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Efficient Synthesis of Porphyrin-Iridium Complex for
Enhanced Cocatalyst-Free Photocatalytic Hydrogen Evolution

Govardhana Babu Bodedla,*® P Muhammad Imran,!<! Jianzhang Zhao, ! Xunjin Zhu,

and Wai-Yeung Wong*2 P!

A new porphyrin-iridium complex, T-Ir-ZnPF, is synthe-
sized facilely through a one-pot, nucleophilic substitution
reaction between the iridium (Ir) complex Ir-NH, and zinc(ll)-
tetrakis(pentafluorophenyl)porphyrin ZnPF. In this porphyrin,
the Ir-motif acts as a triplet energy donor, while the porphyrin
moiety serves as a singlet energy acceptor. An efficient Forster
resonance energy transfer from the Ir-motif to the porphyrin
moiety enables exceptional light-harvesting capabilities in the
broad ultraviolet-visible region, a longer photoexcited state
electron lifetime, and a higher photoluminescent quantum yield
for T-Ir-ZnPF compared to ZnPF without the Ir-motif. Moreover,
T-Ir-ZnPF exhibits inhibition of aggregation-caused quenching,

1. Introduction

Developing photocatalytic hydrogen evolution (PHE) systems
has received much interest for producing sustainable green
energy and reducing global warming issues arising from fossil
fuel utilization. A typical PHE system is composed of a pho-
tosensitizer (PS), a sacrificial donor, and a cocatalyst.™ To
enhance the performance of the PHE system, the PS plays a
major role among the components used in the PHE system.
Thus, designing and synthesizing PSs have received much
attention in recent years. So far, a range of PSs including inor-
ganic composites,>! graphitic carbon nitride (g-C3N,)-based
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resulting in suppressed nonradiative decay channels and con-
sequently long-lived photoexcited states. The cocatalyst-free
homogeneous photocatalytic hydrogen evolution (PHE) system
of T-Ir-ZnPF produces a PHE rate (yH,) of 534 mmol g=' h=".
Under the same photocatalytic conditions, ZnPF did not produce
hydrogen, while Ir-NH, delivered a very low nH, of 0.20 mmol
g~ ' h™'. Since the Stern-Volmer quenching constant of T-Ir-
ZnPF is higher than those of ZnPF and Ir-NH,, the photoexcited
reduced T-Ir-ZnPF species are formed more readily by gaining
electrons from triethylamine. Subsequently, a direct and fast
electron transfer from the reduced T-Ir-ZnPF to protons leads to
a high cocatalyst-free PHE.

10-13] 14-16]

materials,”!  porous materials,! metal-complexes,!
polymers,[”®1 carbon-based photocatalysts,™ organic small
molecules,®21  phthalocyanines,**>?*1 and porphyrins!"2252°!
have been tested for PHE. Among the PSs, porphyrin-based
materials endowed great focus in PHE due to their high light-
harvesting ability in the broad ultraviolet-visible (UV-vis) region,
stable electronic states for efficient photoinduced charge sepa-
ration, and high photostability for long-term PHE.[”-?°! Besides,
the absorption, emission, and redox properties, as well as the
separation and transport of photogenerated hole-electron pairs
at the interface of the porphyrins can certainly be altered by
conjugating several chromophores at the meso- and S-positions
of porphyrin macrocycle and inclusion of various metals such
as noble-metals and non-noble metals inside the porphyrin
ring, thus achieving tunable PHE properties.?>?53%3 However,
most of the porphyrin-based PHE systems require a cocatalyst,
such as platinum (Pt) nanoparticles and Co-based complexes, to
reduce the protons to molecular hydrogen (H,). This is mainly
due to the lack of efficient photoinduced charge separation of
photoexcited porphyrin and fast charge recombination, thereby
prohibiting direct electron transfer from the photoexcited states
of porphyrin to the proton. Hence, developing porphyrin-based
PHE systems without a cocatalyst is an attractive goal for
practical PHE technologies.

In this process, several groups, including ours, have devel-
oped cocatalyst-free PHE systems.[232-3] Recently, we have
developed a mono-coordinated iridium (Ir)-motif conjugated
porphyrin ZnP-T-Ir with a triazole linker for cocatalyst-free
PHE.[*] Although this porphyrin possesses efficient Forster res-
onance energy transfer (FRET) for cocatalyst-free PHE, the syn-
thesis of such a porphyrin involves many challenges, including
low product yields and limited photostability. Contrarily, mono-
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Scheme 1. Synthetic route of T-Ir-ZnPF.

and tetra-coordinated Ir-motif conjugated porphyrins MBPyZnP-
Ir and TBPyZnP-Ir, respectively, containing a bipyridyl linker
did not produce any H, under cocatalyst-free conditions. This
could be attributed to the large steric strain between the Ir-
motifs and the porphyrin ring in MBPyZnP-Ir and TBPyZnP-Ir
which resulted in inefficient FRET from Ir-motif energy donor
to porphyrin ring energy acceptor.!*! Likewise, the synthesis of
MBPyZnP-Ir and TBPyZnP-Ir porphyrins is also very challenging
due to the involvement of many synthetic steps with low prod-
uct yields. These examples illustrate that molecular-engineered
Ir-motif conjugated porphyrins play an important role in achiev-
ing cocatalyst-free PHE. Thus, we hypothesized that developing
an easily synthesizable Ir-motif-based conjugated porphyrin with
efficient FRET and high photostability would be an effective
strategy for producing highly efficient cocatalyst-free PHE.

By considering the above points, herein, we synthesized
a tetra-coordinated Ir-motif conjugated porphyrin T-Ir-ZnPF
by a simple nucleophilic substitution reaction with a high
yield (Scheme 1). The photophysical, electrochemical, transient
absorption (TA), and PHE properties of T-Ir-ZnPF were studied
and compared to those of ZnPF without Ir-motif and Ir-NH, con-
taining no porphyrin unit. Moreover, we also employed density
functional theory (DFT) studies to get more insight into the
optoelectronic properties and photoinduced charge separation
of T-Ir-ZnPF and ZnPF. The results show that T-Ir-ZnPF delivered
a PHE rate (yH,) of 534 mmol g~' h~', which is much higher
than that of the precursor Ir-NH, (0.20 mmol g~' h7'), under the
same photocatalytic conditions, while ZnPF did not produce H,.
The higher PHE performance of T-Ir-ZnPF than the Ir-NH, and
ZnPF could be attributed to the high light harvesting ability,
efficient photoinduced charge separation and long-lived pho-
toexcited states. This subsequently triggered the direct electron
transfer from photoexcited T-Ir-ZnPF to protons, resulting in H,
production.
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2. Results and Discussion
2.1. Synthesis and Characterization of T-Ir-ZnPF

The tetra-coordinated Ir-motif conjugated porphyrin T-Ir-ZnPF
was synthesized by a nucleophilic substitution reaction between
the porphyrin ZnPF and the Ir-complex Ir-NH, under basic con-
ditions in dimethylformamide (DMF) solvent (Scheme 1). The
structure of T-Ir-ZnPF was characterized by nuclear magnetic
resonance (NMR), matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF) and electrospray
ionization-mass spectrometry (ESI-MS). T-Ir-ZnPF is soluble in
acetone, acetonitrile, and tetrahydrofuran (THF), and is sparingly
soluble in dichloromethane and DMF. The synthesis of ZnPF and
Ir-NH, are shown in Schemes S1 and S2.

2.2. Photophysical, Electrochemical, and DFT Studies

Figure 1a shows the absorption spectra of ZnPF, Ir-NH,, and T-Ir-
ZnPF recorded in the THF/water (H,0) (1:1, v/v) solvent mixture,
and the corresponding data are presented in Table 1. Typically,
Ir-NH, shows absorption from 220 to 500 nm, which contains
two types of absorption peaks. The absorption peaks from 220
to 300 nm with a high molar extinction coefficient (¢) belong to
spin-allowed ligand-centered transitions ('LC, i.e,, w—m* transi-
tions of C'N ligands and N'N ligands), whilst the peaks located
at ca. 300 to 400 nm are related to the mixed transitions of
singlet inter-ligand charge-transfer ('LLCT) and singlet metal-
to-ligand charge-transfer ('MLCT). The absorption peaks with
low & observed in the lower energy region (ca. 550 nm) are
attributed to the triplet transitions such as 3MLCT, as evident by
time-dependent DFT (TDDFT) calculations. Two types of absorp-
tion bands in the region of 416-600 nm are observed for the
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Figure 1. (a) Absorption and (b) emission spectra of T-Ir-ZnPF, Ir-NH,, and ZnPF recorded in THF/H,O (1:1; v/v, and 10 uM) at room temperature under an
argon atmosphere. (c) Overlapped absorption spectrum of ZnPF and emission spectrum of Ir-NH,. (d) Emission spectrum of T-Ir-ZnPF recorded in different
ratio of f,, from 0% to 95% in the THF/H,O mixture (10 uM). Note: Lex = 410 nm for ZnPF and Aex = 360 nm for T-Ir-ZnPF and Ir-NH,.

compound, ZnPF. The intensified absorption peak at 416 nm and
weak absorption peaks in the range of 550-600 nm correspond
to the Soret- and Q-bands, respectively, of the porphyrin macro-
cycle. Remarkably, the T-Ir-ZnPF shows a very broad absorption
profile from 200 to 800 nm having mainly three types of absorp-
tion peaks. The intensified absorption peaks situated in the
higher energy region (at ca. 220 to 350 nm) correspond to the
Ir-motif absorption and the remaining two types of absorption
peaks located at 426 and 550-606 nm belong to Soret- and Q-
bands of the porphyrin moiety, respectively. Moreover, the Soret-
and Q-bands of T-Ir-ZnPF are broadened and red-shifted by 10
nm compared to those of ZnPF, indicating the elongated conju-
gation resulting from the coupling of Ir-NH, and ZnPF. This trend
is also well matched to the theoretically calculated absorption
peak wavelengths of T-Ir-ZnPF and ZnPF (Table 2). Additionally,
the experimentally measured absorption profile of T-Ir-ZnPF is
well aligned with the theoretically simulated absorption profile
(Figure S1). Notably, the intensity of absorption peaks belong-
ing to Ir-motif in T-Ir-ZnPF is fourfold higher than those of
Ir-NH,, attributed to the increased chromophore density which
further confirms the presence of four Ir-motifs in T-Ir-ZnPF. All
these results point out that conjugation of Ir-motif to porphyrin
improves the light-harvesting property of porphyrin molecules
in the entire UV-vis region and thus can act as a potential PS for
PHE application. Nevertheless, the absorption peak positions of
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the Soret- and Q-bands did not change by increasing the H,O
fraction (f,,) in the THF/H,O mixture (Figure S2). It indicates the
lack of aggregation ability of T-Ir-ZnPF in the THF/H,O mixture
and thus the homogeneous nature of T-Ir-ZnPF in the THF/H,0O
mixture. This is much more beneficial to avoid charge recom-
bination reactions of T-Ir-ZnPF during proton reduction under
homogeneous PHE conditions (vide infra).3*

Figure 1b shows the emission spectra of the compounds
recorded in the THF/H,O (1:1, v/v) solvent mixture, and the cor-
responding data are presented in Table 1. Ir-NH, exhibits a broad
emission peak with Ao, of 574 nm, which stems from the 3MLCT
transition, whilst two porphyrins T-Ir-ZnPF and ZnPF show two
emission peaks in the region of 590-650 nm which correspond to
the porphyrin macrocycle. Moreover, a twofold increased emis-
sion intensity with a 10 nm red-shift in the T-Ir-ZnP emission
peaks was noticed when compared to that of ZnPF without
the Ir-motif. More specifically, in the emission profile of T-Ir-
ZnPF, the emission peak at 574 nm assigned to Ir-motif has
disappeared and only porphyrin emission peaks have appeared.
This could be explained by the FRET from the Ir-motif to the
porphyrin ring in T-Ir-ZnPF which depleted the Ir-motif peak
intensity and gave rise to the enhanced porphyrin emission peak
intensity. This result is also well consistent with the intensified
emission peaks of T-Ir-ZnPF than ZnPF. As the emission peak
at 574 nm due to Ir-motif completely disappeared and only the
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Table 1. Photophysical and electrochemical data of T-Ir-ZnPF, Ir-NH,, and ZnPF.

Compound Aabsa)(8/104, M- cm") )"ema), nm 'L'pr), ns <1>ch) Eox d), eV (AEP, ERede), eV (AEp, E(p+/p*)f] (eV) E(p*/p’)g) (eV) Eo,oh) (eV)
(nm) mV) mV)

Ir-NH, 253 (3.19), 286 (2.15), 351 574 2100.0 0.25 1.62 (68)" —1.07 (42)), — 098 1.53 2.60
(0.78), 425 (0.38) - 1.84 (98))

T-Ir-ZnPF 255 (16.38), 345 (6.47), 600, 647  14.0 0.18 164 (74), 212 — 0.69 (95)", — 052 1.47 216
426 (18.80), 558 (2.47), (60) - 117 (74)",
606 (0.74) - 140 (44))

ZnPF 416 (18.1), 551 (1.96), 591 590, 639 2.1 0.12 128 (50), 1.58  — 0.66 (73)", — 094 1.56 222
(0.27) (79)?, 1.82 (91)) - 1.04 (58))

@ THF/H,0 (1:1; v/v, 10 M) solution.

b Calculated from emission lifetime decay spectra.

9 TPP used as standard (®p, = 0.85 in THF) for ZnPF and T-Ir-ZnPF and [Ru(bpy)s;ICl, in degassed acetonitrile used as a reference (Lex = 436 nm with
Dp = 0.042) for Ir-NH,.

9 E. (vs. NHE) = 0.77 + Eoy (vs. Ferrocene).

) Eroq (vs. NHE) = 077 — Eeq (vs. Ferrocene).

f) Eptp¥) (vs. NHE) = Eox — Eq.o; here “P” refers to PS.

9 Ep*p7) (vs. NHE) = Egeq + Eo.0; here “P” refers to PS.

" Estimated from the intersection of the normalized absorption and emission spectra.

) Quasi-reversible wave.

) Reversible wave. Note: The cyclic voltammograms of the compounds were recorded at a scan rate of 100 mV s~

Table 2. Calculated electronic transition properties of the low-lying electronic excited states of T-Ir-ZnPF and ZnPF based on B3LYP/GENECP/LANL2DZ
level.
Porphyrin States Electronic Transition Energy? [eV/nm] o Composition® c D®
T-Ir-ZnPF Singlet So—S 226 / 546 0.0360 HOMO — LUMO 0.53165 9.41
So—S2 2.67 / 463 0.0266 HOMO-3 — LUMO + 3 0.49057
So—S3 2.84 / 436 0.2597 HOMO — LUMO +4 0.44977
So—S4 2.88 / 429 0.2250 HOMO-5 — LUMO +1 0.48753
So—Ss 2.90 / 426 0.5220 HOMO-4 — LUMO +1 0.41319
So—Se 292 / 424 0.3255 HOMO-4 — LUMO + 1 0.48403
Triplet So—Th 1.63 / 757 0.0000 HOMO — LUMO 0.57498
So—T> 1.64 / 755 0.0000 HOMO — LUMO +1 0.56820
So—T3 1.94 / 636 0.0000 HOMO-1 — LUMO 0.61074
So—Ta 1.95 / 635 0.0000 HOMO-1 — LUMO + 1 0.61823
So—Ts 2.45 / 505 0.0000 HOMO-10 — LUMO +9 0.27570
ZnPF Singlet So—S 229 / 540 0.0034 HOMO — LUMO +1 0.51900 0.00
So—S2 312/ 397 1.581M HOMO-1 — LUMO +1 0.41131
So—S3 3.58 / 345 0.0531 HOMO-2 — LUMO 0.67259
So—Sa 373/ 331 0.0092 HOMO-13 — LUMO 0.60928
Triplet So—Th 1.65 / 749 0.0000 HOMO — LUMO 0.59951
So—T> 1.95 / 635 0.0000 HOMO-1 — LUMO 0.6021
So—T3 3.03 / 408 0.0000 HOMO-3 — LUMO 0.42272
So—Ta 315 /392 0.0000 HOMO-4 — LUMO 0.44030
So—Ts 3.20 / 386 0.0000 HOMO — LUMO +2 0.58109
@ Only the selected low-lying excited states are presented.
b QOscillator strengths.
9 Only the main configurations are presented.
9 The Cl coefficients are in absolute values.
® Ground state dipole moment values.
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emission peaks at 600 and 647 nm corresponding to the por-
phyrin ring appeared in the emission spectra of T-Ir-ZnPF, we
presume that the FRET from Ir-motif energy donor to the por-
phyrin ring energy acceptor has completely occurred in T-Ir-ZnPF
porphyrin complex (Figure 1c). It should be noted that though
FRET between the Ir-motif and the porphyrin ring has already
been proven in tetra-coordinated Ir-motif conjugated porphyrin
TBPyZnP-Ir, it did not completely occur due to the steric strain
between the Ir-motif and the porphyrin ring in TBPyZnP-Ir, as
observed by the emission peaks corresponding to the Ir-motif
along with the porphyrin emission peaks in the emission profile
of TBPyZnP-Ir. It indicates that the molecular design of T-Ir-ZnPF
is much better than TBPyZnP-Ir for achieving complete FRET. The
photoluminescence electron lifetime (zp.) of T-Ir-ZnPF, ZnPF and
Ir-NH, was calculated to be 14.0, 2.1, and 2100.0 ns, respectively
(Figure S3). Ir-NH, exhibited tp_ in the ps regime, indicating the
triplet excited states involved in the emission while Ir-motif con-
jugated porphyrin T-Ir-ZnPF and ZnPF without Ir-motif showed
the tp_ in the ns range, denoting that the singlet excited states
contributed to the emission.

The excited state nature of the compounds was also stud-
ied by recording the emission spectra in the presence and
absence of air (Figure S4). The emission intensity of Ir-NH, is
reduced in the presence of air compared to that under argon,
whereas the emission intensity of ZnPF and T-Ir-ZnPF remains
the same in the presence of air and argon indicating the
involvement of singlet excited states for both porphyrins. This
result indicates that under photoexcitation, the FRET involves
the triplet-to-singlet energy transfer from the Ir-motif to the
porphyrin core in T-Ir-ZnPF. A similar type of Forster-type triplet-
to-singlet energy transfer is observed in the porphyrin-iridium
complex ZnP-T-Ir.[*! This complex contains an Ir-motif that acts
as a triplet energy donor and a porphyrin ring that serves as
a singlet energy acceptor. These components are connected
through a phenylene linkage, which plays a crucial role in facil-
itating energy transfer by providing a pathway for electronic
communication between the donor and the acceptor. Similarly,
the -NH linkage in T-Ir-ZnPF aids in enabling energy transfer
between the donor and acceptor through electronic commu-
nication. Notably, a similar phenomenon has been observed in
a decoupled donor-acceptor-based dyad, which includes an Ir-
motif as the triplet energy donor and a pyrene ring as the
singlet energy acceptor.®?! In the decoupled dyad system, the
spatial arrangement and electronic properties of the donor
and acceptor are optimized to enhance the efficiency of the
energy transfer process. More notably, the emission intensity
of T-Ir-ZnPF was not quenched upon increasing the H,O frac-
tion in the THF/H,0 solvent mixture (Figure 1d). It indicates
that T-Ir-ZnP inhibited the aggregation-caused quenching (ACQ)
phenomenon, which is beneficial for suppressing nonradiative
deactivating channels and thus provides long-lived photoexcited
states.!>”) Additionally, instead of FRET, the possibility of elec-
tron transfer between Ir-motif and porphyrin ring in T-Ir-ZnPF
was further studied by recording the emission spectra of T-Ir-
ZnPF in nonpolar and polar solvents. As seen in Figure S5, the
emission wavelength of T-Ir-ZnPF does not vary with increas-
ing solvent polarity. It indicates that the excited state electron
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transfer between Ir-motif and porphyrin ring is not possible in
T-Ir-ZnPFE.13!

To investigate the FRET from the Ir-motif to the porphyrin
center, we conducted a TA study of the excited-state dynamics
at the nanosecond (ns) timescale for the photoexcited T-Ir-ZnPF
(Figure 2). We observed strong apparent ground state bleaching
(GSB) bands at the wavelengths of 420 and 670 nm (Figure 2a).
The band at 670 nm was attributed to stimulated emission (SE),
consistent with the steady-state emission spectra. However, this
SE band vanished at longer delay times. To extract the individual
components of these observations, we employed global fitting
analysis on the raw data, resulting in evolution-associated differ-
ence spectra (EADS) as shown in Figure 2b. The first component,
with a lifetime of ca. 17.4 ns, exhibited two GSB bands at both
420 and 670 nm, which aligns with the 7p_depicted in Figure
S3(a). This component at early delay times is ascribed to the S;
state. Subsequently, the component featured a longer delay time
which lacked 670 nm GSB band while persisting with the 420 nm
GSB, and additionally displayed positive absorption bands in the
range of 360-540 nm. Therefore, we attributed the first compo-
nent to the S; state and the second one to the T; state, justifying
the FRET from the Ir-motif to the porphyrin moiety in T-Ir-ZnPF.

Excited-state oxidation (Ep*,*)) and reduction (Ep*,7))
potential values of PSs always play a decisive role in estimating
the plausibility of electron transfer from photoexcited states of
PS to proton and in receiving an electron from a sacrificial donor
in photoexcited states of PS during the PHE mechanism.[3344
However, for the calculation of such potential values, firstly the
redox potentials, such as the first oxidation potential (Eox) and
reduction (Egeq) potential values of PSs, need to be calculated
by performing the cyclic voltammetric experiments (Figure S6).
The calculated Eq, values of Ir-NH,, ZnPF, and T-Ir-ZnPF are 1.62,
128, and 1.68 eV, respectively, while the values —1.07, — 0.66,
and —0.69 eV correspond to the Egey of Ir-NH,, ZnPF, and T-
Ir-ZnP, respectively. Secondly, Ep*p*, and Ep*,7) values were
calculated from E, and Egeq Using Rehm-Weller equations (see
footnote of Table 1). Accordingly, the Ep™ ¥, values of Ir-NH,,
ZnPF, and T-Ir-ZnPF were calculated to be —0.98, —0.94, and
—0.52 eV, respectively, and the Ep* ™) values of Ir-NH,, ZnPF, and
T-Ir-ZnPF were calculated to be 1.53, 1.56, and 1.47 eV, respec-
tively. For better understanding, the energy level alignments
of photocatalytic components such as PSs and sacrificial donor
are shown in Figure 3a. It was found that for three PSs the
Eptp¥) values are higher-lying than the H*/H, and Ep* ™) val-
ues are lower-lying than the sacrificial donor triethylamine (TEA)
redox potential. This indicates the transfer of electrons from pho-
toexcited PSs to protons directly for proton reduction and the
transfer of electrons from TEA to reduced PSs for regenerating
PSs are thermodynamically favorable processes.

The ground state-optimized geometries of T-Ir-ZnPF and
ZnPF are presented in Figure 3b. For both porphyrins, the
twist angles of the fluorinated aryl rings with the porphyrin
core lie in the range of 68.5°-73.6°, which is typical for meso-
tetraarylporphyrins. For T-Ir-ZnPF, as the two units are connected
via an amino flexible linker, the dihedral angles between Ir-
motifs and fluorinated aryl rings are in the range of 135.0°-138.0°.
For T-Ir-ZnPF, the excitation energy of the singlet excited states
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Figure 2. (a) ns-TA spectra of T-Ir-ZnPF in deaerated THF/H,O (1:1; v/v, and 10 pM) in a short delay time range upon pulsed laser excited at 355 nm and
25 °C. (b) Evolution-associated difference spectra of the ns-TA spectra obtained after global analysis.
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Figure 3. (a) Energy level alignments of the components used in the photocatalytic systems. (b) Optimized geometries of ZnPF (left) and T-Ir-ZnPF (right).

was calculated with the TDDFT method (Figure S8 and Table 2).
Two low-lying isoenergetic singlet excited states (S; and S,
states) were obtained, which are confined to the two Ir-motifs.
The S; state is a charge transfer state, involving a highest occu-
pied molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO) transition, while the higher singlet excited state
(Sp state) is confined to the porphyrin unit. The calculated exci-
tation energy is in good agreement with the UV-vis absorption
experimental results (vide supra). The triplet state energy levels
of T-Ir-ZnPF were calculated with the TDDFT method based on
the optimized ground state geometry. Two close-lying degen-
erated triplet states were obtained (T, and T, states), which are
localized on the two Ir-motifs. The frontier molecular orbitals of
the T-Ir-ZnPF complex and controlled ZnPF are shown in Figure 4
and Figure S7. For T-Ir-ZnPF, the HOMO s exclusively localized
on the Ir moieties, and the LUMO is mainly localized on the por-
phyrin unit and slightly extended to the linker parts. This result
indicates that charge transfer is possible from the Ir-motifs to the
porphyrin unit in T-I-ZnPF under photoexcitation.[2633]
Moreover, the spatial separation of the HOMO and LUMO in
T-Ir-ZnPF leads to the generation of efficient charge-separated
excited states upon photoexcitation. Thus, efficient photoin-
duced charge (hole-electron pair) separation and migration of
photogenerated carriers in T-Ir-ZnPF are expected when it is

ChemCatChem 2025, 17, €00950 (6 of 9)

used as a PS in PHE application. Contrarily, the contribution
of both the HOMO and LUMO on the porphyrin unit in ZnPF
suggests the lack of photoinduced charge separation ability.
Theoretically calculated ground state dipole moment (approx-
imated from the optimized ground state geometry by DFT
calculations) values of T-Ir-ZnPF and ZnPF are 9.41 and 0.00
D, respectively. The higher dipole moment value of T-Ir-ZnPF
compared to ZnPF further supports that the separation of the
photogenerated hole-electron pair and migration of electrons
are greater for T-Ir-ZnPF.38%] The calculated electrostatic poten-
tial (ESP) maps are further used to predict the donor-acceptor
interactive behavior of the molecules (Figure S7). In T-Ir-ZnPF,
consistent with the HOMO/LUMOs, ESP analysis showed that
the Ir-motif carries a negative charge and serves as an electron
donor while the blue electron-deficient region on the central
porphyrin is an electron acceptor.

2.3. PHE Studies

The cocatalyst-free PHE performance of Ir-NH,, ZnPF, and T-Ir-
ZnPF was evaluated by employing them as PSs in photocatalytic
systems containing a TEA sacrificial donor and THF/H,O mix-
ture (111 v/v) as the proton source. As shown in Figure 5a,
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transfer, and Red is reduction.

T-Ir-ZnPF produced a very high nH, of 534 mmol g~ h™' com-
pared to that of Ir-NH, (020 mmol g=' h~"). However, ZnPF
did not produce any H,. The higher nH, of T-Ir-ZnPF compared
to Ir-NH, and ZnPF could be ascribed to the following fac-
tors: (i) high light-harvesting property in the UV-vis region, (ii)
enhanced photoexcited 7p, due to FRET between Ir-motif and
porphyrin ring, (i) ACQ inhibition which restricts the charge
recombination, and (iv) suitable HOMO and LUMO energy lev-
els and high dipole moment value for efficient photoinduced

ChemCatChem 2025, 17, €00950 (7 of 9)

charge separation. More significantly, under the same cocatalyst-
free PHE conditions, the previously reported mono-coordinated
Ir-motif conjugated porphyrin ZnP-T-Ir and heteroleptic Ir(lll)
complex Ir-2 containing trifluoromethyl groups delivered nH,
of 0.42 and 0.8 mmol g~' h, respectively, which are much
lower than that of T-I-ZnPF (Figure $9).33%1 Contrarily, the
tetra-coordinated Ir-motif conjugated porphyrin TBPyZnP-Ir did
not produce any H,." It indicates that the molecular design
of T-Ir-ZnPF is very effective for producing efficient cocatalyst-
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free PHE. Notably, the cocatalyst-free PHE performance of T-
Ir-ZnPF significantly surpasses that of the previously reported
efficient photocatalysts.!**#->3! To further understand the role
of cocatalyst on the PHE performance of T-Ir-ZnPF, the nH, of
T-Ir-ZnPF was evaluated in the presence of cocatalysts such
as chloro(pyridine)cobaloxime (CoPyCl) and Pt nanoparticles
(Figure S10). T-Ir-ZnPF exhibited nH, of 620 and 7.40 mmol
g~" h7" in the presence of CoPyCl and Pt cocatalysts, respec-
tively. It demonstrates that the addition of cocatalysts did not
improve the PHE performance of T-Ir-ZnPF. This result reveals
that T-Ir-ZnPF has less charge (hole-electron pair) recombination
reactions and thus a direct electron transfer from photoexcited
porphyrin moiety of T-Ir-ZnPF to proton for H, production with-
out the use of a cocatalyst. Moreover, the PHE of T-Ir-ZnPF
increased continuously from the initial time of light irradiation
to 30 h, indicating the photostability of T-Ir-ZnPF (Figure 5b).
Also, the UV-vis absorption profile of T-Ir-ZnPF did not change
before and after 30 h of light irradiation, which also attests to
the photostability of T-Ir-ZnPF (Figure S11).

Since the optimization of photocatalytic conditions plays
a major role in producing efficient PHE, we further screened
all plausible conditions for the T-Ir-ZnPF photocatalytic system.
Initially, we performed the PHE test of T-Ir-ZnPF without the
addition of TEA in the photocatalytic system. However, H, was
not detected from the photocatalytic system of T-Ir-ZnPF. This
indicates that TEA is needed to produce active T-Ir-ZnPF species
for PHE. Then, we varied the ratio of the THF and H,0 mixture
of the photocatalytic system and the results show that the use
of 1:1, v/v of THF/H,O mixture is the best condition for realizing
the maximum nH, (Figure S12(a)). Later on, the TEA concentration
effect was also tested. Increasing the concentration of TEA from
0.1 to 0.5 M increased the nH, of T-Ir-ZnPF, but a concentration
higher than 0.8 M TEA led to a lower PHE performance (Figure
S12(b)). The substitution of TEA with triethanolamine (TEOA),
ethylenediaminetetraacetic acid (EDTA), and ascorbic acid (AA)
did not improve the nH, of the T-Ir-ZnPF photocatalytic system
(Figure S13). All these results emphasize that the photocatalytic
system containing 10 uM of T-Ir-ZnPF and 0.8 M of TEA in a
11, v/v of THF/H,0O mixture is the best-optimized condition for
highly efficient cocatalyst-free PHE.

To propose the PHE mechanism involved in the photocat-
alytic systems, we performed the photoluminescence quenching
experiments of PSs with the sacrificial donor TEA. As shown in
Figure S14, the photoluminescence of all PSs was progressively
quenched with a rising concentration of TEA. This implies that
the electron transfer from TEA to PSs is viable.?®! The order of
calculated Stern-Volmer quenching constant (K,) of PSs with
the TEA quencher is as follows: T-Ir-ZnPF (6.01 M™") > ZnPF
(440 M) > Ir-NH, (3.96 M™) (Figure 5¢). Since the Ky of T-Ir-
ZnPF is higher than those of ZnPF and Ir-NH,, the photoexcited
reduced T-Ir-ZnPF species are formed more readily by receiv-
ing electrons from TEA. Subsequently, a direct and fast electron
transfer from the reduced T-Ir-ZnPF to protons leads to high H,
production. Based on the PHE results and photoluminescence
quenching studies, a reductive quenching mechanism can be
proposed to the T-Ir-ZnPF during PHE mechanism. The detailed
PHE mechanism of T-Ir-ZnPF is shown in Figure 5d.

ChemCatChem 2025, 17, €00950 (8 of 9)

3. Conclusion

In summary, a new tetra-coordinated Ir-motif conjugated por-
phyrin, T-Ir-ZnPF, was synthesized and characterized through
absorption, emission, redox, and PHE studies. DFT calculations
were performed to gain more insight into the optoelectronic
and photoinduced charge transfer properties of the porphyrins.
Absorption, emission, and TA studies indicate that T-Ir-ZnPF
possesses complete triplet-to-singlet FRET between the Ir-motif
and porphyrin ring due to the overlapping emission peak
of the Ir-motif and the Q-band absorption peak of the por-
phyrin ring. This results in an enhanced light-harvesting ability,
long-lived photoexcited states, and consequently a longer pho-
toexcited tp. for T-Ir-ZnPF compared to ZnPF. Furthermore,
T-Ir-ZnPF possesses suitable HOMO and LUMO energy levels and
a higher dipole moment value than ZnPF, leading to efficient
photoinduced charge separation in the porphyrin. Photolumi-
nescence quenching experiments suggest that the photoexcited
reduced T-Ir-ZnPF species form more readily than those of
Ir-NH, and ZnPF due to the high-lying Ep*,p7) value. As a
result of these beneficial properties, T-Ir-ZnPF exhibited higher
cocatalyst-free PHE performance than ZnPF and Ir-NH,. Addi-
tionally, the cocatalyst-free PHE performance of T-Ir-ZnPF was
comparable to that observed in the presence of a cocatalyst.
Notably, T-Ir-ZnPF not only exhibited higher cocatalyst-free PHE
performance than our previously reported mono-coordinated
Ir-motif conjugated porphyrin ZnP-T-Ir but was also highly
photostable.
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