
ON THE ACTIVE SITES AND MECHANISMS OF COBALT 

AND MANGANESE WATER OXIDATION CATALYSTS 

By  

PAUL F. SMITH 

A Dissertation submitted to the 

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

In partial fulfillment of the requirements  

For the degree of 

Doctor of Philosophy 

Graduate Program in Chemistry and Chemical Biology 

Written under the direction of 

G. Charles Dismukes 

And approved by 

 

 

New Brunswick, NJ 

OCTOBER, 2015 

_________________________ 

 

_________________________ 

 

_________________________ 

 

_________________________ 

 



 

 

ii  

 

ABSTRACT OF THE DISSERTATION 

On the Active Sites and Mechanisms of Cobalt and Manganese Water Oxidation 

Catalysts 

BY PAUL F. SMITH 

Dissertation Director: 

 G. Charles Dismukes 

 

The ñholy grailò of renewable, sustainable energy is artificial replication of the only 

natural process capable of storing sun energy into chemical bonds: Photosynthesis. The 

oxidation of water to molecular O2 is the thermodynamic bottleneck to this process. As 

such, viable catalysts for water oxidation are warranted. These materials ideally 1) are 

constructed of abundant elements (e.g., first row transition metals) and thus affordable, 2) 

operate efficiently and effectively with little applied bias (overpotential), and 3) maintain 

high activity for useful lifetimes. 

In Chapter 1, Natureôs CaMn4O5 ñheterocubaneò catalyst is introduced. Principles of this 

structure which must translate into artificial catalysts are discussed: O-O bond formation, 

sacrificing oxidizing strength for long lifetimes, and effective storage of oxidizing 

equivalents via proton-coupled electron transfer (expanded in Chapter 5). 

In Chapters 2-3, this thesis addresses the reactivity of cobalt based catalysts. Crystalline 

and amorphous cobalt oxides are well-known oxygen evolving catalysts, but up to three 

different mechanisms are proposed to occur on their surfaces. While the ñcubaneò 
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topology is stressed as biomimetic, these mechanisms commonly only feature a single 

metal active site- seemingly negating the cubane topology as necessary for catalysis. The 

results in these chapters- via studies on discrete Co2O2, Co3O3 and Co4O4 clusters- 

demonstrate that the cubane topology optimally stabilizes the Co
4+

 oxidation state via 

delocalization across all metal centers. This stored oxidizing equivalent reacts with 

terminally bound OH
-
 sites and facilitates oxidation fully to O2.   

In Chapter 4, this thesis addresses the reactivity of manganese-based catalysts. 

Paradoxical observations are known: Natureôs effectiveness at utilizing Mn have 

predominantly translated into poor artificial Mn catalysts. While partially explained by 

the ~30 possible structures of Mn-oxides (many of which are minerals), promising results 

have correlated activity with stabilization of Mn
3+

, as opposed to Mn
4+

. The studies 

shown here rationalize these paradoxes by comparing structural polytypes of Mn
3+

, 

clearly demonstrating that corner-sharing, labile Mn
3+

 centers capable of facile water 

binding correlate with catalytic activity as found in both layered and tunnel Mn oxides. 

Conversely, Mn of any oxidation state in strongly coupled structures are effective at 

storing charge but not transferring it to water. 

   

 

 

 

 



 

 

iv 

 

Dedication 

 

 

 

 

 

 

 

For Joe, Bill, Don, Shelli, Mike, and Tim 

 

 

 

 

 

 

 

 

 



 

 

v 

 

Acknowledgments 

This document contains the science behind the following publications: 

1. Smith, P.F.; Kaplan, C.; Sheats, J.E.; Robinson, D.M.; McCool, N.S.; Mezle, N.; 

Dismukes, G.C. ñWhat determines catalyst functionality in molecular water 

oxidation? Dependence on ligand and metal nuclearity in cobalt clusters.ò Inorganic 

Chemistry, 2014, 53, 2113-2121.   

2. Carrell, T.G.; Smith, P.F.; Dennes, T.J.; Dismukes, G.C. ñEntropy and Enthalpy 

Contributions to the Kinetics of Proton Coupled Electron Transfer to the 

Mn4O4(O2PPh2)6 Cubaneò. Phys. Chem. Chem. Phys., 2014, 16(24), 11843-11847.  

3. Deibert, B.; Zhang, J.; Smith, P.F.; Chapman, K.W.; Rangan, S.; Banerjee, D.; Tan, 

K.; Wang, H.; Pasquale, N.; Chen, F.; Lee, K.-B.; Dismukes, G.C.; Chabal, Y.J.; Li, 

J. ñSurface and Structural Investigation of MnOx Birnessite-type Water Oxidation 

Catalyst Formed Under Photocatalytic Conditions.ò Chem. Eur. J. 2015. DOI: 

10.1002/chem.201501930 

4. Smith, P.F.; Deibert, B.J.; Kaushik, S.; Gardner, G.; Hwang, S.; Wang, H.; Al-

Sharab, J.; Garfunkel, E.; Li, J.; Dismukes, G.C. ñWater Oxidation Activity by 

Manganite (ɔ-MnOOH) Occurs Exclusively via Corner Sharing Mn
3+

O6 Octahedraò 

Submitted 

5. Smith, P.F.; Hunt, L.; Laursen, A.B.; Sagar, V.; Kaushik, S.; Calvinho, K.U.D.; 

Marotta, G.; Mosconi, E.; De Angelis, F.; Dismukes, G.C. ñWater Oxidation by 

[Co4O4]5+ Cubiums is initiated by OH
-
 Addition.ò Submitted. 

 

G. Charles ñChuckò Dismukes singlehandedly brought me to Rutgers. His presentation of 

the research leading up to that performed in this document was appealing both in its 

broad reach and its significant aims. He heavily recruited me, and in the process, boosted 

my self-esteem significantly. For these efforts, and subsequently putting up with my 

shenanigans for many years thereafter with great patience, I am first and foremost 

grateful to have had him as a mentor. 

Gerhard Swiegers singlehandedly brought me to Australia, and specifically, the 

University of Wollongong, in very similar fashion of putting a lot of blind faith into my 

capacity to perform science. He cowrote my proposal to have me visit, though I suspect it 

was more the ideas than the writing that sent me on the defining trip of my life. One does 



 

 

vi 

 

not just learn science when abroad, and I owe a great deal of my coming-of-age story to 

him, as well. To my other Aussie colleagues- Jun Chen, Mark Romano, Adrian Gestos, 

Grant Mathieson, Rod Shepherd, Pawel Wagner, Michael Higgins, Gordon Wallace, 

Stephen Beirne, David Officer, and their AAS colleagues Meaghan OôBrien and Shannon 

Newhamé.thank you all for what was a great period of study for me. 

Arguably my Ph.D.-holding in-lab mentors, John Sheats and Clyde Cady, deserve most 

of the credit for teaching me basic thought processes in chemistry. Over time, other 

people to fill this role expanded to include Yong Bok Go and Anders Laursen. I am also 

indebted to Nick McCool and David Robinson, whose research was so impactful it led to 

most of the projects reported in this document.  

I am grateful to those I was able to mentor, for putting as much faith in me as I did my 

mentors. Chris Kaplan, Liam Hunt, Karin Calvinho and Shivam Kaushik were major 

contributors to my getting published. 

As one can imagine, I owe a lot to the people who helped maintain my infrastructure. 

Clark electrode (and pretty much everything)- Gennady Ananyev, NMR- Nagarajan 

Murali, MIMS- Alexei Ermakov, QTOF- G. Kenchappa Kumaraswamy ñKumarò, EPR- 

Viral Sagar. Andy DeZaio is tremendously appreciated for (at times) assembling our lab 

from scratch. I also wish to thank the Chemistry front office who made purchasing and 

logistics so seamless: Melissa Grunwerg, Karen Fowler, Allison Larkin, Lydia Haynes, 

Anne Doeffinger, and Ninette Steinberg, in particular. 

I owe a lot to several peers whose conversations at multiple conferences motivated my 

science upon my return. James Blakemore, Rebecca Lindquist, Adam Weingarten, 



 

 

vii  

 

Roman Kazantsev, Bradley Brennan and Andreas Bachmeier: I hope to run into you all 

again. 

I owe many Italians some thanks, but none moreso than Filippo De Angelis, who without 

hesitation, worked through August to ensure that my thesis was made significantly 

stronger. 

Equally, I owe Jingming Zhang, Ben Deibert, and Jing Li many thanks for bringing 

manganite- and fantastic solid-state chemistry- into this document. 

And the only people who can really relate to my experience are those who lived exactly 

the same life as I- fellow graduate students who entered in 2010. Andrew Steffens and 

Graeme Gardner oversaw most of my life over the past few years, and I thank them for 

being more than just colleagues. Other graduate students Iôd like to thank are Bin Liu, 

Anagha Krishnan, David Vinyard, Shinjae Hwang, Colin Gates, and Xiao Qian. 

And finally, as always, love to my family- for they know few things about the science in 

this document, yet they are proud of all of it. 

 

 

 

 

 



 

 

viii  

 

TABLE OF CONTENTS  

Abstract ............................................................................................................................................ ii  

Dedication. ...................................................................................................................................... iv 

Acknowledgementsééééééééééééééééééééééééééééé.é.v 

Table of Contentséééééééééééééééééééééééééééééé...viii  

List of Tableséééééééééééééééééééééééééééééééé...xi 

List of Figures and Schemesééééééééééééééééééééééééé.......xii   

Chapter 1. How to Make a Better Oxygen Evolving Catalyst by Applying Natureôs Design 

Principles of Catalysis éééééééééééééééééééééééééééé...1 

1.1 Abstract .................................................................................................................................. 2 

1.2 Introduction ............................................................................................................................ 3 

1.3 Discussion .............................................................................................................................. 4 

1.4 Conclusion ........................................................................................................................... 31 

1.5 Acknowledgment ................................................................................................................. 33 

1.6 References ............................................................................................................................ 34 

Chapter 2. What determines catalyst functionality in molecular water oxidation? Dependence on 

ligands and metal nuclearity in cobalt clusters. ............................................................................. 39 

2.1 Abstract ................................................................................................................................ 40 

2.2 Introduction .......................................................................................................................... 41 

2.3 Experimental ........................................................................................................................ 46 

2.4 Results .................................................................................................................................. 49 



 

 

ix 

 

2.5 Discussion ............................................................................................................................ 84 

2.6 Conclusion ........................................................................................................................... 93 

2.7 Acknowledgments................................................................................................................ 94 

2.8 References ............................................................................................................................ 95 

Chapter 3. Water Oxidation by the [Co4O4(OAc)4(py)4 ]
+
 Cubium is Initiated by OH

-
 Addition .. 98 

3.1 Abstract ................................................................................................................................ 99 

3.2 Introduction ........................................................................................................................ 100 

3.3 Experimental ...................................................................................................................... 104 

3.4 Results ................................................................................................................................ 107 

3.5 Discussion .......................................................................................................................... 133 

3.6 Conclusion ......................................................................................................................... 136 

3.7 Acknowledgment ............................................................................................................... 137 

3.8 References .......................................................................................................................... 138 

Chapter 4. Water Oxidation Activity by Manganite (ɔ-MnOOH) Occurs Exclusively via Corner 

Sharing Mn3+O6 Octahedra ........................................................................................................ 142 

4.1 Abstract .............................................................................................................................. 143 

4.2 Introduction ........................................................................................................................ 144 

4.3 Experimental ...................................................................................................................... 148 

4.4 Results and Discussion ...................................................................................................... 151 

4.5 Conclusion ......................................................................................................................... 183 

4.6 Acknowledgment ............................................................................................................... 184 

4.7 References .......................................................................................................................... 185 



 

 

x 

 

Chapter 5. Entropy and Enthalpy Contributions to the Kinetics of Proton Coupled Electron 

Transfer to the Mn4O4(O2PPh2)6 Cubane ..................................................................................... 188 

5.1 Abstract .............................................................................................................................. 189 

5.2 Introduction ........................................................................................................................ 190 

5.3 Experimental ...................................................................................................................... 192 

5.4 Results and Discussion ...................................................................................................... 193 

5.5 Conclusion ......................................................................................................................... 209 

5.6 Acknowledgments.............................................................................................................. 212 

5.7 References .......................................................................................................................... 213 

 

 

  

 

 

 

 

 

 

 

 



 

 

xi 

 

List of Tables 

Table 1.1. Calcium allows both 3Mn
IV

 and a mean oxidation level of 3.25 (per all metals) to be 

achieved at lower potentials than the all-Mn analog. ..................................................................... 19 

Table 1.2. Recombination rates of Co(IV) vs. Mn(IV). ................................................................ 29 

Table 2.1. Selected atomic distances of molecular Cobalt compounds from Xray diffraction ..... 45 

Table 4.1: Selected Area Electron Diffraction (SAED) pattern with corresponding measured d-

spacings of the as prepared Manganite. ....................................................................................... 157 

Table 4.2: Estimated relative abundances of Mn oxidation states on depicted surfaces as 

measured by XPS. ........................................................................................................................ 168 

Table 5.1. Rate constants and linear free energy parameters for the reaction of 1 + 4-R-phenol.

 ..................................................................................................................................................... 198 

Table 5.2. Comparison of µ-O-H BDEôs for Mn complexes ...................................................... 208 

 

 

 

 

 

 

 

 

 

 



 

 

xii  

 

List of Figures and Schemes 

Figure 1.1. Energy and lifetimes of electron and holes in PSII-WOC. ........................................... 7 

Figure 1.2. Regression equations correlating photochemical quantum yield of 9 isoforms of PSII 

to both the WOC efficiency under light limited conditions and light saturated O2 evolution rates.

 ....................................................................................................................................................... 10 

Figure 1.3. Structure of two tautomers of Natureôs WOC.  .......................................................... 12 

Figure 1.4. Thermodynamics for water oxidation overlaid on a Mn-Pourbaix diagram assuming 

0.01 mol/kg Mn abundance and 100 uM abundance of Mn and C. ............................................... 17 

Figure 1.5. Depiction of the environment surrounding YZ in either Ca or Sr-substituted WOCs.

 ....................................................................................................................................................... 21 

Figure 1.6. Difference between Hexagonal and Triclinic type birnessites. .................................. 24 

Figure 1.7. Depiction of cobalt cubanes 1A, 1B
2+

, and redox accessibility to Co
4+

 as a function of 

pH................................................................................................................................................... 28 

Scheme 2.1. Compounds and photoassay used. ............................................................................ 44 

Figure 2.1. 
1
H-NMR characterization of [Co4O4(OAc)2(bpy)4]

2+
. ................................................ 50 

Figure 2.2. UV-Vis characterization of Co4O4(OAc)2(bpy)4
2+

 (1B) in acetonitrile. ..................... 51 

Figure 2.3. ESI-MS characterization of Co4O4(OAc)2(bpy)4
2+

 (1B) in acetonitrile. ..................... 52 

Figure 2.4. Cyclic voltammograms taken in acetonitrile (0.1 M TBAPF6 electrolyte)................. 53 

of ferrocene (orange), 1A (blue) and 1B (red). .............................................................................. 53 

Figure 2.5. O2 evolution profiles for 1A (blue) and 1B (red) in borate.. ....................................... 54 

Figure 2.6. 
1
H-NMR Stability of 1B during catalysis.. ................................................................. 56 

Figure 2.7. ESI-MS of the photoassay before and after 10 minutes of illumination..................... 57 

Figure 2.8. Turnover frequency for catalysis by 1A as a function of borate buffer concentration..

 ....................................................................................................................................................... 59 

Figure 2.9: Lagtime as a function of initial Ru(bpy)3
2+

 concentration. ......................................... 62 

file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100598
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100599
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100600
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100601
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100602
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100605
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100606
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100606


 

 

xiii  

 

Figure 2.10. Plot of O2 evolution rate and TOF vs. catalyst concentration for 1A and 1B.. ......... 64 

Figure 2.11. Photoassays of 1A with conditions: pH 8, 0.1 M borate buffer, 1 mM Ru(bpy)3
2+

, 5 

mM S2O8, 100 µM of catalyst, 5 mM salt. ..................................................................................... 67 

Figure 2.12: Representative O2 evolution profiles for lower nuclearity materials as measured by 

Clark electrode. .............................................................................................................................. 70 

Figure 2.13: 
1
H-NMR stability tests of 2A and 3A before and after 10 minutes of illumination. 72 

Figure 2.14: Linear voltammetry of 0.2 mM of 2A in 0.1 M pH 7.5 bicarbonate (90/10 

H2O/CH3CN) after various electrolysis times. ............................................................................... 74 

Figure 2.15. Linear voltammetry of electrolyzed solutions of 0.2mM  3A in 0.1 M pH 7.5 

bicarbonate buffer 90/10 H2O/MeCN.. .......................................................................................... 75 

Figure 2.16: 
1
H-NMR of 0.2mM 2A before (blue) and after (red) 4950 seconds of electrolysis at 

1.1V vs Ag/AgCl.. ......................................................................................................................... 76 

Figure 2.17: O2 uptake by Ru(bpy)3 photoassay, varying solvent composition.. ......................... 78 

Figure 2.18: O2 uptake by photoassay alone ................................................................................. 79 

Figure 2.19: Clark electrode traces of 0.1 mM solutions of 2A with equivalents of bipyridine.. . 81 

Figure 2.20: Addition of excess (top) and substoichiometric (bottom) bpy to photoassays 

containing 3A. ................................................................................................................................ 82 

Figure 2.21: Addition of excess bpy to Ru(bpy)3
2+

 (top) and 2B and 3B (bottom). ..................... 83 

Scheme 2.2. Proposed mechanisms of water oxidation by other cobalt clusters and theoretical 

calculations. ................................................................................................................................... 85 

Figure 2.22: CV of pyridine materials in 0.1M tetrabutylammonium perchlorate/MeCN. .......... 89 

Scheme 2.3. Proposed mechanism for water oxidation by the Co4O4 cubane. .............................. 92 

Scheme 3.1. Cubanes: Co4O4(OAc)4(py)4, 1A, and [Co4O4(OAc)2(bpy)4]
2+

, 1B
2+

 ..................... 102 

Figure 3.1. Cyclic voltammograms at a glassy carbon electrode in aqueous phosphate (0.1M, pH 

7) with and without 500 µM of 1A. ............................................................................................. 108 

file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100609
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100609
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100613
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100613
file:///C:/Users/Paul/Dropbox/Paul/gradschool/phd%20thesis.docx%23_Toc430100616


 

 

xiv 

 

Figure 3.2. EPR spectrum at 10 K of 15 mM CH3CN solutions of 1A(ClO4) without and with 0.1 

M NaOH. ..................................................................................................................................... 109 

Figure 3.3. UV-Vis spectra of 1A and 1A
+
, and changes following addition of 4x0.5 eq. aliquots 

of OH- to 60 µM of 1A
+
. ............................................................................................................. 110 

Figure 3.4:  Aging a solution of 1A
+
 in 1:1 CH3CN:H2O for 15 minutes. .................................. 112 

Figure 3.5. Initial rate and pseudo-first order rate constants for O2 production as a function of 

initial [1A
+
] in the presence of 40 mM NaOH.. ........................................................................... 113 

Figure 3.6. 
1
H-NMR spectra of CD3CN solutions of 1A

+
,  a mixture of pyridine and 1A, and the 

reaction of 1.5 mM 1A
+
 with 4 eq. OH

-
. ...................................................................................... 115 

Figure 3.7: 
1
H-NMR titration studies of free pyridine, as next to 1 mM of 1A.. ........................ 116 

Figure 3.8: ESI-QTOF/MS spectra of the reaction products after 1A(ClO4) is dissolved in water 

(18O, 79%) containing 10 equivalents of sodium bicarbonate (100% 
18

O). ................................ 119 

Figure 3.9: ESI-QTOF/MS spectra of 1A in water, 18O (45%). ................................................ 120 

Figure 3.10: ESI-QTOF/MS spectra of 1A in water, 16O. ......................................................... 121 

Figure 3.11. MIMS data for the reaction of 1A+ (8mM) with 
18

O labeled sodium bicarbonate 

(0.15 M) in 97% 
18

O water. .......................................................................................................... 122 

Figure 3.12: Percentage of O2 detected with m/z 36 (of total O2) after reaction of 1A
+
 with 97% 

18
O labeled water containing 

18
O labeled sodium bicarbonate as a function of background 

atmospheric 
32

O2 signal in the mass spec.. ................................................................................... 123 

Figure 3.14: Calculated energies of different reaction pathways. ............................................... 126 

Figure 3.15. Lowest energy doubly hydroxylated intermediates. ............................................... 128 

Figure 3.16: X-band EPR spectrum of 1B
3+

,. ............................................................................. 131 

Figure 3.17: A solution of 1B
3+

 aged in water. ........................................................................... 132 

Figure 4.1. Structural depictions of several Mn-oxides. ............................................................. 145 

Figure 4.2. Characterization of ɔ-MnOOH: SEM, TEM, SAED, and PXRD with structural 

reference. ...................................................................................................................................... 152 



 

 

xv 

 

Figure 4.3: Electron Microscopy images for manganite as-prepared. ........................................ 153 

Figure 4.4: N2 adsorption data for as-made manganite. .............................................................. 154 

Figure 4.5. Cyclic voltammograms (10 mV/s, IR-corrected) for the 1x1 tunnel manganese oxides 

of Figure 1 in 1 M NaOH or 1 M phosphate buffer, loading =0.5 mg/cm
2
. ................................ 156 

Figure 4.6: Representative gas chromatograms from headspace gas above water splitting cells 

(MnOOH anode, Ti cathode) from pH 14 solution. ..................................................................... 158 

Figure 4.7: Representative data showing deactivation of ɔ-MnOOH electrodes. ééééé.161 

Figure 4.8: Positive detection of as prepared manganite in unreacted nafion films. .................. 162 

Figure 4.9. Postreaction characterization of electrochemically oxidized ɔ-MnOOH ................. 163 

Figure 4.10: Low and High magnification Transmission Electron Microscopy Micrographs for 

manganite post-electrochemical bulk electrolysis, pH 14, 500 mV overpotential....................... 164 

Figure 4.11: Mn2p3/2 XPS spectra for as synthesized manganite, unreacted manganite loaded into 

Nafion, and Mn
3+

 reference.......................................................................................................... 166 

Figure 4.12. Mn 2p3/2 region of XPS spectra comparing ɔ-MnOOH, ɓ-MnO2, and 

electrochemically oxidized ɔ ïMnOOH ...................................................................................... 167 

Figure 4.13. Photoinduced O2 production from chemical oxidation of Mn-oxides. .................. 170 

Figure 4.14: PXRD of manganite before and after photochemical water splitting using Ru(bpy)3
3+

 

oxidant. ........................................................................................................................................ 171 

Figure 4.15: XPS spectra for manganite following 30 minute reaction with light-generated 

Ru(bpy)3
3+

. ................................................................................................................................... 173 

Figure 4.16. Current densities of Mn-oxide compounds obtained from CVôs at 0.5 mg/cm
2
 

electrode loading as function of photochemical TOF and pH 14 electrochemistry. . .................. 175 

Figure 4.17: Linear voltammetry of Mn2O3 ................................................................................ 176 

Figure 4.18: Cyclic voltammetry of Mn3O4 ................................................................................ 177 

Figure 4.19. Linear voltammograms of birnessites and manganite (0.5 mg/cm
2
 loading, pH 7 (1 

M phosphate). .............................................................................................................................. 179 



 

 

xvi 

 

Scheme 1. Depiction of corner-shared Mn
3+

 octahedra in hexagonal birnessites and in the S2 state 

spin=5/2 tautomer of natural photosynthesis. .............................................................................. 181 

Scheme 5.1: Postulated docking configuration of 4-methylphenol to the atomic structure of 1 

taken from single crystal Xray diffraction.. ................................................................................. 191 

Figure 5.1: Spectral changes observed during the reaction of p-Me-phenol with 1 at 25.0ºC. ... 194 

Figure 5.2: Pseudo-first order rate constant kobs as a function of the concentration of p-Me-

phenol for the reaction between 1 and p-Me-phenol at 25.0ºC. ................................................... 195 

Figure 5.3: Temperature dependence of the reaction between 1 and p-Me-phenol. ................... 196 

Scheme 5.2: Thermochemical cycle for 1. .................................................................................. 201 

Figure 5.4: Dependence of ln(k2) on the homolytic bond dissociation energy. .......................... 204 

Figure 5.5: Dependence of the ln(k2) on the oxidation potential of the phenol and pKa of the 

phenolic proton ............................................................................................................................ 205 

Scheme 5.3: The environment surrounding the tyrosine oxidant in Photosystem II
7
 ................. 210 

 



1 

 

 

 

 

 

 

Chapter 1 How to Make a Better Oxygen Evolving Catalyst by 
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1.1 Abstract 

The Photosystem II water oxidizing complex (PSII-WOC) is natureôs blueprint for the 

photochemical center that powers the most widespread form of photosynthesis on Earth. 

Here we summarize the operating performance of PSII-WOCs that have led to the 

evolutionary success of their host organisms under diverse environmental conditions of 

solar flux, pH, temperature and humidity.  We reconcile recent atomic structural models 

from Xray diffraction data with extensive prior spectroscopic and chemical data to arrive 

at a self-consistent picture of the intermediate oxidation states (S states). We compare this 

knowledge with that from studies of abiotic water oxidation catalysts to arrive at the most 

feasible mechanisms for biological water oxidation. This understanding in turn reveals 

where the next development steps are needed for improving catalysts and membranes for 

artificial photosynthetic processes. 

 

 

 

 

 

 

 

 



3 

 

 

 

1.2 Introduction 

This chapter shows the most relevant information needed to understand the chemical 

basis of biological water oxidation and its implications for catalysing water oxidation in 

general. More specialized reviews of oxygenic photosynthesis are available
1ï4

. In 

particular, this is structured to address the following subjects: 1) how PSII reaction 

centers are designed as a trade-off between photochemical charge separation vs. 

photoprotection by charge recombination (efficiency), 2) how PSII-WOCs activate water 

for concerted four-electron oxidation and O-O bond formation, and 3) transports products 

away from the active site to enable catalytic turnover under variable light flux (dynamic 

performance). 
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1.3 Discussion 

Why target PSII-WOCs? Oxygenic photosynthetic organisms comprise the largest and 

most diverse group of photoautotrophs on Earth, encompassing simple unicellular 

prokaryotes and eukaryotes extending to complex multi-cellular higher plants. Evidence 

indicates they evolved circa 2.7 billion years ago from an anoyxgenic phototroph via 

modifications to a type 2 (iron-quinone) reaction center that acquired the unique ability to 

use water as electron donor (Photosystem II - water oxidation complex or PSII-

WOC).This innovation enabled these pioneer organisms to occupy every ecological 

niches on Earth where water and light exist. The PSII reaction center protein core is 

remarkably conserved across all species of oxygenic photoautotrophs examined to date. 

No firm evidence for transitional PSII-WOCs yet exists that can or could have used other 

substrates for oxygen production
5
.  

The compositional and structural conservation of both the WOC catalytic core and PSII 

reaction center core proteins across diverse oxygenic phototrophs is stunningly 

unexpected. This invariance contrasts with the wide structural and compositional 

diversity among other ancient metallo-enzymes such as hydrogenases, nitrogenases, 

oxygenases, etc. It suggests a single preferred chemical pathway for water oxidation 

exists or survived in every ecological niche permissive of photoautotrophic life on Earth
6
. 

The consequences of this Darwinian process in combinatorial synthesis has important 

lessons for both natural and artificial photosynthesis.   

The WOC incorporates an inorganic catalyst containing four electronically coupled Mn 

ions that accumulate four holes provided by four photochemical charge separation steps 

in the reaction center before O2 is released
7,8

. Following these steps O2 is released in a 



5 

 

 

 

concerted process with no free partially oxidized intermediates
9,10

. The net reaction, eq. 

1a + 1b, produce a proton gradient and reduced plastoquinol (PQH2), the initial energy 

carriers prior to downstream conversion to adenylate and pyridine nucleotide redox 

products. 

2H2O + 4hɜ(1.23V -0.059*pH) ќ O2 + 4e
ī
 + 4H

+
lumen,  1a. 

2PQ + 4e
ī
 + 4H

+
stroma  ќ 2PQH2    1b. 

The maximum energy conversion yield of PSIIs in vivo, including both redox and pmf is 

0.81 to 1.02 V per e
-
 for each red photon (680 nm) absorbed, or 44 to 56%. The average 

light-satured power output of various PSIIs (Pavg) = Energy x Flux  = (0.8-1V nF) x (25-

88 s
-1

) = 19 MW mol
-1

.  The peak power of selected PSIIs could be 10X greater if the 

oxidation rate of the PQ pool were not rate limiting
1
. 

PSII reaction center photochemistry. At the core of PSII is the D1 subunit, which 

provides most of the ligating amino acid residues to the WOC, as well as binding pockets 

for P680, pheophytin (Pheo), and the secondary PQ acceptor (QB). Figure 1.1 summarizes 

the energy of electrons and holes as a function of time in PSII. When excited to its lowest 

singlet state, P680
*
 transfers an electron first to Pheophytin (Pheo) then to plastoquinone 

QA, all on a timescale of picoseconds. The resulting P680
+
 serves as a strong oxidant, and 

the origin of the electron which reduces P680
+
 guides the overall efficiency of water 

oxidation. For OER catalysis to go forward, reduction of P680
+ 
must occur by D1-tyrosine 

161 (YZ), which occurs in triphasic kinetic steps
11

 between 20-50 ns and 30-35 µs, 

depending upon the redox state of the WOC (S state). The resulting YZ holds 50-60 mV 

thermodynamic driving force for reducing P680
+
. However if P680

+ 
or YZ are reduced by 
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Pheo or QA
-
, the hole is lost to recombination. Hence, Nature requires charge separation 

to last for anywhere between 30 µs (S0-S1) to 2 ms (O2 release) in order for holes to be 

harvested on the same timescales as catalytic kinetics. During this time, there is 

overwhelming thermodynamic preference for reduction by these latter species (>1.2 V 

from QA
-
). Nature slows recombination by imposing significant kinetic barriers in the 

form of longer distances, poorer orbital overlap and large reorganizational energies
4
. The 

upper limit for forward electron transfer kinetics for various PSIIs fall in the range 100-

400 s
-1

 and is typically limited by the reoxidation rate of PQH2 with one exception. The 

carbonate requiring cyanobacterium Arthrospira maxima is the fastest PSII-WOC in 

vivo. It possess both an alternative oxidase to remove electrons from the PQ pools and 

uses carbonate as proton acceptor to accelerate water oxidation
12

. 
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Figure 1.1. Energy and lifetimes of electron and holes in PSII-WOC. 
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PSII diversity and regulation. In order to thrive in diverse environmental conditions using 

a single type of reaction center and inorganic catalyst, oxygenic phototrophs evolved 

strategies to deal with wide environmental variations in light flux, pH, ionic strength, 

temperature, etc. Although the number and amino acid sequences of the extrinsic subunits 

of diverse PSII-WOCs vary substantially, the five protein subunits comprising the 

reaction center core (D1, D2, CP43, CP47, Cyt-b559Ŭɓ) are remarkably conserved 

(reviewed in ref
1
). The only significant variation observed to date in core proteins is in 

the D1 subunit of prokaryotes. At least four classes of D1 isoforms have been identified 

in cyanobacteria, compared to only one in eurkaryotes. The differential expression of 

these protein isoforms is controlled by transcriptional regulation of multiple psbA gene 

copies in response to environmental signals.   

Light utilization efficiency is a trade-off between conversion and photoprotection: 

Differences in the amino acid sequences of the D1 isoforms control the efficiency of PSII 

specifically at very high and very low light intensities or under low-oxygen conditions. 

Two natural isoforms differing by 25 amino acids (7% AA) are expressed at low light 

(D1:LL) and high light (D1:HL), respectively (Figure 1.2). These offer either better 

primary photochemical quantum yield (hence better photoprotection) or better subsequent 

conversion efficiency into products (O2, PQH2 and ȹpH). The natural D1 isoforms can 

extend one or the other fitness criterion, as they act in opposition and thus create a trade-

off in performance
13

. The isoforms result in growth rate performance benefits at high and 

low light intensities, respectively. This tuning feature has been further extended 

experimentally by constructing 7 conservative point mutations of the two natural D1 

isoforms that partially convert D1:HL to D1:LL
14

.  All strains reveal an inverse 
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correlation between performance metrics beneficial at LL vs HL intensities when plotted 

as a function of the PSII Quantum Yield (QY) (Figure 1.2). The latter reflects 

photochemical quenching of emission by charge separation in the reaction center and is 

measured most conveniently by Chl variable fluorescence quenching (FV/FM = QY). As 

the total charge separation QY is genetically varied in these D1 isoforms, there is a trade-

off between excited state quenching by productive forward electron/hole transfer into the 

plastoquinone-pool/WOC, respectively, and quenching by charge recombination that 

provides protection against photoinactivation at high light intensity. This trade-off 

highlights Natureôs capacity to ñtuneò the reaction center, depending on abundance of 

photons. The physicochemical mechanism used to achieve this tuning is based on 

adjusting the energy levels of the reduced intermediates
14

, Pheo
-
/Pheo and QA

-
/QA. 
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Figure 1.2. Regression equations from reference
14
 correlating photochemical quantum 

yield of 9 isoforms of PSII to both the WOC efficiency under light limited conditions 

(black, R
2
=0.789) and light saturated O2 evolution rates (blue, R

2
=0.859).  
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PSIIôs Catalyst. Uncatalyzed dissociation of the O-H bond of water requires an energy 

input of 119 kcal/mol; the amount of energy needed to break these O-H bonds is lowered 

both by activating water (via binding to metals) and releasing energy via the formation of 

two O-O bonds. The water oxidizing complex (WOC, Figure 1.3) to date represents 

natureôs optimized strategy for catalysing this reaction. O2 is released with kinetics on the 

order of 1-2 ms, indicative of a maximum turnover frequency (TOF) of 500-1000 O2/s. 

This rate is remarkably fast when considering a modest 300 mV overpotential of YZ: no 

artificial catalyst is known to match 500/s TOF at 300 mV overpotential. 

Atomic structures of PSII-WOCs obtained by EXAFS spectroscopy and later by high 

resolution crystallography of a cyanobacterial PSII-WOC have provided detailed 

structural information. The displayed structure refers to the most recent model from Xray 

diffraction using free electron laser to reduce radiation damage. This reveals a CaMn3O4 

ñheterocubaneò that is oxo-bridged to a fourth Mn ion 
15,16

. Our first discussion regarding 

this cluster concerns its capacity to bind water. 
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Figure 1.3. Structure of two tautomers of Natureôs WOC. Courtesy ref
2
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Delivery of substrate water molecules- Terminal or bridging or both? Hillier and Wydrzynski 

demonstrated
17

 that isotopically labeled water can bind into two oxo-sites of the WOC at 

various rates as a function of S state. Inspection of the WOC structure reveals that 

candidate sites include five bridging oxos vs. four terminal waters, of which only two are 

on a redox-active Mn. Significant discussion exists regarding which of these candidates 

are O2 substrates. A conclusion by Hillier and Wydrzynski is that the two substrates 

consist of an Mn-O-Ca species and an Mn-OHx species
1,17

. This has been supplemented 

by 
17

O ENDOR experiments
18

. For the former species, our attention turns to µ4-O5, 

which has unusual (nontetrahedral) geometry. The bond lengths to this bridge (ca. 2.2-2.7 

Ȕ) are significantly longer than all the other Mn-O bonds (1.8-2.1 Ȕ). While the O atoms 

of the latter group retain a more usual distorted tetrahedral geometry, O5 is best 

geometrically characterized as an octahedral with two open coordination sites. As a 

consequence, the unhybridized character of the molecular orbitals on O5 differs vastly 

from O1, O2 and O3, which have sp
3
 character. All the oxos in the heterocubane are 

noted for a minimization of ˊ-bonding character to the metals, allowing for weaker and 

more flexible bonds. This is emphasized with the presence of calcium, which has 

nondirectional bonding to O1, O2 and O5. These features all point to a highly electron 

deficient (nearly neutral) O5 atom with atomic s + p valence orbitals occupied with both 

bonding and antibonding electrons from the Mn and Ca atoms resulting in long bonds and 

an unusual incomplete octahedral geometry. Our group
1
 and others

19ï21
 support the 

proposal that O5 is an oxygen substrate. 

Artificial mimics have shown a variety of results at introducing water molecules into 

bridging oxo sites between Mn centers. For instance, the Mn4O4(O2PPh2)6 cubane 
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evolves two bridging oxos as O2 either by heating or upon UV excitation in the gas 

phase
22

; these oxos can also be dehydrated as water molecules from sacrificial 

reductants
23ï25

, thus providing a pathway for converting between H2O-O2. In another 

system, Agapie and coworkers demonstrated the incorporation of water into a Mn
III

 

tetramer, and oxygen atom transfer out of the resulting Mn
III

2Mn
IV

2 cubane
26

. These 

systems are likely dependent on Mn oxidation state. Brudvig and coworkers have 

measured rate constants Ò10
-7

 for exchange into bridging sites of all-Mn
IV

 tetramers- 

several orders of magnitude lower than those obtained (10
-2

-10
-4

) when mixed-valent 

Mn
III/IV

 dimers were used
27

. Potentially, this provides information regarding the oxidation 

states achieved by natureôs cubane, which must accommodate exchange of O5 with water 

up until it becomes ñarrestedò in the S4 state
28

.  

Oxidation states of Mn in Natural Photosynthesis. Two possible sets of oxidation states 

can be ascribed to Natureôs WOC: S1 either has mean oxidation state of Mn
3+

 or Mn
3.5+

. 

These possibilities are termed the Low Oxidation State (LOS) and High Oxidation State 

(HOS) paradigms, respectively. Extensive EPR, EXAFS, and XANES studies have been 

performed to determine which applies, for which we refer the reader to other 

literature
1,20,29ï31

. Here, we will highlight the context now needed for either argument 

following publication of the 1.95 Ȕ resolved S1 structure free of radiation damage (XFEL 

structure)
16

.  

Density functional theory models of the PSII-WOC must have low energies and good 

agreements with experimental bond distances and EPR signals. New models have been 

created to assign either paradigm to the XFEL structure, which we note closely matches 

EXAFS data previously procured by the groups of Dau
32

 and Yano
33

. The XFEL 
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structure thus represents the most precise depiction of the S1 state of the WOC to date 

from X-ray techniques. Models fitting the structure to the HOS have been published by 

the groups of Pantazis
34

 and Batista
35

, but both groups suggest that the XFEL structure 

must contain some S0 population, hypothesized to originate from sample preparation. In 

contrast, Pace and coworkers have argued that the XFEL structure is pure S1 which fits a 

LOS tautomer model to within 0.086 Ȕ root mean square deviation
36

. It remains to be 

seen whether the collective EXAFS and XFEL data all include a significant S0 

population. 

New data have also appeared from EPR techniques, following the discovery of a 
55

Mn-

ENDOR signal at 2.5 K which can assign multiple Mn
III

 in the S2 state of spinacia 

oleracia
37

. This measurement indicates the LOS as correct, but was not reproduced in T. 

elongatus
34

. We refer the reader to a recent review of how to assign Mn hyperfine signals 

by Britt and coworkers
38

.  

We also refer the reader to photoassembly studies
39

 which do not rely on spectroscopic 

comparison to model compounds in assigning oxidation state. Rather, these studies count 

the number of light flashes between addition of Mn
2+

 and O2 evolution, and argue for the 

LOS paradigm.  

Fortunately, several structural features exist independent of oxidation state assignment. 

We will discuss two: 1), the need for corner-sharing Mn
3+

 (on the dangler Mn), and 2) the 

accumulation of 3Mn
4+

 in the S4 state. We will first discuss the accessibility of high Mn 

oxidation states, and in particular, oxidation states which run low risks of recombination. 
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WOC Thermodynamics Compared to Mn-oxides. In Figure 4, we overlay the known 

oxidizing potentials for P680
+
, Yz

ox
, and the WOCôs S states onto the Mn Pourbaix 

diagram. Over the range of interest (-0.5Ò Ev Ò 1.75, 0Ò pH Ò14), Mn adopts two major 

oxidation states in solution (2+ and 7+), while solids range from all-Mn
2+

 to all-Mn
4+

. 

Predominantly, processes for the WOC sit in the MnO2 region of the diagram around the 

pKa of CO2/HCO3
-
. As there is no evidence for peroxo intermediates during PSII water 

splitting, it is unsurprising that these processes sit below the thermodynamic threshold for 

peroxide oxidation/reduction. 
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Figure 1.4. Thermodynamics for water oxidation overlaid on a Mn-Pourbaix diagram 

assuming 0.01 mol/kg Mn abundance and 100 uM abundance of Mn and C (Materials 

Project). All data for oxidation potentials for P680
+
, Yz

ox
 and Sn states are taken from 

references
43ï48
.  
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The S states on the Pourbaix diagram align well with the region where Mn
4+

 could be 

expected to attain higher oxidation states. However, we note that the Pourbaix diagram 

does not reflect the presence of calcium, which plays several important roles in the WOC. 

One major function that it serves is preventing formation of a M4O4- homocubane 

subcluster during photoassembly. By doing this, Ca
2+

 reduces the extent of electronic 

delocalization between the Mn ions, thereby raising the cluster oxidation potential above 

that of the homocubane topology. This has been best demonstrated by Agapie and 

coworkers, who isolated the first known CaMn3O4 heterocubane, and showed that 3Mn
IV

 

could be accessed at potentials >1V more moderate than the Mn4O4 derivative in the 

same ligand set (Table 1.1)
46

.  
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Oxidation States E0 vs. NHE (Ref49) 

Ca(Mn
IV

)3O4/Ca(Mn
IV

)2(Mn
III

)O4 -0.30 V 

((Mn
IV

)3(Mn
III

)O4/(Mn
IV

)2(Mn
III

)2O4 +0.93 V 

((Mn
IV

)2(Mn
III

)2O4/(Mn
IV

)(Mn
III

)3O4 -0.06 V 

Table 1.1. Calcium allows both 3Mn
IV
 and a mean oxidation level of 3.25 (per all metals) 

to be achieved at lower potentials than the all-Mn analog.  
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Calciumôs location in the cluster is also of note, as it lies directly between YZ and the Mn 

subcluster. This juxtaposition and coordination via two water molecules to the phenolate-

O atom of YZ provide a positive potential energy pathway that is important to creating the 

long range electronic coupling that ensures directional electron transfer between Mn and 

YZ (Figure 1.5). Calcium is only capable of being substituted by Strontium without 

complete loss of functionality.  

One reason why this may be the case involves the comparable pKAôs of Ca and Sr. 

Agapie and coworkers have also shown a direct correlation between the oxidation 

potential of Mn-tetramers
47

 and cubanes
48

 as a function of the pKa of ligated redox 

inactive cations. This concept translates well into functional materials. Nam and 

coworkers have shown the reactivity and oxygen release of iron compounds is entirely 

modulated by redox inactive cations
49

. Catalytic systems (Ni-Fe
50

, Co
51

, and Mn
52

 films) 

deposited on Au electrodes have higher activity than identical films on nonnoble metal 

supports, likely because gold tailors the oxidizing potentials accessible by these catalysts. 

Thus, among many reasons, the pKA of calcium tailors the reactivity and electric potential 

of the WOC.  
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Figure 1.5. Depiction of the environment surrounding YZ in either Ca or Sr-substituted 

WOCs.  
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In absence of these redox inert cations, the MnO2 stoichiometry inferred from the 

Pourbaix diagram in practice is realized through multiple polymorphs (geometries). 

Polymorphs of stoichiometry MnO2 are widely regarded as stable, and as consequence, 

they are largely inactive as catalysts for water oxidation. This has been shown 

experimentally. Our lab tested eight crystalline polymorphs of manganese oxide for 

catalytic activity, including Mn2O3, Mn3O4, LiMn2O4, and five polymorphs of MnO2 (Ŭ, 

ɓ, ŭ, ɚ, R)
53

. It was found that the only active catalysts were Mn2O3 and Mn3O4, with low 

activity from ɚ-MnO2. Activity was independent of surface area, particle morphology, 

and particle size, but was dependent on structure, since, for example, removing Mn2O3 

ñimpuritiesò from ɓ-MnO2 resulted in complete inactivation of the sample. Our study 

complements a more apparent literature trend where manganese oxides of overall lower 

oxidation states (predominantly Mn
3+

) are better artificial catalysts.
53ï63

 Many groups
56,64ï

67
 have additionally reported activity from Mn2O3 and Mn3O4.  

Why Mn
3+

? One exception is glaring: LiMn2O4 with 50% Mn
3+

 is a poor catalyst in both 

electrochemical and photochemical assays
58,68

. This suggests that some Mn
3+

 structures 

are better suited at catalyzing water oxidation than others. In support of this assignment, 

we consider the birnessite family of water oxidation catalysts. Crystallographically 

defined birnessites having long range order exist in two structural archetypes: hexagonal 

(HexBir) and triclinic (TriBir). Both materials consist of sheets of edge-sharing MnO6 

octahedra separated by interstitial hydrated cations (Figure 1.6). TriBir contains Mn
3+

 

octahedra within the MnO2 sheets, while the reduced charge is compensated by interlayer 

spectator cations (here, K
+
). In contrast, HexBir does not stabilize Mn

3+
 within sheets; 

instead these sites are vacancies with Mn
3+

 located above or below the vacancy in the 
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interlayer (or surface) bonded via corner-sharing bridges. Hexagonal birnessites are, in 

general, poorly crystalline and difficult to characterize due to the potential build-up of 

disordered vacancies.  

Nonetheless, poorly crystalline birnessites correlate with higher catalytic activity in 

multiple studies,
69ï73

 in contrast to triclinic birnessites which are reported to exhibit low 

(or zero) activity for water oxidation.
53,69,74

 This suggests a more viable role for corner-

sharing Mn
3+

 than edge-sharing Mn
3+

 in designing artificial Mn-catalysts. Indeed, Dau 

and coworkers have directly correlated water oxidation activity to the presence of corner-

sharing Mn octahedra in amorphous electrodeposited manganese oxides.
75

  

As can be seen in the WOC (Figure 1.3B), the role of corner-sharing Mn is water binding 

and interaction (via tautomerization) with the cubane-based Mn. Indeed, the only Mn-

bound terminal water ligands are located on the dangler, corner-shared species, while 

eight amino acid ligands collectively reside on the other Mn. This highlights Natureôs 

strategy to prevent hydrolysis into poorly active Mn
4+

-oxides. Further, it is noteworthy 

that supporters of both HOS and LOS paradigms have assigned the dangler as Mn
3+

 in 

the ñclosed cubaneò, spin=5/2 tautomer of the S2 state.
1,34

 

Water binding by corner-sharing Mn has been observed experimentally. Studies of a 

crystalline hexagonal birnessite K0.231Mn
3+

0.077(Mn
4+

0.885 Ǐ 0.115)O2 Å 0.6 H2O (Ǐ 

represents lattice vacancies) by Lanson and coworkers assigned 0.24 (40%) of the 

formula water units as bound to interlayer (corner-shared) Mn
3+

, despite being present as 

only 9% of the total Mn.
76
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Figure 1.6. Difference between Hexagonal and Triclinic type birnessites. 
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Low light intensity: preventing recombination. The kinetic performance of the WOC 

catalytic cycle is not optimized for operation at full solar flux, but rather to achieve long 

lifetimes of the successive intermediates to suppress charge recombination (SiQA- 

lifetimes). This latter property is indispensable for operation at low solar flux and 

explains why manganese is universally the only redox metal found in all PSII-WOCs. 

Charge recombination involves Mn(III)QA- which is slow owing to a large reorganization 

barrier for this oxidation state.  

By contrast, other metals not found in WOCs such as Co(III) can form clusters and 

oxides based on [Co4O4]
4+

 that are fast at water oxidation when operated at high rates of 

electron/hole removal. In particular, the Co
III

4O4 cubane is the major structural feature in 

the unit cell of the known spinel OER catalyst Co3O4,
77

 and several studies have offered 

it as a model and/or structure of catalytic amorphous cobalt oxide
78ï82

. Our group
83

 and 

others
84

 have found that cubic LiCoO2 (containing a Co4O4 unit cell) is an active water 

oxidation catalyst, while layered LiCoO2 (containing a LiCo3O4 unit cell) is not. 

Collectively these highly active catalysts appear to converge significantly on this 

structure
85

, and studies on molecular systems easily rationalize why.  

The discrete cubanes Co4O4(OAc)4(py)4 (1A) and [Co4O4(OAc)2(bpy)4]
2+

 (1B
2+

), have 

been recently studied by many groups
81,82,86ï88

 (Figure 6). Both can be reversibly 

oxidized to their Co(IV)-containing analogs at modest potentials in water (1.25 V vs. 

NHE,  >pH 4) and acetonitrile (<1.4 V vs. NHE)
89

. Via Hammett-type interaction, the 

ligand environment tailors the oxidation potential of the cubaneôs Co(IV)/(III) couple 

over a range of ca. 200 mV, which correlates with electron withdrawing (e.g., CN) or 

donating (e.g., OMe) substituents on the pyridine ligand
86,90
. But in contrast, ñincomplete 
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cubanesò in the same ligand sets: dimers [Co2(OH)2(OAc)3(py)4]
+
 and 

[Co2(OH)2(OAc)3(bpy)2]
+
, as well as trimers [Co3O(OH)2(OAc)3(py)5]

2+
 and 

[Co3O(OH)3(OAc)2(bpy)3]
2+

 are not oxidized to Co(IV) up to 800 mV more positive
89

. 

Hence- while Co(IV) is accessible as a function of net charge (1A is neutral while 1B
2+

 is 

dicationic) and ligand environment, Co-O structure plays a major contributor.  

The lone electron pairs of each oxo bridge clearly contribute to stabilizing the Co(IV) 

oxidation state. This is evidenced by the increase in potential needed to obtain Co(IV) 

when these electrons form bonds to other cations. For instance, the Co(IV)/Co(III) 

potential increases in Nernstian behavior as a function of pH below the pKa (~3) of the 

oxo bridges (ref
81

 and Figure 1.7). The octamer Co8O4(O2CPh)12(solv)4- in which every 

µ-O bridge of a cubane is additionally coordinated to a ñdanglingò Co
2+

- shows no 

oxidation of any cobalt up to 1.7 V vs. SCE (~1.95 V vs. NHE)
91

. Thus, it is clear that 

cobalt in some structures can more easily access the 4+ oxidation state than in others. We 

emphasize this may be a formal oxidation state assignment in these materials. Britt and 

coworkers have used EPR spectroscopy to describe [Co4O4(OAc)4(py)4]
+
 (1A

+
)  as 

having Co(IV) delocalized across the entire cubane core, with all metals and oxo bridges 

contributing to stabilizing the Co(IV) oxidation state
82,92

. This remains an important 

distinction because it is generally accepted that a single Co(IV) site is capable of 

catalysing OER: this conclusion is the result of reports of activity of cobalt monomers
93ï

97
, in situ spectroscopic studies

98
, and Tafel slope analyses

99
. Less considered, though, is 

how these catalysts are designed to access the Co(IV) oxidation state.  

The molecular cubanes afford the unique opportunity to study charge recombination 

kinetics from a stable Co
IV

 cluster. While these kinetics may vary depending on the 
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acceptor, 1B
3+

 has a second order rate constant of 300,000 M
-1

 s
-1

 for electron self-

exchange
81

. This rate constant for recombination is several orders of magnitude higher 

than PSII (Table 1.2). Hence, cobaltôs effectiveness at water oxidation in artificial 

systems is in one respect because formal Co(IV) is a powerful oxidant; moreso than Mn. 

On the other hand, there is little evidence of peroxo or superoxo intermediates during 

catalysis by natureôs heterocubane, suggesting that PSII operates to avoid the generation 

of strong oxidants like Co
IV

 and free reactive oxygen species. In this line of thought it is 

evident that nature excels at catalysis by requiring very low overpotential.  
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Figure 1.7. Depiction of cobalt cubanes 1A, 1B
2+
, and redox accessibility to Co

4+
 as a 

function of pH.  
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Species Recombination or 

Self-Exchange rate 

Ref 

PSII-WOC < 500-1000 s
-1
 

1
 

[Co
IV
(Co

III
)3O4]

3+
 

/[Co
III
4O4]

2+
 

300,000 (M*s)
-1

 
81

 

Mn
IV
(edta)/Mn

III
(edta) 0.7 (M*s)

-1
 

100
 

Table 1.2. Recombination rates of Co(IV) vs. Mn(IV). 
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High light intensity: removal of products via Proton-Coupled Electron Transfer. Under 

high light conditions, where charge recombination does not compete, Nature must turn 

attention to timely removal of products from the reaction center. Most notably, the 

accumulation of product protons causes a lowering of local pH, and an increase in the 

required energy to split water. As one example, Yz
ǒ
/Yz oxidation occurs only when H

+
 

evolution is permitted; this reaction is blocked or reversed if protons derived from water 

oxidation accumulate
1
. Similar concepts extend to design of solar fuels architectures, as 

shown by Lewis and coworkers, who demonstrated that water splitting electrodes under 

steady state operation are exposed to highly acidic or alkaline conditions from product 

accumulation, even if the bulk electrolyte is buffered to neutral pH
101

.  

As seen in Figure 5, proton transfer from His190 plays an often overlooked yet critical 

function. This proton movement from His190 to YZ
ǒ
 traps the electron and yields neutral 

Yz-OH. This keeps the site of oxidation within the Mn4O5 subcluster, rather than on Yz, 

where it is susceptible to recombination from the WOC or QA and QB
102

.  The electron 

transfer network from the WOC to tyrosine thus runs first through Ca
2+

/Sr
2+

 and 

subsequently the movement of H
+
. This is indicative of an electrical potential gradient 

that facilitates forward electron transfer. Conversely, when the proton is not needed for 

this function, strong bonding to His190 prevents its release into the WOC core. The 

YZ(H+)His190 ñmolecular diadò is analogous to a pn-diode, designed foremost to prevent 

reverse electron flow and keep the accumulated holes in the Mn4O5 subcluster where O2 

evolution can be catalyzed.  
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1.4 Conclusion 

The reason for the activity of the aforementioned catalysts, and of the natural system, has 

been a source of extensive conjecture and discussion. Understanding the mechanism of 

artificial catalysts can lead to better understanding of the natural system, and vice versa, 

which leads to the development of better artificial photosynthetic systems. By no means 

are all the known artificial water oxidation catalysts composed in the same way, but it 

seems that the presence of general structural principles among active materials are often 

more than coincidental. These include weakly bonded oxos and long Mn-Mn distances as 

result of Jahn-Teller distortions, eg orbital occupancy, and the cubane motif amongst first-

row transition metals. The most obvious and least contested attribute of water oxidation 

catalysts is the ability to store oxidizing equivalents readily by distributing them over 

multiple centers. Many of the first row transition metals have access to multiple oxidation 

states but the redox potentials can vary substantially, thus bringing one metal to a highly 

oxidized form can be unstable and restrictive toward catalysis. PSII undergoes four 

sequential oxidations utilizing the same oxidant, P680, meaning a narrow potential 

window is necessary to oxidize all four manganese centers. Mechanistic pathways for 

dioxygen formation must also be considered, as redox active metal oxides are not always 

sufficient for catalysis. The capability for rearranging, breaking and forming bonds must 

also be a prerequisite for catalysis.  

Overall, consideration of the relatively new high-resolution atomic structure of the WOC, 

combined with emerging reports of the WOCôs oxidation states, the features of artificial 

catalysts and chemistry of structural mimics collectively continue to expand our 
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understanding of water oxidation catalysis by manganese. These findings both signify 

and encourage growth in this area for the future of this catalysis community. 
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Chapter 2 What determines catalyst functionality in molecular 

water oxidation? Dependence on ligands and metal nuclearity in 

cobalt clusters.  
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2.1 Abstract 

The metal-oxo M4O4 ñcubaneò topology is of special significance to the field of water 

oxidation as it represents the merging of bioinspired structural principles derived from 

natural photosynthesis with successful artificial catalysts known to date. Herein, we 

directly compare the rates of water oxidation/O2 evolution catalyzed by six cobalt-oxo 

clusters including the Co4O4 cubanes, Co4O4(OAc)4(py)4 and [Co4O4(OAc)2(bpy)4]
2+

, 

using the common Ru(bpy)3
2+

/S2O8
2-

 photo-oxidant assay. At pH 8, the first-order rate 

constants for these cubanes differ by two fold, 0.030 and 0.015 s
-1

 respectively, reflecting 

the number of labile carboxylate sites that allow substrate water binding in a pre-

equilibrium step before O2 release. Kinetic results reveal a deprotonation step occurs on 

this pathway and that two electrons are removed before O2 evolution occurs. The Co4O4 

cubane core is shown to be the smallest catalytic unit for the intramolecular water 

oxidation pathway, as neither ñincomplete cubaneò trimers [Co3O(OH)3(OAc)2(bpy)3]
2+

 

and [Co3O(OH)2(OAc)3(py)5]
2+
, nor ñhalf cubaneò dimers [Co2(OH)2(OAc)3(bpy)2]

+
 and 

[Co2(OH)2(OAc)3(py)4]
+
 were found capable of evolving O2, despite having the same 

ligand sets as their cubane counterparts. Electrochemical studies reveal that oxidation of 

both cubanes to formally Co4(3III,IV) (0.7 V vs Ag/AgCl) occurs readily, while neither 

dimers nor trimers are oxidized below 1.5V, pointing to appreciably greater charge 

delocalization in the [Co4O4]
5+

 core. The origin of catalytic activity by Co4O4 cubanes 

illustrates three key features for water oxidation: 1) four one-electron redox metals, 2) 

efficient charge delocalization of the first oxidation step across the Co4O4 cluster, 
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allowing for stabilization of higher oxidizing equivalents, and 3) terminal coordination 

site for substrate aquo/oxo formation. 

2.2 Introduction 

Water oxidation catalysts based on first row transition ions are widely sought as 

replacements for costly noble metal catalysts. Numerous examples of molecular catalysts 

have been studied which operate over a wide range of cluster nuclearities, ligand 

functionalities, kinetic activities, and energy efficiencies
[1ï10]

. Systematic studies within 

families of related catalysts have uncovered mechanistic complexities that have hampered 

understanding the factors that influence the rate of O2 production and the catalyst 

lifetime.  

As a reference point, oxygenic photosynthesis is capable of photooxidizing water far 

faster than any artificial catalyst based on first row transition metals. A recent analysis of 

the 1.9 ¡ resolved crystal structure of Photosystem II has shown that natureôs universally 

conserved water oxidation catalyst is a CaMn4O5 cluster best described as a CaMn3O4 

ñheterocubaneò with an O-Mn ñdanglerò
[11]

. As result, molecular tetrametallic clusters are 

increasingly reported as water oxidation catalysts
[12]

. Among these, the Co4O4 cubane 

structure has been found highly active among metal-oxide molecular catalysts
[13ï15]

. It 

also serves as a simplified model for several heterogeneous metal oxide catalysts that 

contain cubical Co4O4 and Mn4O4 subunits, respectively
[16]

; notably the spinels Co3O4
[17]

 

and ɚ-MnO2
[18]

, cubic LiCoO2
[19]

 and studies which conjecture that cubic structures may 

form in the amorphous Co-Pi catalyst
[20ï22]

. 
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A particularly clear example of the benefit of the cubical topology for catalysis is seen 

among the two polymorphs of LiCoO2 which differ by 100 fold in catalytic activity. 

Layered LiCoO2 is made up of alternating layers of cobalt oxide comprised of 

ñincomplete cubaneò Co3O4 replicas, and lithium oxide layers. This material is 

catalytically inactive
[19]

. By contrast, active cubic LiCoO2 is comprised of Co4O4 cubes 

stitched together by lithium ions at the corner oxos. This research inspired us to analyse 

clusters resembling fractions of the Co4O4 cubane to determine the required Co nuclearity 

and other properties needed for catalysis.  

In this work we examine the influence of cluster nuclearity and ligand type on the 

kinetics of water oxidation among the six cobalt clusters depicted in Scheme 2.1. These 

compounds represent the gradual building of the M4O4 cubical core of interest within the 

same ligand sets (acetate and either pyridine or bipyridine). These clusters include two 

cubanes: Co4O4(OAc)4(py)4 (1A) and [Co4O4(bpy)4(OAc)2]
2+

 (1B), two ñhalf-cubaneò 

dimers [Co2(OH)2(OAc)3(py)4]
+ 
(2A) and [Co2(OH)2(OAc)3(bpy)2]

+
 (2B), and two 

ñincomplete cubaneò trimers [Co3O(OH)2(OAc)3(py)5]
2+

 (3A) and 

[Co3O(OH)3(OAc)2(bpy)3]
2+

 (3B).  Table 2.1 lists the Co-Co, Co-O and estimated O-O 

bond distances for each of these materials based on previous single crystal X-ray 

diffraction studies
[23ï25]

. All bond lengths are remarkably conserved throughout these 

clusters, indicating no major structural changes apart from nuclearity per cluster. We 

report that there is a clear correlation between cluster nuclearity, ligand lability and 

catalytic activity among these materials.  Specifically, both cubanes 1A and 1B are active 

catalysts for oxygen evolution, differing in specific rates according to the number of 

labile carboxylate ligands. By contrast, the lower nuclearity clusters are inactive catalysts. 
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Trimer 3A and dimer 2A possessing pyridine ligands undergo ligand dissociation that 

triggers rearrangement to cobalt-oxo oligomers that are active catalysts. These results 

have significant implications towards understanding the molecular basis by which other 

reported cobalt complexes may oxidize water. 
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Scheme 2.1. Compounds and photoassay used. 
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Cluster  O-O distance
i 

Range of Co-O 

distances, Å 

Range of Co-Co Distances, 

Å 

1A  2.56 1.860-1.872 2.696-2.824 

1B n/a 1.863-1.895 2.663-2.850 

2A 2.50 1.885-1.893 2.811 

2B 2.56 1.883-1.901 2.793 

3A 2.49 1.862-1.906 2.780-2.791
ii  

3B 2.65 1.880-1.919 2.717-2.874 

 

Table 2.1. Selected atomic distances of molecular Cobalt compounds from  

Xray diffraction
23-25
.  

i) Estimated, this work. 

ii) Co-Co not bridged by OH-
 is excluded. 
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2.3 Experimental 

Methods and Instruments. All solvents and reagents were reagent grade, purchased 

commercially and used without further purification. UV-Vis spectra were recorded on a 

HP 8452A Diode Array spectrophotometer. ESI-MS data were recorded on a Finnigan 

LCQ-DUO Mass Spectrometer. NMR data were recorded with a 400 MHz Varian 

VNMR; spectra in D2O where indicated are referenced to an internal TMS standard. 

Cyclic voltammetry was collected on a CH Instruments Electrochemical Workstation 

using a Pt disc working electrode, Pt mesh counter electrode, Ag/AgCl reference, and a 

100 mV/s scan rate.  

Co4O4(py)4(OAc)4, 1A. Synthesis and characterization have been previously 

described
[13,24]

. 

Co4O4(bpy)4(OAc)2(ClO4)2, 1B. Synthesis was adapted from ref
[26]

 by reacting 

[Co2(OH)2(OAc)3(bpy)2]ClO4 (0.16 g) with Li2O2 (0.046 g) in DMSO (15 mL) for 3 days 

at 70°C. After filtering, CHCl3 (50 mL) was added to the filtrate and a brown solid was 

collected after >24 h of refrigeration. As prepared, we regularly observed sideproduct 

LiOAc and residual DMSO by 
1
H NMR. A pure product is obtained, with slight loss of 

yield, by rigorous washing with water. ESI-MS: 521 (1B
2+

), 463, 436, 367, 275. 
1
H-NMR 

(DMSO): 8.8 (d, 8H), 8.4 (d, 8H), 8.2 (t, 8H), 7.2 (t, 8H), 0.8 (s, 6H). UV-Vis: 420 (br), 

see ref
[27]

. E1/2 (CH3CN)= 0.69 V vs. Fc
+
/Fc, see ref

[28]
.  

[Co2(OH)2(OAc)3(py)4]PF6, 2A and [Co3O(OH)2(OAc)3(py)5](PF6)2,  3A. Synthesis 

was taken from ref
[25]

 by adding 35% peracetic acid (7.4ml) dropwise to Co(OAc)2 

(6.0g), pyridine (4.2ml), and glacial acetic acid (10ml) in H2O (90ml). The mixture was 
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then heated to reflux for ten minutes, after which the heat was removed, and NH4PF6 

(2.6g) in H2O (20ml) was added. The solution was then cooled to room temperature and 

chilled in an ice bath. A solid was collected by filtration and washed with H2O. Addition 

of methylene chloride (50ml) dissolves 2A and leaves behind solid 3A. Layering the 

dichloromethane layer with pentane (100 mL) overnight causes 2A to crash out. Our 

characterization matches the original data provided in ref
[25]

. 

2A: 
1
H-NMR (CD3CN) ŭ= 8.3 (d, 8H), 8.05 (t, 4H), 7.55 (t, 8H), 7.3 (s, 2H), 2.3 (s, 3H), 

2.05 (s, 6H). ESI-MS: 645 (2A
+
), 566 (2A

+
-py), 505 (2A

+
-py-OAc), 426, 388, 348. 

3A: 
1
H-NMR (CD3CN) ŭ= 8.85 (d, 2H) 8.4 (d, 4H), 8.1 (m, 3H), 7.9 (d, 4H), 7.7 (m,4H), 

7.5 (t, 4H), 7.1 (t, 4H) 5.5 (s, 2H), 2.55 (s, 3H), 2.25 (s, 6H). As discussed in ref 
[25]

, ESI-

MS for this cluster does not give interpretable signals. 

Co2(OH)2(OAc)3(bpy)2(ClO4),    2B. Synthesis was adapted from ref
[26]

 by adding 

H2O2  (2.6mL, 35%) dropwise to Co(OAc)2 (2.5g) and bipyridine (1.5g) in 20mL 

H2O/60mL methanol. The mixture was then heated to 50°C for 30 minutes after which 

THF (80ml) and LiClO4 (1.06g in 5ml H2O) were added. The solution was heated at 50°C 

for 48 hours, cooled and finally filtered. The resulting solid was then washed with warm 

THF/H2O (4:1) and dried at 100°C for 1 hour. ESI-MS: 641 (2B
+
), 581 (2B-OAc), 521 

(2B-2OAc). 
1
H-NMR (DMSO): ŭ=9.7 (d, 4H), 8.8 (d, 4H), 8.5 (t, 4H), 8.1 (t, 4H), 7.5 (s, 

2H), 1.5 (s, 6H), 1.4 (s, 3H).   

Co3O(OH)3(OAc)2(bpy)3(ClO4)2, 3B. Synthesis was adapted from ref
[26]

 by adding H2O2 

(6 mL, 35%) dropwise to a mixture of Co(OAc)2 (1.3g), bipyridine (0.5g) in 100 mL of 

6:1 EtOH/H2O. LiClO4 (1.2g) was then added. After 4 hours of stirring at room 
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temperature, a solid was collected by filtration. The product was then washed with 

ethanol and water and dried at 100°C for 2 hours. ESI-MS: 928 (3BClO4
+
), 868 

(3BClO4
+
-OAc), 415 (3B

2+
), several peaks of 2B were visible. 

1
H-NMR (CD3CN): 1.4 (s, 

3H), 1.3 (s, 3H).   

Clark Electrode Procedure 

A Clark type oxygen electrode (Hansatek Ltd) was used to obtain oxygen evolution data, 

and calibrated daily using deoxygenated and oxygen saturated atmospheric solutions. The 

temperature is controlled at 20°C for all experiments. The assay is loaded into a 2 mL 

temperature controlled Teflon-lined reaction chamber and illuminated with four LED 

lamps. For tests of 1A and 1B, photooxidation experiments consist of 1 mM Ru(bpy)3Cl2 

and 5 mM Na2S2O8 in 0.05 M sodium borate buffer adjusted to pH 8 with 2 M HNO3.  

For our tests of 2A, 2B, 3A, and 3B, we utilized the conditions as described in 

reference
[13]

 . The presence of a lagtime before O2 evolution is highly indicative of 

decomposition under these conditions, most notably the choice of pH 7.  

Crystal structure Co-O distances and O-Co-O angles for 2A and 3A were taken from 

reference
[25]

 ; 2B and 3B from reference
[26]

. Structures are assumed to be planar. The 

diagram below extends to the trimers by using the µ3-O as one oxo, and one of the µ2-OH 

as the other. The law of cosines enables calculation of the O-O distance based on the 

equation: Z
2
 = x

2
 + y

2
 ï 2xy cos(ẽ). 

 

ẽ 
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2.4Results 

There are several reports of homogeneous water oxidation by 1A, using the widely 

adopted photoassay depicted in Scheme 2.1
[13ï15]

. In light of these reports, 1B became an 

interesting candidate to study because the Co4O4
4+ 

core structure is conserved, but the 

nature of the coordinating ligands is different. The clusters also differ in charge: 1A is 

neutral as isolated, while 1B is dicationic. To our knowledge, 1B has not been studied for 

water oxidation catalysis. 

We prepared 1B as a perchlorate salt according to the literature method
[23]
. Composition, 

structure and purity were established by 
1
H-NMR, ESI-MS, cyclic voltammetry (CV) and 

UV-Vis (Figures 2.1-2.4). Figure 5 shows the resulting O2 evolution traces when 1A and 

1B are used as catalysts with the photoassay of Scheme 2.1 (pH 8, 0.05 M borate buffer, 

1 mM Ru
2+
, 5 mM persulfate) and dissolved O2 was monitored by a Clark-type electrode. 

The amount of O2 detected exceeded the oxygen content of 1B at all concentrations 

measured, indicating that its generation is catalytic in nature and not due to stoichiometric 

decomposition. This conclusion is further supported by the absence of O2 production in 

the control lacking either cubane (Figure 2.5).  
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77.588.59

0.511.52

Figure 2.1. 
1
H-NMR characterization of [Co4O4(OAc)2(bpy)4]

2+
, (1B) 

complete spectrum (above), and insets (below). 

H2O and DMSO solvent signals  
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Figure 2.2. UV-Vis characterization of Co4O4(OAc)2(bpy)4
2+
 (1B) in acetonitrile. 



52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. ESI-MS characterization of Co4O4(OAc)2(bpy)4
2+
 (1B) in acetonitrile. 
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Figure 2.4. Cyclic voltammograms taken in acetonitrile (0.1 M TBAPF6 electrolyte)  

of ferrocene (orange), 1A (blue) and 1B (red).  
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Figure 2.5. Top: O2 evolution profiles for 1A (blue) and 1B (red) in borate. A control 

with neither catalyst (black) is also depicted. Lower left: The beginning period of 

illumination. Intercepts of extrapolated lines for 1A (green) and 1B (orange) allow 

quantification of lag time. Lower right: Profiles of 1A in pH 8 buffers. Conditions: 100 

ÕM catalyst, 1 mM Ru(bpy)3
2+
, 5 mM S2O8

2-
, 0.05 M buffer, pH 8. 

 

 



55 

 

 

 

When considering cobalt based homogeneous water oxidation catalysts, experiments are 

required to ensure that the nascent molecular cluster, not decomposition products or 

cobalt oxide nanoparticles are the sole source of catalytic O2 evolution
[29ï37]

. As 1A has 

been shown to be stable in the photoassay media under illumination
[13]
 we anticipated 

that 1B would be stable as well. To prove this, we compared 
1
H-NMR of 1B alone 

(Figure 2.6 bottom trace), Ru(bpy)3
2+
 and NaOAc (middle trace), and the contents of the 

photoassay after 10 minutes of O2 evolution from 0.01 M borate buffer in D2O (top 

trace). The fact that all peaks present after catalysis can be assigned to either Ru(bpy)3
2+
 

or 1B, and not free acetate, confirms that 1B is the source of catalytic O2 evolution, rather 

than a decomposed species. ESI-MS also confirms the presence of 1B in solution after 10 

minutes of catalysis (Figure 2.7). When borate buffer is removed from the photoassay 

conditions in Figure 1, neither 1A nor 1B demonstrates catalysis. 
1
H-NMR analysis of 

this inactive solution revealed that no peaks of intact cubane (1A nor 1B) are observed 

after as little as 5 minutes of illumination. Thus, photodecomposition of cubanes 1A and 

1B is greatly suppressed in borate. This requirement for a chelating buffer like borate (or 

carbonate) for cubane catalytic activity may be more than only stability against 

photodecomposition. Mechanistically, this chelate influence could mean that catalysis 

may proceed via a base-dependent pathway, involving either deprotonation of an 

intermediate or hydroxide transfer from borate anion, B(OH)4
-
.  

 

 

 



56 

 

 

 

 

Figure 2.6. 
1
H-NMR Stability of 1B during catalysis. Black: 1B alone. Red: Ru(bpy)3

2+
 

and NaOAc. Blue: contents of photoassay in 90/10 D2O/H2O, pH 8 solution (0.01M in 

borate) after 10 minutes of catalysis. 
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Figure 2.7. ESI-MS of the photoassay (conditions: 100 ÕM of 1B, 0.5 mM Ru(bpy)3
2+
, 

2.5 mM Na2S2O8) before (above) and after (below) 10 minutes of illumination. Samples 

were diluted with acetonitrile prior to analysis. No peaks at 521 were observed in 

control samples (Ru(bpy)3
2+
 and Na2S2O8 only) before or after illumination. 
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To test this idea we investigated the dependence of catalytic rate on buffer concentration. 

Remarkably, addition of borate (pH 8) shows an inverse relation between buffer 

concentration and O2 evolution rate (Figure 2.8). While this trend is seemingly 

counterintuitive, we note that buffer-dye interactions must be present in excess of buffer-

catalyst interactions, and that borate is known to accelerate the decomposition of 

Ru(bpy)3
3+
 via first-order kinetics (further, the rate constants for this decomposition 

compare to our observed O2 evolution constants, suggesting an effect on the same 

timescale, see below)
[38]
. Further proof of this buffer induced dye decomposition effect is 

provided in Figure 2.5, which shows that when borate is replaced at the same pH with 

phosphate (a faster decomposer of Ru(bpy)3
3+
)
[38]
, a dramatic decrease in O2 evolution is 

observed. Our results agree with a previous report on an observed decrease in quantum 

yield as borate is replaced with phosphate
[14]
. Thus, while buffer is required for O2 

evolution and cubane stability against photodecomposition, determination of the reaction 

order dependence on buffer concentration is complicated by the buffer-dye reaction and 

the self-terminating nature of the photoassay. 
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Figure 2.8. Turnover frequency for catalysis by 1A as a function of borate buffer 

concentration. Conditions: 25 ÕM catalyst, 1 mM Ru(bpy)3
2+
, 5mM S2O8

2-
, pH 8.  
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In light of recent reports regarding the sensitive use of conditions when studying 

homogeneous cobalt water oxidation catalysts, we paid careful attention to the choice of 

reaction conditions as described next
[33,36,37]

. For example, the lifetime of the photoassay 

can be extended to complete consumption of persulfate electron acceptor by using an 

acetonitrile-water solvent mixture
[15]
. To directly compare the kinetics of O2 evolution 

from 1A and 1B we ultimately chose not to pursue this mixed solvent strategy because 

the potential for one electron oxidation of 1B in acetonitrile (1.09 V vs. SHE) is not equal 

to that of 1A (Figure 2.4); hence 1A would receive a thermodynamic advantage. On the 

other hand, the reduction potentials reported for the 1A
+
/1A and 1B

+
/1B couples in water 

at pH > 4 are identical (1.25 V vs. SHE)
[14,39]
. Thus, while aqueous photoassays do not 

last to complete persulfate consumption, water-only solvent is used in order to allow for 

accurate comparison without significant thermodynamic contributions. Deliberately, we 

chose not to measure the onset potential for catalytic water oxidation for cubanes 1A and 

1B via electrochemical methods, as we are currently unable to unambiguously assign the 

resulting data to solely the intact clusters. In fact, we have observed catalytic CoOx films 

formed on the surface of glassy carbon electrodes as a result of decomposition of the 

cubanes at high potentials on glassy carbon, and we echo other studies
[33,37]
 advising 

caution if considering studying homogeneous cobalt water oxidation catalysis via 

electrochemical methods. While we normally use bicarbonate buffer at pH 7 to screen 

catalysts (see below), this buffer failed to give consistent kinetic results for 1A as 

previously reported
[13]
. This is due to poorer solubility windows of the photoassay 

components in concentrated bicarbonate. Despite the change in ligand environment 

between 1A and 1B, the Co4O4 core remains a catalytically active structure which acts 
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via a base dependent mechanism. Further comparisons between 1A and 1B are presented 

in the context of the following kinetic analysis. 

As can be seen in Figure 2.5, 1B evolves O2 after the lag phase at a slower rate than 1A 

over the same time scale. For both materials, the concentration curves plateau at ca. 5 

minutes, after which a steady decrease is observed; this is expected given the self-

terminating dye system utilized. To begin a kinetic analysis of these plots, we first 

consider the lag phase for both materials (Figure 2.5, inset), during which the assay is 

illuminated but no O2 is evolved. The lag time is determined from the intercept of the 

linear extrapolated fit with the baseline. Under identical conditions, we did not observe 

noticeable difference between the lag time of 1A and 1B. The lag times decrease from 15 

to 8 seconds with increasing [Ru(bpy)3
2+
] concentration (Figure 2.9), consistent with a 

mechanism that attributes the lag to the time required to photogenerate the oxidant and 

transfer holes into the cubane catalyst.  
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Figure 2.9: Lagtime as a function of initial Ru(bpy)3
2+
 concentration for 100 ÕM of 1A 

(blue) and 300 ÕM of 1A (red). Conditions: 5 mM S2O8
2-
, pH 8. 
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From the slope of the initial linear portion of the plots in Figure 5, the initial rate of O2 

evolution (O2/s) is obtained. A plot of these rates (Õmol/s) vs. concentration of catalyst 

(Õmol) gives a straight line for both cubanes (Figure 2.10, top), indicating that the 

observed catalysis is first-order in both 1A and 1B. Above catalyst concentrations 

depicted in Figure 2.10, the O2 evolution rate was observed to remain unchanged for each 

cubane. In this region, the [Ru(bpy)3
2+
]:[catalyst] ratio is less than 10:1, which  we 

interpret as being non-representative of pseudo first-order conditions. Hence, because the 

region in Figure 2.10 reflects a correlation of rate with concentration of catalyst, the 

kinetic representation for our data is eqn (1): 

 

ὙὥὸὩὯὧὥὸὥὰώίὸВ έὼὭὨὥὲὸὅ  

=  Ὧὧὥὸὥὰώίὸὅ    (1) 

 

The slope of the lines in Figure 2.10 is thus the pseudo first-order rate constant (kô) for 

each cubane. We obtain values of 0.030 for 1A and 0.015 mol for 1B in units of mol O2 

(mol catalyst * s)
-1
. However, the y-intercepts are nonzero (C1A=0.0011, C1B=0.0007 

Õmol/s) implying the presence of a zeroth-order pathway. As described next, this zeroth-

order contribution is a statistically significant contributor to the overall rate description. 

First, error analysis of the y-intercepts gives 0.0005Ò C1A Ò0.0014 (95% confidence) and 

-0.0002Ò C1B Ò0.0012; these ranges indicate a nonzero y-intercept within experimental 

error. Second, a log/log plot of the data in Figure 2.10 gives straight lines with slopes of 

0.59 for 1A and 0.58 for 1B. This fractional order also indicates the presence of multiple 

pathways. 
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Figure 2.10. Top: Plot of O2 evolution rate vs. catalyst concentration for 1A (blue) and 

1B (red). Error bars represent standard deviation of the mean value of each point. 

Bottom: Plot of TOF vs. catalyst concentration for 1A (blue) and 1B (red). Dotted lines 

are the pseudo first-order rate constants. Solid lines are fits of equations 2 and 3. At least 

6 independent trials are represented per data point. 
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Third, we obtain the turnover frequency per catalyst mol 

ecule (TOF), by normalizing the rates to the moles of catalyst in solution (Figure 2.10, 

bottom). Accurate fits of the data (solid lines) in the resulting plots are constructed only if 

a significant effect of the nonzero intercept term is included: 

 

TOF1A = Rate/[1A] = 0.030 + 0.0011/[1A]                 (2) 

TOF1B = Rate/[1B] = 0.015 + 0.0007/[1B]       (3) 

 

If the nonzero intercept term is omitted, the fit of solely the pseudo first-order rate 

constant (dotted lines, Figure 2.10, bottom) is poor. We conclude that a zeroth-order 

pathway exists in this system which is not explained by uncatalyzed O2 production 

(Figure 2.5, control trace). As described next, this pathway is explained by the presence 

of a multistep mechanism derived from the presence of at least two oxidants from the 

photoassay medium. 

As shown in equations 2-3, an inverse relation between TOF and [catalyst] is seen 

prominently at low catalyst concentrations. This inverse relationship indicates that 

catalyst molecules compete with each other for the oxidizing equivalents needed to 

produce O2. In light of a previous report which suggested that the sulfate radical 

contributes to oxidizing 1A
14
, we suspected this oxidant to be necessary for O2 evolution. 

The sulfate radical is formed in situ when excited Ru(bpy)3
2*
 is quenched by persulfate 

(Scheme 2.1). The SO4
ǒ-
/SO4

2-
 reduction potential is 2.4 V vs. SHE

[40]
, significantly 

stronger than Ru(bpy)3
3+
/ Ru(bpy)3

2+
 (1.26 V vs. SHE). As a consequence of the high 

reduction potential, SO4
ǒ- 
readily oxidizes Ru(bpy)3

2+
, 1A, and the Cl

-
 counterion

[41]
. Two 
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experiments verify that SO4
ǒ-
 is necessary for O2 evolution. First, addition of excess 

(>500 eq.) Ru(bpy)3(ClO4)3 to solutions of 1A failed to produce any O2, as monitored by 

Clark electrode. 

Second, a series of photoassays in which 5mM NaCl or NaClO4 was added prior to 

illumination and compared to a control with neither salt. As evidenced in Figure 2.11, 

addition of NaClO4 gave a reproducible trace indistinguishable from the control with no 

NaClO4; in contrast, NaCl drastically decreased the rate and yield of O2 evolution. 

Chloride oxidation is thermodynamically too high (Cl2/Cl
-
, 1.36 V) to have an impact on 

any material in the photoassay other than the sulfate radical. Hence, we conclude that as 

part of the reaction mechanism, both 1A and 1B are oxidized by the sulfate radical in at 

least one of the four oxidation steps. 

 

 

 

 

 

 

 

 

 

 

 



67 

 

 

 

Figure 2.11. Photoassays of 1A with conditions: pH 8, 0.1 M borate buffer, 1 mM 

Ru(bpy)3
2+
, 5 mM S2O8, 100 ÕM of catalyst, 5 mM salt. 
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The kinetic results further imply a mechanistic feature. Within experimental error, the 

zeroth-order constants C1A and C1B are both nonzero, however we cannot distinguish 

between the two values using their 95% confidence intervals. In contrast, there exists 

exactly a two-fold decrease in the observed pseudo first-order rate constants for 1B vs 

1A.  

This data strongly implies that a rate-limiting step occurs at a Co-OAc binding site, 

because the number of these coordination sites decreases by 50%. This result agrees with 

numerous literature reports of labile acetate ligands. Carboxylate exchange on 1B has 

been demonstrated synthetically
[23]
 and has been previously utilized to immobilize 1A on 

functionalized silica
[42]
. Insights from EPR studies on both 1A

+
 
[43]
 and 1B

+
 
[28]
 show that, 

upon single electron oxidation, the hole is delocalized predominantly across the Co4O4 

core, residually to the pyridine/bipyridine ligands, and not at all to the acetate, also 

confirming varying electronic interactions of the ligands on the core. In contrast, our own 

1
H-NMR data indicate no observable exchange of pyridyl group ligands on the timescale 

of catalyst turnover. To our knowledge, there are no reports of pyridyl group exchange for 

either cubane. 

Because a base is required for catalysis, we thus conclude that binding of substrate water 

or hydroxide to a carboxylate site (i.e., an oxo-transfer step) is part of the catalytic 

mechanism. When coupled to the proof that two species oxidize the cubane, it follows 

that this oxo-transfer step may occur before or after either oxidation step. These 

observations thus account for the presence of two observed pathways, one major (in 

which most catalyst molecules proceed via certain intermediates) and one minor (in 

which a small amount of catalyst molecules proceed via other intermediates).  
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One observation which may unify these views is that we cannot eliminate hydroxyl 

radicals (produced from the quenching reaction of the sulfate radical on water or OH
-
) as 

the additional oxidant
[41]
. This will be elaborated in discussion.  

To test whether binuclear ñhalf cubaneò and trinuclear ñincomplete cubaneò analogues of 

both 1A and 1B could act as catalysts for water oxidation, we synthesized and tested two 

dimers [Co2(OH)2(OAc)3(py)4](PF6) (2A), and [Co2(OH)2(OAc)3(bpy)2](ClO4) (2B), and 

two trimers [Co3O(OH)2(OAc)3(py)5](PF6)2 (3A), and [Co3O(OH)3(OAc)2(bpy)3](ClO4)2 

(3B). Synthesis was conducted by procedures from the literature
[23,25]
, and all clusters 

were characterized by 
1
H-NMR and ESI-MS. 

Figure 2.12 compares representative O2 evolution profiles for these clusters as measured 

by Clark electrode (conditions: 0.1 M bicarbonate buffer at pH 7, 0.5 mM Ru(bpy)3
2+

, 20 

mM S2O8
2-

 in 90/10 H2O/MeCN) compared to a blank photoassay (no cobalt). The results 

are ligand dependent. Both pyridine species (2A, 3A) exhibit O2 uptake followed by 

recovery and finally catalytic O2 evolution after a delay. Both other samples (2B, 3B) and 

the control are not only catalytically inactive, but also indicate the presence of a reaction 

that consumes O2 below the baseline. Given the almost identical structures of 2A and 2B, 

we sought to reconcile this data. Next we present several lines of evidence showing that 

the pyridyl complexes 2A and 3A actually decompose to a different product which does 

catalyse water oxidation. By contrast, the more stable coordination of bipyridine to both 

2B and 3B prevents photodecomposition and neither complex is active catalytically. 
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Figure 2.12: Representative O2 evolution profiles for lower nuclearity materials as 

measured by Clark electrode, 0.1 M bicarbonate buffer at pH 7, 0.5 mM Ru(bpy)3
2+
, 20 

mM S2O8
2-
 in 90/10 H2O/MeCN. Cluster concentrations; 100ÕM. Illumination begins at 

time t=0. 
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The observation that complexes 2A and 3A take up O2 from solution under illumination 

during the long lagphase before catalytic O2 evolution, in contrast to the profiles of 1A 

and 1B, indicates another reaction(s) occurs. For 2A and 3A, the lag times (time to reach 

the minimum O2 concentration) were in excess of 30 seconds and often exceeded one 

minute, which compares to the lag times for Co
2+
 Ą CoOx catalyst under identical 

conditions
13
. The observed lag times thus suggest that decomposition products, not 2A 

and 3A, are the source of observed O2 evolution. 

Further evidence for decomposition of 2A and 3A was obtained by monitoring the 

photoassay solutions via 
1
H-NMR in 95/5 D2O/CD3CN (Figure 2.13).  Before 

illumination all peaks can be assigned to intact cluster or Ru(bpy)3
2+
. However, after 10 

minutes of illumination, additional peaks which correlate neither to 2A nor 3A are seen in 

the pyridine and acetate regions. These new peaks do not correspond to free ligands, thus 

revealing the presence of new molecular species.  
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Figure 2.13: 
1
H-NMR stability tests of 2A and 3A before and after 10 minutes of 

illumination in 95/5 D2O/CD3CN, 0.05 M pH 8 borate buffer. Lines A and C are before 

measurements, lines B and D are after. 
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Electrochemical oxidation allowed definitive attribution of catalytic activity to 

decomposition product(s) rather than intact 2A or 3A, in agreement with the results from 

photoassay studies. Cyclic voltammetry (CV) of 2A and 3A in 0.1 M, pH 7.5 bicarbonate 

buffer (90/10 H2O/MeCN) on glassy carbon shows no significant increase in current 

relative to a blank CV of pure electrolyte. We then electrolyzed solutions of each 

compound at 1.05 volts vs. Ag/AgCl, (similar to the redox potential of the Ru(bpy)3
2+/3+
 

couple), and performed cyclic voltammetry of the resulting solutions with a polished 

separate electrode. This ensures that any changes in the electrochemical response of 2A 

and 3A were not simply due to the formation of a heterogeneous cobalt oxide film. The 

CV traces of 2A taken after 0 (red), 3 (blue), 6 (purple) and 12 (green) minutes of 

electrolysis show the gradual appearance of a catalytic wave, illustrating the formation of 

an active homogeneous or suspended species (Figure 2.14). A similar change was 

observed for solutions of 3A (Figure 2.15).  Attempts to isolate and characterize the 

catalytically active species were unsuccessful. UV-Vis of the electrolyzed solutions over 

time showed disappearance of 2A and 3A absorbance features, but failed to identify any 

new features. 
1
H-NMR of the resulting solution indicated the presence of multiple 

molecular species (Figure 2.16), which were not characterized further. These results 

indicate that 2A and 3A are inactive as catalysts and photodecompose or oxidatively 

rearrange into active species.  
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Figure 2.14: Linear voltammetry of 0.2 mM of 2A in 0.1 M pH 7.5 bicarbonate (90/10 

H2O/CH3CN) after various electrolysis times (1.05 V vs. Ag/AgCl). The black trace 

corresponds to blank electrolyte. 
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Figure 2.15. Linear voltammetry of electrolyzed solutions of 0.2mM  3A in 0.1 M 

pH 7.5 bicarbonate buffer 90/10 H2O/MeCN. Solutions were electrolyzed on a 

platinum mesh for 0 (black), 3 minutes (red), 6 minutes (blue) and 12 minutes 

(purple) at 1.05V. Working electrode: glassy carbon; counter electrode: platinum; 

reference electrode: Ag/AgCl.  
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Figure 2.16: 
1
H-NMR of 0.2mM 2A before (blue) and after (red) 4950 seconds of 

electrolysis at 1.1V vs Ag/AgCl. Electrolysis conditions; 0.2mM 2A in 0.1M pH 8 borate 

buffer 93/7 H2O/MeCN for 4950 seconds at 1.1V vs Ag/AgCl. Spectrum taken after 

electrolysis shows multiplets consistent with formation of another molecular species. 
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By contrast, tests of O2 evolution from the bipyridyl species 2B and 3B (Figure 2.12) 

show low level uptake of O2 from the photoassay solution even after ten minutes of 

illumination. This O2 uptake is small (< 5%) compared to the yield of catalytic O2 

produced by an equivalent amount of either cubane 1A or 2A (Figure 2.5). We tested this 

in some detail and found that > 50% of the O2 uptake could be attributed to the 

photoassay medium (Figures 2.17 and 2.18). 
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Figure 2.17: O2 uptake by Ru(bpy)3 photoassay, varying solvent composition. O2 uptake 

accelerated as solvent composition was varied from 100% H2O (black) to 90/10 H2O/MeCN 

(yellow), to 75/25 H2O/MeCN (green). Conditions: pH 7 0.1M NaHCO3, 0.5mM Ru(bpy)3
2+, 

20mM Na2S2O8. 
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 Figure 2.18: Left: O2 uptake by photoassay alone (black), 0.1 mM 2B red, and 0.2mM 

2B (green). Right: O2 uptake by photoassay alone (black), 0.1 mM 3B purple, and 

0.2mM 3B (yellow). Photoassay conditions: 0.1M NaHCO3 pH 7 buffer in 90/10 

H2O/MeCN 

Left: Plot of maximum rate of O2 uptake vs. concentration of 2B (blue diamonds) and 3B 

(red triangles) for trials shown above.  Rates of O2 uptake were greater for 3B than 2B, and 

rates of uptake were observed to increase with concentration of both 2B and 3B. Right: 

variance of O2 uptake by Ru(bpy)3 as a function of [Ru(bpy)3]. Blue, 0.05mM 

Ru(bpy)3, Red, 0.125mM, Green, 0.38mM, Purple, 0.5mM.Photoassay conditions; 

0.1M pH 7 NaHCO3 buffer, 20mM NaS2O8 in 90/10 H2O/MeCN 
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The stark differences between 2A and 3A, which decompose to form active materials, 

versus 2B and 3B which shows no O2 evolution, prompted us to investigate the role of 

the bipyridine ligand in suppressing catalytic O2 evolution. Bpy has been previously 

noted to poison amorphous CoOx which may form in situ, and can serve as a ligand to 

determine the origin of catalytic activity.
[9]

 Titration of bipyridine into the photoassay 

medium containing the pyridyl complex 2A (Figure 2.19) significantly increases the lag 

time preceding net O2 evolution from 30 seconds (0 equivalents bpy), to 90 seconds 

(.0625 equivalents, yellow), to 110 seconds (0.125 equivalents, red). When excess bpy 

(>5 equivalents) is added no net O2 evolution is observed up to 5 minutes of illumination, 

and the O2 profiles largely resemble those of 2B and 3B (Figure 2.20). On the other hand, 

titration of free bpy into 2B or 3B showed no further changes (Figure 2.21), indicating 

that free bpy alone is not responsible for O2 uptake. Thus, we propose that the weak O2 

consumption exhibited by 2B/3B, and 2A/3A in the presence of bpy, is consistent with 

irreversible oxidation of bpy chelated to cobalt, possibly by attack of an oxo/hydroxo 

ligand on the bpy. Further, bpy chelation to these precursor complexes slows or prevents 

them from forming the active CoOx decomposition product. 
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Figure 2.19: Clark electrode traces of 0.1 mM solutions of 2A with equivalents of 

bipyridine. The black trace is a control (no 2A) as reference. Conditions: 0.1 M 

bicarbonate buffer (pH 7), 0.5 mM Ru(bpy)3
2+
, 20 mM S2O8

2-
, 90/10 H2O/CH3CN. 
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Figure 2.20: Addition of excess (top) and substoichiometric (bottom) bpy to photoassays 

containing 3A.  

Black; blank photoassay, blue 0.1mM 3A, green; 3A with 5 equivalents bpy, red; 3A with 

10 equivalents bpy, purple; 3A with 25 equivalents bpy added. Photoassay conditions; 

0.1M pH 7 NaHCO3 buffer, 0.5mM Ru(bpy)3, 20mM NaS2O8 in 90/10 H2O/MeCN 

 

 

 

 

 

 

Black; blank photoassay, blue 0.1mM 3A, yellow; 0.1mM 3A with 0.25 equivalents bpy 

added. Photoassay conditions; 0.1M pH 7 NaHCO3 buffer, 0.5mM Ru(bpy)3, 20mM 

NaS2O8 in 90/10 H2O/MeCN 
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Figure 2.21: Addition of excess bpy to Ru(bpy)3
2+
 (top) and 2B and 3B (bottom). 

Black; 0mM bpy, red; 0.18mM, yellow; 0.36mM, blue; 0.72mM, green; 2.88mM bpy 

added. Photoassay conditions; 0.1M pH 7 NaHCO3 buffer, 0.5mM  Ru(bpy)3, 20mM 

NaS2O8 in 90/10 H2O/MeCN 

 

 

 

 

 

 

 

Black; blank photoassay, yellow 0.1mM  2B, red 0.1mM  2B with 1mM bpy added, 

green; 0.1mM 3B, purple; 0.1mM  3B with 1mM bpy added. Photoassay conditions; 

0.1M pH 7 NaHCO3 buffer, 1.1mM Ru(bpy)3, 20mM NaS2O8 in 90/10 H2O/MeCN 
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2.5Discussion 

We have shown that in neutral and near neutral pH conditions, two fully assembled 

cubane motifs, 1A and 1B, are intrinsically active catalysts for water oxidation, and that 

their relative rates scale precisely with the number of labile carboxylate sites. By contrast, 

molecular cobalt-oxo clusters of lower nuclearity- half cubane dimers and incomplete 

cubane trimers- are catalytically inactive, even though both dimers and trimers have 

bridging oxos and labile carboxylate sites where terminal water molecules may exchange. 

Comparing the activity of the compounds tested in this study to the structural parameters 

listed in Table 2.1 reveals that the O-O, Co-O, and Co-Co bond distances are largely 

conserved across all clusters tested. Thus, no major changes in bond distances are 

responsible for the sudden appearance of O2 production as Co nuclearity increases to four 

in both these series. We conclude that a four-electron oxidation pathway is not accessible 

in these dimers and trimers, and that the Co4O4 cubane topology provides the necessary 

pathway for activation and O-O bond formation. 

Our report of inactivity from organo-cobalt clusters with nuclearity less than 4 stands in 

contrast to reports of catalytic activity from several organo-Co2O2 dimers
[44]

 and Co 

monomers
[45ï49,31,50]

. The proposed mechanisms for these materials from their original 

literature are presented in Scheme 2.2.  
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Scheme 2.2. Proposed mechanisms of water oxidation by other cobalt clusters
28,42-47

 and 

theoretical calculations (bottom)
48
. 
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To our knowledge, a nucleophilic attack mechanism of water or hydroxide is proposed 

for all the catalytic monomers
[45ï49,31]

. Since these studies are performed at pH Ó 7, we 

depict hydroxide as the attacking substrate (Scheme 2.2, top) for simplicity. The 

oxidation state of the catalyst that is immediate precursor to O-O bond formation is 

uncertain, and different claims have been made. For example, Berlinguette et al. and 

Sartorel et al. postulate Co
4+

-OH and Co
4+

=O, respectively, in their systems
[45,47,31]

; these 

are both formally 1e
-
 above a Co

3+
-OH moiety. On the other hand, Nocera et. al. and 

Groves et. al. propose 2e
-
 above Co

3+
-OH in their systems; their catalysts are abbreviated 

ǒL-Co
4+

-OH, where the second hole is ligand-centered
[48,49]

. The reasons for these 

differences are not known, but may reflect their different coordination environments.  It 

becomes apparent upon increasing cobalt nuclearity that multiple metals may contribute 

to the O-O bond formation step, as opposed to tailoring the electronic environment 

around a single, active metal center. This is evidenced in the proposed mechanism for the 

known dimer catalysts (Scheme 2.2, middle). [Co(L)]2(µ-bpp)(µ-1,2-O2)
3+

 (L= 

terpyridine or bis-N(methyl-imidazoyl)pyridine, bpp=bispyridylpyrazolate) each contain 

a bound peroxo, Co
3+

-O-O-Co
3+

, when isolated
[44]

. We label this structure 4 in Scheme 

2.2. During catalytic turnover, the proposed reduced intermediate 4H2
 
consists of two 

terminal Co
3+

-OH groups. The first two oxidations generate two Co
3+

-Oǒ in which the 

unpaired electron occupies an antibonding 2pˊ orbital on oxygen. (This electronic 

configuration is formally equivalent to Co
4+

=O, in which an electron is promoted from a 

filled 3dˊ orbital on Co to fill the ˊ bonding orbital to oxygen that is denoted by the 

double bond. An unpaired electron exists in the (3d)t2g
5
 orbitals on Co, formally denoted 

Co
4+

. For simplicity, we retain the oxo radical notation here). Unlike the nucleophilic 
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attack mechanism, the peroxo bond is formed via coupling of the two Co
3+

-Oǒ groups. 

This mechanism has been postulated to occur for the Co4O4 cubane with an energy 

barrier of 2.3 kcal/mol based on DFT calculations
[50]

 (Scheme 2.2, bottom). We note that 

this cross-coupling mechanism indirectly implies that a single Co
3+

-Oǒ (equivocally 

Co
4+

=O) is insufficient to oxidize water via a nucleophilic attack mechanism. This is 

substantiated by several Co
3+

-OOR alkylperoxide systems, in which the Co
3+

-Oǒ 

generated by homolytic bond cleavage is a weaker oxidant of hydrocarbons than the 

counterpart ǒOR
[51ï53]

. 

Applying these parameters to our system, we note that all intramolecular O-O bond 

distances are conservatively estimated to be ca. 2.5 Å, a full angstrom longer than peroxo 

bonds (Table 2.1). For this reason, intramolecular coupling between bridging O-O is 

unfavorable in any of our compounds (active and inactive). An alternate possibility for 

intramolecular terminal O-O coupling can be envisioned (as in Scheme 2.2, bottom). 

However, this requires full dissociation of a (bidentate) acetate, and must occur over Co-

Co distances in the range of ca. 2.6-2.8 Å (Table 1). A recent study reports only a small 

contraction (0.03 Å) of some Co-Co distances from 1A to 1A
+
, indicating this Co-Co 

distance remains relatively long upon hole injection
[54]

. Combined with the lack of free 

acetate detection in solution, these lines of evidence suggest that the catalytic mechanism 

for 1A and 1B is not cross-coupling of two Co
3+

-Oǒ moieties. From this we conclude that 

intramolecular O-O bond distance is the primary structural feature needed for water 

oxidation by cobalt dimers.  

We propose that efficient hole delocalization, which facilitates buildup of oxidizing 

equivalents on cobalt, is the defining property of catalysis from the Co4O4 cubane. This is 
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emphasized for 1A in acetonitrile, where an electron can be removed electrochemically 

from the core at ca. 0.7 V vs. Ag/AgCl, reversibly forming Co4(3III,IV). In contrast, 

electrochemical hole injection into either 2A or 3A is not seen up to 1.5 V vs. Ag/AgCl 

(Figure 2.22).  
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Figure 2.22: CV of pyridine materials in 0.1M tetrabutylammonium 

perchlorate/MeCN. Cluster concentrations: 1A 1.15mM, 2A 1.06mM, 3A 1.14mM. 

Working electrode: platinum; counter electrode; platinum; reference electrode; Ag/AgCl 

 

 

 

 

 

 

 

 


























































































































































































































































