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ABSTRACT: We developed a robust three-dimensional (3D) Fully conjugated in all 3 dimensions
covalent organic framework (COF), fully conjugated in both the
planar (x, y) and interlayer (z) directions, using a one-pot
sulfurization process. We converted the two-dimensional (2D)
imine-linked COF (Py-BDA-COF) to the 3D thiazole-linked COF

(3D-Py-BDA-S-COF). In the interlayer direction (z-axis), the

pm—————

Tunable photocatalytic activity

(x, y) direction

alternating covalently bound acetylene and ethylene arrangements L oo eI
serve as conjugated connectors (“pillars”) and create a fully e T
conjugated and very robust COF in all three dimensions. On top of QO Y9 "

this, the presence of the sulfur lone pair electrons in the thiazole ~ QL

rings considerably enhances the electron delocalization degree of
the frameworks. The 3D-Py-BDA-S-COF is successfully evaluated

20 3D Q
(Py-BDA-COF) (Py-BDA-S-COF)

(2) direction

in the photocatalytic reduction of nitrobenzene.

B INTRODUCTION

Fully conjugated organic macromolecules play a crucial role in
advancing the fields of electronics, photonics, and energy
conversion, as they enable efficient charge transport and light
absorption across extended molecular systems.' Enhancing
conjugation, especially in large molecules such as polymers, is
particularly important because it facilitates charge carrier
mobility, extends m-electron delocalization, and improves the
stability of materials.”~”

Covalent organic frameworks (COFs) are a family of
crystalline and porous polymers, with well-ordered structures,
large surface areas, and customizable redox-active sites.® In the
last two decades, extensive research on COFs has been
performed in various fields such as photocatalysis,” "'
photoluminescence,'” optoelectronics,'”” and energy stor-
age.'*"® The building blocks of COFs are linked via covalent
bonds to form crystalline and regular structures, which have a
high degree of tunability. Typically, two-dimensional (2D)
COFs have a layered stacking structure by stacking (x, y)
planes, forming one-dimensional (1D) channels. Till now, the
majority of 2D COFs are linked by imine bonds, as imine-
COFs are relatively easy to synthesize with predictable
topologies. However, the limited conjugation, poor stability,
and anisotropic properties of 2D imine COFs restrict the
efficient charge transport in the interlayer direction, thereby
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limiting their applications in photocatalysis, energy storage,
and molecular electronics.'®

Our group demonstrated in 2023 that the conversion from
imine bonds to thiazole bonds enhances the planar 7-
conjugation, significantly boosting the photocatalytic abilities
and functions (Figure l1a)."" On the other hand, substantial
efforts have been made toward the construction of three-
dimensional (3D) COFs,'”~** which offer interconnected pore
channels, isotropic properties, and enhanced stability for
applications such as gas separation, ion conduction, and
photocatalysis.'”**~>* In 2021, in a short communication,
Feng et al. constructed 3D COFs with a conjugated bonding in
the z-direction by solid-state topological polymerization of
diacetylene units, as shown in Figure 1b.2° Indeed, the use of
cross-linking techniques to covalently connect adjacent layers
is an effective strategy for creating stable, interconnected
networks.'***%*” Compared with 77 stacking in 2D COFs,
interlayer cross-linking provides a more efficient pathway for
electron transport, which is potentially favorable for photo-
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Figure 1. Schematic representation of (a) imine to thiazole transformation for a model compound,""*® (b) topochemical polymerization of

diacetylene monomer,”*** (¢) Py-BDA-COF and 3D-Py-BDA-S-COF.

catalytic reactions. Besides, it is mostly assumed that
crystallinity is a critical factor for the material’s photoelectronic
performance, as defects and amorphous patches are regarded
as charge traps. So, the challenge is the design of a photoactive
COF with 7-conjugation in all three dimensions, with a high
degree of crystallinity and porosity.

Inspired by the above studies, in this work, we use both
strategies in a one-pot sulfurization process: conjugation and
stabilization of the imine bonds into thiazole bonds in the (x,
) plane and cross-linking in the z-direction by the polymer-
ization of diacetylene units, hereby transforming a 2D COF
into a 3D COF. In practice, we converted the 2D imine-linked
Py-BDA-COF into the thiazole-linked 3D-Py-BDA-S-COF
(see Figure 1c). It is important to emphasize here that the
resulting material is completely conjugated in all three
dimensions and has a donor—acceptor functionality, as the
lone electron pair on S is an electron donor (Figure 1c).
Moreover, the thiazole rings are strongly conjugated and planar
by virtue of the S—C bonds. Simultaneously, conjugation in the
z-direction is realized by the thermal polymerization of the
organic ligand 4,4’-(butyl-1,3-diyne-1,4-diyl)diphenylaldehyde
(BDA) during the heating process. This polymerization results
in the formation of alternating arrangements of double and
triple bonds, creating a highly conjugated s-electron
delocalization system. This approach not only preserves the
structural integrity of the framework but also allows for
continuous 7z-electron delocalization in all three dimensions,
which considerably improves the electronic properties of the
material. Along this line, we anticipate that the newly formed
3D-Py-BDA-S-COF has improved photochemical features

compared to the starting imine-linked COF (Py-BDA-COF),
including a narrower band gap, more efficient charge
separation, and a denser electron density structure. For
comparison, the analogous 2D imine-linked Py-N-COF and
its 2D Py—N—S-COF that underwent the same postsulfuriza-
tion process were also prepared, but these materials do not go
through the polymerization reaction along the z-axis and
remain in a 2D stacked structure upon sulfurization. Our
findings indicate that fully conjugated 3D-Py-BDA-S-COF
exhibit the best performance among metal-free photocatalysts
for the reduction of nitrobenzene.

B RESULTS AND DISCUSSION

The Py-N-COF and Py-BDA-COF were synthesized via the
Schiff-base condensation of 4,4',4”,4"-(pyrene-1,3,6,8-tetrayl)-
tetraaniline (Py-(NH,),) and naphthalene-2,6-dicarbaldehyde
(N) or BDA linkers (Figure S1). The Py—N—S-COF and 3D-
Py-BDA-S-COF were prepared by subjecting the pristine Py-
N-COF and Py-BDA-COF to our reported sulfurization
process."' During the sulfurization treatment for Py-BDA-
COF, the imine linkages transfer to thiazole linkages, while
simultaneously, the diacetylene groups undergo polymerization
in the z-direction, resulting in the formation of 3D-Py-BDA-S-
COF. For comparison, 3D-Py-BDA-COF was developed using
the same heating procedure without the addition of sulfur. In
this case, only diacetylene polymerization in the interlayer
direction occurs (Figure 1 and see Supporting Information for
more details).

The crystalline structures of the created materials were
analyzed by powder X-ray Diffraction (PXRD) and compared
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Figure 2. PXRD patterns and Pawley refinements of (a) Py-BDA-COF, (b) 3D-Py-BDA-COF, (c) 3D-Py-BDA-S-COF, and (d) PXRD pattern
comparison of Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-BDA-S-COF. Inset images are modeled crystal structures.
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Figure 3. (a) FT-IR spectra of the BDA linker, Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-BDA-S-COF. (b) N, adsorption—desorption
isotherms of Py-BDA-COF and 3D-Py-BDA-S-COF. (c) X-ray photoelectron spectroscopy (XPS) high-resolution spectra of Py-BDA-COF, 3D-Py-
BDA-COF, and 3D-Py-BDA-S-COF in the region of C 1s. (d—g) SEM images and TEM images of Py-BDA-COF and 3D-Py-BDA-S-COF.

to theoretical simulations. The Pawley refinement of Py-N- 3D-Py-BDA-S-COF was performed in the monoclinic space
COF, Py—N—-S-COF, Py-BDA-COF, 3D-Py-BDA-COF, and group C2/m on the basis of eclipsed AA stacking modes, as
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Scheme 1. Synthesis Pathways of 3D-Py-BDA-S-COF via One-Pot and Two-Step Methods
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depicted in Figures 2 and S2, yielding an excellent match with
the experimental pattern. The models underwent geometric
optimization, followed by Pawley refinement against the
experimental PXRD data. The resulting refinement parameters
were as follows: Py-N-COF (Rp = 3.28%), Py—N—S-COF (Rp
= 3.45%), Py-BDA-COF (Rp = 6.68%), 3D-Py-BDA-COF (Rp
= 4.35%), and 3D-Py-BDA-S-COF (Rp = 4.11%). Py-N-COF
and Py—N-—S-COF exhibit comparable low-angle reflection
peaks, while 3D-Py-BDA-COF shows a shift to higher 260
angles compared to the 2D Py-BDA-COF (Figure 2d). These
shifts can be attributed to the topological polymerization of the
BDA linkers, resulting in increased interlayer conjugation.”**
Also, these shifts were reflected in the refined unit cell
parameters (a = ~39 A for Py-N-COF and Py—N-S-COF
while a = ~54 A for Py-BDA-COF). This observation aligns
with findings in earlier works as well (see Tables S1 and
$2).2% In parallel, the crystalline sulfur peak vanished in Py—
N—S-COF and 3D-Py-BDA-S-COF experimental patterns,
indicating a good integration of Sg into their skeletons.’
Fourier transform infrared (FT-IR) measurements were
performed to characterize the detailed chemical functions in
the COFs (Figures 3a and S3). In acetylene-containing COFs,
a distinct peak corresponding to the C=C bond was clearly
observed around 2160 cm™'.>*7** Additionally, a new peak
emerged at 1513 cm™' in 3D-Py-BDA-COF when compared to
Py-BDA-COF, which can be attributed to the C=C bond in
the conjugated ene-yne unit (Figure $3a).**7° These
observations unveil the successful polymerization of the BDA
moieties within the 3D-Py-BDA-COF. In the spectra of Py-N-
COF, Py-BDA-COF, and 3D-Py-BDA-COF, the peak at
around 1620 cm™' corresponds to the C=N stretching
vibration of the imine bond.”’ ™" After the postsulfurization
treatment, the stretching band associated with the C=N group
disappeared, while distinct peaks characteristic of the thiazole
linkage (1595, 1308, and 955 cm™) appeared in Py—N—S-
COF and 3D-Py-BDA-S-COF. Overlaying the solid-state *C
NMR spectra of Py-BDA-COF and 3D-Py-BDA-S-COF
reveals clear chemical structural changes. The diacetylene
group in Py-BDA-COF is responsible for the peaks at ~77 and
~83 ppm, as illustrated in Figure S4. Following sulfur
polymerization, one of C=C peaks (~77 ppm) disappeared,
which corresponds to the alkynyl groups in the newly created
enyne-conjugated chain.”®**7*>*9~** Additionally, the imine
carbon in Py-BDA-COF shifts from ~153 to ~163 ppm,

indicating the formation of thiazole carbon (S—C=N).*~*

The successful immobilization of sulfur in Py—N—S-COF and
3D-Py-BDA-S-COF was further confirmed by elemental
analysis. The observed theoretical values closely matched
their corresponding experimental results (Table S3).

In fact, another possibility arises from the highly active
nature of the diacetylene,*® which may interact with S during
heating to form sulfur rings or chains. However, no
characteristic peaks (S—S: 508 cm™, —SH: 2662 cm™") were
observed in the FT-IR spectrum (Figure S5),*"** ruling out
this possibility in our heating process. Therefore, we
hypothesize that in the one-pot system, the BDA moieties in
Py-BDA-COF first undergo interlayer polymerization to form
3D-Py-BDA-COF. Whereafter, Sy decomposes into small
sulfur molecules, which subsequently attack imines to form
thiazole rings. To substantiate this assumption, we performed a
two-step synthesis: first, 3D-Py-BDA-COF was synthesized,
followed by the addition of Sg under the same heating
conditions, yielding 3D-Py-BDA-S-COF-1 (Scheme 1). FT-IR
and PXRD results showed that the materials from the two-step
and one-pot syntheses were highly consistent and retained high
crystallinity (Figure S6).

The surface area and permanent porosity of Py-N-COF, Py—
N-S-COF, Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-
BDA-S-COF were evaluated by N, adsorption—desorption
analysis at 77 K. As depicted in Figure S7, both Py-N-COF and
Py—N—-S-COF showed a surge in N, adsorption at the low
pressures, followed by a gradual increase as the pressure rises,
which is consistent with the characteristics of mesopores.
Similarly, Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-BDA-
S-COF also display type-IV isotherms indicative of meso-
porous features (Figures 3b and S8). Furthermore, a significant
decrease in the Brunauer—Emmett—Teller (BET) surface area
(Sger) was noted after the postsulfurization process. The Sgpgr
values of Py-N-COF, Py—N-S-COF, Py-BDA-COF, 3D-Py-
BDA-COF, and 3D-Py-BDA-S-COF were analyzed to be 1788,
1027, 987, 745, and 650 m*/g, respectively (Figures 3b, S7, S8
and Table 1). The quenched solid density functional theory
(QSDFT) model based on nitrogen adsorption branch kernel
was used to determine the main pore size distribution, and the
results showed that the experimental pore size distributions for
Py-N-COF, Py—N—S-COF, Py-BDA-COF, 3D-Py-BDA-COF,
and 3D-Py-BDA-S-COF were centered at 2.43, 2.02, 3.25,
2.71, and 2.68 nm, respectively (Figures S9, S10 and Table 1).

https://doi.org/10.1021/jacs.4c15825
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15825/suppl_file/ja4c15825_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c15825?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c15825?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c15825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Summary of the Properties of the Synthesized

COFs

pore band
bond BET size ap
COFs type (m*/g) (am) CB (V) VB(V) éV)

2D COFs
Py-N imine 1788 2.43 —0.53 +1.67 2.20
Py—N-S thiazole 1027 2.02 —0.88 +0.82 1.70
Py-BDA imine 987 3.25 —0.41 +1.93 2.34

3D COFs
3D-Py-BDA imine 748 2.71 —0.55 +1.58 213
3D-Py-BDA-S thiazole 650 2.68 —0.64 +1.26 1.90

Furthermore, X-ray photoelectron spectroscopy (XPS) was
applied to verify structural transformations in the COFs. For
Py—N-S-COF and 3D-Py-BDA-S-COF, the presence of sulfur
is observed in the full survey XPS spectra (Figure S11a,b). The
peaks at ~284.16 and ~284.49 eV, deconvoluted from the C
Is in Py—N—S-COF and 3D-Py-BDA-S-COF respectively,
were assigned to the C—S bond (Figures S12b and 3c).
Another proof of the thiazole formation comes from
comparing the high-resolution XPS spectra of N 1s before
and after sulfurization. In the N 1s spectrum of Py—N—S-COF
and 3D-Py-BDA-S-COF, a distinct binding energy peak at
~400.81 eV indicated the presence of the N=C—S bond
(Figures S12d and S13c). These peaks collectively suggest the
successful conversion of imine bonds to thiazole bonds in Py—
N-S-COF and 3D-Py-BDA-S-COF. Regarding the z-axis
connectors, the sp (C=C) signal at ~285.35 €V from the
BDA linker’>** was found in C 1s of Py-BDA-COF. In
contrast, in 3D-Py-BDA-COF and 3D-Py-BDA-S-COF, the
absence of sp (C=C) hybridized carbons and the new
presence of sp (C=C)/sp* (C=C) at 285.14 and 285.22 eV

respectively, imply the successful conversion from (C=C)
bonds to ethylene bands (Figure 3c).

The above characterization results unambiguously confirm
the successful creation of the completely conjugated frame-
work in 3D-Py-BDA-S-COF via a one-pot sulfurization
process. The formed 3D thiazole COFs were found to be
extremely stable, with the PXRD patterns revealing that 3D-Py-
BDA-S-COF still maintains high crystallinity even after 1 day
of immersion in 12 M HCI or 14 M NaOH (Figure S14).
Thermogravimetric analysis (TGA) was conducted to assess
the thermal stability of the COFs after sulfurization, and the
results indicated stability up to approximately 400 °C under a
nitrogen atmosphere (Figure S15).

Next, the morphologies of Py-BDA-COF before and after
post-treatment were analyzed by using field-emission scanning
electron microscopy (FE-SEM) and high-resolution trans-
mission electron microscopy (HR-TEM). As illustrated in
Figures 3d,f and S16, the SEM images suggest that all materials
exhibit similar and relatively regularly stacked chunk
morphologies. Meanwhile, the energy dispersive spectrum
(EDS) reveals that the elements of 3D-BDA-S-COF are
uniformly distributed over the surface (Figure S17). The long-
range ordered structures were further visualized by HR-TEM.
From Figures 3e,g and S18, despite alterations to both the
plane and interlayer structures of Py-BDA-COF, the high
crystallinity is clearly retained in the 3D-Py-BDA-S-COF. Also,
the unit cell of 3D-Py-BDA-S-COF shrank a little compared to
its pristine Py-BDA-COF, which is consistent with the
calculation results of cell parameters based on TEM images
and PXRD. More specifically, the lattice fringes distances of
the Py-BDA-COF and 3D-Py-BDA-S-COF have been
determined to 1.609 and 1.523 nm, which were closely related
to their (220) crystal plane of the simulated models appearing
at 20 = 5.496 and 5.772° (1.607 and 1.529 nm), respectively.
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Figure 4. (a) UV—vis spectra of Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-BDA-S-COF (Inset: Tauc plot), (b) band alignment, (c)
electrochemical impedance spectra (EIS), and (d) photocurrent responses of Py-N-COF, Py—N—S-COF, Py-BDA-COF, 3D-Py-BDA-COF, and

3D-Py-BDA-S-COF, respectively.
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Figure 5. Ultrafast fs-TA response of (a) Py-BDA-COF, (b) 3D-Py-BDA-COF, and (c) 3D-Py-BDA-S-COF with corresponding decay profiles at
(d) 550—800 nm, (e) 600—800 nm, and (f) 600—800 nm wavelength, respectively.

Moreover, the optoelectronic features of the synthesized
COFs were investigated. The solid-state ultraviolet—visible
(UV—vis) spectra show that all of the synthesized COFs
absorb light in the visible light region (Figures 4a and S19).
The 3D-COFs, 3D-Py-BDA-S-COF and 3D-Py-BDA-COF,
exhibit stronger absorption in the visible light spectrum than
the 2D Py-BDA-COF. This observation highlights the
advantages of extended conjugated structures. Using Tauc
plot analysis, the optical band gaps (Eg) of Py—N—S-COF, 3D-
Py-BDA-COF, and 3D-Py-BDA-S-COF were calculated to be
1.70, 2.13, and 1.9 eV, respectively, which are narrower than
that of their corresponding Py-N-COF and Py-BDA-COF
(2.20 and 2.34 eV) (Table 1). This is due to the enhanced
electron delocalization and extended conjugation in Py—N—S-
COF, 3D-Py-BDA-COF, and 3D-Py-BDA-S-COF, enhancing
regularity within the molecular backbone and resulting in
higher electron conductivity. The flat band position (Eg)
values of these COFs were derived by Mott—Schottky curves
at different frequencies (1000, 2000, and 3000 Hz) at their
corresponding isoelectric points (Figure $20). Accordingly, the
Ey, values of Py-N-COF, Py—N—S-COF, Py-BDA-COF, 3D-
Py-BDA-COF, and 3D-Py-BDA-S-COF were fitted to be
—0.73, —1.08, —0.61, —0.75, and —0.84 V vs Ag/AgCl],
respectively. Hence, the Ecp for the corresponding COFs,
when referenced to standard hydrogen electrodes, were
calculated to be —0.53, —0.88, —0.41, —0.55, and —0.64 V
vs NHE, respectively (Table 1). Based on the equation Ecp =
Eyp — E, the valence band (Ey) potentials of the COFs were
calculated to be +1.67, +0.82, +1.93, +1.58, and +1.26 V vs.
NHE, respectively (Figure 4b).

Next, the photocarrier transfer and charge separation
resistance were assessed through electrochemical impedance
spectroscopy (EIS), transient photocurrent, and photolumi-
nescence tests. In Figure 4c, 3D-Py-BDA-S-COF showed the
minimal capacitance arc radius after fitting all of the samples
into Nyquist curves, implying the fast transport of photo-

generated carriers. The Rcr values of each COF are shown in
Table S4. Likewise, Py—N—S-COF and 3D-Py-BDA-COF
exhibited smaller charge transfer resistances than their pristine
Py-N-COF and Py-BDA-COF, suggesting that alterations in
the planar or interlayer structures of COFs could influence the
interfacial charge transfer rate. As seen in Figures 4d and S21,
3D-Py-BDA-S-COF demonstrated the largest transient-photo-
current response through multiple rounds of on—oft photo-
current testing and the lowest emission peak intensity (1 =
370 nm), potentially indicating more effective charge
separation of photogenerated excitons under visible light
irradiation. The PL decay lifetime traces further indicate that
the 3D-Py-BDA-S-COF possesses longer photocarrier lifetimes
(Figure S22). These observations could be primarily attributed
to the strong conjugation effect between both the interlayers
and the planes in 3D-Py-BDA-S-COF.

To further corroborate our findings, we conducted ultrafast
transient absorption spectroscopy. As shown in previous
reports,”” this method measures the change in absorbance
AA as a function of wavelength and time after photoexcitation,
an approach which allows us to track charge carriers on much
shorter time scales after photoexcitation compared to the
fluorescence techniques used above. The Py-BDA-COF, 3D-
Py-BDA-COF, and 3D-Py-BDA-S-COF were analyzed to
obtain a systematic understanding of the transient photo-
response of the COFs incurred by postsynthesis modification
(PSM). When excited with a short 170 femtosecond (fs) pump
pulse at 343 nm, all three materials showed strong photo-
induced or excited state (ESA) absorption features in the S00—
750 nm probe window (Figures Sa—c and S$23). Two
interesting trends can be deduced from the ESA profiles; (1)
with gradual structural modifications from 2D to 3D to more
conjugated S-containing 3D, the ESA spectrum peak
significantly red-shifts, and (2) the decay dynamics of the
ESA also changed noticeably during 2D to 3D structural
transition. The ESA apexed at ca. 650 nm in 2D Py-BDA-COF,
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which red-shifted to 730 nm in 3D-Py-BDA-COF, and further
to 750 nm for 3D-Py-BDA-S-COF. As ESA features in COFs
can most likely be ascribed to higher S; — S, transitions, this
red-shift signifies that the energy gap between the excited
states decreased during 2D-to-3D transition. This observation
can be justified by considering the augmented extended
conjugation inflicted by the structural changes of the COFs.
We conject that the 3D-Py-BDA-S-COF features enhanced
electronic delocalization more than the 3D-Py-BDA-COF,
which again showed better delocalization than the pristine 2D
COF, thereby demonstrating the observed red-shift of ESA.

On the other hand, the change in ESA decay dynamics can
be noted where the Py-BDA-COF and 3D-Py-BDA-COF
decayed in biexponential pathway (Figure 5Sd,e) while 3D-Py-
BDA-S-COF decayed via a three-exponential model, implying
three relaxation pathways (Figure Sf). In 2D COF, two
sequential decays with 7, = 85 and 7, = 1841 ps time constants
were recorded, whereas in 3D-Py-BDA-COF, the decay time
changed to 7; = 39 and 7, = 2706 ps. For 3D-Py-BDA-S-COF,
by the structural transition from imine to thiazole, the fast 39
ps time scale extends significantly to 183 ps, yet a shorter decay
component of 4 ps appears. The latter appearing only in the
thiazole linkage is most likely also due to defect trapping at
sites that do not present in the imine-based COFs.** ™" Thus,
7, = 183 ps and the slowest pathway (7 = 2850 ps) correspond
to 7; and 7, in Py-BDA-COF and 3D-Py-BDA-COF,
respectively, which could be explained by the electron diffusion
and recombination of electrons with trapped holes. A longer 7,
indicates an increased potential for active electron utilization
and transfer to other trapping sites. Furthermore, extended
dissipation within shallow traps promotes electron activity,
contributing to enhanced photocatalytic efficiency.”*” In
brief, compared to the 2D COF, the 3D-Py-BDA-S-COF
exhibits enhanced charge separation, allowing more active
electrons to participate in photoreduction reactions, which, in
turn, favors the enhancement of photocatalytic activity. Thus,
the change in decay profile suggests a change in the generic
structure of the material, which further endorses the skeletal
change during the 2D imine-to-3D thiazole transition of the
COF structures.

Photoreduction of Nitrobenzene. The photocatalytic
reduction of nitroaromatic compounds to synthesize amines is
of great significance, given that amines are pivotal constituents
in many chemical processes.”> > However, most catalysts for
this reduction involve metals or require elevated temper-
atures.’® Designing efficient photocatalysts for visible light-
driven selective reduction of nitro compounds is an important
challenge. On this premise, the photocatalytic activity of the
synthesized COFs was evaluated in the photoreduction of
nitroaromatic compounds to anilines, with the reduction of
nitrobenzene to aniline serving as the model reaction. In this
process, hydrazine hydrate served as a hydrogen donor,
yielding nontoxic N, and H,O as byproducts. Additionally,
ethanol was employed as an environmentally friendly solvent,
coupled with its role as a sacrificial electron donor (the
oxidation potential of CH;CH,OH/CH;CHO = —0.25 V vs
NHE at pH 7), which facilitates the progression of the
photocatalysis process. Initially, the photocatalytic perform-
ance of the synthesized COFs for the reduction of nitro-
benzene was evaluated at room temperature under 300 W Xe
lamp irradiation (light intensity on sample = 42 mW cm™?)
(Table 2). The 2D imine-linked Py-N-COF and Py-BDA-COF
showed negligible catalytic activity in the photoreduction of

Table 2. Photocatalytic Reduction of Nitrobenzene by
Various COFs under Different Reaction Conditions”

NO, NH,

5 mg COFs

EtOH, RT
Visible light

entry photocatalyst time (h) N,H,-H,O (equiv) conv./sel. (%)

1 Py-N 3 s 3

2 Py-BDA 3 s 2

3 Py—N-S 3 5 83/>99
4 3D-Py-BDA 3 S 22/>99
5 3D-Py-BDA-S 3 5 >99/>99
6 3D-Py-BDA-S 3 0 trace

7  3D-Py-BDA-S 3 0 trace

8° 3D-Py-BDA-S 3 0 20/>99
94 3D-Py-BDA-S 3 S trace

10 no photocatalyst 3 N trace

11¢ 3D-Py-BDA-S 12 S >99/>99
12 3D-Py-BDA-S 3 s 45/>99
13° 3D-Py-BDA-S 3 S 38/>99

“Standard conditions: substrate 0.1 mmol, S mg of COFs, ETOH 1
mL, N,H,-H,O (0.5 mmol), Ar (1 atm), 300 W Xe lamp, rt, 3 h,
dodecane as an internal standard. bUsing H, (balloon) as hydrogen
donor. “Using NaBH,, as hydrogen donor. FWithout light irradiation.
“White LED lamps (15 W). sting AgNOj as an electron scavenger.
#Replacing EtOH with acetonitrile (ACN).

nitrobenzene (Table 2, entries 1 and 2). In contrast, the 2D
thiazole-linked Py—N—S-COF with extended planar conjuga-
tion achieved an 83% conversion of nitrobenzene to aniline
within 3 h (Table 2, entry 3). Then, 3D-Py-BDA-COF, with
the interlayer conjugation in the z-direction but without the
thiazole units, exhibits a nitrobenzene conversion of 22%
(Table 2, entry 4). The 3D-Py-BDA-S-COF with full
conjugation in all 3 dimensions achieves full conversion of
nitrobenzene (>99%) (Table 2, entry S). Here, we emphasize
that the CB position of Py-BDA-COF is —0.41 V, which is
more positive than the reduction potential of nitrobenzene
(—0.48 V) (Figure 4).>>>7 As a result, this reduction process is
thermodynamically impossible over Py-BDA-COF. However,
after structural modification, the reduction ability of 3D-Py-
BDA-S-COF, characterized by a CB of —0.64 V, was
significantly enhanced along with an improved charge transfer
capability. This enhancement resulted in exceptionally high
photoactivity for 3D-Py-BDA-S-COF. The tendency toward
photocatalytic ability of these COFs is consistent with these
findings.

Next, we tested different reducing agents (hydrogen
sources) for the reduction of nitrobenzene using 3D-Py-
BDA-S-COF as the photocatalyst. Only trace aniline was
detected when N,H,-H,O was absent or H, was used as a
hydrogen source (Table 2, entries 6, 7). Additionally, using
NaBH, instead of N,H,H,O led to a significantly reduced
nitrobenzene conversion for 3D-Py-BDA-S-COF (20 vs 99%)
(Table 2, entry 8). Furthermore, in the absence of a light
source or photocatalysts, almost no aniline was detected,
indicating that this is a photocatalytic process (Table 2, entries
9—10). Even when we replaced the 300 W Xe light with a
lower energy-consuming light source (15 W White LED lamp),
still full conversion (>99%) from nitrobenzene to aniline was
obtained within 12 h of radiation (Table 2, entry 11). In Table
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2, entries 12 and 13, the conversion was significantly reduced
when AgNO; (e scavenger) was added to the photocatalytic
reaction or when the hole scavenger EtOH was replaced with a
redox-stable organic solvent (ACN), emphasizing the pivotal
roles of photogenerated electrons and holes in the reduction of
nitrobenzene to aniline.

Following the excellent performance of 3D-Py-BDA-S-COF
in the reduction reaction of nitrobenzene, a series of
nitroaromatic compounds was explored. As summarized in
Table SS, all examined nitroaromatic compounds could be
completely converted (>99%) to their respective aniline
products within 3—4 h. Besides, compared with the other
catalysts for light-driven nitrobenzene reduction, 3D-Py-BDA-
S COF performed best among the metal-free photocatalysts,
mostly due to its highly conjugated structure (Table S6).

Proposed Mechanism of Nitrobenzene Reduction.
There are currently two potential pathways described in
literature for the photocatalytic reduction of nitrobenzene to
aniline.””® As depicted in Figure 6a, nitrobenzene (denoted
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Figure 6. (a) Possible mechanisms of the 3D-Py-BDA-S-COF for the
reduction of nitrobenzene to aniline. (b) Calculated adsorption
energies and optimized geometries (top and side views) of
nitrobenzene on Py-BDA-COF, 3D-Py-BDA-COF, and 3D-Py-BDA-
S-COF. The lower adsorption energy (far away from zero) denotes
stronger adsorption. The atom colors are elaborated in the figure.

by A) can be directly reduced to aniline (denoted by D) or
undergo a condensation reaction with nitrosobenzene
(denoted by B) and phenylhydroxylamine (denoted by C),
resulting in azobenzene (denoted by E) which subsequently
yields aniline. In order to explore which mechanism prevails in
this particular system, we applied GC-MS to monitor the
intermediates. First, (B) and (C) were detected, indicating
their involvement in the production of aniline (Figure S24).
To further determine the reaction pathway, (E), a compound

exclusive in Pathway 2, was used as the substrate instead of
(A). The results showed a negligible amount of (D),
suggesting that Pathway 2 is not active in our photocatalytic
system. As mentioned above, ethanol acts as a hole scavenger.
We also wondered whether it could serve as a hydrogen donor
in the production of aniline. Therefore, we performed a series
of reactions without hydrazine hydrate. As is shown in Table
S7 Entry 2, only trace aniline was detected after 3 h. Even with
ethanol adjusted to pH 5 using diluted HCI to enhance the
hydrogen supply for the reduction of nitrobenzene, a low yield
of aniline (8%) was obtained (Table S7 Entry 3). We further
calculated the yields of B and C in the absence of N,H,-H,O,
finding that the predominant product was C, with yields of
63—65%, while the yield of B was 9—12% (Table S7, Entries 2
and 3). Herein, we infer that ethanol provides a hydrogen
source for the reduction of A to C, which is a photocatalytic
process. Indeed, ethanol provides some protons but insufficient
hydrogen for efficient nitrobenzene reduction, leading to low
aniline yield. To verify this hypothesis, C was utilized as a
substrate with N,H,-H,O as the hydrogen source under
identical conditions, yielding aniline at 85% even in the dark
after 2 h (Table S7 Entry 4). Thus, the above experiments
collectively suggested that ethanol primarily acts as a hole
scavenger to prevent recombination and partially aids nitro-
benzene reduction, while N,H,-H,O supplies sufficient
hydrogen, especially for converting C to aniline.

Based on the above analysis, a possible mechanism for the
photocatalytic reduction of nitrobenzene in the visible light
range is illustrated in Figure 6a. When illuminated by visible
light, the 3D-Py-BDA-S-COF generates photogenerated
electron—hole pairs. The holes, produced at the VB of the
COF, rapidly oxidize N,H,-H,O, resulting in the formation of
N,, H,0, and H, while ethanol also consumed holes and
reacted to produce acetaldehyde and H'. Concurrently, the
photoinduced electrons on the CB of 3D-Py-BDA-S-COF
efficiently participate in the reduction reaction. Nitrobenzene
undergoes a stepwise reduction process, initially converting to
nitrosobenzene and subsequently to phenylhydroxylamine,
ultimately yielding aniline.

Density functional theory (DFT) calculations were
employed to explore the adsorption behavior nitrobenzene
on different COFs, using the CPCM (ethanol)/B3LYP-
D3(BJ)/6-31+G* level of theory.””~® Further computational
details are provided in the Supporting Information. Various
adsorption sites were examined for the Py-BDA-COF, and our
calculated adsorption energies (E,q,) reveal that nitrobenzene
adsorbs more strongly to the pyrene moiety (—12.45 kcal
mol™") than to other sites (Figure S25). Consequently, only
the pyrene moiety was considered for further adsorption
investigations. As depicted in Figure 6b, the 2D imine-linked
Py-BDA COF exhibits an adsorption energy of —12.45 kcal
mol™!, indicating a relatively weak interaction with nitro-
benzene compared to other COFs. In contrast, after polymer-
ization of the BDA monomer, the 3D-Py-BDA-COF shows an
enhanced adsorption energy of —13.39 kcal mol™!, suggesting
that polymerization along the z-axis strengthens the interaction
of the COF with nitrobenzene. Notably, converting the imine
linkages to thiazole linkages in the 3D-Py-BDA-S-COF results
in the highest adsorption energy of —13.85 kcal mol™},
attributed to a more fully conjugated system. A similar trend is
observed in another 2D COF system, as shown in Figure S26,
where the 2D imine-linked Py-N-COF has lower adsorption
energy for nitrobenzene compared to the 2D thiazole-linked
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Py—N-S-COF, highlighting the role of planar conjugation in
enhancing interaction. Based on DFT calculations and
experimental data, we propose that the thiazole linkages in
3D-Py-BDA-S-COF enhance nitrobenzene adsorption, while
polymerization along the z-axis provides additional pathways
for charge transfer.

Finally, we studied the recyclability of the 3D-Py-BDA-S-
COF. For this purpose, the 3D-Py-BDA-S-COF was recycled
via filtration and then subjected to sequential washing with
ethanol and acetone repeatedly. We need to caution that
recycling experiments should not be conducted when the
catalyst has reached complete conversion, as this may obscure
the onset of deactivation. A conversion around 50% is ideal for
recyclability tests.’”®* Therefore, in our study, we first
monitored the conversion rate of the photocatalytic reaction
over time and filtered the photocatalyst after a time that
corresponds to around 50% conversion, which was 1 h (Figure
S27). The recovered 3D-Py-BDA-S-COF was dried under
vacuum and reused in following cycle under same conditions.
As shown in Figure S28, the 3D-Py-BDA-S-COF showed good
reusability after S runs. It is noteworthy that the selectivity of
nitrobenzene was maintained at 100% in every recycling
experiment. The FT-IR and PXRD patterns of the spent 3D-
Py-BDA-S-COF, compared with those of the fresh one
(Figures S29 and S30), displayed no noticeable difference
after usage. XPS analysis was conducted to evaluate the
elemental differences before and after the photocatalytic
reaction. The findings revealed negligible changes in the
binding energies of the primary peaks (S 2p, C 1s, N 1s, and O
1s), and the S content remained stable at approximately 14%
before and after cycling (Figure S31). Moreover, SEM
characterization confirms that the morphology of 3D-Py-
BDA-S-COF remains unchanged after recycling experiments
(Figure S32). All of these results imply the excellent activity
and stability of 3D-Py-BDA-S-COF in the photocatalytic
reduction of nitrobenzene to aniline. We tested the materials in
photocatalytic H,O, production and found that Py-BDA-COF,
3D-Py-BDA-COF, and 3D-Py-BDA-S-COF achieved H,0,
generation rates of 296, 428, and 1345 pmol g_1 h
respectively. This trend further confirms that enhanced
conjugation boosts the photocatalytic activity, which is in
line with our observations from the nitrobenzene reduction
experiments.

B CONCLUSIONS

In summary, we have successfully constructed a novel fully
conjugated 3D-Py-BDA-S-COF via a one-pot sulfurization
process. In the planar direction, the pristine 2D imine-linked
Py-BDA-COF transformed to a highly conjugated thiazole-
linked structure. Meanwhile, solid-state thermal polymerization
of BDA moieties in the interlayer direction led to the
conversion of diacetylene bands (—C=C-C=C-) to
—C=C-C=C- bonds, resulting in the alternating presence
of double and triple bonds in the z-direction. This achievement
enables the transformation from a 2D layered COF (Py-BDA-
COF) to a fully conjugated 3D COF (3D-Py-BDA-S-COF).
Despite the cyclization of thiazole bonds and the thermal
polymerization process, 3D-Py-BDA-S-COF maintains a high
crystallinity of the framework. This fully conjugated COF
exhibits significantly enhanced photoelectronic properties,
achieving nearly complete conversion in the photocatalytic
reduction of nitrobenzene. These benefit from the fact that the
fully conjugated structure provides more paths for photo-

generated carriers and improves the separation efficiency of
photogenerated electrons and holes and the lifetime of
photogenerated carriers, as shown by electrochemical charac-
terization, PL measurements, and ultrafast TA spectroscopy.
These easily synthesized 3D fully conjugated COFs are
excellent and stable photoactive materials for a whole range
of applications, including photocatalysis, light emission, and
sensing.
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