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C-H Activation: A Chemical “Holy Grail”

HNO3H NO2

Faraday, M. Philos. Trans. Roy. Soc. (London) 1825, 115, 440-466.

!

NO2H2N

OMe

NO2Br

OMe

Br

OH

  7. Sn, HCl
  8. H2SO4

  9. NaNO2,
      HCl
10. CuCl

5.NaNO2,
   HCl

6. CuBr

1. H2SO4, Na2Cr2O7
2. HOAc, heat

3. KOCN, MeOH
4. Na2S, EtO

Cl

Hodgson, H. H.; Wignall, J. S. J. Chem. Soc. 1926, 2077.

B
O

O
+ + H2

150°C, 60 h 53% isolated yieldIverson and Smith JACS 1999, 121, 7696.

H H BPin

Ir
Me3P

H

20 mol %



Great Things Can Have Modest Beginnings
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Boron is a Portal to Molecular Diversity
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       Broad Scope of C–H Functionalization
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Power to the People



Pyrrole Is The Biggest Outlier



N...H...O Bonding in the Transition State



Calculated Transition State

selectivity with more acidic N!H bonds were unsuccessful. For
example, N-aryl triflamides gave N-borylation. Since solutions
containing both HBpin and N-aryl triflamides are stable, an Ir
complex catalyzes N-borylation. In a plausible mechanism, !-
bond metathesis of the Ir!B bond with the highly acidic
triflimide N!H bond generates intermediate 14 (Scheme 3) and
subsequent N!B elimination yields the N-borylated triflamide.
An experimental result supporting the H-bonding mechanism

of 9 was the observation that increased basicity of the dipyridyl
ligands enhances ortho selectivity (Figure 3). We propose that

the pinacolate oxygens in complexes with more electron-rich
dipyridyl ligands are more basic, and this accounts for the
increased ortho selectivity. While more electron-rich dipyridyl
ligands have been shown to increase borylation rates,13 this is the
first case where dipyridyl electronic effects significantly alter
regioselectivities.
Themechanism of the ortho direction and an explanation of its

failure with 12c was clarified by theoretical calculations. In M06/
SDD(Ir)/6-31+G**(C H O N B) calculations, a series of TSs
were located for C!H activation of PhNHCO2Me by the model
complex (bpy)Ir(Beg)3 (15, eg = ethyleneglycolate). These
calculations predict the ortho borylation to be strongly favored,
and the TS (Figure 4) shows a clear NH!O H-bond. The

predicted o:m:p ratio (based on the lowest-energy TSs for each
possibility) is 88:8:4, which is very close to the experimental
value for borylation of PhNHCO2Me by 2 (o:m:p = 90:5:5 from
GC-FID). The experimental ratio is a direct measurement of
relative rates for directed and nondirected borylation. The
agreement between theory and experiment strongly supports the
NH!O H-bonding mechanism. The calculated ortho TS also
suggests a steric explanation for the failure of H-bonding
direction in 12c; when the OCH3 of the carbamate is replaced by
an ethyl group and the Beg groups are replaced by BPin groups,

there is a tight steric interaction (with H!H distances <1.0 Å)
that would preclude the ortho structure. An interesting
observation is that the ortho transition structure is very strongly
favored enthalpically, but the restricted motion associated with
the H-bond is disfavored entropically, so the final selectivity is
limited by entropy/enthalpy compensation.
For Boc-protected anilines with a single meta substituent,

there is a trade-off between H-bond direction and the usual
preference for reaction at the least hindered position (Table 1,

entry 1). This is not an issue for 4-substituted substrates where
the ortho selectivity is high. Except for the fluorine-substituted
substrates in entries 5 and 6, these products were isolated as
single regioisomers. For entries 11 and 12, 3 equiv of arene were
used tominimize diborylation. Converting Bpin products to their
BF3K salts can in cases ease isolation, leading to the higher yield
in entry 12 versus 11. All regiochemical assignments were based
on NMR spectroscopy and confirmed by X-ray crystallography
for entries 4 and 7!9.
Entry 2 in Table 1 shows that substrates with more acidic

protons are viable through in situ protection as borates by excess
pinacolborane. Entries 1, 3!7, and 10 produce boronates with
halogen groups that can be further manipulated. Entries 11 and
12 are noteworthy because the selectivity diverges from that of
the acetamide analog, which borylates ortho to CN exclusively.14

The comparison with DoM in Scheme 4 highlights the new
selectivity offered by H-bond direction. When there is a
distinguishable choice among ortho C!H bonds, DoM is
dominated by acidity. Thus, for substrates 16 and 17 (entries 5
and 7 in Table 1), the more acidic C!H bonds flanked by
NHBoc and a halogen will metalate first.15 In contrast the Ir-
catalyzed process is selective for the less hindered C!H bond
ortho to NHBoc. For substrates 18 and 19, the O-aryl carbamate
is a stronger director for DoM thanNHBoc, but it provides noH-
bond. Consequently, the preferred site for C!H borylation is the

Figure 3. Plot of the ortho/meta product ratios using 4,4!-di(R1)-2,2!-
dipyridyl catalysts vs pKa's of 4-R

1-pyridium ions.

Figure 4. Lowest energy TS for C!H activation of PhNHCO2Me by
model complex 15. The o:m:p ratios predicted by theory and those
found for borylation catalyzed by 2 are given.

Table 1. ortho-Borylation of N-(Boc)-Anilinesa

aSee Supporting Information for details on conditions. Yields refer to
isolated material except as noted. bYield determined by 1H NMR.
cYield is for the major isomer. dIsolated as a 92:8 mixture.
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Poly(lactic) Acid:  A Renewable Commodity Plastic
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Degradable Single Molecule Micelles
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the resulting polymers 4 were comparable to the ratio of the 
azides in the feed. After isolating the polymer and 
purification by dialysis, we used cloud point measurements 
to screen samples for LCST behavior. Samples were 
dissolved in Milli-Q water and solution turbidity was 
monitored by measuring absorbance at 450 nm as a 
function of temperature. At the LCST, the “apparent 
absorbance” increases as gel formation causes a dramatic 
increase in scattering. Significantly, the relationship 
between the cloud point temperature and the mole fraction 
of mDEG chains in the polymer is linear, as shown in 
Figure 15. This allows for simple and exquisite adjustment 
of the LCST in a degradable material, where the 
mDEG/alkyl ratio serves as a “molecular thermostat” for 
the LCST. These results are preliminary and it may be 
possible to expand the LCST window to beyond the 25-65 
!C range shown in Figure 15 by varying the lengths of the 
alkyl and PEG side chains.  

Preliminary degradation studies have also been carried 
out in Milli-Q water at 36 °C and data for polymer 4 where 
the mDEG incorporation is 70% is shown in Figure 16. The 
degradation rates are much faster than that for PLA, which 
shows no molecular weight loss under similar conditions. 
Hence, the hydrophobic chains are clearly accelerating the 
hydrolysis rates. We expect that we will be able modulate 
the degradation rates by varying the pH, altering the side 
chain composition, and by preparing copolymers with 
lactide.  

C3. Encapsulation of molecules and macromolecules in 
polymer nanomicelles. With their hydrophobic and 
hydrophilic chains, polymers 4 are amphipols. We 
attempted to form micellular assemblies of 4, but we observed no increase in the hydrodynamic radius by 
dynamic light scattering over a broad concentration. The reason for this was clear when the materials were 
examined by TEM. As shown in Figure 17, amphipols 4 form discrete unimolecular micelles? This behavior is 
independent of molecular weight, which means that the dimensions of the polymer nanomicelles can be 
adjusted by changing molecular weight. These nanomicelles have good dimensional stability as freeze-dried 
materials were little changed when reexamined one month later.  

To test whether our nanomicelles will mirror the behavior of micelles, we have performed two experiments 
with amphipol 4. As shown in Figure 18, it is possible to drive hydrophobic, azo-tagged PMMA into amphipol 
4 by increasing the solvent polarity. Similarly, Rhodamine B, which is hydrocarbon insoluble, can be 
entrapped when nanomicelle 4 is reversed. After the solvent was evaporated, the reversed nanomicelles can be 

 

Figure 16. Degradation of polymer 4 (70% 
mDEG/30% decyl side chains) in Milli-Q water 
at 36 °C. 

 

 a b 

 

Figure 17. TEM images of polymer nanomicelles (a) Mn ~ 43,0000, diameter ~ 10 
nm (b) Mn~ 260,000, diameter ~ 30 nm.  

 

 

Figure 18. Encapsulations of an azo-tagged PMMA (Mn ~ 
10,000) in nanomicelle 4 and the dye Rhodamine B in reversed 
nanomicelle 4. When the solutions were evaporated and the 
nanomicelles were redissolved, they retained their trapped 
guests. 
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Functional Nanoparticle Applications

Drug Screening
(Labeling)

Liu, Y. Y.; Miyoshi, H.; Nakamura, M. Int. J. Cancer 2007, 120, 2527-2537.
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From Degradable to Nondegradable Nanomicelles
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A Simple Market  Analysis

Membrane proteins are projected to have a $30 billion annual market...

... That buys a lot of beer.
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Encapsulation of Non-Polar and 
Polar Species in Nanomicelles



Enhancing Protein Solubility with Degradable 
and Tailorable Micelles
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 By 1853 New York omnibuses carried 120,000 passengers per day. 

 In 2009, the New York Subway carries 4,300,000 passengers per day

Sustainability is an Old Problem



Fossil Fuels: Key to 20th Century Sustainability

Growth is the biggest challenge to sustainability



The Energy Problem

By 2050 Earth’s population is predicted to 
increase by 50% while energy demand is 
predicted to increase by at least 100%



The Problem with CO2 Recycling

3 Billion Years Ago

Today



Carbon-Free Fuels

Disadvantages of carbon-based fuels

CO2 recycling required for carbon neutrality

Low CO2 concentration hampers atmospheric recovery

Onboard CO2 recovery impractical for transportation applications

One possible solution: Avoid carbon!



Carbon-Free Fuels



Carbon Free Fuels: Research Team
MSU Research Team
Professor Thomas Hamann-Energy conversion chemistry
Professor Aaron Odom-Nitrogen chemistry, catalysis
Professor Viktor Poltavets-Solid-state chemistry, catalysis
Professor Milton Smith-Catalysis
Professor Daniel Nocera (Harvard/MSU)-Energy science

Dr. James Boncella (Los Alamos)-Fuel cells, nitrogen chemistry

Targeted agencies for center funding: 
DOE (ARPA-E), NSF

Catalysts
Hamann, Poltavets, 
Odom, and Smith

Fuel Cells
Chemistry and
 Engineering

Automotive Research
Experimental Station



Ammonia: A Hydrogen Dense Fuel
Advantages

Haber-Bosch process is well-established and is the second largest 
industrial chemical process.  Approximately 1-2% of global energy is 
dedicated to ammonia production.

By mass, liquid NH3 energy density is 40% of gasoline, 94% 
of methanol

Liquid NH3 is an efficient H2 carrier

1/2 N2   +   3/2 H2 NH3
ΔH°rxn = -11 kcal/mol, 
ΔS°rxn = -24 cal/mol·K

T (°C) Keq

25 7.1
160 1.0
450 0.01

2 NH3  +   3/2 O2 N2  +  3 H2O
Releases 87% of the energy of H2 oxidation!

NH3 1/2 N2   +   3/2 H2 0.077 V



Ammonia: A Hydrogen Dense Fuel



Ammonia: A Hydrogen Dense Fuel

Advantages
Synthesized from nitrogen, the most abundant gas in the atmosphere

Can be used as fuel in internal combustion engines

Produces less NOx emissions than gasoline

Ammonia is non-flammable 



Ammonia: A Hydrogen Dense Fuel

Challenges
Carbon-neutral H2 production does not meet energy needs

Current Haber-Bosch process requires high pressure of N2 and H2.

Like gasoline, ammonia is toxic.

Ammonia cracking to N2 and H2 is inefficient

Fundamental research is needed 
to address these challenges



Current Cracking Technology: 
Reverse Haber-Bosch

1/2 N2   +   3/2 H2NH3
T > 500 °C
catalyst



Carbon Free Fuels: Proposed Research

New catalysts for ammonia synthesis

Improve current Haber-Bosch by synthesizing nano-structures that 
increase active sites for catalysis.

Develop ammonia synthesis where water is the hydrogen 
source instead of hydrogen gas.

N2   +   3 H2O  + 2 NH3  +  3/2 O2
electrical
energy



Ammonia Synthesis



Computational Studies of Haber-Bosch

Ammonia: The liquid fuel of the future. 

! 10 

have been observed and serve as a guideline as to how the 
catalysis might be accomplished.  

Another approach for extracting the chemical energy in 
NH3 is crack NH3 to N2 and H2 by reversal of HB synthesis. 
The H2 produced can then be converted to electrical energy 
in an HFC. Figure 11 shows equilibrium between N2, H2, 
and NH3 as a function of temperature. At room temperature, 
NH3 is favored. Consequently, cracking to N2 and H2 will 
most likely require elevated temperatures, although 
extremely high temperatures should not be 
required since separation of NH3 and H2 is 
straightforward. 

One of the most efficient HB catalyst systems is 
based on Ru and calculations suggest that scission 
of coordinated N2 to form two surface bound 
nitrides is exothermic by ~ 20 kcal/mol.23 Only a 
few metal nitrides and oxides were tested for NH3 
decomposition: Fe4N, Mo2N, MoO3, Cr2O3, MnO2, 
Mn2O3 and MnO. Of pure metal catalysts, it has 
been established that Ru metal is by far the best 
NH3 decomposition catalyst. Nitrides for less 
electron rich metals like Fe, Co, Rh, Ni, and Pd 
may be less stable and these materials will be 
examined for reverse HB generation of H2 from NH3. 

Ammonia synthesis. One of the most efficient HB catalyst systems is based on Ru and 
it has been particularly well studied under catalytically relevant conditions.24 Optimal 
activity is found when metal crystal size is ~ 2 nm where it is estimated that ~9% of the 
surface sites are active, which corresponds to only ~3 % of the Ru atoms in the 
nanocrystal. While catalytic activity has been improved by adding BaO, the primary 
limitation to catalysis is the low number of catalytic active sites.  The reason for this can 
be appreciated when one considers the currently accepted mechanism for catalysis. 

It is believed that reactions occur at terrace steps between Ru (0001) planes. 
Calculations on 11, 15, and 21-atom clusters support a mechanism where N2 coordination 
and cleavage is mediated by 5 Ru atoms at the step as shown in Figure 12.23 Note the 
critical feature that the angle between the step edges is acute. When one considers that the 
angles between facets of nanocrystals are oblique, it is not surprising that few sites are 
active.   

We propose synthesis of new Ru geometries 
with concave edges using ALD to make core-
shell nanostructures. As shown in Figure 13, 
nanorods (most likely Si) will be grown from a 
surface.25 Ru metal will be deposited onto the 
nanorods and the void between the core shell 
structures will be filled with an inert support, like 
BN, which can be prepared from polyborazene 
precursors. At this point, the Si will be removed 
with an HF etch leaving Ru nanobelts where the 
angles between the interior faces will be acute. 
We anticipate the materials like this could 
exhibit significantly higher activity for HB 
synthesis. Consequently, it may be possible to 
have similar of ammonia production rates using 
lower temperatures, lower pressures, and lower 

!
Figure 11. Thermodynamics 
of Haber-Bosch synthesis 

!
Figure 12. An ammonia fuel cell with a 
metal amide supporting electrolyte.8  

!
Figure 13. An approach to synthesis of new 
HB catalyst morphologies with higher catalytic 
activities.  

Cao, Z. X.; Wan, H. L.; Zhang, Q. N.,  J. Chem. Phys. 2003, 119, 9178-9182.



Carbon Free Fuels: Proposed Research

New catalysts for ammonia synthesis

Improve current Haber-Bosch by synthesizing nano-structures that 
increase active sites for catalysis.



Carbon Free Fuels: Proposed Research



Upgrading NH3 by Selective Oxidation to 
Hydrazine

R. M. Yuan, G. Fu, X. Xu, H. L. Wan, J. Phys. Chem. C 2011, 115, 21218-21229.



R. M. Yuan, G. Fu, X. Xu, H. L. Wan, J. Phys. Chem. C 2011, 115, 21218-21229.



Upgrading NH3 by Selective Oxidation to 
Hydrazine



Proposed Research: Ammonia to Energy

Develop catalysts for ammonia oxidation

Design new ammonia fuel cells 

1/2 O2  +  2 H+  + 2 e–H2O
PS-II

1/2 N2  +  3 H+  + 3 e–NH3

2 NH3

N2
  +
6 H+ H+

motor

reduction
catalyst

ammox
catalyst

3 H2O

3/2 O2
  +
6 H+

e– e–



Proposed Research: Ammonia to Energy

Electrolysis at 2 V potential!

Hanada, N.; Hino, S.; Ichikawa, T.; Suzuki, H.; Takai, K.; Kojima, Y.,  
Chem. Commun. 2010, 46, 7775-7777.



A synthetic water splitting catalyst:

Nocera and coworkers, J. Am. Chem. Soc. 2011, 133, 5174–5177
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The Artificial Leaf Nocera

energybarrier of >0.16V imposedbyprotonationof theCo(IV)
species. This result suggests the charge propagation mech-
anism as hole hopping through catalyst films.

Electrokinetic studies show that the oxidation of Co(III) to
Co(IV) is coupled to the loss of a proton.36 In the absence of

phosphate buffer, the overall activity of theCo-OEC is greatly

diminished. Together, these studies suggest the PCET mech-

anism shown in Figure 7. As in PSII-OEC, the redox potential

of the Co-OEC is increased by four hole equivalents akin to

the S-state pumpingof theKok cycle. The critical step is at the

equivalent of the S3 to S4 transition of the Kok cycle. A rapid

one-electron, one-proton equilibrium between CoIII!OH

and CoIV!O in which a phosphate species is the proton

acceptor is followed by a chemical turnover-limiting process

involving oxygen!oxygen bond coupling. Enriched 18O cata-

lyst operated in unenriched water exhibits extrusion of 18O in

34O2, indicating the participation of a bridging O atom of the

catalyst core in the O2 evolution pathway.36 Mechanistic de-

tails of how theO!Obond forms and the precise nature of the

turnover-limiting elementary step remain to be determined.
Water is a poor proton acceptor under neutral conditions.

Hence, the activation of oxygen in water requires a bidirec-
tional PCET involving phosphate as a proton acceptor, as has
been established in model PCET systems.37,38 In the Co-OEC
mechanism ofwater splitting, the phosphate plays the essen-
tial role of maintaining this PCET equilibrium by facilitating
rapid proton transferwith the concomitant oxidation of Co(III)
to Co(IV) to furnish the active O2 producing “S4” state.

A Self-Healing OEC Catalyst. Like PSII-OEC, metal-oxide
catalysts are unstable in neutral water and corrode when
water splitting is performed under benign conditions. In
neutral water, the best base is the metal oxide itself, and

FIGURE6. CWX-band EPR spectra of (left top) frozen electrolysis solution (;), Co3(PO4)2 ( 3 3 3 ), Co3O4 (!!!), (leftmiddle) CoPi catalyst films deposited
at 1.34 V, and (left bottom) the Co!oxo cubane [Co4O4(C5H5N)4(CH3CO2)4](ClO4), which exhibits an EPR signal for Co(IV) at g = 2.27. (right) Potential
dependence of EPR spectrum of catalyst films from 1.03 V, at which catalysis does not occur, to 1.34 V, at which catalysis occurs.

FIGURE7. Proposed pathway forwater splitting by Co-OEC. A PCET equilibriumproceeds the turnover-limitingO!Obond-forming step. Curved lines
denote phosphate or terminal oxygen (from water or hydroxide). The oxyl radical in the far right structure is shown for emphasis. If the hole is
completely localized on oxygen, then the Co oxidation state is Co(III) and not Co(IV).Nocera and coworkers, Acc. Chem. Res., 2011, 45, 767-776.

Published: March 17, 2011

r 2011 American Chemical Society 5174 dx.doi.org/10.1021/ja110908v | J. Am. Chem. Soc. 2011, 133, 5174–5177

COMMUNICATION

pubs.acs.org/JACS

Bidirectional and Unidirectional PCET in a Molecular Model of a
Cobalt-Based Oxygen-Evolving Catalyst
Mark D. Symes, Yogesh Surendranath, Daniel A. Lutterman, and Daniel G. Nocera*
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ABSTRACT:The oxidation of water tomolecular oxygen is
a kinetically demanding reaction that requires efficient
coupling of proton and electron transfer. The key proton-
coupled electron transfer (PCET) event in water oxidation
mediated by a cobalt-phosphate-based heterogeneous cata-
lyst is the one-electron, one-proton conversion of CoIII-
OH to CoIV-O. We now isolate the kinetics of this PCET
step in a molecular Co4O4 cubane model compound.
Detailed electrochemical, stopped-flow, and NMR studies
of the CoIII-OH to CoIV-O reaction reveal distinct
mechanisms for the unidirectional PCET self-exchange
reaction and the corresponding bidirectional PCET. A
stepwise mechanism, with rate-limiting electron transfer is
observed for the bidirectional PCET at an electrode surface
and in solution, whereas a concerted proton-electron
transfer displaying a moderate KIE (4.3 ( 0.2), is observed
for the unidirectional self-exchange reaction.

As global demand for energy continues to grow, the need to
find a carbon-neutral and sustainable energy source for future

generations has become imperative.1-4 An especially attractive
solution is to store solar energy in the form of chemical bonds via
the electrochemical splitting of water to produce hydrogen and
oxygen.5-7 In this process, the electrochemical oxidation of
water to O2 is the bottleneck because it is a kinetically demand-
ing four electron-four proton transformation. The intimate cou-
pling of electron and proton transfer8-11 thus becomes a key
requirement for effecting the solar fuels process of water splitting.

We recently reported a heterogeneous Co-Pi catalyst12 that forms
spontaneously upon electrolysis of Co(II) in phosphate-buffered
solutions at neutral pH.13 This catalyst enhances the efficiency of
electrochemical and photoelectrochemical water oxidation and is of
interest because it (1) forms in situ under mild conditions on a
variety of conductive substrates from inexpensive and earth-
abundant materials;13,14 (2) exhibits high activity in natural
water and seawater at room temperature;15 (3) is self-healing by
reversing catalyst corrosion at open circuit upon reapplication
of an anodic potential;16 (4) can be interfaced with light-absorbing
and charge-separating materials to enhance photoelectrochemical
water splitting;17-19 and (5) is a functional and related structural
model of the oxygen-evolving complex of Photosystem II (PS II).20

With regard to the latter, XAS studies21,22 have established that the
Co-Pi is a structural relative of the oxygen-evolving complex (OEC)
of PSII. Shown in Scheme 1 are the structures of the PSII OEC23

and the core structure of Co-Pi as deduced from XAS where a

distribution of cluster sizes is observed, where the seven-atom
cluster shown in Scheme 1 predominates in ca. nanometer thin
films of the catalyst. Both systems have a partial cubane. In the
OEC, the cube is completed with a Ca2! ion; although the alkali
metal ions for Co-Pi have not been located, they likely reside on
the three-fold oxygen triangle to complete the cube structure, as is
the case for cobaltates.24 As highlighted in Scheme 1, Co-Pi is the
corner-sharing head-to-tail dimer of the OEC monomer of PSII.
Themetal-metal (d = 2.8 Å) andmetal-oxo (d = 1.9 Å) distances
inCo-Pi and PSIIOEC are similar. Thus,model cubane systems not
only shed light on the PCETwater activation chemistry ofCo-Pi but
may also provide insight into the mechanism of PSII OEC.

XANES22, EPR25 and electrochemical studies26 of Co-Pi have,
together, established the proton-coupled electron transfer (PCET)
conversion of CoIII-OH to CoIV-O as a key mechanistic step prior
to O2 evolution. The same conversion is also believed to be critical to
Co-oxide-mediated water oxidation in alkaline media.27-29 Herein,
we isolate the kinetics of this key step in a Co4(μ3-O)4 molecular
model cubane, [Co4O4(CO2Me)2(bpy)4](ClO4)2 (1), originally
reported by Christou and co-workers30 (Figure 1), which is a
structural relative of Co-Pi with complete Co residency within
the cube. In both Co-Pi and this molecular model, μ3-O/OH
moieties link the Co centers. We now report electrochemical,
stopped-flow, andNMR-based studies of theCoIII-OHtoCoIV-O
conversion in 1 that reveal that the PCET reaction forwhich electron
and proton are transferred to the samemolecule (unidirectional) is a
concerted PCET, whereas transfer of the proton and electron to
different molecules (bidirectional) occurs by stepwise PCET.

The stepwise and concerted PCET pathways of the cubanemodel
system are detailed in Figure 1. As synthesized, all Co centers in the
cubane, 1, are in the 3! oxidation state, and the cluster can be
protonated to yield 1-H!, which exhibits a pKa of 3.15.

31 The cyclic
voltammogram (CV) of 1 at pH>4 exhibits a reversible one-electron
oxidation32 with an E1/2 =!1.25 V (all potentials are reported vs the
normal hydrogen electrode). This potential is similar to the poten-
tials (>!1.1 V) at which Co(IV) is detected in Co-Pi.25 Thus, the

Scheme 1
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aqueous electrodeposition conditions permit conformal cat-
alyst layers to be deposited at a desired thickness on a
surface of any architecture. The self-assembly of the Co-
OEC may also be photodriven. The Co-OEC self-assembles
on the surfaces of irradiated semiconducting materials such
as Fe2O3,

21!24 ZnO,25 orWO3
26 immersed in water contain-

ing Co2" and phosphate.
The catalysts films are structurally amorphous and thus

X-ray absorption spectroscopy (XAS)was used to structurally
characterize Co-OEC. The extended X-ray absorption fine
structure (EXAFS) spectra of in situ Co-OEC during catalytic
turnover27 and ex situ films28 are consistentwith amolecular
cobalt complex consisting of edge-sharing CoO6 octahedra.
The average size of the molecular cobaltate cluster is seven
atoms. The core of Co-OEC is a nearly identical structural
congener of the PSII-OEC as schematically illustrated in
Figure 5. Both systems are a partial cubane with identical
metal!metal (d = 2.82 Å) and metal!oxo (d = 1.89 Å)
distances. In OEC, the cube is completed with a Ca2" ion;
though the alkali metal ions for CoPi have not been located,
they likely reside on the 3-fold oxygen triangle to complete
the cube structure, as is the case for cobaltates.29 The edge
Co atoms of the cluster are likely terminated by the phos-
phate ions, which have been shown to be exchangeable.30

AHighly Active PCETWater-Splitting Catalysis. Co-OEC
performs water oxidation at neutral pH. The catalyst

operates at 350mV lower overpotential than Pt at all current
densities and under neutral conditions. Current densities as
high as 100 mA/cm2 (geometric surface area) have been
achieved at overpotentials as low as 360 mV (67% energy
conversion efficiency).31 The high current density is main-
tained for days with no discernible drop in activity. The
Faradaic efficiency of the catalyst is 100%; that is, the
catalyst is selective for O2 production from water, and no
other product is obtained.

As in PSII-OEC, water splitting in Co-OEC occurs from the
"4 oxidation state. Co-OEC catalyst films exhibit EPR signals
corresponding to populations of both Co(II) and Co(IV).32

Figure 6 shows the EPR spectrum of Co-OEC under deposi-
tion conditions compared with Co(II)-containing species (top
panel, left), Co-OEC under an applied voltage at which
catalysis occurs (middle panel, left), and a Co4O4 cubane
containing cobalt in the "4 oxidation state (bottom panel,
left). The presence of Co(IV) is clearly established at poten-
tials where OER catalysis occurs. As the deposition voltage is
increased into the region where water oxidation prevails
(right panel), the population of Co(IV) rises and the popula-
tion of Co(II) decreases. The spin distribution of Co(IV) has
been examined by EPR for a cobalt!oxo cubane cluster
possessing formal cobalt oxidation states III, III, III, and IV.33

Davies ENDOR, mims 1H ENDOR, and multifrequency 14N
ESEEM spectra indicate that the unpaired spin is delocalized
almost equally across the cobalt atoms, a finding corrobo-
rated by DFT calculations. These results suggest that the
charge on the Co-OEC catalyst is also highly delocalized.

Insight into the propagation of the catalytically active “holes”
of theCo(IV) state through the catalyst filmhasbeenaffordedby
measuring the CoIII/CoIV self-exchange kinetics of the Co4O4

cubane compound, [Co4O4(O2CMe)2(bpy)4](ClO4)2,
34 using

NMR line broadening techniques.35

The Co(IV) center is indicated by the blue color coding and
Co(III) by red color coding. The second-order rate constant
for self-exchange is 1.3 # 104 M!1 s!1 at pH 1. At pH 4,
where the cluster is deprotonated, the rate constant in-
creases by a factor of 10 to 3# 105 M!1 s!1, consistent with
a simple electron-transfer step. A KIE of 4.3 is suggestive of a
unidirectional concerted proton!electron transfer (CPET). We
have shown that CPET results in order to avoid the high

FIGURE 4. Dried catalyst films formed from solutions of Co(aq)2" and Pi
under (right) quiescent (0.85 V vs Ag/AgCl) and (left) catalytically active
(1.1 V vs Ag/AgCl) conditions on an ITO substrate.

FIGURE 5. (left) Schematic of cubane structure of PSII-OEC. (middle)
Structure of the Co-OEC as determined from EXAFS (Pi not shown). Co-
OEC is the head-to-tail dimer of the cubane of PSII-OEC. (right) Co-OEC
structure rotated by 45! to more clearly shows edge sharing octahedra.
The alkali metal ions, which are not shown, likely reside above the
3-fold triangle defined by the μ-bridging oxygens.
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Impacts: Local and Global

Elimination of CO2 emission at the tailpipe of 
transportation vehicles

Hydrogen storage from Earth abundant feedstocks

Off-grid synthesis of fuel and fertilizer for third-world countries 
by converting electrical energy (from solar, wind, etc.) to fuel

Complements MSU’s efforts in Biofuels making us the 
leader in fuel research

Significant IP opportunities in energy and agricultural 
sectors


