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Molecularly engineered porphyrin photosensitizers featuring
multi-anchoring and alkoxy modifications for robust photocatalytic

hydrogen production

Yudong Wen"?, Cheuk-Lam Ho"*" and Yan Yi Kwok"”

ABSTRACT In this work, we introduce a new generation of
porphyrin-based photosensitizers (PSs), PoTA1-PoTA3, each
strategically engineered with dual anchoring groups—4-ethy-
nylbenzoic acid, 3-ethynylbenzoic acid, or 5-ethynylthio-
phene-2-carboxylic acid—at the meso-position of the
porphyrin macrocycle, and further functionalized with long-
chain alkyloxy substituents. This dual-modification strategy
not only suppresses undesirable charge recombination but also
reduces aggregation on TiO, surfaces. Notably, PoTA3, fea-
turing the 5-ethynylthiophene-2-carboxylic acid moiety, ex-
hibits a dramatically redshifted and broadened absorption
profile, enabling superior solar spectrum utilization. Under
blue light irradiation, the PoTA3-based system achieves a re-
markable apparent quantum yield (AQY) of 8.3%, an initial
hydrogen evolution rate of 485 mmol g"' h™', and an excep-
tional turnover number (TON) of 27,858 in aqueous media—
substantially outperforming both PoTAl and PoTA2. More
notably, both PoTA1 and PoTA3 exhibit remarkable perfor-
mance under white light irradiation (AQY% = 5.5% and 6.8%,
respectively), significantly outperforming the benchmark
YD2-0-C8 (AQY% = 4.07%) under identical operating condi-
tions. The synergistic effect of enhanced light harvesting,
minimized aggregation, and optimized HOMO and LUMO
electron density distributions in PoTA1 and PoTA3 translates
to both high efficiency and robust operational stability. These
findings create a flexible molecular engineering platform for
the next generation of solar-to-hydrogen conversion systems.
Our approach opens the door to designing better photo-
sensitizers, which could lead to major improvements in pro-
ducing hydrogen from water using sunlight.

Keywords:  hydrogen,  photocatalysis,  photosensitizers,
porphyrins
INTRODUCTION

To meet the surging demand for energy and resources needed
for social and technological advancements, environmental con-
cerns — such as global warming triggered by the emission of
greenhouse gases from burning fossil fuels — and the restricted
availability of fossil fuels, have brought sustainable, renewable,
and clean energy with notably high efficiency into the forefront
of chemistry research in recent years [1,2]. Hydrogen emerges as

a clean energy source with diverse applications, ranging from
automotive power and heating to fuel cells and beyond, pro-
viding a reduced environmental impact as its combustion pro-
duces only water [3]. Furthermore, the use of hydrogen as an
alternative fuel embodies a longstanding approach to worldwide
carbon dioxide emission reduction [4,5]. However, the current
practical source of hydrogen production is reforming fossil fuels,
which is a finite energy source on Earth and causes environ-
mental problems by releasing carbon dioxide during its com-
bustion [6]. Indeed, hydrogen can be produced catalytically from
water through a solar-driven photocatalytic process [7-10]. This
process, while conceptually straightforward, requires efficient
and affordable photocatalysts to attain practical viability. Noble
metal-free molecular photocatalysts are attracting increasing
attention in recent years, owing to their potential advantages in
regard to abundant material availability, low toxicity, and tun-
able molecular structure [11-14]. Among these, porphyrins, as
tetrapyrrolic compounds closely resembling chlorophyll utilized
in plant photosynthesis, serve as an ideal model for gathering
solar energy in photocatalytic hydrogen evolution (PHE) sys-
tems. This is due to their analogous function in the natural
process of photosynthesis and their photostable [15]. The con-
jugated m-electron system of porphyrins allows for the efficient
absorption of visible-spectrum solar radiation [7,15-18]. Cru-
cially, porphyrins facilitate both electron transfer and energy
conversion during photosynthesis. Therefore, porphyrin-based
photocatalysts have emerged as a focal point of research within
PHE systems.

Porphyrins possess a rigid, planar macrocyclic structure,
which, while advantageous for m-conjugation, renders them
susceptible to m-m stacking aggregation. This aggregation can
significantly impede electron injection efficiency into semi-
conductor materials such as TiO, [19]. Strategic modification of
substituents at the meso- or f-positions of the porphyrin ring
offers a versatile approach to tuning their physicochemical
properties, including solubility, stability, and optical character-
istics. Notably, the introduction of long alkyloxy chain ortho-
substituted aryl groups at the meso positions has proven effective
in disrupting m-m stacking, thereby mitigating aggregation. This
structural modification not only preserves the integrity of the
porphyrin framework but also provides a shielding effect that
suppresses undesirable electron back-transfer from the TiO,
conduction band to the electrolyte [20,21]. Further enhancement
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of charge separation can be achieved by judiciously engineering
electron-donating and electron-accepting substituents on the
porphyrin core, thereby intensifying light-harvesting capabilities
and promoting efficient charge transfer [22]. Anchoring groups
are equally essential, as they facilitate robust grafting of por-
phyrin photosensitizers onto TiO, surfaces, which is critical for
rapid electron injection during PHE from water [23]. The
incorporation of carboxylic acid groups at the - and meso-
positions has been extensively explored [24,25], with meso-
substituted benzoic acid or alkynylbenzoic acid (serving as -
linkers) being particularly prevalent. The positional isomerism
of the carboxyl group (meta versus para) on these phenyl rings
can markedly influence photocatalytic performance by mod-
ulating electronic communication between the porphyrin and
the semiconductor, thereby facilitating more efficient electron
injection across the PS-TiO, interface [26,27]. Additionally, the
electronic nature of the m-linker itself plays a pivotal role in
mediating charge transfer between the photosensitizer core and
TiO,, further impacting overall photocatalytic efficiency [28-30].

In 2018, our group reported that the Zn(II) porphyrin-based
PSs YD2-0-C8 and ZnP-dyad achieved outstanding PHE per-
formances from water: initial turnover frequency (TOF;) >
300 h™" under white light irradiation and initial apparent
quantum yield percentage (AQY;%) up to 4.07% (Fig. 1) [31]. To
broaden our scope of investigation, a set of porphyrin-based PSs
(PoTA1-PoTA3) has been synthesized for PHE from water.
These photosensitizers are meticulously engineered with dual
anchoring motifs—either 4-ethynylbenzoic acid, 3-ethy-
nylbenzoic acid, or 5-ethynylthiophene-2-carboxylic acid—stra-
tegically tethered at the meso-positions of the porphyrin
macrocycle. To further optimize their performance, each PS is
deliberately endowed with long-chain alkyloxy substituents,

Previous work
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effectively suppressing unwanted charge recombination and
mitigating aggregation on TiO, surfaces. In a smart design,
pyridyl groups are also incorporated into the porphyrin scaffold,
introducing additional anchoring sites and expanding the
interfacial versatility of these advanced PSs. The photophysical,
electrochemical, and photocatalytic characteristics of these PSs
are comprehensively explored to elucidate their structure-
function relationships. Recognizing the broad spectral range of
solar irradiation, we strategically employ white LED illumination
as one of the representative light sources, enabling a more rea-
listic assessment of the PSs’ performance under conditions that
closely mimic natural sunlight. Notably, PoTA1 and PoTA3
attained an active and robust H, generation system over 150 h
for blue, green, and white irradiation, with the TON of up to
17780 and 24200 in 168 and 173 h with 26.8 and 36.6 mL
hydrogen produced under white light irradiation. Their initial
turnover frequency (TOF;) was 518 and 640 h™!, the initial
activity (activity;) was 324 and 400 mmol g~' h™’, and the initial
apparent quantum yield (AQY;) was 5.5 and 6.8%, under visible
light irradiation from water. The results reveal that introducing
an alkoxyl chain onto the pyridine moiety at the meso-position
of the porphyrin markedly amplifies PHE efficiency in aqueous
systems, with the positional variation of the carboxylic acid on
the ethynyl benzoic acid further modulating this effect. The
incorporation of extended alkoxy chains is particularly impact-
ful, as it promotes intramolecular charge transfer, effectively
suppresses dye aggregation, and enhances the structural stability
of the porphyrin framework. Moreover, electrochemical impe-
dance spectroscopy (EIS) confirms that these modifications
significantly retard charge recombination dynamics during PHE,
collectively contributing to superior photocatalytic performance
[21,32-35]. Thus, by synergistically integrating extended alkoxyl

YD2-0-C8

TON=11900; AQY;=2.59; TOF;=334 hr"
(White LED)

TON=27858; AQY;=8.30%; TOF=776 hr' (Blue LED)

Highly Robust M Broad Absorption

The molecular structures design strategy of PoTA1, PoTA2, and PoTA3.
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chains with multiple anchoring groups on the porphyrin fra-
mework, a platform that simultaneously maximizes light-har-
vesting capabilities and elevates the photocatalytic efficiency of
PSs can be established, setting a new paradigm for advanced
solar-driven hydrogen production systems.

RESULTS AND DISCUSSION

Synthesis and structural characterization

The structures of the new porphyrin-based PSs are displayed in
Fig. 1, while their synthetic routes are illustrated in Scheme 1.
2,6-Dichloropyridine first underwent functionalization with
octanol to produce 2,6-bis(octyloxy)pyridine 1, subsequently
leading to aldehyde formation, resulting in 2,6-bis(octyloxy)
nicotinaldehyde 2. The key intermediate 4 was then prepared by
the cyclization of porphyrin, using dipyrrolemethane 3 to react
with 2 in dry CH,Cl, under a nitrogen atmosphere. Tri-
fluoroacetic acid (TFA) was used as the acid for initiating the
condensation, while 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) was added to oxidize the ring after the cyclization. This
two-step synthesis could prevent side reactions during the por-
phyrin formation. Bromination of 4 by using N-bromosuccini-

Cl
SN = L
| Z > (87 %) CgHy;07 N7 OCgH,, (49 %) CgHy70
1

viii
(98 %)

OCgHq7

PoTA1 PoTA2

Scheme 1

mide gave 5. The brominated porphyrin was metalated using
zinc acetate in refluxing dichloromethane/methanol solution to
give 6. Sonogashira cross-coupling reaction was performed by
employing palladium catalyst and copper catalyst to form a
carbon-carbon triple bond between the terminal alkyne and the
aryl halide, under basic conditions mediated by triethylamine to
give targeted POTA1-PoTA3.

The target porphyrin-based PSs and their precursors are
soluble in common solvents, like dichloromethane, dimethyl
sulfoxide, tetrahydrofuran, etc., and were characterized by 'H
NMR spectroscopy and Electrospray Ionization Quadrupole-
Time-of-Flight Mass Spectrometer (ESI-TOF-MS). However, the
acquisition of good-quality ?C NMR spectra of porphyrin-based
PSs was difficult due to their partial solubility in common
organic solvents.

In these porphyrin-based PSs, their molecular structures
comprise two 4-ethynylbenzoic acid, 3-ethynylbenzoic acid, or
5-ethynylthiophene-2-carboxylic acid tethered at the 10,20-
meso-positions of the porphyrin core, along with 2,6-dioctyl-
pyridine at the 5,15-meso-position. This combination could
potentially tetrachelate since both pyridine and carboxylic acid
could bind to the Brensted and Lewis acid sites of TiO,,

vi
o S ——

(76 %)

OCgH17

HOOC

Synthesis of PoTA1-PoTA3: i) Sodium hydride, octanol, 2,6-dichloropyridine; ii) n-butyl lithium, dry tetrahydrofuran (THF), dry Di-

methylformamide (DMF); iii) Paraformaldehyde, pyrrole, indium chloride, NaOH solution; iv) Trifluoroacetic acid (TFA), 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ), anhydrous dichloromethane; v) N-Bromosuccinimide (NBS), anhydrous CH,Cly; vi) zinc acetate, CH,Cl,:methanol 2:1; vii) (Triiso-
propylsilyl)acetylene, copper(I) iodide, Pd(PPh;),Cl, NEt; anhydrous THEF; viii) Tetrabutylammonium fluoride (TBAF), anhydrous THF; ix) 4-Iodobenzoic
acid, Pd,(dba); AsPh; NEt; anhydrous THF; x) 3-Ethynyl benzoic acid, Pd(PPh;),Cl, Cul, NEt; anhydrous THF; xi) 5-Ethynylthiophene-2-carboxylic acid,

Pd(PPh;),, Cul, NEt; anhydrous THF.
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respectively [36]. To investigate the binding modes of these
porphyrins on the TiO, surface, Fourier-transform infrared
(FTIR) spectroscopic data were obtained for the pure solid of the
selected PS, PoTA3, and for the PS adsorbed on TiO,. Their
FTIR spectra are compared in Fig. S30. The FTIR spectrum of
PoTA3 displayed the stretching vibration bands of the C=0
stretching band of the carboxyl group, C=C, and C-N at 1671,
1596, and 1456 cm™'. After the dye-loading onto TiO,, the
spectrum illustrated the absence of the C=0O stretching band at
1671 cm™". This observation suggests that this type of PSs can be
effectively anchored onto the surface of TiO, nanoparticles
covalently through an ester linkage at the Brensted acid sites
(surface-bound hydroxyl groups) [37]. Another new peak
appeared at approximately 1636 cm ™', which corresponds to the
coordination of the pyridine ring with the Lewis acid sites on the
TiO, surface (the exposed Ti"" cations) [38,39]. This data sug-
gests that both carboxylic acid and pyridyl groups are attached to
the TiO, surface [40-42].

Photophysical properties

The ultraviolet-visible (UV-vis) absorption and photo-
luminescence (PL) spectra of all porphyrin-based PSs were
measured in dichloromethane and presented in Fig. 2, with the
corresponding data tabulated in Table 1. All the UV-visible
spectra of our PSs in solution exhibit the characteristic peak of
porphyrin compounds: a prominent absorption peak within the
400-500 nm range, known as the Soret band absorption. Addi-
tionally, we observe several absorption peaks of moderate
intensity between 525 and 700 nm, corresponding to the Q band
absorption [43]. The appearance of the former absorption band
is ascribed to the m-n* electronic transition within the porphyrin
molecule, while the emergence of the latter absorption band is
due to intramolecular charge transfer (ICT) within the por-
phyrin structure [44,45]. There was a bathochromic shift of
PoTA3 (A,.x = 459 nm) >PoTAl (1,., = 453 nm) > PoTA2

(@) 4 (b)

(Amax = 448 nm) in the Soret band, while their € was in the trend
of PoTA3 (204519 M™' cm™ ) > PoTA2 (157474 M cm™ ) >
PoTA1 (146227 M~ cm™ ). This Zn-porphyrin series has been
able to effectively shift the main peak in the Q-band to a
wavelength of A, = 651-668 nm, achieving & up to
42300 M~ cm™". Hence, substituting ethynyl benzoic acid with
5-ethynylthiophene-2-carboxylic acid could effectively red-shift
both the Soret and Q-bands while also boosting the e. This
change suggests that the excited state becomes more polar than
the ground state by incorporating the thiophene unit as a m-
spacer [46,47]. This outcome illustrates that the heteroaromatic
unit (specifically thiophene serving as the m-spacer) exerts a
notable influence on the absorption spectra of porphyrin PSs.
Furthermore, shifting the COOH group from the para- to the
meta-position on the phenyl linker results in a blue shift
observed in the absorption wavelengths of both the Soret and Q-
bands. Such a phenomenon is due to the inductive effect. The
carboxyl group at the para-position of phenyl contributes more
n-electrons in conjugation, leading to the bathochromic shift of
both bands in PoTAl. These findings suggest that the posi-
tioning of the COOH moiety on the phenyl linker connected to
the porphyrin ring significantly influences the absorption
properties of isomeric porphyrins.

All the porphyrins demonstrated photoluminescence in
dichloromethane at room temperature. Each of them displays
two emission peaks: a strong peak at approximately 660-678 nm
and a shoulder peak at around 717-742 nm when excited at
450 nm (Fig. 2b). The trend in emission redshift mirrors the
trend observed in their Q-band absorption spectra. The emission
spectrum of PoTA3 exhibits a further red-shifted feature,
pointing towards a more effective electronic coupling between 5-
ethynylthiophene-2-carboxylic acid and the porphyrin ring.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS) was also conducted on the three solid powder samples of
PSs (Fig. 2c). All samples demonstrated analogous light

C
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Figure 2 (a) UV/Vis absorption spectra in CH,Cl, at 293 K; (b) Normalized photoluminescence spectra in CH,Cl, at 293 K; (c) Normalized UV-Vis diffuse

reflectance spectra of POTA1-PoTA3.

Table 1 UV/Vis absorption data and emission data of POTA1-PoTA3 in CH,Cl,
Amax/nm (e/M™" cm™)
PS Aem/nM
Soret band Q-band
PoTAl 453 (146227) 551 (2887), 596 (5386), 655 (20238) 661, 720
PoTA2 448 (157474) 548 (2021), 596 (5093), 651 (20368) 660, 717
PoTA3 459 (204519) 552 (6930), 593 (9284), 668 (42385) 678, 742
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absorption characteristics in the solid state, mirroring those
observed in dichloromethane solution, with consistent absorp-
tion features within the 400-500 nm range. Intriguingly, a novel
absorption peak emerged around 600 nm in the solid-state
spectra, entirely absent in the solution phase. This phenomenon
is attributable to robust electronic coupling between molecules
and the formation of orderly stacked structures in the aggregated
state, giving rise to distinctive electronic transition behavior
unique to the solid state.

Electrochemical properties
Optimizing the energy gap between the TiO, semiconductor,
SED, and zinc(II) porphyrins is essential for achieving efficient
PHE [48]. The effectiveness of electron transfer and charge
separation in these complexes relies on the LUMO energy level
being above the semiconductor’s conduction band, while the
HOMO level must be below that of the SED. To map out the
energy profiles of the porphyrins, cyclic voltammetry was per-
formed using a standard three-electrode system. The specific
parameters obtained from these experiments are summarized in
Table 2.

The Eponmo of these PSs (ranging from —5.299 to —5.219 eV)
were all more negative than the redox potential energy level
(—4.65 eV, pH ~ 4) of ascorbic acid [49] (AA; acting as the

Table 2  Electrochemical data and energy levels for POTA1-PoTA3

sacrificial electron donor in the H, production experiment) and
their corresponding Ejypo (ranging from —3.238 to —3.338 eV)
were all higher than the conduction band energy level (about
—4.26 eV) of TiO, nanoparticles [50]. Consequently, effective
dye regeneration [51] and electron injection [52] were both
anticipated to occur in the photocatalytic H, generation cycle.

Theoretical calculation

Theoretical simulations were conducted using density functional
theory (DFT) at the B3LYP/6-31g(d)/LANL2DZ level. The
optimized geometries, energy levels, and electron density dis-
tributions are shown in Fig. 3. The three porphyrin complexes
exhibit slight variances in the energy levels of the highest
occupied molecular orbital (HOMO), ranging from —5.13 to
—5.02 eV. The electron cloud of the HOMO is delocalized over
the porphyrin ring and the conjugated aromatic m-linkers. For
the lowest unoccupied molecular orbital (LUMO), the energy
levels range from —2.92 to —2.68 eV, with electron cloud dis-
tribution similar to that of the HOMO. To gain deeper insight
into the nature of the excited states, natural transition orbital
(NTO) analysis was performed to explore the characteristics of
the excited states in the three porphyrin complexes (Fig. 4). Both
the singlet and triplet excited states of the three porphyrin
complexes exhibit LE characteristics. As shown in Fig. 5, the

PS Eo/V* EnomoleV’ Eq.o/eV® ErumoleV'
PoTA1l 0.589 —5.299 1.981 —3.318
PoTA2 0.509 —5.219 1.981 —3.238
PoTA3 0.581 —5.291 1.953 -3338

a) Onset of first oxidation potentials were measured by cyclic voltammetry in dichloromethane (CH,Cl,) solution containing 0.1 M of NBu,PFs against
Ag/Ag" reference electrode, with glassy carbon working electrode and platinum wire auxiliary electrodes.

b) Calculated from —(E,, + 4.71), as reversible oxidation of ferrocene was Ej;; = 0.09 V and the Eyopo of ferrocene is equal to —4.80 eV vs. to vacuum level.

c) Eyo was determined from the intersection of absorption and emission spectra.

d) Erumo = Enomo + Eoo-
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Figure 3 Calculated energy-level diagram and contour plots of the HOMO and LUMO for PoTA1, PoTA2, and PoTA3.
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Figure 4 NTOs describing the characters of excited singlet (S;) and triplet (T,,) states (hole: blue color; particle: red color).
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Figure 5 Energy-level diagram for the excited singlet (S;) and triplet (T,,) states. SOC matrix elements and energy difference between the T,, and S, states of

(a) PoTALl, (b) PoTA2, and (c) PoTA3.

singlet-triplet energy gap (AEst) ranges from 0.76 to 0.79 eV.
Notably, the S; state of the PoTA3 molecule shows the smallest
energy difference with the T; state compared to PoTAl and
PoTA2, with a spin-orbit coupling (SOC) value reaching
0.68 cm™". This significantly enhanced SOC effect is attributed to
the heavy atom effect of the sulfur atom in the thiophene linkers,
where the larger atomic radius effectively promotes the inter-

January 2026 | Vol.69 No.1
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system crossing (ISC) process by enhancing spin-orbit interac-
tion.

In the study of interfacial binding characteristics, the inter-
action capability between the PSs and TiO, was assessed by
calculating the binding energy at a single anchoring point. The
results indicate that the pyridine groups of the three PSs bind
more effectively to TiO, compared to the carboxylic acid
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anchoring groups, with TiO,-pyridine binding energies ranging
from —239.59 to —297.51 k] mol™! (as shown in Fig. S31 and
Table S1). Notably, PoOTA3 exhibits the most prominent inter-
facial binding characteristics, with its pyridine-TiO, binding
energy reaching the highest value in the system at
—297.51 k] mol™', while the carboxylic acid group binding
energy is the lowest among the three. This significant reverse
trend suggests that PoOTA3 has a specific binding tendency on
the TiO, surface, preferring stable anchoring through the pyr-
idine group. The results align with the FTIR results for PoTA3
(Fig. $30), providing a clue that the pyridine coordination to the
Lewis acid site of TiO, exists, despite the potential steric hin-
drance from the adjacent long alkoxy chains near the N of
pyridine.

Electrochemical impedance spectroscopy and photocurrent
response measurements

To provide more evidence for the explanation of photocatalytic
electron transfer, the photocurrent responses and electro-
chemical impedance spectroscopy (EIS) of the porphyrins coated
on fluorine-doped tin oxide (FTO) were performed. As shown in
Fig. 6a, PoTA3 exhibited a higher photocurrent than the other
PSs, PoTA1 and PoTA2, indicating more electrons generated
and more efficient separation of photogenerated charge carriers
in PoTA3. Also, the smaller transfer resistance of PoTA3
(Fig. 6b) further supports its better charge transfer compared to
other porphyrins.

Photocatalytic hydrogen production

Given the attractive light-harvesting capacity of the PSs within
the 420-700 nm range, it is conceivable that these porphyrin-
based PSs possess significant potential for efficient PHE from
water. It has been previously reported in other works that dyads
with platinum used as PSs could increase the efficiency and
stability of generating hydrogen [53-55]. The procedures of
platinizing TiO,, PS-loading onto TiO,, and measuring the
volume of generated hydrogen are stated in the Experimental
Section. The percentage of dye-loading on TiO, is measured by
the change in absorbance of the PSs solution before and after the
adsorption (Fig. S32) [56,57]. All the PSs achieved a high dye-
loading percentage (>91%) with the potential to be in a tetra-
chelated mode. The photocatalytic hydrogen generation system
was executed in 5 mL 0.8 M aqueous ascorbic acid (pH 4.0),
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=
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o
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o
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Figure 6 (a) Photocurrent responses and (b) EIS spectra of POTA1-PoTA3.
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serving as the sacrificial electron donor (SED), under the irra-
diation of blue, green, or white LEDs. Upon comparing the
reaction mixture before and after irradiation, the aqueous
ascorbic acid solution transitioned from colorless to a deep
yellow hue due to the formation of dehydroascorbic acid during
the regeneration of the PSs in the photocatalytic process.

The hydrogen generation fitting curves for all synthesized
porphyrin-based PSs are depicted in Fig. 7, along with the cor-
responding data (TON, TOF, TOF,, Activity;, and AQY;%) in
Table 3. All the PSs facilitated the photocatalytic hydrogen
evolution, ranging from 18.7 to 42.2 mL, when compared to the
control bare Pt-TiO, (4.9 mL) under blue light irradiation for
over 189 h. There was a significant increase in hydrogen pro-
duction for PoTA1 and PoTA3 within the initial 21 h across all
three types of light. Their exceptional reactivity extended up to
50 and 100 h under blue and white LED lights, respectively.

The PHE system with PoTA3 had the highest and most
remarkable initial photocatalytic activity, with the initial
apparent quantum yield % (AQY;%) of 8.3% and the initial
hydrogen production activity (activity;) of 485 mmol g_1 h!
under blue light irradiation, followed by PoTA1 (AQY;% = 6.5%
and activity; = 378 mmol g”' h™') and PoTA2 (AQY,% = 4.4%
and activity; = 258 mmol g~ h™"). However, the later perfor-
mance of PoTA1l up to 189 h surpassed PoTA3 (41.2 mL for
PoTA1 at 189 h and 42.026 mL for PoTA3 at 194 h). Interest-
ingly, PoTA3 maintained higher activity after 189 h, evident
from the steeper slope in Fig. 7a. On the contrary, the trend of
prolonged performance between PoTAl and PoTA3 was
reversed under green light, with the order of AQY;% being
PoTA3 (1.60%) > PoTA1 (1.18%) > PoTA2 (0.503%). However,
PoTA1 maintained higher activity under prolonged green light
irradiation, displaying an increasing trend up to 360 h (Fig. 7b).
The more reactive initial performances of PoTA3 could be
explained by its higher molar absorptivity throughout the visible
light region than the other analogs, as well as the potentially
smaller band gap of having 5-ethynylthiophene-2-carboxylic
acid than 4-ethynyl benzoic acid [58], may facilitate more rapid
electron injection from the PSs to the TiO,. This factor notably
assisted PoTA3 in attaining a superior outcome under white
light irradiation, showcasing its prowess as a PS with good
panchromatic capability (Fig. 7c). Both the PoTA1 and PoTA3
had distinctive performances under white light irradiation, with
the AQY;% = 5.5% and 6.8%, respectively, and surpass that of
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Figure 7 Kinetic traces of hydrogen generation by different photosensitizers (POTA1-PoTA3 and Pt-TiO,) under the irradiation of (a) blue LED (472 nm);
(b) green LED (520 nm) at 50 mW; (c) white LED (420-750 nm) at 80 mW. Each sample flask contained 0.8 M ascorbic acid (5 mL) in water (pH 4.0) and

20 mg PS-TiO,-Pt sample.

Table 3 Light-Driven H, Generation Data with and without PSs PoTA1, PoTA2, and PoTA3 on Pt-TiO,

PS DL%* H,/mL TON® TOF/(h™')° TOF/(h™)?  Activity/(umol g™' h™")° AQY%'

Irradiation under blue LED (472 nm) for 189 h

PoTA1l 91 41.20 27315 144.521 604.328 377705 6.467

PoTA2 96 18.688 12387 65.5423 413.334 258334 4.423

PoTA3 97 42.026 (194 h) 27858 (194 h) 143.596 (194 h) 775.673 484796 8.301

Pt-TiO, - 4.8986 3247 19.2138 170.513 106571 1.825
Irradiation under green LED (520 nm) for 259 h

PoTA1l 91 14.201 9258 31.6607 110.679 69174 1.184

PoTA2 96 5.366 3387 13.0766 47.0091 29381 0.503

PoTA3 97 12.647 (215 h) 8384 (215 h) 38.9942 (215 h) 149.500 93468 1.600

Pt-TiO, - 1.030 683 4.04112 33.4168 20886 0.358
Irradiation under white LED (556 nm) for 168 h

PoTA1l 91 26.823 17780 105.208 518.303 323939 5.547

PoTA2 96 8.755 5804 34.3412 205.864 128665 2.203

PoTA3 97 36.508 (173 h) 24200 (173 h) 139.886 (173 h) 639.909 399943 6.848

Pt-TiO, - 3.6899 2446 15.6790 120.868 75543 1.293

a) Dye-loading percentage.

b) Turnover number of H, is calculated as 2 x number of moles of H, produced divided by the number of moles of PS attached to platinized TiO,.

¢) Turnover frequency is calculated per hour.
d) Initial turnover frequency in the first 5 h.

e) Initial photocatalytic activity of the system is defined as the number of micromoles of H, evolved per gram of platinum loaded per hour.

f) Initial apparent quantum yield percentage (AQY;%) of the system.

YD2-0-C8 (AQY;% = 4.07%) reported by our group [29]. The
incorporation of long-chain alkoxy pyridyl groups into the
porphyrin architecture dramatically suppresses aggregation on
TiO, surfaces and substantially extends the operational stability
of the PSs within photocatalytic systems. Collectively, these
findings underscore the transformative potential of this mole-
cular design, paving the way for next-generation PSs with
enhanced panchromatic absorption and synergistic co-sensiti-
zation capabilities. This strategy holds considerable promise for
driving further breakthroughs in PHE and solar energy con-
version technologies.

Ultimately, our findings demonstrate that the light-driven H,
evolution performance of porphyrin-based materials can be
strategically amplified by fine-tuning intramolecular energy
transfer between the m-linkers and the porphyrin core. This
approach opens new avenues for optimizing light harvesting and
charge separation within these systems. Furthermore, by sys-
tematically varying electron-rich or electron-deficient moieties
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as m-linkers bridging the anchoring groups and the porphyrin
macrocycle, it becomes possible to precisely modulate electronic
interactions and further elevate photocatalytic H, evolution.
This molecular engineering strategy offers a versatile platform
for the rational design of next-generation porphyrin conjugates
with superior solar-to-hydrogen conversion efficiencies.

CONCLUSIONS

In this study, three porphyrin-based photosensitizers incorpor-
ating two 4-ethynylbenzoic acid, 3-ethynylbenzoic acid, or 5-
ethynylthiophene-2-carboxylic acid tethered at the meso-posi-
tion of the porphyrin macrocycle have been developed, designed,
and synthesized. Their photophysical and electrochemical
properties have been examined. The impact of attaching these
sensitizing chromophores to colloidal TiO, on interfacial pro-
cesses and PHE efficiencies has been investigated. The intro-
duction of long-chain alkyloxy groups in the PS structure is
suggested to generally slow down the charge recombination
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process. The influence of m-spacers on the photophysical prop-
erties of porphyrin PSs for light-driven hydrogen energy con-
version was studied. The results indicate that a single aromatic
spacer improved the PHE performance due to an enhanced
electron-donating ability from phenyl to thiophene structures.
The PHE system with PoTA3 exhibited the highest and most
remarkable initial photocatalytic activity, with an initial apparent
quantum yield % (AQY;%) of 8.3% and an initial hydrogen
production activity (activity;) of 485 mmol g~' h™" under blue
light irradiation. Both PoTAl and PoTA3 showed distinct
performances under white light irradiation, with AQY;% values
of 5.5% and 6.8% respectively, surpassing that of YD2-0-C8
(AQY;% = 4.07%) reported under the same photocatalytic con-
ditions. The remarkable hydrogen evolution activity and long-
term durability exhibited by these porphyrin-based PSs highlight
their strong potential as foundational components in next-gen-
eration photocatalytic devices aimed at addressing global energy
challenges. This work underscores the transformative promise of
this structural framework for achieving broad-spectrum light
absorption and enabling synergistic co-sensitization strategies.
Looking ahead, such molecularly engineered PSs are poised to
drive significant advances not only in solar-driven hydrogen
generation from water but also in a wide array of emerging
photocatalytic applications, paving the way for sustainable and
versatile energy conversion technologies.
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