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Most organic materials investigated for photocatalytic hy- discrete molecular species, and their supramolecular

drogen production are extended solids, such as carbon
nitride, covalent organic frameworks, or conjugated organic
polymers. Conjugated molecules with well-defined archi-
tectures provide an alternative platform that enables mech-
anistic investigations at the molecular level. Here, we
present the synthesis of chemically stable conjugated
macrocycles via aromatic imine condensation, followed by
oxidative cyclization. These macrocycles exhibited efficient
light absorption, good water affinity, and effective photo-
induced charge separation. Combined transient absorption
spectroscopy and density functional theory (DFT) analyses
revealed that the heterocycle-based triangular macrocycle
(TMC) adopted a distinctive C,-symmetric conformation
that directed charge carriers toward spatially separated
edges of the framework, leading to pronounced charge
delocalization and prolonged excited-state lifetimes. In
aqueous dispersions, the imidazole-based macrocycle
(TMC-N) further formed photoinduced polarons, facilitating
charge separation and transport. As a result, protonated
TMC-N achieved a sacrificial hydrogen evolution rate (HER)
of 1390 umol-g™'-h™' under AM 1.5G irradiation (100 mW -
cm). This well-defined platform enabled a multiscale
photophysical investigation bridging theoretical models,

aggregates under photocatalytic conditions, revealing a
structure-symmetry-excited-state dynamics relationship
in supramolecular macrocycles and offering a molecular
design strategy for organic photocatalysts.
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Introduction

Purely organic materials featuring well-defined 3-
dimensional structures, such as discrete cages and
macrocycles, covalent organic frameworks (COFs), and
hydrogen-bonded organic frameworks have received
interest in applications such as adsorption and separa-
tion, energy storage* and other areas.>® Incorporating
n-conjugated organic chromophores into these materials
offers chemical tunability, light-harvesting, and charge
transfer, creating avenues for their development in
photocatalytic water splitting.”" Current research efforts
into these organic systems predominantly focus on
chemical structures™ and active sites.”® Nevertheless, the
fundamental correlation between their architectures and
the resulting excited-state dynamics”® remains poorly
understood. Particularly, understanding the interplay be-
tween structural symmetry and the spatial distribution of
electron-hole pairs upon photoexcitation is crucial for
designing organic photocatalysts with enhanced water
splitting performance, ultimately with the goal of pro-
moting overall water splitting using visible light.

In this respect, molecular macrocycles and cages rep-
resent a novel class of porous materials featuring discrete
shape-persistent structures.*”® They can be thought of as
the minimal pore units of extended COFs and metal
organic frameworks (MOFs)®™ and are therefore
adopted as model systems to facilitate systematic struc-
ture-property investigations at the molecular level.®?°
Furthermore, their rigid scaffolds can organize photoac-
tive units into confined geometries that may facilitate
charge separation and prolong excited-state lifetimes by
reducing collisional quenching.??> Compared with ex-
tended framework materials, macrocycles and cages ex-
hibit enhanced solution processability, which can
simplify their structure determination, synthetic postmo-
dification, and mechanistic studies.®® This has spurred
interest in exploring macrocycles and cages for photo-
catalytic water splitting under both homogeneous and
heterogeneous conditions.?**?®* However, many macro-
cycles constructed through dynamic covalent chemistry
(DCOC) suffer from structural instability under practical
photocatalytic conditions, such as acidic or agueous
environments,? limiting their application in photocataly-
tic water splitting. Although several synthetic strategies,
including the Povarov reaction,?® amidation,?® and “tying”
approaches,*® have been developed to improve the
chemical robustness of macrocycles and cages, these
methods often involve multistep procedures and may
complicate the efficient preparation of diverse macro-
cycles. Consequently, structurally defined and chemically
robust conjugated macrocycles suitable for investigating
excited-state processes in photocatalysis remain scarce.

Inspired by stabilization strategies developed in COF
chemistry, oxidative cyclization coupled with aromatic

imine condensation provides an effective route to
heterocycle-containing conjugated systems.®** Such
transformations can convert dynamic imine linkages
into chemically robust heterocyclic motifs while
preserving molecular topology and enabling the struc-
tural diversification.*® Here, we construct conjugated
triangular macrocycles (TMC) and related dimeric
macrocycles (DMC) featuring imidazole (-N) and oxa-
zole (-O) bridges through imine condensation followed
by oxidative cyclization, with imine counterpart (TMC-I)
as a comparison. The resulting heterocyclic macrocycles
exhibit enhanced stability, broad light-harvesting capa-
bility, and efficient photogenerated charge separation.
Density functional theory (DFT) calculations combined
with femtosecond transient absorption (TA) spectros-
copy reveal that TMC-N and TMC-O adopt twisted
Co-symmetric geometries, which promote delocalized
electron distribution during excited-state relaxation.
Moreover, the aggregated dispersion of TMC-N in ascor-
bic acid solution promotes the formation of photoin-
duced polarons, facilitating charge separation and
transport and thereby contributing to the enhanced
photocatalytic activity. Consequently, protonation of
the imidazole units further improves sacrificial hydrogen
evolution rate (HER) to 1390 pmol-g™-h™ under AM 1.5
G simulated solar irradiation (100 mW.-cm™). This
work establishes a platform for constructing shape-
persistent conjugated macrocycles and reveals how
molecular symmetry governs excited-state dynamics,
providing design principles for efficient organic
photocatalysts.

Experimental Methods

TMC can be regarded as an analogue of the fundamental
repeating units in COFs that feature trigonal (hxl),*
Kagome (kgm)*” and hexagonal tungsten bronze (htb)*®
topologies (Figure 1a), which typically require the building
blocks with an interior angle of approximately 60°. 4,5-
Disubstituted benzimidazolone incorporates the angle of
62.9°, fulfilling the geometrical requirement for TMCs.*
Furthermore, imidazolone subunits facilitate directional
hydrogen bond formation, either among periphery enti-
ties or with water molecules,*® thus creating hydrophilic
binding sites that might improve hydrogen evolution
performance in photocatalytic water splitting.

To investigate the optimal conditions for synthesizing
heterocycle-linked macrocycles, model compounds con-
taining imine bonds (M-I), imidazole (M-N), or oxazole
(M-0) rings were prepared by reacting the hydrochloride
(HCI) form of p-phenylenediamine derivatives with benz-
aldehyde via direct oxidative cyclization under air, cata-
lyzed by trifluoroacetic acid (TFA) or pyridine in
methanol (Figure 1c). Following the strategy established
in the model reactions, a series of macrocycles was
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Figure 1| (@) Macrocycles resemble the repeating units in COF topologies. (b) Design and synthesis of N-,
O-heterocycle-based dimer (DMC-N) and triangle macrocycles (TMC-N, -O). (¢) Synthesis of model compounds.

synthesized (yield >70%) by reacting the vertices, 5,6-di
(4,4'-formylphenyD-2H-benzimidazolone (DFPB), with
linear linkers, specifically p-phenylenediamine and its
derivatives, in methanol at 65 °C (Figure 1b and Support-
ing Information Table S1).

Catalysed by TFA, imidazole-containing TMC was
formed, which precipitated directly from the reaction
mixture and was further treated with ammonium hy-
droxide to yield the neutralized TMC-N. Using pyridine
instead of TFA, the reaction selectively yielded the
corresponding dimeric macrocycle DMC-N. The oxa-
zole-containing TMC-O was prepared through the
two-step reaction used for the M-O model compound.”
The structural evolution of the intermediate imine
macrocycles (DMC-NH, and TMC-OH) into the corre-
sponding heterocyclic frameworks further supports the
effectiveness of the oxidative cyclization strategy in
enhancing macrocycle stability (Supporting Information
Figures ST and S2). For comparison, imine-linked TMC-I
was synthesized under TFA catalysis to evaluate the
effectiveness of the heterocycle structures on macro-
cycle stability and properties (Supporting Information
Section 2).

All structures were comprehensively characterized
(e.g., 'H nuclear magnetic resonance (NMR), *C NMR,
high-resolution mass spectrometry-electrospray ioniza-
tion, infrared and single crystal X-ray diffraction, Support-
ing Information Section 4 and Figures S79-110, Tables
S10-S13). The scope of this synthetic strategy was further
examined using thiazole-based analogues. Matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry analysis of the crude mixtures revealed
macrocyclic species corresponding to dimer, triangle, and
tetramer topologies (Supporting Information Figure S3
and Table S2). Single crystals obtained directly from the
reaction mixture were isolated in quantities that allowed
only X-ray diffraction analysis, confirming the formation
of the thiazole-linked triangular macrocycle (TMC-S).

To further understand the structural preferences of
these systems, DFT calculations were performed on the
corresponding macrocycles (Supporting Information
Figures S4 and S5). The calculations indicate that the
triangular topology is thermodynamically favored, while
the modest energy differences among the possible
architectures suggest that multiple macrocyclic geom-
etries (dimer and tetramer) can be kinetically accessible
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Figure 2 | (a, b) Single-crystal and packing structures of TMC-I. (¢, d) Single-crystal and packing structures of TMC-S.
All structures are solvated, solvent molecules omitted for clarity. (e-g) Minimum-energy configurations of TMC-N,
TMC-0O, and DMC-N optimized by DFT calculations at the CAM-B3LYP/def2-SVP level. Hydrogen atoms are omitted
for clarity. Atom colors: carbon, gray, nitrogen, blue; oxygen, red, and sulfur, yellow

under certain conditions. The experimentally observed
product distribution reflects the interplay between ther-
modynamic stability and kinetic accessibility (see details
in Supporting Information Section 3.1).

Results and Discussion
Structural characterization

Hexagonal single crystals of TMC-I were obtained
through slow evaporation of ethanol into a dimethyl
sulfoxide (DMSO) solution. Single-crystal X-ray diffrac-
tion analysis confirmed the triangular conformation of
TMC-I (Figure 2a). Due to its highly strained geometry,
the phenyl rings in the macrocycle linkages exhibited a
large torsion angle of approximately 40° with the

adjacent phenyl groups in DFPB units, indicating the
diminished conjugation of TMC-Il. Besides the intrinsic
cavity of TMC-I, three TMC-I molecules formed an extrin-
sic triangular pore via a hydrogen-bonded ternary
imidazolone (Figure 2b). The two-dimensional (2D) hy-
drogen-bonding layer was identified, which further as-
sembled into a three-dimensional (3D) superstructure via
n-r stacking interactions with an interlayer distance of
3.52 A

A small amount of TMC-S crystallized directly from the
crude reaction mixture as rod-shaped crystals, enabling
structural analysis. In contrast to TMC-I, TMC-S features a
more highly conjugated framework with a persistent C,-
symmetric conformation (Figure 2c¢). Two kinds of ben-
zothiazole edges (e; and e,) in TMC-S displayed different
degrees of conjugation with the adjacent phenyl groups,
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exhibiting a torsion angle of 14.9° and 25.5°, respectively.
Unlike the hydrogen-bonded ternaries in TMC-I, the sin-
gle-crystal structure of TMC-S exhibited linear hydrogen
bonding patterns within a layer, facilitating the formation
of a subsequent hierarchical 2D hydrogen-bonding net-
work (Figure 2d). The enhanced planarity and favorable
n-n stacking interactions of TMC-S, with a packing dis-
tance of 3.46 A between benzothiazole linkages, resulted
in a 3D connected channel (Supporting Information Fig-
ure S6). The single-crystal structure of TMC-S provides
direct structural evidence for the formation of heterocy-
cle-linked TMCs, validating the effectiveness of the oxi-
dative cyclization strategy for constructing conjugated
macrocycles.

The structures of TMC-N, TMC-O, and DMC-N were
constructed and optimized by DFT calculations
(Figure 2e-g), since attempts to grow X-ray-quality crys-
tals were unsuccessful. The optimized DMC-N adopted a
D>-symmetric structure (Figure 2g) with two nearly par-
allel heterocycles (ey). Due to the highly strained geome-
tries, the heterocycles in DMC-N showed curved
configuration with the dihedral angles of 11.7°. Addition-
ally, the phenyl rings displayed torsion angles of 17.3°. In
comparison with [2+2] geometries, the minimum-energy
configurations of TMC-N and TMC-O (Figure 2e,f) exhib-
ited lower symmetric (C,) structures with two distinct
nonequivalent edges (e; and e,), which was also ob-
served in the single-crystal structure of TMC-S. As the
phenyl rings in DFPB could not favorably orient perpen-
dicularly to the benzimidazolone units, a C,-symmetric
conformation of TMC-N and TMC-O was more thermo-
dynamically favorable than a Cz-symmetric arrangement.
The structural asymmetry of edges in TMC-N and TMC-O
resulted in their different degree of planarization be-
tween heterocycles and phenyl rings. For example, in
TMC-N, two imidazole rings were nearly planar with
phenyl rings with a dihedral angle of ~2° in &;, while the
structural twist between imidazole rings and phenyl
group was found in e, with a higher torsion (24.7°). Such
structural asymmetry and twisting of TMC-N and TMC-O
might influence the electron distribution and dynamic
behaviors in both their ground and excited states.®*?

The amorphous, desolvated samples (TMC-I, TMC-N,
TMC-O and DMC-N; morphologies in Supporting Infor-
mation Figures S10-S17) were activated at 373 K under
vacuum for 12 h, and thermogravimetric analysis con-
firms that the materials remain stable well above this
temperature (Supporting Information Figure S9). Corre-
sponding CO, adsorption data are provided in the Sup-
porting Information Figures S7 and S8 (Figure 3a). Water
vapor sorption measurements revealed that TMC-N
exhibited a significantly higher uptake of 12.0 mmol - g™
(298 K, P/P.s: = 0.7) (Figure 3b), exceeding those of
TMC-I (5.4 mmol-g™), TMC-O (4.9 mmol-g™), and
DMC-N (4.9 mmol-g™) under identical conditions. This
enhanced water affinity was attributed to the abundant

hydrogen-bonding sites provided by the benzimidazole
linkages in TMC-N. These results indicated a higher hy-
drophilicity of TMC-N, beneficial for photocatalytic water
splitting.

Photophysical characterization

Efficient light harvesting across the solar spectrum is
essential for photocatalytic hydrogen evolution. To inves-
tigate the photophysical properties, UV-vis absorption
and photoluminescence (PL) spectra were measured
both in the solid state and solution (Supporting Informa-
tion Figures S18-S23). All macrocycles exhibited broader
visible-light absorption and red-shifted absorption maxi-
ma (~50 nm) relative to the model compounds in solution
(Figure 3c and Supporting Information Figure S19),
attributable to the extended conjugation of the rigid
macrocycles. Among them, TMC-N displayed the highest
molar extinction coefficient (¢ = 1.52 x 10°* M7'-cm™ at
Amax = 363 nm) (Supporting Information Figure S20 and
Table S3), reflecting its stronger light-harvesting proper-
ties. In the solid state, diffuse reflectance spectra of TMC-
N revealed extended absorption up to ~600 nm
(Figure 3d), consistent with a narrowed optical bandgap
of 2.23 eV determined from Tauc plot analysis (Support-
ing Information Figure S24).

To gain a more in-depth understanding of the driving
force for proton reduction, the energy band positions of
the macrocycle photocatalysts were determined. Mott-
Schottky analysis was measured to evaluate the flatband
potential and semiconductor type (Supporting Informa-
tion Figure S25). All macrocycles featured a positive
slope, disclosing their n-type semiconductor character.
By combining the conduction band positions with £y, the
valence band potential (Eyg) of TMC-N was determined
as 1.34 V. Cyclic voltammetry measurements were addi-
tionally performed to further confirm the band edge
positions and investigate the electrochemical behavior
of the photocatalysts (Supporting Information Figure
S26 and Table S3). The experimentally determined ener-
gy-level alignments (Figure 3e) validate the thermody-
namic feasibility of these macrocycles in fulfilling the
criteria for sacrificial proton reduction.

The efficiency of charge separation and migration are
critical factors that influence the overall performance of
photocatalytic hydrogen evolution. To elucidate the
mobility of photogenerated electrons, the photoelectro-
chemical properties of these macrocycles were investi-
gated (Supporting Information Figures S27 and S28). At
a bias voltage of —0.2 V (vs Ag/AgCl), the photocurrent
density of TMC-N was found to be ~0.4 pA-cm™3, sur-
passing that of TMC-I, -O, and DMC-N. Electrochemical
impedance spectroscopy (EIS) demonstrated a reduc-
tion in charge transfer resistance (R.) for all macrocycles
under irradiation, as indicated by their smaller diameters
of alternating current impedance semicircles (Figure 3f).
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Figure 3 | (a) CO, (273 K) sorption isotherms and (b) water vapor adsorption (298 K) isotherms for TMC-I, TMC-N,
TMC-O, and DMC-N. (¢) Normalized UV-vis spectra of macrocycles (12.5 ug-mL™") in DMSO. (d) Diffuse reflectance
spectra for macrocycles in the solid state. (e) Energy-level diagrams for TMC-I, TMC-N, TMC-O, and DMC-N. (f) EIS of
macrocycles, solid lines and dashed lines represent the macrocycles under light or dark conditions.

Among these macrocycles, TMC-N exhibited the lowest
R of the macrocycles, indicating superior charge trans-
fer dynamics, consistent with its enhanced photocurrent
response.

Photocatalysis and mechanism studies

The sacrificial photocatalytic activities of these macro-
cycles and their corresponding model compounds for
hydrogen production were evaluated on a high-through-
put photocatalytic water splitting platform using ascor-
bic acid as a sacrificial agent under AM 1.5G illumination
at ambient pressure (reaction setup in Supporting Infor-
mation Figures S29 and S30). Initial investigations on the
HERs of the model compounds (Supporting Information
Figure S31) revealed that no hydrogen had evolved in the
absence of a platinum cocatalyst.

Compared with linear model compounds, the macro-
cycles demonstrated notably increased photocatalytic
performance. This enhancement was attributed to the
broader absorption range, enabling more efficient pho-
ton harvesting under irradiation. Specifically, upon load-
ing Pt into the macrocycles, the average HERs of TMC-N
and TMC-O could be further enhanced, reaching 697 and
147 pmol - g™ h7, respectively. TMC-l and DMC-N evolved

hydrogen only with 3% Pt loading (HERs: 18 and 239 pmol -
g7'-h7, respectively). However, TMC-N exhibited hydro-
gen evolution only under acidic conditions, with no activ-
ity observed in neutral or alkaline conditions (Supporting
Information Figure S32). Furthermore, 'H NMR analysis of
the photocatalysts postreaction, indicated that the het-
erocycle-based macrocycles underwent no discernible
changes, thus demonstrating robust structural stability
at least under these sacrificial photocatalytic conditions
(Supporting Information Figures S33-S36).

To probe the excited states and charge-transfer dy-
namics of these macrocycles, time-dependent (TD)-DFT
calculations (Supporting Information Figures S37-5S41
and Table S4) combined with time-correlated single-
photon counting (TCSPC; Supporting Information
Figures S42-S43 and Tables S5-S6) and femtosecond
TA UV/Vis spectroscopy (Figure 4, Supporting Informa-
tion Figures S44-S51, and Table S7) were employed.

In solution, TA spectra of TMC-N, TMC-O, and DMC-N
displayed a broad photoinduced absorption (PIA) band
(450-700 nm), assigned to S;-state absorption (Sup-
porting Information Figures S44 and S45). A weaker
feature at 420-430 nm overlapped with negative signals
below 500 nm, attributed to ground-state bleaching
(GSB) and stimulated emission (SE), consistent with
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Figure 4 | The complete TA surface of TMC-N and TMC-O aggregates (a, ¢) in water (0.1 mg-mL™) and (b, d) in the
presence of ascorbic acid (0.1 M), and the corresponding TA spectra at selected pump-probe time delays following
390 nm excitation with a power of 700 uW; AO.D. = difference in optical density. (e, f) The normalized kinetic traces
showing the decay of the PIA of TMC-N, DMC-N, TMC-I, and TMC-0O at selected wavelengths. (g, h) The comparison of
normalized kinetics of TMC-N and TMC-O probed at 510 and 540 nm, with and without ascorbic acid, respectively.

steady-state absorption and PL spectra (Figure 3d and
Supporting Information Figure S22). Compared with
model compounds, the redshift PIA bands indicated the
formation of delocalized excitons in TMC-N, DMC-N, and
TMC-O, whereas TMC-| showed localized excitonic be-
havior similar to its model compounds M-I.

The spectroscopic observations of heterocyclic TMCs
compared with TMC-I suggested that the spatial distri-
bution of the excited states was closely related to their
distinct conformation (Figure 2). TD-DFT calculations
revealed that the S; natural transition orbitals (NTOs) of
TMC-N, TMC-O, and DMC-N were predominantly delo-
calized along the two symmetric edges (e, Supporting
Information Figures S37-540), indicating that the het-
erocycle-based linkages served as the principal channels
for electron transport (details in Supporting Information
Section 3.9). In contrast, the S; states of TMC-I were
largely confined to a single edge, attributed to the twist-
ed conformation of each of the edges. Such localization
implied weaker electronic coupling between repeating
units, thereby limiting excitonic coherence and long-
range charge transport, consistent with the markedly
shorter excited-state lifetime of TMC-I (Supporting Infor-
mation Figure S47 and Table S7).

We next examined the aggregation-dependent photo-
physical behavior of the macrocycles in water and under
photocatalytic conditions, that is, in the presence of
ascorbic acid (Figure 4a-d and Supporting Information
Figures S48-549). At early delay times (0.1 ps), the TA
spectra were dominated by singlet excitonic features,
showing a broad excited-state absorption (ESA) band
(>450 nm) with overlapping GSB and SE signals. These
signatures decayed rapidly in TMC-N, TMC-0O, and DMC-
N, with half-lifetimes of ~0.5 ps, while TMC-I| exhibited a
slightly faster decay (Figure 4e). Within ~50 ps, new
long-lived absorption bands emerged at ~510 nm for
TMC-N and DMC-N and ~540 nm (weaker) for TMC-O
(Figure 4f), which were further enhanced in ascorbic acid
and dominated beyond 50 ps (Figure 4b,d,g,h). In con-
trast, no analogous signal was observed for TMC-| (Sup-
porting Information Figure S48), indicating inefficient
charge separation, likely due to its low planarity and
weak interlayer n-n interactions. Among them, TMC-N
exhibited the most persistent polaron signal, indicative
of more effective stabilization of photogenerated elec-
trons, whereas DMC-N showed faster decay, consistent
with their respective photocatalytic activities. These
long-lived signals were assigned to electron polarons
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Figure 5 | (a) Electrostatic potential surface of TMC-N and protonated TMC-N. (b) HCI titration absorption spectra of
TMC-N (12.5 ug - mL™ in DMSO) (c) HERs for materials and their protonated derivatives loaded 3% Pt. Test condition:
1 mg material in O.1 M ascorbic acid solution, 0.8 ulL H>PtClg (8 wt % aqueous solution), AM 1.5 G illumination for 5 h.
(d) Longer-term hydrogen evolution experiments for TMC-N - HCI loaded 3% Pt, the photocatalysts and ascorbic acid
solution remained unchanged during the test. (e) Photocurrent density-time plots of TMC-N-HCIl and TMC-N - HC/
loaded 3% Pt measured at —0.2 V vs Ag/AgCl. (f) The geometric structures of TMC-N - HCI with PtClg*~, Pt atom, and H*
absorbed. Atom colors: carbon, gray; nitrogen, blue; platinum, yellow, chloride, green, hydrogen, white. (g) Calculated
free energy diagram for photocatalytic hydrogen evolution. The DFT calculations were performed at the CAM-B3LYP/

def2-SVP level.

based on their quenching under oxygenated conditions
(Supporting Information Figure S50). Similar polaronic
signatures have been widely reported in conjugated
polymer photocatalysts,**** supramolecular nanoaggre-
gate systems,*>*® and inorganic photocatalysts.*’4®
Furthermore, protonation of imidazole linkages in
ascorbic acid solution likely increased the electron-
accepting character of TMC-N and modulated intermo-
lecular interactions. The long-lived electron polaron
signals were observed only in the aggregated state, indi-
cating that charge separation and stabilization likely

occurred across n-stacked architectures, giving rise to
intermolecular delocalized polarons. Such delocalization
enhanced charge mobility within and between aggre-
gates, facilitating efficient electron transfer to deposited
Pt nanoparticles.*® TCSPC measurements further revealed
that incorporation of Pt prolongs the fluorescence lifetime
of TMC-N from 0.62 to 1.08 ns (Supporting Information
Figure S43 and Table S6), reflecting the interfacial elec-
tronic coupling for electron extraction and suppression of
nonproductive recombination pathways. Collectively,
these findings revealed that the enhanced photocatalytic
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performance of TMC-N arose from symmetry-enabled
charge delocalization and aggregation-induced long-
lived electron polarons, which facilitated efficient charge
separation, transport, and interfacial electron transfer for
hydrogen evolution.

Effect of protonation

Motivated by the TA results, we proposed that beyond
differences in light absorption and charge-transfer kinet-
ics, the higher performance of TMC-N relative to the
other macrocycles might have arisen from protonation
of the benzimidazole linkages in ascorbic acid solution.
The solubility and processability of these macrocycles
allowed diverse postsynthetic modifications, which
could further improve their photocatalytic performance.

To probe the different optical behaviors of the macro-
cycles upon protonation, UV-vis and fluorescence titra-
tion experiments were performed using HCI. In the
UV-vis spectra, the addition of HCl into the DMSO solu-
tions of TMC-N and DMC-N (Figure 5a and Supporting
Information Figure S52) caused a pronounced redshift
(8 nm) of maximum adsorption peaks and absorption
onset (>40 nm). In addition, the fluorescence of TMC-N
and DMC-N was markedly quenched by HCI addition
(Supporting Information Figure S53). The adsorption and
fluorescence emission peaks upon HCI addition for TMC-
O remained nearly unchanged (Supporting Information
Figure S54, details in Supporting Information Section
3.10.1). By contrast, progressive addition of HCI into the
DMSO solutions of TMC-I| resulted in the disappearance
of adsorption peaks at 350 or 380 nm, indicating the
hydrolysis of imine bonds (Supporting Information Fig-
ure S55). Collectively, these UV-vis and fluorescence
results underscored the sensitivity of imidazole-based
macrocycles to protonation and their good chemical
stabilities in the acidic environment.

These characteristics of imidazole-based macrocycles
upon protonation allowed us to explore their photoca-
talytic performance. The addition of HCIl into the M-N,
DMC-N, and TMC-N solution in DMSO afforded the direct
precipitation of protonated M-N-HCI, DMC-N-HCI, and
TMC-N - HCI. The crystal structure of M-N - HCI confirmed
the fully protonated imidazole rings with two chloride
anions coordinated to their N-H* groups. Despite
unsuccessful attempts at crystallizing DMC-N-HCI and
TMC-N - HCI, '"H NMR, Fourier transform infrared (FT-IR)
spectra, and energy-dispersive spectroscopy (EDS) anal-
ysis verified the protonation and the presence of chloride
anions (Supporting Information Figures S56-S61). Addi-
tionally, electrostatic potential (ESP) maps highlighted
the electron-deficient character of the protonated imid-
azole groups in TMC-N, DMC-N, and M-N (Figure 5b and
Supporting Information Figures S62-S63), underscoring
the significant redistribution of electron density upon
protonation.

All the protonated photocatalysts showed higher HERs
than their nonprotonated counterparts (Figure 5c¢). Spe-
cifically, upon protonation, the HER of TMC-N - HCI with
3% Pt (optimization details shown in Supporting Infor-
mation Figure S64) was significantly increased to
1390 umol - g™ - h™, which was two times higher than that
of TMC-N. Furthermore, TMC-N - HCI exhibited a contin-
uous increase in hydrogen evolution over time (Support-
ing Information Figure S65) and demonstrated excellent
stability, sustaining hydrogen production for over 50 h
without any obvious decline (Figure 5d). The HER per-
formance of TMC-N-HCl under a Xe lamp (A > 420 nm,
283 mW -cm™) was measured to be 2137 pmol-g'-h7,
consistent with the expected enhancement under stron-
ger illumination (Supporting Information Figure S66a),
and compared favorably with many reported organic
photocatalysts (Supporting Information Table S8). After
5 h of illumination, both the mass loss and decrease in
activity were negligible (Supporting Information Figure
S66b). Apparent quantum yield (AQY) measurements
revealed a clear correlation between light absorption
and hydrogen evolution, with the AQY reaching 0.17%
at 405 nm (Supporting Information Figure S67).

The influence of anion diversity on the hydrogen evo-
lution performance of TMC-N was also investigated by
substituting HCI with formic acid (HCOOH) or TFA to
protonate imidazole groups. The resulting protonated
macrocycles, TMC-N-HCOOH and TMC-N-TFA, demon-
strated HERs comparable with that of TMC-N-HCI, both
outperforming the unprotonated TMC-N (Supporting In-
formation Figure S68). These results highlighted that
protonation of the macrocycle, rather than the specific
anion, played a crucial role in enhancing photocatalytic
activity.

Further investigations into how protonation affected
the water affinity (Supporting Information Figure S69),
optical properties (Supporting Information Figure S70),
and excited-state lifetime (Supporting Information Figure
S71) implied that these properties were not decisive fac-
tors behind the enhanced performance of protonated
TMC-N - HCI (Supporting Information Section 3.10.2). The
loading of Pt nanoparticles into TMC-N - HCI also signifi-
cantly boosted the photocurrent density to ~3.0 pA-cm™,
a five-fold increase over TMC-N - HCI without Pt loading
(~0.5 pA-cm™) and a two-fold increase compared with
Pt-loaded TMC-N (~15 pA-cm™), as illustrated in
Figure 5e and Supporting Information Figure S72. Proton-
ation significantly influenced the morphologies of macro-
cycles (Supporting Information Figures S73 and S74)
suspended in water or ascorbic acid agueous solution
(0.1 M). In water, the size distribution of TMC-N-HCI
particles was centered at ~1.9 pm, smaller than that of
TMC-N (2.7 pm). In contrast, in ascorbic acid solution,
TMC-N - HCI formed larger particles (4.4 pm) with a low
polydispersity index (PDI = 0.026), as shown in Support-
ing Information Table S9. This substantial swelling could
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be attributed to stronger hydrogen bonds and electro-
static interactions with ascorbic acid, leading to enhanced
adsorption of TMC-N - HCI. Moreover, such swelling also
facilitated the anion exchange between chloride and
PtClg> anions, as confirmed by the calculated binding
energies: —3.00 eV for PtClg?~ with TMC-N-HCI versus
-1.96 eV with TMC-N (Supporting Information Figure
S75).

In addition, X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM) images of
TMC-N-HCI collected after photocatalytic reactions
revealed the reduction of PtClg* to Pt**/Pt° and a uni-
form distribution of Pt nanoparticles across the surface
of the macrocycle, with an average diameter of 1.5 nm
(Supporting Information Figure S76 and S77). Computa-
tional models of this process are given in Figure 5f and
Supporting Information Figure S78. Typically, the photo-
catalytic hydrogen evolution pathway was modelled by a
three-state process comprising the initial state (H" + e7),
an intermediate adsorbed state (H*), and the final state
(H5).*® The Gibbs free energy change (AGy-) of the inter-
mediate state is a key descriptor for the reaction rate,
with an optimal value near zero (JAGy-""| = 0.09 eV) for an
efficient Pt cocatalyst. In this work, AGy+ values of Pt @
TMC-N and Pt @ TMC-N - HCl were calculated to be —2.67
and —-0.92 eV, ensuring both effective H* formation and
rapid hydrogen desorption on Pt @ TMC-N (Figure 59).
These findings underscored that TMC-N - HCI, with pro-
tonated imidazole, served as an effective Pt binding site,
crucial for optimizing hydrogen binding and release.

Conclusion

We report the synthesis of heterocycle-based conjugat-
ed macrocycles using aromatic imine condensation
followed by subsequent oxidative cyclization. This inte-
gration of heterocyclic units provided these macrocycles
with good chemical stability and diverse functionalities,
including enhanced =-conjugation, hydrophilicity, and
protonation ability. TA spectroscopy combined with the-
oretical calculations revealed that molecular symmetry
played a key role in regulating excited-state dynamics:
the Cy-symmetric triangular framework promoted elec-
tron delocalization and facilitated the formation of long-
lived electron polarons in the aggregated state. These
stabilized charge carriers effectively prolong excited-
state lifetimes and contributed to efficient photocatalytic
hydrogen evolution. Furthermore, protonation of the
imidazole macrocycles TMC-N significantly enhanced the
photocatalytic activity from 697 to 1390 pymol-g™'-h7,
highlighting the importance of both molecular structure
and electronic environment in tuning photocatalytic
performance.

Organic macrocycles and cages, which confined the
photoactive units within a well-defined molecular

scaffold, were sufficient to furnish a minimal yet essential
platform for charge separation and transport, resembling
the repeating units of extended framework materials in
photocatalytic reactions. The discrete organic macro-
cycles and cages also provided direct mechanistic
insights into the structure-property correlation and solu-
tion processability for their post-functionalization and
fabrication. Our design principles emphasize the great
potential of stabilization strategies developed for COF
chemistry for constructing advanced conjugated macro-
cycles and cages in photocatalytic applications. Notably,
these materials are amorphous, despite the benzimida-
zalone hydrogen-bonding groups. The development of
analogous materials that retain crystallinity and porosity
in the solid state might further improve photocatalytic
properties by enhancing charge transport.®
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analysis.
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