Cover Page

The handle http://hdl.handle.net/1887/20311 holds various files of this Leiden University

dissertation.

Author: Vallés Pardo, José Luis

Title: In silico study of reaction mechanisms and design principles for water oxidation
catalysts

Date: 2012-12-19


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/20311
https://openaccess.leidenuniv.nl/handle/1887/1�

In silico study of reaction mechanisms
and design principles for water oxidation
catalysts

José Luis Vallés Pardo



José Luis Vallés Pardo

In silico study of reaction mechanisms and design princifuesvater
oxidation catalysts

Ph.D. Thesis, Leiden University, December 2012

No part of this thesis may be reproduced in anynfavithout the
express written permission of the copyright holders



In silico study of reaction mechanisms
and design principles for water oxidation
catalysts

PROEFSCHRIFT

ter verkrijging van de graad van Doctor aan de Brsiteit Leiden,
op gezag van Rector Magnificus Prof. Mr. P.F. vantdeijden,
volgens besluit van het College voor Promoties
te verdedigen op woensdag 19 december 2012
klokke 8.45 uur

door

José Luis Vallés Pardo

geboren te Valéncia, Spanje in 1985



Promotiecommissie

Promotor:
Prof. Dr. Huub J.M. de Groot

Copromotor:
Dr. Francesco Buda

Overige leden:

Prof. Dr. Jaap Brouwer
Prof. Dr. Marc van Hemert
Prof. Dr. Jurg Hutter

Prof. Dr. Marc Koper

The use of supercomputer facilities was sponsoyet@ine Netherlands
National Computing Facilities Foundation (NCF), twitfinancial

support from the Netherlands Organization for SdienResearch
(NWO). This research is financed in part by the Ritar Cells open
innovation consortium, supported by the Dutch Miyioof Economic

Affairs, Agriculture and Innovation (project C1.9).



Table of contents

List of abbrevations ..............eveiieeiis s e 9
N\ T0 71 1o o RPN 11
PrefacCe ... ..o 13
Chapter 1: Introduction............cccoeoeriiiiiiiiii, 15
1.1 Natural and artificial photosynthesis ..............ccccvvuee. 17
1.1.1 Photosystem Il ......cccooeiiiiiiiiieeeeeeeeeeeeeeee e 17
1.1.2 Oxygen Evolving CompleX ........cccccovviccccceeeeeeeeenn. 19
1.1.3 Artificial photosynthesis...........ccvveeveeevieeiieeiieeeeenneee, 20
1.2 Water oxidation catalysts (WOQC)........cccceeeeeeeeeeeennn. 21
1.3 Aim and scope of this theSIS............comeeemeeeeeeeveevinnnnn. 24
1.4 Bibliography ....ccoooeeiiiiiiiei e 27
Chapter 2: Theoretical methods..............cccoiiiiiiiiniinns 31
2.1 INtrodUCHION ....ccoviiiiiiiiiieee et 33
2.2 Born-Oppenheimer Approximation...........cccceeveee..... 33
2.3 Density Functional Theory ........cccoovv e, 36

2.4 Exchange-Correlation functionals..........emm.eeeeeeene... 38
2.5 Gaussian-plane waves method............cccceee.......e... 40
2.6 Molecular DYNamiCS..........cccuuuuuuun s mmmmmmcennnneeeeeeeeenenns 42
2.6.1 Car-Parrinello Molecular Dynamics....................... 43
2.6.2 Born-Oppenheimer Molecular Dynamics..............45
2.6.3 MetadynNamiCsS..........uuurreeeeeriiiimmeeeeieieeee e e e e 46
2.7 Bibliography .......ccoooiiiiiiiiiee e 48



Chapter 3: Structural rearrangements and reaction

intermediates in a di-Mn water oxidation catalyst......51
1 0 I [ 11 0 Yo [0 Tox 1 o o SRR 53
3.2 Computational details...........ccovvvvivcceeen e 55
3.3 Results and diSCUSSION .........uuuuuumimmmmeeaes 58

3.3.1 Modeling of the Hexa-coordinated complex with

tWO OXO-Dridges (1) ....ueeememmmeennnnnneennt e eeeeeeeeeee 58

3.3.1.2 Reaction pathway analysis for complex.1..........61
3.3.2 Modeling of the penta-coordinated manganese
cluster (2) with one oxo-bridge.............ocoeeeeeeeee. 65

3.3.2.1 Structural and electronic characterizatioh

COMPIEX 2. e 65
3.3.2.2 Reaction pathway analysis for complex.............68
G 0] o o4 [ 13 o] 1 1 PP 72
3.5 Bibliography ..., 75

Chapter 4: Ab-initio molecular dynamics study of

water oxidation reaction pathways in mono-Ru

catalystS......cccoviiiiiiiii 79
0 I T ({0 7o [UTo3 (o] o IR 81
4.2 Computational details...........cccoovvieeeeeeer e 83
4.3 Results and diSCUSSION ........cooeviiiiiee 86

4.3.1 Characterization of the [(AN)Ru(O)(bpW)]................ 86



4.3.2 AIMD simulations for the O-O bond formatian...... 90
4.3.2.1 Ru-OW3 approach..........ccceeeeeeeimmmeeeeeeeee e 92
4.3.2.2 OX-OW1 apPProach.........cccoouvvees e ceeeeeeeneiiienens 94
4.3.3 Characterization of the [(benzene)Ru(OOH)JBpy
intermediate and the transition state....................... 98
4.4 CONCIUSIONS ....eiiiiiiiiie et 102
4.5 Bibliography ... 104

Chapter 5: In silico prediction and thermodynamic

study of novel mono-nuclear water oxidation

CatalystS.....cceiiiiiiiii 107
5.1 INtrOodUCTION ...cccoiiiiiiiiieiee e e 109
5.2 Methodology and computational details................. 113
5.3 Results and diSCUSSION ............ooiiiimeeeeecr e 118
5.3.1. Influence of the aromatic ligand...............cc.ceee.... 120
5.3.2. Influence of the metallic center ...........cccoocuvvneee. 123
5.4 CONCIUSIONS ...ovviiiiieeeiiiiiiiee e 126
5.5 Bibliography ........cooooiiiiiiii e 129
Chapter 6: General Discussion and Outlook ................ 133
SUMMATIES .ottt 137
CUurriculum VIt8E .......ovvviiiiiiiiiiieiee e eeree e 153
List of PUBIICAtiONS..........ccoiiiiiiiiiiiiieeee e 155

[N =110 T 1 (o IR 157






List of abbreviations

ADF
AIMD
B3LYP

BLYP
BOMD
CHARMM
CMD
Cp
Cp*
CP2K
CPMD
CcVv
DFT
DzVP

EXAFS
FES
GGA
GPW
GTH
GTO
KS
LDA
MD
MM
MTD
OEC
OPBE
PBC
PCET
PSilI

Amsterdam Density Functional program

Ab-initio molecular dynamics

Becke 3-Parameter, Lee-Yang-Parr exchangesiedion
functional

Becke-Lee-Yang-Parr exchange-correlation fiometl
Born-Oppenheimer Molecular Dynamics

Chemistry at HARvard Molecular Mechanicsderfield
Constrained molecular dynamics

Cyclopentadienyl

Pentamethylcyclopentadienyl

Open Source Molecular Dynamics software paekag
Car-Parrinello Molecular Dynamics

Collective Variable

Density functional theory

Double Zeta Valence Plus basis set with one se
Polarization functions

Extended X-ray absorption fine structure
Free-energy surface

Generalized Gradient Approximation

Gaussian and plane waves method
Goedecker-Teter-Hutter pseudopotential

Gaussian type orbitals

Kohn-Sham

Local Density Approximation

Molecular Dynamics

Molecular Mechanics

Metadynamics

Oxygen evolving complex

Perdew-Burke-Ernzerhof exchange-correlatioctional
Periodic Boundary Conditions

Proton-Coupled Electron Transfer

Photosystem I



PWs

QM
QM/MM

QS
TZP
TZVP

WOR

Plane Waves

Quantum Mechanics

Quantum Mechanics/Molecular Mechanics

QuickStep

Triple-Zeta basis set with one set of Polamrmat
functions

Triple Zeta Valence Plus basis set with one sel
Polarization functions

Water oxidation reaction



Notation
A
X Xs
Au

xp

|

mmeao o

DB/ € 25 T3« D>

-

Operator A

Response function

Basis set function

Primitive basis function

Laplacian

Nabla

Permittivity of vacuum

Electron charge, exponent

Energy

Exchange-correlation funcional
Planck constant

Hamiltonian

Coulomb electron-electron repulsion
Electron mass

Nuclear mass

In a summation, the number of electrons
In a summation, the number of nuclei
Wavefunction of a system
Kohn-Sham orbital

Electron density

Vector position of electrons in space.



Pasition of electrom

Distance between electronandi
Position of the nuclei

Pasition of nucleus

Distance between nucleandJ

First time derivative oR

Second time derivative &t
Time

Kinetic energy

Potential energy

Atomic number

Effective potential
External potential

Density matrix

Volume of the unit cell
Reciprocal lattice vectors
Collective variable

Height of the bias potential
Width of the bias potential

Deposition rate of the bias potential



Preface

Fossil fuel is among the most important valuables the
developed and the developing world. Since the im@dlisevolution its
use and demand has been growing exponentiallyjragrio the point
where limitations to its availability can be expttwithin less than
three decades, in the most optimistic analyses.

Even more worrying than this possible lack of pmynanergy
supply are the environmental consequences of sociatved by
carbon-based fuels. The biosphere is not able sondate the vast
amount of CQreleased into the atmosphere by burning fuel.

For these reasons a transition to carbon-free dvocaneutral
primary energy carriers is urgent. What could be ltest solution?
Probably there is not a universal solution. Ita$ @ competition for the
best, first or quickest scientific development. Boeiety has a problem
and the scientific community should do its bestrider to solve it.

In this framework one interesting direction is thevelopment of
an efficient device to perform the water splittipgcess in order to use
hydrogen as a clean fuel, an “artificial leaf”, Wwhich the conversion of

solar energy into chemical energy on a large soalg become reality.
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Introduction

1.1 Natural and artificial

photosynthesis

Photosynthesis is the physical-chemical process/iigh plants,
algae and some bacteria convert the solar enetgyciremical energy,
through the synthesis of organic compounds. Inetlmganisms, the
photosynthetic processes lead to the release céamlalr oxygen and
the removal of carbon dioxide from the atmosphdsa is used to
synthesize carbohydrates. Photosynthesis provitdes ehergy and
reduced carbon required for the survival of vialll life on our
planet, as well as the molecular oxygen necessaryhe survival of

oxygen consuming organisms [1-3].

1.1.1 Photosystem Il

Photosystem 1l (PSIl) is a multi-subunit protein nymex
embedded in the thylakoid membranes of higher plaalgae and
cyanobacteria. It uses solar energy to catalyzeergess of electron
transfer reactions resulting in the splitting of terainto molecular
oxygen, protons and electrons. These reactiongpdisspower on a
scale of ~100 TW, being responsible for the praduacof atmospheric
oxygen and indirectly for almost all the biomass tbe planet [4].

17



Chapter 1

Despite its importance, the catalytic propertie®8fl have never been
reproduced in any artificial system. Understandiaginique chemistry
is not only important in its own right, but couléve implications for

the development of systems that allow us to obsagiean source of
chemical energy, reproducing the natural reaction.

The photosystem 1l complex is composed of more tfifs@en
polypeptides and at least nine different redox comemts that have
been shown to undergo light-induced electron temf8]. However,
only five of these redox components are known toirhlved in
transferring electrons from B to the plastoquinone pool, and one of
them is the water oxidizing tetra-manganese clulstan the oxygen
evolving complex (OEC).

Photosystem Il is the only known protein complextttein oxidize
water, resulting in the release of molecular oxymea the atmosphere.
Despite years of research, the molecular events |dzal to water
oxidation are still a matter of current investigas. Energetically,
water is a poor electron donor. The oxidation-réidac midpoint
potential of water is +0.82 V (pH 7). In photosystéd this reaction is
driven by the oxidized chlorophyh in the reaction center, P630
which has a midpoint potential estimated to be M. & pH 7). Water
oxidation requires two molecules of water and imes| four sequential
turnovers of the reaction centre. This was shownabyexperiment
demonstrating that oxygen release by photosysteroclirs with a four

flash dependence [6, 7]. Each photochemical reacticeates an

18
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oxidant that removes one electron from the syst@sylting in a net

reaction that involves the release of one oxygenlecute, the

deposition of four protons into the inner water gghaand the transfer of

four electrons to the g£xsite, producing two reduced plastoquinone

molecules [8-10].

1.1.2 Oxygen Evolving Complex

The photosynthetic oxygen evolution occurs at &igfized site of
PSII called the oxygen-evolving complex (OEC) [3].1To couple the
single-electron photochemistry of the PSII reactiemtre to the four-
electron oxidation of two water molecules to molacwoxygen, the
OEC cycles through five intermediate states, deh@e where the
index i indicates the number of positive charges accuredlat the
OEC and runs from 0 to 4. Thq Sate decays spontaneously back
the $ state, releasing an oxygen molecule. The catatgidre of the
OEC is a MgO,Ca cubane with a fourth manganese atom outside
cube. The detailed structure of the OEC has beettemaf debate
during the last decade, with the most acceptedctsires being the
Ferreira and the Loll model [12, 13]. However, mogeently a higher

resolution structure has been obtained from X-Ratgt 8y Umena et al.

[14]. Moreover, there is increasing converging ewick that the four
oxidizing equivalents are not accumulated, inst¢laely are used

throughout the S-state cycle to extract electrons @otons from two

19
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Chapter 1

water molecules bound to the MnCa cluster in thet&e. In addition,
it is known that calcium and chloride ions are iieggito perform the
water-oxidation catalysis and it is thought thaiithocation is close to
the MnCa cluster [5].

The radical states formed during the reaction om shbstrate
water intermediates are stabilized by increasirg dkidation state of
the MnCa cluster. During each step of theSgcycle one proton and
one electron are released, the system remaingaieatral, and no
coulombic restriction is imposed to the system lwy increase of the
oxidation state of the manganese atoms. Howevere fils considerable

discussion about the mechanistic details of thastren [15-17].

1.1.3 Artificial photosynthesis

The aim of the artificial photosynthesis researgha obtain an
“artificial leaf”, a device able to perform the sarhydrolysis reaction
as in the natural system in order to obtain hydnogging water as the
raw material.

This device needs to have different modules to miamd perform
the various stages of the photochemistry as in ghetosynthetic
organisms. An antenna system is needed for effidight harvesting.
A charge separator complex is crucial to stabittze radicals formed
upon photoinduced electron transfer and to delag tharge

recombination. A robust and efficient catalyst Isoanecessary to

20
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perform the water oxidation cycle. Moreover, thenptete device, the
artificial leaf, must be self-healing in order ®duce the possible light
damage along the whole process [18].

During the last two decades, important scientifisgpess has been
obtained in the field of light harvesting units aoldarge separation
systems [19-21]. However, one of the bottlenecks aitificial
photosynthetic research is the chemical design sfrahetic water
splitting catalyst able to perform the multi electroxidation reaction at
high turnover number and frequency, with moderaterpotential and

high current density.

1.2 Water oxidation catalysts (WOC)

The natural PSIl system has been the inspirati@hthe starting
point for many researchers in developing a catalgtructure for
efficient water oxidation. The search of a molecualatalyst capable to
generate oxygen from the oxidation of two water @ooles has been
very active already in the eighties and ninetiethwthe study and
synthesis of several biomimetic catalysts, mainithwwo manganese
centres linked by oxygen bridges [22-25]. Also attum has been
used extensively as metallic centre in similar lgataarchitectures [25,
26].

21
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During the last decade a large effort has been tddvin the
synthesis of catalysts with different kind and nembf metallic centres
and different ligands [27]. The most explored oattsl are the ones
based on ruthenium [28, 29], cobalt [30-32] andiinin [33-35], and
during the last years also iron has been explosed possible metallic
centre [36]. DFT calculations have been also peréal to clarify the
underlying reaction mechanism in some of theselysita[34, 35, 37-
39]. Available computational chemistry tools hagached a predictive
power which is good enough to allow not only thelenstanding of
reaction mechanisms in existing catalysts, but etenimportant and
crucial landmark of assisting in the design of reatalysts.

An effective water oxidation catalyst must be cdpatf water
oxidation at a potential minimally above the thedyiwamic value,
with a high turnover frequency and able to run migrihundred
thousands of cycles. However, these are charaateriseeded only
from an efficiency point of view. For a good casdlit is also necessary
to use an abundant material. A catalyst based i@meaand expensive
metal might represent a problem when moving intda@e scale
production.

Nowadays, the catalysts with the best performameebased on
ruthenium or iridium. However, these two metals ex¢remely rare,
leading to an economical and availability problérhis is the reason
why the search for other catalysts based on manademt metals has

been a hot topic during the last years. In Figlikit is possible to
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observe that ruthenium is around four orders of mitagde less
abundant than cobalt, and six to eight orders ofymitade less
abundant than manganese and iron, respectivetliudni is still less
abundant than ruthenium. At this point is cleart thacompromise
between efficiency and availability is crucial inder to find the most

appropriate catalysts for the water oxidation rieact
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1.3 Aim and scope of this thesis

Throughout the last decades the water oxidatiooga® has been
extensively investigated. However, open questioesiain on the
reaction mechanism and the possible intermediatetheé catalytic
cycle. Indeed, different catalysts can functiomtiyh different reaction
routes. Some of them work in a proton-coupled ebecttransfer
(PCET) pathway, while other catalysts have a no&-PBehaviour.

Some of these problems lie in the very short ififet of
intermediates, which makes it difficult to charae them
experimentally. Within this context, DFT calculat®represent a very
useful tool. In fact quantum-mechanical computatlotools allow
exploring and analyzing the possible intermedisaesl study and
compare different reaction pathways in order tal fihe energetically
most likely one. In the same way the thermodynarofcthe catalytic
cycle and the kinetics of the reaction coordinatasbe analyzed.

The specific aim of this thesis is the study offatiént catalysts
and reaction pathways to find clues about the nmshma of the
reaction and develop guiding principles for theigie®f efficient water
oxidation complexes.

Chapter2 gives a general overview of the theoretical meshaild

approximations used throughout this thesis. In tdrega mechanistic
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study of one of the first Mn based catalysts, the
[H,O(terpy)Mn(O)Mn(terpy)OH]** complex, is presented. The
novelty of this work is the use adb initio molecular dynamics
simulations tools to include dynamics and explisitivent effects.
Moreover, methods used to simulate rare eventheme employed to
explore the reaction pathway and allow crossingatttivation energy
barrier within the typicalb initio molecular dynamics time scale. A
structural rearrangement and a new intermediateptExmare found
which can explain degradation processes observedxperimental
work. In chapter4, the mechanism for the oxygen-oxygen bond
formation of mono-nuclear ruthenium based catalyststudied with
computational tools based on DFT similarly to thassed in the
previous chapter. One important finding in this kv that the explicit
inclusion of the water environment is crucial toperly characterize
the reaction pathway. Indeed the solvent is natrple spectator but
participates in the reaction as proton acceptdadiitate the formation
of the intermediate hydroperoxo complex and togrenfthe complete
oxygen bond formation reaction. Thereafter, in ¢bappb, the
thermodynamics of the completg-&, cycle is analyzed and compared
for mono-metallic catalysts of the same family las dbne analyzed in
chapterd. Here we modifyn silico the metallic centre and the aromatic
ring ligand to explore their effect on the thermodsic cycle and on
the resulting overpotential. This work aims to itlign important

common denominators and guiding principles in tesigh of water

25
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oxidation catalysts. Finally, in chaptér a general overview of the
main conclusions obtained in this thesis is givarthis chapter is also
presented a brief introduction to the current andre research, as well
the new techniques that can be put into practicdantprove the

understanding of this catalytic reaction.
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Theoretical methods

2.1 Introduction

In this chapter a brief description of the theaadtimethods and
approximations used in this thesis is presentedhénfirst place, the
Born-Oppenheimer approximation will be summarizedpwed by a
short introduction to Density Functional Theory andiscussion on the
exchange-correlation functionals. Finally an ovewiof theab-initio
molecular dynamics theory will be given, togetheithwthe recent
implementation of the metadynamics approach forcrileag events

that are rare on the time scale of molecular dynarmsimulations.

2.2 Born-Oppenheimer Approximation

The time-dependent Schrodinger equation,

ow(r,R,1)
ot ’

HW(@ R, = if 2.1)

is a non-relativistic description of the system &nid only valid when

the velocity of the particles is small in companswith the speed of
light. SinceH is not time dependent for the molecular complesks
interest in this thesis, the equati@rl can be simplified to the time-
independent Schrédinger equation
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HW(r . R) = EW(r.R). 2.2)
Following the Born interpretation of the wavefuoctj ¥ has to
satisfy the normalization condition [1]
(W|W) =1 (2.3)
The Hamiltonian contains kinetic and potential gyeterms and

can be written as

H= Tu(R)+Te(r)+Van(R)

. . (2.4)
+V e—e(r) +Ve—N (r,R)

where'I:N (R) is the kinetic energy operator for the nuclei,

O 2 N 2 2 2
Ty=-y 1 62+62+62, (2.5)
2 4M, | ax2 av? a9z

and 'I:e(r) is the electronic kinetic energy operator

0 2 2 2 2
Te=-L 1[0 00 0 (s
2 “mlox* oay? 0z’

The potential energy part consists of the nuclemtear repulsion,
the electron-electron repulsion and the electrotiean attraction,

written respectively as

U 1 Q77 e?
VN-N = ZZ S ) (2-7)
1J
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\? 1 &&e?
e = - 2.8
ATE, Z; T e
and
0 1 &z el
Ve— = - ! . 29
T, 22, @9

Since the mass of the nuclei is much larger thanntlass of the
electrons, it can be assumed to a good approximé#iet the electronic
distribution in a system depends only on the parsitiof the nuclei and
not on their velocities. In the Born-Oppenheimepragimation this
physical fact is used to separate the Schrodingematen into an
equation for the electronic wavefunction and one tiee nuclear

wavefunction. The electronic Schrédinger equattowiitten as

O

H W (' R) = E (R)W.(r;R), (2.10)

where the electronic HamiltoniaIr:Ie is

O O m] O O
He :Te(r) +V e—e(r) +Ven (r ) R) +V NN (R) (2.11)
and the electronic wavefunctiol,(r;R), as well as the electronic

energy E_, (R), depend only parametrically on the nuclear pasitio

which are considered fixed.

The electronic energyE ., (R) plays the role of an effective

potential in the nuclear Schrédinger equation,
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Hn Xn = (TN (R) + Eeff (R))XN ) (2-12)

and is usually called the potential energy surf&teS).

2.3 Density Functional Theory

As the wave function for aN-electron system is a function olN3
independent spatial variables, solving the eleatroSchrodinger
equation 2.10 using traditional ab-initio quantum chemistry
approaches, such as configuration interaction (Checomes
computationally very demanding for large moleculemmplexes.
Density functional theory (DFT) offers a valuablkemative that is
computationally more efficient thaab-initio methods and yet is quite
accurate. This theory is based on the Hohenbergikbborem [2]
showing that it is possible to use just the elattraensity to calculate
the ground-state energls. Hence the complexity of the problem
decreases drastically, since the electronic demsigyfunction of only
three coordinates, and is independent of the nuwibelectrons. Given
an external potentiak,(r), the total electronic energy can be expressed

as a functional of the electron dengify),
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E=E,[o(n]= [ve.(p)dr +Flor)],  (2.13)

whereF[o(r)] is an universal functional and the integral raver the
entire space. For molecular systems the extern@npal Vex(r) is
usually the potential generated by the nuclei &peation2.9).

The Hohenberg-Kohn theorem also proves that a ti@me
principle for the energy functional holds: For amgnsity, the energy
given by the corresponding energy functional isemesmaller than the
ground-state energy, and the ground-state enemggténed only using
the exact ground-state electron density.

The total energy functional can be written as a sindifferent

terms:

E o] =T[pl+Verlol+Velol.  (219)
whereT[ ] is the electronic kinetic energYen[ 0] is the energy due to
the electron-nuclear attraction, and.{p] is the electron-electron

repulsion energy, which can be decomposed intsicialsCoulomb and

non-classical contributions:
Ve.lo] =3[l +v[a]. (2.15)

While Ve[r] and J[g] can be calculated in terms of the electron

density as

Ven[0] = [Veu(r) p(r)dr (2.16)
and
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1ol = j%dmr- | (2.17)

the explicit form for the kinetic energy functioreahd the non-classical
electron-electron repulsion energy are unknownoriber to simplify
the calculations of the kinetic energy term, Kohd &ham proposed to
computeTd 0], which is the kinetic energy for a set of indegent
particles. This term can be easily written in temfisa set of orbitals,
known as the Kohn-Sham orbitals. The remaining omkmpart of the

kinetic energyl [ is the kinetic correlation energy, which leads to
T[o]=T.[o]+T.[o]. (2.18)
The T[] contribution of the kinetic energy is then comnddnwith

the non-classical electron-electron repulsion témmthe exchange-

correlation functional,

Elol=T.[o]+Vverle]. (2.19)

and the energy functional can be rewritten as

E [o]=Tlo]+Verlol+ o]+ Eclo]. (220

2.4 Exchange-Correlation functionals

The exact form of the exchange-correlation fun@ias unknown

and therefore the main approximation in DFT ishie treatment of this
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functional. One of the first proposed approximasiisthe local density
approximation (LDA) in which the system is treatkmtally as a

uniform electron gas using
Ex> 0] = [e (o) p(r)dr (2.21)

where the exchange-correlation energy functiep(o) has been

calculated with high accuracy from quantum Monterl@Cdor the

homogeneous electron gas [3]. The LDA approximationed out to
work well for metals and semiconductors [4]. Howevie performs

poorly for molecules, especially in predicting bimgl energies. This is
no surprise since the electron density in molecsjatems is highly
inhomogeneous. To improve the exchange-correldtioetional also
the knowledge of the gradient of the density isluded in the
generalized gradient approximation (GGA):

Ec*o.0p] = [ f(o(r).0p()dr . (2.22)

More recently a new generation of functionals, theta-GGA
functionals, have been proposed including also Ltaplacian of the
density [5, 6]:

En°[p,0p,0%0)] =[ £ (p(r), 0p(r), 0% p(r))dr - (2.23)
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The GGA functionals that are mostly used in thigsth are the
BLYP, which combines the exchange functional of iewvith the
correlation functional of Lee, Yang and Parr [7, 8hd the OPBE,
which combines the OPTx exchange with the PBE tatiom part [9].
The choice of the OPBE functional is justified khgyious work where
it has been shown to give an accurate descriptioririnsition metal
complexes [10, 11].

Other functionals that are broadly used are theitiyfanctionals.
In these functionals part of the exact Hartree-Fexghange energy is

mixed with the GGA functional, according to
Ex™lol= EX*|p.00)

+c, (EX[o]- ES[0])

Thec, parameter determines the mixing between the HaRoek

(2.24

and GGA exchange. Two hybrid functionals used is thesis are the
B3LYP and B3LYP*, which differ in the amount of extaexchange,
20% for B3LYP and 15% in B3LYP* [10].

2.5 Gaussian-plane waves method

The expression for the total electronic energyhi@ Kohn-Sham
formulation of DFT is shown in equatidh22 Within the Gaussian-

plane waves (GPW) approach [11] the electronic iensis defined
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by two different representations. The first onbased on a set of atom
centred contracted Gaussian functions with theitlemstrix P,
K
pr)= D P,o,(eg,(r), (2.25)
H=1y=1
where K is the total number oftontracted Gaussian basis functions,

¢,, defined as
6,0)=>.C0n(r), (2.26)
m=1

in which g, (r) are theM primitive Gaussian functions used in the
linear combination. The introduction of atomic pdepotentials
removes the core electrons from the calculation.

In order to evaluate the density dependent tedfs, and
E«[p], the second representation is used, in which dbasity is

expanded in an auxiliary set of plane waves:

G max ~

POEEDW O 227)

where the sum over th@ vectors extends up to a maximum value,
Gmax Which depends on the plane waves energy cutoff,Cais the

volume of the cell.

The expansion coefficient;z:') (G) are such thatb (r) is equal to

o(r) on a regular grid in the unit cell. The differedo(r)-,b(r)| goes to

zero as the energy cutoff goes to infinity.
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Using this dual representation the KS energy eswas[2, 12],

showed in equatio.22 within the GPW framework is defined as

E(p)= . P,,V< AN~

_DZ

9, (r)>

P, (8, (NN 8, 1)
(2.28

")

+27_QG§X%+ Exc[p(r ] z |R| |

Ve[ 4l is described by norm-conserving pseudopotentiéils

a potential split in a local pa," (r) and a fully non-local part

loc

VPP¢ r )

2.6 Molecular Dynamics

Molecular dynamics [13, 14] is a well establisheetinod to study
thermodynamic properties of complex many-partigieteams at finite
temperature. The idea is to evolve in time the atdmthe system
according to the classical equations of motion lwsaly match the

microscopic evolution of the system. Macroscopiertmodynamic
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properties of the system can then be computed basetie ergodic
hypothesis that the statistical ensemble averagesequal to time
averages along the trajectory of the system.

Similar analyses can be performed wieth-initio molecular
dynamics, in which the explicit calculation of tekectronic structure is
used to compute potential energies and forces [AS5kignificant
advantage ofb-initio molecular dynamics is that no parameterization
of an empirical potential is needed and that systean be simulated
when unexpected chemical events take place.

In this section a brief overview of two differeniMD methods
used in this thesis will be given, the Car-PartmeMolecular
Dynamics, used in the CPMD program [16], and thernBo
Oppenheimer Molecular Dynamics, used in the CPZvsoe package
[17].

2.6.1 Car-Parrinello Molecular Dynamics

The main idea of this approach [18] is the treatmeh the
electronic degrees of freedom, the KS orbitglsas fictitious classical
dynamical variables, taking advantage of the tirnales separation
between the fast electronic and slow nuclear motoavoid energy
exchange between them. The Car-Parrinello Lagrang@ntains the
nuclear kinetic energy, the fictitious electronindtic energy and the

potential energy
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N 1 .2 . 2
Lep = Z§M| Ri ;(r)| dr

=1 i=1

(2.29
n
- Eu[ll/i ) R] +i—;—i\” (<l//| “//, > - 5.] )

with the orbitals subject to the holonomic constigiof orthonormality.
The potential energ¥g,[¢, R] is given by eq2.22 A fictitious mass,
M, is assigned to the electronic degrees of freedothcan be tuned to
ensure the adiabaticity.

The Newtonian equations of motion are obtained frdme
associated Euler-Lagrange equations, and the pomdsg Car-

Parrinello equations are

M, Ri =-0,E,[¢,R] (2.30)

and
v, = AW, . 2.31
Hy 5 [M Z W, (2.31)

These equations can be solved numerically throstghdard
finite difference algorithms used in molecular dyrnes, such as the
Verlet algorithm [19, 20]. The constant of motionthe Car-Parrinello
dynamics is

N .2
1
cons ZEMI

=1

(2.32)
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+%§ﬂ<¢i ‘¢i>+ E,[v.R]

The fictitious electronic mass is chosen in sucay to ensure
that the lowest electronic frequency exceeds tlg@dst frequency of
the nuclei. In this way energy transfer from thelear to the electronic
subsystem is avoided at least on the time scalethef AIMD
simulations. The choice of the fictitious electomiass will then also
determine the choice of the time step in the nurakralgorithm. A

typical time step in Car-Parrinello MD simulatias.1 fs.

2.6.2 Born-Oppenheimer Molecular Dynamics

An alternative approach foab-initio MD is to solve self-
consistently the electronic structure fmchmolecular dynamics step
given the set of nuclear positions at that pardicuistant in time. Thus,
the electronic structure part represents the saifistent solution of the
KS equations, if we use DFT for computing the ferom the nuclei.
Then these forces are used to propagate only ttiearypositions at the
next time step in the classical molecular dynantiisce in the BOMD
approach the electronic degrees of freedom ar@mpiagated in time,
the choice of the time step is limited only by theclear characteristic
frequencies and therefore can be usually 5 to rh@dilarger than in
CPMD. On the other hand in BOMD the electronic gubstate has to
be reached in each molecular dynamics step andfficgency of this

approach will strongly depend on the speed of cageree in the self-
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consistent loop.

2.6.3 Metadynamics

Ab-initio molecular dynamics methods have been successfully
applied during the last decades for different peoid from materials
science to biochemistry [21]. However, the mainitiion of this
approach is that it is still limited to processeswring within a few
tens of picoseconds. This will be particularly velst if one is
interested in studying chemical reactions, sinasehwill usually not
take place spontaneously on such a short time.stgfacally energy
barriers of many kcal/mol need to be overcome. @dwtrategies have
been developed to face this problem and the megadips method,
introduced by Laio and Parrinello [22], appeardb#éoone of the most
efficient and robust solutions. The metadynamicshow introduces a
biasing potential in a collective variable spaca thfluences the “real”
dynamics. The collective variables selected to@epthe configuration
space of interest can be different parameters: fi@tances or angles
to coordination numbers or the formation of a hydlum. The selection
of the appropriate collective variables is a crugiaint in obtaining
accurate results with this technique.

The biasing potential is built in such a way tofalsur the
configurations already visited and to facilitatee tlexploration of
regions of the configuration space that are stedity unlikely. In all

the work presented in this thesis the history ddpeh potential is
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constructed as a sum of Gaussians, along distaasesollective

variables, according to

Ve (sx)t) = Jtdriexr{— (509 = AX(D)) ](2.33)
0 Tg

2w’
whereh is the height andv the width of the Gaussian bias potential,
andz, ‘the frequency of deposition.

Moreover, the same bias potentials used to escapethe energy
minima, will eventually converge to the free-enepyyfile, F(s), along
the chosen reaction coordinate. Therefore this ogetiot only allows
to find reaction pathways, but also to estimatectiea free-energies

and activation barriers.
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di-Mn water oxidation catalyst

3.1 Introduction

A key process in natural photosynthesis is the-&ectron four-
proton water oxidation reaction producing. @his reaction takes place
in the oxygen evolving complex (OEC) of photosysié®Sll), which
consists of a tetramanganese cluster with sevemabddges [1]. A
mechanistic insight in the water splitting procesfindamental for the
development of artificial devices for solar energiprage. High
resolution crystallographic, EXAFS and spectroscatata, combined
with computational modeling, mostly based on Dengttnctional
Theory (DFT), have recently provided structural améchanistic
insight in the catalytic cycle taking the OEC thgbuhe statesg30 S,
[2-6]. In parallel there has been a growing effart synthesizing
biomimetic complexes that could efficiently perfotime catalytic @
formation from water [7]. An optimal catalyst forater oxidation
should properly address various requirements, mosteably a good
efficiency, low cost, and good stability. Man mamgalysts are mostly
based on Ru, and Co [8-12], and the search for @ based on
more abundant elements, such as Mn or Fe, is msigee [13, 14].
One of the first successful attempts in this dicects the Mn-complex
[H,O(terpy)Mn(O)Mn(terpy)OH]** (terpy = 2,26,2'-terpyridine),
which contains two Mn atoms linked by tweoxo bridges [15]. This

complex is able to catalyze the formation off@m water, although it
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also shows a high degree of deactivation by ligdags and
permanganate formation [16-19].

Since the catalyst is based on Mn and uses moredha metal
ion connected by oxo-bridges, in a way similarite hatural OEC, this
catalyst has been the subject of extensive theatdtivestigations to
elucidate the nature of the key intermediates éndatalytic cycle [13,
20, 21]. On the basis of density functional the@¥T) calculations, it
has been suggested that the active species in-t@elond formation
step is the [(bis(imino)pyridine)@d)Mn" (u-0),Mn"(0)
(bis(imino)pyridine){* complex () [20]. In a recent work by
Nakamuraet al, an alternative reaction path for oxygen formatias
been proposed based on a direct involvement ofssxaridants acting
as counterions, such as OCI  [22]. Most of the ipusvtheoretical
mechanistic studies address hypothetical transitistates and
intermediates in a static approach and do not d&clan explicit
description of the water solvation.

In this studyab-initio molecular dynamics simulations are used
with an additional time-dependent bias potentiahglspecific reaction
coordinates as proposed by Laio and Parrinello.[B3jth hybrid
guantum-mechanics/molecular mechanics (QM/MM) amd QM
simulations are employed to include explicitly s@vent environment.
In this way several potential reaction paths carexjgored including
dynamics and solvation effects. The simulationswskivat the di-Mn

cluster can undergo a structural rearrangemenfanda complex that
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is weakly active in the O-O bond formation. Thewvslkinetics of this
step can allow other processes, including lineagratation of the
catalyst, in line with the deactivation processedseoved
experimentally [16-19]. These results can help wadg the chemical
design of molecular scaffolds with specific struatufeatures for the
implementation of stable water oxidation catalysigh improved

durability.

3.2 Computational details

The ab-initio molecular dynamics (AIMD) simulations in this
work were performed with the CPMD program [24]. Muac forces in
AIMD are derived from the electronic structure @siDFT with the
BLYP functional [25, 26]. The choice of a non-hybriunctional is
mostly dictated by computational efficiency in tAdMD. However,
single point calculations using the hybrid funcitnOPBEO, B3LYP,
B3LYP* [27], that differ in the amount of exact d»ange (25%, 20%
and 15%, respectively), have been performed withADF program
[28-30] to check the relative energy of differenomplexes in order to
validate the BLYP results. Further tests have heformed with the
ADF program to check the effect of empirical dispen corrections in

the form proposed by Grimme [31].
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Norm-conserving pseudopotentials of the Martinsdllier [32]
form are used for all the atomic elements excepivin, for which the
Goedecker form is used instead [33]. The Kohn-Shahitals are
expanded on a plane-waves basis set with an ereigjf of 100 Ry,
which provides a good convergence in relative éaerg

The Car-Parrinello AIMD simulations are performeithwa time
stepAt = 5 a.u. and a fictitious electronic mass 400 a.u. In order to
efficiently explore possible reaction pathways, @MD code with the
metadynamics approach is used [23]. The metadymsamia coarse-
grained dynamics on the free-energy surface (FEEShed by a few
collective variables, such as distances, anglesl anordination
numbers. The method uses an adaptive bias potéotieécape from
local minima. In these simulations the evolution tbe collective
variables takes one metadynamics step every terDAlilie steps. At
each metadynamics step the evolution of the coliecrariables is
guided by a generalized force that combines theoracof the
thermodynamic force, which would trap the systemaifree energy
minimum, and a history-dependent force that disfwmnfigurations
already visited. This history-dependent potent&abiilt as a sum of
Gaussian functions centered in the explored vabfethe collective
variables [23]. The width and height of the Gaussa@ae parameters
that can be tuned to find the best compromise kevaecuracy in the
FES estimate and speed in crossing energy batoieiample the whole

collective variable space. In this work these vslage 0.1 a.u. and
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0.001 Hartree, respectively. In this work metadyitansimulations are
used to explore hypothetical reaction paths rathan to accurately
estimate free-energy barriers.

For a more realistic study of the reaction the aoi\vis included
explicitly within a QM/MM approach as implemented the CPMD
code [34, 35]. QM/MM simulations are performed incabic box
containing the di-Mn catalyst and about 1000 watetecules. The di-
Mn cluster and a few (3-4) closest water molectites can play an
active role in the reaction are included in the @lbsystem treated at
the DFT level, while the remaining water molecuss treated with
Molecular Mechanics (MM). For the MM part the AMBHBrce field
is used with the TIP3P model for the water molesiB6]. The solvent
environment is equilibrated at room temperaturehvaitclassical MD
while the Mn complex is kept fixed. In addition, MD simulations for
complex2 are performed with a full QM solvent environmeritha72
water molecules in a box 20.5x23.8x18.%1 A
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3.3 Results and discussion

3.3.1 Modeling of the Hexa-coordinated

complex with two oxo-bridges (1)

3.3.1.1 Structural and electronic characterization

In order to validate the choice of the functionaldabasis set
described in the previous section, the structurat alectronic
properties of compled obtainedwith DFT results are compared using
a hybrid functional [20]. The geometry of complgxs optimizedfor
different multiplicities and report the resultinglevant geometrical
parameters and relative energies in Tahle(see also Figur8.1 for
the atomic labelling). The most stable spin statd the order of higher
energy multiplicities are consistent with previdDBT results [20]. In
particular, the energy difference between the ldwasrgy doublet and
the sextet is found to be 5.6 kcal/mol in BLYB. 3.04 kcal/mol in
B3LYP. This difference is consistent with the gexdinding that a
non-hybrid functional, like the BLYP, favours thanl spin states over
the high spin states, contrary to hybrid functisnéh Table3.1 also the
bond lengths obtained in Ref. [20] for the lowesergy (doublet) spin
state are reported.

Overall the bond lengths obtained with BLYP areikinto those
obtained with B3LYP, the larger difference beingrid ford(Mn2-03)
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which is 0.15 A shorter in these calculations. Aeadly discussed in
Ref.[20], a shorter Mn-oxo ligand distance corregfsowith a weaker
radical character of the oxygen, which is also cordd by the analysis
of the spin density. It has been observed thaspire density on the Mn
and on the oxo ligand can be tuned by varying tmribution of exact
exchange in the functional and it is difficult tesas without a direct
comparison with experiment which functional gives most accurate
description of the spin localization in the comp|aX].

Table 3.1. Relative energy and important bond lengths ithe di-Mn
cluster 1. (a) From reference [20]. Bond lengths are given in &nd relative

energies in kcal/mol. The atomic labeling refers to Figure 3.1

relative
multiplicity energy Mn2-03  Mnl1l-O4 Mnl1l-O5 Mn2-O4 Mn2-O5
2 0 1.61 1.79 1.75 1.79 2.09
6 5.60 1.61 1.80 1.74 1.81 2.10
2 7.91 1.61 1.79 1.75 1.79 2.09
8 29.59 1.83 1.79 1.77 1.85 1.94
2(a) 1.76 1.80 1.73 1.83 1.96

Additional calculations performed with the ADF pram, a TZP
basis set, and including dispersion correctiondifferent functionals
give Mn-O distances close to 1.60 A both with BL¥@n with hybrid

functionals (see Tabl&.2). As mentioned above, this distance

S
usually associated more with a Mn-oxo rather thavinaoxyl radical.

However, the Mulliken spin population analysis doed provide an
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unambiguous picture for the O ligand in complesince no clear trend

emerges in going from standard GGA to hybrid funmis, with the

BLYP-D and B3LYP*-D functionals giving

-0.20 and 03.

respectively, and OPBEO-D predicting a strongericeddcharacter

(0.67).

Table 3.2. Manganese-oxygen distances in the di-Mn compéex1, 2

and 3. Bond lengths are given in A. The atomic labeling refsrto Figure

3.1 and 3.4.
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Complexl

Functional Mn2-O3 Mn1-O6
BLYP 1.62 2.16
BLYP-D 1.62 2.13
B3LYP*-D 1.60 2.10
OPBEO-D 1.54 2.11
Complex2

Functional Mn1-Ox1 Mn2-Ox2
BLYP 1.60 1.62
BLYP-D 1.60 1.62
B3LYP*-D 1.57 1.57
OPBEO-D 1.55 1.53
Complex3

Functional Mn-OOH Mn-OH
BLYP 1.82 1.84
BLYP-D 1.81 1.83
B3LYP*-D 1.73 1.77
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3.3.1.2 Reaction pathway analysis for complex 1

The reaction pathway involving the oxygen bond fation
between one water molecule and the oxyl radical #wedconcerted
jump of one water hydrogen to the oxo bridge istfiexplored,
following the suggestion of Siegbahet al. based on early DFT
calculations [20]. A geometry optimization of compll, including a
water molecule initially located between the oxadlical and one oxo-
bridge, leads to a stable conformation where theemfarms hydrogen
bonds with both aromatic ligands. Starting fromsthoptimized
geometry, metadynamics simulation are performed wito collective
variables: The distance between the water oxygerntaam oxyl radical,
and the distance between one water hydrogen andorodridge,
assuming that the oxo bridge can act as a protaepaar in this
reaction step. The maximum value for the collectiaeiables was set
to 3A. During this metadynamics the water hydrojdw) approaches
the oxo-bridge to within ~1A distance. However, wibe hydrogen
reaches this configuration, the oxyl radical — wairygen (Ox-Ow)
distance is not short enough for a reaction to occu

In a genuine solvent environment, other water mdéscin the
coordination sphere of the catalyst can facilitdte proton transfer
step. Therefore a second water molecule is addadpiwsition where it

can act as a proton channel from the first waténéooxo-bridge.
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Figure 3.1. Di-manganese complex 1 with two water moleculeBhe
dashed lines represent the collective variables used in the metadynics
simulation. The atomic labeling used throughout the paper isndicated
[38].

To test if a reaction pathway is possible where @xeOw bond
formation is accompanied by a proton jump through second water
onto the oxo-bridge, a bias potential is includeddach of the bonds
expected to be formed during this reaction (seer€ig.1). Along this
trajectory, a structural rearrangement of complexakes place, as
illustrated in Figure3.2

62



di-Mn water oxidation catalyst

Figure 3.2. Snapshot of the di-manganese complex afterQ07MD
steps. The Mn2-05 and Mn1-06 distances (A) are shown tmderline the

structural changes observed in the simulation [38].

The aquo ligand breaks its coordination bond artieasame time
one of the oxo-bridges opens up and the oxygen mimie the initial
position of the aquo ligand. As a consequence @ thternal
rearrangement, the two manganese atoms becomeperttimated. To
verify that this structural rearrangement is noadifact of the lack of a
proper environment, this metadynamics simulatiorepeated in water
within the QM/MM approach (see Computational Deta&ction). In
this case however, the only collective variablehis Ox-Ow distance

and all the other degrees of freedom are able ddvevireely. In this
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way the proton is not forced to jump onto the oxialdee, which might
induce the structural instability. The results a@wn in Figure3.3,
where a similar structural rearrangement as obdeirveeacuum takes
place. The opening of the oxo-bridge (orange dadkhlines) and the
leaving of the aquo ligand (red line) occur priorainy attempt of bond
formation between the oxyl radical and the oxygextew (green line),
or in other words before the water oxidation precesuld take place.
Indeed the minimum Ox-Ow distance is ~2 A, in spifethe bias
potential, suggesting that an activation barriesoamted with the
transition state is encountered at this distance.

It should be mentioned that a spin crossing migltiuo during a
reaction involving bond splitting as discussed efR [10] and [39].
Here however the structural rearrangement occuigrdo@ny sign of
water splitting and therefore a different spin estisit the metadynamics
simulations is not considered.

In the simulations, the structural rearrangemens Hawer
activation energy than the oxygen — oxygen bondn&tiion. In
addition, these findings underline that the oxalfyei is not a proper
proton acceptor for this catalytic reaction stepisTis well in line with
a theoretical study on a similar di-Ru catalystlicating that the
hydrogen jump to thei-oxo moiety requires a substantial structural

distortion and is not thermodynamically stable [40]
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Figure 3.3. Relevant geometrical parameters during the
structural rearrangement of complex 1 observed in the QM/MM

simulation including the water environment.

3.3.2 Modeling of the penta-coordinated

manganese cluster (2) with one oxo-bridge

3.3.2.1 Structural and electronic characterization of
complex 2

A geometry optimization is performed to check theuctural

stability of the penta-coordinated di-Mn complex
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[(bis(imino)pyridine)(O)MH (u-O)MnY(0)(bis(imino)pyridine)*  (2)
obtained after the structural rearrangement of dexnf. Also for

complex2 the doublet state has the lowest energy, as foplax 1.

Figure 3.4. Optimized geometry of complex 2 [38]

This conclusion is warranted both in vacuum andnnexplicit water
environment with the quartet state being about &l/kwl higher in
energy. A Mulliken spin population analysis at BeYP level gives
1.20 for Mn1 and -0.39 for Mn2. In addition, oneodigand shows a
higher spin population (Ox1, 0.27) than the othee ¢Ox2, -0.10). In
Table 3.2 it can be noticed that the Mn-O distances obtainth

different functionals for comple® are very similar to those obtained
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for complex 1. The optimized geometry (see FiguBed) shows a
dihedral angleq) Ox1-Mn1-Mn2-Ox2 of ~90°, which could facilitate a
hypothetical water oxidation path where one oftthe oxo ligands can

act as proton acceptor [40].

Table 3.3. Energy difference between complex 1 and complex Rip
one water molecule AE = E(2 + water) —E(1)], optimized using different
functionals and basis sets. STO (TZP) is a triple zeta vhitpolarization
Slater type basis set and PW (100 Ry) is a plane wavadis set with a
cutoff of 100 Ry. Also the effect of empirical dispersion correwns (D),

included using the Grimme parameters, is shown [31].

Basis set Functional AE (kcal/mol)
PW (100 Ry) OPBE -28.9
STO (TZP) BLYP -6.5
STO (TZP) BLYP-D -1.9
STO (TZP) B3LYP -15.1
STO (TZP) B3LYP*-D -13.9
STO (TZP) OPBEO-D -25.7

To assess whether the structural rearrangemenoraplex 1 is
thermodynamically accessible, in Tab&3 is shown the energy
difference between complelxand complexX plus one water molecule

[AE = E(2 + water) —E(1)] for various functionals and basis sets,
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including hybrid functionals and dispersion cori@ts. The energy
comparison shows that the one oxo-bridge comgeg in general
thermodynamically more stable than the two oxodel complexi

although the energy difference varies considerfbliy one functional
to the other with the BLYP functional giving the allest energy

difference.

3.3.2.2 Reaction pathway analysis for complex

Having established that the comple2 is stable and
thermodynamically favorable, its potential watelidation activity is
now explored. A likely hypothetical reaction pathywanvolves the
approach of the oxygen of a water molecule to oxe ligand and a
proton jump from the water molecule to the othes bgand.

Complex?2 plus a water molecule located between the two oxo
ligands is considered as a starting configuration rhetadynamics
investigations in vacuum. During the simulationhwiinly the Ox1-Ow
distance as collective variable it is observed #gmsoon as the water
oxygen approaches one oxo ligardDx1-Ow~1.6 A) the Mn1-Ox1
distance starts to increase considerably, indigagirweakening of the
manganese-oxygen bond. However, the hydrogen ofvtter is not
transferred to the other oxo ligand, and remaina distance longer
than 3 A. By adding a bias potential along the eedonnecting a
hydrogen of the approaching water with the other ligand, while at

the same time keeping the Ox1-Ow distance clogieetdonding value,

68



di-Mn water oxidation catalyst

a rapid proton transfer from the water to the otbgo ligand is
observed, leading to the expected product (seeré-B)6). This result
suggests that the proton jump occurs easily wheno#tygen-oxygen
bond is already formed. Comparing the energy of mem?2 plus a
water against the resulting [(bis(imino)pyridine&)Mn" (u-

O)Mn"(OH)(bis(imino)pyridine)}* intermediate complex3] shows

that this step is endothermic.

Table 3.4. Energy difference between complex 2 plus one water
molecule and complex 3 AE = E(3) — E(2+ water)], optimized using
different functionals. The first entry BLYP (PW) is the result obtained
with the CPMD program using plane waves with 100 Ry cutdf All other
results are obtained with the ADF program and a triple zeta wth
polarization Slater type basis set (STO / TZP). The effect aémpirical
dispersion corrections (D) [31] is also shown. The resultse presented for

doublet to doublet and for a spin crossover from doubleta quartet.

Functional AE goublety doupler(kcal/ma) - AE goublet, quarter(kcal/ma)
BLYP (PW) : 375
BLYP 24.0 33.7
BLYP-D 23.3 33.0
B3LYP-D 23.2 10.4
B3LYP*-D 21.4 12.8
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In Table 3.4 the results obtained with different functionale ar
shown. The hybrid functionals predict a smallerrgpalifference than
the GGA functionals and a spin crossing from a tetutno a quartet
spin state.

In order to check whether the solvent environmeart facilitate
this reaction step by playing the role of protomegator [10], AIMD
simulations were performed with a full QM desciaptiof the water
environment (see Computational Details section). he Tsolvate
environment provides a hydrogen bonding networkwvbeh various
water molecules, which can allow for the protontle# reactant water
molecule to jump more easily to the other oxo Idyan be solvated in
the environment. Initially a metadynamics simulatiwas performed
with a bias potential acting on the Ox1-Ow distabetwveen the oxo
ligand and the closest water. When the Ox1-Ow dc&ds decreasing
and approaching a typical O-O bond length value~of.4 A, the
expected increase in the Mn-Ox distance is obserasdwell as an
increase in the internal water Hw-Ow distance. Hoevea complete
proton transfer to the other oxyl ligand or to thater environment is
never observed. This may be due to the fact th#ténmetadynamics
simulations the evolution of the CV is quicker thiwe equilibration
time needed by the solvent to reorganize to theeotrOx1-Ow
distance in order to facilitate the proton release.

For this reason additional AIMD simulations wererfpemed

without any constraint starting from the complexthwthe formed
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hydroperoxo ligand and with the released protoacaed in the water
environment. In all cases the hydroperoxo ligangeaps instable, the
Ox1-Ow distance increases, leading to the breakégke bond, and
the released OHeconstitutes a water molecule with the protorsemne

in the solvent.

Figure 3.5. di-Mn complex intermediate after formation of theO-O
bond and proton jump to the second oxyl ligand [38]. Bitance between

the atoms of the broken O-H bond is given in A.

However, starting the AIMD simulation with the foech
hydroperoxo ligand and with the released protontlon other oxyl
ligand (as in complex3), the hydroperoxo ligand and the whole

intermediate complex are stable in the water envirent.
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Figure 3.6. Snapshot of the stable Mn-OOH intermediate (coplex 3)
taken from a AIMD simulation in fully QM water environ ment at room
temperature without any constraint [38]

These simulations lead to the conclusion that thgen-oxygen
bond formation step occurs only if at the same tthree second oxyl
ligand accepts a proton, thereby keeping the ttatge of the complex
unchanged. Hence compl@xappears to be weakly active towards the
formation of the O-O bond since the formation ofermediate3

requires a thermodynamically difficult concertedation step.

3.4 Conclusions

The search for a water oxidation catalyst basedabuandant

transition metals is currently an important steghia development of
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artificial photosynthesis devices. Specifically Matalysts with oxo-
bridges mimicking the natural OEC of photosystemate being
explored as possible candidates for reaching tbéd. dn this chapter
the focus is on the reactivity of a di-Mn clustieatthas been the subject
of experimental and theoretical studies for morantla decade. The
results are based caib-initio MD simulations at room temperature,
including explicitly the solvent environment, anéarly show that the
cluster can easily undergo a structural rearrangénmvolving a
breakage of one the oxo-bridges and a releasavater ligand leading
to two pentacoordinated Mn sites (see Schefd). These
computational results are in line with previous emental work on
this di-Mn cluster since it has been observed thatcatalytic activity
in aqueous solution decreases dramatically aftemacycles. [15]. It
has been reported that permanganate ions or maseargle particles
are usually the decomposition products of these bdsed catalysts.
Moreover, the well known Ru based blue dimer catablso shows
reductive cleavage of the bridging oxido ligandmitarly to the
structural rearrangement proposed in this chag@}. [It is suggested
that when the two-oxo bridged cluster is in wagdter a few catalytic
cycles, a structural rearrangement takes placa. rEairrangement leads
to a complex ) that is poorly active toward the O-O bond forroati
Indeed the formation of the new oxygen-oxygen bstap requires a
very specific hydrogen bonding network in order perform a

concerted proton jump to convert the second oxanliinto an
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hydroxo ligand. This can explain the decrease @attivity shown in
the experimental work.

It has been pointed out that in the natural OEC#&hebility of the
Mn-O-Mn angles is a key feature in facilitating thater oxidation
process [5]. However in the simulations presentext hthis structural
flexibility in the bending of the two oxo-bridgesirt culminate in the
opening of one of the bridges, thereby degradiegcttalyst [16-18]. In
the natural OEC the protein matrix in which the Mamplex is
embedded provides extra stability to the catalydtile allowing for
some structural distortions to take place durirg$hS, cycle. Thus it
is suggested that a proper design of the catalystild include the
design of a smart embedding matrix minimizing duced distortions
leading to degradation of the catalyst, while pdowy the proper
channels for water and proton dynamics. Anchorregwater oxidation
catalyst to a nanoparticle [21], can already preval more robust

system in aqueous and oxidative conditions.

Scheme 3.1. Structural rearrangement of complex 1 to form complex

2 with a release of a water molecule in the solvent environment.
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AIMD study of WOR pathways in mono-Ru catalysts

4.1 Introduction

One of the most important processes in natural arificial
photosynthesis is water oxidation in which watespét into Q and H
[1]. Inspired by the natural Mn based oxygen evolvingngiex in
photosystem Il, a large effort in the last decallas been devoted to
synthesize transition metal complexes that canoparfthe same
reaction. A microscopic mechanistic understandirfgthe natural
process is clearly relevant to support the desfaartdficial devices for
fuel generation from solar energy [2, 3]. The mmastcessful artificial
catalysts are based on Ru [4, Blo [2-4], and more recently Ir
complexes [2]In particular, mono-nuclear molecular catalystselasn
Ir(lll) have shown to be highly active and robudiD{12]. Density
functional theory (DFT) calculations have been apsmformed to
clarify the underlying reaction mechanism in sonfighese catalysts
[10, 11, 13-15]. Available computational chemistopls have reached
a predictive power which is good enough to allowt oly the
understanding of reaction mechanisms in existiniglgsts, but even to
assist the design of new catalysts.

In this chapter the first steps in this directiore gaken by
performing ab-initio molecular dynamics (AIMD) simulations with a
biasing potential [3] to study mono-Ru catalysts tfe type

[(ANRu(X)(bpy)]". Indeed members of this class of novel mono-Ru
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catalysts and closely related Ru complexes haven beeently
synthesized and show water oxidation activity wigny high turnover
numbers [4, 5]. A catalytic cycle was postulated tfee Ir catalyst in
Ref. [6] where the Xligand is initially replaced by a water molecule.
This intermediate then undergoes the first two at@h steps in which
two protons and two electrons are released, yigldiformally R oxo

complex, which is generally assumed to be the actpecies in the

formation of the O-O bond with another water molecu

o 0%

Scheme 4.1. Schematic drawing of the mononuclear Ru cataly$he
aromatic ligands (Ar) are, from left to right, benzene, hexamethipenzene,

cymene, and pentamethylcyclopentadienyl (Cp*)

The Ru complex and the different aromatic ligandsr) (
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considered in this chapter are shown schematicabghemet.1 Here
the focus is placed on this crucial reaction stegtiag from the
Ru(lV)oxo intermediate. Possible reaction pathadieg to the
formation of a hydroperoxo intermediate are analyz&lost of
previous DFT based investigations on similar homeges catalysts
are performed in the gas phase or with solvatiéeces included using
continuum solvation models. Recent studies haveeningd the
importance of adding explicit water molecules siticey can have a
direct role in the reaction mechanism [7, 8]. liststudy dynamic
effects and an explicit solvent environment arduded in order to
provide a description of the process that is maalistic than for

simulations in vacuum.

4.2 Computational details

The ab-initio molecular dynamics (AIMD) simulations [7] in this
work are performed with the CP2K program [8]. THRBE exchange-
correlation functional for the DFT electronic stwe calculations is
used [9].The choice of this non-hybrid functional is maiuligtated by
the computational efficiency in the AIMD and is fified by previous
work where it has been shown to give an accurateriion of several

transition metal complexes [15-1&]dditional tests were performed to
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validate the OPBE results using the non-hybrid fiemal BLYP [10,
11] and the hybrid functionals B3LYP and B3LYP*,twidifferent
amounts of exact exchange, 0.2 and 0.15, respbcfité, 12]. The
ADF program was used for the calculations withhigbrid functionals
[13, 14].The CP2K program employs a mixed basis set appradtbh
Gaussian type orbitals (GTO) and plane waves (PWS). GTO
functions are used to expand the molecular orbitald the charge
density in real space, whereas PWs are used foreftresentation of
the charge density in reciprocal space. An enetdyoff of 280 Ry is
used for the plane-waves basis set. The TZVP-MOLGHH [16]
Gaussian basis set is chosen for all the atom$&dncatalyst except
ruthenium for which a DZVP-MOLOPT-GTH is used. Theater
molecules close to the catalyst and involved inrdeection are treated
at the TZVP-MOLOPT-GTH level, whereas the DZVP-MORD
GTH is used for all the other water molecules. Bepotentials of the
GTH form for all the elements [15, 17, 18] are uséthe
pseudopotential for Ru is generated with 16 valezieetrons. In the
ADF calculations a TZP Slater type basis set idiepp
Due to the presence ofcation interactions between the metallic

centre and the aromatic ligand, it is crucial tolude van der Waals
corrections. In all the AIMD simulations the DFT-D/an der Waals
correction by Grimme is applied [19, 20]. Since ®EBE functional
does not have its own set of correction parametdrs, Grimme

parameters for PBE are used instead. Periodic l@mynconditions
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(PBC) are applied in the simulations with explsatvent, while for the
gas phase simulations without PBC the Martina-Tuolea approach is
used for the Poisson solver [2Epr the AIMD simulations a time step
At = 0.5 fs is considered. In order to explore pdssiteaction
pathways, a very useful tool is the metadynamigsaach proposed by
Laio and Parrinello [3lwhich is efficiently implemented in the CP2K
code. The metadynamics is a coarse-grained dynaomicthe free-
energy surface (FES) defined by a few collectivaaldes €.g, the
distance between two atoms) using an adaptivepoistial in order to
escape from a local minimum. At each metadynamejs the evolution
of the collective variables is guided by a geneeali force that
combines the action of the thermodynamic force civhwould trap the
system in a free energy minimum, and a history-ddpet force that
disfavours configurations already visited. This tdrg-dependent
potential is built as a sum of Gaussian functioestered in the
explored values of the collective variables [3]eTteight and the width
of the Gaussian are fOHartree and 0.02 a.u., respectively. In the
simulations the collective variables are evolvethwine metadynamics
step every 20 AIMD time steps. In this way a quéploration of the
reaction pathway can be done, at the expense ofamcin probing the
free-energy surface along the collective varialfler a preliminary
estimate of the free-energy, a thermodynamic iattign technique
with constrained MD [22, 23] can be used instedx] pSints along the

Ox-Ow distance are considered in the range 1.45-8.2nd for each
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point an equilibration of the system for about fisbis performed. This
combination of the metadynamics approach and cansti MD is
found to be computationally most efficient.

Simulations with explicit solvent environment arrformed in an
orthorhombic box of 16x15.5x15%/&ontaining the Ru catalyst and 73
water molecules, which are all treated at the quanhechanical level.
Before starting the AIMD simulations, the solvesteiquilibrated with
force field MD simulations while keeping the traitei metal complex
fixed. First the volume of the box is adjusted wdtlftonstant pressure
simulation and then the system is further equitdmlaat constant
volume and constant room temperature. For thedenimary steps the
Discovery Studio software [24] is used with the GRMM force field
and the TIP3P model [25].

4.3 Results and discussion

4.3.1 Characterization of the [(Ar)Ru(O)(bpy)]*?
intermediate

The Ru(IV)oxo complex that is assumed to be thvaapecies in
the O-O bond formation is the starting point of theestigation. The
initial geometry has been generated starting froemDFT optimized

coordinates of the analogous Ir based catalystag®d in Ref. [6] and
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by substituting the Ir atom with Ru. The geometry the
[(Ar)Ru(O)(bpy)F* species is optimized with different aromatic ligan
and for different spin states using various funwis. The inclusion of
van der Waals corrections is crucial for the stradt stability of the
complex, as without these corrections the Ru-Ardbloreaks during the
geometry optimization. Tabk.1 shows the comparison of the relative
energies for different possible multiplicities. AHe functionals, both
hybrid and non-hybrid, give consistently the samedst energy spin
state. In particular, the triplet is the groundesttor the benzene and
hexamethylbenzene ligands, while the doublet isgitmind-state for
the complex with the Cp* ligand. Quantitative difaces between the
hybrid and non-hybrid functionals, with the lattesually giving a
smaller energy splitting between the two lowestest@aompared to the
hybrid functionals, are present. Given that allctionals considered
here provide consistent results, the OPBE functiores used for the
subsequent AIMD simulations, because of its supar@mnputational
efficiency (see also the computational detailsisagt

In Table4.2 a few relevant geometrical parameters and effectiv
RESP atomic charges [26] obtained for the mostlestatultiplicity
using the OPBE functional are shown. These resulbsv the effect of
using different aromatic ligands on the geometritd aelectronic
structure of the catalyst. It appears that the aghoif the aromatic ring
has only moderate effect on the distance betwesnutlienium and the

oxo ligand (Ru-O). Also the average value of the tiistances between
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the ruthenium and the nitrogen atoms of the bipyed(Ru-N) are
reported. The distance between ruthenium and thereceof the
aromatic ring (Ru-Ar) is also an interesting partenesince a weak
interaction between them could be a source oflilgtain the catalyst.
This distance becomes shorter for increasing rimg. SThe effective
RESP charges for ruthenium, oxygen and the aronmiaicare quite
sensitive to the choice of the ligand. Specificalhe oxo ligand carries
a negative charge, which increases for aromatigsrimicher in

electrons.

Figure 4.1. Spin density isosurface for the [(benzene)Ru(O)ti)]*" in
the triplet state. This figure has been produced with gOpenl.

In Figure 4.1 the spin density for the [(benzene)Ru(O)(bpy)]
complex in the triplet state is shown, clearly pioig to a strong radical

character of the oxo ligand, which will be indichie the following as
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the oxyl radical. This radical character has beensitlered a key

feature to activate the O-O bond formation [27].

Table 4.1. Comparison of the energies of the [(Ar)Ru(O)(bpy** for
different multiplicities and calculated using various funcionals. The

values are given in kcal mot and are relative to the lowest energy spin

state.
Benzene
BLYP OPBE B3LYP B3LYP*
Triplet 0 0 0 0
Singlet 35 6.5 13.9 13.2
Quintet 24.3 89.7 47.0 48.0

Hexamethylbenzene

BLYP OPBE B3LYP B3LYP*
Triplet 0 0 0 0
Quintet 16.4 44.0 9.7 10.4
Singlet 224.0 7.6 20.3 19.7
Cp*

BLYP OPBE B3LYP B3LYP*
Doublet 0 0 0 0
Quartet 22.9 22.6 29.7 295
Sextet 84.0 87.2 106.1 102.0
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Table 4.2. Geometrical parameters and effective RESP atomic
charges for the [(Ar)Ru(O)(bpy)”* complex using different aromatic
rings. These results are obtained with the OPBE functional fothe lowest

energy spin state. Distances are given in A, angles in degsee

Geometrical parameters

Ru-O Ru-Ar Ru-N O-Ru-Ar
Benzene 1.74 1.90 211 125.88
Hexamethylbenzene 1.73 1.80 2.25 123.87
Cp* 1.71 1.86 2.03 136.04
Effective RESP charges

Ru (0] Ar

Benzene 1.86 -0.45 0.30
Hexamethylbenzene 3.62 -1.10 0.57
Cp* 3.45 -1.22 0.19

4.3.2 AIMD simulations for the O-O bond
formation

In this section two different reaction mechanisoisthie O-O bond
formation are under investigation using metadynansimulations, as
described in the computational details sectiorthinfirst scenario it is
assumed that the incoming water molecule first dinates to the Ru,
thus creating a heptacoordinated intermediate, nasisgu that these
aromatic rings are treated as tridentate ligantiéss & followed by a

second step in which the O-O bond could be forrirethe second case
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it is considered that the incoming water moleculiacks the oxyl
radical for a direct O-O reaction. These two sutgrepathways are
similar to those addressed in a recent theoreticaly on ruthenium

water oxidation catalysts [28].

Figure 4.2. Optimized geometry of the [(benzene)Ru(O)(bpy)]
intermediate including three water molecules. This image was rda with
VMD [29]

In order to assess the importance of the inclusioan extensive
solvation at the quantum-mechanical level metadyosrsimulations
for the [(benzene)Ru(O)(bpyJ]catalyst are performed, both in vacuum
and in an explicit solvent environment. For thedations in vacuum
the optimized Ru complex plus three water moleciméts proximity is

taken as starting geometry (see Figdr®. For the simulations in the
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presence of an explicit solvent environment thalgat plus 73 water
molecules are included in the molecular dynamics Wwih periodic

boundary conditions (see also the computationalildezection).

4.3.2.1 Ru-Ow3 approach

In the first AIMD simulation for this approach the
[(Benzene)Ru(O)(bpyj] complex plus three water molecules are
included: wl, w2 close to the oxyl radical and w33& A from the
Ruthenium atom on the opposite side (see Figue The collective
variable (CV) used in this simulation is the Ru-Odi8tance with a
maximum allowed value of 3.7 A. In Figu#e3 the Ru-Ow3 and the
Ru-benzene distances along the AIMD trajectory sihewn. The
benzene breaks its coordination bond when the iimaprvater enters
the coordination shell of the metal (Ru-Ov237 A), suggesting that
this pathway is unfeasible. It should be pointed tat the biasing
potential builds up also when the water is coordidao the Ru (see
Figure 4.3, after about 1 ps). This is why the water evetyulglaves
the Ru coordination shell in the second part oftthgctory.

In order to check if the observed structural intitgbof the
catalyst is related to the specific choice of thmraatic ligand, or to the
missing water environment, additional simulatiossg the same setup
were performed: First the benzene ligand was dubsti with
hexamethylbenzene and cymene and then the sant@mnepath was

analysed in vacuum. In addition the benzene waenstdered in a
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water solvated environment. In all these simulatiarsimilar behaviour
with the aromatic ligand leaving the coordinatidrels of the metal is
present. In Figurd.3 the results obtained in vacuum and in solvated
environment for the benzene case are shown. Thelaions reveal
how the degradation of the catalyst is very simitaboth cases, with
the water environment only slightly slowing dowe fbrocess. It can be
concluded that the heptacoordinated form of theh&utim is not

stable for this class of catalysts.

—— Vacuum Ru-Ow3
Vacuum Ru-benzene
Solvated Ru-Ow3
Solvated Ru-benzene

Distance / A

0 ' 1000 ' 2000
time/fs —
Figure 4.3. Relevant geometrical parameters along the metadynaes
simulation of the [(benzene)Ru(O)(bpy)]" complex, in which the Ru-Ow3

distance is the collective variable. For the atomic labeling ithe legend we
refer to Figure 4.2.
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4.3.2.2 Ox-Ow1l approach

The starting geometry for these metadynamics sitonls is the
same as used in the previous case (Figu2e but here the CV is the
distance between the oxyl radical and the oxygemvater wl (Ox-
Ow1) with an initial value of 3.5 A and a maximutiowed value of
3.7 A. When the Ox-Owl distance becomes less thh8 A, an
increase of the Ru-Ox and of the Ow1-Hw1 distammoesirs.

T T T T
Ox-Ow1 | 1.08
Ru-Ox ’
—— Ow1-Hw1
3 w1-Hw
1,04
£ <
8 2- 8
5 W 5
® 1,00 @
(=] “ (=]
|
1 T |
0,96
0

0 I 10|00 I 20|00 I 30I00 ' 40I00
time/fs —
Figure 4.4. Relevant geometrical parameters along the metadynacs
simulation of the [(benzene)Ru(O)(bpy)]" in the gas phase, with the Ox-
Owl distance as the collective variable. The atomic labelling ithe legend

refers to Figure 4.2. The right axis refers to the Owl-Hwl idtance (blue
line).
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This observation is well in line with expectationd/hen the bond
between Ox and Ow has been established, the itierabetween
Ruthenium and the oxyl radical becomes weaker dimeelouble bond
character is lost. On the other hand it is alseetqa that the O-O bond
formation would be accompanied by a proton jumpnfrihe reactant
water, thus this slight increase of the Owl-Hwltatise can be
interpreted as the initiation of a proton jumpisltclear that a proper
proton acceptor in this simulation is still missing

In order to address the question about the impoetanf the
solvent environment for this reaction, the same aahgtamics
simulation in the presence of explicit water molesuwsurrounding the
catalyst is performed (see Computational Detaittize). The results
are illustrated in Figurd.5, where the relevant geometrical parameters
describing the reaction are plotted. It should bpleasized again that
only the distance between the oxygen of the watdeanle (Owl) and
the oxyl radical (Ox-Owl1, black line) is driven Hye adaptive biasing
potential, while all other structural changes ocgpwntaneously. When
Ox-Ow1 is about 1.8 A an increase in the Ru-Oxadlisé (red line) and
an increase in the water bond length Hw1-Owl (Hine) can be
observed, matching the result of the previoushcdeed simulation in
vacuum. However, a decrease in the distance beti®eh and the
oxygen of a second water molecule (Ow2, green [ma)so occurring.
Soon after the Ox-Owl distance has reached a valuel.4 A,

indicating the formation of the O-O bond, one protif the reactant
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water jumps on the second water, thus forming adnidm ion OH".
In Figure4.6, a snapshot of the simulation after 1.7 ps, cfesinows
the formation of the Ru-OOH intermediate and ofyarbnium ion.
Figure 4.5 also shows that if the metadynamics simulationtinoes,
the biasing potential will fill the local minimurmithe free energy

landscape corresponding to this intermediate statethe reaction is

reversed.
3,6
i Ox-Ow1
3,2 Ru-Ox
i —— Hw1-Ow1
28] Hw1-Ow2 "/M\/\

Distance / A

M 1 N 1
0 1000 2000

time/fs ———

Figure 4.5. Relevant geometrical parameters along the metadynacs
simulation of the solvated [(Benzene)Ru(O)(bpyj] complex, in which the
Ox-Ow1l distance is the collective variable. The atomic labell§ in the

legend refers to Figure 4.2
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Figure 4.6. Hydroperoxo intermediate in solvated environmentThe
hydronium ion formed in the simulation is also highlighited. This snapshot

is taken after 1.7 ps of simulation. The image was maaéth VMD [29]

For an estimate of the free-energy profile a thetynamic
integration technique with constrained MD is usedyhich each initial
configuration is extracted from the metadynamicajettory. The
preliminary estimated free-energy shows a low atitvm barrier of
around 10 kcal mdi and aAG~-10 kcal mof between the Ru-OOH
intermediate and the initial complex, indicatingttthis reaction step is
exothermic. The transition state is found for an-@xl distance
between 1.85 and 1.95 A. These constrained AIMDukitions show

that the proton jumps spontaneously to the wateir@mment when the
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Ox-Owl distance is shorter than the transitionestatlue. Moreover,
the oxo ligand apparently never acts as a protarepor in the
simulations, in contrast with the suggestion presgin Ref. [6]. Two
additional AIMD simulations of a few ps at room fe@nature are also
performed, without any constraints, for the soldatétial Ru-oxyl and
the final Ru-hydroperoxo intermediates to verifattindeed these two

intermediates are stable in water.

4.3.3 Characterization of the
[(benzene)Ru(OOH)(bpy)]** intermediate and the
transition state

In this section the structural and electronic prtps of the Ru-
OOH intermediate and the transition state found the AIMD
simulations are analyzed. In Tablé.3 a comparison between
geometrical parameters and relative energies ataimthe gas phase
is presented. For a proper energetic comparisoa, sdime cubic
simulation box size, with a side length of 18 Acinsidered for each
supramolecular complex. Both the initial complexu{Bkyl) and the
transition state (TS) include two water moleculedjile for the
hydroperoxo intermediate the hydronium cation @uded. In this way
each calculation has the same number of atomsodadcharge.

There are a few important considerations emergign f this

analysis. First, during the oxygen bond formatiGx-Ow1) the Ru-Ox
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distance increases as expected, while the Ru-benzlistance
decreases. During the geometry optimization ofRileOOH complex
with the hydronium cation, one proton is transférréom the
hydronium to the Ox forming a hydrogen peroxidatig (Ru-HOOH).
This final complex resembles closely the speciesmdiofor the similar
Ir catalyst studied in Ref. [6]. This result is wariance with the
behavior observed in the AIMD simulations in watevhere the
hydronium is stabilized by the solvation shell, eriting the

importance of the solvent environment.

Table 4.3. Comparison between the energy in vacuum of thaitial
complex (Ru-oxyl) including two water molecules, the transitin state (TS)
and final intermediate including the hydronium (Ru-HOOH).
Geometrical parameters for the hydroperoxo complex (Ru-OOH) arelao
reported. Distances are in A and energies in kcal mdl The atomic

labelling refers to Figure 4.2. The lowest energy multiplicit is indicated.

Ru-Ox Ru-Benzene Ox-Owl Relative energy  Multiplicity
Ru-oxyl 1.75 1.77 3.08 0 Triplet
TS 1.80 1.72 1.93 24.3 Singlet
Ru-HOOH 2.20 1.63 1.43 11.0 Singlet
Ru-OOH 2.00 1.63 1.43 - Singlet

A preliminary characterization of the transitioratst in vacuum
including the reactant water and the water accgptire proton is

shown in Figure4.7 and some of the corresponding geometrical
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parameters are given in Tade. In particular a d(Ox—Ow1)=1.93 A is
found and the second water (w2) is ready to actieptproton with
d(Ow2-Hw1)=1.57 A. The TS energy is about 24 kel higher
than for the reactant, which compares well with vatie of 24.0 kcal
mol™* found by Blakemoret al. for the analogous Ir catalyst when they
include two water molecules [6llowever, the transition state found for
the Ir complex has a distance d(Ox—Ow1)=1.50 A, cWhis much
shorter than for our system and very close to theilibrium O-O
distance in the hydroperoxo intermediate. In factther transition state
with a similar Ox—Ow1 short distance is found, whaccording to the
vibrational analysis corresponds to the protondiemstep from the
reactant water to the second water and is notseptative of the actual
transition state for the O-O bond formation. Frdma tomparison with
the free-energy barrier estimated in the waterrenwent, it could be
concluded that the solvent is important in fadilitg this reaction step.
The energy difference between the initial and timalfcomplex in
vacuum cannot be directly compared with the rdswltater since two
different intermediates are obtained. Thereforeréisalts obtained with
an explicit solvent are not only quantitatively baiso qualitatively
different from those obtained in the gas phase.

An important point that is extensively discussedhia literature
for this class of catalysts is the oxidation staftehe metallic centres.
To check if the Ru atom increases or decreasesxit$ation state

during this reaction step, a RESP charge analykithe optimized
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initial (Ru-oxyl) and final (Ru-OOH) intermediatdages in the gas
phase is performed. This analysis clearly shows thea ruthenium
increases its positive charge in spite of the deseof the overall
charge of the hydroperoxo intermediate to +1. TReess positive
charge on the Ru is overcompensated by an inclieagee negative
charge, predominantly on the benzene and in thgridipe ligands.
This increased charge polarization in the complar explain the
shortening of the Ru-benzene distance due to ageroelectrostatic

interaction.

wl

Figure 4.7. Transition state of the Ru catalyst with a bexene ligand

and including two water molecules. This image was made wit¥iMD [29]

Finally, in Table4.3 the most stable spin multiplicity for the

hydroperoxo intermediate is listed, which turns twtbe a singlet,

101



Chapter 4

unlike the initial complex where a triplet statesmM@und. Therefore,
the results point to the occurrence of a spin-awss during the
reaction. This spin-crossover appears to be locatddr close to) the
transition state, where the singlet and tripletestaliffer in energy by
only ~1 kcal motf. This result is reminiscent of the two-state rizétyt

discussed by Shaik and co-workers for Fe compl3@&s

4.4 Conclusions

This chapter shows how thab-initio molecular dynamics
approach with an adaptive bias potential can bérgrortant tool to
efficiently explore potential reaction paths forteraoxidation reactions
at room temperature and with an explicit inclusioh the water
environment. The focus of the analysis is a claksnononuclear
ruthenium catalysts that are inspired by recenthtteesized analogous
iridium-based catalysts. In the computer simulaidris easy to check
the effect of modifying the ligands and/or the rhetantres and the
predictive range of this type oin silico studies can assist the
development of new, efficient and robust catalyfis artificial
photosynthesis.

The reaction path involving first a coordinatioesbf the reactant

water to the metal centre appears unlikely sindeaitls to a structural
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instability of the catalyst with the breaking oétmetal-aromatic ligand
coordination bond. The alternative path, in whible teactant water
directly attacks the oxyl radical, leads to thexiation of the O-O bond
resulting in a Ru-hydroperoxo complex and to tHease of one proton
into the solvent environment. This simulation shalvat the proton

release occurs spontaneously at room temperaturehais is not the
rate-limiting step. Moreover, it underlines theaal role played by the
solvent in facilitating the formation of the hyderpxo intermediate
with an activation free-energy of only about 10 Ike®l*. From the

analysis of the charge distribution in the compbetore and after the
reaction, this step in the catalytic cycle canterpreted as a proton-
coupled electron transfer (PCET) process, sincgtrele charge moves
from the metallic centre to the aromatic ring. st scheme the
aromatic ligand plays the role of an electronicrghauffer, facilitating

the electronic steps in the catalytic cycle. Int&@rgly, a spin-crossover
appears to occur along this reaction path sincdirlaéintermediate is

found to be a singlet while the initial Ru-oxyl cplex is a triplet state.
Further investigations are ongoing to get a moiate estimate of

the free energy profile and the effect of differaramatic ligands.
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Chapter 5:

In silico prediction and
thermodynamic study of
novel mono-nuclear

water oxidation catalysts
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5.1 Introduction

The main goal of photosynthesis is the conversiosotar energy
into chemical energy using water as source of potnd electrons. In
artificial photosynthesis, using the same princpleveloped by nature,
water can be used as a cheap and renewable mapenake chemical
fuels [1, 2].

The production of hydrogen as fuel from water as material
using sunlight is one of the most important sohaidor obtaining a
clean and renewable fuel source [3, 4]. One of khg and most
complicated steps in building an efficient artidiciphotosynthetic
device is the development of a robust and competetér oxidation
catalyst for the generation of molecular oxygenetbgr with the
release of four protons and electrons.

During the last two decades many groups have syizée and
analyzed several water oxidation catalysts basedaowariety of
transition metal complexes. The review [5] is recoended for a
comprehensive description of the current statuis field. The most
successful artificial catalysts are based on Ru7]6,Co [8-10], and
more recently Ir complexes [11, 12]. However, tharsh for a robust,
efficient, and cost effective biomimetic catalytgystem that can
operate at optimal thermodynamic conditions i$ sgien [8].

Computational studies, mostly based on densitytional theory
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(DFT) can provide a valuable complementary toolt wmoly to
investigate reaction mechanisms, but also to et@alaad predict the
free-energy diagram and reaction coordinate altwvegcatalytic cycle.
Following closely the method proposed by Ngrskost eoworkers [9,
10], which has been already applied in the studyaikr oxidation [11]
and reduction [9] on metal surfaces, a DFT studiheffree-energy and
overpotential for a class of mono-metallic homogeneatalysts for
water oxidation is presented. The main goal isind in silico trends
and guiding principles for the design of optimal tevaoxidation
catalysts. Catalysts of the type [(Ar)M@®)(bpy)["*, where Ar is an
aromatic ring attached to the metallic center Mmw@ation interaction,
are investigated since they have been shown rgcenble particularly
promising candidates [12, 13]. The complete satabélysts studied in
this work is shown schematically in Figusel

Water oxidation is an energy intensive reactionoimwng the
removal of four electrons and four protons. The femergy change for
the conversion of two water molecules into molecoleygen and two
hydrogen molecules,

2H,0 - O, +2H,, (5.1)

is found experimentally to b&G = 4.92 eV at standard conditions in a

pH-independent representation of the reaction ¢oate.
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U U u Cl ILI/OI_Iz
/N N= /N N= J N N= J N N=
D\ N YISy
\, 2+ i 2+ —~ , 2+ j 3+
Rlu __OH, Fle __OH, l __OH, I __OH,

N/ N N/ \N an» 4Mn\
7 - % - 7N ) 7N\ )
O-0 | G-0 ) 100 |G
Figure 5.1. Representatives of the class of [(Ar)M(OR(bpy)]™
monometallic molecular catalytic systems considered in this wk In the

first row ruthenium catalysts with different aromatic ligands are shown.

In the second row complexes with a cymene ligand and differentetallic
centres are presented.

The totalAG is distributed over four steps, each ideally lavw a
free-energy change of 1.23 eV per electron trarederin addition,
electrolysis of water requires always some excassgg in the form of
overpotential, to sustain the conversion and tegmeback reaction of
the product [14]. Since the total free energy cleaffog water oxidation
is fixed at 4.92 eV, decrease of one step, belo28 &V, implies
increase of one or more other steps, and sinceldtgest step
determines the total potential needed to driverélaetion, the variation
between steps along the reaction coordinate isod goeasure of the
efficiency that can be obtained with a catalyste Goal is thus to make

a catalyst with a reaction coordinate that has tmual steps with the
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sameAG = 1.23 eV. Schemg.1 shows the hypothetical catalytic cycle

with four intermediates (5S,), starting from the catalyst with a metal

coordinated water molecule and ending with the exygnolecule

coordinated to the metal.

n+

,§_n_| Ar
Ton
e N~ “N=
2 74 \ /
— N\
H,0 - e +H"
n+ _EI n+
Ar Ar
o1 o 1" on
7 N 7z N
N” N= N™ TN=
459 (-0
e+H"
e +H"
n+
& oy 1 &t
| __OOH /O
~ N
% N= ¢ 4
) N\ / e+H"  H0 N\ /
—

Scheme 5.1. The water splitting catalytic cycle showing the up
intermediates denoted as S(M-OH), S, (M-0), S; (M-OOH), and S; (M-

00),

respectively. Each step in the cycle is assumed to be &BHT

reaction. The final step involves only the ligand exchangesbveen Q and

H20.
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Each intermediate is here obtained by a proton{eduplectron
transfer (PCET) step. The final exchange step batwaxygen and

water is also shown at the end of the cycle insdtel

5.2 Methodology and computational

details

Using density functional theory (DFT) calculatidhs possible to
estimate the free energy differenc&S between the intermediates in
the water oxidation process for molecular catalysts good accuracy
In this chapter the method proposed by Ngrs&bal. [9] is followed,
which has been already used for water oxidatioh §htl reduction [9]
on metal oxide surfaces. More methodological detedin be found in
the paper by Valdést al. where this method has been recently applied
and reviewed [15]. Here only a brief descriptiortted important points
regarding this work is given. The free energy ddfece AG is
evaluated as

AG =AH + AZPE-TAS, (5.2)
where AH is the enthalpy difference between the different
intermediates, AZPE is the change in zero-point energy, which is
derived from the frequencies of the vibrationalmal modes through

equation5.3, both terms being calculated at the DFT levelpatiag to
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3N-6

ZPE:% > hy,, (5.3)

whereN is the total number of atoms in the system.

TAS is the change in entropy at 300K obtained usirmmndsrd
thermodynamic tables for 8@, O, and B, provided that the changes of
entropy in the catalyst are negligible comparethtoother terms [10].
This assumption has been validated with an exm®itulation of the
entropic term for [(cymene)Ru@®)(bpy)F* shown in tables.1 This
assumption has been used also in previous work mrlyaxometalate
molecular catalyst [16].

Assuming that the catalysts work in a PCET regimstead of
computing the free-energy separately for the pranod the electron,
the pair, defined by equati@nd4, can be computed directly,

H*+e - 1H,. (5.4)
2

For each intermediate in the catalytic cycle (solémn) the free-

energy difference is computed according to the &oum 5.5

evaluating explicitly also thAG for the ligand exchange step:

86(s, - )= 6(s)+,G(H,)-6(s),

1 (5.5

AG(S - 8)=  G(8,)+56(H,)-G(s)
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8G(S, - 8)= 6(8))+6(H,)-G(s,)-G(H,0),
86(s, - 5)= 6(s)+36(H,)-6(s)
86(S, - 8)= 6(8)+6(0,)-6(s)-6(H.0),

For the entropic term only the hydrogérSE= 0.41eV), the water
(TS=0.67eV) and the oxyge $= 0.64eV) are taken into account, so

the contribution for each step is as shown in egn#&t6.

TAS(S, - §)= 0205V,
TAS(S, — S)= 0205V,
TAS(S, - S;)= — 046%V, (5.6)
TAS(S, - S,)= 0205V,
TAS(S, - §)=  ~00%V.

Combining equatiorb.2, 5.5and5.6 all the free-energy gaps for
the water oxidation reaction can be calculated.

All the calculations in this work have been perfedrat the DFT
level [17] using the QuickStep method [18] included in the KP2
software [19]. This code employs a mixed basis amiroach with
Gaussian-type orbitals (GTO) and plane-waves (PW$ functions
are used to expand the molecular orbitals andhhege density in real
space, whereas PWs are used for the repatiem of the charge
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density in reciprocal space. An energy cut-off 80 Ry is used for the
plane-waves basis set. The TZVP-MOLOPT-GTH [20] €&&an basis
set is chosen for all the atoms in the catalysepithe metallic centers
for which a DZVP-MOLOPT-GTH is used.

The OPBE [21] exchange-correlation functional igdidor the
DFT electronic structure calculations. The choidethis non-hybrid
functional is mainly due to previous works wherdats been shown to
give an accurate description of several transiti@ial complexes [22,
23], and is also supported by previous comparisdth wdifferent
functionals (BLYP, B3LYP, B3LYP* [24-26]) in a grpuof catalysts
of the same family as those treated in this chdp&jr

For all the elements, pseudopotentials of the Gokhfare used
[27-29]. The pseudopotentials of the metallic atoare generated
assuming as valence electrons those that belotig tizvo highest main
guantum numbers.

Van der Waals corrections are included for a praj@scription of
the Te-cation interaction between the metallic center #ral aromatic
ligand. Specifically the DFT-D2 correction by Grirans applied [30,
31], assuming the same parameters as for the PBgidnal. All the
calculations are performed in vacuum in a cubic bb%8 A per side,
using the Martina-Tuckerman approach [32] for tlésgon solver. For
coherence and for a proper comparison the sameutatignal setup is
used for all different catalysts studied, both fiwe geometrical

optimization and the vibrational analysis.
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Additional test calculations have been performethvihe ADF
code [33], using a Slater type orbital triple zgialarized basis set
(STO-TZP).

5.3 Results and discussion

This study focuses on water oxidation catalyststlo type
[(Ar)M(H ,0)(bpy)I"*, also shown in previous work [12, 13]. First the
results about the influence of the aromatic ringhgisuthenium as
metallic center will be presented. Then the metatienter will be
modified using the aromatic ring that shows the pesformance in the
previous part.

For each different metal the most stable multipliah each step is

analyzed with the OPBE functional and is shownahl€5.2

Table 5.2. Lowest energy multiplicities for different metalic centres

catalysts in each intermediate.

Ru Fe Mn(Il) Mn(Ill)
SO singlet quintet sextet quintet
S1 doublet sextet quintet quartet
S2 triplet quintet quartet triplet
S3 doulet doublet quintet quartet
S4 triplet triplet quartet triplet
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As a first step the accuracy of the DFT setup use¢his work and
the assumptions made in the methodology are cheokezhlculating
the overall free energy change in the hydrolysietien (equatior®.?).

2H,0 - O, +2H,. (5.7)

Following the procedure explained in the previoestien a total
reaction free-energy of 4.30 eV is obtained in wacuThis is 0.62 eV
less than the experimental resuit previous work the total free-energy
change was fixed at the experimental value to aubi explicit
calculations of @ since it was claimed that this is not accurately
described with DFT [10]. Here it is found that tmain source of error
is in the use of a vacuum environment, since actdstlation including
water solvent effects in a continuous model (COSM&Y)] already
provides a much better agreement with experimese {&bles.1 and
Figureb.2).

1 2 3
-32.08

!
-32.09 = = = = [ ]
-32.10
-470.7 4
= . om
3-4710— n " ‘waterl
u
34713—
G 4716 =
C
w
-872.47
2
-872.48 - = = = m L]
-872.49

T T T
1 2 3
Distance (A)

Figure 5.2. Energy for water, hydrogen and oxygen using diffent

distances to the spherical solvent boundary.
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In particular the enthalpy of the water moleculgasy sensitive to
the inclusion of the COSMO model, with a solvateergy that can be
as large as ~0.3 eV per water molecule, while tielittle effect on the
AH for the hydrogen and oxygen molecules (see Fige Therefore
in order to reproduce the total free-energy chanfe4.92 eV, a
correction of 0.31 eV for the enthalpy term of eagiter molecule is
included in equatioB.5to compensate for the missing solvation effect.
In addition, the solvation effects are similar fahe various
intermediates, since the total charge and the nuofideydrogen bonds
between the catalyst and the water environment carestant and

therefore they cancel in ths.

5.3.1. Influence of the aromatic ligand

While usually the metal atom is considered the rimopbrtant part
of a monometallic catalyst, the aromatic ligand eéso play a crucial
role in defining the electronic structure of thansition metal complex.
In particular, the aromatic ring can act as antedacbuffer during the
catalytic cycle [13]. The rings used in this reskaare benzene,
cymene, hexamethylbenzene, chlorobenzene and 1,3,5-
trichlorobenzene, attached to a ruthenium metakoter that has
shown a good performance in electroassisted waidation catalysis
[35, 36]. The five catalysts are schematically dégd in Figures.1

In Figure 5.3 two representations oAG along the reaction

coordinate at OV (Figuré®.33 and at the equilibrium potential of
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1.23eV (Figures.3h) are shown for the different catalytic stepsSp
(see schem&.1). The optimal case where in each step the freeggne
gap is 1.23 eV is also shown.

Benzene
7 —e— Cymene 7
—A— Hexamethylbenzene @
ChloroBenzene
64| . 1--1,3,5-TriChloroBenzene 18
— — Optimal S—
5 s "_ P S—- F )
i) -
— 44 44
>
CA
] 3
24 -2
1 1
0 0
SII s| 51 5; s.‘ 0
B b
1.5 enzene 115
—e— Cymene
—A— Hexamethylbenzene
1.0 ChloroBenzene /L ________ [ —41.0
--0--1,3,5-TriChloroBenzene | | 1
— — Optimal \ 1
Py
0.5 ¢ v Jos
| 1
] ]
[heererereeeef o |
0.0-»--------1_\— -—- '?-._.._.._.._%_ - - —: ————— 0.0
— |
|
0.5 ‘ 4-05
e |
1.0 - . . 1.0
S, S, S, S, S,

Figure 5.3. Plot ofAG in [(Ar)Ru(H ,0)(bpy)]?* for different aromatic

ligands. Optimal case also represented. a) at OV. b) alBV
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The $-S; step corresponds with the largest free-energy \ghjzh
is usually observed also experimentally. The md&ccomplex shows
the best thermodynamic overpotential of 0.56 e\hwite cymene as

aromatic ring. This number compares quite well withe
experimentally determined overpotential of ~0.6][3Th contrast,

according to the modeling hexamethylbenzene isangbod choice as
aromatic ring for water oxidation, indicating thatstrong electron-
donor ligand is not favorable for this reaction.n@ne appears to be
the best compromise between a strong electron emcépand (as

chlorobenzene or 1,3,5-trichlorobenzene) and angtedectron-donor

ligand (as hexamethylbenzene).

In order to resolve common denominators in the tieac
coordinates for the five different catalysts, theolation of three
relevant geometrical parameters, the Ru-O, aver&®yeN, and Ru-Ar
distances of the various intermediates in the gtitatycle are shown
in Figure5.4.

The Ru-O distances show a common trend with a deerfom §
to $ and a subsequent increase fromdsS,. This corresponds with an
increase of bond character from the Ru-aquo to Reoxyl
intermediate and a subsequent decrease until thgeaxmolecule is
formed and released.

The change in the bond length is associated teaa change in the

frequency of vibrational modes localized on the ®unoiety. The
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distance between the ruthenium and the aromatictréas the opposite
behaviour, showing that the ring is more than ap&nspectator and
participates in the reaction by concerted motiat th correlated with
the variation of the Ru-O motif. On the other hatind distance to the
bypiridine is almost constant along the reactionordimate,
corresponding to some experimental results in pressivork, where it
has been shown that changes in the bypiridine kigaed have little
effect on the free energy plot of the catalyticctimn [37].

—— Cymene
Benzene T

n Hexamethylbenzene
| ClBenzene -
TriClBenzene

2.2 4

Distance (A)

Figure 5.4. Relevant geometrical parameters for describing the
reaction coordinate along the catalytic cycle.

5.3.2. Influence of the metallic center

While the [(cymene)Ru(D)(bpy)F* shows the best performance
among the various aromatic ligands that were inyatgd, ruthenium is
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scarce and difficult to apply in terrestrial applions of energy
conversion by water oxidation. The simulation methadlows for a
screening of more abundant elements as metallaytiat centers in
cymene-based molecular complexes, and simulatioage hbeen
performed for iron, and manganese (Figbr®. Although iridium is
known to be a good mono-nuclear water oxidatioralgst, it is not
included in this analysis since it is known expenmally that it
functions in a non-PCET regime [12].

The manganese can adopt different oxidation stalegood
catalyst operation can be expected for Mn with eerall charge of +2
or +3 for the complex. In Figuré.5 the free-energy plot for each
intermediate is shown at OV (Figuseba) and at 1.23 eV (Figurg.5h).

The [(cymene)Mn(kO)(bpy)F* complex shows very good
performance with only slightly higher overpotentiaf 0.59 eV
compared with the Ru benchmark.

In Figure5.6 the same geometrical parameters as in Figutéor
the various representatives of this class of cstslgre shown. In the
comparison between different metallic centers thetatroxygen
distance and the metal-nitrogen distance followilaintrends as shown
above in Figuré.4. The metal-oxygen distance (Figur®¢ decreases
between the §&S; steps and then increases again until the S4stéle,
the metal-nitrogen distance (Figuréh) remains almost constant along
the whole catalytic cycle. However the distancesvben the metallic

center and the cymene (Figuseba), due torrcation interactions, are
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very sensitive to the metal atom used in the cstaljhere is no clear

trend as it was the case for different aromatiarigs.
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Figure 5.5. Plot of AG in [(cymene)M(H,0)(bpy)]™ for different

metallic centres. Optimal case is also represented. a) at 0\).dt 1.23V
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Figure 5.6. Relevant geometrical parameters along the catalytic
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5.4 Conclusions

The search for an efficient water oxidation cataigsan important
step in the development of artificial photosyntBesievices. The
available efficient [(cymene)Ru(QMbpy)** catalyst represents a good
starting point for computational studies on othemmbers of the same
class, in particular those with abundant transitioretals with
perspective for future large scale application.

For the study of this branch of catalysts one efrttost important
points in the procedure is that all steps, the GET and the ligand
exchange, are calculated explicitly. The systematior in the total

free-energy change through the whole cycle is trdmeck primarily to
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the missing solvent effect for the water molecuilestead of limitations
in the DFT for the oxygen molecule, as was assumezhrlier work.
Consequently, a specific solvent correction for Hg® molecule is
sufficient to allow for a more accurate analysisatifthe intermediate
steps.

The computational results for the [(cymene)Rugdbpy)f*
catalyst are in a good agreement with the freeggnesbtained
experimentally [37]. This validates the procedusediin this work.
The ruthenium catalyst with the cymene ligand shdihwes lowest
overpotential among all the analyzed catalystseré#tingly, also the
[(cymene)Mn(OH)(bpy)]** turns out to be a good catalyst as well, with
an overpotential only 0.03 eV larger than in the Base. Since
manganese is more abundant than ruthenium by awwutrders of
magnitude, it is worth to consider this Mn complax a potential
candidate for water oxidation.

Another important point in thén silico development of suitable
water oxidation catalysts is the identification pafssible geometrical
trends that allow a better understanding of the esid importance of
the different ligands. Most probably the bipyridilgand is important
only for anchoring the metal ion and does not @ayactive role in the
catalytic cycle, since the distance to the metalkater is almost the
same in all reaction intermediates across the rdifttmembers of the
[(Ar)M(OH,)(bpy)]™ class. The distance between the metallic center
and the oxygen is changing along the cycle follgntime change in the
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bond character as one would expect. This behawooommon to all
analyzed catalysts. The wealcation interaction between the aromatic
ring and the metal atom is very sensitive to thdami@volved. The
relative distance between the aromatic ligand aedmetal is changing
considerably along the cycle, although it is pdssib identify a trend
only for catalyst with different aromatic rings, tboot for different

metals.
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Chapter 6

General Discussion and
Outlook

In this thesis different catalysts for the wateidaxion reaction
have been studied. In chapfea thermodynamic study for single-metal
catalysts with similar coordinating ligands wasfpened, obtaining a
free energy profile along the whole PCET catalyfjcle. This study
allows to evaluatén silico the overpotential for each catalyst and to
identify structural and/or electronic features thatinimize the
overpotential, thus providing guiding principles iselecting a
promising candidate as WOC.

In chapter3 and 4 a mechanistic study of the oxygen-oxygen bond

formation in the $S;step of the catalytic cycle has been performed for
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a di-Mn complex and for a mono-nuclear rutheniumtalyst,
respectively. From this dynamical study useful infation about the
reaction mechanism, kinetics and activation basrigan be obtained.
Moreover these AIMD simulations can be performethi presence of
an explicit water environment.

Ideally one would like to combine the thermodynarsiiady with the
dynamical simulation of the different reaction step the catalytic
cycle. This is still challenging for several reasoBue to the nature of
the PCET reaction, in which half hydrogen moledsleeleased in each
step, the number of electrons in the metal complea therefore its
multiplicity is changing along the reaction pathotdover, one should
include in the simulation box also a chemical aderg. C&) able to
change its oxidation state to facilitate the etmttiransfer coupled to
the proton transfer.

The possibility of simulating the reaction pathwalyem the
dynamical studies taking into account the propectebnic structure
changes along the catalytic cycle will be a verpantant step in the
complete understanding of the whole water oxidatéaction.

The first steps in this direction have been alreadylertaken
during the last months of this thesis project ahdud constitute a
natural follow-up of this research. By performingpnstrained
molecular dynamics (CMD) simulations for differefitted values of
the reaction coordinate, one can monitor more aktety each stage of

the reaction, checking for example also the grastate multiplicity at
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each value of the constraint. Then, the averageahagan multiplier

obtained for each simulation, which representsctirestraint force, can
be used to derive the free-energy profile throupkrrhodynamic

integration. In this way it is also possible to tbetcharacterize the
transition state and to establish the onset oPBET step.

Another important question to address in futuiseaech is what
happens when the catalyst is coupled to a chapggrat®r module in an
artificial photosynthesis device. In particularisitcrucial to assess how
the electronic structure of the catalyst is affdchy different charge

separator complexes.
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SAMENVATTING

Een van de belangrijkste processen voor het vostdba van het
leven op aarde is fotosynthese. In dit proces waaltlicht, met
gebruik van water en kooldioxide, omgezet in chehdsenergie en
opgeslagen als  koolhydraten. Het nabootsen van
wateroxidatiereactie in een kunstmatig apparaatlaz@onlicht kan
worden omgezet naar milieuvriendelijke brandstaffemordt
beschouwd als een van de belangrijkste uitdagivgen het oplossen
van de huidige globale energie- en milieuproblentdet is om deze
reden dat er in de laatste paar decennia meer zmalegedaan wordt
naar het splitsen van water. In de eerste pogingebeerde de
wetenschappelijke gemeenschap het natuurlijke wfpreducerende
complex (oftewel de oxygen evolving complex, OE@&hphotosystem
Il te begrijpen en reproduceren, gebruikmakend gatijkwaardige
structuren en metaal atomen. Na verloop van tijavgebruik gemaakt
van andere metalen, evenals complexen met minder \dar
metallische centra. Vandaag de dag is de kennishearmproces sterk
verbeterd en is het mogelijk om mono-nucleare iatdbren te vinden,
terwijl een breed scala aan atomen gebruikt kardemials metallisch

centrum. In mijn preofschrift laat ik de de bijdeagan verscheidene

de
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computationele methodes zien, die het inzicht inpneces verbeteren
en de ontwikkeling van nieuwe Kkatalysatoren die de
wateroxidatiereactie optimaliseren bevorderen.

In het inleidende hoofdstuk wordt een brede kijk bpt
fotosynthetisch proces gegeven, met nadruk op beamw het OEC.
Verder wordt relevante literatuur over artificiéfetosynthese en
verschillende wateroxidatie katalysatoren samertgemahoofdstuk2
wordt de theoretische achtergrond van alle methodien in dit
proefschrift gebruikt worden besproken.

De volgende twee hoofdstukken bevatten een gekdetall
onderzoek naar twee verschillende klassen van \sataren. In
hoofdstuk3 wordt een di-mangaan katalysator onderzocht dielen
jaren geleden werd voorgesteld door Limbwtgal Dit onderzoek
maakt gebruik van een aantal van de meest avamceeoteculaire
dynamica methodes om een diep begrip van de katatgzhanisme te
ver krijgen. Een structurele verschuiving, die fda&indt voor de
formatie van de verwachte zuurstof-zuurstof binditegdt naar een
intermediair complex, waarin de twee metallischeta door maar €én
zuurstofbrug verbonden worden. Het blijkt mogehjgor dit tijdelijk
complex om de wateroxidatiereactie te katalysevarder wordt een
mogelijk mechanisme met deze nieuwe intermediarragemteerd,
waarin het tweede oxyl radicaal als proton accepbptreedt, wat de
formatie van de zuurstof-zuurstof binding mogefijlaakt. Vervolgens
wordt in hoofdstuk 4 de katalysator [(benzeen)Ru(O)(bgy)]
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geanalyseerd. Twee mogelijke reactiemechanismeroaijerzocht. Op
basis van dein silico studies kan worden geconcludeerd dat het
reactiemechanisme dat verloopt via een internechiédgng, waarin
het inkomende watermolecuul eerst een ligand vannietallische
centrum wordt (hierbij een hepta-gecodrdineerdrinegliair vormend)
en vervolgens de nieuwe zuurstof-zuurstof bindiegregéerd wordt,
niet geschikt is. In plaats daarvan is de direetetie, die tussen het
oxo-ligand en het reagerende watermolecuul, hetsmaaarschijnlijk
voor deze katalysator. Dit hoofdstuk laat ook zdat het expliciet
definiéren van een oplosmiddel omgeving in de satie nodig is om
het reactiemechanisme te reproduceren, en om naugke
overgangstoestanden te krijgen.

In hoofdstuk5 wordt dezelfde klasse van katalysatoren gebruikt
als in hoofdstuld. Nu wordt een thermodynamisch onderzoek gedaan.
Vanuit deze berekeningen wordt het vrije energ@iglr voor de hele
katalyse cyclus en de overpotentiaal voor elkelksdigor gesimuleerd.
Deze overpotentiaal wordt gebruikt als een paran®tede prestaties
van de Kkatalysator te meten. Vanuit dit onderzoei kvorden
geconcludeerd dat [(cymene)Ru(Dpy)F* de beste
wateroxidatiekatalysator in deze klasse is, op det \gevolgd door
[(cymene)Mn(OH2)(bpy)|. Deze tweede biedt mogelijkheden om
gebruikt te worden in een “kunstmatig blad” omdan Nh grote

hoeveelheden op aarde beschikbaar is.

141



Samenvatting

Ten slotte wordt in hoofdstulé een kort toekomstperspectief
gegeven, waarin de resterende vragen worden tohgeln mogelijke

manieren om het onderzoek verder voort te zettigyeleigd worden.
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SUMMARY

One of the key processes for sustaining life ontheds
photosynthesis. In this process the sunlight, usitager and carbon
dioxide as raw materials, is converted into cheheeergy and stored
as carbohydrates. Mimicking the water oxidationctiea in an
artificial device in order to be able to converé thunlight in carbon-
neutral fuels is considered one of the most immbrtanallenges for
solving the world-wide energy and environmentalbpems. For this
reason during the last decades the scientific tefiorwater splitting has
been growing. During the first attempts the scfentommunity tried
to understand and reproduce properly the naturggerx evolving
complex (OEC) of photosystem Il, using the samel kihstructure and
metallic atoms. Over time other metals started @éoubed, as well as
complexes with less than four metallic centers. bidays the
knowledge of the process is much improved and gossible to find
mono-nuclear catalysts, while a broad range of atoan be used as
metallic centers. In my thesis | show the contitdiu of various

computational methods for gaining understandinthefprocess and in



Summary

the development of new catalysts to optimize thdewaxidation
reaction.

In the introductory chapter a broad perspective tre
photosynthetic process, emphasizing the role ofQRE€, is presented.
Also relevant literature information about the fagi@l devices and the
different water oxidation catalysts is summariz€den, in chapteg,
the theoretical background of all methods used his thesis is
discussed.

The next two chapters contain a detailed studyhef eaction
pathways for two different classes of catalysts.chapter3 a di-
manganese catalyst presented several years agantbudg et al. is
studied This work is performed with some of the most adeahc
molecular dynamics tools in order to obtain profwmderstanding of
the catalysis mechanism. It is shown how a stratttearrangement,
which takes place before the expected oxygen-oxyger formation,
leads to an intermediate complex in which the twegatic centers are
linked only by one oxygen bridge. This transienthptex appears to be
able to catalyze the water oxidation reaction. Ak possible
mechanism involving this newly discovered internageliis presented,
pointing to the second oxyl radical as the protoceptor that mediates
the oxygen-oxygen bond formation reaction. Nextchapter4, the
catalyst analyzed is the [(benzene)Ru(O)(bPy)]Two different
possible reaction pathways are investigated. Basedhe in silico

studies it can be concluded that the pathway inclwlthe incoming
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water molecule first becomes a ligand of the mietaknter, leading to
a heptacoordinated intermediate, is not suitalsistead the direct
reaction between the oxo-ligand and the reactatérwaolecule is the
most appropriate for this catalyst. This chaptesoakhows that
including an explicit solvent environment in thensiations is crucial
to reproduce properly the reaction pathway andrtegmediates.

In chapter5, the same family of catalysts as in chaptés used.
This time a thermodynamic study is performed. Ftbese calculations
the free-energy profile for the whole catalytic lgycand the
overpotential are obtained for each catalyst. Dwisrpotential can be
of use as it is one of the parameters that measheeperformance of
the catalyst. From this study it could be concluddkat
[(cymene)Ru(OH)(bpy)** represents the best option among the water
oxidation catalysts of this class, followed closelgy the
[(cymene)Mn(OH)(bpy)I*. The second one, may be a very promising
candidate for being part of an “artificial leaf’uel to the large earth
abundance of the Mn metal.

Finally, in chapte®, a brief future perspective about the remaining
open questions and the possible methodology thalddoe used for

going deeper into the research is given.
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RESUM

Un dels processos claus per al manteniment deléaaliplaneta és
la fotosintesi. En aquest procés la llum solar @svertida, emprant
aigua i dioxid de carboni com materia prima, enrgiaequimica i
emmagatzemada com carbohidrats. Imitar la reacw&iddcié de
l'aigua en un dispositiu artificial per poder cortirela llum solar en
combustibles lliures de carboni és considerat uls deptes més
importants per solucionar el problema energéticediaambiental que
pateix el planeta. Per aquest motiu, durant lesedzs déecades, els
esforgcos en la reaccié d’escissio de la molecuddgda han anat en
augment. Durant les primeres etapes la comungatifica va intentar
comprendre i reproduir adientment el complex d'eem d'oxigen
(OEC, de l'anglés Oxygen Evolving Complex) al fagtsma I,
emprant el mateix tipus d’atoms metal-lics i el enattipus
d’estructura. Amb el temps comencaren a empraftsss anetalls, de
la mateixa forma que complexes amb menys de quetrares
metal-lics. Avui en dia el coneixement del procgsmblt major, sent

possible trobar catalitzadors mono-nuclears, a diés ampli ventall
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Resum

d’atoms com a centres metal-lics. A la meva tesistra la contribucié
de diferents métodes computacionals en I'augmédntaeixement del
procés i el desenvolupament de nous catalitzadersoptimitzar la
reaccio d’oxidacio de l'aigua.

Al capitol introductori s’exposa una amplia pergjpecal voltant
del procés fotosintetic, fent émfasi al paper d&tCO També es
presenta la bibliografia més rellevant al voltantlsd diferents
catalitzadors i dispositius artificials existeni3esprés, al capito2,
s'explica la base teorica de tots els métodes dmprala tesis.

Els seglents dos capitols contenen un estudi atetils camins
de reacci6 per a dos tipus diferents de catalitzadal capitol 3
s'estudia un catalitzador amb dos atoms de manganeégntat temps
enrere per Limbur@t al. Aquest treball és portat a terme amb algunes
de les ferramentes més avancades de dinamiquesuiaote amb la
intencié d’obtenir un coneixement més detallat dedcanisme de
catalisis. Es mostra com una reestructuracio, guidot abans de la
formacié de I'enlla¢ d’oxigen, arribant a un intext de reaccio en el
qual els dos centres metal-lics es troben lligasolas per un pont
d’oxigen, Aquest complex de transicié pareix sqragade catalitzar la
reaccio d’'oxidacié de l'aigua. El possible mecargsque involucra
aguest recentment descobert intermedi és tambérpatsapuntant al
segon radical oxil com l'acceptor de protons nemggser portar a
terme la formacié de I'enllag oxigen-oxigen. Pdreatostat, al capitol

4, el catalitzador analitzat és el [(benz&)Ru(O)JpyEn aquest, dos
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possibles camins de reaccioé sén investigats. Bamenen els estudis
computacionals es pot concloure que la ruta enul @ molécula
d'aigua entrant es coordina primer al centre mtalobtenint un
intermedi heptacoordinat, no és I'adient. En cakwireaccié directa
entre el lligant oxo i la molécula d’aigua involadea en la reaccié és la
convenient per a aguest catalitzador. En aque#totaambé es mostra
gue la inclusié explicita en les simulacions d’uedinaqués és crucial
per a reproduir adientment el cami de reaccié $els intermedis.

Al capitol 5, partint de la mateixa familia de catalitzadore @l
capitol 4 es porta a terme en aquesta ocasidé un estudi taramoid.
Mitjancant aquestes simulacions s’obté el perféndrgia lliure del
cicle catalitic complet i el sobrepotencial peraaa U dels diferents
catalitzadors analitzats. Aquest sobrepotencial gt emprat per a
mesurar el rendiment del catalitzador. Seguint sigestudi es pot
concloure que el [(cymene)Ru(Qkbpy)I* representa la millor opcid
entre els catalitzadors analitzats, tenint molt aopp el
[(cymene)Mn(OH)(bpy)**. Aquest ultim pot ser considerat un
candidat molt prometedor per a formar part d'unalldf artificial”
degut a la gran quantitat de manganés que hiplarata.

Finalment, al capitob, es mostra una xicoteta perspectiva de
futur al voltant de les questions que continuenrtese aixi com els
possibles métodes que podrien ser emprats peruagiiofen la seva

comprensio.
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RESUMEN

Uno de los procesos clave para el mantenimienta déla en el
planeta es la fotosintesis. En este proceso ladler es convertida,
usando agua y diéxido de carbono como materiasagriran energia
guimica y almacenada como carbohidratos. Imitardacciéon de
oxidacién del agua en un dispositivo artificial aogmoder convertir la
luz solar en combustibles libres de carbono esiderado uno de los
retos mas importantes para solucionar el problemergético y
medioambiental que sufre el planeta. Por este motilurante las
tltimas décadas los esfuerzos en la reaccion darauge la molécula
de agua han ido en aumento. Durante las primeaga®ta comunidad
cientifica intenté entender y reproducir adecuaddenel complejo de
evolucion del oxigeno (OEC, del inglés Oxygen Eir@vComplex) en
el fotosistema Il, empleando el mismo tipo de atemetdlicos y el
mismo tipo de estructura. Con el tiempo se empezarasar otros
metales, al igual que complejos con menos de ceatityos metalicos.
Hoy en dia el conocimiento del proceso es muchoomasiendo

posible encontrar catalizadores mono-nuclearesnaslele un amplio
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Resumen

abanico de atomos como centros metalicos. En ns tesestro la
contribuciéon de varios métodos computacionales|enceemento del
conocimiento del proceso y en el desarrollo de osiesatalizadores
para optimizar la reaccion de oxidacion del agua.

En el capitulo introductorio se expone una ampéigspectiva del
proceso fotosintético, haciendo hincapié en el lpd@leOEC. También
se presenta la bibliografia mas relevante sobre ddsrentes
catalizadores existentes y los dispositivos aidifés. Luego, en el
capitulo2, se explica la base tedrica de todos los métosadas en la
tesis.

Los siguientes dos capitulos contienen un estuetiallddo de los
caminos de reaccion para dos tipos diferentes tiizzalores. En el
capitulo 3 se estudia un catalizador con dos &tomos de mesga
presentado tiempo atras por Limbwegal Este trabajo es llevado a
cabo con algunas de las herramientas mas avandaddimamicas
moleculares con intencion de obtener un conocimiemas profundo
del mecanismo de catalisis. Se muestra como ursruetiracion, la
cual tiene lugar antes de la formacion del enlacexdgeno, conduce a
un intermedio de reaccion en el cual los dos cenimetalicos se
encuentran unidos por solo un puente de oxigen®. &smplejo de
transicion parece ser capaz de catalizar la reaab® oxidacion del
agua. El posible mecanismo que envuelve este resitubierto
intermedio es también presentado, apuntando alndegradical oxyl

como el aceptor de protones necesario para llecaba la formacion
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del enlace oxigeno-oxigeno. Por otro lado, en glital 4, el
catalizador analizado es el [(benceno)Ru(O)(Bhy)En este, dos
posibles caminos de reaccién son investigados. ndas@s en los
estudios computacionales se puede concluir quetéen la cual la
molécula de agua entrante se coordina primero atracanetalico,
obteniendo un intermedio heptacoordinado, no esdacuada. En
cambio, la reaccién directa entre el ligando oXa ynolécula de agua
involucrada en la reaccion es la apropiada paecestlizador. En este
capitulo también se muestra que la inclusion exalien las
simulaciones de un medio acuoso es crucial paraodapir
adecuadamente el camino de reaccion y sus inteosiedi

En el capituld, se parte de la misma familia de catalizadores que
en el capitulo4, llevando a cabo en esta ocasidon un estudio
termodindmico. A través de estas simulaciones sierebel perfil de
energia libre del ciclo catalitico completo y ebsgpotencial para cada
uno de los diferentes catalizadores analizadose Bebrepotencial
puede ser utii como parametro para medir el rermfitoi del
catalizador. A través de este estudio se puedeluwongue el
[(cymene)Ru(OH)(bpy)[”* representa la mejor opcion entre los
catalizadores analizados, seguido muy de cerca m@br
[(cymene)Mn(OH)(bpy)]*". Este ultimo puede ser considerado un
candidato muy prometedor para formar parte de tnoga“artificial”

debido a la gran cantidad de manganeso preseeieg&neta.
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Resumen

Finalmente, en el capitul® se muestra una pequefia perspectiva
de futuro sobre las cuestiones que permanecentahia@si como los
posibles métodos que pueden ser usados para pizdunen su

comprension.

154



CURRICULUM VITAE

From September 2003 until June 2008 | was a Chenesiident
at theUniversitat de Valénciajoining during the last year the BOC-
SSNMR group at Universiteit Leiden as an Erasmuslestit. The
subject of my master work wasStudy of a synthetic manganese
catalyst for water splitting During this year | participated in the
Honours ClassFrom Solar to Fuel with Bib

After receiving my Master in Chemistry in Septemi2808, |
started my PhD at the Universiteit Leiden undergtipervision of Dr.
Francesco Buda and Prof. Huub de Groot. During nhb A
participated in different schools and workshops]|uding Theoretical
Chemistry and Spectroscoffilan-sur-Lesse, Belgium, 2008yolar
Biofuels from MicroorganismgLeiden, 2009),The Artificial Leaf
(Leiden, 2010), Modeling Natural and Artificial Photosynthesis
(Leiden, 2011) and’he Atrtificial leaf(Twente, 2012). In 2010 | have
been also visiting for a period of two weeks theydtalisch

Chemisches Institut in Zirich, where | worked ire thepartment of

155



Curriculum Vitae

Prof. Dr. Jurg Hutter learning from the develop#re basics of the
CP2K software. | presented my research work d@gbuameetings and
conferences, with poster presentations MwlSim: Understanding
Molecular Simulation (Amsterdam, 2010),Psi-K (Berlin, 2010),
Modeling Natural and Artificial Photosynthes{eiden, 2011) and
CPMD Meeting (Barcelona, 2010); and with oral presentations at
CHAINS (Maarsen, The Netherlands, 2011) aHRSMC meeting
(Amsterdam, 2012).

156



L1ST OF PUBLICATIONS

e “Ab-initio  molecular dynamics study of water oxidation
reaction pathways in mono-Ru catalysts”

J.L. Vallés-Pardo, M.C. Guijt, M. lannuzzi, K.SydpH.J.M. de Groot,
F. Buda,ChemPhysChem: a European journal of chemical phyenc
physical chemistrit3 2012 140-146.

e “Structural rearrangements and reaction intermediates in a di-
Mn water oxidation catalyst”

J.L. Vallés-Pardo, H.J.M. de Groot and F. BuBhysical Chemistry
Chemical Physigsl4 012 15502-15508.

» “Molecular Catalytic Assemblies for Electro-driven Water
Splitting”

K.S. Joya, J.L. Vallés-Pardo, Y. Faheem, T. EisgramaB. Thomas, F.
Buda, H.J.M. de Groot, ChemPlusChem (20123. DOI:
10.1002/cplu.20120016Accepted

157



List of publications

* “In dglico prediction and thermodynamic study of novel mono-
nuclear water oxidation catalysts”
J.L. Vallés-Pardo, H.J.M. de Groot and F. Buda.120To be

submitted

158






