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A water-soluble tin(iv) porphyrin as a bioinspired
photosensitiser for light-driven proton-reductiont
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The water-soluble tin(iv) porphyrin dichlorido-5,10,15,20-tetrakis( p-carboxyphenyl)-porphyrinato-tin(iv)
(SNTPPC, 1) was synthesised as a mimic of biological chlorophyll photosensitisers. In natural photo-
synthesis, chlorophyll pigments start the multi-electron transfer processes resulting in water-oxidation
and NADP*-reduction. The photochemical properties of compound 1 were characterised by measuring
absorption and fluorescence spectra. Electrochemical measurements in water revealed well-suited
redox potentials of 1 for both proton-reduction to H, as well as water-oxidation to O,. The tin(v)
porphyrin was then used as a photosensitiser in model systems for light-induced proton-reduction in
aqueous solution, where an optimization of the experimental conditions was carried out to achieve
reaction rates comparable to those found for [Ru(bipy)3]2+, a standard dye in artificial photosynthesis.
By employing UV/Vis-spectroelectrochemistry, we found that the porphyrin ligand of 1 is redox non-
innocent in water. A complex set of reduction reactions of the porphyrin macrocycle occurs during
photocatalytic experiments involving the ligand's chlorin form as a key intermediate. On the basis of
these results, a potential reaction sequence for light-driven H,-formation is formulated, where the
reductive quenching of 1 forms the initial reaction step and reduced forms of 1 serve as hydride transfer
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agents to the H, evolution catalyst. The spectroscopic, electrochemical and catalytic properties of SNnTPPC
make this compound class an attractive, affordable and easily accessible choice for photosensitisers in
artificial photosynthetic systems. Finally, the detected complicated redox reactions of the porphyrin ring
in water offer a possible explanation of why the chlorophylls of P680 or P700 are carefully wrapped in a
water-free part of the PSIl and PSI proteins.
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that the chlorophyll molecules of the primary donors of the
photosynthetic machinery are arranged in ensembles of four

Introduction

(cc)

Many designs for solar energy conversion are based on light-
driven water-splitting.'” The first step of any such system is light
absorption followed by charge separation. The most important
process for solar energy conversion on earth is oxygenic photo-
synthesis as carried out by green plants and algae. Chlorophyll
molecules are key players during this process, as they act both as
light absorbing molecules and electron transfer agents. In this
way, the biological system generates the strongly oxidising
potentials needed for water-oxidation in Photosystem II (PSII)
and the strong reducing agent for NADP'-reduction in PSI via
light absorption by chlorophyll dyes.***

Chlorophylls are substituted porphyrin-type ligands coordi-
nating a redox-inactive Mg>"-ion. X-ray crystallography revealed
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chlorophylls, the pigments P680° of PSII and P700° of PSI. Both
are perfectly positioned within the protein environments for
efficient electron transfer after light excitation.

In their electronic ground states, both P680 and P700 are
poor electron donors, but in their excited states electron
transfer from the chlorophylls to the primary acceptors within
PSI and PSII takes place with a quantum efficiency of nearly
100%. After light-induced oxidation (oxidative quenching), the
oxidised forms of the pigments, P680°" and P700°", are then
available as ground state oxidation agents within the respective
electron transfer chains to drive the oxidation of water (in PSII)
or plastocyanin (in PSI), respectively.

2H,0 + 4hv — O, + 4H' + 4de” (1)
2H" +2¢e +2hv > H, (2)

We work on the development and understanding of bio-
mimetic systems for light-driven water-oxidation (“PSII mimics”,
eqn (1)) and proton-reduction (“PSI mimics”, eqn (2)). This field
has seen vast developments in recent years. In addition to the
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Scheme 1 Two-step synthesis of dichlorido-5,10,15,20-tetrakis(p-carboxyphenyl)-porphyrinato-tin(iv) (1).

fundamental interest in the chemistry of the photosystems,
research groups all over the world try to find strategies for an
efficient and affordable conversion of solar energy into ‘“‘solar
fuels”."” Suitable light absorbing molecules are central com-
ponents of any such devices. Most systems reported so far
which are able to photocatalyse reaction (1) or (2) use either
ruthenium polypyridyl complexes, polyaromatic organic species
or semiconductor systems as photosensitisers. There are many
examples of all three approaches in the literature.*

In the study presented here, we “rediscover” a more bio-
mimetic approach for the development of photosensitisers for
reactions (1) or (2). Inspired by the structures of the biological
chlorophyll dyes, we present a detailed investigation of the
porphyrin complex dichlorido-5,10,15,20-tetrakis( p-carboxyphenyl)-
porphyrinato-tin(v) (1, Scheme 1) concerning its suitability to act as
a chlorophyll mimic. Water-soluble tin(v) porphyrins have already
been used for the photocatalysis of both reactions (1) and (2) in
studies which were published 10 or 30 years ago, respectively.®’
However, details concerning their syntheses are sketchy, the redox
reactions involved in the photocatalytic process remain unclear and
these dyes have not been studied in this context since. The last
point is hard to understand because tin(iv) porphyrins are interest-
ing candidates for bioinorganic model chemistry and artificial
photosynthetic systems for a number of reasons. They are:

e water-soluble, and therefore present in homogenous
solution with the substrates of both reactions (1) and (2).

e casily accessible via a two-step synthesis (see below).

e built around a central main group ion (Sn**) with a redox-
inert electron configuration ([Kr]4d'°5s%) similar to the Mg>*
center of chlorophylls ([Ne]3s°).

e known to have suitable redox potentials for water-
splitting."**?

e very stable, as the large, highly-charged Sn** ion fits perfectly
into the porphyrin ring system."*'?

Results and discussion
Syntheses and purification

The synthesis of symmetrically substituted meso-tetraphenyl-
porphyrins (TPP) has been known for decades since the work of
Adler et al."* Thus several methods exist to obtain water-soluble

12030 | Phys. Chem. Chem. Phys., 2014, 16, 12029-12042

porphyrins by introducing polar substituents to the phenyl rings of
the tetraphenylporphyrin backbone.'”"> Many meso-tetraphenyl-
porphyrins and some of their metal-complexes are even commer-
cially available. However, their syntheses and purification methods
are rarely or only partially described in the often rather dated
literature and this is also the case for tin(iv) porphyrins. As purity
and an affordable and easy synthesis are major requirements for a
photosensitiser in an artificial photosynthetic system, we thus had
to re-investigate the preparation routes for these complexes first.

To achieve solubility in water, we started from reported
procedures for the preparation of the well-known sulphonato®*?
and carboxylato'>'® derivatives of tetraphenylporphyrin and their
corresponding tin(iv) complexes. None of the published syntheses
yielded truly satisfactory results and thus had to be modified. After
an extensive study, we found that the synthesis and purification of
the carboxyphenyl-porphyrin complex of tin(iv) (compound 1) were
far easier and yielded much better results. Aside from impurities
caused by inorganic salts like carbonates and sulphates, an addi-
tional reason for the difficult purification of the sulphonato
derivative appeared to be that the reported preparation methods
for the tetrakis( p-sulfophenyl)porphyrin (TPPS) ligand also yield
mono-, di-, and trisulfonated porphyrins,'” which are very hard to
separate from the desired ligand bearing four -SO;™-groups. Inter-
estingly, all so far published reports on the syntheses of tin(iv) TPPS
complexes lack detailed analytical data, leaving the question of
purity of these products unclear.®'*

After some optimisation, we found that an analytically pure
product of the carboxylato complex 1 could be obtained following a
manageable two-step procedure. First, the water-soluble porphyrin
5,10,15,20-tetrakis( p-carboxyphenyl)-porphyrine (TPPC) could be
prepared following the established synthetic route of Adler and
co-workers by condensing pyrrole and a benzaldehyde, in this case
4-formylbenzoic acid (Scheme 1)."*'®'® The complexation of the
Sn** cation could then be achieved in the reaction of this ligand
with tin(u) chloride in the presence of pyridine acting as a base and
air as a mild oxidant.">*

We carried out a comprehensive characterisation of complex
1 concerning its purity and its spectroscopic and electrochemical
properties. NMR spectra (‘H, "*C, '°Sn) showed that the TPPC
ligand and also the tin(iv) porphyrin complex were obtained in
pure form and (especially important here, see below) with no
indication for otherwise commonly found chlorin impurities>*

This journal is © the Owner Societies 2014
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Fig. 1 °Sn-NMR spectrum of 1 in D,O/2M NaOD (identical spectra were
observed for freshly prepared solutions and a sample kept for 3 days at

room temperature).
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(see ESI,t Fig. Sla and b). In addition to the NMR data, IR
spectroscopy and elemental analyses (CHN and Cl™) confirmed
that our preparation of 1 contains no noteworthy inorganic
impurities (see experimental section).

For a solution of 1 in dimethyl sulfoxide, the chemical shift
of —590 ppm found for **°Sn by NMR shows that there are two
axial chlorido ligands coordinated to the tin centre of the
porphyrin complex.*?? If complex 1 is dissolved in D,0/2 M
NaOD, three signals could be found in the "**Sn-NMR spectrum
(Fig. 1). The complex with two axial chlorido ligands can still be
observed at 6 = —590 ppm in aqueous solution, but there are
two more signals visible in the NMR spectrum.

For the complex with two axial hydroxido ligands [Sh'TPPC(OH),),
a shift of the '°Sn-NMR signal to about —570 ppm would be
expected,’>** but the signal with this chemical shift is very
small (Fig. 1), indicating that no full exchange of the two axial
Cl™ ligands for OH™ occurs. An additional signal can be observed at
—574.7 ppm. We assume that this is the mixed complex with one
chlorido and one hydroxido ligand coordinated to the tin(iv) metal
centre, which would show that partial exchange of the axial
ligands occurs in aqueous solution. After leaving the sample at
room temperature for extended time periods, no further
exchange of the axial ligands can be observed in the 'S
NMR-spectra. The spectrum remained unchanged after 3 days,
which leads to the conclusion that no complete exchange of the

n-

axial ligands from chlorido to hydroxido happens in aqueous
solution even at high pH.

Spectroscopic characterisation and zero-zero energy (Eo)

For pH-values above pH 7, clear solutions of 1 in water can be
prepared, which are intense purple in colour and show the
expected UV/Vis absorption bands for metal porphyrins®
(Fig. 2): an intense Soret band at 421 nm and Q-bands at
517 (Qo-2), 557 (Qo-1) and 596 nm (Qo-o). Steady state fluorescence
spectra of 1 in water exhibit two emission bands at 600 nm and
654 nm (Fig. 2), which are due to fluorescence out of the singlet
Q-states and can be observed for excitation into both the Soret or
the Qo_, absorption bands.>*

The zero-zero energy Ey, is the energy difference between
the molecule’s ground state and the vibrational ground state of

This journal is © the Owner Societies 2014
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Fig. 2 Left: absorption spectrum (solid line) of 1 in water, measured at
pH =7 (0.1 M phosphate buffer). Right: fluorescence spectrum (dashed line)
of 1 in water (pH = 7, 0.1 M phosphate buffer, [1] = 1 uM, excitation
wavelength: 420 nm).

the electronic excited state of the compound (THEXI, the
THermally Equilibrated eXclted state).”®?® An estimate of this
energy difference is needed to calculate the redox potentials of the
excited state of a compound from its ground state redox potentials
using the Rehm-Weller equation (see below).”” Different methods
exist to derive Eo, from absorption and fluorescence spectra.”®*®
First, we calculated E,, using the medium wavelength values
between corresponding absorbance and fluorescence peaks for
both the singlet Qo_; and the Q,_, states. Additionally, we used
Gaussian fits of corresponding absorption and emission bands
and derived Ey, from the intercept of the normalized curves
(see ESI,T Fig. S2 and Table S1). The E,, values obtained from
both methods are similar and yield average excited state
energies of 1.99 eV for Eyy(Qo_o) and 2.14 eV for E(Qop-1)-

Light-driven water-splitting reactions in a homogenous system
are diffusion controlled. The lifetimes of the singlet THEXI state
of water-soluble metalloporphyrins of Zn", Pd™ or Sn" are only
about 1 ns long, so one also has to consider the possibility of
photochemistry involving the much longer-lived triplet states with
lifetimes of about ~1 ms.”**° This is especially important in the
case of tin(iv) porphyrins like 1, where the efficiency of S —» T
intersystem crossing is known to be rather high."> As we unfortu-
nately did not have the possibility to record phosphorescence
spectra to determine Ey, of the triplet state by spectroscopic
methods, we used the singlet-triplet energy difference found by
Harriman et al.?® for [Sn"Cl,TPPS] (0.48 €V) to calculate the triplet
Ey for 1 from our data. The approximate E,, value thus deter-
mined from the Q,_; data is 1.66 eV, very similar to the 1.65 eV
reported for [Sn"Cl,TPPS] in water.>

The possibility of aggregation is always an issue for solutions of
porphyrins.***" We measured absorption spectra for different con-
centrations of 1 in neutral phosphate buffer and found that the Qo4
absorbance at 557 nm follows the Beer-Lambert law for the
concentration range from 10~ ° M to 10~ % M (see ESL} Fig. S3). This
indicates that the tin(iv) porphyrin molecules form no aggregates at
least up to concentrations of 1 mM and thus the later presented data
on spectroscopic, but also redox and catalytic behaviour represent
the properties of isolated molecules of 1 in solution.

Phys. Chem. Chem. Phys., 2014, 16, 12029-12042 | 12031
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Redox properties of the ground and photoexcited states

The redox properties of the ground state of 1 in water were
determined by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). In order to record electrochemical signals for
a maximum potential range in water, a hanging-mercury-drop-
electrode was used for reductive and a glassy carbon electrode for
oxidative scans. In this way we could benefit from the high
overpotentials of these two electrode materials for proton-
reduction (Hg) and water-oxidation (C), respectively, and thus
achieved a measurement range of —1.8 V < E < +1.8 V in
aqueous solution (all redox potentials here and throughout the
text are given vs. the normal hydrogen potential, NHE).
Within this potential window, the CV of compound 1 shows
two irreversible reduction waves at —0.73 V and —0.95 V (Fig. 3).
The DPV of the same solution of compound 1 shows two
reduction events at the same potentials (see ESI,¥ Fig. S4).
For oxidizing potentials, an irreversible process was found with
a peak potential of +1.42 V. In the reductive CV, a re-oxidation
wave can be observed at —0.42 V (see ESL, Fig. S5), but this is
apparently not the re-oxidation of the product of the reduction
events. Instead, a comparison of a re-oxidation DPV of 1 with
that of a buffered solution of Sn>* showed that the re-oxidation
peak most likely originates from tin amalgam formation during
the reductive part of the measurements, as both the scans for 1
and for Sn** showed a large re-oxidation event at —0.4 V (see
ESL Fig. S6). Thus, at potentials suitable for tin(iv) reduction,
a fraction of the tin from the tin(v) porphyrin apparently
deposits as tin amalgam at the mercury drop and is then later
re-oxidized at —0.42 V. The fact that we could not observe this
peak during measurements of the free ligand and also not
during measurements with a glassy carbon electrode supports
this interpretation (see ESL Fig. S7).
Using the Rehm-Weller equation,
potentials for the singlet THEXI state of 1 in water from the
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Fig. 3 Cyclic voltammograms for oxidative and reductive scans of 1 in
aqueous phosphate buffer ([1] = 0.5 mM, total phosphate concentration
0.5 M, pH = 7). The dashed line shows the electrolyte background and the
sweep rate was 100 mV s~tin all cases. The different current ranges occur
because the used electrodes differed in surface areas and shapes: spherical
(~0.4 mm?) in the case of the mercury-drop-electrode vs. planar (3.1 mm?)
in the case of the glassy carbon electrode.
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Table 1 Ground and excited state redox potentials of 1 in comparison to
values reported for [Ru(bipy)s]>*, ZnTPPC, P680 and P700

SnTPPC (1) ZnTPPC?

Singlet Triplet [Ru(bipy);]*"* Singlet Triplet P680°  P700¢
Eo® 199 161 212 2.03 160 ~1.8 ~1.8
Eaf —0.73 ~1.35 ~1.25 g
Eea*f 126 088 077 0.78 035 ¢
Eod 142 1.29 0.80 ~1.25 ~0.40
Ex*f —0.57 —0.19 —0.83 —1.23 —0.80 ~—0.55 ~—1.40

@ From ref. 32. ? From ref. 24. ¢ From ref. 32 and 33. ¢ From ref. 34.
In eV./ In V vs. NHE. ¢ Not known.

electrochemical data and the smaller Ey, value (1.99 eV) derived
from spectroscopy (see above). Table 1 shows an overview of the
values obtained for 1 in this way in comparison to the redox
properties reported for [Ru(bpy);]*" (Ru, the currently most
commonly used dye in artificial photosynthetic systems), the
related water soluble zinc(u) porphyrin ZnTPPC and P680/P700
(the primary donors of PSII and PSI).

An analysis of the data in Table 1 shows that 1 has indeed
very promising redox properties both for oxidative and reductive
photochemistry in the context of artificial photosynthesis, because
both the redox potentials necessary for reactions (1) and (2) are
easily reached by the oxidised and reduced forms of the dye,
respectively. In comparison to other compounds for light-driven
electron transfer, the singlet excited state 1* is a stronger oxidant
but a weaker reductant than Ru*. It is also a stronger oxidant but a
much weaker reductant than the excited state of ZnTPPC, thus
following the previously established observation that metallo-
porphyrins of Sn™ are especially electron poor.'*** For reduc-
tive chemistry, the single-electron reduced species Ru~ and
[ZnTPPC]*~ are on the other hand much stronger electron
donors than 1 in their reduced form. Concerning the potential
model character of 1 for the natural photosynthetic pigment,
SnTPPC’s oxidation potentials in ground and singlet excited
states are very suited to mimic those of P680 in Photosystem II,
while they are much higher than those found for P700 of PSI.

In photocatalytic test systems, sacrificial quencher mole-
cules are often used to start the reaction sequence by irrever-
sible electron transfer reactions between the excited state of the
photosensitisers and the quencher molecules in their ground
states. The redox potentials of typical quenchers, like the
electron donors triethanolamine (TEOA) and ethylendiamine-
tetraacetic acid (EDTA) or the electron acceptor methyl viologen
(MV*"), were determined in the same aqueous electrolyte
system as used before for the electrochemistry of 1. For the
oxidations of TEOA and EDTA single, irreversible oxidation
waves can be observed in the CVs (see ESL,t Fig. S8). The res-
pective oxidation potentials were determined by DPV to be 1.07 V
for TEOA and 1.17 V for EDTA, respectively (see ESL Fig. S8). The
CV of the electron acceptor MV>" shows two partially reversible
reduction waves, positioned at —0.43 V and —0.74 V according to
the analysis of the DPV (see ESL7 Fig. S8).

As a summary of the redox properties of interest, the oxidation
and reduction potentials of quenchers and the tin(v) porphyrin
1 in its ground and excited states are shown in Scheme 2.

This journal is © the Owner Societies 2014
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Scheme 2 Ground and excited state redox potentials of 1 in water at pH = 7 in relation to those of the redox couples H*/H, and H,O/O,, the oxidative
quenchers [Co"(NH3)sClU?* (Co®*) and methylviologen (MV2*) and the reductive quenchers triethanolamine (TEOA) and ethylendiamine-tetraacetic

acid (EDTA).

One can see that the singlet excited state (S*) of compound 1
(Erea*s = 1.26 V) can be reductively quenched by both TEOA and
EDTA while the triplet excited state (T*) of 1 is not oxidising
enough for efficient oxidation of TEOA or EDTA (Eeq*r = 0.88 V).
The singlet excited state of 1 (En*s = —0.57 V) can also react
with the electron acceptors MV>" and [Co™(NH;)sCI]** (Co®"),
while the triplet excited state (Eox*r = —0.19 V) can be oxidised
only by Co**. On the basis of these findings, all four quencher
molecules could theoretically be used for light-driven electron-
transfer reactions with Sn'TPPC as a photosensitiser. However, in
certain cases this is only true if the more energetic singlet state is
indeed accessible for redox chemistry despite its short lifetime.

Photocatalytic proton-reduction

After establishing a feasible synthesis route and the basic redox
parameters for 1 in aqueous medium, we next used the metallo-
porphyrin as a photosensitiser for light-driven proton-reduction
in systems inspired by the work of Fuhrhop and Kriiger
(““System 1) or Kalyanasundaram (*“System 2”"), respectively.”>"

If a mixture containing SnTPPC as a photosensitiser (PS),
platinum dioxide (PtO,) as a heterogeneous proton-reduction
catalyst (Cat,.q) and triethanolamine (TEOA) or ethylenediamine-
tetraacetic acid (EDTA) as sacrificial electron donors (D) is
illuminated with visible light (A > 400 nm), a continuous
evolution of H, can be detected by headspace GC for at least
1 h in neutral phosphate buffer. Such a reaction mixture is
similar to the system investigated by Fuhrhop and Kriiger in
1982, who used a water-soluble, B-substituted tin(iv) porphyrin as
a photosensitiser, EDTA as an electron donor and colloidal
platinum as a catalyst (System 1).°

The electron flow in such systems starts with the oxidation
of the sacrificial electron donor and ends by the use of the
reduction equivalents for H, formation at Cat.q (Scheme 3).
During the suggested reaction sequence for this process, the
excited state of the photosensitiser is reductively quenched by
the electron donor, which results in the formation of the single-
electron reduced form of PS, which might undergo further
reaction steps in the following (“PS;.q”” in Scheme 3; for details
on its nature, see below). The electrons are then transferred
to the catalyst, where the reduction of protons to hydrogen
takes place.

In the system developed by Kalyanansundaram (System 2),
the electron transfer agent methyl viologen (MV>") is also
present in the reaction mixture.*® Here, [Ru(bpy);]*" serves as

This journal is © the Owner Societies 2014
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Scheme 3 Suggested reaction sequences for light-driven proton-reduction
in Systems 1 and 2 with photosensitisers (PS), electron donors (D) and proton-
reduction catalysts (Cateq).

the photosensitiser, TEOA as an electron donor and PtO,
powder as a catalyst. This system is at first very similar to
System 1, but the key difference is the quenching mechanism of
the excited state of the photosensitiser. In System 1, PS* is
reductively quenched by D while in System 2 the excited state is
oxidatively quenched by the acceptor MV>", The electron donor
(TEOA) is added to regenerate the original redox state of the
photosensitiser in a dark reaction.

In the following we first present an optimization of the
reaction conditions for System 1 using SnTPPC as a photo-
sensitiser, secondly the use of 1 as a PS for System 2 and a
comparison of its performance with the established photo-
sensitiser [Ru(bpy);]** and finally details concerning the reac-
tion sequence in System 1.

Optimization of the light-driven proton-reduction System 1

In order to optimize the reaction conditions for this system, we
investigated the dependence of the reaction rate on the buffer
system and pH of the aqueous reaction medium, the type and

Phys. Chem. Chem. Phys., 2014, 16, 12029-12042 | 12033
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Table 2 Summary of photocatalytic experiments for the optimization of System 1 using SnTPPC (1) as a photosensitiser

Quenching mechanism of 1*

Optimization [SnTPPC]/ [Quencher]/ [PtO,]/ [MV*]% pH® Reductive Oxidative H, evolution/
parameter mM mM mg L' mg mL ™" (5 mL) (System 1) (System 2) pmol h™*
pH 0.5 TEOA/50 100 — 7 v 1.42
0.5 TEOA/50 100 — 5.5 I 0.84
0.5 TEOA/50 100 — 4° v —
Quencher 0.5 TEOA/50 100 — 7 v 1.42
0.5 EDTA/50 100 — 7 v 0.42
[SNTPPC)/mM 0 TEOA/50 100 — 7 :/ —
0.1 0.33
0.6 1.46
1 2.06
1.5 1.84
2.5 1.05
6.6 0
[TEOA)/M 0.5 0 100 — 7 :/ —
25 0.51
50 1.42
75 1.76
100 1.22
[PtO,)/mg mL " 0.5 TEOA/50 0 — 7 e —
22 1.04
100 1.42
233 1.14
340 0.68
Reaction system 0.5 TEOA, 50 100 — 7 I 1.42
0.5 TEOA, 50 100 1 7 I 0.11
Optimized system 1 TEOA, 60 22 — 7 I 4.8

“ Methyl viologen was purchased as MVCl,-xH,0. ? The pH was controlled by use of an aqueous phosphate buffer (0.1 M). © For pH 4, an acetic acid

buffer (0.1 M) was used.

concentration of the quencher and also the concentrations of
catalyst and dye. A summary of the catalytic experiments can be
found in Table 2.

In a typical experiment, 5 mL of argon-flushed buffer solution
was prepared in a 20 mL septum-capped vial in the dark. The
solution, typically containing 0.5 mM photosensitiser, 100 mg L™"
platinum dioxide and 50 mM quencher was irradiated with a slide
projector while stirring. The amount of hydrogen in the vial’s
headspace was measured by gas chromatography after one hour
of irradiation, disregarding the amount of hydrogen dissolved in
the solution. This approach is feasible, because the solubility of
hydrogen in water is very low.>®

To prove that such a system produces H, only if all compo-
nents are present in the reaction mixture and if the mixture is
irradiated with visible light, we performed a series of negative
tests. Four experiments were made, each of it omitting one of
the necessary components of System 1: Sh'TPPC, PtO,, TEOA or
irradiation. In none of the experiments hydrogen evolution
could be detected if any of the four components is absent. This
points out that proton-reduction takes place only light-induced
and that all reaction partners are indeed needed to achieve
hydrogen evolution in System 1.

In a typical experiment utilising compound 1 as a photo-
sensitiser (e.g. the first experiment in Table 2), we observed
1.42 pmol of evolved hydrogen after one hour of irradiation.
An extension of the irradiation time to three hours increased
the amount of evolved hydrogen only to 1.88 pmol, indicating
that the catalytic process slowly stops due to unproductive side
reactions (see below).

12034 | Phys. Chem. Chem. Phys., 2014, 16, 12029-12042

By variation of the reaction parameters, we firstly found a
strong dependence of the amount of evolved H, on the pH of
the solution and the buffer system (Table 2, optimization
parameter pH). In a system containing 0.5 mM SnTPPC,
100 mg L' PtO, and 0.05 M TEOA, we observed 1.42 pmol
evolved hydrogen after one hour of irradiation at neutral pH in
0.1 M phosphate buffer. Under otherwise identical conditions,
only 0.84 pmol H, per h could be detected for the more acidic
solution at pH 5.5, although Kriiger and Fuhrhop reported pH 5
as the best pH condition for hydrogen evolution in their study.’
If the pH of the reaction medium is reduced further to pH 4
(0.1 M acetate buffer), hydrogen formation ceases.

Next the irreversible electron donor TEOA was replaced by
EDTA (Table 2, optimization parameter quencher). Using otherwise
identical reaction conditions as before at pH 7, only 0.42 umol H,
were detected after 1 h and thus only about one third of the
amount that was found when TEOA acted as electron donor.

Furthermore, we find that the hydrogen evolution rate is
higher if the tin(v) porphyrin 1 is used in reaction System 1 than in
System 2, as we found a marked decrease in the amount of evolved
hydrogen to 0.11 pmol h™" if MV?** is added to the reaction mixture
(Table 2, optimization parameter reaction system).

Having identified a preferable pH range (pH 7) and a
quencher molecule (TEOA) for light-driven proton reduction
reactions using SnTPPC, we next performed measurements to
optimize the concentrations of the individual components of
System 1.

To visualize the results, hydrogen evolution rates as func-
tions of the concentrations of TEOA, SnTPPC and PtO, are
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Fig. 4 Hydrogen formation after 1 h of visible light irradiation as function of
reactant concentrations using reaction System 1: variations in the amount of
TEOA (top), SNTPPC (middle) and PtO, (bottom) in the reaction mixture
(total volume 5 mL) are shown.

presented in Fig. 4. At the top of Fig. 4 the rate dependence on
the quencher concentration is shown for solutions containing
0.5 mM SnTPPC, 100 mg L™" PtO, and a variable concentration
of TEOA in phosphate buffer (pH 7). At first, the amount of
evolved hydrogen increases with increasing quencher concen-
trations to reach a maximum for [TEOA] = 75 mM. For an even
higher quencher concentration of 100 mM, the hydrogen
evolution decreases markedly.

The relationship between the photosensitiser concentration
[SnTPPC] and the hydrogen evolution rate is shown in the
middle of Fig. 4. For this series, solutions contained different
concentrations of SnTPPC, 100 mg L~ PtO, and 0.05 M TEOA
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in phosphate buffer (pH 7). The hydrogen evolution rate reached
a pronounced maximum at a value of [SnTPPC] = 1 mM, after
which the reaction rate decreased gradually until no catalysis is
observed any more for a porphyrin concentration of 6.5 mM.

Finally, the third graph of Fig. 4 illustrates the dependence
of the reaction rate on the amount of PtO, catalyst present in
the system. The sample solutions contained different quanti-
ties of PtO,, 0.5 mM SnTPPC and 0.05 M TEOA in phosphate
buffer (pH 7). Again, we were able to clearly identify an
optimum range for catalysis, in this case a concentration of
100 mg L' platinum oxide.

Considering the combined data of Table 2 and the trends
shown in the graphs of Fig. 4, one realises that there seem to
exist rather pronounced ‘“optimal conditions” for the varied
concentrations [H'] (pH), [TEOA], [SnTPPC] and [PtO,]. In all
four cases, very low or very high concentrations never result in
saturation, but rather an inhibition behaviour concerning the
catalytic rate.

First and foremost, we find that the pH of the reaction mixture
plays an important role in light-driven proton-reduction. The
pH value should be low, because proton-reduction according to
eqn (2) is more efficient at high [H']. However, at too low
pH values the quenching reaction with the amines TEOA and
EDTA is not possible anymore, as their free electron pairs of the
amine functions (the electron source in the molecule) are
protonated. These opposing trends could explain the observa-
tion that pH 7 was found to be the best pH value for proton-
reduction in System 1.

Next, the catalyst to photosensitiser ratio seems to play an
important role in the catalytic activity of the system. Hydrogen
evolution becomes more efficient when the relative concentration
of photosensitiser to catalyst is high. Proton-reduction to H, is a
multi-electron process and additionally a certain degree of
“reductive charging” of the PtO, particles seems necessary before
H, formation occurs. Thus higher amounts of the photosensitiser
are needed. Aside from that, the concentration of the photo-
sensitiser should not be increased too much, as very high
concentrations of 1 decrease and even stop hydrogen evolution
(Fig. 4, middle). This may be caused by aggregation of the
porphyrin at higher concentrations, as porphyrins are well-known
to form stacked assemblies in solution (H- and J-aggregates).*!
As we found that the absorption of 1 does not follow the Beer—
Lambert law any more for concentrations above 1 mM (see ESL, T
Fig. S9), this seems reasonable.

The concentration of the electron donor is generally chosen
to be much higher than the concentrations of the other
compounds. This is meant to lead to more efficient quenching
of the excited state. Dynamic quenching is a diffusion con-
trolled process and therefore one would expect that the reaction
rate should increase continually for increasing quencher con-
centrations. In contrast, we also observed a concentration
optimum for [TEOA] in our system (Fig. 4, top). As TEOA can
also act as a base (pKg 6.2), higher [TEOA] increase the pH of
the solution when the system reaches the capacity of the
phosphate buffer. The resulting lower [H'] again disfavours
proton-reduction (see above).
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Fig. 5 Time course of photoinduced hydrogen evolution under visible
light irradiation with tin(v) porphyrin 1 (@) and [Ru(bpy)s]>* (M) as photo-
sensitisers in System 1. Conditions: 1 mM dye, 20 mg L~* PtO, and 60 mM
TEOA in phosphate buffer (pH 7).

The comparison of the two studied donor molecules showed
that TEOA is better suited for the investigated system than
EDTA. TEOA is a slightly stronger reductant (E,, = 1.07 V) than
EDTA (E,x = 1.17 V) (Scheme 2), which may be one reason for
the more efficient reductive quenching of 1*. Another reason
could be that there are more free amine units available for
TEOA at pH 7 than for EDTA (pKu(EDTA*") 3.7).

After the described optimization rounds for the catalytic
system SnTPPC/TEOA/PtO,, we continued our study using the
developed optimized system for light-driven hydrogen evolution
consisting of 1 mM tin(v) porphyrin 1, 20 mg L™' PtO, and
60 mM TEOA in phosphate buffer (pH 7). Through the optimi-
zation procedure, we were able to increase the reaction rate to
an amount of 4.8 umol of evolved hydrogen after one hour of
irradiation. During this time continuous H, evolution can be
observed (Fig. 5). In agreement with our previous arguments,
the time-course of H, evolution shows a lower rate during the
first 20 min (build-up of reduced photosensitiser and catalyst).
After about 50 min of irradiation H, production slows down
again, which is probably caused by the various side reactions of
the reduced tin porphyrin (see below). In contrast to 1, no
hydrogen evolution can be detected in such a system if the
commonly used [Ru(bpy);]** serves as a photosensitiser, most
probably because the excited state of the ruthenium complex
Ru* cannot be reductively quenched by TEOA (see Scheme 4).*

Kriiger and Fuhrhop detected hydrogen evolution rates of
18 mol(H,)/mol(PS) after one hour of irradiation. In a typical
experiment containing 5 x 10~> M photosensitiser, EDTA as
quencher and 2 x 107> M colloidal platinum as catalyst in 1 L
solution at pH 5, they detected about 900 umol of hydrogen after
an irradiation time of one hour.” We thus find similar amounts of

e

SnVp2 ——= gnVp-* —— §nVPp —So gpiVpre snVp2+

e e
Scheme 4 Ligand-centred redox processes reported for tin(iv) porphyrins
in organic solvents.2% P denotes the aromatic part of the porphyrin ring
system.
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hydrogen per solution volume here (970 pmol(H,) h™' L™"), but
our hydrogen evolution rate per photosensitiser (0.96 mol(H,)/
mol(1)) is much lower as we used a higher photosensitiser
concentration in our experiments.

Comparison with the established photosensitiser [Ru(bpy)s]**

As mentioned above, Kalyanasundaram detected hydrogen
evolution for an alternative reaction mixture containing the
photosensitiser [Ru(bpy)s]*" in combination with the acceptor
methyl viologen (MV>") acting as an oxidative quencher for Ru*
(Scheme 3, System 2).*> Proton reduction takes place at the
catalyst after electron transfer from the reduced relay (MV*") to
the catalyst and the oxidised form of the photosensitiser (Ru")
reacts with the electron donor in a “dark reaction” back to its
initial state.®®

Iluminating a mixture of 0.5 mM [Ru(bpy);]**, 1 mg mL ™"
methyl viologen, 100 mg mL ™" PtO, and 0.05 M electron donor
in phosphate buffer (pH 7), we were able to reproduce the good
photocatalytic performance of the Kalyanasundaram system
with [Ru(bpy);]*" and found a hydrogen evolution rate of
2.21 pmol(H,) h™* (0.88 mol(H,)/mol(Ru)) with EDTA as an electron
donor. For TEOA as an electron donor, only 0.16 umol(H,) h™*
(0.06 mol(H,)/mol(Ru)) could be detected. Kalyanasundaram
found 9 mol(H,)/mol(Ru) during typical experiments
(4 x 107> M [Ru(bpy)s]*", 107> M MV**, 0.05 M TEOA and
PtO, as catalyst in 100 mL solution at pH 7).>* We thus again
detected similar amounts of hydrogen per hour and volume
here (440 pmol(H,) h™" L™') as in the original report
(360 pmol(H,) h™' L™).

However, when we exchanged the photosensitiser for the
tin(v) porphyrin 1, reaction rates were very low. A blank
experiment for Ru as a photosensitiser without MV>" present
(0.5 mM [Ru(bpy);]**, 100 mg mL ™" PtO, and 0.05 M electron
donor (TEOA, EDTA) in phosphate buffer (pH 7)), confirmed
that the addition of methyl viologen to the reaction mixture is
necessary to observe any amount of hydrogen using Ru.

To summarize the observations of the photocatalysis experi-
ments, Fig. 6 shows a comparison of hydrogen evolution rates
for the use of either [Ru(bpy)s]”" or SNTPPC as photosensitisers
in both Systems 1 and 2. Additionally, the dependence of the
reaction rates on the electron donor is illustrated.

In general, hydrogen evolution in System 2 is much more
efficient if the ruthenium complex [Ru(bpy);]** is used as a dye
for electron transfer (Fig. 6). Considering redox potentials, it is
possible for both photosensitisers to start the electron transfer
chain as the excited states of both the ruthenium complex (Ru*)
and the singlet excited state of the tin(iv) porphyrin (1*) have
suitable potentials to be oxidatively quenched by MV**
(Scheme 2). On the other hand, reductive quenching of Ru* is
not possible with EDTA or TEOA according to Scheme 2. As
clearly visible in Fig. 6, oxidative quenching of 1* by MV*" is
apparently not a very productive route to obtain H,, but rather
negatively competes with the reductive route, so using the tin(wv)
porphyrin in System 2 leads to virtually no hydrogen production.

Fig. 6 also shows that more hydrogen is evolved using EDTA
as an electron donor in System 2 in comparison to TEOA.
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Fig. 6 Comparison of hydrogen evolution rates in Systems 1 and 2
depending on the used photosensitiser: [Ru(bpy)s]>* (orange) or SNTPPC
(purple). All of the sample solutions contained a 0.5 mM photosensitiser,
100 mg mL~* PtO, and 0.05 M electron donor in phosphate buffer (pH 7).
The electron donor was either EDTA (two rows at the front/left) or TEOA
(two rows at the back/right).

This may be affected by more efficient electron transfer from
EDTA to the oxidised form of the ruthenium complex Ru* than
with TEOA as an electron donor. Taking into account that TEOA
(Eox = 1.07 V) is a stronger reductant than EDTA (E,, = 1.17 V),
we can give no reasonable explanation for this observation.
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In summary, we were able to show that light-driven hydro-
gen evolution is possible using the tin(wv) porphyrin 1 as a
photosensitiser in a simple system in neutral aqueous solution.
The fastest formation of hydrogen could be detected for
SnTPPC in an optimized form of System 1, where reaction rates
comparable to the established photosensitiser [Ru(bpy)s]*" in
System 2 could be reached (Fig. 6).

Reaction sequence

For aqueous solutions, it is well-documented that follow-on
reactions of the metalloporphyrin can occur after oxidation or
reduction events.”*>*” For example, two of the single-electron-
oxidised or -reduced porphyrin species can disproportionate
leading to doubly reduced or doubly oxidised species, which
react with water in substitution reactions of the porphyrin
heterocycle. In such cases, the addition of protons to the doubly
reduced macrocycle results in the formation of chlorin species
as the products of +2e/+2H'- events (see Scheme 5), while the
addition of hydroxide to the doubly oxidised form yields the
—2e”/+20H" - product isoporphyrin. For tin(iv) porphyrins it is
known that the first process can easily occur as photochemical
conversions to the chlorin form have already been observed in
non-aqueous systems if only trace amounts of reducing agents
were present.>!*®

In all light-driven proton-reduction experiments studied here,
a colour change of the solutions from purple to green was
observed during the reaction if Sn'TPPC is used as a photo-
sensitiser. This colour change was more or less pronounced for

R Ry
+H* +2¢
D/ hv
R R ES—— R R
€
- B
R . H R
porphyrin phlorin
¥2H 26 oy
RN
HH R HH R

+H* +2¢

chlorinphlorin

R
chlorin

Scheme 5 Possible reactions of the macrocycle of the tin(iv) porphyrin 1 during light-driven proton-reductions in water. Reductive quenching by an
electron donor D is most likely the first step of a proton-coupled reaction sequence leading to the tin(iv) chlorin species. Phlorin and chlorinphlorin
intermediates might act as hydride-transfer agents to the platinum catalyst where the evolution of hydrogen occurs.
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Fig. 7 Absorption spectra of 10 uM SnTPPC (Q-bands 100 pM) in System 1
after irradiation for 0, 30, 90 and 180 minutes.

different experiments, but occurred in all cases and was found
to be irreversible even if the product mixture was exposed to air.

In Fig. 7 the absorption spectra of a “System 1 mixture”
(0.5 mM SnTPPC, 100 mg L™ PtO, and 0.05 M TEOA in neutral
phosphate buffer) after 0, 30, 90 and 180 minutes of visible
light irradiation are shown. The formation of a new Q-band at
625 nm can be observed, while the Soret-band maximum at
421 nm remains unchanged. The other Q-bands at 556 and
596 nm slightly decrease in intensity during irradiation. The
observation of an additional Q-band at 625 nm has been
identified as characteristic of chlorin formation before,”?°
and we thus conclude that a reduction of 1 to the corres-
ponding chlorin also occurs here during the photoreactions
of System 1. If the reaction mixture of System 1 is irradiated
without the platinum dioxide catalyst, the same colour and
spectral changes of the reaction mixture can be detected (see
ESI,T Fig. S10), but - as the catalyst is missing - no evolution
of H, occurs.

The timescale of the photochemical chlorin formation does
not behave proportionally to the timescale of light-induced
hydrogen evolution in System 1. The absorption at 625 nm
due to chlorin formation increases linearly (~0.16 a.u. h™")
during an irradiation time of three hours. In contrast to that,
hydrogen evolution takes place at a rate of 1.42 pmol(H,) h™*
during the first hour of irradiation and then slows down
markedly in the next two hours, where we found a rate of
0.23 pmol(H,) h™" (see above). Apart from a possible deactiva-
tion of the photosensitiser and/or the catalyst, the competition
between chlorin formation and hydrogen evolution might be a
reason for that. Another reason could be that the catalytic route
involving the tin(wv) chlorin is less efficient than the one for the
tin(wv) porphyrin (see below, especially Scheme 5).

Electrochemical reduction studies

As UV/Vis spectroscopy suggested structural changes at the
porphyrin macrocycle during light-driven proton-reduction,
we performed additional electrochemical and spectroelectro-
chemical experiments to study the reduction processes of 1 in
water in more detail.
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In the absence of water, the redox chemistry of tin(iv)
porphyrins is known to be ligand-based with the metal retaining
its sn'v oxidation state during both reduction and oxidation
processes. In organic solvents, it has been shown that a maximum
of five different oxidation states might be accessible (Scheme 4),
for which reversible electrochemistry has been reported.'®'"
In contrast to these reports for organic solvents, we already
showed above that both the electrochemical oxidations and
reductions of 1 in an aqueous electrolyte are irreversible (Fig. 3).

If the irreversible reduction process was related to the
transformation of the tin(iv) porphyrin to the chlorin species,
two electrons and two protons have to be transferred to the
porphyrin macrocycle (see Scheme 5 and eqn (3)). Thus, the
reduction potential for the reaction of the tin porphyrin (SnP)
to the chlorin (SnC) is expected to be pH-dependent. An
analysis of the pH-dependence of the reduction potentials of
SnTPPC in aqueous buffer solutions should therefore provide
information about the mechanism of the reduction process:

SnP + 2H' + 2e~ — SnC 3)

At first, reductive CVs (and DPVs, see ESI,i Fig. S11) of
porphyrin 1 were recorded in aqueous phosphate buffer at pH 5,
6, 7 and 8 using a hanging-mercury-drop working electrode. For
all four pH-values, irreversible reduction waves could be detected,
but these were found at different potentials. The events are
complicated and their overall shapes and current magnitudes
also change for different pH-values (Fig. 8). Nevertheless, it is
clearly visible that the onset of the reduction event shifts to lower
potentials for higher pH values of the electrolyte. This indicates
that the reduction process is coupled to a proton-consuming
reaction as it becomes more facile for higher [H'].

For the first reduction wave between —600 and —900 mV, we
could observe a strong pH-dependence with a slope of AE/ApH =
—60 mV pH™". For the second reduction wave the behaviour is
not that straightforward as the shapes of the CVs vary signifi-
cantly, thus E,.q, decreases from pH 6 to pH 7, but increases
again from pH 7 to pH 8. Finally, the re-oxidation peak most likely
caused by tin amalgam formation between —300 and —500 mV

-0,8 1
-0,6 |
-0,4 |

0,24

0,04

I/ yA

0,24

0,4

0,6

T+ Ao % L& 1t & % & J_*& & & 1
0,2 0,0 -0,2 -0,4 -0,6 -0,8 -1,0 -1,2 -1,4

E/V vs. NHE
Fig. 8 Cyclic voltammograms of 1 in aqueous phosphate buffers of
different pH values ([1] = 0.5 mM, total phosphate concentration 0.5 M):
pH 5 (black), pH 6 (blue), pH 7 (red) and pH 8 (green).
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is also pH-dependent as the re-oxidation potentials increase
with increasing pH.

By formulating the Nernst equation for the reduction reac-
tion (3), the pH-dependence of E,.q for the conversion of 1 into
the chlorin can be formulated as

EM:EV+w5mng§§%—wnwpo (4)

The expected slope of AE/ApH perfectly fits the —60 mV pH
observed for the first reduction wave. These observations give
reason to assume that the first reduction process at —0.73 V
(pH 7) is a proton-coupled reduction of 1 either of a +2e¢ /+2H"
or a +le /+1H' type. For the +2e /+2H'-case, the reduction
would result in the formation of the chlorin, and thus the
second process at —0.95 V (pH 7) would then correspond to the
transfer of additional electrons to the chlorin ring system.

To assign the redox events, we carried out electrolysis of
neutral solutions of 1 at —0.8 V or —1.05 V at pH 7 (using a
mercury-pool working electrode) and followed the reactions by
UV/Vis absorption spectroscopy.

The electrolysis of a neutral solution of 1 at the first
reduction potential (—0.8 V vs. NHE) causes no changes in
the absorption spectra. If the first reduction wave originates
from the transfer of one electron to the porphyrin macrocycle
resulting in an anionic & radical (Scheme 4), a decrease in Soret
band intensity and the appearance of two new broad absorp-
tion bands centred at about 605 nm and 875 nm should be
observed.”® The reason that we were not able to detect such
changes could be due to the measurement conditions. To be
able to measure samples taken from the electrolysed solution,
small volumes of electrolytes were taken, diluted with the
corresponding buffer and measured in a cuvette. This proce-
dure takes some time for which the reactive n radicals might
not be stable.

In contrast, the electrochemical reduction at the second
reduction potential (—1.05 V) results in a colour change of
the solution from purple to turquoise. In the corresponding
UV/Vis spectra, the formation of the characteristic chlorin
Q-band at 625 nm is very pronounced while the other Q-bands
at 556 and 596 nm decrease (Fig. 9). The Soret band also
decreases, but only in a very small amount.

These spectral changes are virtually identical to those found
during the light-driven hydrogen formation reactions and
indicate that the formation of a significant amount of chlorin
species is an important event both for the photochemical and
electrochemical reduction of 1 in water.

Discussion of porphyrin reduction

In the previous sections we could show that the reduction of 1
in water is a complicated process, because porphyrins are non-
innocent ligands in aqueous solution.

We could observe chlorin formation during photochemical
and also during electrochemical experiments. Both reductive
quenchers we used (TEOA, EDTA) are able to transfer one
electron to the excited state of porphyrin 1 and the single-electron-
reduced species should be able to drive proton-reduction (Scheme 2).
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Fig. 9 Changes in the absorption spectra of 10 uM SnTPPC 1 (Q-bands
100 uM) during the electrolysis of a 0.5 mM solution of SNTPPC in phosphate
buffer (0.5 M, pH 7) at —1.05 V using a mercury-pool-electrode. Spectra after
0, 10, 20, 60 and 120 minutes of electrolysis time are shown.

The reduction potentials we determined by cyclic voltammetry
are both pH-dependent, and the electrochemical chlorin forma-
tion could be detected by electrolysis of a neutral solution of 1
at the second reduction potential (E;eq, = —0.95 V vs. NHE).

Fuhrhop and Kriiger suggested that the active species for
H,-evolution are the phlorin and chlorinphlorin species of the
tin(iv) porphyrins.” As the chlorin macrocycle can also take part
in such addition reactions, hydrogen evolution is not stopped
by chlorin formation, as we also observed in our studies. As a
speciality of this chemistry, the phlorin intermediates can thus
not only act as electrons but also as hydride (H™) transfer reagents
in the sequence (see Scheme 5, dashed reaction arrows).

Consequently, the reaction sequence for light-driven proton-
reduction is much more complicated for SnTPPC than for the
established photosensitiser Ru, as various reduced and proto-
nated species relevant for the reaction can occur in parallel in
solution. For [Ru(bpy)s]**, such protonation steps do not take
place and the photosensitiser acts as a pure electron agent with
the central metal ion changing between the Ru®*" and Ru**
oxidation states.

Photocatalytic water-oxidation

Wang et al.® observed water-oxidation to O, in a system contain-
ing SnTPPS as a photosensitiser, ruthenium dioxide RuO, as a
water-oxidation catalyst and [Co™(NH;);CI]*" as an irreversible
electron acceptor. These results could not be reproduced by us.
Using SnTPPC (or SnTPPS) as a photosensitiser in such a system
gave no detectable amount of oxygen after irradiation.

One reason for the missing oxygen evolution could be side
reactions of the porphyrin n cationic radical species. After
disproportionation from two of these species, substitution of
hydroxide to the dicationic porphyrin could lead to the iso-
porphyrin species, a reaction which is known to occur for porphyrins
in aqueous media.”***” As the isoporphyrin complex should
show different absorption bands than the tin(iv) porphyrin,
we measured absorption spectra during irradiation of mixtures
or SnTPPC, RuO, and Co™ or peroxodisulfate S,04>" as an
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oxidative quencher®*" in neutral phosphate buffer. No changes
in the absorption bands could be detected, indicating that no
electron transfer (and also no side reactions leading to the
isoporphyrin species) occurred. At this time we can give no
explanation for this as oxidative quenching reactions should be
thermodynamically possible considering the redox potentials
shown in Fig. 3. Further investigations are needed here, but so
far we find that Sn'TPPC can and least not be used in systems
for light-driven water oxidation where [Ru(bpy);]*" has been
established as a suitable dye.

Implications for artificial and natural photosyntheses

In natural photosynthesis, the excited states of the pigments
P680* and P700* both react with electron acceptor molecules,
yielding the oxidized forms P680" and P700" as important
intermediates. Many systems for artificial photocatalytic
water-splitting are based on this kind of mechanism, which is
for example imitated by the reactions of [Ru(bpy)s]** in System
2, where oxidative quenching leads to an oxidation of the
central ruthenium atom forming Ru®" which is a water-stable
species. In the case of tin(iv) porphyrins, oxidative quenching
would lead to 7 cationic radicals, which are very reactive in
aqueous solution and might result in the decomposition of the
porphyrin dye.

In contrast, the presented proton-reduction systems are
initiated by the reductive quenching of the excited state of
the tin(wv) porphyrin, leading to 7 anionic radicals. Our results
implicate that the n anionic ligands are non-innocent in water,
but react further via proton-coupled disproportionation reac-
tions resulting in chlorin formation (Scheme 5). While the
reactions that follow reductive quenching do not inhibit hydro-
gen production (and might instead rather be needed for it,
see Scheme 5), oxidative quenching and its consecutive reac-
tions at the porphyrin macrocycle seem to be non-productive.
Clues for this claim are the following observations: (a) for
System 2, the addition of an oxidative quencher (MV**) led to
less hydrogen production using SnTPPC as a photosensitiser,
(b) water-oxidation to O, as reported by Wang et al.® could
not be confirmed despite multiple attempts. From the poor
performance of 1 in System 2 and the lack of photocatalytic
oxygen-formation in the Wang-system, we conclude that
tin(iv) porphyrins might not be suitable for artificial photo-
synthetic systems involving oxidative quenching steps of the
photosensitiser.

Overall, we showed that side reactions of the prophyrin ring
system dominate the redox chemistry of 1 in aqueous solution
both for photochemical and electrochemical processes. In
nature, such side reactions do hardly occur for the chlorophyll
molecules in the reaction centers of PS I and II. Instead, the
pigments just cycle back and forth between their initial and
their one-electron oxidized forms. Looking at the recent X-ray
structure of PS II from Umena et al.,” where it was possible to
locate (among many other important details) thousands of
water molecules for the first time, it is striking to find that
the dye molecules of P680 and the electron transfer chain seem
to be carefully isolated from water molecules within the protein
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matrix (see ESL 1 Fig. S12). On the other hand, the site of water-
oxidation, the oxygen evolving complex (OEC), is surrounded by
water and substrate molecules (see ESIL,t Fig. S12). In this way
nature apparently prevents side reactions of the oxidised chloro-
phyll molecules with water, while substrate availability is ensured
for the OEC.

Conclusions

We presented the syntheses and characterization of the bio-
inspired water soluble tin(wv) porphyrin 1 as well as a working
photocatalytic proton-reduction system using porphyrin 1 as a
photosensitiser. We carried out a comprehensive characterisa-
tion of the tin(iv) porphyrin to show that it can be achieved in a
defined and pure form via a simple two-step synthesis. Spectro-
scopic and electrochemical studies were performed in neutral
aqueous solution - the same conditions where we screened
activity in light-driven reactions.

The tin(wv) porphyrin SnTPPC is able to act as a photosensi-
tiser during photocatalytic proton-reduction in two different
systems, one based on a reductive mechanism and the other
one based on an oxidative quenching mechanism. The system
based on the reductive quenching mechanism (System 1)
generally resulted in much higher hydrogen evolution rates
for the photosensitiser SnTPPC and the amount of hydrogen
could be improved by an extensive optimization study of the
system. The commonly used photosensitiser [Ru(bpy);]** is not
able to catalyse the generation of hydrogen in this system.

We could show that the formation of a tin(v) chlorin species
can be detected during photoinduced proton reduction as well
as during electrochemical reduction of the tin(iv) porphyrin.
This reaction at the macrocycle occurs after reductive quench-
ing or electrochemical reduction of the porphyrin in water,
followed by a disproportionation reaction and proton addi-
tions. The reduced porphyrin ligand is thus ‘“non-innocent”
in water.

Our results imply that aqueous artificial systems based on
oxidative quenching mechanisms are not suitable for tin(wv)
porphyrins as photosensitisers. This offers an interesting
parallel to natural photosynthesis, where the chlorophyll mole-
cules of the pigments P680 and P700 are placed inside the
hydrophobic membrane to prevent them from unwanted side
reactions.

In future studies we will focus on the understanding of the
quenching process of the porphyrins‘ excited states. Until now,
it is unclear whether the singlet or the triplet excited states are
involved in the initial quenching processes. Additionally, the
reactions at the porphyrin macrocycle following oxidative
quenching need further investigation to possibly understand
the absence of oxygen evolution with tin(iv) porphyrins as
photosensitisers in photocatalytic water-oxidation systems.

A better understanding of this very interesting, promising
and - in comparison to the often-used ruthenium complexes —
very cheap class of dyes could then pave a way to their use in
artificial photosynthesis.
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Experimental
Materials

Chemicals were purchased in the highest available quality and
used without further purification. All solvents for UV/Vis or fluores-
cence measurements were of spectroscopic grade. Deionised water
(>10 MQ cm) was used for all experiments.

Instrumentation

NMR-spectroscopy was carried out using a Bruker AVANCE 400
Puls Fourier transform spectrometer with a "H-resonance fre-
quency of 400.13 MHz. A Genesis FT-IR-spectrometer (ATI
Mattson) enabled us to determine vibrational spectra of samples
compressed in discs of spectroscopy grade KBr. UV/Vis spectra
were recorded on a Varian Cary 5000 spectrometer or an Agilent
Specord S 300 VIS with solutions of the compounds in 10 mm
quartz cuvets. Fluorescence spectra were measured using a
Horiba Jobin Yvon Fluoromax-4 spectrofluorometer or a
PerkinElmer LS 55 Luminescence Spectrometer with samples
in 10 mm quartz cuvets. A Bruker Biflex III instrument was used
to measure MALDI-TOF-MS of samples prepared in a 4-chloro-
a-cyanocinnamic acid (Cl-CCA) matrix. Elemental analyses were
obtained using a Euro Vector Euro EA 3000 elemental analyser.
The chloride content of samples was determined by argento-
metric titration. Electrochemical analyses were performed using
an ECO Chemie PGSTAT30 potentiostat and a Metrohm 663 VA
stand. The three-electrode setup consisted of glassy carbon
working/counter electrodes and a Ag/AgCl-reference (filled with
3 M KCl, +0.21 V vs. NHE). Other measurements were per-
formed using a Metrohm 797 VA Computrace control. The
three-electrode setup consisted of a mercury Multi Mode elec-
trode (MME) from Metrohm (or a glassy carbon electrode) as a
working electrode, a platinum electrode as a counter electrode
and a Ag/AgCl-reference electrode (filled with 3 M KCl, +0.21 V
vs. NHE). Electrolysis experiments were performed using an
Ametek VersaSTAT4 Potentiostat and an EG&G electrolysis cell.
A mercury pool was used as a working electrode, a platinum
electrode as a counter electrode (separated over a salt bridge
filled with 3 M KCI) and a Ag/AgCl-reference electrode (filled
with 3 M KCl, +0.21 V vs. NHE).

Hydrogen evolution studies were performed using a HP 6890
Series GC System equipped with an 8 ft x 1/8 in a 5 A molecular
sieve column (Supelco) using argon as a carrier gas. Photo-
catalytic experiments were carried out with reaction mixtures in
20 mL septum vials. The reactants were weighed in the vial as
solids, before the vessel was capped with a gas-tight septum.
The argon-flushed buffer solution (5 mL) was then added and
the vial was irradiated using a slide projector equipped with a
250 W halogen bulb and a 85 mm 2.7 lens (no cut-off filter was
used). The vial was always positioned at the same distance from
the light-source (illuminance in front of the vial was always
7 x 10 1x) and the solution was stirred during irradiation. In a
typical experiment, gas samples of the headspace were taken
and injected to the GC using a HP 7694 headspace sampler
equipped with a 1 mL sample-loop after one hour of irradiation.
(During the time dependent measurements, 100 pL samples of
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the vial’s headspace were taken with a syringe and injected
directly.) Inside the headspace sampler, the vial is first pressurized
with the carrier gas and the sample loop is flushed and filled until
the pressure in the vial is again at atmospheric pressure. With
pressurization of the vial, the headspace volume gets higher about
an uncertain amount. For calculations of the total amount of
evolved hydrogen, we assumed a headspace volume of the non-
pressurized vial. That is why the calculated amounts of hydrogen
may be too low. The gases, H,, O, and N,, were monitored using a
thermal conductivity detector. Calibrations for H, were carried out
by the injection of different volumina of a hydrogen gas mixture
(7.49 v% H, in argon). We estimate the error margin for the rate
determination to be in the range of + 25%.

Synthesis of 5,10,15,20-tetrakis( p-carboxyphenyl)porphyrine
(TPPC) was carried out similar to literature procedures®®*° with
slight modifications. Pyrrole (8.3 mL, 120 mmol) was added to a
solution of 4-formylbenzoic acid (18.0 g, 120 mmol) in 500 mL
of propionic acid and the solution was heated to reflux for 3 h.
Cooling the resulting mixture to 4 °C for 18 h yielded a purple
precipitate, which was filtered off, washed with methanol (5x 5 mL)
and water (2 x 10 mL) and dried. The final product was obtained
after recrystallisation from MeOH-CHCI; (1:1) and drying in vacuo.
Yield: 6.6 g (27%). 'H-NMR (400 MHz, DMSO-d¢): 6 = 12.88
(s, 4 H, O-H), 8.79 (s, 8 H, pyrrole-H), 8.33 (d, ’J = 8.2 Hz, 8 H,
ortho-H), 8.27 (d, *] = 8.2 Hz, 8 H, meta-H), —2.98 (s, 2 H, N-H)
ppm. C-NMR (100 MHz, DMSO-d,): 6 = 167.6 (s, COOH), 145.9
(s, ipso-C), 134.9 (s, ortho-C), 131.0 (s, para-C), 128.4 (s, meta-C),
119.8 (s, meso-C), ppm. The signals for the quaternary C=N and
pyrrole-C carbon atoms were not observed. IR (KBr): v = 3021
(C-H-val. arom.), 1695 (C—=0-val.), 1605, 1565, 1507 (C—=C-val.),
1405 (C=N-val.), 965 (C-H-def. pyrrole), 797 (C-H-def. arom.)
em'. UV/Vis (phosphate puffer, pH = 7): A (¢ [L mol ' em ™ ']) =
414 (2.60 x 10%), 526 (9.13 x 10%), 566 (8.29 x 10%), 595 (4.57 x 10%),
652 (4.65 x 10°) nm. Analysis calculated for C,gHzoN,Og-2H,0 (%):
C, 71.72; H, 3.47; N, 6.43. Found: C, 71.27; H, 4.72; N, 6.43.

For the synthesis of dichlorido-5,10,15,20-tetrakis( p-carboxy-
phenyl)-porphyrinato-tin(iv) (1), a solution of TPPC (1.29 g,
1.63 mmol) in pyridine (50 mL) was prepared and SnCl,-2H,0
(730 mg, 3.25 mmol) was added as a solid. The mixture was
heated to reflux for 2 h in the dark. Now diethylether (250 mL)
was added to the cold solution. After 12 h at 4 °C in the dark, a
purple precipitate was obtained, which was filtered off, washed
with ether (4 x 20 mL), CH,Cl, (4 x 20 mL) water (4 x 20 mL)
and again ether (4 x 20 mL) and dried in vacuo. Yield: 1.2 g
(75%). Further purification could be achieved by gently stirring a
suspension of 80 mg of the crude product in 2 M hydrochloric
acid (12 mL), followed by filtration and drying of the solid
in vacuo. "H-NMR (400 MHz, DMSO-dg): 6 = 13.30 (s, 4 H,
O-H), 9.27 (s, 8 H, pyrrole-H), 8.44 (d, ] = 8 Hz, ortho-H), 8.39
(d, %] = 8 Hz, meta-H) ppm. *C-NMR (100 MHz, DMSO-dg): 6 =
167.7 (s, COOH), 145.8 (s, ipso-C), 144.2 (s, C—=N), 135.3 (s, ortho-C),
133.8 (s, pyrrole-C), 131.7 (s, para-C) 128.8 (s, meta-C), 120.9
(meso-C) ppm. IR (KBr): v = 3064 (C-H-val. arom.), 1716 (C—O0-val.),
1608, 1571, 1484 (C—=Cwal.), 1450 (C=N-val.), 1015 (C-H-def.
pyrrole), 786 (C-H-def. arom.) cm™'. UV/Vis (phosphate puffer,
pH =7): 4 (¢ [L mol " em™"]) = 421 (1.68 x 10°), 517 (2.59 x 10%),
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566 (6.80 x 10°), 596 (4.75 x 10*) nm. MALDI-TOF-MS (CI-CCA):
mlz = 908 ([M-2Cl]"), 943 ([M-CI]"), 1114 ([M-2Cl+(CI-CCA)]"),
1150 ([M-CI+(CI-CCA)]"), 1320 ([M-2CI+2(CI-CCA)]"), see also
ESL, T Fig. S13. Analysis calculated for C,gH,sN,O4SnCl, (%):
C, 58.92; H, 2.89; N, 5.73; Cl~, 7.47. Found: C, 58.76; H, 2.83;
N, 5.82; CI, 6.30.
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