¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Efficient photocatalytic chloride dehalogenation
by planar conjugated microporous polymers
with enhanced charge separation and transporty:

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 2169

Hao Zhang,? Sizhe Li,® Zhuangfei Qian,? Jie Yin,® Wenxin Wei, (2 *® Yan Zhao*®°
and Kai A | Zhang @

Conjugated microporous polymers (CMPs) exhibiting semiconductor properties have been widely employed
as heterogeneous photocatalysts. Photogenerated charge carrier separation and transfer are crucial factors
influencing the performance of such photocatalysts. Typically, the electron/acceptor units linked by carbon—
carbon single bonds tend to form larger dihedral angles due to steric hindrance, thus inhibiting the transport
of charge carriers, leading to recombination of photogenerated electro-hole pairs and consequently limiting
the photocatalytic performance of the material. Based on this, we designed two CMPs, one with a planar
structure, dibenzolg,plchrysene (DBC), and the other with a non-planar structure, tetraphenylethylene (TPE), to
investigate the influence of planarity on the catalytic performance of the materials. Theoretical simulation
results reveal that CMP-DBC, with its planar structure, has a significantly smaller dihedral angle for the electron
donor (18.4°) compared to CMP-TPE (47.8°). According to calculations from temperature-dependent
fluorescence spectroscopy, the exciton binding energy of the former (108 meV) is also smaller than that of
the latter (126 meV). In the photocatalytic dehalogenation reaction, CMP-DBC achieves nearly 100% halide
product yield, far surpassing the 60% yield of CMP-TPE. Both theoretical and experimental results indicate that
CMP-DBC, with its smaller donor—acceptor dihedral angle, facilitates charge carrier migration, effectively sup-
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1. Introduction

The global population growth, urbanization, and increasing agricul-
tural production have placed growing pressures on nature. In
particular, the use of chemicals in agriculture, industry, and phar-
maceuticals has introduced new challenges for the environment.'
Halogenated organic compounds have gained increasing attention
due to their threats to aquatic life and human health. These
compounds are persistent pollutants that often elude conventional
wastewater treatment methods, resulting in their accumulation in
the environment and posing serious threats to ecosystem health.*”
These organic compounds find wide applications in various indus-
tries and consumer products, including pesticides, flame retardants,
disinfectants, insecticides, dyes, dielectrics, coolants, plant growth
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pressing rapid radiative recombination, and thus exhibits superior photocatalytic performance.

regulators, plasticizers, and pharmaceuticals.® " Their high toxi-
city, persistence, bioaccumulation potential, and widespread dis-
tribution have led to severe environmental pollution.’* In this
context, effective methods for the degradation of these haloge-
nated organic pollutants are required. Over the past few decades,
extensive efforts have been made in the degradation of haloge-
nated organic pollutants (HOPs). Notably, several processes have
been developed to break the strong C-X bonds (X = F, Cl, Br,
and I) present in HOPs. These processes include microbial
degradation,”™'* ionizing radiation,">'® metal reduction,"”*°
electrocatalysis,”* > sonolysis,”® and photocatalysis.>**> Photo-
catalysis stands out due to its ease of implementation, high
efficiency, safety, and environmental compatibility.”*"*
Photocatalysis has recently garnered increased attention, emer-
ging as a potent method for the degradation of halogenated
aromatic pollutants.”* *° During exposure to light, photogenerated
species directly participate in the reduction and dehalogenation or
transform into secondary catalytic active substances. Photocatalysts
encompass classical molecular photosensitizers®~*? and semicon-
ductor materials (metal oxides,**?* metal sulfides,>>” and organic
frameworks,*®**' among others). Among these materials, conju-
gated microporous polymers (CMPs) have emerged as promising
candidates due to their tunable porous structures and photoactive
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properties. However, in the process of developing highly effi-
cient photocatalysts based on CMPs, a long-standing challenge
has been the internal dihedral angles between electron donor
and acceptor units within the polymer structure. This angle
often restricts charge separation and transport, consequently
affecting the overall photocatalytic performance.**™*> To over-
come this limitation and promote the effective separation and
migration of photogenerated charge carriers, novel design
strategies addressing the molecular arrangement of polymer
components are urgently needed.

Herein, we focused on the synthesis and application of
planar conjugated microporous polymers (CMP-DBC) with
dibenzo[g,p]chrysene (DBC) as the planar structural unit. The
inherent planarity of dibenzo[g,p]chrysene holds the potential
to enhance charge separation and transport by minimizing
internal dihedral angles (Scheme 1). Furthermore, benzothia-
diazole (BT) serves as a strong electron donor and acceptor,
effectively promoting photoinduced charge transfer processes.
To elucidate the significance of this design, we conducted a
comparative analysis with the non-planar CMP counterpart,
CMP-TPE. While structurally similar to DBC, TPE’s non-
planarity provides a basis for evaluating the impact of mole-
cular planarity on CMP photocatalytic performance. Through
the utilization of various characterization techniques, includ-
ing temperature-dependent fluorescence measurement, photo-
current analysis, and electrochemical impedance spectroscopy
(EIS), we established that CMP-DBC exhibits superior charge
separation and migration compared to CMP-TPE. The
enhanced charge dynamics within CMP-DBC is expected to be
reflected in its photocatalytic efficiency. Furthermore, our
research delved into the photocatalytic reductive dehalogena-
tion of organic chlorides as a model reaction. Particularly
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noteworthy is the significant enhancement in dehalogenation
efficiency of CMP-DBC under visible light, emphasizing the
practicality of this approach.

2. Experimental procedure

The synthesis and characterization of CMP-DBC and CMP-TPE
are provided in the ESL.%

3. Results and discussion

We can observe a significant difference in the intramolecular
rotation between the tetraphenylethylene (TPE) building block
(0 = 47.8°) and dibenzo[gp]chrysene (DCB) (0 = 18.4°). This
difference leads to a much lower degree of conformational
freedom in DCB and results in less intramolecular rotation-
induced energy dissipation. The structure of CMP-DBC, con-
structed with DCB as a planar strong electron donor and
benzothiadiazole as an electron acceptor, is depicted in
Fig. 1. In contrast, CMP-TPE was synthesized with tetraphenyl-
ethylene (TPE) as the electron donor, which possesses a similar
but non-planar structure to DCB. Characterization of the mor-
phology of both CMPs was conducted using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). These analyses revealed that both CMPs exhibited a
fused particle-type morphology similar to the previously
reported CMP. Solid-state cross-polarization **C NMR spectra
of both CMPs confirmed the successful presence of the ben-
zothiadiazole unit, as indicated by the characteristic signal
peak of the sp>-hybridized carbon atom at 155 ppm. Notably,
the "*C NMR of CMP-TPE exhibited an additional characteristic
peak at 140-150 ppm compared to CMP-DBC. This extra peak

Br. Br

Br Br

CMP-DBC

Scheme 1 The synthetic routes for the two polymers and the notional structures.
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Fig. 1 The structural characterizations of CMP-DBC and CMP-TPE. (a) FT-IR spectra; (b) solid-state **C NMR spectra and the assignment of the carbon
atoms in the polymers; (c) nitrogen sorption isotherms; (d) and (e) SEM and TEM images of CMP-DBC; (f) and (g) SEM and TEM images of CMP-TPE.

was caused by the free rotation of the benzene ring in TPE,
leading to a weakened conjugation of vinyl. According to the
Fourier transform infrared (FT-IR) spectra of the monomers
and CMPs, the characteristic peak of CMP-DBC at 1440 and
780 cm™ ! was assigned to the DBC unit, and the characteristic
peak of CMP-TPE at 1450, 780, and 700 cm ™' was assigned to
the TPE unit. Furthermore, the FT-IR spectra of CMP-DBC and
CMP-TPE displayed characteristic stretching vibration bands of
C=N in the BT unit at 1484 cm ', further confirming the
successful synthesis of the polymers. To assess porosity, N,
adsorption-desorption measurements at 77 K were conducted.
The N, adsorption-desorption isotherms demonstrated Type I

behavior for both CMP-DBC and CMP-TPE, indicating the presence
of micropores in both materials. The calculated Brunauer—
Emmett-Teller (BET) surface areas revealed that both CMPs pos-
sess a high surface area (684 m* g~ for CMP-DBC and 456 m* g "
for CMP-TPE, respectively). Additionally, pore size distribution
analysis based on density functional theory demonstrated a micro-
porous structure with average pore diameters of approximately
1.21 nm for CMP-DBC and 1.6 nm for CMP-TPE (Fig. S1, ESI).
Additionally, pore size distribution analysis based on density
functional theory demonstrated a microporous structure with
average pore diameters of approximately 1.21 nm for CMP-DBC
and 1.36 nm for CMP-TPE. The thermogravimetric analysis
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Fig. 2 Photophysical properties of the two polymers. (a) UV-Vis reflectance spectra; (b) photocurrent curves; (c) PL spectra; (d) energy band positions;
(f) the HOMO and LUMO distribution of the two polymers based on DFT simulation.
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revealed that both CMP-DBC and CMP-TPE exhibit high
thermal stability of more than 400 °C under a N, atmosphere
(Fig. S2, ESI%).

The light absorption ability of both CMPs was characterized
using UV-Vis diffuse reflection spectra. Notably, both CMPs
exhibited a broad absorption range, which can be attributed to
the strongly polarized electric-field resulting from the copoly-
merization of the strong electron acceptor BT unit and the
electron donor polycyclic aromatic hydrocarbon (Fig. 2).
Furthermore, the absorption band of CMP-DBC experienced a
redshift and extended to 600 nm in comparison to CMP-TPE.
This redshift can be attributed to the extended m-conjugation
caused by the improved planar structure of the DBC molecule.
Consequently, employing the Kubelka-Munk function (Fig. S2,
ESI¥), the optical bandgaps were calculated to be 2.16 eV for
CMP-DBC and 2.35 eV for CMP-TPE, respectively. To locate the
lowest unoccupied molecular orbital (LUMO) levels, cyclic
voltammetry measurements were performed on the CMPs. As
depicted in Fig. S3 (ESIf), the CMPs exhibited similar LUMO
potentials. However, it’s important to note that the highest
occupied molecular orbital (HOMO) levels were found to be
+0.84 V for CMP-DBC and +1.04 V for CMP-TPE.

To further explore the impact of geometry on the photo-
generated charge separation and transport of the CMPs, we
conducted photophysical measurements. Notably, we observed
a shift in the maximum fluorescence emission wavelength of
CMP-DBC towards longer wavelengths when compared with
CMP-TPE. Additionally, CMP-DBC exhibited a significantly
lower photoluminescence (PL) intensity than CMP-TPE, primar-
ily due to reduced radiative recombination of photogenerated
electron-hole pairs. Moreover, the enhanced charge separation
and transfer efficiency were corroborated through time-
resolved photoluminescence (TRPL) measurements at an exci-
tation wavelength of 400 nm. As illustrated in Fig. 3, the longer
average lifetime of CMP-DBC (4.19 ns) indicated extended
charge carrier diffusion time. This can be attributed to the
more facile separation and transport of photogenerated carriers
from the electron donor to the electron acceptor.
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Fig. 3 Photophysical characterization of the two polymers. (a) Photolu-
minescence spectra; (b) time-resolved photoluminescence spectra; (c)
and (d) temperature-dependent fluorescence spectra and activation
energy fitting calculation results of CMP-DBC and CMP-TPE.
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The kinetic process of photogenerated electron-hole pair
separation and transport was elucidated using temperature-
dependent fluorescence measurements. Interestingly, both
CMPs exhibited a thermal quenching phenomenon, with the
PL intensity decreasing as the temperature increased within the
range of 140 to 300 K. However, CMP-DBC consistently dis-
played a notably lower PL intensity than CMP-TPE. By fitting
the integrated PL intensities with the Arrhenius equation:

I(T)=1 / Ae<’kEBaT>

we obtained the activation energy (E,) of the PL quenching
process. The activation energy for CMP-DBC was estimated to
be 108 meV, while that for CMP-TPE was 126 meV. This lower E,
value suggests that non-radiative pathways, such as charge
separation, are more favorable in CMP-DBC due to its improved
planar structure.

We conducted an investigation into the photoreductive
dehalogenation of a-chloroacetophenones as a model reaction,
utilizing LED lamp irradiation at 460 nm. Our choice of
substrate was a-chloroacetophenones, and we performed con-
dition optimization with diisopropylethylamine (DIPEA) ser-
ving as the sacrificial electron donor. As shown in Table 1,
using standard reaction conditions in pure water, CMP-DBC
achieved nearly complete conversion within just 3 hours, even
with a low catalyst load of 5 mg. This performance surpasses
that of CMP-TPE, which achieved only a 60% conversion under
the same conditions (entries 1 and 2). To emphasize the
importance of light and the photocatalyst, we conducted con-
trol experiments in darkness, in the presence of oxygen, and
without using CMP-DBC as a photocatalyst. These experiments
resulted in only trace conversions (entries 3 and 4), clearly
demonstrating the indispensable roles of light and the photo-
catalyst. From entry 5, the presence of oxygen does not impede
reactant conversion; however, it drastically reduces the reaction
selectivity. We also explored different solvents (entries 6-10).
Protonic solvents like methanol and ethanol were found to be
less favorable for the reaction conversion. In contrast, when
using dichloromethane (CH,Cl,) or chloroform (CHCl;) as
reaction media, the formation of free radicals led to lower
selectivity for acetophenone. Remarkably, conducting the
photoreductive dehalogenation reaction in aprotic solvents
such as acetonitrile (CH;CN) and tetrahydrofuran (THF) exhib-
ited excellent catalytic activity and selectivity. The Pd content
has no significant influence on the photocatalytic activity.
CMP-DBC exhibits higher photocatalytic activity compared to
CMP-TPE, despite having a lower Pd residue of 0.463 ppm,
suggesting that the Pd residue is not the primary determinant
of their disparate photocatalytic activities (Table S1, ESI).
Therefore, the significant difference in photocatalytic activity
between CMP-DBC and CMP-TPE likely originates from varia-
tions in electron donor geometries.

To gain a deeper mechanistic understanding of the photo-
reductive dehalogenation reaction, we conducted a series of
experiments to block potential photogenerated active species,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Screening and control experiment of the dehalogenation of

chlorides
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Reaction condition

Entry  Catalyst Solvent  variation Conversion (%)
1 CMP-DBC  MeCN 99

2 CMP-TPE MeCN 80

3 CMP-DBC MeCN In dark Trace
4 — MeCN No catalyst Trace
5 CMP-DBC MeCN O, 60

6 CMP-DBC DMF 67

7 CMP-DBC  DMSO 79

8 CMP-DBC THF 90

9 CMP-DBC  CHCl, 51

10 CMP-DBC MeOH 95

11 CMP-DBC MeCN No Hantzsch ester 21

12 CMP-DBC MeCN No DIPEA 38

13 CMP-DBC MeCN Electron scavenger  Trace
14 CMP-DBC MeCN Hole scavenger Trace
15 CMP-DBC MeCN Radical scavenger Trace

focusing on CMP-DBC as the photocatalyst. Notably, we
observed reduced yields (<40%) when either the Hantzsch
ester or DIPEA was absent (entries 11 and 12). Additionally,
the use of CuCl, as a photogenerated electron scavenger results
in trace conversion, highlighting the important role of elec-
trons. Similarly, the conversion of reactants is inhibited when
KI is used as a hole scavenger (entry 14). Interestingly, the
addition of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to
trap radicals resulted in only trace amounts of acetophenone,
clearly indicating the involvement of radicals in this photore-
ductive process (entry 15).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We investigated the substrate scope of CMP-DBC under the
optimal reaction conditions. As depicted in Table 1, we explored a
range of substituted o-chloroacetophenones and o-bromoaceto-
phenones with both electron-donating and electron-withdrawing
substituents. Our observations revealed high conversions to the
corresponding products in the presence of CMP-DBC, underscoring
the broad applicability of CMP-DBC as an efficient photocatalyst.
Furthermore, we assessed the stability and reusability of CMP-DBC
by conducting repeated experiments. Encouragingly, we observed no
significant decrease in catalytic efficiency even after at least five
repeated cycles (Fig. S5, ESIE). Our analysis of the FT-IR spectra
(Fig. S6, ESI) and UV-Vis spectra (Fig. S7, ESIt) of CMP-DBC showed
minimal changes before and after the repeated reaction.

Building upon the results of the control experiments, we
proposed a plausible reaction mechanism. As illustrated in
Fig. S8 (ESIt), we present a relatively straightforward reaction
pathway for the reductive transformation of a-chloroaceto-
phenone, which aligns with previous literature. Under visible-
light irradiation, o-bromoacetophenone captures an electron
from the LUMO level of CMP-DBC, forming intermediate
a-carbonyl radicals and chloride anions through a single-
electron transfer (SET) process. Subsequently, the sacrificial
hydrogen donor (Hantzsch ester) supplies a proton and an
electron to the alkyl radical, generating acetophenone. Simulta-
neously, the deprotonation aromatization of Hantzsch pyridine
occurs, facilitated by the use of DIPEA as a deacid agent.

4. Conclusions

In summary, a simple molecular design to facilitate the charge
separation and transport within conjugated microporous
polymer-based photocatalysts is presented. Through the utili-
zation of various characterization techniques, including
temperature-dependent fluorescence measurements, photocur-
rent analysis and DFT calculation, we have identified that
CMP-DBC with a planar geometry structure shows extended
n-conjugation, which is conducive to the charge transfer along
the polymer chains and leads to the efficient separation of light-
induced charge carriers compared to CMP-TPE. As a result, a
high conversion above 99% of dehalogenation was successfully
achieved by the CMP-DBC photocatalyst under visible light. We
believe that this work not only reveals the significant influence
of structural design on the photocatalytic activity, but also
paves the way for continued exploration of planar conjugated
microporous polymers and their role in photocatalysis.
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