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CHAPTER 1. INTRODUCTION
Portions of this chapter are reproduced with permission from: Basu, D.; Mazumder, S.; Shi, X.;
Baydoun, H.; Niklas, J.; Poluektov , O.; Schlegel, H. B.; Verani, C.; Angew. Chem. Intl. Ed.
2015, 54, 2105. Basu, D.; Mazumder, S.; Niklas, J.; Baydoun, H.; Wanniarachchi, D.; Shi, X.;
Staples, R.; Poluektov , O.; Schlegel, H. B.; Verani, C.; Chem. Sci. 2016, 7, 3264. Gonawala, S.;
Baydoun, H.; Wickramasinghe, L.; Verani, C.; Chem. Commun. 2016, 52, 8440.
1.1. Splitting Water as a Source of Alternative Energy

With the impending depletion of fossil fuels, there is a pressing need to develop new
sources of alternative energy.! With this goal in mind, hydrogen gas has been proposed as a clean
alternative to carbon-based energy. However, current methods of producing hydrogen rely on
either the steam reforming and the water shift reactions.? In the steam reforming reaction,
methane is reacted with water to release hydrogen and carbon monoxide gases (equation 1.1.).
The water gas shift reaction (equation 1.2.) produces hydrogen by reacting carbon monoxide
with water to release hydrogen and carbon dioxide. Both reactions have their drawbacks, since
the first requires the use of hydrocarbons and the second produces carbon dioxide.

CHs + H20 — CO + 3H2 (equation 1.1.)
CO + H20 — CO2 + H (equation 1.2.)

Splitting water into hydrogen and oxygen gases has emerged as a source of alternative
energy. The water splitting reaction (equation 1.3.) can be divided into two half reactions. The
first reaction (equation 1.4.) water oxidation, in which two molecules of water are split to
generate one molecule of oxygen and four protons as well as four electrons. The second reaction
(equation 1.5.) is proton reduction; in this reaction, the protons and electrons that were

generated in the first reaction combine to generate hydrogen gas.



2H20 — Oz + 4H" + 4e° (equation 1.4.) E%=1.23 Vnre
4H" + 4e" — 2H; (equation 1.5.) E° = 0.00 VnrE
2H>0 — O + 2H> (equation 1.3.)

Both the water oxidation and proton reduction reactions are nontrivial as they require the
transfer of multiple protons and electrons. Therefore, a great deal of work has focused on
developing metal catalysts that can lower the activation barriers of these reactions. Although
initial work focused almost exclusively on the use of precious metals, such as platinum for
proton reduction, and ruthenium and iridium for water oxidation, there has been a paradigm shift
in the scientific literature towards the use of Earth-abundant metals as water splitting catalysts.3”’
1.2. Proton Reduction Catalysis
1.2.1. Mechanism of Proton Reduction

Cobalt, with its ability to stabilize highly reduced oxidation states such as Co', has been
extensively utilized as a metal ion capable of performing proton reduction. Most of the reported
mechanistic pathways associated with proton reduction using cobalt are shown in Figure 1.1.813
When [Co] reacts with a proton, a [Co"'-H7] is formed. Following this step, the mechanism is
thought to proceed via heterolytic or homolytic pathways. In the heterolytic pathway, the
[Co"'-H7] reacts with yet another proton in solution to regenerate the [Co'""] catalyst as well as
hydrogen gas. Conversely in the homolytic pathway, after the generation of the [Co"'-H]
species, two [Co"'-H species react with each other to release hydrogen gas and regenerate the
[Co'] species. Other pathways have been proposed involving the reduction of [Co''-H] to
[Co"-H], followed by the generation of hydrogen in a similar mechanism to that of [Co"'-H].
Finally, proton coupled electron transfer (PCET) processes from [Co'"] to [Co"'-H] and [Co'] to

[Co"-H] are possible.



Figure 1.1. The mechanisms of electrocatalytic proton reduction.

With the proton reduction mechanism in mind, one can point to the important interplay
between the reactivity and stability of the intermediates. For instance, [Co'] needs to be
sufficiently nucleophilic to react with protons. Therefore, the addition of strongly electron
withdrawing groups is expected to hinder reactivity. However, [Co'] needs to be reached at a
moderate potential because more negative [Co'] potentials are directly correlated to higher
overpotentials. As such, the addition of strong electron donating groups possibly has deleterious
effects on catalysis. Moreover, [Co"!-H"] needs to be reactive enough to allow the catalytic cycle
to continue because if it is too stable then the cycle will not proceed. These conclusions
underscore the importance of ligand design in the development of efficient molecular water
reduction catalysts.

Molecular proton reduction catalysis can be performed by using (i) photosensitizers, (ii)
applied electrochemical potentials, and to a much lesser extent (iii) using chemical reductants.

One of the most common photosensitizers is tris(bipyridine)ruthenium(11) ([Ru"(bpy)s]**). The



mechanism by which [Ru'(bpy)s]** operates is shown in Figure 1.2.14 Upon irradiation with an
appropriate wavelength, [Ru'(bpy)s]?>* gets excited and forms [Ru'"(bpy)s]?*. [Ru'"(bpy)s]** then
transfers an electron to the catalyst before generating the oxidized form [Ru"'(bpy)s]®*.
[Ru"(bpy)s]?* is regenerated from [Ru"'(bpy)s]®* in the presence of a sacrificial electron donor
such as ascorbic acid or triethylamine. Alternatively, the electrons needed to generate hydrogen
gas could be obtained directly from the surface of an electrode by applying an electrochemical
potential that is negative enough to drive catalysis. Catalysis is generally performed using a
standard three-electrode setup with a Pt auxiliary electrode, Ag/AgCI reference electrode and
Hg-pool working electrode. Finally, the last method of performing proton reduction is by using
chemical reductants. However, expense and extreme air sensitivity of these reducing agents
prohibits the widespread application of this method.'® It is therefore limited to gaining
mechanistic insights into the catalytic cycle by first chemically reducing the catalyst and then

reacting it with a selected proton source to form hydrogen. Spectroscopic techniques are then

[Ru'™ (bpy); > < [Ru"(bpy)s]?*

used to follow the kinetics of the reaction.t®
2HY
> < > < D+
H
2 Reduced Catalyst [Ru(bpy);]** D

Figure 1.2. A schematic representation of the proton reduction mechanism using [Ru'"(bpy)s]?*
as a photosensitizer.

Catalyst



1.2.2. Monometallic Cobalt Catalysts

The first proton reduction catalyst was a cobalt diglyoxime complex reported by
Connolly & Espenson in 1986.% Since then this field has expanded tremendously to include
many different classes of ligands such as polypyridines,*® dithiolines,'® porphyrins,?° phenolates®
and phosphines,? as well as different 3d metals such as iron,?? cobalt,* 2324 nickel, %28 copper®®-
31 as well as 4d and 5d metals such as platinum® and molybdenum?®1® 33, Herein is a brief
survey of the literature with special emphasis on the mechanistic aspects of ligand involvement
in the catalytic cycle for monometallic cobalt catalysts, and what is known about the
cooperativity of different metals for homobimetallic cobalt catalysts.

Although the nominal “[Co']” is generally thought of as the active form of the catalyst,
the ligand is often found to be involved in the catalytic cycle. In general, ligand involvement can
occur in two different ways: (i) the ligand can be protonated during the catalytic cycle and act as
a proton relay which facilitates the formation of hydrogen, or (ii) ligand-based reduction to form
[Co''L*] can compete with metal-based reduction. In the latter case the ligand acts as an electron
reservoir where reducing equivalents are stored. This can possibly have deleterious effects on

catalysis.



Cobalt oxime complexes are some of the most studied proton reduction catalysts.!3 3446

Given the wide-scale adoption of oximes as catalytic platforms, their mechanism has been
studied in great detail. Although the general reduction mechanism discussed earlier still applies
for oximes, Artero et. al. have reported another possible catalytic pathway that was probed using
DFT calculations. Figure 1.3 shows the proposed alternative pathway in which following the
formation of the five-coordinate [Co'], the ligand is protonated at one of the oxygens of the
oxime.*" Following this step, another proton step takes place to form an octahedral [Co"'-H]
along with the protonated ligand. A one-electron reduction then generates the five-coordinate
[Co'-H-LH] transition state, where the two protons are combined to form a bound hydrogen

molecule. An attack by acetonitrile releases hydrogen gas and regenerates the [Co''] species.
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Figure 1.3. The alternative protonation pathway proposed by Artero et al.*’



The Verani group has made significant contributions in the study of ligand involvement
in the catalytic cycle. We have recently studied the catalytic activity of a series of heteroaxial
cobalt oxime catalysts where one of the axial positions was occupied by a chloride, while the
other was occupied by a substituted pyridine on the 4 position (Figure 1.4.).*2 The three
substituents that were studied were t-butyl (Figure 1.4a.), pyrrolidine (Figure 1.4b.), and

benzoyl (Figure 1.4c.) functionalities.
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Figure 1.4. The series of heteroaxial cobalt oxime complexes studied by Verani et al.

All three catalysts had a similar overpotential (0.35-0.36 V) in acetonitrile with 10 equiv.
of trifluoroacetic acid (TFA) as a proton source. However, there was a marked difference in
catalytic activity between the three catalysts. While the benzoyl and pyrrolidine substituted
catalysts gave a TON of 14 following 3 hours of electrolysis, the t-butyl substituted catalyst gave
a TON of 19 following three hours of catalysis. It is worth noting that a maximum TON of 50
can be achieved given the amount of acid present.

Due to the relatively high activity of the t-butyl substituted catalyst we studied its

mechanism in more detail. The catalytic wave in the presence of TFA occurs at a potential that is



very close to the Co'/Co' potential. This supports a mechanism that involves [Co'] reacting with
H* to yield [Co"!-H]. Optimizing the [Co'] structure using DFT revealed that (i) the structure of
[Co'] is five-coordinate with a pyridine in the axial position, and (ii) the energy difference
between the metal-centered and ligand-centered reduction processes is only 3.7 kcal/mol (Figure

15).
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Figure 1.5. The DFT calculated energy difference between the ligand- and metal-centered
reduction process.

The value of 3.7 kcal/mol is within the error of the DFT method. In order to support this
model experimentally, we attempted to chemically isolate [Co'] utilizing decamethylcobaltocene
as a stoichiometric reducing agent.® The presence of pyridine in the reduced structure was
confirmed using NMR spectroscopy. Moreover, we were able to obtain X-ray quality crystals
from the NMR solvent. Solving the crystal structure revealed the unexpected formation of an
oxime dimer through the methyl groups (Figure 1.6.). While the obtained structure does not
provide a direct observation of the ligand-based radical, it does provide indirect evidence to its

presence as part of the catalytic cycle.



Figure 1.6. ORTEP representation of the crystal structure for the neutral dimer (CCDC 1448834)
at 50% ellipsoid probability. Hydrogen atoms omitted for clarity. Co(1)-N(1) = 1.997(4); Co(1)-
N(2) = 1.902(4); Co(1)-N(3) = 1.866(4); Co(1)-N(4): 1.850(4); Co(1)-N(5) = 1.890(4); C(4)-
C(8) = 1.592(6).

Because one of the main conclusions of the oxime catalyst was that the active [Co']
species is five coordinate where the pyridine is conserved, we reported on a modified ligand
design in which the fifth coordination site is incorporated into the main ligand framework
(Figure 1.7.).1! Interestingly, upon complexation water was incorporated over one of the imine

bonds leading to partial ligand hydrolysis.

N= __/ _\_N N-OH Acetone/Water > Q/ \N
N
KPFg |

Figure 1.7. The pentadentate oxime-based catalyst reported by Verani et al.

In acetonitrile, an overpotential of 0.24 VV was observed using acetic acid as a proton
source. Following 3 hours of catalysis, a TON of 15 was observed (maximum possible value is
50 given the amount of acid present in solution). However, unlike the previous oxime catalysts
the new catalyst is water-soluble which allowed for the study of its water reduction capabilities.
Using phosphate buffer (1 mol/L, pH 7) as the reaction medium, an onset overpotential of 0.65 V

and an observed TON of 5700 following 18 hours of catalysis were obtained. Interestingly
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though, while the molecular nature of the catalyst was retained in acetonitrile, the formation of
Co-based nanoparticles was observed under aqueous conditions. The formation of these
nanoparticles likely proceeded through further ligand hydrolysis during the catalytic cycle. These
results indicate that the interactions of the ligand with the solvent system during catalysis can
have deleterious effects on the catalyst and need to be taken into account in the ligand design.
Long, and Chang et al. have investigated extensively the use of polypyridine ligands for
proton reduction.> “¢-°% Having studied the activity of redox inactive ligands for proton reduction
(Figure 1.8.),"® they hypothesized that using redox active ligands would improve the catalytic
activity by providing an alternative pathway for the catalytic mechanism.®® With this in mind
they modified their ligand design to include two redox active bipyridine chelating groups
(Figure 1.9.).>' Moreover, the bipyridine moieties are expected to resist hydrogenation due to
their aromatic nature. Both the Zn and Co complexes revealed two reduction processes at similar
potentials that are assigned as bpy”*. For Co these processes occur following a metal-centered
Co"" reduction process. The titration of acetic acid into the solution revealed the presence of a
catalytic wave with a reduction potential that is in between the metal- and ligand-centered
processes. This suggests that the ligand is involved in the catalytic cycle. Moreover, under
similar catalytic conditions the redox active complex (Figure 1.8.) achieves TONs that are 6

times higher than its redox inactive counterparts (Figure 1.9.).
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X=HorCF;

Y = SO4CF5°

Figure 1.9. The redox active ligand design utilized by Chang and Long et al. as well as a
schematic representation of the coordination mode of the catalyst.

The Verani group has extensive expertise in phenolate chemistry.® °2%° Building on
previous investigations, the catalytic activity of a cobalt-based complex in an N2Os environment
was studied (Figure 1.10.).° Upon complexation, the amine moiety is oxidized to form a redox

active imine group in the complex.



12

Y Y
Y Y
NH OH N O
C[ HO Y CH,CI/CHiOH CI: cso v
N_@ NaOCH, N
~
on CoCl0,.6H,0 X
Y Y
Y Y
Y Y
X = CH;OH
Y =t-BuorCl

Figure 1.10. The synthesis of the phenolate-based catalyst reported by Verani et al.

The CV of the phenolate metal complexes revealed three oxidation processes that are
assigned as phenolate to phenoxyl radical conversions, and two reduction processes that are
assigned as a Co'""/Co'" conversion and an imine to imino radical conversion. Interestingly,
although the nature of these metal complexes precludes the observation of a Co'/Co' process,
upon acid titration using acetic acid as a proton source, a catalytic wave was obtained close to the
second reduction process (ascribed to imine reduction). The two complexes that were studies had
relatively high overpotentials: 0.6 V for the chloro-substituted complex and 0.9 V for the t-Bu
substituted complex. These results point to one of the rare examples of unquestionable ligand

involvement in the catalytic cycle where the imine moiety is acting as an electron reservoir.
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The hard nature of phenolates likely destabilizes [Co'] and makes the formation of
hydrogen more energetically demanding, thereby accounting for the high overpotentials. To
address this issue, we modified the ligand design to incorporate softer pyridine donors in place of
the harder phenolate donors (Figure 1.11.).2° However, during the complexation process the
ligand underwent drastic rearrangement to produce imine and methanol incorporated
intermediates. These intermediate species finally converged to the thermodynamically stable
amide product. In order to avoid ligand rearrangement during synthesis, the amine group was
substituted with a methyl group (Figure 1.11. inset). This change in ligand design lead to the

‘clean’ formation of the Co complex.

Figure 1.11. The polypyridine catalysts studied by Verani et al.

Since both the amido and N-methyl complexes proved water soluble, their catalytic
activity was studied in phosphate buffer (pH 7, 1 mol/L). The transient nature of the imine and
methanol-incorporated complexes precluded catalytic analysis. On the one hand, while the amido
complex was synthesized via ligand rearrangement, it had an onset overpotential of 0.55 V and
underwent 7000 turnovers following 18 hours of catalysis. On the other hand, the N-methyl

complex was synthesized as designed. However, it had a higher onset overpotential of 0.70 V
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and a lower TON of 6000 following 18 hours of catalysis. These observations will provide the
inspiration for the amidopyridine ligand design discussed in Chapter 3.8°
1.2.3. Bimetallic Catalysts

The hydrogenase enzyme utilizes an active site that consists of a bimetallic core.
However, the use of bimetallic metal complexes as proton reduction catalysts has remained a
field that is relatively unstudied. Peters et al.%! studied the catalytic activity of a pyridazine-
templated homobimetallic cobalt macrocycle (Figure 1.12.a). Due to the electronic coupling
between the two metal centers, they focused on the structural variations upon reduction by
isolating the [Co"'-Co'"], [Co"'-Co'"], [Co"-C0'"], and the [Co"-Co] crystal structures. Using
spectroscopic studies, they concluded that the [Co'-Co'] forms H, whereby two [Co'"'-H] species
react independently to form Ha.

Dinolfo and coworkers®? studied the catalytic activity of a macrocyclic NeO2 [Co"-Co'"]
complex Figure 1.12.b. However, [Co"-Co'] was not catalytically active; instead catalysis was
initiated at potentials that are negative enough to produce [Co'-Co']. Based on this observation, a
mechanism with two possible pathways was postulated. In the first, the formation of two hydride
species [H-Co''-Co'"'-H] was proposed. In this pathway, both metal centers are involved in
catalysis. In the second pathway, the formation of a [Co'-Co'"-H] intermediate was proposed. In
this case one of the cobalt centers is actively involved in catalysis, while the other metal center is
acting as an electron reservoir. Based on the experimental results presented in this work it was

not possible to distinguish which pathway is preferred.
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Figure 1.12. The bimetallic catalysts reported by (a) Peters et al. and (b) Dinolfo et al.
Gray and et al.%3%4 used two different linkers to bring two oxime-based active sites closer

to each other. The first linker consisted of a Cs alkyl chain (Figure 1.13.2)%® producing a net
effect comparable to using twice the concentration of the monometallic catalyst. This
observation is consistent with catalysis through a heterolytic pathway. Interestingly, when the
much shorter BO4 bridge was utilized (figure 1.13.b) electronic coupling between the two metal
centers was observed.’* However, the bridged catalyst operated at a higher overpotential than its

monometallic counterpart.
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Figure 1.13. The bimetallic catalysts reported Gray et al.
Fukuzumi and coworkers in turn utilized a pyrazolate bridging moiety to chelate two

separate cobalt centers and form a [Co'"-Co''"] metal complex (Figure 1.14.a).X% By using
cobaltocene and decamethylcobaltocene as stoichiometric reducing agents they could isolate the
reduced [Co"-Co'] and [Co'-Co'] species. Following the reaction kinetics of these reduced

intermediates with TFA using stopped flow spectroscopic techniques, they concluded that even
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when the two metal centers are in closer proximity, a heterolytic pathway is still favored over a
homolytic pathway.

More recently, Llobet et al.®® used a decadentate ligand capable of supporting two cobalt
centers in close proximity (Figure 1.14.b). The reported species were capable of performing
photocatalytic proton reduction in acetonitrile. However, the mechanistic results discussed by the

authors suggest that the two metal centers perform catalysis independently of each other.

(b)

Figure 1.14. The bimetallic catalysts reported by (a) Fukuzumi et al. and (b) Llobet et al.
The Verani group, in collaboration with the Fiedler and Schlegel groups,®® has recently

reported a [Co"-Co'"] catalyst that uses an NN’O2 fused bridging ligand (Figure 1.15.). The
results indicate that catalysis only proceeds following a two-electron reduction to form [Co'-Co'].
Experimental evidence in conjunction with DFT calculations suggest that upon the reaction of
the [Co'-Co'] species with H*, one of the reduced cobalt centers reacts to form the catalytically
active [Co'"'-H] species while the other center acts as an electron reservoir, shuttling an electron.
Therefore, the active species that is formed consists of a [Co"-Co'"-H7 instead of [Co'-Co''-H]
or a ['H-Co"'-Co"!-H]. Using this mechanism, the [Co"'-H] that is associated with most proton
reduction mechanisms is avoided. Chapter 4 will discuss the catalytic activity of a novel

homobimetallic cobalt catalyst based on the amidopyridine ligand framework discussed in



17

Chapter 3. This catalyst is the first example where the activity of the bimetallic catalyst is

demonstrably better than using a monometallic catalyst.

—|+

Figure 1.15. The bimetallic catalyst reported by Fiedler, and Verani et al.
1.3. Water Oxidation Catalysts

Due to the energetic demands of transferring four protons and four electrons as well as
forming oxygen-oxygen bonds, the water oxidation reaction requires the presence of metal
catalysts. These requirements impart a high energetic requirement for water oxidation equivalent
to ~ 56.6 kcal/mol (237 kJ/mol, or 1.23 Vnre). Although the mechanisms of water oxidation
have yet to be fully elucidated for most metal complexes, in general they all require the
formation of high valent oxo ([M"V=0], or [M'=0]). Following the formation of these species,
two possible mechanisms can take place. In the first mechanism, H>O acts as a nucleophile and
attacks the electrophilic [M=0] species. This leads to the formation of a metal-hydroperoxo
species [M-OOH] which can be subsequently oxidized to release oxygen gas. In the second
mechanism, two [M=0] species with significant radical character on the oxygens undergo
coupling and lead to the formation of a binuclear metal complex with an [M-O-O-M] bridge

(Figure 1.16.)
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Figure 1.16. The (a) water nucleophilic attack and (b) radical coupling mechanisms.
Molecular water oxidation catalysis can be performed by using (i) chemical oxidants, (ii)

photosensitizers, and/or (iii) an applied electrochemical potential. One of the most common
chemical oxidants for water oxidation is ceric ammonium nitrate, or CAN (Ce(NHa4)2(NO3)s).
CAN is a one-electron oxidizing agent that has an oxidizing potential of 1.82 Vnhe that operates
according to (equation 1.6) and can be used to quickly and efficiently screen a variety of water
oxidation catalysts. However, the use of CAN requires highly acidic media (pH < 1) which limits
the number of catalysts that can be stably screened using this method.
4Ce" + 2H,0 — 4Ce''' + O, + 4H* (equation 1.6)

Photochemical water oxidation takes by wusing a photosensitizer such as
tris(bipyridine)ruthenium(11)  ([Ru'(bpy)s]**) as a photosensitizer (Figure 1.17.). Upon
irradiation with a light source of an appropriate wavelength [Ru'(bpy)s]?* gets excited to
[Ru™(bpy)s]** which then reacts with a sacrificial oxidant such as Na,S:0s to yield

[Ru"(bpy)s]** which acts as a one-electron oxidant at a potential of 1.21 Vnre.
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Figure 1.17. A schematic representation of the water oxidation mechanism using [Ru'(bpy)s]?*
as a photosensitizer.

The final method by which water oxidation catalysts are commonly screened is by
applying an electrochemical potential. During electrochemical water oxidation, an electrode
(usually glassy carbon or fluorine-doped tin oxide (FTO) glass) is placed in a standard three-
electrode cyclic voltammetry setup. The potential is scanned, and water oxidation is detected by
the appearance of a catalytic wave at a potential where the blank is inactive. This has the
advantage of quick screening of a large number of catalysts under a variety of conditions, such as
pH and supporting electrolyte. However, one drawback of this method is that catalysis only takes
place at the surface of the electrode, and therefore most of the catalyst in solution is not utilized.
Moreover, the presence of an electrode can foster the formation of nanoparticles or metal oxide
films on the surface. Therefore, the exact nature of the source of catalysis needs to be
investigated.

The seminal work by the Meyer group® in 1982 on the “blue dimer” which is a
bimetallic p-oxo bridged ruthenium complex (Figure 1.18.a) showed for the first time that
molecular species can indeed catalyze water splitting. Then Thummel et al.®® showed that
mononuclear ruthenium complexes can also catalyze water oxidation (Figure 1.18.b). More
recently, water oxidation using 3d transition metal complexes has gained traction as a more cost-
effective alternative. Figure 1.19. shows a selection of molecular catalysts based on Mn, Fe, and

Co0.2% 5974 Since the present work (Chapter 5) deals with the attachment of molecular catalysts
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on the surface of solid supports, rather than solution-based catalysis, the following section (1.4)

will expand on the modes of surface functionalization.

Figure 1.18. The catalysts reported by (a) Meyer et al. and (b) Thummel et al.
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Figure 1.19. A selection of Earth abundant catalysts reported by (a) Sarotel et al.”®, (b) Lau et
al.®®, (c) Brudvig et al.”, (d) Costas et al.”?, () Collins et al.”®, and Meyer et al.”*
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1.4. Surface Functionalization Using Molecular Catalysts for Water Splitting

Translating homogenous solution-phase catalysts into effective heterogenous systems
requires the development of methods to deposit homogenous catalysts onto conductive solid
supports.”>"® Following surface functionalization, integrated electrochemical water splitting
devices can be developed, in which water oxidation occurs at the anode and proton reduction
occurs at the cathode.! Traditionally, such electrodes are made from solid state materials such as
metal oxides, phosphates, or hydroxides.”8° However, understanding the surface chemistry of
such materials is very challenging. Surfaces functionalized with coordination complexes pose
much less of a challenge in this regard. To this end surfaces can be functionalized using either
chemisorption where a direct chemical bond between the molecule and the surface is formed, or
physisorption where the molecule is attached to the surface using intermolecular forces.

Chemisorption can be achieved by functionalizing the molecule with an anchoring group
that forms a chemical bond to the surface. The surface in this case generally consists of a
conductive metal oxide, and the linkage is achieved using an oxygen-rich functionality such as
phosphonate or acetate groups.

The Schmuttenmaer, Brudvig, and Crabtree groups have recently reported on an iridium
catalyst that can be anchored onto the surface of ITO at room temperature in water without the
need to functionalize the molecular catalyst with any linking groups (Figure 1.20.).”® The
linkage took place via a substitution of the coordinated water molecules with the terminal
surface-bound oxide species. This allowed for the formation of a direct bond from the conductive
oxide surface to the iridium metal center. The catalytic film was found to be highly active

towards water oxidation requiring overpotentials as low as 160 mV to reach a current density of
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0.5 mA/cm?. XPS analysis before and after catalysis confirmed the molecular nature of the

catalyst.
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Figure 1.20. The chemisorption of the bimetallic iridium catalyst on the surface of ITO as
reported by Schmuttenmaer, Brudvig, and Crabtree et al.

Since physisorption does not require the formation of a direct chemical bond between the
catalyst and the conductive surface, the molecule is attached to the surface using intramolecular
forces. One of the most common intermolecular forces used for catalyst deposition is m-m
stacking. m-m stacking is an intermolecular force in which aromatic rings on different molecules
have an attractive interaction between each other.8! As such for this force to be useful substrates
containing extensive aromatic systems such as graphite,8%2 graphene, or carbon nanotubes
(CNTSs)* 768 need to be used. Moreover, the molecule in question needs to have an extensive
system®®: 8586 g act as the anchor.

Pyrenes represent one of the most widely used anchoring moieties.8” Cao et. al. anchored
a cobalt-based pyrene-functionalized corrole to the surface of CNTs (Figure 1.21.). Corrole-
CNT hybrid material can catalyze the water oxidation reaction at an onset overpotential of
0.33V. Control experiments using a structurally related complex in which the pyrene was
replaced with a pentafluorophenyl moiety revealed that the pyrene substituent through its strong
n-1 interaction plays an important role in facilitating electron transfer and therefore improved the

catalytic activity.
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Figure 1.21. Cobalt-based pyrene-functionalized corrole used by Cao et al.
Sun et. al. have extensively studied the use of ruthenium-based picolinate complexes as

efficient water oxidation catalysts.®8-3 Building upon their extensive experience with the ligand
system, they functionalized the axial ligand with pyrene moieties which allowed the catalyst to
be anchored onto the surface of CNTs (Figure 1.22.a).”° At a pH of 7, the functionalized CNTs
were capable of catalyzing water oxidation an at onset overpotential of 0.3 V and yielded a TOF
of 1100 h't. The molecular nature of the catalysis was ascertained by the stability of the redox

behavior of the surface-bound molecules before and after catalysis.
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In another study, Sun et. al. showed that CNTs can also be functionalized using a
dodecyloxy substituted Ru WOC (Figure 1.22.b).”” The electron donating effect of the alkoxy
substituent had a moderating effect on the Ru"""" redox potential making it less positive. At pH 7
the functionalized CNTs showed an onset of catalytic current at 1.2 VN1, Which corresponds to
an overpotential of 0.38 V. Although the catalyst had a high initial activity which allowed it to
achieve a TOF of 7.6 s following 1 hour of electrolysis, the activity decreased over time to
reach a TOF of 3.5 s. Nonetheless, this decrease in activity is represents a significant
improvement on the stability of the catalyst before it was anchored onto the surface of CNTs.%
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Figure 1.22. The ruthenium-based picolinate complexes studied by Sun et al.
Aiming at the functionalization of the surface of conductive metal oxides using

physisorption, we have recently reported on the first usage of Langmuir-Blodgett films to drive

catalytic water oxidation.” This was achieved by utilizing a trisphenolate amphiphilic ligand that
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we have used extensively before for the purposes of molecular electronics®®°® %8->% and replacing

the iron(111) metal center with a cobalt(l11) metal center (Figure 1.23).

tBu

tBu
Figure 1.23. The amphiphilic cobalt precatalyst used in the Langmuir-Blodgett films on FTO.

One of the advantages of the Langmuir-Blodgett method is that uniform conformal
coverage is provided and the number of deposited layers can be accurately varied. Therefore, the
effect of having multilayers as opposed to having monolayers can be studied. As such, mono and
multilayers (1-13 layers) of the cobalt metallosurfactant were deposited onto the surface of
fluorine-doped tin-oxide (FTO) using the Langmuir-Blodgett method.

Increasing the number of deposited layers was found to have a positive effect on the
catalytic activity of the functionalized FTO electrode only up to 9 deposited layers. More layers
did not improve activity. For a monolayer, we were able to estimate the turnover number based
on the average molecular area occupied by a singly cobalt molecule (this value can be obtained
from the LB method) and we obtained an observed TOF of 5400 + 1500 h.

However, we were unable to ascertain the molecular nature of the catalyst using XPS
analysis due to the extremely small amount catalyst on the surface. We therefore had to infer the

nature of the active species from standard experiments. Cycling the electrode 100 times leads to
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a marked enhancement in the catalytic current (Figure 1.24.). Moreover, rinsing the surface of
the electrode with organic solvents before electrolysis lead to the formation of inactive electrode;
however, rinsing the surface of the electrode following electrolysis did not diminish the catalytic
activity of the electrode. These results point to the rearrangement of the catalyst on the surface of
the electrode. Although we were unable to directly measure the nature of the rearranged species,
we assume that it is similar to that obtained by Du et. al.®® where structurally related cobalt

complexes decomposed on the surface of FTO to produce catalytic cobalt oxide films.
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Figure 1.24. The polarization curves obtained for 9 LB layers during the 1% cycle and the 100™"

cycle.
1.5. Research Statement and Objectives

Research in the Verani group focuses on the study of the electrochemical, physical, and
structural aspects of coordination metal complexes. The knowledge that is gained from these
basic studies are then utilized in the study of molecular systems in the solution phase and on
solid substrates (using the Langmuir-Blodgett method) that are geared towards catalysis,

molecular electronics, and corrosion mitigation. The research that is discussed in this thesis
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borrows aspects from all the general research themes that are pursued in our group. The first
project focuses on the study of the catalytic behavior of a new amidopyridine platform towards
water reduction catalysis. Given the short lifetime of this species special emphasis is placed on
its deactivation pathway. The second project uses the lessons learned from the first project to
modify the ligand design and to obtain enhanced catalytic performance. The third project deals
with modifying the surface of carbon supports using an octadeceloxy substituted amidopyridine

cobalt complex towards water oxidation.
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Figure 1.25. The catalysts that are studied in this thesis.
e Goal # 1: Deactivation of a Cobalt Catalyst for Water Reduction through Valence

Tautomerism.

Having shown that amidopyridines seem to be enhancing the catalytic activity of cobalt
catalysts, in chapter 3 we study the catalytic activity of the water reduction catalyst
[Co"™(LY)(pyr)2]PFs (1), where L! is a bis-amido pyridine ligand and pyr is pyrrolidine. Catalyst
1 has an overpotential of 0.54 V and a high observed TOF of 23 min, albeit for a relatively
short time. Considering the significant activity of 1 and aiming to improve catalyst design, a
detailed structural and electronic study is performed to understand the mechanisms of

deactivation. Experimental and theoretical evidence support that the metal-reduced [Co'(LY)] is
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in tautomeric equilibrium with the ligand-reduced [Co'(L'*)]" species. While [Co'(L1)] favors

formation of a Co'"-H- relevant for catalysis, the [Co"(L'*)] species leads to ligand protonation,

structural distortions and, ultimately, catalyst deactivation.

e Goal # 2: Enhanced Catalytic Activity and Activity in a Bimetallic Cobalt Catalysts for

Water Reduction.

The use of bimetallic complexes has been proposed as a means of enhancing the catalytic
activity of proton reduction catalysts. Building on the results obtained for 1 we synthesized the
homobimetallic counterpart [(Co"").L%(pyr)a](PFs)2 (2) where L? is 1,2,4,5-tetrakis(2-
pyridinecarboxamido)benzene, the binucleating counterpart of L. We show that 2 operates at an
onset overpotential that is 0.1 V lower than 1. Moreover, we show that both 1 and 2 have the
same Co'"/Co' reduction potential in CHsCN. These two observations lead us to conclude that 1
and 2 operate using different catalytic mechanisms, where 1 requires the formation of a
catalytically active [Co'] while 2 undergoes a PCET process from [Co'"] to [Co''-H]. This
change in mechanism allowed us to avoid the formation of a [Co'] during catalysis, thereby
stabilizing the catalyst for prolonged periods of time.

Goal # 3: Immobilization of a Long-Chain Cobalt Amido Complex on Carbon Black for
Heterogeneous Water Oxidation.

Chapter 5 will deal primarily with functionalization of the surface of carbon black with
the alkoxy-substituted molecular catalyst, [Co"'(L°C8"37)(pyr)2]ClO4 (3). We show that the
oxidation of 3 leads to the formation of primarily ligand-oxidized instead of metal-oxidized
species. Then we demonstrate that 3 can be anchored onto carbon black to catalyze water
oxidation at an onset overpotential of 0.32 V and can reach a current density of 10 mA/cm? at an

overpotential of 0.37 V. Moreover, 3 has an observed TOF of 2700 h™ at an applied potential of
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0.9 Vnre. XPS analysis suggests that the molecular nature of the catalyst is retained. Finally, a

mechanism is proposed based on DFT calculations.
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CHAPTER 2. MATERIALS, METHODS, AND INSTRUMENTATION

2.1. Materials

Throughout this thesis several ligands and metal complexes have been synthesized and
characterized. All starting materials and solvents needed for synthesis were obtained from
commercial sources and used without further purification. For the catalytic studies, ultrapure
water (18.1 MQ) was used. Where necessary, anhydrous solvents were used.
2.2. Methods and Instrumentation

A multitude of techniques were used to accomplish the research being presented in this
thesis. The synthesized organic molecules were characterized using Fourier transform infrared
spectroscopy (FTIR) in order to ascertain the presence of several key functional groups. Proton
nuclear magnetic resonance (*H-NMR) spectroscopy was used to obtain information about the
number of protons present within the molecule as well as their local environment. The presence
of presumed structures was confirmed using electrospray ionization mass spectrometry (ESI-
MS). Metal complexes were also characterized using FTIR, and ESI-MS. Moreover, elemental
analyses were used to confirm the purity of the bulk materials. When X-ray quality single
crystals could be grown, the crystal structure was determined. For metal complexes the *H-NMR
spectra could only be determined for diamagnetic species. As such, in this research the *H-NMR
spectra of low spin 3d® [Co""] and 3d® [Co'] metal complexes could be readily obtained.
However, the spectra of the 3d’ [Co'"] were not available. Altogether, these techniques allow us
to unambiguously determine the chemical structures of the synthesized molecules.

Following this step, several other methods where used to determine relevant properties of
the synthesized materials. UV-visible spectroscopy (UV-Vis) was used to reveal the nature of the

electronic transitions in the system; cyclic voltammetry (CV) was used to determine the different
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redox states that can be stabilized by the metal complexes. Furthermore, spectroelectrochemistry
and bulk electrolysis (BE) were used to gain insight about the electronic nature of the complex in
different oxidation states. Structural information about the reduced species was acquired by
performing chemical reduction followed by isolation of crystals from solution to obtain the X-
ray crystal structure. Finally, the catalytic behavior of the metal complexes was determined using
CV, BE, and gas chromatography (GC). Where appropriate, density functional theory (DFT)
calculations were performed in collaboration with the Schlegel Group at Wayne State University
in order to confirm or further explain experimental results.
2.2.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectroscopy is an essential method that
can be used to confirm the presence of functional groups in the synthesized molecules. It is
especially useful in the determination of the presence of C=0, C=N, C=C, C-H, N-H, O-H and
C-O functional groups in the ligands as well as the complexes. Furthermore, counterions such as
ClOy4, and PFe’, have highly characteristic peaks in the IR region that indicate their presence in
the synthesized complex; this has important implications in determining the oxidation state of the
synthesized complex. FTIR spectra were recorded using KBr pellets in the spectral range of
4000-650 cm™ on a Bruker Tensor 27 FTIR spectrometer.
2.2.2. Proton Nuclear Magnetic Resonance Spectroscopy

Proton Nuclear Magnetic Resonance Spectroscopy (*H-NMR) spectroscopy is used to
obtain structural information about the synthesized organic molecules and diamagnetic metal
complexes ([Co"'] and [Co'] in this thesis). A typical spectrum is obtained as intensity vs.
chemical shift (ppm). Several structural features can be deduced from an *H-NMR spectrum. The

chemical shift of the obtained peak can be directly correlated to the environment of the proton in
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question, and the integration of the peak can be directly correlated to the number of protons
being measured.®® Finally, the splitting pattern of the peak can lead to information about the
protons neighboring the proton that is being measured.®® The spectra are generally recorded in
deuterated solvents such as CDCls, CsDs, CD3CN, and d-DMSO.
2.2.3. Mass Spectrometry

Mass spectrometry is a technique that allows us to determine the mass-to-charge ratio
(m/z) of samples, thereby confirming our presumed structural assignment. In general, we have
employed electrospray ionization mass spectrometry (ESI-MS) in most of our studies. ESI-MS
ionizes molecules by applying a high voltage to the solution, leading to the formation of a
charged aerosol that is later analyzed by the detector.®” Organic molecules were analyzed using
low resolution MS (LRMS) and the peaks that were obtained were generally of the form
(M+H™)*, or (M+Na*)*. On the other hand, metal complexes were generally analyzed using high
resolution MS (HRMS). The advantage of using HRMS lies in the high precision with which m/z
values can be determined. This increased precision allows us to compare the isotopic distribution
obtained experimentally to that of the isotopic distribution expected based on the theoretical
elemental composition. LRMS spectra were generally obtained on either a ZQ-
Waters/Micromass system equipped with a single quadrupole mass spectrometer or a Schimadzu
TQ LCMS-8040 system equipped with a triple quadrupole mass spectrometer. The HRMS
spectra were obtained on a Micromass LCT Premier XE mass spectrometer.
2.2.4. Elemental Analysis

While the aforementioned analytical techniques can provide us with important structural
information about the synthesized molecules, they provide limited information about purity. In

order to ascertain the purity of the samples, elemental analysis is the method of choice. In a
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typical experiment a known amount of sample is weighed out and combusted in the presence of
excess oxygen gas in order to insure complete combustion. Then the gas that is evolved is
analyzed for its H2O, CO, and N2 contents. These values can then be converted into elemental
percentages of C, H, and N in the bulk material. If the experimental and theoretical percentages
agree within + 0.5 % then the sample is deemed pure. All reported elemental analyses were
performed by Midwest Microlab in Indianapolis, Indiana on an Exeter analytical CHN analyzer.
2.2.5. X-ray Crystallography

X-ray crystallography is a technique that allows us to unambiguously determine the
structure of the synthesized complex. Not only does it provide us with the connectivity within a
certain molecule, it also provides us with the bond lengths and bond angles within the structural
lattice of the crystal. Although X-ray quality crystals can be obtained by a wide variety of
methods, in this thesis the crystals were obtained through either slow evaporation or vapor
diffusion. Once X-ray quality crystals are obtained, a suitable crystal is chosen under a
microscope and mounted on a mitogen loop. The loop is subsequently mounted on a Bruker X8
APEX-II Kappa geometry diffractometer equipped with a Mo radiation source and an Oxford
Cryosystem low temperature device that operates at a temperature of 100 K. Then the sample is
exposed to X-ray radiation which then interacts with the crystal lattice based on Bragg’s law (nA
= 2dsin@) where A is the wavelength of the incident radiation (0.71073 A in this case), d is the
distance between the planes of the crystal lattice, and 6 is the scattering angle. The diffraction
patterns were collected in a charge coupled detector (CCD). The structure was solved by direct
methods using the SHELXS-97% program which is part of APEX Il and refined by least squares
method on F2, SHELXL-97,% which is incorporated in OLEX2.%

2.2.6. UV-visible Spectroscopy
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UV-Visible spectroscopy can be used probe the electronic transitions of a given metal
complex, and therefore it can be used to infer pivotal information about the oxidation states. The
spectrum is typically presented as a plot of molar absorptivity (¢ in L mol?* cm™) versus
wavelength (A in nm). Molar absorptivity € can be obtained using the Beer-Lambert law in which
e = A/(C*1), where A is the absorption, C is the concentration of the solution, and 1 is the length
of the cell. Moreover, ¢ is directly correlated to the probability that a certain transition is
allowed.®® According to the selection rules, a transition can be either Laporte allowed/forbidden
or spin-allowed/forbidden.®® Metal complexes typically exhibit four distinct types of electronic
transitions: intraligand charge transfer (ILCT), metal-to-ligand charge transfer (MLCT), ligand-
to-metal charge transfer (LMCT), and d-d transitions. These transitions can be distinguished
based on the intensity of their molar absorptivity. The ILCT bands (allowed by spin and Laporte
selection rules) have an & between 20,000 and 60,000; MLCT and LMCT processes have an €
between of 5,000 and 20,000; d-d transitions are low intensity transitions with an € between 50
and 1,000. UV-visible spectra were recorded on a Shimadzu 3600 UV-VIS-NIR
spectrophotometer.

2.2.7. Cyclic Voltammetry

Cyclic voltammetry (CV) can be used to probe the different redox states that can be
accessed by a certain metal complex, as well as the energies required to reach those states.'® A
typical experiment was conducted using a BAS 50W potentiostat, with a standard three electrode
cell setup in which a glassy carbon electrode is used as the working electrode, a platinum wire is
used as the auxiliary electrode, and finally an Ag/AgCl electrode is used as the reference
electrode. In a typical experiment, a solution of the complex in question and supporting

electrolyte (such as tetrabutylammonium hexafluorophosphate, TBAPFs) is prepared and the
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voltammograms are measured. At the end of the experiment, ferrocene is added as an internal
redox standard (E° = 400 mV vs. NHE) to standardize the measured potentials.'%*

The reversibility of a process is typically measured in one of two ways. The first way is
by taking the absolute value of the ratio of the anodic current to that of the cathodic current
(|ipa/ipc | ). For an ideal reversible process the value of |ipa/ipc| is equal to 1.1 The other
measure of reversibility is the peak separation of the anodic and cathodic processes; the ideal
value of this separation for a reversible process is equal to 59 mV.%" If a process is reversible, the
potential is reported as Ei» which is equal to the average of the anodic and the cathodic
potentials.®® However, in the case of irreversible processes one must report the Epc and Epa
values.

2.2.8. Spectroelectrochemistry

Spectroelectrochemistry is a technique that allows us to obtain the UV-Vis spectra of the
oxidized and reduced species. The information via spectroelectrochemistry is vital in obtaining
structural information about the changes that takes place upon oxidation or reduction of the
complex. In a typical experiment, a U-shaped platinum wire is sandwiched between two indium
tin oxide (ITO) plates that are subsequently placed inside a quartz cuvette. A Pt wire is used as
an auxiliary electrode, and a silver wire is used as a pseudo reference electrode. Both electrodes
are also placed inside the quartz cuvette. The complex is then dissolved in a suitable solvent and
supporting electrolyte (TBAPFs) is added to the solution. The solution is placed in the cuvette
and the solution goes up between the two ITO plates via capillary action. The cuvette is placed
inside a UV-Vis spectrophotometer and the electrodes are connected to a BAS 50W potentiostat.
A suitable potential is applied, and the UV-Vis spectra are recorded.

2.2.9. Electron Paramagnetic Resonance Spectroscopy
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While NMR can be used to determine the structure of diamagnetic species such as
organic ligands and -53d® [Co""] metal complexes, it cannot be used to determine the structure of
paramagnetic species such as 3d’ [Co'"] and 3d® [Co'V]. In such cases Electron Paramagnetic
Resonance Spectroscopy (EPR) spectroscopy needs to be utilized.*%> However, EPR spectra can
only be obtained for species that possess an odd number of unpaired electrons (non-integer
spin).1%? EPR spectroscopy allows us to determine the spin state of the metal complex (high spin
vs. low spin) as well as the coordination environment around the metal center.

Electrons can exist in one of two spin states where the electron spin quantum number
(ms) is either +1/2 or -1/2. In the absence of a magnetic field, both of these states are
isoenergetic. However, when a magnetic field is applied the different spin state split according to
the Zeeman effect in which they are aligned either parallel or antiparallel to the magnetic field.
The difference in energy (AE) between the two spin states can be obtained according to equation
2.1., where pgis the Bohn magneton, By is the applied magnetic field, and finally g is known as
the g factor.

AE = gugBo equation 2.1.

In a typical experiment, the sample is frozen and placed inside a magnetic field. The
temperature inside around the sample can vary from 4.2 K to room temperature. While exposed
to a constant frequency of microwaves, the magnetic field is varied. This variation in the
magnetic field changes AE between the two electronic states. When the obtained AE matches the
energy of the incident microwave radiation a peak is observed in the spectrum. In order to make
the signal more prominent, a typical spectrum is presented as the first derivative plot of the

obtained signal versus the applied magnetic field.
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Experiments conducted by Oleg Poluektov and Jens Niklas at Argonne National
Laboratory were performed using a Bruker ELEXSYS E580 EPR spectrometer (Bruker Biospin,
Rheinstetten, Germany), equipped with a Bruker ER 4102ST resonator or a Bruker ER 4122SHQ
resonator. The temperature was controlled using a helium gas-flow cryostat (ICE Oxford, UK)
and an ITC (Oxford Instruments, UK). Data processing was done using Xepr (Bruker BioSpin,
Rheinstetten) and Matlab 7.11.2 (The MathWorks, Inc., Natick) environment. Experiments
performed at Wayne State University were performed using a Bruker EMX X-band spectrometer
equipped with an Oxford variable-temperature cryostat. Samples were placed in a 4 mm quartz
tube and they were subsequently frozen in liquid nitrogen before being placed inside the
spectrometer.

2.2.9. Bulk Electrolysis

Bulk electrolysis (also known as controlled potential electrolysis) is a method that is used
to electrochemically isolate reduced or oxidized species. Coupled with UV-Visible-NIR and EPR
spectroscopies we are able to gain important information regarding the electronic nature of the
isolated species. A typical experiment is performed in a custom-built air-tight H-type cell shown
in Figure 2.1. which consists of two compartments separated by a fine frit. The two
compartments of the H-type cell are used to separate the working and the auxiliary electrodes.
The oxidized/reduced species is isolated by using a vitreous carbon working electrode, an
Ag/AgCI reference electrode, and a Pt coil auxiliary electrode in the presence of TBAPFs as a
supporting electrolyte. The electrodes are then connected to a potentiostat and a suitable potential
is applied in order to complete the conversion. The advantage of using bulk electrolysis over
chemical reductants/oxidants is that the applied potential can be controlled and unwanted side

reactions can be avoided. On the other hand, the large amount of supporting electrolyte that is
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needed (typically 0.1 mol/L) limits our ability to isolate the complex (beyond spectroscopic

characterization) and to grow x-ray crystals.

I

B A
T
Figure 2.1. A schematic representation of the H-type cell that is used during bulk electrolysis.

Compartment A is used to house the working and reference electrodes, while compartment B is
used to house the auxiliary electrode.

2.2.10. Chemical Reduction Experiments

One way of avoiding the complications posed by the supporting electrolyte in bulk
electrolysis is to use redox transfer agents.’® The reducing agents that were chosen were
cobaltocene (E®’ = -1.33 Vrere+)'®, decamethylcobaltocene (E = -1.94 Viere+)'®, and potassium
intercalated in graphite!® (KCs, E® = -3.64 Vrere+). KCs is by far the strongest reducing agent
that was employed, however one of the limitations of KCs is its ability to react with most polar
solvents. Therefore, THF was primarily used as the solvent for KCs reduction reactions. As such
the scope of metal complexes that could be studied with KCg was severely limited by the lack of
solubility in THF. To overcome this limitation we resorted to aforementioned weaker reducing

agents that are compatible with polar organic solvents such as MeCN.
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2.2.11. Catalytic Studies

Two main methods are used to evaluate catalytic performance for water reduction and
water oxidation. The first is cyclic voltammetry, which is used to determine if the synthesized
species is catalytic and to derive the overpotential needed for catalysis. Following the initial
determination of catalytic activity, bulk electrolysis is performed to determine the turnover
number and catalytic stability. The following sections describe the catalytic methods used in this
thesis for water reduction and oxidation.
2.2.11.1. Water Reduction Experiments

Cyclic voltammetry tests were performed using a three-electrode setup with a mercury
pool working electrode, Pt-wire auxiliary electrode, and Ag/AgCl reference electrode (1 mol/L
KCI). Phosphate buffer (1 mol/L, pH = 7) was used as the electrolyte during catalysis. If a shift
in the catalytic wave is observed following the introduction of the metal complex (compared to
the blank), the complex is catalytic. The overpotential is calculated by subtracting 0.617 V from
the onset potential measured in V vs. Ag/AgCI (equation 2.2.).

Overpotential () = onset potential (Vagagc)) —0.617 V' equation 2.2.

Turnover numbers were determined using a similar setup to that described in section
2.2.9. but the vitreous carbon working electrode is replaced by a mercury pool working
electrode. The mercury pool electrode consists of a pool of mercury at the bottom of the cell into
which a platinum wire was dipped to provide electrical conductivity. A glass capillary tube
sheathed the exposed portion of the Pt wire, protecting it from contact with the surrounding
solution. Before the application of a potential the headspace was thoroughly purged with
nitrogen gas. The amount of hydrogen gas produced was determined by using a Gow-Mac 400

gas chromatograph (GC) equipped with a thermal conductivity detector, and an 8 ft x 1/8 in., 5
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A molecular sieve column operating at a temperature of 100 °C. Nitrogen was used as a carrier
gas at a flow rate of 30 ml/min. A calibration curve was obtained by purging a Schlenk flask
with hydrogen gas, then known volumes of hydrogen were injected into the GC. The volumes
were converted to number of moles using the ideal gas equation, and a plot of moles of hydrogen
versus peak area was obtained. In a typical experiment, 100 pL of headspace were injected into
the GC. This allowed the determination of the total amount of hydrogen in the headspace. The
turnover number (TON) was determined by dividing the total number of moles of hydrogen
produced (nw2) by the number of moles of catalyst (ncat) used (equation 2.3.). The Faradaic
efficiency (%F) shown in equation 2.4. was determined by multiplying twice nn2 by the Faraday
constant (F) and then dividing the product by charge consumed (Q).
TON = n2/Neat equation 2.3.
%F = (2.F.nH2/Q).100 equation 2.4.

2.2.11.2 Water Oxidation Experiments

Unlike water reduction, which was done homogenously, the water oxidation catalysis
described in this thesis is based on surface functionalization. As such, the methods used differ.
The cyclic voltammograms were recorded using an EC Epsilon potentiostat equipped with an
RDE?2 rotating disc electrode. A three-electrode setup included an Ag/AgCI reference electrode,
a Pt wire auxiliary electrode, and a glassy carbon working electrode (surface area = 0.07 cm?).
The catalyst was deposited on the glassy carbon surface of the working electrode and dried under
an infrared heat lamp. The cyclic voltammograms were measured at a scan rate of 10 mV/S at
1600 rpm in a 1 M KOH solution. The use of a slow scan rate is critical for measuring the
steady-state behavior at the electrode’s surface, while the use of the RDE electrode is important

for facilitating the removal the evolved gasses from the surface of the electrode, allowing for
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more accurate determination of current density.l%* After measuring the potentials against

Ag/AgCI, they were converted to the normal hydrogen electrode (NHE) using equation by

adding 0.197 V. Additionally, using the iR compensation function of the Epsilon software, the

resistivity of the solution was measured and corrections were calculated using equation 2.5.
EnHe = Eagiager + 0.197 — IR equation 2.5.

Bulk electrolysis was performed as previously described, with the only difference being
that a piece of carbon cloth as the working electrode. The working electrode was prepared by
depositing 100 uL of the functionalized ink onto a 1 cm x 4 cm piece of carbon cloth, allowing it
to dry for 15 minutes, and threading it onto a copper wire. The TON was determined similarly to
water reduction as in equation 2.6., while the %F was determined using equation 2.7.

TON = no2/Neat equation 2.6.
%F = (4.F.no2/Q).100 equation 2.7.

A GOW-MAC series 400 gas chromatograph equipped with a TCD detector and an 8 ft x
1/8 in., 5 A molecular sieve column held at 60 °C were used to quantify the amount of oxygen
produced. Helium was used as the carrier gas and flowed at a rate of 30 mL/min. Atmospheric

nitrogen was used as an internal standard.
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CHAPTER 3. DEACTIVATION OF A COBALT CATALYST FOR WATER
REDUCTION VIA VALENCE TAUTOMERISM
Reproduced with permission from Baydoun, H.; Mazumder, S.; Schlegel, H. B.; Verani, C.;
Chem. Eur. J. 2017, 23, 9266
3.1. Introduction

Substantial efforts have been directed towards the development of molecular catalysts for
water reduction based on abundant and affordable 3d transition metals,® 7+ 10-11. 14, 16, 27-28, 30, 105-108
Such catalysts must withstand drastic electronic and structural changes from high to low redox
states required for hydride formation that precedes H. evolution. To this end, cobalt complexes
have been extensively studied because of the energetically affordable stepwise conversions from
3d° [Co'""] to 3d® [Co'] and back to [Co"'—H] and [Co'-H] hydride species. > 7 10-13, 3738, 106 Ag
such, mechanistic understanding of catalytic pathways —including those of deactivation—
becomes a necessary condition to the development of robust catalysts.

Our group has studied the mechanisms of several proton and water reduction cobalt
catalysts, including some phenolate-rich Co"' [N2O3] catalysts that served as the stepping stone
to much improved pyridine-rich Co'""" [N2NP;] catalysts for water reduction that display TON >
7000 mol™.°1% We have gathered evidence that some molecular catalysts such as cobalt oximes
12 are converted into nanoparticulates through ligand hydrolysis triggered by radical-based
mechanisms.'! Therefore, although the involvement of ligands in the catalytic cycle has been
reported,’® we conclude that radical formation may have deleterious effects on Ha
production.*> 12113 Here we examine this issue in detail and suggest that formation of
energetically equivalent valence tautomers, viz. [Co'(L)]” < [Co''(Le)]” offers additional
conversion pathways that lead to catalyst deactivation.

3.2. Experimental
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3.2.1. Synthetic procedures

Synthesis of N,N’-(1,2-phenylene)dipicolinamide (L1). The ligand L was synthesized
by adapting a literature reported procedure.'!* Briefly, 7.8 g of o-phenelenediamine (72.2 mmol)
were reacted with 18 g of picolinic acid (14.6 mmol) and 39 mL of triphenyl phosphite (46 g,
14.8 mmol) in pyridine as solvent. The reaction mixture was heated under reflux overnight and
then the pyridine was concentrated and the ligand was crashed with ether. The precipitate was
filtered and washed with isopropanol and ether then it was dried under vacuum to yield the pure
ligand. H NMR, ppm (CDCls, 400 MHZ): & 10.27 (s, 2H), 5 8.57 (d, 2H), § 8.33 (d, 2H), & 7.90
(m, 4H), 5 7.46 (m, 2H), 5 7.31 (m, 2H).

Synthesis of [Co"''L(pyr)2]PFs (1). A MeOH solution of 1.6 g of Co(OAc)2.4H20 (6.2
mmol) was added dropwise to a MeOH solution containing 2.0 g of HzL! (6.2 mmol) To this
mixture an excess of 10 mL of pyrrolidine was added. The solution was allowed to stir overnight
at room temperature. Then oxygen was bubbled into the solution for 5 minutes. The reaction
mixture was filtered and an excess of 1.5 g of NH4PFe (9.2 mmol) were added to precipitate 1.
X-ray quality crystals were grown via diethylether vapor diffusion into an acetonitrile solution of
1. Yield: 86%. ESI (m/z*) = 517 for [Co"'L(pyrrolidine).]*. IR (KBr, cm™?) 3167 (vn-n), 1626
(ve=0), 1599 and 1572 (vc=n, and ve=c), 844 (vers). 'H NMR, ppm (CD:CN, 400 MHZ): & 9.45
(d, 2H), 5 8.90 (m, 2H), & 8.41 (t, 2H), 5 8.29 (d, 2H), § 8.00 (t, 2H), § 7.12 (m, 2H), & 3.22 (2H),
2.11 (4H), & 1.53 (4H), & 1.29 (8H). Anal. Calc. for C26H30CONGO2PFe : 47.14; H: 4.56; N:
12.69; Found: C: 47.05; H: 4.44; N: 12.49.

Synthesis of [Co''L(pyr)]° (2). [Co''L(pyr)]° (2). was isolated using standard glovebox
techniques. A sample of 1 (108 mg, 0.16 mmol) was dissolved in THF and added into a vial

containing of KCg (22 mg; 0.16 mmol). The solution immediately changed from green to red and
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was allowed to stir for 2h. The sample was filtered and a solution was obtained that yielded
crude 2. X-ray quality crystals were obtained by recrystallization in acetonitrile. Anal. Calc. for
C22H21CoNs0O2: 59.20; H: 4.74; N: 15.69; Found: C: 57.27; H: 4.45; N: 14.50.

Synthesis of [Co'L1]K. (3). [Co'L']K was isolated in a similar way as for 2 using 44 mg
of KCg (2 equiv. ; 0.32 mmol). The solution changed color from green to dark blue. X-ray
quality crystals of 3 were obtained after filtration via slow evaporation from the THF solution.
IH NMR, ppm (CD3CN, 600 MHZ, Figure S5): § 9.36 (2H), & 8.37 (2H), 5 8.26 (t, 2H), 5 6.72
(2H), & 6.53 (2H), & 6.46 (2H).

3.2.2. Water Reduction Experiments

Cyclic voltammetry tests were performed using a 3-electrode setup with a mercury pool
working electrode, Pt-wire auxiliary electrode, and an Ag/AgCI reference electrode (1 mol/L
KCI). 1 mol/L phosphate buffer was prepared by dissolving NaH2PO4 (0.227 mol) and NaoHPO4
(0.273 mol) in 500 mL of ultrapure water. After complete dissolution, the pH was adjusted to
7.00 by adding appropriate amounts of NaOH and monitoring the solution pH of the solution
using an Orion 5 star pH meter. Turnover numbers were determined using a custom-built H-type
bulk electrolysis setup. The cell consisted of two airtight compartments separated by a fine frit.
One compartment was used to house the auxiliary electrode (Pt coil) while the other
compartment was used to house the reference electrode (Ag/AgCl) and the working electrode
(mercury pool). The mercury pool electrode consisted of a pool of mercury at the bottom of the
cell into which a platinum wire was dipped so as to provide electrical conductivity, the exposed
part of the platinum wire was protected from being in contact with the solution by surrounding it
with a glass capillary. Before the application of a potential the headspace was thoroughly purged

with nitrogen gas. The amount of hydrogen gas produced was determined by using a Gow-Mac
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400 gas chromatograph (GC) equipped with a thermal conductivity detector, and a8 ft x 1/8 in.,
5 A molecular sieve column operating at a temperature of 100 "C. Nitrogen was used as a carrier
gas at a flow rate of 30 ml.min™t. A calibration curve was obtained by purging a Schlenk flask
with hydrogen gas, then known volumes of hydrogen were injected into the GC. The volumes
were converted to number of moles using the ideal gas equation, and a plot of moles of hydrogen
versus peak area was obtained. In a typical experiment 100 pL of headspace were injected into
the GC this allowed the determination of the total amount of hydrogen in the headspace. The
turnover number was determined by dividing the total number of moles of hydrogen produced by
the number of moles of catalyst used. While the faradaic efficiency was determined by dividing
the actual number of moles of hydrogen produced by the number of moles of hydrogen that
should have been produced based on the charge consumed.
3.2.3. Computational Methods

Electronic structure calculations were carried out using the B3LYP* functional’*® as
implemented in a development version of Gaussian.*'® The SDD basis set and effective core
potential*'” were used for the Co atom and the 6-31G(d,p) basis set*'®11° was used for the other
atoms. Solvation effects in acetonitrile and water were incorporated using the implicit SMD
solvation model*®® and were included during structure optimization. All of the optimized
structures were confirmed as minima by harmonic vibrational frequency calculations and the
converged wave functions were tested for the SCF stability. The zero-point energy and thermal
corrections were included for the calculation of the free energies. The standard states of 1 M
concentration were considered for all the reactants and products for calculating the free energies
of reactions. The literature value of —270.3 kcal/mol is used for the free energy of proton in

water.'?* The spin density plots (isovalue = 0.004 au) were visualized using GaussView.??
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Vertical electronic excitation energies and intensities were evaluated using time-dependent DFT
(TD-DFT)!2*125 and the orbital transitions of each excited state were characterized using the
natural transition orbital (NTO) method.*?

3.2.4. X-ray Structural Determination:

Data were collected on a Bruker APEX-II Kappa geometry diffractometer with Mo
radiation and a graphite monochromator using a Bruker CCD (charge coupled device) based
diffractometer equipped with an Oxford Cryostream low-temperature apparatus. All crystals
were mounted on a mitogen loop using paratone oil and frozen at 100 K. The structures were
solved by the direct method using the SHELXS-97 program which is part of APEX 11**" and
refined by least squares method on F?, SHELXL-97%, which is incorporated in OLEX2.%°
Hydrogen atoms were placed in calculated positions. For 1 a dark green block-shaped crystal of
dimensions 0.2 x 0.4 x 0.9 mm was obtained vapor diffusion from diethylether into an
acetonitrile solution. Omega and phi scans of 0.5° per frame for 20 s were used during collection.
The crystal was solved to a resolution of 0.72 A with a completeness of 100%. The structure was
solved in the space group P-1. The asymmetric unit consists of a molecule of 1, an acetonitrile
and a hexaflourophosphate counter ion. For 2 a green needle-shaped crystal of dimensions 0.01
x 0.1 x 0.4 mm was obtained via slow evaporation from an acetonitrile solution. Omega and phi
scans of 0.5° per frame for 50 s were used during collection. The crystal was solved to a
resolution of 0.84 A with a completeness of 100%. The structure was solved in the space group

P21/n. The
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asymmetric unit consists of a discrete molecule of 2. For 3 a dark blue plate-shaped crystal of
dimensions 0.01 x 0.3 x 0.9 mm was obtained via slow evaporation from a THF solution. Omega
and phi scans of 0.5° per frame for 30 s were used during collection. The crystal was solved to a
resolution of 0.85 A with a completeness of 98%. The structure was solved in the space group P-
1. The asymmetric unit consists of two molecules of 3 three THF solvent molecules, and two

potassium counter ions.

[Co"'L'(pyn),IPF;  [Co'"L'(pyn)] [Co'L'TK
Empirical formula  C,gH33CoFN;O,P CoH, CON0, CgH4sC0K,NgO;
Formula weight 703.51 446.37 1045.00
Temperature (K) 100.1 100.1 100.1
Wavelength (A) 0.7107 0.7107 0.7107
ClnyEl Ssioi) Triclinic, P-1 Monoclinic, P21/C Triclinic, P-1
space group
a (A) 9.6672(4) 12.8083(10) 11.4058(15)
b (A) 11.7496(6) 10.1395(8) 12.2282(16)
c(A) 13.0206(6) 14.7503(12) 16.747(2)
o () 86.633(2) 90 89.903(6)
1B () 85.105(2) 91.819(3) 75.105(6)
G 85.265(2) 90 83.263(6)
Volume (A% 1466.54(12) 1897.8(3) 2240.7(5)
Z 2 4 2
Calculated density 1,503 1,562 1,549
(Mg/m’)
Absorption 0.719 0.936 0.990
coefficient (mm )
F (000) 724.0 924.0 1080.0
R(F) (%) 4.63 3.97 6.05
R,.(F) (%) 7.63 5.79 15.72
CCDC number CCDC 1533010 CCDC 1533009 CCDC 1533008

Table 3.1. Crystal structure data for [Co"'L-pyr2]PFs, Co"L-pyr, and [CO'L]K. R(F) = ¥ || Fo | -
| Fel| /3 | Fo | s RW(F) = [Ew(Fo? ~ Fe )2/ Tw(Fo2)M2 for 1> 20(1I)
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3.3. Results and discussion

In order to evaluate this hypothesis, we examined the electronic and redox structure of
the pseudo-octahedral [Co"'LY(pyr)2]PFs (1) complex, where (L) is the doubly deprotonated
form of a bis-amido pyridine ligand and pyr denotes axially coordinated pyrrolidines. Complex 1
was synthesized by adapting reported procedures,!'# 128129 \where the ligand was treated under
aerobic conditions with 1 equiv. of Co(OAc)2+4H0 in presence of pyrrolidine using methanol as
the solvent. The formation of a microcrystalline precipitate was induced by the addition of
NH4PFs. Complex 1 was thoroughly characterized using *H-NMR, FTIR, ESI-MS(+), and
elemental analysis (See Experimental Section for details), as well as X-ray crystallography (vide
infra). As it will be discussed, this species is capable of robust water reduction followed by rapid
deactivation.

The cyclic voltammogram (CV) of 1 was taken in CH3CN and shows five independent
redox processes (Figure 3.1.). The processes at E12 = 1.34 VHe (AE = 0.10 V, |Ipa/lpc| = 1.08)
and Epa = 1.94 Ve are assigned as amido to amidyl radical oxidations®*°-3! (for potentials vs.
Ag/AgCl and Fc'/Fc see Table 3.2.).190 The process at Epc = -0.32 Vnwe is assigned to the
Co'""/Co" couple.’® 132 The process at -1.08 Vnre (AEp = 0.16 V, |lpa/lpc] = 0.84) is tentatively
assigned to a Co'"/Co' couple, while the third process at -1.79 Vnre (AE = 0.11 V) is attributed to

a pyridine-based reduction.
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L/L*
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| ' | ! | ! | ! | ! 1
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Potential (V) vs. NHE

Figure 3.1. The CV of 1 (1 mM) in MeCN. Glassy carbon, Ag/AgCl, Pt wire, TBAPF¢ (0.1 M).
Ferrocene is used as an internal standard.

Vv Vv Vv

NHE Fc/Fc+ Ag/Agcl
L/ 1.94 1.30 1.73
L 1.34 0.70 1.13
co"/co'  -0.32 -0.96 -0.53
co'/co  -1.08 -1.72 -1.23
L -1.79 -2.34 -1.91

Table 3.2. The voltages for the processes obtained in Figure 3.1. reported versus NHE,
ferrocene, and Ag/AgCl. The experimental value of ferrocene was 0.43 V vs. Ag/AgCl.

The CV of 1 in phosphate buffer (1 mol/L, pH 7, Figure 3.2.) shows a catalytic wave at -
0.95 Vnhe in presence of 1 with concurrent evolution of gas at the surface of the electrode. This
corresponds to an overpotential of 0.54 V. Moreover, the onset potential of -0.95 Vnne closely
resembles that of the Co'/Co' couple observed at E1/2 = -1.08 Vre obtained in acetonitrile. This

observation confirms that the active species in catalysis is the [Co'] complex in accordance with
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the accepted mechanisms for proton reduction using cobalt complexes; catalysis is initiated by
the reaction of [Co'] with a proton to form a [Co''-H"] hydride intermediate.> - 10-13. 37-38, 106 Thg
identity of the evolved gas was determined as Hz> by means of gas chromatography following a

bulk electrolysis experiment that was performed in an air-tight H-type cell.
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Figure 3.2. Polarization curve for 1 in phosphate buffer (1 mol/L, pH 7).
The catalyst showed significant initial activity yielding a TON of 675 *+ 30 after 30 min

of electrolysis (TOF = 23 min't) with Faradaic efficiency of 97 + 3%. However, this high activity
persisted only for a short period of time. After ca. 30 minutes of catalysis, considerable decrease
in charge consumption was observed (Figure 3.3.). The observed TON is only a lower limit of
the maximum value as it was measured following significant deacivation. Similar catalytic
behavior has been observed for certain polypyridine frameworks.**313* Moreover, the solution
changes color from green to colorless (Figure 3.4.). Compared to the UV-visible spectrum of the
solution prior to catalysis, the post-catalytic spectrum shows the disappearance of charge transfer

(CT) processes at ca. 413 nm associated with an Namidso = Co'"' ligand-to-metal CT. However,
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the peaks associated with intraligand CT and observed below 300 nm persist (Figure 3.5.). This
suggests that the complex is undergoing demetallation. These observations prompted us to
investigate the mechanism by which catalyst degradation takes place with the aim of providing

guiding principles for future catalyst design.

254 /

00 02 04 06 08 10
Time (h)

Figure 3.3. Charge consumption over time for 1 (8 pmol/L) at -1.16 Vnre. The dotted line
represents an idealized charge consumption. Electrodes: Hg-pool (w), Pt (aux), Ag/AgCl.
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Before Catalysis

After Catalysis

Figure 3.4. The initial color of the solution (green), and the color of the solution at the end of the
catalytic run (colorless).
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Figure 3.5. The UV-Vis spectrum before and after catalysis (same conditions as Figure 3.3.).

Because the active form of the catalyst must contain [Co'], the elucidation of the
deactivation pathways requires the investigation of the structural and electronic properties of the
complex in distinct reduced oxidation states. To this end we used experimental observations
along with DFT calculations. The structural information was obtained using potassium graphite
(KCs) as a stoichiometric reducing agent in order to isolate chemically the [Co'"] and [Co']

reduced forms of our catalyst. Starting from 1 we were able to isolate the singly reduced [Co']
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analogue [Co"L(pyr)]° (2) and the doubly reduced [Co'] analogue [Co'LY]K (3). We were able
to grow X-ray quality crystals for 1, 2, and 3 (Figures 3.6., 3.7., and 3.8. respectively). The
structure of the [Co""] species 1 (Figure 3.6.) shows the expected pseudo-octahedral geometry,
with the ligand (L) occupying the equatorial plane and the two pyrrolidines binding to the axial

positions. Excellent agreement was observed between the obtained bond lengths and angles and

128-129

that of structurally related complexes with a trivalent cobalt ion.

Figure 3.6. Crystal structures of 1 (CCDC 1533010). Hydrogen atoms, solvents, and counter

ions removed for clarity. Ellipsoids shown at 50% probability. Selected bond lengths: Co1-N1

1.9861(18), Co1-N4 1.9998(17), Col-N2 1.8887(18), Co1l-N3 1.8887(18), Col-N5 2.0154(18),
Co1-N6 2.0047(18).
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Figure 3.7. Crystal structures of 2 (CCDC 1533009). Hydrogen atoms, solvents, and counter
ions removed for clarity. Ellipsoids shown at 50% probability. Selected bond lengths: Col-N1
1.971(2), Col-N4 1.993(2), Col-N2 1.882(2), Col1-N3 1.882(2), Col-N5 2.139(2).

Figure 3.8. Crystal structures of 3 (CCDC 1533008). Hydrogen atoms, solvents, and counter
ions removed for clarity. Ellipsoids shown at 50% probability. Selected bond lengths: Col1-N1
1.889(4), Co1-N4 1.892(4), Co1-N2 1.874(4), Co1-N3 1.865(4).

The structure of the [Co'"] species 2 shown in Figure 3.7., on the other hand, displays a
square pyramidal geometry in which T = 0.018.1% This decrease from six- to five-dentate
coordination upon reduction from [Co'""] to [Co'"] agrees with similar results from our group
observed in oxime environments.*?> Similarly, it is interesting to note that when compared to 1,
minor changes occur in the Co-L bond lengths, while a considerable 0.135 A elongation takes

place along the Co-N5 bond. The maintenance of the bond lengths within the equatorial plane
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suggests that upon metal-centered reduction from [Co""] to [Co'"] the incoming electron is
transferred to the unoccupied dzz orbital, while the electrons in the dxy, dxz, and dy; orbitals
remain largely unaffected, as previously proposed by our group.'? The dxzy. orbital remains
unoccupied. Moreover, the EPR spectrum of 2 (Figure 3.9.) shows a signal with a g value of
2.018 which is consistent with the presence of one unpaired electron. Hence, the [Co'] ion is
found in a doublet “53d’ configuration. This proposition was further examined by DFT
calculations that showed excellent agreement between the crystal structure of 2 and the

optimized structure of a doublet “53d’ [C0'"] ion (Figure 3.10.).

[ T I T I T I T 1
3100 3200 3300 3400 3500
Field (G)

Figure 3.9. EPR spectrum of 2 taken at 110 K in MeCN.
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Crystal:Green Crystal:Green
DFT Low-Spin: Red DFT High-Spin: Red

Np

N
/

Npy1 Npy,

Crystal DFT.LS DFT:HS

Co-Np 2138 2.236 2.158
Co-N1 1.882 1.907 2.067
Co-N2 1.882 1.910 2.077
Co-Npy1 1.971 2.025 2.147
Co-Npy2 1.993 2.033 2.143

Figure 3.10. Overlay of the crystal structure with DFT-calculated high-spin (HS) and low-spin
(LS) structures for [Co"—(L)(pyr)] and comparison of the Co—N bond lengths (A) between the
crystal and calculated structures.

The structure of 3 (Figure 3.8.). warrants some detailed discussion; unlike its 5-

coordinate [Co'] oxime congener,*? this doubly reduced derivative of 1 is composed of a
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tetracoordinate cobalt complex in a distorted square planar geometry, where the maximal
distortion between any two opposing planes among the Co-N bonds deviates by 9.5° from the
idealized 0° (An idealized square planar structure displays 0° between opposing angles, whereas
an idealized tetrahedral structure displays those planes at 90°.1% Compared to the previous two
structures, the Co-Namige bond lengths remain unchanged while its Co-Npyrigine bond lengths are
elongated by ca. 0.1 A. Moreover, other bond lengths on the ligand framework remain largely
unchanged (Figure 3.11.). This observation implies that occupation of the d, orbital is favored
in the solid state, and that the structure contains a bona fide 3d® [Co'] ion. Interestingly, DFT
results indicate that two lowest lying isoenergetic states are possible for the nominal “Co'
species™ (i) a metal-centered singlet species [*®Co'L']  akin to the crystal structure, or (ii) a
ligand-reduced and radical-containing triplet [3Co"(L'*)]" species with the unpaired electron
centered on the amido-pyridine moiety. These two states display a calculated energy difference
of ca. 3 kcal/mol, thus within the limits of the method (Figure 3.12.). Furthermore, both the 3d®
[Co'LY] and the coupled (3d” — %) [Co'(L'*)] species yield spin integers that are NMR active
(Figure 3.13.). However, comparison of the Co-N bond lengths, including those in the ligand
framework, show better agreement with the metal-centered [Co'L!]~ than with the ligand-reduced

[Co"(L!*)] species (Figures 3.14.-3.16.).
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Figure 3.11. Bond lengths on the ligand backbone of complexes 1, 2, and 3.
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Figure 3.12. Free energy difference between [Co'-L]~ and [Co"-(L!*)]~ and the spin density
(isovalue =0.004 au) plot of [Co"-(L'*)]".
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Figure 3.13. *H NMR spectrum of 3 in CD3CN. Inset: zoomed in view of the aromatic region.
Conditions: 600 MHz, CDsCN was dried over molecular sieves and subsequently reacted with
metallic sodium to remove impurities that can react with [Co']. The solvent was filtered before
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1.889
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Figure 3.14. Comparison of the Co—N bond lengths (A) between the crystal structures and the
DFT-calculated [Co'-L]~ and [Co"-(L'*)]” geometries.
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DET

[Co'<L

Figure 3.15. DFT-calculated bond lengths (A) on the ligand framework of [Co'-L']" and
[Co-(L'*)]".

Deviations between crystal 1 and DFT-calculated [Co'-(L™)I" Deviations between crystal 1 and DFT-calculated [Co'-(L")]"

Average deviation 0.018 Average deviation 0.013

Deviations between crystal 2 and DFT-calculated [Co"(L™))" Deviations between crystal 2 and DFT-calculated [Co'-(L")"

Average deviation 0.019
Average deviation 0.012

Figure 3.16. Comparison of the bond lengths on the ligand framework between the crystal
structures (Figure 3.11) and DFT-calculated structures (Figure 3.15). Differences are reported in

Pivotal information necessary to probe the electronic nature of the reduced species comes
from the UV-Visible-NIR spectra of 1, 2, and 3 (Figure 3.17.). As previously discussed, the
spectrum of 1 shows a strong LMCT absorption at 413 nm. The spectrum of 2, on the other hand,

is characterized by an absorption at 336 nm with a shoulder at 452 nm assigned to a Co' =
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Namidopyridine MLCT transition that confirms metal reduction. However, the spectrum of 3 also
shows strong absorptions in the NIR region at 1028 and 1160 nm unquestionably attributed to
ligand-stabilized radicals.>® ¥4 Complex 3 was independently generated via electrochemical
reduction, and a spectrum with identical features was obtained (Figure 3.18.) indicating that the
same species can be conveniently obtained chemically or electrochemically. Therefore, analysis
of these results suggest that in the solid state the [Co'L!]K species prevails for 3, while in an
acetonitrile solution the species described as [Co"(L!*)]K is accesible. This conclusion receives
further support from time-dependent-DFT calculations shown in Figures 3.19. and 3.20. where
the simulated UV-Visible-NIR spectrum of [Co'L!] lacks significant absorption processes above
800 nm, while the simulated spectrum for [Co'"(L!*)]~ shows absorption peaks at 1023 and 1205
nm of the NIR region. These transitions are mainly due to intraligand n-n* charge transfers

centered on the amidopyridine moiety shown in Figures 3.21.
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Figure 3.17. Normalized UV-Visible-NIR spectra of 1, 2, and 3 in MeCN.
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Figure 3.19. TD-DFT calculated UV-Vis spectrum for [Co'L']™ in acetonitrile solvent.
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Figure 3.20. TD-DFT calculated UV-Vis spectrum for [Co''(L!*)]™ in acetonitrile solvent.
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Figure 3.21. Calculated natural transition orbitals (NTOs at isovalue = 0.05 au) showing n-r*
ILCT transition at 1023, and 1205 nm for [Co"-(L!*)]™ in acetonitirle solvent.

The small calculated energy difference of 2.7 kcal/mol between the two species is well
within the limit of the DFT method, and coupled with the detection of [Co'L!]K in the solid state

and [Co'(L'*)]K in acetonitrile, suggests that there is an equilibrium between the two states.
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Ergo, it is conceivable that both species will coexist under catalytic aqueous conditions. Such an
equilibrium is consistent with the formation of valence tautomers.'*143 As such, we propose that
the difference in reactivity of the two tautomers with protons can be used to explain the
deactivation of the catalyst. In presence of protons, the [Co'L!]™ tautomer significantly favors the

formation of a [Co"!

—H"] species (-22 kcal/mol), which is the first step in the catalytic cycle for
H> production (Figure 3.22. pathway a and Figure 3.23.). Conversely, concomitant formation of
the [Co"(L!*)]" tautomer favors ligand protonation (Figure 3.22. pathways b-d). Upon such
protonation of the ligand framework the structure deviates significantly from planarity (pathways
b and c) with pathway b leading to a tridentate metal complex and from there to demetalation.
These observations lead us to conclude that [Co'L!]K is active in catalysis and leads to the
formation of Hy, while [Co'(L!*)]K is protonated, and eventually leads to the deactivation of the
catalyst. This observation prompted us to hypothesize that running catalysis at a lower pH would
favor protonation of the ligand and lead to deactivation. Indeed, catalytic runs at pH < 6 led to a

faster decay in the consumption of charge over time associated with an overall decrease in

activity (Figure 3.24.).
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solvent. Free energies are reported in kcal/mol.
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Figure 3.24. Charge consumption over time for 1 (8 pumol/L) at -1.16 VnHe using pH = 7 buffer
(black) and pH=6 buffer (red).

3.4. Conclusions

In summary, this work reports on a novel cobalt complex capable of performing water
reduction at an overpotential of 0.54 V with TOF of 23 min following 30 min of electrolysis
with Faradaic efficiency of ca. 97 %. This initial catalytic activity decreases significantly after 30
minutes, and structural and electronic evaluation revealed that valence tautomerization is
possible. The “[Co'] state” can afford either [Co'L]~ or [Co'(L!*)]~ within less than 3 kcal/mol.
While the [Co'L!] ~ species supports the formation of a catalytically active [Co''-H] species
required for H, formation, the tautomer [Co''(L'*)]~ favors ligand protonation accompanied by
significant structural distortion that ultimately leads to catalyst deactivation associated with
demetallation. These results allow us to postulate that efficient catalytic water reduction based on

square planar ligands must proceed exclusively by means of the metal center while carefully



68

avoiding ligand protonation. Future work in our will build on these results for the design of

systems where the [Co'L]~ tautomer is energetically separated from its [Co'(L!*)]" tautomer.
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CHAPTER 4. ENHANCED CATALYTIC ACTIVITY AND ACTIVITY IN A
BIMETALLIC COBALT CATALYSTS FOR WATER REDUCTION
4.1. Introduction

The use of bimetallic complexes has been proposed as a means of enhancing the catalytic
activity of proton reduction catalysts.!® 164 144 To this end Gray and coworkers®®%4 have
explored using different bridging moieties between the active sites of the catalysts. They
concluded that using dicobaloximes that are covalently linked via an alkyl chain leads to no
apparent enhancement in the rate of hydrogen production.®® Later on, and using the much shorter
BO4 bridge, they observed that the overpotential needed for proton reduction increased
compared to the monometallic catalyst.®* Moreover, Fukuzumi® and coworkers have shown that
even when using bis(pyridyl)-pyrazolato and terpyridine ligands, which lead to a metal complex
with the cobalt centers in close proximity to each other, the heterolytic mechanism is preferred
and the hemolytic cleavage of two the [Co"'-H7] species is not observed. Verani et. al.®® have
recently shown that using a bimetallic catalyst based on a fused [NN’20.] ligand leads to
cooperativity between the two metal centers in which during catalysis a [Co'Co'] active species is
formed. At this point one of the metal centers acted as a reaction center, while the other center
acted as an electron reservoir. This leads to the concerted formation of a [Co"Co'-H] species.

In this work, we compare the catalytic behavior of the monometallic and bimetallic
cobalt-based amidopyridine catalysts (1, and 2 respectively) (Figure 4.1.). We have recently
shown that 1 undergoes deactivation via the valence tautomerism of the Co' active species
([Col(L)] < [Co"(LM]) in which [Co'(LY)] leads to the formation of the catalytically relevant
[Co"-H] while [Co"(L*)] leads to the protonation of the ligand which is followed by the
deactivation of catalyst.%° In this chapter, we show that by using the bimetallic framework, we

can lower the overpotential, enhance the turnover frequencies (TOFs), and stabilize the activity
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of 2 compared to 1. To the best of our knowledge this is one of the first examples of a bimetallic
catalyst that is demonstrably more efficient than its monometallic counterpart.

Figure 4.1.: The metal complexes [Co"'L(pyrr)2]PFs (1) and [(Co"")2L2(pyrr)s](PF6)2 (2)
discussed in this work.
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4.2. Experimental
4.2.1. Synthetic procedures

Synthesis of the ligand N,N'-(1,2-phenylene)dipicolinamide (HzL1). The synthesis of
this ligand has been described in Section 3.2.1.

Synthesis of the ligand N,N',N",N''-(benzene-1,2,4,5-tetrayl)tetrapicolinamide
(HsL2). The ligand L2 was synthesized by adapting a literature reported procedure.®®! Briefly,
0.55 g of 1,2,4,5-benzenetetramine tetrahydrochloride (1.94 mmol) were reacted with 1.0 g of
picolinic acid (8.13 mmol) and 2.5 g of triphenyl phosphite (8.06 mmol) in pyridine as solvent.
The reaction mixture was heated under reflux overnight and the ligand formed as a precipitate.
The precipitate was filtered and washed with methanol, isopropanol, and ether then it was dried
under vacuum to yield the ligand. Due to the insolubility of the H4L2 in regular organic solvents,

it was used without further characterization.
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Synthesis of [Co'"'L(pyrr)2]PFs (1). The synthesis of this metal complex has been
described in Section 3.2.1.

Synthesis of [(Co")2L2(pyrr)s](PFs)2 (2). [(Co").L?(pyrr)s](PF6), was synthesized by
mixing a suspension of HsL? (1.25 mmols, 0.7 g) in methanol with two equivalents of cobalt
acetate tetrahydrate (2.5 mmol, 0.62 g) in the presence of excess pyrrolidine (2 mL) and stirring
overnight. Then the solution was purged with oxygen for 15 minutes to ensure the complete
oxidation of all the cobalt centers into the Co"' state. Finally, precipitation was induced by
adding excess NH4PFs (~4 equivalents, 0.8 g). The precipitate was washed with diethyl ether and
dried under vacuum. Yield: 82%. IR (KBr, cm™?) 1627 (s, C=0); 1597 (s, C=N), 833 (s, PFs).
IH-NMR [400MHz, CDsCN, 300K] &/ppm = 1.30 [br s, 16H (pyrrolidine CH2-CH2)]; 1.58 [m,
8H pyrrolidine CH)]; 2.19 [m, 8H pyrrolidine CH2)]; 3.21 [br s, 4H pyrrolidine (NH)]; 7.98 [t,
4H (aryl)]; 8.31 [d, 4H (aryl)]; 8.41 [t, 4H (aryl)]; 9.45 [d, 4H (aryl)]; 10.38 [s, 2H (aryl)]; ESI
pos. in MeOH: m/z = 478 for [2]%". Anal. for [(Co"").L?(pyrr)a](PF6)2: CasHs4Cl2C02N12012:
Calcd: 44.31; H: 4.37; N: 13.48; Found: C: 44.46; H: 4.27; N: 13.22. X-ray quality crystals were
obtained as the ClO4 salt.

Synthesis of [(Co'"'")2L?(pyrr)4](ClOs)2. This species was synthesized for the purpose of
obtaining the crystal structure. [(Co""2L?(pyrr)4](ClO4). was synthesized similarly to
[(Co")2L2(pyrr)4](PF6). but using NaClOs instead of NH4PFe. IR (KBr, cm™) 3268 (m, N-H),
1628 (s, C=0); 1595 (s, C=N), 1090 (m, ClO4"). Anal. for [(Co"")2L?(pyrr)a](Cl04)2.3H.0:
CuseHs4C12C02N12012: Caled: 45.67; H: 5.00; N: 13.89; Found: C: 45.56; H: 4.71; N: 13.61. X-ray
quality crystals were obtained from vapor diffusion of diethyl ether into acetonitrile.

Synthesis of [(Co')2L2(pyrr)2]° (3). [(Co™)2L2(pyrr)2]° was obtained by reacting 2 (100

mg, 0.08 mmol) with two equivalents of cobaltocene (30 mg, 0.16 mmol) in acetonitrile under a
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nitrogen atmosphere inside a labmaser 130 glovebox. The mixture was stirred for two hours and
filtered. After letting the solution stand for several weeks, X-ray quality crystals grew.

4.2.2. Catalytic measurements. The same procedures used for catalysis described in
Chapter 3 were used in this chapter.

4.2.3. X-ray Structure Determination. Crystals were mounted on a mitogen loop using
paratone oil. Data were collected on a Bruker APEX-11 Kappa geometry diffractometer with Mo
radiation and a graphite monochromator using a Bruker CCD (charge coupled device) based
diffractometer equipped with an Oxford Cryostream low-temperature apparatus. The data was
measured at a temperature of 100 K with omega and phi scans of 0.5° per frame. 30 s frames
were used for 2 and 50 s frames were used for 3. The structure was solved by the direct method
using the SHELXS-97 program which is part of APEX 11*° and refined by least squares method
on F?, SHELXL-97,% which is incorporated in OLEX2.%

For 2, a brown plate-shaped crystal of dimensions 0.05 x 0.05 x 0.1 mm was used, and
the structure was solved to a resolution of 0.83 A with a completeness of 98%. The structure was
solved in the space group P-1. The asymmetric unit consists of half a molecule of 2, an
acetonitrile and a perchlorate counter ion. Hydrogen atoms were placed in calculated positions.

For 3, a brown plate-shaped crystal of dimensions 0.03 x 0.07 x 0.1 mm was used, and
the structure was solved to a resolution of 0.78 A with a completeness of 100%. The structure
was solved in the space group P2:/n. The asymmetric unit consists of half a molecule of 3.

Hydrogen atoms were placed in calculated positions.
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[(Co™),L?(pyrr)4](C1O,), [(Co™),L*(pyrr),]
Empirical formula C,5H;,CICoN,04 C,oH;3CoN;0O,
Formula weight 618.94 407.31
Temperature (K) 100.1 100.1
Wavelength (A) 0.7107 0.7107

Crystal system, space
group

a(d)

b A)

c )

a(’)

1 ()

7 ()
Volume (A3)

Z

Calculated density
(Mg/m?)
Absorption coefficient
(mm™)

F (000)

R(F) (%)
R(F) (%)

Triclinic, P-1

8.9568(5)

9.0812(5)

15.7505(8)
95.108(2)
90.949(2)
93.501(2)

1273.34(12)

2

1.614

0.837

642.0
3.93

8.43

Monoclinic, P2,/n

7.6419(7)

15.2159(13)

14.3145(12)
90

94.536(5)
90

1659.3(3)
4

1.631
1.061
840.0
5.28

9.04

Table 4.1. Crystal structure data for [(Co"'")2L?(pyrr)4](ClOa)2, and [(Co')2L2(pyrr)2]. R(F) =

Y| Fo|-| Fe|| /2| Fo | ; RW(F) = [Ew(Fo? — Fc? ) / Y w(Fo?)?]Y2 for 1> 26().
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4.3. Results and discussion
4.3.1. Synthesis and characterization

The ligands HzL! and H4L? as well as complex 1 were synthesized according to reported
procedures.®® 114 131 Complex 2 was synthesized by reacting two equivalents of cobalt acetate
with one equivalent of HsL2 Precipitation was induced by the addition of NH4PFs to yield a
microcrystalline product that was thoroughly characterized using *HNMR, MS, FTIR, and
elemental analysis. The sharp peaks in the 'HNMR spectrum (Figure 4.2.) coupled with the
observation of the signature PFs band at 833 cm™ in the FTIR spectrum reaffirm that the
expected formation of a [Co'""] in a “53d® environment took place. Moreover, the mass spectrum
revealed five distinct peaks at m/z = 478.1, 442.6, 407.1, 371.5, and 336.0 that are consistent
with the sequential loss of the axial pyrrolidines to form [(Co'"").L2(pyrr)s]?*,
[(Co"™2L2(pyrn)s]?*, [(Co")L%(pyrr)2]?, [(Co"™):L%(pyrr)]?*, and [(Co""2L2]?* respectively
(Figure 4.3.). Finally, we were able to grow a crystal structure that reaffirms our structural
assignments for [(Co"")2L2(pyrr)s](ClO4)2, the perchlorate counterpart of 2 (vide infra). This

complex was obtained as 2 but using NaClO4 instead of NH4PFe.
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Figure 4.3. The mass spectrum of 2 obtained in CH3CN in ESI(+) mode, as well as the observed
fragmentation pattern.
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In order to compare the catalytic activity of 1 and 2, polarization curves were obtained in
phosphate buffer (1 mol/L, pH = 7) and are shown in Figure 4.4. While 1 had an onset
overpotential of 0.55 V, 2 shows a catalytic peak at an onset overpotential of 0.45 V. This
corresponds to a 0.1 V improvement in the overpotential. Based on these observations, we were
able to separate the catalytic activity into three voltage ranges (as denoted by the letters in
Figure 4.4.). In the first voltage range, (region A) V < -0.95 VnnHe 1 and 2 are catalytically
active. In the second voltage range (region B) where -0.95 Vnre < V < -0.85 Vnhg, Only 2 is
catalytically active. Finally, in the third voltage range (region C) no catalytic activity is observed.
Therefore, we compared the TONs of 1 and 2 in region A and studied the catalytic behavior of 2
in region B. In region A under identical catalytic conditions (an applied potential of -1.21 Vnhg),
1 had an observed TOF of 23 min while 2 had an observed TOF of 60 min following 30 min
of catalysis. It is important to note that the same overall amount of cobalt in solution (i.e. twice
the concentration of 1 compared to 2) was used, and that the calculated TOFs are based on the
amount of cobalt used not the number of moles of catalyst used. To the best of our knowledge
this is one of the first reported examples where a bimetallic metal complex is measurably a better
water reduction catalyst than its monometallic counterpart in a similar ligand environment.
However, 2 had similar stability to 1 (see Chapter 3 for details) in which there was a period of
rapid charge consumption (~ 45 minutes). Following this initial phase of rapid catalysis, there
was a severe drop in charge consumption that is associated with catalytic deactivation (Figure

4.5.).
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Figure 4.4.: Polarization curves for 1 and 2 in phosphate buffer (1 mol/L, pH 7). Hg-pool
working electrode, a Pt auxiliary electrode, and an Ag/AgCl reference electrode. The letters
represent the different voltage regions discussed in this chapter.
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Figure 4.5.: Charge consumption of 2 (4 umol/L of 2, 8 pmol/L of Co) in phosphate buffer (pH
=7, 1 mol/L) at an applied potential of -1.21 VnHE.
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Conversely, when we ran a bulk electrolysis experiment in region B (at an applied
potential of -0.94 Vnre) we observed a much lower TOF of 2.9 mint. This decrease in the TOF
can be directly ascribed to the lower applied potential, since the applied potential is directly
related to the driving force for catalysis. However, unlike catalysis in region A in which
deactivation took place, catalysis in region B could be sustained for prolonged periods of time.
Figure 4.6. shows the UV-Visible spectrum of the solution before and after five hours of
catalysis. Moreover, following a 20 h catalytic run we were able to observe sustained charge
consumption (Figure 4.7.). This is in stark contrast to the catalytic behaviour observed in region
A (Figure 4.5.). We therefore conducted a detailed electronic, and structural study aimed at

explaining the observed behaviour.
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Figure 4.6.: UV-Vis spectrum before and after five hours of catalysis at an applied potential of -
0.94 VNHE.
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Figure 4.7.: Charge consumption over time of 2 (4 umol/L), at -0.94 VnHe. Hg-pool working
electrode, Pt auxiliary electrode, and Ag/AgCl reference electrode.

We have previously shown that for 1, deactivation likely takes place due to the formation
of valance tautomers in which the metal-reduced state favors the formation of H, while the
ligand-reduced state favors ligand protonation and eventual deactivation.®® Aiming at probing
whether or not 2 undergoes a similar deactivation mechanism to that of 1, we performed a
detailed structural, spectroscopic, and electrochemical study.

The cyclic voltammograms of 1 and 2 were obtained under identical conditions using
acetonitrile as a solvent. The processes which are relevant for catalysis are shown in Figure 4.8.
Complex 1 shows a quasi-reversible process at -0.93 Vrere+ (Epc) and a reversible process at an
E1p Of -1.72 VEgre+ (AE = 0.14 V). These two processes are assigned as the sequential reduction
from [Co0'"] to [Co'"] and [C0'"] to [Co']. Interestingly, instead of showing a redox behavior that
consists of the sequential reduction of the cobalt centers, the CV of 2 shows a similarly quasi-

reversible process at -0.94 Vrere+ (Epc) and a reversible process at -1.73 Vegre+ (AE = 0.12 V).
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These processes are assigned as the sequential two-electron reduction from [Co'"'-Co'""] to [Co'-

Co'"] and [Co"-Co'"] to [Co'-Co].

I v L v L v L v 1 v 1
Potential mV (vs Fo/Fce)

Figure 4.8. The CV of 1 (green) and 2 (red) (1 mM) in CH3CN. Glassy carbon (WE), Ag/AgClI
(RE), Pt wire (AE), TBAPFs (0.1 M). Ferrocene used as an internal standard.

Our inability to observe the sequential electrochemical reduction of the cobalt centers in
2 suggests that the mixed-valent species are not stable enough to be crystallographically
isolated.5 As such, we focused our attention on isolating the crystal structures of the [Co''-
Co'"", [Co"-Co'"], and [Co'-Co'] species. While we could isolate the [Co''-Co'""] and the [Co'-
Co'l structures, the [Co'-Co'] structure remains elusive. The crystal structure of

[(Co")2L2(pyrr)4](ClO4)2 consists of the expected geometry where two cobalt centres in a psudo-
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octahedral geometry are present in each one of the binding cavities of the ligand (Figure 4.9.a).
The bond lengths and bond angles are consistent with structurally related monometallic [Co"']
complexes.'?12° The ligand L? occupies the equatorial plain and two pyrrolidines are present in
the axial position. The doubly reduced [(Co").L2(pyrr).]° (3) species was obtained via the
reaction of 2 with cobaltocene as a stoichiometric reducing agent.*® The crystal structure of 3
consists of two [Co'"] centers in distorted square pyramidal geometries (t = 0.02) where the
ligand L? occupies the equatorial plain and two pyrrolidines are present on opposite sides of the
plain of L? in the axial positions (Figure 4.9.b).2*> A comparison of the Co-N bond lengths
(Figure 4.10.) reveals little deviation in the Co-L? bond length. However, there was significant
elongation in the Co-pyrrolidine bond length in going from [Co'"] to [Co'"]. We have previously
shown that these observations are consistent with the occupation of the dz orbital in the
transformation from [Co0""] in a “53d® environment to a [Co'"] in a “53d’ environment. Moreover,
the Co-N bond lengths that we observe for 3 are close to the ones that we have reported for the
[Co'] equivalent of 1 (Figure 4.10.).6° We are therefore confident in assigning the spin state of

[Co'] in this case as a low spin species.
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Figure 4.9. (a)The crystal structures of 2 as the perchlorate species. Hydrogens, solvent
molecules, and counterions are removed for clarity. Ellipsoids are at 50% probability. Selected
bond lengths: Col1-N1 2.000(2), Co1l-N4 1.985(2), Col-N2 1.891(2), Co1-N3 1.890(2), Col-N5
1.988(2), Col-N6 1.995(2). (b) The crystal structures of 3. Hydrogens are removed for clarity.
Ellipsoids are at 50% probability. Selected bond lengths: Col-N1 1.985(3), Col-N4 1.974(3),
Co1-N2 1.875(3), Co1-N3 1.887(3), Col-N5 2.148(3).
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Figure 4.10. A comparison of the Co-N bond lengths for 2, 3, and the monomeric [Co'"] species
discussed in Chapter 3.

Having shown that 1 undergoes deactivation due to the tautomeric equilibrium between
[Co'-L] and [Co"-L*], in which [Co'-L] leads to the catalytic formation of hydrogen and [Co'-
L*] leads to ligand protonation and eventual demetalation, it was of interest to study if such an
equilibrium exists for 2.5 While we were unable to crystallographically ascertain the nature of
the quadruply reduced [(Co").L?]* species, we were able to isolate it electrochemically via bulk
electrolysis. The UV-VIS-NIR spectrum of the electrochemically isolated [(Co0')2L?]? is shown
in Figure 4.11. The spectrum shows high-intensity low-energy transition at 1165 nm with a
shoulder at ~1050 nm. These transitions are indicative of the formation of a ligand-based radical
and have been assigned as m-m* transitions centred on the amido-pyridine radical.®® Therefore,

we can conclude that the deactivation that we have observed for 2 is due to a similar mechanism.
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Figure 4.11. The UV-Visible-NIR spectrum of the electrochemically generated [(Co")2L?]?.

Taken together, these observations allow us to reach the following conclusions. (i) The
different behavior observed in regions A and B (Figure 4.4.) suggest that a voltage-dependent
mechanism is at play. (ii) The observation of two-electron transfer processes in the CV as
opposed to observing sequential one-electron reduction processes seems to disfavor electronic
coupling between the two metal centers.5! Therefore, it seems that the enhancement in activity is
not likely due to an electron transfer process between the two metal centers in which one metal
center acts as an electron reservoir while the other center performs catalysis. Instead it seems to
point to a mechanism in which one of the metal centers is modifying the mechanism through the

substituent effect by possibly favoring a PCET pathway as opposed to the direct formation of the
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nucleophilic [Co']. And finally, (iii) the UV-Visible-NIR spectrum of [(C0")2L?]* is consistent
with the formation of a ligand-based radical which we have previously shown to be directly
linked to catalyst deactivation.®® As such it seems that under relatively negative applied
potentials (Figure 4.4., potential region A) the [Co'] state is energetically accessible and can
therefore provide a pathway for catalyst deactivation. These conclusions are summarized in
Figure 4.12. which depicts the proposed voltage-dependent mechanism. The green pathway is
only accessible at low applied potentials (Figure 4.4., voltage region B) while the red pathway is

accessible at more negative applied potentials (Figure 4.4., potential region A).

Co||co||
2e”
2H,
2¢_
2H*+2e
.
CollCo" Co'Co' =——= Co'Co'L"® <—H_> Co"Co'L-H — = Deactivation
H H
2H; Lomgan 2H*
H H
(I:°|||c$|||

2H*
Figure 4.12. The proposed voltage-dependent catalytic mechanism for 2. The green
pathway is accessible at low applied potentials, and the red pathway is accessible at more
negative applied potentials.

4.4. Conclusions

In conclusion, we have reported on a novel bimetallic catalytic platform capable of
performing water reduction under neutral agueous conditions. Compared to the monometallic
catalyst 1, the bimetallic catalyst 2 showed a marked improvement in overpotential and in the
observed turnover frequencies. Moreover, we observed two potential regions in which 2 was
catalytically active. In region A (more negative potentials), 2 had similar stability to 1 and there

was a marked decrease in charge consumption following the initial phase of rapid catalysis. In
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region B (less negative potentials), there was a significant improvement in catalytic stability of 2.
Aiming at probing this apparent voltage-dependent behavior we performed a structural,
electronic, and electrochemical study which led us to conclude that in region A, [Co'] seems to
be inaccessible and a mechanism that favors a PCET from [Co'"] to [Co"'-H] is at play. By
avoiding [Co'], the deactivation side reactions that are based on valence tautomerism between
[Co'-L] and [Co"-L*] are avoided. However, in region B the potentials are negative enough to

access the [Co'] state which leads to the eventual catalyst deactivation.
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CHAPTER 5. THE IMMOBILIZATION OF A LONG-CHAIN COBALT AMIDO
COMPLEX ON CARBON BLACK FOR HETEROGENEOUS WATER OXIDATION.
5.1. Introduction

Surface functionalization is pivotal to enable the use of homogenous catalysts anchored
onto conductive solid supports. In this manner, integrated electrochemical water splitting devices
can be developed in which water oxidation occurs at the anode and proton reduction occurs at the
cathode. Traditionally, such electrodes are made from solid state materials such as metal oxides
or hydroxides. However, understanding the surface chemistry of such extended and
tridimensional materials is challenging. On the other hand, understanding the chemistry behind
surfaces that are functionalized with discrete coordination complexes is more attainable due to
the well-known electronic signatures of molecular materials. As such improving catalytic activity
can be achieved using rational ligand design and established electrochemical and spectroscopic
methods.

The water splitting reaction involves two half-reactions; water oxidation and proton
reduction. With a standard potential of 1.23 Vne, water oxidation is the more energetically
demanding of the two half-reactions in water splitting. This high-energy requirement is imparted
by the need to perform four-electron chemistry and form O-O bonds. The mechanisms of water
oxidation require the formation of high-valent oxo ([M'V=0], or [MVY=0]) or hydroperoxo
([M"-O-0-H]) species. In order to lower the activation barrier required to reach such highly

oxidized states needed for catalysis, redox active ligands have been utilized.**¢-*4” This is due to

the formation of a radical-based species instead of the expected high-valent tautomer* in the
electron-transfer sequence [M™L]° =< [M™L*]* s [M"L]*. When the last equilibrium step
favors the [M™L*]* product the oxidized ligand acts as a catalytic electron reservoir prone to

degradation.
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Recent efforts have focused on anchoring molecules onto conductive solid supports in an
attempt to favor the high-valent [M"L]"™ product, enhancing robustness of catalysts and favoring
water splitting.”®"" 14° We have recently shown that fluorine-doped tin oxide (FTO) coated glass
can be functionalized using physisorbed Langmuir-Blodgett films of a procatalytic phenolate-
rich cobalt complex.”™ The resulting modified electrode is an excellent water oxidation catalyst
with an overpotential of 0.5 V. However, structural rearrangement takes place after applying a
potential bias. This transformation coupled with the labor-intensive layer-by-layer deposition
process precludes the large-scale application of the approach.

Produced by the incomplete combustion of petrochemicals, carbon black (CB) has been
used as solid support along with Nafion to drive catalytic water oxidation.'®® As such, we
hypothesized that CB can be functionalized with an amphiphilic metal complex, and that the van
der Waals interactions between substrate and complex will lead to more robust water oxidation
catalysts. Therefore, similar to other systems we reported in the recent past,>>>" ™ we designed a
new ligand with two octadecyloxy groups incorporated into the backbone. These aliphatic groups
(i) serve as hydrophobic backbones to anchor the molecule onto CB, and (ii) lower the oxidation
potential required for water oxidation.

5.2. Experimental

Ultrapure water (18.1 MQ) was used in all manipulations. All other solvents and reagents
were used from commercial sources and were not further purified. Proton nuclear magnetic
resonance spectroscopy (*HNMR) spectra were recorded on a Varian 400 MHz or 600 MHz
spectrometer. Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a Bruker
Tensor 27 spectrometer using KBr pellets recorded between 4000 and 600 cm™. Elemental

analysis was performed by Midwest Microlabs, Indianapolis, Indiana and measured using an
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Exeter CE440 CHN analyzer. Cyclic voltammograms in organic solvents were recorded using a
BAS 50W electrochemical analyzer. TBAPFs was used as a supporting electrolyte, an Ag/AgCI
electrode was used as a reference electrode and a Pt wire was used as the auxiliary electrode. The
voltammograms were recorded under an Ar atmosphere and ferrocene was added as an internal
standard at a scan rate of 0.1 V/s.2% XPS spectra were recorded using a Kratos Axis Ultra XPS,
all the spectra were calibrated using the C 1s at 284.8 eV as a charge reference . XPS spectra of
the electrode itself did not show any discernable Co peaks, therefore the functionalized carbon
black was removed from the surface of the electrode by sonicating it in ethanol. Then the ethanol
was removed and the concentrated sample was used for XPS analysis.
5.2.1. Synthetic procedures

The ligand (H2L°%H37) was first reported by Dr. Lanka D. Wickramasinghe®! and was
synthesized using the multi-step procedure depicted in Figure 5.1. Where necessary standard

Schlenk line techniques were used. The ligand and cobalt complex where characterized using

Anhydrous pey CH.COOH 1% pdic RO. NH
HO. - K,COs # “‘HJ I;CM NyHy - \IE ’
o |+ 2CgH37Br “ONF T S Huc, EtOH RO Sy
Ar RO NO

HO RO Fuming HNO4 Ar NH2
-t —
C O : o
N O 0., 0 J N
S o
T CH3;0H/CH;0H =
+ N RO.__~_ NH o_ﬂq_, “N-
RO NH EO{CH;,CDO'}:! RO- s
Ry 2 = ,3; s Co
L/j ||\/ Rj RD m" H |:-—"\N H RO OH_FH_____:NE__.]
RO” ™ “NH, N - —

AN
© [\J NaClO, Hepy
_/
NMR, FTIR, and MS. Elemental analysis was performed for the metal complexes.

Figure 5.1. The multistep synthetic procedure used to synthesize ligand (L°¢*H37); R = Cy1gH3y.

Synthesis of 1,2-bis(octadecyloxy)benzene.
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To a solution of catechol (3.50 g, 31.8 mmol) and anhydrous K>,CO3 (16.0 g, 116 mmol)
in anhydrous dimethylformamide (DMF) (52.5 mL), a solution of 1-bromooctadecane (23.4 g,
70.2 mmol) in DMF (70 mL) was added dropwise under inert conditions. The reaction was
allowed to reflux for 18 hours after which it was poured into ice-cold water (150 mL) and
subsequently extracted with dichloromethane (CH2Cl2) (100 mL). The organic layer was dried
over anhydrous Na>SOas. The solvent was removed by rotary evaporation and the remaining
yellow oil was dissolved in a 19:1 mixture of hexane and ethyl acetate. The solution was filtered
through silica under vacuum. The isolated yellow solution was concentrated to half of its original
volume and refrigerated to yield a white precipitate. Yield: 72 %. *H NMR, ppm (CDCls, 400
MHz): & 6.88 (s, 4HP"), § 3.98 (t, 4H®C?), § 1.82 (m, 4H®M?), § 1.46 (m, 4H®H?), § 1.25 (s,

56HCH2), § 0.88 (t, 6HCMS).
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Synthesis of 1,2-dinitro-4,5-bis(octadecyloxy)benzene.

2.05 g (3.33 mmol) of 1,2-bis(octadecyloxy)benzene were dissolved in 48 mL of a 1:1
CHCI> : acetic acid mixture. The reaction mixture was subsequently placed in an ice bath and
3.50 mL of nitric acid were added. Then the reaction was stirred at room temperature for 30
minutes and then cooled back down in an ice bath before 8.50 mL of fuming HNO3 were added.
The reaction mixture was stirred at room temperature for 72 hours before being poured into
water (100 mL, 0°C). The organic layer was washed with (3 x 100 mL) of saturated NaHCOg3,
and brine solution. The organic layer was subsequently dried over Na;SOa4. The organic solvent
was removed by rotary evaporation and recrystallized from acetone to yield yellow crystals.
Yield: 86%. 'H NMR, ppm (CDCls, 400 MHz): § 7.29 (s, 2HP"), § 4.09 (t, 4H°C"?), § 1.85 (m,
AHCH2) 5 1.47 (m, 4H®H?), § 1.25 (s,56HCH2), § 0.88 (t, 6HCM).

Synthesis of N,N’-(4,5-bis(octadecyloxy)-1,2-phenylene)dipicolineamide (H2L©O¢18H37)

These reactions were performed under inert conditions. A mixture of 1,2-dinitro-4,5-
bis(octadecyloxy)benzene (1.5 g, 2.03 mmol) and Pd/C (65 mg) was refluxed in the presence of
N2H4.H20 overnight using EtOH as a solvent. The mixture was filtered through celite and
allowed to dry under vacuum. To this flask, a mixture of picolinic acid (0.53 g, 4.25 mmol) and
triphenyl phosphite (1.32 g, 4.25 mmol) in anhydrous pyridine was cannulated. Following this
step, the reaction mixture was heated overnight in an oil bath. The product was crashed out by
the addition of methanol to obtain a pale-yellow precipitate. Yield: 50%. ESI (m/z*) = 855.7
(100 %) for [CssHgsN4Os + H*]. *H NMR, ppm (CDCls, 400 MHz): § 10.17 (s, 2HN™), § 8.57
(dd, 2H), § 8.30 (dd, 2H™), § 7.93 (td, 2H™), § 7.48 (td, 2HM), § 7.44 (s, 2H"), § 4.04 (t,
AHOCH?) '§1.83 (m, 4HCM?), § 1.47 (m, 4H®M?), § 1.25 (s,56HH?), § 0.87 (t, 6H).

Synthesis of the complex [Co''(LOC8H37) (pyrr)2]ClO4
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0.200 g (0.232 mmol) of the ligand H2L 9837 dissolved in 1 mL CHCIs 0.060 g (0.240
mmol) of Co(CH3COO)2.4H,0 dissolved in 1 mL of methanol were added dropwise following
this addition 0.5 mL (excess) of pyrrolidine were added. The solution was stirred overnight at
room temperature then it was filtered, and oxygen was bubbled in for 10 minutes. Precipitation
was induced by adding 0.020 g (0.269 mmol) of NaClOa. Yield: 32 mg 47%. ESI (m/z*) =
911.58251 (100 %) for [CssHzaN4O4Co*]. IR (KBr, cm™) 3430 (vn-+), 2852-2921 (vch), 1625
(ve=0), 1598(vean pyridine), 1207 (vc-o-c), 1091 (veios). *H NMR, ppm (CDCls, 600 MHz): & 9.76
(d, 2H™), & 8.60 (s, 2HPM), & 8.26 (t, 2HM), & 8.22 (d, 2HY), § 4.06 (4H°H?), § 3.05 (2H\™), §
2.10 (4H™"), § 1.25-1.66 (m, 72H), 5 0.86 (6H3). Anal. Calc. for [Cs2H102CoNsOsCl]: C, 64.54;
H, 8.91; N, 7.28% Found: C, 64.49; H, 8.91; N, 7.02%.

5.2.2. Ink preparation

Carbon black (6 mg) was suspended in CH2Cl, and sonicated for 5 minutes. Following
sonication, a known amount of a stock solution of [Co"'(LOC®*")(pyrr)2]CIO4 (4 mg/mL in
CHCI) was added to the carbon black. The mixture was sonicated for a further fifteen minutes.
Following sonication, ~40 mL of ethanol were added to the carbon black suspension. The
suspension was centrifuged, the solvent was decanted, and the carbon black was allowed to dry
overnight under ambient conditions. The dry carbon sample was re-suspended in 0.300 mL
water, 0.600 mL ethanol, and 0.300 mL isopropanol. This suspension was sonicated for fifteen
minutes and then 0.300 mL of Nafion were added. The suspension was further sonicated for

fifteen minutes to form the ink used for catalysis.
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5.2.3. Catalytic measurements

Cyclic Voltammetry (CV): All cyclic voltammograms were recorded using an EC
Epsilon potentiostat equipped with an RDE2 rotating disc electrode. The three-electrode setup
included an Ag/AgCl reference electrode, a Pt wire auxiliary electrode, and a glassy carbon
working electrode (surface area = 0.07 cm?). 5 uL of the ink were deposited on the glassy carbon
surface of the working electrode and dried under an infrared heat lamp for 5 minutes. The cyclic
voltammograms were measured at a scan rate of 10 mV/S at 1600 rpm in a 1 M KOH solution.
After measuring the potentials against Ag/AgCI, they were converted to the standard hydrogen
electrode (RHE) using equation 5.1. Additionally, using the iR compensation function of the
Epsilon software, the resistivity of the solution was measured and corrections were calculated
using equation 5.2.

ENnHE = Eagiager + 0.197 (equation 5.1.)
EnHe = Eagiager + 0.197 — iR (equation 5.2.)

Bulk Electrolysis and Faradaic Efficiency: Bulk electrolysis was performed under an
overpotential of 0.7 V in a custom H-type cell that is split into two compartments by a fine frit.
The auxiliary electrode, a Pt coil, was placed in one compartment, and the reference (Ag/AgCl)
and working electrodes were placed in the other. The working electrode was prepared by
depositing 100 uL of the functionalized ink onto a 1 cm x 4 cm piece of carbon cloth, allowing it
to dry for 15 minutes, and threading it onto a copper wire.

A GOW-MAC series 400 gas chromatograph equipped with a TCD detector and a 8 ft x
1/8 in., 5 A molecular sieve column held at 60 °C were used to quantify the amount of oxygen
produced. Helium was used as the carrier gas and flowed at a rate of 30 mL/min. Atmospheric

nitrogen was used as an internal standard.
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5.2.4. Computational methods

Electronic structure calculations were performed, with Jordyn Burdick (undergraduate
researcher) in conjunction with Dr. Bishnu Thapa in the Schlegel Group at Wayne State
University, using the Gaussian series of programs (version g09 revision E01).'%? Density
Functional Theory (DFT) calculations were carried out using the B3LYP* functional.!'®
Geometries were optimized using B3LYP* with the SDD basis set with effective core potential
(ECP)!7 for the cobalt atom and 6-31G(d,p) basis set for all other atoms. The energetics of
structures with different spin states were compared and lowest energy structures were used for
the proposed catalytic cycle. The structures with lowest Gibbs free energy were reoptimized with
the SDD (for Co) and 6-31+G(d,p) (for all other atoms) basis sets to obtain more accurate
energies.!®11° The SMD implicit solvation model was used to incorporate solvation effects in
water and was included in all the geometry optimizations.'?° Previous studies*>**® have shown
that a small number of explicit water molecules need to be included to account some of the short-
range interactions while modeling anions such as OH™ in aqueous solution using SMD implicit
solvation model. Therefore, the lowest energy structures involved in the catalytic cycle were
optimized with two explicit waters forming H-bonds with OH/O/OOH/OO™ moieties in SMD
implicit solvation. All the geometries were confirmed to be minima on the potential energy
surfaces by performing vibrational frequency calculation and had no imaginary frequency.
Thermal and entropy contribution to for the free energies were calculated by standard statistical
thermodynamical methods using unscaled B3LYP* frequencies and rigid rotor/harmonic
oscillator approximation at 298.15 K. The converged wave functions were tested for SCF

stability.
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For a redox reaction, A(,q — At ney,,, the standard redox potential is given by

equation 5.3. where AGZ‘aq) = Gz(aq) -G G Is the standard free energy change for a

A" (aq) — Z(g
redox couple in solution. Where. Gz(g) = 0.867 kcal/mol is the free energy of electron at 298.15
K, 7 obtained from literature, F is Faraday’s constant (23.06 kcal/(mol V)), and n is the

number of electrons, and SHE is the absolute potential of standard hydrogen electrode (4.281

V).158-160

()= @— SHE (equation 5.3.)
The pH dependent redox potential can be obtained by solving Nernst half shell equation
where E° is the standard redox potential at pH 0 (equation 5.4.). The redox potential at a
particular pH can be obtained by including the equilibrium concentration of each of the relevant
species at that pH by using acid dissociation constants (Ka’s). For low ionic strength, the pH
dependent redox potential is given by (equation 5.5.), where AH is the reduced form, AH*" is

the 1 electron oxidized form, and A* is the oxidized form after proton coupled electron transfer

process.
Ejp=E - gln (%) (equation 5.4.)
RT, (107 +10PH .
E]DH = EOA',H+/AH — E n (W) (equatlon 55)

The aqueous phase free energy of proton is calculated as in equation 5.6., where, AG;+(aq): -
265.9 kcal/mol is the solvation energy of proton taken from literature'***®, Gy, =—6.29

kcal/mol is the gas phase standard free energy of proton, and AG*™ = 1.89 kcal/mol is the
correction term for conversion of standard state of 1atm in gas phase to the standard state of 1M

in solution.157. 161
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*

G;f(aq) - G?I"’(aq) - AGH+(aq) — AG™" (equation 56)
5.3. Results and discussions

The ligand HoL°8 was prepared via a multistep synthetic route outlined in Figure 6.1.
that involved the functionalization of catechol with octadecyl groups to produce Dbis-
octadecyloxy benzene. This precursor was then nitrated vyielding 1,2-dinitro-4,5-
bis(octadecyloxy)benzene that was subsequently reduced to form the air sensitive precursor 4,5-
bis(octadecyloxy) benzene-1,2-diamine. The diamine was treated with picolinic acid to yield the
ligand N,N’-(4,5-bis(octadecyloxy)-1,2-phenylene)dipicolineamide, HpL9¢18 114

The complex [Co"™(L9C*®)(pyrr)2]ClOs (1) contains a doubly deprotonated (L°¢8)%
ligand and was prepared following a modification to the previously reported procedure!?®12% jn
which stoichiometric amounts of H,L°“*® were treated with cobalt acetate in presence of
pyrrolidine. After stirring under aerobic conditions, 1 was precipitated using NaClOas. Catalyst 1
was thoroughly characterized using *HNMR, FTIR, mass spectrometry (MS), and elemental
analysis. A strong peak in the FTIR spectrum at 1091 cm™ confirmed the presence of a
perchlorate counter ion. This observation coupled with the occurrence of sharp peaks in the
NMR spectrum (Figure 5.2.) suggests that we have formed a [Co"'] complex in a pseudo-
octahedral -53d® environment. High-resolution mass spectrometry (HRMS) shows a peak cluster
at 911.5825 m/z corresponding to the metal complex without the two axial pyrrolidines. The

elemental analysis results confirm these structural assignments.
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Figure 5.2. The *H NMR spectrum of [Co'"'(L°¢!8H37) (pyrr),]CIO4 taken in CDCls.

The CV of 1 was taken in CH:Cl> in the presence of tetrabutyl-ammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte. The CV (Figure 5.3.) shows four
independent redox events consisting of two oxidative and two reductive processes. The
irreversible reductive processes at -1.01 and -1.77 Vrore+ (EPc) are tentatively assigned as the
sequential reduction from 3d® [Co'"] to 3d” [Co'"] and [Co'"] to 3d® [Co']. Two oxidation process
at 0.27 Vrorer (AE = 92 mV, |Ipa/lpc| = 0.94) and 0.76 Vrorer (AE = 94 mV, |Ipa/lpc| = 1.45) are
respectively associated with the formation of the high valent 3d® [Co'V] and possibly 3d* [C0V]
species, but have been rather described as amido to amidyl radical transformations in
unsubstituted systems.3-13! |t is interesting to note that compared to our previously studied and

structurally related [Co"'(L)(pyrr)2]PFs system with a similar non-alkoxo functionalized ligand,
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the current oxidation processes occur at potentials that are about 0.5 V less positive.®® This
decrease in the oxidative potential is associated with the electron donating effect of the alkoxy

chains.”’

Co'/co'

2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
Potential (V) vs. NHE

Figure 5.3. The CV of [Co"(L°¢!8)(pyrr)2]C10s (1mM) in CH2Cl,. TBAPFs supporting
electrolyte, glassy carbon (WE), Ag/AgCl (RE), Pt wire (AE). Ferrocene is used as an internal
standard.!
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The X-band EPR spectrum of the electrochemically generated singly oxidized cobalt
complex, nominally [Co'v(L°8)(pyrr)2]?*, revealed a narrow isotropic signal at g = 2.00, close
to the free electron g-value, with a line width of 3.5 mT (Figure 5.4.). The typical EPR signals
expected for either HS or LS [Co'Y] complexes are absent. Therefore, the observed inflection is
consistent with an S = % state associated with the formation of a radical-bearing species like
[Co"(LOC3*)(pyrr)2]?*. These conclusions are also supported by DFT calculations. For this S =
Y state the spin density plot (Figure 5.5.a) revealed a delocalized unpaired electron on the
diamine moiety of the ligand, rather than on the metal center. This observation is in line with our
previous report on the redox activity of phenylene diamine bridging moieties.'®> The doubly
oxidized species is most stable as a diamagnetic singlet (S = 0) with no observable spin density
due to its closed shell. However, the lowest-unoccupied LUMO (Figure 5.5.b) was calculated as
ligand-based. This data suggests the assignment of the second oxidation as being ligand-based

and best described as [Co"'(LOC'3**)(pyrr)2]%*.
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Figure 5.4. Continuous wave (cw) X-band EPR spectrum of the electrochemically singly
oxidized cobalt complex in dichloromethane at T=30 K.
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9
Figure 5.5. (a) The spin density plot for [Co"!'(L°!8*)(pyrr)2]?*, (b) the LUMO for
[Co'"(LOCIS“)(pyrr)z]3+.

Although our observations agree with previous assignmentst®*-'3! that favor formation of
ligand radicals, Akermark et al % have shown that a related Ru complex can efficiently catalyze
water oxidation. Furthermore, Kim and coworkers®41% have shown that Fe, Co, and Mn ions act
as oxygen transfer agents in similar [N4] planar environments and that high-valent oxo species
were observed in situ. These same oxo-species stabilized during oxygen atom transfer are
essential intermediates in the water oxidation mechanism. These observations suggest that the
observed [Co"!(L°C*®*)]* and the putative [Co'v(LOC8)]* species may be very close in energy,
and that an oxo species may be better described as nominally [Co'™V=0(L°¢®)]*. Therefore, we
hypothesized that 1 could perform water oxidation as a molecular catalyst. Evaluation of these
results allows us to infer whether the metal or the bis-amidopyridine ligand is associated with the
high-oxidation state required for catalysis. In order to assess the catalytic properties of
[Co"(LOC8)(pyrr)2]CIO4 (1), we anchored the molecule onto the surface of CB to yield an
assembly denoted as 1@CB. This was done by adding a solution of 1 to a suspension of CB in

CH2Cl,. Then, ethanol was added to precipitate the resulting suspension. The precipitate was
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isolated by centrifuging the sample. Following the decantation of the supernatant, the precipitate
was dried overnight under ambient conditions and re-suspended using a 2:1:1:1 mixture of
ethanol : isopropanol : water : Nafion. The sample was ultrasonicated to form the homogenous
ink that was used in catalysis. Attempts to prepare a similar ink based on the unsubstituted
[Co"'(L)(pyrr)2]ClO4 were unsuccessful.

The 1@CB ink was tested for catalysis using a rotating disc electrode operating at 1600
rpm ina 1 M KOH solution. Figure 5.6. shows the iR-corrected polarization curves obtained for
1@CB (black trace) in comparison to the blank CB (red trace). Significant current enhancement
is attained by 1@CB with onset overpotential of 0.32 V. At an overpotential of 0.37 V the
current density reaches 10 mA/cm?, an important figure of merit in the development of solar cells
operating at 10% efficiency.’®* Remarkably, 1@CB has an overpotential at 10 mA/cm? on par
with recently reported nanostructured materials.* 104 150. 167-169 £y rthermore, our approach is
advantageous because it enables detailed mechanistic studies, which can then be used to modify

the ligand design to enhance the catalytic properties.
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Figure 5.6. Polarization curves for 1@CB and the blank CB in a 1 mol/L KOH solution pH 14
(RDE glassy carbon 1600 rpm (WE), Ag/AgClI (RE), Pt wire (AE)).

To evaluate the catalytic activity of 1@CB, we performed a bulk electrolysis experiment
to determine the turnover number and Faradaic efficiency using a custom-built H-type
electrocatalytic cell. The ink was deposited onto a carbon cloth working electrode which was
then used during catalysis. Following 2 h of electrolysis at an applied potential of 0.7 Vagagc
(overpotential = 0.49 V), the assembly underwent 5400 turnovers, well above other molecular
catalysts in solution.'* 17172 This corresponds to an observed turnover frequency of 2700 h.
Figure 5.7 shows the plot of current vs. time. The slight decrease in current observed during
catalysis suggests that the catalyst is undergoing a slow deactivation process in which the cobalt

is possibly leaching out of the electrode. Based on the recently published behavior of the
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analogous unsubstituted [Co"'(L)(pyrr)2]PFs towards water reduction,®® this deactivation is
likely due to the formation of a ligand-based radical during the catalytic cycle.!”® Indeed ICP-MS
analysis of the post catalytic solution reveals the presence of 4 ppb of cobalt ion, against trace

amounts below the detection limit for the blank.
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Figure 5.7. Plot of current versus time, both under an applied potential of 0.7 V for a two-hour
catalytic run. 1@CB (black), CB (red).

We also performed XPS analysis on 1@CB to assess whether the surface immobilized
molecules of 1 rearrange into CoOx-based nanoparticulates. The results shown in Figure 5.8.
reveal that the Co 2ps» and Co 2pi» energy peaks, respectively at 781 and 796 eV, remain

unchanged before and after catalysis.
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Figure 5.8. XPS spectra obtained for 1 (black), 1@CB before catalysis (red), and after catalysis
(blue).
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In general O-O bond formation can occur via two possible pathways in the water
oxidation mechanism. In the first pathway two Co=0 species combines to form a p-peroxo
bridging intermediate (Co-O-0-Co). This mechanism is unlikely here because 1 is anchored onto
CB with limited surface mobility. We therefore propose a second pathway in which a
nucleophilic attack by an OH™ onto the Co=0 species takes place. This possibility was evaluated
using DFT calculations on a truncated analogue where -OCH3 replaces —OC1gH37, and our results
suggest that catalysis is initiated by the substitution of one pyrrolidine by a hydroxide ion
yielding [Co"'(L°"®)(pyr)(OH)]° (Figure 5.9.). This transformation is favored by 7.4 kcal/mol.
The catalytic cycle ensues with [Co"'(L°“")(pyr)(OH)]° undergoing a 1e” oxidation to yield the
ligand-oxidized [Co"(L°“H3*)(pyr)(OH)]" at a potential of 0.34 Vsue. Following this step a
proton coupled electron transfer takes place to form the formally [Co'V=0] containing species
[Co™V(LOCH3*)(pyr)(ox0)]" at 0.97 Vske. It is important to note that the unpaired electron on the
[Co'V] is significantly delocalized over the oxo moiety. Then an isothermal transformation (AG =
1.5 kcal/mol) in which a nucleophilic attach by an OH™ onto the Co=0 oxo-species takes place to
form the diamagnetic hydroperoxo species [Co"(LOH)(pyr)(OOH)1°.
[Co"(LO"®)(pyr)(OOH)]° undergoes a 1le” oxidation at 0.32 Vspe to yield
[Co"(LOCH3*)(pyr)(OOH)]° which is deprotonated into a superoxide species
[Co"(LOCH3)(pyr)(O0")]* (AG = -19.8 kcal/mol). Following a further 1e oxidation to form
[Co"(LOH3*)(pyr)(O0®)]* at 0.35 Vsne a nucleophilic attack by OH- takes place to release O,
and regenerate [Co"'(LO"3)(pyr)(OH)]°. It is interesting to note that throughout our
transformations the oxidation state of the metal remains largely unchanged at [Co'""] while the

ligand acts as the site were oxidizing equivalents are stored. This is in contrast to most other
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reported mechanisms which assume pure metal oxidation or highly limited ligand

involvement 147, 174-179
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6.4. Conclusions

In conclusion, we have reported on a novel alkoxy substituted cobalt complex that can be
anchored onto carbon black. The resulting 1@CB assembly, suspended in ink form, catalytically
oxidizes water under basic conditions with an affordable onset overpotential of 0.32 V. The
assembly reaches the required current density of 10 mA/cm? needed for solar cell development at
an overpotential of just 0.37 V, while retaining its molecular nature. The affordable potentials are
associated with ligand oxidation, thus acting as an electron reservoir that lowers the activation
barrier needed for catalysis. This involvement, however, leads to catalyst deactivation by
demetallation because of an unfavorable equilibrium involving [M™!L*]* < [M"L]". As such,
while observed turnover numbers reached notable values above 5000 for molecular catalysts,
improvements in design will be necessary to allow for the formation of high-valence cobalt

species expected to enhance the stability of the catalyst.
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CHAPTER 6. CONCLUSIONS AND PERSPECTIVES

The development of robust and efficient water splitting catalysts remains an important
hurdle that needs to be overcome before the widespread adoption of hydrogen-based
technologies can be achieved. Much of the literature has focused on the development of catalysts
that are capable of driving these reactions as well as studying their underlying reaction
mechanisms. While the importance of such studies cannot be understated, understanding the
deactivation mechanism of said catalysts is equally important. However, such studies are largely
lacking in the literature. In this dissertation, all of these broad topics, including catalytic

deactivation, are covered and discussed in detail using the complexes shown in Figure 6.1.
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Figure 6.1. The catalysts that are studied in this thesis.
Based on our previous observation regarding the enhanced catalytic behavior obtained

using a pentadentate amidopyridine ligand, in Chapter 3 we designed a modified tetradentate
ligand that incorporates two amidopyridine moieties. We then showed that the cobalt complex
based on this ligand (1) can catalyze the reduction of water to hydrogen at an onset overpotential
of 0.54 V. Moreover, we were able to obtain an impressive TOF of 23 min. However, we
observed a marked drop in charge consumption following a relatively short amount of time. This

peculiar behavior prompted us to study the deactivation mechanism. Following a structural,
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electrochemical, and spectroscopic study, we concluded that the active form of the catalyst is the

nucleophilic [Co'] oxidation state. [Co'] reacts with protons to form [Co'"

-H7], a key intermediate
in the proton reduction mechanism. However, we found evidence which showed that the metal-
reduced [Co'] is in tautomeric equilibrium with the ligand-reduced [Co'"-L°®]. DFT calculations
showed that, unlike [Co'] which formed a [Co"'-H] upon protonation, [Co"-L®] underwent
ligand protonation to form a [Co"-LH]. The protonated [Co"-LH] is highly distorted from the
original square planar geometry. We therefore concluded that catalyst deactivation takes place
due to side reactions that lead to demetallation following ligand protonation.

In Chapter 4, we showed that using a bimetallic catalyst 2 in which a tetraamidobenzene
was used to bridge the two cobalt centers can enhance the catalytic activity observed for the
monometallic catalyst 1 described in Chapter 3. This is one of the first instances in which a
bimetallic catalyst is demonstrably more active than its monometallic counterpart. While 1 had
an observed TOF of 23 min, 2, under identical catalytic conditions, had an observed TOF of 60
mint. Moreover, 2 operated at an overpotential that is 0.1 V more positive than 1. Given that 2
operates in a potential range where 1 is not catalytically active, we tested the catalytic
performance of 2 in this region. Surprisingly, we observed that there was a marked improvement
in stability in this catalytic region since we were able to observe catalysis even after 20 hours of
electrolysis. This observation coupled with electrochemical, spectroscopic, and structural studies
lead us to conclude that although 1 and 2 have very similar ligand designs, 2 operates using a
voltage-dependent mechanism in which at low applied potentials a possible PCET mechanism

avoiding [Co'] is favored. On the other hand, at more negative applied potentials, the mechanism

proceeds through [Co'] as the active species. This in turn allows for the tautomeric equilibrium
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we observed for 1 to take place, after which a similar deactivation mechanism is presumed to be
at play.

We envision that further improvements to the amidopyridine platform can be achieved
using two different pathways: (i) changing the metal center, and (ii) using the substituent effect
to modulate catalytic behavior (Figure 6.2.). Changing the metal from cobalt (a 3d transition
metal) to 4d or 5d transition metals such ruthenium or iridium respectively would impart greater
ligand field stabilization on the metal complex. This increase in the ligand field stabilization
energy would in turn make the metal ion less labile, thus disfavoring the demetallation of the
catalyst and increasing the catalytic stability. However, such changes would likely make the
metal-hydride more stable and less likely to react further to produce hydrogen. As such, another
approach that relies on changing the substituents around the cobalt center could be utilized to
tune the electronic properties of the ligand itself. Proposed substituents consist of electron
donating groups, such as dimethylamine of methoxy moieties. We expect that such a substitution
would shift the tautomeric equilibrium between [Co'-L] <> [Co'-L*] towards the metal-centered
reduced species and away from the ligand-centered reduced species. This shift in the equilibrium
is expected to disfavor ligand protonation and to favor metal protonation which would lead to the

formation of the desired [Co"'-H] intermediate.
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Figure 6.2. The proposed modifications to 1.

Given the ability of 1 to stabilize nominally high oxidation states, in Chapter 5 we
explored the other side of the water splitting reaction, namely water oxidation. In order to
achieve this we prepared the amphiphilic molecular catalyst, [Co"'(L°®'®)(pyrr)2]CIO4 (3) where
LOC18 s the deprotonated form of N,N'-(4,5-bis(octadecyloxy)-1,2-phenylene)dipicolinamide. We
showed that 3 can be anchored onto carbon black (CB) to yield the assembly 3@CB. 3@CB can
catalyze water oxidation at an affordable onset overpotential of 0.32 V and reach a current
density of 10 mA/cm? at an overpotential of 0.37 V, placing it on par with many nanostructured
materials. Moreover, during bulk electrolysis 3@CB displays TOF = 2700 ht. While XPS
analysis confirmed the molecular nature of the catalyst, during electrolysis we observed a slight
decrease in current consumption. This decrease in current was associated with demetallation of
the 3@CB assembly. Using DFT calculations, we proposed a mechanism for water oxidation.
Our mechanism revealed that for most of the catalytic cycle, the ligand is acting as an electron
reservoir for the oxidizing equivalents needed to oxidize water. This observation suggests that
the high-valent oxo species that have been proposed in other studies can be made more

energetically accessible by incorporating redox active ligands.
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Future efforts will focus on enhancing the catalytic performance of 3 by focusing on two
aspects of the catalyst design (Figure 6.3). The first aspect is attempting to use different metals
such as ruthenium and iridium in an effort to impart greater stability on assembly (vide supra).
Another important avenue for improving performance lies in the modification of the anchoring
group. The anchoring group used in 3 is an octadecyloxy alkyl chain. Although this group is
sufficient to attach 3 to the surface of CB, we hypothesize that using a shorter alkyl chain such
octyloxy substituents would decrease the steric bulk of 3 which would allow us to anchor a
greater number of molecules on the surface. Moreover, given the intrinsic lack of conductivity
that can be achieved using alkyl-based anchoring groups, it is conceivable that using a shorter
alkyl chain would also increase the conductivity of the assembly on carbon black. We also
envision replacing the alkoxy substituents with highly conjugated anchoring groups such as
pyrenes. This substitution would allow us to replace carbon black with even more conductive
carbon-based substrates such as carbon nanotubes. A noncovalent bond would be achieved
between the molecule and the substrate using n-n interactions. In fact, this anchoring mode is
also expected to provide an avenue for electron transfer between the substrate (carbon

nanotubes) and the anchored molecules.
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M = Co, Ru, or Ir
R = Pyrene, or CgH,,

Figure 6.3. The proposed modifications to 3
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APPENDIX B. CRYSTALLOGRAPHIC STRUCTURAL DETAILS FOR

UNPUBLISHED STRUCTURES

Crystal structure for [(Co"")2L2(pyrr)4](ClO4). presented in chapter 4.




Table Al Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x10°) for [(Co""),L2(pyrr)s](CIO,).
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Ueq is defined as 1/3 of of the trace of the orthogonalised U, tensor.

Atom X y z U(eq)
Col 3080.1(4) 10201.9(4) 2213.6(2) 11.40(11)
Cl1 7863.7(8) 12320.8(7) 4194.2(4) 22.83(17)
02 5629(2) 13728.9(19) 1651.7(11) 22.1(4)
N5 1238(2) 10881(2) 1689.6(13) 15.1(5)
N6 4874(2) 9516(2) 2794.3(13) 14.3(5)
o1 2546(2) 6412(2) 723.6(12) 27.6(5)
04 7311(2) 11955(2) 3329.8(12) 28.2(5)
05 9002(2) 11324(2) 4378.6(13) 35.2(5)
06 8484(3) 13812(2) 4294.3(14) 44.6(6)
03 6655(2) 12145(2) 4773.8(13) 31.7(5)
N3 4386(2) 11407(2) 1599.5(13) 12.1(4)
N4 3204(2) 11957(2) 3064.4(13) 14.0(5)
C7 4758(3) 10776(3) 783.6(15) 11.4(5)
C8 5673(3) 11448(3) 198.9(15) 11.2(5)
C9 4092(3) 9339(3) 585.5(15) 11.7(5)
N2 3200(2) 8832(2) 1243.7(13) 12.5(5)
N1 1825(2) 8549(2) 2653.5(13) 13.3(5)
N7 1015(3) 1722(3) -1202.5(17) 36.6(7)
C6 4814(3) 12772(3) 1950.5(16) 14.5(6)
C5 4127(3) 13058(3) 2804.1(16) 14.2(5)
Cl 2503(3) 12229(3) 3805.5(16) 18.1(6)
C2 2686(3) 13552(3) 4298.1(17) 18.7(6)
C3 3656(3) 14660(3) 4039.8(17) 21.1(6)
C4 4386(3) 14399(3) 3284.5(17) 19.2(6)
C16 83(3) 11550(3) 2227.2(18) 24.7(7)
C17 -1103(3) 12003(3) 1613.6(18) 26.1(7)
C18 -296(3) 12133(4) 775.4(19) 30.1(7)
C19 1323(3) 11803(3) 968.2(18) 26.6(7)
C20 5686(3) 8319(3) 2374.2(19) 29.4(7)
Cc21 6915(3) 8046(3) 3005.7(19) 28.6(7)
C22 6218(3) 8379(3) 3879.8(18) 24.0(6)
C23 4806(3) 9171(4) 3697.3(18) 28.6(7)
C11 1774(3) 7327(3) 2096.7(16) 15.5(6)
C12 1059(3) 6008(3) 2270.8(18) 21.2(6)
C13 364(3) 5902(3) 3042.4(17) 21.1(6)
C14 406(3) 7148(3) 3612.9(17) 18.8(6)
C15 1133(3) 8444(3) 3398.5(16) 16.1(6)
C10 2549(3) 7472(3) 1270.3(16) 16.4(6)
C24 2895(4) 3870(3) -635(2) 38.6(8)
C25 1834(3) 2684(3) -953.5(19) 26.2(7)

Table A2 Anisotropic Displacement Parameters (A?x10%) for Hb77-runl. The Anisotropic displacement factor exponent takes the form: -

2n2[h2a*2U11+2hka*b*U12+. ...

Atom Uy U, Uss Uss Uiz U
Col 11.83(18) 13.39(19) 8.97(18) 0.71(13) 3.40(13) 0.29(13)
ciL 25.3(4) 24.5(4) 17.8(4) 1.83) 8.103) 2.003)
02 20.9(11) 15(1) 20.5(11) -0.4(8) 11.909) 4.4(8)
N5 14.8(11) 16.6(11) 14.0(11) 13(9) 41(9) 18(9)
N6 15.7(11) 15.7(11) 11.6(11) 2.4(9) 1.3(9) 0.3(9)
01 44.5(13) 16.8(10) 19.5(11) -4.5(8) 14.3(9) -8.2(9)
04 27.0(11) 40.2(13) 16.4(11) 25(9) 0.6(9) 0.709)
05 26.5(12) 50.7(14) 29.3(12) 1.5(10) -0.9(10) 14.2(10)
06 66.4(17) 28.4(12) 35.6(13) -3.6(10) 18.3(12) “19.5(11)
03 37.8(12) 29.5(11) 28.2(12) 1.2(9) 21.4(10) 1.9(10)
N3 12.4(11) 13.6(11) 10.5(11) 1.0(9) 3.7(9) 15(9)
N4 13.6(11) 16.4(11) 12.1(11) 0.9(9) 2.009) 1.509)
Cc7 12.1(12) 13.5(13) 9.2(12) 0.9(10) 1.3(10) 4.3(10)
c8 11.8(12) 9.4(12) 121(13) 0.1(10) 0.8(10) 20.4(10)
Cc9 10.2(12) 13.9(13) 11.8(13) 4(1) 3.2(10) 2.8(10)
N2 11.9(11) 14.7(11) 10.7(11) 0.909) 3.909) 20.6(9)




129

N1 10.2(11) 17.2(11) 12.2(11) 0.5(9) 1.0(9) -0.6(9)
N7 33.9(16) 41.9(17) 32.8(16) 2.1(13) 1.8(13) -4.3(14)
C6 14.5(13) 15.3(13) 13.7(13) 1.5(11) 1.6(11) 1.6(11)
C5 12.7(13) 16.5(13) 14.4(14) 2.7(11) 1.1(11) 4.9(10)
[ 19.2(14) 21.1(14) 14.2(14) 1.6(11) 6.2(11) 2.1(11)
C2 21.6(14) 22.9(14) 12.2(13) 0.1(11) 4.9(11) 6.7(12)
c3 27.1(16) 19.3(14) 16.4(14) -2.9(11) 2.6(12) 2.9(12)
C4 22.4(15) 15.1(14) 19.5(15) -1.1(11) 45(12) 0.3(11)
C16 20.4(15) 33.2(17) 21.3(16) 2.7(13) 41(12) 7.6(13)
c17 19.6(15) 36.7(18) 23.3(16) 4.3(13) 3.6(13) 7.9(13)
C18 24.4(16) 44.1(19) 24.3(17) 8.8(14) 2.6(13) 12.5(14)
C19 22.6(15) 37.6(18) 22.5(16) 12.6(14) 4.7(13) 10.1(13)
C20 26.4(17) 37.5(18) 25.5(17) 2.8(14) 0.7(13) 13.2(14)
c21 20.8(15) 34.2(18) 32.1(18) 7.8(14) -5.3(13) 7.0(13)
C22 23.1(15) 24.6(16) 24.7(16) 9.8(13) -6.9(13) -3.6(12)
C23 21.7(16) 43(2) 17.6(15) 13.0(14) -1.3(13) 3.8(14)
c11 14.6(13) 17.7(14) 14.9(14) 5.3(11) 2.4(11) 0.2(11)
c12 25.3(15) 16.1(14) 21.9(15) 0.3(12) 5.7(12) 0.3(12)
c13 21.4(15) 20.3(15) 22.7(15) 7.7(12) 6.2(12) 0.1(12)
cl4 13.6(13) 29.9(16) 13.9(14) 7.8(12) 4.9(11) 1.4(12)
C15 14.9(13) 20.5(14) 12.8(14) 2.0(11) 2.2(11) -0.3(11)
C10 19.3(14) 13.7(13) 16.1(14) 0.7(11) 4.0(11) 0.6(11)
c24 59(2) 18.4(16) 37(2) -1.5(14) 13.5(17) -6.5(16)
C25 30.3(17) 24.6(16) 24.6(17) 2.4(13) 7.4(14) 6.4(14)
Table A3 Bond Lengths for [(Co"",L%(pyrr),](ClO4),

Atom | Atom Length/A Atom | Atom Length/A
Col | N5 1.988(2) co | ca! 1.397(3)
Col | N6 1.995(2) [ N2 1.412(3)
Col | N3 1.890(2) N2 | C10 1.338(3)
Col | N4 1.985(2) N1 | c1l 1.350(3)
Col | N2 1.891(2) NI | C15 1.345(3)
Col | N1 2.000(2) N7 | C25 1.143(4)
ClL 04 1.444(2) C6 c5 1.496(3)
ClL | 05 1.446(2) c5 C4 1.380(3)
clL | o6 1.427(2) c1 c2 1.370(4)
Cl1 03 1.4384(19) Cc2 C3 1.382(4)
02 [ 1.232(3) C3 C4 1.376(4)
N5 | C16 1.473(3) cl6 | c17 1.524(4)
N5 | c19 1.470(3) Cc17 | cis 1.526(4)
N6 | C20 1.461(3) C18 | C19 1.530(4)
N6 | c23 1.485(3) C20 | co1 1517(4)
oL | ci0 1.233(3) C2l | c2» 1.535(4)
N3 c7 1.413(3) c22 | c23 1.528(4)
N3 [ 1.342(3) Cll | cI2 1.375(3)
N4 c5 1.354(3) Cl1 | C10 1.498(3)
N4 C1 1.345(3) Cl2 | ci3 1.383(4)
c7 Cs 1.399(3) C13 | Cl4 1.379(4)
c7 C9 1.408(3) Cl4 | C15 1.381(3)
cs | co 1.397(3) C24 | C25 1.442(4)

11-X,2-Y,-Z
Table A4 Bond Angles for [(Co'""),L2(pyrr)s](CIO,),

Atom | Atom | Atom Angle/® Atom | Atom | Atom Angle/®
N5 Col N6 177.12(8) cs* C9 C7 120.9(2)
N5 Col N1 88.53(8) cst C9 N2 125.8(2)
N6 | Col | N1 89.62(8) C9 N2 | Col 114.90(16)
N3 Col N5 94.06(9) C10 N2 Col 118.21(16)
N3 | Col | N6 88.25(9) C10 | N2 C9 126.7(2)
N3 Col N4 83.27(8) Cl1 N1 Col 110.95(16)
N3 | Col | N2 83.64(8) C15 | NL | Col 131.49(17)
N3 | Col | NI 166.36(8) Ci5 | N1 | cu1 117.42)
N4 Col N5 90.97(9) 02 C6 N3 128.4(2)
N4 | Col | N6 87.59(8) 02 [ c5 121.0(2)
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N4 | Col | N1 110.10(8) N3 C6 C5 110.6(2)
N2 | Col | N5 87.87(9) N4 Cc5 C6 116.6(2)
N2 | Col | N6 94.09(9) N4 c5 ca 122.0(2)
N2 | Col | N4 166.74(8) C4 C5 C6 121.3(2)
N2 | Col | NI 83.08(8) N4 [ c2 123.1(2)
04 | cit | 05 109.04(12) C1 C2 C3 119.2(2)
06 ClL | o4 110.00(13) ca C3 c2 118.5(2)
06 | cit | 05 109.68(14) C3 C4 C5 119.7(2)
06 Cl1 03 109.72(12) N5 C16 C17 105.9(2)
03 Cl1 04 109.40(13) C16 C17 C18 104.8(2)
03 Cl1 05 108.99(13) C17 C18 C19 105.0(2)
C16 N5 Col 120.57(17) N5 C19 C18 105.1(2)
C19 N5 Col 120.96(17) N6 C20 C21 105.1(2)
C19 N5 C16 103.5(2) C20 C21 C22 104.1(2)
C20 N6 Col 119.47(17) C23 C22 C21 105.0(2)
C20 N6 C23 104.2(2) N6 C23 C22 106.6(2)
C23 N6 Col 120.29(16) N1 C1l1 C12 122.5(2)
C7 N3 Col 115.04(16) N1 Cl1 C10 116.5(2)
C6 N3 Col 118.34(16) C12 C1l1 C10 121.0(2)
C6 N3 C7 126.6(2) Cil | c12 | c13 119.8(3)
c5 N4 | Col 111.15(16) Cci4 | c13 | c12 118.0(2)
Cl N4 Col 131.36(17) C13 Cl4 C15 119.4(2)
C1 N4 C5 117.4(2) N1 | C15 | Cl4 122.8(2)
C8 Cc7 N3 126.2(2) 01 C10 N2 128.2(2)
C8 c7 C9 120.7(2) o1 | clo | cia 120.7(2)
C9 c7 N3 113.1(2) N2 | c10 | cul 111.1(2)
cot c8 c7 118.4(2) N7 | c25 | c24 178.5(3)
C7 C9 N2 113.3(2)
Table A5 Torsion Angles for [(Co""),L%(pyrr),](ClO,),

A B C D Angle/’ A B C D Angle/°

Col N5 | C16 | C17 177.08(17) Cc7 C9 N2 | Col 1.2(3)

Col | N5 | C19 | C18 -177.98(18) C7 | C9 | N2 | C10 -1732(2)

Col | N6 | C20 | c21 -177.45(17) C8 | c7 | c9 | c8& 0.0(4)

Col | N6 | C23 | C22 168.18(17) C8 | C7 | c9 | N2 -179.7(2)

Col | N3 C7 C8 178.61(19) cgt | C9 N2 | Col -178.43(19)

Col | N3 | C7 | C9 -0.8(3) c8t | co | N2 | C10 7.2(4)

Col | N3 | C6 | 02 -178.6(2) Cc9 | c7 | c8 | co! 0.0(4)

Col | N3 | C6 | C5 0.2(3) C9 | N2 [c10] o1 2.9(4)

Col | N4 | C5 | C6 1.6(3) C9 | N2 [c10 [ cut 176.4(2)

Col N4 C5 C4 179.5(2) N2 | Col | N3 Cc7 1.19(17)

Col| N4 [ c1 | c2 -177.08(19) N2 [Col | N3 | C6 178.45(19)

Col | N2 [c10| o1 -177.1(2) NI [Col | N3 | c7 14.4(5)

Col N2 | C10 | Cl11 2.1(3) N1 | Col | N3 C6 -168.4(3)

Col | NI | ci1 | c12 176.0(2) N1 [ Col | N2 | C9 -178.23(18)

Col N1 | C11 | C10 -3.7(3) N1 [ Col | N2 | C10 -3.32(19)

Col [ N1 [c15 [ cua -174.61(19) N1 [c11|c12]c13 -0.2(4)

02 C6 C5 N4 177.7(2) N1 | Cl1 | Ci10 | O1 -179.4(2)

02 | C6 | Cc5 | ca -0.2(4) N1 | Cl1 [ C10 | N2 1.2(3)

N5 | Col | N3 | C7 -86.21(17) C6 | N3 | c7 | c8 1.6(4)

N5 | Col | N3 C6 91.05(19) C6 N3 C7 Cc9 -177.8(2)

N5 | Col | N2 | C9 92.99(17) C6 | C5 | ca | c3 175.6(2)

N5 | Col | N2 | C10 -92.09(19) C5 | N4 | Cc1 | C2 0.1(4)

N5 | Ci16 | C17 | C18 -21.8(3) C1 N4 C5 C6 -176.0(2)

N6 [ Col | N3 | c7 95.51(17) cl | Na[c5 | ca 1.9(4)

N6 | Col | N3 | C6 -87.24(19) clL | c2|c3|ca 1.2(4)

N6 | Col | N2 | C9 -89.11(17) C2 | c3 | ca | cs 0.5(4)

N6 | Col | N2 | C10 85.80(19) Cl6 | N5 | C19 | C18 -39.1(3)

N6 | C20 | c21 | c22 32.93) C16 | C17 | c18 | C19 2.1(3)

N3 | Col | N2 | C9 -1.33(17) Cl7 | C18 | C19 | N5 25.2(3)

N3 | Col | N2 | C10 173.6(2) Cl19 | N5 | Cl6 | C17 38.0(3)

N3 C7 C8 Cco! -179.3(2) C20 | N6 | C23 | C22 30.8(3)

N3 C7 C9 Ccgt 179.4(2) C20 | C21 | C22 | C23 -13.4(3)

N3 | C7 | Cco | N2 -0.3(3) C21 | C22 | C23 | N6 -10.1(3)

N3 C6 C5 N4 -1.2(3) C23 | N6 | C20 | Cc21 -39.6(3)

N3 | C6 | C5 | c4 -179.1(2) Cll | N1 | Cci5 | c14 1.0(4)
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N4 [ Col [ N3 | C7 -176.71(18) Cll | Cl2 [ c13 | Cl4 0.5(4)
N4 | Col | N3 | C6 0.55(18) Cl2 | cil|cio| o1 0.9(4)
N4 | Col | N2 | C9 7.8(5) Cl2 | Cl1l | Cc10 | N2 -178.4(2)
N4 | Col | N2 | C10 -177.3(3) Cl2 | c13 | c1a | C15 0.0(4)
N4 | C5 | ca | C3 2.1(4) C13 | Cl14 | C15 | N1 0.7(4)
N4 [ cL | c2 | C3 -1.4(4) Cl5 | NI | cil | c12 -0.5(4)
C7 | N3 | C6 | 02 -1.7(4) C15 | N1 | Cil | C10 179.8(2)
C7 | N3 | C6 | C5 177.1(2) C10 | Cl11 | c12 | C13 179.4(2)

Table A6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10°) for [(Co""),L?(pyrr)s](ClOy),

Atom X y z U(eq)
H5 717 9937 1433 18
H6 5610 10393 2814 17
H8 6124 12417 332 13
H1l 1851 11469 3996 22
H2 2152 13707 4811 22
H3 3815 15579 4376 25
H4 5065 15138 3095 23

H16A 517 12425 2588 30

H16B -355 10825 2601 30

H17A -1492 12963 1824 31

H17B -1948 11244 1541 31

H18A -347 13142 589 36

H18B =747 11408 322 36

H19A 1761 11263 468 32

H19B 1942 12731 1123 32

H20A 6117 8614 1835 35

H20B 5015 7416 2246 35

H21A 7813 8715 2941 34

H21B 7200 7007 2927 34

H22A 5964 7451 4146 29

H22B 6915 9021 4266 29

H23A 3902 8526 3786 34

H23B 4773 10093 4081 34
H12 1043 5172 1862 25
H13 -129 4997 3175 25
H14 -60 7115 4149 23
H15 1144 9297 3794 19

H24A 3188 4466 -1101 58

H24B 3781 3454 -402 58

H24C 2436 4498 -186 58
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Crystal structure for [(Co"),L2(pyrr)2]° presented in chapter 4.




Table A7 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A?x10°) for finall. Ueq is defined as
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1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
Col 725.8(6) 6042.4(3) 2484.8(3) 16.92(16)
o1 1928(4) 3506.9(17) 2185.9(17) 31.2(7)
02 -2274(3) 7367.8(17) 540.8(17) 27.6(7)
N2 1044(4) 4951.5(19) 1912.8(19) 17.3(7)
N1 1560(4) 5387(2) 3634(2) 19.4(7)
N3 -448(4) 6330.6(19) 1315.2(19) 17.2(7)
N4 -276(4) 7170.0(19) 2867.3(19) 18.4(7)
N5 3170(4) 6690(2) 2295(2) 21.6(7)
C7 576(4) 4922(2) 937(2) 16.0(8)
C8 -287(4) 5697(2) 603(2) 15.5(8)
C9 862(5) 4227(2) 338(2) 17.0(8)
C1 1856(5) 5638(3) 4536(2) 27.7(10)
C2 2414(6) 5059(3) 5240(3) 33.9(11)
C3 2685(6) 4201(3) 5038(3) 30(1)
C4 2452(5) 3932(3) 4121(2) 26.9(9)
C5 1897(5) 4530(2) 3442(2) 19.6(8)
C6 1639(5) 4269(3) 2435(2) 20.3(9)
C10 -1399(5) 7063(2) 1230(2) 20.8(9)
C11 -1321(5) 7539(2) 2155(2) 18.7(8)
C15 -87(5) 7620(3) 3668(2) 24.0(9)
C14 -978(5) 8381(2) 3827(3) 24.9(9)
C13 -2117(5) 8720(2) 3129(3) 25.0(9)
C12 -2273(5) 8292(2) 2271(2) 22.1(9)
C19 3842(5) 6571(3) 1360(3) 25.5(9)
C18 4953(5) 5730(3) 1461(3) 28.5(10)
C17 5536(5) 5684(3) 2518(3) 30.3(10)
C16 4731(5) 6488(3) 2944(3) 27.7(10)

Table A8 Anisotropic Displacement Parameters (A?x10°%) for finall. The Anisotropic displacement factor exponent takes the form: -

2n2[h2a*2U11+2hka*b*U12+. . .].

Atom Uy U, Uss Uz Uiz U

Col 24.0(3) 14.5(3) 11.1(3) -0.6(2) -6.08(19) -0.1(2)
o1 56.2(19) 17.8(16) 17.7(14) 0.0(12) -9.4(13) 7.0(14)
02 38.7(17) 23.9(16) 17.8(14) -1.3(12) -13.8(12) 11.0(13)
N2 23.7(17) 15.7(17) 11.2(16) 2.1(13) 7.1(13) 0.3(13)
NI 24.0(17) 19.3(18) 14.0(16) -1.8(13) 3.7(13) -2.6(14)
N3 24.0(17) 14.6(17) 11.9(16) 23(13) 6.0(13) 1.0(13)
N4 23.2(17) 19.2(18) 12.0(16) "1.8(14) 45(13) 2.8(13)
N5 26.2(18) 18.7(19) 185(17) -1.9(14) 7.4(14) -0.3(14)
c7 1802) 1702) 12.1(18) 20.2(15) 3.9(15) “1.4(15)
c8 19.1(19) 13.4(19) 13.3(19) -2.0(15) -3.8(15) 2.1(15)
co 22(2) 12.1(19) 16.0(19) 1.4(15) ~4.5(15) 20.6(15)
c1 203) 23(2) 1602) 2.2(18) 7.8(18) 4.2(19)
C2 55(3) 32(3) 12(2) -1.4(18) -10.1(19) 4(2)

C3 50(3) 23(2) 14(2) 5.4(17) -10.3(18) 3.7(19)
C4 42(2) 18(2) 19(2) -0.1(18) -6.6(18) 1.2(19)
c5 22(2) 20(2) 1602) 1.3(16) ~4.3(16) 4.3(17)
C6 27(2) 16(2) 17(2) -1.9(17) -3.5(16) -1.1(17)
C10 26(2) 17(2) 18(2) -0.8(17) -7.2(17) -1.4(17)
ci1 23(2) 1702) 15.8(19) 3.7(16) 2.2(16) -3.0(16)
C15 34(2) 24(2) 13(2) -0.7(17) -4.3(17) 0.1(18)
Cl4 40(2) 19(2) 15(2) -6.0(17) 0.0(18) 0.5(18)
C13 32(2) 19(2) 24(2) -4.4(17) 4.1(18) 1.2(17)
C12 27(2) 20(2) 18(2) 0.7(16) -3.1(16) 3.7(17)
Cc19 27(2) 29(2) 20(2) 1.6(18) 20.6(17) -3.8(18)
C18 30(2) 28(2) 26(2) -2.8(19) -2.2(18) -2.7(18)
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c17 3002) 3002) 30(2) 3(2) 2.2(19) -4.0(19)
C16 29(2) 28(2) 26(2) 3.9(19) -5.2(18) -3.4(19)
Table A9 Bond Lengths for [(Co™),L2(pyrr),]°.

Atom | Atom Length/A Atom | Atom Length/A
Col | N2 1.875(3) c7 [ 1.416(5)

Col | N1 1.985(3) c7 C9 1.390(5)
Col | N3 1.887(3) c8 | co! 1.388(5)
Col | N4 1.974(3) co9 | cs! 1.388(5)
Col | N5 2.148(3) C1 C2 1.379(5)
o1 [ 1.238(4) C2 C3 1.357(6)
02 | clo 1.237(4) C3 C4 1.373(5)
N2 C7 1.415(4) C4 C5 1.375(5)
N2 [ 1.338(4) c5 [ 1.493(5)
N1 C1 1.348(4) Cc10 | cu 1.507(5)
N1 [ 1.361(5) c11 | cu2 1.374(5)
N3 C8 1.416(4) Cl5 | C14 1.372(5)
N3 C10 1.330(5) Cl14 C13 1.372(5)
N4 Cl1 1.365(4) C13 C12 1.387(5)
N4 | C15 1.333(4) Clo | c18 1.537(5)
N5 C19 1.482(5) C18 C17 1.545(5)
N5 | C16 1.485(5) Cl7 | Ci6 1.518(6)
LX,1-Y,-Z
Table A10 Bond Angles for [(Co'),L2(pyrr),]°.

Atom | Atom | Atom Angle/’ Atom | Atom | Atom Angle/°
N2 | Col | NI 82.69(12) N3 C8 c7 112.9(3)
N2 Col N3 83.52(12) Ccot C8 N3 127.1(3)
N2 | Col | N4 163.16(12) co' | c8 c7 120.1(3)
N2 Col N5 101.96(13) cg* C9 C7 118.8(3)
NI | Col | N5 96.30(12) N1 C1 C2 122.5(4)
N3 | Col | NI 161.93(12) C3 C2 [ 120.2(4)
N3 | Col | N4 82.92(12) c2 Cc3 c4 118.6(4)
N3 | Col | N5 97.95(12) C3 C4 c5 119.3(4)
N4 Col N1 108.24(12) N1 C5 C4 123.0(3)
N4 | Col | N5 89.77(12) N1 C5 [ 115.9(3)
c7 N2 | Col 115.3(2) C4 [ [ 121.1(3)
C6 N2 Col 119.5(2) 01 C6 N2 128.8(3)
[ N2 c7 125.1(3) 01 [ c5 120.9(3)
C1l N1 Col 132.1(3) N2 C6 C5 110.2(3)
C1 N1 [ 116.4(3) 02 | c10 | N3 130.1(3)
C5 N1 Col 111.5(2) 02 C10 Cl1 120.1(3)
Ccs N3 | Col 114.7(2) N3 | clo0 | ci1 109.8(3)
Cl0 | N3 | col 119.6(2) N4 | cil | c10 116.0(3)
C10 N3 C8 125.6(3) N4 Cl11 C12 122.5(3)
Cll | N4 | Col 111.5(2) c12 | ci1 | cio 121.5(3)
Cl5 | N4 | Col 131.8(3) N4 | c15 | ci4 123.7(3)
C15 | N4 | cul 116.6(3) Ci5 | cua | ci3 119.5(3)
C19 N5 Col 115.1(2) Cl4 C13 Ci12 118.2(4)
C19 N5 C16 102.7(3) Cl11 C12 C13 119.3(3)
C16 | N5 | Col 119.3(2) N5 | clo9 | ci8 104.2(3)
N2 C7 C8 112.4(3) C19 C18 C17 104.1(3)
C9 c7 N2 126.4(3) Cl6 | c17 | ci8 105.2(3)
C9 c7 cs 121.2(3) N5 | cl6 | c17 104.3(3)

LX,1-Y,-Z
Table A1l Torsion Angles for [(Co"),L3(pyrr),]°.
A B C D Angle/® A B C D Angle/®
Col | N2 | c7 [ cs -8.6(4) N4 | ci1 | c12 | c13 2.8(6)
Col | N2 | Cc7 | C9 172.5(3) N4 | C15 | cla | C13 -1.0(6)
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Col| N2 [ C6 | 01 180.0(3) N5 | Col | N2 | C7 -87.1(2)
Col | N2 | c6 | C5 1.7(4) N5 [ Col | N2 | C6 94.3(3)
Col| N1 [ cL | c 178.7(3) N5 | Col | N3 | C8 92.43)
Col | N1 C5 C4 -178.5(3) N5 | Col | N3 | C10 -90.7(3)
Col | N1 C5 C6 1.9(4) N5 | C19 | C18 | C17 -26.0(4)
Col | N3 | C8 | C7 6.3(4) C7 | N2 | c6 | o1 1.6(6)
Col | N3 C8 co! -173.3(3) Cc7 N2 C6 C5 -176.7(3)
Col | N3 | Cl0 | 02 -179.3(3) C8 N3 | C10 | 02 -2.7(6)
Col | N3 | C10 | Cc11 0.2(4) C8 N3 | C10 | C11 176.7(3)
Col | N4 | c11 | clo -4.1(4) cs | c7 | co |cs 0.0(6)
Col | N4 | C11 | C12 175.0(3) C9 Cc7 C8 N3 -179.7(3)
Col | N4 | C15 | C14 -176.1(3) c9 Cc7 C8 Ccot 0.0(6)
Col | N5 | C19 | C18 -88.8(3) ClL | NL| C5 | c4 2.2(5)
Col | N5 | C16 | C17 86.2(3) C1 N1 C5 C6 -177.5(3)
02 | C10 | C11 | N4 -177.8(3) C1 Cc2 C3 C4 2.3(7)
02 | Cc10 | c1L | cw 3.1(6) C2 | c3 | c4 | cs 2.2(6)
N2 [ Col | N3 | C8 -8.8(2) c3 | calcs | N -0.1(6)
N2 | Col | N3 | C10 168.1(3) C3 C4 C5 C6 179.6(4)
N2 [ c7 | c8 | N3 1.4(4) ca | c5 [ ce | o1 -0.4(6)
N2 | c7 | c8 | cot -179.0(3) C4 | C5 | C6 | N2 178.0(3)
N2 | c7 | c9 | c8t 178.8(3) C5 | NL | c1 | c2 2.1(6)
N1 | Col | N2 C7 178.0(3) C6 N2 Cc7 C8 169.9(3)
NL | Col | N2 | C6 -0.6(3) Cé6 | N2 | c7 | C9 -9.0(6)
N1 | Col | N3 C8 -49.3(5) C10 | N3 C8 Cc7 -170.4(3)
NL | Col | N3 | C10 127.6(4) C10 | N3 | C8 | Cot 10.0(6)
NL | CclL | c2 | c3 -0.1(7) C10 | Cll | c12 | €13 -178.1(3)
N1 C5 C6 0Ol 179.2(3) Cll1 | N4 | C15 | C14 5.1(5)
NL | cs5 | c6 | N2 -2.3(4) C15 | N4 | c11 | c10 174.9(3)
N3 | Col | N2 C7 9.7(2) Cl5 | N4 | Cl11 | C12 -6.0(5)
N3 | Col | N2 | C6 -168.9(3) Cl5 | Cl4 | C13 | C12 2.4(6)
N3 | C10 | C11 | N4 2.7(5) Cl4 | C13 | C12 | C11 1.5(6)
N3 | C10 | C11 | C12 -176.4(3) Cl19 | N5 | Cl6 | C17 -42.6(4)
N4 [ Col | N2 | c7 46.2(5) c19 | c18 | c17 | Cc16 0.1(4)
N4 | Col | N2 C6 -132.4(4) C18 | C17 | C16 | N5 25.8(4)
N4 | Col | N3 | C8 -178.8(3) C16 | N5 | C19 | C18 42.6(4)
N4 | Col | N3 | C10 -1.9(3)
1X,1-Y,-Z
Table A12 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A?x10%) for [(Co"),L3(pyrr)2]°.

Atom X y z U(eq)

H5 2940(50) 7300(30) 2380(20) 26

H9 1442 3709 568 20

H1 1674 6235 4693 33

H2 2610 5262 5867 41

H3 3029 3794 5522 36

H4 2672 3339 3958 32

H15 709 7401 4156 29

H14 -808 8671 4415 30

H13 -2781 9235 3231 30

H12 -3029 8517 1769 27
H19A 4568 7079 1198 31
H19B 2863 6500 870 31
H18A 5981 5767 1084 34
H18B 4247 5208 1260 34
H17A 5102 5139 2798 36
H17B 6832 5699 2622 36
H16A 4383 6359 3581 33
H16B 5567 6986 2979 33
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As part of the ongoing search for clean energy sources, splitting water into oxygen and
hydrogen has emerged as a promising source of alternative energy. We are interested in
developing electrocatalysts capable of performing water reduction and water oxidation. In this
dissertation, a variety of catalytic platforms based on an amidopyridine framework are studied. A
novel ~monomeric cobalt complex in an amidopyridine ligand environment,
([Co"(LY)(pyrr)2]PFe), was investigated for electrocatalytic water reduction and found to have an
onset overpotential of 0.54 V and an observed TOF of 23 min™. The catalytic decomposition
pathway was explored with the aim of designing more stable catalysts.

Following the initial design, we prepared a modified catalyst in which the amidopyridine
framework is extended over a phenylene tetraamine bridge to yield [(Co"")2L2(pyrr)4](PFe)2. The
bimetallic cobalt complex showed significant improvement in catalytic activity: onset
overpotential decreased to 0.45 V and the TOF was found to be 60 min per cobalt center under
identical catalytic conditions. To the best of our knowledge this is one of the first examples
where a dimeric catalyst is more active than its monomeric counterpart. Moreover, we showed
that the dimer operates using a voltage-dependent mechanism, in which side reactions associated

with deactivation are avoided at low applied potentials.
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Finally, we demonstrate that we can drive water oxidation by modification of conductive
carbon black-based supports with the hydrophobic octadecyloxy substituted catalyst in an N2N2’
environment, [Co"'(LOC8137)(pyrr),]ClOs4. The prepared assemblies can catalyze water oxidation
at an onset overpotential of 0.32 V, and reach a current density of 10 mA/cm? at an overpotential
of 0.37 V. The molecular nature of the catalyst was ascertained using XPS analysis. A DFT-
supported mechanism suggests the ligand is heavily involved in catalysis as an electron reservoir.

The work presented in this dissertation emphasizes the importance of taking into account
ligand involvement while designing novel catalysts. In the case of water reduction, we showed
that ligand involvement had deleterious effects on catalysis, however for water oxidation we
showed that ligand involvement can lower the activation barrier needed for catalysis. Future

work will focus on using these lessons to design more active catalysts.
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