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1. Introduction

Organic semiconductor frameworks integrating
bay-substituted perylene bisimides as screw
dislocation units in onion-like w— stacked
architecturest

Leonardo Cognigni,@a Jintao Liu,? Stefano Magliocco,@b Gloria Berlier, ©°
Silvia Bordiga, @ ° Silvia Bracco, © < Angiolina Comotti, © € Francesco Rigodanza, 2
Thomas Gobbato, & *2@ Daniele Rosa-Gastaldo & *? and Marcella Bonchio & *2d¢

Imine-linked covalent organic frameworks (COFs) are built with precision chemistry control, where the
tetra-p-CHO-aryloxy bay-substituted PBI-1 serves as a rylene chromophore subunit encoding (i) a broad
visible light cross-section (g;552 nm = 42 000 L mol™* cm™); (ii) an excited state redox manifold (E(PBI-
1"°7) = 1.82 V vs. NHE, E(PBI-1"*") = —0.43 V vs. NHE); (iii) a dynamic chiral distortion of the aromatic
core with a dihedral angle of up to 33° and (iv) two tertiary amines as N-imide terminals favoring
proton-coupled charge transfer mechanisms in aqueous media. PBI-1-COFs are designed herein
following an isoreticular expansion strategy based on the elongation of polyaryldiamine linkers (n = 1-3
as Ph, bPh, and tPh), where convergent FT-IR, ssNMR, PXRD, TEM and SEM evidence points to a slip-
stacked arrangement of the 2D-COF layers, likely induced by the conformational distortion of the PBI-1
cores, resulting in a prevalent J-type coupling scheme and a distinct red-shift of the material absorption
(up to 700 nm), optical bandgaps of ~1.9 eV, and a morphological progression from onion-like, curved
m—m stacked domains to fully folded spheroidal structures (quasi-monodispersed particles with D = 700
+ 100 nm). In situ polymerization of high surface area 3D-tungsten oxide nanosheets (WO 3D-NS)
affords robust photoanodes integrating the n-type COF semiconductor layer capable of record
photocurrent outputs (up to 590 + 50 pA cm™2) under green-light irradiation (1 sun, A > 490 nm),
probed with anionic hydroquinone shunts (an applied bias of 0.8 V vs. RHE) and favored by a preferential
host—guest response due to complementary charge interactions mapped by NMR-DOSY and FT-IR
spectroscopy.

from the stereo-electronics of molecular sub-units and their
multi-site interactions within the material network, to defects

Organic semiconductors (OSCs) are emerging as a ground-
breaking class of molecular materials at the frontier of opto-
electronics and photocatalysis research due to their unique
exploration of chemical space in terms of composition, struc-
tural hierarchy and morphology at multi-scale levels." The OSC
function is also regulated across dimensional scales, ranging
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or structural dislocations generated at the micro- and meso-
scopic scales and transferred to the short- or long-range
arrangement of the OSC at the macro-scopic scale.” Notably,
the broad inventory of molecular synthons and bond connec-
tivities offers a rich portfolio for precision chemistry methods to
regulate the overall life-cycle sustainability of OSCs, including
the initial synthetic steps, scale-up fabrication, low-cost solu-
tion processability, and the end phase of de-construction and
recycling of exhausted materials. Considering the molecular
bottom-up advantage to drive materials innovation, OSC opti-
mization is appealing for renewable energy applications such as
photocatalytic water splitting and/or redox flow batteries.>”

In the field of photoconductive OSCs, one key challenge is
related to their light-harvesting cross-section, requiring the
engineering of extended molecular architectures based on
highly conjugated aromatic cores and their assembly into -
stacked periodic domains.*® In particular, solar energy

This journal is © The Royal Society of Chemistry 2025
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conversion and storage call for tailored OSC -1 networks that
integrate aromatic chromophores with high extinction coeffi-
cients in the visible range (e;-500 nm = 10°), heteroatom-based
nodes (N, O, S, etc.) and shape-induced anisotropy.®™** All
these factors are known to play a decisive role in tuning the
electron distribution, the orientation of molecular dipoles and
their coupling system, with a major impact on the OSC energy
levels (band-gap) and the photodynamics of charge carrier
generation and transport.**>' In view of these challenges, the
class of perylene bisimide (PBI) chromophores stands out due
to their strong visible-light absorption (&;500 nm > 30 000), large
transition dipole moment, multi-electron redox manifold, and
T-stacked interactions, together with
aggregate-dependent photodynamics and superior photo-
stability among organic pigments.'®*® PBI functionalization can
be performed at the nitrogen site of the imide node and at the
two sites of the perylene core, namely, at the “bay” (1, 6, 7, 12)
and “ortho” (2, 5, 8, 11) positions (Fig. 1A), thus enabling precise
control over the molecular stereo-electronics dictating geome-
tries, optical properties, supramolecular interactions and
aggregate morphologies.' Notably, upon the full substitution of
the bay area, the steric hindrance of the perylene core leads to
core-twisted atropisomers (P- and M-enantiomers) that can

supramolecular

interconvert in solutions depending on the dihedral angle
constraint and racemization kinetics.”*** Building on these
concepts, OSCs that encode the PBI prerogative can be designed
as covalent organic frameworks (PBI-COFs) through the
dynamic formation of covalent bonds with precise control over
the composition, periodicity, and layered m-m stacking of the

View Article Online
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PBI building blocks. Despite the clear potential of PBI-COFs as
photoresponsive platforms, the functionalization constraints of
the perylene core and the low solubility of w—m supramolecular
aggregates pose severe synthetic challenges. Seminal attempts
have recently focused on imide- or ortho-substituted PBIs
exhibiting a planar core and a - stacked 2D architecture.**>

Herein, we present an unprecedented series of imine-linked
COFs incorporating a novel bay-substituted PBI (PBI-1), specif-
ically designed for enhanced visible light absorption (¢;555 nm =
42,000 L mol ' em™') and a tailored excited state oxidation
potential (E(PBI-1""~) = 1.82 V vs. NHE), featuring a symmetric
substitution scheme with two tertiary amines and four p-CHO
aryl ether substituents, respectively, at the imide and bay posi-
tions (Fig. 1A). Noteworthy, the PBI-1 core is expected to display
a propeller-type distortion of the aromatic core, with a dihedral
angle of up to 33°, which implies the occurrence of atropisomer
interconversion and of their mw-7 organization upon COF
formation.* Our results include the use of aryl-1,4-diamine
linkers with increasing length of the linear aryl-spacer. The
resulting PBI-1-COFs integrate N-rich imine and tertiary amine
sites that undergo protonation in acidic media, thus evolving to
positively charged ionic COF domains with a recognition ability
towards anionic additives/co-factors and facilitating proton
transfer and water access. It turns out that PBI-1-COFs are
endowed with (i) screw dislocations evolving to onion-like -
stacked crystalline arrangements; (ii) a visible-light cross-
section extending up to 700 nm; (iii) an optical band gap of E,
= 1.9 £+ 0.1 eV, potentially suitable for overall water splitting;
and (iv) favorable interactions with anionic hydroquinones used
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Fig. 1

(A) Synthetic pathway for PBI-1 with detailed reaction conditions. Numbering of the perylene core positions is reported for PBI-1. (B)

Normalised UV-vis absorption (black trace) and emission (red dashed trace, excitation wavelength = 530 nm) spectra of PBI-1 (25 uM in DCM).
Cyclic voltammograms of PBI-1 (1 mM in DCM, 0.1 M TBAPFg, scan rate = 100 mV s, glassy carbon working electrode, Ag/AgCl reference
electrode, and Pt counter electrode) scanning from (C) —0.8 to 0.2 V vs. NHE and (D) 0.2 to 2.2 V vs. NHE.
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as photo-redox shunts, as probed via nuclear magnetic reso-
nance diffusion ordered spectroscopy (NMR-DOSY) and FT-IR
spectroscopy.

The PBI-1-COF series are engineered on three-dimensional
tungsten oxide nanosheets (WO; 3D-NS) by direct in situ
growth.”® The WO; substrate offers conduction and valence
band edges compatible with the photoredox potentials of PBI-
based OSCs.>>" To the best of our knowledge, this is the first
example of PBI-COF@WO; heterojunctions fabricated as pho-
toanodes and operating in water (1 M H,SO,) with photocurrent
densities up to 590 + 50 pA cm ™2, minimal transient recombi-
nation and only 3% loss for >10 on-off light cycles. During long-
term photoelectrolysis (>20 h), the photocurrent loss amounts
to only 16% under continuous illumination (A > 490 nm),
showing the remarkable stability of the PBI-COF@WO;
photoanode.

The molecular regulation of hydrophilicity and ionic prop-
erties, together with the favorable overlap with the solar spec-
trum, of these novel PBI-1-COFs indicates the definite potential
of bay-substituted PBIs to modulate crystalline frameworks as
advanced OSCs.

2. Results and discussion

2.1 PBI-1-COFs synthesis and characterization

Tetra-aldehyde 1,6,7,12-tetra(4-formyl-phenoxy)-3,4,9,10-
perylenetetracarboxylic bisimide (PBI-1) was synthesized by
a two-step protocol by reacting the tetra-chlorinated perylene
bisanhydride (PBA-Cl,) with N,N-dimethylethylenediamine to
yield the parent bisimide precursor (PBI-Cly),** followed by
nucleophilic aromatic substitution with p-hydroxybenz-
aldehyde, leading to the PBI-1 synthetic target (Fig. 1A). Char-
acterization by FTIR, high-resolution mass spectrometry, and
NMR spectroscopy confirms the expected substitution pattern
of the perylene core with four p-benzaldehyde terminals (SI,
Sections S2 and S3). In agreement with literature results, fast
interconverting atropisomers are expected due to the twisted
perylene core.

The UV-vis spectrum of PBI-1 in dichloromethane (DCM)
shows an absorption onset at Aonser = 590 nm, with the main
absorption band maximum at 552 nm (4o, €552, = 42 000 L
mol~" ecm™') ascribed to the Sy-S; transition and a vibronic
progression (Ao_1, €510 = 29 000 L mol * cm ™) at 519 nm. The
broader absorption band between 400 and 500 nm results from
the S-S, transition (Fig. 1B).** The A, 1/Aq( ratio of 0.69 is
typical of a monomeric state.** The resulting emission spectrum
exhibits a mirror-image profile relative to the S,-S; absorption
band, with a maximum at 592 nm and a fluorescence quantum
yield @y, of 0.94. Relative to the unsubstituted PBI reference,
a bathochromic shift of ~30 nm is observed in both absorption
and fluorescence spectra, which is consistent with the electron-
donating properties of the four aryloxy substituents.’*?3¢

The cyclic voltammetry (CV) of PBI-1 in DCM (Fig. 1C) shows
two reversible reduction waves at E;, = —0.32 V and E;;, =
—0.49 V vs. NHE, resulting in the formation of the PBI radical
mono- and di-anion. The anodic sweep (Fig. 1D) shows three
oxidations: the first one at 1.40 V vs. NHE is associated with the
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View Article Online

Paper

irreversible oxidation of the dimethylamine residue, while the
two reversible peaks at E;;, = 1.72 V and E;j, = 2.00 V vs. NHE
are ascribed to the stepwise oxidation of the perylene core and
substituents, respectively.”*”** According to these data, upon
visible light absorption, PBI-1 can generate excited states with
related redox potentials of E(PBI-1”" ™) = 1.82 V vs. NHE and
E(PBI-1*") = —0.43 V vs. NHE (SI, Section S1), thus providing
a key molecular building block for photocatalytic frameworks.*
To this aim, a representative library of imine-based covalent
organic frameworks (PBI-1-COFs) was obtained by reacting PBI-
1 with linear aryldiamine linkers of increasing length, namely,
1,4-phenylenediamine (Ph), 4,4’-biphenyldiamine (bPh), and
4,4"-diamino-p-terphenyl (¢Ph), under solvothermal conditions
in a 1,2-dichlorobenzene/tert-butanol mixture (1,2-DCB:¢-
BuOH = 50: 50) with acetic acid (6 M AcOH) at 120 °C for 3 days.
This synthetic protocol proved to be effective across the diverse
aryldiamine linkers, yielding, respectively, PBI-1-COF-Ph, PBI-1-
COF-bPh, PBI-1-COF-tPh (Fig. 2A, SI, Section S2.6)."

The characterization of the first homologue in the series (n =
1, PBI-1-COF-Ph, Fig. 24) is discussed herein to showcase the
key features of this class of organic frameworks. FT-IR evidence
supports the formation of the imine-based structure by the
appearance of a new band at 1623 cm ™', characteristic of the
C=N bond stretching.**** At the same time, the PBI-1 carbonyl
absorption, observed at approximately 1700 cm ™ (overlapping
peaks of aldehyde and imide C=0 asymmetric stretching), is
significantly reduced, as expected, due to aldehyde conversion
during the solvothermal process.*” Furthermore, the absence of
the aldehyde C-H stretching band at ca. 2800 cm™ ' supports the
complete imine condensation and the formation of the imine-
linked framework (SI, Section S4.1, Fig. S1). Similar conclu-
sions are drawn for the PBI-1-COF-bPh and PBI-1-COF-tPh
analogues (SI, Section S4.1, Fig. S2 and S3).

Solid-state NMR spectroscopy (ssSNMR) confirms the forma-
tion of the covalent framework, based on the *C magic angle
spinning (MAS) NMR spectra collected for the unlabeled series
of PBI-1-COF derivatives and performed with a recycle delay of
60 s. The observed multiplicity of signals is in complete agree-
ment with the expected pattern of PBI-1 and the corresponding
aryldiamino components (Fig. 2B). In the 120-140 ppm region,
the two signals at 138 ppm (blue area) and 127 ppm (red area)
are assigned to the p-phenylene units, which increase from PBI-
1-COF-bPh to PBI-1-COF-tPh (Fig. 2B, Section S4.2, Fig. S4) due
to the presence of the biphenyl and terphenyl polymerization
linkers, respectively.** The formation of the imine-based
connectivity is unveiled by comparing the *C CP-MAS spectra
collected at contact times of 2 ms and 50 ps (Fig. 2B, inset). At
a 2 ms contact time, the signal lineshape in the range of 145-
165 ppm results from the partial superimposition of four
resonances, arising from deshielded environments and
including the imide (C=0), aryl-oxy (C,,~0O), imine (C=N) and
aryl-amino (C,,~N) positions. Noteworthy, at a shorter contact
time (50 ps), only one signal stands out at about 157.2 ppm,
which univocally identifies the presence of a carbon directly
bonded to a hydrogen atom and whose chemical shift indicates
the formation of the imine linkage (color code in Fig. 2C).*® The
comparison of the intensity of the signals at about 190 ppm

This journal is © The Royal Society of Chemistry 2025
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(A) Representative molecular structures and synthetic pathway for PBI-1-COF materials. PBI-1 was reacted with the corresponding

diamine ina 50 : 50 mixture of 1,2-dichlorobenzene : 1-butanol with a catalytic amount of 6 M acetic acid for 3 days at 120 °C in closed glass tube
(S, Section S2 for detailed conditions). (B) Quantitative 2*C SPE MAS spectra collected at 12.5 kHz with a recycle delay of 60 s for PBI-1-COF-tPh
(n = 3, panel i), PBI-1-COF-bPh (n = 2, panel ii), and PBI-1-COF-Ph (n = 1, panel ii). Inset: highlighted 160 ppm regions of 1*C CP MAS NMR
spectra collected with 0.05- and 2 ms contact times. (C) Molecular structure of the PBI-1-COF repetitive unit with colour codes for signal

assignment.

(unreacted aldehyde residues) with the one of the imine
network allows us to estimate polymerization yields as high as
92% for PBI-1-COF-Ph, 89% for PBI-1-COF-bPh and 90% for PBI-
1-COF-tPh (SI, Section S4.2, Tables S1-S3). Indeed, the relative
integration of signals pertaining to the PBI-1 core versus the p-
phenylene linker results in the expected 1:2 polymerization
ratio (SI, Tables S1-S3, SI). An analogous stoichiometry ratio is
obtained by solution 'H-NMR analysis performed on COF
samples digested in a 3 : 1 mixture of TFA-d and D,O, adapting
an approach used for metal-organic frameworks (MOFs, SI,
Section $4.3, Fig. S5, Table S4).*

Powder X-ray diffraction (PXRD) analysis yields similar
reflection patterns for the PBI-1-COF series, showing a peak
shift to lower 26 angles upon increasing the length of the aryl-
diamino spacer (n = 1-3, Fig. 3A and SI, Section S4.4, Fig. S6-
S8). In particular, diffraction peaks are observed in two distinct
series at 26 = 4.13°, 3.41°, 2.92° and 7.96°, 6.58° and 5.74°,
followed by broad features at 26 = 11.14°, 9.66°, 8.50° and 21.4°,

This journal is © The Royal Society of Chemistry 2025

20.7°, 19.6°, respectively, for Ph, bPh, and tPh COF linkers
(Fig. 3A). These broad features are generally ascribed to
multiple factors including the COF layer slippage and the
presence of diverse crystalline domains or amorphous frame-
work regions.*® These results are consistent with the expected
isoreticular expansion of the COF structure driven by the elon-
gation of the aryldiamino linker.*>*® Structural models (Fig. 3B
and C) have been considered based on (i) the tetra-vs. di-topic
geometry of molecular junctions;** (ii) the dynamic distortion
of PBI-1, with the dihedral angle in the range of 0-33°, and its
confinement within the covalently locked framework; and (iii)
an eclipsed AA stacking of the 2D-COF layers. In particular, the
impact of the PBI-1 core distortion, in combination with the
stereo-electronic constraints imposed by the covalent frame-
work, has been addressed by modelling the PBI-1-COF-Ph with
two distinct unit cells, representing two limiting cases: ¢ = 0°
(planar core) and ¢ = 33° (twisted core) (Fig. 3A-C).

J. Mater. Chem. A, 2025, 13, 40874-40885 | 40877
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(A) Experimental PXRD patterns of PBI-1-COF-Ph (red trace), PBI-1-COF-bPh (yellow trace), and PBI-1-COF-tPh (blue trace) along with

the calculated PXRD patterns (black trace, ¢ = 0°; grey trace, ¢ = 33°) obtained by modelling an AA layer stacking mode for PBI-1-COF-Ph. (B)
PBI-1-COF-Ph hexagonal unit cell and related parameters with ¢ = 0°. (C) PBI-1-COF-Ph triclinic unit cell and related parameters with ¢ = 33°.
Both models were built and optimized using the Accelerys Material Studio 7.0 software package. (D) Pore size distribution of PBI-1-COF-Ph
obtained from N, gas-volumetric measurements (DFT pore size method).

Pawley refinements against the experimental PXRD pattern
of PBI-1-COF-Ph generate hexagonal (¢ = 0°) and triclinic (¢ =
33°) unit cells, in agreement with the loss of symmetry induced
by the twisted core. The first diffraction peak for both crystal
systems is assigned to the 100 plane, pointing to a long-range
periodicity along the ab plane in the PBI-1-COFs structure.>
The comparison of the experimental PXRD data with the
simulated patterns of fully AA-stacked arrangements yields
comparable refinement parameters for both models (Pawley
refinement for ¢ = 33°, Ry, = 2.78%, R, = 2.17%; and for ¢ =
0°, Ry, = 2.69%, R, = 2.10%), suggesting the possible coexis-
tence of planar and twisted configurations within the COF
architecture. This observation is also verified for PBI-1-COF-bPh
(¢ = 33°, Ryp = 1.85%, Ry, = 1.57%; ¢ = 0°, Ry, = 1.76%, R, =
1.15%) and PBI-1-COF-tPh (¢ = 33°, Ry, = 1.16%, R, = 0.93%; ¢
= 0°, Ryp = 1.58%, R, = 0.90%) (SI, Secion $4.4, Fig. $6-58).5>*
Accordingly, the pore dimensions, extracted from the structural
models and PXRD fittings, follow the trend: PBI-1-COF-Ph (¢ =
0°a=b=258A,d..=3.8nm,p=33°,a=17.5A,b=258A,
deale = 1.6 Nm) < PBI-1-COF-bPh (¢ = 0°, @ = b = 29.8 A, deqre =
4.6 nm, ¢ = 33°,a=20.7 A, b = 30.5 A, deye = 1.8 nm) < PBI-1-
COF-tPh (9 = 0°,a =bh=34.3 A, dcyre = 5.3 nm, ¢ = 33°, a = 24.3
A, b =355A4, deye = 2.3 nm).

40878 | J Mater. Chem. A, 2025, 13, 40874-40885

The porosity and surface area of the PBI-1-based framework
were examined by N, adsorption isotherms at 77 K using PBI-1-
COF-Ph as a representative case (SI, Section S4.5, Fig. S9). PBI-1-
COF-Ph displays a type-V N, sorption isotherm with a small
hysteresis typical of weak interactions between the adsorbate
and the adsorbent.>* A pore size distribution is obtained that is
centred at dey, = 2.6 nm, typical of small-sized mesoporous
COFs (2-4 nm), as predicted from the simulated structures.
Moreover, Brunauer-Emmett-Teller analysis (BET) yields
a surface area as low as 11 m” g~ ', which can be ascribed to the
slip-stacking arrangement of the framework layers,>*>>%>* likely
due to the PBI-1 core distortion and indicated by the occurrence
of broad reflexes at 26 > 19°.4%345¢

The COF morphology was investigated by transmission
electron microscopy (TEM, Fig. 4A and B) and scanning electron
microscopy (SEM, Fig. 4C and D) experiments. The TEM images
of PBI-1-COF-Ph reveal curved parallel fringes, which are often
associated with onion-like or nanotube-like architectures in 2D
materials.’”®

These features show an interlayer spacing of 0.34 & 0.01 nm,
consistent with - stacking interactions between stacked COF
layers (typically 0.30-0.40 nm).**** Moreover, fingerprint-like
regions and the corresponding electron diffraction patterns

This journal is © The Royal Society of Chemistry 2025
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(A) HR-TEM image showing the periodic curved structure of PBI-1-COF-Ph. Inset: plot profile of the highlighted region showing the

typical distances of the w—m stacking (d = 0.34 + 0.01 nm). (B) HR-TEM image of the PBI-1-COF-Ph domain showing extended curvature of the
material. Inset: electron diffraction image. (C) Large-scale SEM image of PBI-1-COF-Ph showing a spherical structure. Inset: statistical analysis of
the diameter of PBI-1-COF-Ph spheres (d = 700 4+ 100 nm). (D) Close-up SEM image of PBI-1-COF-Ph spherical particles.

confirm the presence of screw dislocations, as recently reported
in the field of 2D materials, where the layer stacking mode can
result from a combination of AA, AB and/or “saddle point”
contacts.***>** No appreciable curved patterns are observed for
PBI-1-COF-bPh and PBI-1-COF-tPh in TEM experiments (SI,
Section S4.6, Fig. S10), likely associated to more flexible
networks. The intrinsic chiral distortion of the PBI-1 synthon
can foster the nucleation of curved COF seeds, which then grow
up to coalesce into extended structures in the micrometric
domain. Noteworthy, PBI-1-COF-Ph evolves into well-dispersed
spherical microparticles with an average diameter of D = 700
+ 100 nm, and surface corrugation by staggered nanosheets,
likely formed at an intermediate stage and gradually folding
into the spheroid structure (Fig. 4D).***” Isoreticular PBI-1-COF-
bPh and PBI-1-COF-tPh exhibit a mixed morphology with both
spherical and rod-like domains (SI, Section S4.7, Fig. S11), thus
indicating that the COF morphology is likely dictated by an
interplay of factors including the steric repulsion of the PBI
substituents, combined with the linker flexibility of the COF
backbone tuned by the conformational dynamics of the bay-
substituted PBI core.®®*

This journal is © The Royal Society of Chemistry 2025

With the aim of enhancing the framework's crystallinity and
to verify the reproducibility of the reaction protocols, a system-
atic screening of the synthetic parameters was conducted for
PBI-1-COF-Ph, including solvent variation, acid catalyst, reac-
tion time, and heating method (solvothermal or microwave-
assisted; SI, Section S4.8, Table S5). Based on comparative
PXRD analysis (SI, Section S4.8, Fig. S12 and S13), no significant
improvement in the COF crystallinity is achieved within the
explored synthetic space.

2.2 Optical properties of PBI-1-COFs at organic-inorganic
semiconductor-heterojunctions

The four-aryloxy electron-donating bay substituents of PBI-1 are
instrumental to enhance the electron density of the aromatic
core, resulting in a redshifted UV-vis absorption with respect to
imide- or ortho-functionalized PBIs (Fig. 1B).” The stereo-
electronic impact of the PBI-1 domains framed within the COF
environment was probed as the organic semiconductor layer on
tungsten-oxide (WO;) photoanodes. The WOj; interface is
known to provide edge positions of conduction and valence
bands (CB and VB, respectively), matching the photoredox

J. Mater. Chem. A, 2025, 13, 40874-40885 | 40879
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manifold of the PBI-based OSCs, thus favoring photo-induced
charge separation and transport at the hybrid
heterojunction.”>"* To this end, the on-surface polymerization
of the PBI-1-COF was performed using 3D-tungsten oxide
nanosheets (WO; 3D-NS) grown on FTO substrates. WO; 3D-NS
exposing dominant 001 facets are known to facilitate the
adsorption of aromatic OSCs with protonated N-doped domains
owing to their elevated surface energy and negatively charged
surface density.”®

In detail, the WO;-based electrode was immersed in the
reaction mixture (1,2-DCB : #BuOH 50 : 50) under solvothermal
conditions at 120 °C for 3 days, according to the optimized
synthetic protocol (Fig. 5A), and then washed with organic
solvents (tetrahydrofuran and DCM) to remove unreacted
monomers and/or small soluble oligomers. SEM experiments
on PBI-1-COF@WOj; reveal the formation of a uniform film on
the WO; 3D-NS surface, exhibiting the same morphology as PBI-

View Article Online
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1-COF (Fig. 5A). The OSC coating on the resulting PBI-1-
COF@WO; is further confirmed by FT-IR, diffuse reflectance
(DR) spectra, and SEM-EDX (Fig. 5A-C, SI Section S5.1, Fig. S14-
S16). SEM-EDX elemental mapping highlights the diffused co-
localization of the inorganic-organic heterojunction across
the vertical section of the electrode (35 pm, Fig. 5B).
Compared to the solution behaviour of PBI-1 in DCM
(Fig. 5C, grey line), the COF arrangement induces a redshift of
ca. 20 nm in the absorption maximum (PBI-1 4, = 552 nm,
PBI-1-COF-Ph 1, = = 572 nm) while preserving the vibronic
progression characteristic of weakly coupled PBI J-aggre-
gates.**”* This spectral evolution is further accompanied by
a progressive redshift of the UV-vis absorption onset (PBI-1
Aonset = 590 nm, PBI-1-COF-Ph A,,sec = 645 nm), and results in
aremarkable enhancement of the visible-light absorption cross-
section, which is an essential feature for sustainable organic
semiconductors. These optical signatures support the
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(A) Schematic representation of the fabrication process of PBI-1-COFs@WOs3; photoanodes. Left panel: SEM images of the WOz 3D-NS

electrode. Right panel: SEM image of the PBI-1-COF-Ph@WOs surface. (B) SEM-EDX mapping of the PBI-1-COF-Ph@WOs3 electrode cross-
section showing the distributions of W, O and C on the surface. (C) Diffuse reflectance spectra of PBI-1-COF-Ph@WOs (red trace), PBI-1-COF-
bPh@WOs (yellow trace), PBI-1-COF-tPh@WOs (blue trace) and WOs (black trace). Reflectance is converted to Kubelka—Munk units (left axis).
The PBI-1 UV-vis solution absorption spectrum (grey trace) is reported for comparison (right axis). (D) Band gaps and band positions of PBI-1-
COF-Ph (red box), PBI-1-COF-bPh (yellow box), and PBI-1-COF-tPh (blue box) compared with the oxidation potentials of H,Q (1,4-hydro-
quinone) and H,Q-SO3™ (2,5-dihydroxybenzenesulfonate).
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formation of a slip-stacked COF architecture, in which the PBI-1
chromophores adopt an offset m-stacked arrangement along
their longitudinal axes with an interplanar slip of >2 A. This
feature is retained upon isoreticular expansion in the COF
series, yielding similar absorption envelopes (Fig. 5C).”>"*

Fluorescence emission is not observed in the PBI-1-COFs
series, likely explained by the intramolecular quenching of the
emissive excited state involving the photo-excited PBI core
(acceptor) and the tertiary amine substituents (donor) at the
imide position. This multiple donor-acceptor interaction is
structurally embedded in the COF topology, is supported by
electrochemical data (Fig. 1D) and is further stabilized by the
conjugated imine linkage within the COF backbone, which
provides an extended m-system for charge delocalization and
spatial separation between donor and acceptor sites.”

The band edge positions of PBI-1-COF materials are identi-
fied from a Mott-Schottky plot by conducting capacitance
measurements on COF-modified FTO working electrodes (PBI-
1-COF@FTO, SI, Section S5.2, Fig. S17), confirming the n-type
semiconductor behaviour. The Mott-Schottky (M-S) plot
provides a flat-band potential (Egg) value of 0.07 £+ 0.02 V vs.
RHE, which is roughly equivalent to a conduction band (E¢g) of
—0.1 vs. RHE, considering a 0.2 V correction factor.”” Thus,
taking into consideration the optical band gap, a valence band
(Evg) of 1.9 V vs. RHE is estimated, which makes the PBI-1-
COF@WO; photoanodes suitable for thermodynamic water
splitting to hydrogen and oxygen (Fig. 5D).

The photoelectrocatalytic performance of the PBI-1-
COF@WO; series was probed in acidic water (1 M H,SO,) using
hydroquinones as bio-inspired redox mediators, mimicking the
electron/proton relay scheme of natural photosystems. In
particular, the photoanodic response of PBI-1-COF-Ph@WO;,
was initially tested against neutral p-hydroquinone (H,Q, SI,
Section S6.1, Fig. S18), featuring a midpoint redox potential
within the bandgap of the PBI-1-COF materials (Fig. 5D). Pho-
toelectrocatalytic experiments were carried out in a standard
three-electrode setup using the PBI-1-COF@WOj; as the working
electrode and irradiating using a solar simulator equipped with
an AM1.5G filter and a 490 nm longpass filter to exclude direct
excitation of the WOj; layer. Chopped-light linear sweep vol-
tammetry (LSV) experiments were performed in the anodic scan
(0.3-0.9 Vvs. RHE) in the presence of the H,Q donor (SI, Section
$6.3, Fig. 520). The photoanode displays a photocurrent onset at
0.4 V vs. RHE and a dual transient regime with partial recom-
bination at a low applied bias (<0.5 V vs. RHE), while reaching
optimal charge collection in the range of 0.5-0.9 V vs. RHE (SI,
Section $6.3, Fig. S20). Photocurrent densities up to 250 & 10 pA
cm 2 are obtained at 0.8 V vs. RHE and an applied bias, with
stable transient behavior up to 250 s under chopped-light
chronoamperometry (CLCA, SI, Section S$6.4, Fig. S21).
Notably, in the absence of the hydroquinone donor or in the
presence of its oxidized quinone form (Q), the photocurrent
density drops significantly, reaching only 50 uA cm ™2 and 80 A
cm 2, respectively (SI, Section S6.4, Fig. S21). The charge sepa-
ration efficiency was probed in terms of the H,Q/Q conversion
by long-term photoelectrolysis (¢ > 14 h) in a divided
photoelectrochemical cell to prevent the quinone back-

This journal is © The Royal Society of Chemistry 2025
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reduction at the counter electrode. Product quantification via
UV-vis absorption spectroscopy yielded a faradaic efficiency of n
= 80% (SI, Section S6.4, Fig. S21). The specific recognition
properties of PBI-1-COF-Ph@WO; were probed using the
anionic hydroquinone sulfonate (H,Q-SO3;~), which under
chopped-light LSV achieves photocurrent values up to 590 =+ 20
pA cm ™2 at 0.8 V vs. RHE, corresponding to a 230% enhance-
ment with respect to H,Q (Fig. 6A). PBI-1-COF-Ph@WO; main-
tains remarkable stability under diverse illumination regimes
during a 22 h operation, with only a 16% photocurrent decrease
occurring in the last 12 h period under continuous illumination
(see SI Section S6.4, Fig. S22). Indeed, line broadening is
observed in the solution "H-NMR spectrum of H,Q-SO;~ (3 mM
in D,O with 20 mM DCI) upon the addition of PBI-1-COF-Ph
(0.3 mg mL™"), indicating an interaction between the two
species (Section $6.4, Fig. S21).”® This finding is further sup-
ported by NMR-DOSY experiments performed in acidic D,O
(DC1 20 mM), where both H,Q (3 mM) and H,Q-SO;~ (3 mM)
were analysed in the presence of PBI-1-COF-Ph (0.3 mg mL ™).
The results reveal a clear decrease in the diffusion coefficient
exclusively for H,Q-80;~, dropping from D = 6.2 x 10"° m* s™*
to D = 4.1 x 10"® m* s~! upon COF addition. The consistent
decrease in the diffusion coefficient only for the anionic species
confirms the notion of a preferential recognition and COF
association of the anionic hydroquinone through electrostatic
interactions. Along these lines, the impact of the isoreticular
COF expansion on the photocurrent response was investigated
by performing CLCA experiments on PBI-1-COF-bPh@WO; and
PBI-1-COF-tPh@WO; photoanodes at 0.8 V vs. RHE in the
presence of H,Q-SO;~ (Fig. 6B). A progressive photocurrent
decline is observed across the series, with PBI-1-COF-bPh and
PBI-1-COF-tPh yielding photocurrent densities, respectively, of
240 4 40 pA cm > and 180 4 30 pA cm ™ (S1, Section $6.5-6,
Fig. S22 and S23). The evaluation of the photocurrent response
was performed upon the normalization of the COF loading on
the WO;-based electrodes, considering the resulting optical
density from DR spectra, whereby PBI-1-COF-Ph was used as
a reference (100%), followed by PBI-1-COF-bPh (73% =+ 5%) and
PBI-1-COF-tPh (62% = 4%). The loading variation is likely
ascribed to differences in solubility and polymerization kinetics
associated with the increasing length of the diamine linkers,
possibly affecting the growth of the COF film on the WO,;-based
electrodes.*>**”” It turns out that the normalized photocurrent
density J.sr marks a distinct advantage for the PBI-1-COF-Ph
term, overarching the isostructural homologues that level off at
approximately halved values (Fig. 6C). This evidence points out
that the photoelectrochemical processes are governed by kinetic
factors vis-a-vis the similar thermodynamic requirements of the
COF series (Fig. 5D).

One such factor may be related to the increasing hydro-
phobic character of the frameworks with extended aromatic
linkers. The poly-aromatic linkers can potentially hinder the
diffusion of hydrophilic and anionic redox mediators like H,Q-
SO;~ into the COF pores. To verify this hypothesis, we con-
ducted a cross-comparison of thermogravimetric analysis (TGA)
throughout the COF series before and after prolonged water

exposure. The results reveal that PBI-1-COF-Ph exhibits

J. Mater. Chem. A, 2025, 13, 40874-40885 | 40881
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(A) Representative chopped light chronoamperometries (CLCAs) of PBI-1-COF-Ph@WOs3 with 0.1 M H,Q (blue trace) or 0.1 M H,Q-SO3™

(black trace). (B) Representative CLCAs for PBI-1-COF-Ph@WOs (red trace), PBI-1-COF-bPh@WOs (yellow trace), and PBI-1-COF-tPh@WO5
(blue trace) in the presence of 0.1 M H,Q-SO3". Experimental conditions for CLCA: 0.8V vs. RHE, 1 M H,SO,, scan rate =10 mV s~ %, 10 s light and
10 s dark; the illumination was provided by a solar simulator equipped with an AM 1.5G filter, 100 mW cm™2, and a 490 nm longpass filter. Values
reported are the average photocurrent densities (registered in triplicates) of the three PBI-1-COF@QWO3 systems. (C) Comparison of PBI-1-
COF@WOs3 photocurrent performances normalized on the PBI-1-COF loading estimated by the relative absorbance of the photoanodes (PBI-1-
COF-Ph, red trace; PBI-1-COF-bPh, yellow trace; and PBI-1-COF-tPh, blue trace).

a greater fraction of surface-bound water, accounting for
approximately 4% of the total weight, than PBI-1-COF-bPh and
PBI-1-COF-tPh (0.9% and 0.7%, respectively), as indicated by
the weight loss observed between 40 °C and 100 °C.”®”® (SI,
Section S6.7, Fig. S24 and S25).

To further investigate the discrepancy observed in the
photoelectrochemical performance, the PBI-1-COFs were incu-
bated in an acidified acetonitrile/H,O 100 : 1 mixture contain-
ing H,Q-SO3;~ and then recovered by filtration. The FT-IR
spectra of the recovered solids show distinct modifications in
PBI-1-COF-Ph, suggesting the effective absorption of the
hydroquinone, as the characteristic bands of H,Q-SO; ™~ can be
noted (v = 1081 and 1021 cm ™, assigned to the asymmetric and
symmetric stretching of 0O=S=0, respectively, and » = 861 and
822 cm ™', assigned to the out-of-plane bending of C-H groups
in 1,2,4-tri-substituted benzenes; SI, Section S6.8, Fig. $28).5
On the contrary, PBI-1-COF-bPh and PBI-1-COF-tPh exhibit no
significant changes, pointing to less efficient host-guest inter-
actions (SI, Section S6.8, Fig. S26). These findings underscore
the importance of precision chemistry strategies to tailor the
COF properties in terms of molecular recognition that can
direct the overall photoelectrocatalytic performance of the
system.

3. Conclusions

The first series of covalent organic frameworks encoding full
bay-substituted perylene bisimide chromophores has been
designed with a unique core-twisted T-conjugation, a broad
visible-light cross-section (400-700 nm), n-type semiconductor
behaviour with high bandgaps (1.9 eV), molecular control over
the N-doped site distribution, surface recognition of anionic co-
factors triggered by protonation equilibria, and isoreticular
expansion upon the modulation of poly-aromatic diamine
linkers (n = 1-3). Chiral dislocation signatures have been clearly
identified for PBI-1-COF-Ph (n = 1), which evolves to quasi
mono-dispersed spherical micro-particles (D = 700 = 100 nm)

40882 | J Mater. Chem. A, 2025, 13, 40874-40885

with an onion-like crystalline architecture, formed upon the
progressive folding of staggered m-nano-stacks. The resulting
optical envelope marks a definite red-shift to low energy wave-
lengths, in agreement with the prevalent J-type coupling of the
PBI chromophores (inter-planar slip of >2 A along the PBI
longitudinal axes). The manipulation of the multi-chromophore
exciton coupling, spatial distribution and framework delocal-
ization is crucial to the regulation of the organic semiconductor
optoelectronics. The PBI-1-COF structure prevents major losses
through excimer formation and fluorescence decay. On the
contrary, their engineering on high surface area WO; 3D-NS
photoanodes promotes photo-induced charge separation and
transport, with record photocurrent densities up to 590 £ 50 uA
cm™ > using low energy photons (1> 490 nm),* 1 sun irradiation,
an applied bias of 0.8 V vs. RHE and remarkable stability for
long-term photoelectrolysis (>20 h; SI, Section S6.4, Fig. S21, S22
and Section S12, Tables S6 and S7). The use of anionic hydro-
quinones as bio-inspired redox co-factors reveals the key
recognition properties of the PBI-1-COF as molecular OSCs,
directed by complementary charge interactions as well as by the
COF amphiphilic domains.

Our study highlights that a synergistic interplay of structural
effectors, harnessing supramolecular and precision chemistry
methods, sets a unique driver for the development of next-
generation COF-based OSCs for application in photocatalytic
water splitting,>** water remediation and redox flow
batteries.*”%*

The key role of PBI-induced chiral dislocations in COF
materials will be further explored to address chiral-induced
spin selectivity (CISS) and its impact on charge transport and
photocurrent generation.*>**
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