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Abstract 
 

In this era, the use of renewable energy is more important than ever, and in the recent Paris agreement it 

was confirmed that a global transition has to be made towards a decreased emission of greenhouse gases. 

This can be for example done by increasing the amount of renewable energy utilized such as solar energy. 

Using the abundant amount of photons that the sun provides to generate electricity is already well-

established within society through the use of PV-panels. However using solar light to conduct chemistry is 

much less applied. Earlier research within our group already resulted in a PDMS based Luminescent Solar 

Concentrator-PhotoMicroreactor (LSC-PM) used to harvest sunlight to conduct chemistry, similar to a leaf. 

Within this thesis, the use of (solar) light to conduct chemistry is presented through the use of PMMA 

Luminescent Solar Concentrator-PhotoMicroreactors (LSC-PMs). The LSC-PM combines the recent 

advancements in the scientific areas of microreactor technology and visible photoredox catalysis to 

efficiently conduct chemistry with sunlight. The use of different colored LSC-PMs, as previously examined 

within our group, could potentially increase the employability of the LSC-PM. Within this work, chemical 

transformations in a green LSC-PM with suitable photocatalysts like eosin Y and Rose Bengal are conducted 

and probed for a beneficial effect, an increased reaction rate, compared to an undoped reactor. This quest 

for reactions was done based on the following four crucial parameters: flowability, reaction selectivity, 

photon-flux limited kinetics and general suitability within the green LSC-PM. Two reactions, the oxidative 

coupling of benzyl amine and the photocatalytic oxidation of α-terpinene showed both a 3.25x increase in 

reaction rate in the green LSC-PM compared to the undoped reactor. Additionally a blue LSC-PM was put 

to the test with Ru(bpy)3Cl2 as photocatalyst showing that the limited down-conversion does not result in 

a significant increase in reaction rate. Finally, and most importantly, a proof of concept experiment was 

conducted in which the L-methionine oxidation was carried out in the red LSC-PM under outdoor 

conditions, i.e. with real solar light irradiation. This crucial experiment demonstrated the applicability of 

the LSC-PM in outdoor conditions. 
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1 Introduction  
 

In the last decades serious effort has been made towards a greener energy production and global warming 

is no longer seen as a myth by the majority of the people. In the recent Paris agreement it was again 

confirmed that efforts should be made towards lower carbon emissions to counter global warming.1 The 

main source of global carbon dioxide emission is due to the burning of fossil fuels and industrial processes.2 

Next to the strive towards the reduction of global warming, also economic factors play a role since fossil 

fuel reserves are destined to become exhausted and no longer economically viable in the near future.3 A 

transition towards green energy and a less fossil fuel dependent chemistry imposes itself.  

The use of light to carry out chemical transformations has already been studied for over a century.4 

However, industrially, most chemistry is carried out under harsh conditions and the use of photochemistry, 

generally at milder conditions, is rather limited due to its problematic scale-up. The combination of flow 

chemistry5 and photochemistry6 may provide an alternative to some of the harsh conditions used in 

traditional chemistry. The recent developments in visible-light photoredox catalysis revived the interest in 

photochemistry and opened up the possibility to utilize solar light to conduct more complex chemistry.7 

Within this research, luminescent solar concentrators are used as artificial leaves to increase the efficiency 

of photoredox reactions.8 The use of solar light to perform organic synthesis offers both economic and 

environmental advantages. The stigmatized “polluting chemistry” can thus be done using the energy of 

the inexhaustible amount of photons that the sun provides.9 
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2 Theoretical background 
 

2.1 Photochemistry 
Utilizing light to convert chemical substrates into products has already been carried out by nature for over 

two billion years. Unicellular organisms, such as cyanobacteria utilize sunlight to execute chemical 

transformations.10 Eventually, the most important light-dependent reaction in nature evolved from this: 

photosynthesis. This process is carried out in all plants and is used to transform carbon dioxide and water 

via the use of sunlight into oxygen and energy rich molecules such as sugar. This, in essence organic 

synthesis pathway, is carried out inside nature’s own lightweight reactors namely leaves. The plant is in 

this way able to convert solar energy into energy stored inside chemical bonds. The chlorophyll molecules 

absorb the solar light’s energy and via several electron transfer processes generate the molecules 

nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate (ATP) from 

respectively NADP+ and adenosine triphosphate (ADP). These molecules are at their turn utilized as an 

“energy currency” to synthesize a plethora of molecules among which energy rich carbohydrates such as 

glucose.11,12  

2.1.1 Photoredox catalysis 
The concept of using light to conduct chemical transformations, albeit in less complex synthetic pathways 

compared to nature, has regained interest in the last few decades.13 Especially due to the advancements 

in photoredox catalysis in which a photocatalyst absorbs photons resulting in energy or electron transfer 

reactions which can be condensed into a photocatalytic cycle (Figure 1). Unlike traditional chemical 

reactions, in which the energy comes from a certain amount of heat input, photochemical reactions utilize 

the energy coming from photons. These photons are in a sense a green and traceless reagent.9  

 

Figure 1: General photocatalytic cycle. (A: electron acceptor, D: electron donor, PC: photocatalyst) 
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Upon absorption of a photon by a photocatalyst, an electron is promoted to an excited state highest 

occupied molecular orbital (HOMO). This excited state can interact with substrate molecules via single-

electron transfer processes resulting in radical intermediates that can result in various chemical 

transformations such as oxidations, reductions, arylations and trifluoromethylations.14  

2.1.1.1 Photocatalyst 

The most important component of photoredox catalysis is the photocatalyst. There a two major types of 

photocatalysts. Firstly the transition metal complexes, these complexes consist out of a metal atom to 

which ligands are bonded. These ligands are carefully selected and in cooperation with the metal ion 

determine the redox potential and therefore the selectivity of the catalyst. The catalyst’s activity can be 

tuned by independently changing the type of metal ion and the structure of the ligands (Figure 2).15 

Secondly, there are the organocatalysts which are organic molecules such as light absorbing dyes without 

any metals present. The properties such as the light absorption of these catalysts are fully determined by 

the structure of the molecules and can be changed by altering the structure, hereby determining the 

outcome of the catalyzed reaction (Figure 3).13  

 

Figure 2: Common transition metal catalysts fac-(tris-(2,2'-phenylpyridine))iridium(III) (Ir(ppy)3) (left) and common transition 

metal catalyst tris-(2,2'-bipyrimidine)ruthenium2+ (Ru(bpy)3
2+) (right).16,17  

 

 

Figure 3: Examples of organocatalysts. 
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2.1.1.2 Photophysical and electrochemical properties of photoredox catalysts 

The main photochemical and electrochemical processes of the photoredox catalyst are depicted in Figure 

4. The process starts with the absorption of light (+hν) which generates an electronically excited state of 

the catalyst. An electron thus gets promoted from the ground state (S0) to a singlet excited state. Excitation 

towards higher lying excited states and different vibrational energies might also occur. These are however 

very short-lived and relax within picoseconds towards the “first” singlet excited state S1 via vibrational 

relaxation. When considering an isolated electronically excited molecule, a limited number of sequential 

processes might occur which can be divided into two main categories. First there are the radiative 

pathways in which a photon (-hν) is re-emitted and secondly there are the non-radiative pathways in which 

the energy of the excited state is dissipated as heat. The S1 excited state can return to the ground state 

(S0) via the radiative transition fluorescence or via internal conversion (IC) which is a non-radiative 

transition. Also a transition towards the first triplet state (T1) might occur, this however is spin-forbidden 

and consequently the T1 state is usually longer lived compared to S1 state. Also both radiative 

(phosophorescene) and nonradiative processes might result from the transition of T1 to S0. 

 

Figure 4: Simplified overview of the general photophysical and electrochemical processes and properties of photoredox 
catalysts.13 

Since the lifetimes of S1 and T1 excited states are between nano- and milliseconds, these are most likely to 

engage in reactions with a substrate (bimolecular reactions). Both energy transfer (EnT) and electron 

transfer (ET) processes can occur from these excited states towards a substrate molecule. The overall 

process in which excitation and a subsequent electron transfer occurs between the excited state molecule 

and a ground state molecule is termed as photoinduced electron transfer (PET). In photoredox catalysis 

the excitation and subsequent electron transfer process might result in an oxidized or reduced form of the 

photocatalyst which can then take part in a redox reaction with a substrate.13  
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2.2 Photochemistry in flow  
 

Traditionally, chemistry is carried out in batch reactors: large reactors on industrial scale or small glass 

flasks on lab scale. These reactors however have some disadvantages such as limited mass and heat 

transfer. When performing photochemistry in batch the crucial problem of the small surface-to-volume 

ratio arises, hence an inefficient irradiance of the reaction mixture. The use of microflow chemistry to 

conduct photochemistry adequately solves this problem as the surface-to-volume ratio is tremendously 

increased, resulting in a more efficient irradiance. This results in shorter reaction times and improved 

reaction selectivity.6 Next to that, the inherent characteristics of microflow such as fast heat exchange, 

large contacting surface within segmented flow result in beneficial high mass transfer coefficients.18 Some 

of these advantages are discussed more thoroughly in this chapter.  

2.2.1 Irradiation of the reaction mixture  
Since the energy of a photochemical reaction comes from the light irradiation, the efficacy of photon 

absorption and more importantly the uniformity of absorption of the reaction mixture is of tremendous 

importance. After all this is required to achieve rapid conversion. Absorption can be described using the 

Beer-Lambert-Bouguer law, stating that the absorption is dependent on the concentration (C) of the 

absorbent, the length of the pathway (d) and the molar attenuation coefficient (ε). The law can be 

condensed in the following relationship: 

𝐴 = log10

𝐼0

𝐼
= 𝐶𝑑𝜀 

This relationship proves that irradiation of the reaction mixture is not constant and since the concentration 

and attenuation coefficient are deemed to be constant throughout the reactor volume, the difference in 

absorption depends on the dimensions (d) of the reactor. In microflow, the dimensions (d) of the reactor 

are significantly decreased, which implies a more homogeneous irradiation of the reaction mixture, hence 

resulting in a more consistent energy distribution.  

 

Figure 5: Transmission of light as a function of distance in a photocatalytic reaction with Ru(bpy)3Cl2 (ε=13000 cm-1M-1).6 
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Strong absorbers such as the transition metal complex photocatalyst Ru(bpy)3Cl2 cause the light intensity 

to rapidly decrease toward the center of the reactor. Figure 5 shows that a rapid decrease in transmittance 

even at relatively low photocatalyst concentrations results in a limited penetration depth of light in the 

reaction mixture. Small reactor dimensions, specific to microreactor technology, are thus beneficial for a 

homogeneous distribution of photons over the reaction mixture. Additionally, this causes the reaction 

times to decrease substantially compared to traditional batch photochemistry.6 

2.2.2 Convenient scale-up  
Since photochemistry requires small reactor dimensions for efficient and fast reaction, the scale up in 

batch is inefficient as this decreases the surface-to-volume ratio and irradiated reaction volume 

dramatically. Microflow chemistry elegantly circumvents this issue since scale up can be done by longer 

operation times, increasing the throughput by increasing the flow rate and numbering-up. Compared to 

batch this implies that the reactor dimensions can be left unaltered and the photon path length remains 

the same. Higher flow rates will also alter the hydrodynamics and heat transfer positively, since mass- and 

heat-transfer coefficients are increased. To conclude, it is more straightforward to manage similar 

photochemical reaction conditions both on small and larger scale in a microflow setup compared to batch.  

2.2.3 Safety of operation 
Since the dimensions of the reactor channels are small in microflow (typically 100-1000 μm), resulting in 

small reaction volumes, the safety of operation is also increased compared to batch procedures. The 

amount of hazardous chemicals is decreased and the odds of possible explosions can be decreased 

significantly. This is in particular important for photoredox chemistry where singlet oxygen is utilized as a 

reagent, since it is very reactive towards organic compounds and exhibits cytotoxic effects.6,19 
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2.2.4 Reaction selectivity 
As already mentioned, the use of a microreactor to conduct chemistry generates an ideal controllable 

environment and is able to maintain constant reactor parameters both at small and larger scale. The large 

heat transfer coefficients results in a more narrow energy distribution compared to batch processes in 

which the provided energy distribution is much broader. A broad distribution could imply a declined 

selectivity and thus the formation of side products.6 The larger surface-to-volume ratio in photochemistry 

also results in a more constant photon distribution throughout the reaction mixture as mentioned earlier 

and benefits the reaction selectivity as well (Figure 6).  

 

Figure 6: Energy diagram showing that a broad distribution in batch reactors can open up additional reaction pathways towards 
undesired side products (P2). The narrow energy distribution in flow reactors circumvents this selectivity problem and produces 
the desired product (P1) exclusively. 

Also, the convenient tunability of the flow rate in microflow benefits the selectivity as it is able to prevent 

possible follow-up or degradation reactions. Recently it was also shown that the wavelength distribution 

of the incident photons can also influence the selectivity, especially in the presence of substrate with 

chromophore groups (Figure 7). Itoh and co-workers showed that, by tuning the incident wavelength 

distribution, the reaction yield was altered. The reaction mixture was irradiated with a xenon (Xe) lamp 

with and without filters. It was concluded that high energy wavelength irradiation resulted in a decreased 

yield, probably due to a decomposition of the substrate. By carefully selecting a high energy filter the 

wavelength irradiance was tuned and the yield of the desired product in the cycloaddition reaction was 

increased significantly.20  

 

Figure 7: Variance in yield of a cycloaddition reaction by altering the wavelength of photon irradiation by a 300 W Xe lamp.20  
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2.3 Solar photochemistry  
 

The desire to carry out photochemistry utilizing solar light has gained a substantial amount of interest in 

the last years, especially in the sense of conducting greener chemistry. There are however some difficulties 

which have to be overcome to conduct photochemistry efficiently using sunlight. Firstly, the scattering due 

to clouds and buildings, and the day and night cycles cause irregularities in the intensity of the irradiation. 

This will result in variating reaction times since the intensity of solar irradiance is not constant. For example 

the conversion will be slower during cloudy conditions compared to clear weather conditions6. This 

problem can be overcome utilizing light sensors to adjust the residence time under irradiation of a reaction 

mixture according to the intensity of the irradiation, in this way still achieving a constant conversion (See 

also section 6.2). Secondly, the solar spectrum is broad and this increases the likelihood of a mismatch 

between the emission of the solar spectrum and the absorption of the photocatalyst and might result in 

side reactions and the formation of by-products.20  

These difficulties have proved that the utilization of sunlight to conduct solar photochemistry on lab and 

especially industrial scale is rather limited. On industrial scale solar light driven photochemical reactions 

are mostly used for the disinfection of water.21 On smaller scale, reactors such as the PROPHIS (Figure 8A) 

and SOLFIN (Figure 8B) have been designed to carry out various solar photochemistry reactions. These 

reactors performed admirably but were expensive due to the required rotation of the reflection panels as 

they could only utilize direct sunlight. The PROPHIS reactor was used for the Friedel-Crafts acylation of 

quinones on a kilogram scale.22 The SOLFIN reactor was used to synthetize lactols, lactones and 

succinaldehydes on a gram scale.23   

On lab scale, a reactor for solar light driven reactions was recently designed by Nauth et al. A reactor 

(Figure 8C) was built with 25 meter of tubing in order to collect enough sunlight for the desired 

photochemical transitions. In this reactor various chemical transformations such as C-C coupling were 

carried out using common photoredox catalysts such as Rose Bengal and [Ru(bpy)3]Cl2. There were 

however some drawbacks such as the high pressure drop and side reactions due to irradiation with the 

broad solar spectrum.24 

 

Figure 8: A: PROPHIS reactor.22 B: SOLFIN reactor.23 C: Sunflow reactor24 
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2.4 Luminescent solar concentrator 
 

One of the largest issues in conducting solar photochemistry is obtaining an efficient collection of photons 

by the reaction mixture. Ideally it means that if one square meter is irradiated with light, the reaction 

mixture should flow, in for example microflow tubing, over this entire square meter in order to absorb all 

the incoming photons. This however would require vast amounts of tubing and result in a high pressure 

drop, as seen with the Sunflow reactor in section 2.3.24 Another possibility is making use of mirrors to 

direct photons towards a reaction channel as seen in the Prophis reactor in section 2.3.  

In this research, luminescent solar concentrators (LSCs) will be used to act as photon guiding material to 

guide photons towards the reaction channels. These LSCs are luminescent dye doped glass or polymeric 

materials. The present luminophores will absorb both direct and indirect (sun)light and re-emit at distinct 

wavelengths specific to the dye utilized. The polymeric or glass material will then guide these photons via 

emission and reabsorption processes of the dye towards the edges of the LSC. Formerly these LSCs were 

used to guide photons towards edge-attached photovoltaic cells to generate electricity (Figure 9). Since 

LSCs are inexpensive compared to solar cells, they can be used as collection material to increase the 

efficiency by enlarging the collection surface area. Pioneering research in LSCs was executed due the oil 

crisis in the 1970s. Nowadays climate change awareness revived the research in applications for this 

unique material.25,26 

 

Figure 9: Schematic overview of a luminescent solar concentrator. Incident sunlight is absorbed by the luminophore and re-
emitted as photons with characteristic wavelengths. A portion of these photons are guided towards the edge-attached solar cell. 
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Since different dyes can be utilized inside the LSC, a variety of different-colored LSCs are possible. The 

luminophore will absorb the incoming photons, which will generate an excited state of the dye molecule. 

After some non-radiative decay steps such as vibrations fluorescence can occur, in which the excited state 

molecule will emit photons and return to its ground state. This process, called fluorescence, will always 

result in lower energy photons compared to the incident photons due to the law of conservation of energy. 

The re-emitted lower peak is thus at a longer wavelength compared to the absorption peak (Stokes shit) 

and results in the so-called down-conversion of photons, as shown in Figure 10. 

      

Figure 10: Left: Jablonski diagram showing the basic principles of absorption and fluorescence. Right: The absorption and emission 
spectrum of a green dye (K-160) doped PMMA based LSC plate. 

2.4.1 Photon transport 
The unique photon guiding effect of the LSC originates from the difference between the refractive index 

of the material in which the dye molecules are embedded and the environment surrounding the LSC. The 

ultimate result is the guidance of the photons towards the edges of the material and can be theoretically 

justified according to Snell’s law. 

𝑛1

𝑛2
=

𝑠𝑖𝑛 𝜃2

sin 𝜃1
 

This relationship states that the refraction angle (θ2) is only dependent on the angle of the incoming light 

beam (θ1) and the refractive indices of both media creating the interface (n1, n2). In the case of the LSC 

these are the refractive indices of the LSC material itself and air. A part of the guided light is trapped inside 

the material due to the principle of total internal reflection. This occurs when light is travelling above a 

critical angle θc from a high refractive index medium (LSC) towards low refractive index medium (air). This 

principle of total internal reflection is the origin of the photon guiding effect. The critical angle can be 

calculated using the following formula: 

𝜃𝑐 = sin−1
𝑛2

𝑛1
 

The amount of total reflectance can be increased by achieving a low critical angle in this way enhancing 

the efficiency of the light guiding effect and increase the amount of photons reaching the edges of the LSC. 

Since the refractive index of air (n2) can be deemed constant, the critical angle could be lowered using high 

refractive index LSC materials (n1).  
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Figure 11: Schematic overview of refraction of light (left) and total internal reflection (right) upon moving from a high RI medium 
(1, LSC) towards a lower RI medium (2, air). 

2.4.2 Losses inside an LSC 
The waveguiding effect of the LSC is not perfect and not all the photons irradiated onto the material will 

reach the edges. This is confirmed by the only moderate efficiencies with a highest value of 7.1% when 

combining a photovoltaic cell with LSCs.27 The low efficiencies can be attributed to losses in the LSC design 

and mainly due to the low efficiency of the photovoltaic cell.25 

The fluorescent dye molecule inside the LSC will re-emit light perpendicular to its the absorption dipole 

(Section 10.1, Figure 29).28 Since there is no preferential orientation of the dye molecule it can be assumed 

that re-emission is of isotropic nature. Since there is no preferential direction for re-emission, light can 

also reach the LSC-air interface at a smaller angle than the critical angle, the so-called escape cone (Figure 

12, 1). 

Re-absorption by another dye molecule inside the LSC also contributes to losses. This is mainly due to a 

possible overlap between the emission and the absorption bands of the dye caused by the limited stokes 

shifts (Figure 12, 2).  

The next loss inside an LSC is related to the type of luminophore used. Firstly, a part of the input light is 

not absorbed by the dye molecule due to its limited spectral absorption band, this implies that a part of 

the incoming light is not absorbed and is simply a transmissive loss (Figure 12, 3a). Secondly, the 

luminophore might degrade upon absorption of high energy UV photons. This process is termed as 

photodegradation and results in the breakdown of the dye molecule. This decreases the total emission of 

the LSC or generates reactive species in the near vicinity, subsequently reacting with the dye molecule and 

compromising the dye’s performance (Figure 12, 3b). Thirdly, some of the photons absorbed by the dye 

molecule will not be re-emitted and will be lost via non-radiative decay. The energy of these photons will 

be dissipated as vibrations and heat. This can be attributed to the non-unity quantum yield of the dye 

(Figure 12, 3c). 

When utilizing the LSC’s photon guiding properties to guide photons towards a photovoltaic cell, the 

efficiency of the latter also contributes to the total amount of loss, since a fraction of the incident photons 

is lost due to the limited conversion efficiency of the solar cell (Figure 12, 4).  

When light moves towards another refractive index medium Fresnel reflection occurs and results in a 

portion of the incident light being reflected. This occurs when the light makes the transition from air 

towards the LSC material and results in a reflective loss increasing when the incident angle decreases 

(Figure 12, 5a). The matrix material in which the dye molecules resides can also cause a part of the photons 

being lost since the matrix material, including its impurities, also absorbs photons (Figure 12, 5b).  
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Finally, scattering of photons also attributes to a loss factor of the LSC. There are two types of scattering 

losses. Internal scattering occurs due to imperfections in the bulk of the LSC material and scatters the 

photons outwards (Figure 12, 5c). While surface scattering is the result of imperfections at the surface of 

the LSC causing photons to be scattered away from the surface (Figure 12, 5d). 

 

Figure 12: Loss mechanisms in a luminescent solar concentrator (LSC): 1: light emitted inside the escape cone; 2: re-absorption of 
emitted light by another dye molecule; 3a: transmissive loss; 3b: degradation of the luminophore; 3c: non-unity value of the 
internal quantum efficiency; 4: solar cell losses due to its limited efficiency; 5a: reflection from the waveguide surface, 5b: 
absorption by the matrix material; 5c: internal scattering by the matrix material; 5d: surface scattering.25 
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2.5 Merging flow photochemistry and LSCs 
 

As mentioned before, nature has a complex and efficient way of harvesting photons and directing the 

energy obtained to conduct chemical transformations inside the tree leaf. The combination of an LSC and 

flow photochemistry by incorporating reaction channels inside the LSC gave rise to the Luminescent Solar 

Concentrator-PhotoMicroreactors (LSC-PMs). This artificial, albeit oversimplified leaf, could be used to 

conduct chemistry with solar light much more efficient. In the paper published previously by our group 

the artificial leaf was put to the test (Figure 13).8  

 

Figure 13: Comparison and analogy of solar harvesting and photon transfer in a leaf and an LSC-PM. In the leaf photosystem, the 
energy of the photons, harvested by the antenna pigment molecules, is transferred to the reaction center where it eventually 
reaches the primary electron acceptor. Analogously, in the LSC-PM, the photons absorbed by the embedded fluorescent dye 
molecules are re-emitted and then light-guided until they reach the reactor channels.8 

Since the LSCs are able to concentrate both direct and indirect light it is particularly interesting to use them 

in regions where a lot of diffuse light is present such as the Netherlands.6 The dye molecules absorb and 

re-emit photons which can then be used as energy input for chemical reactions inside the channels of the 

LSC-PM. Additionally the down-conversion effect of the LSC plays an important selectivity role. The broad 

solar spectrum is converted into a much narrower emission spectrum. In this way the possibility of side 

reactions due to a wavelength mismatch for the utilized photocatalyst or substrate is significantly 

decreased.  
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Figure 14: Emission (green) and absorption (red) spectrum of the luminescent dye (LR305) utilized in a red PDMS based LSC-PM 
and the absorption spectrum of the photocatalyst (MB, blue) in acetonitrile super positioned on the AM 1.5G solar spectrum. 

As seen in Figure 14, the absorption of the LR305 dye occurs in a much broader range (red) of the solar 

spectrum compared to the absorption range of the photocatalyst methylene blue (MB, blue). The emission 

of the dye however is in a narrower range (green). A greater overlap between the emission of dye and the 

MB spectra is evident from the figure. This is a beneficial effect of the LSC-PM as it is able to absorb a 

broad energy spectrum and narrow it down to a more energy-concentrated emission spectrum, the so-

called down-conversion effect.  

A red dye (LR305) doped PDMS based LSC-PM was designed and tested under both indoor and outdoor 

conditions. The studied reaction was the singlet oxygen-mediated cycloaddition of 9,10-

diphenylanthracene to the corresponding endoperoxide (Figure 15).  

 

Figure 15: Model reaction conducted inside the artificial leaf.8 

Blue LEDs were used to test the down-conversion effect (Figure 16A). The light harvesting properties of 

the LSC-PM were tested by covering a part of the reactor for direct light irradiation. A high doping still 

showed a higher conversion in time compared to a low dopant concentration (Figure 16B). The reaction 

acceleration was increased approximately four times compared to a non-doped PDMS reactor under solar 

simulator irradiation (Figure 16C). 
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Figure 16: LSC-PMs tested at different dye doping. A: test under blue LED irradiation proving the down-conversion effect. B: 
Partially covered reactor to show the light harvesting properties. C: Test under the irradiation of a solar simulator.8 

A small 5x5 cm, 200 ppm doped reactor was ultimately tested under outdoor conditions on a partly sunny 

day. The doped reactor performed significantly better compared to the non-doped reactor. The diffuse 

light due to clouds had a significant smaller impact on the doped reactor, proving the efficient use of 

diffuse light next to direct sunlight. 

2.5.1 The fate of photons inside an LSC-PM 
Earlier research in our group was dedicated towards Monte Carlo ray tracing description of photon paths 

in Luminescent Solar Concentrator-PhotoMicroreactor (LSC-PM). In this application the LSC is used as a 

microreactor (see section 2.5). Some of these different fates of the photons inside an LSC-PM will be 

discussed in greater detail.29 Additionally the similarities and differences between the losses inside an LSC 

and LSC-PM will be discussed  

A significant portion of the incident photons is lost due to transmission (Figure 17, 2) via the same process 

as stated in section 2.4.2. These photons are not absorbed by the fluorescent dye nor directly absorbed 

(Figure 17, 5b) by the absorber inside the reaction channel. 

A photon reaching the top or bottom surface of the LSC-PM also has a small but non-negligible possibility 

of being reflected via the same mechanisms as explained in section 2.4.2. Both top (Figure 17, 1a) and 

bottom (Figure 17, 1b) reflection are possible and combined result in an approximately 5% photon loss at 

low dye doping and 4% at high doping levels. Also losses via the non-unity of the quantum efficiency (Figure 

17, 6) utilized dye plays the same role inside the LSC-PM and was explained in section 2.4.2. 

As the intended target of the photons, the reaction channel, is situated inside the LSC-PM also edge 

emission can be considered as a loss factor (Figure 17, 4). This is the main difference between the losses 

in an LSC compared to the losses inside an LSC-PM. Edge-emitted photons are eventually absorbed by the 

PV at the edge of the LSC (Section 2.4.2), while in an LSC-PM these edge-emitted photons are not exploited. 

A high concentration of dye dopant and high concentration of absorber inside the reaction channels of the 

LSC-PM limits the amount of edge loss, therefore increasing the device’s efficiency. Edge-emitted photons 
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have a longer path throughout the LSC-PM, this implies that events of re-absorption an re-emission 

become more important and have to be taken into account. 

Another parameter that is introduced with the LSC-PM is the interchannel spacing and is defined as the 

distance between adjacent reaction channels inside the device. Increasing the distance between the 

channels implies that the photons have to travel a longer distance from the initial absorption by the dye 

to then be guided, via re-absorption and re-emission processes, towards their final target: the reaction 

channel. These re-absorption and re-emission events results in more photons being lost via the escape 

cone or via the non-radiative decay due to the non-unity quantum efficiency of the dye. The shorter the 

path length required for photons to travel before reaching a channel, the less the amount of energy that 

is lost. Increasing the channel density thus decreases the photon path but has however practical 

limitations. It is thus of utmost importance to balance out the losses due to the re-absorption and re-

emission events on one hand and the distance between the reaction channels on the other hand. Based 

on the simulations an interchannel spacing of 2.5 cm was chosen for the LSC-PM, see section 4.1.3.2.29 

 

Figure 17: An overview of different possible losses inside an LSC-PM: 1a: top reflection; 1b: bottom reflection; 2: transmissive loss; 
3a: top loss; 3b: bottom loss; 4: edge loss; 5b: channel absorption; 6: photon loss due to the non-unity value of the quantum yield, 
energy is dissipated as heat. 29 
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3 Project aims 
 

The main project aim is to select suitable reactions to conduct inside LSC-PMs. To increase the 

employability of the LSC-PM, different dye doped devices have to be constructed. The increase in 

employability mainly comes from the possibility to use a variety of different photocatalysts with 

absorption spectra matching to the emission spectra of different utilized dyes incorporated in the LSC-

PMs. Since most of the visible-light photocatalysts absorb in the red, green or blue region of the VIS 

spectrum, three dyes emitting in the red, green and blue region of the visible spectrum are the most 

interesting to implement in the reactor material. The main objective is to conduct chemistry inside the 

green LSC-PM and find a reaction which is kinetically faster in the doped reactor compared to the undoped 

version. Previous studies within our group already implied that the blue LSC-PM would not be beneficial 

over a normal capillary reactor, which will be tested once more within this work. Finally, preliminary 

experiments based on the red doped LSC-PM (LR305) were already conducted and showing significant 

advantages over the undoped reactor. This red LSC-PM was already scaled-up and tested in laboratory 

environment, however an outdoor experiment with this reactor still had to be conducted as a proof of 

concept and was the final goal of this thesis. 
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4 Results and discussion 
 

The results of the project together with their analysis will be elaborated in greater detail within this 

section. Firstly, the reactor design and two construction approaches will be elaborated. Secondly, reactions 

conducted in the green LSC-PM and a reaction in the blue LSC-PM will be discussed. Each inspected 

reaction will be preceded by a brief explanation of the scientific relevance and alternative approaches 

available in literature. Finally, as a proof of concept, an outdoor experiment with the red LSC-PM will be 

discussed in great detail.  

4.1 Reactor design 
 

There are multiple approaches towards constructing the LSC-PM. There are however two main approaches 

based on the properties of reactor material. One approach consists of creating the reactor out of flexible 

PDMS. The other method is based on the use of the more rigid PMMA material. In the next sections both 

approaches will be explained in greater detail until arriving at the current design method. 

4.1.1 Polydimethoxysiloxane (PDMS) 
Originally, in previous work by Cambié et al.8, the LSC-PM device was a PDMS cast in 3D-printed molds 

without using a capillary. To create the reactor, both a 3D-printed positive relief mold and a petri dish are 

filled with PDMS. After thermally curing, the 2 mm thick PDMS layer from the mold is bound to the 1 mm 

thick PDMS layer from the petri dish with the use of plasma oxygen yielding the desired LSC-PM (Figure 

18). This production process creates a lot of freedom in the design, since the 3D-printed molds can be 

printed in almost every desired shape. However, the reactants and solvent are in direct contact with the 

reactor material and cause the reactor to swell.30 Additionally the dye molecules embedded in the reactor 

are leaching into the reaction mixture causing the reactor to degrade gradually over time. 

 

Figure 18: Schematic overview of the manufacturing process of the PDMS based LSC-PM without capillaries. 

To circumvent the issues coming along with the direct contact between the reaction mixture and the 

reactor, the PDMS casting design method was revised. This resulted in a similar casting method as 

mentioned previously but with the use of a solvent resistant capillary based on perfluoroalkoxy alkane 

(PFA) or polytetrafluoroethylene (PTFE) polymers. In this approach a 3D printed mold was again used but 

the process was a 2-step casting process in which first half of the reactor was cast into a specific mold with 

capillary cutouts. Subsequently the capillaries are inserted into these half reactors and the second step of 

casting was excecuted to finalize the reactor (Figure 19). This design method also had its flaws since the 

capillaries have to be held precisely into place requiring the use of an additional 3D printed capillary holder. 

At small scale this is still achievable but the process becomes precarious at large scale. 
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Figure 19: Schematic overview of the production process of the PDMS based LSC-PM with capillaries. 

There are also some additional issues with using PDMS as reactor material. The compatibility of different 

luminophores is relatively low. For example the polar coumarin yellow dye (DFSB-K160) (Section 10.1) 

caused crystal formation inside the apolar PDMS matrix, compromising the homogeneity of the dye inside 

the reactor. A material which is stable towards different colored dyes is however essential in achieving a 

wide employability of the LSC-PM. Additionally the PDMS material is relatively expensive (€280 per kg) and 

the mechanical properties such as a low tensile strength of 6.7 MPa31 make the PDMS based devices 

flexible but also very fragile. Finally a very crucial parameter, the dye stability, is poor inside PDMS and 

decreases the durability of the LSC-PM. These drawbacks triggered the search for a different and more 

suitable material. 

4.1.2 Polymethylmetacrylate (PMMA) 
Using PMMA as a reactor material has some significant advantages over using PDMS. Firstly, the refractive 

index of PMMA (1.49)32 is significantly higher compared to the refractive index of PDMS (1.41)31. As seen 

in section 2.4.1, the critical angle becomes smaller with increasing ratio between the refractive indices of 

the media resulting in increased internal reflection and decreased photon loss. Secondly PMMA has a 

greater dye stability towards a multitude of dyes therefore increasing the employability of the LSC-PM. 

Earlier research carried out by Vanmaekelberg et al. resulted in an overview of the stability of different 

dyes in a variety of polymer matrices under outdoor solar light irradiation over longer periods of time 

(Figure 20).33 The red LR305 dye, utilized in the red LSC-PM, shows an excellent stability over 85 weeks, 

only decreasing 3% in relative absorbance. In comparison, earlier work done within our group showed a 

decrease of 56% of the red 305 dye in a PDMS matrix over a course of 78 weeks (Figure 21). 
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Figure 20: Relative absorbance of a variety of dyes in different polymer matrices in function of time under outdoor solar 
irradiation33 

 

Figure 21: The relative absorbance of different dye (LR305) doped PDMS plates after exposure to simulated solar irradiation 
(300-400 nm, 65 W/m2, 40 days) (F. Zhao) 
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Additionally due to the more polar character of the PMMA matrix a greater amount of fluorescent dyes 

can be dissolved at higher doping concentrations compared to PDMS as a matrix. This offers another great 

leap towards a wider employability of LSC-PMs with lots of commercially available colored PMMA plates 

(Figure 22).34–37  

 

Figure 22: Fluorescent colored PMMA plates purchased from Evonik35 (left) and Perspex36 (right). 

The current design is based on a PMMA LSC plate in which the reaction channel, a capillary, is inserted. 

This offers the great possibility to fully customize the reactor since both the LSC parameters such as the 

utilized material and doping content as well as the preferred capillary material can be selected to match 

with the chemistry conducted inside the LSC-PM (Figure 25). Thirdly, PMMA is much cheaper compared 

to PDMS. A kilogram of PMMA plates costs only €13 compared to the €280 per kilogram for PDMS. This 

price difference mainly comes from the large availability and bulk production of PMMA. Additionally, 

PMMA is an already well-studied material. Lastly, the PMMA material is much more rigid and less fragile 

compared to PDMS with a 10 times higher tensile strength of 48-76 MPa.32 These significant amount of 

advantages of PMMA over PDMS made the choice of PMMA as LSC-PM material obvious. Within our group 

two main construction approaches of the PMMA based LSC-PMs are utilized.  

4.1.3 Reactor construction 

4.1.3.1 Glue method 

The first approach towards constructing a PMMA LSC-PM is by milling out half of the channel cutouts in 

two PMMA plates, then a layer of Uvacryl glue (Uvacryl 2268, bought from Viba38,39) is applied to one of 

the plates and subsequently the capillary of the desired material is laid down and the second plate is put 

on top. Afterwards the curing process of glue is completed by irradiation with UV and visible light from the 

solar simulator. There are some important parameters which need to be monitored carefully to achieve a 

satisfactory end result. Firstly, the glue must be distributed as well as possible and the assembly of both 

half-plates must be done carefully to avoid the formation of air pockets. By managing these parameters, 

the maximum contact area between both the half-plates maintains the optimal internal reflection 

conditions ensuring an excellent photon transport. Secondly, the capillaries and plates must be held into 

place during the curing process of the glue. This can be done using clamps and 3D-printed semicircle 

guidance pieces (Figure 23, semicircle not shown in the figure). 
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Figure 23: Glue method to obtain an LSC-PM reactor. The half plates are glued together with the capillaries in the channel 
cutouts. 

4.1.3.2 Drill method 

The second approach constructs a reactor from whole slabs of PMMA after drilling 25 mm apart for the 

capillary. The reactor is constructed by utilizing multiple slabs and connecting them using the capillary 

tubing. The capillary is inserted via a pull method in which the capillary is inserted into the first slab and 

subsequently the next slab and so on. Upon repeating this “sewing” process and via 3D printed semicircles 

the capillary is guided to the holes and kept in place. Since drilling can only be done accurately for 50 mm, 

the individual slab width is limited to 50 mm (Figure 24). The result is a reactor with an interchannel spacing 

of 25 mm. During the assembly care must be taken that the slabs align properly and the capillary is not 

pulled excessively causing deformation or failure. This method has the advantage that no glue has to be 

used, however assembly can be a challenge especially at large scale. The reactors constructed via this 

method are used in the experiments conducted within this work. 

 

Figure 24: Reactors constructed using the drill method. In this method the reactors are constructed using 50 mm by 100, 200 or 
300 mm PMMA (K-160 doped) slabs connected via the capillary and 3D-printed guidance pieces. A: 300x300 mm reactor, B: 
200x200 mm reactor; C: 100x100 mm reactor. 
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Figure 25: Schematic side-view of a green LSC-PM, with the capillary reaction channel inside. 
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4.2 Reactions 
 

In this section the probed reactions for the green LSC-PM and to a lesser extent the blue LSC-PM will be 

explained in more detail. Since the device allows for an increased photon flux towards the reaction 

mixture, kinetically light-limited reactions are desired. These are expected to be faster and most relevant 

to carry out inside the LSC-PM compared to an undoped reactor. To study the full potential of the kinetic 

enhancing effect of the LSC-PM the selectivity also plays an important role. Hence, a substrate which reacts 

very selective towards its product is desired. This in combination with the flow parameters such as full 

solubility of the components in the reaction mixture are the main criteria in obtaining a suitable reaction.  

4.2.1 Thiol-ene oxidation reaction 
The first description of radical addition of thiols to olefins dates back to 1905 and is one of the most direct 

approaches in establishing carbon-sulfur bonds.40 The thiol-ene reaction has regained interest in the last 

years especially for the synthesis of sulfur containing pharmaceuticals and natural products.41 Additionally, 

the thiol-ene reaction can be categorized in the “click-chemistry” concept since it exhibits a high 

regioselectivity as well as being highly atomic efficient.42 In 2012 Yoon et al. demonstrated that thiol-ene 

reactions can be carried out via visible light photo-redox catalysis with ruthenium based catalysts.43 After 

a thioether bond has been established the sulfur atom can be further oxidized towards a sulfoxide group. 

This functional group can be found in a wide variety of natural products and can be exploited as a chiral 

auxiliary.44 Sulfoxides are traditionally obtained via the oxidation of sulfur derivatives using hazardous, 

especially on large scale, peroxides and peracids such as m-CPBA and peracetic acid, respectively. 

Additionally the use of these reagents potentially results in over-oxidation towards sulfones.45 Alternatives 

based on visible light photoredox catalysis were recently published with the use of Pt complex 

photocatalyst46, metal-free organic photocatalysts such as Rose Bengal47 and tetra-O-acetyl-riboflavin48. In 

2013 the group of Alemán recognized the potential to utilize the thiol-ene oxidation and subsequent 

thioether oxidation with eosin Y as the organic photocatalyst.49 One reaction in particular gained our 

interest and could potentially be used in the LSC-PM device (Scheme 1). In which a thiol-ene coupling is 

directly followed by the oxidation of the sulfide towards a sulfoxide.  

 

Scheme 1: Thiol-ene reaction and thioeter oxidation with styrene and benzyl mercaptan as a tandem reaction.49 

Our approach was however slightly different, the objective was to split the reaction over two different 

colored reactors. The first step is the thiol-ene coupling towards the thioether in the green LSC-PM with 

eosin Y as a catalyst. The second step would then be the oxidation of the thioether to yield the sulfoxide 

with methylene blue in the red LSC-PM.  

Subsequently the reaction was properly screened in batch for the optimal conditions. The solvent CH2Cl2 

was swapped with ACN, also being a low boiling solvent but achieving faster conversion (Graph 1). 
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Graph 1: Solvent screening for the thiol-ene reaction towards benzyl(phenethyl)sulfane. The ratio was determined based on the 
peak ratio between the product or the starting material and the sum of the area of the product and the starting material via GC-
FID. 

Subsequently the hypothesis was made that the addition of a base could result in a faster conversion since 

after abstraction of the proton on the thiol by a suitable base a thiyl radical can be generated easily from 

the thiolate anion.50 Since solubility is important it was opted to screen a series of organic bases fully 

soluble in ACN. From this screening DIPEA gave the highest ratio of product versus starting material after 

60 minutes of reaction time (Graph 2).  
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Graph 2: Base screening for the thiol-ene reaction towards benzyl(phenethyl)sulfane. The ratio was determined based on the 
peak ratio between the product or the starting material and the sum of the area of the product and the starting material via GC-
FID. 

After these optimizations in batch, the reaction was transferred to flow. At this stage new problems arose. 

Eosin Y was not completely soluble in ACN, even at very low concentrations some small solid eosin Y 

particles remained. Since clogging in microflow channels (I.D. 750 µl) can occur easily if these particles are 

injected it was decided to first examine the second reaction step before continuing on optimization. The 

oxidation of benzyl(phenethyl)sulfane towards (2-(benzylsulfinyl)ethyl)benzene with methylene blue in 

ACN was tested under red light illumination (Scheme 2). After 4h of irradiation in batch the reaction 

mixture was examined using GC-MS. These results showed no sign of the desired product. Together with 

the solubility issues of eosin Y in ACN in the first step (thiol-ene coupling) it was decided not to continue 

with the reaction at this point.  
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Scheme 2: Oxidation of benzyl(phenethyl)sulfane towards (2-(benzylsulfinyl)ethyl)benzene. 

4.2.2 Aerobic oxidation of N-alkylpyridinium salt 
N-Heterocycles are abundantly present in biological active molecules and omnipresent in natural products 

which makes them important scaffolds in a wide variety of pharmaceuticals.51 Since the biological and 

pharmaceutical activity of these N-Heterocycles is highly dependent on the characteristic functional 

groups, (late-stage) modification of these compounds is of utmost importance in synthetic chemistry and 

drug development.52 More specifically, N-heterocycles containing a pyridine nucleus such as quinolines 

and isoquinolines are desired scaffolds in many medicinally related molecules.53 The π-electron-deficient 

pyridine moiety is however unreactive, making functionalization a challenge. It is however possible to 

generate N-alkylpyridinium salts easily via N-alkylation. From the oxidation of N-alkylpyridinium salts, 

quinolones and isoquinolones can be obtained. These also exhibit important biological and pharmaceutical 

activity and are for example used in anti-cancer treatments.54,55 The oxidation of these N-alkypyridinium 

salts is commonly accomplished using an excess of K3Fe(CN)6 as the oxidant.56 This approach however 

produces large waste amounts of the K4Fe(CN)6. More recently, copper or iodine-catalyzed 

funtionalizations of isoquinolines yielding isoquinolones have been reported.57,58 The recent increased 

interest in visible light photocatalysis has broadened the scope of possible functionalization products even 

further. Oxidations using molecular O2 in combination with Ir, Ru complexes or organic dyes have been 

reported numerously.13,15 The recent work by Fu et al. reporting the visible-light-mediated aerobic 

oxidation of N-alkylpyridinium salts using eosin Y gained our interest as a possible reaction in the green 

LSC-PM.59 One substrate of the scope with the following conditions was chosen (Scheme 3). 

 

Scheme 3: Reaction with 2-methylisoquinolin-2-ium iodide towards 2-methylisoquinolin-1(2H)-one with CsCO3 and eosin Y in THF 
under atmospheric conditions and 40 W compact fluorescence lamp irradiation.59 

The first issue was the used base, CsCO3, since it does not exhibit full solubility in most organic solvents 

which could cause problems with clogging when the transfer towards microflow is made. A screening of 

organic bases in DMSO was carried out in batch (Graph 3). CsCO3 still turned out to be the best base, giving 

the highest yield of 13% at 2h and 37% at 24h. The base was however not fully soluble as expected and 

the second best base, DBU, achieving a yield of 27% after 24h or irradiation was selected. DBU is an organic 

base and is highly soluble in DMSO.  
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Graph 3: Base screening with 2-methylisoquinolin-2-ium iodide as a substrate in DMSO under green light irradiation with O2 
bubbled through the reaction mixture using a balloon. 

Subsequently an orienting residence time screening in flow was carried out. From this it was learned that 

the reaction was a bit slower than expected, giving approximately 15% yield at 5 minutes residence time. 

(Graph 4). 
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Graph 4: Orienting residence time screening of oxidation of 2-methylisoquinolin-2-ium towards 2-methylisoquinolin-1(2H)-one 
under green LED irradiation. Reactor volume: 3 mL, ID: 750 µm. 

With all the reaction conditions in hand, the light intensity test was carried out. This is the crucial test 

whether the reaction is or is not deemed suitable for the enhancing effects of the green LSC-PM. The 

intensity of the LEDs can be linked to the voltage applied. This can be calculated using an integrating sphere 

which measures the total power or flux of a light source in all directions. The green LED is placed inside 

the integrating sphere and by decreasing the voltage stepwise, the intensity of the light will decrease until 

eventually the voltage is too low to obtain any light emission. The intensity of the light in each step can be 

expressed as a certain amount of light or photon flux. The applied voltage and the correspondent photon 

flux can be plotted and, since the photon flux or intensity and the applied voltage have almost linear 

relationship, a line can be plotted from which the desired relative intensities and corresponding voltages 

can be obtained (See also supporting information, section 10.4). Since the maximum intensity of the green 

LEDs is at 12V the voltage can be decreased stepwise to obtain a relative intensity map. 
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Graph 5: Light intensity test: No linear correlation between the green LED light intensity and the yield can be seen, thus proving 
that the reaction is not light-limited. Reactor volume: 3mL, I.D.: 750 µm, residence time 5 min. 

As can be seen from Graph 5 there is no linear correlation between the relative light intensity and the yield 

of isoquinolones, this implies that the reaction kinetics are not dictated by the amount of photons supplied 

to the reaction mixture and more specifically to the photocatalyst. Since the LSC-PM increases the photon 

flux to the reaction mixture via its waveguiding properties there would be no clear advantage to conduct 

a non-light limited reaction inside an LSC-PM compared to an undoped reactor. Consequently, this reaction 

was not further investigated. 

4.2.3 Aerobic oxidation of thiols to disulfides 
Organic disulfides are essential molecular structures in a wide variety of biologically active compounds.60 

They are omnipresent in a wide variety of applications ranging from vulcanizers to pharmaceuticals. The 

development of a mild, sustainable and efficient protocol towards these important functional groups is 

thus of great importance. Traditional ways of obtaining disulfides via thiols is via the use of stoichiometric 

amounts of metal oxides or hydrogen peroxide which generally results in all but mild conditions. Earlier 

work within our group already resulted in the detailed study of the properties of the reaction of thiophenol 

towards diphenyl sulfide via visible light photocatalysis using eosin Y.61 This reaction utilizes molecular 

oxygen as a green and inexpensive oxidant. The reaction was thus already properly screened and the 

optimal conditions for flow were already determined (Scheme 4).62 Via this method symmetric disulfides 
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can be obtained very selectively compared to other catalytic methods using transition metal complexes or 

enzymes.63,64  

 

Scheme 4: Visible photocatalytic aerobic oxidation of thiophenol yielding disulfides. 

The aerobic visible light oxidation of thiophenol seemed a very good candidate for a test inside the green 

LSC-PM device since a lot of knowledge was already present within the group. The next step was thus 

testing if the reaction was light-limited. This test was done in the same way as in section 4.2.2 using the 

data obtained from the integrating sphere. The reaction was carried out in similar conditions in flow as 

depicted in Scheme 4. 

 

Graph 6: GC-FID yields of the aerobic visible light oxidation thiophenol under different green LED light intensities using 
trifluorotoluene as internal standard. Reactor volume: 3 mL, I.D.: 750 µm, residence time: 1 min. 

Graph 6 clearly shows that the conversion towards disulfides is very rapid in flow, already achieving almost 

full conversion after 1 minute residence time at full light intensity of the LEDs. This can be attributed to 

very fast mass transfer due to Taylor flow, a flow regime in which the liquid fractions are separated by O2 
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bubbles.6 Next to that, light is also very well delivered to the reaction mixture due the small size of the 

reaction tubes as discussed in section 2.2.1. Graph 6 shows however no complete linear relationship 

between the conversion and the relative light intensity, implying that the kinetics of the reaction are not 

strictly light-limited. Since there is still a significant increase in yield with increased photon flux the reaction 

was tested under solar simulator irradiation inside the green LSC-PM (Graph 7).  
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Graph 7: Aerobic visible light photocatalytic aerobic oxidation of thiophenol to diphenyl disulfide with trifluorotoluene as internal 
standard with the solar simulator as irradiation source. The graph shows approximately 10% increase in yield for diphenyl disulfide 
in the green LSC-PM compared to the undoped reactor. Inset: green 5x5 cm LSC-PM reactor with aluminum foil and taping to 
prevent irradiation of the reaction mixture outside the reactor area. Active reactor volume: 182,4 µl, I.D.: 750 µm.  

Graph 7 shows a small increase of approximately 10% increase of conversion for the green LSC-PM 

compared to the clear reactor. As expected is the reaction not fully light-limited as was already concluded 

from the light intensity study (Graph 6). The reaction rate in general increased even further due to the 

higher intensity of the solar simulator compared to the 12V light LEDs. After 16 seconds already 85% of 

diphenyl sulfide is seen while this yield is achieved only after 1 minute at full intensity in the light intensity 

study. Since the yields are increasing rapidly in a matter of seconds the idea sprouted to utilize different 

substituted thiophenol moieties. Changing the electron density using electron donating or withdrawing 

substituents in the para position to the thiol group should alter the reactivity and possibly temper the 

reactivity. Ideally this would result in an increased photon dependency of the reaction thus diverging the 

yields between the undoped reactor and the LSC-PM.  
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First 4-nitrothiophenol was used as a substrate. This compound was however not fully soluble in EtOH and 

therefore not suitable for the reactor as clogging could become an issue. 4-Fluorothiophenol with fluorine 

as electron withdrawing substituent on the other hand was fully soluble in EtOH and could thus be tested 

for light limiting properties. This test was done in the same way as in section 4.2.2 using the data obtained 

from the integrating sphere. 

 

 

Graph 8: GC-FID yields of the aerobic visible light oxidation of 4-fluorothiophenol under different green LED light intensities using 
trifluorotoluene as internal standard. Reactor volume: 3 mL, I.D.: 750 µm, residence time: 1 min. 

Graph 8 shows that 4-fluorothiophenol is even more reactive compared to thiophenol showing close to 

full conversion at full light intensity of the green LED reactor at 1 minute residence time. It was decided 

not to transfer this reaction at to the solar simulator experiment since it is not expected to achieve a 

significant increased yield in the green LSC-PM compared to the clear reactor.  

Subsequently an electron donating substituent was tested. 4-methoxythiophenol has a methoxy group 

that results in a mesomeric donating effect and increases the electron density on the thiol group (Graph 

9). 
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Graph 9: GC-FID yields of the aerobic visible light oxidation of 4-methoxythiophenol under different green LED light intensities 
using trifluorotoluene as internal standard. Reactor volume: 1 mL, I.D.: 750 µm, residence time: 1 min. 

The reactivity due to the electron donating methoxy substituted thiophenol clearly shows a slightly 

tempered reactivity compared to the electron withdrawing fluorine substituted thiophenol or the 

unsubstituted thiophenol in the aerobic visible light oxidation. A more or less linear correlation between 

light intensity and conversion is evident from the graph. Subsequently the reaction with 4-

methoxythiophenol was tested in green LSC-PM at the solar simulator.  
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Graph 10: Aerobic visible light photocatalytic oxidation of 4-methoxythiophenol to 1,2-bis(4-methoxyphenyl)disulfane with 
trifluorotoluene as internal standard and the solar simulator as irradiation source. The graph shows no almost no difference in 
yield for 1,2-bis(4-methoxyphenyl)disulfane in the green LSC-PM compared to the undoped reactor except for the supposedly 
rogue points at 20 seconds residence time for the undoped reactor. Inset: green 30x30 cm green LSC-PM reactor with aluminum 
foil and taping to prevent irradiation of the reaction mixture outside the active reactor area. Active reactor volume: 1642 µl, I.D.: 
750 µm.  

From Graph 10 it can be concluded that the reaction with 4-methoxythiophenol does not show light-

limiting characteristics at the solar simulator as the yields for the undoped reactor and the LSC-PM almost 

perfectly coincide, except for the supposedly erroneous measurement for the undoped reactor at 20 

seconds residence time. Thus the photon flux is not the limiting factor in the kinetics of this reaction at the 

intensity of the solar simulator.  

4.2.4 Diazonium salt reaction 
Arylated heteroarenes find their use in materials science for their interesting optical and electronic 

properties. They are important structures in for example organic photovoltaics and thin film 

transistors.65,66 Additionally they are also utilized in various pharmaceutical and biomedical applications.67–

69 Commonly, aryl-heteroaryl bonds are established via direct arylation of heteroarenes via C-H bond 

activation. The main advantage is that these do not require any pre-functionalization of the heteroarene 

in order to make them sufficiently reactive. They can readily react with a variety of different functionalized 

aryl moieties such as diazonium salts and aryl halides. These coupling reactions are generally carried out 

using a plethora of different transition metal catalysts mostly under elevated temperature conditions.70–73 

More recently the use of photocatalysis demonstrated that these C-H activation methods can also be 

carried out using visible light. Mostly these catalysts are ruthenium or iridium based but also organic dyes 

were able to catalyze these processes.13,15 Especially the use of aryl diazonium salts is very interesting since 

they provide an excellent source or aryl radicals and exhibit high reduction potentials.74,75 In 2012 the 

group of König published a visible-light-mediated direct C-H arylation of heteroarenes with aryl diazonium 

salts. Since the reactions are catalyzed with the organic dye eosin Y, this work attracted our interest for a 
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possible application within the green LSC-PM.76 Within their scope a variety of different substituted aryl 

diazonium salts reacted with well-known heteroaromatic arenes such as furan, thiophene and Boc-

protected pyrrole. The reaction of 4-nitrobenzene diazonium tetrafluoroborate with furan with eosin Y as 

the catalyst was selected (Scheme 6).  

The first step was to synthetize the starting material from nitroaniline via a common procedure using 

fluoroboronic acid and tert-butyl nitrite (Scheme 5).  

 

Scheme 5: Preparation of 4-nitrobenzene diazonium from nitroaniline using fluoroboronic acid and tert-butyl nitrite in water. 

 

Scheme 6: Reaction of 4-nitrobenzene diazonium tetrafluoroboreate towards 2-(4-nitrophenyl)furan using 1 mol % eosin Y in 
DMSO under green LED irradiation. 

All the components in the reaction mixture were fully soluble so no issues were expected for an eventual 

transition towards flow. The product was isolated in batch in a rather disappointing yield of 42% with a 

reasonably clean NMR. Additionally, GC-MS analysis revealed that selectivity was suboptimal mainly due 

to the formation of homo-coupled 4'-dinitro-1,1'-biphenyl and 4-nitro benzene. The fact that these two 

compounds were present in substantial amounts the rationalization could be made that they might 

originate from the starting material that degraded prematurely. The NMR of the starting material was 

however clean. It can be proposed that the reactivity was high under green light irradiation and that a 

substantial amount of 4-nitrobenzene radicals is generated. Even though the furan is present in excess it 

seems that this is still not enough to steer the reaction towards high selectivity. Due to low selectivity and 

the fact that the diazonium salt had to be synthetized beforehand it was decided not to continue with the 

reaction to flow and to the green LSC-PM. 
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4.2.5 Trifluoromethylation of N-methyl pyrrole 
Incorporating the trifluoromethyl group (CF3) into chemical structures is of paramount importance in 

various areas such as materials science, agricultural chemistry and pharmaceutics. Especially in the latter, 

the CF3 group incorporation results in increased bio-availability, lipophilicity and metabolic stability.77–79 

The recognized importance of the incorporation of the CF3 group has resulted in an increment of research 

efforts towards mild, efficient, and broadly applicable trifluoromethylation procedures.80,81 Incorporation 

of this pharmaceutical desired functional group is mostly done via radical trifluoromethylation strategies. 

This approach enables transformations across a wide variety of compounds without the undesirable need 

for pre-functionalization of the substrates.82,83 A plethora of different CF3 sources are commercially 

available, however many are expensive and consequently unavailable in quantities allowing for scale-

up.84,85 Within the Noël research group a different approach, using CF3I gas, has been studied 

extensively.86–90 In combination with visible photoredox catalysis CF3I gas provides a great and reliable 

source of CF3 radicals for trifluoromethylation procedures. Additionally, the expertise of flow chemistry 

within our group has resulted in an easy, cheap and scalable procedure using CF3I for the 

trifluoromethylation of a wide variety of substrates ranging from heterocycles to cysteine residues. One 

such substrate is N-methyl pyrrole and its visible-light photocatalytic trifluoromethylation using gaseous 

CF3I and Ru(bpy)3Cl2 was extensively mechanistically investigated (Scheme 7).91  

 

Scheme 7: Trifluoromethylation of N-methyl pyrrole using Ru(bpy)3Cl2, TMEDA in acetonitrile and under blue light irradiation.91 

Since the reaction results in an incorporation of a fluorinated group, the reaction conversion can be easily 

monitored using 19F-NMR with the use of a fluorinated internal standard such as trifluorotoluene. Which 

offers an uncomplicated analytical strategy for studying parameters such as the conversion. From the 

obtained data in the paper, the reaction was already proven to be light-limited. Viz., the reaction rate 

constant increases linearly with incremented energy input of a 12V blue LED, thus a higher irradiation 

intensity or photon flux results in a higher conversion (Graph 11). 
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Graph 11: Influence of photon flux on the photocatalytic trifluoromethylation of N-methyl pyrrole with CF3I and Ru(bpy)3Cl2 in 
flow; reaction rate constant versus different energy inputs. Reaction conditions: 0.26 M N-methyl pyrrole, 0.59 M CF3I, TMEDA (1 
eq.), 1 mol % Ru(bpy)3Cl2, blue LED.91 

The used catalyst, Ru(bpy)3Cl2, is mainly used as a blue-light absorbing catalyst. However since its 

absorption peak significantly tails into higher wavelengths, the green part of the electromagnetic 

spectrum, it was rationalized that the reaction also should work under green light irradiation (Graph 12). 

Hereby offering the possibility for an application in the green LSC-PM, next to the irradiation wavelength 

being altered, exactly the same reaction conditions were preserved since they were already quintessential 

for flow applications. 
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Graph 12: Absorption spectrum of Ru(bpy)3Cl2 and emission spectrum of the in green LSC-PM utilized K-160 dye compared to a 
part of the terrestrial solar spectral irradiance under atmospheric conditions.92,93 

Since all the parameters seemed ideal, the reaction was tested under solar simulator irradiation and a 

comparison between the yield in the undoped reactor and the green LSC-PM with different residence 

times was made. Surprisingly there was no significant increase in yield in the green LSC-PM compared to 

the undoped reactor under solar simulated light irradiation (Graph 13). At first this seemed very strange, 

however the result can still be rationalized. The study of light-limiting kinetics was done under irradiation 

of a 12V blue LED and the reaction was proved to be light-limiting under these relative low intensity 

irradiation conditions. The solar simulator provides a much higher light intensity and therefore a higher 

photon flux. This higher amount of photons being delivered to the reaction mixture apparently results in 

the photon flux not being the limiting factor of the reaction kinetics anymore. Since the goal of this thesis 

requires a reaction that displays an increased conversion under solar (simulated) irradiation in the green 

LSC-PM compared to the undoped version, the trifluoromethylation of N-methyl pyrrole was discarded.  
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Graph 13: Visible light photocatalytic trifluoromethylation of N-methyl pyrrole towards 1-methyl-2-(trifluoromethyl)-1H-pyrrole 
with trifluorotoluene as internal standard and the solar simulator as irradiation source. The graph shows no almost no difference 
in in yield for 1-methyl-2-(trifluoromethyl)-1H-pyrrole in the green LSC-PM compared to the undoped reactor except for a 
supposedly rogue point at 180 sec for the LSC-PM. Inset: green 30x30 cm green LSC-PM reactor and 30x30 cm undoped reactor 
with aluminum foil and taping to prevent irradiation of the reaction mixture outside the active reactor area. Active reactor volume: 
1642 µl, I.D.: 750 µm. 

4.2.6 Trifluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate 
As already discussed in section 4.2.5, most of the trifluoromethylation agents are expensive and therefore 

not applicable on large scale. However recent insight in the beneficial effects of incorporating fluorinated 

groups in molecular entities craves for efficient and high throughput methods. Many used methods 

become less appealing due to factors such as high reagent cost, environmental impact and material 

sourcing. In preparing trifluoromethylation reagents, trifluoroacetic acid (TFA) and fluoroform (HCF3) are 

the main CF3 sources. Fluoroform is however a potent greenhouse gas (11,700 stronger compared to CO2)94 

and the use in large quantities causes a significant environmental impact. Due to this hazardous potential, 

an efficient use of these reagents is required. Grushin et al. pioneered in an efficient use of HCF3 for 

preparing the potent trifluoromethylation agent CuCF3 which can be used under mild conditions to 

trifluoromethylate halides and boronic acids.95,96 The use of TFA as a CF3 source, under mild conditions, is 

a greater challenge. For example, Matsui reported the trifluoromethylation of aryl halides using sodium 

trifluoroacetate and CuI at an elevated temperature of 140 °C.97 More recently work by Buchwald reported 

a similar method using potassium trifluoroacetate and CuI at an even higher temperature of 200 °C.98 Since 

visible-light photoredox catalysis is useful for decarboxylative chemistry as demonstrated in various 

examples from Nicewicz, Wallentin and MacMilan, it could potentially be used as an approach to 

decarboxylate TFA derivatives consequently providing as a CF3 source.99–107 The group of Stephenson 
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recently reported such a method in which a stoichiometric amount of pyridine N-oxide is used as a redox 

trigger to decarboxylate trifluoroacetic anhydride (TFAA).108 Subsequently this approach was used for a 

kilogram-scale trifluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate with TFAA, 

pyridine N-oxide and Ru(bpy)3Cl2 under blue light irradiation in a flow reactor (Scheme 8).109 Next to this 

reaction already being optimized for flow, it was also argued, due to a quantum yield of <1, that a high 

photon flux would be required to achieve a high conversion. Essentially implying that the reaction is light-

limited.  

 

Scheme 8: Kilogram-scale triluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate in flow: 1.2 kg of pyrrole 9 
was processed in 48h to yield 60%-65% assay yield. The reactor was immersed in water and cooled with a glycol chiller to maintain 
a steady temperature profile at room temperature. The reactor was constructed from PFA tubing with an internal volume of 150 
mL, the irradiation source, blue LEDs, where situated in the middle of the reactor.109 

As the conditions, once again, seemed optimal for an application within the green LSC-PM the reaction 

was tested. Additionally this reaction was also tested in the blue LSC-PM. Previous experiments and 

theoretical calculations already proved that the blue LSC-PM would be less efficient at accelerating a 

reaction compared to the green or the red LSC-PM. This can be explained due to the limited down-

conversion, only coming from the higher energy wavelength of the UV-part of the electromagnetic 

spectrum when absorbed by the utilized dye of the blue LSC-PM (Graph 16). In comparison the green 

(Graph 15) and especially the red LSC-PM (Graph 14) have a much larger area of the terrestrial solar 

spectrum that can be down-converted.  
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Graph 14: Depicting the amount of down-conversion for a LR305 doped red LSC-PM. A large amount of down-conversion from 
the solar spectrum is evident from the graph since the dye absorbs a large part of the visible spectrum. LR305 emits in a 
significantly narrower range of the electromagnetic spectrum which can then be absorbed by a mainly red light absorbing 
photocatalyst like methylene blue.  

 

Graph 15: Depicting the amount of down-conversion for a K-160 doped green LSC-PM. Only the high energy visible part and UV 
part of the solar spectrum are down-converted by K-160. This implies a smaller amount of down-conversion compared to the 
LR305 red LSC-PM. The K-160 emits in the green part of the electromagnetic spectrum and at which a suitable photocatalyst can 
absorb at these wavelengths. 
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Graph 16: Depicting the down-conversion of the dye inside the blue LSC-PM. The dye mainly absorbs in the UV part of the solar 
spectrum. Compared to the visible part, the UV-part has a very low intensity and this implies that the down-conversion for the 
blue LSC-PM is limited and not expected to perform significantly better compared to an undoped reactor. The dye re-emits light 
in the blue part of the electromagnetic spectrum, which a suitable photocatalyst, like Ru(bpy)3Cl2, can absorb.  

Similar as in the trifluoromethylation of N-methyl pyrrole discussed in section 4.2.5 the 

trifluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate is easily monitored by means 

of 19F-NMR. It was decided to immediately make a comparison between the undoped, blue and green LSC-

PM in the same conditions as the original paper but under simulated solar light irradiation (Graph 17).  
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Graph 17: Visible light photocatalytic trifluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate towards 1-(tert-
butyl) 2-methyl 5-(trifluoromethyl)-1H-pyrrole-1,2-dicarboxylate with trifluorotoluene as internal standard and the solar simulator 
as irradiation source. The graph shows no almost no difference in yield for 1-(tert-butyl) 2-methyl 5-(trifluoromethyl)-1H-pyrrole-
1,2-dicarboxylate in the green LSC-PM compared to the undoped reactor. The blue LSC-PM performs only marginally better 
compared to the undoped and green reactor. Inset: green 30x30 cm LSC-PM reactor, undoped 30x30 cm reactor and the 30x30 
cm blue LSC-PM with aluminum foil and taping to prevent irradiation of the reaction mixture outside the active reactor area. 
Active reactor volume: 1642 µl, I.D.: 750 µm. 

The graph shows no significant increase in yield in when comparing the LSC-PMs to the undoped reactors. 

Only at 5 minutes residence time a small divergence in yield can be observed. With the blue LSC-PM 

performing marginally better (35%) compared to the green LSC-PM (29%) and the undoped reactor (31%). 

In conclusion the reaction is apparently not light-limited under the intensity of the (simulated) solar light. 

Yet again, it was not seen as advantageous to conduct the reaction in an LSC-PM compared to an undoped 

reactor version.  
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4.2.7 Oxidative coupling of benzyl amine 
Imines are valuable intermediates for the synthesis of biological active molecules, pharmaceuticals and 

fine chemicals.110–112 Additionally, the imine bond has important applications in various organic 

transformations such as cyclization, reduction, addition and aziridination reactions.113–118 Obtaining imines 

is traditionally done via the condensation of amines with carbonyl compounds such as aldehydes, this 

however in many cases requires the use of dehydrating agents in combination with Lewis acid catalysts.119–

122 In recent years, many efforts have been made towards obtaining imines directly in one-pot procedures 

which would decrease waste, energy consumption and be more time-efficient.123–125 In general there are 

three relevant approaches in obtaining imines: 1. The oxidative dehydrogenation of secondary amines: 

with this method high selectivity is achieved due to the exclusion of chemical pathways resulting in nitriles. 

2. The cross-coupling of alcohols with amines: in general an environmental benign approach since the only 

byproduct is water and a variety of symmetric and asymmetric imines can be generated.126 3. The self-

coupling of primary amines: in this way imines are generated from the dehydrogenation of primary 

amines. This method is a superb approach when symmetric imines are required.127 This transformation 

has already been done with non-photocatalytic approaches using iron- or copper-based catalysts in 

generally harsh conditions.128 Photocatalytically the synthesis of imines from a variety of substituted 

benzylamines has been carried out using iridium and ruthenium polypyridyl complexes.129,130 A closely 

related reaction, the aza-Henry reaction, has already been carried out and studied by the group of König. 

Interestingly, this reaction has been carried out using eosin Y, an organic photocatalyst ideal for absorbing 

in the green part of the electromagnetic spectrum.131,132 This triggered recent work by the group of 

Emanuelsson to investigate the oxidative homocoupling of benzyl amine to form N-benzyl-1-

phenylmethanimine.133 It was concluded that the reaction was photon-transfer-limited, thus possibly a 

great candidate for the green LSC-PM. Originally, the reaction was carried out with acetonitrile as a 

solvent, however as already explained in section 4.2.1, eosin Y exhibits limited solubility in ACN. The 

solvent was switched to DMF even though being a high boiling solvent, this was the best alternative 

available since ethanol did not provide any conversion (Scheme 9). 

 

Scheme 9: Optimized reaction conditions showing the oxidative coupling of benzyl amine to N-benzyl-1-phenylmethanimine with 
eosin Y as a photocatalyst and oxygen as the oxidant in DMF and under green LED irradiation. 

Subsequently an experiment was conducted to probe if the reaction has photon-limited kinetics. Once 

again this was done in the exact same way with the applied voltages linked to the light intensity of the 

green 12V LEDs obtained from the integrating sphere as explained in section 4.2.2. 
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Graph 18: GC-FID yields of the oxidative coupling of benzyl amine yielding N-benzyl-1-phenylmethanimine under different green 
LED light intensities using n-hexadecane as internal standard. Reactor volume: 3 mL, I.D.: 750 µm, residence time: 1 min. 

Graph 18 shows a more or less linear correlation between the GC-FID yield and the relative light intensity. 

From this graph it can be concluded that the reaction is photon-flux limited when the mixture is irradiated 

with 12V green LEDs. The next and final test would be the comparison between the yields in the undoped 

reactor and the green LSC-PM at solar light intensities. A mass-flow controller (MFC) connected to an 

oxygen line was used to regulate the supply of oxygen to the flow setup and a HPLC pump used to regulate 

the reagent flow to the reactor. Subsequently both gas and liquid streams were connected to the reactor 

via a T-mixer. The reactor was placed under the solar simulator and back pressure regulators (BPRs), to 

stabilize the pressure inside the reactor, were connected at the end before collection (Scheme 10). 
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Scheme 10: Flow set-ups used at the solar simulator for oxidative coupling of benzyl amine. Similar set-ups were used for both 
the undoped reactor and the green LSC-PM. Reagent solution was pumped by a HPLC-pump to a T-mixer together with an oxygen 
stream pressure controlled by means of a MFC. The resulting gas-liquid Taylor flow was pumped to either the undoped reactor 
(left) or the green LSC-PM (right). BPRs were used to regulate the pressure over the reactor. The reaction mixture was finally 
collected in a collection flask.  

 

Graph 19: Oxidative coupling of benzyl amine yielding N-benzyl-1-phenylmethanimine with n-hexadecane as internal standard 
and the solar simulator as irradiation source. The graph shows a distinct difference in yield between the undoped reactor and the 
green LSC-PM. At 18 seconds residence time the green LSC-PM (78%) shows a 3.25 times higher yield compared to the undoped 
reactor (24%). Additionally, the isolated yields were determined at 20 seconds residence time, with a 26% isolated yield for the 
undoped reactor and a 68% yield for the green LSC-PM. Inset: 30x30, 20x20 and 10x10 cm undoped reactors/green LSC-PMs with 
aluminum foil and taping to prevent irradiation of the reaction mixture outside the active reactor area. Active reactor volumes: 
182.4 µl (10x10 cm), 729.6 µl (20x20 cm) and 1642 µl (30x30 cm), I.D.: 750 µm. 
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Graph 19 shows the results of comparison of the undoped reactor and the green LSC-PM at the solar 

simulator. From this data it is very obvious that the reaction is also photon-flux limited at the high intensity 

of the solar simulator. The green LSC-PM achieves full conversion at 18 seconds residence time while 

reaction mixture in the undoped reactor needs 60 seconds residence time to achieve full conversion. To 

proof the GC-FID yields, the reaction mixtures at 20 seconds residence time were subjected to a full work-

up procedure to gain the isolated yields of 26% and 68% for the undoped reactor and the green LSC-PM 

respectively. The isolated yields are marginally lower due to the work-up in which water was used to 

extract the DMF and consequently also hydrolyzes a portion of the imine. To conclude, this reaction truly 

shows the potential of the LSC-PM in situations where the reaction is photon-flux limited. The increased 

photon flux due to the light-harvesting properties clearly is able to increase the conversion of the reaction, 

thus achieving a higher conversion in a shorter amount of time. 

4.2.8 The photocatalytic oxidation of α-terpinene with singlet oxygen 
Oxidation reactions are omnipresent in nature as well as in a well-controlled lab environment. A plethora 

of different (complex) oxidizing agents are known, however the most common and most used is molecular 

oxygen, moreover, molecular oxygen is the cheapest and greenest oxidant available.134 Ground state 

triplet oxygen is the least reactive form of oxygen and often requires coordination complexes in 

combination with high pressures in order to oxidize substrates.135 Singlet oxygen on the other hand is a 

significantly more reactive and, once generated, can readily oxidize substrates without requiring elevated 

pressures or activating complexes. This reactive form of oxygen is conventionally generated via an energy 

transfer from VIS or UV light exposed excited metal-based or non-metal-based photosensitizers towards 

triplet oxygen. The use of a green and widely available oxidant in combination with electromagnetic 

irradiation and a small amount of photosensitizer is an ideal setting for an environmental benign 

procedure for the oxidation of substrates.47,136 As earlier discussed in section 2.2.3, flow photochemistry 

offers a very secure and efficient approach of conducting photochemistry and the generation of the very 

reactive singlet oxygen inside microflow reactors poses virtually no hazards compared to singlet oxygen 

generation in batch.  

Recently Emmanuel et al. proposed the scalable photocatalytic oxidation of α-terpinene towards 

ascaridole using Rose Bengal as singlet oxygen generating species upon irradiation in continuous flow.137 

The reaction is in essence a [4+2] cycloaddition where singlet oxygen can be seen as the dienophile and α-

terpinene as the diene resulting in a Diels-Alder like addition yielding the endoperoxide ascaridole. Since 

the reaction was already optimized for flow conditions and was supposedly light-limited, the kinetics of 

the reaction had to be probed under different photon fluxes (Scheme 11).  

 

Scheme 11: The Photocatalytic oxidation of α-terpinene towards ascaridole using Rose Bengal as photosensitizer to generate 
the oxidizing singlet oxygen species under green light irradiation and ethanol as the solvent. 
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Graph 20: GC-FID yields of the photocatalytic oxidation of α-terpinene towards ascaridole under different green LED light 
intensities using n-hexadecane as internal standard. Reactor volume: 3 mL, I.D.: 750 µm, residence time: 1 min. 

As evident from Graph 20 there is a clear correlation between the photon flux and the photocatalytic 

oxidation of α-terpinene towards ascaridole under different 12V green LED irradiation intensities. This 

linear relationship between the relative light intensity and the conversion proves that the photocatalytic 

oxidation of α-terpinene exhibits photon-flux limited kinetics. The overlap between the emission of the K-

160 dye and the absorption spectrum of Rose Bengal can be seen in Graph 21. From the graph it is evident 

that there is a substantial overlap between the emission spectrum of the K-160 dye and the absorption 

spectrum of Rose Bengal. This implies that next to being light-limited a comparison can be made between 

the conversion in the undoped reactor and the green, K-160 doped, LSC-PM under solar simulated 

irradiance. 
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Graph 21: Absorption spectrum of Rose Bengal and emission spectrum of the in green LSC-PM utilized K-160 dye compared to a 
part of the terrestrial solar spectral irradiance under atmospheric conditions.92,93 

The experiment was set-up in the same way as in the oxidative coupling of benzyl amine (Section 4.2.7, 

Scheme 10). The comparison between yields of ascaridole in the undoped reactor and the green LSC-PM 

shows a distinct difference (Graph 22). This implies that the reaction is also kinetically light-limited under 

solar simulated irradiance. At 8 seconds residence time the yield is 3.25 times higher in the green LSC-PM 

compared to undoped reactor. Full conversion is already achieved after approximately 8 seconds at the 

solar simulator, which is significantly faster compared to reaction under green LED irradiation, where full 

conversion is not yet reached after 1 minute at full light intensity (Graph 20). Again this can be attributed 

to the much higher intensity of the solar simulator, providing a much greater photon flux compared to the 

green LED. In conclusion this reaction demonstrates that the LSC-PM greatly enhances the reaction rate 

when utilized for a photon flux limited reaction.  



54 
 

 

Graph 22: Photocatalytic oxidation of α-terpinene towards ascaridole with n-hexadecane as internal standard and the solar 
simulator as irradiation source. The graph shows a distinct difference in yield between the undoped reactor and the green LSC-
PM. At 8 seconds residence time the green LSC-PM (81%) shows a 3.25 times higher yield compared to the undoped reactor (25%). 
Inset: 30x30, 20x20 and 10x10 cm undoped reactors/green LSC-PMs with aluminum foil and taping to prevent irradiation of the 
reaction mixture outside the active reactor area. Active reactor volumes: 182.4 µl (10x10 cm), 729.6 µl (20x20 cm) and 1642 µl 
(30x30 cm), I.D.: 750 µm. 

4.2.9 Overview 
In the table on the next page, a brief overview of the reactions is given. The four crucial parameters, 

flowability, selectivity, light-limited kinetics and suitability for green LSC-PM are listed and color coded. 

Green indicating that the parameter was optimal, yellow that the parameter was suboptimal, red indicates 

that the reaction was discarded based on that parameter and black meaning that the parameter could not 

be tested.  
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Reaction 
 

A: Flowability 
 

 
B: Selectivity 

 

 
C: Light 
Limited 
Kinetics 

 

 
D: Suitability for 
Green LSC-PM 

 

 
Thiol-ene oxidation 

 

Eosin Y not fully 
soluble and 
follow-up 

reaction with 
MB not 

successful 

   

 
Aerobic oxidation of N-

alkylpyridinium salts 
 

    

 
Diazonium salt reaction 

 
    

 
Aerobic oxidation of 

thiols 
 

  Not fully 

Small advantage for 
coupling thiophenol 
in yield in green LSC-

PM over the 
undoped reactor 

Trifluoromethylation of 
N-methyl pyrrole 

  
At low 

intensity 

Not light limited at 
high intensity solar 

simulated light 

Trifluoromethylation of 
1-(tert-butyl) 2-methyl 

1H-pyrrole-1,2-
dicarboxylate 

  
At low 

intensity 

Not light limited at 
high intensity solar 

simulated light 

Oxidative coupling of 
benzyl amine 

   3.25x increase 

Photocatalytic 
oxidation of α-

terpinene 
   3.25x increase 



56 
 

4.3 Proof of concept 
 

As previously discussed the main goal of LSC-PMs is to function as a solar concentrator device and achieve 

faster conversion of a reaction compared to the conversion in an undoped reactor. All the experiments 

within this work thus far were always carried out in a well-controlled lab environment. The closest and 

most representative experiment compared to the outside environment was the solar simulator test. In 

this experiment the conversion in the undoped reactor was compared to the doped reactor, preferably 

showing a higher conversion in the doped reactor at a given residence time. The solar simulator test is 

very similar compared real solar irradiation and when the reaction shows desired behavior at the solar 

simulator it can be stated with certainty that the beneficial effects of the doped reactor remain under solar 

irradiation. Nevertheless, as a proof of concept, an outdoor experiment was conducted from which the 

results will be elaborated in the next section. 

4.3.1 Previous results 
Sulfoxides are important organic building blocks in pharmaceuticals, materials science and biochemistry 

and ubiquitous in many natural products.138–140 Traditionally sulfide oxidation can be achieved using 

peracids, peroxides or periodates whether or not in combination with metal catalysts.141–143 The 

conventional approaches however usually suffer from a high risk of overoxidation to sulfones hereby 

eroding the sulfoxide yield.144 Selective oxidation of sulfides towards sulfoxides can be either achieved 

electrochemically or via the photochemical generation of singlet oxygen as oxidant.46,145,146 Recently 

Emmanuel et al. proposed the scalable photocatalytic oxidation of methionine utilizing continuous flow.137 

Within our group, the oxidation of L-methionine, with methylene blue as photocatalyst, was already 

identified as an excellent candidate for the red LSC-PM. The comparison test of the conversion of L-

methionine towards methionine sulfoxide in the undoped reactor and the red LSC-PM already showed a 

significant increase in yield (Graph 23). 
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Graph 23: Photocatalytic oxidation of L-methionine towards methionine sulfoxide using methylene blue as singlet oxygen 
generator under solar simulated light irradiation and H2O as the solvent. After removal of the photocatalyst by a carbon black 
cartridge the yield was determined using HPLC-DAD. The graph shows a distinct difference in yield between the undoped reactor 
and the red LSC-PM. At 30 seconds residence time the red LSC-PM (96%) shows a 4 times higher yield compared to the undoped 
reactor (24%). Inset: 30x30, 20x20 and 10x10 cm undoped reactors/red LSC-PMs with aluminum foil and taping to prevent 
irradiation of the reaction mixture outside the active reactor area. Active reactor volumes: 182.4 µl (10x10 cm), 729.6 µl (20x20 
cm) and 1642 µl (30x30 cm), I.D.: 750 µm. 

The plot shows a significant increase in reaction rate for the LSC-PM caused by its increased photon-flux 

towards the reaction mixture. At 30 seconds residence time the red LSC-PM already shows full conversion 

with 96% yield of methionine sulfoxide compared to the 24% yield at the same residence time in the 

undoped reactor.  

4.3.2 Outdoor experiment 
After the excellent results achieved at the solar simulated conditions, an outdoor experiment with actual 

solar irradiation was carried out. The experiment was conducted on the 22st of September 2017 with the 

following weather conditions. A mostly sunny day with cirrostratus nebulosus cloud formation starting 

from the late forenoon. This type of high-altitude cloud is of nature very uniform and makes the sky appear 

a little foggy and uniformly decreases the solar intensity slightly compared to a clear sky, also, at the 

correct angle a halo around the sun can be observed. In the afternoon altocumulus clouds started to 

appear, this is a middle-altitude cloud decreasing the intensity of the irradiated sunlight further (See also 

section 6.2, Figure 27A).147,148 The maximum temperature was 21 °C. The experiment was conducted on 

the roof of the Vertigo building on the campus of the Eindhoven University of Technology in the 

Netherlands. 
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Figure 26: Left: photo of the outdoor experimental set-up on a trolley. Right: schematic overview of the experimental set-up. 
Components: A: Stock solution, B: HPLC pump, C: Oxygen tank (only visible on the flow scheme), D: Mass flow controller, E: 
Undoped 30x30 cm reactor (reactor volume: 1642 µl, I.D.: 750 µm), F: 30x30 cm red LSC-PM (reactor volume: 1642 µl, I.D.: 750 
µm), G: Carbon black cartridge and H: Collection. All the capillary tubing not in the active reactor volume is covered with 
aluminum foil in order to prevent reaction outside the predetermined reactor volume.  

In Figure 26 the flow set-up both schematic and on the mobile trolley and its constituent components can 

be seen. The stock solution is pumped by a HPLC pump and mixed with an oxygen stream controlled by a 

MFC via a T-mixer. The obtained slug flow is then pumped through either the undoped reactor or the red 

LSC-PM via aluminum covered capillaries. The reactors are irradiated with solar light in the weather 

conditions as described above. Subsequently the reaction mixture passes through a carbon black cartridge 

to remove the methylene blue photocatalyst and the eluent is collected and analyzed via HPLC-DAD. 

A 

BD 
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Graph 24: Results of the outdoor photocatalytic oxidation of L-methionine towards methionine sulfoxide using methylene blue as 
singlet oxygen generator under solar light irradiation and H2O as the solvent. After removal of the photocatalysts by a carbon 
black cartridge the yield was determined using HPLC-DAD. The graph shows a distinct difference in yield between the undoped 
reactor and the red LSC-PM. At 30 seconds residence time the red LSC-PM shows an approximately 2 times higher yield compared 
to the undoped reactor at the same residence time over the course of 1h15 (14h-15h15). Active reactor volume: 1642 µl (30x30 
cm), I.D.: 750 µm. 

Graph 24 shows a distinct difference in yield between the undoped reactor and the red LSC-PM. The red 

LSC-PM has an approximately 2 times higher yield compared to the undoped reactor over the course of 

1h15 (14h-15h15) at a constant 30 seconds residence time. The fluctuations in yield can be mainly 

attributed due to the time of the day and an increased cloudiness. The increased cloudiness in the 

afternoon, influencing solar light’s intensity, results in a similar yield decrease in the red LSC-PM and the 

undoped reactor, well-observable as the decrease in yield in the last 20 minutes. Interestingly, the results 

at the solar simulator showed higher factor of yield increase (4x) at 30 seconds residence time compared 

to an only 2x increase in yield in the outdoor experiment. The exact reason is difficult to determine, it 

could be due to a difference in pressure inside the reactor as the BPR’s were not exactly the same. 

However, it can still be concluded that the outdoor photocatalytic oxidation of L-methionine is more 

efficient in an LSC-PM compared to an undoped reactor. This experiment proves the concept of an 

increased conversion with increased photon-flux that the LSC-PM offers, especially for a reaction, like the 

oxidation of L-methionine, which is kinetically limited by the amount of photons supplied. 
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5 Conclusions 
 

It can be concluded that the main objectives of the thesis are fulfilled. A green LSC-PM was constructed, 

kinetically light-limited reactions, which are beneficial to use inside an LSC-PM, were developed. As was 

expected based on the limited down-conversion, the blue LSC-PM did not show a significant increase in 

conversion compared to an undoped reactor. Finally, as a proof of concept, an outdoor experiment with 

the red LSC-PM was successfully conducted and proves that the LSC-PM could have a possible application 

in outdoor conditions.  

The green PMMA based LSC-PM was constructed based on a drill-method followed by a capillary pull-

method and utilizing 3D printed guiding semicircles. This approach has the advantage that no glue needs 

to be utilized and the internal reflection conditions are kept optimal.  

The most significant part of this thesis was however the quest to acquire photon-flux limited reactions for 

the green LSC-PM. Finding a suitable reaction can be deemed non-trivial since a lot of parameters have to 

be optimal. The reaction had to be suitable for microflow application and the reaction components had to 

be fully soluble, which was not the case in for example the thiol-ene oxidation reaction. Additionally, it 

was desired that the reaction was very selective in its chemical pathways and that almost exclusively one 

product had to be formed, this was for example not the case in the diazonium salt reaction. The most 

important parameter, as evident from this work, is that the reaction’s kinetics had to be light-limited at 

high intensity. At low intensity the trifluoromethylation reactions were kinetically light-limited. This 

dependence on the photon flux however faded when using high intensity solar simulated irradiation. The 

aerobic oxidation of thiols and more specifically of thiophenol showed a non-linear increase in conversion 

with increasing light intensity and was only partially light limited under solar-simulated irradiation. Finally, 

two reactions, the oxidative coupling of benzyl amine and the photocatalytic oxidation of α-terpinene, 

were both strictly light-limited at high intensity and showed both an approximately 3.25x increase in 

conversion. These two reactions truly benefit from the increased photon flux delivered by the green LSC-

PM and that the LSC-PM has wide employability since multiple photocatalysts can be used. It can be 

concluded that with all the parameters taken into account, the operating area to find suitable reactions is 

rather small and can be compared to tightrope walking where balancing out (the parameters) is crucial. 

A sole experiment conducted in the blue LSC-PM confirmed what already was prognosticated and showed 

only a marginally increase in conversion. This is mainly attributed to the small amount of down-conversion 

that is available for the blue LSC-PM and only comes from the small UV-part of the solar spectrum. 

Finally, as a proof of concept, an outdoor experiment was successfully conducted and showed that the 

(red) LSC-PM is also employable in conditions other than a well-controlled lab environment. There are 

however more parameters outdoors such as the angle of incidence of the solar light and the variating 

intensity conditions which reduces the efficiency of the LSC-PM and should ideally be corrected.  

It can be concluded, that the LSC-PM can be used to conduct chemistry in a very innovative way, the fact 

that the LSC-PM is an inexpensive reactor and utilizes the photons that the sun luxuriantly provides fits in 

the contemporary zeitgeist were utilizing renewable energy was never so important.  
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6 Outlook  
 

The employability range of the LSC-PM is already significantly increased by the advancements presented 

within this work. Next to the red LSC-PM, a green LSC-PM was introduced and showed a beneficial increase 

in conversions for various reactions and photocatalysts. Nevertheless some recommendations for future 

work on this topic can be made and will be discussed in greater detail throughout the next sections. 

 

6.1 Additional reactions 
 

To further increase the scope of the green LSC-PM it would be interesting to investigate other reactions 

for photon-flux limited kinetics. There are without a doubt other reactions possible with the presented 

organic photocatalysts (Eosin Y and Rose Bengal) and a wider scope of different substrates. The ongoing 

research and presented work across a wide variety of journals should provide a great stepping stone 

towards finding new substrates and tackling complex chemical (late-stage) functionalization. Especially 

reviews which bundle different photocatalysts and concomitant reactions are interesting to investigate, 

especially when photon-flux limited kinetics are proposed. Reactions in which the substrate does not 

actively takes part in the photocatalytic cycle are particularly interesting such as the photocatalytic 

oxidation of α-terpinene proposed within this work (Section 4.2.8). Here the reactive species, singlet 

oxygen, is generated by the photosensitizer Rose Bengal under (green) light irradiation and the amount of 

singlet oxygen generation, which is photon-flux limited, consequently also results in an indirect photon 

limited reaction of the substrate. Another example that is worth investigating is the photocatalytic 

oxidation of citronellol.137,149 Reaction with singlet oxygen results in two constitutional isomers and after 

reduction of the peroxide using sodium sulfite, one of the resulting diols can undergo a cyclization reaction 

yielding rose oxide which is a fragrance found in roses and rose oil (Scheme 12).  

 

Scheme 12: Potential application of a reaction in the green LSC-PM. The first step, the photocatalytic oxidation of citronellol using 
Rose Bengal and singlet oxygen generated under green light irradiation is potentially faster in the green LSC-PM compared to the 
undoped reactor. Subsequently reaction with Na2SO3 and H2SO4 results in the fragrance rose oxide.  

The photocatalytic oxidation of citronellol is only one of the examples that could be potentially applied in 

the green LSC-PM. Screening new reactions published in literature as already stated above could provide 

more reactions hereby increasing the employability of the LSC-PM. 
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6.2 Real-time reaction control 
 

As seen in the outdoor L-methionine oxidation experiment conducted within this work (Section 4.3.2), the 

yield of the product, methionine sulfoxide, varies at a constant residence time due to variating light 

intensity conditions. These variations in the supplied photon flux are mainly attributed to the scattering of 

clouds. Obtaining a constant yield is very important, especially when inline purification techniques are 

used which operate optimally under specific reaction mixture compositions. Within our group, research is 

already ongoing to implement reaction control for a very similar reaction, the [4+2] photooxygenation of 

9,10-diphenyl anthracene, which was presented in earlier work by Cambié et al. (Section 2.5).8 This 

reaction is particularly interesting since the conversion of the starting material can be followed using an 

inline UV-VIS detection method. The product is no longer active in the UV-VIS range of the electromagnetic 

spectrum and thus the conversion can be followed by the disappearance of the peak of the starting 

material. This makes it possible to construct a feedback loop using a reaction control box towards the 

pump in this way adjusting the flow rate based on the intensity of the light detected by a light sensor 

(Figure 27). This was already explained in a still unpublished paper by Fang Zhao from our group.  

 

Figure 27: Overview of the real-time reaction control. A: The variation of global horizontal radiation and direct irradiation on 
variating cloud conditions on 22-09-2017. B: Schematic overview of the reaction setup used for the real-time reaction control. The 
variation in light intensity is detected using a light sensor placed at the edge of the device. Based on the light intensity, the pump 
flow is adjusted by the microcontroller based on the detected conversion using inline UV-VIS analytics. 

An outdoor experiment was carried out on the same day and thus same conditions as the outdoor 

experiment discussed in section 4.3.2. The real-time reaction control setup was placed on the same trolley 

as setup used for the outdoor experiment discussed in section 4.3.2. Both a picture and a schematic 

overview of the reaction setup can be seed in Figure 28A and Figure 28B respectively. Both a LR305 doped 

and undoped PDMS LSC-PMs are compared and both connected to the feedback control. Figure 28C shows 

the conversion in a red LSC-PM with and without reaction control. The conversion in the LSC-PM without 

reaction control (constant residence time) follows the trends of the output voltage of the light sensor, 

while the LSC-PM with reaction control shows a steady conversion due to automatic adjustment of the 

residence time. In Figure 28D the comparative test between an undoped reactor and a red LSC-PM reactor 

with reaction control is shown. The conversion in the undoped reactor is significantly lower due to the 

variating photon flux and the absence of the waveguiding properties while the LSC-PM shows a steady 

conversion.  

B 
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Figure 28: A: Picture of the reaction reaction setup on a trolley. B: Schematic overview of the outdoor reaction setup for the real-
time reaction control experiment. C: Depicting the comparison between the conversion in a red LSC-PM with and without reaction 
control. The LSC-PM controlled by the feedback loop clearly has a more constant conversion while the LSC-PM without feedback 
loop follows a similar trend as the voltage from the light sensor. D: Comparison between the conversion in a red LSC-PM with 
reaction control and an undoped reactor. The undoped reactor clearly shows a lower overall conversion and in addition shows 
strong fluctuations due to the variating light intensity while the LSC-PM maintains an excellent constant conversion.  

This real-time reaction control approach elegantly maintains a constant conversion hereby increasing the 

employability of the LSC-PM since it is possible to attain a constant product output. This is done via a cheap 

setup only requiring an inexpensive microcontroller and a phototransistor together with the advantages 

of the LSC-PM concept. This approach is a great example of a synergistic collaboration between the fields 

of chemistry and engineering which is well-established within our group and could potentially be extended 

across a variety of reactions and analytical techniques.  
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6.3 Sequential chromoselective reactions using LSC-PMs 
 

Since the implementation of the green LSC-PM increases the amount of chemistry can that can be done 

within the LSC-PM a variety of different transformations using green light become available. Subsequently 

the combination of both a green and red LSC-PM in a sequential reaction pathway would be very 

interesting to investigate and was actually already shortly investigated within this project. A recent paper 

by the group of König proposed chromoselective photocatalysis.150 Within the paper sequential reaction 

pathways with rhodamine 6G using green and blue light are shown in which two different substitution 

reactions are sequentially executed without any purification in between. This is possible since rhodamine 

6G has a different reduction potential based on the irradiation of either green (-1V vs SCE) or blue (-2.4V 

vs SCE) light. In this way rhodamine exhibits different reactivity towards substrates and additional reaction 

pathways can be opened up when providing higher energetic blue light. We investigated this since it is 

potentially very interesting to use in a sequential set-up of different colored LSCs. The sequential 

substitution reaction in which first the 2,4,6-tribromopyrimidine is substituted with 1,3,5-

trimethoxybezene under green light irradiation and subsequently a substitution with N-methyl pyrrole 

under blue light irradiation (Scheme 13). Within the original paper the reaction was carried out in batch 

conditions and a yield of 21% over two steps was stated. 

 

Scheme 13: Chromoselective sequential substitution reaction of 2,4,6,-tribromopyridine with 1,3,5-trimethoxybenzene under 
green LED irradiation and N-methyl pyrrole under blue light irradiation with rhodamine 6G as photocatalyst and DIPEA.  

This reaction was tested within our lab under same circumstances as proposed in the supporting 

information of the original paper. In our results however, only trace amounts of the final product were 

observed in GC-MS analysis. Also the significant difference in proposed reaction times would require 

careful optimization of the reactor volume used when two flow reactors are placed in series. Even though 

we were not able to reproduce any results, a similar concept could potentially be very interesting to use 

inside a sequential setup of different colored LSC-PMs. A sequential reaction pathway using a green and 

red LSC-PM would be most interesting since these provide significant advantages over undoped reactors 

when a reaction with photon-flux limited kinetics is tested.  
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9 Nomenclature 
 

Abbreviation Meaning 
ACN Acetonitrile 
ADP Adenosine Diphosphate 
ATP Adenosine Triphosphate 
Cat Catalyst 
CFL Compact fluorescent lamp 
DABCO 1,4-Diazabicyclo(2.2.2)octane 
DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
EnT Energy Transfer 
ET Electron Transfer 
EY Eosin Y 
GC-FID Gas Chromatography-Flame Ionization Detector 
HIPS High Impact Polystyrene 
HOMO Highest Occupied Molecular Orbital  
HPLC High-Performance Liquid Chromatography 
HPLC-DAD High-Performance Liquid Chromatography-Diode Array Detector 
I.D. Internal Diameter 
IC Internal Conversion 
Ir(ppy) Fac-(tris-(2,2'-phenylpyridine))iridium(III) 
ISC Intersystem Crossing 
K-160 Coumarin yellow, used in the green LSC-PM 
LSC Luminescent Solar Concentrator 
LSC-PM Luminescent Solar Concentrator-PhotoMicroreactor 
MB Methylene Blue 
m-CPBA meta-Chloroperoxybenzoic Acid 
NADPH Nicotinamide adenine Dinucleotide phosphate 
PDMS Polydimethylsiloxane 
PET Photoinduced Electron Transfer 
PFA Perfluoroalkoxy Alkane 
PMMA Polymethylmethacrylate 
PTFE Polytetrafluoroethylene 
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RB Rose Bengal 
RI Refractive Index 
Ru(bpy)3

2+ Tris-(2,2'-bipyrimidine)ruthenium2+ 
SCE Standard Calomel Electrode 
TBD Triazabicyclodecene 
TEA Tri-ethylamine 
TMEDA Tetramethylethylenediamine 
UV Ultra Violet (part of the electromagnetic spectrum) 
VIS Visible (part of the electromagnetic spectrum) 

 

Symbol Meaning Unit 
ν Frequency Hz 
h Planck’s constant J s 
S1 First excited singlet state - 
T1 First excited triplet state - 
Eox Oxidation potential V 
Ered Reduction potential V 
C Concentration mol/L 
I0 Incident light intensity W/m2 
I Intensity after absorption W/m2 

d 
Path length of the beam travelling 
through a medium 

cm 

ε Molar attenuation coefficient M-1/cm-1 
ΔG Gibbs free energy J 
n Refractive index - 
θ Refraction angle ° 
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10 Supporting information 
 

10.1 Chemical structures 

 

Figure 29: Chemical structure of Lumogen F red 305 purchased from BASF (a) and of coumarin yellow (DFSB-K160) (b). The 
boxes to the right of the structures show the main absorption dipole directions (arrow). The arrow colour corresponds to the 
absorbed wavelength regions; the colour of the surrounding box corresponds to the visible colour of the dye.28 

 

Figure 30: Structure of the organic photocatalyst Methylene Blue 

 

Figure 31: Chemical structures of polydimethylsiloxane (PDMS) (left) and polymethylmethacrylate (PMMA) (right). 
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10.2 Reaction mechanisms 

 

Scheme 14: Plausible reaction mechanism thiol-ene oxidation.49 

 

 

Scheme 15: Possible reaction mechanism for the visible-light photoredox aerobic oxidation of N-alkylpyridinium salts.59 
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Scheme 16: Proposed reaction mechanism for the photocatalytic aerobic oxidation of thiols to disulfides using eosin Y and 
TMEDA.61 

 

Scheme 17: Suggested mechanism for photocatalytic direct C-H arylation of heteroarenes.76 
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Scheme 18: Suggested mechanism for the visible-light-induced photo-catalytic trifluoromethylation of N-methyl pyrrole with 
CF3I and Ru(bpy)3Cl2.91 
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Scheme 19: Mechanistic proposal of trifluoromethylation using N-pyridine oxide and TFAA.109 
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Scheme 20: Proposed mechanism for the formation of N-benzyl-1-phenylmethanimine with eosin Y as the photocatalyst and the 
formation of benzaldehyde from the product and the intermediate.133 
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10.3 Light source spectra 

 

Graph 25: Emission spectrum of the used green LEDs at different voltages. 

 

Graph 26: Comparison of the emission spectra of the solar light and of the solar simulator.151 
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10.4 Integrating sphere data 

 

Graph 27: Almost linear relationship between the applied voltage and the relative light intensity of a green LED light source 
obtained using an integrating sphere. 

Relative intensity Voltage to apply (V) 

10% 8.36 

20% 8.76 

30% 9.16 

40% 9.55 

50% 9.95 

60% 10.35 

70% 10.74 

80% 11.14 

90% 11.54 

100% 11.93 
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10.5 Synthesis procedures 

10.5.1 Thiol-ene oxidation reaction 
 

General procedure 1 for benzyl(phenethyl)sulfane 

In a dry tube equipped with a stirring bar, styrene, phenylmethanethiol and eosin Y were dissolved in the 

solvent. Subsequently the reaction mixture was degassed and placed under argon atmosphere. The 

reaction mixture was exposed to green LED irradiation. The resulting mixture was extracted with water 

and ethyl acetate and the organic phase was dried over MgSO4. Subsequently the solvents were removed 

via rotary evaporation and the obtained oil was further purified by means of flash column chromatography 

with cyclohexane/toluene (9/1) as eluent. The product was obtained as a light yellow transparent oil. 

Preparative scale 

The compound was synthetized according to general procedure 1 with styrene (572.8 mg, 5.5 mmol), 

phenylmethanethiol (621 mg, 5 mmol ) and eosin Y (51.9 mg, 0.075 mmol) dissolved in 20 mL anhydrous 

ACN. The reaction mixture was irradiated for 13h. The compound was purified according to general 

procedure 1 and the title compound was obtained as an oil. (255 mg, 1.1 mmol, 20%). Subsequently a GC-

FID calibration curve was made to determine the yield in further experiments.  

1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.07 (m, 10H), 3.67 (s, 2H), 2.79 (dd, J = 9.3, 6.4 Hz, 2H), 2.62 

(dd, J = 9.3, 6.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 140.66, 138.53, 129.01, 128.63, 128.57, 127.11, 

126.44, 77.16, 36.58, 36.17, 32.91 

Solvent screening 

The compound was synthetized according to general procedure 1 with styrene (104.15 mg , 1 mmol), 

phenylmethanethiol (372 mg, 3 mmol ) and eosin Y (6.9 mg, 0.01 mmol) dissolved in 4 mL anhydrous ACN 

or DCM. The conversion was followed by means of GC-FID with n-hexadecane as internal standard. 
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Base screening 

The compound was synthetized according to general procedure 1 with styrene (104.15 mg, 1 mmol), 

phenylmethanethiol (372 mg, 3 mmol ) and eosin Y (6.9 mg, 0.01 mmol) dissolved in 4 mL anhydrous ACN. 

One of the following bases or none were added: Net3 (202.38 mg, 2 mmol), DIPEA (258.5 mg, 2 mmol) or 

TMEDA (232.4 mg, 2 mmol). The conversion was followed by means of GC-FID with n-hexadecane as 

internal standard. 

10.5.2 Aerobic oxidation of N-alkylpyridinium salt 
 

Light intensity test 

Two stock solution were prepared. Stock solution 1: 2-methylisoquinolin-2-ium iodide (1.36 g, 5 mmol) 

and internal standard trifluorotoluene (91.3 mg, 0.63, mmol) were dissolved in 25 mL anhydrous DMSO. 

Stock solution 2: Eosin Y (32.4 mg, 0.05 mmol) and DBU (1.14 g, 7.5 mmol) were dissolved in 25 mL 

anhydrous DMSO. Subsequently, the solutions were injected into the reactor via a syringe-pump. The 

syringe pump and MFC controlling the O2 supply were operated under a 3:1 gas-liquid ratio. The reactor 

was irradiated with green LED irradiation and the correspondent residence time amounted to 5 minutes. 

Subsequently the resulting mixture was extracted with EtOAc and H2O (1 M HCL). The conversion was 

followed by means of GC-FID. 

10.5.3 Aerobic oxidation of thiols to disulfides 
 

General procedure 2 

The thiol, together with TMEDA and eosin Y were dissolved in EtOH in a volumetric flask. Subsequently, 

the solution was injected into the reactor via a HPLC-pump. The HPLC and MFC controlling the O2 supply 

were operated under a 5:1 gas-liquid ratio. The reactor was irradiated with simulated solar light and the 

resulting mixture was extracted with EtOAc and H2O (saturated with NH4
+Cl-). The organic phase was dried 
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over MgSO4 and the solvent was removed by means of rotary evaporation. Subsequently the mixture was 

purified via flash column chromatography. 

Light intensity test 

The thiol (0.25 M), together with TMEDA (0.25 M) and eosin Y (0.0025M) were dissolved in EtOH in a 

volumetric flask. Subsequently, the solution was injected into the reactor via a syringe pump. The syringe 

pump and MFC controlling the O2 supply were operated under a 5:1 gas-liquid ratio. The reactor was 

irradiated with green LED irradiation and the correspondent residence time amounted to 1 minute. 

Subsequently the resulting mixture was extracted with EtOAc and H2O (saturated with NH4
+Cl-). The 

conversion was followed by means of GC-FID with trifluorotoluene as internal standard. 

Undoped reactor vs green LSC-PM test 

The stock solution was prepared according to general procedure 2 with the thiophenol (0.25 M), TMEDA 

(0.25 M), eosin Y (0.0025 M) and trifluorotoluene (0.025 M) as internal standard. The conversion was 

followed by means of GC-FID with trifluorotoluene as internal standard. 

10.5.4 Diazonium salt reaction 
 

4-nitrobenzene diazonium tetrafluoroborate 

Aniline (1.38 g, 10 mmol) was suspended in 5 mL water and subsequently HBF4 (5 mL 48 w/w% in H2O) was 

added and stirred for 5 min. The mixture was then cooled to 0 °C and tert-butyl nitrite (1.24 g, 12 mmol) 

was added dropwise. The mixture was stirred at 0 °C for an hour. Subsequently the solids were filtered off 

and washed with ice-cold diethyl ether. The compound was purified via recrystallization in which the crude 

was dissolved in a minimum amount of acetone followed by the addition of ice-cold diethyl ether. The 

product was obtained as a white solid (1.71 g, 7.2 mmol, 72%). 

1H NMR (400 MHz, DMSO-d6) δ 8.93 (d, J = 9.1 Hz, 2H), 8.72 (d, J = 9.1 Hz, 2H). 
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2-(4-nitrophenyl)furan 

To an oven-dried reaction tube equipped with a stirring bar, 4-nitrobenzene diazonium tetrafluoroborate 

(237 mg, 1 mmol), furan (680.1 mg, 10 mmol) and eosin Y (6.5 mg, 0.01 mmol) were added and dissolved 

in 5 mL anhydrous DMSO. The tube was degassed 3x and put under an argon atmosphere. The reaction 

mixture was irradiated using green 12V LEDs for 2h. For the work-up the reaction mixture was extracted 

with diethyl ether and brine and the organic phase was dried over MgSO4. After evaporation of the solvents 

by means of rotary evaporation, the mixture was further purified by flash chromatography with a 

cyclohexane/ethyl acetate (4/1) mixture as eluent. The product was obtained as an oil. (80 mg, 0.42 mmol, 

42%).  

1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 8.9 Hz, 2H), 7.78 (d, J = 8.9 Hz, 2H), 7.57 (d, J = 1.3 Hz, 1H), 

6.87 (d, J = 3.4 Hz, 1H), 6.55 (dd, J = 3.4, 1.8 Hz, 1H). 

10.5.5 Trifluoromethylation of N-methyl pyrrole 
 

Undoped reactor vs green LSC-PM test 

Two stock solutions were prepared. Stock solution 1: N-methyl pyrrole (3.55 mL, 40 mmol) and internal 

standard trifluorotoluene (1.23 mL, 10 mmol) were dissolved in 100 mL anhydrous ACN. Stock solution 2: 

TMEDA (11.92 mL, 80 mmol) and Ru(bpy)3Cl2.6H2O (150 mg, 0.2 mmol) were dissolved in 100 mL 

anhydrous ACN. Subsequently both stock solutions were degassed 3x and put under argon atmosphere. 

The stock solutions were loaded into BD Discardit syringes and mounted onto a syringe pump and 

connected to the 30x30 reactor (reactor volume: 1642 µl, I.D.: 750 µm) via a cross-mixer to which also a 

CF3I gas-line was connected. According to literature91 desired flowrates and thus residence times can be 

determined, specifically correcting for the dissolving factor of the CF3I into the liquid. The reactor was 

subjected to simulated solar irradiance. The reaction mixture was collected and the conversion was 

directly followed by means of 19F-NMR. 
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19F NMR (376 MHz, Chloroform-d) δ -59.79 . 

10.5.6 Trifluoromethylation of 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate 
 

Undoped reactor vs green and blue LSC-PM 

Two stock solutions were prepared. Stock solution 1: 1-(tert-butyl) 2-methyl 1H-pyrrole-1,2-dicarboxylate 

(2.565 g, 11.4 mmol), pyridine N-oxide (2.166 g, 22.8 mmol), Ru(bpy)3Cl2.6H2O (8.4 mg, 5.7 µmol) and 

internal standard trifluorotoluene (83 mg, 0.57 mmol) were dissolved in 20 mL anhydrous ACN. Stock 

solution 2: Trifluoric acetic anhydride (5.028 g, 23.94 mmol) was dissolved in 20 mL anhydrous ACN. Both 

stock solutions were degassed 3x and put under an inert argon atmosphere. The stock solutions were 

loaded into BD Discardit syringes and mounted onto a syringe pump and connected to the 30x30 reactor 

(reactor volume: 1642 µl, I.D.: 750 µm) via a T-mixer connected to the reactor. The reactor was put under 

the solar simulated light. The reaction mixture was collected and the conversion was directly followed by 

means of 19F-NMR. 

19F NMR (376 MHz, Chloroform-d) δ -59.66 . 

10.5.7 Oxidative coupling of benzyl amine 
 

General procedure 3 

Benzyl amine and eosin Y were dissolved in anhydrous DMF and pumped to a T-mixer connected with an 

oxygen line. The reactor was subjected to irradiation and the solution was extracted using ethyl acetate 

and brine. The organic phase was dried over MgSO4 and the solvents were removed by means of rotary 

evaporation. Subsequently the resulting crude oil was further purified by means of flash column 

chromatography with a cyclohexane/ethyl acetate (10/1) mixture as eluent yielding a light-yellow 

transparent oil.  
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Light intensity test 

Two stock solutions were prepared: one with the benzyl amine (0.5461 mL, 5 mmol) and internal standard 

n-hexadecane (146.4 µl, 0.5 mmol) in 25 mL anhydrous DMF, the other with eosin Y (33 mg, 0.05 mmol) in 

25 mL anhydrous DMF. Both were pumped via a syringe pump into the, green light irradiated, capillary 

reactor (reactor volume: 3 mL, I.D.: 750 µm) according to general procedure 3 with a 5:1 gas to liquid ratio 

and a residence time of 1 minute. The conversion was determined by GC-FID. 

Undoped reactor vs green LSC-PM 

One stock solution with benzyl amine (0.1 M), eosin Y (0.001 M) and internal standard n-hexadecane (0.01 

M) was prepared according to general procedure 3. The reaction mixture was pumped via a HPLC pump 

into the 10x10 cm (182.4 µl), 20x20 cm (729.6 µl) or 30x30 reactor (1642 µl) according to general 

procedure 3 with a 5:1 gas to liquid ratio. The conversion at different residence times was followed by 

means of GC-FID. 

Isolated yields of the undoped and green LSC-PM 

One stock solution with benzyl amine (0.1 M) and eosin Y (0.001 M) was prepared according to general 

procedure 3. The reaction mixture pumped with an HPLC pump into the 30x30 cm (1642 µl, residence 

time: 20 sec) undoped reactor or green LSC-PM which were subjected to simulated solar light irradiation. 

100 mL of reaction mixture was collected for each reactor and subjected to the work-up procedure 

outlined in general procedure 3. The following yields were obtained at 20 seconds residence time: 

undoped reactor: 26%, green LSC-PM: 68%.  

1H NMR (400 MHz, Chloroform-d) δ 8.23 (s, 1H), 7.66 (dd, J = 6.8, 2.9 Hz, 2H), 7.29 – 7.24 (m, 3H), 7.21 (d, 

J = 4.6 Hz, 4H), 7.16 – 7.09 (m, 1H), 4.68 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 162.11, 139.40, 136.25, 130.88, 128.71, 127.10, 77.56, 77.25, 76.93, 65.13. 
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10.5.8 The photocatalytic oxidation of α-terpinene with singlet oxygen 
 

Light intensity test 

Two stock solutions were prepared: one with the α-terpinene (1.63 mL, 10 mmol) and internal standard 

n-hexadecane (293 µl, 1 mmol) in 25 mL EtOH, the other with Rose Bengal (97.4 mg, 0.1 mmol) in 25 mL 

anhydrous DMF. Both were pumped via a syringe pump into the capillary reactor (reactor volume: 3 mL, 

I.D.: 750 µm) together with an oxygen stream controlled by an MFC with a 5:1 gas to liquid ratio and a 

residence time of 1 minute. The conversion was determined by GC-FID. 

Undoped reactor vs green LSC-PM 

One stock solution with α-terpinene (0.2 M), Rose Bengal (0.002 M) and internal standard n-hexadecane 

(0.02 M) dissolved in EtOH was prepared. The reaction mixture was pumped via a HPLC pump into the 

10x10 cm (182.4 µl), 20x20 cm (729.6 µl) or 30x30 reactor (1642 µl) green LSC-PM or undoped reactor 

after obtaining a stable slug flow with oxygen supplied via a MFC with a 5:1 gas to liquid ratio. The 

conversion at different residence times under simulated solar irradiation was followed by means of GC-

FID. 

10.5.9 L-methionine oxidation  
 

Undoped reactor vs red LSC-PM 

One stock solution with L-methionine (0.2 M), methylene blue (0.002 M) and internal standard n-

hexadecane (0.02 M) dissolved in H2O was prepared. The reaction mixture was pumped via a HPLC pump 

into the 10x10 cm (182.4 µl), 20x20 cm (729.6 µl) or 30x30 reactor (1642 µl) red LSC-PM or undoped 

reactor after obtaining a stable slug flow with oxygen supplied via a MFC with a 5:1 gas to liquid ratio. The 

conversion at different residence times under simulated solar light was followed by means of HPLC-DAD. 
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Outdoor experiment 

One stock solution with L-methionine (0.2 M), methylene blue (0.002 M) and internal standard n-

hexadecane (0.02 M) dissolved in H2O was prepared. The reaction mixture was pumped via a HPLC pump 

into the 30x30 reactor (1642 µl) red LSC-PM or undoped reactor after obtaining a stable slug flow with 

oxygen supplied via a MFC with a 5:1 gas to liquid ratio. The conversion at a 30 seconds residence time 

under solar light irradiation was followed in a certain time interval, outlined in the thesis, by means of 

HPLC-DAD. 

 

 


