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Evidence for photosensitised hydrogen production from
water in the absence of precious metals, redox-mediators and
co-catalysts

A new mechanism for solar photocatalytic water splitting
producing hydrogen from aqueous salt solutions is described. An
all earth-abundant catalyst system based on a light-harvesting
chlorin photosensitiser is sufficient to power the solar fuel
production process in homogeneous phase under very mild and
environmentally benign conditions. Although the work is still in
the proof-of-concept stage, the artificial photosynthetic system
is quite unique in that no further sacrificial donors, external
potentials, co-catalysts or redox relays are required for direct
chemical storage of solar energy upon long-wavelength light
exposure.
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The water-soluble zinc porphyrin complex Zn(TPPS)*~ with TPPS =
tetrakis-(4-sulfonatophenyl)porphyrin surprisingly was found to
produce significant amounts of hydrogen from aqueous sulfite or
amine solutions under visible-light exposure without requiring any
other components such as electron relays or additional proton
reduction catalysts. Although the production rates and total amounts
of chemically stored fuel obtained under these conditions are still
much too low to be relevant for practical applications, the background
of this unprecedented observation was further studied in its own right.
Since the central metal zinc is unlikely to be involved in proton-
coupled electron transfer steps upon long-wavelength irradiation
and the process does not seem to be much affected by variations
of the electron donor added, the mechanism of photocatalytic
H, release is suggested to involve previously neglected redox
features of the in situ generated hydroporphyrin ligand system in
aqueous solution.

Photocatalytic H, generation enjoys great interest as a research
topic, considering possible future applications of hydrogen as a
renewable fuel.'™ To this extent many different systems using
visible light and therefore eventually ambient sunlight as a
clean energy source for proton reduction have been found. The two
main directions of research are heterogeneous and homogeneous
photocatalysis, with the former often focusing on nanostructures
like semiconductor photoelectrodes or functionalized quantum
dots.* These systems are considered to be more promising due
to their ability to photogenerate larger amounts of hydrogen
gas already today. However, fabrication and fine-tuning of the
materials involved can be difficult, as well as fully understanding
the elementary processes involved. Molecular photocatalysts in
contrast can offer the advantage of being able to study the
effects of different factors influencing the hydrogen production
mechanisms more directly, and this deeper understanding
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metals, redox-mediators and co-catalystst

could lead to entirely new sustainable energy concepts in the
long term.

Several catalytic systems have been found that rely on
photoredox-active metal complexes in solution for generating
hydrogen gas upon irradiation. One of the first successful
examples reported in the literature combined an electron
donor, a visible-light absorbing photosensitizer, optionally an
additional redox-active compound acting as an electron relay
and a heterogeneous catalyst capable of evolving hydrogen
when supplied with electrons.® This prototype system could
already operate in purely aqueous medium, but the ruthenium
and rhodium complexes employed, as well as the colloidal
platinum catalyst required consist of rare and expensive noble
metals, which cannot be considered a sustainable solution.
Since then, many attempts have been made to replace parts of
such a solar fuel generating system with more abundant
components, including molecular photosensitizers®® as well as
catalysts®'° or even both.'* A combination of all these desirable
features in terms of practicability, however, is quite difficult to
be achieved, and also the latter example from the Eisenberg
group'" still has the disadvantage of not operating in a purely
aqueous medium. It requires a 1 : 1 mixture of water and acetonitrile
instead for solubility reasons related to the cobalt catalyst
[Co™Cl(dmgH),(py)] used, which is furthermore unstable when
dissolved in water, thus limiting reaction times.

More recently, a molecular all-abundant element system has
been described by Kurz and Probst et al. that utilized a water-
soluble tin porphyrin and the same type of cobalt catalyst to
produce hydrogen in aqueous solution with a turnover number
(TON) barely exceeding unity, just enough to indicate some
catalytic activity.'> Here, we wish to report our own results with
a further simplified homogeneous photocatalytic system based
on earth-abundant components producing hydrogen gas from
neat aqueous solution. The system is operating in the presence
of a readily available molecular photosensitizer and different
sacrificial electron donors including simple inorganic salts,
but notably without the requirement of further mediators or
catalysts.
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Results and discussion

The water-soluble complex zinc(u)-tetrakis(4-sulfonato-phenyl)-
porphyrin, Zn(TPPS)*~ was investigated as a potential sensitizer
for a stepwise photoredox reaction sequence with a molecular
cobalt-hydride forming catalyst’*™*® according to the following
simplified scheme (Fig. 1).

During a control experiment using the electron donor
triethanolamine (TEOA) at pH 7 in the absence of the cobalt
catalyst, unexpectedly some H, evolution was detected after
overnight irradiation (visible range of 100 W/2 HBO mercury
short-arc lamp, 400 nm longpass filter). It is not surprising that
many redox catalysts, being chromophores themselves, can
evolve some H, without added sensitizer. This amount is then
usually substracted from the total amount of H, measured with
the full system (catalyst, sensitizer, donor) in order to give the
appropriately corrected yield of H, gained only from the
sensitized cycle. It is however quite unusual for a conventional
photosensitizer to evolve H, on its own in the absence of any
additional catalyst. In our case, initially no more than one tenth
of a turnover with regard to the amount of Zn(TPPS)*~ was
detected, but this unprecedented observation warranted further
investigation and optimization.

To ensure that the observed H, evolution was due to the
donor-sensitizer interaction, experiments without added TEOA
were also performed and monitored via UV-vis spectroscopy.
This clearly led to the evolution of a primary photoproduct with
a disrupted macrocyclic m-conjugation showing a broad new
absorption feature with a maximum at around 740 nm (Fig. 2),
which by comparison with characteristic optical properties of
similar photolysis products reported in the literature'®"” could either
be a metallophlorin-anion (deprotonated 5,24-dihydroporphyrin)
derivative (ZnPH ) or an oxygenation primary product with a
sp>-saturated meso-carbon site. In the latter case an attack of
singlet oxygen at the macrocyclic ligand (generated from
remaining trace amounts of O,) has to be postulated. Under
such oxidative conditions, closely related metalloporphyrin
sensitizers usually undergo bleaching and ring-opening as an
irreversible secondary process."”

In contrast, the sample irradiated with added TEOA donor
upon photolysis clearly showed different spectral changes with
gradual rise of a narrow band at 624 nm characteristic for the
formation of a chlorin or 2,3-dihydroporphyrin complex (ZnC)

hv H2
+
“1"1’"\ 27Zn P m H
yd Co
2ZnP K Co''H
o+
2 TEOP:+ & 2Z2nP /
2 TEOA

Fig. 1 Envisioned homogeneous photocatalytic reaction system for visible-
light driven hydrogen formation with a zinc porphyrin sensitizer (ZnP) and a
cobalt-based proton reduction catalyst.
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Fig. 2 Electronic spectra of Ar-saturated aqueous solutions of Zn(TPPS)*~
recorded after visible-light irradiation in the absence and presence of an
electron donor (TEOA).

without any accumulation of the far-red light absorbing
phlorin-type products (Fig. 2). Photochemical conversion of
metalloporphyrin complexes to chlorins in the presence of an
electron donor is a well-known reaction, for example with
ascorbic acid as the reductant and an added amine base'®
(TEOA in the present case being both). So far, however, to the
best of our knowledge, hydrogen evolution under these conditions
has never been mentioned in literature.

Since the photoreaction was initially performed also including
blue light excitation (>400 nm filter), it could not be neglected
that H, evolution might arise from an inefficient S,-excited state
process requiring irradiation of the porphyrin Soret band, as has
been observed before in a few other photoredox reactions.*?° To
find out more about the excited state reactions responsible for
triggering H, production, the photolysis was therefore also
carried out with longer-wavelength light (>500 nm longpass
filter). Formation of the chlorin derivative ZnC still occurred
upon excitation in the porphyrin Q-band range, as well as H,
formation, however only with a turnover number of TON(ZnP) =
0.02 after an overnight reaction. Nevertheless, this result strongly
indicates that hydrogen formation is linked to a porphyrin ligand
photoreduction process involving the energetically lowest-lying
states of ZnP, and not for example due to a reaction sequence
requiring the population of higher excited singlet states of the
sensitizer.

As already mentioned above, only a very small amount of
H,-gas could be detected in the headspace after a long reaction
time, which could be partially due to the experimental para-
meters. The cuvette contained 3 mL of aqueous solution, and
hydrogen gas is well soluble in water (Henry volatility of
KPf = 1/HP = 128205 Pa m® mol ').>" As no efforts were taken
to remove all of the evolved H, from solution, some amount of
it (especially in comparison to an overhead space of only 1.35 mL)
is not accounted for in the GC measurements, with levels only
rising above detection limit when enough had been formed to
saturate the solution. To deal with this problem, one could for
example freeze or heat the solution for every measurement to try
and drive out all of the evolved gas, a complicated process which
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Table 1 Variation of reaction conditions for light-driven hydrogen formation in co-catalyst free aqueous solution at 298 K

Zn(TPPS)*~ Amount of donor

Entry (H, yield) Donor (excess) pH* Irradiat. time® (h) TON H,/ZnP

1¢ 2.5 pmol TEOA 10 vol% 74 70¢ 0.03
(75 nmol) (900-fold)

2°¢ 2.7 pmol TEOA 10 vol% 11.5 29 0.04
(108 nmol) (840-fold)

3 5.7 pmol Na,SO; 0.6 mmol 8 21 0.03
(171 nmol) (100-fold)

4 0.2 pmol Na,S03 2.4 mmol 8 29 0.11
(22 nmol) (12 000-fold)

5 0.7 pmol TEA 2 vol% 10/ 21 1.15
(805 nmol) (610-fold) (1.2)¢

“ pH not adjusted unless otherwise stated. ” Irradiated >400 nm. ° Nitrogen instead of argon used to remove O,.“ Self-buffered system.
¢ Irradiated >500 nm./ Buffered. ¢ Calc. TON-value in H,/ZnP corrected for the amount of dissolved hydrogen according to Henry's law.*!

could easily lead to less reproducible data. This was not attempted,
and it is therefore to be assumed that every TON reported here
should actually be higher due to some undetected H, remaining
in solution. Instead, conditions were varied to try and arrive at a
system still containing only Zn(TPPS)"~ as a sensitizer and a
sacrificial electron donor, while producing enough H, to clearly
achieve photocatalytic levels (i.e. a TON >1 based on the head-
space gas detection only), which indeed could be achieved.
These experiments carried out under visible-light irradiation
in Ar- or N,-saturated water are summarized in Table 1.

Compared to the first experiment described above (entry 1),
raising the pH value to above 10 (entry 2) improved the TON. A
more drastic change was the formation of a significantly larger
amount of chlorin in the photostationary mixtures, which will
be discussed in detail later. This improvement in photochemical
activity was taken as an indication that increasing the pH
(although H, evolution from water should require less energy
in acidic solution) was the correct choice for enhancing the yield
of hydrogen with the photosensitizer system used. Still no proof
for a photcatalytic reaction cycle was found when changing the
donor to sodium sulfite (entry 3). Lowering the concentration of
Zn(TPPS)*~ did not linearly decrease the TON (entry 4). Finally,
however, using triethylamine (TEA) as an alternative donor
with a low concentration of Zn(TPPS)*~ (entry 5) gave results
significantly exceeding stoichiometric product formation, thus
proving that the reaction could indeed be driven as a photo-
catalytic process.

This is, of course, a surprising result considering that no
additional catalyst has been added. To discuss the possible
processes leading to H, formation, it is necessary to take a look
at the spectral changes measured during the reactions in more
detail. The experiment corresponding to entry 2 in Table 1
(TEOA, pH 11.5) will serve as a representative example (Fig. 3).
Full spectra over reaction time for each discussed reaction can
be found in the ESI.}

Taking a look at the Q bands in particular, the starting
porphyrin species ZnP shows three characteristic maxima at
520, 557 and 596 nm (Fig. 3). Within a few minutes of irradiation,
two new species are formed: the chlorin derivative ZnC with the
characteristic maximum at 624 nm, and some bacteriochlorin
(2,3,12,13-tetrahydroporphyrin) ZnBC with a narrow peak at
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Fig. 3 Spectral changes in the course of Zn(TPPS)*~ photolysis in water at
pH = 11.5 (see entry 2 in Table 1). (a) Accumulation of the zinc chlorin
derivative (ZnC) and decrease of the porphyrin (ZnP) within the first hours
of irradiation: (b) bleaching of all species upon long-term light exposure
(>400 nm).

754 nm corresponding to literature.® The latter signal quickly
vanishes, and it could not in fact be detected at any point
during most other reactions. This suggests that it is not of
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importance for the dominant hydrogen evolving process and
will therefore not be discussed further.

As already reported by Seely et al.,*® the amount of chlorin
formed in the course of the photoreduction process of zinc
porphin is highly dependent on the reaction conditions like
type of donor used, pH value and initial porphin concentration.

As displayed in Fig. 3, after a certain time, each photolysis
experiment reaches a steady-state concentration of chlorin and
porphyrin, after which all components apparently bleach. The
time needed for this maximum concentration to be reached
greatly varies (Fig. 4). It does, however, not correspond directly
with the variations in H, concentration measured in the head-
space; at the time of chlorin saturation, no H, could be detected
at any point. It should be mentioned that in the dark, chlorin
does not react back into porphyrin, and no additional H, is
produced. Also, in other reactions performed to test the suitability
of Zn(TPPS)*~ as a sensitizer in combined reactions involving
cobalt co-catalysts, no chlorin was formed at any point, regardless
if hydrogen was produced or not.

The 624 nm signal variation for entry 5 (TEA as donor) is not
included in the plot of Fig. 4, because in this reaction, besides
the chlorin also another new species strongly absorbing around
600-650 nm was formed. Fig. 5 shows the relevant part of the
spectrum for a typical reaction mixture with TEA as donor. This
differing behaviour of TEA is known. Seely et al. speculate that
it could possibly result from TEA simply being a better donor as
well as its ability to coordinate to the central zinc atom."® The new
maximum at 609 nm corresponds well with the reported spectral
features of an iso-bacteriochlorin (2,3,7,8-tetrahydroporphyrin)
species ZniBC, and while its emergence still does not correspond
with hydrogen evolution, it does occur reliably in the TEA-based
reaction mixtures giving catalytic TON-values.

Taking together these spectroscopic results, it has to be
concluded that photocatalytic hydrogen generation in anaerobic
aqueous solutions of Zn(TPPS)*~ in the absence of additional
redox mediators or co-catalysts is only occurring after a certain
time period of primary photolysis, which corresponds to the
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Fig. 4 Characteristic rise and fall of peak maxima at 624 nm over irradiation

time corresponding to variations in ZnC concentration. Connecting lines
added for visual clarity.
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Fig. 5 Absorption spectral changes in the porphyrin Q-band region measured
in the initial phase of photocatalytic reactions using TEA as donor.

initial accumulation of the two-electron reduced chlorin species
ZnC (Fig. 4). This is also corroborated by 'H-NMR spectral
variations (ESIf).

It should be pointed out that in the field of molecular
catalysis the appearance of such a lag-phase with delayed product
formation must be handled with care, since gradual decomposition
of the starting compounds into metal oxide nanoparticles (and thus
actually into a heterogeneous catalyst) may be responsible for all of
the effects observed. In the present case, the photogeneration
of ZnO nanoparticles via demetallation of the sensitizer upon
long-term visible light exposure also cannot be fully excluded.
However, since the bandgap of ZnO (3.3 eV) would require an
excitation with photons in the UV-range, and successful hydrogen
production is also observed upon Q-band irradiation (>500 nm,
Table 1), we are convinced that in our system a molecular species
derived from irradiated ZnP is indeed operating as a homogeneous
H,-producing photocatalyst.

Furthermore, unlike initially anticipated with zinc porphyrins
typically representing excellent excited state electron donors
(Fig. 1), the production of hydrogen in the present case (without
any electron acceptors available other than water) clearly has to
be connected to a sequence of reductive excited state quenching
steps involving the ZnP sensitizer and its hydroporphyrin
photoproducts.

Since the observed hydrogen generation process is directly
coupled to the second phase of the photoreaction, where the
concentration of the initially accumulated species ZnC decreases
again upon further irradiation (Fig. 3b), it can be concluded that
reductive quenching of the photoexcited zinc chlorin complex
must be the key reaction for triggering H, evolution, and that
ZnC is representing the main sensitizer.

It has been discovered only recently that chlorin complexes
may act as efficient photoredox catalysts. By this work carried
out in our own group, it could be shown that reductive quenching of
a water-soluble tin chlorin based photosystem irradiated in the
presence of suitable electron donors may directly lead to a so-called
chlorin-phlorin anion complex**** (a non-aromatic porphyrin

This journal is © the Owner Societies 2017
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derivative carrying a protonated four-electron reduced ligand
with one saturated meso-carbon position, which is characterised
by a rather featureless broad absorption pattern in the visible
spectral region, lacking the otherwise typical Soret- and Q-bands).

The chlorin-phlorin derivatives turned out to be excellent
two-electron reductants, which under anaerobic conditions
can reversibly transfer hydride reducing equivalents to other
compounds.®** Based on these results and considering all of
the present findings, we tentatively suggest that visible-light
driven hydrogen photogeneration with Zn(TPPS)*~ in anaerobic
aqueous solution initially requires the formation of the chlorin
complex ZnC (Fig. 3a) as the active photocatalyst, which is then
converted (in a sequence of steps involving the sacrificial
electron donor present)* into a chlorin-phlorin anion species
ZnCH™ (Fig. 6) according to eqn (1):

ZnC +2¢~ + H" % ZnCH- (1)

Since chlorin-phlorin derivatives are generally expected to
be oxygen-sensitive,”>*’ in the starting period of photolysis the
remaining traces of O, in the inert-gas saturated systems will be
completely consumed in a re-oxidation side-reaction forming
back the chlorin complex ZnC according to eqn (2):

ZnCH™ + 0, — ZnC + OOH ™~ )

After completion of this process, the photoreaction in the
absence of co-catalysts can lead to some extent of chlorin-phlorin
anion accumulation (eqn (1)), which is then accompanied by an
apparent bleaching of the sample and a gradual loss of the initial
Soret- and Q-band features (Fig. 3b and 4). Furthermore, depending
on the specific reaction conditions, especially on variations of
donor type and pH of the samples (Table 1), the additional
formation of bacteriochlorin or iso-bacteriochlorin derivatives
ZnBC (Fig. 3) or ZniBC (Fig. 5) can also be observed. This well-
known reactivity pattern of non-aromatic phlorin-type species®*>*
may be explained by subsequent protonation and prototropic
tautomerization steps, leading to the formation of compounds
carrying less reactive resonance-stabilized tetrahydroporphyrin
ligands with intense absorption bands including characteristic
Soret- and Q-band features (eqn (3)):

ZnCH™ + H' — ZnBC/ZniBC (3)

ZnC

ZnCH™

Fig. 6 Structural representations of the zinc chlorin complex ZnC and the
chlorin—phlorin anion photoreduction product zinc(i)-2,3,10-trihydro-
5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin.
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In addition to these inevitable side-reactions influencing the
fate of chlorin-phlorin type intermediates in aqueous solution,
the reduction equivalents (H', 2e”) reversibly stored in the
ligand periphery of a chlorin—phlorin anion metal complex
have already been successfully transferred to a metal-hydride
forming co-catalyst and could also be very efficiently exploited
for the light-mediated two-electron reduction of organic and
biological redox cofactors including NAD".>**

Our present results reported here indicate that obviously in
competition with the ZnCH -consuming steps described above
(eqn (2) and (3)), the protonation of the photogenerated
chlorin-phlorin anion species to some extent may also lead to
the release of molecular hydrogen according to eqn 4:

ZnCH™ + H' — ZnC + H, 4)

This important and unprecedented reactivity occuring in the
absence of further co-catalysts and redox-mediators opens the
possibility to close a very simple homogeneous photocatalytic
two-electron redox cycle for solar hydrogen production with the
reversibly photoreduced and re-oxidized chlorin species (ZnC)
able to act as a light-harvesting photosensitizer for multiple
turnovers (Fig. 7).

Besides sulfite, acting as a net two-electron reductant and
formally taking up the remaining oxygen core of the split water
molecule as shown in Fig. 7, other sacrificial donors such as
amines in a stepwise fashion can also provide the electrons
required for the ZnC sensitized hydrogen formation (Table 1).
Note that compared to conventional systems for H,-photoproduction
based on molecular components, in our case ZnC is not only acting
as a light-harvesting chromophore, but apparently can also
substitute the function of a co-catalyst (e.g. by replacing the
required Co""-H active site with ZnCH™ in the hydrogen evolving
key-steps, Fig. 1).

Although quite remarkable, this type of all-earth abundant
photochemical systems at the moment is not yet able to produce
much more hydrogen than is needed to prove that it is indeed
catalytic. Nevertheless it still yields more H, than similar
molecular systems shown to operate in pure water.'?

It should also be pointed out that the reaction conditions
reported here because of the initially unexpected findings were

%b:\ H,

2— +

SO4 ZnC H
ZnCH

H20+505" chz/
H+

Fig. 7 Proposed homogeneous photocatalytic system for visible-light
driven water splitting based on a zinc chlorin sensitizer (ZnC) reversibly
forming a chlorin—phlorin anion intermediate (ZnCH™) acting as a hydride
supplying catalyst.
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not at all optimized for a possible scenario of H,-production
with the chlorin complex ZnC instead of ZnP as the actual
photocatalyst (Fig. 1 and 7), and the light-source applied (HBO
100 W/2 mercury lamp equipped with longpass filters) offers
only a minor spectral output in the 600-650 nm region. Further
studies using for example solar radiation or actinic LED-light
better suitable for chlorin excitation, as well as the systematic
application of other diamagnetic metallochlorin systems based
on earth-abundant components and optimized substituent
patterns are therefore expected to enable considerable improvments
in TON and hydrogen yield.”®

Conclusions

It has been shown for the first time that hydrogen can be produced
in aqueous solution, using only a donor and a noble-metal-free
sensitizer in the absence of additional redox-mediators and
co-catalysts.

Moreover, it has also been demonstrated that simple inorganic
salts such as sodium sulfite can replace the usually required amines
as sacrificial electron donors for visible-light driven hydrogen
formation. Thus the two-electron reduction of water for solar fuel
production (Fig. 7) could easily be coupled to environmentally
relevant redox processes such as flue gas desulfurisation for
reducing atmospheric SO, emissions.

More research needs to be carried out to completely elucidate
and confirm the possible mechanisms of hydrogen evolution in
the system presented here, as well as to much further raise the
turnover numbers measured.

The results obtained indicate that a four-electron reduced
(chlorin-phlorin type)**** hydroporphyrin derivative with an
apparently “bleached out” absorption pattern lacking the typical
Soret- and Q-bands of porphyrin derivatives could be involved as
a redox catalyst. Such a highly reducing species generated by a
reductive quenching mechanism of the photoexcited chlorin
sensitizer might be the crucial hydride carrying species triggering
catalytic H, generation upon subsequent protonation. A similar
reaction sequence for the photocatalytic accumulation of hydrogen
equivalents upon red-light irradiation of a metallochlorin complex
has been discovered recently.**

The results clearly point out the important role of control
experiments when studying multicomponent samples, and how
crucial it is to elucidate the functional role of the individual
components added. Especially, apparent bleaching of photo-
stationary mixtures in the case of porphyrin-based sensitizers
under catalytic performance deserves a more detailed analysis.
Thus, our present findings should be useful for other groups
working on basic research aspects in the field of solar hydrogen
photogeneration.

Experimental

All chemicals and solvents were purchased from commercial
sources in reagent quality. Water was purified with a Milli-Q system
(Millipore, Bedford, MA, USA). Synthesis of Zn(TPPS)*~ was
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performed according to a procedure described by Amao et al.,”
see ESIt for more details. Hydrogen evolution reactions were
performed in rectangular 1 cm quartz cuvettes with gas tight
septum, filled with 3 mL of reaction solution and leaving a
headspace of 1.35 mL. The samples were bubbled through with
N, or Argon, and afterwards irradiated on an optical bench with
a HBO 100 W/2 mercury lamp equipped with a lamp housing
and a >400 nm longpass filter (Schott GG400) unless otherwise
stated. Absorption spectra were measured directly from the
reaction cuvette on a Varian Cary 300 Bio UV-Vis spectrophotometer.
H, detection was carried out after photolysis by removal of 0.5 mL of
the headspace gas through septum and injection into a Fisons
GC 8000 gas chromatograph. Septa were resealed with polyester
resin (nail polish) to prevent H, from escaping. Further details
are given in the ESL7
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