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1
Introduction

Come forth into the light of things, let nature be your teacher.

- William Wordsworth

One of the greatest challenges of the 21st century is powering the planet and increas-
ing the global average standard of living, while at the same time drastically reducing car-
bon emissions. Transitioning to renewable energy is a critical part of our aim to reduce
global carbon emissions and ensuring a sustainable future. Renewable energy sources,
such as solar, wind, geothermal, biomass, and hydro energy, are becoming more viable
as the cost of these technologies decreases and their efficiency increases. Still the trans-
port and storage of the energy produced by intermittent energy sources poses a chal-
lenge. A promising solution for storing energy is by creating chemical bonds to form
small molecules, such as molecular hydrogen, H2, which can then be used as fuel.

Figure 1.1: In a possible future hydrogen economy, H2 is the main energy carrier. Hydrogen is created electro-
chemically from water using sustainable energy sources, stored as a compressed gas or liquid, and used as fuel
for transportation, heating, or electricity when needed, with H2O as the sole byproduct which closes the circle.
Figure taken from ref. [1].

The so-called hydrogen economy relies on molecular hydrogen as the commercial
fuel that would carry a substantial fraction of the global energy demand [2]. The pre-
vision of the hydrogen economy can become a reality if hydrogen can be produced in

1
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an environmentally friendly manner at a low cost. Molecular hydrogen is not found in
pure form on earth, so it must be produced from other compounds, which costs energy.
For that reason, hydrogen is more of an energy carrier rather than an energy source. A
promising approach for the production of hydrogen is by electrolysis of water. However,
water electrolysis relies on platinum for the electrode material to catalyse the hydrogen
formation, which is an expensive and non-sustainable material. Designing better cata-
lyst materials, for example based on abundant metals such as iron, is a huge challenge.

1.1. Nature - The Best Teacher
From the beginning of civilization, nature has always inspired human imagination. Mil-
lions of years of evolution have fine-tuned the properties of the living organisms in na-
ture so that they can perform tasks with incredible efficiency. Enzymes are proteins that
work as biological catalysts in living cells to selectively enhance chemical reactions, such
as those taking place in metabolic processes. Enzymes, like any other catalyst, increase
the rate of chemical reactions by lowering energy barriers.

1.1.1. Hydrogenase enzyme

Hydrogenases are a class of enzymes that convert protons and electrons into molecular
hydrogen, or vice versa [3]. The chemical notation of this so-called reduction reaction is
in the form of a reaction equation:

2H++2e− −→ H2 (1.1)

The enzyme can reversibly catalyze this proton reduction process with a high turnover
ratio. Hydrogenase enzymes are classified into three categories depending on the metal
centers present at their active site: [FeFe] hydrogenase, [NiFe] hydrogenase and [Fe]
hydrogenase. Among these hydrogenases, [FeFe] hydrogenases exhibit the largest ef-
ficiency for hydrogen production [4]. In nature, [FeFe] hydrogenases are found in mi-
croorganisms like Clostridium pasteurianum and Desulfovibrio spp. The remarkable ef-
ficiency of [FeFe] hydrogenase is attributed to the unique active site co-factor, commonly
known as the H-cluster [4].

Recently, [FeFe] hydrogenases have attracted interest from researchers for their unique
capability to produce molecular hydrogen. [FeFe] hydrogenase is considered as a strong
candidate for biomimetic hydrogen fuel production. Hydrogenases can catalyze the hy-
drogen evolution reaction, Eq.1.1, with a very high efficiency, comparable to platinum
electrodes, but instead of this rare and costly metal, they use common, inexpensive and
non-toxic iron ions.

1.1.2. Biomimetic catalysts

Biomimetics is the imitation of nature for the purpose of solving complex human prob-
lems. Because of the complexity and diversity of biological systems, the applications of
biomimetics are immense (Figure.1.3). Biomimetic chemistry is a term used to describe
chemistry that is inspired by biological processes. This includes a large array of top-
ics: study of enzymatic reactions, synthesis of new materials, self assembly of molecules

2
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1

Figure 1.2: [FeFe] hydrogenase enzyme from Clostridium pasteurianum, the H-cluster is highlighted. PDB
structure:3C8Y.

which resembles biological self assembly, etc. "Biomimetic catalysis" generally refers to
chemical catalysis which mimics enzyme catalysis in nature. Researchers have focused
on constructing artificial enzyme mimics to catalyze chemical reactions with high effi-
ciency. Biomimetic catalysis based on the active site of the [FeFe] hydrogenase enzyme
offers an alternate route for hydrogen production [5]. Several catalysts are synthesized
based on the active site of the enzyme, still none of them are yet as active as the en-
zyme. A detailed understanding of the enzyme catalysis is crucial for designing better
biomimetic catalysts for hydrogen production.

Figure 1.3: Applications of biomimetics span across various fields of research.

1.2. Electron transfer reactions
Electron transfer is one of the most fundamental processes in nature. Photosynthesis
and nitrogen fixation, two biochemical processes essential to life, are key examples for

3
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electron transfer reactions in living organisms. Electron transfer also plays a key role in
synthetic systems like fuel cells. Moving an electron from a donor to an acceptor is a
simple chemical process yet very critical in biological functions. In proteins, transition
metals often serve as the donor or acceptor for electron transfer. To exploit the redox
properties of metalloenzymes for renewable fuel production, it is important to under-
stand the electron transport process in biological systems.

Electron transfer processes are classified into two categories: Inner sphere electron
transfer and outer sphere electron transfer. In inner sphere electron transfer the donor
and acceptor redox centers are covalently linked during the electron transfer process.
Whereas in outer sphere electron transfer process, the redox centers are not linked via
covalent bonds. Electron transfer in biological systems mostly follows an outer sphere
mechanism. Protein environment and solvent molecules play a crucial role in the elec-
tron transport process in biological systems. The electron transfer in protein systems
can occur over donor acceptor distances of about 10 Å, and can be described by Marcus
theory [6, 7]. In Marcus theory, donor and acceptor states are described by two non-
adiabatic states in contact with an environment (usually solvent or protein). Thermal
fluctuations of the environment trigger the electron transfer process between the two
states (Figure.4.2).

Figure 1.4: Free energy curves for the electron transfer between the donor (D) and the acceptor (A). λ is the
reorganization free energy. Figure taken from ref. [6].

1.3. Proton transfer reactions
Proton transfer reactions are very common in chemical and biological systems. Proton
transfer, in principle, follows the same physical laws as electron transfer. However, pro-
tons, being much heavier than electrons, cannot tunnel over long distances. The transfer
of protons over long distances is accomplished using a hydrogen bond network via the
so-called Grotthuss mechanism [8]. In many biological systems, the active site is buried
inside the protein scaffold and the transfer of protons from the outside to the active site
follows Grotthuss’ hopping of protons from donor to acceptor chemical groups [9]. In
such systems, proton transport occurs via special proton conducting channels that in-

4



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 11PDF page: 11PDF page: 11PDF page: 11

1.4. Molecular Simulations

1clude protein residues and encapsulated water molecules [10, 11]. Knowledge of the
proton conducting pathways is an important aspect in the study of enzyme catalyzed re-
actions and serves as a basis for further improving the efficiency of biomimetic catalysts.

Figure 1.5: Grotthuss mechanism of proton transfer through hydrogen bond networks. Zundel and Eigen
cations are believed to be the intermediate states during proton transfer. Figure taken from ref. [12].

1.4. Molecular Simulations
Molecular simulations can accelerate the development of new materials by predicting
the properties of the materials without synthesizing and characterizing them [13, 14].
With an increase in computational capabilities, the applications of molecular simula-
tions have also increased rapidly. Developing new materials for renewable energy is
gaining wide recognition and simulations can play a leading role in this process. Synthe-
sis and testing of various materials for adsorption, chemical reactivity, etc. is a time con-
suming process. Accurately predicting adsorption isotherms or catalytic mechanisms
will lead to synthesizing better materials at lower costs.

The interaction between atoms and electrons is governed by the laws of quantum
mechanics. Accurate and efficient techniques are required to solve the basic quantum
mechanics problem for the accurate prediction of properties. Prediction of macroscopic
properties from the electronic structure is often challenging. Density functional theory
(DFT) introduced by Kohn and Sham [15] provides a foundation for predicting prop-
erties like electronic energies with good accuracy. DFT is now a standard tool, even in
experimental chemistry labs, to compute molecules structures, reaction energies, and

5
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spectroscopic properties. DFT can be combined with molecular dynamics, to simulate
from first principles the motions of hundreds of atoms and molecules as they collide
and, sometimes, react. These are large computations however, limiting the simulation
lengths to the pico- or nanosecond timescale.

Figure 1.6: Multiscale simulation methods and their fields of applications. Figure taken from ref.[16].

The importance of computer simulations have accelerated the development of new
algorithms and methods. Different simulation techniques are available for accessing
various time scales and length scales (Figure.1.6). Recently, data driven models and ma-
chine learning techniques are being used for solving complex problems.

1.5. Outline of the thesis
Several complexes have been synthesized by mimicking the [FeFe] hydrogenase active
site for proton reduction, still none of them are as active as the enzyme. Probing and
understanding the microscopic details of the catalyst and the enzyme will help to de-
sign better synthetic catalysts. The main objective of this thesis is to understand the
proton reduction at the active site of [FeFe] hydrogenase enzyme and provide guidelines
for designing improved biomimetic catalyst. Chapter 2 gives an overview of the com-
putational methods that we used in this thesis. Classical molecular dynamics, density
functional theory, ab-initio molecular dynamics and rare event sampling techniques are
described in this chapter.

In Chapter 3, the reaction mechanism at the active site of the [FeFe] hydrogenase is
studied using ab initio molecular dynamics simulations combined with the metadynam-
ics rare event sampling method. In this study, we show that the reaction has a very low
energy barrier and the reaction mechanism can follow multiple pathways depending on
the protonation of the protein environment. For an efficient catalysis at the active site,
the transfer of protons and electrons to the active site is essential and the mechanism of
electron and proton transport process is further elucidated in the next chapters.

In Chapter 4, we used classical molecular dynamics simulation to understand the
electron transport inside the [FeFe] hydrogenase enzyme. We show that the flexibility of

6
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1.5. Outline of the thesis

1the protein matrix allows for the diffusion of water molecules into and out of the protein,
which enables the electron transfer process along [Fe] clusters. Marcus theory is used to
calculate the free energies for the electron transfer processes.

In Chapter 5, the proton transfer process inside the [FeFe] hydrogenase enzyme is
studied using QM/MM simulations. We show that the proton transfer follows a proton
hole mechanism and the transport is facilitated by the formation of strong local hydro-
gen bond networks. The free energy profile along the proton transfer pathway is com-
puted using constrained molecular dynamics simulations.

In Chapter 6, the reaction mechanism of proton reduction catalyzed by Fe2bdt(CO)6,
a synthetic mimic of the [FeFe] hydrogense enzyme, is studied. We show that the direct
reaction of a proton from the solution with a bridging hydride is the lowest free energy
pathway for hydrogen production. The pKa and the oxidation states of the intermediate
structures are also calculated.

Finally in Chapter 7, we established a linear scaling relationship between the pKa ’s
and the reduction potentials of 80 different biomimetic complexes. The established lin-
ear scaling relationship will help in selecting suitable ligands for efficiently designing
catalysts.

7
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2
Methods

2.1. Classical Molecular dynamics
Classical molecular dynamics is a computer simulation technique in which the proper-
ties of the system are calculated by numerically integrating Newton’s equations of mo-
tion. In this method, the atoms are treated as explicit particles whose interactions (both
intra- and inter-molecular) are described by a molecular force field [1]. For a system
with N atoms, the potential energy (U) of the system can be expressed in terms of the
positions (r) of the individual atoms:

U = U(r1, ...,rN ) (2.1)

The forces on the atoms can be expressed as the gradient of the potential energy as in
Eq. 2.2, where U is the potential energy of the system.

F =−∇U (r) (2.2)

The force, F , on each particle i governs its acceleration, a, as follows from Newton’s first
law:

Fi = mi ai = mi
d 2ri

d t 2 (2.3)

in which m is the mass of the particle. By combining Eq. 2.2 and Eq. 2.3, we can write

−∇U (ri ) = mi
d 2ri

d t 2 (2.4)

In other words, Newton’s equation of motion relates the gradient of the potential energy
to the change in the velocity of the particles (Eq. 2.4), where the potential energy is a
function of the 3N coordinates of all the atoms in the system.

In classical molecular dynamics, empirical force fields are used to describe the po-
tential energy of the system (Eq. 2.5). A typical force field includes parameters for bonded
interactions (bonds, angles and torsions) and non-bonded interactions (van der Waals
and electrostatics). Compared to quantum chemical calculations, the simplicity of the
force field functions, for example based on the harmonic approximation for covalent
bond interactions, Lennard-Jones potentials for Van der Waals attraction and Pauli re-
pulsion, and Coulomb’s law for electrostatic interactions, enhances the speed of calcu-
lation. The accuracy of molecular dynamics simulation is dependent on the accuracy of
the force field parameters.
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U = ∑
bonds

1

2
kb(r − r0)2 + ∑

angles

1

2
ka(θ−θ0)2 + ∑

proper
kt(1+cos(nφ−δ))+

∑
improper

kimp(ψ−ψ0)2 +∑
LJ

4εi j

[(
σi j

ri j

)12

−
(
σi j

ri j

)6 ]
+ ∑

elec

qi q j

ri j

(2.5)

In Eq. 2.5, kb, ka are the bond and angle force constants, respectively; kt, kimp are the
torsion energy coefficients for the proper dihedral angles and improper dihedral angles,
n is the periodicity of the torsion, φ is the dihedral angle and δ is the phase offset. r0 and
θ0 are the equilibrium bond distance and bond angle, respectively. For the non-bonded
interactions, qi is the partial atomic charge, ri j is the distance between the particles i and
j. εi j and σi j are the Lennard-Jones parameters. In force field simulations, the charge
and mass of atoms are localized at their centers.

In addition to the potential energy, the total kinetic energy (Ekin) of the system is
calculated using the following equation.

Ekin =
3N∑
i=1

mi v2
i (2.6)

Initial velocities are drawn randomly from the Maxwell-Boltzmann distribution at the
target temperature T .
Because of the complicated nature of the potential energy equation, there is no analyti-
cal solution and the equations of motion have to be solved numerically. Various numer-
ical methods have been developed for solving the equation of motion and propagating
the system. The velocity Verlet algorithm [2] is a commonly used numerical scheme. It
can be derived from a Taylor expansion of the atom position as a function of time, as
shown below.

ri (t +Δt ) = ri (t )+ dri (t )

d t
Δt + 1

2

d 2ri (t )

d t 2 Δt 2 + 1

6

d 3ri (t )

d t 3 Δt 3 +O (Δt 4) (2.7)

ri (t −Δt ) = ri (t )− dri (t )

d t
Δt + 1

2

d 2ri (t )

d t 2 Δt 2 − 1

6

d 3ri (t )

d t 3 Δt 3 +O (Δt 4) (2.8)

Adding Eq. 2.7 and 2.8 gives

ri (t +Δt ) = 2ri (t )− ri (t −Δt )+ Fi (t )

mi
Δt 2. (2.9)

The Verlet algorithm is very simple but efficient, stable and accurate. Furthermore, it is
also time reversible and serves as a good choice as an integrator for MD simulation.

Molecular dynamics simulation generates information at the microscopic level, such
as atomic positions and velocities. The conversion of microscopic properties to macro-
scopic properties such as pressure, viscosity, heat capacity, etc is done by using statistical
mechanics [3]. A macroscopic observable can be calculated from the ensemble average
of the system.

〈A〉ensemble =
�

d pN dr N A(pN ,r N )ρ(pN ,r N ). (2.10)

10
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2

where A(pN ,r N ) is the observable of interest, which is a function of momenta p and
positions r . The probability density of the canonical ensemble is given by,

ρ(pN ,r N ) = 1

Q
exp

[
Ĥ(pN ,r N )

kB T

]
(2.11)

where Ĥ is the Hamiltonian, kB is the Boltzmann’s constant, T is the temperature and Q
is the partition function, expressed as

Q =
�

d pN dr N exp

[
Ĥ(pN ,r N )

kB T

]
. (2.12)

Then by using the ergodic hypothesis, by evolving the system in time indefinitely, it will
eventually reach all the possible states. Which means that the time average is equal to
the ensemble average of the system.

〈A〉ensemble = 〈A〉time (2.13)

In molecular dynamics simulations, time average of A is calculated according to Eq. 2.14:

〈A〉time = lim
τ→∞

1

τ

∫τ

t=0
A(pN ,r N )d t (2.14)

where t is the time and τ is the total simulation time.

2.2. Ab initio Molecular dynamics
Classical molecular dynamics simulation using an empirical force field does not capture
explicitly the electronic properties of the system. For example, chemical bond breaking
and formation, tunneling of electrons, etc. cannot be modeled using force field-based
molecular dynamics simulation. However, instead of using a force field Hamiltonian to
describe the energy of the system, we can use a quantum chemical electronic structure
method, such as Density Functional Theory (DFT), to describe the Hamiltonian of the
system. This is the basis of first principles molecular dynamics simulation (aka ab initio
molecular dynamics) [4, 5]. In this method, the motions of the nuclei are still described
using Newton’s equation of motion, but the potential energy and the forces on the atoms
are calculated using DFT.

In Born-Oppenheimer molecular dynamics, a type of ab initio MD, the electrons are
assumed to be in their ground electronic state with respect to the nucleic positions at
each MD step. Since at each step we solve for the minimum energy electronic configura-
tion, we can accurately model phenomena that involve changes in the electronic struc-
ture, such as chemical reactions. Unfortunately, this method is computationally expen-
sive and is therefore limited to small systems and short simulation times compared to
force field-based molecular dynamics.

In quantum mechanics, the many body wavefunction, Ψ, describes all the electronic
and nuclear properties of the system. The electronic structure of the system can be ob-
tained by solving the non-relativistic time-independent Schrödinger equation.

Ĥ Ψ(r1,r2...rN ,R1,R2,RM ) = E Ψ(r1,r2...rN ,R1,R2,RM ) (2.15)

11
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where N is the number of electrons, M is the number of nuclei, and ri and Ri are the
spatial coordinates of the electrons and nucleus respectively. The Hamiltonian, Ĥ , of
the system is defined by Eq. 2.16.

Ĥ = −ħ2

2me

N∑
i
∇̂2

i −
N ,M∑

i ,I

ZI e

|ri −RI |
+ 1

2

N∑
i �= j

e2

|ri − r j |

− ħ2

2MI

M∑
i
∇̂2

I +
1

2

M∑
i �= j

ZI ZJ

|Ri −R j |

(2.16)

where ħ is the reduced Planck’s constant, me and MI are the mass of the electron and
nucleus I , ri and RI are the coordinates of the electron and nucleus and e and ZI are
the charge of the electron and nucleus. The first term of Eq. 2.16 is the electron ki-
netic energy, the second term is the electron-nuclei interaction energy, the third term
is the electron-electron interaction energy, the fourth term is the nuclear kinetic en-
ergy, and the last term in the nuclei-nuclei interaction energy. According to the Born-
Oppenheimer principle [6], the nuclear motion can be decoupled from the much faster
electronic motion. As the masses of the nuclei are much larger than that of the elec-
trons, the nuclear movement has little effect on the electronic motion. As a result of this
approximation, the Hamiltonian in Eq. 2.16 can be reduced to Eq. 2.17, where only the
electronic terms are considered.

Ĥe = −ħ2

2me

N∑
i
∇̂2

i −
N ,M∑

i ,I

ZI e

|ri −RI |
+ 1

2

N∑
i �= j

e2

|ri − r j | (2.17)

Thus, by minimizing the energy with respect to the electronic wave function, given the
nuclei positions, (Ψe = Ψ(r1,r2, . . . ,rN |R1,R2, . . . ,RM )), we can obtain the ground state
energy of the system.

2.2.1. Density Functional Theory

The exact solution for the many body Schrödinger equation is unknown, even for very
small systems. One of the most widely used methods for approximating the Schrödinger
equation is based on density functional theory (DFT), as proposed by Kohn and Hohen-
berg [7]. The two theorems of DFT are (1) for an external potential Vext , there exists a
uniquely defined ground state electron density ρ(r). According to this theorem, instead
of solving for the many body wave functionΨ(r1,r2...rN ,R1,R2,RM ), which is a function of
3N variables, it can be solved using the electron density ρ(r), which is a function of only
three variables. (2) The variational principle can be used to find the electron density ρ(r),
which corresponds to the ground state energy. The electron density that minimizes the
energy of the overall functional is the true electron density corresponding to the ground-
state solution of the Schrödinger equation. In order to find this electron density, ρ(r),
with the minimum energy, Kohn and Sham [8] introduced a set of equations which can
be solved numerically. They proposed a reference system of non-interacting electrons
moving in an effective potential. The sum of the single electron orbitals of this fictitious
system of non-interacting electrons corresponds to the true electron density.

12
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2

(−ħ2

2me
∇2 + vext(r )+e2

∫
ρ(r ′)
|r − r ′|dr ′ +Vxc(r )

)
ψ j = ε jψ j (2.18)

The true electron density ρ(r) can be calculated from the single electron K-S orbitals
ψi (r) using the Eq. 2.19

ρ(r ) =
N∑

i=1
|ψi (r )|2 (2.19)

where ψ j and ε j are the one electron Kohn-Sham orbital and the corresponding energy
level. In Eq. 2.18, the first term is the kinetic energy of electron in the non-interacting ref-
erence state, the second term is the external potential due to the nuclei, the third term
is the electron-electron repulsion energy, and the final term is the exchange correlation
(XC) functional. The XC functional contains all the unknown electron-electron inter-
actions due to the treatment of electrons as non-interacting single orbitals. The exact
form of the XC functional is not known. Finding a suitable expression for the unknown
XC functional is a challenge. Numerous approaches have been proposed to develop XC
functionals [9]. Three most commonly used approaches are the local density approxi-
mation (LDA) [10], the generalized gradient approximation (GGA) [11], and hybrid func-
tionals, which include a fraction of Hartree-Fock exchange [12].

2.2.2. Exchange-correlation functionals

As described above, the challenge in the K-S approach is to find a suitable XC functional.
The local density approximation (LDA) assumes that the XC functional depends only on
the electronic density at each point in space. Using this approximation, we can obtain
an expression for the XC functional as

E LD A
XC =−3

4

(
3

π

) 1
3
∫

ρ
4
3 dr (2.20)

The generalized gradient approximation (GGA) utilizes, in addition to the local electron
density, the gradient of the electron density. The general functional form of the GGA is
shown below:

EGG A
XC =

∫
f [ρ(r ),∇ρ(r )]dr (2.21)

2.2.3. Basis sets

A basis set is a set of functions used to describe the electronic wave function. Atomic or-
bital basis sets of Gaussian functions and plane-wave basis sets are the two main types
of basis sets employed in most quantum chemical programs. Plane wave basis sets are
widely used for the single electron K-S orbitals in periodic systems, and are of the follow-
ing form.

ψ j =
∑
G

Ck+G exp[i (k +G)r ] (2.22)
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In Eq. 2.22, the summation is over all infinite possible values of G, which is a set of vectors
in reciprocal space. It is not practical to sum over infinite reciprocal lattice vectors, so we
define a cutoff energy where we truncate the basis set. Only plane waves with low kinetic
energy are considered.

2.2.4. Pseudopotentials

Electronic wave functions fluctuate much more rapidly in the core region due to the
high electrostatic attraction and kinetic energy, compared to further away from the nu-
clei. This requires a larger cutoff energy for the plane wave basis set. Therefore, in K-S
DFT calculations using plane wave basis sets, we use the pseudopotential approxima-
tion. Here the atomic potential of the inner core electrons are replaced by a pseudopo-
tential [13]. The core electron wave function does not change significantly in chemical
reactions, while the valence electrons participate in chemical bonding. Hence this ap-
proximation works well in most cases.

2.3. Rare event sampling
Time scales and system sizes accessible by molecular dynamics simulation are relatively
small. MD simulations are very useful in sampling the equilibrium states of the system.
But in dynamical systems, there are many interesting phenomena occurring at a much
larger time scale than the typical time scale of MD simulations. Processes that happens
at much larger time scales than accessible to conventional simulations are called rare
events. Transitions between stable states that are separated by a substantial free energy
barrier are rare event processes. Conformational changes in proteins, chemical reac-
tions, phase transition. etc. are examples of rare events. For such processes, the system
stays in one stable state for a very long time before it crosses over to the other state.
The simulation time increases exponentially depending on the barrier height. Simulat-
ing such systems for longer time scales is not practical. In such scenarios, enhanced
sampling technique like metadynamics [14], umbrella sampling [15], steered molecu-
lar dynamics [16], constrained molecular dynamics [17], transition path sampling [18],
etc. are used. Here, we discuss briefly the two techniques applied in the current studies:
metadynamics and constrained molecular dynamics .

2.3.1. Constrained molecular dynamics

In constrained molecular dynamics (CMD), thermodynamic integration is used to com-
pute reaction and activation free energies along a reaction path defined by a collective
variable, η [17]. The thermodynamic integration variable is a function of the configu-
rations (η=η(r)). The thermodynamic integral yielding the free energy can be denoted
as

G(η2)−G(η1) =
∫η2

η1

〈
δH

δη

〉
dη′ (2.23)

Here G is the free energy, H is the Hamiltonian of the system and η1, η2 describe the ini-
tial and final states of the system respectively. The integrand in Eq. 2.23 is a mean force,
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which can in principle be evaluated using MD. However, for rare events, the sampling
probability of the values of η close to the transition state is very small. This problem can
be solved by estimating the conditional average of Eq. 2.23 as the time average over a
constrained trajectory at a fixed value of the collective variable η = η′. In order to com-
pute this, we can use the strength of the constraint force determined using the Lagrange
multiplier (λ). Using this method Eq. 2.23 can be written as follows

G(η2)−G(η1) =
∫η2

η1

〈
λ
〉
η dη′ (2.24)

where λ is the average constrained force that is evaluated for each value of η = η′ in the
constrained MD simulations. The use of constraints affects the phase space distribution
and for a velocity dependent property this can be compensated [19]. This effect can be
neglected for constraining distances [19, 20].

2.3.2. Metadynamics
Metadynamics is an enhanced sampling method developed by Laio and Parrinello [14]
for simulating rare events. In metadynamics, a complex transition is described by a
small set of collective variables (CVs). Multiple CV’s can be used, so that not a priory
the (1D) reaction coordinate needs to be known. The free energy surface can be recon-
structed by adding a history dependent bias potential to the Hamiltonian to bias the
simulations away from sampling previous configurations. The bias potential in Eq. 2.25
is constructed as a growing sum of repulsive Gaussian type potentials.

Vbi as (s, t ) = H
∑

t ′=τ,2τ,..

exp

(
− (s(t )− s(t ′))2

2w2

)
(2.25)

where H and w are the height and width of the Gaussians, τ is the time interval at which
the Gaussian potentials are deposited. By cumulatively adding the bias potential, the
system is forced to sample all the regions in the phase space described by the CV’s. It
is important to note that the chosen CV’s should be able to distinguish between the dif-
ferent states. Some examples of commonly used CV’s are atomic distance, angles, di-
hedrals and coordination numbers. Recent advances like path-metadynamics[21], well-
tempered metadynamics[22], bias-exchange metadynamics[23] have enhanced the sam-
pling and convergence of metadynamics techniques.
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2. Methods

Figure 2.1: Results from an illustrative metadynamics simulation in a 1D potential. The simulation starts in the
B state, then continue to sample A and C states of the system. (Top) Time evolution of the collective variable.
(Bottom) Representation of the progressive filling of the underlying potential by using the history dependent
Gaussian potentials. Figure taken from ref. [24].
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3
pH dependence of the hydrogen

evolution mechanism in [FeFe]
hydrogenase

[FeFe]-hydrogenases can convert protons into molecular hydrogen with extremely high
efficiency. Recently several reaction intermediate states have been identified using electro-
chemical, spectroscopic, and computational techniques. However, their order in the cat-
alytic cycle remains still a matter of debate. Here we show with first principles dynamics
simulations that hydrogen can be produced via two distinct mechanisms, depending on
the pH. At physiological acidity, H2 formation follows a low barrier cascade via a new in-
termediate: a singly reduced hydride species, Hr ed−hyd . Using an electronic analysis based
on Wannier center positions, we can assign yet unclear oxidation states. These insights
help to understand the remarkable efficiency of hydrogenase enzymes and may eventually
lead to improved bio-inspired catalysts for molecular hydrogen production.
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3

3. pH dependence of the hydrogen evolution mechanism in [FeFe] hydrogenase

3.1. Introduction
Molecular hydrogen as a sustainable alternative for fossil fuels is a topic of huge inter-
est. Large scale production of molecular hydrogen, for example from (photo-) electro-
chemical water splitting, requires development of efficient and inexpensive catalysts [1].
Diiron hydrogenase is one of the most efficient enzymes found in nature, capable of re-
ducing protons to molecular hydrogen, and therefore an important source of inspiration
for biomimetic catalyst design [2]. Understanding the mechanistic details underlying the
remarkable catalytic activity of the enzyme is key to making better artificial hydrogenase
catalysts.

Fep Fed

S
S

NH

C
N

CO

C
O

O
C

NC

X(H-,H2,CO)S
Cys

[Fe4S4]2+

H-cluster Cys299
H2O612

e-

H+

H+

H+

Figure 3.1: Left: chemical motif of the catalytic H-cluster in the [FeFe] hydrogenase enzyme, showing the prox-
imal and distal iron atoms, the bridging aminodithiolate (ADT) ligand, the binding site (X) for the hydrate and
the molecular hydrogen, and the cysteine-linked [Fe4S4] cubane cluster. Right: Ball-and-stick representation
of our starting structure of the catalytic site, with the cysteine-linked [Fe4S4] cubane cluster on the left-hand-
side and the Cys299 and H2O612 residues on the right. Blue and red arrows indicate the electron and proton
transfer pathways. Color coding: Fe Purple, O Red, S Yellow, N Blue, H White, C Cyan.

The active site of the hydrogenase enzyme, known as the H-cluster, consists of a
[Fe2S2] moiety and a [Fe4S4] cubane cluster that are linked by a cysteine (Figure 3.1). The
Fe atom in [Fe2S2] that is connected to the cysteine is denoted as proximal iron (Fep ) and
the other Fe atom, which has a vacant site, as distal iron (Fed ). Both are coordinated by
CO and CN− ligands and bridged by an aminodithiolate (ADT) ligand. The ADT ligand
is thought to function as a proton relay for the binding site at Fed , whereas electrons can
transfer through the redox active [4Fe4S] cluster.

The starting point of the catalytic cycle is the oxidized form of the H-cluster, Hox ,
which has a [Fe4S4]2+ cubane and a mixed valence [Fe2S2] cluster. Previous computa-
tional studies have characterized the electronic and mechanistic properties of the Hox

state [3, 4]. The reduction of Hox by one electron leads to Hr ed , characterized by a
[Fe4S4]1+ cubane. Recently, various reduced and protonated intermediates have been
proposed to take part in the catalytic cycle [5–10], including an isoelectronic variant of
Hr ed (i.e. H′

r ed ), a doubly (super) reduced state, Hsr ed , and various states that include a
ligated hydride, Hhyd , and a protonated ADT ligand, Hhyd H+ and H∗

hyd H+. Mebs and

co-workers reported that the Hr ed and Hsr ed states should be excluded as possible cat-
alytic intermediates, whereas the Hox , H′

r ed , and Hhyd states are relevant in the catalytic
cycle [9]. They also suggested that protonation could take place at the [Fe4S4] cluster. In
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addition, also the mechanistic sequence of intermediates and their electronic properties
are still under debate.

The mechanism of proton reduction at the H-cluster is assumed to be a proton cou-
pled electron transfer reaction, where the transfer of a proton from a nearby cysteine
ligand to the H-cluster is coupled to the transfer of an electron from the cubane to the
diiron cluster [6]. Another matter of debate has been the possible binding sites of the
hydride intermediate in the catalytic cycle [9, 11–13]. Even though the thermodynami-
cally favorable species has the hydride bridging between the Fep and Fed atoms, there
is a general understanding that the hydrogen production pathway involves a terminal
hydride on the Fed atom. Both bridging and terminal hydride intermediates have been
carefully characterized [7, 9]. Biomimetic catalysts synthesized so far to mimic the H-
cluster are known to form a bridging hydride intermediate. Understanding how the en-
zyme avoids the bridging hydride state during the hydrogen production cascade is cru-
cial for synthesizing catalytic mimics that reach the activity of the natural hydrogenase
enzyme. In this study, we perform first principles molecular dynamics (DFT-MD) simu-
lations at ambient temperature to unravel the reaction mechanism of proton reduction
and H2 formation in the H-cluster of the [FeFe]-hydrogenase from Clostridium pasteuri-
anum. Our simulations validate several of the previously proposed intermediates, and,
surprisingly, also lead to a new pathway for the reaction mechanism.

3.2. Method

The starting structure of our model is taken from protein databank structure 3C8Y, as
shown in Figure 3.1. Strong hydrogen bond interactions between the protein residues
(i.e. Lys358 and Ser232) and the CN− groups of the H-cluster [11, 13] restrict the rotation
of the CN ligands and maintain the structural integrity of the H-cluster. Fixing the N
atoms of the CN− ligand replicates this effect. It is further shown that the structural con-
straints of the amino acids does not affect the energetics of the reaction [13]. The total
charge of this starting cluster is -3 in the oxidized state, which is consistent with previous
studies [11–14]. High spin Fe atoms in the cubane cluster are coupled antiferromagnet-
ically yielding a low-spin ground state for the cubane. The theoretical treatment of the
H-cluster is complicated because of the spin coupled system. The Broken Symmetry
(BS) approach has been used for understanding the importance of spin coupling in the
cubane system [4, 15]. However, previous studies have shown that the partial charges
and the structural changes at the cubane remain essentially unaffected, indicating that
the effects due to spin coupling are insignificant [11, 16, 17]. Bases on these findings,
and in accordance with previous work [11, 16, 18], the H-cluster can be modeled in the
low spin state throughout the catalytic cycle.

Residues Cys299 and H2O-612 (PDB:3C8Y numbering) were included for their pre-
sumed importance in the proton transfer pathway [19]. In particular, point mutations
at Cys299 can have a considerable affect on the turnover number [20]. The CP2K pack-
age [21] was used for all simulations discussed in this work. DFT-MD simulations were
carried out with the PBE [22] exchange correlation functional augmented with Grimme’s
D3 Van der Waals function [23] to account for improved dispersion interactions. We used
a DZVP-MOLOPT [24] Gaussian basis set combined with a plane wave basis set cut off
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at 300 Ry. Valence-core interactions were represented by GTH-type pseudopotentials
[25, 26]. All simulations were carried out in the NVT ensemble, with the system in a cu-
bic box of 25 Å. The MT poisson solver [27] was used to isolate the system from spurious
periodic electrostatic interactions. The CSVR thermostat [28] kept the temperature con-
stant at 298 K.

Several key reaction steps of the catalytic cycle are down-hill and (almost) barrierless
after introducing a proton or an electron to the H-cluster, which allows us to observe
the spontaneous reaction dynamics in atomistic detail within these DFT-MD simula-
tions. The remaining activated reaction steps, with free energy barriers that are too high
for direct observation in unbiased simulations, we model by combining DFT-MD with
the metadynamics enhanced sampling technique [29] as implemented in the PLUMED
plugin [30], which allows us to calculate the reaction free energy profiles. Starting from
equilibrated reactant states, we accumulated repulsive Gaussian bias potentials with a
heights of 1 kJ/mol and widths of 0.1 Å, with a deposit interval of 50 fs. The Gaussian
heights were reduced to 0.5 kJ/mol after the first barrier crossing and recrossing. The
minimum free energy path was computed using the trace_irc tool [31] from the metady-
namics bias potential.

Particular attention is given to resolving the oxidation states of the iron atoms and
cubane subunit in the different intermediate structures. To this end, we transform the
electronic state into the set of maximally localized Wannier orbitals [32, 33], by transfor-
mating the wave function into the set of most localized Wannier functions, the oxidation
states of the metal centers, Fep and Fed at each intermediate state could be determined
by assigning the Wannier orbital centers to the closest atoms and counting them [34, 35].
This provides a very clear picture on the formal oxidation states, unlike most DFT charge
population analysis schemes.

3.3. Results and Discussions
Figure 3.2 gives an overview of all reaction steps simulated in this study with either un-
biased DFT-MD or metadynamics, together with the main results as snapshots of the
catalytic system and the computed free energies. The starting state of our DFT-MD sim-
ulations is the Hox state of the cluster with a nearby proton, {H+}, positioned on the
Cys299 residue, which is the more likely state of the natural enzyme [19, 36, 37]. During
the 5 ps length of the simulation, the proton remains on the Cys299 ligand, which is in
agreement with previous studies that show that proton uptake by the diiron center only
occurs in the singly reduced Hr ed state. Note that one carbonyl ligand is in the bridging
position in between the Fep and Fed ions (Figure 3.2a).

After reducing the H-cluster to the Hr ed state by adding an electron to the system, a
spontaneous transfer of the proton occurs from the cysteine residue to the bridging ADT
ligand (Figure 3.2b→c). The excess electron, which initially resides on the cubane clus-
ter, transfers simultaneously to the Fep ion, forming a [Fe4S4]2+[Fep (I) Fed (I)] species,
which is the Hr ed H+ state. Clearly, the Hr ed state is not a stable intermediate when a
proton is available on the nearby cysteine, but instead transforms on the picosecond
timescale into the Hr ed H+ state via a proton coupled electron transfer (PCET) reaction
[6, 38]. This first PCET step is concerted with several small structural changes. In par-
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(Hred + {H+})
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Figure 3.2: Snapshots from the (unbiased) DFT-MD simulations of the spontaneous reaction steps (green ar-
rows) and from the metadynamics simulations of the activated steps (orange arrows). The transferring protons
are shown in green; other colors as in Figure 3.1. Computed free energy barriers and reaction free energies are
shown in kJ/mol. The cubane cluster is omitted for clarity. Note that the catalytic cycle is a barrierless down-
hill cascade of rearrangements (green arrows) up to the final H2 release step, when a nearby proton, {H+}, is
present.

ticular, the water molecule (H2O-612) reorients at the same time and forms an H-bond
interaction with the sulfur of the cysteine, thereby facilitating the leaving of the proton
from the cysteine. Secondly, the bridging carbonyl ligand transfers to a terminal position
at the Fed ion.

Next, a second proton is added to the cysteine ligand. The underlying assumption
is that, when a proton is transferred from the cysteine to the ADT, the next proton will
transfer from the protein exterior, via the water ligand, to the cysteine in such a way
that the cysteine is always protonated [11, 39]. In the following DFT-MD simulation of
the Hr ed H+ cluster, the first proton is seen to transfer from the ADT ligand to the Fed

ion (Figure 3.2d→e). The Wannier center analysis reveals that both Fep and Fed ions
donate an electron to the proton, as it binds to Fed to form a terminal hydride ligand.
The resulting hydride containing H-cluster, still in the singly reduced oxidation state,
which we denote here as Hr ed−hyd . Static DFT studies on the 2Fe subcluster [40–42] and
H-cluster models using QM/MM [11, 13, 15, 16, 43] speculated the formation of such an
intermediate. The importance of protonated cysteine residue in the formation of such
an intermediate is elaborated in this study. Also the electronic properties of the Hr ed−hyd

is addressed. Without the presence of a nearby proton, the isomerization of Hr ed H+ to
Hr ed−hyd is an activated process. Metadynamics simulation in section. 3.3.1.1 shows the
free energy barrier of this process.

Several previous studies have reported that a terminal hydride species (Hhyd ) is formed
after a second electron reduction of the H-cluster, the so-called super-reduced state,
Hsr ed [8]. However, here we see that, when the cysteine is protonated, the proton rear-
rangement from ADT to form the terminal hydride at Fed takes place before the eventual
second electron reduction.

We create the Hsr ed state for characterisation by removing the second proton from
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the Cys299 and adding a second electron to this Hr ed H+ cluster. Without the immediate
availability of a second proton, this [Fe4S4]+Fep (I)Fed (I)NH2

+ species [8] is then seen to
be stable on the timescale of our DFT-MD simulation. Formation of Hhyd from Hsr ed is
an activated event with a modest free energy barrier of 25 kJ/mol and an overall reaction
free energy of -21 kJ/mol (Figure 3.2i→k). Section. 3.3.1.2 shows the free energy profile
of this reaction.

One electron reduction of Hr ed−hyd yields the recently characterized intermediate
state Hhyd [36]. A 5 ps simulation of Hhyd +{H+} shows the spontaneous transfer of a
proton from the cysteine ligand to the NH ligand, forming Hhyd H+ (Figure 3.2f→g). This
new intermediate state has been proposed in recent experimental studies [5, 6] and our
calculations confirm that such an intermediate state is indeed taking part in the cat-
alytic cycle. Similar to the first protonated state, the Hhyd H+ is stable during the simu-
lation if there is no nearby proton available at the sulfur. When the sulfur is protonated,
a spontaneous reaction between a proton from NH2

+ and the terminal hydride is ob-
served, which leads to the formation of the ligated dihydrogen molecule (Figure 3.2h→l).
Without the presence of the proton at Cys299, this reaction is an activated process and
didn’t observe in the short simulations time. Metadynamics simulation in section. 3.3.1.3
shows that this reaction has to overcome an energy barrier of 25 kJ/mol in the absence
of the proton.

Liberation of the H2 molecule from the distal iron is only possible at a mixed valence
state of the H-cluster and regenerates the initial Hox state with a vacant site at the Fed

site. This final step in the catalytic cycle is endergonic with a reaction free energy of
25 kJ/mol and a barrier of 28 kJ/mol (section. 3.3.1.4). Hydrogen production in the pres-
ence of the protonated cysteine have an energy barrier of 28 kJ/mol. This low energy
barrier justifies the higher turnover ratio of hydrogenase enzyme. The [FeFe] hydroge-
nase enzyme is known to reversibly catalyze the H2 production. Previous studies have
shown the importance of hydrogen bond network in both H2 production and H2 uptake
[19]. At the hydrogen production phase, sulfur atom of the cysteine acts as the hydro-
gen bond donor and the nitrogen of the ADT acts as the acceptor and vice versa during
the hydrogen uptake phase. The flexibility of hydrogen bond allows the switching of hy-
drogen bond donor and acceptor [44]. With a favorable hydrogen bond network, the
hydrogen molecule can be split into a proton and a hydride at the H-cluster. Free en-
ergy profile shows that the splitting of the hydrogen molecule is a downhill process of
9 kJ/mol, given a favorable hydrogen bond network(Figure 3.2h→m). This results are
in consistent with the previous understanding of the reversible hydrogen production by
[FeFe] hydrogenase enzyme.

3.3.1. On the proton diffusion pathway

The diffusion of the proton to the H-cluster is a crucial aspect for efficient catalysis. Even
though most microscopic details thus far remain unclear, there is general consensus re-
garding the relevance of the Cys299 residue in the proton transfer pathway. Mutations at
this aminoacid position decrease the turn over frequency of the enzyme [19]. To further
demonstrate the significance of fast proton diffusion, we studied the reaction mecha-
nism also in the absence of a nearby proton, {H+}, located at Cys299. The rearrange-
ment of the first proton to the terminal hydride position (which can occur in two dif-
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ferent pathways as shown in the reaction mechanism scheme of Figure3.2 : (1) Hr ed H+
→ Hr ed−hyd , or (2) Hsr ed → Hhyd ) is a rare event in the absence of the nearby proton
at Cys299. Also the penultimate reaction step, from Hhyd H+ to form Hox (H2), which is
spontaneous when Cys299 is protonated, is no longer observed during a (short) DFT-MD
simulation. Finally, the unbinding of the formed molecular hydrogen is not seen to oc-
cur spontaneously irrespective of the Cys299 protonation state. We therefore performed
metadynamics simulations to compute the free energy profiles of these four reaction
steps under relatively high pH or slow proton diffusion conditions (i.e. with Cys299 de-
protonated). The metadynamics simulations are stopped after multiple barrier recross-
ings are observed and when the free energy is converged to ≤ 3 kJ/mol. Hereafter, the
results of the three metadynamics simulations are presented in full detail.

3.3.1.1. Metadynamics simulation 1: isomerization from Hr ed H+ to Hr ed−hyd

The isomerization of Hr ed H+ to Hr ed−hyd has an energy barrier of about 51 kJ/mol. The
resulting intermediate Hr ed−hyd is highly unstable with respect to the reactant state, with
a ΔG = +45 kJ/mol as seen in Figure 3.5. Clearly, the proton transfer from the ADT ligand
to the terminal Fed position is rather unfavorable in the singly reduced state, without the
presence of a proton at Cys299. In any case, the Hr ed−hyd intermediate would be a very
unstable species, which makes it difficult to characterize experimentally.
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Figure 3.3: Free energy surface of the rearrangement of Hr ed H+ (shown left) to Hr ed−hyd (shown right), as a
function of two CVs: d(N-H) is the distance between the indicated N and H atoms and d(Fe-H) is the distance
between the Fed and H atoms. The green string of nodes illustrate the minimum free energy path computed
with the trace_irc tool. The free energy profile along this path is shown in Figure 3.5.
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Figure 3.4: The dynamics of the two distance CVs during the 25 ps metadynamics simulation of the Hr ed H+
to Hr ed−hyd rearrangement. The rather deep reactant free energy well takes about 17.5 ps to be filled, after
which the first barrier crossing is seen. The product well is much more shallow.

Figure 3.5: Free energy profiles along the progress variable σ of the optimized reaction path (shown by the
string of nodes in Figure 3.3) at three different metadynamics simulation times.
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3.3.1.2. Metadynamics simulation 2: isomerization of Hsr ed to Hhyd

The isomerization of Hsr ed to Hhyd is a downhill process with a free energy barrier of
about 25 kJ/mol. Hhhyd is more stable than the Hsr ed by about 21 kJ/mol. The relatively
low barrier implies that this rearrangement is likely to take place after second reduction
of the H-cluster to the Hsr ed state. Experimental characterization of Hhyd should be
possible because it is a relatively stable intermediate in the reaction cycle, unlike the
previous Hr ed−hyd species.
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Figure 3.6: Free energy surface of the rearrangement of Hsr ed (shown left) to Hhyd (shown right), as a function
of two distance CVs: d(N-H) is the distance between the indicated N and H atoms and d(Fe-H) is the distance
between the Fed and H atoms. The green string of nodes illustrate the minimum free energy path computed
with the trace_irc tool. The free energy profile along this path is shown in Figure 3.8.

Figure 3.7: The dynamics of the two distance CVs during the 25 ps metadynamics simulation of the Hsr ed to
Hhyd reaction. The first escape from the stable reactant state occurs after about 4 ps; the system recrosses back
to the reactant state at t ≈ 7 ps, after which the metadynamics simulation continues with reduced Gaussians.
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Figure 3.8: Free energy profile along the optimized reaction path (shown by the string of nodes in Figure 3.6)
at three different metadynamics simulation times.

3.3.1.3. Metadynamics simulation 3 of the H2 formation
Figure 3.9 and Figure 3.11 show that the transfer of a proton from the bridging NH2

+
ligand of the Hhyd H+ intermediate to form Hox (H2) involves the crossing of a free energy
barrier of circa 25 kJ/mol, in the absence of a proton at the Cys299 ligand.
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Figure 3.9: Free energy diagram for the reaction of Hhyd H+ (shown on the left) to Hox (H2) (right). The two
CVs used in the metadynamics were both differences between two distances. The first, shown on the x-axis,
controls the transfer of H1 from N to H2. The second CV, shown on the y-axis, was chosen to allow for the H2
to bind with the H1 and to break with the Fed . The later bond breaking was not observed, which led us to
simulate the unbinding of the formed molecular hydrogen with a separate metadynamics simulation.
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Figure 3.10: The dynamics of the two “difference of distances” CVs during the 20 ps metadynamics simulation
of the Hhyd H+ to Hox (H2) reaction.

Figure 3.11: Free energy profile along the optimized reaction path (shown by the string of nodes in Figure 3.9)
at three different metadynamics simulation times.
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3.3.1.4. Metadynamics simulation 4: unbinding of the formed H2 molecule

The final step in the hydrogenase catalytic cycle, the H2 unbinding, can be described
with a single CV, for example the distance between the distance iron ion and bound H
atom of the H2 molecule. However, to avoid issues with permutation of the two H atoms
in the unbound state, we chose to use instead the coordination number of the distal iron
with respect to the H atoms, which is functionalized by a sum of switch functions:

nc =
NH∑

i

1− ( d(Fe−Hi )
d0

)8

1− ( d(Fe−Hi )
d0

)16
(3.1)

Here, d(Fe−Hi ) is the distance between Fed and a hydrogen, with the sum running over
the two hydrogens (NH = 2). The cutoff distance, r0, was set to 2.0 Å.

Figure 3.12 shows the free energy profile for the unbinding of the formed H2 molecule
from the catalytic site. Note that the CV takes a value of about nc = 1.6 in the initial
Hox (H2) state (shown on the right) and a value close to zero in the unbound product
state (left). The barrier is about 28 kJ/mol.

Fe
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Fe
H2

H2
H1

Figure 3.12: Free energy profiles of the dissociation of H2 molecule from the distal Fe atom at different stages
of the metadynamics simulation. The single CV used is the coordination number of Fed by H atoms. In the re-
actant state (shown on the right) the coordination number is about 1.6, whereas the H2 is considered unbound
at a value of about 0.2.

From these metadynamics simulations and resulting free energy landscapes, we con-
clude that in the absence of a proton at the Cys299 ligand, the transfer of a proton to the
distal iron forming the terminal hydride occurs only after the second electron reduction.
Instead, in the scenario where the proton diffusion barrier is negligible so that the pro-
ton is instantly replaced at the cysteine ligand, we find that the mechanism can follow a
new alternative pathway.

Figure 3.14 summarises the mechanistic reaction scheme that follows from these
simulation results. We can now distinguish two catalytic routes leading to molecular hy-
drogen formation, starting from the Hox state depicted in the upper left. The first route is
indicated by following the black arrows and takes place when the Cys299 is protonated.
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Figure 3.13: Dynamics of the Fe-H coordination number CV during the 10 ps metadynamics simulation.

Given the solution pKa of the cysteine S-H group of 8.3, this is assumed to be the case
under acidic, neutral, and even mildly alkaline conditions. In the first PCET step, an elec-
tron localizes at the Fep and a proton transfers from Cys299 to the ADT nitrogen. Then,
as soon as Cys299 is replenished with a proton from the protein exterior, the internal re-
arrangement takes place to form the Hr ed−hyd terminal hydride species. The third step
is again a PCET step, but now the electron remains on the cubane. And, fourth, when the
Cys299 is protonated again, a second internal rearrangement leads to H2 formation. The
catalytic cycle thus follows an ECEC mechanism, as in steps 1 and 3 an electron enters
the system, which induces a local proton transfer, and in steps 2 and 4 a proton enters at
Cys299, which triggers a chemical rearrangement.

The second catalytic route is indicated by the red arrows in Figure 3.14 and takes
place under rather alkaline conditions or slow proton supply to Cys299. Here, the hy-
dride species, Hhyd , is only formed after the second electron transfer from the super-
reduced state, Hsr ed , which has been the consensus mechanism in the literature thus
far. The observed pH dependence corroborates several experimental findings, such as
the Hr ed state found dominating at pH 10 and Hr ed H+ reaching maximum amplitude at
pH 6 in recent FTIR spectro-electrochemistry experiments [6]. On the other hand, we
suggest that the experimentally observed accumulation of Hsr ed species at pH 8 and of
Hhyd at pH 4 under increased product and substrate concentration [36] are more likely
Hhyd and Hhyd H+ respectively. Our dynamics simulations at room temperature also
show that Hr ed and Hsr ed can occur without forming a bridging μ-hydride, and should
not be excluded as catalytic intermediates, as was recently posed based on static DFT
calculations and IR spectroscopy [9]. And finally, the Wannier center analysis settles sev-
eral assignment issues regarding the oxidation states of the two iron ions and redox ac-
tive cubane cluster, in particular for the Hox , Hr ed , Hhyd H+, and Hox (H2) intermediates
[5–7, 10].
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Figure 3.14: Proposed reaction scheme for di-iron hydrogenase catalysed proton reduction, based on our first
principles dynamics simulations. Two mechanisms can be distinguished: (1) with Cys299 protonated (i.e. at
physiological pH), the black arrows are followed; (2) at higher pH conditions, the path of red arrow is followed
(red/black dashed arrows indicate the common steps). Red, blue, and green backgrounds indicate respectively
the oxidized, singly reduced, and doubly (super) reduced electronic states of the catalytic site. The formal
oxidation states obtained from the Wannier center analysis are shown for the two iron ions and the [Fe4S4]
cluster.

3.3.2. Electron transfer steps shown by Wannier Center analysis, Mulliken
charges, and spin densities

Figure 3.15 shows the Wannier centers for each of the intermediates along the reaction
pathway. The total numbers of Wannier centers on the Fep and Fed ions are 14 and 15
respectively in the Hox state. Given the effective charge of the iron nucleus plus core elec-
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Figure 3.15: Snapshots of the catalytic H-cluster and the cysteine-linked cubane cluster in the different oxida-
tion and protonation states showing the Wannier center positions (orange spheres) at the Fe ions (transparant
purple spheres). In parentheses are indicated the numbers of spin-up and spin-down Wannier centers for each
Fe ion.

trons of +16, as represented by the Fe pseudopotential, the oxidation state is determined
as Fep

II-Fed
I.

When the first electron is added to the system to form Hr ed , the number of Wannier
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Table 3.1: Mulliken charges and total spin densities on the iron ions in the H-cluster.

Spin Charge
H-cluster structure Fep Fed Fep Fed

Hox 0.12 1.03 -0.66 -0.69

Hr ed 0.00 -0.001 -0.68 -0.79

Hr ed H+ -0.002 0.001 -0.60 -0.90

Hsr ed 0.06 -0.06 -0.59 -0.92

Hr ed−hyd 0.00 0.00 -0.76 -0.93

Hhyd 0.05 0.001 -0.76 -0.95

Hhyd H+ -0.06 -0.13 -0.72 -0.92

Hox (H2) 0.51 0.40 -0.73 -0.70

centers on the [Fe2S2] subcluster remains the same, which indicates that this first elec-
tron is located at the [Fe4S4] cubane cluster. When the proton is transferred from the
cysteine ligand to the bridging NH group (Hr ed H+), the number of Wannier centers at
the Fep atom increases by one, resulting in Fep

I-Fed
I. This confirms that the first pro-

cess in the catalytic cascade leading to molecular hydrogen is a proton coupled electron
transfer reaction, as has been widely speculated.

In the Hr ed−hyd state, a Wannier center is located at the iron-bound hydrogen in both
spin states. This gives a formal charge of 1− for the hydrogen, i.e. a hydride at the termi-
nal position of the distal iron as previously speculated. In the Hsr ed state, the oxidation
state of [Fe2S2] remains unchanged with respect to the Hr ed H+ state, which shows that
also the second added electron is first located at the [Fe4S4] cubane cluster.

Figure 3.16 shows once more the Wannier center positions on the intermediate struc-
tures, but now in the scheme of the catalytic cycle. When the proton is transferred from
the cysteine to the bridging NH group (Figure 3.16 b→c), the Wannier center closest to
the nitrogen moves to the center of the N-H bond. When the proton moves to the termi-
nal hydride (Figure 3.16 d→e) the Wannier center moves back to the nitrogen, regener-
ating the lone pair on the nitrogen. The NH bridging ligand acts as a proton relay in this
manner.

For completeness, we show in Table 3.1 the atomic charges and the atomic spins
from a Mulliken population analysis for the iron ions in the H-cluster at the different
intermediate states. The population analysis is not very informative on the oxidation
states of the iron ions.

3.3.3. On the alternative reaction pathway via a bridging hydride

The presence of a bridging hydride in the catalytic cycle of the hydrogen production re-
action is widely speculated. Recent studies have experimentally characterized the bridg-
ing hydride intermediate [9]. The bridging hydride configuration is thermodynamically
more favorable than the terminal hydride configuration; it seems therefore that the for-
mation of molecular hydrogen via the bridging hydride route is somehow kinetically
suppressed [11, 13]. In order to validate this premise, we set out to study the penulti-
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Figure 3.16: The electron transfer reactions along the catalytic cycle, as shown by the Wannier center posi-
tions at the (transparant) Fe ions, the BDT nitrogen and hydrogen atoms, and the Cys299 sulfur atom. Orange
spheres indicate Wannier centers. The transferring protons are shown in green. The [Fe4S4] cubane cluster,
the H2O-612 residue and the hydrogens of the Cys299 and bridging ligand are not shown for better clarity.

mate step of the catalytic reaction sequence (i.e. from Hhyd H+ to Hox (H2)) starting from
a bridging hydride configuration, as shown in Figure 3.17. In these DFT-MD simulations
of Hhyd H+, with the hydride in the bridging position (and the Cys299 residue proto-
nated), we did not observe the transfer of the proton from the NH+

2 group to the iron
center. We note that in the equilibrated structure of this alternative Hhyd H+ geometry,
the terminal position at the distal iron is no longer vacant, but occupied by a CO group,
which inhibits the proton transfer. We conclude that the bridging hydride configuration
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is indeed not a viable intermediate in the catalytic cycle for molecular hydrogen produc-
tion.

Figure 3.17: DFT-MD simulation snapshot of the Hhyd H+ state, with the hydride in a bridging configuration
between the iron ions. Note also the most right-hand-side CO ligand, which now occupies the site for the
terminal hydride position.

3.4. Conclusion
In conclusion, unbiased dynamics trajectories of the catalytic diiron hydrogenase cen-
ter reveal that molecular hydrogen can be produced in a low barrier cascade of reaction
steps when subsequently electrons and protons are transfered to the system. Surpris-
ingly, at physiological pH a hydride species forms already in the singly reduced oxida-
tion state, which we label Hr ed−hyd , leading to a new catalytic scheme. At higher pH, the
hydride species forms in the super reduced state, which mechanistic sequence contains
several small free energy barriers. The newly found downhill and low barrier catalytic
pathway helps to understand the remarkable efficiency of these hydrogenase enzymes
and, on the longer term, may help in the rational design of biomimetic catalysts for hy-
drogen fuel production.
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4
Computational study of electron
transport in [FeFe] hydrogenase

enzymes

[FeFe] hydrogenase enzymes can reversibly catalyze the conversion of protons into molecu-
lar hydrogen. The active site of the [FeFe] hydrogenase enzyme is buried inside the protein.
The transport of electrons and protons to the active site of the protein is crucial for an effi-
cient catalytic cycle. A chain of iron-sulfur cubane cofactors forms a pathway for the elec-
tron transfer in these [FeFe] hydrogenases. We have studied the electron transfer process
via the iron-sulfur clusters in the enzyme using classical molecular dynamics simulations.
Our simulations show that the protein matrix acts as a porous medium for the transport
of water molecules in and out during the electron transfer process. When an electron is
transferred through the pathway, solvent water molecules penetrate the protein, forming
hydrogen bonded networks and hydrating the electron accepting cubane clusters. The re-
organization of the protein and the penetrating water molecules have a large effect on
the free energy landscape of the electron transfer, via the formation of favorable hydrogen
bonds with the reduced iron-sulfur cluster, thereby stabilizing the electron at the cofactors.
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4. Computational study of electron transport in [FeFe] hydrogenase enzymes

4.1. Introduction
Electron and proton transfer reactions are fundamental steps in many biological sys-
tems [1, 2]. In various redox active enzymes, such as ubiquinone oxidoreductase [3] and
hydrogenases [4], a chain of iron-sulfur (FeS) clusters enables the transfer of electrons
to the active site. Di-iron hydrogenase is a redox active enzyme that converts protons
into molecular hydrogen. The active site of the [FeFe] hydrogenase, commonly known
as the "H-cluster", is buried inside the protein matrix. The transfer of protons and elec-
trons from the surface of the protein to the H-cluster plays a vital role in the efficiency of
the enzyme [5]. Fluctuations in the protein scaffold are thought to be essential for cre-
ating favorable electrostatic interactions that enable efficient charge transport in these
enzymes [6]. However, the mechanistic details of the electron transport and the role of
the protein fluctuations in this process are still largely unknown.

The [FeFe] hydrogenase protein covalently binds one Fe2S2 sub cluster (FS2) and four
Fe4S4 cubane clusters, labeled FS4A, FS4B, FS4C, and FS4D in Figure 4.1, that can accept
and donate electrons. The FS4A cluster is closest to the catalytically active di-iron site
(2Fe), and considered as a part of the H-cluster. The Fe atoms of the clusters are attached
to the protein via cysteine ligands, except the cubane cluster located closest to the sol-
vent accessible protein surface (FS4D), which is bound by three cysteines and one histi-
dine ligand to the protein. A previous computational study has shown that the reduction
of the FS4A cluster causes the formation of a water channel in the protein towards the
reduced cubane cluster [7]. Also in studies of other redox-active protein systems, such
as the respiratory complex I, dynamic water chains were found to couple to the electron
transfer process [8, 9].

2Fe

FS4A

FS4B

FS4C

FS4D

FS2

11.9 Å   
12.5 Å   

12.3 Å   

13.1 Å   

Electron Pathway

Proton Pathway

Catalytic center

FS2

FS4D

FS4C
FS4B

FS4A

Figure 4.1: (Left) The structure of the [FeFe] hydrogenase enzyme, showing the catalytic H-cluster at the center,
the electron transporting cubane clusters at the left, and the proton transfer channel on the right. (Right)
Close-up of the electron transfer chain of iron-sulfur cofactors. The average center of mass distance between
the cubane clusters is indicated. The cubane clusters are labeled FS4A to FS4D, and on the top-left is the FS2
cluster. 2Fe is the active site where proton reduction and H2 formation takes place.

Previously the electron transfer process along the FeS clusters was studied using
molecular dynamics simulations [7]. The study found that the electron transport is a
downhill process, and by partitioning the protein into seven coarse-grained sites, they
could analyze the contributions of the protein and the solvent to the transport free en-
ergy.
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4

In this study, we perform molecular dynamics (MD) simulations of the solvated pro-
tein at different oxidation states of the FeS clusters. In particular, we investigate the pro-
tein and solvent reorganisation upon reducing one FeS cluster with respect to the refer-
ence state of the protein in which all clusters are in the oxidized form. Even though both
FS4D and FS2 clusters are located close to the surface of the enzyme, the FS4D cluster is
considered as the electron receiving moiety from a Ferrodoxin donor [10]. The role of the
FS2 cluster in the electron transport is still not well understood. It is proposed that the
role of FS2 is to fine-tune the pathway by electronic interaction with other the clusters
[10]. Using the free energy perturbation technique, we compute the free energy profiles
for the electron transfer from one cubane cluster to the next, that is for the three transfer
reactions: FS4D→FS4C, FS4C→FS4B, and FS4B→FS4A.

The rest of this chapter is organized as follows, the methods section describes the
details of our classical MD simulations and a recapitulates Marcus’ theory of electron
transfer. In the results section, we first analyse the water density to investigate the pro-
tein reorganisation and the solvent water penetration upon FeS reduction, as well as the
stability of the hydrogen bond networks and the formation/breaking of the hydrogen
bonds with the FeS cluster along the electron transfer pathway. Next, we analyse the ef-
fect of fractional charge transfer on the formation of the water network. The final part
is dedicated to the electron transfer free energy profiles computed using Marcus theory.
Three free energy profiles are calculated and discussed, which corresponds to the three
electron transfer reactions between the cubane clusters, from the protein surface to the
catalytic site. We end with conclusions.

4.2. Methods
The initial atomistic structure of the [FeFe] hydrogenase for our simulations is based on
crystal structure PDB:3C8Y of the enzyme from the protein databank [11]. Molecular
dynamics simulations are carried out using the Gromacs simulation package [12]. The
CHARMM27 forcefield with CMAP corrections is used to model the protein [13, 14]. For
the FeS clusters, we use the parameters devised by Chang and Kim [15] and further mod-
ified by McCullagh and Voth [7]. The TIP3P water model is used for the solvent [16]. The
protein is solvated with 30,000 water molecules and sodium and chlorine ions to create a
0.1 M NaCl solution, thereby neutralizing the protein charge. After an initial energy min-
imization, the system is equilibriated for 10 ns in the NPT ensemble to a temperature of
T = 300 K and a pressure of p = 1 atm. A subsequent production run of 120 ns is carried
out in the NVT ensemble for analysis. All simulations are performed with the default
leap-frog integration scheme and a time step of 2 fs, using LINCS [17] to constrain all
bonds. The v-rescale thermostat [18] and the Parrinello-Rahman barostat [19] are used
to sample an isothermal-isobaric ensemble.

Free energy profiles for the electron transfer processes are calculated using free en-
ergy perturbation [20]. We compute these Marcus plots for the transfer of one electron
from one FeS cubane cluster to the next, starting at the FS4D cluster, which is nearest to
the protein surface, and ending at FS4A, which is located at the catalytic reaction center.
The free energy can be calculated as a function of the vertical energy gap, ΔE :

ΔF (ΔE) =−kB T ln[P (ΔE)] (4.1)
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in which kB is the Boltzmann constant and T is the absolute temperature. ΔE is defined
as the energy required to transfer an electron from a reduced complex to an oxided com-
plex in a given nuclear configuration. The vertical energy gap distribution is calculated
in two different equilibrium MD simulations, one in the reactant state of the system, in
which ΔE is evaluated for the forward electron transfer reaction, and the other in the
product state of the system, in which ΔE is evaluated for the backward reaction. The
ΔE is calculated at intervals of 50 ps during these simulations. The computed ΔE his-
tograms are fitted with a Gaussian function, after which the parabolic free energy curves
are obtained with Eq. 4.1. We have used two different approaches to compute ΔE . In
the first approach, we employ for the reduced cubane the forcefield parameters from
the paper by McCullagh and Voth [7]. In the second approach, we use for the reduced
cubane only the charges from that paper, while leaving the other forcefield parameters
as in the oxidized state of the protein. The first approach resulted in very large, unre-
alistic, ΔE values, which we attribute to the rather stiff and different parameters for the
cubane cofactors. In the second approach, we obtain much better results, comparable
with experimental observations. Note that in this second approach, the inner sphere
reorganization may thus be underestimated. However, since the inner sphere reorga-
nization is expected to be the same for all cubane cofactors, we can assume that these
inner sphere contributions approximately cancel out for the charge transfer from one
cubane to another. In this work, we only present the results from the second approach.

Figure 4.2 shows an illustrative free energy plot, in which the profiles for the reac-
tant and the product states are obtained from the energy gap distributions using Eq. 4.1
[21–24]. When the linear response approximation (of the molecular environment polar-
ization upon a transfer of charge) underlying Marcus theory holds, the two curves are
parabolas with the same curvature. Moreover, the reaction free energy, ΔF , and the re-
organization free energy, λ, can then be calculated using equation 4.2 and equation 4.3.

ΔF = 1

2
(〈ΔE〉P +〈ΔE〉R ) (4.2)

λ= 1

2
(〈ΔE〉P −〈ΔE〉R ) (4.3)

in which 〈ΔE〉R and 〈ΔE〉P are the average energy gaps in the reactant and product states,
respectively. From the reaction free energy and the reorganization free energy, the acti-
vation free energy of the electron transfer can be calculated as:

ΔF∗ = (λ+ΔF )2

4λ
(4.4)

4.3. Results and Discussion
A series of simulations is performed of the solvated di-iron hydrogenase, in which every
time a different iron-sulfur cluster is in its electronically reduced state, while all other
clusters are in the oxidized form. We also ran a simulation of the system with all the
clusters in the oxidized form, which we denote FSall−ox. The clusters are labeled as in
Figure 4.1. FS2red signifies that the Fe2S2 cluster is in its reduced form and the other
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Figure 4.2: Illustrative Marcus plot showing the two parabolic free energy curves as a function of ΔE for the
electron transfer between two redox compounds A and B.

clusters are in their oxidized form. Similarly FS4Ared, FS4Bred, FS4Cred, and FS4Dred in-
dicates the respective cubane cluster (A, B, C, or D) that is in its reduced state and the
other clusters are in the oxidized state.

4.3.1. Solvent water permeation into the electron transfer pathway

To investigate the possible permeation of solvent water into the hydrogenase protein as
a function of the cubane oxidation state, average water density maps are computed from
the 100 ns MD trajectories using the VolMap tool that is implemented in the VMD soft-
ware [25]. The results are shown in Figure 4.3. The average density of water molecules
within a 10 Å radius of the FeS clusters is calculated.

In the oxidized form of the cubane clusters, no water channels close to the cubane
clusters are observed (Figure 4.3(a)). The water density map only shows some crystallo-
graphic water in specific pockets of the enzyme. Figure 4.3(b) shows the water density
at the first reduced state, FS2red, in which the FS2 cluster has an extra electron. As in the
case of the fully oxidized cluster, water channels are absent in the protein in the FS2red

state, although some changes in the water density are observed. The remaining pan-
els, c to f, in Figure 4.3 show that in each case a visible water channels is formed from
the solvent at the protein surface to the reduced cubane cluster (indicated by the blue
ovals). These six MD simulations were carried out consecutively, restarting the next run
from the last frame of the previous run. This allows us to observe that the shown water
channels appear relatively quickly, within 15-20 ns, then remain stable throughout the
rest of the simulation, and disappear within 25 ns after switching to the next oxidation
state. These water density maps show that there is a considerable reorganization of the
protein structure that allows water molecules to penetrate and form channels after elec-
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Figure 4.3: Water density maps showing the penetration of solvent water into the protein matrix in the vicinity
of the cubane clusters for the different oxidation states. Only iron (pink) and sulfur (yellow) atoms are shown,
and the catalytic 2Fe cluster at the bottom. Red isosurfaces show the average density of water molecules at an
isovalue of 0.05. Water channels to the FeS clusters are marked in blue elipses. Panel a: FSall−ox, b: FS2red, c:
FS4Dred, d: FS4Cred, e: FS4Bred, f: FS4Ared.

tron reduction of any of the F4S4 clusters. Moreover, the simulations show that these
changes in permeability and water diffusion happen on the nanosecond time scale. We
note however that, although water channels are not observed in the vicinity of the ox-
idized cubane clusters, nevertheless during electron transport the water penetration is
expected to be concerted with the charge transfer (instead of occurring after the charge
transfer) to stabilize a hydrated reduced product state.

To quantify the amount of hydration of the reduced cubane clusters by penetrating
solvent water molecules, we compute the hydrogen bond population between water and
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Figure 4.4: Average number of water molecules donating hydrogen bonds to each FeS cluster for the six differ-
ent oxidation states. The reduced cluster is denoted on the x-axis. The color bar shows the number of H-bonds
to each cluster. Note the increase in H-bond donation at the cluster that accepts an electron.

the Fe4S4 clusters. Here, a hydrogen bond is counted when the distance between a water
oxygen and a cubane sulfur atom is less than 3.0 Å and the hydrogen bond angle is larger
than 150°. The results, shown as a histogram for each oxidation state in Figure 4.4, con-
firm the previous observations from the water density maps. In the oxidized state and in
the FS2red state, no significant hydration of any of the cubane clusters is seen, apart from
some minimal water interaction with the FS4C cluster during less than 10% of the time.
Instead, when any of the cubane clusters are reduced, significant hydration is observed
by two to three water molecules at the reduced cluster. Note also that the total time per-
centage of H-bond forming is increasing from the outermost FS4D cubane (ca. 60%) to
the innermost FS4A cluster (more than 80%). Simultaneously, some minor hydration is
observed at the neighboring clusters, which are in the oxidized state.

Previously, redox anti-cooperativity of the FS4A cluster with the nearby FS4B clus-
ter has been studied [26], which suggested that a reduced FS4B cluster causes the FS4A
cluster to be reduced at more negative reduction potentials due to the repulsive interac-
tion between the reduced clusters [26]. Interestingly, our hydrogen bond analysis shows
also another, cooperative, effect. In particular, we observe that reduction of FS4B results
in a somewhat increased hydration at the neighboring FS4A cluster (see the red bar at
FS4Bred in Figure 4.4). Moreover, a similar cooperative interaction can be observed for
the electron transfer from FS4C to FS4B; in the FS4Cred state, already a significant in-
crease upto 20% in the H-bond population is seen at the (still oxidized) FS4B cluster (see
the purple bar). Hydrogen bond donation by water results in a positive electrostatic po-
tential at the accepting cubane cluster, thus effectively lowering the reduction potential
and promoting the electron transfer.

Cooperative interaction between the clusters is important for the electron transfer
process. Previous work has shown that structural water molecules increase the rate of
electron transfer in biological systems [27, 28]. Studies on the respiratory complex I
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(a) (b)

Figure 4.5: Superposition of water molecule configurations within 5 Å of cubane cluster FS4A, taken from
100 ns trajectories at intervals of 0.5 ns. (a): oxidized state; (b): reduced state. Only a single configuration of
the Fe4S4 cluster is shown.

and NADH:ubiquinone oxidoreductase, which contains the same FeS cofactors, have
shown that the protein environment acts as a porous medium, which allows the water
molecules to diffuse in and out during the electron transfer process [3, 29, 30]. Here,
we see that the [FeFe] hydrogenase enzyme behaves in a similar manner, which suggests
that the formation of water channels may be a common feature among the class of redox
proteins that contains FeS clusters for electron transfer.

To provide a molecular picture of the change in hydration around the cubane clus-
ters, Figure 4.5 shows a superposition of 200 configurations of the nearby water molecules
taken from the 100 ns MD trajectories at 0.5 ns intervals. Figure 4.5a shows the water
molecules near the FS4A cluster in the oxidized state and Figure 4.5b shows this in the
reduced state. In the oxidized state, we see configurations from a single water molecule
on one side of the cubane that is rather mobile and moving in random orientations. In-
stead, in the reduced state, the density of water molecules is significantly higher, with
several water clusters due to water molecules that are strongly interacting by donating a
hydrogen (white) bond to cubane sulfer atoms (yellow) or coordinating with the oxygen
(red) lone pairs to iron atoms (pink).

The difference in water coordination is further quantified by the radial distribution
function shown in Figure 4.6. Here, the solid curves show the radial distribution of water
oxygen and hydrogen atoms around the cubane iron and sulfur atoms in the oxidized
(green) and reduced (blue) states for all FeS clusters. The dashed lines show the radial
integration of these pair-correlation functions, resulting in the cumulative coordination
numbers shown on the right-hand-side axes. In the oxidized state, the water density in
the neighborhoods of the FeS clusters is very low. The integrated density is at most 3
atoms (i.e. 1 H2O) within spheres of 6.5 Å radius from the Fe and S atoms. Instead, when
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Figure 4.6: Radial distribution functions of water O and H atoms around the cubane Fe and S atoms in the
oxidized (solid green lines) and reduced (solid blue lines) states. Cumulative coordination numbers (dashed
lines) correspond with the vertical axes on the right side.

a cubane cluster accepts an electron, a clear structure of coordination shells appears,
with a first peak around 2 Å indicating the Fe-O and S-H interactions. Note that the
number of water molecules is somewhat less around FS4Dred compared to the other
cubane clusters, and that hardly any hydrating water structure is seen around the FS2

49



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 56PDF page: 56PDF page: 56PDF page: 56

4

4. Computational study of electron transport in [FeFe] hydrogenase enzymes

cluster, even when it is reduced (top panel).
Also from the outside, the porous nature of the protein scaffold can be visualized, for

example showing the opening of new water channels in the reduced state of the FS4A
cluster. Figure 4.7 shows the protein surface in the oxidized state (left) and a reduced
(right) state, in which we depict several water channels that open up in the reduced state
of the FS4A cluster.

(a) (b)

Figure 4.7: Superposition of water molecules that are within 10 Å of the FS4A cluster protruding at the protein
surface. The water configurations are taken from a 100 ns trajectory of the FSall−ox state (left panel) and of the
FS4Ared state (right panel) at intervals of 0.5 ns. A single frame of the protein surface is shown. Black circles
show the water networks connecting the FS4A cluster and the outside solvent.

4.3.2. Cubane hydration at partial charge transfer
In Marcus’ theory of electron transfer, the response of the polar medium, measured by
the gap energy, ΔE , needed to transfer some charge, is assumed to be proportional with
the amount of charge that is transferred. To test this assumption, we would like to vary
the amount of charge that is transferred, and monitor the amount of molecular outer
sphere reorganization. This would be very difficult or impossible to do in an experimen-
tal setup, however, in a molecular simulation, it is not a problem to transfer amounts of
charge that are only a fraction of an electron charge. To this end, we set up five simula-
tions with partial charges on the cubane clusters. The atomic charges, q , on the clusters
are calculated according to the equation: q = (1−x) ·q[FS4Bred]+x ·q[FS4Ared]. At x = 0,
FS4B is in its fully reduced form and FS4A is in the oxidized form. The x values taken for
the simulations are 0, 0.3, 0.5, 0.7 and 1. At x = 1, the electron is completely transferred
to the FS4A cluster. Similarly, five simulations are carried out to model the partial charge
transfer between the FS4C and FS4B clusters. The force field parameters (other than the
charges) are taken to be those of the oxidized protein for all the simulations.

In Figure 4.8, the hydrogen bond population due to hydrating water molecules at
the FeS clusters is shown for the two partial charge transfer reactions, FS4B → FS4A (left
panel) and FS4C → FS4B (right panel). As expected, the hydrogen bond population de-
creases on the electron donating cluster and increases on the accepting cluster, as the
amount of transferred charge increases. Note however that the change in H-bond popu-
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Figure 4.8: Average numbers of hydrogen bonds donated by hydrating water molecules to the FS4A, FS4B, and
FS4C cubane clusters during partial charge transfer in steps of 0, 0.3, 0.5, 0.7, and 1.0 transferred electron. Left
panel: partial electron transfer from FS4B to FS4A. Right panel: partial electron transfer from FS4C to FS4B.

lation does not follow a linear trend with the amount of charge transferred. The change
in the H-bond population at a cluster is large when the oxidized cluster (with a formal
charge of -2) receives a small amount of negative charge, but the change is significantly
smaller when the reduced cluster (with a formal charge of -3) donates a small amount of
charge. The graphs in Figure 4.8 seem to imply two regimes: for the first half of the elec-
tron transfer when the oxidized cluster accepts up to half an electron, the slope is rather
steep; this is followed by the second half in which the slope is more flat. This non-linear
behavior is perhaps not surprising for this solvent permeation and cluster hydration,
as it is reminiscent of wetting behavior in confined spaces, for example seen in exper-
iments in which the separation between two dissolved surfaces is varied, showing hys-
teresis upon increasing and decreasing of the separation. Unfortunately, such hysteresis
leads to difficulties in sampling, so that probably longer simulations and more partial
charge values should be computed to quantify more accurately the non-linear solvent
reorganization observed here.

4.3.3. Free energy of electron transfer between the cubane clusters

The internal transport of electrons from the protein exterior to the catalytic center is
believed to take place via three successive electron transfer jumps: from FS4D to FS4C,
from FS4C to FS4B, and from FS4B to FS4A. As already indicated in Figure 4.1, the dis-
tances between the consecutive cubane clusters are larger than 10 Å. However, electrons
are known to traverse by quantum tunneling over distances up to 14 Å in biological sys-
tems [31]. Electron transfer is predominantly non-adiabatic (aka diabatic) if the distance
between the donor and the acceptor is more than 10 Å [22]. In Figure 4.9, we show
the instantaneous distances between the centers of mass of the four cubane clusters,
in the different oxidation states of the protein. Clearly, the electron transfer cofactors
are arranged in the [FeFe] hydrogenase enzyme with distances, r , that fluctuate within
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11 ≤ r ≤ 14 Å. From the analysis of the electron donor-acceptor distances, we thus con-
clude that in hydrogenase the electron transfer can be considered a diabatic transfer.

FSall-ox

Figure 4.9: Distances between the centers of mass of the FeS clusters in the different oxidation states of the
clusters. The average distance between the clusters are shown in the figure.

The free energy profiles of the three electron transfer steps are shown in Figure 4.10,
starting with that of the electron transfer from FS4D to FS4C on the left (panel a). Note
that the blue free energy curve on the right side is from the reactant (R) state, FS4Dred

+ FS4Cox, and the orange curve of the product (P) state, FS4Dox + FS4Cred, is on the
left side. The zero of the free energy scale is set to the minimum of the reactant curve.
This first electron transfer is exergonic by ΔF =−6.6 kcal/mol, thus favoring the electron
transfer towards the reaction center. The reorganization free energy is λ=∼62 kcal/mol
and the barrier height is ΔF∗ = 15 kcal/mol. Both experimental [10] and theorical [7]
studies have predicted a stable FS4Cred.

These numbers, which are also compiled in Table 4.1, are obtained directly from the
graphs, rather than from equations 4.2, 4.3, and 4.4. The equations are derived under
Marcus’ linear response assumption, which implies that the two free energy curves are
parabolic with equal curvature. From the graph, and also from the listed σ values in the
table, we see that the product curve is somewhat wider than the reactant curve, thus im-
plying a deviation from Marcus’ behavior. Therefore, inserting the measured average ΔE
values, listed in Table 4.1, into the equations for ΔF and λ would result in slightly differ-
ent numbers. The non-linear behavior is perhaps not unexpected now that we know the
detailed molecular reorganization described above. The assumed Gaussian ΔE distri-
bution in Marcus theory is due to the sum of many reorienting polar interactions in the
protein and solvent environment, which act as random variables, each with their own
distribution, as follows from the central limit theorem. However, in the hydrogenase
system, we observe a rather specific rearrangement, the formation of a water channel in
the protein leading to hydration of the cubane cluster; this can result in an additional
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non-linear contribution to the ΔE distribution. The deviation from ideal Marcus behav-
ior was also reported previously for the [FeFe] hydrogenase enzyme [7].

The free energy profile of the next step in the process is shown in Figure 4.10b. Elec-
tron transfer from FS4C to FS4B is more favorable with a reaction free energy of -8 kcal/mol
and an activation barrier of 9.6 kcal/mol. The reorganization energy is ∼ 58 kcal/mol.
The final electron transfer step is from FS4B to FS4A. The Marcus plots show that the
transfer between the last two clusters is almost energetically neutral with a ΔF of only
2 kcal/mol and a barrier of 13.7 kcal/mol. The reorganization energy is, with∼ 43 kcal/mol,
smaller than that of the other two electron transfer steps.

Experimentally the reduction potentials of the cubane cofactors embedded in the
di-iron hydrogenase have been determined using potentiometric titrations in combina-
tion with electron paramagnetic resonance (EPR) spectroscopy [10]. These show that
the outer FS4D cluster is most difficult to reduce with a potential of ≤ –450 mV with re-
spect to the standard hydrogen electrode (SHE). The other potentials are FS4C: -368 mv,
FS4B: -366 mV, and FS4A: -376 mV. We note that our computed transfer free energies
are about an order of magnitude larger than the differences between these experimental
reduction potentials. Previous MD simulation estimates of the (absolute) transfer free
energies were even significantly larger (-11.7, -14.8, -17.1 kcal/mol for transfer steps 1 to
3) [7]. There are several approximations in our model that could lead to discrepancies,
including the classical point charge model to describe the cubane oxidation states, the
limited statistics of sampling the protein and solvent reorganization, the finite size of our
periodic simulation box, and the assumed Gaussian shape of the ΔE distributions. How-
ever, the effects of these approximations on the qualitative picture of the protein/solvent
reorganization underlying the electron transfer mechanism in FeFe hydrogenase can be
expected to be rather small.

λ

ΔF

ΔF*

λ

ΔF*
ΔF

λ
ΔF*

ΔF

(a) (b) (c)

Figure 4.10: Marcus plots for the three electron transfer reactions: (a) FS4D→FS4C, (b) FS4C→FS4B, and
(c) FS4B→FS4A. The electron transfer free energy (ΔF ), the reorganization energy (λ), and the activation free
energy barrier (ΔF∗) are indicated and compiled in Table 4.1. Note that the direction of the reactions on the
x-axis is from right to left.

4.4. Conclusions
We have investigated the electron transport process in [FeFe] hydrogenase enzyme using
classical molecular dynamics simulations. Electrons can be transported from the pro-
tein exterior to the reactive center via a series of four iron-sulfur cubane cofactors. The
last cubane cluster is connected to the catalytic site where protons are reduced to form
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FS4D→FS4C FS4C→FS4B FS4B→FS4A

〈ΔE〉R 52.5 33.9 40.5

〈ΔE〉P -70.1 -41.4 -45.9

σR 7.4 5.9 6.0

σP 8.2 5.3 7.2

ΔF -6.6 -8.0 2.0

λ 62 58 43

ΔF∗ 15 9.6 13.7

Table 4.1: Top: Averages and standard deviations of the computed ΔE distributions for the three electron
transfer reactions. Transfer free energies, reorganization free energes and free energy barriers obtained from
the free energy curves shown in Figure 4.10. All values are in kcal/mol.

molecular hydrogen. We have simulated the enzyme in the oxidized resting state and in
four reduced states, in which every time one of the cubane clusters has absorbed an elec-
tron. Our simulations show that the hydrogenase protein is very permeable to solvent
water, allowing for the formation of water channels toward the cubane clusters. In par-
ticular, when a cubane cluster is reduced, a water channel is formed to that cluster and
hydration of certain sulfur and iron atoms takes place. This substantial reorganization of
the protein and solvent environment upon the transfer of an electron from one cubane
cluster to the next stabilizes the oxidized and reduced states of the clusters. The amount
of cubane hydration increases in a non-linear manner with the amount of charge trans-
ferred to the cluster, which is most likely the main cause of the significant deviations
seen from the prototypical Marcus’ behavior in the free energy profiles of the electron
transfer reactions. The first two electron transfer steps are downhill by a few kcal/mol,
whereas the last transfer step is uphill by 2 kcal/mol. The largest barrier occurs at the
first step and is 15 kcal/mol.
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5
QM/MM study of proton

transport process in [FeFe]
hydrogenase enzyme

Di-iron hydrogenases are a class of enzymes that are capable of reducing protons to form
molecular hydrogen with high efficiency. In addition to the catalytic site, these enzymes
have evolved dedicated pathways to transport protons and electrons to the reaction cen-
ter. Here, we present a detailed study of the most likely proton transfer pathway in such
an enzyme using QM/MM molecular dynamics simulations. The protons are transported
through a channel lined out from the protein exterior to the di-iron active site, by a se-
ries of hydrogen-bonded, weakly acidic or basic, amino-acids and two incorporated water
molecules. Proton transport takes place via a "hole" mechanism, rather than an excess
proton mechanism, the free energy landscape of which is remarkably flat, with a highest
transition state barrier of only 5 kcal/mol. These results confirm our previous assump-
tions that proton transport is not rate limiting in the H2 formation activity and that cys-
tene C299 may be considered protonated at physiological pH conditions. Detailed un-
derstanding of this proton transport may aid in the ongoing attempts to design artificial
bio-mimetic hydrogenases for hydrogen fuel production.
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5.1. Introduction
Enzyme catalyzed hydrogen production is an inspiration for renewable energy research.
Electro-catalytic di-iron complexes that mimic the active site of hydrogenase enzymes
are able to produce molecular hydrogen fuel by reducing protons, which is an appeal-
ing, more sustainable, alternative for the currently prevalent methods based on steam
reforming of fossil fuels and gasification of coal [1]. In particular, the protein family of
[FeFe] hydrogenase enzymes is highly efficient in producing H2 and has tremendous po-
tential to function as a precursor for artificial catalysts [2]. Recent rationally designed
di-iron compounds show promising activities, but, so far, none of them is remotely as
efficient as the natural enzyme [3].

The active site of the [FeFe] hydrogenase enzyme, commonly referred to as the H-
cluster, is located in a hydrophobic cavity inside the enzyme. The transfer of protons and
electrons from the protein exterior to the active site follows separate pathways through
the protein scaffold, as illustrated in Figure 5.1. The electrons transfer via a series of
four Fe4S4 cubane cofactors, denoted FS4A to FSAD and one Fe2S2 cofactor, labeled FS2
[4]. The proton transfer most likely occurs via a Grotthuss mechanism along hydrogen
bonded networks of amino acid residues and crystallographic water molecules [5]. Three
different proton transport pathways have been proposed for [FeFe] hydrogenases [6]. A
proton transfer pathway consisting of two glutamic acid residues (Glu282, Glu279), a ser-
ine residue(Ser319), crystallographic water (H2O-615) and a cysteine residue (Cys299)
is considered as the primary proton pathway (see right-hand-side panel in Figure 5.1).
Site-mutation studies of the residues along this pathway reduced the activity of the en-
zyme by 95% [7], which is a very strong indication that this channel is indeed essen-
tial for the proton transport to the catalytically active H-cluster. Another possible pro-
ton transfer pathway is proposed to start at surface residue Lys571 and includes Ser298,
crystallographic water (H20-594, 668, 675), and ends at the Cys299 [8]. These two path-
ways carry protons to the di-iron bridging di(thiomethyl)amine (DTMA) ligand of the H-
cluster, which is considered to act as a proton relay. A third pathway is proposed to pro-
tonate the CN− ligand of the H-cluster. This pathway contains surface residue Glu245,
Lys237, Ser202, Glu240 and three crystallographic water molecules [9].

Previously, we have studied the catalytic cycle of molecular hydrogen formation tak-
ing place at the H-cluster (see chapter 3) and the electron transport along the pathway
of cubane clusters (see chapter 4). We discovered that the reaction mechanism of the
hydrogen production is pH dependent, and involves proton coupled electron transfer
reactions centered at one of the two iron ions. The transfer of protons from the Cys299 to
the H-cluster occurs spontaneously after electron reduction of the nearby FS4A cubane
cluster. An important assumption in our model was a barrierless transfer of protons from
the protein exterior, at physiological pH, such that the nearby Cys299 sulfur is always
protonated. In our study of the electron transfer pathway, we used classical forcefield
simulations to show that the protein matrix is highly flexible and allows for a significant
protein reorganisation and solvent penetration near each of the cubane clusters when it
is reduced. The protein and solvent reorganization stabilize the negatively charged state
of the cubane and help the migration of the electrons towards the catalytic site. Also in
other redox active proteins such water penetration has been observed in concert with
electron transfer [10, 11].
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In this work, we focus our attention on the proton transfer pathway in di-iron hy-
drogenase. In particular, we employ classical forcefield molecular dynamics (MD) and
hybrid quantum chemical/forcefield (QM/MM) simulations to unravel the mechanis-
tic details of the transfer and compute the free energy landscape of the proton hopping
along the pathway. The free energy profile will reveal possible bottlenecks and meta-
stable intermediate states and whether indeed the Cys299 may be expected to be pro-
tonated under physiological pH. Also concerning the mechanism, many questions have
remained unanswered. Is the transfer of the proton through the protein also enhanced
by concerted protein rearrangements and/or solvent penetration as seen for the electron
transfer? Does the charge transfer follow an excess proton or a hole transport mech-
anism? Does the hydrogen-bonded chain of amino-acids and water molecules along
the transfer pathway require a directional reorganization after each proton transfer, and
would such resetting of the chain be a bottleneck on the transfer kinetics? And more
general, what can we learn from the proton transfer process in the enzyme that could
benefit the rational design of improved artificial catalysts for hydrogen fuel production?
Although different proton transfer pathways have been proposed for the [FeFe] hydro-
genase enzyme, here we focus on the primary proton transfer pathway to answer these
questions.

Electron Pathway

Proton Pathway

Catalytic center

HCO

Glu282
Ser319

Glu279

Cys299

H2O615

Lys571

Glu368

Glu361

Catalytic center

FS2

FS4D

FS4C
FS4B

FS4A

Figure 5.1: (Left) Cartoon structure of the [FeFe] hydrogenase enzyme. Electron pathway, proton pathway and
catalytic center are highlighted. (Right) Zoom-in on the proposed proton transfer channel outlined by residues
Glu282, Ser319, Glu279, and Cys299. Residues Lys571, Glu368, and Glu361 may take part in an alternative
pathway for proton transfer (see main text).

5.2. Methods
The initial atomistic structure of the [FeFe] hydrogenase enzyme for our simulations is
taken from the crystal structure PDB:3C8Y of the protein databank [12]. We use the Gro-
macs simulation package [13] for carrying out classical molecular dynamics simulations.
The protein forcefield parameters are taken from the CHARMM27 forcefield with CMAP
corrections [14, 15]. The TIP3P water model is used for the solvent [16]. For the FeS
clusters, we use the parameters devised by Chang and Kim [17] and further modified
by McCullagh and Voth [4]. The protein is solvated with 30,000 water molecules and
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sodium and chlorine ions to create a 0.1 M NaCl solution, thereby neutralizing the pro-
tein charge. After an initial energy minimization, the system is equilibriated for 10 ns in
the NPT ensemble to a temperature of T = 300 K and a pressure of p = 1 atm. A sub-
sequent production run of 120 ns is carried out in the NVT ensemble for analysis and
for starting further QM/MM MD simulations. All simulations are performed with the
default leap-frog integration scheme and a time step of 2 fs, using LINCS [18] to con-
strain all bonds. The v-rescale thermostat [19] and the Parrinello-Rahman barostat [20]
are used for the isothermal-isobaric system.

The mixed QM/MM simulations are performed using the CP2K software [21], in which
the electronic structure in the QM region is described at the density functional the-
ory (DFT) level of theory using the mixed Gaussian and plane wave method as imple-
mented in CP2K. The PBE exchange correlation functional [22] is used, augmented with
Grimme’s D3 dispersion corrections [23]. The valence electronic wave functions are ex-
panded with the DZVP-MOLOPT [24] basis set together with GTH type pseudo poten-
tials [25, 26] to describe the interaction with the core electrons and the nuclei. The plane
wave expansion is cut off at 300 Ry. For the MM region, the same CHARMM forcefield is
employed as for the Gromacs simulations. The QM/MM simulations [27, 28] are carried
out in the NVT ensemble with a QM box size of 15×15×25 Å3. A Poisson solver is used
to avoid spurious periodic electrostatic interactions [29]. The v-rescale thermostat [19]
with a time constant of 50 fs maintains an average temperature of 300 K.

Constrained molecular dynamics simulations [30] are carried out to compute the free
energy profiles along the proton transfer pathway. Here, a collective variable (CV) that
represents the reaction coordinate of the proton transfer process is held fixed during the
simulation using the method of Lagrange multipliers. The CVs used in this study are all
of the type of the difference of two distances, which is further specified in the results
section. An equilibration run of 3 ps and a production run of 10 ps is performed at each
constrained CV value. The free energy profile as a function of the CV, ΔG , is obtained by
integrating the accumulated average constraint force (i.e. the Lagrange multiplier) over
the CV, ranging from the initial to the final constrained CV value:

ΔG(q) =−
∫q f

qi

〈
d H(q)

d q

〉
q ′

d q (5.1)

Note that the derivative of the Hamiltonian with respect to the CV, d H/d q , is the con-
straint force, and the subscript q ′ denotes that the average is obtained from a constrained
ensemble.

5.3. Results and Discussions
The results are organized as follows. We first discuss the analysis of the 120 ns long force-
field MD simulation to assess the stability of the hydrogen-bond network of the proton
transfer pathway outlined by amino-acid residues Glu282, Ser319, Glu279, Cys299, as
shown in Figure 5.1. Next, we examine the effect of the protein oxidation state on the
protein structure in the vicinity of the proton transfer channel. The second part of the
results is dedicated to the proton transfer free energy landscape and mechanism, com-
puted with constrained QM/MM MD simulations. The transport through this long chan-
nel is subdivided into four consecutive proton transfer segments: (1) the transfer to the
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DTMA bridging ligand at the catalytic site from the cysteine residue Cys299, (2) the trans-
fer to Cys299 from Glu279 via encapsulated water molecules, (3) the transfer to Glu279
from Glu282 via Ser319, and finally (4) the protonation of Glu282 from the solvent. The
reason that we start the proton transport process from the solvent to the catalytic site
from the end point is because we find that the most favorable mechanism follows a "pro-
ton hole" transport mechanism. In other words, the process proceeds by transport of a
proton deficiency from the catalytic site to the protein exterior and the solvent.

5.3.1. Hydrogen bond network stability and glutamic acid rotation

For each hydrogen molecule to be formed at the catalytic center in the [FeFe] hydroge-
nase enzyme, two protons have to be transported from the solvent to the H-cluster via
the proton transfer channel. Note however, that after each delivery of a proton via Grot-
thuss mechanistic jumps along the hydrogen-bonded network in the channel (i.e. after
the passing of a "hole" in the opposite direction) all hydrogen bonds have switched di-
rection as the hydrogen bond donors have become the acceptors and vice versa. Panel
C in Figure 5.4 shows the H-bonded network ready for forward transport. After all pro-
tons have made one Grotthuss jump forward, only backward transport is possible unless
several structural rearrangements take place to reset the network to the initial "forward
state". In particular, the two glutamic acids have to undergo a 180◦ rotation and also
water molecule H2O615 has to reorient [31]. Clearly, a high free energy barrier for these
conformational changes to reset the network to the forward state will slow down the cat-
alytic proton reduction process.

The energy barrier of the glutamic acid rotation is known to be small, unless the ro-
tamers are stabilized by strong hydrogen bonds to the neighboring residues. However,
our 120 ns long forcefield MD simulation reveals that the H-bond network is not particu-
larly stable, showing large fluctuations in the side-chain orientations of all amino-acids
involved in the proton transport channel with the H-bonds as often broken as intact.
This is illustrated in Figure 5.2 for the Glu282–Ser319–Glu279 segment. Both acid groups
are seen to make spontaneous rotations on the simulation time scale, and also the ser-
ine moves in and out of conformations in which it can make hydrogen bonds with the
glutamic acids. Interestingly, one might have expected that an intraprotein channel for
efficient proton transfer would require a very stable H-bonded network, but that would
hamper fast resetting of the network back to the forward configuration. Moreover, our
QM/MM simulations suggest that the H-bonded network is (locally) stabilized during
the actual proton transfer due to the negative charge of the passing hole. This finding
also corroborates a previous study, which shows that the energy barrier of this confor-
mational change is negligible compared to the proton transfer energy barrier [31].

5.3.2. Water penetration and the effects of cubane reduction

In our previous study of the electron transport process via subsequent reduction of the
Fe4S4 and Fe2S2 cubane clusters (shown in Figure 5.1), we observed large fluctuations
in the protein structure and penetration of solvent water, especially in the vicinity of the
cubane clusters that had received an electron (see Chapter 4). Such outer sphere reor-
ganization is an integral part of Marcus’ theory of electron transfer that helps to stabilize
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H1

H2
H3

O1

O2

Glu 282

Glu 279

Ser 319

H22
O2H3

HHHHHH1HHHHH

O1O1O1O1O1O1O1OO11O

Figure 5.2: (Left) Distances of selected hydrogen bonds during the forcefield MD simulation. The O1-H1 and
O2-H2 distances are < 2 Å in their "forward" conformer state. The distances increase as they change to the
"backward" conformer. (Right) Superposition of the OH and O atomic positions of the Glu282, Ser319, and
Glu279 residues at small time intervals during the MD simulation shown by transparent red (O) and white (H)
spheres. The blue and red ovals group positions belonging to the forward and backward states, respectively.
The superimposed ball-and-stick structure illustrates the H-bond network in the forward state.

the oxidized and reduced states. Here, we examine the protein scaffold fluctuations and
water penetration in the vicinity of the proton transfer channel, and the influence of the
location of an electron in the pathway outlined by the cubane clusters FS2, FS4D, FS4C,
FS4B, and FS4A, here ordered by closeness to the proton transfer channel; FS2 being
farthest away.

Water density maps computed from the classical forcefield MD simulations are shown
in Figure 5.3. They reveal several small pockets of water, including the two encapsu-
lated water molecules (H2O615 and H2O616) taking part of the main proton transport
channel (encircled with a yellow oval). However, most larger pockets are located at the
protein exterior (denoted by blue ovals) and little variation upon cubane reduction is
seen. Also no continuous water channel from the protein surface to the H-cluster was
observed, through with protons could directly diffuse to the catalytic site. Different from
the cubane clusters vicinity, solvent reorganization is seen to be minimal in the neigh-
borhood of the proton transfer channel.

5.3.3. Proton transfer from Cys299 to DTMA
When the proton transfer channel is in the initial "rest" state, i.e. no protons are being
transferred, the two glutamic acids, the serine, and the cystene are protonated, and the
two encapsulated water molecules taking part in the hydrogen bonded network are not
protonated to hydronium ions. This initial state is shown in panel A of Figure 5.4, with
all hydrogen bonds in the "forward" configuration, as described above. At the left side of
the channel, the unprotonated DTMA ligand is shown, which is considered to function
as a proton relay in the catalytic H-cluster that shuttles the protons to the di-iron site
(see further in Chapter 3). Because of the presence of the lone pair of electrons on the
nitrogen, DTMA can act as a "proton hole" to initiate the proton transfer process [32, 33].
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Figure 5.3: Water density maps in the vicinity of the proton transfer pathway at different oxidation states
of the five cubane clusters. In the top left panel, all cubane clusters are oxidized; in the other panels, one
cubane cluster is in the reduced state as indicated on top. The red isosurfaces represent the average density of
water molecules during the simulation at an isovalue of 0.05. The yellow oval denotes the encapsulated water
molecules in the proton transfer channel. Blue ovals indicate solvent water in contact with the outer most
residues of the different proton pathways.

The first stage of the proton transport that we model here with constrained QM/MM
MD simulation, is the transfer of the proton on the nearby Cys299 ligand to the DTMA
ligand. The QM region includes all atoms shown in Figure 5.4, whereas the rest of the
protein scaffold and its co-factors, the solvent, and the ions are included in the MM rep-
resentation. The constrained CV is the difference between the S-H and N-H distances,
q = |dS−H −dN−H|. Six constrained simulations are performed with the CV ranging from
q =−1.2 Å in the initial reactant state (labeled A) to q = 0.3 Å in the product state (C).

The free energy profile shows that this first proton transfer is somewhat uphill by
~2.5 kcal/mol, with a small barrier of ~3 kcal/mol (see top-left panel in Figure 5.4). Note
that the proton donation by the cysteine residue is accompanied by a spontaneous strength-
ening of the hydrogen bond from water molecule H2O615 to the sulfer atom of the cys-
teine residue (see the green graph in the bottom-left panel). However, creation of the
protein hole at the cysteine does not trigger further spontaneous proton transfer reac-
tions in the channel on our short simulation timescale.
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Figure 5.4: Top left: free energy profile of the proton transfer from the cysteine sulfur atom to the nitrogen
atom of the DTMA residue. The labels A, B and C denote the initial, transition, and final states, respectively.
Center-left: computed average force of constraint; the CV values at which the average force is zero signify the
stable states and the transition state. Bottom-left: the average distances between S-H, N-H, and S-H1 atoms.
Right: molecular structures of states A, B, and C. The atoms labels are indicated in structure A.

5.3.4. Proton transfer from Glu279 to Cys299

In the second proton transfer step, we set out to transfer a proton to the deprotonated
Cys299 ligand from the nearby H2O615 molecule. However, as shown in Figure 5.5,
this reaction is concerted with a spontaneous proton transfer from Glu279 to the water
molecule. Therefore, we effectively observe proton transfer from Glu279 to Cys299 via
the intermediary H2O615, and thus hole transfer in the opposite direction from Cys299
to Glu279. The constrained CV is q = |dO1−H1 −dS−H1|. The resulting free energy profile
is very flat, with an even smaller reaction barrier than for the first transfer of ~1 kcal/mol.
The measured very low activation barrier and minute overall free energy increase indi-
cates that indeed the second transfer from Glu279 to the H2O615 is spontaneous and
reversible, although this transfer was not directly biased through our CV.

An alternate proton transfer pathway has been proposed in which residue Glu279
does not take part in the transfer process [31]. In that case, when the proton is transferred
to Cys299 from the H2O615 molecule, another proton is transferred to H2O615 from the
H2O616 molecule. But our results indicate that such a pathway is less favorable. The
spontaneous transfer of a proton from Glu279 and the subsequent stabilization of the
intermediate structure by the hydrogen bond network is more likely. Moreover, previous
experimental work has shown that mutating the Glu279 residue will reduce the hydrogen
production rate by a factor of 1/2500 [5], thus illustrating the importance of this residue
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5

in the proton transfer process. Our results shows that the second water molecule aids
in forming a favorable hydrogen bond network with the unprotonated Glu279 residue,
thereby stabilizing the negative charge on the residue and enhances the proton transfer
process. The H-bond network is illustrated by green lines in structure B in Figure 5.5.

Glu282
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H2O616
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Cys299

DTMA
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C
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H2O616

H2 O2
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H4
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O3 O5
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Figure 5.5: Top-left: free energy profile of the proton transfer from Glu279 to the cysteine via intermediary
water molecule H2O615. The labels A, B, and C denote the initial, transition, and final states, respectively.
Center-left: computed average force of constraint. Bottom-left: selected average distances. Right: molecular
structures of states A, B, and C. The local hydrogen bond network is highlighted with green lines in structure B;
the average hydrogen bond distances are shown in red.

5.3.5. Proton transfer from Glu282 to Glu279

The third segment of the proton transport process is the transfer of a proton from Glu282
to the Glu279 via the intermediary serine residue. We perform a series of eight con-
strained QM/MM MD simulations, in which the QM region includes only the atoms of
these three residues, as shown in Figure 5.6. Also here, we control the first transfer step
from Ser319 to Glu279, and observe that simultaneously the second protonation from
Glu282 to Ser319 occurs spontaneously. The constrained CV is q = |dO1−H1 −dO2−H1|.
The free energy profile shows that also this concerted transfer is somewhat endergonic
by ~1 kcal/mol. The free energy barrier is, with ~5 kcal/mol, the largest barrier, and thus
rate limiting, although it is still a very small barrier.
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Figure 5.6: Top-left: free energy profile of the proton transfer from Glu282 tot Glu279 via Ser319. The labels
A, B, and C denote the initial, transition, and final states, respectively. Center-left: computed average force of
constraint. Bottom-left: selected average hydrogen bond distances. Right: molecular structures of states A, B,
and C, with atom labels indicated in structure A.

5.3.6. Protonation of Glu282 from the solvent
In the constrained QM/MM simulations of the previous proton transfer segment, the
proton hole arrived at the glutamic acid 282, which is located at the protein surface in
contact with the water solvent. To complete the proton transfer process, here we exam-
ine the protonation of the Glu282 residue from a proton donor in the solvent. The Glu282
residue and all water molecules within 4 Å of this residue are taking part of the QM re-
gion. For the proton donor, we simply introduce a hydronium ion, H3O+, by protonating
one of the water molecules. After only 3 ps of (unconstrained) QM/MM MD simulation,
the proton from the hydronium ion is seen to jump to the Glu282 residue. Figure 5.7
shows two simulation snapshots before and after the proton transfer. This shows that
the proton transfer from the solvent to the deprotonated Glu282 is spontaneous and can
be observed within the picosecond time scale of our DFT-MD simulation.
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5A B

Figure 5.7: Snapshots from the 3 ps QM/MM simulation showing the protonation of the Glu282 residue from
a nearby hydronium ion. The proton is shown in orange. Initially the proton is at the solvent (A) and after 3 ps,
the proton is transferred to the Glu282 residue (B).
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5.4. Conclusions
In this study, we have used forcefield and hybrid QM/MM molecular dynamics simu-
lations to probe the proton transfer in a di-iron hydrogenase enzyme. The forcefield
simulations show that the protein scaffold does not allow for significant water perme-
ation in the neighborhood of the main proton transfer channel, other than the two in-
corporated crystallographic water molecules taking part of the channel itself, and minor
fluctuations at the protein surface. This is in contrast with the substantial protein reor-
ganization and water penetration seen previously in the vicinity of the cubane cofactors
that line out the electron transfer pathway in the hydrogenase.

On the other hand, we observe significant fluctuations in the protein transfer chan-
nel hydrogen bond network itself. We believe that this flexibility is important to allow
for rapid rotation of the glutamic acid rotamers and resetting of the hydrogen bond di-
rections in the forward direction after each proton transfer. The actual proton transport
through the channel follows a "proton hole" mechanism, in which a proton deficiency
travels in the opposite direction all the way from the catalytic site to the protein surface,
while all protons only make a single Grotthuss jump forward to the next amino acid or
water molecule in the channel.

The overall free energy barrier for the proton transfer, computed with constrained
QM/MM MD simulations, is only ~5 kcal/mol. This rather low barrier thus allows for
fast proton transfer kinetics. The conformational changes of the glutamate residues
are important for maintaining a favorable hydrogen bond network. Classical molecu-
lar dynamics simulation shows that the energy barrier for the conformational changes
is negligible when compared to the proton transfer steps. Formation of local hydrogen
bond interactions helps in the proton transfer process by stabilizing the excess charge
on the residues that act as a proton acceptor. One of the two crystallographic water
molecules present in the cavity between residues Cys299 and Glu279 is involved in the
proton transfer reaction, whereas the other water molecule stabilizes the local hydrogen
bond network to facilitate the proton transfer. Our study also shows that the most favor-
able proton transfer route is via Glu279, thus explaining the slowdown of the hydrogen
production when mutating the Glu279 residue. These findings may also be helpful for
the ongoing efforts to design artificial di-iron hydrogenase catalysts in porous materials
for hydrogen fuel production [34].
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6
Unraveling the mechanism of

biomimetic hydrogen fuel
production - A first principles

molecular dynamics study

The Fe2(bdt)(CO)6 [bdt=benzenedithiolato] complex, a synthetic mimic of the [FeFe] hy-
drogenase enzyme can electrochemically convert protons into molecular hydrogen. Molec-
ular understanding of the cascade of reaction steps is important for the design of more
efficient catalysts. In this study, we investigate the reaction mechanism of the hydrogen
production catalysis in explicit solution of acetonitrile using first principles molecular dy-
namics simulations. We have characterized all reduction and protonation intermediates
taking part in the catalytic cycle. Free energy surfaces of the activated reaction steps are
calculated using metadynamics. We find that the second protonation leading to molecu-
lar hydrogen formation is the rate limiting step. Direct protonation of the bridging hydride
by a proton from the solution to form H2 is the most favorable reaction pathway. Our cal-
culations validate the ECEC mechanism proposed using cyclic voltammetry.
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6. Unraveling the mechanism of biomimetic hydrogen fuel production - A first
principles molecular dynamics study

6.1. Introduction
Molecular hydrogen is a promising alternative source of sustainable energy [1] and the
development of inexpensive catalysts for hydrogen fuel production is therefore a re-
search topic of paramount importance. A particularly interesting route to developing ef-
ficient catalysts using earth abundant metals is inspired by enzymes that catalyse hydro-
gen formation. Hydrogenases form a class of enzymes found in nature, which can reduce
protons to form molecular hydrogen [2]. Hydrogenases are classified into three main
categories based on the metal content in the enzyme [3]: [NiFe] hydrogenase, [FeFe] hy-
drogenase and Fe hydrogenase. Diiron hydrogenase is considered to be the most active
enzyme for proton reduction with a turnover frequency of the order of ∼ 10000 s−1 [4].
The active part of the enzyme is called the H-cluster (see Figure. 6.1). The H-cluster con-
sists of a Fe2S2 unit linked to a Fe4S4 cubane cluster via a cysteine [3]. The Fe2S2 group
contains CO and CN ligands and the two S atoms of Fe2S2 unit are coordinated by an
azadithiolato ligand.

Figure 6.1: Chemical structure of the H-cluster, which is the active site of the [FeFe] hydrogenase enzyme.

A large variety of structural and functional mimics of [FeFe] hydrogenase have been
synthesized[5], of which the majority fall in one of the following three classes: those with
an aromatic bridging ligand (e.g. benzenedithiolato (bdt))[6–11], with an alkylic bridg-
ing ligand (e.g. ethanedithiolato (edt) and propanedithiolato (pdt)) [12–14] and those
with a bridging azodithiolato (adt) ligand [15–18] (see Figure. 6.2). Catalysts with the
aromatic bridgeheads are particularly interesting because they can undergo a reversible
two-electron reduction at an electrode potential of -1.3 V (vs the Fc+/Fc0 electrode). This
is 0.37 V more than that of the aliphatic (pdt) bridgehead ligand, which undergoes an ir-
reversible reduction at -1.67 V. The two-electron reduced intermediate has a pKa less
than 23 and can be protonated using weak acids. Derivatives of complex 1 have been
used on electrodes for the hydrogen evolution reaction. The reaction proceeds through
a bridging hydride intermediate in the diiron catalysts, which is different from the that
of the natural hydrogenase enzyme, in which the reaction intermediate is a terminal hy-
dride. It is speculated that this difference in the reaction pathway could be the reason
for the lower activity of the synthetic mimics[19].

More complex ligands (instead of CO) have been used in the synthesis of mimics over
the last decade, which led to improvement of the catalytic activity[20], however still none
of them are as active as the natural enzymes. In addition, design of a diiron hydrogenase
inspired catalyst that is soluble and stable in water solvent is particularly challenging
and a topic of intense research. A detailed understanding of the mechanism of proton
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bdt (1) adt (3)

Figure 6.2: Most common hydrogenase structural mimics with bridging ligands (1) benzenedithiolato, (2)
propanedithiolato, and (3) azodithiolato.

reduction is crucial for improving the performance of synthetic catalysts.
Computational methods have been used to study the mechanism of [FeFe] hydroge-

nase enzyme and mimics [6, 21–26]. This includes optimising the structures of possible
intermediates taking part in the reaction cycle and calculating their reduction potentials
and acidities. Most of these studies aimed at unraveling the catalytic mechanism of the
catalyst or the enzyme are performed either at the density functional theory (DFT) level
of theory augmented with the COSMO implicit solvation model[26, 27], or using clas-
sical molecular dynamics[25] or a hybrid quantum chemical/forcefield (i.e. QM/MM)
approach[28]. While recent studies have provided interesting insights into the catalytic
cycle of the diiron complex 1[6, 26], we still lack a complete understanding of the reac-
tion mechanism and the redox properties of the intermediates.

Figure. 6.3 depicts the proposed reaction mechanism for proton reduction, catalysed
by compound 1. Cyclic voltammetry and computational studies confirm that 1 under-
goes a two electron reduction to form 12−. The protonation of 12− will yield 1H− and
further reduction of the 1H− intermediate results in hydrogen evolution in the presence
of an acid with pKa < 23[6].

Fe2(bdt)(CO)6 [Fe2(bdt)(CO)6]- [Fe2(bdt)(CO)6]2-

[(H)Fe2(bdt)(CO)6]- [(H)Fe2(bdt)(CO)6]2-

1

1H2-1H-

12-1-

H+

H+

H2

H+

[(H)Fe2(bdt)(CO)6]

1H

+e-

+e-+e-

+e-

Figure 6.3: Proposed reaction mechanism of the catalytic cycle starting from complex 1.

In our present work, we performed an extensive theoretical study using first prin-
ciples molecular dynamics simulations of complex 1 explicitly solvated in acetonitrile.
The geometries and electronic structures of all the different intermediates in the pro-
posed reaction mechanism are discussed. Energy barriers for protonation and hydrogen
formation are calculated using the metadynamics enhanced sampling method.[29, 30].
Prediction of formal (integer valued) oxidation states from the quantum chemical calcu-
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lations is not straightforward[31]. Population analyses[32–34] can give useful informa-
tion about the charge distribution in the complex, however the computed partial charges
generally do not provide a clear insight into the formal oxidation state of metal centers or
larger complexes. Instead here, we determine the oxidation states using so-called maxi-
mally localized Wannier functions[35, 36]. This approach provides a clear understanding
of the reaction mechanism, including the free energy barriers of the important reaction
steps and the oxidation states of the intermediates.

6.2. Methods
All DFT-MD simulations were carried out using the mixed Gaussian and plane wave
method as implemented in the CP2K package[37]. We used the PBE exchange corre-
lation functional[38] augmented with Grimme’s D3[39] dispersion correction and the
DZVP-MOLOPT[40] Gaussian basis set with a plane wave cut off of 300 Ry. GTH-type
pseudo potentials[41, 42] were used to represent the valence-core interactions.

The molecular system contained complex 1 solvated in 40 acetonitrile molecules in
a cubic supercell with a length of 16.2163 Å subject to periodic boundary conditions.
The density was determined from a classical molecular dynamics simulation in the NPT
ensemble. All following DFT-MD simulations were performed in the NVT ensemble with
a CSVR[43] thermostat with a time constant of 50 fs maintaining an average tempera-
ture of 298.15 K. All DFT-MD simulations of reaction intermediates of complex 1 were
carried out in the electronic low-spin state, which we established to be the ground-state
with DFT geometry optimisation calculations (see Figure 1 and Tables 1 to 6 in the SI
for details). A DFT optimised neutral structure was solvated in acetonitrile solvent and
equilibrated with DFT-MD. After the equilibration run, electrons and protons were sub-
sequently added to the system to create the relevant catalysis intermediates. DFT-MD
simulations were carried out for 7 ps for each of the intermediates described in the re-
sults section, of which the first 2 ps were used for equilibration.

Wannier center analysis[44] as implemented in CP2K was used to track the changes
in the oxidation states. An electron counting technique was used to assign the oxidation
state, as follows[45–47]. For a closed shell calculation, each Wannier center corresponds
to two electrons. If the Wannier center is either inside the atom or very close to one of
the atoms in a covalent bond, we assign the Wannier center to that atom. If the Wan-
nier center is at the middle of a covalent bond, we assign one electron to each of the
atoms. For an open shell system, the same scheme is used but with each Wannier center
corresponding to only one electron.

Metadynamics as implemented in PLUMED[48] was used for the free energy cal-
culations of the protonation reactions. We used Gaussian potentials with a height of
0.5 kJ/mol and widths of 0.1 Å, with a deposit interval of 50 fs. Avogadro[49] was used for
setting up the initial structures. The VMD[50] tool was used for visualisation.

6.3. Results and Discussions
Below, we will discuss first the characterisation of the different intermediates taking part
in the reaction mechanism shown in Figure. 6.3, including the calculation of the formal
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oxidation states. In the following section, we present the first protonation reaction step
and the calculation of the pKa . The final section presents the energy barriers for the
hydrogen formation.

6.3.1. Characterisation of compound 1 in different oxidation and proto-
nation states in acetonitrile solution

Each of the six reactant, intermediate, and product species occurring in the catalytic cy-
cle starting from compound 1, shown in Figure. 6.3, was simulated and characterized in
an equilibrium NVT DFT-MD simulations at T = 298.15 K. Representative snapshots of
the diiron complexes from these simulations are shown in Figure. 6.4 for the unproto-
nated species and in Figure. 6.5 for the protonated complexes.

Starting from the neutral complex in Figure. 6.4a, the complex maintains its highly
symmetric structure, known from static DFT geometry optimisations, throughout the
simulation. The complex appears particularly stable, with none of the four Fe-S bonds
showing elongated vibrations and all CO groups remaining in terminal positions, rather
than a bridging configuration. Average bond lengths and angles are in agreement with
crystallographic data. We use the Wannier center analysis to obtain formal charges and
oxidation states of the ligands and iron centers. In Figure. 6.4, the Wannier centers that
contribute to the electron count of the iron ions are shown as orange balls. In the neutral
complex, seven Wannier centers are located at each iron and one Wannier center is seen
in the middle between the irons. For this closed shell calculation, each Wannier center
represents two electrons, and the iron core pseudo-potential has a positive charge of 16,
so that the formal oxidation state of each iron is +1. The two sulfur atoms each have a
formal charge of -1 and the carbonyl ligands are neutral. This Wannier center analysis
assignment is in agreement with experimental results[51–54].

(a) 1 (b) 1- (c) 12-

Figure 6.4: Simulation snapshots of Fe2(bdt)(CO)6 in acetonitrile solution in the fully oxidized (a), singly re-
duced (b), and doubly reduced (c) states. Color scheme: Fe atoms are transparant purple, S yellow, C cyan, O
red, H white, and Wannier centers are orange.

Reduction of 1 is a two electron reduction process and the 1− intermediate reduces
instantaneously further to 12−, which makes it difficult to characterise the singly reduced
species experimentally. One electron reduction of complex 1 changes the geometry of
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the complex. A detailed study of this intermediate[11] shows all the CO ligands in termi-
nal positions and an elongated Fe-S bond. A previous computational study[6] suggested
a bridging CO ligand for this intermediate. The energy difference between the two iso-
mers is about 3 kJ/mol [11]. Figure. 6.4b shows the structure of the 1− intermediate in
acetonitrile solution taken from our DFT-MD simulation. We observe that Fe-S bond
cleavage occurs instantaneously after the first one electron reduction. All CO groups
remain in terminal positions during the simulation, in agreement with experimental
observations[11]. Since this is now an open shell calculation (the spin multiplicity of
the complex is 2), one Wannier center represents one electron. The number of Wannier
centers for the two Fe atoms are 8 and 7 respectively in the spin up configuration, and 7
and 7 for the spin down configuration. There is one Wannier center in the middle of the
two Fe atoms for each spin; we assign one electron to each Fe center. This yields a total
of 16 and 15 electrons respectively and the calculated oxidation states are thus 0 and +1.
This again matches very well with experiments[51–53].

The second reduction gives the 12− intermediate, which is seen to deform even fur-
ther from the symmetric initial neutral complex as seen in Figure. 6.4c. In the simula-
tion, Fe-S bond breaking and simultaneous rearrangement of a terminal carbonyl group
to the bridging position takes place instantaneously. After this initial reconstruction, the
structure remains stable throughout the remainder of the simulation. The Wannier cen-
ter analysis shows eight centers (representing 2 electrons each) at each Fe atom. The
calculated oxidation state of the two Fe atoms is therefore 0.

(a) 1H (b) 1H- (c) 1H2-

Figure 6.5: Simulation snapshots of protonated Fe2(bdt)(CO)6 in acetonitrile solution in the fully oxidized (a),
singly reduced (b), and doubly reduced (c) states.

The 1H complex is formed when the 1− intermediate is protonated by the presence
of an acid with a pKa ≤ 12.7. Mirmohades et al[11] characterized 1H experimentally and
our simulation results are in agreement with their study. 1H has a symmetric structure
similar to 1, where the Fe-S bonds are intact and all the CO ligands are at terminal posi-
tions. The hydride is at a bridging position in between the two iron atoms, as shown in
Figure. 6.5a. The oxidation state is calculated as HFeII -FeI. There is one Wannier center
located at the H atom at each spin state making a total of two electrons at the hydrogen,
which yields a formal charge of 1− for the hydrogen, a clear confirmation of the bridging
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hydride species. Second protonation of this intermediate is only favorable at a lower pH
and the pathway toward molecular hydrogen formation is through further reduction of
this intermediate to the more active HFeI-FeI complex [53].

For the protonated doubly reduced complex, 1H−, we characterise the two most fa-
vorable isomers: a bridging hydride intermediate and a sulfur protonated intermediate.
The geometry of the 1H− bridging hydride intermediate is shown in Figure. 6.5b. Note
that it has both a bridging carbonyl ligand and a bridging hydride. The formal charge of
each the two Fe ions is +1 according to our Wannier center analysis. The HFeI-FeI inter-
mediate is postulated to be an important intermediate in the catalytic cycle.[51–53].

The doubly reduced complex may also be protonated at one of the sulfur atoms, in-
stead of at an iron. This 1SH− species (Fe0-Fe0) forms a hydrogen bond with a solvent
acetonitrile nitrogen atom during the simulation, see Figure. 6.6 for an illustrative snap-
shot. In case of the bridging hydride isomer, no hydrogen bond formation between the
hydride and the solvent was observed. Although less favorable than the bridging hy-
dride isomer, no tautomerization via proton transfer was observed during the DFT-MD
simulations.
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Figure 6.6: (a) Snapshot of 1SH− in acetonitrile solution. (b) Distances between sulfur and the proton (blue)
and between nitrogen and the proton (red) during the simulation, showing the weak hydrogen bond formed
between the solvent and the sulfur.

Cyclic voltammetry studies of 1 have shown that one electron reduction of 1H− takes
place to form 1H2− and this reduction leads to formation of molecular hydrogen [6].
The structure of 1H2− shown in Figure. 6.5b is similar to that of 1H−. During the initial
stage of the DFT-MD simulation after reduction of 1H−, we observe another CO group
moving to the bridging position. There are thus temporary two bridging CO groups and
a bridging hydride and no bridging sulfur atoms. But this structure is not very stable
and rearranges to a single bridging CO and a bridging sulfur. A previous computational
study also reported a bridging ligand and a bridging hydride [6] for this 1H2− intermedi-
ate. There are no experimental data on the structure and properties of this intermediate.
Wannier center analysis shows that the oxidation states of the irons are Fe0-FeI, where
Fe0 is the oxidation state of the Fe atom bonded to both the S atoms. Protonation of
this intermediate results in H2 production. Figure. 6.7 provides an overview of the iron
oxidation states in each of the intermediates taking part of the catalytic cycle.
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FeI-FeI
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(H)FeI-FeI (H)Fe0-FeI(H)FeII-FeI
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H+
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Figure 6.7: Iron oxidation states for each species in the catalytic cycle determined with the Wannier center
analysis.

6.3.2. Free energy calculation of the protonation reaction

The protonation reaction free energies of reaction steps 1− + H+ → 1H and 12− + H+ →
1H− (see also Figure. 6.3) are directly related to the pKa values of the protonated species
through equation 6.1:

pKa = −ΔG

2.303RT
(6.1)

in which ΔG is the reaction free energy, R is the ideal gas constant, and T is the absolute
temperature. We use a series constrained molecular dynamics simulations, following the
example of ref.[55], to compute the free energy profile as a function of a simple geometric
reaction coordinate. Rather than a holonomic constraint, we use a stiff harmonic spring,
with a force constant of k = 100 kJ/mol/Å2 to restrain the sampling at specific values of
the reaction coordinate. Although under experimental conditions the proton is provided
by a suitable acid molecule, here we use a solvent acetonitrile molecule as the proton
donor to directly obtain pKa values corresponding to this solvent.

6.3.2.1. pKa calculation of 1−

We have calculated the free energy profile for the protonation reaction of 1−: 1− + H+ →
1H, using a series of 9 constrained DFT-MD simulations. The reaction coordinate was
the distance between the proton and the nitrogen of the donating acetonitrile molecule.
An equilibration run of 3 ps and a production run of 5 ps were carried out at each con-
strained N-H distance value. Integration of the sampled average constraint force re-
sulted in the free energy profile shown in Figure. 6.8 and an estimate of the protonation
free energy of ΔG =−68 kJ/mol. Using equation 6.1 to compute the pKa of 1− results in
a value of 12, which is close to the experimental value of 12.7[11]. Protonation of catalyst
1 in the singly reduced state thus requires a rather strong acid (note that pKa values are
shifted in acetonitrile with respect to those in water solvent, for example for carboxylic
acids the shift is on average about 15.5 pKa units).

6.3.2.2. Protonation of 12−

Although the previous protonation reaction of intermediate 1− was found to be a down-
hill process with a minuscule free energy barrier, we did not observe a spontaneous pro-
tonation during an equilibrium DFT-MD simulation starting from a configuration with
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Figure 6.8: Free energy profile of the protonation reaction, 1− + H+ → 1H, in acetonitrile computed with
constrained DFT-MD simulations.

a nearby protonated acetonitrile molecule. Instead for the doubly reduced system, the
protonation of 12− was seen to take place on the picosecond time scale of an equilib-
rium DFT-MD simulation, leading to the bridging hydride configuration, as illustrated by
snapshots from the initial and final configurations in Figure. 6.10. Both experimental[56]
and theoretical[57] studies have reported that the bridging position is the most stable
position for the first proton. Our simulation confirms that protonation of the doubly re-
duced complex is a spontaneous low-barrier process and not a rate limiting step for the
reaction mechanism[8]. Experiments have shown that this protonation requires a rela-
tively weak acid with an acidity constant of pKa ≤ 23. We have calculated the pKa of this
reaction using constrained DFT-MD simulations. Figure. 6.9 shows the computed free
energy profile. The resulting reaction free energy is −116 kJ/mol, which corresponds to
a pKa of 20.3, in good agreement with the experimental observation.

In section 6.3.1, we noted that the 12− intermediate can also be protonated at one
of the sulfur atoms of the bdt ligand, forming the 1SH− complex (see Figure. 6.6), which
is a tautomer of the bridging hydride isomer of 1H−. For completeness, we also per-
formed a DFT-MD simulation starting from a configuration with a protonated acetoni-
trile molecule closer to a sulfur atom. An immediate transfer of the proton from the sol-
vent molecule to the bdt sulfur occurs. Sulfur protonation has been a topic of research
using computational methods[21, 57], but there is no experimental characterisation of
this intermediate to the best of our knowledge. The bridging hydride is the most stable
isomer [56, 57]..

6.3.3. Metadynamics simulation of the H2 formation

The final reaction step in the catalytic cycle is the formation of molecular hydrogen by
(second) protonation of the, now, 1H2− intermediate. We investigated two possible path-
ways for this step: (1) direct protonation of the bridging hydride by proton donation from
a donor in the solvent, and (2) a two-step process via a doubly protonated intermediate
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Figure 6.9: Free energy profile of the protonation reaction, 12− + H+ → 1H−, in acetonitrile computed with
constrained DFT-MD simulations.

Figure 6.10: Snapshots from the Initial and final configurations of the DFT-MD simulation during which the
spontaneous protonation of 12− is observed. Left: initially the proton resides on a nearby solvent acetonitrile
molecule. Right: the proton is then transfered to the bridging hydride position. Other solvent molecules are
omitted for clarity.

that has a protonated sulfur atom and a bridging hydride. Because the protonation reac-
tion and subsequent H2 release involves forming and breaking of three or more bonds,
computing the free energy profile along a single reaction coordinate with constrained
DFT-MD cannot be done. Instead, we use metadynamics in combination with DFT-MD
to compute the free energy landscapes as a function of two reaction coordinates, or col-
lective variables.

The metadynamics simulation was preceded by a DFT-MD equilibration simulation
starting from a protonated solvent acetonitrile molecule close to the complex’ bridging
hydride. No spontaneous proton transfer was observed, suggesting that this reaction
is activated and a rare event on the picosecond time scale of our simulations. For the
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metadynamics simulation of the direct protonation mechanism, we employed two col-
lective variables to describe the reaction: (1) the difference of the distance between the
bridging hydride and the center of mass of the two iron atoms, d(C-H1), and the distance
between the bridging hydride and the second proton, d(H1-H2); and (2) the difference of
the distance between the solvent nitrogen atom and the (second) proton, d(N-H2), and
the distance between the bridging hydride and the second proton, d(H1-H2). The meta-
dynamics simulation is stopped after the reactant free energy well is estimated and the
barrier is crossed, and the formed H2 molecule diffuses into the solvent. The resulting
free energy surface is shown in Figure. 6.11, and the free energy barrier is 20 kJ/mol.
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Figure 6.11: Free energy surface of the H2 formation reaction via direct protonation of the bridging hydride of
the 1H2− intermediate from the solvent. A metadynamics simulation snapshot of the reactant state is shown
on the left, and of the product state on the right. See main text for further details.

The alternative two-step mechanism of the H2 formation reaction proceeds by first
forming a doubly protonated intermediate by protonation of a sulfur atom. The meta-
dynamics result of this first step is shown in Figure. 6.12. The two collective variables
were: (1) the distance between the sulfur atom and the (second) proton, d(S-H), and (2)
the distance between the acetonitrile nitrogen atom and the proton, d(N-H). The proto-
nation reaction of the sulfur atom has a free energy barrier of 10 kJ/mol, which is thus
significantly less than the direct protonation of the bridging hydride to form H2.
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Figure 6.12: Free energy surface of the sulfur protonation of the 1H2− intermediate from a solvent molecule. A
metadynamics simulation snapshot of the reactant state is shown on the right, and of the product state on the
left.
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Figure 6.13: Free energy surface of the H2 formation reaction via internal proton transfer from the sulfur to
the bridging hydride. A metadynamics simulation snapshot of the reactant state is shown on the left, and of
the product state on the right. See main text for details.

With the sulfur protonated, the second step is the internal rearrangement of the pro-
ton transfer from the sulfur atom to the bridging hydride form H2. The computed free
energy profile for this reaction is shown in Figure. 6.13. The two collective variables are:
(1) the difference of the distance between the bridging hydride and the center of mass
of the two iron atoms, d(C-H1), and the distance between the hydride and the proton,
d(H1-H2), and (2) the difference of the distance between the sulfur atom and the pro-
ton, d(S-H2), and the distance between the hydride and the proton, d(H1-H2). This re-
arrangement has a relatively high free energy barrier of 28 kJ/mol.

With the second step of the two-step mechanism having a higher barrier than the
direct mechanism, the latter is the preferred mechanism. We note however, that the first
step of the two-step mechanism, i.e. protonation of the sulfur atom, has the lowest bar-
rier and is moreover a highly exergonic process, which makes formation of the doubly
protonated intermediate very likely. The role of this intermediate is still unknown. We
speculate that the sulfur protonation forms a trap, which makes the overall catalytic pro-
cess less efficient.
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6.4. Conclusions
The Fe2(bdt)(CO)6 (1) complex is a robust catalyst for electrochemical production of
molecular hydrogen by reduction of protons. In this study, we simulated with first prin-
ciples molecular dynamics the reaction mechanism of the catalyst in the presence of
protons in explicit acetonitrile solvent. We characterized the structures of the relevant
intermediates and computed the oxidation states of the iron ions using the Wannier cen-
ter analysis. Acidity constants were computed using constrained DFT-MD simulations
and reaction free energies surfaces were obtained with metadynamics simulations.

We found that the second protonation leading to H2 formation and recovery of the
initial catalyst state is the rate limiting step in the catalytic cycle. The most favorable
pathway is through direct protonation of the bridging hydride from the solution to form
molecular hydrogen. We also discovered that protonation of a bdt sulfur atom is more fa-
vorable than protonation of the bridging hydride. As this second protonation at the sul-
fur of the doubly reduced intermediate neutralizes the net negative charge of the com-
plex, this is likely to lower the efficiency of the protonation of the hydride and formation
of H2. Further research is necessary to investigate how sulfur protonation affects the
performance of the catalyst and if it can be avoided.
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6.5. Appendix

6.5.1. Gas phase geometry optimization
Figures 6.14 a and b show the results of electronic energy calculations of complexes 1
and 1− using three different functional/basis-set combinations (PBE/DZVP, PBE/TZV2P,
and BLYP/TZV2P) at different electronic spin multiplicities (M=2S+1). All three combi-
nations predict the correct trend of the relative energies. The DZVP and TZV2P basis
sets predict almost equal values for the relative energy using the PBE functional. The
low-spin state is the ground-state for this complex, in agreement with previous stud-
ies [6, 56]. Hence, in our DFT-MD simulations, multiplicities of 1 and 2 are used for the
closed shell and open shell systems respectively.

Figure 6.14: Relative energies of complex 1 (Figure a) and complex 1− (Figure b) at different multiplicities for
three combinations of XC functional and basis set.

Tables 6.1,6.2,6.3 and Tables 6.4,6.5,6.6 shows the bond lengths of Fe-Fe and Fe-S using
different functional/basis set combinations for the 1 and 1− complexes, respectively. See
Figure 6.15 for the atom labeling. Based on these calculations, we chose the PBE/DZVP
level of theory for the DFT-MD calculations. See also Ref. 26 for a detailed analysis of
static DFT calculations on these systems.

Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

1 2.49 2.28 2.28 2.29 2.28

3 2.56 2.22 2.25 3.38 2.26

5 3.18 2.23 2.26 3.67 2.28

Table 6.1: Selected optimized bond lengths (in Å) calculated using PBE/DZVP for complex 1.

84



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 91PDF page: 91PDF page: 91PDF page: 91

6.5. Appendix

6

Figure 6.15: Atom labels (as used in Tables 1 to 6) indicated at the hand of the molecular structure of complex 1.

Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

1 2.5 2.28 2.28 2.28 2.28

3 2.57 2.22 2.25 3.37 2.26

5 3.18 2.23 2.26 3.71 2.28

Table 6.2: Selected optimized bond lengths (in Å) calculated using PBE/TZV2P for complex 1.

Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

1 2.5 2.28 2.28 2.28 2.28

3 2.65 2.27 2.29 3.46 2.29

5 3.35 2.27 2.31 3.91 2.30

Table 6.3: Selected optimized bond lengths (in Å) calculated using BLYP/TZV2P for complex 1.
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Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

2 2.51 2.33 2.33 2.37 2.37

4 3.31 2.27 2.27 2.29 4.03

6 3.10 2.26 3.09 2.26 3.11

Table 6.4: Selected optimized bond lengths (in Å) calculated using PBE/DZVP for complex 1−.

Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

2 2.54 2.32 2.28 2.33 2.55

4 3.32 2.28 2.27 2.30 4.06

6 3.09 2.27 3.08 2.27 3.12

Table 6.5: Selected optimized bond lengths (in Å) calculated using PBE/TZV2P for complex 1−.

Multiplicity Fe1-Fe2 Fe1-S1 Fe1-S2 Fe2-S1 Fe2-S2

2 2.64 2.39 2.29 2.29 3.25

4 3.52 2.32 2.32 2.33 4.18

6 3.56 2.2.8 3.26 2.28 3.39

Table 6.6: Selected optimized bond lengths (in Å) calculated using BLYP/TZV2P for complex 1−.
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6.5.2. Geometric parameters of complex 1 at different intermediate states

Tables 6.7 and 6.8 show the average bond lengths and the standard deviations (in Å) of
selected bonds observed in the DFT-MD simulations at T = 298 K. In the 1H intermediate
state, the Fe-Fe bond is elongated by 0.23 Å.

1 1− 12−

Fe1-Fe1 2.49 (± 0.26) 2.57 (± 0.17) 2.67 (± 0.15)

Fe1-S1 2.27 (± 0.24) 3.01 (± 0.24) 2.35 (± 0.12)

Fe1-S2 2.27 (± 0.24) 2.49 (± 0.21) 3.86 (± 0.25)

Fe2-S1 2.27 (± 0.24) 2.31 (± 015) 2.26 (± 0.09)

Fe2-S2 2.27 (± 0.24) 2.27 (± 0.15) 2.34 (± 0.12)

Fe1-C1 1.75 (± 0.18) 1.76 (± 0.12) 1.74 (± 0.06)

Fe1-C2 1.76 (± 0.18) 1.76 (± 0.11) 1.74 (± 0.06)

Fe1-C3 1.76 (± 0.19) 1.75 (± 0.11) 1.76 (± 0.06)

Fe1-C4 3.39 (± 0.37) 3.31 (± 0.28) 2.10 (± 0.30)

Fe1-C5 4.09 (± 0.38) 3.00 (± 0.31) 3.70 (± 0.26)

Fe1-C6 2.27 (± 0.42) 4.23 (± 0.26) 4.07 (± 0.20)

Fe2-C1 3.21 (± 0.36) 3.29 (± 0.28) 3.98 (± 0.20)

Fe2-C2 3.40 (± 0.38) 3.71 (± 0.40) 3.26 (± 0.29)

Fe2-C3 4.10 (± 0.42) 3.96 (± 0.38) 3.91 (± 0.22)

Fe2-C4 1.75 (± 0.18) 1.76 (± 0.11) 1.89 (± 0.10)

Fe2-C5 1.75 (± 0.18) 1.76 (± 0.12) 1.74 (± 0.06)

Fe2-C6 1.75 (± 0.19) 1.75 (± 0.11) 1.72 (± 0.06)

Table 6.7: Average bond lengths and (in parentheses) standard deviations (both in Å) of complex 1 in the oxi-
dized, single reduced and doubly reduced states, obtained from the DFT-MD simulations at T = 298 K.
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1H 1H− 1H2−

Fe1-Fe1 2.72 (± 0.17) 2.57 (± 0.17) 2.58 (± 0.15)

Fe1-S1 2.34 (± 0.15) 2.34 (± 0.17) 2.31 (± 0.08)

Fe1-S2 2.37 (± 0.17) 2.27 (± 0.09) 2.31 (± 0.09)

Fe2-S1 2.35 (± 0.16) 3.92 (± 0.14) 4.11 (± 0.18)

Fe2-S2 2.36 (± 0.17) 2.36 (± 0.10) 3.86 (± 0.32)

Fe1-C1 1.77 (± 0.11) 1.75 (± 0.05) 1.83 (± 0.09)

Fe1-C2 1.77 (± 0.11) 1.86 (± 0.06) 1.88 (± 0.10)

Fe1-C3 1.80 (± 0.12) 1.73 (± 0.09) 1.73 (± 0.05)

Fe1-C4 3.69 (± 0.24) 3.53 (± 0.13) 3.71 (± 0.14)

Fe1-C5 3.77 (± 0.26) 3.93 (± 0.13) 3.75 (± 0.19)

Fe1-C6 4.24 (± 0.26) 3.77 (± 0.13) 3.69 (± 0.18)

Fe2-C1 3.68 (± 0.25) 3.61 (± 0.15) 2.93 (± 0.25)

Fe2-C2 3.79 (± 0.24) 2.09 (± 0.16) 2.13 (± 0.21)

Fe2-C3 4.24 (± 0.26) 4.08 (± 0.13) 3.91 (± 0.18)

Fe2-C4 1.76 (± 0.11) 1.75 (± 0.07) 1.77 (± 0.10)

Fe2-C5 1.76 (± 0.11) 1.76 (± 0.09) 1.76 (± 0.08)

Fe2-C6 1.79 (± 0.11) 1.79 (± 0.10) 1.76 (± 0.06)

Fe1-H 1.70 (± 0.14) 1.80 (± 0.12) 1.91 (± 0.19)

Fe2-H 1.68 (± 0.14) 1.62 (± 0.09) 1.60 (± 0.10)

Table 6.8: Average bond lengths and (in parentheses) standard deviations (both in Å) of the protonated com-
plex 1 in the oxidized, single reduced and doubly reduced states, obtained from the DFT-MD simulations at
T = 298 K.
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Figures 6.16 and 6.17 show the changes in Fe-S bond lengths over time for the inter-
mediate states 1− and 12−. The starting point of these simulations are the equilibrated
neutral complex. At the 1− intermediate state, one of the Fe-S bonds is elongated. At
the 12− state, one Fe-S bond is broken and a rearrangement of the CO group is observed.
This process is spontaneous and is observed within 1 ps of DFT-MD simulation time.
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Figure 6.16: Fe-S bond lengths in complex 1−. Alternating, one of the Fe-S bonds is elongated. All CO groups
remains at terminal positions.
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Figure 6.17: One Fe-S bond is seen to break quickly after two-electron reduction of the initial complex to form
12−. The Fe-S distance is stretched to almost 4 Å, while simultaneously a CO group rearranges to the bridging
position.
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6.5.3. S2 values and Wannier centers positions in the spin-polarised com-
plexes

Complexes 1−, 1H, and 1H2− have an unpaired electron (i.e. spin multiplicity 2). The
average values for the expectation value of the total spin, S2, in the DFT-MD simulations
of these complexes were 0.771, 0.760, and 0.764, respectively, which is sufficiently close
to the ideal number of 0.75, to consider spin contamination effects negligible.

Figures 6.4 and 6.5 in the main text show only the Wannier centers positions com-
puted from the up-spin wave function. For completeness, here we show in Figure 6.18
also the Wannier center positions associated with the down-spin wave functions. Pan-
els a, b, and c show these Wannier center positions in the complexes 1−, 1H, and 1H2−,
respectively. Formal oxidation states were calculated by adding the numbers of Wannier
centers from both up and down spin states.

Figure 6.18: Wannier center positions computed from the down-spin wave functions of the spin-polarised
intermediate complexes.

6.5.4. pKa calculation of complex 1−

Constrained molecular dynamics simulations were carried out to calculate the pKa of
the 1− complex. The distance between the hydrogen and the donating acetonitrile ni-
trogen atoms was taken as the reaction coordinate and constrained at different values
in a series of nine constrained DFT-MD runs. At the largest N-H distance, the bridging
hydride moiety is formed. Figure 6.19 shows snapshots from each of these runs. See the
main text for the resulting free energy profile and the computed pKa value. Tables 6.9
and 6.10 show the average Fe-H bond lengths in each of the constrained DFT-MD runs.
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D=2.74 D=2.54 D=2.34

D=2.14 D=1.94 D=1.74

D=1.54 D=1.34 D=1.14

Figure 6.19: Snapshots from the nine constrained DFT-MD simulations. The indicated D is the constrained
N-H distance in Å.

Bond Bond Length in Å

N-H 2.74 2.54 2.34 2.14 1.94 1.74 1.54 1.34 1.14

Fe1-H 1.70 1.72 1.73 1.75 1.80 2.21 2.3 2.25 2.48

Fe2-H 1.70 1.70 1.73 1.75 1.78 3.5 3.25 3.23 3.22

Table 6.9: Average Fe-H bond lengths in each of the constrained DFT-MD simulations, in which the N-H bond
length (top row) is fixed to obtain the free energy for the protonation reaction 1− + H+ → 1H.
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6. Unraveling the mechanism of biomimetic hydrogen fuel production - A first
principles molecular dynamics study

Bond Bond Length in Å

N-H 2.9 2.6 2.3 2.0 1.7 1.4 1.3 1.2 1.1

Fe1-H 1.83 1.85 1.89 2.59 2.44 2.67 2.91 2.74 3.17

Fe2-H 1.62 1.63 1.63 1.60 1.64 1.80 2.1 2.05 3.57

Table 6.10: Average Fe-H bond lengths in each of the constrained DFT-MD simulations, in which the N-H bond
length (top row) is fixed to obtain the free energy for the protonation reaction 12− + H+ → 1H−.

6.5.5. Side-view of the different intermediate structures

Figure 6.20: Side view of all intermediate complexes.
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7
Linear scaling relationships to

predict pKa’s and reduction
potentials for bio-inspired

hydrogenase catalysis

Biomimetic catalysts inspired by the active site of the [FeFe] hydrogenase enzyme can con-
vert protons into molecular hydrogen. Minimizing the overpotential of the electro-catalytic
process remains a major challenge for practical application of the catalyst. The catalytic
cycle of the hydrogen production follows an ECEC mechanism where the electron and pro-
ton transfer steps are either coupled (PCET) or sequential. In this study, we have calculated
the pK a’s and the reduction potentials for a series of commonly used ligands (80 different
complexes) using density functional theory. We establish that the required acid strength
for protonation at the Fe-Fe site correlates with the standard reduction potential of the di-
iron complexes with a linear energy relationship. These linear relationships allow for fast
screening of ligands and tuning of the properties of the catalyst. Our study also suggests
that bridgehead ligand properties, such as bulkiness and aromaticity, can be exploited to
alter or even break the linear scaling relationships.
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7. Linear scaling relationships to predict pKa ’s and reduction potentials for bio-inspired
hydrogenase catalysis

7.1. Introduction
Electrocatalytic reduction of protons to form molecular hydrogen is an area of major
interest in electrochemistry [1]. Recent studies have shown that synthetic compounds
mimicking the active site of the [FeFe] hydrogenase enzyme can provide a cheap alter-
nate route for proton reduction compared to the expensive Pt-based heterogeneous cat-
alysts [2]. The challenge in designing an efficient catalyst for practical application is to
reduce the overpotential of the electro-catalytic cycle. Several complexes have been syn-
thesized and studied for their ability to catalyze the proton reduction and hydrogen for-
mation [3]. However, choosing the ligands from the large pool of compounds and tuning
the properties of the catalyst remains a painstaking matter of trial and error. Under-
standing the factors that determine the properties of the catalyst is crucial for designing
better biomimetic catalysts.

Figure 7.1 shows a catalyst synthesized to mimick the H-cluster, i.e. the active site of
the [FeFe] hydrogenase enzyme [4, 5]. The properties of such synthetic catalysts can be
tuned by changing the bridgehead ligand, one or more terminal ligands, the chalcogen
atoms, and even by changing the metal ions. The H-cluster of the [FeFe] hydrogenase
enzyme consists of an aza-dithiolate ligand in the bridgehead position and CO and CN−
groups as terminal ligands [6]. Organophosphorus ligands (e.g. PMe3, PPh3, etc.) are
commonly used in synthetic catalysts instead of cyanide ligands at the terminal posi-
tions [7]. Catalysts have also been synthesized with alternate bridgehead ligands. In-
deed, most experimental studies thus far focus on changing the bridgehead and termi-
nal ligands, and by keeping the Fe2S2 unit intact. Synthesizing catalysts and character-
izing their properties by changing different ligands is cumbersome. A simpler approach
for screening the ligands would help tremendously in speeding up the optimization of
the catalyst design and improve the performance of the final catalyst. Predictive mod-
els using computational methods can play an important role in this aspect. Quantum
chemistry calculations allow for efficient exploration of the chemical properties of the
different compounds that have not yet been experimentally synthesized and initiate new
ideas for selecting ligands.

FeFe

S S

OC

OC

OC

CO

CO

CO

Bridgehead 
ligand

Chalcogenides

Terminal 
ligand

Metals

Figure 7.1: A prototypical biomimetic hydrogenase catalyst. The bridgehead ligand is here a benzene group
and carbonyl ligands are used at the terminal positions.

Molecular hydrogen formation via proton reduction, aka the hydrogen evolution re-
action (HER), has been widely studied in heterogeneous catalysis. The HER on a metal
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surface takes place in two steps. In the first step, the proton is adsorbed on the surface
(H+ + e− + * → Hads, where "*" denotes a vacant adsorption site), which is called the
Volmer reaction [8]. The second reaction step can proceed through two different path-
ways: (1) through a homolytic pathway named the Tafel reaction [8], in which the second
proton is also adsorbed on the surface and the two adsorbed species react to form hydro-
gen (2 Hads → H2); or (2) via a heterolytic pathway referred to as the Heyrovski reaction
[8], in which the adsorbed species reacts directly with the proton to form hydrogen (H+
+ e− + Hads → H2). The Volmer reaction is considered fast and not a rate determining
step [8]. The second protonation step, which can be either via the Tafel or the Heyrovski
type of mechanism depending on the metal surface, is usually the rate determining step
for the HER. Previous studies have established a linear scaling relationship between the
energies of key intermediates [9]. Theoretical studies significantly helped in screening
different catalytic surfaces for the HER. Such studies for homogeneous molecular cata-
lysts are somehow still rare [10].

In homogeneous catalysis, Hammett-type linear free energy correlations of reaction
rates or equilibrium constants with basicities (e.g. pKb) of the reactants/intermediates
are used to study the mechanisms and understand the trends in reactivity of the com-
plexes [11]. The Hammett-type linear free energy relationship assumes that there exists
a linear correlation between the activation energy and the reaction energy. This essen-
tially correlates the kinetics of the reaction to the thermodynamics of the reaction [12].
The basicity of the metal hydride formed in catalytic hydrogenation reactions markedly
influences the mechanism of these reactions. Using the Hammett equations, the basic-
ity of the intermediate hydride species can be predicted. The study from Jablonskyte et
al. [13] established a linear scaling relation between the first oxidation potential (E1) and
the rate of first protonation.

In this study, we have developed a Hammett-type linear scaling relation for the re-
duction/oxidation potentials with the pKa values for an extended series of artificial hy-
drogenase catalysts with different terminal and bridgehead ligands. The established lin-
ear scaling relationship can be used to predict the pKa ’s and reduction potentials for the
complete reaction cycle. These results can help in the screening of potential candidates
from a large pool of contestants to focus on the most promising candidates for further
detailed study. We show that the bridgehead ligands have a more prominent effect on
the electrochemial properties of the catalyst than the terminal ligands.

7.2. Methods

7.2.1. Computation of pKa ’s in solution

The pKa of a complex in solution is related to the change in free energy of protonation
or deprotonation of the complex in the solution. The pKa of a complex in solution can
be accurately computed using first principles molecular dynamics (DFT-MD) simulation
in combination with an enhanced sampling technique such as free energy perturbation
or constrained MD. But the computational cost of DFT-MD simulation does not allow
for high-throughput screening of many candidate complexes. A more suitable method
to calculate the pKa for larger numbers of complexes is based on DFT electronic struc-
ture calculations in combination with an implicit solvent model. In that case, the free
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hydrogenase catalysis

energy change for the protonation/deprotonation reaction can be computed, including
the changes in the solvation free energies of all the species included in the reaction.

The free energy difference between the protonated and deprotonated forms of a
complex is proportional to the pKa of the complex:

ΔGaq = 2.303RT pKa (7.1)

where R is the ideal gas constant, T is the absolute temperature, and ΔGaq is the de-
protonation reaction free energy in aqueous solution. The latter is computed using a
thermodynamic cycle, as schematically drawn for a generic acid, AH, in Figure 7.2.

Figure 7.2: Thermodynamic cycle used to incorporate the solvent effects in a reaction free energy calculation
of a deprotonation reaction.

TheΔGaq can thus be obtained as a sum of the gas phase reaction free energy (ΔGgas) and
the difference of the solvation free energies of the product and reactant species involved
in the deprotonation reaction:

ΔGaq =ΔGgas +ΔGsol(A−)+ΔGsol(H+)−ΔGsol(AH) (7.2)

The standard molar free energy of a proton in acetonitrile solution is taken as -252 kcal/mol
[14].

7.2.2. Computation of reduction potentials in solution

The reduction potential of a half reaction, A + e− → A−, is given by equation 7.3, where
ΔGaq is the change in free energy of complex A upon reduction in the solvent, and the
Faraday constant, F , constitutes the charge of one mole of electrons, which is about
96485 C/mol.

E 0(A) = −ΔGaq

F
(7.3)

Analogous to the pKa calculation, we use a thermodynamic cycle to compute the reduc-
tion free energy in solution, ΔGaq, as shown in Figure 7.3,
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Figure 7.3: Thermodynamic cycle used to incorporate the solvent effects in a reaction free energy calculation
of a reduction reaction.

so that ΔGaq can again be calculated as the sum of the reduction free energy in the gas
phase, ΔGgas, and the difference of the solvation free energies of the product and reac-
tant species involved in the reduction reaction:

ΔGaq =ΔGgas +ΔGsol(A−)−ΔGsol(e−)−ΔGsol(A) (7.4)

The solvation free energy of the electron is difficult to determine by experiments and
computational methods. By using the relative reduction potential with respect to the
ferrocene (Fc0/Fc+) electrode in acetonitrile, calculation of the ΔGsol(e−) value can be
eliminated.

Previous studies of diiron complexes have used the above methods to calculate the
pKa ’s and the reduction potentials [14–16]. In the current study, DFT calculations are
performed using the BP86 [17] exchange correlation functional augmented with Grimme’s
D3 [18] dispersion correction and a triple zeta basis set [19] using the TIGHTOPT and
TIGHTSCF settings as implemented in the ORCA software[20]. All geometries are fully
optimized in the gas phase and analytical frequency calculations are carried out to calcu-
late the zero point energy. The COSMO[21] implicit solvation model is used to calculate
the solvent correction with acetonitrile as the solvent. Electrode potentials are calcu-
lated relative to the Fc0/Fc+ electrode in acetonitrile. Theoretically, pKa values can be
calculated using this approach for any complex. This includes complexes with very large
negative or positive pKa ’s. But such a hypothetical scenario of highly positive and neg-
ative pKa ’s should be considered only as an indication of the relative acid/base strength
rather than an absolute quantity.

The reaction mechanism of the catalytic cycle is important in this study. The H-
cluster and most of the synthesized compounds follow an ECEC mechanism, in which
“E” represents an electron transfer step leading to reduction of the H-cluster/catalyst,
and “C” refers to a chemical step, which is here a proton transfer reaction. The electron
and proton transfer steps may take place sequentially, but they can also occur in a cou-
pled and simultaneous manner. In this study, the ECEC mechanism is considered for all
complexes. The general reaction mechanism is shown in Figure 7.4. The most common
ECEC mechanism starting from the neutral catalyst is indicated using black arrows.
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Figure 7.4: Catalytic reaction cycles for H2 production on [FeFe] hydrogenase mimics. Black arrows indicate
the sequence of reduction and protonation steps of a catalyst starting from a neutral resting state. Red arrows
indicate the mechanism of catalysts with A+ resting state.

There are two reduction and two protonation steps in the reaction mechanism.

A + e− → A−

A− + H+ → AH

AH + e− → AH−

AH− + H+ → A + H2

The first protonation step in this reaction mechanism is similar to the Volmer reaction
in heterogenous catalysis, where the proton binds to the catalyst. There can be multiple
protonation sites on the catalyst, somewhat similar to a metal surface. The protonation
can occur either at the Fe-Fe metal center forming a bridging hydride or at a single Fe site
forming a terminal hydride. It is believed that the terminal hydride intermediate plays
an important role in hydrogen production at the natural H-cluster [22, 23]. However,
previous studies on the proton reduction by [FeFe] hydrogenase mimics explored the
different protonation sites and predicted that the bridging hydride is the thermodynam-
ically favorable intermediate [14, 24–26]. Experimental studies of the protonation of the
Fe-Fe metal center have also validated the bridging hydride intermediate [13]. Hence, in
this study, we consider the first protonation to result in the bridging hydride configura-
tion, the chemical structure of which is shown in Figure 7.5.
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FeFe

S S

X

H
Figure 7.5: Chemical structure of the bridging hydride configuration formed after the first protonation step in
the catalytic cycle.

Also the second protonation reaction can follow different reaction pathways. Unrav-
eling the prefered reaction mechanism for each complex considered in this study would
be too cumbersome. Moreover, this study focuses on calculating the pKa , which is a lin-
ear function of the free energy, a state function thus independent of the path. Therefore,
and for easy comparison, we consider henceforth a direct reaction mechanism for the
second protonation step, where the proton reacts with the adsorbed hydride to form H2

and the catalyst is regenerated. Note the similarity to the Heyrovski type of mechanism
on a catalytic surface.

The following ten bridgehead ligands are investigated in this study: benzene dithio-
late (bdt), chlorobenzene dithiolate (cl-bdt), ethane dithiolate (edt), propane dithiolate
(pdt), oxa dithiolate (odt), methylpropane dithiolate (Me-pdt and Me2-pdt), isopropyl-
propane dithiolate (iPr-pdt and iPr2-pdt) and propylpropane dithiolate (Pr2-pdt). The
terminal ligands considered, in addition to the standard CO ligand, are two commonly
used organophosphorus ligands: PMe3 and PPhMe2.. Combining each bridgehead with
a constellation of terminal ligands, in which one or more CO ligands are replaced by
PMe3 or PPhMe2, we have created 80 different complexes for investigation. The chemi-
cal structures of these complexes are shown in Figure 7.6.
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Figure 7.6: Chemical structures of the 80 biomimetic diiron hydrogenase complexes investigated in this study.

7.3. Results and Discussions
The reduction of protons to molecular hydrogen is thermodynamically possible at po-
tentials more negative or equal to the standard reduction potential of this redox half
reaction. A good catalyst is one that enables the reaction at a low overpotential, i.e. it
catalyzes the reaction close to the standard reduction potential. For a catalytic cycle that
follows the sequence of reaction steps starting from the neutral resting state (see the
black arrows in Figure 7.4), the relevant reduction potentials and pKa ’s are E2, pKa2, E4,
and pKa4

In Figure 7.7, we plot for the first reduction and protonation steps pKa2 versus E2.
The computed values are shown for all complexes in acetonitrile solvent, color-coded
by bridgehead ligand as indicated in the figure. A clear linear correlation is seen. The
red line in the figure shows a linear fit through the computed data points, which has the
following function:

pKa2 =−21.66∗E2 −22.38

The results of the second reduction and protonation steps of the neutral resting state
cycle are shown in Figure 7.8 with a plot of pKa4 versus E4. A similarly linear relation is
observed, which we fit with the following function:

pKa4 =−14.36∗E4 +10.58

Both plots show that for each bridgehead ligands the data points are scattered over the
full widths of the pKa and E scales when the terminal ligands are substituted. In partic-

106



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

7.3. Results and Discussions

7

Figure 7.7: Red line: linear fit of pKa2 versus E2. Dots: computed values for all hydrogenase complexes color
coded by bridgehead ligand, as follows: pdt - blue, odt - yellow, bdt - black, edt - green, (Me-pdt) - purple,
(cl-bdt) - orange, (iPr-pdt) - magenta, (Me2-pdt) - brown, (iPr2-pdt) - violet, and (Pr2-pdt) - cyan.

Figure 7.8: Red line: linear fit of pKa4 versus E4. Dots: computed values for all hydrogenase complexes color
coded by bridgehead ligand, as follows: pdt - blue, odt - yellow, bdt - black, edt - green, (Me-pdt) - purple,
(cl-bdt) - orange, (iPr-pdt) - magenta, (Me2-pdt) - brown, (iPr2-pdt) - violet, and (Pr2-pdt) - cyan.

ular, increasing the number of PMe3 or PPh3 groups at the terminal positions results in
more electron donation at the metal centers, which leads to an increase in the required
pKa of the proton donating acid in the solution. In other words, weaker acids are able to
protonate the complex in the molecular hydrogen formation process. Indeed, previous
work has shown that the basicity of the complex increases with the number of phosphine
ligands [27].

After having observed the strong correlation between pKa2 and E2 and between pKa4

and E4 for the cycle with the neutral resting state, we expect similar linear relationships
for the protonation and reduction steps for the cycle starting from the cationic resting
state (indicated by the red arrows in Figure 7.4). Previously, Picket and coworkers estab-
lished experimentally a relationship between the first oxidation potential and the rate of
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protonation [13]. In Figure 7.9, we show the plot of E1 versus pKa1, with in the top panel
the computed data point of all the complexes. Clearly, here the data points show more
scatter than in the previous two plots. In particular, some data points seems to be clus-
tered below the red line of the linear fit, and the rest of the data points are grouped mostly
above and on top of the red line. Not surprisingly, dividing the data in these two groups
indeed results in much better linear fits, which is shown in panel b for the complexes
with bridgehead ligands pdt, edt, bdt, odt, Me-pdt, iPr-pdt, and cl-bdt, and in panel c
for the complexes with bridgehead ligands iPr2-pdt, Me2-pdt, and Pr2-pdt. The main
similarity among the latter three bridgeheads groups seems to be that they are aliphatic
and bulky near the dithiolate bridge compared to other ligands. Therefore, we will refer
to this selection as the “bulky bridgehead ligands”, and the group containing all other
complexes as the “less bulky bridgehead ligands” (although one might argue that some
ligands in this selection, such as cl-bdt, are rather bulky).

The linear fit throught the data points of the complexes with the less bulky bridge-
heads, as shown by the red line in Figure 7.9-b has the function:

pKa1 =−16.82∗E1 +10.81

and the fit through the bulky bridgehead data, shown in panel c results in:

pKa1 =−12.72∗E1 +1.96

The bulkiness at the dithiolate bridge causes a shift of the linear correlation, as was al-
ready visible in panel a, but also the slope of the fit changes. Previous work reported that
the stereo-electronic effect of bulky ligands affect the electronic energy level of highest
occupied molecular orbital (HOMO), which enhances the rate of protonation [13]. The
slope of the correlation between the protonation rate constant and the oxidation poten-
tial for the first step was estimated to be 11.7 [13]. In our study the slope between pKa

and the oxidation potential (over all data points) is 14.02.
Previous work by Bordwell et al [28, 29] established a linear scaling relation between

the pKa and the redox potential for a series of carbon bases and fluorenide anions. A so-
called Brønsted type plot of Eox vs pKa is linear with a Brønsted slope near unity when
the x and y axes are in the same units. Also, their work established a linear relationship
between the rate of the electron transfer and the pKa of the complexes. Similar to the
Eox vs pKa plot, the Brønsted coefficient (β) is close to one for the plot of the rate of the
electron transfer versus the pKa . Moreover, another study observed that the enthalpy
of the protonation of the metal complex correlates linearly with the pKa for single elec-
tron transfer substitution reactions [27]. Similar to these results, we also establish such a
linear relationship for the complexes considered in this study. The magnitude of the di-
mensionless Brønsted coefficient can be calculated by multiplying the slope of the pKa

versus E curve by 2.303RT /F . The Brønsted coefficients for the pKa vs E plots range be-
tween 0.83 - 1.2. The near unity magnitude of the Brønsted coefficient indicates that the
activation energy for the protonation of the metal-metal bond correlates to the basicity
of the bond.

Figure 7.10 shows the plot of E3 vs pKa3, associated with the second reduction and
protonation steps of the catalytic cycle with the cationic resting state. Similar to first
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Figure 7.9: Red lines: linear fits of pKa1 versus E1. Top panel: computed data from all complexes. Middle
panel: only the less bulky bridgehead ligands, pdt - blue, odt - yellow, bdt - black, edt - green, (Me-pdt) -
purple, (cl-bdt) - orange, and (iPr-pdt) - magenta. Bottom panel: only the bulky bridgehead ligands, (Me2-pdt)
- brown, (iPr2-pdt) - violet, and (Pr2-pdt) - cyan.

reduction/protonation steps, plotting the data for all complexes shows a separation in
the same two groups, with now the data of bulky bridgehead complexes lying above the
those of the less bulky bridgehead complexes (see top panel in Figure 7.10). We therefore
make the same division as before, which results in a linear fit for the less bulky bridge-
head data shown in panel b, with the function:

pKa3 =−16.56∗E3 −17.71
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and for the bulky bridgehead complexes, shown in panel c, with the function:

pKa3 =−19.96∗E3 −11.29

Figure 7.10: Red lines: linear fits of pKa3 versus E3. Top panel: computed data from all complexes. Middle
panel: only the less bulky bridgehead ligands, pdt - blue, odt - yellow, bdt - black, edt - green, (Me-pdt) -
purple, (cl-bdt) - orange, and (iPr-pdt) - magenta. Bottom panel: only the bulky bridgehead ligands, (Me2-pdt)
- brown, (iPr2-pdt) - violet, and (Pr2-pdt) - cyan.

These relationships allow for the prediction of the pKa ’s of the intermediate species
before actually synthesizing the complex experimentally, and to choose the ligands for
synthesizing a complex with desirable pKa values. A catalytic mechanism in which the
resting state of the catalyst is in its cationic oxidized form (see red arrows in Figure 7.4)
can be more influenced by the choice of bridgehead ligands than the catalytic cycle with
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a neutral resting state. We should note that some catalysts have a one electron reduced
resting state [5]; these cases are not considered in this study.

For the final part of our investigation, we go beyond correlating reduction potentials
with the pKa ’s of the subsequent protonation steps, and try to establish further inter-
esting relationships, for example between the reduction potentials shown in Figure 7.4.
Figure 7.11 shows the correlation between the reduction potentials, E1 to E4, for all com-
plexes. Figures 7.12 and 7.13 show the same, but again divided into the less bulky bridge-
head complexes and the bulky bridgehead complexes, respectively. For the less bulky
bridgehead ligands, clear linear scaling relationships are seen between E1 vs E2 , E1 vs
E3, and E2 vs E3. However, the plots of E4 with the other potentials show more scatter,
and there is not a generic linear correlation. Significantly better fits for these correlations
involving E4 can be obtained if we make a second division into a group containing the
bdt (black dots) and cl-bdt (orange) bridgehead ligands and a group containing all other
ligands (data not shown). For the bulky bridgehead ligands the correlation is rather poor
(see Figure 7.13). This means that to estimate the redox properties along reaction mech-
anism 2 for less bulky ligands, only one (e.g. the first) reduction potential needs to be
known. All other potentials can then be predicted to reasonable accuracy using these
linear regression approximations. This is very helpful, as it allows for a quick screening
before have to perform a more accurate study of the catalyst in order to determine the
exact mechanism and the intermediate structures.

Figure 7.11: Correlation between between all pairs of reduction potentials, E1 to E4, for all complexes.

Interestingly, in addition to the shifted linear trends seen for the bulky bridgehead
complexes and the aromatic bridgehead complexes, there are a few other complexes
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Figure 7.12: Correlation between the different reduction potentials of complexes containing less bulky bridge-
head ligands

within the less bulky bridgehead ligands that do not show the expected linear scaling be-
havior. An example is the case of the Fe2(edt)(CO)3PMe3 complex, for which the outliers
from the linear trends become particularly evident in the plots of the pKa ’s versus the
reduction potentials, shown in Figure 7.15. Note the outliers from the linear fit functions
in panels d, h, l, m, n, and o. In particular, all plots involving E4 or pKa4 (except the plot
of E4 versus pKa4) show a poor correlation. A close inspection of the Fe2(edt)(CO)3PMe3

structures reveals that the AH− species has a somewhat distorted geometry involving a
broken Fe-S bond, which is different from all other complexes with a edt bridgehead lig-
and in the AH− state. For comparison, the AH− and AH optimized structures are shown
in Figure 7.14. To test the effect of this structural change, we have also calculated the
single point energy of the AH− species with the same geometry as AH. Now the data
points involving E4 or pKa4, shown in Figure 7.16, are much closer to the linear corre-
lation curves, confirming that indeed the structural changes in the complex during the
catalytic cycle can cause large deviations from the linear scaling relationships.
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Figure 7.13: Correlation between the different reduction potentials of complexes containing bulky bridgehead
ligands

AH- AH

Figure 7.14: Chemical structures of the Fe2(edt)(CO)3PMe3 complex in the AH− (left) and AH (right) states.
Note the broken Fe-S bond in the AH− complex, resulting in a somewhat rotated dithiolate ligand and an
under-coordinated iron ion (purple balls).
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Figure 7.15: The correlation between pKa ’s and reduction potentials for the edt bridgehead ligand. The AH−
state is calculated using the optimized structure of the complex.
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Figure 7.16: The correlation between the pKa ’s and the reduction potentials for the complexes with the edt
bridgehead ligand. The AH− state is calculated using a single point energy of the AH structure.
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Figure 7.17: Correlation between the reduction potentials for the complexes with the edt bridgehead ligand.
The AH− state is calculated using the optimized structure of the complex.

Figure 7.18: Correlation between the reduction potentials for the complexes with the edt bridgehead ligand.
The AH− state is calculated using a single point energy of the AH structure.
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7.4. Conclusions
In this study, we have established linear scaling relationships between the reduction po-
tentials and the pKa values of bio-inspired di-iron hydrogenase catalysts. This type of
widely explored Hammett-type linear free energy relationships is effectively utilized in
this study with the aim to allow for fast prediction of the catalytic properties of these iron
complexes designed for efficient and clean hydrogen fuel production. We find not only
such linear scaling rules between the pKa values and the reduction potentials of succes-
sive reduction and protonation steps (which in practice may also occur simultaneously
as proton-coupled electron transfer reactions), but also between the different reduction
potentials and between the different pKa values. However, for the latter scaling behavior
there is no generic linear scaling rule. Within the set of ten different bridgehead ligands
investigated here, we observed different scaling trends for bridgehead ligands that are
aliphatic and bulky at the dithiolate bridge in comparison to ligands that are less bulky.
Secondly, we observed a shifted linear scaling of complexes with an aromatic bridgehead
ligand for correlations involving the fourth reduction potential, E4. And thirdly, certain
bridgehead ligands, such as edt, undergo a relatively large structural change in certain
oxidation states, which causes large deviations from the linear scaling relationships. This
means that for the classes of ligands for which the linear relationships hold, fast screen-
ing studies can be performed, because only one reduction potential has to be measured
or calculated to estimate with reasonable accuracy all other reduction potentials and
pKa values that are relevant for the molecular hydrogen producing catalytic cycle. On
the other hand however, different classes of bridgehead ligands can provide ways to alter
(i.e. shift or tilt) the linear relationships or even break with the linear scaling rules when-
ever this is desirable. These results serve in the preliminary stage as a screening tool
before further detailed study needs to be carried out for the most promising candidates
to understand in further detail the reaction mechanisms and the electronic properties of
new biomimetic catalysts.

7.5. Appendix

7.5.1. Plots for the individual bridgehead ligands
Below, we show the plots for the individual bridgehead ligands. Violet data points are
from complexes with PMe3 terminal ligands and green data points denote complexes
with PPhMe2 terminal ligands. For pdt and the less bulky derivatives of the pdt bridge-
head ligands, there exist very clear linear correlations between the different properties.
Thus for complexes with pdt, Me-pdt, iPr-pdt, and odt bridgehead ligands, we can ac-
curately predict the properties by changing the terminal ligands (see Figures 7.19, 7.20,
7.21, 7.22, 7.23, 7.24, 7.25, and 7.26). The complexes with bdt, cl-bdt, edt, and bulky
bridgehead ligands, the plots with E4 or pK a4 do not show a good linear relationship (ex-
cept for the E4 vs pK a4) for reasons discussed in the main text, see Figures 7.27, 7.28,7.29,
7.30, 7.31, 7.32, 7.33, 7.34, 7.35, 7.36.
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Figure 7.19: The correlation between pKa ’s and reduction potentials for the pdt bridgehead ligand.

Figure 7.20: The correlation between reduction potentials for the pdt bridgehead ligand.
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Figure 7.21: The correlation between pKa ’s and reduction potentials for the mepdt bridgehead ligand.

Figure 7.22: The correlation between reduction potentials for the mepdt bridgehead ligand.

119



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

7

7. Linear scaling relationships to predict pKa ’s and reduction potentials for bio-inspired
hydrogenase catalysis

Figure 7.23: The correlation between pKa ’s and reduction potentials for the iPr-pdt bridgehead ligand.

Figure 7.24: The correlation between reduction potentials for the iPr-pdt bridgehead ligand.
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Figure 7.25: The correlation between pKa ’s and reduction potentials for the odt bridgehead ligand.

Figure 7.26: The correlation between reduction potentials for the odt bridgehead ligand.
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Figure 7.27: The correlation between pKa ’s and reduction potentials for the bdt bridgehead ligand.

Figure 7.28: The correlation between reduction potentials for the bdt bridgehead ligand.
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Figure 7.29: The correlation between pKa ’s and reduction potentials for the cl-bdt bridgehead ligand.

Figure 7.30: The correlation between reduction potentials for the cl-bdt bridgehead ligand.
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Figure 7.31: The correlation between pKa ’s and reduction potentials for the Me2-pdt bridgehead ligand.

Figure 7.32: The correlation between reduction potentials for the Me2-pdt bridgehead ligand.
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Figure 7.33: The correlation between pKa ’s and reduction potentials for the iPr2-pdt bridgehead ligand.

Figure 7.34: The correlation between reduction potentials for the iPr2-pdt bridgehead ligand.
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Figure 7.35: The correlation between pKa ’s and reduction potentials for the Pr2-pdt bridgehead ligand.

Figure 7.36: The correlation between reduction potentials for the Pr2-pdt bridgehead ligand.
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Summary

The energy requirements of humankind in the last century were mostly met by the use
of fossil fuels. After the industrial revolution, the usage of carbon based fossil fuels has
increased exponentially. This has led to drastic improvements in the average standard of
living across the globe. But the burning of fossil fuels in large quantities for over a century
has caused, and still causes, serious environmental impact in the form of global warming
and climate change. Reducing the dependency on fossil fuels by finding alternate energy
sources is the need of the 21st century. There are several candidates proposed to replace
fossil fuels; of these, molecular hydrogen as a chemical storage of solar or wind energy is
considered by many experts as the most viable alternative.

Producing molecular hydrogen in an energy efficient way is very important for a sus-
tainable future. An interesting route of hydrogen production is by using molecular cata-
lysts that mimic the active site of [FeFe] hydrogenase enzymes. [FeFe] hydrogenase en-
zymes can convert protons into molecular hydrogen with a high turnover ratio. For this
thesis, we have used computational methods to understand the reaction mechanisms of
such hydrogen production. Molecular simulations can complement experimental ob-
servations by providing insight into the molecular details of the system, which is often
difficult with experimental techniques.

In Chapter 2, a brief introduction of the employed molecular simulation techniques
that were used in this thesis are presented. The theory of classical molecular dynamics,
density functional theory and rare event sampling techniques like constrained molecu-
lar dynamics and metadynamics are explained in this chapter.

Most enzymes catalyze some chemical reaction at their active sites. In Chapter 3, we
have studied the reaction mechanism of hydrogen production at the active site of the
[FeFe] hydrogenase enzyme. Reaction mechanism studies were carried out using ab ini-
tio molecular dynamics simulations together with metadynamics. Our study indicates
that the reaction can follow multiple pathways depending on the pH of the system. At
physiological acidity, the reaction follows a barrierless pathway. A new possible interme-
diate is also suggested along this pathway. This newly found pathway explains the high
efficiency of the [FeFe] hydrogenase enzyme.

The active site of the [FeFe] hydrogenase enzyme is buried inside the protein matrix.
The transport of protons and electrons to the active site of the enzyme plays a crucial role
in the efficiency of the enzyme catalysis. In Chapter 4, we have used classical molecu-
lar dynamics simulations to study the electron transport pathway in [FeFe] hydrogenase
enzyme. We observed the formation of water channels in the protein matrix along the
electron transport pathway. The excess electron is stabilized by the formation of hydro-
gen bonds with the iron-sulfur cubane clusters along the pathway. The protein scaffold
acts as a porous medium, which allows for the transfer of water molecules to form a
continuous hydrogen bond network. In this study, we used Marcus’ theory of electron
transfer to calculate the free energy profiles for the electron transport reactions.

129



567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran567904-L-bw-Chandran
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 136PDF page: 136PDF page: 136PDF page: 136

Summary

In Chapter 5, we have used a QM/MM approach to study the proton transfer pathway
in the [FeFe] hydrogenase enzyme. Our study shows that the proton transport in the en-
zyme follows a "proton hole" mechanism, in which the primary proton transfer pathway
is along the amino acid residues. Those residues can have multiple conformations with
a small energy barrier thus helping in carrying multiple protons to the active site. The
free energy profile along the proton transfer pathway was calculated using constrained
molecular dynamics simulations. From the free energy calculations, we show that the
proton transfer step from the outermost residue is the rate determining step.

In Chapter 6, we have studied the reaction mechanism of a bdt complex, a cata-
lyst synthesized by mimicking the active site of the [FeFe] hydrogenase enzyme. This
biomimetic catalyst with a benzene bridgehead ligand can catalyze the hydrogen reduc-
tion process at a relatively small overpotential compared to other biomimetic catalysts.
It is important to understand the mechanism of the biomimetic catalyst in order to de-
sign better and more efficient catalysts. The study shows that the catalytic mechanism
follows a pathway via a bridging hydride intermediate. The subsequent direct reaction of
a proton from the solvent with the bridging hydride to form H2 is the energetically most
favorable pathway. It is interesting to note that in the natural enzyme, a terminal hydride
intermediate reacts to form molecular hydrogen, whereas in the bio-inspired catalyst, a
bridging hydride pathway is favorable.

Finally in Chapter 7, we have established a linear scaling relationship between the
pKa ’s and the reduction potentials of a series of biomimetic complexes. This systematic
study on the scaling rules between the pKa ’s and the reduction potentials will help in
screening studies to find optimal ligands in catalyst design. Our study indicates that the
electronic properties of the bridgehead ligands can be used to alter, or even break, the
scaling rules that govern the properties of the catalyst. Catalysts that undergo structural
changes upon reduction or protonation exhibit a larger tendency to deviate from the
linear scaling. This finding can be used for designing complexes that can catalyse the
hydrogen evolution reaction at lower overpotentials.
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Samenvatting

De energiebehoefte van de mensheid werd in de vorige eeuw grotendeels voorzien door
het gebruik van fossiele brandstoffen. Na de industriele revolutie is het gebruik van op
koolstof gebaseerde fossiele brandstoffen exponentieel toegenomen. Dit heeft geleid tot
drastische verbeteringen in de gemiddelde levensstandaard over de hele wereld. Echter,
de verbranding van fossiele brandstoffen in grote hoeveelheden gedurende meer dan
een eeuw heeft geleid tot, en veroorzaakt nog steeds, ernstige milieu-impact in de vorm
van opwarming van de aarde en klimaatverandering. Het verminderen van de afhankeli-
jkheid op fossiele brandstoffen door alternatieve energiebronnen te vinden, is de noodzaak
van de 21e eeuw. Er zijn verschillende kandidaten voorgesteld om fossiele brandstoffen
te vervangen; hiervan wordt moleculaire waterstof als chemische opslag van zonne- of
windenergie door veel experts als het meest haalbare alternatief beschouwd.

Het energie-efficient produceren van moleculaire waterstof is van groot belang voor
een duurzame toekomst. Een interessante route voor waterstofproductie is het gebruik
van moleculaire katalysatoren die de actieve plaats van [FeFe]-hydrogenase-enzymen
nabootsen. [FeFe]-hydrogenase-enzymen kunnen protonen omzetten in moleculaire
waterstof met een hoge omzetratio. Voor dit proefschrift hebben we computationele
methoden gebruikt om de reactiemechanismen van dergelijke waterstofproductie te be-
grijpen. Moleculaire simulaties kunnen experimentele waarnemingen aanvullen door
inzicht te verschaffen in de moleculaire details van het systeem, wat vaak moeilijk is met
experimentele technieken.

In Hoofdstuk 2 wordt een korte introductie gegeven van de gebruikte moleculaire
simulatietechnieken die in dit proefschrift zijn gebruikt. De theorie van de klassieke
moleculaire dynamica, de theorie van dichtheidsfunctionaliteit en technieken voor het
bemonsteren van zeldzame gebeurtenissen, zoals ‘constrained molecular dynamics’ en,
worden in dit hoofdstuk uitgelegd.

De meeste enzymen katalyseren een chemische reactie op hun actieve plaatsen. In
Hoofdstuk 3 hebben we het reactiemechanisme van waterstofproductie op de actieve
plaats van het [FeFe]-hydrogenase-enzym bestudeerd. Deze studies werden uitgevoerd
met behulp van ab- initio moleculaire dynamica simulaties samen met metadynamica.
Onze studie geeft aan dat de reactie meerdere routes kan volgen, afhankelijk van de pH
van het systeem. Bij fysiologische zuurgraad volgt de reactie een barriereloos pad. Langs
dit traject wordt ook een nieuwe mogelijke tussenvorm voorgesteld. Deze nieuw gevon-
den route verklaart de hoge efficientie van het [FeFe]-hydrogenase-enzym.

De actieve plaats van het [FeFe]-hydrogenase-enzym is begraven in de eiwitmatrix.
Het transport van protonen en elektronen naar de actieve plaats van het enzym speelt
een cruciale rol in de efficientie van de enzymkatalyse. In Hoofdstuk 4 hebben we klassieke
simulaties van moleculaire dynamica gebruikt om de elektronentransportroute in het
[FeFe]-hydrogenase- enzym te bestuderen. We observeerden de vorming van waterkanalen
in de eiwitmatrix langs de elektronentransportroute. Het overtollige elektron wordt gesta-
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Summary

biliseerd door de vorming van waterstofbruggen met de ijzer-zwavel cubaanclusters langs
de route. De eiwitsteiger fungeert als een poreus medium, dat de overdracht van water-
moleculen mogelijk maakt om een continu waterstofbrugnetwerk te vormen. In deze
studie hebben we Marcus’ theorie van elektronenoverdracht gebruikt om de vrije en-
ergieprofielen voor de elektronentransportreacties te berekenen.

In Hoofdstuk 5 hebben we een QM/MM-benadering gebruikt om de protonover-
drachtroute in het [FeFe]-hydrogenase-enzym te bestuderen. Onze studie laat zien dat
het protonentransport in het enzym een "protongat"-mechanisme volgt, waarbij de pri-
maire protonenoverdrachtsroute langs de aminozuurresten loopt. Die residuen kunnen
meerdere conformaties hebben met een kleine energiebarriere, waardoor ze helpen bij
het dragen van meerdere protonen naar de actieve plaats. Het vrije-energieprofiel langs
de protonoverdrachtsroute werd berekend met behulp van ‘ ’. Met behulp van vrije en-
ergie berekeningen laten we zien dat de protonoverdracht van het buitenste residu de
snelheidsbepalende stap is.

In Hoofdstuk 6 hebben we het reactiemechanisme bestudeerd van een bdt-complex,
een katalysator die is ontworpen door de actieve plaats van het [FeFe]-hydrogenase-
enzym na te bootsen. Deze biomimetische katalysator met een benzeenbruggenhoofdli-
gand kan het waterstofreductieproces katalyseren bij een relatief klein overpotentiaal in
vergelijking met andere biomimetische katalysatoren. Het is belangrijk om het mecha-
nisme van de biomimetische katalysator te begrijpen om betere en efficientere katalysatoren
te ontwerpen. De studie toont aan dat het katalytische mechanisme een route volgt via
een overbruggend hydride-tussenproduct. De daaropvolgende directe reactie van een
proton uit het oplosmiddel met het overbruggende hydride om H2 te vormen, is de en-
ergetisch meest gunstige route. Het is interessant om op te merken dat in het natuurli-
jke enzym een eindstandig hydride- tussenproduct reageert om moleculaire waterstof
te vormen, terwijl in de bio-geinspireerde katalysator een overbruggende hydrideroute
gunstig is.

Ten slotte hebben we in Hoofdstuk 7 een lineaire schaalrelatie vastgesteld tussen de
pKa’s en de reductiepotentialen van een reeks biomimetische complexen. Deze system-
atische studie naar de schaalregels tussen de pKa’s en de reductiepotentialen zal helpen
bij screeningstudies om optimale liganden te vinden in het ontwerp van de katalysator.
Onze studie geeft aan dat de elektronische eigenschappen van de bruggenhoofdligan-
den kunnen worden gebruikt om de schaalregels die de eigenschappen van de katalysator
bepalen, te wijzigen of zelfs te breken. Katalysatoren die structurele veranderingen on-
dergaan bij reductie of protonering vertonen een grotere neiging om af te wijken van de
lineaire schaal. Deze bevinding kan worden gebruikt voor het ontwerpen van complexen
die de waterstofontwikkelingsreactie bij lagere overpotentialen kunnen katalyseren.
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