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Abstract 

Water splitting contains two half-reactions, the water oxidation reaction 

and the hydrogen reduction reaction. In water oxidation, protons and electrons 

will be generated to offer two elemental components for production of fuels, 

such as H2 and CH3OH. To overcome the overpotential of the reaction, a large 

amount of water oxidation catalysts (WOCs) have been synthesized. In the 

second chapter, a variety of homogeneous and heterogenous catalysts have 

been introduced. The homogeneous catalysts include Ru-based catalysts, Ir-

based catalysts, and first-row transition metal-based catalysts. Among these 

catalysts, a family of Ru(bda)L2 complexes was found in experiment to have a 

comparable turnover frequency (TOF) at acidic pH with photosystem II. A 

similar catalyst, Ru(tda)(py)2, was found to have an impressive TOF of 50 000 

s
-1

 at pH 10.0. The heterogenous catalysts include heterogenous oxide and 

heterogenized molecular catalysts that catalyze the reaction using either 

electrochemical driving force or photoelectrochemical driving force. 

Understanding the details of the mechanism can help to design a better 

catalyst with high catalytic performance. For this purpose, several theoretical 

methods have been applied. Density functional theory (DFT) was employed to 

study the rate limiting reaction in implicit solvent. The empirical valence bond 

(EVB) method is a powerful tool for describing environment effects. This 

approach was used to get insight into the solvent and surface effects on the 

reaction pathway. Molecular dynamics (MD) and potential of mean force 

(PMF) methods are applied to perform simulations for large systems at long 

time-scales.  

The Ru(bda)L2 catalysts have been found to have high TOF, up to 1000 s
-1

 

and react via an I2M (Interaction of two metal centers) pathway. By using 

B3LYP-D3 functional to study the diradical coupling of the O-O bond 

formation, we found that there is no intrinsic barrier between the two Ru
V
=O 

fragments of Ru
V
=O complexes. On the basis of the study of the solvent role 

on the reaction using an EVB-MD model, the oxo of the Ru
V
=O species was 

shown to be hydrophobic. The hydrophobic oxo explained why the Ru(bda)L2 

complexes proceed the reaction via the I2M pathway. To study the full 

dimerization of two separated Ru
V
=O species in fully explicit solvent, we 
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calculated the diffusion of individual catalysts from MD simulations, 

association of pre-reactive dimer from PMF simulations, and the coupling 

reaction in explicit solvation using the EVB approach. The formation of the 

prereactive dimer was found to be the sole determining factor for the 

efficiency of the Ru(bda)L2 catalysts. In the study of four Ru complexes with 

different equatorial ligands, the secondary coordination environments, such as 

flexibility, hydrophilicity were proposed to be the affecting the different 

catalytic pathways. 

To make an efficient electrocatalyst, the Ru(bda)L2 catalyst has been 

modified by Sun and co-workers with pyrene groups at the axial L-ligands to 

be adhered on the CNT functionalized electrodes. A computational model of 

the Ru
V
=O catalyst tethered on the CNT surface was built to study the O-O 

bond formation in heterogenous system. By using the same combination of 

MD, PMF, and EVB, we studied the full dimerization reaction of the catalyst 

at CNT-water interfaces with full dynamics. The reasons for the lower the 

TOF of the surface catalyst and methods to improve the lower TOF were 

addressed in this study.  

With the pH dependent Ru(tda)(py)2 complex, we used the same 

combination methods and proposed a conceptually new function of the 

dangling carboxylate – the oxide relay. The oxide relay provides a highly 

nucleophilic oxygen atom close to the oxo to facilitate the O-O bond 

formation at the first step, and a highly electrophilic center to react with the 

OH
-
 even at neutral pH at the second step. The rate-limiting step is the O-O 

bond formation at high pH, OH
-
 nucleophilic attack at neutral pH.  

In summary, several key properties of the water oxidation catalyzed by 

Ru-based complexes, such as solvent and surface effects, hydrophobicity, and 

oxide relay have been investigated in detail by using several computational 

techniques. Our studies can shed light on the design of molecular WOCs with 

high catalytic activity and will help the development of artificial 

photosysnthesis devices. 
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Sammanfattning 

Vattendelning innehåller två halvreaktioner, vattenoxidationsreaktionen 

och vätereduktionsreaktionen. Vid vattenoxidation genereras protoner och 

elektroner som kan ge två elementära komponenter för produktion av 

bränslen, såsom H2 och CH3OH. För att övervinna reaktionens överpotential 

har en stor mängd vattenoxidationskatalysatorer (WOC) syntetiserats. I det 

andra kapitlet introduceras flera homogena och heterogena katalysatorer. De 

homogena katalysatorerna innefattar Ru-baserade katalysatorer, Ir-baserade 

katalysatorer och första radens övergångsmetallbaserade katalysatorer. Bland 

dessa katalysatorer finns en grupp av Ru(bda)L2-komplex, som i experiment 

ha funnits ha en jämförbar reaktionsfrekvens (TOF) vid surt pH som 

fotosystem II. En liknande katalysator, Ru(tda)(py)2, har en imponerande TOF 

på 50 000 s
-1

 vid pH 10. De heterogena katalysatorerna innefattar heterogena 

oxider och heterogeniserade molekylära katalysatorer, som katalyserar 

reaktionen med hjälp av antingen elektrokemisk drivkraft eller 

fotoelektrokemisk drivkraft. 

Förståelse för mekanismens detaljer kan bidra till möjligheten att designa 

en bättre katalysator med hög katalytisk förmåga. För detta ändamål har flera 

teoretiska metoder tillämpats. Täthetstsfunktionalteori (DFT) användes för att 

studera hastighetsbegränsande reaktioner i implicita lösningsmedel. Empirisk 

valensbindning (EVB) är ett kraftfullt verktyg för att beskriva miljöeffekter. 

Denna metod användes för att få insikt i lösningsmedseffekter och 

yteffekterna på reaktionsvägen. Molekyldynamik (MD) och potential of mean 

force (PMF) användes för att utföra simuleringar för stora system vid långa 

tidsskalor. 

Ru(bda)L2-katalysatorerna har visat sig ha hög TOF, upp till 1000 s
-1

 och 

reagerar via en I2M-mekanism (Interaction of two metal centers). Genom att 

använda B3LYP-D3 funktionalen för att studera diradikalkoppling av O-O-

bindningsbildningen upptäcktes att det saknades en energetisk barriär för 

reaktionen mellan de två Ru
V
=O-fragmenten av Ru

V
=O-komplexen. Baserat 

på studien av lösningsmedlets roll under reaktionen med hjälp av en EVB-

MD-modell, visade sig oxo-gruppen på Ru
V
=O-specien vara hydrofob. Denna 

hydrofobicitet förklarar varför Ru(bda)L2-komplexen kan reagera med I2M-
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mekansismen. För att studera den fullständiga dimeriseringen av två 

separerade Ru
V
=O-specier i fullständigt explicit lösningsmedel, beräknade vi 

diffusionen av enskilda katalysatorer med MD-simuleringar, association av 

den prereaktiva dimeren med PMF-simuleringar och O-O 

kopplingsreaktionen med explicit lösningsmedel med EVB-metoden. 

Bildandet av den prereaktiva dimeren fanns vara den enda bestämmande 

faktorn för effektiviteten hos Ru(bda)L2-katalysatorerna. Vid studien av fyra 

Ru-komplex med olika ekvatoriella ligander föreslogs de sekundära 

koordinationsmiljöerna, såsom flexibilitet och hydrofilicitet, kunna påverka 

de olika katalytiska vägarna. 

För att åstadkomma en effektiv elektrokatalysator har Ru(bda)L2-

katalysatorn modifierats av Sun och medarbetare med pyrengrupper på de 

axiella L-liganderna som fastnar på de CNT-funktionaliserade elektroderna. 

En beräkningsmodell av Ru
V
=O-katalysatorn bunden på CNT-ytan skapades 

för att studera O-O-bindningsbildningen i det heterogena systemet. Genom att 

använda samma kombination av MD, PMF och EVB studerade vi 

katalysatorens fullständiga dimeriseringsreaktion vid CNT-vattengränsskiktet 

med full dynamik. Skälen till den lägre reaktionshastigheten för ytkatalysatorn 

och metoder för att förbättra denna behandlades i denna studie. 

Med det pH-beroende Ru(tda)(py)2-komplexet använde vi samma 

kombination av metoder och föreslog en konceptuellt ny funktion av den fritt 

hängande karboxylatgruppen – ett oxidrelä. Oxidreläet ger en starkt nukleofil 

syreatom nära oxo-gruppen som underlättar O-O-bindningsbildningen vid det 

första steget och ett starkt  elektrofilt center som reagerar med OH
-
, även vid 

neutralt pH i det andra steget. Det hastighetsbegränsande steget är O-O-

bindningsbildningen vid högt pH och OH-nukleofilt angrepp vid neutralt pH. 

Sammanfattningsvis har flera viktiga egenskaper hos vattenoxidationen 

katalyserad av Ru-baserade komplex, såsom lösningsmedel och yt-effekter, 

hydrofobicitet och oxidrelä, undersökts i detalj med hjälp av flera 

beräkningstekniker. Våra studier hjälper vid utformningen av molekylära 

katalysatorer med hög katalytisk aktivitet, och bidrar till utvecklingen av 

artificiell fotosyntesutrustning.  
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Chapter 1. Introduction 

1.1 World Energy Consumption 

Energy is essential to human life not only by feeding us in the form of food 

from green plants, but also from improving the quality of life via supporting 

social process and economy. By powering computers, transportation, industry, 

and even saving lives in the developing countries to help the modern 

agriculture, energy enriches human life. For instance, the average energy 

usage of one person is about 56 kWh per day based on primary energy in 

2017, with a 2.2% growth rate, the fastest growth since 2013.
1
 Considering 

the global population, the total world primary energy consumption per year is 

17.9 TWyr (1 TWyr = 8.76 x 10
12

 kWh).
2,3

 This amount of energy just meets 

our daily living need. With the growth of the world population and 

improvement of the living standard, more energy will definitely be consumed 

in the near future. Thereby, it is a long way to satisfy the energy consumption. 

The world energy supply is mainly fossil fuel which causes serious 

environmental issues due to the generation of CO2, SO2, NO and some other 

toxic gases. Furthemore, fossile fuel is finite. Therefore, finding a renewable 

and clean energy system becomes crucial to solve environmental issues and 

meet future energy demand. By now, several new energy generation 

techniques have been applied worldwide, such as wind power, biomass, 

hydropower and solar energy. Fortunately, the amount of electricity generated 

from these clean energies surpasses that from coal for the first time in Europe 

in 2017.
2
 However, conversion of various types of energy to electrical energy 

is time-consuming, and in addition, the storage of electricity on large scales is 

a limitation, due to the far lower energy density of batteries compared to that 

of chemical fuels with respect to both weight and volume.
4
   

Sunlight is abundant and sustainable energy source. The amount of energy 

provided by Sun every hour is larger than that we consume in one year.
5
 

Hence, the research on conversion of solar energy into clean fuel and 

electricity is attracting attention. Photovoltaic cells is one of the popular 
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devices to transmit solar energy, whereas with the current efficiency of the 

transition, 128 m
2
 of solar cells are needed for each person to meet the current 

demand of primary energy. And again there is no suitable way to store the 

produced electricity. These shortcomings make other techniques of directly 

storing solar energy into the carbon-neutral fuel more attractive. 

1.2 Natural Photosynthesis   

Nature has provided an environmentally benign model which has the 

ability to lock solar energy within chemicals. The critical issue mentioned 

above could be probably solved by studying this natural process. In the 

photosynthesis, solar energy is converted into the chemical energy, stored in 

carbohydrate molecules. As shown in equation 1-1, all of the reactants in this 

process are water and carbon dioxide. Through this process, we could not only 

produce the sustainable energy by converting sunlight, but also cycle CO2 to 

alleviate the greenhouse effect. 

6CO2 + 12H2O ⟶ C6H12O6 + 6O2 + 6H2O (1-1) 

Photosynthesis starts with the molecule of P680 to form the excited state 

P680* by absorbing sunlight (Figure 1.1). Meanwhile, one electron will be 

released, and then transfered to P700 in Photosystem I through a series of 

mediate redox processes. In the Photosystem I, the P700 also absorbs sunlight 

to form the excited state P700*. From the P700*, after a series of redox 

reactions, the electron is further passed to react with NADP
+
 and H

+
 to 

produce NADPH by the NADP
+
 reductase. The continuous electron flow is 

the driving force that powers the process to form NADPH. During the entire 

process, the generation of electron from P680 is critical. After releasing one 

electron, P680 transforms into a strong oxidant P680
+
, which will abstract 

electrons from a water molecule. In the water oxidation reaction, a water 

molecule will be split into H
+
 and O2 by the oxygen evolving complex (OEC). 
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Figure 1.1 The Z scheme of natural photosynthesis. 

The OEC in photosystem II (PSII) is the most significant natural complex 

that involved in the photosynthesis. Shen and coworkers’ revealed the OEC 

structure (Figure 1.2a) at a 1.95 Å resolution by femtosecond X-ray pulses
6
 

showing that the core site of the OEC is a Mn4CaO5 cubic cluster. This cluster 

consists of three manganese ions and one calcium ion linked together with μ-

oxo ligands to form a cubane-like structure, and one more manganese ion 

dangling out of the cubane, connected by two μ-oxo groups. With the specific 

cubic structure, the OEC achieves turnover frequency (TOF refers to the 

moles of produced product per mole of catalyst per unit of time) as high as 

100-400 s
-1

 and turnover number (TON refers to the moles of substrate to 

which a mole of catalyst can convert before becoming inactivated) of 180,000 

O2 molecules. Mechanism of water oxidation catalyzed by the OEC has been 

proposed to cycle through with five “S” oxidation states (Kok cycle).
7,8

 With a 

couple of reactions, the most reduced state S0 gradually changes to the 

oxidized state S4, and then followed by an O2 releasing reaction at the 

transition step from S4 to S0 (Figure 1.2b). Due to lack of experimental results 

for the step involved in the S3 and S4 state, the O-O bond formation 

mechanism is under controversy with several proposed pathways: water 

nucleophilic attack (WNA) at the Mn
V
=O

9,10
, the radical coupling between 

two Mn
IV

-O radicals (I2M mechanism - interaction of two metal centers)
6,11

, 

and a charge-rearrangement-induced Mn
VII

-dioxo intermediate involved 

intermolecular O-O coupling.
12

 According to Siegbahn’s studies at the S4 state 

of the proposed structure, the I2M pathway of the O-O bond formation was 

clearly favored over other mechanisms.
13,14,15

 Although the real reaction 
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mechanism is still on the way to study, the research on this process shed light 

on the design of synthetic water oxidation catalysts (WOCs). 

a)  b)  

Figure 1.2 a) The structure of the Mn4CaO5 cubic cluster. Adapted with 

permission from reference 6. Copyright 2015 Nature Publishing Group. b) 

The Kok cycle for water oxidation in PSII. 

1.3 Artificial Photosynthesis   

To replicate the process of natural photosynthesis, scientists are interested 

in creating an artificial system known as the ‘artificial leaf’
16

. Artificial 

photosynthesis is a process that converts sunlight, water and carbon 

dioxide into carbohydrates and oxygen. It may become the future of green 

energy. The ultimate goal of the process is making it more efficient, and 

absorbing more sunlight at a wider range of wavelengths. To fulfill this goal, 

a photosensitizer, e.g., molecular dye and semiconductor is used to absorb 

sunlight to form separated electrons and holes. One of the most applied 

photosensitizer is the [Ru(bpy)3]
2+

-type (bpy is 2,2’-bipyridine) complex.
17 

Under illumination, the [Ru(bpy)3]
2+

 can form an photoexcited state 

[Ru(bpy)3]
2+

*, which will extract charges from catalysts to regenerate the 

photosensitizer. Then, the catalyst will trigger the successive reactions of 

water splitting. 

https://en.wikipedia.org/wiki/Carbohydrates
https://en.wikipedia.org/wiki/Oxygen
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Figure 1.3 Overall process of H2O splitting. 

In this process, on the anode, water is oxidized to generate oxygen, 

protons, and electrons. Electrons move to the cathode side to trigger the 

proton reduction reaction. With hydrogen evolving catalysts, protons will be 

reduced to produce hydrogen gas on the cathode. Hydrogen could be stored as 

fuel or further react with carbon dioxide to produce liquid fuels (Figure 1.3). 

The entire artificial photosynthesis is limited by the water oxidation reaction – 

the bottleneck, due to its four electron transfer steps as well as the tough O-O 

bond formation.
18

 Hence, detailed studies on the reaction mechanism should 

be concentrated on this half reaction. 

To exam the catalytic activities of the WOCs, three approaches are usually 

used. 

Chemically driven reaction. The most common chemical oxidant is ceric 

ammonium nitrate Ce(NO3)6(NH4)2 (CAN). CAN is a single-electron 

chemical oxidant and has a redox potential of 1.7 V vs NHE (normal 

hydrogen electrode) (Eq. 1-2).
19

 Its absorption in the UV-vis region allows 

mechanistic studies using spectroscopy. However CAN is only stable at pH < 

3, which limits its application in study of some acid sensitive WOCs. Another 

commonly used chemical oxidant is the sodium periodate NaIO4. It’s a two-

electron oxidant with an oxidation potential of around 1.6 V vs NHE at pH 

1.
20

 This oxidant can be used in solution of large pH range up to 7.5. 

https://en.wikipedia.org/wiki/Carbon_dioxide
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2H2O + 4Ce
IV  

WOC
→    O2 + 4H

+ +  4CeIII 
(1-2) 

Light driven reaction. Three components are required in the light-driven 

water oxidation: a photosensitizer, a sacrificial electron acceptor and a WOC. 

The most commonly used photosensitizer and electron acceptor are 

[Ru(bpy)3]
2+

 and sodium persulfate Na2S2O8, respectively. After absorbing 

sunlight, the photoexcited state [Ru(bpy)3]
2+

* will be formed (Eq. 1-3). It will 

be subsequently quenched (a charge separation process) by Na2S2O8 to 

produce an oxidation state [Ru(bpy)3]
3+

 (Eq. 1-4), which can oxidize the 

WOC. 

2[Ru(bpy)3]
2+ + 2ℎ𝑣 ⟶  2[Ru(bpy)3]

2+∗ (1-3) 

2[Ru(bpy)3]
2+∗ + 2S2O8

2−  

⟶  2[Ru(bpy)3]
3+ +  2SO4

∙− +  2SO4
2− 

(1-4) 

Electrochemically driven reaction. In this process, electrochemical 

properties of WOCs can be investigated in a homogeneous solution of the 

catalysts or on the electrode surface by covalent bonding or physical 

adsorption. The advantages of this method include that the oxidizing potential 

can be easily set and the pH of the bulk solution will be constant. Under this 

system, the key aim to an efficient WOC is to lower overpotential (the 

difference between the observed redox potential and the equilibrium potential 

for the reaction), that is related to the activation free energy.  

In this thesis, theoretical studies on the water oxidation pathway by a 

series of specific Ru-based catalysts are discussed. Before introducing the 

details of the studies, a brief introduction to the processes of natural 

photosynthesis and artificial photosynthesis is presented in this chapter. In 

chapter 2, studies on WOCs, including homogeneous metal catalysts, and 

heterogenous oxide and heterogenized molecular catalysts are addressed. The 

used simulation techniques in this thesis including quantum mechanics, 

molecular mechanics, and empirical valence bond theory are explained in 

chapter 3. Some theories for chemical reaction analysis such as collision 

theory, Arrhenius equation, and transitions state theory are introduced as well 

in this chapter. This section is followed by studies on the WOCs of Ru(bda) 
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complexes and Ru(tda) complex in chapter 4, 5 and 6. Finally, a summary and 

the outlook are presented in chapter 7.       
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Chapter 2. Studies on Water Oxidation Reaction 

2.1 Overview of Water Oxidation Reaction   

The water oxidation reaction (Eq. 2-1) is thermodynamically demanding 

with 57 kcal mol
-1

 in Gibbs free energy, 1.23V vs NHE at standard 

temperature and pressure. This energy can be provided by sunlight with a 

wavelength shorter than 1000 nm, included in around 80% of solar radiation. 

However, in electrolysis, a large overpotential which translates to a high 

activation barrier should be overcome in this reaction.
21

 Therefore, catalysts 

that can lower the activation barrier are required to promote reactivity of the 

reaction. Due to the four steps of electron and proton transfers, the oxidative 

stable catalysts should be able to accumulate four oxidizing equivalents. 

Transition metal complexes that have high valence states and coordination for 

a water molecule are considered as suitable candidates. 

2H2O (l)  ⟶ O2 + 2H2 (2-1) 

In the water splitting process, to avoid charge accumulation and high 

energy intermediates, electron transfer (ET) steps are frequently accompanied 

with proton transfer (PT) steps. That is called proton coupled electron transfer 

(PCET) reactions.
22

 PCET may be classified into three categories including 

ETPT which means the stepwise pathway with ET first followed by PT, PTET 

which is the stepwise pathway with PT followed by ET, and concerted proton-

electron transfer (CPET). Mayer’s and Hammarström’s groups have found 

that the PT distance strongly influences proton tunneling rate, which will 

affect reaction rate of PCET.
23,24

 Recently, Hammarström and co-workers’ 

study found that a strong base favors the PTET mechanism, a strong oxidant 

favors the ETPT, and the CPET is often the favourable pathway if both 

oxidant and base are weak. To reach four steps of PCET in water oxidation, 

Ru aqua complexes are proper candidates and are the main catalysts studied in 

this thesis, due to their ability to lose protons and electrons to achieve higher 

oxidation states. 

In the catalytic cycle of water oxidation, the O-O bond formation is 

involved in the rate-limiting step. There are two main pathways (Figure 2.1). 
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One pathway is the WNA, which has limited reaction rates, with typical 

observed TOF of < 1 s
-1

.
5
 The other mechanism for O-O bond formation is the 

diradical coupling (I2M).
25

 The I2M mechanism does not have the same 

scaling relationship with the WNA, and was recently argued to be the 

desirable O-O bond forming mechanism by Reek and co-workers.
26

  

 

Figure 2.1 Two pathways of water oxidation reaction: WNA and I2M 

mechanism.  

2.2 Water Oxidation by Homogeneous Metal Catalysts in Water 

Phase 

2.2.1 Ruthenium-Based WOCs 

2.2.1.1 Dinuclear Ruthenium-Based WOCs 

In 1982, Meyer’s group proved the possibility of four-electron oxidations 

of H2O by synthesizing a dinuclear μ-oxo-bridged ruthenium complex cis,cis-

[(bpy)2(H2O)Ru(μ-O)Ru(H2O)(bpy)2]
4+

 (2-1, Figure 2.2), also known as blue 

dimer, due to its blue color.
27

 The μ-oxo-bridge has important function on the 

reaction because of its electronic coupling property. The electronic 

delocalization can stabilize the high oxidation state of the complex.
28

 

However, the μ-oxo-bridge is not stable, can be cleaved and then, form two 

nonactive monomeric ruthenium complexes. To make a stable bridged 

dinuclear ruthenium complex, Llobet’s group synthesized the Ru−Hbpp 

catalyst [Ru2(OH2)2(bpp)(tpy)2]
2+

 (Hbpp = 2,2’-(1H-pyrazole-3,5-
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diyl)dipyridine, tpy = 2,2′:6′,2″-tripyridine, 2-2, Figure 2.2) by using a 

pyrazole ligand to replace the μ-oxo as the bridge.
29

 Two ruthenium centers 

oriented in a cis fashion can facilitate intramolecular coupling, and therefore, 

the water oxidation proceeds via the I2M pathway instead of WNA.
30

 

Analogous to the I2M mechanism of the complex 2-2, recently Sargent and 

Vojvodic studied the oxygen evolution reaction (OER) mechanism of the 

multimetal oxide catalysts. They proposed that a direct O2 pathway by a dual-

site process between two close O* had a theoretical overpotential of only 0.4 

V, much lower than a conventional single-site process (OOH mechanism).
31

 

 

Figure 2.2 Selected dinuclear Ru WOCs. TON and TOF are given in 

parentheses.  

For photochemical applications, the [Ru(bpy)3]
3+

-type complexes (generate 

from [Ru(bpy)3]
2+

 by absorbing sunlight) should be used as oxidant, instead of 

chemical oxidant CAN complex. Since the redox potential of the 

[Ru(bpy)3]
3+

-type complexes is around 1.26 V, WOCs with lower redox 

potential are needed. Åkermark and Sun synthesized complexes with 

carboxylate ligands. The anionic ligand can stabilize the higher oxidation state 

of ruthenium center, therefore lower the redox potential.
32

 In their study, the 
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complex with cis-fashion ruthenium center (2-3, Figure 2.2) has much lower 

catalytic potential than the complex with anti-fashion structure (2-4, Figure 

2.2) at neutral pH. The onset potential of complex 2-3 is 1.2 V meaning that 

the [Ru(bpy)3]
3+

-type complexes can photochemically drive the water 

oxidation. 

2.2.1.2 Mononuclear Ruthenium-Based WOCs with Neutral Ligands 

Due to the four oxidizing equivalents in water oxidation, early studies had 

believed that two metal centers are required to catalyze the reaction until 

Thummel’s group reported a single-site ruthenium-based WOC trans-

[Ru(pbn)(4-R-py)2(H2O)]
2+

 (pbn = 2,2’-[4-(tert-butyl)pyridine-2,6-

diyl]bis(1,8-naphthyridine), py = pyridine, 2-5, Figure 2.3), in 2005.
33

 The 

uncoordinated nitrogen can form hydrogen bond (H-bond) with the aqua 

ligand to stabilize the Ru-aqua complex. The study of this complex has 

encouraged more focus on single-site complexes.  

 

Figure 2.3 Selected mononuclear Ru WOCs. TON and TOF are given in 

parentheses.  
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Later Meyer’s group synthesized Ru-aqua WOCs [Ru(tpy)(bpm)(OH2)]
2+

 

(bpm = 2,2′-bipyrimidine, 2-6, Figure 2.3) and [Ru(tpy)(bpz)(OH2)]
2+

 (bpz = 

2,2′-bipyrazine, 2-7, Figure 2.3).
34

 From the kinetic and thermodynamic 

studies, the authors proposed that the key seven-coordinate intermediate 

[Ru
V
=O]

3+
 triggered WNA pathway to form the O-O bond. A type of similar 

complexes, the [Ru(tpy)(bpy)(H2O)]
2+

 complexes (2-8, Figure 2.3) studied by 

the groups of Berlinguette,
35

 Sakai,
36

 and Yagi
37

 showed higher catalytic 

activity than the [Ru(tpy)(bpy)(Cl)]
+
 WOCs. From these studies, it was found 

that electron-withdrawing substituents on the bpy ligand can decrease 

catalytic rates, while the same modification of the tpy ligand will increase 

catalytic rates. 

To investigate the importance of vacant coordination for H2O molecule, 

Sun’s group synthesized [Ru(tpy)(pic)2(OH2)]
2+

 and [Ru(tpy)(pic)2Cl]
+
 

complexes (pic = 4-picoline, 2-9, Figure 2.3).
38

 They proposed that the Ru–

aqua complex formed by the ligand exchange between pic and H2O. Probably 

due to the fast ligand exchange induced by light or high pH, the photocatalytic 

oxidations showed no induction period, in contrast to the chemical oxidations.  

2.2.1.3 Mononuclear Ruthenium-Based WOCs with Anionic Ligands 

As mentioned in the dinuclear ruthenium-based WOCs, introducing 

ligands with negatively charged groups can stabilize the high oxidation state 

of the center metal by favorable interaction between the empty d-orbital of the 

metal atom and the filled p-orbital of the anionic atoms. There are some Ru 

complexes with anionic ligands which show extremely high TOF.  

2.2.1.3.1 Ru(bda) WOCs 

One outstanding group of the WOCs with anionic ligands are the family of 

Ru(bda)L2 (H2bda = 2,2’-bipyridine-6,6’-dicarboxylic acid, L = typically a 

nitrogen heterocycle such as pyridine and isoquinoline, 2-10, Figure 2.4) 

WOCs synthesized by Sun’s group.
39,40,41,42

 These catalysts share the same 

anionic ligand, bda and have a high TOF of over 1000 s
-1

, which is 

comparable with the PSII. The complexes follow second-order kinetics with 

respect to the catalyst concentration and zeroth-order with respect to the CAN 

concentration, indicating that an I2M pathway involves a bimolecular 
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coupling of two [Ru
V
=O(bda)L2]

+
 radicals.

43
 The 7-coordinate 

[Ru
V
=O(bda)L2]

+
 species was spectroscopically confirmed recently by 

Pushkar and coworkers.
44

 Our computational study indicates that there is not 

any intrinsic barrier between the oxo fragments of two Ru
V
=O moieties in this 

reaction.
45

 Moreover, the oxo of the Ru
V
=O species is hydrophobic,

46
 adding a 

driving force for the bimolecular coupling reaction. More detailed theoretical 

studies on these complexes will be discussed later in chapter 4.  

  

Figure 2.4 Selected mononuclear Ru(bda)L2 WOCs. TON and TOF are given 

in parentheses.  

Due to the intrinsic I2M pathway of the mononuclear Ru(bda)L2 WOCs in 

the O-O bond formation, the reactivity of the catalysts is intensively depend 

on the catalyst concentration.
47

 Our study
48

 on the Ru(bda)L2 catalyst at the 

carbon nanotubes (CNTs)-water interface showed that on the CNTs surface 

the diffusion rate of the catalyst is much slower compared to the catalyst in 

water phase. The slower diffusion rate contributes to the much lower TOF. To 

maintain the high TOF of Ru(bda)L2 WOCs in the lower concentration 

solution and on the electrode surface, the bridged dinuclear Ru(bda)L2 

catalysts (2-11, Figure 2.5) were synthesized by Sun’s group.
47

 The purpose 

of designing these catalysts is to change the intermolecular reaction into 

intramolecular radical coupling. The dinuclear Ru(bda)L2 catalysts indeed 

enhanced catalytic activity with respect to their monomeric precursor at low 

catalyst concentration. 
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Figure 2.5 Selected dinuclear Ru(bda)L2 WOCs. TON and TOF are given in 

parentheses.  

The modification of the axial ligand showed that introduction of -stacking 

and hydrophobic groups at the axial L-ligands can lead to higher activity of 

the catalyst,
49

 but do not change the I2M mechanism. While  modification of 

the bda backbone displayed that replacing the equatorial ligand bda with other 

polypyridyl backbone ligands containing carboxylate, e. g. pda (H2pda = 1,10-

phenanthroline-2,9-dicarboxylic acid, 2-12, Figure 2.6)
50

 and biqa (biqa = 

(1,1’-biisoquinoline)-3,3’-dicarboxylic acid, 2-13, Figure 2.6)
51

 switches the 

OO bond formation pathway from I2M to WNA. The effect of steric 

hindrance and hydrophilicity on the bda backbone has been studied, with a 

Ru(bnda)(pic)2 (H2bnda = 2,2'-bi(nicotinic acid)-6,6'-dicarboxylic acid, 2-14, 

Figure 2.6) catalyst. Substituting the bda ligand with the bnda does not change 

the reaction pathway. 

 

Figure 2.6 Selected Ru WOCs with different equatorial ligands. TON and 

TOF are given in parentheses.  
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2.2.1.3.2 Ru(tda) WOC 

In the study of replacing the equatorial bda ligand with other polypyridyl 

backbone ligands containing carboxylate, Llobet and co-workers synthesized 

a variant where the bipyridine moiety was replaced with a terpyridine moiety, 

Ru(tda)(py)2 (tda = (2,2’:6’,2”-terpyridine)-6,6”-dicarboxylate, 2-15, Figure 

2.7).
52

 This catalyst presented an impressive TOF of 8000 s
-1

 at neutral 

conditions, and with increasing pH values the TOF increases dramatically to 

50 000 s
-1

 at pH 10.0. Kinetic studies implied the first-order reaction in 

catalyst concentration. 

 

Figure 2.7 The Ru(tda) WOC. TON and TOF are given in parentheses.  

2.2.2 Iridium-Based WOCs 

In 2008, Bernhard’s group reported single-site iridium complexes 

[(ppy)2IrCl]2 (ppy = cyclometalated phenylpyridine, 2-16, Figure 2.8) for 

water oxidation reaction.
53

 These complexes displayed high activity and 

stability due to the d−π interaction between the phenylpyridine ligands and the 

iridium atom. The calculations implied that the ancillary ligand would 

favorably accept the proton after H2O nucleophilic attack, therefore promote 

the O-O bond formation. This result suggests that an internal base in the 

iridium complex could facilitate the water oxidation.
54
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Figure 2.8 Selected iridium-based WOCs. TON and TOF are given in 

parentheses.  

Inspired by Bernhard’s work, Crabtree and Brudvig’s group introduced a 

more electron-donating ligand, pentamethylcyclopentadiene (Cp*), into the 

iridium complexes (2-17, Figure 2.8).
55

 These catalysts are one order of 

magnitude faster than that of the [(py)2IrCl]2 complexes. However the peculiar 

changes in rate of catalysis concerning the catalysts suggested an oxidative 

decomposition or deactivation of the catalysts. To stabilize the iridium center 

at the high oxidation state, the same group use NHCs (N-heterocyclic 

carbene) to tightly bind with iridium atom.
56

 The electrochemical study of the 

complex Cp*Ir(k
2
,C

2
,C

2
-NHC)(Cl) (2-18, Figure 2.8) revealed less positive 

potentials of several oxidation peaks than the complexes 2-17, indicated that 

the NHCs ligand indeed stabilized the iridium center in high oxidation states.   

Some iridium complexes displayed ambiguous results in the reaction, 

which might be due to the decomposition of the iridium complexes to give the 

highly active iridium oxides IrOx.
57

 This issue has been addressed by Crabtree 

and Brudvig using electrochemical quartz crystal nanobalance.
58

 Although the 

results suggested the iridium complex to be stable, a small fraction of IrOx 

nanoparticles is enough to explain the observed catalytic activity. Thereby, the 

molecular iridium complexes might be the precursor to the real catalyst, 

IrOx.
59
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2.2.3 First-Row Transition Metal Based WOCs 

2.2.3.1 Manganese-Based WOCs 

 In the natural OEC, manganese is the catalytic center of the Mn4CaO5 

cubic cluster. Inspired by the natural complex, synthetic manganese-based 

WOCs have attracted focus. In 1994, Naruta’s group developed the first 

molecular manganese-based WOCs which showed a dimeric face-to-face 

structure with triphenylporphyrin ligands (2-19, Figure 2.9). These complexes 

catalyze the electrochemical water reaction via the formation of a 

Mn
IV

−O−O−Mn
IV

 complex.
60

 Later on, the group of Crabtree and Brudvig 

designed the first chemically-driven manganese-based WOC, the dimeric 

complex [(H2O)(tpy)Mn(μ-O)2Mn(tpy)(OH2)]
3+

 (2-20, Figure 2.9).
61

 The two 

exchangeable aqua ligands in the complex allow the reaction catalyzed by the 

complex using NaOCl as the chemical oxidant. This complex revealed a 

mixed valence structure, due to the inversion center of the dimer. 

 

Figure 2.9 Selected manganese-based WOCs. TON and TOF are given in 

parentheses. 

In 2018, Li’s group found that mononuclear manganese can also efficiently 

catalyze water oxidation.
62

 They designed a heterogeneous catalyst by 

embedding mononuclear manganese into nitrogen-doped graphene (Mn-NG). 

This catalyst presented TOF as high as 214 s
−1

 with Ce
IV

 as oxidant. The high 

activity of Mn-NG is owing to the four nitrogen atoms, which can stabilize the 

manganese site hence, favor the formation of Mn
IV

–oxo species. 
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2.2.3.2 Iron-Based WOCs 

Iron is abundant in nature and low in cost and toxicity. However, in the 

development of practically feasible iron-based WOCs, special ligand 

arichitectures are required to generate and stabilize the high-valent iron 

species. Perhaps due to this challenge, the first iron-based WOC was reported 

until 2010.
63

 The calculations implied that during the O-O bond formation, the 

Fe-TAML (TAML is the tetraamido macrocyclic ligands) complexes (2-21, 

Figure 2.10) formed a TAML•−Fe
V
=O species, which would be attacked by 

H2O molecule.
64

 Fillol and Costas’ group developed one iron complex bearing 

a tetradentate nitrogen ligand (2-22, Figure 2.10). The TON of this complex is 

up to 1050 at pH 2 using NaIO4 as the chemical oxidant. The high catalytic 

performance makes the complex to be one of the most efficient homogeneous 

WOCs based on the first-row transition metals.
65

  

 

Figure 2.10 Selected iron-based WOCs. TON and TOF are given in 

parentheses. Among these, the TON and TOF of complex 2-22 are given using 

CAN and sodium periodate as sacrificial oxidants, respectively.             

2.2.3.3 Copper-Based WOCs 

Mayer’s group reported the first homogeneous copper-based WOC. This 

bipyridine copper complex [(bpy)Cu(μ-OH)]2
2+

 (2-23, Figure 2.11) self-

assembled from bipyridine and copper salts.
66

 The complex was found to form 

O-O bond by the coupling reaction of two copper-oxo moieties to generate a 

μ-peroxo at high pH, and by WNA on one high-valent metal-oxo species at 

lower pH value.  
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Figure 2.11 Selected copper-based WOC. TON and TOF are given in 

parentheses.            

2.2.3.4 Cobalt-Based WOCs 

The instability of the Co
II 

metal center requires careful design of the 

ligands. In 2011, Nocera and co-workers reported a cobalt complex with 

hangman corroles, bearing meso-pentafluorophenyl and β-octafluoro 

substituents (2-24, Figure 2.12).
67

 The carboxylate group in hangman corroles 

could allow water molecules to position  in close distance to the Co-oxo group 

and accept protons from these water molecules, thereby, facilitate the WNA 

pathway.
68

  

 

Figure 2.12 Selected cobalt-based WOCs. TON and TOF are given in 

parentheses.   

In 2008, Nocera’s group reported a WOC with highly catalytic activity, the 

cobalt-phosphate (Co-Pi), that forms upon phosphate-buffered water 

containing Co
II
 ions.

69
 This catalyst operates at neutral pH under ambient 

conditions and has self-assembling ability, in which the phosphate is a crucial 

component.
70

 Due to these properties with the low-cost and earth-abundant of 

the materials, a large amount of research has been attracted on this catalyst. 
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Analogous to the Mn4CaO5 cubic cluster, cobalt-based cubane (Co-OECs, 

Figure 2.13) can operate water oxidation at neutral pH.
16

 The Co4O4 cubane is 

a representative model of Co-OECs. During water oxidation, the Co4O4 

cubane catalysts form a high-valent Co(IV)2 as an intermediate examined by 

in situ X-ray absorption spectroscopy. The high-valent Co(IV)2 may change to 

Co(III)2 radicals with the terminal oxos as oxyl radicals, which will promote 

direct O-O bond coupling with no spin barrier.
71

 Based on the Co4O4 cubane 

structure, a wide variety cobalt cubane-modified WOCs have been 

synthesized.
72,73,74

   

 

Figure 2.13 Schematic of the Mn4CaO5 cubane and structure of the Co-OEC.   

2.3 Water Oxidation by Heterogenous Metal Catalysts 

2.3.1 Electrochemical WOCs  

For practical applications, heterogenized molecular or heterogeneous oxide 

catalysts should be used to split water using either electric or solar energy. 

Metal oxide catalysts based on first-row transition metals have been 

developed for electrochemical water oxidation.
31

 In 1975, Tamura and co-

workers reported OER using a platinum oxide electrode. This electrode was 

prepared in alkaline solutions via a thermal decomposition method.
75

 Bell and 

co-workers developed a mixed (Ni,Fe) oxyhydroxide catalyst (Ni1−xFexOOH) 

over their pure Ni and Fe compounds. The Ni1−xFexOOH complex enhanced 

the origin of a 500-fold activity in OER in alkaline electrolyte.
76

 As one of the 

earth-abundant metals, cobalt oxide film has been deposited on a couple of 

metal substrates to catalyze OER.
77

 When ∼0.4 ML (ML = monolayer 

equivalent) of CoOx deposited on Au, it showed 40 times higher in TOF for 

the OER than that of bulk CoOx. The OER activity of CoOx films deposited 
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with metal substrates decreased in the order of CoOx/Au > CoOx/Pt > 

CoOx/Pd > CoOx/Cu > CoOx/Co.  

Jaramillo and co-workers reported a protocol to evaluate the stability, 

activity, and Faradaic efficiency of electrodeposited OER electrocatalysts.
78

 

Based on the particular focus on electrochemically active surface area and 

electrocatalytic activity, they have examined the activities of the following 

complexes in acidic and alkaline solutions: CoOx, CoPi, CoFeOx, NiOx, 

NiCoOx, NiCeOx, NiFeOx, NiCuOx, NiLaOx, and IrOx. By comparing the 

catalytic performance, they found that 10 mA cm
-2

 current densities can be 

achieved at an operating overpotentials of 0.35 - 0.43 V (Figure 2.14) for 

every complex in alkaline solution, and only IrOx was stable under oxidative 

conditions in pH < 7 solution. 

 

Figure 2.14 Benchmarking OER electrocatalysts.   

Usually first-row transition metal-based catalysts operate the reaction at 

high overpotentials. To produce a catalyst with low overpotential, Sargent and 

co-workers developed gelled FeCoW oxyhydroxides which exhibit the lowest 

reported overpotential of 0.191 V in alkaline electrolyte at 10 milliamperes 

per square centimeter.
31

 In the reaction, the catalyst remained stable after 

more than 500 hours, and showed a synergistic interplay between iron, cobalt, 

and tungsten.  

Theoretical studies on the OER by the surface catalysts are always difficult 

due to the complicated system. A good surface catalyst should have "just 

right" interactions with the substrate. Too weak interaction will influence the 
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binding reaction between the catalyst and the reactant. On the other hand, too 

strong interaction will hinder the dissociation reaction of the product.
79

 

Nørskov has proposed a computational hydrogen electrode (CHE) model that 

can describe a trend for catalytic activity of the surface chemical reactions 

from the DFT study of the adsorption energies of the intermediates.
80

 Based 

on the CHE model, a volcano curve of the OER activity trend for the metal 

oxides can be plotted, which shows the IrO2 to be a reasonably active OER 

metal oxide catalyst in acid (Figure 2.15).
81

 

Furthermore, Nørskov and co-workers revealed linear scaling relations 

between adsorption energies of intermediates of the most catalytic surfaces. 

Such as, scaling relation between OOH* and OH* (∆GOOH = ∆GOH + 3.2 ± 0.2 

eV), which results from the same adsorption pattern of *OOH and *OH.
82

 

This unideal relation hinders to develop a catalyst with zero theoretical 

overpotential. From the relation, an independent change of these adsorption 

energies can break the scaling relation to get optimum OER activity.  

 

Figure 2.15 OER volcano plot for metal oxides. From Reference 81. 

Reprinted with permission from AAAS.  

Except metal oxide-based catalysts, the modifications of anchoring 

molecular catalysts onto the electrodes have been developed. Generally there 

are three immobilization strategies, namely covalent bonding, physical 

interactions, and encapsulation. 
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Among these immobilization approaches, covalent bonding is a widely 

used method. A variety of linkage groups have been investigated, such as 

carboxylic acid (-COOH) derivatives and phosphonic acid (-PO3H2) 

derivatives.
83

 With the phosphonic acid as the linkage, an analog of the blue 

dimer, μ-oxo bridged [(tpy-PO3H2)-(H2O)2Ru
III

-O-Ru
III

(OH2)2(tpy-PO3H2)]
4+

 

was attached on the Sn
IV

-doped In2O3 (ITO) and nanocrystalline TiO2, ZrO2, 

and SnO2 thin film electrodes.
84

 The complex showed an electrochemical 

TON of 3. Using chemical esterification, a binuclear iridium complex 

[Ir(pyalc)(H2O)2(μ-O)]2
2+

 (pyalc = 2-(2’pyridyl)-2-propanolate) was robustly 

bound on the ITO surface without the need for any external driving force or 

additional linking groups. The catalyst measured to be durable after 16 h of 

electrolysis.
85

 

Physical adsorption approach, by hyrdophobic effect
86,87,88

 and -stacking 

interaction
89

 is another widely applied immobilization technique. To fulfill 

electrochemically-driven water oxidation, Sun’s group has immobilized the 

Ru(bda) catalyst on multiwalled  carbon  nanotubes (MWCNTs) by 

introducing a pyrene group which could form -stacking with the CNTs (2-

25, Figure 2.16).
90

 The catalyst has shown much lower TOF of 0.84 s
-1

 at an 

overpotential of 0.8 V compared to the reaction in water phase. While Llobet 

and co-workers have also anchored the Ru(tda) catalyst on the MWCNTs by 

the -stacking interaction (2-26, Figure 2.16).
91

 This catalyst could maintain 

the high TOF of 8935 s
-1

 at pH 7 at the MWCNTs-water interfaces.   

 

Figure 2.16 Selected Ru catalysts on the CNT surface.  

Encapsulating the molecular WOCs with mesoporous nanomaterials, such 

as silica,
92,93

 carbon nitride,
94

 and metal-organic frameworks (MOFs)
95,96,97

 is a 
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promising strategy to maximize catalytic performance of WOCs, due to the 

high porosity and large surface areas of mesoporous nanomaterials. By ligand 

exchange approach, a Ru complex [Ru(tpy)(dcbpy)(OH2)](ClO4)2 (dcbpy = 

2,2’-bipyridine-5,5’-dicarboxylic acid) was incorporated into fluorine doped 

tin oxide (FTO)-grown thin film of MOF. The water oxidation by this catalyst 

was observed to maintain stable current density after hours of catalysis.
97

  

2.3.2 Photoelectrochemical WOCs  

Semiconductor photoanodes for photoelectrocatalytic water oxidation have 

attracted attention, due to their excellent capacity. These semiconductors are 

usually earth-abundant n-type semiconductors such as ZnO, TiO2, Fe2O3, 

WO3, and BiVO4.
98

 

TiO2 might be one of the most commonly applied materials in 

photocatalysis due to its low cost, non-toxicity and superior photostability.
99 

In 1972, Fujishima and Honda discovered that TiO2 can photocatalytically 

split water as a semiconductor.
100

 On the basis of their work, the 

photocatalytic efficiency of the TiO2 surface has been increased by doping 

carbon
101,102

 and nitrogen
103

 atom onto the titania surface. Recently, a 

theoretical study on the water oxidation by the rutile TiO2 showed that the 

favorable pathway is an oxygen radical coupling reaction on the Ti row 

(Figure 2.17).
104

 The drawback of the TiO2 catalytic system is that its wide 

band gap energy (3.0-3.2 eV) contributes to a light absorption only in UV 

region. To address this problem, some modifications such as anchoring 

molecular catalysts directly onto the TiO2 surface, or creating a photoanode 

through a photosensitizer in a dye-sensitized photoelectrochemical cell have 

been developed. 
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Figure 2.17 The general picture of the OER catalyzed by TiO2. Adapted with 

permission from reference 104. Copyright 2018 Nature Publishing Group.  

To assemble the photosensitizer and molecular catalysts onto the oxide 

semiconductor, one strategy is to co-load the photosensitizer and the WOC. A 

long linker is used to make little spatial separation between the catalyst and 

the semiconductor. By designing anchoring groups, such as phosphonic acid 

or silane, the Ru(bda) complexes have been co-loaded with a photosensitizer 

on the TiO2 surface.
105,106

 After illuminating by ca. 500 s of visible light, a 

TON of 498 and TOF of 1.0 s
-1

 were tested for the Ru(bda) catalyst containing 

molecular device. Another strategy is assemblying the photosensitizer and the 

molecular catalyst into a single molecule. An assembled chromophore-

catalyst [(PO3H2)2(bpy)2Ru(4-Mebpy-4-bimpy)Rub(tpy)(OH2)]
4+

 (H2bimpy = 

2,6-bis(benzimidazol-2-yl)pyridine) combining the photosensitizer and the 

WOC via the -CH2- group was attached on the TiO2 surface (Figure 2.18) by 

Meyer’s group.
107
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Figure 2.18 An assembled chromophore-catalyst. 

Bismuth vanadate (BiVO4), which has a bandgap of 2.4 eV with a light 

absorption in UV and vis region, has displayed high photoactivity.
108

 

However, Abdi’s study showed that the poor electron transport in BiVO4 

semiconductors limited the charge separation efficiency.
109

 Its modest 

efficiency leads to photocurrents of < 1 mA cm
-2

.  

By incorporating WOCs into the BiVO4 semiconductor surface, the 

inadequacy of its efficiency has been improved. Kim and Choi reported a 

bilayer water splitting co-catalyst. To improve water oxidation kinetics, 

NiOOH/FeOOH film was deposited on the BiVO4/FTO photoanode. For 

water oxidation, this photoanode generated an approximate photocurrent 

density of 4 mA cm
-2

 at 1.23 V at netrual pH under AM (air mass) 1.5 G 

simulated sunlight.
110

 In 2017, Sun’s group loaded a series of modified 

molecular Co4O4 cubane WOCs (2-27, Figure 2.19) on the BiVO4 

photoanode. This hybrid photoelectrochemical cells lead to a high 

photocurrent density of 5 mA cm
-2

 at 1.23 VRHE (RHE means reversible 

hydrogen electrode) and a high solar-energy conversion efficiency of 

1.84%.
111
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Figure 2.19 Molecular structures of the Co4O4 cubane catalysts. 
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Chapter 3. Theory Background 

Theoretical chemistry is a subfield of physical chemistry. In this field, 

chemical processes are studied by combining mathematical methods with 

principles of physics.
112

 Usually chemists pay more attention to several 

questions, such as structures and properties of molecules, chemical 

reactivities, or environmental effects on the chemical reactions. To deal with 

these questions, different theoretical approaches are developed to describe 

different systems. To a theoretical chemist, it is important to select a suitable 

methodology to address the chemical problems without sacrificing the quality 

and accuracy of the results. Generally, quantum mechanics (QM), molecular 

mechanics (MM) and quantum mechanics/molecular mechanics (QM/MM) 

are the approaches used to simulate chemical processes depending on the 

length and time of the system. In this thesis, theoretical concepts behind the 

computational tools employed will be described, including density functional 

theory (DFT), molecular dynamics (MD), and empirical valence bond (EVB) 

theory. Except these methodologies, collision theory, Arrhenius equation, and 

transition state theory will be introduced since they bridge between 

fundamental theory and observed kinetics.  

3.1 Quantum Mechanics 

The key point in quantum mechanics is how to define the wave function. 

Based on the time-independent Schrödinger equation (Eq. 3-1)
113

, applying 

Hamiltonian (�̂�) operator on the probability wave function, one can obtain 

the energy of the system as eigenvalues.       

�̂�ψ = 𝐸ψ , (3-1) 

where Ψ
 
is the wave function, �̂� is the Hamiltonian operator that describes 

potential and kinetic energy, and E is the energy eigenvalue. 

The complete non-relativistic Hamiltonian could be expressed as, 

�̂�  =  �̂�𝑁 + �̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑁𝑁 + �̂�𝑒𝑁 , (3-2) 

https://en.wikipedia.org/wiki/Computational_chemistry%23Quantum_mechanics/Molecular_mechanics_(QM/MM)


29 

 

where �̂�𝑁 is the kinetic energy operator of the nuclei, �̂�𝑒 is the kinetic energy 

operator of the electrons, �̂�𝑒𝑒  is the interelectronic repulsive Coulomb 

potential, �̂�𝑁𝑁  is the internuclear repulsive Coulomb potential, and �̂�𝑒𝑁  is 

attractive Coulomb potential of the electrons to the nuclei. 

Solving the Schrödinger equation accurately is extremely difficult due to 

the correlated motion of particles including all electrons and nuclei. One 

approximation is the Born-Oppenheimer approximation, in which the two 

motions of electrons and nuclei are decoupled due to the much slower 

movement of the nuclei compare to the movement of the electrons. Therefore, 

the electronic energies could be computed in a fixed field of nuclear position, 

and the electronic motion is determined by the position of nuclei. Therefore, 

the wave function can be divided into electronic part and nuclei part, written 

as follow. 

ψ(𝑋, 𝑥) =  ψ𝑁(𝑋)ψ𝑒(X, 𝑥)  (3-3) 

In equation 3-3, the X refers to the fixed nuclei coordinates. The electronic 

Schrödinger equation could be solved by using electronic Hamiltonian 

operator (Eq. 3-4). 

�̂�𝑒ψ𝑒(𝑋, 𝑥) =  𝐸𝑒(𝑋)ψ𝑒(X, 𝑥) , (3-4) 

where the electronic Hamiltonian can be expressed as:  

�̂�𝑒 = �̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑁𝑁 + �̂�𝑒𝑁 . (3-5) 

3.1.1 Wave Function Based Methods 

To solve the electronic Schrödinger equation of many-body system, some 

approximations are applied, wave function based methods and electron 

density based methods. 

In the Hartree-Fock (HF) method
114

, one of the wave function based 

approximation methods, the N-body wave function of the system is 

approximately assumed as a single Slater determinant of N spin-orbitals. The 

electrons are assumed to move in the mean field created by other particles. 

https://en.wikipedia.org/wiki/Slater_determinant
https://en.wikipedia.org/wiki/Spin-orbital
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For the independent particle model, the wave function can be written as a 

Slater determinant Ф (Eq. 3-6):  

𝐸𝑒 = ⟨ϕ|�̂�|ϕ⟩ =  ∑ 𝐼𝑖𝑖 + 
1

2
∑ (𝐽𝑖𝑗 − 𝐾𝑖𝑗)𝑖,𝑗    . (3-6) 

In the equation 3-6, the first term is the one-electron energy, i.e. the kinetic 

energy of the electrons plus the Coulomb interaction between the electrons 

and the nuclei. 1
2
∑ (𝐽𝑖𝑗)𝑖,𝑗  is the Coulomb repulsion between the electrons, 

1

2
∑ (𝐾𝑖𝑗)𝑖,𝑗  is the exchange energy. The HF equation is nonlinear and has to be 

solved iteratively, hence it is called a self-consistent field (SCF) method. The 

HF energy in a complete basis set has a deviation as compared to the exact 

(non-relativistic) energy value. This energy difference is defined as electron 

correlation energy, 

𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹 . (3-7) 

To solve the correlation energy, post-HF approaches are developed, such 

as the Møller–Plesset perturbation theory (MP), coupled cluster (CC) method, 

and configuration interaction (CI). The high accuracy comes with the large 

computational cost, therefore these methods are only suitable for small 

molecules with few atoms. 

3.1.2 Density Functional Theory 

During the last 30 years, DFT has become a popular tool to obtain good 

agreement with experimental data due to its capability of treating medium-to-

large systems. In DFT, the ground state electronic energy is determined by the 

electron probability density ρ(r).
115

 In 1927, Thomas
116

 and Fermi
117

 made the 

first attempt to treat the many-body problem of the electronic structure in 

terms of the electron distribution. However, it was not until 1964 Hohenberg 

and Kohn
118

 derived the fundament for DFT. They showed that it is 

principally possible to obtain the exact energy in terms of the electron density.  

DFT assumes that the total energy can be described in terms of electrons 

density, then for a given number of electrons Nelec and external potential 

Vext(r), we can divide F[ρ(r)] into different contributions, and then group them 

to get universal part that only depends on the electron density, and specific 

part which depends on the external potential, as equation 3-8:  

https://en.wikipedia.org/wiki/Configuration_interaction
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𝐸[𝜌(𝑟)] = 𝑇[𝜌(𝑟)] + 𝑈[𝜌(𝑟)] + 𝑉[𝜌(𝑟)] = 𝐹[𝜌(𝑟)] +

∫𝑉𝑒𝑥𝑡(𝑟)[𝜌(𝑟)]𝑑𝑟 , 
(3-8) 

where F[ρ(r)] is an unknown universal functional depending only on the 

electron density ρ(r). The functional is identical for all N-electron systems, 

only ρ(r) varies.  

The first Hohenberg-Kohn theorem asserts that 3-dimensional electron 

density is sufficient to describe all ground-state properties of the system, 

𝐸 = 𝐸[𝜌(𝑟)], and the external potential Vext(r) is a unique functional of the 

ground-state electron density ρ(r). The second Hohenberg-Kohn theorem 

provides a method to obtain the ground-state electron density. In variational 

principle, varational parameters of a trial wavefunction are adjusted until the 

energy is minimized to the exact ground state energy. Based on the varational 

principle, the variational electron density will give the minimal solution, the 

ground state ρ0(r). Therefore, the minimized energy can be obtained.  

Hohenberg-Kohn theorems only show that relations exist between electron 

density and the system properties. One year later, Kohn-Sham provided these 

relations. They considered a system consisting N non-interacting electrons and 

then, described it by a determinantal wave function of N orbitals 𝜙i. For these 

electrons, one can write kinetic energy as: 

𝑇𝐾𝑆[𝑟] =∑⟨𝜙𝑖|−
1

2
∇2|𝜙𝑖⟩ ,

𝑁

𝑖

  
(3-9) 

and hence the corresponding electron density expressed by equation 3-10: 

𝜌[𝑟] = ∑ |𝜙𝑖(𝑟)|
2𝑁

𝑖  . (3-10) 

The Kohn-Sham equations give Kohn-Sham orbitals 𝜙i (Eq. 3-11): 

[−
1

2
∇2 + 𝑉𝐶𝑜𝑢𝑙(𝑟) + 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝑥𝑐(𝑟)]𝜙𝑖(𝑟) = 휀𝑖𝜙𝑖(𝑟) , 

(3-11) 

where the first term is the kinetic energy, VCoul is the electron repulsion, Vext is 

electron-nuclei attraction, Vxc is the exchange-correlation potential. In 

practical calculations via DFT, the exchange-correlation potential is 

approximated. If exchange-correlation potential is known, we would solve the 

many-body problem exactly by Kohn-Sham orbitals 𝜙i. 
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To find good approximation of the Vxc for a uniform electron gas, the local 

density approximation (LDA)
119

 assumes that functional only depends on the 

density of a given point and the electron density is slowly varying. Therefore, 

the LDA would fail in the cases where the density changes rapidly. For 

instance it isn’t accurate to describe energetic chemical reactions. Generalized 

gradient approximation (GGA)
120

 functionals add a term of the density 

gradient to the local density and can lead to an improvement in accuracy. 

Hybrid functionals are a type of Vxc approximation methods that incorporate a 

part of HF exact exchange. One of the most popular hybrid GGA approaches 

is the B3LYP functional.  

The B3LYP functional
121,122

 was developed by Becke, in which the 

exchange coorelation functional can be written as follow. 

𝐸𝑥𝑐
𝐵3𝐿𝑌𝑃 = 𝛼𝐸𝑥

𝐻𝐹 + (1 − 𝛼)𝐸𝑥
𝑆𝑙𝑎𝑡𝑒𝑟 + 𝑏𝐸𝑥

𝐵88 + 𝑐𝐸𝑐
𝐿𝑌𝑃 + (1 −

𝑐)𝐸𝑐
𝑉𝑊𝑁 , 

(3-12) 

where 𝐸𝑥
𝐵88 is the Becke 88 exchange functional, 𝐸𝑐

𝐿𝑌𝑃 is the Lee, Yang and 

Parr correlation functional, and 𝐸𝑐
𝑉𝑊𝑁 is the Vosko, Wilk and Nusair LDA 

correlation functional. The first three terms are exchange functionals and the 

last two terms are correlation functionals. 

Further extension to GGA functionals is to include the kinetic energy 

density, which gives the meta-GGA functionals. Adding HF exchange to 

meta-GGA functionals will give the hybrid meta-GGA functionals. M06-L is 

a meta-hybrid GGA functional that has been designed to describe chemical 

kinetics and non-covalent interactions. It is proposed as the same accuracy as 

the B3LYP functional.
123

   

The B3LYP functional was found to yield comparable results to the post 

HF methods, such as MP2, yet at much lower computational cost. Based on 

the conventional B3LYP functional, plus a D3 dispersion correction energy 

term will obtain the B3LYP-D3 functional.  The dispersion correction can 

lead to significant improvements in accuracy. In the reports included in this 

thesis, we used B3LYP-D3 functional for the DFT calculations on the water 

oxidation pathways. For the comparison, M06-L functional was used as well.  
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3.2 Molecular Mechanics 

Quantum chemical strategies are highly accurate and general, but are 

extremely expensive to employ when describing large systems with longer 

simulation timescales. MM, on the other hand, by describing atoms as 

classical objects and bonds as mechanical springs, can compute large systems 

efficiently. This classical model, which uses the atom as the smallest unit, can 

describe the systems accurately as long as the simulation is close to its 

equilibrium state. Compared to QM, MM is less general and used for the 

specific systems. 

3.2.1 Force Field  

MM assumes the molecular potential energy to arise from specific 

interactions within and between molecules. These interactions include the 

stretching, bending and twisting vibration, the Van der Waals attractions or 

Pauli repulsions, and the electrostatic interactions. The potential energy of a 

molecule in MM is calculated using force field (FF). One of the classical FFs, 

the OPLS-aa FF is expressed as follow. 

𝑈𝑀𝑀 =

∑ 1

2
𝑘𝑏(𝑟−𝑟0)

2+𝑏𝑜𝑛𝑑𝑠 ∑ 1

2
𝑘𝜃(𝜃−𝜃0)

2+𝑎𝑛𝑔𝑙𝑒𝑠 ∑ ∑
1

2
𝐾𝑛[1 +

4
𝑛=1𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

cos (𝑛𝜙 − 𝛾𝑛)] + ∑
1

2𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠 𝐾𝜉(1 − cos2𝜉) +

∑ 𝑘𝑒
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑛𝑜𝑏𝑜𝑛𝑑𝑒𝑑

𝑖,𝑗
+ ∑ 4휀𝑖𝑗 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
)12 − (

𝜎𝑖𝑗

𝑟𝑖𝑗
)6]𝑛𝑜𝑏𝑜𝑛𝑑𝑒𝑑

𝑖,𝑗
  , 

(3-13) 

where the first term is the harmonic potential for bond stretching, kb is the 

bond stretching force constant, r is the bond distance, r0 is the equilibrium 

bond distance, the second term is harmonic potential for bond bending, kθ is 

the angle bending force constant, θ is the bending angle, θ0 is the equilibrium 

bending angle, the third term is harmonic potential for bond twisting, Kn is the 

dihedral rotation force constant, φ is the dihedral angle, γn is the phase shift 

angle, the forth term is harmonic potential for twisting out of plane, Kξ is the 

barrier height of the improper dihedral potential, ξ is the out-of-plane bending 

angle, the fifth term is Coulomb’s potential, q is partial atomic charge, ke is 

the Coulomb’s constant, rij is the distance between atoms i and j, and the sixth 

term is Lennard-Jones’ (L-J) potential, εij and σij are L-J parameters. 
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There are two methods to parameterize these functional terms. One 

approach is fitting these terms to experimental data such as X-ray structures, 

IR, NMR and Raman spectroscopy. Another method is using QM to calculate 

the potential energy surface (PES). These two approaches are often used 

together to obtain more reasonable parameters. Several FFs have been 

developed, such as OPLS-aa (suitable for biomolecules and some organics in 

solvent simulations)
124

, AMBER (biomolecules)
125

, and CHARMM 

(biomolecules and organics)
126

. In this thesis, we used the OPLS-aa FF to 

perform the MD simulations. 

3.2.2 Molecular Dynamics 

MD is one of the methods that could sample the PES of a large system. In 

MD simulations, a time-dependent trajectory of the molecule can be obtained 

by a combination of positions and momenta using Newtonian equations (Eq. 

3-14).  

𝐹 = 𝑚𝑎 = 𝑚
∂𝑣

∂𝑡
= −∇𝑈  . (3-14) 

The requirements are a set of initial conditions (initial positions & 

velocities of the particles) and interaction potential for the interatomic forces. 

The initial velocity is commonly randomised and the force on atoms usually 

generated by the non-bond and bonded interactions, restraining and external 

forces. With the force, the acceleration and velocity can be derived, then the 

change in position. The evolution of the system in time can be followed by 

solving a set of classical equations of motion for all particles, using the 

following equations,     

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

2
 α(𝑡)δ𝑡2  

𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 1

2
[𝛼(𝑡 + 𝛿𝑡) + 𝛼(𝑡)]𝛿𝑡  , 

(3-15) 

where r is the position, v is the velocity, a is the acceleration. This is the 

velocity Verlet algorithm commonly used for integrating the motion 

equations.
127

 The leap-frog algorithm
128

 is also applied in various MD 

programs. To describe simulation accurately and efficiently, the time-step δt 

should be approximately one-tenth the time of the fastest motion (bond 

stretching motions of light atoms) in the system. In MD simulations to avoid 
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boundary condition artifacts, periodic boundary conditions are usually 

employed.  

Directly integrate the Newton’s equations (Eq. 3-14) will produce constant 

the volume cell, the number of particles and the total energy, which is a 

microcanonical (NVE) ensemble. However simulations at the constant 

temperature or pressure are more suitable to compare with experimental 

environment. With the canonical (NVT) ensemble to hold constant 

temperature, the Berendsen algorithm
129

 includes a weak coupling of the 

system to the heat bath. The velocity-rescaling
130

 thermostat includes an 

additional stochastic term to generate a correct distribution of the kinetic 

energy. The other NVT ensembles include Nosé–Hoover
131,132

 and 

Andersen
133

. The isothermal isobaric (NPT) ensemble is used to control the 

pressure, including the Berendsen algorithm
125

 and the Parrinello-Rahman 

barostat
134

. 

3.2.3 Potential of Mean Force 

Chemical reaction is governed by the free energy difference between 

states.
135

 Therefore, it is important to calculate free energy difference of a 

molecular system. With a defined reaction coordinate 𝜉 , the probability 

distribution could be sampled on potential energy E as a function of 𝜉 (Eq. 3-

16)
136

. 

𝑄(𝜉) =
∫𝛿[𝜉(𝑟) − 𝜉]𝑒(−𝛽𝐸)𝑑

𝑁𝑟

∫ 𝑒(−𝛽𝐸)𝑑
𝑁𝑟

   , 
(3-16) 

where 𝛽 = 1 (𝑘𝐵𝑇)⁄ , kB is the Boltzmann’s constant, T is the absolute 

temperature and N is the number of degrees of freedom of the system. Since 

the Helmholtz free energy A can be expressed by canonical partition function 

Q with an equation 3-17, we can calculate the free energy along the reaction 

coordinate 𝜉 with equation 3-18. ΔA is similar to the ΔG (Gibbs free energy) 

numerically in the condensed system.                                          

𝐴 = −
1

𝛽
ln𝑄  , (3-17) 

𝐴(𝜉) = −
1

𝛽
ln𝑄(𝜉)  , (3-18) 
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where 𝐴(𝜉) is the potential of mean force (PMF). PMF is a free energy profile 

along the reaction coordinate, which could be used to examine how the free 

energy changes as a function of the distance between two residues. In 

principle, by monitoring probability along the coordinate, the 𝐴(𝜉) can be 

obtained directly. However, practically in a finite simulation time, it is 

infeasible to obtain probability distributions at the configuration space with a 

higher energy.  

Umbrella sampling (US)
137

 is one of the techniques to sample such areas 

with higher energy, introduced by Torrie and Valleau. By adding a bias 

potential wi to the system, we can sample these rare regions of higher energy 

along the entire coordinate as follow. 

𝐸𝑏(𝑟) = 𝐸𝑢(𝑟) + 𝑤𝑖(𝜉) (3-19) 

In US to sample all the regions of the coordinate efficiently, the studied 

coordinate 𝜉 will be split into a number of windows. For each window, the 

bias potential is used to keep the system close to the reference coordinate 𝜉𝑖 

(Figure 3.1). After the sampling, one promising method to analyze the result 

is the weighted histogram analysis method (WHAM).
138,139

 WHAM takes into 

account information from all intermediate states that could minimize the 

statistical error of unbiased distribution.  

 

Figure 3.1 Histograms of umbrella sampling.  
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3.3 Empirical Valence Bond  

In the fully quantitative studies of chemical reactions of large systems in 

explicit solvent, a semi-empirical QM/MM method, EVB is an effective 

approach.
140

 The EVB method was developed by Warshel and Weiss in 1980. 

In EVB simulations, different key stationary points are described within a QM 

framework fully classically to simulate chemical reactions.
141

 On the basis of 

calibrated parameters, the same reaction could proceed in a different 

environment to account for environmental effects.
142

 

EVB describes the Hamiltonian of the system by taking into account the 

resonance states corresponding to classical valence bond structures. In the gas 

phase reaction, the diagonal elements of Hamiltonian are described by 

equation 3-20: 

𝐻𝑖𝑖 = 휀𝑖𝑖 = 𝑈𝑞𝑞
𝑖 (𝑅, 𝑄) + 𝛼𝑔𝑎𝑠

𝑖   , (3-20) 

where R and Q are the atomic coordinates and charges of the elements in a 

state i, respectively, 𝑈𝑞𝑞
𝑖  is the potential energy of interaction within the atoms 

involved in the reaction, 𝛼𝑔𝑎𝑠
𝑖  is the gas phase energy of the i

th
 state. The off-

diagonal elements of Hamiltonian can be represented by equation 3-21: 

𝐻𝑖𝑗 = 𝐴𝑒
−𝑢(𝑟−𝑟0)  , (3-21) 

where r is the distances between reacting atoms, r0 is equilibrium distance, A 

and u are constants. It should be noticed that the Hij terms are phase-

independent. The ground state energy can then be obtained by diagonalizing 

the EVB Hamiltonian. 

 

Figure 3.2 Schematic representation of EVB energy profile. The values of 

H12, ε1 and ε2 are used to regulate the free energy ΔG
‡
 and ΔG0. 
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Since we are interested in the free energy profile of the entire reaction, the 

free energy profile should sample all the configurations along the reaction 

coordinate. To obtain this free energy, we used free energy perturbation 

(FEP)/US method.
143

 In the FEP/US method, two states are created as follows. 

휀𝑖 = (1 − 𝜆𝑖)휀1 + 𝜆𝑖휀2  , (3-22) 

where 𝜆𝑖 is a mapping parameter. The reaction moves along the 𝜆𝑖 which goes 

from 0 to 1. Each step will yield configurations at different points in the 

reaction coordinate. The energy gap is defined by Δ휀 = 휀1 − 휀2. The energy-

gap reaction coordinate allows for more efficient sampling and better 

localization of transition state compared to the traditional geometric 

coordinates. The free energy between two steps can be obtained through the 

FEP formulation, therefore, the free energy profile will be expressed as,  

∆𝐺(𝜉, 𝜆) = ∆𝐺𝑚(𝜆) − 𝑅𝑇𝑙𝑛 〈𝛿(𝜉(𝑟) − 𝜉)𝑒
−(𝐸𝑔(𝜉)−𝐸𝑚(𝜉,𝑟))

𝑅𝑇 〉𝑚  . 
(3-23) 

The free energy profile would be obtained from the accumulated 

contributions of each step. In the solvent or the other environment, the 

diagonal elements of Hamiltonian could be expressed as follow, 

𝐻𝑖𝑗 = 휀𝑖 = 𝛼𝑔𝑎𝑠
𝑖 + 𝑈𝑖𝑛𝑡𝑟𝑎

𝑖 (𝑅, 𝑄) + 𝑈𝑆𝑠
𝑖 (𝑅, 𝑄, 𝑟, 𝑞) + 𝑈𝑠𝑠(𝑟, 𝑞)  , (3-24) 

where R and Q are the atomic coordinates and charges of the diabatic states, r 

and q are the atomic coordinates and charges of the diabatic states. The first 

term denotes the energy in gas phase, the second term is the intramolecular 

potential of the solute system, the third term denotes the interaction between 

the solute (S) and the environmental atoms (s), and the last term is the 

potential energy of the surrounding system. Since the gas phase shift and off-

diagonal elements are phase independent, EVB method can be used to 

simulate the chemical reaction in different environments and study the 

environmental effect on the reaction.  

To describe the O-O formation in our studies, a Morse potential (Eq. 3-25) 

is used to present a more accurate potential energy of the bond stretch, and 

instead of the normal 1 𝑟12⁄  which causes too strong repulsion at very short 
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distances, an exponential function soft core potential (Eq. 3-26) is used to 

describe the repulsive interaction. 

𝑈𝑀𝑜𝑟𝑠𝑒(𝑟) = 𝐷𝑒(1 − 𝑒
−𝛼(𝑟−𝑟0))2  , (3-25) 

𝑈𝑠𝑜𝑓𝑡(𝑟) = 𝐶𝑖𝐶𝑗𝑒
(−𝛼𝑖𝛼𝑗𝑟𝑖𝑗)  . (3-26) 

3.4 Collision Theory 

In collision theory, there are three aspects to a successful reactive collision. 

An expression for the rate of a bimolecular reaction by collision theory can be 

taken as the following form, 

𝑉 =

(𝑒𝑛𝑐𝑜𝑢𝑡𝑒𝑟 𝑟𝑎𝑡𝑒)(𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡)(𝑠𝑡𝑒𝑟𝑖𝑐 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡) . 
(3-27) 

The successful collisions must include right orientation of the reactive 

molecules, and enough energy which is known as activation energy. Only 

when these reactions overcome the activation energy, the preexisting bonds 

can be broke and new bonds will be formed. By using a catalyst, the reaction 

pathway will change to a new pathway with less energy barrier to surmount, 

which results in more efficient collisions and then increases the reaction rate. 

3.5 Arrhenius Equation 

In common sense, higher temperature can speed up chemical reactions. In 

1899, Arrhenius proposed an equation that can describe the temperature 

dependence of reaction rates by combining activation energy and the 

Boltzmann distribution (Eq. 3-28).  

𝑘𝑜𝑏𝑠 = 𝐴𝑒
−𝐸𝛼 (𝑅𝑇)⁄   , (3-28) 

where Ea is the activation energy, R is the universal gas constant, T is the 

temperature, A is the pre-exponential factor that can be expressed by equation 

3-29:                                                         

𝐴 = 𝑍𝜌  , (3-29) 

https://en.wikipedia.org/wiki/Reaction_rate
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where Z is the collision factor which can be calculated by the diffusion rate of 

the reactant molecules, 𝜌 is the steric factor which is generally very difficult 

to estimate.  

In the reports of this thesis, due to the hydrophobic oxo forces two Ru
V
=O 

species to form proper coupling geometry, the pre-exponential factor A is 

assumed to be equal to the collision factor Z. The activation energy Ea was 

calculated by the activation free energy of the forward reaction minus to the 

free energy of the backward dissociation reaction. Combining these values, 

we used the Arrhenius equation to estimate the rate constants of the reactions.  

3.6 Transition State Theory 

In transition state theory, we can explain chemical reaction rate by 

assuming a chemical equilibrium between the reactants and the transition 

state complexes. The transition state in the theory is a configuration that 

divides the reactant and product surfaces. Once molecules have reached the 

transition state, the product will be formed. From this chemical equilibrium 

theory, the free energy change during a chemical reaction will be derived. 

With the free energy difference, the full reaction rate constant k in terms of 

temperature can be formulated by the Eyring equation:                                        

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒−Δ𝐺

≠ 𝑅𝑇⁄   , (3-30) 

here kB is the Boltzmann’s constant, T is the temperature, h is the Planck 

constant, R is the universal gas constant, Δ𝐺≠ is the difference in Gibbs free 

energy between the transition state and reactant state, which could be 

calculated as follow,  

∆𝐺 = ∆𝐻 − 𝑇∆𝑆  . (3-31) 

From the Eyring equation, we can estimate that reaction rate of 1 s
-1

 is 

corresponding to a free energy barrier of 17.4 kcal mol
-1

 at standard 

temperature. And a change of 1.4 kcal mol
-1

 in barrier free energy would 

result in tenfold change in the reaction rate.  

https://en.wikipedia.org/wiki/Chemical_equilibrium
https://en.wikipedia.org/wiki/Reagent
https://en.wikipedia.org/wiki/Transition_state
https://en.wikipedia.org/wiki/Transition_state
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Chapter 4. Ru(bda) Complexes in Water Phase 

Light-driven water splitting is a sustainable way to store solar energy into 

chemicals, which could become the future of green energy. In this process, 

water oxidation (2H2O → O2 + 4e
-
 + 4H

+
) is considered the bottleneck due to 

its harsh conditions and limited rates. It requires strongly oxidizing conditions 

and involves multi-electron transfer reactions.
144

 Among the multiple WOCs, 

a family of Ru(bda)L2 catalysts synthesized by Sun’s group hold much higher 

catalytic performance (TOF > 1000 s
-1

) compared to the other Ru-based 

WOCs.
39,40,41,42

 

In the reaction of the Ru(bda)L2 complexes, a second-order kinetics with 

respect to the catalyst concentration and zeroth-order with respect to the CAN 

concentration have been shown, indicating an I2M pathway. Moreover the 7-

coordinate species of Ru
V
=O was spectroscopically confirmed recently.

44
 The 

kinetic measurements of the complexes displayed that the second-order rate 

constant of the complex with isoquinoline (isoq) ligand is around three orders 

of magnitude higher than that of the complex with pic ligand.
40,145

 Based on 

these results, we concluded that the solvent effect must influence the radical 

coupling reaction significantly and the axial ligand plays a large role on the 

reactivity. In this chapter, the origin of the energy barrier in the radical 

coupling reaction has been examined using DFT approach. On the basis of 

DFT studies, a further study using the EVB approach has found the role of 

explicit solvent on the dimerization reaction. In the third part of this chapter, 

the sole determining factor for the efficiency of Ru(bda)L2 catalysts has been 

presented with full dynamical simulation approaches. In the last part, the 

crucial factors that may determine the water oxidation pathways of the Ru-

based WOCs have been probed from experimental and computational studies. 

4.1 Ru(bda) Complexes in Implicit Solvent (Paper I) 

For two electrons with opposite spin in the singlet state, there is no Pauli 

repulsion. Two radicals typically form a bond in a potential well with no 

barrier. In Ru(bda)L2 WOCs, the O-O bond is formed via a coupling reaction 

of two Ru
V
=O radicals. The reaction rates are approximately 1000-1000000 

times higher than that of WNA pathway.
146,147,148

 Privalov and co-workers 

https://www.google.se/search?q=isoquinoline&spell=1&sa=X&ved=0ahUKEwirv-bEz9fgAhVFtosKHdAwBDcQkeECCCooAA
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found that two oxos have high spin density and the coupling reaction from the 

prereactive complex [(bda)L2Ru
V
=O•••O=Ru

V
L2(bda)]

2+
 has relatively low 

activation energies.
43

 However, if the reaction proceeds between two oxyl 

radicals, the O-O bond formation should be a barrierless process. In this work, 

we studied several [Ru
V
=O(bda)L2]

+
 complexes (Figure 4.1) using DFT 

method. 

 

Figure 4.1 Ru(bda)L2 catalysts studied in the report. TOF are given in the 

parentheses. Adapted with permission from reference 45. Copyright 2016 

American Chemical Society.  

The energy barriers of the complexes have been calculated by scanning the 

O-O bond distance of the antiferromagnetic open-shell singlet from the 

prereactive dimer to product dimer. Interestingly, all the complexes possess 

low electronic activation energy in a range of 1.4 - 7.2 kcal mol
-1

 (Table 4.1). 

There is no correlation between the activation energy and the TOF, implying 

that another step might be the reason for the different reactivities of the 

complexes with different axial ligands, possibly the formation of the 

prereactive dimer from two separated monomers. The implicit solvation 

seems narrow the range of energy barriers to 3.9 - 6.7 kcal mol
-1

.  
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Table 4.1 Electronic activation energy and solvated electronic activation 

energy of coupling step, distortion and interaction energies.  

Complexes 
Electronic 

activation energy 
E

‡
 (kcal mol

-1
) 

Solvated electronic 
activation energy 
E

‡
solv(kcal mol

-1
) 

ΔEdist 
(kcal mol

-1
) 

ΔEint 
(kcal mol

-1
) 

1 2.2 3.1 1.7 0.5 

2 1.4 3.9 4.5 -3.1 

3 2.4 5.4 5.0 -2.0 

4 3.9 6.4 3.0 0.9 

5 3.5 5.0 1.7 1.8 

6 6.7 6.7 2.5 4.2 

7 6.8 5.8 3.1 3.7 

8 7.2 5.4 6.7 0.5 

We measured interaction between two oxyl radicals by calculating the 

Coulomb repulsion and the dispersion attraction for oxygen. We used the 

attractive L-J potential (Eq. 4-1) with OPSL-aa FF parameters to estimate 

dispersion attraction and ESP charge at the monomer to calculate the 

Coulomb interaction (Eq. 4-2). Ignoring all other interactions, the interaction 

combining the L-J attraction and the Coulomb repulsion is +1.3 kcal mol
-1

, 

slightly repulsive at 2.43Å. This value will be decreased to -0.8 kcal mol
-1

 at 

the transition state with the O-O distance of 1.9Å, meaning that the transition 

state is 2.1 kcal mol
-1

 lower in energy than that the pre-reactive complex. We 

replaced the oxo groups with fluorines (Scheme 1) to further test the 

interaction. This structure is singlet without unpaired electrons, similar to the 

Ru
IV

-OH complexes. The energy will be increased 16.0 kcal mol
-1

 when the 

distance between the two fluorine atoms is changed from 2.43 to 1.9 Å. This 

energy is much high than that for the original Ru
V
=O complex. In this case, 

we included the repulsive L-J term to calculate the L-J potential between two 

fluorines since there are no unpaired electrons. By combining the L-J potential 

and the Coulomb potential, the interaction for the two fluorines was estimated 

to increase 11.7 kcal mol
-1

 as the distance decreases. Thereby, the interaction 

of the fluorine species is 13.8 kcal mol
-1

 more repulsive than that of the oxo 
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species. These results indicate the two oxo radicals have slightly favorable 

interaction. 

𝑉𝐿𝐽 =∑4휀𝑖𝑗
𝑖𝑗

[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] (4-1) 

𝑉𝐶𝑜𝑢𝑙 =∑
1

4𝜋휀0
𝑖𝑗

𝑞𝑖𝑞𝑖
𝑟𝑖𝑗

 (4-2) 

 

Scheme 4.1 Interaction between two oxo species, and two fluorine species. 

These results indicated that the interaction of the two oxo groups is not 

disfavoring the transition state geometry. We further decomposed the 

activation energy into distortion energy (Edist); the energy required to distort 

the two species from the prereactive geometry to the transition state geometry, 

and interaction energy (Eint); the interaction energy difference of the distorted 

fragments between the prereactive geometry and the transition state geometry, 

to better understand the forces leading to the barrier. In Table 4.1, the 

magnitude of Edist varies from 1.7 to 6.7 kcal mol
-1

 and the Eint ranges from -

3.1 to 4.2 kcal mol
-1

. The values of the two terms show a slight reverse 

relationship. When Eint is high, Edist becomes low, and vice versa. Therefore, 

the transition state structure could slightly adjust from monomer but would 

sacrifice the favorable intermolecular interaction Eint, or adopt a geometry 

with low intermolecular interactions, however the Edist will be increased. From 

this interaction analysis, we concluded that the distortion and interaction of 

the prereactive complex are the origin of the activation energy in gas phase. 

In this report, we have found that there is no intrinsic barrier between the 

two oxo fragments of Ru
V
=O complexes in the I2M pathway. The low 

activation energy is composed of distortion and interaction energy that is 

required to break the favorable prereactive dimer geometry. There is no 

correlation found between the activation energy and the experimental 

reactivity of the complexes with different axial ligands at this particular step. 

Since the Ru(bda)L2 complexes proceed the I2M pathway with extremely 

high TOF, different from the WNA complexes. Is there any reason for the 
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complexes proceed in I2M pathway and what is the role of solvent on the 

dimerization? These questions would be addressed in the next study. 

4.2 Ru(bda) Complexes in Explicit Solvent (Paper II) 

In the first study, by estimating the interaction for two oxo moieties of 

Ru
V
=O(bda) water reaction complexes, we found that there is no intrinsic 

barrier between the oxo fragments of the Ru
V
=O species. The slight activation 

energy is due to inter- and intramolecular strain from the pre-reactive 

geometry to the product geometry. We concluded that solvent effect is 

significant on the reaction. EVB approach allows for description of 

environmental effects physically and quantitatively by simulating reaction in 

different environment,
142

 and can describe the chemical reaction for the large 

system size with long timescales. Therefore, in this report we used EVB 

approach to study the reaction in fully explicit solvent. 

 

Figure 4.2 Ru
V
(bda) complexes studied in this report. Adapted with 

permission from reference 46. Copyright 2017 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

We developed an EVB-MD model for the Ru(bda)L2 complexes with full 

explicit solvation. The radial distribution functions (RDF) of the monomer 

Ru
V
=O oxygen (O

7
) with water oxygen shows a first solvation shell at 3.25 Å 

(Figure 4.3). This distance is approximately equal to the Van der Waals radii 

of two oxygens, instead of the H-bond distance. The RDF result indicates that 

water molecules do not form H-bonds with the oxo. The H-bonding analysis 

shows that the O
1
 forms around 0.64 H-bonds with water from monomer to 
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pre-reactive dimer to product, H-bonds of O
2
 change from 0.17 (monomer) to 

0.09 (prereactive dimer) to 0.01 (product). O
7
 has virtually no H-bonds with 

water along the reaction coordinate (Table 4.2). The result of RDF and H-

bonding analysis indicate that the oxo of Ru
V
=O species is actually 

hydrophobic, which might be the driving force for the I2M pathway of the 

complexes. To further investigate the solvent effect, we parametrized the 

Ru
IV

-OH species, known to interact with water from the crystal structure. In 

the Ru
IV

-OH species, O
7
 has 0.16 H-bonds with water molecules, and the 

hydroxide proton has significant interaction with water as also shown in RDF 

analysis. Therefore, the hydrophilic channel in the Ru
IV

-OH crystal would 

disappear after forming the Ru
V
=O species. 

Table 4.2 The H-bonding analysis (average H-bond number) between 

complex 1 and 4 with H2O.
[a]

 

H-bond O
1 O

2 O
7 

1-monomer 0.66 0.17 0.02 

1-prereactive 0.64 0.09 0.02 

1-product 0.63 0.01 0.00 

4-monomer 0.63 0.16 0.04 

4-prereactive 0.70 0.12 0.02 

4- product 0.51 0.00 0.00 

Ru
IV

-OH 0.47 0.23 0.16 

[a] 
Oxygen numberings are shown in Figure 4.2. 
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Figure 4.3 RDF analysis for the O
7
 of 1-monomer with water oxygen. 

Adapted with permission from reference 46. Copyright 2017 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

The calculated activation free energy of the four catalysts showed that the 

energies of the py derivatives are increased in the solvent phase compared to 

the gas phase. However, the solvent decreases activation free energy for the 

isoq derivative (Table 4.3). 

Table 4.3 Activation free energy (∆∆G) of complexes 1-4. All values are in 

kcal mol
-1

.  

Complex 
∆∆G 
gas 

∆∆G
[a] 

water 

1 3.3 4.8 (6.3) 

2 1.1 2.7 (3.6) 

3 4.0 4.7 (5.5) 

4 7.9 7.1 (6.4) 

[a]
 In parenthesis DFT results

45
 are provided for comparison with EVB results. 

-stacking was found to stabilize the transition state geometry from the 

experimental study.
40

 By comparing 1 and 4 in the gas and solvent phase in 

EVB-MD models, we found different tendency in -stacking. There is no -

stacked geometries in gas phase for either complex. However, in aqueous 

solution, the distance between the center of mass of the isoq at the transition 
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state decrease from 5.4 Å in gas phase to 4.1 Å. The angle α between the 

planes of two rings reduces to 16
o
 from 42

o
 (Figure 4.4). These results 

indicate 4 twists to form a -stacked configuration which seems driven by the 

solvent. Complex 1 shows non-stacked configuration in gas and water phase. 

The distance between the py ligands is around 6 Å, the angle α is ~50
o
 

throughout the reaction in two phases. 

 

Figure 4.4 The transition state structure of the complex 4 in water phase. 

Adapted with permission from reference 46. Copyright 2017 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

In this report, we have created the first EVB model to study Ru(bda)L2 

complexes in explicit solvent phase. From the H-bonding and RDF analysis, 

the oxo was found to be hydrophobic. This key property explains why the two 

Ru
V
=O species would form the prereactive dimer, with the geometry of two 

oxos pointing towards each other. By comparing transition state structures of 

complex 1 and 4 in gas and solvent phase, we found a striking solvent effect 

on the -stacking interaction. -stacking was observed for 4 in solvent phase, 

but no stacking was found in the gas phase. 1 with the smaller -system has 

no such effect in either of the two phases. In this second study, results from 

EVB calculations showed that radical coupling from pre-reactive dimer 

proceeds with a minimal barrier, in an agreement with our DFT-based results 

from the first study. The solvent effect on the O-O bond formation was 

minimal, and the formation of the prereactive dimer is likely the key to the 
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high efficiency of Ru(bda)L2 catalysts. This problem will be addressed in the 

next study. 

4.3 Full Dimerization Reaction of the Ru(bda) Complexes (Paper 

III) 

With the Ru(bda)L2 water oxidation complexes, we studied the solvent 

effect in the dimerization using EVB approach from the second report. We 

showed that the oxo of Ru
V
=O species is hydrophobic, explaining why the 

Ru
V
=O prefers to form prereactive complex with the geometry of the oxos 

pointing at each other. And the solvent does not interfere the O-O bond 

formation. In the first report, we found the minimal activation energy was due 

to small rearrangements of the prereactive dimer to the transition state. 

Second-order rate constants from kinetic measurements show that the 

complex 2 has much higher rate constant (three orders of magnitude) than the 

complex 1 (Figure 4.5).
40,145

 From such hugely different reactivity of the 

complexes with different axial ligands of pic and isoq, we proposed that the 

formation of the prereactive dimer from two separated monomers is likely the 

key factor to the highly active catalysts. In this report we studied the full 

dimerization reaction in full solvation model fully dynamically (Figure 4.6).
149

  

 

Figure 4.5 Ru
V
(bda) complexes studied in this report. TOF and reaction rate 

constant are provided in the parentheses. Adapted with permission from 

reference 149. Copyright 2018 American Chemical Society. 
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Figure 4.6 Proposed the full dimerization reaction to form the O-O bond in 

the water phase. Adapted with permission from reference 149. Copyright 

2018 American Chemical Society. 

The developed OPLS-aa FF parameters in the second report were switched 

to gromacs format to run MD simulations in a periodic box filled with TIP3P 

(TIP3P model has slightly better structural and thermodynamic properties 

than SPC or SPC/E models) water molecules
150

. From MD simulations the 

diffusion coeffcients of two complexes were calculated, which are 5.1 × 10
-6
 

cm
2
 s

-1
 of the complex 1 and 4.5 × 10

-6
 cm

2
 s

-1
 of the complex 2. The similar 

diffusion rates of the two catalysts indicate that the diffusion of the complexes 

in solvent is not the reason of the higher rate constant of the complex 2. 

To better understand the formation of prereactive dimer from two 

separated monomers in more detail, we estimated the binding free energy of 

two monomers using US approach in water phase. The calculated binding free 

energy of the complex 1 was 3.2 kcal mol
-1

 and for the complex 2 was 6.3 

kcal mol
-1

. The 3.1 kcal mol
-1

 higher in binding energy of the complex 2 than 

the complex 1 should be the reason of the complex 2 has higher reaction rate 

by favorably forming the prereactive dimer. By analysing the intermediate 

structure of PMF simulations, we found that the complex 2 could form T-

shaped interaction between two isoq groups at the Ru-Ru distance around 12 

Å. In complex 1, only electrostatic interaction appears between one pic group 

and the bda ligands of another species at closer distance (Figure 4.7).  
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Figure 4.7 Structures of PMF simulations. a) DFT optimized prereactive 

dimers 1. b) Snapshots of 1 from PMF simulation. c) DFT optimized 

prereactive dimer 2. d) Snapshots of 2 from PMF simulation. For clarity 

TIP3P water molecules in the PMF simulations have been removed. Adapted 

with permission from reference 149. Copyright 2018 American Chemical 

Society. 

We have also calculated the binding free energy of hydrophilic Ru
IV

-OH, 

which is 2.2 kcal mol
-1

, merely 1 kcal mol
-1

 smaller than that of hydrophobic 

Ru
V
=O. During PMF simulations, the Ru

IV
-OH complex showed an 

intermediate structure where one of the Ru
IV

-OH units turns to point at the 

water phase. However, the Ru
V
=O complex retains the structure of two 

Ru
V
=O pointing at each other at even longer distances (Figure 4.8). 



52 

 

 

Figure 4.8 Structures of PMF simulations. a) DFT optimized prereactive 

dimers 1. b) Snapshots of 1 from PMF simulation. c) DFT optimized 

prereactive dimers Ru
IV

-OH. d) Snapshots of Ru
IV

-OH from PMF simulation. 

For clarity TIP3P water molecules in the PMF simulations have been 

removed. Adapted with permission from reference 149. Copyright 2018 

American Chemical Society. 

The EVB approach is used to simulate the O-O bond forming reaction in 

the water phase. The different tendency of activation free energy in gas phase 

and solvent could be explained by the -stacking interaction mentioned in the 

second report. However, activation free energies in solvent of the two 

complexes at this step are very close, 7.9 kcal mol
-1

 and 7.1 kcal mol
-1

 (Table 

4.4). This implies that activation free energy of the O-O coupling step does 

not contribute to different reactivity of the two complexes.  
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Table 4.4 Activation free energy (∆∆G) and the dissociation free energy 

(∆Gdiss) of the complexes. All values are in kcal mol
-1

. 

Complex 
∆∆G 
gas 

∆∆G
[a]

 
water 

∆Gdiss 

1 4.4 7.9 (6.9) 3.2 

2 7.9 7.1 (6.4) 6.3 

[a]
 In parenthesis DFT results

45
 are provided for comparison with EVB results. 

The reaction rate constant can be estimated by three elements, including 

the collision rate of the reactants, a proper orientation of the reactants (we 

treated that the hydrophobic oxo of [Ru
V
O(bda)L2]

+
 could drive the catalysts 

to form the proper geometry, two Ru
V
 oxos pointing towards each other), and 

enough energy to overcome the activation energy. With the analysis of one 

monomer diffused in water phase, formation step of the prereactive dimer and 

the final O-O bond formation, we could use Arrhenius equation to estimate 

rate constant (Eq. 4-3). The prefactor A in the Arrhenius equation could be 

assumed by /C
2
, where collision frequency  for 3-dimensional diffusion is 

calculated by equation 4-4
151

. In this equation, N is Avogadro’s number, C is 

the concentration, a is the reactive radius of the particle, D is diffusion 

coefficient. The activation energy Ea is estimated by Ea = ∆GOO
‡
 - ∆Gdiss, 

where ∆GOO
‡
 is the forward activation energy from the EVB simulation, and 

∆Gdiss is the dissociation energy from the PMF simulation. Inserting the 

activation energy Ea and the calculated collision rate into equation 4-3 yields 

second-order rate constants of 1.38 × 10
6
 M

-1
s

-1
 for complex 1 and 8.82 × 10

8
 

M
-1

s
-1

 for complex 2, which are in excellent agreement with experimental 

results (Figure 4.5). In the three steps, any significant difference is found only 

in the formation of the prereactive dimer that can be the determining factor for 

the difference in reactivity of the complexes.  

𝑘𝑜𝑏𝑠 = 𝐴𝑒
−𝐸𝛼 (𝑅𝑇)⁄  (4-3) 

ϕ = 8𝜋𝑁𝛼𝐶2𝐷 (4-4) 

In this report, by studying the full dimerization from monomer diffusion to 

form the O-O bond in explicit solvation with full dynamics, we probed 
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formation of the prereactive dimer to be the sole determining factor for the 

efficiency of Ru(bda)L2 catalysts. By now, we addressed the questions in 

previous reports. We also found that the T-shaped interaction of complex 2 is 

mainly contributing to the binding free energy of the prereactive dimer 

forming step. The driving force of the hydrophobic oxo is estimated to be 1 

kcal mol
-1

 via comparing the binding free energy of Ru
IV

-OH and Ru
V
=O 

species. 

4.4 Catalysts with Modified bda Ligands by Full Dynamics Study 

(Paper IV) 

The modifications of the Ru(bda)L2 catalysts have been studied to improve 

the catalytic performance. By introducing -stacking tendency and 

hydrophobic groups at the axial ligands, the TOF of Ru(bda) based catalysts 

have reached at 1000 s
-1

.
41,42

 Replacement of the equatorial bda ligand with 

other polypyridyl ligands containing carboxylates, leads to a different reaction 

mechanism for the OO bond formation, which switches from I2M to 

WNA.
50,51,152

 It seems the equatorial ligand of the Ru(bda) catalysts could 

influence the mechanistic distinction. To investigate the role of steric 

hindrance and hydrophilicity of the bda backbone, we have studied a 

Ru(bnda)(pic)2 (H2bnda = 2,2'-bi(nicotinic acid)-6,6'-dicarboxylic acid) 

complex. The mechanism of the water oxidation catalyzed by the 

Ru(bnda)(pic)2 complex was addressed by the experiments and DFT 

calculations. Furthermore, we compared four complexes of Ru(bnda), 

Ru(bda), Ru(pda) and Ru(biqa) (Figure 4.9) to identify the crucial role of the 

equatorial ligands on the reaction pathway of the Ru-based WOCs.  

 

Figure 4.9 Ru-based complexes studied in this report. 
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The Ru(bnda) complex was prepared by a two-step one-pot precedure and 

characterized by 
1
H NMR (Nuclear Magnetic Resonance), 

13
C NMR, and HR 

ESI-MS (High Resolution Electrospray Ionization Mass Spectrometry). The 

X-ray diffraction analysis showed the O1-Ru1-O2 angle of 116.36°, much 

larger than the angle of an octahedral configuration (90°). The two pyridine 

rings in the bnda plane bend slightly with a dihedral angle of 18.3°, due to the 

two hindered carboxyl groups (Figure 4.10a). The hydrophilicity of the bnda 

ligand leads to packing geometries that the carboxylate groups are back to 

back on neighbouring complexes with water molecules in between (Figure 

4.10b).   

 

Figure 4.10 a) Crystal structure of Ru(bnda) complex. Most hydrogen atoms 

are omitted for clarity. b) Packing structure of Ru(bnda) in the crystal. The 

pic ligands and most hydrogen atoms of the complex are omitted for clarity. 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

curves showed current peaks at 0.87 V, 1.18 V, and 1.33 V vs NHE, 

corresponding to redox processes of Ru
II
/Ru

III
, Ru

III
/Ru

IV
 and Ru

IV
/Ru

V
, 

respectively (Figure 4.11). An onset of a sharp current increase at around 1.5 

V might be the catalytic OER. 
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Figure 4.11 CV and DPV of Ru(bnda) complex in a 0.1 M CF3SO3H aqueous 

solution mixed with 10% CH3CN.  

The catalytic activity of Ru(bnda) complex showed a total TON of 480 

within 3 min and the initial TOF of 10 s
−1

 in the first 30 s. This TOF is similar 

with the TOF of the Ru(bda) complex (19 s
−1

) in the comparable conditions.
5
 

Through monitoring the oxygen evolution rate in the initial 30 s, the kinetic 

study of catalytic water oxidation at various concentrations of Ce
IV

 and 

Ru(bnda) was investigated and revealed that the reaction is zero-order in Ce
IV

 

and second-order in Ru(bnda). The rate constant of the reaction is 103.3 

mM
1
s
1 
 [Ru(bnda)]

2
. These results indicated that the Ru(bnda) complex 

catalyze water oxidation via an I2M pathway. 

We employed HR ESI-MS to track the intermediates of Ru(bnda) complex 

involved in the water oxidation. The mass spectrum showed a molecular ion 

peak of the [Ru
III

(bnda)(pic)2]
+
 species after adding 1 equivalent of Ce

IV
. The 

spectrum will be assigned to the [Ru
IV

(bnda)(pic)2(OH)]
+
 species, after adding 

one more equivalent of Ce
IV

. Addition of 3 and 8 equivalents of Ce
IV

 did not 

show any new species other than the [Ru
III

(bnda)(pic)2]
+
 and 

[Ru
IV

(bnda)(pic)2(OH)]
+
. The absence of Ru

V
=O and Ru

IV
−O−O−O−

IV
 

species demonstrates that they are potential transient states with extreme high 

reactivity and short lifetime. There was no dioxygen intermediate 

[Ru
III

−O−O] (This complex can be usually tracked using similar ex-situ 

MS)
153

 was tracked either. Therefore, the results of ex-situ HR ESI-MS further 

support the I2M pathway of the Ru(bnda). 
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DFT calculations were performed to calculate the O−O bond formation 

step of the water oxidation by Ru(bnda). The coupling reaction of two 

Ru
IV

=O˙ radical species has an activation free energy of 8.3 kcal mol
-1

 with a 

reaction free energy of -4.4 kcal mol
-1

. The transition state is located at the 

O−O distance of 1.92 Å. While the calculated WNA pathway showed an 

activation free energy of 18.0 kcal/mol and the reaction energy of 8.7 

kcal/mol. These results indicate an I2M mechanism of the water oxidation by 

Ru(bnda) complex, in consistent with the experimental results. 

From B3LYP-D3 functional optimized geometries, the Ru(pda), Ru(bda), 

Ru(bnda), and Ru(biqa) catalysts have similar Ru
V
=O structure (Figure 4.12) 

with similar high spin density on the ORu=O atom. However, the Ru(bda) and 

Ru(bnda) form the O−O bond via I2M pathway, Ru(pda) and Ru(biqa) via 

WNA pathway. We further calculated the activation free energy of the O−O 

bond formation for these four catalysts. The results implied that the I2M 

pathways started from prereactive dimer would be more favourable for these 

four catalysts without considering other potential factors. 

 

Figure 4.12 B3LYP-D3 functional optimized structures of the 

[Ru
V
(bnda)=O], [Ru

V
(bda)=O], [Ru

V
(pda)=O], and [Ru

V
(biqa)=O].  



58 

 

Table 4.5 Calculated spin density on ORuV=O, and activation free energies 

∆∆G (kcal mol
-1

) for the I2M and WNA pathway of the Ru(bnda), Ru(bda), 

Ru(pda), and Ru(biqa) catalysts. 

Catalysts 
Spin density of 

ORuV=O 

∆∆G  

(I2M) 

∆∆G  

(WNA) 

Ru(bnda) 0.73265 8.3 18.0 

Ru(bda) 0.72653 6.8 20.6 

Ru(pda)  0.71935  6.2  20.6  

Ru(biqa) 0.73260 6.9 20.0 

As shown in the previous reports, hydrophobic oxo is one of the driving 

forces of the I2M pathway and the formation of the pre-reactive state could 

determine the efficiency of Ru(bda) catalysts. In this report, four complexes 

of Ru(bnda), Ru(bda), Ru(pda) and Ru(biqa) with different catalytic pathways 

presented similar Ru
V
=O structure and spin density. Again there is no intrinsic 

barrier between two oxo fragments of these Ru
V
=O complexes in the I2M 

pathway. Therefore, the secondary coordination environments (such as 

flexibility, π-electronic conjugation and hydrophilicity) of the Ru-based 

complexes and solvent effect could have a significant role on the different 

catalytic mechanisms, which is currently under investigation.   



59 

 

Chapter 5. Ru(bda) Complex at the Carbon Nanotube-Water 

Interfaces (Paper V) 

In the previous chapter, we discussed some features of the homogeneous 

Ru(bda)L2 catalysts in the water phase. However, to make an efficient 

electrocatalyst for practical applications, the Ru(bda)L2 catalyst (Figure 5.1) 

was modified with pyrene groups at the axial L-ligands to adhere the catalyst 

on CNT functionalized electrodes.
90

 It is extremely challenging to study the 

catalyst tethered to a surface for several reasons, such as having a large 

system with too many atoms to be studied by DFT technique with sufficient 

accuracy, huge conformational spaces, and changes in bonding related to the 

electronic structure. In the homogeneous system, the oxo of Ru
V
=O is 

hydrophobic which helps the formation of the prereactive dimer. In the 

heterogeneous system of two hydrophobic catalysts on a hydrophobic surface, 

the property of catalyst and dimerization tendency is yet unknown. In the third 

report, we have combined MD, US and EVB approaches to study the 

dimerization from two separated [Ru
V
=O(bda)L2]

+
 cations in explicit solvent. 

Herein, we present a fully dynamical study of two Ru(bda)L2 catalysts at 

CNT-water interfaces using the same methodology (Figure 5.2).  

  

Figure 5.1 Ru
V
(bda) complex studied in this report. Adapted with permission 

from reference 48. Copyright 2018 American Chemical Society. 
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Figure 5.2 Proposed the full dimerization from two separated 

[Ru
V
=O(bda)L2]

+
 cations at CNT-water interfaces. Adapted with permission 

from reference 48. Copyright 2018 American Chemical Society. 

The developed FFs of Ru(bda)L2 complex in the previous chapter was 

augmented with the OPLS-aa FF for the pyrene group and the linker. With the 

FF parameters, the simulations were performed. After 100 ns MD simulation 

at the large CNT (diameter = 14.3 Å)-water surface, the complex gradually 

switches to a structure that could form π-stacking with CNT surface, and the 

Ru-oxo switches to orient towards the carbon surface from the original 

structure of the oxo pointing at water phase (Figure 5.3). We also performed 

MD-run for the surface of four small CNTs (diameter = 4.9 Å), which could 

be viewed as a model for the CNT-CNT interfacial regions. At the small 

CNTs-water interfaces, the Ru complex would prefer an aligned configuration 

to form -stacking with the CNTs, and with the oxo pointed at the interfacial 

region between two CNTs. These results strengthened our previous proposal - 

the hydrophobic oxos. From the trajectories we calculated the diffusion 

coefficient, to be 2.2 × 10
-8

 cm
2
 s

-1
 and 2.5 × 10

-8
 cm

2
 s

-1
, respectively, at two 

interfaces.        

 

Figure 5.3 100 ns MD simulation of one complex 1 at large CNT-water 

interfaces. Adapted with permission from reference 48. Copyright 2018 

American Chemical Society. 
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When we placed the Ru
IV

-OH complex at the interfaces, the hydroxide 

pointed at the water phase throughout 100 ns MD run. The H-bonds analysis 

has been used to probe the difference in interaction between the hydrophobic 

oxo of the Ru
V
 and hydrophilic hydroxide of Ru

IV
 complexes (Table 5.1).  

Table 5.1 H-bonds analysis (average H-bond number) between the Ru
V
 and 

Ru
IV

 complexes and water. 

H-bond O
1
 O

2
 O

7[a]
 

Large CNT-Ru
V
 0.72 0.03 0.00 

Large CNT-Ru
IV

-OH  0.48  0.21  0.15 (0.55)  

Small CNTs-Ru
V
  0.79 0.01 0.00 

Small CNTs-Ru
IV

-OH 0.51 0.20 0.13 (0.54) 

[a] 
H-bonds of the Ru

IV
-OH hydroxide hydrogen with water oxygen are provided in 

parenthesis. Oxygen numberings are shown in Figure 5.1. 

We found interesting results when we placed two catalysts at the 

interfaces. The original distance between two oxos of two catalysts is 30 Å 

meaning that they have no interaction in the initial part of the simulation. In 1 

μs MD simulation, the two catalysts aggregate after 100 ns to form a structure 

that the O-O distance is around 7 Å for the small CNTs and 5Å for the single 

large CNT (Figure 5.4). Once the prereactive dimer is formed it appears to be 

remained throughout the remaining simulation. We used US to assess the 

binding free energy of two catalysts at the two interfaces. The simulations 

were performed by pulling the Ru-Ru distance away from the initial structures 

of the MD equilibration configurations. The PMF simulations showed a 

binding free energy of 3.5 kcal mol
-1

 at the small CNTs-water interfaces and 

3.4 kcal mol
-1

 at the large CNT-water interfaces. 
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Figure 5.4 1 μs MD simulation of two complex 1 at large CNT-water 

interfaces. Adapted with permission from reference 48. Copyright 2018 

American Chemical Society. 

We parameterized and tested FF parameters of the product. In MD 

simulations, the product geometry was forced to twist a bit from the structure 

of the prereactive complex at the two interfaces, due to the new O-O bond 

leads to conformational restrictions. The -stacking interaction between the 

CNT surface and the pyrene groups of product is also somewhat decreased. 

We performed O-O bond forming reaction at the CNT-water interfaces. 

Firstly, the reaction was simulated in vacuum using DFT to obtain parameters 

for EVB simulations. Then, we used these parameters to simulate the reaction 

in water phase and the interfaces. The activation energies increase 1.5 kcal 

mol
-1

 in water phase, and around 7 kcal mol
-1

 at the interfaces compared with 

the activation energy in gas phase. The higher activation energies at the 
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interfaces are due to the larger distortion required to reach the transition state. 

At the transition state, the hydrophobic oxos are relatively far away from the 

surface, and the -stacking interaction is also decreased (Figure 5.5). 

 

Figure 5.5 The transition state structure of complex 1 at the large CNT-water 

interfaces from EVB simulation. Adapted with permission from reference 48. 

Copyright 2018 American Chemical Society. 

We used the Arrhenius equation (5-1) to estimate the rate constant, the 

similar methodology as the third report. Assuming collision rate ϕ is equal to 

the prefactor A, while the activation energy Ea was calculated by the forward 

activation energy ∆GOO
‡
 from the EVB simulation minus the backward 

dissociation energy ∆Gdiss from the PMF simulation. Instead of using the 

collision rate ϕ for 3-dimensional diffusion in the third report, the ϕ for 2-

dimensional diffusion has been estimated with equation 5-2 (where D is the 

diffusion coefficient, C is the experimental coverage, N is Avogadro’s number 

and a is the reactive radius of the particle). The calculated Ea value is 6.3 kcal 

mol
-1

 at the larger CNT, 5.8 kcal mol
-1

 at the small CNTs. Inserting A and Ea 

values into the equation 5-1 produces a second-order rate constant of 1.71 × 

10
12

 cm
2
 mol

-1
 s

-1
. The rate constant kobs is then multiplied by the catalyst 

loading C to give TOF values of 0.79 s
-1

 at the large CNT-water interfaces and 

2 s
-1

 at the small CNTs, agree very well with the experimental value of 0.84 s
-

1
. From the analysis of the effect of different factors on the TOF, we estimated 

the TOF would increase from 0.79 s
-1

 to 15.35 s
-1

 and 2790 s
-1

 with increasing 

10- and 100-fold of the loading, respectively. 
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𝑘𝑜𝑏𝑠 = 𝐴𝑒
−𝐸𝛼 (𝑅𝑇)⁄  (5-1) 

ϕ2𝜋𝑁𝐶2(2𝐷)/ln[(𝜋𝑁𝐶)−1 2⁄ /𝛼] (5-2) 

 In this report, we have built a model of Ru(V)-oxo catalyst adhered to the 

surface to study the bond formation in a realistic environment. Combining 

collision frequency, tendency to form the prereactive dimer, and activation 

free energy of the O-O bond formation with full CNT-water models, we 

calculated the TOF of the catalyst, in an agreement with experiment. We 

found two reasons that lower the TOF of the surface catalyst relative to the 

homogeneous catalyst. One reason is the larger distortion of the catalyst to 

reach the transition state geometry which contributes to the higher activation 

energy. Another reason is the slow two-dimensional diffusion on the CNT 

surface which limits the collision rate of the catalyst.  Based on these reasons, 

we proposed three components to improve the lower TOF. For the large 

distortion of the catalyst in the transition state, structural modification could 

improve the -stacking interaction between the transition state strcture and the 

surface. The second method is to enhance the diffusion rate. The third one is 

increasing the catalyst loading, since a 10-fold increase of the catalyst loading 

would lead to approximately 20 times increase of the TOF.   
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Chapter 6. Ru(tda) Water Oxidation Complex (Paper VI and 

VII) 

In the research on high-performance WOCs, a type of Ru(tda)(py)2 

complex has been synthesized and investigated by Llobet’s group.
52

 In this 

catalyst, a terpyridine moiety replaced the bipyridine moiety of the 

Ru(bda)(py)2 complex, with one open-arm dangling carboxylate. The catalyst 

showed an impressive TOF of 8000 s
-1

 at neutral condition, and 50 000 s
-1

 at 

pH 10.0. Kinetic studies implied that the reaction was first-order with respect 

to the catalyst concentration. In the previous computational study, the 

calculated activation free energy was 25.8 kcal mol
-1

.
154

 Converting this value 

to a rate constant using transition state theory, the result is 2.5 × 10
-6

 s
-1

, 

which is far from consistent with the high TOF measured. Furthermore the 

results could not explain the pH dependent performance. Thereby, we 

restudied the O-O bond formation catalyzed by the Ru(tda)(py)2 complex 

(Figure 6.1).   

 

Figure 6.1 Ru(tda)(py)2 complexes used in this chapter. 

Our computed activation free energy for the O-O bond formation by the 

WNA is 22.7 kcal mol
-1

.
155

 This value corresponds to a TOF of 1.4 × 10
-4

 s
-1

, 

significantly lower than the experimental TOF of 8000 s
-1

 at pH 7. Due to the 

pH dependent performance of the catalyst, we believe a hydroxide ion could 

play a key role on the reaction. Therefore, we calculated the hydroxide 

nucleophilic attack pathway as well (Figure 6.2). The step of generating the 
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pre-reactive species pre-4 is an endergonic process, which is pH dependent. 

The subsequent step of hydroxide nucleophilic attack at Ru
V
=O from pre-4 

species has a free energy barrier of 4.3 kcal mol
-1

. The activation free energies 

of the entire reaction are 11.9 kcal mol
-1

 at pH 10, and 16.0 kcal mol
-1

 in the 

lower pH 7.0.   

  

Figure 6.2 The free energy profile of the OH
-
 nucleophilic attack pathway at 

pH 7.0 (red), 8.0 (blue), and 10.0 (green) from DFT calculation. The tda
2-

 

ligand is represented by the arcs. The unit is kcal mol
-1

 for relative Gibbs free 

energies and Å for bond length. Adapted with permission from reference 155. 

Copyright 2019 American Chemical Society. 

After the DFT study on the catalyst, we simulated the formation of the ion 

pair of the OH
-
 anion with Ru

V
=O using US approach. The association free 

energy of the process is 3.3 kcal mol
-1

 when the OH
-
 anion moves close to the 

Ru
V
=O. In combination with the free energy barrier of 4.3 kcal mol

-1
 at the O-

O bond formation, the energy barrier for the hydroxide nucleophilic attack is 

7.6 kcal mol
-1

, which means that the reaction is unlikely to occur at lower pH 

values. In the seventh report, we studied the reaction in full explicit solvent, 

including EVB approach to study solvent effect, PMF simulations to calculate 

binding free energy, DFT calculations for bond forming and breaking steps. 

On the basis of the computations, we introduced a new function of the 
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carboxylate group – the oxide relay. With the oxide relay, the high pH 

dependence TOF has been rationalized.  

 

Figure 6.2 DFT calculations of the O-O bond formation reaction and the 

oxidation reaction of Ru
III

/Ru
IV

. The unit of relative Gibbs free energies is kcal 

mol
-1

. The unit of bond length is Å. 

In vacuum, the oxo forms a bond with an oxygen of the dangling 

carboxylate spontaneously, that could be avoided by adding explicit water 

molecules to stabilize the negative charge. We studied the O-O bond 

formation between the oxo and oxygen in carboxylate group using static 

B3LYP-D3 functional with one water molecule and calculated activation free 

energy of 10.8 kcal mol
-1

. The product is Ru
III

 complex with 3.4 kcal mol
-1

 

higher in free energy than the reactant (Figure 6.2). We parameterized FFs for 

reactant and product to simulate EVB reaction to get insight into the explicit 

solvent effect. The H-bonds analysis from trajectory showed that O
1
 forms 

0.05 H-bonds with water molecules, O
2
 0.87, and O

4
 1.02 (Table 6.1). This 

indicates that a hydrophobic oxo is close to the hydrophilic O
2
 and O

4
 in the 

dangling carboxylate group, which could facilitate the formation of the O-O 

bond. The Ru
III

 complex would be oxidized to form Ru
IV

 complex with a 

potential of 1.29 V vs NHE and the calculated reduction potential is 1.43 V 

from 1 to 4, in good agreement with the experimental onset potential. 
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Table 6.1 the average H-bonds number between the oxygens of the complexes 

with H2O over the trajectories.
[a]

 

H-bond O
1 O

2 O
3 O

4 

1 0.05 0.87 1.02  

EVB (O-O) 0.08 0.56 0.78  

3 0.06 0.04 0.37  

pre-6’ 0.01 0.01 0.07 3.67 

EVB (C-O) 0.01 0.02 0.20 2.13 

8 0.08 0.04 0.92 0.65 
[a] 

Oxygen numberings are shown in Figure 6.1. 

 

Figure 6.3 The PMF and DFT calculated free energy profile of the OH
-
 

nucleophilic attack reaction at standard state. The unit of relative Gibbs free 

energies is kcal mol
-1

. The unit of bond length is Å. 

Since the charge of complex 4 is +2, the possibility of OH
-
 anion attacking 

complex 4 is higher compared to 1. The calculated binding free energy is -2.7 

kcal mol
-1

 between hydroxide and the Ru center at standard state. After OH
-
 

anion moves to the first solvation sphere of complex 4, since the carbon atom 

of carboxylate has a partial positive charge of +0.7, OH
-
 anion attack at the 

carbon is possible. The calculated binding free energy for the OH
-
 of pre-6 

attacking the carbon at the Van der Waals radius distance is 2.6 kcal mol
-1

. 

Once the OH
-
 anion is within the Van der Waals radius distance, the C-O 

bond formation is feasible. The free energy barrier of O-C bond formation is 
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0.9 kcal mol
-1

 from DFT calculation. From these results, we could get 

Arrhenius activation energy Ea = 0.8 kcal mol
-1

 (-2.7 kcal mol
-1

 +2.6 kcal mol
-

1
 +0.9 kcal mol

-1
) for the step of OH

-
 nucleophilic attack the carbon at 

standard state (Figure 6.3). At the last O2 releasing step, we performed relaxed 

coordinate scans on the singlet and triplet surfaces to get the intersystem 

crossing point at an O-C distance of 1.8 Å. At the crossing point the singlet is 

at the 3.6 kcal mol
-1

 and triplet is at 2.1 kcal mol
-1

 with respect to complex 8. 

After that, the triplet O2 is formed in the 6-coordinate complex 10 with spin 

density of 0.77 on the O
1
, 0.86 on O

2
. The release of O2 from complex 10 

coordinates is favorable by 15.5 kcal mol
-1

 (Figure 6.4).  

 

Figure 6.4 DFT calculated free energy profile of the C-O bond breaking 

reaction and the O2 releasing reaction. The unit of relative Gibbs free 

energies is kcal mol
-1

. The unit of bond length is Å. 

In the mechanism, at high OH
-
 concentration the rate limiting step is the O-

O bond formation (ts2), while it will change to the C-O bond formation (ts7) 

at lower OH
-
 concentration. For the O-O bond formation, with the activation 

free energy of 10.8 kcal mol
-1

 we applied transition state theory (Eq. 6-1) to 

estimate the rate constant of kO-O(EVB) = 75 000 s
-1

, which corresponding to 

the experimental value of 50 000 s
-1

 at high pH regime. At lower OH
-
 

concentration, the OH
-
 anion nucleophilic attack is the second-order reaction. 

By using diffusion coefficients of 4 (6 × 10
-6

 cm
2
 s

-1
) and OH

-
 (5.3 × 10

-5
 cm

2
 

s
-1

)
156

 to calculate collision rate ϕ  (Eq. 6-2), in combination with the 

activation energy Ea (0.8 kcal mol
-1

) from PMF simulation and DFT 
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calculation, we estimated rate constant of the C-O bond formation by the 

Arrhenius equation (Eq. 6-3). In the equation 6-3, we assumed that the 

prefactor A equals ϕ 𝐶2⁄ .  

𝑘𝑂−𝑂 =
𝑘𝐵𝑇

ℎ
𝑒−Δ𝐺

≠ 𝑅𝑇⁄  
(6-1) 

ϕ = 4𝜋𝑁𝛼𝐶𝑅𝑢𝐶𝑂𝐻(𝐷𝑅𝑢 + 𝐷𝑂𝐻) (6-2) 

𝑘𝐶−𝑂 = 𝐴𝑒
−𝐸𝛼 (𝑅𝑇)⁄  (6-3) 

𝑇𝑂𝐹 = 𝑘𝐶−𝑂𝐶𝑂𝐻 = 4𝜋𝑁𝛼𝐶𝑂𝐻(𝐷𝑅𝑢 + 𝐷𝑂𝐻)𝑒
−𝐸𝛼 (𝑅𝑇)⁄   , (6-4) 

where N is Avogadro’s number, C is the concentration, a is the reactive radius 

of the particle and D is diffusion coefficient. Inserted the activation free 

energy Ea, and collision rate into equation 6-3 to calculate the rate constant of 

the second-order reaction, kC-O = 1.3 × 10
10

 M
-1

 s
-1

 at standard state. The 

calculated TOF using equation 6-4 is 1300 s
-1

 at pH 7, compared to the 

experimental value of 8000 s
-1

 at pH 7. We estimated that the TOF would be 

increased to 13 000 s
-1

 and 130 000 s
-1

 at pH 8 and 9, respectively, by 

equation 6-4. Thereby, the rate-limiting step will switch to the O-O bond 

formation at higher pH (at 8-9).   

 

Figure 6.5 Oxide relay function of the carboxylate group.  
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In this report, we have addressed an oxide relay process at the O-O bond 

formation by complex 1. The dangling carboxylate offers an oxide (O
2-

) to the 

oxo to form the O-O bond, followed by a process of the OH
-
 anion attacking 

the electrophilic carbon atom of the formed percarboxylate to refill the oxide 

(Figure 6.5). Hence the function of oxide relay can be providing a highly 

nucleophile (oxygen atom) close to the oxo and a highly electrophilic center 

in the form of a carbon atom. By using a combination of DFT calculaitons, 

EVB-MD simulations, diffusion coefficients from MD simulations, and 

binding free energies from PMF simulations, we have estimated TOF. Our 

results implied that at low pH the OH
-
 anion nucleophilic attack is the rate-

limiting step, that can be changed at high pH to the O-O bond formation step. 
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Chapter 7. Summary and Outlook 

The water oxidation generates protons and electrons which are elemental 

components for the generation of the fuel, such as H2 and CH3OH. Thereby, 

designing effective WOCs are of significance to achieve the goal. Since 2012, 

Sun’s group synthesized a type of Ru(bda)L2 complexes that possess 

comparable TOF at acidic pH with PSII. A large amount of studies have been 

focus on these complexes. Theoretical studies on these complexes have shown 

the I2M pathway to be the rate limiting step. 

When two radicals form the bond, attractive forces will overcome other 

repulsive interactions. Therefore, we calculated the radical coupling reaction 

of two Ru
V
=O radicals of the antiferromagnetic open-shell singlet and found 

that there is no intrinsic barrier between two Ru
V
=O fragments of Ru

V
=O 

complexes. The little activation energy is composed of distortion and 

interaction energy that is required to break the favorable geometry of pre-

reactive dimer.  

The Ru(bda)L2 complexes proceed the reaction via the I2M mehcanism 

with extremely high TOF. To study the driving force of the I2M pathway and 

the solvent role on the pathway, we have created the EVB-MD model for the 

Ru(bda)L2 complexes and revealed that the oxo is hydrophobic. The 

hydrophobic oxo explains why the two Ru
V
=O species would form the 

prereactive dimer, with the geometry of two oxos pointing towards each other. 

Comparing the transition state structure of Ru(bda)(pic)2 and Ru(bda)(isoq)2 

in gas and solvent phase, the -stacking interaction was probed to be solvent 

driven.  

Both the EVB simulation and DFT calculation presented that radical 

coupling reaction from pre-reactive dimer proceeds with a minimal barrier. 

There is no correlation found between the energy barrier and reactivity of the 

complexes with different axial ligands at this particular step. By studying the 

full dimerization including monomer diffusion, association of pre-reactive 

dimer from two separate monomers, and the coupling reaction in explicit 

solvation with fully dynamics, we discovered that the formation of the 

prereactive dimer is the sole determining factor for the efficiency of 
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Ru(bda)L2 catalysts. Comparing the binding free energy of Ru
IV

-OH and 

Ru
V
=O species, the driving force of the hydrophobic oxo is estimated to 1 

kcal mol
-1

. 

To better understand the effect of complex structures on the reaction 

pathway, we compared the spin density and activation free energy of four 

complexes Ru(bda), Ru(pda), Ru(bnda), and Ru(biqa) and found that none of 

them could determine the pathway of the Ru-based complexes. We proposed 

that the secondary coordination environments (such as flexibility, π-electronic 

conjugation and hydrophilicity) of the complexes and solvent effect might be 

the determining role on the different catalytic mechanisms. 

For practical applications, the Ru(bda)L2 catalyst was modified with 

pyrene groups at the axial L-ligands to be adhered on the CNT functionalized 

electrodes to make an efficient electrocatalyst. To study this heterogeneous 

system, we have built a model of Ru
V
=O catalysts tethered on the CNT 

surface. Based on the computation of collision frequency, tendency to form 

the prereactive dimer, and activation free energy of O-O bond formation at the 

CNT-water interfaces, we found the reasons that could lower the TOF of the 

surface catalyst can be addressed by the larger distortion of the catalyst to 

reach the transition state geometry and the slow diffusion of the catalyst on 

the CNT surface. Our calculated TOF of the catalyst was in an agreement with 

experimental value. To improve the lower TOF, three proposals have been put 

forward, including structural modification to improve the transition state-

surface interaction, enhancing the diffusion rate, and increasing the catalyst 

loading.  

Replacing the bipyridine moiety of the Ru(bda)(py)2 complex with a 

terpyridine moiety, a type of Ru(tda)(py)2 complex has been synthesized by 

Llobet’s group. In this catalyst, there is one open-arm dangling carboxylate. 

The catalyst showed a pH dependent performance with an impressive TOF of 

8000 s
-1

 at neutral conditions, 50 000 s
-1

 at pH 10.0. By using a combination 

of EVB-MD simulations, diffusion coefficients from MD simulations, binding 

free energies from PMF simulations, we revisited the O-O bond formation of 

the [Ru(tda)(py)2] complex. We revealed that the dangling carboxylate acts as 

a function of oxide relay. The oxide relay provides a highly nucleophilic 
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oxygen atom close to the oxo, thereby facilitates the O-O bond formation at 

the first step, and provides a highly electrophilic center to react with the OH
-
 

to refill the oxide at very low pH at the second step.  

As practical development, attach molecular catalysts on the surface or use 

heterogeneous catalysts to catalyze the water oxidation by electrochemical 

and photoelectrochemical driving force have been applied. Plenty of transition 

metal-based catalysts and molecular catalysts attached on the surface have 

been studied. This strategy can lead to difficulty in the insight into the 

mechanistic study. For heterogeneous catalysts, periodic DFT can study 

binding energies of key intermediates and ab initio MD could perform 

simulation in small water system. However, with the system of the larger-

sized catalysts with higher conformational flexibility attached to 

nanomaterials, EVB-MD model has shown its useful functionality in 

describing the chemical reaction and environmental effect in explicit solvent. 

Therefore, the future theoretical studies should be focused on the full process 

of photoelectrochemical driven water oxidation including the formation of the 

photoexcited photosensitizers, charge transfer to the semiconductor from 

photosensitizers, and the catalytic pathway of the WOCs at the interface of 

solvent and nanoparticles with full dynamics. 
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