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Abstract 
In this thesis a setup was build that could perform the Stern-Volmer experiments and the screening 
of many quenching partners automatically. The setup is controlled via user friendly self-written 
software, all results generated by this program are presented in a graphical output. A database was 
integrated into this system. All results are automatically saved to the database, making it simpler 
to review previous results. 
 
For the design of the screening experiment, residence time experiments where performed to 
optimize the waste production and time usage of the experiment. The screening experiment was 
later on used to successfully screen seven possible quenchers. The quenching rates of RA-48 and 
fac-Ir(ppy)3 where investigated with the help of Stern-Volmer experiments. The interactions of 
seven possible quenchers with RA-48 where first investigated using the screening experiment. If a 
quencher was found, than their quenching rate was determined using a Stern-Volmer experiment. 
Later on both oxidative and reductive quenchers where tested in combination with one another to 
simulate reaction conditions. The combinations of both type of quenchers in a one on one ratio 
improved the overall quenching rate of the catalyst, while the experiments done at reaction 
conditions gave mixed results.  
The Stern-Volmer experiment was also performed with fac-Ir(ppy)3 to validate previous work and 
to observe the effect of other components that are present in the reaction mixture. It was confirmed 
that the catalyst is sensitive for oxygen and the solutions should be bubbled trough with argon 
sufficiently to remove oxygen. The process of degassing has been optimized to remove the oxygen 
from the solutions.   
 
The experiments show that the automated setup can increase the productivity and accuracy 
compared to manual performance of these experiments. The time a Stern-Volmer experiment 
requires has been brought down from 6 hours to just under 20 minutes and the accuracy (R2) of 
the experiment has increased from  0.86 to 0.95 or higher.  
 
 
 
  



3 
 

Contents 
Abstract ............................................................................................................................................. 2 

Introduction ....................................................................................................................................... 5 

Theory ............................................................................................................................................... 7 

Photoredox catalysis ..................................................................................................................... 7 

Photocatalytic cycle ...................................................................................................................... 8 

Stern-Volmer ............................................................................................................................... 10 

Static and dynamic quenching .................................................................................................... 13 

Stokes-Einstein ........................................................................................................................... 15 

Experimental Setup ........................................................................................................................ 15 

Introduction to the setup ............................................................................................................. 15 

Individual components ................................................................................................................ 17 

Pumps ..................................................................................................................................... 17 

Photo spectroscopy ................................................................................................................. 17 

Screening setup ...................................................................................................................... 18 

Stern-Volmer experiment ........................................................................................................ 18 

Computer and software ........................................................................................................... 19 

Experimental Section ..................................................................................................................... 19 

Screening experiments ............................................................................................................... 19 

Residence time tests ............................................................................................................... 19 

Screening experiment testing ................................................................................................. 20 

Screening of RA-48 ................................................................................................................. 20 

Stern-Volmer experiments .......................................................................................................... 21 

Stern-Volmer experiments of RA-48 ....................................................................................... 21 

Stern-Volmer experiments of fac-Ir(ppy)3 ............................................................................... 22 

Code and Software ......................................................................................................................... 23 

Introduction ................................................................................................................................. 23 

Screening code ........................................................................................................................... 24 

Architecture ............................................................................................................................. 24 

Parsing data ............................................................................................................................ 27 

Stern-Volmer code ...................................................................................................................... 30 

Database ..................................................................................................................................... 31 

Stern-Volmer table .................................................................................................................. 31 

Database interfaces ................................................................................................................ 32 

Screening experiment table .................................................................................................... 32 

Results & discussion ...................................................................................................................... 34 



4 
 

Residence time ........................................................................................................................... 34 

Screening of RA-48 .................................................................................................................... 36 

Stern-Volmer experiments of RA-48........................................................................................... 37 

Stern-Volmer experiments of fac-Ir(ppy)3 ................................................................................... 40 

Conclusion ...................................................................................................................................... 41 

Outlook ........................................................................................................................................... 43 

Acknowledgements ........................................................................................................................ 45 

Bibliography .................................................................................................................................... 46 

Nomoclature ................................................................................................................................... 47 

List of equipment ............................................................................................................................ 48 

List of chemicals ............................................................................................................................. 48 

Appendix 1 ...................................................................................................................................... 50 

First series of Stern-Volmer experiments with RA-48 ................................................................ 50 

Second series of Stern-Volmer experiments with RA-48 ........................................................... 52 

Stern-Volmer experiments with fac-Ir(ppy)3 ............................................................................... 54 

 
 
  



5 
 

Introduction 
Innovation is a key element of improvement in companies. A current trend in all kind of industries 
is called ‘industry 4.0’. This trend is based on the belief that the integration of the Internet of 
Everything into all kinds of apparatus, combined with data management, will form the bedrock of 
the new industrial revolution[1]. This computer enhanced workflow will free up a lot of human 
working hours[2]. Automation also brings a level of safety with it. This safety aspect can clearly be 
observed in the car industry where robots are used to do the heavy lifting and precision soldering 
of car components and humans help to give the finishing touch to the car[3]. Also in hospitals robots 
are immerging. Here a system translates the gestures of a surgeon into more stable and accurate 
movement[3]. This level of precision is helpful for operations that require a high level of precision 
such as brain surgery. A smart implementation of computers can also be seen in small businesses, 
where a small program allowed a company to reduce a weekly workload of two days back to one 
hour. This enabled the company to lend out their services to more clients [2]. 
 
Whereas many companies tend to revolutionize their production and aim their development 
towards industry 4.0 ideals, research centers and academics cannot stay behind[4]. Fortunately, 
new products like raspberry pi and 3D-printers allow researchers to decrease the size and cost of 
their experimental setup[5]. These devices also lead to better control and more precise results of 
continuous processes and experiments [6]. The reduction in material and application cost enables 
chemists to design and create their own reactors [7] and implement separation modules into their 
experimental setup[8],[9]. Multiple modules allow for a large range of experiments to be done using 
a single setup. Using modular systems scientist have been able to construct a miniature plant that 
could produce medicine, this is done by selectively chaining reaction and separation modules to 
one another[9],[10].  
 
Another use of computer integration in a scientific setup is the use of micro controllers[11]. This 
extra control allows to better tune reaction conditions thus improving conversion and selectivity 
[12], [13]. For instance, if a lamp would shine on a microreactor the temperature of the reactor could 
increase, a controller could detect a temperature rise almost immediately and adapt the flow rate 
of the cooling medium to maintain a near constant temperature of the reactor. This level of control 
allows research facilities to operate like a small scale plant. Allowing the investigation of inline 
cascading reaction and separation modules or a multistep synthesis, which were labor intensive 
and hard to control before automation.  
 
Photoredox chemistry uses light to activate a catalyst and perform chemical reactions. There are a 
number of photoredox catalysts that can operate in the spectrum emitted by the sun[14],[15]. Not 
only is photoredox catalysis a green form of chemistry, because it uses light in order to enable a 
reaction, but it also enables a lot of pathways that are otherwise difficult or impossible to 
perform[15]. These new pathways can decrease the amount of waste that is created to form a 
product. The fact that these reactions need light makes them better suited for continuous flow than 
batch operations. Flow chemistry can go to high convergence much faster than batch[14]. In the 
field of medicine photoredox catalysis can have a great impact. For it can reduce waste and reaction 
time. These reactions can also be controlled with the help of automated systems, for a more 
streamlined and optimal performance. 
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The integration of computers can also be helpful to determine reaction rate constants[16]. Usually 
it takes quite an amount of time to determine the order of a reaction and its reaction constant, 
whereas computer assisted systems can perform these experiments automatically. Moreover, 
discovery of a reaction mechanism is sometimes more a lucky guess than an educated one. 
Automation can be used to scan large numbers of potential reaction pairs while measuring the 
output of a reactor. If the conversion of such a reactor is measured at the outflow, the computer 
could determine which pairs work best for a certain reaction. 
 
In this study an automated setup is extended so it can now be used for both the screening and rate 
determination of possible photoredox quenching partners. This setup is able to screen for multiple 
quenching partners as well as to determine the quenching rates of these partners. Also automatic 
data analysis and data storage is included in this studies.  
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Theory 
Photoredox catalysis 
Photoredox catalysis uses light in order to enable, or ease, a chemical reaction. When light hits the 
photoredox catalyst, the catalyst is able to transfer the energy of the photon into an electrochemical 
potential. This potential translates itself as the transfer of a single electron between the catalyst 
and another molecule. This mechanism allows for new reaction pathways that are not possible with 
conventional chemistry[8]. Transition metal complexes are often used as photoredox catalyst. 
Especially the polypyridyl complexes of ruthenium and iridium are often used as photocatalyst, 
because these molecules can be easily excited by visible light and have reactive excited states [8]. 
These complexes are rare earth metals and are therefore expensive and toxic for the environment.  
Luckily there is also another kind of photoredox catalyst, the organic dye. Organic dyes are overall 
less toxic and relatively inexpensive.  
 
Photoredox catalysis usually can be excited by visible light. This would suggest that photoredox 
reactions could be performed outside in the sunlight. Unfortunately not every place on earth 
receives an equal intensity in sunlight. In order to make a photocatalytic reaction perform better, 
LED lights are used to enhance the yield of reactions[8], [17],[18]. Applying this additional energy 
to the reactor makes photoredox catalysis a little bit less green.  
 
Photoredox catalysis uses light to activate the catalyst. This light however has to travel through the 
reaction medium before it can be adsorbed by the photocatalyst. The absorption of light in a 
medium is well described by the Bouguer-Lambert-Beer law: 
 
 

𝐴𝑏𝑠 = log10

𝐼𝑠,0

𝐼𝑠
= 𝜖𝑐𝑙 (1) 

 
According to this equation the transmission of light, to a catalyst solution of less than one millimolar, 
is reduced to less than 10% within 1 millimeter of the sample [8]. This makes photoredox chemistry 
not well soothed for batch reactions. Almost no light makes it into the batch reactor, in this dark 
region side reactions can occur which will reduce the overall selectivity of the reaction. A 
homogeneous distributions of photons is needed for the reaction to achieve a high yield and 
selectivity. Microreactors can be designed to have an inner diameter thinner than one millimeter, 
this makes microreactors ideal for photoredox chemistry. 
 
To make photoredox catalysis also perform good in sunlight in all parts of the world, sunlight needs 
to be concentrated on the reaction medium. This can be done using a luminescent solar 
concentrator (LSC). An LSC uses quantum dots or a fluorescent dye to absorb light and re-emit 
this light in a different wavelength[7], [19], [20]. The emitted wavelength is specific for the quantum 
dot or fluorescent dye. The quantum dot or dye can be designed to emit a specific wavelength. To 
combine LSCs with photoredox catalysis the re-emitted light of the LSC must be able to activate 
the catalyst. The combination of these two concepts gives advantages to photoredox catalysis. It 
allows light to hit the reactor that normally would pass by. This combination of re-emitted light and 
catalyst allows a much broader range of wavelengths to excite the catalyst and therefore increases 
efficiency. It has been proven that and LSC-microreactor combination can help send more light to 
the reactor channels and by doing so accelerate the reaction by a factor 4.5 [7]. 
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     FIGURE 1: LSC-PHOTOMICROREACTORS [7] 
 
A small inner diameter gives the reactor a high surface to volume ratio. This high ratio allows a 150 
times higher photon density inside a microreactor [8]. This phenomena explains why experiments 
that are performed in microflow are significantly faster than in batch. Another benefit of a high 
surface to volume ratio is a better heat and mass transport. Fast heat exchange is useful to keep 
the temperature in the reactor stable thus reducing the formation of byproducts. The reactor heats 
up due to exothermic reactions and the lamp that shines on the reactor. Due to the high surface to 
volume ratio a simple airflow can be used to keep the reactor at a constant temperature. Because 
of the efficient heat dissipation in microreactors, hotspots are avoided and the reactor can be 
treated as an isothermal reactor[8].  
 

Photocatalytic cycle 
The key step in the photocatalytic cycle in photoredox catalysis is the absorption of a photon by the 
catalyst. This photon will excite the catalyst from the ground state, where all electrons are in the 
lowest energy combination of states, to the excited state. When a photocatalyst is in its excited 
state it can undergo a single electron transfer via a chemical reaction with a quencher. The transfer 
of an electron can happen in both an oxidative and 
a reductive pathway. Metal photocatalysts are 
known to be able to undergo both oxidative and 
reductive quenching cycles, while some organic 
dyes are able to undergo only one of the quenching 
cycles.  
 
The quencher itself also determines whether a 
reductive or oxidative quenching takes place. A 
quencher that is an electron acceptor, displayed in 
Figure 2 as A, will follow the oxidative cycle. This 
is because the photocatalysts gives an electron to 
the quencher. If the quencher behaves as an 
electron donor (D), then the catalyst will follow the 
reductive quenching pathway. In order to complete 
the photocatalytic cycle, the photocatalyst has to 
bring his net charge back to the ground state 

FIGURE 2: PHOTOCATALYTIC CYCLE 
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charge. This is done via a charge transfer reaction that is opposite to the excitation step charge 
transfer.  
 
From the schema in Figure 2, the following properties can be derived which describe a good 
photocatalyst. A photocatalyst should absorb photons well, in a broad spectrum of wavelengths. 
Other components in the reaction mixture should not absorb light in the range of the photocatalyst, 
so the absorptions of photons of the catalyst is uncontested. Not only the absorption of the photon 
is needed, it must also be possible for this photon to excite the photocatalyst. A high efficiency for 
the formation of a reactive excited state upon photon absorption will allow for more reactive species 
in the reaction medium. The lifetime of an excited photocatalyst must be long enough to allow an 
electron transfer with a quencher. This means that the lifetime of the catalysts must be long enough 
for it to encounter a quencher to transfer an electron with. In most solvents diffusion takes place 
around the nanosecond timescale, so it is desirable for the lifetime of the photocatalyst to be an 
order of magnitude larger than diffusion[21],[22].  
 
The redox potential of the photocatalyst for the excitation of an electron should yield an exothermic, 
or very weak endothermic reaction. This is desirable because it allows the excitation of the 
photocatalyst to occur more easily[22]. The excitation of an electron is a reversible reaction. If the 
excitation of the catalyst would be endothermic, then it would be more difficult to create an excited 
state. This would reduce the overall number of excited states. The back reaction however would 
be exothermic, making it easier for the excited state to fall back. If the excitation of a catalyst is 
endothermic, than there are less excited stated and the lifetime of the catalyst is lower. The 
polypyridyl complexes of ruthenium and iridium have proven to be very useful photocatalysts[8], 
[21],[23]. These metal complexes have all the properties described above in abundance. They are 
able to absorb visible light, and have a high efficiency for the formation of excited states. These 
metal complexes also have a long lifetime for their exited state[22], [23]. These ideal photocatalysts 
have not gone unnoticed by most researchers, fore there is a vast amount of literature describing 
the mechanisms of these metal catalysts [8], [22], [23], [24]. All this knowledge makes it simpler to 
come up with new possible reactions and show the limits of photoredox catalysis.  
 
If no quencher is present to undergo a single electron transfer with the excited catalyst, the excited 
electron will fall back to its ground state. The catalyst will develop an equilibrium between its ground 
state and its excited state. If the electron falls back from its excited state to its ground state, the 
energy difference between the two states is released in heat and light. The light emitted by the 
electron will have a higher wavelength because of energy losses. In Figure 3 the excitation and 
emission spectrum of Ru(bpy)3Cl2 is presented. When a catalyst is quenched, no light is emitted. 
When a small amount of quencher is added over a period of time, the quenching rate of the catalyst, 
quencher pair can be observed. The quenching rate can be observed using the Stern-Volmer 
relationship.  
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Stern-Volmer 
If light hits the photocatalyst when no quencher is present, the photocatalyst will develop an 
equilibrium between its ground state and its excited state. When the electron falls back from its 
excited state to its ground state, the energy difference between the two states is released as light 
(radiative) and heat (non-radiative). The rate at which this light is emitted is an intrinsic property of 
the catalyst and consequently does not change regardless of the reaction that the excited state 
undergoes. The non-radiative energy can differ when quenching processes take place. The 
following equation describes the loss of excited photocatalyst. 
 

 −
𝑑[𝑃𝐶∗]

𝑑𝑡
= 𝑘𝑟[𝑃𝐶∗] + 𝑘𝑛𝑟[𝑃𝐶∗] (2) 

 [𝑃𝐶∗] = [𝑃𝐶∗]0 ⋅ 𝑒
(−

𝑡
𝜏0

) (3) 

 𝜏0 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 (4) 

 
It can be observed from equation 3 that a decay 𝜏0 is present. This decay is also known as the 
lifetime of the catalyst. The lifetime of a catalysts describes how long the excited state of a catalyst 
‘lives’ before the catalysts returns to its ground state. The lifetime of a catalyst can be easily be 
determined by measuring the emission of the photocatalyst after the excitation of the catalyst has 
stopped. A single exponential decay can be fitted through the obtained data. This fit will yield the 
lifetime of the catalyst. Such a measurement must be performed without any quencher present. 
The lifetime of a photocatalyst depends on the solvent and temperature of the mixture. Often the 
oxygen concentration in the sample is also of importance[21], [22],[25].  
 
The effectiveness of a photocatalyst can be defined by the ratio of output over input. One of the 
simplest of these definitions is the radiative quantum yield. The radiative quantum yield is defined 
as the ratio of the number of emitted photons over the number of absorbed photons. When a 
photocatalyst is in equilibrium with its ground and excited state, without any quencher present, the 
radiative quantum yield can be described using the decay constants from equation 2.  
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 𝑘ℎ𝜈𝑎𝑑𝑠
[𝑃𝐶] =  𝑘𝑟[𝑃𝐶∗] + 𝑘𝑛𝑟[𝑃𝐶∗] (5) 

 𝑞 =
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 (6) 

 𝑞0 =
𝑘𝑟[𝑃𝐶∗]

𝑘𝑟[𝑃𝐶∗] + 𝑘𝑛𝑟[𝑃𝐶∗]
=

𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 (7) 

 
When in equilibrium the rate of absorption is equal to the total rate of emission (equation 5). The 
amount of photons that are emitted by the photocatalyst is only determined by the rate of radiative 
decay, resulting in equation 7. Combining both equation 4 and 7 gives the correlation between the 
radiative quantum yield, the radiative decay constant and the lifetime of the catalyst. 
 
 𝑞0 = 𝑘𝑟𝜏0 (8) 

 
Equation 8 can be used to determine the rate of radiative decay. This rate constant is intrinsic to 
the photocatalyst.  
 

 
There are multiple ways a photocatalyst can lose its excited state. The excited state can fall back 
to its ground state by releasing light and heat. The excited state can be quenched by undergoing a 
single electron transfer (SET). A SET can be done by either the oxidative or reductive reaction 
pathway as previously shown in Figure 2. Whether a catalyst undergoes a reductive or oxidative 
quenching cycle depends on the catalyst and the quencher. Most metal complex photocatalysts 
can undergo both quenching pathways, where some organic dye photocatalysts are only able to 
take either the reductive or oxidative pathway.  

FIGURE 4: PATHWAYS OF ENERGY TRANSFER OF THE EXCITED STATE 
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A catalyst can also lose its excited state through energy transfer. When this happens the 
photocatalyst transfers its excess energy to another molecule, this molecule is represented as Q 
in Figure 4. This energy transfer can occur when the light emitted by the photocatalyst is adsorbed 
by the other molecule. However it is more common for the electron transfer to happen via a non-
radiative mechanism, among which the Förster and Dexter mechanisms are occurring the most 
[22]. Förster energy transfer happens 
through space, as the transition 
moment dipole of both participating 
molecules have to couple with one 
another. In order for this energy 
transfer to follow energy conservation, 
the emission spectrum of the catalyst 
must overlap with the absorption 
spectrum of the quencher.  
Dexter energy transfer is two simultaneous electron transfers, as shown in Figure 5. This form of 
transfer requires an orbital overlap between the two molecules. The need for physical contact 
between the catalyst and the quencher reduces the range at which Dexter energy transfer can take 
place compared to Föster’s. The Dexter mechanism however does not require an overlap in spectra 
between the two molecules to occur.   
 
When a quencher is present in a photocatalyst solution the radiative quantum yield will be affected. 
Since a quencher can only quench in one of the three, previously discussed, ways for a certain 
catalyst, the radiative quantum yield can be written as equation 9. 
 
 

𝑞 =
𝑘𝑟[𝑃𝐶∗]

𝑘𝑟[𝑃𝐶∗] + 𝑘𝑛𝑟[𝑃𝐶∗] + 𝑘𝑞[𝑄][𝑃𝐶∗]
 

(9) 

 
𝑞 =

𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑞[𝑄]
 

(10) 

 
When the concentration of the catalyst is at least 10 times lower than the quencher concentration, 
the quencher concentration can be assumed constant [26]. This would change the quenching 
process from a second order reaction, as shown in equation 9, to a first order process. The radiative 
quantum yield with and without quencher, equation 10 and 8 respectively, can be used to derive 
the quenching rate constant[27]. The ratio of radiative quantum yields can also be described by the 
ratio of light emitted by the photocatalyst without quencher present and light emitted from the 
catalyst with quencher present.  
 
 𝑞0

𝑞
= 𝑘𝑟𝜏0 ⋅

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑞[𝑄]

𝑘𝑟
= 𝜏0(𝑘𝑟 + 𝑘𝑛𝑟) + 𝜏0𝑘𝑞[𝑄] 

(11) 

 𝑞0

𝑞
=

𝐼0

𝐼
= 1 + 𝜏0𝑘𝑞[𝑄] (12) 

 

FIGURE 5: FÖRSTER AND DEXTER TRANSFER MECHANISM [22].  
WITH EXCITED STATE DONOR (D) AND EXCITED STATE ACCEPTOR (A) 
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Equation 12 is called the Stern-Volmer relationship. From this equation it can be concluded that 
there is a linear relation between the light emitted from the sample and the quencher concentration. 
If the lifetime of the catalyst is known, the quenching constant can be determined. This is done by 
first measuring the light intensity emitted by the photocatalyst when no quencher is present, 
resulting in the value of I0. After this measurement, quencher is introduced to the mixture in a known 
quantity. This is done while measuring the light intensity emitted by the sample. Repeating this last 
step while slowly increasing the quencher concentration will result in a lot of measured intensities. 
Dividing I0 by these gained intensities can be plotted against the quencher concentrations to obtain 
a Stern-Volmer plot as shown in Figure 6. From the slope of this plot the quenching rate constant 
can be obtained by dividing the slope by the lifetime of the catalyst. 

 
 

Static and dynamic quenching    
The Stern-Volmer relationship holds for dynamic quenching[28]. In case of dynamic quenching, 
also known as collisional quenching, the quencher must diffuse to the excited catalyst during its 
lifetime. The catalyst can, on collision, engage in energy or electron transfer, as described in the 
section above. All three types of quenching discussed in the chapter Stern-Volmer are a form of 
dynamic quenching.    
 
Another form of quenching is called static quenching. Static quenching occurs when the catalyst 
forms a complex with the quencher where after the complex becomes non fluorescent[22], [28]. 
This complex is in equilibrium between its 
non-excited parts and itself. Complex 
formation can occur when both non-excited 
species meet each other. A complex formed 
by an excited catalyst and a quencher, will 
lose the excited state upon formation. In 
addition, the formed complex cannot fall 
apart in an excited species and a non-
excited species, but decays to a non-
excited complex species. The complete 
static quenching cycle is shown in Figure 7. 
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 𝐾𝑆 =
[𝑃𝐶 − 𝑄]

[𝑃𝐶][𝑄]
 (13) 

 [𝑃𝐶]0 = [𝑃𝐶] + [𝑃𝐶 − 𝑄] (14) 

 𝐾𝑆 =
[𝑃𝐶]0 − [𝑃𝐶]

[𝑃𝐶][𝑄]
 (15) 

 
[𝑃𝐶]0

[𝑃𝐶]
=

𝐼0

𝐼
= 1 + 𝐾𝑆[𝑄] (16) 

 
Equation 13 till 16 show the derivation of a Stern-Volmer like equation. From plotting this equation 
the equilibrium constant can easily be obtained. The derivation begins with describing the 
equilibrium constant (equation 13). Equation 14 describes the concentration of catalyst before 
complex formation took place to be equal to the sum of catalyst and complex when the equilibrium 
has been reached. These two equations are combine in equation 15. 
 
The ratio between the concentration of catalyst without and with quencher can be determined using 
the emitted light by the sample. Equation 16 will yield the same figure as equation 12. To distinguish 
dynamic from static quenching, the series of experiments could be repeated at a higher 
temperature. The complex formed by static quenching is thermodynamically less favorable at high 
temperatures, so the slope of static quenching plot will decrease[28]. While dynamic quenching will 
occur more frequently, resulting in a higher slope of the Stern-Volmer plot. Both static and dynamic 
quenching can occur with the same quencher. Combining both equation 16 and 12 will result in the 
equation 17 that describes quenching by both systems. Dynamic quenching can only takes place 
with a quencher that is not inside a complex. To describe the effect of the dynamic quenching rate, 
it will have to be multiplied with the fraction of non-complex catalyst.  
 

 𝑃𝐶0

𝑃𝐶
=

𝐼0

𝐼
= (1 + 𝑘𝑟𝑒𝑑𝜏𝑜[𝑄])(1 + 𝐾𝑆[𝑄]) (17) 

 
𝐼0

𝐼
= 1 + (𝑘𝑟𝑒𝑑𝜏𝑜 + 𝐾𝑆)[𝑄] + 𝑘𝑟𝑒𝑑𝜏𝑜𝐾𝑆[𝑄]2 (18) 

 (
𝐼0
𝐼

− 1)

[𝑄]
= (𝑘𝑟𝑒𝑑𝜏𝑜 + 𝐾𝑆) + 𝑘𝑟𝑒𝑑𝜏𝑜𝐾𝑆[𝑄] (19) 

 
As can be seen from equation 18 the modified Stern-
Volmer relationship is second order in the 
concentration of the quencher. This dependency can 
clearly be seen from the normal Stern-Volmer plot for 
it will curve upward compared to the linear behavior 
of either static or dynamic quenching, as shown in 
Figure 8.  To obtain an easily readable graph, 
equation 19 can be plotted. This graph will have an 
intercept that is equal to the sum of both dynamic and 
static quenching, and a slope that is equal to the 
product of both quenching behaviors. From this 
obtained graph it is simpler to read the physical data 
that was obtained from the experiment. If a normal 
Stern-Volmer data is plotted according to equation 19 
a flat line at the height of the slope of the normal Stern-Volmer plot will be observed.  

FIGURE 8: BOTH KINDS OF QUENCHING COMPARED TO 
ONLY ONE KIND OF QUENCHING  
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Stokes-Einstein 
The Stokes-Einstein equation, shown in equation 22, describes the diffusion of spherical particles 
through a medium with low Reynolds numbers. In the case of photoredox catalysis, Stokes-Einstein 
would describe the maximum rate of diffusion of the catalyst and quencher in a mixture[28]. This 
maximum rate of diffusion would also describe a physical limit to the quenching rate. A catalyst 
cannot be quenched faster than quencher molecules can travel to the catalyst. For microreactors 
the Stokes-Einstein relation would not cause limitations due to the good mixing that occurs inside 
these reactors[8]. However in the experimental setup that is used in this thesis, a flow cuvette is 
used to help measure the emission of the photocatalyst. This flow cuvette can be approximated as 
a stirred tank reactor with a reasonable dead volume (100 μL), making it possible for diffusion to 
play a limiting role.  
 
 𝑘𝐷 = 4𝜋𝑁𝐴(𝑟𝐴 + 𝑟𝑏) (𝐷𝑖𝑓𝑓𝐴

+ 𝐷𝑖𝑓𝑓𝐵
) (20) 

 
Equation 20 describes the diffusion rate of two spherical particles A and B, with radius r and 
diffusion coefficient Diff. This equation can be simplified if the radius and diffusion of both spheres 
is assumed to be the same. This simplification, shown in equation 21, is only allowed if both catalyst 
and quencher molecules are larger than the solvent molecules[28]. 
 
 𝑘𝐷 = 4𝜋𝑁𝐴 ⋅ 2𝑟 ⋅ 2𝐷𝑖𝑓𝑓 (21) 

 
The diffusion in equation 21 can be replaced with the diffusion from the Stokes-Einstein equation 
(equation 22) in order to obtain the diffusion limited rate constant. 
 
 

𝐷𝑖𝑓𝑓 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 

(22) 

 
𝑘𝐷 =

8𝑅𝑇

3𝜂
 (23) 

 
Equation 23 describes the diffusion limited rate equation derived from combining equation 22 and 
21. In a stagnant medium the quenching constant is limited by diffusion and can be described using 
equation 23.  

Experimental Setup 
Introduction to the setup 
A Stern-Volmer experiment can be performed in batch in order to investigate the quenching rate of 
a catalyst-quencher pair. To manually perform these kind of experiments can take up to a day or 
longer. These experiments will also have a relative large margin of error on them because the 
experiments are performed manually. Next to the investigation of the observable quenching rate, it 
also can be useful to explore new catalyst-quencher couples. These experiments should also be 
repeated a couple of times to reduce the margin of error on the results. All of this taken into account, 
it can take a week or more to complete one series of experiments. This is a lot of time that can be 
used more effectively.  
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In order to save time and get more accurate results, a setup was built to automate the Stern-Volmer 
experiments. The purpose of this setup is to allow a program of our own creation to send commands 
to the pumps, readout data gained from a spectrophotometer and process this data. This system 
can perform both the Stern-Volmer experiments as well as screening experiments. In the screening 
experiment, a batch of possible quenchers will be measured in order to observe their impact on the 
fluorescence of the photocatalyst. An autosampler is used to insert these quenchers one by one. 
The largest batch size the screening experiment can process is 48 quenchers and could be 
expanded to a maximum of 96. For the Stern-Volmer experiments the emission of a catalyst 
solution mixture is measured in a flow cuvette. By a stepwise increase of the quencher 
concentration in the solution, a change in light emittance can be observed. This change of light 
emitted together with the tested quencher concentrations and the Stern-Volmer relationship will 
yield the quenching rate of the quencher.  
 
Figure 9 shows the experimental setup as it is used in the experiments. Three HPLC pumps are 
required to pump around both solutions and solvent. The flow rate of both solvent and quencher 
pump are changed over time to obtain different quencher concentrations. Throughout both 
experiments the total flowrate and the flowrate of the catalyst pump are kept constant. All three 
liquid flows are mixed using a cross-mixer. From the cross-mixer the solution goes to a flow cuvette 
where the light intensity emitted by the photocatalyst is measured using a spectrophotometer.  Later 
on, each segment of the experimental setup will be discussed in more detail. 

FIGURE 9: EXPERIMENTAL SETUP 
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Individual components 
Pumps 
This work is a continuation on the work of Koen Drummen[29]. Koen had to design the system from 
scratch. During the different design phases of the setup, a choice had to be made regarding which 
kind of pumps to use. Different pumps where compared in their performance, these pumps where 
syringe and HPLC pumps. Though the syringe pumps are more accurate in their pump flow rate 
than HPLC pumps [29]. HPLC pumps where chosen for this setup due to the large volumes of liquid 
that needed to be pumped. Because it is desirable to do several experiments in a row without 
having to refill the syringe. Also, the volume of solvent required for the screening experiment can 
easily be 100 mL, this does not fit in the average syringe.   
 
To ensure a stable flow rate from the pumps, backpressure regulators of 5 psi are used. These flow 
regulators makes sure that the solution flows only one way through the capillary and at a constant 
flow rate. From Figure 10 it can be seen how the backpressure regulators are integrated into the 
system.  
 
The pumps draw their liquid from a necked 
round bottom flask. This type of flask was 
chosen, to prevent the needles that are used 
to degas the liquids from puncturing the 
capillary that is connected to the pump. As 
explained in the theory, photocatalysts can 
be sensitive towards oxygen. In order to 
remove the oxygen from the liquids, a septum 
was placed on the flask and the liquids where 
bubbled through with argon. The needles that 
supply the argon to the flask can over time 
damage the capillary that leads to the pumps. 
Necked round bottom flasks are used so both 
capillary and syringes can have their own 
point of entry. This way damage and leakage 
of the capillary is minimized.  
 

Photo spectroscopy 
As mentioned in the theory, the quenching rate coefficient 
can be obtained from a Stern-Volmer experiment by 
looking at the light emitted by the catalyst. To observe any 
light emitted from the sample, the catalyst has to be excited 
by light. This is done by having an LED shine light on the 
sample. The light from the LED is guided by an optical fiber 
towards a flow cuvette with an internal volume of 100 μL, 
where the catalyst solution is present. The flow cuvette is 
made of quarts because of the good chemical resistance 
this material has. The cuvette is placed in a holder to which 
both the light source and the spectrophotometer can be 
connected, as shown in Figure 11. The light emitted by the 
photocatalyst is measured by the spectrophotometer at an 

FIGURE 10: BACKPRESSURE REGULATORS IN PSI AND 
THEIR POSITION IN THE SYSTEM 

FIGURE 11: FLOW CUVETTE INSIDE ITS 
HOLDER 
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angle of 90⁰, in order to minimize the amount of absorbed light detected by the spectrometer [22], 

[28]. A cover is placed over the flow cuvette to prevent light other than that from the LED to enter 
the cuvette. When all three components are connected as described by Figure 12. Both the light 
source and the spectrophotometer are connected to the same computer. This connection can 
control the LED and enables inline measurements with the spectrophotometer.  

 

Screening setup 
For the screening setup, the quencher is supplied by the autosampler. The autosampler has a six 
way valve, which allows the solvent to flow unhindered through the autosampler to the cross-mixer. 
The six way valve is also connected to a sample loop. This allows the autosampler to fill the sample 
loop with quencher sample. When the sample loop has been filled, the valve can switch so the 
solvent flow will now flow through the sample loop before leaving the autosampler. After injecting 
the sample, the valve will switch back and the autosampler will start cleaning the sample loop. The 
volume of the sample loop is 800 μL. This volume is based on the volume of the cuvette and the 
sample vials used for the autosampler. Flowing from the autosampler, the solution is mixed at the 
cross-mixer with the catalyst solution and led to the flow cuvette. Since the spectrophotometer 
continuously measures the light emission from the catalyst, it will record a drop in emission intensity 
if the possible quencher quenches the catalyst. By watching the emission intensity from the catalyst 
a possible quencher can be found. If the possible quencher does not quench it is clear that this 
substance does not quench the photocatalyst. This setup allows for the screening of a lot of 
possible quenchers, not to determine how well a quencher quenches.  
 
In this setup both pumps, the autosampler, light source and spectrophotometer are connected to a 
computer. The catalyst pump has a flow rate of 105 μL per minute throughout the whole experiment. 
The flowrate of the solvent pump is kept at 595 μL per minute during the experiment. The value for 
these flowrates is the result of an optimum found with residence time distribution experiments. How 
these exact flow rates came to be will be discussed in the result section of these experiments. 
 

Stern-Volmer experiment 
In the Stern-Volmer experiment all three pumps are used. At the start of the experiment a constant 
concentration of catalyst is created inside the flow cuvette. This is done by letting both solvent and 
catalyst pump run at a set flowrate. The volumetric flow rate ratio of catalyst to solvent is 1:4. The 
flow rate of the catalyst and the total flow rate are kept constant throughout the experiment to 
ensure a constant catalyst concentration. Once the emission of the catalyst has stabilized, the 
quencher pump wills start. The solvent pump will be reduced in flow rate to keep the total flow rate 
constant. After introducing the quencher the intensity of the catalyst will start to drop. Once this 
emitted light intensity has stabilized, the quencher pump will be set at a higher flow rate. The 

FIGURE 12: SCHEMATIC OVERVIEW OF THE SPECTROSCOPY SECTION 
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intensity of the catalyst is measured at each stabilized point. The solvent pump will be set at a lower 
flow rate each time the flow rate of the quencher pump changes. The total flow rate that enters the 
flow cuvette will be the same throughout the experiment. All the measurements done during the 
experiment are registered by the computer. When the experiment is done the computer can convert 
the data into a useful Excel graph. 
 

Computer and software 
Almost all components of the experimental setup can be controlled by the computer. Or better said 
by software on the computer. Some components like the LED and the spectrophotometer are 
controlled via proprietary software. This software is produced by the manufacturer of the light 
source and spectrometer. The pumps and autosampler on the other hand can be controlled via a 
self-written computer program. This level of control allowed the implementation of some useful 
features, like the creation of graph’s and figures, the formation of easy to use excel sheets and the 
ability to send an email when the experiment is finished. The implementation of software will be 
further discussed in the chapter “Code”.  
 

Experimental Section 
Screening experiments 
The screening of possible quencher-catalyst combinations was not fully developed for automation. 
To automate these experiments, the residence time of a single quencher had to be determined. 
Later on in the atomization process test runs with known quenchers and non-quenchers were 
performed to fine-tune the screening process. After these test runs a series of quenchers where 
tested to determine, not only if they were able to quench the catalyst, but also if the catalyst could 
undergo both reductive and oxidative quenching.  
 

Residence time tests 
In order to measure the residence time distribution of a quencher dyes were injected, because of 
their visibility to the naked eye. The aim of these experiments was to find the optimal settings for 
the autosampler. These involve both the total flow rate of the system and the solvent to catalyst 
ratio. Both of these parameters are optimized to obtain accurate results, reduce the residence time 
of the quencher sample while reducing waste. Though the experiment will be automated and will 
not need much monitoring, it would be preferable to do multiple experiments per day.  
 
The indicator used is phenolphthalein dissolved in acetonitrile. A little bit of sodium hydroxide was 
enough to turn this solution into a vibrant pink color. The colored solution was put into 1 mL sample 
vials. The time was recorded when the tracer was at a certain point in the system. These points 
where; start of the autosampler, sample leaving the autosampler, sample arriving at the cross-
mixer, sample entering the flow cuvette, sample leaving the autosampler, sample leaving cross-
mixer, sample no longer entering the reactor, sample completely left the reactor. Because the 
quencher is dissolved in the solvent it has a wide distribution. The tracer was so wide spread inside 
the system that the sample went through the points mentioned above in chronological order. Due 
to this spread, the autosampler has to wait until this sample has left the cuvette before it can inject 
the next sample. The obtained data from these experiments where used to fine-tune the program 
that would automate the experiments.  
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Screening experiment testing 
To test if the written program performed correctly, tests where done with known catalysts and 
quenchers. These catalysts where Ru(bpy)3Cl and 9-Mesityl-10-methylacridinium perchlorate 
(Mes-Acr). The quenchers used for this experiment are already known to quench these catalysts.  
These quenchers are; di-isopropyl ethyl amine (DIPEA), Tri-ethylamine (TEA) and tetra methyl 
ethylene di-amide (TMEDA).  These experiments were performed with a blue light source. This 
light source emitted light around the 455 nm and could excite both catalysts. The concentration of 
the catalyst solution was 1.0 mM during these experiments. 
 
In the first series of experiment Mes-Acr and TEA where tested. For these tests a 0.0144M TEA 
concentration was made. This concentration was chosen for it was also used in previously done 
Stern-Volmer experiments[29]. Rapid succession of the quenchers caused some small overlap in 
the peaks of the samples. To prevent this from happening again the time between injects was set 
to 6 minutes, from the 5.5 minutes that resulted from the tracer experiments. To see the impact of 
pure solvent samples, the quencher samples where alternated with blank samples. This was done 
to observe the impact of a non-quencher on the emission spectrum of the catalyst.  
 
Test experiments were also done with the ruthenium catalyst. In contrary to Mes-Acr ruthenium is 
highly sensitive to oxygen. To remove the oxygen from the quencher samples, stock solutions were 
made and degassed overnight by bubbling argon through the mixture. The sample vials were filled 
just before the experiments with quencher, just so that the vials had a meniscus of solution on top 
of them before the cap was fastened. This completely filling of the vails had the additional effect of 
removing any air from the vails. When the autosampler would inject a vail it could also suck up a 
little bit of air. This air bubble would show major distortions in the emission spectrum of the catalyst. 
After this phenomena was observed, all vails where filled until they had a meniscus of liquid.  
 
The solution for both catalyst and solvent were also degassed overnight. With the ruthenium 
catalyst all three quenchers where tested including the effect of blank samples between the 
quenchers. The quencher concentrations of TEA, TMEDA and DIPEA where 0.0144M, 0.0133M 
and 0.0114M respectively.  
 

Screening of RA-48 
The catalyst RA-48 was screened using the automated screening process. This catalyst is highly 
sensitive for light. The catalyst solution for these experiments was 0.01 mM. At higher 
concentrations the emission of the catalyst would saturate the photo sensor of the 
spectrophotometer. This catalyst is absorbs light around the 400nm range. This catalyst cannot be 
excited with the blue LED so an violet/UV-light source was used. This light source emits light at a 
wavelength of 405, and can excite the catalyst. The solvent that was used to dissolve the catalyst 
was dimethylformamide (DMF). The possible quenchers that were tested with this catalyst are; 
Ethyl Iododifluoroacetate (ICF2COOEt), Ethyl Bromodifluoroacetate (BrCF2COOEt), Diethyl 
bromomalonate, 3-methylindole(indole), DIPEA, TEA and TMEDA. These quenchers where 
selected because they interact, or have similar properties as species that interact, in the reaction 
schema as shown in Figure 13. 
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Like the ruthenium catalyst, RA-48 is also sensitive to oxygen. Because of this all experiments 
where done under oxygen free conditions. This was done by degassing the catalyst solution and 
the solvent overnight. A large batch of solvent was degassed so this degassed solvent could be 
added later to the quenchers, in order to minimize oxygen presence in the quencher solutions. 
During these experiments it was unknown if any of the quenchers could quench the catalyst. To 
test these quenchers 4 drops of pure quencher where put into a sample vail, before solvent was 
added, to ensure a high enough quencher concentration to quench the catalyst.  The screening 
experiment was repeated several times with different methods of filling the sample tray. The 
quenchers where tested in pairs of two.   
 

 

Stern-Volmer experiments 
The methodology for the Stern-Volmer experiments was largely already developed[28], [29]. New 
features and implementations that apply to the Stern-Volmer experiments will be explained in the 
chapter Code and Software. To test these code wise implementations a Stern-Volmer experiment 
was done with 0.36mM Mes-Acr and a 0.0198M DIPEA solution. Two series of Stern-Volmer 
experiments are performed in this thesis. The first session involves the RA-48 catalyst and its 
quenchers, as mentioned in the previous section. The other series of experiments involve the 
measuring of the quenching rate constants for fac-Ir(ppy)3.  
 

Stern-Volmer experiments of RA-48 
The concentration of RA-48 that was used during these experiments was kept at 0.01mM. The 
quenchers that where tested with the Stern-Volmer experiments where the same quenchers as 
mentioned in the screening experiment, except for the indole for it did not quench. For each 
experiment 0.1 mL of quencher was added to 50 mL of solvent. The concentration of the quencher 
solution is a couple of orders higher than the catalyst concentration. The concentrations of the 
quenchers all are in the range of 0.011M ~ 0.017M. For the Stern-Volmer experiments also the 
quenching rate of CF3I was measured, to observe the effect of another fluorinating agent. This 
substance however is a gas. To add the gas to DMF, it was bubbled through the solvent. The flask 

FIGURE 14:RA-48 

FIGURE 13:  REACTION SCHEME OF CATALYST RA-48 FOR WHICH THE QUENCHING RATES WERE DESIRED 
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was weight before and after adding CF3I to determine the concentration of the gas inside the 
solvent. Both the solvent and the solutions were bubble through with argon overnight to remove 
the oxygen. For the experiments with CF3I, the gas was added to degassed solvent and argon was 
blown over the solution. This was done to prevent oxygen to enter the solution while minimizing 
CF3I losses. To excite the catalyst during these experiments the same UV light source was used 
as for the screening experiments.  
 
After the results came in from the first series of experiments. It became clear that the catalyst could 
quench via both oxidative and reductive pathways. The question was raised on how well some of 
these quenchers would perform combined together, because some of these quenchers where 
together during the reaction. To better simulate reaction conditions two quenchers, of both 
reductive and oxidative quenching pathways, where tested. The quenchers where tested in two 
ratios, 1:1 and 2:3 equivalent. This was done to observe the direct interaction with each other and 
reaction conditions.  Each experiment was repeated at least 5 times to obtain more accurate 
results.  
 

Stern-Volmer experiments of fac-Ir(ppy)3 
For the experiments with fac-Ir(ppy)3 the UV-light source was used. The solvent used for these 
experiments was 1,4 dioxane. The quenchers used for these experiments are; trans-cinnamic acid, 
Ethyl Bromodifluoroacetate, 2,6 Lutidine and trans-cinnamic acid with 2 equivalent sodium 
bicarbonate. These quenchers where chosen because they were part of a reaction for which the 
quenching rates where desired. The combination of trans-cinnamic acid with NaHCO3 was done to 
observe the effect of the carbonate on the quenching of the reaction.  

 
The iridium catalyst is also sensitive to oxygen, so the solutions where degassed with the same 
method as was used in the RA-48 Stern-Volmer experiments. From Figure 15 can be observed 
that blue light was used to excite the catalyst while for these experiments UV light was used. The 
iridium catalyst can indeed absorb blue light, however the catalyst absorbs light better in the UV 
spectrum. To excite the catalyst with UV light makes it easier to observe quenching of the catalyst 
and allows for more accurate results with regard to the quenching coefficients, while spending less 
catalyst.  
 
 
 
 
 
 

FIGURE 15: THE REACTION SCHEMA WITH FAC-IR(PPY)3 AS CATALYST 
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Code and Software 
Introduction 
To automate the experiments the computer has to be able to control all the apparatus in the system. 
Some of the devices came with their own software provided by their manufacturers. This can be 
very useful, however sometimes more flexibility is desired. The HPLC pumps for instance: their 
flowrate changes over the Stern-Volmer experiment, and a certain amount of time has to pass 
before they are have to change again. During the Stern-Volmer experiment a new flowrate has to 
be assigned to two or three pumps each couple of minutes. To do this operation manually is very 
cumbersome. The pumps therefore have to be controlled via a self-written code.  
  
The light source on the other hand, only has to be put on once a day. This procedure is easy and 
quick to do. It would be a waste of time spend weeks on learning how to control the LED via the 
computer, if it takes less than a minute to switch it on. The spectrophotometer has roughly the same 
argument going for it. There are a lot of options and settings the spectrophotometer which would 
have to be set before the code would be able to control spectrometer.  The user interface of the 
provided software however takes care of a lot of these settings and produces a text file. It is simpler 
to work with this text file than to take full control of the spectrophotometer.  
 
The autosampler on the other hand needs to be controlled because the basic settings need to be 
configured on start-up. It turns out it is even faster to set these settings using a program than by 
use of the user interface. The autosampler also needs to start at when the flow has developed in 
the cuvette. It would be a lot more practical if the self-coded program could start the autosampler 
than to do this manually. To execute the experiments automatically a program was written using 
the python programming language. This language was used because of its relative ease of writing, 
the code looks a lot like a normal English sentence. This makes it easier to write and understand 
code and increases the productivity in writing the code. Using the python language speeds up the 
coding process, just like the code is supposed to do for the experiments.  
 
The written software has to be easy to use, colleagues on the lab must also be able to use the 
setup without knowing exactly how the system works. In order to achieve this goal, graphical user 
interfaces (GUI’s) are used to simplify and clarify the use of the system. With a couple of button 
presses an experiment can be started. Both experiments are controlled and started via a GUI. 
Since the program is written to be user friendly, the user can insert their email address to receive 
an email the experiment is finished. The researcher however will not have to leave their desk to 
check on the experimental results in the lab. Using Chrome Remote Desktop the user can connect 
to the computer in the lab, see their experimental results and restart an experiment from their desk. 
This increases the productivity of the user. 
 
The program saves the results of each experiment in their own folder. There is a folder for each 
kind of experiment and inside these directories a new folder will be created once a new experiment 
is started. The name of this newly created folder will be the same as the name of the experiment. 
Over time this will make the experiment folders crowded. This will make it hard to look up the results 
of previous experiments. In order to conveniently store the result of the experiments in a way that 
also allows for an easy lookup of previous results, a database was integrated into the system. A 
database is also useful to back up the data gained from the experiments. For this database the 
SQL language SQLite was used. SQL databases are virtually everywhere, many companies like 
banks and IT firms like Google use them for storing user data.  The SQLite language was chosen 
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for several reasons. The language is simplified from other SQL languages, making it easier to learn 
and implement. This does not make SQLite not professional for all smartphones use this kind of 
database in their operating system and apps. This has allowed SQLite to make the claim that it is 
the most used database. Another reason to choose for SQLite is that it is a physical database, 
other alternatives require a server to be set up.  
 
Next to the design of the system some general complications had to be solved for the program to 
work properly. As mentioned earlier both the spectrophotometer and the self-written program try to 
connect to the same text file. The dependency on this text file has one drawback. Both the coded 
program and the spectrophotometer software can try to open the same text file. If this happens one 
of the two is denied excess and stops functioning. For the Stern-Volmer experiments this happens 
less than once every hundred experiments. These are seen as expectable losses. For each 
experiments only lasts about 17 minutes, so damage is at most 15 mL of waste created. For the 
screening experiments however, all the measured data points are required for data analysis. In 
these experiments the self-coded program only excesses the spectrophotometer text file after the 
experiment is finished, so it has access to all the data of the experiment.  
 
Another hurdle to overcome was the waiting time of the program. For a flowrate to develop the 
program itself has to wait until the concentrations in the flow cuvette have reached a new steady 
state, this takes several minutes. To make the self-coded program twist its thumbs for a moment it 
can be put to sleep. While the program is asleep it does not respond to any input from the user. 
This also includes dragging the GUI window around the screen, clicking a button or writing in a text 
box. This can be irritating to the user. The Windows operating system will notice this inactivity and 
will try to make the program running again. This has no effect because the program is asleep. The 
Windows operating system will conclude after a while that this program has crashed and is wasting 
processing resources of the machine. After which the program will be closed by the operating 
system. To solve this problem the code asks the machine what time it is, add the time it needs to 
wait for the flow to develop and sleeps for 0.3 seconds after which it updates the GUI. Once the 
flow has been developed the program will break out of the loop and continue the experiment.  
 

Screening code 
Architecture 
The aim of the screening program is to automatically operate the connected devices to perform the 
screening experiment, process the obtained data into clear graphs and have a user friendly 
experience. This is done with help of GUIs. The user interfaces ask the user for input of tell the 
user what the program is currently doing. The program is made using a combination of functional 
and object oriented programming.  
 
Functional programming describes a program using functions. Functions take input, and use this 
input to generate an output. It is not necessary for every function to take an input or to generate an 
output, but usually each function has at least one. In object orientated programming, objects are 
created and these are assigned attributes and tasks. A good example of object orientated 
programming are GUIs, the buttons and text boxes (attributes) are assigned to the window of the 
interface (object). The objects themselves can have functions, when a button gets pressed the 
function for this button press is called to which the interface (object) responds appropriately. All 
user interfaces in the program are created using object orientating programming. Other 
components that are constructed as an objects are the devices used in the experiments. This 



25 
 

includes the autosampler and the pumps. There are multiple kinds of pumps on the lab, there are 
2 kinds of HPLC pumps and one kind of syringe pumps. All pumps need their own kind of command, 
the command for one pump to start is not the same as that of the other pumps. The idea behind 
this approach is that the pumps can be interchanged with one other kind of pump and still be able 
to perform the experiments accurately. All pumps should be replaced with one kind of pump, for it 
is shown that different kind of pumps yield different results with different error margins[29]. Besides 
this the object orientated approach towards pump control requires only one change in one line of 
code instead of 50 lines divided over 5 scripts.  
 

 
In Figure 16 the architecture of the program is displayed. The Main module is run to run the 
experiment. This function calls each of the other individual components one at the time. When a 
call is made using a black arrow, then the call is made using functional programming. If the arrow 
points both ways, than the function returns something to the main function. When a call is made 
using a white diamond, then object orientation was used.  When an object is created inside the 
Main function any user input from a GUI is also part of the Main function, therefore there is no arrow 
pointing back from an object towards the Main function.  

FIGURE 16: ARCHITECTURE OF THE SCREENING EXPERIMENT CODE 
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Walking through Figure 16, the first thing the Main function does is import the standard settings of 
the code. This includes a standard name for the experiment, standard flow rates for the pumps, 
etcetera. Next, Main will create the objects for the devices. In this case a solvent pump, catalyst 
pump and autosampler object. In the creation of these objects a connection between the program 
and the devices is established. In the case of the autosampler also the standard settings required 
for the experiments are given to it. Now the program has established control over the devices the 
solvent pump is started to make sure the flow cuvette is clean when the experiment starts. The 
Main function will now create the first GUI for the user to fill in the name of the experiment, the 
number of vials they want to test and the catalyst that is tested in the experiment. Figure 17 shows 
this user interface. From this figure it can be observed that the interface is kept simple, with plenty 
of options for additional information when required. The second part of the interface also displays 
an estimate for the amount of solvent and catalyst solution required. 

 
 
An arrow connects the database with the first GUI. This is because the interface shows a dropdown 
menu with all the known catalysts in the database. The database itself will be elaborated more on 
in its own chapter. The first interface also allows the user to start the required software for the LED 
and the spectrophotometer (Avasoft).  

FIGURE 17: FIRST GRAPHICAL INTERFACE OF THE SCREENING EXPERIMENT 
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After the settings given by the user have been returned to the main program, main will continue 
with launching the Naming GUI. This interface is a small window with a number of text boxes equal 
to the number of samples the researcher wants to test. GUI 2 is created after the Naming GUI. In 
GUI 2 the catalyst pump is started. Once the concentration in the flow cuvette has reached a 
constant value, the autosampler is started. The main function of GUI 2 is to tell the user what the 
progress of the experiment is. This window is filled with a field in which the interface will print every 
few minutes the progress of the experiment. This text field is equipped with a scroll bar so the 
complete progress history is available to the user. The interface is in place during the whole 
experiment, and waits until it is finished. 
 
Once the experiment is finished the pumps are stopped and the obtained text file is processed for 
data. The result of the experiment will be saved into the database and an email will be send to the 
provided email address.  
 

Parsing data 
The data that is saved by the spectrophotometer looks like the following figure.  

 
Figure 18 shows the measured intensity over time plot from a screening experiment with three 
quenchers and two non-quenchers. The program needs to know when the experiment is started, 
when the autosampler starts to inject the first sample. Once it knows this point it will be able to cut 
up the graph in individual peaks because the program already knows the residence time of a 
sample. As mentioned before the program cannot look constantly at the generated text file, 
because it can crash on this if it has to do this multiple times a second. The RA-48 catalyst emitted 
so much light, that the integration time of the spectrophotometer had to be lowered to less than a 
second. For the screening software to keep up with this it would also have to look at the file multiple 
times a second. This would increase the chance that both programs would excess the text file, 
making it more likely that either would crash. This issue was solved by having the program look 
once at the data file at the beginning of the experiment and save the time and intensity without any 
danger of crashing. After the measurements, this saved time and intensity is looked up in the data 
and all entries before this time are removed by the program and the time vector is readjusted to 
start at zero. The program will next look at the data and make an image to visualize where the 

FIGURE 18: DATA REPRESENTATION OF THE SPECTROPHOTOMETER 
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program is going to make the cuts in the vectors, 
as shown in Figure 19. These cuts are made so 
each individual peak can be compared to the 
original steady state emission. As can be seen 
from Figure 18 some noise is still in the data. To 
reduce this noise the time average of the data is 
taken. A time average algorithm will take a vector 
of data points and look at the first couple of entries 
and take the average of these entries. The 
algorithm will now add the next point of the vector 
into its averaging blob and remove the first data 
point and take the average again. This process is 
repeated until the algorithm has reached the end 
of the vector. This procedure will reduce the noise 
in the time series.  
 
Now all the data is prepared the program can look at the local minima of each peak and determine 
the fraction of quenching. This quenching fraction alone is not enough. As can be seen in Figure 
18 small defects can occur in the graph. These defects can be caused by an irregularity in the 
pumps or by a small air bubble that gets accidentally injected by the autosampler. These 
deficiencies have one common trait, they have a strong impact but take longer to disappear. In 
other words the slope of a defect is high when it occurs but low when it leaves the graph. A normal 
peak on the other hand has roughly the same absolute slope at the beginning and end of the peak. 

FIGURE 19: VISUALIZATION OF HOW CUTS ARE MADE 
IN THE INTENSITY VECTOR BY THE PROGRAM 

FIGURE 20: COLOR CODED OVERVIEW PLOT GENERATED BY THE PROGRAM 



29 
 

Because not every catalyst solution emits light with the same intensity, the slope is normalized 
towards the steady state emission of the catalyst. The minimum and maximum relative slope of a 
peak are used with the quenching fraction to determine whether a possible quencher quenches. 
This is done because defects, like an air bubble, generate a steep reaction in the emission intensity. 
But the effect leaves the observed spectra relatively slow. So the magnitude of the maximum slope 
is less than half that of the minimum of the slope. By looking at the total difference between the 
minimum and maximum slope of a peak, a difference is observed between defects and a quencher. 
A quenching peak usually has a slope difference greater than four. So even if a quencher does not 
quench as strongly at the tested concentration, it still can be defined as a quencher. To create a 
nice overview for the scientist, the program makes a plot of every peak. These plots are color coded 
to indicate whether a sample is a “hit” or not. Figure 20 is such a plot. The colors signal if a sample 
quenched, probably quenched, probably not quenched or not quenched the catalyst with the colors 
green, blue, yellow and red respectively. The sample is plotted in green if the sample quenches for 
more than 50%. If the sample quenches for less than 25% than the sample is noted as a non-
quencher. The sample is labeled as a maybe quencher if the sample quenches more than 25% 
and if the difference between the minimum and maximum of the relative slope is greater than four, 
else the sample is defined as probably no quencher. The blue and yellow colored lines should 
signal the researcher to give them a closer look.  
 
The plot of each sample corresponds to their position in the sample tray. This graph is saved as a 
pdf to allow for a good resolution. If the user named each individual sample, the pdf will have a 
second page with a legend linking the positions to their corresponding names. If necessary the data 
processing can be repeated manually for any experiment. This requires the original text file, the 
number of experiments and the starting point of the experiment. The original text file is necessary 
to be placed in the same folder as the script, all other data can be retrieved from the database. 
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Stern-Volmer code 
The code’s architecture of the Stern-Volmer experiments looks a lot like the structure of the 
screening experiments. This code first imports the standard settings. Then it makes a connection 
to the pumps, only there are three pumps this time and no autosampler, and proceeds to the first 
GUI that waits for user input. This interface however requires more user input.  

 
This interface also ask for the number of point that should be taken by which the quenching rate 
constant is determined and it asks how many measurements these points should consist of. To 
calculate the quenching rate constant the lifetime of the catalyst is required. If there is no lifetime 
present for the known solvent catalyst combination, the interface will notify the user by creating an 
orange banner. After the settings are implemented the user will be reminded of the LED and 
spectrophotometer software. Next the pumps will be switched on just like in the screening 
experiment, first only the solvent pump to make sure the system is clean and later on the catalyst 
pump to reach a steady state emission of the catalyst.  
 
The second GUI on the other hand does more than print information to the user on the progress of 
the experiment. This interface also changes the flow rate of the pumps when appropriate and saves 
the measured intensity data into memory. Once the experiment has ended it is this GUI that will 
process the data into a graph, excel sheet and store its findings into the database. Once the final 
measurement has taken place the GUI knows all used quencher concentrations and the measured 
intensity. The interface will now create a Stern-Volmer plot of the found data, it will also write the 
data to an excel file and create a plot, with a first order fit and the appropriate R2 value, inside this 
file.  
 

FIGURE 21: FIRST USER INTERFACE OF THE STERN-VOLMER PROGRAM 
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Database 
Each experiment generates quite some data. To keep track of all the results of the experiments 
can be quite cumbersome. Each experiment has its own folder, experiments might fail and can be 
repeated a couple of times. All these things can make it hard to look back to previous experiments. 
Someone who wants to look at a possible quencher for a catalyst, does not want to look through a 
hundred files to figure out which quencher works best. Data can also get lost because a file crashes 
or someone moves their experiments to analyze their results, spreading all the results out over 
multiple machines. By saving the results of each experiments into a database all the results of all 
experiments are readily available to anybody. All the results are safe, well ordered and can be 
easily searched through. A database consist of tables. These tables can be linked with one another 
to represent relations between the tables. The architecture of used database looks like displayed 
in Figure 22.  

 
When looking at the catalysts table, it can be seen that it has an id and name column. The id column 
makes sure that no duplicates can occur, this column is also used as reference to other tables. For 
instance, the lifetime table take the catalyst id and solvent id, and dependent on this combination 
there is one lifetime. The id tables are numbers representing the corresponding catalyst or solvent. 
It is easier and faster for a database to loop up and concatenate tables based on a number search 
and comparison than comparing actual names. Databased have been optimized to work with 
numbers for fast lookups and therefore it has become convention and is good practice to use id 
numbers for reference.  
 

Stern-Volmer table 
Each of the Stern-Volmer experiments is saved with its own id, date and name to give any user 
more search options in finding their experiments. The used catalyst and solvent are saved using 
their corresponding id numbers. The quencher is saved by its name and does not have its own 
table. This is because there are many possible quenchers. If the quenchers would, like the 
catalysts, have a dropdown menu this menu would grow quickly to an unmanageable size. The 
quencher name is used when the user requests a good quencher for a known catalyst. So as long 
as the user writes down a good and understandable name for the quencher, there is no need to fill 
the screen with a dropdown menu. Next in the table are the number of concentrations tested during 

FIGURE 22: ARCHITECTURE DATABASE 
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the Stern-Volmer experiment, the slope of the line that these points form and the corresponding 
coefficient of determination (R2). This data is used to determine the quality of the experiment. When 
a user looks back for previous results of an experiment, experiments with a low coefficient of 
determination and a low slope will be placed lower in the returned search results, or are completely 
excluded if the experiment failed. An experiment has failed when the slope is null or negative or 
when the R2 is below the 0.3. Because the halogenated agents could cause a significant drop in 
the accuracy of the plot: because the last point deviated the R2 dropped to 0.4-0.6. The quenching 
rate constant is calculated using the life time of the catalyst-solvent combination. If the lifetime is 
unknown the quenching rate will be filled in as Null, meaning that there is no data in the table. The 
last column in the database is described as data. In this field all the vectors the program makes are 
horizontally concatenated and saved. This includes the tested concentrations, all the 
measurements, and the averages of the measurements, standard deviation and the inverse non-
quenched fraction (I0/I). This data is saved so the excel file and graph corresponding to the Stern-
Volmer experiment can later be extracted if necessary.  
 

Database interfaces 
To simplify the usage of the database two user interfaces are created. One is made to insert new 
catalysts, solvents and lifetimes into the database. This interface allows to insert information into 
the database which was not possible to do previously without the use of SQL queries (code). Once 
a new catalyst or solvent is added via this interface, the next time an experiment will be done these 
new substances will be available in their corresponding drop down lists. If the lifetime of a catalyst-
solvent combination is updated the corresponding quenching rates will also be updated 
automatically. So it doesn’t matter if the lifetime is added to the database before or after the 
experiments are done.  
 
Another GUI is made to pull the more straight forward information from the database. The first 
request this interface can do is ask the quenchers that work with a given catalyst. This data is pulled 
from the automation experiments table. The other requests concern the Stern-Volmer table. One 
is a more light weight approach. It looks for experiments where the coefficient of determination is 
higher than 0.9. This function returns a list of quenchers for the given catalyst-solvent combinations 
that quenched the catalyst with a fair accuracy. This function does not display any other details of 
the experiments and is just a quick overview of what worked and which quenchers have been 
tested using the Stern-Volmer experiments. The last option returns more detailed information from 
experiments where the r-squared was higher than 0.97. This function also returns the name of the 
experiment and quencher, slope, quenching rate and coefficient of determination. All this 
information makes it possible for the researcher to quickly look at which quencher gives best 
results.  
 

Screening experiment table 
Just like the Stern-Volmer table the screening experiment table has an id name and data for 
identification. Then come the catalyst id and the number of samples tested, to signify which catalyst 
is tested in these experiments and how many samples where tested. The starting time and intensity 
are the values from the spectrophotometer text file at the moment when the first sample is injected 
into the system. These values are necessary to process the data on a later date with use of the 
text file. Next up are the position and the name of the quencher. If the user did not specify the name 
for the sample, the position and name are the same. These entries are no vectors. Each row in the 
screening experiment table represents a sample of the experiment. So the id table does not 
correspond to an entire experiment but to a single sample. This is done so it is easier to look up if 
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a sample quenched or not. If all this data would be stored in vectors inside the database, the 
database would not be able to unpack these vectors and show which experiment worked. The code 
would have to look at all the entries in the database, read them all and then come up with the 
answer. This is a bit convoluted, therefore the database has one sample per entry.  
 
The color code is the color the graph has in overview plot. This color code is used by the database 
GUI to determine if a sample quenched the catalyst, all blue and green graphs are accepted. The 
last entry in the screening experiment table is the data. In this column the complete data matrix, 
both time and intensity, of the sample are saved. This is done, like the Stern-Volmer table, so the 
figure can be undergo reconstruction later on if necessary. This data, just like its Stern-Volmer 
counterpart, are saved as a blob type. This means that the database holds this data but will not 
look at wat is inside the cell, only return its content when asked for.    
 
The data inside these blob type cells can be pretty large. For the Stern-Volmer data this does not 
have a big impact. This is 6 by 13 matrix per experiment. For the screening experiment the complete 
time series is saved into this data cell. This matrix is usually thousands of lines long. To save all 
the matrixes in their full resolution will eventually take up a lot of space and potential slow down the 
database. To prevent this from happening a moving average is applied over the matrix to reduce 
its size while keeping its information.  
 
A moving average takes a couple of data points and returns the average of these points, where 
after this algorithm takes a step and repeats this process until the end of the vector. As shown in 
Figure 23, two inputs can be changed in this algorithm, namely the width, also known as the sample 
size, and the step size.  
 

 
Increasing the step size or the width will decrease the accuracy of the vectors. The width parameter 
increases the smoothness of the peak data, removing small intensity changes in the peak data. 
The step size is the parameter that reduces the size of the vector. A step size of two will half the 
length of vector. The minimum of a quenching peak will be smoothed upwards. To observe the 
impact of the step size and width in this walking average algorithm, they were plotted against the 
percentage of change of the peak height in Figure 24. From this figure it can be seen that increasing 
the width, or the subset size, of the algorithm has an exponential growth on the deviation. While 
increasing the step size of the algorithm will introduce a level of chaos in the graph, with its intensity 
increasing with the step size. The right side of the figure zooms more in on the relative safe region 
of the left graph. With the help of this figure is was decided to go for a step size of 5 and a width of 
20, keeping the percentage of deviation below the 3%. So only a sparse few of the graphs will be 
demoted in their color rank. The deviation between the original and the new peak is not so large 
that an actual quencher will be mistaken for a non-quencher. The chosen step size reduces the 

FIGURE 23: MOVING AVERAGE REPRESENTATION  
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size of the saved data by a fivefold. While each original data point is multiple times represented, as 
part of an average, in the new vector.   

Results & discussion 
Residence time  
The residence time experiments for the autosampler where done to investigate the time a quencher 
sample spends inside the system. This was done to find the time the autosampler had to wait before 
another sample could be injected. During the residence time experiments an optimum was sought 
to perform the experiments at. This optimization aimed at reducing the time of each experiment 
and its waste. Though the screening experiment will be automated it is preferable to reduce the 
time these experiments take. On the other hand the waste created by the system would preferably 
also be low: a higher flow rate might reduce the time of the experiment but will also increase the 
amount of solvent and catalyst used in these experiments. To start these experiments the arbitrary 
solvent to catalyst ratio was chosen of 800:200, changing the total flow rate. Observing the tracer 
produced the following results. 
 
Solvent: catalyst flow rate ratio 800:200 
Total flow rate (µL/min) 500 600 700 800 900 1000 
Residence time (s) 810 510 462 445 408 390 
Total volume waste (mL) 6.75 5.1 5.39 5.94 6.12 6.5 

TABLE 1: RESULTS RESIDENCE TIME EXPERIMENT WITH A 800:200 FLOW RATE RATIO 
 
From these first results it is clear that the residence time decreases with higher flow rates, as 
expected. The total produced waste however shows to have an optimum between the 600 and 800 
µL flow rate. Also the low flow rate of 500 µL per minute shows a high residence time as well as a 
high waste. The solution that enters the flow cuvette is used to mix the contents of the cuvette. At 
low flow rate the entry flow is not high enough to mix the complete volume of the cuvette properly 
thus creating a dead volume inside the cuvette. Because of this dead volume it takes a long time 
before the tracer fully leaves the cuvette. For this reason no further experiment where done at 500 
µL per minute. Since the catalyst flow is only added to the system just before the solution enters 
the cuvette, there is no reason to increase the ratio towards the catalyst flow. This will elongate the 
spread of the sample over the rest of the system, while increasing the catalyst waste. Therefore 
the 900:100 ratio was investigated. 
 

FIGURE 24: THE PERCENTAGE OF PEAK DEVIATION FROM THE ORIGINAL AND THE WALKING AVERAGE VECTOR 
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Solvent: catalyst flow rate ratio 900:100 
Total flow rate (µL/min) 600 700 800 1000 
Residence time (s) 465 444 405 333 
Total volume waste (mL) 4.65 5.18 5.4 5.6 

TABLE 2: RESULTS RESIDENCE TIME EXPERIMENTS WITH A 900:100 FLOW RATE RATIO 
 
From Table 2 can be observed that the residence times have decreased compared to the previous 
experiment. This makes sense because the solvent pump is responsible for most of the throughput 
through the system. Therefore increasing the solvent pump flow rate will result in a lower residence 
time of the sample inside the system. Because of this reduced residence time the waste created 
by the system is also lower. From the previous tables it becomes clear that the optimum lies 
between a total flow rate of 600 and 700 µL per minute.  
 
Solvent: catalyst flow rate ratio 850:150 
Total flow rate (µL/min) 650 700 
Residence time (s) 441 417 
Total volume waste (mL) 4.77 4.86 

TABLE 3: RESULTS RESIDENCE TIME EXPERIMENTS WITH A 850:150 FLOW RATE RATIO 
 
For completion some final experiments where done with an intermediate flow rate ratio of 850:150. 
This was done to observe if the optimum lied between the first two experiments. From Table 3 it 
can be seen that the residence time has again decreased. A total flow rate of 650 µL per minute 
gave mixed a large deviation in results when repeated. Therefore it was deemed safer to use a flow 
rate of 700 µL per minute. Another reason to go with the higher total flow rate, is that the flow rate 
of the solvent pump is higher. At low flow rates, below 100 µL per minute, the HPLC pumps have 
a hard time pumping at a consistent flow rate. Because of this phenomenon the safer option was 
chosen the higher flow rate. To a total flow rate of 700 µL per minute and a flow rate ratio of 850:150 
the code and autosampler settings where adjusted. All screening experiments are done with a 
solvent pump flow rate of 595 µL per minute and a catalyst pump flow rate of 105 µL per minute.  
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Screening of RA-48 
To discover which chemicals are able to quench RA-48, a group of possible quenchers were tested 
using the screening experiment. Because this catalyst is new and therefore it was unknown if this 
organic dye would be able to undergo reductive, oxidative or both types of quenching. The samples 
were tested in pairs of two to make sure that the observed behavior is correct. If an air bubble 
accidently came through one sample then the sample could look like a quencher, but does not have 
to be. The duplo sample helps to catch these deviations. In Figure 25 the results of the screening 
experiment are displayed and Table 4 is a legend that couples the positions in the figure to the 
tested chemicals. 

 
 
Position Name 
A1 & A2 DIPEA 
A3 & A4 TEA 
A5 & A6 TMEDA 
A7 & A8 Diethyl bromomalonate 
B1 & B2 Ethyl iododifluoroacetate 
B3 & B4 Ethyl bromodifluoroacetate 
B5 & B6 3-Methylindole  

TABLE 4: LEGEND ASCRIBING THE NAMES OF THE SAMPLES TO THEIR CORRESPONDING POSITION IN THE 
SAMPLE PLATE 
 

FIGURE 25: RESULTS SCREENING EXPERIMENT RA-48 
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From Figure 25 it can be observed that almost all samples quench the catalyst, only 3-methylindole 
does not quench the catalyst. The fact that 3-methylindole does not quench is strengthened by the 
dissimilarity between its peaks. If 3-methylindole would quench than the entry and exit phenomena 
of the quencher from the catalyst would show similarities, just like the other peak pairs do. The 
small peaks present in the 3-methylindole are caused by the autosampler when it injects a new 
sample.  
 
In Figure 25 it can be observed that the different peaks have different shapes and intensities. From 
this graph it cannot be read if one quencher is better than the other due to the concentration 
differences between the samples. In all vials the same volume of quencher is added, not the same 
amount of moles, therefore the concentrations between the samples varies. The impact of the 
quencher, the quenching rate, will be determined with the use of a Stern-Volmer experiment.  
 
From Figure 25 can also be observed that the halogenated quenchers tend to end in a lower 
intensity than they start. This effect is not caused by the HPLC pump, if it would be caused by the 
pumps it would also appear in the other samples. Figure 25 does not help clarify this phenomena 
and up to this point there is not one clear reason what causes the net decrease in intensity caused 
by these halogenated quenchers. In subplot B5 it can be observed that the effect caused by the 
halogenated agents leaves the flow cuvette. 
 

Stern-Volmer experiments of RA-48 
After the screening of RA-48 the quenchers where used in the Stern-Volmer experiments. In the 
screening experiment it became clear that RA-48 is able to undergo both reductive and oxidative 
quenching pathways. Using the Stern-Volmer experiments there can be looked at the preference 
of the catalyst, does the catalyst prefer one quenching pathway over the other.  

 
Figure 26 shows the results of the Stern-Volmer experiment with TMEDA with RA-48 in DMF. This 
graph shows a good and reliable result, the coefficient of determination is close to 0.99. The results 
displayed in the figure are the average of eight experiments. All experiments done in this research 
have been repeated between the six and eight times. At the startup of an experiment series the 
capillary is cleaned by sucking the new solutions. During this procedure sometimes used up more 
solution. Which causes the deviations in the number of experiments that where done with each 
solution. Figure 26 is a good looking result of the Stern-Volmer experiment. Other experiments did 

FIGURE 26: STERN-VOLMER EXPERIMENT WITH TMEDA AND RA-48 
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not fare so well. Especially the experiments with halogenated quenchers show a defect. The most 
common defect is an increase in intensity in the last data point, such as in CF3I shown in Figure 
27.  
 

 
Koen Drummen also found these kind of defects with halogenated quenchers in his 
experiments[29]. By trying more data points per experiment gave no change in results, the last data 
point kept deviating. He was able to overcome this problem by using syringe pumps.  
 
Since only the last data point deviated, whatever the number of data points used, this last data 
point is removed to generate a slope with a good R2. The Stern-Volmer experiment for each 
quencher are repeated six to eight times to verify the consistency of the slope of these  quenchers.  
In Figure 27 it can be observed that removing this last point will yield a straight line though the 
remaining points.  
 
Compound Slope Coefficient of 

determination 
Number of 
points 

TMEDA 59.3 0.988 6 
DIPEA 37.5 0.947 6 
TEA 40.7 0.942 4 
Diethyl bromomalonate 33.8 0.983 5 
CF3I 17.2 0.990 5 
Ethyl bromodifluoroacetate 55.0 0.996 4 
Ethyl iododifluoroacetate 129.4 0.978 4 

TABLE 5: SUMMARY RESULTS OF STERN-VOLMER EXPERIMENTS WITH RA-48 
 
Table 5 displays a summary of the results of the Stern-Volmer experiments. In Appendix 1 all the 
original Stern-Volmer plots are present. In the table above the column ‘Number of points’ represents 
the number of data points used from the Stern-Volmer experiment. Each experiment is done with 
6 points. From Table 5 can be observed that the catalyst does not have a clear preference for either 
oxidative or reductive quenching. Most quenchers have a slope that falls in the same order of 
magnitude. Of the ammonium salts, TEA is the only one with a lower number of points used. 
However when looking at the original graph S3 in the Appendix 1 it can be seen that the original 
slope was 40.95, which is close to the reported found value in Table 5. In the case of TEA, points 
where removed to obtain a higher R2. 

FIGURE 27: RESULTS STERN-VOLMER EXPERIMENT WITH CF3I AND RA-48 
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From Table 5 it can be observed that the best reductive quencher is TMEDA, and the best oxidative 
quencher is ICF2COOEt. The slope of ICF2COOEt is higher than that of TMEDA, however none of 
the slopes are an order of magnitude higher than the other. Therefore it can be said that the 
catalysts does not prefers one reduction pathway over the other.  
 
These quenchers where investigated because the where part of the reaction shown in Figure 13. 
However in this reaction both oxidative and reductive quenchers are present in the reaction. To 
observe the overall quenching rate of the catalyst during the reaction, combinations of quenchers 
where tested. Since TMEDA was the strongest reductive quencher and used in the reaction, 
TMEDA is chosen as the reductive quencher for all these combinations. The tested quencher to 
TMEDA ratios are 1:1 and 2:3. This is done to observe the effect the quenchers might have on 
each other on a 1:1 basis and to simulate reaction conditions, respectively. The tested oxidative 
quenchers are; ICF2COOEt, BrCF2COOEt and CF3I. Table 6 shows a summary of the results of 
these experiments, all graphs of the Stern-Volmer experiments can be found in Appendix 1. 
 
Compound Ratio 

Quencher:TMEDA 
Slope  R2 Number 

of points 
CF3I  

1:1 
41.4 0.979 5 

Ethyl bromodifluoroacetate 86.2 0.993 5 
Ethyl iododifluoroacetate 149.4 0.982 5 
CF3I  

2:3 
37.5 0.987 5 

Ethyl bromodifluoroacetate 106 0.999 5 
Ethyl iododifluoroacetate 129.9 0.988 4 

TABLE 6:  SUMMARY RESULTS STERN-VOLMER EXPERIMENT OF RA-48 WITH TWO QUENCHERS 
 
From Table 6 can be observed that the number of points is 5 out of 6. This is because of the last 
point in all the experiments went up in its light emission as shown in figures S8-13 from Appendix 
1. If these points are left out a reasonable straight line can be fitted to these points. The top half of 
Table 6 confirms the expectation that the presence of both type quenchers will increase the overall 
quenching rate. The bottom half of Table 6 shows a different response from every quencher. The 
slope of the experiment done with CF3I is slightly lower. The experiment done with BrCF2COOEt 
result in a higher slope. And the experiment with ICF2COOEt falls back to its original value without 
quencher. 
 
When looking at the experiments done with ICF2COOEt and BrCF2COOEt it seems strange that 
they behave much different when more TMEDA is added, because the molecules only differ in the 
kind of halogen. So when more TMEDA is added it would be fair to expect both quenchers to 
behave the same way, the slope of both quenchers would either increase or decrease. This is 
however not the case, where BrCF2COOEt increases in quenching rate, ICF2COOEt goes down. 
The TMEDA - ICF2COOEt quencher solution when left alone changes color over time, indicating 
that the two quencher react with one another. If the formed produced does not quench the catalyst 
than the actual quencher concentration would be lower, therefore causing the actual quenching 
rate to be higher than measured.  
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By adding both quencher types to the solution the photocatalytic cycle, as shown in Figure 2, can 
now be closed. Closing this loop increases the concentration of ground state catalyst, which in turn 
will increase the amount of excited catalyst in the solution. This will also mean that more excited 
catalyst will fall back to its ground state, causing the sample emit more light. This also means that 
the catalyst can be excited multiple times a second, emitting more light. Making it hard to determine 
the overall quenching rate with the Stern-Volmer experiment, since it is a kinetic problem. This will 
cause the emitted light intensity to be described by equation 24 instead of equation 12.  
 

 𝐼0 + 𝐼𝑡([𝑄])

𝐼
= 1 + 𝜏0𝑘𝑞[𝑄] (24) 

 
Where It is the light intensity of the additionally emitted light by closing the photocatalytic cycle. This 
newly emitted light however is a function of the quencher concentration. If more quencher is present 
the quenching cycle is more easily closed, hence a higher catalyst concentration therefore a higher 
It. The original catalyst emission is measured at the beginning of the experiment. So the overall 
quenching rate observed by the program will be lower than the actual overall quenching rate of the 
catalyst. Since It is a function of the quencher concentrations the quenching rate will be 
underestimated more if the quencher concentration is higher. This could explain the behavior 
shown in figure S12 and S13 in Appendix 1. 
 

Stern-Volmer experiments of fac-Ir(ppy)3 
The Stern-Volmer experiments with fac-Ir(ppy)3 are done to confirm the quenching rates of some 
earlier results and to check if other chemicals in the reaction mixture also could quench. The tested 
quenchers where; trans-cinnamic acid, ethyl bromodifluioroacetate, 2,6 lutidine and the 
combination of trans-cinnamic acid with two equivalent NaHCO3. Because there was only one new 
unknown quencher, this was tested with the Stern-Volmer experiment instead off the screening 
experiment. Unfortunately the lutidine does not quench the catalyst.  
 
Compound Slope R2 Number of points 
Ethyl bromodifluoroacetate 365.23 0.984 6 
Trans-cinnamic acid 654.57 0.978 5 
Trans-cinnamic acid + NaHCO3 2eq 243.4 0.998 6 

TABLE 7: SUMMARY RESULTS STERN-VOLMER EXPERIMENTS WITH FAC-IR(PPY)3 
 
In Table 7  a summary is displayed of the Stern-Volmer experiments with fac-Ir(ppy)3, all the graphs 
of these experiments are displayed in Appendix 1 figures S 14-16. As with the RA-48 experiments, 
also here the last tested concentration would increase in emitted light. In these experiments it is 
clear that cinnamic acid quenches better than BrCF2COOEt. By adding sodium bicarbonate to 
simulate reaction conditions the overall quenching rate was significantly reduced. The Stern-
Volmer experiments with BrCF2COOEt and cinnamic acid where also done in the study of Koen 
Drummen[29]. Because cinnamic acid is an acid, it can easily obtain a charge. This charge 
increases the energy gap that needs to be overcome in order for cinnamic acid to quench the 
catalyst. This larger energy gap is kinetically limiting in the quenching reaction, reducing the 
quenching rate of cinnamic acid. BrCF2COOEt does not have a carboxyl group, therefore it will be 
the better quencher in reaction conditions compared to cinnamic acid[35].   
 
 
The Stern-Volmer experiments in this study where done with a different light source than the one 
in the study of Koen, which emits light that is better absorbed by the catalyst. Another difference 
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between the two studies is an increase in the time the solutions where degassed, in this study the 
solutions where degassed for more than 12 hours where in the other study this was around an 
hour. This large difference in slope between the two studies is mostly escribed to the time the 
solution was degassed. For a small amount of oxygen can have a huge impact on the catalyst, 
reducing the slope of the obtained Stern-Volmer plot. Where the light source increases the total 
concentration of excited catalyst, it does not change the measured ratios. So the light source will 
have a very low impact compared to the degassing time on the slope of the Stern-Volmer plot.  

 Conclusion 
The automated setup greatly improved the duration and accuracy of Stern-Volmer experiment as 
well as the screening of possible quenchers. The Stern-Volmer experiment for instance, was 
previously done in batch and took about six hours to perform and had a relative low R-squared of 
0.86. The automated system is able to do the Stern-Volmer experiment within 20 minutes and with 
an accuracy of 0.95 or higher. The screening experiment was optimized in terms of waste and time 
by performing residence time experiments. The software written for the automation makes both 
these experiments more accessible because it uses an simple interface and processes all 
experimental data into graphs for the researcher.  
 
To enhance the data recovery of the system, a database was implemented. The incorporation of a 
database in the software allows for easy lookup of previously done experiments. Also, if data 
accidently would get lost, the database will still have a backup. In order to preserve the database 
better, the data is compressed to slow down the growth of the database in terms of memory 
consumption. 
 
Two catalysts where investigated using the system, RA-48 and fac-Ir(ppy)3. RA-48 is an organic 
dye photoredox catalyst. The Stern-Volmer experiments of RA-48 showed that the catalyst does 
not prefer the oxidative quenching pathway over the reductive pathway. Out of the tested 
quenchers TMEDA was the best reductive quencher and ethyl iododifluoroacetate was the best 
oxidative quencher. To test the quenching rate of the catalyst, when undergoing the substitution 
reaction described in Figure 13, Stern-Volmer experiments where performed combining both 
oxidative and reductive quenchers. In these experiments the quenchers where tested in both an 
equal molar ratio and in a ratio describing reaction conditions. In this study TMEDA was matched 
with three oxidative quenchers (CF3I, ethyl bromodifluoroacetate and ethyl iododifluoroacetate). All 
the equal molar mixtures showed an improved quenching rate, while the mixtures that match 
reaction conditions showed varied results. The ethyl bromodifluoroacete improved its quenching 
rate compared to the one on one ratio, while CF3I’s quenching rate decreased slightly and the 
overall rate of ethyl iododifluoroacetate dropped down to the same value when it was quenching 
RA-48 without TMEDA. In the case of ethyl iododifluoroacetate it was observed that it would react 
with TMEDA, this might have caused the apparent drop in overall quenching rate. By closing the 
photocatalytic cycle with the use of both reductive and oxidative quenchers, the concentration of 
ground state catalyst increases. This in turn will also increase the overall amount of excited catalyst 
in the solution, and with it the amount of light the solution is able to emit (I0). This creates a new I0 
for every datapoint, lowering the observed quenching rate. So all quencher combinations probably 
have a higher overall quenching rate than reported, but it is difficult to say how much higher. 
 
The experiments done with fac-Ir(ppy)3 where done to verify the quenching rates. It was shown that 
trans-cinnamic acid quenches the catalyst better than ethyl bromodifluoroacetate. However when 



42 
 

simulating reaction conditions by adding sodium bicarbonate to the solution cinnamic acid obtained 
a charge. This charge makes it harder for cinnamic acid to act as a quencher, and therefore 
cinnamic acid is a worse quencher than ethyl bromodifluoroacetate under reaction conditions. 
 
If a halogenated quencher was tested during a Stern-Volmer experiment than the catalyst would 
emit more light during the measurement of the final emission value, regardless of the amount of 
measurements taken. This phenomena can be quite aggravating. However, since only the last 
measurement is effected, regardless of the amount of measurements, this data point can be 
removed to obtain a straight line. What causes this phenomena is yet unclear.  
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Outlook  
In this study a system has been created that can screen large batches of compounds in a relative 
small amount of time without having to look at it once the apparatus has started. The Stern-Volmer 
experiments have been improved significantly in duration and accuracy. The system is great, it 
creates graphs and excel sheets on demand, it sends the user an email when an experiment has 
finished and it can be controlled remotely. So in theory the setup is industry 4.0 ready.  
 
The system is also integrated with a database to store all the data from the experiments, making it 
easy to look back on previous results and reduce the risk of losing data due to human error. So the 
database sits there, collecting data and answering your calls for information and this is exactly what 
it is supposed to do. But would it not be great if the database could also work for researchers 
instead of with them.  
 
Neural networks could help with this. If correctly implemented neural networks can use the data 
inside database to make predictions. These neural networks could propose alternative quenchers 
to quench the catalyst, when only looking at the data from the screening experiments. They could 
suggest a new quencher that could work better than previously attempted quenchers, or predict 
the quenching rate of a not yet tested quencher. Each of the previously mentioned suggestions a 
network could make does require a new network. The more data inside the database the more 
accurate a neural networks becomes and the bolder the questions you ask it can become.  
 
Neural networks have already shown to work in chemistry in different directions [30]. They have 
been used to estimate the flash point temperature of pure components [31], detect oxygen 
presence in solution [32], predict the toxicity of new chemicals[33] and they are also successfully 
used to predict chemical reactions[34]. All these studies are impressive, and from them it can be 
learned how to set up a neural network and how to present data to the model in a sensible way.  
 
The database made in this thesis however is in its current state not up to the task  of supporting a 
neural network. This database has been designed to be a subordinate to the software. The 
database, for instance, has no quencher table because it would become a mess to display all the 
know quenchers inside the user interface of the program. Such a table however would be 
necessary for a neural network to operate, otherwise the network would have no way to separate 
one quencher from another. 
 
Quenchers can be identified in the database in different ways. In the flash point paper, compounds 
are identified by a list of 79 functional groups. To mimic this a quencher table is needed, containing 
at least the name and id of each quencher, an functional group table, describing each functional 
group, and a compound table that tells what functional groups a quencher has. The compound 
table may later on also be used to describe catalyst. This tactic can generates huge amount of 
insights but requires a lot of data to train the network. The training dataset for the neural network 
needs to be at least 10 times as large as the amount of variables in the network.  
   

In order to answer a simple question (Would a chemical quench the catalyst?) you have to handle 
your dataset wisely: how to formulate the problem? For example: instead of starting out with eighty 
functional groups, count the number of atoms a molecule is made of. This would shorten the amount 
of input variables. However to better distinguish the quenchers, properties like redox potential can 
be added to the quencher table. This more simple implementation could faster generate results.  
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Electrochemistry shows similarities with photoredox chemistry. If the system would be expanded 
to also do electrochemical experiments, than the database and neural network could grow faster 
and be more widely applicable.  
 
Because there already exists a network that can predict organic reactions, it would be possible to 
use the collected data to make a scope for a reaction. Which substrates would probably react with 
a given catalyst. This eventually could be done for both electro and photoredox chemistry. This 
could save the researcher time in developing or testing a scope for their reaction. The neural 
network could also come up with new suggestions that the researcher did not think of. To achieve 
such a network however would require a large database and wisely chosen input variables.  
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Nomoclature 
   
Abs Absorption ( - ) 
𝑰𝒔,𝟎  Intensity of light shine on the sample ( - ) 
𝑰𝒔  Intensity of light travelled through the sample ( - ) 
ε molar extinction coefficient of photocatalyst cm-1 M-1 
c Concentration M 
l Length of light propagation path cm 
PC/PCn Photocatalyst  ( - ) 
PC*/*PCn Excited photocatalyst ( - ) 
A Electron acceptor ( - ) 
D Electron donor ( - )  
Q  Quencher  ( - ) 
kr Radiative decay rate constant s-1 

knr Non-radiative decay rate constant s-1 

𝝉𝟎  Lifetime of catalyst s 
kEnT Energy transfer rate constant s-1 
kox Oxidative quenching rate constant s-1 
kred Reductive quenching rate constant s-1 
q Radiative quantum yield ( - ) 
q0 Radiative quantum yield without quencher present ( - ) 
   
I  Catalyst emission intensity ( - ) 
I0 Catalyst emission intensity with quencher ( - ) 
It Catalyst emission intensity caused by closing the 

photocatalytic cycle  
( - ) 

𝜼  Viscosity  kg s-1m-1 
NA Avogadro constant  mol-1 
kB Bolzman constant kg m2 s-2 K-1 
R Gas constant kg m2s-1K-1 

mol-1 
T Temperature K 
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Diff Diffusion m2s-1 
   

 
 

List of equipment 
 

HPLC Pump: Knauer, Smartline HPLC pump 1050 

Light Source (blue light): Mightex, high power fiber coupled LED light source, 455 nm 

Light Source (UV light): Mightex, high power fiber coupled LED light source, 405 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 

Back pressure regulators: INACOM instruments BV BPR Cartridge 40 psi Gold Coat 

 

List of chemicals 
 
Name  abbreviation Provider Structure 

Catalysts   
 

9-Mesityl-Acridinium 
perchlorate Mes-Acr TCI chemicals 

 

Tris(bipyridine)ruthenium(II) 
chloride Ru(bpy)3Cl2 Sigma Aldrich 

 

5,5'-Bis((2-
(trifluoromethyl)phenyl)ethynyl)-

2,2'-bithiophene 
RA-48 Cecilia 

Bottecchia 
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Tris(2-
phenylpyridine)iridium(III) fac-Ir(ppy)3 Sigma Aldrich 

 

Quenchers 
   

N,N,N′,N′-Tetramethylethane-
1,2-diamine TMEDA TCI chemicals 

 

Triethylamine TEA TCI chemicals 
 

N,N-Diisopropylethylamine DIPEA TCI chemicals 
 

Diethyl bromomalonate Malonate Sigma Aldrich 
 

Trifluoroiodomethane CF3I Fluorochem - 

Ethyl bromodifluoroacetate BrCF2COOEt TCI chemicals 
 

Ethyl iododifluoroacetate ICF2COOEt Fluorochem 
 

3-Methylindole Indole Alfa Aesar 
 

2,6 Lutidine Lutidine TCI chemicals 
 

Trans-Cinnamic acid Cinnamic acid TCI chemicals 
 

Sodium bicarbonate - VWR - 

Sodium hydroxide - Sigma Aldrich - 

Phenolphthalein - Merck 

 

Solvents   
 

N,N-Dimethylformamide DMF Sigma Aldrich - 

1,4 Dioxane - Sigma Aldrich - 

Acetonitrile - VWR - 
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Appendix 1 
First series of Stern-Volmer experiments with RA-48 

 
a 

a 

S 1: STERN-VOLMER PLOT OF RA-48 WITH TMEDA 

S 3: STERN-VOLMER PLOT OF RA-48 WITH TEA 

S 2: STERN-VOLMER PLOT OF RA-48 WITH DIPEA 
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aa 

aa 

aa 

aa 
sds 
dsds 

S 4: STERN-VOLMER PLOT OF RA-48 WITH DIETHYL BROMOMALONATE 

S 5: STERN-VOLMER PLOT OF RA-48 WITH CF3I 

S 6: STERN-VOLMER PLOT OF RA-48 WITH BRCF2COOET 
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dsd 

Second series of Stern-Volmer experiments with RA-48 
a 

Aa 

 

S 7: STERN-VOLMER PLOT OF RA-48 WITH ICF2COOET 

S 8: STERN-VOLMER PLOT OF RA-48 WITH CF3I + TMEDA 1EQ 

S 9:STERN-VOLMER PLOT OF RA-48 WITH CF3I + TMEDA 1.5EQ 
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aa 

asa 

 
aa 

 

S 10: STERN-VOLMER PLOT OF RA-48 WITH BRCF2COOET + TMEDA 1EQ 

S 11: STERN-VOLMER PLOT OF RA-48 WITH BRCF2COOET + TMEDA 1.5EQ 

S 12: STERN-VOLMER PLOT OF RA-48 WITH ICF2COOET + TMEDA 1EQ 
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aaa 

Stern-Volmer experiments with fac-Ir(ppy)3 
Aa 

Aa 

S 13: STERN-VOLMER PLOT OF RA-48 WITH ICF2COOET + TMEDA 1.5EQ 
 

S 14: STERN-VOLMER PLOT OF FAC-IR(PPY)3 WITH BRCF2COOET 

S 15: STERN-VOLMER PLOT OF FAC-IR(PPY)3 WITH TRANS CINNAMIC ACID 
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Aa  

 S 16: STERN-VOLMER PLOT OF FAC-IR(PPY)3 WITH TRANS CINNAMIC ACID + 
NAHCO3  2EQ 


