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1. Introduction
1.1. Background

In nature, photosynthesis plays the essential role of converting
solar energy into stored chemical energy in the form of fuels and ox-
ygen that sustains life on Earth. Through photosynthesis in plants and
photosynthetic bacteria, CO, and water (H,0) are converted into car-
bohydrates and oxygen via a series of photochemical and thermally-
driven electron transfer reactions and dark catalytic reactions [1-3].
There are two related photosystems in photosynthesis [2,4] (Fig. 1,
Z-scheme): Photosystem I (P700) and Photosystem II (P680). When
Photosystem I is excited by sunlight, an electron transfer (ET) process
is induced to reduce a series of electron acceptors, such as, phylloquinone
and ferredoxin, ultimately reducing the cofactor NADP™ (nicotinamide
adenine dinucleotide phosphate) to NADPH (biological hydrogen) and
Photosystem [ is oxidized. NADPH is both the electron source and a
partial proton source for CO, transformation into carbohydrates in the
Calvin cycle [5]. Oxidized Photosystem I is regenerated by obtaining
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electrons from Photosystem II through several electron relays, such as,
plastoquinone, cytochrome f and plastocyanine. The oxidized Photosys-
tem Il mediates another important reaction — water oxidation to pro-
duce oxygen, catalyzed by a CaMn,404 cluster [6-8].

Inspired by nature, the development of renewable carbon-free en-
ergy using the sun is a major scientific and technological challenge in
meeting the energy needs of the future. Efficient solar cells (that is,
solid state photovoltaic devices and dye-sensitized solar cells) and
solar-driven water splitting systems represent two major objectives
in utilizing solar energy [9]. While solar cells can directly convert
solar radiation into electricity, they cannot store energy [10]. On the
other hand, solar-driven water splitting can store energy in the
form of fuel (H;) and oxidant (O,) [11,12]. Energy storage in chemical
bonds is most efficient, and as a consequence, this strategy for solar
energy storage has attracted great attention during the past three de-
cades. Hydrogen is an environmentally-friendly energy carrier be-
cause its only oxidation product is H,O. Through widespread use of
H, as a fuel, generated either directly in an artificial photosynthetic
system or by electrolysis using solar-generated electricity, depen-
dence on fossil fuels can be decreased, with a corresponding decrease
in CO, emissions.

Water splitting is actually an oxidation-reduction reaction that
can be divided into its two half reactions — the reduction of water
protons to H, and the oxidation of water to O,. For each half reaction,
the following components are needed: (1) a light absorber that un-
dergoes electron transfer upon excitation; (2) an electron relay or
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Fig. 1. Z-scheme of biological photosynthesis.

pathway that proceeds favorably in one direction so that reducing
equivalents or oxidizing equivalents are transferred to the respective
catalysts; and (3) a catalyst for carrying out the desired oxidative or
reductive half reactions. The half reaction systems may also have
other components such as an antennae assembly so that a greater
fraction of incident photons are absorbed with the energy subse-
quently transferred to the light absorber that undergoes electron
transfer upon excitation.

It is generally acknowledged that because water oxidation to O,
involves an overall four-electron transformation coupled with the
loss of four protons from two water molecules and the formation of
an oxygen-oxygen bond [13], it is the more difficult half reaction to
carry out. However, a viable system for the light driven generation
of H, from water has not been achieved to date in terms of the levels
of activity and robustness for real development into a practical water
splitting system.

In order to study each half-reaction system in detail and optimize
the performance of individual components contained therein, a
source of electrons for the reductive side or oxidizing equivalents
(holes) for the oxidation side is added to the system as well. If this
is done by the addition of another chemical component to the system,
it is best done with a compound that undergoes irreversible decom-
position upon oxidation or reduction to prevent back electron trans-
fer. If the former, the component is a sacrificial electron donor, and
if the latter, it is a sacrificial electron acceptor, but neither of these
components is capable of driving the respective half reaction from a
thermodynamic standpoint.

The key challenge for each light-driven half reaction includes the
following: (1) whether the excited state of the light absorber is capa-
ble of electron transfer at the potential need for the particular catalyst
to carry out the half-reaction; (2) whether the catalyst is capable of
accumulating charge for the desired transformation; (3) the long-term
stability of all system components during irradiation to see if they are vi-
able for long-term operation; (4) the levels of activity for photoinduced
electron transfer and product generation; and (5) the mechanism by
which the system operates to prolong overall system stability.

In earlier studies of the light-driven generation of H,, colloidal Pt
was employed as the catalyst, either stabilized in solution by different
polymers such as polyvinyl alcohol or polyvinylpyrrolidone or at-
tached to semiconductor nanoparticles by platinization (one example
is platinized TiO,). Platinum as an electrode material has a low
overpotential for the electrochemical generation of H, in aqueous or
aqueous/organic solutions of different levels of acidity, and it was
found to operate satisfactorily in colloidal form for the light-driven
production of H, from water. However, it is widely accepted that plat-
inum must be replaced by cheaper materials because of its high price
and very low earth abundance [14]. Hence, the development of effi-
cient catalysts for water reduction to H, made from of inexpensive,
earth-abundant elements has become a prime focus of research on ar-
tificial photosynthesis and light-driven hydrogen generation.

During the past 15 years, efforts on this front have focused on
complexes of iron, nickel and cobalt as possible catalysts [15-17].

The studies involving iron-containing catalysts are generally related
to models of the active sites of hydrogenase enzymes that feature
two iron atoms bridged by a dithiolate ligand such as 2-aza-1,
3-propanedithiolate or benzene-1,2-dithiolate. The other ligands
bound to the iron centers in these model compounds include CO
and CN™ with other coordination sites occupied by cysteine or phos-
phine. A second class of hydrogenase enzymes contain Fe and Ni ions,
which are similarly bridged by thiolate donors and contain CO and
possibly CN™ bound to the Fe center. The catalytic properties of
Ni complexes for H, generation electrocatalytically has been devel-
oped most extensively over the past decade by DuBois and coworkers
beginning with a mononuclear complex that possesses chelating
ligands capable of functioning in a manner similar to 2-aza-1,3-
propanedithiolate for proton delivery to a Ni-bound hydride ligand.
The chemistry and electrocatalytic studies of the Fe hydrogenase
model compounds is reviewed in Chapter 8 while the Ni systems
are covered in Chapter 9.

In this section, we focus on the recent progress achieved using co-
balt complexes as artificial hydrogenases for the generation of H,
from protons and electrons. Complexes of cobalt, their interactions
with hydrogen and the existence of cobalt hydride species have a
long history from the original discoveries of Co,(CO)g reacting with
H, to form CoH(CO),4 by Hieber [18] and the seminal work on hydroge-
nation catalysis by Co(CN)2 ~ that involved the formation of CoH(CN)2 ~
[19-21]. In the 1970s, work by Schrauzer on model compounds for the
active site of Vitamin By, led to the study of bis(dimethylglyoximate)co-
balt complexes termed cobaloximes (Fig. 2), hydridocobaloximes and
the observation of hydrogen evolution from such species [22]. In 1986,
Espenson and Connelly found that hydrogen was formed by reaction
of the related complex 3 (Fig. 4) with Cr>* reductants in an acidic medi-
um [23]. These reports set the stage for the numerous studies that have
been published in the past decade dealing with hydrogen generation
promoted by cobalt complexes upon electrochemical reduction or as
part of photochemical systems in which electrons are supplied chemi-
cally by a sacrificial electron donor. Different series of Co catalysts
that have been employed in electrocatalytic and photocatalytic water
splitting will be described in detail, and the mechanisms of the catalysis
of hydrogen formation will be analyzed based on most recent informa-
tion. A review article by Artero has recently been published on the elec-
trocatalytic generation of H, using Co complexes, but much of the
emphasis in that article is on studies in non-aqueous media in which
protons are supplied in the form of weak or strong acids [24]. In this sec-
tion, we will concentrate more on both photochemical and electrochem-
ical work in which the proton source is water or acid and either aqueous
or aqueous organic solvents are employed.

1.2. Key considerations for H, formation in photochemical and electro-
chemical systems

With a number of different photochemical systems described
using various Co complexes as catalysts and with an even greater
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Fig. 2. Generic cobaloxime complex.
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number of studies relating to electrocatalytic H, generation, it is valu-
able to compare and analyze the results regarding the mechanism of
H, formation in order to gain insight for further progress on this im-
portant problem. It is important to recognize that while the photo-
chemical and electrochemical studies of H, generation have key
points in common, they also have critical differences and employ dif-
ferent metrics of evaluation. Overpotential and catalytic current are
often used as measures of success with regard to electrochemical sys-
tems whereas quantum yield represents an important metric of effi-
ciency photochemically. In a photochemical system, the potential at
which the reducing electron is supplied to the catalyst is determined
by the excited state and ground state properties of the light absorber
and electron donor, respectively — it is not continuously variable as
in an electrocatalytic system. There are even questions that exist in
comparisons between different studies of electrocatalytic H, generation
or between studies of light-driven hydrogen generation. Turnover num-
bers and turnover frequencies may be relevant for comparisons be-
tween systems examined under exactly the same set of conditions, but
they can be difficult to compare directly from different laboratories be-
cause of subtle but significant differences such as electrode preparation
and photon flux. The medium plays a critical role in defining these sys-
tems with one set of studies conducted in non-aqueous media with pro-
tons supplied by organic acids and another set of studies in aqueous or
mixed aqueous organic media.

Furthermore, the use of organic acids in non-aqueous solutions
has caused large inconsistencies in reporting overpotentials for
catalysts [25]. The various different methods for calculating over-
potential in organic media can lead to differences of up to 200 mV.
Homoconjugation is a phenomenon that occurs when the conjugate
base is stabilized by a hydrogen bond to the acid. It increases the acid-
ity of this proton and leads to the calculation of an overpotential that
is much smaller than the actual value. Artero and coworkers have
reported a method of calculating overpotential that relies on taking
the half-wave potential as the reference and correcting for the
homoconjugation of the particular acid used in the study [25]. Fur-
thermore, the pKj, of the acid employed for electrochemical reduction
has a substantial effect on the thermodynamic potential of proton re-
duction, arising from the differences in proton dissociation in various
solvents [26]. Recognition of these factors is a critical step in normal-
izing the way that electrocatalytic performance is described.

2. Electrocatalytic production of hydrogen
2.1. Background

Numerous cobalt complexes including systems containing macro-
cyclic and polypyridine ligands had been reported as catalysts for hy-
drogen generation from proton sources upon electrochemical
reduction more than twenty years ago [27-32]. In most of these
early studies, the proton source was an organic acid such as triflic
acid (HOTf) or anilinium salts, rather than water. In one of the earliest
of these studies, cobalt macrocyclic complexes (Fig. 3, 1 and 2) were
studied for indirect electrocatalytic reduction of CO,. It was found in
this study that the presence of water was essential for CO, reduction
and both CO and H, were produced [27]. The potentials at which the
reductions occurred were — 1.5 to — 1.6 V vs. SCE, with up to 93% cur-
rent efficiency, but total turnover numbers (TON) and turnover fre-
quencies (TOF) were low.

2.2. Cobalt tetraimine (CoN4) complexes

Based on the studies by Espenson and coworkers on the chromous
ion reduction of 3 to give hydrogen [23], Peters and coworkers [33,34]
examined 3 as an electrocatalyst for proton reduction in nonaqueous
media with trifluoroacetic acid (Fig. 4). The complex was found to
function very effectively for hydrogen generation with a very low

1: R=H
2: R=CHjy

Fig. 3. Cobalt complexes used for electrocatalytic CO, reduction.

overpotential (~40 mV) for proton reduction (Ey4u = —0.55 V vs.
SCE). However, the related diphenylglyoxime complex (4) had a
more positive Co'/Co' redox couple of —0.28 V and exhibited lower
electrocatalytic activity. This trend was validated when examining
several tetraimine macrocyclic complexes (5-7), which had Co"/Co'
reduction potentials ranging from —0.08 to —0.40 V.

Complexes with more positive potentials for proton reduction
were not only found to have lower activity, but also required stronger
acids for the reduction to occur. In related investigations from the lab-
oratory of Artero and Fontecave [35,36] for electrocatalytic proton re-
duction, the cobaloxime complexes of the type [Co(dmgBF,),(0OH,)-]
(8) and [Co(dmgH),LCl] (9) were also investigated in non-aqueous
media (Fig. 5). In order to understand the effect of electron donating
or withdrawing substituents of the glyoxime and axial ligands on elec-
trocatalytic activity, a series of derivative complexes were examined. It
was found that substitution of phenyl for methyl on the glyoxime ligand
resulted in a less cathodic electrochemical potential for the Co"/Co' cou-
ple, but it was also observed that lower electrocatalytic activity resulted
from this change. A similar trend was observed for the BF,-modified
glyoxime ligands. In this way, the complexes studied by both groups
of investigators exhibited the same general trend. Subsequent work by
these investigators for the photochemical generation of H, using these
cobaloxime catalysts is described below [37-39].

In a different study, Stubbert et al. [40] have found that a cobalt
bis(iminopyridine) complex (Fig. 6, 10) in which the ligand is
redox active exhibits good activity for proton reduction in aqueous
media. Faradaic hydrogen yields up to 87 4+ 10% were obtained
under constant potential electrolysis at — 1.4 V vs. SCE in aqueous
buffered solutions. The complex was found to be electroactive
over a wide pH range with the initial step being reduction from
Co®* to Co™ in a formal sense. Several different pathways for H, for-
mation were postulated depending on the specific pH value and the
involvement of the ligand in the actual redox process. Ligand pro-
tonation is also a possible factor relative to protonation at the Co™
ion in the analysis.
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Fig. 4. Tetraiminemacrocyclic complexes for electrocatalytic proton reduction.
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Fig. 5. Difluoroboryl- and diglyoxime cobalt complexes used as electrocatalysts.

To combat problems associated with ligand instability of Co(dmgH),
complexes in acidic conditions, complexes 11-13 were examined as
electrocatalysts in acidic aqueous solution. While [Co(dmgH),Br(H,0)]
was found to be inert in these conditions, cyclic voltammetry experi-
ments with the di-imine diglyoximate complexes 11 and 12 showed
catalytic waves at —0.76 V. The nature of the counterion in 11 and 12
(ClOz and coordinated Br—, respectively) was inconsequential as both
complexes exhibited similar activity under electrolysis conditions with
a dependence of the Co™/Co" potential on solution pH corresponding to
approximately 60 mV per pH unit. Both complexes exhibited 80% Farada-
ic efficiencies for hydrogen production in controlled potentiometry ex-
periments. Less impressive results were noted with complex 13. A
Nernstian relationship with pH suggested that the Co"/Co' reduction
was aided by protonation of the cobalt complex, possibly at the
glyoximate oxygen.

2.3. Polypyridine cobalt complexes

Cobalt complexes bearing pyridine based ligand structures were
first introduced as proton reduction catalysts by Bigi et al., using
[Co(Py4)CH5CN] (Fig. 7, 14) (Py4 = 2-bis(2-pyridyl)(methoxy)methyl-
6-pyridylpyridine). In conjunction with trifluoroacetic acid, current en-
hancements corresponding to proton reduction with 99% Faradaic yields
were observed in both organic or acetonitrile:water [41]. Building on this
work, as well as the recent success of [MoO(Py5Me2)] (Py5Me2 =
2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine) as an electrocatalyst for hydro-
gen production [42], [Co(Py5Me2)(CH3CN),] (15) was found to reduce
protons efficiently over a period of 60 h without signs of catalyst degra-
dation [43]. A TON of 55,000 was calculated for this system based on the
bulk concentration of catalyst but this number may not be readily com-
parable to other electrocatalysts based on different assumptions for the
TON calculation.

2.4. Other cobalt complexes
In the realm of Ni complexes as active electrocatalysts for H, gen-

eration, the efforts of DuBois and coworkers using 16-Ni (Fig. 8) and
related complexes are notable [44-49]. However, the cobalt analog
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Fig. 6. Cobaloxime derivatives explored as electrocatalysts.
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Fig. 7. Polypyridine cobalt complexes used in electrocatalysis of hydrogen.

[Co(PPP,NPR,),CH5CN][BF,],, 16-Co, was found to partially dissociate
a PPM,NP", ligand during the course of electrocatalysis and form
[Co(P™P,NP1,)(CH5CN)3][BF4)o. While electrocatalytically active in the
presence of triflic acid in acetonitrile solution, [Co(P™",N"™,)(CH5CN);]
[BF4], was found to have a relatively large overpotential (285 mV)
when using bromoanilinium tetrafluoroborate as the proton source
[46]. The turnover frequency of this complex was also low (90 s~ ') com-
pared to the related Ni complex and its derivatives (up to 100,000 s~ 1)
[49]. To calculate turnover frequency, cyclic voltammetry experiments
were performed in the presence of [( DMF)H]OTf, which served as a pro-
ton source. A catalytic wave was observed at — 1.00 V vs. the ferrocene/
ferrocenium couple corresponding to proton reduction. The relationship
between the current at the top of the catalytic wave (i;) and the one
electron i, of the catalyst (taken in the absence of acid) provided an
accurate measurement of TOF based on the equation shown below
where v = scan rate:

i n

i, 0.4463(RTK[H']/Fv)/%"

This equation was further simplified by taking into account that
n = 2 for the two electron reduction of protons to hydrogen as well
as the pseudo-first order conditions with respect to nickel complex
(k[H+] = kops). For the case with 16-Ni, these studies were carried
out in a regime where current was scan rate independent (>5 V/s),
but the studies with 16-Co and its tris(acetonitrile) analog were
done at slower scan rates. The observed rate of hydrogen formation
was therefore expressed as:

i /i\2
Kops = v(&é) .

A series of cobalt porphyrin complexes with xanthene substitu-
ents (Fig. 8, 17 and 18) were investigated as electrocatalysts in the
presence of benzoic acid and tosic acid. Measured overpotentials in
these systems were much larger than other cobalt complexes men-
tioned above (~800 mV). Interestingly, the presence of a carboxylic
acid group on the xanthene moiety positioned near the axial position
of cobalt was found to have a drastic effect on catalysis, lowering
overpotentials by 120 mV [50]. This “hangman effect” was found to
assist proton coupled electron transfer (PCET), facilitating hydrogen
production. Rates of PCET were found to be three orders of magnitude
faster when a carboxylic acid functionality is present in proximity to
cobalt [51].

2.5. Mechanistic considerations of electrocatalytic generation of hydrogen

The initial work performed to elucidate the mechanism of
cobalt catalyzed hydrogen production was reported by Chao and
Espenson, who examined the kinetically stabilized cobaloxime hy-
dride [HCo"(dmgH),P(n-Bu)s] [52]. The reaction of this complex
with HClO,4 liberates H, and a kinetics study revealed first order ki-
netics at low Co concentration and second order kinetics at higher
[Co]. The results were interpreted to mean that two parallel paths
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for H, formation existed that involved heterolytic Co-H cleavage and
homolytic Co-H cleavage, respectively. The former proceeded by
protonolysis of the Co-H bond whereas the latter, which had a second
order rate constant of 1.7 x 10* M~ s=1, occurred by the coupling of
two Co-H species to yield H, + 2 Co'. Deuterium labeling of the
hyridocobaloxime complex and analysis of the product hydrogen
supported these conclusions.

Because the (dmgH), “framework” of the cobaloxime complexes
was acid sensitive whereas the (dmgBF,), pseudomacrocycle proved
stable to H30™, subsequent studies on H, generation were conducted
on Co complexes of the latter. Connolly and Espenson showed that
hydrogen could be evolved catalytically with [Co"(dmgBF,)] in the
presence of HCl with CrCl, as a sacrificial reductant [23]. From this
work they proposed formation of [Co'(dmgBF,),]~, generated by re-
duction of Co' by Cr',, as the catalytically active species. Co' complexes
were previously reported to rapidly react in acidic conditions to yield
Co"'™H [53]. The relatively slow catalytic turnover was attributed to the
reduction of Co" to the [Co'(dmgBF,),]~ intermediate via inner
sphere electron transfer. Following protonation to HCo'™, subsequent
formation of hydrogen was proposed by monometallic and bimetallic
pathways as proposed for [HCo™(dmgH),P(n-Bu)s].

These observations and conclusions were used by Hu et. al. in their
studies of [Co"(dmgBF,),] and its diphenyl derivative for the
electrocatalysis of hydrogen production in the presence of trifluoroacetic
acid, thereby eliminating the slow step in the catalysis [33,34]. A reduc-
tion wave corresponding to the catalytic reduction of protons was ob-
served close to the Co"/Co' couple, supporting the earlier conclusion
that [Co'(dmgBF,),] was indeed the catalytically active species. Further-
more, evidence of a HCo™ was suggested due to the appearance of a
quasi-reversible reduction wave after reduction of Co" in the presence
of acid [34].

In separate studies of [Co™(dmgH),(py)Cl] and [Co"(dmgBF,)] as
electrocatalysts in nonaqueous media with protons provided by an
organic acid, Artero, Fontecave and coworkers modeled and analyzed
cyclic voltammograms. Their results pointed to a monometallic
(heterolytic) pathway for H, generation [35,36]. The species for the
final protonation was found to depend on the strength of acid used
(Fig. 9). For strong acids, hydrogen was thought to evolve from the HCo'™
complex, whereas for acids with intermediate strength, final protonation
occurred after reduction of HCo™ to HCo". For very weak acids, Co' was
thought to be further reduced to Co before protonation to HCo"
followed by a second protonation [36]. A theoretical analysis of the
[Co"(dmgBF,),] system by Muckerman and Fujita focusing on the reduc-
tion potentials and basicity of different species proposed in hydrogen
production led to the conclusion that for that system hydrogen genera-
tion proceeded by reduction of HCo™ to HCo" prior to protonation to
form H, [54]. Another analysis of similar cobalt macrocyclic complexes
with N [2]N¥-propanediylbis(2,3-butandione 2-imine 3-oxime) indi-
cated again a strong preference for heterolytic Co— H cleavage [55,56].

Support for the bimetallic pathway for cobalt difluoroboryl substitut-
ed glyoxime complexes was reported by Dempsey et al., by calculation
of Co"/Co" and Co'"/Co' self-exchange rates, which allowed for the

determination of activation barriers and thermodynamic driving forces
for two possible pathways: the bimetallic mechanism of coupling two
HCo"™ to give H, + 2 Co" and a monometallic mechanism involving pro-
tonation of HCo™ as for strong acids in Fig. 9 [57]. A large activation bar-
rier was found for the hydrogen-forming step in the latter path, clearly
pointing to the bimetallic route as the dominant mechanism. The path-
way that was not considered was that of HCo™ reduction to HCo". This
mechanistic route was validated by subsequent work where photoexcit-
ed bromonapthol was employed to protonate [Co'(dmgBF,),] [58]. The
formation of [HCo"™(dmgBF,),] was observed by transient absorption
spectroscopy with a rate constant of formation of ~4 x 10° M~' s~ 1,
in good agreement with Espenson’s earlier findings. Excess Co' subse-
quently reduced the HCo™ to HCo" before hydrogen was evolved via
heterolytic coupling with a proton from bromonapthol. Other computa-
tional studies in addition to the work of Muckerman have also identified
the monometallic pathway of HCo™ reduction to HCo" prior to proton-
ation as the most likely mechanism for hydrogen production with
cobaloxime complexes [59-61].

Recent work by Marinescu et al., investigated the heavily stabi-
lized Co' complex [Co(triphos)CH3CN][PFs] (triphos = 1,1,1-tris
(diphenylphosphinomethyl) ethane) to elucidate key mechanistic
details of hydrogen production [62]. Addition of tosic acid to this
Co' complex was found to generate HCo", Co", and H, as observed
by "H NMR. Conversion of HCo to Co" was found to have second
order dependence in [Co], eliminating the possibility a monometal-
lic reaction of HCo™ and a proton. Additionally, an inverse depen-
dence in acid concentration indicated that bimetallic coupling of
two HCo"' complexes was unlikely to be a dominant pathway. Ulti-
mately, kinetic modeling coupled with experimental and simulated
cyclic voltammetric data unequivocally supported a mechanistic
route in which HCo™ was reduced by Co' to form HCo" and subse-
quent reaction with a proton to form H,, which agrees well with
the kinetic observations.

Strong Acids
&
CollL, Coll,—H* > Heol, —H > collL,
T
H+
CollL, ColL,—H > HeollL, —&—» HCollL,
Weak Acids
H+
¢ -
Colll, ColL, Co%L, —— HCollL,

Fig. 9. Mechanistic dependence on acid strength.
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3. Light-driven generation of hydrogen in systems using cobalt
complex catalysts

3.1. Background

In the photochemical cycle, shown in Fig. 10, a photosensitizer
(PS) is excited upon photon absorption, enhancing its reactivity. The
excited PS (PS*) can be reductively quenched by a chemical electron
donor, generating PS™, followed by electron transfer to a proton re-
duction catalyst. On the other hand, PS* can be oxidatively quenched
by either a metal centered catalyst or electron relay, producing PS™,
which is reduced to PS by the chemical electron donor. The relative
stabilities of PS™ and PS™ may be quite different, a fact that seriously
impacts the durability of photochemical systems as discussed further
below.

3.2. Cobalt bipyridine complexes

In 1981, the first photocatalytic system using a cobalt complex as
the catalyst was reported by Krishnan and Sutin, in which the catalyst
was [Co(bpy),]*" (n = undefined), [Ru(bpy)s;]* ™ (20) was the pho-
tosensitizer, and ascorbic acid served as the sacrificial electron donor
(Fig. 11) [28]. A quantum yield of 13% was achieved for H, generation
with visible light irradiation at 420 nm. During the reaction, laser
flash photolysis was used to monitor the reaction intermediates and
a Co(I) bipyridine intermediate was identified. The optimum pH for
H, formation was 5.0, which was thought to be favorable for forma-
tion of a cobalt hydride intermediate. The generated hydrogen was
confirmed to be mainly from aqueous protons through isotopic label-
ing studies.

The same cobalt bipyridine complex system was subsequently
used for simultaneous CO, and water reduction to produce CO and
H, [30]. The system employed [Ru(bpy)s]>™ as the photosensitizer
and tertiary amines (triethylamine or triethanolamine, TEA or TEOA)
as the sacrificial electron donor. Under visible light irradiation, the sys-
tem produced CO and H, in the presence of CO,, with the relative
amounts of CO and H, proportional to the concentration of dissolved
CO,.

The Bernhard group recently revisited the use of [Co(bpy),]** (19,
n = 3) as catalyst in conjunction with cyclometallated iridium-based
photosensitizers of the general structure [Ir(N*N)(C*N),]Cl (21) or
[Ir(P*P)(C*N),]Cl and tris(imine)ruthenium photosensitizers (21 and
22) [63,64]. Using TEOA as the sacrificial electron donor, all of the iridi-
um photosensitizers showed superior activity for H, generation
from water than [Ru(bpy)s]**. Derivatives of 21 that were fluorinated
on the cyclometallating ligand were found to be the most active of
the series. Interestingly, the [Ru(dmphen)s;]>™ complex (dmphen =
4,7-dimethyl-1,10-phenanthroline) was also found to perform substan-
tially better than [Ru(bpy)s]>*, with more than 9000 TON (based on the

n-1
Co pg* ED .
Co" ED
Oxidative Quenching
ps — , pg* PS
Reductive Quenching
ED Co™?

ED* PS” Co"

Fig. 10. Oxidative and reduction quenching pathways for photochemical hydrogen
production.

photosensitizer) and 74 TON (based on the [Co(bpy)s]*™) achieved
under optimized conditions. 19 was found to efficiently quench the ex-
cited photosensitizers 21 and 22 with rate constants ranging between
1.0 and 7.0 x 108 M~ ! s~ . However, the substantially larger electron
donor concentration favored the reductive quenching pathway, except
in the case of 22, which was not quenched by TEOA. The limiting factor
in the generation of hydrogen appears to be the stability of [Co(bpy)s]* T,
which decomposed after less than 100 turnovers.

3.3. Cobaloxime complexes for light-driven generation of H,

In 1983, Lehn and co-workers reported the first example of a
cobaloxime catalyst (Fig. 12, 23) for photoinduced water reduction
[65], in which [Ru(bpy)s]>" was employed as the photosensitizer
and TEOA as the sacrificial electron donor. Hydrogen production ex-
periments were conducted using different solvent systems. It was
found that the highest rate of 16 TON per hour occurred in a DMF/H,0
mixture at pH ~ 9. However, the system exhibited poor robustness; H;
production ceased after a few hours. The basis of the limited durability
was proposed to be the instability of the Co(Il) dimethylglyoximate cat-
alyst which quickly decomposed.

In 2008, two groups independently revisited the use of cobaloxime
complexes as catalysts for photochemical hydrogen generation based
on the success found for these complexes electrochemically. Both
groups employed [Co(dmgH),Cl(py)] (Figs. 5,9) as the catalyst for visi-
ble light-driven hydrogen production in aqueous organic media [38,66].
The Eisenberg group described a photocatalytic system using a platinum
terpyridyl arylacetylide photosensitizer (24) and TEOA as the sacrificial
electron donor in MeCN/H,0 media. After 10 hours of irradiation with
light of N > 410 nm, more than 1000 turnovers were obtained at
pH 8.5 [66]. During photocatalysis, the system was monitored by UV-
vis spectroscopy, leading to the observation of Co" species as the system
resting state during catalysis, as discussed in the mechanistic section.
Changing the nature of the glyoximate and axial ligands shown in
Fig. 13 (25-29) as well as system conditions, were found to effect to
activity of the systems as follows: [67]

(1) The axial ligands. Complex 26 with electron-withdrawing axial
ligand gave a higher rate of H, generation (238 TON after 5 h)
than complex 25 with electron-donating axial ligand (106 TON
after 5 h).

(2) The ratio of water in the mixed solvents. For complex 9, 1000
TONs were obtained in 10 h when the ratio of MeCN/H,0
was 3:2 (v/v) but increased to 2150 TONs when the ratio was
changed to 24:1.

(3) pH values. The optimal value of pH for light-driven hydrogen

production was found to be pH 8.5. As the pH is lowered, the

TEOA amine donor is increasingly protonated, which in turn af-

fects its ability to function as a sacrificial electron donor. At

higher pH values, water reduction to H, becomes increasingly
more difficult thermodynamically, thus decreasing the rate of

H, generation.

The reduction potentials of the cobaloxime catalysts. A correla-

tion was found that the catalysts with more negative Co'//Co'

potentials have higher activity for water reduction and pro-
duce more H,. In contrast, [Co(dmgBF,),] (Fig. 5, 8), which

was most effective in electrocatalytic reduction of H* to H,

based on lowest overpotential, did not work in this system

for light-driven H, generation. A rationalization consistent
with the data was that the step after Co(I) formation is its pro-

tonation to form a Co™ hydride. The reduction potential for 8

(Econycory = — 0.29 V vs. NHE) is relatively positive, indicating

that the corresponding Co(I) species may not be reactive enough

as a base to undergo protonation at pH 7.0-8.5. (The electrocata-
lytic work was conducted in non-aqueous media with triflic or
tosic acid as the proton source.)

(4
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Fig. 11. First cobalt catalyst (19) for photochemical hydrogen production using ruthenium and iridium based photosensitizers (20-22).

(5) The concentration of the cobaloxime catalysts. The rate of H, gen-
eration was found to have a linear dependence on [Co] when
concentrations were below 0.7 mM, but at higher concentra-
tions, a similar scaling was not observed, suggesting that another
step in the process becomes turnover limiting.

In further work relating to systems using Pt terpyridyl photosensi-
tizers and cobaloxime catalysts, Castellano and co-workers examined
the relationship between the rate of hydrogen production and the
m-conjugation length in the acetylide ligand [68]. The photosensitizer
with longer phenylacetylide m-conjugation length produced more H,
gas under the same photocatalytic conditions, consistent with a
longer-lived charge separation over greater distance.

Initial studies of light-driven hydrogen generation using cobaloxime
catalysts were also carried out by Artero, Fontecave and coworkers who
examined H, evolution with cobaloxime 8 and both [Ir(ppy).(phen)]™
(ppy = 2-phenylpyridine, phen = phenanthroline) and [ReBr(CO);
(phen)] (Fig. 14, 30) as photosensitizers in acetone solutions buff-
ered with EtsN/EtsNH™ that served as both the sacrificial donor
(Et3N) and the proton source (EtsNH™') [38]. A quantum yield of
16% + 1% and 273 turnovers were achieved with 30 in a 15 h exper-
iment (A > 380 nm) in the presence of 600 equivalents each of EtsN
and EtsNH™.

Alberto and coworkers investigated similar Re chromophores for
proton reduction with cobaloxime complexes [69]. Using the bipyridine
version of the Re complex used by Artero (31), Probst et al., showed ef-
ficient hydrogen production in the presence of TEOA, acetic acid, and 23
in DMF. The best results, 265 TON, were achieved with a 3-fold excess of
dmgH relative to catalyst, indicating ligand dissociation/decomposition.
The Re chromophore was also shown to have increased longevity as
compared to [Ru(bpy)s]>*, producing over double the amount of hydro-
gen with 23 as the proton reduction catalyst. Changing the bromide ion
to thiocyanate (32) was found to improve the stability significantly of
the chromophore with 6000 TON relative to chromophore reported
[70]. An overall observed second order dependence in [Co] led these
workers to postulate a bimetallic mechanism involving two HCo™ com-
plexes in the rate-limiting step. Finally, cationic derivatives of the

22

Fig. 12. First cobaloxime complex reported for photochemical hydrogen production.

previously discussed Re chromophores were examined with a range of
cobaloxime-type complexes. Further investigation into aqueous systems
were conducted with different Re photosensitizers and cobalt com-
plexes (Fig. 14) [71]. Complexes 33, 34, 36 and 37 were found to success-
fully produce hydrogen in the presence of cobalt complex 39 in water
with TEOA and HBF,; whereas 35 was very slow and 38 was inert.
The results were rationalized in terms of the excited state lifetimes
of the different photosensitizers, where the pyridine derivatives possess
excited state lifetimes that are 1-3 orders of magnitude greater
(200-13,000 ns) than those of the corresponding benzyl isocyanide
complexes (10-60 ns). Photosensitizers with longer excited lifetimes
allow for more efficient reductive quenching by the electron donor.
Complexes 39-44 achieved between 2 and 12 TON (relative to Co)
using 36 as a photosensitizer but complexes 45-47 produced less than
1 TON under identical conditions. Given the overall low activity of the
system, structure-activity correlations were difficult to identify. Recent-
ly, in a significant improvement, TONs of approximately 100 were
reported in aqueous systems using cobalt complex 40, photosensitizer
36, and ascorbic acid as the electron donor at pH 3.5 by the same
group [72].

More recently, two cobalt glyoxime complexes have been reported
as molecular catalysts for visible light-driven hydrogen generation in
combination with a cyclometallated iridium photosensitizer and NEt3
as the sacrificial electron donor [39]. Complex 48 (Fig. 15) is more active
than the difluoroboryl complex 49. The highest TON of 700 has been
achieved in 10 h. All the reported systems show no hydrogen produced
after 10 h irradiation, indicating the decomposition of the cobalt cata-
lysts or the iridium photosensitizer. Interestingly, the addition of
triphenylphosphine (PPhs) to the medium results in a significant

25: -N(CHa), 27
26: -COOCH;

29

Fig. 13. Cobaloxime complexes used with platinum terpyridine acetylide complexes.
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improvement of the stability of the system. UV-vis spectroscopy
has been used to identify a PPhs-coordinated Co(I) intermediate (50)
present during hydrogen production.

Cobaloxime complex 9 was also used in the introduction of the
first organogold complex (Fig. 16, 51) as a photosensitizer [73].
Under light irradiation with N\ > 385 nm in the presence of TEOA,
more than 350 TON were reported. Interestingly, the system also
performed well in natural sunlight, achieving nearly 250 TON.

The systems described above for light-driven H, generation pos-
sessed the common feature of either a noble metal or 5d element-
based photosensitizer. However in 2009, Eisenberg and co-workers
assembled and studied the first homogeneous system based on
earth-abundant elements for visible light-driven hydrogen produc-
tion from water incorporating a cobalt catalyst [74]. The system
contained halogenated organic dyes (Fig. 17, Eosin Y (52) or Rose
Bengal (53)) as the photosensitizers, 9 as the catalyst and TEOA as
the sacrificial donor. Under visible light irradiation for 15 h, more
than 900 TONs were obtained in this system. When irradiating the
reaction solution using a 20 nm wide bandpass filter centered at
520 nm, the Eosin Y system was relatively stable and exhibited no
significant decrease of the H, production even after 30 h. A quantum
yield of 4% was obtained for H, photoproduction for this system. Fur-
ther studies revealed that the presence of excess dimethylglyoxime
ligand (dmgH,) improved the lifetime of the system for H, genera-
tion, but without any increase in the rate of H, generation. These ob-
servations suggested that ligand dissociation was occurring during
photogeneration of Hy, a proposal that was subsequently confirmed
(see below). Other studies revealed that the lowest lying triplet states
of 52 and 53, that were accessed via the heavy atom effect, play a
key role for electron transfer yielding initial reduction of Co™ to
Co" and subsequent hydrogen production involving Co' and HCo™
intermediates.

A similar system was described shortly thereafter by Sun and co-
workers using 52 as the photosensitizer and BF;-annulated cobaloximes
3 and 4, as well as clathrochelated cobaloximes 54 and 55 (Fig. 17), as
catalysts in the presence of TEOA as the sacrificial donor [75]. The max-
imum activity for these systems was 327 TON in 5 h upon visible light
irradiation (N > 400 nm) with catalyst 3. The caged clathrochelated
complexes showed much less activity than the cobaloximate complexes,
indicating the need for ligand dissociation to allow cobalt hydride
formation.

In further studies by McCormick et al., using cobaloxime catalyst 9,
up to 9000 TON were achieved (relative to photosensitizer) when
rhodamine dyes (with S (57) or Se (58) in place of O (56) in the

xanthene ring) were used as the photosensitizers [76]. The heavy
atom effect, as discussed previously, increases the population of dye
molecules in the longer-lived triplet excited state, thereby increasing
the likelihood of an intermolecular electron transfer. These rhoda-
mine derivatives are stable for extended periods under irradiation
in solution, but were found to decompose rapidly if irradiated in the
presence of a sacrificial electron donor. Quenching studies revealed
that the phosphorescence of 57 was quenched by the TEOA electron
donor but not by the catalyst, thereby indicating that hydrogen gen-
eration was proceeding by a reductive quenching mechanism with
the formation of the reduced dye. There was thus a branchpoint in
the reaction chemistry of the reduced dye. As long as an active cata-
lyst was present, the generation of H, continued (and it could be
prolonged by the addition of more dmgH,), but in the absence of ac-
tive catalyst, photosensitizer decomposition occurred. A supposition
was offered that the glyoximate ligands were undergoing hydrogena-
tion so that the resultant Co complex could no longer be reduced by
the reduced photosensitizer.

The question of exchange between free and complexed glyoximate
ligands was definitively answered in a different study by McCormick
et al. [77]. Based on observations that Co(dmgH),Cl(py) was found
to be an active catalyst for photochemical H, generation but that the cor-
responding diphenylglyoximate derivative, Co(dpgH),Cl(py), was a
relatively poor catalyst, a series of H,-generating experiments were
conducted. Fig. 18 shows the results for four runs in which systems
having the following catalysts were present: (a) Co(dmgH),Cl(py) + 2
dmgH,, (b) Co(dmgH):Cl(py) + 2 dpgH,, (c) Co(dpgH)Cl(py) + 2
dpgH,, and (d) Co(dpgH),Cl(py) + 2 dmgH,. The good yield of H, for
run (a) and the poor yield of H, for (c) are clear. The mixed ligand exper-
iments of (b) and (d) gave essentially identical results that were inter-
mediate between (a) and (c), unequivocally establishing exchange of
the glyoximate ligands during hydrogen generation.
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Fig. 15. Cobaloxime derivatives used with Ir(bpy)(ppy)2.


image of Fig.�14
image of Fig.�15

966 W.T. Eckenhoff et al. / Biochimica et Biophysica Acta 1827 (2013) 958-973

+

~N"“N-
\=/

51

Fig. 16. Organogold photosensitizer.

3.4. Polypyridine cobalt complexes for the photogeneration of H,

A cobalt(Il) quaterpyridine complex (Fig. 19, 59) has been reported as
a visible light-driven catalyst for water reduction [78]. It catalyzes photo-
induced hydrogen generation using as photosensitizer [Ir(Ill)(dF(CFs3)
ppy)2(dtbbpy)]™  (dF(CFs)ppy = anion of 2-(24-difluorophenyl)-5-
tri-fluoromethylpyridine, dtbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine)
in aqueous acetonitrile (A > 420 nm). Highest TONs of 1730 have been
obtained with Co(I) species observed during light irradiation. A
cobalt(Il) penta(pyridine) complex [(CF3PY5Me2)Co(H,0)](CF3S03),
(60) (PY5Me2 = 2,6-bis(1,1-di(pyridin-2-yl)ethyl)pyridine) has also
been described as a catalyst for light driven hydrogen production using
either molecular or semiconductor nanowire photosensitizers [79].
Hydrogen was generated in water under photocatalytic conditions
with visible light irradiation using [Ru(bpy)s]>™ as the chromophore
and ascorbate as the sacrificial donor. To obtain a system based solely
on Earth-abundant elements, GaP nanowires was employed to replace
[Ru(bpy)s*™. In an aqueous solution containing GaP nanowires as the
light absorber and methanol as the electron donor (or hole scavenger),
H, was also observed during visible light irradiation but the rate of hy-
drogen production rapidly decreased due to the aggregation of GaP
nanowires and/or decomposition of the catalyst.

Another example of cobalt(Il) penta(pyridine) complexes for catalytic
hydrogen production is [Co(DPA-Bpy)(OH,)](PFs); (61) (DPA-Bpy = N,
N-bis(2-pyridinylmethyl)-2,2'-bipyridine-6-methanamine) [61]. In 1.0 M
sodium phosphate buffer at pH 7.0, 61 exhibits a sequence of two redox
events centered at —0.15 and —0.90 V (vs. SHE), corresponding to the
Co"™" and Co™! couples, respectively. Photocatalytic hydrogen production
was investigated in a system based on [Co(DPA-Bpy)(OH;)](PFg)s com-
plex as the catalyst, [Ru(bpy)s]*" as the photosensitizer and ascorbic
acid as the electron donor. The concentration of the catalyst has a great in-
fluence on the light-induced activity for photoinduced hydrogen produc-
tion. When the concentration is 50 1M, the obtained TON is ~450, but at
0.5 pM, the TON increased to 4400.

3.5. Bis(dithiolene) complexes of cobalt for the photogeneration of H,

In 2011, McNamara et al., [80] reported the first example of a co-
balt dithiolene complex (Fig. 20, 62) for both photocatalytic and elec-
trocatalytic hydrogen production from water. The [Co(bdt),]™
complex 62 is an active catalyst with up to 2700 TON (based on the
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Fig. 18. Ligand exchange of cobalt-glyoxime complexes in aqueous media, reproduced
with permission.

catalyst) and initial turnover rate of 880 mol Hy/mol catalyst/h
when employed with [Ru(bpy)s;]?" as the photosensitizer and
ascorbic acid as the sacrificial donor. Complex 62 was also found to
be an active electrocatalyst in mixed MeCN/H,0 in the presence of
weak acids with a Faradaic yield of >99% when the potential is held
at —1.0 V vs. SCE.

A subsequent study examined a series of cobalt bis(dithiolene)
complexes (62-65) for the light-driven reduction of protons to
H, in aqueous solvent mixtures for the purpose of determining
electronic effects on the reactivity [81]. The dithiolene ligands
ranged in electron donating ability with three of them based on the
benzenedithiolate structure. All of the complexes were active as cata-
lysts for the light-driven reduction of protons from water when
paired with [Ru(bpy)s;]*>* as the photosensitizer and ascorbic acid
as the sacrificial donor. The catalysts increased in activity for photo-
chemically driven H, generation with ligand electron withdrawing
ability. The complex [Co(mnt),]~ (65), that exists in the solid state
as a dimer and has the least negative reduction potential, exhibited
the highest activity with turnovers up to 9000 with respect to
catalyst.

While these cobalt bis(dithiolene) complexes are also active
electrocatalysts in 1:1 acetonitrile/water, their relative order of activ-
ity differed from that found in the photochemical systems [81]. Spe-
cifically, while 65 was most active catalyst in light-driven systems,
it exhibited the highest overpotential in electrochemical hydrogen
production, as compared to 62-64. On the other hand, the three
derivatized benzenedithiolate complexes followed the same ordering
for both photochemical and electrochemical activity. The mechanistic
implications of the differences in activity of the cobalt bis(dithiolene)
complexes for photochemical and electrochemical H, generation are
discussed further below.

3.6. Mechanistic considerations of systems for the light driven generation
of hydrogen

As mentioned above, photochemical systems are mechanistically
more complex than electrochemical systems because of the possibili-
ty of different photoinduced electron transfer pathways and the reac-
tions involving both the catalyst and the sacrificial electron donor as
well as their subsequent chemistry. The oxidative quenching pathway
involves PS* being oxidized by the cobalt catalyst, whereas in the re-
ductive quenching pathway, PS* is reduced by the sacrificial electron
donor. The oxidized electron donor then undergoes irreversible de-
composition, which is well documented in the case of TEA [82],
TEOA [83], and ascorbic acid [84]. In the decomposition pathway of
TEA and TEOA, H-atom abstraction from the a-carbon leads to
the formation of a highly reducing carbon-based radical, which
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Fig. 19. Polypyridine complexes used in light driven proton reduction.

can serve as another reductant for the cobalt-based catalyst. In
photochemical systems using these tertiary amine electron donors,
one photon leads to the production of two electrons. The specific
quenching pathway of a given photochemical system is determined
by the excited state reduction potentials of PS*, the oxidation poten-
tial of the electron donor, the reduction potential of the catalyst,
as well as the relative concentrations of the catalyst and electron
donor. Even if rate constants for oxidative and reductive quenching
of PS* by catalyst and electron donor, respectively, are found to be
similar in magnitude, the system can be biased to a single pathway
such as reductive quenching by using a much greater concentration
of electron donor than of catalyst.

The charge transfer chromophores of Pt terpyridylacetylide com-
plexes and Ir cyclometallated complexes have been shown to be
capable of operating in both oxidative and reductive quenching path-
ways. For the Pt terpyridylacetylide complexes, both quenching path-
ways have bimolecular rate constants (kq) with cobaloxime complexes
and TEOA (diffusion controlled) that indicate that they can occur in par-
allel, but when using very high concentrations of TEOA relative to cata-
lyst, reductive quenching is favored [66-68]. For Ru(bpy)3* on the other
hand, quenching has been observed by ascorbic acid, but not by TEOA
due to the latter's thermodynamically unfavorable oxidation potential
[28,63,85-87]. Therefore, in systems with TEOA and cobalt catalysts,
it typically functions by the oxidative quenching route (k, = 107-
108 M~ ! s~ 1) [63]. Cyclometallated Ir choromophores also have com-
petitive rates of quenching with cobalt complexes (108 M~! s~1) and
TEOA (10%-10° M~ ! s™1), and therefore the mechanism depends on
the relative concentrations of catalyst and electron donor [63,78]. Sys-
tems with Re tri(carbonyl) chromophores were found to proceed solely
by reductive quenching using TEOA with a rate constant near 10°
[69-71]. Organic chromophores, Eosin Y, Rose Bengal, fluorescein, and
rhodamine derivatives were all shown to undergo reductive quenching
in the presence of TEOA, and the reduced form of these dyes were gen-
erally unstable, thus contributing to the relatively short hydrogen pro-
duction times of systems containing them [74-76].

As in the electrochemical systems, a formally Co' species is widely
viewed as the key to H, generation. The species forms upon catalyst
reduction and undergoes protonation to form a HCo™ intermediate.
Both first and second order dependences on Co concentration have
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Fig. 20. Highly active cobalt bis(dithiolene) complexes.

been reported for hydrogen formation, indicating the possibility of
different mechanisms for the formation of H,. Du et al, who
employed systems containing the Pt(terpyridine)acetylide complex
24 and cobaloxime complexes 9, 25-29, found a first order depen-
dence on [Co] in H,O/CH5CN [66,67] whereas Probst et al., observed
second order kinetics with a system using a Re(CO)sbpyX (X = Br,
NCS) photosensitizer in DMF [69,70]. First order kinetics on [Co] sup-
ports a monometallic mechanism in which a Co hydride intermediate
reacts with H™ for H, formation, while second order dependence on
[Co] is consistent with a coupling of two HCo™ to give H, + 2 Co'.
The solvent medium likely plays a large role in the mechanism due
to proton availability. When Alberto and coworkers reported a similar
catalytic system in pure water, they observed a first order depen-
dence, supporting this notion. Further work with cobaloxime com-
plexes in photocatalytic systems in aqueous solvent have also
shown a first order dependence on cobalt concentration [74,76].

For the systems in which cobalt bis(dithiolene) complexes func-
tion as the catalyst, one electron reduction of the catalyst and proton-
ation likely occur in accord the with H, forming mechanism for the
cobaloxime catalysts [80,81]. However, the mixed nature of the fron-
tier orbitals in these complexes makes formal oxidation state assign-
ments less meaningful and raises the possibility of protonation sites
other than at the metal ion. The ordering of photochemical activity
correlates with the Co(L,)™/Co(L,)?>~ reduction potential from least
negative to most negative. Since the cobalt bis(dithiolene) systems
proceed by a reductive quenching mechanism with high concentra-
tions of ascorbate donor, the reaction that correlates with H
producing activity is the reduction of the catalyst by the reduced pho-
tosensitizer (Ru(bpy)3 ) based on the driving force (AE) of the reac-
tion. This electron transfer may therefore be turnover-limiting in
the catalysis. However, there is a difference in the reactivity order
for the photochemical and electrocatalytic activity of the cobalt
bis(dithiolene) systems, indicating that a difference in the turnover-
limiting step exists between the two types of systems.

The difference between the electronic structures of the cobalt
bis(benzenedithiolate) complexes and Co(mnt); (65) may lead to
differences in the site of protonation and the consequent reduction
potentials of the electrocatalytic waves for these complexes. For 65,
the frontier metal and ligand-based orbitals possess similar energies,
suggesting that protonation may take place at either the metal center
or the ligand [88-90]. In contrast, the HOMOs for derivatives 62-64
have only 29% ligand character, thereby favoring protonation at the
metal center [91]. The electrocatalytic mechanism was proposed to
be ECEC [92], where the Co dithiolene catalysts undergo rapid proton-
ation once they are reduced to Co(L,)?~. Subsequent reduction and
reaction with H lead to H, formation.

A further analysis of the cobalt bis(dithiolene)-catalyzed reduc-
tion of protons was offered by Solis et al., who conducted detailed
calculations of electrochemical potentials and pKa values [93]. The
calculations showed that complexes 62-64 are likely protonated
after reduction to Co". The new Co"(SH), species (protonation at
two thiolates) was theoretically shown to have a very similar
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reduction potential as compared to the initial Co™/Co" couple. Forma-
tion of HCo™(SH) by proton reduction permitted monometallic forma-
tion of Hy. In Fig. 21, the different catalytic species are shown as
Co%(SH),S4 % with formal metal oxidation state (OS), ligand proton-
ation as SH, and overall complex charge of n—. The species and arrows
shown in red are common to all of the dithiolene catalysts, the ones in
blue are for catalyst 65, [Co(mnt),]|~, whereas the ones in green would
correspond to the bis(benzenedithiolate) complexes 62-64 that have
more negative reduction potentials. Complex 65 is therefore thought to
be only singly protonated before further reduction to Co'(SH)S3~ while
the other catalysts are doubly protonated before subsequent reduction
and hydrogen generation.

3.7. Integrated catalyst-photosensitizer systems using cobalt complexes

Covalent linking of the catalyst and photosensitizer has been pro-
posed as a way of improving light-driven proton reduction systems
and a number of systems based on this notion have been examined.
In the first of these systems, ruthenium tris diimine complexes were
connected to a cobaloxime complex via pyridine coordination
to serve as the photosensitizer and catalyst, respectively (Fig. 22)
[37]. Irradiation of these photosensitizer-catalyst conjugates in
Et;N/EtsNH " -buffered acetone solutions led to intramolecular elec-
tron transfer and H, generation. A total of 103 TON was achieved
with 66 after 15 h of irradiation. Replacing the oxazole portion of
the bridging ligand with an imidazole (68) led to an increased rate
of hydrogen production, with 104 TON reached in only 4 h [38]. Com-
plexes 67 and 69 were found to have less than 20 TON. No hydrogen
was formed with complex 70 but a change to a cyclometallated iridi-
um photosensitizer in 71 produced over 200 TON in 15 h. However,
control experiments revealed similar activity with unlinked catalyst
and chromophore systems (165 TON). In these studies, it was found
that even small amounts of water significantly inhibit the system's activ-
ity, and subsequent work described below showed that pyridyl ligand
dissociation from the catalyst may be facilitated with water present.

Based on the above reports for light-driven H, generation using a
molecular photochemical device, other examples of photochemical
devices were reported for H, production using water as the proton
source. One such system contained a porphyrin moiety as the photo-
sensitizer and the H-bridged cobaloxime bearing an axial pyridine li-
gand as the catalyst (Fig. 23, 72-74) [94]. Sun and co-workers
synthesized and studied systems in which the sensitizer was a por-
phyrin with a pyridyl group at one of the meso positions coordinated
to a Co™Cl(dmgH)- catalyst. Three porphyrin derivatives were exam-
ined - Zn?>*, Mg?* and the unmetallated porphyrin - with the Zn de-
rivative showing the most significant activity (~22 TONSs), but all
systems were short-lived regarding H, production. Electron transfer
from the 3nm* state of Zn porphyrins is well known, but it is likely
that upon reduction of Co™ to Co"! in the initial steps of the catalysis,
the system loses its structural integrity as mentioned above.

An iridium photosensitizer bearing a bipyridyl substituent was
used to construct a cobalt tris-bipyridine complex as the catalyst
(Fig. 23, 75) [95]. However, this system exhibited only modest turn-
overs for hydrogen production from water with 20 turnover numbers,
which was similar to the separated parts (10 TON).

An integrated system that contains a cobaloxime catalyst and an
organic dye as PS was synthesized and studied by McCormick et al.
[77]. In 76 as shown in Fig. 24, fluorescein is attached by an amide
bond to the axial pyridine of the catalyst. While the system was
found to produce H, upon irradiation in the presence of TEOA, it
was less active than a control system having separate fluorescein
and cobaloxime catalyst (9) components. The absence of any en-
hancement of activity by connecting PS to the catalyst led to an exam-
ination of the possibility of ligand exchange at the Co center upon
photochemical reduction. Initial studies confirmed facile pyridine ex-
change in the presence of small amounts of Co", and subsequent
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Fig. 21. Mechanistic routes available to cobalt bis(dithiolene) catalysts determined by
calculations of reduction potentials and pKa values.

studies described above established that the dmgH ligands were ex-
changing during H, generation as well. The resting state of the cata-
lyst during H, generation was determined to be Co', a labile metal
ion. The observation of ligand exchange during irradiation indicates
clearly the lack of structural integrity for any integrated system
based on a cobaloxime catalyst in aqueous or organic aqueous media.

Although these findings clearly show the dissociation of the pyridine
ligand in aqueous organic solutions, other studies have shown that sim-
ilar supramolecular constructs are in fact bound in organic media by so-
lution phase X-ray scattering [96]. However, photochemical systems
such as 75, which are less prone to dissociation into completely separat-
ed catalyst and photosensitizer units, still suffer from fairly low activity.
The benefit of fast intramolecular electron transfer in linked systems
may be undone, for example, by fast back electron transfer or catalyst la-
bility, resulting in overall poor catalytic efficiency.

3.8. Systems employing semi-conducting materials and cobalt catalysts
for light driven hydrogen production

Cobaloxime catalysts have also been investigated for attachment
to heterogeneous materials for light-driven hydrogen production. Ti-
tanium dioxide (TiO;) has long been known to serve as both an elec-
tron mediator and structural scaffold and to undergo photoinduced
electron transfer from charge transfer chromophores such as
Ru(bpy)?* [97-104]. Recently, a heterogeneous photochemical device
based on TiO,, a molecular photosensitizer and catalyst was described
[105]. The cobaloxime catalyst was modified with phosphonate group
on the axial pyridine ligand and [Ru(bpy);]> ™ was functionalized with
phosphonate groups on one of the bpy ligands to anchor them to the
surface of TiO,, resulting in a system shown in Fig. 25. Absorption of a
photon by the [Ru(bpy);]** moiety results in electron injection into
the TiO, conduction band, from which it can migrate to the cobaloxime
catalyst and reduce it. Upon irradiation in pure water and TEOA (pH 7),
the modified TiO, was found to reduce water to produce H, gas with low
TOF number of 0.005 s~'. The system had modest activity at about
400 mmol H, h™'(g TiO,) ™. While control experiments showed that
less hydrogen was produced with the phosphonate-free cobaloxime
(9) complex, the observation of ligand exchange with such catalysts
brings into question the durability of the integrated system.

Chen and coworkers used the same cobaloxime complex to create
a catalytically active site on a CdSe/ZnS core-shell nanocrystal [106].
The nanocrystal or quantum dot absorbs light directly and electron
transfer to the cobaloxime complex was determined to occur in
105 ps by transient absorption spectroscopy. Recombination, which
would be problematic for hydrogen production, was found to be
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relatively slow. In toluene with HNEt,Cl as the proton source and
TEOA as the electron donor, over 10,000 turnover numbers per quan-
tum dot were achieved in 10 h of irradiation but the system exhibited
limited durability that was traced to catalyst decomposition.

3.9. Semi-biological systems

Lastly, Tiede and co-workers reported a photochemical system
that blurred the lines of “artificial photosynthesis.” [107] Addition
of cobaloxime complex 9 to naturally produced Photosystem I
(PSI), harvested from cyanobacteria Synechococcus leoploliensis or
Synechococcus lividus, resulted in a self-assembled hydrogen pro-
ducing device (Fig. 26). Using sodium ascorbate as the sacrificial
electron donor, rates of hydrogen formation as high as 170 TON
per minute were observed with activity leveling off after only
1.5 h. The reason for cessation of activity was thought to be due
to cobaloxime dissociation from PSI, from metal analysis compari-
son before and after the photolysis.
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“devices” for light driven hydrogen production.

4. Conclusions and challenges

Catalysts are one of the key factors for efficient solar energy con-
version by water splitting and artificial photosynthesis. For H, gener-
ation and the reductive side of water splitting, great progress has
been achieved in the past decades using Co complexes as catalysts
and artificial hydrogenases in which the reaction is driven either elec-
trochemically or photochemically. In the most active photochemical
systems for hydrogen generation with molecular cobalt catalysts,
9000 TON (relative to [dye]) have been reported for using cobaloxime
complexes with organic dyes as the photosensitizers and 9000
TON per catalyst have been found for cobalt bis(dithiolene) systems.
These results on the reductive side of water splitting are complemented
by significant progress on the oxidation of water to give O, using cobalt
water oxidation catalysts (WOCs), most notably by Nocera and co-
workers [108-113]. In the latter, the work has primarily been electro-
chemical in nature, raising the challenge of developing a true robust
and active system for water splitting in which each half-reaction is

75

Fig. 23. Linked systems based on cobalt proton reduction catalysts.
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light-driven with the two half-reaction systems connected by means of
pathways for both electron transfer and proton transfer.

Clearly, more progress needs to be achieved to increase the activ-
ity, efficiency and robustness of catalysts based on earth-abundant
elements. With regard to Co complexes for hydrogen generation, du-
rability under hydrogen generating conditions continues to be a
major concern, in light of the fact that reported lifetimes for systems
containing Co molecular catalysts range from several minutes to sev-
eral days under irradiation with visible light. Often the catalysts stop
functioning during H, generation, possibly as a result of ligand
reaction or of sacrificial donor decomposition. The practical lifetime
for viable systems needs to be long enough to accommodate at
least 107-10° turnovers, or systems must be developed that have

“self-repair” as part of their chemistry. For artificial photosynthetic
systems, self-repair may be defined as linked equilibria that can re-
turn a catalyst to a functioning form if it is rendered inactive by a sec-
ondary reaction pathway.

Air-sensitivity is another major problem for H, generating sys-
tems. For water reduction systems, the reduced forms of molecular
catalysts, especially in organic media, are generally air-sensitive,
with atmospheric O, able to oxidize them rapidly. The ideal water
reduction catalyst should promote hydrogen production much
faster than oxygenation to avoid decomposition or deactivation
pathways. Water tolerance is an important concern for many
reported H,-generating catalysts. While some molecular catalysts
are reported to work well in organic solvents, their activity is in
general diminished by even small amounts of water. However, for
viable water splitting in solar energy conversion, it is essential
that water serves as the solvent of choice.

For electrocatalytic splitting of water, the ideal working potential
should be as close as possible to the thermodynamic potentials of
the two half-reactions for water reduction and water oxidation at
the system's pH. If the working potential has too large an overvoltage,
significant energy is lost in the process (that is, the difference be-
tween the working potential and the required minimal potential)
and the half reaction loses efficiency. However, often decreasing
overpotential leads to a decrease in overall activity. How to decrease
the overpotential to a minimum value for water reduction while
maintaining activity is a continuing challenge for the design of better
electrocatalysts.

For light-driven half-reactions, however, the concern about over-
potential and reaction barriers changes. In the photogeneration of Ha,
the excited state photosensitizer PS* will undergo electron transfer
quenching which can be either by electron transfer from PS* to the

Fig. 25. Titanium dioxide with Ru(bpy)3*

and a cobaloxime complex anchored to the surface with phosphonate groups.
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H,

Fig. 26. Photosystem I and cobaloxime photochemical proton reduction system,
reproduced with permission.

catalyst (oxidative quenching) or by electron transfer from the sacrifi-
cial donor to PS* (reductive quenching). The feasibility of each step is
determined by the reduction potentials of the catalyst, the sacrificial
donor and the excited photosensitizer PS*, and the relative rates of the
oxidative and reductive quenching paths will be controlled by the par-
ticular quenching rate constant and the quencher concentration. Sub-
stituent variation for each PS group can be used to modify the excited
state redox potentials of PS* that in turn will affect the relative rates
of oxidative and reductive quenching. In systems such as these, the
overpotential of the catalyst for generating H; electrochemically is not
the best measure of relative activity. Instead, it may just help to deter-
mine which photochemical path may be followed.

In the research described in this article, we have focused mainly
on molecularly-based systems with Co catalysts for doing one of the
half-reactions of water splitting, the reduction of protons to H,. The
primary objective in these studies has been to develop compatible
components in a visible light-driven system to be active, efficient
and robust. Actual energy storage in studies dealing with the water
splitting half-reactions is not, or should not be, the prime research ob-
jective. In many cases involving light and a sacrificial electron donor
or acceptor, net energy storage is not even achieved. In fact, for pro-
ton reduction to H,, the oxidation of a sacrificial donor such as a
tertiary amine might provide most of the potential energy required
to produce hydrogen, and for water oxidation to O, electron accep-
tors such as persulfate are chemically strong enough oxidants so
that there is no need for light to drive the reaction. While the con-
sumption of a sacrificial donor/acceptor may seem like a major disad-
vantage for a half-reaction system, it is through these studies of the
water splitting half-reactions that actual systems for solar energy
storage by water splitting can be developed. Once systems for
performing the two half-reactions have been developed sufficiently
in terms of robustness and activity, they will need to be joined
through a conductive membrane. The system will also need to allow
protons to move from one half-reaction compartment to the other
so that a significant proton gradient does not occur.

Whether water splitting is achieved by electrolysis using electric-
ity generated by photovoltaic devices or dye-sensitized solar cells, or
by artificial photosynthesis remains at this point unclear. While tech-
nology for the former is at a better developed stage at this point, an
artificial photosynthetic system for water splitting has promise of
greater simplicity and efficiency. The durability, scalability, cost and
efficiency will in the long run decide which approach to water split-
ting and hydrogen generation will win this competition. For catalyst
development, efforts over the past decade have focused on compounds
and materials of earth-abundant elements. Compounds of no other
metal have been as extensively studied in this context as those of Co, al-
though both Fe and Ni are found in different classes of hydrogenases and
model systems based on them have shown some success. Much of the
Co work was stimulated by earlier studies involving glyoximate and
bipyridine complexes, but recent studies have uncovered other sets of
Co complexes that will merit further investigation. Additionally, com-
patibility of these complexes with other system components will be es-
sential to provide the needed robustness and activity to achieve water
splitting on the scale needed for meaningful solar energy conversion.
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