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Abstract: Conjugated microporous polymers (CMP) as porous functional materials have received
considerable attention due to their unique structures and fascinating properties for the adsorption
and degradation of dyes. Herein, a triazine-conjugated microporous polymer material with rich N-
donors at the skeleton itself was successfully synthesized via the Sonogashira–Hagihara coupling by
a one–pot reaction. These two polymers had Brunauer–Emmett–Teller (BET) surface areas of 322 and
435 m2g−1 for triazine-conjugated microporous polymers (T-CMP) and T-CMP-Me, respectively. Due
to the porous effects and the rich N-donor at the framework, it displayed a higher removal efficiency
and adsorption performance compared to cationic-type dyes and selectivity properties for (methylene
blue) MB+ from a mixture solution of cationic-type dyes. Furthermore, the T-CMP-Me could quickly
and drastically separate MB+ and (methyl orange) MO− from the mixed solution within a short time.
Their intriguing absorption behaviors are supported by 13C NMR, UV−vis absorption spectroscopy,
scanning electron microscopy, and X-ray powder diffraction studies. This work will not only improve
the development of porous material varieties, but also demonstrate the adsorption or selectivity of
porous materials for dyes from wastewater.

Keywords: conjugated microporous polymers; adsorption; dyes; wastewater

1. Introduction

Recently, porous organic materials have become a hot topic due to their numerous
advantages, such as diversified structure, huge surface, tunable porosity, et al. [1–5]. Over
the past few years, metal–organic frameworks (MOFs) [6], covalent organic frameworks
(COFs) [7], and porous organic polymers (POPs) [8] have developed rapidly. MOFs and
COFs have robust and ordered structures but low physicochemical stability, while conju-
gated microporous polymers (CMP) have high stability and an easy preparation method [9].
Thus, designing a functional porous material that can combine the advantages of different
porous materials, called triazine-conjugated microporous polymers (T-CMP), may be more
meaningful for the development of porous organic materials [10–13].

Nowadays, water pollution has directly affected human health [14,15], owing to
numerous dyes released by factories, and the different types of dyes have become different
sources of pollution; therefore, effective methods are needed to deal with the toxic chemical
dyes from the wastewater [2]. Different methods, such as precipitation, ultra-filtration,
ion exchange, coagulation, and electro-catalytic degradation, have been adopted for the
adsorption and degradation of these organic pollutants [16–20]. Apart from these methods,
adsorption, photocatalytic degradation, and chemical degradation are considered the most
economical and efficient ones to control water pollution from dyes [21].

Conjugated microporous polymers are considered the best candidates employed in
various environmental and energy-related systems for their stable chemical/physical

Molecules 2023, 28, 4785. https://doi.org/10.3390/molecules28124785 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28124785
https://doi.org/10.3390/molecules28124785
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules28124785
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28124785?type=check_update&version=1


Molecules 2023, 28, 4785 2 of 13

structure, pore walls, pore volume, pore surface area, pore skeleton, and pore tech-
nology [12,13]. In past years, different terminologies were used [20], but since an im-
portant class of porous materials, CMP–1, was obtained by the Sonogashira reaction
between 1,3,5-triethynylbenzene and 1,4-diiodobenzene in 2007 [22], the word “CMP”
has become the most popular and well known. CMPs are synthesized under kinetic
and/or thermodynamic control with rigid p-conjugate structures and three-dimensional
networks [23,24]. Additionally, ionic functionalized CMP porous materials also exhibit
unique properties, such as high porosity, broad and interconnected pores, and the ability
to quickly absorb and desorb ionic dyes, making them more ideal [12,25]. Therefore, the
preparation and application of ion-functionalized CMPs have attracted more and more
research interest [26,27]. Along with these effects, a series of porous polyionic liquids have
been successfully synthesized by template or no template methods [25], revealing the high
ion density, high polarization, and strong electrostatic field, which have been widely used
in catalysis, adsorption, separation, sensors, actuators, and other fields [14,28,29]. In the
past few decades, people have developed various preparation strategies to construct new
ionic types of CMPs [30,31]. One of the traditional methods is the cross-coupling reaction
between the conjugated building unit and ionic functional monomers [32]. Even if it is
an effective method to obtain ionic CMP, it is difficult to make organic salts participate in
cross-coupling reactions. Compared with previous methods, the post-synthetic modifica-
tion (PSM) method has the advantages of high yield, simple monomers, simple operation,
and good selectivity, which plays an important role in the construction of the ionic CMP
material [33]. The ionic porous nanostructured polymer adsorbents have quick adsorption
and ion exchange processes, resulting in high capacity and analyte selectivity for ionic
dyes [17,34]. In the process of material preparation, designing specific building blocks with
similar functions to construct CMPs has received increasing attention [16,21,35].

Herein, we report two functional triazine-conjugated microporous polymers, which
were synthesized by the Sonogashira–Hagihara coupling reaction. The functional polymer
materials show excellent selectivity and adsorption for various types of dyes.

2. Results and Discussion
2.1. Synthesis of T-CMP and T-CMP-Me

As shown in Scheme 1, the T-CMP network is synthesized by polycondensation via
a Sonogashira–Hagihara coupling reaction [36]. In a typical procedure, the molecules for
2,4,6-tri(p-bromophenyl)-1,3,5-triazine (TBPT) and 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine
(TEPT) are synthesized and characterized (Figures S1 and S2). The general procedure
for the synthesis of T-CMP followed the methods in the literature [36]. An ice-cooled
mixture solution of 20 mL THF and 20 mL diisopropylamine was added to (0.05 mmol,
27.0 mg) TBPT, (0.05 mmol, 19.0 mg) TEPT, (15.0 mg, 0.08 mmol) CuI, and (84.0 mg,
0.12 mmol) Pd(PPh3)2Cl2, and stirred at room temperature for 20 min. After this procedure,
the mixture was stirred at 65 ◦C for another 48 h. Then, the hot dark-yellow solution was
filtered and washed with CHCl3, CH3OH, and H2O to remove the unreacted reactants as
well as catalysts, and then the polymer was further purified by Soxhlet extraction with
acetone for three days. There was a yield of 98% for T-CMP. In addition, the T-CMP-Me
was synthesized by refluxing a mixture of T-CMP and excess MeI in CH3CN (40 mL) under
an N2 atmosphere, according to the literature. Finally, the brown-yellow solid powder
was obtained and then dried in vacuo. Additionally, T-CMP-Me was prepared through
protonation modification by iodomethane under conventional refluxing conditions [37].
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Scheme 1. Synthetic strategy for T-CMP and T-CMP-Me.

2.2. Characterization of T-CMP and T-CMP-Me

The as-prepared polymers T-CMP and T-CMP-Me are further well characterized by
FT-IR, 13C-NMR, UV/vis, SEM, and TEM, respectively, as shown in Figure 1, Figures
S3–S5, and Table S1. The successful connection between TBPT and TEPT is confirmed
by the absence of the C-H stretching band of terminal alkyne at ca. 3288 cm−1 and the
C-Br vibration band at ca. 1060 cm−1 in the IR spectrum. In addition, the peaks at
670–751, 1069–1421, and 1583–1596 cm−1 are assigned to the wagging and torsion vibra-
tions of benzene triazine stretching vibrations and the −C=N group stretching vibrations
of benzene triazine [38], while benzene ring typical absorptions are also observed at
1341 and 1597 cm−1, as shown in Figure 1a. The solid UV-visible reflectance spectra show a
broader and stronger absorption with a larger reflection edge of 1000 nm compared to the
molecules TEPT and TBPT, as shown in Figure 1b, as well as displays the highly conjugated
structure of the triazine polymers. From the solid 13C-NMR spectra (Figure 1d,e), the
alkyne groups, as the important connecting group of the networks, have two obvious
peaks at δ = 70.78 ppm; meanwhile, the response at δ = 128.6 ppm could be assigned to the
aromatic carbon atoms of benzene. In comparison, the additional peaks at δ = 170.5 ppm
are the characteristic signal of benzene triazine rings. Importantly, the resonances at
δ = 30.0 ppm belong to the functional methyl group; all these results indicate the successful
formation of the network polymers.
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Figure 1. The (a) FT-IR and (b) solid-state UV/vis diffuse reflectance spectra of T-CMP, T-CMP-Me,
and the corresponding monomers. (c,f) STEM-HAADF and elemental-mapping images of T-CMP.
(d,e) The 13C CP/MAS NMR spectra of T-CMP and T-CMP-Me.
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The morphologies of the polymer materials T-CMP and T-CMP-Me are further char-
acterized by scanning electron microscopy (SEM) and transmission electron microscope
(TEM) (Figure 1c,f and Figure S5). It reveals that T-CMP and T-CMP-Me showed an
amorphous ellipsoidal-like in morphology features, respectively. In addition, inductively
coupled plasma atomic emission spectroscopy analysis of T-CMP revealed that the C and
N contents are 14.29 wt% and 4.21 wt%, respectively, which are close to the theoretical
values, as shown in Figure S6 and Table S1. The powder X-ray diffraction (PXRD) pat-
terns give no definite evident peaks (Figure S7), revealing their amorphous nature [28].
Among them, the X-ray powder diffraction pattern of T-CMP shows obvious diffraction
peaks at around 7.75◦ and 20.86◦, and the diffraction peaks appearing around 20.86◦ are
attributed to the tendency of interlayer accumulation, according to the previously reported
conjugated microporous polymers [1,7,12]. It estimates that the layer spacing of T-CMP is
about 4.3 Å through the Bragg equation; at the same time, the X-ray powder diffraction
pattern of T-CMP-Me only shows a wide diffraction peak of nearly 22◦, which indicates
that the interlayer accumulation is affected and the degree of crystallization decreased after
methylation. Therefore, we speculate that after methylation, the charge effect is enhanced,
which leads to strong repulsion between each of the layers.

3. Porosity Measurements and Gas Adsorption Studies

The porous structures of T-CMP and T-CMP-Me are further confirmed by nitrogen
sorption isotherm measurements at 77 K, which are shown in Figure 2a,b, respectively.
The solid materials exhibited typical type I isotherm curves, confirming its microporous
framework. Moreover, the TG analysis of the polymers revealed good thermal stability at
about 400 ◦C (Figure S8). The Brunauer–Emmett–Teller (BET) surface areas were 322 and
435 m2g−1 for T-CMP and T-CMP-Me, with average pore widths of 1.55 and 1.50 nm
(Figures S9 and S10), respectively. T-CMP-Me has a larger surface area than T-CMP, which
is attributed to the steric hindrance of methyl groups or lamellar charge repulsion [39].
Although the surface area of T-CMP is not large enough, the triazine-conjugated micro-
porous polymers contain a large number of bare nitrogen atoms, which may enhance
the adsorption of CO2 and some other gases due to the excess electrons. First, the H2
absorption at 77 K (Figure S11) was measured, which shows an uptake of 46.88 cm3g−1.
Furthermore, the CO2 uptake absorptions at different temperatures were measured, which
show uptakes of 27.12 cm3g−1 at 273 K and 0.39 cm3g−1 at 298 K (Figure 2c). This revealed
that the conjugated polymer would be a candidate for the capture of CO2, accounting for
the triazine pyrimidine rings, which have good bond energy to CO2. Finally, as shown
in Figure 2d, the T-CMP porous materials could also be a sorbent for C2H4; however, it
displays a lower absorption for the olifant gases. All in all, the favorable capacity of the var-
ious gases was due to the abundant basic pyrimidine rings or the conjugated microporosity
of the polymer skeleton.
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4. Dye Adsorption Performance

The T-CMP and T-CMP-Me have a large number of N-donor sites and pore space
inside, which lead to the ability to adsorb dye pollutants from water well. Herein, the
material was considered a candidate for the capture of cation dyes from the colorful water
solution (Figure 3 and Figures S12–S19). Thus, seven kinds of dyes, namely, cationic-type
crystal violet (CV+), methylene blue (MB+), rhodamine B (RB+) and basic red (BR+), anionic-
type methyl orange (MO−) and acid orange (AO−), and neutral-type dimethyl yellow
(DY) were chosen as the target adsorbent dyes (Table S2). In order to further verify the
hydrophilic and hydrophobic properties (Figure S19), the contact angle tests were measured.
It can be observed that T-CMP has a better hydrophobic ability, which is consistent with the
absorption of dyes. To check the adsorption abilities of T-CMP and T-CMP-Me, T-CMP and
T-CMP (3 mg) were added to 20 mL of dye (CV+, MB+, RB+, and BR+) solution in water
(20 mg/L−1). Obviously, the color and the concentration of CV+, MB+, RB+, and BR+

changed at different rates (Figure 3). As shown in Figure S17, the near removal efficiency
of the cation dyes are in the order of BR+ < RB+ < MB+ < CV+, which may be caused
by the molecular size or the interaction between the molecules and the T-CMP [40]; the
above phenomenon demonstrated that T-CMP would only adsorb cationic-type dyes.
Furthermore, for the monoanionic dye MO− or AO−, almost no dye was adsorbed by the
T-CMP material for a long time (Figures S18 and S19). However, the cationic T-CMP-Me
shows obvious adsorbed properties (Figures S15 and S16) due to the electric charge and
physisorption effect. For neutral dyes, DY (Figure S19) takes two times as long as the
cationic types, owing to their porous effect.
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Figure 3. Time-dependent adsorption study of 20 mg/L−1 for each kind of cationic dye in 20 mL
aqueous solution: (a) CV+, (b) MB+, (c) RB+, and (d) BR+ for T-CMP (3 mg). Inset photographs show
the color change before and after dye adsorption.

The above results of UV/vis absorption spectra for different dyes show that the T-CMP
and T-CMP-Me materials like to adsorb various types of dyes because the skeleton of the
material itself contains N-donors. This is due to the fact that the polymers are rich in
electrons, which are conducive to adsorbing the molecular dyes with electron deficiency.
Meanwhile, the triazine-conjugated microporous polymers also have natural adsorption
properties, which is consistent with the conclusion of gas adsorption.

For further study of the phenomenon, we also studied the aqueous solutions con-
taining mixed dyes of MB+/CV+, MB+/BR+, MB+/RB+, MB+/AO−, and MB+/DY, as
shown in Figure 4. Owing to the rich N-donor porous framework of T-CMP, obviously,
the homologous cationic dye colors of the MB+/CV+, MB+/BR+, and MB+/CV+ mixtures
changed from deep blue to light blue, from modena to slightly pink, and from bluish violet
to lavender, respectively, in Figure 4a–c. Checking the adsorption selectivity, it was found
that only the mixture of MB+/BR+ changed significantly; the highest absorption peaks at
655 nm of MB+ drops quickly compared to the BR+; however, the removal efficiency for the
mixture of MB+/CV+ and MB+/CV+ is changed homogenously. From the above conclu-
sions, the selective cationic dye adsorption suggests the T-CMP could adsorb homologous
dyes in a mixture of water pollution.
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Figure 4. Time-dependent adsorption study of 20 mg/L−1 for each kind of cationic dye in 20 mL
aqueous solution: (a) MB+/CV+, (b) MB+/BR+, and (c) MB+/RB+ for T-CMP (5 mg). The removal ef-
ficiency of each aqueous mixture: (d) MB+/CV+, (e) MB+/BR+, and (f) MB+/RB+. Inset photographs
show the color change before and after dye adsorption (removal efficiency = (C0 − Ct)/Ct; C0: the
original concentration; Ct: the concentration at the moment t).

Meanwhile, it was found that the T-CMP could selectively adsorb mixtures of MB+/AO−

and MB+/DY by the meaningful structure; see Figure 5a–d. It was found that T-CMP
only absorbs cationic-type dyes from the MB+/AO− mixture solution; see Figure 5a. The
solution color turned from dark green to light yellow, and the absorption peak at 655 nm
dropped more violently; however, the peak at 460 nm remained unchanged, so the selective
adsorption of anion and cationic dyes might have been achieved, as shown in Figure 5c.
The mixture color of MB+/DY always changed from blue-green to colorless; therefore,
the T-CMP could adsorb dyes from the solution for a long time, but has no selectivity for
cationic or neutral dyes; see Figure 5b,d.
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Figure 5. Time-dependent adsorption study of 20 mg/L−1 for each kind of cationic dye in 20 mL
aqueous solution: (a) MB+/MO− and (b) MB+/DY. The removal efficiency of each aqueous mixture:
(c) MB+/MO− and (d) MB+/DY. Inset photographs show the color change before and after dye
adsorption (removal efficiency = (C0 − Ce)/Ce; C0: the original concentration; Ct: the concentration
at the moment t).

For further study and in order to establish the amount of the dye uptake ca-
pacities of T-CMP, the dye adsorption amounts are calculated using the equation R
(mg g−1) = 20 mL × (C0 − Ct)/3 mg, in which R is the dye uptake, C0 is the initial
concentration (mg L−1), and Ce is the equilibrium concentration (mg L−1). As a re-
sult, the maximum uptake amounts of T-CMP were determined to be 132.47 mg g−1

for CV+, 128.32 mg g−1 for MB+, 123.29 mg g−1 for RB+, 123.60 mg g−1 for BR+, and
116.03 mg g−1 for DY, as shown in Figure S21. It was found that the T-CMP materials
have large uptake capacities for cationic-type dyes by the rich N-donor and the microp-
orous effect, or molecular interactions. This excellent performance might develop the
T-CMP itself to be more advanced in the treatment of water pollution for target dyes.

According to the results of the pseudo-first-order kinetic simulation and the pseudo-
second-order kinetic simulation [41–43], shown in the Supplementary Information
(Figures 6 and S22 and Table S3), it is found that the adsorption of MB by T-CMP and
T-CMP-Me was more consistent with the quasi-second-order kinetic simulation. Consid-
ering that the adsorption rate is proportional to the number of unoccupied adsorption
sites in the quasi-second-order kinetic model, the adsorption mechanism is assumed to
be controlled by chemisorption. This result reveals that the porous materials T-CMP and
T-CMP-Me adsorbed MB mainly by chemical adsorption. Considering that the T-CMP,
T-CMP-Me, and organic dye molecules all have conjugate structures, we believe that the
T-CMP and T-CMP-Me mainly adsorbed dye molecules by molecular interactions. By
comparing the simulation results of the adsorption of MB by the T-CMP and T-CMP-Me
with the pseudo-second-order kinetic constant k2 and the equilibrium adsorption capacity
Qe, it is found that T-CMP-Me has slightly faster adsorption but a smaller equilibrium
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adsorption capacity than T-CMP (Figure S23). The reason is that T-CMP-Me with positive
charges is less stacked than T-CMP layers (Figure S4). The former increases the specific
surface area and improves the adsorption rate, while the latter repulses dye molecules and
reduces the adsorption sites.
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Furthermore, we carried out the adsorbent recycling experiment and found that both
the polymer materials T-CMP and T-CMP-Me have good regeneration abilities (Figure 7).
Subsequently, T-CMP-Me was selected as an adsorbent for adsorption in the mixed aqueous
solution of MO and MB (Figure 7a), and it was found that it could selectively adsorb MB
(Figure 7a,b). Finally, in order to simulate industrial sewage adsorption treatment, we built
a set of simple flow adsorption devices (Figure 7c,d) to realize the selective adsorption
of MB in a mixed aqueous solution of MO and MB, revealing that the material has good
selective cyclic adsorption capacity.
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5. Conclusions

In summary, triazine-conjugated microporous polymers with good dye adsorption
properties were synthesized and characterized by the Sonogashira–Hagihara coupling
reaction. The network polymers are found to have potential value for gas adsorption. All
the materials underwent dye adsorption via the quasi-second-order kinetic simulation to
give selective adsorption performance; more importantly, they displayed efficient removal
abilities to adsorb cationic-type dyes and selectivity for the mixture solution. Finally, a
set of simple flow adsorption devices was constructed, which will improve the triazine-
conjugated microporous polymers (T-CMP and T-CMP-Me) as a new method for water
pollution treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/molecules28124785/s1. Figure S1. 1H-NMR spectrum of TBPT. Figure S2. 1H-NMR spectrum
of TEPT. Figure S3. Partial SEM images of T-CMP with different sizes. Figure S4. SEM and TEM
images of T-CMP-Me. Figure S5. SEM images of T-CMP-Me with different sizes. Figure S6. Energy
image of T-CMP. Figure S7. Powder X-ray diffraction spectrum of T-CMP and T-CMP-Me. Figure S8.
The TG Curves of the molecules TBPT and TEPT, also compared with the porous materials T-CMP
and T-CMP-Me. Figure S9. The pore size distribution obtained by the NLDFT method of T-CMP.
Figure S10. The pore size distribution obtained by the NLDFT method of T-CMP-Me. Figure S11. H2
adsorption–desorption isotherms (77 K) of T-CMP. Figure S12. Time-dependent adsorption study of
20 mg/L−1 for each kind of MB+ dye in 20 mL aqueous solution for T-CMP-Me (3 mg). Figure S13.
Time-dependent adsorption study of 20 mg/L−1 for each kind of CV+ dye in 20 mL aqueous solution
for T-CMP-Me (3 mg). Figure S14. Time-dependent adsorption study of 20 mg/L−1 for each kind of
RB+ dye in 20 mL aqueous solution for T-CMP-Me (3 mg). Figure S15. Time-dependent adsorption
study of (20 mg/L−1 for each kind of MO dye in 20 mL aqueous solution for T-CMP-Me (3 mg).
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Figure S16. Time-dependent adsorption study of 20 mg/L−1 for each kind of AO dye in 20 mL
aqueous solution for T-CMP-Me (3 mg). Figure S17. The removal efficiency of each aqueous mixture:
(a) CV+, (b) MB+, (c) RB+, and (d) BR+ (removal efficiency = C0−Ct

C0 × 100%; C0: the original concen-
tration; Ct: the concentration at the moment t). Figure S18. Time-dependent adsorption study of
20 mg/L−1 for anionic dyes in 20 mL aqueous solution: (a) MO− and (b) AO−. The removal
efficiency of anionic dyes: (c) MO− and (d) AO− (removal efficiency = (C0 − Ct)/C0 × 100%; C0:
the original concentration; Ct: the concentration at the moment t). Figure S19. Time-dependent
adsorption study of 20 mg/L−1 for neutral dye in 20 mL aqueous solution: (a) DY. The removal
efficiency of anionic dyes: (b) DY (removal efficiency = (C0 − Ct)/C0×100%; C0: the original
concentration; Ct: the concentration at the moment t). Figure S20. The contact angle images for
T-CMP (left) and T-CMP-Me (right) with water. Figure S21. The maximum adsorption of dyes (CV+,
MB+, RB+, BR+, and DY) of T-CMP. Figure S22. Time-dependent UV adsorption rates of MB+ dyes
T-CMP and T-CMP-Me, respectively. Figure S23. Pseudo-second-order kinetics for adsorption of
MO (a) and AO (b) in the presence of T-CMP-Me. Table S1. Data summary of energy spectrum analy-
sis for T-CMP. Table S2. Data summary of the different kinds of dyes (label, structure, and charge).
Table S3. Comparison of constants calculated based on respective pseudo-second-order kinetics.
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