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In light of the widespread use of fossil fuels and the resulting environmental pollution, it is crucial to

develop efficient photocatalysts for renewable energy applications that utilize visible light. Organic photo-

catalysts based on B-ketoenamine offer several advantages, including facile preparation, high stability,

structural controllability, and excellent photovoltaic properties. However, in previous studies, the synthesis

of porous organic polymers (POPs) often involved long, high-temperature processes. In this study, POPs

with donor (D)-acceptor (A) structure were constructed by utilizing various branched bridging groups and

2,4,6-triformylphloroglucinol, across multiple temperature gradients. Through adjustments in hydro-

thermal temperature, we successfully synthesized a series of POPs with varying enol-keto structure
ratios. Among these POPs, the dimethoxybenzidine-POPs (DMDPOPs) with methoxy electron-rich
branched chains exhibited superior photovoltaic performance, electron transfer rate, and photocatalytic
activity compared to the dihydroxybenzidine-POPs (DHDPOPs) with electron-deficient hydroxyl branched
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1. Introduction

Selective oxidation of raw organic materials into high-value
chemicals plays a crucial role in the production of biomedi-
cine, dyes, chemical intermediates, perfumes, and various
industrial products.’ To relieve the substantial consumption of
fossil energy and the resulting environmental pollution, there
is a growing need for cleaner and more environmentally sus-
tainable production methods.”™ Especially, in response to the
increasing importance of renewable solar energy research,
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chains. Notably, DMDPOP-30 demonstrated outstanding performance, achieving a conversion rate of
98% within 3 h. Additionally, other POPs exhibited favorable conversions (90%), further confirming the
feasibility of this synthetic approach. Moreover, the synthesis of DMDPOP-30 was achieved under mild
conditions at room temperature, highlighting its significant potential for practical applications.

scientists have made significant progress in developing a wide
range of high-performance, stable, and recyclable photocata-
lysts for organic synthesis.>® In particular, imines, which serve
as crucial intermediates in the pharmaceutical and biological
domains, have attracted considerable interest, particularly in
the context of photocatalytic aerobic oxidative coupling of
amines.””” While traditional semiconductor materials such as
TiO, and C3;N, have been applied in these areas, they have
certain limitations, including low light utilization efficiency,
rapid recombination of electron-hole pairs, and limited struc-
tural adaptability.'"”'" Porous organic polymers (POPs) rep-
resent a class of meticulously designed porous polymeric
materials formed through covalent bonding. POPs offer the
advantage of versatile organic building block designs, enabling
the achievement of a substantial surface area, a tailored pore
structure, and specific functionalization."®"? As a result, they
have garnered extensive attention and become a focal point of
research.'*'°

Organic photocatalysts featuring f-ketoenamine as their
core have gained significant attention from researchers due to
their ease of synthesis, high stability, tunable structure, and
impressive photovoltaic properties.'””*® This structural motif
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has found widespread application in covalent organic frame-
works (COFs), which are metal-free crystalline organic porous
materials. Research on the photocatalytic capabilities of these
COFs is growing, with interest in various applications such as
photocatalytic organic degradation, CO, reduction, hydrogen
production, and organic conversion.>*** However, the conven-
tional synthesis of COFs typically involves solvothermal reac-
tions at elevated temperatures (120-150 ©°C) often under
vacuum or inert atmospheres.”>?*® In light of the increasing
emphasis on sustainable synthesis and cost-efficiency, there is
a pressing need to identify catalysts that can be prepared
under low temperatures and straightforward conditions.
Enhancing photocatalytic performance involves construct-
ing a Donor (D)-Acceptor (A) structure within the photo-
catalyst, facilitating the spontaneous transfer of charges from
D to A.>”*® Previous research has demonstrated that D-A struc-
tures effectively reduce the band gap, enhance charge transfer
rates, and prolong carrier lifetimes.>**' Additionally, incorpor-
ating m units can impact the electron acceptor domain, expe-
diting charge transfer and the migration of photoexcited
electrons.’>*® The aim of this study was to develop
B-ketoenamine-based POPs with distinct electron-rich and elec-
tron-deficient branched z-units to enhance benzylamine oxi-
dative coupling. Our approach involved modulating thermo-
dynamic and kinetic factors, which represents a significant
stride towards efficient and sustainable photocatalytic systems.

2. Experimental section
2.1. Reagents and materials

All reagents were purchased from commercial sources.
Specifically, 2,4,6-triformylphloroglucinol, 3,3’-dimethoxyben-
zidine, 3,3'-dihydroxybenzidine, benzylamine, acetonitrile,
chlorobenzene, silver nitrate and KI were purchased from
Aladdin, whereas N-benzylidenebenzylamine, homotrimethyl-
benzene, 1,4-dioxane and tert-butanol were purchased from
Macklin. All reagents were of analytical grade and were used as
received without further purification.

2.2. Preparation

Synthesis of dimethoxybenzidine-POP-X. In a reactor, 2,4,6-
triformylphloroglucinol (42 mg, 0.2 mmol) and 3,3'-dimethoxy-
benzidine (73.2 mg, 0.3 mmol) were dispersed in a solution
comprising 1.5 mL of homotrimethylbenzene and 1.5 mL of
1,4-dioxane, along with the addition of 180 pL of acetic acid as
a catalyst. The mixture was stirred at 30 °C for 72 hours.
Afterward, the mixture was thoroughly washed with acetone
and then dried under vacuum at 100 °C for 12 hours. The final
sample was named DMDPOP-30. Similarly, other DMDPOP-X
samples were subjected to a hydrothermal method in a high-
temperature reactor, maintained at 60, 90, 120 or 150 °C for
72 hours.

Synthesis of dihydroxybenzidine-POP-X. In a reactor, 2,4,6-
triformylphloroglucinol (42 mg, 0.2 mmol) and 3,3'-dihydroxy-
benzidine 64.8 mg (0.3 mmol) were dispersed in a solution
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comprising 1.5 mL of homotrimethylbenzene and 1.5 mL of
1,4-dioxane, along with the addition of 180 pL of acetic acid as
a catalyst. The mixture was stirred at 30 °C for 72 hours.
Afterward, the mixture was thoroughly washed with acetone
and then dried under vacuum at 100 °C for 12 hours. The final
sample was named DHDPOP-30. Similarly, other DHDPOP-X
samples were subjected to a hydrothermal method in a high-
temperature reactor, maintained at 60, 90, 120 or 150 °C for
72 hours.

2.3. Photocatalytic tests

In the photocatalytic reaction, the reactor was initially purged
with oxygen for 30 minutes to displace the air and ensure an
oxygen-rich environment for the reaction. Subsequently, a
mixture containing 5 mg of the as-prepared POPs, 0.2 mmol of
benzylamine, 1 mL of acetonitrile as the solvent, and 10 pl of
chlorobenzene as an internal standard was subjected to
5 minutes of ultrasonication to achieve thorough mixing. This
prepared mixture was then introduced into the reactor for the
reaction. The reaction was conducted under the illumination
of a blue LED (460 + 15 nm, 10 W) lamp as the light source.

2.4. Characterizations

Powder X-ray diffraction (PXRD) measurements were con-
ducted using an Empyrean instrument, and the spectra were
collected in the range of 2.5 to 30° at room temperature.
Fourier transform infrared spectroscopy (FTIR) data was
acquired across the range of 600 to 4000 cm™" using a TENSOE
27 FTIR spectrometer with KBr pellets. All spectra were col-
lected under ambient atmospheric conditions, and the trans-
mittance (%) was plotted against wavenumbers. Solid-state
NMR experiments were conducted using a Bruker WB Avance
I 400 MHz spectrometer. The ">C CP/MAS NMR spectra were
obtained using a 4 mm double-resonance MAS probe, which
operated at a sample spinning rate of 10.0 kHz. X-ray photo-
electron spectroscopy (XPS) is tested using the AXIS SUPRA +
X-ray photoelectron spectrometer model. The N, isotherms
and specific surface areas were determined at 77 K using a
Micromeritics ASAP 2020 HDS88 instrument employing the
Brunauer-Emmett-Teller (BET) model. Before N, physisorp-
tion, the samples were degassed in a vacuum (<1 x 107" bar) at
200 °C for 12 hours in the Micromeritics system. Additionally,
porosity distributions were determined using the nonlocal
density functional theory (NLDFT) method. Thermal field
emission scanning electron microscopy (TFE-SEM) measure-
ments were performed using a JSM-7610F instrument, operat-
ing at an acceleration voltage ranging between 5 and 10 kV.
The UV-vis diffuse reflectance spectra (UV-vis DRS) of the
POPs were measured within the range of 300 to 800 nm using
a Cary5000 UV-vis spectrophotometer (Agilent) equipped with
a diffuse reflectance measurement accessory, employing BaSO,
as a reflectance standard. Photoelectron Spectroscopy (UPS) is
tested using the Thermo ESCALAB XI+ spectrometer model.
Thermogravimetric analysis (TGA) spectra were recorded using
a TG DTA7300 thermogravimeter under an N, atmosphere,
with a heating rate of 10 °C min~" from 30 °C to 800 °C. Upon
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completion, the reaction mixture underwent analysis via gas
chromatography (GC), followed by product identification utiliz-
ing gas chromatography-mass spectrometry (GC-MS) using an
Agilent 7890A instrument.

2.5. Electrochemical measurements

Electrochemical measurements were performed using an HC
instrument in a three-electrode electrochemical cell connected
to an electrochemical workstation. To prepare the working
electrodes, 2 mg of the catalyst was dissolved in 1.0 mL of
absolute ethanol, followed by the addition of a 50 pL mixed
solution containing Nafion. The solution was then sonicated
for 30 minutes, and 50 pL of the resulting mixture was drop-
cast onto the ITO surface, covering an illuminated area of z x
(1)* em?. Afterward, the samples were dried at room tempera-
ture with supplemental infrared irradiation. Subsequently, 0.1
M Na,SO, was introduced as the aqueous electrolyte. The refer-
ence and counter electrodes were the Ag/AgCl electrode and
platinum wire, respectively. In addition, twelve blue LEDs
emitting light at a wavelength of 460 + 15 nm were positioned
2 cm away from the photoelectrochemical cell as the light
source. Photocurrent measurements were conducted with light
on-off cycles of 30-second intervals and a scan rate of 100 mV
s~'. Technical terminology was defined upon initial mention.
Mott-Schottky measurements were performed under dark con-
ditions at frequencies of 500 Hz and 1000 Hz. Furthermore,
electrochemical impedance spectroscopy (EIS) was conducted
under light irradiation at a bias potential of +0.5 V.

3. Results and discussion

Scheme 1 illustrates the synthesis of the crystalline framework
using 3,3’-dimethoxybenzidine with electron-rich side chains
and 3,3-dihydroxybenzidine with electron-deficient side
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chains as bridging units, reacting with 2,4,6-triformylphloro-
glucinol. This synthetic process involves a reversible Schiff
base reaction that generates the crystalline framework and an
irreversible enol-keto tautomeric isomerization, enhancing
stability by forming enol-keto structures within the POPs. The
synthesis of distinct POPs under various temperature gradients
was achieved through controlling reaction temperature.

XRD analysis was performed to investigate the crystallinity
of different POP catalysts. In the case of DMDPOP-30, a promi-
nent diffraction peak is observed at 26 = 2.98°, corresponding
to the (100) crystallographic plane (Fig. 1a). This indicates a
high degree of crystallinity and a well-ordered structural
sequence for efficient electron transport and transfer. The
Materials Studio software was used to create a simulated
material with an AA stacking structure. The lattice parameters
were set to @ = b = 30.8 A, c = 3.48 A, and a = f = 90°, y = 120°
to enable a detailed analysis of the crystal structure. Table S1f
provides comprehensive crystal structure information and XRD
pattern comparisons between experimental and simulated
data, demonstrating their high consistency. The experimental
peaks at 3.12° and 14.2° were matched with the simulated
crystal faces, corresponding to the (100) and (210) planes,
respectively. Generally, all POPs exhibit characteristic peaks
around 5°, confirming their crystalline nature as polymers
(Fig. 1a). Additionally, the presence of stable diffraction peak
spectra suggests that all POPs possess a stable and ordered
structure. The formation of packet peaks around 26°, attribu-
ted to the m-m stacking interaction, further indicates an
organic polymeric structure formation. However, the presence
of packet peaks also suggests that the POPs are not highly
crystalline.

The Brunauer-Emmett-Teller (BET) specific surface areas
of DMDPOP-X were 52.4, 57.1, 86.9, 214.7, and 331.8 m* g!
respectively (Fig. 1b). Synthesizing DMDPOP-X under different
temperature gradients revealed a correlation between higher
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Scheme 1 Designing POP structures with electron-rich n-electron (i.e., DMDPOP-X) and electron-deficient n-electron (DHDPOP-X) systems.
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Fig. 1 XRD patterns of DMDPOP-X and DHDPOP-X (a); N, adsorption—desorption isotherms of DMDPOP-X and DHDPOP-X (b); pore size distri-

bution of DMDPOP-X and DHDPOP-X (c).

temperatures and larger specific surface areas. This suggests
that thermodynamically driven synthesis of electron-rich
branched POPs yields more microporous structures with
increased active sites. The lower specific surface area of
DMDPOP-30 could be attributed to the collapse of the pore
structure caused by constant stirring during synthesis. The
specific surface areas of DHDPOP-X with the electron-deficient
hydroxyl group as the branched chain were 129, 110, 85, 115.3,
and 101 m* g™, respectively (Fig. 1b). These values exhibited
similar curves and a relatively balanced distribution of specific
surface areas compared to those of POPs with electron-rich
branched chains. This suggests that different branched chains
influence the microstructure of POPs in terms of relative
specific surface area and microporous structure.*® The syn-
thesized series of POPs in this study exhibited lower specific
surface areas. This was primarily due to constraints on crystal
growth, such as synthesis temperature and reaction time. Lower
synthesis temperatures and shorter reaction periods limited
crystal growth, resulting in reduced surface areas. Furthermore,
the specific surface areas of the materials were significantly
impacted by their chemical composition and structural pro-
perties. The comparison between DMDPOPs and DHDPOPs
illustrated this. To increase the surface area, it is recommended
to use strategies such as raising the reaction temperature,
extending the reaction time, selecting specific bridging groups,
and performing post-synthesis steps such as washing, drying,
and activation. These measures offer a viable pathway for
enhancing the surface area of POPs. Additionally, the pore size
distribution diagram indicates that the polymer’s pore channels
primarily consist of micropores and mesopores (Fig. 1c).

FTIR analysis provides further insights into the structure
and chemical composition of DMDPOP-X and DHDPOP-X.
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Characteristic peaks at 1268, 1580 and 1612 cm™" indicate the
presence of C-N, C=C, and C=O0 stretching bonds, confirm-
ing the existence of the keto form (Fig. 2a).**?*® Additionally,
the bending vibration peak at 1297 cm™" corresponding to C-
OH suggests the presence of the enol form.?” The weakening
of the N-H stretching band at 3500-3300 cm™" indicates the
condensation of amino groups in aniline as a bridging group.
These signals confirm the successful synthesis of
f-ketoenamine linkages and the formation of the fundamental
bridging skeleton of POPs. The peak for stretching of aromatic
C=C and C-H are at 1450 cm™ " and 798 cm™", respectively.*®
Furthermore, a slight vibration at 2885 cm™" is observed, indi-
cating the asymmetric stretching of the methoxy C-H bond in
DMDPOP. DMDPOP-30 was synthesized at room temperature
and exhibits remarkable catalytic properties, holding great
potential for various applications. The solid-state "*C NMR
spectrum of DMDPOP-30 is presented in Fig. 2b. Notably, the
keto form displays a characteristic peak at 180.8 ppm, repre-
senting the typical C—=0 bond,*® while the enol form exhibits
a characteristic peak at 175 ppm, indicating the presence of
the structural C-OH bond.***° These findings further support
the notion that the fundamental framework of POPs comprises
the keto-enol form, which aligns with the results obtained
from the FTIR analysis.

XPS was employed to investigate the conformational ratio of
keto to enol in the prepared DMDPOP-X samples. The
f-ketoenamine POPs tested are composed of C, N and O
elements as shown by the total XPS spectra (Fig. 3a). Fig. 3b-f
illustrate the peaks observed at approximately 400.3 eV and
399.8 eV, which correspond to the keto form (-C-NH-) and the
enol form (-C=N-),** respectively. By analyzing the peak
intensities, it is possible to calculate the relative contents of

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00391h

Published on 15 April 2024. Downloaded on 10/26/2025 4:58:54 PM.

Nanoscale

View Article Online

Paper

b ~ d
@) DMDPOP-150 C=0||c=Cl|c-oH ®) ® e
N ~—— SO~ e | .
pprory /\/\ a o 1]/'bl az %’h/' b
__ | _ompror-9o MY “ L‘;@IN o PR
(4 1 \ ! T
S | pHDPOP-60 M\ 0 J " u 0 u
8 | DHDPOP-30
g DMDPOP-150 et ‘
~—
'S | DMDPOP120 /\f\/
E
& | pmpPOP-9% | b(1sol§'(l75'1)
DMDPOP-60 ” | S
DMDPOP-30 ”
V/"’ S
4000 3500 3000 2500 2000 1500 1000 : P i
200 150 100 50

Wavenumber (cm™)

Fig. 2 FT-IR spectra of DMDPOP-X and DHDPOP-X (a); *C CP-MAS soli

Chemical Shift (ppm)

d-state NMR spectra of DMDPOP-30 (b).

(a) (b) (c)
DMDPOP-150_ | N
DMDPOP-120
< | bmpror-so = b
H ] Z
= 2 St
2 E} £
= DMDPOP-60 = =
=
DMDPOP-3
800 700 600 500 400 300 200 100 0 410 408 406 404 402 400 398 408 406 404 402 400 398
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(d) (e ®
R & &
2 2 =2
i 2 2
= = =
408 406 400 398 408 406 404 402 400 398

404
Bindi

Fig. 3
(f).

(a) Full XPS and high-resolution XPS N 1s spectra of DMDPOP-30

the keto form and enol form in a semi-quantitative manner.
Kinetic control during the room temperature stirring synthesis
of DMDPOP-30 results in nearly equal proportions of the keto
form and enol form (Fig. 3b). As the hydrothermal synthesis
temperature increases from 60 °C to 120 °C, the proportion of
the keto form in DMDPOPs gradually increases. However, at a
hydrothermal temperature of 150 °C, the proportion of the

This journal is © The Royal Society of Chemistry 2024

402
ing Energy (eV) Binding Energy (eV)

(b), DMDPOP-60 (c), DMDPOP-90 (d), DMDPOP-120 (e) and DMDPOP-150

keto form decreases and approaches equilibrium with the enol
form (Fig. 3c—f). The C 1s XPS spectrum of DMDPOP-X exhibits
six distinct peaks at specific binding energies: 284.6 eV (C=C),
285.2 eV (C-C), 285.8 eV (C=N), 286.2 eV (C-N), 287.0 eV
(C=0), and 288.4 eV (C-0),>° as detailed in Fig. S1.}
Furthermore, the O 1s peaks predominantly arise from
methoxy branched chain C-O-C bonds at around 533.6 €V,
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enol-imine C-OH bonds at around 533.2 eV, and ketoenamine
C=0 bonds at around 530.7 eV (Fig. S21).** These obser-
vations suggest that the relative contents of the keto form and
enol form are influenced by both thermodynamics and kine-
tics, eventually reaching a relative equilibrium state at high
temperatures.

The surface morphologies of the p-ketoenamine POPs were
examined using SEM. The results indicate distinct mor-
phologies for different POPs. DMDPOP-30 exhibits a coral-like
shape; DMDPOP-60 shows a stacked lamellar structure;
DMDPOP-90 and DMDPOP-120 display a fine-fibrous state;
and DMDPOP-150 exhibits a mixed growth of lamellar and
fibrous structures (Fig. 4a-e). These observations suggest a cor-

Fig. 4 SEM images of DMDPOP-30 (a), DMDPOP-60 (b), DMDPOP-90
(c), DMDPOP-120 (d), DMDPOP-150 (e), DHDPOP-30 (f), DHDPOP-60
(g), DHDPOP-90 (h), DHDPOP-120 (i) and DHDPOP-150 (j).
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relation between the microstructure of electron-rich branched
POPs during hydrothermal synthesis and the enol-keto struc-
tures. Specifically, the enol-form tends to adopt a lamellar
structure, while the keto-form tends to exhibit a fibrous mor-
phology (Fig. 4f-j). On the other hand, the morphologies of
electron-deficient branched POPs are more similar, both of
which have a fiber-interlaced microstructure. This similarity in
microstructural features also corresponds to the close specific
surface area results. The variance in microscopic morphology
between the two types of POPs may be ascribed to the effect of
the nature of the branched chains on n-n superpositions.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) is a
technique used to assess the light absorption capacity of POPs.
The absorption of visible light in the POPs is attributed to
intramolecular charge transfer and the conjugated structure of
n-n stacking.*>** Both DMDPOP-X and DHDPOP-X exhibit sig-
nificant absorption capabilities in the visible light range.
Notably, DMDPOP-30 demonstrates exceptional absorption in
the 500-800 nm wavelength range compared to other electron-
rich branched POPs, enabling it to adapt to more complex
lighting conditions (Fig. 5a and b). By employing the Kubelka—
Munk function, the energy gaps (Eg) of DMDPOP-X are deter-
mined as follows: 1.83, 2.03, 2.12, 2.00, and 2.07 eV, individu-
ally. These results indicate that the keto-form in electron-rich
branched POPs can widen the band gap. Conversely, the
energy gaps of DHDPOP-X are 1.74, 1.87, 2.03, 1.83 and 2.06
eV, respectively (Fig. 5c¢ and d). Comparatively, POPs with
hydroxyl-deficient electron-branched chains exhibit narrower
band gaps and superior absorbance, which can be attributed
to keto—enol tautomerism and the electron push-pull effect.
Upon analysis of the Tauc plots, a linear relationship between
(ahv)? and hv was observed, confirming that the POPs in ques-
tion possess the characteristics of direct bandgap semi-
conductors.** This property enhances the absorption of visible
light, making them useful for applications in the fields of
photovoltaics and photocatalysis. Fig. S31 shows the valence
band top energies of the materials under vacuum conditions,
which were determined through UPS spectra analysis. The
valence band top energies for the DMDPOP-X and DHDPOP-X
series are 4.41, 5.18, 4.39, 4.25, 4.86, 4.15, 4.43, 4.08, 4.96, and
4.66 eV, respectively. However, it is worth noting that UPS
measurements are conducted in a high-vacuum environment
to prevent interactions between electrons and air molecules. In
contrast, electrochemical tests are performed in electrolyte
solutions, which more closely simulate actual application con-
ditions. Therefore, future studies will continue to use electro-
chemical methods to determine the band structure of these
materials.

To investigate the impact of electron-rich units and elec-
tron-deficient units on the charge separation and migration,
we examined the optoelectronic properties of DMDPOP-X and
DHDPOP-X, among which, DMDPOP-X demonstrated superior
photocurrent response and cyclic stability, indicating its excel-
lent ability to generate and separate photoexcited electron—
hole (e"-h*) pairs (Fig. 5e).>*?° Additionally, in electro-
chemical impedance spectroscopy (EIS), DMDPOP-X exhibited

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00391h

Published on 15 April 2024. Downloaded on 10/26/2025 4:58:54 PM.

View Article Online

Nanoscale Paper
1.2 12
(a) (b) (©
= DMDPOP-30
109 DMDPOP-60 10
DMDPOP-90
<08 S DMDPOP-120 o084
: ) ~——DMDPOP-30 :E = DMDPOP-150 : : ~——— DHDPOP-30
;’ DMDPOP-60 3 :’ DHDPOP-60
2 06 DMDPOP-90 = £0g{ —DHDPOP-9
DMDPOP-120 ~——— DHDPOP-120
—— DMDPOP-150 ——— DHDPOP-150
0.4 4 0.44
02 " . " . . 02 . . . A .
300 400 500 600 700 800 1.6 1.8 2.0 2.2 2.4 300 400 500 600 700 800
Wavelength (nm) hv (eV) Wavelength (nm)
e DMDPOP-30 === DHDPOP-30 .
(d) ——DHDPOP-30 (e) 4 DMDPOP-60 DHDPOP-60 (f)"z""‘"’ 1 S oyrors o
~ DMDPOP-90 ===DHDPOP-90 DMDPOP-90
DHDPOP-60 Q DMDPOP-120 —— DHDPOP-120 sioiiiid DMDPOP-120 L
——— DHDPOP-90 N ~———DMDPOP-150 = DHDPOP-150 . Do °
e - L]
——DHDPOP-120 0004 & D rop i . o
———DHDPOP-150 ® DHDPOP-150 . ¢ *

(aHV)?

°
L

1.6 18 2.0 2.2 24

hv (eV)

0

20 40 60 80 100 120 140 160
Irradiation time (s)

-60000

Z''/ohm

-40000

20000

04

L
20000

40000

L " L
60000 80000 100000

Z'/ohm

Fig. 5 UV-vis spectra (a) and Tauc plots (b) of DMDPOP-X; UV-vis spectra (c) and Tauc plots(d) of DHDPOP-X; the transient photocurrent densities

(e) and EIS spectra (f) of POPs.

smaller semicircle diameters, suggesting a higher efficiency of
charge migration (Fig. 5f). The aforementioned observations
may be ascribed to the electron-donating impact of the meth-
oxyl groups, which promotes intensive electron delocalization
and facilitates charge migration.

To estimate the conduction band (CB) positions of POPs,
electrochemical tests were conducted to obtain Mott-Schottky
curves (Fig. S41). All the curves exhibited positive slopes, indi-
cating that the POPs are n-type semiconductors with flat band
potentials (Vp,) relative to Ag/AgCl. The normalized hydrogen
electrode (NHE) was calculated using the equation (Expg =
Engiagcl + 0.22). The CB levels of DMDPOP-X and DHDPOP-X
were determined to be —0.15, —0.04, —0.02, —0.08, —0.12,
—0.02, —0.04, —0.40, —0.05 and —0.22 V (vs. NHE), individually.
The corresponding VBs were measured as 1.68, 1.99, 2.10,
1.92, 1.95, 1.72, 1.83, 1.63, 1.78, and 1.84 V (vs. NHE), as sum-
marized in Fig. 6. The holes generated by DMDPOP-X and
DHDPOP-X are sufficient for the oxidation of benzylamine.

Benzylamines find extensive applications as valuable inter-
mediates in the pharmaceutical and biological fields.
Photocatalytic selective oxidative coupling of Benzylamines
represents a green and mild production method. In this study,
we conducted photocatalytic experiments using DMDPOP-X
and DHDPOP-X catalysts further to investigate their differences
(Fig. 7a). The electron-rich branched DMDPOP-X catalyst
exhibited a relatively higher average conversion compared to
DHDPOP-X. Additionally, all POPs demonstrated a selectivity
of over 97% in generating oxidative coupling products. This
can be attributed to the superior photocurrent response and

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Calculated band structures of the ten POPs.

charge migration efficiency of the electron-rich branched
POPs. Notably, DMDPOP-30, DMDPOP-60, and DMDPOP-90
displayed exceptional conversion rates of 98%, 90%, and 90%.
The high conversion rates observed are independent of the
particular surface area and pore configuration. From a chemi-
cal structure perspective, the conversion rates are related to
keto-enol tautomerism and the electron push-pull effect.
When the ratio of keto-enol tautomerism is more balanced or
the keto-form dominates, it facilitates electron transfer,
thereby promoting the reaction.
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DMDPOP-30 is highly regarded for its mild synthesis con-
ditions and exceptional photoelectric and catalytic properties.
In the current study, the reaction kinetics were investigated
using DMDPOP-30 as a catalyst. As depicted in Fig. 7b, the
conversion consistently increases with reaction time, aligning
with a level 0 kinetic model. Furthermore, Fig. 7c demon-
strates that even after three cycles, DMDPOP-30 maintains a
conversion rate of over 80%, indicating its commendable
cycling performance and reaction stability. The FT-IR and SEM
images post-cycling reveal minimal alterations in the chemical
structure and microstructure compared to pre-cycling (Fig. S5
and S6f). In essence, the observations indicate that
DMDPOP-30 exhibits commendable chemical stability.
Additionally, the thermal stability of DMDPOP-30 is evident in
Fig. S7,7 where the catalyst experiences a weight loss of only
approximately 10% when heated to around 300 °C, showing its
favorable thermal stability. Considering its high crystallinity,
mild synthesis conditions, excellent performance, good cycling
performance, and thermal stability, DMDPOP-30 exhibits sig-
nificant potential for various applications.

To elucidate the mechanism of selective oxidation using
DMDPOP-30, a series of comparative experiments were con-
ducted (Fig. 7d). Under dark conditions, the conversion of the

8938 | Nanoscale, 2024, 16, 8931-8940

reaction significantly decreased, highlighting the importance
of light in the reaction. The conversion of 60% in the absence
of oxygen implies that oxygen is not a prerequisite for the reac-
tion to occur. To investigate the role of reactive oxygen species
(ROS), various agents were added to the reaction. The addition
of 1,4-benzoquinone (BQ, O, ~ scavenger), TEMPO ('O, scaven-
ger), and tertbutyl alcohol (TBA, "OH scavenger) did not effec-
tively inhibit the reaction, suggesting that reactive oxygen
species do not primarily drive the reaction. However, the
addition of AgNO; and KI, which act as photogenerated elec-
tron and hole scavengers respectively, effectively inhibited the
reaction. Fig. 8 illustrates the proposed mechanism of selective
oxidative coupling of benzylamine by DMDPOP-30 photo-
catalyst. Within the valence band (VB), benzylamine undergoes
oxidation, leading to the formation of nitrogen-centered
radical cations. Through a proton transfer process, the hydro-
gen protons within these nitrogen-centered radical cations
readily undergo cleavage, resulting in the generation of
carbon-centered radicals. These carbon-centered radicals then
react with the existing nitrogen-centered free radicals, ulti-
mately yielding N-benzylidene benzylamines.

To expand the application potential of DMDPOP-30, the oxi-
dation of other amines with diverse substituents was also con-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00391h

Published on 15 April 2024. Downloaded on 10/26/2025 4:58:54 PM.

Nanoscale

&
@

O NH,

o+

H',-NH,

o0
Fig. 8 Proposed mechanism of photocatalytic benzylamine oxidation
over DMDPOP-30.

Table 1 Photooxidation of benzylamine derivatives under visible light

Conversion  Selectivity
Entry  Substrate T(th) (%) (%)
1 4-Methoxybenzylamine 3.5 98 98
2 2-Methoxybenzylamine 3.5 92 97
3 4-Methylbenzylamine 3.5 99 97
4 4-Fluorobenzylamine 3.5 99 99
5 4-Bromobenzylamine 3.5 92 98
6 2-Picolylamine 3.5 84 99

Reaction conditions: DMDPOP-30 (5 mg), substituted benzylamine
(0.2 mmol), blue LEDs (460 + 15 nm), 1 atm O,, CH;CN (1 mL).

ducted. The results demonstrate excellent conversion for all
target substrates, indicating a consistent pattern across
different substituents. Particularly, the para-methoxy substitu-
ent exhibits superior enhancement to the photocatalytic per-
formance compared to the neighboring methoxy substituent,
attributed to the spatial site resistance effect (Table 1, entries 1
and 2). Furthermore, the conversion rate increases with the
electronegativity of halogen substituents, owing to the varying
electron density electronic effect of different substituents on
the benzyl group (Table 1, entries 3-5). Additionally, amines
containing heteroatom N also display enhanced conversion
(Table 1, entry 6), further emphasizing the universal efficacy of
DMDPOP in the photocatalytic oxidative coupling process of
diverse amines.

4. Conclusions

In this study, we successfully synthesized a series of
B-ketamine-based POPs with a donor-acceptor structure. The
construction of these POPs involved both kinetic and thermo-
dynamic regulation, utilizing different electron-rich and elec-
tron-deficient branched bridging motifs. The resulting POPs
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exhibited diverse microscopic morphologies, varying enol-keto
structural ratios, and distinct optoelectronic properties.
Comparative analysis revealed that the electron-rich DMDPOPs
outperformed the electron-deficient DHDPOPs in terms of
catalytic performance, photoelectric response, and charge
migration effect. This finding highlights the potential of elec-
tron-rich DMDPOPs as an effective platform for constructing
and functionalizing POPs. Notably, DMDPOP-30 demonstrated
remarkable performance, achieving 98% conversion and 99%
selectivity to benzylamine under 3 hours of light exposure at
room temperature. Moreover, the simple and mild synthesis
conditions of DMDPOP-30 make it highly promising for practi-
cal applications. Our experimental results demonstrated that
the chemical structure of p-ketoenamine POPs could be modu-
lated by the combined effects of kinetics and thermodynamics.
This structural manipulation led to improved photoelectric
properties and enhanced electron transfer rates, providing
strong support for the environmentally friendly synthesis of
POPs for various applications.
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