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Abstract

E (V vs NHE)

Chapter 1 General Introduction

This chapter briefly introduces tr
motivation and background for the fiedd
researchof this thesis, molecular wate
oxidation. The most relevant molecul
water oxidation catalysts in the
homogeneous phase are present
together with the relevant features the
determine the enhancement in the
performance The challenge o
transferring the activity in solution tc
solidstate  molecular anodes and
photoanodes is also introducedThe
progress inthe design and performance ¢
the latters is also described and the
major breakthroughs highlighted.

Chapter 2 Objectives




Chapter 3H-bonding rockets water oxidation catalysis in new Ru
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complexes

The synthesis, characterization, red
properties and catalytic activity of two ne
families of complexes based on thetdathe
t5a* ligand and pyridine as axial ligands a
reported. The related Ru=6€peciesof the
presentedRutda and Ret5a complexes are
among the fastest molecular water oxidatic
catalysts in the literature due to |
intramolecular bonding provided bya
pendant carloxylate.

Chapter 4 Tuning thecatalytic performance of sevewoordinate Ru

complexes invater oxidation: quantification of the pipi stacking

effect and intramolecular H bonding
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New Rdbda and Rdda complexes are
developed to quantify the factors the
determine their activity in water oxidation
catalysis In the first work new Rtbda
complexes beamg axial ligands that favol
and disfavorintermolecular pi-pi stacking
interactiors are synthetized and testedse
water oxidation catalysts. In the second a
third works, Rutda complers with one or
two RuOH groups that do not promote
intramolecular H bonding are prepared. T
comparison of the electrochemical ai
catalyticdata obtainedallows quantifying the
role of theintramolecularH bonding in the
water oxidatiom catalysis by Rtda

complexes
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Chapter 5 Foot of the Wave Analysis for Mechanistic Elucidation ar

Benchmarking Applications in Molecular Water Oxidation Catalysi

log(TOF)

0 0.2

The mathematical description for the foot

the wave analysis (FOWA) applied to 1
electrocatalytic oxidation of water to dioyxe
is reported either for water oxidatior
catalysts (WOCsyorking throughthe water

nucleophilic attackor the interaction oftwo

M-O units. Furtherthe application ofthe

FOWA at different catalyst concentratiol
allows elucidating the reaction mechanis
that operates in each case. This has been
in one hand to corroborate previous
reported WOCmechanisms andb elucidae

the reactionmechanism ofevencoordinate
Ru catalysts.

Chapter 6 Nature and Behaviour of molecular anodes based onliia

and Rutda and carbon surfaces.

O, +4H* + 2e

Molecular anodes based on the sew¢
coordinate Rtbda and Ruda complexes
and glassy carbon electrodes a
prepared. The axial ligands thie Rubda
complex are modified to introduc
diazonium moietieable togenerate a €
C bond with thecarbonsurfacethrough

electroreductionwhile pyrenemodified

pyridineligandsare used to imobilizea

Rutda complex omulti-walled carbon
nanotubes. The performance of the tv
molecular anodes is assessauad X-ray

Absorption Spectroscopy ar
Electrochemistry are used monitor the
nature of the molecular catalyst

Vi



Chapter 7 Photoelectrochemical Behavior of RBased Water

Oxidation Catalysts Bound to TiProtected Si Photoanodes.

t(h)

A molecular photoanode based on tl
Rutda catalyst and the TiEbi
semiconductor is tested for catalyt
photoelectrochemical water oxidatio
to .. The Ru based hybrid photoano
is remarkably stable for over €
minutes at current densities of 1 r
cnT?, maintaining intact the nature o
the Rutda scaffold The novel
phatoanode configuration permits a
exquisite and unprecedente
monitoring of the natureand fate of
the molecular species before al
during catalysis.

Chapter 8 General Conclusions

Chapter 9 Annexes
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Chapter 1

Chapter 1

General Introduction

This chapter briefly introduces the motivation and background for the
field ofresearch ofthis thesis, the molecular water oxidation. The most
relevant molecular water oxidation catalysts in the homogeneous
phase are presented together with the relevant features that
determine the enhancement in their performance. The challenge of
transferring the activity in solution tosolidstate anodes and
photoanodes is also introduced. Finally, the progrefiseidesign and
performance othe lattersis described and their major breakthroughs
highlighted.




General Introduction

1.1 The Energy Problem, 80 Energy and Solar Fuels

In November 2016, 195 countries around the world signed the Paris agreement to mitigate
climate change and to maintain temperature increase bell8@ above preéndustrial levels.

The world's first climate agreement envisioneddeep change in the energy sector that is
dominated by fossil fuels; see Figure 1 for the breakdown of the global energy consumption.
Some of the measures that derivate from the agreement are schematized in Figure 1B: increase
of the share of renewablesyt60 %, multiplying the number of electric vehicles by a factor of
115, and the replacement of coal by natural gas. Besides the high social and economic cost of
these measures and many others, their implantation will not reduce the concentration,of CO

the atmosphere to meet the’® scenario by 2100 as shown in Figuré T€ensure sustainable

future for next generationsour societies should either implement more measures to meet the

2°C scenario or develop newr@utral sources of enerdy.

A B
Energy Consumption Outlook 2016 Examples Paris Agreement pledges

+61%
Renewables

X 115 electric vehicles

+ 50 % Natural Gas

C

co,evolution
40
30
20

mCO, (gT)

10

1900 1950 2000 2050 2100
year

Figurel. A World energy consumption: oil, 39.9 %; biofuels & waste, 12.2%; Natural gas,
Renewable, 3.3%; Coal; 11.3 % and Electriciy, 18.1 % (4.1% of the electricity is also from re
sources, in greerB, Example of Paris pledges in CORREstimation of the atmospheric Gid the

2°C scenario (white line) and with the Paris Agreement Pledges (red line).



Chapter 1

.|_

The energy provided by the sun is the largest neutral cadmmce of energy in the globe:
everyday it exceeds by a factor of 1000 our global energetic consumptiatovoltaic cells (PV) |
A0FNISR (2 KINBSaid (GKS SySNHe FTNRY (G(KS a&dzy

Satellite in 1958. The subsequagrice reduction in the solar panels triggered the terrestrial
installation in the 1990 decade. Nowadays, the amount of energy harvested by this technology
represents around 5% of the total energy consumption and the percentage is expected to double
by 2040122 Despite its growth, PV technology is limited to the electricity production that is only
the 18.1% of the total energy consumption. The other 66 % of the energy consumgtion i

nowadays provided by fossil fuels that cannot be replaced by the current solar technology.

In order to harvest more energy from the sunlight, an attractive option is to mimic how nature
stores ths kind ofenergy, see Figure®®."®For millions of years, plants and algae have collected
the energy of the sun in the chloroplast and have ugei transform CQinto sugarsand
starches The two reactions of the process are tweter oxidation reactions (eq. 1) and

reducetion ofCQ to sugarsand starchegeq. 2).

Electricit .
Y Light
Fuel
- - ~ ~ - -
Fuels Pt ~._ Electricity
- -~ - ~ ~ .
Sugar .
& >
Starches)
Hzo \
0, ¢
| Natural Photosynthesis | | Artificial Photosynthesis | | Photovoltaics (PV) |

Figure 2Methods of solar energy conversion. SC is Semiconductor.
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By analogy, the artificial photosynthetic devidesrvest energy from the sun and store it in

chemical bonds. The energy in this case may be used to split water and geng(atg O and

H, as products (eq. 3). Other designs also involve the reduction efo€C®: to generate

nod 1 ff GKS NBadzZ GAy3d OKSYAO! ¢

hydrocarbonsor NH; (eq. 21 Y R

Cneutral. Artificial photosynthetic devices at least contain a light absorber, an electrolyte
solution, catalysts for the redox reactions and means to separate the products. Many designs

are nowadays being explorédnd they can be rationalized in three large groups that are

summarized in Figure 81!

The first model consists of connecting PV cells with anodes and cathodes that are immersed in
the electrolyze solutions. A commercial PWsed as light absorber and heterogeneous catalysts

are located in the anode and the cathode. The advantage of the PV/electrolyzer model is the
availability of both the PV cells and few heterogeneous catalysts. The main drawback of this

model is the high @st of the PV cells: only systems with SataHydrogen (STH) efficiencies

o/ A 1(

w0 # I |
A t( o«
C T
20— (

close to the theoretical limit (> 25 %) are economically competifivi?

| PV/electrolyzer |

Figure 3.Designs of artificial photosynthetic devicdsft, photovoltaic(PV)/electrolyzer contains
photovoltaic cell (pink rectangle), water oxidation catalyst anode (green) and water reduction ca

(orange). Middle, The integrated photoelectrochemical cell contains a photoanode ani

| integrated PEC |

mixed colloid

eq. 1
eq. 2
eq. 3

eq. 4

~

a
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photocathode (yellow retangles) covered with water splitting catalysts (water oxidation; green, w
reduction; orange)Right,the mixed colloid contains the water splitting catalysts and the light abso

in individual particles (red dots).

The opposite model of the P&lectrolyzer model is the mixed colloid system. This system
integrates light absorbers and water splitting catalysts in single particles. A smaller STH is
required for this approach to be economically competitive (STH betweenl®%) due to the
solutionsugpension design. However, these systems are still in a pgbobncept stage with

reported STH between 198%.101°

Integrated photoelectrochemal cells (PEC) represent a compromise between the feasibility of
P\electrolyzer models and the simplicity of the mixed colloids. The integrated
photoelectrochemcial cells rely on the development of individual photoanodes and
photocathodes. The individuefficiency of the two electrodes must be around-18 %, which

is approximately third of the theoretical limit. In addition, the availably of many absorbers and

some oxidation and reduction catalysts simplifies this approach.

All the photosynthetic desigria Figure 3 are adaptable for the generation of different type of
solar fuels such as Hydrocarbons slHH.'%"In the cell, the oxidative counter reaction of any
of these reduction reactions occurs simultaneously in the anode. The most common counter

reaction is the oxidation of water to dioxygen.

1. 2 General View of the Water Oxidation Catalysis

The water oxidation reaction is a thermodynamically demanding reaction (1.23 V vs NHE at
= 0) that requires the removal of four protons and four electrénosn two water molecules.
This kinetic complexity is translated into additional potential (overpotentipto perform the
reaction® The discovery of fast water oxidation catalysts that evolvat@w overpotentials is

a key challenge for the develomt of photosynthetic device¥:192021

One source of inspiration for the water oxidation catalysis has been the natural oxygen evolving
center (OE) that is located in plant and algal cells. The OEC is composed h@acMster as

an active center that catalyzes the water oxidation reactfoi:ray Diffraction (XRD),-tay
Absorption Spectroscopy (XAS) and Differential Functional Theory (DFTgeterained the
structure of the natural catalyst3242>2¢ Figure 4 illustrates the structure and metric parameters

of the MnyGs cluster (1.95A resolution)?* where oxo groups assemble the four Mn centers. The

most remarkable feature of the cluster is its efficient performance as water oxidation catalyst:



it oxidizes water at a mild overpotentid.43 V) and at a high turnover frequency (4D st),

which have ispiredmany biomimetic water oxidation catalys§282930

BN
26 25

Figure 4.Metric parameters for the active center of th@xygen Evolving Center in the PSIl at 1.9

resolution

However, the first artificial water oxidation catalyst was reported many years before the
discovery of the MnGs cluster. In 1902, Glazer and Coehn reported the ability of nickel oxide
to generate @3 In the last decades, the need of water oxidation tges for eventual
photosynthetic devices have accelerated the search and the benchmarking of new oxides. The
ability of first row metal oxidedMn, Ni, Fe, Co , Cu) and noble metal oxides (Ru and Ir) to oxidize
water has been discoveréd and recently benlomarked by electrochemical
techniques®***3%Jaramilloet al compared the ability of a dozen of oxides to perform water
oxidation catalysis under strong acid and basic conditions. At high pH, mostorietalbased
anodes require a similavermotential (0.3 V €< 0.5 V) to oxidize water at current densities

of 10 mA/cn?, see Figure 5. By sharp contrast, only highly loadedain® Ru@based anodes

show similar behavior giH= 1.

z z
< 0.8 o © 5 -
> Q8 Py X
~ p ingoss i i £ e
ORG I L
S04 L Zmmo 5

Figure 5Required overpotential for different metal oxide films to reatd mA/cni aftertwo hours of
operation. The measurements in base conditions were performgoHat 14 and the acid condition

at pH= 0. Refer to the original Figure in referer®%for further details.
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The high performance of the metal oxi&lat highpH have triggered the development of few
powerful photoanodes. The most successful strategy has been to couple semnitorsdsuch

as Si, GaAs or GaP witickel oxide to perform unassisted water splitting for several months.
3637 Nevertheless, the performance of the electrodes is restricted at plgHue to the lack of
highly active water oxidation catalysts for more acidonditions. The development of
photosynthetic devices relies on generating photoanodes at I@ttwhere partner reduction
reactions are favored. Hence, there is a need to explore alternative strategies for the

development of water oxidation catalysts.

1.3 Molecular Water Oxidation

The molecular water oxidation catalysis started later than the other water oxidation fields
because it needed the development of the coordination chemistry. In 1982, the first molecular
water oxidation catalyst was discovered; tts®-called blue dimer, seecomplex cis,cis
[(bpye(HO)RU'(mO)RuU(HO)(bpy)]** (1) in Chart 1 (bpy is bipyridingThe activity of the blue
dimer to oxidize water was analyzed in the catalytic cycle by an arsenal of spectroscopic,
electrochemical and analytical techniques toget with the energetic calculation through

Differential Functional Theory (DF$j24041424344

The discovery of the first molecular catalygggered the design of more powerful water

oxidation catalyst based on transition metal complexes containingp€ti;*® Fe# Ir,5° Mn 5!

Co0,%2%3% or RUP°°6°"%8 g5 metal centers. However, most of the detailed kinetic, electrochemical

and mechanistic studies involved Ru complexes. Hereafter, we will only refer to the most
relevant Ru metal complexes for the water oxidation catalysis. The most representative Ru
catalysts for water oxidation are provided in Chart 1, 2 and 3 and their catalytic data are depicted

AY ¢+06fS mod Ly 61 GSNI2EARFGAZY OFiGLFLfearas GKS
the complex under water oxidation conditions and Tureofrequency (TOFLsto assess the

specific rate of the catalyst, see Table 1 for more details.



cis,cis-[(bpy),(H,0)RU"(1-O)Ru(H,0)(bpy),]*  in,in-{[Ru"(trpy)(H,0)],(u-bpp)}**  {[Ru"(py-SO;),(H,0)],(n-Mebbp)}~
3

1 2

Chart 1 Structure for dinuclear Ru complexés2 and 3. bpy is 2,2bipyridine, trpy is 2,2"6',2"
terpyridine, Hbbp is 2,A1Hpyrazole3,5-diyl)dipyiidine, pySQH is pyridined-sulfonic acid and
HMebbpis 6,6:(1Hpyrazole3,5-diyl)di-2,2-bipyridine.

In 1982, the just born molecular water oxidation community hypothesized that only dinuclear
complexes could catalyze the water oxidation reactidhe hypothesis was based on the ability

of the dinuclear complexes to accumulate the four oxidative equivalents. Consequently,
successive redesigns of the initial blue dimer complex were performed to enhance its catalytic
performance. In 2004, the RD-Rubridge of the blue dimer was replaced by the more rugged
bpp scaffold, see complein,in-{[Ru'(trpy)(HO)L(>-bpp)F* 2 in Chart 1 (Hbbp is 2;21H
pyrazole3,5-diyl)dipyridine)®® The bridge offered better communication between the two Ru
centers due to the rigid structure ands a result, compleR oxidized water to @with higher
efficiencies (70%) and higher TOF (0.:)itsan the parent comples (see Table 1)However,
compdex2 did not reach 100 % efficiency under water oxidation conditions due to oxidation of
the CH group in the pyrazol€ In a further redesign step, the dinuclear complex {[Ry
SQ)(H0)k0 -Mebbp)F (3) included the Mebbgdigand that stabilized theomplex under water
oxidation conditions (90 % efficiency) through methylation of the easily oxidative pyrazole
(HMebbp is 6,6 (1Hpyrazole3,5-diyl)di-2,2-bipyridine)®!
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Table 1.Catalytic data for dinuclear complexgs3, sixcoordinate mononuclearamplexes,5

and severcoordinate mononuclear complex&sand11.

Complex Efficiency TOF (3)° O-O mechan. Ref.
cis,cis[(bpy)(HO)RU'
(mO)Ru(HO)(bpy)]** - 0.004 WNA 38
1
in,in-{[Ru'(trpy)(HO)k(>-bpp)F*
73 % 0.01 12M 59
2
{[RU'(py-SQ)=(H0)L0 >
HBHER 90 % 0.07 WNA 61
3
[Ru(trpy)(bpy)(Ob)]**
70 % 0.01 WNA 62
5
[Ru(bda)(Mepy)(OH)]
100 % 30 12M 65
9
[Ru(bda)(isoeBr)(OH)]
100 % 1000 [2me 66
11

a Efficiency defined &¥/(4-nsd, where 2 are the measured moles of2@nd rsaare the moles of
Sacrificial Acceptor (SA). The concentration of the complexes was 1 mM for confyl@xexl 5 and

62.5 MV for complexes9 and 11. The concentration of the SA(Ce= 100 mM.? Initial turnover

frequency.cOnly under stoichiometric conditions (turnover number < 28)echanism elucidated fol
the related complex.0.

In 2004, Thummedt al reported the first family of mononuclear complexes that catalyies
water oxidation reaction, see the example of complex [Ru(tnp)piyie(OH)]?* (4) in Chart 2

(tnp is 2,2:(4-(tert-butyl)pyridine2,6-diyl)bis(1,8naphthyridine))®®* The report generated a
large convulsion in the water oxidation community because the work did not provide detailed
kinetic data and, more importantly, the report stated against the idea that only dinuclear
complexes could catalytically oxidize water. Toatroversy ended when Meyest al probed
spectroscopically that the mononuclear complexes [Ru(trpy)(bpm){OH 6,
andRu(trpy)(bpz)(OB]**, 7, behaved as single site catalysts (bpm is-Bi@yrimidine, bpz is
2,2-bipyrazinef® In terms of efficiency and rate, the new mononuclear water oxidation
catalysts (such as complex [Ru(trpy)(bpyX)H5 in Table 14id not exceed the performance

of the previous dinuclear complexes. However, the straightforward synthesis of mononuclear



complexes compared to the former dinuclear complexes permitted a rapid expansion of the
field. An example of the straightforward synthesis is the mononuclear complex
[Ru(trpy)(bpp)(OB]*(8) that is the monomeric form of compleR® 2 KAf S [f 20SG Q&
invested years in the synthesis and isolation of complakinvested few weeks to develop the

mononuclear compleg.

X =CH, Y = CH [Ru(trpy)(bpy)(OH,)]** 5

[Ru(tnp)(Me-py),(OH,)]** X = CH, Y = N [Ru(trpy)(bpm)(OH,)]?*, 6 [Ru(trpy)(bpp)(OH,)1*
\ 4 X =N, Y = CH [Ru(trpy)(bpz)(OH,)]*, 7 8 /

Chart 2 Structure for mononuclear sboordinate Ru complexes8. tnp is 2,2(4-(tert-butyl)pyridine

2,6-diyl)bis(1,8naphthyridine), bpm is 2,Bipyrimidine, bpz is 2,Aipyrazine and Hbpp is 2;21H
pyrazole3,5-diyl)dipyridine.

However,the real incr@se in activity and efficiency came with the development of the Ru
complexes based on the bHidigand (Hbda is [2,2bipyridine}6,6-dicarboxylic acid)’®® The
pentadentate bd& ligand coordinates Ru in the equatorial plane and two pyridine or
isoquinoline type of ligands (isoq, is&m) coordinate in the axial plane (see complexes
[Ru(bda)(Mepy)(OH)],9; [Ru(bda)(isog(OH)],10; and [Ru(bda)(ise&r)(OH)],11in Chart 3).

The bd& ligand stabilizes the high oxidation states of the Ru center through the two anionic
charges and the access asevencoordinate Ru center. Complex8s10 and 11 exhibit 100%
efficiency and higlcatalyticrates as a resulof this stabilizatior?/®%% Furthermore, a final
tuning of the axial ligand to favor the binuclear nature of the mechanism permitted rocketing
the rates to 1000 ©°
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[Ru(bda)(Me-py);(OH)]
9
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N
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AN

@]

X
X =H, [Ru(bda)(isoq),(OH)],10

X = Br, [Ru(bda)(isog-Br),(OH)], 11

Chapter 1

Chart 3.Structure for mononuclear severoordnate RU' complexes. bkbda is [2,2bipyridine}6,6-

dicarboxylic acid, M@y is 4methylpyridine, isoq is isoquinoline ambgBr is 6bromoisoquinoline

Up to this point, we have focused on the evolution of the performance of the water oxidation

catalysts based on Ru complexes over the last 35 years. Through the chronological analysis, we

have discussed the molecules that have participated in the 5 orders of magnitude increase of

turnover frequency since 1982. However, it is also interesting talyae which are the

fundamental features of the catalysts that have permitted this exponential increase. Figure 6

highlights the three most relevant features for molecular water oxidation catalysts: the ability

to perform Proton Couple Electron TransfelC@T); thenature of the GO bond formation

mechanism and a ligand environment that provides a sexs@wrdination®® The following

section analges thér influence in the performance of the water oxidation catalysis.

_—

Proton Couple
Electron

Transfer e_/— H/o \
H* o

N

Seven-Coordinate
N N Environment

U\O

R
I

O—H

H
RL// Mechanism

Figure 6.Important features for the design of a powerful water oxidation catalyst.

for
0=0 Bond
Formation
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1.3.1 Protorcoupled Electron Transfer (PCET)

Protoncoupled Electron Transfer (PCET) is a reaction mechanism where a proton and an
electron move in a concerted manner. This phenomenon was first discovered in the late 1970
decade by Prof.flomas J. Meyet,®® whose group also discovered the blue dimer few years
after >3 PCET allows leveling up the oxidation state without building up the charge adrther ¢
which renders the process indispensable for many natural enzymes, catalytic and

electrochemical systenf8/0/472

The effect of PCET in Ru complexes can be observed by comparing the Pourbaix diagrams of the
monomeric parent of the blue dimer, complgRu(bpy)(py)(OH)]?*; 12, and itschloro relative
complex [Ru(bpylCl}], 13, see Figure.dn the Il oxidation state, compled3 is neutral while
complex12is double positive charged aH= 7. As a consequence, the potential for the IlI/II
redox coule for complext3is lower than that exhibited by complé2. The interesting part of

the Pourbaixdiagramis related to the access to the IV oxidation state. CompBrequires 700

mV more than compleg2 to reach the IV oxidation state @tH = 7. This is clearly due to the

PCET mechanism that has prevented the built up in charge for codipieiile the charge has

increased +2 units for complé:a.

1.8 1 RulV
16 1
14 - H,0
1.2 _ H,O
— 11
> ] 2+
w 08 1 {Ru(bpy),(py)(H,0)}
: 12
06 : _|2+
04 1 |
4 Ru *OHZ CI N|
0.2 ] Ru/
] Ru ' Ru'-OH / Ny
] Ru"
02 F—rrrrrrr—rr— e
0 2 4 6 8 10 {Ruf bpy) (cn,}
pH 13

Figure 7 Pourbaix diagram for complex&é2 and13.

The ultimate cause of the PCET mechanistineisncrease of acidity of the RDH: group upon

oxidation of the metal center. Note how thpKaof complex12 decreass from the Il oxidation

12
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state (10.6), to the Il oxidation state (0.85) and IV oxidation state (< 0.0 ). The increase of acidity
upon oxdation ultimately results in deprotonation that reduces the potential for accessing to
the Ru=0 moieties. In the case of water oxidation catalysis, the reactive Ru=0O moieties are

crucial because they are the gateO-O bond formation.

1.3.2 Water oxidatn mechanism

The catalytic cycle of the water oxidation reaction has been studied both for the natural
occurring Mn cluster in the PSII and artificial oxidation catall2s3, 6, 9 and 103943445657, 26
Among all systems, Figure 8 summarizes the two general mechanis@<ftrond formation.

The left part of the diagram illustrates the Watltcleophilic Attack (WNA) mechanism that
involves a water molecule attacking a Higbxidized metal oxide (M=Q@init. The other(Figure

8, right)is the Inter/Intramolecular coupling (I2M) that consists in the merging of two highly

oxidized M=0O moietie ,7374

WNA 12M
(nea” ;
(n+2)
M—0., M—o0,
O-H “0o—m
H
M™ + 0-0 + 2 H* 2M™ + 0-0

Figure 8 General Mechanisgfor the formation of an O-O bond.

The mechanism for complexds 2, 3, 5, 9 and 11 is depicted in Table 1 together with their
catalytic data. For the dinuclear complexi8, the relative position of the two R@H: groups
determines the nature of the @ bondformation mechanism. For example, compléx
generates the @D bond through a WNA mechanism due to the free rotation of the -RxRu
bond.”®> By sharp contrast, the rigid scaffold of the bjigand in compleg forces the two Ru=0
groupsto generate oxygen through an I2M mechaniéhiinally, the subtitle opening of the

scaffold in theMebbp ligand of comples favors the WNA mechanisph.

The mononuclear complexoxidizes water through a WNA mechanism while cormgaéx11
undergo through a I2M mechanism. The steps for the two mechanisms are detailed in Figure

9.555"The common point of the two mechanisms is that both regenerate the initidDiRuafter

13



the liberation of Q. The main difference is that the-© formation needs two Ru=0 units in the

I2M mechanism while the WNA mechanism only requires a single Ru=0 unit. This is critical
because the @ formation is often the rate determining stepd§) of the catalytic cycle.
Consequently, the water oxidation mechanism determines the order of the reaction for

mononuclear Ru complexes

o B
/ O—H

0 o
(N/\—T/N -le-, -1H* M/N
l N

RU—, - ~
/‘u N (N/Ru\

N N\J
kwna
+H0 / .o, Water Nucleophilic Attack +H,0
ETTR
(0]
OH, 2 N
N -2e-, -2H* N e ~/!/
~. /i — ( “wd. —'( Ru—
R
( /Ru\N e U—y N/l N

N | N N

N

N
NA
o
\/Ru—N
N o 0o/ \0>
/N
—R(-
P\
N
kp
2 H.0 -0, Intermolecular
+2 H, :
2 H* Couping

N

Fgure 9.Water oxidation catalytic cycles for compléxgtop) and9 (bottom)

The different nuclearity of the two mechanisms (unimolecular for comflard bimolecular

for complex9) may be a useful tool to control the catalytic performance. For example, the
bimolecular nature of comple® has been exploited to increase the activity of this family of Ru
catalysts2"’¢"’ The initial axial Mey ligands weg replaced by isoquinolingpe of pyridines
that can favor ppi stacking interactions during the catalytic cyckeg,complexeslO and11in
Chart 33"%¢ Due to the bimolecular nature of the catalysis, theopinteraction can bilize the
RuO-O-Ru intermediates and decrease the activattmarrier of the GO bond formation. This

approach has enabled to increase the TOF fromBfbiscomplex9 to 1000 s for complex

14
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11.57%% In the following section, we will discuss the heterogenization of the Ru catalysts on
surfaces to generate anodes and photoanodes. For this particular application, the nature of the

O-O bondforming stepof the catalysts is again crucial for the design of powesfatems

1.3.3 Severfoordinate complexes

Anotherinterestingasset from complexe®-11is the seven coordination positions that the Bda
ligandprovides to the Ru center in the egtorial plane Singlecrystal XRD evidenced teeven
coordination of the Ru center at the IV oxidation statee Figure 10 left for the ORTEP view
published in 2009°The seven coordination stabilizes the Ru center because provides electron
density to a deficient RUion. In addition, the extra coordination lowers the energy of the d
and d; orbitals compared to the sigoordinate Ru complex, see Figure 10 riftEinally, the

bda ligand also provides two negative charges to the Ru center that altogether reduce the
catalytic potential for water oxidationEa). AtpH= 1, itsEcaris the bwest potential in the

literature and it is close to the thermodynamic potentlal{f mp n® Y+ 0 ®

- dzz dxz_yz

E dy dy dy,

Six-coordinate Ru'V complexes

—dp.

X~y

—— d,

d

C

N Xy
o ﬁﬁ dxz dyz
R

H

Seven-coordinate Ru" complexes

A

Figure 10. LeftORTEP plot for compl&in the IV oxidation stateRight relative energy of the gl ok

and dorbitals for sixand sevencoordinate RlY complexes.

Among all complexes discussed, the segeardinate complexes are the fastest water oxidation
catalysts reaching TOF of 10§". However, TOF is measured by usintf @&echemical oxidant,
which determines the potentiaH of the solution. TOF is extremely sensitive to the difference
between the potential of the solutiord and the catalytic potentiaEa) as shown in thgeneric

eq. 57° Therefore, it is not possible to distinguish if the high Turnover Frequency (TOF) exhibited

by the severcoordinate complexes is due to an intrinsically high kinetics (K)igh due to the

15



seven coordination stabilization (lofay). Eletrochemical methods can distinguish between
the Turnover Frequency (TOF) at a certain potentalagd the intrinsic kinetick)& These
electrochemical methods havmeenrecentlyemployed tobenchmark theactivity of H and CQ

reductioncatalyt$! but not that of water oxidationcatalysts

Q

50 .5
o AgE0 0 “

4/ &

1.4 Molecular Anodes

The next rational step towards the construction of an artificial photosynthetic cell is nowadays
to anchor the best molecular catalgsbn (semi)conductive materials to generate powerful
anodes and photoanodes. In the following subsections, we discuss the design and the
performance of the besperforming molecular anodes (subsections 1442) and

photoanodes (subsections 1.8152).

Themain challenge in these systems is that the catalyst immobilized on the anodes retained the
high activity exhibited in solutiot?** Consequently, the following sections aim to highlight the

factors that benefit the high performance of the immobilized catalysts.

1.4.1 Desigmof Molecular Anodes

Molecular anodes consist of a molecular catalyst and a conductive material. The link between
the material and the catalyst is provided by a functional group that is included in the ligand
scaffold of the complex. The link that assemitlesscomplex and the material provides a strong

and conductive interaction that can be covalent or not covaféfit.

R R R
/ / !
- f; o ,\ - ,l%

Figure 11Representative linkage between a metal surface and a phosphonate, carboxylate and

respectively (from left to right).

Most examples of molecular anodes are based on the immobilization of Ru catalysts on oxide

surfaces such as fluorine doped SHPETO), Sn(IV) doped@(ITO) or Ti@nanoparticles. The

16
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linkers for these surfaces are based on phosphonate, carboxyla#iaate functional groups

that generate a covalent bond with the surface, see Figure 11.

Other molecular anodes are based on carbon materials that range from flat glassy carbon|
electrodes to nanostructured carbon materials. The phosphonate, carboxyfedes#icate
linkers are not used for the immobilization on carbon materials due to the few GfpQ@igs
available on the surface. Alternatively, the three most relevant strategies for the immobilization
on carbon surfaces are based orppstacking with cdon nanostructures, the electroreduction

of diazonium salts andhe anodic deposition of Pubstituted pyrroles or Gubstituted
tiophenes, see Figure 12. While two of the strategies are not based on covalent interactions,

the electrografting of the diamium salts generates a€bond with the surface.

Ji
)
A\

Figure 12 Schematic representation of the strategies for the immobilization of molecular cataly
carbon SurfacedA, Strong pipi interaction between a pyrene moiety and a carbon nanostructu
material. B, 1->2->3 sequence of the electroreduciton of diazonium salts that leads t&€&6nd.C

Anodic electropolymerization of-Bubstituted pyrroles or Substituted thiophenes.

Llobet and Meyer laboratories provided seakexamples ofmmobilized moleular system on
oxide surfaces during the last decadéeir laboratoriesnitially substituted the initial trpy and

bpy ligands of complexe? and 5 by the phosphonatalerived PGH-trpy and diPGH.-bpy
ligands® The resulting complexes,in-{[Ru'(trpy-PQ)(H:O)L(>bpp)},14, and [Ru(Mebimpy)(€i
PQ-bpy)(OH)], 16, contained a phosphonate group that attached to oxides surfaces. Complex

17



14was deposited on Tianoparticles to generate the4@TiQ anode andL6 was immobilized
on ITO elerodes to generate thd6@1TO anodelo simplify the reading, thiaill nomenclature
of the abbreviated ligand®(gtrpy-PQor di-PQ-bpy) will beonly detailed in the corresponding

chart and not in the text from this poirit.

Llobetet alfollowed a related strategy to immobilize complgirough a carboxylate group. In
this work, a phenytarboxylic group replaced the Methyl of the Mebbp ligand to prepare
complex {[RUpyk(H0)L0 £0GPhbbp)}, 15 see Chart 4> The complex decorated
mesoporous ITO electrodes1ésdTO) to generatd 5@mesdTO electrodedn addition to the
anchoring function, the extra phenyl carboxylate group also protected the easily oxidative

position of the pyrrole.

in,in-{[Ru"(PO;H,-trpy)(H,0)],(u-bpp)F* {[Ru"(py),(H,0)],(1-COO-Ph-bbp)}*
14 15

[Ru(Mebimpy)(di-POsH,-bpy)(OH,)]* [Ru(bda)(Pyr PY)2(OH)]
16

Chart 4 Structures of dinuclearl¢-15) and mononuclear16-17) Ru complexes modified to b
immobilized on electrodes. RRe-trpy is [2,2":6',2 terpyridin]-4'-ylphosphonic acid, COGPh-Hbbp is
4-(3,5di([2,2%bipyridin}-6-yl)-1Hpyrazot4-yl)benzoic acid, Mebimpy is 2i#s(1:methylbenzimidazal
2-yh)pyridil, diPGHz-bpy is ([2,2bipyridinel4,4-diylbis(methylene)) bis(phosphonic acid) and-Byr
is 3(pyren2-yl)-N-(pyridin-4-ylmethyl)propanamide.

Simultaneously, Suet al replaced the axial M@y of complexXd by Pyrpy ligands to generate
an anode based on MultiwallecCarbon Nanotubes (MVCNT). The resulting complex

[Ru(bda)(Pypy)(OH)] L 7)®* wasattachedto MWCNT through ppi stacking and generated the
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17@MWCNT/ITO electrodehen combined witha flat ITO electrode®® The same group also
explored other strategies to anchor complexes related to complex carbon surfaces. For
example, glassy carbon electrode was modified through the electroreduction of diazonium salts
and click chemistry of @-related compleX’ In addition, the axial ligands of compl@xvere
modified to incorporate pyrroles and-&libgituted thiophenegroupsto anchor comple® onto

glassy carbon surfaces through anodic polymerizéffoSome of these immobilization
strategies wereemployed both for the preparation of anodes and photoanodes and are

discussed in the photoanode section.

1.4.2 Performance of Molecular Anodes

Table 2 illustrates the electrochemical data for thé@TiQ, 15@mesdTO, 16@FTO and
17T@MWCNT@ITO anodes together with the catalytic data for the related homogeneous
complexe22, 3, 5and9 respectively. The four exangd allow the reader to compare relevant
electrochemical features of the beperforming molecular anodes: the superficial

concentration, the turnover frequencies and the current density.

Table 2. Electrochemical data fod4@TiQ, 15@mesdTO, 16@FTO andl7@MWCNT/ITOanodes

together with catalytic activity of the analogous homogeneous complx8ss and9.

TOF het.

s j/time Ref. het.
(nmol/cr) (TOF hom.) (mAjenry (Ref. hom.)
gl (min)
in,in-{[RU'(trpy-PQ) (HO) L(>bpp)}@FTO
10  0(0.013 0% -- 83(59)
14@TiQ
{[RU(py)(H:0)L(>-COGPhbbp)}@ITO
05 0.2(0.07fy  15/-- 85 (61)
15@mesdTO

[Ru(Mebimpy)(cPQ-bpy)(OH)|@FTO
0.1 0.36'(0.15F 5Y480°  84(62)
16@FTO

[Ru(bda)(Pypy)2(OH)|@MWCNT/ITO
1.8 0.3 (30p 220/416" 86(57)
17@MWCNT/ITO

Experimental detailsa, Cé” (100 mM) and2 (1 mM) atpH= 1;b, Chronoamperometry using a Rotating
Disk electrode aE= 1.69 V apH= 1;c, C&' (100 mM) and3 (1 mM) atpH= 1; d, Chronoamperometry
atE= 1.85V at pH= 1g, C&(100 mM) and comple% (1 mM) atpH= 18%3°f, Chronoamperometry at
=1.45V apH= 7;g, Cé' (365 mM) atpH= 1 and comple® (62.5mM).
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The superficial concentration of the cataly§ tmol/cn?) is an extremely important parameter

that directly influences the current density and stability of the hybrid anodes. The best way to
boost the superficial concentration afcatalyst is to use electrodes that possess a high surface
area. For example, thieybrid electrodel4@TiQ that is based on TiDanoparticles showsthat

are two orders of magnitude higher than hybrid electrodes based on flat FTO electrodes, such
asl6@FTO. In a similar way, thee of nanostructured carbon, such as MWCNT, also isetka

the loading: thel7@MWCNT/ITOybrid electrode shows one order of higher loading that the

flat glassy carbon electrod®.

The other crucial arameterof the hybrid anodes is related to the specific activity of the catalyst.
The Turnover Frequency (TOF) of the catalyst on the hybrid electrode is informative about the
activity of the catalyst in the hybrid system. In addition, it is interestingampare the activity

of the molecular catalyst on the surface to that of the related complex in the homogenous phase.
Accordingly, Table 2 shows the Turnover Frequency of the hybrid systemg)(Td@Ether with

that of the analogue systems in solutifFOkom). In the case of molecular catalyst immobilized

on the surface, the nature of the water oxidation mechanism is fundamental. For example, the
hybrid materials based on firgirder water oxidation catalyst such asl5@mesdTO and
16@FTO hybrid elemides, showed increased TOF as hybrid electrodes compared to the
homogeneous counterparts. Isharp contrast, the Rbda complex ancored on MWCNT,
17@MWCNT/ITO, showed decreased perfomance when ancored on the surface. The loss of
activity of Rdbda complers on hybrid anodes is clearly a major drawback because the family
of Rubda complexes are the fastest water oxidation catalyst in the literatlihee bimolecular
nature of the Rebda complexes explains the low activity of the immobilizeebBai complexes:

the molecular catalyst cannot oxydize water throught the preferred bimolecular mechanism and

their activity shrinks.

Finally, compled4@TiQ illustrates a potential problem that hybrid materials can suffer when
molecular catalysts are anchored on oxidefaces: the ROH of complexi4interacts with the

M-O functionalities of the oxides and blocks the catalytic activity of the catalyst. The relative
position of the RtOH in respect to theoxidesurface have been underlined as critical by a recent

work 83

The current densityj,(mA/cn?) is the most important parameter for oxygen evolving anodes.
An ideal anode in a commercial cell must maintath mA/cnt for months at the lowest

potential. In the hybrid anodes, the current density is proportional to the produ@ arfd the
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turnover frequency of the catalyst. Consequently, ti®@MWCNT/ITO hybrid anode exhibits
the highest current density (22@/cm?) in the literature However, the current density relies
on the higher loading 017 on the MWCNT electrodes rather tham the high activity of the
molecular catalyst. The current density of tAF@MWCNT/ITO electrode could reach the
commercially releant values of 10 mA/chif the complex retained the specific activity in
solution. Hence, the development of fast first order molecular catalgstfast as compleXin

solution is of high interest.

1.5 Molecular Photoanodes

1.5.1 Design of Molecular Bfoanodes

Molecular photoanodes consist of a water oxidation catalyst, a light absorber and an electrical

field that ensures charge separation. The way that photoanodes absorb light divides them into

two groups as shown in Figure 13. The first grouplisY'S R - REHBA G AT SRE LIK2G2 |
0S0FdzaS I R&S l0a2Nba GKS fAIKIEMDIGKS eaaSiG2 yorRS (3 NI

a small band gap semiconductor absorbs the light.

Dye-sensitized Semiconductor-catalyst
! r Je:
w de \\“1 o | 4xhv ;K\ﬁ_
< :&\ < ¢ ]
4xhv . ¢
> »
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eSS 4 i
5 \ i={ 2
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(E;=3.0eV) 0,+4H* (E;<2.5eV)

Figure 13.General designs for molecular photoanodes. WOC is Water Oxidation Catalyst,

Semiconductorky is band gap and the dye is often a [Ru(hpyerivative.

The band diagram for the dysensitized photoanodes is depicted in Scheme 1. As the dye is
involved in the light absorption and charge separation, most of the requirements in the Scheme
are related to the dye. The first requirement is that the HOMIMO difference of the dye is in
visible light energies to absorb most of the solar spectrum. Theraequirement is that the

potential of the oxidized dyeEp-) is greater that the water oxidation catalyst onset potential
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(Eca) to catalyze the water oxidation reaction. Derivatives of [Ru@fiylave been extensively
used in this Scheme due todhdeal thermodynamic match. Finally, the Conduction Band (CB)
of the semiconductor must be able to accept the electrons from the Photoexcited species (P*).
Large band gap oxides such as.pi@ssess CB that are suitable for the electron injection of
[Ru(lpy)]?* dyes. In addition, the large band gap of (&)= 3 eV) do not absorb a large portion

of visible light%°%

—ae ~O:z '
Wi ———— En0/02 :

| e 4NV de e |
E % [-——— [\ |
i g EP/P+ Lh‘/ 2 H.O0 '
= 0,+4H* " 27
W !
! Dye !
| _\_IE/ |
| Je

v (E,=3.0eV) '

Scheme 1Band diagram for a Dysensitized photoanode. CB and VB are the conduction and val
band of the semiconductor (SC) respectivélyis the bandgap of the SC. The B,RPand P* are the
dye and their oxidized, reduced and photoexcited forms, respelti Thekrp+and theEep- are their
redox potential.Eatis the turn on potential of the water oxidation catalyst (WOEJoi02is the

thermodynamic potential.

In dyesensitized photoanodes, the molecular dyes and catalysts are anchored on the surface of
the semiconductor by the linkers describedsiection1.4.1. For example, Meyet al used the
Phosphonate derivate complet6 in Chart 4 to generate a moleculatye-sensitized
photoanode.® In order to cedeposit the dye, one of the bpy of the [Ru(bg¥)dye was
replaced bya diPQH,-bpy ligandyielding the complex Ru(bpydi-PQH-bpy)F*, 18. An
electrode coated with a corshell of TI@ITO was modifiedy anchoring the two molecules to
yield the hybrid photoanod€18+16)@TiQ/ITO Similarly, Sun and Meyer groups generated
photoanodes from comple8 by replacing the initighxialpyridines by PeH.-py and Si(OHPy
ligands respectively: see complex [Ru(bRRH:-py)(OH)] 19) and complex [Ru(bdgMe-
Py)(SiGHs-Py)(OH)] Z20) in Chart 5%3° Both groups prepared dye sensitizptiotoanodes by
codepositing the water oxidation catalysts and the dye on/TiO core shell nanoparticles and

TiQ nanoparticles3%*
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[Ru(bpy),(di-POsH,-bpy)]**  [Ru(bda),(PO;H,-py),(OH)]
18 19
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Chart 5.Dye (L8) and complexesl@, 20 and 21) used for the construction of molecular photoanodes.
diPQH:-bpy is ([2,2bipyridine}4,4'-diylbis(methylene)) bis(phosphonic acid), sPgpy is(4(pyridin-4-
yhbutyl)phosphonic acid. thpy is 4(2-(thiophen-3-yl)ethyl)pyridine.

Part of the knowledge required for the dyensitized photoanodes has been acquired by
studying an equivalent system in solution. In the homogeneous systemfRtilepy}]** dye is
dissolved together with a water oxidation catalyst. An electron acceptor is also dissolved that
removes electrons from the photoexcited dye under light illumination. The quantum efficiency
for the threecompound mixture under 1 sunuthination iscircal0%%°¢ Furthermore, the use

of Transient Absorption Spectroscopy (TAS) enables quantifying the kinetics of the processes
involved in the photocatalytic system together with other undesired processes, such as back

electron transfer?’

Scheme 2 illustrates the band diagram for the semiconductdalyst design. In these
photoanodes, the semiconductor absorbs the light in the visible region of the spectrum. In order
to absorb significant part of the spectrum, the band gap of the semingctod (&) must be
below 2.5 eV. Once the semiconductor has absorbed the photons from the light, the electrical

field generated in the semiconductsolution junction directs the charges to the water
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oxidation reaction (holes,hand to the rear of the ekttrode (electrons, ¢ This phenomenon
is analogous to the charge separation in-a jainction of the PV celfsA requirement is thathe

VB ofthe Semiconductomust fallabove the onset of the water oxidation catalyBa().>®

de N 4 o :
D a— =y e !
CB ———/ ¢ ) e EHzo/ozi

L |4 hv Ecj—— i
Z 4 b ‘\ZH o
g £ VB__/ 0,+4H © 72
|y |
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| (E,<2.5eV) j

Scheme 2Band diagram for a Semiconductor + Catalysts photoartgdethe bandgap of the SEat

is the turn on potential of the water oxidation catalyst (WOE}pr02is the thermodynamic potential.

Sunet al reported the only example in the literature of a semiconductor directly coupled to a
molecular water oxidation cataly8t.The semiconductecatalyst photoanode consisted of the
anodic polymerizatiorof complex [Ru(bdalMe-Py)(thpPy)(OH)]Z1) containing a thiophene
axial ligand (thgPy), see Chart 5. The polymerization was performed on the surface ef-the

FeQO; semiconductor i = 2.3 eV) to generate th&l@a-FeOs; photoanode.

1.5.2 Performance of Molelar Photoanodes
Table 3 summarizes the photochemical features of the two Jpestorming dye sensitized
photoanodes, 18+19)@TiQ/ITO and {8+20)@TiQ, and the only example of semiconductor

catalyst molecular photoanod2l@a-Fe0s;.%%%

24



Chapter 1

Table 3.Photoeletrochemical data fod8+19)@TiQ/ITO, (8+20)@TiQ and 21@a-Fe0s: photoanodes

j (mA/cn)
Photoanode Semiconductor Dye  WOC Ref.
/ time (minYy
(18+19)@TIQ/ITO TIO/ITC 18 19 1.5/20 93
(18+20)@TiQ TiQ° 18 20 1/2 94
21@a-Fe0; a-FeOs 21 0.3/5 99

2nanolTO/Ti@core/shell structure? TiQ: nanoparticles on FTO electrodd)Vater Oxidation Catalyst,
time of sustained current

The first remarkable feature of the performance of tiieee photoanodes is the relative high
current density. Photoanoded &+19)@TiQ/ITO and {8+20)@TiQ) exhibit current densities
around 1 mA /criunder illumination, which exceed the 0.2 mA/ £axhibited by the related
17@MWCNT/ITO anodé.The relative high current density of the anodes clearly comes from
the nanoparticulate nature of the Ti@nd TiQ/ITO semiconductors thadllows high catalyst

loadings.

Despite the relative high current density, the performance is limited to less than 20 minutes for
all the molecular photoanodes. This clearly limitsitie@entual incorporation in any commercial
device in the future. Several pgthesis are nowadays availaltb explain the low stabilit@ne
possible hypothesis is the low stability of the phosphonate, carboxylate and silicate bonds under
light ilumination. Meyeeet al.reported that phosphonatenetal oxidebonds broke under It
illumination conditions® This partially explains the low stability of the esensitized
photoanodes in the literature, such aB3+19)@TiQ/ITO and {8+20)@TiQ), that are based on

phosphonate and silicate groups as linkers for the dyes and catalysts.

An alternative to the Phosphonate/carboxylate and silicate linkers may arise from the
development of semiconducteratalyst photoanodes. Future photoanode designs might
include assemblies between water oxidation catalyst and small bandgap semiconduatbrs s
as carbon nitide'$* or Si*® The different nature of the surface of the semiconductors might

permit using stronger linkers than ester bonds witletal oxides.

However, the main hypothesis for the low stability involves the nature of the water oxidation
catalyst. Most of the photoanodes in the literature are based on second order water oxidation
catalyst. such as complef or its derived forms X7, 19, 20or 21). When these catalyst are

anchoredto surfaces, they cannot follow their lowest energetic path and they must oxidize
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water through high energetic paths. The high energetic paths might induce undesired reactions,
namely degradation, that witkduce the stability of the catalyst. In the case of water oxidation,
the inefficientcatalytic reactiormight also result in back electron transfer complications, which
can further reduce the stability of the electrodes. Hentlge future attainment ofstable

molecular photoanodedepends on the discovery of fast fistder water oxidation catalysts.
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I Chapter 2

Chapter 2

Objectives

Some of the knowledge gaps highlighted in Chapter 1 have been
transformedinto objectives during the development of the present
thesis. The objectives travel from the design and performance of
molecular catalysts in solution to the development of powenfuldes

and photoanodes.
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The main challenge imolecular Rtbasedwater oxidation catalysis is to develop powerful
molecularanodes and photoanodes. The field of molecular water oxidationbloasnedwith
the appearance of new mononuclear sevesordinate water oxidation catalystsgith activities
exceedeihg that of the natural MnGs cluster. At the start of tis thesis, we envisioned
potentially severcoordinate Ru complexes based on the [2Bipyridine]-6,6-dicarboxylate
(bda?), [2,2":6',2"-terpyridine}6,6"-dicarboxylate (td4) and 2,5bis(6-carboxylatopyridir2-
yl)pyrrotl-ide (t5&) scaffoldsas equatorial ligands.

‘8
R
~-N
bda® tda® t5a%

Therefore, he main objective of this thesis ithe generaton of powerful anodes and
photoanodes based on Fada, Rutda and Rut5a complexesand the understanding of the
factors that rule thé& water oxidation catalysis. From this general objectapecific objectives
have beerpursuedduring the development of the thesis.
Objective A G ¢ 2 { @y (i KS a AdoddinayeScomplexds bas&dod ythe
2,2".6',2"terpyridine}6,6"-dicarboxylate (td&) and 2,5bis(6-carboxylatopyridir2-
yl)pyrrotl-ide (t5&) ligand and pyridine as axial ligands, to test their capability to
cail £l S GKS 61 SN 2EARIFGA2Yy NBIFIOGA2YE
Objective B-ad ¢ 2 RSUGSNXYAYS |yR (2 ljdzr ydATe G§KS NI
water oxidationcatalysis in solution: the effect of the-pi stacking, the H bonding and
the O-Obond mechanisnimplicationson the activitg.
Objectve @ a¢2 RS@St2L) St SOGNRPOKSYAOIf YSGK2RA&
new severcoordinate Ru catalysts.
Objective D:d ¢ 2 LINBLJI NB Fy2RS& o0l &S Rcooddifiatiol KS Y2 &
€81 S.GKSANI I OGAQ
Objective E4 ¢ 2 LINB LI NB LIK2G21 y2RSa o-toarfimtoeay (GKS Y

complexes, to quantify their performantey R G2 |y

complexes.
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I Chapter 3

Chapter 3

H-Bonding Rockets Water Oxidation Catalysis In
New Ru Complexes

The synthesis, characterization, redox properties and catalytic activity
of two new families of severtoordinate Ru complexes based on the
(2,2":6',2"-terpyridine}6,6"-dicarboxylate) (tdd or the 2,5bis(6
carboxylatopyridir2-yl)pyrrot1-ide (t5&°) ligand and pyridine as axial
ligands are reported. TheorrespondingRu=0 complexes are among
the fastest molecular water oxidation catalysts in the literature due to

H intramolecular bonding provided byendant carboxylate.

The chapter consist of the fllowing indendendent papers:

PAPER A Matheu, R.; Ertem, M. Z.; BerBtichholz, J.; Coronado, E.; Batista, V. S.; ¢
X.; Llobet, AJ. Am. Chem. S&f15, 137, 1078610795

PAPER B Matheu, R.Ertem, M. Z.Pipelier, M.; Lebreton, J.; Dubreuil, D.; Benet
Buchholz, J.; Sala, X.; Tessier, A.; Llobe2pA7 submitted
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PAPER A Intramolecular Proton Transfer Boosts Water

Oxidation Catalyzed By ARu Complex

Matheu, R.; Ertem, M. Z.; BerBtichholz, J.; Coronado, E.; Batista, V. S.; Sala, X.; L
A.J. Am. Chem. Sat015 137, 1078610795.

0.2 06 1 14
E(V)

Abstract

We introduce a new family of complexes of general formuld(fa)(py}™ (n=2, m=0,
1; n=3, m=1,2" n=4, m=2,3%"), with tda&=[2,2":6',2"terpyridine}6,6"-dicarboxylate,
including complex [ROH)(tdak-N*0O)(py}]* 4H" which we find to be an impressive wat
oxidation catalyst, formed by hydroxo coordination 34" under basic conditios. The
complexes are synthesized, isolated and thoroughly characterized by anal
spectroscopic (UV¥is, NMR, EPR), computational and electrochemical techniques
DPV, Coulometry), including solid state monocrystahy<diffraction analysis. Inhe
oxidation state IV, the Ru center is seven coordinated and diamagnetic, where
oxidation state 1l the complex has an unbonded dangling carboxylate, so is six coorc
while still diamagnetic. With oxidation state Ill, the coordination number afway
between the coordination of oxidation state Il and IV. Species generated in situ hav
been characterized by spectroscopic, computational and electrochemical techni
together with the related species derived from a different degree of pratmm and
oxidation states4H" can be generated potentiometrically, or voltammetrically, fr@44
and both coexist in solution. While compl8X" is not catalytically active, the catalyt
performance of compledH" is characterized by the foot of the wananalysis (FOWA
giving an impressive TOF record of 8,08@tspH = 7.0 and 50,000' &t pH = 10.0. DF
calculations provide a complete description of the water oxidation catalytic cycléi'o
manifesting the key functional role of the dangling catplate in lowering the activatior
free energies leading to-O bond formation.

Contributions

Roc Matheu synthetized and characterized the new compounds, performed
electrochemical and spectroscopic arsdyand prepared the manuscript
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I Chapter 3

A lintroduction

Fundamental understanding of the electronic and structural factors that determine the
ultimate performance of water oxidation catalysts (WOCSs) is critical for the development of
catalytic systems for energy conversithEfficient functionaty for fast and oxidatively
rugged-® performance at neutral pH can provide durability for sufficiently long times as
necessary for practical applicatioh¥Here, we introduce and characterize a new family of Ru
complexes, including compound [ROH)(tda-k-N*O)(py}]* with tda?=[2,2":6',2"terpyridine}

6,6"-dicarboxylate, found to be an impressive water oxidation catalyst both under neutral an

alkaline conditions. “l

Transition metal complexes provide an excellent platform for mechanistic studies lbased

ligand desigrit¥'® In particular, Rtagqua complexes with polypyridylic ligadti€ are robust
catalysts that allow for the analysis of mechanisms much more accessible than those of first row
transition metals with labile ligand§?> When combinedwith the theoretical analysis, via
density functional theory (DFT) calculations, spectroscopic and electrochemical measurements
provide detailed information on the nature of reaction intermediates and activation free
energies along the catalytic cycle ofier oxidation?*3° Strong sigma donation groups like
carboxylate ligands in 2;Bipyridine-6,6-dicarboxylic acid (#dda; see Chart 1 for a drawing),
together with seven coordination have allowed easy access to reactive species in high oxidation
states such as [R{{O)(bda)(pic)* (pic is 4picoline) where the metal center is at formal
oxidation state of \#! Additional tuning of the activation energy barriers can result from
supramolecular interactions, based gap stacking of ligands witp -extendedconjugation

such as isoquinoline and its derivatives favoring formation of dinuclear peroxo
intermediates®>33Furthermore, hydrogen bonding interactions can play a significant role in the
kinetics as demonstrated with strategically substituted fkz,8Gbpy ligands*2¢ Finally, the
presence of an external base can also strongly influence the kinetics of water oxidation reaction
by facilitating proton coupled electron transfer (PCET) and deprotonation of the incoming water
molecule at the @D bond fornation step as has been recently proposed using phosphate,
borate or carboxylate as a base. Also, a direct interaction oiv@ithe Ru high valent reactive

species at high pH has also been shown to enhance kirfétfts.
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Chart 1.Ligands used and digssed in this work with labeling for NMR assignment.

| AN
8
= o N
X N — \N 7 B
~N OH 6 | /
Ho” O N
o OH
H,bda H,tda H,tda py

Using the knowledge accumulated over recent years, we have designed new Ru complexes that
could potentially benefit from most of the considerations mentioned aboveadmicular, the

new catalyst [RY(OH)(tdak-N°0)(py}]* combines the various types of interactions responsible

for redox leveling effects and exhibits an impressive catalytic performance of water oxidation
with turnover frequencies (TOF) of 8,080,000 § depending on pH. To the best of our
knowledge, these TOFs are the highest ever reported under analogous conditions. We describe
the synthesis, spectroscopic, electrochemical and theoretical characterization of the series of Ru
complexes with the pentad#ate ligand [2,2":6',2*terpyridine}6,6"-dicarboxylic acid (#da;

see Chart 1). This ligand gaotentiallycoordinate to a metal center, inkxN®C? fashion in the
equatorial zone. The auxiliary axial positons are coordinated by pyridine ligandsarénat
generally not directly involved in the electron transfer and/or proton transfer, or in tHe O

bond formation.

A 2 Results and Discussion

A 2.1 Synthesis and solid state structure

The synthesis of the Ru complexes described in this work is summamizécheme 1.
Reaction of [RICL(dmso})] with Htda, in the presence of NEas a base at reflux with MeOH,
followed by addition of pyridine and further reflux in a mixture of water and pyridine produces
complex [RU(tda-k-N°O)(py}], 1, in 50% isolated/ield. Treatment of the latter with one
equivalent of Ce(IV) as an oxidant generates thé'(fa-k-N>0?)(py}](PF), 2(PF), complex.
Subsequent addition of one more equivalent of Ce(IV) 2o generates [Ru“(tda-k-
N (py](PF)2, 3(Phs)2, in 39% ad 32% isolated yield, respectively. All of these new complexes
are characterized analytically and spectroscopically bwidVEPR and 1D and 2D NMR in
solution as presented and discussed in the following section. In addition, monocrystal X
diffraction analysis has been carried out to characterize the complexes in the solid state. Ortep

drawings ofl and those of the cationic moieties &f and 3?* are presented in Figure 1.
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Scheme 1 Synthetic strategy for the preparation of the complexes describedhisa work and

nomenclature used. Broken lines indicate bonds that are simultaneously formed and broken.
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1 2+ 32+

0( \RL.’DN +1e ¢(\ IV\N 1e/1H \N

07| oK oR O/I OH o, ° / B
Py PV
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[Ru"'(OH)(tda-k-N*0)(py)] [RUIV(OH)(tda -:N30)(py),]*  [Ru"(O)(tda-k-N0)(py),]*
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Complexi displays the typical distorted octahedral geometry around the Ru center as
expected for low spin @Ru(11)?°323°40The pyridine monodentate ligands occupy the axial
positions whereas tdfabinds as an equatorial ligand. With Ru in oxidation state I¥; bilads in
a tetradentatek-N°0O fashion with a noonding dangling carboxylate as shown in Figure 1. In
oxidation state IlI, two different structural units are found in the unit cell of compleX(jBa
k-N°CQ?)(py)]*, 2*. One of these structures has the fdiigand bound in &-N*C? mode with the
central pyridyl of this ligand formally ndsonded altho@ K I G & O2 y (i I-NOdistancdR A & (i | y O S
= 2.38 A). The other Ru(lll) structure also ha$ waa tetradentate ligand although bound in a
k-N°O mode, with the two carboxylates weakly bonded with longdRdistances of 2.33 A and
2.23 A, respectively (typal Ru(IlWcamoxyiacbonds are in the 162.1 A range§-*'Given the fact
thatthefive NO? G 2Y& INB Fff LI NIAFfte Ay@d2t SR Ay 02y}
k-N°O% | £ 0 K 2 deledtron(ruteSs satisfied when only four of théoms are effectively
bound to Ru(llI}?As the axial pyridines are always fully bound to Ru, we expect that tié¢ Ru
and RuO bonds are simultaneously made and broken very quickly at room temperature, as
represented by the dashed lines in Scheme 1. Dgfsitctional theory (DFT) calculations based
on the MO6L* and M1:L* functionals (see Computational Methods in SI for details) provide
optimized structures for the Rida complexes at different oxidation states (Figure S25 in the
Sl). The comparison tife calculated and-Xay bond lengths indicate good agreement (Table S2
in the SI). For Rwxidation state, we carried out optimizations for both [Rda-k-N°O)(py}],

1, and [Ritda-k-N2C?)(py)] conformers and found to be more stable by 5.6 kcatol in line
with the experimental observations. For oxidation states Il and 1V, the DFT calculations favored
one conformer, namely [Riitda-k-N°C?)(py)]* and [RU¥(tda-k-NC?)(py)]?*, 32*, which will be

discussed in the following sections.
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Figure 1:Xx-Ray ORTEP plots of: [Rda-k-N°O)Py], [Ru'(tda-k-N°C?)Py]*, [RU'(tda-k-N*O)Py]* and
[RuV(tda-k-N°C?)Pys}?* Ellipsoids are plotted at 50 % probability. Broken lines indicate contacts.

codes: Ru, cyan; N, blue; O, redpack.H-atoms are not shown.

A 2.2 Spectroscopic Characterization based on NMR, EPR at&l UV

Figure 2 shows thtH NMR spectraf complexesl, 2* and 3" in pD = 7.0 solutions of
phosphate buffer. As expected, the hifjbld octahedral 8Ru(ll) complet is diamagnetic and
all resonances could be easily assigned based on integrations, multiplicity and the combination
of 1D and 2D NMR (see Sl for a complete set of spectral, Bur resonances due to the téia
ligand are symmetric indicating a fast dynarnehavior at room temperature. Further, the room
temperature 2D'**N-*H HMBC (see figure S6) bhows that all of the N atoms of téaare
bonded to the metal center. Therefore, the dynamical ligand exchange behavior is limited to the

carboxylate sitesas indicated by equation 1.

py py
N
N N /—I—N
0( ;Ru/" \N (N\Ru/\“ N (N\Ru/" N 1)
o | o /zo = oA, I \‘0——\5 = o0\, | \0_\5
PY Py 0 py 0
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Figure 2:Left,'H NMR spectra in a phosphate buffer pD = 7.0 solution fol(fiRuk-NO)Py], 1 (red),
[Ru'"(tda-k-N3CA)Pys]*, 2* (green) and [R¥(tda-k-N3C?)Py}?*, 32* (orange). Right, EPR fat pH = 7.0.

Theassignment is keyed in Chart 1.

Complex3?* is also diamagnetic, as expected for a low sgiRd(IV) ion with a (dxz,
dyz} electronic configuration and pentagonal bipyramidal geometry. When coetptar theH
NMR spectraf the Ru(ll) complexes, the resonances of the Ru(lV) complex are shifted to a lower
field in accordance with the higher oxidation state of the Ru center. In contrast, coipiex
paramagnetic as expected for an octahedral low spgiiod with an unpaired electron. As can
be observed in Figure 2, all resonances are broadened and highly shifted with regard to those of
the Ru(ll) analogue, partly due to the paramagnetic effedhefunpaired electron over the
nuclear spin. On the other hand, compXxshows an axial EPR spectrum wiih=g2.10 and g
= 2.0, which is in agreement with the presence of two py ligands occupying the axial positions
of the octahedron (Figure 2). Bo®u(ll) and Ru(lV) are EPR silent as expected for complexes
with no unpaired electronsThe EPR experiments were carried out at 4 K on frozen solutions by

using a and spectrometer.

The UWis spectra of complexel 2 and 3%*, dissolved in 0.1 M trifti acid aqueous
solutions (pH = 1.0), are shown in Figure 3. Analogous spectra could be obtained by
spectrophotometric redox titration ol with Ce(IV) exhibiting isosbestic points as displayed in
the SI. Typical Ropy MLCT bands are observed in thed&® nm range fofl, whereas a single
transition at 420 nm is observed in that range of the spectrum for Ru(lll), which is essentially

featureless for Ru(IV).

It is important to mention that comple®?* is very stable at pH = 1.0, as evidenced by
the UMvis spectrum which remains unchanged for several days. However, at pH = 7.0 the
spectrum decays slowly (in about 3 h) back and cleanly to oxidation state (l1) t@*ftrmaugh

isosbestic points as shown in Figure 3 (right). The spectral decay is assadiatddw oxidation
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of water by3%*, since at neutral pH the redox couple IV/Ill is above the thermodynamic potential

for water oxidation, consistent with previous observations for related Ru compféses.
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Figure 3:Left, UM-vis spectra of [Riftda-k-NzO)Py] (1) (red), [Ri¥(tda-k-N2O)Py]* (2*) (green), and
[RuV(tda-k-N3O2)Py]?* (3%%) (yellow), in a 0.1 M triflic acid aqueous solution. Right, stability of |
oxidation states monitored by UWs spectroscopy at pH = 1.0 and at pH = 7ghtRU\vis spectra of
pH = 7.0 phosphate buffer solution of M [RuV(tda-k-N°Q?)Py]?*, 3?*, after one minute of its
preparation (cyan) and subsequent spectra after, 0.5 (pink), 1 (grey), 2 (blue) and 4h (green). Ins
of molar absorbanceg] vs time forl =243 nm andl = 315 nm (squares and triangles respectively
pH = 1.0 (black) and pH = 7.0 (red)

A 2.3 Stability of high oxidation states and formation ofdgua species.

We have analyzed the redox properties of the complex'({ga-N°O)(py}], 1, in
agueous solutions at different pH by the electrochemical measurements based on cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and coulometry. The CV and DPV
experiments were carried out using glassy carbon disk working etextrand a platinum wire

as auxiliary, and mercury sulfate as reference electrode (MSE) and repsristiE.

Two chemically reversible and electrochemically quasireversible waves are observed at
B =0.52 VIDE= 60 mV) and 1.10 V (60 mV) as detecte@hyat pH = 7.0 and shown in Figure
4 left. Both waves are pihdependent in the pH =0 range and are assigned to two
consecutive metal based oredectron oxidation processes, namely RugRu(lll}> Ru(IV). It
is interesting to analyze the scan eaiependencen(= 20, 10 and 7.5 mV/s) in the 1:3%5 V
zone. As can be noticed in Figure 4, the current intensity at 1.4 V increases as the scan rate
decreases, relative to the current intensity of the second anodic wave at 1.10 V suggesting the

presen@ of a new electroactive process that is favored at longer time scales. A similar
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phenomenon can be detected by DPV under analogous conditions while changing the pH (Figure
4, right). As the pH increases from 6.5 all the way to 10.0, the intensity ofithent increases
dramatically in the 1.381.45 V range. This phenomenorattributed to the coordination of the
hydroxide anion to the metal center, followed by a one electron oxidation as indicated in
equations 2 and 3. This assumption is further supgpdiy electrochemical and spectroscopic

evidence as will be described here on.

0.6 1 14
E(V)

Figure 4 Left, cyclic voltammetry of approx. 1.7 n{Ru'(tda-k-NzO)Py] (1), in apH = 7.0 in aqueou:
phosphate buffer at a scan rate of 20 (black), 10 (red) and 7.5 (green) mV/s and differential
voltammetry (dashed black) using a glassy carbon was used as working electrode. Right, nor

differential pulse voltammetry for 1.7/naM 1, at pH = 6.5 (blue), 7.5 (black), 8.0 (purple) and 1

(brown).

[RUV(tda-k-N°C?)(pyR]?* + OH -> [RU(OH)(tdak-N°O)(py}]* (2)
3% aH*

[RUY(OH)(tdak-N°O)(py}]" - € - H" ->  [RUO)(tdak-N’O)(py)]* 3
4H" 5

Complex4H" has a pK= 5.5, as shown in the Pourbaix diagram discussed below.
Therefore, at pH > 5.54H" is deprotonated to form [RYO)(tdak-N°O)(py}], 4. Further
oxidation of4H" or 4 (depending on the pH) forms the Ru(V) species that is a highly reactive
water oxidation catalyst that can be detected in very small concentrations. These
electrochemical experiments clearly show that two set of species coexist at high pH, including
species with hydroxo or oxo terminal ligand$i(, 5,60 = y I YSR FTNRY dF 24 2 W R w
others not containing these ligands, @*,32*0 2 OF f t SR FT-NB W ¥ 2 & LIS WQAzSEITY | &
AY {OKSYS Mo ¢KS NBRPd 4INRLIBONSS Al RF aideBY laNddE §

their spectroscopic and catalytic properties are discussed below.
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The red colored structures are used to denote species that undergo fast linkage isomerization.
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Complex4 can also be generated potentiostatically and monitored voltammetrically in
a pH = 7.0 phosphate buffer solution using a bipotentiostat in a two compartment cell as shown
in Figure 5 (see Sl for further details). For this experiment a glassy carbon dssdiss a
working electrode for the CV experiments whereas a Pt grid is used as working electrode to
potentiostatically generatel at an applied potential of 1.25 V for 10 hours. As can be seen in
Figure 5, onlyi, 2* and 32*are initially present in sotion as shown by the red dashed line. As
time elapses (333 scans at a scan rate of 20 mV/s), the waves due to first and second oxidation
of 1 decrease in intensity and new waves are formed at around 0.7 and 0.9 V. In addition, a large
electrocatalytic wavalevelops at 1.30 V. Judging by the relative integrated charge, obtained
under the cathodic wave for the IV/IIl coupl&(+ 1e ->2*) versus the new cathodic wave at
neT +3 GKS -Njjdzh ¢ S5 NEjmiid & RF2 G MWOS ES &  kafionl 6 2 dzi

2F (K ddwdzallSOASa o1 a TFT2dzyR (0 2-aghsScomphisDias F I & G S NJ

dissolved at higher pH in agreement with the DPV shown in Figure 4 (right).

¢ KS NBR2E LINPILASNT A5SLAS @AFS &0 wdS NB | y | fasdl SR o &

I NB &K2gy Ay CAIdNB p ONAIKGO G LI dzdysdbn @
complexes is given in Scheme 2 and can be easily rationalized following the reduction process
starting form the most oxidized seven coordinated species([Rtdak-N*0)(py}]*, 5, and

keeping in mind that the geometry of the ligand fdebgether with the different electronic

nature of Ru(ll) and Ru(lll) foster linkage isomerization procés$&somplexs’ is responsible

for the catalytic water oxidation reaction that will be described in the next section, and its formal
V/IV redox couple at this pH is obtained by DEM*= 1.43 V; Figure S20). The one electron
reduction of5" (Scheme 2), generates [R®)(tdak-N°0)(py}], 4, that in turn can be further
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reduced by a one electron process£ = 0.87 V) to generate [R(OH)(tdak-N°0)(py}], 6. The

latter has ReO and ReN bonds that form and break very quickly since Ru(lll) is now six

coordinated. Sbsequent reduction to Ru(llE(.'= 0.70 V) generates a Rufdfjua complex,

[RU'(HO)(tdak-N*O)(py}], 7, that is highly unstable and isomerizes to form '[RkO)(tdak-

N°)(py)], 8, a process denoted by'ia Scheme 2. Oxidation of the latter to R)( E2?= 0.77

V), forms a very unstable species, '[RH)(tdak-N°)(py)], 9, that quickly isomerizes to for@

(K"in Scheme 2) closing the thermodynamic square cycle. This square mechanism is further

corroborated by DPV in the oxidative and reductive scans, shown in Figure 5 (top right).

30 - Eypt E1/23 £ 3
e 12

15 +
= 05 07 09 1104 06 08 1 12
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-15 r—r T 1
0.2 0.6 1 1.4
E (V) , . : . . :
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Figure 5 Left, repetitive cyclic voltammetry experiment (v = 20 mV/s) shgwhe generation of the
Gwlddj dz ¢ &1LISOASEA FNRY | LI [ 1 dn LIK?2 4 udhg addhass
carbon disk as a working electrode. The red dashed line represents the first scan whereas tht
solid line represents the lastcan with 333 cycles in between. Right bottom, C8?0# (2:1) mixture
at pH = 8.2 generated potentiostatically (see Sl for details). The potential scan is swept cathc
starting atE = 1.25 V reversed & = 0.25 V and back to the initial potéait The dashed vertical line
AYRAOIGS G(KS aaAadayySyid 27 GKS INB®RI2E D30 X
cathodic 6= 1.10 V; dashed red line) and anodic=(0.40 V; solid red line) and DPV sweep of the si

solution.

WestudiR G KS NBR2E o0$AldFX2 NILBDABRS R& WIS S R
function of pH, to generate the Pourbaix diagram that defines the zones of equilibrium between

species with different oxidation and protonation states (Figure 6). For comparisernphh

T NE Y

AYRSLISYRSY (G NBR2E LIPS A | 19S COATS 40 K NBa whdy OF 21aR § R

together with the thermodynamic potential of the 4gvater oxidation to dioxygen (green

broken line). Several interesting features of the Pourbaix diagram arthwaentioning: i) the
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change in slope for the Ru(V)/Ru(lV) redox couple?®) gives a pKof 5.5 for Ru(I\VADH to

RuWh aLISOASAT AAO F062@S LI T B%%Bie -£XKES ONBRRLE: ULI2H] &
le-> Ru(lll), in blue in the diagram), is higher than the potential of the four electron oxidation

of water to dioxygen. Thus, it is in agreement with the stability of com@iéat pH = 1.0 and

the decay to lower oxidation states at highet plue to water oxidatio®A A A 0 F-2 Nzl &S & wdz
complex system, a plot of the 1lI/Il couple associated \Eit}t is presented. Th&.? potential

is roughly over 100 mV from that &' and is not shown; iv) the label RaH; refers to the

complex [R'(HO)(Htdak-N?O)(py}], 7, with one of the dangling carboxylate ligands
protonated,7H". Again here as in oxidation state IlI, the%digand only provides and ovelaf

3 coordination positions.

Ru(V)=0

BN

JRu(iV)-OH
1.3 {Ru(lv) Ru(IV)-O
; 1.1 .\ Ru(IV)/Ru(ll)
S— ] \\
W JRuflli)-OH,
0.9 4
0.7 JRu(1)-0H, |
] ~._|o./H,0
0.5 4 = | Ru(l)/Ru(ll)
03 +——--+—+—

Figure 6t 2 dzNB | A E  RA | 8 N§Id2¥ ¢ F & NIS DK S aThavbdirdkBofitSimes ifdiaeYtt
redox potentials for the different redox couples whereas the dashed vertical lines indicate the pK
zone of stability of the different species is indicatady with the Ru symbol, its oxidation state and
RSINBS 2F LINRG2yl(A2y 2F GKS Fljdad tAIFYRD C
of [RU/(O)(tdak-N°O)(py}]*. The llI/Il redox couple represents thatEf." (see text for details)The
redox potentials fortheplh Y RSLISY RSy & Lk LLL FyR LFLjLdglLEL BN
2* and 3?*are shown in blue. Finally the dashed green line represents the thermodynamic potent

the 4e oxidation ofwater to dioxygen.

Finally, addition of a chemical reducing agent like ascorbic acid to the solution containing
I HYM NI G-k § dz2 & Yjédardg yR2LYS OA S&a 3 S ylaNheidBydpredent a 2 £ dzil A 2
species as demonstrated B NMR spectroscopigee Sl for details). These results suggest a

slow equilibrium betweerl and 8 thermodynamic#ly favored towards the former.
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[RU(HO)(tdak-N)(py)] ~——  [Rul(tda-k-NO)(py)] + HO K>1 4)
8 1

In addition, the full recovery df, with no other species in solution, highlights the ruggedness of

the system with no deactivation pathways detected. (see Ei@21 in the ESI)
I nHodn {LISOGNRAO2LA D |j OK ¢ NIaQISONMRASTAl (6h12&8/S R2 T2 Y& v
spectroscopy.

¢ KS ldjwddz ¢ &LISOASE 6SNB OKF NI OGSNART SR 0@
Figure 7. A solution with 5 mMm Ya & wdg daf Zijédabpiecies was generated “

o
D
<
<

potentiostatically by applying 1.25 V for 1.5 h to a 7.0 mM solutiofh inf a DO phosphate

buffer at pH = 10.5. After the bulk electrolysis, the final pH is reduced to 7. The solution was then
exposed to additional bulk electrolysa$ several applied potentials to generate species with
different degree of oxidation and protonation. The NMR spectra were recorded after 7 minutes

of sample collection. For EPR analysis, the samples were frozen after 30 s and measured as
frozen solutionsit 4 K. Figure 7 (center) includes a CV of the solution where the applied potential

is indicated with vertical arrows as a guiding reference. For comparison, Figure 7 also includes

the NMR and EPR spectra of [Rda-k-N°C?)(py)]*, 2*, (black line).

Eppp=0.25V

app

Eppp=0.75V

p—

o T 1 T [ e T ek T i ~rmmrerrrTrT T T T I r T ¥ T T 1

21 20 19 18 17 16 15 14 13 12 11 ppm (025 075 1.25 2500 3000 3500 4000
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Figure 7 'H-NMR (left) and EPR (right) of the species generated by bulk electrolysis at the ind
applied potential for a solution containirgf* (5.0 mM) and4 (1.0 mM) at pD = 7.0 phosphate buffi
solution in RO. Center, CV of the initial solutiavhere the applied potentials are indicated with ¢

arrow. The spectra o2* obtained independently, as indicated in Figure 2, is shown in blact
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comparative purposes. The NMR spectra were recorded after 7 minutes of extraction of the &

whereas ER samples were measuratfrozen solutions after 30 s.

The red spectra is obtained at applied potenta}, = 1.25 V until the current flow was
below 5% of the initial current (approximately 15 minutes). At this potential, two diamagnetic
species were generated, the [Ritda-k-N>C?)(py)]?*, 3" and [RU(O)(tdak-N30)(py}], 4. The
latter decays to [RU(OH)(tda-k-N°O)(py}], 6, whose EPR spectrum is shown in red. This
spectrum shows a rhombic signal with g 2.12, g = 2.08 and g= 1.85. The larger spin
anisotropy found ir6 compared with that found ir2 is in agreement with the larger distortion
of the octahedral Rl site upon OH coordination The instability of Ru(IV)=0 species,
[RUY(O)(tdak-N3O)(py}], 4, decaying to Ru(lll) is unlikely due to direct water oxidation by this
species since the oxidation potential of Ru(lV) is not sufficiently higlrite that reaction.
However, upon disproportionation, it can generate Ru(V) and Ru(lll). The Ru(V) species in
[RW(O)(tdak-N*O)(py}]*, 5%, is a very powerful oxidant that can oxidizgdHo Q very quickly,
as will be shown in the next section, and $hig the driving force for the disproportionation. A
similar mechanism was proposed recently for related mononuclear comptéX#sirthermore,
such a mechanism based on disproportionatiomtd$ consistent with the lack of a returning

wave for the IV/III redox couples shown in the CV in Figure 5 (right).

The blue spectra is obtained withp, = 0.95 V until reaching 5% of the initial current
flow. The reduction generates [Rida-k-N°C?)(py)]*, 2" and the diamagnetic complex
[RUY(O)(tdak-N2O)(py}], 4, that decays to [RYHO)(tdak-N?O)(py}], 6. In the NMR, the Ru(lll)
specie?’ is identified by intense resonances at 12.0 and 13.2 ppm. New resonances at 9.5 and
20.2 ppm are assigndd 6. The EPR also shows a mixture of the spectta afid 6. The green
spectra is obtained witk.p, = 0.75 V and shows that the predominant specieX vgith a small
amount of6. Finally, attp, = 0.25 V, all species are diamagnetic and no EPR resssane
obtained or NMR in the :21 ppm range, indicating formation @f This is again fully consistent
with the chemical reduction carried out with ascorbic acid where the only species present was

1 as desribed in the previous section.

A 2.5 Catalytiperformance of the ROH complex and proposed mechanism based on
DFT calculations

Figure 8 shows the CV of a solution of 0.30 mMY{Ria-k-N°Q?)(py)]?*, 3** and 0.15 mM
[RUY(O)(tdak-N2O)(py}], 4 at pH = 7.0. It is impressive to see the large electtalytic wave of
roughly 10 mA/cr in the 1.31.4 V range considering the small amount of the precursor species

4 present in solution that have a reductive IlI/Il wave with a peak intensity of approximately 25
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mA/cm?. This electrocatalytic wave is due @oe electron oxidation oft and formation of the

highly active species [R®)(tdak-N°O)(py}]*, 5" ( E2*= 1.43 V). To quantitatively characterize

the kinetics of the water oxidation catalysis, a foot of the wave analysis (FOWA) was carried out
following the procedures proposed by Saveant etalA plot of i/ipvs. 1/(1+e(F(EE)/RT)) (see

Figure 8) gives an impressive scan Hiagependent TORxof 8,000 cycles per second, which is

the highest ever reported at neutral pH. It is actually one order of magnitude higher than the
best one reported so far at pH 1.0, based orldda type of complexes (see Charfa¥Further,

at pH 7.0, the complex [Roda)(pic)] under exactly the same conditions2{ss about 34 orders

of magnitude slower (see Sl), assuming a first order behavior of the catalyst at pH = 7.0 as aﬂl

been recently proposeéf In addition, the performance efwas evaluated at pH = 8ahd 10.0,

giving impressive TOFs of 25,000amd 50,000 $ respectively, indicating a significant rate
enhancement as the pH increases. Finally, bulk electrolysis experiments using glassy carbon rods
(S = 8.2 cA) as working electrodes further confir evolution with Faradaic efficiency around

92%. (See Figure S22).
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Figure 8 Left, CV of a mixture of 0.3 mM [Ktda-k-N3C?)(py)]?*, 3%*, and 0.15 mM [RYO)(tdak-

N°O)(py}], 4, at pH = 7.0 phosphate buffer. Inset, FOWA plot of the catalytient. The red dashed lin
in both cases represent the experimental data used for the FOWA analysis and the black solid line
experimental data used for the extraction of T¥ak Right, CV obtained at pH = 7.0, pH = 8.0 and j

10.0 under idential conditions. Inset, enlargement of the @12 V zone in the CV showing both the f
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recovery of catalyst and cathodic shift of the-Bgua wave, due to the pH change after the prot

generation during the electrocatalytic process.

The catalytic cyclevas also studied via DFT calculations. We started with thagRa
complex [RU(H:O)(tdak-N°)(py)], 7, (Scheme 3). Fromy, a PCET results in the formation6pf
followed by another PCET step to generdte-urther oxidation forms the seven coordinate
complex5* (Figure 9,) with a calculated potential of 1.32 V in very good agreement with the
onset of the electrocatalytic wave in the 13.4 V range. It is worth noting that for complgx
we found thek-N°O conformer to be more stable than theN® conformer by13.6 kcal/mol
showing the enhanced stability of the seven coordination mode due to thé tumnd
framework. Next, we considered the@bond formation step and located a transition state (TS)
structure which features a water nucleophilic attack (WNA) to the oxyl radi¢al@R(formally
a RUY=0 unit), with concomitant proton transfer to theadgling carboxylate group of the tta
ligand (Figure 9). The calculated free energy of activatig®)(is 19.5 kcal/mol and 16.8
kcal/mol respectively at ML and MO6EL level of theories. The calculated activation free
energies are significantly lowehdn those calculated for other mononuclear ruthenium
catalysts at same level of thedfy*>tue to the intramolecular proton transfer to the dangling
carboxylate, next to the oxyl radical. While previous examples have shown this effect,
intermolecularlyincreasing rates by a 2 or 3 folf® we find that the intramolecular proton
transfer has a much more dramatic effect leading to an extraordinary increase of the overall
kinetics. The resulting product of the WNA step is"[ROH)(Htd&k-N>OY) (py)]" (nG = 3.5
kcal/mol) which could undergo a PCET stép=(0.66 V) to generat¢RUY(OO)(Htdak-
N2OY(py)]* (See Figure 9 and structures in blue in Scheme 3). In the final step of the mechanism,
O, evolution with concomitant loss of proton and addition obf(H (1G = -3.5 kcal/mol)

regenerates the initiglRu'(tda-k-N°)(py(OH)] species and completes the catalytic cycle.

Scheme 3Proposed suit of reactions involved in the water oxidation catalysis mechanism at pH
= 7.0 based on DFT calculations. Broken lines indicate bonds that are rapidly formed and broken
at room temperature. In blue are depicted species that have not beenrgrpatally isolated

but that are characterized by DFT.

48



py py py py
y N . N/-i-,N /—I-N ,—I—N
CSADC B Mo ASY s S,
..... + —> u
™o | \0H2 o)\\ Ae-, -1H*9” o~ | “on o)\ e-, -1H*O o/| \\o oR e o 0/| \\o 0)\\
Py (o] Py (0] Py 0 1.32V Py (0]
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[Ru'v(00)(Htda-k-N30)(py).]* [Ru"(OOH)(Htda-k-N30)(py),I*
It is interesting to compare the catalytic rates of water oxidation catalyzed by the related

complex [Ru(bda)(pig]) analogous tal but without the dangling carboxate. At pH = 7.0, alk

= 6 st has been reportetf and at pH = 12.2 theykincreases up to 14000'slt is impressive to

see that for compleA with the capacity to undergo proton transfer intramolecularly boosts the
rate up to 8,000 $at pH = 7.Gand 50,000 $at pH = 10. Thus, an increase of more than three
orders of magnitude in rate is achieved at pH = 7.0 with regard to the current benchmark
catalyst. The increase of catalytic rate based on intramolecular proton transfer is reminiscent of
other catalytic systems that also exploit adidse functional groups in the second coordination
sphere of the metal center, including Ni complexes introduced by Dubois®&tvakere the

ligands haveoendant amines that function as proton relays.

Figure 9 Optimized structures of (A) [Rtda-k-N3OY)(pye(O)}, 5%, and (B) associated wate
nucleophilic attack transition state at M1 f S@St 2F (GKS2NE + BR@ N
[RU(OOH)(Htdek-N2OY (pyR(O)f¢ @ / 2t 2 NJ O2 RS Y raywy btiz>bluel GzNgdpr2 Avkiité

Hydrogen atoms on the ligands are omitted for clarity.
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A 3 Conclusions

We have introduced a new family of complexes where the pentadentafeddardinates to Ru
metal center as an equatorial ligand while monodenate pyridine ligands coordinate to the axial
positions. The strong sigma donation of the carboxylate moieties df, tembilizes a seven
coordinate Ru(lV) complex, [Rida-k-N*C?)(py)]?*, 3%, both in organic solvents as well as in
water, or in acidic agueous solutions. In basic solutions, hydroxide displaces one of the
carboxylate groups, forming [R(OH)(tdak-N°O)(py}]*, 4H', with pKa = 4.5 where the
displaced carboxylate is ddimgy although functionally important since it ¢ssto the RuOH

group.

Speciest turns out to be a very robust catalyst with an impressive TOF = 8;080@H = 7.0

that is the best ever reported at this pH and abou#l drders of magnitude better tha
[Ru(bda)(pic) at the same pH, the best reported so far. The key for fast reactivity is mainly due
to two factors: a) the easy access to high oxidation states, provided by tfhdigdad through

the anionic nature of the carboxylate moieties and thapability of stabilizing a seven
coordination to Ru in high oxidation states; and b) the functionality of the dangling carboxylate
as a proton acceptor in an intramolecular fashion, while the incoming substrate water molecule
undergoes a nucleophilic attkdo the oxyl radical during the critical@ bond formation step,

as shown by our DFT calculations.
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Materials

All materials were provided by Sigmddrich unless indicated. [2,2":6',28rpyridine}6,6"-
dicarboxylic acid (#tla) S* [2,2-bipyridine}6,6-dicarboxylic acid (#daf? and RubdaPi€?
(where Pic is Picoline) and RimMSGS® were synthesied and purified according to the
literature. Highpurity deionized water was obtained by passing distilled water through a

nanopure MilkQ water purification system.

Synthesis of [R(tda-A-N*O)Py], 1: RuGidmsa (150 mg, 0.31 mmol} XIWIPQ@rpyridine-

¢ Xxicarboxylic acid (i#ta) (99 mg, 0.31 mmol) and &t (0.3 mL) were degassed in dry MeOH

(6 mL), refluxed for 6 hours and cooled down to RT. A brown solid appeared in the reaction
mixture and was filtered, washed with MeOH and Ethee 3tiid was suspended in water (5mL)

and pyridine (15 mL) and refluxed overnight. The resultingwe solution was cooled to RT

and washed with DCM (3x100mL). The watery solution was evaporated and the red solid was
dissolved with MeOH and precipitatadith Ether. (95 mg, 0.16 mmol, 51 % yiel:NMR
(500Hz, [d4] Methanol): 7.09 (4H, t, J=7.5 Hz), 7.58 (2H, tt, J=1.4 and 7.5 Hz), 8.03 (3H, t, J=7.9
Hz), 8.05 (2H, t, J=8.1 Hz), 8.12 (4H, dd, J=1.4 and 7.5 ), 8.15 (2H, d, 7.9 Hz), 8.49 (2H, d, 7.9 Hz),
8.61 (2H, d, J=8.1 H2JGNMR (500Hz, [d4] Methanol). 125.2, 125.4, 126.1, 128.1, 133.8,
138.0, 138.1, 153.6, 158.4, 159.6, 163.8, 172.40N a2 © § Y  anf)F 236 (21700), 282
(24800), 327 (30700) and 530 (3700)HHRMS m/z calc. forRutdaPy-Na' (G;HigNsNaQRU):
602.03727, found m/z: 602.03678 (0.7 pprhal. Calcfor 1-3.5HO: C, 50.54%; H, 4.08 %; N,
10.92 %Found: C50.46%; H3.78%; N,10.8%.

Synthesis of [Riftda-A-N*0)Py] [PF], (2)(PF): A solution of Ceric Ammonium Nitrate (CAN)
(1.82 mM, 1.05 eq, 2mL) was added drop wise to a solutidrirtriflic acid (1.72 mM, 25 mL)
and the mixture was stirred for 15 minutes. A green powder was obtained when a saturated
solution of KPFwas addedThe suspension was centrifuged for 10 minutes, the solid filtrated
and washed with water, methanol and ether (12 mg, 39%}AN g ® § Y " om)E 278
(25800, 322 (13200) and 441 (1308jhal. Calc. fof2)(PF)-0.5 HO: C, 44.27%; H, 2.75 %; N,
9.56 % Found: C44.23%; H2.50%; N, 9.39%.

Synthesis of [R{itda-A-N*C?)Pys] [PF], (3)(Pk)2. A solution of CAN (3.64 mM, 2.1 eq, 2mL) was

added drop wise to a solution dfin triflic acid (1.72 mM, 25 mL) and the mixture was stirred

for 15 minutes. A brown powder was obtained when a saturated solution of Wé&s-added.

The suspension was centrifuged for 10 minutes, the solid filtrated and washed with cold water

and ether (2 mg, 32%)HNMR (500 Hz, D)4 : 7.24 (4H, t, J=7.0 Hz), 7.70 (6H, m), 8.20 (2H,

d, J=7.8 Hz), 8.62 (2H, t, J=7.8 Hz), 8.93 (2H, d, J=7.8 Hz), 8.98 (1H, d, J=7.9 Hz), 9.08 (2H, d, J=7.9
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Hz).3GNMR (500Hz, f){: 127.3, 123.0, 131.0, 132.2, 141.87B, 147.6, 150.3, 152.5,
157.8, 157.9, 168.0. UF A .= O ¥ Y L @m¥)E 28@(23600) and 347 (6800).

Preparation of 0.1 M ionic strenght phospahte solutions

a) pH = 2.0 buffered solution: Powders aPB; (10.5 g0.1073 M)and NaHPO4 (11.83 ¢).0986

M) were dissolved with deionised water up to 1 L solution.

b) pH = 7.0 buffered solution: Powders of NaB4 2.31 g, 0.0193 Mand NaHPQ (3.77q,

0.0266 M werewith deionised water up to 1 L solution.

¢) pH = 12.0 buffered solution: Powders akMNPQ (10.2939,0.0073 M and NaPQ (2.064g,

0.0126 M) weredissolvedwith deionised water up to 1 L solution.

Solutions at pHs between 2.0 and 12.0 were prepared by mixing the above solutions. The pH of

all solutions were measured by a pHmeter. All Sohg contained a ionic strengh equal to 0.1
M.

Preparation of the8?/ 4 mixtures.

Bulk electrolysis dEpp= 1.25 V (see electrochemical methods for more details) was applied to
a phosphate buffer solution dfat pH = 7.0 or 10.5 for a given period of time. The final pH was
adjusted by further addition of a phosphate buffer solution till the desired pH, monitored by a

pH meter. This ensures that all solutions end up with a 0.1 M ionic strength.

The ratio of the3?*/ 4 species depends on the initial pH and concentratioh, @fs well as on the

duration of the bulk electrolysis, see table S1 for details.

In the case of deuterated solvents fitt NMR experiments, the same procedure was followed.
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Methods
Generalnstrumentation

Electrospray ionization (ESI) and ma#ssisted laser desorption ionization (MALDI) mass
spectrometry (MS) experiments were performed on a Waters Micromass LCT Premier
equipment and a Bruker Daltonics Autoflex equipped with a nitrogeserla337 nm),
NBaLISOGAGSted || +bxAa aLISOGNRaO2LR 61 a LISNF2 NN
spectrophotometer with 1 cm quartz cells unless indicated. A 400 MHz Bruker Avance Il
spectrometer and a Bruker Avance 500 MHz were used to carry out NMR speqyd-TFIR
measurements were carried out on a Bruker Optics FTIR Alpha spectrometer equipped with a
DTGS detector, and a KBr beamsplitter at 4 cesolution. The EPR experiments were carried

out at 4 K on frozen solutions by using-bafid spectrometefBruker ELEXYS E580)e pH of

the solutions was determined by a pHmeter (CRISON, Basic c2librated before
measurements through a standard solutions at pH= 4.01, 7.00 and 9.21. Oxygen evolution was
analysed with a gas phase Clark type oxygentrode (Unisense GX needle microsensor) and

calibrate by the addition of small quantities of oxygen (99%).
Electrochemical methods

General considerations

All electrochemical experiments were performed in a@&inbria HF 30 bipotentiostat, using a

three-electrode cell By, values reported in this work were estimated from CV experiments as
the average of the oxidative and reductive peak potentiaJsh—(—h or from DPV. The

Reference Electrode (RE) was Hg8@ (K-SQ saturated) unless indicated and potentials were

converted to NHE by adding 0.65 V.

Cells A 20 mL vial was used as an electrochemical cell for CV measurements. Arigeiéon
with holes for the three electrodes was used as a lid to ensure a reproducstdésce between
the electrodes. A two compartments cell (25 mL per compartment) with a separation grid was

used for Bulk Electrolysis Experiments.

Cyclic voltammetry (CV) and Differential Pulse Voltammetry

Df 4aé& OFNb2y RA&TP,Pddskafd Hg/RQ (KBOEatufated) weredused O Y
as Working Electrode (WE), Counter Electrode (CE) and Reference Electrode (RE) respectively,

unless explicitly mentionedslassy carbon electrodes were polished successively with 1.0, 0.3,
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YR nonp SAND) Isdnidaed with M&CN for 15 minutes and washed with acetone.
CVs and DPVs were iR compensated by the potentiostat in all the measurements unless
indicated.Cyclic Voltammograms (CV) were recorded at 100 thstan rate, unless explicitly
expressedThe DPV parameters weBE = 4 mV, Amplitude = OmV, Pulse width =5 s, Sampling

width = 0.0167 s, Pulse period =5 s unless explicated.

Bulk electrolysis

A Pt grid was used as a WE, another Pt grid as a GEHgitHgSQ (K.SQ saturated) as a RIR

compensation by the potentiostat was not applied in this technigeer. the bulk electrolysis ”I

experiment described in Figure S22, a glassy carbonSced 8.2 cA) was used as a working

electrode andAg/AgCl (sat. KGip a RE.

CVmonitored Bulkelectrolysis in a bipotentiostat

A glassy carbon and a Pt grid were used as working electrodes, another Pt grid as a counter
electrode and Hg/H&Q as a Reference electrode. The glassy carbon electrode was used to
perform the consecutive CVs and the Ftigrvas used to apply a continuous potential through

a coulometry technique. The counter electrode was placed in one compartment provided with

a magnetic stirrer and the other 3 electrodes were placed in the other compartment also
provided with a magnetictisrer. To be able to simultaneously stir the solution and to perform

the CV, the magnetic stirrer power was set at low frequency -@@D rpm). In addition, the
reference electrode was placed between the glassy carbon working electrode and the magnetic

stirrer.

Foot of the wave analysis

The analysis was performed by following the procedure of Saaitn the literature.>* The
expression (equation S1) was deduced for a general scheme where a single chemical step, which
is the rate determining step, and a single electron transfer, which is fast, are responsible for the
rate of the reaction. Where R is the gas constant,tiidgemperature, k»sis a pseudoconstant

(sY), B and are the potentials of the chemical step prior to the electron transfer.

(S1)
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“YO O re)
P AQ%Y%‘ %

The value of the intensity anodic wavetbeé RU'-OH/RU'-OH redox couple was used as ip as

an approximation. Bvas extracted from DPV of the same solution.

The value of §sis equivalent to TQkx (s?) in the used electrocatalytic scheme. T#s the
maximum Turn Over Frequency*(¢hat a molecule can catalyze the water oxidation reaction

when Eapptends to infinite potentiaf*

The Turn Over Number (TONYaih the bulk electrolysis experiments were calculated according

to formula S2*
Single Crystal XRD Methods

X-ray CrystaStructure Determination

Crystals oflL were obtained by slow diffusion of ether to a methanol solution (0.2 mM).
Crystals ofZ)(Pk) (1 mM) were obtained from a pH=7 phosphate buffer solution saturated with
KPE. Crystals of3)(PF). were obtained from a pH=1 solution (1mM, 0.1 M triflic acid) saturated
with KPE. The measured crystals were prepared under inert conditions immersed in

perfluoropolyether as protecting oil for manipulation.

Data collection

Crystal structure determinations fdr, (2)(Pk) and (3)(Pk). were carried out using a Bruker
Nonius diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating anode
with MoK, radiation, Montel mirrors as monochromator and an Oxford/dSystems low
temperature device Cryostream 700 plds=(-173°C). Fulsphere data collection was used with
wand,/ scans.Programs usedData collection APEXSYdata reduction Bruker Saitftv/.60A

and absorption correction SADABS.

Structure Solution and Refinement

Crystal structure solution was achieved using direct methods as implemented in SHELXTL
and visualized using the program XP. Missing atoms sidysequently located from difference

Fourier synthesis and added to the atdist. Leastsquares refinement on’kising all measured
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intensities was carried out using the program SHELXTL. All non hydrogen atoms were refined

including anisotropic displacement parameters.

Comments to the structures

1: The asymmetric unit containgvo independent molecules of the metal complex, two
methanol molecules and one molecule of water. The independent molecules of the metal
complex are distributed in three positions with the ratio 1:0.5:0.5. The two half molecules of the

metal complex are lwated on a twofold rotation axes and ha@ symmetry. The carboxylate

rests of the two half molecules are disordered in two positions (ratio 50:50). The water moleculg | "

is disordered in two positions with a ratio of 58:38. One of the methanol moleculesoislered

in two positions with a ratio of 52:482)(Pk): The asymmetric unit contains two independent

molecules of the metal complex and twosRRions. In one of molecules of the metal complex
one of the pyridine rings is disordered in two positionati0 60:40). The asymmetric unit
contains four half PFanions which hav€l symmetry and are located on center of inversions.
The half PFanions are shared with neighboring molecule3)\(Rk).: The asymmetric unit
contains two independent molecules thfe metal complex and four BBnions. One of the RF

anions is disordered in two orientations (ratio 77:23).

Computational Methods

Density functional theory

Geometry optimizations were performed at M8° and M11L5levels of density functional
theory using the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWAB contracted pseudopotential basis
setS*on Ru and the 81G(d) basis séton all other atoms. No@nalytical integral evaluations
made use of a pruned grid having g&dial shells and 590 angular points per shell and an
automatically generated densifitting basis set was used within the resolutiofithe-identity
approximation to speed the evaluation of Coulomb integrals as implemented in Gaussian 09
software packag.5*The nature of all stationary points was verified by analytic computation of
vibrational frequencies, which were also used for the computation of-peiot vibrational
energies, molecular partition functions (with all frequencies below 56 oceplaced by 50 cr#

when computing free energies), and for determining the reactants and products associated with
each transitiorstate structure (by following the normal modes associated with imaginary
frequencies). Partition functions were used in the compiota of 298 K thermal contributions

to free energy employing the usual idegds, rigidrotator, harmonic oscillator approximation.

S¥ree energy contributions were added to singlEint MO6-L and M13iL electronic energies

59



computed with the SDD basis smt ruthenium and the 811+G(2df,p) basis set on all other

atoms to arrive at final, composite free energies.

Solvation and standard reduction potentials

Solvation effects associated with water as solvent were accounted for using the SMD continuum
solvafon modelS*A 1 M standard state was used for all species in aqueous solution except for
water itself, for which a 55.6 M standard state was employed. Thus, for all molecules but water,
the free energy in aqueous solution is computed as the 1 atrpbase free energy, plus an
adjustment for the 1 atm to 1 M standaistate concentration change &®TIn (24.5), or 1.9
kcal/mol, plus the 1 M to 1 M transfer (solvation) free energy computed from the SMD model.
In the case of water, the 1 atm gpbkase free aergy is adjusted by the sum of a 1 atm to 55.6

M standardstate concentration change, or 4.3 kcal/mol, and the experimental 1 M to 1 M
solvation free energy;6.3 kcal/mol. The 1 M to 1 M solvation free energy of the proton was

taken from experiment ag265.9 kcal/mofR16St®

Standard reduction potentials were calculated for various possible redox couples to
assess the energetic accessibility of different intermediates at various oxidation states. For a

redox reaction of the form

Oug t 1€y = R

(aq) (S3)

where O andRdenote the oxidized and reduced states of the redox couple, respectivelyy and

is the number of electrons involved in redox reaction, the reduction poterﬁgﬁé relative to

NHE was computed as

o AGg‘ z — AGRHE

OR - nkF

(S4)
where DG(‘;‘R is the free energy change associated with eq. 1 (using Boltzmann statistics for
the eIectron),AGﬁHE is the free energy change associated with

(S5)

1
+ _
H(aq) t e 5H2(g)

which is¢4.28 eV with Boltzman statistics for the electrof®>20S3nd F is the Faraday

constant.
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Nonsingledeterminantal state energie§everal possible intermediates in the water oxidation
mechanism have electronic structures that are not well described by a single determinant. In
such instances, standard Kefstam DFT is not directly applicalsfé;>>%2*and we adopt the
Yamaguchi mkenspinsymmetry (BS) procedur&>S%o compute the energy of the spin
purified lowspin (LS) state as
Bsa’S\c2/ S\c2/@ HsEd 2/ BS\c2/@
)5 )57 (8 el )58

BS
LSE = : Y

s

(S6)

where HS refers to the singtieterminantal highkspin coupled state that is related to the lew

spin state by spin flipjand <& > is the expectation value of the total spin operator applied to

the appropriate determinant. This brokesymmetry DFT approach has routinely proven

effective for the prediction of statenergy splittings in metal coordination compountfg:52530
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Characterization of complexes, 2" and 3*

806 804 802 ppm

Figure S1'H NMR ofl in [d4}methanol. T=298K.

T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

4
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Figure S2*H NMR ofl [d3]-trifluoroehtanol. T=298K.

62



1H experiment, 213 K
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1H experiment, 298 K
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Figure S3'H NMR ofl in [d4}methanol at 213K and 298K.

1H experiment, 298 K

I Chapter 3
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1H experiment, 233 K
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Figure S4'H NMR ofl in [d4}methanol/ O mixture (4:1) at 298K and 233K.
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Figure S51G{H}NMR (DEPT45) &fin [d4}methanol, T=298K.
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Figure S6'H-"N-HMBC ofl in [d4}rifluoroethanol, T=298K.
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Fgure S7!H-3GHMBC NMR dfin [d4}methanol, T=298K.
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Figure S8'H-3 GHQSC NMR dfin [d4}methanol, T=298K.
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Figure S9'H-'H-COSY NMR afin [d4}methanol, T=298K.

6020368

6040377

706,038 ‘ ‘ | ‘
| |

55 i) o5

B0

mmmmm
mmmmm

mmmmmm
mmmmmm
oooooo

mmmmmmmm

Figure S1I0HRMS forl-Na" (G7HisNsNaQRuU) (0.7 ppm error) (left)
and simulated (right).
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6+8
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Figure S12'H NMR of3?*in D,O (0.1M [d1jtriflic acid).
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Figure S13'*C NMR 08%" in DO (0.1M [d1itriflic acid).
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Figure S14*H-'H-COSY NM#&¥ 32*in DO (0.1M [d1itriflic acid).
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Figure S15*H-BH-HSQC NMBf 3?*in DO (0.1M [d1itriflic acid).
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Figure S17tR ofl (red line) 2(green linepand 3?* (orange line).

Table S1Experimental conditions to generate different rations3¥ 4 after applying a

bulk electrolysis atd,= 1.25 V to a solution df

N ) Ratio
[1] (mM) Initial pH? I (M) Time (h)
32+/ 4a
1.7 7 0.1 12 2:1
1.7 10.5 0.1 15 2:1
7 10.5 0.1 15 5:1

a)TheNF GA2 61 & SadAYFGISR FTNRY

0§KS OKF NBSondov Uy dzyRe
Fljdzk ¢ YRz gwazllSOASAE GKS SAGAYF A

2y Kla F mE:
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Redox properties of Rumon agua and Rtaqua complexes
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Figure S18Spectrophotometric redox titration df at pH = 1.0 by CAN (i, 1.66 mM).Tor
left: U\tvis spectra ofl (solid black line) and successive additions of 0.152 eq 6f(Grey
solid lines) up to aprox. 1 equivaleoit Cerium (dashed black lindjop RightU\vis spectra
of one-electron oxidizedL (dashed black line), and successive additions of 0.152 eq.*bf
(dashed grey lines) up to 2 equivalents of'Qeointed black line). Bottom: plot of absorban
against equivalents of CAN at selected wavellesn @246 nm, 272 nm and 343 nm).
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pH dependency of Raqua species

8.2
7.17
6.66

5.8
5.3
43

04 06 08 1 1.2
E (V)

Figure S19DPV 0f3?*/4 mixture at the pHs indicated in the legend. The conditions for
generation of the3%/4 mixture wereEyp, = 1.25 V, initial pH=10.5, initial][= 1.7 mM.

Buffered solutions at pH=2 andHg12 were used to ajust the pH

pH=9.7
pH=7.8
pH=8.5
pH=5.6
pH=4.6
pH=3.7

0.9 11 13 15 1.7

E(V)

Figure S20DPV 0f3?"/4 mixture at the pHs indicated in the legend. The conditions for the
generation of the3%"/4 mixture wereEpp,= 1.25 V, initial pH=10.5, initid]][= 1.7 mM. Bffered
solutions at pH=2 and pH=12 were used to ajust the pH.
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Recovery of 1 upon reduction
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Figure S21'H-NMR spectrum ofl at pD = 7.0 phosphate buffer, obtained from chemi

reduction with ascorbic acid of: tof?*; bottom, from a mixture 08274 (2/1).

Faradaic efficiency of the electrocatalysis by 4.
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Figure S22Bulk electrolysis for a mixture 8f* (0.3 mM) and4 (0.1 mM) at pH = 7.0 (3 mL) at
Epp= 1.5V (vs. NHE). Agby carbon ro¢S = 8.2 cAywas used as working, a Pt grid as counter
electrode andAg/AgCl (sat KCI) as a reference electrddg, current density over time. Bottom,
oxygen evolutiotvs.time monitored with a Clark electrode (red line) and the theoretical amount
of oxygen obtaind assuming 100 % Faradaic efficiency from the measured current density on
the top (black solid lineJheE,,pwas stopped at 1 h, but oxygen evolution continued till approx.
2.2 h, due to darge number of bubbles trapped in the working electrode. The Faradaic efficiency

turned out to be 92%A blank experiment with a bare glassy carbon rod showed:rfior@ation
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under the same conditiondt is interesting to observe that the current densinh the top figures

increases with time due to the increasir fluring the experiment.

Electrocatalytic behavior of [Ru(bda)(pi¢)and 4 at pH = 7.0.

350

300

[ 250

200

_50 T T T T T LI T T T T T T T 1 1
0.2 0.6 14

1
E(V)
Hgure S23Comparison of the electrocatalytic response of [Ru(bda}pac)d 4 catalyst at pH=7
by cyclic voltammetry. CV of [Ru(bda)(gic)red solid line, 0.28 mM) and mixture 3 /4 ( black
line, 0.3 MM and 0.15 mM respectively) at pH = 7 buffered phosphate solution (I = 0.1M). Th

shows an enlargement diie CV in thé.2-1.4 V region.
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Figure S24CV and DPV (grey solid line and blue dotted line respectively) of [Ru(bdhj(ok9
mM at pH = 7.0) and FOWA plot (inset). The points from the catalytic wave used for FO\
plotted as a dashed black line and the fitting points at the foot of the wave are represente

black solid lineA TORaxof 5 st assuming a first ordekinetics.
Computational results

¢CKS awdidyrZy aLISOASE | yR 2, 20ahd3X (Fi§Uke Sa5)5. NHzO G dzNB
Complexed and3?* have closeeshell singlets in their ground electronic states while the ground
state of2" is a doublet, in agreement with EPR data. The calculated oxidation potentials for IlI/Il
and IV/Ill couples are 0.15 V and 0.84 V, respectively, atiMétel of theory and 0.01 V and
0.47 V at the MO4. level. The corresponding experimental measuremangs0.52 V and 1.10
V, which indicate that the potential for IlI/Il couple is significantly underestimated by the
calculations. Following this observation and noting thats a dangling carboxylate group that
coordinates at oxidation state Ill, we perfoed calculations including explicit® molecules
with hydrogen bonding interactions to the carboxylate groups. This led to calculated potentials
of 0.41 V and 0.85 V for IlI/Il and IV/11l couples, respectively at thelMétel of theory, in fair
agreenent with experimental observations. This finding, one more time shows the importance
of explicitly including 0 molecules in modeling of reactions, especially for the cases where

hydrogen bonding could impact the relative energetics of the species irdiolve
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[RU'(tda-* -N°O)Pyj]

[RU'(tda-* -N?O?)Pys]*

[RUY(tda-< -N30?)Pys]2*

Figure S25.The optimized structures ofRuU'(tda-*-N°O)Py], [Ru'(tda-*-N?C?)Py]* and
[RuM(tda- -N°Q?)Py]?* at M11-L level of theory. Color code: Ruthenium teal, carlgvay,

oxygen red, nitrogen blue, hydrogen atoms were omitted for clarity.

Table S2.Selected geometrical features fgRuU'(tda-*-N*0)Py], [Ru'(tda-*-N°C?)Py]* and
[RUY(tda-* -N*Q?)Pys)?* for calculated structures at ML and MOEL (in parenthesis) level of

theories.The Xray data are also presented for comparison.

b lj dz €

r (&)

Rui N1 (tda)
Rui N2 (tda)
Rui' N3 (tda)
Rui N4 (py)
Rui' Ns (py)
Rui O; (tda)

RUi O, (tda)

The presence of possible different binding modes at oxidation statestI|
O2dzLJt SR gAGK RAFFSNBy

[Ru" (tda-a-N2O)Py;]

M11-L
(MO06-L)

1.92 (1.95)
1.93 (1.94)
2.19 (2.21)
2.05 (2.10)
2.04 (2.09)
2.09 (2.18)

2.99 (3.22)

1.96

1.92

2.14

2.20

[Ru" (tda-a-N20?)Py,]*

M11-L
(MO06-L)

2.19 (2.24)
2.46 (2.50)
2.19 (2.24)
2.06 (2.11)
2.06 (2.11)
1.95 (2.01)

1.95 (2.01)

2.16

2.38

2.22

2.04

2.04

[Ru' (tda-a-N30?)Py,]?*

M11-L
(M06-L)

2.09 (2.13)
2.09 (2.13)
2.09 (2.13)
2.08 (2.13)
2.08 (2.13)
1.96 (2.03)

1.96 (2.03)

KeRNRISY

X-ray

2.10/2.11
2127211

2.13/2.11

2.02/2.03

2.02/2.02

T2NJ (GKS
02y RAYy3 C

a complex picture in terms of calculated redox potentials (Schem&231IThe possible

competition between thermodynamically and kinetically favored species towards the PCET
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reactions further complicates the comparison between the calculated redox potentials and
those obtained from Pourbaix diagrams as recently shown for-ea€ed hydrogen evolution
catalyst®! Noting these points, we tentatively assigned the first PCET step to oxidation of
[RU'(HO)(tdak-N%)(py)] to [RU'(OH)(tdak-N%)(py)}] (&% = 0.70 V calc obs 0.70), which could
isomerize to [RY(OH)(tdak-N?O)(py}]. The second PCET step results in generation of
[RUM(O)(tdak-N?O)(py}] from [RU'(OH)(tdak-N°%)(py)] (B.2% = 1.18 V calc obs 0.87 V), which
will be in equilibrium with [RY(O)(tdak-N*0)(py}]. The dynamic nature of the catalyst requires

further work to gain more insight on the equilibrium of different binding modes andautéon

with solvent molecules.

Table S3Absolute and relative free energies at pH 0.0 and 7.0 for compspedies at MO&

level of theory. The structures are grouped inader following the water oxidation pathway

and in each group a relative zero free energy species is chosen.

Absolute Free Energy (G) ~ Relative Free Energy ¢iG)

Complex

(a.u.) (kcal/mol)
pH 0.0 pH 7.0
[Ru" (Htda-a-N2O)Py,]*
-1710.5191 0.0 0.0
(closedshell singlet)
[Ru'(tda-a-N20O?)Pys]
-1710.0557 20.5 11.0
(closedshell singlet)
[Ru'(tda-a-N30)Pyy]
-1710.0774 6.9 -2.6
(closedshell singlet)
[Ru'"(Htdaa-N3)Py,(OH)]*
-1786.9496 7.0 7.0
(closedshell singlet)
[Ru'(tda-a-N3)Py,(OHy)]
-1786.5106 12.2 2.7
(closedshell singlet)
[Ru" (tdara-N3)Py,(OH)]"”
-1786.0363 39.6 20.6

(closedshell singlet)
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[Ru" (tda-a-N20?)Py.]*
(doublet)
[Ru" (Htdaa-N3)Py,(OH,)]?*
(doublet)

[Ru" (Htdaa-N3)Py,(OH)J*

| " (doublet)

[Ru"'(Htdaa-N20)Py,(OH)]*

(doublet)
[Ru" (tda-a-N3)Pys(OHy)]*
(doublet)

[Ru" (tda-a-N3)Pys(OH)]
(doublet)

[Ru" (tda-a-N20)Pys(OH)]
(doublet)

[Ru" (tda-a-N3)Pys(O)]
(doublet)

[RuM (tda-a-N3)Pys(O)]

(quartet)

[Ru' (tda-a-N30?)Py,]?*
(closedshell singlet)
[RuUV (Htdara-N30)Py,(OH)?*

(closedshellsinglet)

78

-1709.9200

-1786.7664

-1786.3274

-1786.3412

-1786.3320

-1785.8836

-1785.8783

-1785.4154

-1785.3893

-1709.7460

-1786.1512

0.0

16.3

21.5

12.9

18.6

29.7

33.1

53.2

69.6

0.0

22.9

0.0

25.9

21.5

12.9

18.6

20.2

23.5

34.2

50.6

0.0
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[Ru" (Htdara-N?0O)Py,(OH)]?*
(closedshell singlet)
[RuV (Htdaa-N20)Py,(0O)]*
(triplet)

[RuUVY (Htdaa-N3)Py,(O)]*
(brokensymmetry singlet)
[RuV (Htda-a-N3)Py,(O)]*
(triplet)

[RuUV (tda-a-N30)Py,(OH)]*
(closedshell singlet)
[RuV(tda-a-N20)Py,(0)]
(triplet)

[RuV (tda-a-N3)Py,(0)]
(brokensymmetry singlet)
[RuV (tda-a-N3)Py,(0)]

(triplet)

[Ru(tda-a-N30?)Py,]3
(doublet)
[RuV(tda-a-N3)Py,(O)]*
(doublet)
[RuV(tda-a-N20)Pys(O)]*
(doublet)

[RuY(tdaa-N3O)Pys(O)]*

-1786.1408

-1785.7169

-1785.6854

-1785.7062

-1785.7179

-1785.2720

-1785.2633

-1785.2761

-1709.4987

-1785.0764

-1785.0780

-1785.0839

29.4

25.2

44.9

31.9

24.6

34.1

39.6

315

0.0

1.7

0.6

I Chapter 3

22.9

15.7

35.4

22.4

15.0

15.1

20.5

125

0.0

-17.4

-18.4

-22.1
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(doublet)
[RuV(tdaa-N20O)Pyy(O)]*

WNA TS (doublet)

[Ru" (Htda-a-N20)Py,(OOH)] *

Conformer 1 (doublet)

[Ru" (Htda-a-N?O)Py,(OOH)J*

Conformer 1 (quartet)
[Ru" (Htda-a-N?O)Py,(OOH)J*
Conformer 2 (doublet)
[Ru" (Htdaa-N20)Py,(OOH)T*
Conformer 2 (quartet)
[RuU" (Htda-a-N20)Py,(00)]
(doublet)
[Ru" (Htda-a-N20)Py,(00)]
(quartet)
[RuU" (tda-a-N20)Py,(OOH)]

(doublet)

[Ru' (Htda-a-N?0O)Py,(OOH)] ?*
(closedshell singlet)
[RuV(Htdaa-N20)Py,(OOH)?*
(triplet)

[RUV (Htda-a-N?0)Py,(OO)J*

80

-1861.4989

-1861.4997

-1861.4631

-1861.4915

-1861.4528

-1861.0422

-1861.0008

-1861.0515

-1861.3061

-1861.2993

-1860.8904

13.7

0.0

23.0

5.1

29.4

16.8

42.8

11.0

0.0

4.3

0.0

23.0

5.1

294

7.3

33.3

14

0.0

4.3

-19.0
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(brokensymmetry singlet)

[RUY (Htda-a-N20O)Py,(OO)J

-1860.8846 -5.8 -15.3
(triplet)
[RuV (tda-a-N?0)Py,(OOH)T
-1860.8629 7.8 -1.7
(triplet)
[RuV(tda-a-N30)Py,(00)]
-1860.4184 16.5 -2.6
(triplet)
[RuV(tda-a-N20)Py,(00)]*
-1860.2320 0.0 0.0
(doublet)
[RuV(tda-a-N20O)Py,(OO)[*
-1860.2340 -1.2 -1.2

(quartet)

Table S4Absolute and relative free energies at pH 0.0 and 7.0 for compspedies at M141
level of theory. The structures are grouped in an order following the water oxidation pathway

and in each group a relative zero free energy species is chosen.

Absolute Free Energy (G) ~ Relative Free Energy ¢1G)

Complex
(@.u.) (kcal/mol)
pH 0.0 pH 7.0
[Ru'"(Htda-a-N20O)Py,]*

-1710.4742 0.0 0.0

(closedshell singlet)
[Ru'"(Htdaa-N20O)Pys] *- H-0O

-1786.9080 -0.9 -0.9
(closedshell singlet)
[Ru'(tda-a-N30)Pyy]

-1710.0281 9.7 0.1

(closedshell singlet)
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[Ru'(tda-a-N20)Pys] - H0O
(closedshell singlet)
[Ru'(tdaa-N30)Pyy] - (H20):
(closedshell singlet)
[Ru'(tda-a-N20O?)Pys]

(closedshell singlet)

| " [Ru'(tda-a-N20?)Pyy] - H,0O

(closedshell singlet)

[Ru'(tda-a-N20?)Pys] - (H20)2
(closedshell singlet)
[Ru"(Htda-a-N3)Py,(OH)]*
(closedshellsinglet)
[Ru'(tda-a-N3)Py,(OH,)]
(closedshell singlet)

[RU" (tda-a-N3)Py»(OH,)]- H20
Conformer 1 (closedhell singlet)
[RuU" (tda-a-N3)Py»(OH,)]- H20
Conformer 2 (closeghell singlet)
[Ru'(tda-a-N20)Py,(OHy)]
(closedshell singlet)
[Ru'(tdaa-N20)Py,(OHy)]- H-0
(closedshell singlet)
[Ru'(tdaa-N3)Py,(OH)]-

(closedshell singlet)
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-1786.4595

-1862.8921

-1710.0191

-1786.4507

-1786.4482

-1786.8916

-1786.4536

-1862.8794

-1862.8852

-1786.4457

-1862.8747

-1785.9755

10.3

10.2

15.3

15.8

17.4

9.4

14.0

18.2

14.5

18.9

211

43.7

0.8

0.7

5.8

6.3

7.8

9.4

4.5

8.6

5.0

9.4

11.6

24.7



[Ru" (Htda-a-N30)Py,]2*
(doublet)
[Ru" (tda-a-N20?)Pys]
(doublet)
[RuM (tda-a-N20?)Pys] - H,0
(doublet)
[RuM (tda-a-N20?)Pys] - (H20)2
(doublet)
[RuM" (Htda-a-N3)Pys(OHy)] 2*
(doublet)
[RuM (Htdaa-N3)Py,(OH)]*
(doublet)
[RuM (tda-a-N3)Pys(OHy)]*
(doublet)
[Ru" (tda-a-N3)Pys(OH)]
(doublet)
[RuM (tda-a-N3)Pys(OH)]- (H20)
(doublet)
[RuM (tda-a-N20)Pys(OH)]
(doublet)
[RuM (tda-a-N20)Pys(OH)] - (H-0)
(doublet)

[Ru"(tdara-N3)Py,(O)]

-1710.2897

-1709.8658

-1786.2931

-1862.7203

-1786.6881

-1786.2515

-1786.2521

-1785.8098

-1862.2567

-1785.8122

-1862.2404

-1785.3380

0.0

-11

2.2

213

25.0

24.7

31.9

22.8

30.4

33.0

57.7

I Chapter 3

0.0

-13.8

-10.6

-7.3

213

15.5

15.2

12.9

3.8

11.3

14.0

29.1

83




(doublet)
[Ru"' (tda-a-N3)Py»(O)]

(quartet)

[Ru' (tda-a-N302)Py,]?*

(closedshell singlet)

I " [RuV (tdaa-N30?)Py,])?* H,O

(closedshell singlet)

[RuUV (tda-a-N30?)Py,]?*- (H20):
(closedshell singlet)

[Ru" (Htda-a-N30)Py,(OH)J?*
Conformer 1 (closedhell singlet)
[RuV (Htda-a-N20)Py,(OH)]?*
Conformer 1 (triplet)

[RuV (Htda-a-N30)Py,(OH)]?*
Conformer 2 (closeghell singlet)
[Ru"Y (Htda-a-N20)Py,(OH)J?*
Conformer 2 (triplet)

[RuV (Htdaa-N20)Py,(0O)]*
(triplet)

[RUV (tda-a-N30) Pys(OH)]*

(closedshell singlet)

[RUV (tda-a-N30)Pys(OH)]* Hz0

(closedshell singlet)

[RUY (tda-a-N20)Pys(O)]
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-1785.3071

-1709.6782

-1786.1045

-1862.5320

-1786.0733

-1786.0566

-1786.0640

-1786.0564

-1785.6350

-1785.6397

-1862.0664

-1785.1761

77.1

0.0

3.8

6.9

23.4

33.9

29.2

34.0

28.2

25.2

28.8

45.9

48.5

0.0

3.8

6.9

23.4

33.9

29.2

34.0

18.6

15.7

19.3

26.8



(brokensymmetry singlet)
[Rul (tda-a-N20)Py,(O)]
(triplet)

[RuV (tdaa-N20)Py,(0)]- Hz0
(triplet)

[Rul (tda-a-N30)Py,(O)]
(triplet)

[Rul (tda-a-N3)Py(0)]
(triplet)

[RuV (tdaa-N3)Pys(0)]- Ho0
(triplet)

[Rul (tda-a-N30)Py,(00)]

(triplet)

[Ru(tda-a-N302)Py,]3*
(doublet)
[RuY(tda-a-N30)Pys(OH)?*
(doublet)
[RuY(tda-a-N30)Pys(O)]*
(doublet)
[RuY(tdaa-N3)Py,(O)]*
(doublet)
[RuY(tda-a-N20)Pys(O)]*

WNA TS (doublet)

-1785.1900

-1861.6107

-1785.1805

-1785.1829

-1861.6208

-1860.3144

-1709.4171

-1785.3974

-1784.9846

-1784.9629

-1861.3859

37.1

44.5

43.1

41.6

38.1

15.9

0.0

134

2.2

15.8

21.7

I Chapter 3

18.1

25.5

24.1

22.5

191

0.0

3.9

-16.9

2.6

85




[Ru" (Htda-a-N20O)Py,(O0OH)]*
Conformer 1 (doublet)
[Ru'"'(Htda-a-N20)Py,(OOH)[*

Conformer 1 (quartet)

[Ru" (Htda-a-N?O)Py,(OOH)J*

Conformer 2 (doublet)

[RuM" (Htdaa-N20)Py(OOH)J*
Conformer 2 (quartet)

[Rul" (Htda-a-N20)Py(00)]
(doublet)

[Rul" (Htda-a-N20)Py(00)]
(quartet)

[RuM (tda-a-N20)Pys(OOH)]
(doublet)

[RuM (tda-a-N20)Pys(OOH)]

(quartet)

[Ru' (Htda-a-N?0O)Py,(OOH)] ?*

(closedshell singlet)

[RuV (Htdaa-N?0)Py:,(OOH)P*
(triplet)

[RuV (Htdaa-N20)Py(O0)I
(triplet)
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-1861.4114

-1861.3624

-1861.4032

-1861.3541

-1860.9532

-1860.9089

-1860.9618

-1860.8902

-1861.2013

-1861.1947

-1860.7845

0.0

30.8

5.2

35.9

17.2

45.0

11.8

56.7

0.0

4.1

0.0

30.8

5.2

35.9

7.7

35.5

2.3

47.2

0.0

4.1

-18.3
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[RUY (tda-a-N20)Pys(OOH)J*

) -1860.7540 10.4 0.9
(triplet)
RuV (tda-a-N30)Py,(0O0
[ ( ) JPY(00)] -1860.3144 15.9 -3.1
(triplet)
[RuV(tda-a-N20)Py,(00)]*
-1860.1154 0.0 0.0
(doublet)
[RuY(tdaa-N2O)Py(O0)T
-1860.1163 -0.5 -0.5
(quartet)
[RUY(tda-a-N30)Py:(00)J*
-1860.1212 -3.6 -3.6
(doublet)
[RU'(ida-k-N)(py)o(OH] 22— [Ru(tda-k-N)(py)oOH)] —— &> [Ru(1da-k-N)(py)(O)]
|4.9 kcal/mol 1.05 V 1.6 kcal/molw l-4.4 kcal/mol
H e H*, -e"

[Ru"(tda-k-N20)(py)(OH)] OHg—‘“e’> [Ru"(tda-k-N20)(py)(OH)] ﬁ';?’ev» [Ru'(tda-k-N20)(py)O)]
Scheme SiCalculatedree energy changes (in units of kcal/mol) and redox poten(ialsinits

of volts) for relevant species at oxidation states of Il, IIl and IV for Ru center.

[Ru'(tda-k-N3)(py) o OH)] —— 22— [Ru"(tda-k-NI(py)2(OH)]  —— 1oV [RuV(tda-k-N)(py)2(O)]

6.6 kcal/mol 114V 10.2 keal/mol 118V 6.4 kcal/mol
-H*, -e -H*, -e

[Ru(tdark-NZO)(py)(OHa)] —E=— [Ru(tda-k-NO)(py)AOH)] — =2 [RuM(tda-k-NZO)(py)o(O)
Scheme SZCalculated free energy changes (in units of kcal/mol) and redox pote(ihiaisits
of volts) for relevant species including one expliciDHnolecule hydrogen bonded to complex

at oxidation states of Il, Ill and IV for Ru center.
REFERENCES

Sl Galaup, C.; Couchet;M.; Bedel, S.; Tisnes, P.; Picard].@rg. Chen2005 70, 2274
2284

S Duan, L.; Bozoglian, F.; Mandal, S.; Stewart, B.; Privalov, T.; Llobet, ANSurGhem.
2012 4,418423.

87




qQ 8 @ @@

S10
S11

S12

S13

S14

S15
S16

S17
S18
S19
S20

88

Evans, I. P.; Spencer A.; WilkinsonJQChem. Soc., Dalton Trat873 204209.
Costentin, C.; Drouet, S.; Robert, M.; SavéaiM, J. Am. Chem. S&012 134, 11235
11242.

Data collection with APEX Il versions v20@2J1and v2013.4. Bruker (2007). Bruke
AXS Inc., Madison, Wisconsin, USA.

Data reduction with Bruker SAINT versions V7.60A and V8.30c. Bruker (2007).
AXS Inc., Madison, Wisconsin, USA.

SADABS: V2008/1 and V2012&tuker (2001). Bruker AXS Inc., Madison, Wiscot

USA. Blessing, Acta Cryst. (1995) A53&3

Sheldrick, G.MActa Cryst2008A64, 112122. SHELXTL version V6.14.
Zhao, Y.; Truhlar, D. &.Chem. Phy2006 125, 194101.

Peverati, R.; Truhlar, D. G. J. Phys. Chem.2041p, 3, 117.

D. Andrae, U. Haussermann, M. Dolg, H. Stoll, H. Prehesr. Chim. Act499Q 77,
123.

W. J. Hehre, L. Radom, P. v. R. Schleyer, J. Pople]mtio Molecular Orbital Theagn
Wiley: New York, 1986.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Che
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, MMHBHara, K
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Vreven, J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. |
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. NormaraghavRchari, A. Rendell,
C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, {
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, ¢
A. J. Austin, R. Cammi, C. Pomelli, J. W. @&#tdR. L. Martin, K. Morokuma, V.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Di
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. e $xidn 09, Revision C.(
Gaussian, Inc.: Wallingford, CT10.

C. J. CrameEssentials of Computational Chemistry: Theories and M@iéésl.; John
Wiley & Sons: Chichester, 2004.

A. V. Marenich, C. J. Cramer, D. G. Trubld&hys. Chem. 2809 113 6378.

M. D. Tissandier, K. A. Cowen, W. Y. Feng, E. Gundlach, M. H. Cohen, A. D. Eal
Coe, T. R. Tuttld, Phys. Chem.1898 102, 7787.

D. M. Camaioni, C. A. SchwerdtfegerPhys. Chem.2805 109, 10795.

C. P. Kelly, C. J. Cramer, DT@hlarJ. Phys. Chem.2B06 110, 16066.

V. S. Bryantsev, M. S. Diallo, W. A. Goddardhys. Chem.2B08 112, 9709.

A. Lewis, J. A. Bumpus, D. G. Truhlar, C. J. Ctaridrem. Edu2004 81, 596.



S21
S22
S23
S24
S25
S26

S27
S28
S29
S30
S31

I Chapter 3

P. Winget, C. J. Cramer, D. G. Trufilaeor. Chem. Ac2004, 112, 217.

T. Ziegler, A. Rauk, E. J. Baeremdspr. Chim. Acth977, 43, 261.

L. NoodlemanJ. Chem. Phy$981, 74, 5737.

C. J. Cramer, D. G. TruhRInys. Chem. Chem. PI3@09 11, 10757.

K. Yamaguchi, F. Jensen, A. Dorigo, K. N. Bbeky. Phys. Lett988 149, 537.

T. Soda, Y. Kitagawa, T. Onishi, Y. Takano, Y. Shigeta, H. Nagao, Y. Yot
YamaguchiChem. Phys. Le@000, 319, 223.

L. NoodlemanC. Y. Peng, D. A. Cas&/.JMouescaCoord. Chem. RelQ95 144, 199.
I. Ciofini, C. A. Dauloord. Chem. Re2003 238, 187.

J. N. HarveyStruct. Bond2004 112, 151.

F. NeeseCoord. Chem. Re2009, 253, 526.

LewandowskaAndralojc, A.; Baine, T.; Zhao, X.; Muckerman, J. T.; Fujita, E.; Poh
D. Elnorg. Chem2015 54, 43104321.

89




PAPER B Seven Coordination Required for Fast Molecular Water

Oxidation Catalysis by Ru Complexes?

Matheu, R.Ertem, M.Z.;Pipelier, M.; Lebreton, J.; Dubreuil, D.; BeBethholz, J.; &8 X.;
Tessier, A.; Llobet, 2017, submitted

r r
= =
s ) = S
=N RuV S U 8 7
u'— N RuY—
Y 2 H 2
N | N
@ x | +H,
- 09 H*
+H,0 t
-de,-3H ~
| L

Abstract:We have prepared and characterized a new family of Ru complexes based on Y ifal
((2,5bis(6-carboxylatopyridir2-yl)pyrrot1-ide) and pyridine (py) that include, {ifdtSak-N?O)(py}},
1H'(k-N?0), {RU\(t5a-k-N2O9)(py)}, 2"(k-N°O'9) and {RU/(t5a-k-N3C?)(pyk}, 2V(k-N3C?). Complexes
1H'(k-N20), 2"(k-N*O'9) and 2V(k-N°CQ?) have been investigated in solution by spectroscopic methods
(NMR, UwWis) and in the solid state by singlgystal Xray diffraction analysis and complemented by
density functional theory (DFT). The redox properties of complgk-N°0"5%) hawe been uncovered by
electrochemical methods (CV and DPV), showing its easy access to high oxidation states, thanks to the
trianionic nature of the t5&ligand. In neutral to basic conditions comp®¥k-N°C?) undergoes aquation
generating {RY(OH)(t5ak-N?O)(py}}, 2V(OH)k-N?0O). Further oxidation of the complex forms
{RU(O)(t5ak-N?O)(py}}, 2Y(0)k-N?0) that is a very efficient water oxidation catalysts, reachinguhOF

of 9400 &, as measured via foot of the wave analysis. The key to fast kirfietitse catalytic oxidation

of water to dioxygen bgV(O)@-N?0) is due to not only the easy access to high oxidation states but also
to the intramolecular hydrogen bonding provided by the rmoordinated dangling carboxylate at the

transition state, aput forward by DFT calculations.

Contributions Roc Matheu synthetized and characterized the new compounds, performed the

electrochemical and spectroscopic analysis and prepared the manuscript.
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B 1Introduction

The future energetic scenario relies orr@apacity to generate technologies that can store solar
energy into chemical bondsThis so called artificial photosynthesis requires catalysts that
efficiently reduce abundant substrates such a®HCQor N, to hydrogen, hydrocarbons or NH
respectively that obtained in this way are named solar fuelsAn ideal partner for these
reductions is the challenging #¢H* oxidation of HO to Q that again requires efficient
catalysts$'® Recent advances on molecular water oxidation catalysis (WOC) based on Ru

complexes, has generated an impressively detailed understanding of their mode of action and

as a result robust WOCs with spectacular efficiencies have been achig¥edhis HI

underganding has been accomplished thanks to electrochemical, kinetic and spectroscop

o

characterization of reaction intermediates complemented with density functional theory (DFT

calculationg® 71417

Ru complexes containing the equatorial Bdd2,2-bipyridine]-6,6-dicarboxylate) and tcfa
([2,2":6',2"-terpyridine}6,6"-dicarboxylate) ligands are the fastest molecular water oxidation
catalysts described so far in the literature (see Chart 1 for the ligand drawfi§€)The most
paradigmatic Rindacomplex is {R{O)(bda)(Mepy)}', {5Y(0O)}, where two 4picoline (Mepy)
ligands coordinate as axial ligands. Similarly, compleXX@Rudak-N°O)(py}}', {3¥(O)}, that

bears two pyridines (py) in the axial positions is the most representativieldRaanplex, see
Table 1 for a drawing of these complexes. The two families of complexes can oxidize water at
maximum turn over frequencies (TR between 16 s* and 1@ s which exceeds by-2
orders of magnitude the oxygen evolving catalyst in the napitatosystem 111621 Two crucial
features render Rinda and Ruda type of complexes as the best performing water oxidation
catalysts in the literature. In the first place the capacity of the carboxylato moieties thawth

tda® ligands to form intamolecular hydrogen bonds with the active-Rt group at different
oxidation states. This is beneficial for catalysis in terms of both thermodynamics and
kinetics’14?2Secondly, the other key issue in tdand bd& ligands is their capacity to stali

Ru high oxidation states via the anionic character of the carboxylato group€lisetl for the
H.bda andHxtda structures) and also via the formation of seven coordination (CN7) beyond
oxidation state IV. This stabilization reduces the overpotefttipfor the catalytic reaction up

to 740 mV compared to other mononuclear Ru complexes bearing neutral polypyridine type of
ligands with classical octahedral coordinatioid Given these remarkable benefits a question

that unavoidably arises is whether not CN7 is indispensable for fast catalysis.
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Here on we present the synthesis, spectroscopic, electrochemical and catalytic properties of
{RUI(O)(t5ak-N°O)(py}}, 2Y(0O)k-N?O), where t5& is 2,5bis(6-carboxylatopyridir2-yl)pyrrok

1-ide (see Chart 1)5a*is a pentadentate ligand that can occupy the equatorial positions of a
transition metal center with a pentagonal bipyramid type of geometry. Further it contains three
anionic charges, one from the pyrrolato group and two from the carboxylatos, wheratters

can also provide potential intramolecular hydrogen bonding.

z
1 S I (0]
5 S N
| N | _N OH
~
N~ 3
0“ ~OH
Py H,bda

Chart 1 Ligands used and discussed in this work together with labeling.

B 2 Results

B 2.1 Synthesis and Structure

The synthesis of thestba ligandwas originally described using a synthetic strategy based on
pyridazine ring contraction via electrochemical reductibfihe strategy consisted of a niséep
process with a 4% overall yield and the last electrochemical reduction step limited the dgnthes
to milligram scale. In this work, we preparet%h at a 1 g scale in 26% overall yield in a novel
procedure (Scheme 1A). Thestgp synthesis involvesStetter reactior’>?°and a 1,4diketone

Paal Knorr condensation followed by ester hydrolysis.

TheHst5a ligand reacts with the Ru precursor, §k(p-cymene)}, in the presence of an excess

of E&N to ensure deprotonation of the ligand (Scheme 1B). Subsequent addition of pyridine (py)
generates a red octahedral complex §Rit5ak-N?O)(py3}, 1H'(k-N?O), where the Ht5aligand

acts as tridentate meridional ligand with one of the pyridgtboxylate arms decoordinated. The
monodentate pyridyl ligands occupy the other three positions as shown in the ORTEP plot
depicted in Figure 1. Further, thel NVR spectrum oflH'(k-N20) in methanolds confirms that

the solidstate structure is maintained in solution (Figure 2). Bonding distances and angles are

unexceptional and similar to related Ru(ll) complexes reported in the literature.

Aerial oxidation of complegH'(k-N°O) dissolved in water generates the green paramagnetic
RU" complex {RU'(t5a-k-N°O"9)(py)k}, 2"(k-N°C*®), where the pyridykarboxylate arm
substitutes the initial equatorial pyridyl ligand as shown in the ORJI&HnNn Figure 1. The
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coordination around the Ru metal center can be considered as 6.5 because one of the
carboxylate R«D bonds is slightly elongatedr(@d = 2.31A). The structure parallels that of Ru

tda in the Il oxidation state reported earliéfhe elongated bond distance or contact displayed

in the Xray structure is referred as half a bond in this paper and thus we used the no2aiion
NeOM9). Finallythe *H NMR spectrum &"'(k-N30O%) in methanold, (Figure 2), shows two broad

resonances in the-Q0 ppm window that reflects its paramagnetic electronic structure.

A AcONa

lonic Liquid 1) NH,0Ac

i/ \
A AcOH, reflux N 7
N
| n ErOfreflye NyCoMe = Ao N
Me0,C” N Me0,C N 2) KOH,
o) /\S N o o III

MeOH/H,0 OH HO

B @ @

7\ 1) (Ru”CIz(p—cymene)}2
Y @ \ et _Ce, MeOH >
N Ne EtsN, EtOH ,NH H 0/02 ’N\ N R h,N\
3 O (0] ~0

00’“

00" 1
0™ oH Ho SO 2)pY N
<h Q QA
{Ru'(Ht5a-k-N20)(py),} {Ru'(t5a-k-N3015)(py),} {RU(t5a-1-N302)(py), }*
1H"(x-N20) 2 (x-N3015) {Z'V(K-N3OZ)}*

Scheme 1 Synthetic route for the preparation ofst3a ligand A) and 1H'(k-N?0), 2"(k-N30*®) and
{2V(k-N2CA)¥ complexegB).
Addition of C& to a methanol solution o2"(k-N°0O"%) generates the orange diamagnetic"Ru
complex {RUY(t5a-k-N3O?) (py)}', 2V(k-N3C?)Y, with a Zcoordinate Ru metal center. The 5a
acts as a pentadentate ligand and generates a distorted pentagonal bipyramid geometry as can
0S8 204SNBSR Ay G(G(KS hwe¢ot LI 20 Ay CAITdNBE mo
defined as the ORuUO angle where the more external atoms of theligand are coordinating
of approximately 72in line with the pentagonal bipyramid geometry. Under this geometry, the
d* RV ion is low spin and diamagnetic with fully occupiegashd d. orbitals?® The symmetry
increase and high oxidation state ofetttomplex results in 2H NMR spectrum where fewer
resonances appear at lower fields with respect to the' Rarent complex. Finally, half a
molecule of {C&CHOH)(NQ)s}* compensates the positive charge @t{k-N*0?)}* as shown in
the crystal struture (Figure S29).

DFT calculations at M@6level of theory® provide optimized structure for compleX'(k-N°O"5)

and £V(k-N*C?)} (see computational methods in the Supporting Information). The structure of
{2V(k-N*C?)} shows a 7coordinate complex that nicely agrees with the metric parameters of
the XRD structure as shown in Table S1. However, the DFT optimized stru@lmadsaf has a
6.5 coordination but with an elongated Rupyridyl from the t5& ligand at 2.508 K-N2°C?)

instead of the carboxylate found in the crystal structure. Nevertheless, the relative energies of
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the two isomers, where t5acoordinates the Ru center in tHeN?30? and k-N°O*® fashions,
are likely to be very similar and thus both isomenight rapidly interconvert in solution. For
simplicity purposes, from now on we will use the lap¥k-N°0O') to refer to both of them. A
similar phenomenon was experimentally observed foit@ucomplex 3"}, where the unit cell

of its Xray stricture contained one molecule of tHeN*3C? isomer and another one dfie k-

N°O'%isomer?

Figure 1:ORTEP plot (ellipsoids 50% of probability) of complet¢k-N?0) (left), 2"(k-N3O"5)
(middle) and {2V(k-N3QA)}* (right). Color codes: Ru, cyan; N, blue; O, red; C, black and H; white
Table S1 for the distances.

5/7 5/7

f, BREE

T | T T | T T T 1
105 100 95 9.0 8.5 8.0 7.5 7.0 ppm

Figure 2 'H NMR of complexesH'(k-N?0) (pink), 2"'(k-N30"9) (green)and £V(k-N3C?)}* (orange) in

methanotda.
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B 2.2 Redox Properties

We assess theslectrochemical properties of complexes described in this work by Cyclic
Voltammetry (CV) and Differential Pulse Voltammetry (DPV). The electrochemical experiments
are carried out in a typical threelectrode configuration using glassy carbon as working
electrode, Pt as the counter electrode and Hg8Q (MSE) as reference electrode. All

potentials in this work are reported versus NHE£= Buse+ 0.65 V).

Figure 3A shows the electrochemical behaviort(ik-N°0"%) analyzed by CV and DP\pkt=

7.0. The open circuit potential o2"(k-N°O'°) appears at 0.35 V and is used as the starting

potential of the CV. The potential is then scanned anodically to 1.15 V and bfickgd/ where

the scan direction is again changed to 0.70 V. A chemically iieleend electrochemically

guasireversible wave appearsiE&t = 0.50 V LE= 80 mV), which is associated with the reversible
RUY/RuU" redox process. A second cathodic event occurs at lower poterigls ¢ 0.05 V) and

is associated to the reductidrom the RU'to the R state. The returning anodic wave appears

at E.p = 0.35 V with a large peak to peak separatib& £ 0.40 Y associated with the linkage
isomerization outlined in the upper right part of Scheme 2. The square cycle is generated
because 6.5 coordination is favored in the Il oxidation state and disfavored at oxidation state II.
In the latter, the pyridyl carboxylate arm decoordinates and the complex in the Il oxidation states
prefers 5.5coordination. Further evidence for the presmn of this square mechanism is
obtained repeating the CV at faster scan rates both in MeOH apHdat7.0 where the cathodic
wave of theE®, process can be observed (Figure-&31). This allows to calculate the I/l redox
couple atpH = 7.0 for2"(k-N**0) thatappears atE,%= 0.24 V LE= 0.13 V). This value is

consistent with the lower coordination number of the latter.
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Figure 3AandB,CV experiments (black dashed line) and DPVs experiments (green pointed line
mM 2"(k-N30'9) at pH= 7.0. Arrows indicate initial potential and scan direction for CV (black line
DPV (green line). The orange lines indicateBhassociated with the different redox couples outline
in Scheme 2. Measurements were done underald the scan rate wa0.1 V/sC 50repetivitve CV
experimentof 2"'(k-N°0*5) (0.5 mM) atpH= 7.0 (dashed black line is the first cycle, solid black lir
the 50" cycle and grey lines are the cycles in between). The inset shows an enlargement bet@e
mA and 10vA. The scan rate was 0.1 VI3.50" CV cycle containing a mixture of compl2X(k-N°Q?)}
and complex2¥(0)k-N?0) (black solid lineogether with the Foot of the Wave Analysis (FOWA
complex2(0)k-N?0). The points used for FOWA are in the red dashed line and the points used 1
lineal fit are cyanTORax= 9400 8.

We attempted to compute the free energy of the &6ordinate and 5.&0ordinate structures

for the Il and Il oxidation statesdluding explicit water molecules to account for hydrogen
bonding interactions. The comparison of relative energies at M06 level of tHédindicates
that 5.5coordinate Ret5a complex is favored by 6.9 kcal/mol at oxidation state 1. On the other
hand,we could not obtain a fully optimized structure for &£6ordinate complex at 11l oxidation
state as interconverts to the 6-&ordinate isomer during geometry optimizations but we

estimated the 5.5coodinated complex to bé& 5 kcal/mol unstable comparetb the 6.5
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