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If a man never contradicts himself,
the reason must be that he virtually

never says anything at all.
Erwin Schrödinger, What Is Life?, 1944





Abstract

The industrial revolution thrived our society to great technological advance-
ment and a shift from an agrarian to an industrial society. Besides this fact, the
side effect has been the development of a society highly dependent on energy,
and the main sources of energy are based on non-renewable fossil fuels. This
issue calls for the quest for new renewable energy sources that can address the
energy dependency minimizing its side effects of it. In this quest, hydrogen is
a promising source due to its high energy capacity and clean sub-products.

The first chapter of this thesis will revise more in deep this environmental
issues and what is needed to implement sustainable hydrogen production by
water splitting. As well, as how the water source is extremely relevant, and so-
lutions for using seawater are required to scale up hydrogen production. Also,
an introduction to molecular catalysts for water oxidation based on Ru will
be exposed, including a historical perspective and the state of the art at this
day. The first chapter will finish with the strategies explored in this thesis to
overcome the limitations of molecular catalysts in water splitting devices i.e,
stability and current density.

This work uses an ample set of computational tools to explore the reactivity
and supramolecular properties of molecular catalysts. The second chapter will
start with the treatment of molecules as electronic systems utilizing molecular
quantum mechanics. Wave function formalism and density functional formal-
ism of molecular quantum mechanics will be exposed and explained to the
extent that is needed to ground the results of this thesis. The next section will
introduce the treatment of molecules as atomic systems employing molecu-
lar mechanics and how we derive relevant supramolecular effects such as hy-
drophobicity, means of attachment to electrode surfaces, solvent, and electric
field effects. Finally, this chapter will revise the Empirical Valence Bond ap-
proach to study the reactivity dependence on the molecular environment.

The last chapter will go over the results of this thesis that correspond to
the annexed papers at the end of this work. Starting from the characterization
of the oxide relay mechanism in the highly efficient catalyst Ru(tda) where a
novel function for the non-coordinating carboxylate ligand is proposed. To in-
crease the stability of the Ru(tda) an attachment to carbon surfaces has been
proposed and proved to increase significantly the stability. A study of the ox-
ide relay mechanism at the surface revealed that the water-excluded environ-
ment of the active site in the reactive intermediate does not affect the key steps
of this mechanism, in agreement with the experimental results reported. Next,
the Ru(bda) has been shown to effectively catalyze the formation of molecu-
lar nitrogen from ammonia in an apolar solvent. The Ru(bda) has been well
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studied for water oxidation due to its high efficiency and the key step has been
identified as the dimerization of two complexes driven by the aqueous solvent.
The study of the dimerization process in acetonitrile has revealed the crucial
role of solvent in supramolecular effects since acetonitrile promotes complex-
counterion pairing aiding the dimerization of the Ru(bda) and. To increase
the current density is needed a strategy to increase the catalyst density at the
surface. Oligomerization of the Ru(tda) has shown to be an effective strategy
to increase the current density of the hybrid electroanode to levels that are
comparable to commercial electrolyzers. The exploration of the ways of at-
tachment to the carbon surface revealed high dependency on the metal center
oxidation state, the solvent, and the electric field. Also, the reactivity of the
oligomer has been explored using the Empirical Valence Bond approach, re-
vealing that the O-O bond formation remains unaltered in the oligomer and
the reactivity remains unaltered in this complex environment, in agreement
with experimental results. Finally, the substitution of the carboxylates in the
Ru(tda) by phosphonates (Ru(tPaO)) has been proved to double the efficiency
of the molecular catalyst at neutral pH. Due to the similarities between car-
boxylates and phosphonates the oxide relay mechanism has been tested in the
Ru(tPaO), revealing that the origin of the extreme reactivity comes from low
barriers in all the steps. The O-O bond formation involves an intramolecular
radical coupling lowering the activation barrier to 2.1 kcal/mol. This radical
coupling revealed a variation of the oxide relay mechanism called the radical
oxide relay mechanism.
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Svensk sammanfattning

Den industriella revolutionen blomstrade vårt samhälle till stora tekniska
framsteg och en övergång från ett jordbrukssamhälle till ett industrisamhälle.
Förutom detta faktum har bieffekten varit utvecklingen av ett samhälle starkt
beroende av energi, och de huvudsakliga energikällorna är baserade på icke-
förnybara fossila bränslen. Denna fråga kräver en strävan efter nya förnybara
energikällor som kan hantera energiberoendet och minimera dess bieffekter av
det. I denna strävan är väte en lovande källa på grund av dess höga energika-
pacitet och rena delprodukter.

Det första kapitlet i denna avhandling kommer att gå igenom mer på djupet
av dessa miljöfrågor och vad som behövs för att implementera hållbar vätepro-
duktion genom vattenklyvning. Liksom hur vattenkällan är extremt relevant,
och lösningar för att använda havsvatten krävs för att skala upp väteproduk-
tionen. Dessutom kommer en introduktion till molekylära katalysatorer för
vattenoxidation baserade på Ru att exponeras, inklusive ett historiskt per-
spektiv och den senaste tekniken i dag. Det första kapitlet kommer att avs-
lutas med de strategier som utforskas i denna avhandling för att övervinna
begränsningarna hos molekylära katalysatorer i vattenklyvningsanordningar,
dvs stabilitet och strömtäthet.

Detta arbete använder en riklig uppsättning beräkningsverktyg för att ut-
forska reaktiviteten och supramolekylära egenskaperna hos molekylära katalysatorer.
Det andra kapitlet kommer att börja med behandlingen av molekyler som
elektroniska system som använder molekylär kvantmekanik. Vågfunktions-
formalism och densitetsfunktionell formalism inom molekylär kvantmekanik
kommer att exponeras och förklaras i den utsträckning som behövs för att
grunda resultaten av denna avhandling. Nästa avsnitt kommer att introducera
behandlingen av molekyler som atomsystem som använder molekylär mekanik
och hur vi härleder relevanta supramolekylära effekter såsom hydrofobicitet,
sätt att fästa på elektrodytor, lösningsmedel och elektriska fälteffekter. Slutli-
gen kommer detta kapitel att revidera den empiriska valensbindningsmetoden
för att studera reaktivitetsberoendet av den molekylära miljön.

Det sista kapitlet kommer att gå igenom resultaten av denna avhandling
som motsvarar de bifogade artiklarna i slutet av detta arbete. Utgående från
karakteriseringen av oxidrelämekanismen i den högeffektiva katalysatorn Ru(tda)
där en ny funktion för den icke-koordinerande karboxylatliganden föreslås.
För att öka stabiliteten hos Ru(tda) har en vidhäftning till kolytor föreslagits
och visat sig öka stabiliteten avsevärt. En studie av oxidrelämekanismen vid
ytan avslöjade att den vattenexkluderade miljön för den aktiva platsen i den
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reaktiva intermediären inte påverkar nyckelstegen i denna mekanism, i öv-
erensstämmelse med de experimentella resultaten som rapporterats. Därefter
har Ru(bda) visat sig effektivt katalysera bildningen av molekylärt kväve från
ammoniak i ett opolärt lösningsmedel. Ru(bda) har studerats väl för vat-
tenoxidation på grund av dess höga effektivitet och nyckelsteget har identi-
fierats som dimerisering av två komplex som drivs av det vattenhaltiga lös-
ningsmedlet. Studien av dimeriseringsprocessen i acetonitril har avslöjat lös-
ningsmedlets avgörande roll i supramolekylära effekter eftersom acetonitril
främjar komplex-motjonparning som hjälper till att dimerisera Ru(bda) och.
För att öka strömtätheten behövs en strategi för att öka katalysatordensiteten
vid ytan. Oligomerisering av Ru(tda) har visat sig vara en effektiv strategi
för att öka strömtätheten hos hybridelektranoden till nivåer som är jämför-
bara med kommersiella elektrolysatorer. Utforskningen av sätten att fästa på
kolytan avslöjade ett stort beroende av metallcentrumets oxidationstillstånd,
lösningsmedlet och det elektriska fältet. Oligomerens reaktivitet har också un-
dersökts med användning av Empirical Valence Bond-metoden, vilket avslöjar
att O-O-bindningsbildningen förblir oförändrad i oligomeren och reaktiviteten
förblir oförändrad i denna komplexa miljö, i överensstämmelse med exper-
imentella resultat. Slutligen har substitutionen av karboxylaterna i Ru(tda)
med fosfonater (Ru(tPaO)) visat sig fördubbla effektiviteten av den molekylära
katalysatorn vid neutralt pH. På grund av likheterna mellan karboxylater och
fosfonater har oxidrelämekanismen testats i Ru(tPaO), vilket avslöjar att ur-
sprunget till den extrema reaktiviteten kommer från låga barriärer i alla steg.
O-O-bindningsbildningen involverar en intramolekylär radikalkoppling som
sänker aktiveringsbarriären till 2,1 kcal/mol. Denna radikalkoppling avslö-
jade en variation av oxidrelämekanismen som kallas radikaloxidrelämekanis-
men.
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I N T R O D U C T I O N

Why do we pursue catalyzed water splitting?

This question will be addressed under three different optics in
the present introduction: from the environmental perspective,
the industrial scalability, and the chemical standpoint. The stand-
point of this thesis is to study the third one but, to see the big pic-
ture one cannot detach from the ulterior motives of this research
niche i.e., to aid the production of renewable and clean energy
efficiently.

ENVIRONMENTAL CHALLENGES IN OUR CURRENT ENERGY
PRODUCTION SCHEME

0
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4000
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12000

14000

16000

18000

1990 2006 2030

Mtoe

Coal Oil Gas Nuclear

Hydro Biomass and waste Other renewables

Figure 1.1: Evolution of the energy mix from 1990 to the predicted in
2030. Source: European Environment Agency, EU

The industrial revolution (1733-1913) has been one of the largest
leaps in human development: The shift from an agrarian and
handicraft economy to one dominated by industry and machine
manufacturing 1. At the heart of the industrial revolution is a
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I N T R O D U C T I O N

single invention that will change forever the concept of energy
source: the steam engine. Conceptually, the steam engine op-
erates as an energy converter, from thermal to mechanical en-
ergy. That conversion, for the first time, made the energy pro-
duction independent of weather or geohydro-morphologic con-
ditions since previous energy sources were using mechanical en-
ergy sources (for example watermills or windmills). Naturally,
the most straightforward way to produce thermal energy is by
combustion of organic matter in the form of firewood or coal.
But more sophisticated ways to generate thermal energy have
also been developed such as nuclear fission where the nucleus of
235U or 239Pu is split after capturing a neutron.

Scaling up the production of energy by thermal-mechanical
conversion (known as Thermal Energy) requires a combustion
source with a high Net Calorific Value defined as the thermal en-
ergy produced after combustion of a unit of mass without recov-
ery of the heat in the water vapor. The highest scores are found
between natural gas with about 44,200 kJ/kg and anthracite coal
which amounts to 26,700 kJ/kg 2. With those values it is no sur-
prise that natural gas and coal overtook as the main raw materi-
als for energy production, and it is today the biggest percentage
of our energy mix (Figure 1.1). In addition to this, our energy de-
mands have been increasing enormously in the last decades and
the forecasts do not predict any change in that trend. Therefore,
we are in a position of high dependence on fossil fuels to sustain
our energy demand. Considering that those resources are lim-
ited, we are facing a technological challenge to find sustainable
ways to produce energy. Arrived at this point we can introduce
one of the potential players in a more desirable, yet speculative,
energy mix: Hydrogen. The Net Calorific Value of hydrogen gas
is 143,000 kJ/kg and the subproduct of its reaction with molec-
ular oxygen is water vapor. In addition with the thermal capac-
ity, hydrogen is considered as an ‘energy vector’ since it can be
translocated from the production site in space and/or time 3.

INDUSTRIAL SCALABILITY OF HYDROGEN PRODUCTION

The electrolysis of water is not a new technology, already in the
early 1900s the alkaline electrolyzer was used and still today is
used in the industry. The alkaline electrolysis is the most simple
and durable technology and operates at low temperatures (40-
90 °C). To keep the alkaline conditions a basic electrolyte shall
be used, most usually 25% v/v KOH is used, and the anode
and cathode are based on nickel to avoid corrosion 4. One of
the less-discussed requirements of low-temperature water elec-
trolyzers is the requirement of highly pure water sources. While
at the laboratory scale that requirement can be easily satisfied,
for wider-scale applications it constitutes a limitation, especially
in hot and arid zones in the globe where fresh water is scarce,
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W H Y D O W E P U R S U E C A T A LY Z E D WA T E R S P L I T T I N G ?

but only seawater is highly abundant 5. Seawater represents 96.5
% of the total water reserves which is why seawater, compared
with freshwater, is almost an unlimited resource 6. The current
electrolyzer technologies cannot use seawater because it contains
electrochemically active anions that would compete and inter-
fere with the water-splitting electrocatalysis 5. The dominant ions
contained in seawater are Cl- and Na+ which are in a concen-
tration of around 0.5 M 7 and in consequence, Cl- oxidation will
compete with water oxidation at the anode side. Early work by
Bennet showed that electrolysis in unbuffered seawater will lead
to a predominance of Cl- oxidation ( 2Cl− → Cl2 + 2e−) at re-
alistic current densities (1 to 1000 mA cm-2). Selectivity towards
oxygen evolution (detailed information about this reaction in the
next section) appeared at very low current densities (< 1 mA
cm-2) or very high current densities (> 1000 mA cm-2 ) where
mass-transfer limitations hinder Cl- oxidation 8 (see 1.2). To be
able to overcome this competition at neutral pH it is necessary to
develop catalysts with active sites that are highly selective for
the oxygen evolution reaction 9

CHEMICAL STANDPOINT ON WATER SPLITTING

When schematized, the water splitting reaction seems straight-
forward:

2H2O � O2 + 2H2 (1.1)

2H2O � O2 + 4H+ + 4e− (1.2)

4H+ + 4e− � 2H2 (1.3)

The thermodynamic requirements (in Gibbs free energy) for
the equation 1.1 are around 237 kJ/mol (per water molecule)
which can be translated into a redox potential by using the Nernst
equation:

ΔG = −nFE (1.4)

Where G is the Gibbs free energy, n the number of electrons
involved, F the Faraday’s constant and E the redox potential ap-
plied. In standard conditions (298 K at 1 atm), a potential of 1.229
V versus the Normal Hydrogen Electrode (NHE) 10 is obtained.
Unfortunately, the real electrocatalytic cells do not perform the
reaction at the thermodynamic potential but at a higher one, in
other words, in the experimental setting the reaction is subjected
to an overpotential. The overpotential is defined as the differ-
ence between the thermodynamic and the experimentally mea-
sured redox potential and, it can be decomposed into three com-
ponents: activation (or electron transfer) overpotential, concen-
tration (or diffusion) overpotential, and resistance (or junction)
overpotential 11. Applying again the Nernst equation an overpo-
tential can be seen also as an over-barrier for the water-splitting
reaction and, as a consequence, catalysis will be an attractive
strategy to lower the reaction requirements.
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I N T R O D U C T I O N

Figure 1.2: Log current vs voltage from chlorine and oxygen in seawater.
Reprinted with permission from 8 Copyright 1980 Elsevier

A detailed view of catalyzed water oxidation

As seen in equation 1.2, water oxidation is the first semi-reaction
involved in the water-splitting redox reaction. This thesis focuses
only on the water oxidation reaction and disregards the proton
reduction since water oxidation is considered the bottleneck in
water splitting. Water oxidation is an unusual oxidation reaction
since it involves the transfer of 4 electrons (while most the oxida-
tion reactions are 1 or 2 electron processes), several bond arrange-
ments, and the formation of the O-O bond 10. To assist the pro-
cess through catalysis one needs to develop a Water Oxidation
Catalyst (WOC) capable of handling four oxidizing equivalents
without accumulation of high-energy intermediates that could
shorten the lifespan of the WOC 12. This can be achieved by facil-
itating simultaneous proton and electron transfer in the so-called
Proton-Coupled Electron Transfer (PCET) 13, preserving the total
charge of the catalyst along the catalytic cycle low.
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A D E T A I L E D V I E W O F C A T A LY Z E D WA T E R O X I D A T I O N

WHY SHALL WE USE A MOLECULAR WATER OXIDATION
CATALYST?

Molecular Water Oxidation Catalysts (MWOCs) have been exten-
sively studied in the last decades due to their advantages with re-
spect to heterogeneous catalysts. Zhang and Sun 14 enumerated a
list of the main leads of molecular catalysts with respect to their
heterogeneous counterparts:

1. Clear structure, active site, and catalytic mechanism: The
structures and catalytic mechanisms can be easily charac-
terized by experimental techniques.

2. Tunability: By modifying the coordination environment,
the catalyst’s steric configuration and electronic structure
can be adjusted for the desired reaction.

3. Improvement of the intrinsic activity: Thanks to the fore-
mentioned tunability, molecular catalysts can be modified
to achieve higher intrinsic activities to improve the overall
electrode activity avoiding the use of high amounts of cat-
alysts that will affect charge and mass transport processes.

4. Selectivity: High selectivity towards an specific reaction, in
this case water oxidation to avoid other reactions overcom-
pete with the desired one (like Cl- oxidation)

5. Metal-atom economy: Looking out the potential scalability
of catalyzed water splitting devices this advantage weights
the most, especially if the catalyst is using rare metals such
as Pd, Rh, Ir, or Ru. The metal utilization in homogeneous
catalysts can reach 100% as in the case of mononuclear cat-
alysts, which is several orders of magnitude higher than
their heterogeneous counterparts.

To evaluate the performance and stability of molecular cata-
lysts, two variables are used in catalysis:

• Turnover Number (TON) is the maximum number of cat-
alytic cycles that a catalyst can perform before deactivation.

• Turnover Frequency (TOF) is the number of cycles that the
catalyst can perform per unit of time (usually the reference
is seconds)

MECHANISMS OF CATALYZED WATER OXIDATION BY
MWOCS

An MWOC is a transition metal complex with an unsaturated
first coordination sphere that allows the coordination of a wa-
ter molecule. In addition, the catalyst must be able to accumu-
late several charges to reach a high-valent intermediate that will

5



I N T R O D U C T I O N

be the active intermediate for the key step. In water splitting,
the key step is the O-O bond formation and the specific mech-
anism that the catalyst undergoes in that step serves to classify
MWOCs 14. The overall catalytic cycle is represented in 1.3.

Ligand field

Metal

Ligand field

Metal

H2O binding

2H+ 2e-

High-valent M-O 
intermediate 

O-O bond formation mechanism

Ligand field

Metal

Oxygen release

Water Nucleophilic Attack 

Oxide Relay 

Intermolecular Radical 
Coupling

Figure 1.3: Schematic representation of the catalytic cycle in the water
oxidation reaction with its possible pathways

The starting configuration of the catalyst will be required to
have an empty coordination site to allow the coordination of the
neutral ligand H2O forming the metal-aquo intermediate. After
coordination, two consecutive oxidations coordinated with the
deprotonation of water will result in the high-valent metal-oxo
intermediate that undergoes the O-O bond formation. Finally,
the O2 will be released as the product of the water oxidation re-
action. The established mechanisms for the O-O bond are the
Water Nucleophillic attack (WNA) 15 where a water molecule at-
tacks the oxo group and the Intermolecular Radical Coupling
(I2M) 16 where two radical metal-oxo intermediates collide and
form the O-O bond. To predict if a catalyst will undergo one or
the other pathway one should look at the electronic configuration
of the metal-oxo intermediate. If the oxo has a low spin density
(oxo character) and high electrophilicity the WNA mechanism
will be the most favorable. On the other hand, if the oxygen in
the M=O intermediate has an oxyl radical character, character-
ized by a high spin density, it is more favorable to undergo the
I2M pathway. The scope of this thesis is to explore a third mech-
anistic way, the Oxide Relay mechanism, where the role of the
carboxylate will be redefined. All the details will be treated in
the results chapter.

RUTHENIUM-BASED MWOC S

In the development of MWOCs, Ru-based catalysts have been
the pioneers and are still setting the benchmark in stability and
performance 17,18,19. Their development have provided great in-
sights into the oxygen evolution catalytic cycle 18. The first Ru-
based MWOC was developed by Meyer et al. in 1982 20 with a
modest TOF of 0.004 s-1 and a TON of 13. In the following years,

6



A D E T A I L E D V I E W O F C A T A LY Z E D WA T E R O X I D A T I O N

Meyer et al. 1982 
TON 13 

TOF 0.004 s-1

Åkermark and Sun 2009 
TON 4700 

TOF 0.28 s-1

Sun 2009 
TON > 2000 
TOF 41 s-1

Introduction of 
carboxylate 

groups
Monomerization

Figure 1.4: Highlights in the development of Ru-based molecular water
oxidation catalysts

more Ru-based MWOCs were synthesized without a significant
improvement in TOF and/or TON 21. The introduction of car-
boxylate ligands by Åkermark and Sun in 2009 22 in a binuclear
Ru complex denoted the first significant advancement in the de-
velopment of MWOCs, reaching a TOF of 0.28 s-1 and a TON of
4700. The choice of carboxylate ligands was inspired by their
stabilization effect of high-valent intermediates in binuclear Mn
complexes 23.

Open space allows the coordination of a 
water molecule

Ru-aqua intermediate Ru=O active catalyst

Figure 1.5: Geometries of the Ru(bda) from the starting material to the
coordination of water and formation of the active catalyst that will un-
dergo the O-O bond formation through the I2M mechanism. The colors
represent: In white H, in gray C, in blue N, in red O and in purple Ru

In the same year (2009), Sun proposed a monomeric Ru-based
catalyst with two equatorial carboxylates, the RuII(bda)(pic)2 (2,2’-
bipyridine-6,6’-dicarboxylato (bda), 4-Picoline (pic)) performing
with a TOF of 41 s-1 and a TON of > 2000 using CeIV as driving
force at pH 1 24 (Summary in Figure 1.4). A handful of interesting
properties were exhibited in the analysis of the Ru(bda) complex.
First, the crystal structure revealed a 6-coordinated complex with
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a highly distorted octahedral geometry induced by the carboxy-
late groups. Instead of the octahedral characteristic cis angle of
90°, the O-Ru-O angle measures 123°. Second, that front open
site acts as the active space for the coordination of water leading
to a 7-coordinated complex (Figure 1.5). And lastly, the complex
exhibited second-order kinetics with respect to the Ru concen-
tration revealing an intermolecular reaction. These special fea-
tures, excellent performance and simplicity of the Ru(bda) cata-
lyst served as the starting point of a new family of mononuclear
MWOCs 23. From that milestone, several analogs of the Ru(bda)
have been proposed in the literature with modifications in the
axial and equatorial ligands. Some of the modifications will be
the scope of this thesis as well as expanding the understanding
of the dimerization process.

FROM HOMOGENEOUS TO HETEROGENEOUS CATALYSIS

As mentioned before, MWOCs offer several advantages that mo-
tivate their development and attract the interest of researchers.
But still, there are some imperative limitations that need to be
overcome to start projecting larger-scale applications. To be more
specific, MWOC-based electrodes lack stability and current den-
sity when compared to heterogeneous electrodes. To bring to-
gether the advantages of homogeneous and heterogeneous cat-
alysts modifications of anchoring molecular catalysts onto elec-
trodes have been proposed. The main strategies that have been
followed are covalent bonding 25,26,27 to metal oxide surfaces, supramolec-
ular effects such as π−π interaction 28,29,30, encapsulation to meso-
porous materials 31,32,33, and more sophisticated ways as guest-
host interactions 34. All these strategies led to increased durabil-
ity compared to the homogeneous phase highlighting the poten-
tial of these hybrid systems. This thesis centers its attention on
supramolecular effects, and, in this regard, an additional caution
must be carried out in the design of MWOC-based electrodes,
namely the O-O bond formation pathway. The attachment of
molecular surfaces onto electrodes provides a partial immobi-
lization of the catalyst on the surface, which means that the cat-
alyst is free to move on the electrode plane but not perpendicu-
lar to it, and both WNA and I2M mechanisms shall occur at the
electrode surface. In a study by Sun’s group where Ru(bda) was
anchored to a carbon nanotube (CNT) by a large pyrene-based
anchoring group, the performance of the catalyst dropped from
41 s-1 to 0.84 s-1 in TOF. Posteriorly, Zhang et. al. confirmed that
in the full dimerization process the diffusion stage prior to the re-
action solely determines the efficiency of the Ru(bda) catalyst 35,
and anchoring results in a hindered diffusion explaining the drop
in the efficiency 36. In conclusion, the adsorption of catalysts that
operate under the I2M pathway is not an advisable strategy for
hybrid electrodes.
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Outline of the thesis

Chapter 1 gives an introduction to catalyzed water oxidation,
from the need of catalyst in water oxidation to the specific family
of catalyst that are scope of this thesis. The chapter 2 will go from
the definition of computational chemistry to its multiscale na-
ture. The methods will be divided accordingly to the particle-size
scale in quantum mechanical methods and molecular mechani-
cal methods. Also a revision of free energy calculations though
molecular dynamics will be lined up and an explanation of the
Empirical Valence Bond approach that has been used in the re-
search. Finally, chapter 3 will provide a concise summary of the
research work conducted in the attached papers of this thesis.
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Chemistry is the science focusing on the synthesis, transforma-
tion, and properties of molecules. Theoretical chemistry is the
sub-field where mathematical methods and laws of physics are
combined to study processes or properties of chemical relevance 37.
Molecules are composed of atoms or, more generally, of a large
collection of charged particles raising one particular type of physics
called Many-body physics. The only systems that have an ana-
lytical solution are those composed of one or two particles, i.e.
H and H2

+. The rest of the systems shall be computationally ap-
proximated, raising the field in which this thesis is grounded:
Computational chemistry. Specifically, computational chemistry
lies in the intersection of theoretical chemistry and chemistry (Fig-
ure 2.1), because computational chemistry uses the theoretical
methods for systems that are chemically relevant.

Ĥ |ψ⟩ = E |ψ⟩ 00100101 
01011101 
11010001

Theoretical Chemistry Computational Chemistry Chemistry

Figure 2.1: Schematic representation of the intersection between theo-
retical chemistry, computational chemistry and chemistry

Even though computational chemistry does not directly con-
cern the development of theory, it does supply theoreticians with
a source of information for developing new methods and theo-
ries. And, in an analogous way, experimental chemists sources
computational chemists and theoreticians with new challenges
that push the development of their fields.
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The multiscale nature of computational chemistry

As mentioned above, molecules are composed of atoms that are
composed of charged particles. The latter are positively charged
nuclei and negatively charged electrons. One could also go even
deeper and study the particles that form the nuclei, but that is the
focus of particle and atomic physics and not theoretical or com-
putational chemistry. Depending on the reaction or property of
interest, a computational chemist needs to pick the right level of
theory that suits it. The level of theory can be determined by the
dynamical equation that governs the kind of particles one is in-
terested to explore, Figure 2.2 illustrates the relationship between
the dynamical equation and the level of theory.

Mass

Velocity

1/3 c

10-27 kg

Ĥψ = iδψ/δt F = ma

The domain of electrons 
Quantum Mechanics

The domain of atoms and molecules 
Classical Mechanics

Relativistic Quantum Mechanics Relativistic Classical Mechanics

Figure 2.2: Representation of the levels of theory vs the dynamical equa-
tion parameters

The dynamical equation plays with two variables, velocity
and mass, so according to these variables, one can draw the lines
for the different domains in which a computational chemist will
operate. When the mass is under 10−27 kg (or around 1 atomic
mass unit or 1.66053907e-27 kg (amu)) it is the domain of elec-
trons and the dynamical equation will be the Schrödinger equa-
tion 38. Above 1 amu one is in the domain of atoms and molecules
and the dynamical equation will be the Newton’s equation. A
borderline case is a proton which, besides being massive enough
to be classical, needs quantum corrections in some cases like pro-
ton tunneling or vibration constraints in thermodynamical en-
sembles.
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Quantum mechanics

If the interest is in describing the electron distribution, that will
be in the domain of quantum mechanics. The dynamical equa-
tion governing quantum mechanics is the Schrödinger equation,
which in its general form reads as:

ĤΨ (r, t) = i
∂Ψ (r, t)

∂t
(2.1)

Where the Hamiltonian operator Ĥ is the sum of the kinetic
energy T̂ and the potential energy operators V̂ , r is the distance
and t is the time. Considering the case of a potential energy V
independent of time, as in the cases of systems with no time-
dependent external forces, and expanding the equation 2.1 to:

(T̂ + V̂ )Ψ (r, t) = i
∂Ψ (r, t)

δt
(2.2)

One can restrict the solutions of the above differential equation
to those that can be written as a product of two functions, one
time-dependent and the other position-dependent:

Ψ (r, t) = ψ (r) f (t) (2.3)

By taking the first partial derivative with respect to t and the
second partial derivative with respect to r of 2.3:

∂Ψ (r, t)

∂t
= ψ (r)

df (t)

dt
(2.4)

∂2Ψ (r, t)

∂r2
= f (t)

d2ψ (r)

dr2
(2.5)

And by substituting the partial derivatives into 2.2 and after a
convenient separation of variables on different sides of the equal
sign one arrives to:

− i
1

f (t)

df (t)

dt
=

1

ψ (r)

d2ψ (r)

dr2
+ V̂ (r) (2.6)

Equaling the left side to E and solving, one gets the expression
of the time phase factor:

f (t) = e−iEt (2.7)

And equaling the right side to E one obtains the time-independent
Schrödinger equation:(

T̂ + V̂
)
ψ (r) = Eψ (r) (2.8)

Where T̂ reads as:

T̂ = − 1

2

d2

dr2
(2.9)
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And V̂ , which for a molecule corresponds to the classical Coulomb
interaction, takes the form:

V̂ = −Z

r
(2.10)

Where Z is the atomic number.

Note: for simplicity, all the derivations are made in atomic units and
r represents a generic coordinate variable.

As mentioned before, the Schrödinger equation does not have
an analytical solution for more than two particles and approx-
imations shall be considered to solve a general n-particles sys-
tem. Specifically, one can separate nuclear and electronic con-
tributions in the molecular Hamiltonian by means of the Born-
Oppenheimer Approximation. The starting point will be the
definition of the molecular Hamiltonian operator in cartesian co-
ordinates:

Ĥ = −
∑
i

1

2
∇2

i −
∑
k

1

2mk
∇2

k−
∑
i

∑
k

Zk

rik
+
∑
i<j

1

rij
+
∑
k<l

ZkZl

rkl

(2.11)
Where i and j denote electrons, k and l denote nuclei, mk is

the mass of the nucleus k, Z is an atomic number, rij is the dis-
tance between particles i and j , and ∇2 is the Laplacian operator
which takes different forms depending on the coordinate system.
Now, considering that protons are almost 2000 times more mas-
sive than electrons and the kinetic energy operator has the mass
in the denominator one can consider that the electronic relaxation
is instantaneous with respect to the nuclear motion. Or, in other
words, one can decouple the motion of electrons and nuclei and
consider the calculation of the electronic energy for fixed nuclear
coordinates. With that assumption, the electronic Hamiltonian
under the Born-Oppenheimer approximation will be:

Ĥ = −
∑
i

1

2
∇2

i −
∑
i

∑
k

Zk

rik
+

∑
i<j

1

rij
+

∑
k<l

ZkZl

rkl
(2.12)

And grouping the first three terms as Ĥel (electronic Hamil-
tonian) and the fourth as V̂NN (nuclear repulsion) one ends up
with the Born-Oppenheimer electronic Schrödinger equation:(

Ĥel + V̂NN

)
ψel (ri ; rj ) = Eelψel (ri ; rj ) (2.13)

Where ri are the electronic coordinates and rj are the nuclear
coordinates.

Note: the nuclear coordinates will act as a set of parameters and not
as variables, that is why they are after a semicolon and not a comma.
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WAVE-FUNCTION FORMALISM

To solve the previous equation, one shall have a closer look at the
Hamiltonian operator. Considering the equation 2.13, in general
this differential equation will have infinite acceptable solutions
ψi , each of one characterized by one eigenvalue Ei . One can
assume that the solutions are orthonormal forming a complete
orthonormal (or canonical) basis set. That assumption, in bracket
notation, implies the following:

〈ψi | ψj 〉 = δij (2.14)

And applying it to the electronic Schrödinger equation 2.13, one
obtains:

〈ψi |Ĥ |ψj 〉 = 〈ψi |Ei | ψj 〉 = Ei δij (2.15)

One can express a molecular wavefunction φ as a linear combi-
nation of the orthonormal basis set of wavefunctions ψi :

φ =
∑
i

ciψi (2.16)

The normality of the molecular wavefunction φ will restrict the
values of the coefficients c to fulfill

∑
i c

2
i = 1. Inserting the

molecular wavefunction into the Schrödinger equation 2.15 one
obtains:

〈φ|Ĥ |φ〉 =
∑
i

c2i Ei (2.17)

In the set of eigenvalues Ei the lowest one will define the ground
state energy of the molecule E0 . Isolating that eigenvalue from
2.17 one arrives to:

〈φ|Ĥ |φ〉 − E0 〈φ|φ〉 =
∑
i

c2i (E i − E0 ) (2.18)

Since the values of c2i can be only greater or equal to zero, the
right side of 2.18 can be only greater or equal to zero, therefore:

〈φ|Ĥ |φ〉
〈φ|φ〉 ≥ E0 (2.19)

But since it has been imposed normality on the molecular wave-
function, one arrives to the final expression with very important
implications:

〈φ|Ĥ |φ〉 ≥ E0 (2.20)

This equation can be read as: the expectation value of the
Hamiltonian operator applied to the molecular wavefunction will
be greater or equal to the ground state energy of the molecule.
And this is known as the variational principle that offers a way
to obtain our molecular wavefunctions.
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Knowing this, one just needs a proper description for the many-
electron wave function. In this regard, the first proposal was
done by Hartree where the many-electron wave function φ is ex-
pressed as a product of one electron spin orbital wave functions
χi :

φ (r1 , . . . , rN ) =

N∏
i=1

χi (ri) (2.21)

But this formulation has remarkable deficiencies. The first one
is that it violates the antisymmetry of the spin orbital wave func-
tions or Pauli exclusion principle. The second one is that it distin-
guishes between electrons, and electrons are indistinguishable.
Therefore, Slater proposed to express the many-electron wave-
function as a determinant (which is antisymmetric with respect
to the permutations), known as the Slater determinant.

φ (r1 , . . . , rN ) =
1√
N !

∣∣∣∣∣∣∣
χ1 (r1) · · · χN (r1)

...
. . .

...
χ1 (rN ) · · · χN (rN )

∣∣∣∣∣∣∣ (2.22)

Once the molecular wavefunction is expressed as a Slater de-
terminant, one procedure to obtain the energy is the Hartree-
Fock method. Even though the accuracy of the Hartree-Fock
method is very low it serves as the starting point for more ac-
curate wave function methods as well as the Kohn-Sham formu-
lation based on the electron density. The essence of the method,
inspired by the variational principle, is to find the minimum en-
ergy as a function of a basis set of spin orbitals χ1 , . . . , χN , while
keeping those orbitals orthonormal. To perform that constrained
minimization one can make use of a Lagrange multiplier defined
as:

L[χ] = E [χ] −
∑
i,j

εji(〈χi |χj 〉 − δij ) (2.23)

Where L is the Lagrangian function and εji are the Lagrange
multipliers. To find the minimum of the Lagrangian function one
needs to impose that the first variation equals zero (δL = 0).
Expressing the energy as the expectation value of the electronic
energy with respect to the Slater determinant one obtains the first
variation will be the Hartree-Fock solution:

F̂ |χi〉 =
∑
j

εji |χj 〉 (2.24)

Where F̂ is the Fock operator defined as:

F̂ = ĥ +
∑
j

(
Ĵj − K̂j

)
(2.25)

Where ĥ is the one-electron operator and Ĵ and K̂ are the Coulomb
and exchange two-electron operators respectively. The equation
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2.24 is not particularly useful for practical purposes, since the
Fock operator F̂ , when acting on a molecular orbital χi , will not
return the same molecular orbital times a constant, but rather
a set of orbitals χj times a set of multipliers εji . One can use
another set of orbitals χ′ that diagonalizes the Fock matrix F
(F′ = 〈χ′ |F̂ |χ′〉 = U †〈χ|F̂ |χ〉U ) by applying a unitary trans-
formation U to the original set of orbitals χ. The new set of or-
bitals will be called canonical spin orbitals and leads to the canon-
ical form of the Hartree-Fock equation:

F̂ |χi〉 = εi |χi〉 (2.26)

Now, applying the Fock operator F̂ on the molecular orbitals will
give only one eigenvalue εi per molecular orbital χi correspond-
ing to its energy.

Finally, the spatial part of the spin orbitals (or molecular or-
bitals) can be expressed as a linear combination of atomic or-
bitals θ, i.e., χi = θC, where C is the vector of coefficients c
and θ express the set of orthonormal atomic orbitals or basis set.
The canonical Hartree-Fock in atomic orbital basis (known as the
Roothaan equation) will be:

FC = SCε (2.27)

Where S is the overlap matrix between atomic orbitals (〈θi |θj 〉)
and ε is the diagonal matrix collecting the orbital energies. The
equation 2.27 can be solved iteratively by means of the self-consistent
field procedure.

ELECTRON DENSITY FORMALISM

Starting from the anti-symmetric N-electron wave function of
an isolated N-electron molecule Ψ0 (r1 , . . . ., rN ), dependent on
the spatial coordinates of the electrons ri , the electron density
formalism will focus on the one-electron density

n0 (r) = N

∫
|Ψ0 (r, r2 . . . ., rN )|2 d3r2 . . . .d

3rN (2.28)

which depends solely on the three cartesian components x, y, z
of the position vector r and, is the foundation of the Density
Functional Theory (DFT). Coming back to the Hamiltonian op-
erator defined in 2.12, one can recall the electron-nuclear attrac-
tion operator with the coordinate vector representation r as ex-
ternal potential. In the assumption done before of an isolated
system, the external potential operator is

v̂ (r) = −
∑
K

ZK

|r − RK | (2.29)
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Where ZK is the atomic number of the atom K and RK denotes
the position vector of the atom K . The description of the ground
state of a molecule through the electron density was legitimized
after the Hohenberg and Kohn theorems for v-representable elec-
tron densities in 1964 39. An electron density is v-representable if
it is associated with a ground-state solution to the Schrödinger
equation. But if one considers all the possible variations in the
external potential an infinite number of v-representable densities
can be obtained and therefore, one needs a way to obtain the right
density. Here is where the Hohenberg-Kohn theorems play their
role.

Hohenberg-Kohn theorem I

The external potential v̂ (r) of a given system is a unique functional of
the electron density ñ0 (r)

Where ñ0 (r) corresponds to any functional contained in the
set of v-representable densities. This theorem allows the decou-
pling of the external potential in the energy functional as:

E [n0 (r)] = FHK [no (r)] + v [n0 (r)] (2.30)

Where FHK is the Hohenberg-Kohn functional defined as the
sum of the kinetic and potential electron energies. In this sense,
the Hohenberg-Kohn potential is universal since it does not de-
pend on external potential.
Note: the operator notation κ̂ is substituted by the functional (functions
that take functions as arguments) notation κ[f (r)].

Hohenberg-Kohn theorem II

From the v-representable densities ñ0 (r) satisfying:∫
ñ0 (r) d

3r = N ; ñ0 (r) ≥ 0 (2.31)

The exact ground state energy E0 can be obtained variationally i.e. the
density that minimizes the total energy is the ground state energy.

Thus, the second theorem allows the use of the variational
principle derived from the wave-function formalism. Neverthe-
less, the practical implementation of v-representable electron den-
sities is severely dulled by the difficulties of keeping the density
variations v-representable. To overcome this difficulty, one can
use a wider class of densities called N-representable densities.
An electron density is N-representable if it can be obtained from
some anti-symmetric wave function. Levy demonstrated that a
universal variational functional that provides the sum of kinetic
and potential energy exists, and this functional can be obtained

1 8
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by a constrained minimization of the set of wavefunctions Ψ 40

leading to the density:

F [n(r)] = min
Ψ→n(r)

〈Ψ|T̂ + V̂ |Ψ〉 (2.32)

When applied to v-representable densities, the functional is
the Hohenberg-Kohn functional FHK and leads to the exact ground
state energy E0 . Meanwhile, N-representable densities will lead
to the variational principle with respect to the N-representable
density.

FHK [n (r)] + v [n (r)] ≥ E0 (2.33)

Using a similar strategy as the adopted in the wave-function
formalism, one can construct a Lagrangian function to perform
the constrained minimization (Equation 2.32).

Kohn-Sham method

Despite the exact nature of the DFT for v-representable densi-
ties, the practical implementation of DFT requires the use of N-
representable densities leading to non-exact ground state ener-
gies. A representation of the electronic wavefunction, that en-
sures the N-representability of the density, is a Slater determi-
nant (2.22). The foundation of the Kohn-Sham is using, as start-
ing point, a non-interacting electrons system that have the same
ground state density as the real interacting-electron system. This
is true, since the local maxima of the electronic densities are lo-
cated at the nuclei positions:

δρ̄(rA)

δrA

∣∣∣∣
rA=0

= −2ZAρ(rA) (2.34)

Where ρ̄(rA) is the spherical density around the distance to the
nucleus A (rA) and ZA is the atomic number of the nucleus A.
In consequence, the energy functional can be separated as:

E [n(r)] = T [n(r)]+V [n(r)]+v [n(r)]+ΔT [n(r)]+ΔV [n(r)]
(2.35)

The three first terms of the equation 2.35 refer to the electron
kinetic energy, the classical Coulomb repulsion between electrons,
and the external potential under the assumption of non-interacting
electrons. The two last terms account for the non-classical cor-
rections (electron-interacting system) of the electron kinetic and
Coulomb energies and will be grouped as the Exchange-Correlation
functional EXC [n (r)]. Following the same philosophy as the
Hartree-Fock derivation to find the spin-orbitals χi , the canoni-
cal Kohn-Sham equation will read as:

f̂KS |χi〉 = εi | χi〉 (2.36)
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In this case, instead of the Fock operator one will have the Kohn-
Sham operator:

f̂KS = − �
2

2me
Δ2 + veff (r) (2.37)

Where, the effective potential veff (r) groups the electron kinetic
and Coulomb repulsion energies and the functional derivative of
the exchange-correlation:

vXC (r) =
δEXC

δn (r)
(2.38)

From this point ahead, the procedure is fairly similar to Hartree-
Fock. Nevertheless, it is important to remark that both formu-
lations have a key difference: DFT is essentially exact, the only
incognita is the exact formulation of EXC [n (r)] and, alas Hohenberg-
Kohn theorems prove the existence of a functional, they do not
offer any procedure to find it.

Exchange-Correlation Functionals

The accuracy of DFT will depend on how capable our exchange-
correlation functional is to describe the non-classical electron-
electron interactions in the molecule. The exact form of the func-
tional is still unknown, so the development of these functionals is
based on approximations. The first and most simple approxima-
tion is the Local Density Approximation (LDA) which depends
solely on n (r). These functionals provide a poor description of
bonding regions since there the density varies rapidly. The most
popular LDA functional is a combination of Dirac exchange 41

and Vosko-Wilk-Nussair correlation 42. To describe the rapidly
varying density regions one can add in the functional the density
gradient ∇n (r) leading to another family of functionals called
Generalized Gradient Approximation (GGA). Notable examples
of GGA functionals are the exchange functional B88 43 and the
correlation functional Lee-Yang-Parr (LYP) 44 and the exchange-
correlation functional PBE (Perdew-Burke-Ernzerhof) 45.

Hybrid exchange-correlation functionals

This family of functionals is also called adiabatic connection method
functionals. If one starts by the non-interacting system (without
the non-classical effects), applying the Hellmann-Feynman theo-
rem the exchange correlation can be computed as

EXC =

∫ 1

0

〈Ψ (λ)|VXC (λ)|Ψ (λ)〉 dλ (2.39)

where λ describes the interelectronic interaction from non-
interacting to interacting. Since the exact exchange of the non-
interacting electrons is described by Hartree-Fock, then the ex-
pectation value (2.39) can be decomposed into

EXC = (1 − a)EDFT
XC + aEHF

X (2.40)
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where a is a parameter containing the relative weight of the DFT
and Hartree-Fock components of the total expectation value. Based
on this mix between DFT and Hartree-Fock these functionals are
called hybrid and the analysis of the relative weights motivates
the name of adiabatic connection method functionals. Becke ap-
proached this method by changing the optimization of a single
parameter a to the inclusion of additional empirical parameters
b and c, leading to the popular B3LYP 46

EB3LY P
XC = (1 − a)ELSDA

X + aEHF
X + bB88

x + (1 − c)ELSDA
c

+ cELY P
c

(2.41)

where the Local Spin-Density Approximation (LSDA), which is
a generalization of the LDA that includes the spin polarization
(which must be included in systems with unpaired electrons i.e,
open-shell systems), is used. B3LYP is arguably the most widely
used functional due to its overall performance for molecular elec-
tronic ground states. Nevertheless, exchange-correlation func-
tionals fail to describe the van der Waals interactions leading to
errors in structure optimizations. To address this matter, Grimme
and co-workers added kinetic-energy density-dependent disper-
sion corrections, known as D3 and D4 empirical dispersion 47.
The combination of B3LYP functional and D3 empirical disper-
sion forms the B3LYP-D3 functional, which is widely used for
molecular optimizations, and in this thesis, all DFT calculations
use this functional.
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Molecular Mechanics

Moving from the electron domain to the atomic domain, the dy-
namical equation is no longer the Schrödinger equation but the
Newton’s equation. In other words, one is moving from quan-
tum mechanics to classical mechanics and, consequently, the sys-
tem sizes and the timescales of interest can be considerably larger.
The fundamental concept in molecular mechanics is the force
field, which expresses the electronic energy as a parametric func-
tion of the nuclear coordinates. The preamble of any molecular
mechanics method will be the definition of the force field pa-
rameters by fitting those from experimental data or higher-level
calculations. This pre-step highlights a fundamental difference
between force field methods and quantum mechanical methods:
the bonding information is an “input” information rather than an
“output” information. The original idea behind the force field is
coming from spectroscopy, where has been observed that func-
tional groups and bond types have similar vibrational frequen-
cies along roughly all molecules containing those. On that basis,
one can define a set of bonding parameters for different bonds
and functional groups and use those in a large set of molecules.

FORCE FIELD ENERGY
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Figure 2.3: On the left side the illustration of the type of interactions
that should be parametrized prior in force field methods (left side). On
the right side is the different representations of bonds considered in force
field methods, and from the potential energy curve between two atoms
A and B, the Lennard-Jones non-bonded parameters can be determined

In the force field model, the atoms will be modeled as mas-
sive particles where bonds can be described by a harmonic os-
cillator (in the simplest description) or a Morse potential if one
wants to describe as well bond dissociation. Naturally, in order
to preserve the structure of the molecule, other parameters need
to be added i.e. bending constants, torsional constants and out-
of-plane (improper torsions) constants. Those constants involve
three, four and four atoms, respectively, whereas stretch involves
only two. Non-bonded atoms will be described by non-bonded
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interactions, which are the classical Coulomb and Lennard-Jones
(Figure 2.3)

The specific mathematical expression of the bonded compo-
nents will depend on the level of accuracy and the extent of com-
putational resources available.

2-body bonded interactions

The simplest way to approach the description of the stretch po-
tential between two atoms is to use a Taylor expansion around
the equilibrium distance R0

E (R − R0) = E (0) +
dE

dR
(R − R0) +

1

2

d2E

dR2
(R − R0)

2 + . . .

(2.42)
Truncating 2.42 to the second order and setting E(0) to zero,

the first derivative evaluated around the equilibrium is zero for
being a minimum. Consequently, the bond stretching will adopt
the form of a harmonic potential

Estr (R − R0) =
1

2
k (R − R0)

2 (2.43)

where k denotes the stretch force constant (or spring constant),
defined as the second derivative of the potential with respect to
the distance R. Naturally, 2.43 cannot reproduce bond dissoci-
ation and, if one is interested in forming or breaking bonds a
Morse potential can also be employed:

Emorse (R) = D
[
1 − e−α(R−R0)

]2
(2.44)

Where, D is the depth of the well and α represents the steep-
ness of the well and can be derived from a harmonic potential as
follows:

α =

√
k

2D
(2.45)

3-body bonded interactions

The bond-angle vibration between three atoms can be also de-
scribed by a harmonic potential with respect to the angle θ

Ebend (θ) = kθ (θ − θ0)
2 (2.46)

where kθ is the bending force constant.

4-body bonded interactions

Here there are two different types of interactions: proper dihe-
drals and improper (out-of-plane) dihedrals. To understand the
difference between those, let us look at figure 2.4. The proper
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Figure 2.4: Representation of proper and improper dihedrals

dihedral will be defined by the angle between the planes CBA
and BCD, whereas the improper dihedral will be defined by the
angle between the planes EBC and BCD or EBC and CBA.

The mathematical expression of the improper dihedrals is equiv-
alent to the bond-angle 2.46, being this time the angle between
two planes and not three atoms. The mathematical expression
for the proper dihedrals is more complex since it needs to cap-
ture the periodic nature of torsions. In the simplest expression
one can consider the torsions as a function of the cosine of the
angle in a similar fashion as the classical wave function

Edih(φ) = kφ(1 + cos (nφ − φs)) (2.47)

where φ is the dihedral angle and φs is the phase angle and n ex-
presses the periodicity. Obviously, 2.47 depicts a very simplistic
picture of the torsional behavior and neglects all the other pos-
sible equilibrium positions that can happen. In practical work,
other expressions will be used in the force fields. The most com-
plex is the Ryckaert-Bellemans function 48 in which six terms with
corresponding parameters C are used and mathematically it takes
the shape:

ERB (φ) =

5∑
n=0

Cn(cos(φ − 180))n (2.48)

Another expression used widely is the Fourier expansion for di-
hedrals, which uses four parameters, and it is computationally
more efficient

EF (φ) =
1

2
[F1 (1 + cos (φ)) + F2 (1 − cos (2φ))

+ F3 (1 + cos (3φ)) + F4 (1 − cos (4φ))
(2.49)
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One can inter-convert one to the other by the following rela-
tionships:

C0 = F2 + 1/2 (F1 + F3)

C1 = 1/2 (−F 1 + 3F 3)2 = −F 2 + 4F4

C3 = −2F 3

C4 = −4F 4

C5 = 0

(2.50)

Total force field energy

The use of one or the other expression depends on the force field
and the kind of calculation we need to perform. Once all the
parameters have been defined the total potential energy from
the force field will be calculated by adding the bonded and non-
bonded energies

EFF = E2body + E3body + E4body + ELJ + EC (2.51)

Being the non-bonded energies:

ELJ (R) = 4εij

[( σij

R

)12

−
( σij

R

)6
]

EC (R) =
1

4πε0

qiqj
R

(2.52)

Where, ELJ is the Lennard-Jones potential energy, R is the
interatomic distance between i and j , ε is the depth of the well
of the Lennard-Jones potential, σ is the distance where ELJ = 0.
EC is the Coulomb potential energy, ε0 is the vacuum permittiv-
ity and qi and qj are the partial charges of atoms i and j respec-
tively. Alternatively to the Lennard-Jones potential, other formu-
lations can be used as the Buckingham potential that describes
better repulsions than Lennard-Jones or the 12-6-4 Lennard-Jones
potential for description of charge-induced dipole interaction 49.

It is important to notice that force fields assume constant charges
for the atoms. This assumption could lead to errors if confor-
mational changes lead to polarization effects or the environment
affects strongly the charge distribution. To remedy this issue
one can make use of polarizable force fields that account for partial
charge changes due to polarization effects from the environment.
In the case of modeling organometalic complexes, the conforma-
tional changes should be small (root mean square deviation un-
der 1 Å) and the use of averaged charges is usually an acceptable
approximation. Also, the C6 and C12 parameters in the Lennard-
Jones potential are dependent on the polarizability, which can
dramatically change by conjugation effects. To account for this
limitation one can make use of linear response theory to calcu-
late changes in the polarizability by conjugation which leads to
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changes in the C6 and C12 parameters. As an example, this effect
is specially relevant in CNT surfaces where standard force field
descriptions uses as non-bonded parameters the C6 parameters
from benzene. In a more realistic description of the highly conju-
gated CNT, the C6 parameter of the carbon atom is almost twice.
Failing to include the conjugation effects can lead to big errors
while studying adsorption of catalysts to carbon surfaces.

KINETIC ENERGY AND MOLECULAR DYNAMICS

The force field will provide the potential energy surface of the
system. This information is enough if the goal is minimizing the
energy and find the possible conformations (atomic positions) of
one or several molecules. But, to calculate the total energy, one
need to add the kinetic energy implying dealing with the many-
body dynamical equation by means of the statistical mechanics
tools. Specifically, the set of methods that solve the dynamical
equation for atoms on the force field energy surface are called
Molecular Dynamics (MD). Mathematically the Newton’s equa-
tion for N-particles will be:

mi
δ2ri
δt2

= Fi = − δEFF

δri
, i = 1 . . . N (2.53)

From 2.53 there is one variable that must be computed i.e. the
temporal derivatives of the position(velocity and acceleration).
To do that, initial conditions must be defined. Firstly, will be ini-
tial coordinates, those are provided in a geometry file. Secondly,
the initial velocities (first temporal derivative of the coordinates)
that can be explicitly defined or assigned by means of a Maxwell-
Boltzmann distribution for a given temperature T :

p (v) =

√
mi

2πkbT
e

(
−miv

2
i

2kbT

)
(2.54)

Where p(v) is the probability distribution of velocities v and
kb refers to the Boltzmann constant. Once the initial conditions
are established, the forces F are obtained through the force field
potential energy at the initial coordinates. The kinetic energy is
computed through the usual expression in classical mechanics:

Ekin =
1

2

N∑
i

miv
2
i (2.55)

To integrate the dynamical equation, one needs to update the
positions according to the total energy of the system. Given a
small time step Δt, the positions at t+Δt can be calculated with
a Taylor expansion of r (t):

ri+1 = ri + vi(Δt) + 1/2ai(Δt)2 + 1/6bi(Δt)3 + . . . (2.56)
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Equivalently, one can determine the positions at t − Δt

ri−1 = ri − vi(Δt) + 1/2ai(Δt)2 − 1/6bi(Δt)3 + . . . (2.57)

Being a the acceleration and b the first hyperacceleration. Adding
2.56 and 2.57 provides a formula to obtain the new positions,
based on known previous positions and the acceleration (obtained
from the forces), known as the Verlet integrator:

ri+1 = (2ri − ri−1) + aiΔt2 (2.58)

The time step Δt will be determined by the fastest motion in the
system (as one order of magnitude smaller than the faster mo-
tion). Typically, the fastest motion in molecular systems is the
vibration of hydrogens, since they are the lightest atoms. Hydro-
gen vibrations are on the order of 10-14 s, therefore the Δt shall
be in the order of femtoseconds (10-15 s). This small Δt can lead
to computational errors due to finite precision in the calculation
of (2ri − ri−1) in 2.58. Furthermore, the Verlet integrator does
not consider explicitly the velocities. These issues can be reme-
died by using half of the step time in 2.56 and 2.57 leading to the
leap-frog integrator:

ri+1 = ri + vi+1/2Δt

vi+1/2 = vi−1/2 + aiΔt
(2.59)

Thermodynamical ensembles in MD

The output of a MD simulation generates by default a micro-
canonical (NVE) ensemble where temperature and pressure will
fluctuate freely to preserve the total energy (potential from force
field and kinetic) due to the conservation of energy law. Nev-
ertheless, most of the quantities of interest are obtained in the
canonical (NVT) and isothermal-isobaric (NPT) ensembles. To
change the thermodynamical ensemble, one needs to restrict ve-
locities and positions in each time step. To control the temper-
ature in a NVT ensemble the system can be coupled to a “heat
bath” to exchange energy with the system with a time constant
known as thermostat. Since kinetic energy and temperature are
directly proportional by relation:

Ekin = 3/2RT (2.60)

Where R is the Rydberg constant. One can control the tempera-
ture by a scaling velocity factor β and the rate of heat exchange
with the heat bath is controlled by a coupling parameter τT .

dT

dt
=

1

τT
(Tdesired − Tactual) (2.61)

β = 1 +

√
1 +

Δt

τ t
(
Tdesired

Tactual
− 1) (2.62)
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Similarly, the temperature can be controlled by means of a pres-
sure bath and a barostat coupling where the velocities will re-
main unchanged, but the volume will vary and therefore, the co-
ordinates will be subjected to a scale factor γ .

dP

dt
=

1

τP
(Pdesired − Pactual) (2.63)

γ = 3

√
1 + κ

Δt

τP
(Pdesired − Pactual) (2.64)

Where κ refers to the system compressibility. Other coupling
algorithms for temperature and pressure are available and will
be used along this thesis, depending on the application or prop-
erties of interest.

Other considerations in MD simulations

Boundary conditions in MD simulations are unnatural due to
the small size of the systems treated. Therefore, if one wants to
simulate bulk conditions, boundary effects with vacuum shall be
avoided. As such, Periodic Boundary Conditions (PBC) are used
to not deal with phase boundaries. The long-range interactions,
mainly Lennard-Jones, are subjected to a cut-off radius. Since
non-bonded interactions are computed pairwise, to avoid dupli-
cating (or triplicating) an interaction the cut-off radius should al-
ways be smaller than half of the box size. Otherwise, a particle
could interact with itself in a mirror image in the neighbor cell
leading to wrong energies. In addition to this restriction in the
cut off radius, when working with charged particles, to avoid ac-
cumulation of charges at the cut-off boundary the particle-mesh
Ewald 50 algorithm shall be used.

BIASED MOLECULAR DYNAMICS AND P OTENTIAL OF MEAN
FORCE

In many systems, one may be interested in determining the free
energy of two molecules going together, or in quantifying the
solvent accessibility in terms of free energy. In these cases, it be-
comes very handy to express the free energy variation as a func-
tion of the intermolecular distance. The projection of the free en-
ergy surface along the intermolecular distance is referred as the
Potential of Mean Force (PMF) 51. The general expression for the
mean force for a system of N particles is:

−∇jw
(n) =

∫
e−βV (−∇jU ) dn+1 . . . dqN∫

e−βU dn+1 . . . dqN
; j = 1, 2, . . . , n

(2.65)
Where, −∇jw

(n) is the mean force and therefore, w(n) is the
potential of the mean force, U is the total energy of the system
and β = 1/kbT . This equation expresses the average force over
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all configurations of the n + 1 . . . N particles acting on j keep-
ing fixed 1 . . . n. In the case of bi-molecular reactions or liq-
uids over an active site n = 2 and represents the average work
needed to displace two particles from infinite distance to a dis-
tance r. There is an important relationship between the two-
particles PMF w(2)(r) and the Radial Distribution Function (RDF)
g(r)

g (r) = e
− w(2) (r)

kbT (2.66)

that is especially useful in the local ordering of liquids. From the
PMF, the free energy from the state A to B can be calculated using
the Jarzynski relation 52:

ΔGAB = −kBT log〈eβw
(2)
AB 〉A (2.67)

Which, once equation 2.66 is applied, can be used for determin-
ing the free energy for a solvent to access an active site as follows:

ΔG = −kbT log g(r) (2.68)

This simple equation can be used for liquids because the bulk
ensure that the reaction coordinate r is statistically well repre-
sented. That is not the case of a bimolecular reaction where an
unbiased MD simulation will not provide a statistically dense re-
action coordinate r and, in consequence, a pull force shall be
applied. The use of pulling forces in the foundation of biased
molecular dynamics. The most usual way to pull molecules is
through an umbrella pulling where a harmonic potential is ap-
plied between the center of mass (or a handpicked reference atom)
of two molecules (or groups in a molecule). Applying a bias
potential ω(ξ) over an interval of the reaction coordinate ξ will
modify the total energy U as follows:

Ubias = Uunbiased + ω(ξ) (2.69)

Dividing the total reaction coordinate r in several windows (um-
brella windows), where the center is determined by the coordi-
nate r = ξeq and the width depend on the spring constant k of
the harmonic potential ω(ξ), the biased potential in every win-
dow will be:

ω (ξ) =
1

2
k(ξ − ξeq )

2 (2.70)

Out of the biased MD simulations, for every umbrella window
one can obtain the biased probabilities P b

i (ξ) per window i along
the reaction coordinate interval ξ. But those biased probabilities
cannot be used to determine the real free energy and need to be
translated back to the unbiased probabilities P u

i (ξ) as follows:

P u
i (ξ) = P b

i (ξ)e
βωi (ξ)〈e−βωiχ〉i (2.71)
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Then, the free energy per window i can be determined by:

Gunbiased = −β−1 ln P b
i (ξ) − ωi (ξ) + Fi (2.72)

Where Fi is a constant corresponding to the average ensemble
〈e−βωiχ〉i , which is obtained iteratively by means of the Weighted
Histogram Analysis Method (WHAM) 53. Once all the free ener-
gies per window are determined, the reaction free energy profile
can be determined by simple integration.

EMPIRICAL VALENCE BOND APPROACH

Introduction to the Valence Bond Theory

From 1927 to 1950s, the valence bond theory competed with molec-
ular orbital methods to explore the nature of chemical bond. The
development of the valence bond theory started when Heitler
and London used it to explain the nature of the H2 molecule
bonding 54. This supposed a milestone in chemistry since, for
the first time, an explanation for how two neutral atoms can be
bonded was provided. Posterior advancements on valence bond
theory culminated with Marcus’ theory of the electron transfer in
1956 55. To briefly introduce the valence bond theory let us take
the example of the H2 molecule. Every H atom will have one
1s atomic orbital, i.e., χa and χb . In this case, χ represents the
spatial part of the orbital and the sub-indices a, b represents re-
spectively the hydrogen atoms Ha and Hb . The covalent struc-
ture can be represented through the Heitler-London (HL) 56 wave
function as:

ΦHL = |χa χ̄b | − |χ̄aχb | (2.73)

Where the χ̄ denotes β spin and the absence of the bar α spin
and, |χa χ̄b | and |χ̄aχb |are the anti-symmetric determinants de-
noting the singlet states:

|χa χ̄b | = 1√
2
[χa (1) α (1) χb (2) β (2) − χa (2) α (2) χb (1) β (1)]

(2.74)

|χ̄aχb | = 1√
2
[χa (1) β (1) χb (2) α (2) − χa (2) β (2) χb (1) α (1)]

(2.75)
In a similar fashion, one can consider the symmetric singlet

ionic wave function

Φionic = |χa χ̄a | + |χb χ̄b | (2.76)

where the determinants are:

|χa χ̄a | = 1√
2
[χa (1) α (1) − χa (2) β (2)] (2.77)

|χb χ̄b | = 1√
2
[χb (1) α (1) − χb (2) β (2)] (2.78)
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The valence bond wavefunction will be written as a linear com-
bination of both covalent (2.73) and ionic (2.76) contributions:

Ψvb = η (|χa χ̄b | − |χ̄aχb |) + μ(|χa χ̄a | + |χb χ̄b |) (2.79)

Note: Here symmetry is defined with respect to the permutations
At the equilibrium distance, the bonding is predominately co-

valent (around 75%), however, there is also an ionic contribution.
The bonding energy for the singlet state is given by the equation:

Evb = 2E0 +
K + A

2(1 + S2
ab)

(2.80)

Where E0 is the energy at infinite distance, K is the Coulomb
contribution, A is the exchange and Sab is the overlap integral.
Evaluation of the terms for the H2 molecule reveals that the ex-
change contribution is much larger than the Coulomb (figure 2.5)
and therefore, revealing that the covalent bond is dominated by
the exchange term of the Hamiltonian.

Exchange

Coulombic

E

dabE0

S

1

0

Overlap S

Figure 2.5: Representation of the Coulomb and exchange energy con-
tributions in the H2 molecule as well the variation of the overlap S with
respect to the internuclear distance dab

Empirical Valence Bond

The Empirical Valence Bond (EVB) arises to aid the exploration
of chemical reactivity in complex environments, where quantum
mechanical methods are too expensive and molecular mechan-
ics are too inaccurate to describe a high-quality potential energy
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surface 57. In this regard, EVB is an intermediate approach be-
tween quantum and molecular mechanics where the environ-
ment and unactive parts of a molecule can be effectively treated
by molecular mechanics but, the reactive region will be corrected
by means of empirical (or quantum mechanical) references. In
consequence, EVB is, in practice, a molecular mechanics method
which introduces correction from empirical (or higher-level cal-
culations) values for a reaction of interest. The major advantage
of EVB is its capacity to describe changes in reactivity when the
environment is changed.

Let us consider a bond formation reaction defined by a reac-
tant state 1 and a product state 2. The lowest energy eigenvalue
will be given by the solution of the secular equation:∣∣∣∣ H11 − Eg H12 − EgS12

H21 − EgS21 H22 − Eg

∣∣∣∣ = 0 (2.81)

Where H11 and H22 are the potential energy surfaces of reac-
tant and products and are usually called diabatic potential sur-
faces. Eg is the adiabatic potential surface corresponding to the
transformation from 1 to 2 and S12 = S21 are the overlap be-
tween states which, in practice, are neglected and incorporated
into the off-diagonal terms H12 and H21. In the framework of
molecular mechanics, the diabatics will be defined as:

H11 = M (r1) + U
(1)
active + U

(1)
inactive (2.82)

H22 = M (r2) + U
(2)
active + U

(2)
inactive + α12 (2.83)

Where M (ri) denotes the Morse potential respect to the equi-
librium in state i, U (i)

active is the force field energy of the active re-
gion (rest of bonds, angles and dihedrals affected by the bond for-
mation), U (i)

inactive is the force field potential of the inactive part
of the molecule and α12 is the energy difference between H11

and H22 at infinite separation. The treatment of the off-diagonal
terms is purely empirical, and its mathematical description cate-
gorize the EVB methods in different formalisms. In this thesis the
original formalism by Warshel 57, where H12 = H21 and equal to
an exponential function, will be used.

Once obtained all the determinantal elements, the adiabatic
Eg will be given by the solution of 2.81:

Eg =
1

2

[
(H11 +H22)−

√
(H11 −H22)

2 + 4H2
12

]
(2.84)

Which is the canonical equation of the EVB approach.

EVB free energy

Once the adiabatic potential Eg is obtained, the interest for a
computational chemist in many cases will be obtaining the Gibbs
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free energy. One can use a Free Energy Perturbation (FEP) molec-
ular dynamics simulation in the isothermal-isobaric ensemble (NPT)
and correct it with the EVB approach. The free energy perturba-
tion is mathematically defined by the Zwanzig equation 58:

ΔG1→2 = −kbT ln

〈
e

H22−H11
kBT

〉
1

(2.85)

Where 〈〉1 denotes the average over the ensemble of the state 1.
This equation, besides its exactitude, computationally converges
very slowly. To accelerate the convergence it is customary to use
a mapping potential that slowly moves from state 1 to state 2 by
dividing the reaction coordinate into symmetrical fragments. In-
troducing a coupling parameter λ ∈ [0, 1] the mapping potential
will read as:

εm (λm) = H11 (1− λm) +H22λm (2.86)

The free energy associated with an incremental change in the
coupling parameter will be obtained applying 2.85:

ΔG(λm → λm+1) = −kbT ln〈e(−εm+1−εm)/kbT 〉λm (2.87)

And the total reaction free energy will be obtained by integrating
the incremental variations given by 2.87. Finally, to introduce the
EVB potential energy correction in the mapping potential, one
can combine 2.84, 2.86 and 2.87 in the following way:

ΔGEV B(λm → λm+1) = log

(
e(−Eg(λm)−εm(λm)/RT e(−ΔG(λm→λm+1)/RT

RT

)
(2.88)

And the summation of 2.88 over all λ will give the EVB corrected
free energy profile of reaction.
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The Oxide Relay Mechanism (Paper I)

Figure 3.1: : Structure of the Ru(tda)(py)2 in its reactive state (left) and
after the OH- attack (right)

Ru-based MWOCs have been setting the benchmark in per-
formance and stability since the first MWOC back in 1982 20. The
Ru-bda 21 has been the best performer until the synthesis in 2015
of the Ru-tda ([2,2’:6’,2”-terpyridine]-6,6’-dicarboxylato (tda)) 17

by Llobet’s group. The essential difference between the bda and
the tda ligand resides in the substitution of the bipyridine equa-
torial ligand by a terpyridine (figure 3.1). The metal center will
be bonded with three nitrogen atoms in the tda and the carboxy-
lates can be easily coordinated/decoordinated from the metal
center conferring the name “dangling ligands”. From that mo-
ment ahead, a new benchmark in efficiency was settled display-
ing activities up to 50,000 s-1 (TOF) at pH 10 and 8,000 s-1 at pH
7. As mentioned in the introduction, the O-O bond formation
is usually the bottleneck of the overall water oxidation reaction
and serves as a criterion to categorize MWOCs. The proposal
from Llobet’s group was, according to the observed first order
kinetics, a WNA mechanism. The experimental evidence was
complemented with a DFT study, reporting a free energy barrier
for the O-O bond formation of 19.5 kcal/mol 17. Despite being a
reasonable barrier, the corresponding TOF is going to be lower
than the reported one and, in addition, the WNA cannot explain
its pH dependency. In the WNA mechanism, the carboxylate lig-
and acts as a base, and since in pH 7 and 10 the non-coordinating
appeared to be fully deprotonated, the carboxylate does not offer
an explanation to the pH dependency. A previous report from
Ahlquist’s group studied the attack of a hydroxide (OH-) at dif-
ferent pH values. For pH 10 the reported barrier is 11.9 kcal/mol
and for pH 7 is 16.0 kcal/mol. Even though the barrier value
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is reasonable the OH- ion-pairing to the Ru(O)(tda)(py)2 is sub-
jected to an association free energy (from the bulk to the reac-
tive distance) with a reported value of 3.3 kcal/mol. The latter
free energy needs to be added to the O-O bond formation bar-
rier rising the overall free energy to 15.2 kcal/mol at pH 10 and
19.3 kcal/mol at pH 7, making the reaction unlikely to happen at
lower pH 59.

In the light of the above-mentioned background, we proposed
a new function for the carboxylate ligand, the oxide relay. In
short, the carboxylate will act as a nucleophile instead of as a
base, promoting bonding between the oxygen atom and the elec-
trophilic oxo group. The idea for this new functionality was
triggered by the observation of a spontaneous O-O bond for-
mation between the oxygen atom in the dangling carboxylate
and the oxo group during DFT-based energy minimization in
gas phase. Consequently, to stabilize the high-valent intermedi-
ate, explicit water molecules (in addition to the implicit solvent
model) were added. The O-O bond formation was computed
by DFT using the B3LYP-D3 functional, obtaining a value barrier
of 10.8 kcal/mol and a reaction free energy of 3.4 kcal/mol. To
get further insights in the explicit solvent effect, the force fields
for reactant and product were parameterized and the reaction
was simulated using EVB. The analysis of the hydrogen bonds
over the EVB trajectories showed a hydrophobic character of the
oxo group whereas the oxygen atoms of the carboxylate are hy-
drophilic. The next step is a RuIII/IV oxidation. Our calculations
showed a potential of 1.29 V vs NHE which is in good agree-
ment with the onset potential (figure 3.2). The oxidized RuIV

Figure 3.2: O-O bond formation reaction and Ru(III/IV) oxidation. The
relative Gibbs free energies are given in kcal/mol and the redox potential
is versus NHE

percarboxylate complex has a +2 total charge, making the OH-

attack electrostatically more favorable than at the RuV interme-
diate. The analysis of the partial charges shows a charge for the
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carbon atom (from the percarboxylate) of +0.7. Based on that,
we studied the OH- nucleophilic attack in a similar fashion as
an ester hydrolysis. The overall barrier will be composed by the
activation free energy of the OH- coming from the bulk up to
the van der Waals distance for the carbon atom and the second
component will be the C—OH bond formation. The approaching
of the OH- anion to the reactive distance can be divided in two
parts: the ion pairing with the Ru complex and the positioning
to the C-OH reactive distance. The ion pairing was calculated in
-2.7 kcal/mol and the binding free energy was calculated in 2.6
kcal/mol using PMF-US simulations. The C—OH free energy
barrier is 0.9 kcal/mol computed by DFT and, in consequence,
the overall barrier is +0.8 kcal/mol (figure 3.3). The product of
the hydrolysis is a singlet but the Ru-O2 intermediate was iden-
tified as a triplet. Therefore, the O2 release needs to undergo an
intersystem crossing between the singlet and triplet states. The
intersystem crossing was calculated in 3.6 kcal/mol and the reac-
tion is highly exergonic (-23.2 kcal/mol). Finally, the liberation of
O2 from the Ru center is a barrierless exothermic process with a
reaction free energy of -38.7 kcal/mol and the catalyst is restored
to its original state, closing the catalytic cycle.

Figure 3.3: OH- nucleophilic attack reaction free energy profile. The
Gibbs free energy is given in kcal/mol. PMF refers to potential of mean
force though umbrella sampling

The explanation of the pH dependent TOF comes from the
estimation of the rate constants for the rate limiting steps i.e., the
O-O bond formation and the OH- nucleophilic attack. The rate
for the O-O bond formation can be estimated using the Eyring
equation:

k (O −O) =
kbT

h
e

ΔG‡
RT (3.1)

Where, kb is the Boltzmann constant, h is the Plank constant,
ΔG‡ is the free energy barrier, R is the Gas constant and T is the
temperature. Using the barrier of 10.8 kcal/mol we obtain a rate
of 75,000 s-1 which will correspond to high pH values. For lower
pH values the availability of OH- will be determinant and there-
fore will be the rate limiting step. To estimate the rate, we have
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Increasing the stability of high-performance water
oxidation molecular catalysts (Paper II)

Besides the outstanding performance of Ru(tda), looking at the
bigger picture where the water splitting device utilizes the MWOC
in the anode side, the overall performance and stability will still
be poor compared to heterogeneous water oxidation catalysts 14.
The development of MWOC-based water splitting devices can
be divided into three stages: first, the development of efficient
molecular catalysts. Second, the heterogenization of MWOCs
by attaching those to the electrode surface. Third, the devel-
opment and engineering of the whole device 14. Having a high-
performance catalyst as Ru(tda), Llobet’s group proposed a het-
erogenization strategy based on modifying the axial ligand from
pyridine (py) to an anchoring pyrene-based axial ligand L (4-
(pyren-1-yl)-N-(pyridin-4-ymethyl)butanamide) (Figure 3.5). The
anchoring group can attach to CNTs via π − π stacking, restrain-
ing the mobility of the catalyst to just moving on the CNT sur-
face 60,36. This reduced degree of freedom was reported to in-
crease the stability of the catalyst up to one million in TON while
maintaining the TOF reported for the solvated catalyst 61. From
the previous section we know that the oxo group in the high-
valent [RuVO(tda)(py)2]+ is hydrophobic and a previous report
from Ahlquist’s group reported that the hydrophobic oxo in [RuVO(bda)(py)2]+

points to the CNT surface creating a water-excluded environ-
ment 36. On the basis of these results, we aimed to explore the
hydrophobicity of the active site in [RuVO(tda)L2]+ at the CNT
surface and test the oxide relay mechanism at the catalyst-surface
interface.

Figure 3.5: Drawing of the catalyst (right) and the anchoring axial lig-
and (left)

HYDROPHOBICITY OF THE ACTIVE S ITE

The exploration of the water ordering around the active site re-
quires the use dynamic methods, in this case MD simulations.
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But, prior to exploring the water structure, we were interested in
understanding the how the catalyst attaches to the CNT and re-
late it with the hydrophobicity of the active site. In consequence,
the first simulation started with the catalyst completely detached
and the oxo group pointing in the opposite direction of the CNT
to avoid any bias in the results. We identified three stages during
the attachment (Figure 3.6)

Figure 3.6: Stages identified during the MD simulation in the attach-
ment process

And the analysis of the water ordering around the oxo group
was done by plotting the RDF of water molecules around the oxo
group (Figure 3.7). The RDF shows a clear drop in the water ac-
cessibility to the active site in the final conformation with respect
to the first and second stages, indicating that the attachment to
the CNT leads to a water excluded environment. To quantify
how hindered water molecules are to access the active site in the
attached conformation, we computed the binding free energy us-
ing the equation 2.68 (see theoretical background) and compared
the solvated catalyst with the attached catalyst to a CNT and a
graphene sheet (which reproduces better the size of a large CNT
with respect to the catalyst size). The results (figure 3.8) showed
a clear increase of the binding free energy from +0.2 kcal/mol
in the solvated catalyst to +2.9 kcal/mol at the graphene .
Consequently, in operando conditions one can expect an over-
barrier on the WNA mechanism of 2.7 kcal/mol which, in terms
of the O-O bond formation reaction rate suppose a decrease of
around two orders of magnitude. This result disagrees with the
reported preserved TOF of the catalyst at the CNT surface.

THE OXIDE RELAY MECHANISM IN THE HYDROPHOBIC
ENVIRONMENT

Considering that the WNA will be hindered at the CNT surface
we explore the feasibility of the oxide relay mechanism in the
water excluded environment. Specifically, we will look at the
rate limiting steps in the oxide relay, i.e., the O-O bond forma-
tion and the hydroxyl nucleophilic attack. To study the environ-
mental effect in the O-O bond formation process, we employed
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Figure 3.7: Radial distribution function of the oxygen atoms from water
with respect to the oxo group in selected snapshots from every stage ob-
served

Figure 3.8: Potential of mean force for water approaching to the active
site for the scenarios studied in this chapter

the EVB approach due to its suitability to compare reactivity in
different environments. After estimating the EVB off-diagonal
terms using a simulation of the solvated catalyst with the an-
choring group as the reference, we computed the free energy
for the attached conformation (where the oxo group points to-
wards the surface). The results showed an activation free energy
of 11.5 kcal/mol at the surface, value that is just 0.7 kcal/mol
higher than the solvated catalyst (10.8 kcal/mol). This difference
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is in the order of magnitude of the accuracy for the EVB method
and hence, we can propose that activation energy is almost un-
affected. For the OH- nucleophilic attack, since the biggest con-
tribution for the activation free energy comes from the OH- ap-
proach from the bulk to the carbon atom of the percarboxylate,
we have computed the PMF from 11 Å to 4 Å and obtained an as-
sociation free energy of 3.0 kcal/mol. Comparing that activation
free energy with the one obtained for the solvated catalyst (in the
previous section) of 2.6 kcal/mol the difference is +0.4 kcal/mol
for the attached catalyst. Such difference does not reveal a signif-
icant deviation between solvated and attached catalysts and the
activation energies can be considered equivalent.

As mentioned in the previous section, at pH 7 the rate limit-
ing step is the OH- nucleophilic attack and, accordingly, the ox-
ide relay mechanism can explain the experimental observation of
preservation of the TOF in the heterogenized system.
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The solvent and counterion effect in the dimerization of
Ru(bda) (Paper III)

[RuVO(bda)]+ moieties for water oxidation undergoes O-O bond
formation through the I2M mechanism 16, and therefore the cationic
catalysts shall be able to dimerize prior to the bond formation.
Two cations will be subjected to Coulomb repulsion when com-
ing closer and hence, a driving force must govern the dimeriza-
tion to overcome that repulsion. In aqueous solvent the driv-
ing force has been identified as the hydrophobic effect driven
by the water medium and the π − π stacking between the axial
ligands 59,62. The O-O bond formation between the radical oxyls
in RuVO(bda) has a neglectable barrier and, in consequence, the
dimerization process is what determines the overall activity rate 63.

A report from Nakajima et al. showed that Ru(bda) moieties
can be effectively used to produce N2 from ammonia using ace-
tonitrile as solvent 64. It was also reported that the key step, alike
to the I2M for the O-O bond formation, was the dimerization of
two [Ru-N]+ intermediates. The dimerization in acetonitrile can-
not be driven by the hydrophobic effect. Moreover, acetonitrile is
a less polar solvent, and the lower (compared with water) charge
screening effect of the solvent will amplify the Coulomb repul-
sion.

Figure 3.9: Potential of mean force of the catalysts approaching fom the
bulk to the prereactive distance in water and acetonitrile

In order to determine the driving force we built the force field
parameters for the reactive intermediate [RuVIN(bda)(py)2]+ and
computed the PMF for the formation of the prereactive dimer
(figure 3.9). The PMF profiles do not show a significant differ-
ence between the two media, which is counterintuitive consid-
ering the increased Coulomb repulsion in acetonitrile. Also, the
minimum of the PMF curve for the dimerization in acetonitrile
is at a shorter distance than in water, indicating the possibility of
unproductive paired conformations in water medium. An anal-
ysis of the trajectories for the paired conformations in water and
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acetonitrile showed that: in water the pyridine π − π stacking
conformation dominates whereas, in acetonitrile the prereactive
(N atoms pointing at each other) dominates (Figure 3.10).

Figure 3.10: Radial distribution function of the nitride-nitride distance
and the snapshots of the observed conformations at the maximum in the
RDF for the two solvents

To further investigate the interaction, we amplified the Coulomb
repulsion by creating an artificial +2 charged complex. Consid-
ering the lower screening effect in acetonitrile, intuitively it can
be expected that the Coulomb repulsion will avoid the dimeriza-
tion in acetonitrile. The formation of the dimer was investigated
by calculating the PMF along the dimerization process. The re-
sults revealed the opposite as the expected, the dimerization is
highly decayed in water but favored in acetonitrile (Figure 3.11).
The hydrophobic effect in aqueous solvent is superseded by the
Coulomb repulsion but, in acetonitrile, there is another effect that
must be playing a role in the dimerization. Since counterions
have been found to play a role in dimerization processes in pro-
tic solvents 65,66,67,68,69,70 we studied the dynamics of counterions
both in water (protic) and acetonitrile (aprotic) solvents during
the dimerization process.

The study of the statistical distribution of the Ru-counterion
distance for one solvated catalyst showed a much stronger complex-
counterion pairing in acetonitrile than in water (where it was
found to be negligible). Moreover, increasing the catalyst charge
further amplified the ion pairing for one solvated catalyst in ace-
tonitrile. For the dimers, we compared the anion distribution
when the catalysts are separated (farther than 18 Å) and when the
catalysts are dimerized. The results showed that the electrostatic
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Figure 3.11: Potential of mean force of the +2 charged catalysts ap-
proaching in water and acetonitrile

repulsion is cancelled (due to the ion pairing) when the com-
plexes are separated, and the dimer is stabilized (specially for the
+2 complexes) by the surrounding anions. In water, the absence
of ion pairing cannot stabilize the +4 dimer and the electrostatic
repulsion will surpass the hydrophobic effect (Figure 3.12).

Figure 3.12: Summary of the effects involved for the two solvents (wa-
ter and acetonitrile) and schematic representation of the reactions. 2Ru
refers to the free ruthenium complexes, Ru2 is the dimerized complex
in prereactive conformation, RuRu refers to the dimer in non-prereactive
conformation. Cl refers to the chloride ions and Ru2Cl2 and Ru2Cl4 refers
to the catalyst-counterion neutralized pairs. 2Cl or 4Cl indicates 2 or 4
free counterions

In conclusion, this section shows the importance of counteri-
ons and solvent in the study of supramolecular effects such as
dimerization. Specifically, here is explained the key role of the
counterions in aprotic solvents, not only as neutralizers of the
electrostatic repulsion but, also as generators of overall attractive
interactions at longer distances by dynamically pair and unpair
with the charged catalyst.
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Increasing the current density of molecular catalysts and
operando condition modelling of catalytic systems (Paper
IV)

A water oxidation electrode needs to display current densities
of at least 500 mA/cm2 to be comparable to a commercial elec-
trolyzer 71. The anchored Ru(tda) studied a previous section, can
display a current density of 10 mA/cm2 at an overpotential of
400 mV 72. The current density in a MWOC-based electrode is
highly conditioned by the amount of catalyst that is effectively
adsorbed at the anode surface 14. As seen in previous sections,
one can rely in non-covalent interactions as π − π stacking to
promote the adsorption of catalysts at the electrode surface how-
ever, non-covalent adsorption can also lead to unspecific bind-
ing conformations and aggregations affecting the reaction mech-
anism 73,74. To improve both stability and current density Llobet’s
group developed a Ru(bda) oligomer that adsorbs efficiently on
a multiwalled CNT (MWCNT) 72. The heterogenized electroan-
ode exhibits current densities of 240 mA/cm2 at 1.86 V vs the
reversible hydrogen electrode (RHE) at pH 7, while maintaining
the performance of the molecular catalyst.

The mode of attachment was investigated through 1H-Nuclear
Magnetic Resonance (NMR) spectroscopy using a low molecu-
lar weight model of the MWCNT (4-(pyren-1-yl)butan-1-ol (Pyn-
OH)) and a RuII(tda)(py)2 monomer in d6-DMSO. The results re-
vealed a CH-π interaction between the CHs of the tda and the
conjugated π-bond systems of the pyrene. The arrangement at
the surface was investigated through Scanning Tunneling Mi-
croscopy (STM) in a mixture of organic solvents and with a bias
electric field that is contrary in direction (negative) to the present
in operando conditions at the water oxidation electrode (positive
electric field). The STM showed a parallel arrangement of the
RuII oligomers, leading to a very efficient distribution along the
surface and explaining the high current density observed.

Based on the previous sections, we know that [RuVO(tda)(L)2]+1

in water medium attaches to the CNT with the CHs of the tda
pointing to the opposite direction with respect to the surface due
to the hydrophobic directionality. Nevertheless, our study was
done for a monomer with anchoring groups, without electric field
or salts, in water media and, with the reactive oxidation state of
the metal (RuV). In consequence, to avoid unreasonable compar-
isons we performed a set of MD simulations varying parameters
as oxidation state, aqueous/organic solvent, electric field, and
salts.

S IMULATIONS ON THE NMR AND STM EXPERIMENTS

We performed MD simulations reproducing the NMR experi-
mental conditions. From the trajectories we have analyzed the
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Figure 3.13: Position density volumes of the hydrogens with respect to
the Pyn-OH (left) and Pyn-H (right). The cutoff distance is 4.314 Å and
the probability isovalues are 0.250 (pink) and 0.081 (yellow). The atoms
colors are light grey (H), grey (C) and red (O)

spatial position density of the H atoms from the CH and the
pyrene and the results confirmed the CH-π interaction. The vi-
sual analysis of the trajectories also showed a stable hydrogen
bond between the alcohol termination from the Pyn-OH and the
oxygen atoms from the carboxylate indicating that the number
of CH-pyrene contacts could be amplified by the hydrogen bond.
We performed another simulation where the alcohol group in the
Pyn-OH was substituted by a hydrogen atom. The analysis of
the spatial position density showed a significant reduction of the
contacts (Figure 3.13). These results suggest that the CH-π inter-
action observed in the NMR is caused mainly by the hydrogen
bond and not the strength of the CH-π interaction per se.

Figure 3.14: Snapshot of the simulation of the STM conditions with two
pentamers with the distance of the weak O-H electrostatic interaction and
the distance between the chains using the ruthenium core as the reference

The STM experimental conditions were also simulated with
MD and the MWCNT was modelled using a graphene layer which
reproduces the relative carbon sufrace-oligomer size better. The
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RuII Monomer
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Figure 3.15: Representation of the electrostatic potential surface around
the monomers in the two different oxidation states considered. The colors
go from red (negative potential) to blue (positive potential) being green a
close-to-zero potential.

van der Waals parameters for the carbon atoms were modified
to account the size and layering effect in the polarizability of the
C atoms and an electric field was added with a value of -0.496
V. The results confirmed the reported parallel arrangement and
distance between oligomers. One of the scenarios proposed by
Llobet’s group for the interaction between the oligomers, that
keeps the parallel arrangement, was observed. Specifically, in
our simulations O—H weak electrostatic interaction between the
carboxylate of one oligomer and the CH of the tda of the other
oligomer was identified as the responsible for the parallel ar-
rangement. The simulation also confirmed that the CH-π inter-
action is the responsible for the attachment to the surface (Figure
3.14).

HYDROPHOBIC DIRECTIONALITY AND ELECTRIC FIELD IN
NON-REACTIVE PENTAMERS

From the previous sections we know that the hydrophobic di-
rectionality determines the orientation with respect to the car-
bon material in water. The hydrophobic region of a molecule can
be characterized by a close-to-zero electrostatic potential and, in
consequence, to estimate the hydrophobic directionality in dif-
ferent oxidation states we computed the electrostatic potential
surfaces of the RuII and RuV monomers (Figure 3.15). The sur-
faces reveal an inversion of the hydrophobic area between both
oxidation states and therefore, we could expect opposite orien-
tation of the oligomer when varying from RuII to RuV oxidation
states in aqueous solvent.

We performed an MD simulation of one RuII oligomer in wa-
ter and the trajectories revealed that the hydrophobic direction-
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ality determines the orientation of the pentamer (with the CH
of the tda pointing to the surface). Adding a positive electric
field, as in operando conditions, with a value of 0.4 V/nm, we ob-
served an inversion of the orientation and the negatively charged
oxygen atoms from the carboxylates will point towards the sur-
face. Since the value for the electric field can be considered a
low-end value for the operando conditions electric field 74, the in-
version of the orientation reveals that the hydrophobic effect can
be easily surpassed by the electric field. In addition to these sim-
ulations, we performed an additional simulation with two pen-
tamers to observe the alignment in aqueous solvent. The paral-
lel alignment is preserved but, the oligomers get even closer in
aqueous solvent (from an averaged distance between pentamers
from 12.63 Å to 9.83 Å). The explanation of this tighter packing
is the higher surface tension of water with respect to the organic
solvents, that decreases the solvent accessible surface area.

S IMULATIONS OF OPERANDO C ONDITIONS

When considering the reactive intermediate, characterized by the
high-valent metal center (RuV), and aqueous solvent we could
expect (from the charge distribution of the complex) that the hy-
drophobic directionality will orientate the oligomer with the oxy-
gen atoms pointing to the surface. MD simulations of one RuV

monomer in operando conditions (water and 1M phosphate buffer)
confirmed this hypothesis. Moreover, when turning on the pos-
itive electric field, as in operando conditions, the orientation re-
mains the same due to the attractive electrostatic interaction. The
electric field has also an effect on the phosphate anions local or-
dering due to the attractive electrostatic interaction between the
positive changed surface and the negative charged anions. Due
to this attraction, the concentration of the anions from the buffer
increased at the graphene surface, making the local environment
of the active site more water excluded.

CH-  interactionπ Oxo pointing to the surface

Oxidation state: II 
• Negative Electric Field - Electrostatic 

interaction

• Aqueous Solvent - Hydrophobic 

directionality

• Organic Solvent - CH-  interaction

Oxidation state: V 
• Negative Electric Field - Electrostatic 

interaction

• Organic Solvent - CH-  interaction

π

π

Oxidation state: II 
• Positive Electric Field - Electrostatic 

interaction

Oxidation state: V 
• Positive Electric Field - Electrostatic 

interaction

• Aqueous Solvent - Hydrophobic 

directionality

Figure 3.16: Summary of all the experimental conditions that lead to
either CH-pi interaction (left) or the oxo pointing to the surface
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When the reactive intermediate is simulated in a polar non-
aqueous solvent such as DMSO (used in the NMR), the hydropho-
bic effect will not play any role, but the solvent is still polar. The
MD simulations for one RuV pentamer in DMSO revealed a CH-π
interaction between the oligomer and the graphene surface and,
when including the positive electric field, the orientation is re-
versed (with the oxygen atoms pointing at the surface) due to
the electrostatic attraction. All the simulations revealed a hierar-
chy in the strength of the effects being, from the strongest to the
weakest: The electric field interaction with the charged atoms of
the oligomer, the hydrophobic directionality and finally, the CH-
π interaction (Figure 3.16).

REACTIVITY IN OPERANDO CONDITIONS

Reactive monomer

Reactant

Transition 
State

Product

Figure 3.17: Representation of the O-O bond formation modeled by
EVB. Right side are snapshots of the reactant, transition state and prod-
uct identified during the EVB simulation

In a previous section, we studied the effect on the key steps of
the oxide relay mechanism for a monomer anchored to a CNT re-
vealing that both remains unaltered. However, we do not know
how electric field and the phosphate buffer could affect the reac-
tivity in the O-O bond formation step. To investigate the bond
formation in such a complex environment we have used the EVB
approach. The O-O bond formation was modelled in only one
monomer (Figure 3.17) due to the low probability of simultane-
ous bond formations. We conducted three EVB simulations: one
solvated pentamer as the reference, one attached monomer in
water and with the phosphate buffer without electric field and
operando conditions including an electric field. The activation
free energy for the reference state is 10.8 kcal/mol and the off-
diagonal terms of the Hamiltonian has been used in the remain-
ing simulations. The activation free energy for the attached pen-
tamer is 11.5 kcal/mol (which coincides with the obtained for
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the monomer at the CNT in previous sections). When the elec-
tric field is present the activation free energy obtained was 10.7
kcal/mol. Despite the range of accuracy of the method do not
allow accurate interpretations on the free energy differences, in
absence of electric field the activation free energy matches the
reported for the monomer and the electric field seems to com-
pensate for any strain in the complex lowering the activation free
energy to the solvated monomer reported in previous sections.

In conclusion, the information revealed using NMR and the
STM under model conditions, despite being correct, should be
extrapolated carefully to the operando conditions where differ-
ent oxidation state of the metal center, different solvent and with
electric fields are present. In operando conditions, the electric
field will be dominant in determining the orientation of the pen-
tamers over the hydrophobic directionality or the CH-π interac-
tion. Finally, the oxide relay mechanism seems to remain unal-
tered in operando conditions and explains the high efficiency of
the water oxidation electrode.
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The role of the dangling ligand and radical oxide relay
(Paper V)

As mentioned in the introduction, the use of the carboxylate groups
was firstly introduce in the attempt of mimicking the oxygen evo-
lution complex in the photosystem II. It was observed that car-
boxylates and phenolates were able to stabilize high-valent in-
termediates in binuclear Mn complexes 23. After investigations
on the Ru(bda) complex, the specific role of the carboxylates is
well defined as a charge stabilizer and as proton transfer facilita-
tors (acting as a pendant base) 21. Nevertheless, other functional
groups has been successfully used in MWOCs such as phospho-
nates 75,76 or sulfonates 77,78,79. A very prominent example was re-
ported by Llobet’s group where the carboxylate groups in the
Ru(tda) MWOC were substituted by phosphonates 80. The substi-
tution changes the coordination environment from 2,2:6,2-terpyridine-
6,6-diphosphonato (tPa) to 2,2’:6’,2”-terpyridine-6,6”-diphosphonato-
O (tPaO) that makes the catalyst active. The Ru(tPaO) complex is
able to catalyze the water oxidation reaction with an astonishing
TOF of 16,000 s-1 at pH 7, twice the performance of the Ru(tda).
Motivated by the studies presented in previous sections of this
thesis we have explored the feasibility of this mechanistic path-
way in the novel Ru(tPaO) catalyst.

CATALYST ACTIVATION: RUIII TO RUV OXIDATION

Prior to the formation of the high-valent reactive intermediate,
the catalyst shall undergo a coordination of a water molecule,
followed by two consecutive oxidations and deprotonations.
The overall oxidation will be:

RuIII (tP aO)(py)2+H2O → RuV O(tP aO)(py)2+2H++2e−

Experimental determinations through cyclic voltametry reported
a redox potential for this overall step of 1.40 V vs NHE. We com-
puted the redox potential by DFT calculations using the B3LYP-
D3 functional obtaining a value of 1.54 V vs NHE, which is close
to the experimental value. The analysis of the spin density on
the RuV=O intermediate revealed a high spin density in the oxo
group (oxyl character) and the oxygen atoms of the dangling
phosphonate. The oxyl has an alpha unpaired electron and two
oxygen atoms from the phosphonate are sharing an unpaired
beta electron revealing conjugation between the oxygen atoms.
Since the reported structures at pH 7 have a fully deprotonated
dangling phosphonate the origin of the radical character of the
oxygen atoms seems unlikely to be a homolytic cleavage of an
O-H. In consequence, we investigated the RuIV/V oxidation prior
to the formation of the active intermediate. Optimization of the
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RuIV revealed that the ground state is a triplet, where the Ru cen-
ter and the oxyl have the two alpha unpaired electrons, whereas
the oxygen atoms in the dangling phosphonate have all the elec-
trons paired (Figure 3.18).

0.86

0.01

0.00

0.00

1.10

0.76

1.14

-0.07

[RuIVO(tPaO)(py)2]2- (Triplet) [RuIVO•(tPaO)(py)2]- (Doublet) 

1.58 V vs NHE 

e-

-0.44

-0.51

[RuVO(tPaO)(py)2]- (Doublet)

Figure 3.18: On the right side spin density distribution in the RuV inter-
mediate for the selected atoms that show the highest values. Blue labeled
value is referred to the Ru center and red labels refer to the oxygen atoms.
On the left side spin density distribution in the RuIV intermediate for the
same selected atoms. Magenta label indicates the RuIV metal center and
blue label indicates the RuV metal center. The green arrows represent the
unpaired electrons

In the light of this analysis, the origin of the radical seems
to be in the RuIV/V oxidation where an alpha electron from the
phosphonate is removed, leaving a beta electron unpaired and
changing the multiplicity of the RuV to a doublet. Since the ox-
idation only affects to the phosphonate and not the metal cen-
ter, the RuV-oxo intermediate will be formally a RuIV-oxyl with
a phosphonate radical, but for clarity we will name the reactive
intermediate as RuV intermediate. The computed RuIV/V redox
potential is 1.58 V vs NHE which very similar to the overall re-
dox potential and, in consequence, this oxidation could be what
determines the overpotential. To verify if the redox potential ob-
tained for the complex is comparable to the oxidation of the phos-
phonate we have calculated the redox potential of a set of smaller
models: methyl phosphonate (Me-phos), pyril phosphonate (py-
phos) and terpyril phosphonate (tpy-phos). The computed redox
potentials (vs NHE) for the reactions are:

[Me− PO3]
−2(Singlet) −−−−→

2.68V
[Me− PO3]

−1(Doublet) + e−

[py − PO3]
−2(Singlet) −−−−→

2.18V
[py − PO3]

−1(Doublet) + e−

[tpy − PO3]
−2(Singlet) −−−−→

2.12V
[tpy − PO3]

−1(Doublet) + e−
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The conjugated pyridine reduces significantly the redox po-
tential of the phosphonate compared to the Me-phos, but the
larger terpyridine does not reduce it further significantly. Since
the phosphonate reduction potental in the all the models is sig-
nificantly higher to the one computed for the complex, we have
analyzed the partial charges between the oxyl and the oxygen
atoms in the phosphonate. We observed a strain in the RuIV inter-
mediate due to the electrostatic repulsion between the oxyl and
the oxygen atoms in the phosphonate. The oxidation to RuV re-
duces the electrostatic repulsion in around 61 %, the decreased
repulsion could explain that the oxidation is favoured in this
complex.

O-O BOND FORMATION

Due to the radical character of the oxygen atoms involved in the
O-O bond formation we could expect a lower energy barrier for
this complex. The computed free energy barrier is 2.1 kcal/mol
and the reaction free energy is -5.9 kcal/mol. The intramolecu-
lar radical coupling lowers the barrier from 10.8 kcal/mol in the
Ru(tda) to 2.1 kcal/mol in the Ru(tPaO) (Figure 3.19).

2.1 kcal/mol

-5.9 kcal/mol

RuVO(tPaO)(py)2

O-O bond TS

RuIIIOO-PO2

2.92 Å

1.87 Å

1.47 Å

Figure 3.19: O-O bond formation energy profile computed by DFT as
well the O–O distances during the reaction

Prior to the hydroxyl nucleophilic attack, we proposed an ox-
idation from RuIII to RuIV which facilitates the approach of the
OH- to the complex in the Ru(tda). We computed the RuIII/IV

oxidation for the Ru(tPaO) obtaining a value of 1.46 V vs NHE,
which is slightly higher than the reported for Ru(tda) (1.29 V vs
NHE) but it is an acceptable value for the electrocatalytic condi-
tions. The RuIV complex is, in this case, a triplet and the partial
charge of the phosphorus atom is +0.91, slightly more positive
than the observed in the carbon atom in the Ru(tda), but at the
same time the phosphonate is bulkier than the carboxylate and
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the oxygen atoms in the phosphonate are more negative charged
than the ones in the carboxylate (Figure 3.20).

+0.97

-0.72

-0.74

+0.71

-0.22

-0.49

RuIV(tda) RuIV(tPaO)

Figure 3.20: Comparison of the partial charges involved in the OH- nu-
cleophilic attack between the Ru(tda) (left side) and the Ru(tPaO) (right
side)

In consequence we could expect a higher energy barrier for
the P-OH bond formation in this complex as compared to the C-
OH bond formation in the Ru(tda)

HYDROXYL NUCLEOPHILIC ATTACK AND OXYGEN RELEASE

From the RuIV intermediate we have added an explicit OH- and
modelled the reaction in a similar fashion as a phosphate hydrol-
ysis (where the leaving group is in trans with respect to the at-
tacking group). The transition state has a Gibbs free energy of 4.2
kcal/mol revealing that in the Ru(tPaO) the rate limting step is
the OH- nucleophilic attack for all pH values. Simulataneosly to
the OH-, the O-O is released from the phosphonate. The reaction
is exergonic with a reaction free energy of -10.4 kcal/mol (Figure
3.21).

Since the complex is already a triplet, the O-O release does
not undergo a singlet/triplet intersystem crossing as in the case
of the Ru(tda). The release is barrierless and exergonic with a
reaction free energy of -41.5 kcal/mol with respect to the inter-
mediate before the OH- attack (RuIV(OO)(tPaO)(py)2).

SULFONATE AS DANGLING LIGAND

As mentioned before, the sulfonate has been used successfully
in some MWOCs 77,78, and recently has been reported a modifica-
tion of the Ru(bda) where the carboxylates has been substituted
by sulfonates (Ru(bds)) and the TOF is 12,900 s-1 at neutral pH 79.
Since the geometrical features of the sulfonate and phosphonate
are similar, in addition, we decided to explore the reactivity of a
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In conclusion, the oxide relay mechanism can explain the re-
activity observed for the Ru(tPaO) complex but two important
differences has been identified. The first one is the radical char-
acter of the oxygens involved in the O-O bond formation and the
catalyst will undergo an intramolecular radical coupling. The
second one is that the rate limiting step is the hydroxyl nucle-
ophilic attack for all pH values whereas in the Ru(tda) the rate
limiting step is different in different pH ranges. On the basis of
these differences we propose this mechanism as a variation of
the oxide relay mechanism called the "radical oxide relay" mech-
anism. In addition we have observed that in a theoretical Ru(tds)
where carboxylates are replaced by sulfonates in the Ru(tda) is
not efficient under the oxide relay mechanism.
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In this thesis, the oxide relay mechanism has been defined and
characterized through theoretical investigations on the mecha-
nistic cycle of the Ru(tda). The oxide relay mechanism can ex-
plain the high activity of the catalyst and the pH-dependent re-
activity. The key steps in the oxide relay mechanism are the O-O
bond formation via nucleophilic attack of the carboxylate and the
posterior hydroxyl nucleophilic attack to break the percarboxy-
late intermediate and restore the carboxylate dangling ligand.
The pH dependency is explained through the rate-limiting step
at different pH ranges. At pH lower than 8-9 the rate-limiting
step is the hydroxyl nucleophilic attack due to the limiting con-
centration of OH- in the solvent. At pH higher than 8-9 the rate-
limiting step is the O-O bond formation, due to its energy re-
quirements.

To assess the stability problems inherent to molecular cata-
lysts for water oxidation, heterogenization through attachment
to the electrode surface is one strategy. The Ru(tda) complex can
be attached to CNTs by adding an anchoring axial ligand that
promotes the attachment via π − π stacking. The hybrid cata-
lyst shows the same activity as the molecular counterpart but the
stability raises significantly with TON above one million. The
oxo group in the attached catalyst showed to be under a water-
excluded environment that limits the access of water and sup-
pose an energetic over-barrier up to 2.9 kcal/mol for the WNA
mechanism. Since the oxide relay mechanism does not require
explicit water for the O-O bond formation, this step was mod-
eled using the EVB approach that accounts for the environmen-
tal effects. The simulation on the O-O bond formation showed
that the O-O bond formation remains unaffected in the water-
excluded environment. Furthermore, the hydroxyl nucleophilic
attack was also modeled via PMF-US showing that the attached
catalyst does not restrict the access of the OH- to the carboxylate.
In consequence, the oxide relay keeps its efficiency in hydropho-
bic environments.

The dimerization of Ru(bda) in an aqueous solvent for cat-
alyzing water oxidation has been extensively studied and the
driving force has been identified as the hydrophobic effect pro-
moted by the solvent. Nevertheless, the same catalyst dimerizes
in acetonitrile, which is an apolar solvent, in the catalyzed forma-
tion of N2 from ammonia. The Ru(tda), in its high-valent reactive
intermediate is positively charged with a total charge of +1 and
since the dielectric constant of acetonitrile is much lower than
the one in water, intuitively one may think that the Coulomb re-
pulsion will avoid the dimerization. The study via PMF-US of
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the catalysts dimerization in water and acetonitrile showed sim-
ilar energy requirements in both solvents. Moreover, the dimer-
ization of a hypothetical +2 charged catalyst showed effective
dimerization in acetonitrile but not in water. The responsible for
the dimerization have been identified as the counterions present
in the solvent. Since the acetonitrile presents a lower charge-
screening effect the ion pairing between catalyst and counteri-
ons is promoted in acetonitrile. Therefore, the counterions can
promote dimerization via dynamic ion-pairing with the catalyst,
and, in addition, the counterions can stabilize the dimer by neu-
tralizing the electrostatic repulsion. This underlines the impor-
tance of the solvent in supramolecular effects.

To increase the current density of MWOC-based catalytic sys-
tems one needs to focus on increasing the concentration of cat-
alyst at the electrode surface. The simple addition of more cat-
alysts will lead to undesirable aggregations that can reduce the
overall performance of the catalyst. One successful strategy is
the oligomerization of molecular catalysts. Using a monomer,
the highly efficient Ru(tda) an oligomer that attaches efficiently
to the surface of MWCNTs has been reported to show current
densities comparable to heterogeneous catalytic systems. The re-
sponsible for the attachment was proposed to be the CH-π in-
teraction between the back of the tda ligand and the conjugated
surface of the MWCNT. Nevertheless, the experiments character-
izing the attachments were performed in solvents different than
water and in presence of electric fields contrary in direction to
the present in operando conditions. The systematic modeling of
the oligomeric system at the surface changing solvent, the oxida-
tion state of the metal center, and the presence of static electric
fields revealed the high dependence of these effects in the spe-
cific orientation of the oligomer. In addition, a hierarchy in the
effects was identified being the strongest effect the electric field,
followed by the hydrophobic directionality, and lastly the CH-
π interaction as the weakest. In conclusion, a careful choice of
experimental settings such as solvent and electric field shall be
made to explain the attachment of catalysts at surfaces.

The addition of carboxylate groups in MWOCs was inspired
by trying to mimic the oxygen evolution complex in Photosys-
tem II. The role of carboxylates has been studied and identified
as stabilizers of high-valent intermediates and promoters of pro-
ton transfer. Nevertheless, other functional groups such as phos-
phonates and sulfonates have been successfully used in MWOCs.
The modification of the Ru(tda) complex by substitution of the
carboxylate groups by phosphonates showed even higher activ-
ity with TOF at pH 7 of 16,000 s-1. Due to the similarity with the
Ru(tda) the oxide relay mechanism was studied in the phosphonate-
based catalyst Ru(tPaO). The results showed that the oxide relay
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mechanism is feasible in this complex and the energy require-
ments are much lower than the proposed WNA mechanism. Nev-
ertheless, two main differences were identified concerning the
original oxide relay proposal for Ru(tda). The first is the O-O
bond formation, where the Ru(tPaO) involves two radical oxy-
gen atoms and, as a consequence, the O-O bond formation is an
intramolecular radical coupling. The radical coupling lowers sig-
nificantly the energy barrier for the O-O bond formation from
10.8 kcal/mol in the Ru(tda) to 2.05 kcal/mol in the Ru(tPaO).
The second difference is the hydroxyl nucleophilic attack. While
in the Ru(tda) the C-OH bond formation is practically barrier-
less in the Ru(tPaO) is the sole rate-limiting step with an energy
barrier of 4.20 kcal/mol. These two differences make the wa-
ter oxidation mechanism for the Ru(tPaO) complex a variation of
the oxide relay mechanism that, due to the intramolecular radical
coupling step, has been denominated as radical oxide relay.
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