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ABSTRACT: Three metal-free molecular photosensitizers
(S1—S3) featuring a starburst triarylamine donor moiety have
been synthesized. They show attractive photocatalytic perform-
ance in visible light-driven H, production from water in their
platinized TiO, composites. A remarkable H, turnover number
(TON) of 10200 (48 h) was achieved in an Sl-anchored

system.

In the field of solar-fuel production, photocatalytic water
splitting reaction,’ which converts water molecules (feed-
stock) into hydrogen (fuel) and oxygen molecules through a
light-driven photocatalytic process, has been regarded as a
primary research direction. In essence, the water splitting
reaction could be comprehended in terms of two redox half-
reactions: the cathodic half-reaction refers to the reduction of
two aqueous protons to one H, molecule, and the anodic half-
reaction corresponds to the oxidation of two H,0 molecules to
one O, molecule.” Importantly, these two half-reactions could be
independently investigated for their mechanisms and then be
recombined together to examine the overall H, productiveness.”

For the cathodic side, a feasible system should consist of a
photosensitizer (PS) for exciton formation, a pathway for charge
separation,” a catalyst for H, production through a catalytic cycle
upon electron collection, aqueous protons, and a sacrificial
electron donor (SED) as an electron source.” Under such a
setting, many different systems have been developed over the
past three decades while platinized TiO, and colloidal platinum
are the two most well-known and common photocatalysts
because of their excellent performances in catalytic reactions.’

As visible light PSs, metalated dyes have been extensively
investigated for water reduction.” In order to reduce the total
noble metal content in the photocatalytic system, we revisited the
library of organic dyes and looked for suitable candidates to act as
molecular PSs. However, metal-free PSs for photocatalytic H,
generation are sparsely reported in the literature and most suffer
from instability (only active within 10 h) and/or poor activity
(TOF < 100 h™").”
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Herein, three metal-free PSs (S1—83) were synthesized with
either a donor—z—acceptor (D—z—A)"® or donor—acceptor—z—
acceptor’ (D—A—z—A’) framework,” in particular with the same
starburst triarylamine donor moiety (D) (Figure 1)."° These
molecules match well with the prerequisites of PSs in both
photocatalytic H, generation and dye-sensitized solar cells

(DSSCs), and the corresponding studies have been carried out.
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Figure 1. Chemical structures of photosensitizers S1—S3.
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The synthetic routes for S1—83 are shown in Schemes 1 and
S1 (in the Supporting Information, SI). The precursors 7a—7c

Scheme 1. Synthetic Routes for S1-S3
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were prepared by Suzuki coupling reaction of the corresponding
intermediates with the arylboronic ester, in which the aryl group
is the starburst triarylamine unit.'® Eventually, two different
Knoevenagel condensation approaches were launched to prepare
S1 and S3 by using cyanoacetic acid, while $2 was obtained
through the deprotection of the ethyl group in 7b under basic
conditions. All of the target PSs are air-stable and have been fully
characterized by matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry, and 'H and "*C
NMR spectroscopy (Figures S1—S26, SI).

The UV/vis absorption and emission spectra of S1-—83
measured in dichloromethane solution are shown in Figure 2,
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Figure 2. (a) UV/vis absorption spectra and (b) normalized
photoluminescence spectra of S1—83 in CH,Cl, at 293 K (excited at
the ICT absorption peaks, respectively).

and the corresponding data are listed in Table 1. All the organic
dyes display two broad distinct absorption bands in the range of
300—650 nm. The absorption bands in the short wavelength

Table 1. Absorption and Emission Data of S1-S3 in CH,CI,

dye Aus (€ /M7t cm™)/nm Aonset/ M Aem/DM 7¢/ns

s1 347 (64 680), 608 667 2.0
531 (77 760)

S2 355 (59777), 596 704 22
503 (18 272)

$3 356 (47 528), 630 704 2.1

523 (25 449)

region (centered at 347—356 nm) are allocated to the localized
m—m* transitions among aromatic rings, while those in the longer
wavelength region (centered at 503—531 nm) are attributed to
the intramolecular charge transfer (ICT) from an electron-rich
moiety to an electron-deficient group. The peak absorption
wavelengths of ICT bands are blue-shifted in the order of S1
(531 nm) > 83 (523 nm) > $2 (503 nm). This is correlated to the
different electron-withdrawing abilities of electron acceptors (A
and A’) and different electron-donating strengths of the z-
linkers. Density functional theory (DFT) calculation was
performed for S1—S3; the electron density in HOMO is
associated with the donor moiety and the z-linker, while the
LUMO is localized at the electron acceptor (Figures $27—S31
and Tables S1—S2, SI). Thus, it is further confirmed the
photoexcitation can induce ICT from the starburst donor moiety
and 7r-linker to cyanoacetate or acid groups. On the other hand,
these three PSs show photoluminescence in CH,Cl, at ambient
temperature. They exhibit solely one broad and structureless
emission peak with maxima at 667, 704, and 704 nm with
emission lifetimes of 2.0, 2.2, and 2.1 ns for S1—S3, respectively.
No emission band is observed from the triplet excited state over
the measured spectral window. Both emission pattern and
lifetime regime are suggestive to their fluorescent nature.''

Cyclic voltammetry (CV) measurements focusing on positive
applied potential was performed. The recorded cyclic voltammo-
grams are illustrated in Figures S32 and S33 (SI), and the
obtained data are summarized in Table S3 (SI). It was found that
the Eyomo of these dyes (ranging from —5.01 to —5.13 eV) are
more negative than the redox potential energy levels of ascorbic
acid (AA)" (—4.65 eV, pH ~ 4) and I"/1;” redox couple'® (~ —
4.9 eV). This assures dye regeneration of the oxidized dyes takes
place rapidly in both photocatalytic and DSSCs systems.'*
Meanwhile, the E; o of these dyes (ranging from —2.98 to
—3.05 eV) are much more positive than the conduction band
energy level of TiO, (~ —4.0 eV); therefore, a swift electron
injection process is anticipated to occur.'?

The photovoltaic properties of S1—S3 were preliminarily
investigated by fabricating conventional DSSC devices (Ex-
perimental section, SI). The relevant device performance
parameters are tabulated in Table S4. Figure S34 displays the
photocurrent density—voltage curves (J—V curves) and incident-
photon-to-current conversion efficiency (IPCE) spectra. The
highest power conversion efficiency (PCE) of 6.59% (short-
circuit current density (J,.) = 14.23 mA cm™2, open-circuit
voltage (V,.) = 0.68 V, and fill factor (FF) = 0.679) was obtained
with S1, while $2 and S3 rendered PCEs of 6.21% and 5.55%,
respectively. In particular, S1 with the dithienopyrrole fused
aromatic ring as the z-linker displays the largest ] value as
compared to that of auxiliary acceptor-containing S2 and S3,
indicating that this exceptionally strong electron-donating 7-
linker'® is effective to strengthen and broaden its light absorption
and raise the J,.. As a result, the maximum IPCE value achieved
by S1 is larger than 70% at ~S500 nm. Furthermore, the
corresponding Nyquist plots (Figure S35, SI) from electro-
chemical impedance spectroscopy (EIS, dark condition) disclose
the resistance of electron recombination (R,,.) at the interfaces
between the TiO,, PS, and redox electrolytes (Table S4)."” It was
found that these PSs exhibited very similar R .. values, and thus
similar V. values from their J—V curves were accounted. This
circumstance is best explained by the dominant influences
brought from the same starburst triarylamine donor moiety in
S1—S83 since this functional group was proven to be valid in
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inhibiting dye aggregation and charge recombination at the
interfaces due to its bulky and hydrophobic nature.'’

In view of the superior light-harvesting capability in the 450—
600 nm region for S1—S83, we anticipate S1—83 could be utilized
to examine the promotion of photocatalytic H, production from
water. In this aspect, Eisenberg and co-workers recently reported
that some platinum-containing dyads as the PSs enabled
unprecedentedly efficient and steady H, production from water
after attaching to platinized TiO, nanoparticles.'® Herein, we
carried out the light-driven H, generation studies by adapting the
same photocatalytic system on our organic PSs. Detailed
procedures could be referred to in the Experimental section
and Figures $36—S38 (SI).

H, generation fitting curves (vs time) for S1—S3 are illustrated
in Figure 3, and the corresponding data (TON, TOF, TOF,
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Figure 3. Kinetic traces of H, generation with respect to different
photosensitizers (S1—S3 and Eosin Y) under radiation of green LED
(520 nm) at SO mW. Each sample consisted of S mL of 0.5 M ascorbic
acid in water at pH 4.0 to which 20 mg of PS-TiO,-Pt composite
material was added.

Activity, and AQY,%) are tabulated in Table 2. PSs S1—83
potently facilitated the photocatalytic H, generation (>18 mL
over 48 h) while the system without PS (as a control) only
produced less than 1 mL of H, and the system with Eosin Y (as a
standard dye'”) generated ~1 mL of H,. The system with S1
afforded the highest photocatalytic activity with a TON of 10 200
over 48 h, while the systems with S2 and $3 also attained TONs
of 9520 and 6260, respectively, in the same duration. In order to
obtain a reasonable comparison with other photocatalytic
systems reported in the literature, the initial H, generation
activity (Activity;) and initial apparent quantum yield (AQY,) for
each PS were also reported. Notably, the most active system with
S1 attained a high Activity; of 478 000 ymol g~' h™" with a decent
AQY, of ~12%. To the best of our knowledge, the system with S1

is indeed one of the most efficient and robust photocatalytic H,
generation systems adopting TiO,-anchoring molecular PS in
the literature, according to the TOF and TON values. When S1 is
compared with $2 and 83, the better performance of S1 is
ascribed to the more intense absorption profile in 400—600 nm.
In addition, by comparing the photocatalytic reaction mixture of
S1 before and after the irradiation (48 h) (Figure S40, SI), the
TiO, composite material still remained the original color and the
AA aqueous solution changed from colorless to pale yellow due
to the presence of dehydroascorbic acid (DHA) resulting from
the dye-regeneration reaction. This indicated that issues
regarding dye desorption™® and photobleaching of PS were not
observed in our case.'®" In combination with the H, generation
curve, it is reasonable to expect the photocatalytic system with S1
is still highly active even under a longer duration of illumination.

In comparison with those noble metal-containing complexes
(e.g, Ru(1D),”" Ir(II),”* and Pt(II) complexeslsb’Z?’) with
outstanding photocatalytic performance (Table SS, SI), PSs
$1—83 obviously lack ‘heavy’ metals or atoms. These PSs were
supposed to mainly utilize their singlet excited state but not
triplet state for the electron transfer. Theoretically, the atom with
the largest atomic number in their chemical structures is sulfur (Z
= 16, S1) or selenium (Z = 34, S2 and S3), while the atomic
numbers of these two elements are still considerably smaller than
those of ruthenium (Z = 44), iridium (Z = 77), and platinum (Z =
78), so ineffective intersystem crossing (ISC) is likely to be
present. Therefore, there should be a significant but hidden
factor(s) leading to the distinctive efficiency and longevity of S1.

Most of the reported metalated”* and metal-free PSs™ are
found to be unstable upon light irradiation in the photocatalytic
system. This is mainly attributed to the formation of reduced
species of PS (ie, PS™) which comes from the reductive
quenching pathway.” This species would undergo decomposi-
tion easily during the photocatalytic process. Therefore, the
improvement of photocatalytic performance can be realized if the
excited species PS* is unfavorably reduced by the SED. Thus, the
electron-rich and hydrophobic starburst donor moiety in $1-83
is envisaged to function like a shield to combat against the
formation of PS™ after anchoring onto platinized TiO,
nanoparticles. Previous studies from other groups support our
idea in unveiling the relationship among bulky substituents on
the PS, rate of reductive quenching, and H, production activity.*®
Moreover, the starburst donor moiety design has also been
suggested to increase the dye regeneration rate in DSSCs due to
the larger surface area occupied by the donor moiety.”” Hence,
the retardation against the decomposition of metastable oxidized
species PS* is accomplished simultaneously.”® Similar effects in
the case of H, production are most likely attained as well, so S1—

Table 2. Light-Driven H, Generation Data with and without Photosensitizers S1—S3 and Eosin Y

dye DL%*" H, (mL) TON" TOF* (b)) TOE? (h™) Activity;” (umol g™' h™t) AQY,%"
S1 99 30.3 10200 213 385 478 000 12.3
S2 99 283 9520 198 360 446 000 115
3 99 186 6260 130 232 288 000 7.44
Eosin Y 100 1.06 354 7.4 12 15 000 0.35
none - 0.45 - - - 10 400 023

“Dye-loading percentage. bTurnover number of H, is calculated as number of mole of H, produced divided by the number of mole of PS attached to
platinized TiO,. “Turnover frequency is calculated per hour. “Initial turnover frequency in the first 2 h. “Initial photocatalytic activity of the system is
defined as number of micromole of H, evolved per gram of platinum loaded per hour. nitial apparent quantum yield percentage (AQY;%) of the

system.
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83 should be more stable as compared to other PSs without the
starburst donor moiety (performance shown in Table S6, SI).

In summary, three metal-free PSs featuring a starburst
triarylamine donor moiety were synthesized and employed in
the photocatalytic H, production from water. Specifically, S1
attained an active and robust H, generation system (TOF; of 385
h™ and TON of 10200) over 48 h. Notably, the electron-rich
and hydrophobic starburst triarylamine donor design has great
potential in improving the robustness of organic PSs in the
photocatalytic system.
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