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1
Introduction
A brief introduction to hydrogen economy, and methods to produce hydrogen from water
and methanol-water mixtures is discussed. Motivation on employing molecular simulations to understand catalytic reactions in complex environments is provided. Finally, an
overview of the scope of this thesis is presented.
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1. Introduction
The Intergovernmental panel on Climate Change (IPCC) in 2014 concluded that

human influence is the dominant cause for the observed global warming since the mid20th century. These observed changes have been unprecedented, and its impact on
humanity and planet earth, the only known inhabitable planet in the observable universe
can be catastrophic and irreversible. Global warming is largely caused by greenhouse
gases such as carbon dioxide, methane, nitrous oxide and ozone. Since the beginning
of industrial revolution (ca 1750) the atmospheric concentration of CO2 has increased
from 280 ppm to 415 ppm in 2019, with a vast majority of the anthropogenic CO2
emissions coming from the combustion of fossil fuels like coal, oil and natural gas. Other
contributors include livestock, deforestation and soil erosion. In order to reduce our
dependence on fossil fuels, a promising solution is the production of fuel and chemicals
using renewable energy sources such as solar, wind, geothermal, etc. However, these are
intermittent sources of energy and we must devise ways to store and transport the energy
from these sources. Synthetic fuels like H2 , methanol and ammonia produced from
abundant molecules like H2 O, CO2 and N2 using renewable sources offer a promising
alternative to fossil fuels and eliminate net CO2 emissions. In particular, large scale
production of H2 is important to provide the required reducing equivalents to close other
(carbon/nitrogen) cycles. In this thesis, we focus mainly on chemical transformations
important for sustainable hydrogen production. Since H2 is also an energy storage
molecule, it can also be used as a primary carrier of energy to fuel our everyday needs.

1.1. Hydrogen economy
Hydrogen economy involves using molecular hydrogen (H2 ) as the primary carrier of
energy. It has been proposed as an alternative to fossil fuels in a low-carbon economy,
as its combustion releases water instead of CO2 and harmful particulates. Additionally,
it has a high energy density by weight (≈ three times compared to gasoline) and an
internal combustion engine (ICE) running on hydrogen can be more efficient than an ICE
based on gasoline. For instance, high efficiencies can be achieved by a vehicle running
on a hydrogen powered fuel cell coupled with an electric engine. However, a major
drawback of using hydrogen as a primary energy carrier is its storage and transportation.
It has a low ignition energy, low volumetric energy density, high combustion energy and
can easily leak from storage tanks. Transporting hydrogen fuel would also require large
investments in existing infrastructure. One possible solution to circumvent these storage
and transportation issues is to store hydrogen equivalents in liquid organic hydrogen
carriers (LOHCs).
Since hydrogen is not available in a natural form (i.e. in reservoirs), it has to be

1.2. Water splitting
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produced via hydrogen carriers like fossil fuels or water. Currently, most of the hydrogen
is produced by steam methane reforming (SMR) that involves the reaction of steam and
methane at high temperatures (> 800 ◦ C) and moderate pressures (3-25 bar) to produce
syngas (CO and H2 ) using Nickel as the catalyst for the process. Other methods to
produce hydrogen are the chlor-alkali process involving the electrolysis of sodium chloride
solutions and the electrolysis of water (water splitting). The latter is an attractive route
to the production of sustainable hydrogen using electricity from renewable sources.

1.2. Water splitting
Water splitting (Eq. 1.1) is an attractive option for hydrogen production as it can be
a zero carbon emission process if the electrical energy driving the reaction is produced
using renewable energy sources like wind, solar, wave, etc. Water electrolysis using solar
energy to power a photoelectrochemical cell is termed artificial photosynthesis, and
has gained a lot of interest in the recent years. 1,2 Water splitting consists of two half
reactions: the hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER) as shown in Eqs. 1.2 and 1.3. In current practical applications, both these
reactions rely on precious metal catalysts, namely Pt and Ir respectively, which poses
a bottleneck for scaling up this technology to the terawatt (TW) scale. 2 Therefore, a
lot of research efforts are directed towards identifying active, stable and earth abundant
catalysts for this reaction.
Overall water splitting reaction:
2H2 O(aq) → 2H2 (g) + O2 (g)

(1.1)

Hydrogen evolution reaction:
2H + (aq) + 2e− → H2 (g)

E 0 /[V vs RHE] = 0.0

(1.2)

Oxygen evolution reaction:

2H2 O(aq) → O2 (g) + 4H + (aq) + 4e−

E 0 /[V vs RHE] = +1.23

(1.3)

Although both HER and OER require the use of precious metal catalysts, OER
poses the true bottleneck for the water splitting reaction. This is mainly because of

1
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the large overpotentials (η) required to drive OER.1 This results in ≈ 3-4 orders of
magnitude difference in the HER activity of Pt (η HER ≈ 50 mV) vs the OER activity

of the state-of-the-art IrO2 catalyst (η OER ≈ 270 mV). 2 . In addition, the lack of

sufficiently stable/conductive supports also means that large catalyst (Ir) loadings are

needed to drive OER. Thus, there is a strong need to discover OER catalysts with low
overpotentials and high stability for large scale commercialization of electrolyzers. There
have been several efforts over the past few decades to synthesize and design highly active
homogeneous molecular complexes 3 and heterogeneous oxides for OER. 4 In Chapter 3,
we investigate the OER mechanism of a highly active Ru based molecular complex.
Water splitting can also be performed using photogenerated carriers created by irradiation of semiconductors in a photoelectrochemical cell. 5 This concept was first demonstrated in the seminal work by Fujishima and Honda, where TiO2 was used as a semiconductor catalyst. 6 This process is called photoelectrochemical water splitting, where
photons absorbed by the semiconductor electrode result in the formation of electrons
and holes, which are separated to participate in the HER and OER reactions respectively. The efficiency of this process can be improved by increasing efficiencies of charge
separation, surface charge transfer and minimizing the overpotential. A number of photocatalyst candidates have been proposed for this reaction, including TiO2 , heamatite
(α-Fe2 O3 ), 7 , BiVO4 8 etc. Significant research efforts have focused on understanding
water splitting on TiO2 , 9 a promising photocatalyst for this reaction due to its low cost,
chemical stability in acid and alkaline conditions and superior photostability. In this
thesis, we study photocatalytic OER on anatase TiO2 .

1.3. Methanol as a hydrogen carrier
Owing to the difficulties in the storage and transportation of hydrogen, a number of
alternatives have been proposed. One possible solution is to use liquid organic hydrogen
carriers (LOHCs) that can store equivalents of hydrogen in chemical bonds. Methanol is
an attractive option in this regard. 10 Since methanol is a liquid at standard conditions,
it can be stored and transported a lot easier than hydrogen, that requires cryogenic
containers maintained at -253 ◦ C. In addition, the volumetric energy density of methanol
(15.6 MJ/L) is much higher than hydrogen (8 MJ/L). It is also more difficult to ignite
methanol compared to hydrogen or gasoline, so there is a very low possibility of fuel
related fires. Based on these advantages, Nobel prize winner George Olah strongly
advocated for a methanol economy. 11
1 Overpotential

(η) is the penalty that has to be paid over the thermodynamic potential E0 (eg. E0 =
1.23 [V vs RHE] for OER) to drive an electrochemical reaction

1.4. Catalysis in complex environments
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Most methanol produced today is via natural gas, which is a drawback. However, in
order to produce methanol in a clean manner, CO2 can be used as the carbon source to
manufacture methanol via catalytic hydrogenation or electrochemical reduction as shown
in Eqs. 1.4 and 1.5 respectively. Both these processes have been extensively studied, 12,13
and a number of highly active catalysts have been reported for these transformations.

CO2 (g) + 3H2 (g) → CH3 OH(aq) + H2 O(aq)

∆G0298 = −8.9 kJ mol−1 (1.4)

CO2 (g) + 6H + (aq) + 6e− → CH3 OH(aq) + H2 O(aq)

E 0 /[V vs RHE] = +0.03
(1.5)

Using methanol as a hydrogen carrier means that the hydrogen content in methanol
has to be extracted for its use as a fuel. As shown in Eq. 1.4, three equivalents of
hydrogen can be stored in methanol-water mixtures. This process is termed aqueous
methanol dehydrogenation, the reverse of reaction 1.4, and is an endothermic and endergonic process (∆H0 298 = 130.7 kJ mol−1 , ∆G0 298 = 8.9 kJ mol−1 ). 14 A number
of heterogeneous catalysts based on Cu and Pd that operate at 200-300 ◦ C have been
developed for aqueous methanol dehydrogenation, 15 however they suffer from issues
related to sintering and pyrophoricity. Operating at such high temperatures will also
favor the reverse water gas shift reaction, a source of CO contamination. Therefore,
it is highly desirable to have catalysts that can operate at much lower temperatures,
especially for applications such as direct methanol fuel cells, where high efficiencies and
minimal CO poisoning is desirable. Recently, molecular complexes that operate under
mild conditions (90 ◦ C, 1 atm) based on precious metals like Ru and Ir with high activity
and selectivity have been reported for aqueous methanol dehydrogenation. 16–18 Other
complexes based on earth abundant metals like Fe and Mn have also been reported, albeit with lower catalytic activity. 19,20 Ru based molecular catalysts for aqueous methanol
dehydrogenation reactions have been investigated in this thesis.

1.4. Catalysis in complex environments
Both (photo)electrochemical water splitting and aqueous methanol dehydrogenation
reactions require the use of a catalyst for efficient production of hydrogen. Catalysts
lower the activation barriers for these reactions by providing access to lower energy
pathways that are not directly accessible otherwise. They are also not consumed along

1
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the reaction, and steer the reaction towards the desired product thereby improving
selectivity. Additionally, both these reactions require the solvation of the catalyst, either
in a homogeneous phase or at solid-liquid interfaces. This results in a highly complex
reaction environment with a number of aspects at play. This is illustrated in Figure
1.1, which shows a typical semiconductor electrode (TiO2 )-electrolyte interface, where
apart from the actual catalyst, a complex interface consisting of counterions (Na+ , Cl− )
and the solvent (water) is present. An additional complexity is the need to model this
system in the presence of a finite electric field. 21

Figure 1.1: A figure illustrating the complexity in modeling catalytic reactions, using the
electrode(TiO2 )-electrolyte interface as an example. The system consists of the TiO2 electrode, and
the counterions and the solvent that constitute the electrolyte. Visualized using iRASPA. 22

Photoelectrochemical water splitting and aqueous methanol dehydrogenation reactions are performed using water and methanol as the solvent. Both these solvents are
polar (r,water = 80.2, r,M eOH = 30) and protic, meaning that they can interact with
the reacting species and/or the catalyst via dipole-dipole interactions and strong hydrogen bonding interactions as shown in Figure 1.2a. These solvents also form strong
hydrogen bond networks (specially liquid water), and protons can easily move along
these hydrogen bond wires (Figure 1.2b) via the Grotthuss mechanism, 23 resulting in a
high proton mobility in solution.

1.4. Catalysis in complex environments
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1

Figure 1.2: Different ways that a solvent can participate in a chemical reaction, (a) interactions with the
substrate (CH3 O− ) and catalyst ligand (N) via hydrogen bonding interactions. The solvent molecules
that are involved in the hydrogen bonding (dashed lines) are highlighted, and (b) proton transfers that
are mediated by solvent molecules via a proton wire (dashed lines).

A number of studies have demonstrated the importance of accounting for the explicit
effect of such polar, protic solvents for a wide variety of catalytic transformations. The
solvent molecules can affect the reaction in different ways, including direct coordination
to metal atoms, being a proton donor/acceptor, mediating proton transfers, affecting
reaction barriers and forming undesired side products. 24–27 In spite of these observations, a vast fraction of modeling studies either do not account for any solvent effects,
or account for them in a mean-field manner. While there could be a number of reasons
for such a treatment of solvent effects (or the lack of it), the main reason is the fact that
an explicit treatment of solvent molecules is computationally expensive, and methodologically more complex. It results in a substantial increase in the total number of atoms
in the model system, and requires accounting for structural and dynamical fluctuations
due to the effects of finite temperature. However, since reactions do occur in the presence of solvent molecules and at finite temperatures, these aspects might be crucial to
incorporate in computational models in order to obtain a fundamental understanding
of these important chemical transformations, thereby providing an important input for
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the rational design of novel catalysts. In this thesis, we use molecular simulations to
understand the effects of polar, protic solvents on catalytic reaction mechanisms.

1.5. Molecular simulations
Molecular simulations play an indispensable role in the study of chemical reactions in
atomistic detail. They can provide valuable insights on the reaction environment of
a catalyst, that can often be inaccessible to experiments. With remarkable increase in
computational power combined with improved theory and more accurate methods in the
past few decades, studies increasingly employ computations for a detailed mechanistic
understanding of catalytic reactions that cannot be inferred only from experimental
data. 28 Additionally, theory has also been used for the prediction and rational design
of catalysts for important chemical transformations. 4,29 Having said that, no model is
entirely accurate, and often a number of assumptions and choices have to be made in the
process of choosing a computational model. There are several aspects that influence the
accuracy of computational studies of chemical reactions in complex environments: the
level of the electronic structure theory, entropic effects, solvent effects, ions/additives,
catalyst structure etc. 30 All of these aspects can have an influence on the computed
mechanism, activation barriers and thermodynamics. As one can imagine, it would be
computationally prohibitive to simulate complex models with a large spatial extension
using highly accurate electronic structure methods. Therefore, there has to be a trade-off
between the complexity of the model and the underlying electronic structure theory. 31
In this thesis, we simulate catalytic reactions in complex environments using density
functional theory based molecular dynamics (DFT-MD) with an explicit description of
the solvent. Since the computational cost of DFT scales as O(N 3 ), where N is the number of electrons in the system, we are typically limited to system sizes of O(102 − 103 )

atoms and timescales of O(102 ) ps. While this sets some limitation on the use of
DFT-MD, such an ab-initio approach has substantial advantages over more empirical
approaches (eg. classical MD, coarse-graining). Primarily, since we are interested in
simulating chemical reactions that involve making/breaking of bonds, a DFT-MD setup
is a natural choice, as it intrinsically accounts for complicated changes in the electronic
structure associated with the rearragement of chemical bonds. In addition, it provides
access to the electronic structure of the catalyst under the operando conditions. By
the end of this thesis, the reader is hopefully convinced about the benefits of DFT-MD
simulations in providing detailed insights on reaction mechanisms for chemical transformations in complex environments.

1.6. Scope of this thesis
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1.6. Scope of this thesis
The main objective of the work presented in this thesis is to understand the effects of
explicit solvent on catalytic reactions involving (photo)electrocatalytic water oxidation
and aqueous methanol dehydrogenation. We realize the objective by employing DFT
based molecular dynamics simulations. For our study of the water oxidation reaction,
we focus on a highly active Ru based molecular catalyst and the anatase TiO2 (101)
surface. Homogeneous Ru based complexes have been investigated for aqueous methanol
dehydrogenation reactions.
In chapter 2, a brief overview of the computational methods used in this work are
presented. In particular, concepts of the chosen electronic structure method: density functional theory (DFT), molecular dynamics, and DFT based molecular dynamics
(DFT-MD) are discussed. In addition, a brief overview of the constrained molecular dynamics method used to estimate reaction free energies and the insertion-deletion method
employed for the estimation of acidity constants (pKa ) are presented.
In chapter 3, we used advanced sampling techniques involving DFT based molecular
dynamics with an explicit solvent description to study the important O-O bond formation
step during water oxidation catalyzed by a highly active Ru based molecular complex.
We found that the ligand moiety of the catalyst is flexible in solution, resulting in
multiple reaction pathways during the O-O bond formation step.
In chapter 4, we study the effect of explicit solvent on aqueous methanol dehydrogenation catalyzed by the Ru based pincer complex, Ru(PNP). The ligand amido moiety
of this complex has a high proton affinity (ligand pKa ) in solution. Importantly, we find
that the solvent has a significant effect on the reaction barriers and the overall nature
of the reaction mechanism.
In chapter 5, the insertion-deletion method is used to compute the ligand pKa for
a number of complexes involved during aqueous methanol dehydrogenation catalyzed
by the Ru(PNP) complex. We find the ligand pKa to be a dynamic quantity that is
constantly changing along the catalytic cycle, depending on the nature of the adsorbed
species on the Ru metal center. Our results have important implications on metal-ligand
cooperativity, a key design principle for homogeneously catalyzed methanol dehydrogenation reactions.
In chapter 6, we study a second active catalyst for aqueous methanol dehydrogenation: the Ru(trop)2 catalytic system. Here, we show that the aqueous solvent actively
participates in various stages of the catalytic cycle including catalyst activation, C-H activation and hydrogen production. Again, we demonstrate the importance of an accurate
estimation of the ligand pKa for an in-depth understanding of the reaction mechanism.
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reactions (Chapters 4,5 and 6), we establish the importance of an accurate estimation
of ligand pKa in understanding the exact role of the ligand, the nature of the reaction
mechanism and for rational catalyst design.
In chapter 7, the reaction mechanism for (photo)electrochemical water oxidation
catalyzed by the anatase TiO2 (101)-water interface is investigated. We find that solvent
mediated proton transfers can proceed with minimal barriers during water oxidation and
the low concentration of surface reaching holes in addition to the presence of deep
trapped electronic states are the key factors that limit the photocatalytic activity of
anatase TiO2 for water oxidation.
Overall, our results demonstrate the importance of an explicit solvent description in
modeling catalytic reactions in complex environments.
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2
Computational methods
A brief overview of the computational methods including density functional theory
(DFT), molecular dynamics and DFT-based molecular dynamics is presented. In addition, constrained molecular dynamics and the insertion-deletion method used in obtaining the results in this thesis are discussed.
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2.1. Schrödinger equation
The central equation that governs all the electronic and nuclear properties of materials
is the many-body Schrödinger equation. The non-relativistic, time-independent form of

2

the Schrödinger equation is given by:
H ψ(x1 , ....., xN , R1 , ....., RM ) = Eψ(x1 , ....., xN , R1 , ....., RM )

(2.1)

where H is the Hamiltonian operator for a system consisting of N electrons and
M nuclei. xi denotes the spacial (ri ) and spin (si ) coordinates of the electron, and Ri
denotes the positions of the nuclei. Note that in all the equations below, atomic units
h
are used, where me = qe = ~ ( 2π
)=

H =−
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(2.2)
In Eq. 2.2, subscripts i and I denote the electron and nuclei indices respectively, MI
is the mass of the nuclei, ZI is the charge of the nucleus, 5 is the gradient operator. The
first two terms are the electronic (Te ) and nuclear (Tn ) kinetic energies, the third term is
the nucleus-electron attraction (Vne ), the fourth and fifth terms are the electron-electron
(Vee ) and nucleus-nucleus (Vnn ) repulsions respectively.
In order to make the Schrödinger equation more tractable, the Born-Oppenheimer
approximation is used. 1 This is based on the assumption that the nuclear and electronic
motion can be decoupled, which is reasonable as the nuclei are much heavier than
electrons (e.g. for hydrogen, MH /me = 1840). The Born-Oppenheimer approximation
is only valid for processes without electronic transition, which is true for a large fraction
of interesting chemical systems that evolve in the electronic ground state. Invoking
the Born-Oppenheimer approximation results in the electronic (denoted el) Schrödinger
equation (Eq. 2.3), as Tn =0 (as the nucleus is stationary) and Vnn is a constant in Eq.
2.2.
Hel ψel = [T e + V ee + V ne ]ψel

(2.3)
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ψel = ψi (x1 ,.....,xN |R1 ,.....,RM ) meaning that the electronic wavefunction ψel has
a parametric dependence on the nuclear coordinates. Unfortunately, Eq. 2.3 has an
analytical solution only for up to three particles. One might wonder about the possibility
of solving the equation numerically, but this is hopeless given the high dimensionality of
the wavefunction ψel . Therefore, approximate methods are required to solve Eq. 2.3.
There are several approaches proposed to solve the Schrödinger equation that can be
broadly categorized as:
• Wavefunction based methods: Hartree-Fock, 2 Møller-Plesset perturbation theory, 3 Coupled Cluster theory, 4 Quantum Monte Carlo 5

• Density based methods: Density functional theory (DFT) 6
• Green’s function based methods: GW approximation, 7 Bethe-Salpeter equation 8

• Density-matrix based methods: Density-matrix functional theory 9
The choice of electronic structure method depends on a number of factors including
the nature of the system, desired accuracy and computational cost. Density functional
theory (DFT) has emerged as the most popular electronic structure method for studying
chemical processes as it offers a reasonable trade-off between computational expense
and accuracy for most systems, including the various catalytic systems studied in this
thesis.

2.2. Density functional theory
As the name suggests, density functional theory (DFT) is a density based electronic
structure method with the key advantage that the electronic density n(r) is based on
three spacial coordinates as opposed to the many-body wavefunction ψ with 3N-many
coordinates for a N electron system. The foundations of DFT rest on two theorems
proposed by Hohenberg and Kohn, 10 namely (a) the ground state electron density n(r)
uniquely determines the potential Vext , and (b) the density that minimizes the exact
ground state energy of the system is the exact ground state density. Thus, the ground
state electron density n(r) plays a central role in DFT, and all properties of the system
can be determined by n(r). A key concept in the implementation of DFT is the auxiliary
system of non-interacting particles proposed by Kohn and Sham. 6 This auxiliary system
has similarities with the mean field approximation used in the Hartree-Fock approach.
In this non-interacting system, the electrons move in an effective potential Vext , from
which the exact ground state total energy EDFT [n] (Eq. 2.4) is obtained.

2
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Z
EDFT [n] = Tnon-interacting [n] +

Vext (r)n(r) +EH [n] + Exc [n]
|
{z
}

(2.4)

Eext

2

Here Tnon-interacting [n] is the electronic kinetic energy and EH [n] is the electronelectron Coulomb energy shown below, Eext is the electron-nuclei Coulomb energy that
can be treated as an external potential and Exc [n] is the exchange-correlation energy.

N

1X
Tnon-interacting [n] = −
hϕi | 52 |ϕi i
2 i
Z Z
0
0
1
n(r)n(r )
EH [n] =
drdr
2
|r − r0 |
In the Kohn-Sham framework of DFT (KS-DFT), Eq. 2.5 is solved in an iterative
manner.



1 2
− 5 +Vext (r) + VH (r) + Vxc (r) ϕi (r) = λi ϕi (r)
2

(2.5)

ϕi (r) are the one electron orbitals and λi are the eigenvalues. The Vxc term, which is
xc
related to the exchange-correlation energy ( δE
δn ) has all the complexity associated with

the many-body interactions. The exchange-correlation (XC) functional consists of the
difference between the kinetic energy of the interacting and non-interacting electrons
(T[n] - Tnon-interacting [n]), and the difference between the electron-electron interaction
energy and Coulomb energy (Vee [n] - EH [n]).
The exact XC functional is unknowable and therefore several ways to approximate
this term have been developed over the years. The choice of using a particular XC
functional from the large set of available XC functionals depends on the model system,
computational cost and desired accuracy. Jacob’s ladder 11 is commonly used to represent the various levels/rungs of XC functionals that have evolved over the years, moving
from the "primordial" Hartree-Fock world towards the "heaven" of chemical accuracy.
Examples of the most popular approximations of the XC functionals based on the rungs
of the Jacob’s ladder are, Rung 1: local density approximation (LDA) functionals that
depend only on the local density (eg. GPW92), 12 Rung 2: generalized gradient approximation (GGA) functionals that depend on local density and its gradient (eg. BLYP
and PBE) 13,14 , Rung 3: meta-GGA functionals that depend on local density, gradient
and second gradient through the kinetic energy density (eg. TPSS, M06-L) 15,16 , Rung
4: hybrid functionals that include a fraction of Hartree-Fock exchange (eg. B3LYP,
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PBE0) 17,18 , and finally Rung 5: double-hybrid functionals that include dependence
on the virtual orbitals (eg. ωB97X-2). 19 Recently, Head-Gordon and co-workers have
shown that a number of thermo-chemical properties computed using DFT are systematically improvable by rising along the Jacob’s ladder. 20 Developing new and improved
XC functionals is an active area of research in theoretical chemistry. 21 Currently, DFT
is the most popular choice for electronic structure simulations in chemistry and physics.

2.2.1. Basis set and pseudopotentials
The one electron orbitals ϕi (r) in Eq. 2.5 are usually expressed in terms of linear
combinations of known K-many basis functions φµ given in Eq. 2.6. The coefficients
Cµi are determined when the Kohn-Sham equation (Eq. 2.5) is solved iteratively.
ϕi (r) =

K
X

Cµi φµ (r)

(2.6)

µ=1

The above expression is exact if the complete set of basis functions is used. However,
owing to the increased computational cost associated with larger basis sets, they are
truncated to incomplete K-many basis functions. Thus, it is important to choose basis
sets that provide a reasonably accurate description of the properties of interest (e.g.
adsorption energies, geometries) at an affordable computational cost. While the basis
functions can be of any type, a natural choice for molecular systems are atom centered
functions that resemble the local atomic orbitals. For extended periodic systems, a
convenient choice of basis set functions are orthogonal plane waves. 22
In this thesis, we use Quickstep, 23 the DFT module of CP2K

1

where the Gaussian

plane wave (GPW) method is implemented. 24 This approach combines the advantages
of a hybrid atom-centered Gaussian and plane wave basis set representation. Plane
waves are beneficial for the calculation of the Hartree potential VH and exchange correlation potential Vxc using Fast Fourier Transform (FFT) solvers to efficiently convert
between real and reciprocal space representations of the electronic density. However, the
electronic density has the strongest variations in the vicinity of the atomic ions. Less basis functions are required to accurately solve the Kohn-Sham equations if Gaussian type
functions are used instead of plane waves. Thus, in the GPW method the plane waves
are used as auxiliary basis with Gaussian basis sets. In addition, the GPW approach
uses pseudopotentials (specifically the Goedecker-Teter-Hutter pseudopotentials) 25 to
replace the core electrons and account for their interactions with the valence electrons,
as the core electrons are typically not affected by chemical bonding and would require
1 CP2K

is an open source software for atomic simulations (https://www.cp2k.org)
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the use of an extended basis set.

2.2.2. Dispersion corrections

2

In order to treat long range interactions involving van der Waals contribution (vdW) to
the total energy, one has to include dispersion corrections when DFT calculations are
performed, as DFT does not account for the long range (non-local) correlations that
constitute the quantum mechanical origin of the dispersion interactions. This dispersion
energy (Edisp ) is added to the total DFT energy and is calculated from pairwise interactions. The expressions used to compute dispersion energies contain fitted parameters
usually obtained from highly accurate quantum chemical calculations. A popular choice
also used in this work is the Grimme’s D3 dispersion correction shown in Eq. 2.7. 26
Edisp = −

1 X X CnAB
sn n fd (RAB )
2
RAB
n

(2.7)

A6=B

A and B loop over all atoms and the term n iterates over all the exponents used in the
correction. Edisp can be scaled separately for the contribution of each of the exponents
n. This is achieved by the term sn , that depends on the kind of XC functional used in
the DFT calculation. Cn AB is related to the depth of the potential and depends on n,
RAB is the distance between atoms A and B, and fd (RAB ) is the damping function that
is used to reduce the impact of the dispersion correction for larger distances.

2.3. Molecular dynamics
Since the aim of this thesis is to understand the effect of the solvent on chemical reactions, a method that can sample the various geometrical configurations accessible at
finite-temperatures is desirable. In this regard, DFT calculations have to be complemented by a scheme that generates these various geometrical configurations. A popular
approach to sample various configurations is using molecular dynamics (MD). 27 The
foundations of molecular dynamics are based on statistical mechanics that connects
the microscopic properties of a system based on positions RN and momenta pN , to
its macroscopic observables, i.e., heat capacities, pressure, free energies, etc. In MD,
macroscopic properties of interest are calculated as an average over the simulation time
(t), which is essentially a representative subset of all possible microstates for the given
thermodynamic condition, often referred to as an ensemble. The MD simulations can
be performed in different ensembles that are defined by their respective thermodynamic
conditions. The nomenclature of a given ensemble reflects the quantities conserved. For
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instance, chemical reactions are often simulated in a NVT ensemble, meaning that the
number of particles (N), the total volume of the system (V) and the temperature (T)
are conserved. The latter is achieved by coupling the system to a thermostat. Some
popular implementations of a thermostat are the Nosé-Hoover thermostat 28,29 and the
canonical sampling through velocity rescaling (CSVR) thermostat. 30
Consider a NVT (canonical) ensemble, where the ensemble average of an observable
A(RN ,pN ) can be expressed using Eq. 2.8.
RR
hAi =
here, β =

1
kB T

N

N

A(RN , pN )e−βH (R ,p
Z(N, V, T )

)

dRN dpN

(2.8)

. kB is the Boltzmann constant (1.38 × 10−23 JK−1 ), and Z(N,

V, T) is the partition function of the system given by Eq. 2.9. The partition function
is an important quantity as it relates the microscopic properties of the system to the
macroscopic observables based on probabilities, which is the central idea of statistical
mechanics.
Z(N, V, T ) =

1

Z Z

h3N N !

e−βH (R

N

,pN )

dRN dpN

(2.9)

H (RN ,pN ) is the Hamiltonian of the system. The pre-factor ( h3N1 N ! ) is to ensure
that the partition function is dimensionless and accounts for the fact that the particles
are indistinguishable.
In MD, the ensemble average hAi is calculated as a time average based on Boltzmann’s ergodic hypothesis, which states that time average equals the ensemble average
in the limit of very long sampling time (τ → ∞) as given in Eq. 2.10.
1
τ →∞ τ

hAi = lim

Z

τ

A(RN , pN )dt

(2.10)

t=0

The atoms in the system are propagated in time using Newton’s equations of motion
(Eq. 2.11) in a MD simulation, generating a trajectory of different geometrical configurations. Here, fi is force acting on each atom in the system at a position Ri and U(RN )
represents the potential energy surface (PES) of the N-particle system.
mR̈i = fi = − 5Ri U (RN )

(2.11)

There are different ways of estimating the underlying PES, U(RN ), in a MD simulation. They are listed below in decreasing order of computational expense:
• ab-initio: using electronic structure methods like DFT

2
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• classical: empirical force fields without explicit treatment of electrons
• coarse graining: without explicit treatment of atoms

2

At time t, the force acting on the particles (fi ) changes their velocities (vi ) and
positions (Ri ). In their new position at time t + ∆t, they experience a new force and
the cycle repeats. Many algorithms exist for the integration of the equations of motion.
The equations to update vi and Ri for the commonly used velocity Verlet algorithm
that is simple, time-reversible and has long-term stability are given below. 27,31
fi (t) 2
∆t
2mi
fi (t) + fi (t + ∆t)
vi (t + ∆t) = vi (t) +
∆t
2mi
Ri (t + ∆t) = Ri (t) + vi (t)∆t +

(2.12)

An important aspect of the accuracy of an MD simulation is the validity of the
underlying potential energy surface (PES). This means that the interaction between the
particles in a system has to be described accurately. These interactions strongly depend on geometrical and other properties of the system, such as bonds, angles, torsion,
electrostatic interactions, long range interactions, etc. A common way to include such
interactions is via the definition of empirical force fields. 32 Accurate calibration of a force
field with the optimization of different parameters is an art. It is possible to simulate
O(101 ) ms using classical MD leveraging state-of-the-art GPUs and supercomputers. 33
However, in order to study chemical reactions that involve bond making/breaking, polarization, transfer of electrons etc., an ab-initio method that intrinsically accounts for
these interactions is required. It is extremely difficult to capture all these effects with
an empirical force field in an accurate manner. One possible solution is to use ab-initio
molecular dynamics simulations, where these interactions are estimated on the fly by
quantum chemical methods like DFT.

2.4. DFT-based molecular dynamics
In DFT based molecular dynamics (DFT-MD), the forces are determined using DFT
which does not require the definition of empirical force field parameters. However,
such simulations are computationally demanding as the electronic structure has to be
determined at each time step (usually around 0.5-1 fs) and the simulations are usually
limited to O(102 ) ps, orders of magnitude lesser than the classical counterparts. The
first recipe for performing ab-initio MD simulations at an affordable cost was proposed
by Car and Parrinello. 34 The CP method is based on constrained optimization of the
Kohn-Sham energy based on the variational principle. MD simulations performed using
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the CP approach are often referred to as Car-Parrinello Molecular Dynamics (CPMD).
2

In CPMD, the expensive optimization of ψ el at every time step is not required. This

is possible because the electronic orbitals are assigned a fictitious mass (µ) and are
propagated along with the nuclei in a classical manner. The motion is governed by an
extended Lagrangian LCPMD , given by:

LCPMD =

X1
I

2

MI RI 2 +


X Z
X Z
2
ϕ∗i ϕj dr − δij
Λij
µ |ϕ̇i (r)| dr − EDFT [n] +
i,j

i

(2.13)
The Lagrange multipliers Λij are used to enforce the orthogonality constraint of the
molecular orbitals ϕi during each step of the CPMD simulation. The choice of the
fictitious mass µ is important to ensure that the electronic wave function (ψ el ) remains
close to the ground state.
While CPMD was an attractive method a few decades back, with the increase in computing power and the introduction of better optimization schemes, Born-Oppenheimer
based molecular dynamics (BOMD) has become increasingly popular. 35 In BOMD, the
electronic wavefunction has to be optimized at each time step with an electronic structure method (DFT) resulting in Eq. 2.14, with E[ψ el ] representing the ground state
energy. CP2K implements the Born-Oppenheimer approach for performing molecular
dynamics simulations.
mR¨I = − 5RI minE[ψel ]

(2.14)

2.4.1. Constrained molecular dynamics
As mentioned in the previous section, owing to the computational expense, the timescales accessible by DFT-MD simulations are very limited (O(102 ) ps). Such short
time-scales are not sufficient to directly observe chemical reactions that happen over
much longer time-scales. Thus, enhanced sampling techniques need to be employed
in order to simulate these chemical transitions. 36 There are several enhanced sampling
techniques proposed in literature, namely: umbrella sampling, 37 constrained molecular
dynamics, 38,39 metadynamics, 40 replica exchange 41 , etc. In this thesis, we use constrained molecular dynamics (CMD) to simulate the chemical reactions and determine
the associated free energy profiles.
The CMD method is based on thermodynamic integration, which is an approach used
to compute the activation free energies by moving along a chosen reaction coordinate
2 This

approach is implemented in the CPMD package (https://www.cpmd.org/wordpress/)
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Q. Q is the integration variable, and the free energy difference between the initial and
final states can be obtained as:
F (Q2 ) − F (Q1 ) =

2

Z

Q2

D ∂H E
∂Q

Q1

dQ0

(2.15)

Q0

Here, F is the free energy, Q1 and Q2 are the initial and final states respectively, and
H is the Hamiltonian. The integrand in Eq. 2.15 is a conditional average at Q=Q’,
that can be evaluated by sampling schemes like Monte-Carlo or MD simulations. This is
straight forward if the microstates corresponding to a chosen value of Q occur with high
probability. However, since chemical reactions often have sufficiently large activation
barriers, the values of Q close to the transition state will have low sampling probabilities
as the occurrence of these states are rare events in the timescale of the MD simulations.
In the CMD method, the conditional average in Eq. 2.15 is estimated as the time
average over a constrained trajectory with a fixed value of the reaction coordinate (Q
= Q’). In order to compute the integrand in Eq. 2.15, one can use the strength of the
constrained force determined using a Lagrange multiplier λ. It can be shown that Eq.
2.15 can be evaluated using the following expression:
F (Q2 ) − F (Q1 ) = −

Z

Q2

Q1

hλiQ0 dQ0

(2.16)

Where hλiQ0 is the conditional average of the Lagrange multiplier i.e. the average

constrained force that is evaluated for each value of Q=Q’ in the CMD simulation. Note
that additional factors that account for the bias introduced by the mechanical constraint
are not discussed here, and the reader is referred to the works of Ciccotti et al. 38,39 for
a detailed derivation of these factors.
Like any enhanced sampling method, CMD requires a reasonable assumption of the

chosen reaction coordinate (Q). In order to ensure the accuracy of the obtained free
energy profile, some common checks like inspecting the smoothness of the constrained
force profile, the average constrained forces for the reactant, transition and product
states being close to zero, checking for hysteresis effects etc. can be performed.

2.4.2. Insertion - Deletion method
In Chapter 5, we use the insertion-deletion method 42 to compute the ligand acidity
constants (pKa ) of several catalyst complexes. In order to measure the pKa , the following reaction involving the deprotonation of species XH to its conjugate base X− is
considered:
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−
+
XH(aq) → X(aq)
+ H(aq)

(2.17)

The pKa is computed as shown in Eq. 2.18. Here, ∆G0 d is the dissociation free
energy of reaction 2.17, kB is the Boltzmann constant and T is the temperature.
pKa =

∆G0d
kB T ln10

(2.18)

In the insertion-deletion scheme introduced by Sprik and co-workers, 42,43 the deprotonation reaction 2.17 is split into two parts as shown in 2.19 and 2.20.
−
+
XH(aq) → X(aq)
+ H(g)

(2.19)

+
+
H(aq)
→ H(g)

(2.20)

Essentially, the deprotonation reaction 2.17 proceeds through an intermediate step
involving H+ (g) . This involves the proton being transferred from XH(aq) to the gas
phase (deletion) as shown in reaction 2.19, and the insertion of the gas phase proton
(H+
(g) ) to the aqueous solution (insertion) as shown in reaction 2.20. A schematic of the
insertion-deletion scheme is shown in Figure 2.1. The blue color in Figure 2.1 represents
the aqueous solvent. Note that there are two variants to the insertion-deletion scheme:
the two simulations are carried out for 1) two distinct systems (Figure 2.1a), one with the
solute and one without the solute, and 2) for a single system (Figure 2.1b) with the solute
present (the proton transfer variant). The latter is particularly applicable if the system
under consideration is inhomogeneous in order to maintain a similar reference state. 43–45
Note that this is the case for systems involving relatively large catalyst complexes studied
in this thesis, therefore the derivations below correspond to the situation involving the
proton transfer variant.
The total energy of the system (E) is computed as a linear function of the coupling
parameter (η) as shown in Eq. 2.21, consisting of the PES of the protonated (EXH ) and
deprotonated (EX − ) states. The coordinates of the N-particle system are denoted as
RN .
Eη (RN ) = (1 − η)EXH (RN ) + ηEX − (RN )

(2.21)

This means that by varying the coupling parameter η from 0 to 1, we convert the
protonated state of the system (XH) to the deprotonated state of the system (X− ). In
these equations, η corresponds to the fraction of the proton in the system, meaning that

2
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2

Figure 2.1: A schematic representation of the insertion-deletion scheme involving (a) two deprotonation
reactions and (b) a proton transfer reaction. The blue color in the boxes represent an aqueous system.

the microstates corresponding to the protonated acid state XH (and H2 O) is sampled
for η = 0 and the deprotonated state X− (and H3 O+ ) is sampled for η = 1. Note
that the intermediate values of η (0 < η < 1) correspond to artificial states that can
be defined in the model, but do not have experimental counterparts. While the system
XH corresponds to the situation with a proton, the system X− requires introduction
of a (non-interacting) dummy atom (d) in order to conserve the number of particles
(N) in the system. This atom d is a classical particle and has no charge. Instead of
electrostatic interactions of d with the system, it is subjected to harmonic restraining
potentials (Eq. 2.22) to keep its position close to that of the actual proton. Without
these constraints, the dummy atom (d) that is invisible to the charges in the system
would escape/wander off, leading to unfeasible energies when it is converted back to a
real proton. In Eq. 2.22 kr , kθ and kφ are the force constants, and the values denoted
by subscript eq are the average equilibrium values obtained from DFT-MD simulations.
The force constants are chosen such that fluctuations in the dummy atom during the
DFT-MD simulations are comparable to those of the actual proton.

2.4. DFT-based molecular dynamics

Vr =

25

X kr
X kθ
(r − req )2 +
(θ − θeq )2 +
2
2

bonds

angles

X
dihedrals

kφ
(φ − φeq )2
2

(2.22)

Since the DFT-MD simulations are carried out in an NVT ensemble, the Helmholtz
free energy (∆FXH ) for reaction 2.17 is computed. This is given by Eq. 2.23. Here,
h∆Eiη is the ensemble average of the vertical energy gap between the XH and X−

systems. Eq. 2.23 implies that ∆FXH can be computed from the vertical energy gap
h∆Eiη at various values of η.
∆Fη = Fη (X − ) − Fη (XH) =

Z

1

dη
0

∂F (η)
∂η

(2.23)

It can be shown that the derivative of the free energy with respect to η is given by
Eq. 2.24. Finally, ∆FXH can be evaluated using Eq. 2.25.
∂F (η)
=
∂η

*

∂Eη (η)
∂η
Z

∆FXH =
0

+
η

= h∆Eiη

(2.24)

1

h∆Eiη dη

(2.25)

The simplest approximation to evaluate the integral in Eq. 2.25 is the linear approximation. However, the insertion/deletion of a proton gives rise to substantial solvent
reorganization resulting in a non-linear dependence of ∆E on η. This implies that more
accurate integration schemes have to be employed to evaluate the integral in Eq. 2.25.
While the accuracy of the integral should increase with simulating more values of η, this
also comes with an increased computational cost. Thus, an optimal trade-off between
number of η values and the accuracy of the integral is desirable. In this work, we use
the three-point Gauss-Legendre quadrature (Eq. 2.26) that requires evaluation of ∆E
for three values of η (0.1127, 0.5 and 0.8873) as the chosen method for integration
as it provides higher accuracies compared to Newton-Cotes methods and also does not
consider the problematic end points of the integral (i.e η = 1) during the evaluation. 46
Considering the end point (η = 1) results in large oscillations in the evaluation of ∆E
due to unfavorable configurations arising from situations where the proton of a solvent
molecule that forms a hydrogen bond with the negatively charged X− species is very
close to the dummy atom.
∆FXH =

5
4
(h∆Ei0.1127 + h∆Ei0.8873 ) + h∆Ei0.5
18
9

(2.26)
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Since the deprotonation reaction simulated in the insertion-deletion method involves

the discharge of the proton to a dummy atom instead of its discharge to gas phase (i.e.
complete removal), a number of correction terms are necessary, in order to determine the

2

associated free energy change accurately. This includes the free energy for dummy atom
removal, quantum corrections due to the different treatment of the dummy (classical)
and proton (quantum). The reader is referred to the works of Sprik et al. for a detailed
derivation of these terms. 43,47 These two corrections are typically small (< 1 pKa unit)
and will be neglected in the present work. In this context, we note that the trends in
pKa should not be affected by these corrections as they should be similar in magnitude
for all catalyst complexes. The final and most important correction is due to the use of
an explicit hydronium ion which is one of the several conformers of the actual solvated
proton (H+ (aq)), that is a highly delocalized species. 43 This correction is given by the
term kB Tln(co Λ3 H + ) and is equal to -3.2 pKa units. 47 Thus, the final expression for
the pKa for the proton transfer varient of the insertion-deletion method is given by Eq.
2.27.

pKa =



Z 1

1


h∆Eiη dη +kB T ln(co Λ3H + )

kB T ln10  0

|
{z
}

(2.27)

∆FXH
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3
Impact of the ligand
flexibility and solvent on the
O–O bond formation step in
a highly active ruthenium
water oxidation catalyst
Using advanced molecular dynamics simulations, we demonstrate the important role
played by the dangling carboxylate group of a highly active ruthenium-based water
oxidation catalyst in the crucial O-O bond formation step. The interplay between the
flexible group and solvent molecules facilitate multiple reaction pathways. Our results
provide an example for which a realistic molecular dynamics approach is required to
reveal the full complexity of an important catalytic reaction in aqueous solvent.

Based on: Impact of the Ligand Flexibility and Solvent on the O–O Bond Formation Step in a Highly
Active Ruthenium Water Oxidation Catalyst, N. Govindarajan, A. Tiwari, B. Ensing, and E. J. Meijer,
Inorg. Chem., 2018, 57, 13063–13066
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3. Impact of the ligand flexibility and solvent on the O–O bond formation step in a
highly active ruthenium water oxidation catalyst

3.1. Introduction
With a substantial growth in worldwide energy demand, there is a strong urgency in
identifying affordable, renewable and clean energy sources. Sunlight-driven water splitting to produce molecular hydrogen holds promise as an alternative for fossil fuels. The
overall water splitting process consists of two sub-reactions: the oxygen evolution reaction (OER) (2H2 O→ 4H+ + 4e- + O2 ) and a proton reduction reaction (4H+ + 4e-

3

→ 2H2 ). The OER is considered to be the current bottleneck of this process owing

to a high overpotential, thereby hindering economically viable applications. Therefore,
an important step to help artificial photosynthesis compete with fossil fuels lies in the
development of highly efficient, abundant and stable water oxidation catalysts (WOCs).
Among homogeneous catalysts, a number of highly effective Ru based molecular
catalysts have been synthesized 1,2 since their discovery by Gersten et al. 3 While most
of these catalysts contain multiple metal centers 4,5 , a number of mononuclear catalysts have also been reported 6–8 . Additionally, two general types of mechanisms have
been proposed for the formation of the O–O bond during the OER by these catalysts. In one mechanism, this key step involves an O–O radical coupling of two Ru–oxo
radicals (I2M) 9 . The other mechanism involves water nucleophilic attack (WNA) by
a water molecule on a high valent Ru-oxo species. In this regard, a new family of
[Ru(tda)(py)2 ]m+ (m=0-2) type catalysts, recently reported by Llobet and co-workers 10
is of particular interest. One such catalyst, [RuIV (OH)(tda-κ-N3 O)(py)2 ]+ (1+), exhibits a remarkably high turnover frequency of 8000 s-1 at pH 7.0. They attribute this
high efficiency to easy access of high oxidation states provided by the tda2- ligand and
the presence of a dangling carboxylate group, which facilitates an intramolecular proton
transfer during the crucial water nucleophilic attack (WNA) step (Figure 3.1). Such
an enhancement of catalytic activity by the presence of a pendant base to abstract the
proton during WNA has also been observed in a number of previous studies 11,12 .
An accurate molecular understanding of the key WNA step is essential in identifying crucial structure-activity relationships that can help in rational catalyst design of
such highly efficient WOCs. In this context, molecular modeling can provide important
novel insights that are complementary to experimental studies. Previous work on similar systems has emphasized the importance of explicit solvent description for accurate
predictions of reaction mechanisms and activation barriers 13–15 .
Additionally, some recent modeling studies of Co- and Fe-based molecular catalysts
for water oxidation have incorporated explicit solvent for a detailed understanding of
the reaction mechanism. 16,17 Here, we report a density functional theory (DFT) based
molecular dynamics (MD) study of the WNA step of of complex 1+, incorporating

3.2. Computational methods
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Figure 3.1: Reactant (A) [RuV (tda-κ-N3 O)(py)2 O]+ ] and Product (B) [RuIII (OOH)(Htda-κN3 O)(py)2 ]+ ] structures of the water nucleophilic attack step.

a realistic explicit solvent description in full molecular detail. This allows us to gain
quantitative insight on the intramolecular proton transfer mechanism during the O-O
bond formation. We used constrained dynamics 18,19 , to sample in a controlled manner
the O-O bond formation and proton transfer steps. This allowed us to determine the
reaction mechanism and associated free energy profiles.

3.2. Computational methods
Calculations were performed with the CP2K package 20 . The model consisted of the
Ru catalyst with 93 explicit water molecules in a cubic periodic system (L = 15 Å),
with the temperature controlled by a thermostat 21 , set to 350K. The timestep used in
our simulations was 0.5 fs. The electronic structure was determined using the BLYP
functional 22,23 , supplemented with a dispersion correction 24 . Gaussian plane wave basis
sets with the Goedecker-Teter-Hutter (GTH) pseudopotentials (DZV for ruthenium and
TZV2P for all other atoms) were used. 25 We use the method of constraints 18,19 to
control the O-O bond formation, and determine the associated free energy profiles
along the reaction pathways. We use the O-O bond distance as the chosen reaction
coordinate (Q). For simulations involving ligand flexibility, An equilibration run of ≈ 5
ps followed by a production run of ≈ 60 ps is performed. For the constrained dynamics

simulations, each reaction coordinate point (Q) was sampled for ≈ 10 ps, until the

averaged forces were constant. From the average constrained forces hF(Q)i, the free
energy ∆G is calculated according to Eq. 3.1.
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∆G = −

Z

Q2

Q1

hF (Q)idQ

(3.1)

3.3. Results and discussion
An important first observation in a 60 ps simulation of the reactant (A) in aqueous
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solution is that the dangling carboxylate group shows a large extent of flexibility, as
quantified in Figure 3.2. An important consequence is that for smaller ORu -OCOO
distances (up to 4.0 Å), there is typically one water molecule that could attack the
Ru-O moiety, while transferring a proton directly to the carboxylate oxygen. For larger
distances, a significant part of the trajectory shows two water molecules near the RuO moiety which allows for the possibility of a O-O bond formation accompanied by
a water-mediated proton transfer to the carboxylate oxygen. We have not observed
configurations with three intermediate water molecules during the simulation. From a
quantitative analysis of the 60 ps trajectory of the solvated reactant, in combination with
additional constrained dynamics calculations (see Appendix), we estimate that the range
of ORu -OCOO distances up to 4.0 Å (mostly configurations with one intermediate water
molecule) is 10-20 times less probable than the range of longer ORu -OCOO distances
(mostly configurations with two intermediate water molecules). This corresponds to a
free-energy difference of 1-2 kcal mol−1 .
Although the simulations of the solvated compound suggest that configurations with
two intermediate water molecules are more frequent than those with one water molecule,
the associated free energy difference is relatively small. We therefore consider it useful to
estimate the competition between these different mechanisms, also because the latter
had already been proposed by Llobet and co-workers 10 . We performed constrained
dynamics with the O-O bond distance as the reaction coordinate (Q), to estimate their
respective activation barriers. For both mechanisms we observed the proton transfer to
occur spontaneously and reversibly when the O-O distance is reduced to 1.8 Å. This
suggests that, with the chosen imposed reaction coordinate, the relevant configurations
along the entire reaction pathway are properly sampled. Additionally, this reaction
coordinate has been successfully used in previous studies on the WNA step. 17,26
The activation barriers for both mediated and direct mechanisms are the similar,
11.7 and 11.6 kcal mol−1 respectively, as shown in Figure 3.3. The relative stabilities
of the two states are also similar in magnitude (7.4 and 8 kcal mol−1 respectively).
This indicates that both these mechanisms could occur during the O-O bond formation step. A comparable barrier makes sense for both mechanisms as they are similar:

3.3. Results and discussion
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Figure 3.2: Calculated distances between the Ru-O moiety (ORu ) and carbon of the carboxylate group
(CCOO ) during an equilibrated DFT-MD simulation. The flexibility of the dangling carboxylate group
allows for bridging by one and two water molecules. For the shorter distances (up to 4.0 Å; a small
fraction of the trajectory) there is one water molecule close to the Ru-O moiety, corresponding to the
possibility of a direct mechanism. For the longer distances two water molecules are close to the Ru-O
moiety, indicating the possibility of a mediated mechanism.

the mediating water molecule acts as a proton relay, to assist in proton transfer to
the acceptor base, which is the dangling carboxylate group in this case. Such water
mediated mechanisms have been observed earlier in modeling studies 27–29 , and are a
manifestation of the Grotthuss mechanism 30 . The observation that in the molecular
dynamics trajectory of the reactant most of the configurations favored the possibility
of the mediated mechanism (Figure 3.2) is an indication that this mechanism is more
likely in aqueous solvent. Further study and analysis of dynamical reaction pathways,
using e.g. transition path sampling 31 , is required to quantify the kinetic aspects of the
O-O bond formation WNA step.
Llobet and co-workers report the activation barrier for the WNA step to be 16.8
kcal mol−1 using a (different) meta-GGA functional in gas-phase, with corrections using
the implicit solvation model 10 . Here we should note that part of the discrepancy in the
calculated barriers may have its origin in the use of different functionals.
Representative snapshots of configurations from the constrained dynamics simula-
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Figure 3.3: Free energy profiles for the direct (Mech-1) and mediated (Mech-2) mechanisms in solution.

Figure 3.4: Representative snapshots selected from the MD trajectories (distances shown in Å). (A)
A transition state structure for the mediated mechanism, just before the O-O bond formation. Here,
the attacking water molecule has transferred a proton to the second water molecule, that exists as a
hydronium ion (H3 O+ ) for few femtoseconds (fs), before transferring a proton to the carboxylate group.
(B) A transition state structure for the direct mechanism, just before the O-O bond formation. Here,
with the attacking water approaching the oxo moiety, the proton is simultaneously transferred to the
carboxylate group.

tions for the investigated mechanisms are shown in Figure 3.4. At an O-O distance of
1.80 Å, in the case of the mediated mechanism, we see that the proton is transferred back

3.4. Conclusion
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and forth between the attacking water and the carboxylate group. Figure 3.4A shows
a configuration where the mediating water molecule exists as a hydronium ion (H3 O+ )
stabilized by hydrogen bonds with surrounding water molecules for a few femtoseconds
(fs), before transferring the proton to the carboxylate group. At an O-O distance of 1.80
Å for the direct mechanism, the proton is also transferred back and forth (Figure 3.4B).
It appears that the transition states occur at the same reaction coordinate distance for
both mechanisms and, unlike the study by Hynes and co-workers 32 , the mediating water
molecule does not seem to lower the activation barrier for this process, but merely acts
as a relay to facilitate proton transfer to the dangling carboxylate ligand.

3.4. Conclusion
To conclude, we have studied the WNA step of a highly active ruthenium-based catalyst
in explicit solvent using DFT-based MD. We find the dangling carboxylate group of
the catalyst to show a high degree of flexibility in solution, allowing for two possible
mechanisms during the WNA step. Using advanced biased sampling techniques, we
provide a strong indication that these are competing mechanisms because they have
the same activation barriers. As the simulations show that configurations with two
intermediate water molecules are more likely by a factor in the range of 10–20, the
water-mediated mechanism might be the dominant process in an aqueous solution.
Flexibility has been recognized as a potential important characteristic of water oxidation catalysts. For example, it has been suggested as the main factor to switch from
a WNA type mechanism to the radical coupling mechanism 33 . The present work provides an important novel result and insight into another aspect of flexibility: we show in
explicit molecular detail, on a quantitative level of accuracy, how the thermal motion of
a flexible ligand leads to multiple distinct reaction pathways that are mediated by different solvent structures. In a broader context, our results demonstrate that a realistic
modeling approach, incorporating a molecular description of solvent- and temperatureinduced fluctuations, can be essential to reveal the full complexity of catalytic reactions
in an aqueous solvent. We anticipate that using this approach will be of significant
importance in the rational design and synthesis of efficient WOCs.

3.5. Appendix
3.5.1. Analysis for one-water and two-water states
In order to compute the probabilities of the one-water and two water states, we use the
ORu -CCOO distance as obtained from a ≈ 60 ps simulation of reactant (A) as shown

3
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in Figure 3.2. A probability distribution of the ORu -CCOO distance is shown in Figure
3.5. We define the one-water state to correspond to short distances (4 Å or less) and
distances longer than 4 Å correspond to the two water state. From Figure 3.5 A, the
probability for the one-water state can be calculated as the area under the histogram
for distances less than 4 Å, and this is around 0.12.

3

Figure 3.5: Probability distributions of the ORu -CCOO distance as obtained from (A) unconstrained
simulation of reactant (A) for ≈ 60 ps and (B) constrained dynamics simulations of reactant (A)

Figure 3.6: Free energy profile obtained using ORu -CCOO distance as the reaction coordinate.
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Additionally, we also performed constrained dynamics simulations with the reactant
(A) in solution, using the ORu -CCOO distance as the reaction coordinate in order to
have better sampling of the one-water state. The free energy profile obtained from these
simulations is shown in Figure 3.6. From this profile, a probability distribution of the
ORu -CCOO distance can be computed using:
probability(d) = e

−

∆G(d)
kB T

(3.2)

The probability distribution is shown in Figure 3.5 B. The probability of the onewater state is the area under the obtained curve for distances less than 4 Å and it is
around 0.2, which is close to, but a slight overestimation of the value obtained from an
unconstrained simulation of reactant (A) as mentioned above.

3.5.2. Constrained force profiles
The constrained force profiles obtained from the CMD simulations for the direct and
mediated pathways are shown in Figure 3.7.

Figure 3.7: Constrained force profiles with statistical errors for the mediated (left) and direct (right)
mechanisms for the WNA step.
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4
Realistic modeling of
Ru(PNP) catalyzed aqueous
methanol dehydrogenation
Insights into the mechanism of the catalytic cycle for methanol dehydrogenation catalyzed by a highly active PNP pincer ruthenium complex in methanol solvent are presented, using DFT-based molecular dynamics with an explicit description of the solvent.
In contrast to previous results, we find the amido moiety of the catalyst to be permanently protonated under catalytic conditions. Solvent molecules actively participate in
crucial reaction steps and significantly affect the reaction barriers when compared to
pure gas-phase models, which is a result of hydrogen bond interactions of the solvent
with the reactive species. Further, the calculations reveal that this system does not operate via the commonly assumed metal–ligand cooperative pathway. Our results show
the importance of incorporating a molecular description of the solvent to gain a deeper
and accurate understanding of the reaction pathways.

Based on: (a) How Solvent Affects C-H Activation and Hydrogen Production Pathways in Ru Catalyzed
Methanol Dehydrogenation Reactions, V. Sinha† , N. Govindarajan† , B. de Bruin and E. J. Meijer, ACS
Catal., 2018, 8, 6908-6913, and (b) N. Govindarajan and E. J. Meijer, Faraday Discuss., 2019, 220,
404 - 413. († = Equal contribution)
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4.1. Introduction
Development of a hydrogen economy is a promising path to address increasing global
energy needs. The primary energy carrier in such an economy, hydrogen, has a high
gravimetric energy density and provides clean and carbon-free conversion. However,
the use of hydrogen as a fuel is limited by its low volumetric energy density under
ambient conditions. Moreover, molecular hydrogen is difficult to produce, store and
transport. Liquid organic fuels (LOFs), such as alcohols, provide a viable alternative in
this regard. LOFs work on the principle of a reversible hydrogen storage mechanism.
For example, three eq. of H2 can be stored in one molecule of CO2 by the reduction of

4

CO2 to MeOH. Systems that can perform reversible hydrogenation/dehydrogenation of
CO2 /MeOH can play a central role in establishing a hydrogen economy with MeOH as
the primary energy carrier. Homogeneous molecular catalysts offer high selectivity and
activity under ambient conditions to realize these conversions in an efficient manner.
Various systems have been realized for conversion of MeOH to CO2 and H2 1–7 , and the
reverse reaction as well. 8–11

Figure 4.1: Generally proposed Noyori type cooperative pathways for acceptorless dehydrogenation of
alcohols, in a gas-phase context (left) and the structure of complex 1 used in this study (Right)

Beller and co-workers reported the first catalytic system for low temperature aqueous methanol dehydrogenation using a ruthenium pincer complex 1’ (RuH(CO)Cl(HN(C2 H4 PiPr2 )2 )) as the catalytic precursor. 1 The active catalyst complex 1 is capable
of dehydrogenation of methanol-water mixtures with a turnover frequency (TOF) of
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4700 h−1 and is highly stable (TON > 350 000). A number of other homogeneous
(pincer and non-pincer type) Fe, Ru, Ir, and Mn catalysts bearing R2 N amido donors
(sometimes proposed to be in situ generated from R2 NH amine donors) in a chelating
ligand framework have also been reported, 2,5,12–14 demonstrating the versatility of this
class of complexes for methanol dehydrogenation. For most of these catalysts outersphere Noyori-type mechanisms are typically proposed, involving proton transfer to the
amido ligand and hydride transfer to the metal in the MeOH activation steps (Figure
4.1). Similarly, a cooperative action of the thus formed amine ligand donor and the
metal hydride resulting in hydride-proton coupling is generally assumed to account for
H2 liberation and regeneration of the catalyst complex 1 (Figure 4.1). A shortcoming of
most of these catalytic systems is the need for additives (base or Lewis acid co-catalyst)
to achieve optimal performance. From a fundamental chemical perspective, a catalyst with a cooperative ligand, containing an internal amido-base and operating via an
outer-sphere Noyori type mechanism 15 for acceptorless dehydrogenation of an alcohol
should not require any additives. As such, it is quite remarkable that Beller’s Ru-PNP
complexes were reported to operate via metal-ligand cooperative pathways, but yet perform optimally under highly basic conditions (8 M KOH). On the other hand, it has
been demonstrated that MeOH dehydrogenation can be carried out under additive free
conditions by choosing a different catalyst design principle, albeit with lower activity. 2
Previous experimental and computational studies have rationalized the mechanism
of dehydrogenation of methanol by complex 1 mostly in the framework of a Noyori-type
mechanism. 16,17 This assumes a cooperative action of the amido ligand and the metal
center in the proton and hydride transfer steps, with MeOH dehydrogenation proceeding
via simultaneous hydride transfer to the metal upon deprotonation of the alcohol by
the amido moiety. In the second step, H2 liberation from the catalyst is proposed
to proceed via a proton-hydride coupling process with proton transfer from the amine
donor to the metal hydride moiety, thus leading to regeneration of the amido moiety
(Figure 4.1). Note that, in all proposed mechanisms, protonation and deprotonation of
the amido ligand are considered to be key steps of the catalytic cycle. Beller and coworkers proposed a base (OH− ) assisted pathway for dehydrogenation of methanol by
complex 1. 16 The base was assumed to deprotonate the amine moiety of complex 2 to
generate the anionic complex 2− . Subsequent rearrangement of the methoxide moiety
in complex 2− was proposed to be followed by a hydride transfer to the metal center
to produce complex 3− . Successive N-protonation of the latter by a solvent molecule
was anticipated to generate the hydrogenated complex 3 and formaldehyde, followed by
dehydrogenation of complex 3 leading to evolution of H2 and regeneration of complex
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1 to complete the catalytic cycle.

4

Figure 4.2: Important complexes used in this study. Blue dashed lines in complex 2-H2 O+ /2-CH3 OH+
show interactions with the solvent. The proton in the NH moiety of complexes 2-H2 O+ and 2-CH3 OH+
originates from the solvent. In the nomenclature of complexes in this chapter, the subscript 2m denotes
interactions with two methanol solvent molecules.

Given the fact that the experimental catalytic reactions are performed in protic
solvent mixtures (MeOH/H2 O), thus providing a strong hydrogen bonding environment,
one might anticipate that the previous mechanistic pictures based on gas phase DFT
calculations are incomplete. The solvation effects of protic solvents are likely to have a
strong influence on the proton and hydride transfer steps. Both the MeOH activation
and the H2 formation steps might proceed via methoxide intermediates, where the strong
hydrogen bonds with the negatively charged oxygen are crucial for a proper description
of the relative stability of these intermediates. Moreover, in a protic solvent the solvent
molecules might compete with the catalyst as the proton source. These scenarios could
not be accounted for in previous computational studies, 16,17 that did not account for
solvent or incorporated solvent by a continuum model at most complemented by a
single solvent molecule. The importance of an explicit (finite-temperature) description
of the solvent has been demonstrated for other catalytic processes, 18 including water
splitting 19–21 and transfer hydrogenation of ketones. 22–24
To capture the effects of explicit solvent molecules, we employ a combined approach
of ab-initio molecular dynamics (DFT-MD) of an explicitly solvated periodic system,
and static density functional theory (DFT) simulations of gas-phase and microsolvated
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systems. Our results reveal the active participation of solvent in this important reaction,
as it has a nontrivial effect in the C-H activation and hydrogen production pathways.
On this basis, we propose a new catalytic pathway for methanol oxidation catalyzed by
complex 1 (Figure 4.3), significantly different from all previously proposed mechanisms.

4

Figure 4.3: Proposed mechanism in solution for methanol dehydrogenation catalyzed by the Ru(PNP)
complex 1.

4.2. Computational methods
The reactions incorporating explicit methanol/water solvent were studied using DFTbased Born-Oppenheimer molecular dynamics, employing the CP2K package, 25 and using the BLYP functional 26,27 supplemented by D3 dispersion corrections. 28 The system
consisted of the PNP complexes (Figure 4.2) with 66 methanol molecules in a periodic
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cubic box (L = 18 Å) for the methanol solvent system and 159 water molecules in a
periodic cubic box (L = 16.76 Å) for the water solvent system. A time step of 0.5
fs was used in our simulations. The temperature was controlled by a CSVR thermostat 29 and set at T = 360 K. Goedecker–Teter–Hutter (GTH) pseudopotentials were
employed to account for the interactions of the nuclei and core electrons with the valence electrons. 30 The auxiliary plane waves were expanded up to 280 Ry. In order to
determine the free energy profiles along the reaction pathways, we used the constrained
molecular dynamics method. 31,32 In this method, using a chosen reaction coordinate,
Q, simulations are performed at several fixed values of this coordinate. For each value
of the reaction coordinate, a 2 ps equilibration run, followed by a 5 ps production run
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was performed. The data from production runs was used to compute the average forces
and the resulting free energy profiles.

4.3. Results and discussion
4.3.1. Resting state of the catalytic system
An important first observation from our DFT-MD simulations with explicit solvent, either
in water or in methanol, was the spontaneous protonation of the ligand nitrogen atom
of complex 1 by a solvent molecule. The amido moiety remained protonated during the
entire DFT-MD simulation (≈ 25 ps). This process was accompanied by the coordination
of an additional ligand such as H2 O, CH3 O− or MeOH to the metal center, forming
complexes 2-H2 O+ ,22m , and 2-CH3 OH+ respectively (Figure 4.2). This suggests that
the solvent/substrate saturated 18 valence electron octahedral Ruthenium-(II) species
with a protonated amido moiety is a very stable species. To quantify the stability of this
compound with respect to amido deprotonation, we determined the free energy change
upon deprotonation of the NH moiety of complex 2-H2 O+ by a solvent water molecule
in aqueous solution using DFT-MD simulations, with the chosen reaction coordinate
(Q) imposing a proton transfer, involving cleavage of the N-H bond and simultaneous
formation of an O-H bond (resulting in H3 O+ ) as shown in Figure 4.8b in the appendix.
The computed value of +35 kcal mol−1 (corresponding to a pKa of ≈ 25), demonstrates

the high stability of the N-H bond, and the high basicity of the amido moiety in the
PNP ligand. Therefore, even under very basic conditions complex 22m should remain
protonated. In addition, using static DFT calculations the deprotonation of complex 2
by a microsolvated hydroxide moiety (that is present in such highly basic conditions) was
found to be uphill by +12 kcal mol−1 , further demonstrating the high proton affinity
of the amido moiety. Based on these results, it is evident that complex 22m , with
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the protonated ligand nitrogen, is the resting state of this catalytic system under the
experimentally applied reaction conditions (8M KOH in a 9:1 MeOH/H2 O mixture).

4.3.2. C-H activation steps for methanol and formic acid
Having established the resting state of this catalytic system, we first studied the oxidation
of methanol catalyzed by complex 22m to form formaldehyde. Complex 2 undergoes an
endergonic rearrangement to form complex 2’, where the methoxide moiety interacts
with the metal center via an agostic C-H-Ru interaction (the methoxide is also hydrogen
bonded to the N-H moiety of the PNP ligand). The simulations indicate a direct hydride
transfer from this methoxide moiety to the ruthenium center, resulting in the formation of
CH2 O and complex 3. Using DFT-MD with an explicit description of methanol solvent,
we determined the free energy profile for this hydride transfer process using a biasing
scheme, as shown in Figure 4.4a. The chosen hydride transfer reaction coordinate (Q)
that involves the cleavage of a C-H bond and the simultaneous formation of a Ru-H
bond is shown in the left inset of Figure 4.4a, and was varied between -0.9 and 1.0
Å. To quantify the role of the solvent, we also performed static DFT calculations of
the corresponding hydride transfer pathway without (gas-phase), and with two explicit
MeOH solvent molecules. Results for the minimum energy reaction pathway (MERP)
are shown in Figure 4.4b.1 Note that the static DFT calculations are performed using
a GGA functional (BP86) for a direct comparison with the DFT-MD results (BLYP).
However, a hybrid functional like M06 was also explored and gave quantitatively similar
results. 33 For a direct comparison with the free energy profile obtained via DFT-MD
calculations, where the reference state is a solvated form of complex 2’, the TS barriers
obtained using static DFT calculations in Figure 4.4b have been referenced with respect
to complex 2’ (and complex 22m ’ for the microsolvated pathway).
The calculations show that the presence of explicit solvent molecules leads to a
substantially higher transition state barrier (an increase > 5 kcal mol−1 ) for formaldehyde
formation when compared to the gas-phase results as shown in Figure 4.4b. This effect
can be directly attributed to the increased stabilization of the methoxide adduct in
solution, due to its ability to form three strong hydrogen bonds (right inset panel in
Figure 4.4a). Such hydrogen bonding stabilization of the reactant methoxide species is
absent in a gas-phase model.
We also studied the C-H activation process for formic acid dehydrogenation using
DFT-MD simulations with explicit methanol solvent. Here, complex 4’ (inset in Figure
1 All

static DFT based calculations were performed by Dr. Vivek Sinha under the supervision of Prof.
Bas de Bruin.
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Figure 4.4: (a) Free energy profile for methanol oxidation by hydride transfer from a methoxide anion
to ruthenium, obtained from DFT-MD simulations. The reaction coordinate Q is specified in the left
inset. The right inset shows a representative configuration at the initial stage (Q = −0.9 Å), showing
the methoxide being stabilized by three strong hydrogen bonds, and (b) calculated MERP (Gibbs free
energy in kcal mol˘1 ) with static DFT (BP86/def2-TZVP), using a gas-phase model (black) and an
explicit microsolvation model with two additional MeOH molecules (red).

4.5a) undergoes a direct hydride transfer to form complex 3 and CO2 . The chosen
hydride transfer reaction coordinate (Q) is shown in the inset of Figure 4.5a and was
varied between -0.85 Å and 0.6 Å. Again, we find important hydrogen bond interactions
of the reactant formate species in complex 4’ with the protic solvent molecules, while
the product CO2 species does not form any hydrogen bonds as shown in Figure 4.5b.

4.3.3. Hydrogen production
Also for the hydrogen releasing steps under (micro)solvation conditions, we arrive at a
different mechanism than previously proposed. Our calculations show that the reaction
proceeds by a direct protonation of the metal hydride by a solvent molecule. The reaction barrier that we obtained for hydrogen production from complex 3 with explicit
methanol solvent was +7 kcal mol−1 (Figure 4.6a). The chosen proton-transfer reaction coordinate (Q) that involves the cleavage of the O-H bond and the simultaneous
protonation of the Ru-H bond is shown in the left inset of Figure 4.6a, and sampled between values of -0.4 Å and 1.6 Å. Interestingly, the ligand nitrogen remains protonated
throughout the reaction in solution, further demonstrating its strong proton affinity.
To incorporate the effect of explicit solvent molecules in static DFT calculations, we
studied the dehydrogenation process in the presence of two methanol molecules. The
resulting transition state barrier for dehydrogenation is significantly lower (a decrease
of 6 kcal mol−1 ) than the corresponding activation barrier for dehydrogenation when
hydrogen production is mediated by one methanol molecule (Figure 4.6b). 16,17 This
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Figure 4.5: (a) Free energy profile for formic acid dehydrogenation obtained from DFT-MD simulations.The reaction coordinate Q is specified in the left inset, and (b) Representative snapshots for the
reactant and product states. In the reactant state, the formate anion is stabilized by hydrogen bonds
with the solvent, while the product CO2 species does not interact with the solvent.

remarkable effect can be attributed to the stabilization of the methoxide that is formed
as the reaction proceeds, by hydrogen bonding to the protic solvent molecules. Release
of dihydrogen and rearrangement of the methoxide species to coordinate with the metal
center, regenerates the starting complex 2.

4.4. Discussion and conclusion
It is important to note at this point that the computed MeOH oxidation and hydrogen
releasing steps under (micro)-solvation conditions (Figure 4.3 and Figure 4.9 in the ap-
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Figure 4.6: (a) Free energy profile for dihydrogen formation by proton transfer from a solvent MeOH to
the ruthenium hydride, obtained from DFT-MD simulation. The reaction coordinate Q is specified in
the left inset. The right inset is a representative configuration near the transition state (Q = 0.82 Å),
showing the methoxide anion being stabilized by hydrogen bonds, and (b) calculated MERP obtained
from static DFT of an explicit microsolvation model involving one (black) and two (red) additional
MeOH molecules. The transition state with two MeOH molecules is depicted in the inset.

pendix) are substantially different from the previously reported Noyori-type cooperative
dehydrogenation steps shown in Figure 4.1. Clearly, the NH moiety does not get deprotonated under the applied conditions to function as a cooperative ligand, and it is
neither directly involved in the dihydrogen releasing steps. However, the NH moiety of
the PNP pincer ligand might still be important, as it could function as a supramolecular
directing group, assisting the hydride transfer process to the metal by positioning the
methoxide in a proper orientation by H-bonding to the methoxide in the transition state
for hydride transfer. Similarly, it directs the proton of the reacting MeOH molecule to
the metal hydride moiety in a hydrogen-bonding chain involving the NH moiety of the
PNP ligand in TS-22m for hydrogen production (Figure 4.6b). So, if any, it is actually
the NH moiety of the PNP ligand that acts in a cooperative manner with the metal
in the key steps of the catalytic cycle rather than the commonly assumed amido moiety. 24,34 In these key steps, the NH moiety does not play a direct role. Evidence for a
similar non-direct role of a amido moiety has been reported for metal catalyzed transfer
hydrogenation of ketones. 22,23,35 These observations can be indicative for the more general notion that (de)hydrogenation reactions involving cooperative amido ligands could
proceed via reaction steps similar to those observed in the present study when performed
in a polar, protic solvent. The pKa of the NH moiety, quantifying its protonation state,
will be one of the determining factors for the way it participates in the catalytic cycle.
In summary, we have studied methanol dehydrogenation by a highly active ruthenium pincer complex 1’ using a combination of ab initio molecular dynamics and static
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DFT calculations in the presence of an explicit solvent. The ligand nitrogen of amido
complex 1, which was previously believed to be a key catalytic intermediate, was found
to have a high proton affinity in polar, protic solvents, resulting in complex 22m being
the actual resting state species of the catalytic cycle. This suggests that the earlier
proposed catalytic pathways for methanol dehydrogenation involving Noyori-type cooperative involvement of a ligand amido moiety are not feasible, as they are based on the
existence of deprotonated complexes 2− and 3− as resting states. 16 The stability of
these complexes was most likely overestimated in that work by neglecting the explicit
effects of solvent. Our result for the stability of complex 2 also suggests that the enhancing effect of strong base on the activity of the catalyst is not correlated to the
deprotonation of the NH moiety in the PNP ligand. For both the methanol oxidation
and the dihydrogen formation steps, DFT-MD simulations show that incorporating a
polar, protic solvent substantially influences the relative reaction energies. The protic
solvent interacts directly with the reactive species during the C-H activation steps for
methanol and formic acid, and hydrogen production. These differences can be rationalized by considering hydrogen bonding with solvent molecules, which affects the relative
energies of the reactants, transition states and products. Static DFT calculations including a small number of explicit solvent molecules can be used to accurately model
these same solvent effects, even in a quantitative manner. Our calculations, which account for explicit solvent effects, clearly demonstrate the rate-limiting step for methanol
dehydrogenation to formaldehyde to be a direct hydride transfer process from the C-H
bond of a methoxide anion to ruthenium. This observation is in excellent agreement
with the need to use high base concentrations in the experimental reactions, as a higher
methoxide concentration will of course be beneficial for efficient hydride transfer, lowering the barrier of the rate-limiting step of the catalytic cycle under such nonstandard
thermodynamic conditions.

Additionally, the hydrogen production step proceeds via direct protonation of ruthenium hydride moiety by a solvent molecule, while the ligand nitrogen remains protonated
throughout the reaction, and therefore cannot act as an internal base for the deprotonation of methanol. Apparently, the “non-innocent/cooperative” amido moiety of the
PNP ligand does not seem to play a direct role in catalysis, rather it could facilitate
substrate/solvent orientations via hydrogen bonding. This may well be a manifestation
of a more general (design) principle for metal-based (de)hydrogenation catalysis in protic
solvents.
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4.5. Appendix
4.5.1. Estimates of acidity constants of important complexes
The basicity of the amido function in the aliphatic PNP ligand is of prime importance
in the mechanism of dehydrogenation of methanol-water mixture by complex 1.

4

Figure 4.7: Two representative snapshots that show the spontaneous protonation of complex 1 by a
solvent molecule upon adsorption of a water molecule on the metal center, forming complex 2-H2 O in
aqueous solution. Color coding: pink (Ru), green (C), red (O), blue (N), white (H), gold (P).

An interesting first observation from the DFT-MD simulations is spontaneous protonation of the amido moiety subsequent to adsorption of a solvent/substrate moiety
at the metal center (Figure 4.7). This indicates that adsorption of an adsorbate (e.g.
water or methanol) at the metal center increases the basicity of the amido moiety. In
order to quantify the basicity of this amido moiety, we performed constrained molecular
dynamics simulations to calculate the free energy of deprotonation of the NH moiety of
complex 2-H2 O+ (Figure 4.8), with the asymmetric stretch O-H-N as reaction coordinate for the deprotonation process. The resulting free-energy profile, shown in Figure
4.8 (b), yields a deprotonation free energy of ≈ 35 kcal/mol. It provides the dominant
contribution to the standard dissociation free energy ∆G0 d , from which the pKa can be
computed using Eq. 4.1. Here, R is the universal gas constant. The resulting estimate
for the pKa , 25, indicates the very strong basicity of 2-H2 O, which explains the spontaneous protonation that was observed in Figure 4.7. It is expected that complex 2 will
also have a similar pKa value as complex 2− also gets spontaneously protonated during
the DFT-MD simulations.
pKa =

∆G0d
RT ln10

(4.1)
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Figure 4.8: (a) Left: Complex 2-H2 O+ with the protonated amido ligand, used in the constrained
molecular dynamics simulations for the estimation of the acidity constant. (b) Right: free energy
profile for the deprotonation of the NH moiety in complex 2-H2 O+ that is a measure of its pKa . The
insets are representative snapshots of the initial and final states.

4.5.2. Overall catalytic pathway for methanol oxidation

Figure 4.9 shows the overall catalytic pathway for methanol dehydrogenation to formaldehyde and H2 catalyzed by complex 1’ obtained using static DFT calculations with explicit
solvent molecules. Note that the NH moiety stays protonated throughout the catalytic
pathway.
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Figure 4.9: Catalytic pathway with an explicit solvation model for methanol oxidation (top) and (bottom) hydrogen production. Gibbs free energy values are shown in kcal mol−1 . Note that in the
experimental system these reactions are driven by removal of H2 and CH2 O.
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5
On the dynamic nature of
the ligand pKa during
homogeneously catalyzed
aqueous methanol
dehydrogenation
Using ab-initio molecular dynamics simulations in explicit water solvent, we demonstrate
the dynamic nature of the ligand pKa during aqueous methanol dehydrogenation using
the Ru(PNP) catalytic system as a case study. The pKa of the amido ligand moiety
in this catalytic system is highly sensitive to the species adsorbed on the metal center
that changes along the catalytic cycle, resulting in a dynamic nature of the ligand pKa .
Since the ligand pKa is an important factor that determines the exact role of the ligand
during aqueous methanol dehydrogenation, this characteristic has important implications
on metal-ligand cooperative pathways.
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5.1. Introduction
Aqueous methanol dehydrogenation that involves the conversion of methanol-water mixtures to three equivalents of hydrogen and one equivalent of CO2 is an attractive method
for the storage and transport of molecular hydrogen (H2 ). 1 Recently, several highly active
molecular complexes based on both precious metals like Ru, Ir 2–5 and earth abundant
metals like Fe, Mn 6,7 have been reported for aqueous methanol dehydrogenation under mild conditions. In particular, the Ru(PNP) complex 1 (Figure 5.1) was the first
reported molecular complex that could perform this reaction under mild conditions (90
◦

C, 1 atm) with high activity and selectivity, albeit requiring large amounts of inorganic

base (8M KOH) for optimal activity. 2 Most of these catalysts are assumed to operate via
outer-sphere Noyori-Morris type mechanisms, 8–10 involving proton transfer to the ligand
moiety and hydride transfer to the metal center in the C-H activation step. Similarly,

5

the cooperative action of the ligand proton and the metal hydride is generally assumed
to be involved in H2 production, resulting in the regeneration of the catalyst and one
equivalent of H2 . As aqueous methanol dehydrogenation involves the dehydrogenation
of three molecules: methanol, methanediol and formic acid, there are three eq. of H2
generated in the entire reaction, along with the formation of 1 eq. of CO2 . Since the
metal (as a hydride acceptor) and the ligand (as an internal acceptor base) are assumed
to act in a cooperative manner in the key steps of the catalytic cycle, metal-ligand cooperativity has been used as an important strategy for the design of active and additive
free methanol dehydrogenation catalytic systems. 11 However, it is to be noted that in
recent years computational studies have demonstrated that metal-ligand cooperativity
might not be crucial for some systems. 12–14 For the Ru(PNP) catalytic system addressed
in this work, Meijer and co-workers recently proposed a modified metal-centered mechanism in solution owing to the high proton affinity of the ligand amido moiety. 15 Due
to its high pKa in solution, the ligand moiety is not directly involved in reversible protonation/deprotonation during the catalytic cycle and therefore cannot act as an internal
acceptor base as proposed in earlier studies. The ligand NH moiety remained protonated
throughout the catalytic cycle and only seemed to play an indirect role via hydrogen
bonding interactions with the reactive species. This picture is supported by the fact that
in the experimental setup, large amounts of a strong base is needed (8M KOH): 2,16 its
presence is required to generate the methoxide (CH3 O− ) species, as the ligand can no
longer function as an internal acceptor base.
These observations suggested that the pKa of the ligand moiety is an important
characteristic of the catalytic system, determining the exact role of the ligand (as an
acceptor base/hydrogen bond donor) and the nature of the operating reaction mecha-
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nism (metal-centered or Noyori-Morris type) during aqueous methanol dehydrogenation
reactions. The importance of the ligand pKa for the nature of the operating mechanism was further substantiated in a more recent study of the [Ru(trop)2 dad] catalytic
system. 17 Meijer and co-workers, 15 computed the pKa of the ligand moiety for one of
the complexes in the Ru(PNP) catalytic system (1-H2 O+ ) (Figure 5.1). However, as
the species adsorbed on the metal center changes along the various stages of the catalytic cycle (Figure 5.1), one can anticipate that the pKa of the ligand nitrogen moiety
will also vary along the catalytic cycle. In view of the previous discussion (vide supra),
this implies that it is important to quantify this pKa variation, in order to assess and
understand the role of the ligand along the various stages of the catalytic cycle.
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Figure 5.1: Complexes involved during different stages of aqueous methanol dehydrogenation catalyzed
by the Ru(PNP) complex 1 including (a) methanol dehydrogenation, (b) formic acid dehydrogenation
and (c) hydrogen production. The structure of complex 1-H2 O+ is also shown.

Here, we present a computational study using density functional theory based molecular dynamics (DFT-MD) incorporating explicit water solvent to demonstrate and quantify the dynamic nature of the ligand pKa (ligand-pKa ) during homogeneous aqueous
methanol dehydrogenation catalyzed by the Ru(PNP) complex 1. We find the ligand-
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pKa to be highly sensitive to the species adsorbed on the Ru metal center, that is
changing along (various stages of) the catalytic cycle (Figure 5.1), resulting in its dynamic nature. Importantly, we argue that such a dynamic nature of the ligand pKa has
important implications on metal-ligand cooperative pathways, as it is a crucial factor
that determines the exact role of the ligand (either as a proton donor/acceptor or as
a hydrogen bond donor) during homogeneously catalyzed aqueous methanol dehydrogenation. In addition, the implications of the dynamic nature of the ligand on the role
of external additives are discussed.

5.2. Computational methods
Our setup consists of complexes 1-X, where X = vacant site, OCH3 , HCH2 O, H, H2 ,
OCHO, HCOO and H2 O as shown in Figure 5.1 in an explicitly solvated periodic box

5

(L = 16.96 Å) with 156 water molecules. The calculations to compute the ligand
pKa were performed using Born-Oppenheimer based DFT-MD as implemented in the
CP2K package. 18 The electronic structure was computed using the BLYP 19,20 functional with Grimme’s D3 21 dispersion corrections. The temperature was controlled with
a CSVR thermostat 22 , and set to 360K corresponding to the experimental conditions.
Goedecker-Teter-Hutter (GTH) pseudopotentials were used to account for the interactions between the core electrons and nuclei with the valence electrons. 23 Triple ζ basis
sets were used for all atoms except ruthenium, where a double ζ basis set was used. A
plane wave cutoff of 280 Ry was used in all calculations. Note that if X = vacant site,
H2 or H2 O the complexes are cationic (charge = +1), while they are neutral in all other
cases.
The central quantity that we are interested in computing in this work is the ligand
pKa of the catalyst complexes using periodic DFT-MD simulations with an explicit
description of the aqueous solvent. In this regard, we note that the typical accuracy
of using such a model for pKa estimations is around 1-2 pKa units. 24–27 We employ
the insertion-deletion technique (I-D) developed by Sprik and co-workers that combines
DFT-MD and thermodynamic integration for the computation of the ligand pKa of
these complexes. 25,28,29 In the I-D technique, the pKa is obtained by considering two
deprotonation reactions (Figure 5.2a). In the first step, the free energy associated
with removing (deleting) the proton from the ligand nitrogen is determined. This is
implemented by converting the ligand proton (NH) to a (non-interacting) dummy atom
(Nd− ). The free energy change is determined by calculating the vertical energy gap
(∆E) along the deletion pathway from DFT-MD trajectories. In the second step, the
free energy associated with introducing the proton in the aqueous part of the system
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that is spatially far away from the catalyst is computed. In line with the deletion
step, this is done by introducing a (non-interacting) dummy atom that is converted
into a proton. The pKa value is the difference in the absolute deprotonation free
energy for the acid under consideration and the solvated proton. Note that we have
used a modified version of the I-D method (the proton transfer varient), not inserting
the proton in a reference system consisting of only water molecules (see the InsertionDeletion section in Chapter 2 for details). A similar approach was also used in previous
studies 30,31 , and suppresses spurious contributions to the calculated pKa that arise if
the “deletion” and “insertion” systems differ substantially. 29,32 The I-D technique has
been successfully used to estimate the pKa values of a variety of compounds including
organic molecules, 25 amino acids, 26 TiO2 30 and Fe2 O3 31 with accuracies of around 12 pKa units compared to experimental values (where available). To the best of our
knowledge, since the I-D method has not been used for pKa estimations for transition
metal complexes, we considered it useful to estimate the pKa of the adsorbed H2 O
species of a Ru based water oxidation catalyst complex ([Ru(II)Py5 OMe(H2 O)]2+ ) with
a known experimental pKa (water) equal to 11 units. 27,33 Our obtained value of 8.7 pKa
units for this complex using the I-D method provides a first indication that the accuracy
of this method for transition metal complexes is ≈ 2 pKa units, similar in magnitude to
other systems investigated with this technique. 25,26 Further details of the calculation is
provided in the Appendix section.
The thermodynamic scheme employed in the I-D technique for the pKa calculation
along with a snapshot of the simulation box used for the calculations are shown in Figure
5.2.
The crucial step in Figure 5.2a is the proton transfer reaction involving proton transfer
from the ligand amido moiety to a solvent water molecule,
+
N H(aq) + H2 Od(aq) → N d−
(aq) + H3 O(aq)

(5.1)

The expression to evaluate the free energy ∆pt ANH for the reaction 5.1 is given by:
Z
∆pt ANH =
0

1

∂A(η)
dη =
∂η

Z

1

0

h∆Eiη dη,

(5.2)

where
∆pt ENH = E1 − E0

(5.3)

Eη = (1 − η)E0 + ηE1

(5.4)

and
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Figure 5.2: (a) Thermodynamic cycle used in the calculation of the deprotonation free energy (∆pt ANH )
and the resulting pKa with the insertion-deletion technique modeled as a proton transfer reaction, and
(b) A representative snapshot of the simulation cell used in the insertion-deletion simulations for complex
1-vacant+ . The ligand proton and the dummy atom on a solvent water molecule are enlarged and
highlighted in grey.

In Eqs. 5.2-5.4, η is the coupling parameter which can take values from 0 to 1. Here,
η = 0 corresponds to the protonated state of the ligand (≡NH) and H2 Od, while η =
1 corresponds to the deprotonated ligand (≡Nd− ) and the hydronium ion (H3 O+ ), and
intermediate values of η correspond to a mixture of these states. The vertical energy gap
∆pt ENH is calculated directly from the DFT-MD simulations, where E0 is the potential
energy surface (PES) corresponding to the microstates with η = 0, while E1 is the PES
of microstates corresponding to η = 1. The PES for a given value of η is defined by
the mapping potential Eη in Eq. 5.4. The final expression used in the calculation of the
ligand pKa is:


1
∆pt ANH + ∆AH3 O+
kB T ln 10

(5.5)

5
4
(h∆pt ENH i0.1127 + h∆pt ENH i0.8873 ) + h∆pt ENH i0.5
18
9

(5.6)

pKa =

∆pt ANH =

Here, ∆pt ANH is evaluated using thermodynamic integration according to Eq. 5.2.
To evaluate the integral given in Eq. 5.2, we employ the Gauss-Legendre quadrature (Eq.
5.6) using three values of η (0.1127, 0.5 and 0.8873) to numerically evaluate the integral.
This quadrature provides an accurate and efficient way to estimate the integral, and is of
a type that excludes the need to evaluate the integrand at the end point (η=1), where
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it exhibits large oscillations. 34 For each value of η, a ≈ 10-15 ps equilibration followed

by ≈ 30-40 ps production run was performed (see Figure 5.3c). The term ∆AH3 O+ is

the correction for the standard translational free energy of the proton and is a constant
value equal to -0.19 eV (-3.2 pKa units). Note that the free energies associated with the
dummy atom insertion (∆ANd and ∆AH2 Od ) in Figure 5.2a and quantum corrections
(∆Aqc ) are typically small as shown in previous studies (≈ 0.5-1 pKa units) and can
be neglected. 26 Snapshots from the I-D simulations corresponding to η = 0.1127 and
η = 0.8873 for the 1-vacant+ species are shown in Figure 5.3a,b. Based on these
snapshots, it is clear that η = 0.1127 is representative of the situation corresponding to
the protonated amido ligand moiety (NH) where the ligand donates a hydrogen bond
to a solvent water molecule (Figure 5.3a), while η = 0.8873 is representative of the
deprotonated amido ligand moiety (Nd− ) where it is seen accepting a hydrogen bond
from a solvent water molecule (Figure 5.3b). Note that a number of constraints had to
be enforced in order to sample well defined protonated (NH) and deprotonated (Nd− )
states of all the complexes in this study. Further details on all the imposed constraints
and an example of the time-averaged ∆E plots used to calculate pKa -ligand are provided
in the Appendix section.

5.3. Results and discussion
For the Ru(PNP) catalytic system, the complexes that appear along the catalytic cycle
for aqueous methanol dehydrogenation are shown in Figure 5.1. The computed ligand
pKa in solution (pKa -ligand) for all these complexes using the I-D technique and the
Gauss-Legendre quadrature (Eq. 5.6) are shown in Figure 5.4. Evidently, pKa -ligand is
strongly dependent on the nature of species adsorbed on the metal center, indicated by
X. From Figure 5.4, the variation in the ligand pKa as a function of the species adsorbed
on the metal center (X) is ≈ 10 units (ranging between 17-27).Since these complexes

are formed along the catalytic cycle, the varying pKa -ligand indicates its dynamic nature
along the catalytic cycle. Complex 1-vacant+ has the lowest pKa -ligand = 17.4 ± 0.5,

indicating that the deprotonation of the amido moiety is the easiest when there is
no species adsorbed on the metal center, i.e X = vacant. As soon as a species (X)
is adsorbed on the Ru metal center resulting in complexes 1-OCH3 , 1-HCH2 O, 1H, 1-H2 + , 1-H2 O+ , 1-OCHO and 1-HCOO, there is a large increase in pKa -ligand
(Figure 5.4), indicating that these 18 VE complexes are very stable species, as observed
in our previous study. 15 Importantly, the resting species of the catalytic cycle for the
Ru(PNP) system: 1-OCH3 has a very high pKa -ligand = 24.8 ± 0.5, indicating that the

deprotonation of the amido ligand moiety is unlikely even under strongly basic conditions
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Figure 5.3: Representative snapshots corresponding to (a) η = 0.1127 and (b) η = 0.8873 in the
insertion-deletion simulations for complex 1-vacant+ . For η = 0.1127, the ligand moiety donates
a hydrogen bond to a solvent water molecule, while for η = 0.8873 the ligand moiety accepts a
hydrogen bond from a solvent water molecule, (c) Running average of the vertical energies (∆E) for
different values of η (0.1127, 0.5 and 0.8873) used to compute the pKa -ligand for complex 1-vacant+ .
Instantaneous values of ∆E are shown in grey and exhibit large fluctuations, therefore requiring relatively
long DFT-MD simulations. Color coding in this study: Ru (pink), O (red), N (blue), C (black) and H
(silver).

present in experiments (8M KOH). This is consistent with an earlier study, 15 where we
found that the amido ligand moiety is not directly involved during the entire catalytic
cycle for methanol dehydrogenation, contradicting the commonly assumed bifunctional
(Noyori-Morris) mechanism of reversible (de)protonation of the ligand moiety. 16,35
In order to better understand the variation in pKa -ligand along the catalytic cycle, we
plot the pKa -ligand as a function of the progress of the catalytic cycle during methanol
(MeOH) dehydrogenation, formic acid (FA) dehydrogenation, and H2 production reactions as shown in Figure 5.5.
Our findings on the dynamic nature of the pKa -ligand have important implications
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Figure 5.4: Calculated pKa -ligand in increasing order as a function of the nature of species (X) adsorbed
on the Ru metal center for the complexes involved during aqueous methanol dehydrogenation catalyzed
by the Ru(PNP) catalytic system.

on metal-ligand cooperativity. In the originally proposed bifunctional Noyori-Morris type
mechanism, 10,36 the metal and ligand act in a cooperative manner in the key steps
involving C-H activation and hydrogen production during methanol dehydrogenation.
The metal acts as a hydride acceptor and the ligand acts as an internal acceptor base
that is involved in reversible protonation/deprotonation. For the Ru(PNP) complex, we
found a metal-centered mechanism distinct from the Noyori-Morris mechanism owing
to the high proton affinity of the ligand amido moiety. 15 This is further validated in the
current study, where most complexes along the catalytic cycle have a high pKa -ligand
(> 20), indicating that the amido ligand is unlikely to be directly involved in the CH activation and hydrogen production steps via reversible protonation/deprotonation.
Since the pKa -ligand is highly sensitive to the chemical nature of the species adsorbed
on the metal center, this may imply that the ligand can participate directly (via reversible protonation/deprotonation) in some stages of the catalytic cycle, while it does
not participate directly in other parts of the catalytic cycle, depending on the magnitude
of pKa -ligand. This is an important finding: it is a new notion and has a substantial
implication as this property is a determining factor in the mechanism and energetics
of the catalytic cycle. This underlines the necessity of considering the pKa -ligand and
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Figure 5.5: Calculated variation of the pKa -ligand along the catalytic cycle for MeOH dehydrogenation,
FA dehydrogenation and H2 production for the Ru(PNP) complex in aqueous solution.

its dynamic nature as an important characteristic in the study and design of molecular
catalyst for (de)hydrogenation reactions in protic environments. Our study also demonstrates that it is erroneous to estimate the pKa -ligand for one of the complexes involved
in the catalytic cycle (e.g complex 1-OCH3 , the resting state) and assume that the
other complexes in the catalytic cycle have a similar pKa -ligand.
In a recent work, Beller and co-workers used density functional theory calculations
to address the role of an inorganic base (KOH) in aqueous methanol dehydrogenation
catalyzed by the Ru(PNP) complex 1. 16 They proposed that the role of the base is to
help in the deprotonation of the ligand NH moiety that results in an anionic pathway
involving the ligand N− during the key C-H activation step that has a lower barrier
compared to the previously proposed (neutral) pathways involving the NH moiety. 35
However, in our previous work based on DFT-MD simulations, we concluded that the
ligand amido moiety for the Ru(PNP) system had a high pKa in solution, and therefore
the anionic pathway is unlikely to operate under catalytic conditions as the deprotonation
of the amido moiety from complex 1-OCH3 even by a strong base like OH− is highly
endergonic (∆G = +12.3 kcal mol−1 ). 15 While the high pKa -ligand for all the complexes
belonging to the Ru(PNP) catalytic system considered in this work further support our
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previous observations, it is interesting to note that due to the dynamic nature of the
pKa -ligand, there could be parts in the catalytic cycle where the pKa -ligand is low
enough for deprotonation by a base like OH− , in which case the base can play a direct
(positive) role in the catalytic cycle by triggering the anionic pathway. This is particularly
important in the case of the aqueous methanol dehydrogenation reaction that involves a
number of stages including methanol and formic acid dehydrogenation (Figure 5.1), and
it can be beneficial in understanding the exact stages where an external base can affect
the reaction. Therefore, in addition to the need to accurately estimate and consider
the dynamic nature of the pKa -ligand to understand the exact role of the ligand in the
reaction mechanism, it can also be used to understand the role of external additives like
OH− in various stages of the catalytic cycle during aqueous methanol dehydrogenation.

5.4. Conclusion
To conclude, we have used density functional theory based molecular dynamics with an
explicit solvent description to study and quantify the pKa of the ligand amido moiety of
the Ru(PNP) complex, along the various stages of the catalytic cycle during methanol
dehydrogenation in aqueous solution. We find the pKa of the ligand to be strongly
sensitive to the nature of the adsorbed species on the metal center, that changes along
(various stages of) the catalytic cycle. For the complexes involved in the Ru(PNP)
catalytic system, the variation in pKa -ligand is ≈ 10 units, with most complexes having
a high pKa -ligand (> 20). The implications of the dynamic nature of pKa -ligand

on understanding the exact role of the ligand, the nature of the reaction mechanism
and external additives are discussed. We anticipate that our findings can motivate
future computational and experimental studies for accurate ligand pKa estimations of
complexes involved in homogeneous (de)hydrogenation reactions.

5.5. Appendix
5.5.1. Constraints imposed on all complexes
To ensure the dummy proton (Nd− ) mimics a normal proton in the amido moiety
(NH), three constraints were added in all the insertion-deletion simulations: the d-N
bond distance at req = 1.97 a0 , the d-N-C angle at θeq = 1.83 rad and the d-N-C-C
dihedral at φeq = 1.16 rad, which are all highlighted in red in Figure 5.6a, b and c,
respectively. In the 1-HCH2 O and 1-HCOO simulations, we constrained the difference
in bond distance d1 and d2 as shown in Figure 5.6d. This constraint is added to ensure
that the adsorbate species (-HCH2 O, -HCOO) remains bound to the ruthenium metal
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center. The difference in distance is constrained at a value of -1.89 a0 and -2.08 a0 for
1-HCH2 O and 1-HCOO, respectively.
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Figure 5.6: The bond (a), angle (b) and dihedral (c) constraint used in all PNP-simulations and the
distance constraint applied during the 1-HCH2 O and 1-HCOO simulations.

In addition to this, we imposed a number of constraints on the coordination number

5

of specific atoms. The coordination number is calculated as follows:
6

CN =

X 1−
i

1−

r(X−Yi ) 
r0
r(X−Yi ) 12
r0

(5.7)

where r(X − Yi ) is the distance between an atom X and Y and r0 is the equilibrium

distance between these atoms. A wall potential Vw is added whenever this coordination
number exceeds the value of CNeq , given by Eq. 5.8.

Vw = kw (CN − CNeq )2 ,

(5.8)

where kw is a force constant. All constraints on the coordination number during the
Ru(PNP) calculations are given in Table 5.1.

5.5.2. Validation of the insertion-deletion method for transition
metal complexes
In order to validate the insertion-deletion method to compute pKa for transition metal
complexes, we considered it useful to estimate the pKa of a Ru based water oxidation
catalyst complex Ru-WOC ([Ru(II)Py5 OMe(H2 O)]2+ ) with a known experimental pKa
(water) equal to 11 units. 27,33 . The time averaged ∆E plots and the snapshots of the
I-D simulations for η = 0.1127 and 0.8873 for this complex are shown in Figure 5.7 and
Figure 5.8 respectively.
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Table 5.1: All potentials added to the coordination number of specific atoms during all Ru(PNP)
calculations. The coordination number is calculated according to Eq. 5.7 and the potential is calculated
according to Eq. 5.8.

System
Alla
Allc
1-vacantd
1-H2 e
1-HCH2 Oa
1-OCH3 a
1-Ha
a
b
c
d
e

X
N
N
Ru
Ru
HCH2 O
OCH3
Ru

Y
all water hydrogens
the oxygen of the hydronium
all water oxygens
all hydrogens
all water hydrogens
all water hydrogens
all hydrogens

r0 (a0 )
2.46
15.12
4.72
3.40
2.46
2.46
3.31

CNeq
1.05
0.5
0.35
1.9
0.7
0.5
1.55

kw (Ha)
50/75/100b
50
50
50
50
100
50

These constraints are added to ensure atom X is not protonated by surrounding water molecules.
kw = 75 in the 1-H simulation, kw = 100 in the 1-OCH3 simulation and kw = 50 in all other
simulations.
This constraint is added to ensure the positively charged hydronium does not approach the negatively
charged amide moiety when η = 0.8873 due to their electrostatic interaction.
This constraint is added to ensure no water molecule adsorbs onto the ruthenium.
This constraint is added to ensure H2 stays adsorbed on the ruthenium. It should be noted that
this potential is imposed when CN is lower than CNeq .

Figure 5.7: Plot of ∆E for η = 0.1127, 0.5 and 0.8873, used to calculate ∆pt ANH for Ru-WOC.
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⌘ = 0.1127

⌘ = 0.8873

(a)

(b)

<latexit sha1_base64="mgikWdxdKU4TBw4YLMAQVot8z/4=">AAAB9HicbVBNS8NAEJ34WeNX1aOXxSJ4CkkV6kUoevFYwX5AG8pmu2mXbjZxd1Moob/DiwdFvPpjvPlv3LQ5aOuDgcd7M8zMCxLOlHbdb2ttfWNza7u0Y+/u7R8clo+OWypOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoOxne5355QqVgsHvU0oX6Eh4KFjGBtJL9HNb5xHc+r1my7X664jjsHWiVeQSpQoNEvf/UGMUkjKjThWKmu5ybaz7DUjHA6s3upogkmYzykXUMFjqjys/nRM3RulAEKY2lKaDRXf09kOFJqGgWmM8J6pJa9XPzP66Y6vPYzJpJUU0EWi8KUIx2jPAE0YJISzaeGYCKZuRWREZaYaJNTHoK3/PIqaVUd79KpPlxV6rdFHCU4hTO4AA9qUId7aEATCDzBM7zCmzWxXqx362PRumYVMyfwB9bnD6kgkBA=</latexit>
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Figure 5.8: Snapshots for the Ru-WOC complex during (a) η = 0.1127 and (b) 0.8873 I-D simulations.
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Table 5.2: h∆pt ENH iη values acquired from the DFT-MD runs shown in Figure 5.7 and the ∆pt ANH
and pKa values for Ru-WOC.

Ru-WOC

h∆pt ENH i0.1127
4.12 ± 0.09

h∆pt ENH i0.5
0.86 ± 0.06

h∆pt ENH i0.8873
-2.97 ± 0.06

∆pt ANH
0.70 ± 0.04

pKa
8.7 ± 0.7

Our obtained value of 8.7 pKa units (Table 5.2) for this complex (pKa (expt) = 11)
using the I-D method provides a first indication that the accuracy of this method for
transition metal complexes is ≈ 2 pKa units.

5.5.3. ∆E plots for complex 1-vacant+
In this section, the vertical energy gaps calculated from the DFT-MD simulations for
the three values of η (0.1127,0.5 and 0.8873) for complex 1-vacant+ are provided. The
h∆Eiη values acquired from the DFT-MD runs with the corresponding ∆pt ANH and
pKa values calculated from Eqs. 5.6 and 5.5 respectively are provided in Table 5.3.

A similar procedure is repeated to estimate the pKa -ligand values of all the remaining
complexes in this study.

References
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5
Figure 5.9: Plot of ∆E for η = 0.1127, 0.5 and 0.8873, used to calculate ∆pt ANH for the 1-vacant+
complex.

Table 5.3: h∆pt ENH iη values acquired from the DFT-MD runs shown in Figure 5.9 and the ∆pt ANH
and pKa values for 1-vacant+ .

1-vacant

h∆pt ENH i0.1127
4.22 ± 0.06

h∆pt ENH i0.5
1.59 ± 0.04

h∆pt ENH i0.8873
-2.36 ± 0.04

∆pt ANH
1.22 ± 0.03

pKa
17.5 ± 0.4
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6
An in-depth mechanistic
study of Ru(trop)2 catalyzed
aqueous methanol
dehydrogenation
Herein we provide mechanistic insights into the dehydrogenation of aqueous methanol
catalyzed by the [Ru(trop2 dae)] complex, established by density functional theory based
molecular dynamics (DFT-MD) incorporating explicit solvent molecules. The aqueous
solvent proved to participate actively in various stages of the catalytic cycle including
the catalyst activation process, and the key reaction steps involving C-H activation and
hydrogen production. In contrast to the [Ru(trop2 dad)] catalyst, C-H activation and
hydrogen production does not proceed via a metal-ligand cooperative pathway for the
[Ru(trop2 dae)] system. The pKa of the coordinated amine donors in these complexes
provides a rationale for the divergent reactivity, and the obtained mechanistic information
provides new guidelines for the rational design of active and additive free catalytic
systems for aqueous methanol dehydrogenation.
Based on: An In-Depth Mechanistic Study of Ru Catalysed Aqueous Methanol Dehydrogenation and
Prospects for Future Catalyst Design, N. Govindarajan† , V. Sinha† , M. Trincado, H. Grützmacher, E. J.
Meijer, and B. de Bruin, ChemRxiv, 2019, doi:10.26434/chemrxiv.8947427, († = Equal contribution)
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6.1. Introduction
The energy infrastructure centered around renewable energy resources will be key to
achieve a substantial reduction of greenhouse gas emission in the coming decades. Owing to the intermittent nature of energy production by renewable sources such as wind
and solar energy, the development of better means to store and transport energy is required for a large scale sustainable implementation of renewable energy technologies. 1
Reversible storage of energy in the form of stable and easy to transport chemicals, driven
by cheap electricity (produced by renewable sources) during peak hour production can
address these challenges. Hydrogen equivalents stored in the form of aqueous methanol
is one relevant example of chemically stored energy, which can also be transported using
existing infrastructure. To actually use aqueous methanol as an energy storage vector,
it is of importance to develop catalytic systems capable of generating hydrogen from
aqueous methanol on demand to enable hydrogen based electricity production in fuel
cells. 2,3 In this work, we focus on homogeneous molecular complexes that can generate
three equivalents of hydrogen from aqueous methanol under mild conditions (1 atm, <

6

100◦ C). 4,5 A number of highly active and selective complexes have been reported in literature for this conversion. 4–11 For large scale industrial applications, it will be beneficial
to develop highly active, additive-free and stable catalytic systems based on non-toxic
elements (preferably abundant) that can operate under mild conditions. 12 The discovery of such catalytic systems can benefit from a detailed mechanistic understanding of
the catalyzed aqueous methanol dehydrogenation. Here, we provide such mechanistic
insights for the [Ru(trop)2 dad]/[Ru(trop)2 dae] catalytic system, which is the only one
that can achieve this transformation in the absence of additives (acid, base or secondary
catalyst) under mild conditions. 5
Dehydrogenation of aqueous methanol to CO2 by the [Ru(trop2 dad)] catalytic system occurs in four distinct steps, as shown in Figure 6.1a. In the first step, methanol is
dehydrogenated to form formaldehyde, which subsequently undergoes hydration to form
methanediol. The third step involves dehydrogenation of methanediol to produce formic
acid (FA). In the final step, FA dehydrogenation results in the release CO2 . In total,
three equivalents of hydrogen and one equivalent of CO2 are produced. The catalysts for
these transformations typically includes a Lewis acidic site (metal center) which accepts
the hydride formed upon CH bond activation. A Brønsted base is needed to deprotonate
the OH moiety, which can be a part of the catalyst (internal Brønsted base, typically an
amido ligand) or an external base. 13,14 Such heterolytic bond cleavages involve formation
of charge separated ionic intermediates, and therefore solvent effects can play an important role in these transformations. Solvent effects are expected to be more pronounced
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Figure 6.1: (a) Elementary steps in dehydrogenation of methanol-water mixtures to three equivalents
of H2 and CO2 , and (b) Complexes relevant for this study.

in a polar protic medium, where solvent molecules can participate actively and are part
of reaction intermediates. A realistic modeling study of these reactions therefore requires
the consideration of explicit solvent molecules. 14–17 Previous studies from our group have
uncovered the key aspects of methanol dehydrogenation catalyzed by [Ru(trop2 dad)]. 18
Complex 1H− is the precursor of the active catalyst complex [Ru(trop2 dad)] ,complex 1
(see Figure 6.2a). Density functional theory (DFT) calculations showed that the dehydrogenation of aqueous methanol catalyzed by complex 1 proceeds via a Noyori-Morris
type metal-ligand cooperative pathway. Complex 1 can also undergo hydrogenation of
the dad ligand via a side reaction in the catalytic system to form the hydrogenated Ru0
complex [Ru(trop2 dae)] (complex 2). This complex exhibits similar catalytic activity to
complex 1H− in the aqueous methanol dehydrogenation reaction (TON = 426, 90 ◦ C,
ambient pressure). Complex 2 undergoes a solvent mediated rearrangement to form
complex 2’ containing a Ru(II) center. 18,19 Static DFT models with a small number of
solvent molecules was used to demonstrate that solvent molecules participate directly in
the dehydrogenation of methanol to formaldehyde catalyszed by complex 2’, involving
several hydrogen bond interactions with the anionic oxygen and hydride moieties (in
CH3 O− ). Interestingly, explicit solvent effects did not play an important role in the

6
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computed mechanism of aqueous methanol dehydrogenation by [Ru(trop2 dad)] complex 1. 18 These observations indicated the need for an in-depth investigation of solvent
effects on the mechanism of hydrogen production from aqueous methanol promoted by
complex 2’. The importance of an explicit description of the solvent had also been
demonstrated for aqueous methanol dehydrogenation catalyzed by the [Ru(PNP)] complex, 14 in addition to a number of other catalytic systems including water oxidation 20–23
and transfer hydrogenation of ketones. 15,16,24

6

Figure 6.2: a) Catalyst activation and in-situ generation of complex 2/2’, b) Proposed mechanism for
dehydrogenation of methanol to formaldehyde catalyzed by complex 2’. A similar mechanism underlies
the dehydrogenation of methanediol and formic acid. Transient bonds are shown as red dashed lines.
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In order to gain a detailed understanding of the effects of solvent on aqueous
methanol dehydrogenation catalyzed by complex 2’, we performed extensive mechanistic studies using a combination of density functional theory based molecular dynamics
(DFT-MD) simulations and static DFT models incorporating explicit solvent (water)
molecules. In particular, we show that the solvent environment is essential for an accurate description of the catalyst activation step (protonation of complex 1H− to form
complex 1), and in modeling the dehydrogenation of methanol, methanediol and formic
acid catalyzed by complex 2’ (Figure 6.2). Our results show, in marked contrast to complex 1, that dehydrogenation of methanol catalyzed by complex 2’ does not proceed via
a Noyori-Morris type metal-ligand cooperative pathway. Rather it proceeds via a metalcentered pathway without the direct involvement of the ligand moiety. Moreover, we
find divergent hydrogen production pathways for complex 1B ([Ru(H)(tropNH-CH=CHNtrop)]) and complex 2’B ([Ru(H)(tropNH-CH2 -CH2 -NHtrop)]). The former releases
H2 via a direct (unassisted) pathway, 18 while the latter expels H2 via a solvent assisted
pathway leaving the ligand nitrogen (Ndae ) in a protonated state throughout the entire process. Based on these detailed mechanistic insights, we propose principles that
can enable rational design of highly active additive free catalytic systems for aqueous
methanol dehydrogenation.

6.2. Computational methods
The reactions involving methanol dehydrogenation incorporating explicit water solvent
were studied using DFT-based molecular dynamics (DFT-MD) with the Born-Oppenheimer
approach, as implemented in the CP2K package. 25 We used the BLYP functional 26,27
supplemented by Grimme’s D3 dispersion corrections, 28 with GTH pseudopotentials for
the non-valance electrons. 29 The auxiliary plane waves were expanded up to 280 Ry.
The system consisted of complexes in this study with 108 water molecules in a cubic box
(L = 16 Å) for the explicitly solvated periodic system. The temperature was controlled
by a CSVR thermostat and set at T = 360 K, 30 and a time step of 0.5 fs was used in our
simulations. We used the constrained molecular dynamics (CMD) method to simulate
the reactions and determine the associated free energy profiles. 31,32

6.3. Results
6.3.1. Catalyst activation
Experimentally, the anionic hydride 1H− (Figure 6.1b) was shown to react with a slight
excess of water or an acid to produce the active catalyst complex 1 and H2 (Figure

6
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6.2a). 5 Stoichiometric reaction of complexes 1H− or 1 with an alcohol or alcohol/water
mixtures leads to the full hydrogenation of the ligand, forming complex 2. A previous computational study based on DFT and CCSD(T) calculations suggested that the
formation of complex 1 is not feasible, and therefore an alternative reaction pathway
based on anionic intermediates derived from complex 1H− was considered. 33 However,
experimental data clearly indicated formation of complex 1 as the active species. 5
To gain deeper insight into the catalyst activation pathway, we performed DFT
based molecular dynamics (DFT-MD) with an explicit description of the water solvent.
We studied the protonation pathway of complex 1H− by a solvent water molecule
using the method of constrained molecular dynamics (CMD), where the chosen protontransfer reaction coordinate (Q) involves the cleavage of the (O-H)solvent bond of a
water molecule with simultaneous formation of the Ndad -H bond.
−1

barrier for this protonation is +9.3 kcal mol

1

. The calculated

, with the overall process being endergonic

by +5.1 kcal mol−1 as shown in Figure 6.3a. The protonation of Ndad by a solvent
water molecule results in the formation of complex 1B and an OH− anion, that diffuses
away into the solution via the Grotthuss mechanism (Figure 6.3b). 34 Clearly, such a

6

realistic picture of the protonation can only be captured by incorporating explicit solvent
simulations and accounting for thermal fluctuations. Dehydrogenation of complex 1B
generates complex 1, the active catalytic species in this catalytic system. A detailed
mechanism including solvent effects for this transformation is discussed in the hydrogen
production section (vide infra).

6.3.2. C-H activation for methanol
Having established the catalyst activation pathway, we studied the C-H activation of
methanol by complex 2’ (which is generated in-situ by hydrogenation of complex 1
as shown in Figure 6.2a) producing formaldehyde and complex 2’B. Complex 2’ binds
methanol and undergoes internal proton transfer from the OH group of methanol to the
amido moiety to form complex 2’A (Figure 6.2b). This complex then rearranges to form
the zwitterionic agostic methoxide adduct 2’A’. We determined the free energy barrier
for the C-H activation step in complex 2’A’ using CMD. The hydride-transfer reaction
coordinate (Q) that involves the cleavage of a C-H bond with simultaneous formation
of a Ru-H bond was used (inset in Figure 6.4a), and which was varied between -0.93 Å
and 0.87 Å. This reaction coordinate (Q) has also been used in our previous studies to
investigate such hydride transfer processes. 14,15 Analysis of the CMD snapshots along
1 We

also considered direct protonation of the metal-hydride bond by a solvent water molecule. This
pathway turned out to be thermodynamically and kinetically unfavorable (see Figure 6.9 in the Appendix)
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Figure 6.3: (a) Free energy profile for the protonation of the ligand moiety (Ndad ) in complex 1H−
by a solvent molecule obtained from constrained DFT-MD simulations. The reaction coordinate (Q)
is shown in the left inset, and (b) Representative snapshots of the transition state (Q = 0 Å) and the
product state (Q = 0.67 Å) formed upon protonation of the ligand nitrogen (Ndad ) of complex 1H−
by a solvent molecule. The OH− anion formed upon deprotonation of the solvent molecule (enlarged)
diffuses away into the solution via the Grotthuss mechanism involving the highlighted solvent molecules.

the reaction show a number of important interactions of the solvent with the reaction
intermediates. In particular, the anionic oxygen moiety of methoxide (CH3 O− ) has
strong hydrogen bond interactions with solvent molecules in the reactant state. Closer
to the product state, the solvent interacts with the C-H bond being cleaved, and the
hydrides on the Ru metal center. These solvent interactions are highlighted in the
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snapshots shown in Figure 6.4b.

6

Figure 6.4: (a) Free energy profile for C-H activation by hydride transfer from a methoxide anion to
ruthenium, obtained by constrained DFT-MD simulations. The reaction coordinate (Q) is depicted in
the left inset, and (b) A representative configuration near the initial state (Q = -0.73 Å), showing the
methoxide anion being stabil0ized by three hydrogen bonds, and the product state (Q = +0.63 Å)
showing the formaldehyde and interactions of the solvent with the hydrides on the metal centre.

While DFT-MD simulations provide valuable insights into these solvent interactions,
owing to their computational expense, we resorted to static DFT micro-solvation calculations using explicit water solvent molecules to study the C-H activation steps of
methanediol and formic acid. To have a proper benchmark, it is important to verify

6.3. Results
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that such micro-solvated models inspired by the DFT-MD simulations can capture the
most important solvent interactions in a quantitative manner. To this end, we compared
the free energy barrier for C-H activation in methanol obtained from static DFT microsolvation calculations to the barrier obtained with constrained dynamics simulations
(Figure 6.4a). The barrier obtained with the static micro-solvated DFT calculations
proved to be in close agreement with that obtained with DFT-MD simulations (17
kcal mol−1 and +18 kcal mol−1 relative to complex 2’A’, respectively) using the same
XC functional (BP86//BLYP(Water)), thus showing that the micro-solvation DFT approach performs well in capturing the most important solvation effects for this catalytic
system. Using a similar microsolvation approach, the C-H activation barriers for the
dehydrogenation of methanediol and formic acid have been computed (see Figure 6.11
in the Appendix).2

6.3.3. Hydrogen production
Hydrogen production in the catalytic system occurs via the dehydrogenation of hydride complexes 1B and 2’B, which are hydrogenated forms of complexes 1 (the
[Ru(trop2 dad)] complex) and 2’ (the [Ru(trop2 dae)] complex) respectively (Figure 6.1b).
We considered three possible pathways for hydrogen production from a hydrogenated
metal-ligand complex (Figure 6.5). The first possibility is a direct (unassisted) hydrogen
production (Figure 6.5a) where the metal hydride is protonated by the ligand and solvent
does not play a direct role in the proton transfer process. Another possibility entails
protonation of the metal hydride via a solvent molecule acting as a proton relay (solvent
mediated pathway, Figure 6.5b). The final possibility we considered involves a solvent
molecule that directly protonates the metal hydride without a direct involvement of the
ligand (solvent enabled pathway, Figure 6.5c). In the latter case the ligand could bear a
proton (as in complexes [Ru(PNP)] or complex 2’) or may contain another functionality
such as a methyl group ([Ru(PNMe P)]). 4,35
We investigated direct (unassisted) and solvent mediated /enabled pathways for H2 release from complexes 1B and 2’B using DFT-MD, with the pathways determined with
CMD simulations. For complex 1B, the chosen reaction coordinate (Q) for the direct
(unassisted) pathway is the distance between the proton on Ndad and the hydride on Ru
(Hdad ), and is varied between 2.6 Å and 0.85 Å. The free energy profile as a function
of Q and a representative snapshot of the TS is shown in Figure 6.6a. The computed
barrier is +16.2 kcal mol−1 . To compare this to the solvent mediated/assisted pathway,
2 All

static DFT based calculations were performed by Dr. Vivek Sinha under the supervision of Prof.
Bas de Bruin.
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Figure 6.5: (a) Direct (unassisted), (b) solvent mediated, and (c) solvent enabled mechanisms for
hydrogen production during methanol dehydrogenation reactions.

we also computed the barrier for this process. In this case, Q is the proton transfer
coordinate that involves the cleavage of the solvent O-H bond and the simultaneous
formation of the Ru-H bond. Q varies between 0.5 Å and +0.85 Å (Figure 6.6b). The
TS involves deprotonation of the ligand nitrogen (Ndad ), indicating that the process is
solvent mediated, as shown in Figure 6.5b. The computed barrier (+19.2 kcal mol−1 ) is
somewhat higher than the direct pathway, suggesting that the direct pathway is likely the
main operating mechanism for hydrogen production in complex 1B, in good agreement
with previous static DFT calculations. 18 Note that in the presence of large amounts of
formic acid in the catalytic system, the metal hydride could be directly protonated by
formic acid, and a solvent/substrate mediated pathway will lead to hydrogen production
under these conditions. 5,18
For complex 2’B, CMD simulations were used to compute the barrier for H2 -release
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Figure 6.6: Free energy profile for hydrogen production from complex 1B obtained from DFT-MD
simulations, via (a) direct pathway with the reaction coordinate (Q) depicted in the left inset. A
representative configuration of the transition state at Q = 1.25 Å is shown in the right inset. (b) Solvent
mediated pathway with the chosen Q depicted in the left inset, and a representative configuration of
the activated complex at Q = 0.6 Å shown in the right inset. Here, the ligand nitrogen (Ndad ) is
deprotonated along the reaction, resulting in a solvent mediated pathway.
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via a solvent mediated/enabled pathway.3 The chosen proton-transfer reaction coordinate (Q) involves the cleavage of a solvent O-H bond with simultaneous formation of
the Ru-H bond and was varied between 0.5 Å and +1.27 Å. The free energy profile
along with a representative snapshot of the product state (Q = +1.27 Å) is shown in
Figure 6.7a, with a rather low barrier of +8.2 kcal mol−1 . The product state still has a
protonated ligand nitrogen (Ndae ) as shown in Figure 6.7b, and the overall mechanism
is clearly solvent enabled (Figure 6.5c). It results in the formation of an OH− anion
that diffuses away into solution via the Grotthuss mechanism (Figure 6.7b). Dehydrogenation of complex 2’B using static DFT calculations with explicit solvent molecules
also shows a solvent enabled pathway with similar barriers. 18 Such a hydrogen production pathway for complex 2’B is reminiscent of Beller’s [Ru(PNP)] complex, for which
DFT-MD simulations indicated that it also operates via a solvent enabled mechanism
where the ligand nitrogen moiety remains protonated throughout the reaction. 14
The overall mechanism for methanol dehydrogenation and hydrogen production catalyzed by complex 2’ along with the corresponding relative Gibbs free energy (∆G298K )
values obtained by static DFT calculations is shown in Figure 6.12 in the Appendix

6

section. The origin of different hydrogen production pathways in complexes 1B and
2’B and their implications for the overall catalytic mechanism is discussed in detail in
the next section.

6.4. Discussion and conclusion
We have studied the mechanism of catalytic dehydrogenation of aqueous methanol catalyzed by the [Ru(trop2 dad)] and [Ru(trop2 dae)] complexes, using a combination of
DFT-MD simulations taking explicit solvation effects into consideration. We found that
explicit description of the bulk solvent environment is essential for an accurate description of the catalyst activation process, that involves the protonation of an Ndad moiety
in complex 1H− by a solvent water molecule to produce complex 1B. H2 -loss from
complex 1B yields the active catalyst complex 1 ([Ru(trop2 dad)]). The mechanism of
methanol dehydrogenation by catalyst 1 was investigated in detail in previous studies, 18
but in addition to complex 1 another complex 2 ([Ru(trop2 dae)]) is experimentally
known to be generated in-situ under catalytic conditions, and both are catalytically
active. Complex 2 converts to complex 2’ to perform catalyzed dehydrogenation of
aqueous methanol. Previous studies indicated that (unlike for [Ru(trop2 dad)] complex
1) explicit solvation effects are important for an accurate description of the mechanis3A

direct pathway for hydrogen production was also explored, but was found to have a very high
activation barrier (25.4 kcal mol−1 ) based on static DFT calculations
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Figure 6.7: (a) Free energy profile for hydrogen production from complex 2’B obtained from DFT-MD
simulations, via a solvent enabled pathway with the chosen Q depicted in the left inset and (b) a
representative configuration of the transition state at Q = 0.6 Å and the product state at Q = 1.27 Å.
The OH− anion formed upon deprotonation of the solvent molecule (enlarged) diffuses away into the
solution via the Grotthuss mechanism involving the highlighted solvent molecules. The ligand nitrogen
(Ndae ) remains protonated throughout the process.

tic features of methanol dehydrogenation catalyzed by the [Ru(trop2 dae)] complex 2’.
Herein, we investigated the mechanism for aqueous methanol dehydrogenation to CO2
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and three equivalents of dihydrogen by complex 2’ incorporating the effects of explicit
solvent molecules. DFT-MD simulations that include explicit solvent molecules show
that the solvent is an integral part of the reactive system, actively participating during
various stages of the catalytic cycle via hydrogen bond interactions.
Next, we compared the mechanisms for hydrogen production by complexes 1B, 2’B
and Beller’s [Ru(PNP)] complex, 4 which occur via distinctly different reaction steps. H2 loss from complex 1B proceeds via the direct (unassisted) pathway (see Figure 6.5a),
while complex 2’B and Beller’s [Ru(PNP)] complex both lose H2 via a solvent enabled
pathway without direct involvement of the ligand. The latter is a result of the high pKa
of the ligand NH moiety. Collectively, the pKa of the NH moiety and the hydricity of the
metal hydride are the key factors in determining the energetics, thermodynamics, activation barrier, and the underlying mechanism for hydrogen production. We anticipate
that the natural charge on the hydride is a good measure of its hydricity. The higher the
negative natural charge, the higher the hydricity. We show that ligand pKa (computed
using DFT-MD with explicit water solvent) and our measure of natural charge for the
hydricity of the metal-hydride bond can be used to differentiate between the (direct)

6

unassisted, solvent mediated, and solvent enabled mechanisms (Figure 6.5) of different
catalysts.
For a catalytic system with low hydricity and low ligand pKa , the direct (unassisted)
mechanism seems to be the most preferred pathway, as it is difficult for the hydride to be
protonated by a protic solvent, while the ligand can be easily deprotonated and directly
participate in the mechanism (Figure 6.5a). This is the case for complex 1B where
the hydride has a computed natural charge of +0.08 units, and the computed estimate
of the ligand (Ndad H function) pKa is ≈ 10 units (Figure 6.8 and Figure 6.10a in the

Appendix). A catalytic system with high ligand pKa and high hydricity seems to undergo

a solvent enabled (metal-centered) H2 -formation mechanism, as the hydride is easily
protonated by a protic solvent (methanol/water) while the ligand remains protonated
along the reaction and therefore cannot directly participate in the mechanism (Figure
6.5). This is the case for both complexes 2’B, (natural charge on the hydride of 0.16,
and a computed pKa of Ndae H of ≈ 23 (Figure 6.10b), and Beller’s [Ru(PNP)] catalytic

system (computed natural charge on hydride = 0.28, computed pKa (NH) of 25) as
shown in Figure 6.8. Other possibilities include (1) a catalytic system with high hydricity
and low pKa that is most likely to operate via a solvent mediated mechanism, as the
solvent can protonate the hydride while the ligand can be easily deprotonated and directly
participate in the mechanism, and (2) a catalytic system with low hydricity and high
pKa that could also operate via a solvent enabled mechanism, as the ligand remains
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protonated throughout the reaction and cannot directly participate in the mechanism.

Figure 6.8: Computed pKa of the NH moiety using DFT-MD simulations with explicit water solvent
and the overall nature of the mechanism (Noyori-Morris/solvent enabled) during aqueous methanol
dehydrogenation for the [Ru(trop2 dad)], [Ru(trop2 dae)] and [Ru(PNP)] catalytic systems.

For a catalyst operating via a direct (unassisted) or a solvent mediated process, the
metal and the ligand cooperate to evolve hydrogen, as in the case of complex 1B, resulting in a Noyori-Morris type mechanism. For catalysts operating via a solvent enabled
pathway, the NH moiety is not directly involved in the hydrogen production mechanism
owing to its high pKa . Instead, the ligand may be involved via supramolecular contributions, such as H-bonding stabilization. Such catalytic systems would typically require an
additive (Brønsted base) to achieve high activity since the ligand cannot function as an
internal acceptor base under the applied reaction conditions. 14 To summarize, our results show that the [Ru(trop2 dad)] catalytic system exhibits metal-ligand cooperativity,
in marked contrast to the [Ru(trop2 dae)] catalytic system, that operates via a solvent
enabled (metal-centred) pathway without the direct involvement of the ligand. In this
regard, accurate estimation of the ligand pKa is important, as it determines the exact
role of the ligand (either as an internal acceptor base or a hydrogen bond donor) in the
overall mechanism for aqueous methanol dehydrogenation.
To conclude, we have investigated aqueous methanol dehydrogenation catalyzed
by the [Ru(trop2 dad)] and [Ru(trop2 dae)] catalytic systems, using a combination of
DFT-MD simulations and static DFT models incorporating explicit solvent molecules.
The results demonstrate the active participation of solvent in various stages of the

6
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catalytic cycle, including catalyst activation, C-H activation and hydrogen production.
Additionally, for hydrogen production we find divergent pathways for the [Ru(trop2 dad)]
and the [Ru(trop2 dae)] catalytic systems. Analysis of hydricity and ligand pKa of these
complexes can help to rationalize the origin of different hydrogen production pathways.
We anticipate that these descriptors may have a generic use in identifying, and possibly
tune the operating mechanism for hydrogen production by other catalytic systems that
operate in a protic solvent environment. The present study constitutes an interesting
example of two active complexes in a catalytic system that exhibit divergent pathways
for aqueous methanol dehydrogenation.

6

6.5. Appendix

6.5.1. Catalyst activation

For the catalyst activation pathway, in addition to the protonation of the ligand nitrogen
(Ndad ) presented in the main text, we also considered the direct protonation of the Ru-H
moiety by a solvent molecule. Here, the chosen reaction coordinate (Q) involves the
cleavage of the solvent O-H bond and the simultaneous formation of the Ru-H bond,
and is varied between -0.5 Å and 0.85 Å. As shown in Figure 6.9a, we find a higher
barrier (+15.3 kcal mol−1 ) and the process is more endergonic (+15.1 kcal mol−1 ) than
the protonation of Ndad by a solvent molecule, suggesting that the latter is the operating
mechanism for catalyst activation.

6.5. Appendix

93

6

Figure 6.9: (a) Free energy profile for the direct protonation of the Ru-H moiety by a solvent molecule
in complex 1H− obtained from constrained DFT-MD simulations. The reaction coordinate (Q) is
shown in the left inset and (b) Representative snapshots of the reactant state (Q = -0.5 Å) and the
product state (Q = 0.85 Å) formed upon protonation of the Ru-H moiety of complex 1H− by a solvent
molecule, forming a Ru-H2 adduct. The OH− formed upon deprotonation of the solvent molecule
(enlarged) diffuses away into the solution via the Grotthuss mechanism involving the highlighted solvent
molecules.

6.5.2. Estimation of pKa for complexes 1 and 2’ using DFT-MD
Estimating the pKa of the active catalytic complexes in the Ru[(trop)2 ] system is important to determine the role of the ligand NH moiety in the catalytic cycle. In this regard,
we used DFT-MD with an explicit water solvent to estimate the pKa of complexes 1H2 O+ and 2’-H2 O+ . We performed constrained dynamics simulations with the O-H-N
asymmetric stretch as the reaction coordinate (Q) to determine the associated free energies for deprotonation of the NH moiety in these complexes (∆Gd 0 ). These simulations
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start with cationic complexes 1-H2 O+ and 2’-H2 O+ . For 1-H2 O+ , the free energy
for deprotonation is estimated to be +13.5 kcal mol−1 as shown in Figure 6.10a. This
results in a pKa of 10, computed using Eq. 6.1. For complex 2’-H2 O+ , we find a
much higher free energy for deprotonation of 31 kcal mol−1 (Figure 6.10b), and the
corresponding pKa is 23. These values are reported in Figure 6.8, along with the pKa
value of the [Ru(PNP)] system reported in our previous study. 14

pKa =

∆Gd 0
kB T ln10

(6.1)

6

Figure 6.10: (a) Free energy profile for the deprotonation of the NH moiety by a solvent molecule
in complex 1-H2 O+ obtained from constrained DFT-MD simulations. A representative snapshot of
the product state is shown in the inset, and (b) Free energy profile for the deprotonation of the NH
moiety by a solvent molecule in complex 2’-H2 O+ obtained from constrained DFT-MD simulations. A
representative snapshot of the product state is shown in the inset.

6.5.3. Transition states for C-H activation steps
Transition states for the C-H activation steps for methanol, methanediol and formic
acid obtained using static DFT simulations with explicit solvent molecules are shown
in Figure 6.11. The representation ’BP86//B3LYP(Water)’ stands for single-point SCF
calculations performed using the B3LYP functional with implicit solvent corrections
(COSMO) for water on DFT optimized geometry using the BP86 functional, with a
dispersion correction (disp3). An example for the naming convention for complexes
in this study: 2’-TS-1-CH3 OH3w indicates the transition state for dehydrogenation of
methanol in the presence of complex 2’ with three explicit solvent water molecules (3w)
considered in the static DFT model.
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Figure 6.11: Snapshots of the transition state structures (2’TS-1-CH3 OH3w , 2’TS-1-(CH2 (OH)2 )5w
and 2’TS-1-HCOOH5w ) for the C-H activation step obtained from micro-solvation based DFT models along with the activation energy barriers (relative to complex 2’A) obtained in kcal mol−1
(BP86//B3LYP (Water)) for (a) methanol, (b) methanediol and (c) formic acid.

6.5.4. Overall MERP for methanol dehydrogenation

Overall mechanism for methanol dehydrogenation and hydrogen production catalyzed by
complex 2’ obtained using static DFT based microsolvation models is shown in Figure
6.12.
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Figure 6.12: Overall mechanism for dehydrogenation of methanol to formaldehyde catalyzed
by complex 2’ along with the corresponding Gibbs free energy values(∆G298 ) in kcal mol−1
(BP86//B3LYP(Water)).

References
[1] J. Rugolo and M. J. Aziz, Energy Environ. Sci. 5, 7151 (2012).
[2] S. P. Annen, V. Bambagioni, M. Bevilacqua, J. Filippi, A. Marchionni, W. Oberhauser, H. Schönberg, F. Vizza, C. Bianchini, and H. Grützmacher, Angew. Chem.
Int. Ed. 49, 7229 (2010).
[3] M. Bellini, M. Bevilacqua, J. Filippi, A. Lavacchi, A. Marchionni, H. A. Miller,
W. Oberhauser, F. Vizza, S. P. Annen, and H. Grützmacher, ChemSusChem 7,
2432 (2014).
[4] M. Nielsen, E. Alberico, W. Baumann, H.-J. Drexler, H. Junge, S. Gladiali, and
M. Beller, Nature 495, 85 (2013).

References

97

[5] R. E. Rodríguez-Lugo, M. Trincado, M. Vogt, F. Tewes, G. Santiso-Quinones, and
H. Grützmacher, Nat. Chem. 5, 342 (2013).
[6] C. Prichatz, E. Alberico, W. Baumann, H. Junge, and M. Beller, ChemCatChem
9, 1891 (2017).
[7] M. Nielsen, A. Kammer, D. Cozzula, H. Junge, S. Gladiali, and M. Beller, Angew.
Chem. Int. Ed. 50, 9593 (2011).
[8] P. Hu, Y. Diskin-Posner, Y. Ben-David, and D. Milstein, ACS Catal. 4, 2649
(2014).
[9] S. Chakraborty, P. O. Lagaditis, M. Förster, E. A. Bielinski, N. Hazari, M. C.
Holthausen, W. D. Jones, and S. Schneider, ACS Catal. 4, 3994 (2014).
[10] M. Andérez-Fernéndez, L. K. Vogt, S. Fischer, W. Zhou, H. Jiao, M. Garbe, S. Elangovan, K. Junge, H. Junge, R. Ludwig, and M. Beller, Angew. Chem. Int. Ed. 56,
559 (2017).
[11] J. Campos, L. S. Sharninghausen, M. G. Manas, and R. H. Crabtree, Inorg. Chem.
54, 5079 (2015).
[12] M. Trincado, D. Banerjee, and H. Grützmacher, Energy Environ. Sci. 7, 2464
(2014).
[13] J. R. Khusnutdinova and D. Milstein, Angew. Chem. Int. Ed. 54, 12236 (2015).
[14] V. Sinha, N. Govindarajan, B. de Bruin, and E. J. Meijer, ACS Catal. 8, 6908
(2018).
[15] A. Pavlova and E. J. Meijer, ChemPhysChem 13, 3492 (2012).
[16] J.-W. Handgraaf and E. J. Meijer, J. Am. Chem. Soc 129, 3099 (2007).
[17] A. Pavlova, E. Rösler, and E. J. Meijer, ACS Catal. 6, 5350 (2016).
[18] V. Sinha, M. Trincado, H. Grützmacher, and B. de Bruin, J. Am. Chem. Soc. 140,
13103 (2018).
[19] M. Trincado, V. Sinha, R. E. Rodriguez-Lugo, B. Pribanic, B. de Bruin, and
H. Grützmacher, Nat. Commun 8, 14990 EP (2017).
[20] F. H. Hodel and S. Luber, ACS Catal. 6, 6750 (2016).

6

98

References

[21] C. Ma, S. Piccinin, and S. Fabris, ACS Catal. 2, 1500 (2012).
[22] N. Govindarajan, A. Tiwari, B. Ensing, and E. J. Meijer, Inorg. Chem. 57, 13063
(2018).
[23] S. Zhan and M. S. G. Ahlquist, J. Am. Chem. Soc. 140, 7498 (2018).
[24] P. A. Dub and T. Ikariya, J. Am. Chem. Soc. 135, 2604 (2013).
[25] J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, and J. Hutter, Comput. Phys. Commun. 167, 103 (2005).
[26] C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).
[27] A. D. Becke, Phys. Rev. A 38, 3098 (1988).
[28] S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, J. Chem. Phys. 132, 154104
(2010).
[29] S. Goedecker, M. Teter, and J. Hütter, Phys. Rev. B 54, 1703 (1996).

6

[30] G. Bussi, D. Donadio, and M. Parrinello, J. Chem. Phys. 126, 014101 (2007).
[31] E. Carter, G. Ciccotti, J. T. Hynes, and R. Kapral, Chem. Phys. Lett. 156, 472
(1989).
[32] M. Sprik and G. Ciccotti, J. Chem. Phys. 109, 7737 (1998).
[33] H. Li and M. B. Hall, J. Am. Chem. Soc. 137, 12330 (2015).
[34] D. Marx, ChemPhysChem 11, 1848 (2006).
[35] E. Alberico, A. J. J. Lennox, L. K. Vogt, H. Jiao, W. Baumann, H.-J. Drexler,
M. Nielsen, A. Spannenberg, M. P. Checinski, H. Junge, and M. Beller, J. Am.
Chem. Soc. 138, 14890 (2016).

7
Modeling oxygen evolution
on the anatase TiO2-water
interface
Using first-principles molecular dynamics with a hybrid density functional, we study the
oxygen evolution reaction (OER) on the anatase TiO2 (101)-water interface, with an
explicit description of the aqueous solvent. For the first proton transfer step, which
is considered to be the rate limiting step, we find a solvent-mediated pathway with
a much lower barrier when compared to previously proposed pathways. In addition,
for subsequent proton transfer step we also find a solvent-mediated pathway, with the
bridging oxygen acting as an acceptor base. Our work suggests that the first proton
transfer step might not be the rate-limiting step for anatase TiO2 , and that the catalytic
activity for this system might be limited by the low concentration of the surface reaching
holes and the presence of deep trapped electronic states.
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7.1. Introduction
Photocatalytic water splitting that involves producing hydrogen using solar energy is
an attractive option for the transition to a renewable energy based economy. 1,2 This
reaction consists of the oxygen evolution reaction (OER), and a proton reduction reaction yielding molecular hydrogen. Since the seminal work by Fujishima and Honda, 3
TiO2 has been widely studied as a (photo)electrocatalyst as it is economically viable,
non-toxic and highly stable in acidic and alkaline conditions. However, like most OER
catalysts it suffers from a high overpotential, and has a limited optical absorption capability preventing its wide-spread commercial use. 4,5 Plethora of studies have focused
on the OER mechanism on anatase and rutile TiO2 surfaces in order to understand
the potential- and rate-determining steps in these systems that can provide insights on
the problematic reaction steps/intermediates. 6–13 Such insights can help in the rational
design of active (photo)electrocatalysts.
For rutile TiO2 (110), Sprik and co-workers proposed a new level scheme involving
protonic and electronic energy levels to understand the thermodynamics of the different
steps during OER. 6 It was found that the surface increases the acidity of the adsorbed
species and therefore has desirable alignment of the protonic levels, i.e. (near) optimum
free energies for the proton transfer reactions. However, TiO2 has a large scatter in
the electronic levels compared to bulk water, so the challenge with this system is in

7

the reduction of the huge Schottky barrier associated with electron transfer (ET) to the
surface adsorbates during the OER. In a more recent study, Hu and co-workers performed
DFT based molecular dynamics simulations (DFT-MD), incorporating explicit solvent
molecules to compute the entire pathway for OER on rutile TiO2 (110). 9 They found two
possible pathways for the OER, (i) coupling of two terminal oxygen moieties (Ot ) with
two consecutive electron transfers to form O2 , and (ii) the coupling of a terminal OH
moiety (OHt ) with a bridging oxygen (Obr ) on the TiO2 lattice, resulting in the lattice
oxygen type mechanism. Since the computed barriers for the reaction steps involved in
both these mechanisms were rather low (≈ 0.3-0.5 eV), they concluded that the low
efficiency of TiO2 is not related to its inherent catalytic activity, but due to the low
concentration of surface reaching holes ( Ch + < 10−9 ), as measured by experiments.
For anatase TiO2 (101), initial studies pointed to the first proton transfer step being
the rate-limiting step for the OER, 11 with the proton transfer step (*H2 O → *OH− )
preceding the electron transfer step. 7 In a subsequent study, Li and Selloni studied
the full OER pathway on the anatase TiO2 interface using a model with explicit water
molecules that determined equilibrium structures at the TiO2 -water interfaces for the
various stages of the OER process. These simulations served as a basis for approximating
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the free-energy profiles of the reaction pathways using a static DFT model. 10 On the
basis of these calculations, they proposed a lattice oxygen mechanism for anatase TiO2
(Figure 7.1), with the rate-limiting step being the first proton transfer step resulting
in the formation of OH− . The subsequent electron transfer step (OH− → *OH) was
found to have a low barrier (< 0.1 eV). The *OH species formed was quite stable on
anatase TiO2 , unlike on the rutile TiO2 surface, where it dissociates to a Ot species even
on the short timescales of DFT-MD simulations (≈ 5-10 ps). 14 The next step involved
the conversion of *OH to a bridging peroxo dimer species (O-O)2− via a decoupled
proton-electron transfer step with a very low barrier for proton transfer (< 0.2 eV) and
electron transfer (< 0.1 eV). This resulting bridging O-O2− peroxo species has one of
the oxygen atoms coming from a (lattice) bridging oxygen (Obr ). The next two steps
involve consecutive hole transfers to the O-O2− peroxo dimer that results in the release
of O2 , similar to the coupling pathway in rutile TiO2 . 9 These reaction steps are shown
in Figure 7.1.

7

Figure 7.1: Previously proposed mechanism for OER on the anatase TiO2 (101)-water interface involving
a lattice oxygen (Obr ) atom.

It is important to note that the calculated free energy barriers in the study by
Selloni and co-workers are based on a static model that does not explicitly account for
the thermal motion of the solvent molecules. 7,10 It therefore provides an approximate
description of the aqueous environment. While such an approach is computationally less
expensive than performing DFT-MD simulations using a rare-event sampling technique
to compute free energy barriers, it does not capture important solvent relaxation effects
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that can be crucial for reactions involving proton transfer as noted in their study. 10
The fact that one has to go beyond GGA based DFT functionals, typically to hybrid
functionals like HSE06/PBE0 to have a proper description of the surface holes and the
position of band edges also adds to the significant computational cost for an accurate
description of such systems. 6,13,15 Hence, the current state of modeling the OER at
the anatase TiO2 -water interface (Figure 7.1) still lacks a realistic description of the
aqueous environment.
In this study, we perform DFT-MD simulations with a hybrid (PBE0) functional
along with constrained molecular dynamics to study the first two reaction steps during
OER on the anatase TiO2 -water interface. We find that the solvent can mediate the
proton transfer steps with the involvement of the Obr , resulting in low barriers (≈ 0.2
eV) for these steps. In particular, we find that the dissociation of H2 O to OH− might not
be the rate-limiting step for this catalytic system as proposed in previous studies. 7,10,11
Instead, we propose that similar to the rutile TiO2 (110) system, 9 the low concentration
of surface reaching holes (Ch + ) and the presence of deep trapped electronic states might
be the limiting factors for OER catalyzed by anatase TiO2 (101).

7.2. Computational methods
Density functional theory based molecular dynamics (DFT-MD) with an explicit descrip-

7

tion of the water solvent using the hybrid PBE0 functional 16 is employed to study the
the reactions during OER on the anatase TiO2 (101)-water interface. Calculations were
performed with the CP2K package, 17 using the anatase (101) surface that consists of
three TiO2 layers, with a rectangular surface cell of dimensions 10.210 Å × 11.328 Å,
with 72 explicit water molecules. We used the auxiliary density matrix method (ADMM)

as implemented in the CP2K package to speed up the PBE0 calculations. 18 The calculations were supplemented with Grimme’s D3 dispersion correction. 19 A DZVP basis
set was used for all atoms in the system. A Nosé-Hoover thermostat is used to control
the temperature that is set to 330K. 20,21 Using a biased sampling technique, employing
the methods of constraints, 22,23 we compute the free energy profiles for the the first
two OER steps involving proton transfer as shown in Figure 7.1.
In each OER step, a hole is localized on the Obr before the constrained dynamics
simulations are performed. In the first OER step, there is an unpaired electron (hole)
on Obr as shown in Figure 7.7a in the Appendix. For the second step involving two
unpaired electrons (on Obr and *OH), the singlet spin configuration is chosen (Figure
7.8a) based on previous work. 10 In order to avoid errors associated with simulating a
charged system formed upon the addition of holes, the system is neutralized by removing

7.3. Results and discussion
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a proton from an adsorbed H2 O on the bottom of the slab resulting in the formation of
OH− as shown in Figure 7.6 in the Appendix.

7.3. Results and discussion
In the first step for OER on anatase TiO2 , a surface hole reacts with an adsorbed water
molecule (H2 O) to form *OH, with the release of a proton as shown in Figure 7.1.
Selloni and co-workers found this step to be a decoupled proton-electron transfer, with
the proton transfer preceding the electron transfer. 7 They obtained a barrier of ≈ 0.5 eV

for the proton transfer from the adsorbed water molecule (*H2 O) to a (solvent) water

molecule resulting in the formation of *OH− , termed here as the direct mechanism. 10 In
this work, in addition to the direct mechanism for proton transfer, we also find a solvent
mediated proton transfer mechanism with a significantly lower barrier. The activation
barriers for the direct and the mediated pathways are 0.56 eV and 0.22 eV respectively,
as shown in Figure 7.2. We used the proton transfer coordinate (Q) as shown in the
inset of Figure 7.2 to compute the free energy profiles for both pathways.
In the direct pathway, the proton is transferred to a (solvent) water molecule resulting
in the formation of a transient H3 O+ species. The snapshots during the various stages
of the constrained dynamics simulations for the direct mechanism are shown in Figure
7.3a-c. It is important to note that in the final product state for the direct pathway
(Figure 7.3c), the proton diffuses via the Grotthuss mechanism to a bridging oxygen
(Obr ).

24

Our calculated barrier for the direct pathway is comparable to values reported

in previous studies, 7,10 albeit with the final product state having the proton on the
Obr , in our case. We found the hole to be localized on Obr even after complete proton
transfer (see Figure 7.7b in Appendix), suggesting that there is a (small) barrier for the
electron transfer to form a *OH radical, that is not surmountable in the time scale of
the DFT-MD simulations (≈ 10 ps). 7,10
We find a second pathway for the proton transfer, that involves a mediating (solvent)
water molecule and the bridging oxygen (Obr ). In this pathway, the proton is initially
transferred to a solvent molecule, that is hydrogen bonded to Obr , as shown in Figure
7.3d. The transition state involves a proton shuttle (Figure 7.3e), where the proton
goes back and forth between the (mediating) water molecule and Obr , before it finally is
transferred to Obr in the product state (Figure 7.3f) via the Grotthuss mechanism. The
barrier for this pathway is much lower than the direct mechanism (Figure 7.2), owing
to a stabilized transition state that involves a stronger acceptor base (Obr ) as compared
to a solvent (water) molecule in the direct mechanism. We note that such a mediated
pathway was also observed in another study, albeit on a reduced anatase TiO2 surface
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Figure 7.2: Free energy profiles for the direct and mediated pathways for the first proton transfer step
(*H2O → *OH-) during the oxygen evolution reaction on the anatase TiO2 -water interface.

7

with excess electrons, 25 and the barrier was not computed in a full explicit solvent
environment. We also performed an unconstrained simulation of the final product state
for ≈ 10 ps. We find the proton to be on Obr along the entire duration, indicating

that the dissociated water state (Figure 7.3f) is stable in the timescale of the DFTMD simulations as shown in Figure 7.9 in the Appendix, in agreement with previous
observations. 26
At this point, we would like to discuss the implications of our results for the overall
OER mechanism on anatase TiO2 . A number of previous studies on anatase TiO2
have proposed the first proton dissociation step in Figure 7.1 to be the rate-limiting
step in the overall OER reaction. 7,8,10,11 Therefore, Liu and co-workers proposed the
Ti-Obr distance to be an important indicator for the catalytic activity in TiO2 , 8 as
a lower Ti-Obr distance would help reduce the barrier for the proton transfer during
water dissociation. This provided a reasoning for the higher activity of rutile TiO2 as
it has a smaller Ti-Obr distance compared to the other facets of TiO2 like anatase
or brookite. However, our work shows that at a TiO2 -water interface, larger Ti-Obr
distances might not be a limitation owing to the possibility of proton transfers to Obr
via solvent mediated Grotthuss type pathways. This observation also demonstrates the
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Figure 7.3: Representative snapshots for the direct and mediated mechanisms during the first proton
transfer step for various values of the reaction coordinate, Q, along the constrained dynamics simulations. In all cases, there is a hole localized on the Obr highlighted in the figure. (a) Q= -0.7 Å
corresponding to the reactant state of the direct mechanism, (b) Q = +0.15 Å for the direct mechanism
with the formation of a H3 O+ like species, (c) Q = +0.65 Å corresponding to the product state of
the direct mechanism where the proton is transferred to a Obr by the Grotthuss mechanism via the
highlighted solvent molecules, (d) Q = -0.65 Å corresponding to the reactant state of the mediated
mechanism, (e) Q = +0.1 Å corresponding to the transition state of the mediated mechanism and (f) Q
= +0.55 Å corresponding to the product state of the mediated mechanism with the proton transferred
to Obr . Color coding: Ti (pink), O (red) and H (white)

importance of accounting for explicit solvent effects in modeling the OER, 6,14,27 as
most studies are performed in a vacuum environment neglecting the effects of solvent
interactions, thus failing to capture such water mediated mechanisms that can proceed
with low barriers.
The next step in the OER involves the conversion of *OH to the bridging peroxo
dimer species as shown in Figure 7.1. We start with an *OH and a hole on the bridging oxygen (Obr ) and use the proton transfer reaction coordinate (Figure 7.2 inset) to
compute the free energy barrier associated with this process. The computed barrier is
0.21 eV as shown in Figure 7.4, and the mechanism is very similar to the mediated
mechanism in the preceeding step involving water dissociation, where a solvent water
molecule helps in mediating the proton to a Obr (Figure 7.5a), resulting in the formation
of the bridging O-O2− dimer species shown in Figure 7.5b. The formation of the O-O
bond also indicates the completion of an electron transfer. A similar solvent mediated
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pathway for the second proton-electron transfer step was also observed by Selloni and
co-workers. 10

7

Figure 7.4: Free energy profile for the second step involving conversion of *OH to the bridging O-O2−
dimer species during OER on the anatase TiO2 -water interface.

Figure 7.5: Representative snapshots for the second OER step on anatase TiO2 , (a) Q = -0.60 Å
corresponding to the reactant state, and (b) the O-O2− dimer species formed in the product state (Q
= +0.65 Å).
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As shown in Figure 7.1, after the formation of the (Obr -Ot )2− dimer species, two
consecutive hole transfers are needed for the evolution of O2 , similar to the case of the
coupling mechanism in rutile TiO2 (110). 9 Based on our observations, since we find the
proton transfer steps involving the deprotonation of *H2 O and *OH to have low barriers
(≈ 0.2 eV), we propose that the rate-limiting step for anatase TiO2 is also the low
concentration of surface reaching holes like rutile TiO2 , 9 as the proton transfer steps
can proceed with minimal barriers via solvent mediated pathways involving Obr .
In an experimental study, Li and co-workers found that among the rutile, anatase and
brookite phases of TiO2 , the rutile phase was the most active surface for OER, while
brookite and anatase TiO2 were efficient in forming OH radicals. 28 Upon prolonged
exposure to UV light radiation, OER could proceed on anatase and brookite TiO2 with
the release of O2 . They proposed that the reason for the inferior performance was related
to the presence of deep trapped states near the valance band of anatase and brookite
TiO2 , that are absent in rutile TiO2 . 29 In addition, they also attribute the superior
performance of rutile TiO2 to the lower barrier for water dissociation (*H2 O → OH− )

based on gas-phase DFT calculations. Previous results 9 and the present work show that
the first proton transfer involving water dissociation should proceed with minimal barriers
for both rutile and anatase TiO2 and the main difference in their performance towards
OER might be the presence of deep trapped states in anatase TiO2 , that makes the
consecutive electron transfers to the bridging (O-O)2− dimer slower compared to rutile
TiO2 . This is also supported by the fact that anatase TiO2 is efficient in producing OH
radicals, however for the OER to proceed further to produce O2 , it requires prolonged
UV exposure 28 indicating that the rate-limiting step is most likely the consecutive hole
transfers to the O-O2− dimer formed in the second OER step, leading to the evolution
of O2 .

7.4. Conclusion
In this work, we use first principles based molecular dynamics simulations with a hybrid
functional to study the oxygen evolution reaction at the anatase TiO2 -water interface.
We find that the steps involving proton transfer can proceed with low barriers (≈ 0.2 eV)
via solvent mediated pathways with the involvement of the lattice bridging oxygen (Obr ).
Therefore, our results indicate that the rate-limiting step for the anatase TiO2 (101)
system should involve the diffusion of the holes to the surface for the steps involving
electron transfer. Thus, like in the case of rutile TiO2 , the key to enhancing the catalytic
activity of anatase TiO2 is to increase the concentration of surface reaching holes in
addition to finding ways to remove the deep trapped electronic states.
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7.5. Appendix
7.5.1. The anatase TiO2 -water interface
The anatase TiO2 (101)-water interface used in the DFT-MD simulations is shown in
Figure 7.6. It consists of three TiO2 layers and 72 water molecules in a cell with
dimensions 10.2 Å × 11.328 Å × 28.05 Å.

7

Figure 7.6: The anatase TiO2 (101)-water interface used in the DFT-MD simulations. The OH− species
that is used in order to maintain the charge neutrality of the system is highlighted. Color coding: Ti
(pink), O (red) and H (white)

7.5.2. Spin density plots
The spin density plots for the reactant and product states during the the CMD simulations for the first and second OER steps are shown in Figure 7.7 and Figure 7.8
respectively. For the first step, we find the hole to be localized on a Obr before and
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after the proton transfer indicating that the electron transfer to form *OH is an activated process, albeit with a small barrier (≈ 0.1 eV). For the second step, there are two
unpaired electrons (one on Obr and the other on *OH) that are anti-ferromagnetically
coupled (↑ and ↓).

Figure 7.7: Spin density plots for the first OER step on the anatase TiO2 -water interface: (a) The
reactant state with *H2 O and a localized hole on Obr and (b) the product state after proton transfer
resulting in *OH− , while the hole still localized on Obr . The blue contours indicate the spin density.

7

Figure 7.8: Spin density plots for the second OER step on the anatase TiO2 -water interface: (a) The
reactant state with an unpaired electron on *OH (↑) and Obr (↓) and (b) the product state after
proton-electron transfer resulting in the formation of the bridging O-O2− dimer species. The blue/red
contours indicate the spin up/down density.
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7.5.3. Stability of the dissociated water state after the first proton
transfer
In order to gain insight on the stability of the product state formed after the first
proton transfer step in the mediated pathway, we performed an unconstrained simulation
starting with the product state shown in Figure 7.3f with an *OH− and a proton on the
bridging oxygen (Obr ). As shown in Figure 7.9, the dissociated state remains stable after
10 ps with the proton on Obr . The pKa of the Obr species should be explicitly calculated
in future studies to gain further insights on the stability of the Obr -H+ species.

7

Figure 7.9: Representative snapshot from an unconstrained DFT-MD simulation of the product state
formed after the the first proton transfer via the mediated pathway on the anatase TiO2 -water interface:
(a) initial snapshot from the product state (b) snapshot after 10 ps. The proton on Obr is highlighted
with a black circle.
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Summary
An atomistic understanding of catalytic reactions involving water splitting and methanol
dehydrogenation is beneficial for the development of a hydrogen economy, where molecular hydrogen is the primary energy carrier. Solar driven water spitting is an important
reaction for the production of clean hydrogen. However, there are a number of challenges
associated with the storage and transportation of hydrogen. One possible solution to
this problem is to use conveniently transportable materials, such as liquid organic fuels,
as an energy carrier. This requires an efficient and reversible conversion of molecular
hydrogen to an organic fuel, such as methanol. In this thesis, we have investigated
reaction mechanisms of molecular and (photo)electrocatalytic systems for the water
splitting and aqueous methanol dehydrogenation reactions using atomistic simulations
with a particular emphasis on the role of the solvent in these systems.
In chapter 2, a brief overview of the computational methods used in this thesis are
presented. In order to simulate catalytic systems in complex environments, we use density functional theory based molecular dynamics (DFT-MD) with an explicit description
of the solvent. Such a methodology also accounts for the effect of finite temperature
present under experimental conditions. Since the timescales accessible by DFT-MD simulations is rather short (O(102 ) ps), enhanced sampling methods were used to simulate
chemical reactions in solution. In this thesis, we use the constrained molecular dynamics
method to simulate the chemical reactions and compute the associated free energies.
We also discuss the the insertion-deletion method that was used to compute acidity
constants (pKa ) of some catalyst complexes studied in this thesis.
In chapter 3, we investigated the O-O bond formation step in a highly active Ruthenium based water oxidation catalyst (WOC) using advanced sampling methods including
DFT-MD and constrained molecular dynamics. We find the dangling carboxylate ligand
of the Ru WOC to be quite flexible in solution. The ligand flexibility results in multiple
reaction pathways during the important O-O bond formation step. The proton transfer
involved in this step can be mediated by either one or two water molecules via the
Grotthuss mechanism to the dangling carboxylate ligand. Our results demonstrate the
importance of accounting for finite temperature and explicit solvent effects for realistic
modeling of homogeneous water oxidation systems.
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In chapter 4, we investigated the effects of explicit solvent on the C-H activation

and hydrogen production pathways during aqueous methanol dehydrogenation catalyzed
by the Ru(PNP) complex. We find that the solvent significantly affects the reaction
steps and the overall nature of the reaction mechanism. Solvent molecules increase the
reaction barrier for the C-H activation step, while they decrease the reaction barrier
for hydrogen production compared to gas phase models that do not account for the
solvent in an explicit manner. In both these steps, the solvent effects can be attributed
to the enhanced stabilization of the transient methoxide species that is formed along
the reaction. Moreover, we find the ligand nitrogen of the Ru(PNP) complex to be
protonated along the entire catalytic cycle due to its high pKa in solution, resulting in
a metal-centered pathway in contrast to previously proposed metal-ligand cooperative
mechanisms. Our observations can also help explain the role of an external base in these
systems, as a strong base is required for the generation of the methoxide species due to
the ligand (internal base) being protonated throughout the catalytic cycle.
In chapter 5, we estimated the ligand pKa in aqueous solution for a number of
catalyst complexes in the Ru(PNP) system involved during aqueous methanol dehydrogenation using the insertion-deletion method. We find that the ligand pKa is a dynamic
quantity that changes along the catalytic cycle, and is strongly dependent on the nature
of the adsorbed species on the metal center. For the complexes involved in the Ru(PNP)
catalytic system, the variation in the ligand pKa is ≈ 10 units, with most complexes

having a high ligand pKa (> 20) in water.Since the ligand pKa is an important factor
that determines the exact role of the ligand in the catalytic system and the nature of the
reaction mechanism, our results have important implications on metal-ligand cooperativity, that is an important design paradigm for aqueous (de)hydrogenation reactions.
We anticipate that our findings can motivate future computational and experimental studies for accurate ligand pKa estimations of complexes involved in homogeneous
(de)hydrogenation reactions.
In chapter 6, we studied Ru(trop)2 based complexes ([Ru(trop2 dad)] and [Ru(trop2 dae)])
that catalyze aqueous methanol dehydrogenation using DFT-MD simulations and static
DFT models. The aqueous solvent proved to participate actively in various stages of
the catalytic cycle including the catalyst activation step, and the key reaction steps
involving C-H activation and hydrogen production. In contrast to the [Ru(trop2 dad)]
catalytic system, C-H activation and hydrogen production does not proceed via a metalligand cooperative pathway for the [Ru(trop2 dae)] system. The calculated (ligand) pKa
of the coordinated amine donors in these complexes provides a rationale for the divergent reactivity, and the obtained mechanistic information provides new guidelines for
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the rational design of active and additive free catalytic systems for aqueous methanol
dehydrogenation.
In the studies on homogeneously catalyzed aqueous methanol dehydrogenation reactions presented in Chapters 4, 5 and 6, we establish the importance of an accurate
estimation of the ligand pKa in understanding the exact role of the ligand, the nature
of the reaction mechanism and for rational design of additive free catalytic systems for
aqueous methanol dehydrogenation reactions.
In chapter 7, we studied the oxygen evolution reaction on the anatase TiO2 (101)water interface using DFT-MD simulations with a hybrid density functional. For the first
proton transfer step, which is considered to be the rate-limiting step for this system,
we find a solvent-mediated pathway with a much lower barrier than those of previously
proposed pathways. In addition, the subsequent proton transfer step is also mediated by
solvent molecules with the involvement of the bridging oxygen that acts as an acceptor
base. Our work suggests that the first proton transfer step might not be the ratelimiting step, and that the catalytic activity of anatase TiO2 might be limited by the low
concentration of the surface reaching holes and the presence of deep trapped electronic
states.
In this thesis we have demonstrated the importance of employing DFT based molecular dynamics simulations with a molecular description of the solvent to gain insights
on the role of solvent molecules in the mechanism and kinetics of catalytic reactions
in complex environments. We find that the solvent molecules play an active role in
these reactions by participating via hydrogen bonding, donating protons, or mediating
proton-transfer processes. Our results stress on the importance of such an approach for
realistic modeling of catalytic transformations in complex environments.

Samenvatting
Voor de ontwikkeling van de waterstofeconomie is het van fundamenteel belang dat we
de gekatalyseerde reacties waarin water wordt gesplitst en methanol wordt gedehydrogeneerd op atomaire schaal begrijpen. Bij deze reacties wordt waterstof als energiedrager
gevormd of omgezet. Hoewel waterstof op een duurzame wijze kan worden geproduceerd met behulp van zonlicht, is het moeilijk om het te transporteren en op te slaan.
Een mogelijke oplossing voor dit probleem is om het waterstof efficient en reversibel om
te zetten in een eenvoudig transporteerbare energiedrager zoals een vloeibare organische
brandstof. In dit proefschrift hebben we met behulp van atomistische simulaties de
reactiemechanismes onderzocht van moleculaire en (foto)elektrokatalytische systemen
voor de splitsing van water en dehydrogeneringsreacties van methanol in water. In de
simulaties is de nadruk gelegd op de rol van het oplosmiddel in deze systemen.
In hoofdstuk 2 worden de gebruikte computationele methodes kort uitgelegd. Om
gekatalyseerde systemen in hun complexe omgeving te simuleren hebben we moleculaire
dynamica gebaseerd op dichtheids functionaal theorie (DFT-MD) gebruikt en hierin is
het oplosmiddel expliciet beschreven. Deze methodologie is in staat het effect van de
temperatuur van experimentele condities mee te nemen in de berekening. De tijdschalen
die bereikt worden met DFT-MD zijn zeer kort; ze zijn in de orde van O(102 ) ps.
Om het vrije-energie profiel van reacties die op een veel langere tijdschaal plaatsvinden
toch te bepalen worden er speciale technieken gebruikt die ontwikkelt zijn om ’trage’
reactiepaden in een gecondenseerde omgeving nauwkeurig na te bootsen. Daarnaast
wordt de insertie-verwijderings-methode uitgelegd die wordt gebruikt voor het berekenen
van de zuur constantes (pKa ) van de onderzochte katalysatoren.
In hoofdstuk 3 onderzoeken we de gekatalyseerde vorming van een O-O binding
met behulp van een zeer effectieve Ruthenium (Ru) water-oxidatie katalysator (WOC),
waarbij we gebruik maken van geavanceerde simulatie methoden zoals DFT-MD en
’enhanced’ MD. We vinden dat het half-gebonden carboxylaat ligand van de Ru WOC
vrij flexibel is in oplossing. Deze ligand flexibiliteit resulteert in meerdere reactiepaden
tijdens de belangrijke O-O bond formatie stap. De proton overdracht in deze stap kan
verlopen via één of twee watermoleculen via het Grotthuss mechanisme naar de halfgebonden carboxylaat ligand. Onze resultaten laten zien dat het meenemen van de
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thermische fluctuaties in de methodologie en het expliciete oplosmiddel leidt tot een
realistisch beeld van de werking van moleculaire water oxidatie katalysatoren.
In het vierde hoofdstuk kijken we naar het effect van expliciet oplosmiddel bij de
C-H activatie en de waterstof productiepaden tijdens de dehydrogenatie van methanol
in waterige oplossing gekatalyseerd door het Ru(PNP) complex. We zien dat het oplosmiddel significant effect heeft op de reactiestappen en de algemene aard van het reactie
mechanisme. De oplosmiddel moleculen verhogen de reactie barrière voor de C-H activatie stap, maar verlagen de barrière van de waterstof producerende stap ten opzichte
van gasfase simulaties die niet expliciet het oplosmiddel simuleren. In beide stappen kan
het effect van het oplosmiddel toegekend worden aan de verhoogde stabilisatie van de
methoxides die in een tussenstap van de reactie gevormd worden. Bovendien ontdekken
we dat het stikstof ligand van het Ru(PNP) complex geprotoneerd is tijdens de gehele
katalytische cyclus vanwege de hoge pKa in de oplossing. Dit resulteert in een metaal
gecentreerd reactiepad, in tegenstelling tot eerder voorgestelde metaal-ligand coöperatieve mechanismes. Onze observaties verklaren ook de rol van de externe base in het
systeem. Gedurende de gehele katalytische cyclus is het ligand (de interne base) geprotoneerd, wat tot gevolg heeft dat er een sterke externe base nodig is om de methoxides
te genereren.
In hoofdstuk 5 bepalen we de pKa van N-H ligand voor een aantal katalysator
complexen in het Ru(PNP) systeem die gemoeid zijn tijdens de methanol dehydrogenatie
in waterige oplossing. Met behulp van de insertie-verwijderings methode vinden we dat
de ligand pKa een dynamische grootheid is die verandert tijdens de katalytische cyclus
en sterk afhangt van de aard van de geabsorbeerde moleculen aan het metaal centrum.
De variatie tussen de ligand pKa van de onderzochte katalysator complexen is ongeveer
tien eenheden, waarbij voor de meeste complexen van het Ru(PNP) systeem een hoge
pKa (> 20) hebben. Omdat de ligand pKa een belangrijke factor is, die de exacte rol van
het ligand in het katalytische systeem en de aard van het reactiemechanisme bepaalt,
hebben onze resultaten belangrijke implicaties voor inzichten in de de rol van metaalligand coöperativiteit. Dit is dan ook een belangrijk ontwerp paradigma voor katalyse van
(de)hydrogenatie reacties in waterig oplosmiddel. We verwachten dat onze bevindingen
toekomstig computationeel en experimenteel onderzoek zal inspireren om accurate ligand
pKa metingen te doen van moleculaire katalysatoren voor (de)hydrogenatie reacties.
In hoofdstuk 6 onderzoeken we met behulp van DFT-MD en statische DFT berekeningen de Ru(trop)2 gebaseerde complexen ([Ru(trop2 dad)] en [Ru(trop2 dae)]) wat
katalysatoren zijn voor (de)hydrogenatie reacties in waterig oplosmiddel. De simulaties
laten zien dat water moleculen van het oplosmiddel actief deelnemen in de verschillende
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stadia van de katalytische cyclus inclusief de katalysator activatie stap en de belangrijkste
reactie stappen waarin C-H activatie en waterstofproductie plaatsvinden. In tegenstelling
tot het [Ru(trop2 dad)] katalytische systeem, verlopen voor het [Ru(trop2 dae)] systeem
de C-H activatie en waterstofproductie niet via een metaal-ligand coöperatief reactiepad.
De berekende (ligand) pKa ’s van de gecoördineerde amine donoren in deze complexen
bieden een verklaring voor de uiteenlopende reactiviteit. Daarnaast biedt verkregen kennis over het mechanisme nieuwe richtlijnen voor het ontwerpen van actieve en additief
vrije katalytische systemen voor (de)hydrogenatie reacties in waterig oplosmiddel.
Het onderzoek gepresenteerd in hoofdstuk vier, vijf, en zes over homogene katalyse
van methanol dehydrogenatie reacties in waterig oplosmiddel laten zien dat een accurate
berekening van ligand pKa ’s belangrijk is voor het begrijpen van de exacte rol van het
ligand en de aard van het reactiemechanisme. Deze inzichten vormen een belangrijk
basis voor een rationeel ontwerp van richtlijnen voor additief vrije katalysische systemen
voor de dehydrogenatie van methanol in waterige oplossing te creeën.
In hoofdstuk 7 bekijken we de zuurstof evolutie reactie op het anataas TiO2 (101)water oppervlak met behulp van DFT-MD simulaties met een hybride dichtheidsfunctionaal. Voor de eerste proton overdracht stap, die wordt gezien als the snelheid limiterende stap voor dit systeem, vinden we dat het reactiemechanisme waarin de oplosmiddel
moleculen een rol spelen een veel lagere reactie barrière heeft dan voorheen gedacht.
Daarnaast zijn de oplosmiddel moleculen ook betrokken bij de daaropvolgende proton
overdracht proces waarin de zuurstof moleculen als brug fungeren voor de base acceptatie. Dit werk impliceert dat de eerste proton overdracht mogelijk niet de snelheid
limiterende stap is, en dat de katalystische activiteit van de anataas TiO2 wellicht gelimiteerd wordt door de lage concentratie van elektronengaten die het oppervlakte bereiken
en de aanwezigheid van ’gevangen’ laag-energetische elektronische toestanden.
In dit proefschrift demonstreren we het belang van het uitvoeren van DFT gebaseerde
moleculaire dynamica simulaties met een moleculaire beschrijving van het oplosmiddel
om inzicht te krijgen van de rol van oplosmiddel moleculen in het mechanisme en de
kinetiek van gekatalyseerde reacties in een complexe omgeving. We laten zien dat
oplosmiddel moleculen een actieve rol spelen in deze reacties door deel te nemen aan
het proces via de waterstofbrug bindingen, het doneren van protonen, of het faciliteren
van de proton overdracht processen. Onze resultaten onderstrepen het belang van een
dergelijke aanpak voor realistisch modelleren van gekatalyseerde reacties in een complexe
omgeving.
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