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figure A. Photocatalytic cycle 

Abstract 
The first step in the catalytic cycle of a photoredox catalyst (figure A) is the excitation of the 
concerned catalyst, by photons of a certain wavelength. The presence of a quenching partner 
allows the catalyst, in its excited state, to react with the quencher resulting in a change of 
oxidation state of the catalyst. In absence of a quenching partner, the catalyst will return from 
its excited state back to the ground state. In case the latter occurs, light will be emitted. This 
emitted light has a different wavelength than the photons that excite the catalyst. The intensity 
of such emission reveals whether the catalyst is quenched by a certain chemical.  
 
The emission of the catalyst is used as an information source for a device to screen and 
optimize quenching partners for photoredox catalysis. Screening and optimization were 
performed in an automated device controlled by a computer. 
This device consist of two parts; the first part comprises a screening method for different 
chemicals which can possibly react with the catalyst. While the second part allows testing 
different concentrations of a proven quencher from the screening step. The last step is 
performed to find the quenching rate of the proven quenchers. Different quenchers can be 
compared with these obtained quenching rates and the quenching fraction can be calculated.  
 
A run in which different quenching partners were screened was done partially automated. 
During this run the screening step was done without a user-friendly interface and without 
automated data analysis. The part of the screening step that was finished during this project 
was able to check if quenching of a photocatalyst takes place.  
 
The optimization step of the device was completed for a set-up in which HPLC pumps or syringe 
pumps could be used. Both systems were tested with a combination of different catalysts and 
quenchers. The system with the HPLC pumps showed accurate and stable results, R2 above 
0.95, in oxygen rich and free conditions. A disadvantage of the system with the HPLC pumps is 
that it was not able to perform reliable experiments with every combination of chemicals. 
Sometimes solubility issues arise, which conflict with a proper performance of the HPLC 
pumps. Luckily syringe pumps can often overcome these issues. In general, the results of this 
system were less consistent compared to HPLC system but were able to operate in a trusty 
range. With the selection of the right setup accurate optimization experiments can be 
performed fully automated.  
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Chapter 1 

Introduction 

Currently technology has an important role in our daily life. The development of new 
technologies dictated the way we communicate, travel, get our food and do our job. Most of 
these developments improved our life for example in education. Chemistry teachers and 
professors first had to draw compound structures on the blackboard and use molecule model 
constructions to teach students about the 3D structure of molecules. The introduction of 
molecular simulation technologies changed this completely. With this software a teacher is able 
to show more complex compounds, interactions between atoms and potential (energy) maps. 
This all results in a better visualization and better understanding of different compounds.1 This 
simulation improved even more with the introduction of virtual reality because the compound 
could then be seen as a ‘real’ object.2   
 
Besides innovation and improvements that technology brought in education and day to day life 
it also improved research environments. With the introduction of new preparations, heating, 
separation and analysis techniques productivity has increased because less time is spend on 
standard procedures and recipes while there is more time for discovery and optimization2.  
Inventing new reactions and discovering new reactivity is a very important and strategic value 
for researchers. The discovery of new reaction pathways and ground breaking results are in the 
majority an accidental result. To increase the discovery of innovative reaction pathways 
screening technologies can be used. Performing this screening multiple combinations of 
substrates and reagents are able to be tested under different conditions.3 Doing this screening 
automated will decrease the experimental time consumption and increase accuracy.4 This high 
throughput screening which originates in drug discovery leads to quick knowledge acquisition 
about a reaction.5   
By combining high throughput screening with a novel process window like flow chemistry 
complete new reaction fields can be explored. Continuous flow can provide a platform for 
performing reactions that are not possible, not safe or very time consuming in batch.4 Next to 
these aspects continuous flow offers also the aspect of scalable results and accelerated 
reaction development.5  
Another advantage of continuous flow in combination with an automated system is that inline 
analysis can be done which provides real-time feedback. With the real-time feedback a rapid 
reaction development can be done.5 This feedback could also be used for reaction optimization.   
Reaction optimization could benefit strongly from automated continuous flow. Optimization can 
be done for all kind of process procedures like reactions, separations or other downstream 
processes and even multistep synthesis. Automation also opens opportunities in the field of 
self-optimizing and self-regulating systems. Depending on the chosen optimization module, this 
not only includes yield optimization, but also throughput, energy efficiency and cost 
considerations.4  
In this thesis a device for automated screening and optimization of quenching partners for 
photoredox catalysis was designed and applied. This device can explore and compare (new) 
quenchers of photoredox catalysts. The device consists of a continuous automated systems 
which decrease labor, experimental time and human error compared to the manually operated 
batch process.   
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Chapter 2 

 

Theoretical background  
 

2.1 Photoredox catalysis  
The energy of the sun is an interesting source of renewable energy and the use of solar energy 
is only going to increase due to the limited amount and the influence of fossil fuels on the earth. 
Most of the sun’s energy, which arrives on earth as light, is not used. It even turns out that the 
annual energy consumption is less than the amount of energy that arrives on earth in one day.6  
This large excess of solar energy was already addressed by Giacomo Ciamician in 1912.7 In a 
Science article he compares solar energy with fossil fuels and clearly states the advantages of 
solar energy over other energy sources. He proposes to use photochemistry as a new energy 
source instead of harmful coal. With photochemistry he refers to use the energy from light to 
produce chemicals, like plants do via photosynthesis. In this same paper he presents different 
reactions based on this principle.   

The dream of Mr. Ciamician to switch complete to renewable energy is still not fulfilled. 
However, many researchers were inspired by the same aspect and explored ways to harvest and 
use this energy to perform reactions. The possibility to do reactions with visible light via 
photoredox catalysis rencently became an interesting topic due to its unique and valuable 
catalytic process.8  
A photoredox catalyst can harvest visible light photons and transfer it into an electrochemical 
potential. This potential occurring as a single electron transfer between the catalyst and a 
molecule. In this way ‘normal’ reaction pathways can be followed but also reaction pathways 
can be followed which are impossible to reach with other activation methods.6  
The most commonly used photoredox catalysts are polyperidyl complexes of ruthenium or 
iridium. Theses complexes consist of ligands coordinated to a central metal atom (figure 2a). 
The complex can be excited by light because the metal is able to donate an electron to the 
ligand. In this case the metal operates as oxidant and the ligand as reductant.6    
Unfortunately, ruthenium and iridium in photoredox catalysis have several drawbacks. Both 
metals are among the rarest elements on earth and can be toxic under certain circumstances. 
These drawbacks elevated the search for other compounds that are able to operate as a 
photoredox catalyst. Several organic dyes proved to have the same ability as the polyperidyl 
complexes. The advantage of these organic dyes is that they easily can be prepared, are 
inexpensive and less or non-toxic. The organic dye that is the most used as photocatalyst is 
Eosin Y (figure 2b).9   

figure 1. Ciamician’s ‘laboratory’18  

 

 

 

Figure 1.   
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figure 2a. Metal complex photocatalysts                figure 2b. Eosin Y  

 

figure 3. Photocatalytic cycle 

 
2.1.1 Photocatalytic Cycle  
In catalytic cycle of a photoredox catalyst (figure 3) the catalyst is excited by photons. This 
excitation brings the catalyst to its excited state. If a possible quencher is present, this will 
react with the excited state of the catalyst and change the oxidation state of the catalyst. 
Depending on the type of catalyst and quencher, the catalyst will undergo an oxidative or 
reductive quenching cycle. Most of the photocatalysts are able to undergo an oxidative and 
reductive quenching cycle except for some organic dyes. They can only undergo one of both 
cycles.  
Not only these characteristics of the catalyst 
determine if an oxidative or reductive cycle 
will take place. Also the type of quencher 
regulates which mechanism will occur. If the 
quencher is an electron acceptor (A) an 
oxidative quenching cycle will take place. An 
electron donor (D) will result in a reductive 
quenching cycle. To complete the catalytic 
cycle and return the catalyst to its ground 
state it needs to undergo the opposite charge 
transfer compared to the excitation step as 
can be seen in figure 3.   
If the catalyst is in its excited state and no 
quenching partner is present the catalyst will 
be in equilibrium with its ground state. When 
the catalyst returns from the excited state to 
its ground state it will lose the difference in 
energy between the two states as heat and 
light. The light will be emitted in a different 
wavelength than the excitation wavelength. 
An example of an absorption and emission spectrum can be found in figure 4.  By checking the 
intensity of the emission wavelength there can be deducted if a catalyst is quenched by a 
certain chemical. The Stern-Volmer relationship uses this principle to find the quenching rate, 
see section 2.2.3.6,8,9 
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figure 4. The excitation and emission spectrum of Ru(bpy)3Cl2 in MeCN* 
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scheme 1.Photochemical trifluoromethylation of styrenes.10       

*The emission and excitation spectra were measured with an Agilent Cary Eclipse Fluorescence 
Spectrophotometer at room temperature, under atmospheric pressure and in presence of oxygen.  

 
2.1.2 Innovations in photoredox catalysis   
Using light to do reactions also has some disadvantages, such as the penetration depth of 
photons. According to the Bouguer-Lambert-Beer law (equation 2.1) the transmission of light 
decreases to less than 20% within of the millimeter scale in a typical photocatalytic reaction 
mixture. While a homogeneous distribution of photons is desired to obtain high yields and a 
high selectivity. The limitation of the penetration depth of photons can be solved by conducting 
reactions in microflow. This technique is characterized by its submillimeter hydraulic diameter 
and its continuity.6   
 

     10 10log logA T C l   (2.1) 

Compared to conventional batch processes a higher amount of photons per unit of volume is 
reached in a microreactor because of the high surface to volume ratio. This ratio also benefits 
the mass and heat transport in the reactor, leading to an increased reproducibility of reaction 
conditions and reaction selectivity.6 
A perfect example in which most of the advantages of microflow are visible is the 
trifluoromethylation of styrenes (scheme 1). The implementation of flow decreases the reaction 
time from 24h-72h in batch to 0.5-1.5h in flow. The amount of CF3I could be tuned better and 
mixed better with the liquid phase by the implementation of slug flow and the reaction showed a 
higher selectivity towards the E isomer in flow. So the implementation of flow resulted in a 
faster and more selective process.10 
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figure 5. LSC photomicroreactors 19 

Another disadvantage of light promoted reactions is the fact that sunlight, on most parts of the 
world, is not powerful enough to reach high yields. For this reason most of the photoredox 
reactions are performed with a light source which is powered by electricity. This makes 
photoredox chemistry less green because more than half of the electricity is not generated by a 
renewable energy source.11 To enable sunlight driven reactions on less sunny parts of the world, 
the sunlight needs to be more concentrated. Concentrating sunlight can be achieved with a 
Luminescent Solar Concentrator (LSC). 
An LSC is a device in which a fluorescent dye is present. This dye is able to capture solar light 
and re-emit it in a different direction and wavelength. In this way photons can be send to a 
specific place e.g. the edge of the device. LSCs are mostly coupled with solar panels to 
generate electricity. But instead of concentrating the light to a solar panel it could also be 
concentrated to a reaction channel. It was proven that using the LSC concept in combination 
with a microreactor (figure 5) the reaction accelerates with a factor 4.5 for a singlet oxygen-
mediated cycloaddition of 9,10-diphenylanthracene. Because of this novel reactor concept 
photoredox reactions can be performed with sunlight in a green and efficient way.12 
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figure 6. Emission of Ru(bpy)3Cl2 , at 620 nm, plotted versus time after excitation at 475 nm (grey line). Fitted 

exponential decay of the excited state of photoredox catalyst for  0 930 ns (red line)9     

2.2  Stern – Volmer relationship 
When a photocatalyst is excited by photons it transforms from the ground state to its excited 
state, see section 2.1.1. The photocatalyst can undergo different pathways in its excited state 
(figure 7). In absence of a quenching partner, the catalyst will return to its ground state and 
emit heat (knr) and light (kr). This decay of the excited state happens according to a first order 

process. The inverse of the rate constant of this decay, 0 , is also called the lifetime of the 

excited state.9 

 
 

     r nr

d *PC
*PC *PC

d
k k

t
  (2.2) 

      1
00

*PC = *PC exp(- t)    (2.3) 

  


0

r nr

1

k k
  (2.4) 

2.2.1 Lifetime of the excited state  
The lifetime of the excited state can be measured by first exciting the catalyst and measuring 
the emission of the catalyst over time after the excitation of the catalyst is stopped. The 
emission of the catalyst decreases according to equation 2.3. By fitting the decrease in 
emission with the equation the value of the excited lifetime can be found (figure 6). An 
important aspect is that the excited lifetime needs to be measured in the absence of any 
quencher. 9   
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figure 7. Energy transfer steps of the excited state    

 
2.2.2 Excited state kinetics  
The rate at which the catalyst returns from its excited state and emits light (kr) is an intrinsic 
property of a catalyst. This rate constant can be found by combining the excited lifetime and 
fluorescence quantum yield. The fluorescence quantum yield (equation 2.5) is defined as the 
ratio between the amount of photons emitted by the catalyst per unit of time to the total number 
of photons absorbed during the same time period. To find the rate constant of the radiative 
decay the fluorescence quantum yield needs to be measured in the absence of quenching 
partners.13    

 r r
0 r 0

r nr r nr

*PC
q

*PC *PC
k k k

k k k k
  (2.5) 

Before the quenching rate coefficient will be discussed, first different quenching methods of a 
photoredox catalyst are explained. A photoredox catalyst in its excited state can be quenched in 
three different ways. It can be quenched by energy transfer, by an electron donor and an 
electron acceptor (figure 7). When quenching takes place via electron transfer, oxidative or 
reductive, the state of the catalyst changes. This change means that an opposite charge 
transfer needs to take place to bring the catalyst back to its ground state, as can be seen in the 
photocatalytic cycle (figure 3). Quenching by electron transfer can only take place in the 
presence of an electron acceptor (A) or donor (D).9 
When the excited state of the catalyst is quenched by energy transfer the excess of energy is 
transferred to another molecule (Q). This transfer of energy can happen via a radiative way i.e. 
the excited state emits light and the emitted light activates the quencher. But most of the time it 
does happen in a non-radiative way. The energy is then transferred via Fröster or Dexter energy 
transfer. The difference between those two methods is that Fröster energy transfer happens 
through space while Dexter energy transfer happens in a through-bond process.9  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

9. 
 

figure 8. Stern-Volmer plot  
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The quenching rate coefficient of a photoredox catalyst (kred, kox or kEnT) can be found by 
comparing the fluorescence quantum yield of the mixture with (q) and without (q0) quencher 
present. In equation 2.6 only one type of quenching, by an electron acceptor, is taken into 
account. Fluorescence quenching is normally a second order process, depending on the 
concentration of the quencher and excited catalyst. But if the quencher concentration is at least 
an order of magnitude higher than the photocatalyst concentration, the quencher concentration 
can be assumed to be constant. This changes the quenching process to a first order process.13 
The ratio of the fluorescence quantum yield of the mixtures without quencher to the system 
where a quencher is present results in a linear relationship. The slope of this relationship equals 
the lifetime of the excited state times the rate constant at which the quenching takes place 
(equation 2.8). This ratio is equal to the amount of photons emitted without quencher divided by 
the amount of photons emitted with a quencher present. This can also be expressed as the ratio 
of the intensity of the emitted light. The intensity of the light is easier to measure and more 
practical in use.13  
   

 r r

r nr ox r nr ox

*PC
q

*PC *PC A *PC A
k k

k k k k k k
  (2.6) 

       r nr ox r nr ox0 r
ox

r nr r r nr r nr

A Aq 11 A
q

k k k k k kk k
k k k k k k k

  (2.7) 

 0 0
0 ox

q I 1 A
q I

k   (2.8) 

2.2.3 Use of the Stern-Volmer relationship 
The gentlemen Otto Stern and Max Volmer came up with this relationship (equation 2.8) to find 
the quenching rate coefficient of a specific compound. When the excited lifetime of a catalyst is 
known it is easy to find the quenching rate coefficient. This can be done by testing different 
concentrations of quencher and measuring the intensity of the emission of the catalyst at every 
concentration. When the fraction of emission without quencher divided by the intensity with 
quencher present is plotted against the concentration of quencher, according to equation 2.8, 
the quenching rate can easily be found from the slope. This quenching rate can be used to 
compare different quenchers and calculate the competition between different quenchers.9 
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The Sten–Volmer plot shows that the emission of the catalyst decreases with an increasing 
concentration of quencher. This decrease in emission happens because the excited state can 
undergo three different pathways instead of two. This changes the fraction of excited state 
molecules following the emission path. The fraction of catalyst particles in excited state which 
are quenched can be calculated using equation 2.9. This quenching fraction can be used to find 
an optimal quencher concentration for a reaction. The optimal quenching fraction depends on 
the rate limiting step during a reaction mechanism. If the quenching of the catalyst is not the 
rate limiting step during a reaction mechanism it is a waste of quencher to have a quenching 
fraction above 0.9.14     
 

 
 

 
 
  

 
  

ox ox

q 1
r nr ox 0 ox

A A

A A

k k
f

k k k k
  (2.9) 

Another use of the quenching fraction is that together with the quantum yield the chain length 
can be calculated, equation 2.11. The chain length equals the amount of equivalents of desired 
product formed from the quenching of a single catalyst molecule. The chain length in a normal 
photocatalytic cycle is smaller or equal to one. When the chain length is equal to one the 
amount of molecules which quenched the photocatalyst is equal to the amount of product 
formed. So when the chain length is smaller than one some quenched molecules were not able 
to produce the desired product.     
But the chain length can also be bigger than one when the reaction takes place according to a 
radical chain reaction. From the quantum yield can be obtained if a radical chain mechanism 
takes place.14,15  
The quantum yield is the amount of molecules of the desired product produced divided by the 
amount of photons absorbed. In this way it can be seen how efficient a system is during its 
reaction. When the quantum yield is bigger than 1, the reaction operates via a chain reaction or 
polymerization.14  
 

  
moles of product

einstens of light
  (2.10) 

 



q

Chain length
f

  (2.11) 

During this thesis a device is build that perform an automated screening of quenching partners 
for photoredox catalysis. In the succeeding step automated Stern-Volmer experiments are 
performed with proven quenchers obtained in the screening step. More information about this 
set-up can be found in chapter 3.    
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Chapter 3 

The Device  

3.1 Goal of the Device 
During the optimization of a reaction (mostly performed in batch) a wide variety of reagents, 
additives and solvents are tested. Because of the large amount of possible experiments, 
following from the different combinations that can be made, often only a limited amount of 
combinations are tested. These combinations are selected upon expected performance. The 
main reason for decreasing the amount of experiments is because the complete reaction 
procedure needs to be followed. Executing the entire reaction procedure can be very time 
consuming, depending on the type of reaction and the procedure. 
The disadvantage of this optimization method is that only a limited amount of compounds can 
be tested and maybe the best ‘hit’ is not tested because the expectation was that it would not 
work. Another disadvantage is that the entire reaction procedure needs to be followed so the 
limitations of the different steps of the reaction mechanism cannot be tested.  
The disadvantages of the common optimization method are solved in this thesis by building a 
device that can do an automated screening and optimization to save time and produce results 
quicker. This screening and optimization is done for the first step in the photocatalytic cycle, 
the quenching of the photoredox catalyst. The quenching tests are based on the principle that a 
photoredox catalyst emits light if it is in its excited state and returns to its ground state, see 
section 2.2. A technique already based on the emission of the catalyst is the Stern-Volmer 
technique. The Stern-Vomer technique is a common technique utilized by chemists used to find 
the quenching rate.14,15 

3.1.1 Screening step 

During the screening step will be tested if a material quenches a photoredox catalyst. This will 
be done in an automated setup in which a sample of quencher will be injected in a continuous 
stream of photoredox catalyst. The intensity of the emission of the photocatalyst will be 
measured inline. If the intensity of the emission decreases quenching takes place. This is 
measured via inline UV-Vis analysis. 
With this method a large amount of possible quenchers can be tested in a short period of time. 
This can be done because a small amount of solution is needed to test if it reacts and the 
samples will be automatically injected by the device. The automated system checks inline if 
quenching takes place and presents the results. 
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3.1.2 Optimization step 
In the optimization step the proven quenchers from the screening step will be compared by 
Stern-Volmer analysis. This measurements consist of measuring the intensity of the emission 
of the catalyst at different concentrations of quencher. These measurement are usually done in 
batch conditions. The disadvantage of this method is that different solutions, with different 
concentration of quencher and constant concentration of catalyst, need to be prepared. During 
the preparation of these mixtures (manual) errors are easily made. 
In the automated optimization step the experiments are performed in continuous flow. The 
concentration of quencher is changed by changing the speed of the quencher pump and 
keeping the total flow constant. At every concentration the intensity of the emission is 
measured inline. These measurements allow us to calculate the quenching rate of the different 
quenchers. 
The advantage of the device is that ‘human’ errors during the preparation of the samples will be 
deleted and the measurements will be more accurate. The measurements will also be much 
faster as the measurements can be done inline and only 3 solutions need to be prepared: plain 
solvent, a catalyst and quencher solution. 

3.2 Set Up 

3.2.1 Inline fluorescent spectroscopy  
The emission of a photocatalyst is commonly measured with fluorescent spectroscopy. Special 
about fluorescent spectroscopy is that it measures the emittance of a sample. This 
measurement can be done in two ways, see figure 9. This is normally done with the method B, 
at a 90˚ angle to the light source. This method is chosen because no reflection inside the device 
is needed. The emittance of the sample during both methods is measured at a smaller angle 
compared to normal spectroscopy. This is done to minimize the scatter from the excitation 
beam in the emission beam.9,13 
 

 
  

 

figure 9. Schematic overview of different type spectrofluorometer13 
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figure 10. The flow cuvette and cuvette holder with the flow cuvette inside.   

   

figure 11. Schematic set-up of the self-build fluorometer.   

Method B was also chosen as the method to measure the emission of the photoredox catalyst 
in the screening and optimization step of the device. The inline measurement technique of both 
steps in the device was done with the same fluorometer. The fluorometer of the device 
consisted of a quartz flow cuvette with an internal volume of 100 μl. This cuvette was chosen 
because of its chemical stability and versatility because it is capable of measuring both the 
absorbance and fluorescence in continuous flow. The flow cuvette is placed in a cuvette holder, 
which can be connected to a light source and a spectrophotometer via optical fibers. The light 
source and spectrophotometer can be connected to a computer. The computer can control the 
light source and the spectrum can be measured with the inline UV-Vis spectrophotometer.  
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figure 12. Schematic set-up of the screening system.   

3.2.2 Screening set-up  
When operating the screening set-up, small amounts of quencher need to be injected into a 
liquid stream. This is done with an HPLC autosampler. The main reason for this device was 
based on the fact that the autosampler is able to do an inline injection from regular vials. The 
autosampler injects the sample in a constant stream of solvent pumped by an HPLC pump.  
For the injection of the samples is a six way valve used with a sample loop of 800 μl. The size of 
the sample loop was chosen based on the volume of flow cuvette and volume of the sample 
vials.  The solvent stream with the injected samples is later combined with a constant stream of 
catalyst solution. The catalyst solution is also pumped by an HPLC pump. The combined 
streams of solvent, quencher and catalyst enter the flow cuvette, discussed in section 3.2.1, to 
measure the emission of the photocatalyst.   
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figure 13. Schematic set-up of the optimization system.   

3.2.3 Optimization set-up  
During the optimization step proven quenchers from the screening system are tested to find the 
quenching rate according to the Stern-Volmer equation. The different concentrations of 
quencher are reached by changing the speed of the different pumps present in the system. The 
speed of the solvent and quencher pump change during the experiment to reach different 
concentrations of quencher. The speed of the catalyst pumps is kept the same during the 
experiment because a constant concentration of catalyst is needed. The speed of combined 
stream is also kept the same to prevent fluctuations in the concentration of the catalyst and 
changing flow profiles. The combined stream of the three pumps enters the flow cuvette, from 
section 3.2.1, in which the emission of the photocatalyst is measured.           
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figure 14. Schematic set-up of the entire device.   

3.2.4 The complete set-up  
Both the screening and optimization system can be combined in one device. Combining the two 
steps decreases the amount of material needed for the entire device. Because of the large 
similarities this could easily be done. Another reason for combining the two steps is that first 
the screening step will take place and afterwards the optimization step will be done, so both are 
not used at the simultaneously. The total setup can be seen in figure 14.  
During the screening step the quencher pump is turned off and the autosampler injects samples 
of quencher into the solvent stream. During the optimization step the autosampler is turned off 
and the solvent goes through the autosampler without injecting quenchers.                      
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3.3 Code  

The device described in section 3.2 can be operated manually by giving the right settings to 
each part and doing the calculations manually after the experiment. But with a computer code 
all the devices can be controlled and calculations can be done automatically. In this way a 
screening or optimization experiment can start by simply pressing a few buttons on a computer 
screen. The code consists of three general parts, which are: the communication with all the 
power-driven equipment, experimental settings and process the measurements. 

3.3.1 Communication with components  

Initially the communication part was programmed. The idea behind this part of the code was 
that it needs to send commands to the different pumps, the lamp, the spectrophotometer and 
the autosampler.  
 
The communication of the pumps was tackled first. Because of the complexity of the 
communication with our HPLC pumps we started with (more simple) syringe pumps. The 
communication with the syringe pumps was first done in a simple open source communication 
program named PuTTY. When communication could be established and the commands of the 
syringe pump were known, we switched to a coding program. The coding language which was 
chosen is Python. The choice for this language was based on the fact that it is an open source 
program and there was already some knowledge available within our group. We started first 
with a simple code that could start and stop the syringe pump. This was expanded to a system 
of multiple syringe pumps with changing speeds over time. Changing the speed of the pumps is 
essential in the optimization step.  
Because of the increase in knowledge about communicating with devices we changed to 
communication with HPLC pumps. The most important difference between the communication 
with the pumps is that the communication with the syringe pumps works via USB while the 
HPLC communicates via RS 232. Essential for the use of RS 232 is the configuration of the pins 
from the cable. After the right RS 232 cable was found, the same procedure was followed as 
with the syringe pumps: first communicate with PuTTY and afterwards with Python.  
To prevent that other group members will have similar errors with the communication of the 
pumps in the future, I wrote a manual. In this manual a detailed description of the different 
materials and steps needed to control a pump with a computer can be found. This manual can 
be found in digital appendix 1.  
 
For the communication with the lamp and spectrophotometer the provided software was used. 
This was done because the lamp needs to be started only once a day. It can be turned on in the 
morning and be used the entire day during multiple runs. This makes coding a waste of time 
because it takes the same amount of time using the code or original software.  
The same accounts for the spectrophotometer. Controlling the spectrophotometer with a script 
would be too difficult and take too much time. At the beginning of each experiment a run is 
started in the software (Avasoft) of the spectrophotometer. Avasoft creates a file from which 
the code process the measurements. We let Avasoft export the data live to a .txt file, so it is 
easy to handle. 
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figure 15. User interface for experimental settings   

When the autosampler arrived all the parameters of the autosampler were optimized firstly. This 
includes the amount of volume that was injected (sample loop) and amount of cleaning volume 
to clean the sample loop. The tests of these settings were done with the software from the 
autosampler (Alias Service Manager, ASM).      
After the test runs with ASM were completed the communication between the PC and the 
autosampler was stated. The difficulty about the communication with the autosampler is that it 
includes much more commands and tasks compared to the pumps. The pumps only need a 
start, stop and set rate command for a complete run while the autosampler needs sufficient 
more commands for a run.  
The problem with the commands to the autosampler is that the autosampler has its own type of 
encryption. The supplier stated that the autosampler works with a hexadecimal type of coding. 
After some trial and error we found out the hard way that not a hexadecimal type of coding is 
used, but a specific ASCII coding is used. This required a translation function within the general 
Python code. 

3.3.2 Experimental settings  

During a set of experiments there are a few variables which change over the course of 
experiments. The most obvious example is the name of the experiment. The amount of 
measurements and concentrations that were tested during one experiment can also be 
changed. To prevent that the user of the device needs to search through the lines of code to 
change the settings an interface was created in which the desired settings of the experiment 
could be entered/adjusted. The interface of the Stern-Volmer measurements can be found in 
figure 15. The first created interface was the one of the optimization step because the 
components of this step were completed as first during this thesis.    
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Calculation 
Method 

Number of 
Concentrations 

Concentration Quencher [M] 

Linear  6 0 0.16 0.32 0.48 0.64 0.8     
10 0 0.089 0.178 0.267 0.356 0.444 0.533 0.622 0.711 0.8 

Half 
Logarithmic  

6 0 0.008 0.04 0.08 0.4 0.8     
10 0 0.00008 0.0004 0.0008 0.004 0.008 0.04 0.08 0.4 0.8 

Logarithmic 6 0 0.00008 0.0008 0.008 0.08 0.8     
10 0 

8.0E-08 
8.0E-
07 

8.0E-
06 

8.0E-
05 

8.0E-
04 0.0008 0.008 0.08 0.8 

table 1. Data points for the different calculation methods and number of concentrations from a quencher solution of 1M.    

Figure 15 shows that besides some ‘standard’ settings like the name of the experiment and 
quencher, also some specific variables from the Stern-Volmer measurement are able to be 
altered. To make the optimization step very flexible different calculation methods are hidden in 
this interface. This makes it possible to test different concentrations of quencher in multiple 
ways. 
 
The first aspect that needs to be chosen is the calculation method. Three different kind of 
methods were programmed. The calculation method determines the difference in steps 
between different concentrations that are chosen. The meaning of the variable for the number 
of concentrations that is tested is clear. In this number is a measurement with no quencher and 
highest amount of quencher included. The calculation method and number of concentrations 
can be seen in table 1.  

Table 1 shows that the maximum concentration of quencher always equals 0.8 M. This results 
from the ratio between the catalyst pump and quencher/solvent pump. In the current device the 
ratio of catalyst to the total stream is fixed at 0.2. 
All the calculations are done based on fractions of the total flow. If the calculations are finished 
the fractions are transformed to concentrations, speeds and amount of solvent.  
Before the values are exported the values will be checked whether they are realistic i.e. there is 
checked if the speed of the pump is out of reach of the pump. When an error during the 
calculations occurred the values are adjusted and this is this shown to the user.  
When all the calculations are finished an overview of the results is presented in the interface 
and asked if the user wants to continue. If the user agrees the script will continue and the 
fractions are exported to matrices. When the user does not agree the parameters can be 
changed and the calculations will be done again for the new settings. 

3.3.3 Measuring  

After satisfying settings have been selected and the code starts the pumps, the software of the 
spectrophotometer and lamp needs to be started. When the settings of lamp and spectrometer 
are done, including selecting the right wavelengths, Avasoft creates an output file (.txt). In the 
output file the intensity of the emission is written, according to the units of the 
spectrophotometer. The output file is updated every second by the software and the python 
code is able to take the last measurement from the output file and copies it to an Excel file. This 
Excel file is created before the first measurement is taken.  
All the results from the Stern-Volmer measurement are, after the experiment, present in the 
Excel file. For this reason the name of the Excel file is also put in the interface (in which the 
experimental settings can be changed). 



 

20. 
 

3.4 Expanding  
When the communication with the pumps, settings of the experiments, concentration 
calculations and creating of an Excel file with the results was established the backbone of the 
script was finished. A fully automated run of a Stern-Volmer experiment was able to be 
performed. An asset about programming is that it can easily be expanded and some extra 
features can be added to make the experiments a little bit more comfortable to do. Some of 
these extra features are discussed in this section.  
 
After each experiment, some calculations are needed to get the ratio between the intensities 
and the slope of the Stern-Volmer plot. All these calculations that could be done automatically 
including: the standard deviation, average of the measurements, fractions of intensity 
calculations and the computation of graphs is automatically done. Also a trendline is included 
in the graphs, which directly gives the slope and r squared value of the results. This makes the 
results of the experiment directly visible after opening the Excel file.  
 
After developing the code, the user now only needs to prepare the three solutions, set the 
experimental settings and press start. Before pressing the start button an indication of the 
expected final time is given. This indication is based on the amount of experiments and 
expected duration of each measurement. To inform the user of the device that the experiment is 
ready the code was expanded with some extra lines which send a message to the given mail 
address. In this way the user is directly informed when the experiment is finished and the user 
knows when a new experiment can be started, which increases time management.  
 
Perhaps a situation will occur when you still want to keep an eye on the status of the 
experiment, but you do not want to waste your time sitting in front of the experiment. For this 
reason a remote desktop program is used. With this program computers can be controlled from 
a phone, tablet or other computer. So with this program the current state of the code could be 
followed from everywhere in the entire world, if an internet connection is present.  
 
With the remote control program all the values and statuses present on the computer could be 
viewed from behind the desk but with this software the user is not able to view some physical 
things of the device. For this reason a webcam was purchased which can be aimed at the 
desired object. The webcam could be viewed with the remote control software and so the 
amount of solutions left for the pumps could be monitored from the office desk.   
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3.5 List of equipment 
 

HPLC pump:    Knauer, Azura HPLC pump P 2.1S 
 
Syringe pump:   Chemyx syringe pump fusion 200 
 
Light Source:   Mightex, high power fiber coupled LED light source, 455 nm 
 
Spectrophotometer:   Avantes, Avaspec 2048L 
  
Optical fibers:    Avantes 600µm UV-VIS fiber 0.5m long SMA connections 
 
Flow Cuvette:    Hellma analytics, quartz suprasil, art nr. 176-751-85-40 
 
Cuvette Holder:   Avantes cuvette holder, CUV-ALL-UV-VIS 
 
Autosampler:    Alias Autosampler PASA 
  
Tubing:    PFA tubing with 0.750 mm inner diameter obtained from IDEX-HS  
 
Connections:    PEEK connections obtained from IDEX-HS 
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Chapter 4 

Experimental Section    
The total device for the screening and optimization can be completed in aspects of components 
and code (chapter 3) but this does not mean that it will work properly when it is used 
experimentally for real screening and optimization of quenching partners. For this reason 
different control experiments were performed.        

4.1 Photocatalysts  
For the excitation of a photoredox catalysts every light source can be used for the device as 
long it contains light at the excitation wavelengths of the photocatalyst. However, a problem 
could occur when using a light source with a brought spectrum if it also contains light in the 
emission range. The light in the same wavelength of emitted light can interfere with the 
emission and cause that the emission of the catalyst is not visible on the spectrophotometer. 
For this reason a specific light source of a single wavelength (Mightex high power fiber coupled 
LED light source) was purchased. The light source bought for the first test is specified at 455 
nm. The main reason for this choice of light source was based on the fact that this light source 
activates the ruthenium photocatalyst and doesn’t interfere with its emission spectrum. The 
light source can easily be changed to light sources of different wavelengths because it is 
connected with an optical fiber.  
  

 

figure 16. The photoredox catalysts used for test experiments  
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4.1.1 Ru(bpy)3Cl2  

The choice of the light source was based on the ruthenium catalyst. Figure 17 shows that the 
light source perfectly fits in the excitation spectrum of this catalyst. The main reason to choose 
this catalyst was that it also can act as an actinometer, as shown previously in our group.15 So 
the device that was built in this thesis could be combined with results of the actinometer. 
Besides that the catalyst is one of the most used catalysts in photoredox chemistry.    
The emission of the catalyst was measured at the maximum of the emission peak which is 
between 605 and 607 nm. For the experiments Ru(bpy)3Cl2 was used, obtained from Sigma 
Aldrich.  

4.1.2 9-Mesityl-Acridinium perchlorate 

To focus not only on one catalyst, we chose to test another photocatalyst as well. This catalyst 
is also excited by the light same source. The organic molecule 9-Mesityl-Acridinium perchlorate 
(Mes-Acr) turned out to be suitable for this purpose. The spectrum of this catalyst can be seen 
in figure 18. The emission of this photocatalyst was measured in the range 579-581 nm. The 
used 9-Mesityl-Acridinium perchlorate was ordered from TCI chemicals.  

 

figure 17. The excitation and emission spectrum of Ru(bpy)3Cl2 in MeCN* 
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figure 18. The excitation and emission spectrum of 9-Mesityl-Acridinium perchlorate measured              
in MeCN* 
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*The emission and excitation spectra were measured with an Agilent Cary Eclipse Fluorescence 
Spectrophotometer at room temperature, under atmospheric pressure and in presence of oxygen.  

4.1.3 fac-Ir(ppy)3 

The last catalyst that was used during this thesis is fac-Ir(ppy)3. The catalyst was used in 
combination with two possible quenchers because the desired quenching rate of both 
compounds was unknown and desired for a publication. The catalyst did not match the light 
source perfectly but does not interfere with the emission spectrum and was able to activate the 
catalyst. The emission of the catalyst was measured at 505-507 nm. The used catalyst was 
bought from Sigma-Aldrich.       
 

 
 
 
   

 

figure 19. The excitation and emission spectrum of fac-Ir(ppy)3 measured in MeCN* 
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4.2 Quenchers  
For the quenching of the ruthenium and Mes-Acr catalysts three amine bases were used: Tri-
ethylamine (TEA), Di-isopropyl ethyl amine (DIPEA) and tetra methyl ethylene di-amine (TMEDA), 
which can be seen in figure 20. All three quenchers were used because they are already proven 
quenchers of the ruthenium catalyst. The ruthenium-TMEDA couple was previously tested in 
batch, so the results of the automated experiments in flow could also be compared with the 
batch experiments.15 
The quenchers used for the iridium catalyst were completely different. This was because they 
came from a reaction procedure (Scheme 2) and the quenching rate of both components was 
desired. All quenchers were ordered at TCI chemicals.  
  

4.3 Presence of oxygen    
The Stern-Vomer experiments done in batch mode, performed in our group15, showed that the 
presence of oxygen was essential for the quenching rate of the ruthenium catalyst. Additionally 
the Stern-vomer experiments of iridium needed to be oxygen free because the reaction with 
iridium was also performed under argon conditions. Oxygen is removed from the samples 
because oxygen is a known oxidative quencher of the excited state of both the ruthenium and 
iridium catalyst. This quenching takes most the time place according to the principle of energy 
transfer, see section 2.2.2.9 
During the control experiments different degassing methods were tested and compared with the 
results where oxygen is present. The degassing methods that are tested are freeze-pump-thaw 
and purging with argon.  

  

 

figure 20. The used quenchers in this thesis 
 

 

Scheme 2. Reaction scheme of the reaction from which the quenching rate of both substrates was desired.  
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Chapter 5 

Results and Discussion   
The results of the control experiments are presented and discussed per tested photocatalyst. 
The control experiments of the different photocatalysts also follow the chronological pathway 
of the project. All the test experiments were done for the optimization step because the 
equipment was already present at the start of the project and the code of this part was 
completely finished during this project.   

5.1 Ru(bpy)3Cl2 
After some test runs, to test and optimize the code in which water was used as only chemical, 
we switched to ‘real’ chemicals. The first test runs were done with ruthenium as photocatalyst. 
This was done because the light source was bought for this photocatalyst.     

5.1.1 Syringe Pumps  
After the test runs with water, which were done with HPLC pumps, we wanted to start the 
control experiments with the HPLC pumps as well but the pumps planned for the device were 
temporary needed for another experimental setup. Luckily the commands from the syringe 
pumps were already known. So for this reason we changed to a system in which the solvent, 
quencher and catalyst solution are pumped by syringe pumps (figure 21). After some changes 
to the script we could start the control experiments.     
 

 

 

figure 21. Schematic setup of the optimization set-up with syringe pumps  
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figure 23. Stern-Volmer experiment with new TMEDA in MeCN 
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The first quencher that was tested in combination with ruthenium was TMEDA. This 
combination of quencher and catalyst was already tested in batch. During this experiments it 
was proven that TMEDA is a quencher of the excited state of the ruthenium catalyst in absence 
of oxygen.15 But the first experiments (containing oxygen) did not showed reliable results. Even 
worse: there was no quenching visible. The promising fact about the experiment was that a 
complete Stern-Volmer experiment could be performed in 30 min in flow, while it took half a day 
in batch.   
 

Because of possible degradation of the TMEDA a new bottle was ordered from TCI. After the 
new bottle arrived the same experiment was performed only with a new solution TMEDA. With 
the new solution was quenching visible but not with a quenching rate compared to the batch 
experiments. The results of the batch experiment showed a significant higher quenching rate. 
The slope of the inaccurate batch experiment was 38.1115 compared to a slope of 0.499 in flow.   

 

figure 22. Stern-Volmer experiment with TMEDA in MeCN 
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The main reason for this difference could be the presence of oxygen in the experiment. So a 
switch was made to oxygen free conditions to check the difference between the quenching 
rates. The degassing method freeze-pump-thaw (FPT) was used to make all three solution 
oxygen free. This degassing method was used because it was also used for the batch 
experiments.  
The degassing with the FPT method was not really successful and sufficient. Besides the extra 
time needed for the degassing almost no quenching was visible. The slope of the experiment 
was 0.09 with a R2 of 0.90, even less than the experiments with oxygen present.   
Because of the time the FPT method took, another much easier way of degassing was chosen: 
purging with argon. A large amount of solvent (MeCN) was degassed for a fixed amount of 
time. The advantage of purging is that purging does not need the full attention. After the 
purging the catalyst and TMEDA solutions were made under oxygen free conditions. The oxygen 
free Stern-Volmer experiments, with a slope of 1.229, showed a clear increase in quenching rate 
compared to the oxygen rich conditions, with a slope of 0.49.  
 

   
Because of fluctuations in the quenching rate over the experiments we decided to test another 
quencher in combination with the ruthenium catalyst. The choice was based on a research of 
Yoon et al.14 in which Stern-Volmer experiments are performed for the combination of DIPEA 
and Ru(bpy)3Cl2.  
 
 
 
 
 

 

figure 24. Stern-Volmer experiment with new TMEDA in oxygen free MeCN 
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Both the oxygen rich (figure 25) and oxygen free conditions (figure 26) showed good quenching 
with a high accuracy. The quenching of the sample that was degassed showed about the same 
quenching compared to the literature. The slope of the Stern-Volmer experiment in literature 
was equal to 6.64.14 In a series of experiments in which the quenching of DIPEA was tested 
under the same conditions a variation in quenching rate was visible. The main reason for this 
variation could be the difference in amount of oxygen present. This because not all oxygen was 
removed with the purging.      

Besides TMEDA and DIPEA quenching experiments were also done with TEA. Despite the 
similarities between the structure of DIPEA and TEA the results of TEA were comparable to the 
results of TMEDA. TEA showed about the same quenching rate as TMEDA in oxygen free and 
rich conditions. In oxygen rich condition was the slope of the experiments about 0.45 and 
oxygen free conditions had a slope of about 1.70.  
 

 

figure 25. Stern-Volmer experiment with DIPEA in MeCN 
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figure 26. Stern-Volmer experiment with DIPEA in oxygen free MeCN 
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5.1.2 HPLC Pumps  

The original plan for the device was to pump the solvent, quencher and catalyst streams with 
HPLC pumps. The main argument for this choice was based on the fact that the amount of 
liquid solution that can be pumped with an HPLC pump is unlimited. Compared to a syringe 
pump, for which you are always limited to the volume of a syringe and the power of the pump, 
an HPLC pump is a better alternative. Because DIPEA showed the best quenching for the 
ruthenium catalyst, both in oxygen rich and oxygen free conditions, there was chosen to do the 
test experiments with the HPLC pumps with DIPEA as quencher.   
 
The quenching rate of the oxygen rich experiments were quite stable and showed a reliable 
constant quenching rate. While the degassed experiments showed a variation in slope over the 
experiments. For this reason several procedures of purging were used in which the purging time 
was changed. The results were compared by the change in quenching rate of the solutions from 
the same batch of MeCN. In order to evaluate this value the samples were put under a constant 
flow of argon to avoid contamination with oxygen.  
Over the experiments, in which the oxygen was not removed complete, an increase in quenching 
rate was visible over the experiments. Because the oxygen that was still present was removed 
by the flow of argon during the experiments. From the results, which can be found in table 2, 
can be concluded that after 16h of bubbling the slope was constant over the experiments. All 
the results from the tests had a R2 value above 0.92. 
      

 
With a fixed degassing procedure were still some fluctuations in the slope of the different 
experiments in the same batch and over different batches visible. The reason for this 
fluctuation could be declared to the used backpressure regulators. The experiments with the 
changing purging times were done with HPLC pumps with a combination of backpressure 
regulators, figure 27. These backpressure regulators were installed to increase the flow 
stability. The instability could be declared to the fact that the backpressure is not high enough.  
Another reason could be that the backpressure of the total stream caused instability in the 
pressure. This pressure needs to be delivered by three separate pumps, which are running at 
changing speeds. During the first and last measurement one of the solvent and quencher pump 
will not pump which means the total backpressure needs to be delivered by two pumps instead 
of three. This causes a chance in pressure during the operation which results in an instability in 
flow. For this reason three higher backpressure regulators were bought, which were not tested 
with the ruthenium catalyst but with another photocatalyst. 

Purging experiments 

Time  Slope  Time  Slope Time  Slope 
1h  3.8978 4h  4.816 16 h  5.3405 

4.8626 4.2264 5.2587 
6.1143 5.1564 5.5071 

7.3243 5.2535 5.4982 
 
Table 2. Stern-Volmer experiment with DIPEA in oxygen free MeCN 
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5.1.3 Comparison  
To make a reasonable comparison between the results from the Stern-Volmer experiments of 
the syringe and HPLC pumps the results were combined and compared for DIPEA in oxygen rich 
and oxygen free conditions.  
 

 
Figure 28 shows that the syringe pump has a slight larger slope compared to the HPLC pumps. 
A reason for this could be that one of the two pump types are not precise calibrated. To check if 
this difference between these two types of pumps was dependent on the catalyst-quencher 
combination or on the system was switched to a new combination of catalyst and quencher.    
 

 

figure 27. Backpressure regulators of the HPLC system in psi 
 

 

figure 28. Comparison of the slope from the Stern-Volmer plot between the devices 
with and HPLC and Syringe pump.  
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5.2 9-Mesityl-acridinium perchlorate  
To verify and test the importance of oxygen in the system, the influence of the pump accuracy 
and the importance of the backpressure regulators we changed to a different catalyst, which is 
less sensitive to oxygen.  

5.2.1 Quencher screening    
Literature states that anthracene is a quencher of the 9-Mesityl-acridinium perchlorate (Mes-
Acr) photocatalyst16. Because of the absence of anthracene in our lab was chosen to test if 
diphenyl anthracene also would quench Mes-Acr. The autosampler was bought and used to 
check a range of possible quenchers. For the possible quenchers diphenyl anthracene (DiPhAn) 
and the bases, TEA, TMEDA and DIPEA, were used to check if quenching takes place. The 
screening is done based on the emission of the photocatalyst. A decrease in emission shows 
that quenching takes place, as discussed in section 2.2.   

 
From the quencher screening, which is visible in figure 29, can be seen that the three bases are 
the best quenchers for Mes-Acr. For this reason these three quenchers are used to do Stern-
Volmer experiments and compare the results from both pump types in oxygen rich and free 
conditions.  

5.2.2 Comparison between syringe and HPLC pumps for optimization 

To compare the results of the same quenchers from the HPLC and syringe system a series of 
experiments was performed under the same conditions. The chosen conditions were based on 
the results of the ruthenium catalyst. So a 16h purging time of the solvent was used for the 
oxygen free conditions. To increase the stability of the HPLC pumps three backpressure 
regulators of 40 psi were installed before the mixing of the streams.  
Every combination of quencher and pump system was tested with two stock solutions. From the 
stock solution a series of experiments could be performed. In figure 30 the average of the slope 
from the Stern-Volmer plot is presented with the standard deviation from each stock solution. 
During all the experiments good and accurate quenching (R2 ≥ 0.96) was visible.      

 

figure 29. Quenching screening of Mes-Acr; On the x axis time and on the y axis intensity of emission  
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A general trend in the result, which can be seen in figure 30 until 32, was that the syringe pump 
showed a higher accuracy in every stock solution compared to the HPLC pumps. But the HPLC 
pumps showed more consistency over the experiments. This influence can clearly be seen in 
figure 30. A reason for this inconsistency of the syringe pumps could be that an extra step is 
required in the preparation of the experiments, filling the syringes with solution. The solutions 
are prepared directly in the vessels of the HPLC pumps which excludes an extra step. This extra 
step is of great importance during the preparation of the oxygen free results. Because of this 
extra step there is also an extra step during which oxygen can enter the solution. This influence 
is clearly visible in the oxygen free results of the syringe pumps.     
Another reason for the fluctuations in results could also be the concentration of oxygen in the 
original MeCN bottle. A fluctuation in concentration of oxygen causes a difference in slope over 
the different experiments from the different stock solutions. This happens because oxygen can 
also quench the excited state of the Mes-Acr catalyst.  

5.2.3 Extra I0 measurement 

During the experiments of Mes-Acr was found that the slope of the experiment has a great 
dependency on the first measurement. The first measured datapoint is the I0 value. This value is 
used to calculate every point in the Stern-Volmer plot. If there is an error in this datapoint the 
entire slope changes. This changes the calculated quenching rate compared to the physical 
one.  
An error in the I0 measurement cannot even be seen in the R2 value of the experiment because it 
changes the slope and still a reasonable accuracy (R2 ≥ 0.9). Because of this difficulty in finding 
if the I0 value is reliable an extra part of code was added to the system. This change allows an 
extra I0 measurement. This extra measurement will then take place at the end of the series and 
will create a second Stern-Volmer plot based on the latter I0, which can be compared to the plot 
of the original measurement. Both plots can be compared to each other based on slope and 
accuracy. This extra measurement could also be used to test the reliability of the first I0 

measurement.          

 
 

 

figure 30. Overview of experiments with DIPEA as quencher and Mes-Acr as catalyst in MeCN 
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figure 31. Overview of experiments with TEA as quencher and Mes-Acr as catalyst in MeCN 
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figure 32. Overview of experiments with TMEDA as quencher and Mes-Acr as catalyst in MeCN 
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5.3 fac-Ir(ppy)3     
Because of the reliability and continuity in the results we choose to test the HPLC system on a 
‘real’ situation. For a publication in our group Stern-Volmer experiments for two substrates were 
desired, as discussed in section 4.2.    

5.3.1 Results   
During the first experiments with the iridium catalyst and the two substrates, both showed to 
quench the excited state of the photocatalyst. There was also obtained that always only the 
first 4 data points were nice in line. The next data points were always too low to fit nicely in the 
Stern-Volmer plot, see figure 33. A factor that could be the reason for this problem is that the 
concentration of catalyst increased over the experiment. An increase in concentration would 
lead to an increase in emission and a decrease of the point in the Stern-Volmer plot.  
Next to the inconsistency during one experiment, there was also a large difference in quenching 
rate. This difference was visible during the experiment of one stock solution but also over the  
stock solutions. This resulted in the fact that no clear quenching rate could be given for both 
substrates. To solve the above described problems a series of experiments was performed in 
which different aspects were changed to find the problem and give reliable results. 
 
 
 

 
  

 

figure 33. Stern-Volmer experiment of Cinn Acid with HPLC system in di-oxane   
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5.3.2 Problem solving     
The first experiments were done with the original system according to the procedure of the 
paper. The only difference was that the di-oxane was not degassed with FPT but with purging of 
argon.  
To find the problem of the inconsistency and error in datapoints first a solvent switch was done. 
All the previous experiments were done with MeCN. But the switch to MeCN did not change the 
error in the results and the intensity, starting from the 5th datapoint, was still too high to give the 
Stern-Vomer plot a nice fit.  
A reason for an increase in intensity could be accumulation of the catalyst in the flow cuvette or 
another part of the device. For this reason the flow cuvette was cleaned between every 
measurement. The cleaning also did not have an influence on the results, which were still 
inaccurate and inconsistent. This results showed also that no accumulation of the quencher 
takes place.     
To check if it is not an intrinsic problem of the combination of catalyst and quencher we tested 
the system with another, already proven, quencher of iridium: CF3I. During Stern-Volmer 
experiments, performed in batch, already good quenching of CF3I was proven.10 The results of 
this experiment showed again the same problem as the previous results.  
So with the previous results in mind the reason for these errors could only be caused by the 
combination of chemicals used or by a damaged device. To test both statements was first 
switched back to the system of Mes-Acr. This was tested with the quencher DIPEA and showed 
good accurate results, as shown in the previous section. This proved that the device was not 
damaged and the problems are caused by the combination of HPLC pump with the catalyst 
solution. To check this hypothesis we switched to a test with syringe pumps, showed in figure 
21. This system was tested with the original system of the paper and turned out to work well 
and show consistent results (figure 34).  
In conclusion: a reason for these problems with iridium could be the solubility of the catalyst. 
The solution of catalyst is compressed in the HPLC pump head to pump it through the capillary. 
This compression can decrease the solubility of the catalyst. A result from this decrease could 
be that a part of the catalyst solution stays behind in the pump head of the HPLC pump causing 
fluctuations in the catalyst concentration. This statement especially holds for concentrations 
close to the saturation value, at which also these experiments were done.              
      

 

figure 34. Stern-Volmer experiment of Cinn Acid with the syringe system in di-oxane  
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Chapter 6 

Conclusion   
An automated device for screening and optimization of quenching partners for photoredox 
catalysis was built in this thesis. This continuous device, which consists of a screening and 
optimization step, is able to run fully automated based on a script running on a computer. The 
script is written in straight forward open source software. Measurements allow to find 
quenchers of a photoredox catalyst, which can provide clarity about the reaction mechanism. It 
can provide the quenching rate and quenching fraction of the excited state as well. This can be 
used to compare quenchers and to optimize a reaction. 
An increase in accuracy and time management was clearly visible compared to the batch 
experiments. An accurate measurement (R2 = 0.86) in batch took more than half a day while 
with the current device it can be done in half an hour with an higher accuracy (R2 ≥ 0.94). 
A drawback from the system is that not every combination of catalyst and quencher can be 
tested in the HPLC system. Generally the HPLC system gave more consistent results than the 
syringe pump system. The applicability of the HPLC system depends on the solubility of the 
used compounds. 
If an HPLC pump is not suitable to work with a certain compound an easy switch to a system 
with syringe pumps can be done. The limitation of the syringe pump system is that the amount 
of experiments is limited to the volume of the syringes.  
An aspect that plays an important role in both systems is the presence of oxygen. The presence 
of oxygen can decrease the quenching rate of a substrate or additive because of the possibility 
to quench the excited state of the catalyst. Based on the reaction conditions there can be 
decided to test the quenching rate in presence or absence of oxygen.   
 
For the screening step of the device, where the autosampler is the essential part, the fundament 
of the device and code were finished. All components can be controlled with a script and a run 
in which screening of possible quenchers was done. These screening experiments were 
successful for a proven catalyst-quencher combination. The only missing parts in the screening 
part of the device is the interface in which the setting of the experiment can be changed and the 
automatic analysis of the data, which states if quenching takes place or not.   
 
 
  



 

40. 
 

  



 

41. 
 

Chapter 7 

Outlook   
A large amount of compounds can be screened in a short period of time in the screening 
system. The first step in a reaction mechanism can be optimized completely with the 
information from the Stren-Volmer experiments. This knowledge benefits the optimization of 
the total reaction but a completely optimized first step in a reaction mechanism doesn’t mean 
that it will give the best results.  
This thesis states that DIPEA has a higher quenching rate of Ru(bpy)3Cl2 compared to TMEDA, 
see section 5.1. According to the quenching rate experiments you would choose DIPEA as a 
base in your reaction mechanism. But this is maybe not the best choice for your reaction. An 
example of this can be seen in figure 35. In this trifluoromethylation of methylpyrrole it is visible 
that TMEDA gives a clearly higher yield under the same reaction conditions.17 A reason for this 
difference in conversion is that in one of the next steps in the reaction mechanism again a base 
is needed.15 TMEDA contains two nitrogen atoms which both can operate as a base so for this 
reason increases the conversion.   

 
The differences in conversion of the additives are found during the optimization of the reaction 
conditions. The optimization of the reaction conditions is normally first done in batch and then 
transferred to flow conditions in which also some optimization takes place. It would be ideal if 
this optimization could be done directly in flow. With some small additions to the current device 
an optimization of a reaction can be done automated in flow. A schematic overview of this 
device can be found in figure 36.  
In the device different streams of starting materials, substrates and additives are combined and 
flow through an exchangeable reactor in which the reaction takes place. After the reactor the 
outflow is collected in different samples by a fraction collector. The samples can be used for 
analysis. Depending on the parameter that is optimized the speed of the different pumps can be 
changed to reach different ratios and a quick screening of additives can be done with the 
autosampler.  
Next to optimization this device is also able to discover new reactions. With a constant stream 
of catalyst, starting material and additive a screening of substrates can be done with the 
autosampler. With this method a new reaction can be found which can be optimized using the 
same device in a different setting.          
      

           

figure 35. Reaction scheme and comparison between different quenchers in a complete reaction  
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This automated system could be changed for every possible reactor and not only in 
photochemistry. An example of this is an electrochemical microreactor.  
Electrochemistry has the advantage that extra knowledge about the reaction can even be gained 
from the current and  potential of the cell. This information can be added to the data analysis 
with a connection between the electrochemical reactor and the computer.   
 
 
  

 

figure 36. Schematic overview of a reaction optimization device 
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Chapter 8 

Nomenclature   
A (eq 2.1)  Absorption       ( - )  
T    Transmittance       ( - )  
I0 (eq 2.1)   Intensity of light shine on the sample    ( - )  
I  (eq 2.1)   Intensity of light travelled through the sample  ( - ) 
ε             molar extinction coefficient (of the photocatalyst)   (cm-1 M-1) 
C   concentration of molecules with extinction coefficient ε (M) 
l    length of light propagation path      (cm) 
 
PC/PCn   photocatalyst 
*PC/*PCn  photocatalyst in excited state   
A    Electron acceptor  
D    Electron donor 
Q   Quencher of the excited state with energy transfer  
 
kr   Rate constant for radiative decay    (s-1) 
knr   Rate constant for non-radiative decay    (s-1) 
kEnT   Rate constant for energy transfer     (s-1) 
kox   Rate constant for oxidative quenching   (s-1) 
kred   Rate constant for reductive quenching   (s-1) 
 
hν   light         ( - )  
∆T   heat         ( - ) 
τ0     lifetime of excited state      (s ) 
q0   Fluorescence quantum yield without quencher   ( - ) 
q   Fluorescence quantum yield with quencher    ( - )   
I0   Intensity of the emission without quencher     ( - )  
I Intensity of the emission with quencher   ( - )  
fq quenching fraction       ( - ) 
Ф radiative quantum yield     ( - )  
 
Mes-Acr   9-Mesityl-10-methylacridinium perchlorate 
TEA   Tri-ethyl amine  
DIPEA   Di-isopropyl ethyl amine 
TMEDA   N,N,‘N,‘N-tetra methyl ethylene di-amine 
Cinn Acid   Trans cinnamic acid 
Br di F Acetate  Bromo di-fluoro acetate  
MeCN   Acetonitrile  
DiPhAn   9,10-di-phenyl anthracene  
 
ASM    Alias service manager  
FPT    Freeze pump thaw 
R2 coefficient of determination   
LSC   Luminescent Solar Concentrator     
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Chapter 9 
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Appendices  
 
This thesis contains two digital appendices which are attached to the digital version of this 
report.  
 
Digital Appendix 1.  
This appendix contains a manual in which in simple steps is described how to make connection 
with different pumps and control them with your computer.  
 
Digital Appendix 2.  
Contains the code of the optimization step written in python 2.7. To run the optimization step 
the script HPLC_Main.py needs to be run.    
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