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A B S T R A C T

This study investigates the influence of mesoporous silica templating on the structure and functionality of co
valent organic frameworks (COFs) synthesized using 2,4,6-triformylphloroglucinol (TFP), triphenylamine (TPh), 
and tris(biphenyl)amine (TBPh) through Schiff-base reaction. COFs synthesized without (type I) and with (type 
II) mesoporous silica templates were characterized using FTIR, XPS, and solid-state NMR, revealing the successful 
formation of imine bonds and triazine units. Morphological analyses, including TEM, SEM, and XRD, exhibited 
that mesoporous silica templating significantly enhanced pore ordering and surface roughness. Nitrogen (N2) 
adsorption/desorption measurements confirmed high surface areas (up to 904 m2/g) with microporous struc
tures. The mesoporous silica-templated materials to form type II CTF-based COFs exhibited superior CO2 
adsorption (3.46 mmol/g at 273 K) and rapid Rhodamine B (RhB) dye removal (> 99 % within 120 s), ascribed to 
their ordered structure and strong π-π interactions. These results demonstrate the role of mesoporous silica 
templating in tailoring structural properties to optimize the adsorption performance of COF materials, offering 
insights into designing advanced adsorbents for environmental remediation.

1. Introduction

The textile industry has grown rapidly in recent decades, becoming a 
cornerstone of modern economies. However, this growth has been 
accompanied by an extensive reliance on organic dyes, significantly 
contributing to wastewater pollution [1]. These dyes are visually un
appealing and pose severe threats to aquatic ecosystems and human 
health due to their toxicity, persistence, and potential carcinogenicity 
[2–4]. On top of that, the large-scale production processes in the textile 
industry are energy-intensive, giving rise to substantial greenhouse gas 
emissions, particularly CO2, which exacerbates global warming [5–7]. 
To mitigate these environmental challenges, developing materials 
capable of efficiently adsorbing both CO2 [8–10]and organic dyes 
[11–19] has emerged as a critical research focus. Traditional adsorbents, 
such as amorphous porous materials, including activated carbon [20,21] 
and natural zeolites [22,23], have been widely used for such applica
tions. While activated carbon offers high adsorption capacity and zeo
lites exhibit diverse crystalline structures, their versatility is limited in 

addressing a broad range of adsorption needs, thereby restricting their 
practical applications.

In response to these limitations, researchers have turned their 
attention to advanced porous materials, such as metal–organic frame
works (MOFs) [24–26], Conjugated microporous polymers [27–34], 
covalent organic frameworks (COFs) [27–46], and mesoporous silica 
[47–51]. Among these, COFs have garnered significant attention as an 
emerging class of organic polymers distinguished by their high specific 
surface areas, well-defined ordered porosity, robust frameworks, and 
excellent crystallinity [27–46]. A key advantage of COFs lies in their 
synthesis via reversible condensation reactions, which enable precise 
control over the selection of building blocks and the resulting framework 
structures [52–55]. This tunability allows for the design of COFs with 
tailored properties to meet specific functional demands, making them 
highly versatile for applications in environmental remediation, 
including gas storage [56], catalysis [57], and adsorption-based degra
dation of pollutants [58–60]. Looking forward, the development of COFs 
and other advanced porous materials offers an exciting pathway toward 
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addressing the pressing environmental issues posed by the textile in
dustry. Through continued research, these materials hold the potential 
to significantly reduce wastewater pollution and greenhouse gas emis
sions, paving the way for more sustainable industrial practices.

Recent advances in COF synthesis have leveraged dynamic and 
reversible reactions, such as triazine polymerization, Schiff-base 
condensation, and aldol condensation. Among these, covalent triazine 
frameworks (CTFs) have gained significant attention [61–64], and CTFs 
are distinguished by their nitrogen-rich functional groups, such as imine 
and triazine units, which serve as active sites for adsorption. These 
functional groups interact strongly with CO2 due to the molecule’s large 
quadrupole moment, facilitating dipole-quadrupole interactions and 
enhancing CO2 capture efficiency [65]. Additionally, the large specific 
surface area of CTFs provides a high density of active sites, while N-π and 
π-π interactions between the framework and dye molecules enhance dye 
adsorption. The intrinsic π-π stacking of the conjugated structure also 
contributes to high porosity, allowing rapid dye adsorption and 
improved adsorption kinetics [66–68].

Unlike conventional two-dimensional (2D) COFs synthesized via 
bulk solvothermal methods, which frequently suffer from poor struc
tural order and poorly defined porosity, our templating strategy enables 
precise control over key structural parameters, including pore di
mensions, particle morphology, and interlayer stacking. The incorpo
ration of a rigid silica template during the Schiff base condensation 
process plays a critical role in directing the growth of the COF, pro
moting uniform layer alignment, reducing structural defects, and 
enhancing π–π stacking interactions between layers. Following synthe
sis, the selective removal of the silica template preserves the integrity of 
the ordered pore network, resulting in COF materials that exhibit 
significantly improved crystallinity, mechanical robustness, and mass 
transport characteristics. Furthermore, by tuning the pore size and 

geometry of the silica template, we can systematically adjust the surface 
area, pore volume, and external morphology of the COFs. This level of 
structural tunability allows for the optimization of functional properties 
such as gas adsorption and dye uptake, all without necessitating changes 
to the chemical structure of the monomeric building blocks.

In this study, we propose the design and synthesis of these COFs 
using triazine-based structures: 4,4′,4′’-(1,3,5-triazine-2,4,6-triyl)triani
line (TPh-3NH2) [69] and 4′,4′’’,4′’’’’-(1,3,5-triazine-2,4,6-triyl)tris 
(([1,1′-biphenyl]-4 amine)) (TBPh-3NH2) [70], in combination with the 
trialdehyde monomer 2,4,6-triformylphloroglucinol (TFP). The synthe
sis was carried out via acid-catalyzed Schiff-base polycondensation, 
incorporating a diblock copolymer to fabricate an ordered silica tem
plate [71,72]. The polymerization process, involving TFP and the two 
triazine-based monomers, was conducted in the presence of the meso
porous silica template to facilitate the formation of an ordered frame
work. Post-synthesis, the silica template was removed to yield a porous, 
crystalline COF structure. The structural changes resulting from this 
process were characterized using X-Ray Diffraction (XRD) analysis, 
which confirmed the successful formation of highly ordered frame
works. The incorporation of the mesoporous silica template during 
synthesis was found to enhance the structural regularity and porosity of 
the COFs, thereby improving their functional properties for applications 
in CO2 capture and dye adsorption. By tailoring the building blocks and 
leveraging a mesoporous silica-templated synthesis approach, this study 
highlights a scalable strategy for creating highly ordered and function
alized COFs. These materials not only exhibit superior adsorption 
properties but also provide insights into the relationship between 
framework design and performance, paving the way for advancements 
in environmental remediation technologies.

Fig. 1. (a) Synthesis route of PEO114-b-PS58 and the corresponding (b) FTIR spectrum, (c) NMR spectrum (* is the peak for CHCl3-d), (d) TGA analysis, and (e, f) DSC 
analysis of PEO114, PEO114-Br, and PEO114-b-PS58.
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2. Experimental Section

2.1. Materials

2-Bromoisobutyryl bromide (2-Br-IsoBuBr, 97 %), triethylamine 
(Et3N, 99 %), styrene (Sty, 99 %), and copper(I) bromide (CuBr, 98 %) 
were purchased from Alfa Aesar. Tetraethyl orthosilicate (TEOS, 98 %), 
1,2-dichlorobenzene (99 %), and 1-butanol (> 99 %) were purchased 
from ACROS. Acetic acid was purchased from Honeywell. Matrix Sci
entific was the supplier for 4-aminobenzonitrile (98 %). Hydrofluoric 
(HF) acid, 4-(4-aminophenyl)benzonitrile (95 %), dichloromethane, 
Rhodamine B (RhB, 95 %), N,N,N’,N’’,N’’-Pentamethyldiethylene-tri
amine (PMDETA, 99 %), poly(ethylene glycol) methyl ether [PEO114, 
Mn = 5000 g/mol] and 2,4,6-triformylphloroglucinol (TFP) were pur
chased from Sigma-Aldrich. 4,4′,4′’-(1,3,5-triazine-2,4,6-triyl)trianiline 
(TPh-3NH2) and 4′,4′’’,4′’’’’-(1,3,5-triazine-2,4,6-triyl)tris(([1,1′- 
biphenyl]-4-amine)) (TBPh-3NH2) were synthesized as displayed in 
Schemes S1 and S2.

2.2. Preparation of PEO-b-PS diblock copolymer

The macroinitiator PEO114-Br was synthesized by dissolving 20 g of 
monomethoxy PEO114 in 90 mL of dry THF, followed by the addition of 1 
mL of Et3N to form a clear solution. After cooling the mixture in an ice- 
water bath, 0.92 g (4.0 mmol) of 2-Br-IsoBuBr was added dropwise over 
30 min under constant stirring. The reaction was then maintained at 
30 ◦C and stirred overnight. To isolate the product, the reaction mixture 
was poured into 300 mL of cold diethyl ether, and the resulting pre
cipitate was collected by filtration, washed with more cold ether, and 
dried under reduced pressure, yielding PEO114-Br as a white solid. For 
the block copolymerization, a typical procedure involved charging a 

flame-dried ampoule with PEO-Br (5 g, 0.97 mmol), CuBr (0.14 g, 0.97 
mmol), PMDETA (0.17 g, 0.97 mmol), and Sty (5.86 g, 56.3 mmol). The 
mixture was degassed using three freeze–pump–thaw cycles, sealed 
under vacuum, and heated at 110 ◦C in an oil bath for 3 h. After cooling, 
the resulting viscous polymer solution was dissolved in 100 mL of THF 
and passed through a column of neutral alumina to remove residual 
copper. The final product, PEO114-b-PS58, was recovered by precipita
tion in 500 mL of petroleum ether, filtered, and dried under vacuum 
[Fig. 1(a), Yield: 73 %].

2.3. Synthesis of mesoporous silica through an evaporation-induced self- 
assembly (EISA) process

To prepare the final material, transparent films were first formed by 
casting a homogeneous solution, prepared by stirring 1.5 g of TEOS and 
0.35 g of HCl (0.1 M) into 7.5 g of PEO114-b-PS58 solution in THF for 30 
min, into Petri dishes and allowing the THF to evaporate at 25 ◦C for 48 
h. The dried films were then ground into a fine powder and placed in an 
autoclave containing 45 mL of 1.0 M HCl, followed by hydrothermal 
treatment at 100 ◦C for 3 days. After washing and air drying, the ma
terial was calcined at 600 ◦C for 12 h with a heating rate of 1 ◦C/min, 
resulting in a white solid product [Fig. 2(a)].

2.4. Preparation of type I TFP-TPh and TFP-TBPh COFs

A total of 0.1 g of 2,4,6-triformylphloroglucinol (TFP) and either 
0.16 g of TPh-3NH2 or 0.27 g of TBPh-3NH2 were combined in a 20 mL 
quartz ampoule along with 1,2-dichlorobenzene, 1-butanol, and 6 M 
acetic acid. The mixture was heated to 100 ◦C and maintained at this 
temperature for 72 h in an oil bath. During the heating process, TFP-TPh 
(I) and TFP-TBPh (I) were synthesized via Schiff-base reaction. The 

Fig. 2. (a) Preparation of mesoporous silica materials and the corresponding (b) SAXS pattern, (c) TEM image, (d) BET and pore size profiles of mesoporous sil
ica materials.
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resulting solids were filtered and dried under a vacuum at 50 ◦C, 
yielding TFP-TPh (I) as a yellow powder with an 89 % yield and TFP- 
TBPh (I) with a 94 % yield.

2.5. Preparation of type II TFP-TPh and TFP-TBPh COFs

The mesoporous silica template (0.13 g or 0.18 g) was mixed with 
0.1 g of TFP and either 0.16 g of TPh-3NH2 or 0.27 g of TBPh-3NH2. The 
mixture was packed into a 20 mL quartz ampoule along with the solvents 
1,2-dichlorobenzene, 1-butanol, and 6 M acetic acid. The sealed 
ampoule was heated to 100 ◦C and maintained at this temperature for 
72 h in an oil bath. After polymerization, the TFP-based hybrids were 
collected via reduced-pressure filtration. The residues were then treated 
overnight with 5 wt% HF for 24 h to remove the mesoporous silica 
template. The resulting material was washed multiple times with 
deionized water and ethanol, followed by vacuum drying in an oven at 
70 ◦C. TFP-TPh (II) and TFP-TBPh (II) COFs were obtained with a yield 
of 64 % [Scheme 1].

3. Results and Discussion

3.1. Synthesis and structural Characterization of TPh-3NH2, TBPh-3NH2 
monomers

We have synthesized TPh-3NH2 and TBPh-3NH2 monomers, and 
their chemical structures were confirmed through FTIR, 1H NMR, and 
TGA analyses, as evident in Figs. S1-S6. Briefly, the absorption bands for 
both synthesized compounds, which share similar structural features, 
are centered around 1620 and 1365 cm− 1, corresponding to the pres
ence of triazine units. Additionally, TPh-3NH2 exhibited NH2 stretching 
bands at 3462 and 3322 cm− 1, while TBPh-3NH2 showed bands at 3429 
and 3347 cm− 1 (Figs. S1 and S4). The 1H NMR spectrum of TPh-3NH2 
[Fig. S2] displayed the proton signals at 8.34, 6.68, and 5.90 ppm, 
corresponding to aromatic protons and NH units, respectively. Similarly, 
TBPh-3NH2 [Fig. S5] showed the proton signals at 8.70, 7.82, 7.54, 
6.70, and 5.47 ppm, which are also attributed to aromatic protons and 
NH units. Thermal analysis revealed that the Td10 values (temperature at 
which 10 % weight loss occurs) for TPh-3NH2 and TBPh-3NH2 were 

Scheme 1. Synthesis of (a) TFP-TPh COFs and (b) TFP-TBPh COFs with silica templates.

Fig. 3. Synthesis of (a) TFP-TPh COFs and (b) TFP-TBPh COFs by the Schiff-base reaction and the corresponding (c) FTIR spectrum, (d) solid-state 13C NMR analysis, 
(e) XPS spectra and (f) TGA profiles.
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468 ◦C and 492 ◦C, respectively. The corresponding char yields were 
50.6 wt% and 33.4 wt%, as indicated in Figs. S3 and S6.

3.2. Mesoporous silica material by using PEO-b-PS diblock copolymer as 
template

We synthesized PEO114-b-PS58 diblock copolymer through ATRP 
(Fig. 1(a)), which was corroborated by FTIR, 1H NMR, TGA, and DSC 
analyses, as shown in Fig. 1. The FTIR spectrum of PEO114-b-PS58 un
veiled 3071, 3028, 2920, 1728, and 1103 cm− 1, corresponding to the 
presence of sp2 C–H, sp3 C–H, C––O, and C–O–C units, respectively 
[Fig. 1(b)]. Furthermore, the 1H NMR spectrum [Fig. 1(c)] displayed the 
proton signals at 6.46–7.09 and 1.91–1.85 ppm, corresponding to aro
matic protons and aliphatic protons of PS segment, 3.64 and 3.38 ppm 
are due to the main chain of OCH2 and the chain end of OCH3 of PEO 
segment.

From the integrated area of aromatic protons of the PS segment and 
OCH2 of the PEO segment, we can calculate the molecular weight of the 
PS segment. Table S1 lists the molecular weights and polydispersity 

index (PDI). Thermal analysis of the PEO114-b-PS58 diblock copolymer 
indicated that the Td10 value was 383 ◦C based on TGA analyses in Fig. 1
(d), the crystallization temperatures (Tc) and the melting point (Tm) of 
were determined to be − 16 ◦C and 45 ◦C of PEO segment as shown in 
Fig. 1(e) and (f), which all strongly affected by the microphase sepa
ration and nano-confined effect of PEO segment after covalent bonded 
PS segment when compared with pure PEO and PEO-Br segment.

We prepared the mesoporous silica materials by using PEO114-b-PS58 
diblock copolymer as the template by utilizing the microphase separa
tion and EISA processes and then fabricated the well-defined meso
porous silica at 600 ◦C to remove PEO114-b-PS58 diblock copolymer as 
displayed in Fig. 2(a). The self-assembled mesoporous silica was thor
oughly characterized using a combination of analytical techniques, 
including IR, TGA, XRD, SAXS, TEM, and BET surface area analysis. The 
IR spectrum revealed a characteristic absorption band at 1080 cm− 1, 
which is attributed to the stretching vibration of the Si-O-Si framework, 
as shown in Fig. S7. Thermogravimetric analysis (Fig. S8) indicated 
high thermal stability, with a 10 % weight loss temperature (Td10) 
observed at 753 ◦C and a residual weight of 89.2 wt%, confirming the 

Fig. 4. XRD spectra, TEM images, and SEM images of TFP-TPh (I): (a), (b), (c); TFP-TPh (II): (d), (e), (f).
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robust nature of the mesoporous silica structure. Fig. 2(b) shows the 
SAXS pattern of mesoporous silica with peak ratios of 1:√3:√4:√9, 
indicating the existence of the hexagonally packed cylinder (HPC) 
structure, which could be confirmed by the TEM image as shown in 
Fig. 2(c). The d-spacing of mesoporous HPC silica was 15.41 nm from 
the first q* peak (q = 0.407 nm− 1) based on the Bragg law (d = 2π/q*). 
However, XRD analysis showed amorphous peaks in Fig. S9. Fig. 2(d) 
shows N2 adsorption/desorption isotherms recorded at 77 K, indicating 
the typical type IV curve with H1 hysteresis loop with a value of P/P0 
from 0.4 to 0.8 for the capillary condensation step, indicating a 
cylindrical-like mesoporous structure. The specific surface area (SBET) of 
383.4 m2 g− 1 was calculated, and the mean pore size was observed at 
9.4 nm, determined from the Harkins and Jura model, which is consis
tent with SAXS and TEM results.

3.3. Synthesis and structural characterization of TFP-TPh and TFP-TBPh 
COFs

As illustrated in Fig. 3(a)–(b), TFP underwent the Schiff-base reac
tion with TPh-3NH2 and TBPh-3NH2, resulting in two COF materials 
designated as TFP-TPh (I) and TFP-TBPh (I) COFs. In comparison, TFP- 
TPh (II) and TFP-TBPh (II) COFs were synthesized using mesoporous 
silica as a template and then treated overnight with 5 wt% hydrofluoric 
(HF) acid to remove the mesoporous silica template. The chemical 

structures of these four COF materials, collectively referred to as TFP- 
based COFs, were confirmed by FTIR, XPS, and solid-state 13C NMR 
spectroscopy. The FTIR spectra of TFP-TPh and TFP-TBPh COFs are 
shown in Fig. 3(c), revealing consistent characteristic peaks: a stretching 
vibration around 3435 cm− 1 attributed to the phenolic unit from the TFP 
unit, a peak near 1620 cm− 1 corresponding to the imine bond formed 
after the Schiff-base reaction, and the peaks around 1365 and 1575 cm− 1 

associated with the C––N stretching of the triazine ring units. Notably, 
both TFP-TPh and TFP-TBPh hybrids that have not undergone HF 
treatment to remove the silica template exhibit an additional peak at 
1090 cm− 1, corresponding to the Si-O-Si units. However, after HF 
treatment, this peak vanishes, yielding the final TFP-TPh (II) and TFP- 
TBPh (II) COFs, as shown in Fig. S10. In the solid-state 13C NMR 
spectra, signals within the range of 100–200 ppm were predominantly 
assigned to carbon atoms in the phenyl units. For TFP-TPh COFs, a peak 
at 157 ppm (aromatic C-OH) provided evidence of a successful Schiff- 
base reaction, while a peak at 169 ppm (C––O) indicated the presence 
of tautomeric structures, as shown in Scheme S3(a). On top of that, a 
peak at 169 ppm corresponded to C––O bonds, and a peak at 181 ppm 
was assigned to C––N bonds, further corroborating the structural 
composition. Similarly, for TFP-TBPh COFs, a peak at 157 ppm (C––N) 
corroborated with the successful Schiff-base reaction, while a peak at 
164 ppm (C––C) suggested tautomeric structures, as shown in Scheme 
S3(b). Peaks observed at 169–171 ppm were attributed to C–O bonds, 

Fig. 5. XRD spectra, TEM images, and SEM images of TFP-TBPh (I): (a), (b), (c); TFP-TBPh (II): (d), (e), (f).
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and those at 184–185 ppm were assigned to C––O bonds. The differences 
in the spectra between TFP-TPh COFs and TFP-TBPh COFs can be 
attributed to the varying number of phenyl rings in TPh and TBPh, 
highlighting their distinct structural characteristics. The XPS analyses 
further elucidated the elemental composition and surface chemistry of 
the TFP-based COFs. As shown in Fig. 3(e), the XPS spectra indicate 
signals for C 1s, N 1s, and O 1s, with the C 1s signal being significantly 
more intense than the N 1s and O 1s signals, consistent with elemental 
analysis. Notably, the absence of Si 2p signals in the 101–103 eV range 
confirms that the silica template has been successfully removed. The 
deconvoluted C 1s spectra of the TFP COFs revealed two primary peaks 
at 284.2 and 286.1 eV [Fig. S11], attributed to aromatic C––C and C––N 
bonds, respectively.

Notably, the C––C peak in TFP-TBPh COFs appeared more prominent 
than in TFP-TPh COFs due to the additional phenolic groups present in 
TFP-TBPh COFs. Similarly, the deconvoluted N 1s spectra displayed two 
peaks at 398.3 and 399.5 eV, corresponding to triazine ring and imine 
bonds, respectively [Fig. S12]. The triazine rings containing three C––N 
bonds are expected to contribute more significantly to the signal in
tensity compared to the imine bonds. Additionally, thermal analysis 
demonstrated the excellent thermal stability of these TFP-based COF 
materials. The Td10 values for TFP-TPh (I), TFP-TBPh (I), TFP-TPh (II), 
and TFP-TBPh (II) were 538, 569, 546, and 532 ◦C, respectively, with 
corresponding char yields of 57.2, 64.6, 54.2, and 64.3 wt% as shown in 
Fig. 3(f). The morphological characteristics of these TFP-based COFs 
were analyzed using transmission electron microscopy (TEM), field- 

emission scanning electron microscopy (FE-SEM), and X-ray diffrac
tion (XRD) analyses. TFP-TPh (I) and TFP-TBPh (I) COFs demonstrated 
fibrous structures, while TFP-TPh (II) and TFP-TBPh (II) COFs, synthe
sized with the addition of the mesoporous silica template, demonstrated 
more defined and organized morphologies compared to their template- 
free counterparts. This distinction is evident in the TEM images shown in 
Fig. 4(b), (e), Fig. 5(b), and (e). The original structure resembled 
popcorn or fibers; nevertheless, after incorporating a mesoporous silica 
template, it transformed into a cylinder worm-like morphology. SEM 
images further confirmed this transformation in the TFP COFs (II), as 
illustrated in Fig. 4(c), (f), Fig. 5(c), and (f). In the unprocessed TFP- 
TPh and TFP-TBPh hybrids, the XRD patterns exhibited amorphous 
characteristics in Fig. S13. Nevertheless, after HF treatment, TFP-TPh 
(II) and TFP-TBPh (II) displayed well-defined diffraction peaks. XRD 
analysis showed a new peak at 18.05◦ in TFP-TPh (II) COF owing to the 
inclusion of the mesoporous silica template. In the XRD patterns of 
TFP–TPh COFs [Fig. 4(a, d)], TFP–TPh (II) exhibits diffraction peaks at 
5.94◦ and 9.87◦, whereas the non-templated TFP–TPh (I) shows peaks at 
5.87◦ and 10.08◦, indicating a noticeable shift in layer stacking. Simi
larly, for the TFP–TBPh series [Fig. 5(a, d)], TFP–TBPh (II) presents 
peaks at 5.82◦ and 9.97◦, while TFP–TBPh (I) displays reflections at 
4.11◦, 7.04◦, and 10.98◦, reflecting a significant reorganization of the 
π-π stacking upon templating. These results imply that the mesoporous 
silica template influenced the polymerization process by modifying the 
π-π stacking interactions and promoting the formation of a more ordered 
3D structure between layers. This effect is particularly evident from the 

Fig. 6. N2 adsorption/desorption isotherms and pore size distribution of (a) TFP-TPh (I), (b) TFP-TBPh (I), (c) TFP-TPh (II) and (d) TFP-TBPh (II).

Y.-C. Kao et al.                                                                                                                                                                                                                                  Separation and Puriϧcation Technology 375 (2025) 133827 

7 



appearance of a peak at 18.05◦.
The surface area and pore structures of these TFP-based COFs were 

evaluated using N2 adsorption/desorption isotherms. As shown in Fig. 6
(a)–(d), all these TFP-based COFs exhibited type IV isotherms with 
desorption hysteresis loops, indicative of materials with both micropo
rous and mesoporous features. The N2 adsorption curves showed a sharp 
increase at P/P0 values of 0–0.03, followed by a more gradual rise be
tween 0.03 and 0.05. The hysteresis loops observed in the 0.4–0.9P/P0 
range further confirmed the coexistence of micropores and mesopores. 
Using the Brunauer–Emmett–Teller (BET) model, the specific surface 
areas of TFP-TPh (I), TFP-TPh (II), TFP-TBPh (I), and TFP-TBPh (II) 
COFs were calculated as 839, 725, 904, and 711 m2 g− 1, separately. For 
TFP-based hybrids were calculated as 571 and 343 m2 g− 1 in Fig. S14. 
Pore size distribution and pore volume, determined via non-local den
sity functional theory (NLDFT), are summarized in Table S2. The pore 
size distributions are confirmed microporous structures with predomi
nant pore sizes of 1.2, 1.1, 1.9, and 1.6 nm for TFP-TPh (I), TFP-TPh (II), 
TFP-TBPh (I), and TFP-TBPh (II), respectively, highlighting their 
microporous nature. The TFP-based type II COFs exhibited relatively 
slightly lower surface area and smaller pore size compared with TFP- 
based type I COFs, probably because of more π-π stacking interactions 
and promoting the formation of a more ordered 3D structure between 
layers, which is consistent with XRD analyses.

The molecular electrostatic potential (MESP) maps of the TFP–TPh 
and TFP–TBPh COF building units reveal the reactive hotspots respon
sible for guest binding in Fig. S15 [73,74]. In these maps, red regions 
correspond to areas of high electrostatic potential, typically localized 
around electronegative atoms such as the nitrogen of triazine, indicating 
potential nucleophilic sites. Conversely, blue regions denote areas of 
lower electron density, such as the amine hydrogen atoms, which serve 
as electrophilic sites. The juxtaposition of these high– and low–potential 
zones highlights the complementary binding sites within the COF 
framework, suggesting strong interactions with both CO2 and cationic 
RhB dye molecules. Taken together, the MESP analysis confirms that 
these COFs possess appropriately distributed reactive centers, making 

them ideal candidates for efficient gas capture and dye adsorption.

3.4. Adsorption performance analyses of TFP-TPh and TFP-TBPh COFs

Ascribed to their high BET surface areas, all TFP-based COFs were 
anticipated to indicate excellent performance in CO2 capture and dye 
adsorption. CO2 adsorption measurements were carried out at 273 K and 
298 K, as demonstrated in Fig. 7(a) and 7(b). At 298 K, the CO2 uptake 
capacities of TFP-TPh (I) and TFP-TPh (II) were 3.72 and 3.09 mmol g− 1, 
while TFP-TBPh (I) and TFP-TBPh (II) achieved 2.08 and 2.06 mmol g− 1, 
respectively. At 273 K, the CO2 adsorption capacities increased across all 
samples, with TFP-TPh (I) and TFP-TPh (II) reaching 4.09 and 3.46 
mmol g− 1, and TFP-TBPh (I) and TFP-TBPh (II) achieving 2.46 and 2.32 
mmol g− 1, respectively, as summarized in Fig. 7(c). The exceptional CO2 
adsorption performance can be attributed to the high specific surface 
areas, abundant micropores, and the presence of triazine units, which 
provide active sites for CO2 capture. Notably, TPh-based TFP COFs 
demonstrated higher CO2 uptake than TBPh-based TFP COFs, likely 
ascribed to the smaller molecular size of TPh. These findings indicate 
that the TFP-TPh COF has stronger interaction than TFP-TBPh COFs, and 
thus, this smaller size with fewer phenyl units facilitates stronger dipole- 
quadrupole interactions with the triazine units and strengthens 
hydrogen bonding with the phenolic units in TFP, as illustrated in Fig. 7
(d). In addition, the TFP-based type II COFs exhibited slightly lower CO2 
adsorption capacity because of the relatively slightly lower surface area 
and smaller pore size compared with TFP-based type I COFs.

Quantum Theory of Atoms in Molecules (QTAIM) provides a 
powerful framework for characterizing intermolecular interactions, 
such as hydrogen bonding, electrostatic attraction, and Van Der Waals 
forces, by identifying bond critical points (BCPs) and evaluating their 
topological parameters [75,76]. At each BCP, key metrics including the 
electron density (ρ), its Laplacian (∇2ρ), the potential energy density 
(Vr), the total energy density (Hr), and the ratio of the local kinetic en
ergy density to the potential energy density (− G/Vr) are computed. 
These quantitative descriptors reveal both the strength and the nature of 

Fig. 7. CO2 adsorption profiles of TFP COFs at (a) 273 K, (b) 298 K, and (c) summarize their corresponding CO 2 uptake values. (d) Proposed mechanism of CO2 
adsorption in TFP-Based COFs.
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the interaction.
The nature of these interactions was elucidated by examining the ρ 

and its ∇2ρ at each bond critical point (BCP). A negative ∇2ρ value in
dicates electron accumulation characteristic of shared–type (covalent) 
bonding, whereas a positive ∇2ρ signifies electron depletion consistent 
with closed–shell (noncovalent) interactions [77–79]. In our QTAIM 
analysis [Fig. S16, Table S3], we identified three potential CO2 binding 
sites [(i), (ii), and (iii)], corresponding to interactions with the amine 

units and hydrogen atoms in each unit of TFP COF. For all labeled N-C 
contacts between CO2 and the COF framework, the electron density ρ at 
the BCPs was positive and maximal, indicating noncovalent interaction. 
The associated Hr was also positive, further confirming electrostatic 
rather than covalent bonding (covalent interactions yield negative Hr). 
Specifically, for the TFP-TPh@CO2 interactions, both ∇2ρ and Hr values 
were positive, and the ratio − Gr/Vr exceeded 1, signaling dominant 
electrostatic and open-shell interactions over shared-shell (covalent) 

Fig. 8. The 3D isosurfaces and 2D scatter graphs of (a) TFP-TPh@CO2 and (b) TFP-TBPh@CO2 complexes.

Fig. 9. (a) Possible RhB adsorption mechanisms of TFP COFs; (b) removal efficiency of aqueous RhB at different times after the addition, (c) pseudo-second-order 
kinetic fitting, (d) Langmuir fitting, and (e) Freundlich fitting of TFP COFs.
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interactions. A similar trend was observed for TFP-TBPh@CO2 contacts: 
positive ∇2ρ and Hr values with − Gr/Vr > 1 indicate noncovalent 
attraction between the amine units and CO2 [80]. These results collec
tively demonstrate that CO2 binding in TFP COFs is governed primarily 
by strong electrostatic interactions rather than by covalent bond 
formation.

3.5. Interaction Region Indicator (IRI) analysis

To elucidate the nature of weak intermolecular contacts between 
COF subunits and guest molecules, we applied the Interaction Region 
Indicator (IRI) method. IRI is defined as 

IRI(r) =
∇ρ(r)
[ρ(r)a]

and relies solely on the electron density (ρ) and its gradient. By coloring 
the resulting isosurfaces according to the sign of the second Hessian 
eigenvalue (λ2) multiplied by ρ, one can distinguish attractive Van Der 
Waals interactions (green), hydrogen bonds (blue), and steric repulsion 
(red) in a single representation [81]. In the TFP COF@CO2 systems, the 
IRI isosurfaces (Fig. 8) reveal extensive green regions between the CO2 
oxygen atoms and the hydrogen atoms of both TPh and TBPh units, 
confirming that dispersion forces dominate the CO2 binding at all three 
investigated sites [(i)-(iii)]. The corresponding 2D scatter plots of sign 
(λ2)ρ versus IRI display characteristic peaks near zero, reinforcing the 
conclusion that Van Der Waals interactions are the primary stabilizing 
force. Notably, the TFP-TBPh@CO2 complexes exhibit sharper and more 
condensed peaks (around − 0.01 to − 0.02 a.u.) compared to TFP- 
TPh@CO2, indicating that the extended biphenyl surface of TBPh en
hances dispersion binding strength.

In aquatic environments, the adsorption of organic pollutants is 
governed by several factors, including Lewis acid-base interactions [82], 
hydrogen bonding interactions [66–72,82], and π-π interactions [83–85] 
between the adsorbent and the dye. These interactions escalate the 
physical or chemical bonding between the adsorbent and the dye mol
ecules. In addition to their CO2 adsorption capabilities, TFP-based COFs 
are also highly effective in adsorbing organic dyes, addressing both air 
pollution and water contamination challenges. To evaluate the dye 
adsorption performance of TFP-based COFs, we conducted experiments 
using RhB solutions. The remaining RhB concentration in solution was 
monitored via ultraviolet–visible (UV–Vis) spectroscopy by measuring 
absorbance over a time range of 0–120 s. RhB aqueous solutions reveal a 
characteristic absorbance peak at 552 nm, which was used for quanti
tative analysis [Fig. S17 and Tables S4-S7]. Adsorbents (5 mg) were 

introduced into RhB solutions (10 mL, 25 mg L-1), and all four adsor
bents nearly decorated the dark pink RhB solution to colorless within 
120 s. The decrease in absorbance verified that effective adsorption and 
equilibrium adsorption capacities (qe) were calculated. At 10 s, TFP-TPh 
(I) and TFP-TBPh (I) COFs achieved removal efficiencies of 48.83 %, 
while TFP-TPh (II) COF reached 76.74 %, and TFP-TBPh (II) COF 
demonstrated the fastest performance, achieving 86.04 %. By 30 s, TFP- 
TBPh (II) COF removed 97.67 % of RhB. At 120 s, TFP-TPh (I) achieved a 
removal efficiency of 95.35 %, while the other three adsorbents 
removed over 99 % of RhB, as shown in Fig. 9 (b). The adsorption ki
netics were analyzed using the pseudo-second-order kinetic model 
proposed by Ho and McKay [86–88]. As shown in Fig. 9(c) and 
Table S8, the fitting degrees (R2) for all four COF adsorbents were above 
0.99. The rate constants (k2) followed the trend: TFP-TBPh (II) > TFP- 
TPh (II) > TFP-TBPh (I) > TFP-TPh (I) COFs, with values of 1.116, 
0.492, 0.436, and 0.180 g mg− 1 min− 1, distinctively.

The superior performance of type II TFP-based COF adsorbents 
compared to type I can be attributed to the incorporation of the meso
porous silica template, which altered the structural framework, 
enhancing dye penetration into the pore channels and promoting more 
efficient chemisorption. Additionally, the enhanced performance of 
TBPh-based COFs over TPh-based COFs is attributed to the additional 
phenyl units in TBPh, which enable stronger π interactions with cationic 
RhB dye molecules, as depicted in Fig. 9(a). Furthermore, the positively 
charged RhB is electrostatically attracted to the negatively polarized 
sites on the TFP COF surface [89]. FTIR spectra recorded after RhB 
binding to TFP–TBPh (I) reveal shifts in characteristic vibrational bands, 
providing direct evidence of these specific adsorbent-dye interactions 
[Fig. S18]. As shown in Fig. S19, isotherm experiments of RhB 
adsorption were conducted at varying concentrations, and a saturation 
curve was plotted to determine the maximum adsorption capacity 
(qmax), as summarized in Table S9. The adsorption capacity values of 
RhB onto TFP-TPh (I), TFP-TPh (II), TFP-TBPh (I), and TFP-TBPh (II) 
COFs were 127, 238, 155, and 243 mg/g, respectively. Temperature- 
dependent studies of TFP–TBPh (II) reveal that its adsorption capacity 
increases with rising temperature, indicating an endothermic adsorption 
process [Fig. S20]. The fitting degrees (R2) of TFP-TBPh (I) and (II) COFs 
to the Langmuir and Freundlich isotherm models [90] were 0.9813 and 
0.9152, respectively [Fig. 9(d) and (e)]. Similarly, TFP-TPh (I) and (II) 
COFs exhibited a higher fitting degree to the Langmuir model compared 
to the Freundlich model. This suggests that when the Langmuir model 
provides a better fit, the adsorption process is predominantly mono
layer, typically observed in adsorbents with well-structured surfaces 
that facilitate chemisorption through functionalized units. Importantly, 
the TFP–TBPh (II) COF also demonstrates good recyclability: after five 

Fig. 10. The 3D isosurfaces and 2D scatter graphs of (a) TFP-TPh@RhB and (b) TFP-TBPh@ RhB complexes.
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adsorption–desorption cycles, its RhB uptake capacity decreased by only 
19 %, maintaining approximately 78 % removal efficiency [Fig. S21]. 
Interestingly, the FTIR and XRD analyses demonstrated that both TFP- 
TPh (I) and TFP-TBPh (I) m aintained their characteristic absorption 
bands and crystalline structures even after the adsorption of RhB, as 
shown in Figs. S22 and S23. This indicates that the framework struc
tures of the COFs remained stable and intact during the adsorption 
process. Moreover, for practical real application, the adsorption per
formance of TFP TBPh (II), which demonstrated the highest capacity 
under standard conditions, was evaluated under simulated industrial 
wastewater environments. A noticeable decline in adsorption efficiency 
was observed, likely due to the presence of various substances in the 
wastewater that interacted with TFP TBPh (II) through multiple forces, 
consequently weakening its affinity for RhB, as shown in Fig. S24 and 
Table S10.

The QTAIM topological analysis further supports the nature of in
teractions between RhB and the units of TFP COFs. As summarized in 
Table S11, two orientations of RhB were examined for TFP-TPh and 
TFP-TBPh COFs, denoted as (i) and (ii), and their interaction geometries 
are illustrated in Fig. S25 [91,92]. From the data in Table S11 and 
Fig. S25, it is evident that in the TFP-TPh@RhB complexes, multiple 
noncovalent interactions form between the dye molecules and the TPh- 
based framework. These are characterized by topological indicators 
such as ∇2ρ > 0 and Hr > 0, with − Gr/Vr > 1, signifying predominantly 
electrostatic, open-shell interactions typical of van der Waals forces. A 
similar interaction profile is observed in the TFP-TBPh@RhB systems, 
reinforcing the conclusion that electrostatic attractions play a central 
role in dye binding. Interestingly, for the TFP-TBPh@RhB (i) configu
ration, a distinctive N-H⋅⋅⋅O hydrogen bond is identified, with topolog
ical parameters showing Hr < 0 and − Gr/Vr < 1. These values are 
consistent with covalent-like, closed-shell hydrogen bonding. This 
observation underscores the enhanced binding affinity of the TBPh- 
based framework, where π-rich biphenyl units and accessible 
hydrogen-bond donors contribute to dual-mode interaction mecha
nisms, both Van Der Waals and hydrogen bonding. Overall, these results 
reveal that TFP-TBPh COFs exhibit a stronger and more diverse set of 
noncovalent interactions with RhB than their TPh counterparts, posi
tioning them as more effective materials for dye adsorption applications. 
For RhB adsorption, IRI analysis was conducted on two distinct dye 
orientations [(i) and (ii)] for each COF framework [Fig. 10]. In the 
TFP–TPh@RhB systems, both configurations display green IRI iso
surfaces at the dye-framework interface, signifying predominant Van 
Der Waals stabilization. The (ii) orientation, however, presents a thicker 
and smoother green region, reflecting a larger contact area and more 
favorable dye alignment. In contrast, the TFP–TBPh@RhB complexes 
exhibit a mixture of interaction types. In the (i) orientation, only green 
dispersion regions are observed, indicating that the heteroatoms of the 
dye remain too distant for hydrogen bonding. In the (ii) orientation, 
distinct blue isosurfaces appear between the oxygen of the dye and ni
trogen atoms and the hydrogen atoms of the framework, signifying the 
formation of N-H⋅⋅⋅O hydrogen bonds, alongside green dispersion re
gions. The associated scatter plots show spikes at − 0.04 and − 0.02 a.u., 
typical of hydrogen bonding, together with the zero-centered dispersion 
peak. Overall, IRI mapping demonstrates that Van Der Waals forces 
govern guest binding in all TFP COF@CO2 and TFP COF@RhB assem
blies, while TBPh-based COFs in the (ii) orientation uniquely facilitate 
dual-mode interactions incorporating both hydrogen bonds and 
dispersion contacts. This dual interaction mechanism underpins the 
superior adsorption performance of TBPh-based frameworks.

4. Conclusions

This study successfully developed triazine-based porous materials, 
TFP-TPh (I) and TFP-TBPh (I), COFs using Schiff-base reactions, along 
with mesoporous silica-template-derived TFP-TPh (II) and TFP-TBPh (II) 
COFs. TFP-TBPh (I) COF demonstrated remarkable properties, including 

a high specific surface area of 904 m2 g− 1 and thermal stability (Td10: 
569 ◦C, char yield: 64.6 wt%), while TFP-TPh (I) COF achieved a CO2 
capture capacity of 4.09 mmol g− 1 at 273 K. Furthermore, TFP-TBPh (II) 
COF showed exceptional dye adsorption performance, removing 86.04 
% of RhB within 10 s. The pseudo-second-order model provided the best 
fit, highlighting that the adsorption process is primarily governed by 
chemisorption, which is predominantly attributed to the presence of 
triazine units in these materials.
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