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Chapter 1: Introduction

Solar-to-fuel production stands as a promising strategy to reduce CO, emissions
from fossil fuel combustion. However, the realization of devices that can
effectively store solar energy into chemicals has proven to be difficult. This
chapter highlights some of the challenges in this field and places the contents of

this dissertation in a broader perspective.
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Chapter 1: Introduction

1.1 Dye-Sensitized Photoelectrochemical Cells

Fossil fuel combustion has been identified as a major driver for human-induced
global warming, creating urgent need for alternative energy sources and effective
means of energy storage.['*! Solar light offers an unparalleled energy resource,
with an hourly global flux sufficient to meet the world annual energy demand.
Over the last decades, highly efficient photovoltaic (PV) cells have been
developed”®!, which nowadays supply a substantial share of consumed
electricity.’) Nevertheless, the discontinuous supply of solar energy necessitates
large-scale energy storage solutions if we aim to fully transition to solar power.
While batteries are promising for many applications, their heavy weight and
limited capacity prompt a need for innovative energy storage technologies. One
strategy is to perform electrolysis using green electricity to generate hydrogen or
carbon-based fuels. However, this decentralized PV plus electrochemical
approach is costly and the photon to product yield is intrinsically limited by
concentration and overpotential losses.[®”)

Inspired by natural photosynthesis, researchers have been investigating the
possibility of storing solar energy directly into chemical bonds. Ideally, one would
like to mimic algae and plants by using sunlight to convert water and carbon
dioxide into hydrocarbons with a high energy-density. Through billions of years
of evolution, the natural photosynthetic system achieves this transformation with
remarkable efficiencies, but reproducing these efficiencies in an artificial setting
and at a meaningful scale remains challenging.[**!

The first photoelectrochemical cell for water splitting was developed in the early
70s by Fujishima and Honda, who employed TiO» as a photoanode.””? Although
their system was capable of driving hydrogen evolution, the wide TiO, bandgap
of 3 eV firmly restricted the range of the solar spectrum that they could capture,
lowering the cells efficiency. In addition, the catalytic activity of TiO, towards
water oxidation is sluggish compared to molecular catalysts developed in recent

years.[10-14]
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Chapter 1

Nature employs a sophisticated assembly of molecular pigments, proteins,
enzymes and co-enzymes, each individually optimized and interlinked to
efficiently capture photons and use that energy to oxidize water and reduce
CO,.1181 Dye-sensitized photoelectrochemical cells (DS-PEC), mimic this
functional separation in specialized units, thereby overcoming some of the
fundamental limitations encountered in early water splitting devices. The photon
absorption, water oxidation, proton reduction, and charge separation and
transport, are addressed by separate chemical components or materials that can be

tailored to meet desired criteria.['’”! A schematic overview of a DS-PEC is provided

in Figure 1.1.
de
—_
Anode Cathode
(TiO,) [PEM | (NiO)
/mre */Dye*-
2H -1
Dye*/Dye* 2 ‘J\HEC
g —_— hv
-1 CBM
hy L g
— VBM

\ Dye/Dye"
WOC

D\.re/Dye+
VBM Water oxidation  Proton reduction

Figure 1.1. Schematic overview of a tandem dye-sensitized photoelectrochemical
cell (DS-PEC) for water splitting. Photoexcitation of the dye at the cell’s
photoanode results in electron injection into the TiO; conduction band (CBM
stands for conduction band minimum, while VBM stands for valence band
maximum) and the resulting hole is used to drive the OER in a water oxidation
catalyst (WOC). The obtained protons and electrons are transported to the
photocathode through the proton exchange membrane (PEM) and through a
conducting medium attached to the TiO, respectively. Excitation of the
photocathode dye generates additional reduction potential, which provides a

driving force for the hydrogen evolution catalyst (HEC) to produce hydrogen. For
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Chapter 1: Introduction

clarity, the energy level heights are depicted schematically; however, the actual

water-splitting process requires 1.23 eV under standard conditions (pH = 0).

DS-PECs are composed of two compartments separated by a proton-exchange
membrane (PEM). These membranes are designed such that they can conduct
protons while keeping the produced hydrogen and oxygen separated.!'®! At the
cell’s photoanode, sunlight is absorbed by a dye molecule (see Figure 1.1, purple
photon absorption). Upon photoexcitation, an electron is injected from the excited
dye (dye”) into the conduction band (CB) of an n-type semiconductor, typically
TiO,. This process leaves an electron hole on the oxidized dye (dye”) molecule,
which then transfers to a water oxidation catalyst (WOC), where it drives water
oxidation. Through four consecutive photoinduced oxidation steps, water is
converted into O, four protons and a reduction potential in the form of four
electrons. The electrons and protons are transferred to the cathode side of the DS-
PEC, where they are used to generate hydrogen by a hydrogen evolution catalyst
(HEC) or reduce CO> to produce carbon-based solar-fuels (Figure 1.1).

Early DS-PEC devices for water splitting employed dark cathodes that do not
absorb a second photon to drive the hydrogen evolution reaction (HER). In these
cells, solar harvesting is limited to the UV spectrum, and a small additional
potential is often required to drive the HER catalysis.[*!??!! Tandem DS-PECs
overcome these limitations by using dye-sensitized p-type semiconductors.
Ideally, the cathode dye absorbs at a higher wavelength than the anode dye,
thereby capturing a broader range of the solar spectrum (see Figure 1.1, red photon
absorption).

Despite the great potential of DS-PECs, current devices are still severely limited
in their photon-to-fuel efficiency. A major reason for this poor performance is the
considerable energy loss due to electron-hole recombination after photoexcitation
of the dye. To have efficient charge separation at the dye-catalyst interface, the

catalyst needs to operate at high turnover frequency with low the chemical
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Chapter 1
conversion barriers. Additionally, it is critical that the photoexcited dye" injects
charge efficiently into the semiconductor surface. Although these topics are active
areas of research, mechanistic insights in these photoinduced processes are still
limited for many systems.

The aim of this thesis is to gain insights into charge transfer phenomena at dye-
semiconductor and dye-catalyst interfaces and to better understand the catalytic
mechanisms of specific WOCs and HECs. The coupling between nuclear and
electronic motion is a central and common theme. Several chapters of this thesis
include experimental collaborations. The important role of molecular dynamics
simulations and density functional theory calculations in complementing and
clarifying experimental data is evident. The following section provides an outline

of this thesis.

1.2 QOutline of the thesis

An extensive theoretical background is provided in Chapter 2 of this dissertation.
Starting from the Born-Oppenheimer approximation, the basic principles of
molecular dynamics calculations and thermodynamics are explained. The
discourse then extends to excited states, and finally density functional theory
(DFT) and time-dependent density functional theory (TD-DFT) are discussed.
Chapter 3 investigates the catalytic cycle of a supramolecular [Ru-bda]-dye
complex using DFT-based Born-Oppenheimer molecular dynamics. The
performed simulations shed light on the equilibrium dynamics of the low-valent
Ru"-bda intermediate and further investigate whether this specific Ru-based
WOC is efficient also following the water nucleophilic attack mechanism.
Because the proton-coupled electron transfer (PCET) steps that constitute the
photocatalytic water oxidation cycle can involve non-adiabatic effects, it is
interesting to investigate these reactions while considering several electronically

excited states.[?>%*

I Chapter 4 maps out the electronic reactant and product states
for two key reaction steps in two supramolecular dye-catalyst complexes. It is

shown that these PCET reactions evolve through a reaction path where the two
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Chapter 1: Introduction

states get very close in energy and are strongly coupled. Based on these results, a
strategy is suggested to dramatically accelerate the PCET processes by optically
populating a specific electronic state.

Another challenging aspect of DS-PEC’s is that the oxygen evolution reaction
(OER) and HER typically proceed in acidic and alkaline conditions, respectively.
HER catalysts that perform efficiently at high pH conditions are limited, and

(251 Therefore,

known examples rely heavily on rare metals such as platinum.
further research into catalysts based on earth-abundant materials that perform well
in alkaline media is warranted.?*?”! Chapter 5 of this thesis presents a combined
theoretical and experimental investigation into photocatalytic hydrogen formation
catalyzed by a series of cobalt porphyrin complexes. It was shown that through
synthetic modification of the catalyst with electron withdrawing groups, the
charge density on the cobalt metal center could be controlled. Interestingly, the
catalysts with low electron density on the metal preferred to catalyze the HER via
the ligand rather than the metal. In alkaline to neutral conditions, the ligand-based
catalysis appears considerably more efficient than the metal-based catalysis,
effectively opening a new avenue for HER catalyst design.

As mentioned above, dye-semiconductor interfaces present an important aspect in
DS-PEC design. Tandem cells are presently limited by poor hole-conductance of
the p-type semiconductor materials. Therefore, insights into the photoinduced
hole-injection process, from the dye” into the semiconductor surface, are highly
desirable. Chapter 6 presents a combined theoretical and experimental study into
the charge transfer dynamics at the P1/NiO interface, which serves as a benchmark
for dye-sensitized photocathodes. Through means of quantum-classical molecular
dynamics simulations and transient absorption (TA) spectroscopy, it was shown
that the hole-injection dynamics are affected considerably by the thermal nuclear
motion of the dye. In addition, two different surface species were identified and

tentatively assigned to dye molecules either standing perpendicular or parallel to



Chapter 1
the surface. These results provide valuable insights that can inform the design of
future DS-PECs.

The idea that electronic and nuclear dynamics are strongly coupled is a recurring
theme in this dissertation. While the first chapters show that these coupled
dynamics are important in the context of artificial photosynthesis, the importance
of this coupling emerges also in vibrationally resolved spectroscopy. Low-
temperature spectroscopy of single molecules can provide highly resolved spectra
with very sharp 0-0 zero phonon lines (ZPL), up to a few tens of megahertz in
width. Recently, it was shown that hexagonal boron nitride (hBN) can be used as
a host matrix for fluorescence spectroscopy studies of single-molecules of
terrylene.”) Interestingly, a fraction of the molecules displayed considerable
redshifts in their 0-0 ZPL and showed very weak vibronic coupling. These
features, in combination with the very high sensitivity of these fluorescence
spectra to the chemical environment of the dye molecule, render the reported
terrylene/hBN system promising for applications in quantum technologies and

29301 These promising applications make a deep understanding

quantum sensing.!
of the physics behind the observed phenomena highly desirable. Chapter 7 of this
thesis presents a combined theoretical and experimental study of terrylene
molecules adsorbed on hBN. It is shown that the redshift of the 0-0 ZPL and the
reduced vibronic coupling can be explained by terrylene chemisorption on
specific charge donating defect sites in hBN. These insights provide a strategy for
the design of material-molecule interfaces which can emit photons with extremely
narrow lines at highly specific wavelengths.

Chapter 8 presents an outlook, in which the conclusions of this work are
summarized, and future lines of research are suggested. Special emphasis is placed
on the systems discussed in chapter 3 and chapter 4 of this thesis. In chapter 4 it
was proposed that populating the electronic product state in the studied dye-
catalyst complex could accelerate the key catalytic step in the water oxidation

cycle. This hypothesis has been further explored through excited state surface-

hopping simulations. These simulations show that population of the electronic
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product state is indeed accompanied by ultrafast proton transfer, suggesting a
promising avenue for increasing the rate of water oxidation in dye-catalyst

systems.
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Chapter 2: Theory and Methodology

Molecular simulation methods rely on a broad array of approximations to
efficiently describe the dynamics of nuclei and electrons. This chapter provides a
brief outline of the methods relevant for this dissertation and discusses advantages

and disadvantages of each method.
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2.1 Introduction

The work described in this dissertation hinges on a simple, yet powerful concept:
that the complex behavior of a system of interest can be studied by applying the
laws of physics on a representative model. This implies that the dynamical
behavior and photochemical response of molecules and materials can be predicted
from their elementary structure by applying the laws of quantum mechanics.
Unfortunately, the quantum mechanical calculations resulting from those laws are
associated with a numerical cost that scales exponentially with the system size.
Quantum computers hold promise to crack this exponential scaling problem, but
for now their hardware is insufficiently developed to be practically useful.
Therefore, modern quantum chemistry still relies on a broad range of
approximations, and the difficulty in this field often lies in finding a workable
compromise between computational efficiency and accuracy.

This chapter provides an introduction into the conceptual frameworks used in this
dissertation for studying a range of molecular phenomena. Section 2.2 deals with
the quantum-mechanical laws of physics that describe the behavior of electrons
and atomic nuclei. Application of these laws results in a recipe to calculate
interatomic forces, which can be used to study the dynamics of molecular systems
as well as bond formation and breaking. Section 2.3 concentrates on how the
equations of motion can be integrated over time, yielding a description of
molecular dynamics in the ground state. In Section 2.4, the discourse extends to
an electronic excited state situation, which is crucial for capturing the physics of
light-induced processes. Section 2.5 deals with extracting thermodynamic
properties from molecules in their minimum energy structure. The final section

2.6 goes more in-depth on the electronic structure methods used in this work.
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2.2 Electronic structure theory and the Born-Oppenheimer approximation
In this chapter, we assume that the physics relevant for chemistry is described by
the non-relativistic, time-dependent Schrodinger equation, which in atomic units
(h = m, = 4mey = e = 1) takes the form:

Ho(rRt) = iidﬁ(r, R,t)

ot 2.1)

where i is the imaginary unit, @ represents a wavefunction that depends on time
¢ and on both electronic coordinates r and nuclear coordinates R, and H is the
Hamiltonian describing the system. Note that throughout this dissertation, vectors
and matrices are written in bold, and operators are written with a circonflexe
(“little hat”). r and R thus represent a column vector containing all electronic and
nuclear positions, respectively. For chemical purposes, it is sufficient to model the
atomic nucleus as a point charge Z; located at the position R;. The Hamiltonian
for a chemical system with N nuclei and # electrons is thus given by:

Here, M; and m; represent the nuclear and electronic masses, respectively. In this

N n
g= 1 2 Z 1
- 2M, B Li2m;
1=1 =1
<&z N zz
Z Y e Y )
i<j |rl - r]| 1i | r— ril 1<] |RI - R]l

equation, we can identify in order, the kinetic energy operator for the nuclei, the
kinetic energy operator for the electrons and the Coulomb operators for the
electron-electron, electron-nuclei and nuclei-nuclei interactions. It is useful to
regroup these terms into an electronic Hamiltonian, H,, and a nuclear
Hamiltonian, H,,. By convention, this separation is defined such that the nuclear
Hamiltonian contains the nuclear kinetic energy operator, while the electronic

Hamiltonian contains all the other terms:
N

. 1
H=-) —V% +H,
£ 2M Ry

(2.3)
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Using the electronic Hamiltonian, we can also define the electronic wavefunctions
Y;(r; R) as the set of functions that satisfy the following eigenvalue problem,
also known as the time-independent electronic Schrédinger equation:
HW;(r; R) = E;¥;(r; R). (2.4)

The eigenfunctions ¥;(r; R) form a complete and orthonormal basis, in which
the nuclear dependence is included parametrically. This is convenient because
most chemical calculations do not require a full quantum-mechanical description
of both nuclei and electrons.

In the work presented in this thesis, the electronic system is treated quantum
mechanically, while the atomic nuclei are treated classically. This is generally
justifiable, as quantum effects become less prominent for heavier particles. To
show that a mixed quantum-classical description can be derived neatly from the
above equations, we follow a route proposed by Doltsinis and Marx.!"! This route
also sets up the framework of equations from which we can later derive the surface
hopping algorithm proposed by Tully.[?! The following multiconfigurational

ansatz for the wavefunction is proposed:

@(r, R t) = Z ¥(r; B) X;(R,t). (2.5)
7

This ansatz separates the total wavefunction @(r, R, t) into an electronic part,
¥;(r; R), and a nuclear part, X;(R, t). The subscript j runs over the electronic
basis functions, effectively associating to each electronic basis state a nuclear
wavefunction. The solutions to equation (2.4) present a convenient basis for the
electronic wavefunction. The nuclear wavefunctions do not need to be orthogonal
or normalized. When equation (2.5) is inserted into equation (2.1) we can derive
an expression for the time-evolution of X;(R,t). By inserting the ansatz,
multiplying from the left with ¥ (r; R), and subsequently integrating over r, the

following equation is obtained for the time-evolution of the nuclei:
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M [ zzzvz V2 + E (R)|X,(R©)

+Z —D’ Zidl.vR
ZMI Jt a M, JLTRL

Note that, subscript i and j run over the electronic state indexes, while / runs over

X;(R,t) (2.6)

the nuclear particle indexes. E; represents the matrix element
(‘I’j(r; R)|ﬁe|‘{’j(r; R)) while d’ and D’ represent the first and second order
non-adiabatic coupling terms, given by:

dj; = (¥;(r, R)|Vg, |¥:(r, B)) (2.7)
and

Dji = (¥;(r, B[V, |#:(r R)) (2.8)
The bra-ket notation signifies an integral over the space of all electronic
coordinates.’] We can simplify equation (2.6) considerably by invoking the

adiabatic approximation, which neglects all the non-diagonal terms in d}i and all

the second order terms D-Ii:

aXR
( 2 [ZZMVRI+E(R)+ZZM X,(R,t)

(2.9)
The Born-Oppenheimer approximation is now recovered by neglecting also the

diagonal terms d{ "

—aX(R 2 [ zZM V3, + E; (R)

This equation evolves the nuclear wavefunction in an average potential generated

Xi(R,0) 2.10)

by the electronic sub-system, which is quenched to a specific eigenstate of the

electronic Hamiltonian Ej. Despite invoking several approximations, equation

(2.10) remains prohibitively expensive to solve numerically for most problems
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encountered in chemistry. However, as stated before, in most cases it is reasonable
to describe the nuclear motion classically. By assuming classical behavior of the
atomic nuclei, equation (2.10) can be rewritten[!! to yield Newtons equations of
motion for the classic nuclei evolving in a quantum mechanical potential

generated by the electrons:
2

d
M;——R;(t) = —V,E;(R) = F/(t)
dt? ’ 2.11)
Here, E; is found by solving the eigenvalue equation (2.4). Typically, we are
interested in the behavior of a system in the electronic ground state, where j=0.
Equation (2.11) demonstrates that the time-evolution of the nuclear positions R;
can be computed using only the gradient of the electronic energy with respect to

the nuclei V,E;(R). The next section will focus on integrating these equations of

motion in an efficient manner.

2.3 Molecular Dynamics and Thermodynamics

One of the most popular algorithms to numerically integrate equations (2.11) is
the Velocity Verlet algorithm.! Since the computation of equation (2.4) depends
only on the nuclear positions and not on the velocities, the algorithm can be
divided in an initation step followed by a 5 step cycle according to:

1. Initiate the system at t, by providing an initial set of nuclear positions
R;(t) and velocities v;(t), and calculate the accelerations a;(t) from
equation (2.11) as F;(t)/M;.

2. Calculate the new positions:

R,(t + At) = R,(t) + v, (DAt + % a, (t)At?

3. With the newly obtained set of positions compute the accelerations at the

next time step a; (t + At).

4. Calculate the new velocities:

v (t+ A0 = v;(6) + 5 (a;(6) + a;(t + AD) At
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5. Set the current time step t to the new time step t + At.
6. Ifthe simulation time exceeds the desired simulation time tfy,5), terminate
the simulation. Otherwise, go back to step 2.

After initialization, this algorithm iteratively computes the nuclear positions
R;(t + At) at the next time step, t+ At, from the nuclear velocities and
accelerations at the current time t, until the total simulation time reaches a
satisfactory length. Due to its third order numerical precision in A¢ and low
memory intensity, this algorithm has become the default molecular dynamics
(MD) propagator in state-of-the-art computational chemistry codes. A critical
parameter for any integration scheme is the time step At, which is chosen such
that the total energy, i.e. the combination of the potential and the kinetic energy
in the simulation is conserved. Typically, this means that the shortest oscillation
period in the system of interest is described with ca. 10 time steps. For a molecular
system in the ground state, these oscillations are the vibrations of C-H or O-H
bonds, whose characteristic stretching frequencies are properly described with a
time step of 0.5 fs. If the time-evolution of the electronic subsystem is considered
explicitly, a much shorter time step of 0.01 fs is generally required.!!
Despite the numerical robustness of the Velocity Verlet Algorithm, tracing the
exact trajectory of a molecular system on longer timescales is impossible.
Fortunately, we are interested in the collective properties of a molecular ensemble
rather than the precise dynamics of an individual molecule. The basic assumption
underpinning all MD simulations is that the ensemble average of an observable in
a macroscopic system is equivalent to the time average of this observable in a
microscopic system.
The most straightforward way to perform a MD simulation, is to initialize a
predefined number of particles in a box with fixed dimensions and start integrating
the equations (2.11). Such a simulation at constant volume (), constant particle
number (N), and constant total energy (£) of the system, reproduces the NVE

ensemble or microcanonical ensemble. Often, one would like to sample an
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ensemble at thermal equilibrium with an external heat bath, to mimic experimental
conditions. This ensemble is referred to as the NVT or canonical ensemble. To
achieve this desired phase space distribution, a range of different thermostats have
been developed which all try to obey physical constraints such as microscopic
reversibility and continuous trajectories without requiring a large computational
overhead. Notable examples of commonly applied thermostats are the Nose-
Hoover Chain and the Canonical Sampling through Velocity Rescaling

thermostats.[®-8!

Besides temperature constraints, performing dynamics
simulations at constant pressure by changing the box volume can often be useful.
Such isoenthalpic-isobaric (NPH) or isothermal-isobaric (NPT) simulations can
be used to achieve a realistic density of molecules in the simulation. Finally, for
chemical purposes it is useful to define the grand canonical ensemble with
constant chemical potential (u), volume (/) and temperature (7).

All statistical ensembles are associated with an intrinsic thermodynamic potential,
which measures the internal energy change when the system evolves from one
microstate to the other. For the NVT ensemble, this property is called the
Helmholtz free energy, F', which is defined as:

F=U-TS (2.12)

where U is the internal energy of the system, T is the temperature and S is the

entropy. The probability, p, assigned to a specific microstate in the canonical

ensemble is subsequently given by:

(F-E) -
p(erN) = e /kBT = l e E/kBT’

0=e kst = Ze_Ei/kBT (2.13)
i
where E is the energy associated with the specific microstate of interest, kg is the
Boltzmann constant and Q is the canonical partition function. The index i in the
summation runs over all possible microstates of the system within the canonical

ensemble and each microstate is associated with a specific energy E;. These

equations show that the Helmholtz free energy intrinsically carries information
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about the probability distribution of accessible microstates, while taking entropy
effects explicitly into account. This renders NVE ensemble simulations extremely
useful for predicting the internal dynamics of (bio-) molecular systems and
materials. Equation (2.13) also plays an integral role in enhanced sampling
simulations such as Metadynamics, or Blue Moon sampling, which are
extensively used in chapter 4 of this thesis.”'?) However, going into the details of
these enhanced sampling methods is beyond the scope of this introduction.
Chemical experiments are typically performed at constant pressure rather than
constant volume. Hence, the driving force for chemical reactions is the gradient
of the so-called Gibbs Free energy, which is defined as
G=U+PV-TS=H-TS, (2.14)

in which the pressure P and volume V term, together with the internal energy U
sum to the enthalpy H. The main difference with the Helmholtz free energy is thus
the inclusion of the PV term, which measures the work related to the volume
change associated to the simulated phenomenon. Although this difference can be
very important for studying phase transitions or other physical processes, the
effect is rather small for most chemical conversions encountered in this thesis. As
the critical MD simulations described in this dissertation are performed at constant
volume, the terms Helmholtz and Gibbs free energies are used interchangeably.
A final point to address in this section on MD is how to deal with the finite size
effects introduced by the boundaries of the simulation box. An effective way of
avoiding finite size effects is to impose periodic boundary conditions (PBC). The
idea behind PBC is that a periodic image of the unit cell is projected at all edges
of the simulation cell, subsequently allowing particles to move through the
boundary and re-appear on the other side of the box. Invoking periodic boundary
conditions is associated with a neglectable computational cost, since each particle

interacts only with the nearest image of all other particles in the system.
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2.4 Excited States and Non-Adiabatic Dynamics

The previous discussion has focused on describing the nuclear dynamics of a
molecular system in the electronic ground state. These simulations are interesting
for a wide range of applications ranging from computation of thermodynamic
quantities to probing the dynamics of ground state chemical reactions. However,
in the context of solar-fuel production it is critical to investigate electronically
excited states and explicitly calculate the coupling between nuclear and electronic
degrees of freedom.

To describe excited state phenomena, we need to follow the time-evolution of the
wavefunction as dictated by equation (2.1). The time-evolution of the electronic
wavefunction is typically computed in terms of time-dependent wavefunction
coefficients c; (t), in a basis of adiabatic eigenstates of the electronic Hamiltonian:

W(r R,t) = Zci(t)‘l’i(r;R; £,

i (2.15)
where ¥;(r; R; t) are the eigenfunctions obtained from solving equation (2.4), and
include a parametric time-dependence to account for the changing nuclear
positions.["*! By inserting equation (2.15) into equation (2.1) and multiplying from
the left by ¥ (r; R;t) we obtain:

d .

acj(t) = —Z[LHﬁ + Tilci, 016

; .

where Tj; is the time-derivative coupling, calculated as T;; = v - dj;, in which v
collects all the nuclear velocities and dj; is now a column vector containing the
non-adiabatic coupling contributions for all nuclear coordinates (see equation (7)).
In practice, the quantum chemistry method of choice can affect the nature of the
basis states ¥;(r; R; t) and the computation of d;;. For Time-Dependent DFT
based approaches (see section 2.6.2), the basis states are generally not adiabatic,
and the non-adiabatic couplings are either numerically intensive or analytically
difficult to obtain. Therefore, the work discussed in this dissertation relies on a

propagation scheme in which the eigen basis is obtained by diagonalizing the

(OS]
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Hamiltonian matrix at each time step, and the wavefunction coefficients are
propagated based on the overlap matrix between subsequent time steps.!!4!>]
Now that we have established a practical approach to evolve the quantum
mechanical wavefunction coefficients for the electronic subsystem, the classical
propagation of the nuclear coordinates can be discussed. One of the easiest
approaches is to completely ignore electronic structure effects on the nuclear
motion and simply evolve the nuclei on a potential energy surface generated by a
single electronic eigenstate as described by equation (2.11). This approach is
justifiable if the electronic motion is very fast compared to the nuclear response
or if the nuclear response is generally negligible. Such scenarios are often
encountered when studying interfacial electron or hole transfer processes in dye-
semiconductor heterostructures. In Chapter 6 of this dissertation such a study is
presented.

In many cases the nuclear response to the electronic wavefunction change cannot
be ignored and needs to be considered explicitly. The main assumption in the
Born-Oppenheimer approximation is that the classical motion of the nuclear
subsystem is subject exclusively to a single potential energy surface generated by
a single quantum mechanical electronic eigenstate |j). The main challenge thus
lies in addressing situations where multiple electronic eigenstates contribute to the
electronic wavefunction simultaneously. Historically, two approaches have been
proposed to solve this problem. In the first approach, an averaged potential energy
surface is defined in which all considered electronic states contribute according to
their electronic wavefunction coefficient. This mean-field approach is referred to
as the Ehrenfest method and captures the coherent motion between the nuclei and
electrons naturally, while preserving a normalized wavefunction.!'y However, the
mean-field character of this approach renders it impossible to describe trajectory-
branching that occurs due to different trajectories being subject to different
quantum states. This is specifically relevant when one is interested in a low

probability channel that will never be accessed with the mean-field approach.!'”]
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With this issue in mind, John C. Tully developed an alternative method for
simulating excited state molecular dynamics, which is now known as Fewest
Switches Surface Hopping (FSSH).?) The idea behind his approach is that instead
of propagating a single trajectory on an averaged potential energy surface, an
ensemble of trajectories is propagated on potential energy surfaces belonging to
specific electronic eigenstates. The trick is to allow trajectories to “hop” between
surfaces, based on a stochastic algorithm. In this way the population of trajectories
subject to a specific quantum state remains approximately equal to the
wavefunction amplitude associated with that state. Trajectories are allowed to
switch to any coupled state at any point during the simulations, and the switching
probability is governed by the quantum probabilities. The switching probability
gij» for a trajectory to switch from state i to state j is calculated as:
At [2 Im (cj*cl- Hji) -2 Re(cj*cl- R- dji)]
94 = G | 2.17)

where At is the time step at which the electronic subsystem is propagated. In most
surface hopping implementations, the electronic subsystem is propagated with a
time step at least one order of magnitude smaller than the classical time step At.
For a trajectory in active state |A), the hopping probabilities g,; are calculated at
each quantum time step At. Transition probabilities lower than zero are set to zero.
This minimizes the number of hops, hence Fewest Switches. Subsequently, a
random number ¢ is drawn between 0 and 1. At each quantum time step, the

following equation is evaluated for all states |k):

k-1 k
Zglj<(< Zglj (2.18)
j=1 j=1

If the equation holds for any state |k), then a hop to potential energy surface Ej, is
attempted at the next classical time step. Once a state is found for which equation
(2.18) is satisfied, no further hopping attempts are undertaken until the new time
step t + At is reached. Figure 2.1 presents a schematic overview of the FSSH

algorithm.

4
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Figure 2.1. Schematic overview of the typical FSSH algorithm.

Analogous to ground state MD simulations, the first step in a FSSH simulation
requires generating a set of initial positions and velocities. Additionally, FSSH
also requires preparation of an initial electronic state vector. Here one may choose
to initiate the wavefunction in a specific electronic eigenstate, or one can calculate
explicitly the wavefunction coefficients based on the interaction of a molecule
with an external electromagnetic field. Steps 2 and 3 in Figure 2.1 do not deviate
from a normal MD scheme, except for the fact that the energies and gradients are
not only calculated for the ground state but also for one or more excited states.
The exact number of required gradients depends on the decoherence correction
schemes.!"® In step 4, the newly obtained positions and velocities are used to
evolve the electronic wavefunction. At each new sub-time step T + Az, the
hopping probabilities to all states are evaluated using equation (2.17). Then, a
random number { is draw, and the label k is saved for which equation (2.18) holds.
A hop to the new state is invoked in step 6, after the electronic wavefunction
propagation is finished. The change in potential energy in the system is adjusted
for by scaling the nuclear velocities such that the sum of potential and kinetic

energies remains constant. Finally, the trajectory is truncated after a desired
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simulation time has been reached, or the algorithm goes back to step 2.

One of the most prominent issues with the FSSH is that the coherences between
different electronic eigenstates are insufficiently damped. Because the nuclear
motion is subject only to a single electronic energy surface, wavefunction
branching due to diverging nuclear trajectories is not captured. In the past three
decades a range of hopping algorithms have been derived which try to address this
issue.['*29 Recently, a pedagogical paper on FSSH was published that discusses

the issue of decoherence in an intuitive manner.?!

2.5 Obtaining Thermodynamic Properties from Static Calculations

Although molecular dynamics is an elegant way of including solvent and entropy
effects explicitly into the computational study of chemical reactions, the
associated computational cost is often a limiting factor when high accuracy in the
interatomic potentials is required. In such cases it is common practice to consider
only the molecule of interest in its minimal potential energy structure without
explicit solvent molecules. The assumption is that the potential energy minimum
is representative for the average structure of the molecule, which in many cases is
reasonable especially for relatively rigid systems. Solvent and thermodynamic
effects can subsequently be added a posteriori using a few simple approximations.
The internal energy U can be approximated as the sum of the electronic energy
Esr and the nuclear internal energy Ey;, which in turn is partitioned in

translational, rotational and vibrational contributions. The first two contributions

. 3 . .
can easily be shown to amount to > kgT, where each translational and rotational

degree of freedom contributes % kgT. The vibrational zero-point energy is

3N-6 1
Ezp =R Z v; (2 (evj/T — 1)) (2.19)

where v; is the angular frequency of the j’th eigenmode, 3N — 6 is the number of

vibrational modes for a non-linear molecule and R is the gas constant.[*?! The
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internal vibrations are calculated as the eigenvectors of the Hessian within the

harmonic approximation. The vibrational entropy is calculated as:
3N-6
_ 4 S —
D) [(evf-/T —y e ) (2.20)
J
where the low frequency modes are often scaled down to reduce numerical noise
which may become large due to the first term on the right hand side of the

23241 In addition, small corrections might be imposed to account for

equation.|
thermal occupation of vibrational excited states. Finally, the PV contribution in
equation (2.14) can be approximated by the ideal gas law, i.e. PV = NRT. Solvent
corrections may be calculated completely a posteriori or may be considered during
the geometry optimization and frequency calculations. However, the studies in
this dissertation, and specifically chapter 5, use optimizations in the gas phase.
Therefore, the solvation term, AGg?olV, covers the solvation energy associated with
moving from the gas phase to the solution phase. This term is calculated with
implicit continuous solvation models such as COSMO, or SMD.[*>*”] The Gibbs
free energy of a molecule in solution, G°(solv), is calculated as:
G°(solv) = Eys (gas) + Ey,; (gas) — TS (gas)

+ AGY, + AGY (2.21)
Here, the E . (gas) contribution is taken as the energy obtained from the
electronic structure theory calculation and the Ey; (gas) variable is the sum of the
Ezp, translational and rotational internal energy contributions. The AG®/*
contribution quantifies the Gibbs free energy difference related to changing from
standard state conditions (1 Atm in the gas phase) to the desired concentration in
solution. For a chemical reaction in solution, this term is calculated as:

AG®/* = RTIn(24.46 * [molecule]) (2.22)
where [molecule] is the molecular concentration.”® Having the flexibility to
easily take into account concentration differences is a big advantage of this static
approach, especially when dealing with reactions that are driven by Chatelier’s

principle such as ligands that coordinate to metal complexes or protonation
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reactions. However, disadvantages of the static approach arise when the solvent
interactions need to be sampled explicitly or when anharmonic terms dominate

the vibrational spectrum.

2.6 Electronic Structure Methods
2.6.1 Density Functional Theory
The previous sections have focused on describing the mixed quantum-classical
dynamics of atomic nuclei on the electronic potential energy surfaces, without
explicitly addressing how the stationary Schrodinger equation is solved. We now
shift our attention to finding solutions to the electronic structure problem stated in
equation (2.4). In the past three decades, density functional theory (DFT) has
established itself as the workhorse of quantum chemical calculations, because of
its reasonable accuracy and limited numerical cost. Given the wealth of books and
review papers available on the theory and application of DFT, we will focus here
strictly on the fundamental concepts.!*3%
The foundation for DFT was laid in 1964 by Hohenberg and Kohn,*3! who showed
that the ground state energy of an inhomogeneous interacting electron gas, subject
to an external potential v(r),

Elp] = -[ drv(r)p(r) + lf dr dr’m+ Glpl,

R3 2 Jgs lr — 7| (2.23)
is a unique functional of the electronic density p(7). Here, R3 signifies the integral
over all real space. The first term in this equation covers the interaction of the
electronic system with the external potential, while the second term represents the
coulomb energy. The functional G[p] is defined as the difference between the
exact density functional and the first two terms. It is important to note that G[p]
depends uniquely on the density p and not on the external potential v(r).
Hohenberg and Kohn demonstrated that inserting the true electron density p (1)

into equation (2.23) yields an absolute minimum for E[p], corresponding to the

system’s ground state. This implies that the ground state energy Egg can be found
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by minimization of the energy functional with respect to the density

Egs = minE[p], (2.24)
p

subject to the constraint that the total density integral is conserved, thus ensuring
conservation of particle number. Soon after publication of the Hohenberg Kohn
theorem, Kohn and Sham introduced a practical approximation to G[p], which
allowed them to derive a set of self-consistent equations that can be used to
perform calculations on chemically relevant systems.4 They first separated G[p]
into two parts:

Glpl = Tslpl + Exclp] (2.25)
where Ts[p] represents the electronic kinetic energy and E,.[p] represents the so-
called exchange-correlation (XC) functional. The key insight now lies in
recognizing that the true electron density of the system can be expressed in terms
of a set of fictitious non-interacting electrons. The density of this fictitious system

is described as a sum of squared single-particle wavefunctions according to

n/2
p ()= ZZI%(r)I2 : (2.26)
i=1

Here n is the number of electrons and the factor 2 accounts for the double
occupancy of each spatial orbital ¢;(r), assuming a closed shell spin
configuration. The single-particle spatial orbitals are constrained to remain
orthonormal. Equation (2.26) simplifies the evaluation of the electronic kinetic
energy functional, allowing equation (2.23) to be written as

P (Mp(")

1
Elp] = fm@ drv(r)p(r) + Efms dr 1]

N/2
n ZZ <(Pi(r)|_%vzl(pi(r)> + Exclp]. (2.27)
i=1 ‘

Kohn and Sham showed that, by minimizing this functional with respect to the

density, one can obtain a set of single particle eigenvalue equations
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1 !
{—EVZ o)+ [ L (_r,?,ldr'+vxc<r)}<pi<r) e

(2.28)
that can be solved in a self-consistent manner. The vy (1) = §(Exc(7))/dp is the
XC potential, and the ¢; are the Kohn-Sham energy eigenvalues. In theory,
equation (2.28) is exact within the Born-Oppenheimer approximation. However,
in practice the exact XC potential for any practically useful system is unknown.
Finding numerically tractable and physically accurate approximations to vy () is
an active research area and a very large number of functionals have been
proposed.®
The first XC functional, introduced by Kohn and Sham in their seminal paper, is
now known as the Local Density Approximation (LDA).B4 They derived the
exact functional for the XC energy of a uniform electron gas (UEG) and used this
functional to approximate the XC energy density of the inhomogeneous system
under study. The XC energy with the LDA approximation is thus calculated as

LDAT ] — UEG dr,
Ex2%(p] fWeXC (p(M)p(r)dr (2.29)

where eJEC(p) is a functional that returns for any given density the energy per
particle of the UEG with that density.

Although the LDA approximation yields reasonable results for specific problems
in solid state physics, its generally not accurate enough to study properties of
molecular systems. A considerable improvement over LDA-DFT can be achieved
with generalized gradient approximations (GGA) that consider explicitly the local
gradient of the electron density. Later, meta-GGA functionals have been proposed
that account also for the Laplacian of the density and hybrid-functionals were
developed that incorporate an empirically determined fraction of exact Hartree-
Fock exchange (HFX) into the XC potential. While GGA-functionals are

generally effective at producing accurate bonding energies and molecular

structures, they suffer from a large delocalization error due to self-interaction of
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the electronic density.*®) Consequently, transition states and band gaps are
underestimated and charge tends to be over-delocalized. Chapter 4 of this
dissertation assesses how the inclusion of HFX affects the localization of spin
densities in DFT-based MD simulations of a supramolecular water oxidation

catalyst-dye complex.

2.6.2 Time-Dependent Density Functional Theory

The Hohenberg-Kohn theorem proves that the external potential v(r) uniquely
determines the ground state electron density distribution p (r) of a many-body
system, and that the ground state wavefunction is a unique functional of p (r).5*!
This implies that any ground state property of interest can be calculated as a
functional of the ground state density. However, as mentioned before, we are also
interested in properties of molecules in electronically excited states. In 1984,
Runge and Gross demonstrated that a similar unique mapping exists between the
time-dependent density of a many-body system subject to a time-dependent
potential v(r, t).B7! This theory provides a formal basis extending the application
of DFT to the calculation of excited state properties, and nowadays, linear
response time-dependent DFT (LR-TDDFT) has become one of the most popular
methods of choice to calculate optical properties in molecules.*®! The main idea
is to calculate the first order density response 6p to a small change in v(r,t) in a
basis of fully converged ground state Kohn-Sham orbitals. A more elaborate
derivation of LR-TDDFT can be found in literature.*”’ As we are interested in
excitation energies, the response function is calculated in the frequency (w)
domain:

o) = |

3)((r, ' 0)0Ve(r, w) dr'.
R

(2.30)
Here, y(r,1'; w) is the response function, which can be expressed in terms of

occupied (¢;) and virtual (¢, ) Kohn-Sham orbitals and energy eigenvalues:
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1z
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where n is the number of occupied spatial orbitals, m the number of empty spatial
orbitals, and w,; = €, — ¢&; is the difference of Kohn-Sham energies between

state i and a. The perturbation in the effective potential is

5p(r', w)
SVers(r', w) = Sv(r, w) +f ———dr’
]R?’ |1‘ -Tr |

+f S fyc(r, 1’ @)6p(r,w)dr' . (2.32)
R3

The first and second term on the right-hand side of the equation represent the
perturbation in the external potential and the electronic density, respectively. The
third term contains the time-dependent XC kernel
Oy (T, W)

Sfic(r,1'; w) = - .
h SpC @) 1o, (233)

Here the functional derivative is taken with respect to the ground state density.
Analogous to the XC potential in ground state DFT, the XC kernel in linear
response TDDFT needs to be approximated. In practice, the Adiabatic Local
Density Approximation (ALDA) is commonly applied, and it is also the

approximation of choice in this dissertation.! "]
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Chapter 3: Strategies to Enhance the Rate of
Proton-Coupled Electron Transfer Reactions in

Dye-Water Oxidation Catalyst Complexes

Excited state calculations on two supramolecular catalyst-dye complexes for
water oxidation reveal an avoided crossing in the region of the transition state for
the rate-limiting proton coupled electron transfer steps. Two strategies are

discussed to exploit this excited state energy landscape to accelerate the water

splitting process.

Energy

PCET Reaction Coordinate

This chapter is based on:
T. de Haas, H. van Overeem, H.J.M. de Groot, F. Buda. Strategies to Enhance the
Rate of Proton-Coupled Electron Transfer Reactions in Dye-Water Oxidation

Catalyst Complexes. ChemPhotoChem 2023, €202200274.,
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Transfer Reactions in Dye-Water Oxidation Catalyst Complexes

3.1 Abstract

A thorough understanding of the Proton Coupled Electron Transfer (PCET) steps
that are involved in photocatalytic water oxidation is of crucial importance to
increase the efficiency of dye-sensitized photoelectrochemical cells (DS-PEC) for
solar to fuel conversion. This work provides a computational investigation of the
ground and excited state potential energy surfaces of PCET reactions in two
supramolecular dye-catalyst complexes for photocatalytic water splitting. The
Intrinsic Reaction Coordinate path is computed for the rate limiting PCET step in
the catalytic cycle for both complexes. Using time-dependent density functional
theory calculations, it is shown that the ground and excited state potential energy
surfaces have a near-degeneracy in the region of the PCET transition state. We
discuss two possible strategies that take advantage of this feature to accelerate the
PCET reaction: (i) through optimizing the conditions for vibronic coupling by
chemical design and synthesis or (ii) through populating the product state with

appropriately tuned laser pulses.

46



Chapter 3

3.2 Introduction

The increase of carbon dioxide levels in the earth’s atmosphere, a by-product of
the combustion process of fossil fuels, has shown to be one of the driving forces
behind global warming. To reduce the fierce consequences of climate change, the
world has to turn entirely to environmentally benign resources of energy within
the next three decades.!! Dye-Sensitized Photoelectrochemical Cells (DS-PECs)
are a promising instrument to contribute to the transition towards net zero carbon
emissions.!? These devices harness the technology to convert solar-light and water
directly into hydrogen gas by integrating the photovoltaic (PV) and
electrochemical process in a single cell, thereby reducing overpotential and
current losses of a decentralized PV and electrocatalytic process.>#! At the heart
of a DS-PEC device lays the process of photo-induced water oxidation. In this
sunlight-driven catalytic reaction, two water molecules are converted into
molecular oxygen, four protons and four electrons in a series of four Proton
Coupled Electron Transfer (PCET) steps. Each PCET step is initiated by
photoinduced electron transfer from a light-absorbing dye to an anode, usually
TiO,. Subsequently, bidirectional PCET takes place at the Water Oxidation
Catalyst (WOC), where the electron moves to the dye and the proton transfers to
the water environment.

In the recent decades substantial progress has been made in the development of
catalysts that can facilitate the water splitting reaction.>"! Generally, two classes
of WOC’s can be distinguished®®, WOC’s that operate via the mononuclear Water
Nucleophilic Attack (WNA) pathway®'?! and WOC’s that operate via the
binuclear interaction of two metal centers (I2M) pathway.[*"'") In the WNA
mechanism, the rate determining (PCET) step is the nucleophilic attack of a
solvent water molecule on the metal-oxo species at the centre of the catalyst and
simultaneous O-H dissociation to form a high-energy peroxo-intermediate and a
hydronium ion. In the I12M mechanism, the formation of this intermediate is
circumvented by forming the O-O bond directly from two metal-oxo species in an

18,19

intermolecular fashion.!'®!”] Although remarkable turnover frequencies have been
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reported with WOC’s that work via I2M,!!*!4 it remains questionable whether this
type of mechanism would still apply once the molecular catalyst is immobilized
on a surface in a DS-PEC device. Therefore, also research into the optimization
of the WNA mechanism is important.

Often, PCET reactions can proceed over a non-adiabatic path, coupling reactant

20531 Inclusion of vibronically excited

and product adiabatic electronic states.!
states in calculations is critical for recovering experimental data from
computations.?* Earlier studies in our group have shown that nuclear modes that
are resonant with electronic motion can enhance non-adiabatic coupling between
the reactant and product states, opening a channel between such states for
deterministic charge transfer at high yield, beyond adiabatic practices where
yields are limited by back reaction and recombination losses.’! In order to
engineer systems for artificial photosynthesis with a near unity quantum yield,
taking into account properly the interplay between nuclear and electronic motion
will thus be of crucial importance. In a recent study from our group, it was shown
that vibronic coupling plays a central role in the rate limiting O-O bond forming
PCET step in a WOC-dye complex.?>2¢! In particular, it was shown that a specific
torsional motion was coupled to the electron transfer (ET) process. Through
rational functionalization of the catalyst ligand backbone, the characteristic
frequencies associated with this mode were tuned to achieve faster charge transfer.
Interesting advances have been made in exploiting non-adiabatic decay pathways
to trigger PCET events.”’3!! Recently, Schlenkler et al. showed that PCET
between trianisole-heptazine and a series of phenol-derivatives can selectively be
controlled by irradiating the complex in solution with laser pulses.*?! The driving
force for this reaction is the result of the intermolecular charge transfer excitation
from the phenol to the heptazine core. Ab initio non-adiabatic molecular dynamics
(AIMD) simulations indicate that a H-atom can be extracted from water using
laser irradiation with the trianisole-heptazine complex.**) Although this type of

hydrogen atom abstraction (HAT) mechanism is different from the bidirectional
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PCET steps that take place in water-oxidation, it represents a new paradigm in
reactivity with promise for solar fuel production.

The challenge is now to design artificial photosynthesis systems that can optimally
exploit these non-adiabatic phenomena for PCET reactions. With this goal in
mind, we have computationally explored the ground and excited state potential
energy surfaces for different catalyst-dye models for photocatalytic water

oxidation.

Investigated PCET reactions Optimized transition states

1a

"¢ NDI  Catalyst 1 e

Complex 2

ory | 2+ Reaction 2
O .

[s) o] [:/’“NR;J‘V:“ H
BN O, =™ HCN
HaC-N N ‘*"L-“' “\]L N = . >
~F f o

o o H-e

o
) NDI  Catalyst 2 e
HaC

Figure 3.1. A schematic depiction of the investigated reaction steps for complex
1 (1) and complex 2 (2) are provided in (a). Earlier work has shown that these
two reaction steps are thermodynamically the most demanding steps in the water
oxidation cycle for these two catalysts.'*>*¥ The local charge on the WOC, dye
and proton accepting water molecule are also indicated. For both complexes the
overall charge is conserved over the reaction, but locally a plus charge moves
from the NDI to the excess solvated proton. (b) Shows the optimized transition
states for 1 and 2. The transition state structures clearly show the formation of a

hydrogen bonded water molecules chain to distribute the excess charge.

The general outline of this chapter is as follows: In the first section, the generation

of the PCET reaction path using the Intrinsic Reaction Coordinate (IRC)P3¢
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method is discussed. Then, it is demonstrated that the electron and hole transfer
along the obtained reaction path can be followed by plotting the spin-density. In
the subsequent section the excited state potential energy surface along the
generated reaction path is analysed. To this end, time dependent DFT (TDDFT)
and spin-flip TDDFT (SF-TDDFT) were employed. Normal TDDFT fails to
properly describe regions of strong coupling, due to the multiconfigurational
nature of the electronic ground state. Instead, in SF-TDDFT both ground and
excited states are treated as spin-flip excitations from a state with different
multiplicity. Hence this single determinant method is able to describe near
degeneracies and conical intersections.’’! It has been demonstrated that SF-
TDDFT can describe dissociation reactions, avoided crossings and conical
intersections reasonably well, and with a relatively low computational cost.! "4
For both investigated photo-induced PCET steps, a conical intersection is found
between the ground state and a higher lying excited state in the region near the
transition state. A discussion is provided on plausible strategies to exploit this
characteristic energy landscape, either by appropriately shaped laser pulses as
done in the emerging field of optochemistry®], or through optimizing the
resonance conditions for vibronic coupling by synthetically tuning molecular

properties, with the goal of reducing back-reaction and recombination losses.*!

3.3 Results and Discussion

3.3.1 Search for the PCET reaction path using the Intrinsic Reaction
Coordinate method

Two particular ruthenium based catalysts are considered, [Ru'(bda)(pic).(H.O)]"
(bda = 2,2'-bipyridine-6,6'-dicarboxylic acid, pic = 4-picoline; Figure 3.1la,
catalyst 1) and [(cy)Rubpy(H.0)]** (cy = p-cymene, bpy = 2,2’-bipyridine;
Figure 3.1a, catalyst 2), which operate via the I2M and WNA mechanism,
respectively.!!1347 2 6_diethoxy-1,4,5,8-diimidenapthalene (Figure 3.1a, NDI)
was selected as the light absorbing dye. The redox and light absorbing properties
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of this specific NDI dye, and other core substituted derivatives, have been
investigated extensively.*8% Recent computational investigations have shown
that this molecule has suitable absorption and redox properties to drive the four
PCET steps that are required to complete the water oxidation process.>>>!l The
dye was considered to be covalently bound to the WOC via the nitrogen atom as
depicted in Figure 3.1. For the remainder of this paper, the bound WOC-Dye
complexes in Figure 3.1a will be referred to as 1 and 2. Coupling of the dye via
the non-substituted carbon atom at the naphthalene core was also considered. As
this case yielded results very similar to the other binding mode, the obtained
results for that system are provided in the appendix (see appendix, 3A.1.1 In order
to properly describe the solvation of the hydronium cation after each PCET step,
explicit water molecules were included in the model system, i.e. two water
molecules for 1 and three water molecules for 2 (Figure 3.1b). Addition of explicit
water stabilizes the product significantly, as it allows for the formation of a Zundel
cation. Taking into account the WOC, the dye and explicit water molecules,
allows for a study of the entire PCET process after photo-oxidation of the dye.
The TiO, semiconductor surface is not considered explicitly as previous work has
shown that the photo-induced electron injection process from the NDI to the
conduction band of TiO; is fast compared to the water oxidation reaction
timescale.? The systems are thus optimized in their oxidized form ([WOC]*-
dye™ for 1, and [WOC]*"-dye"" for 2). For both complexes, the catalytic step that
was shown to be thermodynamically most demanding has been investigated.
Earlier work has shown that for 1, this involves a PCET step where the proton

(113,34

transfers from the Ru(IV)-hydroxo intermediate to bulk wate ! (Figure 3.1a,

reaction 1) and for 2 this involves the O-O bond formation via the WNA
mechanism (Figure 3.1a, reaction 2).[12]

For both WOC-dye complexes, a transition state (TS) was located, and its saddle
point character was verified with vibrational analysis. For the TS of 1, the
imaginary normal mode features the displacement of the proton from the OH

ligand to the nearest water molecule (see Figure 3.1b, top). In the case of 2, the
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TS captures both the formation of the O-O bond and simultaneous release of the
proton to the bulk water (see Figure 3.1b, bottom). Starting from the optimized
TS, a ground state IRC path was generated, which corresponds to a minimum
energy path in mass-weighed coordinates.>>3% The IRC paths feature a Grotthuss-
type mechanism for the proton diffusion to the solvent water (xyz trajectory files
of the IRC paths can be found as supplementary material to the original
publication).’** For 1, the IRC calculations yield a reaction path in which the
ruthenium hydroxide O-H bond is broken and the hydronium is subsequently
stabilized by coordinating to the carboxylate group of the bda®" ligand. It will be
interesting to further investigate if the stabilizing role of the ligand in this catalytic
cycle is consistently observed when explicit solvation is included in AIMD. The
IRC for 2 yields a path involving simultaneous O-O bond formation and O-H bond
dissociation to form a hydronium cation. In this system, the propagation of the
IRC path converged when the O-O distance was elongated from 1.75 A in the TS,
to 2.05 A in the reactant geometry. To obtain a comprehensive picture of the water
molecule approaching the Ru-OXO species, the IRC path was extended with a
series of ten constrained geometry optimizations in which the O-O bond length
was increased stepwise. Detailed descriptions of the procedures used to obtain the
reaction paths, the obtained xyz trajectory files and the ground state energy profile

are provided in the appendix, 3A.2.2.

3.3.2 Tracking the electron transfer during the PCET reaction

The obtained IRC paths were used as input structures for DFT calculations with
the hybrid B3LYP functional, to study ET along the PCET reaction. Due to the
presence of unpaired electrons in the ground state, ET can be analyzed by
visualizing the spin density. The spin densities of 1 and 2, in the reactant and
product geometries, are depicted in Figure 3.2. For 1, the unpaired electron is
initially localized on the NDI, as a result of the excited state electron injection into

the TiO; semi-conductor. After proton transfer, the whole spin density is
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transferred to the catalyst, indicating that the catalyst has been oxidized leading to
electron pairing on the NDI ([WOC]"-dye™" — [WOC]?*-dye). The situation for
2 is slightly different. Although a doublet multiplicity is imposed over the entire
reaction path, 2 has three unpaired electrons after electron injection into the semi-
conductor: specifically, two unpaired electrons on the catalyst and one unpaired
electron with opposite spin on the NDI (see Figure 3.2, bottom left). In Figure 3.2
it is seen that after the PCET step, 2 has only one unpaired electron on the WOC
in the product structure. Further investigations show that the $S=3/2 and S$=1/2
states in the reactant geometry are nearly degenerate (AE <0.01 kcal mol™"), which
is plausible since the ruthenium center and the NDI are spatially separated by
about 5 A. This quasi degeneracy is also the reason for serious spin contamination
in the calculations on these initial structures. The expectation value for the S?
operator is about 1.77 for the reactant structure of 2, while a pure S=1/2 state
would yield a value of 0.75 for this operator and a pure S=3/2 state would yield a
value of 3.75. The o and P spin density are, however, localized exclusively on the
WOC and NDI respectively, corresponding to the expected electronic state in
which a local triplet is formed on the WOC and a local doublet on the NDI. The
spin contamination disappears as soon as the $=3/2 and S=1/2 degeneracy is lifted.
Nevertheless, we note that the spin contamination could still affect the obtained
energies.””! A figure with the S expectation value plotted over the reaction

coordinate is provided in the appendix (3A.2.3, Figure 3A.7).
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Complex 2

A 4

Reactant Complex Product Complex

Figure 3.2. Reactant and product geometries of 1 and 2 obtained with the IRC
method at the OPBE/TZP/COSMO level of theory. The spin densities have been
calculated at the B3LYP/TZ2P/COSMO level of theory and the isosurface value
was set at 0.002. The schematic electronic configurations with the unpaired
electrons are indicated. Cyan corresponds to spin up and orange corresponds to
spin down electrons. Although for both systems the overall charge is conserved
over the entire reaction path, locally a plus charge moves from the NDI to the

excess solvated proton.

3.3.3 Exploring the excited state potential energy surfaces with TDDFT
With the aim of gaining insights into the excited state potential energy surfaces
along the obtained IRC reaction coordinates, TDDFT was employed. Excited state

calculations were performed on a selection of structures along the IRC path. In
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Figure 3.3, the ground state and excited state profile for the two systems are
projected along a specific geometrical parameter that represents the main bonding
rearrangement during the PCET step. For 1, the selected reaction coordinate is the
difference between the Oi-H and the Oy-H distances, with Oy being the oxygen of
the OH ligand and Oy the oxygen of the proton acceptor water molecule (see inset
in Figure 3.3, upper panel). For 2, the selected reaction coordinate is the difference
between the O;-Oy and the Oyp-H distances, with O; being the oxygen of the oxo
ligand and Oy the oxygen of the attacking water molecule (see inset in Figure 3.3,
lower panel).

AIMD simulations on 2 in explicit solvation have convincingly shown that
reaction 2 is exothermic upon photo-oxidation of the NDI.[>2¢! [t is noted that in
these static calculations the ground state reaction (red line in Fig. 3) is
endothermic. Given the fact that an implicit solvation model is used with only a
few explicit water molecules and that the IRC method does not necessarily yield
a fully optimized structure, it is plausible that these calculations underestimate the
stability of the solvated hydronium cation in the product structure. Nevertheless,
this will not affect the main conclusions of this work, as we are here primarily
interested in exploring the behavior of the ground and excited state energy profile

along the reaction coordinate, especially in the region of near degeneracy.
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Figure 3.3. The obtained S=1/2 ground state (red), first S=1/2 excited state
(green) and “bright” S=1/2 excited state (blue) potential energy surfaces along
the reaction coordinates for the rate determining PCET step of 1 (top) and 2
(bottom). The energy for the ground state and the first excited states for each point
is evaluated at the B3ILYP/TZ2P/COSMO level of theory within the TDDFT

framework.

The calculations reveal an avoided crossing between the ground state and first
excited state at the PCET transition state for 1. Also 2 moves through an avoided
crossing, yet a key difference is that this crossing does not completely coincide
with the transition state for the PCET reaction. The reason for this is that the
reaction coordinate involves two molecular rearrangements, namely, formation of
the O-O bond and dissociation of the O-H bond. Conversely, the PCET step
investigated in 1 involves only proton transfer from the ruthenium hydroxo
species to the water environment. Additionally, it is also observed that the barrier
for the rate determining step of the reaction with 1 is significantly lower than the
rate determining step for the reaction with 2 (ca. 13 kcal mol™' against 20 kcal
mol ™' evaluated at the B3LYP/TZ2P/COSMO level of theory). This is in
agreement with prior studies that have shown the catalyst in 1 to have higher
turnover frequencies than the catalyst in 2.'"31 It is noted that the B3LYP/TZ2P
setup here estimates a barrier significantly higher than the OPBE/TZP/COSMO
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calculations (>7 kcal mol™! for both complexes, see appendix, 3A.2.2). It is
emphasized again that our calculations are not aimed at precisely estimating
reaction rates. In addition to the analysis of the excited state profile along the
ground state PCET reaction coordinate, also an excited state geometry relaxation
was performed from the Franck-Condon point at the reactant structure of 1. These
calculations are discussed in the appendix, 3A.1.4.

To gain further insights into the characteristics of the ground and excited state, the
Natural Transition Orbitals (NTOs) at the reactant and product geometries for 1
and 2 are depicted in Figure 3.4. NTOs are a practical way of transforming the
transition density matrix to obtain a set of compact orbitals that describe the
transitions of interest in as few as possible terms.!*® Starting from the reactant
complex, it was found that the first excited state of the oxidized complex
corresponds to a charge transfer excitation from the catalyst to the NDI, for both
1 and 2. Then, in the product structure, again for both investigated complexes, the
first excited state is described as a charge transfer excitation from the dye to the
catalyst. Instead of mixing of the involved NTOs prior to approaching the avoided
crossing, a sudden rearrangement is observed upon moving over the barrier. For
the reactant and product structures of 1, the occupied and virtual NTO’s
correspond entirely to the spin o HOMO and LUMO. For the product structure of
2, this is also the case. The observed transitions correspond for >99.5% to the
HOMO-LUMO excitation. For the reactant structure of 2, the HOMO-LUMO

orbital excitation constitutes 96.1% of the displayed transition.
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Complex 1

Occupied NTO Occupied NTO ,
Reactant Structure Product Structure

Complex 2

Occupied NTO Occupied NTO
Reactant Structure Product Structure

Figure 3.4. The Natural Transition Orbitals (NTO'’s) of the first excitation,
calculated at the B3LYP/TZP/COSMO level of theory on the reactant and product

geometries of 1 (top) and 2 (bottom). It is observed that for the reactant structure,

the first excited state is a charge transfer excitation from the ruthenium catalyst

to the NDI, while for the product structure, the excitation corresponds to a charge

transfer from the NDI to the ruthenium center.
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One strategy to optimize PCET steps in artificial photosynthetic systems is to
utilize the interplay between nuclear and electronic motion. Interestingly, our
calculations sketch a potential energy landscape where the ground and excited
state get within a 0.4 eV energy gap, which is the typical domain of molecular
vibrational energies. This indicates that in these systems the two electronic states
could be coupled vibronically, if a nuclear mode is available with the appropriate
vibrational frequency. Earlier constrained AIMD simulations in our group have
shown that electron transfer in 2 is strongly inhibited once the C-N-C-C torsional
mode at the WOC-dye interface is fixed.[?>?®! The results presented in this paper
provide a rationale behind this observation: The energy gap between the two
adiabatic states in the region of the transition state is around 0.1 eV, which is
indeed comparable to the energy associated with the torsional mode discussed in
ref.1?8) The resonance between the torsional mode frequency and the electronic
energy gap between the reactant and product states, leads to a deterministic
conversion pathway from the reactant to the product. These results show that
vibronic coupling is an important mechanistic aspect to consider, to properly
understand the catalytic performance of artificial photosynthetic devices.

In a recent publication, Schlenkler and co-workers have shown that PCET
between a series of phenol and heptazine derivatives can be driven and controlled
using laser pulses.*? The authors use quantum chemical calculations to show that
the probed decay process involves excitation to a short lived excited state and
subsequent population of a charge transfer state. In this article, we argue that this
idea can be extended to catalyst-dye complexes that are useful for water oxidation.
The results in Figure 3.3 highlights two important observations. The first is that
only two electronic states are relevant for the ET transfer, the reactant state, where
the electron is still on the catalyst, and the product state, where the unpaired
electron is transferred to the NDI. This implies that the product state could be
accessed by exciting the systems at their reactant geometry. Second, for both
complexes, the product state PES in the geometry corresponding to the reactant

has a gradient towards the product geometry. These observations support the idea

59



Chapter 3: Strategies to Enhance the Rate of Proton-Coupled Electron
Transfer Reactions in Dye-Water Oxidation Catalyst Complexes

that the PCET reaction can be initiated by irradiating the complex solution with
appropriately tuned laser pulses, accelerating the reaction and preventing back
reaction.

To explore this idea in more detail, the oscillator strengths between the ground
state and higher lying excited states were assessed. The excitation energies and
oscillator strengths at the reactant and product geometries for 1 and 2 are given in
the appendix, 3A.3.1, table 3A.2 and 3A.3. Additionally, we have also examined
the coupling between reactant and product states based on the generalized
Mulliken-Hush ansatz. This analysis is provided in the appendix, 3A.3.2.57:3%
Similar to the work of Schlenkler er al., the charge transfer state that triggers
PCET is optically dark. This would imply that once this state is populated, it will
be unlikely that it will decay to the ground state through light emission. The first
bright excitation from the ground state is found at 1.78 eV (number 7, 3A.3.1 table
3A.2) for 1 and at 1.63 eV (number 5, 3A.3.1 table 3A.3) for 2 at their initial
structures on the computed reaction paths (see also table 3A.2 and 3A.3 and Figure
3.3, the first bright S=1/2 excited state). The calculations do not provide
information on radiative or non-radiative decay pathways from these states to the
first S=1/2 excited state. Ab initio non-adiabatic molecular dynamics simulations
could provide insights into non-radiative pathways, while radiative pathways
could be explored by calculating oscillator strengths between excited states.

The region around the avoided crossing was further investigated with SF-TDDFT.
In traditional TDDFT, the ground state is optimized self-consistently, opening the
gap between occupied and unoccupied orbitals. In the spin-flip approach, a state
of different spin symmetry than the ground state is self-consistently optimized and
used subsequently as a reference, to obtain the ground state and excited states
electronic configurations of interest, by a spin-flip excitation. In Figure 3.5, the
diabatic potential energy surfaces obtained with SF-TDDFT are plotted along the
same reaction coordinates used for Figure 3.3. For both systems, a diabatic

relaxation pathway (green line) is found along the PCET reaction coordinate.
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Spin-flip excitations to the S=1/2 ground and S=1/2 excited states are calculated
from the S=3/2 reference state, which is also shown in grey in Figure 3.5. Notice
that this is not the same state as the S=1/2 ‘bright state’ that was found earlier with

TDDFT, shown in Figure 3.3.
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Figure 3.5. SF-TDDFT potential energy surfaces along the reaction coordinates
for the rate determining PCET step of 1 (top) and 2 (bottom). A clear intersection
is observed for the reactant (purple) and product (green) states. The S=3/2
reference state is also reported in grey. The energy for the reactant and product

states is evaluated at the B3LYP/TZ2P/COSMO level of theory.

Both the reactant and product state yield a smooth energy profile when calculated
as a spin-flip excitation from the S=3/2 reference state (dots in grey) in 1. The
S$=3/2 reference state was found to be energetically separated by at least 0.3 eV
from the investigated S=1/2 ground and excited states, along the entire reaction
path. Also, the smoothness of the curve indicates that the same electronic
configuration is retained. As was discussed earlier in this work, we know that for
2 the lowest S=1/2 and §=3/2 states are degenerate if separately optimized in a
self-consistent manner. However, when using the $=3/2 state as a reference state,
the spin-flip excitation energies to the S=1/2 ground state are non-zero.
Interestingly, the spin-flip calculations indicate that there are two additional states

very close in energy around the crossing region. For clarity, these states are not
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depicted in Figure 3.5, however, a complete picture is provided in the appendix,
3AA4.1.

The product state energy profile of 2 (green line in Figure 3.5, bottom panel)
features a significant jump around a reaction coordinate value of ~0.5 A. This is
because, initially the lowest S=3/2 state in this system has two unpaired electrons
on the catalyst and one unpaired electron on the NDI, while later in the reaction
path, the state with one unpaired electron on the catalyst and two on the NDI is
favourable. The observed discontinuity in the product state of 2 (Figure 3.5,
bottom panel, green line) is thus a consequence of the changing nature of the
reference S=3/2 state. Nevertheless, the region of near degeneracy between
reactant and product states is still well described by this reference state. Tables
with the spin configurations on the WOC and NDI part of the complexes, and the
spin orbital transitions associated with the excitations to the reactant and product
states are provided in the appendix, 3A.4.2 and 3A.4.3.

Our results show that, for both systems, the electron transfer process can be
described as population transfer between two electronically well characterized
reactant and product states. TDDFT calculations show that this charge transfer
state is optically dark, therefore, once populated it is unlikely that the system
would relax to the ground state via a radiative pathway. As shown schematically
in Figure 3.6, one could excite the system to one of the bright, higher lying excited
states, after which the system could relax to the charge transfer state (S=1/2 ES in
Figure 3.6). Our calculations show that the charge transfer state has a gradient in
the direction of the PCET product, suggesting that this could lead to a barrierless,
fast process. Further research using non-adiabatic molecular dynamics could shed

light on excited state relaxation pathways.
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Bright excited state

hv Relaxation to the product state

Energy

Initial
excitation

8§=1/2 GS

Reactant state Product state

PCET Reaction Coordinate

Figure 3.6. Schematic depiction of the hypothetical laser pump scheme. An initial,
appropriately tuned laser pulse populates a bright excited state. The system then
relaxes to the dark product state, either via a radiative or a non-radiative decay
pathway. If this process is fast enough, subsequent relaxation along the non-
adiabatic product state energy surface could then result in formation of the

desired PCET product.

3.4 Conclusion

This work computationally explores the excited state potential energy surfaces of
two water oxidation catalyst-dye systems, which can be used as a module in a DS-
PEC device. Using static DFT calculations, an Intrinsic Reaction Coordinate path
was computed for the rate limiting step in the photocatalytic cycle of both
complexes. By calculating the spin density along the obtained reaction coordinate,
it was possible to follow precisely at what stage the electron transfer process takes
place. Subsequently, TDDFT was employed to gain insights into the excited state
potential energy profile along the obtained reaction coordinates.

Two approaches are discussed which could exploit the observed potential energy
profiles to accelerate the PCET step. Earlier works suggest that vibronic coupling

between the reactant and product states could be facilitated by thermal activation
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of a torsional mode at the catalyst-dye interface. The normal frequency associated
with such a mode can be tuned by chemical design and synthesis to match the
energy gap between the ground and excited state, facilitating a deterministic non-
adiabatic pathway from the reactant to the product. Our calculations show that
indeed, around the transition state for PCET, two electronic states have an energy
gap that is comparable to the energy associated with typical nuclear vibrational
modes in molecules. Alternatively, the PCET rate could be enhanced by
populating the charge transfer (CT) state with an appropriately tuned laser pulse
sequence. We propose a scheme in which first a higher lying bright state is
populated through irradiating the sample with an appropriately tuned laser pulse.
If in a subsequent step, relaxation to the charge transfer state is competitive against
other decay pathways, this could trigger a photo-induced proton coupled electron
transfer process. TDDFT calculations suggest that radiative decay to the ground
state is unlikely once the CT state is populated. Our calculations establish a
qualitative view of the excited state energy surfaces involved in PCET reactions
in realistic catalyst-dye complexes, showing that photo-initiation is feasible for

the bidirectional PCET that occurs during the water oxidation process.

3.5 Experimental Section

All structure optimizations and (SF-) TD-DFT calculations were performed within
the AMS2020 program by SCM.! Structures were optimized using the OPBE
functional.l®” A triple-( polarized (TZP) Slater-type basis set was employed with
a small core for all atoms with the scalar zeroth order regular approximation
(ZORA) to account for relativistic effects.!®"! The solvation of the complexes in
water was modelled by the implicit conductor like screening model
(COSMO).[62631 Vibrational analysis was performed for verification of the local
minima and saddle points. We note that the used transition state for 2 contained

an additional imaginary frequency of -0.004 eV, corresponding to a soft mode in
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the ligand backbone. Despite numerous attempts to optimize this mode, it
remained present in the final structure.

Ground and excited state energies of the obtained structures were then re-
evaluated at the B3LYP/TZ2P level of theory without a frozen core and including
COSMO water solvation.[***7] The Tamm-Dancoff approximation was applied
for the calculation of excitation energies within the TDDFT framework.[%®] This
was also the level of theory at which the spin densities were examined. TDDFT
calculations were also performed with the long-range separated hybrid CAM-
B3LYP and wB97-X functionals (see appendix, 3A.1.2 and 3A.1.3).1670
Although, these functionals reproduce the same HOMO and LUMO orbitals as
B3LYP, the specific HOMO-LUMO transition, associated with the reactant to
product state excitation, was not recovered by the subsequent TDDFT

calculations. Therefore, it was decided to discuss the B3LYP results in the article.
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3A. Appendix

3A.1 Additional TDDFT calculations

3A4.1.1 TDDFT results for the C-bound [Ru(bda)(pic)(H:0)] -NDI complex
The obtained S=1/2 GS and ES energy profiles of the carbon bound WOC-NDI
complex look similar to the profiles obtained for 1. Only in the region of the
transition state, two TDDEFT calculations do not find the HOMO-LUMO

excitation that describes the excited state PES of interest.
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Figure 3A.1. Ground and excited state energy profile for the carbon bound
[Ru(bda)(pic)2]+ (bda = 2,2"-bipyridine-6,6'-dicarboxylic acid, pic = 4-picoline)
2,6-diethoxy-1,4,5,8-diimidenapthalene  complex. Excitation energies are

calculated at the B3LYP/TZ2P/COSMO level of theory.

3A.1.2 TDDFT results on 1 using the CAM-B3LYP functional

Calculations with the CAM-B3LYP functional do not always converge to the
proper electronic state, especially in the region of the transition state. For the entire
IRC path, the CAM-B3LYP TDDFT calculations do not find the charge transfer
HOMO-LUMO excitation that was investigated in this article.
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Figure 3A.2. Ground and excited states energy profile for 1. Excitations
calculated at the CAM-B3LYP/TZ2P/COSMO level of theory.

3A4.1.3 TDDFT results on 1 using the wB97-X functional

The calculations with the wB97-X functional do recover for all investigated

geometries along the PCET IRC path the proper electronic ground state. However,

also for this range separated functional, the investigated HOMO-LUMO

excitations are not recovered in the performed TDDFT calculations.
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Figure 3A.3. Ground and excited states energy profile for 1. Excitations

calculated at the wB97X/TZ2P/COSMO level of theory.
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3A.1.4 Excited state geometry optimization of 1

In addition to the excited state analysis on the ground state IRC reaction path, also
an excited state geometry relaxation from the Franck-Condon point was
performed for 1. The optimized geometries at the Franck-Condon point, the PCET
transition state and the S = /2 excited state are visualized in Figure 3A.4 (top). The
first optimization steps from the Franck-Condon point mainly affected the
orientation of the dye fragment with respect to the WOC. In the subsequent
relaxation steps, the hydroxide oxygen-proton distance (O;-H) is elongated from
0.99 A to 1.08 A and the distance from the hydroxide proton to the nucleophilic
water oxygen atom (Oy-H) is shortened significantly from 1.83 A to 1.42 A (see
table 3A.1). It was found that the same reaction coordinate that was used to
describe the ground state PCET reaction could also be used to track the excited
state geometry optimization. This geometry optimization supports the finding that
the excited state has a gradient in the direction of the product of the PCET reaction.
The S=1/2 excited state and ground state energy profile along the d(O:-H)- d(On-
H) reaction coordinate is plotted in Figure 3A.4 (bottom).

The excited state geometry optimization was performed at the same level of theory
as the excited state calculations from the main paper, except for the basis set,
which was scaled down from TZ2P to TZP quality in order to make the
computation more efficient. The geometry was optimized up to an energy
convergence of 1x107% H Bohr™!, a max gradient convergence of 1x10~> H Bohr™!

and a root mean square gradient convergence of 2-10~* H Bohr ™.
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Table 3A.1. Distances of the dissociating and forming O-H bonds at Franck-

Condon point, transition state and optimized excited state structures.

Structure O;— H distance (A) On — H distance (A)
Franck-Condon point 0.991 1.832
Transition State 1.219 1.204
Optimized Excited State 1.077 1.422

Franck-Condon Point Optimized Transition State Optimized Excited State ™

1.2 —— 5=1/2 Ground State
\ ——— S=1/2 Excited State

-0.8 -0.7 -0.6 -0.5 -0.4
d(0rH)-d(Oy-H) [A]

Figure 34.4. On top, the optimized structures of 1 at the Franck-Condon point,
at the optimized transition state and at the optimized excited state. On the bottom,
a plot of the ground and excited states energy profile along an excited state

geometry optimization for 1. The calculation was performed at the

B3LYP/TZP/COSMO level of theory.
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3A.2.1 Obtaining the IRC paths

As a starting point for the investigation, an unconstrained geometry optimization
was carried out of the two model systems. Performing a series of geometry
optimizations then allowed for the search of a single normal mode that describes
either the proton coupled electron transfer reaction from the Ru(IV)-OH species
to form the Ru(V)=0O intermediate (see Figure 3.1, Reaction 1) or O-O bond
formation between the Ru(IV)=0 intermediate and a H>O molecule (see Figure
3.1, reaction 2). By performing a hessian calculation on a structure close to the
TS, the normal modes corresponding to these geometric rearrangements were
obtained. A transition state (TS) for each WOC-dye complex was located by
optimization of the found normal mode without any constraints. Even though at
this stage the constraints were lifted, no large structural changes were observed
for the chain of water molecules in either system. Once a TS was located and
characterized by a frequency calculation, the IRC method was employed to obtain
the steepest descent path in mass-weighed coordinates from the TS to the reactant
and product complexes. In the case of complex 2, the range of the reaction
coordinate was extended by performing a series of 10 constrained optimizations
with a 0-O distance between 2.05 and 3.14 A. The xyz trajectory files of the
obtained IRC paths are provided as supplementary materials to the original

publication, IRC _traj 1.xyz and IRC_traj 2.xyz.!!!
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3A.2.2 Ground state IRC reaction paths for 1 and 2
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Figure 3A.5. Ground state energy profile for 1, as obtained from the IRC
calculation performed at the OPBE/TZP/COSMO level of theory.
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Figure 3A4.6. Ground state energy profile for 2, as obtained from the IRC
calculation performed at the OPBE/TZP/COSMO level of theory.
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34.2.3 Expectation value for the S* operator along the PCET reaction

coordinate for 2
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Figure 3A4.7. Expectation value of the S operator along the PCET reaction

coordinate for 2.
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3A.3.1 Excitation energies and oscillator strengths of 1 and 2 at initial and final

structures of the investigated reaction path

Table 3A.2. Excitation energies and oscillator strengths for complex 1 in the

initial and final geometry on the IRC path. Excitations are computed at the

B3LYP/TZ2P/COSMO level of theory within the Tamm-Dancoff TDDFT

framework.
Reactant structure Product structure

Number Excitation Oscillator Excitation Oscillator
energies (eV) strengths Energies (eV) strengths

1 1.15 0.0001 1.41 0.0002

2 1.30 0.0002 1.69 0.0012

3 1.36 0.0004 1.76 0.0089

4 1.60 0.0000 1.79 0.0000

5 1.60 0.0000 1.84 0.0001

6 1.76 0.0000 1.93 0.0000

7 1.78 0.0171 2.08 0.0003

8 1.78 0.0036 2.16 0.0000

9 1.85 0.0000 2.33 0.0003
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Table 3A.3. Excitation energies and oscillator strengths for complex 2 in the
initial and final geometry on the IRC path. Excitations are computed at the
B3LYP/TZ2P/COSMO level of theory within the Tamm-Dancoff TDDFT

framework.

Reactant structure Product structure

Excitation energies ~ Oscillator strengths ~ Excitation Energies ~ Oscillator strengths

(V) (V)

1.28 0.0017 1.32 0.0000
1.36 0.0008 1.44 0.0016
1.56 0.0193 1.64 0.0015
1.57 0.0008 1.75 0.0072
1.63 0.1069 2.03 0.0036
1.82 0.0101 2.27 0.0001
1.88 0.1032 2.36 0.0277
1.94 0.0060 2.55 0.0055
2.11 0.0006 2.63 0.0034

3A.3.2 Transition dipole moment, dipole moment, excitation energy and the H,;
coupling element of 1 and 2 along the investigated reaction path

In order to gain further insights into the coupling between the reactant and product
states, the electronic coupling elements were calculated following the Generalized

Mulliken-Hush ansatz.[>

AElZ |ﬁ12|

1
[(f11 — H22)? + 4(fi12)?]2

Ver =
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In this equation, AE)» and w» are the vertical excitation energy and transition
dipole moment between states 1 and 2, and w1 and 2 are the dipole moments
for state 1 and 2, respectively. In the AMS2020 program, AE12, @11 and w12 are
readily obtained from an unrestricted open-shell TDDFT calculation. However, as
of yet, it is not possible to calculate the excited state dipole moment, uo.
Therefore, we approximate the uy; parameter as the dipole moment of the first
structure along the reaction coordinate, where the electronic ground state
corresponds to the product state (and vice-versa for the coupling after the PCET
event). For 1, the coupling remains relatively constant. Along the entire reaction
path a value around 1.5-10* H is found (corresponding to 32 cm ™). For 2, the
calculated matrix elements do change significantly along the reaction coordinate,
particularly the first four reactant structures show a higher coupling around
4.5-10* H (corresponding to 99 cm™') . These structures were not part of the
initial IRC reaction path, but correspond the constraint geometry optimizations
that were used to elongate the reaction path. Likely, this caused larger distortions
in the geometry, resulting in a larger changes in the parameters that were used to
calculate the coupling. The Larger coupling in these structures is caused mainly
by a larger transition dipole moment, as can be seen in Figure 3A.8.

The magnitude of ui» and w11 vectors, the electronic excitation energy and the
calculated electronic coupling elements along the investigated reaction coordinate

for 1 and 2 are presented in figures 3A.8 and 3A.9.
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Figure 3A.8. Calculated transition dipole moment between S=1/2 ground and
excited state (upper left panel), S=1/2 ground state dipole moment (upper right
panel) and the first excitation energy (lower left panel) along the investigated
reaction coordinate for 1. The electronic coupling between reaction and product
states (first half of the reaction, in blue) and product and reactant states (second

half of the reaction, orange) are plotted in the bottom right panel.
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Figure 3A.9. Calculated transition dipole moment between S=1/2 ground and
excited state (upper left panel), S=1/2 ground state dipole moment (upper right
panel) and the first excitation energy (lower left panel) along the investigated
reaction coordinate for 2. The electronic coupling between reaction and product
states (first half of the reaction, in blue) and product and reactant states (second

half of the reaction, orange) are plotted in the bottom right panel.

3A.4.1 SF-TDDFT results for 2

SF-TDDFT calculations on 2 reveal that at the beginning of the reaction path
(longer O-O distance), previously not found electronic states are present beneath
the doublet product state that was displayed in Figure 3.3. By analyzing the spin-
orbital transitions associated with each excitation, the diabatic reactant and
product states could be assigned at each frame in the IRC path. The other
excitations all featured significant mixed orbital character, making it hard to

consistently assign excited states for different frames.
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Figure 3A.10. Spin-flip TDDFT results for 2. Excitations calculated at the
B3LYP/TZ2P/COSMO level of theory.

3A4.4.2 Interpretation of the spin-orbital transitions in the SF-TDDFT
calculations for 1

The S=1/2 ground state and S=1/2 excited states were computed as spin-flip
excitations from the S=3/2 reference state (*QRS). The reactant and product states
can be identified by analyzing the spin-orbitals associated with the spin-flip
transitions. In Table 3A.4 the interpretation of the calculated transitions is
provided. Note that the indicated ruthenium d orbitals actually contain large
oxygen p-orbital character as well as contributions from the ligand n-system (see
Figure 3A.11). The HOMO and LUMO labels on the NDI refer to the HOMO and
LUMO in the S=3/2 reference electronic state, not the HOMO and LUMO of the

S=1/2 diabatic reactant and product states.
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Table 3A.4. Spin configurations of different diabatic reactant and product states

on WOC and Dye for complex 1 used in the SF-TDDFT. See also Figure 3A.11

for the visualization of the orbitals.

Diabatic state Spin Spin Transition Total
configuration configuration spin
on WOC on NDI
*QRS (quartet dy(a), dy-(@)  NDIxomo(a) Reference 32
reference state) state
RS (reactant dyz(a), d:(B)  NDInomo(a)  du(er) —di=(B) 172
state)
2PS (product dy-(a) NDInowmo(a) de() 1/2
state) NDILumo(B) —NDILumo(B)
d,, orbital NDI\ yyo orbital d,, orbital Quartet SD on 1

Figure 3A.11. Orbitals involved with the spin-flip excitations to the diabatic

reactant and product states and the spin density of the quartet reference state.

Isosurface values are set at 0.03 for the visualized orbitals and at 0.002 for the

spin density.
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3A4.4.3 Interpretation of the spin-orbital transitions in the SF-TDDFT
calculations for 2

Table 3A.5. Spin configurations of different diabatic reactant and product states

on WOC and Dye for 2 before change of reference state

Diabatic state Spin Spin Transition Total
configuration configuration spin
on WOC on NDI
*QRS (quartet d(), dy2(0)  NDInomo(a) Reference 3/2
reference state) state

2RS (reactant state) | di(a), dy=(B)  NDILumo(®)  dw(0r) —dy=(B) 172

2PS (product state) do(a) NDInowmo(a) dizpye(0r) 1/2
NDILumo(B)  —NDILumo(B)

d,, orbital NDI yyo orbital d,, orbital Quartet SD on 2
Figure 3A.12. Orbitals involved with the spin-flip excitations to the diabatic
reactant and product states and the spin density (SD) of the quartet reference state

for the first frames. Isosurface values are set at 0.03 for the visualized orbitals

and at 0.002 for the spin density.
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Table 3A.6. Spin configurations of different diabatic reactant and product states

on WOC and Dye for 2 after change of reference state

Diabatic state Spin Spin Spin transition  Total spin

configurati  configuration

on on on NDI
WwWOC
“QRS (quartet | Ru-dep-(0) NDInomo-1(ar), Reference 3/2
reference state) NDInomo(or) state
’RS (reactant state) | Ru- NDILumo(B) NDInowmo(a) 1/2
dxz/yz(a)a O- - yz/xz(B)
Pry(a)

2PS (product state) | Ru-dis-(0)  NDIgomo-1(a), NDInomo(or) 12
NDILumo(B) —NDILumo(B)

NDlyomo orbital NDI yyo orbital d,, orbital Quartet SD on 2
X % = 2’ <
< < ; Xg? % < L

Figure 3A4.13. Orbitals involved with the spin-flip excitations to the diabatic
reactant and product states and the spin density (SD) of the quartet reference state
after the reference state switch. Isosurface values are set at 0.03 for the visualized

orbitals and at 0.002 for the spin density.
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Chapter 4: Hybrid-DFT Molecular Dynamics
Simulations of Photocatalytic Water Oxidation in a

[Ru-bda]-Dye Complex
The catalytic cycle of a dye-catalyst supramolecular complex for water oxidation

is investigated using DFT-MD simulations.

Ru-bda catalyst

This chapter is based on:

T. de Haas, D. Calvani, A. Zaaruolo, T. de Jong, J. Rutgers, B. Kreupeling, H.J.M.
de Groot, F. Buda. Hybrid-DFT Molecular Dynamics Simulations of
Photocatalytic Water Oxidation in a [Ru-bda]-Dye Complex. J. Phys. Chem. C.
2024, 128 (47),20093-20103.
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4.1 Abstract

In the past decade, Ru-bda (bda = 2,2’-bipyridine-6,6’-dicarboxylic acid)
complexes have emerged as extremely effective water oxidation catalysts,
rendering them a potential candidate for incorporation into dye-sensitized
photoelectrochemical cells. However, the performance of these catalysts declines
dramatically when anchored to a photoanode surface due to their catalytic
mechanism involving the interaction of two metal centers (I2M). This reduced
performance prompts an investigation into the catalytic cycle following an
alternative mechanism in which the O-O bond is formed through a water
nucleophilic attack (WNA). In this work, we have performed hybrid-DFT based
molecular dynamics simulations of the rate-determining O-O bond formation
following the WNA mechanism in a [Ru-bda]-dye dyad model in explicit water
solvation. In addition, our study probes oxygen dissociation from the Ru™-O,
intermediate, and the equilibrium dynamics of the low-valent Ru'-bda
intermediate. Our simulations demonstrate that including a fraction of exact
Hartree-Fock exchange impacts the electron and hole localizations in the catalyst-
dye complex, which can in specific instances affect the dynamics of the system.
This study contributes to a fundamental understanding of water oxidation catalysis
with the Ru-bda catalyst family and highlights the relevance of modeling catalytic
processes at the hybrid-DFT level.
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4.2 Introduction
In view of an escalating global climate crisis, harnessing solar energy for fuel
production stands as a promising endeavor, offering a potential route towards the
mitigation of greenhouse gas emissions.!'* Dye-sensitized photoelectrochemical
cells (DS-PEC) are devices that use sunlight to convert water and other abundant
chemical resources into solar fuels.>*) Typically, a DS-PEC contains two
compartments. At the anode compartment, four photons are used to oxidize two
molecules of water into four protons, four electrons, and one molecule of oxygen
(0»). At the cathode of the cell, the acquired reduction potential and the protons
are used to generate molecular hydrogen or reduce a carbon-based feedstock into
a denser energy carrier such as ethanol or ethylene.!”)
At the anode of the DS-PEC, three chemical components are responsible for the
water-splitting process: the semiconductor surface, a water oxidation catalyst
(WOC) and a dye molecule. Photon absorption by a dye molecule initiates a
charge separation process. The excited dye can donate an electron to the
semiconductor surface, usually TiO2, and inject a hole into the WOC. This last
step provides the driving force for one of the proton-coupled electron transfer
(PCET) steps that constitute the water oxidation catalytic cycle. In practice, many
photo-responsive anodes are based on solid state materials with an activity which
is often hampered by slow reaction kinetics and inefficient photoactivity of the
semiconductors.® In contrast to solid state catalysts, specific molecular catalysts
have been reported that perform at much lower overpotentials, in some cases even

%191 In light of this, it becomes

reaching higher activities than photosystem IL!
highly compelling to adopt a design wherein the catalyst and dye molecules are
present in a homogeneous solution or co-deposited on the semiconductor surface.
However, a major disadvantage of such approaches is that the charge
recombination reaction, in which the oxidized dye is quenched by electron-hole
recombination from the TiO, surface, becomes competitive with the hole-
scavenging of the catalyst.!'!l To overcome this issue, intermolecularly linked dye-

catalyst complexes have been synthesized, either through covalent
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1231 or through supramolecular assembly strategies.!'!l In these

interactions,!
photo-anodes, the interfacial electron transfer is typically very fast and the
efficiency is proposed to be hampered by the chemical conversion rate of the
catalyst.['4]

One class of water oxidation catalysts that has shown to be particularly promising

%151 This family of complexes

was developed in the labs of Sun and Llobet.!
employs a ruthenium center bearing a bda*" (= 2,2 -bipyridine-6,6’-dicarboxylic
acid) ligand in the equatorial plane and two monodentate pyridyl-type ligands on
the axial positions. Because the Ru valence shell in the Ru-bda complex is
completely occupied, the complex becomes catalytically active only after an

initial oxidation to form a Ru™

species. The tetra-coordinated bda®~ backbone
leads to a distorted octahedral environment around the ruthenium atom, leaving
space for a water molecule to coordinate. However, whether that leads to a 7-

coordinated environment around the Ru™

center remains a matter of debate, as the
flexible bda®" ligand has also been shown to be able to lower its coordination
number, either by elongation of one of the equatorial Ru-Ny 4,2~ bonds (k*>-O*N'
binding mode) or by elongation of the Ru-O¢go- distance (k’*-O'N? binding

16-18] As the dynamic behavior of this low-valent complex in solution is

mode).!
still not entirely understood, a DFT-based Molecular Dynamics (DFT-MD)
investigation of the coordination chemistry of this complex is desirable.

The Ru-bda family of catalysts typically performs the rate-limiting oxygen-
oxygen bond-forming step through a bimolecular mechanism in which two
RuY=0 species couple to form a Ru'V-O-O-Ru'V complex that can eventually

9191 This interaction of two metal (I2M) mechanism is postulated to

dissociate O,.
be the major reason for a high catalytic activity of this catalyst class. As a result
of its excellent performance, the Ru-bda catalyst has been used as a prototype to
study water oxidation in systems where catalysts have been immobilized on
surfaces, in supramolecular structures, and even in lipid bilayers and metal-

20-24

organic frameworks.?*?% It remains questionable, however, whether the high
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performance of this catalyst is preserved once the intermolecular collision
frequency is significantly reduced as a result of catalyst immobilization. A recent
study has shown that after immobilization on TiO,, the catalyst activity was
quenched significantly, even though a second-order kinetics in the catalyst
concentration was preserved.!?” This is particularly interesting, since under such
conditions a different mechanism is typically expected to become dominant in
ruthenium based catalysts./! In this alternative mechanism, the O-O bond is
formed through a nucleophilic attack of a solvent water molecule on the high
valent Ru¥=0, culminating in formation of the Ru'V-O-OH intermediate (WNA
pathway). After a fourth PCET step, a Ru'-O, species could be formed, leading
to dissociation of the dioxygen ligand to recover the initial catalyst. The amount
of work published on the WNA mechanism is significantly less than that on the
I2M mechanism in the Ru-bda family, and an in-depth investigation of this
alternative catalytic cycle, as well as an estimation of the reaction barriers, is
appropriate.

In this work, we performed DFT-MD simulations of all four, proton-coupled
electron transfer steps of the WNA mechanism in a Ru-bda catalyst, covalently
bound to a naphthalene diimide (NDI) dye in explicit water solvation. Including
the electron-accepting NDI and the proton-accepting water environment
explicitly, allowed us to study the proton and electron transfer events during the
simulation. This work addresses two questions regarding the catalytic cycle of the
Ru-bda® catalyst class. First, we aim to establish a comprehensive picture of the

equilibrium dynamics of the low-valent Ru™

intermediate, which is a debated
topic in literature. Second, we evaluate the suitability of this catalyst for DS-PEC
devices. Specifically, we determine the barrier for O-O bond formation following
a nucleophilic attack of a water molecule on the Ru¥=0 intermediate, and we
investigate the O, dissociation from the catalyst after the final PCET step.

Over the past three decades, density functional theory (DFT) based on the
generalized gradient approximation (GGA) has become the workhorse of DFT-

MD due to its numerical efficiency and accurate predictive power when it comes
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to thermodynamic properties and structures. Despite its extensive use in modeling
molecular water oxidation catalysis,?**!) GGA-DFT is known to suffer from a
large self-interaction error, which leads to over-delocalized charge

32-34

distributions.®2* This has been clearly demonstrated for CI- ions in water and

33,35

ineffective hole-localizations in materials and surfaces.l***% By applying the
Auxiliary Density Matrix Method (ADMM),*®! we could afford to include exact
exchange and perform simulations at the hybrid-DFT level, which can correct the
over-delocalization errors. Next to addressing the previously posed questions
regarding the Ru-bda catalyst, this study also aims to assess the effects of
including a fraction of screened-Hartree-Fock exchange in the description of the
electronic structure.

The applied computational methodologies are described in section 4.3. The
performed DFT-based molecular dynamics simulations of PCET reactions are
discussed in detail in paragraphs 4.4.1 — 4.4.4. Section 4.4.1 describes the
equilibrium dynamics of the low-valent Ru'-bda intermediate. Section 4.4.2 deals
with the enhanced sampling simulations of the O-O bond formation step, while
section 4.4.3 investigates the oxygen dissociation from the catalyst after the fourth

PCET reaction. The conclusions of this paper are presented in section 4.5.

4.3 Computational methods

The optimized initial structure of the dye-[Ru(bda)(pic)(OH)]" complex was
already obtained in a previous computational work.”! The complex was placed in
a cubic box with periodic boundary conditions. 199 explicit water molecules were
added using the PACKMOLP?! builder tool in the AMS2022.102 package by
SCM.B? Subsequently, GROMACS was used to perform classical molecular
dynamics (MD) simulations in which the water solvent molecules were
equilibrated.*”! In these simulations, the water molecules were modeled with the
TIP-3P force field, while the LigParGen tool was used to generate a set of OPLS-

AA parameters for the non-metal atoms in the WOC-dye complex.*!#! As this
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tool does not allow for metal parameter optimization, the ruthenium atom was
replaced with a seven-coordinated sulfur atom during the optimization run, and
the ¢ and o0 Van der Waals parameters for ruthenium were obtained from
Bernardes ef al. (the employed OPLS-AA force field parameters can be found
attached to the publication by de Haas et al.).[*" Partial charges for all atoms of
the WOC-dye complex were obtained from the Mulliken charges calculated at the
B3LYP-D3(BJ)/TZP level on the optimized geometry.®”) In these classical MD
equilibration runs, the atoms in the WOC-dye complex were kept at fixed
positions. After an initial geometry relaxation, 5 ns of NVT ensemble simulation
followed by 10 ns of NPT ensemble simulation were performed, each with a 2 fs
timestep. These simulations employed the Berendsen thermostat and the

47491 The volume equilibration yielded

Parrinello-Rahman barostat, respectively.!
a cubic box with a side length of 20.343 A and the temperature was stable around
300 K (see Appendix, Figure 4A.1). This system was subsequently used as the
input for the DFT-MD simulations. Before the production runs, additional NVT
simulations were performed at the DFT-MD level to equilibrate the whole system
including the WOC-dye complex at 300 K. These calculations were performed
with the Canonical Sampling Through Velocity Rescaling (CSVR) thermostat
with a time constant set to 20 fs. The production runs were performed with a time
constant of 150 fs. The time evolution of the temperatures of these runs is provided
in the Appendix, Figure 4A.2.

All Kohn-Sham density functional theory simulations were carried out with the
Quickstep routine in the CP2K8.2 software package.>%! All pure-DFT calculations
were performed with the PBE exchange-correlation functional, while hybrid-DFT
simulations were performed at the B3LYP level. All simulations included
Grimme’s pairwise additive D3 dispersion corrections with a cut-off of 22 A and

51-54] The valence electrons for ruthenium were modelled with

grid-smoothening.|
the DZVP-MOLOPT-SR-GTH basis set, while all other elements were modelled
with the DZVP-MOLOPT-GTH basis.[*! The core electrons were described using

the GTH pseudopotentials optimized for the PBE functional.[**58 A value of 280
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Ry was used as cut-off for the auxiliary plane wave (PW) basis. The PW
integration was performed on a 5-layer multi-grid with the relative cut-off
parameter set to 40 Ry. The orbital transformation (OT) method was used for the
SCF procedure, employing a preconditioner based on diagonalization and
inversion of the complete H — €°S matrix in conjunction with the conjugated
gradient minimizer.*®! The convergence accuracy was set to 10°® Hartree, which
was found to conserve the total energy in the molecular dynamics simulations.
Hybrid-DFT calculations were performed with the B3LYP functional containing
a 0.2 fraction of screened Hartree-Fock exchange (HFX).[0%] The HFX part was
computed in an auxiliary density matrix using the AUX FIT cFIT11 basis for
ruthenium and the AUX_FIT cFIT3 basis for all other elements."**! To reduce the
computational cost, the Coulomb operator for the HFX calculation was truncated
at a radius of 8.0 ao and the threshold for the &schwarz SCreening parameter was set
to 10°°, with screening of the initial density matrix enabled.[** Level of theory
benchmarks on the structural and electronic properties of the complexes and on
the oxygen-oxygen radial distribution function are provided in the Appendix,
section 4A.7. These tests demonstrate that the level of theory employed is

sufficiently accurate for the system of interest in this work.

4.4 Results and discussion

In this work, the [Ru"(bda)(pic)(H.0)]* (bda = 2,2’-bipyridine-6,6’-dicarboxylic
acid, pic = 4-picoline) complex was considered as the water oxidation catalyst.
This catalyst has been reported to operate with a catalytic turnover frequency
(TOF) of 32 s' and is representative of a class of ruthenium-based catalysts
developed in the groups of Sun and Llobet.[! Although other catalysts have been
reported to perform at higher turnover frequencies, these catalysts typically rely
on different axial ligands which increase ©- m stacking interactions, leading to

15,19

higher intermolecular collision frequencies that favor the 12M pathway.!'>!”! Since

the purpose of this work is to study the mononuclear WNA mechanism, it is
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reasonable to consider the smaller 4-picoline ligand, as this saves computational
resources. We note that the catalyst with 4-picoline axial ligands has been reported
to perform very similarly to its phenylpyridine counterpart once it had been
immobilized in a supramolecular assembly on a TiO, surface (see ref [!!], Figure
4.2b). This type of catalyst has been adopted in several studies on catalyst and
photosensitizer functionalized photoanodes.[!!2021:65-74]

The organic 2,6-diethoxy-1,4,5,8-diimidenapthalene (NDI) dye was employed as
photon absorber. This dye has been studied extensively and computational work
has shown that it has the appropriate redox properties to provide a driving force
for all four PCET steps in the water oxidation process in similar catalysts.>7"]
The NDI molecule was covalently bound to the catalyst on the nitrogen position
of one of the imide moieties (see Figure 4.1). Computational work in our group
has shown that photo-induced electron injection from the NDI to the TiO» surface
is fast compared to the kinetics of the catalyst,[’®7! which is consistent with
experimental works on other dye-TiO; interfaces.®*82 The TiO, was, therefore,
not taken into account explicitly and the photoinduced electron injection was
simulated by instantaneous oxidation of the dye molecule. Experimental works,
as well as in silico efforts, have focused on elucidating the reaction mechanism
for the [Ru'(bda)(pic)2(H-0)]" catalyst.['"] Based on these investigations and the
research reported in this work, a reaction mechanism is proposed for the catalyst-
dye complex. The proposed catalytic cycle is depicted in Figure 4.1. The catalyst

_OH, intermediate.

is activated by oxidation of the Ru' complex to form a Ru
Subsequently, a series of four proton coupled electron transfer steps lead to
formation of Ru'V-OH, Ru¥=0, Ru"V-OOH and finally again the Ru™-OH,. It has
been found in earlier research that during the entire catalytic cycle the ruthenium
remains in the low-spin electronic configuration.® In this work, we have
simulated with DFT based molecular dynamics all four PCET steps of the catalyst-
dye complex. Simulations of the first and second PCET step were found to

proceed on a fast timescale and are discussed in the Appendix, sections 4A.3 and

4A.4. The first section in the results concerns the equilibrium dynamics of the
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Ru'-bda intermediate before the first PCET step, as the nature of this equilibrium
is still under debate in literature. Subsequently, the paper focusses on the rate-

limiting third PCET step and the fourth PCET step which is rapidly followed by

release of the dioxygen ligand.
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Figure 4.1. The proposed catalytic cycle for the studied WOC-dye system.
Initially, the Ru(ll) complex is oxidized to Ru(Ill). Then, four photo-induced PCET
steps lead to formation of one dioxygen molecule, four protons and four electrons.
A schematic representation of the electronic configuration on the ruthenium
center at each intermediate is depicted in orange and the HOMO energy level of
the dye is depicted in blue. The photo-oxidation events are highlighted by the
vellow flash symbols. In the third and fourth PCET steps, the high valent

ruthenium is reduced with electrons coming from the hydroperoxo/oxygen ligand.
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Those orbitals are depicted in red. Both in PCET step 1 and step 3, the singlet
spin-multiplicity is preserved during the reaction, despite the initial open shell

character of the system.

4.4.1 Probing the equilibrium dynamics of the low-valent Ru""'-bda intermediate
From a combination of X-ray, NMR, and EPR studies, three distinct binding

modes have been resolved for Ru"-bda complexes.!'*!®

I'In the first binding mode,
one of the carboxylate groups is reported to dissociate from the ruthenium, leading
to a k*-O'N? coordination, whereas in the second binding mode the Ru-Ny 4,2- is
elongated, leading to a k’-O*N! coordination.[':!¥] Recently, also a complex has
been isolated in which the aqua ligand exhibits a weak interaction with the
ruthenium, while the bda®>" backbone binds symmetrically in a k*-O°N? binding
mode."% In order to gain insights into the dynamic behavior of the catalyst in this
low-valent oxidation state, we performed simulations both employing the PBE
and the B3LYP exchange-correlation functionals. The *(NDI-[Ru(III)-OH,])"
complex was equilibrated at the GGA-PBE level for 3 ps and subsequently
propagated for another 5 ps at room temperature. Then the simulation was
continued for another 4.6 ps at the hybrid level.

Interestingly, the complex was found to exhibit a dynamic equilibrium in which
all binding modes discussed above participate. Snapshots of the trajectory where
the system is in the k*-O’N?, k3-O'N? and k*-O°N! binding modes are provided in
Figure 4.2a, b and c, respectively. These figures also indicate with colors the Ru-
On,0, Ru-O¢po- and Ru-Np4,2- bonds that coordinate and dissociate from the
ruthenium center. The time evolution of these bonds during the PBE and B3LYP
simulations is visualized in Figure 4.2d. The other Ru-O¢cgo- and Ru-Njg,2-
distances, as well as the axial Ru-Ny; distances, were found to remain relatively
stable during the MD simulation and are provided in the Appendix, Figure 4A.3
and Figure 4A.4. In the performed PBE-based simulations, it was found that the

system resides in a dynamic equilibrium between two six-coordinated, pseudo-
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octahedral complexes, where the aqua ligand and one of the bda-carboxyl groups

Il center on the sub-ps timescale.

rapidly coordinate and dissociate to the Ru
Interestingly, the binding of the aqua ligand was paired with the formation of
strong hydrogen bonding interactions between the aqua ligand and the
surrounding water molecules. Remarkably, at the B3LYP level of theory the
dynamic behavior of the complex was preserved, but now also involving the k-
O’N! binding mode, where the equatorial Ru-Ny 4,2~ distance is elongated, see
parts of the trajectory between 5.2-5.4 ps and 9.1-9.5 ps in Figure 4.2. It was also
attempted to equilibrate this k>-O’N' complex at the PBE level by constraining
the equatorial Ru-Ny4,2- distance to 2.54 A and equilibrating the system for 2.5
ps. However, after lifting the constraint the system was found to relax
instantaneously to the k3-O'N? coordination mode.

It can be concluded that the barriers associated with the transitions between the
different binding modes are low. The aqua ligand is found to remain close to the
metal center (< 3.0 A) at all times during the simulation, even in the case of k*-
O?N? coordination of the bda®" ligand. This pseudo-7-coordinated environment
implies that the first step in the catalytic cycle is not limited by slow coordination
of the aqua ligand to the Ru(Ill) center. These results underscore how DFT-MD
with explicit solvent can help to understand the dynamical flexibility in the

coordination sphere of transition metal complexes.
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Figure 4.2. Snapshots from the AIMD simulations that represent the three binding
modes, k*-O’N’ (a), I°-O'N’ (b) and k*-O°N' (c), are displayed in the top panel.
The time evolution of Ru-Npg42-, Ru-O¢oo- and Ru-Oy, o bonds are plotted in d).
In panel d), the first half of the trajectory is propagated at the GGA-PBE level,

while the second half of the trajectory is propagated at the hybrid-B3LYP level of
theory.

4.4.2 Blue Moon simulations of the rate-determining O-O bond formation step
The first and second photo-induced proton-coupled electron transfer (PCET) steps
in the catalytic cycle of the investigated catalyst-dye dyad were found to proceed
fast, on the ab initio MD time scale of several picoseconds (see Appendix, section
4A.3 and 4A.4). Consequently, we shift our attention to the third PCET event
(PCET 3 in Figure 4.1). We employed a similar strategy as in the previous section:
the equilibration of the system and exploratory Metadynamics (MetaD) and Blue
Moon ensemble simulations were performed at the GGA-PBE level of theory,
followed by an additional ~1 ps propagation of the Blue Moon ensemble
trajectories at the hybrid-B3LYP level to refine the results. This approach enables
us to compare the obtained free energy surface (FES) at both levels of theory. This

section describes in more detail the performed enhanced sampling simulations.
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The high-valent *(NDI-[Ru(V)=0])" complex was equilibrated at room
temperature for ~4 ps at the GGA-PBE level of theory. During this simulation, the
spin density was localized exclusively on the ruthenium t;; and the oxygen p
orbitals (see Appendix, section 4A.5, Figure 4A.8). Despite the considerable
electron deficient character of the oxygen, essentially no nucleophilic
coordination of water molecules was observed in the performed simulations. This
is in accordance with other in silico studies that reported the Ru=0O moiety to be
hydrophobic.['” The Ru-O distance was found to fluctuate around 1.72 £0.05 A,
which is in excellent agreement with in-situ X-ray absorption spectroscopy studies
on this catalyst class, that report a value of 1.75 £0.02 A. ¥ At this stage, the
complex was found strictly in the 7-coordinated environment with a symmetric
binding of the carboxyl groups, although both Ru-O bonds fluctuated appreciably.
After the removal of one alpha-spin electron from the dye, the system was found
to equilibrate to a stable open-shell singlet with one unpaired alpha-electron on
the catalyst and one unpaired beta-electron on the dye (see Figure 4A.9). This
complex was found to remain stable over the course of 3 ps, without attempting
electron transfer or interaction with nearby water molecules.

In order to observe the slow O-O bond formation, the water nucleophilic attack
was accelerated by employing the well-tempered MetaD enhanced sampling
method, of which the details are discussed in the appendix, 4A.6.1.%%! The O-O
distance between the oxo ligand and the nearest water molecule in the solvent was
chosen as collective variable (CV), similar to previous studies.?**-’> We argue
that this choice of the CV is justified, given that one cannot discriminate between
different water molecules in the simulation and the system is sufficiently
equilibrated before we start the MetaD. Notably, the carboxylate group of the
bda?" ligand acted as a hydrogen bond acceptor towards one of the protons of the
nucleophilic water molecule during the final ~22 ps of the MetaD simulation, even
though this interaction was not included in the collective variable along which the

reaction was biased (see Figure 4.3). Nevertheless, the PCET event consistently

98



Chapter 4

involved dissociation of the proton facing the water environment, and not the one
involved in this interaction. Although the MetaD simulations yielded a reactive
trajectory, the statistical error in the obtained free energy surface (FES) remained
large within the timescale that we could afford to run the simulation (see

Appendix, Figure 4A.10).

c) 31.0 ps

Figure 4.3. Three stages during the third PCET reaction, forming the O-O bond.
(a) The water molecule roams around freely. (b) One of the protons on the water
molecule forms a hydrogen bond with the carboxylate group of the bda’~ ligand.
(¢c) The O-O bond is formed, while simultaneously the water facing proton is

abstracted following a Grotthiis mechanism.

The FES was further refined following the Blue Moon approach using the O-O
distance as collective variable.®**" Nine structures were sampled from the MetaD
simulation with O-O distances between 3.0 and 1.4 A at 0.2 A intervals. These
structures were subsequently used as input for GGA-PBE based MD simulations,
in which their O-O distance was constrained. After the averaged constraint force
A for each MD simulation had converged to a stable value, the trajectories were
propagated for another 1.5<¢<3 ps, after which a constraint force profile was

constructed from the averaged A values (see Appendix, Figure 4A.11 a). Two
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additional points were added to this profile at 1.45 A and 3.3 A. Unconstrained
DFT-MD simulations showed that these values present the equilibrium O-O
distances in the reactant and product states of the complex (see Appendix, section
4A.6.2). The profile was fitted with a 100-point Akima spline, and subsequently
numerically integrated to obtain the FES (see Appendix, Figure 4A.11 b). The
equilibrated GGA-PBE trajectories were further propagated for another ~1 ps at
the hybrid-B3LYP level, after which this procedure was repeated to generate the
force profile and FES at the hybrid-DFT level (Figure 4.4a and b). To improve the
resolution in the region of the transition state, two additional points, at 2.1 and 1.9
A, were considered at the hybrid-level. Errors on the A-profile and FES were
obtained from block averaging. Details on this procedure and further details on

the Blue Moon approach are provided in the Appendix, 4A.6.2.
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Figure 4.4. FES calculated at the B3LYP level, plotted as a function of the O-O
distance reaction coordinate. The free energy was obtained by thermodynamic
integration of a 100-point Akima spline fit of the averaged constraint forces, <1>,
at different values of the constrained O-0 bond distance. The error bars on <1>
are obtained by block averaging. The error on the FES is calculated by integrating

the upper and lower bounds of the <> profile.

The hybrid-B3LYP based Blue Moon ensemble simulations predict a 20.3 + 1.2

kcal mol™! free energy barrier governing the O-O bond formation. The overall
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reaction has a free energy difference of 1.8 + 1.9 kcal mol ™!, indicating that, within
the statistical error, the reaction is endothermic with the selected NDI dye.
Previous studies from our group on different catalysts with the same dye showed
a larger driving force for the O-O bond formation, likely because those catalysts

75,76

involved Ru in a lower oxidation state.! Experimentally, the half wave

potential £}, for the employed NDI dye has been measured at 1.36 V vs Fc/Fc*,[38
which thus appears to be the minimum required oxidation potential for
mononuclear water oxidation catalysis with this Ru-bda catalyst.””! While the
relatively low barrier suggests the viability of the WNA mechanism as a potential
route, the associated rate constant of ~0.008 s™' (min = 0.001 s™!, max= 0.06 s ')
is four to eight orders of magnitude slower than the rates achieved through the
I2M mechanism with this catalyst.!'>) We have also calculated the reaction profile
at the GGA-PBE level (see the Appendix, Figure 4A.11). Interestingly, the overall
reaction is found to be endothermic at that level with a AG = 2.9 + 0.9 kcal mol .
The barrier at the GGA-level is lower than at the hybrid-level, with the AG* = 14.9
+ 0.9 kcal mol™!. Note that the error bar at the GGA-level is smaller than at the
hybrid-B3LYP level since the GGA is computationally more efficient and
simulations can be run over a longer timescale.

To get an understanding of the observed differences between the two functional
set-ups, we have evaluated the proton and electron transfer dynamics during the
Blue Moon ensemble simulations. In these simulations, the proton involved in the
PCET reaction was not constrained and, therefore, free to dissociate from the
nucleophilic water molecule. In addition, the electron could move freely from the
catalyst to the photo-oxidized dye. In Figure 4.5, panel a, the spin density of the
initial state corresponding to an open-shell singlet spin configuration with an
unpaired electron on the catalyst and a hole on the dye is shown (see also Figure
4.1, PCET 3). After the third PCET step, a singlet closed shell configuration is
obtained, where the unpaired electron on the catalyst has recombined with the hole
(Figure 4.5, panel b). In Figure 4.5, panels c and d, the hybrid-B3LYP and GGA-

PBE spin density evolution is visualized for the duration of 400 fs during the Blue

101



Chapter 4: Hybrid-DFT Molecular Dynamics Simulations of Photocatalytic
Water Oxidation in a [Ru-bda]-Dye Complex

Moon simulations with constrained O-O distances of 3.0 A, 2.2 A, 2.0 A and 1.4
A. Figure 4.5¢c displays the first 400 fs for the hybrid simulations, while Figure
4.5d provides the 400 fs in which the PCET event takes places in the 2.0 A GGA-

based simulation.
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Figure 4.5. The top panels provide a visualization of the spin density of snapshots
taken from the hybrid-B3LYP simulations with constrained O-O distances of 3.0
A (a) and 1.4 4 (b), where the isosurface values were set to 0.003 for positive, and
-0.003 for negative spin density contributions. Panels c¢) and d) plot the spin
density population analysis on the catalyst (orange), dye (blue) and water (grey)
as a function of simulation time. The local spin density on the specified fragments

was obtained by summing over the atomic Mulliken spin density contributions.

Figure 4.5 shows that the simulations with constrained O-O distances longer than
2.0 A exhibit consistently an open shell singlet spin-multiplicity, where the hole

is located on the dye. The application of the pure-DFT functional leads to a
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considerable fraction of spin density on the water solvent molecules. This is a
commonly known artifact of GGA-based DFT.*3# Interestingly, this spin
delocalization is virtually eliminated in the simulations with the hybrid-B3LYP
functional. The tendency of B3LYP to localize the spin density better than PBE
becomes particularly apparent when the O-O distance is shortened to 2.2 A. At
that point, the integrated spin density on the dye is reduced to ~0.6 at the GGA
level, indicating that the electron and hole are formed only partially. In contrast,
the spin localization on the dye is preserved at the hybrid-B3LYP level. The GGA
simulation at 2.0 A shows that the electron-hole pair separation collapses after
2500 fs, which was found to coincide with the proton transfer event. In the
simulations with an O-O bond distance shorter than 2.0 A, the system forms

consistently a closed-shell singlet, where the electron has transferred to the dye.

4.4.3 Dioxygen dissociation after the fourth PCET step

The initial structure for the equilibration simulations of the '([Ru(IV)-OOH]-
NDI)* intermediate was extracted from the final part of the trajectory of the third
PCET step, where the excess proton was removed from the water solvation
environment. The system was equilibrated at the PBE level at room temperature
for 2 ps before once more the photooxidation of the NDI was simulated by
removing an electron from the simulation box. The evolution of the spin density
on the dye, catalyst, and the water environment are plotted over time in Figure
4.6a in the top panel, while the dissociating O-H distance from the hydroperoxo

ligand is shown in the bottom panel.
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Figure 4.6. a) The red, blue, and orange traces represent the integrated spin
moments on the O-0 ligand, NDI dye, and ruthenium center, respectively. b) The
purple line represents the length of the dissociating O-H bond, while the green
line represents the Ru-O distance. ¢), d), e), and f) provide visualizations of the
spin density at four stages which are characteristic for the PCET reaction.
Isosurface values were set to 0.003 for positive, and -0.003 for negative spin

density contributions.

Although the hole is initially delocalized over the solvent water molecules, most
of the spin density localizes on the NDI within the first ~100 fs after oxidation of
the system (Figure 4.6a and c). In the following ~1.7 ps the system remains in a
stable state with the proton attached to the O-O ligand. Interestingly, two
attempted electron transfers are observed prior to the final PCET event, at around
0.9 ps and 1.1 ps. At this stage, a water molecule is closely coordinated to the

hydroperoxo ligand, however, there is no chain of water molecules to facilitate
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long-range proton transfer. Subsequently, a second water molecule was observed
to form a hydrogen bond interaction with the water molecule coordinating to the
hydroperoxo ligand, allowing for the PCET event to occur (see Figure 4.6d). After
the PCET, significant oscillations are observed of the spin density moving
between the metal center and the oxygen ligand. Nevertheless, the performed
simulations employing the PBE functional eventually appeared to favor a
configuration where one of the triplet oxygen electrons recombines with the anti-
ferromagnetically coupled ruthenium electron, forming what is best described as
a doublet spin configuration on the oxygen ligand (see Figure 4.6¢). This species
remained stable over more than 4 ps of simulation time. Since GGA functionals
are known to overestimate charge delocalization, it was decided to propagate the

32341 By including a fraction

system for another 1 ps with the B3LYP functional.!
of screened-Hartree-Fock exchange, the two unpaired electrons localized on the
dioxygen ligand exclusively, forming a local triplet (see Figure 4.6f).
Consequently, the O ligand dissociated rapidly from the catalyst after switching
to the hybrid functional. This observation underlines the importance of including

a fraction of exact exchange in this type of simulations and should be kept in mind

for future studies on similar systems.

4.5 Conclusions

In summary, DFT-based molecular dynamics simulations were performed of the
four proton-coupled electron transfer (PCET) steps in the catalytic water oxidation
cycle of a [Ru'(bda)(pic)2(H.0)]" (bda = 2,2’-bipyridine-6,6’-dicarboxylic acid,
pic = 4-picoline) catalyst, covalently bound to the 2,6-diethoxy-1,4,5,8-
diimidenapthalene (NDI) dye. The first part of this work addresses the
coordination environment of the ruthenium center at the beginning of the catalytic
cycle. The dynamics simulations reveal that the Jlow valent
[Ru(bda)(pic)(H.0)]" intermediate adopts a six-coordinated configuration,
wherein coordination of the aqua ligand is followed by a lowering of the

coordination number of the bda®” ligand, either by elongation of the equatorial Ru-
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Ny g42- bond or by elongation of the equatorial Ru-O¢gg- bond. Following the
first PCET step, the resulting [Ru'v(bda)(pic).(OH)]* complex consistently
maintained a 7-coordinated environment. This 7-coordinated environment is
preserved also after the second, third, and fourth PCET steps.

To gain an understanding of the behavior of this catalyst when anchored to a
surface, the O-O bond-forming step was considered to involve the nucleophilic
attack of a water molecule on a single, high valent Ru¥=0 species. Using Blue
Moon ensemble simulations at the B3LYP level, the barrier for this process was
determined to be 20.3+1.2 kcal mol™!, corresponding to a catalytic rate of
approximately 0.008 s™' (min = 0.001 s™!, max= 0.06 s ') at 300 K. This rate
represents a realistic estimate for systems where the catalyst is immobilized, and
is four to eight orders of magnitude slower than the rates that have been reported

1151 The oxidation

in studies where the catalyst followed the binuclear mechanism.
potential of the employed NDI dye, which has been measured at 1.36 V vs
Fc/Fc*,88 was found to be slightly insufficient to drive the O-O bond formation.
We found that the subsequent and final PCET step, in which the hydroperoxo
ligand is oxidized to form O», happened spontaneously on the ab initio molecular
dynamics timescale and will, therefore, not affect much the kinetics of the catalyst.
Finally, we have evaluated the performance of the widely used GGA-PBE and
the hybrid-B3LYP functionals in determining the reaction barriers, energetics, and
description of spin localizations in the DFT-based molecular dynamics
simulations. In addition to the slight changes in the relative energies of reactant
and product states for the rate-determining O-O bond formation, it was found that
the GGA functional exhibits a tendency to overestimate delocalization of spin
density, leading to significant spin polarizations on the water environment and
unphysical pairing of electrons on the O ligand with an electron on the ruthenium
center. The inclusion of exact exchange quenches delocalization, leading to the
electron and hole densities that are localized on the catalyst and dye fragments of

the system. The most notable effect of this correction on the dynamics was
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observed for the dissociation of the O, ligand at the end of the catalytic cycle,

which happened spontaneously with the hybrid functional while in the simulations

with the GGA functional the oxygen molecule remained bound to the ruthenium

complex.
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4A. Appendix

4A.1 Calculation of the reaction rates from the activation free energies

The reaction rates reported in this paper were calculated according to the

following equation from transition state theory:!!!

i = el o

Where £ is the reaction rate, kg is the Boltzmann constant, 7 is the temperature, 4

is Planck’s constant, AG is the activation energy and R is the universal gas
constant.

4A.2 Equilibrations of the 2(NDI-[Ru(I1I)-OH.]"), {(NDI-[Ru(IV)-OH]"),
(NDI-[Ru(V)=0]"), and (NDI-[Ru(IV)-OOH]") intermediates

a) emo
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g g
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Figure 4A.1. Panels a and b provide the simulation box volume in A° (blue line)

and the simulation temperature in K (ved line) along the last 5 ns of classical MD

NPT equilibration, respectively.
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Figure 4A.2. Temperatures of the equilibration runs at the DFT (PBE) level for
the *(NDI-[Ru(Ill)-OH,])*, '(NDI-[Ru(1V)-OH])*, *(NDI-[Ru(V)=0])*, and
Y(NDI-[Ru(IV)-OOH])" intermediates.

4A.3 Additional information on the simulations on the 2((NDI-[Ru(III)-
OH;|") complex
4A.3.1 Time evolution of ligand bond distances in *(NDI-[Ru(II1)-OH,]")

complex

3.0 1

2.5 A

Distance (A)

2.0 1
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—— Ru-O¢po- 2

—== Switch to B3LYP functional
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Figure 4A.3. Time evolution of the bond distances between the ruthenium center,

the nitrogen backbone atoms and the carboxylate oxygen atoms of the equatorial

bda” ligand, and the aqua ligand.
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Figure 4A.4. Time evolution of the bond distances between the ruthenium center

and the nitrogen atoms of the axial picoline ligands.

4A.3.2 First PCET step

The first PCET reaction was simulated at the PBE level of theory. One a-electron
was removed from the dye fragment of the molecule, leading to an open-shell-
singlet configuration with one unpaired a-electron on the catalyst and one
unpaired B-electron on the dye. The spin-densities on the dye and on the catalyst
part of the complex as well as the O-H; and O-H, bond lengths are plotted in
Figure 4A.5. Interestingly, the open-shell state was found to form only partially,
with a total spin-moment of only 0.4 on the dye and —0.6 on the catalyst and
decayed within 50 fs to the closed-shell spin-configuration. A single point energy
calculation performed after removing the electron and using tighter SCF
convergence criteria converges to an electronic state where the open shell
character is almost negligible (<|0.1| Mulliken spin density accumulation on the
catalyst and dye fragments of the molecule). This suggests that the reactant and
product electronic states are already very close in energy, and this electron transfer
step in the catalytic cycle is essentially instantaneous upon oxidation of the dye
and does not depend on nuclear rearrangements.

After the electron has transferred to the dye, the resulting Ru'v-bda complex was
found reside consistently in a 7-coordinated configuration, where both
carboxylate ligands, as well as the aqua ligand bind strongly to the ruthenium and

the bond distances are ~2.0 A. As a response to the oxidation event and binding
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of the aqua ligand, the O-H bonds of the ligand are activated, leading to alternating
elongations of their respective bond lengths (named O-H; and O-H; in Figure
4A.5). The dissociated proton remains within close proximity of the hydroxide
ligand during the remainder of the simulation, instead of long-range transfer by a
Grotthuss mechanism. The fact that the proton does not diffuse further from the
hydroxide ligand within the simulated time domain could be due to limited

sampling or to finite box size effects.

a —— SDon Dye
) 18 —— SDon Cat
—— SD on Water
2z 1.6 =3
z H 3
fa] | \/‘\ 14
c 8
& \ /\ A \/\/ l,,8
VAN A A non '
on Al YAV VAP, T\/
A ARY ,\\J\Af @"f\,’ @“\.y’ A
. . . — distance O—Hy
5200 5300 5400 5500 —— distance O—H;
Time (fs) Oxidation Event
b) —— distance O — Hy
1.8 —— distance O — H;
Oxidation Event
— 1.6
<
g
g 1.4 1
5
a
1.2 1
1.0 1
0 2000 4000 6000 8000
Time (fs)

Figure 4A.5. Panel a provides the time-evolution of the spin-densities (SD) on the
catalyst, dye, and water environment, as well as the two O-H bond distances of
the aqua ligand for the first 0.5 ps after the oxidation event. The O-H bond
distances of the aqua ligand are also plotted in b for the duration of the entire

simulation.
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4A.4 Additional information on the simulations of the 1(NDI-[Ru(IV)-
OH]+) complex

4A.4.1 The second PCET step

As for the first PCET step, the '(NDI-[Ru(IV)-OH]") system was equilibrated for
5 ps, where now one proton was removed from the simulation box. At this stage,
the complex strongly binds the OH™ ligand in a symmetric 7-coordinated
environment of the Ru" ion with dru.o = 1.90 A. A strong hydrogen bonding
network emerged near the hydroxide ligand, where a nucleophilic water was
coordinated to the proton, which was in turn also coordinated by two water
molecules (see Figure 4A.7).

The photooxidation process was simulated by removing one electron from the
simulation box, now resulting in a doublet 2(INDI**-[Ru(IV)-OH]") species with
the unpaired electron found predominantly on the NDI. In Figure 4A.6, the
integrated spin density on the dye, catalyst, and water environment are plotted
over time in blue, orange, and green respectively. In the same plot, also the length
of the dissociating O-H bond is plotted. It is observed that the two quantities
evolve in a highly correlated manner, underlining the concerted nature of this
PCET step. The photoexcited state was found to live significantly longer in the
second PCET step than for the first PCET step, indicating that the electronic state
in which the dye is oxidized, and not the ruthenium, does present a minimum on
the potential energy surface in this catalytic step. Completion of the electron
transfer from the Ru'V-bda complex to the dye was observed in ~400 fs.
Immdiately after removal of the electron on the dye, some spin density on the
catalyst has already recombined with the excess hole density on the NDI. Also, a
significant fraction was found to delocalize on the water environment. This was
also observed for the first PCET step. Given the tendency of GGA-functionals to
overemphasize charge delocalization, it was decided to replicate this PCET step
at the B3LYP level of theory.’®! Contrarily to the simulations with the PBE

functional, the excess spin localized exclusively on the dye component of the
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complex post-oxidation, as depicted in Figure 4A.6, panels b and c. The system
was observed to remain in the reactant state for the duration of 2.5 ps, without
undergoing a spontaneous PCET event. To obtain a reactive trajectory,
Metadynamics (metaD) was used, as implemented in the Plumed library. A
constant bias potential characterized by a height of 0.621 kcal mol ™' and width 0.1
A, was deposited every 10 fs, acting along a collective variable defined by the
dissociating O-H bond distance. Interestingly, the electron transfer event was
observed to unfold on an ultrashort timescale, with the total spin density on the
dye transferring to the catalyst within a few femtoseconds. This observation aligns
with the expectation that in Born-Oppenheimer molecular dynamics simulations,
the electronic system remains strictly quenched to the absolute ground state. In
previous work, we have shown that the electron transfer in this catalyst-dye
system can be described by two electronic states that cross along the proton
transfer reaction coordinate.l”’ The proton and electron dynamics in this PCET
event are strongly coupled, as it is observed that the electron transfer takes place
as soon as the dissociating O-H bond is elongated to about ~1.4 A. Due to the
aggressive biasing, it is not meaningful to analyze the obtained free energy surface
associated with the MetaD simulation.

In summary, a GGA-based simulation predicted the PCET event to occur
spontaneously, while the hybrid-functional-based simulation does not show this
event on the few picoseconds timescale. This observation aligns with benchmark
tests that show that GGA functionals consistently underestimate proton transfer
barriers in water by about 3 to 3.5 kcal mol '.*] Based on previous work in our
group, we expect the GGA-DFT predicted barrier for ruthenium-catalyzed
oxidation of the hydroxide ligand to be of the order of 2 kcal mol '[! With hybrid
functionals this would thus increase to ~5 kcal mol™!. Therefore, the apparent
discrepancy between the GGA and hybrid-DFT simulations can be attributed to

the difference in the predicted activation barriers.
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Figure 4A.6. The evolution of the spin density on the dye (blue), catalyst (vellow),
and water (green) components of the system are plotted over time as calculated
with the PBE functional (a) and with the B3LYP functional (b). The dissociation
O-H bond lengths are plotted in red. In the simulations with the B3LYP functional,
the spin densities are localized exclusively on the dye and on the catalyst, whereas
with the PBE functional the spin density is delocalized significantly on the water.
The oxidation event is indicated with a vertical dashed line in both figures. The
vertical purple dashed line in b indicates the moment from which bias potentials
were deposited. Figures c) and d) provide a visualization of the spin density right
before and after the PCET event in the simulation performed with the B3LYP

functional.
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4A.4.2 Manifestation of a hydrogen bonding network around the 1(NDI-

[Ru(IV)-OHJ+) intermediate
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Figure 4A.7. Front- (left) and side-view (right) of the hydrogen bonding network

that form around the hydroxide ligand during the equilibration run of the ' (NDI-

[Ru(1V)-OH]") intermediate.

4A.5 Spin-densities of 2(NDI-[Ru(I11)-OH,] "), 2(NDI-[Ru(V)=0]") and

(NDI"-[Ru(V)=0]") intermediates

a) K30N22(NDI-[Ru(1ll)-OH,]*)

J
v

b) K*O2N22(NDI-[Ru(lll)-OH,]*)

c) ?(NDI-[Ru(V)=0]*)
Top view

%

d) 2(NDI-[Ru(V)=0]*)
Side view

Figure 4A.8. Spin-densities on the *(NDI-[Ru(1ll)-OH,]") (a and b) and *(NDI-

[Ru(V)=0]") intermediates (c and d).

117



Chapter 4: Hybrid-DFT Molecular Dynamics Simulations of Photocatalytic
Water Oxidation in a [Ru-bda]-Dye Complex

Figure 4A.9. Spin-density on the *(NDI""-[Ru(V)=0]") intermediate.

4A.6 Enhanced sampling methods to accelerate the rate determining O-O
formation step

4A4.6.1 Metadynamics Simulations of O-0O bond formation

As collective variable (CV), the O-O distance between the oxo ligand and the
nearest water molecule in the solvent shell was chosen.®!> A quadratic wall was
employed at a CV value of 3.1 A to restrict the explorable configuration space to
a minimum by preventing the nucleophilic water molecule from drifting away.
The initial bias with a height 0.5 kcal mol™' and width of 0.1 A was adaptively
scaled during the simulation based on a target bias factor of 35 kg7. After 22.7 ps,
the initial bias height had decreased to about ~0.15 kcal mol™!, while the
fluctuations in the collective variable did not yet get close to a transition, which
we expected to be around 1.75 A. At that point, it was decided to continue the
simulation with a constant Gaussian height of 0.2 kcal mol!. The Gaussians were

deposited along the CV every 50 fs. The Metadynamics simulation terminated
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after the first crossing event, which took place after 31.0 ps. This is justifiable
since the purpose of this study was to investigate the activation barrier and
mechanism for the PCET step in question and not the free energy difference

between the reactant and product states.
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Figure 4A.10. Plot of the free energy profile obtained from the Metadynamics
simulations (blue) performed at the GGA-PBE level of theory. The total
simulation time amounted to ~31 ps. The error (1 standard deviation) for the free
energy is given in the red shaded area. The barrier of O-O bond formation was
found to amount to ~40 kcal mol™. The high uncertainty in the obtained fiee

energy profile indicates that a considerably longer simulation needs to be carried

out to obtain a converged result.
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Figure 4A.11. FES calculated at the PBE-level, plotted as a function of the O-O
distance reaction coordinate. The free energy was obtained by thermodynamic
integration of a 100-point Akima spline fit of the averaged constraint forces, <
A>, at different values of the O-O bond distance. The error bars on < 1> are
obtained by block averaging. The error on the FES is calculated by integrating
the upper and lower bounds of the < 1> profile.

4A.6.2 Blue moon simulations of O-0O bond formation

The Blue Moon Ensemble Free energy profile was constructed from nine AIMD
simulations performed with a constrained O-O distance of 3.0, 2.8, 2.6, 2.4, 2.2,
2.0, 1.8, 1.6 and 1.4 A. In addition, simulations in the reactant and product states
were performed to determine the equilibrium O-O bond lengths. The average bond
length in the product state was found to fluctuate around 1.45 A. To improve the
FES integral quality, an additional point was added on the y-axis at an x-value of
1.45 A. The radial distribution function of the oxo-ligand with all oxygen atoms
of the solvent water molecules is plotted in Figure 4A.12. The data for this figure
were extracted from the 2.5 ps equilibration of the open-shell singlet state. It is
observed that the function reaches its first maximum in the range from 3.3 to 4.0.
It was, therefore, decided to add another point in the force profile at 3.3 A. The
final free energy profile was obtained by thermodynamic integration of a 100-

point Akima spline interpolation of the mean forces along the reaction path.
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Figure 4A.12. Radial pair distribution function, g(r), of the oxo ligand with all

solvent water oxygen atoms. The distance r is given in 4.

Plots of the temperature during the constrained AIMD simulations are provided
in Figure 4A.13 for the PBE simulations. It is observed that all simulations
equilibrated within 0.5 ps. Figure 4A.14 provides a plot of the temperature
evolution in the B3LYP simulations, which appear to be properly equilibrated
from the start. The time evolutions of the constraint forces are plotted in Figure
4A.15 (PBE) and Figure 4A.16 (B3LYP), as well as the running average which

culminates in the mean force for each specific run.
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Figure 4A.13. Temperature evolution during Blue Moon ensemble simulations

(PBE) of the '(NDI'*-[Ru(V)=0]") intermediate and an H>O molecule with

constrained intramolecular O-O distances.
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Figure 4A.14. Temperature evolution during Blue Moon ensemble simulations

(B3LYP) of the '(NDI"*-[Ru(V)=0]") intermediate and an H>O molecule with

constrained intramolecular O-O distances.
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Figure 4A.15. Constraint force evolution during Blue Moon ensemble simulations
(PBE) of the '(NDI'*-[Ru(V)=0]") intermediate and an H>O molecule with

constrained intramolecular O-O distances.
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Figure 4A.16. Constraint force evolution during Blue Moon ensemble simulations
(B3LYP) of the '(NDI"*-[Ru(V)=0]") intermediate and an H>O molecule with

constrained intramolecular O-O distances.

4A.6.3 Estimation of error bars using block averaging
To reduce the time correlation effects in the error estimate of the mean forces, the
total trajectory was cut in blocks. The error was then estimated as one standard

deviation in the averaged constrain force values among all blocks:

Where i runs over the block indexes, N is the total number of blocks, x; is the 4

average of the block, and p is the mean 4 over all blocks.
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In Figure 4A.17 (PBE) and A18 (B3LYP), the calculated error is plotted as a
function of the block size for all simulations. Due to time correlations, the errors
initially increase steeply with the block size, however, when the block size
increases to ~100 time steps, the errors plateau. Most of the calculations display
some noise in the error estimates with larger block sizes, which can be attributed
to the decreasing number of blocks at that stage. Nevertheless, all error estimates
appear to converge within the given simulation time, and the error bar estimates

were extracted by taking the maximum value running average of the error.

1{1.4 A —— error

<error>

1116 A

o 25 50 75 100 125 150 175
Block Size (frames)

Figure 4A.17. Convergence of the mean force error with increasing block lengths
for the different constrained simulations (PBE). The error is quantified as one

standard deviation in the value of A calculated between different blocks.
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Figure 44.18. Convergence of the mean force error with increasing block lengths
for the different constrained simulations (B3LYP). The error is quantified as one

standard deviation in the value of A calculated between different blocks.

4A.7 Level of theory benchmarks

To justify the applied level of theory, several benchmark studies were performed.
The first benchmark involved geometry optimization of the '(NDI-[Ru(IV)-OH])"
and !(NDI**-[Ru(V)=0])*" intermediates. The calculations were performed at four
different levels of theory, which are outlined in Table 4A.1. The geometry
optimizations were carried out with convergence criteria of 1:10* Hartree Bohr ™!
and 5-107° Hartree Bohr! for the max and RMS changes in the forces, and 1-10~*
Bohr and 5-107° Bohr for the max and RMS changes in the atomic displacements.

A similar test has been carried out by Meijer and coworkers, who found that the
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geometry of a similar ruthenium based water oxidation catalyst was properly
described with the DZVP basis in conjunction with a plane wave cut-off of
280 Ry.l'%" After the optimization, we compared the bond distances from the Ru
center to all atoms in the first coordination sphere. For the !(NDI**-[Ru(V)=0])*"
intermediate, we investigated also the Mulliken spin accumulation on the
combined Ruthenium atom and oxo ligand. The investigated bond distances for
the '(NDI-[Ru(IV)-OH])" complex are provided in Table 4A.2, while the
investigated bond distances and Mulliken spin accumulations for the '(NDI**-

[Ru(V)=01)*" complex are provided in Table 4A.3.

Table 4A.1. The four different sets of numerical parameters that were

benchmarked.
GGA lower GGA higher  Hybrid lower ~ Hybrid higher
setting setting setting setting
Functional PBE PBE B3LYP B3LYP
Gaussian DZVP- TZVP- DZVP- TZVP-
basis MOLOPT- MOLOPT- MOLOPT- MOLOPT-

GTH? GTH? GTH? GTH?

PW basis 280Ry 400Ry 280Ry 400Ry
EPS Schwartz - - 10E-6 10E-8
ADMM basis - - cFIT3® pFIT3®

2 In all cases the DZVP-SR-MOLOPT-GTH basis was employed for ruthenium, as no
larger basis was available.
® For ruthenium the cFIT11 and FIT11 ADMM basis sets were used for the low and high

settings calculations, respectively.
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Table 4A.2. Comparison of coordination bond lengths to Ru(IV)-OH intermediate

computed at different levels of theory. See Figure 4A.19. a) for the atomic labeling

in the Ru complex.

GGA GGA Hybrid Hybrid Experiment

lower higher lower higher I Ru(IV)-

setting setting setting setting OH
Ru-Npga 1 | 2.13 2.12 2.16 2.17 2.09
Ru-Npa 2 | 2.13 2.13 2.17 2.17 2.09
Ru-Ocoo- 1 | 2.10 2.10 2.10 2.11 2.04
Ru-Ocoo- 2 | 2.09 2.08 2.06 2.08 2.03
Ru-Np;ic 1 2.11 2.11 2.11 2.11 2.08
Ru-Np;i 2 2.10 2.10 2.10 2.11 2.08
Ru-Oon 1.93 1.93 1.92 1.91 1.96

Table 4A.3. Comparison of coordination bond lengths to Ru(V)=0 computed at

different levels of theory. See Figure 4A.19. a) for the atomic labeling in the Ru

complex.
GGA GGA Hybrid  Hybrid  Experiment!!?
lower higher lower higher Ru(V)=0
setting setting setting setting
Ru-Npaa 1 227 227 2.29 2.30 ~2.1A
Ru-Nbda 2 2.26 2.26 2.28 2.30 ~2.1A
Ru-Ocoo- 1 2.15 2.15 2.16 2.14 ~2.1A
Ru-Ocoo- 2 2.13 2.13 2.11 2.13 ~2.1A
Ru-Npic 1 2.12 2.12 2.13 2.12 ~2.1A
Ru-Np;c 2 2.12 2.12 2.12 2.12 ~2.1A
Ru-Ooxo 1.70 1.70 1.70 1.70 1.75+0.02 A
Spin Moment | 0.744 0.748 1.047 1.045 -
on Ru(V)=0
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Table 4A.2 shows that the investigated bond distances are in close agreement with
the available X-ray data of the [(bda)(pic).Ru(IV)-OH]" complex. Minor
differences, on the order of 0.05 A, may arise from covalent binding of the NDI-
dye to the bda*” backbone, intrinsic DFT errors or limited X-ray resolution.
Importantly, the overall trends in bond lengths within the (NDI-[Ru(IV)-OH])"
complex are reproduced, including the shortening of the Ru-O bond distance from
~1.96 in Ru(IV)-OH to ~1.75 A in Ru(V)=0. Increasing the computational
settings did not significantly affect the Mulliken spin accumulation on the
Ru(V)=0 intermediate, although a difference between functionals is observed.
Overall, this test thus shows that accurate structural and electronic properties are
produced with a Gaussian basis of DZVP quality, in conjunction with a plane
wave basis with a cutoff of 280 Ry.

The second benchmark involved DFT-MD simulations of the '(NDI**-
[Ru(V)=0])*" intermediate. =~ All benchmark DFT-MD simulations were
equilibrated for 300 fs and subsequently propagated for another ~0.5 to 1 ps. To
verify the quality of the performed MD simulations, we computed the oxygen-
oxygen radial pair distribution function (RDF). The RDF’s obtained at the
different levels of theory are displayed in Figure 4A.19b. We do not observe
significant changes between the RDF’s computed at various levels of theory,

further validating the level of theory employed in this paper.
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Figure 4A.19. a) Schematic structure and atomic labeling of the Ru complex; b)
O-0 radial distribution function computed from molecular dynamics simulation
with PBE/DZVP+280Ry (blue), PBE/TZVP+400Ry (red) and
B3LYP/DZVP/+280Ry (black). The distance r is given in A.
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Chapter 5: Electron-Withdrawing Effects of Cobalt
Porphyrin Catalysts Boost Homogeneous
Photocatalytic Hydrogen Evolution in Neutral

Aqueous Solutions

DFT calculations show that the mechanism for photocatalytic hydrogen
evolution in cobalt porphyrins depends on the ligand substituents. This change in

mechanism results in two distinct optimal pH conditions for the catalysis to occur.
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This chapter is based on:

C. Liu*, T. de Haas*, F. Buda, S. Bonnet. Electron-Withdrawing Effects of
Cobalt Porphyrin Catalysts Boost Homogeneous Photo-catalytic Hydrogen
Evolution in Neutral Aqueous Solutions. ACS Catal. 2025, 15 (6), 4681-4697
(*contributed equally).
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5.1 Abstract

Molecular catalysts offer an ideal platform for conducting mechanistic studies of
the hydrogen evolution reaction (HER) due to their electronic tunability. This
study explores a series of anionic Co(Ill)- and Zn(II)-porphyrin complexes with
electron-donating ([M(OMeP)|™, [M(MeP)]"™) and -electron-withdrawing
(IM(F8P)]™, [M(F16P)]"") substituents. The activity of these complexes for the
HER was analyzed in homogeneous photocatalytic conditions using [Ru(bpy)s]**
as a photosensitizer under blue light (450 nm) irradiation. The substituent-induced
electronic effects were found to tightly control the activity and mechanism of the
photocatalytic HER. The electron-rich [Co(OMeP)]*~ catalyst showed higher
activity in acidic media (pH 4.1) with a maximum TOF of 7.2 + 0.4 h™! and TON
of 175 + 5 after 39.5 hours. DFT calculations were performed to investigate the
HER mechanism. H, formation was found to initiate following proton-coupled
reduction of a Co™-H hydride intermediate in such conditions. In contrast, the
electron-poor [Co(F16P)]*” catalyst was most active at neutral pH (7.0), achieving
a maximum TOF of 6.7 + 0.3 h™' and TON of 70 + 3 after 39.5 hours. Instead of
forming the Co™-H hydride, an additional ligand-based reduction led to a ligand-

protonated intermediate. This work demonstrates that electron-poor HER catalysts

can outperform electron-rich catalysts near neutral pH conditions.

134



Chapter 5

5.2 Introduction

Light-induced H, evolution in aqueous solutions has attracted much attention
since it could contribute to providing a sustainable and environmentally friendly
energy conversion system.!!! In order to drive this photoreaction efficiently, well-
performing hydrogen-evolving catalysts (HECs) must be prepared, the design of

which remains challenging.**!

Recently, studies on molecular hydrogen
evolution catalysts have multiplied due to their numerous advantages: 1) they
mimic the active sites of heterogeneous catalysts and allow to approach catalytic
mechanisms with atomic precision;®7! 2) ligand functionalization allows for fine-
tuning the coordination sphere and electronic density of the metal center, which is
a powerful tool to establish relationships between the properties of the metal
center and its photocatalytic performances;!’#! and 3) they can be integrated in
supramolecular water-splitting systems, also in combination with solid-state
materials and catalysts.”'!!

In the last decade, molecular HECs have been extensively studied for
photocatalytic hydrogen evolution, especially those made of first-row transition

(122281 Many of those catalysts are based on cobalt, which is particularly

metals.
attractive as it is available in larger quantities on Earth than platinum or ruthenium,
and because it has more than five accessible oxidation states.!*>*”) Usually, these
catalysts show better catalytic properties in mildly acidic conditions (pH 4-5),
where more protons are available for the fast generation of Hz. On the other hand,
coupling proton reduction and water oxidation to achieve a full water splitting
scheme, may be more favorable in neutral conditions, because water oxidation
becomes more challenging at acidic pH. Still, examples of cobalt-based HECs
working at pH 7.0 in homogeneous aqueous solutions are very rare.[!:

Photocatalytic H>-evolving systems contain, next to the catalyst, a photosensitizer
(PS) and a sacrificial electron donor (ED). In such 3-component systems the much
higher concentration of the ED, compared to the hydrogen evolution catalyst
(HEC), usually favors kinetically the excited photosensitizer PS* to be quenched

reductively by the ED to produce the reduced photosensitizer PS™ (Step 2 in Figure
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5.1a)."! PS~ then reduces the HEC to HEC™ (Step 3), an electron-transfer step
driven by the driving force Eq (in V), defined as the difference between the redox
potential of the PS/PS™ couple and the catalytic onset potential, itself defined as
the potential at which electrocatalytic H, evolution catalyzed by HEC becomes
significant. This process, when repeated twice, leads to the formation of an H»
molecule (Step 4). In such a system a good balance between Eg4 and the
overpotential of the catalyst (7) is needed to keep both Step 3 and Step 4 fast.[®
Functionalization of the catalyst with electron-donating or electron-withdrawing
groups in principle allows for optimization of Eq and 7. However, for synthetic
reasons it is not always easy to vary systematically the redox properties of a cobalt
complex to optimize its redox potential for catalytic hydrogen reduction.!'-3*]

a) b)

- " . T Eps rea(PS*/PS")
Ero(ED'/ED) } { TR
’ Enec(H*/Hy)

Eps(PS/PS7)

hv
%{\
- PS HEC 2 H*
@! PS- @ HEC- e”' H,
ED
ED*
Figure 5.1. a) Simplified photocatalytic mechanism and b) relation between the

Redox Potential

redox potentials (in V) of different redox couples of the reductive quenching
pathway in a three-component molecular photocatalytic hydrogen-evolution
system. ED: sacrificial electron donor; PS: photosensitizer; HEC: hydrogen
evolution catalyst; E(T): triplet excited state energy of the PS; n: overpotential of
the catalyst; Eg.: driving force (in V) of the electron-transfer step from the reduced

photosensitizer PS™ to the catalyst (see text for exact definition).

Porphyrin ligands offer stable and rigid coordination sites for metal centers, while
being readily tunable with functional substituents. This makes cobalt porphyrin a

1,33-35]

very attractive compound for HEC development.! Importantly, two

hydrogen evolution mechanisms for Step 4 (Figure 5.1a) have been reported with
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cobalt porphyrin catalysts.**) In the first one, initial electroreduction of the Co'!
center to Co' is followed directly by a chemical oxidative protonation (EC
mechanism), forming a Co' hydride (Co™-H). The second electrochemical
reduction step then leads to fast formation of dihydrogen via the protonolysis

3740
y.k

pathwa | Weak acids, typically do not protonate the Co' metal center and a

second reduction step is required before oxidative protonation and subsequent

35-38411 Similar behavior has been observed for copper

protonolysis can occur.
porphyrins and aminopyridine cobalt complexes.[*>*! The first mechanism is
referred to as an ECEC mechanism, while the second is usually denoted as EECC.
As the formal Co'/Co° couple has been shown to be partially ligand based, the
EECC mechanism can involve catalysis on the ligand rather than on the metal

1371 Therefore, the activity of a cobalt catalyst (Step 4 in Figure 5.1a) may

center.
depend strongly on the pH, and the different mechanisms may be contingent on
the electron-density on the metal catalyst. In general, it remains poorly understood
which influence electron-withdrawing or electron-donating groups have on the
(photo)catalytic activity of HEC, and in particular on the pH dependence.

To bridge this knowledge gap, in this work a family of sulfonated, water-soluble
Co(IIl)-porphyrin complexes was prepared bearing either electron-donating
([Co(OMeP)]*, [Co(MeP)]*) or electron-withdrawing  ([Co(F8P)]*,
[Co(F16P)]*") substituents (Figure 5.2). This series of compounds was used to
investigate the effect of the electron density of the ligand on homogeneous
photocatalytic hydrogen evolution in presence of [Ru(bpy);]Clz as photosensitizer
(PS), and ascorbic acid (AA) in combination with tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) as sacrificial electron donor (ED). Using TCEP as final
electron donor allows ascorbate to be recycled, enabling it to function as a
reversible electron relay. This additional donor is known to significantly suppress
electron back transfer from PS™ to the ascorbate radical, sometimes leading to
much higher turnover numbers in photocatalytic hydrogen evolution compared
with using ascorbate only.'>*! The pH dependence of the (photo)catalytic

properties of these systems was investigated and compared to those of the Zn**
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analogues, in which the metal center cannot accommodate any changes of the
oxidation state, while the ligand remains potentially redox active. The mechanism
of cobalt-porphyrin catalyzed hydrogen evolution is here clarified with DFT
calculations, which show a change from an ECEC to an EECC mechanism by
reducing the electron richness of the cobalt center. Consequently, the electron-
poor catalyst favors a ligand-based mechanism over a metal-centered mechanism,
resulting in increased catalytic activity at higher pH, highlighting a new design

principle for proton reduction catalysts for solar-to-fuel devices.

[Co(OMeP)]3: M = Co'!, R = OCHj, R' = H
[Co(MeP)]3: M =Co",R=CHz R =H

_  [Co(F8P)*M=Co", R=F, R =H

SO;  [Co(F16P)]*:M=Co. R=F, R =F
[Zn(OMeP)]*: M = Zn!, R = OCH3, R’ = H
[Zn(MeP)]*: M = Zn", R = CH3, R'= H
[Zn(F8P)1*M=2Zn" R=F R =H
[Zn(F16P)]*:M=Zn", R=F,R'=F
[Hx(F16P)*:M=2H* R=F R =F

-0,8
Figure 5.2. Chemical structures of the water-soluble metal porphyrin complexes

and free base ligands used in this work. All compounds were isolated as Na" salts.

5.3 Results

5.3.1 Synthesis

The tetra-sulfonated, free-base porphyrin ligands Nas[Ho(OMeP)],®
Nas[H2(MeP)],[*! Nas[H(F8P)],1*! Nas[Hx(F16P)],*” and their metal complexes
Na;[Co(F8P)],1841  Nay[Zn(F8P)],°% Nas[Zn(F16P)],*7 were synthesized
according to reported methods. The other Co(III) and Zn(IT) porphyrin compounds
described in this work are new and were synthesized via refluxing the free-base

ligands with Co(II) sulfate or Zn(Il) dichloride in Milli-Q water for 12 h. Na'-
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loaded ion exchange resin was used to exchange the counter ions with Na*, and
the complexes were purified by size-exclusion chromatography in order to remove
excess inorganic salts. According to NMR all cobalt compounds were diamagnetic
and hence contained low-spin Co(III) ions. The Co(IIl) porphyrin complexes were
formed by aerial oxidation of Co(II) during purification.*$4%511 A full

characterization is given in the Supplementary Information (Figure 5A.1-5A.6).

5.3.2 Electrochemical properties

The electron-richness of a ligand influences the redox and electrocatalytic
properties of its metal complex.[’32! A classical idea in hydrogen-evolution
catalysis is that lowering the pH values renders most catalysts more efficient at
catalyzing the HER. The redox properties of the Co(Ill)- and Zn(Il)-porphyrin
complexes were hence studied with electrochemical methods in pH 7.0 and pH
4.1 aqueous solutions and N,N-Dimethylformamide (DMF) solution. Cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and differential pulse
voltammetry (DPV), were recorded using a glassy-carbon (GC) working electrode
in an aqueous phosphate buffer or a tetrabutylammonium hexafluorophosphate
(TBAPFs) DMF solution.

The initial reduction of Co(IIl)-porphyrin (Co™(P)) complexes to Co(II)-
porphyrin (Co'(P)) takes place at positive potentials vs NHE. While this reduction
was difficult to detect in aqueous solution, a distinct reduction wave was clearly
observable in DMF. This behavior is illustrated in Figure 5A.7a, which presents
the CV of [Co(F8P)]*" in DMF with increasing water content. Based on this
analysis, after the first reduction, the DPV traces of the four cobalt porphyrin
complexes at pH 7.0 (Figure 5.3a) are assigned to reduction of the Co"(P) to Co(I)-
porphyrin (Co'(P)). Lowering the electron density of the complex led to a more
negative potential of this second reduction wave, which was observed at —0.53 V
vs NHE for the most electron-poor complex [Co(F16P)]*” and at —0.75 V vs NHE
for the most electron-rich compound [Co(OMeP)]*". Figure 5A.7b in the

Appendix 5 demonstrates that a 1-electron process induces a current change of —8
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pA. Based on this, a catalytic onset is defined as a current increase exceeding —16
HA, corresponding to a process involving more than two electrons. Cyclic
voltammograms recorded at pH 7.0 revealed that the third reduction of the cobalt
porphyrin complexes induced electrocatalytic hydrogen evolution with an onset
potential between —0.84 and —1.04 V vs NHE depending on the substituents
(Figure 5.3b). Interestingly, the trend in the variation of the third reduction
potential does not align with the electron-richness of the cobalt center, as the onset
potential for the [Co(MeP)]* catalyst was found to be more positive than that
found for the [Co(F8P)]* catalyst. This observation suggested that the HER
catalytic mechanism may have changed when switching from an electron-rich
[Co(MeP)]* to an electron-poor [Co(F8P)]*~ catalyst. A control CV measurement
was conducted using [Co(F8P)]* in 0.1 M KCI (Figure 5A.7b). The reduction of
Co(II) to Co(I) occurred at —0.62 V vs NHE, and the reduction of Co(I) to Co(0)
was observed at —1.06 V vs NHE. These values closely correspond to —0.64 V and
—1.01 V vs NHE, respectively, measured in a pH 7.0 buffer. As a conclusion, the
phosphate buffer did not significantly affect the potentials of the catalytic waves
for this complex, hence our data in buffer solution can be used for comparison
with DFT calculations (see below). The redox potential of the
[Ru(bpy);]*"/[Ru(bpy)s]" couple lies between —1.26 and —1.32 V vs NHE
depending on the reports.[!3523] Therefore, the one-electron reduced species PS™
is thermodynamically capable of driving the reduction of all four Co(Ill)-
porphyrin compounds to a potential where catalytic HER occurs, with an electron-
transfer driving force Eq4 (Figure 5.1b) exceeding 160 mV. It is worth noting that
for [Co(F16P)]*" a small reduction wave was observed at —0.80 V vs. NHE at the
foot of the catalytic wave (Figure 5.3b), which is attributed to a ligand-based
reduction. At a similar potential, a reduction wave was observed for the

[Zn(F16P)]* analogue, for which metal-based reduction is unlikely (Figure 5.3c).
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The LSV traces of the Zn porphyrin complexes were measured at pH 7.0, focusing
on reduction. As expected, the electron-poor [Zn(F16P)]*" showed the least
negative reduction potential (—0.80 V vs NHE, see 5.3c). There is little increase
of reduction current with increasingly negative potential until —1.10 V vs NHE,
which suggested that this process concerns a reductive polarization of the complex
without catalysis. In addition, the reduction current was approximately —8 pA,
which was similar to the current of the =7 pA single electron reduction of Co' to
Co' (see Figure 5A.8). Thus, this first reduction of this Zn porphyrin most likely
involves 1 electron. For [Zn(F8P)]*", more than one but less than two electrons
were needed to form the species active for the further HER, which took place at
—1.20 V vs NHE. Reduction of the electron-rich [Zn(MeP)]* and [Zn(OMeP)]*
was observed below —1.20 V vs NHE with reduction currents higher than —16 pA
(Figure 5A.9). Hence, we tentatively attribute these currents to electrocatalytic
hydrogen evolution. In aqueous solution at pH 7.0, the reduced form of the
photosensitizer is capable of driving the 2-electron reduction of the Zn-porphyrin

complexes and HER catalyzed by the Zn compounds, with £y exceeding 60 mV.

141



Chapter 5: Electron-Withdrawing Effects of Cobalt Porphyrin Catalysts
Boost Homogeneous Photocatalytic Hydrogen Evolution in Neutral
Aqueous Solutions

0
a) _77 = b) o |
= L L 5=
— [Co(OMeP))*
2 — [Co(OMeP)J* 2 | g i 0
g . ~ [Co(MeP)]> = — [Co(F8P)J*
e =1 — [Co(F8P)]* 2 200 |- — [Co(F16P))*
= ~= [Co(F16P)]* £ T — Buffer only
S gL — Buffer only o
APPSO | 300 L, o0, o0 a0
-0.9 0.6 03 0 1.6 -12 -08 -04 0
Potential (V vs NHE) Potential (V vs NHE)
C) 0 N d) 0
< 10 = [ /" — [Co(OMeP)}
3 AT — [zn(OMeP)]* g 100 — {c3§&e§)13-]
o — [Zn(MeP)‘]_" o F — [Co(F8P)J*
£ 20 | — [2zn(F8P)] € -200 — [Co(F16P)]*
g L ~— [Zn(F16P))* g L — [zn(OMeP)}*+
3 % - — Buffer only 3 30 — Buffer only
-40 1 | 1 1 1 | 1 | -400 e s 1 e 1 e 1
1.2 08  -04 0 -16 -12 -08 -04 0
Potential (V vs NHE) Potential (V vs NHE)

Figure 5.3. Electrochemistry at pH 7.0 and 4.1 of the water-soluble metal
porphyrin complexes studied in this work. a) Differential pulse voltammetry
(DPV) and b) cyclic voltammetry (CV) of the Co-porphyrin complexes at pH 7.0;
¢) linear sweep voltammetry (LSV) of the Zn porphyrin complexes at pH 7.0 and
d) CV of the Co-porphyrin complexes at pH 4.1. Conditions: 0.1 M phosphate
buffer for pH 7.0 and 1.0 M phosphate buffer for pH 4.1, 0.07 cm? glassy-carbon
working electrode, Pt wire auxiliary electrode, Ag/AgClI reference electrode, CV
and LSV scan rate 50 mV s™', T = 298 K. DPV experimental parameters: 0.004 V
increase potential, 0.05 V amplitude, 0.05 s pulse width, 0.0167 s sampling width,
0.5 s sample period.

At pH 4.1, CVs showed that all cobalt porphyrin complexes were also
electrocatalytically active for the HER (Figure 5.3d). As expected, the compounds
[Co(OMeP)]*, [Co(MeP)]* and [Co(F8P)]*” showed a higher catalytic current at
pH 4.1 than at pH 7.0 with the same overpotential. However, the electrocatalytic
current obtained with [Co(F16P)]*~ was lower at pH 4.1 (< =100 pA) than at pH
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7.0 (> —200 pA), with 200 mV overpotential. This result strongly suggested that
the most electron-poor catalyst of the series may catalyze the HER at neutral pH
more efficiently than at pH 4.1, possibly by following a different mechanism than

the other complexes.

5.3.3 Photocatalysis

Considering the encouraging electrocatalytic results described above, the
photocatalytic activity of all metal porphyrin complexes in HER was tested in
homogeneous aqueous solutions using [Ru(bpy);]Cl as PS (0.5 mM), AA and
TCEP (100 mM each) as sacrificial electron donors, and under blue light
irradiation (450 nm, 16 mW). Importantly, all these cobalt and zinc porphyrin
complexes have very weak absorption at 450 nm (Figure 5.4), therefore,
negligible photons would be absorbed by the catalyst instead of the
photosensitizer during photocatalysis. Unlike in electrocatalytic conditions where
all cobalt porphyrins showed catalytic activity for proton reduction, in
photocatalytic conditions at pH 7.0 only the most electron-poor and the most
electron-rich complexes showed significant HER activity (Figure 5.5a). In
contrast, the most electron-rich complex [Co(OMeP)]*” had a lower activity than
the electron-poor complex [Co(F16P)]*", which showed the highest turnover
number in the series (TON = 70 £ 3 moluz/molugc after 39.5 h irradiation) and the
highest maximum turnover frequency (TOF = 6.7 + 0.3 h™!, defined in section
5.6.4). At that stage, it was surprising to find [Co(F16P)]*" so active at pH 7.0.
Although this complex had the highest driving force for electron transfer Eq
(Figure 5.1b) in the four cobalt porphyrins according to their onset potentials
(Table 5A.1), this was not the key reason for its high performance, as [Co(MeP)]*
had a E4 90 mV stronger than that of [Co(OMeP)]*” while [Co(MeP)]*~ showed
no better photocatalytic HER activity than [Co(OMeP)]*~ under such conditions.
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Figure 5.4. UV-vis spectra of Co(lll)- (a) and Zn(1l)-Porphyrins (b) used in this

work.
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Figure 5.5. Hydrogen evolution during photocatalytic water reduction in
homogeneous aqueous solution in presence of 0.1 mM catalyst [Co(OMeP)]*",
[Co(MeP)]*~, [Co(F8P)]*" or [Co(FI6P)]*", 0.5 mM [Ru(bpy);]CL as
photosensitizer, 0.1 M ascorbate and TCEP as electron donor, at pH 7.0 (a) or 4.1
(b), using blue light irradiation (450 nm, 16 mW). Conditions: T =298 K, 0.1 M
phosphate aqueous buffer.

At pH 4.1, the photocatalytic HER activity of electron-rich compounds
[Co(OMeP)]*” and [Co(MeP)]* as well as the electron-poor compound
[Co(F8P)]*, all improved compared to their performance at pH 7.0 (Figure 5.5b).
After 39.5 h irradiation, [Co(OMeP)]*” showed the highest TON of the series (175
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+ 5 moluy/moluec after 39.5 h) and a maximum TOF of 7.2 + 0.4 TON/h. By
contrast, [Co(MeP)]*~ was not active at pH 7.0, but showed at pH 4.1 a TON of
22. [Co(F8P)]* showed the fastest turnover frequency at the beginning of the
reaction (12.7 h™"), but the system was not stable, resulting in a TON of only 80
after 39.5 h. In contrast to the other compounds, the electron-poorest complex
[Co(F16P)]* showed significantly lower photocatalytic activity at pH 4.1 than at
pH 7 (Figure 5.5b). At pH 4.1, it achieved a TON of 10 after 39.5 h irradiation,
compared to a TON of 70 at pH 7.0.

Overall, these photocatalytic results are consistent with those observed in
electrochemical conditions. The electron-withdrawing fluorine substituents
appear to influence the electron density at the metal center and change the pH
dependence of the catalytic activity. This suggested that the mechanism of
catalytic proton reduction at the porphyrin complexes were different for the
electron-rich and electron-poor cobalt compounds.

Photocatalytic hydrogen evolution using the Zn-porphyrin complexes as catalysts
was also investigated using the same conditions as described above. In the zinc
complexes, only the ligand may lead to HEC activity, as the metal center is unable
to accommodate different redox states. At pH 7.0 the electron-poor Zn porphyrin
complex were the only ones to show significant HER activity: [Zn(F16P)]*
reached a TON of 9.5 after 39.5 h irradiation (Figure 5A.10), while [Zn(F8P)]*
showed lower activity (TON = 6.5). This observation confirmed that a ligand-
based catalytic pathway for HER is possible with these porphyrins and that
catalysis becomes faster when more electron-withdrawing groups are added to the
porphyrin ring. We note that in these pH neutral conditions, [Zn(F16P)]* and its
free-base analogue [Hx(F16P)]* showed lower photocatalytic activity than
[Co(F16P)]* (Figure 5A.11a). This suggests that the redox activity of the cobalt
center does play a role in the catalytic cycle of the [Co(F16P)]* catalyst. In
contrast, at pH 4.1 [Zn(OMeP)]* was found to be inactive (Figure 5A.11b), while
[Co(OMeP)]*” showed the highest photocatalytic activity of the cobalt
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compounds. This suggests that for the most electron-rich cobalt catalyst of this
series the high activity in acidic conditions involves mainly the metal center.
[Co(OMeP)]*” and [Co(F16P)]*" gave the highest TON at pH 4.1 and pH 7.0,
respectively. Therefore, the influence of pH on the photocatalytic activity of these
two complexes was further studied at different pH values between 4.1 and 9.0,
using otherwise identical conditions. Upon increasing the pH from 4.1 to 7.0, the
TON after 39.5 h for [Co(F16P)]*" increased from 10 to 70, while the TON
decreased to 12 upon further increase of the pH to 9.0 (Figure 5A.12a and 5A.13a).
For this complex, pH 7.0 thus appears to be optimal for the stability of the
photocatalytic system, although a higher maximum TOF of 8.9 TON/h was found
at pH 6.0 (Figure 5A.13b). By contrast, the electron-rich complex [Co(OMeP)]*~
clearly showed increasing TON and maximum TOF with more acidic pH,
culminating in a TON of 175 and a maximum TOF of 7.2 TON/h at pH 4.1 (Figure
5A.12b and 5A.13).

Overall, classical behavior was observed for the electron-richest complex of the
series [Co(OMeP)]*", with more efficient H, generation at low pH values. In
contrast, the most electron poor [Co(F16P)]*" catalysts performed optimally in
pH-neutral solution, where its TON was twice that of [Co(OMeP)]*". Finally, the
photocatalytic activity of [Co(F16P)]*” was inhibited both at pH values higher and

lower than 7.0.

5.3.4 Photostability

In order to check the photostability of [Co(F16P)]*~ and [Co(OMeP)]*", the UV-
vis spectra of solutions of complexes in 0.1 M phosphate buffer (pH 7.0) were
monitored both in the dark and upon blue light irradiation for 48 h (450 nm, 16
mW). After 48 h irradiation, the UV-vis spectra of [Co(F16P)]*" and
[Co(OMeP)]*™ had changed only slightly (Figure 5A.14 and 5A.15), in contrast
with [Zn(OMeP)]*", which lost 80% of its absorption properties after 48 h of
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irradiation at 423 nm. In another experiment using [Co(F16P)]*~ or [Co(OMeP)]*
as the catalyst, two consecutive photocatalytic runs were performed, adding a
fresh batch of PS between the two runs to compensate for possible PS
decomposition. A 3-5% lower TON were found after the second photocatalytic
run compared to the first (Figure 5A.16). As widely reported, [Ru(bpy);]*
decomposes quickly in photocatalytic aqueous conditions, >4 which is
responsible for deactivation of HER photocatalytic systems. However, clearly
both electron-rich and electron-poor Co catalysts had not decomposed during the
first photocatalytic run. Overall, these results confirm the excellent photostability

of both [Co(F16P)]* and [Co(OMeP)]* in such conditions.

5.3.5 Kinetic study

A full kinetic study was performed for the photocatalytic system comprising the
catalyst [Co(F16P)]*~ at pH 7.0. Starting at standard photocatalytic conditions of
0.1 mM [Co(F16P)]*", 0.5 mM [Ru(bpy);]Cl, 0.1 M ascorbate and TCEP, and a
light source set at 450 nm and 16 mW power, the results were studied of systematic
variations in the light intensity, the concentrations of the electron donors, the PS,
and the catalyst (Figure 5A.17). We observed the maximum rate of hydrogen
evolution of the system to plateau when the light power was higher than 10 mW
(Figure 5A.17a), when the concentration of ascorbate and TCEP were higher than
0.075 M (Figure 5A.17b), or with a PS concentration higher than 0.25 mM (Figure
5A.17c). However, a first-order dependence of the maximum H, evolution rate
was found on catalyst concentration (Figure 5A.17d). These observations suggests
that Step 1, Step 2 and Step 3 in Figure 5.1 can proceed well independent of the
photocatalytic reaction rate. The rate-determining step (RDS) of the system
appeared to be Step 4, i.e., the catalytic H»-evolving step. Considering the linear
dependence of the H» production rate with catalyst concentration, it appeared that
in the conditions investigated here, the rate-determining step of the catalytic cycle
involves one molecule of [Co(F16P)]*". Though we can formally not exclude that

at high concentration a binuclear mechanism may take place, it is hard to obtain
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such information as we do expect to reach a plateau, like we did for [Co(OMeP)]*~
at concentrations higher than 0.05 mM. As the catalyst molecules are heavily
negatively charged, they most probably strongly avoid each other in solution.
Using 0.1 mM [Co(F16P)]*" in the standard conditions described above at pH 7.0,
the quantum yield for H» evolution was calculated to be 0.10 + 0.01%. This low
quantum yield highlights the occurrence of many charge-recombination events
that are characteristic of homogeneous photocatalytic systems, where PS™ and the
catalyst roam free in solution.

A similar kinetic study was performed at pH 4.1 using the catalyst [Co(OMeP)]*",
for which significantly different results were obtained than for the study on
[Co(F16P)]*. A first-order dependence of the maximum H» evolution rate on light
power was found (Figure 5A.17a), indicating that the RDS of this catalytic system
involved light, and is thus related to Step 1 of the photocatalytic mechanism shown
in Figure 5.1a. Step 4 is relatively fast for this electron-rich catalyst at that low pH
at concentrations [HEC] > 0.05 mM. At low concentrations of [Co(OMeP)]*", i.e.
0.05 mM or lower (Figure 5A.17d), a first-order dependence of the maximum
hydrogen evolution rate on the catalyst concentration was found. This suggests
that the catalytic H» evolution involves one molecule of catalyst. The observation
that at higher HEC concentrations the photon flux becomes limiting, aligns with
results reported by Alberto and coworkers.53 Using 0.1 mM [Co(OMeP)]*” in the
standard conditions at pH 4.1, the quantum yield for H, evolution was calculated
to be 0.12 = 0.01%, which is very similar to that for [Co(F16P)]*" at pH 7.0.
Overall, the performed kinetic experiments suggest that, under the conditions of
our photocatalytic experiments, the RDS for the [Co(F16P)]*" system is the
catalytic Hr-evolving step (step 4 in Figure 5.1a). In contrast, the photon flux
appears to be the RDS for the [Co(OMeP)]* system (step 1 in Figure 5.1a). For
both systems the RDS appears different from the electron transfer from PS™ to the
catalyst in the photocatalytic cycle. Most likely the observed pH dependence in
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the photocatalytic activity of the two systems is linked to variations in their
catalytic mechanisms, instead of differences in their driving forces for electron
transfer. While the mechanisms of the two investigated catalysts thus appear to be

different, their performances in optimized conditions were comparable.

5.3.6 Density functional theory calculations

To get an understanding of the mechanisms responsible for the hydrogen evolution
catalysis with these cobalt catalysts, a detailed density functional theory (DFT)
study was performed with GGA functionals and implicit solvation models (see
computational details section 5.6.6). The aim of these calculations was to establish
reaction mechanisms and to identify the most probable reaction intermediates. We
performed calculations on the [Co(F16P)]* and [Co(OMe)]*” complexes, as those
two catalysts represent the two most extreme cases of electron-poor and electron-
rich cobalt centers. Additional information on the used theoretical methodologies
is provided in sections 5.6.6 and 5.6.7 of this chapter.

First, the coordination environment of the '[Co™(P)]*~ (P = either OMeP or F16P)
pre-catalyst systems was investigated, specifically addressing whether they
exhibited a preference for a square planar environment or if axial water ligands
could effectively coordinate to the cobalt center. Interestingly, the two investigated
complexes were found to strongly bind water molecules at the metal center. The
short Co-OH, bond distances of ~1.9 A suggest that the aqua ligands form a
covalent bond with the cobalt center, thereby acting as redox non-innocent ligand.
The reaction '[Co™(P)(H,0).]*” — '[Co™(P)(H,0)]* + H>O is energetically uphill
by 4.2 kcal mol™! for the OMeP complex, and 8.4 kcal mol™! uphill for the F16P
complex, indicating that two water molecules coordinate each complex (see
Appendix, Table 5A.2). Repeated attempts to optimize geometries of the Co™
complexes without water ligands did not converge to a local minimum. As
explained later in this section, protonation of the cobalt center becomes

thermodynamically feasible for these systems after two reductions to form the Co'
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species. Therefore, the protonated states of the non-reduced and le™ reduced
compounds are not discussed here.

The same analysis was then carried out for the le” reduced form of the cobalt
porphyrin complexes, which corresponds to the catalysts resting state. It appears
that the square-planar low-spin *[Co"(P)]*" complex was slightly more stable than
a five-coordinated, low-spin 2[Co"(P)(H.0)]*" complex by 3.5 and 1.7 kcal mol™
for the F16P and OMeP catalysts, respectively. The compounds with two water
ligands were found to be higher in energy (detailed in Appendix, Table 5A.2). The
DFT calculations thus suggest that the aqua ligands dissociate upon the first
reduction for both compounds. We also optimized the high-spin “[Co"(OMeP)]*
complex, which was found to be significantly higher in energy than the low-spin
analogue, by 16.4 kcal mol™' (Table 5A.2). Optimization of the high-spin
Y[Co"(F16P)]* complex failed due to convergence issues in the self-consistent
field optimization, however, this species is believed to be higher in energy than
the low-spin complex. Ffor the remainder of the paper, the ?[Co"(P)]*" complexes,
without water ligands are considered as the catalysts resting states.

We then analyzed the coordination environment of these complexes after the third
reduction. During the optimization of the 3-electron reduced '[Co'(P)(H.O)]*>
species, the axial water ligand dissociated, underlining the preference of the d8
metal complex for a square planar environment. We also considered the triplet
analogues of the 3e  reduced species, however, our calculations reveal a
preference of over 13 kcal mol™! for the low-spin ![Co'(P)]> complexes over the
high-spin *[Co'(P)]* analogues in both systems (see Table 5A.2). This is in line
with NMR measurements reported in the literature, where Co(I)-porphyrins
exhibited a singlet spin multiplicity.”)

After establishing the most favorable spin states and coordination environment,
the electronic structure and geometries of two investigated systems were analyzed

in the Co", Co' and formal Co° oxidations states. Figure 5.6 presents the optimized
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geometries of the three intermediates of the [Co(F16P)]*" catalyst, while the
structures for the [Co(OMeP)]*™ catalyst can be found in the Figure 5A.18.
Visualization of the spin-density of the species upon a third reduction to what is
formally a Co® complex, revealed that the added electron was delocalized over the
n-system of the porphyrin ring and the d orbital of the cobalt center (Figure 5.6,
right panel), which can hence be interpreted as an intermediate species between

the two localized forms 2[Co'(P"7)]® and 2[Co%(P)]°".

. 2[Co"(F16P)]* ![Co'(F16P)]>- formally ?[Co°(F16P)]®"

1%

b)

Figure 5.6. Top (a) and side (b) views of the optimized structures of the
[Co(F16P)]" catalyst complex in the Co", Co' and formal Co” oxidation states.
For the complexes with unpaired electrons, the spin density is visualized with an
isosurface value of 0.003. The '[Co'(F16P)]’" intermediate contains atom labels
that are used in the text to distinguish the five distinct protonation sites on the

cobalt porphyrin complex.

As in principle all reduction steps might be coupled to proton transfer, the pKp
values were calculated for the two catalysts in the Co' and formal Co® oxidation
states, considering five plausible protonation sites. The considered protonation
sites were the cobalt center, the nitrogen on the porphyrin ligand, the porphyrin o~

position, the f-position as well as the meso-position. These different positions
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susceptible to protonation are indicated with specific labels in Figure 5.6, top
middle panel. For the pKy, calculations of the 2e reduced Co' species, we
considered high- and low-spin options, as well as potential coordination of an
axial aqua ligand to the complex. The calculated pKy values are presented in Table
5.1, while the relative energies of all considered intermediates are detailed in

Appendix 5, Table 5A.2.

Table 5.1. Calculated pK values for protonation on the metal center and on the

nitrogen, a-, - and meso-position on the porphyrin ligand.

Co N a p meso

[Col(F16P)]> | 15.8 229 24.5 20.9 239
2[CO%F16P)]% | 6.7 12.6 33 -2.5 3.7

I[Col(OMeP)]*” | 9.7 17.9 20.1 13.7 12.8

2[Co(OMeP)]® | 2.0 10.9 2.5 -2.9 -5.9

Table 5.1 shows that the metal center of the '[Co'(P)]° species emerges as the
most basic site for both catalysts after the second reduction, with pKy values of
15.8 and 9.7 for the '[Co"(F16P)]* and the ![Co"(OMeP)]*" systems, respectively.
This is interesting, as it indicates that at pH 4.1 conditions, the electron-rich
I[Co"(OMeP)]* catalyst will be protonated at the metal center, while the electron-
poor analogue will remain unprotonated. The most favorable protonation site in
both systems shifts to the porphyrin macrocycle after the third reduction, forming
the formal [Co%P)]® intermediate. At this stage our calculations showed that
protonation of the complexes was exothermic at both pH 7.0 and pH 4.1, with the
ligand being more basic than the metal center by about ~8 and ~9 pKj units for
the F16P and OMeP systems, respectively. This is qualitatively consistent with
other DFT studies on cobalt porphyrin-catalyzed hydrogen evolution.*” Our
calculations show that the most favorable protonation site for the electron-poor

complex 2[Co°(F16P)]%, is the S-pyrrole position with a value of —2.5 pKj units.
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In contrast, the meso-position appeared to be more basic for the 2[Co’(OMeP)]*
system, with a value of —5.9 pKj,, units. We attribute the shift towards a preference
for the meso-position to the nearby methoxy group in the ortho-position of the
benzo-4-sulfonic acid substituent. In the optimized structure, the distance between
the added hydrogen atom and the oxygen atom of the methoxy group was 2.32 A,
indicating the formation of a hydrogen bond to stabilize the protonated state.
Visualization of the spin-densities of the ligand protonated intermediates showed
that the excess electron was still largely delocalized over both the Co center and
the ligand (Figure 5A.19), indicating once more an intermediate species between
the two localized forms ?[Co'(P-H ")]*~ and ?[Co%P-H)]>". For the remainder of
this paper, we will refer to these complexes as formal 2[Co%P-H)]*", in which the
P-H ligand represents a hydride bound to a cation radical porphyrin ligand P,
Figure 5.7 summarizes the most probable mechanistic pathways according to our
experimental and theoretical results. It starts from the le™ reduced, activated
catalyst in the Co"! oxidation state. The relative Gibbs free energies have been
calculated assuming optimal pH values and the experimentally observed catalytic
onset potential for both catalysts: pH = 7.0 and a potential of —0.84 V vs. NHE for
the [Co(F16P)]* system, and pH = 4.1 and a potential of —0.95 V vs. NHE for the
[Co(OMeP)]* system.

153



Chapter 5: Electron-Withdrawing Effects of Cobalt Porphyrin Catalysts
Boost Homogeneous Photocatalytic Hydrogen Evolution in Neutral
Aqueous Solutions

1.0 A
3
= 0.5 A [CoO(L)]" +2H"
o 0.28 2[Co'(H)(L)]>~ +H* 163
2[Col(L )14~ i o S,
CICJ [C°+(|-)] ] . 050 ET  0.26 13
+2H* +2e E B v 3
P e R =
trem 2CoL-H)- + H' @
g ET \‘ +2H+e" ,’_F’?: _+_H_ ie- o [COUL-HI™ +H", &
@ o -0.32 PCET 0.28 /\‘WZ
a —0.5 1
2 L = F16P \\“E',\CJ -0.46
o pH=7.0 o°
1.0+ Potential = -0.84 V vs. NHE Q©
1.0
%‘ 2[Co%(L)]F +2H*
— 1 0.58
> 0.5 !
E 2[Col(L)]*- ET: 2[Col(H)(L)]> +H*
= +2H* +2e” 1 Q012
Y00 T Cour focowor oo e
Q ET » +2H* +e- ! +H* +e- ! e =)
L o {2[CoNL-H)P- +H S
s 05 B AR
o ' ET + Intramoleculair PT e
1G] L = OMeP u
= W 2[Col L)1
pH =4.1 Protonolysis v leelblt +H,
—1.0 { Potential =-0.95 V vs. NHE v -1.03

Figure 5.7. Calculated Gibbs firee energy diagrams for the [CoF16P]*~ (top) and
[CoOMeP]*~ (bottom) systems. In the Gibbs free energy diagrams the first
reduction step from Co™ to Co™ is not shown for clarity. ’[Co"(P)]° notation is
formal and the added charge is delocalized between Co and the Ligand. In the
’[Co'(P-H)]’~ notation, P-H formally corresponds to a cation radical porphyrin
ligand P and a hydride. The Gibbs free energy diagrams are calculated at the
PH for which the catalysts achieved the highest TON, and at the onset potential of
the catalytic wave for each catalyst. For the electron-poor [Co(F16P)]’~ system
this is at pH 7.0 and a potential of —0.84 V vs NHE, while for the [Co(OMeP)]*~
system this is at pH 4.1 and a potential of —0.95 vs NHE. Due to the different
proton and electron potentials, formation of H> is more exothermic in the bottom

panel than for the top panel.

154



Chapter 5

Figure 5.7 shows that after the Co" to Co' reduction, protonation of the electron-
poor catalyst '[Co(F16P)]> to generate a '[Co™(H)(F16P)]*" metal hydride is
thermodynamically unfavorable by 0.52 eV (orange pathway in top panel).
Similarly, the purely electronic reduction to form the formal Co? intermediate is
energetically uphill by 0.60 eV (purple pathway). DFT thus predicts the purely
electronic reduction of [Co'(F16P)]°>" to 2[Co’%F16P)]* to lay at —1.44 V vs.
NHE, in line with CV measurements of the [Co(F8P)]* complex in DMF, which
shows an onset at ca. —1.4 V (see Appendix, Figure 5A.7a). As both reactions
involving only proton or only electron transfer are endergonic, the most favorable
pathway involves a concerted process, in which the reduction is coupled to
protonation of the porphyrin macrocycle (blue PCET pathway in top panel of
Figure 5.7). We emphasize that the ligand is more basic than the cobalt by 9.2 pK,
units for the 3-electron reduced [Co%(F16P)]¢ complex (see Table 5.1). Therefore,
the proton attaches to the ligand, and not to the cobalt. Subsequently, dihydrogen
formation can occur by protonolysis of the hydride ligand, which is exothermic
by 0.18 eV.

In contrast, for the electron-rich '[Co'(OMeP)]*" catalyst, metal hydride formation
following the Co" to Co' reduction is exothermic, although only by 0.01 eV
(orange pathway in bottom panel of Figure 5.7). DFT thus indicates that for this

" hydride is formed, after the Co" to Co' reduction step.

complex a Co
Subsequently, the purely electronic reduction from this Co™ hydride to the Co"
hydride is endothermic by 0.37 eV (see Figure 5.7, orange pathway, formation of
2[Co"(H)(OMeP)]*). This highly endothermic purely electronic reduction
suggests once more that this reduction is coupled to proton transfer. The process
becomes exothermic by 0.78 eV once we consider the reduction to be coupled
with protonolysis of the metal hydride, yielding H, and regenerating the initial
catalyst (Figure 5.7, orange PCET pathway in bottom panel). Alternatively, the

reduction may be coupled with intramolecular proton/hydride transfer from the
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metal to the porphyrin ligand (Figure 5.7, blue pathway in bottom panel), which
would be exothermic by 0.10 eV.

To verify that H, formation for all hydride intermediates is exothermic, hydricity
values for these species were calculated following a thermodynamic cycle
proposed in literature (see Appendix A5, Table 5A.5 and Table 5A.6).5657 All
considered intermediates have hydricity values below 34.2 kcal mol ™!, indicating
that hydrogen formation is thermodynamically favorable.

Overall, pK, calculations of the [Co'(P)]*" and the formal [Co%P)]® complexes
showed that after formation of Co!, the electron-rich '[Co'(OMeP)]*" catalyst is
protonated at the metal, while the '[Co'(F16P)]°" porphyrin is unprotonated.
Considering that the experiments were performed in aqueous conditions, it is
reasonable to assume that if protonation of the reduced species is
thermodynamically downhill, the electron transfer is coupled to proton transfer.
Table 5.2 presents the assignment of the experimental redox couples, based on

these assumptions.

Table 5.2. Assignment of the redox couples observed in experiment.

Redox potential (V vs NHE)

Assigned couple Calculated Measured
’[Co™(OMeP)]* + e~ + H" 5 '[Co"(H)(OMeP)]*~ —-0.70 —0.78
'[Co"(H)(OMeP)]*” + e~ S *[Co''(H)(OMeP)]* —-1.31 —0.95
S 2[Coll(OMeP-Hmeso)]*~ (—0.85)[b]

’[Co'(F16P)]* + e~ S '[Co!(F16P)]* —-0.52 —0.53
[Col(F16P)]* + e~ + H' 5 [Col(F16P-Hp)]> —0.88 —0.84

[a] data according to CV, V vs NHE, measured at pH 4.1 for the [Co(OMe)]*>~ complex
and pH 7.0 for the [Co(F16P)]*” complex.

[b] —1.31 V corresponds to the purely electronic reduction to form 2[Co™(H)(OMeP]*",
without taking proton transfer into account. The number between brackets corresponds to
the 1 e— reduction coupled to intramolecular proton transfer from the cobalt to the meso-

position on the porphyrin ligand.
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For the electron-rich '[Co"(OMeP)]* system, the first reversible redox couple is
assigned to the proton-coupled reduction of the Co" species to the Co™ hydride.
The calculated -0.70 V redox potential matches closely the experimentally
observed —0.78 V vs NHE. The second catalytic reduction is attributed to the
reduction of the Co™ hydride to the Co" hydride. At this stage the calculated
potential of —1.31 V is more anodic than the measured potential of —0.95 V. The
reduction could be coupled to intramolecular proton transfer from the metal center
to the porphyrin macrocycle, as this site becomes more basic upon reduction of
the complex. Accounting for this stabilization, the redox potential for the second
couple was calculated to lay at —0.85 V, closely matching the experimentally
measured value of —0.95 V. Alternatively, the reduction could be coupled
protonolysis of the metal centered hydride. This may also explain the lower
experimental redox potential compared to the calculated value of —1.31 V which
does not account for proton transfer effects.

After the second reduction, an electron-poor complex [Co'(F16P)]*" is produced,
which is stable against oxidative protonation. Therefore, the current increase at
—0.53 V was assigned to the reduction of [Co"(F16P)]* + e — '[Co'(F16P)]*",
and the catalytic wave at —0.84 V is attributed to the proton-coupled
electrochemical reduction of '[Co!(F16P)]>” + e + H" — ?[Co’(F16P-Hp)]*~ and
subsequent hydrogen evolution. The calculated potentials of —0.52 V and —0.88 V
vs NHE very closely match the measured values. In addition, they accurately
reproduce the difference between the two onset potentials within an error of 0.05

V. A schematic illustration of the proposed mechanisms is provided in Figure 5.8.

5.4 Discussion

Our electrochemical study of this series of Co-porphyrin complexes reveals that
the electron-richness of the ligand controls the onset potential for the [Co™(P)]*
to [Co'(P)]>" reduction, after the initial [Co™(P)]*" to [Co"(P)]* reduction.
However, catalysis starts at a later stage, and a third reduction is needed for

catalytic hydrogen evolution. The dependence of this third reduction step on the
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electronic properties of the porphyrin ring substituents was less straightforward to
establish than for the first two reductions. As expected, the electron-richest
complex [Co(OMeP)]*” had the most cathodic onset potentials of —1.04 and —0.95
V vs NHE at pH 7.0 and pH 4.1, respectively (Table 5A.1). However, the electron-
poorest complex [Co(F16P)]*” showed the least negative onset potential of —0.84
V vs NHE only at pH 7.0. Surprisingly at pH 4.1, it was the electron rich
[Co(MeP)]* that showed the least negative onset potential of —0.74 V vs NHE.
We then proceeded to perform photocatalytic experiments using standard
concentrations of 0.1 mM catalyst, 0.5 mM [Ru(bpy);]Cl,, 0.1 M ascorbate and
TCEP, and light power at 450 nm of 16 mW. Given that the system has a large
excess of electron donor (0.1 M) over photosensitizer (0.5 mM), it is reasonable
to assume that the photosensitizer is reductively quenched during the
photocatalytic process. This is in line with the literature, which shows that
photocatalytic experiments with ascorbate and TCEP favor reductive quenching
of the Ru(bpy); photosensitizer.'? We have experimentally determined the
driving force Eq value (in V) for electron transfer from the reduced photosensitizer
PS™ to the Co-porphyrins from the difference between Eps(PS/PS”) and the
hydrogen evolution onset potential of the catalyst in electrochemical conditions.
We find that all investigated cobalt complexes have a catalytic onset potential that
is higher than the Eps(PS/PS") value. This implies that the reduced photosensitizer
can act as electron source for all reductions in the catalytic cycles of the
investigated cobalt catalysts.

The decrease in E4 for [Co(F16P)]*” from 420 mV at pH 7.0 to 380 mV at pH 4.1
suggests that electron transfer from the photo-reduced species PS™ to [Co(F16P)]*
may be faster at pH 7.0 than at pH 4.1. However, our kinetic studies in
photocatalytic conditions demonstrated that the rate of the photocatalytic system
using [Co(F16P)]*~ as HEC at pH 7.0 was limited by the activity of the catalyst
rather than the electron transfer between PS™ and the HEC. At pH 4.1, using

158



Chapter 5

identical concentrations and light intensity, the photocatalytic system using
[Co(OMeP)]*~ as HEC was limited by the photon flux, which appears to be slower
than electron transfer and the activity of the catalyst. Overall, at both pH 7.0 and
4.1, the onset potential of the catalyst in electrocatalytic conditions had very little
predictive value in terms of its activity in photocatalytic conditions. The different
performances of the photocatalytic systems using [Co(OMeP)]*~ at pH 4.1 and of
[Co(F16P)]* at pH 7.0 is primarily attributed to differences in their HER catalytic
mechanisms, as is further supported by DFT calculations. A schematic illustration

of the proposed mechanisms is provided in Figure 5.8.

2[Co" ]4-

PS*

ZCoL-H)I>

EECC ECEC
1[Co(H)(L)]4-
; '[Co L)]5‘
ot PS
PS
{ H* H*
ED PS (5‘

Figure 5.8. Reaction mechanism for photocatalytic hydrogen evolution starting

from [Co™(F16P)]*™ (Left) and [Co™(OMe)]’~ (Right).

Consistent with CV experiments, our DFT calculations indicated that the first
steps in the catalytic cycle for the two catalysts are identical. After an initial Co™
to Co' reduction, the low-spin *[Co"(P)]*" complexes are reduced to form a low-

spin '[Co'(P)]°" intermediate. Subsequently, the mechanisms of the two

159



Chapter 5: Electron-Withdrawing Effects of Cobalt Porphyrin Catalysts
Boost Homogeneous Photocatalytic Hydrogen Evolution in Neutral
Aqueous Solutions

investigated catalysts diverge. The pK, value of 9.7 of the [Co'(OMeP)]*>™ metal
center suggested that at pH 4.1 the metal center is protonated, thus forming the
metal hydride species '[Co™(H)(OMeP)]* (Table 5.1). At pH 7.0, most complexes
remain unprotonated according to our calculations, although we note that pKy
calculations are very sensitive to the accuracy in the DFT method and the
calculated solvation energies, introducing potential errors up to 2-3 pK, units.[*%>]
Distinctively, the much higher pK, value of 15.8 of the low-spin '[Co'(P)]*"
intermediate for [Co(F16P)]> reveals that this complex remains unprotonated in
both buffer solutions. This bifurcation in the mechanisms after the second Co" —
Co' reduction, explains the observed trend in the third reduction waves in
electrochemical measurements. At pH 4.1, the [Co(MeP)]*" catalyst was found to
have the lowest catalytic onset potential, followed by [Co(F16P)]*", then
[Co(F8P)]*, and finally [Co(OMeP)]* (see Appendix A5, Table 5A.1). From this,
we thus conclude that for the electron-poor [Co(F16P)]*” and [Co(F8P)]* catalyst,
the third reduction corresponds to the '[Co!(P)]*” — *[Co%(P-H)]* proton-coupled
reduction step (EECC mechanism, Figure 5.8, left). In contrast, we conclude that
for the electron-rich catalysts [Co(MeP)]*~ and [Co(OMeP)]*", the proton-coupled
reduction of '[Co™(H)(P)]* is observed, which then yields the *[Co"(P)]*
complex and H, (ECEC mechanism, Figure 5.8, right).

The divergence in the mechanisms is further supported by the following
arguments. The calculated redox potentials for the second and third reduction
steps with the electron poor [Co(F16P)]*™ catalyst closely match the measured
potentials, validating the correct assignment of these redox couples shown in
Table 5.2. A reduction wave was observed at the foot of the catalytic onset for the
electron-poor complexes, which we attribute to a proton-coupled reduction of
[Co'(F16P)]°" — [Co°(F16P-H)]>". The observation of this reduction wave at a
similar potential in the LSV of both [Co(F16P)]*" and [Zn(F16P)]* (Figure 5.3)
validates the DFT prediction that both the electron and the proton react with the
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ligand rather than the metal. Since the Zn metal is redox inactive, this reduction
must be ligand-based. Based on the DFT calculations of the cobalt complex, we
expect that the [Zn(F16P)]* complex is also protonated at the ligand, most likely
again at the S-pyrrole position. This ligand-based reductive protonation explains
the photocatalytic activity of the electron-poor zinc [Zn(F16P)]*" complex, which
we would otherwise expect to be redox inactive. CV measurements of the Zn
complexes show a catalytic onset around —1.2 V (see Figure 5.3d), which we thus
assign to electron transfer coupled to proton transfer, generating H». Finally, also
the CV measurements of the electron poor [Co(F8P)]*~ in DMF solution, support
the idea that the measured third reduction is strongly coupled to proton transfer in
the presence of water. For this complex, the purely electronic reduction from
[Col(P)]*" to formal [Co%(P)]® was observed at ca. —1.4 V in pure DMF (Figure
5A.7a), which aligns well with DFT calculations predicting a value of —1.44 V for
the purely electronic reduction of [Co(I)(F16P)]>" — [Co(0)(F16P)]¢". With
increasing water content, the reduction shifted towards positive potentials,
indicating that electron transfer is coupled to proton transfer in water. Our DFT
results further demonstrate that the complex with a protonated ligand can act as a
hydride source for hydrogen formation (see Appendix 5, Table 5A.5). Although
the hydricity of carbons is generally very weak, the system studied here presents
an exception. The third reduction of the complex breaks the aromaticity of the
porphyrin ring, which is subsequently restored upon hydride donation. This
restored aromaticity provides a strong thermodynamic driving force for hydrogen
evolution.

On the other hand, our DFT calculations support the idea that the electron-rich
[Co(OMe)]*™ is protonated after the second reduction to form the Co™ hydride
species, demonstrated by the pK, calculations as well as the calculated redox
potential, which again closely matches the assigned redox couple Co" — Co"'-H.
In addition, the quenching of the catalytic activity of the [Zn(OMe)]* system

strengthens our conclusion that catalytic hydrogen generation with [Co(OMe)]*",
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occurs via a metal-based pathway, which is a characteristic of many metal-based
catalysts.[**]

The DFT results reported in this paper qualitatively agree with prior studies by
Hammes-Schiffer et al., who showed that electrochemical reduction of a Co(I)-
porphyrin complex breaks aromatization in the porphyrin ring, thereby making
the ligand more basic than the metal center.*”) Similarly, Nocera and coworkers
have spectroscopically shown that in HER conditions, Ni(II)-porphyrins are
readily protonated at the meso-carbon position following two initial reduction
steps.[®! Interestingly, the resulting species does not produce hydrogen, but rather
undergoes further hydrogenation. In weakly acidic conditions, the reported
complex intermolecularly produced Ni isobacteriochlorin that is hydrogenated 4
times on the f-carbon positions, while in strongly acidic conditions also higher
hydrogenation products were obtained. This is particularly interesting as it gives
us a clue as to why the electron-poor [Co(F16P)]*" system loses activity in
conditions with pH lower than 6. Even though for the highly anionic intermediate
2[Co"(F16P-Hp)]> any intermolecular electron or proton transfer will probably be
difficult, acidic conditions might still trigger further hydrogenation of the
macrocycle, lowering the yield for hydrogen evolution.

Overall, the electrochemical, photocatalytic and kinetic experiments presented in
this work, in combination with the detailed DFT analysis, show that the
synthesized complexes can photocatalytically evolve hydrogen via two distinct
mechanisms. The first mechanism is characterized by a metal hydride formation
after the Co"! — Co!' reduction and performs better in acidic conditions, which is
typical for proton reduction catalysis. The data provide converging evidence that
this mechanism is active for the electron-rich complexes in acidic conditions. In
contrast, the second mechanism without a metal hydride, catalyzes the hydrogen
evolution via the ligand following a third reduction of the [Co™(P)]*~ complex.

Interestingly, this ligand-based mechanism allows for considerable hydrogen
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evolution rates at neutral pH conditions with the electron-poor [Co(F16P)]*"
catalyst. In more acidic conditions, however, the performance of the electron-poor
catalyst was strongly diminished. We tentatively attribute this to the detrimental
hydrogenation of the porphyrin macrocycle, which has been extensively reported

in previous studies on similar porphyrins complexes bearing Ni.[6%]

5.5 Conclusions

A series of water-soluble, tetra-sulfonated Co(IlI)- and Zn(II)-porphyrin
complexes were prepared and tested as catalysts for homogeneous photocatalytic
hydrogen evolution from water in neutral and acid conditions. Their catalytic
activity and catalytic mechanisms were found to be strongly dependent on the
presence of electron-withdrawing or electron-donating substituents on the
porphyrin. For the electron-richest catalyst [Co(OMeP)]*", which in theory has a
stronger driving force to reduce water than the electron poor complex, higher
photocatalytic activities were observed only at low pH (4.1). In neutral conditions,
its activity was much lower and vanished when the cobalt center was replaced by
zinc. In contrast, the electron-poorest catalyst [Co(F16P)]> showed low
photocatalytic hydrogen evolution at pH 4.1 and outperformed [Co(OMeP)]*" at
neutral pH. Overall, comparable photocatalytic H> production quantum yields
were obtained with [Co(OMeP)]*" at pH 4.1 and [Co(OMeP)]* at pH 7.0. Based
on a combination of electrochemical studies, kinetic investigations and extensive
DFT modeling, we explain these differences as follows: starting from the
2[Co"(P)]* resting state, the first reduction to '[Co!(P)]* is common to both
catalyst types. However, in the next step the catalytic mechanisms diverged. In the
electron-rich catalyst the metal center was basic enough to be protonated to form
a metal hydride intermediate '[Co™(H)(P)]>". Subsequently, the catalytic wave
observed experimentally was assigned to a proton-coupled reduction of
I[Co"™(H)(P)]> to recover the 2[Co"(P)]*" resting state and H,, which
corresponded overall to a ECEC mechanism. The electron-poor catalyst was much

less basic at the metal center than the electron rich catalyst and needed to be
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reduced by an additional electron before it could accept a proton. This model was
consistent with electrochemical experiments showing a second reduction wave at
the foot of the catalytic onset. It thus formed a ligand-protonated intermediate
formally written 2[Co%(P-H)]*" where P-H corresponds to a cation radical
porphyrin ligand P and a hydride. This intermediate in turn can react with a
second proton to form H, and recover the resting state in a EECC mechanism.
This second mechanism was confirmed by the observation that when using
[Zn(F16P)]*" instead of [Co(F16P)]*", part of the photocatalytic activity was
retained. Overall, this work represents a significant advance in the understanding
of how molecular hydrogen evolution catalyst should be designed. Although for
catalytic H, evolution systems at low pH it is better, as usually acknowledged, to
use electron-rich catalysts, for neutral conditions (pH 7.0) it is in fact better to
have electron-poor cobalt H, evolution catalysts. In water splitting systems
coupling photocatalytic HEC and oxygen evolution catalyst near pH 7.0, electron-
poor proton reduction catalysts may represent a better optimum than the usually

proposed electron-rich catalysts.

5.6 Experiments and Methods

All reagents were purchased from Sigma-Aldrich and used as received unless
otherwise noted. '"H NMR spectra were recorded with a Bruker 400DPX-liq
spectrometer operating at 400 MHz. ’F NMR spectra were recorded with a Bruker
500DPX spectrometer operating at 500 MHz. High-resolution mass spectrometric
measurements were performed with a Bruker Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer APEX IV installed at Leiden University. Elemental
analyses were performed at the Mikroanalytisches Laboratorium Kolbe, Germany.
Electronic absorption spectra were obtained with a Varian Cary 60

spectrophotometer, with samples kept at 25 °C during the spectrophotometric
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measurements. The LED optical power was measured using an OPHIR Nova-

display laser power meter.

5.6.1 Synthesis

Trisodium 5,10, 15,20-tetrakis(2, 6-dimethoxyl-3-sulfonatophenyl)porphyrin
cobalt(lll) (Nas[Co(OMeP)]).

The ligand Nas[H2(OMeP)] (115 mg, 0.09 mmol) and Milli-Q water (40 mL) were
placed under N in a 100 mL round-bottom flask equipped with a magnetic stirring
bar and a condenser. A solution of cobalt(Il) sulfate heptahydrate (126 mg, 0.45
mmol) in Milli-Q water (10 mL) was added to the stirred solution, and the mixture
was refluxed for 12 h under N,. After cooling to room temperature, water was
rotary evaporated at 40 °C and the residue was redissolved in cold methanol (15
mL). After filtration on a filter paper, methanol was rotary-evaporated, the residue
was redissolved in cold methanol (5 mL). The solution was filtered by filter paper,
rotary-evaporated, and the crude product was redissolved in Milli-Q water (5 mL)
then passed onto an Amberlite IR 120 Na* form ion exchange resin column (10
cm), washed with Milli-Q water and further purified on Sephadex-20H size
exclusion chromatography to remove excess cobalt sulfate (methanol). Methanol
was finally rotary evaporated and the solid dried in vacuo. Yield (115 mg, 88%);
"H NMR (400 MHz, CDs0OD): § = 9.37 — 9.19 (m, 8H; S-pyrrole-H), 8.48 — 8.40
(m, 4H; p-Ph-H), 7.52 — 7.15 (m, 4H; m-Ph-H), 3.92 — 3.49 (m, 12 H; OCH3), 3.24
— 229 ppm (m, 12 H; OCH;3); HRMS (Appendix 5): m/z calcd for
Cs:HaaN4C0020S4™: 1231.0758 [M-3Na+4H]"; found: 1231.0750; elemental
analysis calcd (%) for Cs:H4oN4NazCo0O20S4°Na,SO4*H,O: C 42.86, H 2.91, N
3.85; found: C 43.01, H 2.79, N 3.84. UV-vis (H20): Amax(e in M™! cm™) 426 nm
(8.8 x 10%), 542 nm (5.8 x 10°).

Trisodium 5,10,15,20-tetrakis (2, 6-dimethyl-3-sulfonatophenyl) porphyrin
cobalt(lll) (Nas[Co(MeP)]).

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)-21H,23 H-
porphyrin-9H,O (130 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed
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under N> in a 100 mL round-bottom flask equipped with a magnetic stirring bar
and a condenser. A solution of cobalt(II) sulfate heptahydrate (141 mg, 0.50 mmol)
in Milli-Q water (10 mL) was added to the stirred solution and the mixture was
refluxed for 12 h under N». After cooling to room temperature, water was rotary
evaporated, and the residue was redissolved in cold methanol (15 mL). After
filtration on a filter paper, methanol was rotary-evaporated, the residue was
redissolved in cold methanol (5 mL), the solution was filtered a second time by
filter paper and rotary-evaporated, then the crude product was then passed onto an
Amberlite IR 120 Na* form ion exchange resin column (10 cm), washed with
Milli-Q water and finally purified on Sephadex-20H size exclusion
chromatography (methanol). Methanol was finally rotary evaporated and the solid
dried in vacuo. Yield (109 mg, 90%); '"H NMR (400 MHz, CD;OD): 6 = 9.18 —
9.09 (m, 8H; S-pyrrole-H), 8.43 — 8.38 (m, 4H; p-Ph-H), 7.68 — 7.55 (m, 4H; m-
Ph-H), 2.42 — 2.09 (m, 12H; CHz3), 2.07 — 1.74 ppm (m, 12H; CHs); HRMS
(Appendix 5): m/z caled for Cs;HasNsNaCoO12S4*: 1125.0985 [M-2Na+3H]";
found: 1125.0977; elemental analysis calcd (%) for Cs2H4oN4Na3;CoO12S4°2H,0:
C 51.83, H 3.68, N 4.65; found: C 52.08, H 3.43, N 4.66. UV-vis (H20): Amax(€ in
M1 em™) 428 nm (2.3 x 10°), 545 nm (1.2 x 10%).

Trisodium 2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-difluoro-3-
sulfonato-phenyl)porphyrin  cobalt(III) (Nas[Co(F16P))). Tetrasodium
2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(2,6-difluoro-3-
sulfonatophenyl)-21H,23 H-porphyrin*5SH>O (140 mg, 0.10 mmol) and Milli-Q
water (40 mL) were placed under N> in a 100 mL round-bottom flask equipped
with a magnetic stirring bar and a condenser. A solution of cobalt(Il) sulfate
heptahydrate (141 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to the
stirred solution and the mixture was refluxed for 12 h under N». After cooling to
room temperature, the water was rotary evaporated, and the residue was

redissolved in cold methanol (15 mL). After filtration over a filter paper, methanol

166



Chapter 5

was rotary-evaporated, the residue was redissolved in cold methanol (5 mL), and
filtered by filter paper again. The filtrate was rotary-evaporated and the
[Co(F16P)]* complex was then passed through an Amberlite IR 120 Na* form ion
exchange resin column (10 cm) and washed with Milli-Q water before being
purified on Sephadex-20H size exclusion chromatography (eluent: methanol).
Methanol was finally rotary evaporated and the solid dried in vacuo. Yield (135
mg, 90%); 'H NMR (400 MHz, CD;0D): J = 6.80 (s, 4H; p-Ph-H), 5.60 — 5.37
ppm (m, 4H; m-Ph-H); ’F NMR (471 MHz, CDs0D): 6 =-111.97 (d, J = 236.0
Hz, 8F; p-pyrrole-F), —112.74 (s, 4F; o-F), —113.26 ppm (s, 4F; o-F); HRMS
(Appendix 5): m/z caled for CausHi2F16NsC0012Ss™: 1278.8406 [M-3Na+4H];
found: 1278.8407; elemental analysis caled (%) for
C44HsF16N4Na3Co0012S4Na,SO4H,0: C 35.12, H 0.67, N 3.72; found: C 35.06,
H 0.61, N 3.82. UV-vis (H20): Amax(e in M™' cm ™) 402 nm (1.4 x 10°), 535 nm
(6.3 x 10%).

Tetrasodium 5,10, 15,20-tetrakis(2,6-dimethoxyl-3-sulfonatophenyl)porphyrin
zincate(1l) (Nas/Zn(OMeP)]).

The ligand Nas[H>(OMeP)] (115 mg, 0.09 mmol) and Milli-Q water (40 mL) were
placed under N» in a 100 mL round-bottom flask equipped with a magnetic stirring
bar and a condenser. A solution of zinc(II) chloride (61 mg, 0.45 mmol) in Milli-
Q water (10 mL) was added to the stirred solution, and the mixture was refluxed
for 12 h under N». After cooling to room temperature, water was rotary evaporated
at 40 °C and the residue was redissolved in cold methanol (15 mL). After filtration
on a filter paper, methanol was rotary-evaporated, the residue was redissolved in
cold methanol (5 mL). The solution was filtered by filter paper, rotary-evaporated,
and the crude product was redissolved in Milli-Q water (5 mL) then passed onto
an Amberlite IR 120 Na* form ion exchange resin column (10 cm), washed with
Milli-Q water and further purified on Sephadex-20H size exclusion
chromatography to remove excess zinc chloride (methanol). Methanol was finally
rotary evaporated and the solid dried in vacuo. Yield (107 mg, 85%); 'H NMR
(400 MHz, CD;0D): 0 = 8.82 — 8.77 (m, 8H; S-pyrrole-H), 8.40 — 8.35 (m, 4H; p-
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Ph-H), 7.31 — 7.23 (m, 4H; m-Ph-H), 3.67 — 3.54 (m, 12 H; OCH3), 3.07 — 2.76
ppm (m, 12 H; OCH3); HRMS (Appendix 5): m/z calcd for Cs;HasNaZnO20S4™:
1237.0796 [M-4Na+5H]"; found: 1237.0792; elemental analysis calcd (%) for
Cs:Ha0N4NasZn020S424H,0: C 44.66, H 3.46, N 4.01; found: C 44.79, H 3.19, N
3.99. UV-vis (H20): Amax(e in M™' ecm™) 422 nm (1.4 x 10°), 557 nm (6.5 x 10%).
Tetrasodium 5,10, 15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrin
zincate(ll) (Nas/Zn(MeP)]).

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)-21H,23 H-
porphyrin-9H>O (130 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed
under N> in a 100 mL round-bottom flask equipped with a magnetic stirring bar
and a condenser. A solution of zinc(Il) chloride (68 mg, 0.50 mmol) in Milli-Q
water (10 mL) was added to the stirred solution and the mixture was refluxed for
12 h under N». After cooling to room temperature, water was rotary evaporated,
and the residue was redissolved in cold methanol (15 mL). After filtration on a
filter paper, methanol was rotary-evaporated, the residue was redissolved in cold
methanol (5 mL), the solution was filtered a second time by filter paper and rotary-
evaporated, then the crude product was then passed onto an Amberlite IR 120 Na*
form ion exchange resin column (10 cm), washed with Milli-Q water and finally
purified on Sephadex-20H size exclusion chromatography (methanol). Methanol
was finally rotary evaporated and the solid dried in vacuo. Yield (110 mg, 90%);
"H NMR (400 MHz, CD;0D): J = 8.63 — 8.59 (m, 8H; B-pyrrole-H), 8.35 (m, 4H;
p-Ph-H), 7.56 — 7.49 (m, 4H; m-Ph-H), 2.40 — 2.26 (m, 12H; CH3), 1.94 —
1.79 ppm (m, 12H; CH3); HRMS (Appendix 5): m/z calcd for Cs;HasN4ZnO12S4™:
1109.1203 [M-4Na+5H]"; found: 1109.1204; elemental analysis calcd (%) for
Cs:HaoN4NasZnO1,S4°H,O: C 51.34, H 3.48, N 4.61; found: C 51.54, H 3.39, N
4.61. UV-vis (H20): Amax(e in M! cm™) 423 nm (6.0 x 10°%), 557 nm (1.8 x 10%),
599 nm (4.6 x 10°).
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5.6.2 Cyclic voltammetry, differential pulse voltammetry and linear sweep
voltammetry

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and linear sweep
voltammetry (LSV) measurements were performed using an Autolab PGstart10
potentiostat controlled by GPES4 software. CV, DPV and LSV measurements
were recorded in 0.1 M sodium phosphate buffer (pH 7.0), 1.0 M sodium
phosphate buffer (pH 4.1) or 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) DMF solution, using a three-compartment cell with a 0.07 cm2 glassy-
carbon electrode as the working electrode, Pt wire as the auxiliary electrode,
Ag/AgCl (saturated KCI aq.) as the reference electrode for aqueous solution and
saturated calomel electrode (SCE) (saturated KCl aq.) as the reference electrode
for DMF solution. To ensure consistency, we followed a rigorous preparation
protocol for the glassy-carbon electrode before each test: First, the electrode was
polished sequentially with 1.0 pm, 0.3 pm, and 0.05 pm alumina for a total of 6
min. After polishing, the electrode tip was ultrasonicated in distilled water and
ethanol for 5 min each. It was then allowed to dry at room temperature in ambient
air. To verify cleanliness, we performed cyclic voltammetry (CV) tests in 0.5 M
H>SO4 using a potential range of —1.0 V to 1.0 V versus Ag/AgCl, at a scan rate
of 50 mV/s under an argon atmosphere. If the CV curves remain stable for 20
consecutive cycles, we consider the electrode surface free of impurities.
Otherwise, the polishing process was repeated. Finally, we tested the electrode in
a 4 mM ferrocyanide solution. The electrode was deemed suitable for use only if
the reversible peak separation was less than 80 mV; otherwise, the polishing and
testing procedures were repeated. Ks[Fe(CN)s] was added at the end of the
measurements in aqueous solutions as internal standard
(E([Fe(CN)g]* /[Fe(CN)g]*) = +0.361 V vs NHE).®!) Potential vs SCE is
converted +0.241 V vs NHE at 298K. Unless otherwise indicated, the potential
was converted relative to NHE, the solutions were bubbled with high-purity argon

for at least 30 min before analysis.
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5.6.3 Photo-induced hydrogen evolution

Photo-induced hydrogen evolution from water was analysed by a hydrogen
electrode (Unisense H2-NP) controlled by x-5 UniAmp using Logger software.
The irradiation source was an OSRAM Opto Semiconductors LD W5SM LED
(Mir =450 nm, A2 = 25 nm) with water cooling. All the photochemical hydrogen
evolution measurements were carried out in a thermostatic (298 K) photochemical
reactor (total volume 25.0 mL). [Ru(bpy)s]Cl,-6H.O (1.3 mg, 0.5 mM), the
catalyst Na3;[Co(OMeP)], Nas[Co(MeP)], Na;[Co(F8P)], Nas[Co(F16)],
Nay[Zn(OMeP)], Nas[Zn(MeP)], Nas[Zn(F8P)], and Nas[Zn(F16P)] (0.1 mM),
and ascorbic acid (53 mg, 0.1 M) and tris(2-carboxyethyl)phosphine
hydrochloride (86 mg, 0.1 M) were added as solids in the reactor, and dissolved
using sodium phosphate buffer (0.1 M, pH 7.0, 3.0 mL), the pH value of the
mixture solution was then controlled with sodium hydroxide solid by checking
pH. Under constant stirring, the reactor was equipped with 1 rubber septum and 2
silicon septa in order to make an air-tight system. The hydrogen electrode was
then inserted through the septum, to measure the hydrogen concentration in the
head space (gas phase) of the photochemical reactor, and the whole system was
deaerated by high-purity argon for at least 30 min. After removing the argon, the
hydrogen electrode was calibrated by a four-time injection of 100 puL (4.46 pmol
at 1 atm) of high-purity H, into the closed system, thereby limiting the
overpressure to <5%; the calibration was adapted with the pressure change using
Logger software, affording direct reading of the volume of dioxygen (pL)
produced in the gas phase of the reactor (Vs = 22.0 mL). Following calibration,
the three used septa were replaced by new ones and the hydrogen electrode was
reinserted into the system. The system was degassed for 30 min with argon, then
data recording was started, first keeping the system in the dark for another 30 min
prior to starting light irradiation. Unless otherwise indicated, the data recording

was stopped after 39.5 h of light irradiation.
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5.6.4 Calculating the turnover number and turnover frequency

The turnover number (TON) of oxygen evolution was determined by a hydrogen
electrode (Unisense OX-NP) controlled by x-5 UniAmp using Logger software.
The amount of oxygen formed during 39.5 h illumination was used to calculate
the TON. The TON were calculated from the oxygen production data by the
following equation:

n
TON = —22

Ncat

in which ny, is the number of mol of dihydrogen calculated from the volume of
the H» produced in the photocatalytic experiment as indicated by the calibrated
hydrogen electrode in the gas phase (uL), divided by 22.4 L/mol, and ny; is the
number of mol of cobalt or zinc porphyrin catalyst used in the photocatalytic
experiment. The TON errors were calculated according to triplicate
measurements.

The maximum H; evolution rate (in h™') or the maximum turnover frequency
TOF a5 (in h™!) of photocatalytic hydrogen evolution was obtained using Origin
9.1 software by 1) nonlinear curve fitting of the time evolution of the TON,
starting at = 30 min for photocatalytic reactions (category: Growth/Sigmoidal,
function: logistic Fit); 2) calculating the first derivative TOF = f(f) using
mathematics, differentiate, and 3) identify the maximum value of the H, evolution
rate TOF = f(¢), noted TOF,.; (example of [Co(OMeP)]*" shown in Figure
5A.20). The maximum H» evolution rate and TOF,,,x errors were calculated

according to triplicate measurements.

5.6.5 Calculation of photochemical H; production quantum yield
The H, generation quantum yield was calculated using the TOF 54, 1¢at and the

rate of photons absorption:

_ 2nHECTOFmax
3600D(1 — 10~4)(Aps/Ae)

4
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in which TOF .4 (h™!) is the maximum turnover frequency of the photocatalytic
hydrogen evolution reaction, nygc (in pmol) is the number of mol of cobalt
catalyst used in the photocatalytic experiment, @ is the photon flux (umol s™)
determined by standard ferrioxalate actinometry (typically 1.05 pmol s when
using a 16 mW light power),[%?l A, is the total absorption of the photocatalytic
solution at 450 nm (in all experiments A>3 and the photon absorption probability
was ~1), Apgis the absorption of photosensitizer only in buffer at 450 nm
(Aps/Ae~1), and 3600 is the number of seconds per hour. In this calculation we
assumed 2 photons were needed for each molecule of H, produced. The quantum

yield errors were calculated according to triplicate measurements.

5.6.6 Computational details

Structure optimizations and hessian calculations were performed within the
AMS2021.101 package by SCM.I! All structures were optimized using the
OPBE density functional approximation,'®! in an all-electron double-{ polarized
(DZP) Slater-type basis set, including scalar relativistic effects by means of the

65]

zero-order regular approximation (ZORA).®! Grimme’s third generation

dispersion corrections (D3) were used with the Becke-Johnson damping

[66-68] Geometries were confirmed to be local minima on the potential

function.
energy surface by a hessian calculation without imaginary frequencies. This
vibrational analysis was also used to estimate the thermodynamic corrections in
the calculated free energies. The partition function contribution of low frequency
vibrations has been modified as described in ref ], Because AMS2022.103 does
not provide the absolute energies required for the pK, calculations, Gaussian16.2
single-point energy calculations were performed on the obtained structures.!””
These calculations were performed using the PBE functional with D3(BJ)

71-73

dispersion corrections in the def2TZVP basis set.’'""* The Gibbs free energy of

solvation was calculated with the SMD model and SCF convergence was set to
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‘tight’.l"* To verify the consistency between the Gaussian16 and AMS results, the
energies of the obtained geometries were also re-evaluated by performing a single
point calculation in AMS2021, employing the OPBE-D3(BJ) functional in a
ZORA triple-( Slater-type basis with two polarization functions (ZORA-TZ2P).
At this point, the solvation of the complexes in water was accounted for by the
implicit conductor like screening model (COSMO).">77 For all calculations the
integration quality was improved over the default settings by putting the numerical
quality to ‘good’. It was found that the change in program and density functional
affected the one electron reduction potentials of the 2[Co'(F16P)]* and
2[Co"(OMeP)]* complexes by less than 0.02 V vs NHE (Table 5A.3).

To assess the functional dependence of the calculated results, the 2[Co'(F16P)]*
to '[Co'(F16P)]*" reduction potential was re-evaluated with a series of different
functionals (see Table 5A.4). These reduction potentials were calculated by
performing a single point calculation within the AMS2021.101 program with the
functional in question, including D3(BJ) dispersion corrections, in a ZORA-TZ2P
basis with COSMO solvation on the OPBE-D3(BJ)/ZORA-DZP structures.
Interestingly, all hybrid functionals predict a potential that is significantly more
anodic than the experimentally observed potential. This was observed also in
earlier DFT studies of cobalt porphyrins.’®7 Recent studies have addressed this
issue by systematically shifting the calculated reduction potentials to match the
experimentally observed potential.*®! In this work, instead we opted for using a
GGA functional, as these functionals have also been shown to correctly predict
the singlet Co(I)-porphyrin complexes to be more stable than the triplet

analogues.P”)

5.6.7 Thermodynamic calculations
The Gibbs free energies for all structures in solution were calculated following a
Born-Haber thermodynamic cycle:

GO(solv) = Es¢(gas) + Ey;(gas) — TS (gas) + AGY,, + AGY/*
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where G°(solv) is the Gibbs free energy of the solvated structure, Es.r(gas) is the
electronic energy from the single point calculation, Ex; and 7S are the nuclear
internal energy and entropy corrections as provided by the vibrational analysis in
the gas phase, and AGY |, is the Gibbs free energy of solvation, given by the
solvent model. We note that the Ey; term includes both the zero-point energy
contribution, as well as rotational and translational contributions. The AG%/* term
is introduced to convert the Gibbs free energy in the gas-phase at a pressure of 1
atm to the Gibbs free energy of the solvated molecule at the desired concentration.
The term is calculated as

AG®/* = RTIn(24.46 * [molecule])
where R is the universal gas constant, T is temperature (in K) and [molecule] is
the concentration of the molecule.®!) The Gibbs free energies associated with
redox reactions were calculated using

redox(solv) rec1(solv) — G (solv),
where G2 4 and GY, were the Gibbs free energies of the relaxed oxidized and
reduced species, including protonation steps and ligand dissociations.

Subsequently, redox potentials could be calculated directly as

E redox (SO]V)
redox — nF

—4.281 eV,

with n the number of transferring electrons and F the Faraday constant. The 4.281
eV term is introduced to translate the absolute potentials to potentials against
NHE. B! PK, values were calculated directly from the Gibbs free energy associated

with the dissociation reaction HA — H" + A~

Ggissociation (SO]V)
2.303 kgT

pKq (HA) =

where the (translational) free energy of a proton was taken as —6.23 kcal mol™
and the solvation energy of a proton in water was taken as —264.0 kcal mol ' at 1

atm and 298.15 K standard state conditions.®#3! Ky is the Boltzmann constant.
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The AG%/* term to convert the Gibbs free energy of the proton in the gas-phase to

the Gibbs free energy of a proton in solution at 1 mol L™! is —1.89 kcal mol .34

Finally, the Gibbs free energies associated with the protonation of a metal complex

at a specific pH value was calculated as

AGPr(solv) = 2.303 KgT [pH — pK, (HA)],

where AGSr(solv) is the Gibbs free energy of the proton transfer reaction in

solution.
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5A. Appendix
5A.1 '"H-NMR and “F-NMR

l 1 | 1 | 1 | 1 |
10 8 6 4 2 ppm

Figure 54.1. 'H NMR of [Co(OMeP)]’~ in MeOD. * Methanol and water.

* *

| 1 | 1 | 1 | 1 | ]
10 8 6 4 2 ppm

Figure 54.2. '"H NMR of [Co(MeP)]’” in MeOD. * Methanol and water.
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l 1 | 1 | 1 | 1 | 1 |
8 7 6 5 4 3 ppm

Figure 54.3.'H NMR of [Co(F16P)]*" in MeOD. * Methanol and water.

-105 -110 -115 -120 ppm

Figure 54.4. °’F NMR of [Co(F16P)]*” in MeOD.
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| ! l ! | ! | ! |
10 8 6 4 2 ppm

Figure 54.5. 'H NMR of [Zn(OMeP)]*" in MeOD. * Methanol and water.

* *

| -

| 1 -| 1 | 1 ] 1 | I
10 8 6 4 2 ppm

Figure 54.6. 'H NMR of [Zn(MeP)]*" in MeOD. * Methanol and water.
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5A.2. Cyclic Voltammetry and Linear Sweep Voltammetry
Table SA.1. Electrochemical properties of Co-porphyrin complexes at pH 7.0
and pH 4.1.

2™ reduction HER on-set natpH7.0 E4atpH7.0
potential at pH  potential at pH  (at pH 4.1)I  (at pH 4.1)!¢
7.0 (at pH 4.1)1 7.0 (at pH

4.1)]
[Co(OMeP)* | —0.75 (—0.78) ~1.04 (-0.95) 630 (710) 220 (310)
[Co(MeP)]~ | —0.70 (~0.73) ~0.95 (-0.74) 540 (500) 310 (520)
[Co(F8P)]~ | —0.64 (~0.66) ~1.01 (-0.94) 600 (700) 250 (320)
[Co(F16P)]~ | —0.53 (=0.55) ~0.84 (-0.88) 430 (640) 420 (380)

4l data according to DPV, V vs. NHE. ™ data according to CV, V vs. NHE. [! calculated
according to the HER on-set potential, in mV. [ calculated according to Eps(PS/PS") =
—1.26 V vs. NHE, in mV.

a) —  b)

7

3 = =0 3 -10
£ 60 — v = - — With [Co(F8P)]*
g s | S 5.95 M g -20 — Without [Co(F8P)]*-
3 i === — 847M = - J
Y L o R O 30t

g I I i e O O B P I T BT

-20 -15 -1.0 05 0 05 1.0 -1.6 -12 -08 -04 0
Potential (V vs NHE) Potential (V vs NHE)

Figure
5A4.7. Cyclic voltammetry of the [Co(F8P)]’~ a) in DMF with addition of 0 to 8.47
M water; b) in KCI aqueous solution. Conditions: a) 1.0 mM Nas[Co(F8P)], 0.1
M TBAPFs, SCE reference electrode, 200 mV s scan rate; b) 0.5 mM
Nas[Co(F8P)], 0.1 M KCI, Ag/AgCl reference electrode, 50 mV s~ scan rate. 0.07

cm’ glassy-carbon working electrode, Pt wire auxiliary electrode, T = 298 K.
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~— [Co(MeP)]*
— [Co(F8P)J*

Current (HA)

S5 [ I NN AN N NN SR N |
-09 -0.8 -0.7 -0.6 -0.5 -0.4

Potential (V vs NHE)

Figure 5A.8. Detailed view of the cyclic voltammograms of [Co(MeP)]*~ and
[Co(FS8P)]’~ shown in Figure 3b from —0.9 to —0.4 V vs. NHE.

0
- — [Zn(OMeP)]*
10  — [2n(MeP)]*
é L
- '20 —
c
8 L
3 30
-40 1 | ] ] 1 | 1
-1.4 -1.3 -1.2 -1.1 -1.0

Potential (V vs NHE)

Figure 5A.9. Linear sweep voltammetry from —1.3 to —1.0 V vs. NHE of the
[Zn(OMeP)]*" and [Zn(MeP)]*" in Figure 5.3c.
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5A.3. Photocatalytic Hydrogen Evolution

3.2 —No catalyst .
——[Zn(OMeP)]4
~ —[Zn(MeP)]* -9
— [Zn(F8P)]4-
2.4 =—I[Zn(F16P)]*
—_— ~ &
o
16
g | g
S— I Z
- - 3
L 08 |
0 — 0
| I T A T T |

0 10 20 30 40
Time (h)

Figure 5A4.10. Total amount of hydrogen (in umol) measured over time (in hours)
during photocatalytic water reduction in the presence of 0.1 mM catalyst
[Zn(OMeP)]*", [Zn(MeP)]*", [Zn(F8P)]’" and [Zn(F16P)]*", using 0.5 mM
[Ru(bpy)3]Cl; as photosensitizer, 0.1 M ascorbate and TCEP, in pH 7.0 aqueous
solution, and LED lamp (450 nm, 16 mW) for irradiation, T = 298 K.
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24 80 60 200
a) — No catalyst b) — No catalyst
| — [2n(F16P)|* g | — [Co(OMeP)*
— [H,(F16P)]* — [Zn(OMeP)]*
— [Co(F16P)] — 60 — 150
16 - | 40
© ©
£ — 40 54 £ — 100 s
3 3.
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£ 8r T £ 20F
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Time (h) Time (h)

Figure 5A.11. Total amount of hydrogen (in umol) measured over time (in hours)
during photocatalytic water reduction in the presence of a) 0.1 mM catalyst
[Co(F16P)]*", [HxF16P)]* and [Zn(F16P)]*" in pH 7.0 aqueous solution, and
b) 0.1 mM catalyst [Co(OMeP)]*~ and [Zn(OMeP)]* in pH 4.1 aqueous solution
using 0.5 mM [Ru(bpy)s]Cl> as photosensitizer, 0.1 M ascorbate and TCEP, and
a LED lamp (450 nm, 16 mW) for irradiation, T = 298 K.

o

~—
Lo
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&
o

NOL
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Figure 5A.12. Total amount of hydrogen (in umol) measured over time (in hours)
during photocatalytic water reduction in presence of a) 0.1 mM catalyst
[Co(F16P)]*" and b) [Co(OMeP)]*" at different pH in aqueous solution using 0.5
mM [Ru(bpy)3]Cl as photosensitizer, 0.1 M ascorbic acid and TCEP as electron
donor, and blue light irradiation (450 nm, 16 mW). Conditions: T = 298 K,
phosphate buffer.
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100 200

a) [l = » [ColF16P)* b) L = [ColF16P)*
80 * [Co(OMeP)*— 160 8 o 7 N\ [colomep)F
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Figure 5A4.13. a) Turnover numbers and b) maximum turnover frequencies of

photocatalytic H> evolution systems in Figure 54.12 plotted as a function of the
pH.

5A.4. Photostability

0.5
a) o b) [
- 04 — Before
0.15 _— 03 r ] e After
v 3 =
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0.05 | 01 L
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Figure 5A.14. Absorption spectra of 2 uM a) [Co(OMeP)]*", b) [Co(MeP)]*", c)
[Co(F8P)]*", and d) [Co(F16P)]’" before (black solid) and after (red short dot)
48 hours irradiation (LED lamp, 450 nm, 16 mW) in 0.1 M sodium phosphate
buffer (pH 7.0) under air, T = 298 K.
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Figure 5A.15. Absorption spectra of 2 uM a) [Zn(OMeP)]*", b) [Zn(MeP)]*", c)
[Zn(F8P)]*", and d) [Zn(F16P)]*" before (black solid) and after (red dots) 48
hours irradiation (LED lamp, 450 nm, 16 mW) in 0.1 M sodium phosphate buffer
(pH 7.0) under air, T = 298 K.
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Figure 5A.16. Repetitive photocatalytic hydrogen evolution in presence of a) 0.1
mM [Co(F16P)]°” in pH 7.0 and b) [Co(OMeP)]*" in different pH 4.1 aqueous
solution using 0.5 mM [Ru(bpy)s]Cl; as photosensitizer, 0.1 M ascorbate and
TCEP, and a LED lamp (450 nm, 16 mW) for irradiation, T = 298 K. Between the

two irradiation experiments, 1.5 pmol fresh [Ru(bpy)s]Cl; was added as a solid

powder.
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Figure 5A.17. Maximum H evolution rate during photocatalytic H; evolution

using the catalyst [Co(F16P)]’~ at pH 7.0 (black squares) or [Co(OMeP)]’~ at

pH 4.1 (red circles) plotted as a function of a) the light power, b) the concentration

of ascorbate and TCEP, c) the concentration of the photosensitizer [Ru(bpy)s3]Cl>

and d) the concentration of the hydrogen evolution catalyst. Standard conditions:
0.1 mM catalyst, 0.5 mM [Ru(bpy)s]Clz, 0.1 M ascorbate and TCEP, blue light
(450 nm, 16 mW), T =298 K.
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5A.6. Density Functional Theory

Table 5A.2. Gibbs free energies of all considered 1,2 and 3 electron reduced

intermediates (in kcal/mol, relative to 2[Co'{(P)]+).[2!

Relative energy (kcal mol™)

Species { [Co(F16P)] [Co(OMeP)]
Non-reduced
I[COIII(P) 3- _ _
I[Co™(P)(H,0)]*~ 21.6M0 3.4[b1
I[Co™(P)(H,0).]* 13.201 —0.8[0]
1 e reduced
2[Col(P)]* 0 0
Co(P)]* - 16.4
2[Co(P)(H20)]* 3.5 1.7
2[Co'(P)(H20)2]* 8.0 14.0
2 e reduced
Co'(P)]> 12.1 16.5
S[Co(P))* 26.9 29.0
3[Col(P)(H20)]> 26.61 29.9 [
[Co™(H)(P)]* 14.5 10.5
I[Co™(H)(P)(H.0)]* 19.8 13.7 [
I[Co'(P-HN)]* 24.2 21.8
1[Co'(P-Hy)]* 26.4 24.7
[Co'(P-Hp)]* 21.4 16.4
[CO(P-Himeso) 1+ 30.1 20.1
3[Col(P-Hy)]* 31.5M4 22.64
3[Col(P-Hp)]* 25.6M 21.1
3[Co(P-Humeso) ]+ 21.9M 14.8
3[Col(P-Ho)(H0)]* 33.2 29.7
3[Co'(P-Hp)(H.0)]* 27.3 24.2
3[Co'(P-Himeso)(H20)]1* 24.6 21.9
3 e reduced
[CO(P)]* 453 57.2
2[Co(H)(P)]> 352 40.8
2[Co%(P-HN)]>™ 433 52.9
2[Co%P-Hy)]> 30.6 41.5
2[Co%P-Hp)]*~ 22.7 34.1
2[Co%(P-Humeso)]* 31.1 30.2
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[41Gibbs free energies assume concentrations of 0.1mM for all metal complexes and 55 M
for water. All Gibbs free energies are calculated at pH = 0, at a potential of 0 V vs NHE
and a temperature of 298.15 K.

] Optimizations were carried out with the COSMO solvation model because geometry
optimizations in vacuum did not converge due to non-converging SCF optimizations.

[l Aqua ligands partially dissociated during optimizations.

[ Only a single-point calculation in the low-spin optimized geometries were performed,
as a geometry optimizations of the high-spin state structures did not converge due to issues

with the SCF procedure.

2[Co"(OMeP)]* 1[Co'(OMeP)]>- formally 2[Co°(OMeP)]~

3 N » %o

b)

Figure 5A.18. Top (a) and side (b) views of the optimized structures of the
[Co(OMeP)]*~ catalyst complex in the Co", Co' and formally Co’ oxidation states.
For the complexes with unpaired electrons, the spin density is visualized with an
isosurface value of 0.003. The five different sites on the cobalt porphyrin complex

which are prone to protonation are indicated with insets on the ' [Co'(OMeP)]’~

intermediate.
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Formally ?[Co®(F16P-H,)* Formally 2[Co®(OMeP-H,)*>

A"

Figure 5A.19. Top and side views of the spin densities of the *[Co’(F16P-Hp)] -
(b) and *[Co’(OMeP-H,.es,)]’~ intermediates. Spin densities were computed at the
PBE/def2TZVP/SMD level of theory and the isosurface value was set to 0.003.
The hydride hydrogen atom is depicted with a VDW sphere with radius of 0.4,

while all other atoms are visualized with radius of 0.2.

Table 5A.3. Calculated one electron reduction potentials of the Co" intermediates

at the PBE/def2TZVP/SMD and OPBE/TZ2P/COSMO levels of theory.

Redox couple PBE/def2TZVP/SMD OPBE/TZ2P/COSMO
2[Co'(F16P)]* — '[Co!(F16P)]* -0.52 -0.50
[Co"(OMeP)]* — '[Co'(OMeP)]> -0.70 -0.70
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Table 5A.4. Reduction potentials (in V vs. NHE) of the 2[Co'(F16P)]* to
'[Co'(F16P)]* reduction, calculated with six different exchange correlation

functionals on the OPBE-D3BJ/ZORA-DZP geometries.
OPBE PBE wB97X  PBEO B3LYP MO6[™ Exp®

Reduction | —0.50 -0.27 -1.11 -1.33 -098 -1.04 -0.53
potential (V
vs NHE)

[s1 No dispersion corrections were included for the calculations with the M06 functional [*!

data according to CV, V vs. NHE at pH 7 phosphate buffer as reported in this work.

Table 5A.5. Calculated hydricity values for catalytic intermediates capable of H»

generation.

Reaction AG hydricity (kcal mol ™)
2[CO''(H)(F16P)]> — *[Co'(F16)]* + H™ 7.8
[Co%F16P-H,)]> — Y[Co"(F16)]* + H™ 12.4
2[Co’(F16P-Hp)]* — ?[Co'(F16)]* + H™ 20.3

2[Co%(F16P-Himeso]™ — *[Co"(F16)]* + H™ 11.9
[Co”%F16P-Hn]> — [Co"(F16)]* + H™ -0.2
2[Co'[(H)(OMe)]* — [Co'(OMeP)]* + H™ 2.3
2[Co%(OMe-H,)]* — [Co'(OMeP)|* + H™ 1.5
2[Co°(OMe-Hp)]* — [Co"(OMeP)|* + H™ 9.0
2[Co’(OMe-Hpeso]” — [Co"(OMeP)]* + H™ 13.1
2[Co%(OMe-Hn]> — [Co'(OMeP)]* + H™ -9.9
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Boost Homogeneous Photocatalytic Hydrogen Evolution in Neutral
Aqueous Solutions

Table SA.6. Thermodynamic cycle employed for calculating hydricity values.

Number Reaction Value
Reaction 1 D-H—- D"+ H"

Reaction 2 D-H—- D +H" DFT
Reaction 3 D'+2e —» D DFT
Reaction 4 H, > H +H' Referencel!)
Reaction 5 2H"+2e - H, DFT

AG(reaction 1) = AG(reaction 2) - AG(reaction 3) + AG(reaction 4) +
AG(reaction 5).

5A.7. Calculation of Maximum H; Evolution Rate and Maximum TOF

60 200 2.4 - - 8
a) — H, evolution curve b) = Maximum H, evolution rate
| s Logistic fitting E e Maximum TOF 1
- 150 —O 20 - — 1* derivative
= 3 -6
40 =
= T — 16 =
e 100 o £ | 2
£ o © —~
= _ =2 c 12 14 ‘=T
= 20 o L <
- s0 5 da L 1
- [e) :
-4 q>) = - 2
0 —-0 o 0.4
| I T I | = Lo bty 1y 1]
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)

Figure 5A.20 a) Total amount of hydrogen (in umol) measured over time (in
hours). b) First derivative of the curve in a), which was used to calculate the

maximum H> evolution rate and the maximum TOF of [Co(OMeP)]*".
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Chapter 6: Effects of Nuclear Motion on the
Photoinduced Interfacial Charge Transfer

Dynamics at a NiO/P1 Photocathode

Quantum/Classical dynamics simulations were employed to interpret transient

absorption spectroscopy measurements on a push-pull dye absorbed on NiO.

Photoinduced
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Dynamics

This chapter is based on:

T. de Haas*, K. Zhu*, J.M. van der Sterre, Y. Luo, G. Mul, F. Buda, A. Huijser.
Effects of Nuclear Motion on the Photoinduced Interfacial Charge Transfer
Dynamics at a NiO/P1 Photocathode. J. Phys. Chem. C. 2025, 129 (14), 6817-
6826 (* contributed equally)
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Chapter 6: Effects of Nuclear Motion on the Photoinduced Interfacial
Charge Transfer Dynamics at a NiO/P1 Photocathode

6.1 Abstract

The performance of dye-sensitized photoelectrochemical cells is presently limited
by the photocathode component. Here, we investigate the impact of nuclear
dynamics on the photoinduced charge separation of the benchmark NiO/P1
system (P1 = 4-(bis-4-(5-(2,2-dicyano-vinyl)-thiophene-2-yl)-phenyl-amino)-
benzoic acid). Transient absorption (TA) studies in aqueous environments with
different viscosities show that photoinduced hole injection either proceeds
ultrafast (<100 fs) or in a sub-ps time window. We assign the fastest component
to a surface species strongly coupled to the NiO. Interestingly, the slower injection
component and charge recombination are slowed down considerably in
increasingly viscous media. Quantum-classical dynamics simulations of a system
with the dye standing perpendicular to the surface yield an injection lifetime
remarkably close to the slow component from kinetic modelling of the TA results.
Simulations including nuclear thermal motion yield a two-fold increase in hole
transfer rate compared to simulations for which the nuclei were fixed, highlighting
the role of nuclear motion and providing new design principles for dye-sensitized

photocathodes.
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6.2 Introduction
The development of efficient solar conversion devices is essential to advance the
energy transition. Dye-sensitized photoelectrochemical cells (DS-PEC) are
attractive because of their tunable properties and capability to directly convert
solar energy into H, through water splitting or into other fuels via CO»
reduction.!? In a typical DS-PEC cell, both photoanode and photocathode consist
of'a wide bandgap nanoporous semiconductor functionalized with light-absorbing
dyes and catalysts. However, the efficiency of the photocathode is substantially
lower than that of a photoanode,®! limiting the overall performance of a DS-PEC
and highlighting the importance of developing efficient photocathodes.
The choice for NiO as p-type semiconductor is motivated by its electronic energy
levels and chemical stability.[¥ Despite numerous efforts focused on the NiO
nanostructure and doping, and the design of new dyes and catalysts, improving
the efficiency of NiO-based photocathodes remains a challenge. Hole injection
from the photoexcited dye into the NiO typically occurs on a sub-ps timescale!®
and should be followed by electron transfer from the dye into the catalyst.!”!
However, hole injection does not necessarily occur with close to unity quantum
yield® and also detrimental charge recombination between dye radical anions and
holes injected into the NiO occurs fast, typically in a ps-ns time window."! The
photocathode performance is well known to depend on the NiO nanostructure,!'”)

(791 and the chemical structures of the dye and catalyst.["!'"'") Also the

doping,
nature of the electrolyte and the composition of the electrochemical double layer
play an important role in the performance and interfacial photodynamics.['®!

Theoretical studies by several groups on a variety of molecule-semiconductor
photoanode systems have emphasized the key role of the nuclear dynamics in the
interfacial photodynamics.!®2!! These studies highlight that nuclear motion can
facilitate non-adiabatic charge transfer channels which dominate the injection
process when the electronic coupling between donor and acceptor moieties is low.

Prezhdo et al. studied Ru complexes chemisorbed onto Ta»Os, either via COOH

or PO;H, anchoring groups. Non-adiabatic quantum-classical molecular dynamics
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(MD) simulations based on Extended Hiickel (EH) theory indicate that
photoinduced electron transfer from the Ru complex into Ta,Os is faster with
COOH anchoring groups than for the same complex with PO3;H, anchoring
groups, due to a stronger non-adiabatic coupling for the COOH anchored
complex. The COOH anchoring groups promote charge transfer with higher
frequency vibrational modes than the POs3;H, anchoring groups. Quantum
decoherence appears to counteract this effect to a small extent, because of a faster
decay in the COOH-anchored system compared to the POsH. tethering.*?! Monti
et al. studied the interfacial photoinduced electron transfer for a terrylene dye
anchored on TiO, by a phenyl-amide-phenyl molecular rectifier bridge. They
found that the inclusion of nuclear dynamics is crucial to observe the process, and
the electron propagation shows oscillatory features that correlate with interatomic
distance fluctuations in the bridge.”®! Similarly, Torres and co-workers have
investigated a TiO» surface sensitized with a perylene dye and observed that
nuclear motion couples to the electron wave packet propagation.'”) The role of
nuclear-electronic coupling in intramolecular charge transfer has also been studied
extensively for ruthenium-based dye compounds. These works have shown
through both experimental and computational methods that specific molecular
vibrations can couple to electron and hole dynamics in such systems.?+2"]

The photosensitization of NiO can be achieved with various dye’s and has been
studied extensively in the context of dye-sensitized solar cells.!*! Particularly
interesting is a class dyes consisting of w-conjugated donor (D) and acceptor (A)
moieties, commonly referred to as D-A dyes. Photoexcitation in these complexes
is associated with a donor-to-acceptor electron transfer, resulting in a spatial
separation of the electron-hole pair, which helps prevent charge recombination. In
a previous publication, we have demonstrated that this electron transfer can cause
the acceptor moiety of the dye to twist relative to the donor moiety.[*”!

In the present work, we explore the photoinduced hole injection and charge

recombination dynamics in a benchmark D-A dye chemisorbed on NiO. In
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particular, the role of nuclear motion on the photoinduced interfacial dynamics is
investigated by combining EH-based quantum-classical dynamics simulations
with femtosecond transient absorption studies in aqueous environments with
different viscosities. The NiO is functionalized with the D-A dye P1 [4-(bis-4-(5-
(2,2-dicyano-vinyl)-thiophene-2-yl)-phenyl-amino)-benzoic acid] by
chemisorption via the COOH anchoring group. The Pl dye combines a
triphenylamine donor unit linked via thiophene bridges to two dicyanovinylene
acceptors. We observe that photoinduced hole injection either proceeds on an
ultrafast timescale, during which the process is driven by electronic coupling, or
in a sub-ps time window where nuclear motion is critical for the injection process.
Especially the fluctuations in the dihedrals between the donor and acceptor
moieties of the dye, and fluctuations in the carboxylate O — surface Ni distance
appears to be important for photoinduced hole injection, although other nuclear
dynamics likely play a role as well. Also charge recombination depends on the
structural dynamics and slows down in viscous media. Our work highlights the
importance of understanding the interplay between nuclear dynamics and
photoinduced charge separation and recombination, which is essential for the
development of photocathodes where structural flexibility is tailored for efficient

solar to fuel conversion.

6.3 Methods

6.3.1 Sample preparation and transient absorption experiments

The sample preparation and femtosecond transient absorption setup has been
described in detail earlier.’? Polyethylene glycol (PEG) was purchased from
Sigma Aldrich (BioUltra, 1000, M, 950-1050) and dissolved into MilliQ water

with a concentration of 4.5 wt%.

6.3.2 Computational Methods
Multiple computational methodologies were combined to study the electronic and

structural factors that govern interfacial hole-transfer dynamics between the
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photoexcited dye P1” and the NiO surface. A schematic overview of the employed
computational workflow is provided in Scheme 1. Density functional theory
(DFT) was used to optimize both the geometries and electronic structure of P1
and the NiO semiconductor slab (details provided in the Appendix, Al, A2 and
A7). The obtained dye and slab structures were used to build the configurations
discussed in section 6.4.4. Then, nuclear classical dynamics simulations were
performed of the dye molecule on the fixed DFT-optimized NiO using the self-
consistent GFN-xTB tight-binding Hamiltonian.*”! We note that these simulations
did not include explicit solvent. The Coulomb integral parameters of the employed
EH model were optimized to reproduce the energy level alignment of the NiO/P1
interface, while that the spatial distribution of the P1 HOMO and LUMO orbitals
closely matched the DFT results. This optimization procedure targetted the NiO
band gap, the P1 HOMO-LUMO gap and the relative alignment of the P1 HOMO
with the NiO valence band maximum (VBM), as discussed further in section
6.3.2.1. Details on the EH parameter optimization are provided in the Appendix,
section 6A.8. Finally, the photoexcited electron and hole wave packet quantum
dynamics were propagated either on a static nuclear geometry or on a
precomputed nuclear trajectory using an EH approach. We have used a similar
strategy based on semi-empirical calculations in earlier work to describe
photoinduced electron transfer dynamics in a dye-TiO, interface.?!! The details of
the wave packet propagation schemes are explained in the papers by Rego and
Batista.l*!*?] Details on the applied computational methodologies are provided in

the Appendix, sections 6A.1-6A.4.
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Scheme 6.1. Schematic overview of the workflow used for photoinduced hole
injection simulations on the P1/NiO system. VMB = valence band maximum, MD

= molecular dynamics, EH = Extended Hiickel.

Geometry optimization: Ground state Molecular
Dynamics:
DFT+U Quantum wave
S » GFN-xTB » packet dynamics
» Optimize NiO and P1 simulation:
separately P1 relaxed, NiO constrained
+ Extract HOMO and * Anchor P1 on surface Extended Hiickel
LUMO shapes + Generate classical MD trajectory Theory
s * Quantum dynamics
Experimental data from Optimization of EH on MD trajectory
the literature: parameters: * Quantum dynamics
G e el » on static structure
« NiO band gap enetic algorithm
* P1.5y/S; gap Target:
* Alignment P1 S, and + Exp. energy level alignment
NiO VBM « DFT orbital spatial distribution
6.4 Results

6.4.1 Femtosecond transient absorption results

To investigate the effect of nuclear dynamics on photoinduced charge separation
and recombination, femtosecond transient absorption (TA) studies have been
carried out using 500 nm pump pulses, predominantly exciting the n-n* transition
of the P1 dyes.!"* We compared the photodynamics of NiO/P1 in H,O and NiO/P1
in H>O with 4.5 wt% polyethylene glycol (PEG), with the latter increasing the
viscosity of the solvent and, therefore, likely slowing down the nuclear dynamics
of the P1 molecule. Anchoring of the P1 dye onto the NiO surface via its COOH
group causes deprotonation.**3 The P1 molecules are solvated by H,O and PEG
molecules, and H,O molecules are likely adsorbed onto the NiO surface.!'®]
Dissociative H,O adsorption onto NiO has been reported to result in the formation

of various Ni-OH surface species.’!
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Figure 6.1. TA spectra for NiO/P1/H:O (a) and NiO/P1/H>O/PEG (b) at selected
time delays after 500 nm excitation. The solid lines indicate fits from target

analysis.

Figure 6.1 shows the TA spectra at various time delays for NiO/P1 in H,O (a) and
in HO/PEG (b) and fits from photophysical modelling (see below). All spectra
show a negative signal below ca. 600 nm due to ground state bleach (GSB) of the
photoexcited P1 dye (P1*). Also stimulated emission (SE) by P1* may contribute
to the early-time negative TA signal. Tian and co-workers observed SE at around
660 nm."" Fluorescence up-conversion studies by Gustavsson et al. showed a
signal at around 600 nm, decaying on a sub-ps time scale due to electronic
relaxation from the bright Franck-Condon state into a low-emitting charge-
transfer state.*®! The positive TA signal around 610 nm at early times and red-
shifting in time towards ca. 635 nm can be assigned to four distinct species. The
first two are related to the dye: P1* has an absorption band centered around 550
nm and the P1 radical anion (P1°") formed after hole injection into the NiO around
615 nm.l'">13] The other two are due to redox processes in the NiO induced by
photoinduced hole injection, resulting in Ni** and Ni*" centres contributing to the

[37

absorption above 650 nm.*” Photoinduced hole injection by P1* resulting in P1°~

formation occuring beyond the TA time resolution (100-150 fs) contributes to the
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red-shift in TA spectrum with time observed here. The TA signals decay on a ps-

ns time scale due to charge recombination.

» NIOP1/H,0 b) 550 nm + NIO/P1/H,0 104§ ¢)615nm + NIOP1/H,0
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Figure 6.2. Normalized TA kinetic traces following 500 nm excitation for
NiO/P1/H,0 and NiO/P1/H,O/PEG at 585 nm (a), 550 nm (b) and 615 nm (c).

The solid lines indicate fits from target analysis.

Figure 6.2a shows the early-time normalized TA kinetic traces at 585 nm of
NiO/P1 in H>O and H,O/PEG. The P1* signal at this wavelength persisting until
a few ps exceeds that of the GSB&SE, resulting in a positive overall TA signal at
early times. The signal decays faster in H,O/PEG, suggesting a shorter P1*
lifetime caused by faster hole injection. Figure 6.2 also compares the kinetic traces
at 550 nm (b) and 615 nm (c) of NiO/P1 in H,O and in HO/PEG. The signal at
550 nm beyond a few ps is dominated by GSB, which is indicative of charge
recombination and seems to decay slightly slower in HoO/PEG. This difference is
clear at e.g. 615 nm, which signal is predominantly due to P1°. These

observations are consistent with our photophysical modeling discussed below.
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Figure 6.3. Photophysical model used for target analysis of the TA data (a) and
obtained species associated spectra (SAS) for NiO/PI/HO (b) and
NiO/P1/H>O/PEG (c).

We performed target analysis using the program Glotaran.*®! Figure 6.3a presents
a photophysical model based on five components that explains the TA data well.
Photoinduced hole injection by P1* into the NiO either occurs ultrafast with rate
constant k; or proceeds on a sub-ps time scale with rate constant k». Species A is
aresult of P1* GSB, SE and absorption, with GSB and especially SE dominating
the TA signal. In contrast, species B does not show such strong SE contribution,
consistent with the work of Gustavsson et al. with the fluorescence of P1* not
only being quenched due to hole injection into NiO, but also by intrinsic sub-ps
electronic relaxation from the bright Franck-Condon state into a low-emitting
charge-transfer state observed for P1 on insulating Al,05.*%) The time constants
(Table 6.1, & = 1/ky) qualitatively agree with the time constants obtained from
quantum-classical dynamics simulations presented in the next section 6.4.4. The
species associated spectra for each component are shown in Figures 6.3b and 6.3c.
7 is slightly shortened in the presence of PEG, consistent with the faster decay
shown in Figure 6.2a. Although the difference is small, it might be a result of a
favourable initial P1 geometry for photoinduced hole injection induced by the
PEG. In contrast to 7, the value for 7 is higher in H,O/PEG compared to H>O.
We attribute this difference to the higher solvent viscosity in the presence of PEG,

which likely slows down the nuclear dynamics of the P1 dye. Slow nuclear
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dynamics delays hole injection, as is demonstrated in the quantum-classical
dynamics simulations presented in the section 6.4.4.

To properly describe charge carrier recombination, at least three components are
needed to get a good fit. The fastest component (k3) is assigned to charge
recombination between P1°" and holes still present in the solvated NiO surface
layer, the intermediate component (k4) to recombination with holes at the NiO
surface and the slowest component (ks) to recombination with holes that have
succeeded to escape into the NiO bulk. The spectra of the corresponding species
C-E are included in Figures 6.3b and 6.3c and are clearly red-shifted relative to
that of species B as a result of charge separation. Charge recombination is slightly
slowed down in the presence of PEG, as also evident from Figure 6.2c, likely
because of slow nuclear dynamics of the P1 dye due to the higher viscosity of

H>O/PEG compared to H>O.

Table 6.1. Time scales obtained from target analysis.

NiO/P1 in H,O NiO/P1 in H,O/PEG
71 (fs) 76 +3 60 +3
o (fs) 479 + 13 506 + 12
7 (ps) 3.6 +0.04 3.9+ 0.09
74 (ps) 33.3+0.7 37.9+0.7
75 (ps) 628.5+ 15 725.5 + 14

6.4.2 Quantum chemical modeling

Motivated by the two chemical species identified through kinetic modeling of the
TA results, we considered two configurations of P1 in our quantum chemical
modeling studies. In the first configuration (species 1), the dye is oriented
perpendicular to the surface, while in the second (species 2), P1 lies flat with both

tails physisorbed to the surface. Visual representations of these two Pl
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configurations are shown in Figures 6.4a and 6.4b. DFT-based geometry
optimizations, performed on a small representative model system, indicate that
species 2 represents a local minimum on the dye-NiO potential energy surface. In
vacuum, this configuration is ~30 kcal mol! lower in energy than the
perpendicular configuration (see Appendix section 6A.6, Table 6A.2). The
stability of the flat configuration arises from a strong m-stacking interaction
between the aniline rings of the model dye and the NiO surface. Although this
stabilizing interaction is expected to be significantly reduced in the solvated
system due to the saturation of Ni atoms with physisorbed water molecules, these
calculations suggest that strong interactions between the surface layer and the P1
tails are likely. We have also performed DFT-based MD on the same model with
explicit solvent at room temperature, which show that the dye remains standing
perpendicular to the surface on the ps time scale (see Appendix, section 6A.6).
Overall, we conclude that both species are likely to coexist on the surface. In both
configurations, the carboxylate group is attached to the surface via a bidentate
binding mode, with the COOH deprotonated and the excess proton bonded to an
oxygen atom on the NiO surface. DFT studies of a similar dye with a carboxylate
anchoring group have shown that this is the preferred binding mode on NiO

(100).5334

6.4.3 Electronic structure of the NiO/P1 interface
The quantum wave packet dynamics is described by a semi-empirical EH

(3949 Prior to performing calculations, the parameters of this model

Hamiltonian.
were fine-tuned to reproduce the correct energy level alignment on the interface
structure.*!) The HOMO orbital of the P1 has been estimated to be at 1.4 V vs
NHE and the valence band maximum (VBM) for bulk NiO is found to be at =0.5
V vs NHE, providing a driving force of =0.9 V for hole injection by the

42,43

photoexcited dye P1°.[4>%3! The 0-0 absorption of this dye has been estimated to

be 2.24 eV, based on the intersection of absorption and emission spectra in
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acetonitrile.*¥ Bulk NiO has a band gap in the range of 3.4-4.3 eV, with the value
depending on the measurement technique and the preparation method.*-%% These
values have been employed to define optimization targets for the bulk NiO band
gap and for the P1 HOMO and LUMO orbital energies. A genetic algorithm was
used to fine-tune the Coulomb integral parameters of the EH model, producing
the correct energetic alignment, while simultaneously maintaining the proper
symmetry and spatial distribution of the P1 HOMO and LUMO.*! The details of

the parametrization procedure are provided in section 6A.8.
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Figure 6.4. Visualizations of the P1 dye in the two configurations considered.: a)
Species 1, standing perpendicular to the surface and b) Species 2, lying flat on the
surface. c¢) Plot of the electronic density of states (DOS) of the optimized P1 dye
on the NiO (100) slab, Species 1. The arrows indicate the positions of the Pl
HOMO and LUMO orbitals and the NiO valence band maximum (VBM) and
conduction band minimum (CBM) edges. The projected DOS (PDOS) of P1 and
NiO were normalized by their respective number of atoms, N. d-f) Schematic

overview of the investigated P1 excitation and subsequent hole injection process.
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Figure 6.4c shows the electronic density of states (DOS) obtained from the EH
calculation on the NiO/P1 interface for species 1 shown in Figure 6.4a. The same
DOS plot for species 2 can be found in the Appendix, Figure 6A.10 and shows
qualitatively the same energy level alignment. The model predicts a NiO band
gap of ca. 3.9 eV, consistent with experimental data. Furthermore, it shows that
the P1 HOMO is 0.9 eV below the NiO valence band maximum (VBM) and the
P1 LUMO is 2.2 eV above the P1 HOMO. It should be kept in mind that despite
the correct energy level alignment, the model does not reproduce the anti-
ferromagnetic alignment of the Ni d-electrons and is, therefore, not able to
reproduce the consequential anisotropy in the quantum wave packet dynamics in
the semiconductor. However, this model should give a sufficient description of
the electronic structure, as our primary focus is elucidating the effects of the P1
structural motions on the photoinduced hole injection rate rather than the diffusion
of the wave packet inside the semiconductor itself. We note that despite neglecting
the spin, the opening of the NiO band gap was naturally reproduced with the
default parameters.*! Figure 6.4(d-f) provide a schematic overview of the hole
injection simulations discussed in this work. Initially, the ground state P1 dye is
exposed to a light flash (Figure 6.4d), which excites the system to the first
electronic excited state (Figure 6.4¢). This excited state is subsequently quenched
by hole transfer from P1” to NiO, forming the reduced dye radical anion P1*
(Figure 6.4f).

6.4.4 Hole injection simulations

After optimizing and equilibrating P1 in the configuration standing perpendicular
to the surface (see Figure 6.4a, species 1), a 3 ps ground state MD simulation of
the dye was performed at the GFN-xTB level. The obtained trajectory was then
divided into three sub-trajectories of equal length. Two EH based quantum
dynamics simulations were performed on each sub-trajectory: the first simulation

incorporated nuclear motion from the MD, while the second simulation was
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performed using only the first MD snapshot as a static structure. By comparing
these two simulations, the effect of thermal nuclear motion on the interfacial
charge transfer dynamics was analyzed. Additionally, a single photoinduced hole
injection simulation was performed on the optimized system where the dye lies
flat on the surface (see Figure 6.4b, species 2). As the injection process for this
species occurred on an ultrafast timescale, this simulation was carried out without
including thermal nuclear motion.

Figure 6.5a presents the averaged hole survival probability (SP) for the species 1
photoexcited dye P1" over time, computed on the dynamic trajectories (blue) and
on static structures (orange). Figure 6.5b presents the hole SP for the dye lying
flat on the surface, while Figure 6.5c¢ provides the injection traces for the
individual trajectories of species 1, without averaging. The electron SP traces are
provided in the Appendix, Figure 6A.4. Figures 6.5d and 6.5¢ display the hole
density in Run 2 before and after injection. It is clearly observed that the hole is
localized in the P1 HOMO orbital prior to injection, while it is delocalized over

the entire NiO surface after injection.
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a)

Figure 6.5. a) Time-dependent survival probability (SP) of the hole density on the
excited dye P1° averaged over static structures (red) or dynamic trajectories
(blue) for species 1. The transparent areas represent one standard deviation
centered around the mean value. Panel b) shows the ultrafast injection in the case
of species 2. Panel c) provides the traces of the individual runs for species 1 on a

linear y-axis scale. Panels d) and e) present visualizations of the hole wave packet
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Chapter 6

The averaged decay traces of the hole SP were modeled with an exponential decay
function m - exp [%x] The m parameter was introduced to account for the initial

ultrafast injection on the first ca. 5 fs observed in Figure 6.5¢, Runl. For P1
standing on the surface, this yielded lifetimes of 760 fs for the injection process
on the fixed nuclei and 374 fs for the injection on the moving nuclei. This lifetime
is remarkably close to the lifetime obtained for the second component by target
analysis of the TA results (see Table 6.1). The fit for the injection on fixed nuclei
was performed only on the first 690 fs, as the curve does not follow exponential
behavior over the final 310 fs. Figures 6.5a and 6.5c highlight the critical role of
nuclear dynamics on photoinduced hole injection in this system. Although all
simulations predict a rapid initial injection process, the hole transfer rate on the
static structures is rapidly diminished after approximately 66% of the charge
density has been injected, resulting in an average SP on the dye of 34% after 1 ps.
In contrast, the hole injection along the dynamic trajectories continues without
stagnation during the 1 ps simulation, resulting in a 4% hole SP on the dye.

The first injection simulation with P1 standing on the surface (Run 1, Figure 5¢)
displays a remarkably fast initial injection, causing a 27 % reduction of hole SP
on the P1 dye within the first 5 fs. This ultrafast component is attributed to very
rapid hole transfer to an electronic orbital which is partly delocalized on the NiO
(see Appendix, section 6A.10, Figure 6A.5). It was found that for the initial
structure of Run 1, and other nuclear geometries, this orbital energy becomes
nearly degenerate with the P1 HOMO energy (Egomo — Enomo—1 = 0.05 eV, see
Appendix, Figure 6A.5). The strong electronic coupling between these quasi-
degenerate orbitals leads to an ultrafast charge transfer channel from the P1
HOMO to the NiO valence band.

Figure 6.5b presents the photo-induced hole-injection trace for the dye lying flat
on the NiO surface. The charge transfer process for this species is observed to

occur on a significantly faster timescale, with a sub-10 fs lifetime, which is nearly
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two orders of magnitude shorter than that of the P1 oriented perpendicular to the
surface. This much faster injection process occurs because the hole density can
diffuse directly from the P1 aniline core into the NiO surface, without evolving
through the carboxylate anchoring group.

We now further investigate the role of thermal nuclear motion on the interfacial
charge transfer dynamics, specifically for species 1, where the dye stands
perpendicular to the surface. To analyze this effect, we look at the hole SP trace
in the frequency domain. By Fourier transforming the velocity autocorrelation
function of the SP time evolution, power spectra were obtained for the hole SP on
fixed and moving nuclei. Similarly, a vibrational density of states (VDOS) was

obtained from the nuclear trajectory.
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Figure 6.6. Frequency spectra associated with the hole transfer on fixed (a) and
moving (b) nuclei, and the vibrational density of states (VDOS) of the nuclear
trajectory (c). A frequency spectrum was computed for each run individually and
subsequently averaged to obtain the displayed figure. Panel d) provides an
overlay of hole SP frequency spectrum on moving nuclei and the VDOS of the
entire trajectory. Additional overlays are provided for the same hole injection
spectrum but now compared with the VDOS computed by considering only the
CNCC dihedral angle torsions (e) or the Ni-O distance (f) fluctuations. The
relevant Ni-O distances and CNCC dihedral angles are shown in panel g). Spectra
for both Ni-O fluctuations and all three CNCC dihedral torsions (displayed in g)

were averaged to produce the spectra displayed in e) and f).
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Figure 6.6a shows the hole injection frequency spectrum for the quantum
dynamics performed on the static structures of species 1. The spectrum is
characterized by sharp peaks around 6000 cm™, 12000 cm™! and 13500 ¢cm™.
These frequencies are associated with fast Rabi oscillations of the hole wave
packet between different electronic eigenstates mostly located on the P1 dye, but
with a slightly different delocalization on the NiO slab. Such rapid Rabi
oscillations were also observed in the simulations by Torres e al.'”! Interestingly,
the frequency spectrum of the injection trace on moving nuclei (Figure 6.6b)
shows a much stronger signal in the 0-1700 cm™! region. As evidenced by the
vibrational density of states (Figure 6.6c), this is precisely the frequency range
where nuclear vibrations are expected to play a role. Evidently, the propagation
of the hole wave packet exhibits strong coupling to the nuclear motion in this
range. In figure 6.6d, the VDOS and hole SP frequency spectra are overlayed in
the 0-1700 cm™ region. The frequency spectrum of the hole injection peaks
around 500 cm™! and also contains several other characteristic frequencies. This
observation indicates that a broad range of vibrations couple to the wave packet
dynamics. To further investigate which vibrational modes are important, we
extracted from the simulations the characteristic frequencies of specific
geometrical features and found two modes that appear to be in resonance with the
hole dynamics. Particularly, fluctuations of the CNCC dihedral angles (displayed
in green in Figure 6.6g) and of the anchoring Ni-O distances (displayed in purple
in Figure 6.6g) show high correlations with the injection process as evidenced by
the spectra shown in Figure 6.6e and Figure 6.6f.

The influence of the CNCC dihedral angle on hole injection was further examined
by visualizing the hole wave packet dynamics in the excited P1°. A video
(supplied in the associated content of the publication by de Haas et al.’"), shows
that the wave packet oscillates several times between the two tails of the P1” before
eventually diffusing into the NiO surface. This behavior suggests that the specific

geometric conformation of the dihedral angles at the P1 aniline core plays a
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critical role in directing the wave packet. Depending on the alignment of these
dihedrals, the wave packet may either evolve towards the surface or remain
confined to the opposite tail. Recent studies on ruthenium bipyridine dye
complexes show that, upon photoexcitation, electron transfer dynamics between

the two bipyridine ligands can occur on a similar sub-100 fs timescale as observed

here.[*’]

6.5 Discussion

Quantum-classical dynamics simulations and femtosecond TA spectroscopy
experiments were performed to investigate the photoinduced hole injection
dynamics at the NiO/P1 interface, which serves as a benchmark system for
photocathodes. After excitation of the P1 m-m* transition using 500 nm pump
pulses, the excited dye P1" is quenched by rapid (sub-ps) hole injection into the
valence band of NiO. Target analysis of the femtosecond TA data indicates that
the photoinduced hole injection process in water is best described by a
biexponential decay with lifetimes 71 and » of 76 = 3 fs and 479 + 13 fs,
respectively. A good model for the subsequent charge carrier recombination
process was obtained using three components with lifetimes of a few to several
hundred picoseconds. The addition of PEG increases the values of 7 -5, which
could be attributed to slower nuclear dynamics of the P1 dye.

Motivated by the observation of two characteristic lifetimes for hole injection in
the TA results, two systems were considered in our quantum chemical modelling
studies. While in the first system, the P1 dye stands perpendicular to the surface
(see Figure 6.4a), the second system considers the dye as it lies flat on the surface
(see Figure 6.4b). DFT calculations on a smaller model system confirm that the
dye is flexible and could form strong m-stacking interactions with the NiO surface.
Although this suggests that the P1 dye could adopt configurations in which the
tails come near the surface, the real system probably does not collapse to the

surface entirely due to the solvating effect of surrounding water molecules and
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due to the entropic gain associated with dissociation of the P1 tail from the surface.
We attribute the fast component observed in the TA target analysis to a surface
species in which the P1 aniline core is strongly coupled to the NiO surface layer.
Quantum-classical dynamics simulations show that a P1 molecule that lies flat on
the NiO surface exhibits a hole injection process characterized by a sub-10 fs
lifetime. For the system with the dye standing on the surface, we observed that in
specific geometric conformations, the electronic state corresponding to the hole
occupying the P1 HOMO, becomes nearly degenerate with a state where the hole
is delocalized on the P1 carboxylate bridge and the NiO surface. It was found that
this quasi-degeneracy also leads to strong coupling between the P1" and the
surface, providing a channel for ultrafast injection of roughly 27% of the hole
density in ~5 fs.

Exponential fitting of the photoinduced hole injection trace for the P1 dye standing
perpendicular to the surface yielded a characteristic lifetime of 374 fs, in near-
quantitative agreement with the slower component of the injection in H>O media.
The 22% faster decay in the simulation compared to the TA results is within the
error margin of the applied computational method and may be explained by
several contributing factors.

In a previous study, we demonstrated that including explicit solvent molecules can
affect the nuclear conformations visited by the MD simulations, thereby
influencing the injection rate in for specific dye molecules.*!! The absence of
explicit solvation in the simulations increases the P1 flexibility, thereby enhancing
the non-adiabatic coupling between donor and acceptor states, accelerating the
decay process. Recent studies on photoinduced intramolecular charge transfer
dynamics in a ruthenium-based chromophore have shown that explicitly
accounting for solvent molecules can considerably slow down electron and hole
mobility due to solute-solvent polarization effects.[*®! Neglecting such polarization
effects in our simulations could therefore lead to an overly fast injection process.

Finally, our model system shows a fast and isotropic diffusion of the hole wave
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packet into the NiO slab, whereas the actual injection process is constrained by
the anti-ferromagnetically coupled spin layers in the NiO (111) plane. Again, this
approximation could contribute to the slightly faster injection in the model system
compared to the TA measurements.

Both the TA measurements and the quantum-classical dynamics simulations
highlight the importance of nuclear motion for the injection process. Our results
support the idea that the increase in solvent viscosity is the underlying reason for
the higher n»-75 in H,O + PEG compared to H>O. We note here that the very small
change in solvent reorganization energy due to a change in solvent polarity in the
presence of PEG might also decrease the electron transfer rate according to
Marcus theory. However, this slight change in polarity is not expected to play a
role on the sub-ps timescales at which the solvent has not yet adjusted to the
electronic excitation and the system is out of equilibrium.

The performed quantum-classical dynamics simulations of the dye standing
perpendicular to the surface reveal that the removal of nuclear motion doubles the
injection time scale (7= 374 fs for simulations on moving nuclei vs. =760 fs for
a simulations on a static structure), and that the hole transfer stagnates after ca. 69
% injection. Fourier analysis of the hole-transfer simulations on moving nuclei
reveals that the spectrum of the injection trace is characterized by frequencies in
the 0-1700 cm™' range. In contrast, the injection on fixed nuclei is characterized
by much higher frequencies, around 6000 cm™' and above 12000 cm™. It thus
appears that the hole dynamics are affected considerably by the nuclear motion of
the dye. Specifically, torsional motions around the dihedral angles between the
three aniline components in the P1 dye (see Figure 6.6g, green dihedrals), appear
to be resonant with the hole density propagation. Prior to injection, the hole wave
packet oscillates multiple times between the two P1 tails. We propose that a
specific conformation involving the dihedrals between the core aniline units
directs the hole wave packet either toward the opposite P1 tail, or toward the NiO
surface. In addition to these dihedral angle torsions, also fluctuations in the Ni-O

bond lengths at the NiO/P1 interface appear to correlate with the photoinduced
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injection trace. Overall, the performed calculations underscore how the injection
process is strongly coupled to nuclear motion of the dye. These findings align with
the literature, where coupled electron-nuclear dynamics is a feature observed for

charge transfer in molecules, materials and biological systems, [2!:24-27:52-56]

6.6 Conclusions

In summary, we have performed quantum-classical dynamics simulations in
combination with TA spectroscopy to investigate the effects of nuclear motion on
the photoinduced hole injection dynamics at the prototype NiO/P1 photocathode
interface. The injection process of the excited dye P1" into the NiO surface is best
fitted with a biphasic exponential consisting of an ultrafast component (7 of 76 +
3 ps, within the TA instrument response) and a slower component (7> of 479 £ 13
fs). Based on quantum chemical modeling, we assign the fast component to P1
molecules that are strongly coupled to NiO, possibly through n-stacking
interactions of the P1 tails to the surface. The slow component is assigned to P1
molecules standing perpendicular to the surface. Notably, the lifetime of this slow
component depends on the solvent viscosity, as was shown by comparing the TA
data of the NiO/P1 system in water and in water with 4.5 wt% PEG. Also charge
recombination is slightly slowed down in more viscous media.
Quantum-classical dynamics simulations show excellent agreement with the TA
results and further highlight the critical role of nuclear motion. Simulations of
quantum hole dynamics on moving nuclei predict an approximately two-fold
faster injection rate compared to those on fixed nuclei. Subsequent frequency
domain analysis shows that the fluctuations of the hole survival probability on the
P1" are in resonance with the vibrational fingerprint of the dye molecule.
Specifically, torsional degrees of freedom around the P1 tails appear to be
correlated with the injection trace. These results provide detailed insights into the
fundamental photochemistry at the NiO/P1 interface, offering valuable guidelines
for the design of highly efficient dye-sensitized photocathodes.
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Chapter 6
6A. Appendix
6A.1 Computational details on DFT-based NiO slab structure optimizations
All optimizations were carried out using the Quickstep module in the CP2K8.2
software package.!' The calculations applied the generalized gradient
approximation (GGA) introduced by Perdew, Burke and Ernzerhof for the
treatment of the exchange correlation potential with Grimme’s third generation of
dispersion corrections including a 22 A cutoff and grid-smoothening.>*! A
Mullikan based Hubbard-U parameter of 3.4 eV was applied on the Ni d-electrons
to improve the description of the electronic structure over the standard GGA based
DFT. Details on the optimization of the Hubbard-U parameter are provided in A.5.
The calculations employed a hybrid Gaussian Plane Wave (GPW) scheme as
implemented in the Quickstep routine in CP2K8.2. The Ni and O valence
electrons were expanded in the DZVP-MOLOPT-SR-GTH basis, while the core-
valence electron interactions were modeled with pseudopotentials developed by
Goedecker, Teter and Hutter.! A cut-off energy of 400 Ry was used for the
auxiliary plane wave basis. All calculations considered only the I'-point.

land

Optimizations of the electronic structure were converged to 5-1077 H cycle
geometric structure optimizations were converged to root mean square values of
107* Bohr™! in the step size and 107> H Bohr ™! in the forces.

6A.2 NiO structure optimization.

The bulk structure of NiO was optimized in a thombohedral cell (o=pf=y=60°)
containing 64 nickel and 64 oxygen atoms at the DFT+U level of theory in
CP2K8.2.l1 Cell-optimizations yielded a quasi-perfect rock salt structure with an
average cubic lattice parameter of 4.17 A, which matches lattice parameters
reported in literature.['®1?] Visualization of the spin-density demonstrates that the
optimized electronic structure exhibits anti-ferromagnetic spin alignments in the
(111) plane (see Figure 6A.1). The bulk optimized rhombohedral was transformed
to an orthorhombic box and cut along the (100) direction. The x and y dimensions
of the box where preserved, but the z-axis was elongated to 40.0 A, introducing a

vacuum of 28.2 A above the surface. Subsequently, a structure optimization was
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carried out in which the lowest layer of nickel and oxide atoms were kept at fixed
positions to simulate the constraining effect of the bulk material. In line with
previous studies, the (100) surface undergoes only minor rearrangements.!'319 As
a sanity check, slab optimizations were carried out also for the (111) surface. This

yielded a structure that aligns with reports in literature.!!”!

NiO Bulk NiO(100) slab NiO(111) slab

Figure 6A.1: Visualization of the DFT+U optimized bulk and slab NiO structures.
Spin densities are plotted in yellow (spin up) and cyan (spin down). The spins are
observed to align in the (111) plane for both phases, forming anti-

ferromagnetically coupled sheets.

6A.3 Ground state P1/NiO molecular dynamics simulations

The optimized NiO (100) surface slab was used to generate a 3-layer orthorhombic
slab of 8 by 4 NiO units (192 Ni and 192 O atoms in total). In the center of the
unit cell, the optimized P1 dye was attached to the surface through a bidentate
binding mode where both carboxylate oxygens were attached to two distinct
nickel atoms (see Figures 6A.2c and 6A.2d for a visualization of the system).
Previous DFT studies of a similar dye with a carboxylate anchoring group have

shown that this is the preferred binding mode on NiO (100)."") Optimizations and
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molecular dynamics (MD) simulations of the dye attached to the surface were
subsequently performed at the GFN-xTB level of theory, including Grimme’s
third generation of pairwise additive dispersion corrections./! The P1 structure
was optimized on the surface, and initial conditions for a production run were
obtained by performing a 5 ps equilibration run at 300 K. The timestep for this
equilibration run was set to 0.5 fs and a constant temperature was maintained with
the Canonical Sampling through Velocity Rescaling (CSVR) thermostat.!'®! The
timestep for the production runs was set to 0.1 fs. During the optimization,
equilibration and production runs, the positions of the nickel and oxygen atoms of
the NiO slab were kept fixed. We note that we have also attempted MD
simulations with fully relaxed Ni and O atoms. However, we found that NiO rock
salt structure was unstable during these simulations, resulting in nickel and
oxygen dissociation from the surface. These unstable dynamics are likely a result
of the limitations of GFN-xTB in properly describing the anti-ferromagnetically
coupled spin layers in the NiO (111) plane. To validate the decision to neglect
structural relaxations of NiO in response to the P1 dye anchoring, DFT-based MD
simulations were performed on a small representative model system. This system
consisted of a 4-(diphenylamino)benzoic acid molecule on a NiO (100) slab of
four layers of 8x8 NiO units and explicit water solvation. The simulation showed
that neither the solvent nor the dye molecule had significant effects on the NiO
surface structure, justifying the approach described above. The DFT-based

simulations on the small model are further discussed in A.6.

6A.4 Electron and hole wavepacket simulations

After the ground states nuclear trajectories were obtained, the evolution of the
excited states electron and hole wave packets were simulated on the basis of the
Extended Hiickel formalism, as implemented in the DynEMol software.!"*! For all
simulations, the photoexcited state was prepared by initiating an electron wave
packet in the P1 LUMO and a hole wave packet in the P1 HOMO, which is
justifiable considering that the 0-0 excitation in the P1 dye is largely dominated
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by the HOMO-LUMO transition (see A.7). The time-step for the wave packet
propagation was set to 0.1 fs, which is short enough to guarantee proper
convergence of the electronic sub-system.?® The quantum propagation of the
wave packet is followed by calculating the time-dependent survival probability
(SP) on the dye and on the NiO slab. This property is calculated by projecting the
wave function at time ¢, on the atomic orbital basis of the molecular sub-system

of interest.*!]

6A.5 Optimization of the Hubbard-U parameter

As mentioned in the section 6A.1.2, the calculations reported in the paper
employed a Mulliken-based Hubbard U parameter of 3.4 eV to the Ni d-electrons
to improve the description of the NiO electronic structure over standard GGA -
DFT. As the goal of the DFT optimizations was only to obtain a structure for the
subsequent quantum wave packet simulations, we focused on obtaining a correct
geometry rather than reproducing an accurate band gap. With these considerations
in mind, a series of 6 bulk phase cell-optimizations were performed, applying a
Hubbard parameter of 1, 2, 3, 4, 5 or 6 eV, respectively. These cell-optimizations
were performed on a rhombohedral box containing 64 nickel and 64 oxygen
atoms. This series was later extended with additional optimizations applying a U
parameter of 3.4 and 3.6 eV. Subsequently, a series of electronic structure
optimizations was performed on a perfect NiO bulk structure with a lattice
parameter of 4.17 A, to extract the predicted band gap. The obtained lattice
parameter and band gap energies are provided in Table 6A.1. Based on these
benchmark calculations, it was decided to perform the slab optimizations with a
Hubbard U parameter of 3.4 ¢V, as this yielded a good compromise between the

predicted lattice parameter and band gap properties.
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Table 6A.1. Lattice parameters and band gap energies for the performed NiO bulk
phase optimizations with different Hubbard U values. Experimental data are

shown in the last column.

Hubbard U 1 2 3 34 36 4 5 6 Exp.
parameter (eV)
Lattice 412 418 4.17 4.16 415 418 415 410 4.1701012
parameter (A)

Band Gap (eV) | 148 1.64 193 210 219 239 290 275 3.4-4.0

6A.6 DFT-based molecular dynamics of a model dye-NiO system in explicit
solvation

To investigate the structural response of the NiO surface to the anchoring of P1,
DFT-based molecular dynamics were performed using a small model system. In
this model system, P1 was represented by a 4-(diphenylamino)benzoic acid
(4DPABA) molecule. 4DPABA represents a good model for the P1 dye as it
contains the same benzoic acid anchoring group and triphenyl amine core. The
same computational settings were employed as described in section 6A.1 The
optimized NiO (100) surface was used to generate a slab of 4 layers of 4 by 4 NiO
units (total of 128 Ni and 128 O atoms). The 4DPABA molecule was considered
to attach to the surface in a bidentate binding mode, as earlier studies from Pavone
et al have shown that this is energetically more stable than the monodentate
binding.!"®! The carboxylate oxygen atoms were considered to bind to two distinct
Ni atoms at the surface, while the dissociating carboxylate proton was considered
to bind to the adjacent oxygen atom. Since each Ni atom hosts two unpaired
electrons, two distinct binding modes are possible: one in which the two
carboxylate oxygen atoms bind to two Ni atoms with the same spin polarization
(aa-binding), and another where they bind to two Ni atoms with opposite spin
polarization (ap-binding). Furthermore, we considered two different surface
species. The first species stands perpendicular to the NiO surface and is displayed
in Figure 6A.2a, while the second species lies flat on the surface and is displayed

in Figure 6A.2b. All interface structures were optimized in a cubic box with
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dimensions 16.6 by 16.6 by 24 A. The energies associated with each species are
reported in Table 6A.2. Interestingly, the species were the 4ADPABA dye lies flat
on the surface was found to be ~30 kcal mol™! lower in energy than the species
where the dye stands perpendicular to the surface. The difference between binding
two to nickel atoms of same or opposite spin appears to have an effect in the order

of 1 kcal mol ™.

Table 6A.2. Relative energies for the four considered 4DPABA surface species.

Energy (kcal mol™)

standing perpendicular (o) 304

standing perpendicular (af}) 29.3
flat on surface (o) 0
flat on surface (af)) 0.9

After geometry optimizations of the 4DPABA-NiO interface, 129 water
molecules were added to the simulation box with the PACKMOL builder tool as
implemented in AMS2021.12>?3! The system was equilibrated for 1 ps, and
subsequently propagated for another 3 ps at the DFT-MD level. During the
dynamics, the CSVR thermostat was applied with a timestep of 50 fs.!'8 Figure
6A.2c-d presents a snapshot from the MD simulations. During the dynamics, the
4DPABA dye was found to remain strictly perpendicular to the surface and the
bidentate binding mode was found to remain stable for the entire duration of the
simulation. This indicates that the interconversion between the conformations -
with the dye standing perpendicular or parallel to the surface - is associated with
a barrier substantially higher than kgT. Water molecules appeared to be strongly
physisorbed to the surface, with the oxygen atoms consistently oriented towards
the surface nickel atoms, while the hydrogens atoms formed strong hydrogen
bonds with the surface oxygen atoms. During the course of the simulation, two

water molecules underwent O-H bond dissociation, resulting in their
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chemisorption on the surface. The binding of the 4DPABA molecule has a limited
effect on the structure or the dynamics of the Ni and O atoms at the dye-surface
interface. This result justifies the assumption of neglecting the structural motion

within the NiO slab in the GFN-xTB simulations reported in the main manuscript.
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Figure 6A.2. a) and b) present visualizations of the 4DPABA dye in perpendicular
orientation towards to surface and in when it lies on the surface, respectively. Top
(c) and side (d) view of snapshots from the DFT-based molecular dynamics
simulations of 4DPABA on NiO.
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6A.7 DFT optimization and TDDFT excitations spectrum of the P1 dye

The P1 geometry was optimized at the DFT level using the AMS2021 program.!>*!
The optimizations employed the hybrid B3LYP exchange-correlations functional
in an all-electron, triple-{ (TZP) Slater-type basis. Van der Waals forces were
corrected by the third generation of Grimme’s dispersion corrections including

3-5.241 and relativistic effects were

Becke and Johnsen damping functions (D3BJ),!
included by means of the Zeroth Order Regular Approximation (ZORA).%! The
COnductor like Screening MOdel (COSMO) was employed to take into account

26-28] The numerical

the electronic polarization effects of the water environment.!
integration was improved over the default setting to “good”, and the self-
consistent field convergence was tightened to 10® H. A frequency calculation on
the optimized P1 geometry did not reveal any imaginary eigenmodes, thereby
verifying that the obtained structure represents a local minimum on the potential
energy surface. The excitation spectrum was calculated by a Time-Dependent
DFT (TDDFT) calculation within the Tamm-Dancoff formalism, employing the
same settings as described above.*”]

The lowest 5 electronic excitations calculated by TDDFT are provided in Table
6A.3. According to this calculation at the B3LYP level, the first bright (oscillator
strength of 1.51 a.u.) excitation is largely (98.7%) described by the HOMO-

LUMO transition.
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Table 6A.3. Unrestricted TDDFT (B3LYP-D3BJ/TZP) excitation spectrum of the
P1 dye in implicit water solvation (COSMO). Also the first spin-forbidden singlet-

triplet excitations are included.

Spin Excitation energy Oscillator Major MO
(eV) strength contributions
(a.u.)
1 singlet-triplet 1.73 0.05 a:156 —157 (53%),
B:156 —157 (26%)
2 singlet-triplet 1.80 0.00 a:156 —158 (48%),
B:156 —157 (22%)
3 singlet-singlet 2.15 1.51 B:156 =157 (64%)
@:156 =157 (35%)
4 | singlet-singlet 2.35 0.20 B:156 —158 (67%)
@:156 —158 (29%)
5 singlet-triplet 2.42 0.01 a:155 —-157 (30%),
@:156 —>158 (19%),
B:155 157 (17%),
@:154 —>158 (12%)

6A.8 Optimization of the Extended-Hiickel parameters

The simulations of electron and hole wave packets described in this work were
performed within the framework of Extend-Hiickel (EH) theory. A more elaborate
overview of this method is provided for instance in ref.5% The EH calculations on
the NiO-P1 interface using the default EH parameters®!! did not yield a driving
force for the hole transfer from the excited P1* to the NiO surface. A realistic
alignment of the P1 frontier orbitals with respect to the NiO valence band (VB),
as well as a widening of the P HOMO-LUMO gap and a narrowing of the NiO
band gap was achieved by fine-tuning the Coulomb integral parameters with a
genetic algorithm. The optimization of the NiO parameters was performed on a
bulk-phase, cubic NiO structure, containing 32 nickel and 32 oxygen atoms in a
perfect rock-salt formation. Periodic boundary conditions were employed in the
[100], [010] and [001] directions. The parameters for the P1 dye were optimized
by performing the EH calculations on a DFT-optimized structure of the free P1

dye including the proton on the carboxylate group, that would later dissociate
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upon anchoring to the NiO. During the optimization procedure, a distinction was
made between different carbon and nitrogen atoms that were found in different
chemical environments. A schematic representation of the different atomic
species is provided in Figure 6A.3a. In each optimization run, the genetic
algorithm spawned a population of 50 sets of parameters of which the 2 best
performing sets were propagated to the next generation. After 10 generations, the
best performing set of parameters was assessed by hand to see whether the
relevant orbitals still preserved the correct symmetry and spatial distribution. The
target values for the optimization procedure are given in Table 6A.4, while the
formulation of the cost function is described in an earlier work.?” Figure 6A.3b
provides a visual comparison between the frontier P1 orbitals calculated with DFT
and with the final EH parameters. The obtained EH parameters for all chemical

elements, as described in Figure 6A.3a, are provided in the A.11 appendix.

Table 6A.4. The NiO VBM (valence band maximum), NiO CBM (conduction
band minimum) and P1 energy level alignment with the original and optimized

EH parameters.

P1 HOMO P1LUMO NiOVBM NiOCBM

(eV) (eV) (eV) (eV)

Original parameters -11.2 -9.8 -12.3 -5.6
Optimized parameters -11.4 -9.2 -10.4 -6.4
Optimization targets -11.4 -9.2 -10.5 -6.5
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b) EH HOMO EH LUMO DFTHOMO DFTLUMO

Figure 6A.3. a) provides the distinct atomic species in the EH optimization
procedure. A visual comparison between the PI HOMO and LUMO orbitals
calculated at the DFT level and at the EH level is provided in b). The B3LYP
functional was used for the DFT calculations. Isosurfaces of the HOMO and
LUMO orbitals were plotted at a density value of 0.03.

6A.9 Electron dynamics simulations on static structures and dynamics
nuclear trajectories

Figure 6A.4 presents the electron survival probability on the excited P1°
calculated from the quantum wave packet simulations on MD trajectories
including nuclear motion (green) and static nuclear structures (red). The three
different panels correspond to the three initial conditions sampled from the
performed classical MD simulations at =0 fs, =1000 fs and =2000 fs. The
electron wave packet remains localized on the dye throughout all three wave
packet simulations on the MD trajectories including thermal nuclear motion. In
contrast, the simulations on static structures show a gradual electron transfer to
the NiO slab after the initial ~200 fs of the simulation. This suggests that a
recombination pathway becomes accessible, enabling coherent charge transfer

from the P1 LUMO to the NiO valence band. Interestingly, nuclear motion
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appears to quench this coherent transfer and prevents the recombination on the

simulated timescale of 1 ps.

—— Dynamic trajecory
—— Static structure
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Run 2
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1.0 ~

Electron SP[t] on P1

0.5 A

0.0 - Run 3

0.00 0.25 050 0.75 1.00
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Figure 6A.4: Time-dependent electron survival probability on the Pl dye on the

static nuclear structures (red) and dynamic nuclear trajectories (green).

6A.10 Ordering of HOMO and HOMO-1 states for different conformations
sampled from MD

Before performing the photoinduced hole injection quantum dynamics
simulations, the relative alignment of the HOMO and HOMO-1 orbitals was
investigated for a series of 30 different structures sampled from the MD
simulations. For each of these structures, we performed two quantum dynamics
simulations with the hole initialized in the HOMO or in the HOMO-1 orbital of
the system. Subsequently, the hole density was visualized after the first 0.1 fs
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timestep. The orbital energies are plotted in Figure 6A.5a, while two
representative hole density visualizations are provided in Figure 6A.5b. It was
observed that for several conformational structures the HOMO and HOMO-1
orbitals become nearly degenerate and that for four structures their relative

alignment is reversed.
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HOMO-1
——- NiOVB

0 500 1000 1500 2000 2500 3000
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HOMO at 1200 fs; . HOMO at 1500 fs

Hole density in Hole density in
HOMO-1 at 1200 fs HOMO-1 at 1500 fs

Figure 6A.5. a) The energies of the LUMO, HOMO and HOMO-1 states in the 3
ps time interval. b) Visualizations of the hole wave packet density initiated in the
HOMO and HOMO-1 states at 1200 fs and 1500 fs. At this stage, the order of the

energy levels is reversed, and the two states are mixed.
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6A.11 Extended Hiickel-based DOS plot for P1 lying flat on surface
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Figure 6A.6. Plot of the electronic density of states (DOS) of the optimized Pl
dye on lying flat on the NiO (100) slab (Species 2, Figure 6.4b).

6A.11: The optimized EH parameters

Symbol | MMsymbol | NoAt \ Nvalen | Nzeta | n | spdf | IP | zetal | zeta2 | coefl | coef2 | k. WH
(0) )1 8 2 s -31.97708 2.419349 0.000000 1.000000 0.000000 2.388173

(0} O1 8 6 1 2 p -12.44601 2.188920 0.000000 1.000000 0.000000 1.708553
Ni Nil 28 10 1 4 s -8.35691 2.423005 0.000000 1.000000 0.000000 1.726895
Ni Nil 28 10 1 4 p -504010 1.550887 0.000000 1.000000 0.000000 3.040000

Ni Nil 28 10 2 3 d -12.95211 5.881614 2.300000 0.568300 0.629200 2.007307
s -21.83998 1.502273 0.000000 1.000000 0.000000 1.652710
p -11.11776 1.578776 0.000000 1.000000 0.000000 1.271570
s -21.64263 1.392992 0.000000 1.000000 0.000000 1.586950
p -11.30164 1.592068 0.000000 1.000000 0.000000 2.189580
s -21.30227 1.602251 0.000000 1.000000 0.000000 1.399880
p -12.56206 1.907199 0.000000 1.000000 0.000000 1.909580
s -21.26181 1.652660 0.000000 1.000000 0.000000 1.905050
p -11.55636 1.727973 0.000000 1.000000 0.000000 1.932090
s -21.79423 1.641574 0.000000 1.000000 0.000000 1.521610
p -10.69162 1.507971 0.000000 1.000000 0.000000 2.166900
s -21.66886 1.537034 0.000000 1.000000 0.000000 1.718590
p -11.56014 1.599292 0.000000 1.000000 0.000000 1.678440
s -20.14530 2.069794 0.000000 1.000000 0.000000 2.032820
p -11.89877 1.899772 0.000000 1.000000 0.000000 3.837720
s -25.46722 2.010008 0.000000 1.000000 0.000000 1.282550
p -12.73100 2.281318 0.000000 1.000000 0.000000 1.988070
s -26.01483 1.859309 0.000000 1.000000 0.000000 1.817200
p -13.46475 2.227766 0.000000 1.000000 0.000000 1.427180
s -32.51769 1.823570 0.000000 1.000000 0.000000 1.869520
p -14.66009 1.962404 0.000000 1.000000 0.000000 2.132110
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Chapter 7: Charge Transfer-Induced Weakening of
Vibronic Coupling for Single Terrylene Molecules

Adsorbed onto hBN

Adsorption of a terrylene dye on charge donating defect sites in hBN weakens

the vibronic intensities in the dye’s fluorescence spectrum.
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Taniguchi, F. Buda, M. Orrit. Charge Transfer-Induced Weakening of Vibronic
Coupling for Single Terrylene Molecules Adsorbed onto Hexagonal Boron
Nitride. J. Phys. Chem. Lett. 2025. 16 (1), 349-356 (*contributed equally)
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7.1 Abstract

Fluorescence spectra of single terrylene molecules adsorbed on hexagonal boron
nitride (hBN) flakes were recorded at cryogenic temperatures. The pure electronic
transitions of terrylene molecules are spread over a wavelength scale from 570 to
610 nm. Surprisingly, peaks in the vibrationally resolved fluorescence spectrum
show intensity variations up to 20-fold between molecules. We find an extreme
case where the Debye-Waller-Franck-Condon factor of the zero-phonon line
exceeds 0.8. The vibronic intensity correlates both with the spectral position of
the electronic transition and with the frequency of the longitudinal stretch mode,
which varies between 243 and 257 cm™!. By means of DFT calculations, we show
that these observations can be explained by terrylene chemisorption on charge-
donating defect sites. The electronic states of molecules at such chemisorption
sites would be very attractive for the efficient emission of single photons with

narrow lines and for the generation of indistinguishable photons.
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7.2 Introduction
The emission of a photon by an excited molecule is generally accompanied by the
release of molecular vibration quanta arising from the change in molecular
geometry between the molecule’s ground and excited state. The larger the change
in geometry, the more pronounced are the associated vibronic bands in the
fluorescence spectrum (see the theoretical discussion in section 7A.1 of the
Appendix). At liquid-helium temperatures, these vibronic fluorescence lines
become very sharp, a few cm ™! in width or less!!, and are often used as fingerprints
of the single molecule under study. This so-called fluorescence line-narrowing
generally works well for molecules embedded in n-alkane Shpol’skii matrices!?,
for specific guest molecules in organic matrices'® and, as recently demonstrated,
for single terrylene molecules adsorbed on the surface of hexagonal boron nitride
(hBN).!*! This latter host system is also currently scrutinized for the many single-
photon emitters that it can host, with emission ranging from deep ultraviolet!®! to
the near-infrared.!") Recently, in conjunction with our work of terrylene on hBN,
new insights were gathered on the potential nature of some of these emitters,
namely on the potential formation of aromatic molecules at the hBN/substrate
interface during high-temperature annealing.””) The same work also summarizes
the many defect structures in the hBN crystal lattice that have been proposed in
the past to explain the measured emission from hBN. In addition, a recent work
on hBN immersed in organic solvents showed that some solvent molecules can
potentially bind to defects and display localized fluorescence, while hopping from
binding site to binding site.!® This work is particularly interesting, as it suggests
that molecules can bind more strongly to specific sites on hBN.
In our previous work of single terrylene molecules on hBN, we reported that
molecules with redshifted electronic transitions displayed weaker vibronic
coupling, and thus show a more intense zero-phonon line in the spectrum, captured
by a higher Franck-Condon-Debye-Waller factor apcpy.* If the interaction of
the terrylene molecule with the hBN surface could be engineered so as to

maximize this factor, this control method would potentially be much simpler than
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current methods such as coupling a molecule to an optical cavity.”’ In this work,
we examine potential origins of the weakened vibronic coupling, observed
particularly for the most redshifted terrylene molecules. We perform quantum
chemical calculations at the DFT level of the interaction of terrylene with a
pristine hBN surface and find little change of the vibronic coupling. We then
investigate several defects in the hBN lattice and find that some of them, in
particular an oxygen substitution at a nitrogen site (On) and vacancies at the boron
(V) or nitrogen site (Vn), can transfer charge to terrylene. Interestingly, we find
that this charge transfer reduces the change in geometry between ground and
excited state as compared to terrylene in vacuum and strikingly decreases the
vibronic coupling of all modes simultaneously in the emission spectrum. This
charge donating/accepting behaviour is also relevant to the field of dye-sensitized
solar cells, where functionalized terrylenes and similar dyes have been employed

for the efficient generation of photocurrents.!%!!]

7.3 Results and discussion

7.3.1 Single-Molecule Fluorescence Spectroscopy

Four examples of single-molecule fluorescence spectra obtained from four
individual molecules are presented in Figure 7.1a-d and arranged by decreasing
intensity of their vibronic lines. All fluorescent molecules were identified as
terrylene from their ground state vibrational fingerprint, although slight
differences between spectra were observed (see structure in Figure 7.1¢). Most of
the lines correspond to the release of a single quantum of vibration in various
intramolecular modes (0-1), with their intensity related to the Franck-Condon
factor of these modes (see section 7A.1 in the Appendix for a short reminder of
the theory of vibronic coupling).

In addition to the intramolecular vibrational modes, we also see the phonon wing
appearing most clearly between 0 and 100 cm™! to the red of the 0-0 ZPL origin.

The intensity of the vibronic fingerprint decreases when going from molecule A
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to D, the corresponding values of the Franck-Condon-Debye-Waller factor
(agcpw) being: A: 0.24, B: 0.35, C: 0.51, D: 0.80. Molecule D shows an extremely
weak vibronic coupling, with a Franck-Condon-Debye-Waller factor of at least
0.80, which largely exceeds the largest ones observed for organic molecules in a
matrix at low temperature. To the best of our knowledge, all factors observed so
far for organic molecules were lower than 55 %.['?! Another surprising observation
is that, for each molecule, the coupling strengths of all vibrational modes including
lattice phonons vary in a similar way across the spectrum. An alternative
formulation of this fact is that the change of geometry of some molecules upon
excitation can become very small for all molecular modes simultaneously. This is
surprising because, whereas we could expect a weak equilibrium shift for certain
modes due to specific interaction with the substrate, we wouldn’t expect this to

occur simultaneously for all the modes.
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Figure 7.1. (a)-(d) Fluorescence emission spectra from four different molecules
at different wavelengths in the inhomogeneous distribution. The spectra of (4) and
(D) were taken at a slightly lower resolution (600 lines/mm grating, 4 cm™’
resolution) as compared to (B) and (C), which were taken with a 1200 lines/mm

grating (2 cm™’

resolution). The first three spectra show decreasing Franck-
Condon factors with increase of the 0-0 zero-phonon line (ZPL) wavelength. The
Sfourth spectrum is the most extreme case of ultra-weak vibronic coupling we could
find. Note that the intensity of all vibronic lines is reduced by a factor of about 20
with respect to molecule A. Integration times were 10 s in a, 300 s in b, 150 s in
¢, 600 s in d. The noise in the spectra depends on integration time and mean signal
intensities that varied for each molecule. Panel (e) shows the inhomogeneous
distribution composed of 452 individual terrylene molecules, with the structure of
terrylene in the inset. The relationship between the 0-0 ZPL and FC factor of the
0-1 ZPL is shown in panel (f), while the frequency of the vibration mode
responsible for the 0-1 ZPL in relation to its FC factor is shown in panel (g). The
corresponding molecules in the spectra of panel (a)-(d) are shown as black
markers in the scatter plots. The purple dashed line in (f) is a guide to the eye for
the trend, resulting from a linear fit to the data. We note the strong anti-
correlation between the Franck-Condon factor and the frequency of the
extensional mode at 250 cm™" in (g). This is particularly extreme for molecule D
(triangle), which is the one with the highest frequency (257 cm™) and the lowest
0-1 Franck-Condon factor (0.026) for this mode.

Figure 7.1e presents a histogram of the 0-0 ZPL spectral positions of 452
molecules. The broad distribution in this histogram, extending over a particularly
broad range (570-610 nm or more than 1000 wavenumbers), exceeds what is
usually observed for terrylene embedded in molecular crystals and presents
distinct maxima of around 10 cm™' in width. We assign this structure in the

distribution of Figure 7.1e, with maxima around 571, 582 and 600 nm, to selection
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within a broad profile through resonance of vibronic lines with the excitation laser.
As all molecules were excited with a fixed 532 nm laser, molecules with
absorption lines at this wavelength had an increased probability to be selected in
the histogram. Indeed, the relative position in wavenumber of the 0-0 zero-phonon
lines (ZPLs) with respect to the laser wavelength resembles the mirror image of
the vibrational spectra of Figure 7.1a-d. The large inhomogeneous broadening
may be the result of significant variations in the environment around the molecule,
which might be affected by parameters such as significant tensile strain!'3! or the
many types of (charged) defects present.'¥ In addition, the annealing that we
perform prior to the deposition of molecules on the hBN, may also hydroxylate
parts of the hBNI!3! or create wrinkles in the sheets.[!®!

We now turn to the scatter plots of Figure 7.1f and 7.1g. We observe a clear
correlation in Figure 7.1f between the spectral position of a molecule and the
intensity of its first vibronic line at = 250 cm™!, corresponding to stretching of
terrylene along its long axis. Redshifted molecules appear less strongly coupled
to vibrations. The correlation is more pronounced in Figure 7.1g when the vibronic
coupling of the longitudinal stretch mode is correlated with its frequency:
molecules with high stretch frequency exhibit weaker coupling to the electronic
system. This correlation reaches an extreme point for molecule D, whose FC
factor for the 0-1 ZPL (0.027) is more than 10 times lower than the average over
all other molecules, while its stretch mode is the one with the highest frequency
at 257 cm™!. As the effective mass of this skeleton mode is not likely to change
much from molecule to molecule, the high frequency points to a relatively strong
interaction of molecule D with the surface, which appears to change the
intramolecular spring constant by about 8%.

As noted above for molecule D, we see that coupling to al/ vibrations decreases
in a similar way when going from molecule A to D. Although some minor
intensity changes, shifts and splitting of certain modes can be spotted, we observe
no major redistribution of intensities between the main modes, so that all of them

follow qualitatively the general trend observed on the 250 cm™! stretch mode.
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7.3.2 Quantum Chemical Calculations

Density functional theory (DFT) was employed to study physisorption of terrylene
on a pristine hBN surface, and on hBN including a selection of potential lattice
defects. The considered defects include a boron vacancy (Vs), a nitrogen vacancy
(Vn), the boron nitride (Vgn) divacancy, as well as oxygen substitution at the
boron (Og) or nitrogen (On) centres. Indeed, as our samples were annealed in a
moderate vacuum of residual air, oxygen substitution appears plausible. Although
a comprehensive study of possible defects is beyond the scope of this work, these
vacancies and substitutions are representative for a wider range of defects with
either electron-accepting or electron-donating properties. Ground state structure
optimizations and band structure calculations of the terrylene-hBN interfaces were
performed at the HSE06+D3BJ DFT-level using the CP2K software package.!!”
P Calculations of the vibronic spectra were subsequently performed with
FCclasses3 software using geometries, hessians and dipole moments calculated
with  Gaussian.?*?!) In these excited state calculations, a two-layer
ONIOM(B3LYP/PM3) approach was employed, as considering the entire
interface structure at the time-dependent DFT (TD-DFT) level was too

22-30

computationally demanding.[?>3% Details on the computational workflow are

provided in A2 and A3 of the Appendix.
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Table 7.1: Adsorption energies and properties of terrylene adsorbed on different

defects.*
long-axis length (A) short-axis length (A)
Adsorption Mulliken Ground Excited Ax Ground Excited Ax
energy charge on state state state state
(eV) terrylene
(atomic units)
vacuum - - 10.078  10.044  -0.034 4.839 4.883 0.044
pristine —2.44 0.02 10.089 10.054 -0.035 4.843 4.887 0.044
hBN
A -2.36 0.02 - - - - - -
Vs —2.52 0.83 10.054 10.041 -0.013 4.829 4.854 0.023
Vn —2.46 —0.68 10.094 10.082 -0.012 4.839 4.860 0.021
(o -2.29 0.01 - - - - - -
On -3.96 -0.70 10.095 10.083 -0.012 4.839 4.860 0.021

* Note that adsorption energies and Mulliken charges are calculated at the full-DFT level,
while the structural properties are calculated at the ONIOM(B3LYP/PM3) level. Ax
indicates the change in axis length from the excited to the ground state.

** As the Vpn and Ogp defects have a lower binding energy for the terrylene molecule
compared to defect-free hBN, we did not further investigate the excited state geometry of

terrylene on these defects.

The first two columns of Table 7.1 present physisorption energies and partial
Mulliken charge accumulation on terrylene in the presence of defects, calculated
at the full DFT-level. The charge analysis has also been performed using Hirshfeld
and Intrinsic Orbital Analysis charges, which show the same trend and are
provided in the Appendix, Table 7A.2.*!) The physisorption energy of terrylene
on a perfect monolayer of hBN was found to be —2.44 eV, compared to terrylene
and hBN in vacuum. This adsorption energy follows the trend reported in
literature of increasing adsorption energy with increasing molecule size for
polycyclic aromatic hydrocarbons (PAH’s) on hBN.B?! Defect site binding
energies were established by comparing adsorption energies on defects with the
adsorption energy on the defect-free lattice. It was found that the Vgx divacancy
and the Op defects bind the molecule less strongly than pristine hBN, with 0.08
and 0.15 eV, respectively. It is therefore unlikely that the terrylene molecule

would be localized on these specific defects. Contrarily, the adsorption energy in
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the presence of the Vy and V3 vacancies is slightly higher (by 0.02 and 0.08 eV)
than the defect-free case, and specifically for the On defect the binding is much
stronger (by 1.52 eV). Notably, this latter defect has also been proposed as a
source for specific features observed in X-ray spectroscopy.**! The reported
partial Mulliken charges reveal that the three terrylene adsorbing defects (Vw, Vs,
On) donate a considerable amount of electron (Vn, On) or hole (V) density to
terrylene. This type of charge transfer has been reported before in GGA-based
DFT studies on hBN-graphene heterostructures.** Because of the charge transfer,
we observe significant changes in the extent to which terrylene elongates or
contracts upon excitation from the ground to the excited state. For instance, in the
defect-free hBN, the long-axis contraction in the excited state is —0.035 A,
whereas in the presence of the On defect, this contraction is reduced to only
—0.012 A (see Table 7.1). Therefore, one can expect the intensity of vibrational
modes coupled to the electronic transition to be affected considerably in the

fluorescence spectrum.
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Figure 7.2. (a)-(c) terrylene molecules adsorbed on a single monolayer of pristine
hBN. a) shows the longitudinal (green) and short (blue) axis, while the HOMO
and LUMO are shown in b) and c), with the isosurfaces plotted at 0.03 a.u. The
carbon atoms of the graphene A- and B-sublattices of terrylene are depicted with
insets in (a). (d) and (e) show the spin density on the Oy chemisorption site before
and after binding of terrylene with an isosurface plotted at 0.005 a.u. Projected
density of states (PDOS) of terrylene adsorbed on pristine hBN (f), of hBN with
the Oy defect (g) and of terrylene adsorbed on hBN with the Oy defect (h). The
PDOS were computed in CP2K at the HSE06+D3(BJ)-level and include a
Gaussian broadening of 0.05 eV. Bands with transparent colors correspond to

unoccupied levels. The o, and 8 bands for hBN with the Oy defect in (g) and (h)
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largely overlap and are depicted in the same color (orange). However, it should

be noted that the defect state in panel (g) is singly occupied.

Figure 7.2a shows the optimized geometry of terrylene on the hBN single-layer
lattice. The two structures are nearly commensurate. The terrylene carbon atoms
of the graphene A-sublattice are found to reside on top of monolayer boron atoms,
whereas the terrylene carbon atoms of the B-sublattice are placed over the centers
of the (BN); hexagons (A- and B-sublattices are indicated in Figure 7.2a). The
hBN nitrogens are thus placed underneath the centers of the terrylene aromatic
rings. Previous theoretical works have also found this configuration to be most
stable for similar PAH’s on hBN.3%% Our TD-DFT calculations show that the
experimentally observed fluorescence around 600 nm is associated with the
electronic transition that involves predominantly (>70%) the HOMO and LUMO
orbitals. Figure 7.2b and 7.2c¢ present the HOMO and LUMO orbitals of the
terrylene molecule on the hBN surface. Both orbitals are localized on the terrylene
molecule and do not hybridize with hBN electronic states. This is in line with
Figure 7.2f, which shows that the frontier orbitals of terrylene are found to reside
completely isolated within the hBN bandgap. The calculated bandgap of ~5.7 eV
is similar to previous studies reporting hBN bandgaps of ~6 €V.*33¢ The shapes
of the HOMO and LUMO orbitals provide a physical interpretation for the
observed short-axis elongation and long-axis contraction when terrylene is excited
from the ground to the excited state, as electron density is transferred from
bonding orbitals along the short-axis to bonding orbitals along the long-axis.
Similarly, one can expect that populating the LUMO orbital may affect the
spectral position of the long-axis vibration observed around =250 cm™'.

For the remainder of this discussion, we focus on the terrylene interaction with
the Oy defect, as binding to this defect was found to be particularly strong. Figure
7.2d shows the spin density at the On defect site. Interestingly, the excess electron

is localized almost entirely on the lone-pair of the boron atom adjacent to the
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introduced oxygen atom, resulting in an out-of-plane distortion of the boron atom.
Figure 7.2g shows that the introduced defect state is localized within the hBN
bandgap, at a similar energy as the terrylene LUMO orbital. Upon chemisorption
of terrylene, the excess electron is transferred to the terrylene as is made apparent
by the spin density in Figure 7.2e and the PDOS plot in Figure 7.2h. Once the
excess electron has transferred to terrylene, the hBN relaxes again to its planar
structure. A similar electron donor state is introduced by the Vn vacancy, which
is shown in the Appendix, Figure 7A.2. We note that the terrylene HOMO-LUMO
gap decreases upon charge transfer. This aligns with the redshift of the 0-0 ZPL
that was observed for specific terrylene molecules in the single molecule
fluorescence experiments. In contrast to the Ox and Vy cases, the Vg vacancy
introduces an acceptor state close to the valence band. In this case, it is the
terrylene molecule that donates charge to the hBN surface, rather than the opposite
(see Appendix, Figure 7A.3). Despite considerable charge transfer at all these
chemisorption sites, no single isolated covalent bond is formed between the
adsorbate and adsorber. Only a ca. 0.2 A shortening of the terrylene-hBN distance
is observed in the case of chemisorption on the Ox and Vy defects (see Appendix,
Table 7A.3).

In addition to the geometry optimizations, PBE-DFT-based molecular dynamics
simulations were carried out to gain insights into the diffusive behaviour of
terrylene on pristine hBN. The optimized structure was used as input for a 5 ps
equilibration run at 300 K. Subsequently, the system was propagated for another
5 ps in a production run. Figure 7A.4 shows three structures sampled from the MD
production run trajectory at 0, 2 and 4 ps. Despite the relatively high binding
energy, the MD simulations show that at 300 K, terrylene can rotate and even
translate on the pristine hBN monolayer on the picosecond timescale. This
corroborates our interpretation that the observed localized emission at room

temperaturel®”! originates from terrylene chemisorbed at specific defect sites.
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Figure 7.3. Computed vibrationally resolved fluorescence spectra of terrylene in
vacuum (a), on hBN (b) and adsorbed onto the O defect (c). All spectra are
shifted such that their respective 0-0 Zero Phonon Line (ZPL) is centred at 0. The
spectra are corrected with a linear scaling function with parameters 0.977 and
4.132, as suggested by Palafox.®¥ All intensities are scaled such that the intensity
of the 0-0 ZPL equals 1. The intensities of the peaks observed above 400 cm™ are
multiplied by a factor 8 for a) and b) and a factor of 20 for c).

7.3.3 Calculation of the Vibrationally Resolved Fluorescence Spectra

Figure 7.3 shows the calculated vibrationally resolved fluorescence spectra for
terrylene in vacuum, terrylene on hBN and terrylene adsorbed onto the On defect
site. Both the spectra of terrylene in vacuum and terrylene on pristine hBN match
very closely the experimental spectrum reported for molecule A in Figure 7.1a.
The most prominent feature in all simulated spectra is the peak observed at around
250 cm™!, which originates from a stretching vibration along the terrylene
longitudinal axis (Figure 7A.6, mode 11).3%%% Other strong peaks in the spectrum
are found around ~1285 and ~1570 cm™! and also involve nuclear distortions in
the same direction and with the same A, symmetry (Figure 7A.6, mode 86 and
mode 108). The peaks around 540 cm™! are associated with a contraction along

the terrylene short-axis and preserve the same A symmetry. Table 7A.4 in the
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Appendix provides a complete assignment of the fluorescence signals with an
intensity above 1% of the 0-0 ZPL intensity. Our interpretation aligns with that of
Deperasinska and Kozankiewicz, and of Greiner and Sundholm. %40
None of the vibrational peak intensities change significantly between the terrylene
spectrum in vacuum and the terrylene spectrum on pristine hBN. We thus
conclude that the observed ultra-weak vibronic coupling cannot be attributed
solely to the adsorption process of terrylene on the defect-free lattice. However,
both the fluorescence wavelength and intensity of features in the spectrum change
drastically when terrylene is chemisorbed on the On defect site (or on the Vy and
Vg sites, see Appendix, Figure 7A.5). The effective charge transfer and
consequential structural rearrangement in the ground and excited state led to a
much weaker vibronic coupling, characterized by an overall diminished intensity
of all vibrational features and an increased intensity of the 0-0 ZPL. The intensity
ratio of the stretching mode around 250 cm™! to the ZPL decreases by a factor =5
when comparing the terrylene on defect-free hBN with the terrylene on the On
defect (see tables 7A.5 and 7A.6 in Appendix). Interestingly, peaks that originate
from vibrational overtones and combinations of vibrational modes are weaker
than peaks that originate from a single mode in its lowest vibrational state, as
demonstrated by the ~490 cm™' and ~1817 cm™' peaks which almost vanish in
spectrum c, Figure 7.3. This diminishing of overtone peaks is also observed in the
experimental spectra in Figure 7.1c and Figure 7.1d. The observation that all peaks
are simultaneously diminished is explained by the fact that all visible vibrational
modes have the same symmetry and involve nuclear displacements along the
terrylene short and long axes (see Appendix, Figure 7A.6). The wavelength of the
0-0 ZPL shifts to the red by ~43 nm by introducing the Ox and Vx defects (see
Figure 7.3 and Figure 7A.5), closely matching the experimentally observed
redshift. Terrylene adsorption on the hole-donating Vg vacancy also leads to a
diminished vibronic coupling, but to a much larger, ca. 100 nm, redshift of the 0-
0 ZPL (see Figure 7A.5). Even though this redshift is larger than the

experimentally observed redshift, we do not rule out the possibility of electron-
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withdrawing defects affecting the fluorescence spectrum, as the too large shift
could be an artifact of exaggerated charge transfer description within the ONIOM
approach. In summary, the significant overall reduction of vibronic coupling, the
nearly vanishing vibrational overtones, and the redshifted 0-0 ZPL observed for
terrylene on charge-donating defects, strongly suggest that such a defect may be
responsible for the experimentally observed large molecule-to-molecule
variations."*! In the work of Vasilev et al.,*?! large shifts of a 0-0 ZPL were also
observed upon localized charging of a phthalocyanine molecule through
deprotonation. These shifts were interpreted as an 'internal Stark effect'. In our
case, the interaction of terrylene with a particular hBN defect also leads to charge
transfer from the defect to the aromatic molecule, and therefore to local electric
fields shifting the electronic transition. These effects are naturally included in the
DFT calculations that reproduce the redshift of the 0-0 ZPL. In a similar manner,
the change in vibronic coupling intensity, which we observe experimentally and
confirm through DFT calculations, could be interpreted as a vibrational Stark

effect, i.e., a change of coupling due to charge transfer-induced local fields.

7.4 Conclusion

As noted in earlier experiments,*! the single terrylene molecules observed through
fluorescence on an hBN surface don’t diffuse translationally or rotationally at low
temperature and even show localized emission at room temperature.'*”! The latter
observation is in contrast to the performed molecular dynamics simulations that
show that molecules would diffuse rapidly on defect-free hBN. Moreover, many
molecules display a comparatively strong redshift of their optical transition (from
570 nm to up to more than 620 nm), and considerable variation in the intensity of
their vibronic structure in fluorescence. These observations point to a strong
interaction of the molecule with the substrate, although the interaction is not
strong enough to radically modify the chemical nature of terrylene. As Van der

Waals interactions of terrylene with hBN are not strong enough to account for the
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above observations, it is natural to assume that some degree of chemisorption
between the molecule and the surface takes place. From quantum chemical
calculations, we can select two potential candidate binding sites that are given by
chemisorption to a Oy or Vy defect assisted by charge transfer from the defect to
terrylene. Moreover, the binding to such defects affects the geometries of terrylene
in the ground and excited states in such a way that the vibronic couplings of all
modes are affected simultaneously, as observed in experiment. To experimentally
investigate the possibility of specific defects to be responsible for chemisorption
of terrylene, we propose experiments that involve the engineering of defects, such
as oxygen-related defects created by hydrogen plasma irradiation*! or vacancies

by low-energy ion irradiation!**!,
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Chapter 7
7A. Appendix
7A.1 Theory of vibronic coupling
We will briefly remind the reader of vibronic coupling and of its importance in
chemical analysis and cryogenic single-molecule spectroscopy. As a simplifying
hypothesis, we assume that only the minimum of the harmonic potential of each
mode changes slightly upon an electronic transition from the excited to the ground
electronic state, i.e. that the vibration frequency does not change. This
approximation, called linear vibronic coupling, works well for most
intramolecular vibration modes of aromatic molecules. Figure 7A.1a shows a cut
of the potential hypersurfaces of the ground (S;) and excited (S;) state along the
vibrational coordinate, x, of a single vibration mode. At liquid-helium
temperature, fluorescence proceeds from the lowest vibronic state of the excited
state S; to vibrationally excited levels of the ground state S, (see downward
arrows in Figure 7A.1a). The corresponding lines in the fluorescence spectrum
will be the purely electronic transition (hereafter called 0-0 zero-phonon line and
denoted with a yellow arrow, or ZPL for short) and a series of vibronic
components at longer wavelengths corresponding to the creation of dominantly 1,

2 or more quanta of vibration (arrows of respectively orange and red color).
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Figure 7A.1: a) Schematic harmonic potentials of the ground and excited
molecular electronic states, with associated vibrational levels for a single
vibration mode (mode coordinate x) under the linear coupling approximation. The
figure displays some quantities used in the text of section 7A.1. The intensity of
vibronic bands scales as the overlap of nuclear vibrational wavefunctions and for
the 0-1 emission (orange arrow) it increases quadratically with the coordinate
displacement Ax, as long as it remains small. The shift Ax can be alternatively
represented by the associated energy stabilization S upon relaxation of the ground
state geometry in the excited state. b) Schematic structure of terrylene together
with a schematic representation of typical emission lines (downward arrows in
(a)) whose relative intensities are associated with Franck-Condon factors. The
vibronic bands are usually observed to be coupled to phonons by the presence of

a phonon sideband, appearing on the red side of each narrow line.
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The intensity of the vibronic lines is given by the overlap of nuclear wavefunctions

called Franck-Condon factors. For linear coupling to one mode, the Franck-

Condon factor F}' for the release of n quanta has a simple expression:

2n
Fl'= gn—'e_fz, FO=e ¢,

with

Ax
E_o__x s

where Ax is the position shift of the mode upon electronic excitation, and o, =

’Zh . . .
o characterizes the coordinate’s quantum spread in the ground state of the

mode, with effective mass M and frequency 2. The position shift of the mode is
often characterized by the ratio of the reorganization energy or Stokes loss S (see

Figure 7A.1) to the vibrational quantum Af2:

25
S T ho

For several independent modes, and assuming that the mode decomposition does
not change upon excitation, the Franck-Condon factors are simply the products
of factors for each mode i. The strength of the 0-0 transition is then agc =
exp(—§?),

with

=3 hs_!;l

It is usual and convenient to distinguish lattice phonons from intramolecular
vibrations. For lattice phonons, the above analysis leads to a ratio of the pure
electronic transition intensity Izp;, compared to that Ipy of the phonon wing
apw = IzpL/(IzpL, + Ipw) called the Debye-Waller factor. The strength of the
combined purely electronic transition free from any phonon or intramolecular
vibration, the 0-0 ZPL, is thus a combined Franck-Condon-Debye-Waller factor
AFcDW-

XrcDw = ArcApw-
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In the case of many weakly coupled modes, this factor can be calculated for a non-

zero temperature T, as!!!:

s; hQ;
apcpw(T) = exp {— i h_!;l coth ZRBLT},

where the sums run over all modes, intramolecular and lattice phonons. The very
fast decay with temperature of this factor explains why the ZPL can only observed
at liquid-helium temperatures in molecular materials, whose vibrations

frequencies are low compared to many inorganic materials.

7A.2 Methods section

7A.2.1 Experimental details

The hBN was obtained from two manufacturers: the company HQ-Graphene and
the NIMS research institute!?). Flakes of hBN were retrieved from a single crystal
and deposited on a Si/SiO; substrate (University Wafer) through the exfoliation
method using scotch tape. After exfoliation, the substrates were annealed in a tube
oven (Thermcraft) at 750 °C for 12 hours in a moderate vacuum (rough pumping)
and in the presence of oxygen. Subsequently, some terrylene was deposited on the
annealed flakes by sublimation in a vacuum sublimation apparatus. These samples
were loaded into the cryostat (Janis SVT-200-5) for measurement. After cooldown
with liquid helium, the emission spectra were recorded upon excitation with a
laser at 532 nm (Sprout-G15W, Lighthouse Photonics) in a confocal setup
equipped with a Horiba IHR-320 spectrometer.

7A.2.2 Computational details

All periodic density functional theory (DFT) based geometry optimizations and
molecular dynamics simulations were performed within the CP2K.8.2 software
package.® The electron density was expanded in a hybrid Gaussian and plane
wave scheme as is implemented in the Quickstep module within CP2K.8.2.1* The

boron valence electrons were described by the DZVP-MOLOPT-SR-GTH basis
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set, while the DZVP-MOLOPT-GTH basis set was used for all other atoms." The
atom-centered basis set was augmented with plane waves up to a kinetic energy
cutoff of 500 Ry. The Brillouin zone was integrated over the I'-point only. The
core electrons were modeled with the PBE-optimized, norm-conserving
pseudopotentials developed by Goedecker, Teter and Hutter.l*®] During the
geometry optimizations, the electronic structure was consistently converged to a
value of 1077 a.u. Geometry optimizations were carried out with the conjugated
gradients algorithm until a precision of 107> Ha Bohr ' and 10™* Bohr! was
reached in the root mean squared change of the forces and geometry step size,
respectively. The electron density was integrated over a multigrid of size 5. The
calculations discussed in the main paper employ the screened hybrid-density
functional introduced by Heyd, Scuseria and Ernzerhof (referred to as the HSE06

functional),” 1!

in combination with Grimme’s third generation of atom pairwise
dispersion corrections with Becke-Johnson damping (D3(BJ)) and a 22 A
cutoff.l!313] The Hartree-Fock exchange was computed in an auxiliary density
matrix using the AUX_FIT cFIT3 basis for all elements.!®!

The employed exchange-correlation functional plus dispersion correction setup
has been used successfully in literature to study the electronic structure of
polycyclic aromatic hydrocarbons adsorbed on hBN.!'"I To assess the effect of the
functional and dispersion corrections on the terrylene adsorption distance,
additional calculations were performed with the GGA-PBE functional, the hybrid-
B3LYP functional and the non-local dispersion-corrected rVV10 functional. The
terrylene-hBN adsorption distances, calculated with these functionals are
provided in Table 7A.1. These calculations were all performed in a periodic unit
cell which was optimized at the PBE level. This PBE optimization resulted in a
lattice parameter of 2.51 A, which is very close to the experimentally observed
lattice parameter of 2.50 A. It was found that the HSE06 functional produces a
terrylene-hBN distance in line with other calculations, while producing a more
accurate band gap for hBN. Therefore, this functional plus dispersion correction

was employed for the calculations in the main paper. Subsequently, also the cell-
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optimization was performed again at this level of theory, yielding the correct
lattice parameter of 2.50 A.

Molecular dynamics (MD) simulations were performed at the same level of theory
as the geometry optimizations with the PBE functional. However, the plane-wave
cutoff was lowered to 400 Ry to speed up the calculations. The MD simulations
employed a 0.5 fs timestep and were performed within the NVT ensemble by
means of the Canonical Sampling Through Velocity Rescaling (CSVR)
thermostat with a time constant of 20 fs for equilibration and 150 fs for production

runs.['8

Table 7A.1. Interplanar terrylene-hBN distance calculated with four different

functionals plus dispersion corrections.

PBE + B3LYP + HSE06 + rVV10
D3 D3BJ D3BJ*
Terrylene-hBN 3.34 3.21 3.25 3.31

distance (A)

* Cell optimization was performed also at this level of theory. Other calculations used the

cell optimized at the PBE+D3 level.

The vibrationally resolved fluorescence spectra were calculated with the
FCclasses program,!'” within the framework of the adiabatic Hessian
approximation. The nuclear dependence of the electronic transition dipole is
described in constant terms according to the Franck-Condon approximation. As
input for the FCclasses program, ground and excited state optimized structures
and Hessians, as well as transition dipole moments, were calculated with the
Gaussian16.02 software./?”! The terrylene-hBN interface was described using a
two-layer ONIOM procedure,?!??! in which the terrylene was modeled at the DFT
level, while the hBN electronic structure was described at the PM3 semi-empirical

level.! Time-dependent DFT (TDDFT) was employed for the excited state
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calculations on terrylene. The high level ONIOM layer utilized the B3LYP
exchange correlation functional, expanded in a 6-31G(d,p) basis set.**?7 Again,
the D3BJ corrections were included to improve the description of dispersion
forces. Notably, a very similar setup has been used in literature to interpret the
vibronic spectrum of terrylene in naphthalene crystals.*® Both ground and excited
state ONIOM-based structure optimizations were initiated from the ground state
optimized structures, extracted from the previously described periodic DFT
calculations. During the ONIOM calculations, the PM3 level hBN layer was
constrained except for a set of newly introduced hydrogen atoms, which were

added manually to saturate the terminal N and B atoms.

7A.3 Computational workflow

A two-dimensional, single layer of hBN was optimized in a hexagonal periodic
unit cell containing 9 x 9 boron nitride units, amounting to a total of 81 boron and
81 nitrogen atoms. During this procedure, both the unit cell size and interatomic
forces in the hBN lattice were relaxed, resulting in a hBN lattice constant of 2.50
A and a B-N bond length of 1.44 A. These values are within 0.004 A agreement

2939 The preoptimized terrylene molecule

with X-ray data reported in literature.!
was subsequently placed in the unit cell, in a parallel alignment with the surface
and an intermolecular distance of ~3.5 A. The subsequent structure optimization
involved only relaxation of the interatomic distances, while the cell dimensions
were kept constant.

After optimization of terrylene on the perfect hBN surface, defects were
introduced into the hBN monolayer. All single-atom defects were introduced by
removing or substituting one atom underneath the adsorbed terrylene molecule
and subsequently performing a geometry optimization of the whole terrylene-hBN
interface. Separately, an optimization of the hBN monolayer without the terrylene
molecule was also performed to calculate the adsorption energy.

The periodic full-DFT optimized ground-state structure of the terrylene-hBN

interface was taken as input for the aperiodic ONIOM calculations, where the
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boron and nitrogen atoms at the box edges were terminated with hydrogen atoms.
As the previous full-DFT calculations revealed considerable charge transfer from
the Vn and O to terrylene, the ONIOM calculations with these defects were
initiated with the excess electron transferred from the low-level (PM3) hBN layer
to the high-level (TD-DFT) terrylene layer. Similarly, calculations with the Vg
vacancy were initiated with one electron transferred from the high level layer to
the low level layer. We note here that the defect-induced charge transfer results in
the ground and excited states of interest being doublet states. In the presence of
defects, additional electronic excitations with very low oscillator strength (f <
0.05) appear between the relevant ground and excited states. Throughout this
study, we consistently identified the excited state of interest by verifying that the
excitation predominantly involved the HOMO to LUMO transition in terrylene,
and that the oscillator strength remains large (f ~ 0.8). On the perfect monolayer,
both the Sy and S; states of terrylene molecules were found to adsorb to the hBN
with a bond distance of 3.03 A (see table 7A.3). This is slightly shorter than in the
full-DFT calculation (3.25 A, see table 7A.3), however, we do not expect that this
will affect significantly the fluorescence spectrum. It is known that the
wavenumbers for peaks further away from the 0-0 ZPL are increasingly
overestimated.?!! Therefore, all the spectra have been corrected with a linear
scaling function of the form y = ax + b, where the a and b parameters were fitted
such that the spectrum of terrylene in vacuum reproduced accurately the peaks at
247 and 1817 cm™! observed in the spectrum presented in Figure 7.1a. Fitting the
spectrum for terrylene on pristine hBN yielded parameters of a = 0.97655035 and
b = 4.1319276, which have subsequently also been used to scale all the other
spectra.

Interestingly, transitions at 33 and 276 cm ™! are observed for terrylene in vacuum
and are quenced for terrylene on hBN. These transitions are associated with a
slow, out of plane torsional mode that is inhibited in the adsorbed system (Figure

7A.6, mode 2). Some of the experimental single-molecule fluorescence spectra
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show lines in the same region (see for instance, Figure 7.1, molecule A, line at

281 cm™).

7A.4 Additional results of the quantum chemical calculations

To assess the charge transfer from hBN to terrylene in the presence of different
defects, we calculated the partial charge on terrylene by summing the partial
charges of all atoms belonging to terrylene. We have performed this analysis with
Mulliken charges, Hirshfeld charges and charges obtained from the Intrinsic
Atomic Orbital Analysis (IOA).?! The obtained values are provided in Table
7A.2. All three analysis methods produce overall the same trend in charge transfer
from hBN to terrylene. Only an almost rigid shift in the absolute values is

observed from one method to another.

Table 7A.2: Partial charges on terrylene calculated with different charge analysis

methods.
Defect site Mulliken charge on  IOA charges on  Hirshfeld charge
Terrylene (e™ units) Terrylene (e” on Terrylene (e~
units) units)
Pristine hBN 0.02 0.16 0.30
On defect —-0.70 —-0.59 —-0.36
Og defect 0.01 0.14 0.32
Vn vacancy —0.68 -0.57 —0.36
Vs vacancy 0.83 1.06 1.11
Ven vacancy 0.02 0.16 0.29

Figure 7A.2. Spin density of hBN with Vyvacancy (a) and spin density of terrylene

chemisorbed at the Vy vacancy (b). Isosurfaces are plotted at 0.01 a.u.
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Figure 7A.3. Projected density of states (PDOS) of pristine hBN and hBN with
the Vy, Vs, Van, Op defects, with and without chemisorbed terrylene. The plotted
density of states were computed in CP2K at the HSE06+D3(BJ)-level and include
a Gaussian broadening of 0.05 eV. Bands with transparent colors correspond to

unoccupied levels.
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Figure 7A.4. Snapshots from a DFT-based (PBE+D3(B.J)) molecular dynamics

trajectory of terrylene on pristine hBN. The simulation was performed at 300 K.
Snapshots are taken at 0, 2 and 4 ps after the start of the production run and show

that the terrylene molecule is free to diffuse over the surface.

Table 7A.3. Terrylene-hBN distances (A), calculated with full-DFT
(HSE06+D3BJ) and with the ONIOM(B3LYP+D3BJ/PM3) approach in the

ground and excited states.

HSE06+D3BJ ONIOM ONIOM
ground state (B3LYP+D3BJ/PM3) (B3LYP+D3BJ/PM3)
ground state excited state
hBN 3.25 3.03 3.03
VN 3.03 3.00 3.00
Vs 3.20 3.04 3.04
On 3.03 3.01 3.01
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Table 7A.4. Interpretation of the simulated vibrationally resolved fluorescence

spectrum for Dy, terrylene in vacuum.

hv (cm™) hy (cm™Hlal Intensity  Assignment Symmetry
(a.n.)
0.0 0.0 1.000 0-0 ZPL
26.6 30.1 0.026 12 Ag (Aw)
30.1 33.5 0.047 22 Ag (Blg?)
248.7 247.0 0.348 ! Ag
497.4 489.8 0.060 112 Ag
549.2 540.4 0.053 28! Ag
593.8 583.0 0.033 33! Ag
797.9 783.3 0.018 28!, 11! Ag
842.5 826.9 0.012 331, 28! Ag
13134 1286.7 0.104 86! Ag
1348.0 1320.5 0.069 91! Ag
1396.4 1367.8 0.023 94! Ag
1407.6 1378.7 0.046 96! Ag
1562.1 1529.6 0.034 86!, 11! Ag
1596.7 1563.3 0.024 91', 11! Ag
1608.2 1575.2 0.118 108! Ag
1656.3 1621.6 0.015 96!, 11! Ag
1856.4 1818.0 0.039 1084, 11! Ag
2922.2 2857.8 0.011 108!, 86! Ag

[a] scaled with parameters (a, b): [0.97655035 4.1319276]
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Table 7A.5. Interpretation of the simulated vibrationally resolved fluorescence

spectrum for Doy, terrylene on hBN.

hv (em™) hy (cm™Hlal Intensity Assignment Symmetry
(a.u.)
0.0 0.0 1.000 0-0 ZPL
249.3 247.6 0.346 17! Ag
498.6 491.0 0.059 17? Ag
549.9 541.2 0.052 34! Ag
594.3 584.5 0.034 39! Ag
799.2 784.6 0.018 341, 17! Ag
843.6 827.9 0.012 391, 17! Ag
1310.0 1284.4 0.111 92! Ag
1345.2 1317.8 0.077 97! Ag
1390.4 1361.9 0.021 100! Ag
1402.2 1373.5 0.043 101! Ag
1559.0 1526.9 0.036 92!, 17! Ag
1594.5 1561.2 0.024 97!, 17! Ag
1603.2 1569.8 0.118 114! Ag
1651.5 1616.9 0.014 1014, 17! Ag
1852.5 1813.2 0.037 114!, 17! Ag
2913.3 2849.1 0.012 114!, 92! Ag

[a] scaled with parameters (a, b): [0.97655035 4.1319276]

Table 7A.6. Interpretation of the simulated vibrationally resolved fluorescence

spectrum for Do terrylene on hBN + Oy defect.

hv (cm™) hy (cm™ )l Intensity Assignment Symmetry
(a.u.)
0.0 0.0 1.000 0-0 ZPL

248.3 246.6 0.068 17! Ag
552.7 543.9 0.030 34! Ag
594.4 584.6 0.006 39! Ag
1362.1 1334.3 0.009 97! Ag
1387.9 1359.5 0.020 100! Ag
1431.3 1401.9 0.012 103! Ag
1622.9 1589.0 0.029 113! Ag
1731.0 1694.5 0.007 119! Ag

3504.03 3426.0 0.010 1212 Ag (Blg?)

[a] scaled with parameters (a, b): [0.97655035 4.1319276]
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Table 7A.7. Interpretation of the simulated vibrationally resolved fluorescence

spectrum for Dy, terrylene on hBN + Vy vacancy.

hv (cm™) hy (cm™Hlal Intensity Assignment Symmetry
(a.u.)
0.0 0.0 1.000 0-0 ZPL

248.4 246.7 0.069 17! Ag
552.7 543.9 0.030 34! Ag
594.3 584.5 0.008 39! Ag
1362.1 1334.3 0.008 97! Ag
1388.9 1360.5 0.019 100! Ag
1431.4 1402.0 0.013 103! Ag
1624.1 1590.2 0.030 113! Ag
1731.2 1694.8 0.008 119! Ag
2310.1 2260.0 0.005 1211, 35! Ag (Blg*Blg)
2933.6 2869.0 0.005 121, 84! Ag (Blg*Blg)
3504.4 0.012 1212 Ag (Blg2)

[a] scaled with parameters (a, b): [0.97655035 4.1319276]
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Table 7A.8. Interpretation of the simulated vibrationally resolved fluorescence
spectrum for Do, terrylene on hBN + Vg vacancy.

hv (cm™) hv (cm )l Intensity Assignment Symmetry
(a.u.)
0.0 0.0 1.000 0-0 ZPL

250.4 248.6 0.050 17! Ag
557.2 548.3 0.018 34! Ag
601.1 591.2 0.014 39! Ag
1380.1 1351.8 0.006 96! Ag
1414.3 1385.3 0.024 100! Ag
1455.2 1425.2 0.011 103! Ag
1643.0 1608.6 0.026 113! Ag
1661.6 1626.8 0.019 552 Ag (B3u?)
1734.8 1698.2 0.007 119! Ag
2258.2 2209.4 0.008 1011, 55! Ag (B3u*B3u)
2274.4 22252 0.032 1021, 55! Ag (B3u*B3u)
2553.7 24979 0.017 117, 55! Ag (B3u*B3u)
2871.0 2807.8 0.016 102!, 101! Ag (B3u*B3u)
2887.2 2823.6 0.007 102! Ag (B3u?)
31503 3080.5 0.006 117, 101" Ag (B3u*B3u)
3166.4 3096.3 0.017 117, 102! Ag (B3u*B3u)

[a] scaled with parameters (a, b): [0.97655035 4.1319276]
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Chapter 8: Conclusions and Outlook

Conclusions of this work are summarized and future perspectives are discussed.



Chapter 8: Conclusions and Outlook

8.1 Conclusions

At the photoanode of a dye-sensitized photoelectrochemical cell (DS-PEC),
significant electron-hole recombination losses can occur due to the kinetic
bottleneck associated with the slow oxygen evolution reaction. The development
of efficient water oxidation catalysts (WOCs) continues to be an area of active
research, where mechanistic insights into catalytic cycles are highly valuable.
Chapter 3 and 4 of this thesis focus on photocatalytic water oxidation in two
model catalyst-dye systems applicable to DS-PECs.

In Chapter 3, the proton coupled electron transfer (PCET) steps that comprise the
catalytic cycle were found to be characterized by an electronic reactant and
product state that cross in the transition state region along the proton transfer
reaction coordinate. Based on this finding, we propose a strategy to accelerate
these catalytic steps by optically populating specific excited states that would
drive the system towards the conical intersection.

In Chapter 4, we investigate a specific supramolecular complex comprising the
Ru-bda? catalyst covalently bound to an NDI dye. Through means of hybrid DFT-
based molecular dynamics (MD) simulations, we examined the equilibrium
dynamics of the low-valent Ru™-OH, intermediate. These simulations revealed
that the complex maintains a pseudo-seven-coordinated environment, where the
aqua ligand remains close to the ruthenium center. Enhanced sampling
simulations of the high-valent Ru¥=0 intermediate showed that oxygen-oxygen
bond formation via the water nucleophilic attack (WNA) mechanism is associated
with a free energy barrier of ~20.2 kcal mol™', indicating that this pathway is
considerably slower than the interaction of two metal centers (I2M) pathway.
Finally, the effects of including a fraction of Hartee-Fock exchange were
investigated for several reaction steps in the catalytic mechanism. In agreement
with the literature, the hybrid functional largely corrected the excessive
delocalization of the hole observed when using a GGA functional. This improved

description of the hole affected the relative energies of intermediates along the

276



Chapter 8
catalytic cycle, slightly increased the barrier for the rate-determining O-O
formation step and facilitated the release of the O, molecule at the end of the cycle.
Chapter 5 of the dissertation examines the photocatalytic proton reduction
activity of a series of cobalt porphyrin complexes in various aqueous solutions
with different acidity. Counterintuitively, we find that modification of the catalyst
with electron withdrawing substituents leads to an increased photocatalytic
activity in pH neutral conditions compared to acidic conditions. A combination of
kinetic experiments, electrochemical experiments and extensive DFT modeling
shows that this increased activity originates from a substituent-induced change
from a metal-catalyzed to a ligand-catalyzed mechanism. These results provide an
important guideline for the design of hydrogen evolution catalysts that are highly
active at neutral conditions.
In addition to photoinduced water oxidation and proton reduction catalysis, charge
transfer processes at the dye-semiconductor interface pose a challenging aspect of
DS-PEC design. Chapter 6 of this thesis presents combined quantum/classical
dynamics and transient absorption spectroscopy (TA) study of the photoinduced
charge transfer dynamics in a push-pull dye-NiO photocathode interface. Two
surface species are identified in the TA measurements. The first species exhibits
a photoinduced hole injection lifetime of ~0.5 ps and is assigned to dye molecules
standing perpendicular to the surface. The second species injects on a much faster
timescale compared to first species, and is assigned to dye molecules that are more
strongly coupled to the surface, possibly through m-stacking interactions.
Quantum/classical dynamics simulations on a model system with the dye standing
perpendicular to the NiO surface yield a lifetime in close agreement with TA and
show that dynamics of the hole wave packet are strongly correlated with thermal
nuclear motion of the dye. This chapter provides critical insights into the
photoinduced charge separation dynamics at the dye-NiO interface, which are
important for the design of efficient DS-PEC’s.
In a recent article, Smit and coworkers reported the localized emission of single

terrylene molecules on hexagonal boron nitride (hBN).!!! A fraction of molecules
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displayed considerable redshifts in their 0-0 zero phonon line, along with
exceptionally weak vibronic intensities across all vibrational modes. This latter
observation is particularly interesting, as it demonstrates that hBN serves as a
compelling host matrix for single-molecule emitters with very sharp spectral lines
and potential applications in quantum technologies.??! In Chapter 7 of this thesis,
the observed ultra-weak vibronic coupling is further examined through extensive
quantum chemical modeling. We show that terrylene adsorbs strongly to specific
charge donating defect sites in hBN. This charge donation from the defect to
terrylene narrows the dye’s HOMO-LUMO gap and considerably reduces the
change in its geometry upon electronic excitation. Calculations of terrylene
adsorbed on these defect sites show that the vibronic couplings of all modes in the
fluorescence spectrum are affected simultaneously, in line with the experimental
observations. This chapter provides detailed insights into the physical

mechanisms that govern vibronic coupling in dye adsorbate interfaces.

8.2 Outlook

8.2.1 Non-adiabatic surface hopping simulations of photo-activated proton
transfer in a supramolecular water oxidation catalyst-dye complex

Chapters 3 and 4 provide detailed insights into the reaction dynamics of
supramolecular catalyst-dye complexes for photocatalytic water oxidation.
Simulations in chapter 4 show that proton transfer steps are coupled to electron
transfer during the catalytic cycle. However, these simulations were carried out
within the Born-Oppenheimer (BO) framework, where the electronic system is
strictly quenched to the ground state. Chapter 3 suggests that this assumption may
break down along the reaction path when the reactant and product electronic states
move through a degeneracy in the region of the proton transfer transition state (see
Chapter 3, Figure 3.5). These observations are interesting as they suggest that the

PCET reaction can be accelerated by populating the electronic product state.
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To explore this idea in detail, we have carried out non-adiabatic surface hopping
simulations of the supramolecular complex with several explicit water molecules.
The excited state surface hopping simulations were carried out with the SHARC
version 2.1 molecular dynamics program interfaced with ADF2022.10153-¢! The
WFoverlap program was employed to evolve wavefunction coefficients between
consecutive timesteps.U’"'% Excited state calculations were performed with SF-
TDDFT, employing the long-range corrected CAM-B3LYP exchange correlation
functional and a double-{ (DZ) basis set.'!! Grimme’s third generation of
dispersion corrections were added to account for van der Waals forces.!'>14 We
note that we employed an in-house version of the ADF-SHARC interface,
compatible with the post 2020 environment of the AMS program and with
simulations based on spin-flip excitations.
The equilibrated BO molecular dynamics (BOMD) trajectory of the '(NDI-
[Ru(IV)-OH])" intermediate was taken from chapter 4 of this dissertation and
further propagated at the GGA-PBE level for 7.5 ps at 300 K using the CP2K
software package.!"! During this simulation, a stable hydrogen bonding network
emerged around the hydroxo ligand, as was also indicated in Chapter 4 (see Figure
4A.4.2). The seven water molecules in closest proximity to the hydroxo ligand are
displayed in the Figure 8.1a with a thick ball and stick representation. Initial
positions and velocities for a surface-hopping molecular dynamics (SHMD)
simulation were taken from the BOMD trajectory. To save computational
resources, only the 7 water molecules that actively participated in the hydrogen
bonding network around the hydroxo ligand were included. In this proof-of-
concept simulation, the lowest three electronic states were considered during the
simulations, excluding the spin-flip reference state.
Two assumptions are made regarding the electronic structure of the catalyst-dye
complex. First, electron injection from the excited dye into the TiO;
semiconductor is simulated by removing an electron from the system, effectively
oxidizing the dye instantaneously. We have shown in previous work that this

injection process is fast on a picosecond timescale, validating this approach.!!%!”]
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Second, it is assumed that photoexcitation of the dye-catalyst complex to the
electronic product state occurs immediately after photo-oxidation. We thus
followed the time evolution of the complex as it is excited directly into the
electronic product state (indicated in green in Figure 3.5, Chapter 3), but starting
from the nuclear initial conditions corresponding to the complex in the unoxidized
state. Figure 8.1b presents the energies associated with the two lowest electronic
doublet states in the system along the SHMD simulation time, while Figure 8.1c
shows the dissociating and forming O-H bond lengths (see enlarged detail in

Figure 8.1a for the atomic labeling).
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Figure 8.1. a) Snapshot of the Born-Oppenheimer MD simulation from which
initial conditions for the surface hopping simulation were taken. The inset shows
the relevant atomic labels and 0; — H and 0, — H bond distances. The time-
evolution of the lowest two doublet state energies is provided in b). ¢) shows the

evolution of the 01 — H and O, — H bond distances.
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Figure 8.1b) shows a swift increase in energy of ~5 eV in the first 0 to 10 fs of the
trajectory, which is slightly larger than the typical fluctuations that are observed
after the first 10 fs. We interpret this increase in potential energy to be a
consequence of the initial velocity distribution that was extracted from the ground
state dynamics of the unoxidized complex in explicit solvation. Overall, the
trajectory decays from D; to the electronic ground state Dy within the first ~5 fs
of the trajectory (see enlarged detail in Figure 8.1b). Figure 8.1c shows that the
proton transfer proceeds on a similar timescale, although it is completed only after
the electron transfer. The O, —H distance decreases immediately after
initialization of the reaction and appears to stabilize around ~1 A after less than
20 fs. Simultaneously, the 0, — H distance is elongated, first to ~ 2 A, and then to
larger distances, indicating that the bond has fully dissociated. Overall, the
simulation shows that upon electronic excitation into the electronic product state,
ultrafast proton transfer occurs for this complex. However, additional simulations
should be performed to assess the influence of the initial starting conditions on
this result. Furthermore, simulations should preferably include more electronic
states to properly consider other decay pathways that might be missed when
accounting only for the lowest two excited states. Nevertheless, this simulation

presents an encouraging result that should be studied in further research.
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Summary

Coupled Electronic and Nuclear Dynamics at Interfaces of
Artificial Photosynthesis Devices

Reducing greenhouse gas emissions is one of the most pressing challenges that
humanity faces in the coming decades. As a platform for generating solar fuels,
dye-sensitized photoelectrochemical cells (DS-PECs) offer a promising solution.
DS-PECs effectively address the intermittency issues inherent to solar and wind
energy by storing solar energy in chemical bonds to generate sustainable fuels.
However, the design of efficient DS-PECs remains challenging due to sluggish
catalytic turnovers and low charge separation efficiencies. Addressing these
limitations requires a deeper understanding of the physical mechanisms that
govern these processes. With this goal in mind, this dissertation aims to elucidate
at an atomistic level the mechanisms that drive photo-induced charge separation
and catalysis in various components of DS-PEC devices. A strong emphasis is
placed on the coupled motion of nuclear and electronic degrees of freedom, which
I demonstrate to be crucial for many of the investigated systems.

Chapter 1 and 2 provide an introduction into DS-PEC devices and into the
computational methodologies relevant to this work. Subsequently, I focus on
photocatalytic water oxidation in dye sensitized photoanodes. Slow catalytic
turnovers often present a kinetic bottleneck for these systems, making it highly
relevant to come up with innovative approaches to accelerate individual catalytic
steps. Chapter 3 explores the excited state potential energy landscape of two dye-
catalyst complexes which could be employed in a DS-PEC photoanode. The most
intriguing result is that the proton-coupled electron transfer steps that govern the
photocatalytic water oxidation cycle are characterized by an electronic reactant
and product state which cross along the proton transfer reaction coordinate. This
result leads to novel strategies to accelerate these photocatalytic steps. Chapter 4

examines the dynamic properties of a [Ru-bda]-NDI complex through simulations
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that include explicitly the water environment. These simulations provide critical

_OH, intermediate,

insights on the equilibrium dynamics of the low-valent Ru
clarifying EPR observations reported in literature. Detailed analysis of the rate
limiting O-O bond forming step following the water nucleophilic attack
mechanism (WNA) reveals that this process is viable, though with a slow turnover
frequency and minimal driving force. This highlights the need for alternative
catalysts optimized for the WNA mechanism in immobilized systems.

The discourse of the dissertation than shifts to DS-PEC photocathode design. A
critical challenge in these systems is maintaining a pH gradient to facilitate proton
diffusion from photoanode to photocathode. While high-turnover hydrogen
evolution catalysts (HECs) exist for neutral pH conditions, they predominantly
rely on precious metals. Therefore, identifying first-row transition metal catalysts
that operate efficiently in pH neutral conditions is crucial for advancing DS-PEC
technologies. In Chapter 5, a series of cobalt porphyrin complexes was
investigated for their photocatalytic hydrogen evolution activity in a range of
different pH conditions. The catalysts were functionalized by either electron
withdrawing or electron donating groups, thereby tuning the charge density on the
cobalt center. Strikingly, the electron poor catalysts outperformed the electron rich
catalysts in neutral conditions. This observation is explained by extensive DFT
modeling, which demonstrates that the electron withdrawing substituents promote
a ligand-based mechanism, while the electron rich catalysts operate via a metal-
based mechanism. These results open a promising new avenue for the design of
porphyrin-based HECs that operate with high turnover frequencies in neutral
conditions.

Besides catalyst performance, photoinduced charge separation at the dye-
semiconductor interface impacts photon-to-product efficiency in photocathodes.
While many studies have investigated energetic properties of such systems, the
structural effects and the impact of thermal nuclear motion on the interfacial
electron and hole-transfer dynamics has remained relatively unexplored. In

Chapter 6, the photoinduced charge separation dynamics at the dye-NiO
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photocathode interface have been studied wusing a combination of
quantum/classical dynamics simulations and transient absorption (TA)
spectroscopy. The performed simulations provide an atomistic level interpretation
for species observed in TA. It was found that the absorption mode of the dye on
the surface dramatically impacts the photoinduced injection rate, and that thermal
nuclear motion plays an important role in driving the process, particularly on
timescales longer than 100 fs. These findings enhance our understanding of
charge-transfer dynamics at dye-semiconductor interfaces and provide guidance
for DS-PEC design.

The final section of this dissertation focuses on another system where the nuclear-
electronic coupling is critical. Recently, it was shown that hexagonal boron nitride
can serve as a host matrix for single-molecule fluorescence studies of organic dye
molecules. When certain molecules adsorb onto these matrices, they display
distinctive spectral features, including weak vibronic intensities and redshifted 0-
0 zero phonon lines (ZPL). The potential applications of these highly sensitive
spectra in molecular sensing and quantum technologies renders a physical
understanding of the underlying mechanism behind these observations highly
desirable. In Chapter 7, I employ extensive quantum chemical modeling to
investigate these mechanisms. It was found that the ultra-weak vibronic coupling
and redshift of the 0-0 ZPL can be explained by adsorption of the molecule on
specific charge donating defect sites. These insights establish design principles for
material-molecule interfaces capable of emitting highly resolved single photons

with minimal vibrational coupling.
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Samenvatting

Gekoppelde Dynamica van Elektronen en Kernen op Interfaces

van Apparaten voor Kunstmatige Fotosynthese

Het terugdringen van broeikasgasuitstoot is een van de grootste maatschappelijke
uitdagingen van de komende decennia. Met kleurstof gesensibiliseerde foto-
elektrochemische cellen (dye-sensitized electrochemical cells, DS-PEC's) bieden
een veelbelovende stap op weg naar de aanpak van dit probleem. Door zonne-
energie op te slaan in chemische bindingen zijn DS-PEC’s in staat duurzame
brandstoffen te genereren. Deze brandstoffen zouden een belangrijke rol kunnen
spelen in de transportsector, waar energiedichte opslag essentieel is, of ze zouden
kunnen helpen in het afstemmen van een niet synchroon lopend vraag en aanbod
van duurzame energie. De ontwikkeling van efficiénte DS-PEC's blijft echter
lastig vanwege trage katalytische omzettingen en vanwege de lage efficiéntie van
belangrijke ladingsscheidingsprocessen. Om deze horden te nemen moet men de
fysica en chemie die hieraan ten grondslag ligt goed begrijpen. Daarom richt dit
proefschrift zich op het ontrafelen van de mechanismen achter de door licht
geinduceerde ladingsscheidingsprocessen en katalyse in verschillende
componenten van DS-PEC’s. Binnen dit kader wordt er een sterke nadruk gelegd
op de onderlinge wisselwerking tussen nucleaire en elektronische subsystemen.
In het bijzonder de koppeling tussen deze twee vrijheidsgraden speelt een
belangrijke rol in veel van de onderzochte systemen in dit proefschrift.

Hoofdstukken 1 en 2 geven een inleiding in DS-PEC’s en in de relevante
computationele methoden die zijn gebruikt in het onderzoek. Vervolgens richt ik
me op fotokatalytische wateroxidatie in met kleurstof gesensibiliseerde
fotoanodes. Aangezien trage katalytische omzettingen vaak de beperkende factor
zijn in de fotochemische reacties van dit soort systemen, is het belangrijk om deze

stappen te optimaliseren.
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Hoofdstuk 3 onderzoekt het potenti€le energieoppervlak van de aangeslagen
toestand van twee kleurstof-katalysator complexen die inzetbaar zijn in een
fotoanode van een DS-PEC. Het onderzoek laat zien dat de proton-gekoppelde
elektronoverdracht (proton-coupled electron transfer, PCET) processen, die
inherent zijn aan de wateroxidatie cyclus, worden gekenmerkt door een
elektronische reactant- en producttoestand die elkaar kruisen langs de
protonoverdracht reactiecodrdinaat. Op basis hiervan stel ik nieuwe strategieén
voor om de fotochemie van dit systeem te versnellen.

Hoofdstuk 4 onderzoekt de dynamische eigenschappen van een [Ru-bda]-
kleurstof-complex door middel van simulaties die expliciet ook de wateromgeving
meenemen. Deze simulaties bieden inzicht in het dynamisch evenwicht dat leidt

_OH:-intermediair, en verklaren daarmee EPR-

tot de vorming van het Ru
waarnemingen die zijn gerapporteerd in de literatuur. Een gedetailleerde analyse
laat zien dat snelheidsbepalende vorming van de O-O binding kan plaatsvinden
via een nucleofiele aanval van een watermolecuul op het Ru¥=0 intermediair.
Echter, de hoge kinetische barriére en lage thermodynamische drijvende kracht
tonen aan dat deze reactiestap erg langzaam verloopt. Voor toepassing in
verankerde systemen is het dus belangrijk om katalysatoren te optimaliseren voor
dit water nucleofiele aanval mechanisme.

De focus van het onderzoek verschuift daarna naar fotokathodes. Een cruciale
uitdaging in DS-PEC’s is het in stand houden van een pH-gradiént voor proton-
diffusie van de fotoanode naar de fotokathode. Fotokathodes moeten dus actief
zijn in relatief basische omstandigheden ten opzichte van fotoanodes. Hoewel er
waterstofevolutiekatalysatoren (hydrogen evolution catalyst, HEC's) bestaan die
goed werken onder neutrale pH-omstandigheden, bevatten deze meestal zeldzame
aardmetalen. Om minder athankelijk te worden van deze groep elementen is het
dus belangrijk om ook katalysatoren op basis van eerste rij overgangsmetalen te
identificeren die efficiént werken onder neutrale pH-omstandigheden. In

Hoofdstuk 5 wordt een reeks kobalt-porfyrinecomplexen onderzocht op hun
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fotochemische reactiviteit voor protonreductie tot waterstof onder verschillende
pH-condities. De katalysatoren werden voorzien van elektronenzuigende of
elektronenstuwende groepen, wat de ladingsdichtheid op het kobalt-centrum
beinvloedt. Opmerkelijk genoeg presteerden de elektronenarme katalysatoren
beter dan de elektronenrijke katalysatoren onder pH-neutrale condities. Dit wordt
verklaard op basis van uitgebreide DFT-berekeningen die aantonen dat de
elektronenzuigende substituenten een ligand-gestuurd mechanisme bevorderen,
terwijl de elektronenrijke katalysatoren via een metaal-gestuurd mechanisme
opereren. Deze resultaten bieden een veelbelovend nieuw perspectief op het
ontwerp van HEC’s die gebaseerd zijn op porfyrines en opereren met een bijna
kwantitatieve omzetting van reactanten onder pH-neutrale condities.

Naast de katalysator, speelt ook de ladingsoverdracht tussen de aangeslagen
kleurstofmoleculen en het halfgeleideroppervlak een prominente rol in de
efficiéntiec van de fotokathode. Veel studies hebben de energetische
eigenschappen van kleurstof-halfgeleider systemen onderzocht, maar zowel de
invloed van de moleculaire structuur als de invloed van thermische beweging van
de kernen op de dynamica van elektronen en gaten is tot nu toe grotendeels
onderbelicht gebleven. Hoofdstuk 6 onderzoekt de ladingsoverdracht van
aangeslagen kleurstofmoleculen naar een NiO halfgeleideroppervlak met behulp
van kwantum-klassieke moleculaire dynamica simulaties en transient absorptie
(TA) spectroscopie. De simulaties bieden een atomaire interpretatie van de
verschillende signalen die werden waargenomen in TA. De specifieke manier van
absorptie van de kleurstofmoleculen op het oppervlak blijkt een grote invloed te
hebben op de injectiesnelheid van de gaten. Daarnaast blijkt ook dat de beweging
van de kernen een belangrijke rol speelt in het mechanisme van het
ladingsscheidingsproces, vooral op tijdschalen langer dan 100 fs. Deze
bevindingen verbeteren ons begrip van ladingsoverdracht tussen kleurstoffen en
halfgeleiders, en kunnen gebruikt worden voor het ontwerp van efficiénte DS-

PEC’s.
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Het laatste deel van dit proefschrift richt zich op een ander systeem waarin
koppeling tussen de elektronische en nucleaire subsystemen een zeer belangrijke
rol speelt. Recentelijk is aangetoond dat hexagonaal boornitride (hBN) kan
functioneren als gastmatrix voor fluorescentiestudies van individuele organische
kleurstofmoleculen. Wanneer bepaalde moleculen op deze matrices adsorberen,
vertonen ze opmerkelijke spectrale eigenschappen, waaronder zwakke
vibronische intensiteiten en een naar het rood verschoven spectraallijn van de puur
elektronische transitie tussen de grondtoestand en de eerste aangeslagen toestand.
De veelbelovende toepassingen van deze uiterst gevoelige spectrale techniek op
het gebied van moleculaire detectie en kwantumtechnologieén, maakt het
bijzonder interessant om de onderliggende mechanismen achter deze observaties
beter te begrijpen. In Hoofdstuk 7 gebruik ik uitgebreide kwantumchemische
modellen om deze mechanismen te onderzoeken. Het blijkt dat de uiterst zwakke
vibronische koppeling en de roodverschuiving van bepaalde spectraallijnen wordt
veroorzaakt door adsorptie van het kleurstofmolecuul op vervormingen in het
hBN die in staat zijn lading te doneren. Dit inzicht leidt tot een nieuwe strategie
voor het ontkoppelen van elektronische transities en nucleaire vibraties in
materiaal-molecuul systemen. Deze systemen zijn in staat zeer nauwkeurig

gedefinieerde fotonen uit te zenden met minimale koppeling aan vibraties
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