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ARTICLE INFO ABSTRACT
Accepted 1 October 2014 While its main current use is that of a feedstock in the chemical and petrochemical industry, molecular
hydrogen can also be considered, in perspective, as an interesting energy carrier to be used in place of
conventional fuels, e.g., in devices such as fuel cells. From this viewpoint, of particular interest would be
the possibility to generate hydrogen from water splitting using a source of renewable energy such as solar
light. This could represent, in principle, an inexhaustible, environmentally friendly energy source. In this
Keywords: review we symmarize recent work. on pt_lotochemical hydrggen evolution carried out with systerps based
Porphyrins on porphyr.ms or.meta.lloporphyrms, either as photosensﬁlzers or as catalysts._T}_le .sys.tems discussed
Metallo-porphyrins are varied including different levels of complexity, performance, and mechanistic insight. In general
Hydrogen production porphyrin molecules appear as a very promising class of photosensitizers for photocatalytic hydrogen
Photocatalysis production.

Abbreviations: ADT, azadithiolate; bpy, 2,2’-bipyridine; C, concentration; CTAB, cetyltrimethylammonium bromide; DeAC, decylammonium chloride; EDTA, ethylenedi-
aminetetraaceticacid; ET, electron transfer; Fc, ferrocene; GC, glassy carbon; GDH, glucose dehydrogenase; HEC, hydrogen evolving catalyst; HER, hydrogen evolution reaction;
IR, infrared; LB, Langmuir-Blodgett; MOF, metal-organic framework; MV2*, methyl viologen dication; NAD*, oxidized nicotinamide adenine dinucleotide; NADH, hydro-
genated nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide phosphate; Nf, Nafion® membrane; NMI, naphthalene monoimide; Nonidet
P-40, (octylphenoxy)polyethoxyethanol; P, light-absorbing photosensitizer; PEC, photoelectrochemical cell; Poly(Glu), anionic L-glutamate polypeptide; prod, irreversible
oxidation products of SED; PSA, pyrenesulfonic acid; PVA, polyvinyl alcohol; RGO, reduced graphene oxide; SCE, saturated calomel electrode; SDS, sodiumdodecyl sulfate;
SED, sacrificial electron donor; TEA, triethylamine; TEOA, triethanolamine; TFA, trifluoroacetic acid; TOF, turnover frequency; TON, turnover number; TPPH, 5,10,15,20-
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Tween-40, polyoxyethylenesorbitan monopalmitate; UV-vis, Ultraviolet-visible; WOC, water oxidation catalyst; ZnTPP, zinc tetraphenylporphyrin; @, quantum yield; @y, ,
quantum yield of hydrogen production; @r, quantum yield for formation of the excited triplet state.

* Corresponding author. Tel.: +39 3476039861.

** Corresponding author. Tel.: +39 3404775278.

**Corresponding author. Tel.: +30 2810545045.
E-mail addresses: mirco.natali@unife.it (M. Natali), eiengo@units.it (E. Ilengo), snf@unife.it (F. Scandola), coutsole@uoc.gr (A.G. Coutsolelos).


dx.doi.org/10.1016/j.ccr.2014.10.001
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2014.10.001&domain=pdf
mailto:mirco.natali@unife.it
mailto:eiengo@units.it
mailto:snf@unife.it
mailto:coutsole@uoc.gr
dx.doi.org/10.1016/j.ccr.2014.10.001

“Yes, my friends, I believe that water will one day be employed as
fuel, that hydrogen and oxygen which constitute it, used singly
or together, will furnish an inexhaustible source of heat and
light, of an intensity of which coal is not capable. . .. Water will
be the coal of the future”

Jules Verne, L’lle Misterieuse (1874)

1. Introduction

The interest in hydrogen as a synthetic fuel began to rise in the
1970s, about one century after the visionary statement by Jules
Verne [1-3]. The main original motivation was the concern about
depletion of oil reserves, but later on the problem of CO, emis-
sions and anthropogenic global warming emerged as an additional,
perhaps even more relevantissue. The idea behind the use of hydro-
gen as an energy carrier [4] is simple: (i) hydrogen is one of the
most abundant elements on Earth; (ii) the combustion of molec-
ular hydrogen with oxygen produces heat; (iii) the combination
of molecular hydrogen and oxygen in a fuel cell generates elec-
tricity and heat; (iv) the only byproduct of such energy-producing
processes is water. Therefore, if hydrogen could be produced from
water cleanly, using a source of renewable energy, both the energy
and the environmental problems of our planet could be solved
[5-7]. Among the available renewable energy sources, solar energy
is evidently the most attractive one because of its abundance,
even distribution, and accessibility (the problem of intermittency
is automatically solved by conversion into a fuel). Although hydro-
gen can in principle be produced by solar energy in an indirect way,
i.e., by solar photovoltaics coupled with water electrolysis, direct
photoelectrochemical conversion of solar energy into hydrogen by
water splitting (“artificial photosynthesis”), though challenging, is
by far more attractive.

A simplified scheme with the minimum set [8] of components
required for photochemical water splitting is shown in Fig. 1a. The
first essential component is a light-absorbing chromophore, usu-
ally called photosensizer (P). The excited state, with its high-energy
electron and low-energy hole, can accomplish water splitting in
either of two ways, water reduction followed by water oxidation
or vice versa. Water splitting being endoergonic by 1.23 eV, many
dyes absorbing visible light (1.5-3.1 eV) have, in principle, the ther-
modynamic power to perform this photochemical reaction [9]. The
main problems to be faced, however, are of kinetic nature and
pertain to the fact that, while the charge separation (and recom-
bination) steps initiated by light absorption are fast one-electron
processes, oxidation and reduction of water are intrinsically slow,
multi-electron processes. Therefore, essential additional compo-
nents of any water splitting photochemical cycle are multi-electron
catalysts, able to store electrons or positive charges produced by the
photosystem and to deliver them to the substrate in low activation
energy processes. A large amount of research activity is currently
being devoted to the development of efficient water oxidation
(WOC) [10] and hydrogen evolving (HEC) catalysts [11-14].

Since the entire water splitting process is complex, with the
efficiency limited by several possible shortcuts and charge recom-
bination processes, a convenient strategy to facilitate the study and
optimization of sensitizer and catalysts is to isolate one of the half-
reactions by providing the charges required on the opposite side
with a sacrificial redox agent, i.e., a species that following electron
transfer undergoes some rapid reaction making the whole process
irreversible. A half-cycle of this kind for the hydrogen generating
reaction is shown in Fig. 1b. Convenient sacrificial electron donors
(SED), frequently used in this type of experiment, are aliphatic
amines, thiols, and ascorbic acid. Analogous schemes for the water
oxidation reaction can be easily conceived, using sacrificial elec-
tron acceptors (SEA) (as, e.g., persulfate or Co(Il) amine complexes).
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Fig. 1. (a) Simplified scheme for a photochemical water splitting system:
P =light-absorbing photosensitizer, WOC = water oxidation catalyst, HEC = hydrogen
evolving catalyst; (b) sacrificial half-cycle for photochemical hydrogen evolution:
SED = sacrificial electron donor, prod = irreversible oxidation products of SED.

In principle, once each side is optimized in sacrificial cycles, the
two half reactions should be combined together in a regenerative
system. Among possible coupling strategies, heterogenization onto
electrodes and assembling of the full system as a photoelectro-
chemical cell (PEC) seems to be the most promising one [15-17].

As far as the hydrogen evolving catalysts are concerned, both
heterogeneous and homogeneous systems have been used [18].
The most widely used heterogeneous HEC has been, somewhat
obviously, platinum metal, usually in the form of colloidal parti-
cles in solution [19-22] or supported on various types of materials
[23,24]. As alternative heterogeneous HECs, not containing noble
metals and thus more suitable for application, NiMoZn alloys [25]
as well as Mo and W sulfides [26,27] have also been considered.
As to molecular HECs for use in homogeneous solution, a substan-
tial amount of work has been performed using dithiolate bridged
di-iron complexes, a class of catalysts inspired by the structure and
function of [2Fe2S] natural hydrogenases [28-30]. Along with some
Ni phosphine complexes [31], the other main class of molecular
catalysts used in photochemical hydrogen evolution studies has
been that of macrocyclic cobalt complexes, with molecules of the
cobaloxime type playing by far the major role [32-35]. Notably,
some work has also been performed using cobalt porphyrins and
related structures as HECs (vide infra).

As far as photosensitizers for hydrogen evolution are concerned,
both inorganic and organic dyes have been widely used. Among the
inorganic species Ru(Il) polypyridine complexes, with the proto-
type Ru(bpy)s;2* [36], have played by far the major role, although



other metal polypyridine complexes (e.g., of Re(I) [37], Ir(III) [38],
Pt(II) [39]) have been used as well. Though widely employed for
mechanistic studies, most of these systems are noble-metal con-
taining [40], a drawback toward possible applications. On the other
hand, a variety of organic dyes have been used as sensitizers in
cycles of the type of Fig. 1b, particularly by Eisenberg [41,42]. They
have the advantage of being relatively inexpensive, although they
may be less stable than the inorganic dyes under hydrogen generat-
ing conditions. Moreover, usually working through their long-lived
triplet states, they make relatively poor use of the absorbed light
energy, a substantial amount of which is lost in singlet-triplet inter-
system crossing.

Because of their similarity to the key dyes of natural photo-
synthesis, porphyrins and metal porphyrins have been extensively
investigated from the viewpoint of photoinduced electron transfer
processes, both at the molecular and supramolecular level [43-45].
Somewhat surprisingly, however, after some early attempts
[46-48], these chromophores have found comparatively little use
as organic photosensitizers in photocatalytic water splitting stud-
ies. The reasons may partly lie in their limited solubility in aqueous
media and in their non-optimal redox properties, especially from
the viewpoint of water oxidation. Nevertheless, a new surge of
interest in the use of porphyrin based systems for photochemical
hydrogen evolution is recently being observed.

In this review we would like to summarize recent work on pho-
tochemical hydrogen evolution carried out with systems based on
porphyrins or metal porphyrins, either as photosensitizers or as
catalysts.

2. Porphyrins as photosensitizers

A large number of photocatalytic hydrogen-evolution systems
have been developed since late 1970s. Such systems usually con-
sist of a sacrificial electron donor (SED), a photosensitizer (P), and
a hydrogen evolving catalyst (HEC). In some cases, intermediate
electron acceptors (EA) may operate as mediators between the pho-
tosensitizer and the HEC. In an oxidative cycle the excited state
of the chromophore (P*) donates one electron to the catalyst (or
the intermediate EA) and the oxidized form of P is reduced subse-
quently by a SED. In a reductive quenching mechanism, the excited
state of the chromophore (P*) abstracts one electron from the SED
and the reduced form of the chromophore donates one electron to
the catalyst (or the intermediate EA).

The use of the appropriate photosensitizer is very important in
order to produce efficient systems. It is necessary that the sensitizer
absorbs a considerable fraction of the incident sunlight, through-
out the visible region and preferably into the near IR. Moreover,
the photosensitizer should have a good stability upon prolonged
storage in aqueous solution, no side photoreaction, and an effi-
cient production of separated ion products upon irradiation in the
presence of an electron donor or acceptor. In many cases, when
the excited-state electron transfer processes are bimolecular, an
important requisite of the photosensitizer is that of having a high
triplet yield. Porphyrins possess most of the above desired proper-
ties in order to be used as photosensitizes for the photoinduced
generation of Hy, from a sacrificial system. Moreover, there are
numerous reports of facile synthesis of water soluble porphyrins
(free base or metalated), that can be prepared by sulphonation,
carboxylation or by alkylation of N-pyridyl compounds [49].

The absorption spectra of many free base porphyrins have been
described in detail [50]. The fairly weak bands in the visible region
are normally termed Q bands, whilst the most intense band in the
absorption spectrum is the Soret band which is the origin of the sec-
ond singlet excited state and normally occurs at about 420 nm. The
Q region of the absorption spectrum for a metalloporphyrin often

consists of two bands, the lowest energy band being the origin of
the first excited singlet state, whilst the second band is the vibra-
tional overtone of this latter state. Most of the research for the use of
artificial sensitizers involves the synthesis of Zn(II) porphyrins, for
which the fraction of the solar spectrum that can be collected is in
the order of 30% [51]. Among the various metalated porphyrins the
ones containing a metal center among Mg(Il), Zn(II), Pd(II), Cd(II),
Pt(II), Al(IIT) or Sn(IV) have the appropriate excited-state proper-
ties and stability required for H, production systems. Moreover,
appropriate substitution at the periphery of the porphyrin ring can
be used to fine tune the redox potentials of the porphyrins.

In this section we present porphyrin based photosensitizers
combined with diverse catalysts, such as platinum, hydrogenases
and cobalt complexes.

2.1. Porphyrins as sensitizers with platinum as catalyst

As discussed in the introduction part, the most widely used
heterogeneous HEC is platinum, usually in the form of colloidal par-
ticles, but there are also reports of platinum supported on different
materials. In this section, various examples regarding the use of
porphyrins as photosensitizers and platinum as hydrogen evolving
catalyst will be discussed.

2.1.1. Platinum as colloidal particles in solution

Harriman studied various metalloporphyrins as photosensi-
tizers. Hydrogen was formed by irradiation of the porphyrin in
aqueous solution containing a series of electron donors (ethanol,
glucose, lactate, H,S, hydrogenated nicotinamide adenine dinucle-
otide (NADH), carboxylic acids or hydroxylamine) and colloidal
platinum [48]. The process obeys a reductive quenching mech-
anism at the porphyrin triplet level. The efficiency of hydrogen
production depends markedly on the type of donor used, with
NADH being particularly effective.

In different studies, colloidal platinum has been used as
hydrogen evolving catalyst from glucose [52-54]. Also, hydrogen
production from glucose with a combination of glucose dehydro-
genase (GDH) and hydrogenase has also beenreported [55,56]. Saiki
and Amao studied a bio hydrogen production system that couples
a polysaccharide (sucrose or maltose) degradation with invertase
and GDH [57]. Hydrogen produced with colloidal platinum using
the photosensitization of the water-soluble zinc meso-tetrakis
(p-sulfonatophenyl) porphyrin (1) (Fig. 2) in the presence of
methylviologen (MV2*) as an electron relay reagent. Continuous
hydrogen gas production was observed when the sample solu-
tion containing the polysaccharide, invertase, GDH, nicotinamide
adenine dinucleotide (NAD*), 1, MV2*, and colloidal platinum was
irradiated by visible light. After 240 min irradiation, the amount
of hydrogen produced in the system using sucrose or maltose was
estimated to be 3.1 or 0.35 p.mol, respectively.

Harada and coworkers utilized a complex between a mono-
clonal antibody for free base and zinc porphyrin in order to
construct an energy conversion system [58]. Monoclonal antibody
2B6 was bound to the zinc meso-tetrakis (4-carboxyphenyl) por-
phyrin (2) (Fig. 2) and upon binding the lifetime of the excited
triplet state of 2 increased from 0.5 to 1.2 ms. A stable cationic rad-
ical of viologen was obtained by irradiating a solution containing
the complex of 2B6 with 2, MV2*, and ethylene diamine tetraacetic
acid (EDTA). When colloidal platinum was added as a catalyst, pho-
toinduced hydrogen production was observed upon continuous
irradiation with visible light. The estimated turnover frequency of
photoinduced hydrogen evolution was 5.0 x 10~3s~1, The heavy
chain of antibody 2B6 mainly contributed to the complex formation
with 2 and led to the efficient hydrogen production. The amount
of hydrogen produced in the presence of antibody 2B6 was eight
times larger than that without antibody.
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Fig. 2. Molecular structures of porphyrins 1-7.

In another approach, nanocomposites were used as photo-
catalysts for hydrogen production. These nanocomposites were
composed of a meso-tetrakis (p-sulfonatophenyl) porphyrin (3)
(Fig. 2) as photosensitizer and platinum (Pt) nanoparticles as cat-
alyst [59]. The porphyrin was also useful in order to prevent
agglomeration of the Pt nanoparticles. Fluorescence and photo-
electrochemistry studies on 3 and Pt nanocomposites showed that
efficient electron transfer occurred from the 3 donor to the metallic
nanocore acceptor. Moreover, these nanocomposites were photo-
catalytically active and produced hydrogen. The turnover numbers
(TONp¢ and TON3) and quantum yield of hydrogen production (®y, )
were 44, 11,056, and 1.8%, respectively, calculated on the basis of
the total amount of H, evolution after 12 h irradiation.

Rosseinsky and coworkers reported on a water stable porous
porphyrin metal-organic framework (MOF), that can perform
hydrogen generation from water photocatalytically [60]. The
microcrystalline porous material was formed by reaction of
AlCl3-6H,0 with the free-base meso-tetra (4-carboxyl-phenyl) por-
phyrin (4) (Fig. 2). The zinc derivative (2) was also synthesized
and the MOF/MV?2*/EDTA/Pt system was studied (Fig. 3). For both
frameworks a small amount of H, was observed after illumination
with visible light in the aqueous EDTA/MV?2*/colloidal Pt solution
for 15 h (quantum yield estimated to be less than 0.01%). Such a low

i) visible light ii)

Fig. 3. (i) Reaction involving porphyrin 2, methyl viologen, colloidal platinum, and
sacrificial EDTA. (ii) Reaction involving porphyrin 2, colloidal platinum, and sacrifi-
cial EDTA. Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Reprinted with permission from Ref. [60].

activity was explained on the basis of the diffusion limitations of
methyl viologen in the pores. The analogous system in the absence
of MV2* gives more efficient hydrogen generation, by a reductive
quenching mechanism.

In a different study, nanocomposites formed by function-
alization of Pt nanoparticles with multibranched-porphyrin
photosensitizers were studied [61]. Donor-bridge-acceptor con-
jugates 5 and 6 were synthesized (Fig. 2). The triphenylamine
branches acted as energy donors in these compounds. The organic
sensitizers are in direct contact with the metallic core in the
nanocomposites, and the electron transfer between the organic
moiety and the platinum particles is considered to be efficient.
Hydrogen is detected upon UV-vis irradiation of the nanocompos-
ite systems with TON of 4070 and 6590 (vs. porphyrin) for Pt-6
and Pt-5, respectively. The hydrogen evolution by Pt-6 is higher
than that for Pt-5, indicating that the ethylene linkage between the
tetraphenylporphyrin and triphenylamine moieties is superior to
the ester one.

In order to mimic the photo-induced electron transfer process
of the photosynthetic reaction center, donor-acceptor covalently
linked systems were developed [62]. Yang and coworkers con-
structed a photocatalytic system that uses a nanocomposite, made
of Pt functionalized with 5,10,15,20-tetrakis (4-(hydroxyl)phenyl)
porphyrin (TPPH) (7) (Fig. 2) and pyrenesulfonic acid (PSA) self-
assembled conjugates (Pt-TPPH-PSA), and EDTA as a sacrificial
reductant in the absence of an electron mediator [63]. A system
without an electron mediator not only is inherently simpler, but
also eliminates back reactions associated with the electron trans-
fer to the mediator [64]. It was found that a photoinduced energy
transfer from the photoexcited state of pyrene to the porphyrin
occurs, followed by an electron transfer from the excited porphyrin
moiety to the platinum catalyst. Efficient photocatalytic hydrogen
evolution from the system demonstrates the possibility of con-
structing a photocatalytic system that uses a Pt nanocomposite
functionalized by self-assembled donor/acceptor conjugates. The
turnover numbers (TONp; and TON7) and quantum yields (@, ) for
the photoinduced hydrogen production system are 63, 6311, and
2.65%, respectively. Somewhat surprisingly, photochemical hydro-
gen generation only takes place with UV light absorbed by PSA,
while visible light absorbed by TPPH is not productive.

Yang and coworkers reported on the use of an organic-inorganic
assembly composed of donor-acceptor (D-A) dye molecules and
Pt nanoparticles for photoinducing hydrogen evolution from water



Fig. 4. The proposed configuration of the Pt-8 nanocomposite [65].

[65]. The dye was porphyrin 8 (Fig. 4) and was functionalized with
platinum nanoparticles (Pt-8). Interactions among the Pt nanopar-
ticles and the nitrogen atoms of the porphyrin ring are expected
and therefore the structure of Pt-8 can be described as an organic
anthryl-porphyrin shell enveloping a Pt metallic nanocore (Fig. 4).

Fluorescence and photoelectrochemical spectra revealed that
photoinduced energy transfer occurred from the photoexcited state
of anthracene substituents to the porphyrin, followed by an elec-
tron transfer from the excited porphyrin moiety to the Pt catalyst.
Molecule 8 in the nanocomposite worked as a light-harvesting
antenna and the nanocore Pt species acted as a catalyst. The photo-
catalytic studies showed that after 12 h of UV-vis light irradiation
and in the absence of an electron mediator, the total amount of
H, evolved from the Pt-8 is 175.3 wmol. In this homogeneous pho-
toinduced hydrogen evolution system, ethanol works as a sacrificial
reductant.

2.1.2. Platinum supported on various materials

Kalyanasundaram and Grdtzel were the first that developed
a system with a water-soluble zinc porphyrin (zinc tetram-
ethylpyridyl porphyrin) 9 (Fig. 5) as a photosensitizer, EDTA as
the sacrificial donor and Pt as the hydrogen evolving catalyst.
This system gave @y, = 0.3, twice the value obtained employing
[Ru(bpy)3]®* as photosensitizer [66]. In this report the platinum
catalyst, was supported on polyvinyl alcohol (PVA). In the presence
of the optimum concentration of Pt-PVA (C=8 x 104 M) prolonged
irradiation of an aqueous solution of 9 (2 x 106 M) at pH 5.5 con-
taining EDTA (0.1 M) gave a considerable quantity of hydrogen. The
longevity of this system was slightly better than that of the 9-EDTA-
MV?2* system [51] (containing methylviologen) so that, although
Py, for the 9-EDTA-MV?Z* system was higher, the total amounts of
hydrogen obtained from exhaustive photolysis were comparable
for the two systems. However, the high concentration of platinum

R1

required for the 9-EDTA system is a serious drawback to apply the
system in a practical solar energy storing device.

In a following study, water-soluble or insoluble zinc porphyrins
(9-12) were used as sensitizers of platinized TiO, for hydrogen
production (Fig. 5) [67]. Hydrogen production varies with the con-
centration of platinum, zinc porphyrin and electron donor on the
titanium dioxide surface. Also, the relationship between the rate
of hydrogen evolution and pH has a maximum at pH 4-5 for
EDTA, ascorbic and oxalic acids, as does the adsorption of these
donors on TiO,. In the case of triethanolamine (TEOA), H, pro-
duction increases sharply in alkaline solutions, in which the TEOA
molecules are deprotonated. The photostability of the photosen-
sitizer increases on the semiconductor. Turnover numbers for the
zinc porphyrins varied from 50, after 12 h of irradiation for water-
soluble zinc porphyrin 9 to up to 150-185, after 9 h of irradiation
for water-insoluble sensitizers (10-12).

In another study the water soluble tin-porphyrin 13 (Fig. 6) was
used as a visible light sensitizer of platinized TiO, nanoparticles
[68]. Hydrogen was successfully produced under visible light irra-
diation in a wide pH range (pH 3-11). The turnover number of Hy
produced in the SnP/TiO, system after 9 h irradiation was 410. The
apparent photonic efficiency for H, evolution was estimated to be
35% with a monochromatic radiation of 550 nm. The photochem-
ical production of hydrogen is mediated through the formation of
the mr-radical anion (SnP"~) that subsequently transfers electron to
TiO, in a bimolecular process. The photogenerated SnP*~ was mon-
itored by transient absorption spectroscopy and its lifetime is long
enough to allow slow diffusion of SnP*~ from the bulk solution to
the TiO, surface, which makes the adsorption of porphyrin 13 on
TiO, not necessary for hydrogen production.

With the aim of improving the efficiency of electron trans-
fer processes between the porphyrin sensitizer and the redox
mediator, viologen-linked porphyrins have been synthesized and
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Fig. 5. Molecular structures of porphyrins 9-12.
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Adapted with permission from Ref. [68].

investigated [69-72]. Several studies with respect to photoelec-
tric conversion were reported using electrodes modified with the
Langmuir-Blodgett (LB) film of viologen-linked porphyrin to real-
ize adirected electron flow as in the photosynthetic reaction center
[73-75]. Negatively charged PtClg2~ is assumed to be incorporated
in the LB films of the positively charged porphyrin moiety and violo-
gen moiety and is reduced to Pt by photoreduction. The Pt particles
thus produced are fixed in the LB films. Reduced form of viologen is
well-known to be able to reduce protons in the presence of a cata-
lyst such as platinum, leading to H, production [51,76-78]. Also, in
another study photoreduction of protons to H, was observed using
a LB film of viologen linked with a free base porphyrin (14) (Fig. 7)
and in combination with a Pt catalyst in the presence of EDTA as a
sacrificial electron donor [79,80]. The rate of hydrogen production
using viologen-linked porphyrin 14 was larger than that measured
using viologen-free porphyrin 15. Also, using porphyrin 14, as com-
pared to porphyrin 15, hydrogen evolution was continued for a
much longer period.

A system using zinc tetraphenyl porphyrin (ZnTPP) (16) (Fig. 8)
incorporated into a Nafion® membrane (Nf) coated on a plat-
inum electrode (denoted as Pt/Nf[ZnTPP]) produced H; [81]. When
visible light (A >390nm) was irradiated on the Pt/Nf[ZnTPP] sys-
tem, a photocurrent was generated under applied potentials below
—0.10V (vs. Ag/AgCl). The amount of H, produced increased with
the cathodic potential. These results indicated that in the photo-
chemical primary process, a reductive quenching takes place by
electron injection from the Pt electrode to the singlet excited state
of ZnTPP forming ZnTPP"~, subsequently leading to the H, forma-
tion by a bimolecular catalysis of porphyrin 16 [81].

Kusumoto and coworkers, reported on the hydrogen produc-
tion with the insoluble cobalt porphyrin 17 (Fig. 8), MV2*, EDTA
and platinum colloid that was loaded on an anionic polypeptide
such as the poly(L-glutamate) (Poly(Glu)) [82]. This polypeptide
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Fig. 7. Molecular structures of porphyrins 14 and 15.
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stabilizes the platinum colloid and interacts electrostatically with
a cationic decylammonium chloride surfactant (DeAC) to form
a polypeptide-surfactant complex. Porphyrin 17 is then solubi-
lized in the polypeptide-complex solution by the hydrophobic
interaction with the alkyl chains of DeAC. Hydrogen production
experiments carried out in the absence of 17 led to no hydrogen
production while at low DeAC concentrations only a trace amount
of hydrogen gas was produced. Porphyrin 17 in the Poly(Glu)-DeAC
complex can serve as a photosensitizer for the production of
hydrogen and the presence of polypeptide-surfactant complexes
enhances the rate of this production by solubilizing the photosen-
sitizer and possibly enhancing the separation of charged species.
As a general comment, however, the use of cobalt porphyrins as
photosensitizers should be regarded with some caution, given the
extremely short (ps) excited states lifetimes.

In another study Yang and coworkers prepared an efficient
hydrogen evolution system composed of a porphyrin dye func-
tionalized onto Pt nanoparticles as catalyst, and deposited on
graphene nanosheets [83]. Porphyrin 7 was used for the non-
covalent functionalization of the reduced graphene oxide (RGO),
forming the nanocomposite (TPPH-RGO). Compared with either
bare 7 or RGO functional Pt nanoparticles, the TPPH-sensitized
RGO loaded with Pt nanoparticles shows enhanced photocatalytic
activity under UV-vis light irradiation in the presence of TEOA
as sacrificial electron donor. The superior electron-accepting and
electron transporting properties of graphene greatly accelerate the
electron transfer from excited 7 to the Pt nanoparticles, which
promote the photocatalytic hydrogen evolution. The authors pro-
posed a possible mechanism for light-driven water reduction by
this graphene based nanohybrid with the assistance of CTAB (Fig. 9).
(1) Under UV-vis light irradiation, porphyrin 7 molecules adsorbed
on RGO sheets are excited, and a photoinduced electron transfer
from the 7 moiety to RGO takes place; (2) the electrons are then

16, R,=Ry=H, M= Zn
17, R]:R2:H, M=Co
18, R]:-SO3H, RZZH, M=Zn

R4

Fig. 8. Molecular structures of porphyrins 16, 17, and 18.
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Reprinted with permission from Ref. [83].

transferred from RGO to the Pt nanoparticles loaded on the
graphene nanosheets, where protons are converted into Hj; (3)
the oxidized 7 moiety returns back to the ground state by
accepting electrons from TEOA. Moreover, with the assistance of
cetyltrimethyl ammonium bromide (CTAB) surfactant, the catalytic
activity and stability is further improved owing to the prevented
aggregation of the TPPH-RGO nanocomposites.

2.2. Porphyrins as sensitizers with Hydrogenase as catalyst

Hydrogenases are enzymes expressed by microorganisms that
catalyze the reversible reaction 2H* +2e~ < H, [84]. They are iron-
containing metalloproteins that can be divided in three main
classes: the iron-sulfur cluster free hydrogenases, which feature
a mono-iron catalytic site; the [NiFe]-hydrogenases, characterized
by the presence of a catalytically relevant nickel atom; and the
|FeFe]-hydrogenases, which feature the highest catalytic efficiency
among the three classes so far characterized and which are gener-
ally referred to as the H-cluster [85]. The H-cluster (Fig. 10) consists
of a di-iron assembly, the di-iron sub-site [2Fe]H, which is con-
nected to a Fe4S,4 cluster via a cysteinyl bridge. The cubic Fe4Sy
cluster is part of the electron transfer chain that links the active site
of [FeFe]-hydrogenase. The coordination sphere of the iron centers
of the [2Fe]H sub-site is completed by terminal diatomic ligands
CO and CN, and by a dithiolate bridge.

Iron hydrogenases are very efficient in reducing protons to
molecular hydrogen with turnover frequencies of 6000-9000
molecules Hy per second per site [86]. In this section the use of the
natural enzyme as catalyst will be discussed as well as the study of
artificial systems synthesized in order to mimic the active site of

the enzyme.
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Fig. 10. Schematic structure of the H-cluster found in the active site of [FeFe]-
hydrogenases.

2.2.1. Porphyrins as sensitizers using natural enzyme as catalyst

Numerous photoinduced hydrogen evolution systems were
developed, in which hydrogenases are used as catalysts [87].
Porphyrins and methylviologen have been widely used as photo-
sensitizers and electron carrier, respectively in these systems [88].
Okura and Kim-Thuan reported a system containing porphyrin 16
(Fig. 7), methyl viologen, hydrogenase from Desulfovibrio vulgaris
(Miyazaki type) and TEOA or mercaptoethanol as electron donor
[89]. Compound 16 being insoluble in water, a micellar solution
in an aqueous system was prepared with the aid of a surfactant
(Triton X-100). After 15 h of irradiation hydrogen production was
observed with a turnover number of 81. In order to avoid the use
of surfactants Okura and coworkers synthesized the water solu-
ble porphyrin (18) (Fig. 7) and they studied its catalytic activity
[90]. Under identical experimental conditions, 18 exhibited supe-
rior performance compared to 16 reaching a turnover number of
614. The higher catalytic activity was attributed to the more effi-
cient reduction of MV2* by 18. Haematoporphyrin was also tested
as photosensitizer in a similar photocatalytic system and hydrogen
production was observed after visible light irradiation [78].

Cytochrome c3 is a natural electron carrier and the most suit-
able substrate for hydrogenase, for this reason it was tested as
electron carrier in a photoinduced hydrogen evolution system [91].
When an aqueous solution containing 18, cytochrome c3 and TEOA
as a reducing agent was irradiated, the absorption spectrum of
cytochrome c3 changed. The Soret band shifted from 419 to 432 nm
and this was attributed to the formation of the reduced form of
cytochrome c3. When hydrogenase was added to this system and
the mixture irradiated with sunlight for 6 h, hydrogen evolution
was observed.

In a different approach viologen-linked zinc porphyrin com-
plexes have been prepared (Fig. 11) [92,93]. The synthesized
water-soluble viologen-linked cationic (19-23) and anionic
(24-27) porphyrins possess different methylene chains between
the central macrocycle and the peripheral viologen moieties.

These compounds can act both as photosensitizers and as
electron carriers. They were used in combination with reduced
nicotinamide-adenine dinucleotide phosphate (NADPH) as elec-
tron donor and hydrogenase as catalyst. From fluorescence lifetime
measurements and laser flash photolysis experiments it was found
that in viologen-linked porphyrins, the photoexcited singlet state
and the triplet state of porphyrin are easily quenched by the bonded
viologen, compared to the viologen-free porphyrin. When the



19, n=2

20, n=3

21, n=4

@'il 22, n=5
R 23, n=6

Fig. 11. Molecular structures of viologen linked cationic (19-23) and anionic (24-27) porphyrins.

sample solution containing NADPH, porphyrins 19-27, and hydro-
genase was irradiated, hydrogen evolution was observed. Within a
certain range (n=2-4), the hydrogen evolution rate decreases with
increasing the chain length. In the cases of 22 and 23 however, a
higher hydrogen evolution rate was observed [92]. On the other
hand with anionic porphyrins (with exception of porphyrin 27), no
hydrogen production was observed.

In order to suppress the back electron transfer from viologen
to the porphyrin, micellar systems of surfactant were used [94].
Based on this approach Okura and coworkers reported on a sys-
tem consisting of TEOA, porphyrin 1, MV2*, and hydrogenase [95].
Addition of an anionic surfactant, sodium dodecyl sulfate (SDS),
resulted in the formation of a SDS micellar system. Although effec-
tive charge separation was observed, little hydrogen production
was detected because of the denaturation of hydrogenase by SDS. In
order to improve the catalytic performance of this system hydrogen
evolution was examined in the presence of various non-ionic sur-
factants (Triton X-100, Nonidet P-40, Triton N-101, and Tween-40)
micellar systems [96]. The effective photoreduction of methylvio-
logen and the effective hydrogen production with hydrogenase was
observed in the presence of these non-ionic surfactants. In all the
cases, the hydrogen production rate was higher compared to that in
the absence of the surfactants. The most effective hydrogen produc-
tion system was developed using Tween-40 micelles. Moreover, the
photoinduced hydrogen production rate depends on the alkyl chain
length of the surfactant. In a similar catalytic system, the influ-
ence on hydrogen evolution of a cationic surfactant, cetyltrimethyl
ammonium bromide (CTAB), was also examined [97-99]. The cat-
alytic performance in the presence of this cationic surfactant was
superior compared to the anionic and non-ionic surfactants. The
increased efficiency was attributed to the more effective suppres-
sion of the back electron transfer reaction from reduced methyl
viologen to 1.

Since nature uses multiple chromophoric assemblies (light-
harvesting complexes) to capture sunlight and efficiently transfer
the energy to the photosynthetic reaction centers, much inter-
est has also been paid to the synthesis of multiporphyrin arrays
and organized ultrathin films [100,101]. A very useful and easily
controllable technique for the preparation of organized thin films
is the LB method, by which many porphyrin organized multilay-
ers have been prepared [102,103]. Qian and coworkers used this
method and developed a system in which mixed monolayers of
negatively charged phospholipid and positively charged porphyrin
9 were formed at the air-water interface and then transferred onto
a glass surface [104]. Both the phospholipid-porphyrin LB films and
the porphyrin aqueous solutions were used as photosensitizer for

the photoinduced hydrogen evolution, in combination with EDTA,
viologen and hydrogenase. Hydrogen production was observed in
both cases.

In natural enzymes lysine plays an important role in the effec-
tive binding of cytochrome cs3, therefore, in a biomimetic approach,
lysine-linked viologen was prepared (LysV%*) and applied in a
photoinduced hydrogen evolution system containing hydrogenase,
porphyrin 4, and TEOA [105]. Porphyrin 4 was selected as photo-
sensitizer because of the electrostatic repulsion between the four
carboxylic groups and the hydrogenase (acidic protein) and thus
does not hamper the hydrogenase-LysV complex formation. In this
system, under steady state irradiation, efficient hydrogen produc-
tion was observed. Hydrogen evolution rate with LysVZ* was 4
times higher than that with MV2*, indicating that LysV2*, which has
a high binding affinity for hydrogenase, acts as an effective electron
mediator.

Natural hydrogenases are very active hydrogen evolution cata-
lysts. Being prone to chemical and environmental stress, however,
enzymes are not suited for long-term use and replacement of
hydrogenases with more robust synthetic catalysts, either as homo-
geneous or heterogeneous species, is most likely the main goal in
the field of the HER photocatalysis.

2.2.2. Porphyrins as sensitizers using biomimetic catalyst

Iron hydrogenases have received great attention in biomimetic
studies aiming at exploring model compounds that can act as
proton-reduction catalysts. A few of them have proved to be effi-
cient for electrochemical hydrogen production [106-109]. The
photoinduced electron transfer (ET) from a chromophore to a diiron
hydrogenase model complex has been observed in a few cases
[110,111], but the ultrafast dynamics of this process is still not fully
understood. Most of the model compounds that have been used
are not covalently linked but are held in suitably close proximity
by the protein matrix via non-covalent interactions. On the other
hand, several biomimetic [2Fe2S] complexes covalently linked to
ruthenium or porphyrin photosensitizers have been synthesized,
and the possibility of ET was investigated [112-115].

Song and coworkers studied a model compound 28 in which a
photosensitizing porphyrin is covalently linked to the N atom of the
diiron azadithiolate (ADT) moiety [(j.-SCH; )2 N)Fe,(CO)g] (Fig. 12)
[113].

The ADT bridge plays an important role in H, production in
the natural system [116,117]. Diiron-ADT complexes have proved
to be some of the best simple models for the active site of iron
hydrogenases [106]. In the expected light-driven process, the pho-
toexcited porphyrin is oxidatively quenched by the diiron unit to



Ry ﬂ

SuS

Rs Cco occC

Fez

oct\ Rco

28 R; =R, =R;=Ph R, =Fe,
29 R, =R;=Ph R,=R,=Fe,
30 R, =R,=Ph R3=R,=Fe,
31 R;=R,=R;=R,=Fe,

Fig. 12. Biomimetic models 28-31 for the active site of iron-hydeogenase.

give a reduced iron species. After regeneration of the porphyrin by
electron transfer from an external donor, this process is repeated
to produce a doubly reduced diiron species that should be able to
drive the reduction of protons to hydrogen.

The same group synthesized a series of new light-driven mod-
els containing a porphyrin moiety covalently bound to a single
diiron-ADT unit (28) or two (29, 30) or four diiron-ADT units (31)
(Fig. 12) [118]. It was found that H, was produced when irradiat-
ing (A >400 nm)a CH,Cl, solution containing model 28, ethanethiol
(EtSH) as electron donor, and trifluoroacetic acid (TFA) as the proton
source. A possible pathway for such photoinduced H, production
is suggested, which involves an intramolecular electron transfer
process from the photoexcited porphyrin moiety to the catalytic
diiron-ADT unit.

Wasielewski and coworkers studied a naphthalene monoimide
(NMI) dithiolate ligand for the diiron proton reduction catalyst in
photodriven systems (32) and also the related dyad system fea-
turing a covalently attached porphyrin chromophore (33) (Fig. 13)
[119].

Photochemical hydrogen production experiments were per-
formed by irradiating 33 (2 wmol) in the presence of TFA (2 mmol)
in toluene and hydrogen gas (0.9 wmol) was generated. In the
absence of either TFA or light, no H, production was detected.
However, photochemical H, generation from TFA using 33 was
not catalytic (turnover number of ~0.5). Addition of a p-anisidine
sacrificial donor (2 mmol) significantly decreased the H, forma-
tion (0.02 m). This fact was attributed to p-anisidine protonation,
that greatly diminished both its electron donor ability and the TFA
concentration. In a further study, Wasielewski and coworkers syn-
thesized triads 34 and 35 bearing a ferrocene (Fc) as a secondary
electron donor either directly linked or via a phenyl ring (Fig. 14)
[120].
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Fig. 13. Chemical structures of compounds 32 and 33.

Fig. 14. Molecular structures of 34 and 35.

A two-step, photoinitiated charge separation occurs in triads
34 and 35 in CH,Cly; however, energy transfer from "ZnTPP to
Fc competes very efficiently with electron transfer from !"ZnTPP
to [NMI-Fe!-Fe!-S,(CO)s], so that the yield of Fc*-ZnTPP-[NMI-Fe®-
Fel-S,(CO)s] is only 13% and charge recombination occurs in 9 ns.
In contrast, the simple insertion of an additional phenyl group
between ZnTPP and Fc slows down the energy transfer rate from
1"ZnTPP to Fc of about 20 times allowing the desired reduction
of the diiron complex to dominate, so that the overall yield of
Fc*—Ph-ZnTPP-[NMI-Fe®-Fe!-S,(CO)s] rises to 71% and the charge
recombination slows down to 67 ns. As a consequence, hydrogen
production was observed only for triad 35 and not for triad 34,
though with TONs < 1.

Song and coworkers reported on compound 36, in which the
diiron ADT type complex [(u-SCH3);NC(O)CsHyN]-Fe;(CO)g is
bound to aZnTPP photosensitizer via axial coordination of a periph-
eral pyridyl group to the Zn(II) center (Fig. 15) [121].

The fluorescence spectrum of 36, in comparison with that of
ZnTPP alone, indicated the occurring of an intramolecular electron
transfer process from the photoexcited ZnTPP moiety to the coor-
dinatively bound diiron complex. Studies of the catalytic ability by
36 towards the HER, however, were not present in this report.

Fig. 15. Molecular structure of catalyst 36.
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Fig. 17. Molecular structures of compounds 40-42.

A similar non-covalent assembly, 39, based on a ZnTPP and
the iron hydrogenase active-site model 37 self-assembled via axial
coordination, was reported by Sun and coworkers (Fig. 16) [122].
The studies on the assembly, also in comparison with the model
systems 38 and ZnTPP, showed fast photo-induced intramolecular
electron transfer from the excited singlet state of the zinc por-
phyrin to the diiron center. The assembled system proves to be
superior to the intermolecular and to the covalently linked molec-
ular dyads, since it can effectively reduce the detrimental charge
recombination via complex dissociation. As a consequence, visible
light-driven H, generation was observed from this self-assembled
system with TON=0.16 based based on 37 and TON =16 based on
ZnTPP. Also, there was no hydrogen evolved if 37 was replaced by
38, in which the pyridyl group was replaced by an hydroxyl group
unavailable for coordination to the chromophoric unit (Fig. 16).
These results indicate that the assembly of 37 and ZnTPP via axial
coordination is crucial for light-driven H, generation, and that
intramolecular photoinduced ET does occur in 39.

A supramolecular building block approach was introduced
by Kluwer and coworkers where pyridyl-functionalized phos-
phine ligands coordinate with phosphorus to the active metal
center, whereas the nitrogen donor coordinates selectively to
chromophores such as zinc porphyrins (40 and 41) yielding the
supramolecular assembly 42 (Fig. 17) [123].

Catalyst 42 photogenerated significant (TON =5 with respect to
the cluster concentration) amounts of H, gas in the presence of
2 molar equiv. of both 40 and 41. Under these conditions, mixed
assemblies with two different chromophores are likely formed. This
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observation suggests that the hydrogen-producing system requires
the presence of both chromophores (40 and 41) in solution.

2.3. Porphyrin as sensitizers with cobalt complexes as catalysts

One of the first uses of porphyrin sensitizers coupled to cobalt
complexes for hydrogen production from water was reported by
Sun and coworkers [124]. These molecular devices consist of a
porphyrin moiety as the sensitizer and a cobaloxime complex as
the hydrogen evolving catalyst (Fig. 18) [33,41,125,126]. Three

44 X=H Y={BuM=12Zn

45 X=H Y =tBuM=Mg

46 X=H Y={BuM=2H

47 X=H Y=H M=2Zn

48 X=H Y=COOMe M=2Zn
49 X=H Y =COOMe M =2H
50 X=1tBu Y=H M= AI-OH

Fig. 18. Molecular structures of compounds 43-49.
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different porphyrin derivatives with a pyridyl group at one meso
position, namely a Zn(II), Mg(Il), and a free-base porphyrin, were
used to bind axially to the cobalt center of the catalytic moiety
to construct three molecular dyads for photochemical hydrogen
production (43, 44, and 45, respectively). Upon continuous visible
irradiation in the presence of triethylamine (TEA) as sacrificial
electron donor in a 80/20 THF/H,0 mixture, significant hydrogen
evolution was observed only for the Zn(Il)-substituted compound
43 (TON =22 after 5 h), while only trace amounts were detected for
the remaining complexes 44,45. Hydrogen production was hypoth-
esized to proceed through two subsequent intramolecular electron
transfer processes from the singlet excited state of the porphyrin to
the cobaloxime catalyst thus forming the active Co(I) species, with
the recovery of the oxidized sensitizer at each electron transfer
step promoted by the TEA donor. To this respect, the best hydrogen
evolving performance by the zinc-substituted complex 43 was
claimed to arise from (i) a larger driving force for the photoinduced
electron transfer to the catalyst (favoring 43 and 44 with respect
to 45) and (ii) the possibility of an inner-sphere electron transfer
process from the donor to the sensitizer due to pre-coordination of
the TEA to the zinc metal center (favoring 43 with respect to both
44 and 45). The same authors reported [127] other two molecular
dyads (46 and 50) based on the very same cobalt catalyst and two
different Zn(Il) porphyrin sensitizers differing from 43 essentially
for the lack of tert-butyl functional groups in the phenyl rings
(46) and for the presence of a 4-isonicotinamidyl(phenyl) bridge
instead of the pyridyl group (50) (Fig. 19). Complexes 46 and 50
showed improved photocatalytic activity (80/20 THF/H,O, TEA as
sacrificial donor) with respect to the parent compound 43 with
overall TON after 12 h irradiation of 46 and 35, respectively. The
lower activity observed for 50 with respect to 46 was mainly
attributed to the longer sensitizer/catalyst distance slowing down
the electron transfer process to the cobaloxime.

Almost simultaneously Guldi, Coutsolelos and coworkers [128]
and Scandola and coworkers [129,130] beside testing the photocat-
alytic properties, addressed careful spectroscopic studies on very
similar porphyrin-cobaloxime devices mainly differing from the
ones studied by Sun and coworkers [124,127] for the presence
of 4-carboxymethyl(phenyl) groups at the porphyrin meso posi-
tion (47, 48) [128] or for the presence of an aluminum(IIl) metal
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center in the porphyrin core 49 (Fig. 18) [129,130]. In both cases
very fast, subnanosecond quenching processes of the porphyrin sin-
glet excited state within the formed sensitizer/catalyst dyads were
observed by time-resolved emission techniques [129,130]. More
detailed investigation of the quenching process by means of time-
resolved absorption spectroscopy allowed shedding more light into
the quenching mechanism: Fast, monoexponential decay of the sin-
glet excited state transient absorption features were observed for
all the porphyrin-cobaloxime dyads [129,130]. This was ascribed
to a fast oxidative photoinduced electron transfer from the singlet
excited state of the porphyrins to the cobaloxime catalyst followed
by a much faster charge recombination process which prevents
eventual reaction with the sacrificial electron donor. Driving force
and solvent effects on the charge separation rates were all compat-
ible with this mechanism. More recently, by means of a different
experimental/theoretical approach Pryce, Vos and coworkers sug-
gested [131] that the fluorescence quenching by the cobaloxime
catalyst is ascribable rather than to an electron transfer mechanism
to an energy transfer to a lower energy cobaloxime-based excited
state involving Co-N(pyridyl) bond lengthening and thus cata-
lyst/sensitizer dissociation. Regardless of the mechanism, all these
investigations converged to the idea that porphyrin quenching by
cobaloxime is detrimental to photoinduced hydrogen evolution
and cast several doubts on the previous reported hydrogen evolving
activity by porphyrin-cobaloxime dyads or at least on the proposed
photocatalytic mechanism [124,127]. As a matter of fact both Guldi
and Coutsolelos [128] and Pryce and Vos [131] observed negligible
amounts of hydrogen produced and thus failed to reproduce the
data reported by Sun and coworkers [124,127].

A particular case of porphyrin-cobaloxime dyads is that
reported by Scandola and coworkers [129] (dyad 49) where the
additional presence of a Lewis acid site in the porphyrin core, i.e.
an aluminum center, triggered the formation of a photocatalytic
reductant/sensitizer/catalyst triad taking advantage of ascorbic
acid as sacrificial electron donor. Sizeable amounts of hydrogen
were indeed produced upon continuous visible irradiation of the
triad system (70/30 acetone/H, O mixtures) with TON up to 352 and
TOF up to 10.8 min~! with respect to the sensitizer (quantum yield
@ =0.046) under optimized conditions [ 130]. The main conclusions
from this study, however, were that association of the three com-
ponents is not useful toward photoinduced hydrogen production,
as in the mixed solvent used for the photocatalytic experiments the
association of the three components is not complete and hydrogen
formation arises from a bimolecular reaction of the triplet state of
free aluminum(IIl) porphyrin sensitizer present in solution with the
sacrificial donor. This primary photoreaction produces the reduced
photosensitizer, which further reacts bimolecularly with the cata-
lyst, thereby triggering hydrogen generation.

An homogeneous system involving a porphyrin sensitizer
and a cobaloxime catalyst for photoinduced hydrogen evolution
from water was recently reported by Weinstein, Coutsolelos and
coworkers [132]. The system takes advantage of a water-soluble
tetracationic zinc porphyrin (9) as sensitizer, an H-bridge cobalt(III)
cobaloxime catalyst bearing a pyridine and a chloride as axial lig-
ands (51) (Fig. 20), and TEOA as sacrificial electron donor. Upon
continuous visible irradiation of mixed 50/50 acetonitrile/H,O
solutions hydrogen production was detected with the best result
obtained at pH 7 with a TON of 280 with respect to the porphyrin
after 35 h. Decomposition of both the sensitizer and the catalyst was
responsible for the ceasing of the photocatalytic activity. Additional
hints were also provided to shine light on the photoreaction mech-
anism: An oxidative quenching pathway was indeed deduced on
the basis on transient absorption experiments. No singlet quench-
ing by both the TEOA and the cobaloxime catalyst was observed. On
the other hand, the tetracationic zinc porphyrin 9 reacts bimolec-
ularly at the triplet level with the cobaloxime, the TEOA sacrificial



Fig. 20. Molecular structures of compounds 51 and 52.

donor then recovers the oxidized sensitizer which is then capable
of a second photoinduced reduction step on the catalyst with the
formation of an active Co(I) species (also detected by conventional
stationary absorption technique) capable of proton reduction to
dihydrogen.

Photocatalytic activity was also observed for a similar system
involving a tetracationic free-base porphyrin 52 (Fig. 20) as chro-
mophore instead of the zinc analog, although the performance was
remarkably lower (TON =60 after 9 h irradiation) most likely as the
result of the triplet excited state of the free-base porphyrin being a
less powerful reducing agent than that of the zinc porphyrin [133].

3. Porphyrins as hydrogen evolving catalysts

As observed in the previous sections, the porphyrin macrocycle
offers a unique platform for the coordination of different closed-
shell metal centers, such as Zn(II), Al(III), Sn(IV), and Mg(Il), with
the possibility of tuning both the spectroscopic and electrochemical
properties of the chromophore. On the other hand, the porphyrin
macrocycle can be also employed for the stabilization of redox-
active metal centers capable of evolving through different oxidation
states with potential application in catalysis. In the quest of artifi-
cial photosynthesis several examples of such a use can be found
in the literature regarding water splitting, for both water oxida-
tion [134,135] and hydrogen production (see below), as well as CO,
reduction [136-138].

As far as the hydrogen evolution reaction (HER) is concerned,
one of the first studies which pointed out the actual potential
of porphyrin macrocycles as catalysts was reported by Coll-
man and coworkers [139] when investigating on the dihydrogen
elimination reaction from osmium(II) and ruthenium(Il) metallo-
porphyrin hydrides. Stable anionic hydrides, such as 53 and 54 (as
monopotassium salts) (Fig. 21), were observed to undergo quan-
titative dihydrogen elimination either upon addition of equimolar
amounts of benzoic acid or excess water in THF or upon chemically
or electrochemically induced oxidation. While in the former case,
experiments in deuterated water suggested dihydrogen formation

53 M = Ru(ll)
54 M = Os(ll)

Fig. 21. Molecular structures of compounds 53 and 54.
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Fig. 22. Molecular structures of compounds 55-60.

to occur through protonation of the hydride species, in the latter
a bimolecular mechanism involving cooperation of two M(III)-H
moieties was the dominating pathway [139].

The different metal center was observed to markedly affect the
kinetic of dihydrogen elimination, but not the mechanism, with
the ruthenium complex 53 being faster than the osmium analog
54. Interestingly, the substitution of the axial THF with ligands
with increasing trans-effect enhanced the rate of hydrogen elim-
ination by both protonation of the M(II)-hydride and bimolecular
elimination from the M(III)-hydride. Along this line, again Collman
and coworkers [140] reported on the electrocatalytic hydrogen
evolution from a series of cofacial bisorganometallic diporphyrin
complexes 55, 56, and 57 and 58, 59, and 60, differing essentially
from the metal centers (ruthenium(IIl) or osmium(lIl), respectively)
and the axial organic substituents (Fig. 22).

Electrochemical investigation at an Hg-pool electrode of THF
solutions upon addition of acid showed that hydrogen is catalyti-
cally produced after two subsequent reduction steps involving both
metal centers (i.e., formation of two M(II) species). Importantly, the
change of the X substituent along the series 55, 56,57 and 58, 59, 60
has a strong impact on the reduction potential of the metal centers
and thus on the potential required to promote hydrogen formation,
with compounds 57 and 60 reducing at less negative potentials
than 56, 59 and 55, 58. The basicity of the metal centers, however,
is strictly related to the reduction potentials with the consequence
that only catalysts having more negative reduction potentials (for
instance 57 and 60) can foster proton reduction in the presence of
weak acids such as benzoic acid, whereas metalloporphyrin cata-
lysts 55 and 56, which have the least negative reduction potentials
require stronger acid such as TFA to promote hydrogen evolution.
As a matter of fact a straightforward correlation was observed
between the strength of the acid required to protonate the elec-
trochemically generated double-reduced species of the complexes
and the electronic nature of the metal (with the related axial ligand)
[140]. Bulk electrolysis experiments on THF solutions containing
different proton sources give TONs between 1.6 and 5.5. The change
of either the metal or the axial substituent has no remarkable
impact on the overpotential for the HER, while it slightly affects
the stability of the system under applied external potential with the
osmium complexes resulting slightly more active than the ruthe-
nium analogs. As regarding the hydrogen evolution mechanism,
two possible pathways were proposed: (i) a mechanism involving
formation of a dihydride intermediate then capable of eliminating
hydrogen and (ii) a single-site process in which protonation and
elimination take place at one single metal center assisted by elec-
tron transfer from the nearby metal anion species. Regardless of the
actual pathway, an enhanced catalytic performance was observed
with respect to the mononuclear species, suggesting that a contri-
bution from the cofacial orientation is indeed important.

More appealing, noble-metal free porphyrin HER catalysts were
also reported in the last decades. One example is the iron(llI)



Fig. 23. Molecular structure of compound 61.

tetraphenylporphyrin 61 (Fig. 23) studied by Savéant and cowork-
ers [141]. Electrochemical investigation under cathodic scan in
DMF solution shows the presence of three reversible one-electron
reduction processes ascribable to the Fe(Ill)/Fe(II), Fe(Il)/Fe(I), and
Fe(I)/Fe(0) redox couples, respectively. Addition of protonated tri-
ethylamine triggers the appearance of a catalytic wave at potential
values close to the Fe(I)/Fe(0) redox couple (onset at ca. —1.4V
vs. SCE), ascribable to proton reduction. Hydrogen production was
observed upon bulk electrolysis at —1.6V vs. SCE of a 50 mM
Et3NHCI (protonated triethylamine) DMF solution containing 1 mM
61 with a TON of 22 obtained after 1 h. Importantly, formation of
hydrogen is selective with a Faradaic yield close to 100% and the
linear relationship of charge vs. time suggests good stability of the
catalyst within this timeframe. As far as the hydrogen evolution
mechanism is concerned, proton attack on the Fe(II)-H catalytic
intermediate, obtained through protonation of a Fe(0) species, is
the rate-determining step of the overall catalysis which is mainly
limited by diffusion of protons to the electrode surface. Despite
the remarkable activity for the HER, the high negative operating
potential of the catalyst strongly prevents its application within
light-activated processes for photochemical water splitting.

To this respect cobalt porphyrins represent more suitable
molecular components in view of practical uses. A first study
dealing with cobalt porphyrins as hydrogen evolving molecular
catalysts was reported in 1985 by Kellett and Spiro [142]. Three
cobalt(Il) porphyrins 62, 63, and 64 (Fig. 24) were shown to pro-
duce hydrogen from 0.1 M TFA aqueous solutions under application
of —0.95 Vvs.SCE atan Hg-pool electrode with a Faradaic yield close
to 100%. Hydrogen evolving activity was observed to be mainly
limited by adsorption of the porphyrin compounds at the elec-
trode surface, a condition which also prevented any reliable kinetic
and mechanistic investigations of the hydrogen evolving ability of
cobalt porphyrins [142]. To this respect, however, the authors con-
sidered the formation of a Co(Ill)-H species through protonation
of a Co(I) species as a key, initial step and provided two alterna-
tive mechanisms for the evolution of the latter toward hydrogen
formation: (i) a heterolythic pathway involving protonation of the
Co(Ill)-hydride intermediate and (ii) a homolythic pathway involv-
ing bimolecular reaction of two Co(Ill)-H species. On the basis of
thermodynamic considerations and by comparison with analogous

62 R= — N
R 63 R= —CN%D
64 R= —Q—NMS3
R 65 R= — )
R 66 R= —Q—NHZ

Fig. 24. Molecular structures of compounds 62-66.
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Fig. 25. Molecular structure of compound 67.

cobalt-based catalytic systems [143], the authors concluded that
the bimolecular mechanism (ii) is the dominant pathway.

In a follow-up study, the very same authors reported the ten-
tative incorporation of cobalt porphyrin complexes on electrode
surfaces by exploiting different strategies and techniques [144].
First, a cobalt tetraphenylporphyrin (65) was put on a glassy car-
bon (GC) electrode by drop-casting of a chloroform precursor
solution. Second, the functionalized cobalt porphyrin 66 was cova-
lently linked to a GC electrode through condensation reactions
forming amide functional groups after conversion of surface car-
boxylic acid groups into acyl chloride ones. Third, porphyrin 62 was
copolymerized in the presence of p-xylil a,a’-dibromide to form a
cross-linked polycationic polymer. Fourth, a cobalt protoporphyrin
IX 67 (Fig. 25) was electropolymerized via the peripheral vinyl sub-
stituents on the electrode surface. Fifth, both cationic compounds
63 and 64 were anchored on the GC electrode surface after incor-
poration within a negatively charged Nafion® membrane. The first
four approaches failed to give stable, working electrodes mainly
because of either desorption processes or stability issues under
hydrogen evolving conditions. Only the 63/64 Nafion® films on GC
were found to show substantial activity for the HER. In a 0.1 M
TFA aqueous solution upon application of a cathodic potential of
—0.95V vs. SCE hydrogen was produced with a TON of 26 after
90 min of continuous electrolysis, however with remarkably low
efficiency (ca. 30%) [144].

More recently, Nocera and coworkers reported on the elec-
trochemical hydrogen evolution from organic acids catalyzed by
a “hangman” cobalt(Il) porphyrin 68 (Fig. 26) [145]. “Hangman”
cobalt(Il) porphyrin 68 and its molecular model 69 catalyze hydro-
gen production from a 15 mM benzoic acid solution in acetonitrile
at an overpotential of ca. 800 mV and with Faradaic efficiencies
between 80 and 85%. Despite the not outstanding catalytic prop-
erties, this work provided an essential mechanistic insight into the
hydrogen evolving reaction catalyzed by cobalt porphyrins. Elec-
trochemical investigation in acetonitrile solution in the presence of
benzoic acid shows that cobalt(Il) porphyrins 68 and 69 undergo a
reversible one-electron Co(II)/Co(I) reduction at —1.10V vs. Fc/Fc*,
which is followed by the catalytic proton discharge which falls at
less negative potentials by ca. 120 mV in the case of 68 than for
69 (—1.90V vs. Fc/Fc* and —2.02V vs. Fc[Fc*) as a result of the

. 68 R =COOH

69 R=Br

tBu

CeFe

Fig. 26. Molecular structures of compounds 68 and 69.
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presence of the hanging group in 68 facilitating the formation of
a Co(Il)-hydride intermediate via intramolecular proton transfer.
Therefore in these conditions hydrogen production does not take
place upon protonation of the Co(I) species and an additional reduc-
tion/protonation step is required. This is likely the consequence
of the presence of electron withdrawing groups at the meso pos-
itions decreasing the basicity of the electrochemically generated
Co(I) species. Interestingly, in the presence of a stronger acid such
as tosic acid the catalytic wave starts at the same, less negative
potential (ca. —1.5V vs. Fc/Fc*) for both 68 and 69, indicating that
the “hangman” effect is bypassed. Under these strong acidic con-
ditions, however, proton reduction catalysis still occurs at more
negative potentials than the (now irreversible) Co(II)/Co(I) redox
process, thus demontrating that the mechanism involves protona-
tion of the Co(I) species yielding a Co(Ill)-hydride which, however,
needs to be subsequently reduced to a Co(II)-H species capable of
hydrogen evolution upon protonation [145].

The clear elucidation of the hydrogen evolution mechanism
catalyzed by the “hangman” cobalt(Il) porphyrin represented a
powerful tool for better understanding the HER mechanism by the
tetracationic cobalt(Il) porphyrin 63 studied by Natali and cowork-
ers [146] in both acetonitrile (with benzoic acid as proton donor)
and neutral aqueous solutions (phosphate buffer, pH 7). In both
cases catalytic water discharge is observed with an onset at ca.
—1.2V vs. SCE, at a more negative potentials than the Co(II)/Co(I)
redox couple, thus implying that catalytic hydrogen evolution by 63
takes place only upon reduction and protonation of a Co(I) species.
Interestingly, the relatively high potential of the proton reduction
discharge paved the way for the investigation of such a tetracationic
cobalt(II) porphyrin 63 as a molecular catalyst powered within a
light-activated photocatalytic cycle. As a matter of fact Natali and
coworkers reported [146] that 63 is a competent molecular catalyst
for hydrogen generation from phosphate buffer solutions (pH 7)
upon continuous visible irradiation in the presence of Ru(bpy)s2*
as photosensitizer and ascorbic acid as sacrificial electron donor
achieving TON up to 725 mainly limited by depletion of the catalyst
63 [146]. As shown by time-resolved spectroscopy, reduction of the
cobalt porphyrin catalyst takes place after reductive quenching of
the Ru(bpy);2* chromophore by ascorbic acid and subsequent elec-
tron transfer to 63. The first electron transfer event takes place at
a remarkable rate, close to the diffusion limit, an important condi-
tion to prevent undesired parasite reactions involving the reduced
species of the sensitizer produced under continuous irradiation.

In the context of hydrogen evolution catalysis by means of
macrocyclic cobalt complexes, particular attention has been also
devoted to other macrocycles such as corroles. Corroles are syn-
thetic tetrapyrrolic macrocycles from the porphyrinoid family, but
have several important differences with respect to porphyrins: (i)
the macrocycle is a trianionic ligand and as such has the tendency
to coordinate trivalent metal centers, (ii) the ring cavity is smaller
than that of a porphyrin and thus can accommodate smaller metal
centers which usually sit out of the plane of the aromatic structure,
(iii) corroles are electron-rich molecules and are usually stabilized
by insertion of electron-withdrawing groups at the ring periphery
[147].

In a close similarity with cobalt porphyrins, cobalt(IIl) corroles
have been used as electrocatalysts for water oxidation [148,149]
as well as for the hydrogen evolving reaction [149-151]. As far
as the latter is concerned, Gross and Dey reported electrocat-
alytic hydrogen production with several cobalt corroles (70, 71, 72)
(Fig. 27), featuring different susbtituents at the (3-pyrrole positions
[150,151]. Electrochemical investigation in acetonitrile solution in
the presence of TFA as proton source showed that the cobalt cor-
role undergoes a first Co(Ill)/Co(II) reduction, whose irreversible
behavior was attributed to detachment of the axial pyridine, which
is then followed by the catalytic discharge near the potentials of
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70 X=F
71 X=Cl
72 X=Br
73 X=H

Fig. 27. Molecular structures of compounds 70-73.

the Co(II)/Co(I) couple. The presence of different functional groups
at the B-pyrrole positions has a remarkable impact on the elec-
trocatalytic properties of the cobalt(Ill) corrole catalyst. First, the
onset of the catalytic wave shifts to more negative potentials in
the order 72>71>70 (-0.40, —0.55, —0.60V vs. Ag/AgCl, respec-
tively), directly correlating with the reduction potential of the
Co(II)/Co(I) redox couple along the series. Second, estimation of
the kinetic reactivity toward proton reduction explored at dif-
ferent TFA concentrations shows that the most active catalyst is
the fluorinated substituted 70, followed by the chlorinated ana-
log 71 and the brominated 72. As far as the catalytic mechanism
is concerned, a combined °F NMR and theoretical investigation
reveals that formation of a Co(Ill)-H species, obtained through
two consecutive reduction of the cobalt center from Co(IIl)-to-
Co(II)-to-Co(I) and subsequent protonation, is the rate-determining
step. The Co(Ill)-H intermediate may then release hydrogen either
by protonation (heterolythic pathway) or via disproportionation
(homolythic pathway).

The 3-pyrrole unsubstituted cobalt(IIl) corrole 73 was also used
by Du, Lai, and Cao [149] for coating a GC electrode to achieve
electrocatalytic proton reduction. Electrochemical investigation of
the so-formed electrode showed the onset of a catalytic wave at
—0.85V vs. Ag/AgCl, about 250 mV more negative with respect to
the fluorinated analog 70 due to the shift of the Co(II)/Co(I) redox
process toward higher cathodic potentials [150,151]. The electrode
was active toward hydrogen evolution with Faradaic efficiencies up
to 96%, obtained upon bulk electrolysis experimentina 0.5 MH;SOy4
solution at a holding potential of —1.00V vs. Ag/AgCl. Moreover,
recovery of the catalyst 73 after 9-h electrolysis showed negligi-
ble decomposition during catalysis [149], an important feature for
potential application in large scale devices.

In summary porphyrinoid complexes of redox active metal cen-
ters such as Co, Fe, Ru, and Os pose as competent molecular catalysts
for the HER from organic solvents in the present of suitable pro-
ton sources as well as from purely aqueous solutions, even if the
required overpotential to drive the HER usually lies at higher val-
ues in comparison with other active metal complexes [152]. This
notwithstanding, the general synthetic ease of such compounds,
with the possibility of changing the nature of the inner metal cen-
ters, as well as the substituents in both the meso- and [3-positions,
allows for a wide tunability of the redox properties with important
implications toward the optimization of the catalytic performance.
Moreover, the presence of a delocalized m-system involving the
macrocycle may help to stabilize low-valence redox states of the
metal (which are implicated in the HER catalysis) thanks to the
partial delocalization of the negative charge on the aromatic ring
[145]. Although this might be of particular importance toward an
efficient hydrogen production, however, the partial involvement
of the aromatic ring in the redox reactions is likely to affect the
stability of the catalyst under turnover conditions [146]. Dispro-
portionation reactions involving the reduced systems are indeed
probable, undesired, parasite pathways occurring during catalysis
with important effects on the overall catalytic performance.



Finally, the chromophoric nature of porphyrinoid compounds
represents a possible drawback in view of the employment of such
systems as catalysts in photocatalytic experiments. Porphyrins dis-
play indeed strong absorptions in the visible, which can overlap
with those of the sensitizer thus competing in light absorption with
the latter. However, the possibility of working at highly diluted cat-
alyst concentrations (usually in the micromolar range) may help to
prevent such an undesired effect [146].

4. Conclusions

The work summarized in this review is quite varied, including
systems with very different levels of complexity, performance, and
mechanistic insight. In general, porphyrins and metalloporphyrin
appear to perform as good photosensitizers for photocatalytic
hydrogen production, comparable to more popular classes of sen-
sitizers such as, e.g., ruthenium polypyridine dyes.

All the systems reviewed here, however different in complexity,
belong to two distinct classes of mechanistic behavior: oxidative or
reductive quenching, depending on whether the primary excited-
state electron transfer process is from the sensitizer toward the
HEC (with or without the intermediacy of relay molecules) or
from the SED to the photosensitizer. Often, the actual emphasis on
hydrogen production leaves relatively little room for experimen-
tal detailed inspection (photophysical measurements, detection
of intermediates by time-resolved techniques) that could lead to
clear mechanistic conclusions. For instance, in most of the systems
using platinum metal as catalyst an oxidative quenching mecha-
nism is more or less tacitly assumed. However, in the few systems
where specific electrochemical or photophysical measurements
were performed [48,60,68,81], a reductive quenching mechanism
was found to be operative. Similar arguments apply to the systems
using hydrogenase mimics as catalysts. In the systems using cobalt
complexes as HECs, on the other hand, the reductive quenching
pathway is largely prevailing, as shown by detailed mechanistic
studies.

Porphyrins and metalloporphyrin sensitizers may in principle
undergo photoinduced electron transfer either at the singlet or
at the triplet level. This electron transfer is from the porphyrin
to the catalyst — or to an appropriate relay - in an oxidative
quenching mechanism and from the SED in a reductive quenching
mechanism. Obviously, all singlet electron transfer processes are
thermodynamically favored over the corresponding triplet ones (in
porphyrin-based systems typically by ca 0.4-0.5 eV). The problem
with singlet reactivity is, of course, related to the singlet lifetime
which is usually too short (typically few ns) to allow efficient
bimolecular processes to occur. In principle, this problem could
be circumvented by having the sensitizer and the electron donor
or acceptor linked in some kind of supramolecular structure, in
order to make the processes unimolecular. In practice, with very
few exceptions, the strategy has not proven to be very successful,
as the photosensitizer is often oxidatively quenched by the cata-
lyst in a fast process. Also, an even faster charge recombination
takes place, preventing any further useful reactivity. As a result,
very modest TONs of H, production are obtained. In fact, most
of the successful, high TON hydrogen evolution experiments are
bimolecular in nature, involving the long-lived triplet state of the
porphyrin.

While playing mainly the role of photosensitizers, some
porphyrin-based systems have also found application as HECs.
These are systems containing transition metal centers such as
Co, Fe, Ru, Os, in which the catalytic activity is related to their
variety of easily accessible oxidation states. From this viewpoint,
metal porphyrin and related species, with the additional stability
provided by the macrocyclic ligand, are similar to other complexes

of the same metals, in terms of both catalytic mechanism and per-
formance. A possible drawback, specific to these porphyrin-based
systems is their strong chromophoric character, which may cause
competition for light absorption with the photosensitizer. At the
relative concentrations used in photocatalytic experiments, how-
ever, this effect is usually negligible.

A practically relevant aspect, which is not often dealt with suf-
ficient detail in this type of work, is the analysis of the factors
that determine, after a given irradiation time, the photochemical
hydrogen generating activity to cease. In principle, both photosen-
sitizer and catalyst degradation may be involved, but very rarely
specific experiments are reported to the purpose of disentangling
the effects. In particular, as far as decomposition of the photosen-
sitizer P is concerned, this may have to deal with the stability of
the oxidized P* or reduced P~ form of the sensitizer, depending
on the oxidative or reductive mechanism of the process. In both
cases, the actual behavior will be mostly dependent on the rate
at which the positive or negative charge is removed from P* by
the SEA or from P~ by the catalyst (or by an appropriate relay).
The faster these rates, the more stable and durable is expected
to be the photocatalytic hydrogen evolving system. Therefore, the
detailed kinetic characterization by means of time-resolved tech-
niques is to be regarded not only as a powerful mechanistic tool,
but also as a worthwhile means to obtain essential information for
the optimization of practical performance.
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