme 2.30, left), 

reported by Hawker and coworkers.58, 72 As shown in Scheme 2.30, right, up irradiation, 

1 becomes a strong 3PC* reductant exhibiting Eox*(PC•+/3PC*) = -1.73 V, vs. SCE, which 

is considered sufficiently strong to reduce the alkyl bromide initiator of ATRP and 

generate a PC•+.84 On the other hand, the PC•+ species of 1 is a strong oxidant exhibiting 

Eox(PC•+/PC) = 0.77 V, vs. SCE, believed to be sufficiently strong to oxidise the 

propagating radical and restore the catalytic cycle (Scheme 2.30, right).84 A metal-free 

version of photo-ATRP was also proposed by Hawker et al81 and Matyjaszewski et al84 

with 12 (N-phenyl phenothiazine, Ph-PTZ, Scheme 2.30, left) as the PC. Similar to 1, 12 

also possesses strongly reducing 3PC* with Eox*(PC•+/3PC*) = -2.10 V, vs. SCE and 

highly oxidising PC•+ with Eox(PC•+/PC) = 0.68 V, vs. SCE to fulfill the oxidative 

quenching cycle of photo-ATRP.84 

 

Scheme 2.30 Left: chemical structures of 1 fac-[Ir(ppy)3] and 12 Ph-PTZ with 

Eox*(PC•+/3PC*) and Eox(PC•+/PC) denoted below the dye label. Right: Simplified scheme 
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for the activation/deactivation mechanism of photo-ATRP. Reproduced with permission 

from ref 84. Copyright © 2016, American Chemical Society.84 

Miyake and coworkers reported a new dye class dihydrophenazine derivatives 30-33 

(Scheme 2.31, top) as PCs for metal-free photo-ATRP or namely O-ATRP.36 As 

calculated by DFT and confirmed by experimental measurements, 19, 18, 20 and 21 all 

exhibit strong Eox*(PC•+/3PC*) < - 2.0 V, vs. SCE. Because the ATRP initiator ethyl α-

bromophenylacetate (EBP) exhibit a Eox(sub/sub•-) = -0.74 V, vs. SCE, all these PCs with 

Eox*(PC•+/3PC*) < - 2.0 V, vs. SCE are capable of activating EBP via PET (Scheme 2.31, 

bottom). In particular, they demonstrated that by installing electron-donating methoxy 

groups to 18, the resultant 30 possesses stronger Eox*(PC•+/3PC*) = -2.36 V, vs. SCE 

compared to 31 (-2.34 V). On the other hand, installation of more electron-withdrawing 

substituents leads to weaker Eox*(PC•+/3PC*), i.e. -2.24 V for 32 and -2.06 V for 33 

compared with -2.34 V for the reference 18 (Scheme 2.31, top). Moreover, the relatively 

stable PC•+ of these PCs formed from PET with Eox(PC•+/PC) = ~0.1 V to 0.2 V are 

sufficiently oxidising to deactivate the propagating radical. Indeed, the sub•- of the EPA 

initiator has Eox(sub/sub•-) of -0.74 V, -0.86 V and -0.71 V after zero, one and two 

monomer (methyl methacrylate) additions, which are much more negative than 

Eox(PC•+/PC) of these PCs 19, 18, 20 and 21, allowing the O-ATRP oxidative quenching 

cycle to be fulfilled (Scheme 2.31, bottom). 
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Scheme 2.31 Top: chemical structures of dihydrophenazine derivatives 19, 18, 20 and 21, 

with Eox*(PC•+/3PC*) denoted below the label. Bottom: the proposed mechanism for O-

ATRP. Reproduced with permission from ref 36. Copyright © 2016, American 

Association for the Advancement of Science.36 

The authors further posited that more efficient PCs for O-ATRP should be diaryl 

dihydrophenazine derivatives displaying sufficiently strong Eox*(PC•+/3PC*) and also 

spatially separated T1 singly occupied molecular orbitals (SOMOs), where the higher-

lying SOMO is localised over one of the aryl substituents.36 This concluded principle was 

later discovered to be due to ΦT enhancement caused by T1 CT characters43, 45 as 

mentioned in previous sections. Considering this principle, the authors further designed 

and synthesised 22 and 23 (Figure 2.9, left). Indeed, notwithstanding the notable CT 

characters in T1 (Figure 2.9, right), still exhibit strong Eox*(PC•+/3PC*) of -2.20 V and -

2.12 V respectively, which were comparable to the original 18 (Figure 2.9), without much 

sacrifice.  
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Figure 2.9 (A) Chemical structures of 22 and 23, with Eox*(PC•+/3PC*) denoted below 

the label. (B) T1 FMOs of 22 and 23 visualising the higher-lying SOMO (top) and the 

lower lying SOMO (bottom). Reproduced with permission from ref 36. Copyright © 2016, 

American Association for the Advancement of Science.36 

As aforementioned, the type of the chromophore predetermines the benchmark redox 

properties of its substituted derivatives. Thus, Miyake and coworkers compared the 

reduction potentials of N-phenyl phenoxazine (27, Figure 2.10, top), N,N-diphenyl 

phenazine (18, Figure 2.10, middle) and N-phenyl phenothiazine (12, Figure 2.10, 

bottom).37 The three basic chromophore cores all exhibit highly reducing T1 states with 

Eox*(PC•+/3PC*) < - 2.0 V, vs. SCE. Specifically, among the three, N,N-diphenyl 

phenazine (18) has the most negative Eox*(PC•+/3PC*) of -2.25 V, followed by N-phenyl 

phenoxazine (27) and N-phenyl phenothiazine (12). On the other hand, Eox(PC•+/PC) of 

all the three chromophore cores are all much higher than Eox(sub/sub•-) of the EPA 

initiator (-0.74 V), sufficient for deactivation of O-ATRP.37 
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Figure 2.10 (A) Chemical structures, geometric reorganisation energies and reduction 

potentials (vs. SCE) for the three original chromophore core structures (phenoxazine 27, 

dihydrophenazine 18 and phenothiazine 12). Reproduced with permission from ref 37. 

Copyright © 2016, American Chemical Society.37 

Based on the benchmark Eox*(PC•+/3PC*) = 2.11 V, vs. SCE of 27, the authors further 

sought to tune Eox*(PC•+/3PC*) by modification of the chromophore core with 

substituents. As shown in Figure 2.11A, installation of the electro-withdrawing 

trifluoromethyl substituent on the para position of the N-phenyl group leads to slightly 

less negative Eox*(PC•+/3PC*) = 2.03 V, vs. SCE of 28. By replacing the N-phenyl group 

with a N-1-naphthyl group, the resultant expanded conjugative effect leads to weaker 

Eox*(PC•+/3PC*) = -1.84 V, vs. SCE of 29, which makes 29 sufficiently reducing for O-

ATRP. Meanwhile, the CT character was incorporated into the T1 state of 29 by this 

modification (Figure 2.11B), which is believed to improve the O-ATRP performance by 
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enhancing ΦT. 30 substituted with a N-2-naphthyl group is highly similar to 29, exhibiting 

Eox*(PC•+/3PC*) = -1.90 V, vs. SCE and a T1 with the CT character.37 

 

Figure 2.11 (A) Chemical structures of 27-30, with Eox*(PC•+/3PC*) denoted below the 

label. (B) T1 FMOs of 27-30 visualising the higher-lying SOMO (top) and the lower lying 

SOMO (bottom). Reproduced with permission from ref 37. Copyright © 2016, American 

Chemical Society.37 

Miyake and coworkers further investigated the possible range of Eox*(PC•+/3PC*) that the 

phenoxazine PC scaffold can achieved, with substituted derivatives possessing electron-

withdrawing, electron-donating or conjugation-extended substituents groups (27, 29-45 

and 100, Scheme 2.32). As shown in Scheme 2.32, the calculated Eox*(PC•+/3PC*) of 

these phenoxazine dyes were arranged in an Eox*(PC•+/3PC*) axis with a range of -1.40 

V, vs. SCE to -2.20 V, vs. SCE. Modification of 27 and 30 with the electro-withdrawing 

trifluoromethyl group (affording 33 and 100) or the cyano group (affording 37) or the 
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highly conjugated substituents (affording 43 and 44) reduced Eox*(PC•+/3PC*) of the PCs 

(Scheme 2.32). On the contrary, installing the electro-donating methoxy group (affording 

32 and 36) or the diphenyl amino group (affording 45) leads to stronger Eox*(PC•+/3PC*) 

of the PCs (Scheme 2.32). 

 

Scheme 2.32 (A) Chemical structures of 27, 29-45 and 100, arranged by Eox*(PC•+/3PC*), 

with Eox*(PC•+/3PC*), Eox(PC•+/PC) and ET denoted below the label. E0*T1,calc: the 

calculated Eox*(PC•+/3PC*). E0ox: Eox(PC•+/PC). ET: the T1 excitation energy. Reproduced 

with permission from ref 41. Copyright © 2018, American Chemical Society.41 

Miyake and coworkers further investigated a new dye class dimethyl-dihydroacridine 

derivatives 46-52 (Scheme 2.33).35 Apparently, installation of electron-withdrawing, 

electron-donating and neutral N-aryl groups to this type of chromophore core does not 

show notable influence on Eox*(PC•+/3PC*), which ranges from -1.59 V to -1.55 V, vs. 

SCE. Overall, Eox*(PC•+/3PC*) of this dye class is weaker than other dye classes, but 

sufficient for O-ATRP via an oxidative quenching pathway. 
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Scheme 2.33 (A) Chemical structures of 46-52, arranged by Eox*(PC•+/3PC*), with 

Eox*(PC•+/3PC*), Eox(PC•+/PC) below the label. E0*T1,exp: the experimental 

Eox*(PC•+/3PC*). E1/2: Eox(PC•+/PC). Reproduced with permission from ref 35. Copyright 

© 2019, John Wiley and Sons.35 

2.6.3 PET-RAFT via the oxidative quenching pathway 

Similar to photo-ATRP, the first PET-RAFT system was reported by Boyer et al with 

fac-[Ir(ppy)3] 1 as PC.59 As shown in Scheme 2.34, top, Upon photoexcitation and 

electronic transitions, 1 reaches its T1 state, which can further reduce the RAFT agent (the 

substrate) within its lifetime and afford PC•+ of 1 coupled by sub•- of the RAFT agent. 

Consequently, for a PC capable of catalysing PET-RAFT polymerisation, its 

Eox*(PC•+/3PC*) has to be stronger (i.e. more negative) than Ered(sub/sub•-) of the RAFT 

agents. Common RAFT agents for PET-RAFT systems include CPADB (Ered(sub/sub•-) 

= -0.4 V, vs. SCE, for methacrylates and methacrylamides), BTPA (Ered(sub/sub•-) = -0.6 

V, vs. SCE, for acrylates, acrylamides and styrene), BSTP (Ered(sub/sub•-) = -0.9 V, vs. 

SCE, for acrylates, acrylamides and styrene) and xanthate (for unconjugated monomers). 

For example, 1 exhibits an Eox*(PC•+/3PC*) = −1.72 V, vs. SCE, sufficiently more 

negative than Ered(sub/sub•-) of CPADB, BTPA and BSTP; hence, 1 is capable of 

efficiently activating PET-RAFT polymerisation of common monomers.59 On the other 

hand, because Eox(PC•+/PC) of 1 is 0.77 V, vs. SCE, which is much higher than 

Ered(sub/sub•-) of these RAFT agents, deactivation of PET-RAFT polymerisation can be 
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effectively achieved by 1. It is believed that PCs are capable of deactivating photo-RDRP 

systems via the oxidative quenching pathway in most cases because of their favourable 

Eox(PC•+/PC). 

 

Scheme 2.34 Top: the proposed mechanism of PET-RAFT polymerisation with fac-

[Ir(ppy)3] 1 as PC. Bottom: chemical structures of RAFT agents CPADB, BTPA, BSTP 

and Xanthate. Reproduced with permission from ref 59. Copyright © 2014, American 

Chemical Society.59 

Following the initial work, Boyer and coworkers further reported the use of ZnTPP 9 and 

TPP 59 (Scheme 2.35) to catalyse PET-RAFT polymerisation.78 ZnTPP bears an 

Eox*(PC•+/3PC*) of -1.3 V, vs. SCE and thus capable of both activating BTPA to 

polymerise acrylates and activating CPADB to polymerise methacrylates.78 By contrast, 

TPP bears a weaker Eox*(PC•+/3PC*) of -1.0 V, vs. SCE, which makes it only effective in 

activating CPADB to polymerise methacrylates. 
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Scheme 2.35 Chemical structures of ZnTPP 9 and TPP 58. Reproduced with permission 

from ref 78. Copyright © 2015, American Chemical Society.78 

We then investigated the effect of varied halogen substituents (H, Cl, Br and I) on 

Eox*(PC•+/3PC*) of halogenated xanthene dyes 64, 63, 65, 66, 62 and 68 as PET-RAFT 

PCs.2, 40 As shown in Scheme 2.36, H, I, Br and Cl exhibit increasing electronegativity 

in order, which makes them increasingly electro-withdrawing substituents in halogenated 

xanthene dyes. With more halogen substituents of higher electronegativity, the overall 

more notable electro-withdrawing effect leads to less negative Eox*(PC•+/3PC*) of the 

PCs. Consequently, 62 without any halogen substitution exhibits the strongest 

Eox*(PC•+/3PC*) of -1.45 V, while 66 possessing eight strongly electro-withdrawing 

halogens exhibits the weakest Eox*(PC•+/3PC*) of -0.91 V. 
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Scheme 2.36 Chemical structures of 64, 63, 65, 66, 62 and 68 with their Eox*(PC•+/3PC*) 

denoted below the label. Bottom right: electronegativity of the substituent halogens and 

Eox*(PC•+/3PC*) of the PCs in comparison. Reproduced with permission from ref 2 and 

ref 40. Copyright © 2019, American Chemical Society.2, 40 

2.6.4 Photo-LCP via the reductive quenching pathway 

Photo-LCP of vinyl ethers via the reductive quenching pathway was reported by Fors and 

coworkers using a library of pyrylium derivatives 72-76 as PCs (Scheme 2.37, bottom).65 

As shown in Scheme 2.37, top, upon irradiation, the PC reaches the excited state and is 

capable of accepting an electron from the substrate RAFT agent. Hence, Ered*(PC*/PC•-) 

can describe the oxidising ability of the PC. As expected, installation of the highly 

electron-donating methoxy groups afforded 72 with much lowered Ered*(PC*/PC•-) = 

+1.84 V, vs. SCE than 73 (Ered*(PC*/PC•-) = +2.55 V, vs. SCE), whereas the slightly 

electron-donating methyl groups in 74 slightly attenuated its Ered*(PC*/PC•-) = +2.23 V. 
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Scheme 2.37 Top: the proposed mechanism of photo-LCP regulated by a RAFT agent. 

Bottom: chemical structures of 72-76 with Ered*(PC*/PC•-) and Ered(PC/PC•-) vs. SCE 

denoted below the label. Reproduced with permission from ref 65. Copyright © 2017, 

American Chemical Society.65 
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Chapter 3 Learning from Natural Photocatalyst 

Design: Chlorophyll a and its Crude 

Extract as Efficient Photocatalyst for PET-

RAFT Polymerisation with Oxygen 

Tolerance and Post-Decolourisation 

Functionalities 

 

Chlorophyll a (Chl a), as the dominant natural PC, has been evolved to exhibit intense 

600-700 nm red light absorption and strong catalytic capabilities, which arise from the 

various functional peripheral substituents on the porphyrin core chromophore of Chl a. 

Indeed, the overall excellent properties of Chl a as a PC functionalised by substituents 

have inspired researchers to pursue a rational structural modification strategy to design 

man-made PCs for specific applications. In this view, this work dedicates to learn from 

the nature by comprehensively exploring the use of Chl a and its spinach crude extract as 

a multifunctional PC for photoinduced electron/energy transfer-reversible addition-

fragmentation chain transfer (PET-RAFT) polymerisation. The intense Q-band 

absorption of Chl a at 600-700 nm, resulting from its symmetry-breaking substitution, 

enabled benign red LED lights as the irradiation source and as low as 12.5 ppm loading 
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of Chl a can afford efficient PET-RAFT polymerisation. The remarkable triplet quantum 

yield (ΦT) of Chl a introduced excellent oxygen tolerance to the PET-RAFT system by 

efficient singlet oxygen photosensitisation. Moreover, the easy degradability arising from 

the heavily decorated porphyrin structure of Chl a, enabled it to completely degrade to 

colourless small molecules upon exposure to ambient air and light, which mimics the 

metabolism process of Chl a degradation in plants. This post-decolourisation feature 

circumvents the difficulties in removing colours of synthesised polymers from PET-

RAFT polymerisation. 

3.1 Introduction 

Designing homogeneous catalyst to improve the performance of the catalytic system and 

address the issue of sustainability requires evaluation of the structure and function as well 

as the potential environmental impact of the catalyst.1 An ideal catalyst that adheres to 

the 12 Principles of green chemistry should be able to accommodate a wide range of 

functional groups contributing to better efficiency in catalysis, reduce chemical waste, 

display low toxicity, and require minimal catalyst loadings with extended lifetimes.1-2 In 

addition, the desired catalyst should be obtained with minimal chemical and purification 

steps. 

In this aspect, learning from the nature could provide the best shortcuts. Chlorophylls, 

represented by chlorophyll a (Chl a), are naturally derived from the Mg porphyrin 

chromophore core as photocatalysts (PCs) for bio-synthesis, with modifications include 

one reduced pyrrole ring and a number of functional peripheral substituents. Owing to 

these judicious substitution resulted from natural evolution, Chl a bears remarkable red-

light absorption and extraordinary photocatalytic capability3-5 of bio-synthesis in plants. 

In the field of reversible deactivation radical polymerisation (RDRP), the recent 

introduction of visible light photocatalysis to initiate and mediate polymerisation of 

myriad functional monomers has led to the development of spatial, temporal as well as 

sequence control, and therefore, affording well-defined materials.6-17 Photo-controlled 

systems with RAFT (reversible addition-fragmentation chain transfer), namely 

photoinduced electron/energy transfer RAFT (PET-RAFT) polymerisation, were initially 

dependent on trace elements18-19 and expanded to include Chl a20/bacteriochlorophyll a21 

and zinc tetraphenylporphyrin (ZnTPP).22 Oxygen tolerance is one of the interesting 
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features of PET-RAFT techniques, which is enabled by singlet oxygen (1O2) generation 

ability of the PC via triplet-triplet annihilation (TTA).23 In the course of these initial trials 

in looking for better PCs of PET-RAFT polymerisation, we were deeply attracted by the 

excellent properties of Chl a as a PC. 

Indeed, the one reduced pyrrole ring and installation of various peripheral substituents on 

the porphyrin chromophore of Chl a are highly symmetry-breaking, which leads to 

notably increased lower Q band absorption and large red-shifts in absorption (see Scheme 

3.1B for chemical structure).24 This overall effect endows Chl a with strong red-light 

absorption, which could enable efficient red-light catalysis under low catalyst loadings. 

Moreover, Chl a was reported to exhibit high triplet quantum yield ΦT and remarkable 
1O2 generation ability,25-26 which makes it highly promising for introducing excellent 

oxygen tolerance to PET-RAFT polymerisation. Last but not least, Chl a features easy 

degradability for bio-metabolism in plants, due to its heavily decorated porphyrin 

structure.27-30 Hence, Chl a can completely degrade to colourless small molecules upon 

exposure to ambient air and light.31-35 In this regard, we propose the use of Chl a capable 

of degrading at the end of the polymerisation, can eliminates the need for additional 

purification to remove colours of the synthesised polymers.  

In this chapter, we comprehensively investigated the use of Chl a and its spinach crude 

extract as a naturally “designed” PC for PET-RAFT polymerisation. Indeed, Chl a is 

highly efficient for PET-RAFT polymerisation under benign red lights with only 12.5 

ppm catalyst loading with respect to the monomer. Excellent oxygen tolerance was 

demonstrated in these systems. Moreover, Chl a is able to degrade to inert by-products to 

yield ring-opened tetrapyrroles36 in the presence of air and light.35 Utilizing this property 

in a synthetic environment provides an opportunity to bypass the need for catalyst 

removal upon completion of PET-RAFT polymerisation. These unique functionalities 

arising from the heavily substituted structure of Chl a as “designed” by natural evolution 

is inspiring for rational design of a PC for PET-RAFT polymerisation. 
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3.2 Experimental section 

3.2.1 Monitoring PET-RAFT polymerisation catalysed by Chl a 

General procedures for kinetic studies of RAFT photopolymerisation of N,N-

dimethylacrylamide (DMA) with Online Fourier Transform Near-Infrared (FTNIR) 

Spectroscopy in the presence/absence of oxygen 

A reaction stock solution consisting of DMSO (551 µL), DMA (0.577 g, 5.83 mmol), 

BTPA (7 mg, 29.36 µmol) and Chl a (49.1 µL of 1486 µM of Chl a stock solution, 0.072 

µmol) was prepared in a glass vial. The stock solution was transferred into two 0.9 mL 

FTNIR quartz cuvettes (1 cm × 2 mm) (approximately 0.6 mL in each) sealed with rubber 

septa and covered with aluminium foil. One of the sealed cuvette was degassed with 

nitrogen for 20 min. The quartz cuvettes were then irradiated with red LED light (5 W, 

λmax = 635 nm) at room temperature. The cuvettes were transferred in sequence to a 

sample holder manually for FTNIR measurements at specific time points. After 15 s of 

scanning, the cuvettes were transferred back to the irradiation source. Monomer 

conversions were calculated by taking the ratio of integrations of the wavenumber area 

6210-6115 cm-1 for all curves at different reaction times to that of time zero. Aliquots of 

reaction samples were taken at specific time points during the reaction to be analysed by 

GPC (DMAc) to determine number average molecular weights (Mn) and polydispersities 

(Mw/Mn). 

3.2.2 General procedures for observation of singlet oxygen in solution 

An 1 mL reaction solution consisting of 0.06 mM pure Chl a (identical to the 

concentration of 12.5 ppm Chl a used in polymerisation solution) as singlet generator (SG) 

and 2 mM dimethylanthracene as singlet oxygen trapper (ST) in acetonitrile (CH3CN) as 

solvent was prepared in a glass vial and immediately transferred to a 0.9 mL FTNIR 

quartz cuvette (1 cm × 2 mm) till filling up the headspace. The cuvette was sealed with a 

cap and parafilm without gaseous headspace. The concentration of the SG (Chl a) was 

chosen identical to 12.5 ppm Chl a used in polymerisation solution whereas that of ST 

was chosen based on its absorbance peaks in order to be within the detection limits of 

UV-Vis spectroscopy. The absorbance of the reaction solution before and after irradiation 

with 650 nm, 102 W/m2 light using an Oriel VeraSol LED solar simulator was recorded 

at specific time intervals. 
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Comparative experiment using DMSO as the solvent was conducted following the same 

procedures.  

3.2.3 Catalyst removal after polymerisation 

General procedures for catalyst removal under open air and red-light irradiation after 

polymerisation in the presence of oxygen and 12.5 ppm Chl a (with respect to the 

monomer)  

A reaction stock solution consisting of DMSO (544 µL), MA (0.577 g, 6.70 mmol), 

BTPA (7.9 mg, 33.50 µmol) and Chl a (55.7 µL of 1486 µM of Chl a stock solution, 

0.084 µmol) was prepared in a glass vial. The stock solution was first transferred into two 

0.9 mL FTNIR quartz cuvettes (1 cm × 2 mm) (approximately 0.6 mL in each) sealed 

with rubber septa and covered with aluminium foil. One of the cuvettes was kept in 

darkness as the control sample and the other was irradiated with red LED light (5 W, λmax 

= 635 nm, light intensity = 2.55 mW/cm2) at room temperature. To monitor the monomer 

conversions, the cuvette was occasionally transferred into a sample holder for FTNIR 

measurements and put back in the irradiation source afterwards. Monomer conversions 

were calculated by taking the ratio of integrations of the wavenumber area 6250-6100 cm-

1 for all curves at different reaction times to that of time zero. Once the monomer 

conversion was drive up to 50%, polymerisation was stopped by covering the cuvette 

with aluminium foil. Subsequently, the remaining monomer in the reaction mixture was 

evaporated using nitrogen flow (in water bath at 30-40 °C) for 30 min. Subsequently, 

after removal of the rubber septum, the cuvette was put under open air and back to the 

irradiation source to remove Chl a from the polymer solution. To monitor photo-

degradation of Chl a, the experiment cuvette was placed in the sample holder to record 

UV-vis spectra before and after irradiation of the polymerisation stage and the catalyst 

removal stage respectively. Photographs of the experiment sample and the control sample 

were taken after each UV-vis measurement by transferring the solutions of both samples 

to two GPC vials respectively. 

3.2.4 Characterisation of end-group fidelity 

General procedures for chain extension of PMA macroRAFT to DMA by PET-RAFT  

The reaction mixture containing PMA (Mn,GPC = 11 700 g/mol, Mw/Mn = 1.09) received 

after non-degassed polymerisation using pure Chl a as photocatalyst followed by catalyst 
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removal was purified by precipitating in a mixture of ethyl ether/petroleum spirit (3/7, 

v/v). The pale-yellow precipitate was collected and redissolved in minimum amount of 

dichloromethane before precipitating a second time in diethyl ether/petroleum spirit (3/7, 

v/v) mixture. 

Chain extension of PMA macroRAFT to DMA was carried out in a 0.9 mL FTNIR quartz 

cuvette (1 cm × 2 mm) in the presence of DMSO (327 µL), DMA (0.317 g, 3.20 mmol), 

PMA macroRAFT (0.038 g, 3.20 µmol) and Chl a (2.65 µL of 3017 µM of Chl a stock 

solution, 0.008 µmol) sealed with a rubber septum and covered with aluminium foil. The 

reaction solution in the cuvette was degassed for 20 min before irradiated with red LED 

light (5 W, λmax = 635 nm, light intensity = 2.55 mW/cm2) for 60 min at room temperature. 

The synthesised polymer was analysed in GPC: Mn,GPC = 45 100 g/mol, Mw/Mn = 1.07 

and 40% monomer conversion. 

3.3 Results and discussion 

3.3.1 Kinetic studies of PET-RAFT polymerisation catalysed by Chl a 

Chl a can undergo photoinduced electron transfer (PET) in the triplet excited state and 

reduces RAFT agent to generate an initial radical which then enters the RAFT cycle 

(Scheme 3.1). After the propagating radical encounters the oxidized Chl a and the reduced 

RAFT, the neutral RAFT agent and a dormant ground state Chl a can be regenerated. 

Upon completing its polymerisation cycle, complete degradation of Chl a in the presence 

of oxygen into colourless and non-photoactive products could obviate catalyst removal 

steps. In our previous study, we demonstrated the use of Chl a as an efficient and 

sustainable photocatalyst for PET-RAFT polymerisation, where Chl a was extracted from 

spinach leaves and purified by column chromatography.20 While chromatography is 

relatively convenient to perform in laboratories, with a reported production as high as 300 

mg Chl a from 20 g spinach leaves,37 it is still time consuming and expensive especially 

for large-scale industrial production. In an effort to pave the way for potential industrial 

production of polymer via photoinduced CLRP, we decided to further investigate the use 

of unpurified Chl a, i.e. crude extract of Chl a, to catalyse PET-RAFT polymerisation. 
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Scheme 3.1 (A) Proposed mechanism of PET-RAFT polymerisation catalysed by Chl a 

and post-polymerisation catalyst degradation; (B) the chemical structure of Chl a. 

Crude Chl a was extracted from spinach leaves in acetone and used directly after 

centrifugation without further purification. The concentration of Chl a in the crude extract 

was determined by UV-vis measurement using the signal at 665 nm and Wellburn 

equation.38 In an initial attempt, PET-RAFT polymerisations using either 12.5 ppm (with 

respect to the monomer concentration) of pure Chl a or crude extract were compared. 

These polymerisations were performed using N,N’-dimethylacrylamide (DMA) as the 

model monomer and 2-(n-butyltrithiocarbonate)-propionic acid (BTPA) as the RAFT 

agent under red light emitting diodes (LEDs) (λmax = 635 nm, 2.55 mW/cm2) in dimethyl 

sulfoxide (DMSO). Before placing the polymerisation mixture under irradiation, the 

reaction was degassed to remove air. Kinetic studies were performed by online Fourier 

transform near-infrared (FTNIR) spectroscopy.39 With a molar ratio of 

[DMA]:[BTPA]:[Chl a (pure or in crude extract)] of 200:1:0.0025, over 80% monomer 

conversions were detected in both systems upon 2 h (with pure Chl a) and 3 h (with crude 

extract) irradiation (Figure 3.1A, and Table 3.1, #1-2).  
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Figure 3.1 Kinetic studies of PET-RAFT polymerisation of DMA with BTPA as the 

RAFT agent, catalysed by pure Chl a (blue line in (A) and blue square in (B)) or a crude 

extract with identical Chl a concentration (red line in (A) and red triangle in (B)) under 

red light irradiation, using a molar ratio of [DMA]:[BTPA]:[Chl a (pure or in crude 

extract)] = 200:1:0.0025, in degassed systems. (A) Plot of ln([M]0/[M]t) against reaction 

time and (B) Mn and Mn/Mw (polydispersity PDI) versus monomer conversion. 

Table 3.1 PET-RAFT polymerisation of DMA with BTPA using crude and pure Chl a 

([DMA]: [RAFT]: [Chl a] = 200: 1: 2.5 × 10-3) as photoredox catalysts ([Chl a]/[DMA] 

= 12.5 ppm) under red light irradiation (λmax = 635 nm, light intensity = 2.55 mW/cm2) in 

DMSO. 

# Chl a N2  

 

Time 

(min) 

αa (%) Mn,th.b 

(g/mol) 

Mn,GPC.b 

(g/mol) 

PDIc 

1 Pure YES 2 83 16 600 16 400 1.04 

2 Crude YES 3 82 16 500 15 900 1.04 

3 Pure NO 2 80 16 100 15 600 1.05 

4 Crude NO 4 76 15 200 15 200 1.06 

Notes: aMonomer conversion was determined by FTNIR measurements. bTheoretical 

molecular weight was calculated using the following equation: Mn,th = [M]o/[RAFT]o × 

MWM × α + MWRAFT, where [M]o, [RAFT]o, MWM, α, and MWRAFT correspond to initial 

monomer concentration, initial RAFT concentration, molar mass of monomer, conversion 

determined by FTNIR, and molar mass of RAFT agent. cMolecular weight and Mw/Mn 

were determined by GPC analysis calibrated to poly(methyl methacrylate). 
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As revealed by gel permeation chromatography (GPC) traces, both pure Chl a and crude 

spinach extracts afforded polymers with good control over molecular weights and narrow 

molecular weight distributions (polydispersity index Mn/Mw < 1.10) in accord with 

controlled/living radical polymerisation (Figure 3.1B and Figure 3.2). 

 

Figure 3.2 Molecular weight distributions at different time points for DMA 

polymerisation with BTPA (under red light irradiation, using a molar ratio of 

[DMA]:[BTPA] = 200:1) in nitrogen degassed systems (A) catalysed by 12.5 ppm Chl a 

(with respect to the monomer concentration) and (B) catalysed by a crude extract 

containing 12.5 ppm Chl a. 

Interestingly, we observed a typical inhibition period of around 60-70 min in the 

polymerisation containing crude extracts, which was not observed with pure Chl a, 

consistent with our previous report.39 Considering the composition of spinach extracts,40-

42 the inhibition period should be attributed to the presence of β-carotene and other 

carotenoids in crude extracts that may act as radical quenchers.43-45 To test this hypothesis, 

two DMA polymerisations were performed concurrently in the presence of 12.5 ppm of 

pure Chl a. We added β-carotene (1.25 ppm with respect to the monomer concentration, 

i.e. 10 mol% to Chl a) in the first polymerisation, while in the second polymerisation, β-

carotene was added in the middle of polymerisation. Consistent with our hypothesis, a 

~60 min inhibition period (coincidentally matches that in polymerisation with a crude 

extract, suggesting a similar relative concentration of β-carotene and other carotenoids in 

the crude extract) was observed (Figure 3.3) for the sample with β-carotene added at the 

beginning, while no inhibition period was observed for the other. Furthermore, the 

addition of β-carotene during the polymerisation led to a significant decrease in the 

apparent propagation rate constants (kpapp = 1.75 × 10-2 min-1 and 1.05 × 10-2 min-1 before 

and after addition of β-carotene). The exact mechanism is likely a complex natural 
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process and hard to investigate which is not a focus of this study; however, the effect of 

β-carotene to suppress polymerisation is evident. 

 

Figure 3.3 Plot of ln([M]0/[M]t) against reaction time measured by online FTNIR for 

DMA polymerisation with 1.25 ppm β-carotene (with respect to the monomer 

concentration) added at the beginning (blue curve) and in the middle (red curve) of 

polymerisation, under red light and deoxygenated conditions. The molar ratio: 

[DMA]:[BTPA]:[Chl a (pure)] = 200:1:0.0025. 

3.3.2 Oxygen tolerance in PET-RAFT polymerisation catalysed by Chl a 

Moreover, nitrogen sparging is often required before initiation of polymerisation as the 

presence of oxygen leads to long inhibition periods and sluggish polymerisation.46 

Therefore, the need to eliminate oxygen could be a limitation for scaling up photoinduced 

CLRP. Recent techniques have been proposed for oxygen removal before performing 

CLRP.11, 47-58 For instance, we reported the use of ZnTPP which removed oxygen via a 

singlet oxygen quenching mechanism before catalysing RAFT photopolymerisation.23 

Considering the similarity in structure of Chl a (see Scheme 3.1B for chemical structure) 

and its derivative ZnTPP, we decided to investigate the possibility of conferring oxygen 

tolerance for polymerisation catalysed by Chl a. Polymerisations in the presence of air 

(non-degassed) with pure Chl a were compared with the degassed systems (Table 3.1).  

As expected, non-degassed polymerisation reached 80% monomer conversion (Figure 

3.4A, red line and Table 3.1, #3) after 2 h irradiation, which was slower than degassed 

polymerisation (Figure 3.4A, blue line and Table 3.1, #1). Similar observations were 

also made for polymerisation catalysed by crude extracts in non-degassed systems, where 

76% monomer conversion was detected after 4 h irradiation (Figure 3.4C, red line and 
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Table 3.1, #4). The synthesis of well-defined polymers with reasonable RAFT end group 

retention was confirmed by GPC (with pure Chl a: Figure 3.4B and Figure 3.5 and crude 

extract: Figure 3.4D and Figure 3.5F) and by 1H NMR in separate experiments under 

identical conditions (with pure Chl a: Figure 3.6; with crude extract: Figure 3.7). 

Importantly, both polymerisations catalysed by pure Chl a and the crude extract in non-

degassed systems yielded well-defined polymers (Mw/Mn < 1.10) and good correlation 

between experimental and theoretical molecular weights. We hypothesized that the 

oxygen tolerance was attributed to fast production of singlet oxygen,26 followed by its 

deactivation in the presence of DMSO to yield dimethyl sulfone. Experiments performed 

with a singlet oxygen quencher, dimethyl anthracene (Figure 3.8), confirmed the 

production of singlet oxygen as we observed a rapid decrease in the absorption signals of 

anthracene.23, 59 

 

Figure 3.4 Kinetic studies of PET-RAFT polymerisations of DMA using BTPA as RAFT 

agent and pure Chl a (A and B) or crude extract (C and D) as photo-catalyst under red 

light irradiation, in degassed systems (blue line in A and C; blue square in B and D) and 

non-degassed systems (red line in A and C; red triangle in C and D) with a molar ratio of 

[DMA]:[BTPA]:[Chl a (pure or in crude extract)] = 200:1:0.0025. (A and C) ln([M]0/[M]t) 

versus reaction time of polymerisation. (B and D) Mn and Mw/Mn (polydispersity PDI) 

versus monomer conversion. 
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Figure 3.5 (A, B, D and E) Plot of ln([M]0/[M]t) against time with on/off properties 

measured by online FTNIR for DMA polymerisation with BTPA (under red light 

irradiation, using a molar ratio of [DMA]:[BTPA] = 200:1); (C and F) molecular weight 

distributions at different time points; (A) catalysed by 12.5 ppm Chl a in the degassed 

system, (B and C) catalysed by 12.5 ppm Chl a in the non-degassed system (D) catalysed 

by a crude extract containing 12.5 ppm Chl a in the degassed system and (E and F) 

catalysed by a crude extract containing 12.5 ppm Chl a in the non-degassed system. The 

time interval of sampling in (A-B) and (D-E) is 10 min. The OFF-periods in (A-B) are 10 

min while the OFF-periods in (D-E) are 20 min. 
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Figure 3.6 1H NMR spectrum (300 MHz, CDCl3) for purified PDMA synthesised in the 

presence of 12.5 ppm pure Chl a (with respect to the monomer concentration), red LED 

light and oxygen (Mn,GPC = 15 400 g/mol, Mn,th = 17 300 g/mol, monomer conversion = 

86%), obtained from a different experiment from that in Table 3.1, #3 under identical 

conditions. 
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Figure 3.7 1H NMR spectrum (300 MHz, CDCl3) of purified PDMA synthesised in the 

presence of 12.5 ppm Chl a (crude), red LED light and oxygen (Mn,GPC = 14 000 g/mol, 

Mn,th = 14 700 g/mol, monomer conversion = 72%), obtained from a different experiment 

from that in Table 3.1, #4 under identical conditions. 

 

Figure 3.8 Evolution of the absorbance of dimethylanthracene in the presence of Chl a 

overtime in CH3CN (red line) and DMSO (blue line) under red light irradiation without 

degassing. 

3.3.3 Post-decolourisation of Chl a after polymerisation 

Interestingly, we observed that the polymerisation rate decreased during the 

polymerisation, especially in the non-degassed system, (non-linear plot in Figure 3.1A 

and Figure 3.4A and Figure 3.4C) using both pure and crude Chl a. Such behaviour is 

very unusual for a CLRP as it suggests that the concentration of propagating radical 

decreases during the polymerisation. This trend can be attributed to the photo-degradation 

of Chl a in the presence of air. In addition, visual inspection showed a change in colour 

before (green) and after polymerisation (brown). UV-Vis measurements (Figure 3.9) also 

displayed a significant decrease in the Chl a absorbance from 600-700 nm. In the literature, 

photo-degradation mechanism of Chl a (see Scheme 3.1B for chemical structure) has 

been reported in the presence of oxygen and light to produce a variety of non-photoactive 

and colourless compounds.35, 60 To investigate the photo-degradation of Chl a, pure Chl a 

in DMSO solutions were initially placed under light and  air.39 Upon 12 h irradiation, the 

blueish-green colour of Chl a completely vanished (Figure 3.10A). UV-Vis 

measurements on the colourless solution confirmed the absence of absorption peaks 

pertinent to Chl a (Figure 3.10B). Subsequently, DMA and RAFT agent (BTPA) were 

added to the degraded Chl a solution to investigate the photoactivity of the by-products. 
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The reaction mixtures were first degassed and then placed under red light irradiation. 

After 5 h of irradiation, negligible monomer conversion (3%) was detected by FTNIR 

measurement, confirming the absence of photoactive by-products. 

 

Figure 3.9 UV-Vis spectra before (red curve in A and B) and after (blue curve in A and 

B) PET-RAFT polymerisations in non-degassed systems (A) catalysed by pure Chl a and 

(B) catalysed by crude extract using a molar ratio of [DMA]:[BTPA]:[Chl a (pure or in 

the crude extract)] = 200:1:0.0025. 

 

Figure 3.10 (A) Photograph and (B) UV-Vis spectra of pure Chl a solutions in DMSO 

before and after 12 h red light irradiation ([Chl a] = 4 ppm). 

Following these initial observations, we envisaged that Chl a could be employed as a 

photo-degradable catalyst. While oxygen tolerance obviates the need for degassing 

procedures, the accompanying post-polymerisation degradation of Chl a into colourless, 

non-photoactive and non-toxic compounds removes the need of catalyst removal. 

Consequently, methyl acrylate (MA) was employed as a model monomer where 

polymerisation of MA was carried out with BTPA ([MA]:[BTPA] = 200:1) and 12.5 ppm 

of Chl a under red light irradiation in the non-degassed system. Irradiation for 1.5 h led 
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to monomer conversion of up to 50%. Visual inspection revealed a change in colour (from 

green to brown) in accord with our previous results with DMA (Figure 3.11). The 

residual monomer was then evaporated, and the open vial of brownish green polymer 

solution was placed back under the light source to enable catalyst degradation. After 10 

h irradiation, the polymer solution turned yellow, which is the characteristic colour of 

BTPA (Figure 3.12A). More importantly, absorption peaks from Chl a were not detected 

by UV-Vis spectroscopy (Figure 3.12A), suggesting complete catalyst removal. The 

molecular weight distribution before and after catalyst degradation were identical (Figure 

3.12B, Mn,GPC = 11 700 g/mol, PDI = 1.09 and Mn,GPC = 11 900 g/mol, PDI = 1.08, 

respectively), showing no degradation of polymer or side reactions during the removal 

process. 

 

Figure 3.11 Photographs of MA polymerisation using pure Chl a under air with a molar 

ratio of [MA]:[BTPA]:[Chl a] = 200:1:0.0025 at the beginning and after polymerisation 

under red light irradiation and the corresponding UV-vis spectrum after polymerisation. 

 

Figure 3.12 Chl a degradation and catalyst removal. (A) photographs of the polymer 

solution before and after 10 h of catalyst degradation under open air and red light 

irradiation and their corresponding UV-vis spectra; (B) GPC traces for PMA obtained 
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after polymerisation (red line) and catalyst degradation (blue dashed line) as well as the 

diblock copolymer synthesised by chain extension of PMA macroRAFT agent with pure 

Chl a as the photoredox catalyst in the absence of oxygen ([DMA]:[macroPMA]:[Chl a] 

= 1000:1:0.0025) (green line). 

To investigate the livingness of the polymer after catalyst removal, chain extension of the 

synthesised PMA was performed. A molar ratio of 1000:1 of DMA to PMA chain transfer 

agent (macroRAFT agent) was used for chain extension with Chl a as the photoredox 

catalyst in degassed environment. Successful well-defined diblock copolymer was 

revealed by GPC (Mn,GPC = 45 100 g/mol, PDI = 1.07) with a monomer conversion around 

40%. More importantly, the molecular weight distribution showed a complete shift to 

higher molecular weights, suggesting high end-group fidelity after catalyst removal 

(Figure 3.12B). 

3.4 Conclusions 

In this chapter, we demonstrated that both pure Chl a and crude extract can be employed 

as photocatalyst to catalyse a PET-RAFT polymerisation under red light. Furthermore, 

these polymerisations can be mediated in the presence of air (without degassing) to 

achieve a relatively high monomer conversion. In contrast to conventional photocatalysts, 

where the photocatalyst has to be removed at the end of the polymerisation to avoid 

possible side reactions, Chl a can be degraded under air into non-photoactive, colourless 

compounds at the end of the polymerisation. Finally, the direct use of spinach extracts 

further provided a facile method for polymer production without the need for Chl a 

purification, degassing or even catalyst removal at the end of the polymerisation. 
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Chapter 4 Guiding the Design of Organic 

Photocatalyst for PET-RAFT 

Polymerisation: Halogenated Xanthene 

Dyes 

 

By examining structurally similar halogenated xanthene dyes, this chapter establishes a 

guiding principle for resolving structure-property-performance relationships in the photo-

controlled PET-RAFT polymerisation system (PET-RAFT: photoinduced 

electron/energy transfer – reversible addition fragmentation chain transfer). We 

investigated the effect of the halogen substituents on the photophysical and 

electrochemical properties of the xanthene dyes acting as photocatalysts, and their 

resultant effect on the performance of PET-RAFT polymerisation. Consideration of the 

structure-property-performance relationships allowed design of a new xanthene 

photocatalyst, where its photocatalytic activity (oxygen tolerance and polymerisation rate) 

was successfully optimized for PET-RAFT polymerisation. We expect that this study will 

serve as a theoretical framework in broadly guiding the design of high performance 

photocatalysts for organic photocatalysis. 
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4.1 Introduction 

In 1912, Ciamician proposed that the use of visible light could provide a more sustainable 

approach for chemical production.1 Ciamician used plants as an example to illustrate the 

potential of visible light in mediating complex chemical reactions. Indeed, plants and 

cyanobacteria have exploited the photosynthesis process to sustain life on earth for the 

last 3.4 billion years. Throughout this time, plants have evolved to derive a variety of 

chlorophyll and bacteriochlorophyll compounds capable of harvesting a broad spectrum 

of visible light under different conditions; this natural catalyst selection has allowed these 

organisms to thrive on the Earth’s surface and in oceans. Although visible light was 

proposed to mediate chemical reactions as early as 1912, it has only become broadly 

exploited to drive chemical transformations since the turn of this century.2-5  

A variety of photocatalysts (PCs) have been discovered and explored since, and in parallel, 

PCs have been implemented in controlled/living polymerisation, which has opened up a 

new avenue for polymer production and provided temporal/spatial control over 

polymerisation processes.6-7 Exemplary visible-light-catalysed reversible deactivation 

radical polymerisation (photo-RDRP) systems include photo-atom transfer radical 

polymerisation (photo-ATRP)8-12 and photoinduced electron/energy transfer-reversible 

addition-fragmentation chain transfer (PET-RAFT) polymerisation.13-17 In these systems, 

PCs play a central role in converting visible light energy through photoinduced 

electron/energy transfer (PET) processes to activate/deactivate polymerisation and 

manipulate polymerisation kinetics. In early works, metal-based PCs (e.g. iridium,8, 13 

ruthenium,18 copper,12, 19-22 iron,11 and zinc14 based PCs) were recognized in organic 

synthesis and were thus adopted for photo-RDRP. However, the presence of metal-based 

PCs usually leads to metal contamination in polymer products, potentially limiting 

applications. In response, organic analogues were developed, which has paved the way 

for metal-free photo-RDRP.23-30 

Numerous organic PCs have been identified for application in both organic synthetic 

transformations and photo-RDRP.31 In metal-free photo-RDRP, a library of 

phenothiazine,23-24 dihydrophenazine, phenoxazine,29 polycyclic aromatics,32-33 eosin Y 

(EY),25 and others, have been identified as efficient PCs. In order to guide the rational 

design and optimization of organic PCs that satisfy the specific needs of photo-RDRP and 

organic synthesis, researchers recently started to explore the relationships between PC 
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structure and the performance of photocatalysed systems. For example, structure-property 

relationships have been established for organic PCs that affect excited state redox 

potentials,27 charge transfer characters,27, 34-35 and triplet quantum yields36 based on 

dihydrophenazine and phenoxazine derivatives in organocatalysed photo-ATRP (O-

ATRP). Very recently, Kim, Gierschner, and Kwon also generated a library of donor-

acceptor PCs and used a computer-aided strategy to elucidate the PC property-

performance relationship in O-ATRP.37 Meanwhile, the structure-property relationships 

of donor-acceptor PCs were recently investigated to perform organic transformations;38-

39  for instance, Nicewicz’s group gained insight into a range of core-modified acridinium-
40-52 and pyrylium-based53-54 PCs for a series of photocatalysed organic reactions.  

Herein, we systematically establish structure-property-performance relationships among 

xanthene-based PCs mediating PET-RAFT polymerisation (Scheme 4.1A). In this regard, 

we chose to examine a series of halogenated xanthene dyes, including EY, erythrosin B 

(EB), phloxine B (PB), and rose Bengal (RB, Scheme 4.1B). Notably, this class of 

halogenated xanthene derivatives has found vast applications in food industry as 

colourant,55-57 in bio-staining,58-60 and in photo-dynamic therapy.60 By investigating the 

photophysical and electrochemical properties of EB, EY, RB, and PB, and subsequently 

correlating these properties to measured apparent propagation rate (kpapp) and other 

performance parameters during PET-RAFT polymerisation under identical conditions, 

the structure-property-performance relationships were elucidated.61-63 Based on the 

established principles, a new halogenated xanthene dye was designed and synthesised for 

oxygen-tolerant PET-RAFT polymerisation. 
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Scheme 4.1 (A) Proposed mechanism of oxygen-tolerant PET-RAFT polymerisation. 

TTA: triplet-triplet annihilation for oxygen elimination; 3Σ: molecular oxygen; 1Δ: singlet 

oxygen; (B) Chemical structures of commercial halogenated xanthene dyes; and (C) the 

model RAFT agent and monomer for investigation of PC structure-property-performance 

relationships in this work. 

4.2 Experimental section 

4.2.1 General procedures for kinetic study of PET-RAFT polymerisation in the 

presence/absence of oxygen 

DMSO (551 µL), DMA (0.577 g, 5.83 mmol), BTPA (6.9 mg, 29.1 µmol) and EB (249 

µL of 1 mg/mL EB stock solution in DMSO, 0.117 µmol) were mixed in a glass vial as 

stock solution. The stock solution was divided in halves and either half (0.6 mL) was 

transferred into a 0.9 mL FTNIR glass cuvette (1 cm × 2 mm) sealed with rubber septa 

and covered with aluminium foil. One of the sealed cuvettes was degassed with nitrogen 

for 20 min while the other left as prepared (non-degassed). The glass cuvettes were then 

sent for irradiation at 2 mW/cm2 of 530 nm for green light or 560 nm for yellow light 

under an Oriel VeraSol LED solar simulator at room temperature (25 °C). The cuvettes 

were transferred in sequence to a sample holder manually for FTNIR measurements at 

specific time points and returned thereafter. Monomer conversions were calculated by 

taking the ratio of integrations of the wavenumber area 6210-6115 cm-1 for all curves at 
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different reaction times to that of time zero. Aliquots were taken at designated time points 

for GPC analysis to determine number average molecular weights (Mn) and 

polydispersities (Mw/Mn). Other dye-catalysed polymerisations were performed in the 

same ratios of reagents and the same procedures. 

To confirm the equivalence of 2 mW/cm2 530 nm and 2 mW/cm2 560 nm irradiation, we 

tested the EB-catalysed PET-RAFT polymerisation as EB is spectrally similar under 530 

nm and 560 nm in terms of spectral overlap (vide infra). 

4.3 Results and discussion 

4.3.1 Kinetics and oxygen tolerance studies 

Table 4.1 and Figure 4.1 show the photophysical properties of four xanthene dyes 

selected for this study. The respective λmax and εmax values of the xanthene dyes are EB 

(548 nm, 95000 M-1cm-1), EY (540 nm, 87800 M-1cm-1), RB (563 nm, 97300 M-1cm-1), 

and PB (555 nm, 93800 M-1cm-1) with all differences < 8%; λmax: maximum wavelength 

of absorption and εmax: molar absorptivity at λmax. As λmax of EB, PB, and RB are close to 

the yellow LED light emission (nominal wavelength: 560 nm), while that of EY is close 

to the green LED light emission (nominal wavelength: 530 nm), we selected the 

respective LED light sources corresponding to their maximum absorptions. A light 

intensity of 2 mW/cm2 was employed for both yellow and green lights. The photon flux 

for 2 mW/cm2 green (530 nm, photon flux of 5.34×1015 s-1cm-2) and 2 mW/cm2 yellow 

(560 nm, photon flux of 5.64×1015 s-1cm-2) light irradiation are almost indistinguishable 

(difference < 6%), and the effect of different wavelengths in this process can therefore be 

considered negligible. To demonstrate this, a control experiment was performed to 

compare polymerisation mediated by EB under 2 mW/cm2 530 nm and 2 mW/cm2 560 

nm irradiation (experimental details indicated vide infra). Indeed, as shown in the SI, 

Figure 4.2, the difference in polymerisation rate is minimal (< 5%). 

Table 4.1 Photophysical properties of halogenated xanthene dyes. 

 ΦF ΦT
55, 64-68 kr69(108s-

1) 

knr69(108s-

1) 

τT† (ms) λmax‡ 

(nm) 

εmax‡ 

(M−1cm−1) 
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EB 0.0869 0.62-0.69 1.60 18.4 0.35-

0.6570 

548 95000 

EY 0.6069 0.28-0.32 1.83 1.22 0.6-4.070-

71 

540 87800 

RB 0.0869 0.76-0.86 1.22 14.0 0.26-

1.9172 

563 97300 

PB 0.2473 0.4 N/A§ N/A§ 0.12-

1.7573 

555 93800 

Note: †τT usually has a wide variability depending on conditions; although their value are 

in the sub ms range, this is sufficient for PET processes to proceed.31 ‡Determined in 

model DMSO solution of a typical PET-RAFT system (vide infra). §Not available. kr: 

radiative decay constant; knr: non-radiative decay constant; ΦF: fluorescence quantum 

yield; ΦT: triplet quantum yield. 

 

Figure 4.1 (A) Structural variation of halogenated xanthene dyes investigated in this 

work; (B) properties of PCs and halogen substituents; (C) UV-vis spectra of dyes 

determined in model DMSO solution of a typical PET-RAFT system (top) and the 

corresponding λmax (bottom). 
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Figure 4.2 ln([M]0/[M]t) versus irradiation time under 2 mW/cm2 530 nm and 2 mW/cm2 

560 nm in an EB-catalysed PET-RAFT polymerisation. 

We monitored the kinetics of PET-RAFT polymerisation (kpapp, apparent rate constant) in 

the presence of EB, EY, RB and PB as PCs, using online Fourier transform near-infrared 

(FTNIR) spectroscopy. N,N’-dimethylacrylamide (DMA) and 2-(n-butyltrithiocarbonate) 

propionic acid (BTPA) were selected as the model monomer and RAFT agent (see 

Scheme 4.1C) at a fixed molar ratio of [DMA]:[BTPA]:[PC] = 200:1:0.004, 

corresponding to a PC concentration of 20 ppm relative to monomer. As expected, we 

observed that kpapp appeared to be dependent on the PCs employed for polymerisation, 

where the EB-catalysed system exhibited the highest kpapp (0.023 min-1), followed by EY 

(0.014 min-1), RB (0.010 min-1), and finally PB (0.007 min-1) (Figure 4.3A-D). Linear 

plots of number-average molecular weights (Mn) versus monomer conversions, and good 

agreements between theoretical and experimental molecular weights confirmed a 

controlled polymerisation character (Figure 4.3E-H). Furthermore, symmetric and 

narrow molecular weight distributions (Mw/Mn < 1.1) were observed by gel permeation 

chromatography (GPC, Figure 4.3I-L). Finally, for all the four dyes, the polymerisation 

immediately ceased after switching off the light, which demonstrated good temporal 

control.  
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Figure 4.3 Kinetics studies of degassed PET-RAFT polymerisations of DMA catalysed 

by (A, E and I) EB, (B, F and J) EY, (C, G and K) RB and (D, H and L) PB. (A-D) plot 

of ln([M]0/[M]t) versus time to reveal kpapp and temporal control; (E-F) Mn and Mw/Mn 

versus monomer conversion; (I-L) molecular weight distributions of four GPC aliquots 

taken during polymerisation, denoted as S1, S2, S3, S4, which corresponds to blue arrows 

in (A-D) following the time order. 

As oxygen can rapidly trap and terminate propagating radicals via peroxide formation, 

most RDRP techniques require deoxygenation prior to polymerisation. In our previous 

reports, we have demonstrated that PET-RAFT polymerisation could be carried out in the 

presence of air with some specific PCs. The oxygen tolerance mechanism is based on the 

elimination of oxygen via the generation of singlet oxygen (1O2) in the presence of excited 

PCs such as zinc tetraphenylporphyrin62 (ZnTPP) and chlorophyll a63 (Chl a). Singlet 

oxygen can be consumed by a variety of reactants, including the solvent DMSO to form 

dimethyl sulfone, or organic compounds such as anthracene derivatives (Scheme 4.1A).74 

Inspired by some early works in photodynamic therapy using halogenated xanthene 

dyes,75 we decided to test the oxygen tolerance of PET-RAFT polymerisation in the 

presence of these four xanthene PCs (Figure 4.4). Due to the RAFT pre-equilibrium, 

there is usually a brief induction period at the beginning of PET-RAFT polymerisation 

(seen in Figure 4.3A-D). Meanwhile, PET-RAFT polymerisations in the presence of 

oxygen (non-degassed) exhibit a longer inhibition period (Figure 4.3A-D). Therefore, 

the delay of non-degassed polymerisation compared to its degassed counterpart, (namely 
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the oxygen inhibition period) gives an estimation of oxygen tolerance of our systems. 

Despite different oxygen inhibition periods, each dye-catalysed non-degassed 

polymerisation exhibited a similar kpapp to its corresponding degassed polymerisation 

(Figure 4.4A-D). Furthermore, good agreement between the experimental and theoretical 

molecular weights (Figure 4.4E-H) as well as low dispersities (Mw/Mn < 1.1) confirmed 

a controlled polymerisation behaviour (Figure 4.4I-L). 

 

Figure 4.4 Oxygen tolerance studies of PET-RAFT polymerisations of DMA catalysed 

by (A, E and I) EB, (B, F and J) EY, (C, G and K) RB and (D, H and L) PB. (A-D) 

Evolution of ln([M]0/[M]t) versus time; (E-F) Evolution of Mn and Mw/Mn versus 

monomer conversion; (I-L) molecular weight distributions taken during polymerisation, 

denoted as S1, S2, S3, S4, which correspond to red arrows in (A-D) following the time 

order. 

The high end-group fidelities of polymers prepared via xanthene-dye-catalysed PET-

RAFT polymerisations were confirmed by matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (MALDI-TOF MS, SI, Figure 4.5-4.11). Polymers 

synthesised via EB-catalysed PET-RAFT polymerisation with and without 

deoxygenation for end group check by matrix-assisted laser desorption ionization time-

of-flight mass spectrometry (MALDI-TOF MS) were obtained following the same 

polymerisation formulations and procedures in kinetics studies. The polymerisation was 

stopped at around 10% monomer conversion (degree of polymerisation DP 20) to match 

the suitable molecular weight range for poly-DMA (PDMA) MALDI-TOF MS analysis. 
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As shown in Figure 4.5A, MALDI-TOF MS reveals evenly distributed mass peaks 

(separated by 99 m/z) and highly symmetric mass distribution. Magnified into the detailed 

structure of each mass peak set (from 2200 to 2400 m/, Figure 4.5A, inset), we were able 

to distinguish two repetitive signals: the main peaks corresponds to PDMA with BTPA 

chain-end plus Na+ and the secondary peaks to PDMA with BTPA chain-end plus K+ in 

excellent agreement with theoretical values within instrumental error (< 1 m/z), showing 

no evidence for end-group loss. Meanwhile, the polymers synthesised without 

deoxygenation exhibits similar results with the polymers prepared after deoxygenation 

(Figure 4.5B). Other cases including degassed and non-degassed PET-RAFT 

polymerisation catalysed by EY, RB and PB were also confirmed by MALDI-TOF MS 

for high end-group fidelity of the same level (Figure 4.6-4.11). 
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Figure 4.5 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation (A) in the absence of oxygen (degassed polymerisation) and (B) in the 

presence of oxygen (non-degassed polymerisation) with EB as PC. By zooming into the 

molecular weights range of 2200-2400 g/mol, we observed that major peaks (a and c) 

excellently agree with the theoretical values of PDMA with BTPA chain-end group plus 

Na+ whereas minor peaks (b and d) can be assigned to PDMA with BTPA chain-end 

group plus K+, all within experimental error (< 1 m/z). For peaks a and b, number of 

monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is determined 

to be 21.  

 

Figure 4.6 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the absence of oxygen (degassed polymerisation) with EY as catalyst. 

By zooming into the molecular weight range of 2200-2400 g/mol, we observed that major 

peaks (a and c) excellently matches theoretical predication of PDMA with BTPA chain-

end group plus Na+ while minor peaks can be assigned to PDMA with BTPA chain-end 

group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, number of 

monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is determined 

to be 21. Mn,GPC = 2,300 g/mol; PDI = 1.11. 
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Figure 4.7 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the presence of oxygen (non-degassed polymerisation) with EY as 

catalyst. By zooming into the molecular weight range of 2200-2400 g/mol, we observed 

that major peaks (a and c) excellently matches theoretical predication of PDMA with 

BTPA chain-end group plus Na+ while minor peaks can be assigned to PDMA with BTPA 

chain-end group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, 

number of monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is 

determined to be 21. Mn,GPC = 2,300 g/mol; PDI = 1.11. 
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Figure 4.8 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the absence of oxygen (degassed polymerisation) with RB as catalyst. 

By zooming into the molecular weight range of 2200-2400 g/mol, we observed that major 

peaks (a and c) excellently matches theoretical predication of PDMA with BTPA chain-

end group plus Na+ while minor peaks can be assigned to PDMA with BTPA chain-end 

group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, number of 

monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is determined 

to be 21. Mn,GPC = 2,400 g/mol; PDI = 1.11. 

 

 

Figure 4.9 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the presence of oxygen (non-degassed polymerisation) with RB as 

catalyst. By zooming into the molecular weight range of 2200-2400 g/mol, we observed 

that major peaks (a and c) excellently matches theoretical predication of PDMA with 

BTPA chain-end group plus Na+ while minor peaks can be assigned to PDMA with BTPA 

chain-end group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, 

number of monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is 

determined to be 21. Mn,GPC = 2,500 g/mol; PDI = 1.11. 
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Figure 4.10 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the absence of oxygen (degassed polymerisation) with PB as catalyst. 

By zooming into the molecular weight range of 2200-2400 g/mol, we observed that major 

peaks (a and c) excellently matches theoretical predication of PDMA with BTPA chain-

end group plus Na+ while minor peaks can be assigned to PDMA with BTPA chain-end 

group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, number of 

monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is determined 

to be 21. Mn,GPC = 2,300 g/mol; PDI = 1.11. 
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Figure 4.11 MALDI-TOF MS of a PDMA sample synthesised by PET-RAFT 

polymerisation in the presence of oxygen (non-degassed polymerisation) with PB as 

catalyst. By zooming into the molecular weight range of 2200-2400 g/mol, we observed 

that major peaks (a and c) excellently matches theoretical predication of PDMA with 

BTPA chain-end group plus Na+ while minor peaks can be assigned to PDMA with BTPA 

chain-end group plus K+, all within experimental error (< 1 g/mol). For peaks a and c, 

number of monomer insertion (n) is determined to be 20, whereas for peaks c and d, it is 

determined to be 21. Mn,GPC = 2,500 g/mol; PDI = 1.11. 

Nuclear magnetic resonance (NMR) analysis was subsequently performed on the purified 

polymer synthesised with EB as catalyst in the presence of oxygen (Figure 4.12A). 

Characteristic signals of the trithiocarbonate functionality at 5.1 ppm confirmed the 

retention of end-group. Furthermore, Mn calculated by NMR (15,000 g/mol) was in good 

agreement with the theoretical value (14,500 g/mol), and the GPC result (Mn,GPC = 13,300 

g/mol). Finally, chain extension was performed to confirm the high end-group fidelity; 

GPC traces displayed a complete shift to higher molecular weights from Mn,GPC = 13,300 

g/mol to Mn,GPC = 32,500 g/mol after chain extension, without a significant increase in 

dispersity (from 1.05 to 1.10) (SI, Figure 4.12B). All these results confirmed the high 

retention of the RAFT end-group.  

 

Figure 4.12 (A) 1H NMR spectrum (400 MHz, CDCl3) for purified PDMA synthesised 

through EB-catalysed PET-RAFT polymerisation in the presence of oxygen. (B) 
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Molecular weight distributions for PDMA in (A) before (blue line) and after (red line) 

chain extension; (C) corresponding Mn and Mw/Mn versus degree of polymerisation. Mn 

determined by NMR spectrum in (A) in blue square, as well as Mn determined by GPC 

for the same polymer before and after chain extension in red square, were all in excellent 

agreement with theoretical values (in dashed line). 

Finally, we used the same batch of the purified PDMA for a subsequent chain extension 

test to assess the accessibility of the RAFT end-groups ([DMA]:[PDMA-

macroRAFT]:[EB] = 1000:1:0.004, under yellow light of 5 mW/cm2). A complete shift 

of molecular weight distribution to higher molecular weights (from Mn,GPC = 13,300 g/mol 

to Mn,GPC = 32,500 g/mol) was observed after chain extension (Figure 4.12B) without a 

significant increase of PDI (from 1.05 to 1.10). Furthermore, the experimental Mn,GPC is 

in agreement with theoretical value of Mn,theoretical = 34,300 g/mol derived from FT-NIR 

measurement of monomer conversion and calculations (Figure 4C).  

To examine the oxygen tolerance in polymerisation targeting high molecular weights, we 

performed non-deoxygenated PET-RAFT polymerisation catalysed by EB, with 

[DMA]:[BTPA] = 1400:1 and a concentration of EB to be 20 ppm with respect to DMA. 

We were still able to observe a good correlation between experimental and theoretical 

values (Mn,GPC = 61,000 g/mol, Mn,theoretical = 76,000 g/mol), acceptable dispersities 

(Mw/Mn = 1.18), and a symmetrical GPC profile (Figure 4.13A). It should be noted that 

there is still a ~20% mismatch between Mn,GPC and Mn,theoretical, however, this is naturally 

due to the physical nature of the cuvette we employed for polymerisation. At a ratio of 

[DMA]:[BTPA] = 1400:1, the EB-catalysed polymerisation in the presence of oxygen 

quickly reached 50% conversion with high viscosity. Because the top part of the 

polymerisation solution is close to the head space, the top part exhibits a lower degree of 

polymerisation whereas the middle and bottom part exhibit a higher degree of 

polymerisation. Since FTNIR beam detects the middle part (which resulted in Mn,theoretical, 

higher) and GPC aliquot was naturally taken form the top part (Mn,GPC, lower), the ~20% 

is very reasonable. To demonstrate this, we tested the same polymerisation in the presence 

of oxygen but removing the head space air. Indeed, shown as Figure 4.13B we observed 

much smaller mismatch (~10%) and narrower molecular weight distribution (Mw/Mn = 

1.10). 
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Figure 4.13 Molecular weight distribution of the non-deoxygenated PET-RAFT 

polymerisation (A) with head space and (B) without head space catalysed by EB, 

targeting high molecular weights. [DMA]:[BTPA] = 1400:1; the concentration of EB is 

20 ppm with respect to DMA. (A) with head space: Mn,GPC = 61,000 g/mol, Mn,theoretical = 

76,000 g/mol, Mw/Mn = 1.18; (B) without head space: Mn,GPC = 65,000 g/mol, Mn,theoretical 

= 73,000 g/mol, Mw/Mn = 1.10. 

Finally, to demonstrate the robustness of this process, investigation of the solvent 

compatibility of halogenated xanthene dye-catalysed PET-RAFT polymerisation was 

performed with EB as an example, with prior deoxygenation. Due to its polar and large 

conjugated structure, EB can be solubilized in most common polar solvents, including 

but not limited to water (Table 4.2, entry 12), DMSO (Table 4.2, entry 1), DMF (Table 

4.2, entry 3), DMAc (Table 4.2, entry 2), acetone (Table 4.2, entry 5), MeCN (Table 4.2, 

entry 4), MeOH (Table 4.2, entry 9), EtOH (Table 4.2, entry 6), EtOAc (Table 4.2, entry 

10) and THF (Table 4.2, entry 7). The DMSO solvated system displayed the fastest rates, 

while in all other solvents tested, polymerisation still proceeded to some extent after 2 h 

irradiation (SI, Table 4.2). Fluorescence spectrophotometry revealed similar emission 

wavelengths (575-585 nm, Table 4.2) in these different solvents, indicating that solvent 

polarity does not have a significant impact on the energetics of the relaxed S1 state of the 

xanthene dyes. After 2 h of irradiation in the presence of EB, different monomer 

conversions (from 35 to 94%) were achieved in these solvents. Most importantly, the 

polymers prepared with EB present narrow molecular weight distributions (Table 4.2). 

In addition, we also chose DCM (Table 4.2, entry 8) and 1,4-dioxane (Table 4.2, entry 

11) as less polar solvents for organocatalysed PET-RAFT where EB was initially 

dissolved in monomer. Interestingly, well-controlled PET-RAFT polymerisations were 

also achieved, which confirmed EB to be versatile organocatalyst for PET-RAFT systems 

with both polar and less polar solvents. 
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Table 4.2 PET-RAFT polymerisation catalysed by EB in different solvents 

([DMA]:[BTPA]:[EB] = 200:1:0.004, monomer/solvent, 1/1 (v/v)) 

# Solvent Time α Mn,theo Mn,exp Mw/Mn λmax λem ε (F m-1) 

1 DMSO 2 h 94% 18,900 18,100 1.06 548 nm 585 nm 46.83 

2 DMAc 2 h 76% 15,300 15,200 1.06 548 nm 582 nm 37.78 

3 DMF 2 h 68% 13,700 14,200 1.06 548 nm 583 nm 37.22 

4 MeCN 2 h 45% 9,200 11,200 1.04 546 nm 581 nm 35.69 

5 Acetone 2 h 39% 7,900 9,700 1.06 548 nm 583 nm 20.49 

6 EtOH 2 h 35% 7,100 9,300 1.06 543 nm 577 nm 24.85 

7 THF 2 h 32% 6,700 8,700 1.06 548 nm 583 nm 7.43 

8 DCM 2 h 25% 5,300 6,900 1.07 548 nm 583 nm 8.93 

9 MeOH 2 h 24% 5,000 7,000 1.07 541 nm 577 nm 32.61 

10 EtOAc 2 h 20% 4,200 5,700 1.08 548 nm 582 nm 6.02 

11 Dioxane 2 h 15% 3,200 5,600 1.09 548 nm 584 nm 2.21 

12 Water 2 h 11% 2,400 4,300 1.15 544 nm 576 nm 78.36 

*Note: ε (F m-1) is the dielectric constant of the solvent representing polarity. 

4.3.2 Property-performance relationship: correlating PET-RAFT performance with 

PC properties  

The lowest triplet excited state (T1) for xanthene derivatives typically exhibits a 

sufficiently long lifetime (0.1-4.0 ms, Table 4.1) to allow efficient PET processes,31, 76 in 

line with our previous observations.14, 25, 77 Therefore, an ideal PET-RAFT PC is preferred 

to possess a high ΦT upon irradiation. On the other hand, the oxidative potential of T1, 

E0(PC•+/3PC*), which defines the ability of 3PC* to reduce a substrate (e.g., RAFT agent 

in the case of PET-RAFT) through the oxidative quenching pathway, determines the 
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change of Gibbs free energy (ΔG0) of the corresponding electron transfer reaction (see 

Equation 4.1-4.3). According to Marcus theory,78-79 with more negative ΔG0 (i.e., more 

negative E0(PC•+/3PC*), Equation 4.3), the electron transfer rate ket increases until 

entering the inverted Marcus region where ket starts to decrease with more negative ΔG0 

values (Equation 4.4). However, unlike intramolecular PET in which the distance 

between donor and acceptor is constant, the inverted Marcus region is scarcely observed 

in intermolecular PET and more often, a more negative ΔG0 would lead to an increase in 

ket up to the diffusion limit where diffusion becomes the rate determining step for even 

more negative ΔG0 values (described as Rehm-Weller behaviour,80 Equation 4.5 and 

Equation 4.6). Hence, given the use of the same RAFT agent as an electron acceptor, 

E0(PC•+/3PC*) largely determines ΔG0 (Equation 4.3) and thereby controls ket (Equation 

4.5 and Equation 4.6) which further determines kpapp of PET-RAFT polymerisation at a 

fixed temperature (Equation 4.7).  

Equation 4.1 Relation between ΔGred and E0(PC•+/3PC*). 

𝐸𝐸0(𝑃𝑃𝑃𝑃•+/ 𝑃𝑃𝑃𝑃 
3 ∗) =

−𝛥𝛥𝛥𝛥𝑟𝑟𝑟𝑟𝑟𝑟(𝑃𝑃𝑃𝑃•+/ 𝑃𝑃𝑃𝑃 
3 ∗)

𝑛𝑛𝑛𝑛
 

Equation 4.2 The PET reaction in the PET-RAFT polymerisation. 

3PC* + RAFT PC RAFT  

Equation 4.3 Expression of ΔG. 

 𝛥𝛥𝛥𝛥 = [𝐺𝐺(𝑃𝑃𝑃𝑃•+) − 𝐺𝐺( 𝑃𝑃𝑃𝑃 
3 ∗)] + [𝐺𝐺(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅•−) − 𝐺𝐺(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)] 

  = −𝛥𝛥𝛥𝛥𝑟𝑟𝑟𝑟𝑟𝑟 �
𝑃𝑃𝑃𝑃•+

𝑃𝑃𝑃𝑃 3 ∗� + 𝛥𝛥𝛥𝛥𝑟𝑟𝑟𝑟𝑟𝑟 �
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅•−� 

  = 𝑛𝑛𝑛𝑛[𝐸𝐸0(𝑃𝑃𝑃𝑃•+/ 𝑃𝑃𝑃𝑃 
3 ∗) − 𝐸𝐸0(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅/𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅•−)] 

Equation 4.4 Basic equation of the Marcus Theory, 78-79 

𝑘𝑘𝑒𝑒𝑒𝑒 =
2𝜋𝜋
ℏ

|𝐻𝐻𝐴𝐴𝐴𝐴|2
1

�4𝜋𝜋𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇
exp (−

(𝜆𝜆 + 𝛥𝛥𝐺𝐺0)2

4𝜋𝜋𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇
) 

where ket is electron transfer rate constant; ΔG0 is the total Gibbs free energy change for 

the PET reaction in Equation 4.2; 
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|HAB| is the electronic coupling between the initial and final states; λ is the reorganization 

energy;  

additionally, T is the absolute temperature and kB is the Boltzmann constant. 

Equation 4.5 The electron transfer rate equation for activation-controlled reactions 

expressed by the Gibbs free energy change of the formation of the transition state. 

𝑘𝑘𝑒𝑒𝑒𝑒 = 𝐴𝐴𝑒𝑒−
𝛥𝛥𝐺𝐺‡

𝑅𝑅𝑅𝑅  

where ket is electron transfer rate constant; ΔG‡ is the Gibbs free energy change of the 

formation of the transition state. 

Equation 4.6 The experimental empirical expression of ΔG‡ for intermolecular electron 

transfer in solvents according to the Rehm-Weller behaviour.80 

𝛥𝛥𝐺𝐺‡ =
𝛥𝛥𝐺𝐺0

2
+ �−𝛥𝛥𝐺𝐺‡(0)2 + (

𝛥𝛥𝐺𝐺0

2
)2 

where ΔG0 is the total Gibbs free energy change for the PET reaction in Equation 4.2. 

Equation 4.7 In PET-RAFT polymerisation, because ket should be positively related to 

the propagation radical concentration [R•] (ket defines the rate of electron transfer and 

each electron transfer should generate a propagating radical which enters the activation-

deactivation equilibrium), the apparent propagation rate kpapp should thus also be 

positively related to ket. 

𝑘𝑘𝑝𝑝
𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑘𝑘𝑝𝑝[𝑅𝑅•] ∝ 𝑘𝑘𝑝𝑝𝑘𝑘𝑒𝑒𝑒𝑒 

where kp is the propagation rate of the monomer and [R•] is the propagating radical 

concentration in PET-RAFT polymerisation. 

Overall, with more negative E0(PC•+/3PC*), kpapp should exhibit an increase followed by 

a plateau, based on the proposed PET mechanism. Despite this, partial or even complete 

involvement of energy transfer pathways are still possible in these processes, and there is 

still debate in most cases of PET transformations (including that for PET-RAFT 

processes).31 However, the driving forces for both pathways (i.e. E0(PC•+/3PC*) for 
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electron transfer, and T1 excited state energy (ET) for energy transfer) are closely related, 

as the available energy for electron transfer processes from excited state molecules 

increases with increasing ET (E0(PC•+/3PC*) = E0(PC•+/PC) - ET). Especially for 

structurally similar PCs that share similar chromophores, the trend for E0(PC•+/3PC*) and 

ET are in principle the same, i.e., higher T1 energies correspond to a more reducing (more 

negative E0(PC•+/3PC*)) T1 state. Hence, a more photo-active PC generally tends to 

exhibit both more negative E0(PC•+/3PC*) and more positive ET. Indeed, structurally 

similar PCs normally share the same chromophore and would thereby exhibit similar 

ground state electrochemical properties; for example, the commercial halogenated 

xanthene dyes used in this work were reported to exhibit similar ground state redox 

potential E0(PC•+/PC) within the range 0.92-0.96 V (vs. SCE).69 As the aim of this work 

is mainly to propose a guideline for relationships between substitutions of the 

chromophore and performance of the photocatalysed system on a qualitative basis, to 

simplify, herein we only consider the electron transfer pathway. However, a purely energy 

transfer pathway will also fit well in the context of this work and will not affect the main 

conclusions. In addtion, the back electron transfer (BET) process is not discussed in this 

work on account of three reasons. Firstly BET solely exists in an electron transfer pathway 

and secondly it should only affect temporal control (does not affect chain transfer; unlike 

in photo-ATRP and other techniques). Most importantly, accurate redox potential values 

of the RAFT agent (which are required to study BET) are still in debate despite years of 

efforts by us and other groups both experimentally and computationally. Indeed, as we 

observe good temporal control in all experiments and the BET process is beyond the 

scope of this study, we decided not to discuss about the BET process and the interested 

readers are directed to related literature.81 

Density functional theory (DFT) calculations were performed to compute E0(PC•+/3PC*) 

for each PC, which were correlated with the reported values within 

experimental/computational error (Table 4.3). By comparing EB and EY, and 

considering their comparable E0(PC•+/3PC*), we naturally attributed the higher catalytic 

efficiency of EB (higher kpapp) to the much higher ΦT (EB: 0.62-0.69 and EY: 0.28-0.32, 

Table 4.3, entry 1 and entry 2). On the other hand, as EB and RB have similar ΦT values 

(EB: 0.62-0.69 and RB: 0.76-0.86, Table 4.3, entry 1 and entry 3), the better catalytic 

efficiency of EB is due to its more negative E0(PC•+/3PC*) compared to RB (EB: -1.34 V 

and RB: -1.00 V vs. SCE, Table 4.3, entry 1 and entry 3). This general trend can be 



CHAPTER 4  

124 

extended to the full list of Table 4.3, where higher ΦT and more negative E0(PC•+/3PC*) 

lead to higher kpapp in PET-RAFT polymerisation. 

Table 4.3 kpapp of PET-RAFT polymerisation in comparison with photophysical and 

electrochemical properties of the photocatalysts. 

Entry PC E0(PC•+/3PC*) (V, vs. SCE) ΦT kpapp (min-1) 

  Calculated Reported82-83 Reported55, 

64-68 

Measured 

1 EB -1.34 -1.39 0.62-0.69 0.023 

2 EY -1.26 -1.35 0.28-0.32 0.014 

3 RB -1.00 -1.16 0.76-0.86 0.010 

4 PB -0.91 N/A 0.4 0.007 

 

The oxygen inhibition period observed in non-degassed PET-RAFT polymerisation is 

often explained through two different possible mechanisms. One possible mechanism is 

that the triplet-triplet annihilation (TTA) process between oxygen and 3PC* competes 

with the PET process (between the RAFT agent and 3PC*) resulting in this short 

inhibition. Another explanation is that the oxygen is consumed by the presence of radicals 

(through polymerisation). As mentioned previously, polymers produced in the presence 

of oxygen display excellent end-group fidelity; moreover, with polymerisation targeting 

higher Mn, we were still able to observe a good correlation between experimental and 

theoretical values (Mn,GPC = 61,000 g/mol, Mn,theoretical = 76,000 g/mol; for detailed 

discussion of the ~20% mismatch see Figure 4.13 and relevant discussion), acceptable 

dispersities (Mw/Mn = 1.18), and a symmetrical GPC profile (Figure 4.13). Therefore, we 

can exclude the second potential mechanism in this work. Subsequently, we decided to 

examine the first mechanism (TTA between oxygen and 3PC*). Given the short 1O2 

lifetime of only 20-70 µs in common polar solvents,84 the quenching of 1O2 by DMSO 

should also be rapid, since we have experimentally observed this process previously.62 

Consequently, 1O2 generation should be the rate determining step for oxygen elimination 
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in these systems. We then investigated the oxygen tolerance for these four PCs using 

FTNIR spectroscopy. As expected, we observed that the length of the oxygen inhibition 

period (calculated by the delay of the non-degassed polymerisation compared to its 

degassed counterpart) was correlated with the 1O2 quantum yield (ΦΔ) for each catalyst, 

as higher 1O2 quantum yields lead to shorter oxygen-induced inhibition periods (Table 

4.4). Therefore, we can conclude that PCs with higher ΦΔ present better oxygen tolerance 

in PET-RAFT polymerisation. Among the four dyes studied, RB is the best candidate for 

oxygen tolerance in PET-RAFT, followed by EB, PB, and EY. 

Table 4.4 Inhibition periods of PET-RAFT in the presence of oxygen and photocatalyst 

properties. 

Entry PC ΦT
55, 64-68 ΦΔ

55, 64-68 O2 inhibition 

period 

Reported Reported Measured 

1 RB 0.76-0.86 0.75-0.79 23 min 

2 EB 0.62-0.69 0.62-0.63 41 min 

3 PB 0.40 0.59-0.65 47 min 

4 EY 0.28-0.32 0.39-0.57 90 min 

* ΦT: triplet quantum yield, i.e., the quantum yield of the lowest triplet excited state of 

PC. ΦΔ: singlet oxygen quantum yield. O2 inhibition period: the length of retardation 

time caused by the presence of oxygen, i.e. the length of right-shift along the time-axis 

between kinetics of the deoxygenated and non-deoxygenated sample where kpapp stays 

constant. The O2 inhibition periods were determined by measuring the time delay between 

kinetics in the absence/presence of oxygen in each dye-catalysed PET-RAFT system 

(Figure 4.3A-D). 
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4.3.3 Structure-property relationship: effect of halogen substitution on 

photophysical properties 

Well established in photoredox catalysis, and recently readdressed in O-ATRP by Miyake 

and co-workers,34-36 and also in organic photoredox catalysis by Nicewicz et al.,31, 42 

photophysical and electrochemical properties of PCs can be tuned by varying functional 

substituents with electron-donating/withdrawing properties.27, 85-87 Similarly, the 

photophysical and electrochemical properties of organic PCs can be tuned by the 

introduction/modification of substituents on the aryl chromophore.31, 34, 36, 52, 88 

Correspondingly, changes to the halogen atoms on the xanthene aryl group lead to large 

differences in the photophysical and electrochemical properties of the PCs, i.e., ΦT and 

E0(PC•+/3PC*) (Table 4.3). Despite these differences, the spectral profiles of these 

halogenated xanthene dyes are similar as shown by UV-Vis spectroscopy of the PET-

RAFT polymerisation mixtures (Figure 4.1C), while ε of the dyes at their λmax varies in 

the range of 87 000 - 98 000 M−1cm−1 (Table 4.1). Since halogen substitution is the only 

difference of EY, EB, PB, and RB, they are excellent candidates for studying the effect 

of halogen substitution on their PET-RAFT catalytic activity. 

Interestingly, heavier atom substitution appears to increase ε and cause a red-shift in the 

absorption bands (λmax).89 Some recent literature on iridium complexes has attributed the 

spectral red-shift caused by halogen substitution to their effect in notably stabilising the 

lowest unoccupied molecular orbital (LUMO) of the chromophore, while the highest 

occupied molecular orbital (HOMO) is less stablised.90-91 Using density functional theory 

(DFT) calculation, we were able to gain insights into the photoexcitation mechanism from 

a molecular orbital (MO) perspective of these dyes with C1 point group.92-93 According 

to time-dependent DFT (TD-DFT) calculations, the most intense absorption peak of these 

dyes can be assigned to the first singlet excited state (S1) where πHOMO to πLUMO transition 

has over 98% contribution (denoted in Figure 4.14). Overall, TD-DFT was conducted to 

analyse λmax with the related S1 excitation and the major contribution from 

HOMO→LUMO transitions (> 98%), whereas the latter was inspected to form the 

structure-property relationships with respect to λmax  Therefore, inspection of frontier 

orbitals, i.e. HOMO and LUMO, should give us insight into the halogen-controlled 

spectral changes. Experimentally, structural comparison between EB and EY (or between 

PB and RB, Figure 4.1A) revealed that iodine (I) replacing bromine (Br) substituents in 

X-positions would cause an 8 nm red shift in maximum absorption wavelength (λmax, from 
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EY to EB, or from PB to RB). To interpret this change, we inspected the frontier orbitals 

and found a portion of HOMO located on the X-position halogens, but little LUMO 

composition on these halogens (Figure 4.14). This observation suggested that the 

outermost-shell n (non-bonding) electrons of X-position halogens should have an impact 

on the π system energy of the xanthene core94 and thereby affect π → π* transitions. 

Calculation of frontier orbitals revealed these effects. Specifically, as the n electrons of I 

substituents have higher energy than those of Br substituents, when compared with 

LUMO (which is little affected by n electrons), the HOMO energy level of X-position I-

substituted EB (or RB) is moved up more than that of X-position Br-substituted EY (or 

PB), which results in narrower HOMO/LUMO energy gap for the Br substituted 

xanthenes studied here (Figure 4.14). A narrower HOMO/LUMO energy gap leads to 

lower-energy S1 excitation which causes the 8 nm red shift in λmax from EY to EB, and 

PB to RB. 

 

Figure 4.14 Frontier orbitals, energy levels, their gaps and orbital composition on X-

position halogens of the ground state (A) EB, (B) EY, (C) RB and (D) PB. Top: LUMO; 

bottom: HOMO. Contribution of HOMO→LUMO transitions to S1 is denoted under the 

dye label. DFT calculations for frontier orbitals and TD-DFT calculations for excited state 

contribution were employed with B3LYP (6-31+G** basis set for C H O and LANL2DZ 

basis set for heavy atoms Cl Br I) level of theory and the CPCM-DMSO solvation model. 

Atom colour: C in yellow, H in white, O in red, Cl in green, Br in blue and I in purple. q: 

the portion of the corresponding molecular orbital located on the enclosed element, in 

percentage. 
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In contrast to the X-position halogens that are attached to the xanthene chromophore and 

directly involved in HOMO→LUMO transitions, the Y-position substitution is on the 

phenyl group, which can be regarded as an electron-withdrawing group as a whole. Given 

that χCl > χH (Figure 4.1B), the strong inductive effect of chlorine (Cl) makes Cl-

substituted phenyl groups much more electron-withdrawing than H-substituted phenyl 

groups, and hence more pronouncedly decreases both HOMO and LUMO energies for 

PB (or RB) compared with EY (or EB) (Figure 4.14). While the enhanced electron-

withdrawing effect of Cl-substituted phenyl group decreases both HOMO and LUMO, it 

decreases HOMO to a lesser extent which leads to the 15 nm red-shift in λmax from EY 

(or EB) to PB (or RB). 

Overall, the heavier halogen substitution at the X positions on the xanthene core (I 

substitution instead of Br on X-positions), in conjunction with the highly electron-

withdrawing Cl-substituted phenyl group (Cl substitution instead of H on Y-positions), 

λmax of RB is 23 nm red-shifted relative to EY, endowing it with the longest-wavelength 

absorption among these halogenated xanthene dyes (Figure 4.1C). Theoretically, longer-

wavelength absorption can be obtained by heavier halogenation on the chromophore and 

the introduction of more electron-withdrawing groups. 

It must be noted that the double-anion structure of the investigated dyes was chosen for 

DFT calculations, as the disodium salt form of these dyes was used in the polymerisation 

system. For qualitative analysis, this approximation should yield a good comparative 

basis for revealing the general trends in the evolution of frontier orbitals with the change 

of halogen substitution. Indeed, this approximation has been shown to be accurate for 

calculating E0(PC•+/3PC*) which resulted in good agreement with reported values (Table 

4.3). However, with respect to spectral properties, where other influencing factors are 

more complex and thus much harder to predict by DFT calculations, possible assembly 

of a dye molecule with sodium cations, solvent molecules, and/or RAFT agents should 

all lead to significant changes in the absorption/fluorescence spectra. Indeed, 

HOMO→LUMO transitions were calculated to have a contribution of over 98% in all 

cases to the S1 excitation, which means the HOMO/ LUMO energy gap has the major 

contribution to the calculated S1 excited energy and hence the calculated λmax. However, 

the exact value of the calculated λmax and the related HOMO/ LUMO energy gap still 

exhibit a relatively large deviation of ca. 30-50 nm to the exact experimentally measured 

λmax. This is on one hand due to that the TD-DFT method normally has a large error of ~ 
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30 nm, which was widely existent in the literature. Most importantly, possible assembly 

of an ionised dye molecules with sodium cations, solvent molecules, and/or RAFT agents 

should all lead to significant changes in the absorption/fluorescence spectra. Indeed, here 

we experimentally observed around 15 nm red-shift EY/EB and a couple of nanometers 

red shift for PB/RB upon addition of RAFT agents. Considering the less hindered phenyl 

group of EY and EB than PB and RB, this red-shift could result from π-π conjugation. 

However, such factors do not lead to any change in the λmax order on a comparative basis 

and thus does not affect the main conclusions of this work on the qualitative basis. 

However, as we aim to qualitatively reveal the general trends for structure-property-

performance relationships, and the aforementioned factors generally exert equivalent 

influence for the structurally analogous halogenated xanthene PCs in this study, the 

validity of the comparisons is sufficient for us to comment on the relationships between 

substitution of the chromophore and the resulting changes in spectral properties of these 

dyes. 

As stated above, high ΦT of a PC is one of the key requirements for efficient PET catalysis, 

which indicates efficient generation of T1 states that can be accessed by the RAFT agent. 

However, because the intersystem crossing (ISC) from S1 to T1 is spin-forbidden and 

requires spin-orbit perturbation,95 with the competition between slow ISC rates and fast 

fluorescence postulated to be a primary cause for the low ΦT of most organic PCs.36 In 

addition to introducing donor-acceptor charge transfer,36 or core-twisted aromatics,96 

which quench unfavourable fluorescence and allows time for ISC, ISC can be accelerated 

by enhancing spin-orbit perturbation from the interaction between the electron-spin 

magnetic moment and the nucleus magnetic field from its apparent motion.97 By 

increasing the atomic number, nuclear charge and the nuclear magnetic field will increase, 

boosting spin-orbit perturbation and accelerating ISC.75, 98 This phenomenon is known as 

the heavy atom effect,98 where higher atomic-number substituents would contribute to 

higher ΦT. Therefore, in halogenated xanthene dyes, substitution at the X position with 

heavier species is expected to increase ΦT. Indeed, because of atomic numbers in the order 

I > Br > Cl > H (Figure 4.1B), the heaviest atom substituted RB (I on X-positions and Cl 

on Y-positions) exhibits highest ΦT among the four dyes, while EY has the lightest atoms 

(Br on X-positions and H on Y-positions) and the lowest ΦT (Figure 4.1B). 

On the other hand, ΦΔ of the PCs, which relates to oxygen tolerance in PET-RAFT, is a 

consequence of TTA process (where 1O2 is generated from 3O2 by quenching a triplet 
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excited PC, Scheme 4.1A).99 Therefore, ΦΔ should positively correlate to ΦT (validated 

by Table 4.4), and hence should also be governed by the heavy atom effect (Figure 4.1B). 

4.3.4 Structure-property relationship: effect of halogen substitution on 

electrochemical properties 

As elucidated in the property-performance relationship, a more negative E0(PC•+/3PC*) 

value is an indicator of how strongly reducing a 3PC* is; briefly, E0(PC•+/3PC*) is the 

potential change from the T1 state of the PC to the cation radical form of the PC. 

Alternatively, it can be expressed by E0(PC•+/3PC*) = E0(PC•+/PC) – ET, where 

E0(PC•+/PC) is ground state ionization potential and ET is the triplet state energy. Hence, 

E0(PC•+/3PC*) describes the first ionization potential of 3PC*, i.e. the ability of 3PC* to 

donate an electron to the substrate. Inspection of the upper singly occupied molecular 

orbitals (upper SOMOs) of the triplet state revealed that the electron density was almost 

exclusively distributed on the xanthene core for all four dyes (Figure 4.15), which 

indicates that the electron participating in PET from the excited state PC should originate 

from the xanthene core. Therefore, the ligand substitution of the xanthene core should 

directly affect the electron donating ability of the T1 state of the PC. Indeed, the PC 

installed with the most electron-withdrawing atoms, i.e. PB with four Cl on the Y-

positions (χCl > χH, Figure 4.1B) and four Br on the X-positions (χBr > χI, Figure 4.1B) 

has the least negative E0(PC•+/3PC*) of -0.91 V vs. SCE. In contrast, EB with the least 

electron-withdrawing atoms yields the most negative E0(PC•+/3PC*) of -1.34 V vs. SCE. 

Generally, E0(PC•+/3PC*) is only tuned by the overall electron affinity of substituents on 

the chromophore, where less electron-withdrawing (or more electron-donating) 

substituents would yield more negative E0(PC•+/3PC*) for the chromophore. 
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Figure 4.15 Upper and lower SOMOs, their energy levels and gaps between upper SOMO 

and lower SOMO of the T1 state of (A) EB, (B) EY, (C) RB and (D) PB. Top: upper 

SOMO; bottom: lower SOMO. Unrestricted DFT calculations for T1 frontier orbitals and 

TD-DFT calculations for excited state contribution were employed with B3LYP (6-

31+G** basis set for C H O and LANL2DZ basis set for heavy atoms Cl Br I) level of 

theory and the CPCM-DMSO solvation model. 

 

4.3.5 Employing the structure-property-performance relationship for on-demand 

design of PC in PET-RAFT 

As oxygen tolerance in PET-RAFT polymerisation relies on the ΦT of the PC, oxygen 

tolerant PET-RAFT is currently limited to high ΦT PC based systems, such as ZnTPP (ΦT 

= 0.88).14 Indeed, ZnTPP has been employed as the PC in non-degassed PET-RAFT-

based photo-flow,62, 100 photo-polymerisation-induced-self-assembly,101-102 and photo-

high-throughput polymerisations.103-104 Therefore, we decided to employ the structure-

property-performance relationship established in this study to design a new organic PC 

with high ΦT equivalent to ZnTPP, and a desirable PET efficiency. 

To this end, we set RB as the basis which possesses the highest ΦT (0.76-0.86) among the 

xanthene derivatives, and brominated fluorescein (Figure 4.16)  and further iodinated the 

intermediate to receive a new PC, Henry 1 (H1, Figure 4.17), that replaces Cl on Y-

positions of RB with Br. Firstly, tetrabromofluorescein was prepared from 

tetrabromophthalic anhydride and resorcinol in methanesulfonic acid at 90 °C overnight 

according to reported procedures.105 NMR analysis was conducted to confirm the purity 

(Figure 4.16). 1H NMR (400 MHz, DMSO-d6): peak-a δ 10.16 (s, 2H), peak-b δ 6.85 (d, 

J = 8.68 MHz, 2H), peak-c δ 6.66 (d, J = 2.40 MHz, 2H), peak-d δ 6.55 (dd, J1 = 2.40 

MHz, J2 = 8.68 MHz, 2H). Apparently, the signal from the hydrogen a of the hydroxyl 

group appeared at the low field δ 10.16 assigned as peak-a (Figure 4.16). Hydrogen d 

assigned as peak-d and hydrogen c assigned as peak-c were affected by coupling with 

hydrogen a characteristic of J = 2.40 MHz. Moreover, hydrogen b and hydrogen d were 

affected by each other with a coupling J = 8.68 MHz. Thereby, peak-b (b coupling with 

d) and peak-c (c coupling with a) are both doublets and peak-d (d coupling with a and b) 

is a doublet of doublets. 4,5,6,7-Tetrabromo-3',6'-dihydroxy-2',4',5',7'-
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tetraiodospiro[isobenzofuran-1(3H),9'-[9H]xanthen]-3-one (H1) was synthesised by 

iodination of tetrabromofluorescein. Iodination was performed according to reported 

procedures.106 NMR analysis was conducted to confirm the purity (Figure 4.17). 1H 

NMR (400 MHz, DMSO-d6): peak-a δ 10.21 (s, 2H), peak-b δ 7.50 (s, 2H). Indeed, after 

iodination, only hydrogen a and hydrogen b were preserved (Figure 4.17). Because of 

the presence of the electro-withdrawing I substituents that decreases the electron density 

around the hydrogens, peak-a from hydrogen a was slightly shifted to the low field and 

peak-b from hydrogen b was even more significantly shifted to the lower field because of 

direct influence by the adjacent I substituent. Indeed, because of the I substituents, peak 

b has become a singlet indicating no coupling effect experience by hydrogen b. 

Apparently, the iodination has been sufficiently proceeded according to the spectrum. 

 

 

 

 

Figure 4.16 1H NMR spectrum (400 MHz, DMSO-d6) of synthesised 

tetrabromofluorescein. 
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Figure 4.17 1H NMR spectrum (400 MHz, DMSO-d6) of synthesised H1. 

  

As expected, H1 exhibited very similar spectral properties to RB (Figure 4.18B), due to 

similar electronegativity of the Y-position Br and Cl which leads to similar electron-

withdrawing effects of the Y position substituted phenyl groups and similar excited state 

nature (Figure 4.18G-H). This similarity also leads to its comparable E0(PC•+/3PC*) with 

RB. DFT calculations revealed an E0(PC•+/3PC*) of H1 to be -1.02 V (vs. SCE), slightly 

more negative than that of RB due to slightly lower electronegativity of Br than Cl 

(Figure 4.1B). 
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Figure 4.18 (A) Dye structure of the synthesised dye H1 and its (B) UV-vis spectrum 

determined in model DMSO solution of a typical PET-RAFT system. (C) evolution of 

ln([M]0/[M]t) versus time, (D) Mn and Mw/Mn versus monomer conversion, (E-F) 

molecular weight distributions taken during polymerisation in the presence (E) and 

absence (F) of oxygen, denoted as S1, S2, S3, S4, which corresponds to blue arrows in 

(D) following the time order of H1-catalysed PET-RAFT polymerisation. (G) HOMO, 

LOMO and their energy levels and (H) upper SOMO, lower SOMOs and their energy 

levels of H1. (I) Table summarizing property-performance evaluation of four commercial 

xanthene dyes and the synthesised H1; the quantum yield range of H1 was estimated from 

the first-order approximation fitting of the reported data for EY, EB, PB and RB (SI, 

Figure S14), based on the oxygen inhibition time of 14 min for H1-catalysed PET-RAFT 

polymerisation in the presence of oxygen.  

According to the relationships, compared to RB, the only significant impact of the Y-

position Br of H1 is from the heavy atom effect, which leads to higher ΦT and thus 

provides better oxygen tolerance and higher kpapp in H1-catalysed PET-RAFT 

polymerisation. An oxygen inhibition period of 14 min and a kpapp = 0.012 min-1 measured 

from the model PET-RAFT system aligned with our expectation (Figure 4.18B). Kinetic 

studies in PET-RAFT polymerisation were performed with H1 (Figure 4.18C-F), using 

identical experimental conditions of previous dyes.  
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As the ranges of triplet quantum yields (ΦT) and (ΦΔ) are in principle similar for each 

halogenated xanthene dye investigated in this work, they can be regarded as equivalent 

considering that ΦΔ of a halogenated xanthene dye is always only slightly inferior to its 

corresponding ΦT in the same solvent. Therefore, to establish a prediction model of ΦT/ΦΔ 

of the dyes from O2 inhibition periods of the dye-catalysed PET-RAFT polymerisations, 

we employed first-order approximation and fitted all the starting point of both ΦT and ΦΔ 

ranges of each dye in correlation with the O2 inhibition period determined from its dye-

catalysed PET-RAFT polymerisation system, and produced the lower limit fitting line; 

similarly, a upper limit fitting line was produced from the end points (Figure 4.19). 

Subsequently, to estimate the range of ΦT for H1 from the corresponding oxygen 

inhibition period, we drew a horizontal line representing the oxygen inhibition period 

intersecting with the low and upper fitting lines; in this way, a ΦT range of 0.82-0.90 was 

estimated for H1 (Figure 4.19).  

 

Figure 4.19 Deriving the estimated range of ΦT and ΦΔ of H1 by respectively fitting the 

lower limits and higher limits of the reported values of EB, EY, RB and PB, employing 

first-order approximation. 

Indeed, after fitting the ΦT and ΦΔ for the four commercial dyes with a first-order 

approximation approach (Figure 4.19), the estimated ΦT of H1 to be ranging between 

0.82-0.90 is equivalent to that of ZnTPP. Considering that the kpapp for PET-RAFT with 

H1 (0.012 min-1) is like EY (0.014 min-1), the design of H1 through consideration of the 

structure-property-performance relationships is considered successful. 
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4.3.6 An extension of the structure-property-performance relationship 

To provide further examination and extension to the postulated relationships developed 

here, we tested one additional xanthene dye, eosin B (EOB). This molecule is interesting 

due to its substitution by highly electron-withdrawing nitro groups (-NO2) on two of the 

X-positions (Figure 4.20A). Because of the reduced number of Br atoms on the xanthene 

core, εmax of EOB is only around a third of the value for EY. Additionally, due to the 

stronger electron-withdrawing -NO2 groups, λmax of EOB is slightly red-shifted compared 

to EY (Figure 4.20B). Experimentally, performing PET-RAFT polymerisation with EOB 

as catalyst yielded kpapp = 0.003 min-1 (Figure 4.20C) and an oxygen inhibition period of 

35 min from the oxygen tolerance study (SI, Figure 4.21A). Based on the reduced oxygen 

inhibition period for EOB compared to EY, EOB should exhibit a higher ΦT compared to 

EY, however, the xanthene core of EOB is only di-substituted with Br, and the heavy 

atom effect is not as significant for EB compared to EY. Interestingly, from the ground 

state frontier orbitals (Figure 4.20E), we observed distinct intermolecular charge shift 

character upon excitation, evidenced by accumulation of electron density on -NO2 side of 

LUMO, which was also reported as charge transfer (CT) for EOB107 (as it is not a typical 

donor-acceptor CT,34 we prefer the term charge shift, which is used herein). This 

character is in principle due to the strongly electron-withdrawing -NO2 groups distributed 

on a single side of the xanthene core, which results in a charge shift from Br to -NO2 upon 

excitation (Figure 4.20E). This charge shift effect would reduce fluorescence and boost 

ΦT by retarding back transition of S1 to the ground state. In line with this recognition, 

incorporating intermolecular charge shift or more commonly donor-acceptor CT is widely 

known as another way to enhance ΦT35, 108-109 in addition to heavy atom effects. Indeed, 

the reported lower ΦF below 0.1107 and a higher ΦT = 0.37110 for EOB, compared to the 

four-Br-substituted EY (despite EOB being only di-substituted with Br), supported our 

assumption. As a result of the higher ΦT, higher ΦΔ = 0.52 was also reported,110 in line 

with the oxygen tolerance experiment where an oxygen inhibition period of 35 min was 

determined for EOB catalysed PET-RAFT (SI, Figure 4.21A). 
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Figure 4.20 (A) EOB chemical structure, (B) UV-vis spectrum determined in DMSO 

using a typical PET-RAFT concentration, (C) evolution of ln([M]0/[M]t) versus time, (D) 

evolution of Mn and Mw/Mn versus monomer conversion of the EOB-catalysed PET-

RAFT polymerisation. (E) EOB HOMO, LOMO and their energy levels and (F) EOB 

upper SOMO, lower SOMOs and their energy levels. 

 

Figure 4.21 Oxygen tolerance study of PET-RAFT polymerisation catalysed by EOB. 

(A) plot of ln([M]0/[M]t) versus time to reveal kpapp and temporal control; (B) Mn and PDI 

versus conversion; (C-D) molecular weight distribution of four GPC aliquots taken during 

polymerisation, denoted as S1, S2, S3, S4, which corresponds to blue arrows in (B)  for 

polymerisation in the absence of oxygen (C) and red arrows in (B) in the presence of 

oxygen (D) according to time order. 

Meanwhile, because of the presence of highly electron-withdrawing -NO2, a computed 

E0(PC•+/3PC*) as low as -0.72 V for EOB was revealed, which explained the lower kpapp 

of EOB catalysed PET-RAFT (in spite of the higher ΦT of EOB) and further strengthened 

the structure-property-performance relationship theories. 
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4.4 Conclusions 

In this study, we demonstrate the compatibility of halogenated xanthene dyes with PET-

RAFT polymerisation systems in the presence or absence of oxygen. By the aid of DFT 

calculations, detailed comparison of the dyes correlated their structures with their ability 

to mediate PET-RAFT polymerisation. A red-shift of λmax was achieved by the combined 

introduction of heavy halogens and electron-withdrawing substituents in the xanthene 

structure, whereas higher kpapp were obtained by the introduction of heavy atoms (or CT 

character, to enhance ΦT) and less electron-withdrawing/more electron-donating 

substituents (yielding more negative E0(PC•+/3PC*)). Through heavy atom substitution or 

incorporation of photoinduced intermolecular CT, better oxygen tolerance was achieved 

by increased ΦΔ. Following the relationships, a new halogenated xanthene H1 was 

designed and synthesised allowing a more efficient oxygen-tolerant PET-RAFT system. 

To confirm our correlations, an additional xanthene dye, EOB with charge-shift 

characters, was investigated. By considering these structurally similar xanthene PCs, this 

work presents a fundamental understanding of the relationships of PC structures with their 

performances in PET-RAFT polymerisation, as well as their ability to confer oxygen-

tolerance in these polymerisation systems. 
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Chapter 5 Fully Computer-Guided Rational Design of 

a pH-Responsive Organic Photocatalyst 

and Application for pH and Light Dual-

Gated Polymerisation 

 

In this chapter, a fully computer-guided strategy is adopted in rationally designing an 

efficient pH-switchable organic photocatalyst (OPC), sensitively turning colourless at pH 

5 and recovering strong visible-light absorption and photoactivity at pH 7. This is the first 

example of an OPC design fully guided by comprehensive density functional theory (DFT) 

studies covering electrostatic, electrochemical, and photophysical predictions. 

Characterisation of the designed OPC after synthesis confirmed the computational 

predictions. This OPC was applied to mediate an aqueous photoinduced electron/energy 

transfer - reversible addition fragmentation chain transfer (PET-RAFT) polymerisation 

under green LED light (nominal emission wavelength: 530 nm, 5 mW/cm2). The 

polymerisation can be reversibly ceased by a slight change of pH (pH ≤ 5.0) or in the 

absence of light. This is the first example of a pH and light dual-gated polymerisation 

system with complete and reversible inhibition. 
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5.1 Introduction 

Catalysis plays a critical role in modern chemical processes as well as in nature; for 

instance, without enzymes, organisms would not be able to adapt to their environments 

and survive.1-2 One of the critical functions of catalysts (or enzymes) in biology is to 

activate specific chemical reactions and produce distinct proteins in response to a 

combination of external stimuli, such as pH, temperature, light or/and chemical stimuli. 

In contrast, traditional synthetic catalysts do not possess responsiveness to multiple 

stimuli and can usually only be switched “OFF” by the absence of one specific energetic 

driving force (reaction temperature, reactant concentration, etc.). The incorporation of 

stimuli-responsiveness into synthetic catalysts can open new opportunities in our modern 

chemical processes by allowing facile access to more complex reaction protocols, 

providing enhanced flexibility in the control of such processes.  

For example, catalysts that can respond to multiple stimuli can potentially be used to 

simplify multistep reaction procedures via simple external regulation in a single reaction 

vessel. This simplification of reaction protocols is especially pertinent for the synthesis 

of macromolecular materials with defined architectures and microstructure; increased 

sophistication is generally accompanied by an increase in handling and purification 

steps.2-5 With the increasing need for functional polymers with controlled polymer 

sequences, tacticity, and topology, traditional synthetic strategies have inherent 

limitations.6-10  

Furthermore, while controlled/living polymerisation techniques have provided polymer 

chemists and material scientists with the ability to impart fine control over polymer 

structures, the broad range of macroscopic properties required in modern polymer 

materials for their diverse applications dictates the need for an even greater level of 

control.11-19 Hence, researchers actively seek external manipulation over polymerisation 

processes to increase the level of sequential, stereochemical, and topological control in 

synthetic polymer materials.2 Recently, the concept of switchable catalysts for selectively 

toggling between multiple states upon external stimuli1, 3 has become the most attractive 

solution to address this challenge. Switchable catalysts include those responding to one 

or more thermal,20-22 pH,23-26 chemical,27-28 photochemical,29-45 electrochemical,46-48 

redox,49-51 or mechanical52-54 stimuli. As pH and visible light are triggers most commonly 

seen in the cellular control of natural processes26 and do not necessarily interfere with 
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polymerisation and related processes, they are readily applicable, biocompatible, scalable, 

and arguably more orthogonal compared to other stimuli.2 While visible-light control has 

been widely implemented in reversible deactivation radical polymerisation (RDRP),21, 29, 

31-39, 41, 55-81 pH control with reversible inhibition over the course of polymerisation has 

much less been exploited. Current pH-gated systems rely on the transition-metal-based 

catalysts where pH control is either induced through blocking coordination sites82-84 or 

by changing the electron density around the metal center.85-86 Recently, we employed the 

latter strategy and demonstrated the first example of photo and pH dual-gated 

polymerisation using zinc meso-tetra (4-sulfonatophenyl) porphyrin (ZnTPPS4−) as 

photocatalyst in a photoinduced electron/energy transfer-reversible addition-

fragmentation chain transfer (PET-RAFT) polymerisation system.25 However, in that 

report, the polymerisation rate was only reduced below pH 3.5 and could not be 

completely stopped solely by pH modulation (partial inhibition by reduced electron 

density of the metal center at lower pH). Johnson and co-workers proposed another 

strategy where they prepared a temperature responsive organo-/hydrogel where 10-

phenylphenothiazine (PTH) was covalently bound. These gels allowed facile control over 

the polymerisation by varying the temperature or by turning light “ON”/”OFF”.21 Despite 

these few examples, we still seek reversibly switchable catalysts that can be applied in a 

broader range of applications, especially bioapplications, under mild conditions. In this 

regard, a catalyst that can be switched by mild pH changes and visible light presents a 

superior alternative to other stimuli, particularly heat and electrochemistry. Additionally, 

fully organic catalytic systems are more favourable for bioapplications.87-88  

From a scan of commercial pH-responsive molecules, we noticed that the structurally 

similar halogenated organic dyes eosin Y (EY) and phloxine B (PB) were reported as pH 

indicators responsive at different pH;89 these molecules also exhibit desirable 

photophysical and electrochemical properties for PET-RAFT photocatalysis.90 While EY 

turns bright yellow below pH 1.0, PB turns colourless below pH 2.0. Thus, PB can 

potentially serve as a pH/light-dual switchable photocatalyst. However, the harsh 

conditions at pH 2.0 may interfere with polymerisation and undoubtedly limits potential 

bioapplications. To tune the transition to milder pH ranges, we decided to investigate the 

structure-property relationship of similar organic dyes and their responsive pH; to 

streamline the experimental process, we employed a computationally aided strategy. In 

this way, the combination of predictions in both photocatalytic and pH-responsive 
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properties may enable judicious design of pH/light dual-responsive organic 

photocatalysts (OPCs) without laborious synthesis and screening processes. 

Herein, we present a fully computer-guided strategy in discovering a highly pH-

responsive OPC with high catalytic efficiency for dual-gated PET-RAFT polymerisation. 

Firstly, we associated the pH responsive nature of the halogenated dyes to their structure 

from electrostatic analysis, by the aid of density functional theory (DFT) calculations. 

Guided by Miyake and co-workers’ highly inspiring work,57, 91-94 very recent advances in 

computer-aided OPC design,95-97 and our previous experience90 in studying structure-

property-performance relationships for the development of highly efficient OPCs, we 

performed a comprehensive DFT investigation to predict a suitable candidate, and 

subsequently synthesised a desirable pH/light dual responsive OPC. Compared to 

previous contributions, this work is substantially advanced, with an expanded scope of 

theories discussed and computational methodologies employed (Scheme 5.1). In 

particular, this is the first computational example for OPCs where triplet quantum yield 

calculations were enabled (based on photophysical calculations of exited state decay rate 

constants, kr, kic, kisc, etc.) and transitions between excited states were successfully 

predicted; this was performed by combining the Gaussian 09 software package (DFT and 

TD-DFT calculations), the Molecular Materials Property Prediction Package 

(MOMAP)98-100 developed by Shuai and coworkers (excited state decay theory 

calculations), and the Beijing Density Functional (BDF) program package101-104 

(relativistic spin-orbit coupling calculations). Synthesis of the designed OPC and 

polymerisation under green light confirmed its highly efficient catalytic activity in neutral 

aqueous solution (“ON” state, strong orange colour, maximum absorption at ~500 nm, 

pH 7.0) and reversible inhibition at pH 5.0 (“OFF” state, colourless). Corresponding dual-

gated PET-RAFT polymerisation with HCl/N2 fumes to provide the pH 5.0 “OFF” state, 

and trace amounts of NaHCO3 to recover the pH 7.0 “ON” state allows orthogonal visible-

light- and pH-control. Additionally, CO2 (pKa = 6.1) and N2 were introduced as 

conceptual gas controlled logic gates in gas and light dual-gated PET-RAFT 

polymerisation, where a gas-induced retardation was achieved after brief CO2 purging 

(apparent polymerisation rate, kpapp, cut down by half); the gas-gated “ON” state was 

recovered after N2 purging. As the pH/light dual-gated strategies employed in this work 

present highly reversible control without any liquid phase, and do not interfere with any 
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aspect of the polymerisation process, this strategy is capable of rapid orthogonal 

switching over the course of polymerisation. 

 

Scheme 5.1 (A) Comparison of the current work with our previous work.90 Whereas the 

previous work revealed the foundations for structure-property-performance (SPP) 

relationships of OPCs in the scope of PET-RAFT polymerisation, the current work 

expands upon the SPP relationships to physical and photophysical properties by 

predicting quantum yields and excited state transition rate constants. Additionally, this 

work demonstrates a fully computer-guided catalyst design (TBrFL) for application in 

the first reported example of pH/light dual-gated organic catalysis. (B) Flow chart of 

application-directed OPC design fully guided by computational predictions. 

5.2 Experimental section 

5.2.1 Synthesis of the RAFT agent: BTPA-M 

The precursor 2-(n-butyltrithiocarbonate)propionic acid (BTPA) was synthesised 

according to literature.105 The synthesis of BTPA-M was performed by esterification of 

BTPA with methanol in the presence of DCC/DMAP. A mixture of BTPA (348 mg, 1.465 

mmol, 1 equiv.), methanol (84.97 mg, 2.930 mmol, 2 equiv.) and DMAP (18 mg, 0.145 

mmol) were weighed into a 10 mL round bottom flask with a magnetic stir bar. The flask 

was purged under nitrogen and dry DCM (3.75 mL) was added. Upon stirring until the 

mixture was fully dissolved, the flask was placed in an ice-water bath during stirring and 

a separate solution of DCC (301.5mg, 1.465 mmol) in dry DCM (1.25 mL) was added 
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dropwise. The mixture was stirred for 10 min in the water-ice bath and sealed with a 

rubber septum, purged with nitrogen for another 5 min. Subsequently, the nitrogen inlet 

and outlet were both removed leaving the flask properly sealed to avoid evaporation of 

methanol or DCM. The mixture continued to be stirred overnight resulting in a uniform 

light yellow suspension. The suspension was placed in dark till dryness and redissolved 

in 5 mL hexane revealing a clear yellow solution and white precipitates. After removing 

the white precipitates by the centrifuge method, the yellow solution ran through a silica 

column with hexane/ethyl acetate 10:3 (v/v). The collected yellow solution was 

evaporated under reduced pressure until dryness yielding BTPA-M as a golden yellow 

liquid (254 mg, 68.9% yield). The obtained product was then characterised by 1H NMR 

(Figure 5.1) and 13C NMR (Figure 5.2) with CDCl3 as the solvent. It should be noted 

that the central carbon of the trithiocarbonate (-S-C(=S)-S-) cannot be seen in Figure 5.2 

because it was identified as a (R-C(=S)-R’) which should appear at >220 ppm beyond the 

measured scope. 

 

Figure 5.1 1H NMR spectrum (400 MHz, CDCl3) of the synthesised BTPA-M. 
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Figure 5.2 13C NMR spectrum (400 MHz, CDCl3) of the synthesised BTPA-M. 

5.2.2 General procedures for PET-RAFT polymerisation 

Deionized water (266 µL), DMA (0.416 g, 4.20 mmol), BTPA-M (4.90 mg, 19.4 µmol) 

and TBrFL (the designed catalyst, vide infra, 134 µL of 1 mg/mL TBrFL stock solution 

in deionized water, 0.194 µmol) were mixed in a glass vial as stock solution. The stock 

solution was divided in halves and either half (0.4 mL) was transferred into a 0.9 mL 

FTNIR glass cuvette (1 cm × 2 mm × 5 cm) sealed with rubber septa and covered with 

aluminium foil. One of the sealed cuvettes was degassed with nitrogen for 10 min while 

the other left as prepared (non-degassed). The glass cuvettes were then sent for irradiation 

at 5 mW/cm2 of 530 nm green light under an Oriel VeraSol LED solar simulator at room 

temperature. The cuvettes were transferred in sequence to a sample holder manually for 

FTNIR measurements at specific time points. Monomer conversions were calculated by 

taking the ratio of integrations of the wavenumber area 6210-6115 cm-1 for all curves at 

different reaction times to that of time zero. Aliquots were taken occasionally during the 

reaction for GPC analysis to determine number average molecular weights (Mn), 

polydispersities (Mw/Mn) and molecular weight distributions. In the process of preparation, 

it should be noted that BTPA-M was weighed in the glass vial first and then dissolved by 
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the liquid-state monomer DMA. Deionized water and the TBrFL solution was mixed in 

afterwards, producing a uniform suspension due to poor solubility of BTPA-M in water. 

However, this does not affect polymerisation in any aspect and the suspension becomes 

clear once polymerisation gets started. Herein, BTPA-M was used to retain the neutral 

condition of the polymerisation system (the acidity of BTPA will lower the 

polymerisation solution to a pH below 5). If there is a certain need of a clear starting 

solution for some reason, PEGylated BTPA can be used instead.  

5.2.3 Polymer purification 

After polymerisation, 0.5 mL of the aqueous polymer solution was collected and dried 

under reduced pressure until dryness. Subsequently, the crude solid was dissolved with 

minimal DCM and the resultant solution was added dropwise to 12 mL diethyl 

ether/petroleum spirit 7:3 (v/v) for precipitation. After centrifuging, the precipitates were 

collected and left dry before dissolving in minimal DCM. By repeating this centrifugation 

process for a couple of times until the precipitate is a uniform and well-defined layer, the 

obtained solid was placed under reduced pressure until dryness overnight. 

5.3 Results and discussion 

5.3.1 Establishing structure-property relationships for functional OPC design 

In a typical quantum chemical view, all the properties and thus derived functionalities of 

a molecule stem from its molecular/chemical and electronic structures. In the context of 

this work, structure-property relationships refer to how the structure of xanthene dyes 

affects their (i) pH-responsive properties (Scheme 5.2 A-B) and (ii) 

photophysical/electrochemical properties that determine their catalytic capability 

(Scheme 5.2 B). To enable a wholly computer-based methodology in guiding the design 

of new functional OPCs, explicit understanding of these structure-property relationships 

is required. 



CHAPTER 5 

151 

 

Scheme 5.2 (A) pH dependence of fluorescein derivative equilibria.106-107 Structure I is 

the major and most stable light-absorbing species whereas structure V is the major and 

most stable ring-closed colourless species. pK2 is the key pKa equilibrium constant that 

describes the critical point for the change between a light-absorbing-species-dominant 

condition and a colourless-species-dominant condition. According to the rule of thumb in 

pH indicators, dye solutions visually turn colourless at the colourless pH ≈ pK2 - 1.108 (B) 

Summary of structure-property relationships investigated in this work to guide OPC 

design. Structure of FL, EY, PB, and the designed TBrFL with substituent variations (left); 

colourless pH (physical property, middle left bottom); electronegativity and atomic 

number of the substituents in comparison (middle right); electrochemical and 

photophysical properties (determining photocatalysis efficacy) of FL, EY, PB, and the 

designed TBrFL (right). 

5.3.2 Structure-property relationship: electrostatic studies of pH-responsive 

xanthene dyes 

As we demand an OPC with facile pH-response, the most desirable candidates should be 

capable of structure toggling at different pH values to exhibit reversible discolouration or 

significant spectral variation. Many existing pH indicators could match this standard, 

which include a class of both naturally occurring dyes (such as the anthocyanin families 
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in plants) and synthetic organic dyes (over 50 acid-base indicators spanning across the 

pH scale89). These pH indicators have found broad applications in biology and analytical 

chemistry.89 However, none of these existing dyes are good candidates as they either lack 

capability (or not discovered yet) in PET-RAFT polymerisation or complete colour 

transitions at extreme pH values (e.g. EY at pH < 1 and PB at pH = 2). We argue that pH 

5-8 is more practical for facile pH modulation and potential bioapplications. Despite the 

profound tradition in applications of pH indicators, there was little understanding of their 

pH-responsive nature from the structure-property relationship perspective, due to a lack 

of accessibility to molecular electrostatic characterisation in early works. To uncover this 

knowledge, we started investigating EY and PB, which are highly analogous in structure 

and only differ in halogen substitution (Scheme 5.2B). While PB is capable of 

transitioning to a colourless state at pH 2.0, EY retains yellow colouring and cannot be 

turned colourless even below pH 1.0.89 Seizing this trend, we decided to correlate the 

structure of EY and PB with their pH-responsive properties.  

As long recognized by synthetic chemists, colour transition occurs when the disodium 

salt form of fluorescein derivative (structure I, Scheme 5.2A) is doubly protonated and 

converted to the ring-closed colourless species (structure V, Scheme 5.2A).106-107 The pKa 

equilibrium constant pK2 in Scheme 5.2A describes the critical point for the change 

between a light absorbing species-dominant condition and a colourless species-dominant 

condition. As a widely accepted rule of thumb, the pH range for colour transition of all 

pH indicators falls between pKa value minus one (the acid form) and pKa plus one (the 

salt form).108-109 Therefore, the colourless pH (the dye solution visually turns colourless) 

in the context of this work basically refers to colourless pH = pK2 – 1 (Scheme 5.2A). 

Meanwhile, as seen from Scheme 5.2A, the electrostatic nature of the structure II species 

should describe how easily the second protonation occurs, thus determining pK2 and the 

colourless pH. In this regard, we decided to investigate the structure II intermediates of 

EY (Figure 5.3A, left, colourless pH < 1) and PB (Figure 5.3A, middle, colourless pH = 

2) to determine the structure-property relationships regarding the pH-responsive 

properties of fluorescein derivatives. 
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Figure 5.3 (A) Mechanism of the structural transition with response to specific pH 

(indicated below the corresponding dye structure at that pH) for EY (left), PB (middle), 

and the designed tetrabrominated benzoic acid group substituted-fluorescein (TBrFL, 

right).106 (B) Electrostatic potential (ESP) maps (presented as molecular surface coloured 

by ESP) calculated at the mono-protonated “intermediate” state structure of EY (left), PB 

(middle), and TBrFL (right) with the extreme points of interest indicated, correlating with 

their colourless transition pH (bottom). DFT calculations were performed at the BLY3P 

level of theory with the 6-31+G** basis set for C H O and the LanL2DZ basis set for 

heavy atoms Cl and Br under the SMD-water solvation model. 

 

As shown in the equilibria (Scheme 5.1A), pK2 describes the equilibrium between 

structure II and IV; the further the equilibrium is driven towards IV, the higher the pK2 
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and colourless pH of the dye will be. Additionally, if the transition from structure IV to 

structure V is more preferred (more consumption of IV), the pK2 equilibrium will be 

driven toward IV and result in a higher colourless pH (Scheme 5.2A). Based on the wave 

functional data from DFT calculations, we performed electrostatic analysis on the mono-

protonated intermediates of EY and PB. 

Electrostatic potential (ESP) maps of the mono-protonated intermediate of EY (EYH-) 

and PB (PBH-) were calculated to evaluate their capability in capturing a proton to form 

the ring-closed structure. Geometry optimization for the ground state EYH- and PBH- was 

performed at the B3LYP level of theory with the 6-31+G** basis set for C H O and the 

LanL2DZ basis set for Br and I. The SMD solvation model of water was employed. 

Quantitative analysis of the molecular surface was performed with the Multiwfn software 

package.110 ESP maps were visualized by the VMD package.111 As shown in the 

respective electrostatic potential (ESP) maps for EY and PB (Figure 5.3B, left: EY and 

middle: PB), the intermediate has a negative charge shared around both the deprotonated 

hydroxyl group on the xanthene core (X site) and the deprotonated carboxyl group on the 

benzoic acid (Y site), indicated in Figure 5.3B. As both the X and the Y sites are possible 

sites for protonation, the difference between ESPs of the X/Y sites (∆ESPX-Y) should 

represent the ability for the X site to abstract a proton compared to the Y-site, in turn 

prompting formation of the closed ring species (Figure 5.3B). In other words, the lower 

the value for ∆ESPX-Y is, the more easily the IV to V transition will occur, which drives 

the pK2 equilibrium toward IV and results in a higher colourless pH. Indeed, EY is 

characterised by a high ∆ESPX-Y of 40.40 kcal/mol and displays a colourless transition 

below pH 1.0, while PB has a lower ∆ESPX-Y of 34.54 kcal/mol and displays a colourless 

transition at pH 2.0 (Figure 5.3B).  

Based on their chemical structures, we noted that the lower ∆ESPX-Y of PB, compared to 

EY, was due to the additional four electron-withdrawing chlorine (Cl) atoms in the 

benzoic acid group, which actively draw the negative ESP from the carboxyl Y site. With 

this knowledge, we postulated that for fluorescein derivatives with equivalent structure, 

more electron-withdrawing substituents on the benzoic acid group and less electron-

withdrawing groups on the xanthene core should afford a dye with lower ∆ESPX-Y and 

hence higher/milder colourless transition pH. In the context of this work, H substituents 
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in the xanthene core and a maximum of four halogens (F > Cl > Br > I in electron-

withdrawing ability) will be the most ideal structure (Scheme 5.2B).  

5.3.3 Structure-property relationship: photophysical and electrochemical studies of 

OPCs  

To enable pH/light dual-gated catalysis, the OPC should exhibit sufficient photocatalytic 

efficacy simultaneously with high colourless pH by the aforementioned principle. As 

demonstrated in recent studies by Miyake et al,57, 91-94, 112 our recent collaborative work,90 

and also in organic photocatalysis,113 the long-lived lowest triplet excited state (T1) of 

most OPCs should be the catalytically active state for PET-RAFT polymerisation, with 

lifetimes (τT) at the sub-ms to ms level. Hence, the T1 oxidative potential E0(PC•+/3PC*) 

and the T1 quantum yield, ΦT, should jointly determine the efficacy of an OPC in 

catalysing PET-RAFT polymerisation. 

As explicitly illustrated in the previous report,90 less electron-withdrawing substituents 

lead to more negative E0(PC•+/3PC*) values and thus higher PET-RAFT catalytic 

efficiency (Scheme 5.2B). On the other hand, higher ΦT indicates a higher probability of 

populating T1, which will enhance the conversion efficiency of an absorbed photon for 

the PET process in PET-RAFT polymerisation.90, 94 Higher ΦT can be achieved by 

introducing heavier atoms (heavy atom effect, HAE)90 to enhance spin-orbit coupling 

(SOC) between singlets and triplets, or by providing charge transfer excited states94 or 

core-twisted structures114 to retard fluorescence. As this aspect has not been clearly 

revealed, herein we decided to firstly illuminate the structure-property relationships by 

examining the electronic structure and excitations in a relativistic quantum chemical view. 

In the context of this work, ΦT of fluorescein derivatives can be easily tuned by varying 

halogen substituents. This halogenation strategy is based on the HAE, where SOC 

between singlet and triplet excited states is enhanced by increasing the atomic number of 

substituents.115 Consequently, the enhanced SOC increases the rate constants of spin-

forbidden transitions (e.g. intersystem crossing constant, kisc) and thereby boosts ΦT of 

the molecule.90, 115 As reported in the literature, FL bears a fluorescence rate constant kf 

of 2.1×108 s-1, an internal conversion rate constant from the S1 to the S0 state (kic) of 50 s-

1, and a kisc from the S1 to the T1 state of 6.6×106 s-1, which results in a very low ΦT of 

0.03.106 As discussed in the previous section, installation of four electron-withdrawing 

halogens in the benzoic acid group of fluorescein would be favourable for a more pH-
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responsive dye. Among halogens, fluorine (F) exhibits much higher electronegativity than 

others (Scheme 5.2B) and thus should have the greatest effect on the pH sensitivity. 

However, as F is a light atom it only scarcely enhances ΦT due to the absence of notable 

HAE, and also greatly weakens E0(PC•+/3PC*) compared to fluorescein. Cl and Br bear 

similar electronegativity, and indeed, electrostatic studies reveal highly similar ∆ESPX-Y 

between the halogenated benzoic acid group of four-Br-substituted fluorescein (TBrFL, 

30.19 kcal/mol) and the halogenated benzoic acid group of four-Cl-substituted 

fluorescein (TClFL, 29.99 kcal/mol). On the other hand, Br substituents should provide 

more pronounced HAE, since relativistic effects in the fourth period elements provide 

sufficiently enhanced SOC,116 while Cl is still considered a light element.117 Additionally, 

we investigated the photophysical properties of TBrFL by DFT calculations; kf of TBrFL 

was revealed as 2.1×108 s-1, which is identical to that of FL (reported 2.1×108 s-1)106 due 

to the same localized excitation in their shared xanthene core chromophore. Also like FL, 

the kic of TBrFL was calculated to be negligible (6.9×103 s-1). Despite these similarities, 

as expected, installation of Br on the benzoic acid group provided TBrFL with 

considerable SOC compared to FL, which results in kisc = 3.2 × 108 s-1 and consequently 

ΦT = 0.58. This calculated ΦT of TBrFL is sufficient for serving as a PET-RAFT OPC. It 

should be noted that using even heavier iodine (I) substituents will reduce the pH 

sensitivity because of lower electronegativity (Scheme 5.2B), and as such, it is not a 

worthwhile candidate for this work. 

5.3.4 Quantum chemical calculations 

5.3.4.1 Calculation for ESP maps 

ESP maps of the mono-protonated intermediate of Eosin Y (EYH-), Phloxine B (PBH-) 

and TBrFLH- (Figure 5.3) were calculated to evaluate their capability in capturing a 

proton to form the ring-closed structure. Geometry optimization for the ground state 

EYH-, PBH-, TBrFLH- and TClFLH- was performed at the B3LYP level of theory with 

the 6-31+G** basis set for C H O and the LanL2DZ basis set for Br and I. The SMD 

solvation model of water was employed. Quantitative analysis of the molecular surface 

was performed with the Multiwfn software package.110 ESP maps were visualized by the 

VMD package.111 In addition, The ESP potential minima of TClFLH- (X-site -146.11 

kcal/mol, Y-site -116.12 kcal/mol) are very similar to those of TBrFLH-. 
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5.3.4.2 Calculation for frontier orbitals and spectral properties 

Visualization of frontier orbitals was performed with the Multiwfn software package.110 

TD-DFT calculations were performed with the td(50-50, nstates=10) keyword. 

5.3.4.3 Calculation for redox potentials 

Standard redox potentials (E0) were calculated according to literature,57, 92, 118 where E0 = 

(-100.5 - ΔG)/23.06 (V vs. SHE),57, 118 ΔG = G(3PC*) - G(PC•+) for E0(PC•+/3PC*), while 

for E0 (PC•+/PC). Triplet energies of PCs were obtained by 3ΔG* = G(3PC*) - G(PC), in 

kcal/mol. The Gibbs free energies of G(3PC*), G(PC•+), and G(PC) were calculated at 

B3LYP level of DFT theory in SMD-water solvent (single point energy) using geometries 

optimized at B3LYP level of theory in SMD-water solvent. 6-31+G** basis set were 

employed for light atoms H, C and O whereas LanL2DZ was included for heavy atoms 

Cl, Br and I, which was proved to be accurate mixed basis sets for heavy-atom containing 

molecules.119 All E0 (vs. SHE) were converted to E0 (vs. SCE) by E0 (vs. SCE) = E0 (vs. 

SHE) - 0.24 V. TD-DFT calculations were also performed to predict contribution of 

transitions to S1 with td = (50-50, nstates = 10).  

5.3.4.4 Calculation for the radiative decay (fluorescence) rate constant 

The radiative decay (fluorescein) rate constant kf of TBrFL (kf = 2.19292941 × 108 s-1) 

was calculated by the MOMAP software toolkit98-99 based on the Fermi’s Golden Rule 

and the Born-Oppenheimer approximation in consideration of the Duschinsky effect and 

the Herzberg-Tell effect. Minimum energy structures of the lowest excited state (S1) and 

the ground state (S0) were optimized by Gaussian 09 software package at the B3LYP 

level of theory with the 6-31+G** basis set for C H O and the LanL2DZ basis set for Br 

and I in SMD-water solvent. The adiabatic excitation energy Ead was calculated by the 

change between the adiabatic S1 energy and the S0 energy. The electronic transition dipole 

moment absorption (EDMA) was derived based on the optimized S0 structure and the 

electronic transition dipole moment emission (EDME) was derived from the optimized 

S1 structure. 

5.3.4.5 Calculation for the non-radiative radiative decay (internal crossing) rate constant 

The non-radiative decay (internal crossing) rate constant kic of TBrFL (kic = 6.91663949 

× 103 s-1) was calculated by the MOMAP software toolkit.98-99 Minimum energy 

structures of the lowest excited state (S1) and the ground state (S0) were included. The 

non-adiabatic coupling matrix elements were obtained. 
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5.3.4.6 Calculation for the spin-orbit coupling (SOC) matrix elements 

As the intersystem crossing processes require spin-orbit coupling (SOC) to overcome the 

spin-forbidden transitions, SOC matrix elements need to be calculated beforehand as 

input to the MOMAP software. 

The past decades have seen a surge in relativistic quantum chemistry116 and modern 

computation capacity, which recently has made relativistic quantum mechanical studies 

on molecules readily possible. Now using Beijing Density Functional (BDF) program 

package104 developed by Wenjian Liu et al, SOC matrix elements between singlet/triplet 

excited states can be revealed.101-103 Apart from the SOC matrix element module between 

T1 and S1 (|<S1|HSOC|T1>| = 0.61 cm-1), intersystem coupling between S1 and T2 is also 

favourable, which exhibits |<S1|HSOC|T2>| = 28.33 cm-1. Minimum energy structure of T2 

was optimized by Gaussian 09 software package using td(root=2,nstates=5) at B3LYP 

level of theory with the 6-31+G** basis set for C H O and the LanL2DZ basis set for Br 

and I in SMD-water solvent. The optimized structure was then input in BDF package104 

for SOC calculations with the sf-X2C-TD-DFT/soc-DKH1 approach101-103 in conjunction 

with the B3LYP functional and the cc-pVTZ-DK basis set. 

5.3.4.7 Calculation for the intersystem crossing rate constants kisc2, kisc2 and krisc2 

The second intersystem crossing (S1 → T2) rate constant kisc2 of TBrFL (kisc2 = 3.23 × 108 

s-1) was calculated by the MOMAP software toolkit98-99 with |<S1|HSOC|T2>| = 28.33 cm-

1 calculated by BDF.101-104 Minimum energy structures of S1 and T2 were included, with 

coordinates as listed in previous sections. At the same time, the reversed second 

intersystem crossing (T2 → S1) rate constant krisc2 of TBrFL is (krisc2 = 1.9 × 1010 s-1) 

because of a bit higher energy of T2 than S1 (see the following section). Despite krisc2 

being two orders of magnitude greater than kisc2, the following T2 → T1 internal crossing 

has an even higher  rate constant kTic = 1.08 × 1012 s-1, which naturally prohibits T2 → S1 

and only favours T2 → T1 transitions (see the following section). 

The first intersystem crossing (S1 → T1) rate constant kisc1 of TBrFL (kisc1 = 1.91 × 106 s-

1) was calculated by the MOMAP software toolkit98-99 with |<S1|HSOC|T1>| = 0.61 cm-1 

calculated by BDF.101-104 Minimum energy structures of S1 and T1 were included, with 

coordinates as listed in previous sections. 
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5.3.4.8 Transition map and calculation of triplet quantum yield ΦT of TBrFL 

Historically, the photophysical HAE was discovered in 1949 by McClure with regard to 

phosphorescence lift times (τph)120 and later expanded to phosphorescence quantum yields 

(Φph) by Ermolaev, Svitashev and LaPaglia.121-122 However, due to limitations that only 

Φph and τph can be experimentally observed (the real ΦT which includes both irradiative 

parts and non-irradiative parts of multiple related transitions is not experimentally 

accessible), in the next half century till now, little advances in the study of the HAE have 

occurred. Meanwhile, the past decades have seen a surge in relativistic quantum 

chemistry116 and modern computational capacity, which has made relativistic quantum 

mechanical studies on the HAE readily possible. Now the HAE on ΦT and all other 

photophysical properties can be mechanistically understood by using the Beijing Density 

Functional (BDF) program package101-104 by Wenjian Liu et al to reveal SOC matrix 

elements between singlet/triplet excited states and using Molecular Materials Property 

Prediction Package (MOMAP)98-100 by Zhigang Shuai et al to investigate the radiative 

and non-radiative processes following prior calculations by the Gaussian 09 D01 software 

package. 

By placing all the rate constants between states calculated above in a single map (Figure 

5.4), the mechanism of T1 population upon photoexcitation of TBrFL becomes obvious. 

Following the map, ΦT of TBrFL can be derived as 

Equation 5.1 Calculation of ΦT based on electronic transition decay constants. 
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Accordingly, based on values calculated above (listed in Figure 5.4), ΦT of TBrFL was 

calculated as 0.58, similar to the reported value range for EY (0.39-0.57).90 
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Figure 5.4 Computationally derived ground and excited state transition map of TBrFL. 

5.3.5 Computer-guided design of highly pH-responsive OPC and theoretical 

predictions 

Following the above discussions covering electrostatic, electrochemical, and 

photophysical studies of structure-property relationships, we theoretically identified 

TBrFL as the most promising candidate for pH-light dual-responsive PET-RAFT 

polymerisation (Figure 5.3A, right). Electrostatic analysis by DFT computation revealed 

an ∆ESPX-Y of TBrFL as low as 30.19 kcal/mol, which is lower than that of PB; this 

theoretically guarantees TBrFL pH-responsiveness at much higher pH (Figure 5.3B).  

To further evaluate the possible existence of a visible-light absorbing “ON” state 

(TBrFL2-, Figure 5.5A, top) and a colourless “OFF” state (ring-closed TBrFLH2, Figure 

5.5A, bottom), we performed time-dependent density functional theory (TD-DFT) 

calculations for the two states (Figure 5.5B, left for TBrFL2- and 2C for ring-closed 

TBrFLH2). From a TD-DFT calculation, the HOMO-LUMO transition almost 

exclusively (93.9%) contributed to the lowest singlet excited state (S1) excitation of 

TBrFL2-. The HOMO-LUMO gap of TBrFL2- is highly similar to the values we 

previously reported for EY, indicating similar visible-light absorption wavelengths. 

Indeed, as revealed by TD-DFT methods (see SI, section 6.2 for details), the longest-

wavelength absorption of TBrFL (459 nm, oscillator strength f = 0.71; experimental 500 

nm, vide infra), is very close to that of EY (450 nm, f = 0.80; experimental 514 nm).89 
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Practical reasons for the deviations in computational and experimental spectra are 

discussed in our previous report.90 This result supports TBrFL2- to be a strongly visible-

light absorbing compound which should absorb green light, similar to EY2-. On the other 

hand, TD-DFT calculations of the ring-closed TBrFLH2 revealed no absorption in the 

visible range at all, confirming it to be a colourless inactive state.  

 

Figure 5.5 (A) Chemical structures of the active state (TBrFL2-, top) and the 

inactive/colourless state (TBrFLH2, bottom) of TBrFL and their transition mechanism. 

(B) Frontier orbitals, energy levels (and their gaps) of the ground state TBrFL2- (left) and 

the T1 state TBrFL2- (right). (C) Frontier orbitals, energy levels and their gaps of the 

ground state TBrFLH2. Top: LUMO; bottom: HOMO. Contribution of HOMO→LUMO 

transitions to S1 is denoted under the dye label. DFT calculations for frontier orbitals and 

TD-DFT calculations for orbital transition to S1 were employed with B3LYP (6-31+G** 

basis set for C H O and LanL2DZ basis set for Br) level of theory and the SMD-water 

solvation model. Atom colour: C in yellow, H in white, O in red and Br in blue. 

In order to evaluate the capability of the TBrFL2- state for PET-RAFT catalysis, we 

computed the electronic nature of T1 and its oxidative potential E0(PC•+/3PC*), as well as 

ΦT for TBrFL2-. More negative E0(PC•+/3PC*) and higher ΦT have been judiciously 

inferred in our previous report as the key parameters that determine a better OPC92, 94 

when the molar extinction coefficients (or f) and the natures of T1 of two dyes are similar. 

As EY, PB, and TBrFL share comparable visible-light absorption and local electronic 

distribution of the T1 in the xanthene core (Figure 5.5B, right for TBrFL, and our previous 
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report for EY and PB90), we compared their E0(PC•+/3PC*) and ΦT as shown in Table 5.1. 

DFT computation revealed an E0(PC•+/3PC*) for TBrFL of -1.25 V vs SCE, which was 

similar to EY (-1.26 V vs SCE). This demonstrates that TBrFL should be 

electrochemically favourable as a PET-RAFT OPC. E0(PC•+/3PC*) for PB is much less 

negative (-0.91 V vs SCE) and is hence less favourable for PET-RAFT catalysis as 

observed before.90 With respect to ΦT, it has been demonstrated in the previous section 

that TBrFL has a ΦT of 0.58 due to HAE induced by Br substituents, which is sufficient 

for PET-RAFT catalysis and is again similar to EY (reported ΦT = 0.39-0.5790). 

Conversely, the non-halogenated FL only displays ΦT of 0.03. Indeed, despite FL having 

a calculated E0(PC•+/3PC*) as strong as -1.45 V vs SCE, it was shown to be inefficient in 

catalysing PET-RAFT polymerisation due to a low ΦT.123 The discussed properties are 

listed as Table 5.1 for comparison. 

Table 5.1 Electrostatic, electrochemical, photophysical and pH responsive properties of 

dyes mentioned in this work in comparison. 

Dye E0(PC•+/3PC*) 

V vs SCE 

ΦT ΔESPX-Y 

kcal/mol 

Colourless pH 

FL -1.45 0.03107 N/Da N/Da 

TBrFL -1.25 0.58 30.19 5b 

EY -1.20 0.39-0.5790 40.49 < 189 

PB -0.9190 0.59-0.6590 34.54 289 

aNot determined. bThe colourless pH for TBrFL is determined by pH-UV-vis kinetics. 

Otherwise cited or indicated, the values were computed by DFT calculations (methods 

presented in SI). 

As such, we have computationally ascertained that the proposed TBrFL is both highly 

pH-sensitive (exhibiting colour transition at higher pH) and catalytically efficient 

(comparable to EY) as an OPC for PET-RAFT polymerisation. It must also be noted that 

E0(PC•+/3PC*) and ΦT are compared here only to present qualitative analysis regarding 

possible ability of the dye to catalyse PET-RAFT polymerisation. In addition, as an 
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inferior but commercially available alternative, Rose Bengal (RB, X = I, Y = Cl) was also 

analysed. Although RB is commercially available, the lower colour change pH restricts 

its ability to be used as a switchable photocatalyst under more mild conditions. We note 

that RB is estimated by our theory to have a colourless pH situated between those of PB 

and TBrFL due to electronegativity differences for the atoms on the benzoic acid group 

(Br > I > H in electronegativity). Indeed, considering Xr of Cl (3.16) > Br (2.96) > I (2.66) > 

H (2.20), RB can only have a colourless pH higher than PB but lower than TBrFL and 

TClFL. Its coloured to colourless transition was measure to be at pH ~ 4.0 by pH-UV-Vis 

analysis (Figure 5.6), which is consistent with the reported pKa = 4.5124. According to 

the rule of thumb for pH indicators,108 its colourless pH should be 3.5, which should not 

be as good as TBrFL. 

 

Figure 5.6 pH-UV-vis kinetics of a RB aqueous solution (1.01×10-4 mol/L) 

demonstrating the spectral transition of RB with pH change. 

5.3.6 Synthesis and characterisation of the designed OPC  

To experimentally confirm our predication and validate the system design of TBrFL, we 

firstly synthesised TBrFL (Figure 5.7 and Figure 5.8) via a one-step Brønsted-acid-

catalysed reaction106 from commercially available precursors. The powder-state 

tetrabromophthalic anhydride (1507.0 mg, 3.25 mmol, 1 eqv.) and the flake-state 

resorcinol (751.5 mg, 6.825 mmol, 2.1 eqv.) were weighed in to a 10 mL sealed glass 

tube. A stir bar, a long needle nitrogen inlet and a short needle outlet were introduced; 5 

mL neat methanesulfonic acid was slowly added under an inert atmosphere. After purging 

with nitrogen for 5 min, the pinkish-white solution in the tube was placed in an oil bath 

heating to 90 °C and kept stirring for 5 h. After 5 h, additional resorcinol (107.4 mg, 0.3 

eqv) was added to the dark red solution. The reaction was continued for another 2 h and 
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resulted in a dark orange-red solution. 100 mL deionized water was filled in a 500 mL 

conical flask chilled by an ice-water bath and stirred with a large magnetic stir bar. The 

hot reaction solution was slowly and carefully precipitated in the chilled water, revealing 

a black solid that was gradually stirred into a uniform black suspension. Subsequently, 

this 100 mL suspension was charged into two 50 mL centrifuge tubes. A brown solid was 

obtained following 3 rounds of centrifugation with deionized water. 10 mL acetone was 

then added to each tube to fully dissolve the brown solid and was followed by 

reprecipitation in 35 mL deionized water. After two more rounds of centrifugation with 

deionized water, the obtained wet product (pink solid) was dried under high vacuum 

(35 °C) to yield the acid-form of TBrFL (TBrFLH2) as a light pink powder (1529 mg, 

72.8% yield). The obtained product was then characterised by 1H NMR (Figure 5.7) and 
13C NMR (Figure 5.8) with DMSO-d6 as the solvent. 1H NMR (400 MHz, DMSO-d6): 

peak-a δ 10.15 (s, 2H), peak-b δ 6.86 (d, J = 8.68 MHz, 2H), peak-c δ 6.66 (d, J = 2.40 

MHz, 2H), peak-d δ 6.55 (dd, J1 = 2.40 MHz, J2 = 8.68 MHz, 2H). Apparently, the signal 

from the hydrogen a of the hydroxyl group appeared at the low field δ 10.15 assigned as 

peak-a (Figure 5.7). Hydrogen d assigned as peak-d and hydrogen c assigned as peak-c 

were affected by coupling with hydrogen a characteristic of J = 2.40 MHz. Moreover, 

hydrogen b and hydrogen d were affected by each other with a coupling J = 8.68 MHz. 

Thereby, peak-b (b coupling with d) and peak-c (c coupling with a) are both doublets and 

peak-d (d coupling with a and b) is a doublet of doublets. 13C NMR (400 MHz, DMSO-

d6): peak-a δ 164.38, peak-b δ 160.23, peak-c δ 152.77, peak-d δ 151.65, peak-e δ 137.51, 

peak-f δ 132.92, peak-g δ 129.32, peak-h δ 127.01, peak-i δ 123.60, peak-j δ 121.73, 

peak-k δ 113.06, peak-l δ 107.19, peak-m δ 102.67, peak-n δ 82.60. To prepare the stock 

solution for its use in polymerisation photocatalysis, 3 mg of TBrFLH2 (4.65 μmol, 1 eqv.) 

was weighed in a vial and mixed with 0.37 mg sodium hydroxide (9.29 μmol, 2 eqv.); 

minimal deionized water was introduced to fully dissolve the mixture, revealing a strong 

and bright orange colour. The orange mixture was then evaporated till dryness in a high 

vacuum oven at 35 °C. Finally, 3 mL deionized water was charged to produce a 1 mg/mL 

TBrFL stock solution for subsequent use (here and below the molecular weight of TBrFL 

is kept consistent as the molecular weight for the acid-form TBrFL, i.e. TBrFLH2). 
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Figure 5.7 1H NMR spectrum (400 MHz, DMSO-d6) of the synthesised TBrFL. 

 

 



CHAPTER 5 

166 

Figure 5.8 13C NMR spectrum (400 MHz, DMSO-d6) of the synthesised TBrFL. 

The pH-UV-vis kinetics of a 1.68×10-10 mol/L TBrFL aqueous solution (equivalent 

loading to that used in PET-RAFT polymerisation, vide infra) was determined by 

combination of a pH-meter and a UV-Vis spectrophotometer. As a classic rule of thumb, 

the pH range for colour transition of all pH indicators falls between pKa value minus one 

(the acid form) and pKa plus one (the salt form).108 As shown in Figure 5.9, TBrFL 

performs colour transition in the pH range 5.0-7.0 and most sensitively responds between 

pH 5.9-6.3.  

 

Figure 5.9 pH-UV-vis kinetics of a TBrFL aqueous solution (1.68×10-4 mol/L) 

demonstrating the spectral transition of TBrFL with pH change. 

The transition was characterised by proton nuclear magnetic resonance (1H NMR) 

spectroscopy (Figure 5.10 and Figure 5.11) and indicates a pKa of ~6.0 for TBrFL. 

Historic investigation of fluorescein has uncovered that the di-anion state is a highly 

fluorescent from of fluorescein and the di-protonated ring-closed form is non-

fluorescent.106-107 Researchers have found similar equilibria for other fluorescein 

derivatives. The di-anion state TBrFL2- is proposed to be responsible for the strong orange 

colour in its aqueous solution at pH ~7 while the di-protonated ring-closed TBrFLH2 is 

proposed to be the colourless species in the pH < 5 solution. Although DFT calculations 

in the work have computationally confirmed this deduction, we further performed NMR 

analysis to gain an experimental confirmation. Firstly, we dissolved 5 mg TBrFLH2 and 

introduced ~2 mg NaHCO3 in 0.6 mL DMSO-d6 (strong orange colour solution) and 

conducted 1H NMR analysis (Figure 5.10). 1H NMR (400 MHz, DMSO-d6): peak-a δ 
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6.84 (d, J = 8.76 MHz, 2H), peak-b δ 6.58 (s, 2H), peak-c δ 6.51 (d, J = 8.76 MHz, 2H). 

Obviously, because of the absence of the hydrogen (H+) in the previous hydroxyl group, 

peak-b corresponding to hydrogen b was adjacent to no other hydrogen and is thus a 

singlet peak. Hydrogen a assigned as peak-a and hydrogen d assigned as peak-c were affected 

by each other with a coupling J = 8.76 MHz, and thereby resulted in doublet peaks. Subsequently, 

we dissolved 5 mg TBrFLH2 in 0.6 mL DMSO-d6 bubbling with HCl/N2 fume for 10 s 

(colourless solution) and conducted 1H NMR analysis (Figure 5.11). 1H NMR (400 MHz, 

DMSO-d6): peak-a δ 6.86 (d, J = 8.68 MHz, 2H), peak-b δ 6.66 (d, J = 2.40 MHz, 2H), 

peak-c δ 6.55 (dd, J1 = 2.40 MHz, J2 = 8.68 MHz, 2H). Hydrogen c assigned as peak-c 

and hydrogen b assigned as peak-b were affected by coupling with the hydrogen in the 

adjacent hydroxyl group characteristic of J = 2.40 MHz. Hydrogen a and hydrogen c were 

affected by each other with a coupling J = 8.68 MHz. Thereby, peak-a (a coupling with 

c) and peak-b (b coupling with the hydrogen in the hydroxyl group) are both doublets and 

peak-c (c coupling with a and the hydrogen of the hydroxyl group) is a doublet of doublets. 

Comparing both spectra, we found the signal peaks of the xanthene aryl protons furthest 

from the hydroxyl groups remained the same for both the orange and colourless solution 

(denoted as “a” in Figure 5.10 and Figure 5.11). However, for TBrFLH2 (Figure 5.10, 

inset), the four protons most adjacent to hydroxyl groups (denoted as “b” and “c”) 

exhibited an evident split character characteristic of coupling with the hydrogen in the 

hydroxyl group resulting in doublets compared to TBrFL2- in the orange solution (Figure 

5.11, inset). This is evidence of the double presence of protons on the hydroxyl group of 

the colourless ring-closed TBrFLH2 (pH < 5, Figure 5.11) and the existence of the non-

protonated –O- or =O groups of the orange ring-opened TBrFL2- (pH > 7, Figure 5.10). 
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Figure 5.10 1H NMR spectrum (400 MHz, DMSO-d6) of TBrFL2- in a solution containing 

5 mg TBrFL and ~2 mg NaHCO3. 
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Figure 5.11 1H NMR spectrum (400 MHz, DMSO-d6) of TBrFLH2 in a solution 

containing 5 mg TBrFL and bubbled with HCl/N2 fume for 10 s. The split character in 

peaks for the four protons most adjacent to hydroxyl groups (denoted as “b” and “c”) 

confirmed the double presence of protons on the hydroxyl groups of the colourless ring-

closed TBrFLH2. 

Therefore, at pH 7.0, TBrFL is mostly present as the active TBrFL2-, exhibiting strong 

absorbance at around 500 nm and correspondingly a deep orange colour at low 

concentration. Conversely, at pH 5.0, TBrFL almost completely transitions to the 

colourless TBrFLH2 state and loses its visible light absorption. Therefore, pH 7.0 (and 

above) can ideally serve as the “ON” logic gate to the visible-light absorption and pH 5.0 

can be the complete “OFF” logic gate; this enables facile pH-control of TBrFL 

photocatalysis in a mild pH range.  

Upon confirming the visible-light absorption and the pH-responsive property of TBrFL, 

we subsequently performed kinetic studies of TBrFL-catalysed PET-RAFT 

polymerisation in the presence and absence of oxygen in neutral aqueous solutions (pH = 

7). We selected the model monomer N,N’-dimethylacrylamide (DMA) and model RAFT 

agent 2-(n-butyltrithiocarbonate) propionic acid methyl ester (BTPA-M, SI, Figure 5.1 

and Figure 5.2) in the aqueous system at a fixed molar ratio of [DMA]:[BTPA-

M]:[TBrFL] = 200:1:0.01, where the monomer is 1:1 (v/v) to milliQ water and the loading 

of TBrFL is 50 ppm relative to monomer. Green LED light (nominal emission wavelength: 

530 nm, 5 mW/cm2) of an Oriel solar simulator served as the light source. We monitored 

kpapp by online Fourier transform near infrared (FTNIR) spectroscopy (Figure 5.12A). 

While both polymerisations in the presence and absence of oxygen possessed highly 

similar kpapp, polymerisation in the absence of oxygen (degassed) presented a brief 5-min 

induction period due to the RAFT pre-equilibrium, while polymerisation in the presence 

of oxygen (non-degassed) displayed a longer inhibition period. The delay of the onset of 

the non-degassed polymerisation was due to an oxygen inhibition period (19 min) 

resulting from continuous oxygen photosensitization and consumption. Both degassed 

and non-degassed TBrFL-catalysed PET-RAFT polymerisation presented excellent 

instantaneous temporal control (“ON/OFF” properties, Figure 5.12B-C). We observed a 

linear evolution of number-average molecular weights (Mn) versus monomer conversions 

(α), and excellent agreement between theoretical and experimental molecular weights for 

both polymerisations, as is ideal for controlled polymerisations (Figure 5.12D). 
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Meanwhile, gel permeation chromatography (GPC) revealed symmetric and narrow 

profiles for molecular weight distributions of polymers produced in both degassed and 

non-degassed systems (Mw/Mn < 1.1, Figure 5.12D-F).  

 

Figure 5.12 Kinetic studies of TBrFL-catalysed PET-RAFT polymerisation of DMA in 

the presence or absence of oxygen. (A-C) Plot of ln([M]0/[M]t) versus time revealing (A) 

kpapp and oxygen inhibition time, (B) temporal control in the absence of oxygen and (C) 

temporal control in the presence of oxygen; (D) Mn and Mw/Mn versus conversion, and 

(E-F) normalized molecular weight distribution of four GPC aliquots taken during 

polymerisation, denoted as S1, S2, S3, S4, (E) in the absence of oxygen corresponding to 

blue arrows in (A) and (F) in the presence of oxygen corresponding to red arrows in (A), 

following the time order. 

To characterise the end group fidelity of the synthesised polymers, oligomers were 

analysed by 1H-13C HSQC 2D NMR spectroscopy (Figure 5.13) and 1H NMR 

spectroscopy (Figures 5.14 and Figure 5.15) to precisely assign the signals. To carefully 

assign signals, we studied short oligomers in the first place. Firstly, we prepared an 

oligomer of DMA with monomer to RAFT ratio of 5:1, under 5 mW/cm2 530 nm 

irradiation for 2 h. Oligomers were characterised by 1H-13C HSQC 2D NMR spectroscopy 

(Figure 5.13) and 1H NMR spectroscopy (Figure 5.14) in deuterated chloroform (CDCl3) 

and we successfully determined the chemical shifts (δ) of different protons in the R-group 

(α) and the Z-group (ω). We then performed 1H NMR characterisation of DMA 

polymerisation aliquot from the batch in Table 5.2, entry 11. As this sample has a degree 
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of polymerisation as low as ~20 and was not purified (to avoid contamination from 

solvents), the proton signals were clearly identified (Figure 5.15). 

 

Figure 5.13 1H-13C HSQC NMR (CDCl3, 400 MHz, 1H: δ 0~10 ppm; 13C: δ 0~90 ppm) 

spectrum of the PDMA oligomers. 
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Figure 5.14 1H NMR spectrum (400 MHz, CDCl3) of a mixture of 63.8% PDMA-BTPA-

M oligomers and 36.2% BTPA-M as determined by specific proton signals. 
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Figure 5.15 1H NMR spectrum (400 MHz, CDCl3) of an unpurified mixture of a DMA 

polymerisation aliquot from the batch in Table 2, entry 11. As this sample has a degree 

of polymerisation as low as ~20, the typical shape of proton signals as is in a polymer can 

be clearly identified. 

We then conducted 400 MHz 1H NMR spectroscopy on the synthesised polymers (Figure 

5.16 and Figure 5.17) by dissolving the purified polymers in 0.6 mL CDCl3. Using the 

different signals, we were able to quantify the end group fidelity by using the ester methyl 

group of the α end (c, δ 3.67, 3 H), the alkyl tail of the ω end adjacent to the 

trithiocarbonate group (b, δ 3.39, 2 H), the last added monomer on the carbon backbone 

adjacent to the trithiocarbonate group (a, δ 5.21, 1 H), the methyl in the alkyl tail of the 

ω end (d, δ 0.96, 3 H) and the methyl group in the α end (e, δ 1.21, 3 H). These confirmed 

the high end group fidelity of the synthesised polymers after TBrFL-catalysed 

polymerisation in the absence of oxygen (Figure 5.16), in the presence of oxygen (Figure 

5.17). 
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Figure 5.16 1H NMR spectrum (400 MHz, CDCl3) of purified PDMA synthesised 

through TBrFL-catalysed PET-RAFT polymerisation in the absence of oxygen 

(degassed). 
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Figure 5.17 1H NMR spectrum (400 MHz, CDCl3) of purified PDMA synthesised 

through TBrFL-catalysed PET-RAFT polymerisation in the presence of oxygen (non-

degassed).  

Subsequently, we performed chain extension tests to assess the accessibility of the RAFT 

end-groups using the same batches of the purified PDMA ([DMA]:[PDMA-

macroRAFT]:[EB] = 1000:1:0.004, under 5 mW/cm2 530 nm irradiation). A complete 

shift of the molecular weight distribution to higher molecular weights confirmed the high 

retention of trithiocarbonate end groups after TBrFL-catalysed polymerisation in the 

absence of oxygen (Figure 5.18), in the presence of oxygen (Figure 5.19), which also 

confirmed high end-group fidelity with no detectable loss regardless of whether the 

system was degassed or non-degassed.  

 

Figure 5.18 Molecular weight distributions for the synthesised PDMA after TBrFL-

catalysed PET-RAFT polymerisation in the absence of oxygen (red line) and the chain-

extended PDMA-b-PDMA after chain extension EB-catalysed PET-RAFT 

polymerisation (blue line). Complete shift of molecular weight distributions to higher 

molecular weights confirmed the high retention of the trithiocarbonate chain end group. 
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Figure 5.19 Molecular weight distributions for the synthesised PDMA after TBrFL-

catalysed PET-RAFT polymerisation in the presence of oxygen (red line) and the chain-

extended PDMA-b-PDMA after chain extension EB-catalysed PET-RAFT 

polymerisation (blue line). Complete shift of molecular weight distributions to higher 

molecular weights confirmed the high retention of the trithiocarbonate chain end group. 

 

Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) was also conducted for polymers synthesised via TBrFL-catalysed PET-RAFT 

polymerisation of DMA in the presence or absence of oxygen, which revealed a pure 

discrete distribution of the polymers with RAFT derived end-groups in either case 

(Figure 5.20 and Figure 5.21). Both polymerisations in the presence and absence of 

oxygen were stopped at around 10% monomer conversion (degree of polymerisation DP 

20) to match the suitable molecular weight range for poly-DMA (PDMA) MALDI-TOF 

MS analysis. As shown in Figure 5.20 and Figure 5.21, MALDI-TOF MS reveals evenly 

distributed mass peaks (separated by 99.13 m/z) and highly symmetric mass distribution. 

Magnified into the detailed structure of each mass peak set (from 2500 to 2700 m/, Figure 

5.20 and Figure 5.21, inset), we were able to distinguish the main peaks corresponds to 

PDMA with BTPA chain-end plus Na+ and tiny secondary peaks to PDMA with BTPA 

chain-end plus K+ (only visible in the Figure 5.21, inset) in excellent agreement with 

theoretical values within instrumental error (< 1 m/z), showing no evidence for end-group 

loss. Therefore, oxygen cannot exert any influence on the end group fidelity during 

TBrFL-catalysed PET-RAFT polymerisation of DMA in aqueous solution. These results 
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confirmed the excellent oxygen tolerance of the present system. Hence, we decided to 

skip the degassing procedures in subsequent tests.  

 

Figure 5.20 MALDI-TOF MS of a PDMA sample synthesised by TBrFL-catalysed PET-

RAFT polymerisation in the absence of oxygen (degassed). By zooming into the 

molecular weight range of 2500-2700 g/mol, we observed that major peaks (inset a) 

excellently matches theoretical predication of PDMA with BTPA chain-end group plus 

Na+ (indicated on the left of the full spectrum), within experimental error (< 1 g/mol). For 

the left peaks in the inset a, the number of monomer insertion (n) is determined to be 23, 

whereas for the right peaks in the inset a, it is determined to be 24.  Mn,GPC = 3,300 g/mol; 

PDI = 1.21. 
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Figure 5.21 MALDI-TOF MS of a PDMA sample synthesised by TBrFL-catalysed PET-

RAFT polymerisation in the absence of oxygen (degassed). By zooming into the 

molecular weight range of 2500-2700 g/mol, we observed that major peaks (inset a) 

excellently matches theoretical predication of PDMA with BTPA chain-end group plus 

Na+ (indicated on the left of the full spectrum), while minor peaks (inset b) can be 

assigned to PDMA with BTPA chain-end group plus K+ (indicated on the left of the full 

spectrum), all within experimental error (< 1 g/mol). For the left peaks in the inset a and 

b, the number of monomer insertion (n) is determined to be 23, whereas for the right 

peaks in the inset a and b, it is determined to be 24. Mn,GPC = 2,700 g/mol; PDI = 1.21. 

To further demonstrate the viability of TBrFL for catalysing polymerisation, a broad 

range of monomer families was investigated, which included acrylamides (dimethyl 

acrylamide (DMA), diethyl acrylamide (DEA), hydroxylethyl acrylamide (HEAAm), and 

4-acryloylmorpholine (NAM)), acrylates (methyl acrylate (MA), tert-butyl acrylate 

(tBuA), and di(ethylene glycol) ethyl ether acrylate (DEGEEA)), and methacrylates 

(methyl methacrylate (MMA) and oligoethylene glycol methacrylate (OEGMA)) in water, 

DMSO, or DMF as solvent depending on their solubility. TBrFL-catalysed PET-RAFT 

polymerisation of these monomers were respectively performed using two different 

RAFT agents according to their compatibility in RAFT polymerisation;55 CPADB was 

used for polymerisation of methacrylates while BTPA-M was used for all other 
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monomers (Scheme 5.3). As shown in Table 5.2, entry 1-9, all polymerisations 

proceeded efficiently and resulted in the production of polymers with low Mw/Mn. As 

TBrFL is highly pH responsive, for polymerisations in DMSO, a small amount of 

NaHCO3 (1~2 mg) was added to neutralize the weak acidity of DMSO.125 Most 

polymerisations displayed excellent correlation between experimental Mn (determined by 

GPC and/or NMR) and theoretical Mn values. Low Mw/Mn < 1.2 was observed except for 

OEGMA (Mw/Mn = 1.34).  

 

Scheme 5.3 Chemical structures of (A) monomers, (B) RAFT agents, and (C) solvents 

used. 

Table 5.2 Details for polymerisation with different monomers, RAFT agents, solvents, 

and ratios. 

# Monomer RAFT agent Solvent Ratiob Time 

(h) 

αc 

(%) 

Mn,theod 

(kg/mol) 

Mn,GPC 

(Mn,NMRe) 

(kg/mol) 

Mw/Mn 

1 DMA BTPA-M Water 200:1 2 87.1 17.5 16.1(15.7) 1.07 

2 DEA BTPA-M Water 200:1 2 50.7 13.1 8.0 1.14 

3 DEGEEA BTPA-M DMSO 200:1 3 43.0 16.4 15.3(16.5) 1.16 
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4 MA BTPA-M DMSO 200:1 3 60.9 10.7 13.0(8.8) 1.08 

5 MMA CPADB DMSO 200:1 8 77.5 15.8 26.7(25.9) 1.19 

6 OEGMA CPADB Water 200:1 6 84.3 50.9 41.3(46.5) 1.34 

7 tBuA BTPA-M DMF 200:1 6 94.2 24.4 19.4(18.5) 1.09 

8 HEAAm BTPA-M Water 200:1 3 35.2 8.4 23.2(10.8) 1.08 

9 NAM BTPA-M Water 200:1 3 38.3 11.1 10.6(9.6) 1.15 

10 DEA MacroRAFTa Water 500:1 2 52.1 49.3 43.3 1.10 

11 DMA BTPA-M Water 50:1 2 39.0 2.2 1.8(2.0) 1.14 

aMacroRAFT used here is polyDMA(PDMA) with BTPA-M end group (Mn,GPC = 16,100 

g/mol, Mw/Mn = 1.07 from the polymerisation in entry 1). bThis ratio refers to 

[monomer]:[RAFT agent]. cα refers to monomer conversion determined by NMR 

spectroscopy. dMn,theo is the theoretical number average molecular weight calculated 

based on the equation Mn,theo = [M]0/[RAFT]0 × MWM × α + MWRAFT, where [M]0, 

[RAFT]0, MWM, α, and MWRAFT correspond to initial monomer concentration, initial 

RAFT concentration, molar mass of monomer, conversion determined by 1H NMR, and 

molar mass of RAFT agent. eMn,NMR is obtained from NMR spectroscopy. 

In addition, PDMA-b-PDEA block copolymers were successfully synthesised by 

targeting higher molecular weights (Table 5.2, entry 10 and Figure 5.22), which 

confirmed the compatibility of TBrFL with block copolymer synthesis. Block PDMA-b-

PDEA copolymer was synthesised in water at a ratio of [monomer]:[PDMA-BTPA-M] = 

500:1 (Table 5.2, entry 10), with low Mw/Mn (1.10) and good correlation between Mn,GPC 

(43,300 g/mol) and Mn,theo (49,300 g/mol). Symmetrical molecular weight distribution 

profile and a complete shift after chain extension was observed (Figure 5.22). 
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Figure 5.22 Molecular weight distributions for PDMA before chain extension (red) and 

PDMA-b-PDEA after chain extension (blue), Table 5.2, entry 10. 

Moreover, polymerisation targeting lower molecular weights was also successfully 

conducted (Table 5.2, entry 11), showing good control at lower degrees of polymerisation. 

These successful polymerisations confirmed the robustness of TBrFL as an efficient PC 

for PET-RAFT polymerisations in different solvents as well as with different types of 

RAFT agents (dithioester and trithiocarbonate). 

5.3.7 Application of the designed OPC for dual-switchable PET-RAFT 

polymerisation  

Subsequently, we tested the expected pH control of the TBrFL-catalysed PET-RAFT 

polymerisation. Considering the mild colourless transition pH 5.0 of TBrFL, we enabled 

a non-liquid strategy, where a few bubbles (~1 mL) of gaseous HCl/N2 were introduced 

to decolourize TBrFL and completely cease the polymerisation under light, achieving an 

“OFF” state (Figure 5.23A). To recover the colour of TBrFL and return to the “ON” state 

of PET-RAFT polymerisation, we introduced a small amount of NaHCO3 (~0.5 mg), 

which allowed the polymerisation to be restarted under light (Figure 5.23A); this 

successfully demonstrated the completely reversible inhibition through pH control of the 

dual-gated PET-RAFT polymerisation. The change in colour and visible-light absorption 

of the TBrFL containing polymerisation solution during the pH “ON/OFF” control was 

monitored by photography (Figure 5.23A, inset) and UV-vis spectroscopy (Figure 

5.23B). As no liquid phase was involved in the reversible switching, the only additional 

product left after each cycle of switching was small amount of NaCl, which exerted no 

effect on the polymerisation.  
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Figure 5.23 (A) Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed PET-RAFT 

polymerisation of DMA in water in the presence of oxygen under green light using a few 

bubbles (~1 mL) of gaseous HCl/N2 to generate pH-“OFF” state and small amount of 

NaHCO3 powder (~0.5 mg) to generate pH-“ON” state. (B) Corresponding UV-vis 

spectra of different states in (A). (C) Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed 

PET-RAFT polymerisation of DMA in water with two 3 h periods of pH-“OFF” and one 

8 h-period of light-“OFF”. (D) Molecular weight distribution of five GPC aliquots taken 

during polymerisation in (C), denoted as S1, S2, S3, S4 and S5. 

High end-group fidelity with no detectable loss of the obtained polymer was confirmed 

by 1H NMR spectroscopy (Figure 5.24) and the chain extension experiment (Figure 

5.25).  
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Figure 5.24 1H NMR spectrum (400 MHz, CDCl3) of purified PDMA synthesised 

through non-degassed TBrFL-catalysed PET-RAFT polymerisation where HCl/N2 and 

NaHCO3 mediated pH manipulation was introduced.  

 

Figure 5.25 Molecular weight distributions for the synthesised PDMA after non-

degassed TBrFL-catalysed PET-RAFT polymerisation where HCl/N2 and NaHCO3 

mediated pH manipulation was introduced (red line) and the chain-extended PDMA-b-

PDMA after chain extension EB-catalysed PET-RAFT polymerisation (blue line). 

Complete shift of molecular weight distributions to higher molecular weights confirmed 

the high retention of the trithiocarbonate chain end group. 
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Finally, we performed a kinetic study of DMA with two 3 h pH-“OFF” periods and one 

8 h light-“OFF” period. As shown in Figure 5.23 and Table 5.3, for each “OFF” -period 

no monomer conversion was observed by NMR analysis, which confirmed an ideal 

temporal control using two different stimuli. 

Table 5.3 GPC characterisation of S1, S2, S3 ,S4 and S5 in pH and light dual-controlled 

DMA polymerisation in the kinetic study shown as Figure 5.23. 

Entrya Monomer Stage Time 

(min) 

αb 

% 

Mn,theoc 

(kg/mol) 

Mn,GPC 

(kg/mol) 

Mw/Mn 

S1 DMA before 1st 

pH-”OFF” 

60 55.8 11.3 12.6 1.07 

S2 DMA after 1st 

pH-”OFF” 

240 56.3 11.4 13.0 1.07 

S3 DMA before 2nd 

pH-”OFF” 

270 68.5 16.3 16.0 1.05 

S4 DMA after 2nd 

pH-”OFF” 

450 68.7 16.3 16.4 1.05 

S5 DMA final product 990 84.7 17.0 20.3 1.05 

aTBrFL-catalysed PET-RAFT polymerisation of DMA in water ([DMA]:[BTPA-

M]:[TBrFL] = 200:1:0.01) under 5 mW/cm2 530 nm irradiation with two 3-h-periods of 

pH-”OFF” and one 8-h-period of light-”OFF”. bα refers to monomer conversion 

determined by NMR spectroscopy. cMn,theo is the theoretical number average molecular 

weight calculated based on the equation Mn,theo = [M]0/[RAFT]0 × MWM × α + MWRAFT, 

where [M]0, [RAFT]0, MWM, α, and MWRAFT correspond to initial monomer 

concentration, initial RAFT concentration, molar mass of monomer, conversion 

determined by 1H NMR, and molar mass of RAFT agent. 

To examine the robustness of this pH and light dual-gated strategy, we tested a longer 

pH-“OFF” and confirmed the complete inhibition over extended periods of time. We 



CHAPTER 5 

185 

performed a long pH off (pH = 5.0) of 90 min in Figure 5.26, which confirms that in 

acidic pH, no polymerisation was observed under prolonged 530 nm irradiation. 

 

Figure 5.26 Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed PET-RAFT 

polymerisation of DMA in water ([DMA]:[BTPA-M]:[TBrFL] = 200:1:0.01) under 5 

mW/cm2 530 nm irradiation with a 90 min prolonged pH-“OFF” period and 10 min light-

“OFF” period. 

Furthermore, to confirm the absence of polymerisation for a longer period when the pH 

is below 6, we performed a polymerisation of DMA under 530 nm irradiation (5 mW/cm2) 

for 4 h (Figure 5.27). There is no polymerisation for this extended “OFF” period. 

 

Figure 5.27 Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed PET-RAFT 

polymerisation of DMA in water at pH 5.0 ([DMA]:[BTPA-M]:[TBrFL] = 200:1:0.01) 

under 5 mW/cm2 530 nm irradiation. No polymerisation was observed over 4 h irradiation. 
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Other monomers and solvent systems were also tested to confirm that the dual-gated 

strategy was independent of the type of monomers and solvents employed. Similar levels 

of control were observed. As shown in Figure 5.28 and Table 5.4, a 3 h pH-”OFF” period 

was achieved for MA polymerisation in DMSO using HCl/NaHCO3 “pH” manipulation. 

However, it should be noted that unlike water, DMSO does not dissolve NaHCO3 and 

NaCl well. 

 

Figure 5.28 (A) Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed PET-RAFT 

polymerisation of MA in DMSO ([MA]:[BTPA-M]:[TBrFL] = 200:1:0.01, MA to 

DMSO 1:1 v/v) under 5 mW/cm2 530 nm irradiation with a 3 h period of pH-”OFF”. (B) 

Molecular weight distribution of GPC aliquots taken during polymerisation, denoted as 

S1, S2 and S3. 

Table 5.4 GPC characterisation of S1, S2 and S3 in pH-gated MA polymerisation in the 

kinetic study shown as Figure 5.28. 

Entrya Monomer Stage Time αb Mn,theoc Mn,GPC Mw/Mn 
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   (min) % (kg/mol) (kg/mol) 

S1 MA before 

pH-”OFF” 

120 40.1 7.2 7.8 1.07 

S2 MA after pH-”OFF” 300 40.0 7.2 7.8 1.06 

S3 MA final product 360 51.1 9.1 9.4 1.05 

aTBrFL-catalysed PET-RAFT polymerisation of MA in DMSO ([MA]:[BTPA-

M]:[TBrFL] = 200:1:0.01) under 5 mW/cm2 530 nm irradiation with a 3-h-periods of 

pH-”OFF”. bα refers to monomer conversion determined by NMR spectroscopy. cMn,theo 

is the theoretical number average molecular weight calculated based on the equation 

Mn,theo = [M]0/[RAFT]0 × MWM × α + MWRAFT, where [M]0, [RAFT]0, MWM, α, and 

MWRAFT correspond to initial monomer concentration, initial RAFT concentration, molar 

mass of monomer, conversion determined by 1H NMR, and molar mass of RAFT agent. 

We then included polymerisation of another monomer NAM in water (Figure 5.29) to 

demonstrate pH and light control (Figure 5.29B-C and Table 5.5). 
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Figure 5.29 (A) Chemical structure of NAM. (B) Plot of ln([M]0/[M]t) versus time of 

TBrFL-catalysed PET-RAFT polymerisation of NAM in water ([NAM]:[BTPA-

M]:[TBrFL] = 200:1:0.01, NAM to water 1:1 v/v) under 5 mW/cm2 530 nm irradiation 

with a 3 h period of pH-”OFF” (pH =5.0) and a 3 h period of light-”OFF”. (C) Molecular 

weight distributions of GPC aliquots taken during polymerisation, denoted as S1, S2, S3 

and S4. 

Table 5.5 GPC characterisation of S1, S2 ,S3 and S4 in pH and light dual-controlled 

DMA polymerisation in the kinetic study shown as Figure 5.29. 

Entrya Monomer Stage Time 

(min) 

αb 

% 

Mn,theoc 

(kg/mol) 

Mn,GPC 

(kg/mol) 

Mw/Mn 

S1 NAM first aliquot 60 16.1 11.3 12.6 1.24 
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S2 NAM before 

pH-”OFF” 

120 30.5 11.4 13.0 1.17 

S3 NAM after pH-”OFF” 300 29.8 16.3 16.0 1.18 

S4 NAM final product 840 38.3 16.3 16.4 1.15 

aTBrFL-catalysed PET-RAFT polymerisation of NAM in water ([NAM]:[BTPA-

M]:[TBrFL] = 200:1:0.01) under 5 mW/cm2 530 nm irradiation with a 3-h-periods of 

pH-”OFF” and an 8-h-period of light-”OFF”. bα refers to monomer conversion 

determined by NMR spectroscopy. cMn,theo is the theoretical number average molecular 

weight calculated based on the equation Mn,theo = [M]0/[RAFT]0 × MWM × α + MWRAFT, 

where [M]0, [RAFT]0, MWM, α, and MWRAFT correspond to initial monomer 

concentration, initial RAFT concentration, molar mass of monomer, conversion 

determined by 1H NMR, and molar mass of RAFT agent. 

Additionally, since the pKa of CO2 in water is 6.1,126 which falls in the sensitive 

responding range of TBrFL (pH 5.9-6.3) and can potentially partly decolourize TBrFL, 

we decided to further demonstrate the potential for using gas to control PET-RAFT 

polymerisation; such a concept has never been utilized for polymerisation control and is 

an attractive prospect for polymerisation at industrial scales. During the TBrFL-catalysed 

PET-RAFT polymerisation, we purged the solution with CO2 for one minute; as expected, 

we observed a quasi-“OFF” state (kpapp cut down by half, from 0.011 to 0.006 min-1, 

Figure 5.30A). After purging with N2 for 10 min, we were fully able to recover the “ON” 

state (kpapp back to 0.011 min-1, Figure 5.30A). A corresponding change in the solution 

colour and visible-light absorption during the gas “ON”/quasi-“OFF” control was 

monitored by photography (Figure 5.30A, inset) and UV-vis spectroscopy (Figure 

5.30B). High end-group fidelity with no detectable loss of the obtained polymer was 

confirmed by 1H NMR spectroscopy (Figure 5.31) and the chain exte nsion experiment 

(Figure 5.32). 
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Figure 5.30 (A) Plot of ln([M]0/[M]t) versus time of TBrFL-catalysed PET-RAFT 

polymerisation in the presence of oxygen under green light using 1 min CO2 purging to 

generate gas-quasi-“OFF” state and 10 min N2 purging to generate gas-on state. (B) 

Corresponding UV-vis spectra of different states in (A). 

 

Figure 5.31 1H NMR spectrum (400 MHz, CDCl3) of purified PDMA synthesised 

through non-degassed TBrFL-catalysed PET-RAFT polymerisation where CO2 and N2 

were used to manipulate the polymerisation rate.  
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Figure 5.32 Molecular weight distributions for the synthesised PDMA after non-

degassed TBrFL-catalysed PET-RAFT polymerisation where CO2 and N2 mediated pH 

manipulation was introduced (red line) and the chain-extended PDMA-b-PDMA after 

chain extension EB-catalysed PET-RAFT polymerisation (blue line). Complete shift of 

molecular weight distributions to higher molecular weights confirmed the high retention 

of the trithiocarbonate chain end group. 

5.4 Conclusion 

With the concept of computer-guided functional OPC design, we established structure-

property relationships in this work. In addition, we introduced a set of applicable 

methodologies to enable the full computational screening of OPCs, allowing prediction 

of photocatalytic activity to mediate PET-RAFT polymerisation. Specifically, 

electrostatic studies helped uncover the pH sensitivity of fluorescein derivatives with 

variation in substitution; electrochemical and photophysical properties changed with the 

dye structures and were investigated to aid in designing an efficient OPC. Through DFT, 

TD-DFT, and relativistic DFT calculations in this work, key parameters that describe an 

OPC with special functionality (pH response as an example) were fully predicted, which 

successfully helped to circumvent the time consuming and usually costly experimental 

screening. As an example, we applied our computational studies for the design of a pH-

responsive OPC, where the catalyst changes its catalytic activity according to a specific 

pH. TBrFL, as an efficient OPC reversibly turning colourless below pH 5 and recovering 

colour at pH 7, was designed by this methodology and synthesised accordingly. Notably, 

the range of pH control displayed by the designed photocatalyst lies in a more relevant 

range for bioapplications (pH ≈ 5-7). By changing the pH of the solution via gaseous 
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HCl/N2, NaHCO3 powder, or gaseous CO2, the polymerisation rate was seamlessly 

manipulated while using the designed TBrFL catalyst, and “ON/OFF” control could be 

exerted over the polymerisation. As such, application of this new functional OPC enabled 

the first pH and light dual-gated polymerisation. The methodology developed in this work 

can be applied for the design of photocatalysts which can be utilized in organic 

transformation as well as in polymer synthesis.  
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions 

This thesis has established and streamlined a fully computer-guided rational strategy of 

designing a functional PC for PET-RAFT polymerisation, which can circumvent the 

excessive costs and efforts needed in a traditional trail-and-error strategy in PC 

discoveries. By initially investigating the naturally occurring Chl a with various 

functional substituents evolved for efficient photocatalysis, its photocatalytic 

performance and functionalities in PET-RAFT polymerisation inspired the general 

orientations for developing efficient PCs for PET-RAFT polymerisation systems with 

specific functionalities. On top of the initial inspiration, comprehensive structure-

property-performance relationships were established as guiding principles for rational 

design of PET-RAFT PCs, by combining experimental and computational studies on a 

library of halogenated xanthene dyes. Finally, the fully computer-guided strategy of 

functional PC design for PET-RAFT polymerisation was enabled based on broadened 

structure-property-performance relationships by the aid of the most cutting-edged 

computational tools. 

To derive the general orientations for rational PC design in PET-RAFT polymerisation, 

the naturally evolved Chl a with a heavily decorated chromophore structure and thus 

derived superior photocatalysis-related properties was comprehensively investigated for 

PET-RAFT polymerisation performance in Chapter 3. The remarkable visible-light 

absorption at long-wavelengths, high ΦT, sufficient triplet energy and appropriate redox 

properties of Chl a have resulted in its remarkable catalytic efficiency, oxygen tolerance 

performance and capability of post-polymerisation decolouration in PET-RAFT 

polymerisation. Inspired by this naturally derived excellent PET-RAFT PC with evolved 

functional substituents, the practices in this work extensively shed light on the general 

orientations for rational PC design of PET-RAFT polymerisation. 

Acknowledging the general orientations, the full scope of structure-property-performance 

relationships were established and generalised for PET-RAFT systems in Chapter 4 by 

relating experimental observations to quantum chemical calculations and using 

halogenated xanthene dyes as examples. Specifically, the effect of substituents of the 

xanthene chromophore on the electronic-spectral, photophysical and electrochemical 
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properties of these dyes were summarised as the structure-property relationships. 

Meanwhile, the effect of these properties on the performance of PET-RAFT 

polymerisation like photocatalytic efficiency, activation wavelengths and oxygen 

tolerance were evaluated as the property-performance relationships in detail. A 

theoretical framework in guiding the design of high-performance PCs for PET-RAFT 

polymerisation was hence established. 

With the solid foundation of the theoretical framework, in Chapter 5, a fully computer-

guided rational strategy for PC design was established based on broadened structure-

property-performance relationships and a collection of the most cutting-edged quantum 

chemical tools. Specifically, this fully computer-guided strategy was adopted in rationally 

designing an efficient pH-switchable organic PC, sensitively turning colourless at pH 5 

and recovering strong visible-light absorption and photoactivity at pH 7. This is the first 

example of a PC design fully guided by comprehensive quantum chemical studies 

covering electrostatic, electrochemical, and photophysical predictions. Application of this 

designed PC in PET-RAFT polymerisation resulted in the first organocatalysed pH and 

light dual-gated controlled polymerisation. 

6.2 Future work 

The computer-guided rational strategy of PC design for photo-controlled polymerisation 

not only provides a rapid and economic methodology in discovering new PCs, but most 

importantly enables precise tuning of the performance and functionality of the 

polymerisation system by judiciously customising the structure of the PC. Compared to 

the traditional trial-and-error strategy by experimental screening, computer-guided PC 

design generates significant opportunities in developing advanced polymerisation 

techniques for complex macromolecular synthesis. Despite recent efforts in rational PC 

design and the realisation of fully computer-guided PC design, more knowledge and 

further developments of rational PC design for photo-controlled polymerisation systems 

are needed. 

Firstly, the structure-property relationships concerning some novel structural 

modification strategies such as chromophore core-twisting, porphyrin reduction and 

introduction of alkyloxy or sulfide groups, are still yet to be more deeply investigated and 

understood at the quantum chemical level. Although structure-property relationships 
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concerning π-conjugation extension, heavy atom effect and excited-state charge transfer 

are relatively well established, many of the dye classes can have their own special features 

and yield exceptions deviating from general rule, which need more comprehensive studies. 

Indeed, better understanding on the structure-property relationships contributes to higher-

level of rationality, preciseness and customisability in PC design for broadened scope of 

applications. 

Secondly, it is still considered a challenge to develop highly efficient photo-controlled 

polymerisation systems activated by longer-wavelength light for better light penetration 

and energy efficiency. In particular, the 3D/4D printing1 technology based on photo-

controlled polymerisation can afford cross-linked polymeric networks with designed 

composition and architecture leading to optimised mechanical properties. Most 

importantly, the “living” chain ends on the surface of the printed object can be reactivated 

under irradiation for continued printing, making the printed object highly manufacturable, 

post-modifiable and fixable. However, 3D printing has a tough requirement for high 

photocatalytic efficiency of the PC to reach fast polymerisation and high printing speed; 

this requires the PC to be designed with high absorbance, triplet quantum yield and 

favourable redox properties, which can only be realised via a computer-guided rational 

approach. Additionally, longer-wavelength light exhibiting better light penetration can 

benefit photo-curing processes with higher efficiency and increase the contact strength 

between printed layers. Moreover, the benign long-wavelength lights within the visible-

to-near-infrared range can avoid side reactions and self-polymerisation of monomers, 

thus highly desirable for 3D printing. 

Thirdly, understanding of the thermodynamic interplay between the photoexcited PC and 

other catalytic species in photo-controlled polymerisation is critical in quantitatively 

determining by computation whether a PC can work for a particular mechanism. 

Currently, there has been no sufficient work on detailed theoretical evaluation of the 

thermodynamic relationships and the exact thermodynamic criteria of 

activation/deactivation remain unclear. Systematic thermodynamic studies on different 

mechanisms of photo-controlled polymerisation can not only provide mechanistic 

understanding but also shed light on possible new mechanisms or quenching pathways 

for photo-controlled polymerisation. Relevant work is well under way. 
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Fourthly, the ultimate goal of fully computer-guided rational PC design is to be integrated 

into deep learning technologies. Based on sufficient amount of knowledge in structure-

property-performance relationships and effective integration of a series quantum 

chemical software packages, it is possible to develop deep learning networks that can 

suggest possible candidates of PC structures affording desired properties. 

6.3 References 

(1) Zhang, Z.; Corrigan, N.; Bagheri, A.; Jin, J.; Boyer, C., Angewandte Chemie 
International Edition English 2019, 58, 17954. 
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Chapter 7 Appendix 

7.1 Materials 

N,N’-dimethylacrylamide (DMA), diethyl acrylamide (DEA), hydroxylethyl acrylamide 

(HEAAm), 4-acryloylmorpholine (NAM), methyl acrylate (MA), tert-butyl acrylate 

(tBuA), di(ethylene glycol) ethyl ether acrylate (DEGEEA), methyl methacrylate (MMA) 

and oligoethylene glycol methacrylate (OEGMA) were purchased from Sigma-Aldrich 

and used after percolation over a plug of basic alumina (Ajax Chemical, AR) to remove 

inhibitors. Deionized water was produced by a Sartorius Milli-Q water purification 

system with a resistivity of 18.2 MΩ cm−1. 2-(n-butyltrithiocarbonate)propionic acid 

methyl ester (BTPA-M) was synthesised by methylation of 2-(n-

butyltrithiocarbonate)propionic acid (BTPA); BTPA was synthesised according to 

literature.1 Tetrabromofluorescein (TBrFL) was synthesised by a modified version of 

fluorescein derivative synthetic procedures in literature.2 4-Dimethylaminopyridine 

(DMAP) and 1,3-dicyclohexylcarbodiimide (DCC),  tetrabromophthalic anhydride and 

resorcinol were purchased from Sigma-Aldrich and used as received. Dimethyl sulfoxide 

(DMSO), N,N’-dimethylacetamide (DMAc), N,N’-dimethylformamide (DMF), 

acetonitrile (MeCN), methanol (MeOH), ethanol (EtOH), ethyl acetate (EtOAc), 

dichloromethane (DCM), tetrahydrofuran (THF), acetone and dioxane, methanol, hexane, 

diethyl ether and petroleum spirit were purchased from Ajax Chemical and used as 

received. Xanthene dyes in sodium salt form erythrosine B (EB), eosin Y (EY), rose 

bengal (RB), phloxine B (PB) and eosin B (EOB) were purchased from Sigma Aldrich 

and used as received. 

7.2 Instrumentation 

Photopolymerisation Setup. Photopolymerisation was performed in 1 cm × 2 mm × 5 cm 

glass cuvettes (6G) sealed with a rubber septa. The polymerisation solutions were 

irradiated at 5 mW/cm2 of 530 nm green light in an Oriel VeraSol-2 LED solar simulator 

at room temperature. The Oriel VeraSol-2 LED solar simulator is composed of an LSS-

7120 LED controller and an LSH-7520 LED head.  

Online Fourier Transform Near-Infrared (FTNIR) spectroscopy. FTNIR spectra were 

recorded to monitor the monomer signal of the vinylic C-H stretching overtone at ~6200 
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cm-1. Monomer conversions were calculated by the decrease of the integration of vinylic 

C-H peak divided by the initial value. The Brucker IFS 66/S Fourier transform 

spectrometer for recording FTNIR spectra was equipped with a tungsten halogen lamp, a 

CaF2 beam splitter and liquid-nitrogen-cooled InSb detector. After every 10 min 

irradiation during photopolymerisation, the sample was manually placed in the sample 

holder for FTNIR scanning and each spectrum composed of 16 scans with a resolution of 

4 cm-1 (15 s per spectrum). Peak analysis was performed in OPUS software. 

UV-Vis Spectroscopy. UV-vis spectra were recorded by a Varian CARY 300 

spectrophotometer. 

pH measurements. pH was measured by a Mettler Toledo SevenCompact pH/Ion meter. 

Gel Permeation Chromatography (GPC). Molecular weight distribution of synthesised 

polymers was characterised by GPC with DMAc as the eluent. The Shimazu GPC 

modular system composed of an auto-injector and a Phenomenex 5.0 µM bead size guard 

column (50 × 7.5 m) followed by four Phenomenex 5.0 µM bead size columns (105, 104, 

103 and 102 Å), a differential refractive-index detector and a UV detector (λ = 305 nm). 

The DMAc GPC system was calibrated based on narrow molecular distribution of 

poly(methyl methacrylate) standards with molecular weights of 200 to 106 g mol-1. 

Nuclear Magnetic Resonance (NMR). NMR analysis was performed on a 400 MHz 

Bruker Advance III instrument installed with SampleXpress operating for 1H and 13C with 

CDCl3 or DMSO-d6 as solvent. Spectra were reported as chemical shift (δ) in ppm 

downfield from 0 ppm. 

Matrix Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-

TOF MS). MALDI-TOF MS analysis was performed at the University of New South 

Wales Bioanalytical Mass Spectrometry Facility (UNSW BMSF) on a Bruker 

ultrafleXtreme mass spectrometer in positive ion, linear mode using MeCN as the solvent. 

Density Functional Theory (DFT) Computation. DFT calculations of the electrostatic 

potential (ESP) surfaces were performed with Gaussian 09 computational chemistry 

package; post-computational analysis of the obtained ESP results was conducted with 

Multiwfn software package3 including the qualitative molecular surface analysis module; 

ESP maps were visualized by the Visual Molecular Dynamics (VMD) package;4 post 
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labelling was conducted with Adobe Creative Cloud Photoshop CC 2019 and Illustrator 

CC 2019 under a student subscription licence. DFT calculations of optimized molecular 

geometries and energies were calculated with Gaussian 09 computational chemistry 

package. DFT calculations of frontier orbital distributions and time-dependent DFT (TD-

DFT) calculations of ground/excited state transitions were calculated with Gaussian 09 

computational chemistry package; frontier orbital visualization was performed with 

Multiwfn software package.3 Radiative and non-radiative decay rates were calculated by 

the Molecular Materials Property Prediction Package (MOMAP) 1.05-6 with results 

calculated from Gaussian 09 and Beijing Density Functional (BDF) program package.7-9 

For computational details of each part see respective sections below. 

 

 

(1) Ferguson, C. J.; Hughes, R. J.; Nguyen, D.; Pham, B. T. T.; Gilbert, R. G.; Serelis, 
A. K.; Such, C. H.; Hawkett, B. S., Macromolecules 2005, 38, 2191. 
(2) Sun, W. C.; Gee, K. R.; Klaubert, D. H.; Haugland, R. P., Journal of Organic 
Chemistry 1997, 62, 6469. 
(3) Lu, T.; Chen, F., Journal of Computational Chemistry 2012, 33, 580. 
(4) Humphrey, W.; Dalke, A.; Schulten, K., J Mol Graph 1996, 14, 33. 
(5) Peng, Q.; Yi, Y.; Shuai, Z.; Shao, J., Journal of the American Chemical Society 
2007, 129, 9333. 
(6) Niu, Y. L.; Li, W. Q.; Peng, Q.; Geng, H.; Yi, Y. P.; Wang, L. J.; Nan, G. J.; Wang, 
D.; Shuai, Z. G., Molecular Physics 2018, 116, 1078. 
(7) Li, Z.; Xiao, Y.; Liu, W., Journal of Chemical Physics 2014, 141, 054111. 
(8) Li, Z.; Xiao, Y.; Liu, W., Journal of Chemical Physics 2012, 137, 154114. 
(9) Li, Z.; Suo, B.; Zhang, Y.; Xiao, Y.; Liu, W., Molecular Physics 2013, 111, 3741. 

 


	Title Page : Computer-Guided Design of Photocatalyst for PET-RAFT Polymerisation
	Abstract
	Acknowledgement
	Publication Arising from this Thesis
	Table of Contents
	List of Figures
	List of Tables
	List of Schemes
	List of Equations
	List of Abbreviations
	Chapter 1 Introduction
	1.1 Current state-of-the-art of photo-controlled polymerisation
	1.2 Thesis motivation
	1.3 Thesis outline
	1.4 References

	Chapter 2 Literature Review: Computer-Aided Photocatalyst Design for Photo-Controlled Polymerisation: Theories, Guidelines, Methodologies and Applications
	2.1 Introduction
	2.1.1 Scope of the review
	2.1.2 Inspiration from PC “design” strategies implemented by natural evolution
	2.1.3 Rational design of PCs for photo-controlled polymerisation

	2.2 Overview of PCs in photo-controlled polymerisation
	2.2.1 First photo-ATRP systems with transition-metal-based PCs
	2.2.2 First PET-RAFT systems with transition-metal-based PCs
	2.2.3 Metal-free photo-ATRP (O-ATRP) with organic PCs
	2.2.4 PET-RAFT polymerisation with organic PCs
	2.2.5 Photo-RDRP with organic PCs via a reductive quenching pathway
	2.2.6 Photo-LCP with organic and transition-metal-based PCs
	2.2.7 Photo-ROMP with organic PCs

	2.3 Setting the frame
	2.3.1 Structure-property-performance relationships (SPPRs)
	2.3.2 Photon absorption: molar extinction coefficients and absorption wavelengths
	2.3.3 Electronic transitions: rate constants and quantum yields
	2.3.4 Activation and deactivation of photo-controlled polymerisation: redox properties

	2.4 Spectral properties: bathochromic shift and hyperchromic effect
	2.4.1 Theories and structure-property relationships
	2.4.2 Computational methodologies
	2.4.3 Bathochromic shift and hyperchromic effect by heavy halogen substituents
	2.4.4 Bathochromic shift by chromophore core-twisting
	2.4.5 Bathochromic shift by introduction of alkyl/aryl oxide or sulfide substituents
	2.4.6 Bathochromic shift and hyperchromic effect by extended π-conjugation

	2.5 Electronic transitions: enhanced triplet quantum yield
	2.5.1 Theories and structure-property relationships
	2.5.1.1 Heavy atom effect
	2.5.1.2 Orthogonality between S1 and Tn wave functions

	2.5.2 Computational methodologies
	2.5.3 Enhanced triplet quantum yield by excited state charge transfer
	2.5.4 Enhanced triplet quantum yield by heavy atom effect
	2.5.5 Enhanced triplet quantum yield by chromophore core-twisting

	2.6 Redox properties: the catalytic role of PCs in quenching pathways
	2.6.1 Theories and structure-property relationships
	2.6.2 Photo-ATRP via the oxidative quenching pathway
	2.6.3 PET-RAFT via the oxidative quenching pathway
	2.6.4 Photo-LCP via the reductive quenching pathway

	2.7 References

	Chapter 3 Learning from Natural Photocatalyst Design: Chlorophyll a and its Crude Extract as Efficient Photocatalyst for PET-RAFT Polymerisation with Oxygen Tolerance and Post-Decolourisation Functionalities
	3.1 Introduction
	3.2 Experimental section
	3.2.1 Monitoring PET-RAFT polymerisation catalysed by Chl a
	3.2.2 General procedures for observation of singlet oxygen in solution
	3.2.3 Catalyst removal after polymerisation
	3.2.4 Characterisation of end-group fidelity

	3.3 Results and discussion
	3.3.1 Kinetic studies of PET-RAFT polymerisation catalysed by Chl a
	3.3.2 Oxygen tolerance in PET-RAFT polymerisation catalysed by Chl a
	3.3.3 Post-decolourisation of Chl a after polymerisation

	3.4 Conclusions
	3.5 References

	Chapter 4 Guiding the Design of Organic Photocatalyst for PET-RAFT Polymerisation: Halogenated Xanthene Dyes
	4.1 Introduction
	4.2 Experimental section
	4.2.1 General procedures for kinetic study of PET-RAFT polymerisation in the presence/absence of oxygen

	4.3 Results and discussion
	4.3.1 Kinetics and oxygen tolerance studies
	4.3.2 Property-performance relationship: correlating PET-RAFT performance with PC properties
	4.3.3 Structure-property relationship: effect of halogen substitution on photophysical properties
	4.3.4 Structure-property relationship: effect of halogen substitution on electrochemical properties
	4.3.5 Employing the structure-property-performance relationship for on-demand design of PC in PET-RAFT
	4.3.6 An extension of the structure-property-performance relationship

	4.4 Conclusions
	4.5 References

	Chapter 5 Fully Computer-Guided Rational Design of a pH-Responsive Organic Photocatalyst and Application for pH and Light Dual-Gated Polymerisation
	5.1 Introduction
	5.2 Experimental section
	5.2.1 Synthesis of the RAFT agent: BTPA-M
	5.2.2 General procedures for PET-RAFT polymerisation
	5.2.3 Polymer purification

	5.3 Results and discussion
	5.3.1 Establishing structure-property relationships for functional OPC design
	5.3.2 Structure-property relationship: electrostatic studies of pH-responsive xanthene dyes
	5.3.3 Structure-property relationship: photophysical and electrochemical studies of OPCs
	5.3.4 Quantum chemical calculations
	5.3.4.1 Calculation for ESP maps
	5.3.4.2 Calculation for frontier orbitals and spectral properties
	5.3.4.3 Calculation for redox potentials
	5.3.4.4 Calculation for the radiative decay (fluorescence) rate constant
	5.3.4.5 Calculation for the non-radiative radiative decay (internal crossing) rate constant
	5.3.4.6 Calculation for the spin-orbit coupling (SOC) matrix elements
	5.3.4.7 Calculation for the intersystem crossing rate constants kisc2, kisc2 and krisc2
	5.3.4.8 Transition map and calculation of triplet quantum yield ΦT of TBrFL

	5.3.5 Computer-guided design of highly pH-responsive OPC and theoretical predictions
	5.3.6 Synthesis and characterisation of the designed OPC
	5.3.7 Application of the designed OPC for dual-switchable PET-RAFT polymerisation

	5.4 Conclusion
	5.5 References

	Chapter 6 Conclusions and Future Work
	6.1 Conclusions
	6.2 Future work
	6.3 References

	Chapter 7 Appendix
	7.1 Materials
	7.2 Instrumentation



