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ABSTRACT  

The global climate crisis has driven society to strive for sustainability across all 

industries in order to combat anthropogenic greenhouse gas emissions and pollution. For 

over a century, utilisation of solar irradiation has been an attractive but challenging 

solution to providing sustainable energy, leading to significant academic and industrial 

research and development of a wide range of light harvesting technologies, such as 

photovoltaics and, more recently, photocatalysis.  

Simultaneously, society is progressing rapidly towards a fourth industrial 

revolution, with automation, robotics, artificial intelligence, and machine learning being 

broadly adopted throughout industry and academic research. Within chemistry, these 

technologies are driving the development of automated synthesis platforms that can 

rapidly perform and analyse chemical reactions, quickly exploring a vast chemical space 

to find optimised conditions. Enabling technologies for synthesis, such as flow chemistry 

and in-line process analytical tools, are critical to these efforts as they provide the physical 

means to automate altering reaction conditions and data collection which enable machine 

learning algorithms to search chemical space and self-optimise. 

The combination of heterogeneous photocatalysis and enabling technologies is a 

promising strategy to provide sustainable and continuous photosynthetic processes for the 

chemical industry. However, the efficiency of heterogeneous photocatalysts remains a 

significant challenge that must be overcome through material design and reactor 

engineering. Within this thesis, we discuss our recent contributions to this field, including 

the development of new polymer-supported photocatalyst materials which share 

advantages of both homogeneous and heterogeneous photocatalysts. Additionally, we 

demonstrate enabling technologies such as flow chemistry, additive manufacturing, and 

in-line analysis as powerful tools for enhancing heterogeneous photocatalysis. 

Furthermore, we present the development of an entirely new technology for automated 

flow (photo)synthesis and purification: in-line flash chromatography. 
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SUMMARY OF CONTENTS 

The introductory Chapter 1 gives a general introduction to the growing 

importance of photochemistry and flow chemistry, with some brief historical perspective 

to highlight how this synthetic methodology has evolved over the last century: from year-

long experiments on an Italian balcony, to flow photochemical reactors capable of 

kilograms-per-day production. The general principles of photochemistry are discussed 

before describing modern photoredox and energy transfer catalysis with homogeneous 

transition metal complexes and organic small molecules in more detail. The advantages 

and limitations of heterogeneous photocatalyst materials are then introduced with a 

description of the photophysical characteristics and mechanisms of inorganic and organic 

semiconductor materials. Solid-supported molecular photocatalysts are introduced as a 

hybrid-material that shares advantages of both homogeneous and heterogeneous 

photocatalysts. Strategies to mitigate the limitations of heterogeneous photocatalysts 

through enabling technologies, especially flow chemistry, are discussed with examples 

of common methods to apply heterogeneous photocatalysts in flow chemical reactors.     

Chapter 2 describes the metal-free synthesis, purification, and application of a 

polymer-supported organic photocatalyst through flow chemistry. The same material was 

produced via an analogous batch synthetic strategy for direct comparison with the  

flow-produced material. Flow chemistry was proven to produce a superior material and 

provided accelerated purification. Additionally, an in-line benchtop NMR spectrometer 

was applied for automated and accelerated process optimisation.  

Chapter 3 describes the fabrication of intricate photocatalytic monoliths via 3D 

printing, using a commercial printing resin doped with a benzothiadiazole photocatalyst 

monomer. The monoliths were designed specifically for application in a flow reactor and 

to study the effects of their design on photosensitisation efficiency.  

Chapter 4 details the development of in-line flash chromatography purification for 

flow synthesis. This is a new enabling technology for facilitating automated flow 

synthesis and purification of fine chemical products. The system described is more  

user-friendly, versatile, accessible, and has fewer limitations than previously reported 

methods for continuous chromatography.  
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Chapter 5 discusses a continuous flow analysis system for performing 

fluorescence quenching and subsequent Stern-Volmer analysis. The system imitates a 

previously reported system but uses significantly cheaper spectroscopy components, 

which reduced the cost of setup by a factor of 10. The system was developed with the 

goal of being suitable for undergraduate teaching, and consequently, was utilised to 

demonstrate the advantages of flow chemistry in modernising a current 3rd year 

undergraduate physical chemistry laboratory experiment at our institution.          
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manuscript review and editing. 

A.-L. Lee (A.-L.L.) and F. Vilela (F.V.): Supervision of C.G.T.; acquisition of funding; 

editing and review of the manuscript. 

 

1.2  General Introduction 

With growing socioeconomic and political pressure to act on anthropogenic 

emissions and subsequent environmental damage,1,2 much of the scientific community 

has shifted its focus to the development of sustainable methodologies, particularly in 

synthetic chemistry.3 The prospect of utilising visible light as a renewable source of 

energy to drive chemical reactions is an appealing solution to this problem, which has led 

to photocatalysis becoming one of the most active areas of chemical science research in 

recent years. A crude search of the Web of Science database for the term ‘photocatalysis’ 

shows the exponential growth of interest in this area since the 1990’s, with almost 8000 

publications on the topic in 2019 alone (Figure 1.2A).  The credit for development of this 

field is often given to MacMillan,4 Yoon,5 and Stephenson,6 whose seminal papers in 

2008 and 2009 elegantly demonstrated the photocatalytic ability of ruthenium bipyridyl 

complexes to drive chemical reactions with visible light through single-electron transfer 

processes, now referred to as visible light photoredox catalysis (PRC). A similar query 

on the Web of Science for the term ‘photoredox’ clearly shows the surge in PRC research 

following those reports, from 2010 onwards (Figure 1.2A.). However, what is interesting 

is that PRC is still only a fraction of all photocatalysis research, which was already a 

vibrant field prior to 2010.  This 20-year period of photocatalysis development can be 

largely attributed to the developing field of heterogeneous photocatalysis (HPC) and the 

work of Akira Fujishima and Kenichi Honda, who first reported the photocatalytic 

decomposition of water on illuminated titanium dioxide (TiO2) electrodes in 1972.7 This 

critical report began the field of semiconductor HPC, and in combination with the 

development of organic electronics, established fundamental principles that still underpin 

much of the cutting-edge photocatalysis research performed today.  

Equally as impressive as the volume of photocatalysis publications is the 

broad interdisciplinary contributions to its development.  Analysing the same data set of 

photocatalysis publications by discipline reveals that significant contributions come from 

engineering, materials science, and physics, in addition to chemistry (Figure 1.2B). This 



Chapter 1: Introduction to Photochemistry, Flow Chemistry and Enabling Technologies in Synthesis  

33 

 

reflects the multiplex nature of photocatalysis as it requires advanced chemical and 

photophysical theory to rationalise its complex mechanisms, as well as skilled 

engineering and reactor design to overcome limitations of photon and mass transport.    

 

Figure 1.2  (A) Bar chart of publications per year for the topics ‘Photocatalysis’ (49,662 instances) 

and ‘Photoredox’ (6166 instances) between 1980 and 2019, queried from the Web of Science database. (B) 

Pie chart of ‘Photocatalysis’ publications by research areas for the top seven categories (contains 74% of 

the total data set) using the same data as A.   

 

Photocatalysis provides a unique route to carry out complex chemical 

transformations under mild conditions that is often impossible with standard organic 

synthetic procedures. Although humanity only began utilising photochemistry within the 

past century, and is still realising its full potential, nature has been harnessing the 

interaction of light and matter to produce solar fuels for an estimated 3 billion years. It is 

also likely that photochemical processes were responsible for the selectivity of 

photostable biomolecules from the primordial molecular ‘soup’ of the nascent Earth, 

leading to life as we know it today.8 The earliest report of synthetic photochemistry can 

be traced back to H. Trommsdorf in 1834, who observed that crystals of santonine 

shattered when exposed to sunlight.9 However, credit for pioneering photochemistry is 

usually given to Giacomo Ciamician, the ‘grandfather of photochemistry’, who reported 

many interesting transformations of chemical solutions when irradiated by sunlight.10,11 

His visionary work was unfortunately limited to primitive glassware and solar irradiation, 

with low yielding reactions extending for several months (Figure 1.3A).10,12 Modern day 

photocatalysis coupled with flow chemistry has dramatically enhanced efficiencies and 

led to photochemical flow reactors being developed by organisations such as Vapourtec 
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Ltd. (Figure 1.3B) and Corning Inc. (Figure 1.3C and 1.3D), capable of producing 

photochemical products at kilograms-per-day scale.13–19 

 

 

Figure 1.3  (A) Professor Giacomo Ciamician and Dr Paolo Silber on their rooftop laboratory at the 

University of Bologna, Italy, ca. 1912. Reprinted with permission, courtesy of Alma Mater Studiorum 

University of Bologna- University Museum System - “Giacomo Ciamician” Chemistry Collection.  (B) 

Image of two connected Vapourtec Ltd. R-Series photoreactors running in series, used by Merck for grams-

per-hour scale photochemical synthesis. Reprinted from Ref. 17, Copyright 2018 Wiley-VCH Verlag GmbH 

& Co. KGaA. Reproduced with permission. (C) Image of a Corning Inc. G3 photoreactor, capable of 1000 

tons/year production. Reprinted with permission, Copyright 2018 Corning Incorporated. (D) Image of 

illuminated G3 photoreactor interior featuring vertical flow panels with patented HEART design static 

mixing channels. Reprinted with permission, Copyright 2018 Corning Incorporated.     

 

1.3 General Photochemistry 

Photochemistry is defined as the stimulation of chemical processes or 

reactivity via irradiation with wavelengths of light from the UV-C (>200 nm) to the near 

infrared region (NIR, ~1200 nm) of the electromagnetic spectrum. The energy of a photon 

is defined by Planck’s Equation (Eq. 1.1): 
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𝐸 = ℎ𝜐 =
ℎ𝑐

𝜆
                                                          (1.1) 

                                                     

Where E is the energy of the photon (J), h is Planck’s constant (6.626x10-34 J 

Hz-1) and υ is the frequency of the photon (Hz). The photon frequency is equal to the 

speed of light in vacuum (c, 2.998x108 m s-1), divided by the photon’s wavelength (λ, m). 

If the energy of a photon matches or exceeds the energy gap between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), the photon 

can be absorbed and promote an electron from the HOMO to a higher order orbital, 

producing an electronic excited state of the molecule. Molecules in an electronic excited 

state show distinct differences in chemical properties from their ground state: most 

organic molecules have a closed shell singlet ground state, meaning that their HOMO is 

fully occupied with paired electrons of opposing spin angular momentum. When light 

promotes an electronic excitation, these electrons become unpaired and produce a 

diradical species - although the excited state molecule remains of singlet multiplicity due 

to the law of conservation of angular momentum. Generally, for organic molecules, the 

excited electron is promoted from a bonding molecular orbital to an antibonding 

molecular orbital, affecting bond lengths and reactivity. Additionally, the oxidation and 

reduction potentials of the excited state molecule are significantly altered from its ground 

state as the promoted electron is higher in energy and therefore has a higher reduction 

potential. Consequently, the excited electron leaves a vacancy which increases the 

molecules oxidation potential. An excited state molecule is therefore, simultaneously, a 

stronger oxidant and reductant than in its ground state. 

 

1.3.1 Laws of photochemistry 

There were two principles established in the early 19th and 20th century which 

are now considered as basic laws of photochemistry. The first is known as the Grotthuss-

Draper law, but also referred to as the principle of photochemical activation. This law 

states that only light absorbed by a system can induce a photochemical process.20 

Similarly, to the zeroth law of thermodynamics, this law appears simple and self-evident, 

and essentially states that chemists must irradiate molecules with wavelengths of light 

that they can absorb in order to achieve photochemical transformations. This law of 

photochemistry has generally held true over the centuries since it was proposed, however, 

in some circumstances the law can be broken. For example, under high intensity 
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irradiation, photons which are not absorbed independently can be absorbed 

simultaneously to achieve photochemical activation. This is a fundamental process in 

resonance-enhanced multiphoton ionisation (REMPI) spectroscopic techniques.21 

The second law of photochemistry is the Stark-Einstein law, also known as 

the law of photo-equivalence, which states that one primary photophysical or 

photochemical event occurs per photon absorbed.22 This law essentially defines what is 

known as a quantum yield for photochemical processes, where the yield of photochemical 

products or photophysical processes can only be equal to, or less than, the number of 

photons absorbed by a system. Similarly, to the law of photoactivation, the law of photo-

equivalence does not hold true for all photochemical systems. For example, the law does 

not account for multi-photon absorption techniques, where a photocatalyst absorbs two 

or more photons sequentially to access a high energy excited state.23 Additionally, in 

modern day photochemistry and photocatalysis research, many photochemical reactions 

feature chain propagation processes in which the formation of a reactive intermediate 

from a primary photochemical event can propagate to form other reactive intermediates.24 

This has led to observations of quantum yields exceeding unity for many photochemical 

reactions, in violation of the law of photo-equivalence. However, this has been useful for 

mechanistic studies of photochemical systems as quantum yields exceeding unity are used 

to indicate the presence of chain propagation steps within a photochemical mechanism.24 

Although these two principles are considered the two fundamental laws of 

photochemistry, there are other laws or principles of photophysics that are pertinent to 

the understanding and optimisation of photochemical systems. The Bunsen-Roscoe law, 

for example, states that the photochemical effect is proportional to the total irradiation 

energy dose received and is independent of the time over which it is delivered.20 This has 

important consequences for the kinetics of photochemical processes because it suggests 

the rate of a photochemical reaction can be significantly altered by varying the intensity 

of the irradiation light source. 

Similarly, the inverse-square law of light can significantly influence 

photochemical reaction rates. The law states that intensity of irradiation delivered from a 

light source to an object will be inversely proportional to the distance of the object from 

the light source.22 This is why it is common in photochemical procedures to state the 

distance at which the reaction media was placed from light source, as the energy density 

received by the reaction media from the light source will vary as function of their 

separation and influence the reaction kinetics, in accordance with the Bunsen-Roscoe law. 
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Although light source and reaction media separation distances are now commonly 

reported in photochemical literature, it is still not sufficient to accurately replicate the 

energy dose received as other factors, such as the reaction vessels shape, material, and 

wall thickness will all alter the energy dose received by the reaction media. Similarly, the 

light sources emission spectral intensity and shape of the device or lenses will alter the 

dispersion of the energy dose significantly. This alludes to a significant problem within 

photochemistry of standardisation and stresses the importance of providing as much detail 

as possible with regards to experimental setup and light sources in order for other 

researchers to reliably replicate reported results.25 

The final law with significant relevance to photochemistry is the Beer-

Lambert-Bouguer law, which describes the attenuation of light through a medium. In its 

simplest form, the law is mathematically represented by the formula (Eq. 1.2): 

 

𝐴 = 𝑙𝑜𝑔10 (
𝐼0

𝐼
) =  𝜀 𝑙 𝑐                                           (1. 2) 

                                              

Where A is absorbance, defined as log10 of the incident light intensity (I0) divided by the 

measured light intensity after passing through the medium (I). The law states that the 

absorbance will be proportional to the molar attenuation coefficient, ε, the path length of 

light through the medium, l, and the concentration of the light absorbing species within 

the medium, c. This relationship is extremely useful for the characterisation of 

photoactive molecules and is fundamental to UV-Vis. spectroscopy. However, for 

photochemical systems it is also important for reactor design and optimisation. For 

example, it has been observed that increasing the loading of a photocatalyst within a 

system, while maintaining constant irradiation intensity, can decrease the rate of 

photochemical reaction, counterintuitively.26 The reason for this has been rationalised as 

the greater light attenuation from increased catalyst loading limits the penetration of light 

through the reaction vessel and prevents homogeneous photoactivation of the whole 

reaction medium.26  This law is also directly responsible for the challenges associated 

with scaling photochemical reactions performed in batch reactors, which will be 

discussed in more detail in Section 1.6. 
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1.3.2 Jablonski diagrams 

Following absorption of light, a series of photophysical processes take place 

which determine the fate of the excited state molecule. These processes are illustrated 

through a Jablonski diagram, which shows molecular electronic states and the possible 

transitions between them (Figure 1.4). Under standard laboratory conditions at room 

temperature, the majority of molecules will be in the lowest vibrational quantum state (υ” 

= 0) of the electronic ground state, such that most electronic transitions will originate 

from these states.27 Depending on the frequency of in the incident photons, the molecule 

will be excited to a higher-order singlet electronic state. In addition to the requirement 

that the incident photon energy must match or exceed the HOMO-LUMO energy gap, 

electronic transitions are also dependent on the Franck-Condon principle, which states 

that electronic transitions are instantaneous relative to the motion of nuclei within a 

molecule, and that if a transition occurs with a change in vibrational quantum state, the 

initial vibrational state (𝑣0
,,
) must be instantaneously compatible with the coordinates and 

momenta of the electronically excited molecules vibrational state (𝑣𝑛
,
).27,28 As the excited 

state molecule will generally have differences in nuclear coordinates from the ground 

state, wavefunction overlap between 𝑣0
,,
 and 𝑣0

,
 is generally poor and less probable than 

transitions from 𝑣0
,,
 to higher order vibrational quantum states of the electronic excited 

state. 

 

 

Figure 1.4  Representative Jablonski diagram with approximate timescales of photophysical 

processes for organic molecules.29 
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Once in an excited electronic state, the molecule will rapidly dissipate excess 

energy to the environment through non-radiative relaxation, until it relaxes to 𝑣0
,
.30 If 

sufficient photonic energy is supplied to the molecule, the electronic transition may occur 

from the singlet ground state (S0) to a higher order singlet excited state (Sn) beyond the 

first (S1). For most organic molecules, the excited singlet states are close in energy and 

often have overlapping energy surfaces, providing good overlap of the vibrational state 

wavefunctions and rapid non-radiative decay from Sn to S1. The process of non-radiative 

transition between excited states of the same multiplicity is referred to as internal 

conversion (IC).30 The energy gap between S0 and S1 is typically much larger and in most 

cases, there is no overlap of the electronic states’ potential energy surfaces. This means 

that transitions from S1 to S0 are relatively slow compared to IC, and in the absence of 

external factors, decay from S1 to S0 will occur radiatively via fluorescence.27,30 These 

factors lead to a principle known as Kasha’s rule, which states that fluorescence will only 

occur in appreciable yield from the lowest vibrational state and lowest excited state of a 

given multiplicity.30 Kasha’s rule has important consequences to photochemistry and 

spectroscopy as it suggests that rate of non-radiative decay and IC is much greater than 

the rate of fluorescence and therefore the fluorescent photon frequency of an excited state 

molecule is independent from the excitation wavelength. Fluorescent transitions also 

abide by the Franck-Condon principle, and as these occur almost exclusively from S1, 𝑣0
,
, 

in accordance with Kasha’s rule, the spectral intensity of fluorescence emission generally 

appears as a mirror image of the ground state molecules absorbance spectrum, shifted to 

longer wavelengths.27 The difference in energy or wavelength between absorbance and 

emission of the same electronic transition (i.e., 𝑣0
,, →  𝑣2

,  and 𝑣0
, →  𝑣2

,,
) is known as a 

Stokes shift.31 The point at which the absorption and emission spectra intersect is the 

𝑣0
,, →  𝑣0

,
 transition energy, E0,0.27  

                          The photophysical properties described occur on very short timescales: 

photon absorption, non-radiative decay and internal conversion all occur on the order of 

1 to 1000 femtoseconds (10-15 s). Fluorescence lifetimes vary but are generally of the 

order of 1 to 100 nanoseconds (10-9 s). Singlet excited state molecules are therefore 

generally too short lived to be useful for intermolecular photochemistry. However, 

another possible transition of excited singlet state molecules is to convert to an excited 

triplet state via intersystem crossing (ISC).30 In accordance with Hund’s rule of maximum 

multiplicity,27 it is energetically favourable for electrons in a system to align their spin 

angular momentum. Direct transition from a singlet to triplet state is forbidden by spin 
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selection rules as it breaks the law of conservation of angular momentum, and therefore 

ISC is kinetically disfavoured. However, the first excited triplet state of an organic 

molecule is generally close in energy to the first excited singlet state, providing good 

overlap of wavefunctions which facilitates ISC. Additionally, it is possible for orbital and 

electronic spin angular momenta to couple, known as spin-orbit coupling, and overcome 

conservation of angular momentum to facilitate ISC.30 Spin-orbit coupling is increased 

when the system has access to higher order molecular orbitals, such as from elements 

with high atomic number and generally becoming noticeable within the 3rd row of p-block 

elements.32 ISC facilitated by spin-orbit coupling in systems with high atomic number 

elements is known as the heavy atom effect, and can be targeted in the design of 

photoactive molecules and materials to increase triplet state quantum yields. 

Once an excited state molecule transitions to a triplet state, the same 

photophysical processes of non-radiative decay via vibrational relaxation occurs until the 

molecule is in the lowest vibrational state of the of the T1 excited state. Once the molecule 

has relaxed to this point, it is trapped and cannot relax back to the ground state without a 

radiative transition. Radiative decay from a triplet state to a singlet ground state is called 

phosphorescence and is a forbidden transition by conservation of angular momentum. 

Additionally, unlike ISC, the singlet ground state and triplet excited state are unlikely to 

have overlapping wavefunctions and therefore phosphorescence is not facilitated by the 

heavy atom effect. Radiative decay of the triplet state is therefore kinetically disfavoured, 

and the excited state lifetime of the triplet state is generally extended by several orders of 

magnitude, relative to the excited singlet state, ranging from microseconds to seconds. 

Because of this extended excited state lifetime, triplet states are generally more useful for 

photochemical processes as they persist long enough to encounter other molecules to 

interact with. 

 

1.3.3 Classical photochemistry       

Early synthetic reports of photochemical transformations generally relied on 

high-energy UV irradiation for the activation of halides, carbonyls, and olefin substrates. 

The earliest examples required extended exposure to sunlight as the UV source. For 

example, in 1908, Ciamician and Silber reported that carvone 1.1 underwent an 

intramolecular [2+2] cycloaddition to form carvone camphor 1.2 after exposure to 

sunlight for 1 year (Scheme 1.1).33 
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Scheme 1.1 Intramolecular [2+2] photocycloaddition of carvone 1.1 induced by year-long exposure to 

sunlight. 

 

Following confirmation of this result, photochemical [2+2] cycloadditions 

became a popular area of research in the 1950s as a method to construct complex three-

dimensional molecular architectures from simple starting materials. At this time, UV light 

source technology had evolved, and chemists were no longer limited to using sunlight. A 

famous example is the [2+2] photocycloaddition of the p-benzoquinone and 

cyclopentadiene Diels-Alder adduct 1.3 to form diketone 1.4 under long wave UV 

irradiation, first reported by Cookson and co-workers in 1958 (Scheme 1.2).34  

 

 

Scheme 1.2 Intramolecular [2 + 2] photocycloaddition of Diels-Alder adduct 1.3 to Cookson’s diketone 

1.4 under UV irradiation. 

 

[2+2] Photocycloadditions are thought of as one of the oldest and most 

synthetically useful photochemical reactions, and generally is the first photochemical 

reaction taught to undergraduate students when learning the Woodward-Hoffmann rules 

of pericyclic reactions.35 Many other famous named photochemical reactions are derived 

from [2+2] photocycloadditions, such as the synthesis of oxetanes via the Paternò–Büchi 

reaction of carbonyls and olefins,36 and the synthesis of 1,5-diketones via the DeMayo 

reaction of 1,3-diketones and olefins.37 

Direct excitation of carbonyl compounds with UV irradiation was also 

investigated in the early 20th century, most notably by Norrish, who reported radical 
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decomposition of ketones to short chain hydrocarbons and carbon monoxide.38,39 Upon 

excitation, the carbonyl enters an excited singlet state and forms a diradical (Scheme 1.3). 

The excited state carbonyl, either directly from the singlet state or via ISC to the triplet 

state, then recombines with homolytic cleavage of an alpha C-C bond to yield an acyl 

radical and alkyl radical. The acyl radical readily decarbonylates to liberate carbon 

monoxide, producing another alkyl radical. In the case of methyl ethyl ketone 1.5, the 

resulting methyl and ethyl radicals can recombine with another radical to yield three 

possible hydrocarbon products: ethane, propane, or butane. This photocleavage of 

ketones is known as a Norrish type-I reaction.   

 

Scheme 1.3 Norrish type-I photocleavage of ketones to carbon monoxide and hydrocarbon products. 

 

Interestingly, when studying the same reaction on ketones with longer alkyl 

chains, alternative reactivity was observed.40,41  If γ-protons are available on a flexible 

side chain, the excited carbonyl will instead undergo a 1,5-proton shift, resulting in a 

diradical species centred on carbon atoms (Scheme 1.4). Subsequent homolytic cleavage 

of the connecting C-C bond results in an enol and olefin product. This type of ketone 

photodecomposition is subsequently named a Norrish type-II reaction. Both Norrish type-

I and type-II have proven useful in the synthesis of natural products,42 with adaptations 

such as the Norrish-Yang cyclisation proving useful for the intramolecular synthesis of 

hydroxy cyclobutanes.43 

 

 

 

Scheme 1.4 Norrish Type-II photocleavage of ketones.  
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Photochemical chlorination initiated by the photolysis of chlorine was likely 

the first industrial scale photochemical process, beginning as early as 1929.44 With the 

limited UV light source technology available at the time, commercialisation of 

photochemical processes was only possible for radical propagation reactions such as 

photochlorination and photopolymerisations. To date, photochlorinations and 

photopolymerisations are still among the most important photochemical reactions at an 

industrial scale for bulk chemical production.45   

Classical photochemistry established throughout the 20th century was 

dominated by high energy UV irradiation and was limited primarily by a lack of available 

technology. Visible light emitting diodes (LEDs) were not commercially available until 

1962 and were prohibitively expensive, with limited emission wavelengths and radiant 

power.46  Examples of visible light mediated synthetic photochemistry were therefore 

rare. However, over the subsequent decades, LED technology has become increasingly 

powerful and affordable, as predicted by Haitz’s law (the LED equivalent of Moore’s 

law).47 With this increasing availability of technology, new avenues in photochemical 

research utilising visible light became available, leading to the advent of modern day 

photocatalysis. 

 

1.4 Photocatalysis 

Photochemistry can be subdivided into additional classifications of reactivity. 

The classical photochemical reactivity discussed in the previous section are examples of 

direct photochemistry, where the substrates are irradiated directly to induce reactivity. 

Photocatalysis is defined as a chemical reaction in which the presence of a light absorbing 

species changes the rate of, or initiates, a reaction when irradiated by light. Photocatalysis 

can then be further subdivided into two categories: photoredox catalysis and energy 

transfer catalysis, also known as photosensitisation. 

Photoredox catalysis reactions occur when a light absorbing catalyst 

harnesses the energy of photons to promote electron transfer events that accelerate or 

initiate chemical reactivity. 

Energy transfer catalysis is the process by which a photochemical or 

photophysical alteration occurs in a substrate as a result of light absorption by another 

light absorbing species without either species changing redox states. In the following 

subsections we will explore the origins of both types of photocatalysis. 
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1.4.1 Photoredox catalysis 

Photoredox catalysis was first reported in the 1970’s by Kellogg and co-

workers,48,49 followed shortly by other reports from early pioneers,50–58 but the field failed 

to gain momentum due to lack of cheap and powerful LED technology. This changed in 

2008 after three seminal papers from the research groups of MacMillan, Yoon, and 

Stephenson who demonstrated ruthenium complexes and visible light could catalyse 

single electron transfer reactions.4–6 These reports demonstrated that photochemical 

synthesis could be achieved with visible light, beginning the realisation of Ciamician’s 

vision of harnessing the power of solar-irradiation to power artificial photosynthesis, 

stated in ‘The photochemistry of the future’ as:10 

“...inside of these will take place the photochemical processes that hitherto have been the 

guarded secret of the plants..” 

Following absorption of light by a photocatalyst, the excited state catalyst’s 

reduction and oxidation potentials are simultaneously increased by the formation of an 

energetically excited electron and an electron vacancy. For photoredox catalysis to be 

successful, the intended substrate must have compatible oxidation or reduction potentials 

to undergo electron transfer with the excited state catalyst. This has made electrochemical 

analysis, such as cyclic voltammetry, a core tool of modern photocatalyst 

characterisation.59,60 The electrochemical potentials of some common semiconductor and 

molecular photocatalysts are displayed in Figure 1.5.61 

 

 

Figure 1.5  Electrochemical potentials of common semiconductor, transition metal and organic dye 

based photocatalysts. From Ref. 53. Reprinted with permission from AAAS. 
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If these conditions are met, a photoredox cycle then proceeds as illustrated in 

Scheme 1.5 for a molecular organic photocatalyst. The overall photoredox process can be 

defined as net-oxidative or net-reductive depending on the quenching cycle.62 The 

intermediate reduced or oxidised photocatalyst is returned to its initial state by a sacrificial  

 

Scheme 1.5  Possible mechanisms of a molecular organic photoredox catalyst by oxidative or 

reductive quenching. ISC = intersystem crossing, Sub = substrate, Cat = photocatalyst, Cat* = electronic 

excited state photocatalyst, +/- hυ= absorption/emission of a photon, S1 = first singlet electronic excited 

state, T1 = first triplet electronic excited state. 

 

electron donor or acceptor, respectively. If the initial substrate reacts and forms an 

intermediate, which subsequently reduces or oxidises the intermediate cationic or anionic 

photocatalyst species to complete the photocatalytic cycle, the process is termed net-

neutral photoredox catalysis. 

 

1.4.2 Energy Transfer Catalysis 

Energy transfer catalysis, or photosensitisation, is a process by which the 

photon energy absorbed by a catalyst is transferred to a substrate through electronic 

transitions and without changing redox states of either species. This can occur via two 
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main mechanisms: Dexter and Förster energy transfer (Figure 1.6).  Dexter energy 

transfer is a simultaneous transfer of electrons between an excited photocatalyst and a 

ground state acceptor. The photocatalyst’s excited electron transfers to the LUMO of the 

acceptor, whilst an acceptor’s HOMO electron simultaneously back-transfers to the 

photocatalyst’s HOMO vacancy. This produces no net-change in redox states but causes 

the substrate to enter an electronic excited state and returns the photocatalyst to its ground 

state, effectively transferring energy between the two species. The Dexter mechanism is 

restricted to short distances as the donor and acceptor must have orbital overlap for this 

to occur.63 

Förster resonance energy transfer (FRET) involves no intermolecular electron 

exchange and occurs over very large separations of 30 to 100 nm.63,64 In this process, an 

excited state energy donor and ground state acceptor transfer energy through resonance 

of their electronic emission and absorption frequencies and is largely dictated by Frank-

Condon parameters (Figure 1.6).63 FRET is therefore limited by the requirement that the 

energy donor’s emission spectrum has overlap with the energy acceptor’s absorption 

spectrum.  

Once an acceptor has been photosensitised to an electronic excited state, 

changes in the molecular polarisation, bond strengths or spin multiplicity enables unique 

chemical reactivity and has been utilised for pericyclic reactions, isomerisations and atom 

abstraction reactions.65 Photosensitisation was the basis of most visible light 

photochemical organic synthesis prior to the advent of photoredox catalysis.66 A detailed 

tutorial review of energy transfer photocatalysis by Glorious and co-workers is 

recommended for further information and examples.65  

 

 

 

Figure 1.6  Mechanisms of Dexter and Forster energy transfer. 
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1.4.3 Types of photocatalyst 

State-of-the-art molecular photocatalysts are generally transition metal 

complexes (TMC) with a Ru or Ir metal centre, and commonly featuring bipyridyl-

derived ligands. Tris(bipyridine)ruthenium(II) chloride, for example, was used as the 

photoredox catalyst in all three of the seminal photoredox catalysis papers by MacMillan, 

Yoon, and Stephenson, mentioned previously.4–6 This undoubtedly influenced the 

popularity of these TMC photocatalysts in subsequent photocatalysis research, however 

there are several factors that make TMCs excel as photocatalysts: prior to the advent of 

photocatalysis, the photophysical properties of Ru and Ir TMCs had been extensively 

studied for applications in optoelectronics and photovoltaics.67 Owing to the decades of 

study into TMCs for alternative optical applications, many of the established principles 

for tuning TMCs light absorption and redox potentials were transferable to photocatalysis 

and significantly accelerated catalyst design.59 Photoinduced charge separation in TMC 

photocatalysts is essentially identical to what was described and illustrated for organic 

photocatalysts in Section 1.4.1, however, rather than directly exciting an electron from a 

HOMO to a LUMO, TMCs have multiple possible electronic transitions: direct 

intraligand transitions (IL), ligand-field transitions (LF), and metal-to-ligand charge 

transfer (MLCT, Figure 1.7).59 Direct intraligand-excitation generally requires high-

energy irradiation within the UV region. Ligand field, or metal centred ‘d-d’ orbital 

transitions are symmetry forbidden and subsequently tend to have low probability. MLCT 

is the direct excitation of a metal centred electron, transferred to an antibonding orbital of 

the ligand. This transition is a direct charge separation event which effectively oxidised 

the metal centre and reduces one of the ligands, producing a TMC that is simultaneously 

a stronger oxidant and reductant.  

Metal centres such as Ru or Ir provide significant spin-orbit coupling through 

the heavy atom effect, such that ISC from the singlet to the triplet electronic excited state 

is extremely efficient. This helps to provide TMCs with long excited state lifetimes 

exceeding microseconds and promotes intermolecular reactivity. TMC photocatalysts are 

also generally stable to photoredox conditions as the variable oxidation states of the metal 

centre provide good redox-reversibility. Additionally, the variable oxidation state of some 

TMC metal centres has been shown to expand their electrochemical potential ‘window’, 

by enabling tandem photoredox cycles between the same TMC with metal centres in 

differing oxidation states.68   
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Figure 1.7  Simplified molecular orbital diagram of an octahedral transition metal complex with π-

acceptor ligands. Arrows indicate different possible electronic transitions. MLCT: metal-to-ligand charge 

transfer, IL: intra-ligand electronic transition, LF: ligand-field ‘d-d’ electronic transition. Figure adapted 

from Ref 59. 

 

Despite the appealing properties of TMC photocatalysts, there are significant 

drawbacks associated with their use: Ru and Ir are among the rarest elements on the 

planet, which limits their long-term sustainability. This also significantly influences the 

energy required for their mining and refinement – 8,860 kg of CO2 is produced per 

kilogram of iridium across its lifecycle (cradle-to-grave), compared with 1.5 kg of CO2 

produced per kilogram of iron.69 This also does not account for potential socio-political 

barriers that may arise and limit the future availability of Ir and Ru, amongst other 

precious metals. There are also toxicity concerns associated with these elements:70 

photocatalysis is valued as a synthetic methodology that can be performed under mild 

conditions for late-stage functionalisation of complex molecules, such as active 

pharmaceutical ingredients (APIs). However, all ruthenium compounds are 

recommended to be regarded as highly toxic and carcinogenic, and therefore use of a Ru-

centred TMC towards the end of an API synthesis presents a serious risk of contaminating 

the final product.71,72 

For these reasons, development of suitable alternatives to Ru- and Ir-centred 

TMC photocatalysts is of great importance to photocatalysis research. There are two 

primary avenues to accomplish this with molecular photocatalysis: (i) development of 

efficient TMC photocatalysts with earth-abundant metal centres, and (ii) development of 
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organic photocatalysts. TMCs featuring earth-abundant metals such as Fe, Co, and 

especially Cu,70 have been reported as successful photocatalysts, but still face challenges 

with respect to achieving desirable photophysical properties and toxicity concerns.73 

Development of organic photocatalysts has proven to be a fruitful area of research that 

has provided photocatalysts that are competitive with TMCs.62 As with TMC 

photocatalysts, photoactive organic molecules have been researched extensively for 

decades for applications in organic optoelectronic devices,74 in addition to centuries of 

development as dyes and pigments.75 The mechanisms of photocatalysis for an organic 

molecule and TMCs are very similar, the only primary difference is that the excitation of 

an electron from the HOMO to the LUMO of an organic molecule is not a formal charge 

separation as with MLCT. This can limit the ability of organic photocatalysts to act as 

both an excited state reductant and oxidant, as they tend to favour being exclusively one 

or the other.60 However, owing to the long history of synthetic dyes, a plethora of 

photoactive organic molecular core structures are known and can be explored as 

photocatalysts. Although individual organic photocatalysts may have a narrower 

electrochemical potential ‘window’ than TMC alternatives, the broad variety of organic 

photocatalysts collectively cover and expand the range of available electrochemical 

potentials (Figure 1.8).62                    

     

 

Figure 1.8  Structures and electrochemical potentials of common TMC and organic photocatalysts. 

Electrochemical potentials from Ref 76. Electrochemical potentials for 4CzIPN from Ref. 77. SCE = 

saturated calomel electrode. 
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Many organic photocatalyst cores are synthetically versatile and can be 

modified to tune their photophysical and electrochemical properties to suit the needs of a 

given reaction. As illustrated in Figure 1.8, within the xanthene series of organic 

photocatalysts, fluorescein and eosin Y differ by four bromine atoms substituted around 

the core ring structure which leads to a negligible increase in excited state oxidation 

potential and a more significant decrease in ground state reduction potential, as well as a 

significant shift in maximum absorbance wavelength. The structures represented in 

Figure 1.8 are a small sample of available structures for both TMC and organic 

photocatalysts but is intended to illustrate that, whilst TMC photocatalysts have multiple 

oxidation and reduction potentials, these potentials can be matched by individual organic 

photocatalysts, and their narrower redox potentials may provide more control and 

specificity in photoredox reactions. 

 

1.5 Heterogeneous Photocatalysis 

The previous section highlighted the diversity of molecular photocatalysts, 

however, as alluded to in the general introduction, heterogeneous photocatalysis was 

already a vibrant field of research prior to the advent of visible light photoredox catalysis 

in 2008. The earliest report of heterogeneous photocatalysis (HPC) was published by 

Renz in 1921, who observed the partial reduction of titania (TiO2) in the presence of 

glycerol when irradiated with sunlight.78 Use of titania as a pigment had been practiced 

for centuries, and the observation that TiO2-based surface coatings exposed to sunlight 

would ‘chalk’ (formation of a loose white powder on the paint surface) had been 

recognised as the decomposition of organic components in the coating, leaving TiO2 

powder exposed.79 In 1938, Goodeve and Kitchener used this knowledge to perform the 

first study of photodegradation of organic dyes with TiO2 powder.80 A series of 

subsequent reports that were historically relevant to developing TiO2 and semiconductor 

based photocatalysis followed, which can be explored in a review by Fujishima.79 It was 

not until the seminal paper by Honda and Fujishima in 1972, that the field of HPC and 

photoelectrochemistry flourished.7 This paper reported what is now known as the Honda-

Fujishima effect, in which TiO2 was found to split water to oxygen and hydrogen gas 

under strong ultraviolet (UV) irradiation. This gained significant attention in the wider 

scientific community for potential generation of solar fuels,7,79 and formed the foundation 

of modern heterogeneous photocatalysis.         
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With this brief historical perspective in mind, it is perhaps not surprising that 

TiO2 as a material for photocatalysis is incredibly well studied and characterised. TiO2 

has excellent physicochemical properties, good biocompatibility, is abundant in nature 

and subsequently inexpensive. For these reasons, application of TiO2 in photocatalysis is 

still substantial, featuring in approximately 50% of all photocatalysis publications from 

2015 - 2019, by analysis of the same data set presented in Figure 1.2A. In this section we 

will cover the fundamentals of HPC, beginning with TiO2 as a model system for metal-

oxide and inorganic semiconductor HPCats. 

 

1.5.1 Inorganic Semiconductor Photocatalysis 

Semiconductors are defined as materials that have conductivity between that 

of an insulator and a conductor.81 The origin of conductivity is based on the quantum 

states of electrons in a solid, known as band theory. Bands are groups of electronic 

quantum states that arise from the atomic or molecular orbitals of a solid material, leading 

to continuums of indiscrete energy states.81 TiO2 is a crystalline material with three 

common lattice arrangements, named anatase, brookite and rutile (Figure 1.9A). The 

different lattice structures influence the atomic orbital environments and energies which 

alters the photophysical and charge transport properties of the material, which has been 

studied in great detail.82–86  

 

 

Figure 1.9  (A) Unit cells of the three most common crystal structures of TiO2: rutile, brookite and 

anatase. Reprinted from Ref. 87, published by Springer Nature under a Creative Commons Attribution 4.0 

International License http://creativecommons.org/licenses/by/4.0/.   (B) Theoretical density of states 

diagram for anatase TiO2 with dashed lines indicate the conduction band minimum (CBM) and valence 

band maximum (VBM) which yields the band gap energy (Eg) of 3.18 eV. Adapted from Ref. 82.  
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The titanium and oxygen atomic orbitals generate a filled band, the valence 

band (VB), of mainly oxygen 2p electron density, and an empty band of unoccupied Ti 

3d states, the conduction band (CB). They are separated by a gap of energy potentials 

with no quantum states, known as the band gap (Eg), corresponding to 3.18 eV for anatase 

TiO2 (Fig. 1.9B).82,83 

The semiconductor Eg defines the minimum frequency of photons required to 

excite an electron from the valence band to the conduction band, the critical primary event 

required for photocatalysis to occur. Band structures can be engineered by controlling 

polymorphism, morphology and size (e.g. TiO2 nanoparticles), or by introducing 

impurities into the crystal lattice, also known as doping.88–91 Semiconductor doping adds 

additional filled or vacant quantum states to the band structure that lie within the bandgap, 

reducing the Eg and typically resulting in a bathochromic shift in absorption. Synthetic 

TiO2 commonly has oxygen atom vacancy defects, especially at its surface, resulting in 

Ti3+ ions that produce quantum states close to the conduction band minimum. These states 

lower the Eg, enabling visible light absorption and producing reactive centres on the 

catalyst surface, which has been synthetically controlled to improve photocatalytic CO2 

reduction performance by Zhang and co-workers using plasma treatment.92 

The general process of photocatalysis in metal-oxide semiconductors is 

illustrated in Figure 1.10 and proceeds as follows: photoexcitation of an electron across 

the band gap generates an energetic electron in the CB (e-
CB) and leaves behind a 

positively charged electron vacancy in the VB, referred to as a hole (h+
VB). This electron-

hole pair are the charge carriers that allow the oxidation and reduction of substrates in 

photocatalysis. Initially the electron-hole pair are in a bound state, held together by 

electrostatic attraction and treated as a single neutral quasiparticle, called and exciton. A 

quasiparticle is a mathematical solution applied to microscopically complicated systems, 

that account for phenomena such as the reduced motion of particles in a sold. By treating 

them as ‘pseudo-particles’, which have the same charge but increased mass, this better 

reflects experimental observations and permits better system modelling.86  

In materials with high dielectric constants, the charges are shielded from each 

other, and the exciton readily dissociates into free charge carriers. Following charge 

separation, the charge carriers migrate to reactive sites on the surface of the material to 

oxidise or reduce a substrate, respective of their charge. A reactive site is generally a point 

where a substrate has adsorbed to the HPCat surface and is within the proximity required 

for an electron transfer or energy transfer process to occur. Substrate reduction and 
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oxidation by an excited electron and hole, respectively, returns the semiconductor to its 

initial state and activates the substrate to further reactivity at the surface or in the bulk 

solution, completing the photocatalyst cycle. 

Charge carriers must overcome competing processes that result in 

immobilisation and recombination of charge carriers. The photogenerated electron-hole 

pair will spontaneously undergo bulk or surface recombination if they cannot efficiently 

separate, which is influenced by the dielectric properties of the material and delocalisation 

of the quantum states. Highly localised quantum states in the band gap, such as those 

introduced by dopants and defects in the bulk lattice, are known as trap-states and can 

immobilise charge carriers, increasing the probability of charge recombination.94  

 

 

 

 

Figure 1.10 Illustration of the key semiconductor photocatalysis events: (1) Photon with frequency 

exceeding the bandgap energy (Eg) excites an electron from the VB to the CB, producing an exciton (fs). 

(2) Exciton dissociates into free charge carriers (e-
CB and h+

VB) and migrate to the semiconductor surface. 

(3), (4) e-
CB and h+

VB immobilised by trapping states within the bulk (3) or at the surface (4) (100 ps – 250 

ns) and recombine radiatively (-hυ, 1 ps – 10 μs) or non-radiatively (10-100 ns). (5) Substrate (Sub) species 

transfer and adsorb to the surface where they are oxidised or reduced by the e-
CB and h+

VB, respectively (1 

ns – ms). (6) Oxidised/Reduced substrates desorb from the surface and transfer into the bulk solution to 

undergo further chemical processes (>ms)  Approximate timescales as reported by Bahnemann and co-

workers (fs = 10-15, ps = 10-12, ns = 10-9, μs = 10-6, ms = 10-3 seconds).93 
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1.5.2 Organic semiconductor photocatalysts 

Polyaniline was the first conductive polymer reported by Henry Letheby in 

1862,95,96 but the potential of organic electronics was not realised until the 1960s and the 

seminal work of Heeger, MacDiarmid and Shirakawa, leading to their shared award of 

the 2000 Chemistry Nobel Prize for “the discovery and development of conductive 

polymers”.97  For the following 60 years, and still to this day, organic electronics is a 

vibrant field of research within materials chemistry and physics as a potential source of 

sustainable photovoltaics,98 flexible electronics,99 improved organic light emitting diodes 

(OLEDs),74 organic field effect transistors (OFETs),100,101 and more recently, 

photocatalysts.102–105 These materials have semiconducting properties due to extended 

conjugation producing a continuum of bonding and antibonding molecular orbital states 

which form band structures, analogous with inorganic semiconductors. Hence, the 

mechanisms of organic semiconductor photocatalysis and photogeneration of charge 

carriers is identical to those discussed in the previous section and illustrated by Figure 

1.10. The differences between inorganic and organic semiconductors are primarily the 

transport of charges within the material, which arise from the drastically different 

properties and various degrees of crystallinity of organic semiconductors, which we will 

now briefly discuss.   

In amorphous polymer chains, charge transport is limited to intraplanar 

transport along the conjugated network. In crystalline and graphitic-type organic 

materials, the close packing of two-dimensional sheets permits interplanar charge 

transport in the third dimension, allowing delocalisation of charge over several molecular 

layers.106 The complex models used to describe charge transport in organic materials with 

differing degrees of disorder is well described by Liu, Noh and co-workers.107 The relative 

permittivity or dielectric constant (εr(ω)), which influences the screening of charge 

carriers within the material is drastically different for inorganic and organic 

semiconductors. High εr(ω) materials such as silicon (εr(ω) = 12) or GaAs (εr(ω) = 13), 

effectively screen the Coulombic attraction between excitons to 10’s of meV, allowing 

the charge carriers to easily dissociate at room temperature.108,109 Organic polymer 

materials typically have low εr(ω), such poly(p-phenylene vinylene) (εr(ω) = 2), which 

prevents screening of excitons and leads to much stronger binding energies of 0.1-1 eV, 

which greatly exceeds the available thermal energy at room temperature.110–112 This is 

problematic for photovoltaics and photocatalysts, but a useful property for OLEDs where 

the radiative decay of charge recombination is desired.111,113 
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Charge carriers are normally localised to only a few atoms and cause large 

distortions in the local electronic structure. This small spatial confinement of the 

photogenerated excitons is normally only a few nm3 and accounts for the large binding 

energy, as opposed to in a Si crystal which has exciton diameter in the order of 10’s of 

nm3.114 Organic molecules will typically have large geometric relaxations to cope with 

the localised loss of conjugation and polarisation of the surrounding environment, which 

is enhanced by low εr(ω) values.114–117 Charge is transported in organic materials by 

‘hopping’ between quantum states. The amorphous nature of most polymers produces 

low symmetry and anisotropy for charge transport. Hence, charge mobility in organic 

semiconductors is typically much lower than crystalline inorganic materials.114 

Conjugated polymers that are rigid will generally have faster intrachain charge transport, 

rather than inter-layer hopping transport (Figure 1.11).106,114 The process is highly 

dependent on temperature and electronic disorder as each hop requires reorganisation of 

molecules in the chain.114  

 

 

Figure 1.11  Idealised triclinic unit cell of a g-C3N4 type polymer, displaying possible hopping 

transport scenarios of an exciton via intrachain (solid), intraplanar (dotted) or interplanar (dashed). 

Reprinted from Ref. 106, Copyright 2015, with permission from Wiley. 

 

A particularly popular organic semiconductor photocatalyst in recent 

literature is graphitic carbon nitride (g-C3N4).118 g-C3N4 was one of the first synthetic 

polymers, first reported in 1834 by Liebig, which he named ‘melon’.119 The material is 

two-dimensional sheets of hexatopic, hexagonal sp2-hybridised carbon and nitrogen 

atoms, linked by bridging tertiary amines (Figure 1.12).120 The material is crystalline as 

sheets are held together by strong π-stacking and van der Waals interactions, rendering 
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the material insoluble in most solvents.120,121 g-C3N4 materials are typical organic 

semiconductors with band gaps of approximately 2-5 eV, usually showing a maximum 

absorbance at 420 nm which yields its characteristic yellow colour.120 

 

 

Figure 1.12 Idealised structure of a perfect g-C3N4 sheet. Central unit highlighted in red represents one tri-

s-triazine repeat unit.120 

 

Significant interest in g-C3N4 photocatalysts was generated in 2009 by Wang, 

Domen and co-workers, who reported the metal-free photolysis of water was possible 

with the all-organic semiconductor material, a sacrificial electron donor and visible light 

irradiation.120 Prior to this report, poly(p-phenylene) had been utilised for hydrogen 

production but required high-intensity, short-wave UV irradiation and obtained only 

modest efficiency.122 As a result, research into g-C3N4 grew exponentially and paved the 

way for development of many other organic materials for photocatalysis 

applications.120,123–127 Despite its structural similarities to graphite, charge carrier 

mobility in g-C3N4 is significantly different. Transient absorption and transient 

photoluminescence (TRPL) spectroscopic analysis of a set of g-C3N4 materials found that 

charge transport was predominantly interplanar, perpendicular to the sheets.106 The work 

of Merschjann and co-workers critically analysed the non-exponential TRPL spectral 

decay of g-C3N4 and found that the initial photon excitation and subsequent exciton 

dissociation into free polarons (quasiparticle equivalent to e-
CB and h+

VB charge carriers) 

occurs over 200 femtoseconds. The resulting polarons migrate by ‘hopping’ between 

sheets until they eventually recombine over a period of approximately 10-13–10-6 s  

(Figure 1.13).106  
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Figure 1.13 Timeline of key processes of charge transport following photoexcitation of g-C3N4 leading to 

radiative recombination of a singlet exciton or non-radiative recombination of a triplet exciton. a,b) 

Photoexcitation and generation of singlet excitons (SE). c) Dissociation of SE into singlet polaron pairs on 

adjacent sheets and d) further dissociation into free polarons. e) Diffusive Brownian motion of free 

polarons, essentially confined within channels along the stacking direction. Spin thermalization is depicted, 

leading to a loss of spin coherence. f) Recombination of free polarons. Depending on the spin states of the 

polarons, singlet (SE) or triplet (TE) excitons are recovered, which relax radiatively (SE) or non-radiatively 

(TE). Reprinted from Ref. 106, Copyright 2015, with permission from Wiley.  

 

 

Mesoporous graphitic carbon nitride (mpg-C3N4) has recently been reported 

by Antonietti, König and co-workers to be an effective, stable and recyclable HPCat for 

a large scope of arene and heteroarene functionalisation reactions, traditionally performed 

with transition metal complexes (Scheme 1.6).61 The group were able to bi-functionalise 

N-phenylpyrrole with a variety of functional groups at room temperature to yield 

alkylated, halogenated and trifluoromethylated products, such as examples 1.6 and 1.7 

(Scheme 1.6). 
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Scheme 1.6 mpg-C3N4 photocatalytic bi-functionalisation of heteroarenes with selected examples 1.5 and 

1.7.61 Sub = heteroarene substrate (e.g. N-phenyl pyrrole), FG = functional group, LG = leaving group (e.g. 

Br, SO2Na).  

 

Chen, Wang and co-workers recently studied methods to reduce the exciton 

binding energy in linear conjugated polymers to enhance charge separation and 

subsequent photocatalytic hydrogen evolution (Figure 1.14).128 Four conjugated 

polymers containing dibenzothiophene sulfone (FSO) monomers, linked by either 

biphenyl (FSO-BP), fluorene (FSO-F), 2,8-dibenzothiophene (FSO-FSz) or 3,7-

dibenzothiophene (FSO-FS) monomers, were synthesised and applied in the 

photocatalytic hydrogen evolution reaction (HER). The FSO-FS polymer displayed the 

highest rates of hydrogen evolution (170 μmol h-1), significantly higher than its 

structural isomer FSO-FSz. The authors studied the charge transfer dynamics of the 

different polymers through temperature-dependent photoluminescence, 

photoelectrochemical measurements, TRPL spectroscopy and density functional theory 

(DFT) calculations. 

The HER efficiency was correlated to the excited state lifetime and exciton 

binding energy. It was suggested the FSO-BP and FSO-FSz hindered charge transfer and 

mobility due to the phenyl-phenyl dihedral angle or sharp bends in the polymer chain, 

whereas the FSO-F and FSO-FS polymers had ridged planar chains that facilitated charge 

transfer.128 The FSO-FS dibenzothiophene unit had extended conjugation onto the 

sulphur atom in the excited state which improved charge delocalisation.128 This 

demonstrates that novel material design can overcome typical limitations of organic semi-

conductors to produce more efficient photocatalysts with enhanced charge transport. The 

authors did not discuss the formation of triplet excitons through intersystem crossing 

which is facilitated by sulfur spin-orbit coupling, as shown by Ji, Zhao, Jacquemin and 
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co-workers,32 and may have contributed to extending the excited state lifetime and 

reducing the binding energy of excitons in FSO-FS relative to FSO-F. 

 

 

Figure 1.14 (A) Structure of four linear conjugated polymer photocatalysts for hydrogen evolution, 

displaying the advantages and disadvantages obtained from each monomer and FSO combination with 

respect to exciton binding energy. (B) H2 evolution rate of each polymer, reflecting the relative charge 

separation energy, rate of charge transport and excited state lifetimes being optimal in the FSO-FS polymer. 

Adapted from Ref. 128, Copyright 2019, with permission from Wiley.  

 

1.5.3 Immobilised molecular photocatalysts 

A strategy which combines many of the benefits of homogenous and 

heterogeneous photocatalysis is immobilising a molecular photocatalyst to a solid 

support. Most materials have inherent surface functionalities or can be modified to act as 

supports through covalent or electrostatic interactions, presenting a plethora of strategies 

to immobilise any photocatalyst with a complimentary functional group. As the 

immobilised photocatalyst is generally non-conjugated to the support, its photophysical 

properties are generally unaltered from the homogeneous equivalent and the complexities 

of semiconductor charge dynamics are avoided. Alternatively, semiconductor supports 

can be used which can be irradiated at different wavelengths and inject electrons to the 

photocatalyst or vice versa, the same methodology applied in dye-sensitised solar cells.98  

Additionally, as only the surface of the support is functionalised with photoactive units, 

they are more likely to be accessible to the reaction media and the excitation photons, 

preventing photocatalyst being wasted in the bulk material.  The immobilisation will 

generally reduce reaction kinetics relative to the homogeneous photocatalyst as it is no 

longer dispersed in solution, but this can be largely mitigated through flow chemistry 

(vide infra). This combines the ease of separation and recyclability of a heterogeneous 
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catalyst, with the detailed characterisation, accessibility, and synthetic versatility of a 

homogeneous photocatalyst. 

Some desirable properties of a solid support are hence; (i) a strong, 

irreversible affinity for the catalyst to the support surface; (ii) stability towards reaction 

conditions and photosensitised oxidants; (iii) transparency to the wavelengths of radiation 

used to excite the catalyst, and preferably elastic scattering of the incident light; (iv) a 

high surface area and porosity, and; (v) a strong affinity for association of reactants to the 

surface and rapid dissociation of photochemical products. A few of these strategies are 

represented in Figure 1.16 and discussed in more detail within this section. 

 

 

Figure 1.16 Graphical representation of common methods used to immobilise molecular photocatalysts 

(PC) to solid supports.  

Some example methods of immobilising catalysts include covalently bonding 

the catalyst to a polymer-support, either by incorporating a monomer with a 

photocatalytic moiety or post-synthetically coupling a photocatalyst to a polymer with 

reactive functional groups. Examples of this from our own group include the synthesis of 

a polystyrene gel with a photocatalytic crosslinking monomer, 4,7-bis(4-

vinylphenyl)benzo[c][1,2,5]thiadiazole (St-BTZ).129 Additionally, we showed the direct 

synthesis of a BODIPY photocatalyst as a post-synthetic modification to an aldehyde 

functionalised conjugated polymer and applied the material for singlet oxygen 

photosensitisation.130 Both of these were applied as HPCats in a commercial flow reactor 

for photocatalysis.  
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Poliakoff, George and co-workers reported a porphyrin photosensitiser 

electrostatically immobilised to sulfonate crosslinked ion-exchange polystyrene resins 

(Amberlyst-15) for the synthesis of artemisinin.131 This resulted in a bi-functional 

material, which acts as a HPCat and heterogeneous Brønsted acid catalyst, which are both 

required for independent steps of the synthesis.131 They suggest that the porphyrin is 

protonated by Amberlyst-15 sulfonate groups and immobilised to the solid surface by 

electrostatic forces, rationalising the observed change in porphyrin colour from a purple 

powder to green when immobilised. Immobilisation of porphyrins onto polystyrene 

supports has been reported prior to this through covalent and electrostatic attractions but 

often suffer from poor coupling yields and low loadings.132–135 Similar ionic 

immobilisation is common with transition metal complexes as they are often inherently 

cationic species. Amara and co-workers recently showed that [Ru(bpy)3]2+ could be 

immobilised on silica particles with a dramatic increase in efficiency in the 

photooxidation of terpenes.136 Polymer networks containing bipyridyl units have been 

designed to immobilise transition metal complexes through co-ordinate bonding, and 

were subsequently applied for the oxidative coupling of amines.137 [Ru(bpy)3]2+ units 

were synthesised with ethynyl groups para-substituted to the nitrogen heteroatom on four 

of the six pyridine rings. The ethynyl groups were subsequently crosslinked by oxidative 

homocoupling to form a highly cross-linked polymer.137 

Zhang and co-workers recently demonstrated that the dispersibility of 

polymer-nanoparticle-supported benzothiadiazole photocatalysts could be improved in a 

range of different solvents by co-polymerising classical solubilising monomers with the 

same St-BTZ photocatalyst monomer previously reported by Vilela and co-workers.129,138 

They showed the supported photocatalyst material was an effective HPCat for 

pharmaceutically relevant transformations in their optimal solvent for the reaction, 

despite the native solubility of the photocatalyst being poor in those solvents.138     

 

1.6 Enabling technologies in organic synthesis 

Technological advances over the last several decades are hurtling society 

towards a fourth industrial revolution, which promises to significantly alter the way we 

live and work. Many technologies that, prior to the 21st century, were thought of as 

science-fiction, such as artificial intelligence and robotics, are quickly becoming a reality 

and are being implemented in industry and research – including chemistry. 
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Enabling technologies in the context of organic synthesis is a broad 

description of non-classical techniques employing technology to improve or enable new 

synthetic methods. One of the first examples of enabling technologies in synthesis would 

be microwave-assisted chemistry, first reported in 1986.139 Microwave synthesisers have 

become popular in chemistry as they enable superheating of reaction solvents which can 

significantly reduce reaction times with respect to a conventional reflux apparatus.140,141 

However, they were initially met with scepticism by the chemistry community due to 

reports of ‘magic microwave effects’ in the literature, in which unexpected reaction 

outcomes were attributed to the influence of microwaves with little foundation. Today, 

microwave assisted synthesis is now routine in both chemical industry and research 

settings, aided in part by the commercialisation of bespoke microwave synthesiser 

apparatus for chemists that provide more control over temperature and pressure.141  

Since then, many other enabling technologies have emerged to offer new 

synthetic methods to chemists, including ultrasound mediated synthesis,142 

mechanochemistry,143 and flow chemistry.144 Flow chemistry in particular has seen a 

surge in utilisation within chemical synthesis over the past couple of decades. Flow 

chemistry involves pumping solutions of reagents through channels with narrow internal 

diameters. Solutions are mixed at junctions and are subsequently pumped through 

reactors which drive chemical transformations through heat, light or electrochemical 

potentials. 

Unlike microwave-, ultrasound- and mechanochemical mediated synthesis, 

flow chemistry does not distinctly change conventional methods of delivering energy to 

a chemical system to induce a chemical reaction: it more simply enhances the efficiency 

in which the energy is delivered. For example, in conventional thermal chemistry 

performed in a round-bottom flask, the reaction vessel has a low surface area-to-volume 

ratio and heat is delivered from the sides and base of the vessel. Even with efficient 

stirring, this creates a temperature gradient from the sides to the centre of the vessel. 

Conversely, the high surface-to-volume ratio of flow reactor tubing enables efficient and 

uniform heat transfer to the reaction mixture, ensuring that the entirety of the reaction 

mixture is within a narrow range of the desired reaction temperature. This maintains a 

narrow free-energy profile in flow reactors and can enhance selectivity (Figure 1.17).144–

147  
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Figure 1.17  Illustration of the difference in heat exchange efficiency in batch vs flow, with a 

hypothetical reaction profile featuring two inter-converting intermediates (I1 and I2) which have similar 

activation energies (ΔG1
‡ and ΔG2

‡), leading to different products (P1 and P2), where P1 is desired. The 

broader free energy profile of the batch reactor is sufficient to exceed ΔG2
‡ and would result in degraded 

product selectivity. Inspired by a figure from Ref 144.    

 

Improved energy delivery in flow is even more impactful when considering 

photochemical reactions. As discussed earlier, the scale up of photochemical reactions is 

limited by the Beer-Lambert law (Eq. 1.2). In conventional batch synthetic chemistry, 

scale up is often achieved through dimension enlarging strategies, i.e., using a larger 

reactor to accommodate more volume of reactants. Applying this methodology to 

photochemical reactions is unreliable, as the pathlength required to irradiate the entire 

reaction mixture will also increase and not necessarily scale with higher irradiation 

intensity. In flow reactors, this issue is entirely mitigated as reactions can be scaled 

without altering the diameter of the reactor tubing to maintain a consistent irradiation 

pathlength. The simplest solution is continuous processing, in which the flow reactor is 

run for longer to process a larger quantity of material. Alternatively, multiple reactors can 

be run in parallel, either as an independent setup with its own hardware such as pumps, 

referred to as a ‘numbering-out’ strategy, or the flow path from one pump can be split to 

feed into multiple different reactor channels, referred to as a ‘numbering-up’ strategy. 

Each of the numbering-out and numbering-up strategies will increase the overall 

productivity of the system, however numbering-up is generally preferred as the amount 

of hardware required is reduced.  

In addition to more efficient irradiation, flow chemistry offers precise control 

over irradiation exposure of the reaction solution. Only the reaction mixture within the 

reactor is exposed to the light source, and the reactor residence time is defined by the 
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reactor volume and the flow rate of solution through the reactor. This can help to prevent 

over irradiation of the reaction solution, preventing photodecomposition of material. The 

narrow, usually micro-scale, channels of flow reactors offer unparalleled control over 

reaction conditions as the high surface-to-volume ratio results in extremely efficient heat 

exchange. This also prevents potential hot spots from forming due to a photothermal 

effect, which could potentially alter selectivity and lead to loss of material.148–150  

Flow systems can be pressurised easily with back pressure regulators, 

enhancing the solubility of gaseous reagents in reaction solvents.17,151 Flow chemistry 

also enables chemists to safely use hazardous gaseous reagents that are generally avoided, 

whilst simultaneously increasing the gas-liquid/gas-solid interfacial surface area for 

enhanced reactivity.152–155 This is highlighted by Noël and co-workers, who demonstrated 

the safe use of CF3I(g) as a reagent for continuous flow PRC trifluoromethylation of 5-

membered heterocycles, such as N-methylpyrrole 1.8 (Scheme 1.7), with high conversion 

and selectivity for the monofunctionalised product 1.9.156 The system achieved full 

conversion for a variety of aromatic heterocycle substrates within 8-20 minutes, 

transformations which required days in batch protocols (Scheme 1.7).156 

 

 

Scheme 1.7 PRC trifluoromethylation of N-methylpyrrole 1.8 using hazardous CF3I(g) safely in a flow 

reactor.156 MFC = mass flow controller, tr = reactor residence time, TMEDA = tetramethylethylenediamine. 

 

Whilst flow chemistry is itself an enabling synthetic technology, it also 

enables reaction solutions to be delivered to other enabling technologies, such as 

chromatographs and spectrometers, for automated reaction screening and analysis. These 

are referred to as process analytical tools (PATs), which can be spectrometers such as 

UV-Vis., FT-IR, and NMR.151,157–161 PATs which analyse the reaction mixture without 

removing or diverting sample from the flow path are referred to as in-line analytical 

techniques. Conversely, PATs that require removing sample from the flow system to 
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perform analysis, such as mass spectrometers, gas chromatographs and high-performance 

liquid chromatographs, are referred to as on-line analytical techniques. These systems can 

be automated to ensure consistency and remove the need for laborious manual sampling, 

as well as enabling automated synthesis and high throughput reaction screening, both of 

which are progressive areas of chemical science research.162–166  

 

1.7 Heterogeneous Photocatalysis in flow 

Whilst heterogeneous catalysts are generally preferred in many industrial 

scale processes,167 photocatalysis for organic synthesis is dominated by homogeneous 

organic dyes and phosphorescent transition metal complexes.62,73,168 This is largely due 

to the higher efficiency of molecular photocatalysts which disperse in solution and can be 

irradiated uniformly, especially in narrow flow channels.144 The photophysical properties 

and surface structure of HPCats is more challenging to characterise and requires 

specialised techniques that are not readily available and often require multi-disciplinary 

collaborations.88 Additionally, penetration of light through the bulk of the HPCat is 

difficult and can render large quantities of material redundant. Overcoming these issues 

and producing efficient HPCats and reactors which can compete with transition metal 

complex photocatalysts has been described as one of the greatest sources of challenge and 

opportunity in the field of photocatalysis.144,169,170 This has led to a great deal of progress 

within the last decade, with new HPCat materials and reactor designs beginning to shift 

the photocatalysis paradigm towards HPCats for their advantages of reduced purification 

and facile recycling. 

In addition to separation and recycling, HPCats show advantages such as 

enhanced photostability and selectivity.129,171 A heterogeneous catalyst with high surface 

area is often associated with a greater number of surface-active sites for catalysis to occur 

and makes morphological control critical to catalyst efficiency. This generally holds true 

for HPCats, but the anisotropic surface environment of a HPCat is prone to having more 

trapping states for charge carriers, leading to more surface-charge-recombination events 

which are non-productive.172  

Often it is only the surface and outermost layers of the HPCat which can be 

penetrated and activated by the incident irradiation, rendering the HPCat bulk redundant. 

As the mean free path of photons is proportional to their wavelength, irradiating a system 

with longer wavelength irradiation, which still exceeds the band gap energy, can enhance 
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the depth of photon penetration and provide more charge separation events. Upconversion 

photocatalysis is an emerging field of research which utilises near-infrared (NIR) 

radiation to penetrate deep into a reaction medium or material.173 Multiple NIR photons 

are then combined through energy transfer processes by an upconversion system to 

produce higher frequency, UV or visible light photons, that are reemitted in close 

proximity to, or directly from within, the HPCat solid matrix.174   

The Achilles’ heel of all heterogeneous catalysts is mass transport limitations, 

the circumstance in which a process becomes diffusion limited and independent of the 

catalyst efficiency.144 This is often thought of as an ‘engineering problem’ by chemists 

which will be solved through reactor design,175 but smart design of HPCat structure and 

interfaces by the chemist can contribute. As discussed in the previous section, flow 

chemistry enhances homogeneous photochemical reactions by fixing the pathlength of 

irradiation to a constant, regardless of scale. This also applies to immobilising an HPCat 

in a flow reactor, which generally confines and concentrates the material within a 

transparent vessel with high surface-to-volume ratio, permitting more efficient and 

targeted irradiation. In contrast to batch photochemistry, only the reaction media in 

contact with the HPCat is irradiated, preventing over irradiation of the reaction mixture 

which can lead to photodecomposition of reactants and products.13,144  Pumping the 

reaction mixture through the reactor forces the solution to flow around or through, the 

HPCats solid matrix, which greatly enhances mass transfer at the catalyst surface.  

Consideration of different reactors that can be employed for irradiating 

heterogeneous photocatalysts is important for maximising the efficiency of the intended 

system. Homogeneous photocatalysis in flow is normally a simple choice between a 

three-dimensional transparent coil or a two-dimensional microfluidic device, with the 

common objective of generating a short path length for efficient and uniform irradiation 

of solution flowing through a narrow channel. HPCats have three main reactor categories 

for implementation in flow; (i) immobilised within a fixed bed, (ii) immobilised through 

coating on to the reactors surface or (iii) a free-flowing suspension (Figure 1.18). Within 

these categories are further sub-divisions or evolutions that each carry unique advantages 

and disadvantages, which we will now discuss in more detail. 
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Figure 1.18 Types of reactors employed in heterogeneous photocatalysis in flow. (A) Fixed bed reactors 

and their subcategories of; (i) packed bed, (ii) fluidised bed and (iii) hybrid/mixed bed. (B) Coated reactors 

in which the HPCat is immobilised to a surface. (C) Suspension reactors that have the HPCat freely flowing 

through reactor channels. 

 

Fixed bed reactors are typically transparent columns made from inert 

materials, such as borosilicate-glass, sealed at each end by porous frits that allow liquids 

to flow through the reactor while retaining the solids. External light sources irradiate from 

the sides, as liquid reagents flow through the bed and into contact with the immobilised 

HPCat. Annular fixed beds may also have a light source placed within the central cavity 

for enhanced irradiance. As the HPCat is confined to the reactor, no filtration of the 

outflow is required to recover the HPCat and the reactor can be used continuously. 

As depicted in Figure 1.18A, depending on the free volume, direction of flow 

and relative densities of the solvent and HPCat, the fixed bed can be utilised in three 

different modes of operation: (i) a packed bed, in which the HPCat fills the volume of the 

reactor, forcing solution to flow through the materials pores or voids between the compact 

material surfaces, (ii) a fluidised bed, in which the bed has free volume for the HPCat to 

disperse and move freely in the flowing solution, whilst remaining confined to the reactor 

and (iii) a mixed bed, a hybrid between the two aforementioned regimes, in which the 

reactor has free volume but portions of the HPCat is compacted and the rest is mobile. 

The more intricate details of fluid dynamics and reactor engineering are beyond the scope 

of this discussion but can be explored in engineering textbooks and review articles.144,176–

180 

Fixed beds are therefore a versatile choice of reactor for heterogeneous 

photocatalysis in flow. However, fixed bed reactors suffer from a relatively low surface-

to-volume ratio compared with the dimensions of a microchannel, shielding HPCat 
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packed within the centre of the reactor from irradiation.181 This is often overcome by co-

packing an inert, transparent material, such as glass beads, with the HPCat to disperse the 

photoactive material.182,183 Fixed beds are generally quite expensive and limited to 

column or annular designs, which makes controlling mixing and sequential addition of 

reagents generally not possible.  

Coated reactors immobilise the HPCat as a thin film on the surface of 

channels within a microfluidic device.184,185 Coated reactors overcome the disadvantages 

of fixed beds by permitting greater freedom of design with respect to channel dimensions 

and flow paths. This enables custom flow channel designs which can precisely control 

the addition of reagents, residence time and mixing, optimised for the specific 

reaction.13,152,183 As the active HPCat is only present as a thin layer on the channel surface, 

it can be efficiently irradiated.  

In first generation coated reactors, the HPCat is confined to the surface of 

linear flow channels. This presents mass transport limitations as reagents must diffuse to 

the channel surface to react, making the channel surface-to-volume ratio a limiting factor 

for productivity.186 Second-generation coated reactors combat this issue by employing 

static mixers as the HPCat support to generate turbulent flow and enhance mass transport 

within the channels.187–190 There are limitations as the HPCat and reactor device must 

have compatible functional groups to be deposited or immobilised and must be 

compatible with the intended reaction system’s solvents and reagents. The freedom of 

design advantage also carries the disadvantage that these reactors have limited 

commercial availability and often require manufacture by the intended user.  

The final type of reactor provides solutions to the limitations of immobilising 

HPCats, by not immobilising the HPCat. Suspension or slurry reactors operate by 

dispersing the HPCat as small particles within the reaction solution and pumping them 

together through a flow reactor system. Most homogeneous photocatalysis reactor set-

ups will be suitable for an HPC suspension flow, so there is no need to invest in a reactor 

exclusively for a HPCat. In order to pump suspensions, either a syringe or peristaltic 

pump will be required, as HPLC piston-type pumps are not compatible with solids.144 

Care must be taken to prevent the suspended HPCat from sedimenting in the syringe and 

creating a non-uniform suspension.191 The HPCat employed must have small dimensions 

to remain in suspension throughout the flow system, typically a powder with particles 

<100 µm for channels with 1 mm internal diameter. This may require grinding the HPCat 
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with a mortar and pestle or ball mill, which may be undesirable for materials with intricate 

and sensitive nanostructures.  

Whilst the HPCat is well dispersed throughout the flowing medium, the local 

environment around the flowing particles can be relatively static, hence mass transport of 

reagents to the suspended catalyst remains sub-optimal.181 Second generation suspension 

reactors function by dosing HPCat suspended in a viscous ionic liquid into reaction media 

droplets, which are separated by segments of a carrier gas or liquid. The segmented slug 

flow produced creates Taylor flow cycles, which efficiently mix the individual 

suspensions to prevent sedimentation and enhance mass transport within the local 

environment.181 An issue remains for industrial application as both generations require 

filtration for HPCat recovery and purification, although this is far less cumbersome than 

recovering a homogeneous photocatalyst. 

 

1.8 Conclusions and Research Aims 

Within this chapter, we have introduced the fundamental principles and 

mechanisms of photochemistry and photocatalysis within organic and inorganic small 

molecules and materials. Some brief historical perspective has shown how the interaction 

of light and matter are partially responsible for early development of life on earth,8 and 

that the human race has only in the last century began to realise the potential of 

photochemistry as a sustainable energy source for chemical synthesis.10,16 

The dominance of iridium and ruthenium transition metal complex 

photocatalysts in state-of-the-art photoredox catalysis has been discussed and attributed 

to their favourable photophysical properties, wide excited state electrochemical potential 

windows, and stability.59 However, concerns over their natural abundance and toxicity 

limit their long-term sustainability and present a need for the development of suitable 

alternatives.69–72 Organic photoredox catalysts are among the most promising candidates 

to provide a sustainable alternative to transition metal complexes, with a plethora of 

metal-free structures already proven as efficient catalysts for various photocatalysis 

reactions in the literature.62  

Although effective homogeneous transition metal complex and organic 

photoredox catalysts are available, catalyst recovery and purification can be challenging 

and limits their large scale application.144 Therefore, the development of sustainable and 

efficient heterogeneous photocatalysts is a promising area of research to overcome these 
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limitations with easily separated and recycled photocatalysts. The three main categories 

of heterogeneous photocatalysts were identified as inorganic semiconductors, organic 

semiconductors, and solid-supported molecular photocatalysts. The principles and 

mechanisms of photocatalysis and charge transport in each of these types of materials 

were discussed, as well as the different formats in which these materials can be processed. 

Heterogeneous photocatalysts present unique challenges with respect to light penetration, 

charge transport and mass-transfer limitations that must be overcome to improve their 

efficiency and thereby rival homogeneous alternatives. The latter of these challenges can, 

to a large extent, be overcome through flow chemistry. 

Flow chemistry was described in the context of enabling technologies for 

synthetic chemistry, highlighting its benefits to photochemistry. By confining reaction 

solutions to the narrow dimensions of a flow reactor or fixed bed reactor, light exposure 

becomes uniform and ensures that the reaction solution is evenly irradiated. For 

heterogeneous photocatalytic systems, forcing the reaction solution to flow through the 

immobilised catalyst material within a fixed bed reactor ensures efficient mass-transfer 

at the solid-liquid interface and can significantly enhance reaction kinetics relative to 

batch operation. Examples of the different ways in which heterogeneous photocatalysts 

can be immobilised or applied in flow reactor systems and their relative advantages and 

disadvantages were then discussed. For specific examples of heterogeneous 

photocatalysis in flow reactors for organic synthesis, the reader is directed to Section 4 of 

our recent review article in the Beilstein Journal of Organic Chemistry.192       

Overall, a need for the development of new heterogeneous photocatalyst 

materials has been identified and enabling technologies, such as flow chemistry, are 

suggested as critical to enhancing their efficiency and viability for large-scale, continuous 

photochemical synthesis applications. Of the categories of materials discussed, polymer-

supported molecular organic photocatalysts present the most promising opportunity for 

development as they combine the ease of separation and recycling benefits of 

heterogeneous photocatalysts, with the simplified characterisation and synthetic 

versatility of molecular organic photocatalysts. The following chapters detail our research 

efforts into the development of new heterogeneous photocatalyst materials and the 

application of enabling technologies to enhance their efficiency. 

Chapter 2 describes the development of a novel polymer-supported molecular 

photocatalyst for singlet oxygen photosensitisation. The catalyst and material synthesis 

were entirely metal-free, in line with our objective to provide a sustainable alternative to 
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transition metal photocatalysts. Flow chemistry proved to be an effective enabling 

technology, not only for the application of this material in a reaction system, but also to 

enhance the synthesis and purification of the material photocatalyst. Additionally, an  

in-line benchtop NMR spectrometer was employed for reaction monitoring and 

significantly reduced the time and manual labour required to optimise the flow reactor 

process conditions. The synthetic versatility of the material was proven as a post-synthetic 

modification was performed to halogenate the polymer-immobilised photocatalyst, 

leading to an 8.5-fold increase in process efficiency. Collectively, the combined benefits 

of enabling technologies and rational material design reduced the time required for full 

conversion of the reaction system from 48 to 2 hours, validating that combining polymer-

supported molecular photocatalysts and enabling technologies is a promising route to 

efficient continuous photosynthetic processes. 

Within Chapter 3, the direct fabrication of photocatalytic materials with 

intricate architectures through additive manufacturing is described. This work takes 

advantage of the processing versatility available to polymer materials to produce 

heterogeneous organic photocatalyst monoliths with additional functionality as static-

mixing elements for flow reactors. Four unique monolith designs were fabricated and 

tested as visible-light photosensitisers of singlet oxygen in an aqueous reaction system, 

revealing that design of the monoliths had a significant influence on the photosensitisation 

efficiency. In-line UV-Vis. spectroscopy was critical for performing residence time 

distribution analysis studies that rationalised experimental observations, reinforcing the 

importance and advantages of enabling technologies to heterogeneous photocatalysis 

research. 

Chapter 4 details the development of a new enabling technology to synergise 

with flow photochemistry reactors: in-line flash column chromatography. In collaboration 

with Advion Interchim Scientific, a method for continuous in-line purification of a crude 

reaction feed directly from a flow reactor was developed. The system was applied for the 

direct isolation of products from two photochemical reactions performed in flow: the 

homogeneous photooxidation of methionine, and a heterogeneous oxidative photoredox 

coupling of thiophenol. In the latter example, the system proved to have an unexpected 

advantage as a process analytical tool for monitoring the steady-state conversion of 

heterogeneous photocatalyst beds. 

Finally, in Chapter 5 an affordable setup for performing accelerated 

fluorescence quenching studies and subsequent Stern-Volmer analysis in flow is 
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presented, ideal for both academic research and undergraduate teaching labs. Stern-

Volmer analysis is an important tool for the study of photoredox catalysis mechanisms in 

modern research. The technique is currently taught at our institution during third year 

undergraduate advanced physical chemistry teaching laboratories. However, the current 

procedure fails to give context on the importance of this analysis in modern photocatalysis 

research. In this Chapter, a flow system is developed based on the work of Noël and co-

workers,193 using an affordable compact wireless spectrometer and describe the potential 

advantages of this system to introduce the versatility of flow chemistry to undergraduate 

teaching.                       
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2.2  Background and Aims 

The development of efficient heterogeneous organophotocatalysts that rival 

state-of-the-art transition metal complex photocatalysts has the potential to provide two 

major advancements to the sustainability of modern photochemical synthesis: (i) by 

reducing our reliance on depleting resources, such as ruthenium and iridium, and the high 

energy costs associated with mining and refining these elements and; (ii) by enabling 

facile separation of the catalyst from the reaction media and subsequent catalyst recycling, 

reducing the amount of purification required to isolate the reaction product and 

subsequently reducing the waste produced through purification. 

As described in the previous chapter, the limitations of heterogeneous 

photocatalysts which hinder their efficiency (i.e., mass-transport limitations and efficient 
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irradiation of the bulk material) can, to a large extent, be overcome through application 

of flow reactor systems. Previously, our groups research has focused primarily on the 

development and application of conjugated porous polymers (CPPs) as heterogeneous 

photocatalysts in flow reactors.1–6 Although these materials are interesting and have 

proved efficient as photocatalysts for a variety of photosensitisation and photoredox 

applications, they have two limitations which hinder their advancement: (i) these 

crosslinked polymeric materials are rigid and insoluble, limiting options for how they are 

processed – often synthesised as a ‘brick dust’-like powder, and; (ii) they are organic 

semiconductors which makes the study of their photophysical properties non-trivial, often 

requiring transient time-resolved spectroscopies to accurately determine properties, such 

as charge-transport dynamics.7 The former point limits the ability to efficiently irradiate 

the entirety of the bulk material, potentially rending the majority of material unstimulated 

and redundant, as only the surface is efficiently irradiated. The second point highlights 

the generally more challenging nature of characterising materials vs. small molecules, 

which limits our ability to rationally design and engineer materials to improve their 

efficiency as photocatalysts. 

In light of this, we elected to study polymer-supported molecular 

photocatalysts for a number of reasons: (i) as the photocatalyst is only immobilised and 

not in extended conjugation with other photoactive monomers, its photophysical 

properties should not significantly altered from its homogeneous equivalent; (ii) the 

photocatalyst, polymer-support material and immobilisation strategy present three unique 

avenues for rational chemical modification and design to improve photocatalysis 

efficiency; (iii) the Merrifield-type resins employed swell in organic solvents, rendering 

them relatively transparent and permitting efficient irradiation of the entirety of the 

material; and (iv) the swelling of the polymer support creates a gel-like environment, 

where the polymer chains are expanded by the solvent and mobilised – creating a more 

homogeneous interface between the pseudo-solubilised domains of the polymer chain and 

the surrounding reaction media to enhance mass transport and reaction kinetics.8,9 

We chose to use 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) as 

our immobilised photosensitiser as it is a versatile molecular structure that can be 

synthesised while tolerating a variety of peripheral functional groups, allowing facile 

installation of a compatible functionality for immobilisation to the polymer support 

(Figure 2.2).10 Additionally, the BODIPY core is easily post-synthetically modified to 

tune its photophysical properties to suit the needs of a given photochemical reaction.10 
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BODIPY has strong visible light absorption in the region of approximately 500-600 nm, 

depending on the functional groups installed at each of the eight ring positions. Using a 

photosensitiser that absorbs longer visible light wavelengths is advantageous as these 

wavelengths have a longer mean-free path length, allowing those photons to penetrate 

deeper into a material.11 Additionally, these lower energy wavelengths tend to be far 

removed from the absorbance of common organic molecules which absorb <400 nm, 

preventing potential unwanted side reactions or photodecomposition of reagents and 

products. Finally, functionality at the 8-position, or meso-position, of the BODIPY core 

is installed through the choice of aldehyde starting material in the photosensitiser 

synthesis. A broad range of aldehydes are tolerated, and p-substituted benzaldehydes are 

especially common.10 The resulting 8-phenyl substituent tends to rotate to be orthogonal 

with the BODIPY core, indicating that this substituent is not in extended conjugation with 

the core, and besides electron induction effects, will not significantly alter the 

photophysical properties of the photosensitiser. For these reasons, we assumed a strategy 

which utilised a p-substituted benzaldehyde to install a functionality that could later 

immobilise the BODIPY via its 8-position would be ideal for maintaining its molecular 

photophysical properties. 

 

 

Figure 2.2  Structure and IUPAC numbering convention of BODIPY cores. 

 

Other objectives of this work included developing an entirely metal-free 

synthesis of the polymer supported-photosensitiser and employing mild conditions and 

reagents wherever possible. This is in contrast to the groups previous work in CPPs which 

has often relied on Pd-catalysed cross couplings (e.g., Suzuki-Miyaura and Sonogashira-

Hagihara) to synthesize the target material.6,12,13 We also chose to study the efficiency of 

producing these materials in batch vs. flow operation, with respect to their synthesis, 

purification, and application as photosensitisers. To do this, the same material was 

produced under identical conditions in a batch reactor, using a round bottom flask and 
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overhead stirrer, and separately in flow using a fixed bed reactor to immobilise the resins. 

Subsequently, the batch-produced resins were purified by Soxhlet extraction, and the 

flow-produced resins were purified by flowing fresh solvents and solvent mixtures 

through the immobilised bed. To further take advantage of flow chemistry in the project, 

we employed a benchtop NMR spectrometer as an in-line process monitoring tool to track 

photosensitisation reaction conversion in real-time.                            

 

2.3   Results Summary 

A polymer-supported BODIPY photosensitiser 2.4 (Scheme 2.1), was 

successfully synthesised using an entirely metal-free synthetic route, forming an aryl-aryl 

ester linkage to covalently immobilise the photosensitiser. The flow-produced resins were 

found to be superior, with an approximately two-fold greater loading of the 

photosensitiser vs the resins produced in batch. The flow-produced resins also did not 

display any obvious leaching of unreacted hydroxy BODIPY 2.1 after purification, 

indicating that flowing solvents through the fixed bed reactor had effectively purified the 

material. Conversely, the batch-produced resins purified by Soxhlet extraction for an 

equivalent period of time with the same solvents, displayed significant leeching of 

trapped, non-immobilised 2.1.  

Homogeneous analogues of the polymer-supported photosensitiser were 

synthesised and used to compare their photophysical properties, confirming that the 

supported photosensitiser had indeed retained its molecular photophysical character. This 

led to the discovery of an unwanted side reaction between trichloroisocyanuric acid 

(TCCA) and BODIPY which chlorinates the 2- and 6-positions of the chromophore, 

resulting in the isolation of two previously unreported photosensitisers. This also unveiled 

a unique synthetic advantage of the flow system: intermediate purification of the resins 

under inert conditions was achieved between synthetic steps, removing TCCA before 

introducing the reagents required for the subsequent synthetic step. This prevented the 

unwanted chlorination side reaction but was unavoidable in the ‘one-pot’ batch synthesis 

of the material. 
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Scheme 2.1  Metal-free synthesis of a polymer-supported BODIPY photosensitiser. (i) 4-hydroxy 

benzaldehyde (1 eq.), 2,4-dimethyl pyrrole (2 eq.), dry CH2Cl2, trifluoroacetic acid (cat.), 18 hours, r.t., N2. 

(ii) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1 eq.), slow addition over 15 minutes under N2. (iii)  NEt3 

(10 mL, ~13 eq.), BF3.Et2O (10 mL, ~15 eq.), 0 °C – r.t., 2 h. Steps (i)-(iii) performed as ‘one-pot’ synthesis. 

(iv) Formyl polymer resins (0.465 mmol), trichloroisocyanuric acid (TCCA, 1.5 eq.), dry CH2Cl2, r.t., N2, 

flow conditions (1 mL/min), 5 days. Material 3 flushed with fresh CH2Cl2 prior to next synthetic step. (v) 

BDP-PhOH (1.1 eq.), 4-(dimethylamino)pyridine (0.1 eq.), NEt3 (2 eq.), 0 °C – r.t., flow conditions (1 

mL/min), 2 h. 

 

Photophysical characterisation of the materials and molecular analogues 

revealed an unintuitive trend in the fluorescence quantum yields of the photosensitisers, 

which were higher for the chlorinated compounds. Due to the chlorine atoms providing a 

mild heavy atom effect, we would have expected the chlorinated BODIPYs to have higher 

triplet state quantum yields,14 and therefore lower fluorescence quantum yields in 

accordance with Ermolev’s rule.15,16 The significantly enhanced activity of the 

chlorinated BODIPYs in photosensitisation reactions also suggested that their triplet state 

quantum yields must be higher than the non-chlorinated derivatives. Subsequently, it was 

realised that an intramolecular charge transfer (ICT) process was occurring between the 

BODIPY core and the aryl-aryl ester linker, which lowers the fluorescence quantum yield 

but does not result in 1O2 production.10 It was observed that chlorination of the BODIPY 

core stabilised the chromophore’s frontier molecular orbitals, as indicated by an observed 

bathochromic shift in absorption and emission. We proposed that consequently, this 

stabilisation also reduces the probability of the ICT process, which despite increasing 
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fluorescence quantum yield, overall results in a higher triplet state quantum yields and 

subsequent 1O2 production. 

Process optimisation of the flow reactor was performed with an in-line 

benchtop NMR and enabled reliable and automated reaction monitoring. Significant 

amounts of data were collected, equivalent to more than 1000 individual 1H NMR 

spectroscopy experiments, for the system operating at varied conditions to identify the 

optimal combinations of gas and liquid flow rate, as well as applied back-pressure. 

Overall, through manipulating these conditions, the system could be optimised to achieve 

a 300% increase in productivity over the initial starting conditions. 

To improve the efficiency of the polymer-supported photosensitiser further, 

a second post-synthetic modification of the solid matrix was performed to intentionally 

chlorinate the polymer-supported BODIPY using N-chlorosuccinimide (NCS). 

Successful conversion was assessed by comparison of the materials solid-state visible 

light absorption with the synthesised molecular analogue. The material displayed a 

broader absorbance profile, indicating a mixture of non-, mono-, and di-chlorinated 

BODIPY species were likely present on the resin, however the wavelength of maximum 

absorbance intensity was close to that of dichloro-BODIPY molecular analogue (523 nm 

vs 531 nm), indicating a significant proportion of the supported BODIPY had been 

chlorinated twice. The chlorinated material displayed significantly enhanced 

photosensitisation ability, increasing the rate of reaction by 850%. By then applying the 

optimised flow conditions established with the in-line NMR, the overall process 

efficiency was increased 24-fold from the initial material and unoptimised flow 

conditions. 

Both the parent material and chlorinated derivative were recycled in the 

reactor for four (24 h cycles, 96 h total) and five (2.5 h cycles, 12.5 h total) reaction cycles, 

respectively, and retained their photosensitising ability. The chlorinated material did 

decrease in efficiency across the five recycles, by approximately 40%, but was still a 

significantly more efficient photosensitiser than the parent material.  

The following sections are taken from the published manuscript and describe 

these results and findings in more detail. An additional section (Section 2.8) has been 

added between the conclusions and supporting information which describes the impacts 

of this work to this thesis and potential avenues for future work.  
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2.4  Abstract 

Commercial polystyrene Merrifield-type resins have been post-synthetically 

functionalised with BODIPY photosensitisers via a novel aryl ester linking strategy in 

continuous-flow. A unique synthetic advantage of post-synthetically modifying 

heterogeneous materials in flow was identified. The homogeneous analogues of the 

polymer-supported BODIPYs were synthesised and used as reference to assess 

photophysical properties altered by the polymer-support and linker. The homogeneous 

and polymer-supported BODIPYs were applied in visible-light photosensitisation of 

singlet oxygen for the conversion of α-terpinene to ascaridole. Materials produced in flow 

were superior to batch in terms of functional loading and photosensitisation efficiency. 

Flow photochemical reactions generally outperformed batch by a factor of 4 with respect 

to rate of reaction. The polymer-supported BODIPY resins could be irradiated for 96 

hours without loss of photosensitising activity. Additional material synthetic modification 

and conditions optimisation using an in-line NMR spectrometer resulted in a 24-fold rate 

enhancement from the initial material and conditions. 

 

Keywords: Organic photosensitisers – Singlet oxygen – In-line NMR reaction 

monitoring – BODIPY – Merrifield resins – Visible light 

 

2.5 Introduction 

Development of organic photocatalysts and photosensitisers has had 

significant interest in the past decade as they are cheaper and less toxic than traditional 

phosphorescent transition metal complexes, lending to their application in biological 

fluorescence imaging and photodynamic therapy.17–22 BODIPY (4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene) is an extremely versatile organic dye with strong visible-light 

absorption and high fluorescence quantum yields.10 BODIPYs versatility arises from the 

broad tolerance of the corresponding aldehyde and pyrrole starting materials that can be 

used to install substituents on any of the eight ring positions (Figure 2.3).10 
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Figure 2.3  Structure and IUPAC numbering/labelling convention of BODIPY cores. 

 

Additionally, the core is easily post-synthetically modified and allows the fine 

tuning of photophysical properties to alter the absorption maximum wavelength (λmax) 

and modulate the emissive properties.14 For these reasons, BODIPY derivatives have 

been employed as photosensitisers for the generation of singlet oxygen, which can 

generally be activated at lower energy wavelengths of light relative to transition-metal 

complexes.6,23,24 

Singlet oxygen (1O2) is the first electronic excited state of molecular oxygen, 

lying 94 kJ mol-1 above the triplet ground state (3𝛴𝑔
−). Despite the relatively low energy 

barrier, direct transition to the 1𝛥𝑔 state is forbidden by spin selection rules and requires 

triplet photosensitisation to occur.25 1O2 is a reactive oxygen species (ROS) and has 

unique reactivity for oxidation of organic compounds, such as [2+2] and [4+2] 

cycloadditions, Schenck-ene group transfer pericyclic reactions, and selective oxidation 

of heteroatoms.25,26 The first report of photosensitised 1O2 intentionally applied in organic 

synthesis was by Schenck and Ziegler in 1944, who used chlorophyll isolated from 

spinach leaves to photosensitise 1O2 for the synthesis of ascaridole, a natural product with 

applications as a anthelmintic agent.27 Since 1944, singlet oxygen has been frequently 

applied in the synthesis of natural products and pharmaceutically relevant agents.26 Most 

notably it is used in the synthesis of artemisinin, a Nobel prize winning antimalarial drug 

produced on a tonnes-per-year scale.28,29 

Separation of the photosensitiser still remains an issue for organic dyes and 

often requires cumbersome purification procedures which add significant expense to 

industrial processes. A solution that overcomes these issues is the application of 

heterogeneous photosensitisers,30–32 which are insoluble and therefore can be easily 

separated from a reaction medium and recycled. However, heterogeneous photocatalysts 

are often less efficient due to mass transport limitations and poor penetration of light 

through the bulk of the material. Hence, development of heterogeneous photocatalysts 

has been identified as one of the main challenges within the field of photochemistry.33 
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With this in mind, we have looked to develop an organic photosensitiser, covalently 

immobilised on a polymeric support, in order to attain a balance of advantageous 

properties from both homogeneous and heterogeneous photocatalysts.  

Merrifield resins are typically random co-polymers of styrene and 

divinylbenzene (1-3%). The resins are co-polymerised with a functionalised monomer 

which provides a reactive site for chemical synthesis.  The materials were developed by 

R. B. Merrifield for solid phase peptide synthesis, for which he was awarded the Nobel 

Prize in 1984.34 As these materials are lightly cross-linked, they swell by up to a factor of 

6 in suitable organic solvents,
35,36 enhancing the interface between the material and 

reaction media. Additionally, the swelling significantly enhances the material 

transparency, allowing light to easily penetrate the entirety of the heterogeneous 

photosensitiser whilst retaining the ease of separation and recycling advantages. By using 

a solid support which is non-semiconducting, the photophysical properties of the catalyst 

are unaltered from the homogeneous analogue and the mechanism of photosensitisation 

can be directly compared.  

To overcome mass transport limitations and inefficient light penetration, we 

have turned to continuous flow chemistry for both material synthesis and 

photosensitisation reactions. Flow processes permit in-line spectroscopy such as UV-Vis., 

FT-IR, mass spectrometry, and NMR, which simplifies process optimisation and reaction 

monitoring with better reproducibility.37–41  

Immobilisation of porphyrin photosensitisers has been previously reported on 

Merrifield resins,42 polymer-supports,43,44 and inorganic porous materials such as 

zeolites,45,46 but have suffered from photobleaching and catalyst leaching due to 

instability of the catalyst or linker to photochemical conditions and have not taken 

advantage of continuous flow operation. Poliakoff and George et al. reported a variety of 

polymer-supported porphyrin photosensitisers for singlet oxygen oxidations in flow using 

super-critical CO2 (scCO2) as a reaction medium.47 They found that covalently 

immobilised photosensitisers with amide linkages had the best long-term stability and 

efficiency, but their materials did show steady decline in conversion over 6-hour 

irradiation periods. Whilst scCO2 is an attractive reaction medium for 1O2 generation as 

it is miscible with oxygen, it requires high operating pressures and specialised equipment. 

Polymer-supported BODIPYs have also been previously reported, but typically on 

nanoscale materials for fluorescence imaging purposes and not photosensitisation.48,49 

BODIPY has been applied for heterogeneous photosensitisation of singlet oxygen by 
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incorporating the core as a repeat unit in conjugated porous polymer materials, as 

previously published by our group.6 

Herein, we report a novel strategy for the post-synthetic modification of 

polymer substrates in continuous-flow using a mild oxidant, trichloroisocyanuric acid 

(TCCA), to generate ester-linked BODIPY photosensitisers. The polymer-supported 

ester-linked BODIPY was concurrently synthesised under batch conditions to compare 

the quality of materials produced. Both materials were fully characterised by solid state 

UV-Vis., CP-MAS 13C NMR, and FT-IR spectroscopies, as well as elemental analysis. 

The homogeneous analogue of the polymer-supported BODIPY was synthesised as a 

reference to study the effect of the polymer-support and linker on the photophysical 

properties of the photosensitiser core. An unexpected side reaction, in which TCCA was 

able to chlorinate the BODIPY core, serendipitously yielded two new compounds which 

were isolated and found to be superior photosensitisers relative to the desired compound. 

The side reaction was entirely mitigated by performing post-synthetic modification in 

flow, as removal of impurities and reactants could be performed between steps in a ‘one-

pot’-type synthesis. The homogeneous and polymer-supported BODIPYs were 

successfully applied as photosensitisers for the generation of singlet oxygen and 

subsequent conversion of α-terpinene to ascaridole. Photosensitisation in flow generally 

showed a significant rate enhancement over batch. Heterogeneous photosensitisers were 

easily recycled and could be irradiated for a total of 96 hours without significant loss of 

photosensitising ability. Flow rate and pressure optimisation was performed by 

employing an in-line benchtop NMR spectrometer. Additional material modification and 

flow conditions optimisation resulted in an overall 24-fold rate enhancement from the 

initial material and conditions. 

 

2.6 Results and Discussion 

2.6.1 Materials and Molecule Synthesis 

For this work we targeted 1,3,5,7-tetramethyl-8-(p)phenol substituted 

BODIPY (BDP-PhOH (2.1), Scheme 2.2) with the intention of utilising the phenolic 

hydroxyl group as the photocatalyst coupling site to generate an ester linkage between 

the polymer-support and BODIPY. The molecule was obtained by adapting a standard 

procedure previously used by our group, using 4-hydroxybenzaldehyde as a starting 

material (Scheme 2.2).6 Initially, a poor yield of 15% was obtained, so following an 
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alternative literature report the synthesis was repeated and further modified to increase 

the solvent dilution by a factor of 6 which gave an increased yield of 34%,50 a more 

consistent yield expected for BODIPY synthesis. The authors did not discuss their higher 

dilution in the paper, but it seemed sensible due to the poorer solubility of 4-

hydroxybenzaldehyde in dichloromethane relative to benzaldehyde, and to reduce the 

influence of impurities in this one-pot procedure. 

 

 

Scheme 2.2  Synthesis of BDP-PhOH (2.1) 

 

As our Merrifield-resins were functionalised with formyl groups (PS-COH 

(2.2), Scheme 2.3) we looked to generate an acyl chloride intermediate (PS-COCl (2.3), 

Scheme 2.3), which would be activated towards nucleophilic attack of 2.1, rather than 

oxidise to the carboxylic acid. The former approach avoids the use of chromium-based 

reagents and maintains a metal-free strategy. De Luca et al. reported trichloroisocyanuric 

acid (TCCA) as a mild oxidant and chlorinating agent for the in situ generation of benzoyl 

chloride for the one-pot oxidation of aldehydes to esters.51 This strategy was appealing as 

it avoided the use of alternative toxic reagents, such as thionyl chloride, and maintained 

our metal-free synthesis objective with an affordable and mild oxidising agent. The 

polymer-supported ester-linked BODIPY (PS-Est-BDP, (2.4) Scheme 2.3) was 

synthesised following the procedure published by De Luca et al.,51  but adapted for 

continuous flow synthesis on a solid matrix (Scheme 2.3). 2.2 were purchased from Rapp 

Polymere GmbH, with 500-560 μm diameter and a 4-formylstyrene functional loading of 

0.62 mmol/g. The dry resins were loaded into a transparent borosilicate glass column and 

fitted to a Vapourtec E-series flow chemical reactor. The resins were swollen and washed 

in dry, degassed dichloromethane for two hours by pumping the solvent through the fixed 

bed reactor before the solvent flask was replaced with reaction mixture. The outflow 

needle was placed in the same flask to continuously recycle the reaction media. The 
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TCCA solution was replaced by a flask of fresh dichloromethane and used to flush 

residual TCCA trapped in the polymer matrix, before addition of the final solution 

containing 2.1, triethylamine (NEt3) and 4-dimethylaminopyridine (DMAP) to achieve 

the polystyrene-supported, ester-linked BODIPY material, 2.4. 

 

 

Scheme 2.3  Synthesis of polymer-supported, ester-linked BDP (2.4) from formyl polystyrene resins 

(2.2) via a TCCA generated benzoyl chloride resin intermediate (2.3). 

 

The material was purified by flushing the immobilised resins, 2.4, with fresh 

solvents (dichloromethane/methanol/water/chloroform neat and mixtures) at elevated 

temperature and pressure (25 - 50 oC, 0-3 bar adjusted as necessary to prevent solvents 

boiling in the reactor) for 72 hours. Purifying materials in flow has unique benefits as; (i) 

mass transport limitations also apply to the removal of impurities from the polymer 

matrix, (ii) back-pressure can be applied to allow heating  of solvents beyond their boiling 

points and facilitate the diffusion of solvent into the material matrix, (iii) mixed solvent 

systems can be used for purification and (iv) no change in set-up is required between 

synthesis and purification. All these points are not achievable in a conventional Soxhlet 

extraction and therefore materials can be purified significantly faster. The purified 

material was an appealing deep-red colour and fluoresced bright green under long-wave 

UV irradiation. Swelling tests were performed and found to be consistent with the starting 

material, suggesting that no unexpected cross-linking nor damage to the resins had 

occurred from the synthesis (see Section 2.10.1). When swollen in solvent, the resins 

became significantly lighter in colour and more transparent. The intensity of fluorescence 

was also greatly enhanced due to better light penetration through the expanded polymer 
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matrix and potentially a reduction in non-radiative decay through energy transfer 

mechanisms, such as Förster resonance energy transfer (FRET), as the supported dye 

molecules become more spatially separated.  

Material 2.4 was concurrently produced using an identical procedure but 

under batch conditions for comparison. A round bottom flask and an overhead stirrer was 

used in place of the flow machine. The overhead stirrer was necessary to prevent the 

polymer resins from being damaged from attrition or mechanical grinding by a magnetic 

stirrer bar. The set up was significantly more cumbersome and a side-by-side comparison 

is displayed in the Supporting Information (Figure S2.6). It was also noticed that despite 

using the overhead stirrer, the resins were partially damaged during the synthesis, as a 

fluorescent powder was observed in the filtrate. The batch produced material 2.5 was 

purified by conventional Soxhlet extraction for 3 days with the same solvents to mimic 

the purification process of the flow machine. Functional loading of the polymer resins 

were quantified according to literature procedures,47,52 by the percentage of nitrogen in 

CHN elemental analysis and UV-Vis. spectroscopic analysis of the filtrate to quantify 

unreacted 2.1. Flow resins 2.4 were found to have a loading efficiency of 53% (0.33 

mmol/g), significantly higher than batch-produced 2.5 with only 28% (0.17 mmol/g), 

demonstrating the greater efficiency of post-synthetic modification in flow through 

enhanced mass transport. A side-by-side comparison of the material’s visual appearance 

under ambient and UV light is displayed below (Figure 2.3). Batch resins 2.5 had a similar 

green fluorescence but were also noticeably lighter in colour than the flow material, likely 

due to the lower coupling efficiency of the photosensitiser.  

We attempted to synthesise the molecular analogue of the aryl-ester-linked 

BDP (Ph-Est-BDP 2.6, Scheme 2.4) following an identical procedure to that used to 

synthesise 2.4, by exchanging the polystyrene resins for benzaldehyde as a molecular 

equivalent. Surprisingly, the reaction yielded none of the expected product, but rather the 

mono- and di-chlorinated derivatives, Ph-Est-BDP-Cl 2.7 and Ph-Est-BDP-Cl2 2.8. 

Collectively the isolated products accounted for 68% yield (50% 2.7, 18% 2.8). 1H NMR 

spectroscopic analysis of the impure fractions did show the presence of the desired 2.6, 

but it was contaminated with 2.7 and proved extremely difficult to separate.  
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Figure 2.3  Side-by-side comparison of PS-COH starting material 2.2, PS-Est-BDP produced in flow 

2.4, and batch material 2.5, from left to right, under ambient room lighting (top) and long wave UV 

irradiation (bottom). 

 

 

Scheme 2.4  Attempted synthesis of aryl ester BODIPY small molecule photosensitiser 2.6, yielding 

mono- and dichlorinated products 2.7 and 2.8. 

 

Clearly the 1.6 equivalent excess of TCCA in the reaction mixture was able 

to chlorinate a significant proportion of the ester product, even within the short reaction 

time of two hours. Electrophilic substitution of the 2- and 6- positions of BDP cores is a 

known reaction commonly performed with N-halogenated succinimides, but to the best 

of our knowledge this is the first example of TCCA chlorination of BDP.6,14 Despite not 

isolating the desired product, the protocol provided a strategy for rapidly generating a 

library of photosensitisers from a single starting material, and pleasingly both chlorinated 

products are new compounds. To obtain the desired molecule 2.6, the procedure was 
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adapted, and benzoyl chloride was used directly to prevent chlorination (Scheme 2.5). 

2.1, DMAP and NEt3 were dissolved in dry, degassed dichloromethane and benzoyl 

chloride was slowly added at 0 oC. After work-up, the product 2.6 was collected by 

recrystallisation from MeOH as a bright orange solid with 92% yield. 

Single crystals were obtained for 2.7 and 2.8 by slow evaporation from 

acetone and analysed by X-ray diffraction to confirm their structures (Figure 2.4). Crystal 

structure data is reported in the Supporting Information (Section S2.9.8). 

 

Scheme 2.5  Synthesis of Ph-Est-BDP 2.6. 

 

                  

Figure 2.4  Single crystal x-ray diffraction structure of 2.7 (left) and 2.8 (right) (CCSD deposit no. 

2.7: 1958564, 2.8: 1958563). The 2.7 crystal has the chlorine atom disordered over the C2 and C8 sites in 

an 81:19 ratio. 
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2.6.2   Spectroscopic Characterisation 

UV-Vis. absorption and emission spectroscopies were employed to determine 

the optimal irradiation wavelengths for performing photosensitisation, as well as 

assessing the effect of the ester formation and chlorination on the optoelectronic 

properties of the BDP core. 2.6 has been previously published with UV-Vis. 

characterisation by Giordani et al. and our results were found to be in good agreement.53  

Solutions of photosensitiser in acetonitrile solvent were produced and absorbance was 

measured across 800-350 nm wavelengths. The emission spectra and photoluminescence 

quantum yield were also measured in CH3CN using a spectrofluorometer (Edinburgh 

Instruments, FLS920) equipped with an integrating sphere. The absorption and emission 

spectra recorded are displayed below (Figure 2.5) and relevant spectral data tabulated in 

Table 2.1. Individual spectra are displayed in the Supporting Spectral Data document for 

this thesis (see Figures SD2.13-SD2.28). 

 

 

Figure 2.5  Normalised UV-Vis. absorption (solid line) and emission spectra (dashed line) between 

350 and 700 nm of 2.1 (light purple), 2.6 (dark red), 2.7 (orange) and 2.8 (magenta), as measured in CH3CN 

(1x10-5 M).   
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Table 2.1 Tabulated absorption and emission spectral data  

aPhotosensitiser 

Absorption 

Maximum  

(λmax) 

(nm) 

Molar 

Attenuation 

Coefficient (ε) 

(x103 M-1 cm-1) 

b 0-0 

Transition 

Energy 

(E0,0) 

(nm, eV) 

cEmission 

Maximum  

(λmax) 

(nm) 

Stokes 

Shift 

(nm) 

ΦF 

BDP-PhOH (2.1) 497 127 505, 2.46 516 19 0.47 

Ph-Est-BDP (2.6) 498 83.5 506, 2.45 516 20 0.55 

Ph-Est-BDP-Cl 

(2.7) 
509 66.1 519, 2.39 530 21 0.66 

Ph-Est-BDP-Cl2 

(2.8) 
524 38.9 533, 2.33 544 20 0.67 

a
 In CH3CN (1.0 x10-5 M). b Measured as the intersect of the absorption and emission spectra, 1 eV = 

1239.84 nm. c In CH3CN (1.0 x10-7 M). 

 

 

The absorption and emission λmax value for 2.1 and 2.6 differs by only 1 nm 

which is within the error of measurements. This indicates that conversion of the hydroxyl 

to the phenyl ester has not significantly altered the optoelectronic properties of the BDP 

core. This suggests that conjugation does not extend from the BDP core through the  

8-substituted aromatic system, resulting in only subtle changes in the absorption and 

emission profile through inductive effects. This is confirmed in the crystal structures as 

the phenyl ester is orthogonal to the BDP core due to the 1- and 7- methyl substituents 

sterically blocking the phenyl ring from a co-planar conformation with the BDP core. In 

contrast, the 2- and 6-position chlorine substitutions produced a bathochromic shift of the 

absorption and emission profiles, indicating a reduction of the HOMO-LUMO energy 

gap. Monochlorination substitution leads to a subtle shift in the λmax of 11 nm and an 

appreciable reduction in the molar attenuation coefficient (ε). Dichlorination substitution 

caused an additional 15 nm bathochromic shift of λmax, 27 nm in total from the 

unchlorinated molecule 2.6 and an even more significant reduction of ε. These results 

indicated that the polymer-supported BDP photocatalysts optoelectronic properties 

should not be significantly influenced by the polymer support, and the formation of a 

mixture of chlorinated BDP species on the polymer support could be identified by the 

solid-state UV-Vis. absorption profile. All the homogeneous photosensitisers displayed 

emission spectra that were mirror images of their absorption spectra, with narrow Stokes 

shifts of ~20 nm. 

To confirm the presence of the polymer-supported BDP, the materials were 

analysed by solid-state UV-Vis. spectroscopy (Figure 2.6). A sample of resins 2.2, 2.4 
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and 2.5 were ground to a powder using a mortar and pestle before recording SS UV-Vis. 

absorption spectra via an integration sphere. Pleasingly, the flow-produced resins 

displayed a sharp molecular-like absorption profile with λmax at 505 nm, consistent with 

the λmax of Ph-Est-BDP 2.6 in toluene at 504 nm. The absorption profile displayed a 

smooth absorption edge which we suggest as evidence that a mixture of chlorinated 

products has not been produced. Conversely, the batch produced material 2.5 displayed a 

much less defined absorption profile with jagged features, lower relative absorption 

intensity and a bathochromic shift in absorption maximum, suggesting that chlorinated 

side products had formed. This demonstrates a unique advantage of post-synthetic 

modification on heterogeneous substrates in flow, as ‘one-pot’ type synthetic procedures 

can be performed with intermediate purification steps to remove impurities and starting 

materials that may lead to reaction inhibition and side-product formation. 

 

 

Figure 2.6  Solid-state UV-Vis. absorption spectrum of 2.2 (blue), 2.5 (orange) and 2.4 (red, straight 

line) measured using an integration sphere. The solution state absorption spectrum of 2.6 in toluene is 

shown for reference (red, dashed line). 

 

The powdered samples were analysed further by FT-IR spectroscopy to 

identify changes in the carbonyl stretch frequencies between the product and starting 

materials (Figure 2.7). The formyl styrene aldehyde stretch was identified at 1699 cm-1 

as a sharp peak with a small shoulder feature towards lower wavenumbers, and all other 

peaks were characteristic of polystyrene. In comparison, 2.4 and 2.5 showed a significant 
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broadening of the carbonyl stretch frequency region, as well as a broadening of the signals 

where aromatic stretching frequencies and ester C-O-C vibrational modes are typically 

expected, concurrent with the successful formation of the ester linked BDP. The broad 

features of the carbonyl absorptions are likely due to multiple environments in the dry 

amorphous polymer modulating the stretch frequencies.  

 

 

Figure 2.7  FT-IR spectra of materials 2.2, 2.4 and 2.5 and a polystyrene reference (left). Regions 

between 1750-1550 cm-1 and 1150-925 cm-1 have been highlighted and magnified to emphasise changes in 

the carbonyl and aromatic transmission signals (right). 

 

A sharp absorption peak at 1699 cm-1 emerging from the broadened carbonyl 

region was still present in materials 2.4 and 2.5, potentially suggesting there are unreacted 

formyl styrene monomers still present in the polymer. Due to the amorphous nature of 

the polymer resins, it is expected that some functional groups will be trapped inside highly 

crosslinked regions of the polymer matrix and shielded from post-synthetic modification. 

Material characterisation by solid-state cross-polarisation magic angle spinning (SS CP-

MAS) 13C NMR spectroscopy was attempted but yielded no useful comparison for any 

of the samples because of the relative proportion of styrene and divinylbenzene to the 

BDP functionalised monomer, which equates to approximately 93% to 7% respectively. 

The spectra recorded are displayed in the Supporting Spectral Data document for this 

thesis (see Figures SD2.9-SD2.12).  
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2.6.3   Singlet Oxygen Photosensitisation 

We chose to use photosensitised 1O2 oxidation of α-terpinene to ascaridole to 

develop and assess the photosensitising capabilities of our materials as the reaction has 

been well studied within our group and is easily assessed by 1H NMR spectroscopy, 

making it well suited to in-line NMR spectroscopic analysis.6,54,55 The lifetime of singlet 

oxygen has a high dependency on solvent environment due to vibronic-energy coupling, 

ranging from 3.1 μs in H2O to >309 ms in perfluorodecane.56 We perform our reactions 

in CHCl3 as it provides the longest singlet oxygen lifetime of common organic solvents 

(~229 μs). The reaction occurs by a concerted but asynchronous mechanism that is 

competitive with the Schenck-ene reaction – but for heterocyclic substrates the 

endoperoxide is formed exclusively.57 The Schenck-ene hydroperoxide product of α-

terpinene has not been observed, but p-cymene can form as a minor by-product via a type-

I (radical based) photosensitised oxidation process (Scheme 2.6).26,56  

 

 

Scheme 2.6  Reaction of α-terpinene in the presence of singlet oxygen to form ascaridole, and minor 

product p-cymene. 

 

Batch reactions are performed in sample vials loaded with magnetic stirrer 

bars, placed on a magnetic stirrer plate, and covered with a reflective enclosure to enhance 

irradiation. The vials are placed at a fixed distance of 7 cm from a 500 nm LED array and 

irradiated for up to 24 hours. Reactions in flow are performed with two almost identical 

setups for homogeneous and heterogeneous photosensitisers, differing only in the type of 

photochemical reactor used. A flow scheme for heterogeneous photosensitisation 

reactions is displayed below (Figure 2.8) and the homogeneous equivalent is displayed in 

the ESI (Section S2.9.3). Homogeneous flow photosensitisation reactions are performed 

with a 10 mL coil of transparent PTFE tubing (1 mm ID). The reaction solution is placed 

in a covered round bottom flask sealed by a septum with an input and output needle 

connected to the Vapourtec flow machine. Solution is pumped at 1 mL/min via peristaltic 

pumps to a T-junction, where it is mixed with a stream of air pumped at 1 mL/min by a 
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second peristaltic pump. The air is saturated with CHCl3 by employing a pre-bubbler to 

reduce evaporation of solvent. The T-junction generates a slug flow of reaction solution 

and air, which ensures the solution phase is saturated with oxygen and enhances mixing. 

For heterogeneous photosensitisation reactions, the same set-up is employed except the 

photosensitiser resins are immobilised in a fixed bed reactor in place of the coil, and a 

back pressure regulator is included to control pressure. In both flow systems, a Nanalysis 

60e benchtop spectrometer (60 MHz) adapted for flow chemistry, could be incorporated 

to the system between the solution pump (pump A) and the T-junction for in-line 

monitoring of reaction conversion.  

 

 

Figure 2.8  Representative flow scheme for heterogeneous photosensitisation reaction with a fixed-

bed column reactor with an in-line Nanalysis 60e benchtop spectrometer. 

 

Samples are extracted periodically and concentrated in vacuo to perform 

crude 1H NMR spectroscopy analysis. The alkene protons of ascaridole are shifted 

downfield from α-terpinene and can be integrated to assess conversion. Heterogeneous 

photosensitisation reactions were performed with 200 mg of resins, equivalent to ~5 

mol% of polymer-supported photosensitiser. The results are displayed in Table 2.2 and 

show a peak conversion of 58% in 24 hours after 2 cycles. The first cycle of the catalyst 

provides lower conversion, but this could be due to the catalyst requiring time to prime 

in the reaction mixture which is negated in subsequent cycles. Similar results have been 

reported by Poliakoff et. al. with polymer-supported photosensitisers in super critical CO2 

(scCO2).47 Heterogeneous photosensitisation in flow shows an almost 3-times greater 

conversion than the equivalent batch reaction before any optimisation of flow rate or 
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pressure of the flow system. A series of control experiments were performed to confirm 

that the polystyrene support was not interfering with the singlet oxygen 

photosensitisation, displayed in Table 2.3.   

Table 2.2 Heterogeneous photosensitisation of singlet oxygen results  

 

aEntry 

Polymer-

Supported 

Photosensitiser 

Batch/Flow 

Reaction 

Conversion 

(%) 

Cycle Number (Total 

Irradiation in hours) 

1 2.4 Flow 27 1 (24) 

2 2.4 Flow 39 2 (48) 

3 2.4 Flow 58 3 (72) 

4 2.4 Flow 38 4 (96) 

5 2.4 Batch 10 1 (24) 

6 2.4 Batch 22 2 (48) 

7 2.4 Batch 26 3 (72) 

8 2.4 Batch 25 4 (96) 

9b 2.5 Batch 25 1 (24) 

10b 2.5 Batch 21 2 (48) 

11b 2.5 Batch 13 3 (72) 

12b 2.5 Batch 8 4 (96) 

13c 2.4 Flow 29 1 (24) 
aReaction conditions: α-terpinene (1 mmol/15 mL CHCl3), heterogeneous photosensitiser (~5 mol%), 

500 nm LED irradiation, air. bPS-Est-BDP batch material, 2.5, used under standard conditions for 

comparison with flow material. cPure oxygen used in place of lab air. 

 

We elected to use lab air for our reactions as an operationally simple and cheap source of 

molecular oxygen. Using pure oxygen is known to greatly enhance the rate of liquid phase 

oxidations as oxygen, which is poorly soluble in most organic solvents, is no longer in 

competition with other gases from the atmosphere for dissolution.58 This is demonstrated 

in Table 2.2 (entry 13) and Table 2.4 (entry 11), where using pure oxygen led to a 5% and 

25% rate enhancement respectively, over the same conditions with lab air. Additionally, 

pure oxygen removes variability associated with air caused by changes in weather or 

location. However, use of pure oxygen is not preferred for industrial settings due to the 

hazards associated with forming a potentially explosive mixture of volatile organics and 

O2 in a reactor’s headspace, and typically ‘synthetic air’ (<10% O2 in N2) is preferred.58  

Table 2.3 Singlet oxygen control experiments  
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The resins produced in flow, 2.4, can be irradiated for up to 96 hours without 

loss of photosensitising ability and relatively consistent conversions under batch and flow 

reaction conditions (Figure 2.9). The batch resins 2.5 were only tested in batch 

photosensitisation reaction as we thought it was fair to assume that a flow reactor would 

not be available if the synthesis was restricted to batch. The 2.5 resins initially performed 

surprisingly well, comparable to the flow system in the first reaction cycle. However, 

unlike 2.4, the conversion in subsequent cycles rapidly declined to less than 8% 

conversion in the final 24-hour cycle. We propose this is due to a combination of (i) 

photosensitiser cleaving from the polymer-support over time, and (ii) inefficient 

purification of the batch material by Soxhlet extraction, leaving a significant amount of 

2.1 trapped in the resins to leach into reactions, leading to an observed initial enhanced 

efficiency that rapidly decreases from repeated purification between reactions. 

 

aEntry 
Deviation from standard 

conditions 

Irradiation λ 

(nm) 

Time 

(hours) 
Batch/Flow 

Conversion 

(%) 

1 No light - 5 Flow 0 

2 2.2 used as photosensitiser 500 5 Batch 0 

3 
No air (nitrogen 

atmosphere) 
500 5 Flow 0 

4 No photosensitiser 500 5 Flow 0 

aReaction conditions: α-terpinene (1 mmol/15 mL CHCl3), Photosensitiser (5 mol%), LED irradiation, 

air. 
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Figure 2.9  Conversion of α-terpinene to ascaridole over time with 2.4 and 2.5 heterogeneous 

photosensitisers in the flow reactor (red, dashed outline) and in batch (red/orange, solid outline). 

Conversion monitored by 1H NMR spectroscopy. 

 

2.4 was re-analysed by SS CP-MAS 13C NMR, UV-Vis. and FT-IR spectroscopies 

after the 96 hours of irradiation period to identify any changes to the material. The 

material had become noticeably lighter in colour, and a clear decrease in SS UV-Vis. 

absorption intensity relative to the baseline suggested that supported BDP was becoming 

deactivated or cleaved over time under the reaction conditions (Figure 2.10). 

Additionally, the FT-IR spectra showed a similar decrease in absorption intensity of 

aromatic and carbonyl regions. Reaction solutions were analysed by UV-Vis. 

spectroscopy to quantify the amount of BODIPY being cleaved from the resins in each 

cycle. It was found that approximately 9-41 x 10-5 mmol was present in the reaction 

mixtures. The amount of BODIPY cleaved in each cycle was not consistent but the 

general trend showed a decline in each subsequent cycle, and that reactions that were 

terminated by a timer in the middle of the night and left in the dark until being worked up 

the next day also typically had higher concentrations of cleaved BDP, implicating the 

acidic chloroform solvent as a potential source of linker cleavage.   
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Figure 2.10  Comparison SS UV-Vis. (left) and FT-IR (right) spectra of 2.4 material before and after 

96 hours of irradiation under singlet oxygen conditions. 

 

After the initial testing of the polymer-supported photosensitisers, the 

homogeneous photosensitisers were tested to compare efficiency. As the homogeneous 

systems have a much greater exposure to oxygen and light, reactions were performed with 

1 mol% of photosensitiser. Results are displayed below in Table 2.4, along with 

conversion versus time traces (Figure 2.11).  

To identify potential decomposition or cleavage of the catalyst and aryl ester 

linkage by light and singlet oxygen, samples of 2.6 were irradiated under aerobic and 

nitrogen atmospheres and monitored by 1H NMR and UV-Vis. spectroscopic analysis. 

The 1H NMR spectrum of both samples remained relatively consistent in terms of signals 

and relative integrals over 24 hours of irradiation. However, the sample irradiated under 

aerobic conditions displayed a gradual colour change from bright yellow to a darker 

yellow/brown. The sample under nitrogen remained unchanged in appearance. Irradiation 

was continued for a further 24 hours, at which point the 1H NMR integrals of the aromatic 

region began to deteriorate, but no new signals were observed. The absorption maximum 

intensity of the irradiated 2.6 had decreased from 84 to 66 (x103 M-1 cm-1) (Figure 2.12). 

The mechanism of degradation could not be identified, but in combination with the 

recycling experiments of 2.4, we suggest that the ester linkage is not stable to either 1O2 

or potentially superoxide radicals that are sometimes produced by type-I 

photosensitisation processes.26,56 
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Table 2.4 Homogeneous photosensitisation of singlet oxygen results  

 

 

 

Figure 2.11  Conversion of α-terpinene to ascaridole over time for homogeneous photosensitisers in 

flow (1 mol%).  Straight lines represent linear regression fits to zero-order kinetics model. Error bars 

indicate potential error associated with 1H NMR integration values.  

aEntry 
Photosensitiser 

(mol%) 

Irradiation 

λ 

(nm) 

Time 

(hours) 

Batch/ 

Flow 

bConversion 

(%) 

Zero-

Order Rate 

Constant 

(k, M h-1) 

1 2.1 (1) 500 8 Batch 27 0.002 

2 2.6 (1) 500 8 Batch 35 0.003 

3 2.7 (1) 500 3 Batch >99 0.025 

4 2.8 (1) 500 3 Batch >99 0.023 

5  2.1 (1) 500 3 Flow 40 0.009 

6  2.1 (10) 500 3 Flow 66 0.014 

7 2.6 (1) 500 3 Flow 69 0.016 

8 2.6 (10) 500 3 Flow >99 0.021 

9 2.7 (1) 500 1.16 Flow >99 0.056 

10 2.8 (1) 500 1 Flow >99 0.076 

11c 2.8 (1) 500 0.7 Flow >99 0.095 
aReaction conditions: α-terpinene (1 mmol/15 mL CHCl3), Photosensitiser (1/10 mol%), 500 nm LED 

irradiation, air. bAnalysed by crude 1H NMR spectroscopy with a 300 MHz instrument. cPure O2 used in 

place of air. 
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Figure 2.12  Change in absorption intensity (left) and visual appearance (right) of 2.6, irradiated for 

48 hours under aerobic conditions in flow. 

 

2.6.4   Mechanistic and photophysical rationalisation of photosensitisation 

efficiency 

All of the homogeneous reactions followed a zero-order kinetic profile, which 

has been previously observed for singlet oxygen oxidations by Poliakoff et al.59 The 

mechanism of singlet oxygen photosensitisation is well known and represented in Scheme 

2.7. The key steps are the formation of a triplet electronic excited state (T1) of the 

photosensitiser by intersystem crossing (ISC) from the singlet excited state (S1) following 

absorption of a photon. The triplet state then undergoes a triplet-triplet annihilation (TTA) 

energy transfer process to result in the formation of ground state photosensitiser and 

singlet oxygen, which readily occurs as the process conserves electronic angular 

momentum. TTA is in competition with phosphorescent radiant decay (hυp) to the ground 

state but typically occurs on a shorter time scale. The zero-order kinetic profiles indicate 

that either ISC or TTA is the rate-determining step, which is confirmed by the change in 

rate when the molar% of photosensitiser is varied without changing the amount of oxygen 

present in the system.  
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Scheme 2.7  Mechanism for the photosensitisation of singlet oxygen with homogeneous and polymer-

supported BODIPY derivatives and subsequent [4+2] Alder-ene cycloaddition of singlet oxygen and α-

terpinene to yield ascaridole. 

 

As expected, the homogeneous systems were significantly more efficient than 

the heterogeneous photosensitisers. Despite the absorption properties of 2.1 and 2.6 being 

very similar, the formation of the aryl ester linkage led to an increase in photosensitisation 

efficiency. The meso-substituent of BODIPY dyes is known to influence photophysical 

properties of the core through photoinduced electron transfer (PET) processes.10,50 If 

either of the meso-substituents frontier molecular orbitals are within the BODIPY core 

HOMO-LUMO energy gap, an intramolecular electron donor-acceptor regime is formed, 

providing a non-radiative decay pathway and diminished fluorescence (Figure 2.13). 

2.1 has previously been shown to undergo PET processes, as fluorescence is 

significantly quenched when the phenol hydroxyl group is deprotonated.50,60 Due to the 

higher fluorescence quantum yields and photosensitisation efficiency of 2.6, we propose 

the aryl ester linkage has separated the meso-substituents frontier molecular orbital 

(FMO) energies from the BODIPY core, reducing non-radiative decay which in turn 

extends the excited state lifetime and presents more opportunity for ISC events. Addition 

of chlorine atoms to core greatly increased the photosensitisation efficiency, with 2.8 

achieving full conversion in flow within one hour. This can also be rationalised by a 

reduction in PET effects, as the Cl atoms reduce the HOMO-LUMO energy gap of the 
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BDP core which is confirmed by the bathochromic shift in absorption maximum of the 

chlorinated compounds. Additionally, the higher order orbital angular momentum of 

period three elements can provide a subtle heavy atom effect through spin-orbit coupling 

of electrons which facilitates ISC, as shown by Jacquemin et al. with thiophene fused 

BODIPYs.61 

 

 

Figure 2.13  Potential non-radiative decay pathways via PET with the meso-substituent of the 

BODIPY core. Figure adapted from Burgess et al.10 

 

2.6.5 In-line 1H NMR spectrometer reaction monitoring and process optimisation  

To show the dependency of light in the homogeneous reactions, a control 

experiment was performed in which the LED was cycled on and off every 20 minutes 

during a reaction under standard conditions in flow with 1 mol% of 2.6 and deuterated 

chloroform solvent. The reaction conversion was monitored by in-line NMR 

spectroscopy and the reaction conversion trace is displayed below (Figure 2.14). The 

periods of no irradiation, represented by grey columns, show a consistent plateau in the 

reaction conversion until 350 minutes where the reaction has reached completion. The 

rate of conversion in light periods is very consistent, showing that the reaction is still 

following zero-order kinetics in deuterated chloroform. 
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Figure 2.14  Conversion of α-terpinene to ascaridole under standard flow conditions with 2.6 (1 

mol%), monitored by in-line 1H NMR spectroscopy. The LED light source was cycled on and off every 20 

minutes during the reaction, grey boxes represent periods of no irradiation.  A smoothing function was 

applied in the data processing to show the data trend more clearly. * Indicates a 1H NMR signal from the 

photosensitiser. 

In order to optimise the conditions of the heterogeneous flow 

photosensitisation process, an in-line Nanalysis-60e benchtop NMR (60 MHz) 

spectrometer was employed to monitor reaction conversion with heterogeneous 

photosensitisers at varied flow rate and pressure (Figure 2.15). The column reactor was 

packed with 500 mg of 2.4 and standard reaction conditions were applied, except for using 

deuterated chloroform as the solvent as to be compatible with the in-line benchtop NMR 

spectrometer. The flow rate of reaction media and air was maintained at a 1:1 ratio for 

consistency. Flow rate was kept consistent while pressure was varied using a back-

pressure regulator component of the Vapourtec flow machine. The material was irradiated 

at each condition for 50-100 minutes until a steady state of conversion had been achieved. 

The resins were washed between each flow rate series and replaced with fresh reaction 

media. Samples were periodically taken and referenced against a 300 MHz NMR 

spectrometer, and it was generally found that the benchtop NMR integral values were 

within 5-10%. After monitoring a series of conditions, the system was returned to the 

initial starting conditions to ensure the same rate was obtained, and hence the 

photosensitiser material had not deteriorated over the course of the experiment.     
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Figure 2.15  Flow rate and pressure optimisation for conversion of α-terpinene to ascaridole, obtained 

using an in-line benchtop NMR spectrometer.  

 

Flow rate was found to have a subtle effect on the rate of conversion, with 

1500-2000 μL/min net flow rate generally being optimal across all pressures. Pressure 

had a more substantial effect on conversion rate, increasing the conversion per minute by 

a factor of 5 between 2.5 and 5.5 bar at 1500 μL/min. It was observed that at 5.5 bar, the 

slug flow of air and solvent became completely miscible, leading to a single phase of 

oxygen enriched CDCl3. The formation of a single phase facilitates mass transport of 

oxygen in the system and significantly enhances the rate of reaction. Increasing the 

pressure further to 7.5 bar had an inhibitory effect on the conversion rate, which we 

propose is caused by compression of the polymer resin materials reducing accessibility 

to the photosensitiser. It should be noted that the rate values measured are not absolute 

due to line broadening making accurate integration of this system difficult, however the 

data obtained showed very clear trends across all experiments that permitted the optimal 

conditions to be interpreted. The same optimisation experiment was performed for 

oxygen flow rate by applying the optimised flow rate and pressure of 5.5 bar and 750 

μL/min while varying the flow rate of air independently from 1-4 mL/min (Figure 2.16). 
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Figure 2.16  Air flow rate optimisation of α-terpinene to ascaridole conversion with 2.4 (500 mg), 

obtained using an in-line benchtop NMR spectrometer. 

  

Increasing the flow of air from 1-3 mL/min had a significant enhancement on 

the conversion rate, indicating that the solubility of oxygen under the standard conditions 

was a significant limiting factor in the reaction. At 4 mL/min, the increased volume of air 

became immiscible with the chloroform, forming a biphasic flow. This led to the 

formation of air pockets in the column reactor which forced solution through the catalyst 

bed non-uniformly and prevented efficient contact of the solution with the supported 

photosensitiser. 

 

2.6.6   Post-synthetic material modification and optimisation 

Considering the results obtained for the homogeneous photosensitisers, it was 

decided to modify the 2.4 resins further to form the polymer-supported, ester-linked, 

dichlorinated BDP species (2.9, Scheme 2.8), to enhance the materials photosensitising 

efficiency. TCCA was trialled as a chlorinating agent, using 2.6 as a model compound in 

dry dichloromethane. Chlorination products were observed by TLC, but amongst a 

complex mixture of other species. Isolation via column chromatography was attempted 

but no product or starting material was successfully recovered. It is assumed the oxidising 

potential of the reagent was resulting in decomposition of the BDP core as none of the 

fractions collected were fluorescent. Further studies are required to identify the 

mechanism of decomposition, but this further reinforces the benefits of post-modifying 
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materials in flow versus batch and provides additional rationale for the poorer loading 

and efficiency of the material produced in batch, 2.5. To overcome this issue, we turned 

to an alternative and well-established method of halogenating BODIPYs with N-

halogenated succinimides in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) solvent, as 

reported by Wei et al. (Scheme 2.8).62 A 4-equivalent excess of N-chlorosuccinimide 

dissolved in HFIP was pumped through a column packed with 2.4 for 16 hours, 

subsequently purified and analysed by SS UV-Vis. and FT-IR spectroscopy (Figure 2.17).  

 

 

 

Scheme 2.8  Post-synthetic modification of 2.4 with NCS in flow to yield 2.9. 

 

The new chlorinated material 2.9, showed a broader absorption with a λmax 

shifted to 523 nm, similar to the molecular analogue 2.8 (c.f.  λmax - 524 nm CH3CN, 531 

nm toluene). The broad absorption profile indicates that a mixture of photosensitisers 2.6, 

2.7 and 2.8 are likely present on the material, despite the large excess of NCS used. The 

FT-IR spectrum showed no significant changes from the parent material, showing the 

NCS and HFIP solvent had not affected the polystyrene support. The material was tested 

for singlet oxygen production under the standard conditions for direct comparison with 

the parent resin 2.4, and then under the optimised conditions established with the in-line 

NMR spectrometer (Figure 2.18).     
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Figure 2.17  Photographs of 2.4 (left) and 2.9 (right), dry under ambient visible-light (top) and swollen 

in DCM under UV irradiation (bottom). Right shows change in solid-state UV-Vis. absorption from 2.4 to 

2.9. The Solution state spectra of 2.6 and 2.8 in toluene are superimposed on the material spectra as solid 

lines for reference. 

 

 

Figure 2.18  Conversion traces of α-terpinene to ascaridole with 2.4 and 2.9 heterogeneous 

photosensitiser materials in flow under standard (cross markings, 0 bar, 1 mL/min air + solution) and 

optimised (square markings, 5.5 bar, 750 μL/min solution + 3 mL/min air) conditions in CHCl3. Conversion 

was calculated by sampling and manual 1H NMR spectroscopic analysis with a 300 MHz instrument. 
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The chlorinated material 2.9 showed a remarkable 8.5 times rate enhancement 

over its parent material under the initial standard reaction conditions, achieving >90% 

conversion in less than 6 hours. Under the optimised conditions established with the 

benchtop NMR, the rate of conversion was further increased by a factor of 3, and a total 

factor of 24 from the rate of the initial material under standard conditions. The overall 

space-time yield (STY) for the optimised system was calculated as 5 mmol L-1 min-1. 

Material 2.9 was recycled five times under the optimised flow conditions for a total of 

12.5 hours irradiation and displayed a gradual decline in photosensitisation efficiency, 

although still significantly more efficient than material 2.4 (Figure 2.19). It’s likely that 

the greater efficiency of singlet oxygen photosensitisation has resulted in accelerated 

cleavage of the BODIPY photosensitiser from the support material. To assess this, we 

analysed the reaction mixtures by UV-Vis. spectroscopy, as previously performed with 

material 2.4, and found 1.8-8.1 x10-5 mmol present in the solutions, corresponding to 

between 0.006-0.025% of the supported photosensitiser. The used material 2.9 was 

analysed by solid-state UV-Vis. and no changes to the materials absorption spectrum 

were identified, suggesting that it is not the photolysis of the carbon-chlorine bonds that 

is leading to a reduction in efficiency. 
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Figure 2.19  Conversion of α-terpinene to ascaridole by recycling heterogeneous photosensitiser 

material 2.9 in flow under optimised conditions (5.5 bar, 750 μL/min solution + 3 mL/min air) in CHCl3.  

 

 



Chapter 2: Continuous-Flow Synthesis and Application of Polymer-Supported BODIPY Photosensitisers 

for the Generation of Singlet Oxygen; Process Optimised by In-Line NMR Spectroscopy 

131 

 

2.7   Conclusions 

In summary, we have established a mild protocol for the formation of aryl 

ester immobilised photosensitisers on Merrifield resins in continuous-flow and 

demonstrated the superior quality of materials produced in flow over conventional batch 

synthesis. Utilising a linker strategy through a position of the molecule that was not in 

conjugation with the photosensitiser core avoided altering the molecular optoelectronic 

properties, allowing the polymer-supported BDP to be identified easily by UV-Vis. 

spectroscopy. Despite being non-conjugated, the support and linker was found to 

significantly enhance photosensitisation efficiency through reducing PET effects 

identified in the molecular analogues. An unexpected side-reaction led to the isolation of 

two novel compounds and demonstrated the ability to easily fine tune the optoelectronic 

properties of BODIPY cores to enhance photosensitisation efficiency. The polymer-

supported photosensitiser was post-synthetically functionalised a second time to obtain 

the immobilised optimal photosensitiser, which displayed a remarkable 8.5-fold 

enhancement in photosensitisation efficiency from the initial material. In-line 1H NMR 

spectroscopy was used to optimise the flow rates and pressure of the system, resulting in 

a 3-fold enhancement of reaction rate. Collectively, the optimal material and conditions 

provided an overall 24-fold enhancement of singlet oxygen photosensitisation efficiency 

relative to the initial material and conditions. The heterogeneous photosensitisers 

sustained photosensitising ability after 96 hours of irradiation, however leaching of BDP 

from the polymer-supported was evident from photostability studies. The findings of this 

work have presented polymer-supported photocatalyst design principles such that our 

group is now considering the development of new Merrifield-type resin-supported 

photocatalysts and immobilisation strategies for enhanced photocatalysis efficiency and 

photostability. 

 

2.8   Impact of Research and Future Work 

The objectives set out for this work, described at the beginning of this chapter, 

were broadly achieved as intended. The primary outcomes of this research were 

demonstrating that flow chemistry can significantly enhance the efficiency of synthesis, 

purification, and application of polymer-supported photosensitisers. Unlike previous 

works with CPPs, this work demonstrates that polymer-supported molecular 

photocatalysts can be developed and improved through rational design and comparisons 
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with molecular analogues – in this case, through chlorination of the material to prevent 

ICT and improve singlet oxygen generation. The realisation that flow chemistry enables 

facile purification of sensitive polymer-bound intermediates further highlighted the 

advantages of performing post-synthetic modifications to a solid matrix on flow, which 

can prevent unwanted side reactions and subsequently improve coupling efficiency. This 

does not only impact the synthesis of polymer-supported catalysts, but influences the 

much broader field of post-synthetic modification of solid materials in general. 

The publication of this work has received a good number of citations from 

subsequent review and research articles discussing the advantages of heterogeneous 

photocatalysis,63–66 catalyst recycling,67 enabling technologies,68 and organic synthesis in 

flow.69–71 Additionally, the in-line NMR spectroscopy reaction monitoring methodology 

developed for this work was subsequently applied by other members of our research 

group for another report on continuous flow generation of 1O2 with a heterogeneous 

photosensitiser.72     

This work has demonstrated the potential for catalyst modification as a tool 

for rational design of efficient polymer-supported photosensitisers and photocatalysts. It 

has also demonstrated that the choice of linker strategy is important and can have 

unexpected effects on the supported catalyst’s photophysical properties. However, this 

work did not explore alternative linker strategies or solid support materials which are two 

other aspects of the material design which could positively influence photocatalyst ability 

and are a promising area for future work. For example, use of grafted co-polymers with 

polyethylene glycol spacers have been shown to increase the kinetics of reactions by 

increasing the mobility of immobilised catalysts.8 Non-aromatic linkers are also more 

likely to be inert towards electron transfer processes experienced in this work. The most 

stable and irreversible linking strategy would probably be a C(sp3)-C(sp3) bond formation 

between the catalyst and support, however metal-free methods to achieve this are limited 

and warrant further studies. Ideally, a linker should be chemically and photochemically 

stable, provide good solubility and mobility for the immobilised catalyst, and be general 

for immobilising a variety of catalysts through a simple modification of the catalyst to 

include the required functionality for coupling. With respect to the solid-support, research 

has shown how the solubility of supports can enable the application of catalysts in 

unfavourable solvent environments. For example, a hydrophobic polyaromatic 

hydrocarbon photocatalyst attached to a hydrophilic polymer backbone enables the use 

of that photocatalyst in reaction media which it would not normally be soluble in.73 



Chapter 2: Continuous-Flow Synthesis and Application of Polymer-Supported BODIPY Photosensitisers 

for the Generation of Singlet Oxygen; Process Optimised by In-Line NMR Spectroscopy 

133 

 

Another interesting avenue of research for these materials would be the 

development of multifunctional heterogeneous photocatalysts through immobilising 

multiple catalysts to the same support. For example, Poliakoff, George and co-workers 

showed that porphyrins electrostatically immobilised to sulphonated polystyrene resins 

(amberlyst-15) could simultaneously act as both a heterogeneous photosensitiser and 

Brønsted acid catalyst.74 Duan and co-workers have shown that immobilising a 

stereoselective Lewis base organocatalyst within a photocatalytic MOF can induce 

stereoselectivity in photochemical reactions.75 The design and synthesis of these 

multifunctional heterogeneous photocatalyst materials using Merrifield-type resins would 

likely present challenges with respect to controlling the dispersion of immobilised 

catalyst species on the resin, if their proximity is important for controlling reactivity. If 

so, the development of more ordered alternating copolymer support structures may be 

required. Overall, there are many directions in which these materials could be further 

explored to achieve efficient heterogeneous photocatalysts and we believe this work has 

laid foundations and design principles that could aid those research endeavours. 

  

2.9   Supporting Information 

2.9.1 General experimental 

Solution-phase 1H NMR spectra were recorded on a Bruker AVIII300 

spectrometer at 300.1 MHz at 25⁰C in CDCl3. Solution-phase 13C NMR measurements 

were recorded on a Bruker AVIII400 spectrometer at 100.6 MHz at 25⁰C in CDCl3. Solid-

state 13C NMR measurements were carried out using a Bruker AVIII400 spectrometer 

operating at 100.6 MHz for 13C at 25 ⁰C, using a Bruker 4 mm CP-MAS probe, MAS = 

10 kHz. Solution-state UV-Vis. spectra were recorded on a Shimadzu UV-2550 system 

with 10 mm quartz cuvettes. Solid-state UV-Vis. spectra were recorded on a PerkinElmer 

Lambda 25 system using a Labsphere RSA-PE-20 reflectance spectroscopy integration 

sphere. FT-IR spectra were recorded on a PerkinElmer Spectrum 100 FT-IR 

Spectrometer. X-ray crystallography was performed on a Bruker D8 Advanced 

instrument. A suitable crystal was selected and held in place on the instrument using a 

cryo-loop and frozen perfluoropolyether. The crystal was crash-cooled to 100 K, and data 

collected at this temperature. Photocatalysis reactions were carried out by using an LED 

module emitting at 500-510 nm with 7.44 W light output (EPILED, Future Eden Ltd.) at 

a distance of 7 cm. Photocatalysis reactions under flow conditions were carried out using 
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commercial flow reactor (easy-Photochem, Vapourtec Ltd.) to pump reaction mixture 

through a 10 mL coil of transparent PTFE tubing (ID: 1 mm), or a transparent borosilicate 

glass column fixed-bed reactor (6.6 mm ID, 150 mm length). PLQY were measured using 

a calibrated spectrofluorometer (Edinburgh Instruments, FLS920) equipped with an 

integrating sphere (Jobin-Yvon) The FLS920 extended red sensitive detector (PMT; 200-

1010 nm) was used to measure sample emission and the excitation (Grating 750) and a 

Xenon lamp was used for the excitation. 

Materials. All reagents and starting materials employed in this work were 

commercially available and used without further purification unless stated otherwise. 

2.9.2 LED Module 

All photosensitisation reactions were performed using an LED module built 

in our lab. The module comprises 4x 3W EPILED LED arrays with maximum emission 

at 500-510 nm, purchased from Future Eden Ltd. The forward voltage of each array is 

3.4-4.0 V, with an average luminous flux of 70 lm. The LEDs were fixed to an aluminium 

heat sink (unbranded, purchased from ebay.co.uk)  with thermal glue and wired in series 

with AWG 20 0.5 mm2
 single core cable using solder. The array was wired to a DC 

constant-current LED driver with 12-24 V capacity at 600 mA current (unbranded, 

purchased from eBay.co.uk). The total average power rating of the device was 7.44 W. 

The driver power input was fitted with a standard UK plug before being PAT tested for 

safety. The heatsink maintained the device at <30 oC for 24 hours of continuous operation 

in a ventilated fume cupboard. The total cost of the build, excluding tools, was 15 GBP. 

The spectral output of the individual LEDs is displayed below, along with an image of 

the finished module before PAT testing (Figure S2.1) an enclosure was added later to 

contain the contain the exposed mains wires. 

Figure S2.1. Spectral emission of Future Eden Ltd. 3W EPILED turquoise LEDs (left) and Image of 

finished LED module built in house (right). 
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2.9.3 Photochemical reactions setup & apparatus 

2.9.3.1 Batch photochemical reactions apparatus 

Batch photochemical reactions were performed in 20 mL sample vials, placed 

7 cm from the 500-510 nm LED module. Reactions were covered with a box lined with 

kitchen aluminium foil to irradiate the sample vials more evenly and reduce exposure of 

the high intensity light into the lab. The surface of the hotplate stirrer was also covered in 

aluminium foil (Figure S2.2). 

2.9.3.2 Flow reactor photochemical reactions 

Homogeneous 

Homogenous flow reactions were carried out with a commercial E-series 

Photochem reactor by Vapourtec Ltd. with three V-3 peristaltic pumps and using an LED 

module emitting at 500-510 nm with 7.44 W light output (EPILED, Future Eden Ltd.) 

that evenly irradiate a coil of PTFE tubing (ID: 1 mm, OD: 1.6 mm) with 10 mL of total 

volume (Figure S2.3). Reaction vessels were stirred via a magnetic hotplate stirrer, set up 

adjacent to the flow machine. Vessels were covered with aluminium foil to minimise 

ambient light exposure, and ideally the room lighting was turned off whenever possible 

during reactions. 

Heterogeneous 

Heterogeneous photochemical flow reactions utilised the fixed bed column 

reactor. Catalyst was loaded into the reactor and a fine layer of sand was placed below 

and above the catalyst so that no beads were covered by the lips of the input and output 

adapters. The free volume of the column was minimised after swelling the polymer resins 

to their maximum volume. The column was suspended by a clamp and then irradiated 

using an LED module emitting at 500-510 nm with 7.44 W light output (EPILED, Future 

Eden Ltd.)  (Figure S2.4).   
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Figure S2.2 Batch photochemical reaction setup 

 

Figure S2.3 Homogeneous flow photochemical reaction setup 

 

Figure S2.4 Polymer-supported photochemical reaction in flow with column reactor 
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2.9.4 Heterogeneous synthesis on polymer beads setup: Batch vs. Flow 

For the batch synthesis of the polymer-supported catalysts, use of a magnetic 

stirrer bar was concerning as it may lead to mechanical grinding of the swollen polymer-

resins. To avoid this, an overhead stirrer (Heidolph RZR 2102 control) was used with a 

minimal stirring rate (100-175 RPM). This proved to be a cumbersome set-up, (Figure 

S2.6A). Purification of product was carried out by Soxhlet extraction over a minimum of 

three days with various solvents. Comparatively, heterogeneous synthesis in flow 

utilising the fixed bed column reactor were significantly simplified, as the reaction 

solution was stirred externally, and the temperature and pressure control of the flow 

machine removed the need for a condenser (Figure S2.5 and S2.6B). The procedure in 

flow was further simplified as the purification of the product could be performed directly 

by exchanging the reaction solution with fresh solvent and flowing it through the system 

at elevated temperature – essentially an accelerated pseudo Soxhlet extraction.       

 

 

Figure S2.5  Overview of the flow chemistry system used for the synthesis of polymer-supported 

photosensitisers. (left) packed-bed reactor filled with PS-COH 2.2 resins. (middle) Image of a Vapourtec 

e-series photochemistry flow system. (right) Schematic illustration of a basic flow set-up for modification 

of a polymer matrix using a peristaltic pump, fixed-bed reactor, and a back-pressure regulator.  
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Figure S2.6  Comparison of experimental setups for an identical procedure in batch versus flow. A 

(left) showing the batch apparatus and B (right) showing the flow machine equivalent setup. C shows a 

typical Soxhlet’s extractor set up next to D which shows the comparative set up for purification.  
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2.9.5 Experimental section 

2.9.5.1 Synthesis of 1,3,5,7-Tetramethyl-8-(4-[hydroxy]phenyl)-4,4-

difluoroboradiazaindacene (BDP-PhOH, 2.1) 

 

To a dry 500 mL two-neck round bottom flask loaded with a magnetic stirrer 

bar, fitted with an air condenser, and sealed by a septum, 4-hydroxybenzaldehyde (0.67 

g, 5.5 mmol) was added and dissolved in dry dichloromethane (DCM) (300 mL) under a 

nitrogen atmosphere. 2,4-Dimethylpyrrole (1.15 mL, 0.924 g/mL, 11 mmol) was injected 

through the side arm under nitrogen. Three drops of trifluoroacetic acid (TFA) were added 

to the solution and the reaction mixture was stirred at room temperature overnight. After 

this time, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1.25 g, 5.5 mmol) was 

dissolved in dry DCM (100 mL) under nitrogen in a separate flask and injected slowly by 

syringe to the reaction mixture over 15 minutes. This mixture was then left to stir at room 

temperature under a nitrogen atmosphere for 15 minutes. Triethylamine (10 mL, 0.726 

g/mL, 136.1 mmol) and boron trifluoride diethyl etherate (BF3.OEt2, 10 mL, 1.13 g/mL,  

62.4 mmol) were then added to the reaction and left to stir at room temperature under a 

nitrogen atmosphere for 3 hours. The solution was then diluted in 100 mL of DCM and 

washed with deionised water three times. The organic phase was dried over Na2SO4 and 

filtered. The crude product was purified through silica gel column chromatography with 

a EtOAc:hexane (1:1 v/v) eluent to yield a red-orange solid (636 mg, 34% yield). The 1H 

NMR spectra was compared with previous literature reports and was found to be 

consistent.50 

1H NMR (300.1 MHz, CDCl3); δ 7.06 (~d, J = 8.6 Hz, 2H), 6.88 (~d, J = 8.6 

Hz, 2H), 5.91 (s, 2H), 2.48 (s, 6H), 1.37 (s, 6H). 13C NMR (100 MHz, CDCl3); δ 156.2, 

155.4, 143.1, 141.7, 141.7, 131.9, 129.5, 121.1, 116.1, 29.7, 14.5. 
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2.9.5.2 Synthesis of 1,3,5,7-Tetramethyl-2-chloro-8-[4-(benzoyloxy)phenyl]-4,4-

difluoroboradiazaindacene (Ph-Est-BDP-Cl, 2.7) and 1,3,5,7-Tetramethyl-

2,6-dichloro-8-[4-(benzoyloxy)phenyl]-4,4-difluoroboradiazaindacene (Ph-

Est-BDP-Cl, 2.8) 

 

To a dry 50 mL two-neck round bottom flask loaded with a magnetic stirrer 

bar, fitted with an air condenser, and sealed by a septum, trichloroisocyanuric acid 

(TCCA) (83 mg, 0.35 mmol) was added and dissolved in 5 mL dry degassed DCM. 

Benzaldehyde (0.3 mL, 0.32 mmol) was injected into the flask through the side arm 

septum and the mixture was left to stir under nitrogen for 5 days. After this time, a solution 

of BDP-PhOH (75 mg, 0.22 mmol) in dry DCM (10 mL) was injected into the reaction 

vessel, followed by NEt3 (0.13 mL, 0.726 g/mL, 0.93 mmol) and finally DMAP (1 mg, 

0.008 mmol (27 mol%)) dissolved in DCM (5 mL). The solution was stirred for a further 

2 hours. After this time, the reaction was diluted in DCM (50 mL) and washed with 

deionised water (50 mL x3) and brine (50 mL) before drying over Na2SO4. The crude 

mixture was concentrated in vacuo and purified by silica gel column chromatography 

with a EtOAc:hexane (1:2) eluent to yield Ph-Est-BDP-Cl2 as dark red-pink solid (19.5 

mg, 18% yield), and Ph-Est-BDP-Cl as a red solid (51.3 mg, 50%).  

 

Ph-Est-BDP-Cl (2.7) 

Rf = 0.21 (EtOAc:Hexane 1:9); 1H NMR (400.1 MHz, CDCl3); δ 8.26 (~d, J 

= 7.81 Hz, 2H), 7.72 (m, 1H), 7.58 (m, 2H), 7.44 (m, 2H), 7.38 (m, 2H), 6.09 (s, 1H),  

2.62 (s, 6H), 1.52 (s, 3H), 1.49 (s, 3H); 13C NMR (100 MHz, CDCl3); δ 164.8, 158.1, 

151.8, 150.4, 144.9, 141.0, 136.4, 133.9, 132.2, 132.2, 130.2, 129.2, 129.2, 128.7, 123.0, 

122.8, 122.2, 14.8, 12.4, 12.2, 11.9. HRMS (ESI+): calculated for C26H23B35ClF2N2O2 

(M+H) 479.1508, found 479.1504 (+0.43 ppm). 
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Ph-Est-BDP-Cl2 (2.8) 

Rf = 0.23 (EtOAc:Hexane 1:9); 1H NMR (400.1 MHz, CDCl3); δ 8.27 (~d, J 

= 7.6 Hz, 2H), 7.72 (~t, J = 7.3 Hz, 1H), 7.59 (~t, J = 7.7 Hz, 2H), 7.46 (~d, J = 8.7 Hz, 

2H), 7.37 (~d, J = 8.4 Hz, 2H), 2.63 (s, 6H), 1.50 (s, 6H); 13C NMR (100 MHz, CDCl3); 

δ 12.1, 12.4, 29.7, 122.8, 123.0, 128.7, 129.2, 129.8, 130.2, 131.7, 133.9, 138.0, 141.4, 

152.02, 152.9, 164.8; HRMS (ESI+): calculated for C26H22B35Cl2F2N2O2 (M+H) 

513.1077, found 513.1114 (-3.70 ppm). 

 

2.9.5.3 Synthesis of 1,3,5,7-Tetramethyl-8-[4-(benzoyloxy)phenyl]-4,4-

difluoroboradiazaindacene (Ph-Est-BDP, 2.6)  

 

To a dry 2-neck RBF loaded with a stirrer bar, was added BDP-PhOH 2.1 

(400 mg, 1.16 mmol) and DMAP (6 mg, 0.1 mmol) before sealing the side arm with a 

septum and attaching to an air condenser. The flask was flushed with nitrogen before 

injecting 30 mL of dry degassed DCM and NEt3 (0.1 mL, 0.726 g/mL, 0.7 mmol). The 

solution was stirred in an ice bath before slowly injecting benzoyl chloride (0.2 mL, 1.4 

mmol) over 5 minutes. After this time the ice bath was removed, and the solution was left 

to stir for 5 hours. After total consumption of the starting material was confirmed by TLC, 

the mixture was washed with water and extracted with DCM (2x 25 mL). The combined 

organic fractions were dried over Na2SO4, filtered, and then concentrated in vacuo. The 

solid residue was recrystalised from MeOH and filtered to yield an orange crystalline 

solid (474 mg, 1.08 mmol, 92%). The 1H NMR spectra was compared with previous 

literature reports and was found to be consistent.53 

Rf = 0.19 (EtOAc:Hexane 1:9); 1H NMR (400.1 MHz, CDCl3); δ 8.16 (~d, 

2H, J = 7.7 Hz), 7.60 (~t, 1H, J = 7.7 Hz), 7.47 (~t, 2H, J = 7.7 Hz), 7.30 (m, 4H), 5.93 

(s, 2H), 2.49 (s, 6H), 1.41 (s, 6H); 13C NMR (100 MHz, CDCl3); δ 14.6 (2), 121.4 (2), 

122.7, 128.7, 129.3, 130.2, 131.5, 132.6, 133.8, 140.7, 143.1, 151.6, 155.8, 164.9; HRMS 

(ESI+): calculated for C26H24BF2N2O2 (M+H) 445.1889, found 445.1893 (-0.44 ppm). 
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2.9.5.4 Flow Synthesis of Polystyrene-Supported 1,3,5,7-Tetramethyl-8-[4-

(benzoyloxy)phenyl]-4,4-difluoroboradiazaindacene (PS-Est-BDP, 2.4)  

 

Polystyrene resins functionalised with benzaldehyde 2.2 (750 mg, 0.62 

mmol/g, 0.465 mmol) were added to a dried fixed bed reactor for the Vapourtec flow 

machine and swollen in dry DCM by flowing solvent through the reactor at 1 mL/min for 

two hours. TCCA (139.4 mg, 0.6 mmol) was added to a dry 50 mL round bottom flask 

loaded with a stirrer bar. The flask was sealed with a septum and flushed with N2 gas for 

10 minutes via needles through a septum. Dry, degassed DCM (15 mL) was introduced 

via injection through the septum. The resulting suspension was gently stirred at room 

temperature for 10 minutes and then incorporated to the flow system. The solution was 

pumped through the fixed bed reactor at 1 mL/min for 5 days under a nitrogen 

atmosphere. After this time, a solution of BDP-PhOH 2.1 (174 mg, 0.512 mmol) in dry 

DCM (10 mL) was injected into the reaction vessel, followed by NEt3 (0.13 mL, 0.93 

mmol) and finally DMAP (5 mg, 0.04 mmol (10 mol%)) in DCM (5 mL). The solution 

was circulated overnight at 1 mL/min. After this time, the reaction vessel was replaced 

with a beaker of DCM (100 mL) to wash the material. This was repeated with DI water 

(100 mL) and MeOH (100 mL), DCM/MeOH (1:1 v/v, 100 mL) and CHCl3 (100 mL) at 

elevated temperature (40-80 oC) and pressure (1-5 bar) until the resulting solution was 

clear and non-fluorescent under UV. The beads were collected by filtration and placed in 

a dry round bottom flask before being dried under vacuum overnight. The dried PS-Est-

BDP were analysed by SS-CP-MAS 13C NMR spectroscopy, FT-IR and solid-state UV-

Vis. Dry material recovery: 789 mg. Coupling efficiency calculated as 53% (0.33 

mmol/g) by CHN and UV-Vis. analysis (see Sections 2.10.2 and 2.10.3). 
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2.9.5.5 Batch Synthesis of Polystyrene-Supported 1,3,5,7-Tetramethyl-8-[4-

(benzoyloxy)phenyl]-4,4-difluoroboradiazaindacene (PS-Est-BDP, 2.5)  

 

Polystyrene resins functionalised with benzaldehyde (250 mg, 0.62 mmol/g, 

0.155 mmol) and trichloroisocyanuric acid (53 mg, 0.229 mmol) were added to a dried 2-

neck round bottom flask. The flask was connected to an overhead stirrer and the side arm 

was sealed by a septum. The flask was flushed with N2 gas for 30 minutes via needles 

through a septum. Dry, degassed DCM (15 mL) was injected through the septum. The 

resulting suspension was gently stirred at room temperature for 5 days under N2. The 

reaction volume was closely monitored for evaporation and kept at 15 mL by injecting 

more DCM when necessary. After this time, a solution of BDP-PhOH 2.1 (58 mg, 0.171 

mmol) in dry DCM (10 mL) was injected into the reaction vessel, followed by NEt3 (0.043 

mL, 0.31 mmol) and finally DMAP (2 mg, 0.02 mmol (10 mol%)). The suspension was 

left stirring for a further 19 hours. After this time, the suspension was filtered to collect 

the resin materials and washed with DCM, MeOH and deionised water. The material was 

then placed in a Soxhlet’s extractor and purified for 5 days with DCM (3 days), EtOAc 

(1 day) and MeOH (1 day). The material was collected and dried under vacuum for 24 

hours before analysis. Dry material recovery: 238 mg. Coupling efficiency calculated as 

28% (0.17 mmol/g) by CHN (see Section 2.10.2) and UV-Vis. analysis (see Section 

2.10.3). 
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2.9.5.6 Flow Synthesis of Polystyrene-Supported 2,6-dichloro1,3,5,7-tetramethyl-8-

[4-(benzoyloxy)phenyl]-4,4-difluoroboradiazaindacene (PS-Est-BDP-Cl2, 

2.9)  

 

PS-Est-BDP (Flow) (2.4) (250 mg, ~0.08 mmol w.r.t BDP) was loaded into 

a fixed bed reactor (PL: 5 cm, ID: 6.6) and attached to the Vapourtec flow machine. The 

beads were primed by flowing a 1:1 mixture of DCM and hexafluoroisopropanol (HFIP) 

(5 mL) at 1 mL/min using the flow machines V3 peristaltic pump. N-chlorosuccinimide 

(70 mg, 0.5 mmol) was added to a 50 mL round bottom flask charged with a stirrer bar 

and dissolved in 1:1 DCM:HFIP (20 mL total). The flask was sealed with a septum and 

connected to the flow machine to form a closed, continuous-flow system. Reagents were 

flown at 1 mL/min for 16 hours through the fixed bed reactor containing the PS-Est-BDP 

2.4 resins. After this time, the resins were washed with fresh DCM, MeOH, and acetone 

(100 mL, 1 mL/min) to remove impurities. This washing process was continued until the 

outflow was clear and non-fluorescent. The modified resins were dried under high 

vacuum for 24 hours and analysed by solid-state UV-Vis., fluorescence, and FT-IR 

spectroscopies. Dry material recovery: 258 mg. 
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2.9.6 Singlet Oxygen (1O2) photosensitisation reactions for the conversion of α-

terpinene to ascaridole 

 

2.9.6.1 Batch Reactions 

To a dry 20 mL sample vial loaded with a magnetic stirrer bar, was added 10 

mol% of photosensitiser material/molecule and dissolved in CHCl3 (7.5 mL) and placed 

on a hot-plate stirrer covered in aluminium foil and covered by a reflective housing. An 

LED array (500-510 nm, 7.44 W) was placed at 7 cm from the sample vials. α-terpinene 

(0.08 mL, 0.837 g/mL, 0.5 mmol) was then added to the solution via syringe and then 

sealed with a PTFE cap. The LED module was activated, and the stirring solution was 

irradiated for up to 24 hours. Samples were periodically taken, concentrated in vacuo, and 

analysed by 1H NMR to monitor conversion via shifts in the alkene proton signals. 

 

2.9.6.2 Flow Reactions Homogeneous 

 

To a dry 20 mL round bottom flask loaded with a magnetic stirrer bar, was 

added 10 mol% of molecular photosensitiser and dissolved in CHCl3 (15 mL) before 

sealing with a septum. The flask was connected to the Vapourtec flow machine before 

injecting α-terpinene (0.16 mL, 0.837 g/mL, 1 mmol) and then covered to prevent 

photosensitisation events from ambient light. As described by the flow scheme above, the 

reaction solution was pumped at 1 mL/min using peristaltic pumps (Vapourtec V-3) to a 

T-junction where it was mixed with CHCl3 saturated air from a CHCl3 pre-bubbler being 
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pumped concurrently at 1 mL/min by a second peristaltic pump. The heterogeneous 

liquid-gas mixture formed a slug flow at the T-junction and was pumped through a 10 

mL coil of transparent PTFE tubing (ID: 1 mm) placed in a reflective housing, irradiated 

by an LED array (500-510 nm, 7.44 W) at a net flow rate of 2 mL/min and then returning 

to the initial reaction flask to be continuously cycled for up to 8 hours. Samples were 

periodically taken, concentrated in vacuo, and analysed by 1H NMR to monitor 

conversion via shifts in the alkene proton signals. 

 

2.9.6.3 Flow Reactions Heterogeneous 

 

To a transparent borosilicate glass column fixed bed reactor (6.6 mm ID, 150 

mm length) was added PS-Est-BDP 2.4 (200 mg, 10 mol%) and swollen in CHCl3 (15 

mL) for 1 hour by flowing solvent through the column at 1 mL/min. To a dry 20 mL 

round bottom flask loaded with a magnetic stirrer bar, was added α-terpinene (0.16 mL, 

0.837 g/mL, 1 mmol) and CHCl3 (15 mL) before sealing with a septum. The flask was 

connected to the Vapourtec flow machine and then covered to prevent photosensitisation 

events from ambient light. The CHCl3 used to swell the beads was pumped to waste until 

the system was dry but the resins still swollen in CHCl3. As described by the flow scheme 

above, the reaction solution was pumped at 1 mL/min using peristaltic pumps (Vapourtec 

V-3) to a T-junction where it was mixed with CHCl3 saturated air from a CHCl3 pre 

bubbler being pumped concurrently at 1 mL/min by a second peristaltic pump. The 

heterogeneous liquid-gas mixture formed a slug flow at the T-junction and was pumped 

through the fixed bed column reactor placed in a reflective housing, irradiated by an LED 

array (500-510 nm, 7.44 W) at a net flow rate of 2 mL/min and then returning to the initial 

reaction flask to be continuously cycled for 24 hours. The catalyst bed was permitted to 

form a ‘mixed bed’ regime (hybrid between a packed bed and fluidised bed) to prevent 

pressure build up under the triphasic system. Samples were periodically taken, 
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concentrated in vacuo, and analysed by 1H NMR to monitor conversion via changes in 

the intensity and chemical shifts of the alkene proton signals. 

2.9.6.4 Recycling experiments 

To test the photostability of the materials, the same PS-Est-BDP 2.4 and 2.5 

materials were cycled multiple times with a purification step between each cycle. For 

batch reactions, the material was collected by vacuum filtration and washed with fresh 

CHCl3, DCM and MeOH (50 mL each) before drying in vacuo and then repeating the 

procedure outlined above. For flow reactions, the material was kept in the column reactor 

and flushed with fresh solvent CHCl3, DCM and MeOH (50 mL each) at elevated 

temperature and pressure before drying the material by flowing air at 5 mL/min at 

elevated temperature using the Vapourtec flow machine before repeating the procedure 

outlined above. After 4 cycles (96 hours of irradiation) the materials were analysed by 

FT-IR, SS CP-MAS 13C NMR and solid-state UV-Vis. spectroscopies to assess 

photobleaching of the material.  

 

2.9.7 Photoluminescence Quantum Yield (PLQY) 

The PLQY of the photosensitisers were measured using a calibrated 

spectrofluorometer (Edinburgh Instruments, FLS920) equipped with an integrating 

sphere (Jobin-Yvon). The FLS920 extended red sensitive detector (PMT; 200-1010 nm) 

was used to measure sample emission and the excitation (Grating 750). A Xenon lamp 

was used for the excitation. The method and definition of PLQY used is:76 

 

 

𝑷𝑳𝑸𝒀 =  
# 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒆𝒎𝒊𝒕𝒕𝒆𝒅

# 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅
=  

𝑳𝒔𝒂𝒎𝒑𝒍𝒆

𝑬𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 − 𝑬𝒔𝒂𝒎𝒑𝒍𝒆
 

Lsample = emission intensity 

Ereference = Intensity of excitation light not absorbed by reference 

Esample = Intensity of excitation light not absorbed by the sample 
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The PLQY was measured using 1 mL CH3CN as a reference. Re-absorption 

correction was calculated by: 

 

QYobs = observed quantum yield 

QYtrue = true quantum yield 

a = re-absorption correction factor 

 

Table S2.1 Tabulated PLQY data 

Sample  

(Code) 

PLQY 

(%) 

Absorption 

(%) 

Re-absorption 

correction (a) 

Re-absorption correction 

PLQY (%) 

BDP-PhOH 2.1  

(C1) 

36.0402

9 

67.6094475

4 
0.351917212 46.50871433 

Ph-Est-BDP 2.6 

 (C2) 

46.5559

2 

45.5278449

7 
0.277457649 54.6613664 

Ph-Est-BDP-Cl 

2.7 (C3) 

59.5952

6 

40.4086153

7 
0.231643763 65.74904565 

Ph-Est-BDP-Cl2 

2.8 (C4) 

63.0497

7 

11.4688798

1 
0.16651106 67.18330629 

 

 

 

Figure S2.7  2D-overlayed Solution-state emission intensity spectra of homogeneous photosensitisers 

in CH3CN (1x10-7 M), measured by photon counting with a fluorospectrometer. 
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Figure S2.8  2D-overlayed solution-state absorption intensity spectra of homogeneous 

photosensitisers in CH3CN (1x10-7 M) at the excitation wavelength of 475 nm, measured by photon 

counting with a fluorospectrometer. Reference is 1 mL of pure CH3CN. 

 

 

 

2.9.8 Single Crystal X-Ray Diffraction 

Ph-Est-BDP was obtained as orange platelets and found to be the same Fdd2 

space group and orthorhombic unit cell as reported by Giordani et al.53 The Ph-Est-BDP-

Cl2 crystal molecules pack in a ‘head-to-tail’ regime with parallel-displaced π-stacking of 

the phenyl ester tail with either the C2 or C8 carbon of the pyrrole rings acting as the 

dominant interaction. Additional orthogonal halogen interactions are observed between 

Cl and phenyl hydrogens and weak Cl-π interactions. The Ph-Est-BDP-Cl crystal had 

disorder, as the chlorine atom was disordered over two sites in an 81:19 ratio. The 

molecules again packed in a ‘head-to-tail’ regime, but the dominant interaction was now 

parallel-displaced π-stacking of the BDP cores and phenyl-to-carbonyl hydrogen 

bonding. Both Ph-Est-BDP-Cl2 and Ph-Est-BDP-Cl conform to a γ-stacking motif, 

commonly observed with crystal structures of polycyclic aromatic hydrocarbons.77 
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2.9.8.1 Ph-Est-BDP-Cl (2.7) 

 

Figure S2.9  Single crystal X-ray diffraction solved structure of Ph-Est-BDP-Cl 2.7, with unit cell 

stacking viewed down the c axis. 

 

Table S2.2 Crystal data and structure refinement for Ph-Est-BDP-Cl. 

Identification code Ph-Est-BDP-Cl 

Empirical formula C26H22BClF2N2O2 

Formula weight 478.71 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.8223(4) 

b/Å 13.1261(4) 

c/Å 17.6812(6) 

α/° 90 

β/° 95.747(2) 

γ/° 90 

Volume/Å3 2268.15(14) 

Z 4 

ρcalcg/cm3 1.402 

μ/mm-1 1.866 

F(000) 992.0 

Crystal size/mm3 0.12 × 0.1 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.404 to 144.768 

Index ranges -12 ≤ h ≤ 12, 0 ≤ k ≤ 16, 0 ≤ l ≤ 21 

Reflections collected 37666 

Independent reflections 4371 [Rint = 0.0999, Rsigma = 0.0692] 

Data/restraints/parameters 4371/0/322 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0867, wR2 = 0.2235 

Final R indexes [all data] R1 = 0.1236, wR2 = 0.2513 

Largest diff. peak/hole / e Å-3 1.28/-0.49 

 

Experimental 

Single crystals of C26H22BClF2N2O2 [Ph-Est-BDP-Cl] were [grown by slow evaporation of acetone 

solvent]. A suitable crystal was selected and [mounted] on a Bruker D8Venture diffractometer. The crystal 

was kept at 100.0 K during data collection. Using Olex2 [1], the structure was solved with the ShelXT [2] 

structure solution program using Intrinsic Phasing and refined with the ShelXL [3] refinement package 

using Least Squares minimisation. 
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1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. Appl. 

Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

Crystal structure determination of [Ph-Est-BDP-Cl] 

Crystal Data for C26H22BClF2N2O2 (M =478.71 g/mol): monoclinic, space group P21/n (no. 

14), a = 9.8223(4) Å, b = 13.1261(4) Å, c = 17.6812(6) Å, β = 95.747(2)°, V = 2268.15(14) Å3, Z = 4, T = 

100.0 K, μ(CuKα) = 1.866 mm-1, Dcalc = 1.402 g/cm3, 4371 reflections measured (8.404° ≤ 2Θ ≤ 

144.768°), 4371 unique (Rint = ?, Rsigma = 0.0692) which were used in all calculations. The final R1 was 

0.0867 (I > 2σ(I)) and wR2 was 0.2513 (all data). 

 

2.9.8.2 Ph-Est-BDP-Cl2 (2.8) 

Figure S2.10  Single crystal X-ray diffraction solved structure of Ph-Est-BDP-Cl2 2.8, with unit cell 

stacking viewed down the b axis. 

 

Table 2.3 Crystal data and structure refinement for Ph-Est-BDP-Cl2. 

Identification code Ph-Est-BDP-Cl2 

Empirical formula C26H21N2O2BF2Cl2 

Formula weight 513.16 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group Pccn 

a/Å 13.6676(3) 

b/Å 35.7671(8) 

c/Å 9.6387(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4711.88(18) 

Z 8 

ρcalcg/cm3 1.447 

μ/mm-1 2.856 

F(000) 2112.0 

Crystal size/mm3 0.5 × 0.1 × 0.08 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.942 to 149.55 

Index ranges -15 ≤ h ≤ 17, -44 ≤ k ≤ 44, -12 ≤ l ≤ 12 

Reflections collected 62450 

Independent reflections 4820 [Rint = 0.0515, Rsigma = 0.0219] 

Data/restraints/parameters 4820/0/320 

Goodness-of-fit on F2 1.052 
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Final R indexes [I>=2σ (I)] R1 = 0.0392, wR2 = 0.1092 

Final R indexes [all data] R1 = 0.0442, wR2 = 0.1140 

Largest diff. peak/hole / e Å-3 0.85/-0.44 

 

Single crystals of C26H21N2O2BF2Cl2 [Ph-Est-BDP-Cl2] were [grown by slow evaporation of acetone 

solvent]. A suitable crystal was selected and [mounted] on a 'Bruker D8Venture' diffractometer. The crystal 

was kept at 100.0 K during data collection. Using Olex2 [1], the structure was solved with the ShelXT [2] 

structure solution program using Intrinsic Phasing and refined with the ShelXL [3] refinement package 

using Least Squares minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. Appl. 

Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

Crystal structure determination of [Ph-Est-BDP-Cl2] 

Crystal Data for C26H21N2O2BF2Cl2 (M =513.16 g/mol): orthorhombic, space group Pccn (no. 

56), a = 13.6676(3) Å, b = 35.7671(8) Å, c = 9.6387(2) Å, V = 4711.88(18) Å3, Z = 8, T = 100.0 K, 

μ(CuKα) = 2.856 mm-1, Dcalc = 1.447 g/cm3, 62450 reflections measured (4.942° ≤ 2Θ ≤ 149.55°), 4820 

unique (Rint = 0.0515, Rsigma = 0.0219) which were used in all calculations. The final R1 was 0.0392 (I > 

2σ(I)) and wR2 was 0.1140 (all data). 

 

 

 

 

 

 

2.9.9 In-line Benchtop NMR Spectrometer  

A 60 MHz benchtop NMR spectrometer (NMReady 60e, Nanalysis Corp.) 

was incorporated to our flow system using the flow-kit accessory and kinetics package 

for in-line reaction monitoring to optimise our process conditions. Reactions procedures 

were identical to the homogeneous and heterogeneous flow procedures described in 

Section S2.9.6, with the exception of using deuterated chloroform as the reaction solvent. 

The benchtop NMR was place in the flow system between the solution flow pump (pump 

A) and the T-junction, to prevent air from distorting the data collected (Figure S2.11). 

Data collection was performed using the kinetics experiment function, with experiments 

generally lasting between 1-8 hours at a time. After each experiment, the flow kit was 

disassembled, and the instrument was calibrated and shimmed using a built in ‘auto-

shimming’ function to reduce line broadening using a solvent standard provided with the 

instrument. Spectra were recorded as ‘clusters’ of typically 4 scans with a 2 second 

relaxation time and 2048 data points, centred at 6 ppm with a range of 4 ppm (8-4 ppm). 

Data was processed using MestReNova NMR processing software. Typically, 

raw data was apodized with an exponential function of 3.00 Hz and a sine square function 

of 2.00o simultaneously. Phasing was corrected using the automatic power function 

setting before automatic baseline correction. The full range stacked raw data spectrum of 
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an example homogeneous reaction before and after processing is displayed below (Figure 

S2.12 & S2.13) 

 

 

Figure S2.11  Heterogeneous flow photosensitisation reaction flow diagram with in-line Nanalysis 

Corp. benchtop NMR spectrometer. 

 

 

Figure S2.12  Homogeneous photosensitisation reaction monitored by in-line 1H NMR spectroscopy 

showing the raw collected data before apodization and phase correction. Reaction conditions: α-terpinene 

(1 mmol), CDCl3 (15 mL), Ph-Est-BDP (1 mol%), flow (solution 1 mL/min, air 1 mL/min), four scans 

collected every 228.612 seconds for 160 clusters. 
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Figure S2.13  The same homogeneous photosensitisation reaction monitored by in-line 1H NMR 

spectroscopy after apodization and phase correction specified above. 

 

Conversion was analysed by producing integration tables of the regions from 

5.75-5.25 ppm (α-terpinene) and 6.65-6.20 ppm (ascaridole). The two BDP sp2 C-H 

protons signal can be observed at 6.00 ppm. Samples were periodically taken and 

analysed with a Bruker AVIII 300 spectrometer at 300.1 MHz for reference. An example 

of a sample ran on the benchtop NMR and Bruker AVIII 300 spectrometer after 

processing is displayed below (figure S2.14 and S2.15). The benchtop NMR 

underestimates the true conversion by 9% as impurity peaks are included in the 

integration because of the broad signals collected at 60 MHz, however, these signals are 

constant and do not affect the rate of conversion obtained from kinetic runs. 
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Figure S2.14  Homogeneous photosensitisation reaction monitored by in-line 1H NMR spectroscopy 

after apodization and phase correction specified above. Reaction conditions: α-terpinene (1 mmol), CDCl3 

(15 mL), Ph-Est-BDP (1 mol%), flow (solution 1 mL/min, air 1 mL/min). four scans collected after 180 

minutes, manually and not with a kinetics experiment. Conversion is calculated as 60.6% 

 

 

Figure S2.15  The same Homogeneous photosensitisation reaction monitored by in-line 1H NMR 

spectroscopy after apodization and phase correction specified above. Reaction conditions: α-terpinene (1 

mmol), CDCl3 (15 mL), Ph-Est-BDP (1 mol%), flow (solution 1 mL/min, air 1 mL/min). four scans 

collected after 180 minutes, manually and not with a kinetics experiment. Conversion is calculated as 

69.0%. 
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2.10 Polymer-Supported Photosensitiser Characterisation 

The following section has been added to included additional details of the 

polymer-supported photosensitisers characterisation that were omitted in the initial 

publication. 

2.10.1 Swelling tests 

To an oven dried graduated measuring cylinder (5 mL volume), was added a 

sample of dried polymer-resins (approximately 50 mg). The resins were packed to the 

base of the cylinder by tapping it against a bench repeatedly until the surface was level. 

The height of the sample of dried resins was measured. Following this, 0.7 mL of DCM 

was injected slowly into the measuring cylinder as to not disturb the material layer. The 

cylinder was sealed with a septum, gently agitated to mix the solvent and resins and then 

left for 1 hour before measuring the height of the resins again. The result of this analysis 

is presented in Table S2.4. 

 

Table S2.4 Tabulated swelling test data. 

Sample  

Polymer 

Dry Polymer 

Mass (mg) 

Dry Polymer 

Height (cm) 

Swollen-Polymer 

Height (cm) 

Swelling 

Factor 

2.2 (PS-COH) 48.7 0.12 0.95 7.92 

2.4 (PS-Est-BDP, 

Flow) 
52.6 0.13 0.97 7.46 

2.5 (PS-Est-BDP, 

Batch) 
49.4 0.11 0.85 7.73 

2.9 (PS-Est-BDP-

Cl2) 
57.1 0.13 0.95 7.31 

 

 

The expected swelling factor for the starting material 2.2 in DCM solvent is 

7.5, according to the supplier’s data sheet (Rapp-Polymere Gmbh., https://www.rapp-

polymere.com/index.php?id=1218&currency=eur). The experimental swelling factors 

measured were consistent with this value, and no obvious reduction in swellability was 

observed with the post-synthetically modified resins. Hence, it was concluded that the 

synthesis performed on the polymer resins had not led to any unexpected cross-linking of 

the polymer. 
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2.10.2 CHN elemental analysis 

Elemental analysis of the polymer-supported photosensitiser materials was 

attempted to quantify loading of the BODIPY molecule. CHN elemental analysis was 

performed in-house by Heriot-Watt University’s Elemental Analysis Service, using an 

Exeter CE-440 Elemental Analyser. 

The theoretical CHN composition of the polymer resins were calculated using 

the manufacturers quoted loading of the functional aldehyde monomer of 0.62 mmol/g. 

The CHN composition of the polymerised styrene and divinylbenzene monomers were 

calculated to be the same (C: 92.26%, H: 7.74% N: 0%), so the unknown exact loading 

of divinyl benzene would not affect the results. The theoretical CHN composition of the 

polymerised 4-formyl styrene monomer was calculated as (C: 81.79%, H: 6.10% N: 0%). 

The CHN composition of the immobilised BODIPY monomer was calculated as (C: 

71.51%, H: 5.36%, N: 5.96%). Using these values, the expected CHN composition for 

the starting material 2.2 was (C: 91.54%, H: 7.63% N: 0%), using the suppliers quoted 

loading of 0.62 mmol/g. The CHN composition for the BODIPY functionalised polymers, 

assuming 100% coupling efficiency (0.62 mmol/g), was calculated as (C: 90.82%, H: 

7.58%, N:0.41%). The experimentally obtained CHN compositions are presented in Table 

S2.5. 

Table S2.5 Tabulated CHN elemental analysis data. 

Sample  

Polymer 
Run C% H% N% 

2.2 (PS-COH) 

Theoretical 91.54 7.63 0.0 

Experimental (1) 87.54 7.50 0.74 

Experimental (2) 87.45 7.48 0.75 

     

2.4 (PS-Est-BDP, Flow) 
Theoretical 90.82 7.58 0.41 

Experimental (1) 80.35 6.53 2.76 

 Experimental (2) 80.90 6.69 2.78 

     

2.5 (PS-Est-BDP, Batch) 
Theoretical 90.82 7.58 0.41 

Experimental (1) 83.61 6.95 1.83 

 Experimental (2) 83.80 6.93 1.80 

     

      

The experimental values obtained were not consistent with the theoretical 

CHN compositions for any of the polymers, in each case having N% values that greatly 

exceeded the theoretical maximums. For this reason, the CHN elemental analysis data 

was not considered when estimating the loading of the polymer resins and UV-Vis. 

analysis was used for more reliable quantification. 
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Other commercial elemental analysis services were explored that would allow 

quantification of other elements, such as fluorine or chlorine, however these were 

prohibitively expensive and were not pursued. 

 

2.10.3 UV-Vis. quantification of photosensitiser loading 

Following the synthesis of the polymer-supported BODIPY resins 2.4 (flow) 

and 2.5 (batch), the crude reaction mixtures were collected and concentrated in vacuo. 

Solvent used to purify the resins in flow or by Soxhlet’s extraction were also collected 

and combined with their respective crude reaction mixture before concentrating in vacuo. 

The crude residues were washed with deionised water (100 mL) and extracted with DCM 

(3x 50 mL). The organic phase was washed with brine (50 mL) and dried over anhydrous 

Na2SO4, and then concentrated in vacuo. The residue was then diluted in DCM and 

transferred to a dry volumetric flask, before adding additional DCM to make up 100 mL 

of volume. 2 mL of the 100 mL sample was transferred to a second volumetric flask via 

syringe and further diluted with DCM to 100 mL volume. Finally, 2 mL of the second 

solution was transferred to a third volumetric flask and diluted to 10 mL volume. 

The UV-Vis absorption spectrum of the diluted reaction residue was recorded 

and the concentration of residual 2.1 (BDP-PhOH) was calculated from the absorption at 

the λmax (497 nm) using the molar attenuation coefficient value of 127x103
 M-1 cm-1 (see 

Table 2.1, Section 2.6.2). An example calculation for finding the quantity of residual 2.1 

after the flow synthesis of 2.4 is provided below. First the Beer-Lambert law (Eq. S2.1) 

is rearranged to solve for concentration (Eq. S2.2): 

 

𝐴 = 𝑙𝑜𝑔10 (
𝐼0

𝐼
) =  𝜀 𝑙 𝑐                                  (S2.1) 

𝐴

𝜀 𝑙 
=  𝑐                                                         (S2.2) 

Where A is the measured absorbance intensity at 497 nm, ε is the molar 

attenuation coefficient and l is the pathlength (1 cm). Using the experimentally obtained 

value of A (0.51 a.u.), the concentration of the diluted residual 2.1 is found: 

 
1.35 𝑎.𝑢.

127×103 𝑀−1 𝑐𝑚−1 × 1 𝑐𝑚
=  1.06 × 10−5 𝑀                  (S2.3) 
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The concentration of the original solution of residual 2.1 is then calculated by 

sequentially calculating the concentration of each solution in the series of dilutions (Eq. 

S2.4): 

𝑐1 𝑉1 =  𝑐2𝑉2                                                         (S2.4) 

𝑐1 =  
𝑐2𝑉2

𝑉1
                                                       (S2.5) 

Where the  𝑐1  is the concentration of the initial solution before dilution, 𝑉1 is 

the volume of the initial solution transferred for dilution, 𝑐2 is the known concentration 

of the diluted solution and 𝑉2 is the final volume of the diluted solution. From this, the 

concentration of the initial 100 mL solution of residual 2.1 is found as: 

 

 
1.06×10−5 𝑀 × 10 𝑚𝐿

2 𝑚𝐿
 =  5.32 × 10−5 𝑀                            (S2.6) 

5.32×10−5 𝑀 × 100 𝑚𝐿

2 𝑚𝐿
 = 2.66 × 10−3 𝑀                            (S2.7) 

   

From the initial concentration of the 100 mL solution of residual 2.1, the 

quantity of unreacted 2.1 is calculated: 

  𝑛 =
𝑐 × 𝑉

1000
=

2.66×10−3 𝑀 × 100 𝑚𝐿

1000
 = 2.66 × 10−4 𝑚𝑜𝑙          (S2.8) 

 

Hence, by subtracting the quantity of residual 2.1 from the initial quantity 

added to the reaction (0.512 mmol), we estimate that 0.246 mmol of 2.1 has been 

successfully immobilised the resins (53%). The results of this analysis for materials 2.4 

and 2.5 are presented in Table S2.6. 
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Table S2.5 Tabulated UV-Vis. Data 

Sample  

Polymer 

Absorbance Intensity 

 at 

 497 nm (a.u.) 

Residual 

BDP-PhOH 

(mmol) 

Initial 

BDP-PhOH 

(mmol) 

Immobilised  

BDP-PhOH 

(mmol) 

2.4  

(PS-Est-BDP, Flow) 

    

1.350 0.266 0.512 0.246 (53%) 

     

     

2.5  

(PS-Est-BDP, Batch) 

    

0.650 0.128 0.171 0.043 (28%) 

     

     

      

As discussed in Section 2.6.3, the estimated loading of 2.1 in polymer 2.5 was 

found to be inaccurate due to insufficient purification by Soxhlet extraction, leading to 

residual 2.1 remaining trapped in the resins and not being accounted for in the above 

analysis. 
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3.2   Background and Aims 

One of the limitations of conjugated microporous polymers (CMPs) 

heterogeneous photocatalysts, besides the complexity of characterising semiconductor 

photophysics described in the previous chapters, is the limited formats in which these 

polymers can be processed relative to other materials. CMPs are generally obtained as a 

‘brick dust’-like powder and applied as a dispersion in solution, or dispersed in an inert 

solid matrix, such as silica, for applications in a fixed bed reactor.1 Our group has 

previously reported a methodology for synthesising CMPs via a polymerised high internal 

phase emulsion strategy,2 which enables sponge-like monoliths to be produced in various 

shapes based on the vessel the emulsion fills before polymerising. However, the resulting 

materials are soft and easily break or collapses. Alternatively, it has been shown that some 

organic semiconductor photocatalyst materials, namely graphitic carbon nitride (g-C3N4), 

can be formed in situ by chemical vapour deposition, allowing the epitaxial growth of the 

material around a solid substrate to a desired form.3 However, this method is not readily 

available to most synthetic chemists and is not suitable for all materials. Conversely, 
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polymer-supported molecular photocatalysts can be polymerised conventionally (radical, 

anionic, cationic, etc.), and therefore all of the processing formats available to these 

polymers can be applied to the synthesis of polymer-supported photocatalysts. One 

method of interest to our group is stereolithography additive manufacturing (SLAM). 

Additive manufacturing (AM), more commonly known as 3D printing, is a 

method of fabricating 3D components generated by computer aided design software.4 

Unlike conventional subtractive manufacturing, where a design is achieved by selectively 

removing material from a larger bulk, AM builds a design up from ‘scratch’, layer-by-

layer, using a processable source material. The most common methods to achieve this are 

fused deposition modelling (FDM) of thermoplastic polymers, or stereolithography of 

photopolymerisable resins (a viscous mixture of monomers, crosslinking agents and 

photoinitiator). 

FDM involves feeding a spindle of an already formed thermoplastic polymer 

(a polymer which melts) filament through a heated nozzle attached to a robotic arm which 

is mobile in three dimensions.5 The arm then deposits the melted polymer on a bed, where 

it cools and sets. Once a 2D layer has been deposited, the arm raises and begins the next 

layer, and so on until the full 3D design has been fabricated. FDM is generally a fast 

method of AM, with cheap filament materials and apparatus making it the most accessible 

form of AM to academic research and the general public.4 However, designs fabricated 

by FDM have some drawbacks: typically, these prints are low resolution and leave a 

‘ribbed’ texture from the layers.4 Additionally, there are no covalent chemical bonds 

between deposited layers, rendering these designs more fragile, less ‘watertight’ and less 

thermally resistant – however this does enable printed designs to be melted down and 

recycled.4 

Stereolithography differs by fabricating the polymer material in situ from a 

vat of resin.6 In this method, a fine laser is guided to irradiate the vat of resin at specific 

points to initiate the polymerisation reaction and form solid material within the vat. As 

with FDM, the laser moves in two dimensions to create a layer of the design, and then 

typically the base plate of the vat raises along the z-axis before the laser begins the next 

layer. SLAM can also be performed using digital light projection (DLP), in which an 

entire layer of the design is printed at once, rather than in individual voxels (a 3D pixel) 

which accelerates the fabrication process.7 SLAM is generally slower than FDM and 

typically more expensive with respect to the printing resin material and the required 

apparatus.4 However, designs produced by SLAM are generally higher resolution, 
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thermally stable and the individual layers of the design are covalently bonded and 

crosslinked, imparting greater tensile strength and water tightness.4 Additionally, SLAM 

is the only method of additive manufacturing that can print materials which are 

transparent to visible light, ideal for printing devices that are intended for optical or 

photochemical applications.8 

Functional materials with heterogeneous catalyst properties have been 

prepared by both FDM and SLAM, using filaments or resins with additives such as 

transition metals or organocatalysts.9,10 A recent review and perspective of these was 

reported by Corpas-Iglesias and co-workers.11 Our group is interested in the development 

of SLAM to produce photoactive reactionware and flow reactor components, and has 

previously published a proof-of-concept report on the direct fabrication of flow 

microreactors with a photocatalytic resin for the production of singlet oxygen in aqueous 

media.12 Although the device fabricated in the report was able to perform its intended 

function, its efficiency was poor due to a number of design flaws: primarily, the 

photocatalyst was present throughout the entirety of the printed material surrounding the 

flow channel. This results in a significant amount of light attenuation before the incident 

irradiation is able to reach the surfaces of the fluid channel, where it is needed to initiate 

the photochemical reaction. Additionally, the design was a simple 2D channel flowing 

through a ‘chip’-like device (Figure 3.2), which could be manufactured easily through 

conventional means and did not take advantage of the freedom of design offered by 

SLAM. 

In this work, we wanted to build upon the proof-of-concept study and change 

our approach entirely to improve both irradiance and design complexity to influence fluid 

dynamics within a flow reactor system. Hence, rather than printing microfluidic devices, 

our group in collaboration with Xuan group at the University of Loughborough, designed 

intricate 3D monolithic structures for application in a fixed bed reactor. The advantages 

of this would be that the surfaces of the design in contact with the flowing solution would 

now be directly exposed to the irradiance, which we hypothesised would greatly improve 

the efficiency of the process. Additionally, as 1O2 photosensitisation in flow generally 

involves a gas-liquid slug flow to maximise oxygen availability, we were interested to 

see if our designs could influence the efficiency of the reaction through acting as static 

mixing elements. 
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Figure 3.2  Image of 3D printed photoactive microfluidic device for 1O2 photosensitisation in 

aqueous media, reported in Ref 12. The device is photographed under long-wave UV irradiation, revealing 

the pale-blue fluorescence of the photoactive monomer at the front-facing surface. A ruler is included for 

scale. 

 

3.3   Results Summary 

The photoactive SLAM resin was produced by adding between 0.075-1 

weight percent (wt.%) of a di-styryl functionalised benzothiadiazole (St-BTZ, see 

Scheme 3.1) photocatalyst monomer to a commercial resin. The exact molecular 

composition of the commercial resin is protected, however, it is reported by the 

manufacturer (Formlabs Inc.) to be 15-25% methacrylate monomers, 55-75% urethane 

dimethacrylate crosslinking monomer, and <0.9% photoinitiator.13 The photocatalyst 

monomer had poor solubility in the viscous resin and its solvation was facilitated by using 

an ultrasonic bath for two hours. We intended to print the designs using a commercial 

DLP printer (PICO 2HD 27UV, Asiga), which utilises a 385 nm light source to initiate 

polymerisation. The added photocatalytic St-BTZ monomer also absorbs light at this 

wavelength and is close to its absorbance maximum. This seems intuitively problematic, 

however, it has been shown that the doping of photocatalysts to resins can reduce over 

irradiation and improve print resolution by acting as a ‘photo-absorber’.14  

Once formulated, the kinetics of the polymerisation of the resin with varying 

quantities of St-BTZ were assessed by real-time FT-IR spectroscopy, using the decaying 

C=C stretching frequency of the styryl and acrylate monomers to monitor conversion vs. 

irradiation time. St-BTZ was added to the commercial resin at four different wt.% 
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loadings: 0.075, 0.19, 0.55 and 1 wt.%. The addition of the St-BTZ monomer accelerated 

the polymerisation kinetics, increasing proportionally to the amount of St-BTZ added 

relative to the commercial resin. The exception to this was the 0.19 wt.% sample, which 

showed comparable kinetics and overall conversion to the 1 wt.% sample. The addition 

of St-BTZ can affect the polymerisation kinetics in two ways: (i) the St-BTZ attenuates 

the incident irradiation, modulating the light exposure to the photoinitiator and slowing 

the polymerisation, or; (ii) the St-BTZ can facilitate the breakdown of the photoinitiator 

through photosensitisation, leading to an acceleration of the polymerisation kinetics.15 

Based on the results observed, it is apparent that the St-BTZ is contributing to 

photosensitisation of the photoinitiator, consistent with the accelerated rate of double 

bond conversion. We rationalised the increased kinetics of the 0.19 wt.% sample, relative 

to the 0.5 and 1 wt.% samples, as an optimal combination of the two effects listed above. 

The resins and polymerised samples were analysed by UV-Vis. absorption 

spectroscopy. The resins displayed an increasing broad absorbance between 320-450 nm 

with increasing St-BTZ wt.%, which matched with the absorbance spectrum of the St-

BTZ monomer dissolved in CHCl3. The solid-state polymerised samples were less 

consistent: addition of 0.075 wt.% St-BTZ caused a broad increase in absorbance from 

approximately 375-475 nm, which was consistent with the absorbance profile of the St-

BTZ monomer in CHCl3. However, at 0.19 wt.% loading of St-BTZ, a noticeable 

bathochromic shift in the absorbance maximum and edge, relative to the monomer in 

solution, was observed. This is not entirely surprising, as the conversion of the vinyl 

groups of St-BTZ during the polymerisation will alter the electronic properties of the 

chromophore. Additionally, the environment of the chromophore within the solid-state 

polymer is very different from CHCl3, so a ‘solvochromic’ shift should be expected. 

Finally, the 1 wt.% St-BTZ sample displayed a significant deviation from the other 

polymers, with a large extension of the absorbance profile up to 520 nm and a raised 

baseline absorbance. It was observed that the higher wt.% loading of St-BTZ had caused 

the monomer to aggregate within the resin, leading to deposits of crystalline St-BTZ 

aggregates within the printed sample. π-Stacking interactions within these aggregates 

leads to semiconductor characteristics as charge transfer can occur between layers of St-

BTZ in the aggregate, significantly broadening visible light absorbance. Following these 

experiments, it was concluded that 0.19 wt.% was the optimal loading of the photoactive 

monomer to avoid aggregation and provide the most efficient polymerisation kinetics. 
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Four monolith structures were designed with varying complexity, with the 

intention of exploring the differences in fluid dynamics and photocatalytic ability with 

very simple vs complex structures. All designs were cylindrical and equal in height and 

diameter in order to fit within the fixed bed reactor of our flow system. The four designs 

were fabricated using the commercial DLP printer, producing a homogenous polymer 

with a light-yellow colour and no observable aggregates of the St-BTZ monomer. All of 

the structures displayed a pale-blue fluorescence under long-wave UV irradiation, 

consistent with the St-BTZ monomer.  

Following the successful fabrication of the monolith designs, we were able to 

test their photosensitisation ability in flow. For this we chose an aqueous singlet oxygen 

mediated photooxidation of 2-furoic acid 3.1 to 5-hydroxy-5H-furan-2-one 3.2 (see 

Scheme 3.2). We chose an aqueous reaction system as the commercial SLAM 

polymerised resin has poor compatibility with organic solvents, which can cause the 

material to swell, distorting its structure and potentially damaging the fixed bed reactor. 

However, development of efficient heterogeneous photosensitisers for wastewater 

treatment is an important area of research for providing sanitary drinking water and 

protecting the environment.16  

Each of the designs were tested by performing the photosensitisation reaction 

at three different flow rates: 0.2, 1 and 2 mL/min. The flow reactor system was a closed 

cycle which results in the reaction solution experiencing the same overall light exposure 

at all three flow rates, with the only differences being the fluid dynamics and residence 

time during a single pass of the reactor. The results were interesting as three of the 

designs, D1, Voroni and Gyroid, all performed relatively similarly at 1 and 0.2 mL/min 

net flow rates, achieving overall conversions that were within 1-2%. At 2 mL/min, the 

Gyroid design lost efficiency and became overall the poorest design, with respect to 

overall conversion and space-time yield. D1 and Voroni maintained their efficiency at 

the fastest flow rate, both achieving 19% overall conversion after 3 hours, which is only 

a 1% decrease from the results at 1 mL/min. Typically, a static mixing element tends to 

function better at faster flow rates,17,18 however, we observed the opposite. It is therefore 

likely that mixing of the gas and liquid phases is not the limiting factor in these designs, 

and it is more likely that the distribution of liquid and gas flow within the designs at 

different flow rates is the cause of this effect. For example, at lower flow rates it is 

possible that the liquid phase is distributed to the outer edges of the design, in contact 
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with the surfaces that are irradiated directly and providing higher photosensitisation 

efficiency. 

In contrast to the other designs, D2 displayed drastically different 

photosensitisation performance across the three flow rates and followed a completely 

opposing trend: achieving higher overall conversion and space-time yield at increasing 

flow rates. In fact, at the fastest flow rate of 2 mL/min, the D2 design achieved the highest 

space-time yield of all of the designs. The space-time yields were calculated using the 

geometric surface areas of the four designs to approximately normalise the amount of 

catalyst on the active surfaces in contact with the flowing solution. The cause of the 

deviation of D2 was not intuitive but must have been a consequence of fluid-gas 

distribution and mixing within the monolith changing at higher flow rates. 

To investigate this, we performed residence time distribution (RTD) analysis 

for all of the designs to assess the changes in mean residence time, plug flow character 

and flow distribution at three flow rates: 0.1, 0.5 and 1 mL/min. RTD analysis is achieved 

by injecting a tracer species to the flow system and measuring the time distribution of the 

tracer exiting the system using an in-line process analytical tool.19 A tracer is any 

compound that can be easily monitored against a background solvent by an in-line 

spectroscopic technique, such as FT-IR or NMR. In this work, we used the most common 

method for RTD analysis, which is to use an organic dye as a tracer and in-line UV-Vis. 

spectroscopy to measure the RTD response. The shape of the RTD response provides 

information about the fluid dynamics and plug flow character of the system.19,20 For 

example, a system obeying perfect plug flow character would give a gaussian response 

which is centred on the mean residence time with low deviation (Figure 3.3). Peaks which 

are before the mean residence time are indicative of ‘channelling’, where there are 

channels through the reactor with faster flow rates and minimal pathlengths that allow 

some of the tracer to exit the reactor much faster. Long tailing effects on the RTD curve 

indicate dead zones within the reactor, in which tracer can get trapped for periods that 

significantly exceed the mean residence time.  
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Figure 3.3  Continuous reactors and examples of their expected RTD response curve. (A) A near-

perfect plug flow reactor (PFR) with minor axial dispersion of the tracer (blue arrows). (B) Expected form 

of a near-perfect PFR RTD curve. Perfect plug flow would result in a straight-line response, equal to the 

mean residence time. (C) Illustration of a continuously stirred tank reactor (CSTR) with channelling and 

dead zones. (D) Comparison of RTD response curves for a near-perfectly mixed CSTR (purple line) and a 

CSTR with channelling and dead zones (blue line). (E) Illustration of flow paths through a non-uniform 

packed-bed reactor, with channelling and dead zones. (F) RTD response curve for a fixed bed reactor with 

channelling and dead zones, appears as a hybrid between a PFR and CSTR. A perfectly uniform packed-

bed would give the same RTD as a PFR. Figure adapted from Ref 21. 

 

All of our designs behaved very similarly at the two higher flow rates. 

Although the raw RTD curves showed some deviation in character, when they were 

normalised to show the RTD relative to the mean residence time (θ) all of the curves for 

each design were almost perfectly eclipsed at 0.5 and 1 mL/min. However, at the lowest 
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flow rate, D2 showed significant deviations from the other designs. A much earlier peak 

at approximately half the mean residence time and a long tailing effect were observed, 

characteristic of both channelling and dead zones being present within the monolith. 

This deviation in RTD response for D2 at lower flow rates was consistent 

with its deviation in photosensitisation efficiency from the other designs, suggesting that 

a maldistributed flow within the monolith was responsible.22 In order to observe this 

effect directly, a transparent variant of the D2 monolith was fabricated and the RTD 

analysis was repeated. This enabled us to observe the tracer species as it passed through 

the reactor and identify the channelling and dead zones within the design directly. At 

lower flow rates, the majority of cylindrical channels in the D2 design are inactive due to 

low pressure. Air bubbles accumulate in the exterior channels and block them, so that 

only a few of the internal channels are active and enabling tracer to flow through. In the 

photosensitisation experiments, these channels are the most shielded from irradiation by 

layers of the photoactive polymer material, rationalising the poor performance of D2 at 

low flow rates relative to the other designs. Interestingly, we observed that as the flow 

rate was increased, sufficient pressure was generated for the other channels to become 

active, reducing the number of dead zones. Additionally, the distribution of gas and liquid 

within the design reversed, with fluid phase now primarily passing through the exterior 

channels and gas phase passing through the central channels. The exterior channels 

receive the least light attenuation, and this rationalises the observed increase in efficiency 

of D2 at higher flow rates. Notably, despite being similar, these effects were not observed 

in the D1 design as it featured cross-channels that balanced pressure between the primary 

channels.      

  The following sections are taken from the published manuscript and describe 

these results and findings in more detail. An additional section (Section 3.9) has been 

added between the conclusions and supporting information which describes the impacts 

of this work and potential future work.  
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3.4   Abstract 

A 2,1,3-benzothiadiazole-based photosensitiser has been successfully 

incorporated into a commercially available 3D printing resin and utilised to fabricate 

inherently photocatalytic flow reactor components.  The freedom of design provided by 

additive manufacturing enabled the production of photoactive monolith structures with 

intricate architectures, imparting functionality for heterogeneous photocatalysis and 

interesting manipulation of fluid dynamics within a fixed bed reactor column. The 

resultant monoliths were applied and validated in the photosensitisation of singlet oxygen 

in aqueous media, under continuous flow conditions and visible light irradiation (420 

nm). The photo-generated singlet oxygen cleanly converted furoic acid to the γ-lactone, 

5-hydroxy-5H-furan-2-one, with a peak space-time yield of 2.34 mmol m-2 h-1 achieved 

using the Voronoi monolith. 

 

Keywords: 3D printing, flow technology, metal-free organic photosensitiser, singlet 

oxygen  

 

3.5   Introduction 

Within the last decade, additive manufacturing (AM) has emerged as an 

enabling technology for the fabrication of complex 3D components. With 3D printer 

technology becoming increasingly affordable and accessible, it seems inevitable that this 

technology will continue to be ever more present as a standard accessory of research 

institutions. AM has already found much utility within chemical science, especially for 

biomaterials research where AM has enabled the fabrication of biocompatible scaffolds 

that permit cell growth in three dimensions to imitate organs.23  

More recently, the focus of AM research has shifted to the fabrication of 

functional materials for a variety of applications, including heterogeneous catalysis. The 

freedom of design offered by AM enables the production of complex material 

architectures with high surface area and static mixing capabilities: ideal support materials 

for heterogeneous catalysts.1 Monolithic structures with various metal and metal oxide 

catalysts have been fabricated via fused deposition modelling (FDM) for synthetic 

applications, such as a cylindrical lattice printed from Al2O3 ink which acted as a 

heterogeneous Lewis acid catalyst in the synthesis of dihydropyridines and 
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dihydropyrimidinones.24 Cronin and co-workers have also prepared reactionware via 

FDM, which incorporated montmorillonite K10 Lewis acidic clay in one reaction 

chamber and palladium on charcoal (Pd/C 10%) hydrogenation catalyst in a separate 

chamber, both of which were printed from specially prepared ‘ink’ materials.10 

FDM has some limitations for the fabrication of flow reactor devices; the 

nature of printing layer-to-layer creates anisotropy in the material, as well as voids 

between the individual layers. This affects the mechanical properties of the printed 

material and, more importantly for flow reactors, can affect the ‘water tightness’ as 

solution can percolate through the voids and present leaks.23,25 Stereolithography (SL) is 

another form of AM which overcomes these obstacles. SL 3D printers’ function through 

vat-photopolymerization of a liquid resin. The individual layers are covalently 

crosslinked, providing materials that are isotropic in all three dimensions, with no 

macroscopic grain structure or voids.23,25 As SL 3D printers use liquid resins to form 

materials, catalysts with polymerizable functional groups can be easily incorporated into 

the resin, which results in the direct fabrication of functional materials. 

 Recently we present the first example of this methodology for the production 

of inherently photocatalytic 3D printed flow reactors (Figure 3.4A).12 However, we 

identified several issues and failed to take full advantage of the freedom of design offered 

by AM. Herein, we address those issues and have utilised AM’s freedom of design to 

fabricate intricate structures with potential for static mixing functionality.  

 

 

 

Figure 3.4:  Comparison of  (A) disadvantages of previously reported SL manufacture of flow 

reactors and (B) advantages of the SL manufactured functional monoliths presented in this work.  
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Four unique monolith structures have been fabricated and compared for 

efficiency, as well as analysing their effect on mixing performance through residence time 

distribution (RTD) studies (Figure 3.4B). The materials were then successfully applied as 

singlet oxygen (1O2) generators for the conversion of 2-furoic acid (3.1, Scheme 3.2) to 

the γ-lactone, 5-hydroxy-5H-furan-2-one (3.2, Scheme 3.2), in continuous flow.   

       

3.6 Material and methods  

3.6.1 Design and fabrication of monoliths 

Following our previous ‘proof of principle’ study on the SLA fabrication of 

a photoactive microfluidic device, we identified some obstacles that we wished to address 

in this report.12 Primarily, the irradiation of the 3D printed surface in contact with the 

reaction solution was suboptimal in the microfluid device, as the external surfaces of the 

reactor also contained photocatalyst which attenuated a significant amount of the incident 

irradiation, limiting the efficiency of the device. To overcome this, we have designed 

monolithic structures that are compatible with a fixed bed reactor, such that the surfaces 

in contact with the flowing reagents are directly exposed to the irradiation. We also 

wished to demonstrate and take full advantage of the freedom of design offered by 3D 

printing. Hence, four cylindrical monolith designs were produced with increasingly 

intricate designs. D1 has a simple two-dimensional channel structure, parallel and 

perpendicular to the long axis of the monolith. D2 is identical to D1, except the 

perpendicular channels are removed, forming a typical honeycomb type monolith design. 

The Voronoi and Gyroid designs are more complex, generated from a pseudo-random 

lattice and periodic lattice, respectively (Figure 3.5). Details of the designs and their 

generation can be found in the Supporting Information (see Section 3.10.4). 

 

3.6.2 Optimisation of printing parameters for varied photocatalyst loadings 

The commercial SLA resin used was Formlabs Clear Resin (FLGPCL05, 

Formlabs Inc., Somerville, MA, USA), which is composed of a urethane dimethacrylate 

(55-75%), methacrylate monomer(s) (15-25 %) and photoinitiator (<0.9%) (Scheme 3.1). 

We chose to use 4,7-di(4-vinyl)phenylbenzo-2,1,3-thiadiazole (St-BTZ, Scheme 3.1) as 

a photocatalyst monomer, as the vinyl groups are compatible with the acrylates resin 

during the photopolymerization process (Scheme 3.1). Details of the St-BTZ monomer 
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synthesis and characterisation can be found in the Supporting Information (see Section 

3.10.2).   

 

Figure 3.5:  Computer-aided design (CAD) diagrams of the 4 different monolith designs with key 

geometric parameters (L = length, W = Width, V = internal volume, SA = surface area).  

 

 

Scheme 3.1  Structure of St-BTZ and representative structures of methacrylate, urethane 

dimethacrylate and photoinitiator molecules which are the major components of the commercial resin. The 

exact structures are a trade secret and hence the identity of the photoinitiator, R-groups and chain lengths 

are unknown. A representative structure of the printed polymer material P(St-BTZ) is also given. Dashed 

bonds indicate a continuation of the polymer chain structure with any of the three monomer units, or a 

terminal capped with photoinitiator, in proportions respective of the resin composition.    
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3D printed prototypes were produced using a digital light processing (DLP) 

printer (PICO 2HD 27UV, Asiga). The LED system of the DLP printer irradiates at 385 

nm, which the St-BTZ monomer also absorbs (vide infra). This seems intuitively 

problematic; however, this can reduce over-irradiation and improve printing resolution. 

To account for this, we first assessed the effect of the photocatalyst additive on the 

polymerisation kinetics via double bond conversion (DBC) rates. Real-time FT-IR 

spectroscopy was used to monitor the C=C stretching frequency of the vinyl and acrylate 

monomers around 1620-1650 cm-1 as a function of time, while the sample was irradiated 

at 365 nm. The change in absorption intensity can be used to calculate DBC following 

Equation 3.1. 

 

DBC = [
A0−At

At
] × 100                                               (3.1) 

 

Where the DBC is proportional to the initial absorption intensity before 

irradiation (A0) and the absorption intensity after a given irradiation time (At). An example 

of the depleting signal intensity over time during irradiation is given in Figure 3.6A for 

the native resin with no St-BTZ additive. The effect of increasing St-BTZ concentration 

on the polymerisation kinetics is shown in Figure 3.6B. Individual absorption traces for 

each of the concentrations can be found in the Supporting Information (see Section 

3.10.3). 

 

 

 

Figure 3.6:  A) Real-time FTIR spectra of Formlabs Clear resin with 0 wt.% St-BTZ. B) DBC (%) 

vs. time trace for various St-BTZ wt.% loadings.   
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Addition of St-BTZ caused an increase in both the rate of polymerisation and 

the overall DBC value obtained. The trend between rate, DBC and St-BTZ wt.% was 

relatively linear, except for 0.19 wt.% St-BTZ which had the fastest kinetics and highest 

overall DBC. We attribute this to be due to a balance between light attenuation and 

photosensitised acceleration of the photo-polymerisation.26,27    

   

3.7   Results  

3.7.1 Photophysical characterization 

St-BTZ displays a broad absorption profile in the range of 350−450 nm, with 

a maximum absorption intensity (λmax) at approximately 380 nm (Figure 3.7A).28 This is 

almost perfectly aligned with the 385 nm light source of the DLP printer used for device 

fabrication. Adding St-BTZ to the resin resulted in an increase in absorption around the 

350−450 nm region. The peaks of the native resins are still visible up to 0.19 wt.%. At 1 

wt.%, the light attenuation of the sample becomes too great, and the definition of the 

profile is lost. Thin films of the 3D printed material were fabricated and analysed by solid-

state UV-Vis. spectroscopy for comparison. The solid samples showed an increasing 

absorption intensity around the 350-500 nm region with increasing St-BTZ 

concentration, as shown in Error! Reference source not found.3.7B. 

 

 

Figure 3.7: UV/vis absorption spectra of (A) Formlabs Clear resin with different St-BTZ concentrations 

(IPA) and (B) Solid-state UV-Vis. absorption spectra of 3D printed films with various St-BTZ 

concentration. The solution-state absorption spectrum of the St-BTZ monomer (CHCl3) is shown as a 

dashed, light-blue line in both graphs for reference, with the Y-axis shown on the right.  

 

The λmax undergoes a bathochromic shift with increasing St-BTZ 

concentration, comparable to the maximum absorbance wavelength (420 nm) reported by 

Tobin et al. for poly(styrene-co-DVB-co-(St-BTZ)).28  The spectral profile of the 1 wt.% 
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St-BTZ film deviates from the other samples, showing a far greater bathochromic shift 

in absorption maximum to 440 nm and the emergence of an absorption from 500-600 nm. 

We found that higher St-BTZ content exceeded the solubility limit, leading to 

aggregation of the photocatalyst monomer. These macroscopic aggregates were visible in 

the printed films and altered the absorption profile through light scattering. Following 

these results, 0.19 wt.% of St-BTZ was concluded as the optimal loading for providing 

the highest concentration of photosensitiser whilst maintaining a homogeneous resin 

mixture.  

 

3.7.2 Monolith fabrication and RTD analysis 

We proceeded to optimise the curing parameters for the photocatalyst-doped 

resin within the DLP printer, the results of which are tabulated in the Supporting 

Information section (see Table S3.3). To confirm our results from the real-time FT-IR 

kinetic analysis described previously, we printed prototype structures with each of the 

resins and found that the higher wt.% loadings required significantly higher exposure 

times (c.f. 0 wt.% optimised exposure time = 0.68 seconds, vs. 1 wt.% optimised exposure 

time = 9 seconds). After printing and washing in iso-propanol, the monoliths were post-

cured for one hour via Asiga Flash UV post-curing chamber (type DR-301C, 36 W, 

365 nm, Asiga). This shows that despite the enhanced kinetics of the polymerisation in 

the presence of photocatalyst, the subsequent light attenuation of the photocatalyst at 

greater curing depths did require a greater energy dose for successful printing, consistent 

with our previous report using an SLA printer.12     

We then fabricated the designs described in the first section using our 

established optimal loading of 0.19 wt.% St-BTZ. Images of the cured monolith 

structures can be seen in Figure 3.8A. The printed monoliths pleasingly displayed the 

yellow colour of the St-BTZ monomer and showed no obvious defects or inhomogeneity. 

The fluorescence of the material was observed qualitatively by irradiating with a UV 

lamp, which also showed a uniform emission throughout the fabricated monoliths (Figure 

3.8B). The finer details of the prints were observed under a microscope with a calibrated 

scale (Figure 3.8C & 3.8D), revealing the channel void spaces of the D2 and Voroni 

monoliths were within 20% error of the intended designs following the post-curing 

process (c.f. 874 µm vs. 750 µm). 

 



Chapter 3: Additive Manufacturing of Intricate and Inherently Photocatalytic Flow Reactor Components 

 

188 

 

 

Figure 3.8: (A) 3D printed and cured photo-active monoliths with 0.19 wt% St-BTZ concentration. (B) 

Image of the monoliths under long-wave UV irradiation, showing the blue glow of the incorporated St-

BTZ monomers (from top to bottom: D1, Gyroid, Voronoi, D2). (C) Microscope image of the Voroni 

monolith with length (L) of a diamond shaped void given for reference. (D) Microscope image of a cross 

section of the D2 monolith with channel diameter (D) given for reference.  

 

The qualitative analysis of RTD can be used to detect the deviations from 

ideal plug flow and mixed flow behaviours, which can be caused by stagnant regions, 

channelling, and recycling of fluid. We proceeded to test the monolithic structures effect 

on the residence time distribution (RTD) for a single-phase solution flow stream and 

biphasic solution-gas flow stream at varying flow rates. This study was performed using 

an optical tracer (methyl orange) in the solution phase and monitoring the absorption 

intensity of the outflow stream. A detailed discussion of the RTD experimental procedure 

and parameter derivations can be found in the Supporting Information (see Section 

3.10.6), and the RTD profiles obtained are displayed in Figures 3.9 & 3.10. RTD is 

frequently described by the mean residence time (τ), variance (σ2) and reduced variance 

(σθ
2), which were obtained and are displayed in the Supporting Information (see Section 

3.10.6). 

 

D= 874 um 

L= 1.9 mm 

L= 1.3 mm 

B) 

D) C) 

A) 
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Figure 3.9:  Comparison of residence time distribution of the monolith designs – a) RTD and b) 

normalized RTD curves at the liquid flowrate of 0.1 mL min-1; c) RTD and d) normalized RTD curves at 

the liquid flowrate of 0.5 mL min-1; e)  RTD and f) normalized RTD curves at the liquid flowrate of 1 mL 

min-1. 

 

In case of the single-phase liquid flow, the pulse response is broad and non-

symmetrical, with the presence of tailing. This represents a flow pattern between plug 

flow and laminar flow at all flowrates (0.1, 0.5 and 1 mL min-1), as shown in Figure 3.9. 

As expected, the D2 design provided the shortest mean residence time compared to other 

monolith designs (τ = 20.6 min at 0.1 mL min-1; τ = 4.9 min at 0.5 mL min-1 and τ = 2.6 

min at 1 mL min-1), concurrent with D2 possessing the lowest internal volume of all the 

monolith structures. The normalised RTD (E(θ)) curves (Figure 3.9B, 3.9D & 3.9F), 
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which are independent of reactor size, were nearly identical at the flow rate of 0.5 mL 

min-1 for all 4 monolith designs. The E(θ) curves show an early peak and the presence of 

tailing, indicating back mixing due to a parabolic flow profile, which is associated with 

laminar flow.20,29  When the flowrate was increased to 1 mL min-1, the D2 and Voronoi 

designs showed slight deviations as the peak shifted to the left of the mean residence time 

(θ = 1) and exhibiting an increase in the spread of the curve, highlighted by an increase 

in σθ
2 (see Table S3.4). At the flow rate of 0.1 mL min-1

, D2 significantly shifts away from 

θ = 1, indicating a significant increase in stagnant regions.20,30 

Performing the same analysis with a biphasic flow of gas and liquid provided 

similar results; all monolith designs provided near identical normalised RTD profiles 

(Figure 3.10). Compared to single-phase flow, the maximum E(θ) values were shifted to 

slightly lower θ values in the biphasic flow system and the form of the RTD profiles had 

changed. This indicates presence of bypassing and dead zones, which reduces the 

effective reactor volume, so the active reactor volume (available for liquid phase flow) is 

smaller than expected.21 

 

Figure 3.10:  Comparison of residence time distribution of the monolith designs – a) RTD and b) 

normalized RTD curves at the liquid flowrate of 0.5 mL min-1and gas flowrate of 1.6 mL min-1; c) RTD 

and d) normalized RTD curves at the liquid flowrate of 1 mL min-1 and gas flowrate of 2.3 mL min-1. 
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3.7.3 Singlet oxygen photosensitisation efficiency 

We proceeded to test the efficiency of the fabricated monoliths for singlet 

oxygen (1O2) photosensitisation, using the oxidation of aqueous 2-furoic acid (3.1, 

Scheme 3.2) as a model reaction to gauge efficiency. The mechanism of generating 

photosensitised singlet oxygen is well studied and proceeds as illustrated in Scheme 

3.2.1,31,32 More detailed discussion of the mechanism can be found in the Supporting 

Information (see Section 3.10.8). Unlike other reactive oxygen species, 1O2 is a singlet 

multiplicity, non-radical species which imparts much greater chemoselectivity for (2n)π 

systems, such as alkenes, dienes and heteroatoms. For 5-membered aromatic heterocycle 

substrates, such as 3.1, singlet oxygen reacts exclusively via an Alder-ene [4 + 2] 

cycloaddition to give the endoperoxide 3.I.33 This unstable intermediate readily 

decarboxylates and ring-opens the endoperoxide. Subsequent protonation and 

decarboxylation yields the γ-lactone product, 5-hydroxy-5H-furan-2-one 3.2.1,34  

 

 

Scheme 3.2:  Mechanism of singlet oxygen photosensitisation by P(St-BTZ) and subsequent oxidation 

of 2-furoic acid 3.1 to γ-lactone, 5-hydroxy-5H-furan-2-one 3.2. +hν = photon absorption, -hνf = 

fluorescence photon emission, ISC = intersystem crossing, TTA = triplet-triplet annihilation.   

 

The lifetime of 1O2 is highly dependent on solvent and temperature due to 

electronic-to-vibrational energy transfer facilitating non-radiative decay back to the 3O2 

ground state.35,36 Counterintuitively, we elected to use water as the solvent in our system, 

which provides the lowest singlet oxygen lifetime of all common laboratory solvents (3.1 

μs).37 This was for a few reasons: (i) water is considered a green solvent, (ii) substrate 

3.1, product 3.2 and 3O2 have good solubility in water, (iii) the monolith polymer 

materials are relatively hydrophobic, such that water will not cause the monoliths to swell 
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and distort the structures, (iv) photosensitised singlet oxygen is a promising candidate for 

environmental remediation of waste water.38–40  

We screened the performance of the four monolith designs at three flow rates 

with a total cycling time of 3 hours. The results are presented in the Supporting 

Information (see Section 3.10.7), and a comparison of total conversion over 3 hours and 

space-time yields vs. flow rate for each design is presented in Figure 3.11. 

 

Figure 3.11:  Influence of the flowrate on the conversion of furan 3.1 to lactone 3.2 using 3D printed 

monolith photocatalysts and their space-time yield (STY). Reactions were cycled in a continuous loop 

through the reactor for a total of 3 hours. The net flow rate is the combined flow rate of the gas and solution 

phases from their respective pump. In all cases, the flow rate of gas and solution were equivalent. 

 

All designs were capable of photosensitising singlet oxygen and subsequently 

producing 3.2. As was anticipated, the D2 monolith provided the lowest conversion and 

STY across all three flow rates, except for 1 mL/min at which D2 surpassed the Gyroid 

designs conversion by 1%, which is within the error of the 1H NMR analysis. D1 and 

Voronoi proved to be the optimal designs as they maintained the highest conversion 

across all flow rates. As the experiments were performed with continuous recycling of 

the same reaction mixture, the total residence time and light exposure is constant for all 

flow rates and designs (180 minutes). Hence, we can assume that the difference in 

productivity between designs is entirely dependent upon the surface area, fluid dynamics 

and the efficiency of photon transport through the structures. D1, Voronoi and Gyroid 

achieved the highest conversions and STYs at the lowest net-flow rate tested. This was 

counter-intuitive as usually static mixing elements will display better mass transport and 

0

10

20

30

40

50

21

 D1

 D2

 Voronoi

 Gyroid

 Bars = Conversion

 Lines & Symbols = STY

Net Flow Rate (mL min-1)

C
o

n
v
e
rs

io
n
 (

%
)

0.2
0

1

2

S
T

Y
 (

m
m

o
l 
m

-2
 h

-1
)



Chapter 3: Additive Manufacturing of Intricate and Inherently Photocatalytic Flow Reactor Components 

 

193 

 

increased gas-liquid interfacial area at higher flow rates.41 We propose as the total 

irradiance time for each flow rate is constant, the lower flow rate is providing the best 

fluid dynamics and distribution of the gas and liquid phases, leading to the enhanced 

productivity.  

D2 followed the trend expected for a static mixing element, however the 

magnitude of the enhancement between 0.2 and 1 mL/min was surprising. In fact, at the 

fastest net-flow rate of 2 mL/min, D2 had a higher space-time yield than the more intricate 

designs at either 1 or 2 mL/min. Rationalising this was not immediately obvious, 

however, Billet and co-workers reported that traditional ‘honeycomb’ monoliths display 

maldistributed gas-liquid flow dynamics depending on flowrate.22 At low flow rates, the 

distribution of the liquid phase is concentrated to the center channels, and at higher 

flowrates the distribution is more uniform.  We believe that this same effect is occurring 

within the D2 monolith design as these forms a logical rationale for our experimental 

observations: The channels of the D2 design were contained within a cylinder such that 

photons had to pass through a solid layer of P(St-BTZ) material to activate the channel 

surfaces. As can be seen in Figure 3.8, the wall thickness between the outer channels and 

the monolith exterior are relatively thin and transparent, whereas the internal channels are 

completely masked by the outer layers, and likely receive very little irradiance. The RTD 

analysis of the D2 monolith for the monophasic liquid flow at 0.1 mL min-1 was 

suggestive of this effect, unfortunately the biphasic RTD profile could not be obtained at 

such low flow rates due to the long residence time of gas slugs in the spectrometer. We 

instead fabricated the D2 monolith using the native clear resin and repeated the RTD 

analysis without the spectrometer, in an attempt to visualize the maldistribution as the 

tracer passed through the immobilized monolith. Gratifyingly, this effect was easily 

observed and captured with a camera (see Figure S3.2). The tracer could be clearly seen 

passing through a single channel of the monolith as primarily a single phase, whilst other 

channels remained relatively stagnant. This confirmed our speculation of maldistribution 

and supports our rationalisation of the photosensitisation efficiency of the D2 monolith at 

varied flow rates.  

In all cases, the efficiency of these reactors was significantly greater than the 

flow reactor published in our previous study, which obtained 5% conversion of 3.1 to 3.2 

in 5 hours, under near identical conditions.12       
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3.8   Conclusions 

This study has demonstrated stereolithographic additive manufacturing as a 

methodology for the rapid prototyping of flow reactor components. Functional materials 

were produced in situ through addition of a photocatalytic monomer to a commercial 

resin, enabling fabrication of heterogeneous photocatalysts. Despite the St-BTZ 

monomer having significant spectral overlap with the DLP printers’ light emission, stable 

monolithic structures with photocatalytic ability were successfully fabricated through 

printing parameter optimisation. Successful incorporation of St-BTZ was confirmed by 

solid-state UV-Vis. spectroscopy and allowed the determination of 0.19 wt.% as an 

optimal loading to balance solubility, light attenuation, and accelerated polymerisation 

kinetics within the resin. All fabricated monolith designs were capable of producing 

photosensitised singlet oxygen in continuous flow which was proven through the 

conversion of 2-furoic acid 3.1 to the γ-lactone, 5-hydroxy-5H-furan-2-one 3.2. The 

effects of monolith structure and flow rate were investigated with surprising results, 

finding that the simplest design, D2, provided the highest space-time at high flow rates. 

We propose that maldistribution of the flowing gas and liquid phases was the productivity 

limiting factor in these designs, rather than mass transfer at the monolith surface. This 

study demonstrates the ability of AM to rapidly fabricate reactor prototypes that are 

neither commercially available, nor easily produced through conventional manufacturing 

methods. This is a promising technology for the development of bespoke, multi-

functional, flow reactor components for continuous production of fine chemicals through 

heterogeneous photocatalysis, with enhanced sustainability as the product purification 

requirements are reduced and the catalyst is easily recycled.1,42,43 Furthermore, the 

development of easily manufactured and efficient heterogeneous photosensitisers for the 

generation of singlet oxygen in aqueous media is an auspicious move towards tackling 

significant issues within wastewater remediation. This includes the degradation of 

aqueous dyes and active pharmaceutical ingredients from industrial and urban wastewater 

sources, and the destruction of water borne pathogens to provide safe drinking water, 

using a mild and visible light (solar)-powered methodology.1,40,44–46 

 

3.9   Impact of Research and Future Work 

This work provided a new example of the versatility of processing 

heterogeneous photocatalyst materials in different formats. Previous work within the 
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group had shown how traditional polymer synthesis could form polymer-supported 

photocatalyst materials as powders, beads, or monoliths.28,47,48 However, the freedom of 

design offered by additive manufacturing gives unparalleled control over the macroscopic 

morphology of the heterogeneous photocatalyst. This enables the direct fabrication of 

heterogeneous photocatalysts with additional functionality: in this case, as components 

for influencing the fluid dynamics of flow reactors.  

Although these designs were a significant improvement on the initial proof-

of-concept work reported by our group,12 there are still flaws that could be overcome in 

future designs (Figure 3.12). Primarily, these designs featured large internal spaces that 

were not under direct irradiation from the light source, reducing the efficiency of the 

photosensitisation process and rendering parts of the design redundant with respect to the 

photosensitisation reaction. Additionally, the significant change in free volume from the 

flow reactor tubing to the fixed bed reactor prevented good plug flow character and 

mixing of the gas and liquid phases, leading to dead zones and low interfacial surface area 

within the reactor. Collectively, these flaws contribute to a broad RTD response curve 

which results in poor mixing control and non-uniform irradiation exposure within the 

reactor. This is especially problematic when the reactants or products are not photostable 

and over irradiation could lead to degradation.   

Both of these flaws could be addressed by designing monoliths with no 

internal void space that is shielded from the external light source. Designs based on a 

solid cylinder with modified surface structure would ensure that gas and liquid flow 

between the walls of the fixed bed reactor and monolith design, providing the greatest 

possible light exposure and ensuring all flow paths are actively and uniformly irradiated. 

This would also greatly reduce the free volume of the reactor, likely enhancing plug flow 

character and maintaining separation of gas and liquid phases in smaller slugs.  

The outcomes of this project have been the inspiration for new research 

projects within our group, aiming to design more efficient monolith structures based on 

the example presented in Figure 3.12. Additionally, the design of 3D printed 

photocatalytic materials as bespoke reactionware for photocatalysis and flow chemistry 

was the primary focus of a European Research Council grant proposal that reached the 

final stage of the process and was placed on the reserve list. The grant is currently being 

reformatted for submission to the Engineering and Physical Science Research Council. 
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Figure 3.12:  Illustration of flaws with the current monoliths and suggested advantages of future 

monolith designs featuring surface-patterned solid cylinders. 

 

 

3.10 Supporting Information 

3.10.1 Instrumentation and characterization  

3D printed prototypes were produced using digital light processing (DLP) 

printer (PICO 2HD 27UV, Asiga) equipped with a 385 nm LED.  1H NMR spectra were 

recorded on a Bruker AVIII 300 spectrometer at 300.1 MHz at ambient temperature in 

either deuterated chloroform (CDCl3) or deuterated water (D2O). Solution-state UV-Vis. 

spectra were recorded on a Perkin Elmer Lambda 35 spectrometer with 10 mm quartz 

cuvettes. Solid state UV-Vis. spectra were recorded on a Perkin Elmer Lambda 35 

spectrometer equipped with a 50-mm machined Spectralon® integrating sphere. Real-

time FT-IR was used for the photopolymerization studies, performed in the Nicolet iS5 

FT-IR with a built-in mid- and far-IR attenuated total reflection (ATR) diamond. 

Photosensitization reactions were carried out in a commercial photochemical flow reactor 

equipped with an LED array emitting a wavelength at 420 nm with 24 W radiant power 

(easy-Photochem, Vapourtec Ltd.). 
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3.10.2 Synthesis of photosensitizing copolymer via stereolithography  

 

 

Scheme S3.1 Synthesis of 4,7-distyrene-2,1,3-benzothiadiazole (St-BTZ) 

 

 A photoactive monomer, 4,7-distyrene-2,1,3-benzothiadiazole (St-BTZ), 

was synthesized following the process described in detail in a previous study (Scheme 

S3.1).28 In short, 4,7-dibromobenzo[1,2,5]thiadiazole (147 mg, 0.5 mmol), 4-

vinylphenylboronic acid (148 mg, 1 mmol), and Pd(PPh3)4 (17 mg, 0.015 mmol) were 

dissolved in 40 mL of degassed THF in a 2-necked round bottom flask (oven dried) 

connected to a condenser. The mixture was further degassed with a flow of N2. K2CO3 

(140 mg, 1 mmol) dissolved in 5 mL of deionised water and degassed for approx. 10 

minutes before being added through a syringe to the organic solution. The mixture was 

heated at 70 °C for 16 hours. The reaction mixture was allowed to cool to room 

temperature before adding approx. 40 mL of water and transferring to a separating funnel 

before extracting with 50 mL of CH2Cl2. The organic layer was washed 3 times with 

water and dried over Na2SO4 before concentrating in vacuo. The crude product was 

purified by silica gel column chromatography with a 6:4 (hexane:CH2Cl2) mixture as 

eluent. The product was analysed by 1H NMR spectroscopy and the structure was 

confirmed by comparison with literature.28 The product collected as a crystalline yellow 

solid (95 mg, 0.28 mmol, 56%). 

1H NMR 1H NMR (300 MHz, CDCl3) δppm 7.96 (~d, J = 8.3 Hz, 4H), 7.80 

(s, 2H), 7.65 – 7.54 (m, 4H), 6.82 (dd, J = 17.6, 10.9 Hz, 2H), 5.86 (dd, J = 17.6, 0.9 Hz, 

2H), 5.33 (dd, J = 10.9, 0.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δppm 154.1, 137.7, 

136.8, 136.4, 133.0, 129.4, 127.9, 126.5, 114.5. 
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Resin mixtures with 0.075, 0.19 and 1 wt.% loading of St-BTZ were prepared 

by adding appropriate quantities to commercial Formlabs Clear resin. The resulting 

mixture was made homogeneous, facilitated ultrasonic irradiation for 2 hours, until a 

homogenous light green mixture was obtained. 

 

3.10.3 Real-time FT-IR kinetics  

Real-time FT-IR spectroscopy was used to monitor the C=C stretching 

frequency of the vinyl and acrylate monomers around 1620-1650 cm-1 as a function of 

time, while the sample was irradiated at 365 nm. The change in absorption intensity can 

be used to calculate DBC following Equation S3.1. 

 

                             DBC = [
A0−At

At
] × 100                                           (S3.1) 

 

Where the DBC is proportional to the initial absorption intensity before 

irradiation (A0) and the absorption intensity after a given irradiation time (At). After 60 

seconds of irradiation with the UV light (1.2 mW cm-2), around 40% of monomers were 

polymerized in the native resin. This behaviour is common in methacrylate resins, which 

generally exhibit slower polymerization kinetics compared with acrylate and vinyl ether-

based monomers, as was demonstrated by Decker et al.49 Addition of St-BTZ to the resin, 

increased both the rate and overall extent of the DBC, with 1 wt.% St-BTZ achieving 

47% after 60 seconds of UV irradiation. The effect was relatively linear, as shown in 

Figure S3.1B. 

0.19 wt.% St-BTZ concentration deviated from the trend, as the DBC value 

of 48% was obtained after 60 seconds, similar to the DBC achieved with 1 wt.% St-BTZ. 

This could be attributed to the fact that at higher St-BTZ concentrations, the penetration 

depth of the resin decreases significantly, therefore the resin that is located beyond the 

penetration depth receives less light irradiation. The increase in DBC values with the 

increase in St-BTZ concentration suggests that the co-polymerization between the 

methacrylate-based resin and the St-BTZ monomer does take place. From Figure S3.1B, 

it can also be observed that the addition of St-BTZ results in an increase in the 

photopolymerization rate, represented by the slope of the DBC curve. Oxygen inhibition 

is a common step in free-radical polymerization and has an impact on the initiation and 
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propagation rates.26 Shenoy and Bowman demonstrated a method of suppressing the 

oxygen inhibition with the use of a singlet oxygen photosensitizer to excite oxygen at a 

rate exceeding the initiation rate to promote the reaction of ground state oxygen with the 

photosensitizer.27 We have previously demonstrated St-BTZ’s efficacy as a 

photosensitiser for singlet oxygen generation, so it is likely that the same effect reported 

by Shenoy and Bowman is contributing to our observed rate enhancement with increasing 

St-BTZ concentration.28  Photosensitisers are common additives used in free-radical 

polymerisations, as they can undergo energy transfer process with photoinitiator species 

within the system. This improves and controls the initiation step of the polymerisation, 

and often permits use of longer wavelength irradiation to drive the reaction compared 

with the direct photolysis of the photoinitiator. This is another likely explanation for our 

increased kinetics.  

 

 

 

 

Figure S3.1:  Real-time FTIR spectra of Formlabs Clear resin with a) 0.075 wt.% St-BTZ; b) 0.19 

wt.% St-BTZ; c) 0.5 wt.% St-BTZ and f) 1 wt.% St-BTZ. 
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3.10.4 Monolith design parameters  

The first design, termed D1, was a cylinder-shaped monolith, designed with 

a pore diameter of 750 μm, internal volume of 1 mL and a surface area of 4533 mm2. The 

second design, D2, was an iteration of D1 with straight-through parallel channels, 

produced for comparison. Both D1 and D2 were designed in NX11 (Siemens), with the 

dimensions of each channel (parallel and cross sectional) set to 750 μm. The Voronoi 

monolith was designed in Element (nTopology) using stochastic lattice generation to 

create a pseudo-random lattice (Voronoi pattern) with tuned densities and pore sizes. The 

strut thickness was set to 400 μm, whilst the mean cell diameter was 790 μm (min cell 

diameter = 595 μm and max cell diameter = 1 mm). The Gyroid lattice design was based 

on a triply periodic minimal surface (TPMS). A unit cell was created and exported using 

Matlab, by generating 3D surfaces as the solution of level-set function, Φ, such that Φ = 

c = 0: 

   𝜑𝐺(𝑥, 𝑦, 𝑧) = cos(𝑤𝑥) sin(𝑤𝑦) + cos(𝑤𝑦) sin(𝑤𝑧) + cos(𝑤𝑧) sin(𝑤𝑥) = 𝑐     (S3.2) 

The Gyroid unit cell was subsequently uploaded to the unit cell library in 

Element (nTopology) which in turn was used to generate the monolith structures (Figure 

2). The comparison of the 4 designs in terms of surface area-to-volume ratio (SA:V) is 

presented in Table S3.1. 

 

Table S3.1: Comparison of monolith designs  

Monolith 

design 

Internal volume 

(mL) 

Surface area 

(mm2) 

Surface-area-to-volume ratio 

SA:V (mm-1) 

D1 1 4537 4.5 

D2 0.464 2492 5.4 

Voronoi 1.15 4400 3.8 

Gyroid 0.878 4759 5.4 

 

The fabricated monoliths were rinsed with IPA to remove excess resin from 

the material surface before irradiating with a UV-A lamp for one hour.  The diameters of 

the finished monoliths were measured with callipers and compared with the initial designs 

intended diameter, the results of which are presented in Table S3.2. 
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Table S3.2: The effect of shrinkage on the dimensions of monolith designs fabricated with 0.075 wt.% St-

BTZ incorporated in Formlabs Clear resin  

Monolith 

Designed 

diameter / 

mm 

Measured diameter 

after 1 hr UV 

curing / mm 

Average 

diameter 

Deviation from 

design (%) 

D1 6.6 6.45 6.45 -2.27 

D2 6.55 6.44-6.45 6.445 -1.60 

Voronoi 6.68 6.44-6.45 6.445 -3.52 

Gyroid 6.4 5.7-6.6 6.15 -3.91 

 

3.10.5 Printing parameters  

The printing parameters were optimised for each of the resin formulations 

with varied wt.% loadings of St-BTZ monomer. Prototypes were printed with varied 

energy exposure until a suitable print was obtained. The established optimised energy 

exposure times are presented in Table S3.3. The St-BTZ monomers contribution to light 

attenuation required significantly higher energy exposure for successful printing. The 

increase in required energy exposure for increasing St-BTZ concentration was relatively 

linear, in accordance with the Beer-Lambert law.          

 

Table S3.3: Optimal printing parameter for Formlabs Clear resin with different St-BTZ concentrations 

3D printed in the Asiga PICO 2HD DLP printer   

St-BTZ 

concentration 
Layer type 

Intensity / 

mW cm- 2 

Exposure time / 

s 

Energy exposure / 

mJ cm- 2 

a0 wt.% 
Burn-in layers (1st) 30 20 600 

Normal layers (>1) 30 0.68 20.4 

a0.075 wt.% 
Burn-in layers (1st) 30 20 600 

Normal layers (>1) 30 0.68 20.4 

a0.19 wt.% 
Burn-in layers (1st) 30 30 900 

Normal layers (>1) 30 1.6 48 

b1 wt.% 
Burn-in layers (1st) 30 80 2413.6 

Normal layers (>1) 30 9 271.53 

a) Room temperature, b) 40 ºC 
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3.10.6 Residence time distribution (RTD) 

 Residence time distribution (RTD) curves were obtained by instantaneously 

injecting a tracer (UV absorbing species, methyl orange dye) into the reactor inlet stream, 

using a Rheodyne injection valve (7725i).  Deionized water was used as a solvent and 

was pumped using a peristatic pump (Cole-Parmer) which was connected to a liquid flow 

controller (L-5SCCM-D/5V Alicat Liquid Flow Meter for Water). The concentration of 

the tracer exiting a reactor, was monitored via UV-vis spectrometer (PerkinElmer 

Lambda 35), with the use of the quartz flow cell (Fireflysci). Since different monolith 

designs for photocatalytic applications are of interest in this project, the same 6.6 mm ID 

glass column (Omnifit) with one adjustable end, which was used in photooxidation 

reactions, was also used in the RTD studies. For the gas-liquid flow, the set-up was 

modified by feeding the air using a mass flow controller (MC-5SCCM-D/5M 5IN Gas 

Alicat Mass Flow Controller) to a T-junction where it was mixed with the solution before 

entering the column reactor. 

This can be achieved experimentally by using a pulse trace method to obtain 

the RTD profile, which is required to account for the nonideal flow by providing the 

information on the exit age distribution of the fluid stream leaving the reactor. In the pulse 

tracer method, RTD curve, also known as E(t) curve, can be defined as:20 

E(t) =
C(t)

∫ C(t) dt
∞

0

                                                                                (S3.3) 

assuming that the flow rate is constant. The integral of the denominator is 

obtained from the area of the C(t) curve. Proper RTD curve also must satisfy the material 

balance check:  

∫ E(t) dt
∞

0
= 1    (S3.4) 

  The mean residence time (t)̅ and the variance (σ2) of the residence time 

distribution profile are two important characteristic parameters of the E(t) curve, where t ̅ 

is the first moment of the RTD curve and is given by: 

t̅ =
∫ tC(t) dt

∞
0

∫ C(t) dt
∞

0

                                                           (S3.5) 

The second moment - σ2, is the measure of the spread of the E(t) curve and is 

useful for matching experimental curves to a family of the theoretical curves:20  
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σ2 =
∫ (t−t̅)2C(t) dt

∞
0

∫ C(t) dt
∞

0

                                                     (S3.6) 

  In order to compare the monolith designs independently of the mean 

residence times, the E(t) curve can be normalized by using experimentally obtained t ̅

values: 

θ =
t

t̅
                                                            (S3.7) 

E(θ) = t̅E(t)                                                                 (S3.8) 

Whilst dimensionless variance (σθ
2) can be defined as:20 

σθ
2 =

σ2

t̅2                                                        (S3.9) 

The values extracted from the RTD analysis for the properties described 

above are described in Table S3.4 and Table S3.5 for single phase liquid flow and biphasic 

gas-liquid flow, respectively. 

 

 

Table S3.4: Comparison of mean residences and variances obtained from RTD curves of different monolith 

designs in a single-phase flow 

Monolith design τ / min σ2 / min2 σθ
2 

 

Fliquid = 0.1 mL min-1 

D1 27 74.3 0.102 

D2 20.6 61.63 0.145 

Voronoi 29.1 93.5 0.11 

Gyroid 31 117 0.122 

 

Fliquid = 0.5 mL min-1 

D1 6.5 3.9 0.09 

D2 4.9 2.4 0.1 

Voronoi 5.7 3.1 0.093 

Gyroid 5.9 2.7 0.078 

 

Fliquid = 1 mL min-1 

D1 3 1.1 0.119 

D2 2.6 1.3 0.196 

Voronoi 3.1 1.5 0.162 

Gyroid 3.1 0.9 0.095 
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Table S3.5: Comparison of mean residences and variances obtained from RTD of different monolith 

designs in a two-phase flow 

 

RTD analysis was attempted for the biphasic system at the lowest flow rate 

applied in the photosensitisation experiments, with an appropriate gas flow rate from the 

mass flow controller (MFC) to generate a liquid and gas slugs of equal length (Fliquid = 

0.1 mL min-1, Fgas = 0.3 mL min-1). The long residence time of gas phase within the 

spectrometer led to poor data collection that could not be analysed. However, the flow 

maldistribution at this low flow rate was clearly visible when a transparent analogue of 

the D2 monolith was used for the RTD analysis. Tracer was observed to only flow through 

a few internal channels of the design, whilst the majority remained stagnant. This was 

captured with a camera and is displayed in Figure S3.2. The observation rationalises the 

results of the photosensitisation experiments, as at low flow rates, the residence time of 

the flowing liquid is significantly lower than the theoretical value as only a couple of 

channels are active. Additionally, the active channels tended to be internal, which receive 

far lower irradiance than the external channels due to the additional surfaces that the light 

must penetrate.   

 

Monolith 

design 

Fliquid = 0.5 mL min-1; Fgas = 1.6 ml min-1 Fliquid = 1 mL min-1; Fgas = 2.3 ml min-1 

τ / min σ2 / min2 σθ
2 τ / min σ2 / min2 σθ

2 

D1 6.97 5.78 0.119 3.60 1.76 0.136 

D2 5.43 2.87 0.097 3.12 1.54 0.159 

Voronoi 7.02 6.31 0.128 3.63 1.59 0.121 

Gyroid 5.91 6.07 0.174 3.44 1.73 0.146 
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Figure S3.2:   Image of the D2 monolith design, printed in the native clear resin, during biphasic RTD 

analysis at the lowest flow rate attempted (Fliquid = 0.1 mL min-1, Fgas = 0.3 mL min-1). The flow 

maldistribution is clearly visible, as the tracer is flowing mainly through a single channel with mainly 

solution phase. The other channels have a greater distribution of gas and liquid phases but remained 

relatively stagnant.   

 

3.10.7 Singlet oxygen assisted photooxidation reactions   

   2-Furoic acid 3.1 (11.2 mg, 0.1 mmol) was dissolved in 5 ml of deionized 

water. Oxygen was bubbled through the reaction mixture at 15 mL min-1 for 10 minutes. 

The reaction mixture was pumped through a 3D printed monolith fitted to a transparent 

Omnifit column, with oxygen being fed concurrently at the same flow rate (vide infra). 

The column was irradiated with a photochemical reactor equipped with a 420 nm LED 

array (24 W radiant power). The reaction was left to cycle for a period of time and the 

extent of conversion was measured via 1H NMR. The experimental flow setup is shown 

in Figure S3.3.  

The Vapourtec flow machine utilizes patented V3 pumps, which allow for 

feeding of gases directly from the gas inlet without the need for mass flow controller 

(MFC). Whilst a traditional peristatic pump runs at a steady rotation speed, in V3 the 
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exact rotational speed profile is a patented function of the flow rate, rotor position and 

pressure, ensuring that the steady state is reached. 

 

 

Figure S3.3: a) Flow set up for 1O2 generation via visible light irradiation of the 3D printed monolith 

incorporated with St-BTZ; b) commercial photochemical reactor equipped with an LED array emitting a 

wavelength at 420 nm with 24 W light output (easy-Photochem, Vapourtec Ltd.). 

   

3.10.8 Singlet oxygen photosensitisation efficiency 

We proceeded to test the efficiency of the fabricated monoliths for singlet 

oxygen photosensitisation, using the oxidation of aqueous 2-furoic acid (3.1, see Scheme 

3.2, Section 3.7.3) as a model reaction to gauge efficiency. The mechanism of 

photosensitisation proceeds as illustrated in Scheme 3.2, beginning with the absorption 

of a photon (+hυ) by the closed-shell, singlet ground state (S0) polymerised St-BTZ 

(P(St-BTZ)) photosensitiser. This causes an electronic transition from the S0 state to a 

higher order singlet excited state, which rapidly decays to the first excited singlet 

electronic state (S1*). P(St-BTZ) in the S1* state is then able to release the absorbed 

energy through fluorescent radiative decay (-hυf), or it may undergo a transition to the 

first excited triplet electronic state (T1*) via an intersystem crossing (ISC) process. This 

transition is spin-forbidden, however ISC is achievable and facilitated due to the mild 

spin-orbit coupling provided by the sulfur atom of the BTZ core. T1* P(St-BTZ) is 

trapped as the phosphorescent radiative decay (-hυp) is spin-forbidden and typically 

occurs on a timescale far longer than solution phase rates of diffusion and collision. 

Hence, the long-lived T1* P(St-BTZ) may encounter ground state triplet molecular 

oxygen (3O2) and undergo a triplet-triplet annihilation (TTA) energy transfer process, 
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yielding a photosensitised singlet oxygen (1O2) and returning P(St-BTZ) to its S0 ground 

state to complete the photosensitisation cycle. Photosensitised 1O2 is a potent electrophile 

as its singlet electronic state unlocks its oxidative potential on electron rich organic 

substrates. Unlike other reactive oxygen species, 1O2 is a singlet multiplicity, non-radical 

species, which imparts much greater chemoselectivity for (2n)π systems, such as alkenes, 

dienes and heteroatoms. For  

5-membered aromatic heterocycle substrates, such as 3.1, singlet oxygen reacts 

exclusively via an Alder-ene [4 + 2] cycloaddition to give the endoperoxide 3.I. This 

unstable intermediate readily decarboxylates and ring-opens the endoperoxide. The 

subsequent protonation yields the γ-lactone product, 5-hydroxy-5H-furan-2-one 3.2.  

 

 

Table S3.6: Performance of 3D printed monoliths (0.19 wt.% St-BTZ) in photooxidation of 2-furoic acid 

Monolith 

design 

Solution 

flow rate / 

mL min-1 

O2 flow 

rate / 

mL min-1 

2-furoic acid 

conversion / 

%a 

Conversion rate / 

mmol hr-1 

bSTY / mmol 

m-2 hr-1 

D1 

1 1 19 0.0063 1.39 

0.5 0.5 20 0.0067 1.48 

0.1 0.1 30 0.01 2.20 

D2 

1 1 12 0.004 1.61 

0.5 0.5 10 0.0033 1.32 

0.1 0.1 1 0.0003 0.12 

Voronoi 

1 1 19 0.0063 1.43 

0.5 0.5 20 0.0067 1.52 

0.1 0.1 31 0.0103 2.34 

Gyroid 

1 1 11 0.0037 0.78 

0.5 0.5 21 0.007 1.47 

0.1 0.1 29 0.0097 2.04 

Reaction conditions: 3.1 (0.1 mmol), DI H2O (5 mL), hυ (420 nm, radiant power = 24 W), cycle time = 3 hours, temperature = 50 ºC. 

a) Calculated by crude 1H NMR spectroscopy. b) space-time yields are calculated using the monoliths respective geometric surface 

areas in m2.     
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(Publication: Journal of Organic Chemistry, ACS) 

 

Figure 4.1 Graphical Abstract 
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C. Banks (CB): Installation and maintenance of the automated chromatography system 

used in the work; delivered training to C.G.T. on how to operate the flash chromatography 
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chromatography.   

M. Allen (M.A.): Provided access to equipment and consumables required to carry out 
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G. Barker (G.B.): Co-Supervised the Continuum Flow Lab facility where the work was 

performed.  
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A.-L. Lee (A.-L.L.) and F. Vilela (F.V.): Supervision of C.G.T.; acquisition of funding; 
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4.2  Background and Aims 

Development of new photocatalyst materials and their application in flow is 

important for improving process efficiency and reducing our dependency on diminishing 

transition metal resources, as highlighted in the previous chapters. However, the 

development and application of new enabling technologies to support heterogeneous 

photocatalysis in flow is also a promising route to increase their efficiency.1 In the 

previous chapters, we have demonstrated how in-line process analytical tools can enable 

rapid and reliable process optimisation, through in-line NMR,2 or control and study the 

fluid dynamics of a system, through additive manufacturing and residence time 

distribution analysis,3 respectively. However, as is true for most chemical synthesis, 

purification and isolation of the desired product is often the rate-limiting step. The 

automation of purification procedures in synthesis would significantly reduce manual 

labour and improve reproducibility as techniques such as column chromatography, can 



Chapter 4: Expanding the Tool Kit of Automated Flow Synthesis: Development of In-Line Flash 

Chromatography Purification 

216 

 

vary in yield and time substantially depending on the dimensions of the column used, the 

quality (size and shape) of the silica used, the method of loading the crude material 

(dry/wet) and the expertise of the chemist performing the separation.4,5 

Although most industries, including commodity chemicals, car manufacture, 

electronics, polymers, and food processing have evolved to assembly-line or continuous 

processing, the pharmaceutical chemical synthesis industry remains one of the last 

bastions of batch processing.6 In light of this, chemists and engineers have strived to 

develop fully automated synthesis platforms that can produce final compounds with 

minimal-to-no human intervention.7,8 Technologies such as this promise to fully automate 

routine synthesis, allowing chemists to redistribute this time to research. These 

technologies have also enabled access to synthetic products required by other disciplines 

of science, such as the automated synthesis of bio-oligomers such as oligopeptides, 

oligonucleotides and glycans.9  Another interesting application of fully automated 

synthesis platforms could be at-point-of-care synthesis of drug compounds that are no 

longer commercially available or are in short supply, by non-specialist organic 

chemists.10 

One of the limitations of these technologies is the complexity of automating 

purification procedures. Of the automated synthesis platforms discussed, purification 

often relies on crystallisation,11 filtration,10 primitive column chromatography (e.g. silica 

plugs), or general synthesis on a solid matrix.12  Within continuous flow systems, the most 

common forms of in-line purification are solid-phase extraction and phase separators.13 

The former applies functional materials, such as amberlyst resins, which can selectively 

remove impurities with functionalities that are orthogonal to the desired product (e.g., 

acidic, or basic residues).14 These strategies are efficient but have limitations with more 

complex, polyfunctional substrates and products, where a chemoselective strategy to 

remove impurities becomes more challenging. Additionally, these functional materials 

have a limited capacity and must either be regenerated or replaced after binding their 

capacity, generating waste. Phase separators enable continuous removal of gaseous 

reagents or by-products or enable fully continuous aqueous extractions by separating an 

organic and aqueous phase over a selectively permeable membrane.13 Flow systems have 

also seen the application of more advanced purification technologies applied for the 

isolation of target molecules directly from a flow synthesis feed: these have included in-

line simulated moving bed chromatography (SMBC),15 quasi-continuous multiple dual 

mode centrifugal partition chromatography (MDM-CPC),16 and semi-continuous 
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supercritical fluid chromatography (SCFC).17 Each of these systems is described in more 

detail in the Introduction (see Section 4.5) of the following publication. Each of these 

systems are interesting and have proven successful, however, recurring limitations of 

each of the systems include: (i) limited to the purification of binary mixtures or the 

isolation of a single component from complex mixtures; (ii) complex bespoke systems 

that are not easily accessible due to technological barriers to entry.  

It was surprising to us that whilst these more exotic examples of 

chromatography had been applied for in-line purification, the more commonly used 

automated flash column chromatography, to the best of our knowledge, had not. Hence, 

in this work we collaborated with Advion Interchim Scientific to develop a more 

accessible tool for automated flow synthesis: in-line flash chromatography. Our aims 

were to apply the pre-existing capabilities of the Interchim puriFlash 5.250 automated 

flash chromatograph to generate a parallel system of two chromatography columns, 

controlled by valves. By synchronising the rate of crude material production to the rate 

of purification, we envisaged that a fully continuous purification cycle could be achieved. 

Additionally, the sample queue function of the device enabled us to realise this process 

without any modifications or coding required, greatly enhancing the accessibility of this 

technology to the average synthetic chemist.  

         

4.3   Results Summary 

 The system was successfully developed as intended, and integration of the 

flow system to the chromatograph was facile as it did not require any tools or irreversible 

modification of either instrument – just a small plastic UNF-to-Luer adaptor. The initial 

objective was to prove the system was viable and that the stationary phase cartridges were 

durable. This was achieved through a proof-of-principle study, in which we generated a 

binary mixture of two compounds with relatively large differences in polarity. A suitable 

method was developed to separate the two components on normal-phase silica cartridges 

and then applied under continuous operation to validate the system. This study revealed 

multiple principles for how to efficiently minimise method duration for higher 

purification throughput, which are discussed in the publication (vide infra). Ultimately, 

the proof-of-principle study allowed us to demonstrate that the same cartridges could be 

reused a minimum of 50 times each (100 total purifications, 800 minutes of operational 

time) over a two-day experiment. 



Chapter 4: Expanding the Tool Kit of Automated Flow Synthesis: Development of In-Line Flash 

Chromatography Purification 

218 

 

Following the successful demonstration of the technology, we sought to apply 

the system in real chemical synthesis processes for the continuous production and 

isolation of fine chemicals. In line with our research interests, we chose two 

photochemical systems from literature: (i) a homogeneous photosensitised 1O2 oxidation 

of the amino acid, methionine,18 and (ii) a heterogeneous oxidative photoredox coupling 

of thiophenol to diphenyl disulfide.19 Both systems were ultimately purified by in-line 

reversed-phase flash chromatography, demonstrating the versatility of the system with 

respect to available stationary phases to facilitate difficult separations. The latter example 

also highlights how the system can be applied as an in-line process analytical tool for 

monitoring the steady-state conversion of heterogeneous catalyst beds. 

The final example system chosen was the esterification of ethylene glycol and 

benzoyl chloride which enabled us to demonstrate high productivity values of up to 9.9 

mmol/h, with concurrent isolation of a by-product at 7.7 mmol/h. Individually these 

productivities are competitive with previous reports of in-line chromatography, and when 

considering their combined productivity, exceeds them.       

The following section are taken from the published manuscript and describe 

these results and findings in more detail. An additional section (Section 4.8) has been 

added between the conclusions and supporting information which describes the impacts 

of this work and potential future work.  
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4.4   Abstract 

Recent advancements in in-line extraction and purification technology have 

enabled complex multi-step synthesis in continuous flow reactor systems. However, for 

the large scope of chemical reactions that yield mixtures of products or residual starting 

materials, off-line purification is still required to isolate the desired compound. We 

present the in-line integration of a commercial automated flash chromatography system 

with a flow reactor for the continuous synthesis and isolation of product(s). A  

proof-of-principle study was performed to validate the system and test the durability of 

the column cartridges, performing an automated sequence of 100 runs over two days. 

Three diverse reaction systems that high-light advantages of flow synthesis were 

successfully applied with in-line normal- or reversed-phase flash chromatography, 

continuously isolating products with 97-99% purity. Productivity of up to 9.9 mmol/h 

was achieved, isolating gram quantities of pure product from a feed of crude reaction 

mixture. Herein, we describe the development and optimisation of the systems and 

suggest guidelines for selecting reactions well suited to in-line flash chromatography.  

 

4.5   Introduction 

Integration of advanced technologies to synthesis promises to intensify and 

accelerate chemical discovery. Utilising machine learning and robotics for discovery of 

novel functional materials,20–26 or automating reaction optimisation has been at the 

forefront of cutting-edge chemical research in recent years.7,27–32 Another motivation has 

been to develop automated synthesis platforms to carry out routine chemical synthesis, 

which is often a ‘rate limiting step’ in research discovery.8,10,33 As these technologies are 

still in their infancy, reported systems are typically inaccessible for most synthetic 

chemists in terms of both price and complexity. However, many of the same benefits can 

be obtained through application of continuous flow reactors.34 Flow chemistry is an 

enabling technology that has been shown to improve the efficiency of many reactions 

through unparalleled control of reaction conditions and enhanced mass transfer. 

Additionally, the high surface-to-volume ratio of flow reactor tubing provides excellent 

heat transfer and uniform irradiance of flowing solutions during photochemical 

transformations.34  

The modular nature of flow systems enables reactors to be placed in series, 

such that multistep reaction sequences can be performed in a single continuous process.35–
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37 Flow chemistry conveys an ideal scenario in which reactants are input to a flow process 

and pure product is output from the system, as illustrated in Figure 4.2A. An example of 

this was reported by Poliakoff, George and co-workers, who utilised a supercritical CO2 

(scCO2) flow system with an immobilised bifunctional Brønsted acid-photocatalyst for 

continuous synthesis of artemisinin.11 As scCO2 was vented from the system, the product 

crystallised and could be collected via filtration at the reactors output. However, many 

multi-step reaction systems in flow must be interrupted with intermediate work-ups and 

extractions to remove by-products before proceeding to the next reactor (Figure 4.2B).13 

The development of in-line solid phase extraction, liquid-liquid and liquid-gas separators 

has enabled the majority of these work-ups to be incorporated to a single continuous 

process (Figure 4.2C).13,38,39  

For the plethora of reactions that produce multiple by-products or isomers, 

the material collected at the system output will still require off-line purification, typically 

by column chromatography. In-line integration of chromatographic purification is, 

therefore, desirable to accelerate automated flow synthesis with continuous isolation of 

the final product (Figure 4.2D). 

 

 

 

Figure 4.2  Evolution of in-line purification for continuous flow synthesis. Inspired by a figure from 

reference 13. The grey and blue pipes represent reactors in a sequence. 
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HPLCs and UPLCs are commonly employed in continuous flow synthesis, 

but typically as on-line process analytical tools and not for product isolation.40–42 Ley and 

co-workers have reported the flow chemical synthesis of a library of imidazo[1,2-

a]pyridines as potential inhibitors of GABAA receptors, whilst using flow integrated 

frontal affinity chromatography for simultaneous evaluation of biological activity.43 

Surprisingly, reports of in-line continuous chromatographic purification are rare and 

typically involve more specialised and complex techniques (Figure 4.3).  

 

 

Figure 4.3  Graphical representation of the principles of previously reported in-line chromatography 

and the system presented in this work. BPR = back pressure regulator. 
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Seeberger, Seidel-Morgenstern and co-workers reported two papers on the 

continuous purification of 4-(5-fluoro-2-nitrophenyl)morpholine with simulated moving-

bed chromatography (SMBC).15,44 SMBC is limited to binary separations or systems in 

which the desired product is either the first or last to elute. In the latter case, only a single 

component is isolated while the rest co-elute as a raffinate. A few examples of SMBC for 

ternary and quaternary systems have been reported, however these required multiple 

SMBC systems working in tandem, which greatly increases the system complexity and 

expense.45–47  

Greiner, Örkényi and co-workers have utilised multiple dual-mode 

centrifugal partition chromatography (MDM-CPC) for the “quasi-continuous” 

purification of 4-fluoro-2-morpholinoaniline directly from a continuous flow synthesis 

feed.16 Through a similar methodology to SMBC operation, they achieved continuous 

purification of the desired compound by  switching the flow of eluent through a centrifuge 

to alternate between ascending or descending mode.  

Ley and co-workers reported a supercritical fluid chromatography (SCFC) 

system for the efficient separation of complex mixtures.17 The system utilised multiple 

columns in parallel with a series of valves to stagger the injection of crude material to 

each of the column lines, and consequently achieve a continuous stream of product eluting 

from each of the columns sequentially. The system was validated by continuously 

purifying the crude reaction mixture of two Appel reactions, performed in batch. 

Ultimately, the system was applied for the semi-continuous purification of 

isonicotinamide (pyridine-4-carboxamide) directly from a flow reactor output. The eluate 

containing the purified product was directly coupled to a second flow reactor system, 

enabling a telescoped flow synthesis of isoniazid, a medication for tuberculosis. The 

system required specialist equipment and a large amount of space. Additionally, the 

system required expertise in programming to automate sample injection, signal 

monitoring and fraction collection, presenting a barrier-to-entry with respect to system 

complexity. 

To the best of our knowledge, more commonly used, commercially available 

flash chromatography systems have not been integrated with continuous flow synthesis. 

We envisaged that continuous purification could be achieved by alternating between two 

chromatography systems in a sequence: whilst one system is being loaded with a feed of 

crude reaction mixture, the other is simultaneously engaged with an active 

chromatography run. By synchronising the duration of the chromatography method with 
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a suitable feed flow rate, continuous in-line flash chromatography purification could be 

achieved. 

Herein, we describe the development and application of this system for a 

selection of reactions in continuous flow, achieving continuous isolation of products with 

up to >99% purity by LC-MS analysis and in excess of grams-per-hour productivity. 

 

4.6   Results and Discussion 

4.6.1   System 1: Proof-of-principle and durability study 

The principle-of-operation for the integrated flow-flash chromatography 

system is illustrated in Scheme 4.1. The flow reactor system would be used to perform 

synthesis and deliver the crude reaction mixture directly to the injection port of the 

chromatograph. A 10-port valve system then directs the flow of crude material into one 

of two sample loops, denoted sample loop A and sample loop B, which are connected to 

columns A and B, respectively. The system is automated to run a sequence of methods, 

alternating between column systems A and B, which consequently redirects the feed of 

crude material to the sample loop that is not engaged with the active method. By 

synchronising the synthesis flow rate and method duration, the injected volume of crude 

material can be controlled. A more detailed schematic and description of the system is 

presented in the Supporting Information (see Section 4.14.1).   

In order to assess whether the integration of the two instruments was feasible, 

we performed a preliminary study with a binary mixture, which by design would provide 

facile separation. A stock solution of p-methoxyphenol (4.1, Scheme 4.1) and 1,4-

dibromo-2,5-dimethylbenzene 4.2, was prepared in a mixture of ethyl acetate and hexane 

(1:1, v/v). The concentrations of both 4.1 and 4.2 were 0.1 M, which could be 

representative concentrations for a variety of reactions.  

Chromatography method development was first performed off-line from the 

flow system, using 25 g normal-phase silica gel cartridges and an ethyl acetate-hexane 

eluent system (Figure 4.4A). As expected, 4.1 had a much higher affinity for the 

stationary phase than 4.2, providing facile separation of the two components.  

 

 



Chapter 4: Expanding the Tool Kit of Automated Flow Synthesis: Development of In-Line Flash 

Chromatography Purification 

225 

 

 

 

Scheme 4.1   Simplified flow diagram of the chromatograph system for the proof-of-principle study.  

 

 

 

Figure 4.4  Processed chromatograms from (A) the initial method development with a 1 mL injection 

of stock solution and (B) the optimised method for high throughput with a 4 mL injection of stock solution.  
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In order to reuse the silica cartridges continuously, all methods required 

additional steps to re-equilibrate the stationary phase before the subsequent injection. This 

is analogous with typical high-performance liquid chromatography (HPLC) method 

development, and in general we found it useful to view the system as a scaled-up 

preparative HPLC. Successful re-equilibration was gauged by monitoring UV-

wavelengths that were sensitive to the eluent composition and allowing sufficient time 

for the signal to return to the initial baseline steady state absorbance.  Additionally, we 

observed that the volume of the sample loop and column led to a delay between a 

programmed change in eluent composition and the change being detected. As shown in 

Figure 4.4A, the eluent composition changes to 100% ethyl acetate at 7 minutes, however 

the 200 nm absorbance does not achieve a steady state until approximately 10 minutes 

and 30 seconds.  

We anticipated that in most reaction systems, the chromatography method 

length would be the limiting factor with respect to productivity, as the residence time 

required for high conversion in a flow reactor can be achieved through multiple 

combinations of flow rate and reactor volume. Hence, the flow rate at which crude 

material is produced and injected to the chromatograph is far more flexible than the speed 

of purification. Therefore, minimising the duration of the method will maximise the 

overall productivity of the system. 

The manufacturers’ recommended flow rate for the 25 g silica cartridges is 

15 mL/min for optimal peak resolution, in accordance with the van Deemter equation.48 

However, flow rates up to 50 mL/min can be used without exceeding the pressure limit 

of the column cartridges (22 bar). Once both 4.1 and 4.2 had eluted from the column, the 

re-equilibration time could be significantly reduced by accelerating the flow rate to 30 

mL/min. Additionally, by considering the delay from the volume of the sample loop, the 

elution steps could be initiated earlier. For example, in the optimised method we began 

the re-equilibration stage of the method 30 seconds before 4.1 had eluted from the 

column. Collectively, this reduced the method duration by more than 50% and effectively 

doubled the theoretical productivity of the system (Figure 4.4B). Furthermore, the 

optimisation of the method yielded a reduction in the volume of eluent required to 

complete the purification, from 255 mL to 158 mL per run.  

Notably, the method displayed in Figure 4.4A was performed with 1 mL of 

the stock solution, whereas the method shown in Figure 4.4B was performed with a 4 mL 
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injection. We found that the injection volume had little effect on the separation of the two 

compounds in this system, although this did not hold true for all systems (vide infra).  

With the optimised method in hand, we proceeded to validate the continuous 

system illustrated in Scheme 4.1. A single peristaltic pump was used to feed the mixture 

via perfluoroalkoxy alkane (PFA) tubing to the automated flash chromatography system 

at a flow rate of 0.5 mL/min. The optimised method duration was 8 minutes, resulting in 

4 mL of crude material being loaded before each run. Gratifyingly, the system was 

successful and continuous purification of a crude mixture via a continuous flow feed was 

achieved.  

An important factor to the viability of this system was the durability and 

reusability of the column cartridges. To test this, we equipped the system with two fresh 

silica cartridges and automated the system to perform the continuous purification 100 

times over two days. 50 runs were performed each day under continuous operation, 

resulting in over 13 hours of active use. It was previously established that allowing the 

normal-phase cartridges to dry led to significant deterioration of stationary phase packing, 

forming cracks which persisted after re-equilibration. These cracks enabled eluent 

channelling through the packed bed and resulted in poor resolution and retention. Hence, 

the stationary phase cartridges were flushed and stored in iso-propanol (IPA) overnight 

as the polymer casings of the cartridges are more resilient to IPA than most other organic 

solvents. Pleasingly, the cartridges proved to be very robust, providing excellent 

reproducibility across the entirety of the study without loss of retention (Figure 4.5).  

Fractions were collected every 10th run, recovering a total of 427 mg (73%) 

of 4.1 and 767 mg (86%) of 4.2 from the combined fractions. The purity of the materials 

recovered by the 10th and 100th runs were analysed individually by liquid 

chromatography-mass spectrometry (LC-MS), and both were found to have isolated 

products with >99% purity. The incomplete mass balance was investigated by repeating 

the purification and collecting the waste of the chromatograph. As expected, upon drying, 

the waste yielded a crude solid that almost exactly accounted for the missing mass 

recovery. We chose to automate fraction collection by setting signal intensity thresholds, 

however, to account for unexpected shifts in baseline intensity and maximise the purity 

of the recovered material, the thresholds were set conservatively high. This can be 

mitigated by manually defining the fraction collection times within the chromatography 

method. To prove this, the continuous purification was repeated over a sequence of three 

runs, using the optimised method but with user defined fraction collection times (1:30-
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3:30 and 4:10-6:30 min:sec). From the sequence, the average recoveries were 48 mg 

(95%) and 102 mg (97%) of 4.1 and 4.2, respectively. The recovered materials were 

analysed for purity by LC-MS and found to be 96% and >99% for 4.1 and 4.2, 

respectively, with 4.2 as the major impurity in the fractions containing compound 4.1. 

 

 

Figure 4.5  Processed data from 100 runs of the proof-of-principle study. The purple spectra are the 

first 50 chromatograms collected on day one, and the dark blue spectra are the final 50 collected on day 

two after being stored for ~16 hours overnight in iso-propanol. 

 

User defined fraction collection was easily applicable to this system as good 

baseline resolution of the peaks was achieved. However, for more challenging 

separations, this is likely to reduce the purity of the materials recovered even further. As 

mentioned earlier, to maximise the productivity of this system, the method duration would 

need to be minimised and consequently the peak separations would be reduced. In order 

to maintain high purity, we returned to automated threshold collection for the subsequent 

systems studied and forsook the small amounts of material that lay below the threshold.    
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4.6.2   System 2: Gas-liquid photochemistry. 

Encouraged by the success of the methodology, we looked to archetypal flow 

reaction systems to demonstrate continuous synthesis and purification. Continuous flow 

oxidation reactions via photosensitised singlet oxygen (1O2) were an appealing choice as 

our group has expertise in this area, but also because photochemical- and gas-liquid 

reactions are quintessential systems for which flow chemistry has clear synthetic 

advantages.49  

We elected to study the 1O2 oxidation of Fmoc-L-methionine (4.3, Scheme 

4.2A) to the corresponding sulfoxide 4.4, as the product has significance in peptide 

synthesis and biological systems.50 Oxidation of electron rich heteroatoms by 1O2 is well 

known and in the case of sulfides, is highly selective for the formation of sulfoxide 

without over oxidation to the sulfone.51 This is especially important for the selective 

oxidation of mustard gas, as the sulfoxide is considered non-toxic whereas the sulfone is 

of comparable toxicity to the parent sulphur mustard.52 

 4,7-Diphenyl-2,1,3-benzothiadiazole 4.5 was chosen as a homogeneous 

organic photosensitiser which absorbs visible light wavelengths (>400 nm) and has been 

previously demonstrated as an efficient 1O2 generator.53 We began with the intention of 

purifying the crude reaction mixture with normal-phase columns, as this enabled us to 

use chloroform as a reaction solvent, which provides the longest 1O2 excited state life 

time (230-265 μs) of all common non-deuterated laboratory solvents.51,54  

The reaction was performed as illustrated in Scheme 4.2A, where reaction 

solution and air are concurrently pumped to a T-mixing junction at 90°, producing a 

biphasic gas-liquid slug flow regime. The slug flow passes through a reactor coil 

irradiated by an LED module emitting a narrow range of wavelengths centred around 420 

nm. The outflow is pumped to a vent to expel the gas phase and collect the crude reaction 

solution. 
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Scheme 4.2  (A) Schematic flow diagram for the continuous flow synthesis and purification of 4.4 via 

photosensitised 1O2. 4.4 was isolated as a mixture of diastereomers. (B) Processed chromatograms for 10 

runs performed under continuous operation. (C) Plot of absorbance across 200-400 nm versus time for the 

8th run in the sequence.      

 

A brief screening of process conditions showed that the reaction was 

extremely efficient, and full conversion was obtained within 5 minutes residence time of 

the photoreactor. As before, chromatography method development was performed off-

line with the crude reaction mixture but proved to be more challenging than expected. 

Very polar eluent systems (ethyl acetate:MeOH (9:1)) and acetic acid additive were 

required to prevent streaking and elute the product. This did successfully separate 4.4 and 

4.5, however, the poor peak resolution made it unclear whether any remnant 4.3 had been 

resolved. 

We saw this as an opportunity to experiment with reversed-phase 

chromatography and demonstrate the versatile range of stationary phases available to the 

system. Reversed-phase chromatography also presents safety and environmental benefits 

as highly flammable, volatile, and chlorinated solvents, commonly used in normal-phase 

chromatography, are replaced with water and acetonitrile (MeCN) or alcohol eluent 

systems. Acetonitrile and especially alcohol solvents are generally recommended in 

industry as they can be biorenewable, biodegradable, and have relatively high exposure 

limits.55 Despite the shorter excited state lifetime of 1O2 in MeCN (61-68 μs),54 the 

reaction still proceeded to full conversion within 5 minutes residence time of the 
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photoreactor. Method development was initially optimised off-line and 4.4 and 4.5 were 

successfully isolated within 13.5 minutes using an isopropanol-MeCN-water eluent 

system. The flow and chromatography systems were then unified and used for the 

continuous synthesis and isolation of 4.4 across a sequence of 10 runs, for a total of 2 

hours and 15 minutes of continuous operation (Scheme 4.2B).  

The reversed-phase columns used were 4 g cartridges with 15 μm C18 

functionalised silica particles. An important consequence of the change in stationary 

phase and column capacity was that the volume of crude material, and flow rate at which 

it was loaded to the column, both had a critical effect on the separation. Loading at the 

recommended flow rate of 5 mL/min resulted in almost all of the material eluting with 

the injection solvent. Initial attempts to scale up processing from 1 to 5 mL of crude 

reaction mixture in a single run led to the same observation. Pleasingly, we were able to 

mitigate this by reducing the injection flow rate to 2 mL/min and minimising the injection 

volume. 

The individual chromatograms were consistent across the entirety of the 

continuous process, although a small difference in flow pathlengths between columns A 

and B led to a slight shift in retention times between each column system. The peaks 

recorded with the column B system were also marginally broader as the slower flow rates 

and longer flow pathlength enabled the crude to diffuse more easily, however, the peak 

areas were approximately equivalent.   

An unexpected advantage of the gas-liquid slug flow was that the residence 

time of 4.3 in the photoreactor could be controlled without altering the solution flow rate 

or reactor volume, but instead by manipulating the gas flow rate. The solution flow rate 

was set to the minimum that our system would allow (0.1 mL/min) whilst the gas flow 

rate was increased to 0.9 mL/min, maintaining a short residence time of 10 minutes whilst 

limiting the production of crude reaction solution at the vent to 0.1 mL/min. This avoided 

over irradiation of the reaction mixture which could promote over-oxidation to the 

sulfone. This strategy is applicable to any continuous gas-liquid reaction, which makes 

this class of reactions well suited to our system.  

Photocatalyst 4.5 had a much greater affinity for the stationary phase than the 

eluent at any compositions with <100% organic solvent, which facilitated separation and 

recovery. Despite its low concentration, the elution of 4.5 was easily identified as the only 

component with an absorbance beyond 300 nm (Scheme 4.2C). We wish to highlight that 
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4.5 recovered during screening was continuously recycled for subsequent system 

optimisation. This is an advantage of the system over manual chromatography as such a 

small amount of material (~2 mg per run) would be more challenging to recover without 

the sensitivity of the UV detector and typically would be discarded to prioritise recovery 

of the product.   

The oxidation of 4.3 to 4.4 renders the sulphur atom as a stereogenic centre 

and subsequently, 4.4 was isolated as an approximately equal mixture of (S,S) and (S,R) 

diastereomers with 97.2% purity. Two impurities were identified as 4.3 (1.6%) and Fmoc-

methionine sulfone (1.2%) by LC-MS analysis. Separation of the diastereomers of 4.4 is 

desirable for the synthesis of peptides with stereodefined methionine sulfoxide amino 

acid residues. This is notoriously difficult and isolation at a significant scale has only 

been achieved by SCFC with a chiral stationary phase.50 Our system enables the 

continuous production of the diastereomer mixture with high purity, which could simplify 

and facilitate isolation of the diastereomers by subsequent SCFC purification.            

  

4.6.3   System 3: Heterogeneous photocatalysis. 

Whilst the previous reaction system demonstrated that integration of flash 

chromatography can facilitate the recovery and recycling of homogeneous 

(photo)catalysts, use of heterogeneous catalysts can further simplify continuous 

processing and purification. Flow chemistry enhances heterogeneous catalysis by 

immobilising the material in a fixed bed reactor and flowing reagents around the 

immobilised catalysts solid matrix.34,49 This largely mitigates mass transport limitations 

that typically reduce the kinetics of heterogeneous catalysis in batch synthesis, whilst 

simultaneously removing the need to manually filter the catalyst for recovery and reuse.49 

We chose to investigate the aerobic photoredox catalysed oxidative coupling 

of thiols using titania (TiO2) nanoparticles as the heterogeneous photocatalyst. This 

system was previously published by Noël and co-workers, who reported that mass 

transport was critical to the reaction kinetics due to the presence of gas, liquid and solid 

phase components.19  

The oxidative photoredox coupling of thiophenol (4.6, Scheme 4.3A) to 

diphenyl disulfide 4.7 was used as a model system. Due to differences in equipment and 

our intention to integrate in-line flash chromatography, some alterations were made from 

the reported system: firstly, iso-propanol (IPA) was used as a solvent instead of ethanol, 
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as it was hoped that a less polar solvent would help prevent the product crashing out of 

solution, as described by Noël and co-workers in their first report of the system.56,57 

Additionally, IPA is a compatible solvent for both normal- and reversed-phase 

chromatography, which presented us with more versatility for optimising continuous 

purification. Air was used rather than pure oxygen as this enhanced the operational 

simplicity of the system. There are also safety concerns with using pure oxygen in the 

presence of volatile organic solvents, so air or ‘synthetic air’ (O2/N2, 20:80 v/v) is 

generally preferred in industry.58 Collectively, these deviations reduced the efficiency of 

our system relative to Noël’s, although for the purposes of this work, we felt isolating 

smaller quantities of 4.7 from a more complex mixture was ideal for highlighting the 

sensitivity of the chromatograph instrument and proceeded regardless. 

 

 

Scheme 4.3  (A) Schematic flow diagram for the continuous oxidative coupling of thiol 4.6 to disulfide 

4.7 via heterogeneous photoredox catalysis with in-line reversed-phase flash chromatography for 

continuous purification of the desired product. FBR = fixed bed reactor. (B) Stacked plot of 14 processed 

chromatograms from the continuous synthesis and isolation. ELSD traces are displaced in front of the UV 

absorbance traces for clarity. 
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 Our continuous system was performed with two fixed bed reactors (FBR) 

packed with glass beads and TiO2 nanoparticles (Scheme 4.3A).  Initial method 

development was performed with normal-phase chromatography, as literature precedent 

showed isolation of 4.7 by flash chromatography with a petroleum ether-ethyl acetate 

(40:1) eluent system.19 Attempts to purify the crude reaction mixture with similar eluent 

systems were unsuccessful, including 100% hexane. We believe the relatively small 

volume of IPA injected with the crude material was sufficient to flush remnant 4.6 and 

N,N,N’,N’-tetramethylethylenediamine (TMEDA) through the column. As before, we 

saw this as an opportunity to demonstrate continuous reversed-phase flash 

chromatography, since 4.7 would likely have a higher affinity for the non-polar stationary 

phase than 4.6 and TMEDA, as well as the aforementioned environmental and economic 

benefits of replacing the hexane eluent systems with water, IPA and MeCN. 

We successfully isolated 4.7 in high purity using reversed-phase 

chromatography with a water-MeCN gradient method. The eluent composition included 

10% IPA throughout the entirety of the method which aided separation of 4.6 from 4.7, 

presumably through hydrogen bonding interactions. The optimised flow and purification 

systems were combined for the continuous synthesis and isolation of 4.7, yielding 100 

mg (23%) of the desired product from 14 runs with >99% purity by LC-MS analysis 

(Scheme 4.3B).  

No over-oxidation to diphenyl disulfoxide or disulfone was observed by 

NMR and LC-MS analysis of the crude reaction mixture, leaving only residual 4.6 and 

TMEDA to be separated from the desired 4.7. The chromatograph was equipped with 

both a UV absorbance and evaporative light scattering detector (ELSD). As none of the 

mixture’s components were chromatic and 4.7 was the only solid species, elution was 

easily identified from the ELSD signal.  

It was realised that in this system, the chromatograph served a secondary 

function as an in-line process monitoring tool. The consistency of the peak intensities 

across the 14 runs indicates that the conversion of 4.6 to 4.7 in the FBRs is at a steady 

state. Ensuring process consistency is critical for continuous processing and usually 

would involve additional in-line or on-line reaction monitoring instruments. A gradual 

decay in the intensity of peaks or the appearance of new peaks could indicate the 

heterogeneous catalyst has been poisoned or altered to change selectivity. This makes in-

line flash chromatography a convenient tool for the simultaneous purification and quality 

control of continuous heterogeneous catalysis systems.         
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Residence time distribution analysis was performed via a tracer-pulse method 

to estimate the residence time of 4.6 in the fixed bed photoreactor series.3 The flow system 

was assembled as presented in Scheme 4.3, however, a wireless spectrophotometer (Pasco 

PS-2600) was placed in-line, between FBR2 and the vent, using a flow-through cuvette. 

A solution of an organic dye was prepared in IPA and connected to a 3-port 

‘solvent/reagent’ selection valve that supplies pump A. After priming the system with a 

solution of TMEDA in IPA, to prevent TiO2 leaching, pumps A and B were used to flow 

neat IPA through the system at 0.1 mL/min. The valve was then momentarily switched to 

inject a small volume of dye solution (20 μL) into the flow stream. The absorbance 

intensity of the solution at the reactor output was continuously monitored by the 

spectrophotometer to measure the distribution of reactor residence by the dye, acting as a 

representative of 4.6. The mean residence time of the system, from input to vent, was 

recorded as 26 minutes and 20.7 seconds. The analysis was repeated without the FBRs 

connected and recorded as 9 minutes and 57.9 seconds. The difference is therefore 16 

minutes and 22.8 seconds, which represents the approximate mean residence time of 4.6 

in the FBRs. As expected, due to the low fluid velocity, the analysis revealed a large 

residence time variance and a poor plug flow character. This results as the tracer’s axial 

diffusion becomes significant within these time scales. Details of the analysis and results 

are presented in the Supporting Information (see Section 4.14.4).           

The durability of the reversed-phase column cartridges was excellent: the 

entirety of the method development, optimisation, and continuous purification of both the 

methionine system and this system, was performed with the same two 4 g C18 columns. 

This accounts for hundreds of uses over a period of two-months, being stored for weeks 

in IPA without use but with no obvious degradation or loss of function.     

 

4.6.4 System 4: Controlled exothermic mixing. 

Finally, we wanted to demonstrate the potential of this system for the 

continuous automated synthesis and isolation of grams-per-hour quantities of product. 

We chose to study the esterification of ethylene glycol (4.8, Scheme 4.4A) and benzoyl 

chloride 4.9 as our previous protocol suggested this would be an efficient reaction and 

well suited for flow synthesis.2 The diol 4.8 was selected specifically as a polyfunctional 

substrate that was likely to form a mixture of ester products which would require 

chromatographic purification to isolate. 
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Scheme 4.4 (A) Schematic flow diagram for the idealized continuous flow esterification of ethylene glycol 

4.8 with benzoyl chloride 4.9. (B) Stacked plot of 40 processed chromatograms from the continuous 

isolation of 4.10 and 4.11.  

 

Flow chemistry often offers a selectivity advantage over batch synthesis for 

reactions involving polyfunctional substrates.34 In batch, typically a reactive reagent 

would be slowly added to a dilute solution containing the entirety of the polyfunctional 
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substrate. Conversely, in flow synthesis, solutions with accurate concentrations can be 

continuously mixed in equivalent volume to achieve the desired reagent stoichiometry.  

Stock solutions of 4.8 and 4.9 were prepared in anhydrous dichloromethane 

(CH2Cl2) with accurate concentrations and connected to the flow system. The two 

solutions were pumped at equal flow rates to a T-junction mixer at 180° before flowing 

through a 10 mL reactor coil. 

 Aqueous workups are a typical requirement for many reactions to remove 

water soluble by-products, such as salts. Often such by-products will irreversibly bind to 

silica and lead to gradual fouling of the stationary phase. Therefore, it is imperative that 

aqueous extraction and liquid-liquid separation processes are able to be integrated to 

enable continuous chromatographic purification. The reaction of 4.8 and 4.9 was chosen, 

in part, as triethylamine hydrochloride salts would be formed as a by-product and require 

aqueous extraction. This was achieved by using a third pump to flow saturated aqueous 

sodium hydrogen carbonate solution (sat. NaHCO3) to another T-junction mixer that 

intercepts the crude organic reaction mixture after the first reactor coil. The generated 

biphasic organic-aqueous slug flow then passed through another 10 mL coil to allow 

sufficient time for the phases to mix and extract by-products before separating the two 

phases via an improvised liquid-liquid separator (see Supporting Information, Section 

4.14.1). 

We screened the effects of various conditions of the flow system, including 

flow rate, residence time, reduced temperature, elevated temperature, elevated pressure, 

and T-junction mixing angle (see Supporting Information, Section 4.14.5). Surprisingly, 

we found the reaction was remarkably resilient and consistently achieved 64-70% 

conversion with 58-62% selectivity for the monoester product 4.10 over the bis-ester by-

product 4.11 (Scheme 4.4A).  

We also screened the effect of concentration using a slightly modified set-up, 

in which the T-junction mixer was replaced with a 4-way cross mixing junction. A third 

pump was used to flow pure CH2Cl2 at varying flow rates to dilute 4.8 and 4.9 as they 

mixed (see Supporting Information, Section 4.14.5). Artificially diluting the net-

concentrations from 0.45 M to 0.18 M provided the highest selectivity of 76% with a net-

flow rate of 5 mL/min, but reduced conversion to 55%. The same concentrations at lower 

net-flow rates of 2.5 and 1.25 mL/min achieved 64-65% selectivity while maintaining 68-
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69% conversion. However, this more than halved the potential productivity of the system 

for a modest gain in selectivity, so we proceeded at the initial concentrations. 

 In order to compare conversion and selectivity at different residence times, 

and independent from the effects of enhanced turbulence and mixing at higher flow rates, 

we fixed the net-flow rate at 1 mL/min and varied reactor volume (See Supporting 

Information, Table S4.2, Entries 15-18). By reducing the residence time to <2 minutes, 

the reaction could be quenched before achieving full conversion and improving 

selectivity up to a maximum of 82% but reducing conversion to 39%. Precise control over 

residence time is an advantage of flow chemistry that cannot easily be achieved in batch, 

and has been used to exploit unstable intermediates in organic synthesis.34,59 It is likely 

that the selectivity could have been further improved by employing static mixing 

technologies.49  

Although shorter residence times achieved higher selectivity for 4.10, for the 

purposes of this work, we wanted to demonstrate high system productivity. Therefore, we 

chose to maintain a longer residence time of 10 minutes. This enabled full conversion of 

4.9 and maximised the concentration of crude 4.10 and 4.11 for the continuous 

purification.  

Scheme 4.4A shows an idealised representation of the final system used for 

continuous synthesis and isolation of 4.10 and 4.11. As we were limited to only 3 of the 

4 peristaltic pumps required to achieve the continuous system, we split the system in half 

as a proof-of principle and performed the reaction and purification steps separately. We 

collected the crude reaction mixture after passing through the first reactor, then rearranged 

the system for continuous aqueous extraction, desiccation, and flash chromatography 

purification. We repeated the system with continuous synthesis and in-line aqueous 

extraction for comparison. By analysis of the 1H NMR spectra of the crude reaction 

mixture, we found that the conversion and product distribution was consistent in both set-

ups, indicating that the reaction was complete before being quenched by the intercepting 

aqueous phase. This also showed that the products were stable in the crude reaction 

mixture and that very little of 4.10 and 4.11 were trapped in the aqueous phase. This 

indicates that our pseudo-continuous system is valid as a proof-of-concept for the truly 

continuous process illustrated in Scheme 4.4A.  

Pleasingly, the in-line aqueous extraction and desiccation completely 

removed all unreacted 4.8, as well as the hydrolysis products of 4.9 and the vast majority 
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of NEt3 and DMAP. Subsequently, 4.10 and 4.11 were easily separated by flash column 

chromatography with 25 g normal-phase silica gel cartridges, as 10 was not mobilised 

from the stationary phase with hexane-CH2Cl2 eluent systems. We found that CH2Cl2-

IPA eluent systems could effectively resolve and elute both 4.10 and 4.11. In order to 

maximise the productivity of this system, we optimised an isocratic method with CH2Cl2-

IPA (90:10) as the eluent system. By using an isocratic method, the time and volume of 

solvent required for re-equilibration is significantly reduced, and separation and re-

equilibration could be achieved within 6 minutes. 

The combined optimised systems were used for continuous synthesis and 

purification of 4.10 and 4.11 with a sequence of 40 runs, processing 6 mL of crude 

material every 6 minutes for a total of 4 hours (Scheme 4.4B). As indicated in Scheme 

4.4A, this enabled grams-per-hour productivity of the isolated esters with >99% purity 

by LC-MS analysis. 

We performed the same reaction system with an analogous batch synthesis 

strategy, using equivalent concentrations to compare product distribution and selectivity 

(see Supporting Information, Section 4.14.5). A 0.45 M solution of 4.8, NEt3 and DMAP 

was prepared on a 36 mmol scale in a round bottom flask while 1 equivalent of 4.9 was 

slowly added dropwise from a funnel. The crude reaction mixture was analysed by 1H 

NMR spectroscopy and found to have achieved 75% conversion but only 52% selectivity 

for 4.10, 7-13% lower than the flow system. This also highlighted another key advantage 

of performing this synthesis in flow, as the reaction is highly exothermic. The heat 

produced during the batch reaction vaporised the CH2Cl2 solvent and led to NEt3 salts 

crashing out of solution before addition of 4.9 had completed, whereas solid formation 

was not observed in the flow system. 

To investigate the difference in solid formation, we repeated the synthesis in 

batch and flow to measure the temperature profile of the systems with a thermal imaging 

camera, calibrated against a thermometer (Figure 4.6). Thermal imaging of flow reactor 

systems is an emerging technology that can assess reactor exotherms for process 

optimisation and inform safety considerations.60,61 
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Figure 4.6 Comparison of heat dissipation between batch and flow synthesis of esters 4.10 and 4.11. 

The images to the right are colour photographs of the set-ups shown in the thermal images. Both flow 

reactor coils and mixing junctions are captured within the images, with the aqueous extraction junction and 

coil on the right.   

 The addition of 4.9 in the batch system was completed over 5 minutes, and 

the flow system was continuously operated for 1 hour. The batch reaction achieved a peak 

temperature of 47.0 °C after 7 minutes, 7 °C above the boiling point of CH2Cl2. The hot 

solvent vapour can be seen diffusing through the headspace of the flask. Clearly this 

would be unsafe at larger scales unless either the addition rate of 4.9 was reduced 

significantly or if the system were diluted. 

 Conversely, the superior heat dissipation in flow provided by the tubing’s 

high surface-to-volume ratio (cf. SA:V tubing: 5.96 mm-1 vs. RBF: 0.80 mm-1) maintained 

the reaction at 21 °C over an hour of continuous operation. As can be seen in Figure 4.6, 

the orange-yellow glow of the flowing solution dissipates after only a few turns of reactor 

coil and remained consistent across the entirety of the experiment, indicating a thermal 

equilibrium had been achieved between the reactor and the surroundings. Usually, the 

coil is enclosed within a hollow Pyrex jacket which provides an air flow to facilitate 

temperature control, however, we removed the coil from the enclosure for this experiment 

as it obscured the thermal cameras detection.  

Therefore, the heat exchange in flow is likely to be even more efficient than 

Figure 4.6 suggests. This rationalises why no solid formation was observed in flow, as 

temperature is maintained well below the boiling point of CH2Cl2 and there is no 

headspace for solvent to evaporate. The aqueous extraction junction and reactor coil 

showed no significant heat generation, reaffirming that the majority of 4.9 had been 

consumed prior to the aqueous extraction.    
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4.7 Conclusions  

We have successfully demonstrated the integration of in-line flash column 

chromatography for automated flow synthesis and purification with commercially 

available instruments via a simple and reversible modification. Integration was achieved 

without external microcontrollers or expertise in a programming language, enabling ‘plug 

and play’ operation and no technological barrier-to-entry. Four unique studies were 

presented to demonstrate the system’s capabilities. This included three reactions that 

account for five quintessential synthetic systems enhanced through flow chemistry 

(multiphasic; photochemical; heterogeneous (photo)catalysis; exothermic mixing and 

selectivity control).34,49,62 

A literature reported purification by normal-phase chromatography was 

converted to reversed-phase in our continuous system, highlighting its versatility. The 

environmental, safety and economic benefits of switching to reversed-phase 

chromatography were also discussed.  

Two esters were simultaneously isolated from a feed of crude reaction 

mixture from a continuous synthesis process, achieving productivity values of 9.9 and 7.6 

mmol/h, respectively. This exceeded grams-per-hour isolation of two products 

simultaneously with >99% purity, demonstrated over four hours of continuous operation. 

Our investigation has provided some recommendations for selecting reaction 

systems that are likely to be well suited to this technology, and those which may be more 

challenging. Desirable system properties include: (i) reactions in which the desired 

product has a greater affinity for the stationary phase than the reaction solvent, (ii) gas-

liquid systems, as residence time can be varied without changing reactor volume or 

solution flow rate and gaseous reagents and by-products are easily vented, (iii) 

heterogeneous catalysis systems as they are often enhanced by flow chemistry and 

remove catalyst purification and recovery from consideration, (iv) concentrated or neat 

reactions, as these will maximise the potential productivity of the system, and (v) systems 

in which the products are susceptible to decomposition in the crude reaction mixture.  

  More challenging reaction systems may include those which produce by-

products that are likely to foul the stationary phase, involve the formation of solids or are 

performed under dilute conditions. However, many of these scenarios can be mitigated 

with appropriate in-line extractions and other technologies.13,63 We present a list of 

potentially more challenging scenarios in Table S4.4 of the Supporting Information, with 
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suggestions for troubleshooting which we are currently investigating. Additionally, 

advancements in in-line reactive distillations and other solvent exchange technologies 

will dramatically extend the capabilities and efficiency of our system.13,63  

Some general principles we established and recommend for continuous 

purification of any flow synthesis with this system are: (i) loading the stationary phase at 

low flow rates (2-5 mL/min) can enhance separation, especially when the desired 

compound(s) has a high affinity for the reaction solvent relative to the stationary phase, 

(ii) using columns with higher capacity than is usually required for the quantity of crude 

material can help improve separation by diffusing the injection solvent, (iii) the reaction 

solvent does not necessarily need to be a component of the eluent and (iv) the re-

equilibration of the stationary phase can be accelerated by increasing the eluent flow rate 

to the upper limits of the column cartridge’s recommended range. 

The durability of the columns allows for multiple uses, as demonstrated by 

our proof-of-principle study. Additionally, individual runs typically require significantly 

less volume of eluent than would be required for manual purification (86-158 mL/run, 

see Supporting Information, Section 4.14.2). Collectively, and with the reduction in 

manual labour, the system may prove cost-effective for certain applications, for example, 

automating routine synthesis of key intermediates required for generating compound 

libraries.            

The significant volume of data collected by the chromatograph and potential 

for integration of additional detectors, such as a mass spectrometer, suggest this system 

may be amenable to machine learning for self-optimising flow synthesis and/or 

purification.30,64 We hope this work will highlight an opportunity for manufacturers of 

automated flash chromatography systems to develop tools and features that would 

facilitate continuous in-line purification, for example, allowing access to application 

programming interfaces that could be used to program feedback loops or fail safes that 

prevent loss of material in the event of an error with either system, and facilitate more 

advanced automation and integration of additional process monitoring technologies.       

 

4.8 Impact of Research and Future Work  

One of the primary objectives of this research was to provide a more 

accessible tool for automated flow synthesis. Remarkably, only 6 months after this article 

was published, the system was recreated almost exactly and verified by the independent 
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research group of Marcus Baumann at University College Dublin, who applied the system 

for the continuous flow synthesis and isolation of oxadiazoles.65 Hence, we believe we 

have achieved this objective and hope to see other examples of the system presented in 

the literature over time. 

With respect to further developments of the system, there are many potential 

avenues for further research and development. Some common questions asked when 

presenting this work have involved solvent compatibility: for example, many reactions in 

the pharmaceutical industry are performed in polar solvents such as DMSO and DMF, 

which would normally be removed prior to flash chromatography purification. A strategy 

to mitigate this is solvent swapping through in-line liquid-liquid extractions, as 

demonstrated by Baumann and co-workers.65 In their work, the reaction is initially 

performed in DMSO, but then mixed with two flowing streams of DCM and aqueous 

sodium thiosulfate, which quenches unreacted iodine but also removes DMSO to the 

aqueous phase and extracts the product to the DCM organic phase, facilitating the 

subsequent downstream chromatography purification.65 It is likely that this strategy 

would be applicable to other polar, water-miscible solvents such as DMF, MeCN and 

MeOH, assuming that the ratios are maintained such that the organic and aqueous phases 

remain immiscible. 

The most promising area of development for this system would be the 

replacement of the sample loops with cartridges of functional materials for catch and 

release strategies (Figure 4.7A). The principle of this proposed methodology is illustrated 

in Figure 4.7B for a hypothetical system, in which sulfonated polystyrene resins are the 

functional material within the cartridge and a mixture of two tertiary amines as the target 

products from a reaction. Literature precedent for this type of catch-and-release 

purification has previously been reported by Ley and co-workers.66 We suggest that 

successful catch-and-release could be achieved as follows: (i) The crude reaction mixture 

from a flow reactor is pumped through the cartridge of sulfonated polystyrene resins. The 

acidic resins selectively protonate the amine products and immobilise them through 

electrostatic attraction, whilst other impurities are flushed through the column to waste. 

(ii) Once the column has been loaded with a suitable amount of product, the  
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Figure 4.7  (A) Schematic system configuration using functional material cartridges in place of 

sample loops for catch-and-release. (B) Proposed methodology principle required for catch-and-release; (i) 

crude material is loaded to the stationary phase and desired product(s) are selectively bound to the 

functional material. (ii) The chromatography method begins flowing eluent through the column, removing 

any unbound impurities. (iii) An additive is introduced to the eluent which triggers release of the bound 

product(s), flowing them to the column for purification. (iv) If the functional material is not regenerated by 

the release step, another additive is introduced at the end of the method during re-equilibration. The system 

then switches to the alternate column and the cycle repeats from step (i). Red circles represent arbitrary 

impurities which are not immobilised by the functional material. Blue arrows indicate the flow of reaction 

solvent/eluent.    

 

chromatography method is initiated, and eluent begins flowing through the cartridge, 

removing any residual impurities and reaction solvent from the polymer-bound products. 

(iii) After the cartridge has been flushed, the chromatograph is programmed to switch to 

an eluent containing an additive which will trigger the release of the products from the 

resins and flow the liberated products to a column for chromatographic purification. In 

this example, a base would be required to deprotonate the desired amines and remove the 

electrostatic attraction binding them to the polymer resins. In the report of Ley and co-

workers, ammonia in methanol was used to achieve this,66 however other tertiary amines 

could be considered if they are sufficiently basic to exchange with the product. We 

suggest it would be critical that the release of the product is relatively rapid to prevent the 

product mixture being loaded to the column over a long time period, leading to peak 

broadening. (iv) If the functional material is not regenerated during the release step, as in 

this example where the additive amine is likely still bound to the resins, a final step would 
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be required to regenerate the functionality of the resins prior to repeating the loading step. 

This could be achieved, for example, during the re-equilibration phase of the method by 

introducing an acidic additive to the eluent which would remove the bound amine additive 

and regenerate the sulfonate resides of the resins. A potential concern would be the 

formation of insoluble salt by-products during this process; however, this may be avoided 

through careful selection of the acid and base pair. For example, trifluoracetic acid and 

1,8-diazabicyclo[5.4.0]undec-7-ene are a strong organic acid and base, respectively, 

which form a room temperature ionic liquid complex which could potentially avoid this 

issue.67          

This strategy has some major advantages if successful: (i) the product would 

essentially be concentrated on the functional material as excess solvent and impurities are 

not-bound and removed; (ii) the amount of loaded crude product would depend on the 

capacity of the functional material cartridge and become independent of the synthesis 

flow rate, enabling much higher feed flow rates to be tolerated, and; (iii) the reaction 

solvent used to load the crude material would largely be removed as it could be flushed 

off with another solvent prior to triggering the product release, potentially enabling direct 

loading of product in challenging solvents such as DMSO and DMF. As the product is 

concentrated by this methodology, it would also increase the productivity of the 

purification and likely reduce the waste produced by purifying the same quantity of 

material over multiple methods with dilute crude material. 

Some preliminary tests of this methodology were performed with simple 

silica cartridges and yielded promising results. We believe further research and 

development of this technology would broaden the potential applications of this system, 

increasing its capabilities and appeal to synthetic chemists. 

The use of thermal imaging in this work was a relatively late addition that 

was not originally intended. Once the technology was available, we envisaged that it 

could provide evidence that the TiO2 packed-bed reactors presented in System 3 (see 

Section 4.9) were not at an elevated temperature during steady-state operation due to their 

close proximity to the LED modules. This proved successful, as shown in Figure S4.7 of 

the Supporting Information. With the discussion of the advantages of performing 

exothermic reactions in flow presented in Section 4.10, it then seemed appropriate to 

apply this technology to characterise the thermal responses of the batch and flow reactors 

during the esterification reaction. Again, this provided useful evidence to support our 

claims of the enhanced heat transfer in the flow reactor system (see Figure 4.6) and 
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enabled us to rationalise the absence of solid precipitation observed in the batch reactor, 

which we propose is due to reduced temperature and the absence of headspace in the flow 

reactor preventing loss of solvent through evaporation, maintaining a homogeneous 

reaction mixture. A more advanced analysis of the thermal images is presented in Section 

4.14.6 of the Supporting information, which was inspired by previous experience with 

fluorescence microscopy analysis using ImageJ software.68,69 Although quantitative pixel 

analysis was not crucial to support this work, this led to a fruitful collaboration with the 

Barker Group at Heriot-Watt University, in which the thermal imaging and quantitative 

pixel analysis methodology described in Section 4.14.6 was applied to study the flow 

lithiation-substitution of 5-alkyltetrazoles.70 Subsequently, this methodology has been the 

subject of a recent collaborative grant proposal to continue developing this enabling 

technology for the study of fast exothermic reactions in flow.    

   

4.9 Experimental Section 

4.9.1 General experimental. 

All flow chemistry experiments were performed with a Vapourtec E-Series 

flow reactor, featuring three V-3 peristaltic pumps. The flow system consisted of 

transparent PFA tubing (1 mm ID) and PTFE union or mixing junctions. Detailed 

descriptions, schematics and images of the flow reactor configurations used for each 

reaction system can be found in the ESI. All reagents were commercially available and 

used without purification, unless otherwise stated. 1H NMR spectra were acquired at 

either 300 or 400 MHz, and 13C{1H} NMR spectra were acquired at either 75 or 101 

MHz. Product percentage yields are reported relative to the calculated theoretical 

maximum yields based on the volume and concentrations of crude reaction mixture 

processed by the chromatograph during continuous operation and not the quantities of 

starting material used to produce the stock solutions. 

 

4.9.2 Automated flash column chromatography instrumentation. 

Automated flash column chromatography was performed with a puriFlash 

5.250 instrument (Interchim). The instrument features a 10-port valve system which 

directs the flow of injected crude material into one of two 10 mL sample loops (stainless 

steel). Normal-phase chromatography was performed with 25 g cartridges, packed with 
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monodisperse 50 μm spherical silica particles (PF-50SIHC-F0025). Reversed-phase 

chromatography was performed 4 g cartridges, packed with monodisperse 15 μm 

spherical C18-functionalised silica particles (PF-15C18XS-F0004). All organic solvents 

used to compose eluents were purchased from Fisher Scientific at SLR grade, except for 

acetonitrile (MeCN), isopropanol (IPA) and n-hexane, which were HPLC grade. 

Deionised water used for reversed-phase chromatography is produced on-site. Up to four 

2.5 L Winchester flasks of solvent could be connected to the instrument using colour 

coded tubing. Waste was collected to an empty 2.5 L Winchester flask. The volume of 

solvent reservoirs and waste was automatically monitored, triggering an error that paused 

the current chromatography method if solvent level was too low or if waste volume was 

too high. The instrument was equipped with a UV absorbance- (200-400 nm) and an ELS-

detector that could be used to trigger fraction collection when signal intensity surpassed 

a user defined threshold. Fractions were collected to one of three racks of 48 test tubes 

(150x18 mm) with RFID sensors. 

Off-line method development and optimisation was performed by manually 

injecting crude reaction mixture through the systems injection port, using a 1-, 5- or 10-

mL plastic syringe. Continuous purification procedures were performed by connecting 

the output of the flow reactor system directly to the injection port using a Luer lock 

adaptor (male 1/4-28 UNF to male Luer, PEEK). The feed flow rate of the flow reactor 

was synchronised to the chromatography method duration to fill the sample loop with the 

desired volume of crude reaction mixture, typically 1-6 mL depending on the system. 

Continuous purification sequences were generally initiated with a ‘blank’ run, which 

ensured the position of the valve system was correct and prevented loading the same 

sample loop twice by mistake.  

The chromatogram raw data could be obtained from the system data files as 

a Microsoft Excel CSV file, which was imported and processed in OriginLab (2018) 

software to produce the stacked plots presented in the manuscript. Processed 

chromatographs in the manuscript and supporting information are presented with 

absorbance in arbitrary units (a.u.). 

 

4.9.3 LC-MS instrumentation and analysis. 

LC-MS analysis was performed with a Shimadzu Nexera-i LC-2040C 3D 

Plus liquid chromatograph, equipped with a Shim-pack Velox SP-C18 column (2.7 μm, 
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4.6 x 150 mm), autosampler and photodiode array detector. The chromatograph was 

coupled to a Shimadzu LCMS-2020 mass spectrometer. The stationary phase was 

equilibrated with LC-MS grade water (solvent A) and acetonitrile (solvent B) with 0.1% 

LC-MS grade formic acid additive. Eluent was pumped at 1 mL/min and the column was 

heated to 40 °C. Samples were dissolved in a suitable solvent (MeCN, IPA, MeOH) at <1 

mg/mL concentration.  

The same HPLC chromatography method was used to analyse all samples 

reported. The gradient method program was as follows:  

0:00 – 1:00 min:sec, A:B (95:5); 

1:00 – 5:00 min:sec, A:B (95:5 → 5:95); 

5:00 – 7:00 min:sec, A:B (5:95); 

7:00 – 7:10 min:sec, A:B (5:95 → 95:5); 

7:10 – 10:00 min:sec, A:B (95:5); method end.  

Eluate was analysed by dual electrospray ionisation-atmospheric pressure 

chemical ionisation (DUI-ESI/APCI). Mass spectra were collected by detecting ions over 

a range of 100-500 m/z in both positive and negative phases simultaneously. Compounds 

that did not ionise by ESI were subsequently analysed by atmospheric solid analysis probe 

mass spectrometry (ASAP-MS), detecting ions over a range of 0-1000 m/z.        

             

4.9.4 Proof-of-principle study. 

4-Methoxyphenol (4.1, 4.966 g, 40.00 mmol) and 2,5-dibromo-p-xylene (4.2, 

10.559 g, 40.00 mmol) were added to a dry, 200 mL flask and dissolved in mixture of 

hexane and ethyl acetate (50/50 (v/v) 400 mL) to produce a 0.1 M stock solution w.r.t. 

each of the reagents. Additional stock solution was prepared, as necessary, following the 

same ratios. The flask was loaded with a magnetic stirrer bar and sealed with a septum 

before stirring until a homogeneous solution was obtained. The flask was connected to 

the flow reactor via stainless-steel needles that pierced the septum and connected to PFA 

tubing (1 mm I.D.), as illustrated in Scheme 4.1 of the manuscript. The solution was 

pumped via one the flow reactor’s V-3 peristaltic pumps at 0.5 mL/min to the injection 

port of the chromatograph. The chromatograph system was programmed to run the same 

optimised chromatography method 50 times in a continuous sequence, alternating 
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between the two sample-loop/column systems. The systems were paused approximately 

every 20 runs to refill solvent reservoirs, stock solution and empty waste. After 50 runs, 

the two silica cartridges were flushed with IPA until the UV absorbance baseline achieved 

a steady state. The instrument was switched off and left overnight with the silica 

cartridges still connected and filled with IPA. The following day, the chromatograph 

system was switched on and the silica cartridges were re-equilibrated with ethyl acetate 

and hexane. The 50 runs sequence was repeated as before. 

The fractions from every 10th run were collected and combined, dried under 

vacuum and analysed for mass recovery. The 10th and 100th runs were analysed by LC-

MS, both displaying >99% purity. The 1H, 13C{1H} NMR spectra and LC-MS traces were 

compared against the commercial reagents and literature to confirm identity.71,72 Both 

compounds were recovered as white crystalline solids. The overall recovery of 4.1 was 

427 mg (3.44 mmol, 73%) and 4.2 was 767 mg (2.91 mmol, 86%). Characterisation of 

the recovered materials is presented in the Supporting Spectral Data document. 

 

4.9.5 Continuous flow photosensitised oxidation of Fmoc-Met-OH (4.3) to Fmoc-

Met(O)-OH (4.4). 

Fmoc-L-Met-OH (4.3, 371 mg, 1.00 mmol) and 4,7-diphenyl-2,1,3-

benzothiadiazole (4.5, 28 mg, 0.10 mmol) were added to a round bottom flask, wrapped 

in tin foil to exclude ambient light, and dissolved in MeCN (20 mL). A magnetic stirrer 

bar was added to the flask before sealing with a septum. The solution was stirred in the 

dark for 10 minutes before connecting to the flow system illustrated in Scheme 4.2, using 

a stainless-steel needle to pierce the septum and a second needle to balance pressure. 

Reaction solution was pumped at 0.1 mL/min to a T-junction mixer which was intercepted 

at 90° by a 0.9 mL/min flow of air. The resulting gas-liquid slug flow passes through the 

UV-150 photoreactor, equipped with a 10 mL reactor coil and LED module (Radiant 

Power: ~18 W @ 420 nm, 3.37 mmol/min, Lamp Power: 60 W), with a net-velocity of 1 

mL/min to achieve a residence time of 10 minutes. After exiting the reactor, the flow 

stream was pumped into the centre of a test tube to collect the solution phase and vent the 

remnant gas phase. After a sufficient volume of solution had collected (~1 mL), a third 

pump was used to flow the crude reaction mixture at 0.1 mL/min from the base of the test 

tube to the injection port of the chromatograph. The instrument was automated to run a 

sequence of the optimised method 11 times continuously, the first of which was a blank, 
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followed by 10 continuous purifications of the crude reaction mixture feed. The method 

duration was 13.5 minutes, purifying 1.35 mL of crude material each run for a total of 

13.5 mL over 2 hours and 20 minutes of continuous operation. Fmoc-L-methionine-D,L-

sulfoxide (4.4) was recovered from the collected fractions and dried under vacuum to 

yield an amorphous off-white solid. NMR spectra were compared with literature to 

confirm identity.50 4.5 was recovered separately (10 mg, 53%) as a crystalline yellow 

solid with identical LC chromatograms, NMR and mass spectra to the original synthesis 

procedure (vide infra). 

Fmoc-L-methionine-D,L-sulfoxide (4.4).50 Yield: 215 mg (0.55 mmol, 

82%). Amorphous, off-white solid. 1H NMR (400 MHz, DMSO-d6) δ ppm 7.89 (~d, J = 

7.5 Hz, 4H), 7.82 – 7.58 (m, 6H), 7.42 (td, J = 7.5, 1.2 Hz, 4H), 7.33 (tt, J = 7.4, 1.3 Hz, 

4H), 4.31 (d, J = 7.1 Hz, 4H), 4.23 (t, J = 6.9 Hz, 2H), 4.14 – 4.03 (m, 2H), 2.91 – 2.60 

(m, 4H), 2.55 (s, 3H), 2.53 (s, 3H), 2.18 – 2.07 (m, 2H), 2.05 – 1.88 (m, 2H). 13C{1H} 

NMR (101 MHz, DMSO-d6) δ ppm 173.0, 172.9, 156.10, 156.05, 143.8, 143.7, 140.7 

(x2), 127.6 (x2), 127.0 (x2), 125.2 (x2), 120.1 (x2), 65.6 (x2), 53.1, 52.8, 49.8, 49.5, 46.7, 

38.1, 37.8, 24.2, 23.7. LC-MS: tR = 5.020 min, peak area = 97.2%; MS (DUI-ESI/APCI) 

calcd for [C20H22NO5S]+ ([M+H]+) = 388.12, (ESI+) found: 388.15. 

               

4.9.6 Synthesis of 4,7-diphenyl-2,1,3-benzothiadiazole (4.5) photocatalyst. 

4,7-Dibromo-2,1,3-benzothiadiazole (294 mg, 1.00 mmol), phenylboronic 

acid (244 mg, 2.00 mmol), and Pd(PPh3)4 (23 mg, 0.02 mmol) were added to a 2-necked 

round bottom flask (oven dried) and connected to a condenser. The mixture was 

evacuated and backfilled with N2 three times before adding 50 mL of degassed 

tetrahydrofuran. K2CO3 (553 mg, 4.00 mmol) was dissolved in deionised water (10 mL) 

and sparged with N2 for approx. 30 minutes while being stirred magnetically. The K2CO3 

solution was transferred via syringe to the organic solution. The pale-yellow solution was 

heated to 70 °C using an aluminium heat block and hotplate stirrer, under an N2 

atmosphere, and stirred for 3 days. After this time, the fluorescent yellow solution was 

allowed to cool to room temperature and extracted with CH2Cl2. The organic fraction was 

washed with brine (3 x 50 mL), dried over anhydrous Na2SO4 and filtered. The solution 

was concentrated under vacuum via rotary evaporation. The crude product was purified 

via column chromatography (n-hexane:CH2Cl2, 1:1 v/v) to yield a bright yellow 

crystalline solid. NMR spectra were compared with literature to confirm identity.73,74 
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4,7-Diphenyl-2,1,3-benzothiadiazole (4.5).73,74 Yield: 255 mg (0.88 mmol, 

88%). Yellow crystalline solid. 1H NMR (400 MHz, CDCl3) δ ppm 8.01 – 7.93 (m, 4H), 

7.80 (s, 2H), 7.61 – 7.51 (m, 4H), 7.52 – 7.42 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) 

δ ppm 154.3, 137.6, 133.6, 129.4, 128.8, 128.5, 128.3. LC-MS: tR = 7.497 min, peak area 

= 100%; MS (ASAP) calcd for [C18H12N2S]•- ([M]•-) = 288.07, (MS-) found: 288.05. 

 

4.9.7 Continuous flow photoredox catalysed oxidative coupling of thiophenol (4.6) 

to diphenyl disulfide (4.7). 

Thiophenol (4.6, 1.25 mL, 12.50 mmol) and N,N,N’,N’-

tetramethylethylenediamine (TMEDA, 1.875 mL, 12.50 mmol) were transferred to a 

volumetric flask via syringe and diluted in isopropanol to a volume of 50 mL. The flask 

was charged with a magnetic stirrer bar and sealed with a septum before leaving to stir 

for ~10 minutes. The flow system was set up as illustrated in Scheme 4.3.  

Two fixed bed reactors (FBRs, borosilicate glass columns, 6.6 mm ID, 130 

mm or 80 mm L) were packed with wool, sand, silica, glass beads and TiO2 nano-powder 

(titanium(IV) oxide, Aeroxide P25, <25 nm particle size, anatase phase, 99.7% metals 

basis). Details of the FBRs construction can be found in the ESI (Section 1.3). The FBRs 

were aligned in parallel and suspended between two white LED modules (2 x 7 W, see 

Supporting Information, Section 4.14.3 for details), before wrapping the set-up in tinfoil 

to improve irradiance by reflecting photons, and to obscure the photoreactor from sight 

for safety. A 5 W fan was placed above the photoreactor set-up which maintained the 

temperature of the FBRs within the LED cavity <25 °C over more than 2 hours of 

continuous operation. The surface temperature of the FBRs was measured with a 

thermometer, and the thermal distribution within the cavity was analysed with a thermal 

camera (see Supporting Information, Figure S4.7). 

 The system was primed with 20 mL of a separate 0.25 M solution of TMEDA 

in IPA, by pumping the solution from pump A and B at 0.1 mL/min for 1 hour and 40 

minutes. This helps to prevent leaching of TiO2 from the fixed bed reactors. After this 

time, the flow systems solvent-reagent selection valves were switched to begin pumping 

reaction solution and air from pumps A and B, respectively. Synchronously, the LED 

modules were activated to condition the FBRs and drive the reaction. As described for 

the previous system, the flow stream from the FBRs was pumped to an improvised gas-

liquid separator to collect the solution phase and vent the gas phase (see Supporting 
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Information, Section 4.14.1). The solution collected from the first hour of irradiation (6 

mL) was discarded as this was assumed to be before the system achieves steady-state 

conversion.  

The collected crude reaction mixture was transferred from the vent to the 

injection port of the chromatograph by pump C at 0.1 mL/min. The purification system 

was automated to run a sequence of the optimised method 15 times, the first of which was 

a blank followed by 14 continuous purifications. The optimised method had an 11-minute 

duration, purifying 1.1 mL of crude reaction mixture each run for a total of 15.4 mL of 

crude purified over 2 hours and 34 minutes. Fraction collection was triggered 

automatically when the measured ELSD signal intensity exceeded a threshold. The 

collected fractions were combined and dried under vacuum, yielding diphenyl disulfide 

4.7 as a white crystalline solid. NMR spectra were compared with literature to confirm 

identity.19 

Diphenyl disulfide (4.7).19 Yield: 100 mg (0.46 mmol, 23%). White 

crystalline solid. 1H NMR (300 MHz, CDCl3) δ ppm 7.59 – 7.45 (m, 4H), 7.36 – 7.28 (m, 

4H), 7.28 – 7.20 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ 137.2, 129.2, 127.7, 127.3. 

LC-MS: tR = 7.082 min, peak area = 100%; MS (ASAP) calcd for [C12H11S2]+ ([M+H]+) 

= 219.03, (MS+) found: 219.05. 

 

4.9.8 Pseudo-continuous flow esterification of ethylene glycol (4.8) and benzoyl 

chloride (4.9) 

Ethylene glycol (4.8, 11.173 g, 180.00 mmol), triethylamine (20.036 g, 

198.00 mmol) and 4-(dimethylamino)pyridine (220 mg, 1.80 mmol) were added to an 

oven dried volumetric flask and dissolved in dry dichloromethane to a total volume of 

200 mL. The flask was loaded with a magnetic stirrer bar and sealed with a septum. A 

solution of benzoyl chloride (4.9, 25.303 g, 180.00 mmol) was prepared in a separate 

volumetric flask and diluted with dry dichloromethane to a total volume of 200 mL. The 

flow reactor system was set up as illustrated in Scheme 4.4, connecting the solutions of 

4.8 and 4.9 to the reagent inputs of the solvent-reagent selection valves of pumps A and 

B, respectively.  

Both solutions were pumped at 0.5 mL/min to a T-junction mixer at 180°, 

resulting in a net-flow rate of 1 mL/min through a 10 mL reactor coil. Due to only having 

access to three pumps, the crude reaction mixture was collected at the 10 mL reactor coil 
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exit. The system was reconfigured to achieve the in-line aqueous extraction, desiccation, 

and flash chromatography purification, which was achieved simply by altering the 

orientation of the T-junction mixer so that the immiscible liquid phases intercepted at 90°. 

The tubing was flushed with fresh dichloromethane (~10 mL) to remove any residual 

reagents. The crude reaction mixture was pumped at 1 mL/min by pump A to the T-

junction mixer, where it was intercepted by a flow of saturated aqueous NaHCO3 from 

pump C at 3 mL/min. The liquid-liquid slug flow passed through a second 10 mL reactor 

coil to ensure efficient mixing and extraction of the organic phase before exiting the flow 

system directly into a separating funnel.  

The flow stream was ejected directly into the center of the aqueous phase and 

the organic phase percolated to the base of the separating funnel. Once a sufficient volume 

of organic phase had accumulated (~10 mL), the organic phase was pumped out by pump 

D, directly from the base of the separating funnel at 1 mL/min. The separated organic 

phase passed through a fixed bed reactor (L = 13 cm, ID = 6.6 mm) packed with molecular 

sieves (2.5 g, 4 angstrom, 1.6 mm pellets) to remove residual water, before passing into 

the injection port of the automated flash chromatography system. The purification system 

was automated to run a sequence of the optimised method 41 times, the first of which was 

a blank followed by 40 continuous purifications. The optimised method had a 6-minute 

duration, purifying 6 mL of crude reaction mixture each run for a total of 240 mL of crude 

purified over 4 hours. The collected fractions were combined and dried under vacuum, 

yielding mono-ester 4.10 as a colourless liquid and bis-ester 4.11 as a white crystalline 

solid. The NMR spectra were compared with literature to confirm identity.75,76  

2-Hydroxyethyl benzoate (4.10).75 Yield: 6.558 g (39.46 mmol, 37%). 

Colourless liquid. 1H NMR (300 MHz, CDCl3) δ ppm 8.12 – 7.98 (m, 2H), 7.61 – 7.50 

(m, 1H), 7.47 – 7.37 (m, 2H), 4.50 – 4.40 (m, 2H), 3.94 (brt, J = 4.6 Hz, 2H), 2.48 (brs, 

1H). 13C{1H} NMR (75 MHz, CDCl3) δ ppm 167.2, 133.4, 130.1, 129.9, 128.6, 66.9, 

61.7. LC-MS: tR = 4.729 min, peak area = 100%; MS (DUI-ESI/APCI) calcd for 

[C9H11O3]+ ([M+H]+) = 167.07, (ESI+) found: 167.15. 

2-(Benzoyloxy)ethyl benzoate (4.11).76 Yield: 8.239 g (30.48 mmol, 28%). 

White crystalline solid. 1H NMR (300 MHz, CDCl3) δ ppm 8.13 – 8.01 (m, 4H), 7.64 – 

7.51 (m, 2H), 7.50 – 7.39 (m, 4H), 4.67 (s, 4H). 13C{1H} NMR (75 MHz, CDCl3) δ ppm 

166.5, 133.3, 130.0, 129.8, 128.5, 62.9. LC-MS: tR = 6.392 min, peak area = 100%; MS 

(ASAP) calcd for [C16H15O4]+ ([M+H]+) = 271.10, (MS+) found: 271.10. 
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4.10 Supporting Information 

4.10.1  Flow reactor configurations for continuous processing. 

The following sub-sections display images and schematics of the system 

configurations used in this work. The first section (4.14.1.1) details the principle-of-

operation with schematics of the three valve systems.  

The subsequent sections (4.14.1.2, 4.14.1.3 and 4.14.1.4) show images and 

schematics of the flow reactor set-ups illustrated in the schemes of the manuscript, with 

annotations to highlight key system components. Some setups, such as the improvised 

liquid-liquid extractor and fixed bed reactor construction, are displayed with 

accompanying text and schematics. Note that the images presented are representative of 

the final system set-ups used for continuous synthesis and purification but were not 

necessarily taken during the optimised runs.     

  

4.10.1.1 General setup for instrument integration. 

In-line integration of the Vapourtec E-Series system and the Interchim 

puriFlash 5.250 was easily achieved with a Luer lock adaptor (male 1/4-28 UNF to male 

Luer, PEEK) that connected the PFA flow tubing to the sample injection port. Figure 

S4.1A displays a photograph with labelled components of the puriFlash instrument and 

Figure S4.1B shows the system with the flow system connected to the injection port. 
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Figure S4.1A  Photographs of the puriFlash 5.250 instrument with labelled components. 

 

 

 

Figure S4.1B  Photograph of the puriFlash 5.250 instrument with the flow reactor connected to the 

injection port. 
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A more detailed schematic of the valves connections is presented below in 

Scheme S4.1, with an accompanying description of the principle-of-operation. 

 

Scheme S4.1  Schematic representation of the chromatography system operating with column B, whilst 

sample loop A is loading. The numerical labels and colour scheme are detailed in the text below. 

 

As illustrated in Scheme S4.1, the continuous purification process is achieved 

by the synergistic operation of three valve systems. The position labelled (1) is the 

injection port connected to the top of the 10-port valve, labelled (2). The feed of crude 

material, indicated by red arrow heads, from the flow reactor is continuously pumped into 

the chromatograph via this port and, in the valve configuration illustrated, is directed to 

sample loop A (3) via the red flow path. The sample loop is pre-filled with eluent from 

the (re-)equilibration process, which is forced out of the loop by the incoming flow of 

crude material. The opposing end of the sample loop is connected by (2) to the bottom 

port, which connects to the system waste bottle (4) and enables solution to flow freely 

and prevent back pressure. 
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Simultaneously, eluent is pumped into the system at position (5), which is 

connected to the first 6-port valve system (6). Eluent is pumped through the adjacent port, 

as indicated by the blue arrow heads, to valve system (2). The port connections direct the 

eluent to sample loop B (7) via the flow path coloured in blue. The incoming eluent flow 

forces the loaded sample to flow out of (7) in the opposite direction to which it was loaded. 

The crude material is directed by (2) to the second 6-port valve (8) which is used to select 

between column position 2 (9) and position 3 (10). In the valve position illustrated, crude 

is loaded to column B in position (9) and subsequently the mixture is purified by the 

programmed chromatography method. For our work, a third column at (10) was not 

needed and so the connections were kept as a closed loop filled with iso-propanol. 

Eluate from (9) flows back to (8) and is directed to the bottom port which 

connects to (6). The eluate flows through (6) and is directed to the bottom port which 

connects to a flow network within the instrument that distributes between the UV and 

ELS detector systems, and finally distributes eluate to either the fraction collector (11) or 

to waste (4). 

During these processes, column A (12) is equilibrated but idle as it is 

connected to a closed loop, as indicated by the grey flow path. After the method has 

completed, the sample queue proceeds to the next programmed method in the sequence, 

which selects the alternate column system – in this example, column A (12). This triggers 

the valve systems (2) and (6) to rotate and the system is reversed from what was just 

described. This is illustrated in Scheme S4.2. The numerical labels have been replaced 

with text to avoid confusion between systems. The A and B systems are essentially mirror 

images of each other. 
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Scheme S4.2 Schematic representation of the chromatography system operating with column A, whilst 

sample loop B is loaded. 
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4.10.1.2 Photosensitised 1O2 oxidation of Fmoc-L-methionine. 

The system presented in Scheme 4.2 of the manuscript is displayed below in 

Figure S4.2, with the key components annotated. In order to achieve in-line separation of 

the gas and liquid phases, a vent was constructed as displayed in Figure S4.3. The output 

of the UV-150 photoreactor was ejected to the centre of an open test tube. The gas phase 

is vented to the atmosphere, whilst the solution phase collects in the base of the test tube. 

Once a sufficient volume of solution had collected, a third pump was used to transfer the 

crude mixture to the chromatograph injection port. The input and output flow rates from 

the ‘vent’ were equivalent, preventing air from being pumped into the chromatograph 

sample loops.    

 

 

Figure S4.2  Photograph of the set-up used for the generation of photosensitized singlet oxygen and 

subsequent oxidation of Fmoc-methionine to Fmoc-methionine sulfoxide with in-line reversed-phase flash 

column chromatography. System components have been labelled. Note: this image was taken during 

optimization and is identical to the final system reported in the manuscript, with the exception that the flow 

rates displayed on the Vapourtec reactor are higher. 
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Figure S4.3  Photograph of the top of the Vapourtec flow reactor system during continuous oxidation 

and purification of Fmoc-methionine. The gas-liquid separator comprised of a test tube and flow reactor 

input and output tubing can be seen on the right with components labelled. 

 

4.10.1.3 Heterogeneous photocatalysis for thiol coupling.  

The heterogeneous photocatalysis flow system was constructed similarly to 

the system reported by Noël and co-workers.19 The key components of the system are 

displayed in Figure S4.4 with annotations. As with the system described in the previous 

section, a vent was required to separate the gas and liquid phases of the reaction. Due to 

the unpleasant odor of thiophenol, a round bottom flask sealed with a septum was used in 

place of an open test tube. Pressure was equalized by piercing the septum with a short 

needle. Due to logistical constraints imposed by the COVID19 pandemic, we were unable 

to perform this system within a fume cupboard but it is recommended to do so if the 

option is available.  

The fixed bed reactors (FBRs) packed with TiO2 nano-powder was assembled 

using Omnifit borosilicate glass columns. As illustrated in Figure S4.5, the base of the 

column was sealed with a porous PTFE frit. A silica plug was formed by sandwiching a 

~5 mm layer of silica gel between ~5 mm layers of sand (acid washed). A small layer of 

cotton wool was added on top, then the column was loosely filled with glass beads (5 mm 

diameter). TiO2 powder was poured on top and filled the empty space around the glass 

beads. Another layer of cotton wool was added to contain the powder, before finally 
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sealing with another PTFE frit. The max bed lengths of each of the columns were 8 and 

13 cm, respectively. Of which, ~5 and ~10 cm was the photoactive layer containing TiO2. 

The FBRs were placed in parallel, horizontally with respect to their principal 

axis (Figure S4.6). The FBRs were placed between two 7 W white LED modules and 

enclosed in tinfoil to enhance irradiance and obscure light from the lab. To dissipate the 

heat generated by the LEDs, a 5 W fan was placed over the enclosure (Figure S4.7). A 

thermal camera was used to assess the thermal profile of the reactor during steady state 

operation and found that the FBRs were maintained at room temperature by the air flow. 

     

 

Figure S4.4  Photograph of the set-up used for continuous synthesis and purification of diphenyl 

disulfide (4.7) via heterogeneous photocatalysis with labelled system components. 
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Figure S4.5  Schematic and photograph of the fixed bed reactors construction. 

 

 

Figure S4.6  Photograph of the assembled fixed bed reactors packed with TiO2 nanoparticles and fixed 

in parallel between the two LED modules. 
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Figure S4.7   Photographs of the improvised fixed bed photoreactor with the LEDs and cooling fan 

active. The thermal images show that the fan is sufficient to regulate and maintain the temperature of the 

fixed bed reactors near room temperature, despite the proximity to the LED modules. 

 

 

4.10.1.4 Esterification system 

Due to being limited to three pumps, the esterification was performed in a 

semi-continuous system. The synthesis was performed separately, as displayed in Figure 

S4.8A. Stock solutions of 4.8 and 4.9 were pumped to a mixing junction at 180° (R1) 

before passing through a 10 mL reactor coil (R2), enclosed in a hollow Pyrex jacket. A 

thermocouple monitored the surface temperature of the coil around the centre, which was 

consistently around 20-23 °C. The crude reaction mixture was collected in a round bottom 

flask, directly from the output of R2. During this time, a fixed bed reactor (L = 13 cm, ID 

= 6.6 mm) was packed with molecular sieves (2.5g, 4 Ǻ, 1.6 mm pellets). After the 

majority of the stock solutions had been consumed, the set-up was quickly adjusted for 

continuous purification, as displayed in Figure S4.8B. This was achieved by flushing the 

tubing lines of pump A with fresh CH2Cl2 and pump B with sat. NaHCO3 (aq.) solution, 

and then simply by adjusting the orientation of the mixing junction so that crude and 
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aqueous mixed at 90°. This helps to prevent back pressure from the head-to-head collision 

of two immiscible phases. 

In order to continuously extract the organic phase for purification, an 

improvised liquid-liquid separator was constructed from a separating funnel (Figure 

S4.9). The output of the aqueous extraction coil was ejected directly into the centre of the 

empty separating funnel. The immiscible phases separated, with the more dense CH2Cl2 

organic phase at the base of the funnel. The two layers were accumulated until a sufficient 

volume was attainted to confidently begin pumping organic phase out of the base of 

funnel without risk of aqueous phase being pumped as well. Additionally, it was critical 

that the input needle to the separator was placed below the surface of the aqueous phase, 

otherwise the surface tension led to a thin film of CH2Cl2 accumulating on the surface of 

the aqueous layer. The density of the film would eventually lead to a ‘macro-droplet’ 

descending through the aqueous layer, but some organic phase would remain on the 

surface until the cycle repeated. The cone shape of the funnel was ideal for maintaining a 

good depth of the organic layer, and so that the separator output needle could be placed 

at the very bottom of the vessel. 

Initially, the separator was pre-filled with sat. NaHCO3 solution and the input 

for pump B was also placed within the separator, allowing it to act as the reservoir and 

continuously cycling the same volume of aqueous phase. This was until it was realised 

that the increasing concentration of 4.8 and extracted by-products was increasing the 

solubility of 4.10 within the aqueous phase. Hence, the extraction was ultimately 

performed with fresh NaHCO3 solution from a separate reservoir, keeping the 

concentration of aqueous extracts constant in the separator. In hindsight, a side-arm test 

tube would also have been a superior choice of vessel as the increasing volume of aqueous 

phase could have been removed by attaching tubing to the side arm port and allowing the 

aqueous phase to flow out of the tube under gravity. 

The organic extract was pumped through the FBR packed with molecular 

sieves to remove any residual water, and finally transported to the injection port of the 

chromatograph for isolation of the desired products, 4.10 and 4.11. After the experiment 

was complete, the FBR was flushed with fresh CH2Cl2 and then regenerated by flowing 

air at 10 mL/min and heating the FBR jacket to 60 °C (Figure S4.10). This was performed 

for approximately 1 hour, however the external surfaces of the sieves appeared dry after 

~5 minutes. This enabled facile recycling of the same FBR for multiple experiments. This 
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representative ‘pseudo-continuous’ system could be adapted to a truly continuous system 

by employing an additional pump or utilising a membrane liquid-liquid separator.13   

 

 

Figure S4.8  Photograph of the set-up used for (A) continuous esterification of ethylene glycol (4.8) 

and benzoyl chloride (4.9) and (B) in-line aqueous work-up, liquid-liquid extraction, desiccation, and 

chromatographic purification. 
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Figure S4.9  Photograph of the improvised liquid-liquid separator set-up. 

 

 

Figure S4.10  Photograph of the fixed bed reactor packed with molecular sieves being dried and 

regenerated post-run. 
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4.10.2 Optimised Flash Chromatography Methods for Continuous Operation. 

4.10.2.1 General information for method development and continuous 

purification. 

Initial eluent systems were selected based on thin layer chromatography 

analysis of the crude reaction mixtures and literature precedent. Crude reaction mixture 

produced during synthesis optimisation was collected and used directly for off-line 

chromatography method development. In general, 1 mL aliquots of the crude reaction 

mixture were injected to the puriFlash directly via syringe and purification was attempted 

with simple gradient methods using binary eluent systems. Initial methods typically 

followed the same elution steps for all systems, where solvent A is the weakly mobilising 

component (e.g., NP: n-hexane, RP: H2O) and solvent B is the strongly mobilising 

component (e.g., NP: CH2Cl2, EtOAc, RP: i-PrOH, MeCN) of the mobile phase, a general 

starting point for method development would be:  

1. 0:00 → 2:00 min:sec, A: 95%, B: 5%, flow rate: 5 mL/min (NP), 2 mL/min (RP). 

2. 2:01 → 10:00  min:sec, A: 95%, B: 5% → A: 5%, B: 95%, flow rate: 5 → 15 

mL/min (NP), 2 → 5 mL/min (RP). 

3. 10:01 → 15.00  min:sec, A: 5%, B: 95%, flow rate: 15 mL/min (NP), 5 mL/min 

(RP). 

4. 15:01 → 16:00 min:sec , A: 5%, B: 95% → A: 95%, B: 5%, flow rate: 15 mL/min 

(NP), 5 mL/min (RP). 

5. 16:01 → 20:00 min:sec , A: 95%, B:5%, flow rate: 15 mL/min (NP), 5 mL/min 

(RP). 

Step 1 is where crude material is loaded onto the stationary phase at lower 

flow rates and the reaction solvent is ideally diffused and flushed off of the stationary 

phase. Steps 2 and 3 control the eluent gradient and accelerate the flow rate to the optimal 

values. Step 4 returns the eluent system to the initial composition and step 5 is the re-

equilibration step. 

Once separation of the desired components was achieved, the steps were 

modified to reduce the method duration to be a short as possible as this maximises the 

system productivity. Continuous automated flash column chromatography purification 

was achieved by programming two identical methods, one for each of the column 

positions. The methods were loaded to a sample queue in an alternating pattern, such that 
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the crude material could continuously load to a sample loop which was not engaged in a 

chromatography method. Some key method settings that enabled continuous purification 

were: 

• Methods were programmed to not include an automatic pre-equilibration, as this 

is included at the end of the previous method. 

• The injection mode of the methods was set to ‘automatic’, which begins the 

method in the sample queue automatically and assumes that crude material has 

been pre-loaded to a sample loop, such that no input from the user is required. 

• The methods were set to ‘stop mode’, which automatically ends the method after 

the final step and advances the sample queue without human intervention.   

 

4.10.2.2 Proof-of-concept system. 

4-Methoxyphenol (4.1) and 2,5-dibromo-p-xylene (4.2) were purified by 

normal-phase flash column chromatography using 25 g silica cartridges (Interchim, PF-

50SIHC-F0025). The total method duration was 8 minutes with a feed flow rate of 0.5 

mL/min, resulting in 4 mL of crude material being loaded to a sample loop before the 

method was initiated. The eluent system was composed of n-hexane (solvent A) and 

EtOAc (solvent B). The elution steps for the optimised method were as follows: 

 

1. 0:00 → 4:00 min:sec, A: 80%, B: 20% → A: 10%, B: 90%, flow rate: 15 mL/min. 

2. 4:01 → 5:00 min:sec , A: 10%, B: 90%, flow rate: 15 mL/min. 

3. 5:01 → 6:00 min:sec , A: 10%, B: 90% → A: 80%, B: 20%, flow rate: 15 → 30 

mL/min. 

4. 6:01 → 8:00 min:sec , A: 80%, B: 20%, flow rate: 30 mL/min. 

 

Each run consumed 87 mL of n-hexane and 71 mL of EtOAc, for a total of 

158 mL of eluent per purification cycle. 

Fraction collection was triggered by absorbance at 280 nm exceeding a 

threshold intensity. The fraction containing 4.2 was collected between ~2:14 - 2:46 
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min:sec with a volume of ~8 mL each run. The fraction containing 4.1 was collected 

between ~5:26 – 5:49 min:sec with a volume of ~10 mL each run. An example 1D 

chromatogram is provided in Figure S4.11. 

 

 

 

 

Figure S4.11. Example chromatogram from the optimized chromatography method for the proof-of-

concept system. The pink curve shows the absorbance at 280 nm over time (left y-axis). The lines show the 

change in eluent composition (right y-axis) and flow rate (labelled) over time. 
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4.10.2.3 Fmoc-methionine sulfoxide system 

The crude mixture of Fmoc-methionine sulfoxide diastereomers (4.4) and 

4,7-diphenyl-2,1,3-benzothiadiazole (4.5) were purified by reversed-phase flash column 

chromatography using 4 g silica cartridges (Interchim, PF-15C18XS-F0004). The total 

method duration was 13.30 minutes with a feed flow rate of 0.1 mL/min, resulting in 1.35 

mL of crude material being loaded to a sample loop before the method was initiated. The 

eluent system was composed of H2O (solvent A), i-PrOH (solvent B) and MeCN (solvent 

C). The elution steps for the optimised method were as follows: 

 

1. 0:00 → 3:00 min:sec , A: 90%, B: 0%, C: 10%, flow rate: 2 mL/min. 

2. 3:01 → 3:05 min:sec , A: 90%, B: 0%, C: 10%, flow rate: 2 → 10 mL/min. 

3. 3:05 → 6:00 min:sec , A: 90%, B: 0%, C: 10% → A: 0%, B: 90%, C: 10%, flow 

rate: 10 mL/min. 

4. 6:01 → 9:00 min:sec , A: 0%, B: 90%, C: 10%, flow rate: 10 mL/min. 

5. 9:01 → 11:00 min:sec , A: 0%, B: 90%, C:10% → A: 90%, B: 0%, C: 10%, flow 

rate: 10 mL/min. 

6. 11:01 → 13:30 min:sec , A: 90%, B: 0%, C: 10%, flow rate: 10 mL/min. 

 

Each run consumed 50 mL of water, 49 mL of iso-propanol and 11 mL of 

MeCN, for a total of 110 mL of eluent per purification cycle. 

Fraction collection was triggered by absorbance at 254 nm or 380 nm 

exceeding a threshold intensity. The fraction containing 4.4 was collected between ~7:19 

- 8:05 min:sec with a volume of ~7.5 mL each run. The fraction containing 4.5 was 

collected between ~10:23 – 10:42 min min:sec with a volume of ~3 mL each run. An 

example 1D chromatogram is provided in Figure S4.12. 
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Figure S4.12  Example chromatogram from the optimized chromatography method for the methionine 

system. The purple and orange curves show the absorbance at 280 and 380 nm, respectively, over time (left 

y-axis). The lines show the change in eluent composition (right y-axis) and flow rate (labelled) over time. 
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1. 0:00 → 2:30 min:sec, A: 40%, B: 10%, C: 50%, flow rate: 2.5 mL/min.  

2. 2:31 → 4:00 min:sec, A: 40%, B: 10%, C: 50% → A: 0%, B: 10%, C: 90%, flow 

rate: 2.5 → 10 mL/min. 

3. 4:01 → 8:00 min:sec, A: 0%, B: 10%, C: 90%, flow rate: 10 mL/min. 

4. 8:01 → 9:00 min:sec, A: 0%, B: 10%, C: 90% → A: 40%, B: 10%, C: 50%, flow 

rate: 10 mL/min. 

5. 9:01 → 11:00 min:sec, A: 40%, B: 10%, C: 50%, flow rate: 10 mL/min. 

 

Each run consumed 9 mL of iso-propanol, 63 mL of MeCN, and 14 mL of 

water, for a total of 86 mL of eluent per purification cycle. 

Fraction collection was triggered by ELSD absorbance exceeding a threshold 

intensity. The fraction containing 4.7 was collected between ~6:52 - 7:39 min:sec with a 

volume of ~7.5 mL each run. An example 1D chromatogram is provided in Figure S4.13. 

 

Figure S4.13  Example chromatogram from the optimized chromatography method for the disulfide 

system. The orange curve shows the ELSD signal intensity over time (left y-axis). The lines show the 

change in eluent composition (right y-axis) and flow rate (labelled) over time. 
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4.10.2.5 Esterification system. 

2-Hydroxyethyl benzoate (4.10) and 2-(benzoyloxy)ethyl benzoate (4.11) 

were purified by normal-phase flash column chromatography using 25 g silica cartridges 

(Interchim, PF-50SIHC-F0025). The total method duration was 6 minutes with a feed 

flow rate of 1.0 mL/min, resulting in 6 mL of crude material being loaded to a sample 

loop before the method was initiated. The eluent system was composed of CH2Cl2 

(solvent A) and i-PrOH (solvent B). The elution steps for the optimised method were as 

follows: 

 

1. 0:00 → 2:00 min:sec, A: 90%, B: 10%, flow rate: 5 → 10 mL/min. 

2. 2:01 → 2:30 min:sec, A: 90%, B: 10%, flow rate: 10 → 25 mL/min. 

3. 2:31 → 5:00 min:sec, A: 90%, B: 10%, flow rate: 25 → 30 mL/min. 

4. 5:01 → 6:00 min:sec, A: 90%, B: 10%, flow rate: 30 mL/min. 

 

Each run consumed 81 mL of CH2Cl2 and 9 mL of iso-propanol, for a total of 

90 mL of eluent per purification cycle. 

Fraction collection was triggered by absorbance at 280 nm exceeding a 

threshold intensity. The fraction containing 4.11 was collected between ~2:50 - 3:22 

min:sec with a volume of ~14 mL each run. The fraction containing 4.10 was collected 

between ~3:51 – 4:22 min:sec with a volume of ~14 mL each run. An example 1D 

chromatogram is provided in Figure S4.14. 
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Figure S4.14  Example chromatogram from the optimized chromatography method for the disulfide 

system. The pink curve shows the absorbance at 280 nm over time (left y-axis). The lines show the change 

in eluent composition (right y-axis) and flow rate (labelled) over time. 

 

4.10.3 LED Modules. 

Heterogeneous photocatalysis reactions were performed using LED modules 

built in-house. The modules comprised 4x 3W EPILED LED arrays emitting ‘cool white’ 
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 single core 

cable using solder. The array was wired to a DC constant-current LED driver with 12-24 
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manufacturers website.77 An image of the finished module in operation is provided below 

(Figure S4.15). 

 

 

Figure S4.15  Image of finished LED modules, built in house. 

 

4.10.4 Residence Time Distribution Analysis. 

RTD analysis was performed as previously reported by Xuan, Vilela and co-

workers.3 Residence time distribution curves were obtained by injecting a tracer solution 

(1,3,5,7-Tetramethyl-8-phenyl-4,4-difluoroboradiazaindacene (4.6 x10-5 M) in 

isopropanol) into the reactor inlet stream, using the Vapourtec flow system’s solvent-

reagent selection valves. The flow reactor set-up used for the measurements is illustrated 

in Figure S4.16 and described below. 

 

Figure S4.16  Schematic flow diagram used for RTD analysis. 



Chapter 4: Expanding the Tool Kit of Automated Flow Synthesis: Development of In-Line Flash 

Chromatography Purification 

276 

 

To estimate the residence time of 4.6 in the FBRs more accurately, residence 

time distribution analysis was performed by placing a UV-Vis. spectrophotometer (Pasco 

PS-2600) in-line with the flow system illustrated in Scheme 4.3, after the FBRs. The 

FBRs were constructed as previously described and primed with a 0.25 M solution of 

TMEDA in IPA. A chromatic tracer species, 1,3,5,7-Tetramethyl-8-phenyl-4,4-

difluoroboradiazaindacene (BODIPY, 1.5 mg, 4.6 μmol), with strong visible light 

absorbance was added to 100 mL volumetric flask and dissolved in IPA (100 mL, 4.6 

x10-5 M).  

The tracer solution was connected to the reagent input of the solvent-reagent 

selection valve of pump A, and a reservoir of clean IPA (250 mL) was connected to the 

solvent input of pump A and pump B. Tracer solution and IPA were pumped from pumps 

A and B, respectively, at 0.1 mL/min each. The tracer solution passed through the FBRs 

to establish an adsorption equilibrium with the solid phase. The solution exiting the FBRs 

passes into the optical cavity of a flow-through quartz cuvette (Hellma GmbH & Co. KG; 

176-761-15-40, 5 mm pathlength), placed within the sample chamber of the 

spectrophotometer. The visible light absorbance spectrum of the tracer was recorded, and 

the maximum adsorption intensity wavelength was identified as 503.6 nm. The 

spectrometer was set to record absorbance at 503.6 nm with a bandwidth of 4 nm and a 

sample rate of 5 Hz.  

The solvent-reagent selection valve of pump A was switched, and the system 

was flushed with IPA until a steady-state baseline absorbance was achieved. 

Synchronously, the spectrometer was reset to record absorbance at 503.6 nm with the 

same parameters, and the solvent-reagent selection valve was switched for 12 seconds to 

inject 20 microliters of tracer solution into the flow stream before being switched back. 

The time distribution of tracer exiting the system was monitored by the spectrometer until 

the absorbance returned to the baseline for at least twice the approximate mean residence 

time. The analysis was repeated for the system with the FBRs disconnected to assess the 

contribution of the remainder of the flow system to the residence time distribution.  

The RTD curve, also known as the E(t) curve, can be defined as:78 

 

𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡) d𝑡
∞

0

                                                     (4.1) 
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Where C(t) is the concentration of tracer detected by the spectrometer at time, 

t. The concentration of tracer is assumed to be directly proportional to the measured 

absorbance. The integral of the denominator is obtained from the area of the C(t) curve. 

The RTD curve must also satisfy the material balance check:  

 

∫ 𝐸(𝑡) d𝑡
∞

0

= 1                                                        (4.2) 

 

The mean residence time (𝑡̅) and the variance (σ2) of the residence time 

distribution profile are two important characteristic parameters of the E(t) curve, where 𝑡̅  

is the first moment of the RTD curve and is given by: 

 

𝑡̅ =
∫ 𝑡𝐶(𝑡) d𝑡

∞

0

∫ 𝐶(𝑡) d𝑡
∞

0

                                                        (4.3)  

 

The second moment - σ2, is the measure of the spread of the E(t) curve and is 

useful for matching experimental curves to a family of the theoretical curves:78 

 

σ2 =
∫ (𝑡 − 𝑡̅)2𝐶(𝑡) d𝑡

∞

0

∫ 𝐶(𝑡) d𝑡
∞

0

                                                    (4.4) 

 

In order to compare the segments of the flow system independently of the 

mean residence times, the E(t) curve can be normalized by using experimentally obtained 

𝑡̅ values: 

𝜃 =
𝑡

𝑡̅
                                                                 (4.5)  

 

𝐸(𝜃) = 𝑡̅𝐸(𝑡)                                                          (4.6)  
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Whilst dimensionless variance (𝜎𝜃
2) can be defined as:78 

 

𝜎𝜃
2 =

𝜎2

𝑡̅2
                                                               (4.7) 

 

The dimensionless group can be represented by the Péclet module (Pe), which 

provides a measure of plug-flow character. The theoretical Péclet number of the system 

was calculated as described by Sans, García-Verdugo and co-workers.79 The analytical 

solution to E(θ) under open boundary conditions is described by: 

 

𝐸(𝜃)𝑐𝑎𝑙𝑐. =
1

2
√

𝑃𝑒

𝜋𝜃
𝑒−

𝑃𝑒(1−𝜃)2

4𝜃                                        (4.8) 

 

The theoretical RTD curve was adjusted to the experimental results by 

varying Pe in equation (4.8) to minimise the average residual sum of squares, using 

equation (4.9): 

 

𝜀 =
∑ [𝑦(𝑡) − 𝑦𝑐𝑎𝑙𝑐(𝑡)]2𝑡𝑚𝑎𝑥

0

𝑛
                                          (4.9) 

 

Where n represents the total number of time intervals measured, y(t) is the 

experimental values of E(θ) at time t, and ycalc(t) is the calculated value of E(θ) at time t 

for a given value of Pe. The key values extracted from the RTD analysis for the properties 

described above are described in Table S4.1. The absorbance spectrum of the tracer, E(t) 

and E(θ) curves are displayed separately in Figures S4.17-4.20. 

The difference between the mean residence times of the two flow paths can 

be taken as an approximate mean residence time of solution in the FBRs and is calculated 

as 982.78 seconds (16 minutes and 22.78 seconds). Both RTD functions showed a large 

variance in residence time from the mean, and low values of Pe (<50). Collectively these 

indicate a significant deviation from ideal plug flow towards mixed flow, which is 
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unsurprising due to the low fluid velocity and complex fluid dynamics induced by the 

packed bed reactor.79 

 

Table S4.1 Summary of key values extracted from RTD analysis. 

Entry Flow Path 

Net-Flow Rate @ 

Spectrometer 

(mL/min) 

�̅� 

/s 

σ2 

/s2 
σθ

2 Pe 

1 
Red 

Whole System 
0.2 1580.72 163397.36 0.07 37.64 

2 
Blue  

By-Passing FBRs 
0.2 597.94 29604.12 0.08 21.15 

 

 

 

Figure S4.17  Absorbance spectrum of BODIPY tracer solution, with maximum absorbance 

wavelength (λabs
max) labelled. Spectrum was recorded with the PASCO PS-2600 wireless spectrometer and 

Helma flow-through cuvette using the 5 mm pathlength. 
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Figure S4.18  E(t) vs time residence time distribution (RTD) functions for the heterogeneous 

photocatalysis flow system. The blue function is the RTD of the BODIPY tracer pulse in the system with 

the FBRs disconnected. The red function is the RTD profile of the BODIPY tracer pulse in the system with 

the FBs connected. 

 

 

 

Figure S4.19  Dimensionless RTD profile of the BODIPY tracer pulse without the FBRs connected. 

The blue function is the experimental data. The yellow trace is the theoretical function from equation (4.8). 

A Pe value of 21.15 was calculated by minimising the sum of residual squares using equation (4.9). 
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Figure S4.20  Dimensionless RTD profile of the BODIPY tracer pulse without the FBRs connected. 

The red trace is the experimental data. The yellow trace is the theoretical function from equation (4.8). A 

Pe value of 37.64 was calculated by minimising the sum of residual squares using equation (4.9). 

 

 

4.10.5 Continuous flow esterification of ethylene glycol (4.8) and benzoyl chloride 

(4.9): screening and optimisation. 

 

4.10.5.1 Batch Synthesis Protocol (A): 

To an oven dried sample vial loaded with a stirrer bar, ethylene glycol (4.8, 1 

mL, 18 mmol), 4-(dimethylamino)pyridine (DMAP, 22 mg, 0.022 mmol) and 

triethylamine (NEt3, 0.153 mL, 1.2 mmol) were added and dissolved in anhydrous CH2Cl2 

(10 mL). The reaction vessel was placed in an aluminium heating block stirred by hotplate 

stirrer either at room temperature or cooled to 0 ºC by an ice bath. Benzoyl chloride (4.9, 

2.5 mL, 18 mmol) was slowly added to the solution via a 1 mL syringe. After addition of 

the solution, the reaction was left for 30 minutes before quenching with saturated aq. 

NaHCO3 (15 mL). The mixture was separated, and the aqueous phase was extracted with 

CH2Cl2 (3 x 15 mL). The combined organic phase was washed with brine and dried over 

anhydrous MgSO4. The solution was filtered and evaporated in vacuo to dryness before 
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crude 1H NMR analysis to assess conversion, using 1,3,5-trimethoxybenzene as an 

internal standard. 

The crude mixture was dissolved in DCM (10 mL) and purified by flash 

column chromatography using the puriFlash system. A 1 mL injection was made initially 

to prime the silica, followed by 4 x 4.5 mL injections. The conversion and selectivity for 

monoester 4.10 over bis-ester 4.11 is reported in Table S4.2. The 1H and 13C{1H} NMR 

spectra of the isolated compounds were identical to the those reported in the experimental 

section of the manuscript and displayed in the Supporting Spectral Data document.  

 

4.10.5.2 Batch Synthesis Protocol (B): 

The synthesis reported in protocol (A) was repeated on a 36 mmol scale for 

thermal analysis. 4.8 (2.01 mL, 36 mmol), DMAP (44 mg, 0.36 mmol) and NEt3 (5.52 

mL, 39.6 mmol) was added to an oven dried 3-neck round bottom flask and dissolved in 

anhydrous CH2Cl2 (80 mL). One side-arm of the flask was sealed, the other was left open 

to allow a thermometer tip to be placed in the solution. The main neck of the flask was 

equipped with a dropping funnel. 4.9 (4.18 mL, 36 mmol) was added to the closed 

dropping funnel. Prior to beginning slow addition of 4.9, the temperature of the reaction 

solution was measured by the thermometer and the thermal profile of the flask was 

measured with a thermal camera (FLIR TG167). The dropping funnel was opened and 

4.9 was slowly added dropwise to the stirring solution of 4.8 over 5 minutes. The 

temperature profile and reading were collected with the thermal camera and thermometer 

at regular intervals for 30 minutes. A 0.5 mL sample of the reaction mixture was extracted 

with a syringe and concentrated to dryness via rotary evaporator. The sample was 

redissolved in CDCl3 and analysed by 1H NMR to assess conversion and selectivity using 

the integral ratios of the four ethylene proton signals of 4.8, 4.10 and 4.11 (Figure S4.21). 
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Figure S4.21  1H NMR spectrum of the esterification crude reaction mixture after 30 minutes. The ratio 

of aliphatic protons of 4.8 : 4.10 : 4.11 is (2.58 : 4.11 : 3.85), equivalent to 75.5% conversion and 51.6% 

selectivity for 4.10. 

 

4.10.5.3 Flow process parameter screening: 

As described in the experimental section of the manuscript, a stock solution 

of 4.8, DMAP and NEt3 (0.9 M, CH2Cl2) and a separate stock solution of 4.9 (0.9 M, 

CH2Cl2) were produced in volumetric flasks and connected to the flow reactor system. 

The effects of flow rate and residence time, temperature and pressure were screened by 

flowing ~10 mL portions of both the stock solutions through the flow system, as 

illustrated in Table S4.2. A 1 mL sample of the central portion of crude reaction mixture 

exiting the system was collected and analysed by 1H NMR, as described and illustrated 

in Figure S4.21. The results of the 10 conditions screen are reported in Table S4.2, entries 

4-14. For screening the effects of elevated temperature and superheated solvents, the 

Vapourtec flow reactors in-built air oven was used to heat the exterior of the 10 mL 

reactor coil, contained within a hollow Pyrex jacket. The temperature of the reactor coils 

surface was monitored and regulated by a thermocouple. 

The system was remarkably resilient to any change in system parameters, 

indicating that esterification reaction is complete within seconds of the two solutions 

mixing in the T-Junction (reactor 1, R1). 

Table S2. Batch and Flow Process Parameter Screening: 
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aFlow rate of pump A = Flow rate of Pump B. bMaximum pressure reading, monitored by the 

flow reactor at the peristaltic pumps and adjusted with a back pressure regulator (BPR). cCalculated by 1H 

NMR of crude reaction mixture. dBatch protocol A. eCalculated from isolated yield of 10 and 11. fBatch 

protocol B. gA 2 mL reactor coil placed in a water bath at room temperature between reactor 2 (R2) and the 

BPR to cool the reaction mixture and prevent damage to the BPR. hThe orientation of T-junction mixer 

(R1) switched so the solutions of 8 and 9 intercept at 90º. iR1 and the tubing before it was submerged in an 

ice bath. jR2 was submerged in an ice bath. kR2 replaced with a 2 mL reactor coil to vary residence time at 

constant flow rate. lAdditional T-junction placed at R2 reactor exit, with MeOH pumped at 1.5 mL/min into 

the junction at 180° w.r.t. the reaction mixture, to quench the reaction at precise residence times. mR2 

replaced with a 50 cm length of tubing, (ID = 1 mm, V = 0.39 mL). nR2 replaced with 3x50 cm tubes 

connected in series (ID = 1 mm, V = 1.17 mL). oOptimised continuous purification of system 4, presented 

in the manuscript. 

 

 

 

Entry 

 

Net-Flow 

Ratea 

(mL/min) 

Residence 

Time 

 (min) 

TR1  

(oC) 

TR2 

(oC) 

Pb 

(bar) 

Conc. 

(M) 

Conv.c  

(%) 

ΔConv. 

vs 

Entry 

3 

 (%) 

4.10 

Selec.c 

 (%) 

ΔSelec. 

vs 

Entry 

3 

 (%) 

1 Batch 30 23 - 0 1.8 58d,e -17 53d,e
 1 

2 Batch 30 0 - 0 1.8 51d,e -24 54d,e 2 

3 Batch 30 17.5 - 0 0.45 75f 0 52f 0 

4 0.3 40 23 23 0 0.45 56 -19 63 11 

5 2 5 23 23 0 0.45 68 -7 62 10 

6 0.3 40 23 23 0 0.45 66 -9 61 9 

7 10 1 23 23 0 0.45 69 -6 59 7 

8 5 2 23 23 5 0.45 70 -5 59 7 

9g 5 2 23 40 5 0.45 70 -5 59 7 

10g 5 2 23 60 5 0.45 69 -6 59 7 

11h 5 2 23 23 0 0.45 69 -6 58 6 

12 5 2 13 13 0 0.45 70 -5 57 5 

13i 5 2 0 13 0 0.45 68 -7 57 5 

14i,j
 5 2 0 0 0 0.45 64 -11 59 7 

15k 1 2 23 23 0 0.45 70 -5 59 7 

16k,l 1 2 23 23 0 0.45 67 -8 60 8 

17l,m 1 
0.39  

(23.4 sec) 
23 23 0 0.45 39 -36 82 30 

18l,n 1 
1.17 

(70.2 sec) 
24 24 0 0.45 54 -21 69 17 

19o 1 10 23 23 0 0.45 65e -10 56e 4 
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4.10.5.4 Screening of concentration effects in flow: 

After considering the results in Table S4.2, it was thought that dilution would 

be the only system parameter likely to alter the product selectivity. The flow system 

described for Table S4.2 was replicated except the T-Junction mixer was replaced with a 

4-way cross junction mixer. This enabled a feed of anhydrous CH2Cl2 to intercept the 

mixing solutions of 4.8 and 4.9 and dilute the system without producing multiple stock 

solutions of varying concentration. The flow rate of pumps A and B were kept consistent 

to maintain the desired 1:1 stoichiometry, whilst the net-flow rate of pump A+B and pump 

C were varied to alter dilution and residence time. As before, a 1 mL sample of the 

outflow was collected directly into a round bottom flask containing ~5 mL of MeOH to 

quench any potential unreacted 4.9. The sample was evaporated to dryness via rotary 

evaporator and analysed by 1H NMR, as previously described in Figure S4.21. The flow 

system is illustrated, and the results of conversion and selectivity are reported in Table 

S4.3. 

It was possible to improve the product selectivity by up to 19%, although with 

a 15% reduction in conversion (Entry 2, Table S4.3). Selectivity enhancements were 

achieved (+7-8%) whilst maintaining comparable conversion (-1-2%) at lower net-

flowrates (Entries 2-4, Table S4.3), suggesting that longer residence times may be 

necessary at lower concentrations to ensure sufficient mixing within the R2 coil. 
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Table S3. Screening of dilution effects on conversion and selectivity in flow. 

 

Entry 

Net-Flow 

Rate A + 

B 

(mL/min) 

Flow Rate 

C 

(mL/min) 

Residence 

Time 

(min) 

TR1 

(oC) 

TR2 

(oC) 

Net-

Conc. 

(M) 

Conv. 

(%) 

ΔConv. 

vs 

Entry 0 

(%) 

10 

Selec. 

(%) 

ΔSelec. 

vs 

Entry 0 

(%) 

0a 5 - 2 13 13 0.45 70 0 57 0 

1 4 1 2 13 13 0.36 61 -9 66 9 

2 2 3 2 13 13 0.18 55 -15 76 19 

3 1 1.5 4 13 13 0.18 69 -1 64 7 

4 0.5 0.75 8 13 13 0.18 68 -2 65 8 

5 5 2.5 1.333 13 13 0.225 54 -16 72 15 

6 2 1 3.333 13 13 0.225 62 -8 65 8 

7b
 6.66 3.33 2 20 20 0.225 59 -14 69 12 

aEntry 12, Table S4.2. bTwo 10 mL reactor coils were connected in series to maintain 2 minutes residence 

time at higher flow rates and assess the contributions of flow turbulence. 

 

4.10.6 Thermal Camera Imaging Analysis. 

Thermal imaging was performed with an FLIR TG167 spot thermal camera. 

Images were collected manually at random, increasing time intervals. Accurate 

temperatures of the reaction solution were measured with a thermometer at defined time 

intervals using a stopwatch. The individual thermal images were collated and analysed 

by randomly sampling pixels using Image-J software (Figure S4.22).68,69 The highest and 

lowest pixel intensities were calibrated against the defined temperatures of the 

thermometer and room temperature (Figure S4.23). 

The conversion factor of pixel intensity to temperature was obtained from the 

gradient of the linear fit as 0.292 ºC/a.u. Conversion of pixel intensity to temperature for 

any pixel of Figure S4.22 could then be calculated using the straight-line equation from 

the calibration plot. The round bottom flask within the thermal images was selected as an 

area in ImageJ and the maximum intensity was for each of the 61 images was recorded. 

The results were converted to real temperatures and plotted vs time (Figure S4.24). The 

time intervals of the images were fit to approximately match the temperatures measured 

manually with the thermometer at defined time periods. 
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Measuring the temperature of the solution in a flow reactor with a 

thermometer is more challenging as only the external surfaces of the tubing can be 

measured. Additionally, under steady-state conditions, the temperature of solution in a 

flow system changes as a function of position and not time. Hence, the temperature profile 

of the flow reactor system was analysed with the thermal camera, and the surface 

temperature of the reactor tubing was measured using a thermocouple. Temperature was 

also recorded by wrapping the tip of a thermometer against the surface of the reactor 

tubing with tinfoil (Figure S4.25). The maximum recorded temperature of the flow system 

was 27 ºC, however this was recorded by coiling the tubing after the mixing junction and 

then wrapping the coil and a thermometer tip in tinfoil (Figure S4.26B). This added 

insulation hinders heat dissipation and is not representative of the true system. Wrapping 

the thermometer against a small section of tubing after the mixing junction achieved a 

maximum temperature of 23 ºC, and the maximum temperature of the reactor coil 

measured with the thermocouple was 21 ºC. Collectively, these values are more 

representative of the real system, although are likely to be elevated from the true 

maximum temperatures as the thermometer was insulated against the tubing, and the 

reactor coil is usually regulated with an air flow which would facilitate heat transfer and 

dissipation. Methods to measure the temperature of a flowing solution directly have been 

reported independently by the groups of Noël and Kappe, which would provide a more 

accurate measure of internal solution temperature.80,81 However, for the purposes of this 

work, only a qualitative measure of the relative temperatures was required to rationalise 

the observed solid formation. 

A collection of thermal images from the flow system are presented in Figure 

S4.26. As the thermal camera images are scaled relative to their background, the same 

methodology of generating a calibration chart to convert pixel intensity to real 

temperature cannot be applied to images of the flow system with significant variations in 

the background.  
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Figure S4.22  Collated thermal images of the 36 mmol scale batch esterification reaction. 

Temperatures reported above the images are measured by the camera and are not representative of the 

internal temperature of the reactor. 
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Figure S4.23  Calibration plot of measured internal temperature range vs pixel intensity range. 

 

 

Figure S4.24  Thermal profile of the batch esterification reaction over time. (I) Addition of BzCl 4.9 

began. (II) Addition of 4.9 completed. (III) Maximum temperature (47 ºC) achieved. (IV) End of reaction, 

sample extracted for analysis. The dashed red line is an approximate fit of the profile, plotted manually to 

highlight the trend. 
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Figure S4.25  Set-up for measuring the temperature of the tubing after the mixing junction with a 

thermometer and tinfoil insulation. 

 

 

Figure S4.26 Collection of thermal images of the flow system during the esterification reaction system. 

(A) T-Mixing junction (R1). The outline of the junction has been marked with a white dashed line. (B) A 

50cm length of tubing placed between R1 and R2 and wrapped into a coil secured by a cable tie. (C) The 

50 cm tubing between R1 and R2 uncoiled. (D) R1 and R2 (left) and the aqueous extraction junction and 

coil (right). (E) R2 viewed from the right. (F) R2 viewed from the left. The dissipation of heat in the coil 

from left to right can be seen clearly as the orange colour fades to dark blue/black.  
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Figure S4.27  Images of the reaction set up for thermal analysis with (left) the flow system and (right) 

the batch synthesis. The flow system shows R1 and R2 directly connected to each other, however a 50 cm 

length of tubing was added later to measure the temperature after the mixing junction more easily. 

 

4.10.7 Troubleshooting suggestions for more challenging systems. 

Herein, we present a list of conditions or properties of reaction systems that 

would likely prove more challenging for continuous flash chromatography purification 

using our reported system (Table S4.4). However, in most cases there are suitable 

technologies or methods to overcome these challenges, such as in-line extractions, 

reactive distillations and ‘catch-and-release’ techniques.23,38,70 We have suggested 

troubleshooting solutions for each of the challenging properties within Table S4.4.  
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Table S4. Properties or conditions that are likely to be challenging for in-line flash chromatography and 

suggestions for troubleshooting. 

Challenging Condition/Property: Suggestions for troubleshooting: 

Reactions with by-products that are likely to 

foul the stationary phase. 

 

Use of guard columns and in-line purification can 

protect the stationary phase, as is common 

practice for maintaining HPLC columns. 

 

 

Reactions that involve flowing a slurry or that 

form solid by-products. 

  

 

In-line filtration or intercept solvents that 

solubilise the solid by-product can mitigate this. 

 

 

Reactions performed in solvents that are 

incompatible with the required column 

stationary phase (e.g., water/methanol for 

normal-phase chromatography). 

  

In-line liquid-liquid extraction or reactive 

distillation can remove the incompatible solvent 

before purification.a 

Reactions under dilute conditions that limit 

productivity. 

 

Replacing the systems sample loops with 

cartridges of functional materials (e.g. Amberlyst 

resins) for ‘catch-and-release’ type strategies 

could concentrate product and enable faster feed 

flow rates.b 

 

Advancements in lab-scale reactive distillation 

and solvent switching technologies could also be 

used to concentrate solutions.a 

 

Reaction systems that require high flow rates 

(flash chemistry) or produce crude material 

significantly faster than the rate of 

purification. 

 

Employing static mixing technologies and 

reducing reactor volumes to achieve the same 

residence times with lower flow rates can 

mitigate this.c 

 

Additionally, the purification system’s sample 

loops and stationary phases can be scaled-up to 

increase capacity. 

 

Complex or challenging separations that 

require long chromatography methods (>20 

minutes) for sufficient peak resolution, 

especially if the separation is sensitive to the 

injection volume and solvent. 

 

In-line liquid-liquid or solid-phase extractions 

could potentially remove challenging 

contaminants prior to the chromatographic 

purification.a,b 

 

Partial purification of the product may still be 

beneficial to prevent degradation and simplify 

subsequent purification. 

 

 

Reactions in which the desired products have a 

low affinity for the stationary phase. 

 

 

Consider whether the system can be adapted for 

an alternative stationary phase that will provide 

better retention of the product. 

 
aFor examples of in-line extractions and reactive distillations, see reference (13).13 bFor examples of solid-

phase extractions and catch-and-release strategies, see reference (82).82 cFor examples of static and 

progressive mixing reactors, see reference (49).49  
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CHAPTER 5 – Continuous Flow Integration of an Affordable 

Spectrometer for Stern-Volmer Analysis  

(Publication: Industrial Application Note with Vapourtec Ltd. (UK)) 

 

 

Figure 5.1  Graphical abstract.  

 

5.1   Declaration 

This chapter contains sections of work that have been published as an 

application note in collaboration with Vapourtec Ltd. (UK): 

Thomson, C. G.; Kraft, A.; Vilela, F. Application Note 70: Fast Stern-Volmer Analysis 

in Flow, Produced for Vapourtec Ltd. (UK); 2021. Available at: 

https://www.vapourtec.com/flow-chemistry-resource-centre/application-note-70-fast-

stern-volmer-analysis-in-flow-2/ (Accessed: 03/09/2022).  

As the primary author of this publication, I confirm that the majority of this work is my 

own. The contributions of each of the authors are outlined below: 
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C. G. Thomson (C.G.T.): System development; data collection, analysis, and 

interpretation; acquisition of funding; drafting of the initial manuscript and supporting 

information; editing and review of the manuscript. 

A. Kraft (A.K.): Provision of undergraduate data sets; editing and review of the 

manuscript. 

F. Vilela (F.V.): Supervision of C.G.T.; acquisition of funding; editing and review of the 

manuscript. 

 

5.2  Background and Aims 

In-line and on-line process analytical tools for flow chemistry are often solely 

thought of as enabling technologies for reaction monitoring and optimisation, as has been 

demonstrated in the previous chapters for NMR, UV-Vis. and flash chromatography. 

However, flow chemistry combined with in-line analysis can also be a powerful tool for 

accelerating the study of reaction kinetics,1 thermodynamics,2 and molecular 

photophysical properties.3 Similarly to high-throughput experimentation, flow chemistry 

can be used to explore a broad chemical space rapidly by altering reactor conditions and 

flow rates in real time.4 For example, rather than setting up six identical batch reactions 

at varying temperatures, a single stock solution can be run through the same flow reactor 

at six different temperatures, sequentially, reducing the amount of time, materials and 

hardware required for the screening. Additionally, instead of setting up several reactions 

with varying concentration of one substrate, pumps can be used to dilute a reagent within 

the flow system before the reactor. This allows multiple concentration conditions to be 

screened from a single stock solution of reagent. Researchers have taken advantage of 

these capabilities to automate and accelerate analysis of chemical systems in flow, 

reducing manual labour and improving reproducibility of data acquisition. 

Stern-Volmer analysis is a powerful tool for the study of photoredox catalysis 

kinetics and mechanisms. The principle of the analysis is that an excited state 

photocatalyst in isolation will tend to decay radiatively, via fluorescence, back to its 

ground state. If a chemical species is introduced that can provide the excited state catalyst 

with a non-radiative decay pathway, for example, via single electron transfer, then the 

observed fluorescence emission intensity will decrease. Molecules that reduce 

fluorescence in this way are referred to as fluorescence quenchers. Generally, 
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fluorescence quenching is linearly proportional to the concentration of the quenching 

species, and this relationship is described by the Stern-Volmer equation:5 

 

𝐼𝑓
0

𝐼𝑓
𝑛 =  𝑘𝑞 𝜏0 [𝑄]  = 𝐾𝑆𝑉 [𝑄]                                                   (5.1) 

 

Where If
0 is the unquenched fluorescence intensity of the photocatalyst, If

n is 

the quenched fluorescence intensity at a given concentration of quencher ([Q]). These are 

then related by the quenching rate constant kq and the fluorescence lifetime of the 

photocatalyst τ0, which is a photophysical constant of the photocatalyst within a given 

solvent at defined temperature and pressure. If the fluorescence lifetime of the species is 

unknown, the product of kq and τ0 can be represented as the Stern-Volmer quenching 

constant, KSV.  

Historically, Stern-Volmer analysis has been applied for chemical sensor 

technologies where, for example, the fluorophore is selectively quenched by an analyte 

of interest and its concentration can be calculated from the degree of quenching.6 

However, with the popularisation of photoredox catalysis in 2009, Stern-Volmer has 

become an important tool for studying photocatalysis mechanisms. The relative values of 

kq between the photocatalyst and reagents in a reaction gives a strong indication of the 

primary photochemical event in a photoredox catalysis cycle, that is, which of the 

reagents is responsible for quenching the excited state photocatalyst to initiate the cycle.7 

Although Stern-Volmer analysis is very useful for the elucidation of 

photocatalysis mechanisms, it is notoriously tedious to perform manually. The analysis 

requires the preparation of multiple standard solutions with accurate concentrations of the 

quenching species for a good linear fit. Additionally, the analysis is sensitive to air as 

oxygen is a potent quenching species for many photocatalysts. It is generally easy to 

obtain qualitative fluorescence quenching data, but accurate quantitative determination of 

kq requires the analysis to be repeated until the results are concordant. 

For these reasons, Noël and co-workers developed a fully automated flow 

platform to perform fluorescence quenching and process the resulting data to extract kq 

values.3 The system features three pumps which flow solutions of photocatalyst, quencher 

and solvent to a cross-mixing junction, from which the resulting mixture then flows 
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through a cuvette where the solution is irradiated by an LED light source and the 

fluorescence emission intensity is measured by a spectrophotometer. By synchronously 

altering the flow rates of solvent and quencher, whilst maintaining a constant flow rate of 

photocatalyst solution, the concentration of quencher in the resulting mixture can be 

varied whilst maintaining a constant concentration of photocatalyst. The system rendered 

the analysis facile, providing accurate and reproducible results, regardless of the 

experience of the operator. Additionally, as the flow system is closed, the interference of 

oxygen in the measurements is minimised. Although their system is very appealing for 

photocatalysis researchers, it featured high-end fibre optic light sources and 

spectrophotometers, which are cost prohibitive for many research groups. 

We were very interested in this system, not only for our own research 

purposes, but also because fluorescence quenching and Stern-Volmer analysis is the 

subject of an advanced physical chemistry undergraduate laboratory experiment at our 

institution. From demonstrating this experiment to undergraduate students, we had first-

hand experience of how irreproducible the results of the analysis could be. Additionally, 

the Stern-Volmer experiment has been used in the laboratory course for over a decade 

and does not highlight the value of the analysis in context of modern photocatalysis 

research. 

Flow chemistry is also not represented within undergraduate teaching 

laboratories within our institution at present, and is generally underrepresented in 

chemistry degree programs across the world.8 With these issues in mind, we were 

motivated to develop a more affordable system to replicate the one reported by Noël and 

co-workers and adapt the current undergraduate Stern-Volmer teaching experiment to be 

performed in flow.            

      

5.3   Results Summary 

In our opinion, the primary obstacle for developing a flow chemistry 

experiment for undergraduate teaching is the prohibitive cost of equipment required, 

especially pump modules. Our group uses a Vapourtec Ltd. E-series flow chemistry 

system for our research, however, this instrument is designed to be suitable for 

undergraduate teaching through its user-friendly design and interface. The system is 

versatile and can be upgraded overtime with additional reactors and pump modules. 

Although the cost of the system is potentially prohibitive for teaching laboratories, it is a 
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good investment for institutions that wish to develop flow chemistry experiments within 

undergraduate teaching programs. Therefore, we chose to use the Vapourtec E-series 

system for this work. However, it should be noted that the system can be successfully 

replicated with syringe pumps, which are far more common and affordable but generally 

less versatile and user-friendly. The only other major equipment cost for replicating the 

system reported by Noël and co-workers was the spectrophotometer, excitation source 

and flow-through cuvette. The combined cost of the devices used in their system exceeded 

£10k, which is a significant investment and would only enable one group of students to 

perform the experiment at a time.  

We questioned whether this expensive high-resolution equipment was 

necessary to obtain accurate results, considering there are reports of ‘homemade’ 

spectrophotometers that have been fabricated from cheap components and reproduced 

literature results acquired with commercial spectrometers.9 At the time, we had recently 

acquired an affordable compact spectrophotometer device from PASCO Scientific Inc. 

(US), the PS2600 Wireless Spectrophotometer. The PS2600 is designed for teaching 

visible light absorption and emission spectroscopy in early education and is priced at 

approximately £400. Despite being affordable, we were impressed by the device’s 

functionality and ease-of-use. The compact design enables the device to be easily 

incorporated into a flow reactor system, and the wireless Bluetooth connectivity allows 

laptops or mobile devices to be kept safely away from chemicals without long cables 

running in and out of fume cupboards. The software to connect to the spectrometer is 

freely available and can be downloaded to computers or mobile devices such as an iPad. 

The device features a single sample chamber that fits a standard 1x1 cm cuvette and has 

a white LED light source for absorption measurements, and two excitation LED light 

sources for measuring fluorescence. The software also has built in functionality for 

measuring changes in absorption or emission intensity over time at a single wavelength, 

which was critical for the overall functionality of the system. 

The only component that could not be substituted for an affordable alternative 

was the flow-through cuvette. Initially, during the proof-of-principle experiments, a 

standard 10 mm2 quartz fluorescence cuvette was used, and two pumps were required to 

actively pump solution in and out of the cuvette. This was not ideal as it extended the 

residence time of solution in the sample chamber, increasing the time required to achieve 

a steady state emission intensity after changing conditions. This also required a fourth 

pump, while the E-series system is limited to three pumps, so a syringe pump was added. 
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Ultimately, we purchased a flow through cuvette to overcome this which cost 

approximately £650 – significantly more expensive than the spectrometer we used. 

Despite this, the overall cost of the in-line fluorescence spectroscopy setup for our system 

was approximately £1000, a 10-fold decrease on the system used in Noël’s report. The 

PS2600 is limited to detecting visible light wavelengths, from 380-900 nm, and our 

analysis system is aqueous, therefore a plastic alternative to the flow-through quartz 

cuvette would be suitable and reduce the overall cost of the setup by more than half. 

However, for Stern-Volmer analysis in organic solvents, a quartz cuvette may still be 

required. 

With the equipment in hand, we adapted the current undergraduate teaching 

Stern-Volmer experiment for continuous flow operation. In this experiment, students are 

tasked with measuring kq for an aqueous system of an organic dye, fluorescein, with 

increasing concentration of diazabicyclo[2.2.2]octane (DABCO). To do this, they prepare 

six 10 mL solutions in volumetric flasks, containing fluorescein (1x10-5 M) and between 

0-0.5 M DABCO in steps of 0.1 M. Each of these solutions is then measured using a 

commercial fluorimeter (Jenway), which measures the fluorescence emission intensity of 

the quenched samples relative to the unquenched solution without DABCO. 

To adapt this for the flow system, only two solutions needed to be prepared: 

a 2x10-5 M stock solution of fluorescein and a 1 M stock solution of DABCO. A third 

flask of deionised water is also required, but this does not require any preparation or 

accuracy as its purpose is simply to dilute the DABCO solution in the flow reactor.  The 

concentrations of the solutions are doubled from the undergraduate procedure as the 

mixing of flow streams with have the effect of halving their concentration. Once the 

solutions are prepared, the flow reactor is set up as displayed in Figure 5.2.  

In this configuration, the three solutions are pumped to a cross-mixing 

junction, and the resulting mixed solution flows through the PS2600 spectrophotometer 

via the flow-through cuvette for analysis. The flow rate of fluorescein from pump A is 

maintained at 2.0 mL/min for the duration of the experiment, whilst pumps B and C are 

altered synchronously so that their combined flow velocity is equal to 2 mL/min. By doing 

this, the resulting solution that flows to the PS2600 is always 1.1x10-5 M with respect to 

fluorescein, whilst the concentration of DABCO is varied between 0.0 to 0.5 M. 
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Figure 5.2  (left) Schematic flow system setup for fluorescence quenching studies. (right) Image of 

the cross-mixing junction  

 

The flow rates of pumps B and C were altered in steps of 0.4 mL/min, 

achieving 0.1 M steps in concentration, the same as the undergraduate experiment. The 

analysis was repeated four times with independent 1 M solutions of DABCO with 

excellent reproducibility. The results were compared with three sets of results from three 

independent groups of undergraduate students to highlight the improved consistency of 

the results obtained in flow. Importantly, all of the data presented for the flow system was 

obtained within three hours, whereas the three sets of undergraduate students’ data was 

obtained over 12 hours (3 x 4-hour laboratory sessions). The average kq values obtained 

from the flow analysis was 4.594x109 L mol-1 s-1, with an R2 value of 0.97. The average 

kq from the undergraduates’ data was 4.612x109 L mol-1 s-1, which is similar to the result 

obtained in flow, however the average R2 for the combined data sets of the undergraduates 

was only 0.90, highlighting the greater uncertainty in their results.  

The following sections are taken from the published application note and 

describe these results and findings in more detail. An additional section (Section 5.12) 

has been added between the conclusions and supporting information which describes the 

impacts of this work and potential future work.  
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5.4   Abstract 

 This application note illustrates how a Vapourtec E-Series can be configured 

with a spectrophotometer for Stern-Volmer fluorescence quenching studies. This set up 

was developed for undergraduate teaching laboratory sessions. The results obtained in 

both batch and flow highlight the benefits of the flow system over manual data collection 

for determining Stern-Volmer quenching rates. 

 

5.5   Background 

 Flow chemistry makes ‘accelerating chemistry’ easy. By integrating auto-

samplers and in-line detectors, flow chemistry systems can automate high-throughput 

experimentation and reaction optimisation,10–12 while significantly reducing manual 

labour.3,13  

In-line monitoring is a standard procedure in many industrial flow chemical 

processes, enabling real-time quality assessment of the process. This can improve safety 

and prevent chemical waste in the event of out-of-specification process conditions.14–17 

Despite these benefits, in-line reaction monitoring is not yet fully implemented in 

academic research settings, requiring further off-line analysis of the synthesised products.  

Advanced spectrometers, such as benchtop NMR, are becoming increasingly 

available with accessories that enable continuous flow compatibility.18,19 However, these 

are relatively large instruments and at an inaccessible price for many academic research 

groups.  

Optical spectroscopies such as UV-Vis, Raman or IR are popular tools for in-

line monitoring and can be easily integrated with the Vapourtec R-Series systems. 

Reaction kinetics can be evaluated by monitoring UV, FTIR or Raman spectral output of 

the reaction. In-line data can also assist to easily screen several reactions before further 

analysis.  

These in-line analytical capabilities are not only used to evaluate traditional 

chemical reactions (A+B→C). Optical spectroscopies can also be used to evaluate 

photocatalysts and elucidate the primary event in a photocatalytic reaction.7  

Fluorescence is a type of intramolecular deactivation, in which an 

electronically excited molecule relaxes to its ground state by emitting a photon of light. 
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The presence of other chemical species can inhibit this radiative decay, and the Stern–

Volmer relationship allows the kinetics of these processes to be studied.7  

The principle is that a fluorophore’s emission will be quenched in the 

presence of a species which provides a non-radiative decay pathway of the fluorophores 

excited state. This is described by the Stern-Volmer relationship: 

 

𝐼𝑓
0

𝐼𝑓
𝑛 =  𝑘𝑞 𝜏0 [𝑄]                                                      (5.2) 

 
 

The ratio of initial fluorescence intensity (I0
f) to the quenched fluorescence 

intensity (If) is related to the concentration of the quenching species ([Q]). A plot of I0
f/If 

vs. [Q] should yield a linear relationship with a gradient equal to the product of the 

fluorescence lifetime (τ0) and the quenching rate coefficient (kq). The fluorescence 

lifetime is a physical constant of a molecule at a specified solvent and temperature.  

The quenching rate coefficient is also a constant, which indicates the 

efficiency of the quenching process between the photocatalyst and the quenching 

molecule. This allows the relative efficiency of energy- or electron-transfer between a 

photocatalyst and quenching species to be determined for a given solvent and 

temperature.  

Alternatively, if fluorescence is not quenched in the presence of a given 

molecule, it indicates that a molecule is not able to mediate the primary electron (or 

energy) transfer step of a photocatalytic mechanism by itself. It may be an incompatible 

substrate or redox mediator for that photocatalytic process.  

The importance of this technique was highlighted by MacMillan and co-

workers when they reported the dependency of an acetate base for the photochemical 

activation of a thiol.20  

Stern-Volmer fluorescence quenching analysis is notoriously labour intensive 

and needs to be done with care due to a few factors: (i) multiple solutions of varying 

concentrations need to be prepared accurately in order to obtain a straight line, (ii) the 

cuvette must be carefully cleaned and dried between measurements, as traces of certain 

solvents, especially acetone, are efficient quenching species, and (iii) oxygen is also a 
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potent quenching species, which can be difficult to exclude during transfer to a 

spectrophotometer.17  

For these reasons, Noël and co-workers developed a continuous flow platform 

for fully automated Stern-Volmer analysis.3 Their system, based on a high-resolution 

spectrophotometer, was proven to be extremely effective and convenient. However, the 

cost of these spectrophotometers is prohibitive to many teaching labs.  

The remainder of this application note describes a continuous flow 

experimental set up to run Stern-Volmer analysis, the experiments were conducted by 

Christopher G. Thomson, Arno Kraft, and Filipe Vilela of Heriot-Watt University. 

PASCO Scientific Incorporated recently released the PS-2600 wireless 

spectrophotometer, which is a small device capable of measuring light between 380-950 

nm (Figure 5.3). The device can be used for absorption spectroscopy measurements with 

a broad-band white LED source, as well as fluorescent emission measurements with either 

a 405 nm or 500 nm LED excitation source. 

 

Figure 5.3  Image of the PASCO Scientific Inc. PS-2600 Wireless Spectrometer & Fluorometer. 

 

We have incorporated the PS-2600 with the Vapourtec Easy-Photochem flow 

chemistry system for a variety of potential teaching applications, including: (i) Kinetic 

analysis of aqueous dye degradation by a heterogeneous photocatalyst within the 

immobilised photocatalyst reactor; and, (ii) Assessing the photostability of homogeneous 

organophotocatalysts irradiated by the photochemical reactor UV-150. 

We chose to study the fluorescence quenching of aqueous fluorescein using 

DABCO. This is an advanced physical chemistry undergraduate laboratory experiment at 
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Heriot-Watt University. This provided us with a large sample of unbiased experimental 

data for comparison.  

In the undergraduate experiment, students are required to make six aqueous 

solutions of fluorescein with a range of DABCO concentrations (0–0.5 M). This is 

achieved by carefully adding the correct mass of fluorescein and DABCO and diluting to 

the correct volume to achieve an accurate concentration. This is time consuming and 

prone to human error. With our flow system adaptation, only two solutions with accurate 

concentration need to be prepared. As shown in Figure 5.4, the two solutions and solvent 

converge at a four-way cross-mixing junction with varying flow rates, achieving a 

constant concentration of fluorescein whilst varying the concentration of quencher. This 

eliminates the need to prepare multiple solutions, reducing waste, manual labour, and 

human error. 

 

 

 

Figure 5.4  Schematic of the flow system used for semi-automated Stern-Volmer fluorescence 

quenching analysis. The flow rate of pumps B and C are varied such that their combined flow rate is equal 

to 4 mL/min. 
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5.6   Setup 

All the experiments were performed using a Vapourtec E-Series flow 

chemistry system, equipped with three V-3 peristaltic pumps. The PASCO PS-2600 

spectrophotometer was connected to the system using a flow-through quartz cuvette 

(Hellma GmbH & Co. KG; 176-761-15-40). The total cuvette chamber volume was 140 

μL. Three separate solutions were pumped to a four-way cross junction mixer. The 

resultant flow mixture then flows to the cuvette within the PS-2600 for analysis before 

being collected in a waste bottle. A schematic flow diagram is displayed in Figure 5.4. 

 

5.7   Reagents 

All reagents were commercially available and used without further 

purification. Fluorescein disodium salt and 1,4-diazabicyclo[2.2.2]octane (DABCO) 

were purchased from Alfa Aesar. Deionised water is produced on site at the Heriot-Watt 

University teaching laboratories. 

 

5.8   System Parameters 

System solvent: deionised water  

Solution A: Aq. fluorescein solution (2.2 x 10−5 M)  

Flow rate A: 2 ml/min  

Solution B: deionised water  

Flow rate B: 2.0 - X ml/min  

Solution C: Aq. DABCO solution (1 M)  

Flow rate C: 0.0 – 2.0 ml/min = X 

 

5.9   Procedure 

The three pumped solutions mix in four-way cross-junction mixer before 

entering the spectrophotometer for analysis. The outflow was discarded to waste 

collection. The system was initially primed with deionised water.  
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The experiment started by flowing water and fluorescein solution at 2 ml/min 

each, to take a blank fluorescence spectrum and measure the initial fluorescence intensity 

(I0
f, excitation at 405 nm). The final concentration of the fluorescein solution after the 

mixing junction was 1.1 x 10−5 M. The peak emission intensity wavelength of fluorescein 

in water was identified at 517 nm, as Figure 5.5 shows. 

 

 

 

Figure 5.5  Normalised absorption and emission spectrum of an aqueous fluorescein sodium salt 

solution used in this study recorded with the PASCO PS2600. 

 

The PS-2600 was programmed to collect intensity data at 517 nm every 

second with a bandwidth of 4 nm. The analysis began by flowing only water through 

cuvette from pump B (4 ml/min). This established the residual baseline signal (Ibaseline), 

which must be subtracted from I0
f and Ix

f. The value of I0
f was then obtained by flowing 

fluorescein solution and water (pumps A and B at 2 ml/min each). After achieving a 

steady state of fluorescence intensity for approximately 100 seconds, the flow rates of 

pumps B and C were synchronously altered, such that their net-flow rate was maintained 
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to 4 ml/min. This maintained a net-concentration of fluorescein solution, whilst varying 

the concentration of DABCO solution (0–0.5 M).  

The conditions were maintained to achieve 100 seconds of steady state 

intensity. This was repeated six times in total, changing the flow rate of pumps B and C 

in steps of 400 μL/min. After completion, the system was flushed with fresh deionised 

water (50 ml) and then ethanol (50 ml) to clean the cuvette and system. The pumps were 

then left to pump air through the system to facilitate drying of the tubing and cuvette. 

 

5.10 Results and Discussion 

The mixed solution was irradiated with 405 nm light to induce fluorescence, 

and its intensity was monitored for at least 100 seconds of steady state conditions. The 

flow rates of pumps B and C were varied to find values of I0
f and Ix

f for five different 

concentrations of DABCO, consistent with the undergraduate experiment. An example 

of the raw data trace obtained from the PS-2600 spectrophotometer is presented in Figure 

5.6. 

 

 

Figure 5.6  Change in fluorescence emission intensity (Ix
f, where x is the concentration of DABCO 

(M)), recorded at 517 nm by the PS-2600. 

0 250 500 750 1000 1250 1500 1750

0

5

10

15

20

25

30

35

40

45

50

Ibaseline

I0.5
f

I0.4
f

I0.3
f

I0.2
f

I0.1
f

In
te

n
s
it
y
 (

a
.u

.)

Time (s)

I0f



Chapter 5: Continuous Flow Integration of an Affordable Spectrometer for Stern-Volmer Analysis 

318 

 

The data was exported and analysed using OriginLab software. The average 

intensity of each steady state was calculated before plotting those values against the 

concentration of DABCO.  

The processed results were compared with data from undergraduate students, 

acquired with a commercial fluorimeter (Jenway). The results for four independent 

experiments acquired in flow and three acquired manually by undergraduates, are 

displayed in Figure 5.7. 

 

 

 
 

Figure 5.7  Results of the Stern-Volmer fluorescence quenching analysis. (top) Performed using the 

PS-2600 and flow system. (bottom) Performed by three, independent groups of undergraduate students 

using a commercial fluorimeter 
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The value of kq was determined using τ0 (4x10−9 s, H2O, 298 K).21 The values 

of kq and R2 for the individual runs and the combined data sets from each method are 

presented in Table 5.1.  

The results obtained with the flow system are far more consistent than those 

obtained manually. Additionally, the R2 values for the individual flow experiments were 

generally higher, although one group of undergraduates achieved an R2 value of 0.99, 

demonstrating that manual analysis can provide good linear relationships if done 

carefully. 

 

Table 5.1: Comparison of kq and R2 values obtained 

Method Entry 
kq  

(x109, l mol-1 s-1) 
R2

 Value 

E-Series + 

PS-2600 

1 4.434  0.98 

2 4.627 0.97 

3 4.635 0.97 

4 4.712 0.96 

Total Data Set Average 4.594 0.97 

Manual + 

Commercial 

Fluorimeter 

1 5.410 0.99 

2 4.399 0.86 

3 4.027 0.96 

 Total Data Set Average 4.612 0.90 

 

Undergraduate students are given four hours to complete the analysis, which 

is in part due to their inexperience, but it also reflects that this is a time-consuming 

technique if performed manually. The flow system has several significant benefits: a 

single experiment’s data collection can be completed within 20 minutes; time is saved 

through producing fewer sample solutions; there is no longer a need for cleaning and 

drying cuvettes between measurements; and the results obtained are far more 

reproducible.  

It is important to recognise that the analysis performed in flow should always 

give linear relationships, as the error in the x-axis is only defined by the preparation of 

the two initial solutions as all other human error is removed. However, this does not mean 
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that the result obtained is accurate if the concentrations of the initial stock solutions are 

inaccurate. The analysis should be repeated until consistent results are obtained in 

triplicate, which would require a minimum of six stock solutions for the flow system, 

compared with eighteen for manual analysis. The four flow system experiments were 

achieved within 3 hours, including familiarising with the E-Series, setup, and sample 

preparation. This is an hour less than the time period given to undergraduate students to 

complete a single manual analysis. 

 

5.11 Conclusions 

We have performed Stern-Volmer fluorescence quenching analysis in 

continuous flow by using a Vapourtec E-Series combined with a PS-2600 

spectrophotometer. The flow system provided high quality data, as well as significantly 

reducing manual labour and the overall time required for the analysis. This provides an 

accelerated method to assess the relative efficiencies of quenching by photocatalytic 

substrates, as well as helping to elucidate photocatalytic mechanisms.  

This would be an ideal setup for undergraduate teaching laboratories, which 

would simultaneously reduce the tedium of the traditional analysis, as well as introduce 

undergraduates to principles of flow chemistry, which are not present in many degree 

programs. This system configuration is an affordable method for automated reaction 

monitoring of continuous flow processes that feature chromatic or fluorescent chemical 

species, and especially photocatalysis. 

 

5.12 Future Work 

The work presented in this chapter has provided a foundation for development 

of an undergraduate laboratory experiment that encompasses fundamentals of flow 

chemistry and photochemistry. At present, the undergraduate Stern-Volmer experiment 

is featured in the third-year advanced physical chemistry teaching laboratories at Heriot-

Watt University and its learning outcomes focus primarily on the photophysical processes 

and instrumentation involved in the analysis. The experiment fails to give context to the 

useful applications of Stern-Volmer analysis in modern research, such as mechanistic 

studies for photoredox catalysis. This may be, in part, due to the analysis requiring a full 

laboratory session to complete. 
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We suggest that the time saved using this system will enable this experiment 

to be expanded to include aspects of synthetic organic chemistry, providing students with 

experience of how Stern-Volmer analysis is applied in modern photocatalysis research. 

To do this, we envisage an experiment in which the students are tasked with performing 

a homogeneous photoredox catalysis reaction and subsequently use fluorescence 

quenching and Stern-Volmer analysis to find which reagent quenches the photocatalyst, 

indicating the first step of the photocatalysis mechanism. Alternatively, students could 

perform the analysis to identify the strongest quenching species from a series of related 

substrates/reagents (e.g., sacrificial amine electron donors) and compare the rate of a 

photochemical reaction with each of the reagents to determine whether the rate of reaction 

and rate of quenching correlate. 

The challenges associated with developing this experiment are primarily 

finding a suitable reaction system that has a short reaction time to fit within the laboratory 

period - ideally less than one hour. One reaction system that is suitable and has proven 

effective for undergraduate teaching is the photocatalytic thiol-ene reaction, first reported 

by Yoon and co-workers,22 and later adapted to an undergraduate teaching experiment by 

Collins and co-workers.23 The model reaction used by both groups involves the reductive 

coupling of a thiol, N-Boc-methionine methyl ester, with an olefin to form a thioether 

(Scheme 5.1). The reaction is driven by a photoredox catalyst and uses p-toluidine as an 

additive which acts as a redox mediator between the photocatalyst and thiol. The reaction 

is ideal because it uses cheap and commercially available starting materials (except for 

the photocatalyst), works under air, and the reaction features a chain-propagation 

mechanism which results in low reaction times for full conversion (<30 mins batch, ~2 

mins flow).  

 

Scheme 5.1  Photoredox thiol-ene reaction reported for undergraduate teaching by Collins and co-

workers.23  
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Both research groups utilised a transition metal complex photocatalyst for the 

experiment, and although the reaction mechanism was well studied by Yoon and co-

workers, Stern-Volmer analysis of the system has not been reported in literature, to the 

best of our knowledge. Therefore, development of an organophotocatalytic protocol 

would be beneficial to sustainability and make the experiment more affordable for 

teaching laboratories. As Yoon and co-workers have shown that the reaction yield 

depends strongly on the oxidation potential of the aniline additive used,22 we propose that 

a Stern-Volmer relationship between the photocatalyst and aniline should be present and 

that the quenching constants should be proportional to the rate of reaction with various 

anilines.  
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CHAPTER 6 – Conclusions and Future Work 

 

The final chapter concludes this thesis by summarising the work presented 

within the earlier chapters and discussing the connections between them. Specific 

examples of potential future work have already been presented at the end of each of the 

preceding chapters. However, within this chapter, discussion of future work and 

directions for the research within this thesis is presented more broadly and collectively. 

 

8.1. Conclusions 

6.1.1 Research background and objectives summary  

The initial objective of this thesis was the design and development of novel 

heterogeneous photocatalyst materials, specifically for application in flow reactors. For 

this reason, focus was primarily placed on the development of polymer-supported 

molecular photocatalysts as they provide several advantages over organic and inorganic 

semiconductor photocatalyst materials, such as: simplified characterisation and rational 

design by comparison with molecular analogues; processing versatility, which enables 

control over the macroscopic structure of the resulting materials (powders, beads/spheres, 

monoliths etc.); improved light penetration through the material by using polymer-

supports that swell in solvent and are transparent to visible light. 

Flow chemistry is an enabling technology with well-established advantages 

for many types of organic synthesis,1 and particularly photochemical synthesis.2 

Importantly, flow chemistry provides a synthesis platform which is perfect for the 

inclusion of additional enabling technologies, such as process analytical tools, through 

in-line or on-line integration with the flow system. Enabling technologies, other than flow 

chemistry, were not initially intended to be a core part of the research presented in this 

thesis. However, following the successful application of an in-line benchtop NMR 

spectrometer for reaction monitoring, discussed in Chapter 2, realisation of the potential 

of enabling technologies to enhance heterogeneous photocatalysis in flow reactors came 

to light. Consequently, all the research presented in subsequent Chapters features one or 

more forms of enabling technologies applied to facilitate the optimisation and study of 

flow photochemistry systems. In the end, all the chapters presented in this thesis are 

linked by their relevance to photocatalysis, flow chemistry and enabling technologies. 
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In Chapter 1, a general introduction to the historic development and principles 

of photochemistry was presented as a foundation for understanding the advantages and 

disadvantages of each of the types of homogeneous and heterogeneous photocatalysts 

described later in the chapter. Transition metal complex (TMC) photocatalysts featuring 

ruthenium and iridium metal-centres were described as state-of-the-art due to their 

photostability, wide excited state electrochemical windows, and subsequent popularity in 

modern photocatalysis research. Despite these appealing properties and the broad 

application of TMC photocatalysts, the low natural abundance of elements such as 

ruthenium and iridium limit their long-term and large-scale application. Organic 

photocatalysts were then presented as the most promising alternative to TMC 

photocatalysts and the differences in their photophysical properties were discussed. 

Although organic photocatalysts typically have narrower excited state potential windows, 

the plethora of known organic photocatalyst structures enables the same electrochemical 

potentials to be achieved through photocatalyst diversity.  

Knowing that organic photocatalysts provide a route to more sustainable 

photochemistry, the development of efficient heterogeneous photocatalyst materials is 

desirable to enable facile catalyst separation and recycling, subsequently reducing waste 

production. Discussion of the limitations of heterogeneous photocatalysis, such as mass-

transfer kinetics and light penetration were presented in Chapter 1, Section 1.5.  

Flow chemistry was introduced as an enabling technology that can mitigate 

these limitations by flowing reaction solution through heterogeneous photocatalyst 

materials immobilised in flow reactor systems, whilst simultaneously enabling efficient 

continuous processing. The development of efficient flow reactor systems with 

immobilised heterogeneous photocatalyst materials is critical for viable industrial-scale 

photosynthesis of commodity chemicals using visible light as a renewable energy source. 

The addition of other enabling technologies to flow systems, such as process analytical 

tools, can accelerate the optimisation of these processes by automating data collection 

and subsequently improving reproducibility. Process analytical tools are also necessary 

to ensure consistency and prevent waste or safety hazards in the event of a reactor failing. 
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6.1.2 Summary of research outcomes and conclusions  

The first goal of designing new, more efficient polymer-supported molecular 

photocatalyst materials was first addressed in Chapter 2. Here, the aim was to study and 

demonstrate Merrifield-type polymer resins as a versatile support material for 

photocatalysts. The most appealing property of these materials is that they swell in 

organic solvents, providing two significant advantages: (i) when swollen, the expanded 

polymer material becomes relatively transparent and enables light to easily penetrate 

through the bulk of the material to excite the immobilised photocatalyst molecules (see 

Chapter 2, Figure S2.5); (ii) the swollen structure indicates the flexibility and mobility of 

the polymer chains between the cross-linked material domains. This ‘pseudo-solubility’ 

of the swollen material creates a more homogeneous interface between the immobilised 

photocatalyst and the surrounding reaction medium, enhancing mass transfer and 

subsequent reaction kinetics.3,4  

Chapter 2 successfully demonstrates Merrifield-type resins as a versatile 

support material for immobilising homogeneous organic photocatalysts. Additionally, it 

was shown that flow chemistry has clear advantages to the efficiency of synthesising and 

purifying polymer-supported photosensitisers, as well as enhancing their performance in 

a flow photooxidation reaction system. Comparison of the same material synthesised in 

batch vs. flow also revealed intermediate purification in ‘one-pot’-type synthesis as a 

unique synthetic advantage of flow chemistry to the synthetic modification of solid 

matrices with air/moisture sensitive functionality. 

As the immobilised photosensitiser was not in extended conjugation with the 

polymer-support, homogeneous molecular analogues of the immobilised photocatalyst 

were synthesised and successfully demonstrated to be representative of the photophysical 

properties of heterogeneous photosensitiser. Photoluminescence quantum yield 

measurements of the molecular analogues enabled the elucidation of an intramolecular 

charge transfer process between the immobilised photosensitiser and the linker group, 

which was determined as detrimental to the materials photosensitisation efficiency. This 

indicates that even if the immobilised photocatalyst is not in conjugation with the linker 

or support-material, they may still influence the photophysical properties of the 

photocatalyst. Hence, an important conclusion of this work is that the molecular structure 

and redox potentials of the linker and support-material should be carefully considered 

when designing polymer-supported photocatalysts. Furthermore, this shows that 

synthesis of molecular analogues of the supported photocatalyst is important for the 
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photophysical characterisation of these materials and can enable rational design of more 

efficient heterogeneous photocatalysts. In this work, the molecular analogues inspired a 

second post-synthetic modification of the photosensitiser material, which diminished the 

intramolecular charge transfer process and improved the materials photosensitisation 

efficiency by 850%. 

Finally, in-line 1H NMR spectroscopy was demonstrated as a powerful 

process analytical tool which enabled rapid process optimisation of the flow system, 

leading to a 300% increase in system performance relative to the starting conditions. 

Collectively, rational design and modification of the polymer-supported photocatalyst, 

combined with the synthetic advantages of flow chemistry and informed by process 

optimisation with enabling technologies, resulted in an overall 24-fold enhancement of 

process efficiency. This reduced the time required for full conversion in the flow 

photooxidation system from two days to two hours, and even exceeded the efficiency of 

the batch photooxidation system using homogeneous photocatalysts.  

The outcomes of this work strongly support the set research goals, 

demonstrating that Merrifield-type resins are versatile support materials for 

heterogeneous photocatalysts and perfectly suited for application in flow reactors. This 

has proven that rational design of photocatalyst materials, in combination with enabling 

technologies, can achieve efficient heterogeneous photocatalytic processes that are 

competitive with homogeneous photocatalysts and provide improved sustainability 

through continuous processing and catalyst recycling. 

The development of novel heterogeneous organophotocatalysts for flow 

reactor systems was continued in Chapter 3. In this work, additive manufacturing was 

introduced as an enabling technology for the direct fabrication of monoliths with intricate 

three-dimensional architectures, allowing for dual functionality as both a heterogeneous 

photocatalyst and as bespoke static mixing elements to influence the fluid dynamics of 

reaction media passing through a fixed bed reactor. The effects of doping a commercial 

stereolithography 3D printing resin with varying quantities of a photocatalytic monomer 

were studied and optimised. Four monolith designs of varying complexity were fabricated 

and studied as heterogeneous photosensitisers for an aqueous photooxidation reaction in 

a continuous flow reactor system. The morphology and design of the monoliths were 

shown to have a significant effect on the space-time yields of flow photosensitisation 

reaction, varying by more than an order of magnitude at the lowest flow rate tested. 

Another enabling technology, in-line UV-Vis. spectroscopic analysis, was critical for 
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performing residence time distribution studies which elucidated an unintuitive trend in 

photosensitisation efficiency for the D2 monolith design.  

This work demonstrates the processing and format versatility advantages of 

polymer-supported molecular photocatalysts, which are far more limited for 

semiconductor-type heterogeneous photocatalysts. Additionally, stereolithography 

additive manufacturing was proven as an interesting new frontier in enabling technologies 

for the direct fabrication and rapid prototyping of multifunctional material components 

for flow reactors. In-line UV-Vis. analysis was introduced as enabling technology that 

provided critical experimental data for rationalising of the observed photosensitisation 

efficiency between the designs. 

The development of fully automated synthesis platforms is an interesting area 

of modern chemical research that aims to standardise chemical synthesis, reduce manual 

labour, and accelerate reaction discovery and optimisation. To facilitate this, Chapter 4 

describes the development of an entirely new enabling technology for flow chemistry 

systems: in-line flash chromatography purification. In collaboration with industrial 

partners, Advion Interchim Scientific, the reported system was capable of achieving 

continuous purification of fine chemical products directly from the output of a flow 

reactor synthesis.  

This system has several advantages over previously reported continuous flow 

chromatography systems: (i) the system is not limited to the purification of binary 

mixtures and does not depend on the order of component elution from the 

chromatography column; (ii) there is no technological barrier to entry, nor required 

expertise in programming as the system is operated through graphical user interfaces and 

pre-existing software; (iii) isolation of multiple reaction products simultaneously is 

possible; and (iv) the chromatograph used is commercially available and requires no 

modifications, the flow reactor integration is simple and reversible without tools. 

Following the system validation and proof-of-principle study, which 

demonstrated the stationary phase column cartridges were durable over more than 100 

repeated uses, the system was successfully applied for the continuous purification of 

products from two photocatalysis reactions in flow: the homogeneous photosensitised 

singlet oxygen mediated oxidation of methionine 4.3 to methionine sulfoxide 4.4, and the 

heterogeneous oxidative photoredox coupling of thiophenol 4.6 to diphenyl disulfide 4.7. 

In the former example, it was shown that the system could isolate the desired product and 



Chapter 6: Conclusions and Future Work 

331 

 

simultaneously recover a significant quantity of the homogeneous photocatalyst, despite 

its low concentration (~2 mg/mL) in the crude reaction mixture feed. The latter example 

demonstrates that challenging separations could be overcome through the versatile range 

of stationary phases available to the chromatograph system, enabling isolation of the 

desired product in high purity. Additionally, it was highlighted that the system functions 

as a process analytical tool when applied to continuous heterogeneous (photo)catalysis 

by monitoring the steady-state conversion of the catalyst beds and ensuring process 

consistency. Therefore, it was concluded that in-line flash chromatography purification 

is a valuable enabling technology for both homogeneous and heterogeneous 

photocatalysis in flow, with the potential to enable fully automated synthesis and 

purification of photochemical products. 

In the final example system of this chapter, a rapid, exothermic esterification 

reaction of ethylene glycol 4.8 and benzoyl chloride 4.9 was chosen to demonstrate the 

capability of the system to achieve high productivity. This resulted in concurrent grams 

per hour production of the two ester products 4.10 and 4.11 in >99% purity by LC-MS 

analysis, which is competitive with previously reported continuous chromatography 

systems. Thermal imaging was introduced as another enabling technology, which enabled 

the visualisation and comparison of the thermal profiles of esterification reaction 

performed in batch and flow at equivalent scales. Heat transfer and dissipation was shown 

to be significantly more efficient in the flow system, maintaining the reactor temperature 

well below the boiling point of the reaction solvent and ensuring operational safety. The 

thermal imaging methodology developed in this work inspired further application of this 

enabling technology and was an integral part of the study and optimisation of a flow 

lithiation-substitution of 5-alkyl tetrazoles.5 

One objective of this chapter was to provide a system that was more 

accessible than previously reported continuous chromatography systems. Within 6-

months of the publication of this work, the system was independently replicated and 

validated in a report by Donnelly and Baumann, describing the continuous flow synthesis 

and purification of 1,3,4-oxadiazoles.6 

 

Finally, Chapter 5 highlights an affordable, compact, wireless 

spectrophotometer as a capable process analytical tool for performing fluorescence 

quenching studies and subsequent Stern-Volmer analysis. The system presented 
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replicates a report from Noël and co-workers,7 but employs more affordable apparatus to 

improve accessibility. Despite using an affordable spectrophotometer, the system was 

demonstrated to provide high-quality and reproducible data relative to performing the 

experiment manually. This system is valuable for photocatalysis research, and due to the 

affordable and user-friendly spectrophotometer employed, may also be valuable in 

undergraduate teaching. Flow chemistry is globally underrepresented in undergraduate 

chemistry education, both practically and theoretically.8 The main significant reason for 

this is the cost of equipment required to enable practical experience with flow chemistry 

which would support teaching of flow chemistry theory. Hence, the ability to demonstrate 

more affordable flow chemistry and process analytical tools apparatus is crucial to 

encouraging broader adoption of flow chemistry in undergraduate teaching programmes. 

In conclusion, the work within this thesis has demonstrated the merger of 

heterogeneous photocatalysis and enabling technologies as a powerful strategy for 

unlocking efficient, sustainable, and continuous photosynthetic processes. Flow 

chemistry optimisation and rational photocatalyst design can together enhance process 

efficiency by orders of magnitude, and to a much greater effect than individually. The 

synthetic and processing versatility of polymer-supported molecular photocatalysts is a 

useful advantage for producing bespoke flow reactor components, facilitated by additive 

manufacturing. New technological innovations for flow chemistry can support 

photocatalysis research and provide more sustainable continuous processing of 

photochemical products. Powerful enabling technologies are becoming increasingly 

affordable, which should encourage their development and application within research 

and chemistry education. Hence, it is suggested that the future development of more 

efficient photocatalyst materials, flow reactor design and enabling synthetic technologies 

will shift the photocatalysis paradigm, removing our dependence on depleting resources 

to unlock large-scale, sustainable photosynthesis. 
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8.2.  Future Work 

Specific examples of future work have already been provided for each of the 

chapters within this thesis. However, considering the conclusions of each of the chapters 

collectively presents ideas for some cross-over in research themes. For example,  

Chapter 2 and Chapter 3 both present polymer-supported photocatalyst materials for the 

generation of photosensitised singlet oxygen in flow. A problem that was highlighted in 

Chapter 3 is that the photocatalyst is dispersed throughout the 3D printed monolith 

structure, but only the photocatalyst molecules at the irradiated surfaces of the monoliths 

are likely to be productive. The solubility of the photocatalyst monomer was also 

problematic and prevented higher catalyst loadings being possible. Therefore, it may be 

interesting to combine the methodologies of Chapters 2 and 3, by doping the commercial 

3D printing resin with a monomer that enables a photocatalyst to be immobilised to the 

material surface through post-synthetic modification in flow. In this way, photocatalyst 

would only be immobilised to accessible surfaces of the monolith, ensuring that no 

valuable photocatalyst molecules are redundant and wasted in the bulk of the material. 

This would also separate the immobilised photocatalyst from the polymer-backbone of 

the monolith, providing more mobility to the immobilised photocatalyst through the same 

‘pseudo-solubility’ effect discussed for Merrifield-type resins.    

New monolith designs, as suggested in the future work for Chapter 3 (see 

Section 3.9), could be explored to ensure all reaction media flows over uniformly 

irradiated surfaces with enhanced plug flow, characterised by residence time distribution 

analysis. The conclusions of Chapter 2 have shown that post-synthetic modification and 

purification of the proposed polymer monolith is likely to be enhanced through flow 

chemistry. Additionally, the choice of immobilisation strategy would need to be carefully 

considered to ensure linker stability to prevent leaching and to avoid influencing the 

photophysical properties of the immobilised photocatalyst. The choice of an aryl-aryl 

ester in Chapter 2 could likely be improved: for example, Poliakoff, George and co-

workers reported that porphyrin photosensitisers bound to polymer supports via an amide 

bond were stable to singlet oxygen photosensitisation reaction conditions in a super-

critical CO2 flow reactor.9  

Although singlet oxygen photosensitisation and subsequent oxidations are 

useful reactions for comparing the photocatalytic ability of materials, demonstrating the 

capabilities of our heterogeneous photocatalyst materials with novel energy transfer and 

photoredox reactions is desirable to show their versatility. The continuous flow 
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fluorescence quenching system described in Chapter 5 would be a valuable tool to achieve 

this through helping to elucidate photoredox catalysis mechanisms. Additionally, the 

system can be used to rapidly screen photocatalysts and substrates to find a Stern-Volmer 

relationship, which is indicative of compatibility for initiating a photoredox catalysis 

cycle. 

Finally, the in-line flash chromatography system discussed in Chapter 4 

would be a valuable addition to any future flow photocatalysis research by demonstrating 

automated continuous purification of the reaction products. For heterogeneous 

photocatalysis, the system would also be a useful process analytical tool for monitoring 

the photostability of the material during extensive continuous operation. 

The work presented in this thesis lays a foundation for the continued 

development of heterogeneous photocatalysis in flow, with many appealing research 

avenues remaining unexplored. As with all chapters of this thesis, collaboration with 

academic and industrial partners is key to tackling the multiplex nature of heterogeneous 

photocatalysis in flow which can require expertise in materials chemistry, photophysics, 

organic synthesis, reactor design and engineering and computational chemistry for a 

comprehensive understanding.  
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Appendix II: Flow and/or Glow Papers Twitter Bot 

II.I.  Discussion 

During the first national lock-down during the COVID-19 pandemic, 

members of our research group were interested in learning to code in the Python 

programming language. Coding and programming are powerful tools that can enable 

automation of tedious workloads, such as repeated data processing, formatting, and 

analysis.1 It can also enable programmers to design and build custom hardware and 

software that is either not commercially available or more affordable.1 

A common problem in modern academia is keeping up to date with relevant 

literature. The number of journals and research articles published each year is always 

increasing, and manually browsing through recent publications is time consuming. 

Searching for articles on a specific topic is facilitated by databases, such as SciFinder, but 

depending on the specificity of the search term, this can yield thousands of results which, 

is again, time consuming to browse through.  

In light of this, researchers with knowledge of coding have developed python 

scripts which can automatically survey recently published literature and pick out relevant 

articles based on key terms within the titles or abstract. The results of these searches can 

be reported to the user through produced text files, or even directly by email. However, 

an increasingly popular way of disseminating the search results has been through the 

social media platform, Twitter. Users of Twitter can apply for access to their application 

programming interface (API) tools, which enables automation of various functions, such 

as publishing messages (‘posting a tweet’ or ‘tweeting’), publicly acknowledging 

agreement or admiration of a posted message (‘liking a tweet’) or republishing a posted 

message (‘retweeting’) with people who subscribe to updates of your content 

(‘followers’). Accounts that post automated content are referred to as ‘bots’ or ‘bot 

accounts’, as an abbreviation of ‘robot’. A combination of the automated literature 

surveying script and the Twitter API enables the results of the survey to be automatically 

formatted into a ‘tweet’, including the article title, web address and graphical abstract, 

and then post it to the social media platform for users to interact with.  

To the best of our knowledge, within chemistry, this method of automated 

literature surveying and publishing through the Twitter API was popularised by François-

Xavier Coudert and their Twitter account ‘MOF Papers’ (@MOF_papers),2 created in 

April 2014. As implied by the name, the account surveys journal resource description 
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framework site summary (RSS) feeds for articles relevant to metal-organic framework 

(MOF) and other porous materials research, and then posts the results to Twitter. The 

MOF Papers account is extremely popular, with over 9.5 thousand followers that 

subscribe to the account to keep updated with the latest MOF research articles. This shows 

how this method of disseminating literature related to your research can positively 

influence your field and research community, by providing more visibility and support to 

relevant research articles. 

Inspired by this and looking to apply some of the skills we had gained in the 

Python programming language, we decided to create our own literature surveying bot for 

the fields of flow chemistry and photochemistry and connect it to the twitter API. 

Fortunately, the code written by Coudert for the MOF Papers bot is open source and freely 

available on the data repository, GitHub,3 including instructions for how to apply for the 

Twitter API, installation of required Python libraries, and how to setup the script to 

interact with the Twitter API developer’s account. This made the creation of the bot 

account surprisingly trivial, as Twitter developer accounts intended for academic 

purposes are readily acquired in approximately an hour. With these instructions, 

ironically there was not much need for skills in Python and all that was needed was to 

change the search terms used in the script, so that it would find papers related to flow 

chemistry and/or photocatalysis, rather than MOFs.  

It was necessary to have an independent device that could run the script 

autonomously all day and night, rather than having to leave a full computer running 24/7. 

This was achieved using a Rasberry Pi (RPi) 3 Model B+, which is a microcontroller 

commonly applied in research settings for controlling custom electronics and devices. 

The device is a fully functioning computer with HDMI display port, built in WIFI adaptor 

and four USB slots for peripherals such as a mouse and keyboard. Once setup with the 

Raspian operating system, the device can be controlled by remote desktop functions and 

all peripherals can be disconnected, giving the device a very small footprint and low 

power consumption – ideal for the purposes of running a Twitter account 24/7.1 An image 

of the RPi is given below, with the twitter account it is controlling displayed on the 

monitor behind it, which is connected to a separate computer. Python and the adapted 

Python scripts were installed on the device, and on the 27th of March 2020, the ‘Flow 

and/or Glow Papers’ (@chem_flow)4 account began sharing photochemistry and flow 

chemistry research with the chemistry community on Twitter.  
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Figure II.1  Image of the RPi microcontroller which runs the @chem_flow Twitter account, which is 

displayed on the monitor. 

 

To date, the account has gathered over 800 followers and produced more than 

8000 tweets. The initial creation of the bot was self-serving, as a means to automate 

literature surveying. However, it has been extremely gratifying to see so many others 

interact with the tweets that the account produces and amass hundreds of followers from 

the flow and photochemistry communities, including academics and industrial chemists 

within those fields.  

An unexpected benefit has been accessing the analytical data of the account, 

which displays various metrics, including the ‘top tweet’ each month which can 

tentatively be used as a measure for a paper that has been well received within the 

community. For example, on April 16th 2022, the bot found and tweeted the title and a 

link to the paper ‘Water-Soluble Tris(cyclometalated) Iridium(III) Complexes for 

Aqueous Electron and Energy Transfer Photochemistry’ by Ward, Kerzig, Wenger and 

co-workers, published in the ACS journal Acc. Chem. Res..5 This tweet was liked 66 times 

by other twitter users and was retweeted 5 times. The analytics also reveal that the link to 

the publication was clicked 119 times by independent users, giving the article more views 

and potentially additional future citations. For the past 3-months, the bot account has been 

gaining ~50 new followers per month, with an increasing number of profile visits and 

tweet engagements, which will help the account to grow further. 
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After a few months from the @chem_flow account being activated, additional 

Python scripts were added that enabled the account to ‘follow back’ Twitter users that 

followed the account. Additionally, Python scripts were added that search the Twitter API 

for recent tweets that include hashtags, such as ‘#photochem’ and ‘#flowchem’. Once the 

script identifies these tweets, it will automatically like and retweet the content. 

Interestingly, once these scripts were implemented, there was a noticeable surge in new 

followers and engagement with the @chem_flow account, and it was common for users 

who had their content retweeted by the script to then follow the account. Over the past 

10-months, the @chem_flow account has received approximately five ‘mentions’ per 

month, which is where a Twitter user posts content with a link to the bot account to notify 

them and attract their attention to the post. Generally, this has occurred when a Twitter 

user has published a paper and wishes for the bot to retweet the web address to share it 

with their audience. This shows that the account is becoming a hub for disseminating flow 

chemistry and photochemistry research, news, and events to Twitter users with similar 

research interests.  

The success of the @chem_flow account was not expected and was initially 

developed for entertainment during the pandemic lock-down. However, we are pleased 

that it has grown beyond that and appears to have benefited the flow and photochemistry 

research communities, and we hope it will continue to do so.  
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Appendix III:  Chemistry in Pictures 

A benefit of researching photoactive organic molecules and materials is the 

vibrant colours produced by their visible light absorbance and fluorescence. This can be 

useful as, for example, it is very easy to see if glassware or reactors are contaminated 

under ambient or UV light, or compounds eluting during column chromatography column 

can be visualised in real time, without TLC analysis or UV irradiation.  

Another benefit of the vibrant colours is that it is very easy to take attractive 

photographs of things that glow in the dark (under long wave UV irradiation). Within our 

group, we are encouraged to take photographs frequently, to help with remembering 

specific reaction setups, which column we used for chromatography purification and the 

appearance of products absorbance and fluorescence. Quite often, we will post these 

images to social media platforms, such as Twitter or Instagram, and we have been 

fortunate that these images have received a lot of attention and engagement. 

The American Chemical Society (ACS) publishes a magazine, Chemical & 

Engineering News (C&EN), which features a chemistry photography and artwork      

collection on their website called ‘Chemistry in Pictures’. We have been fortunate that 

they have featured several of our photographs with accompanying statements in their 

collection. Additionally, once per year, C&EN in collaboration with ShanghaiTech 

University, host an art exhibition gallery for photographs featured in the Chemistry in 

Pictures collection, where a selection of photographs from the collection are printed and 

exhibited in the ShanghaiTech University Library for a month. Again, we have been 

fortunate that a few of our photographs have been selected and exhibited. 

The following section displays these photographs, and others which have 

been recognized with awards, with a brief description of what the image shows and links 

to their respective articles. 
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III.I. Enchanted Rose 

 

This photograph displays a crystal of BODIPY irradiated under long wave 

UV light. The crystal was grown over several months by leaving a concentrated solution 

of crude material in a vial at the back of a sample storage container. The solution was 

generated from impure fractions of a column chromatography separation and was stored 

with the intention of eventually purifying the material but was subsequently forgotten 

about. The slow evaporation of solvent from the vial enabled large, plate-like crystals to 

form in a cluster, reminiscent of a rose. Material which did not crystallise was deposited 

as an amorphous residue on the base of the vial. Due to differences in crystal structure 

and environment between the rose and residue, the fluorescence of the rose appears red 

whilst the residue fluoresces green.  

Note that this photograph was taken and edited by Alec Burgess and submitted to C&EN 

Chemistry in Pictures with credit to myself, Alec Burgess and Filipe Vilela. This 

photograph was also featured in the 2019 Chemistry in Pictures exhibition at 

ShanghaiTech University.  

Available at: https://cen.acs.org/synthesis/catalysis/Chemistry-Pictures-Enchanted-

rose/96/web/2018/06 (Accessed: 06/10/2022). 
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III.II. Polymer Tesseract 

 

This photograph displays polymer-supported benzothiadiazole photocatalyst 

material. The material is being washed and filtered prior to purification in a Soxhlet 

extractor. The pale blue fluorescence of the material is resulting from long wave UV 

irradiation. The frost/ice at the top of the filter paper is caused by the rapid endothermic 

evaporation of dichloromethane, the filtering solvent, due to its volatility and facilitated 

by the air flow of a fume hood. The photograph was published in the Chemistry in Pictures 

collection in May 2019.  

Available at: https://cen.acs.org/synthesis/catalysis/Chemistry-Pictures-Polymer-

Tesseract/97/web/2019/05 (Accessed: 06/10/2022). 
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III.III. Bubbling Photocatalyst 

 

These two photographs display thin crystalline film of BODIPY 2.1 (see 

Chapter 2, Scheme 2.2), synthesised for the Journal of Flow Chemistry publication, 

described in Chapter 2. The film formed when concentrating a solution of purified 

BODIPY in a round bottom flask via rotary evaporation. Evaporating solvent bubbles 

formed under reduced pressure and caused the BODIPY product to rapidly crystallise 

around the bubbles. Once the reduced pressure was removed, the crystalline bubbles 
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deflated, leaving the bright orange crystalline solid displayed in the photograph. Under 

long wave UV irradiation, the crystalline solid was not particularly fluorescent, however 

some residual dissolved BODIPY on the sides of the flask fluoresced bright green.  

Available at: https://cen.acs.org/synthesis/catalysis/Chemistry-Pictures-Bubbling-

catalyst/97/web/2019/08 (Accessed: 06/10/2022). 

 

 

III.IV. Green Flow 

 

This photograph was taken during a homogeneous photooxidation 

experiment for the work described in Chapter 2. The photograph displays a coil reactor 

of perfluoroalkoxy alkane polymer tubing, with slugs of reaction solution and air flowing 

through whilst being irradiated by an LED module. This image was actually published in 

the Chemistry in Pictures collection as a video, which can be viewed on the C&EN 

website. However, a frame from the video was later featured as a photograph and 

exhibited in the 2020 Chemistry in Pictures exhibition at ShanghaiTech University.  

Available at: https://cen.acs.org/synthesis/Chemistry-Pictures-Green-

flow/98/web/2020/04 (Accessed: 06/10/2022). 
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III.V. A Light Stirring 

 

This photograph displays a long exposure shot of polymer-supported 

benzothiadiazole resins being stirred in a beaker of water, under long wave UV light 

exposure. This photograph was taken and edited by Alec Burgess, and submitted to 

C&EN Chemistry in Pictures with credit to myself, Alec Burgess and Filipe Vilela. 

‘Bubbling Photocatalyst’, ‘Green Flow’ and ‘A Light Stirring’ were exhibited 

in the 2020 Chemistry in Pictures exhibition at ShanghaiTech University. 

Available at: https://cen.acs.org/synthesis/catalysis/Chemistry-Pictures-light-

stirring/98/web/2020/05 (Accessed: 06/10/2022). 
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III.VI. Somewhere Inside the Rainbow 

 

This image was submitted to the Heriot-Watt University 2019 Year of Health, 

Research Photography Competition and was the winner of the ‘Healthy Planet’ category. 

This photograph displays a series of vials containing solutions of various BODIPY 

derivatives, modified from the same core structure. A ray of sunlight from a window is 

hitting the central vial and resulting in a green fluorescence. 

A news article on the competition is available at: 

https://www.hw.ac.uk/uk/research/engage/principals-prize/2019-winners.htm (Accessed 

06/10/2022). 
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III.VII. Diamonds in the Rough 

 

This image was submitted to the 2020 PhotoChimica competition, 

collaboratively hosted by the Royal Society of Chemistry and European Young Chemists’ 

Network. The image was selected as one of 11 runner-up prize winners, for which the 

award was featuring in a calendar. The image shows polymer-supported benzothiadiazole 

photocatalyst material dispersed on sandpaper and irradiated by long wave UV light.  

A news article on the competition and the image is available at: 

https://www.rsc.org/news-events/articles/2020/05-may/photochimica2020-winners-

announced/ (Accessed: 06/10/2022). 
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III.VIII. Chem. - A Eur. J. Frontispiece 

 

The image displayed above was designed and produced on behalf of the 

McIntosh Group at Heriot-Watt University, and submitted as cover art to accompany their 

accepted article in Chemistry – A European Journal:   

“Discrete Ti−O−Ti Complexes: Visible-Light-Activated, Homogeneous Alternative to 

TiO2 Photosensitisers” 

In this work, the authors synthesised a library of bimetallic titanium-oxo 

complexes and investigated their ability as visible light photosensitisers for 1O2 

generation in a flow reactor. They used the classical α-terpinene 1O2 oxidation reaction, 

discussed in Chapter 2, to compare the efficiency of each of the complexes. The landscape 

featured in the artwork was intended to summarise key aspects of the work: the river 

flowing down from the mountains represents flow chemistry; the pine forest represents 

α-terpinene, which is a natural product extracted from pine leaves; the sun represents 

visible light photochemistry. The artwork was published as a frontispiece and can be 

accessed from the following reference:  

Behm, K.; Fazekas, E.; Paterson, M. J.; Vilela, F.; McIntosh, R. D. (2020) Chemistry - A 

European Journal, 26 (43). https://doi.org/10.1002/chem.202084363. 


