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Abstract
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Proton coupled electron transfer is ubiquitous in biological and artificial reaction systems.
Much has been done in order to describe the occurrence of such reactions. However, PCET
reactivity is often very complex. For instance, there are multiple (stepwise and concerted)
mechanistic pathways through which PCET may occur. The aim of this thesis is to further
describe factors and underlying principles governing PCET reactivity. The contents of this thesis
can be summarized in three parts:

In the first part (chapter 4), the competition between different PCET mechanisms is discussed.
Considering all mathematical expressions for the dependence of the rate constants on The Gibbs
free energy changes (driving forces) associated with electron and proton transfer, mechanistic
Zone-Diagrams are constructed. These show which of the mechanistic pathways is dominant,
given a certain electron and proton transfer driving force. It is shown, how these diagrams
simplify discussion of PCET reactivity. Strategies for modifying the mechanistic landscape,
suppressing or favoring a CEPT mechanism, are demonstrated in the PCET oxidation of 4-
methoxyphenol by photogenerated Ru(III) oxidants in the presence of pyridine bases. These are
discussed utilizing the zone-diagram methodology. Implications for catalytic applications are
discussed.

The second part (chapter 5) introduces pressure dependence as a tool for mechanistic
characterization of the PCET reactions. The PCET oxidation of tungsten hydrides covalently
linked to pyridine bases by photogenerated Ru(III) oxidants was studied, and contributions
from multiple mechanistic pathways were uncovered. It is shown, how each pathway has a
characteristic pressure dependence. These can be related to changes in electrostriction of the
solvent modifying the volume profile of the reaction.

Finally, the third part (Chapter 6) deals with the concerted pathway. The possibility of
photo-EPT, where electronic excitation directly yields the PCET product state, in Phenol/N-
Methyl-4,4’-bipyridine complexes is discussed. It is shown that the optical charge-transfer
absorption in these complexes is not coupled to proton transfer, in spite of previous claims.
Further, the pressure dependence of the CEPT quenching of excited state fac-Re(CO)3(2,2’-
bpy)(4,4’-bpy)+ by substituted Phenols is monitored. It is shown that the observed pressure
dependence cannot be rationalized using the electrostriction arguments outlined in chapter 5.
Instead, a model relating the observations to pressure induced changes of contributing proton
tunneling distances is constructed.
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1. Introduction 

The physical chemist’sa playground in the world of differential equations that 
describe life, the universe and everything, is built on the field spanned by ki-
netics and thermodynamics. Construction began in the mid-19th century, when 
Guldberg and Waage,1 unsatisfied with existing theories of chemical affin-
ity,2,3 sought to describe the laws governing the forces of chemistry. Through 
case studies of approximately 300 systems, the authors were able to derive 
three quantitative laws: 

1) If the amounts of the substances which act upon each other are denoted 
by M and N, then the substitution force for these is: 

 
Where the coefficients α, a and b are constants which, under otherwise 
identical conditions, solely depend on the nature of the substances. 

2) If, as above, M and N denote the amount of the substances and the total 
volumes of the system in two different cases are V and V’, then the 
substitution force in the one case is expressed as: 

 
and in the other as: 

 
3) Considering a system with four active substances and denoting their 

amounts (at constant volume) as p, q, p’ and q’, at equilibrium, an 
amount x will be converted. When the system is at equilibrium, then: ( − ) ( − ) = ( + ) ( + )  

The study thus introduces two concepts that are fundamental to chemistry 
as we know it: the effect of concentrations on the “force” behind chemical 
reactions and the dynamic nature of chemical equilibrium. In the course of 
describing these things, the authors make multiple perceptive remarks, among 
others, classifying chemical reactions as “enkelte” (elementary) and “sam-
mensatte” (multi-step) and stressing the equivalence of equilibrium in inor-
ganic and organic chemistry. The constants  and  described in the expres-
sions above are equivalent to what we now call rate constants. Indeed, the 
authors went on to relate this chemical force to the time in which chemical 
                               
aHerein, I will work with the definition attributed to G. N. Lewis, which defines physical chem-
istry as “everything that is interesting”.  
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reactions occur. In doing this, they, for the first time, wrote rate laws in a 
manner equivalent to how chemists write them today.4,5 

In the meantime, Clausius,6 Maxwell7 and Boltzmann8 were working hard 
to establish a molecular theory explaining the properties of matter. Maxwell7 
succeeded in characterizing the distribution of speeds of point particles, and 
Boltzmann8 generalized this work taking into account intramolecular degrees 
of freedom (deriving what is now known as the Maxwell-Boltzmann distribu-
tion of molecular speeds). This mechanical treatment of a large number of 
molecules laid the framework for what is now known as statistical mechanics.9 
The ideas were however not successfully incorporated in theories of chemical 
kinetics until half a century later.10 

An important contribution to the field was made by van’t Hoff, with the 
book “Etudes de dynamique chimique”.11 Within, he built on the ideas of 
Guldberg and Waage, integrating the rate laws for several limiting cases. He 
also succeeded in accurately describing the temperature dependence of chem-
ical equilibria, relating them to concepts in thermodynamics. His most influ-
ential formula takes the form: ( ) = 2  

Where K is the equilibrium constant, T is the absolute temperature and q is 
the heat change associated with a reaction. Although the above equation does 
not predict the temperature dependence of the individual rate constants (k), 
van’t Hoff deduced that this would have to take the form: ( ) = −  

It was not until 1889, that an accurate model for the temperature depend-
ence of rate constants was constructed by Arrhenius.12 He understood that the 
fast exponential increase of chemical rates with temperature was too large to 
be explained by an increase in the speeds and number of collisions of the re-
acting molecules according to the kinetic theory of gases (as described by 
Maxwell and Boltzmann). The real explanation was developed drawing par-
allels to dependence of the reactions of weak acids or weak bases. Here, the 
real active species (H+ or OH-) could be strongly influenced by external factors 
such as the addition of neutral salts, even without affecting the total acid or 
base concentration. He suggested that such an “active species”, making up a 
small fraction of the total amount of reactant, was also present in other reac-
tions. Applying van’t Hoff’s formula to the equilibrium between the activated 
species and the reactants, Arrhenius was able to give the temperature depend-
ence of the rate constant the form: ( ) = 2  

Or when integrated: 
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= exp ( − )2  

Where q is the heat change associated with the equilibrium between reac-
tant and “activated” states. Thereby, Arrhenius introduced the concept of the 
activated complex (or transition state) in a time long before well-defined re-
action coordinates and potential energy surfaces.  

The final stone in the foundation was seemingly set when Heisenberg,13 
and later Schrödinger,14 developed formulations of the theory of quantum me-
chanics. Soon thereafter, the important assumptions that make it possible to 
describe the electronic structure of molecules were formulated.15 From hereon, 
the field of physical chemistry seemingly exploded, applying the above con-
cepts to nearly every case imaginable. 

Together, these models (most of which were constructed over 100 years 
ago) build a framework so robust, that we are certain it will never fail us. Our 
models allow for describing the state of a molecule as correctly as that of a 
moving car. We trust these to the point that if any observation appears to dis-
agree with these fundamental concepts, we know that our observation is either 
wrong or incomplete. As aptly phrased by Dirac in 1929:16  

“The underlying physical laws necessary for the mathematical theory of a 
large part of physics and the whole of chemistry are thus completely known, 
and the difficulty is only that the exact application of these laws leads to equa-
tions much too complicated to be soluble.”.  

The role of a modern physical chemist is to find ways to circumvent this 
difficulty. In his influential book,11 van’t Hoff described the evolution of any 
science (making the point that chemistry is no exception) in two stages: First, 
the descriptive phase and second, the rational phase. In the second phase, in-
terest shifts from discovering and characterizing the elements subject to the 
science to finding and expressing underlying laws and relations of causality. 
It would appear that chemistry has evolved to a third stage, where all the un-
derlying laws are known, and current efforts focus on the detailed description 
of specialized topics and concepts of interest. The choice of which topics and 
concepts are worthy of detailed description is nowadays not only driven by 
personal interest of the researcher, but also their practical applicability.   

 The topic of this thesis, Proton-coupled electron transfer (PCET), is no 
exception. Apart from being fascinating on a purely conceptual basis, PCET 
is a building block of various valuable chemical transformations. Of large in-
terest is its fundamental importance to energy conversion reactions. PCET 
however often also finds its way into processes not directly related to energy 
conversion. A brief overview of some of the ways in which PCET plays a role 
in chemistry is given below.  

The fixation of the energy of sunlight has been the focus of intense efforts.  
When light is absorbed by matter, the energy is fixated by promoting the sys-
tem into a more energetic quantum state. Often, this can approximately be 
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described by the promotion of a single electron from an orbital occupied in 
the ground state, to a higher lying orbital. The potential energy of this electron 
can be utilized in an electrical circuit if the electron and positively charged 
hole which it leaves behind are separated. This is the focus of the remarkably 
successful, ever growing field of solar cell technology.17 The bigger challenge 
is a way to store the energy effectively and on a large scale. An elegant way 
of doing this would be to fix the energy in chemical bonds. Thereby, kinetic 
barriers are created, conveniently locking the potential energy into a state of 
metastability. An obvious choice is the splitting of water into oxygen gas and 
energetic electrons and protons. This is the working principle of oxygenic pho-
tosynthesis, where sunlight is converted into a chemical potential.18 Through 
a series of proton-coupled electron transfer steps, the oxygen evolving com-
plex of Photosystem II oxidizes water into O2 and energetic protons and elec-
trons. In coupling the electron transfer steps to proton transfer (and thereby 
balancing the charge), the reaction proceeds on trajectories where the overall 
potential energy is kept low. This has inspired the synthesis of multiple bio-
mimetic systems19–22 and high performing water oxidation catalysts.23,24 The 
lessons learnt about PCET from nature have also been applied to catalytic en-
ergy conversion reactions which are not part of the “light” reactions of natural 
photosynthesis and in systems which are not directly inspired by nature.25,26 
The extreme environmental benefits of optimizing these artificial catalytic 
processes for practical implementation need not be stressed in this thesis.  

PCET is also found in natural systems not related to fuel generation or ac-
tivation. One example which has been subject to detailed mechanistic study is 
ribonucleotide reductase. This group of enzymes contains a tyrosine radical 
equivalent which has to oxidize a cysteine at the active site approximately 35 
Å away.27 This is made possible through a series of PCET reactions. Another 
thoroughly investigated example is cytochrome P450. In a mechanism involv-
ing multiple PCET and one formal crucial hydrogen atom abstraction step, 
this enzyme catalyzes the oxidation of very inert substrates of the form R-H 
to R-OH. The hydrogen atom transfer and PCET reactivity of this enzyme has 
been subject to intense investigation.28 

The homolytic activation of inert bonds is also of interest to synthetic 
chemists. Some strategies utilize hydrogen atom acceptors (for abstraction 
from R-H) or donors (for activation of for example R=O).29 However, even 
the strongest hydrogen bond acceptors/donors do not provide enough thermo-
dynamic driving force for the most inert bonds. More reactive configurations 
can be achieved by utilizing multisite-PCET instead of hydrogen atom trans-
fer. In this way, higher potential energies in the reactant state (and thus more 
driving force for the reaction) are achieved, since in this configuration the 
electron and proton are not coupled. Strong oxidants can be generated through 
for example photoredox catalysis.30 

Central to understanding and potentially tuning the reactivity in all these 
systems is mechanistic characterization of the PCET reactions. This is the 
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topic of a large part of this thesis. Recently, much effort has been directed 
toward describing the factors governing the competition between the mecha-
nistic regimes of PCET (see chapter 4 and references therein). However, the 
complexity of PCET systems makes analysis difficult. In chapter 4 (Papers III 
and IV), mechanistic zone diagrams are introduced as a tool to visualize the 
competition between mechanisms. These condense the competition between 
the different PCET mechanisms onto a single diagram. Chapter 5 (Paper II) 
addresses the practical difficulties of mechanistic assignment. We show how 
hydrostatic pressure can be applied as a tool for characterizing the mechanism, 
by probing the volume changes caused by electrostriction effects. Chapter 6 
focuses on the pressure dependence of concerted PCET itself.  

The aim of the work presented in this thesis is thus the construction of mod-
els which simplify mechanistic discussion of PCET. For this, I rely mainly on 
the analytical tools developed by Guldberg and Waage in 1864 and their ther-
modynamical interpretations by van’t Hoff and Arrhenius, but also on the 
much more modern models described in chapter 2.  
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2. Fundamentals 

2.1 The Kinetic and Thermodynamic Landscape of 
PCET 
As discussed thoroughly in chapters 4 and 5, PCET can occur through differ-
ent mechanisms. In a concerted electron-proton transfer (CEPT) reaction, the 
electron and proton transfer from the same transition state. The reaction can 
thus be described by a single elementary step. However, PCET can also occur 
through an intermediate. In this case, the reaction can be described as step-
wise, occurring through either electron transfer followed by proton transfer 
(ETPT) or proton transfer followed by electron transfer (PTET). Often, the 
intermediates are energetically unfavorable and do not build up to a large 
enough extent to be observable. Therefore, mechanistic studies of PCET, as 
so many problems in chemistry, deal with simple two-step reactions of the 
type:          

Where A represents the reactants, B represents an energetically unfavora-
ble intermediate and C represents the final product. The problem of expressing 
a rate law for the formation of [C] in terms of the reactant concentration(s) is 
one commonly encountered by chemistry undergraduates. The solution is el-
egantly simple. One simply waits for the concentration [B] to reach its maxi-
mum, the value where its decay rate matches the rate of formation. This is 
what is referred to as the “steady state”. Realizing that the rate of formation 
matches the rate of decay we can write: [ ] = ( + )[ ]  (2.1) 

Recognizing that [ ] =k [B], expressing a rate law in terms of [A] is a 
simple matter of rearrangement: [ ] = [ ] = [ ] (2.2) 

After [B] has built up to its steady state value, the reaction can be described 
with a single observed rate constant, kobs. The steps and rate constants relevant 
to the different mechanisms are shown in the left panel of scheme 2.1.  

The right panel of scheme 2.1 illustrates schematically the dependence of 
the standard Gibbs free energy of the different states involved (for systems 
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relevant to this study). As can be seen, the initial steps of each stepwise mech-
anism are endergonic (energetically uphill), while the second one is exergonic 
(downhill). This illustrates that transfer of one of the particles is thermody-
namically coupled to transfer of the other: Once the electron has moved, the 
proton will move more easily (see chapter 4). A thermodynamic advantage 
arises for CEPT reactions, since they avoid the high energetic barrier associ-
ated with formation of the intermediates. However, as will be shown in the 
next section, this thermodynamic advantage comes at a kinetic cost, since both 
electron and proton must tunnel. How the reaction steps relate to their thermo-
dynamic driving forcesb will be discussed in detail in chapter 4. 

It has been shown, that there are often large entropy changes associated 
with hydrogen atom transfer/CEPT reactions.31 Rate constants for CEPT and 
hydrogen atom transfer reactions therefore correlate more strongly to the bond 
dissociation free energy rather than bond dissociation enthalpy of the respec-
tive products and reactants.32 This observation highlights an important aspect 
of the reaction coordinate. Clearly, it cannot be represented by evolution along 
a single vibrational mode, such as the stretching motion of the proton. A more 
appropriate model for its description, very much analogous in nature to the 
famous theory developed by Marcus, is presented in the next section. 

                               
b Herein, the definition of thermodynamic driving force is taken as -∆G =- G -G . 

Scheme 2. 1 – Left: Square scheme summarizing the states and elementary reactions
part of the respective PCET mechanisms. Right: Free energy surface illustrating the
energetic profile of stepwise and concerted reactions. Adapted with permission from 
J. Am. Chem. Soc. 2021, 143, 2, 560–576, Copyright 2021 American Chemical Soci-
ety. 
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2.2 A Theory for CEPT 
Initial theoretical formulations describing PCET were developed by the group 
of Cukier,33,34 supported by experimental studies by the group of Nocera,35,36 
when the authors sought to formulate the way in which PT modifies ET reac-
tions.37 An alternative theory was developed by Soudackov and Hammes-
Schiffer in 1999, when  the authors derived a general model for the solvent-
coupled transfer of two (light) charged particles.38 This framework, called 
multistate continuum theory, has found its main application in the description 
of CEPT reactions. In this theory, four states (corresponding to the ones illus-
trated in scheme 2.1) are considered. Evolution along the two charge transfer 
coordinates was described (first treating the solvent as a dielectric continuum39 
and later explicitly40) and a general coordinate for the concerted reaction was 
derived. The transferring particles were treated quantum mechanically.  

Although the derivation of the theory is complicated and beyond the scope 
of this thesis, the final result can be interpreted in a relatively simple way. In 
the vibronically non-adiabatic regime (vide infra) the rate constant (at a fixed 
proton-transfer distance R) can be expressed as: ( ) = ∑ ∑ exp −    (2.3) 

Where  and  denote the contributing reactant and product vibronic states 
respectively,  denotes the Boltzmann population of the reactant state,  
is the vibronic coupling,  is the free energy change associated with 

Scheme 2. 2 – Left: Gibbs Free energy of the reactants (blue) and products (orange)
along the heavy atom coordinate (see main text). At the transition state, both proton
and electron tunnel. Right: reactant (blue) and product (orange) potential energy sur-
faces along the proton-transfer coordinate at the transition state. Black curves illus-
trate the vibrational wavefunctions involved in proton tunneling.  
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PCET and  is the reorganization energy. The result is thus very much anal-
ogous to Marcus equation for single charge transfer reactions.41 Within this 
theory, there are many aspects to consider. We can draw the schematic repre-
sentations shown in scheme 2.2. 

The first panel (scheme 2.2, left) shows the free energy profile of PCET 
reactant (blue) and product (orange) states, along a general solvent (heavy 
atom) coordinate. The two curves cross at the transition state, from which both 
proton and electron tunnel. In analogy to Marcus theory, the free energy of 
activation (∆G ,‡) can be described in terms of the difference in free energy 
between the products and reactants (ΔG ) and the reorganization energy (λ). 
This last quantity is defined as the difference in free energy between the point 
on the reactant parabola corresponding to the minimum of the product parab-
ola and the minimum of the reactant parabola.  

The Marcusian nature of CEPT reactions has been demonstrated experi-
mentally on many occasions. In 2001, it was shown by Roth et al. that many 
hydrogen atom transfer/PCET reactions follow the Marcus cross relation (in 
which reorganization energies and hence rate constants can be determined 
from self-exchange rate constants of the reactants and products).42 Linear free 
energy relationships typical of Marcus theory are commonly observed.43–49 

The transition probability depends on the vibronic coupling ( ). In the 
electronically non-adiabatic regime (vide infra), this can be separated into an 
electronic coupling term (| |  ) and the overlap ( ) of the reactant and 
product vibrational wavefunctions involved in proton transfer: = | |   (2.4) 

The potential energy surfaces of reactant and product states along the pro-
ton transfer coordinate are illustrated in scheme 2.2. The square of the overlap 
of the vibrational wavefunctions (drawn in black) corresponds to the proba-
bility of proton-tunneling. As can be seen in the illustration, the tunneling 
probability can be expected to decay sharply with increasing proton transfer 
distance. Indeed, quickly decaying rate constants with increasing proton trans-
fer distance have been demonstrated experimentally.50,51 The influence of pro-
ton tunneling is also evidenced by the large kinetic isotope effects which have 
often been reported50,52–55 (see section 4.2). 

Some aspects escape the illustration in scheme 2.2. Although the potentials 
are drawn as (realistically) anharmonic, the eigenfunctions (corresponding to 
the vibrational wavefunctions) are drawn as for a harmonic oscillator. More 
realistic eigenfunctions would differ in two aspects. Firstly, they would be 
skewed towards distances where the proton has transferred. Secondly, the 
spacing between vibrational ground and exciting states is smaller than it would 
be in a harmonic oscillator. The second point has an important implication: It 
is generally not only the ground vibrational reactant and product states 
(μ=0→ν=0) that contribute to the rate constant. Excited vibrational states may 
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have significant contributions. This is why it is necessary to sum over contri-
butions from all reactant-product pairs in equation 2.3. It has been shown that 
the contributions of reactant and product states may change dramatically with 
small structural changes56 or even as a function of for example PCET driving 
force57. This is one of the aspects that often make it difficult for experimental-
ists to predict changes in the CEPT rate constant. Often, reasons for counter-
intuitive behavior cannot be deciphered without complex computations. 

As briefly mentioned above, the proton transfer distance R has a strong 
effect on the probability of proton-tunneling and consequently the CEPT rate 
constant. There will be vibrational modes of the reactants which strongly af-
fect the proton transfer distance. Since these will strongly affect the vibronic 
coupling, it is often necessary to consider such motions separately. Taking 
these effects into account, the CEPT rate constant can be expressed as:58 = ( )   (2.5) 

The impact of such effects and how to possibly access them experimentally 
is considered in chapter 6. A final point that should be discussed in the context 
of CEPT reactions is the concept of adiabaticity. Due to the complexity of the 
overall reaction, there are many timescales to consider. Limiting cases, for 
which rate expressions can be constructed, are given by the degree of their 
adiabaticity. In the context of CEPT reactions, there are two types of adiaba-
ticity which need to be considered:58 

(1) Vibronic adiabaticity: For a vibronically adiabatic reaction, the vibronic 
coupling is large compared to the thermal energy (kBT). A physical interpre-
tation is that in this regime, the electron and proton respond instantaneously 
to the reorganization of solvent molecules and heavy atoms. Consequently, 
the reaction is better described by evolution along a single, adiabatic free en-
ergy surface (instead of transitioning between two surfaces, as illustrated in 
the left panel of scheme 2.2). This concept is equivalent to adiabaticity dis-
cussed in the context of Marcus theory. 

(2) Electronic adiabaticity: This type of adiabaticity is usually defined as 
the limiting case where the electron motion corresponds instantaneously to 
proton motion. The proton transfer can be described as occurring along a sin-
gle electronic potential energy surface (instead of transferring between two as 
drawn in scheme 2.2, right panel).  

The vibronic coupling decays sharply with proton transfer distance, but 
also electron transfer distance. Systems with long range ET from the center of 
transition metal complexes and relatively large PT distances, such as the sys-
tems discussed in this thesis can be confidently assigned to operate in the vi-
bronically non-adiabatic regime. This makes the use of multistate continuum 
theory in their descriptions necessary. Furthermore, electronically adiabatic 
CEPT is generally59 only expected to occur in hydrogen atom transfer reac-
tions, where the synchronized motion of electron and proton lead to a smooth 
evolution of the electronic wavefunction.60 Since all the reactions considered 
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in this thesis are multi-site PCET reactions, it can be expected that they all 
operate in the fully (both vibronically and electronically) non-adiabatic re-
gime. This allows for the separation of the electronic and vibrational contri-
butions to the vibronic coupling as discussed above.  

2.3 Pressure Dependence of the Energy Levels.  
In this thesis, a relatively new and unexplored tool (in the present context) is 
introduced to the study of PCET reactions: the use of applied hydrostatic pres-
sure. Here, it will be shown how a variation of pressure can be used as an 
analytical tool both for general mechanistic studies of PCET and for studies 
of CEPT. Below, the ways in which pressure perturbs a system are considered. 

Pressure dependence studies in the solution phase are done at much larger 
pressures than those done in the gas phase. Near ambient pressure and tem-
perature, it can be assumed that the molecules in a gas do not interact. The 
state of the system can be described by the well-known equation: =    (2.6) 

Where P is the pressure, V is the volume, n is the number of particles in 
moles, R is the gas constant and T is the temperature. Taking the partial de-
rivative of pressure with respect to volume gives: = −   (2.7) 

Let us assume a container of gas with volume 1 L and a pressure of 1 bar. 
Around this standard state, the derivative above conveniently evaluates to -1 
bar/liter, and -0.01 bar/cL. Small compressions of the volume of the container 
should thus affect the pressure on a scale of < 1bar. 

The situation is dramatically different in liquids, where the assumptions 
made in the kinetic theory of gases are no longer practical. The empirically 
determined isothermal compressibility ( ∗ ) for liquid water at T=313 K is 

4.4·10-10 Pa-1,61 leading to values of  of -2.3·104 bar/L or -230 bar/cL. A one 
percent reduction of the volume thus leads to an increase in pressure of >200 
bar. The pressures that are accessible in the solution phase are thus on the 
order of kilobars.  

Thermodynamics provides a simple interpretation for the pressure depend-
ence of the energy levels. Hence, pressure dependence has been utilized 
widely as a mechanistic tool for reactions other than PCET. Multiple extensive 
reviews on the subject are available.62–64 Directly from the definition of the 
change in Gibbs free energy for a reaction at constant P (Δ = Δ + Δ −Δ ), one obtains: = Δ   (2.8) 
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Since Δ = − ln( ), it follows that the pressure dependence of the 
logarithm of the equilibrium constant K gives the same information: ( ) = −   (2.9) 

Here, Δ  is usually referred to as the reaction volume and corresponds to 
the change in molar volume between the products and reactants. As first real-
ized by Arrhenius (vide supra), the rate constant reports on the equilibrium  
between reactant and transition state and can be written as: = ∗ exp − ,‡

. Therefore, the pressure dependence of a rate constant 
can be written as: ( ) = − ‡

  (2.10) 
Here, Δ  instead corresponds to the difference in molar volume between 

the (activated) transition state and the reactants and is usually referred to as 
the activation volume. In chapter 5 it is discussed how trends in reaction and 
activation volumes can be interpreted and used in the mechanistic characteri-
zation of PCET reactions.  

This interpretation of the pressure dependence of rate and equilibrium con-
stants neglects the compressibility of the system. In reality, reaction and acti-
vation volumes are pressure dependent quantities. The difference between the 
molar volumes of reactant and product (or transition) states generally de-
creases with pressure. This causes plots of ln(K) vs P to deviate from linearity 
and saturate. To circumvent this problem, reaction volume studies often only 
treat data in the linear regime (below 1.5 kbar). 

Another aspect which can readily be ignored for all reactions treatable by 
adiabatic transition state theory is the pressure dependence of the pre-expo-
nential factor. In its most generalized form, Eyring’s equation for absolute rate 
constants can be written as: = exp − ‡

, where  is a transfer coef-
ficient. For adiabatic reactions (ignoring recrossing effects), the transfer coef-
ficient depends mainly on the activity coefficients of the reactants and is often 
assumed to be unity. For non-adiabatic reactions such as CEPT, where the 
transfer coefficient is much smaller than unity, its intrinsic pressure depend-
ence may require attention. The pre-exponential factor for CEPT reactions de-
pends particularly strongly on the proton tunneling distance. Therefore, small 
pressure-induced variations of the proton coordinate can be expected to 
strongly affect the rate constant. Perturbations of motions which affect the 
proton transfer distance are thought to be the reason for the pressure depend-
ence of the rate constant for CEPT in chapter 6.  
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3. Methods 

3.1 Introduction 
Although the kinetic studies discussed in this thesis do not differ much in prin-
ciple from those conducted in the 19th century, they generally focus on reac-
tions on a much shorter timescale. Furthermore, to follow the kinetics of a 
reaction, a way to observe and quantify the formation of products and/or the 
decay of reactants is needed. The studies in this thesis make use of by far the 
most powerful analytical methodology in all of chemistry: spectroscopy. In 
this chapter, it is described what information can be obtained using electronic 
spectroscopy (following color change). Furthermore, the experimental setups 
which were used to gain spectroscopic information on the short timescales on 
which the reactions occur are described. Finally, the apparatus used for mon-
itoring reactions at elevated pressures is briefly introduced.   

3.2 Following Color Change 
Physical chemistry is about the observation of macroscopic observables and 
relating them to microscopic properties. One of the most trivial observables 
of a system, familiar to many of us from a very young age, is its color. As it 
turns out, the color of a substance contains vast information about its quantum 
mechanical nature. In fact, I would argue that color is by far our biggest win-
dow into the quantum world. Whereas our other senses report on phenomena 
largely describable by classical mechanics, the color of light perceived by our 
eyes reports on something purely quantum mechanical – the discrete quantum 
states of matter. This is what is utilized in electronic spectroscopy.  

For example, a quantum reporter (photosensitizer) commonly used in most 
of the studies in the thesis is Ruthenium(II)-trisbipyiridine (Ru(bpy)3

2+). When 
a solution containing Ru(bpy)3

2+ is illuminated with a short pulse of blue light, 
molecules are promoted from one electronic state to another. The state can be 
described by removing an electron from the metal center and placing it on one 
of the bipyridine ligands. This type of transition is generally referred to as a 
metal to ligand charge transfer (MLCT) state. Once the electron is removed, 
the molecules no longer absorb light with the same wavelength and the color 
of the sample changes. The timescale of restoration of the sample’s original 



 26 

color is indicative of the timescale of the return of the electrons to the metal 
centers. 

Another aspect of color of a system is that it is easily quantifiable. The 
amount of light which is absorbed reports on the number of molecules with 
which the light interacts. The exact mathematical relationship is given by the 
Beer-Lambert law:  − log = =    (3.1) 

Where I0 is the initial intensity of light, I is the intensity of light after inter-
acting with the sample, A is the absorbance, ε is a wavelength-dependent con-
stant referred to as the extinction coefficient, l is the length of the light’s path 
through the sample and c is the concentration of absorbing molecules. The 
amount of light absorbed is therefore a direct measure of concentration. 

Kinetic studies follow changes in concentration with time. To follow the 
rate of change with spectroscopy, it is therefore necessary to follow the change 
in absorbance. For example, a sample containing a reactant with extinction 
coefficient  and initial concentration , has an absorbance described by: =     (3.2) 

When the sample is hit by a light pulse, a fraction Δ  of the reactant con-
centration is converted to a product. The absorbance is then given by:  = Δ + ( − Δ )   (3.3) 

The change in absorbance can therefore be written as: Δ = − = − log = Δ Δ    (3.4) 
Where Δ = − . Following the change in intensity of light passing 

through a sample therefore reveals information about the change in absorb-
ance of a sample. The change in intensity directly reports on the changes in 
concentrations of the sample’s molecular components. This is the working 
principle of transient absorption spectroscopy. A non-equilibrated state is gen-
erated through excitation by a strong, short light pulse. Through continuously 
monitoring the intensity, changes in absorbance can be calculated and kinetic 
traces are generated.  

The studies in Papers II and IV (chapters 4 and 5) focus on a technique 
commonly referred to as flash-quench. Here Ru(bpy)3

2+ analogues are utilized 
as photosensitizers in the presence of an electron accepting quencher, such as 
methyl viologen. The quencher is present in large excess, so that the initial ET 
reaction from photosensitizer to quencher occurs quickly. The oxidized ruthe-
nium complex can be utilized to drive another oxidation reaction. The rate 
with which the oxidant Ru(bpy)3

3+ is reduced back to Ru(bpy)3
2+ can be fol-

lowed by following the change of absorbance corresponding to the MLCT 
transition. After initial excitation, the absorbance is bleached (ΔA is negative). 
As Ru(bpy)3

2+ is regenerated, ΔA approaches zero.  
The study subject to Paper V (sections 6.3 – 6.6) instead directly utilizes 

the oxidizing power of the MLCT excited state. After excitation, the metal 
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center of the Rhenium complex accepts an electron from the Phenol. The de-
cay of the excited state can be monitored by measuring the decay of lumines-
cence.  

In Paper I (section 6.2), we report the absorbance of the excited state of 
methylbipyridine/phenol adducts. The timescale of formation and decay of 
these states is not of great importance to the study.  However, the excited state 
decays on a sub-nanosecond timescale, making it necessary to utilize femto-
second transient absorption spectroscopy for its observation. The instrumen-
tations used for transient absorption spectroscopy are presented in the next 
section.  

3.3 Experimental Setups for Transient Absorption 
Spectroscopy 
The processes of interest in many of the systems relevant to the thesis occur 
on a timescale of hundreds of nanoseconds. This is accessible with a technique 
called nanosecond transient absorption spectroscopy, or laser flash photolysis. 
Scheme 3.1 illustrates the experimental setup that was used. A Q-switched 
Nd:YAG laser was used to generate pulses at 1064 nm with a temporal width 
of roughly 7 ns. Through second and third harmonic generation processes, the 
wavelength of the laser is changed to 355 nm. This is used to pump an optical 
parametric oscillator (OPO), which can tune the wavelength of the laser within 
the range of 400 nm – 690 nm. After the wavelength is tuned, the light beam 
passes through a trigger, sending a signal to the oscilloscope (vide supra). 
Thereafter, the laser pulse is used to excite the sample. 
The sample is continuously illuminated by a probe lamp. Before hitting the 
sample, the probe light passes through a monochromator selecting the wave-
length that is to be monitored. The light is thereafter sent through the sample. 

Scheme 3. 1 – Schematic diagram of the experimental setup used for nanosecond
transient absorption (laser flash photolysis) measurements.  
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After passing through the sample, the probe light passes through a second 
monochromator before hitting the detector. The signal from the light is con-
verted to an electric current by a photomultiplier tube. This is coupled to a 
resistor, which is coupled to a digital oscilloscope. By monitoring the voltage 
over the resistor, the magnitude of the signal is measured. The relative volt-
ages the oscilloscope measures (which are proportional to the intensity of the 
light hitting the PMT) are later converted to changes in absorbance according 
to equation 3.4.  
The processes studied in paper I occur on a timescale too fast for changes to 
be monitored electronically, or to be monitored after excitation by a 7 ns laser 
pulse. It was therefore necessary to turn to a different technique, namely 
femtosecond transient absorption spectroscopy. In this technique, the time res-
olution is not set by the sampling frequency of an oscilloscope. Instead, the 
time delays are set by the distance that the light pulses travel. 

Scheme 3.2 illustrates the femtosecond transient absorption setup used. In 
this setup, mode locked laser pulses from a Ti:Sapphire laser, with a broad-
band output centered around 800 nm, were sent through a regenerative ampli-
fier. The amplified laser pulses were put out at a frequency of 1 kHz. The light 
was then sent through a beam splitter, separating each laser pulse into pump 
and probe components. The resulting pump pulse was sent through a beta-

Scheme 3. 2 – Schematic diagram of the experimental setup used for femtosecond 
transient absorption measurements.  
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barium oxide (BBO) crystal, where the wavelength was tuned to 400 nm uti-
lizing a second harmonic generation process. The light pulses were sent 
through a chopper spinning at a frequency of 500 Hz, thereby making sure 
that only half the pulses could hit the sample. The probe pulses were instead 
sent through a delay stage. Through supercontinuum generation in a Sapphire 
crystal, a wide range of probe wavelengths was made accessible. The probe 
pulses were then made to overlap (spatially) with the pump pulses in the sam-
ple and sent into a diode-array detector. By scanning the delay stage and 
thereby varying the distance the probe light travels, kinetic traces and spectra 
at different time delays could be constructed.   

Scheme 3. 3 – Schematic illustration of the experimental setup used for generating
elevated pressures. 
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3.4 The Pressure Cell: 
In Papers II and V, the rates of reactions are followed at elevated pressures. 
This is done by directly compressing the volume of the samples. The experi-
mental setup for this procedure is shown in scheme 3.3. A pump, filled with 
pressurizing fluid (here, ethanol was used) is connected to a pressure gauge 
and a pressure cell, consisting of a cube with 4 pressure resistant quartz win-
dows. The sample is kept in a cuvette with a moveable Teflon stopper. For a 
typical measurement, the cuvette is placed inside the pressure cell. The cell is 
then filled with ethanol and connected to the pump. The pressure is increased 
by compressing the ethanol. When the pressure is increased, the stopper 
moves down the neck of the cuvette, thereby decreasing the sample volume. 
The windows of the pressure cell allow for using this setup in combination 
with spectroscopic techniques.    
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4. Understanding the Mechanistic Richness of 
PCET Through Zone Diagrams (Papers III and 
IV) 

4.1 Introduction 
As discussed in the earlier chapters, the field of chemical kinetics deals with 
solving particularly complex differential equations. Elegant, analytical solu-
tions can usually only be found when certain simplifying assumptions are 
made. Operating under pseudo-first order conditions and using the steady-
state approximation, stepwise PCET pathways can be described using a single 
rate constant (see Chapter 2). However, even in these limits, analysis is non-
trivial. The dominant PCET-mechanism must be determined, and possible 
competition with other reactive pathways must be accounted for.  

Studies have delineated the effects of the influence of thermodynamic and 
kinetic parameters on reaction rates. Characteristic dependences of the rate 
constants of different mechanisms on free energy changes associated with pro-
ton and electron transfer have been demonstrated and rationalized.45–47 In this 
way, mechanisms could be determined and even tuned. However, the compe-
tition between mechanisms is rarely discussed in quantitative terms.  

The aim of this chapter is to briefly review the common ways to determine 
the operative PCET-mechanism and to clarify what governs the competition 
between pathways (Paper III). Afterwards, mechanistic zone diagrams to sum-
marize PCET-reactivity are introduced (Papers III and IV). These show the 
dominating mechanism as a function of Δ  and Δ . It is then demon-
strated how these can be used to quantitatively predict switching points be-
tween PCET mechanisms, illustrate strategies for switching between mecha-
nistic pathways and aid in the explanation of unexpected PCET phenomena, 
such as asynchronous driving force dependence (Paper IV).  

4.2 Determining the operative mechanism (Paper III) 
Determination of the mechanism under which PCET operates requires keep-
ing track of three observed rate constants: those of the stepwise mechanisms 
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(ETPT and PTET) and that of CEPT. By applying the steady state approxima-
tion, the following expressions can be derived for the observed rate constants 
of PTET and ETPT reactions (rate constants are defined as in scheme 2.1):  , =    (4.1) 

, =   (4.2) 
The observed rate constant for CEPT is given directly by the rate constant 

of the elementary step: 
 , =    (4.3) 
To further complicate the situation, there are different limits in which the 

stepwise mechanisms can operate. Equations 4.1 – 4.2 have two limiting 
cases. In the first, the back reaction of the initial step is much faster than the 
subsequent. In this case, the observed rate constant can be described by a “pre-
equilibrium” model, where it is the equilibrated fraction of the reaction inter-
mediate that reacts through subsequent ET (PTETpre-eq) or PT (ETPTpre-eq): 

  ≫  , = = =   (4.5) 
  ≫  , = = =  (4.6) 
Alternatively, the second step outcompetes the back reaction. The observed 

rate constant is limited by the initial step, resulting in the PTETlim and ETPTlim 
mechanisms:  ≪  , = =   (4.7) 

  ≪  , = =   (4.8) 
 

Sometimes, stepwise mechanisms can be ruled out by simple exclusion argu-
ments. In some cases, the initial step of the stepwise pathways is far too en-
dergonic to explain the magnitude of the observed rate constants.44 Exclusion 
arguments on this basis can easily be rationalized by considering the steady 
state forms of the rate constants (eqs 4.1 – 4.2).65  

Other times, a large isotope effect can be used to prove contributions from 
proton tunneling.50,52–55 Often, the proton/deuteron exchange of the reacting 
acid with residual water in the solvent is fast. In this case, the common exper-
imental procedure is to exchange the protons for deuterons by addition of a 
large excess of deuterated solvent (typically D2O). The kinetic isotope effect 
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(KIE) is then defined as the ratio of the rate constant for the reactions involv-
ing proton and deuteron transfer ( = ). In water, coupling of vibrational 
modes to the solvent can result in significant isotope effects of up to 2 even 
for pure ET reactions.66,67 In non-deuterated solvents, a significant isotope ef-
fect is indicative of a mechanism kinetically dependent on a protonation step 
(CEPT, ETPTpre-eq, PTETpre-eq or PTETlim). Partial contributions to isotope ef-
fects stem from differences in zero-point energy between the transition (or 
intermediate) and reactant state (see chapter 5). This “semiclassical” contri-
bution is, for common R-H bonds near room temperature, not expected to re-
sult in KIEs larger than 10.68 There are however extreme cases, where colossal 
isotope effects (reaching values of > 500)55 were observed. These can only be 
explained by proton-tunneling effects. Deuteration leaves the electronic po-
tential energy along the PT-coordinate unperturbed, while leading to more lo-
calized and therefore sharply decaying vibrational wavefunctions (due to the 
larger mass of the deuteron compared to the proton). The probability of proton 
tunneling depends on the overlap of the reactant and product vibrational wave-
functions (see Chapter 2). Very large isotope effects are thus evidence for a 
mechanism kinetically affected by proton tunneling (CEPT, PTETlim and pos-
sibly ETPTpre-eq).  

The absence of a significant isotope effect, however, does not disprove a 
concerted reaction. There are several examples where the operative mecha-
nism was shown to be CEPT, but no significant KIE was observed. Although 
perhaps initially surprising, the absence of an isotope effect can be rationalized 
by the involvement of vibronically excited reactant and product states. As the 
spacing between excited states is smaller in deuterated systems, the distribu-
tion of states contributing to the overall rate constant can be significantly dif-
ferent for deuterated systems compared to that of protonated ones.69   

Many times, contribution from PTET and ETPT mechanisms cannot be 
ruled out based on either KIEs or their initial steps being too endergonic. The 
most reliable method for mechanistic determination becomes to vary the free 
energy changes associated with proton and electron transfer.45–48 The expected 
dependences of the rate constants of stepwise mechanisms on free energy 
changes can be derived by the rate constant expressions (eqs 4.3 – 4.8). This 
is done by recognizing the relationship between free energy and equilibrium 
constants (Δ = − ( )) and giving each elementary ET- and PT-step a 
generalized form as described by Marcus theory: 

 = ∗ exp − ∆   (4.9) 
For ETPT this becomes: 
  ( ) = −   (4.10) 
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 ( ) = − 1 +  (4.11) 
 
Often, the subsequent proton transfer step is exergonic to the point where −Δ  is close to . ETPTpre-eq reactions are therefore often only weakly 
sensitive to changes in PT driving force.47 The rate constants for PTETpre-eq 

react analogously to changes in driving force: 
  ( ) = −   (4.12) 
  ( )∆ = − 1 +  (4.13) 
 
The dependences of the rate constant of ETPTlim on free energy changes are 
given by: 

  ( ) = − 1 +  (4.14) 
  ( ) = 0  (4.15) 
Equivalently, for PTETlim: 
  ( ) = − 1 +  (4.16) 
  ( ) = 0  (4.17) 
 
For well-behaved systems, the activation barrier of CEPT is affected by free 
energy changes associated with both PT and ET (since Δ = Δ +Δ = Δ + Δ ):  
  ( ) =  ( ) = − 1 +  (4.18) 
 
Scheme 4.1 illustrates the dependence of all possible mechanisms on ET and 
PT driving force. As can be seen, the observed rate constants of pre-equilib-
rium mechanisms are strongly affected by variations in the free energy change 
associated with the first step, and usually only weakly sensitive to changes in 
driving for the second step. Reaction rates limited by the initial step depend 
moderately on changes in driving force associated with this step and are unaf-
fected by variations in free energy associated with the second step. The rate 
constant for CEPT responds moderately to changes in both PT and ET driving 
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force. However, as it makes use of the total driving force of the reaction the 
relevant free energy change will generally be closer to λ than it is for stepwise 
mechanisms limited by the initial step (see equations 4.14, 4.16 and 4.18). The 
driving force dependence of the rate constant of CEPT can therefore be ex-
pected to be shallower than those of ETPTlim and PTETlim. 

4.3 Constructing Zone Diagrams to Visualize PCET 
Activity (Paper III) 
Driving force dependences greatly aid in determining the operative mecha-
nism under given reaction conditions. However, to get a holistic picture of 
PCET reactivity, one needs to consider all the 10 lines in scheme 4.1. Consid-
ering all these factors at the same time, it is possible to predict which mecha-
nism is operative at a given driving force for PT (as indicated by the difference 
in pKa between proton donor and acceptor) and ET (as indicated by the differ-
ence in reduction potential of electron donor and acceptor). Keeping track of 
all mechanisms at once is a tedious albeit not impossible task. Luckily, there 
is a simple way to visualize the reactivity: the construction of Mechanistic 
zone diagrams. By considering the limiting cases defined in equations 4.3 to 
4.8 and giving each elementary step a Marcus-type form (eq 4.9) all PCET 
reactivity can be mapped out. The only parameters of importance are:  

(1) The energy corresponding to the thermodynamic coupling between pro-
ton and electron. A fundamental aspect of PCET reactions is that proton trans-
fer becomes substantially more favorable once the electron has transferred. 
This is partially due to  the energetic penalty of creating charges in solution 
(as described by the Born energy).70 The main effect however stems from the 
chemical structure of the reagents. This can be seen in the Lewis structures of 
the prominent PCET reagent Phenol (scheme 4.2, left) before and after ET. 
After the electron has been removed, three of the resonance structures show 

Scheme 4.1 – Dependences of the different PCET mechanisms on ET (left) and PT
(right) driving forces. Adapted with permission from J. Am. Chem. Soc. 2021, 143, 2,
560–576, Copyright 2021 American Chemical Society 
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that there is no reason for the proton to stay. Since free energy is a state func-
tion (Δ = Δ + Δ = Δ + Δ ), the gain in thermody-
namic driving force for the subsequent reaction upon removing a proton is the 
same as that for proton transfer upon removing an electron (Δ − Δ =Δ − Δ ). This was of course recognized by electrochemists more than 
half a century ago: The thermodynamic coupling between electron and proton 
corresponds exactly to the difference in reduction potential between values 
obtained at pH>>pKa and pH<<pKa (multiplied by an elementary charge) in a 
Pourbaix diagram (see scheme 4.2, right).71    

 

(2) The relative pre-exponential factors of the elementary steps. ET and PT 
reactions, in the nonadiabatic limit, can both be described by Marcus the-
ory.72,73 Here, the pre-exponential factor depends on a coupling term. For 
CEPT reactions, the pre-exponential factor depends on the vibronic coupling 
between the reactant and product states. For fully nonadiabatic CEPT, this 
corresponds to an electronic coupling term, multiplied with the wave function 
overlap of the vibrational wavefunction along the proton coordinate in the re-
actant and product states (see chapter 2).  

(3) The reorganization energies of the relevant elementary steps (λ in the 
Marcus equation). For each elementary step, there will be outer sphere contri-
butions, related to solvation changes, and inner sphere contributions, related 
to geometrical reorganization. The relative magnitudes of the reorganization 
energies are system dependent and difficult to determine a priori. 

If all the above characters are known, mechanistic zone diagrams can be 
constructed (see supporting information of Paper III). These depict which 
mechanism will have the largest rate constant (and therefore dominate reac-
tivity), given the thermodynamic driving force for PT and ET. Figure 4.1 
shows examples of such diagrams. Thermodynamic parameters (pKa values 
and reduction potentials, as well as the thermodynamic coupling between pro-
ton and electron) were inspired by the system studied in Paper II.45,47 Reor-
ganization energies and pre-exponential factors were varied  to illustrate how 

Scheme 4.2 – Left: Lewis structures describing a phenol derivative before and after 
PCET. Right: Pourbaix diagram of a Phenol derivative. Adapted with permission 
from J. Am. Chem. Soc. 2021, 143, 2, 560–576, Copyright 2021 American Chemical 
Society 
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these may affect PCET reactivity. Although the diagrams of Figure 4.1 repre-
sent a PCET oxidation, it should be noted that mechanistic zone diagrams are 
conceptually identical for both reductive and oxidative PCET reactions.  

The zone diagrams illustrate many intuitive features about PCET reactivity. 
Starting at the bottom left of Figure 4.1 A (in the PTETpre-eq zone), an increase 
in ET driving force (as induced, for example, by use of a stronger reductant or 
oxidant) will lead to a switch in mechanism from PTETpre-eq to CEPT and 
eventually ETPTpre-eq. This behavior was illustrated experimentally in paper 
II. Moving instead to higher PT-driving forces (by for example using a 
stronger acid or base), the PT back reaction will eventually be out-competed 
by subsequent electron transfer and the mechanism will switch from PTETpre-

eq to PTETlim. Knowing “where you are” in the mechanistic zone diagram can, 
in this way, aid in tuning the mechanism (see section 4.5). Zone diagrams also 

Figure 4.1 – Zone diagrams generated for Paper III. Adapted from Paper III. Re-
printed with permission from J. Am. Chem. Soc. 2021, 143, 2, 560–576, Copyright 
2021 American Chemical Society. 



 38 

confirm the empirical observation that a CEPT pathway is favored, when driv-
ing forces for both ET and PT are low.45 However, they also show that CEPT 
may dominate even at high ET and PT driving forces, if these are balanced 
(moving diagonally in Figure 4.1 A). This has, to my knowledge, not previ-
ously been predicted or illustrated experimentally. 

If CEPT is kinetically disfavored relative to the other mechanistic path-
ways, the area of the CEPT zone diminishes, and a CEPT reaction becomes 
less likely. This is shown in Figure 4.1 A-C, where the pre-exponential factor 
of CEPT is lowered relative to that of the other elementary steps. In Figure 4.1 
C, CEPT is kinetically unfavorable for all combinations of ET and PT driving 
force. An interesting phenomenon can be observed in Figure 4.1 B. Here, the 
CEPT-region is split into two zones. At low driving forces for both ET and 
PT, CEPT outcompetes ETPTpre-eq and PTETpre-eq. For intermediate driving 
forces, the sequential mechanisms will always dominate reactivity. At high 
enough driving forces for both ET and PT, CEPT can outcompete both ETPT-
lim and PTETlim mechanisms. 

Figure 4.1 D illustrates a scenario where the pre-exponential factor of PT1 
and CEPT rate constants are lowered simultaneously (as you would expect, 
when proton-tunneling is inhibited). Disfavoring PT1 allows CEPT to com-
pete with the stepwise mechanisms in the high-driving force region. However, 
stepwise mechanisms still dominate at low ET and PT driving force. This is 
because the rate constant for PTETpre-eq is unaffected, since it does not depend 
on the probability of proton tunneling (eq 4.5). 

Scheme 4.3 – Reactants used for the study in Paper IV and relevant thermodynamic
values. Adapted from Paper IV. 
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4.4 Parametrizing Zone Diagrams for Real Systems 
(Paper IV) 
Paper III shows that mechanistic zone diagrams can, in my opinion, be ex-
tremely useful for pedagogical illustration and conceptual discussion of PCET 
mechanisms. A natural next step is to uses this methodology to describe spe-
cific systems. Paper IV applies mechanistic zone diagrams in an experimental 
study. It is shown how zone diagrams can be used to address specific questions 
about PCET-reactivity. 

To construct mechanistic zone diagrams for real systems, it is necessary to 
determine thermodynamic parameters that describe the system (driving forces 
for ET, PT and CEPT, respectively) and the kinetic parameters (reorganization 
energy and pre-exponential factor) for the competing mechanisms. The model 
system chosen was oxidation of 4-methoxyphenol by Ru(bpy)3

3+ derivatives 
with deprotonation to substituted pyridines. With the reactants chosen, CEPT 
dominates, with increasing contribution from the ETPTlim mechanism as the 
oxidant strength increases (vide infra). The molecules studied in Paper IV are 
shown in Scheme 4.3, along with relevant thermodynamic values (E0 and pKa) 
for the reactants. The system is reminiscent of the one studied by Biczók et al. 
as early as 1995 (excited state quenching of C60 by phenols in the presence of 
pyridine), where some of the characteristics of CEPT were first discussed.74,75    

The aim of Paper IV was to demonstrate strategies that shift the dividing 
lines between the mechanisms and change the extent of the CEPT zone, 

Figure 4.2 – Dependence of the second order ET rate constant on oxidant strength
in the absence of a proton acceptor. Adapted from Paper IV. 
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thereby favoring or disfavoring the CEPT mechanism. A termolecular system 
was chosen to facilitate the independent tuning of ET and PT driving forces. 
4-methoxyphenol was chosen as it is relatively easy to oxidize (vide infra), 
and the flash-quench generated Ru(III) oxidants allowed monitoring the reac-
tion at high ET driving forces. Substituted pyridines were chosen to vary the 
driving force for PT and to investigate effects caused by steric hindrance of 
the proton coordinate.  

With the concentrations used in this study, 4-methoxyphenol is oxidized by 
Ru(bpy)3

3+ based oxidants on the microsecond timescale, even in the absence 
of proton acceptors. The dependence of the second order rate constants on 
reduction potential of the oxidant is shown in Figure 4.2. 

The reorganization energy and pre-exponential factor for the electron trans-
fer reaction can be obtained from a regression to the Marcus equation (eq. 4.9), 
if the driving force for ET is known. However, the exact driving force for 
electron transfer is hard to estimate since there is no literature data available 
for the one-electron reduction potential of 4-methoxyphenol in acetonitrile. 
Furthermore, since this is a bimolecular reaction, the equilibrium constant for 
association of the encounter complex needs to be considered. This is difficult 
to determine experimentally. However, exact determination of the parameters 
describing the ET rate constant is not crucial for the purpose of this study. 
What is important is to find an expression that fits the dependence of the rate 
constant on ET driving force sufficiently well within the range of interest.  
Therefore, the following simplifying assumptions were made: The equilib-
rium constant for encounter complex formation was set to 1 M-1 (a reasonable 
value for compounds that do not experience significant attraction or repulsion 
from each other), and the pre-exponential factor was set to the maximum value 
allowed by absolute theory, 6·1012 s-1 (corresponding to ). With these as-
sumptions, a reduction potential of 1.18 V vs SCE can be estimated for 4-
methoxyphenol. Assuming the rate constant for electron transfer is unaffected 
by hydrogen bonding to the pyridine, we can set = .  

Figure 4.3 – Left: kinetic traces following the oxidation of 4-Methoxhyphenol by 
Ru(dmb)3

3+ with increasing pyridine concentration. Right: The dependence of the ob-
served rate constant on pyridine concentration. Adapted from Paper IV. 
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When pyridine is added, the observed rate constant of oxidation increases. 
The increase is linear in the beginning and starts to level out at increasing 
pyridine concentrations (Figure 4.3). The dependence of the rate constant on 
pyridine concentration ([B]) is described by equation 4.19. A regression to 
equation 4.19 allows for separate determination of hydrogen bond association 
constant (KHB) and rate constant for CEPT.  

 [ ℎ ] = ( )[ ℎ ] + [ ℎ ] [ ][ ] (4.19) 
 

Having measured the rate constants for the CEPT reactions, it is possible to 
extract reorganization energies and pre-exponential factors for reactions with 
the respective bases. For this, the driving force for PCET needs to be estimated 
for all combinations of oxidants and bases. This was done by taking the dif-
ference in the bond dissociation free energies (BDFEs) for reactant and prod-
uct bonds containing the transferring proton and electron.32 Briefly, the BDFE 
of 4-methoxyphenol was taken as 81.6 kcal/mol as previously estimated by 
Lymar et al.76 An effective BDFE for the electron and proton in the PCET 
products can be estimated through use of the relation = 1.37 +23.06 +  32,77, where E0 is the reduction potential of the Ruthe-
nium(III/II) couple of the oxidant vs Fc(+/0), pKa refers to the pKa of the pyri-
dinium formed through PCET and CG is a solvent specific constant corre-
sponding to 54.6 kcal/mol in acetonitrile.76 Figure 4.4 shows the natural loga-
rithm of the CEPT rate constants plotted against driving force for PCET. Lines 

Figure 4.4 – CEPT rate constants as a function of PCET driving force for 4-methox-
ypyridine (black squares), pyridine (red squares), 2,6-Lutidine (blue circles) and 
2,4,6-Collidine (green circles). Lines show fits to the generalized Marcus equation
with parameters summarized in table 4.1. Adapted from Paper IV.   
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correspond to regression to the Marcus equation (eq. 4.9, vide supra), from 
which pre-exponential factors (A) and reorganization energies (λ) could be 
extracted. These are summarized in table 4.1. 
Table 4.1 – Kinetic parameters describing the CEPT reactions.  

Proton acceptor pKa ln(A) λ (eV) KHB (M-1) 
Pyridine 12.53 22.2 0.79 1.0 
4-MeOPyridine 14.24 22.6 0.76 1.8 
2,6-Lutidine 14.1 22.5 0.90 1.3 
2,4,6-Collidine 15.0 22.4 0.92 1.6 
No base - 29.4 1.12 - 

 
As can be seen, rate constants for CEPT reactions with the different bases 
cannot all be put on the same Marcus Parabola. Reactions with 2,6-Lutidine 
and 2,4,6-Collidine could be adequately described with the same pre-expo-
nential factor and reorganization energy. However, these two reactions do not 
fall on the same Marcus parabola as reactions with pyridine or 4-methoxypyr-
idine. This is largely due to a larger reorganization energy for the bases where 
PT is sterically hindered. These effects are discussed more in detail in section 
4.5.  After determining the relevant parameters describing the rate constants 
of the mechanisms observed in this study (ETPTlim and CEPT), an expression 

Figure 4.5 – Zone diagrams for CEPT reactions with 4-Methoxypyridine (black), Pyr-
idine (red), 2,6-Lutidine (blue) and 2,4,6-Collidine (green). Symbols (data points)
represent combinations of oxidant and base for which the rate constant was meas-
ured. Adapted from paper IV.  
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for the dividing line between the mechanisms can be derived and zone dia-
grams can be constructed. Zone diagrams for PCET reactions with the differ-
ent proton acceptors are shown in Figure 4.5. 

4.5 Strategies for Switching the Operative Mechanisms 
(Paper IV) 
The zone diagrams illustrate the effect that inhibition of the CEPT rate con-
stant has on the switching point between ETPTlim and CEPT mechanisms. For 
reactions with 2,6-Lutidine and 2,4,6-Collidine, CEPT is kinetically disfa-
vored, mainly due to a larger reorganization energy. There is larger uncer-
tainty in the obtained pre-exponential factors, but these seem to be affected to 
a lesser extent by the sterically hindering substitutions. Consequently, the di-
viding lines between ETPTlim and CEPT lie at lower ET driving forces. The 
structural modifications appear to increase the inner-sphere reorganization en-
ergy associated with CEPT. The diagrams illustrate, that this kind of synthetic 
change may be used as a strategy to modify the mechanistic landscape and 
favor or disfavor a CEPT mechanism. Similar effects have been discussed by 
Huang et al for the proton coupled oxidation of a tungsten hydride.46  

The trends illustrated in Figure 4.1 suggest, that the dividing line between 
ETPTlim and CEPT may also be moved by modifying the vibronic coupling 
for CEPT. It has been demonstrated how this can be modified by for example 
modifying the PT-distance.50,51 In Paper IV, the effect of vibronic coupling 
modifications on the switching point between ETPTlim and CEPT was inves-
tigated through isotope substitution.  

Figure 4.6 – Left: dependence of the rate constant of oxidation on 2,6-Lutidine con-
centration normalized to the rate constant for pure electron transfer using Ru(dmb)3

3+

(squares), Ru(bpy)3
3+ (triangles) and Ru(bpy)2(deeb)3+ (circles). Solid black symbols 

represent protonated and red hollow symbols represent deuterated reactions. Right:
Mechanistic zone diagram for 2,6-Lutidine for protonated (solid blue line) and deu-
terated (dashed blue line) systems. Adapted from Paper IV. 



 44 

The CEPT reaction with PT to 2,6-Lutidine exhibits a KIE of 2.4 both when 
Ru(dmb)3

3+ and Ru(bpy)3
3+ were used as oxidants. The KIE being unaffected 

by changes in driving force supports the assumption, that substitution only 
affects the vibronic coupling (and thus the pre-exponential factor of the rate 
constant), keeping all other parameters constant. Figure 4.6 (right) shows the 
zone diagrams for CEPT with 2,6-Lutidine. The dividing lines between ETPT-
lim and CEPT for protonated (solid line) and deuterated (dashed line) systems 
are shown. The reaction with the strongest oxidant (Ru(bpy)2(deeb)3+) occurs 
mainly through CEPT in protonated systems, but the dominant mechanism 
switches to ETPTlim when protons were exchanged for deuterons. This can be 
seen in how the overall rate constant for oxidation changes with the concen-
tration of the proton acceptor (Figure 4.6 left and eq. 4.19). Larger contribu-
tions from ETPTlim lead to a weaker dependence of kox on pyridine concentra-
tion [B]. For the reaction with Ru(bpy)2(deeb)3+ involving protons, kox in-
creases weakly with 2,6-Lutidine concentration. For the corresponding reac-
tion involving deuterons, kox is almost completely insensitive to additions of 
base. This is, to my knowledge, this is the first time a mechanistic switch was 
induced by varying the vibronic coupling for CEPT.  

Strategies for mechanistic tuning discussed in Paper IV have focused on 
altering the CEPT rate constant relative to those of the other mechanisms. This 
is arguably the most promising approach. The rate constants for ETPTpre-eq and 
PTETpre-eq mechanisms are more difficult to target since the initial equilibrium 
step is unaffected by kinetic parameters such as pre-exponential factors and 
reorganization energies. The subsequent step occurs at high driving forces and 
can therefore often be expected to be diffusion controlled (intermolecular sys-
tems) or occurring with large rate constants. The kinetic parameters (reorgan-
ization energy and coupling term) describing PTETlim and ETPTlim are likely 
intertwined with those describing the CEPT reaction, since CEPT involves 
both PT and ET. CEPT is therefore the most easily accessible mechanism for 
tuning relative to the other mechanisms. When CEPT is competing with 
ETPTlim, its inner-sphere reorganization energy associated with PT or the pro-
ton tunneling probability can be changed (as in Paper IV). Similarly, compe-
tition with PTETlim may be altered by tuning the parameters affecting electron 
transfer.  Another way of suppressing a CEPT mechanism is to suppress the 
energetic coupling between proton and electron.  

4.6 Anomalous Free Energy Dependences 
Parametrization of a zone diagram requires the variation of ET and PT driving 
forces without affecting kinetic parameters. Changes in the reactants may not 
lead to variations in the respective pre-exponential factors and reorganization 
energies of the elementary steps. As shown in Paper IV, systems are not al-
ways well-behaved. Reactions with 2,6-Lutidine and 2,4,6-Collidine do not 
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fall on the same zone diagram as reactions with pyridine and 4-methoxypyri-
dine. This can be rationalized by structural modifications of the base affecting 
the inner-sphere reorganization energy of CEPT. However, pyridine and 4-
methoxypyridine can, despite their structural similarity and constant reorgan-
ization energy, not be described by a single zone diagram.  

Several groups have reported a similar phenomenon. Cases have been 
shown, where the rate constant for CEPT depends on ET and PT driving forces 
to different extents.46,78–80 This phenomenon is often referred to as “asynchro-
nicity”. To rationalize these effects, models seemingly at odds with multistate 
continuum theory have been invoked.81,82 These reports therefore raise the 
question: “Is there more to CEPT than multistate continuum theory?”. In the 
author’s opinion, many of the effects can be explained with multi-state con-
tinuum theory, taking into account contributions from varying PT distances 
and vibronically excited states. This has been demonstrated computationally 
for a system demonstrating such asynchronicity.57 The problem is seemingly 
not the theory’s failure to account for non-intuitive free energy dependences, 
but rather the inherent complexity of the theory. Trends in reactivity cannot 
always be explained without extensive computational investigation. Instead of 
constructing alternative models, it may therefore be more fruitful to search for 
general trends in which ET and PT driving forces affect PT tunneling dis-
tances, and other factors affecting the overall rate constant. If such relation-
ships could be found, it would bring more chemical intuition into CEPT think-
ing. The asynchronicity phenomenon is discussed more in detail in Paper V 
and chapter 6. 

In the case of the reactions with pyridine and 4-methoxypyridine in Paper 
IV, the difference in pre-exponential factor can be rationalized by considering 
their hydrogen bond association constants with the Phenol (KHB, see table 1). 
The hydrogen bond with pyridine appears to be weaker than that with 4-meth-
oxypyridine. Therefore, presumably, the hydrogen bond is longer and the pro-
ton tunneling distance of the CEPT reaction is larger. It is therefore reasona-
ble, that the vibronic coupling for the reaction with pyridine is smaller than 
that for the reaction with 4-methoxypyridine. 

Inability to categorize all CEPT reactions in a single zone diagram does 
however not undermine the usefulness of the methodology.  Although a single 
zone diagram could not be constructed for all CEPT reactions in Paper IV, 
zone diagrams actually helped in elucidating the differences between these 
reactions. The zone diagram methodology also allows for incorporation the 
effects of PT driving force on hydrogen bonding distances (if these can be 
determined). 
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4.7 Relevance for Energy Transformation Catalysis 
Mechanistic knowledge is crucial for the rational optimization of catalytic sys-
tems. This is the reason so much effort is put into understanding the mecha-
nism of artificial systems catalyzing energy transformation reactions.83 When 
the mechanism for a catalytic system is known, desired processes can be fa-
vored relative to undesired ones. In this way, stabilities, product selectivities 
as well as turnover frequencies can be improved.  

It has previously been suggested, that the CEPT mechanism could be ben-
eficial for the proton reduction reaction.84 In systems where homogeneous ca-
talysis is driven electrochemically, optimizing the system to the point where 
the rate limiting step is interfacial ET concerted with PT would lead to higher 
turnover frequencies at lower applied potentials, as system now makes use of 
both ET and PT driving forces. For electrocatalytic (heterogeneous) systems, 
CEPT is often assumed to be the operative mechanism, whereas studies have 
shown that this is not always the case.85  

In some cases, CEPT reactions generating H2 are undesired. Competing H2 
evolution plagues the faradaic efficiencies of reactions such as the reduction 
of CO2, O2 or N2. In this case, it may for example be beneficial to operate in a 
region where the rate limiting step for H2 evolution is ETPT. H2 evolution 
would be only weakly dependent or completely insensitive to acid strength 
and concentration. This could be used to favor the desired reaction and im-
prove selectivity.  

The methodology for constructing zone diagrams needs not be limited to 
PCET-mechanisms. With modification they may be made to include other 
chemical steps. In this way, mechanisms for specific catalytic systems could 
be described. A step in the same direction was recently taken by Rountree et 
al., who constructed potential-pKa diagrams for ligand and metal centered pro-
tonations of a Ni catalyst, drawing conclusions about the operative mecha-
nism.86,87 Similar efforts have also been pursued by Pegis et al., who advocate 
monitoring the free energy scaling relationships that describe the system to 
optimize reaction conditions.88,89 This approach has recently been used by 
Wang et al. to tune the selectivity of O2 reduction catalyzed by a cobalt por-
phyrin towards H2O2 or H2O.90 The ease with which PCET zone diagrams can 
be constructed and the immense simplification they bring make mechanistic 
zone diagrams for catalytic systems for energy transformation a promising 
possibility. 

4.8 Conclusions 
In this chapter, it was shown how zone diagrams may be used to discuss PCET 
reactivity.  Paper III illustrates that zone diagrams are a useful pedagogical 
tool for conceptual discussion. Paper IV proves that they can also be used to 
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describe real systems and address specific research questions. In this example, 
they were used to illustrate strategies for tuning the mechanism of PCET.  

The methodology can be developed further. From a fundamental point of 
view, it may be interesting to extend these zone diagrams to include for exam-
ple the dependence of proton tunneling distance on PT driving force. In a more 
applied context, they may be applied to describe specific catalytic systems and 
made to include other types of chemical steps, diffusion effects and interfacial 
electron transfer reactions. The initial success in the application of the dia-
grams make them a promising tool for such discussions. 
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5. Hydrostatic Pressure as a Mechanistic Tool 
(Paper II) 

5.1 Introduction 
As discussed in chapter 4, the mechanistic landscape of PCET reactions is by 
now well understood. However, determining the operative PCET mechanism 
is not always a trivial task. Often, the chemical changes associated with vary-
ing ET and PT driving forces are challenging to perform in practice. Further-
more, measurements of the KIE do not always give conclusive mechanistic 
information. This creates a demand for new tools for mechanistic determina-
tion.  

The aim of this chapter is to present a system where, with intense synthetic 
effort, the PCET-mechanism could be determined and tuned through multiple 
mechanistic regions. A mechanistic analysis alternative to the one originally 
presented in paper II is presented. The mechanistic landscape is then illus-
trated in the form of (previously unpublished) mechanistic zone diagrams. 
Thereafter, another powerful mechanistic tool (introduced for the first time in 
the context of mechanistic discussion for PCET in paper II) is discussed: the 
dependence of the rate constant on hydrostatic pressure. 

5.2 Introduction to the System 
The system discussed in this chapter (see Scheme 5.1), is an example of a 
system where mechanistic determination by use of the normal tools (section 
4.2) is challenging. The PCET-reagents are a series of tungsten-hydride com-
pounds with covalently linked pyridine bases, oxidized by Ru(III) and Fe(III) 
based electron acceptors. The molecules were initially synthesized to extend 
a report by Bourrez et al. In their study, the authors were able to switch the 
mechanism of the PCET-oxidation of the hydride between ETPT and CEPT, 
by addition of oxidants and bases of varying strength.45 It was hypothesized, 
that covalently linking the base to the hydride would decrease the PT tunnel-
ing distance and hence increase the rate constant of CEPT. With extensive 
effort, my friend and colleague Dr. Tianfei Liu was able to synthesize a series 
of tungsten hydride compounds with pyridine bases covalently linked to the 
coordinating cyclopentadiene rings.47  
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As expected, CEPT occurred on a much faster timescale in the study with the 
linked system than in that with base added to the solution. Comparing the ob-
served rate constant of the unlinked system with 3 mM base added to that of 
the covalently linked system, an acceleration by a factor of up to 104 can be 
observed. Furthermore, the study uncovered further mechanistic regions of 
PCET reactivity. When the oxidant strength was low, PCET now occurred 
through a PTETpre-eq mechanism. This was proven by driving force depend-
ence, and an interesting phenomenon related to the force constants of the do-
nating W-H and accepting N-H+ bonds: an inverse isotope effect (KIE<1).  
Balancing ET and PT driving forces led to the reaction proceeding through a 
CEPT mechanism.  

Paper II extends this study to larger oxidant strengths. Flash-quench gener-
ated Ru(bpy)3

3+ analogues were used to drive the oxidation. Through use of 
these, another mechanistic region, ETPT, could be accessed. In the following 
sections, we explore the mechanistic competition in these compounds. Fur-
thermore, we show how pressure dependence can be used as a convenient tool 
for mechanistic analysis of PCET.  

5.3 Mechanistic Analysis (Paper II), Alternative 
Interpretations and Zone Diagrams (unpublished) 
The intermediate thermodynamic coupling between electron and proton 
(ΔpKa=19) and relatively low potential for one electron oxidation (0.71 V vs 
Fc(+/0) and pKa=16.5 in acetonitrile) make ETPT, PTET and CEPT accessible 
under the experimental conditions (see sections 4.2 and 4.3). The overall rate 

Scheme 5. 1 – Left: Square scheme summarizing the reaction steps. Thermodynamic
data is given for CpWH(CO)3 (the hydride studied by Bourrez et al.)45 and in paren-
theses for MeCpWH(CO)3.91 Right: reaction scheme describing the reactions studied
in Paper II. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 43, 17245–
17259 Copyright 2019 American Chemical Society. 
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constant is given by = + +  and may have signifi-
cant contributions from multiple pathways.  

Figure 5.1 shows the dependence of the observed rate constant on pKa (left) 
and oxidant strength (right). With the weakest oxidants (Fe((OMe)2bpy)3

3+) 
and Fe(Me2bpy)3

3+), the rate constant is strongly dependent on pKa and only 
weakly dependent on oxidant strength. Furthermore, the inverse isotope ef-
fects (KIE=0.14 – 0.38) can be explained by an increase of the PT-equilibrium 
constant upon deuteration due to the relative zero point energies of the bonds 
involved in the PT-equilibrium.47 Both of these effects are therefore consistent 
with the dominant mechanism being PTETpre-eq. When moving to slightly 
stronger oxidants, (Fe(bpy)3

3+ and Ru(Me2bpy)3
3+), the rate constant responds 

to both changes in base and oxidant, and shows a normal KIE (KIE=1.21  - 
2.4), indicative of a CEPT mechanism.   

At larger ET driving forces (reactions measured in Paper II), the rate con-
stant is almost unresponsive to changes in PT driving force but increases with 
increasing oxidant strength. This is consistent with an ETPT mechanism. The 
kinetic limit of the ETPT reaction is however less clear. 

In Paper II, we argue for an ETPTpre-eq mechanism. Mainly, the steep in-
crease dependence for compound 1a and 1b (see Figure 5.1, right) suggests 
such a pathway (see section 4.2). Such an assignment is seemingly in disa-
greement with the WH(+./0) potential (0.71 vs Fc(+/0)) estimated by Tilset et al. 
The rate constant does not begin to level off before 0.9 V vs. Fc(+/0), suggesting 
that this value corresponds is closer equilibrium WH(+./0) potential. This cannot 
be excluded, as the value of  0.71 V was initially estimated from an irreversible 
peak potential.91  

For an ETPTpre-eq mechanism to be operative, back electron transfer must 
outcompete subsequent PT ( , see section 4.6). An upper limit for 

Figure 5. 1 – Dependence of the rate constants for PCET reactions of compounds 1a-
1d with different oxidants on pKa of the conjugate acid of the proton acceptor (left)
and oxidant strength in V vs Fc(+/0) (right). Reprinted with permission from J. Am.
Chem. Soc. 2019, 141, 43, 17245–17259 Copyright 2019 American Chemical Society.
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the subsequent deprotonation can thus be calculated assuming diffusion con-
trolled back electron transfer ( = 10 ), putting the maximum 
value of  on the order of 109 M-1s-1. Assuming the value of 0.9 V vs Fc(+/0) 
is more accurate, this would put the ET equilibrium constant with oxidants 
around 0.8 V vs. Fc+/0 on the order of KET=10-1-10-2. The overall rate constant 
is then given by = , on the order of 107-108 M-1s-1, con-
sistent with what is observed.  

A rate constant that is smaller than diffusion-controlled at the large driv-
ing forces for PT2 (∆ 12, meaning −∆ 700 ) may be 
somewhat surprising. It is dramatically different from what is usually ob-
served for PT from Eigen Acids (involving OH and NH bonds). These gen-

erally show low intrinsic barriers to PT and are diffusion-controlled even for 
nearly isoenergetic reactions.92 Low rate constants for PT from metal hy-
drides are however commonly observed and have previously been explained 
by a large intrinsic barrier due to nuclear and electronic reorganization in the 
hydrides.93–96  

While ETPTpre-eq appears to be a possibility, in the context of this thesis, I 
would like to introduce an alternative interpretation. I believe the dominant 
mechanism is ETPTlim, based on the following argument: The rate constant 
for ETPTpre-eq cannot exceed that of initial ET. In the system studied by 
Bourrez et al., the hydride was also oxidized in the absence of base.45  The 
dependence of the rate constant on ET driving force from their study is illus-
trated in Figure 5.2 (black symbols and fit). Data points from paper II for re-
actions assigned to ETPT are also shown (red dots). Extrapolating from this 
data originally measured by Bourrez et al. to the stronger ET driving forces 

Figure 5. 2 – Rate constant for ET from the tungsten hydrides in the absence of base
(black squares measured in ref 45) and data points assigned to an ETPT mechanism
in Paper II as a function of ET driving force. The solid line represents a fit to the 
Marcus equation with parameters A=exp(27.4) and λ=1.46 eV. 
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monitored in Paper II, it can be shown that the measured rate constants in 
Paper II clearly lie above what is predicted by the Marcus equation . The origin 
of the apparent increase in rate constant in complexes covalently linked to 
bases is unclear. Perhaps the intrinsic barrier for electron transfer is decreased 
due to the hydrogen bond with the base. Perhaps, the commercially obtained 
tungsten hydride in the study by Bourrez et al.45 had a lower purity than the 
compounds carefully synthesized and purified by Liu et al.47, leading to lower 
observed rate constants. A further increase compared to the rate constants 
measured by Bourrez et al. may stem from the contribution of the CEPT and 
PTET pathways to the overall rate constant (vide supra). However, this obser-
vation makes a pre-equilibrium mechanism unlikely, as the observed rate con-
stant for ETPTpre-eq cannot be larger than that for its initial ET step. If a pre-
equilibrium mechanism is operative, it likely close to being limited by initial 
ET.  

From the regression in Figure 5.2, a pre-exponential factor (ln(A)=27.4) 
and reorganization energy (λ=1.46 eV) can be extracted. This should corre-
spond to the rate constant of ETPTlim. The rate constant for PTETpre-eq can also 
be parametrized, assuming that subsequent ET is diffusion controlled ( =10 ). This allows for construction of a zone diagram illustrating the 
competition between these two mechanisms. Due to the low number of data 
points available where CEPT is the dominating mechanism, the kinetic pa-
rameters describing kCEPT could not be determined accurately. However, con-
tributions from a CEPT mechanism are necessary to account for the absence 
of strongly inverted KIEs when using stronger oxidants. Figure 5.3 shows a 

Figure 5. 3 – Zone diagrams considering ETPTlim, PTETpre-eq and a CEPT mechanism. 
Black circles represent data points measured in ref 47 and red circles represent data 
points measured in Paper II. Filled red circles represent data points for which the
pressure dependence has been measured. The ΔpKa values are not directly taken as
the differences in pKa values illustrated in Scheme 5.1, but estimated assuming that 
the reactions with the weakest oxidants occur exclusively through PTETpre-eq and di-
viding the observed rate constant with 1010 M-1s-1 (an estimation of the rate constant
of subsequent ET). 
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zone diagram constructed assuming an arbitrarily chosen reorganization en-
ergy (λ=1.85 eV) and pre-exponential factor (ln(A)=21) that satisfactorily de-
scribe kCEPT. The diagram is in qualitative agreement with the mechanistic as-
signment.  

5.4 Pressure dependence of the mechanisms 
In order to support our mechanistic characterization, we decided to measure 
the dependence of the observed rate constants on hydrostatic pressure. As de-
scribed in chapter 2, pressure dependence of rate constants gives information 
about the volume profile of the reaction. The change in the equilibrium con-
stant of a reaction corresponds to the change in molar volume between the 
products and reactants (Δ , the reaction volume, see eq 2.9). Similarly, the 
change in the rate constant of an elementary reaction with pressure corre-
sponds to the difference in volume between the transition state and the reac-
tants (Δ ‡, the activation volume, see eq 2.10). In both cases, the volume 
change has intrinsic (related to geometrical changes) and electrostriction (re-
lated to binding of the solvent) contributions.62–64 For ionic reagents in polar 
solvents like acetonitrile, the outer-sphere contributions are often dominant.63   

Figure 5.4 shows the natural logarithm of the observed rate constant for 
PCET as a function of pressure for reactions of 1a with Ru(bpy)3

3+ (left, as-
signed to ETPTlim) and 1d with Ru(Me2bpy)2(bpy)3+ (right, assigned to 
PTETpre-eq). As can be seen, the rate constant decreases slightly with pressure 
for the reaction assigned to ETPTlim. This can be explained by considering the 
changes in solvent electrostriction through the course of the reaction. Since = , Δ = Δ . In the electron transfer reaction, the charge 
of the oxidant reduces from 3+ to 2+. This should lead to less electrostriction 

Figure 5. 4 – Pressure dependence of the observed rate constant of the PCET reaction
of Ru(bpy)3

3+ with 1a (left, assigned to ETPT) and 1d with Ru(Me2bpy)2(bpy)3+ (right, 
assigned to PTETpre-eq). Black triangles represent protonated and red squares repre-
sent deuterated systems. Reprinted with permission from J. Am. Chem. Soc. 2019, 141,
43, 17245–17259 Copyright 2019 American Chemical Society. 
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of the solvent molecules and therefore a positive reaction volume. In the tung-
sten hydride, a charge is instead generated. However, the effect on the oxidant 
can be expected to be dominant, since the degree of solvation can be expected 
to be proportional to the square of the ionic charge.63,64,97–99 If the alternative 
mechanistic analysis presented in section 5.3 is accurate, what is measured 
here should correspond to the activation volume (not reaction volume) of the 
initial ET reaction. However, both quantities can be expected to have the same 
sign, since the activation volume should represent partial movement along the 
volume profile of the reaction.63,64  

 
Table 5. 1 – Observed activation volumes and KIEs for different combinations of hy-
drides (deuterides) and oxidants. 
 

Ru(Me2bpy)2(bpy)3+ Ru(bpy)3
3+ 

 
ΔV‡(cm3/mol) KIE 

(1 bar) 
ΔV‡(cm3/mol) KIE 

(1 bar) compound W-H W-D W-
H 

W-D 

1a 2.2 2.6 0.90 3.6 4.0 1.1 
1b 3.8 5.1 0.89 5.2 4.1 1.1 
1c -1.2 -4.2 0.91 3.0 2.1 1.2 
1d -7.7 -7.7 0.51 -4.8 0.65 0.87 
1e 

   
-

0.54 
-0.44 0.76 

 
When the operative mechanism is PTETpre-eq, =  and Δ = Δ + Δ . In the first step, charges are generated instead of re-
duced. Initial PT leads to generation of the zwitterionic [W--H+N] species 
from the initially neutral hydride. Following the same argument as above, this 
should lead to increased electrostriction of solvent molecules, and a negative 
reaction volume, consistent with the increase in observed rate constant with 
pressure. The subsequent ET2 step is likely diffusion limited. Thus, it should 
depend on the viscosity of the solvent. Hydrostatic pressure is known to in-
crease the viscosity of acetonitrile from 0.3 cP to 0.7 cP going from atmos-
pheric pressure to 2 kbar, which should lead to a decrease in kET2.100,101 How-
ever, it appears the effect of pressure on the initial PT equilibrium is larger 
than that on the presumable reduction in subsequent ET caused by an increase 
in viscosity. Table 5.1 summarizes the observed activation volumes for com-
binations of hydrides and oxidants measured in Paper II. It can be seen how 
the volumes change gradually, as contributions from the competing mecha-
nisms change. 

The reaction of 1d with Ru(bpy)3
3+ shows an interesting behavior (see Fig-

ure 5.5). According to the zone diagrams in Figure 5.3, the rate constant ob-
served for this combination should have significant contributions from both 
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ETPTlim and PTETpre-eq pathways. It is therefore not surprising, that at normal 
pressure, it shows a slightly inverse isotope effect (KIE<1). Surprisingly, the 
rate constant for the protonated system increases with pressure, while leading 
to an increased (normal) isotope effect at high pressures. As ETPTlim is disfa-
vored and PTETpre-eq is favored by an increase in pressure, only considering 
these two pathways one would expect further decrease of the KIE with in-
creasing pressure. Therefore, the only way to explain this behavior is to invoke 
a third pathway, the rate constant of which increases with pressure, and that 
shows a normal (non-inverted) KIE. Considering the zone diagram in Figure 
5.3 (left), it makes sense that this pathway would be CEPT.   

The apparent increase of the CEPT rate constant with pressure is in contrast 
with what can be expected for the pressure dependence of CEPT reactions. 
CEPT balances charge transfer along its coordinate and should therefore be 
less sensitive to changes in hydrostatic pressure than an ETPTlim reaction 
based on electrostriction arguments alone. This observation therefore suggests 
that the pressure dependence of CEPT rate constants cannot be explained by 
simple volume arguments. Other effects, such as potential pressure-induced 
changes in the contributing PT distances may need to be considered. Such 
effects are investigated and discussed more in detail in chapter 6.  

5.5 Conclusions 
In this chapter, the mechanistic richness of PCET in tungsten hydrides was 
illustrated. Extending earlier studies by using stronger oxidants (Paper II), led 
to the reaction predominantly occurring through ETPT, in competition with 
PTETpre-eq. Although initially assigned to an ETPTpre-eq mechanism, here it is 

Figure 5. 5 – Pressure dependence of the rate constant (left) and KIE (right)
of the PCET reaction between Ru(bpy)3

3+ and 1d. Black triangles represent 
protonated and red squares represent deuterated reactions. Reprinted with 
permission from J. Am. Chem. Soc. 2019, 141, 43, 17245–17259 Copyright 
2019 American Chemical Society. 
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argued that the dominant mechanism is instead ETPTlim. Based on this analy-
sis, mechanistic zone diagrams are constructed. 

The pressure dependence of the observed rate constants reveals trends in 
observed activation volumes. These correspond to the varying contributions 
of different mechanistic pathways to the rate constant. When PTETpre-eq is 
dominant, the rate constant increases with increasing pressure, indicating a 
negative observed activation volume. When ETPT is dominant, the observed 
rate constant instead decreases with increasing pressure, corresponding to a 
positive observed activation volume. For reactions with 1d and Ru(bpy)3

3+, 
the rate constant appears to increase with pressure for the protonated system 
while decreasing slightly with pressure when the system is deuterated. This 
eventually leads to a switch from a slightly inverse KIE to a KIE above 1. This 
is explained by an increasing contribution from a CEPT mechanism. The in-
crease of the CEPT rate constant with pressure cannot be explained by volume 
arguments alone. It is proposed that pressure may decrease the proton tunnel-
ing distance, leading to an increase in kCEPT.  

The remarkable mechanistic richness observed here makes these tungsten 
hydrides excellent model systems for PCET reactivity. Making use of this, we 
have established pressure dependence measurements as a valuable tool for 
mechanistic determination. This experimentally non-challenging, non-de-
structive, and for other reactions well established technique provides a new 
approach to the investigation of PCET reactivity.  
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6. Analyzing the Hydrogen Bond Interaction 
(Papers I and V) 

6.1 Introduction 
The studies described in this chapter (Papers I and V) deal with what was 
identified early on as an important aspect of PCET reactivity: the hydrogen 
bond association. Paper I (section 6.2) discusses the possibility of Photo-EPT 
reactions (i.e. a direct optical EPT transition; vide infra). In contrast to what 
had been proposed previously,102 it is shown that monoquat/phenol complexes 
do not undergo Photo-EPT (or excited state PCET) upon electronic excitation. 
It is suggested that this is due to the lack of a hydrogen bonding interaction.  

Previous chapters have discussed the competition between the different 
mechanistic pathways through which PCET can occur. Pressure dependence 
has been established as a tool to aid in mechanistic determination. The aim of 
Paper V (sections 6.3 – 6.6) is to investigate the pressure dependence of the 
most interesting mechanistic pathway: CEPT. It is shown that hydrostatic 
pressure affects both kCEPT and the hydrogen bond association constant. A 
model for interpreting these results is then introduced.  

6.2 Photo-EPT in Monoquat/Phenol complexes (Paper I) 
Paper I is about the concept of Photo-EPT reactions. In this phenomenon, elec-
tronic excitation directly yields the PCET product state. This is analogous to 
intervalence charge transfer (IVCT) excitations, which are well described by 
Marcus-Hush Theory. At first thought, the notion of instantaneous PT with 
optical excitation would seem to break the Born-Oppenheimer approximation. 
However, excitation in the Franck Condon region yields a highly distorted 
configuration of the product state, where the bond between proton acceptor 
and proton is strongly elongated. The concept of photo-EPT is conceptually 
exciting. Analogously to IVCT transitions, photo-EPT would allow for direct 
determination of the kinetic parameters describing thermal ET (reorganization 
energy and vibronic coupling) through the simple measurement of an absorp-
tion spectrum. 
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Photo-EPT has been proposed in a handful of systems.102,103 The proposed 
Photo-EPT transition in 4-nitrophenylphenol hydrogen bonded to amines has 
led to thorough computational investigations.104–107 A more recently proposed 
example of photo-EPT is in the optical excitation of monoquat (MQ+, scheme 
6.1) bonded to phenols.102 Mixing MQ+ and phenols in aqueous solution leads 
to an adduct with an absorption band centered around 375 nm. Direct excita-
tion of this band leads to the excited state absorption features shown in Figure 
6.1 b) (measured in Paper I but in good agreement with data obtained by 
Gagliardi et al.102), decaying back to the ground state with a lifetime of <1 
ps.102 The authors measured a KIE of 1.6 (in D2O solvent) for the excited state 
decay. The product absorption (with peaks centered below 450 and 560 nm) 
is qualitatively similar to that of singly reduced methyl viologen (MV•+), 
which has absorption peaks centered around 600 nm and 380 nm. This led the 
authors to conclude, that excitation of the absorption band of the MQ+/Phenol 
complex leads to Photo-EPT. The products of this transition would be the ox-
idized deprotonated phenol (PhO•) hydrogen bonded to the protonated reduced 
monoquat (HMQ•+), the absorption features of which were expected to be sim-
ilar to those of singly reduced methyl viologen. 

 

Scheme 6. 1 – a) Square scheme describing the protonation and oxidation states of 
monoquat with relevant thermodynamic values (reduction potentials are given vs
NHE) b) structure of 4-methoxyphenol. Reprinted with permission from J. Phys. 
Chem. A 2018, 122, 18, 4425–4429, Copyright 2018 American Chemical Society. 
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However, in Paper I, we noticed that the excited state absorption features were 
more similar to those of reduced, unprotonated monoquat (MQ•) than to those 
of MQ•+.108 Furthermore, it was found that monoquat forms an optically ob-
servable adduct with Phenol derivatives both above and below its pKa of 3.5109 
(as MQH2+).  Excitation of the absorption band when the monoquat is already 
protonated (pH<3.5) leads to excited state absorption around 600 nm, more 
similar to the absorption spectrum of MV•+ (see Figure 6.1 a)).  

Furthermore, MQ• and HMQ•+ were generated through reduction by flash-
quench generated Ru(bpy)3

+, and their absorption spectra were determined 
(Figure 6.2). By comparison with Figure 6.1, it can clearly be seen, that what 
is formed through excitation of the MQ/Phenol complex is MQ• and what is 
formed upon excitation of the HMQ2+/Phenol complex is HMQ•+. In both 
cases, the induced charge transfer corresponds to a single ET (and not a PCET) 

Figure 6. 1 – Transient absorption spectra after excitation of the MQ/4-methoxyphe-
nol adduct at pH=2 (left) and pH=6 (right). Reprinted with permission from J. Phys. 
Chem. A 2018, 122, 18, 4425–4429, Copyright 2018 American Chemical Society 
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reaction. This proves, that charge transfer upon excitation of monoquat/phenol 
complexes is not proton-coupled. 

The observation that 4-methoxyphenol and monoquat form an adduct even 
when the monoquat is already protonated led me to think about the importance 
of the nature of association between proton donor and acceptor. Proton tun-
neling can only occur over short distances. Thus, a hydrogen bonding interac-
tion is required. However, in solution phase, intermolecular interactions are 
seldom as simple. If they were, association constants in solution would corre-
spond exactly to the gas-phase values. Apart from attraction of the dipoles, 
solute-solute interactions are partially driven by entropy and enthalpy effects 
related to interactions of the solvent molecules. To further complicate the sit-
uation, polar solvents are often good hydrogen bond acceptors, which outcom-
pete hydrogen bonding solutes due to their large activity. The following sec-
tions will explore the importance of the proton donor-acceptor interaction in 
more detail.  

Figure 6. 2 – MQ reduced by flash quench generated Ru(bpy)+at pH=8.5 (red, cor-
responding to HMQ•+) and pH=11.8 (blue, corresponding to MQ•). Reprinted with 
permission from J. Phys. Chem. A 2018, 122, 18, 4425–4429, Copyright 2018 Amer-
ican Chemical Society. 
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6.3 Excited state PCET in *Re-N/Phenol complexes 
(Paper V) 
The importance of the hydrogen bond interaction for CEPT has previously 
been stressed by our group. A study by Dongare et al. reported on the excited 
state quenching of [fac-Re(CO)3(2,2’-bpy)(4,4’-bpy)]+ (abbreviated Re-N) by 
a series of Phenols.110 In this system, the phenol is hydrogen bonded to the 
uncoordinated nitrogen of the 4,4-bpy ligand. Excitation of the rhenium com-
plex leads to charge transfer from the metal to the 2,2’-bpy ligand. Excitation 
is followed by interligand ET (ILET) to the 4,4’-bpy ligand and PCET from 
the phenol to the complex (see scheme 6.2). Stern-Volmer Plots showed suf-
ficient curvature to make it possible to determine the excited state association 

Scheme 6. 2 – a) Scheme describing the reactions occurring after excitation of the
system studied in Paper V. b) Reactants used in Paper V. 
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constants and PCET rate constants separately. The PCET quenching process 
was assigned to occur through a CEPT-mechanism with most Phenols. The 
system’s simplicity and tunability make it a suitable test system for the effects 
of hydrostatic pressure on the CEPT rate constant. This was the aim of Paper 
V. 

 Scheme 6.2 shows the reactants used in this study. In 3:1 Acetonitrile:Wa-
ter solutions, association constants between the electronically excited Re-N 
(*Re-N) and phenols is on the order of 1 M-1. Hoping to increase the associa-
tion constant, the solvent was changed to 9:1 Acetonitrile:Water mixtures. 
Figure 6.3 shows the dependence of the excited state decay rate constant of 
*Re-N as a function of Phenol concentration. As expected, the plots deviate 
from linearity at higher concentrations making it possible to separate associa-
tion and PCET rate constants (see section 4.4). These are summarized in table 
6.1. 
Table 6. 1 – Hydrogen bond association constants, PCET rate constants and proton-
coupled reduction potentials ((vs NHE), calculated as  =  ( ℎ •/ ℎ ) + (10) ( )) for the phenols used in Paper V. 

Phenol KHB (M-1) kPCET (s-1) E0PCET (V) 

4-Br 2.0 1.7 x 107 1.38 
H- 2.7 1.2 x 107 1.42 
3-F 2.3 5.4 x 106 1.48 
2-F 1.8 7.9 x 106 1.50 

Figure 6. 3 – Dependence of the observed rate constant for excited state decay on the
concentration of 2-fluorophenol.  
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Thermochemical data (pKa values and one-electron reduction potentials) for 
Phenols in 9:1 Acetonitrile:Water mixtures is not available in the literature. 
However, as was previously demonstrated,110 the corresponding values in wa-
ter48,111,112 may be used to yield rough estimations of the free energy changes 
associated with PCET. Figure 6.4 shows how the rate constant depends on pKa 
of the Phenol, E0

(PhO
•
/PhO

-
) and E0

PCET. The best correlation is obtained taking 
both ET and PT driving force into account (right panel). Based on this and 
previous studies,110,113 PCET is assigned to occur (at least in part) through a 
CEPT pathway. The slope of -9.4 eV-1 (−0.47 ∗ ) indicates a reaction with 
moderate driving force (−∆ 0.5 ∗ , see eq 4.18). 

The photophysical nature of [fac-Re(CO)3(2,2’-bpy)(MQ)]2+ (Re-MQ) has 
been the focus of previous studies.114 This compound can be expected to be-
have very similarly to *Re-NH+, when the free pyridinic nitrogen is proto-
nated. It was revealed that excitation leads to MLCT from the metal to the 
(2,2’-bpy) ligand. Interligand ET from the bipyridine to the MQ-ligand occurs 
with a driving force of 490 meV. As the reduction potentials and absorption 
spectra of HMQ•+ and MV•+ are virtually identical108,109, *Re-MQ and *Re-
NH+ can be expected to show identical photophysical behavior. Therefore, 
ILET within *Re-N upon protonation of the (4,4’-bpy) ligand (as through a 
PCET reaction), can be expected to be downhill by approximately 490 meV. 
Protonation of the 4,4’-bpy will therefore be coupled to interligand charge 
transfer from (2,2’-bpy). There are three ways in which this would be mani-
fested. Either ILET preceeds PCET: 

 (2,2 - )(4,4’- ) + ℎ ⇄ (2,2 - )(4,4 - ) + ℎ → (2,2 - )(4,4 - ) + ℎ ∙                   (6.1) 
 

Alternatively, ILET occurs after the PCET reaction: 
 (2,2’- )(4,4’- ) + ℎ ⇄ (2,2 - )(4,4 - ) + ℎ ∙ → 

Figure 6. 4 – Dependence of the PCET rate constant on pKa of the phenol (left), 
reduction potential of the deprotonated Phenol (middle) and the proton coupled re-
duction potential of the phenol (right, see Table 1).  
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(2,2 - )(4,4 - ) + ℎ ∙                    (6.2) 
 

Finally, ILET may occur in concert with CEPT: 
 (2,2’- )(4,4’- ) + ℎ → (2,2 - )(4,4 - ) + ℎ ∙                 (6.3) 
 

Whether ILET precedes, succeeds, or happens concertedly with CEPT from 
the Phenol cannot be said with certainty based on the results presented here. 
Previously, the mechanism has been ascribed to ILET concerted with CEPT 
(eq 6.3). However, the order of the steps should not affect the following anal-
ysis (vide infra).  

Figure 6. 5 – Top panel: The observed rate constant of excited state decay of *Re-N 
at different 4-bromophenol concentrations at pressures from 0-2.7 kbar (top left) and 
the dependence of the PCET rate constant and complex association constant on pres-
sure (top right). Bottom panel: The observed rate constant of excited state decay at
different 1,3-dimethoxybenzene concentrations at pressures from 0-2.7 kbar (bottom 
left) and the dependence of the ET rate constant and complex association constant on
pressure (bottom right). 
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6.4 Pressure dependence 
Figure 6.5 shows the how pressure affects the rate of PCET. As can be seen 
in the top left panel, pressure increases the observed rate constant, while de-
creasing the curvature of the plots. This indicates that the association constant 
decreases with pressure, at the same time as the rate constant for CEPT in the 
hydrogen-bonded complex increases (see Figure 6.5, top right). When 1,3-
dimethoxybenzene is used as a quencher instead of phenol (thereby forcing a 
pure ET reaction), increasing pressure appears to only perturb the association 
constant, whereas the rate constant for ET appears to be unaffected (Figure 
6.5, bottom panels). This suggests that the enhancement of the rate constant 
with increasing pressure in these systems is a feature of CEPT but not ET 
reactions. 

It should be noted, that the excited state of [fac-Re(CO)3(2,2’-bpy)(4-phe-
nylpyridine)]+ (Re-ref in scheme 2) is also quenched by phenols. In the previ-
ous study by Dongare et al.,110 it was used as a reference reaction to account 
for bimolecular ET quenching of the *Re-N compound. However, this reac-
tion also shows a significant isotope effect (KIE=1.8). It is therefore possible, 
that even this reaction is a PCET reaction, presumably with water as the proton 
acceptor. Quenching of *Re-N by 1,3-dimethoxybenzene therefore arguably 
provides a better reference for pure ET quenching. 

The increase in CEPT rate constant cannot be rationalized based on the 
electrostriction arguments presented in chapter 5 (Paper II). Excitation leads 
to a formal 2+ charge on the Re-center and a 1- charge on the 2,2’-bpy. A 
CEPT reaction (preceding ILET) would lead to reduction of the Re2+ to 1+ 
and generation of a 1+ charge on the 4,4’-bpy (Eq. 6.1, first step). Overall, the 
same formal charge is maintained. However, as discussed in chapter 5, the 
effect of reduction of the 2+ charge should be more significant, as the decrease 
in molar volume should be proportional to the square of the charge.63,64,97–99 
The PCET reaction should therefore have a positive reaction volume. This can 
be expected to be partially reflected in its activation volume. Based on elec-
trostriction arguments alone, increased pressure should therefore lead to a de-
crease of the observed rate constant. If CEPT occurs in concert with or suc-
ceeding ILET (as previously assigned), the reaction leads to even further re-
duction of charges (1+ on the Re-center while the rest of the complex is neu-
tral, Eq. 6.2 and 6.3) which should lead to an even more positive reaction (and 
therefore activation) volume. It seems that other factors need to be considered 
to explain the observed behavior. Alternative explanations for the observed 
pressure dependence of kCEPT are discussed in the following section.  
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6.5 Origin of the Pressure Dependence  
In section 6.4 it was argued that changes in the CEPT rate constant with pres-
sure cannot be easily traced back to changes in molar volume in the system 
studied here. These would manifest themselves in changes in the relative en-
ergies of the transition state and reactant state. Assuming that the relative en-
ergy levels are unperturbed and considering eq. 2.3, there are two other pa-
rameters that can be imagined to be pressure dependent: the reorganization 
energy and the vibronic coupling. 

The reorganization energy will have outer-sphere and inner-sphere contri-
butions. The outer-sphere contributions associated with solvent reorganization 
will be similar to those present in pure ET reactions. Since the rate constant of 
pure ET appears to be independent on pressure, it seems unlikely that pertur-
bation of the outer-sphere reorganization energy is the reason for pressure in-
duced change in kCEPT. Furthermore, the inner-sphere reorganization energy 
can be assumed to be unperturbed by pressure, since the frequencies of mo-
lecular modes generally remain unchanged at sub-GPa pressures.115 

A pressure dependence on the vibronic coupling of CEPT is more easily 
rationalized. It seems natural to relate the strong dependence of kCEPT to the 
proton-tunneling distance. Varying the tunneling distance in model PCET sys-
tems through structural modifications has previously led to large changes in 
the CEPT rate constant.50,51 Increased pressure may make shorter hydrogen 

Scheme 6. 3 – Schematic representation of the potential energy surface along the
hydrogen bond coordinate, centered around different equilibrium distances. Insets
represent potential energy surfaces of the reactant (blue) and product (orange) states
along the proton stretching coordinate.   
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bonding distances energetically favorable, leading to larger overlap of the vi-
brational wavefunctions involved in proton tunneling. However, this appears 
to be inconsistent with the observations in this study. As pressure increases, 
the association constant between *Re-N and Phenol decreases (see Figure 6.5, 
top right panel), showing that increased pressure weakens the interaction be-
tween the solutes. As argued in section 4.6, a weaker intermolecular interac-
tion can initially be expected to indicate longer hydrogen bonding distances. 
Therefore, the way in which pressure affects the hydrogen bond coordinate 
needs to be considered. A model attempting to account for the observed be-
havior is constructed below(Paper V).  

A perturbation of the hydrogen bonding interaction can affect the CEPT 
rate constant in two ways. The equilibrium hydrogen bonding distance may 
be altered by pressure, as illustrated in scheme 6.3. This effect can in theory 
be described by a compressibility coefficient (c in eq. 6.5). For water, the com-
pressibility of the hydrogen bonds is on the order of 0.0015 Å/kbar .116 To a 
first approximation, the CEPT rate constant can be assumed to decay expo-
nentially with proton tunneling distance, as described by a coefficient β:50  

 = exp(− )  (6.4) 
 

where  is the rate constant at an equilibrium distance  and = − . 
The rate constant as a function of pressure can then be expressed as: 

 = exp (− )  (6.5) 
 

Pressure may also affect the width of the potential energy well along the hy-
drogen bonding coordinate (donor-acceptor distance). In this case, the rate 
constant cannot be described in terms of a single proton-tunneling distance. 
To account for the distribution of donor-acceptor distances that contribute to 
the reaction, the CEPT rate constant is often expressed as:58 

 = ( ) ( )  (6.6) 
 

Here, k(R) is the rate constant at a proton tunneling distance given by R, and 
P(R) is the Boltzmann population of this distance. Assuming the hydrogen 
bonding coordinate behaves as a harmonic oscillator near the equilibrium dis-
tance, a simple expression for the rate constant can be derived. In this case, 
the normalized probability distribution P(R) is given by: 

 ( ) = exp −  ℎ  =  (6.7) 

 



 68 

where κ is a force constant describing the stiffness of the hydrogen bond (D-
A distance). Inserting the equations 6.4 and 6.7 into equation 6.6 and integrat-
ing yields: 

 = exp   (6.8) 
 

Here, kCEPT is expressed in terms of the rate constant (k0) at equilibrium dis-
tance r0, a distance dependence coefficient β and the force constant of the 
bonding interaction, κ. It should be noted that the influence of modes that 
modify the proton tunneling distance on the CEPT rate constant has previously 
been discussed in detail in a theoretical context.58,117 In one of the cases the 
donor-acceptor mode was treated as a quantum harmonic oscillator.58,118 Eq 
6.8 is identical to the expression in the limit where the frequency of the donor-
acceptor mode is small compared to kbT and where the equilibrium distance 
does not change after the CEPT reaction.  

A pressure-induced decrease in κ would explain both a decrease in hydro-
gen bonding strength and increase in CEPT rate constant (vide infra). A de-
crease in κ can be expected to follow a decrease in the hydrogen bonding as-
sociation constant. In an anharmonic potential, the second derivative near the 
minimum (representative of the force constant) can be expected to scale with 

Scheme 6. 4 – Schematic representation of the potential energy surfaces along the 
hydrogen bond coordinate with decreasing dissociation energies (De) centered 
around the same equilibrium distance. Dashed lines represent harmonic potentials
used to approximate the real potentials near the minimum. u(R)is the potential energy
associated with reorganization to a compressed distance Rc. Insets represent poten-
tial energy surfaces of reactant (blue) and product (orange) states along the proton
stretching coordinate at the equilibrium hydrogen bonding distance and a com-
pressed distance Rc. 



 69

the dissociation energy. This is illustrated in scheme 6.4. As a result, the po-
tential energy (u(R)) associated with reorganization to a compressed distance 
R decreases as the dissociation energy (De) decreases. A more detailed de-
scription of how the force constant may depend on the free energy of associa-
tion is described below. 

The force constant for the solute-solute hydrogen bonding interaction is not 
trivial to determine. Ignoring solvation effects, the force constant κ can be 
related to the free energy of the hydrogen bonding interaction:119,120  

 Δ = − ln( ) = − ln (2 ) −  (6.9) 

Separating this into entropy and enthalpy components: 
 Δ = +   (6.10) = ln exp (2 )   (6.11) 

 
Determining the entropy and enthalpy components of the association constant 
would make it possible to calculate κ. Experimentally, this would be achieved 
through temperature dependence measurements. Determinations of κ at dif-
ferent pressures would then make it possible to deconvolute the intrinsic rate 
constant from the distance dependence coefficient in eq 6.4. As of yet, such 
measurements have not been performed in our laboratory.  

It should be noted that it is well known that solvation effects have a large 
impact on intermolecular interactions in water. For example, hydrophobic in-
teractions between solutes in water are commonly described by the potential 
of mean force (PMF) as a function of distance:121 

 ( ) = ( ) + Δ ( ) − Δ (∞) (6.12) 
 

Here, ( ) is the potential energy of the solute-solute interaction and  Δ ( ) is the free energy associated with creating a cavity for the solutes 
in the solvent. For weakly interacting solutes, the term may be entirely domi-
nated by the difference Δ ( ) − Δ (∞), which drives hydrophobic so-
lutes together to minimize surface area. The solvent used in the system de-
scribed in Paper V is not pure water, and the hydrogen bonding interaction 
between *Re-N and Phenol is expected to be strong enough to be the dominant 
term.  However, for purposes of verification of the model presented here, it 
would be beneficial to work under conditions where Δ ( ) − Δ (∞) 
is minimized compared to ( ). This could for example be achieved by the 
choice of a different solvent.   
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A more detailed model for the pressure dependence should take both equa-
tion 6.5 and equation 6.8 into account. A full description for the rate constant 
is then given by: = exp −  (6.13) 

This further complicates the situation. It would be difficult to determine to 
which extent the two effects perturb the rate constant. However, the equilib-
rium hydrogen bonding distance can be expected to scale with De, which is 
obtained during the determination of  (see eqs 6.9-6.11). If this correlation 
can be described, this would facilitate analysis.  

Finally, it may be difficult to distinguish effects due to perturbation of the 
hydrogen bond coordinate from volume effects. As discussed in chapter 2, 
these stem from changing the relative energies of reactant and transition states. 
In the system discussed in this chapter, it was deduced that volume effects 
cannot explain the dependence of the rate constant on pressure. However, this 
poses a problem for quantitative analysis of systems in which CEPT is ex-
pected to have a significant activation volume. 

The results presented here highlight the complex relationship between the 
hydrogen bond coordinate and the CEPT rate constant. Based on the issues 
outlined above, it appears as though quantitative analysis of pressure effects 
on the CEPT rate constant will certainly be challenging. However, as dis-
cussed in this section, the problems can be overcome by choice of a good 
model system. 

It should be note that these are not the first models aimed at describing the 
pressure dependence of such reactions. Attempts have been made to construct 
models for the effect of increased hydrostatic pressure of proton, hydrogen 
and hydride transfer in enzymes.68,122–124 Generally, these have focused on the 
analysis of the KIE rather than the rate constants, in the hope that factors re-
lated to changes in the free energy of activation cancel out. Northrop con-
structed a model based on Bell tunneling corrections, which augment the sem-
iclassical transition state theory rate constants to include contributions form 
proton tunneling.68 This type of description is inappropriate for the fully non-
adiabatic CEPT reactions considered here, where the proton is treated quan-
tum mechanically and always tunnels at the transition state (see chapter 2).  

Hay and coworkers constructed an alternative model describing the pres-
sure dependence of the KIE based on modifications of the equilibrium tunnel-
ing distance and a force constant for promoting vibrations.122,123 Their analyses 
of pressure dependence studies has been criticized on a number of points. 
Mainly, Kamerlin et al. argued that compression of the reaction barrier, lead-
ing to a reduction in KIE, leads to a reduction and not an increase in tunneling 
effects.125 Furthermore, it was pointed out that the inference of a pressure-
induced change in the force constant of the proton stretching motion was un-
physical.  
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Although the model presented here bears similarities to the one constructed 
by Hay et al., we believe that the same criticism does not apply to the model 
presented here. In theoretical descriptions of fully non-adiabatic CEPT, the 
classical proton stretching motion is not part of the reaction coordinate. At the 
transition state, the proton transfer probability is determined purely by the 
Franck-Condon overlap between reactant and product states (see eq. 2.4). We 
do not assess changes in the contribution of proton tunneling, but changes in 
the transition probability. Furthermore, the force constant considered in the 
equations above is not that of the stretching motion of the covalent OH bond 
but of the much weaker hydrogen bonding interaction. The change in hydro-
gen bond association constant with pressure suggests, that pressure induced 
perturbations of this mode are realistic. Finally, it should be noted that what is 
discussed here is not a “dynamical”, but thermally equilibrated effect. Since 
the rate constant for CEPT is described by thermally averaging over all Boltz-
mann populated proton tunneling distances, it will be affected by changes in 
their distribution. 

Even if quantitative analysis proves to be difficult, a number of qualitative 
conclusions can be drawn from the study in Paper V. The CEPT rate constant 
increases with pressure. In a reference system that can be expected to have a 
similar volume profile based on electrostriction arguments, but where CEPT 
is not possible, the rate constant shows negligible dependence on pressure. 
Based on our knowledge of PCET theory, it is likely that this is due to increas-
ing contributions from shorter proton-tunneling distances. The study thereby 
shows unprecedented experimental access to factors which affect the rate con-
stant for CEPT.  

6.6 Comparison with the System Studied in Paper IV 
Section 4.6 discussed how differences hydrogen bond strength may lead to 
unexpected free energy dependences and phenomena such as asynchronicity. 
In the system subject to Paper IV, it was observed that CEPT involving pyri-
dine as a base had a lower vibronic coupling than the analogous reaction in-
volving 4-methoxypyridine. This was explained by a longer hydrogen bond-
ing distance, as indicated by the lower association constant for hydrogen bond-
ing.  

The results here appear to be in contrast with the ones presented in the cur-
rent chapter. Whereas in Paper IV decreasing hydrogen bond association con-
stants are thought to lead to lower CEPT rate constants, in Paper V  a pressure-
induced decrease in association constant accompanies an increase in CEPT 
rate constant.  The results can therefore not be explained in the same way. 
Here, we explain the pressure dependence of the CEPT rate constant by in-
voking a change in the force constant of the hydrogen bond. It is unclear why 
the effects discussed here are not observed in paper IV. A possible explanation 
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is that increased pressures favor solvation of more compressed associated 
complexes. This would correspond to a more negative Δ ( ) at more neg-
ative R-values in eq 6.12 with increasing pressure. This effect would decrease 
the equilibrium hydrogen bonding distance, counteracting an increase in dis-
tance due to a weakening of the association constant.  

Computationally, it is well known that it is necessary to account for PT 
distances other than the equilibrium distance by integrating over the donor-
acceptor mode as described by equation 6.6.58 When varying the PT driving 
force as in Paper IV, both equilibrium distance and force constant of the hy-
drogen bond can be expected to be affected.  It would be interesting to explore 
to which extent each of these effects is important in model CEPT systems.  

6.7 Conclusions 
Chapter 6 has dealt with the way in which the hydrogen bonding interaction 
affects CEPT. Paper I has shown that the excitation of Monoquat/4-methoxy-
phenol adducts only yields pure ET (and not CEPT) products. Monoquat 
forms a complex with 4-methoxyphenol even when the pyridinic nitrogen is 
protonated. This puts into question if hydrogen bonding is the dominant form 
of association within any of the Monoquat/4-methoxyphenol complexes. 

Pressure dependence has previously been established as a tool to distin-
guish PCET mechanisms. Here it is shown that pressure dependence can also 
be used to investigate the CEPT pathway. In Paper V, the pressure dependence 
of kCEPT cannot be explained by volume arguments as in Paper II. The pressure 
dependence is therefore likely due to perturbation of the proton transfer coor-
dinate. Unexpectedly, the increase in rate constant with increasing pressure is 
accompanied by a decrease in the hydrogen bond association constant. An in-
crease in hydrogen bond distance, as suggested by the weaker association, 
cannot explain the increase in kCEPT. Therefore, the decrease in the hydrogen 
bond association constant is explained by a decrease in its force constant. This 
makes more compressed hydrogen bond distances becoming accessible, lead-
ing to an increase in kCEPT (see Scheme 6.4). The studies highlight the com-
plexity of the PT coordinate in CEPT reactions. Here, a model is presented 
which, through further studies, may help in fully describing how the hydrogen 
bond interaction affects the CEPT rate constant.  
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7. Summary and Outlook 

Since the scientific community started discussing PCET in detail, the field has 
come very far. The mechanisms through which PCET reactions can occur and 
their kinetic limits are well understood. Extensive theoretical models for de-
scribing concerted electron-proton transfer reactions have been formulated. 
Nevertheless, the inherent complexity of PCET makes it possible for us to 
keep asking questions. The aim of this PhD thesis, as of any other, was to add 
to our understanding of the field and to advance the scientific debate. It there-
fore seems appropriate, at the end of this thesis, to ask the following questions: 
What has been achieved in the work leading up to this thesis? In what ways 
can others build on what has been presented? 

To answer the first of these questions, I will attempt to summarize the main 
contributions of this thesis in four key points: 

(1) Mechanistic zone diagrams were introduced to illustrate PCET reactiv-
ity (Papers III and IV). These make it possible to condense PCET reactivity 
onto a single picture. With help of these, many mechanistic aspects become 
easily accessible. Applying this methodology, strategies for tuning the mech-
anism between stepwise and concerted pathways could be demonstrated ex-
perimentally (Paper IV). 

(2) Pressure dependence was introduced as a mechanistic tool for PCET 
reactions (Paper II). Characteristic dependences can be rationalized through 
simple electrostriction arguments. This provides a novel, easily applicable, 
non-destructive method for the mechanistic characterization of PCET reac-
tions.  

(3) The importance of the donor-acceptor mode for CEPT reactions was 
demonstrated. It was shown that the hydrogen bond association constant de-
creases with pressure while the CEPT rate constant increases. The pressure 
dependence of the rate constant could not be explained through activation vol-
ume arguments. Based on these observations, a model explaining the change 
of the rate constant through contributions from different distances was con-
structed.  

(4) It was shown that an optical transition previously assigned to Photo-
EPT was in fact a charge transfer transition not coupled to PT (Paper I). 

Moving on to the second question, how can others build on these points? 
(1) The strategies for mechanistic tuning discussed in Paper IV are ex-

pected to be directly applicable to other PCET systems. It is the author’s hope 
that the mechanistic zone diagrams will be utilized by others. Condensing the 
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PCET reactivity onto a single picture significantly simplifies mechanistic dis-
cussion. The zone diagram methodology could also potentially be extended to 
other areas. For example, the same type of mechanistic discussion is central 
when determining the rate determining step of a catalytic cycle. It should be 
possible to construct zone diagrams which describe mechanistic regions of 
specific catalytic systems under varying thermodynamic conditions.  

(2) As stated in chapter 5, mechanistic characterization of PCET reactions 
is sometimes difficult. There are a number of PCET systems for which there 
have been disagreements regarding the operative mechanism.48,126–128 Analyz-
ing the pressure dependence of their observed rate constants and utilizing the 
same electrostriction arguments, these disputes may finally be settled. 

(3) Paper V provides experimental insight into previously inaccessible as-
pects of CEPT. The importance of different contributing distances along the 
donor-acceptor mode has previously only been discussed in terms of theoret-
ical models. Further measurements of the pressure dependence of CEPT reac-
tions may therefore be useful to verify these theoretical models. It may also 
be possible to find empirical trends which may circumvent extensive compu-
tations. A natural next step would be to conduct the pressure dependence 
measurements at different temperatures. Thereby it will be seen if the rate 
constant can be modelled using the information obtained through equations 
6.7 and 6.8. 

(4) The findings in Paper I may aid in the design of potential Photo-EPT 
systems. Since the publication of Paper I, it has been shown computationally 
that hydrogen bond association is disfavored compared to π-stacking interac-
tions.129 To force a Photo-EPT transition, it may be useful to choose a system 
where such interactions are not possible. 

As much as I hope that the work in which I was involved has contributed 
to the knowledge of others, I already know that it has contributed immensely 
to my own. Studying PCET gave me the chance to dive deeply into the mo-
lecular world. It gave me seemingly unlimited time to spend thinking about 
the interplay between kinetics and thermodynamics, relative timescales of pro-
cesses, the statistical mechanics, classical and quantum mechanical models 
and many other things. I encourage everyone who has the chance to study 
PCET to take it.  
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8. Popular Science Summary 

The behavior of nearly everything surrounding us can largely be traced back 
to the interactions of electrons. These tiny, negatively charged particles are 
the glue holding the world together. We can explain why the sky is blue, why 
rocks are hard, or even why flowers smell, mainly by considering how the 
electrons in these systems behave. It is therefore not strange, that many of the 
processes in life are electron transfer reactions. For instance, taking an elec-
tron from one environment and putting it in another is a great way of convert-
ing energy (either utilizing or storing it). This is exactly what happens in our 
bodies; the electrons from the sugars we burn are utilized and fixed in water 
molecules. Meanwhile, plants use light to drive the opposite process: the elec-
trons from water molecules are taken and stored in sugars.   

This type of reaction often comes with a difficulty. Moving an electron 
alone usually generates rather unstable products. Once it has transferred, the 
electron often prefers to just go back from where it came. To prevent this, the 
negatively charged electron is often accompanied a positively charged proton, 
thereby stabilizing the system. The overall process is then referred to as pro-
ton-coupled electron transfer (PCET). In fact, the natural processes described 
above do not only occur through simple electron transfer, but through a se-
quence of PCET reactions. Of course, what is applicable to energy transfor-
mation processes in nature is also applicable in artificial systems, such as those 
involved in the generation and utilization of fuels. Many of the energy con-
version processes of biological or artificial systems therefore happen through 
PCET.  

As it turns out, coupling the electron transfer to a proton transfer makes the 
whole process much more complex. PCET reactions can occur through several 
different mechanistic pathways. The proton may transfer first, followed by the 
electron. Alternatively, the electron can go first, followed by the proton. Fi-
nally, the electron and the proton may transfer together. Even when the trans-
fer is stepwise (if for example the electron transfers first and the proton sec-
ond), there are different limits to consider (as outlined below). Of particular 
importance to practical applications is that these pathways correspond differ-
ently to the energy that is available for the respective electron and proton trans-
fer steps. To further make sense of these concepts, consider the following anal-
ogy: 

Tourists visiting Chemistry Island frequently fall victim to the aggressive 
marketing of two local entrepreneurs who control all travel on the island. Elon 
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Electron owns the electric taxi company in charge of providing most of the 
rides between the city center and the top of Intermediate Hill. Once there, yet 
another trap awaits the unsuspecting tourists. They have the option of choos-
ing between the two transport operators, Elon Electron and Steve Proton, for 
the ride downhill. If the tourists pick the latter’s car, they are, instead of being 
brought back to the city center, driven to Steve Proton’s Apple Cidery. Elon 
allows this intrusion on his business for a share of Steve’s profits. 

Steve and Elon are now interested in increasing the rate at which people 
arrive at the cidery. Elon therefore makes the strategic move of relocating a 
portion of his cars by reducing the number of taxis located on top of Interme-
diate Hill and instead increasing the number of taxis at the city center.  

How sensitive the rate of arrival at the cidery is to Elon’s plan now depends 
on Steve. Imagine a situation where Steve has much fewer shuttles than Elon 
up on Intermediate Hill. Steve then benefits greatly from Elon’s strategy for 
two reasons: people arrive at the hill faster (since there are now more taxis in 
the city center) and people leave the hill slower (since there are now less taxis 
on top of the hill). The number of people on Intermediate Hill at a given time 
is now larger, and there will be more people picked up by Steve’s shuttles. 
Steve can further increase the rate at which people arrive at the cidery, by 
adding more shuttles on top of the hill.  

Now instead consider a situation where Steve has many more shuttles on 
top of the hill than Elon. As soon as an unsuspecting tourist arrives on the hill, 
they get picked up by one of Steve’s shuttles. Steve would still benefit from 
Elon’s strategy, but not as much as in the scenario above. People still arrive 
on top of the hill faster, but the decrease in the number of Elon’s taxis on the 
hill has no effect since practically all tourists get picked up by Steve’s shuttles 
anyway. If Steve were to increase the number of shuttles on the hill, that would 
also have no effect, as the rate at which people arrive at the cidery is limited 
by the rate at which Elon can transfer them to Intermediate Hill. 

In a concerted effort to further increase the rate of arrival at the cidery, Elon 
and Steve construct another pathway to the cidery: The tunnel express, which 
takes tourists through a tunnel under Intermediate Hill, directly to Steve’s ci-
dery. The rate at which people arrive at the cidery through this route responds 
equally to Elon and Steve’s efforts. 

The same reasoning can be applied to PCET reactions. Consider for exam-
ple, a reaction where electron transfer occurs before proton transfer; this reac-
tion can occur in two kinetic limits. If, after electron transfer, proton transfer 
is slower than the electron going back (analogous to Steve having fewer shut-
tles on Intermediate Hill than Elon), electron transfer is said to be in pre-equi-
librium. If more energy is made available for electron transfer (analogous to 
Elon relocating his taxis), this has a large effect on the overall rate of PCET – 
the electrons transfer faster and go back slower. A further increase in the rate 
can be achieved by making more energy available for the proton transfer step.  
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If, after the initial electron transfer, proton transfer is faster than the elec-
tron going back (analogous to Steve having more shuttles on the hill than 
Elon), the rate is said to be limited by electron transfer. If more energy is made 
available for electron transfer this will increase the rate of PCET but not as 
much as in the example outlined above. Allocating further energy for proton 
transfer has no effect, since electron transfer is the rate limiting step.  

If the proton and the electron transfer together, the transfer is said to be 
concerted. The rate of PCET can be increased by allocating more energy to 
either electron or proton transfer. Additionally, some energy is conserved, by 
avoiding high energy intermediates (by not having to drive over the hill). De-
termining and tuning which pathway is operative is invaluable when consid-
ering PCET reactions that are part of the catalytic generation or utilization of 
fuels. For Steve and Elon, optimization results in increased profits. In the case 
of PCET reactions, optimization results in more efficient catalysis.  

Chapters 4 and 5 of this thesis are mainly concerned with characterizing 
and describing the competition between the mechanistic pathways outlined 
above. In chapter 4 (papers III and IV), all the mathematical expressions which 
describe the different pathways are considered and condensed into a single 
picture: the mechanistic zone diagram. This type of diagram shows which 
mechanism is operative in a specific system, depending on the energies for the 
respective electron and proton transfer steps. Strategies for altering this mech-
anistic landscape and changing the operative mechanism are demonstrated ex-
perimentally and discussed in terms of mechanistic zone diagrams (paper IV).  

In chapter 5 (paper II) we introduce a new tool for determining the opera-
tive mechanism: increasing the pressure. Pressure affects the energies for the 
respective electron and proton transfer steps in certain ways. Considering 
these effects and monitoring how increased pressure affects the rate of PCET, 
the operative pathway can be determined.  

Chapter 6 (Papers I and V) focuses mainly on the concerted pathway. Paper 
I considers the possibility of so-called photo-EPT reactions, where PCET oc-
curs directly through the absorption of light. Paper V instead focuses on the 
pressure dependence of concerted PCET. In this case, pressure affects the pro-
ton transfer distances, thereby modifying the rate of PCET. This study sheds 
light on the circumstances that affect a concerted reaction, such as the effects 
of the strength of association of proton donor and acceptor and the dependence 
of the probability of quantum mechanical tunneling of proton on its transfer 
distance. This thesis thereby aims to increase our understanding of PCET re-
actions. It is my hope that what is described here will aid others in designing 
and understanding systems that utilize PCET reactions.  
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9. Populärvetenskaplig sammanfattning 

Egenskaperna av nästan allt vi ser kan spåras tillbaka till interaktioner mellan 
elektroner. Dessa små, negativt laddade partiklar är limmet som håller världen 
ihop. Vi kan förklara varför himlen är blå, varför stenar är hårda eller till och 
med varför blommor doftar, främst genom att beskriva hur elektronerna i 
dessa system beter sig. Det är därför inte konstigt att många av livets viktigaste 
processer är elektronöverföringsreaktioner. Att till exempel ta en elektron från 
en miljö och placera den i en annan är ett utmärkt sätt att omvandla energi 
(antingen använda eller lagra den). Detta är exakt vad som händer i våra krop-
par; elektronerna från sockerarterna vi förbränner används och fixeras i vat-
tenmolekyler. Under tiden använder växter ljus för att driva motsatt process: 
elektroner tas från vattenmolekyler och lagras i sockerarter. 

Denna typ av reaktion har ofta en svårighet. Att flytta en elektron genererar 
vanligtvis ganska instabila produkter. När den väl har överförts föredrar 
elektronen ofta att bara gå tillbaka från var den kom. För att förhindra detta 
åtföljs den negativt laddade elektronen ofta av en positivt laddad proton, som 
därigenom stabiliserar systemet. Den totala processen kallas sedan proton-
kopplad elektronöverföring (proton-coupled electron transfer, PCET). I själva 
verket sker de naturliga processerna som beskrivs ovan inte bara genom enkel 
elektronöverföring utan genom en sekvens av PCET-reaktioner. Naturligtvis 
är det som är tillämpligt på energiomvandlingsprocesser i naturen också till-
lämpligt i konstgjorda system, såsom de som är involverade i produktion och 
användning av bränslen. Många av energiomvandlingsprocesserna i biolo-
giska eller konstgjorda system sker därför via PCET. 

Som det visar sig gör kopplingen av elektronöverföringen till en protonö-
verföring hela processen mycket mer komplex. PCET-reaktioner kan inträffa 
genom flera olika mekaniska vägar. Protonen kan överföras först, följt av 
elektronen. Alternativt kan elektronen gå först, följt av protonen. Slutligen kan 
elektronen och protonen överföras tillsammans. Även när överföringen sker 
stegvis (om till exempel elektronen överförs först och protonen efteråt), finns 
det olika gränser att tänka på (som beskrivs nedan). Av stor betydelse för prak-
tiska tillämpningar är att reaktionshastigheten genom de olika vägarna beror 
på olika sätt på energin som finns tillgänglig för respektive elektron- och pro-
tonöverföringssteg. För att ytterligare förstå dessa koncept, överväg följande 
analogi: 

Turister som besöker Chemistry Island blir ofta offer för den aggressiva 
marknadsföringen av två lokala företagare som kontrollerar all transport på 
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ön. Elon Electron äger det elektriska taxibolaget som ansvarar för att tillhan-
dahålla de flesta turer mellan stadens centrum och toppen av kullen Interme-
diate Hill. En gång där väntar ännu en fälla de intet ont anande turisterna. De 
har möjlighet att välja mellan taxin från Elon Electron och Steve Proton, för 
resan nedför kullen. Om turisterna väljer den senare körs de, istället för att 
föras tillbaka till stadens centrum, till Steve Proton Apple Cidery. Elon tillåter 
detta intrång i sin verksamhet för en andel av Steves vinster. 

Steve och Elon är nu intresserade av att öka hastigheten med vilken män-
niskor anländer till cideriet. Elon gör därför det strategiska beslutet att flytta 
om en del av sina bilar, genom att minska antalet taxibilar ovanpå Intermediate 
Hill och istället öka antalet taxibilar i stadens centrum. 

Hur känslig ankomsthastigheten för cideriet är för Elons plan beror nu på 
Steve. Föreställ dig en situation där Steve har mycket färre bilar än Elon uppe 
på Intermediate Hill. Steve drar sedan mycket nytta av Elons strategi av två 
skäl: människor kommer snabbare till kullen (eftersom det nu finns fler taxi-
bilar i stadens centrum) och människor lämnar kullen långsammare (eftersom 
det nu finns färre taxibilar på toppen av kullen). Antalet personer på Interme-
diate Hill vid en given tidpunkt är nu större, och det kommer att bli fler som 
plockas upp av Steves pendlar. Steve kan ytterligare öka hastigheten med vil-
ken folk anländer till cideriet genom att öka antalet bilar han har på toppen av 
kullen. 

Föreställ dig istället en situation där Steve har många fler taxin på toppen 
av kullen än Elon. Så snart en intet ont anande turist anländer till kullen, 
plockas hen upp av en av Steves bilar. Steve skulle fortfarande dra nytta av 
Elons strategi, men inte lika mycket som i scenariot ovan. Människor kommer 
fortfarande upp på toppen av kullen snabbare, men minskningen av antalet 
Elons taxibilar på kullen har ingen effekt eftersom praktiskt taget alla turister 
ändå hämtas av Steves bilar. Om Steve skulle öka antalet bilar på kullen, 
skulle det heller inte ha någon effekt, eftersom ankomsthastigheten till cideriet 
begränsas av den hastigheten med vilken Elon kan överföra dem till Interme-
diate Hill. 

I ett konsertant försök att öka ankomsthastigheten till cideriet ytterligare, 
konstruerar Elon och Steve en annan väg till cideriet: tunnel-express, som tar 
turister genom en tunnel under Intermediate Hill, direkt till Steves cideri. Has-
tigheten med vilken människor anländer till cideriet på denna väg beror lika 
mycket på Elon och Steves ansträngningar. 

Samma resonemang kan tillämpas på PCET-reaktioner. Tänk exempelvis 
på en reaktion där elektronöverföring sker före protonöverföring; denna reakt-
ion kan inträffa inom två kinetiska gränser. Om hastigheten för protonöverfö-
ringen efter den initiala elektronöverföringen är långsammare än hastigheten 
med vilken elektroner går tillbaka (analogt med att Steve har färre taxin på 
Intermediate Hill än Elon), sägs elektronöverföring vara i pre-jämvikt. Om 
mer energi görs tillgänglig för elektronöverföringen (analogt med att Elon 
flyttar sina taxibilar), har detta en stor inverkan på PCET-reaktionens totala 
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hastighet - elektronerna överförs snabbare och går långsammare tillbaka. En 
ytterligare ökning av hastigheten kan uppnås genom att göra mer energi till-
gänglig för protonöverföringssteget. 

Om protonöverföringen efter den initiala elektronöverföringen har högre 
hastighet än elektronöverföring tillbaka (analogt med att Steve har fler pendlar 
på backen än Elon), sägs hastigheten vara begränsad av elektronöverföring. 
Om mer energi görs tillgängligt för elektronöverföringen kommer detta att öka 
PCET-hastigheten men inte lika mycket som i exemplet ovan. Tilldelning av 
ytterligare energi för protonöverföring har ingen effekt, eftersom elektronö-
verföring är det hastighetsbegränsande steget. 

Om protonen och elektronen överförs tillsammans, sägs överföringen vara 
konsertant. PCET-hastigheten kan ökas genom att fördela mer energi till an-
tingen elektron- eller protonöverföring. Dessutom sparas lite energi genom att 
undvika mellanprodukter med hög energi (genom att inte behöva köra över 
kullen). Speciellt för PCET-reaktioner som ingår i den katalytiska genere-
ringen eller användningen av bränslen är det viktigt att bestämma och kontrol-
lera den aktiva mekanismen. För Steve och Elon resulterar optimering i ökade 
vinster. I fallet med PCET-reaktioner resulterar optimeringen i effektivare ka-
talys.  

Kapitel 4 och 5 i denna avhandling handlar främst om att karakterisera och 
beskriva konkurrensen mellan de mekaniska vägar som beskrivs ovan. I kapi-
tel 4 (artikel III och IV) betraktas och sammanfattas alla matematiska uttryck 
som beskriver de olika vägarna till en enda bild: det mekanistiska zondiagram-
met. Denna typ av diagram visar vilken mekanism som dominerar i ett speci-
fikt system, beroende på energierna som finns tillgängliga för respektive 
elektron- och protonöverföringssteg. Strategier för att förändra det mekanist-
iska landskapet och ändra den operativa mekanismen demonstreras experi-
mentellt och diskuteras med mekanistiska zondiagram (artikel IV). I kapitel 5 
(artikel II) introducerar vi ett nytt verktyg för att bestämma den operativa mek-
anismen: att öka trycket. Trycket påverkar energierna för respektive elektron- 
och protonöverföringssteg på vissa sätt. Genom att mäta hur ökat tryck påver-
kar PCET-hastigheten kan därför den operativa vägen bestämmas. Kapitel 6 
(artikel I och V) fokuserar främst på den konsertanta vägen. I Artikel I disku-
teras möjligheten till så kallade foto-EPT-reaktioner, där PCET sker direkt 
genom absorption av ljus. Papper V fokuserar istället på tryckberoendet av 
konsertant PCET. I detta fall påverkar trycket protonöverföringsavstånden och 
modifierar därmed PCET-hastigheten. Denna studie belyser omständigheterna 
som påverkar en konsertant reaktion, såsom effekterna av bindningsstyrkan 
mellan protongivarens och acceptorn och beroendet av sannolikheten för den 
kvantmekaniska tunnlingen av protonen på överföringsavståndet. Syftet med 
denna avhandling är därmed att öka vår förståelse för PCET-reaktioner. Jag 
hoppas att det som beskrivs här kommer att hjälpa andra att utforma och förstå 
system där PCET-reaktioner ingår. 
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9. Populärwissenschaftliche 
Zusammenfassung 

Die Eigenschaften von fast allem, was uns umgibt, lässt sich auf die Wechsel-
wirkungen von Elektronen zurückführen. Diese winzigen, negativ geladenen 
Partikel sind der Klebstoff, der die Welt zusammenhält. Wir können erklären, 
warum der Himmel blau ist, warum Steine hart sind oder warum Blumen duf-
ten, hauptsächlich indem wir beschreiben, wie sich die Elektronen in diesen 
Systemen verhalten. Es ist daher kein Wunder, dass viele der Prozesse im Le-
ben Elektronentransferreaktionen sind. Ein Elektron aus einer Umgebung zu 
entnehmen und in eine andere zu führen ist zum Beispiel ein großartiger Weg, 
Energie umzuwandeln (entweder um sie zu nutzen oder um sie zu speichern). 
Genau das passiert in unseren Körpern. Die Elektronen aus den Zuckern, die 
wir verbrennen, werden genutzt und in Wassermolekülen fixiert. Gleichzeitig 
nutzen Pflanzen Licht, um den umgekehrten Prozess voranzutreiben: Die 
Elektronen werden den Wassermolekülen entnommen und in Zuckern gespei-
chert. 

Diese Art von Reaktion ist jedoch oft mit einer Schwierigkeit verbunden. 
Die Übertragung eines Elektrons allein erzeugt normalerweise ziemlich insta-
bile Produkte. Nach einer Übertragung, zieht es das Elektron oft vor, einfach 
zurückzukehren. Um dies zu verhindern, wird das negativ geladene Elektron 
häufig von einem positiv geladenen Proton begleitet, wodurch das System sta-
bilisiert wird. Der Gesamtprozess wird dann als protonengekoppelter Elektro-
nentransfer (proton-coupled electron transfer, PCET) bezeichnet. Tatsächlich 
finden die oben beschriebenen natürlichen Prozesse nicht nur durch einfachen 
Elektronentransfer statt, sondern durch eine Folge von PCET-Reaktionen. 
Was für Energieumwandlungsprozesse in der Natur gilt, gilt natürlich auch 
für künstliche Systeme; beispielsweise für Systeme, die an der Erzeugung und 
Nutzung von Brennstoffen beteiligt sind. Viele der Energieumwandlungspro-
zesse biologischer oder künstlicher Systeme finden daher durch PCET statt. 

Wie sich herausstellt, macht die Kopplung des Elektronentransfers an einen 
Protonentransfer den gesamten Prozess viel komplexer. PCET-Reaktionen 
können über verschiedene mechanistische Wege ablaufen. Das Proton kann 
zuerst übertragen werden, gefolgt vom Elektron. Alternativ kann das Elektron 
zuerst gehen, gefolgt vom Proton. Schließlich können das Elektron und das 
Proton zusammen übertragen werden. Selbst wenn die Übertragung schritt-
weise erfolgt (wenn beispielsweise zuerst das Elektron und danach das Proton 
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übertragen werden), sind unterschiedliche Grenzen zu berücksichtigen (wie 
nachstehend beschrieben). Von besonderer Bedeutung für die praktische An-
wendung dieser Vorgänge ist, dass diese Wege des Elektronen und Protonen-
transfers unterschiedlich auf Veränderungen in der Energie reagieren, die zum 
jeweiligen Transfer verfügbar ist. Um diese Konzepte weiter zu verstehen, be-
trachten Sie die folgende Analogie: 

Touristen, die Chemistry-Island besuchen, werden häufig Opfer der aggres-
siven Vermarktung zweier lokaler Unternehmer, die alle Reisen auf der Insel 
kontrollieren. Elon Electron besitzt das Elektrotaxiunternehmen, das für die 
meisten Fahrten zwischen dem Stadtzentrum und der Spitze des Hügels Inter-
mediate Hill zuständig ist. Dort erwartet die ahnungslosen Touristen eine wei-
tere Falle. Sie haben die Möglichkeit, zwischen den Taxis von Elon Electron 
und Steve Proton für die Abfahrt zu wählen. Wenn die Touristen das Auto des 
letzteren wählen, werden sie, anstatt in die Innenstadt zurückgebracht zu wer-
den, zu der Ausflugsgaststätte Steve Proton’s Apple Cidery gefahren. Elon er-
laubt dieses Eindringen in sein Geschäft für einen Teil von Steves Gewinnen. 

Steve und Elon sind nun daran interessiert, die Geschwindigkeit zu erhö-
hen, mit der Menschen zu Steves Gaststätte kommen. Elon unternimmt daher 
den strategischen Schritt, einen Teil seiner Autos zu verlagern, indem er die 
Anzahl der Taxis auf dem Intermediate Hill verringert und stattdessen die An-
zahl der Taxis im Stadtzentrum erhöht. 

Wie empfindlich die Ankunftsgeschwindigkeit in der Gaststätte für Elons 
Plan ist, hängt jetzt von Steve ab. Stellen Sie sich eine Situation vor, in der 
Steve viel weniger Taxis als Elon auf dem Intermediate Hill hat. Steve profi-
tiert dann aus zwei Gründen stark von Elons Strategie: Die Leute kommen 
schneller auf dem Hügel an (da es jetzt mehr Taxis im Stadtzentrum gibt) und 
die Leute verlassen den Hügel langsamer (da es jetzt weniger Taxis auf dem 
Hügel gibt). Die Anzahl der Personen auf dem Intermediate Hill zu einem 
bestimmten Zeitpunkt ist jetzt größer, und es werden mehr Personen von Ste-
ves Autos abgeholt. Steve kann die Geschwindigkeit, mit der Menschen zur 
Gaststätte kommen, weiter erhöhen, indem er mehr Taxis auf dem Hügel hin-
zufügt. 

Stellen Sie sich stattdessen eine Situation vor, in der Steve viel mehr Taxis 
auf dem Hügel hat als Elon. Sobald ein ahnungsloser Tourist auf dem Hügel 
ankommt, wird er von einem von Steves Autos abgeholt. Steve würde im-
mernoch von Elons Strategie profitieren, aber nicht so sehr wie im obigen 
Szenario. Die Leute kommen immer noch schneller auf dem Hügel an, aber 
der Rückgang der Anzahl von Elons Taxis auf dem Hügel hat keine Auswir-
kung, da praktisch alle Touristen sowieso von Steves Taxis abgeholt werden. 
Wenn Steve die Anzahl der Autos auf dem Hügel erhöhen würde, hätte dies 
ebenfalls keine Auswirkung, da die Geschwindigkeit, mit der die Leute zur 
Wirtschaft kommen, durch die Geschwindigkeit begrenzt ist, mit der Elon sie 
auf den Intermediate Hill bringen kann. 
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In einem konzertierten Versuch, die Ankunftsrate in der Gaststätte weiter 
zu erhöhen, konstruieren Elon und Steve einen weiteren Weg: Den tunnel-
express, der Touristen durch einen Tunnel unter Intermediate Hill direkt zu 
Steves Gaststätte führt. Die Geschwindigkeit, mit der Menschen auf diesem 
Weg zur Gaststätte gelangen, entspricht gleichermaßen den Bemühungen von 
Elon und Steve. 

Das gleiche Konzept kann für PCET-Reaktionen angewendet werden. Be-
trachten Sie zum Beispiel eine Reaktion, bei der der Elektronentransfer vor 
dem Protonentransfer stattfindet. Diese Reaktion kann in zwei kinetischen 
Grenzen auftreten. Wenn der Protonentransfer nach dem Elektronentransfer 
langsamer ist als das zurückkehrende Elektron (analog zu der Situation in der 
Steve weniger Autos auf Intermediate Hill hat als Elon), befindet sich der 
Elektronentransfer im so genannten Vorgleichgewicht. Wenn mehr Energie 
für den Elektronentransfer zur Verfügung gestellt wird (analog dazu, dass 
Elon seine Taxis umstellt), hat dies einen großen Einfluss auf die Gesamtge-
schwindigkeit von PCET - die Elektronen werden schneller übertragen und 
kehren langsamer zurück. Eine weitere Erhöhung der Geschwindigkeit kann 
erreicht werden, indem mehr Energie für den Protonentransferschritt zur Ver-
fügung gestellt wird. 

Wenn nach dem anfänglichen Elektronentransfer der Protonentransfer 
schneller ist als das zurückkehrende Elektron (analog dazu, dass Steve mehr 
Taxis auf dem Hügel hat als Elon), wird die Geschwindigkeit durch Elektro-
nentransfer begrenzt. Wenn mehr Energie für den Elektronentransfer zur Ver-
fügung gestellt wird, erhöht dies die PCET-Geschwindigkeit, jedoch nicht so 
stark wie im oben beschriebenen Beispiel. Die Zuweisung weiterer Energie 
für den Protonentransfer hat keine Auswirkung, da der Elektronentransfer der 
geschwindigkeitsbegrenzende Schritt ist. 

Wenn Protonen und Elektronen zusammen übertragen werden, wird der 
Transfer als konzertiert bezeichnet. Die PCET-Geschwindigkeit kann erhöht 
werden, indem entweder dem Elektronen- oder dem Protonentransfer mehr 
Energie zugewiesen wird. Zusätzlich wird etwas Energie gespart, indem ener-
giereiche Zwischenprodukte vermieden werden (indem nicht über den Hügel 
gefahren werden muss). Die Bestimmung und Veränderung des operativen 
Mechanismus von PCET-Reaktionen is äußerst Wichtig für Prozesse die Teil 
der katalytischen Erzeugung oder Nutzung von Brennstoffen sind. Für Steve 
und Elon führt die Optimierung zu höheren Gewinnen. Bei PCET-Reaktionen 
führt die Optimierung zu einer effizienteren Katalyse. 

Kapitel 4 und 5 dieser Arbeit befassen sich hauptsächlich mit der Charak-
terisierung und Beschreibung der Konkurrenz zwischen den oben beschriebe-
nen mechanistischen Wegen. In Kapitel 4 (Artikel III und IV) werden alle 
mathematischen Ausdrücke, die die verschiedenen Wege beschreiben, be-
trachtet und zu einem einzigen Bild zusammengefasst: dem mechanistischen 
Zonendiagramm. Diese Art von Diagramm zeigt, welcher Mechanismus in ei-
nem bestimmten System dominiert, abhängig davon wieviel Energie für die 
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jeweiligen Elektronen- und Protonentransferschritte zur Verfügung steht. 
Strategien zur Veränderung dieser mechanistischen Landschaft und zur Än-
derung des operativen Mechanismus werden experimentell demonstriert und 
anhand mechanistischer Zonendiagramme diskutiert (Artikel IV). 

In Kapitel 5 (Artikel II) stellen wir ein neues Werkzeug zur Bestimmung 
des PCET-Mechanismus vor: die Erhöhung des Drucks. Der Druck beein-
flusst auf eine bestimmte Weise die Energien, die für die jeweiligen Elektro-
nen- und Protonentransferschritte zur Verfügung stehen. Durch die Messung 
der Auswirkung, die der Druck auf die PCET-Geschwindigkeit hat kann des-
wegen der Mechanismus bestimmt werden. 

Kapitel 6 (Artikel I und V) konzentriert sich hauptsächlich auf den konzer-
tierten Mechanismus. In Artikel I wird die Möglichkeit sogenannter Photo-
EPT-Reaktionen in diskutiert, bei denen PCET direkt durch Absorption von 
Licht auftritt. Artikel V konzentriert sich stattdessen auf die Druckabhängig-
keit von konzertiertem PCET. In diesem Fall beeinflusst der Druck die Proto-
nentransferdistanzen, wodurch die PCET-Geschwindigkeit modifiziert wird. 
Diese Studie beleuchtet die Umstände, die eine konzertierte Reaktion beein-
flussen, wie zum Beispiel die Auswirkungen der Stärke der Bindung zwischen 
Protonendonor und -akzeptor und die Abhängigkeit der Warscheinlichkeit der 
quantenmechanischen Tunnelung des Protons von der Übertragungsentfer-
nung. Das Ziel dieser Arbeit ist, unser Verständnis von PCET-Reaktionen zu 
verbessern. Ich hoffe, dass das, was hier beschrieben wird, anderen dabei hel-
fen wird Systeme zu entwerfen oder zu verstehen, in denen PCET-Reaktionen 
vorkommen. 



 85

10. Acknowledgements 

As is the tradition, I will conclude this thesis by naming a few (and forgetting 
to mention many) people who have been important to my development as a 
PhD student. I would like to start out by thanking my family, especially: My 
mother, whose love and support I can always count on. Thank you also for 
your very helpful comments on my writing. My father, whom I can also count 
on and from whom I inherit my extreme stubbornness and competitiveness, 
without which getting here would have been impossible for me. Anna, Robin 
and Benni, I am very happy that you were always just a few minutes away.  
Maman, Papa and Adarsh on Mauritius for always being there, caring about 
me and providing such a loving environment to escape to when I needed a 
break. I would then like to thank the following people (in no particular order): 

All past and present members of the PhysChem groups. Belinda, Jens, 
Astrid, Luca, Shihuai, Roghayeh, Mohammad M, Mohamed Q, Ahmed, 
Sara, Martin, Kelly, Sigrid, Nora, Mariia, Hongwei, Beri, Lin, Jing, Bo, 
Mélina, Naresh, Rima, Sina, Andjela, Haoliang, Catherine, Lei Zh, Lei 
W, Lei T, Vincent, Aijie, Nidhi, Yocefu, Wes, Julian, Palas, Tianfei, Vin-
cent, Starla, Ana, Burkhard, Haining, Jacinto, Reiner, Leif and every-
body else. You were always a lot of fun to be around.  

Everybody else in house 7 and The Center (Consortium) for Artificial 
Photosynthesis. Every time we have come together, I have learnt so much. 

Without question, my most important contribution as a PhD student was 
co-founding Wine Club, where many so many great ideas are born: 

Lei, Vincent, Ben, Nidhi, Wes, Aijie, Yocefu, João, Robert, Martin, 
Nora, Julian and everybody else, thank you for being a part of it. I would 
also like to thank: 

Luca D’Amario and also Allison Brown, who first introduced me to re-
search and the magical environment that is house 7.  

Starla Glover, for introducing me to the amazing world of PCET. 
Astrid Nilsen Moe, for sharing my enthusiasm for PCET and ns-laser spec-

troscopy. 
Rima Charaf and Lina Fransén, for being enthusiastic students whom it 

didn’t take any effort to supervise, because they did everything on their own. 
Jens Föhlinger and Belinda Pettersson Rimgard, with whom it has been 

really fun to work on slightly shorter timescales than I am used to.  
Wesley Swords, for being the first person with whom I had deep PCET 

discussions, right around the time I went from not knowing what I was doing 



 86 

to being an expert. I treasure the memories of our late nights in the office 
drinking gin. 

Aijie Liu, with whom I’ve had many amazing discussions. Thank you also 
for your helpful comments on this thesis. 

Tianfei Liu, who is as good a friend as he is a hard worker (for those of 
you that know him, you know that means a lot). I will always remember our 
long nights together locked into a dark room with no windows.  

Vincent Wang, with whom I rarely agree on anything, but who has taught 
me more than most. Thank you for your helpful comments on the thesis.  

Nidhi Kaul, a good friend who has a large part in making our office the 
Best Office, and one of the people with which I enjoy disagreeing about Mar-
cus theory the most. 

Ben Johnson, another good friend contributing greatly to the amazing pool 
of talent that is Best Office. Also, one of the most PhysChem people I know. 
Thank you for all the awesome discussions through the years. 

Leif Hammarström, who always had the answers ready but gave me the 
freedom to explore and find them on my own. You’ve been a great supervisor, 
thank you.  

Lei Tian, who started this journey at the same time as me and with whom 
I learned all the tricks of being a PhD student, with whom I’ve had countless 
amazing discussions, so many fun times, and who has always been a great 
friend. It has been inspiring and so much fun doing this with you. Also, thank 
you so much for reading every word of this thesis and picking apart every 
argument. 

Aradhna, my partner who stood by me through all of this, who makes me 
be a better person, whose support I can always count on, who makes me keep 
a perspective of what is important in life, whom I always want to come home 
to (or stay home with), whom I love. I am so happy to have had you with me 
every step of the way. Thank you also for being the most thorough critic of 
this thesis. 

 



 87

References 

(1)  Waage, P.; Guldberg, C. M. Studier over Affiniteten. Forh. Vidensk.-Selsk. Christiania 
1864, 1, 35–45. 

(2)  Bergman, T. Disquisitio de Attractionibus Electivs.; 1775. 
(3)  Berthollet, A. Recherches Sur Les Lois de l’affinité; 1801. 
(4)  Guldberg, C. M. Foredrag Om Lovene for Affiniteten, Specielt Tidens Indflydelse Paa 

de Kemiske Processer. Forh. Vidensk.-Selsk. Christiania 1864, 1, 111–120. 
(5)  Guldberg, C. M.; Waage, P. Etudes Sur Les Affinités Chimiques; Imprimerie de Brøg-

ger & Christie, 1867. 
(6)  Clausius, R. Ueber Die Wärmeleitung Gasförmiger Körper. Ann. Phys. 1862, 191 (1), 

1–56. 
(7)  Maxwell, J. C. IV. On the Dynamical Theory of Gases. Philos. Trans. R. Soc. Lond. 

1867, No. 157, 49–88. 
(8)  Boltzmann, L. Über Das Wärmegleichgewicht Zwischen Mehratomigen Gasmolekü-

len; Kk Hof-und Staatsdruckerei, 1871. 
(9)  Gibbs, J. W. Elementary Principles of Statistical Mechanics; Dover, New York, 1902. 
(10)  Eyring, H. The Activated Complex in Chemical Reactions. J. Chem. Phys. 1935, 3 (2), 

107–115. 
(11)  Van’t Hoff, J. H.; Hoff, J. H. Etudes de Dynamique Chimique; F. Muller & Company, 

1884. 
(12)  Arrhenius, S. Über Die Reaktionsgeschwindigkeit Bei Der Inversion von Rohrzucker 

Durch Säuren. Z. Für Phys. Chem. 1889, 4 (1), 226–248. 
(13)  Heisenberg, W. Über Quantentheoretische Umdeutung Kinematischer Und Mechani-

scher Beziehungen. Z. Für Phys. 1925, 33 (1), 879–893. 
(14)  Schrödinger, E. Quantisierung Als Eigenwertproblem. Ann. Phys. 1926, 385 (13), 437–

490. 
(15)  Born, M.; Oppenheimer, R. Zur Quantentheorie Der Molekeln. Ann. Phys. 1927, 389 

(20), 457–484. 
(16)  Dirac, P. A. M. Quantum Mechanics of Many-Electron Systems. Proc. R. Soc. Lond. 

Ser. Contain. Pap. Math. Phys. Character 1929, 123 (792), 714–733. 
(17)  Green, M. A.; Dunlop, E. D.; Hohl-Ebinger, J.; Yoshita, M.; Kopidakis, N.; Ho-Baillie, 

A. W. Solar Cell Efficiency Tables (Version 55). Prog. Photovolt. Res. Appl. 2020, 28 
(1), 3–15. 

(18)  Nelson, N.; Ben-Shem, A. The Complex Architecture of Oxygenic Photosynthesis. 
Nat. Rev. Mol. Cell Biol. 2004, 5 (12), 971–982. 

(19)  Magnuson, A.; Berglund, H.; Korall, P.; Hammarström, L.; \AAkermark, B.; Styring, 
S.; Sun, L. Mimicking Electron Transfer Reactions in Photosystem Ii: Synthesis and 
Photochemical Characterization of a Ruthenium (Ii) Tris (Bipyridyl) Complex with a 
Covalently Linked Tyrosine. J. Am. Chem. Soc. 1997, 119 (44), 10720–10725. 

(20)  Megiatto Jr, J. D.; Méndez-Hernández, D. D.; Tejeda-Ferrari, M. E.; Teillout, A.-L.; 
Llansola-Portolés, M. J.; Kodis, G.; Poluektov, O. G.; Rajh, T.; Mujica, V.; Groy, T. L. 
A Bioinspired Redox Relay That Mimics Radical Interactions of the Tyr–His Pairs of 
Photosystem II. Nat. Chem. 2014, 6 (5), 423. 



 88 

(21)  Odella, E.; Mora, S. J.; Wadsworth, B. L.; Huynh, M. T.; Goings, J. J.; Liddell, P. A.; 
Groy, T. L.; Gervaldo, M.; Sereno, L. E.; Gust, D. Controlling Proton-Coupled Elec-
tron Transfer in Bioinspired Artificial Photosynthetic Relays. J. Am. Chem. Soc. 2018, 
140 (45), 15450–15460. 

(22)  Yoneda, Y.; Mora, S. J.; Shee, J.; Wadsworth, B. L.; Arsenault, E. A.; Hait, D.; Kodis, 
G.; Gust, D.; Moore, G. F.; Moore, A. L. Electron–Nuclear Dynamics Accompanying 
Proton-Coupled Electron Transfer. J. Am. Chem. Soc. 2021. 

(23)  Kanan, M. W.; Nocera, D. G. In Situ Formation of an Oxygen-Evolving Catalyst in 
Neutral Water Containing Phosphate and Co2+. Science 2008, 321 (5892), 1072–1075. 

(24)  Duan, L.; Araujo, C. M.; Ahlquist, M. S.; Sun, L. Highly Efficient and Robust Molecu-
lar Ruthenium Catalysts for Water Oxidation. Proc. Natl. Acad. Sci. 2012, 109 (39), 
15584–15588. 

(25)  Azcarate, I.; Costentin, C.; Robert, M.; Savéant, J.-M. Through-Space Charge Interac-
tion Substituent Effects in Molecular Catalysis Leading to the Design of the Most Effi-
cient Catalyst of CO2-to-CO Electrochemical Conversion. J. Am. Chem. Soc. 2016, 
138 (51), 16639–16644. 

(26)  Curtis, C. J.; Miedaner, A.; Ciancanelli, R.; Ellis, W. W.; Noll, B. C.; Rakowski Du-
Bois, M.; DuBois, D. L. [Ni (Et2PCH2NMeCH2PEt2) 2] 2+ as a Functional Model for 
Hydrogenases. Inorg. Chem. 2003, 42 (1), 216–227. 

(27)  Reece, S. Y.; Hodgkiss, J. M.; Stubbe, J.; Nocera, D. G. Proton-Coupled Electron 
Transfer: The Mechanistic Underpinning for Radical Transport and Catalysis in Biol-
ogy. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361 (1472), 1351–1364. 

(28)  Yosca, T. H.; Rittle, J.; Krest, C. M.; Onderko, E. L.; Silakov, A.; Calixto, J. C.; 
Behan, R. K.; Green, M. T. Iron (IV) Hydroxide PKa and the Role of Thiolate Ligation 
in C–H Bond Activation by Cytochrome P450. Science 2013, 342 (6160), 825–829. 

(29)  Yang, J.-D.; Ji, P.; Xue, X.-S.; Cheng, J.-P. Recent Advances and Advisable Applica-
tions of Bond Energetics in Organic Chemistry. J. Am. Chem. Soc. 2018, 140 (28), 
8611–8623. 

(30)  Shaw, M. H.; Twilton, J.; MacMillan, D. W. Photoredox Catalysis in Organic Chemis-
try. J. Org. Chem. 2016, 81 (16), 6898–6926. 

(31)  Mader, E. A.; Larsen, A. S.; Mayer, J. M. Hydrogen Atom Transfer from Iron (Ii)- Tris 
[2, 2 ‘-Bi (Tetrahydropyrimidine)] to TEMPO: A Negative Enthalpy of Activation Pre-
dicted by the Marcus Equation. J. Am. Chem. Soc. 2004, 126 (26), 8066–8067. 

(32)  Warren, J. J.; Tronic, T. A.; Mayer, J. M. Thermochemistry of Proton-Coupled Elec-
tron Transfer Reagents and Its Implications. Chem. Rev. 2010, 110 (12), 6961–7001. 

(33)  Cukier, R. I. Mechanism for Proton-Coupled Electron-Transfer Reactions. J. Phys. 
Chem. 1994, 98 (9), 2377–2381. 

(34)  Cukier, R. I. Proton-Coupled Electron Transfer Reactions: Evaluation of Rate Con-
stants. J. Phys. Chem. 1996, 100 (38), 15428–15443. 

(35)  Turro, C.; Chang, C. K.; Leroi, G. E.; Cukier, R. I.; Nocera, D. G. Photoinduced Elec-
tron Transfer Mediated by a Hydrogen-Bonded Interface. J. Am. Chem. Soc. 1992, 114 
(10), 4013–4015. 

(36)  Kirby, J. P.; Roberts, J. A.; Nocera, D. G. Significant Effect of Salt Bridges on Elec-
tron Transfer. J. Am. Chem. Soc. 1997, 119 (39), 9230–9236. 

(37)  Cukier, R. I.; Nocera, D. G. Proton-Coupled Electron Transfer. Annu. Rev. Phys. 
Chem. 1998, 49 (1), 337–369. 

(38)  Soudackov, A.; Hammes-Schiffer, S. Multistate Continuum Theory for Multiple 
Charge Transfer Reactions in Solution. J. Chem. Phys. 1999, 111 (10), 4672–4687. 

(39)  Soudackov, A.; Hammes-Schiffer, S. Derivation of Rate Expressions for Nonadiabatic 
Proton-Coupled Electron Transfer Reactions in Solution. J. Chem. Phys. 2000, 113 (6), 
2385–2396. 

(40)  Kobrak, M. N.; Hammes-Schiffer, S. Molecular Dynamics Simulation of Proton-Cou-
pled Electron Transfer in Solution. J. Phys. Chem. B 2001, 105 (42), 10435–10445. 

(41)  Marcus, R. A. Electron Transfer Reactions in Chemistry. Theory and Experiment. Rev. 
Mod. Phys. 1993, 65 (3), 599. 



 89

(42)  Roth, J. P.; Yoder, J. C.; Won, T.-J.; Mayer, J. M. Application of the Marcus Cross Re-
lation to Hydrogen Atom Transfer Reactions. Science 2001, 294 (5551), 2524–2526. 

(43)  Fecenko, C. J.; Thorp, H. H.; Meyer, T. J. The Role of Free Energy Change in Coupled 
Electron- Proton Transfer. J. Am. Chem. Soc. 2007, 129 (49), 15098–15099. 

(44)  Morris, W. D.; Mayer, J. M. Separating Proton and Electron Transfer Effects in Three-
Component Concerted Proton-Coupled Electron Transfer Reactions. J. Am. Chem. Soc. 
2017, 139 (30), 10312–10319. 

(45)  Bourrez, M.; Steinmetz, R.; Ott, S.; Gloaguen, F.; Hammarström, L. Concerted Proton-
Coupled Electron Transfer from a Metal-Hydride Complex. Nat. Chem. 2015, 7 (2), 
140–145. 

(46)  Huang, T.; Rountree, E. S.; Traywick, A. P.; Bayoumi, M.; Dempsey, J. L. Switching 
between Stepwise and Concerted Proton-Coupled Electron Transfer Pathways in Tung-
sten Hydride Activation. J. Am. Chem. Soc. 2018, 140 (44), 14655–14669. 

(47)  Liu, T.; Guo, M.; Orthaber, A.; Lomoth, R.; Lundberg, M.; Ott, S.; Hammarström, L. 
Accelerating Proton-Coupled Electron Transfer of Metal Hydrides in Catalyst Model 
Reactions. Nat. Chem. 2018, 10 (8), 881–887. 

(48)  Soetbeer, J.; Dongare, P.; Hammarström, L. Marcus-Type Driving Force Correlations 
Reveal the Mechanism of Proton-Coupled Electron Transfer for Phenols and [Ru 
(Bpy) 3] 3+ in Water at Low PH. Chem. Sci. 2016, 7 (7), 4607–4612. 

(49)  Qiu, G.; Knowles, R. R. Rate–Driving Force Relationships in the Multisite Proton-
Coupled Electron Transfer Activation of Ketones. J. Am. Chem. Soc. 2019, 141 (6), 
2721–2730. 

(50)  Zhang, M.-T.; Irebo, T.; Johansson, O.; Hammarström, L. Proton-Coupled Electron 
Transfer from Tyrosine: A Strong Rate Dependence on Intramolecular Proton Transfer 
Distance. J. Am. Chem. Soc. 2011, 133 (34), 13224–13227. 

(51)  Glover, S. D.; Parada, G. A.; Markle, T. F.; Ott, S.; Hammarström, L. Isolating the Ef-
fects of the Proton Tunneling Distance on Proton-Coupled Electron Transfer in a Se-
ries of Homologous Tyrosine-Base Model Compounds. J. Am. Chem. Soc. 2017, 139 
(5), 2090–2101. 

(52)  Bronner, C.; Wenger, O. S. Kinetic Isotope Effects in Reductive Excited-State 
Quenching of Ru (2, 2′-Bipyrazine) 32+ by Phenols. J. Phys. Chem. Lett. 2012, 3 (1), 
70–74. 

(53)  Huynh, M. H. V.; Meyer, T. J. Colossal Kinetic Isotope Effects in Proton-Coupled 
Electron Transfer. Proc. Natl. Acad. Sci. 2004, 101 (36), 13138–13141. 

(54)  Knapp, M. J.; Rickert, K.; Klinman, J. P. Temperature-Dependent Isotope Effects in 
Soybean Lipoxygenase-1: Correlating Hydrogen Tunneling with Protein Dynamics. J. 
Am. Chem. Soc. 2002, 124 (15), 3865–3874. 

(55)  Hu, S.; Sharma, S. C.; Scouras, A. D.; Soudackov, A. V.; Carr, C. A. M.; Hammes-
Schiffer, S.; Alber, T.; Klinman, J. P. Extremely Elevated Room-Temperature Kinetic 
Isotope Effects Quantify the Critical Role of Barrier Width in Enzymatic C–H Activa-
tion. J. Am. Chem. Soc. 2014, 136 (23), 8157–8160. 

(56)  Markle, T. F.; Rhile, I. J.; Mayer, J. M. Kinetic Effects of Increased Proton Transfer 
Distance on Proton-Coupled Oxidations of Phenol-Amines. J. Am. Chem. Soc. 2011, 
133 (43), 17341–17352. 

(57)  Sayfutyarova, E. R.; Goldsmith, Z. K.; Hammes-Schiffer, S. Theoretical Study of C–H 
Bond Cleavage via Concerted Proton-Coupled Electron Transfer in Fluorenyl-Benzo-
ates. J. Am. Chem. Soc. 2018, 140 (46), 15641–15645. 

(58)  Hammes-Schiffer, S.; Stuchebrukhov, A. A. Theory of Coupled Electron and Proton 
Transfer Reactions. Chem. Rev. 2010, 110 (12), 6939–6960. 

(59)  Muñoz-Rugeles, L.; Galano, A.; Alvarez-Idaboy, J. R. Non-Covalent π–π Stacking In-
teractions Turn off Non-Adiabatic Effects in Proton-Coupled Electron Transfer Reac-
tions. Phys. Chem. Chem. Phys. 2017, 19 (10), 6969–6972. 



 90 

(60)  Skone, J. H.; Soudackov, A. V.; Hammes-Schiffer, S. Calculation of Vibronic Cou-
plings for Phenoxyl/Phenol and Benzyl/Toluene Self-Exchange Reactions: Implica-
tions for Proton-Coupled Electron Transfer Mechanisms. J. Am. Chem. Soc. 2006, 128 
(51), 16655–16663. 

(61)  Fine, R. A.; Millero, F. J. Compressibility of Water as a Function of Temperature and 
Pressure. J. Chem. Phys. 1973, 59 (10), 5529–5536. 

(62)  Asano, T.; Le Noble, W. J. Activation and Reaction Volumes in Solution. Chem. Rev. 
1978, 78 (4), 407–489. 

(63)  Van Eldik, R.; Asano, T.; Le Noble, W. J. Activation and Reaction Volumes in Solu-
tion. 2. Chem. Rev. 1989, 89 (3), 549–688. 

(64)  Drljaca, A.; Hubbard, C. D.; Van Eldik, R.; Asano, T.; Basilevsky, M. V.; Le Noble, 
W. J. Activation and Reaction Volumes in Solution. 3. Chem. Rev. 1998, 98 (6), 2167–
2290. 

(65)  Sjödin, M.; Styring, S.; \AAkermark, B.; Sun, L.; Hammarström, L. Proton-Coupled 
Electron Transfer from Tyrosine in a Tyrosine- Ruthenium- Tris-Bipyridine Complex: 
Comparison with Tyrosinez Oxidation in Photosystem II. J. Am. Chem. Soc. 2000, 122 
(16), 3932–3936. 

(66)  Masuda, A.; Kaizu, Y. Specific Role of Water in Radiationless Transition from the Tri-
plet MLCT States of Tris (Polypyridine) Complexes of Osmium (II). Inorg. Chem. 
1998, 37 (13), 3371–3375. 

(67)  Irebo, T.; Zhang, M.-T.; Markle, T. F.; Scott, A. M.; Hammarström, L. Spanning Four 
Mechanistic Regions of Intramolecular Proton-Coupled Electron Transfer in a Ru 
(Bpy) 32+–Tyrosine Complex. J. Am. Chem. Soc. 2012, 134 (39), 16247–16254. 

(68)  Northrop, D. B. Effects of High Pressure on Isotope Effects and Hydrogen Tunneling. 
J. Am. Chem. Soc. 1999, 121 (14), 3521–3524. 

(69)  Edwards, S. J.; Soudackov, A. V.; Hammes-Schiffer, S. Analysis of Kinetic Isotope 
Effects for Proton-Coupled Electron Transfer Reactions. J. Phys. Chem. A 2009, 113 
(10), 2117–2126. 

(70)  Born, M. Volumen Und Hydratationswärme Der Ionen. Z. Für Phys. 1920, 1 (1), 45–
48. 

(71)  Delahay, P.; Pourbaix, M.; Van Rysselberghe, P. Potential-PH Diagrams. J. Chem. 
Educ. 1950, 27 (12), 683. 

(72)  Marcus, R. A.; Sutin, N. Electron Transfers in Chemistry and Biology. Biochim. Bio-
phys. Acta BBA-Rev. Bioenerg. 1985, 811 (3), 265–322. 

(73)  Borgis, D.; Hynes, J. T. Curve Crossing Formulation for Proton Transfer Reactions in 
Solution. J. Phys. Chem. 1996, 100 (4), 1118–1128. 

(74)  Biczok, L.; Linschitz, H. Concerted Electron and Proton Movement in Quenching of 
Triplet C60 and Tetracene Fluorescence by Hydrogen-Bonded Phenol-Base Pairs. J. 
Phys. Chem. 1995, 99 (7), 1843–1845. 

(75)  Biczók, L.; Gupta, N.; Linschitz, H. Coupled Electron-Proton Transfer in Interactions 
of Triplet C60 with Hydrogen-Bonded Phenols: Effects of Solvation, Deuteration, and 
Redox Potentials. J. Am. Chem. Soc. 1997, 119 (51), 12601–12609. 

(76)  Lymar, S. V.; Ertem, M. Z.; Polyansky, D. E. Solvent-Dependent Transition from Con-
certed Electron–Proton to Proton Transfer in Photoinduced Reactions between Phenols 
and Polypyridine Ru Complexes with Proton-Accepting Sites. Dalton Trans. 2018, 47 
(44), 15917–15928. 

(77)  Friedrich, L. E. The Two Hydrogen-Oxygen Bond-Dissociation Energies of Hydroqui-
none. J. Org. Chem. 1983, 48 (21), 3851–3852. 

(78)  Usharani, D.; Lacy, D. C.; Borovik, A. S.; Shaik, S. Dichotomous Hydrogen Atom 
Transfer vs Proton-Coupled Electron Transfer during Activation of X–H Bonds (X= C, 
N, O) by Nonheme Iron–Oxo Complexes of Variable Basicity. J. Am. Chem. Soc. 
2013, 135 (45), 17090–17104. 

(79)  Goetz, M. K.; Anderson, J. S. Experimental Evidence for p K A-Driven Asynchronic-
ity in C–H Activation by a Terminal Co (III)–Oxo Complex. J. Am. Chem. Soc. 2019, 
141 (9), 4051–4062. 



 91

(80)  Darcy, J. W.; Kolmar, S. S.; Mayer, J. M. Transition State Asymmetry in C–H Bond 
Cleavage by Proton-Coupled Electron Transfer. J. Am. Chem. Soc. 2019, 141 (27), 
10777–10787. 

(81)  Bím, D.; Maldonado-Domínguez, M.; Rulíšek, L.; Srnec, M. Beyond the Classical 
Thermodynamic Contributions to Hydrogen Atom Abstraction Reactivity. Proc. Natl. 
Acad. Sci. 2018, 115 (44), E10287–E10294. 

(82)  Maldonado-Dominguez, M.; Srnec, M. Understanding and Predicting Post H-Atom 
Abstraction Selectivity through Reactive Mode Composition Factor Analysis. J. Am. 
Chem. Soc. 2020, 142 (8), 3947–3958. 

(83)  Zhang, B.; Sun, L. Artificial Photosynthesis: Opportunities and Challenges of Molecu-
lar Catalysts. Chem. Soc. Rev. 2019, 48 (7), 2216–2264. 

(84)  Fernandez, L. E.; Horvath, S.; Hammes-Schiffer, S. Theoretical Analysis of the Se-
quential Proton-Coupled Electron Transfer Mechanisms for H2 Oxidation and Produc-
tion Pathways Catalyzed by Nickel Molecular Electrocatalysts. J. Phys. Chem. C 2012, 
116 (4), 3171–3180. 

(85)  Koper, M. T. Theory of the Transition from Sequential to Concerted Electrochemical 
Proton–Electron Transfer. Phys. Chem. Chem. Phys. 2013, 15 (5), 1399–1407. 

(86)  McCarthy, B. D.; Dempsey, J. L. Decoding Proton-Coupled Electron Transfer with Po-
tential–p K a Diagrams. Inorg. Chem. 2017, 56 (3), 1225–1231. 

(87)  Rountree, E. S.; McCarthy, B. D.; Dempsey, J. L. Decoding Proton-Coupled Electron 
Transfer with Potential–p K a Diagrams: Applications to Catalysis. Inorg. Chem. 2019, 
58 (10), 6647–6658. 

(88)  Pegis, M. L.; Wise, C. F.; Koronkiewicz, B.; Mayer, J. M. Identifying and Breaking 
Scaling Relations in Molecular Catalysis of Electrochemical Reactions. J. Am. Chem. 
Soc. 2017, 139 (32), 11000–11003. 

(89)  Martin, D. J.; Wise, C. F.; Pegis, M. L.; Mayer, J. M. Developing Scaling Relation-
ships for Molecular Electrocatalysis through Studies of Fe-Porphyrin-Catalyzed O2 
Reduction. Acc. Chem. Res. 2020, 53 (5), 1056–1065. 

(90)  Wang, Y.-H.; Schneider, P. E.; Goldsmith, Z. K.; Mondal, B.; Hammes-Schiffer, S.; 
Stahl, S. S. Brønsted Acid Scaling Relationships Enable Control over Product Selectiv-
ity from O2 Reduction with a Mononuclear Cobalt Porphyrin Catalyst. ACS Cent. Sci. 
2019, 5 (6), 1024–1034. 

(91)  Tilset, M.; Parker, V. D. Solution Homolytic Bond Dissociation Energies of Or-
ganotransition-Metal Hydrides. J. Am. Chem. Soc. 1989, 111 (17), 6711–6717. 

(92)  Eigen, M. Proton Transfer, Acid-Base Catalysis, and Enzymatic Hydrolysis. Part I: El-
ementary Processes. Angew. Chem. Int. Ed. Engl. 1964, 3 (1), 1–19. 

(93)  Walker, H. W.; Kresge, C. T.; Ford, P. C.; Pearson, R. G. Rates of Deprotonation and 
PKa Values of Transition Metal Carbonyl Hydrides. J. Am. Chem. Soc. 1979, 101 (24), 
7428–7429. 

(94)  Walker, H. W.; Pearson, R. G.; Ford, P. C. Broensted Acidities of Carbonyl Hydride 
Complexes of Iron, Ruthenium, and Osmium: PKa Values and Deprotonation Rates in 
Methanol Solution. J. Am. Chem. Soc. 1983, 105 (5), 1179–1186. 

(95)  Jordan, R. F.; Norton, J. R. Kinetic and Thermodynamic Acidity of Hydrido Transi-
tion-Metal Complexes. 1. Periodic Trends in Group VI Complexes and Substituent Ef-
fects in Osmium Complexes. J. Am. Chem. Soc. 1982, 104 (5), 1255–1263. 

(96)  Creutz, C.; Sutin, N. Intrinsic Barriers to Proton Exchange between Transition-Metal 
Centers: Application of a Weak-Interaction Model. J. Am. Chem. Soc. 1988, 110 (8), 
2418–2427. 

(97)  Drude, P.; Nernst, W. Über Elektrostriktion Durch Freie Ionen. Z. Für Phys. Chem. 
1894, 15 (1), 79–85. 

(98)  Kitamura, Y.; Van Eldik, R. Dilatometrically Determined Volumes of Neutralization 
for a Series of Differently Charged Octahedral Aquo and Ammine Complexes in 
Aqueous Solution. Berichte Bunsenges. Für Phys. Chem. 1984, 88 (4), 418–422. 



 92 

(99)  Sarauli, D.; Meier, R.; Liu, G.-F.; Ivanović-Burmazović, I.; van Eldik, R. Effect of 
Pressure on Proton-Coupled Electron Transfer Reactions of Seven-Coordinate Iron 
Complexes in Aqueous Solutions. Inorg. Chem. 2005, 44 (21), 7624–7633. 

(100)  Ueno, M.; Ueyama, S.; Hashimoto, S.; Tsuchihashi, N.; Ibuki, K. Pressure and Tem-
perature Effects on the Molecular Rotation in Acetonitrile-Water Mixtures. J. Solut. 
Chem. 2004, 33 (6), 827–846. 

(101)  Thompson, J. W.; Kaiser, T. J.; Jorgenson, J. W. Viscosity Measurements of Metha-
nol–Water and Acetonitrile–Water Mixtures at Pressures up to 3500 Bar Using a Novel 
Capillary Time-of-Flight Viscometer. J. Chromatogr. A 2006, 1134 (1–2), 201–209. 

(102)  Gagliardi, C. J.; Wang, L.; Dongare, P.; Brennaman, M. K.; Papanikolas, J. M.; Meyer, 
T. J.; Thompson, D. W. Direct Observation of Light-Driven, Concerted Electron–Pro-
ton Transfer. Proc. Natl. Acad. Sci. 2016, 113 (40), 11106–11109. 

(103)  Westlake, B. C.; Brennaman, M. K.; Concepcion, J. J.; Paul, J. J.; Bettis, S. E.; Hamp-
ton, S. D.; Miller, S. A.; Lebedeva, N. V.; Forbes, M. D.; Moran, A. M. Concerted 
Electron-Proton Transfer in the Optical Excitation of Hydrogen-Bonded Dyes. Proc. 
Natl. Acad. Sci. 2011, 108 (21), 8554–8558. 

(104)  Ko, C.; Solis, B. H.; Soudackov, A. V.; Hammes-Schiffer, S. Photoinduced Proton-
Coupled Electron Transfer of Hydrogen-Bonded P-Nitrophenylphenol–Methylamine 
Complex in Solution. J. Phys. Chem. B 2013, 117 (1), 316–325. 

(105)  Goyal, P.; Schwerdtfeger, C. A.; Soudackov, A. V.; Hammes-Schiffer, S. Nonadiabatic 
Dynamics of Photoinduced Proton-Coupled Electron Transfer in a Solvated Phenol–
Amine Complex. J. Phys. Chem. B 2015, 119 (6), 2758–2768. 

(106)  Goyal, P.; Hammes-Schiffer, S. Role of Solvent Dynamics in Photoinduced Proton-
Coupled Electron Transfer in a Phenol–Amine Complex in Solution. J. Phys. Chem. 
Lett. 2015, 6 (18), 3515–3520. 

(107)  Goyal, P.; Schwerdtfeger, C. A.; Soudackov, A. V.; Hammes-Schiffer, S. Proton 
Quantization and Vibrational Relaxation in Nonadiabatic Dynamics of Photoinduced 
Proton-Coupled Electron Transfer in a Solvated Phenol-Amine Complex. J. Phys. 
Chem. B 2016, 120 (9), 2407–2417. 

(108)  Hammarstroem, L.; Almgren, M.; Lind, J.; Merenyi, G.; Norrby, T.; Aakermark, B. 
Mechanisms of Transmembrane Electron Transfer: Diffusion of Uncharged Redox 
Forms of Viologen, 4, 4’-Bipyridine, and Nicotinamide with Long Alkyl Chains. J. 
Phys. Chem. 1993, 97 (39), 10083–10091. 

(109)  Roullier, L.; Laviron, E. Etude Electrochimique de Radicaux Libres—III Etude Des 
Radicaux Derives Des Naphthyridines- 1.5,- 1.6,- 1.7,- 1.8,- 2.6 et- 2.7 et Du Bi-
pyridyl-4, 4′. Electrochimica Acta 1978, 23 (8), 773–779. 

(110)  Dongare, P.; Bonn, A. G.; Maji, S.; Hammarström, L. Analysis of Hydrogen-Bonding 
Effects on Excited-State Proton-Coupled Electron Transfer from a Series of Phenols to 
a Re (I) Polypyridyl Complex. J. Phys. Chem. C 2017, 121 (23), 12569–12576. 

(111)  Li, C.; Hoffman, M. Z. One-Electron Redox Potentials of Phenols in Aqueous Solu-
tion. J. Phys. Chem. B 1999, 103 (32), 6653–6656. 

(112)  Stradins, J.; Hasanli, B. Anodic Voltammetry of Phenol and Benzenethiol Derivatives.: 
Part 1. Influence of PH on Electro-Oxidation Potentials of Substituted Phenols and 
Evaluation of PKa from Anodic Voltammetry Data. J. Electroanal. Chem. 1993, 353 
(1–2), 57–69. 

(113)  Stewart, D. J.; Brennaman, M. K.; Bettis, S. E.; Wang, L.; Binstead, R. A.; Papaniko-
las, J. M.; Meyer, T. J. Competing Pathways in the Photo-Proton-Coupled Electron 
Transfer Reduction of Fac-[Re (Bpy)(CO) 3 (4, 4′-Bpy]+* by Hydroquinone. J. Phys. 
Chem. Lett. 2011, 2 (15), 1844–1848. 

(114)  Chen, P.; Danielson, E.; Meyer, T. J. Role of Free Energy Change on Medium Effects 
in Intramolecular Electron Transfer. J. Phys. Chem. 1988, 92 (13), 3708–3711. 

(115)  Cammi, R.; Cappelli, C.; Mennucci, B.; Tomasi, J. Calculation and Analysis of the 
Harmonic Vibrational Frequencies in Molecules at Extreme Pressure: Methodology 
and Diborane as a Test Case. J. Chem. Phys. 2012, 137 (15), 154112. 



 93

(116)  Kalinichev, A. G.; Gorbaty, Y. E.; Okhulkov, A. V. Structure and Hydrogen Bonding 
of Liquid Water at High Hydrostatic Pressures: Monte Carlo NPT-Ensemble Simula-
tions up to 10 Kbar. J. Mol. Liq. 1999, 82 (1–2), 57–72. 

(117)  Soudackov, A.; Hatcher, E.; Hammes-Schiffer, S. Quantum and Dynamical Effects of 
Proton Donor-Acceptor Vibrational Motion in Nonadiabatic Proton-Coupled Electron 
Transfer Reactions. J. Chem. Phys. 2005, 122 (1), 014505. 

(118)  Venkataraman, C.; Soudackov, A. V.; Hammes-Schiffer, S. Theoretical Formulation of 
Nonadiabatic Electrochemical Proton-Coupled Electron Transfer at Metal- Solution In-
terfaces. J. Phys. Chem. C 2008, 112 (32), 12386–12397. 

(119)  Ford, D. M. Enthalpy- Entropy Compensation Is Not a General Feature of Weak Asso-
ciation. J. Am. Chem. Soc. 2005, 127 (46), 16167–16170. 

(120)  Luo, H.; Sharp, K. On the Calculation of Absolute Macromolecular Binding Free Ener-
gies. Proc. Natl. Acad. Sci. 2002, 99 (16), 10399–10404. 

(121)  Southall, N. T.; Dill, K. A. Potential of Mean Force between Two Hydrophobic So-
lutes in Water. Biophys. Chem. 2002, 101, 295–307. 

(122)  Hay, S.; Sutcliffe, M. J.; Scrutton, N. S. Promoting Motions in Enzyme Catalysis 
Probed by Pressure Studies of Kinetic Isotope Effects. Proc. Natl. Acad. Sci. 2007, 104 
(2), 507–512. 

(123)  Hay, S.; Scrutton, N. S. Incorporation of Hydrostatic Pressure into Models of Hydro-
gen Tunneling Highlights a Role for Pressure-Modulated Promoting Vibrations. Bio-
chemistry 2008, 47 (37), 9880–9887. 

(124)  Hoeven, R.; Heyes, D. J.; Hay, S.; Scrutton, N. S. Does the Pressure Dependence of 
Kinetic Isotope Effects Report Usefully on Dynamics in Enzyme H-Transfer Reac-
tions? FEBS J. 2015, 282 (16), 3243–3255. 

(125)  Kamerlin, S. C. L.; Mavri, J.; Warshel, A. Examining the Case for the Effect of Barrier 
Compression on Tunneling, Vibrationally Enhanced Catalysis, Catalytic Entropy and 
Related Issues. FEBS Lett. 2010, 584 (13), 2759–2766. 

(126)  Bonin, J.; Costentin, C.; Louault, C.; Robert, M.; Savéant, J.-M. Water (in Water) as an 
Intrinsically Efficient Proton Acceptor in Concerted Proton Electron Transfers. J. Am. 
Chem. Soc. 2011, 133 (17), 6668–6674. 

(127)  Zhang, M.-T.; Nilsson, J.; Hammarström, L. Bimolecular Proton-Coupled Electron 
Transfer from Tryptophan with Water as the Proton Acceptor. Energy Environ. Sci. 
2012, 5 (7), 7732–7736. 

(128)  Bonin, J.; Costentin, C.; Robert, M.; Routier, M.; Savéant, J.-M. Proton-Coupled Elec-
tron Transfers: PH-Dependent Driving Forces? Fundamentals and Artifacts. J. Am. 
Chem. Soc. 2013, 135 (38), 14359–14366. 

(129)  Hossen, T.; Sahu, K. Photo-Induced Electron Transfer or Proton-Coupled Electron 
Transfer in Methylbipyridine/Phenol Complexes: A Time-Dependent Density Func-
tional Theory Investigation. J. Phys. Chem. A 2019, 123 (38), 8122–8129. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2045

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-440919

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021


	Abstract
	List of Papers included
	List of Papers not included
	Contribution Report
	Contents
	Abbreviations
	1. Introduction
	2. Fundamentals
	2.1 The Kinetic and Thermodynamic Landscape of PCET
	2.2 A Theory for CEPT
	2.3 Pressure Dependence of the Energy Levels.

	3. Methods
	3.1 Introduction
	3.2 Following Color Change
	3.3 Experimental Setups for Transient Absorption Spectroscopy
	3.4 The Pressure Cell:

	4. Understanding the Mechanistic Richness of PCET Through Zone Diagrams (Papers III and IV)
	4.1 Introduction
	4.2 Determining the operative mechanism (Paper III)
	4.3 Constructing Zone Diagrams to Visualize PCET Activity (Paper III)
	4.4 Parametrizing Zone Diagrams for Real Systems (Paper IV)
	4.5 Strategies for Switching the Operative Mechanisms (Paper IV)
	4.6 Anomalous Free Energy Dependences
	4.7 Relevance for Energy Transformation Catalysis
	4.8 Conclusions

	5. Hydrostatic Pressure as a Mechanistic Tool (Paper II)
	5.1 Introduction
	5.2 Introduction to the System
	5.3 Mechanistic Analysis (Paper II), Alternative Interpretations and Zone Diagrams (unpublished)
	5.4 Pressure dependence of the mechanisms
	5.5 Conclusions

	6. Analyzing the Hydrogen Bond Interaction (Papers I and V)
	6.1 Introduction
	6.2 Photo-EPT in Monoquat/Phenol complexes (Paper I)
	6.3 Excited state PCET in *Re-N/Phenol complexes (Paper V)
	6.4 Pressure dependence
	6.5 Origin of the Pressure Dependence
	6.6 Comparison with the System Studied in Paper IV
	6.7 Conclusions

	7. Summary and Outlook
	8. Popular Science Summary
	9. Populärvetenskaplig sammanfattning
	9. Populärwissenschaftliche Zusammenfassung
	10. Acknowledgements
	References



