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Molecular Dyad vs Multi-Component Approach-
Photocatalytic Hydrogen Evolution by Combining
Oligothiophene Photosensitizers with [FeFe]-Hydrogenase

Mimics

Chizuru Kasahara,®® Katharina Rediger,"” Mathias Micheel,” Phil Liebing,” Stefanie Grafe,”
Stephan Kupfer,*® Maria Wachtler,*” and Wolfgang Weigand*® <

A molecular dyad (PS-CAT) consisting of a metal-free photo-
sensitiser (PS) and a [FeFel-hydrogenase-inspired [Fe,S,] cluster
(CAT) has been synthesized for hydrogen evolution under
visible light irradiation. The electrochemical properties of PS-
CAT in the absence and presence of acid were investigated by
CV and IR-SEC. The ground state and excited state photo-
physical properties of PS and PS-CAT, and the non-chemically
connected reference system [PS, CAT] were investigated to

Introduction

The photocatalytic hydrogen evolution reaction (HER) has
attracted much attention in the last decades. A plethora of
(supra-)molecular architectures was proposed by the scientific
community to facilitate the photocatalytic reduction of protons
to molecular hydrogen. The vast majority of these approaches
frequently involve rare 4d and 5d transition metals (e.g., Re, Ry,
Rh, Pd, Pt) - either for the light-harvesting unit, i.e, the
photosensitizer (PS), the catalytic active centre (CAT) or both.!"
Until today, only a few examples of efficient photocatalysts that
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elucidate the effect of a covalent linkage between PS and CAT
on the electronic communication and hence on the catalytic
performance. The photo-relaxation pathway of PS-CAT was
revealed computationally by scalar-relativistic time-dependent
density functional theory simulations. These studies are com-
plemented by comparative analyses of photocatalytic hydrogen
evolution between PS-CAT and [PS, CAT] under visible light
irradiation.

are based entirely on earth-abundant elements are reported in
the field of HER, especially for the PS."?

In nature, [FeFel-hydrogenases catalyse the HER using
earth-abundant metals for their catalytic centre showing
excellent HER efficiencies (TOF~221,000+12,000s7").”! There-
fore, the hydrogenases’ [Fe,S,] active site and bio-inspired
mimics were investigated for electrocatalytic applications.””
Recently, increasing interest has been in developing [FeFe]-
hydrogenase model complexes for the photocatalytic HER."'
These systems typically consist of PS and CAT moieties. In this
context, both multi-component systems (PS and CAT mixture)
and molecular dyads (covalently bonded PS-CAT) are studied.
PS-CAT architectures are of particular interest since such dyad
systems avoid slow diffusion-controlled intermolecular charge
transfer processes between the light-harvesting (PS site) and
the catalytic active species (CAT site), and allow efficient
electronic communication between PS and CAT.” Very recently,
our consortium reported such a PS-CAT dyad operating upon
absorption of light in the visible spectral range bearing a
silafluorene oligo-thiophene derivative as PS and the [FeFel-
hydrogenase’s inspired moiety [(u-S),Fe,(CO);] as CAT. This
dyad showed relatively high catalytic activity (TON ~210)"' due
to the favourable electronic properties of the electron-rich
oligothiophene PS in comparison to other PS-CAT systems. The
present study aims to overcome the complicated synthetic
pathway to acquire the previously introduced silafluorene-
based PS-CAT. To this end, we designed an oligothiophene-
based PS that allows covalent linkage to a [Fe,S,] catalyst via an
azadithiolate bridge, thus yielding a novel PS-CAT dyad.

In our synergetic approach, we evaluate the electrochem-
ical, photophysical and photochemical properties of PS-CAT
and its catalytic efficacy in a joint synthetic-spectroscopic-
theoretical study. Additionally, we also seek to compare the
photocatalytic performance of this novel dyad (PS-CAT) with
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that of a simple mixture of the isolated PS and CAT units,
utilizing the metal-free PS to discern the impact of the covalent
linkage between PS and CAT on the HER efficiency. While a
limited number of studies on precious metal-containing PS
have addressed the influence of the covalent bond between PS
and CAT on catalytic activities and catalyst stability, as well as
the predicted photo-activation mechanism for generating
catalytically active photo-reduced species,® such investigations
have not been extended to [FeFe]-hydrogenase-based mimics
PS-CAT and [PS, CAT] systems in combination with organic PSs.

Therefore, the primary objective of the present investigation
is to explore the impact of covalently linking the PS and CAT
moieties in comparison to the mixture of the isolated
components PS and CAT on the underlying mechanism of
photo-activation, elucidating the role of potential energy trans-
fer and electron transfer pathways.

Results and Discussion
Synthesis of PS and PS-CAT

PS and PS-CAT were synthesized following Scheme 1. Com-
pound 2 was prepared from 1 within quantitative yield. Then
the Suzuki-Miyaura cross-coupling reaction between 2 and 3,5-
dibromoaniline leads to PS in 69% yield. PS was linked to the
in situ prepared substrate 3 in 21 % yield following the literature
method.”’ PS and PS-CAT were characterized by NMR spectro-
scopy and elemental analysis.

Electrochemical Properties of PS-CAT

The cyclic voltammogram (CV) of PS-CAT, recorded in CH,Cl,,
indicates a quasi-reversible reduction event observed at E, ,"*¢=
—1.61V (vs. Fc*/Fc, Figure 1a)). The reduction event is shifted
to a more negative potential compared to that of Fe,(CO)4(u-
adt) (adt=azadithiolate).'”

The current function of PS-CAT was plotted in Figure S12 to
determine the number of electrons during the quasi-reversible
reduction event. The /,/cv'”* values in high scan rate (20 Vs™)
corresponded to single electron transfer, while that of the low
scan rate (<1Vs™') nearly corresponded to a two-electron
transfer event. This result of the current function analysis
suggests that this quasi-reversible reduction proceeds via an

Br. Br

quant.

ECE mechanism (E=electron transfer, C=chemical process),
i.e., two sequential electron-transfer events with an intermedi-
ate chemical process."" IR-absorption spectroelectrochemistry
(IR-SEC) of PS-CAT in CH,Cl, with n-Bu,NBF, was carried out in
an OTTLE (optically transparent thin layer electrochemical) cell
to investigate the chemical process in-depth. In the non-
reduced species, the v(CO) absorption bands were observed at
2076, 2037, and 2000 cm™". Six new absorption bands appeared
in the CO region (2026, 1972, 1961, 1940, 1926, 1900 cm™') by
applying voltage which are in good agreement with the DFT-
predicted frequencies of the singly reduced doublet species PS-
CAT*™ (Figure 1b)). The spin density of PS-CAT*~ (Do,* Figure 2)
reveals that the negative charge is localized in the o, orbital
of the CAT moiety leading to a formal [Fe’Fe'] species with
reduced bond order between the iron atoms and, thus, a
stretched Fe—Fe bond length (Table S6). We also observed weak
IR bands in the region between 1750 and 1700 cm™', which
indicate the formation of a bridging CO ligand upon reduction.
These results from DFT and IR-SEC suggest the chemical step in
the ECE mechanism to be associated with such structural
rearrangement."? The electrochemical property of PS-CAT was
investigated by the addition of various amounts of acetic acid
(AcOH) or trifluoroacetic acid (TFA) in CH,Cl, (Figure 1c), d)). In
the presence of AcOH, the first reduction event slightly shifted
to a more positive potential (—1.64 V (vs. Fc*/Fc), 4 equivalents
of AcOH, compared to —1.66 V (vs. Fc™/Fc) without acid). This
behaviour suggests follow-up protonation of PS-CAT*~ or PS-
CAT?". A new reduction wave was observed around —2.1V (vs.
Fc*/Fc, 4 equivalents of AcOH) resulting in a reduction of PS-
CATH*". The I, at this potential was increased by adding AcOH
(Figure 1c), S14a)) due to the catalysis (releasing H,). The
estimated mechanism for the electrochemical proton reduction
cycle is shown in Figure S14c). In contrast, in the presence of
TFA, the I, at the first reduction event ( —1.6V (vs. Fc/Fc))
increased by following acid additions (Figure 1d), S14 b)). This
indicates the whole catalytic process proceeds and releases H,
already at —1.6 V in the presence of a stronger acid.

Steady-State Absorption and Emission of PS and PS-CAT

Steady-state UV-vis and emission spectra of PS and PS-CAT
were collected. Both show a strong absorption band in the
visible spectral region (An.,=401 nm, £=10.2¢10* Lmol~'cm™'
for PS and 1,,=397, £€=9.0¢10*Lmol'cm™" for PS-CAT).

HO OH
Y™ SO (D)
oc\Fé é}e/co S A s /3 \
7 I Ms?. oc”\_ [co
7] co oc N
3 S0
NH L OC\Fié}:e/CO
’ oc”\ [ co
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PS PS-CAT
69% 21%

Scheme 1. Synthetic pathway to PS-CAT via PS. (i) n-BuLi, THF; —78°C to . t (i) Pd(PPh;), K,CO;, THF, H,0; reflux (iii) THF; —78°C torr. t.
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Figure 1. a) Cyclic voltammograms of 1 mM PS-CAT solution in 0.1 M CH,Cl,-[n-NBu,][BF,] at different scan rates. b) Differential IR-SEC spectra (2 mM PS-CAT
solution in 0.1 M CH,Cl,-[n-NBu,][BF,]) and simulated frequencies. Keep in mind that the potential in this graph is not relative to Fc/Fc*. For further details see
Figure S13. DFT-predicted frequencies are shown additionally: PS-CAT (non-reduced singlet, negative signals, light grey line) and PS-CAT*~ (singly reduced
doublet, positive signals, dark grey line). ) Cyclic voltammograms of 1 mM PS-CAT in 0.1 M CH,Cl,-[n-Bu,N][BF,] at a scan rate of 0.2 Vs™' and different
concentrations of acetic acid (AcOH). Arrows indicate the scan direction. d) Cyclic voltammograms of 1 mM PS-CAT in 0.1 M CH,Cl,-[n-Bu,N][BF,] at a scan rate
of 0.2 Vs~' and different concentrations of trifluoracetic acid (TFA). Arrows indicate the scan direction.

Emission spectra (4., =400 nm) reveal three vibronic peaks at
456, 483, and 512nm (shoulder) (see Figure S15)."¥ The
emission quantum yield of PS-CAT was determined to @,,=
0.17, while that of PS was @,,=0.24. The reduced quantum
yield in the dyad indicates the presence of additional decay
pathways originating from the emitting singlet state which
could be due to ET (electron transfer) or EnT (energy transfer)
between the excited PS unit to the CAT unit or the presence of
additional non-emissive excited states which can be directly
populated via absorption at the excitation wavelength).”
Insights on both PS and PS-CAT's excited-state properties
are provided by scalar-relativistic (SR—)TD-DFT calculations (for
details on the theoretical methods and calculations, see
Supplementary Information). The simulated electronic absorp-
tion spectrum of PS-CAT within the Franck-Condon region (i.e.
fully relaxed singlet ground state structure) is shown in
Figure 2a) with the nature of prominent electronic transitions
being visualized by means of charge density differences (CDDs).
Both PS and PS-CAT show strongly dipole-allowed excitation
into the S, state at 463 nm for PS (f=2.52) and 466 nm for PS-
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CAT (f=2.25). These excitations into S, are of 'mww* character
localized on the oligothiophene sensitizer unit and correspond
to the experimental absorption band centred around 400 nm
(in DCM). In the case of PS-CAT, an additional charge-separated
singlet state (S,) is predicted at a slightly shorter wavelength
(458 nm) with a smaller oscillator strength (f=0.19) compared
to S,. Yet, this transition — which is associated with a direct
photoreduction of the catalytic unit - could potentially
contribute to the main absorption band of the dyad.

To further investigate the nature of the exited state
manifold and potential intramolecular relaxation processes
occurring from photoexcited singlet states leading to emission
quenching, spin-orbit couplings (SOCs) of both PS-CAT and PS
were calculated by SR-TD-DFT to elucidate potential intersystem
crossing (ISC) pathways from the absorbing 'mz* state to the
adjacent triplet states (Table S8). Within PS-CAT, the predicted
SOCs between this initially populated 'mz* (S,) with the
adjacent *zz* (T,;, 474 nm) is merely 2.2 cm™; a slightly smaller
value (0.8cm™") is predicted between the respective "(mm*
states (Table S9, 10; S; and T, 476 nm) for PS. In case of the

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. a) Experimental (dash line) and simulated (solid line) UV-vis spectrum of PS-CAT. b) Energy level scheme in selected geometries and characters of
prominent electronic singlet (black) and triplet (red) states potentially involved in the photoexcitation and subsequent relaxation processes indicated by
charge density differences (CDDs) calculated by DKH-TD-DFT level of theory; charge transfer takes place from red to blue. The spin density of the triplet
ground states (T,) in the *zn*, *MC geometries by DKH-DFT level of theory and singly reduced doublet (blue) species by DFT level of theory are shown.

dyad, the strongest SOC related to the 'zzr* (S,) is calculated to
be 29.0cm " with the metal-centred state *MC, 538 nm) T,.
These results suggest that an EnT from 'zz* to 3MC is a
potential pathway causing the reduced quantum yield of
emission in PS-CAT compared to PS. However, a very recent
paper by the Weinstein group reported that the lifetime of the
3MC state of the [FeFe]-hydrogenase mimic is only on the
picosecond scale."” Therefore such an EnT process, if occurring,
is unlikely to contribute to a catalytic cycle requiring a reaction
with an external electron/proton donor in a diffusion limited
bimolecular reaction. In addition, an electron transfer pathway
is possible upon ISC originating from S,. While the small SOC of
merely 7.8cm™ between S, and the 3CS state (T, 487 nm)
suggests a rather slow population transfer, the respective
(T9|ﬁsoc\52) value is with 35.5 cm™' significantly larger and may
lead in consequence to a more efficient ISC. Notably, the S,—S,
oscillator strength is significantly smaller than the respective
So—S, value.

Photo-Excited State Properties of PS-CAT and [PS, CAT] in Ns-
Timescale

To investigate further details of photo-excited states contribu-
ting to the photocatalytic reactions, ns time-resolved transient
absorption spectroscopy was performed. On this timescale,
information on long-lived triplet and charge-separated states
and their lifetimes can be collected. The transient spectra of the
sensitizer PS (Figure 3a)) show a broad excited state absorption
(ESA) feature with a maximum amplitude at 600 nm which can
be assigned to the *zz* state located at the PS in agreement
with the transient absorption spectrum predicted at TD-DFT

ChemCatChem 2024, €202400247 (4 of 9)

level of theory (Figure S23, red curve) and results for similar
systems reported in literature.” The transient signal of PS
decays monoexponentially with a lifetime of t=34.0 ps. The TA
spectra of the dyad PS-CAT show a nearly identical ESA
structure compared to PS with maximum ESA at 600 nm, and
an additional low energy shoulder at wavelengths above
~700 nm. This could be an indication for contributions of an
additional state to the overall spectral signature, i.e. a super-
position of the signature of the thiophene located *zz* state
with signatures of a second excited state, e.g. a CS state or a
3MC state as postulated above based on the calculations. Taking
into account characteristic spectroscopic signatures reported
for the reduced CAT (absorption bands at around e.g.
700 nm)"*' and the reported short lifetime™ as well as the
calculated spectroscopic signature of the *MC state (supporting
information Figure S23), contributions of a CS state having
CAT*™ nature seems to be more likely. Additionally, the decay of
the transient signal of PS-CAT reveals two decay components
with lifetimes of 7,=33.5 us and 7,=16.6 pus. The component t,
corresponds well with respect to lifetime and spectral contribu-
tions with the PS *zz* state whereas the shorter lifetime 7,
shows slight differences in the distribution of amplitudes
(Figure 3b), delivering further indication for a contribution of a
second excited state to the transient spectra. In the presence of
oxygen, a severe shortening of the lifetime of the excited state
signatures is observed, confirming the triplet nature of the
excited states, and both PS and PS-CAT show monoexponential
decay with a remaining lifetime of 7=0.22 us (Figure S17).
These results illustrate that already in the absence of the
sacrificial electron donor, severe interaction between the two
units PS and CAT coupled covalently in PS-CAT are present,
leading to of charge separation.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. a) Nanosecond-transient absorption spectra of 27 uM PS solution, 25 uM [PS, pdt-CAT =1:1] solution, 27 uM PS-CAT solution, 27 puM PS-CAT with BIH
(10 equiv.) in CH,Cl, at different time delays. b) Plot of the amplitudes of the lifetime components of the exponential fit of PS, the [PS, CAT] system, PS-CAT
and PS-CAT with BIH (10 equiv.). c) Proposed processes after excitation from the electronic ground state S,

To ascertain the potential association between the emer-
gence of the additional photo-excited state’s component and
the dyad nature of PS-CAT, specifically the covalent linkage
between PS and CAT, a comparative investigation was con-
ducted on the non-linked system [PS, pdt-CAT], which
comprises a 1:1 mixture of PS with Fe,(CO)4(u-pdt) (pdt-CAT)
(pdt=1,3-propanedithiolate). The spectral shape of the tran-
sient absorption (TA) signal closely resembles that of PS,
manifesting an ESA at 600 nm, indicative solely of the presence
of the *m* state. The transient signal decays monoexponen-
tially in the mixed system with a reduced lifetime of 7=27.5 ps.
This observation implies the existence of a dynamic quenching
pathway of the zz* state through its interaction with pdt-CAT
in the not covalently connected system. The bimolecular
quenching rate k, is estimated to 28.2e 10° M~'s™', much slower
than the diffusion limit. No signature of a product state of this
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quenching process is observed, which could result from
recombination occurring at a rate faster than the formation of
the respective state. Consequently, the current data does not
permit a conclusive determination of the quenching mecha-
nism, be it EnT or ET.

Under photocatalytic reaction conditions, additional inter-
actions with the sacrificial electron donor can interfere with the
relaxation processes discussed so far. It is important to note,
that the photoluminescence intensity of PS-CAT is not
impacted by the presence of BIH (1,3-dimethyl-2-phenylbenzi-
midazoline, see supporting information Figure S16), hence no
interaction with the emitting 'ma* state is observed. Ns-TA
measurements of PS-CAT in the presence of 10 equiv. of BIH as
two electrons and one proton donor show that both long-lived
states observed for PS-CAT are sensitive to the presence of BIH
(Figure 3a and 3b). In the presence of BIH, the decay of the
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reactions that lead eventually to H, formation.

Photocatalytic Activities of PS-CAT and [PS, CAT]

Finally, we investigated the photocatalytic HER of PS-CAT and
1:1 mixture of [PS, CAT] (mixtures of PS: pdt-CAT=1:1) under
visible light (405 nm) irradiation. To this aim, BIH (1000 equiv.)
was selected as the electron and proton donor based on our
previous studies.” At first, we investigated solvent conditions in
different ratios of acetonitrile to N-methyl-2-pyrrolidone (NMP)
in the presence of PS-CAT (Figure S19). The results revealed
that the higher the ratio of NMP, the higher the TON achieved
(TON =108 with pure NMP). As CO-loss is a common
degradation channel in [FeFe]-hydrogenase (mimics) upon
irradiation, the coordination properties of NMP may prolong
the long-term catalytic turnover, which leads to a significantly
improved TON."” Figure 4a) shows the results of the HER time
profile of PS-CAT and [PS, pdt-CAT=1:1] in pure NMP. PS-CAT
showed a higher TON than the [PS, pdt-CAT=1:1] up to
16 hours of irradiation, especially at the beginning of the
irradiation (TOF,_,,~7.9 h™' for PS-CAT, TOF, ,,~6.2 h~'for [PS,
pdt-CAT=1:1]). These results and TA data suggest that the
dyad shows higher catalytic activities due to more efficient
electron communication between the PS and the CAT moiety.
However, after 12 hours of irradiation, the rate of H, production
with PS-CAT significantly slowed down (TOF,, ,;~1.1 h™' for
PS-CAT, TOF, ,,~2.8 h™' for [PS, pdt-CAT=1:1]. As a result,
both systems reached a TON of approximately 108 after
24 hours of irradiation.
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Figure 4. a) Time profile of photocatalytic HER by PS-CAT (10 uM) and [PS,
pdt-CAT=1:1] (10 uM, each) with BIH (10 mM) in NMP. b) Photocatalytic
HER of pdt-CAT (10 uM) and PS (10, 20, 50, 100 pM) with BIH (10 mM) in
NMP.

Subsequently, to investigate the interaction between PS
and CAT units, HER with various concentrations of PS-CAT and
[PS, pdt-CAT =1:1] were performed (Figure S20b), d)). The TON
of PS-CAT did not show any concentration dependence, where-
as the TON of [PS, pdt-CAT=1:1] featured a concentration
dependency; the higher concentration gives the higher TON,
which strongly indicates an intermolecular reaction."® There-
fore, the interaction between PS and CAT, TA and (SR)-TD-DFT
results point to an ET from PS to CAT, which proceeds in an
intramolecular fashion for PS-CAT and in an intermolecular
fashion for [PS, pdt-CAT=1:1].

Since the TON of [PS, CAT] showed concentration depend-
ency, we also performed experiments on the photocatalytic
HERs of [PS, CAT] system with different PS concentrations ([PS:
pdt-CAT =1, 2, 5, 10:1]). Figure 4b) illustrates the results, where
the TON values are strongly influenced by the PS concentration,
reaching ~200 for [PS: pdt-CAT=10:1]. Thus, excessive
amounts of PS promoting HER suggest that the photoreduction
step is the key to determining catalytic activities in the catalytic
cycle.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Conclusions

In summary, we synthesized and characterized a noble-metal-
free molecular dyad PS-CAT, and its multi-component system
[PS, pdt-CAT] in a joint experimental-theoretical approach.
Electrochemical measurements show that PS-CAT exhibits a
quasi-reversible two-electron reduction via the ECE mechanism
at —1.61V (vs Fc*/Fc). Further CV measurements in the
presence of acetic acid reveal that protonation to PS-CAT
occurs only after the reduction event(s), whereas protonation
by trifluoroacetic acid proceeds before or in concert with
reduction. The scalar-relativistic TD-DFT calculations allowed us
to rationalize that after photoexcitation of PS-CAT ET and an
EnT pathway from the PS to the CAT can be involved, however,
the TA experiments strongly suggest that ET is more consid-
erable for catalytic cycle time scale. PS-CAT features HER activity
under visible-light irradiation, with catalytic activity strongly
dependent on the concentration of NMP. For comparison, a
mixed, not covalently linked [PS, pdt-CAT] system was inves-
tigated. PS-CAT showed a higher TOF up to 12 hours of
irradiation because of the highly efficient intramolecular photo-
reduction that produces catalytically active singly reduced
species. Meanwhile, the PS-CAT activity decreases faster than
for the sole mixture [PS, pdt-CAT], hence the final TON after
24 hours of irradiations reached both TON = 108. Furthermore,
photocatalytic HER was also carried out with different equiv-
alents of PS in the [PS, pdt-CAT] system and it was found that a
higher concentration of PS led to an enhanced catalytic activity.
Based on this result, we conclude that the photosensitizer
involving step, i.e. photo-reduction of catalytic centre, is the
key step for determining the catalytic efficiency.

Experimental Section

Synthesis of Trimethyl(5”-(4,4,5,5-Tetramethyl-1,3,2-
Dioxaborolan-2-yl)-[2,2":5',2"-Terthiophen]-5-Yl)silane (2)

In a three-necked flask under N, atmosphere, n-BuLi (3.0 mL, 2.5 M
in hexanes, 7.50 mmol, 1.11 equiv.) was added dropwise within
5 minutes to a stirred solution of 1 (2.06 g, 6.44 mmol) in THF
(60 mL) at —78°C. The temperature was held at —78°C for
30 minutes, followed by the addition of 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1.45mL, 7.7 mmol, 1.16 equiv.).
The solution was allowed to slowly warm up to room temperature
and stirred for 17 hours, followed by the addition of saturated
NH,Cl ag. (10 mL). Subsequently, dichloromethane 60 mL) was
added and the organic phase was separated. The latter was washed
with brine and water and then dried over Na,SO,. After removing
the solvent under reduced pressure, 2 (2.96 g, quantitative) was
obtained as a green oil, which was used without purification.

'H-NMR (400 MHz, CDCly) 6 =7.52 (d, J=4.8 Hz, 1H), 7.22 (d, J=
4.7 Hz, 2H), 7.13 (d, J=4.8 Hz, 2H), 7.08 (d, J=5.0 Hz, 1H),1.36 (s,
12H), 0.34 ppm (s, 9H).

BC{'"H}-NMR (101 MHz, CDCl;) 6 =143.99, 142.10, 140.39, 138.12,
137.04, 136.18, 134.93, 125.24, 125.20, 124.94, 124.64, 84.35, 24.91,
0.02 ppm.

MS (APCI+): [C,yHyyBO,S,Si+ HI* 446.17(calculated: 447.11).
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Synthesis of 3,5-bis(5"-(Trimethylsilyl)-[2,2":5',2"-
Terthiophen]-5-Yl)aniline (PS)

In a two-necked flask, 2-bromoaniline (0.38 g, 1.49 mmol), 2 (1.60 g,
3.52 mmol, 2.35 equiv.), and K,CO; (1.72 g, 12.43 mmol, 8.33 equiv.)
were dissolved in THF: H,O0=2:1 mixture (51 mL). After Ar bubbling
for 15 minutes, Pd(PPh;), (0.16 g, 0.14 mmol, 9 mol%) was added
and the solution was refluxed for 22 hours. The heating bath was
removed, and the reaction mixture was allowed to cool down to
room temperature, followed by the addition of dichloromethane
(20 mL). The organic phase was separated and washed with water
then dried over Na,SO,. After removing the solvent under reduced
pressure, the residue was dissolved into dichloromethane and
filtered via Celite to remove Pd residue. After removing the solvent
under reduced pressure, the residue was dissolved into hot
chloroform and then added an excessive amount of n-hexane. The
yellow precipitate was collected by filtration to get PS (0.70 g,
0.96 mmol, 64 %) as a brownish-yellow powder.

'H-NMR (400 MHz, CDCl,;, 50°C) 6 =7.23 (sd, J=3.2 Hz, 5H), 7.14 (m,
4H), 7.11 (s, 4H), 6.84 (s, 2H), 3.78 (s, 2H), 0.36 ppm (s, 18H).

BC{'H}-NMR (101 MHz, CDCl;, 50°C) 6 =147.57, 143.22, 142.34,
140.42, 136.84, 136.65, 136,52, 135.96, 125.22, 124.65, 124.59,
124.49, 12432, 114.14, 111.81, 0.04 ppm.

MS (APCI +): [C35H3sNSeSi, + HI* 730.17 (calculated: 730.07).

Elemental analysis: calc (%) for C;4H3sNSgSi,: C 59.22, H 4.83, N 1.92,
S 26.34; found C 59.49, H 4.83, N 1.99, S 26.54.

UV-Vis (DCM) 4, 401 nm.

Synthesis of [(C5gH5,NSSi,)Fe,S,(CO)] (PS-CAT)

In a Schlenk flask under N, atmosphere, Super Hydride (1.0 M in
THF, 1.31 mL, 1.31 mmol, 2.10 equiv.) was added dropwise to a
stirred solution of Fe,S,(CO)¢ (0.21 g, 0.62 mmol) in THF (7 mL) at
—78°C. The temperature was held at —78°C for 30 minutes,
followed by the addition of trifluoroacetic acid (0.15 mL, 1.96 mmol,
3.15 equiv.). After stirring the red solution for 10 minutes,
formaldehyde (37 wt.% in H,0, 0.25 mL, 3.36 mmol, 5.39 equiv.) was
added. The temperature was held at —78°C for 10 minutes and
after that at room temperature for 15 minutes. The reaction mixture
was cooled again to —78°C, followed by the addition of PS (0.44 g,
0.61 mmol, 0.97 equiv.) in THF (7 mL) within 5 minutes. The temper-
ature was held at —78°C for 3 hours and after that at room
temperature for 2 hours. After removing the solvent under reduced
pressure, the residue was purified by wet silica gel filtration using
n-hexane: dichloromethane=2:1 for removing impurities. After
removing the solvent under reduced pressure, the residue was
purified by wet silica gel chromatography by using a mixture of n-
hexane: dichloromethane=3:1 to get PS-CAT (0.15 g, 21 %) as an
orange powder.

'H-NMR (400 MHz, CD,Cl,) 6 =7.38 (s, 1H), 7.34 (d, J=3.8 Hz, 2H),
7.27 (d, J=3.4 Hz, 2H), 7.21 (d, J=3.8 Hz, 2H), 7.17 (m, 4H), 7.14 (d,
J=3.8Hz, 2H), 6.89 (sd, J=1.0 Hz, 2H), 4.43 (s, 4H), 0.35 ppm (s,
18H).

BC{'"H}-NMR (101 MHz, CD,Cl,) 6 =207.61, 146.36, 142.77, 142.19,
140.85, 137.46, 136.95, 136.62, 136.28, 135.34, 125.50, 125.18,
125.00, 124.96, 124.93, 115.54, 112.75, 50.38, —0.07 ppm.

MS: Applied mass spectrometric techniques (APCI, El) gave no
molecular ion or significant fragment peaks.

Elemental analysis: calc (%) for C,,H;,NO4SgSi,Fe,: C 48.04, H 3.39, N
1.27, S 23.31; found C 47.98, H 3.35, N 1.38, S 23.48.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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UV-Vis (DCM) 4., 397 nm.

Light-Driven Hydrogen Evolution Reactions: Photocatalytic inves-
tigations with subsequent hydrogen quantification (GC-2030 (BID
detector); Shimadzu with using SH-Rt-Msieve 5 A) took place in a
novel standard, 3D printed photoreactor utilizing a 405 nm LED
from LEDENGIN (LZ4-00UBOR)."”’

Irradiation experiments were executed in LABSOLUTE clear glass
screw neck vials (ND13) and screw seals (ND13, butyl red / PTFE
grey) (total volume 5 mL) filled with PS-CAT complex solutions or
[PS, CAT] multi-component system solutions with BIH as a sacrificial
donor in NMP. The samples were prepared under a nitrogen
atmosphere to exclude any oxygen, solvents were degassed with
freeze-pump-thaw. All experiments were irradiated at 405 nm in a
3D-printed photoreactor platform. Hydrogen quantification was
carried out from each separate vial taking 100 uL headspace
volume and detected by GC-BID.

Steady-state spectroscopy: UV-vis absorption spectroscopy was
carried out with a SPECORD S600 (Analytik Jena). Emission
spectroscopy and emission quenching experiments were performed
with a FLS980 Spectrometer (Edinburgh Instruments), and absolute
fluorescence quantum yields were determined with an FLS980
Integrating Sphere (Edinburgh Instruments).

Nanosecond-transient absorption spectroscopy: The time-re-
solved transient absorption spectra on the nanosecond time scale
were recorded on a custom build pump-probe transient absorption
setup. To pump the excited state a 10 Hz Nd: YAG laser (Continuum
Surelite) with a 5ns pulse width was used. The fundamental
(1064 nm) passes a second-harmonic generation step (532 nm)
followed by a third-harmonic generation to gain the frequency-
tripled wavelength (355 nm). The beam is transmitted to an optical
parametric oscillator (Continuum Surelite) generating tuneable
wavelengths from 400 nm to 650 nm with energies ranging from
15 mJ to 80 mJ. If not stated otherwise an excitation wavelength of
450 nm and 20 mJ pulse energy was used. To probe the excited
state a 75W xenon arc lamp (in pulsed mode) was used. The
transmitted light is spectrally dispersed (Acton Princeton Instru-
ment 2300), detected by a photomultiplier tube (Hamamatsu R928)
and processed (Pascher Instruments AB).

Electrochemistry: Cyclic voltammetry (CV) - Basic CV was accom-
plished with a three-electrode setup using a glassy carbon (d=
1.6 mm) working electrode, Ag*/Ag (in acetonitrile) reference
electrode and a Pt (wire) counter electrode, driven by a Reference
[600] Potentiostat/Galvanostat/ZRA from Gamry Instruments. Spec-
troelectrochemistry (SEC) - The measurements were executed with
a BiolLogic SP-50 Potentiostat. IR SEC was carried out in a Specac
Omni-Cell with a Pt (mesh) working and counter electrode and an
Ag (wire) reference electrode using a Tensor 27 FT-IR spectrometer.

Quantum Chemical Simulations: Quantum chemical calculations of
PS and PS-CAT were performed using the Gaussian 16 program,®”
as well as Orca 5.0.2" in case of scalar-relativistic simulations.
Equilibrium structures were obtained at the density functional level
of theory (DFT). Time-dependent DFT (TD-DFT) was applied to
assess the singlet and triplet excited states properties. All
calculations were performed with the B3LYP functional with the
def2-SVP basis set.”? Dispersion correction was considered by the
GD3 model with Becke-Johnson damping.”® Effects of interaction
with a solvent (dichloromethane, CH,Cl,) were considered on the
ground states properties by the solute electron density (SMD)
variant of the integral equation formalism of the polarizable
continuum model.”” Further details are collected in the Supporting
Information.
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Deposition Number 2268424 for 6 contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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