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Abstract 
The project has focused on the radical transfer that occurs between the amino acids tTyrosine and 
tTryptophan in a proton-coupled electron transfer (PCET) where the radicals that form are 

deprotonated. Tris(2,2’-bipyridine)ruthenium(II) ( ) has been used as a photocatalyst [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

with chloropentaamminecobalt chloride as oxidative quencher in phosphate buffer. The oxidized 
photocatalyst can then oxidize the amino acids and return to its ground state. With laser flash 

photolysis, the reaction was initiated by exciting the photocatalyst   with a laser pulse. [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

From these measurements, data are obtained in the form of kinetic measurements and transient spectra 
that both show changes in absorbance. 
 
Initially, measurements were made with tyrosine and tryptophan individually to investigate the rate of 
radical decomposition.as it was known that both radicals decompose via radical-radical dimerization. 
When measurements were made of samples containing both amino acids, it was found that 
approximately 30% of the tryptophan radicals will oxidize the tyrosine at pH 5.5 - the rest 
decomposes with itself in dimerization. At increasing pH, higher rates of oxidation of tryptophan were 
observed, but no signals were observed for tyrosine, indicating that the efficiency of radical transport 
between tryptophan and tyrosine decreases at higher pH. 
 
The concentration of phosphate buffer was kept low throughout the measurements to ensure that it did 
not act as a proton acceptor in the radical transfer. When a measurement was carried out with a higher 
concentration of phosphate buffer (50 mM), the proton transfer may occur directly from tyrosine to 

the tryptophan radical or the protons may be transferred to and from water in  PCET-reaction. ​𝑒−/2𝐻+
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1.​Introduction  
As a result of global warming and other climate changes, interest in research in the field of renewable 
energy has increased. In the field of sustainable chemistry, it is important to develop chemical 
processes and energy conversions that mimic nature's way of converting energy, this would make it 
possible for humanity to utilize solar energy in the same way as nature. 
​
In photosynthesis, light energy is converted into chemical energy in a series of processes in plants and 
cyanobacteria.The central steps involve two enzymes: Photosystem (I) (PSI) and Photosystem II 
(PSII). When the chlorophyll molecule (P680) found in PSII absorbs light, it is photooxidized to

 and this oxidant drives the oxidation of water in the system because the photooxidized species 𝑃680+

is a stronger oxidant compared to its ground state. The oxidation of water occurs in the oxygen 
evolving complex (OEC) which is a cluster of one calcium ion and four manganese ions. The charge 

transport between  and OEC occurs over a long distance with Tyrosine 161 (TyrZ) as an 𝑃680+

intermediary in the form of electron carrier/proton carrier. During the oxidation of water, four 
electrons and four protons are released and this is catalyzed in a cyclic process in the OEC in the form 
of electron transfers and proton transfers. 
​

​ ​ ​ ​ ​ ​ ​   ​   ​   1.1​2𝐻
2
𝑂 → 4𝐻+ + 4𝑒−+ 𝑂

2

​
TyrZ possesses a phenolic group that forms a hydrogen bond with nearby Histidine (His190) and 

when TyrZ is oxidized by the photooxidized  a tyrosine radical is formed (  according to 𝑃680+ 𝑇𝑦𝑟𝑍• )

reaction formula 1.2. With the formation of the radical, a proton transfer occurs from the phenol group 
to His190 according to reaction 1.3. Reaction 1.3 is an example of a proton-coupled electron transfer 
(PCET) where electron transfer and proton transfer occur in one step. 
 

​ ​   ​ ​   ​   1.2 𝑇𝑦𝑟𝑍 → 𝑇𝑦𝑟𝑍• + 𝑒− + 𝐻+

​ ​   ​   ​   1.3 𝐻𝑖𝑠190 + 𝐻+ → 𝐻𝑖𝑠190 − 𝐻+

 
PCET reactions can occur according to two different mechanisms: either through stepwise PCET 
where electron transfer and proton transfer occur in two separate steps or in a concerted step (CEPT) 
where they occur simultaneously.​
In addition to tyrosine, tryptophan is also central to biological processes. One example is in DNA 
repair. DNA damage caused by UV radiation is repaired by an enzyme called DNA photolyase, which 
is activated by light. On the surface of the enzyme an electron transport chain is connected to a flavin 
adenine dinucleotide (FAD) and when FAD is photoexcited, the chain of electron transfers is initiated 
containing three tryptophan residues and these transfers occur on a time scale of picoseconds[1]. A 
notable aspect of this electron transfer is that only the tryptophan residue at the farthest surface of the 
protein is deprotonated during oxidation, and this occurs by stepwise PCET where electron transfer 
occurs followed by a proton transfer to surrounding water [4].​
​
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The incorporation of tyrosine and tryptophan into proteins may be a result of the Great Oxygenation 
Event (GOE) that occurred 2.4-2.0 billion years ago because they are effective in neutralizing reactive 
oxygen species. The GOE was an ecological catastrophe for early life forms. Before the GOE, there 
was almost no oxygen in the Earth's atmosphere and life on Earth was anaerobic, but as a result of the 
photosynthesizing cyanobacteria, oxygen became a dominant force on Earth. Oxygen poses a major 
challenge because it is highly reactive and easily forms reactive oxygen species that can damage 
DNA, proteins and cell membranes [5]. 

2. Theory 

2.1 Tyrosine and tryptophane in nature  
When tyrosine (YH) and tryptophan (WH) are oxidized, their acid-base properties change due to their 
side groups. Y has a phenolic group which in the neutral state has  but which is drastically 𝑝𝐾𝑎 ∼ 10

lowered to pKa  -2 when Y is oxidized forming a radical (  ). This means that the radical is  ∼ 𝑌•

deprotonated under physiological conditions in the context of oxidation. This has been confirmed in 
studies where kinetic and thermodynamic data have been shown to be consistent with the CEPT 
mechanism [4]. This follows the reaction formula 1.4. ​
 

​ ​ ​ ​ 1.4 𝑌𝐻 → 𝑌• + 𝑒− + 𝐻+

​

W possesses an indole group whose pKa is  and when this is oxidized ( ) the pKa decreases ∼ 17 𝑊𝐻+•

to . Studies show that PCET with W often occurs according to stepwise PCET, similar to the ∼ 4. 3
examples previously described, with DNA photolysis as an example where initial electron transfer 
occurs followed by proton transfer to surrounding water. This occurs according to reaction formula 
1.5 followed by 1.6. 
 

​ ​ ​   ​ ​  1.5 𝑊𝐻 → 𝑊• + 𝑒− + 𝐻+

    ​ ​ ​ ​ ​  1.6 𝑊𝐻 → 𝑊𝐻•+ + 𝑒−

 
 

​ ​  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.1 - Structures tyrosine (left) and tryptophan (right). The figure is created by the author in molview. 
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2.1 Electron- and proton transfer  
The first developed theory of electron transfer (ET) was developed by R.A. Marcus who described ET 
as a model of two harmonic free energy curves representing reactant (R) and product (P). The 
diffusion theory states that the donor and acceptor for ET must meet for ET to occur, after which they 
form an outer sphere precursor complex (D/A) according to reaction formula 2.1. This corresponds to 
the ground state [3]. 
​
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 2.1 𝐷 + 𝐴 ↔ 𝐷/𝐴
 
According to Marcus' theory, the complex in 2.1 must undergo a nuclear reorganization towards a 

transition state and this process forms a successor complex  as described in reaction formula (𝐷+/𝐴−)
2.2. The free energy curves correspond to this where the curves R and P cross each other. 
 

​ ​ ​ ​ ​ ​ 2.2 𝐷/𝐴 ↔ 𝐷+/𝐴−

 

Finally, successor dissociates the complex and the products  and  is formed and released in 𝐷+ 𝐴−

solution according to reaction formula 2.3. 
 

​ ​ ​ ​ ​ 2.3​𝐷+/𝐴− → 𝐷+ + 𝐴−

 

The rate for ET ( ) depending on Gibbs Free Energy, partly for (i) activation  and for (ii) the 𝑘
𝐸𝑇

(∆𝐺∓)

driving force The rate also depends on the reorganization energy (λ), which describes the ∆𝐺
𝐸𝑇
0 .

energy required for the precursor complex to organize into the successor complex according to 
reaction 2.2 [3]. 
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Figure 2.2 - Illustrates two curves representing the free energy of reactant and product. A) shows the free energy , B) ∆𝐺0

shows the activation free energy  and C) shows a difference in reorganization energy. The figure is created by the author ∆𝐺∓

in notability based on figure 5 in [3]. 
 
The rate constant of ET ( ) is presented in equation 2.4. In the equation, the rate constant for ET is 𝑘

𝐸𝑇

related to reorganization energy (λ), Gibbs Free energy for ET (  and the electronic coupling ∆𝐺
𝐸𝑇
0 ) 𝑉

𝑒𝑙

.  

​ ​ ​ 2.4 𝑘
𝐸𝑇

=𝑉
𝑒𝑙
2 π

λ𝑘
𝐵

𝑇 × 𝑒𝑥𝑝(− ∆𝐺‡

𝑘
𝐵

𝑇 )

 

 is Boltzmann constant and T is the temperature.  is the activation energy described by equation 𝑘
𝐵

∆𝐺‡

2.5. 
 

​ ​ ​ ​ ​ 2.5 ∆𝐺 = (
(∆𝐺

𝐸𝑇
0 +λ)2

4λ )

 
In equation 2.5 it can be observed that a higher driving force leads to a higher rate constant, but this 
applies as long as the reaction is in Marcus normal region where the reorganization energy is greater 

than the driving force for ET . If the driving force increases so that it becomes greater (∆𝐺
𝐸𝑇
0 < λ)

than the reorganization energy  the reaction will instead be in Marcus inverted region (∆𝐺
𝐸𝑇
0 > λ)

where the rate constant is lower [2]. The electronic coupling  describes the coupling between R and 𝑉
𝑒𝑙

P and depending on the electronic coupling there are two limits for ET known as the adiabatic limit 
and the non-adiabatic limit. These limits define how likely an ET between D and A is. In the adiabatic 
limit the probability of ET between D and A is large and correspondingly the probability of ET 
between D and A is close to 0 in the non-adiabatic limit. This means that the barrier is too large for 
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the electron to pass - it then needs to tunnel through the barrier. This barrier cannot be observed in 
Figure 2.2 which shows nuclear coordinates on the x-axis. 
​
Proton transfer (PT) can be studied quantum-mechanically and classically depending on the coupling 
between reactant and product. In the case of strong coupling (adiabatic), PT follows a classical 
model.But in the case of weak coupling (non-adiabatic), PT follows a quantum-mechanical model 
where the proton tunnels over an energy barrier. The speed of PT can be described with a similar 
equation as for ET, taking into account that protons are heavier than electrons - this means that the 
proton's vibrational wave functions are more localized. This means that protons are strongly 
dependent on distance as they can only tunnel over short distances , unlike the electron which (< 1Å)
can tunnel over longer distances . This means that PT is generally slower than ET. This (10 + Å)
becomes clear when comparing protons with deuterons. Deuterons have a larger mass which means 
more localized wave functions, which affects the probability of tunneling [2]. 

2.2 Proton-Coupled Electron Transfer (PCET)  
In nature, many ET are coupled to a PT  and these reactions are referred to as proton-coupled electron 
transfer (PCET). Depending on the driving force in the system, different mechanisms of PCET can 
occur. If an initial ET occurs in followed by a PT (ETPT) or vice versa (PTET), the mechanism is 
classified as a stepwise PCET mechanism and these mechanisms involve the formation of a reactive 
intermediate before the final product is formed. If ET and PT occur in a common step, without any 
intermediates, the mechanism is classified as a concerted PCET mechanism (CEPT). In contrast to the 
reaction rate for ET formulated according to Marcus theory (eq. 2.6), the reaction rate for CEPT 

 also includes a parameter for the overlap of the vibrational wave functions since the electron (𝑘
𝐶𝐸𝑃𝑇

)

and proton must tunnel through their respective barriers simultaneously. The rate constant for   𝑘
𝐶𝐸𝑃𝑇

follows equation 2.6. 
 

​ ​ ​ 2.6 𝑘
𝐶𝐸𝑃𝑇

(𝑟
𝑃𝑇

) =
µ
∑ 𝑃

µ
𝑣
∑

𝑉
𝑒𝑙
2 𝑆

µν
(𝑟

𝑃𝑇
)2

ℎ
π

λ𝑘
𝐵

𝑇 × 𝑒𝑥𝑝(
∆𝐺

µν
∓

𝑘
𝐵

𝑇 )

Where 
 follows Boltzmann's model for the vibronic states of the reactants. 𝑃

µ

 is the electronic coupling. 𝑉
𝑒𝑙

is the overlap between vibronic wavefunctions between reactant and product. 𝑆
µν

 is Boltzmann's constant, T is the temperature and   is the reorganization energy. 𝑘
𝐵

λ

2.3.1. Driving forces  
By studying the driving forces in a PCET-reaction, one can determine the type of mechanism that is 
present in the PCET reaction. The driving force for ET depends on the difference in reduction 
potential between donor and acceptor according to formula 2.7. The driving force for PT depends on 
the difference in pKa between donor and acceptor according to formula 2.8. The driving force for the 
CEPT mechanism is a combination of both ET and PT according to formula 2.9 [4]. 
 

​​ ​ ​ ​ 2.7 ∆𝐺
𝐸𝑇
0 =− 𝐹(𝐸

𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟
0 − 𝐸

𝑑𝑜𝑛𝑎𝑟
0 )
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​ ​ ​ 2.8 ∆𝐺
𝑃𝑇
0 =− 𝑙𝑛(10)𝑅𝑇(𝑝𝑘𝑎

𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟
− 𝑝𝐾𝑎

𝑑𝑜𝑛𝑜𝑟
)

​ ​ ​ ​ ​ 2.9 ∆𝐺
𝐶𝐸𝑃𝑇
0 = ∆𝐺

𝐸𝑇
0 + ∆𝐺

𝑃𝑇
0

 
The CEPT mechanism tends to occur when the driving force for PT and ET is balanced and it is then 
required that each driving force is not too large as individual driving forces will occur. If the driving 
force for PT is greater than ET then the PCET reaction tends to follow a PTET and the same applies to 
the corresponding ETPT. 

2.3 The photochemistry in this project  

2.3.1 Aim  
The aim of this project is to investigate PCET reactions with a focus on the radical transfer between 
tryptophan and tyrosine. The PCET reactions will be studied in aqueous solutions with the question i) 
whether this is possible and if so ii) on which time scales the PCET-reaction occurs. There are 
knowledge gaps in how to control the efficiency of PCET reactions.We investigate how the reaction 
rate is affected by the driving forces in the system and this is done by adjusting pH values ​​and varying 
proton acceptors in the solution. These parameters affect the driving force for proton transfer. 

2.3.2 This project  
In this project, the PCET reaction between the amino acids YH and WH is investigated 

photochemically using Tris(2,2'-bipyridine)ruthenium(II) ([ ) which represents a 𝑅𝑢(𝑏𝑝𝑦)
3
]2+

photocatalyst that triggers the reaction. When  absorb light  it forms an excited state, [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

. This excited state is quenched by an irreversible quencher ( ) in a * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

bimolecular reaction where  is deactivated by being oxidized to . Since * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]3+

an irreversible quencher is used  [  will not recover to ground state and this is therefore 𝑅𝑢(𝑏𝑝𝑦)
3
]3+

kept stable in solution and will instead act as an oxidizing agent for the amino acids in the solution. 
The amino acids are thereby converted into their radicals in a PCET reaction. The amino acid that is 

oxidized by  can oxidize the second amino acid in a PCET reaction - it is this process that 𝑅𝑢(𝑏𝑝𝑦)
3
3+

the study focuses on, whether it is possible and on what timescale this occurs. In the PCET reaction, a 
proton transfer will occur into the solution which will be accepted by one of the bases in the solution. 
The proton acceptor is important in the question of which mechanism is occurring - a strong base may 
promote a CEPT mechanism because deprotonation can occur more quickly and correspondingly a 
weak base may promote a stepwise mechanism (mainly ETPT) because proton transfer occurs slowly. 
 
The constituent components can be detected in an absorption spectrum with respect to their 
characteristic absorption where both the ground state, excited state and their oxidized species can be 
studied in the spectrum. The lifetimes of each state can be determined by analyzing absorption 
changes over time and by following emission over time. In emission, photoluminescence is reflected 

from *  relaxes to the ground state. If the excited state is quenched by a quencher, 𝑅𝑢(𝑏𝑝𝑦)
3
2+
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 is formed and therefore the amount of *[  decreases and therefore the [𝑅𝑢(𝑏𝑝𝑦)
3
]3+ 𝑅𝑢(𝑏𝑝𝑦)

3
]2+

lifetime is shortened since the excited state is emitted faster. 
​

3. Method  
The main photochemical components of the system were , which has a characteristic [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

absorption maximum at 450nm in its ground state. The excited state  shows a positive * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

absorption in  whereas shows weak absorption in the same area. At <600nm < 350𝑛𝑚 [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

phosphorescence from  appears which is observed as a negative absorption. Other * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

relevant absorption wavelengths to analyze are the tyrosine radical  in 410nm and the neutral (𝑌•)

tryptophan radical ( ) and the protonated tryptophan radical ( ) in 510nm and 560nm. ​𝑊• 𝑊𝐻•+

 

The justification for the choice of photocatalyst is based on that the excited form of  is a [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

better oxidant compared to its ground state and has a higher reduction potential than both amino acids, 

allowing [  to oxidize the amino acids. An irreversible quencher [  is 𝑅𝑢(𝑏𝑝𝑦)
3
]3+ 𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

used to avoid charge recombination and thus keep  stable for a longer time. This allows [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

 to interact solely with the amino acids. [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

 
Table 3.1 - Summary of pKa and  for components included [4]. 𝐸0

System pKa (ox/red)  (V) at pH 5.5 𝐸0

[  𝑅𝑢(𝑏𝑝𝑦)
3
]3+/2+ - 1.26  

 𝑊𝐻•/𝑊𝐻 4.3/17 1.10 

 𝑌•/𝑌𝐻 -2/10 1.46 

 

3.1 Sample preparation  
Five different samples were prepared with varying phosphate buffer concentrations and pH, listed in 

Table 2. The absorption of  was measured with UV-vis spectrometer “Carry 5000” in a [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

quartz cuvette 1x1 cm where the target for each solution was to exhibit absorption at 0.6 absorption 
units at the wavelength 455 nm. This corresponds to a concentration of , calculated from 43µ𝑀

Lambert Beer’s law and (estimated  from table 1). The ∆ε
455

(𝑅𝑢3+/2+) = 14 000𝑐𝑚−1𝑀−1

concentration of YH and WH was determined by measuring absorption and Lambert-Beer's law 

(estimated ) [6]. To calculate the ε
277

(𝑌𝐻) = 1490 𝑐𝑚−1𝑀−1, ε
277

(𝑊𝐻) = 2200 𝑐𝑚−1𝑀−1

concentration, the samples were diluted with a dilute factor of 40 (2.0 mL phosphatebuffer 0.5mM + 
 of sample). 50 µ𝑙
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The solvent in all experiments was a phosphate buffer whose concentrations and pH values were 
adjusted between 0.5-50mM and pH 5.5-8. All solutions in which the crystals were difficult to 
dissolve were instead dissolved in a sonicator for up to 15 minutes.​
 
Table 3.2- Summary of sample preparation 

 
 [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

(   µ𝑀)

Phosphatebuffer 
(mM) 

pH 5.5 

Phosphatebuffer 
(mM) 
pH 8 

Tryptophan 
(mM) Tyrosine (mM) 

Bottle 1  43.0 0.5 - 7.0  - 

Bottle 2  43.0 0.5 - - 4.0 

Bottle 3 43.0 0.5 - 12.0  4.8  

Bottle 4  43.0 - 0.5 12.0 4.8 

Bottle 5  43.0 50 - 12.0 4.8 

​
In addition to the samples in table 3.2, the quencher  was prepared (12mM). The [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

quencher is not mixed with the prepared samples (Table 3.2) until just before the measurements, 
which are made in dark conditions. This is to avoid light initiating degradation of the quencher. The 

measurements are made by mixing  1.0 mL of  with 1.0 mL of the sample in a quartz [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+

cuvette 1x1 cm. In addition, control measurements were made with only  (1.0 mL) in [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

phosphate buffer (1.0 mL) as well as with the photocatalyst  and the quencher [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

. Before these measurements, the pH of the samples was checked with a pH meter [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+

and adjusted accordingly with diluted 1.0M NaOH (aq) and 1.0M HCl (aq). Before measurement with 
flash photolysis, the samples were deoxygenated for at least 10 minutes in careful purging of argon 
gas. During measurements, there was a constant flow of argon gas in the upper part of the cuvette 
(above the surface of the solution). After each individual measurement, the samples were purged with 
argon gas for a few seconds. The sample is bubbled with argon gas to remove the oxygen from the 
sample. Oxygen is reactive and can interact with excited states and radicals, and this interferes with 
the experiment. 

3.2 Laser-flash photolysis 
The method used was laser flash photolysis on a nanosecond time scale. The instrument consisted of 
two main parts, a neodymium-doped yttrium aluminum garnet laser (10ns) (Nd YAG laser) with 
built-in optical Parametric Oscillator (OPO) but also a photomultiplier and an oscilloscope connected 
to a spectrophotometer system (Edinburgh Instruments LP929). The OPO is used to focus the laser 
flash (355 nm) to the selected wavelength. In this project, the selected wavelength is 460 nm and to 
adjust the intensity of the light, a neutral density filter of 0.6 (0.6 ND) was placed. The laser light then 
passes through a shutter and via a prism the light reaches the sample chamber. In the chamber there is 
a pulsed “probe light” from a Xe-light lamp that measures changes in absorption and this passes the 

sample with  relative to the laser light. The resulting light passes through a monochromator with a 90◦
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bandwidth of 5 nm connected to two detectors where a photomultiplier (PMT) measures changes in 
absorbance at specific wavelengths over time. With a charge-coupled device (CCD) camera, the 
changes in absorbance at specific time intervals over a range of wavelengths were measured. The 
resulting signal was read on the computer with LKS60 software.  

​
3.2.1 Measurements and kinetics 
The data collected from the experiments are mainly in the form of kinetic traces showing changes in 
absorption over time at specific wavelengths (410nm, 450nm, 510nm, 560nm) and within the time 
scales from . The data includes transient absorption spectra showing changes in absorption 2 − 100µ𝑠
over a wide band of wavelengths at a given gate delay, from 200ns up to 4ms. The excited state 

 will spontaneously relax to ground state after time  according to reaction formula 3.1, * 𝑅𝑢(𝑏𝑝𝑦)
3
2+ τ

0

in the absence of a quencher. 
​

​ ​ ​ ​ ​ ​ ​ ​ ​ 3.1 * 𝑅𝑢(𝑏𝑝𝑦)
3
2+ → 𝑅𝑢(𝑏𝑝𝑦)

3
2+

 
This follows a first-order reaction and follows a rate expression as follows. 
 

​ ​ ​ 3.2 −
𝑑[*[𝑅𝑢(𝑏𝑝𝑦)

3
]2+ ]

𝑑𝑡 = 𝑘
0
[* [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ ]

 

In the presence of quencher  the excited state  has a lifetime and [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ * [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ τ

deactivation of the excited state will occur with a rate constant . The quencher will deactivate the 𝑘
𝑞

excited state  in a bimolecular reaction through an ET. See reaction formula 3.3. * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

 

​ ​ 3.3 [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ + [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+ → [𝑅𝑢(𝑏𝑝𝑦)

3
]3+ + 𝐶𝑜2+ + 5𝑁𝐻

4
+ + 𝐶𝑙− 

 
In the measurement the concentration of quencher is a lot higher than the concentration of  

photocatalyst >>  and therefore reaction 3.3 follows a pseudo ([𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+)

first-order reaction. The rate expression follows relation 3.4 and the observed rate is given by the sum 

of the rate constants  and  according to 3.5. 𝑘
0

𝑘
𝑞
[[𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+]

 

​ ​ 3.4 −
𝑑[*[𝑅𝑢(𝑏𝑝𝑦)

3
]2+ ]

𝑑𝑡 = 𝑘
𝑞
[[𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+][* [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ ]

​ ​ ​ ​ 3.5 𝑘
𝑜𝑏𝑠

= 𝑘
0

+ 𝑘
𝑞
[[𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+]

 

The PCET reaction when the oxidized photocatalyst oxidizes the amino acid (DH) [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

follows pseudo first-order kinetics , see reaction formula 3.6. [𝐷𝐻] >> [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

 

  ​ ​ ​ 3.6 𝐷𝐻 + 𝑅𝑢(𝑏𝑝𝑦)
3
3+ →  𝑅𝑢(𝑏𝑝𝑦)

3
2+ + 𝐷• + 𝐻+
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The kinetics of reaction 3.6 is modeled on a series of differential equations that describe a) the 

consumption of  b) formation and decay of  by radical-radical dimerization which 𝑅𝑢(𝑏𝑝𝑦)
3
3+ 𝐷•

follows second-order kinetics. ​

How the concentration changes over time follows a pseudo first-order kinetics, [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

according to the following expression, and describe a). 
 

​ ​ ​ ​ 3.7 
𝑑[ [𝑅𝑢(𝑏𝑝𝑦)

3
]3+]

𝑑𝑡 =− 𝑘
𝑜𝑏𝑠

[[𝑅𝑢(𝑏𝑝𝑦)
3
]3+]

 
This rate constant depends on the concentration of the amino acid (DH). There is a simultaneous 
formation and consumption of the forming amino acid radical according to the following expression, 
and describe b).​
 

​ ​ ​ 3.8 𝑑[[𝐷•]
𝑑𝑡 = 𝑘

𝑜𝑏𝑠
[[𝑅𝑢(𝑏𝑝𝑦)

3
]3+] − 2𝑘

2
[𝐷•]2

 

Where  is a second-order rate constant describing the decay of  by radical-radical dimerization𝑘
2

𝐷•

.  (2𝐷• → 𝑃)

​ ​ ​ ​ ​ 3.9 𝑑[𝐷(𝑑𝑖𝑚) ]
𝑑𝑡 = 2𝑘

2
[𝐷•]

2

 
The reaction can be observed spectroscopically at 450 nm where one can follow the reformation of the 

photocatalyst . A solution to 3.7 can be adapted to the 450nm trace to analyze the rate [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

(see 3.2.2 Data management). The reaction is also followed at the radical absorption wavelength 
where the radical formation and decay can be studied. A solution to 3.9 can be adapted to the decay to 
analyze the rate.​
The observed rate constant  is represented by the product of the biomolecular rate constant for 𝑘

𝑜𝑏𝑠

PCET and the concentration of the amino acid in the solution . In this way  can (𝑘
𝑃𝐶𝐸𝑇

× [𝐷𝐻]) 𝑘
𝑃𝐶𝐸𝑇

be calculated with known  and concentration of DH. 𝑘
𝑜𝑏𝑠

 

​ ​ ​ ​ ​ ​ 3.10 𝑘
𝑃𝐶𝐸𝑇

=
𝑘

𝑜𝑏𝑠

[𝐷𝐻]

​

3.2.2 Data management​
The raw data contains some noise which was reduced by averaging the data points. This was done in 
MATLAB. MATLAB was also used to analyze the kinetic traces by fitting kinetic models to the plots. 
These models are different depending on and whether the reaction is mono- or biexponential. 
First-order reactions were fitted to their integrated rate law according to eq. 3.11. The first-order rate 

constant ( ) can be extracted and given in the unit  because the absorption is proportional to the 𝑘
𝑜𝑏𝑠

𝑠−1

concentration of the absorbed species.  
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​ ​ ​ ​ ​​ ​ ​ ​ 3.11 [𝐴]
𝑡

= [𝐴]
0

× 𝑒𝑥𝑝(− 𝑘
𝑜𝑏𝑠

× 𝑡)

 
Second-order reactions are fitted according to their integrated rate law according to model 3.12. The 

second-order rate constant can be extracted from the model ( ) and its unit will then be in . 𝑘
2

𝑎𝑏𝑠−1𝑠−1

Beer Lambert's law and the extinction coefficient of the absorbed species are used to convert the unit 

to rate constant given in the unit  to get a concentration unit. 𝑀−1𝑠−1

 

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 3.12 [𝐴]
𝑡

=
[𝐴]

0

1+[𝐴]
0
×𝑘

2
×𝑡

4. Result and discussion ​

4.1 Follow the oxidized state of the photocatalyst  

​

Figure 4.1 shows transient spectra at different time scales for the photocatalyst  in [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

deoxygenated water which is represented by a 0.5mM phosphate buffer at pH 5.5. At 350nm the 

absorption band from the excited state is observed which has its absorption maximum * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

200ns after the laser flash. Then a ground state bleach is observed at 450nm which is due to the 
excited state absorbing less than the ground state. The negative signal at 600-640nm is assigned to 

emission from the excited state of .  * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

 

 
Figure 4.1 - Transient absorption spectrum of sample containing . Absorption from the excited state in 350nm. 𝑅𝑢(𝑏𝑝𝑦)

3
2+

Ground State Bleach in 450nm and emission from från excited state  i 600-650nm.  * 𝑅𝑢(𝑏𝑝𝑦)
3
2+

​

Figure 4.2 shows the kinetic trace in 450nm with  with (purple) and without (green) [𝑅𝑢(𝑏𝑝𝑦)
3
]2+
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. In the traces one can initially observe a ground state bleach from . [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

Furthermore, it can be observed that in the trace without  will return to the baseline [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+

and this indicating that all of the  will recover. Without  the track does [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

not return to the baseline which is a result of  being an irreversible quencher. In this [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+

reaction,  will be quenched  by an ET, which form the oxidized * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

photocatalyst  and the three degradation products  (aq),  and  [𝑅𝑢(𝑏𝑝𝑦)
3
]3+ 𝐶𝑜2+ 𝑁𝐻

4
+(𝑎𝑞) 𝐶𝑙− (𝑎𝑞).

From these results it can be concluded that within the time scales investigated there is no component 

in the solution that will reduce the oxidized photocatalyst  back to  groundstate [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

 in the presence of (See Appendix A1, figure 1.1). [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

 

 
Figure 4.2 - Kinetic trace in 450nm containing  in the presence of  (purple trace) and without[𝑅𝑢(𝑏𝑝𝑦)

3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

 (green trace)). With  the trace will not go back to the baseline because   will [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

not recover. Q = Quencher. 
 

In figure 4.3 the emission trace can be observed for  with (left) and without (right)[𝑅𝑢(𝑏𝑝𝑦)
3
]2+

. In the absence of quencher  emits spontaneously according to a [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ * [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

first-order reaction with the rate constant . In the presence of  the interaction 𝑘
0

[𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+

between   and the excited state  is approximated to a pseudo [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ * [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

first-order reaction with a rate constant . The integrated velocity expressions 3.2 and 3.4 follow an 𝑘
𝑜𝑏𝑠

exponential model that fits the kinetic trace.  is determined to   and  is determined 𝑘
0

2. 0 × 106𝑠−1 𝑘
𝑜𝑏𝑠

to . Using equation 3.5,  is calculated. 3. 0 × 106𝑠−1 𝑘
𝑞

 

 𝑘
𝑞
[[𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+] = 𝑘

𝑜𝑏𝑠
− 𝑘

0
= 1. 0 × 106

 𝑘
𝑞

=
𝑘

𝑞
[[𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+]

[𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ = 8. 33 × 107𝑀−1𝑠

−1
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​  
 

 
 
Figure 4.3 - Emission Trace in 450nm containing  in the 𝑅𝑢(𝑏𝑝𝑦)

3
2+

presence of   (left) and without (right). [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

4.2 Transient Spectroscopy of the radicals formed following PCET 

In the PCET reaction where  is oxidized the amino acids YH and WH and this can be [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

study by follow the kinetics in the reaction in 450nm which shows the recovery of   and [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

in 410nm for , 510nm for  and 560nm . In the control measurements with samples 𝑌• 𝑊• 𝑊𝐻•+

containing only  and  showed that no component in the solution will [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

reduce  in these time scales (up to ) and this means that the traces do not return to [𝑅𝑢(𝑏𝑝𝑦)
3
]3+ 100µ𝑠

the baseline. However, in the presence of YH and WH, it can be observed that the traces return to the 

baseline, which means that the amino acids will reduce  back to , see [𝑅𝑢(𝑏𝑝𝑦)
3
]3+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

figure 4.4. 
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Figure 4.4 - Kinetic trace in 450nm with  and  and 410nm-trace  in the presence of YH (left) [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ 𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙2+

and 510nm-trace in the presence of WH (right). It can be observed that   regenerated in the presence of the 𝑅𝑢(𝑏𝑝𝑦)
3
2+

amino acids. 

4.2.1 Tyrosine  
​
Figure 4.5 shows the measured time-dependent transient  (TA) spectra for a solution containing YH (4 
mM) at pH 5.5. The left figure shows the TA spectra on short time scales (200ns to 500ns) and during 
these time scales the dynamics of excited state absorption dominates just below 400 nm. At 450nm, 

ground state bleach from  and emission from  can be observed as a [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ * [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

broad absorption band around 600nm.  after the laser flash, these absorption bands have been 25µ𝑠

replaced by positive signal at 410nm, see figure to the right. This is attributed to the formation of 𝑌•

-radical. Up to 1ms, the signal at 410nm is still observed, indicating that the -radical is long-lived, 𝑌•

which is consistent with previous studies [6]. The formation of -radicals occurs in connection with 𝑌•

the consumption of  and this indicates that  oxidized YH in a PCET [𝑅𝑢(𝑏𝑝𝑦)
3
]3+ [𝑅𝑢(𝑏𝑝𝑦)

3
]3+

reaction according to 4.1. 
 

 ​ ​ ​ 4.1 𝑌𝐻 + 𝑅𝑢(𝑏𝑝𝑦)
3
3+ →  𝑌• + 𝑅𝑢(𝑏𝑝𝑦)

3
2+ + 𝐻+

 
The corresponding kinetic trace is shown in Figure 4.6 which also shows a positive signal at 410nm. 
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Figure 4.5 - Transient absorption spectrum of sample containing  and  in the presence of YH. [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ 𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙2+

On the left is shown spectrum within the time scales 200ns to 500ns and on the right is shown spectrum from  to 1ms. 25µ𝑠
 
 

 
Figure 4.6 - Kinetic Trace up to 100us. Sample is containing  and  in the presence of YH.   [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ 𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙2+

 
 

By adapting a fit to recovery of in the kinetic trace in 450nm (see appendix A2, fig. 2.1) [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

with an exponential model the rate constant is extracted . Equation 3.10 𝑘
𝑜𝑏𝑠

= 5. 0 × 104𝑠−1

determines the rate of the bimolecular PCET reaction. 
 

 𝑘
𝑃𝐶𝐸𝑇

= 5.0×104𝑠−1

4𝑚𝑀 = 1. 25× 107𝑀−1𝑠−1
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Decay of  fits well in a second-order decay model, indicating that  decomposes in a 𝑌• 𝑌•

radical-radical dimerisation according to reaction formula 4.2. 
 

​ ​ ​ ​ ​ 4.2 2𝑌• → 𝑃
 
The second-order rate constant ( ) is extracted from the integrated rate expression from 3.7 through a 𝑘

2

fitted model to the decay at 410nm (see appendix 2, fig. 2.2). 

The rate constant extracted is determined to be 246,000  and to get this in units of 𝑎𝑏𝑠−1𝑠−1

concentration  Lambert Beer's law is used. In the measurements, the path length of light (l) (𝑀−1𝑠−1)
is somewhere between 0.6cm-1.0cm - the cuvette walls are 1x1 cm but there is uncertainty in the path 
length which is based on the overlap between the light from the laser and the probe. It is only the 
volume where they overlap that contributes to the signal. The overlap was not measured but is 
somewhere between 0.6-1.0cm, therefore a mean value with standard deviation is calculated. With 

appreciation  an average rate-constant for decay is calculated to ε
410

(𝑌•) = 3000𝑀−1𝑐𝑚−1

 (with a standard deviation of 0.31). 𝑘
2

= 1. 54 × 109  𝑀−1𝑠−1

4.2.2. Tryptophan  
Figure 4.6 shows the measured time-dependent TA spectra for a solution containing WH (7mM) at pH 
5.5. The time evolution of the spectra is shown with the corresponding traces at 510nm and 560nm as 
shown in Figure 4.7. As with Y, the dynamics are initially dominated by a broad absorption band from 

phosphorescence from  at 600nm and of the initial bleach from  in * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

450nm.  

 
Figure 4.6 Transient absorption spectrum of sample containing  and  in the presence of WH. [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ 𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙2+

On the left is shown spectrum within the time scales 200ns to  and on the right is shown spectrum from  to . 2µ𝑠 4µ𝑠 100µ𝑠
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In figure 4.7 the kinetic trace is shown at 510nm and 560nm up to 4s and both traces show positive 
signals. In the 560nm trace a sharp decrease in the signal is observed at 200ns which should not be 
observed at this wavelength. 

One explanation is that at this timescale one can still observe emission from . This is * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

confirmed by the TA spectrum in Figure 4.6 where at 200ns after the laser flash a weak signal at 
560nm can still be observed. By fitting an exponential fit to the 560nm trace (see appendix A3, Fig. 

3.1) a rate constant of  and this rate constant is comparable to   4. 0× 106𝑠−1 𝑘
𝑜𝑏𝑠

(3. 0 × 106𝑠−1)

extracted from the emission trace in section 4.1. This means that it is most likely the emission from 

 that is observed in the 560nm trace. The positive signal at 560nm is seen  because the * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

formation of neutral tryptophan radical ( ), which absorbs weakly even at this wavelength. If the 𝑊𝐻+•

case were such that the positive signal at 560nm indicates the formation of the protonated tryptophan 

radical , then the traces should reasonably show an increase in the trace at 510nm in conjunction 𝑊𝐻+•

with a decrease in the trace at 560nm. But in these measurements this relationship cannot be observed. 

It can reasonably be assumed that the emission from   which interferes with the signal * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

at 560nm so that this relationship cannot be observed. 
To further analyze this mechanism, the rate constant for the increase in 510nm is extracted  (see 

Appendix A3, Fig 3.2) and this is determined to , which is a value that is 𝑘
𝑃𝑇

= 2. 5 × 106𝑠−1

consistent with previous studies for the deprotonation of  [4].  From this it can be assumed that 𝑊𝐻+•

 formed by deprotonation of . The rate constants for reactions 4.3, 4.4 and 4.5 are of similar 𝑊• 𝑊𝐻+•

order of magnitude and occur on similar time scales, which means that several reactions overlap with 
each other within these time scales. 
 

​ ​ ​ ​ ​ ​ ​ ​ 4.3 * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ → [𝑅𝑢(𝑏𝑝𝑦)

3
]3+

​ ​ ​ ​ ​ 4.4 𝑅𝑢3+ + 𝑊𝐻 → 𝑅𝑢2+ + 𝑊𝐻+•

​ ​ ​ ​ ​ 4.5 𝑊𝐻+• → 𝑊• + 𝐻+
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Figure 4.7 Corresponding kinetic trace to the transient absorption spectra. Kinetic Trace in 510 nm (purple) and 560 nm 

(gray). The 560nm-trace is disturbed by emission from . * [𝑅𝑢(𝑏𝑝𝑦)
3
]2+

 
 

With adaptations in the form of a simple exponential model to kinetic traces at 450nm (see Appendix 
A3, Fig. 3.3.), the rate constant for ET in reaction formula 4.4 is extracted and the rate constant is 

determined to . The rate of the PCET reaction is calculated using known  𝑘
𝑜𝑏𝑠

= 3. 0 × 106𝑠−1 𝑘
𝑜𝑏𝑠

using equation 3.10. 

 𝑘
𝑃𝐶𝐸𝑇

= 3.0×106𝑠−1

7.0𝑚𝑀 = 4. 8 × 108𝑀−1𝑠
−1

 

The decay of  fits well to a second-order model (see Appendix A3, Fig. 3.4) which indicates that  𝑊•

 decay with itself in a radical-radical dimerization . Second-order model fitted to the 𝑊• (2𝑊• → 𝑃)

decay in the 510nm-trace and the rate constant of decay is extracted to . To get this 856 000 𝑎𝑏𝑠−1𝑠−1

in units of concentration  Beer Lambert's law is used. In the measurements, the path length (𝑀−1𝑠−1)
of the light (l) is somewhere between 0.6cm and 1.0cm and therefore the calculation is performed 

between these limits and the average value is calculated with the estimated ε
510

(𝑊•) = 2200

. The average value of the rate constant for the decay is calculated as 𝑀−1𝑐𝑚−1

 (with a standard deviation of 0.30). 𝑘
2

= 1. 50 × 109 𝑀−1𝑠−1

 
For both WH and YH it is important to note that the amplitude of the signal (and therefore the 
calculated yield) does not necessarily reflect 100% yield, as the amplitude is affected by competing 
processes, based on the rate expression 3.6. In the separate experiments with both WH and YH it was 
observed that the radicals essentially decay with themselves in radical-radical dimerization. In the 
case of YH the decay rate is almost twice as fast as the observed rate and this means that the 
maximum amplitude is only 50% of what it would have been without decay [6]. 
 
Table 4.1 - Summary of rate-constants for separate experiments with YH and WH. 
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   𝑘
𝑜𝑏𝑠

(𝑠−1)
  𝑘

2
± 𝑠𝑡𝑑 𝑀−1𝑠

−1

(   × 109 )
  𝑘

𝑃𝐶𝐸𝑇
(𝑀−1𝑠

−1
)

YH  5. 0 × 104  1. 54(± 0. 31)  1. 25× 107𝑀−1𝑠−1

 

WH  3. 0 × 106  1. 50(± 0. 30)  4. 80 × 108𝑀−1𝑠
−1

 

4.3 Charge Transfer between YH and WH 

4.3.1 At pH 5.5 
Figure 4.8 shows the transient absorption spectra of the laser-excited solution of WH and YH at pH 
5.5 from the time scale  to 4 ms. 2µ𝑠
 

​  

Figure 4.8 - Transient absorption spectra at pH 5.5 with samples containing ,  WH (12mM), [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

YH (4.8mM) in 0.5mM phosphate buffer. The spectrum shows a positive signal in the  efter .  ∼ 510𝑛𝑚 10µ𝑠
 

 after the laser excitation, a broad absorption band is observed in the range of 470nm to 550nm 2µ𝑠

which is assigned to the formation of  -radicals. Positive signals at 410nm are most clearly 𝑊•

observed on long time scales up to 1ms which is assigned to the formation of -radicals. An 𝑌•

exponential model fitted to the kinetic trace at 450nm (see Appendix A4, Figure 4.2) shows that the 

oxidation rate of W is . ​𝑘
𝑜𝑏𝑠

= 4. 0 × 106𝑠−1

 
Figure 4.9 shows the time evolution at 410nm and 510nm in A) 0.5mM phosphate buffer and B) 
50mM phosphate buffer, both analysed at pH 5.5.  
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(A)​ ​ ​ ​ ​ ​ ​ (B)​ ​
​  

Figure 4.9 - A) Shows the kinetic trace at 410nm (green trace) and 510nm (red trace) at pH 5.5 with buffer concentration 

0.5mM. Oxidation rate of reaction 4.6 is determined to .  In fig. B) kinetic traces in 410nm (green 𝑘
𝑜𝑥𝑖.

= 0. 66 × 105𝑠−1

trace) and 510nm (red trace) in pH 5.5 with buffer concentration 50mM, ​𝑘
𝑜𝑥𝑖.

= 2. 5 × 105𝑠−1

​

In both figures A) and B) the decay of -radicals at 510nm coincides with the formation of 𝑊• 𝑌•

-radicals in 410nm. In figure A)  starts to decay after 4-5  and at the same time the formation of 𝑊• µ𝑠

is observed. In figure B) the same relationship is observed but at an earlier time - after about 2 . 𝑌• µ𝑠

This indicates that partially decomposes by oxidation of Y in a PCET reaction, this is shown in the 𝑊•

reaction formula 4.6. 
 

​​ ​ ​ ​ 4.6 𝑊• + 𝑌𝐻 → 𝑌• + 𝑊𝐻
 

 oxidizes YH with a rate-constant . In figure A)  was determined by fitting the increase in 𝑊• 𝑘
𝑜𝑥𝑖.

𝑘
𝑜𝑥𝑖.

410nm signal (see Appendix A4, figure 4.4) to a simple exponential model. For 0.5mM 
phosphatebuffer concentration the oxidation rate-constant is obtained as 4.6 to 

. In calculating the rate constant for the PCET reaction 4.6 we need to take 𝑘
𝑜𝑥𝑖.

= 0. 66 × 105𝑠−1

into account that the -radical decomposes via two competing processes and that only a portion of 𝑊•

the total  participates in the oxidation of YH. The yield of is determined by comparing the 𝑊• 𝑌•

maximum positive amplitude at 410nm and at 510nm with literature extinction coefficient  

 and [4][6]. With Beer Lambert's law and the ε
410

(𝑌•) = 3000𝑀−1𝑐𝑚−1 ε
510

(𝑊•) = 2200𝑀−1𝑠−1

given extinction coefficients and  and  the concentration generated  ∆𝐴
410

= 0. 002 ∆𝐴
510

= 0. 004 𝑌•

and  is calculated to  respective . This corresponds to an yield of  of 𝑊• 0. 33µ𝑀 1. 81µ𝑀 𝑌•

approximately 35%. With equation 3.10  can be determined to . 𝑘
𝑃𝐶𝐸𝑇

4. 9 × 106𝑀−1𝑠−1

 

 𝑘
𝑃𝐶𝐸𝑇

= 0.66×105𝑠−1

4.8𝑚𝑀 × 0. 358 = 4. 9 × 106𝑀−1𝑠−1
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The decay of  at 510nm was fitted to an exponential model representing pseudo-first order kinetics 𝑊•

in reaction 4.6, see Appendix A4, Fig. 4.8. The rate of the decay is extracted to . 𝑘
2

= 3. 0 × 104𝑠−1

This indicates that there are more competing decay pathways for W because the oxidation rate of YH 

 is twice as fast as the decay. From the separate experiments with WH one (𝑘
𝑜𝑥𝑖.

= 0. 66 × 105𝑠−1)

can make the assumption that  decay by radical-radical-dimerization. How the concentration  𝑊• 𝑊•

change over time described by the rate law 4.7. 
 

 ​ ​ ​ ​ 4.7 𝑑[𝑊•]
𝑑𝑡 = 𝑘

𝑜𝑏𝑠
[𝑅𝑢3+] − 𝑘

𝑜𝑥𝑖.
[𝑊•]− 𝑘

2
2[𝑊•]

2
  

 

Also in figure B) the relationship between the decay of -radicals in 510nm and the formation of 𝑊• 𝑌•

radicals in 410nm. In the same way   is extracted by exponential model at 410nm (see Appendix 𝑘
𝑜𝑥𝑖.

A4, figure 4.4).  is determined to  from the rise in the 410nm-trace (see Appendix 𝑘
𝑜𝑥𝑖.

2. 5 × 105𝑠−1 

A4, figure 4.4). Yield of  is determined to be 36% with respect to its amplitudes and subsequently 𝑌•

 can be determined from equation 3.10. 𝑘
𝑃𝐶𝐸𝑇

 

 𝑘
𝑃𝐶𝐸𝑇

= 2.5×105𝑠−1

4.8𝑚𝑀 × 0. 365 = 1. 9 × 107𝑀−1𝑠−1

 

The decay of  in 510nm was fitted to an exponential model representing pseudo-first order kinetics 𝑊•

in reaction 4.6, see Appendix A4, Fig. 4.9. The rate of the decay is extracted to . 𝑘
2

= 2. 5 × 104𝑠−1

This indicates that the decay pathway via dimerization is competitive in 50mM buffer because the 

oxidation rate of YH    is ten times greater than the decay. (𝑘
𝑜𝑥𝑖.

= 2. 5 × 105𝑠−1 )

 
Table 4.2 - Summary of rate constants in pH 5.5 containing 0.5mM and 50mM phosphate buffer  

[buffer] (mM)   𝑘
𝑜𝑥𝑖.

(× 105𝑠−1) Yield  (𝑌•)  𝑘
𝑃𝐶𝐸𝑇

(𝑀−1𝑠−1)   𝑘
2

(𝑠−1)

0.5 0.66  35, 8%  4. 9 × 106  3. 0 × 104

50 2.5  36, 5%  1. 9 × 107  2. 5 × 104

 

4.3.1.1 Identify the mechanism 
 

From the result above it can be observed that the oxidation rate of YH is faster with  as 𝑅𝑢(𝑏𝑝𝑦)
3
3+

oxidant than when  is oxidant . This indicates that the rate (4. 5 × 105𝑠−1) 𝑊• (0. 66 × 105𝑠−1)
constant is dependent on the driving force for ET, which in turn depends on the reduction potential. It 
was also observed that the rate of the PCET reaction in reaction 4.6 increases with increasing buffer 
concentration and this suggests that the buffer is central in the reaction kinetics.  
Initially, measurements were made with a low buffer concentration (0.5mM) to ensure that water acts 
as a proton acceptor in these measurements. In reaction 4.6 the PT will occur where YH is 
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deprotonated at the same time as  protonated and the source of the proton in the protonation of 𝑊• 𝑊•

can either be done directly from YH to  or protons may be transferred between a proton acceptor 𝑊•

and proton donor the solution in   PCET-reaction. Since the rate constant depends on the 𝑒−/2𝐻+

buffer concentration it can be assumed that proton transfer occurs to and from the solution and not 
directly via the amino acids. In 0.5mM phosphate buffer, the phosphate concentration is so low that it 

will not act as a proton acceptor, leaving the assumption that it is  or that act as a proton 𝐻
2
𝑂 𝑂𝐻−

acceptor. In pH 5.5 the concentration of hydroxide ion is  which makes it as [𝑂𝐻−] = 10−8.5𝑀
ineffective a proton acceptor as  and proton transfer will occur slowly in both cases. In 50mM 𝐻

2
𝑂

buffer, the reaction rate increases with the assumption that it is now buffer instead  which (𝐻𝑃𝑂
4
2−)

acts as a proton acceptor. The reaction rate increases because  is a better proton acceptor as the 𝐻𝑃𝑂
4
2−

driving force increases. An increased reaction rate indicates that the driving force for PT increases and 
this is quantitatively supported by equations 4.8 and 4.9 which show that the driving force depends on 
the pKa of the proton acceptor and that the driving force becomes larger (more negative) with buffer 
as proton acceptor.​
​

​ ​ 4.8 ∆𝐺
𝑃𝑇
◦ =− 2. 3𝑅𝑇(𝑝𝐾𝑎

𝐻
3
𝑂+ − 𝑝𝐾𝑎

𝑌•) =− 2. 3𝑅𝑇(0 − (− 2)) =− 11. 3 𝑘𝐽/𝑚𝑜𝑙

 

​ 4.9 ∆𝐺
𝑃𝑇
◦ =− 2. 3𝑅𝑇(𝑝𝐾𝑎

𝐻
2
𝑃𝑂

4
−

− 𝑝𝐾𝑎
𝑌•) =− 2. 3𝑅𝑇(7. 2 − (− 2)) =− 52. 3 𝑘𝐽/𝑚𝑜𝑙

  
To understand the mechanism of reaction 4.6 one can study the interaction between YH and the base 
in pH 5.5, and this can be studied by analyzing possible mechanisms for the observed electron transfer 
and proton transfer respectively. If PCET with YH were to follow a stepwise ETPT mechanism, then 
the oxidation of YH occurs before deprotonation. An ETPT mechanism would mean that the reaction 
rate is independent of the buffer concentration since the initial ET step depends only on the reduction 
potentials and not on the proton acceptor. In view of this, ETPT can be excluded as the mechanism 
responsible for PCET of YH. 
A PTET mechanism means that YH is deprotonated before it is oxidized according to the following 
reactions. 
 

 1) 𝑌𝐻 ↔ 𝑌− + 𝐻+ 

 2) 𝑌− + 𝑅𝑢3+ ↔ 𝑌• + 𝑅𝑢2+ 
 
The PTET mechanism for reaction 4.6 is thermodynamically unfavorable at these pH values ​​because 

the pKa of the phenol group of YH has a  which means that deprotonation with   or 𝑝𝐾𝑎 ∼ 10 𝐻𝑃𝑂
4
2−

 as proton acceptors are endergonic. The deprotonation of YH can occur according to two kinetic 𝐻
2
𝑂

limits: the diffusion-controlled limit and the proton-controlled limit. The diffusion-controlled limit is 
the maximum rate limit for how quickly YH deprotonation to a base can occur that is limited by 

diffusion. At pH 5.5, the fraction tyrosinate  is   A (𝑌−) 10−4.5 ( [𝑌−]

[𝑌−]+[𝑌𝐻]
= 10−4.5)
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diffusion-controlled encounter between YH and base   where the fraction of base is (1010𝑀−1𝑠−1)

given by  is expected to give the following rate constant . 10−4.5 (𝑘
𝑑𝑖𝑓𝑓

)

 

​  𝑘
𝑑𝑖𝑓𝑓

= 1010 × 10−4.5 = 3. 1 × 105𝑀−1𝑠−1

​ ​  
 is the fastest possible observed pseudo first-order reaction rate for deprotonation under these 𝑘

𝑑𝑖𝑓𝑓

conditions, but since the observed rate of PCET (  )  is ten times faster as  and 4. 9 × 106 𝑀−1𝑠−1 𝑘
𝑑𝑖𝑓𝑓

therefore an initial PT can be excluded within this kinetic limit.​
​
The proton-controlled limit is the rate-limiting barrier to transfer a proton to the base. Assuming 
diffusion-controlled encounter between YH and base in the same way as previously expressed, the 

rate constant for proton transfer is given by  where 𝑘
𝑃𝑇

= 1010 × 10∆𝑝𝐾𝑎 × [𝑏𝑎𝑠𝑒]

. With  as proton acceptor the rate constant for PT is given ∆𝑝𝐾𝑎 = 𝑝𝐾𝑎(𝐻+𝑏𝑎𝑠𝑒) − 𝑝𝐾𝑎(𝑌𝐻) 𝐻
2
𝑂

by . Based on this a PTET mechanism is not possible with respect to the observed 5. 5 × 10−2𝑀−1𝑠−1

rate constant, , which is larger than for PT. 𝑘
𝑜𝑏𝑠

= 6. 6 × 104𝑠−1

 
Once the ETPT and PTET mechanisms have been excluded, the only remaining mechanism is a 
concerted PCET where ET and PT occur in one kinetic step. This is consistent with previous studies 
where YH and phenol models undergo PCET [4]. In order to be able to make the assumption with 
greater reliability that reaction 4.6 follows a concerted mechanism, it would have been necessary to 
make several measurements with varying parameters such as studying the kinetic isotope effect and 
seeing to what extent PT is included in the rate-determining step. 

4.3.2 At pH 8 
Figure 4.11 shows the TA spectrum of the laser-excited (  sample containing  WH and λ = 460𝑛𝑚)
YH in pH 8 from  to 4ms after the laser flash. Similarly to the experiments conducted at pH 5.5, 2µ𝑠
positive signals are observed within a range of 470-550nm. Unlike at pH 5.5, no positive signal can be 

observed at 410nm, indicating that no radicals have been formed.  In figure 4.12 the corresponding 𝑌•

kinetic traces are shown at 510nm and 410nm. In the same way as in the TA spectra one can observe 

the formation of -radicals at 510nm but no formation of -radicals. The observed rate is given by 𝑊• 𝑌•

the recovery in the 450nm track fitted to an exponential model (see Appendix A4, Figure 4.8) and is 

determined to , which is faster than in pH 5.5 . 𝑘
𝑜𝑏𝑠

= 7. 0 × 106𝑠−1 (𝑘
𝑜𝑏𝑠, 𝑝𝐻 5.5

= 0. 66 × 105𝑠−1)

The increased value of the rate constant for oxidation of W at higher pH values ​​is consistent with 
previous studies [4].  

 
​
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Figure 4.11 - Transient absorption spectra at pH 8 with samples containing  ,  [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

WH (12mM), YH (4.8mM) in 0.5mM phosphate buffer. The spectrum shows a positive signal in the  efter .  ∼ 510𝑛𝑚 2µ𝑠
 
 
 

 
Figure 4.12 - Shows the kinetic trace at 410nm (green line) and 510nm (red line) at pH 8 with buffer concentration 0.5mM. 

A positive signal at 510nm can be observed but not at 410nm. WH is oxidized with a rate constant  . 𝑘
𝑜𝑏𝑠

= 7. 0 × 106𝑠−1

4.4 The future 
This project contributes to the understanding of how PCET reactions can be controlled in aqueous 
solution. An important interpretation is that there is an actual radical transfer between tryptophan and 
tyrosine, which was the main question of the study. This study has shown that the PCET reaction can 
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be controlled by varying the driving force in the system, in this case by varying proton acceptors. In 
higher buffer concentrations, increased yield of the tyrosine radical and also faster PCET rates could 
be observed. A possible way forward is to carry out similar measurements with variation with more 
parameters. For example, one could investigate the kinetic isotope effect and whether PT is included 
in the rate-determining step by replacing the proton with deuteron, with the motivation that deuterium 
has a larger atomic mass than the proton. It would also be valuable to change the oxidant in the system 
to see how varying oxidants, with different reduction potentials, affect the PCET reaction. In this 
study, the PCET reaction was investigated at pH 8 and there no PCET reaction between tryptophan 
and tyrosine could be observed and the reason for this would have been valuable to study.  

5. Conclusion 
In this project, the radical transfer between tyrosine and tryptophan was investigated in an aqueous 

solution using TA spectroscopy. The samples contained photocatalyst , quencher 𝑅𝑢(𝑏𝑝𝑦)
3
2+

, YH and/or WH where the solvent was represented by a phosphate buffer. From the 𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙2+

resulting TA spectra and absorption kinetics it could be interpreted that the tryptophan radicals decays 
by oxidizing the tyrosine - in addition to their own radical-radical dimerization. The formation of 
tyrosine radicals generated from the tryptophan radicals in a PCET reaction at pH 5.5 occurs on a time 
scale  in a 0.5mM phosphate buffer. The rate of the PCET reaction increases with higher buffer ∼ 5µ𝑠
concentration and it then occurs on the time scale . This indicates that the reaction rate depends ∼ 2µ𝑠
on the proton acceptor and it confirms that proton transfer from tyrosine to the tryptophan radical 
occurs between the solution and not directly from tyrosine to the tryptophan radical. In conclusion, 
this study has provided insight into how PCET reactions occur and how to control the reaction 
kinetics with respect to the driving forces in reactions. By excluding stepwise PCET in the form of 
PTET and ETPT, the assumption remains that the reaction occurs in a coordinated mechanism. To be 
able to express this with greater certainty, more measurements would have been required.  
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Appendix  
A.1 - Follow the oxidized state of the photocatalyst  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
​
 
 
 
 

Figure 1.1 - Sample containing  with and without up to . Shows that no component [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+ 100µ𝑠

reduces  on these timescales.  [𝑅𝑢(𝑏𝑝𝑦)
3
]3+

 
 

A.2 Thyrosine (Y) 

​  

Figur 2.1 - Exponential model showing recovery of in 450nm with sample containing , [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

 and Y. Rate constant determined to  [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ 𝑘

𝑜𝑏𝑠
= 5. 0 × 104𝑠−1
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Figure 2.2 - Model for second order kinetics. Sample containing   ,  and Y.​[𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

The rate constants for adaptation follow  in  pH 5.5. 𝑘
2

= 10. 93 × 105𝑀−1𝑠−1

 

A3 - Tryptophan 
 

 
Figur 3.1 - Rise in 560nm affected by emission from  . pH 5.5 * [𝑅𝑢(𝑏𝑝𝑦)

3
]2+
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Figure 3.2 Rise in 510nm shows deprotonation from  to  with a rate constant of deprotonation 𝑊𝐻+• 𝑊𝐻•

. 𝑘
𝑃𝑇

= 2. 5 × 106𝑠−1

 
 

​  

Figure 3.3 - Recovery of  in 450nm in pH 5.5 containing ,  and W.  The rate 𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

constants for adaptation follow  𝑘
𝑜𝑏𝑠

= 3. 0 × 106𝑠−1
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Figure 3.4  Model for second order kinetics of decat in 510nm in pH 5.5. Sample containing  ,  [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

and W.  The decay occurs with a rate constant . 𝑘
2

= 5. 18× 106𝑀
−1

𝑠−1

 

A4 - Charge transfer between tryptophan & tyrosine 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 - Shows traces in 510nm and 560nm at pH 5.5 with sample containing , , W(12mM) [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

and Y(4.8mM). The positive signal at 560nm is due to  also absorb in this wavelength  𝑊𝐻•
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Figure 4.2 - Exponential model showing recovery of   in 450nm i pH 5.5. Sample containing , [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

, W(12mM) and Y(4.8mM). The rate constants for adaptation follow  [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ 𝑘

𝑜𝑏𝑠.
= 4. 0 × 106𝑠−1

 

 
 
Figure 4.3 - Shows fitted exponential model to increase in 510nm at pH 5.5 followed by a second order decay with sample 

containing , , W(12mM) and Y(4.8mM). The observed rate constant is extracted to[𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

. The rate constant for the deprotonation is extracted from the model and determined to be𝑘
𝑜𝑏𝑠.

= 4. 0 × 106𝑠−1

 𝑘
𝑃𝑇

= 2. 5 × 106𝑠−1
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Figur 4.4 -  Shows fitted model in the form of exponential model to increase in 410nm in solution conditions: pH 5.5 and 
concentration buffer 0.5mM (left) and pH 5.5 and concentration buffer 50mM (right). From the model, the rate constant for 

when   is oxidized Y. The rateconstant   is determined  to  och . 𝑊• 𝑘
𝑜𝑥𝑖.

0. 66 × 105𝑠−1 2. 5 × 105𝑠−1

 

 
Figure 4.5 - Exponential model showing recovery of   in 450nm i pH 8. Sample containing , [𝑅𝑢(𝑏𝑝𝑦)

3
]2+ [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

, W(12mM) and Y(4.8mM). The observed rate constant is extracted to    [𝐶𝑜(𝑁𝐻
3
)

5
𝐶𝑙]2+ 𝑘

𝑜𝑏𝑠
= 7. 0 × 106𝑠−1
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Figur 4.6 - Shows a fitted model in the form of second order kinetics for the decay of tryptophan radicals at 510nm. This is 

valid at pH 8 with sample containing , , W(12mM) and Y(4.8mM). The decay occurs with a [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

rate constant .  𝑘
2

= 3. 60 × 106 𝑀−1𝑠−1

 
 

 
Figure 4.7 - Exponential model showing recovery of   in 450nm i pH 5.5 and bufferconcentration 50mM. [𝑅𝑢(𝑏𝑝𝑦)

3
]2+

The sample is containing , , W(12mM) and Y(4.8mM). DThe observed rate constant is [𝑅𝑢(𝑏𝑝𝑦)
3
]2+ [𝐶𝑜(𝑁𝐻

3
)

5
𝐶𝑙]2+

extracted to . 𝑘
𝑜𝑏𝑠.

= 3. 0× 106𝑠−1
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Figure 4.8 - Exponential model showing decay in 510nm, in pH 5.5 and bufferconcentration 0.5mM. 

Rate-constant for decay is extracted to . 𝑘
2

= 3. 0× 104𝑠−1

 
Figure 4.9 - Exponential model showing decay in 510nm, in pH 5.5 and bufferconcentration 50mM. 

Rate-constant for decay is extracted to  𝑘
2

= 2. 5 × 104𝑠−1
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