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Abstract. Photocatalytic hydrogen production has recently emerged as a promising process for the long-
term storage of solar energy. In this work, we studied the application to H, generation of a series of
heterogeneous photocatalysts obtained by sensitizing Pt/TiO, nanoparticles with ten different D-rt-A organic
dyes containing the benzo[c][1,2,5]thiadiazole (BTD) heterocyclic moiety. Starting from the known DSSC
sensitizer RK-1, our approach involved the systematic and simultaneous alteration of several important
structural features, such as steric bulk and hydrophobicity/hydrophilicity in different parts of the molecules,
giving rise to a set of compounds with diverse physico-chemical properties. Visible light-driven H, generation
studies conducted with the dye-sensitized photocatalysts together with different sacrificial electron donors
(SED) revealed that both their overall hydrogen production efficiency and their relative order of
performances could be altered by the choice of SED and the corresponding reaction conditions. In particular,
the best results were obtained with dyes having a strongly hydrophobic central core and a hydrophilic donor
section in combination with ascorbic acid as the electron donor. In addition, the effect of changing the dye
loading and extending the reaction time was examined, resulting in a stable three-component photocatalytic

system displaying high activity up to 72 hours of experiment.
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Introduction

The urgent need to tackle climate-related challenges and to preserve Earth’s natural resources calls for a
progressive replacement of fossil fuels-based energy production in favor of renewable energy sources.!
Among them, solar radiation is considered very promising since it is free, widely distributed and highly
abundant.? To date, most scientific and technological efforts have been concentrated in finding efficient
strategies to directly convert solar energy to electricity by different classes of photovoltaic devices,>® but
such approach presents some obvious limitations. In particular, the inherently periodic nature of solar energy
requires finding a suitable way to store it for use when electricity production is minimized or not possible
(e.g. in the winter season or during nighttime).” One of the main solutions proposed for long-term solar
energy storage consists in its direct conversion to chemical energy in the form of so-called “solar fuels” or
value-added compounds, ideally starting from low cost and readily available raw materials.®™°

In this regard, molecular hydrogen appears as a nearly ideal energy carrier since it has a high gravimetric
energy density, no carbon footprint and can be used both to generate heat (via combustion) or electricity (in
fuel cells).!! Although photocatalytic water splitting would probably constitute the cleanest process to
convert sunlight into hydrogen, the limited efficiency of the associated water oxidation reaction still hinders
its large-scale practical application.?? Therefore, to boost H, production sacrificial electron donors (SED) are
often used, whose oxidation is both kinetically and thermodynamically favored over that of water:*3 clearly,
such approach can constitute a sustainable alternative to water splitting only if SEDs derived from renewable
feedstocks,'* or even waste,® are used in the process.®

Several kinds of materials have been used for photocatalytic hydrogen production, including
homogeneous metal complexes,’” heterogeneous semiconductors,’® organic polymers?® and carbon
quantum dots.?’ In addition, the use of heterogeneous catalysts obtained by dye-sensitization of wide band-
gap semiconductors such as TiO; has also received considerable attention since it provides a simple way to
exploit visible light to promote the desired reaction (Figure 1).2%%22 Among the different classes of sensitizers
employed for such process, organic metal-free dyes have been intensely investigated thanks to their
relatively easy synthesis, low cost, tunable spectroscopic properties, and good stability.?® Usually, their
structures resemble more or less closely those of compounds used in dye-sensitized solar cells (DSSCs),” given
the similarity of the light absorption and charge injection steps in the two systems. As a result, they often
feature a D-m-A architecture, where an electron-donating and an electron-accepting group (also working as
the anchor to the semiconductor) are connected via a conjugated spacer, an arrangement facilitating
efficient charge separation after photoexcitation. Nevertheless, several studies have shown that, even taking
DSSC sensitizers as a starting point, specific dye design and tailored structural optimization are mandatory to
improve the performances of the photocatalytic system, both in terms of H, production and long-term

stability.
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Figure 1. General mechanism of dye-sensitized photocatalytic hydrogen production. The HOMO-LUMO gap in the

dye is smaller than the band gap in the semiconductor (e.g. TiO:), thus allowing the system to absorb visible light.

Usually, studies on the optimization of new organic sensitizers for photocatalytic hydrogen production
have only focused on the variation of a single molecular property at a time, such as conjugation length,?*?*
type of anchoring group?® or dye hydrophobicity/hydrophilicity. For instance, a few papers discussed the
effect of placing hydrophobic alkyl chains of different size on the donor group of the sensitizers, finding that
dyes with longer chains generally provide higher H; yields and turnover numbers (TONs).?”28 This effect was
mostly attributed to a reduction of dye aggregation, limiting intermolecular charge transfer phenomena, and
a better shielding of the semiconductor surface, blocking undesirable recombination reactions with dissolved
species. Placing the alkyl chains on the middle part of the organic dye structures was later found even more
advantageous, probably thanks to a more efficient shielding of TiO, and improved dye regeneration.?3!

On the other hand, Kang and co-workers demonstrated that simple sensitizers decorated with medium
length, hydrophilic alkoxyalkyl substituents on the donor group gave better performances compared to more
hydrophobic counterparts. This effect was attributed to the easier access of the hole scavenger (in this case
EDTA, pH 3) to the radical-cation center localized on the end group of the dye, enhancing its reduction relative
to charge recombination,3?33 but it has also been found to vary depending on the reaction conditions.?*

Aiming to expand the scope of the above studies, we reasoned that the preparation of a larger compound
library, stemming from the modification of various structural features in different parts of the sensitizers,
and its application in H, photogeneration experiments under different conditions could represent a more
efficient approach to dye optimization. In this regard, we note that studies examining the effect of having
both hydrophobic and hydrophilic substituents in different parts of the molecular scaffold remain quite
rare,® and that most investigation are limited to the use of only one SED under a single set of conditions.

To prepare a wide-ranging family of D-nt-A dyes optimized for photocatalytic hydrogen production, we
decided to modify three of the most critical properties affecting their performances, namely ground state

oxidation potential (Eox), hydrophilicity/hydrophobicity and bulkiness. Accordingly, we explored sensitizers

with different electron-donating and hydrophilic/hydrophobic substituents on the donor section, to



modulate dye-SED interaction and regeneration rate, and increasing bulkiness of the backbone, to shield the
TiO; surface and avoid dye leaching and negative recombination processes. As a starting point, we employed
the known dye named RK-1 (Figure 2), due to its excellent performances in DSSC devices (max. efficiency of

10.2%)% and its short and modular synthesis, which should allow the facile introduction of different

).37

substituents using straightforward synthetic operations (see below
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Figure 2. Structures of the known sensitizer RK-1 and the BTD-containing dyes prepared in this work.

In addition, dye RK-1 features an electron-withdrawing benzo[c][1,2,5]thiadiazole (BTD) moiety in the
central conjugated section, contributing to its excellent light-absorption properties. BTD-containing dyes
have been extensively used in DSSC applications,® reaching record power conversion efficiencies,? but their
employment in heterogeneous photocatalysts for H, production has been much more limited. In most cases,
simple BTD-based photosensitizers have been shown to reach much higher TON values than those obtained
with BTD-free analogs, mostly due to improved light-harvesting efficiency.*>*' Furthermore, BTD-based
photosensitizers containing a very bulky starburst triarylamine donor moiety were reported to achieve
impressive TON values up to 9520 in 48 h in combination with ascorbic acid (H2A) as a SED.*?

Based on the above considerations, in this work we investigated a series of ten BTD- containing dyes
whose structures are reported in Figure 2. First, we will discuss the principles that guided dye design, and
show the preliminary evaluation of the sensitizers electronic properties by means of DFT and TD-DFT
computational methods. Then, we will present the synthesis of the new compounds and their full

spectroscopic and electrochemical characterization. Finally, we will describe the application of the dyes in
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hydrogen production experiments in aqueous environment using a suspended TiO»/Pt nanocatalyst in

combination with different sacrificial donors (triethanolamine, ascorbic acid, ethanol).

Experimental Section

Spectroscopic and electrochemical measurements. UV/Vis spectra of the dyes dissolved in different
solvents and adsorbed on nanocrystalline TiO, were recorded with a Shimadzu UV-2600 spectrometer. DRS
spectra of the BB3e@Pt/TiO, photocatalyst were recorded with the same instrument in the reflectance mode
using an integrating sphere (with barium sulfate as a reference material), and were converted to the
corresponding absorption spectra by using the Kubelka—Munk equation. ATR-IR spectra of BB1la and BBla-
sensitized Pt/TiO, powder were recorded with a Shimadzu model IR Affinity-1 in the range 4000-1000 cm™.
Cyclic voltammetry experiments were conducted in CH,Cl; solution with a PARSTAT 2273 electrochemical
workstation (Princeton Applied Research), using a three-electrode cell equipped with a 3 mm glassy carbon
working electrode, a platinum counter electrode and an aqueous Ag/AgCl (sat. KCl) reference electrode, with
a scan rate of 50 mV/s. The supporting electrolyte was electrochemical-grade 0.1 M [N(Bu)4]PFs, and dye
concentration was approx. 10 3 M. Ferrocene was used as an internal standard by adding it to the solution at

the end of the experiment and measuring the potential of the corresponding one-electron oxidation.

Preparation of Pt/P25-TiO; Nanopowder. Pt was photodeposited on TiO, P25 (Evonik/Degussa) following
a previously reported procedure.*® TiO, (2.0 g) was suspended in a solution of Pt(NOs); in H,O/EtOH 1:1 v/v
(400 mL), so as to reach a final Pt loading of 1.0 wt %. After stirring for 1 h in the dark, the suspension was
irradiated with a 450 W medium pressure Hg lamp for 4 h. The resulting nanopowders were separated
through centrifugation, washed three times with EtOH, and dried under vacuum at 50 °C overnight. The
specific surface area of Pt/P25 nanopowder was determined to be 54 m?/g by Brunauer-Emmett-Teller (BET)

analysis.

Preparation of sensitized of Pt/TiO; photocatalysts. To achieve a dye loading of 10 pmol g%, 200 mg of
Pt/TiO2 nanopowder was suspended in 20 mL of dye solution (0.1 mM in ethanol, in turn obtained by diluting
a concentrated stock solution in THF) for 24 h in the dark. Then, the nanopowder was recovered by means
of centrifugation (6000 rpm x 30 min), washed twice with ethanol, and dried under vacuum at 60 °C
overnight. After staining, the concentration of the dyes in the supernatant solution was evaluated by UV—Vis
spectroscopy. More than 95% of the dye was adsorbed on the Pt/TiO, material in all cases, as testified by the
almost colorless supernatant. To obtain the other dye loading amounts, the appropriate volume of the initial
0.1 mM dye solution (5—-10 mL) was measured, diluted to 20 mL with ethanol and the staining procedure was

repeated as described above.



Hydrogen production experiment setup. According to, or slightly modifying a previously described
procedure,” the dye-sensitized Pt/TiO, nanomaterials have been tested for H, production using different
sacrificial electron donors: (1) an aqueous solution of triethanolamine (TEOA, 10% v/v), whose pH was
previously adjusted to 7 with aqueous HCIl; (2) an aqueous solution of ascorbic acid (H;A, 0.2 M, pH = 4 by
addition of an aqueous solution of NaOH); (3) an aqueous solution of ethanol (20% v/v). The dye-sensitized
Pt/TiO; catalyst (60 mg) was suspended in 60 mL of SED solution. After purging with Ar (15 mL min?) for 30
min, the suspension was irradiated using a solar simulator (LOT-Oriel) equipped with a 150 W Xe lamp and a
cutoff filter at 420 nm (to exclude contribution from TiO;). The emission spectrum of the lamp used in the
experiments is reported in Figure S8, while a schematic representation of the photocatalytic reactor is shown
in Figure S9. Irradiance was ~6 x 102 W m2 in the UV-A range and ~1080 W m 2 in the visible and near-IR
range (400—1000 nm). The concentration of H; in the gas stream coming from the reactor was quantified
using an Agilent 7890 gas chromatograph equipped with a TCD detector, connected to a Carboxen 1010
column (Supelco, 30 m x 0.53 mm, i.d., 30 um film) using Ar as carrier. Blank experiments carried out in the
absence of the dye (using neat P25/Pt), the photocatalyst (using a homogeneous solution of the dye) or the
sacrificial donor showed no H; evolution under the experimental conditions used in this work. The
performances of the sensitized photocatalysts have been reported in terms of overall H, production.
Turnover numbers (TONs) were calculated from the total amount of H, produced during the experiments

according to Equation (1):

2 X overall H, amount [umol g~1]

TON =

(1)

dye loading [umol g~1]
The light-to-fuel efficiency (LFE) was calculated as Equation (2):

Fp, X AHf,
S X Ajrr

LFE = (2)

where Fy, is the flow of H, produced (expressed in mol s7), AH%; is the enthalpy associated with H;
combustion (285.8 kJ mol™), S is the total incident light irradiance, as measured by adequate radiometers in
the 420-1000 nm range (expressed in W cm™2), and Ay, is the irradiated area (expressed in cm?). UV/Vis
spectra of the aqueous solutions recovered at the end of the photocatalytic runs highlighted that no

desorption of the dyes took place during the experiments.



Results and Discussion

Structural and computational dye design

As mentioned above, dye design was driven by the intention to modulate three of the main properties of
the organic sensitizers, namely ground state oxidation potential (Eox), hydrophilicity/hydrophobicity and
bulkiness. Starting from the less bulky compounds, dyes of the BB1 series featured a single alkyl chain in the
middle part of their scaffold: while compound BB1a was essentially analogous to RK-1 (with a n-hexyl chain
instead of n-octyl), BB1b was decorated with methoxy substituents on the donor section to lower its ground
state oxidation potential while keeping hydrophobicity and bulkiness almost constant.

BB2-series compounds presented an increased steric bulk in their central conjugated section thanks to
the replacement of the simple 3-hexylthiophene ring with a propylenedioxythiophene (ProDOT) moiety
bearing two n-pentyl chains, a strategy already adopted in the design of organic dyes for DSSCs.*** While
compounds BB2a and BB2b featured the same donor groups as BBla,b, dyes BB2c-e had donor sections
decorated with bulky groups of different polarity: BB2c presented two hydrophilic bis(ethylene glycol)
monomethyl ether (BEG) chains and BB2e carried an even larger hydrophilic donor group with four BEG
chains. Such groups have already been employed in the preparation of dyes for water-based DSSCs.*¢4
Conversely, BB2d had two hydrophobic n-hexyloxy substituents on the donor. In addition, dye BB2a’ was
also prepared to check the effect of having a single alkyl chain on a ProDOT moiety, and directly compare the
results obtained with those of dyes BB1la and BB2a.

Finally, dyes belonging to the BB3 series were those with the bulkiest and most hydrophobic central
section, featuring two ProDOT groups and a total of four alkyl chains. While BB3a had just a simple
triphenylamine donor moiety, BB3e presented the largest hydrophilic donor group to allow comparison with
compounds BB2a and BB2e, respectively.

Before synthesis, the molecular and electronic properties of all dyes were computed via DFT and TD-DFT
methods, using the Gaussian 16, Revision B.01 suite of programs.®® First of all, geometry optimization was
carried out in vacuo using the B3LYP functional*° and the standard 6-31G* basis set for all atoms (Figure
S1, Supporting Information), considering methyl groups in place of the alkyl chains attached to the ProDOT
moieties in dyes BB2-3 to reduce the computational cost. As expected, all dyes presented a relatively planar
structure in the central region, across the thiophene-BTD linkage (dihedral angles between 6° and 11°),
whereas a more pronounced torsion was observed for the bonds with the peripheral benzene rings (dihedral
angles between 24° and 47°), which could slightly limit the capability of the dyes to absorb in the red region
of the spectrum.

Subsequently, the shape and energy of DFT frontier molecular orbitals were calculated at the same level
of theory; in Figure 3 the orbital plots for dyes BB1a, BB2a and BB3a are shown as representative examples,
while the entire set of data is reported in Figure S2. In general, orbital plots were similar in all cases: while

the HOMO-1 levels were distributed along the entire conjugated scaffolds, HOMOs were generally localized
7



on the donor sections of the dyes, with a small contribution of the central BTD unit; LUMOs, on the other
hand, were mostly concentrated on the BTD and acceptor group portions, in agreement with the electron-
withdrawing nature of such functional groups. The good spatial separation between frontier molecular

orbitals suggested the possibility of excellent intramolecular charge separation upon photoexcitation of the

dyes.
HOMO-1 LUMO
X X
X, . &
Y al® N . .
BBla 4 w.‘?f"- P
; ‘, Ay ‘}‘v_
® AA
5 X

q

» TR X, W,
BB3a "*“%i“}\’ gy '::.'_,b‘o’

Figure 3. Computed (B3LYP/6-31G*) FMO distributions of dyes BB1a, BB2a, BB3a.

Frontier orbital energies were computed in different conditions (both in vacuo as well as with the dyes
dissolved in CH,Cl; and EtOH). In Figure 4, the values obtained in CH,Cl; solution are reported, but
qualitatively similar results were obtained also in the other cases (see Table $1-53). All dyes of the BB1 and
BB2 series presented essentially the same LUMO energies, reflecting the fact that the same
acceptor/anchoring group was used throughout the series. Conversely, significant differences were observed
in relation to the HOMO energies, which were influenced both by the nature of the conjugated scaffold and
of the particular donor group employed, and were therefore the main factor modulating the HOMO-LUMO
gaps. More in detail, introduction of a ProDOT moiety in place of 3-hexylthiophene caused a positive shift of
approximately 0.1 eV in the HOMO energy (compare dyes BBla and BB2a, for example); furthermore,
placement of strongly electron-donating substituents on the donor group induced an even more noticeable
destabilization (see the differences in the BB1a/BB1b and BB2a/BB2b-d series). On the other hand, the more
elaborated donor group present in BB2e did not induce a significant positive shift of the HOMO compared to
a simple triphenylamine unit, probably due to the twisted structure of the biphenyl systems, limiting the
electron-donating effect of the four BEG chains. Finally, introduction of a further ProDOT moiety in

compounds BB3a,e was predicted to induce a rather small destabilization of both frontier orbitals, but this



did not translate to a significant change of HOMO-LUMO gap compared to the corresponding dyes of the BB2

series.
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Figure 4. Computed (B3LYP/6-31G*) FMO energies in CHzClz solution of the dyes prepared in this study.

To gain a better understanding of the photoexcitation process of the new dyes, their UV-Vis spectroscopic
properties, including absorption maximum (A%nax), vertical excitation energy (Eexc) and oscillator strengths (f)
were also calculated on the minimized structures, both in CH,Cl, and EtOH solution by means of time-
dependent DFT (TD-DFT) at the CAM-B3LYP>/6-311G(d,p) and MPW1K>2/6-311G(d,p) levels of theory (Table
S4). Solvent effects were included by using the polarizable continuum model (PCM).>3

Regardless the functional used, a progressive red-shift of the maximum absorption wavelength was
predicted in moving from the BB1 to the BB2 and then the BB3 series, due to the relative decrease of the
frontier orbitals energy gap (see Figure 4) and the increasing contribution of the HOMO—LUMO transition
to the absorption band composition (see below). Besides, introduction of strong EDG groups on the
triphenylamine induced a bathochromic shift of the A’m. values of the corresponding dyes (compare dye
BB2a with dyes BB2b-d, for example), but the same was not observed in the case of dyes BB2e/BB3e, due to
the limited electron-donating ability of the largest BEG-containing group, as mentioned above. Finally, in all
cases the composition of the main absorption band was found to be mostly due to the HOMO—LUMO
transition, with a minor contribution of the HOMO-1—LUMO transition, which became progressively less
important going from the BB1 to the BB2/BB3 series of dyes: considering the orbitals spatial distribution, this
confirmed the possibility to obtain a high degree of intramolecular charge separation upon photoexcitation

of the dyes.

Synthesis of the new compounds
The preparation of the new dyes was carried out in a modular way by connecting the different acceptor
and donor moieties onto the central core, starting from commercially available 4,7-

dibromobenzo[c][1,2,5]thiadiazole (1). Details on the experimental procedures are provided in the
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Supporting Information. Initially, the conjugated sections of the dyes were assembled and the acceptor
aldehyde moiety was introduced using classical cross-coupling reactions, as depicted in Scheme 1.
Compound 1 was subjected to a Suzuki-Miyaura reaction with 4-formylbenzeneboronic acid (2) to yield
aldehyde 3, which was later used for the assembly of BB1-type dyes; the catalytic system employed was
composed of Pd(OAc); in combination with the bulky and basic phosphine S-Phos, which gave a higher yield
of product in comparison with the typical Pd(PPhs), pre-formed complex. To assemble the central core of
dyes BB2-BB3, Stille-Migita reactions were performed with organostannanes 6,7, in turn obtained from

known ProDOT derivatives 4,5*%>* and used immediately without purification.
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Scheme 1. Synthesis of the dyes central cores and attachment of the acceptor aldehyde moiety.

In the presence of one equivalent of the tin-containing reagents and the Pdy(dba)s/P(o-tol)s catalytic
system (Scheme 1, bottom left), intermediates 8,9 were obtained in moderate yields; the latter were then
reacted with boronic acid 2 to give aldehydes 10,11, using the same Suzuki-Miyaura conditions described
above. Aldehydes 10,11 were then finally converted to the corresponding bromides 12,13 by treatment with
a small excess of N-bromosuccinimide in the dark. Conversely, when compound 1 was reacted with two

equivalents of stannane 6 (Scheme 1, bottom right), symmetrical intermediate 14 was obtained in good yield,
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and then almost quantitatively converted to dibromide 15 through a double electrophilic bromination with
an excess of NBS. Finally, the symmetry of compound 15 was broken by means of a Suzuki-Miyaura cross-
coupling with a stoichiometric amount of boronic acid 2. It should be noted that, to avoid a second coupling,
we had to stop the process before the complete consumption of the starting material, resulting in the
formation of compound 16 only in moderate yield.

Bromoaldehydes 3, 12, 13 and 16 were then employed to complete the synthesis of the final dyes. The
synthesis of dyes BB1a,b is depicted in Scheme 2. Compounds 17,18, whose preparation is reported in the
Supporting Information (see Scheme S1), were converted to the corresponding organostannanes by
deprotonation of the thiophene moiety at low temperature followed by transmetalation with tri-n-
butylstannyl chloride. The organometallic intermediates were not isolated, but rather used immediately after
preparation in a Stille-Migita reaction under standard conditions together with compound 3, giving rise to
aldehydes 19,20 in moderate to high yields. Finally, the synthesis was completed by a typical Knoevenagel
reaction with cyanoacetic acid in the presence of a catalytic amount of piperidine, which allowed to install

the required cyanoacrylic acid anchoring moiety.
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Scheme 2. Synthesis of dyes BB1a,b.

ProDOT-containing intermediates 12,13 were reacted with differently decorated triarylamine derivatives
to vyield dyes of the BB2 series (Scheme 3). First, they were treated with 4-N,N-
diphenylaminobenzeneboronic acid (21, see Scheme S1) to form compounds 22,23 in good yields; the
condition used were very similar to those already shown, the only difference being a change of the solvent
to a toluene/THF/H,O mixture to better dissolve the starting materials. Compounds 22,23 were then

transformed into the desired dyes BB2a and BB2a’ by Knoevenagel condensation with cyanoacetic acid.
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Scheme 3. Synthesis of dyes BB2a-e and BB2a’.

To access dyes BB2b-e, characterized by different substituents on the donor group, compound 12 was
once again subjected to a Suzuki-Miyaura cross-coupling employing boronic esters 24-27 as reaction partners
(Scheme 3, bottom). While compounds 24 and 26 were prepared following known literature procedures,>>¢
the synthesis of compounds 25 and 27 is described in detail in the Supporting Information (Scheme S2 and
S3, respectively). It should be noted that the cross-coupling reactions were carried out using the pre-formed
XPhos Pd G2 complex, a Buchwald’s 2nd generation catalyst equipped with a bulky monodentate biaryl
ligand, which provided compounds 28-31 in good to high yields thanks to its capacity of undergoing rapid
reductive elimination to form a reactive monoligated Pd(0) species.®” The usual Knoevenagel reaction was
then employed to complete the synthesis of the desired dyes.

Finally, to prepare compounds BB3a,e, intermediate 16 was coupled with boronic derivatives 21 and 27
under the best conditions previously found for their reactions with the other central fragments (Scheme 4).
Aldehydes 32-33 were accessed in good to high yield and were then treated with cyanoacetic acid in the

presence of piperidine to give the final dyes, albeit with a somewhat reduced yield compared to those

obtained in the previous cases.
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Scheme 4. Synthesis of dyes BB3a,e.

Physico-chemical characterization

After synthesis, the spectroscopic and electrochemical properties of all ten BB dyes were thoroughly
examined. First, their UV-Vis absorption spectra were recorded in diluted (approx. 10> M) solutions of two
different organic solvents, CH,Cl, and EtOH (Figure 5 and Table 1).

All dyes presented a significant absorption band in the visible region (approximately between 470 and 550
nm), which could be attributed to the intramolecular charge transfer (ICT) transitions occurring between the
electron-donating and electron-withdrawing segments of the molecules. In addition, all compounds showed
higher energy bands in the 300-400 nm region, likely due to localized m—m* transitions within the donor
moiety. In agreement with the results of the computational investigation (see above), the intensity and the
position of the ICT bands are significantly dependent on the dyes chemical structures, as well as on the
solvent in which the measurement was carried out. In general, compared to RK-1-type dyes, ProDOT-
containing compounds of the BB2/BB3 series presented progressively red-shifted absorption spectra, higher
molar extinction coefficients and smaller optical band gaps (as derived by the corresponding Tauc plots, see
Figure S3), which was well predicted by the TD-DFT calculations. Besides, significant red-shifts of 9-18 nm
(corresponding to a reduction of 0.07-0.08 eV of the optical band gap) were observed for the dyes having
strong electron-donating groups on the triphenylamine unit compared to those lacking substituents
(compare BB2a with BB2b-d, for example). A slightly smaller effect was observed in the case of BB2e and
BB3e, featuring the larger donor group with four BEG chains (7-16 nm red-shift, corresponding to a reduction

of the optical band gap of 0.04-0.05 eV).
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Figure 5. UV-Vis absorption spectra of compounds BB1a,b and BB2a’ dissolved in CH:Cl; (a) and EtOH (d); BB2a-e
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all graphs.
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Table 1. Spectroscopic properties of the dyes prepared in this study.

Compound Amax CH2Cl> [nm]° Amax EtOH [nm]“ Amax TiO2 [nm] Eoo [eV])?
BBla 480 (1.66) 472 (1.94) 481 2.29
BB1b 491 (1.46) 484 (1.75) 492 2.22
BB2a’ 497 (1.10) 501 (1.28) 496 2.20
BB2a 513 (2.48) 505 (2.15) 502 2.14
BB2b 525 (1.30) 515 (1.33) 518 2.07
BB2c 526 (1.71) 514 (1.50) 520 2.07
BB2d 526 (2.32) 523 (2.28) 523 2.07
BB2e 522 (1.79) 512 (1.89) 517 2.10
BB3a 531 (0.93) 530 (0.90) 525 2.05
BB3e 546 (3.05) 545 (4.50) 544 2.00

9 Maximum absorption values obtained on solutions of the dyes with approx. 10~ M concentration; values
in parentheses refer to molar extinction coefficients (x 10* M cm™). ®? Optical band gap determined from
the corresponding Tauc plots (Figure S3).

In general, spectra recorded in CH,Cl, were red-shifted compared to those obtained from ethanol
solutions, although with some exceptions, such as that of dye BB2a’. Such behavior could be attributed in
part to a more pronounced dye deprotonation in the more polar and protic solvent,® but also to a better
dissolution in CH,Cl,, hindering the formation of aggregates: this could explain why dyes BB2d and BB3a,e,
bearing more alkyl substituents and therefore less prone to aggregation, showed similar Amax values in the
two solvents. Remarkably, all experimental UV-Vis spectra were in good agreement with computed TD-DFT
data obtained with both CAM-B3LYP and MPW 1K functionals (Table S4), with experimental vertical excitation
energies (Eex:), comprised in the 2.27-2.63 eV interval, being always within ca. 0.15 eV from the calculated
values (2.21-2.68 eV) at most.

When adsorbed on nanocrystalline TiO,, all dyes presented broader UV-Vis absorption spectra (Figure 6),
but their maximum absorption wavelength was generally very similar to those observed in solution, either
slightly red- or blue-shifted, indicating that probably the formation of aggregates on the semiconductor
surface was not particularly severe for these compounds. This result confirmed that, even when anchored to
TiO,, the new dyes had a strong capacity to absorb visible light up to 650-700 nm, which was deemed

promising in view of their application in photocatalysis.
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Figure 6. Normalized UV-Vis absorption spectra of compounds BB1a,b and BB2a’ (a), BB2a-e (b) and BB3a,e (c)

adsorbed on nanocrystalline TiO:.

To confirm the formation of a dye-semiconductor bond upon sensitization, attenuated total reflectance
(ATR) FT-IR studies were conducted on pristine dye BB1a and the BB1a/TiO,/Pt three component assembly
(Figure S4), considering that all dyes shared the same anchoring group and thus were supposed to give the
same kind of interaction with the semiconductor surface. Analysis of the spectra revealed that the typical
C=0 stretching peak at 1713 cm™ present in the pristine sample disappeared upon adsorption on TiO,, and
was replaced by a weak peak at 1391 cm™ which, based on our previous results®® and literature
precedents,®*%! could be assigned to the symmetric stretching of the (COO)™ group formed upon anchoring
of the dye on TiO..

Subsequently, the electrochemical properties of the new compounds were probed by means of cyclic
voltammetry (CV) experiments (Table 2, for the voltammetry plots see Figure S5). Interestingly, replacement
of the 3-hexylthiophene in BB1a with a more electronrich ProDOT unit in BB2a caused a shift of the ground-
state oxidation potential (Eox) to less positive values, but the introduction of a further ProDOT ring in BB3a

did not cause any further shift in the same direction. As possibly expected, placement of EDG groups on the
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donor section of the molecules caused a significant decrease of Eo values, reflecting the upward shift of the

HOMO levels, in agreement with the results of the computational investigation.

Table 2. Electrochemical properties of the dyes prepared in this study.

Eox (V) Eox (V)

Compound vs. Fc/Fc* vs. NHE® Etomo (V)" Erumo (V)
BBla +0.27 +0.90 -5.50 -3.21
BB1b +0.07 +0.70 -5.30 -3.08
BB2a’ +0.31 +0.94 -5.54 -3.34
BB2a +0.17 +0.80 -5.40 -3.26
BB2b +0.07 +0.70 -5.30 -3.23
BB2c +0.04 +0.67 -5.27 -3.20
BB2d +0.14 +0.77 -5.37 -3.30
BB2e +0.26 +0.89 -5.49 -3.39
BB3a +0.26 +0.89 -5.49 -3.44
BB3e +0.25 +0.88 -5.48 -3.48

@ Potentials are reported vs. the Fc/Fc* couple, used as an internal standard. ? Potentials vs. NHE
obtained assuming a potential of 0.63 V for the Fc/Fc* couple vs. NHE.®2 ¢HOMO levels were obtained
from the oxidation potentials by considering the Fc/Fc* redox couple at 5.23 eV relative to a vacuum.
€LUMO levels were obtained from the HOMO levels using to the following equation: ELumo = Evomo—Eo-
o (see Table 1).

In general, the electrochemical analysis showed that all compounds had sufficiently high LUMO levels to
ensure an efficient electron injection into the TiO, conduction band (see Figure S6 for an energy level
diagram). On the other hand, HOMO values were relatively close, and in some cases even slightly higher,
than the reported redox potential of some typical hole scavengers used in photocatalytic hydrogen
production experiments, such as TEOA (E = +0.82 V vs. NHE, in water at pH 7.0),*® which could potentially
hamper dye regeneration.

To complete the characterization of the new  photosensitizers, their relative
hydrophobicity/hydrophilicity, as dictated by the different substituents on the triphenylamine moiety, was
determined by means of contact angle measurements (Figure S7). Assuming the same relative change of
water-interaction properties in dyes carrying the same substituents, such analysis was conducted only on the
dyes of the BB2 series, since they presented all the different donor groups used in this study. We first
measured a contact angle of 48° for a deionized water drop on the surface of a bare film of sintered TiO..
Dye BB2a, with the simple triphenylamine donor group, proved significantly hydrophobic with a contact
angle of 124°; dyes BB2b and BB2d, endowed with alkoxy substituents on the donor group, provided slightly

higher values of 126° and 129°, respectively. Conversely, dyes BB2c and BB2e gave contact angle values
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inferior to 90° (74° and 77°, respectively), confirming their moderate hydrophilic nature, even in the presence

of the strongly nonpolar ProDOT unit in the central section of the molecules.

Photocatalytic experiments

For the photocatalytic H, production experiments, the sensitizers were adsorbed on a nanocrystaline TiO;
(P25)/Pt catalyst prepared as previously reported.® In agreement with our previous studies,?® we selected
an initial dye loading of 10 pmol/g, since this was demonstrated to yield active photocatalysts whose relative
performances could be easily compared. First, TEOA was used as SED at pH = 7.0, to ensure that it was present
in solution mostly in its deprotonated form. The reaction mixture was irradiated with UV-filtered light from
a 150 W Xenon lamp (A > 420 nm) to rule out the effect of light absorption by the semiconductor. Before
that, we carried out blank experiments in the absence of the dye (using neat P25/Pt), the photocatalyst (using
a homogeneous solution of the dye) or the sacrificial donor, all of which showed no H, production.

The results of this first set of experiments are reported in Figure 7 and Table 3. All the dye-sensitized
catalysts under examination were active in the H; evolution reaction, albeit with only moderate to low
turnover numbers (see below for a discussion). All experiments showed an initial hydrogen production rate
increase (induction period), followed by stabilization after 2-5 h of irradiation. This behavior, already
observed for similar systems, is due to two effects: (1) a small contribution owing to chromatographic effects
linked to the dead volume of the reactor; (2) partial passivation of Pt resulting from the exposure of the
photocatalyst to air when setting the experiment up. As metallic Pt is required for H, evolution, an activation

period is needed.®
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Figure 7. Hydrogen production of dye-sensitized P25/Pt catalysts with TEOA as SED under irradiation with visible light

(A > 420 nm). Dyes were divided in two groups for the sake of clarity: (a) dyes BBl1a,b, BB2a’, BB2a,b; (b) dyes BB2c-e,

BB3a,e. Note that the y-axis scale is different in the two graphs.
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Table 3. Comparison of the photocatalytic performances of sensitized (10 umol g*) P25/Pt catalysts in H
production with TEOA as SED under irradiation with visible light (A > 420 nm).

Overall H; production  QOverall H, production

Dye (umol/m) (umol/g)° TON® LFEO3 (%)®  LFE15 (%)
BBla 9.9 536 107 0.008 0.008
BB1b 8.5 461 92 0.008 0.007
BB2a’ 15.3 826 165 0.010 0.015
BB2a 27.3 1474 295 0.026 0.029
BB2b 5.4 289 58 0.003 0.006
BB2c 7.0 378 76 0.004 0.007
BB2d 22.0 1190 238 0.015 0.020
BB2e 11.7 631 126 0.009 0.013
BB3a 10.3 554 112 0.007 0.009
BB3e 13.6 733 147 0.012 0.013

2 Overall H2 amount produced after 15 h of irradiation per unit surface area of catalyst.; ® Overall H, amount produced
after 15 h of irradiation per unit mass of catalyst;  TON = (2 x Hz total amount after 15 h of irradiation)/(dye loading).
9 Light-to-fuel efficiency after 3h and 15 h, respectively (for details of LFE calculation, see Experimental Section).

Hydrogen generation was found to be quite stable along the entire experiments, as evident by looking at
the curves in Figure 7 and, more precisely, at the light-to-fuel efficiency (LFE) of the dyes, which is used to
quantitatively assess the fraction of solar energy stored in the form of H, (see Experimental Section).%* For all
new compounds, LFE values after 15h (LFE15) were essentially the same, or even slightly higher, than those
after 3h (LFE03), indicating that performances were relatively constant during the experiment time (Table 3).
Notably, no dye desorption was observed after completion of our photocatalytic tests.

In general, TON values obtained in these experiments were inferior to those recorded in our previous
studies.?®3% As mentioned above, the ground-state oxidation potentials of the dyes were often only slightly
more positive than the redox potential of TEOA (+ 0.82 V vs NHE, in H,0 at pH = 7)®3, and in some cases they
were even smaller (see Figure S6 for a graphic comparison). Although the literature shows examples in which
sensitizers having low oxidation potentials were successfully used for DSP applications,® these data suggest
that dye cation reduction by TEOA was not completely effective, hindering the dye regeneration process and
thus significantly limiting catalytic performances. Indeed, sensitizers BB1b, BB2b and BB2c, featuring strongly
electron-donating substituents and thus the lowest Eox values (between + 0.64 and + 0.70 V vs. NHE),

presented also the worst results in terms of TONs in the photocatalytic reaction.
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The best performance (TON = 295) was obtained with dye BB2a, bearing only a bulky ProDOT unit in the
central part of the molecule and no substituent on the donor group. Comparison of the results for dyes BB1a,
BB2a’ and BB2a shows that a moderate increase of steric bulk in the middle section of the sensitizers’
structure had a positive effect on catalysis, whereas incorporation of a second ProDOT moiety did not bring
any further increase (BB2a vs. BB3a), although this could also be related to the relatively low molar
absorptivity of BB3a (Table 1). Compared to BB2a, introduction of bulky hydrophobic hexyloxy- substituents
on the donor section of the molecule, as in BB2d, did not bring any further improvement in hydrogen
production efficiency, although the activity was still good: interestingly, this is in good agreement with the
results of our previous studies,?>3° also conducted in buffered TEOA solutions. On the other hand, dyes with
hydrophilic groups placed on the donor, such as BB2c and BB2e, were even less active, giving much lower
TONs compared to that provided by BB2a. These results indicated that formation of a stronger interaction
between the hydrophilic substituents and the SED molecules was not sufficient to enhance dye regeneration
in this case. The trend was slightly different in the BB3 series, with BB3e recording a slightly higher TON than
the parent compound BB3a, although the values were very close.

Despite the differences observed in the relative performances of the sensitizers, the above analysis
suggests that they were ultimately limited by the difficult dye regeneration by TEOA. Consequently, we
supposed that an improvement in hydrogen production efficiency could be achieved by using a more
reducing hole scavenger. For this reason, we ran a new series of experiments by suspending the hybrid
photocatalysts in a 0.2 M solution of L-ascorbic acid (H,A), which has already been used several times as
sacrificial donor in DSP systems.25414265 Ascorbic acid is a diprotic acid with two dissociation equilibria
characterized by pK; values of 4.0 and 11.8, respectively; therefore, depending on the pH it can be present
in solution in three different forms, each characterized by a different standard redox potential (eq. 1-3, where

the reactions have been written as reductions according to the international standard):®’

H,A™ + e~ > H,A E=+1.17 Vvs. NHE (1)
HA*+ e~ - HA™ E=+0.71V vs. NHE (2)
A"+ e” - A% E=+0.01V vs. NHE (3)

The pH-dependency of hydrogen production rates of homogeneous photocatalysts in the presence of
ascorbic acid has been studied in detail, highlighting how a good balance between the SED protonation status
and the photocatalyst properties is necessary to maximize efficiency:%% in agreement with most literature
reports, we adjusted the pH value of the reaction solution to 4 by addition of a 1.0 M NaOH solution. Under
these conditions, fully protonated ascorbic acid (H2A) and the ascorbate anion (HA") are the predominant
forms in equilibrium in the aqueous medium. However, since the latter is characterized by a much less
positive redox potential it can be considered as the strongest reducing species present in solution, giving rise

to a much faster electron transfer process towards the dye cation.®® Moreover, compared to the experiments
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conducted with TEOA, the possibility to operate at a lower pH, corresponding to an increase in H* ion
concentration, should also enhance the driving force of the proton reduction step, improving its rate. The

results of this second series of experiments are reported in Figure 8 and Table 4.
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Figure 8. Hydrogen production of dye-sensitized P25/Pt catalysts with ascorbic acid as SED under irradiation with
visible light (A > 420 nm). Dyes were divided in two groups for the sake of clarity: (a) dyes BB1a,b, BB2a’, BB2a,b; (b)

dyes BB2c-e, BB3a,e. Note that the y-axis scale is different in the two graphs.

Also in this case the stability of the photocatalytic systems was preserved for the entire experiment, as
confirmed by the slightly increasing values of LFE and the colorless supernatant solutions recovered after 15
h under illumination. Compared to the experiments run with TEOA, all photocatalysts produced much more
H, and the relative order of performances was significantly altered as well, suggesting that the key
parameters driving their performances were different in this series of tests.

In particular, in these conditions the best performances were provided by dyes BB2e and BB3e, carrying
the large hydrophilic donors endowed with four BEG chains. On the other hand, simpler hydrophilic sensitizer
BB2c, although still giving a good TON value (fifth overall), produced almost the same H, amount as
hydrophobic dye BB2d, and both were quite inferior to BB2a, carrying the bare triphenylamine donor. From
the above results, it seems that, differently from the previous series of experiments, increasing dye
hydrophilicity had a positive effect on hydrogen production rates, likely thanks to the strong interaction of
the BEG substituents with the highly polar SED molecules. However, this beneficial effect can be
counterbalanced by other detrimental factors, such as a less negative ground-state oxidation potential and
an increased steric bulk, reducing the efficiency of dye regeneration. In the case of dyes BB2e and BB3e,
having a relatively high E.y, the hydrophilicity enhancement is probably enough to offset the large increase
of steric bulk, leading to an improvement of catalytic performances, while for BB2c, having a 0.21-0.22 V less
positive Eoxand a less hydrophilic donor, the same does not seem to apply.

The effect of introducing a simple electron-donating substituent such as a methoxy group was not

univocal: while in the case of dye BB1b the hydrogen production was increased compared to BB1a, the
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opposite was observed for BB2b relative to BB2a; for the BB2-series dyes, it seems that any modification
made to the triphenylamine section was detrimental except for the insertion of the very large substituents
of BB2e. Finally, we observed that at least one trend was conserved from the experiments run with TEOA:
also in this case, increasing the number of the alkyl substituents in the middle part of the molecule from one
to two was beneficial, as can be seen by the TON increase going from BBla to BB2a’ and then BB2a;
introduction of two further hydrophobic chains, however, was not productive as demonstrated by the low

TON recorded with BB3a (but also by the comparison between BB2e and BB3e).

Table 4. Comparison of the photocatalytic performances of sensitized (10 umol g*) P25/Pt catalysts in H.

production with ascorbic acid as SED under irradiation with visible light (A > 420 nm).

Overall H; production  Overall H; production

Dye (umol/m?)? (umol/g)’ TON-¢ LFEO3 (%)" LFE15 (%)"
BBla 20.8 1125 225 0.016 0.022
BB1b 41.7 2253 451 0.030 0.040
BB2a’ 45.2 2439 488 0.030 0.042
BB2a 114.0 6155 1231 0.089 0.102
BB2b 53.8 2907 581 0.039 0.053
BB2c 69.1 3733 747 0.053 0.064
BB2d 72.2 3900 780 0.050 0.070
BB2e 209.8 11330 2266 0.171 0.194
BB3a 16.3 881 176 0.012 0.015
BB3e 177.5 9586 1917 0.122 0.177

2 Overall H2 amount produced after 15 h of irradiation per unit surface area of catalyst.; ® Overall H, amount produced
after 15 h of irradiation per unit mass of catalyst; ¢ TON = (2 x H, total amount after 15 h of irradiation)/(dye loading).
4 Light-to-fuel efficiency after 3h and 15 h, respectively (for details of LFE calculation, see Experimental Section).

With the aim to find conditions more relevant towards a possible practical application and improve the
environmental sustainability of the process, we reasoned that the hydrogen production reaction could be
coupled with the oxidation of a renewable feedstock such as ethanol. Despite in many cases even those
compounds that were very active in combination with TEOA produced a drastically lower amount of H, when
coupled to ethanol, we were very interested to test our photocatalysts under these strenuous conditions,
since ethanol is environmentally friendly, non-toxic and can be produced on a large scale from renewable

biomass, therefore being particularly appealing for employment in DSP systems.”
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Although a direct comparison with the present reaction conditions is difficult, previous electrochemical
measurements suggest that the one-electron oxidation of EtOH should occur at a potential compatible with
the regeneration of the dyes used in this study.”* Nevertheless, among the entire series of photocatalysts,
only that based on dye BB2a provided an appreciable, albeit low, amount of hydrogen when irradiated in an

aqueous EtOH 20% (v/v) suspension (Figure 9 and Table 5).
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Figure 9. Hydrogen production of BB2a-sensitized P25/Pt catalysts with EtOH (20% v/v) as SED under irradiation with
visible light (A > 420 nm).

Table 5. Photocatalytic performances of BB2a-sensitized (10 umol g™*) P25/Pt catalyst in H; production
with EtOH as SED under irradiation with visible light (A > 420 nm).

Overall H; production  Overall H; production

Dye (wmol/m?)? (umol/g)®

TON® LFEO3 (%)  LFE15 (%)°

BB2a 9.2 494 99 0.007 0.006

2 Overall H2 amount produced after 15 h of irradiation per unit surface area of catalyst.; ® Overall H, amount produced
after 15 h of irradiation per unit mass of catalyst;  TON = (2 x Hz total amount after 15 h of irradiation)/(dye loading).
4 Light-to-fuel efficiency after 3h and 15 h, respectively (for details of LFE calculation, see Experimental Section).

Based on literature reports, we ascribe such behavior to two main factors, namely: (i) a low regeneration
rate, as it has already been suggested for ethanol in comparison to more efficient hole scavengers such as
TEOA, likely due to a different reaction mechanism;’? (ii) the possible adsorption of ethanol on the
semiconductor surface due to its small dimensions in comparison with the other two SEDs. Indeed, it has
been shown that in certain DSP systems addition of a similar small alcohol (methanol) can both decrease the
rate of the proton reduction reaction and enhance recombination of injected electrons, leading to a decrease
of catalytic performances.”® Under these hypotheses, we could assume that ethanol can successfully act as
an electron donor in DSP systems only if the dyes have a fine balance of steric bulk between the central

section, to avoid aggregation of the dyes and shield the TiO, surface, and the donor unit, to ensure acceptable
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regeneration kinetics. Within our library of dyes, BB2a seems to be endowed with these properties making
it active in ethanol-mediated photocatalytic experiments.

To conclude our work, we carried out an optimization of the dye loading on TiO, and assessed the
photocatalyst stability by means of a long-term experiment. Reactions were run in agqueous suspension in
the presence of 0.2 M H;A at pH = 4, since those were the conditions giving the highest values of H;
production. For such experiments, we selected dye BB3e because, besides being the second best sensitizer
in combination with H,A in terms of TON, it was also characterized by a high molar absorptivity (ensuring
efficient light-harvesting even at lower dye loadings, Table 1) and excellent stability after 15 h (as evident
from the change in the LFE values, Table 4).

Experiments run with decreasing BB3e loadings (10, 5 and 2.5 pumol g%, respectively) yielded progressively
smaller amounts of hydrogen in the same reaction time (Figure S10 and Table S5); turnover numbers,
however, increased constantly up to a value of 4013 for the lowest dye loading, indicating a more efficient
light absorption and electron injection by the individual dye molecules under these conditions, probably due
to a lower light-shielding effect and a reduced dye aggregation.

The BB3e@Pt/TiO, (2.5 umol g™?) photocatalyst was then employed to carry out a long-term experiment,
keeping the reaction vessel for 72 h under continuous visible light irradiation. The results are plotted in Figure
10, in which the gas production rate is shown to facilitate the evaluation of catalyst stability. After the first 5
hours, where the H; production increased and reached a maximum, continuous gas evolution was observed
for the entire duration of the experiment. A small decrease in performances was observed over time, which
could be related either to partial dye desorption from TiO; or photobleaching of the dye. To investigate this
issue, we conducted UV-Vis diffuse reflectance spectroscopy (DRS) analysis of the BB3e@Pt/TiO, three-
component system before and after completion of the 72 h-long experiment. Although exact quantitative
data are difficult to obtain with this technique due to the difficulty of preparing solid samples with identical
superficial properties (particle size, homogeneity, thickness), analysis of the spectra (Figure S11) revealed
that the shape of the light absorption profile, with a maximum at 535 nm, was almost completely unchanged
after the experiment, indicating that no dye degradation happened. On the other hand, a moderate decrease
of the main peak intensity was found, suggesting the possibility of partial dye desorption from the
semiconductor, although not to an extent sufficient to inactivate the photocatalyst. Indeed, the latter was
still remarkably active at the end of the experiment, leading to the formation of a substantial amount of H,

(539 umol m™, or 29106 pmol g™1), corresponding to a TON value of 23285.
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Figure 10. Hydrogen production rate of BB3a-sensitized P25/Pt catalysts (2.5 umol g™') with ascorbic acid as SED
under long—term (72 h) irradiation with visible light (A > 420 nm).

Conclusion

In this work, we reported the synthesis and characterization of ten organic dyes designed to act as
sensitizers for TiO, in a heterogeneous, three-component photocatalytic system for visible light-driven
hydrogen production. The compounds were all based on a D-1t-A architecture, but presented different central
conjugated units and were endowed with various substituents on the donor triphenylamine section, allowing
to simultaneously and independently alter some of their most important properties such as HOMO-LUMO
gap, hydrophilicity/hydrophobicity and steric bulk. The dyes showed efficient absorption of visible light in the
400-700 nm range, and possessed suitable electrochemical properties for application in DSP systems.

Hydrogen production experiments in the presence of different SED showed that the performances of the
entire series of photocatalysts and the relative order of efficiencies were strongly dependent both on the
SED used and the specific reaction conditions. When using TEOA as SED at pH = 7.0, the relatively low
turnover numbers recorded appear to have been mostly determined by the small (or even negative)
differences between the dyes ground state-oxidation potentials and the standard redox potential of the hole
scavenger. The best performance was provided by dye BB2a, confirming the beneficial role of a moderately
bulky and hydrophobic central dye section, as already seen in our previous studies.

When ascorbic acid was used as SED at pH = 4.0, all sensitizers provided much higher amounts of
hydrogen, which was attributed both to the more reducing character of the hole scavenger and the higher
concentration of H* ions. In this case, Eox values of the sensitizers seemed to play a less important role, and
the positive effect of adding strongly hydrophilic groups on the donor section of dyes with a hydrophobic
central core became evident by looking at the excellent performances of dyes BB2e and BB3e. With the
latter, a long term H, production experiment was set up, demonstrating the stability of the photocatalytic

system for at least 72 h. When using EtOH as SED in neutral conditions, only dye BB2a produced an

25



appreciable, yet small, hydrogen amount, highlighting the need to better understand the exact mechanism
of dye regeneration by EtOH to improve dye design.

Several papers have analyzed the effects of introducing different groups onto the sensitizers structure,
but they usually considered changes in only one molecular property at a time, and were carried out using
only a single SED. By employing a more diverse dye library and three different sacrificial donors, this work
shows that no such thing as an “ideal” dye design for photocatalytic hydrogen production exists, and
optimization of different dye properties should always be carried out considering the specific conditions to
be applied in the reaction. Such aspect should be carefully considered when describing the beneficial (or

detrimental) effect of any structural change made to the sensitizers.
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