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ABSTRACT: While the structural tunability and π-electron delocaliza-
tion of covalent organic frameworks (COFs) make them promising
candidates for photocatalytic hydrogen evolution, the intrinsic
polarization of their imine bonds often impedes efficient charge
separation and transport. To overcome this fundamental kinetic barrier,
we report a molecular engineering strategy that attenuates imine bond
polarization through the functionalization of COF pore walls with
electron-donating methoxy (−OMe) motifs. This structural modulation
significantly enhances π-conjugation and interlayer interactions,
promoting efficient charge separation and extending charge carrier
lifetimes. Furthermore, the methoxy groups facilitate optimal proton
transport by establishing an ordered hydrogen-bond network. Ultrafast
transient absorption spectroscopy and proton conductivity measure-
ments conclusively verify the generation of long-lived polarons and rapid proton hopping within the framework. Consequently, the
engineered methoxy-functionalized COF achieves an exceptional photocatalytic hydrogen evolution rate of ca. 100 mmol h−1 gcat−1
and an apparent quantum yield of 21.8 ± 0.80% at 450 nm, vastly outperforming its neutral and electron-withdrawing counterparts.
These mechanistic insights provide a dependable blueprint for the rational design of high-performance imine-linked COF
photocatalysts.

■ ■ INTRODUCTION
The increasing scarcity of primary energy resources and
escalating environmental pollution pose critical barriers to
sustainable development, driving an urgent need for clean,
renewable energy technologies. Photocatalysis offers a
compelling solution by directly converting abundant solar
energy into storable chemical fuels, such as hydrogen.1

Recently, covalent organic frameworks (COFs) have emerged
as a highly attractive class of photocatalysts, distinguished by
their well-defined structural motifs, permanent porosity, high
crystallinity, and extensive π-electron delocalization.2 However,
despite rapid progress in COF-based water splitting,3 their
overall photocatalytic performance is frequently bottlenecked
by intrinsic material limitations, particularly low dielectric
constants and the rapid recombination of photogenerated
charge carriers.4 Addressing these constraints requires
satisfying a complex set of kinetic and thermodynamic
parameters, including suitable bandgap alignment, efficient
light absorption, favorable hydrophilicity, and optimized
charge and mass transport within the COF channels.5

Among the diverse library of COFs, imine-linked structures
are some of the most extensively investigated photo-
catalysts.3a,6 The reversible polycondensation of imine bonds
yields the high crystallinity necessary for robust photocatalytic
activity.7,8 Additionally, the inherent polarization of the imine
(C�N) bond�driven by the electronegativity difference
between carbon and nitrogen�creates localized negative
charges at the nitrogen sites, which thermodynamically favors
proton attraction to trigger the hydrogen evolution half-
reaction.9 Paradoxically, this same polarization induces strong
electrostatic repulsion between adjacent layers. This repulsion
hinders optimal interlayer stacking and restricts intralayer π-
delocalization, ultimately leading to sluggish charge mobility
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and severe charge recombination that compromises catalytic
efficiency.10

Inspired by these competing effects, we hypothesized that
strategically mitigating the polarization of imine linkages could
restore extended π-conjugation and dramatically improve
charge carrier dynamics, thereby boosting overall photo-
catalytic efficiency.11 To validate this, we systematically
investigated the effects of side-group functionalization on a
series of pyrene-based tetragonal COFs (Py-R-COFs, R = −
OMe, −H, −NO2) (Chart 1a). Our central focus was to
decode the complex interplay between structural polarization,
π-electron delocalization, and charge transport kinetics.
Our findings demonstrate that decorating the COF pore

walls with electron-donating methoxy (−OMe) substituents
effectively attenuates C�N bond polarization and suppresses
interlayer electrostatic repulsion (Chart 1b). This targeted
modification yields multiple synergistic benefits for Py-OMe-

COF: it enhances structural integrity and crystallinity,
strengthens interlayer π−π interactions, and optimizes exciton
dissociation to enable highly efficient intra- and inter-layer
charge transfer (Chart 1c,d). Furthermore, the −OMe motifs
anchor water molecules via hydrogen bonding, constructing an
efficient pathway for proton transport (Chart 1d). As a result,
Py-OMe-COF delivers an exceptional photocatalytic hydrogen
evolution rate of ca. 100 mmol h−1 gcat−1 and an apparent
quantum yield (AQY) of 21.8 ± 0.80% at 450 nm, placing it
among the highest-performing COF photocatalysts reported to
date (Table S1). In stark contrast, introducing electron-
withdrawing nitro (−NO2) groups, exacerbated bond polar-
ization and impaired π-stacking, leading to diminished
photocatalytic activity despite establishing donor−acceptor
(D−A) interactions. Collectively, this study provides micro-
scopic insights and establishes a rational design principle for

Chart 1. (a) Synthetic Routes of Py-R−COFs (Atoms: Carbon in Py-NO2, Py-H and Py-OMe (Gray); Carbon in PyTA (Light
Cyan); Oxygen in Py-NO2 and Py-OMe (Red); Nitrogen in Py-NO2 and PyTA (Purple); Hydrogen (White)); (b) Resonance
Effect of Oxygen Lone Pair Electrons Softens the Polarization Effect, the Typical Polarization Influence, Electron-Deficient
Effect of Nitro Groups Aggravates the Polarization Influence of Imine-Linkage; (c) Photoinduced Charge Separation and
Transfer for the Intralayer; (d) Rapid Mass Transport and Boosted π-Arrays Delocalization in the 1D Nanochannel
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engineering imine-linked COFs toward advanced solar-to-fuel
conversion.

■ ■ RESULTS AND DISCUSSIONS
Pyrene-based tetragonal COFs, Py-OMe−COF, Py-H−COF
and Py-NO2−COF, were synthesized through solvothermal
polycondensations (Chart 1a) (for details see Experimental
Section in the Supporting Information). The resulting
frameworks, characterized by pyrene knots and linkers
connected through imine bonds, exhibited distinct electronic
and structural properties tailored by their side-group
functionalities (−OMe, −H, and −NO2).
Structural characterization was performed using Fourier-

transform infrared (FT-IR) spectroscopy. The FT-IR spectrum
exhibited the anticipated absence of aniline N−H stretching
bands in the 3200−3400 cm−1 region, alongside the
disappearance of carbonyl (C�O) vibration bands at
approximately 1690 cm−1 (Figure S1). Characteristic C�N
stretching vibrations were identified at ∼1620 cm−1, while
distinct signals corresponding to the functional moieties in Py-
NO2−COF (−NO2: ∼1340, ∼1525 cm−1) and Py-OMe−
COF (−OMe: ∼1030, ∼1280 cm−1) were also observe (Figure
1a).12 X-ray photoelectron spectroscopy (XPS) corroborated
these findings, revealing C�N peaks at ∼399 eV for all Py-R−

COFs and a unique −NO2 peak at ∼406 eV for Py-NO2−
COF11a (Figure 1b). Solid-state 13C NMR spectroscopy
further validated the incorporation of functional groups,
identifying C�N (∼155 ppm) and −OMe (∼50 ppm) in
Py-OMe−COF, and −NO2 (∼189 ppm) in Py-NO2−COF,
while the signals in the range of 100−150 ppm were assigned
to the sp2-bonded carbon atoms of the framework (Figures
S2−S4). XPS survey spectra (Figure S5) confirmed the
presence of all expected elemental constituents. A minor
oxygen signal detected in Py-H−COF is presumed to originate
from adventitious adsorption of atmospheric water or
molecular O2. High-resolution XPS C 1s spectra indicated
that electron-donating −OMe groups in Py-OMe−COF
enhanced electron density at the imine carbons, evidenced
by a negative shift relative to electron-withdrawing −NO2
groups in Py-NO2−COF,13 mitigating imine linkage polar-
ization and enhancing charge delocalization (Figure S6).
Powder X-ray diffraction (PXRD) analysis elucidated the

crystallinity and interlayer interactions, with Py-OMe-COF
displaying diffraction peaks at 2θ = 5.24°, 7.24°, 10.28°,
15.48°, and 23.50°, corresponding to the (110), (200), (220),
(330), and (001) facets, respectively (Figure 1c). Py-NO2−
COF and Py-H−COF exhibited similar patterns with peaks at
2θ = 5.28°, 7.38°, 10.48°, 14.62°, 21.60° (Figure S7) and

Figure 1. (a) FT-IR spectra of Py-R-COFs. (b) N 1s XPS profiles of Py-R-COFs. (c) Experimental and simulated PXRD patterns of Py-OMe-COF
(atoms in the COF skeleton: carbon (gray); oxygen (red); nitrogen (purple); hydrogen was omitted). (d) Denoised and CTF-corrected HRTEM
image of Py-OMe-COF acquired along the [001] zone axis (inset: FFT pattern (top-right), lattice-averaged image (bottom-right)). (e)
Corresponding simulated projected electrostatic potential map. (f) Structural model. (g) Py-OMe−COF with elemental maps for C, N, and O.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c04124
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04124/suppl_file/ja6c04124_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04124?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04124?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04124?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04124?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c04124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5.20°, 7.30°, 10.40°, 22.90° (Figure S8), respectively. Notably,
the (001) peak shift to higher 2θ in Py-OMe−COF (23.50°)
compared to Py-NO2−COF (21.60°) and Py-H−COF
(22.90°), suggesting stronger π−π interlayer interactions in
Py-OMe−COF, likely due to enhanced electronic effects
induced by the −OMe substituent. Furthermore, the full-width
at half-maximum (fwhm) of the (110) peak was markedly
narrower for Py-OMe−COF (0.301°) compared to Py-NO2−
COF (0.409°) and Py-H−COF (0.538°), indicating superior
crystallinity in Py-OMe−COF. These findings suggest that the
−OMe substitution enhances the stability of C�N bonds,
thereby promoting stronger interlayer π−π interactions and
greater π-electron delocalization. Additionally, simulated
PXRD patterns confirmed eclipsed (AA) stacking for all
COFs, aligning with experimental data (Figures S9−S12). The
associated refinement residuals were determined to be Rwp =
7.25%, Rp = 5.30% for Py-OMe−COF; Rwp = 6.73%, Rp =
5.08% for Py-NO2−COF; Rwp = 7.72%, Rp = 5.62% for Py-H−
COF (Table S2).
Morphological analysis via field emission scanning electron

microscopy (FE-SEM) revealed rectangular-like particles for
Py-OMe−COF, aggregated structures for Py-NO2−COF, and
rod-like morphologies for Py-H−COF (Figures S13−S15),
with Py-OMe−COF’s ordered morphology likely enhancing
active site accessibility for photocatalysis. The recent advance-
ment of low-dose electron microscopy techniques enables the
direct visualization of real-space atomic structures of beam-
sensitive materials such as COFs.14 Utilizing this technique, we
successfully achieved high-resolution imaging of Py-R−COF
crystals. As illustrated in Figure 1d, a low-dose high-resolution
transmission electron microscopy (HRTEM) image of Py-
OMe−COF was acquired along the [001] zone axis. Following
denoising and correction of the contrast reversal effects

induced by the objective lens (CTF correction), the image
clearly reveals a tetragonally arranged structure with an ordered
symmetry. In this structure, the pyrene units are positioned at
the four vertices of the unit cell, manifested as bright contrast
features, and are interconnected via imine linkages, which
appear as the bright short edges of the closed square
framework. The methoxy groups are situated on one side of
these short edges, exhibiting darker contrast. The Fast Fourier
Transform (FFT) pattern in the inset (top-right, Figure 1d)
displays sharp diffraction spots with distinct 4-fold symmetry,
confirming the high crystallinity of the material. The crystal
structure is more clearly visualized through the lattice-averaged
image (bottom-right inset, Figure 1d), a method that
effectively and simultaneously eliminates the impacts of
residual aberrations, zone axis misalignment, and high noise
levels. Furthermore, the observed 4-fold symmetric lattice
network shows excellent agreement with the simulated
projected electrostatic potential and the structural model of
the 2D Py-OMe−COF crystal (Figure 1e,f). Elemental
mapping further validates the chemical composition of the
proposed structure, revealing a uniform spatial distribution of
C, N, and O elements within the Py-OMe−COF (Figure 1g).
Similarly, chemically interpretable high-resolution images were
obtained for the 2D networks of Py-NO2−COF and Py-H−
COF, which are in good consistency with the simulated 2D
crystal structures and projected electrostatic potentials
(Figures S16 and S17). The uniform distribution of C, N,
and O in Py-NO2−COF, along with C and N in Py-H−COF,
further confirms the chemical composition of these framework
materials (Figures S18 and S19). Nitrogen sorption at 77 K
yielded Brunauer−Emmett−Teller (BET) surface areas of
1249, 1061, and 414 m2 g−1 for Py-OMe−COF, Py-H−COF,
and Py-NO2−COF, respectively (Figure S20), with Py-OMe−

Figure 2. (a) Photocatalytic HER performances of Py-R−COFs. (b) The wavelength-dependent AQY of HER. (c) Stability and reusability H2
evolution test employing Py-OMe−COF as a photocatalyst under visible light (λ > 420 nm) irradiation (evacuated each time after sampling). (d)
The estimated exciton binding energy values, (e) steady-state PL spectra (λex = 420 nm) and (f) PL decay spectra of the Py-R−COFs.
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COF’s highest surface area reflecting its superior structural
order. Quenched solid density functional theory (QSDFT)
pore size analysis indicated micropores of 1.56 nm (Py-OMe−
COF), 1.45 nm (Py-NO2−COF), and 1.61 nm (Py-H−COF)
(Figure S21), consistent with TEM observations.15

UV−vis diffuse reflectance spectroscopy (DRS) were
employed to evaluate the light-harvesting ability of Py-R−
COFs, revealing strong absorption band at ca. 500 nm,
indicative of their visible-light responsiveness (Figure S22a).
The optical bandgaps (Eg) were determined as 2.31 eV (Py-
OMe−COF), 2.10 eV (Py-NO2−COF), and 2.36 eV (Py-H−
COF) (Figure S22b), with narrower bandgaps in Py-OMe−
COF and Py-NO2−COF attributed to p-π resonance from −
OMe lone pairs and electron push−pull effects from −NO2
substituents, respectively. Mott−Schottky analysis was sub-
sequently performed to ascertain the flat-band potentials.
Given the n-type semiconducting character of these materials,
the conduction band edge (ECB) is approximated by the flat-
band potential derived from the Mott−Schottky plots (Figure
S23). The resulting ECB values (vs. NHE) are −0.80 V for Py-
OMe−COF, −0.75 V for Py-NO2−COF, and −0.55 V for Py-
H−COF, indicating that Py-OMe−COF possesses the most
favorable thermodynamic driving force for the hydrogen
evolution reaction (HER). The valence band (EVB) was then
calculated using the relationship Eg = EVB − ECB, and the
corresponding energy band diagrams were constructed
accordingly (Figure S24).
The stability of the Py-R−COFs under pertinent operating

conditions is essential for their prospective application in
photocatalysis. Accordingly, both the thermal robustness and
chemical resilience of the materials were systematically
evaluated. Thermogravimetric analysis (TGA) (Figure S25a)
conducted under a nitrogen atmosphere demonstrates that all
three COFs exhibit high thermal stability up to 300 °C.
Chemical stability was further probed by immersing the COFs
in a range of solvents and aggressive media�including
tetrahydrofuran (THF), water (H2O), dichloromethane
(DCM), N,N-dimethylformamide (DMF), 12 M HCl, and
12 M NaOH�for a duration of 24 h. Post-treatment PXRD
patterns (Figure S25b,d) confirm the retention of crystallinity
for all three frameworks, thereby substantiating their chemical
integrity even under strongly acidic and basic conditions. This
pronounced chemical resilience is particularly advantageous for
photocatalytic processes that frequently necessitate operation
in extreme pH environments.
Photocatalytic HER performance was initially evaluated

using 3 wt % Pt (actual loading: 0.60−0.73 wt %, Table S3) as
a cocatalyst and ascorbic acid (AC) as a sacrificial electron
donor (SED) under visible-light radiation (λ > 420 nm). Py-
OMe−COF (10 mg) exhibited an exceptional HER rate of ca.
100 mmol h−1 gcat−1 (Figure S26), significantly outperforming
Py-NO2−COF and Py-H−COF (Figure 2a). A systematic
evaluation of alternative sacrificial agents�including methanol
(MeOH), sodium ascorbate (SA), AC, and triethanolamine
(TEOA)�identified AC as the most efficacious electron
donor (Figure S27). Subsequent optimization of both the Pt
loading and the photocatalyst mass for Py-OMe−COF (Figure
S28) established that the combination of 10 mg of photo-
catalyst and 3 wt % Pt cocatalyst, with AC serving as the SED,
affords the maximum HER activity. Under these optimized
conditions, apparent quantum yield (AQY) measurements
were performed. AQYs for Py-OMe−COF were 21.83 ±
0.80%, 17.68 ± 0.90%, and 9.75 ± 0.34% at 450, 500, and 600

nm, respectively (Figure 2b), correlating closely with its UV−
vis DRS profile and highlighting its superior light-harvesting
capability. Notably, the AQY value of Py-OMe−COF at 450
nm (AQY450nm = 21.83 ± 0.80%) surpasses most previously
reported COF-based photocatalytic systems for HER (Table
S1), underscoring the effectiveness of the −OMe functional-
ization strategy. The durability of Py-OMe−COF was further
assessed through three consecutive cycling tests (3 × 5 h) and
an extended 16 h experiment. As shown in Figures S29 and 2c,
Py-OMe-COF sustained robust photocatalytic performance
throughout both series of measurements. Postreaction
characterization by FT-IR, PXRD, and SEM analyses verifying
structural integrity (Figures S30−S32).
To exclude the possibility that the superior HER activity of

Py-OMe−COF arises from variations in actual Pt loading
(Figure S33) or BET surface area (Figure S34), a series of
control experiments were conducted. With respect to Pt
loading, inductively coupled plasma (ICP) analysis indicated
that even when Py-NO2−COF was loaded with a comparable
actual Pt content (0.75 wt % at a nominal loading of 5 wt %) to
that of Py-OMe−COF (0.73 wt % at a nominal loading of 3 wt
%) (Table S3), its HER activity remained substantially inferior
(343 vs 982 μmol h−1). Moreover, experiments performed in
the absence of Pt cocatalyst revealed that Py-OMe−COF still
exhibited markedly higher activity than both Py-H−COF and
Py-NO2−COF. Regarding surface area effects, additional
control experiments were performed by optimizing the
synthesis and activation conditions of Py-NO2−COF to
enhance its porosity from 414 to 1205 m2 g−1. This increase
in surface area, however, led to only a marginal improvement
in HER activity, indicating that BET surface area alone does
not constitute the predominant factor governing photocatalytic
performance. Collectively, these findings substantiate that the
enhanced photocatalytic performance of Py-OMe−COF is
primarily attributable to the attenuation of imine bond
polarization imparted by the electron-donating methoxy
substituents, rather than to disparities in Pt loading or BET
surface area.
Given the appropriate band alignment of Py-R−COFs

(Figure S24), their photocatalytic performance toward the
oxygen evolution reaction (OER) was evaluated (Figure S35).
OER measurements were carried out under visible-light
irradiation with Py-R−COFs serving as the photocatalyst, in
the presence of 3 wt % Co-based cocatalyst and AgNO3 as the
sacrificial electron acceptor. Among the series, Py-OMe−COF
exhibits the highest OER activity, achieving an oxygen
evolution amount of ca. 12 μmol over 4 h under visible-light
irradiation. This observation suggests that further structural
optimization of Py-OMe−COF could render it a promising
candidate for overall water splitting applications.
To elucidate the photophysical mechanisms driving the

superior photocatalytic performance of Py-OMe−COF,
comprehensive characterizations were conducted. Exciton
binding energy (Eb), critical for assessing electron−hole pair
recombination and separation efficiency, was determined via
temperature-dependent photoluminescence (PL) measure-
ments from 15 to 300 K.4b,d,15 Notably, Py-OMe−COF
exhibited the lowest Eb (∼40 meV) compared to Py-NO2−
COF (∼42 meV) and Py-H−COF (∼44 meV), indicating
enhanced exciton dissociation, which facilitates efficient charge
separation and contributes to its highest photocatalytic
performance (Figures 2d and S36). Steady-state PL spectra
showed that the emission intensity significantly decreased from
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Py-H−COF to Py-NO2−COF, with Py-OMe−COF’s intensity
comparable to that of Py-NO2−COF despite lacking D−A
interactions, suggesting suppressed charge recombination due
to −OMe group electron donation (Figure 2e). Time-
correlated single photon counting (TCSPC) profiles revealed
a prolonged charge carrier lifetime for Py-OMe−COF (1.45
ns) compared to Py-H−COF (1.08 ns) and Py-NO2−COF
(0.71 ns), showing the enhanced charge separation efficiency
in Py-OMe−COF (Figure 2f). All these attributes collectively
contribute to the remarkable photocatalytic performance of Py-
OMe−COF, underscoring the effectiveness of −OMe
functionalization in tailoring the electronic structure and
enhancing photocatalytic performance.
To further elucidate the charge carrier kinetics of these

COFs, femtosecond transient absorption (fs-TA) UV−vis
spectroscopic measurements were conducted (Figures 3 and
S37−S38). Compared to COF-suspended solutions, photo-
excitation of thin-film COF samples (prepared as detailed in
the Supporting Information) generate more reliable TA data
under low-scattering conditions.
Upon excitation at 435 nm, fs-TA spectra of Py-NO2−COF

exhibited a broad photoinduced absorption (PIA) band
spanning 550−750 nm and a negative band below 550 nm
(Figure 3a). This spectral feature closely resembles those
reported for other COFs.16 The negative signal corresponds to
ground state bleach (GSB) of the band edges, consistent with
the inverse of the ground-state UV−vis DRS. Based on prior
studies of COFs, the PIA band was assigned to photogenerated
holes, also as evidenced by the nearly parallel kinetics of rapid
GSB recovery and PIA band decay (Figures 3f and S39).16c

The TA spectral features of Py-H−COF are similar to that of
Py-NO2−COF (Figure S37), showing a GSB band below 625
nm and a broad PIA band >625 nm. In contrast, Py-OMe−
COF distinctly exhibited two negative bands: a dominant GSB

at 520 nm (within ∼1 ps) and a weak stimulated emission
(SE) between 540−600 nm appearing later (∼200 ps−7.5 ns)
(Figure 3b). This SE feature aligns well with the observed
emission lifetime (1.45 ns) from TCSPC measurements
(Figure 2f). Divergent recovery kinetics of the GSB (505
nm) and the PIA band (700 nm) decay in Py-OMe−COF,
unlike Py-NO2−COF (Figures 3f and S39), suggested more
complex excited-state dynamics influenced by the electron-
donating −OMe substituents.
To study the intricate excited-state behaviors of these COFs,

ascorbic acid was introduced as a hole acceptor, which
significantly altered their fs-TA spectral profiles (Figures 3d,e
and S38). In Py-NO2−COF, ascorbic acid fully quenched the
PIA band, producing a broad negative feature at ∼650 nm
(Figure 3d), confirming efficient electron scavenging and the
assignment of the PIA (>560 nm) to free photogenerated holes
(Figure 3a). For Py-OMe−COF, a new positive band emerged
at ∼540 nm within 0.2 ps, overlapping GSB and SE bands, and
accompanied by a minor PIA tail near 750 nm (Figure 3e).
Within ∼20 ps, this short-wavelength PIA progressively
decayed, while a long-wavelength PIA (>650 nm) developed,
indicating trapped electron/polaron formation from photo-
generated free electrons at 540 nm following rapid hole capture
by ascorbic acid within the instrumental response time
(Figures 3c,e and S40). Subsequent slow electron−hole
recombination process led to the decay of the trapped electron
signal and the growth of a broad negative absorption band at
∼525 nm assigned to GSB simultaneously (Figure 3e). In
comparison, Py-H−COF showed similar positive band (∼550
nm) assigned to free electrons at the initial ps time scale in the
presence of SED; however, this feature decayed rapidly, and no
long-lived polarons were observed (Figure S38).
Quantitative TA kinetics analyses of these COFs (Figure 3f)

revealed extended charge carrier lifetimes for Py-OMe−COF

Figure 3. (a,d) TA spectra of Py-NO2−COF in the absence and presence of ascorbic acid (0.1 M) following 435 nm excitation probed at selected
time delays. (b,e) Transient absorption spectra of Py-OMe−COF in the absence and presence of ascorbic acid (0.1 M) following 435 nm excitation
probed at selected time delays. (c) Kinetics of photoinduced absorption probed at 750 nm for Py-OMe−COF in the presence of ascorbic acid. (f)
Normalized kinetic traces of photoinduced absorption bands at their maximum for Py-R−COFs.
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(528 ps) compared to Py-NO2−COF (176 ps) and Py-H−
COF (345 ps), demonstrating effectively suppressed electron−
hole recombination. Notably, distinct long-lived signals
corresponding to trapped electrons were exclusively detected
in Py-OMe−COF upon hole scavenging with ascorbic acid
(Figure 3c). These findings illustrate that electron-donating −
OMe substituents effectively mitigate imine bond polarization
through p-π electron modulation, thereby prolonging charge
carrier lifetimes and substantially enhancing photocatalytic
HER efficiency.
Photoelectrochemical experiments further elucidated charge

migration behaviors under light irradiation. Transient photo-
current measurements revealed markedly enhanced transient
photocurrent for Py-OMe−COF (Figure S41), reflecting
efficient charge carrier separation and migration due to
alleviated imine polarization. In contrast, Py-NO2−COF and
Py-H−COF showed minimal photocurrent variation, likely due
to exacerbated polarization of the imine linkage hindering π-
electron delocalization and charge transport. Electrochemical
impedance spectroscopy (EIS) analysis (Figure S42) further
corroborated these findings, demonstrating that Py-OMe-COF
consistently displays the smallest semicircular radius in the
Nyquist plots irrespective of illumination status. This
observation signifies superior charge carrier transport efficiency
and substantially reduced interfacial charge-transfer resistance
relative to the other COF analogues.
Kelvin probe force microscopy (KPFM) was employed to

elucidate the surface charge separation and transfer kinetics in
Py-R−COFs. Notably, Py-OMe−COF presented a markedly
higher surficial electrostatic potential compared to Py-NO2−
COF and Py-H−COF (Figures 4a and S43−S45). Addition-
ally, Zeta potential measurements revealed values of −4.65
mV, −2.75 mV, and −1.90 mV for Py-OMe−COF, Py-NO2−
COF, and Py-H−COF, respectively (Figures 4a and S46). A

positive correlation was observed between the intensity of the
built-in electric field and both the surface potential and Zeta
potential of Py-R−COFs, consistent with previous studie-
s.15a,17 These findings indicate that modulation of the
polarization effect of imine linkages can enhance the built-in
electric field, thereby facilitating the transfer of photoexcited
charge carriers from the particle surface to reactants and
improving interfacial charge transfer dynamics.
To further investigate surface charge separation and transfer

processes, surface photovoltage spectroscopy (SPV) and
transient-state surface photovoltage (TPV) measurements
were conducted.18 The SPV results demonstrated that Py-
OMe−COF exhibited a significantly stronger steady-state SPV
intensity, indicative of enhanced migration of photogenerated
carriers from the bulk to the surface of the photocatalyst
surface (Figure 4b). Similarly, TPV measurements revealed a
substantially accelerated generation of photogenerated charges
in Py-OMe−COF upon light illumination (Figure 4c). These
photoelectrochemical and photophysical observations, which
align closely with the KPFM results, collectively underscore the
strategy of modulating the polarization of imine-linked COFs
by incorporating electron-donating −OMe groups to enhance
charge separation and migration efficiency.
To clarify the interplay between proton conduction and

photocatalytic HER activity, the proton transport behavior was
systematically investigated in these COFs, given its established
critical role in photocatalytic HER processes.19 Proton
conductivity was assessed using Nyquist plot measurements
conducted at 98% relative humidity (RH) across from 303 to
353 K (Figures S47−S49). Py-OMe−COF exhibited the
lowest surface impedance, followed by Py-H−COF and Py-
NO2−COF, a trend that closely corresponded to their relative
hydrophilicities, as substantiated by water contact angle
measurements (35.0° for Py-OMe−COF, 39.6° for Py-H−

Figure 4. (a) Surficial electrostatic potential and Zeta potential (Py-H−COF (green); Py-NO2−COF (blue); Py-OMe−COF (red)). (b) Steady-
state surface photovoltage spectroscopy results. (c) Transient-state surface photovoltage spectra. (d) Water vapor uptake capacity of Py-R−COFs.
(e) Proton conductivities (σ, from 353 to 303 K at 98% RH). (f) Arrhenius plots (under 98% RH) of Py-R−COFs.
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COF, and 40.3° for Py-NO2−COF) (Figure S50) and water
vapor uptake experiments (Figures 4d and S51). The proton
conductivities (σ) at 303 K and 98% RH were determined to
be 1.24 × 10−6 S cm−1, 1.43 × 10−9 S cm−1, and 4.26 × 10−7 S
cm−1 for Py-OMe−COF, Py-H−COF, and Py-NO2−COF,
respectively (Figure 4e).
The activation energy (Ea) for proton transport of these

COFs was calculated to further probe the underlying
mechanisms (Figure 4f). Py-OMe−COF exhibited the lowest
Ea (0.334 eV), consistent with the Grötthuss proton-hopping
mechanism (Ea ≤ 0.40 eV), which is facilitated by an ordered
hydrogen-bonded network. In contrast, Py-H−COF (0.722
eV) and Py-NO2−COF (0.416 eV) displayed higher Ea values,
indicative of proton conduction dominated by the vehicle
mechanism (Ea > 0.4 eV), characterized by the diffusion of
protonated species.20 The low Ea of Py-OMe−COF suggests
that its ordered pore channels enable low-energy transitions
within the proton conduction network, creating an optimal
environment for efficient proton transport.
To further validate the proposed role of the −OMe in

establishing an ordered hydrogen-bond network and to
decouple its hydrogen-bonding contribution from purely

electronic effects, a hydroxyl-functionalized COF analogue
(Py-OH-COF) was synthesized. The successful formation of
Py-OH-COF was verified by solid-state 13C NMR spectrosco-
py (Figure S52a), FT-IR spectroscopy (Figure S52b), and
PXRD (Figure S53). Proton conductivity measurements
conducted at 303 K and 98% RH revealed that Py-OH-COF
(Figure S54) exhibits a conductivity of 3.56 × 10−8 S cm−1

(Figure 4e), which is markedly lower than that of Py-OMe-
COF (1.24 × 10−6 S cm−1). The Ea for proton transport in Py-
OH-COF was determined to be 0.304 eV (Figure 4f), a value
consistent with the Grotthuss mechanism (Ea ≤ 0.40 eV) and
indicative of the presence of an ordered hydrogen-bond
network. Evaluation of photocatalytic HER activity yielded a
rate of 441 μmol h−1 for Py-OH-COF (Figure S55),
substantially inferior to that of Py-OMe-COF (ca. 1 mmol
h−1). These results suggest that while −OH group is capable of
participating in hydrogen bonding, resulting proton con-
ductivity and HER performance are significantly lower than
those afforded by the methoxy group, thereby underscoring the
distinctive advantage conferred by the −OMe substituent.
To directly interrogate hydrogen-bonding interactions, in

situ variable-temperature FT-IR spectroscopy was performed

Figure 5. CBM of (a) Py-H−COF, (b) Py-OMe−COF, (c) Py-NO2−COF. The VBM of (d) Py-H−COF, (e) Py-OMe−COF, (f) Py-NO2−COF.
Gibbs free energy diagrams of (g) Py-H−COF, (h) Py-OMe−COF, (i) Py-NO2−COF.
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on Py-H−COF, Py-NO2−COF, Py-OMe−COF, and Py-OH−
COF across the temperature range of 298−393 K (Figures S56
and S57). The spectrum of Py-H−COF is characterized by
broad O−H stretching bands spanning 3100−3600 cm−1 and
an N−H vibrational feature centered at ∼3360 cm−1. In the
case of Py-NO2−COF, a distinct peak corresponding to free
water is observed at ∼3650 cm−1, accompanied by the N−H
signal at ∼3360 cm−1 and additional contributions attributable
to water molecules hydrogen-bonded to oxygen (3460 cm−1)
and nitrogen (3550 cm−1) sites.21 Py-OMe−COF and Py-
OH−COF exhibit qualitatively similar spectral features;
however, they are distinguished by prominent hydrogen-
bonding signatures at 3220 and 3130 cm−1, which are
indicative of strong interactions between the hydrophilic
functional groups and adsorbed water molecules.22 Such
strong hydrogen-bonding interactions are conducive to
efficient proton transfer between donor and acceptor moieties,
thereby facilitating proton transport via the Grotthuss
mechanism.
To quantitatively assess the strength of hydrogen-bonding

interactions, the O−H stretching region (3000−3800 cm−1)
was deconvoluted into three distinct spectral components:
network water (NW, corresponding to strongly hydrogen-
bonded water), intermediate water (IW, associated with
distorted hydrogen bonds), and multimeric water (MW,
attributed to weakly bound or free water). The proportion of
NW was found to increase in the following order: Py-H−COF
(24%) < Py-NO2−COF (35%) < Py-OH−COF (39%) < Py-
OMe−COF (41%) (Figure S58).23 This trend provides direct
evidence that Py-OMe−COF sustains the most extensive and
robust hydrogen-bond network among the investigated
materials, thereby rationalizing its superior proton conductivity
and enhanced HER performance. Collectively, these results
furnish direct experimental validation that the methoxy
substituent plays a pivotal role in establishing a durable
hydrogen-bond network that facilitates efficient proton trans-
port.
The exceptional proton conductivity of Py-OMe−COF can

be attributed to its abundant hydrophilic −OMe groups, which
establish a dense hydrogen-bonding network between oxygen
species in the pore walls and adsorbed water molecules. This
network supports the Grötthuss mechanism, allowing efficient
proton hopping efficiently through interconnected hydrogen
bonds. Furthermore, the enriched proton population around
the −OMe groups may facilitate rapid transfer to adjacent
reduction sites, thereby accelerating proton reduction reac-
tions. These findings underscore the critical role of
incorporating electron-donating methoxy groups in enhancing
both electron transfer and proton transport while suppressing
electron−hole recombination. Collectively, these attributes
synergistically drive the superior photocatalytic HER perform-
ance of Py-OMe−COF, highlighting the strategic value of
functional group engineering in optimizing the performance of
COFs for photocatalytic applications.
To elucidate the microscopic mechanism of the photo-

catalytic HER in these COFs, density functional theory (DFT)
calculations were conducted to provide theoretical insights into
the charge transfer and reaction dynamics. Analysis of the
spatial charge density distribution, specifically the valence band
maximum (VBM) and conduction band minimum (CBM),
reveals a pronounced spatial separation in the Py-R−COF
configurations (Figure 5a−f). These structural attributes were
found to be conducive to efficient photoinduced charge

separation. Notably, the Py-NO2−COF exhibits a typical D−A
charge separation structure (Figure 5c,f), with charge density
predominantly localized at the nitro units.
DFT calculations further revealed that the −OMe moieties

in Py-OMe−COF serve as preferential sites for concentrating
both H2O molecules and protons, thereby substantiating their
involvement in photochemical reactions. Furthermore, the
adsorption energies for both H2O adsorption models on Py-
OMe−COF (Eads = −0.50 eV) were found to be more
favorable than those for Py-H−COF (Eads = −0.43 eV) and
Py-NO2−COF (Eads = −0.34 eV) (Figure S59). This suggests
that the −OMe units in Py-OMe−COF act as effective proton
extractors, potentially accelerating proton transfer and
enhancing mass transport kinetics. These results align with
experimental proton conduction measurements, indicating that
photogenerated carriers on the photocatalyst surfaces engage
in proton-coupled reactions with activated protons, thereby
promoting the photocatalytic process.
To attain a more comprehensive understanding of the

electronic perturbations induced by the substituents, DFT
calculations were undertaken to map the electrostatic potential
(ESP) distributions across the three COF frameworks (Figure
S60). The imine moieties in Py-OMe−COF exhibit an
enhanced electron density relative to those in Py-H−COF,
attributable to the p-π conjugation imparted by the electron-
donating methoxy substituents. Conversely, the incorporation
of electron-withdrawing nitro groups in Py-NO2−COF renders
the imine linkages comparatively electron-deficient, thereby
exacerbating bond polarization. These results substantiate that
−OMe substitution effectively mitigates the inherent polar-
ization of the C�N bonds within the framework.
Furthermore, to theoretically elucidate the formation of the

hydrogen-bonding network, we evaluated the interactions
between the COF frameworks and water molecules (Figure
S61). The results show that Py-OMe−COF forms more
abundant and stronger O−H···O and O−H···N hydrogen
bonds with water compared to Py-NO2−COF and Py-H−
COF, indicating enhanced water affinity and a greater
propensity for constructing an extended hydrogen-bond
network. These findings are consistent with the experimental
observations from in situ variable-temperature FT-IR spec-
troscopy (Figures S56 and S57) as well as the calculated water
adsorption energies (Figure S59). Collectively, the DFT results
provide compelling evidence for both the attenuation of imine
bond polarization and the establishment of an extensive
hydrogen-bonding network in Py-OMe−COF. These syner-
gistic effects are conducive to efficient charge separation and
proton transport within the framework.
To quantitatively assess the steric influence of substituents

on the framework geometry, DFT calculations were further
performed to determine the dihedral angles within the Py-R-
COF structures (Figures S62−S64). In Py-H−COF, the imine
unit exhibits a dihedral angle of 18.59°, while the pyrene
moieties display dihedral angles of 42.75° and 44.15°. Upon
incorporation of methoxy groups, Py-OMe−COF shows imine
dihedral angles of 21.61° and 29.41°, accompanied by pyrene
dihedral angles of 44.36° and 41.18°. In contrast, Py-NO2−
COF, bearing electron-withdrawing nitro substituents, exhibits
imine dihedral angles of 31.09° and 28.05°, with corresponding
pyrene dihedral angles of 43.00° and 46.83°. The introduction
of functional groups thus induces moderate torsional
distortions, manifesting as a variation of approximately 10°
in the imine dihedral angles relative to the unsubstituted Py-
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H−COF. These subtle geometric perturbations indicate that,
while steric effects do impart a degree of local nonplanarity,
they do not severely compromise the overall π-conjugation
within the framework.
The HER reaction pathway was further elucidated through

Gibbs free energy diagrams (Figure 5g−i). Three potential
hydrogen production sites were identified as energetically
favorable, including the carbon and nitrogen atoms of the
imine units, as well as the carbon atoms of the pyrene units.
Among these, the N site in the imine moieties was found to
preferentially undergo the proton-coupled reactions. The
Gibbs free energy change (ΔGH*) for the H* intermediate
was calculated to be 0.29 eV, −0.18 eV, and −0.02 eV for Py-
H−COF (Figure 5g), Py-OMe−COF (Figure 5h), and Py-
NO2−COF (Figure 5i), respectively. This trend can be
attributed to the synergistic interaction between the oxygen-
containing functional groups in the adjacent phenyl ring and
the nitrogen of −C�N− unit, which facilitates proton capture
through the formation of an intramolecular six-membered ring
hydrogen bond (C�N−H···O). Meanwhile, the existing
hydrogen bonds in oxygen-containing structures will restrict
the rotation of the linkages, accordingly affecting the flexibility
of COFs and further extending the intramolecular π-
conjugated. This interaction reduces the ΔGH*, while
enhancing the delocalization of π-electrons, thereby enhancing
the efficiency of proton-coupled reactions and the overall
photocatalytic HER performance.

■ ■ CONCLUSIONS
This study advances the development of highly efficient
photocatalytic HER systems through the rational design of
imine-linked COFs engineered to minimize intralayer polar-
ization while optimizing exciton dissociation and charge-carrier
dynamics. A sophisticated molecular engineering strategy was
employed to modulate the electronic properties of pyrene-
based COFs (Py-R−COFs, where R = −OMe, −H, −NO2) by
incorporating functional groups to systematically explore the
interplay among imine bond polarization, charge separation,
and migration dynamics. This approach is designed to achieve
efficient and stable photocatalysis for HER. The integration of
electron-donating methoxy (−OMe) groups into the pore
walls of Py-OMe-COF effectively attenuates the polarization
effect of C�N bonds and reduces interlayer charge repulsion,
markedly enhancing the separation and transport of photo-
excited charge carriers. Comprehensive photophysical and
photoelectrochemical characterizations, including temperature-
dependent PL, fs-TAS analysis, and proton conductivity
measurements, provide compelling evidence that Py-OMe−
COF’s distinctive structural and electronic attributes, such as
high crystallinity, optimized π−π stacking, prolonged charge
carrier lifetimes, and efficient proton transport via the
Grötthuss mechanism, synergistically underpin its exceptional
photocatalytic HER performance. Conversely, the introduction
of electron-withdrawing −NO2 groups in Py-NO2−COF,
despite establishing a D−A configuration, exacerbates polar-
ization, leading to rapid charge recombination and significantly
reduced photocatalytic efficiency. These findings establish a
rational and effective framework for tuning the polarization
characteristics of imine-linked COFs, paving the way for the
design of high-performance photocatalysts and advancing
sustainable hydrogen production technologies.
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