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One-pot scalable production of conjugated
microporous polymers with exceptional
functionalityy

Duanlian Tang,? Zhuo Xiong, & 1 John D. Worth, & ® Ting Qiu,*® Charl F. J. Faul & *®
and Jie Chen @ *@

Conjugated microporous polymers (CMPs) are porous polymers that exhibit desirable functionality for
a wide range of adsorption applications. Here, we report a one-step scalable approach that exploits
moderately high temperature and pressure to overcome these limitations. Remarkably, this method
achieves functional CMPs within 1 h with a specific surface area of 925 m? g™3). Extending the reaction
time to 5 h further enchances porosity to 1145 m? g~'—a 20-fold improvement over conventional
methods (58 m? g™4). The original wide pore size distribution is refined to fall within a covalent organic
framework (COF)-like microporous range, allowing the CMPs to function as versatile adsorbents for toxic
mercury ions, achieving benchmark performance with an impressive capacity of 1429 mg g~*, surpassing
all previously reported materials. In addition, this approach features degas-free and facile scale-up

rsc.li/materials-a

Introduction

Practical applications in sectors such as wastewater treatment
necessitate advanced porous materials that possess high
porosity, easy synthesis, and scalable production to ensure
economic feasibility." Recently, conjugated microporous
polymers (CMPs) synthesized using the Buchwald-Hartwig (B-
H) cross-coupling reaction have demonstrated significant
advantages over other advanced porous materials. These
advantages are related to the high physical and chemical
stability, abundant active N-heteroatom adsorption sites, novel
pH-responsive doping-dedoping properties and thus the
potential for fast adsorption-desorption kinetics.>™

However, these CMPs, synthesized using expensive and rare-
earth-containing palladium-based catalysts, face a significant
technical challenge in that they are synthesized in scale-limited
Schlenk lines or glove boxes under inert conditions due to the
sensitivity of the palladium catalyst and base to moisture and
oxygen.'”' Additionally, a successful synthesis generally takes
24-72 h or more due to the moderate reactivity, posing further
significant hurdles to the industrial (adsorption) applications of
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opportunities, opening real possibilities for wide industrial applications of CMPs.

these materials (Fig. 1(A and B)). Large-scale production of free-
standing highly functional CMPs, with simple synthetic proce-
dures, is therefore a significant hurdle to cross before wide-
spread industrial exploitation of CMPs would be possible. In
addition, B-H coupling usually produces CMPs with low yield,
moderate porosity, and poor functionality. For example, the
model sample of CMP, poly(triphenylamine) (PTPA) synthesized
with standard procedures showed a low yield of 52% and
specific surface area of 58 m> g~ '.'>" It also possesses unex-
pected broad pore size distribution (PSD) and low microporosity
when  compared with  structurally related  poly(-
aryleneethynylene)s (PAEs, e.g,, CMP-1)."*** Although the
previously developed Bristol-Xi'an Jiaotong (BX]) approach'®*”
offers a methodology to address this issue, it still requires an
oxygen-free environment for synthesis, particularly in B-H
coupling applications. Additionally, it faces persistent chal-
lenges related to the scalability of synthesis processes.

To allow CMPs to be utilized in large-scale industrial
adsorption applications, we report here a facile one-step, one-
pot approach for the synthesis of palladium-catalyzed CMPs,
which demonstrates significant improvements in porosity,
functionality, and production scalability. Our approach uses
a scalable autoclave approach to synthesize amorphous poly-
mers simply and controllably by tuning the reactivity of
monomers via the reaction temperature. This approach is
anticipated to enhance reaction efficiency, porosity and func-
tionality of CMPs. Additionally, we explore tuning the reaction
conditions, including the vapor pressures of the moisture and
oxygen in the reaction mixture (through the introduction of
additional nitrogen (N,) to the system) to remove the need for
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Fig.1 Synthesis of PTPA by conventional or FZU route: (A) illustration of conventionally used Schlenk line and associated complicated synthesis
procedures in the Schlenk line; (B) illustration of the autoclave in FZU route and the straightforward one-step synthesis procedure for FZU-PTPA

in an autoclave.

tedious degassing procedures. We name this simple hydro-
thermal approach the Fuzhou University (FZU) approach, and
note that this is the first study to show scalable synthesis of
palladium-catalyzed CMPs. This facile one-step procedure has
the potential to transition CMPs from the laboratory to industry
in the very near future.

Results and discussion

We synthesized our model CMP-PTPA under hydrothermal
conditions at a range of temperatures, from 80 °C (a tempera-
ture which is slightly higher than the boiling point of tetrahy-
drofuran (THF, 67 °C)) to 120 °C. The starting materials and
solvent were directly added to the autoclave, with no procedures
conducted for the removal of moisture and oxygen (Fig. 1(B)).
We also shortened the reaction time to 5 h (compared with the
conventional solvothermal method with a reaction time of 24-
72 h, typically 48 h) to examine the reaction efficiency of our
FZU methodology.

Encouragingly, as shown in Table 1, our approach immedi-
ately led to significantly improved yields (94.7% at 80 °C). Yields
of PTPA could be further improved to 99% with increased
temperatures (to 100 °C), representing a significant improve-
ment from ca. 52.1% using the standard reaction conditions
(Fig. 1(A and B)). More importantly, our FZU approach
successfully produced ca. 2.0 g in a 100 mL autoclave (compared
with ca. 400 mg in a Schlenk tube, Fig. 2(A)), highlighting
opportunities for CMPs to be used in industrial applications.

We characterized both the control as well as the FZU-
produced palladium-catalyzed CMPs using solid-state '*C
nuclear magnetic resonance (SS C NMR) and Fourier-
transform infrared (FTIR) spectroscopy. As shown in Fig. 2(B),

19008 | J. Mater. Chem. A, 2025, 13, 19007-19014

the spectra confirmed the production of the desired PTPA
polymer. The two main resonances at 144 and 128 ppm were
ascribed to substituted phenyl carbons and unsubstituted
phenyl carbons, respectively, fitting well with both the control
and the calculated structures (as displayed in the ESI,
Fig. S17).**> Successful coupling was also verified by FTIR spec-
troscopy (Fig. 2(C) & S2t), which confirmed the characteristic
peaks assigned to the tris(4-bromophenyl)amine core and
phenylenediamine linker. For example, the peaks attributed to
the aniline groups, highlighted in blue, are clearly observed (see
Fig. S37 for further details), whereas signals assigned to C-Br
from the core (710, 1004 and 1070 cm ™, highlighted in pink)
and to -NH, from the linker (3400 and 3300 cm ™", highlighted
in purple) are absent.'®

Next, we analyzed the porosities of these FZU-PTPAs by N,
sorption isotherm studies to investigate the influence of the
FZU approach on the porosities of PTPA. As shown in Fig. 2(D)
and S5(a),T the conventionally synthesized PTPA showed a Type
II sorption isotherm, with a very low adsorption of N, in the
relative low-pressure area (P/P, < 0.01), indicating a low porosity
and a correspondingly moderate specific surface area. Signifi-
cantly, PTPAs from our FZU approach, exhibited a Type I sorp-
tion isotherm with a steep rise at low relative pressure, revealing
the presence of micropores in these samples, before becoming
more Type IV in nature at higher relative pressures.”

The Brunauer-Emmett-Teller (BET) specific surface areas
were calculated to confirm the influence of the additional
micropores (Table 1). Interestingly, the surface area of PTPA,
with an initially low value of 58 m”> g~', was dramatically
improved more than eleven times to 684 m> g~ when the
reaction temperature was slightly increased to 80 °C. The
specific surface area was further increased ca. 20 times to 1145

This journal is © The Royal Society of Chemistry 2025
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Table 1 The reaction yields, porosity parameters, and gaseous CO, adsorption (273 K, 1 atm) performance of FZU-PTPAs synthesized under

various conditions

Surface area®

Total pore volume? Micropore volume CO, uptake ¢

Samples Yield (%) (m*g™ (em®g™) (em® g™ (mmol g )
Control 52.1 58 0.066 0.046 0.91
BXJ-PTPA 99.2 1134 0.89 0.83 1.59
67 °Cc? <1 N.A. N.A. N.A. N.A.
80 oc4 94.7 684 0.36 0.22 2.56
90 °C? 96.1 685 0.32 0.23 2.69
100 °c? 99.0 688 0.39 0.24 2.61
110 °Cc? 99.9 1130 0.63 0.37 4.06
120 oc? 97.2 1145 0.68 0.32 3.51
130 oc? 99.1 956 0.62 0.30 3.60
140 oc? 95.6 804 0.42 0.26 3.17
150 °c? 93.7 598 0.38 0.20 2.33
160 °c? 95.9 332 0.43 0.10 3.57
1 h¢ 95.7 925 0.58 0.29 2.81
5 h® 97.2 1145 0.68 0.32 3.51
16 h° 89.9 1022 0.61 0.31 2.37
0 MPa’ 94.7 521 0.51 0.17 2.38
1 MPa 87.2 914 0.66 0.29 2.61
2 MPa' 89.9 1022 0.61 0.31 2.37
PTPA-CI 99.2 853 0.46 0.29 2.02
101 °C toluene” <1 N.A. N.A. N.A. N.A.
150 °C toluene” 65.3 256 0.34 0.06 N.A.
170 °C toluene” 85.6 361 0.39 0.08 N.A.
200 °C toluene” 95.3 610 0.41 0.18 N.A.
CMP-1 (ref. 14) N.A. 834 0.53 N.A. N.A.
CTF-1 (ref. 20) N.A. 791 0.40 N.A. N.A.
MOF-1 (ref. 21) N.A. 516 0.29 N.A. 0.86
COF-1 (ref. 22) N.A. 711 0.32 N.A. N.A.

“ Specific surface area calculated from the N, adsorption isotherm using the BET method. ? The total pore volume calculated from the desorption
branch of the N, isotherm at 77 K using the NL-DFT method. ¢ CO, uptake at 273 K, 1 atm. ¢ Reactions were performed with a reaction time of 5 h
under protection of 2 MPa of N, by using THF as the solvent. © Reactions were performed with a reaction temperature of 120 °C under protection of
2 MPa of N,, using THF as the solvent.” Reactions were performed with a reaction temperature of 120 °C and a reaction time of 16 h by using THF as
the solvent. ¢ Reactions were performed with a reaction temperature of 120 °C and a reaction time of 5 h under protection of 2 MPa of N, by using
THF as the solvent. ” Reactions were performed with a reaction time of 5 h under protection of 2 MPa of N,.

m? g~ ' through an additional increase of the reaction temper-
ature to 120 °C. More importantly, the broad PSD of the PTPA
with low pore volume of 0.046 cm® g~ (control, Fig. 2(E)) was
impressively tuned to be covalent organic framework (COF)-like
as shown in Fig. 2(E) and S5(b and c),T with well-ordered pore
sizes centered at ca. 7.0 A and pore volumes reaching ca. 0.68
cm?® g~ (Table 1) in these FZU-PTPAs. The obtained values for
the FZU-PTPAs compared favorably to previously studied BX]-
based materials (with added salts),"® suggesting optimized
conditions (and thus properties) in the CMPs when applying the
FZU approach.

To understand these unprecedented outcomes of our
approach, we closely investigated the solid-state ultraviolet-
visible-near-infrared spectroscopy (SS UV/Vis NIR), thermogra-
vimetric analysis (TGA), and scanning electron microscopy
(SEM) of the products from our FZU procedure.> As shown in
the SS UV/Vis NIR results (Fig. S6(a)t), a typical peak ascribed to
PANi units (in the emeraldine base (EB) state) at ca. 600 nm in
the conventionally produced PTPA showed a significant bath-
ochromic shift in our FZU-PTPAs to 620 nm; these shifts fol-
lowed the positive change in the specific surface area, proving

This journal is © The Royal Society of Chemistry 2025

the positive relationship between the conjugation length (thus
the polymerization degree) and the surface area (as shown in
Table S11).*** The TGA and derivative thermogravimetric
(DTGA) analyses (Fig. S4(a) and (b),t respectively) demonstrated
high thermal stability and char yields of 65-80 wt% at 800 °C
under N,, indicating a high degree of polymerization achieved
via this facile synthetic approach. Notably, the FZU-optimized
PTPAs exhibited improved thermal stability, with degradation
temperatures increasing from 408 °C to 567 °C, and samples
with higher surface areas showing correspondingly higher
degradation temperatures in the DTGA, further supporting the
correlation between polymerization degree and thermal
robustness. These results suggest that the FZU method
enhances the porosity and physical properties of CMPs by
promoting more effective polymerization. Specifically, higher
reaction temperatures favour completion of the endothermic
palladium-catalysed C-N coupling, leading to more effective
bond formation compared with reactions conducted at lower
temperatures.” This mechanism was also reflected in the
significant changes in macroscopic features, as shown in the
SEM images (Fig. 2(F)). The original PTPA showed a compact,

J. Mater. Chem. A, 2025, 13, 19007-19014 | 19009
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Fig. 2 (A) The products produced by the conventional (left) and FZU approach (right) at 72 h; (B) SS **C NMR spectra, (C) FTIR spectra, (D) N,
sorption isotherms, (E) pore size distribution (PSD), and (F) SEM images of the control PTPA FZU approach at different reaction temperatures.

non-porous morphology and thus a very moderate specific
surface area. However, with increase of the reaction tempera-
ture under hydrothermal conditions, these compact solids
gradually turned into regular spheres, with large particle size
and some small seed-like protuberances on the surface when
the temperature was further increased to 120 °C. These results
again suggested a homogenous and high degree of polymeri-
zation using our FZU approach, thus yielding a totally different
porosity and morphology for PTPA when compared with those
acquired from conventional and BX]J approaches (Fig. S217)."

On reducing the reaction time to 1 h, excellent yields of
95.7% were still obtained, with identical FTIR and SS **C NMR
spectra shown in Fig. S6 and S7.} Slightly lower values for the
specific surface area (925 m” g~ vs. 1145 m> g~ '), and pore
volumes (0.58 ecm® g~ vs. 0.68 cm® g™') were obtained when
compared with products obtained after 5 h synthesis (Fig. S8+
and Table 1). Such significantly shorter reaction times, with
little loss of desirable properties, make the FZU route very
attractive for large-scale, greener production.

In addition to these advantages, the attractive absence of any
degassing procedures was further explored. Exploring reactions
performed at 120 °C, we increased the overall pressure (and
thus reduced the partial pressures of oxygen and moisture) by
the addition of N, to the autoclave. No obvious changes were
observed in molecular structure (from FTIR & SS *C NMR
spectra in Fig. S13 and S71) and the yield (shown in Table 1)
when comparing reactions at 0, 1 or 2 MPa N, over-pressure,

19010 | J Mater. Chem. A, 2025, 13, 19007-19014

demonstrating the success of our strategy. A ~50% reduction
of the specific surface area, from 1022 m* g * to 521 m* g *
(Table 1), was found when no further N, was added. Even so, the
porosity of FZU-PTPA without any N, protection was ten times
higher than that of conventionally acquired PTPA, again vali-
dating the success of our FZU methodology.

We have shown the positive relationship between the reac-
tion temperature, polymerization degree and porosities. Addi-
tionally, it has been observed that the reactivity of B-H
chemistry in a Schlenk tube is lower when compared with other
reactions (for example, syntheses using B-H chemistry typically
require 48 h or more, while CMP-1 synthesis using Sonoga-
shira-Hagihara couplings could be acquired within seconds),
which was one of the main reasons for the low polymerization
degrees and porosities for the conventionally produced
PTPA."" We proposed that the mechanism of our FZU
approach was to enhance the B-H reactivity of aryl halides
through improving the reaction temperature in the palladium-
based catalytic endothermic reaction. To verify this hypoth-
esis, we explored the synthesis of a PTPA analogue (denoted as
PTPA-CI) by using 1,4-dichlorobenzene, which showed very low
reactivity in the palladium-based catalytic process.'>*” This
reaction, which should theoretically yield the same topology as
PTPA, could not be achieved by the conventional or BX] route;
heating to 67 °C yielded no products in these systems due to the
extremely low reactivity of 1,4-dichlorobenzene.*” Encourag-
ingly, our approach (120 °C, 5 h, 2 MPa additional N,), for the

This journal is © The Royal Society of Chemistry 2025
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first time, provided an almost quantitative yield (99.2%, Table
1), and a (nearly) identical chemical structure to the FZU-PTPA,
as confirmed by the SS *C NMR and FTIR shown in Fig. 3 and
$14.72%% Moreover, a very promising porosity, with well-ordered
PSD, high specific surface area reaching 853 m”> g ', well-
defined micropores, and pore volume reaching 0.46 cm® g~ *
(Table 1 and Fig. 3(C)) were acquired, suggesting that the inert
1,4-dichlorobenzene could be activated for reaction through our
FZU methodology to produce structure-optimized PTPAs. This
encouraging result also showed that our FZU approach could
allow a wider variety of building blocks to be exploited in B-H
coupling reactions compared with the standard (Schlenk tube)
reaction, which marks a great opportunity to expand the
applicability of B-H couplings in wider coupling chemistry.

This hypothesis could be furthermore validated by investi-
gations to over-tune reactivity by further increasing the reaction
temperature from 120 °C to 160 °C. Similar to before, the
increased temperature did not change the chemical structure
and the yield (as confirmed by SS **C NMR and FTIR, Fig. 2(A, B)
and Table 1), but did decrease the porosity of the PTPA (shown
in Table 1), with the specific surface area gradually reduced
from the maximum 1145 m*g ' at 120 °C to 332 m* g~ ' at 160 ©
C. In addition, as it can be seen from the SEM images in
Fig. S22, a distortion in the spherical morphology occurred
with increased temperature, and rod-like particles became
gradually abundant, while their size decreased. These results
suggested the ability to over-tune and control our FZU poly-
merization approach, as shown and discussed in Fig. S23-
$25.73°** This control over the polymerization leads to the
decreased conjugation length and cross-linking, as visualized
by the SS UV/Vis NIR shown in Table S1f and the thermal
stability shown in Fig. S4,f finally leading to a decrease in
porosity.

In addition to the excellent carbon dioxide (CO,) uptake
capabilities of our FZU PTPAs up to 4.06 mmol g~ * (as listed in
Table 1), we explored their practical applicability and usefulness
as platform for adsorption of heavy metal ions for wastewater
treatment. Our FZU-PTPA exhibited exceptional CO, uptake
capacity, achieving 4.06 mmol g~ " (17.8 wt%, as noted in Table
1 and Fig. 4(A)), representing a remarkable 450% increase from

This journal is © The Royal Society of Chemistry 2025

the 0.90 mmol g~ ' achieved by PTPA synthesized via conven-
tional methods. Notably, the isosteric heat of adsorption (Qs)
rose by 44%, ranging from 28.9 k] mol " to 30.1 k] mol " across
the entire coverage range (Fig. S341), which is superior to the
values reported for most porous organic polymers (Table S37).
Notably, our FZU-PTPA showed excellent Hg(u) adsorption
capability, allowing effective and exceptionally selective
adsorption. As shown in Fig. 4(B), FZU-PTPAs attained 94.1% of
the adsorption equilibrium within 120 s, and 99.4% within
10 min when treating water contaminated with 200 mg L™" of
Hg(u). These results translated to a very promising initial
adsorption rate A (k,q.”) as high as 1203 mg g~ " min~" (acquired
from the pseudo second-order model; Fig. S30, S31 and Table
S51),%*°% far surpassing that of other reported materials, as
shown in Table S6.1 For example, these values were approxi-
mately nine times higher than that of the benchmark thiol-
modified COF-S-SH (143 mg g ' min ').*® The outstanding
performance of our FZU-PTPA for mercury removal was further
confirmed by its extraordinary adsorption capacity (Fig. 4(B)),
with a maximum capacity reaching 1111 mg g~ ' at 25 °C as
fitted by the Langmuir model (Fig. S32, S33 and Table S77).*
This unparalleled capacity could be further improved to
1429 mg g~ by slightly increasing the temperature to 45 °C
(showing 4H = 27.16 k] mol ™' and 4G = —5.96 k] mol " as
depicted in Fig. S34 and Table S97), outperforming all reported
materials including PAF-1-SH (1014 mg g ')* and TAPB-
BMTTPA-COF (734 mg g *)** (Table S107). Based on the excel-
lent Hg adsorption performance of FZU-PTPA, particularly its
removal efficiency of nearly 100% for Hg(u) at low concentra-
tions, further experiments in multi-ion coexisting solutions
demonstrated the simultaneous affinity and selectivity of FZU-
PTPA for Hg(u). FZU-PTPA demonstrated an impressive selec-
tivity of 98% for Hg(u), as illustrated in Fig. 4(B). The ion-
dependent affinity exhibited by FZU-PTPA results in selectivity
coefficients for Hg(u) ranging from 140 to 90 000 against other
cations (Fig. S35t). Achieving such exclusive selectivity for
specific metal ions is a challenge, with surface functionalization
of ion-imprinted polymers emerging as a prominent strategy.
Selectivity is achieved through the precise engineering of
recognition cavities or sites, which are designed to retain the

J. Mater. Chem. A, 2025, 13, 19007-19014 | 1901
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(A) Gas adsorption performance of the FZU-PTPA: (i) CO, adsorption capacity at 273 K; (ii) the rank of our FZU-PTPA among the reported

materials (red star);**~* (jii) the future of the carbon capture and storage (CCS) using our FZU-PTPA. (B) Mercury adsorption performance of the
FZU-PTPA: (i) kinetic data for mercury at various initial concentrations; (ii) isotherm data collected at different temperatures; (iii) selectivity
towards ions in the initial concentration of 100 mg L™ for each;3®-* (iv) illustration of the exceptional selectivity towards mercury ion of FZU-
PTPA; (v) ultra-high adsorption capacity of FZU-PTPA among other advanced materials (red star);*®~>2 (vi) benchmarking our FZU-PTPA (red star)
in terms of the initial adsorption rate compared with published materials;>*-% (C) electron interaction (in HOMO and LUMO) between FZU-PTPA

and Hg(n).

three-dimensional (3D) structures of the target ions.*> However,
the preparation process is complex and influenced by various
factors during polymerization and the subsequent removal of
the template ion. Our method offers a straightforward alterna-
tive for the selective adsorption isolation of ions compared to
ion-imprinted polymers. By synthesizing high porosity FZU-
PTPA using a scalable autoclaving process, we enhance the
accessibility of the adsorption sites. Moreover, the FZU-PTPA
maintained over 90% of its original removal efficiency for
Hg(u) across five consecutive cycles, demonstrating its ability to
retain structural integrity and the ability to effectively remove
Hg(u) from complex mixtures, even after multiple treatments
with strong acids.

These encouraging results towards Hg(u) adsorption, as
illustrated in Fig. 4(C), were facilitated by the presence of -NH-
moieties throughout the framework structure. These interac-
tions were verified by FTIR (Fig. S371) and X-ray photoelectron

19012 | J Mater. Chem. A, 2025, 13, 19007-19014

spectroscopy (XPS) investigations (Fig. S54-5S56 and Table S231),
in which the benzenoid amine (-NH-) was diminished after
interaction with Hg(u). Density functional theory (DFT) calcu-
lations in Fig. 4(C) show a strong charge--transfer interaction
between FZU-PTPA and Hg(u) through -NH-, resulting in the
extensive reduction of the lowest unoccupied molecular orbital
(LUMO) level of PTPA. In addition, the newly formed micropo-
rous structures and uniformly dispersed sphere morphology
(shown in Fig. 2(F)) further facilitated ion diffusion and NH-
metal ion contact. In contrast, the conventionally synthesized
and BX]J-produced PTPAs showed similar chemical structure but
much lower adsorption capacity, resulting from the poor
porosity or the aggregated particle morphology that hinder the
adsorption of Hg(u) on the -NH- adsorption sites.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

In conclusion, our new synthetic FZU approach enables the
large-scale production of palladium-catalysed CMPs, through
an ultra-efficient one-step reaction, extremely short reaction
time, no degassing requirements, and widely applicable prod-
ucts. Carefully selected (temperature) conditions provide an
important route to improve the reactivity of aryl halides in B-H
coupling chemistry, yielding CMPs with dramatically improved
physical properties, including high specific surface areas and
optimized, well-ordered micropores. FZU-PTPAs demonstrate
exceptional adsorption capabilities for CO, and heavy metal
ions, achieving impressive capacities reaching up to 4.06 mmol
g~" for CO, and 1429 mg g~ ' for Hg(n), and exhibiting high
efficiency and selectivity. Notably, the Hg(u) uptake of our cross-
linked microporous polymers is the highest compared with
other porous organic polymer systems. These advances now
make this class of CMPs an appealing platform to address
significant global environmental challenges, and worthy of
further exploration. We expect real-world applications in the
very near future.
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