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Abstract 

 

Polyoxometalates as Water Oxidation Catalysts  

and Their Use in Light-Driven Water Splitting 

 

By Qiushi Yin 

 

 Transition-metal substituted polyoxometalates are used to construct 

molecular analogues of heterogeneous metal-oxide clusters. The importance of 

these ligand-stabilized all-inorganic metal-oxide clusters originate from both their 

functionality and their molecular nature, which provides a system for mechanistic 

studies of metal-oxide water oxidation catalysis. Investigations were made to 

explain two polyoxometalates’ ability to oxidize water at low overpotential with 

efficient redox leveling. Chapter I summarizes recent findings on the chemistry of 

a tetra-ruthenium polyoxometalate and includes studies of its rich redox chemistry. 

Chapter II describes discovery of a tetra-cobalt polyoxometalate water oxidation 

catalyst and discusses its possible electronic structure. Chapter III illustrates that 

molecular water oxidation catalysts can be interfaced efficiently with photo-

driven systems to capture light energy. 
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Chapter I 

Redox Properties of a Polyoxometalate Water Oxidation Catalyst, 

[Ru4O4(OH)2(H2O)4(SiW10O36)2]
10-

, and Corresponding Implications in its 

Oxidation Chemistry 
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Abstract 

 Due to the push for clean renewable fuel, water oxidation catalysts have 

garnered much attention because of its essential role in water splitting. Some 

interesting characteristics of an all-inorganic water oxidation catalyst, 

[Ru4O4(OH)2(H2O)4(SiW10O36)2]
10-

, are described and discussed here. In 

particular, the tetra-ruthenium core is able to accommodate multiple electronic 

charges and thus has multiple accessible redox states. Moreover, the four-electron 

oxidation associated with water oxidation chemistry was identified and is shown 

to be within a short potential range, demonstrating a redox leveling effect. Unlike 

most known redox leveling effects, which are attributed to proton coupled 

electron transfer, this molecule seems to have this characteristic due to its metal-

oxo frame and appears to resemble a molecular capacitor.  
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Introduction 

The impending energy crisis is much more than apocalyptic noise. It is 

based upon scientific models which unanimously point to the need to rapidly 

develop a renewable energy economy.
1-22

 The issue with our current petroleum-

dependent energy economy is two-fold. Fossil fuels are a limited resource: they 

are reservoirs of millions of years of photosynthetic hydrocarbon production, and 

are raw ingredients in many modern necessities.
13,15,20-22

 Also important are the 

effects burning hydrocarbons has on the global climate by producing the 

greenhouse gas, CO2. Current models predict that, unless new means of renewable 

energy are obtained, energy shortage will significantly limit our quality of life 

within the century and CO2 production will cause irreversible change to Earth’s 

climate in 50 years.
3-6,9,13,18,22,23

  

Nuclear energy and solar energy are the only two sources of energy 

scalable to meet our growing energy demands.
3,4,6,8,9,13,17,21,24

 Serious scientific 

and engineering problems plaguing fusion power plants make them virtually 

unattainable within our lifetime.
8,10,13,17,24-27

 The only viable option for 

establishing a renewable and sustainable energy economy must therefore be solar-

based.
1,2,6,10-14,19-22,24,28

 Approximately 1366 Wm
-2

 of sunlight reaches the upper 

atmosphere of Earth and 239 Wm
-2

 of that energy reaches Earth’s surface as 

harvestable light. We currently consume about 16 TW globally, or 0.032 Wm
-

2
.
3,29

 Theoretically, sunlight contains more than enough energy to sustain our need 

for it. 
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The issue, however, is one of energy conversion. Energy in the form of 

electromagnetic radiation does us little good.
10,11,13,16,22

 We require energy that 

can be used to move our cars, run our computers, and heat our homes. In other 

words, our modern energy needs requires the instant conversion of stored energy 

into kinetic, thermal, electrical, or light energy. As such, the most efficient and 

sensible course of action is to convert solar energy into chemical energy, which 

can then be stored and released on demand. 

When converting solar energy into chemical energy. Two main issues 

must be considered: energy density and accessibility.
1,6,14,28

 Figure 1.1 shows an 

energy density diagram. While metals may release large quantities of energy 

when oxidized, this energy is not readily accessible or recyclable. Batteries, on 

the other hand, can be easily paired with a photovoltaic cell to store energy. 

However, their charging and discharging rates are limited.
30

 More importantly, 

batteries have extremely poor energy densities. In both regards, hydrocarbons are 

ideal candidates for storage of chemical energy.
11,31-33

 Whether hydrogen can be 

used effectively is of debate. It must be noted that these compounds only “store” 

energy when coupled with an oxidizer in redox reactions. In summary, light 

energy is captured by forming a kinetically stable oxidant/reductant pair. 

A hydrogen-based economy is clearly the most promising form of 

renewable energy (whether hydrogen is best stored as diatomic hydrogen, a 

hydrocarbon, or even hydrides is beyond the scope of this thesis). However, all 

energy stored in this form requires the air-abundant oxygen as an oxidant. The 

energy generating reaction therefore is of the general form expressed in eq. 1.  
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HmCn + (m/2 + n) O2 → (m/2) H2O + n CO2  eq. 1 

Storing energy in a hydrogen economy must involve the splitting of water. 

This redox reaction can be separated into two half-reactions, the oxidation of 

water and the reduction of water. Water can be reduced to covalent hydrogen 

bonds in the form of any of the previously described chemicals (e.g. eqs. 2-4). 

Conversely, water must invariably be oxidized to oxygen in such a scheme (eq. 5).  

2H
+
 + 2e

-
 → 2H2    eq. 2 

6H
+
 + CO2 + 6e

-
 → CH3OH + H2O  eq. 3 

H
+
 + Li + e

-
 → LiH    eq. 4 

2H2O → 4H
+
 + O2 + 4e

-
   eq. 5 

 

Figure 1.1 Energy density diagram of hydrogen storage chemicals by volume 

(y-axis) and by mass (x-axis). 
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The redox reactions store potential energy in chemical bonds, this energy 

must be captured using a photosensitizing device.
1,10,12-14,17,20-22,24,28,34

 This 

scheme is summarized in figure 1.2. Water oxidation is a critical reaction in such 

a scheme and is arguably the more difficult of the two half reactions.
22,35-42

 

Therefore, the development of new water oxidation catalysts (WOCs) and 

understanding of existing WOCs are of great importance. 

 

Figure 1.2 A generalized chemical scheme for water splitting. PS: photosensitizer, 

PS*: photoexcited photosensitizer, PS
+
: oxidized photosensitizer, WOC: water 

oxidation catalyst, WRC: water reduction catalyst. 

 

The oxidizing potentials required for water oxidation 

(1.229V - 0.059V×pH at 25 °C) inevitably leads to the decomposition of organic 

complexes.
36-53

 The development of oxidation-resistant WOCs is necessary if the 
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scheme shown in figure 1.2 is to become applicable. The Hill group previously 

reported an all-inorganic WOC, [Ru4O4(OH)2(H2O)4(SiW10O36)2]
10-

 (1).
38,42

 In 

this chapter, I will discuss studies related to the understanding of this complex. 

Experimental 

Synthesis of Rb8K2[Ru4O4(OH)2(H2O)4(SiW10O36)2]·25H2O 

 Rb8K2[Ru4O4(OH)2(H2O)4(SiW10O36)2] (Rb8K2-1) was synthesized from a 

mixture of ruthenium trichloride and potassium γ-decatungstosilicate. 

Commercially available RuCl3 and freshly prepared K8[SiW10O36] were mixed in 

a 1:2 molar ratio and dissolved in water to give an approximately 10 mM final 

concentration of 1, giving a brown solution. The pH was adjusted from ca. 2.6 to 

1.6 with the drop-wise addition of 6M HCl. After additional stirring, RbCl was 

then added slowly until small amounts of precipitates formed. The precipitate was 

redissolved with the addition of water. This solution was filtered and the filtrate 

left at room temperature (r.t.). Crystalline brown plates of Rb8K2-1 was collected 

after 24 hours. The structure of 1 was confirmed using elemental analysis, 

infrared spectroscopy, x-ray crystallography, and UV-Visible spectroscopy. 

Stoichiometric chemical oxidation and reduction of 1 

 UV-visible studies of the one- and two-electron reduced forms of 1, the 

resting oxidation state of 1, and the one- and two-electron oxidized forms of 1, 1(-

2), 1(-1), 1(0), 1(+1), 1(+2), respectively, were done through the reversible redox 

titrations of complex 1. In a typical experiment, >10 µM solution of 1 in acidic 

conditions (pH < 2) were titrated using 1 mM cerium ammonium nitrate as an 

oxidant or 1 mM tin (II) sulfate as a reductant.  
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Instrumentation 

 Cyclic voltammograms (CVs) were obtained at room temperature in 

buffered solutions using BAS CV-50W voltammetric analyzer. An Ag/AgCl 

(saturated NaCl) reference electrode from BAS was used. Potentials in the CV are 

reported relative to the NHE by the addition of 200 mV to the BAS electrode 

values. CVs were all obtained under Ar. 

 Infrared spectra (2% sample in KBr) were recorded on a Nicolet 510 FTIR 

spectrometer. UV-visible absorption spectra were acquired using an Agilent 8453 

spectrophotomer equipped with a diode-array detector and with a magnetic stirrer 

and temperature controller (Agilent 89090A). 

 Hi-Tech KinetAsyst™ Stopped Flow SF-61SX2 equipped with a diode 

array detector operating in wavelength range 400-700 nm was used in precision 

kinetics studies. Timescales: from 0-0.4 s up to 0-400 s. Optical path length is 1 

cm.  

Results and Discussion 

 As reported, all characterizations of the crystalline 1 are consistent with 

the Ru4O6 core having the oxidation state Ru4
IV,IV,IV,IV

O6 (1(0)).
38

 Stoichiometric 

titration of 1 in acidic medium using cerium (IV) ammonium nitrate as an oxidant 

and tin (II) sulfate as a reductant shows reversible four-electron transfer, which 

can be followed by UV-Vis spectroscopy. The oxidized species, (1(+1) and 1(+2)) 

and reduced (1(-1) and 1(-2)) species have characteristic UV-Vis spectra (figure 

1.3). It was observed that all five species seen in the UV-Visible absorption 

spectra are relatively stable within an hour at ambient temperature. 
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 The cyclic voltammogram (CV) of 1 shows four anodic and cathodic 

peaks between 400 mV and 1000 mV (figure 1.4). Bulk electrolysis at these 

potentials and characterization using UV-Vis spectroscopy allows the assignments 

shown in figure 1.5.
38

 These assignments indicate that it is thermodynamically 

impossible for 1(+2) to oxidize water in acidic medium. Along with the fact that 

1(+2) is relatively stable in water, this is evidence that 1(+2) is not the water 

oxidizing species. The actual water oxidizing species is in a higher oxidation state. 

In fact, either 1(+3) or 1(+4) might be capable of water evolution. Additional 

kinetics studies and extrapolation from figure 1.5 indicate that 1(+4) evolves 

oxygen in the chemical water oxidation system reported in previous literature.
38

 

 

Figure 1.3 UV-Vis spectra of 1 in 0.1 M H2SO4. Green: 1(0), Blue: 1(+1), Black: 

1(+2), Orange: 1(-1), Brown: 1(-2). 
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Figure 1.4 Voltammogram of 1 in 0.2 M pH 2 lithium sulfate buffer.  

 

 An interesting property of complex 1 is the redox leveling seen in figure 

1.5. Specifically, the multiple redox states are relatively close in energy. Since 

each oxidative step in the catalytic system is done at the same potential, redox 

leveling allows more accessible oxidation states with less wasted potential energy. 

Surprisingly, this redox leveling effect does not appear to come from proton 

coupled electron transfer (PCET) because no direct pH dependence is 

observed.
38,54-60

 Acid-base titrations indicate that 1(0) has a pKa between 3 and 4. 

Deprotonation at higher pH causes a shift in the redox potentials of all redox 

states by approximately 400 mV. 
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Figure 1.5 Plot of the E1/2 values in figure 1.4 as a function of the redox state of 

complex 1(n), where n is the number of electrons removed from the Ru
IV,IV,IV,IV

 

core structure. Linear regression is also shown; fit has a Pearson r-value of 0.997. 

 

 Redox leveling in this system requires an alternative explanation than 

PCET. The linear dependence of the redox leveled potentials on the charge of the 

Ru4O6 core is consistent with a coulomb staircase. This behavior is consistent 

with that of a capacitor, taking the continuum dielectric approximation.
61-65

 

Conceptualizing complex 1 as a “molecular capacitor” has several major 

implications. Chiefly, the redox chemistry of the Ru4O6 core can be explained 

using only electrostatic effects. This would require that frontier molecular orbital 

energies to remain virtually unchanged throughout the redox events. This is most 
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characteristic of bulk metal-based materials with delocalized d-electrons forming 

continuous energy bands rather than discrete molecular orbitals. Thus, it would 

seem that complex 1 better approximates a quantum confined semiconducting 

metal-oxide rather than a discrete molecular species. An obvious explanation of 

this interpretation is that complex 1 is a large enough molecular species and its 

multi-metal-oxo composition is capable of delocalizing charge density such that 

the HOMOs of 1(n) are closely spaced (n = -1…+4). 

 Stoichiometric oxidation of 1(0) to 1(+2) using cerium ammonium nitrate 

shows an immediate decrease in λmax (figure 1.3). Monitoring the oxidized 

solution shows a slow increase in λmax (figure 1.6). The UV-vis spectrum 

resembles that of 1(+1) after 16 hours. Redox titration of this final solution 

indicates that the initial 1(+2) solution had become 1-electron reduced. A time 

profile of this reaction is shown in figure 1.7. This result indicates that it may be 

possible for 1(+3) to oxidize water via disproportionation of 1(+2). Albeit an 

extremely slow reaction, it is nonetheless feasible for such a reaction to proceed 

thermodynamically, giving the final products of oxygen and 1(+1). A proposed 

reaction scheme is summarized in eq. 6 to eq. 9. Kinetic fitting of figure 1.7 to 

this mechanism is consistent but uninformative given the number of variables.
38

 

2 1(+2) = 1(+1) + 1(+3)   eq. 6 

1(+3) + 2 H2O → 4H
+
 + O2 + 1(-1)  eq. 7 

1(+2) + 1(-1) → 1(+1) + 1(0)   eq. 8 

1(+2) + 1(0) → 2 1(+1)   eq. 9 



13 

 

 

Figure 1.6 The absorption spectra of 40 μM of 1(+2) in 0.1 M H2SO4 taken at 20 

minute intervals. 
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Figure 1.7 Time profile of the absorbance at λ = 445 nm.  

 

 Equally interesting are the behavior of complex 1 in its low oxidation 

states. Approximately one molar equivalent of SnSO4 (two electron equivalent) 

was added to a solution of 1(0), reducing it to 1(-2). A solution of this species is 

stable via UV-vis spectroscopy in the absence of dioxygen (argon purged). If 

oxygen was bubbled through the solution, the UV/Vis absorption spectra of the 

solutions changes over time (figure 1.8). The full regeneration of the 

characteristic peak of 1(0) at 445 nm with time indicates that the reduced species 

was two-electron oxidized. Since oxygen is the only plausible oxidizing agent, it 

is reasonable to surmise that we are seeing the stoichiometric reduction of oxygen 
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by 1(-2). At ambient temperature, the reaction is completed in about 8 hours 

(figure 1.9). The initial induction period in figure 1.8 is attributed to over 

reduction using SnSO4. At 45°C, the reaction rate is significantly lowered (figure 

1.10), consistent with oxygen being a reactive moiety. The zeroth-order reaction 

kinetics indicates a strong dependence on oxygen concentration. This result 

implies that 1(-2) should be capable of oxygen activation. However, additional 

experiments by other individuals have so far yielded negative results. 

 

Figure 1.8 The UV-visible absorption spectra of reduced 20 μM 1(-2) in 0.1 M 

H2SO4 taken at 5 minute intervals. 
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Figure 1.9 The absorbance at 445 nm of a reduced 20 μM 1(-2) solution at 25°C 

with respect to time in hours. Reaction vessel was saturated with oxygen. 
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Figure 1.10 The absorbance at 445 nm of a reduced 20 μM 1(-2) solution at 45°C 

with respect to time in hours. Reaction vessel was saturated with oxygen. 
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Abstract 

 Development of a carbon-free water oxidation catalyst based on earth-

abundant elements is reported. This cobalt-based polyoxometalate is capable of 

fast water oxidation (fastest molecular catalyst currently reported). This complex, 

[Co4(H2O)2(PW9O34)2]
10-

, is essentially a Co4
II
O4 cluster stabilized by oxidatively 

resistant polyoxotungstate ligands. The synthesis of said complex is 

straightforward and based on principles of metal-oxo cluster self-assembly. This 

finding reinforces metal oxides as efficient water oxidation catalysts. This finding 

also establishes polyoxometalates as molecular metal oxide clusters very capable 

of water oxidation chemistry.  
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Introduction 

 The importance of oxidation resistant WOCs in artificial photosynthesis 

was discussed in the last chapter. Studies regarding an all-inorganic WOC were 

also discussed. Also apparent is the general need for oxidatively resistant 

WOCs.
1-19

 Polyoxometalates (POMs) are metal oxyanions with a metal-oxygen-

metal frame. They present a unique solution as oxidative catalysts because they 

are able to incorporate various transition metals and are tunable both structurally 

and electronically.
20-31

 Most importantly, POMs are known to be thermally and 

oxidatively stable, which are core requisites for potential WOCs. 
4,5,20-25,29-31

 

 Transition-metal-substituted POMs can be understood as d-electron metal 

centers ligated by molecular metal-oxo polychelating ligands. A more illustrative 

way to depict POMs is to describe them as molecular dirt. POM frames are 

generally assembled from d
0
 metal oxides. Consider for example complex 1 

described in the last chapter. The polytungstate frame [γ-SiW10O36] consists of 

W
VI

O6 subunits. These octahedral subunits self-assemble in water into corner-

sharing, edge-sharing, or face-sharing configurations, all of which may be 

controlled by varying the reaction conditions. The assembly terminates due to 

decreased negative charge density on the terminal oxo groups which reduce 

intermolecular reactions.
24,25,28-37

 These traits of POMs serve to stabilize them as 

discrete molecular units. Moreover, these inorganic ligands are based on fully 

oxidized metals (d
0
 W

VI
), allowing POMs to be oxidatively robust. 

 Upon the discovery of water oxidation activity of 1,
8
 effort was dedicated 

to identify other POMs that might act as WOCs. Complex 1 was based on 
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ruthenium, a rare metal. It is significantly more desirable to develop WOCs based 

on first-row transition metals by virtue of their relative abundance.
2,5

 This chapter 

focuses on the identification of a cobalt based POM capable of water oxidation: 

[Co4(H2O)2(PW9O34)2]
10-

 (2). 

Experimental 

Synthesis of Na10[Co4(H2O)2(PW9O34)2]·27H2O 

 The preparation of Na10-2 is derived from that of K10-2 reported in 

literature.
38

 A higher yield preparation of K10-2 was reported by Finke et al.
39

 To 

synthesize Na10-2, Na2WO4·2H2O (35.62 g, 0.108 mol), Na2HPO4·7H2O (3.22 g, 

0.012 mol), and Co(NO3)2·6H2O (6.98 g, 0.024 mol) were mixed in 100 mL water. 

After adjusting the pH from 9 to 7, this purple suspension was then refluxed at 

100 °C for two hours. A dark purple solution resulted within minutes of heating. 

After reflux, the solution was saturated with NaCl and allowed to cool to room 

temperature. The resulting purple crystals were collected, quickly washed with 

approximately 30 mL of water, and recrystallized from hot water (35% mass yield 

based on Co). Thermogravimetric analysis gave 27 water molecules of hydration 

(figure 2.1). FT/IR (cm
-1

): 1037 (m), 939 (m), 882 (w), 767 (w) (figure 2.2).  UV-

Vis (H2O, pH 3.5 to 9): λmax, 579 nm (ε579 = 330 M
-1

 cm
-1

) (figure 2.3). 
31

P-NMR: 

1855 ppm, Δν1/2 = 400 Hz; Elemental analysis calculated (%) for 

Na10[Co4(H2O)2(PW9O34)2]·27H2O: Co, 4.33; Na, 4.22; P, 1.14; W, 60.76. Found: 

Co, 4.49; Na, 4.24; P, 1.06; W, 58.7. 
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 Synthesis of all other POMs used in this study were done according to 

literature procedures.
40-46

 The product purity was confirmed using IR 

spectroscopy. 

 

Figure 2.1 Thermogravimetric Analysis (TGA) of crystalline Na10-2. The weight 

loss observed (9%) is attributed to waters of hydration. Given that 

Na10Co4(H2O)2P2W18O68 has a formula weight of 4962 dalton, there are 

approximately 27 waters of hydration as determined by TGA. 
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Figure 2.2 FT-Infrared spectrum of Na10-2 (black), the light-yellow precipitate 

re-isolated from a “post-chemical reaction” solution (red), and the dark-yellow 

precipitate obtained from mixing two concentrated solutions of Na10-2 and 

[Ru(bpy)3]
2+

 (blue). All FT-IR spectroscopy were performed using 1 wt% sample 

in KBr pellet. All three spectra show the characteristic P-O stretching (1037 cm
-1

), 

terminal W-O stretching (939 cm
-1

), and W-O-W bending (882 and 767 cm
-1

) 

bands. 
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Figure 2.3 UV-Visible spectrum of 1 mM 2 in 30 mM pH 8 NaPi buffer. The 

spectrum does not change with variation in solution age and solution pH. The 

calculated extinction coefficient at λmax (579 nm) is ε579 = 330 M
-1

 cm
-1

.  
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X-ray diffraction 

The complete datasets for Na10-2 were collected at Emory University. A 

suitable crystal of  Na10-2  was coated with Paratone N oil, suspended in a small 

fiber loop and placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 

APEX II CCD sealed tube diffractometer with graphite monochromated MoK 

(0.71073 Å) radiation.  Data were measured using a series of combinations of phi 

and omega scans with 10 s frame exposures and 0.5
o 

frame widths.  Data 

collection, indexing and initial cell refinements were all carried out using APEX 

II software.
47

 Frame integration and final cell refinements were done using 

SAINT software.
48

  The final cell parameters were determined from least-squares 

refinement on 9978 reflections.   

The structure was solved using Direct methods and difference Fourier 

techniques (SHELXTL, V6.12).
49

 Only the Co, Na and W atoms were refined 

anisotropically; no hydrogen atoms were included in the final structure.  

Scattering factors and anomalous dispersion corrections are taken from the 

International Tables for X-ray Crystallography.
50

 
  
Structure solution, refinement, 

graphics and generation of publication materials were performed by using 

SHELXTL, V6.12 software.  Additional details of data collection and structure 

refinement are given in Table 2.1. 
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Table 2.1 Crystal data and refinement parameters for the X-ray structure of 

Na10-2 

complex Na10-2 

molecular formula Na10Co4O98.66P2W18 

formula wt. (g mol
-1

) 5415.42 

temperature (K) 172(2) 

radiation (l, Å) 0.71073 

crystal system Triclinic 

space group P-1 

a (Å) 11.539(3) 

b (Å) 12.807(4) 

c (Å) 17.259(5) 

 () 98.019(4) 

 () 106.639(4) 

 () 111.205(4) 

Volume (Å
3
) 2192.3(11) 

Z 1 

 (mm
–1

) 24.451 

F(000) 2369 

crystal size (mm
3
) 0.38 x 0.32 x 0.20 

reflections collected 40531 

independent reflections 11692 [R(int) = 0.0469] 

absorption correction semi-empirical from equivalents 

refinement method full-matrix least-squares on F
2
 

goodness-of-fit on F
2
 1.078 

final R indices 

[R > 2 (I)] 

R1
a
 = 0.0814 

wR2
b
 = 0.2374 

R indices (all data) R1
a
 = 0.0951, wR2

b
 = 0.2643 

a
R1 = ||Fo| - |Fc|| / |Fo| 

b
wR2 = {[w(Fo

2
 - Fc

2
)
2
] / [w(Fo

2
)
2
]}

0.5
 

 

Analysis of O2 content using gas chromatography (GC) 

 A round-bottom flask with a total volume of ~17 mL was used to hold 8 

mL of aqueous [Ru(bpy)3]
3+

 solution. A thick-wall tube was used to hold 2 mL of 

the catalyst in buffered solution. Both containers were capped with a rubber 

stopper and extensively deaerated by bubbling argon gas through the solution for 

over 10 minutes. The 2 mL solution in the thick-wall tube was then quickly 
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transferred into the round-bottom flask using a cannula. This affords 10 mL of 

reaction solution. We report the species concentrations in this solution. A fully 

deaerated 250 μL Hamilton gas-tight syringe was used to withdraw a sample of 

the gas from the reaction vessel headspace. Aliquots (100 μL) of this gas were 

immediately injected into a Hewlett-Packard 5890 gas chromatograph fitted with 

a thermal conductivity detector for analysis. For timed reactions, a stopwatch was 

used to measure the time elapsed from the time of solution transfer via cannula to 

the time at which gas was withdrawn from the headspace. TOF for 1 is given as 

the final TON divided by the time elapsed. 

 Calibration of this system was performed using the exact same procedures 

substituting the reaction solutions with water. Four reference volumes of O2 were 

used in constructing a multipoint calibration slope. After mixing, 0 μL, 23.5 μL, 

47 μL, or 70.5 μL of pure O2 (corresponding to 0, 1, 2, or 3 μmol O2) were 

injected into the headspace of the reaction vessel. The reaction vessel was shaken 

to allow equilibration of O2 between gas and aqueous phases. The retention times 

of oxygen and nitrogen were separated by approximately 20 seconds. The oxygen 

peak was seen first a little under 1 minute. Contamination from air was minimal 

(< 0.07 μmol O2 for the chemical oxidation of water) and accounted for by 

subtracting half of the nitrogen peak area from the total oxygen peak area. This is 

a conservative estimate, as the gas chromatograph gives an oxygen to nitrogen 

ratio of 1 : 2.8 for a sample of air. The amount of O2 was plotted against the 

integration area for the adjusted oxygen peak. A linear correlation between the 

two was found and the slope was used as the conversion factor for the 
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quantification of O2 – yield in future experiments. Three data points were taken 

for each reference volume and the average O2 peak area was used in the 

calibration, giving a Pearson r-value of > 0.99. 

Cyclic voltammetry 

Cyclic voltammograms (CVs) were obtained at room temperature in 

buffered solutions using BAS CV-50W voltammetric analyzer. A saturated 

Ag/AgCl reference electrode from BAS was calibrated using the [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 couple, for which accurate published data are available (S14). On the 

basis of this calibration, potentials in the CV are reported relative to the NHE by 

the addition of 200 mV to the BAS electrode values. 

UV-Visible spectroscopy 

 All UV-Vis spectroscopy was performed with an Agilent 8453 

spectrometer at 25 °C using a quartz cell with a 1 cm pathlength. The UV-Vis 

spectroscopy of 1 is shown in figure 2.3. No changes in its spectrum were 

observed during any of the hydrolytic stability studies. 

31
P NMR 

The 
31

P (243 MHz) NMR spectra were obtained at 300 K in 5 mm o. d. 

tubes on a Unity Plus 600 spectrometer equipped with a Varian 600 SW/PF6 

probehead. The chemical shifts are given with respect to 85 % H3PO4. Acquisition 

parameters are as follows: pulsewidth 4 μs (~40° flip angle), time domain window 

100 kHz (412 ppm), 1500 (for diluted solutions) or 3000 (for concentrated 

solutions) points, resulting in acquisition times of 7.5 or 15 µs respectively. 

Characterization of the post-catalysis solution 
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(a) Preparation of solution for 
31

P-NMR 

Tris(2,2’-bipyridyl)triperchlororuthenium(III) ([Ru(bpy)3]
3+

, 11.0 mg, 

11.3 μmol) was dissolved in D2O (15 mL). A separate solution containing 2 

(0.075 mM) and sodium phosphate (NaPi) (0.16 M, pH 8.0) was prepared in in 

1:5 D2O/H2O. A 2 mL aliquot of the latter solution was then added to 8 mL of the 

former solution, resulting in 0.6 mM [Ru(bpy)3]
3+/2+

, 0.015 mM 2, and 32 mM 

NaPi dissolved in 5:1 D2O/H2O. After the reaction was completed, Na[BPh4] 

(18 mg, 52.6 μmol) was added to this solution. The resulting light yellow 

precipitate was filtered off using a micro-filter. The completely colorless filtrate 

was used for 
31

P NMR (figure 2.4). 
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(b) Re-isolation of catalytically active species 

[Ru(bpy)3]
3+

 (276.7 mg, 0.285 mmol) was dissolved in water (152 mL). A 

separate aqueous solution of 2 (0.016 mM 2 in 0.153 M NaPi at pH 8.0, 38 mL) 

was then added. After reaction completion, the solution was concentrated via 

evaporation. When the solution volume was approximately 50-60 mL, 

tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate ([Ru(bpy)3]
2+

,
 
150 mg, 0.20 

mmol) was added to this solution, inducing the formation of a light yellow 

precipitate. The yellow precipitate (1.1 mg) was collected by centrifugation and 

dried under vacuum, characterized using FT-IR spectroscopy (figure 2.2) and 

tested for WOC activity. 

Results and Discussion 

B-type [Co4(H2O)2(α-PW9O34)2]
10-

 (2) can be readily prepared from salts 

and oxides containing cobalt, tungsten and phosphorus.
5,38

 Complex 2 was found 

to be a WOC through a trial of multiple cobalt-containing POMs (complexes 2-9). 

In this process, tris(2,2’-bipyridyl)ruthenium(III), [Ru(bpy)3]
3+

, was used as a 

stoichiometric oxidant (eq. 10) and the total oxygen yield was monitored by 

analyzing the reaction vessel headspace using gas chromatography.
4,5,8

 

WOC3 2 +

3 2 3 24 [Ru(bpy) ]  + 2 H O 4 [Ru(bpy) ]  + 4 H + O      (eq. 10) 

Eight cobalt-containing POMs were examined as potential WOCs (Table 

2.2). Only complex 2 was active. Cyclic voltammetry of 1 mM 2 also shows a 

large catalytic current onset at 0.95 V vs. saturated Ag/AgCl reference electrode, 

indicating a low overpotential for electrochemical water oxidation (figure 2.5). 

This electrochemical feature is not observed for complexes 3 through 9.   
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Table 2.2 Co-containing POMs as potential WOCs. All reactions were run in pH 

8 NaPi buffer. 1.5 mM [Ru(bpy)3]
3+

, ambient temperature; bpy = 2,2’-bipyridine; 

turnover number, TON = nO2/ncatalyst; O2-yield = 2

3

O

Ru(bpy)

4n

n
.

 

Complex Complex 

concentration 

(mM) 

bpy 

(mM) 

TON O2 yield 

(%) 

[Co4(H2O)2(PW9O34)2]
10-

 (2) 0.0032 0.06 75 64 

[Co4(H2O)2(P2W15O56)2]
10-

 (3)
40

 0.0064 0.06 0 0 

[Co(H2O)PW11O39]
5-

 (4)
41

 0.0064 0.06 0 0 

[Co(H2O)SiW11O39]
6-

 (5)
42

 0.0064 0.06 0 0 

[Co3(H2O)3(PW9O34)2]
12-

 (6)
43

 0.0064 0.06 0 0 

[Co3(H2O)3SiW9O37]
10-

 (7)
44

 0.0064 0.06 0 0 

[WCo3(H2O)2(CoW9O34)2]
12-

 (8)
45

 0.0064 0.06 0 0 

[Co7(H2O)2(OH)2P2W25O94]
16-

 

(9)
46

 

0.0064 0.06 0 0 
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Figure 2.5 Cyclic voltammogram (CV) of 50 mM sodium phosphate solution at 

pH 8 without 2 (black curve) and with 1 mM 2 (red curve).    
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The structure of 2 is characterized using x-ray crystallography (figure 2.6). 

It is interesting to note the structure of the tetracobalt core. Whether this structure 

remains unchanged in the higher oxidation states is unknown. However, should 

the active species be geometrically similar to the structure shown in figure 2.6, it 

would imply that the key water oxidation step occurs at a single cobalt center. 

Recent studies have suggested that water oxidation indeed may occur at single 

metal centers.
7,13,51,52

 All the same, few experiments have currently been done to 

clarify the actual mechanism of water oxidation using 2 and any speculations at 

this point would be unsubstantiated. It should be noted that in a currently 

unpublished work, Daniel Nocera’s group have identified the active species in his 

previously published CoPi WOC paper.
2
 It is identified as a solution phase 

polyoxoheptacobaltate species near the electrode surface. All cobalt centers in this 

structure also purportedly have edge sharing µ-oxos, similar to that of complex 2. 

Such a result would indicate that polyoxocobaltate structures are naturally capable 

WOCs and POM stabilized multi-cobalt-oxo structure are simply all-inorganic 

molecular versions of these WOCs. In fact, it is well-known that aqueous cobalt 

will form cobalt oxide/hydroxide clusters in situ under highly oxidizing or basic 

conditions.
2,4,53-56

 These cobalt oxide/hydroxide clusters are proposed to be WOCs. 
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Figure 2.6 X-ray structure of Na10-2 in thermal ellipsoids. Co: purple, O/OH2 

(terminal): red; P: orange; W: gray. Hydrogen atoms, water molecules and sodium 

cations are omitted for clarity.   
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Examination of the structures of complexes 3-9 shows different cobalt-

core compositions than 2 with the exception of [Co4(H2O)2(P2W15O56)2]
16-

 (3) 

(figure 2.7). However, because 3 is synthesized and crystallized at a much lower 

pH than 2 and known to be unstable under higher pH corresponding to our 

catalytic conditions (pH 7.5 to 8.0),
57

 it was not surprising that 3 is inactive as a 

WOC.  The total oxygen yield must always be less than 100% per oxidant due to 

significant competing bipyridyl ligand oxidation.
54

 A first-order hyperbolic fit of 

the O2-yield to the concentration of 2 is consistent with this description (figure. 

2.8). 

Water oxidation catalysis by 2 (eq. 10) has a rate highly sensitive to pH. 

Increasing pH from the initial value of 7.5 to 8.0 in NaPi drops the reaction time 

down from 270 s to 90 s (respective final pHs after reactions: 7.3 and 7.5). The 

reaction is made faster in a solution with a higher buffer capacity at pH 8.0 (a 

mixed buffer of 30 mM NaPi and 30 mM sodium borate buffer; final pH > 7.9). 

The turnover frequency (TOF) observed for 2 thusly is > 5.5 s
-1

.  Using initial 

concentrations of 1.2 × 10
-4

 mM 2 and 2.4 mM [Ru(bpy)3]
3+

, a TON ~10
3
 in 

under three minutes was obtained.  Consequently, the apparent TON also 

increases sharply at higher pH due to the faster rate of water oxidation (figure 2.8).  

The TON in this system is ultimately limited by the formation of an insoluble 

adduct between 2 and [Ru(bpy)3]
3+/2+

, which is in turn determined by the 

concentration of the [Ru(bpy)3]
3+

. 
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Figure 2.7a Polyhedral representation of the cobalt-containing polytungstate 

complexes 2-9.  Purple: Co; Grey: WO6; Yellow: PO4; Green: SiO4; Blue: Co and 

W are disordered in the two positions.  

(2) (3) 

(4) (5) (6) 

(7) (8) 

(1) 
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Figure 2.7b Polyhedral representation of the Co core structures of the cobalt-

containing polytungstate complexes, 2-9.  Purple ball: Co; Red ball: Terminal O; 

Blue ball: Co and W disordered in the two positions. All bridging oxygen atoms 

were omitted. 

(1-2) (3-

4) 

(5) (6) 

(7) (8) 
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Figure 2.8 The O2 yield as defined in table 2.2 versus the concentration of 2 

(solid circles) and its hyperbolic fit (red line), Pearson correlation coefficient is 

0.99. Reactions took place in 30 mM NaPi buffer, initial pH 8.0, 1.5 mM 

[Ru(bpy)3]
3+

, r.t.  The hyperbolic fit is consistent with a simplified reaction 

mechanism written below using the steady-state approximation for the catalyst 

concentration and assumptions that r1S = 4k1[2] f ([Ru(bpy)3]
3+

) and r2S = k2 

g([Ru(bpy)3]
3+

, Ru(bpy)2(bpy’)]
2+

), where (bpy’) is oxidatively damaged bpy: 

4[Ru(bpy)3]
3+

 + 2H2O 1k
1  

4[Ru(bpy)3]
2+

 + O2 + 4H
+
 

[Ru(bpy)3]
3+ 2k  [Ru(bpy)2(bpy’)]

2+
 

A simple derivation results in a hyperbolic function of y versus [2]: 
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The cobalt-containing POM, 2, is remarkably straightforward to 

synthesize as shown in the experimental section. It can be crystallized in over 35% 

yield in a one-pot equilibration synthesis that entails simply heating Co
2+

, 

phosphate, and tungstate in the stoichiometric ratio (2:1:9) in water at reflux.
38

 

This synthesis of 2 implies a possible mechanism for self-repair, an important 

strategy to improve TON in previous works by the Hill group and the Nocera 

group.
2,58,59

 Homogeneous catalysts like 2 have an advantage over heterogeneous 

ones in that they utilize a higher percentage of the metal sites for turnover than 

heterogeneous ones.  This is a likely factor in a 500-fold higher observed 

efficiency of catalytic water oxidation per cobalt atom in the case of 2 when 

compared to the heterogeneous cobalt phosphate catalyst. 

As stated above, aqueous cobalt hydroxide/oxides are known to be 

WOCs.
2,54-56

  However, these tend to aggregate and deactivate. In fact, this can be 

demonstrated in a simple experiment. Adding a few drops of 1 M aqueous NaOH 
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to a 1 mM solution of Co(NO3)2 turned the solution slightly blue. This color 

quickly disappears and a white precipitate was observed, indicating the formation 

of cobalt oxide/hydroxide aggregate. However, if the aqueous cobalt can be 

bound molecularly, aggregation is prevented. To demonstrate, 6 equivalents of 

bpy was added to a 1 mM solution of Co(NO3)2, a yellow solution results (figure 

2.9). Adding aqueous NaOH to this solution does not yield any precipitate. This 

demonstrates that bpy prevents the formation of catalytically active cobalt 

oxide/hydroxides. 
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Figure 2.9 (A) UV-Visible spectroscopy indicating the appearance of the bpy 

cobalt complex with increasing amounts of added bpy.  A 5 mM solution of 

Co(NO3)2 is titrated using a 50 mM solution of bpy.  (B) The extinction 

coefficient (M
-1

 cm
-1

) at 440 nm versus the equivalents of bpy added (corrected 

for a 1/10 dilution factor after each addition). 
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To prove that 2 is a stable molecular WOC in this system and not its 

decomposition, I now describe seven lines of experimental evidence. The first two 

arguments pertain to the hydrolytic stability of 2. No changes are observed in 

either the UV/Visible or 
31

P NMR spectra of a solution of 2 at pH 8 over a one 

month period (figure 2.3 and figure 2.10).  UV-Vis and 
31

P NMR spectra also 

both establish that 2 is stable for at least one day within the pH range of 3.5 to 9 

(figure 2.10 to figure 2.13).  
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The third argument for the stability of 2 are a series of selective catalyst 

poisoning experiments using 2,2’-bipyridine (bpy) as an inhibitor (figure 2.9).  

Bpy reacts with Co(aq)
2+

 to form [Co(bpy)3]
2+

,
60

 inhibiting the formation of 

cobalt oxide/hydroxide clusters and thus all water oxidation activity. In contrast, 

the addition of the same molar equivalent excess of bpy to solutions of 2 has a 

relatively minor effect on the apparent water oxidation activity (table 2.3). The 

observed slight decrease in activity can be attributed to bpy competitively 

coordinating to the cobalt core of 2, or the irreversible oxidative degradation of 

bpy, which is proportional to the bpy concentration. In a similarly telling 

experiment, aging 1 under reaction conditions for 3 days has no effect on its 

catalytic water oxidation activity (table 2.3), whereas aging Co(NO3)2 under the 

same conditions for 3 days significantly decreases its catalytic activity. This 

observation tracks with well-known cobalt hydroxide/oxide formation above 

neutral pH,
61

 decreasing the effective surface area and therefore catalytic activity. 

In addition, at pH 6.2, no water oxidation is observed for reactions catalyzed by 2, 

whereas Co(NO3)2 is still capable of catalyzing a small extent of water oxidation 

(table 2.3). These results are consistent with 2 being a catalytically active species 

completely different from aqueous cobalt. One can also conclude that the 

polydentate polytungstate ligands of 2 stabilize it as a WOC by preventing the 

formation of cobalt hydroxide/oxide clusters. 
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Table 2.3 The effect of bpy on the catalytic water oxidation activity of 2 and 

Co(aq)
2+

.  

Run Complex Complex 

concentra-

tion  (mM) 

bpy 

(mM) 

Buffer TON O2 

yield 

(%) 

1 2 0.0032 0 pH 8 NaPi 78.1 66.7 

2 2 0.0032 0.3012 pH 8 NaPi 56 48 

3 Co(NO3)2 0.013
*
 0.3012 pH 8 NaPi 0 0 

4 Co(NO3)2 0.060
†
 0.3012 pH 8 NaPi 0.2 <4 

5 Co(NO3)2 0.013 0 pH 8 NaPi 23.4 80 

6 no catalyst -- 0 pH 8 NaPi 0 0 

7 2 0.0032 0 pH 6.2 

NaPi/phthalic acid
‡
 

0 0 

8 Co(NO3)2 0.013 0 pH 6.2 

NaPi/phthalic acid 

10 35 

9 2 0.0032 0.135 pH 8 NaPi 70.3 60 

10 2 (aged)
§
 0.0032 0.135 pH 8 NaPi 71.2 60.8 

11 Co(NO3)2 

(aged)
§
 

0.013 0 pH 8 NaPi 9.8 33.6 

12 CoO
||
 0.0032  0 pH 8 NaPi 0 0 

*
Same theoretical cobalt concentration as 0.0032 mM 1; 

†
 Same solid mass as 

0.0032 mM 1; 
‡
 A mixed buffer of 30 mM NaPi and 30 mM phthalic acid at pH 

6.2 was used; 
§
 A 1 mM stock solution in 30 mM pH 8 NaPi was left for 72 hours 

before use; 
||
 not soluble, suspension obtained after 10 minutes of sonication. 

 

In the fourth line of argument for the stability of 2, the post-reaction 

solution containing 2 was characterized using 
31

P NMR despite the low solubility 

of 2 in the presence of excess [Ru(bpy)3]
2+

.  When [2] = 0.015 mM, as few as 40 

equivalents of [Ru(bpy)3]
3+/2+

 make the post-reaction solution supersaturated, 

forming a light yellow precipitate in minutes to hours. To prevent precipitation, 

[Ru(bpy)3]
2+

 was removed from the post-reaction solution by adding NaBPh4 and 

removing solid [Ru(bpy)3][BPh4]2 by filtration.  In the 
31

P NMR spectrum of this 
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solution, 2 (1850 ppm, Δν1/2 = 600 Hz) was the only species detected besides the 

free phosphate originating from the buffer solution. This strongly suggests that 2 

remains intact under catalytic water oxidation conditions (figure 2.4).  

The fifth and sixth lines of experimental evidence for the stability of 2 

utilizes IR characterization and recycling of the WOC after an initial water 

oxidation reaction. After the reaction was complete, the solution was saturated 

with [Ru(bpy)3]
2+

, which acts as a counter-ion for complex 2, resulting in its 

precipitation. The infrared spectrum of the precipitate showed the characteristic 

peaks of 2, a B-type sandwich polytungstate, at 1037 cm
-1

, 939 cm
-1

, 882 cm
-1

, 

and 767 cm
-1

 (figure 2.2), indicating that the POM framework remains intact after 

catalysis. For simplicity, we assumed a 1:1 ratio of the [Ru(bpy)3]
2+

 and 2 in the 

precipitate, and assigned the molecular formula of the precipitate to be 

Na8Ru(bpy)3-2. Using the corresponding molecular weight, we recycled ca. 

0.0032 mM Na8Ru(bpy)3-2 as catalyst in the reaction of [Ru(bpy)3]
3+

 with water 

in the presence of bpy at pH 8. This reaction yielded 49.3% O2 and a TON of 58 

per 2, exactly reproducing the activity of pure crystalline Na10-2 (run #2, Table 

2.3). 

The seventh indication of the stability of 2 during catalysis is its 

voltammetric behavior. In summary, catalytic current is retained after chemical 

water oxidation, demonstrating that catalytic activity of the active species is 

undiminished after turnover. In a cyclic voltammogram of unreacted [Ru(bpy)3]
2+

 

and a catalytic concentration of 2, an increased anodic current peak and decreased 

cathodic current peak is observed for the [Ru(bpy)3]
3+

/[Ru(bpy)3]
2+

 couple, 
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indicating the catalytic reduction of [Ru(bpy)3]
3+

 (figure 2.14). The observed 

catalytic current increases with catalyst concentration.
8
 As shown in figure 2.14, 

the catalytic current for the solution after chemical water oxidation and for an 

analogous solution incapable of chemical water oxidation ([Ru(bpy)3]
2+

 and 2 

alone) match each other under similar conditions. This result indicates no evident 

catalyst deactivation and implies that concentration of 2 remains constant after 

catalysis. In contrast, the same cyclic voltammetric experiment using Co(NO3)2 in 

place of 2 shows a marked decrease in the catalytic water oxidation current for the 

solution after chemical water oxidation when compared to that of analogous 

solution incapable of chemical water oxidation ([Ru(bpy)3]
2+

 and Co(NO3)2 alone; 

see figure 2.15).  Once again, this finding is consistent with aqueous cobalt 

hydrolyzing and condensing to hydroxide/oxide particles under oxidative 

conditions, decreasing the effective catalyst concentration. 

 In conclusion, this chapter presents numerous lines of evidence for the 

stability and structural integrity of 2 during water oxidation turnover. Discussions 

of metal-oxide WOCs indicate that POMs are a uniquely interesting class of 

oxidatively stable WOCs. In fact, as molecular metal oxides, POMs may be the 

solution to preventing in situ metal oxide/hydroxide cluster aggregations.   
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Figure 2.14 Cyclic voltammogram of 0.857 mM [Ru(bpy)3]
2+

 (red), 3.2 μM 1 

(black), a solution incapable of chemical water oxidation comprising 0.857 mM 

[Ru(bpy)3]
2+

 and 3.2 μM 1 (green) or 1.6 μM 1 (yellow), and a post-reaction 

solution containing 0.857 mM [Ru(bpy)3]
3+

 reduced in the presence of 3.2 μM 1 

(blue). The series of CVs for 0 μM 1 (red), 1.6 μM 1 (yellow), and 3.2 μM 1 

(green) added to 0.857 mM [Ru(bpy)3]
2+

 shows increasing anodic current and 

decreasing cathodic current, demonstrating the correlation between increasing 

catalytic current and the concentration of 1. Conditions: 60 mM NaPi, pH 8, scan 

rate 25 mV/s; potentials measured and reported versus an Ag/AgCl reference 

electrode.   
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Figure 2.15 Cyclic voltammograms: 0.857 mM [Ru(bpy)3]
2+

 (black); a “post-

chemical reaction” solution containing 0.857 mM [Ru(bpy)3]
2+

 and 0.0128 mM 

Co(NO3)2 (red); an “unreacted” model solution containing 0.857 mM 

[Ru(bpy)3]
2+

 and 0.0128 mM Co(NO3)2 (blue); or 0.0064 mM Co(NO3)2 (yellow). 

The solutions are buffered using 60 mM NaPi, pH 8, scan rate 25 mV/s. 
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Chapter III 

Coupling of Photosensitizers with Molecular Water Oxidation Catalysts for 

use in Artificial Photosynthesis, and Light-driven Water Splitting via 

Photoelectrochemical Cells 
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Abstract 

 The combination of the previously-mentioned water oxidation catalysts 

and photosensitizer is explored. Systems that model possible artificial 

photosynthesis schemes are employed to demonstrate the compatibility of the 

POM-based water oxidation catalysts (WOCs), 1 and 2, with light-driven water 

splitting systems. The capability of WOC coupled photosensitizers to harvest light 

energy is evaluated. While the oxidative stability of organic containing metal to 

ligand charge transfer (MLCT) complex is not ideal, they remain attractive light-

capturing complexes due to a broad visible light absorption range and relatively 

long excited state lifetimes. Alternatively, the possibility of utilizing 

photoelectrochemical cells in conjunction with complexes 1 and 2 as WOCs to 

split water via light energy is explored. Such a system could be potentially useful. 

Discussions of the photoanode reveal the need to synthesize better photosensitive 

semiconductor metal oxides as well as improving their functionalization. 
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Introduction 

 Artificial photosynthesis involves harvesting light energy to split water, 

ultimately, at a much higher efficiency than plants do.
1-13

 The water oxidation 

event must be coupled to photon absorption in order to be useful. Both 

photovoltaics (PV) and photosensitizers (PS) operate on the same fundamental 

principle. When PV or PS absorb photons, electrons are promoted to excited 

states, generating an electron and hole pair. This corresponds to a rise in potential 

energy. These excited states are short lived (10
-8

 s to 10
-4

 s).
14-17

 Relaxation to the 

ground electronic state occurs rapidly. PV materials eject electrons using incident 

light energy, generating a direct current. However, as discussed in Chapter I, 

electrical energy is difficult to store and PV cells present unique challenges in 

production cost as well as environmental concerns.
2,3,6,8,9,18-26

 While development 

of PV materials is very much viable and valuable, my research has focused on 

coupling PS with WOCs directly.  

As shown in figure 1.2, the PS scheme needs to trap both the electron and 

the hole generated through light absorption in a redox pair (as in the classic 

Gratzel cell).
13

 A light-driven water oxidation scheme can trap the hole generated 

through oxidizing the WOC. After four holes are transferred to the WOC, four 

electron oxidation of water as previously described may occur to trap the potential 

energy in a stable diradical oxygen molecule. The electrons must be similarly 

trapped in a stable reductant, thus completing the requisite charge separation. 

Four-electron oxidation of water is one of the most, if not the most, 

thermodynamically and kinetically challenging reactions in nature.
27-33

 The 
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naturally occurring Oxygen Evolving Complex (OEC) in Photosystem II has a 

peak TOF of about 1000 s
-1

.
34

 It also rapidly decomposes due to photo-bleaching 

and self-oxidation. The best artificial systems are almost two orders of magnitude 

slower. Given that the longest living PS excited states have lifetimes of less than 1 

ms, it is currently impossible to trap the holes generated in diradical oxygen 

before quenching the excited electrons. The excited electron in the PS must be 

quenched first to generate an oxidizing PS thermodynamically capable of water 

oxidation. This can be done through a terminal oxidant or electrochemically. 

Using a terminal oxidant other than O2 is practically undesirable and 

energetically costly. However, it can be used as a first step proof-of-concept 

experiment to demonstrate the viability of such a scheme.
35

 This reaction system 

has been employed both heterogeneously and homogeneously. Catalyst complex 1 

described in chapter 1 has been coupled with [Ru(bpy)3]
2+

 to catalyze light-driven 

water oxidation (figure 3.1). 

 

Figure 3.1 A generalized chemical scheme for the given light-driven water 

oxidation. PS: photosensitizer, PS*: photoexcited photosensitizer, PS
+
: oxidized 

photosensitizer, WOC: water oxidation catalyst. The chemical scheme is balanced. 
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An excited PS can be oxidized at the anode of an electrochemical cell. 

Ideally, the excited electron will travel to the cathode, where it will reduce water. 

The hole remaining on the PS can then oxidize the WOC, which will then oxidize 

water. While the excited states of most PS are reducing enough to reduce protons 

to hydrogen thermodynamically, it is nonetheless kinetically difficult.
11-13

 Also 

taking the inefficiency of current WOCs into consideration, it is not surprising 

that such systems generally require an external bias potential in addition to light 

in order to split water.
36-41

 Nevertheless, such systems are capable of using light 

energy to split water, netting an overall positive energy gain. 

A number of molecules and materials are capable photosensitizers for 

water oxidation. The most widely used ones are ruthenium based metal-ligand 

charge transfer (MLCT) complexes.
40,42-45

 In this chapter, a homogenous water 

oxidation system induced by light using such MLCT complexes is reported, thus 

demonstrating the possibility of coupling WOC complexes 1 and 2 with PS. 

Construction of a photoelectrochemical cell is also reported. I will also briefly 

discuss possible modifications and improvements to the photosensitive anode 

surface. 

Experimental 

Analysis of O2 content using gas chromatography (GC) 

 In the photocatalytic system, a 10 mL round-bottom flask with a total 

volume of ~17 mL was used to hold 8 mL of aqueous reaction solution. The 

reaction vessel was capped with a rubber stopper and extensively deaerated by 

bubbling argon gas through the solution for over 10 minutes. Stirring was 
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accomplished using a Teflon-coated stirrer. A fully deaerated 250 μL Hamilton 

gas-tight syringe was used to withdraw a sample of the gas in the round-bottom 

headspace. Aliquots (100 μL) of this gas were immediately injected into a 

Hewlett-Packard 5890 gas chromatograph fitted with a thermal conductivity 

detector for analysis. Illumination was achieved using a 150 W Hamamatsu 

Xenon lamp fitted with a cutoff filter. The reaction was paused at different time 

intervals by shielding the reaction vessel from the light beam. A sample of the 

headspace gas was taken at each of these intervals. 

 Calibration of this system is done using the exact same procedures 

substituting the reaction solutions with water. After mixing, 23.5 μL, 47 μL, or 

70.5 μL of pure O2 (corresponding to 1, 2, or 3 μmol O2) are injected into the 

headspace of the reaction vessel. The reaction vessel is shaken to allow adequate 

mixing. Aliquots (100 μL) of the reaction vessel headspace are then transferred 

using a deaerated Hamilton gas-tight syringe into the gas chromatograph for 

analysis. The retention times of oxygen and nitrogen are separated by 

approximately 20 seconds. The oxygen peak is seen first a little less than 1 minute. 

Contamination from air is minimal and accounted for by subtracting half of the 

nitrogen peak area from the total oxygen peak area. This is a conservative 

estimate, as the gas chromatograph gives an oxygen to nitrogen ratio of 1 : 2.8 for 

a sample of air. The amount of O2 is plotted against the integration area for the 

adjusted oxygen peak. A linear correlation between the two is found and the slope 

is used as the conversion factor for the quantification of O2 in future injections. 

Synthesis of [Ru(mptpy)2]
4+
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[Ru(mptpy)2][PF6]4 (0.03 M) was dissolved in a mixture of 9:1 

MeCN:CH2Cl2. Tetrabutylammonium hydrogen sulfate (0.12 M) was added and 

the resulting mixture stirred for 30 min. A red precipitate was collected by 

filtration, washed with MeCN (2 x 10 mL), redissolved in H2O, and the solvent 

removed under reduced pressure to give a dark red solid (0.13 g, 0.12 mmol, 

78 %). 

Photoelectrochemistry 

Current-potential scans were done using a three-electrode system at room 

temperature in buffered solution. Working electrode potential was controlled 

using a VersaStat II potentiostat. A saturated Ag/AgCl was used as the reference 

electrode. A platinum wire was used as the counter electrode. Illumination of the 

working electrode materials was achieved using a 300 W Hamamatsu Xenon 

lamp fitted with a 420 nm – 520 nm cutoff filter. 

Synthesis of the semiconductor metal oxide working electrode 

The working electrode is taken as the anode. A fluorine doped tin oxide 

(FTO) layer forms a transparent conductive glass layer. α-Fe2O3 (hematite) 

nanoparticles suspended in an aqueous colloidal solution were then doctor-bladed 

onto half of the FTO surface to form a thin uniform layer. Once air dried, this film 

is baked at 450°C for two and a half hours to achieve thermal annealing. This film 

is then refluxed in toluene overnight with a trimethoxysilyl-quaternary-

ammonium reagent. The modified surface is soaked in a saturated solution of 

complex 1 to adsorb said POM. 

Results and Discussion 

Visible-light-driven water oxidation using 1 has previously been reported. 

As seen in figure 3.1, this scheme is dependent upon the presence of photons, 
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[Ru(bpy)3]
2+

 (a PS), 1 (a WOC), and S2O8
2-

 (the terminal oxidant). Here, S2O8
2-

 

serves as an electron sink. It allows for separation of charges in this homogeneous 

system and demonstrates that 1 may be coupled with a PS to catalyze water 

oxidation. 

As compatibility of 2 with a completely homogeneous light-driven water 

oxidation system is crucial in the further development of artificial photosynthesis 

involving 2 as a WOC. A similar study as that described above was conducted 

using an analogous scheme and complex 2. Following the scheme described in 

figure 3.1, complex 2 catalyzes light-driven water oxidation. Figure 3.2 shows the 

oxygen yield in this system with three different concentrations of 2. 

Much of the loss in the quantum yield of this system occurs due to the 

inefficient quenching of photoexcited [Ru(bpy)3]*
2+

 with persulfate. This results 

from a relatively short lifetime of the excited [Ru(bpy)3]*
2+

 state as well as a 

relatively small window of light absorption. Attempts at finding a better PS was 

centered around a [Ru(mptpy)2]
4+

 complex (mptpy = 4'-(4-methylpyridinio)-

2,2':6,2"-terpyridine; figure 3.3).
46

 This dye was shown to have a high oxidation 

potential (1.39 V vs. NHE), a relatively long excited state lifetime, a high 

extinction coefficient over a wide absorption range that overlaps well with the 

solar spectrum, and a high positive charge allowing for stronger ion pairing and 

electronic interaction with negatively charged POMs. 
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Figure 3.2 The time-profile of oxygen yield using 2 as the WOC in figure 3.1, 

with 0.0032 mM 1 (red), 0.00128 mM 1 (yellow), and 0.000512 mM 1 (blue). An 

8 mL solution of 2.5 mM of sodium persulfate, 30 mM NaPi buffer at pH 8, and 1 

mM [Ru(bpy)3]
2+

 was used. 

 

Figure 3.3 Structure of [Ru(mptpy)2]
4+
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It would seem that [Ru(mptpy)2]
4+

 is an ideal PS for light energy capture 

and would be extremely efficient in the scheme summarized in figure 3.1. 

However, experiments involving complex 1 and [Ru(mptpy)2]
4+

 reveal numerous 

problems. First, solubility of the highly positively charged [Ru(mptpy)2]
4+

 with 

the negatively charged persulfate and POM is low in solution. Adequate PS 

concentration is therefore difficult to achieve. Second, charge transfer from the 

excited [Ru(mptpy)2]
4+

 to S2O8
2-

 is slower than that of the [Ru(bpy)3]
2+

 because of 

a lower excitation energy. Most importantly, the mptpy ligands in [Ru(mptpy)2]
4+

 

are much less oxidatively stable than the bpy ligands in [Ru(bpy)3]
2+

. This is 

probably due to the reduced aromatic stabilization of the ligands or the tendency 

for the oxidized [Ru(mptpy)2]
5+

 to hydrolyze due to a smaller metal center and the 

tridenticity of the ligands. As a result, experiments show that [Ru(mptpy)2]
4+

 

likely decomposes into RuOx particles, as evidenced by black precipitates, which 

catalyze water oxidation. Small amounts of water oxidation activity are gained 

after the addition of complex 1 as a WOC (figure 3.4). 

This result confirms that oxidative stability is of key importance in a water 

oxidation system. The instability of organic containing PS is unavoidable and 

undesirable. Therefore, attempts have been made to move towards a 

photoelectrochemical cell in which a semiconductor metal oxide (SMO) is used as 

a PS, charge separation is achieved with the application of a small positive bias 

potential. The desired reaction is summarized in figure 3.5. 
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Figure 3.4 The time-profile of oxygen yield using [Ru(mptpy)2]
4+

 as the PS in 

figure 3.1. Reaction was carried out using 5 mM persulfate, 0.2 mM 

[Ru(mptpy)2]
4+

, 20 mM sodium phosphate buffer in 8 mL of solution with no 

added WOC (black) or 0.008 mM 1 (red). All persulfate was consumed at the end 

of the reaction. 
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Figure 3.5 A generalized chemical scheme for photoelectrochemical splitting of 

water, showing the charge separation process.
39-45,47-57

 PS: photosensitizer, WOC: 

water oxidation catalyst. The chemical scheme is balanced. 

 

Hematite, α-Fe2O3, nanoparticles are used as PS to absorb light in the 

visible region (figure 3.6). To immobilize POM WOCs such as 1 on the surface of 

the Fe2O3 nanoparticles, a trimethoxysilyl-quaternary-ammonium reagent was 

used to functionalize the SMO surface (reaction summarized in figure 3.7). The 

quaternary ammonium can then act as an ion exchange resin to immobilize the 

POMs. Evidence of this is given by the reflectance IR spectroscopy in figure 3.8. 

Using this film, a catalytic photocurrent can be obtained in water at pH 7 (20 mM 

NaPi) with 1 M KNO3 as the electrolyte (figure 3.9). This catalytic photocurrent 

may be attributable to water splitting using light energy. Previous reports are 

consistent with this interpretation. It should be noted that a relatively large bias 

potential and a relative low current density is observed using this setup. This is 

probably attributable to the fact that the α-Fe2O3 nanoparticles employed are large 



84 

 

in size and not doped with silicon, which should improve electron transport 

through the SMO and thus facilitate charge separation. In any case, this 

experiment seems to demonstrate a system capable of capturing light energy to 

split water. More experiments are needed to optimize the system. 

 

Figure 3.6 UV-visible absorption spectra of a Fe2O3 nanoparticle film (black) and 

after it has been functionalized with 1. 
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Figure 3.7 Reaction scheme for the functionalization of SMO surface using a 

silylating reagent with a terminal quaternary ammonium group. 

 

Figure 3.8 Reflectance IR spectrum of crystalline 1 (black), unmodified 

homogeneous Fe2O3 nanoparticle film (red), and Fe2O3 film surface modified 

with 1 via silyl quaternary ammonium. 
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Figure 3.9 A linear current vs. potential sweep using unmodified Fe2O3 under 

illumination (red) and modified Fe2O3 both with (yellow) and without (orange) 

illumination. A plot of the photocurrent (yellow minus orange) is also plotted 

(green).  Aqueous KNO3 (1 M solution) was used as the electrolyte, and the 

solution is buffered at pH 7 with 20 mM NaPi. Scan speed is 30 mV/s.  
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The attachment of the POM WOCs to the surface of the SMO electrode in 

the previous experiment still involved organic species. These organic linkers will 

not be stable in an oxidative system. A more promising and scientifically 

interesting system involves creating a metal-to-metal charge transfer (MMCT) 

chromophore that can simultaneously act as a PS and bind POM electrostatically. 

Previous reports of MMCT complexes by Heinz Frei do not allow for simple 

translation into photoanodes.
58-60

 Therefore, efforts were made to synthesize a 

Cr(III)→Ti(IV) MMCT film. Melt synthesis at 100°C of Cr(NO3)3 in the presence 

of a TiO2 nanoparticle film formed a yellow layer on the surface of the film 

(figure 3.10). This is likely due to O→Cr(VI) ligand metal charge transfer, which 

indicates a tetravalent Cr(VI) oxide on the surface of TiO2 and thus the formation 

of Ti-O-Cr bonds.
61,62

 Reduction of Cr(VI) to Cr(III) should generate the desired 

MMCT species.  

Ultimately, carbon-free POM-based WOCs can be coupled to 

photosensitizing light harvesters. Nonetheless, extensive research is still required 

in order to improve the efficiency and viability of systems based on the design 

shown in figure 3.5. Realizing efficient artificial photosynthesis in the form of 

water splitting requires basic research into the coupling of PS and WOCs. 

Fundamentally, the issues present in light harvesting are chemistry problems. 

Therefore, chemical research in related areas will facilitate a better understanding 

of the problems and afford possible solutions. 
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Figure 3.10 UV-visible spectrum of a TiO2 nanoparticle film deposited on a 

sapphire window functionalized with chromium oxide. The peak at ca. 360 nm is 

attributable to LMCT transitions of tetravalent chromium oxide.  
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