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A B S T R A C T   

In this work, we report on a new method for the construction of triazine covalent organic frameworks on gram 
scale by catalyst-free cyclotrimerization of alkynes at room temperature for the size-selective intercalation of 
molecules and fast water purification. Reaction between sodium acetylide and cyanuric chloride resulted in 
2,4,6-triethynyl-1,3,5-triazine intermediate which converted to heteroaromatic frameworks comprising triazine 
and benzene rings upon in situ [2 + 2+2] cyclotrimerization. Mechanistic studies revealed a crucial role for the 
triazine ring in susceptibility of ethynyl groups to cyclization. The permeability of these nanostructures to small 
molecules, exemplified by Rhodamine 6G (R6G) and HAuCl4, and their impermeability to bigger objects such 
gold nanoparticles (5 nm) indicated their potential to remove molecular impurities from water. Impurities 
including Methylene blue and Malachite green with 20 mg L− 1 concentration were completely removed by 1 mg 
of the synthesized frameworks in 60 s. Taking advantages of the straightforward synthesis and permeability to 
small molecules, the synthesized triazine frameworks can be used for the fast and efficient purification of water 
contaminated by toxic agents.   

1. Introduction 

Covalent organic frameworks (COFs) with the porous and stable 
structures have been used for a broad range of applications including 
water purification and nanofiltration [1], owing to their ability for the 
efficient loading, intercalation and transportation of small molecules [2, 
3]. However, scalable, cost-effective and straightforward synthesis of 
COFs with stable backbones at mild conditions is one of the main 
challenges that hamper their future applications [4–6]. Carbon-carbon 
couplings are known reaction pathways for the construction of 

carbon-based nanomaterials, yet COFs have remained difficult to pre-
pare by this method [7–11]. Among the carbon-carbon couplings, the 
cyclization of alkynes to the benzene ring has shown great promise for 
the construction of new materials, due to its versatility [12]. It is usually 
catalyzed by transition-metal complexes and is a very powerful tool in 
the arsenal of organic chemists for the construction of benzene de-
rivatives in a one-pot reaction. In this reaction each alkyne molecule 
forms two new carbon-carbon σ bonds at the expense of one π bond. 
Over several decades the mechanism of this reaction has been inten-
sively studied [13]. As the core area of interest, two steps have been 
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verified for the catalyst action namely, the coordination of the catalyst 
with the π bonds of two alkyne units and the cyclization of the created 
metallacyclopentadienes with a further alkyne through intramolecular 
[4 + 2] cycloaddition or the Schore route [14–19]. Great effort has been 
devoted to develop different catalysts and to optimize the yield, chemo-, 
stereo- and regioselectivity of cyclotrimerization of alkynes [18–20]. 
While understanding the catalyst action has opened new ways for 
regulating cyclotrimerization of alkynes, other important parameters 
such as the structural effects of the reagents have been almost ignored. 
Therefore, the development of [2 + 2+2] cycloaddition to construct 
organic frameworks has been limited by catalyst efficiency [21–24]. 
Inapplicability of this well-known reaction to construct COFs postpone 
scalable production of platforms for size selective screening or interca-
lation of small molecules. As an alternative, the catalyst-free cyclo-
trimerization of alkynes under various conditions has been studied and 
valuable results have been achieved [25]. Regardless of the required 
co-catalysts and co-reagents, the catalyst-free cyclotrimerization of 
alkynylketones at relatively low temperatures promised new pathways 
for the cyclization of alkynes, circumventing the catalyst-dependent 
limitations and side reactions at high temperatures [26]. The polariza-
tion of carbon-carbon triple bonds by adjacent carbonyl groups plays a 
crucial role in their susceptibility to trimerization [16,27]. Excluding 
catalyst and performing cyclotrimerization of alkynes at ambient 

conditions are two important factors for the cost-effective and scalable 
production of stable COFs by this method. Moreover, it provides a new 
pathway for the manipulation of the structure of COFs in terms of 
functionality and pore size that affect their interactions with small 
molecules such as water impurities [28,29]. 

In this work, we report on a new method for the construction of 
heteroaromatic covalent organic frameworks on gram scale by catalyst- 
free electron deficient [2 + 2+2] cyclotrimerization of alkynes at room 
temperature for the size-selective intercalation of molecules and fast 
water treatment. One-pot reaction between sodium acetylide and 2,4,6- 
trichloro-1,3,5-triazine resulted in highly reactive intermediates that 
changed to covalent organic frameworks comprising benzene and 
triazine rings upon in situ cyclotrimerization. Mechanistic studies 
showed a key role for triazine ring in increasing the reactivity of ethynyl 
groups toward cyclotrimerization. The constructed covalent organic 
frameworks were used for the molecular intercalation and water puri-
fication. While small molecules, such as R6G and HAuCl4 were able to 
penetrate into the heteroaromatic covalent organic frameworks inten-
sively, larger objects such as 5 nm gold nanoparticles were not able to 
pass through the layers. Accordingly, they were used for the removing 
molecular impurities from water. Sonication of covalent organic 
frameworks in the contaminated water for 30–60 s followed by centri-
fugation or immersing a sponge-supported frameworks in these 

Fig. 1. (a) Schematic representation of the synthesis of porous heteroaromatic frameworks. (b) Lateral growing and vertical stacking of PTrz sheets. (c) Atomic force 
microscopy (AFM) image of the product of reaction at 18 h. (d) Scanning electron microscopy (SEM) image of PTrz18. (e) Conventional transmission electron 
microscopy (TEM) image of the product of reaction at 18 h. (f) AFM image of PTrz18, exfoliated in solution, represents back folding that is expected for the two- 
dimensional materials with big lateral size. (g) 13C CP-MAS-NMR spectra of PTrz with distinguished signals for the triazine and benzene rings as well as ethynyl and 
methyl ketone functional groups. 
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solutions resulted in complete removal of dyes including Methylene blue 
and Malachite green. 

2. Results and discussion 

Triazine covalent organic frameworks are synthesized by a cost- 
effective and straightforward reaction including one-pot catalyst-free 
cyclotrimerization of alkynes at room temperature on gram scale 
(Fig. 1a). 

The nucleophilic substitution of chlorine atoms of cyanuric chloride 
by sodium acetylide resulted in reactive intermediates comprising a 
triazine core and ethynyl groups that changed to polytriazine frame-
works (PTrz) upon cyclotrimerization (movie 1). 

The growth of the sheets was monitored by performing the reaction 
at three different time frames. Fig. 1c and S2shows AFM images of 
products of 2 h, 6 h and 18 h reactions which were labeled as PTrz2, 
PTrz6 and PTrz18, respectively. The product of the 2 h reaction con-
sisted of inhomogeneous flat materials laterally connected with bigger 
sheets (Fig. S2c). After 6 h, sheet-like structures with clear edges in the 
micrometer range were formed. Small particles joining the edges of the 
big sheets was counted for their lateral growth (Fig. S2d). After 18 h, the 
product contained sheet-like structures with several micrometers lateral 
size and clear edges (Fig. 1c and f). The thickness and basal plane of the 
material increased simultaneously with increasing the reaction time, 
pointing towards concurrent lateral and vertical growth. Lateral cross-
linking and vertical growth of the materials correspond to the cyclo-
trimerization of ethynyl groups and π-π stacking of their backbone 
(Fig. 1b). In some cases, big holes with few hundred nanometers 
diameter and ~30 nm depth on the basal plan of PTrz18 were observed 
(Fig. S2a). These holes were assigned to the mismatched lateral cross-
linking of small sheets during the formation of sublayers and driving the 
growth of upper layers to the same topology by π-π interactions. This is 
similar to the lateral growth of boronic acid derived covalent organic 
frameworks [30–32]. However, in this case, the reaction is irreversible 
to heal the defects by dynamic cleavage and bond formation. 

The noncovalent interactions between the PTrz18 layers were 
confirmed by scotch tape exfoliation to few layers (Fig. S2b). The results 
of AFM experiments were confirmed by SEM and TEM images, where a 
clear trend from irregular materials towards big sheets with progressing 
reaction time was observed (Fig. 1d and e, S3a, S3b and S4). 

While PTrz2 did not show any clear morphology, the product of the 
18 h reaction contained integrated sheet-like structures with several 
micrometer lateral size and observable folds (Fig. 1f). Small particles 
attached to the periphery of big cores conformed the lateral growth of 
PTrz (Fig. S4). 

Thanks to the water dispersibility of PTrz18, the morphology of this 
compound was investigated by Cryo-TEM and Cryo-electron tomogra-
phy (cryo-ET) (Fig. S1). In agreement with the AFM and conventional 
TEM images, cryo-ET showed a sheet-like structure for this compound 
(Movie 2). Tomograms (Fig. S1b and movies 1 and 2) revealed that 
PTrz18 consists of many stacked layers with ~100 nm thickness. 
Accordingly, the SEM images showed a flat morphology for PTrz6 and 
PTrz18. The segregated structure of PTrz2 and unified structures of 
PTrz6 and PTrz18 indicated the integration of the backbone of these 
materials over time (Fig. 1d and S3b). 

The structure of PTrz was investigated by 13C solid-state cross-po-
larization magic-angle-spinning (CP-MAS) nuclear magnetic resonance 
(NMR) (Fig. 1g). The NMR spectra of PTrz2, PTrz6 and PTrz18 showed 
signals at 150–170 ppm and 100–150 ppm that were assigned to the 
carbon atoms of triazine and benzene rings, respectively [33–35]. The 
signal of the benzene ring corresponds to the cyclotrimerization of 
ethynyl groups. The signal at 55–75 ppm was attributed to the unreacted 
ethynyl groups. The shoulder at 170–180 ppm together with the signal 
at 30 ppm were assigned to the methyl ketone functional groups 
(Fig. 1g). The pathway of creating methyl ketone functional groups is 
discussed in the mechanism section. 

The similarity of the NMR spectra of PTrz2, PTrz6 and PTrz18 
showed that the main backbone of these materials forms in the first 2 h 
of reaction. Lengthening the reaction time develops the basal plane and 
improves the integration through lateral crosslinking. 

The IR spectra of the product of different reaction times showed 
absorbance bands at 1640-1650 cm− 1 and 1520-1530 cm− 1 for the 
stretching vibrations of the carbon-carbon and the carbon-nitrogen 
double bonds, respectively. A broad absorbance band at 2900-3600 
cm− 1 corresponds to the hydroxyl functional groups of PTrz (Fig. S6a). 
The formation of these hydroxyl functional groups is discussed in the 
mechanism section. 

The Raman spectra of PTrz6 and PTrz18 showed two broad peaks 
centered at 1550 cm− 1 and 1350 cm− 1 and slightly shifted peaks at 
1558 cm− 1 and 1344 cm− 1 for PTrz2 (Fig. S6b). The peak at 1550 cm− 1 

showed 30 cm− 1 downshift compared to the G peak of graphite. This 
agrees with a shift expected for the heavier nitrogen atoms because the 
frequency is inversely proportional to the square root of the vibrating 
atoms. To explore the source of vibrational modes, Raman spectra of 
small molecules including 2,4,6-trichloro-1,3,5-triazine (Trz), biphenyl 
(BP), 2-chloro-4,6-diphenyl-1,3,5-triazine (CDT) with a structure similar 
to the repeating unit of PTrz were recorded (Fig. S5b). BP, as a model for 
benzene rings, showed C–C–C stretching, bridge C–C stretching, in-plane 
C–H bending and trigonal breathing modes at 1610 cm− 1, 1283 cm− 1, 
1046 cm− 1 and 1006 cm− 1 respectively [36]. 2,4,6-trichloro-1,3, 
5-triazine (Trz) that was one of the precursors and source of triazine 
rings showed in-plane ring vibrations at 1505 cm− 1, 1264 cm− 1 and 983 
cm− 1 [37]. 2-chloro-4,6-diphenyl-1,3,5-triazine as a combination of 
benzene and triazine rings and similar to the repeating unit of PTrz, 
showed several new Raman modes at 1546 cm− 1, 1437 cm− 1, 1399 
cm− 1 and 1369 cm− 1 in addition to the intrinsic modes of cyanuric 
chloride and biphenyl. While attachment of two benzene rings to 
triazine resulted in several new vibrational modes, long range combi-
nation of these rings in the structure of PTrz should give rise to various 
Raman modes resulting in broad peaks. Overlapping the new Raman 
modes, centered at 1558-1350 cm− 1, with intrinsic vibrations of triazine 
and benzene rings resulted in two broad peaks in the Raman spectrum of 
non-exfoliated PTrz (Fig. S6b). These peaks correspond to the typical D 
and G modes in the visible Raman spectra of triazine two-dimensional 
structures [38,39]. After exfoliation, significant changes in the Raman 
modes of PTrz were observed (Fig. S5a). Peaks at 1572 cm− 1, 1415 
cm− 1, 1310 cm− 1 and 1174 cm− 1 in the Raman spectrum of exfoliated 
PTrz were very similar to the vibrational modes of the functionalized 
graphene sheets. 

The composition of the synthesized materials was studied by 
elemental and EDX analysis. The carbon/nitrogen (C/N) ratios that in-
dicates the benzene/triazine composition were found to be 1.84, 1.77 
and 1.78 for PTrz2h, PTrz6h and PTrz18h respectively (Figs. S5c and 
S7). The lower carbon content of the synthesized materials in compar-
ison with intermediate or ideal structure (C/N = 2.57) was due to the 
substitution of some chlorine atoms of cyanuric chloride by oxygen 
containing functional groups. The P-XRD diffractograms of PTrz2h, 
PTrz6h and PTrz18h showed the low-angle peak at around 14 2θ belong 
to the in-plane (100) reflection, while the broad (001) diffraction peak at 
around 25 2θ can be attributed to the interlayer stacking of sheet-like 
triazine frameworks. Over time the low angle (100) peak is increased 
in intensity compared to the interlayer (001) peak, which could point to 
an enhanced intralayer structuring with ongoing reaction time (Fig. S8) 
[40,41]. 

This is supported by AFMresults, where an increase in the thickness 
of the material with the reaction time was observed. TGA thermograms 
showed two points of main weight loss for PTrz at 100–350 ◦C and 
350–800 ◦C corresponding to the detaching of functional groups and the 
decomposition of their backbone (Fig. S5d). Similar thermal behaviors 
for the materials with the same repeating units have been before re-
ported [40,42]. Moreover, the more integrated backbone of sheet-like 
benzene-triazine heteroaromatic structures at longer reaction times 
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was manifested in the higher thermal stability of PTrz18h. 
The mechanism of the reaction between cyanuric chloride and so-

dium acetylide was investigated by density functional theory and mo-
lecular models to acquire more information about the structure of 
materials and explore the possible reaction pathways (Fig. S5e-g and 
S13). 

Three degenerate bonding and anti-bonding molecular orbitals were 
obtained by natural bond orbital analysis of the ground state geometry 
of triethynyl-1,3,5-triazine (Fig. S5e). Localizing the bonding orbitals on 
the carbon-carbon triple bonds and antibonding orbitals on triazine ring 
indicated more nucleophilic and electrophilic characteristics for these 
segments, respectively. Moreover, triple bonds were polarized by electro 
poor triazine segment and this factor was one of the main reasons for the 
high reactivity of this compound toward cyclotrimerization (Fig. S5f), as 
confirmed by experimental data in the following. While the carbon of 
ethynyl substituents connected to a triazine ring showed an atomic 
charge of − 0.06e, carbons bearing hydrogen atoms were more than two 
times (− 0.131e) negatively charged. The polarization of the triple bonds 
induced a nucleophilic and electrophilic character for the carbons away 
from triazine and close to this ring and triggered the cyclotrimerization 
of triethynyl-1,3,5-triazine and formation of benzene rings. Figs. S5g 
and S13 and Table S8 display the charge distribution through the 
relaxed scan of the reaction path of cyclotrimerization. Charge distri-
bution analyses for these steps exhibited decreasing the localized 
charges of nitrogen atoms of triazine rings and carbons of alkynyl sub-
stituents, which is caused by the charge transfer from HOMOs to LUMOs 
in the three molecules involved in the cyclotrimerization. 

Substitution of two chlorine atoms of cyanuric chloride by unreactive 
groups and confining the reaction at the molecular level were required 
to study the structure of reaction intermediates. Accordingly, the reac-
tion between 2-chloro-4,6-diphenyl-1,3,5-triazine (1) and sodium ace-
tylide was monitored by NMR and mass spectroscopy and the final 
product was analyzed by single crystal XRD. We recognized A and B 
pathways, where A yielded the major product 4,6-diphenyl-1,3,5-tria-
zin-2-ol (5). A minor product (3) as the result of cyclotrimerization 
was also detected by mass spectroscopy (Fig. 2b). 1H and 13C NMR 
showed that compound (5) is the intermediate of pathway A (Fig. 2d and 
e). The signal at 294 m/z in the mass spectrum of reaction mixture was 
related to the molar mass of this intermediate accompanied by proton 
(calculated for C17H15N3O2 [M+H]: 293.12) (Fig. 2f). The final product 
of this reaction route was compound (6). 

Signals of this compound accompanied by proton, sodium and po-
tassium ions can be seen at 250 m/z, 272 m/z, 288 m/z, respectively 
(calculated for C15H11N3O [M+H], [M+Na] and [M+K]: 250.1 m/z and 
272.08 m/z and 288.05 m/z respectively) (Fig. 2f). Single X-ray crys-
tallography showed a tautomerized form of compound (6), where the 
hydrogen atom shifted to the neighbor nitrogen atom of the triazine ring 
(Fig. 2c). From this reaction pathway we learned that the conjugation of 
an ethynyl group to a triazine ring dramatically increases its suscepti-
bility to nucleophilic reactions. Also, we understood that the oxygen 
containing functional groups including methyl ketone and hydroxyl 
groups in PTrz are created by this reaction pathway. The amount of the 
product of pathway B was not enough to collect for further analysis but it 
was detected in the mass spectra of the reaction mixture (Fig. 2b). The 
lower tendency of the reaction toward pathway B can be assigned to 
either electronic effects or steric hindrance of the phenyl substituents. 
Phenyl groups are able to inject electrons into the triazine ring and 
decrease the polarity and reactivity of alkynyl groups towards cyclo-
trimerization. Also, steric hindrance between bulky phenyl groups is a 
factor that can disfavor the cyclotrimerization. 

To investigate the effects of steric hindrance, 2-chloro-4,6-methoxy- 
1,3,5-triazine (7) containing less bulky but strong electron donating 
substituents was used as a molecular model and its reaction with sodium 
acetylide was monitored by various spectroscopy methods (Fig. 2g). In 
this reaction, intermediate (8) was stable enough to be detected by 1H 
NMR and 13C NMR spectroscopy (Fig. 2h and i). However, neither NMR 

nor mass spectroscopy detected a signal for the product of cyclo-
trimerization (9). The ethynyl group in intermediate (8) was changed to 
a hydroxyl group upon reaction with water. Since methoxy groups were 
not too bulky but good electron donors, the absence of the product of 
cyclotrimerization indicates that the electronic effect is the dominating 
factor in this reaction. These model reactions showed that electron 
deficiency of the triazine ring plays a crucial role in the cyclo-
trimerization of ethynyl substituents. To further prove this statement, 
two additional more model reactions were performed. In the first reac-
tion 2,4-dichloro-6-methoxy-1,3,5-triazine (12) with only one methoxy 
group was selected for the reaction with sodium acetylide (Fig. 3a). If 
the electron deficiency of triazine dominates the reactivity of ethynyl 
groups toward cyclotrimerization, this monomer should show higher 
tendency for cyclotrimerization than 2-chloro-4,6-methoxy-1,3,5- 
triazine (7). The product of reaction was evaluated by matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) (Fig. 3b and 
c). Distinguished signals at 198n m/z and 75n m/z intervals, where n is a 
natural number, indicated structures (14) and (15) as repeating units of 
the product of reaction (13). Signals at 198n m/z intervals showed that 
the substitution of chlorine atoms of compound (12) is the first step of 
reaction and compound (14) is the intermediate of reaction. Also, 
repeating unit (15) at 75n m/z was corresponding to the benzene rings 
with three substitutions and proved the cyclotrimerization of ethynyl 
groups to the benzene rings. A comparison of this reaction with the 
similar reaction of compound (7) confirmed the huge effect of electron 
donating substituents on the outcome and pathway of the reaction. 
Based on these results, the electron deficiency of the triazine ring plays a 
key role in the cyclotrimerization of ethynyl substituents. 

In the next step, we performed the reaction between cyanuric chlo-
ride and sodium acetylide in the presence of compound (1) (Fig. 3d). 
This reaction helped us to find the intermediate of reaction between 
sodium acetylide and cyanuric chloride. Also, we can understand 
whether the highly reactive intermediate (17) is able to force compound 
(1) towards cyclotrimerization or not. Due to the moderate dispersibility 
of the product in organic solvents, we were able to record its NMR and 
MALDI-TOF spectra. 1H NMR spectra of compound (16) in DMSOd6 
showed a broad signal at 9–8.2 ppm corresponding to the aromatic 
protons of this compound (Fig. S9b). This signal was a further proof for 
the production of aromatic rings upon cyclotrimerization of alkynes. 
Also, a signal at 11.2 ppm together with a triplet signal at 7.25 ppm were 
assigned to O–H and N–H functional groups of sheet-like benzene- 
triazine heteroaromatic structures. The pathway for the creation of hy-
droxyl functional groups is explained in Fig. 2a and g. N–H functional 
groups were formed by tautomerization of triazine rings bearing hy-
droxyl groups, as verified by crystal structure of compound (6) (Fig. 2c). 
The disappearance and broadening of the signal at 11.2 ppm and 7.25 
ppm upon D2O addition was a further proof to be assigned to the O–H 
and N–H functional groups respectively (Fig. S9c). MALDI-TOF spec-
trum showed a repeating unit at 212n m/z intervals that belongs to in-
termediate (17). This result showed that production of PTrz goes 
through this intermediate (Fig. 3e). 

After understanding the mechanism of reactions and analyzing the 
synthesized materials, the ability of PTrz18 for intercalation and storing 
various objects such as R6G and small gold nanoparticles (5 nm) was 
investigated (Fig. 4a). PTrz18 showed 43 % storage capacity for R6G 
(ESI page S25). The high capacity of PTrz18 for intercalation of R6G was 
assigned to its porous structure and highly accessible surface area for 
dye molecules. The redshift in the UV spectra of the intercalated R6G 
(PTrz/rh) was due to the local concentration of the dye inside the PTrz18 
layers (Fig. 4b) [43]. Intercalation of R6G by PTrz18 gave rise to 
quenching at high concentrations but strong luminescence emission at 
low concentrations. Fig. 4c shows the luminescence of free and inter-
calated dye at various concentrations. At high concentration (100 μg 
ml− 1) neither free dye nor PTrz/rh showed any significant emission. 
Free dye displayed strong luminescence from 0.1 μg ml− 1 concentra-
tions. At high concentrations of free dye, the energy transfer to 
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Fig. 2. Investigation of the mechanism of reaction between cyanuric chloride and sodium acetylide using model reactions. (a) Schematic representation of the 
mechanism of reaction between 2-chloro-4,6-diphenyl-1,3,5-triazine (1) and sodium acetylide. This reaction resulted in intermediate (2) which was changed to 
compounds (6) and (3) through reaction pathways A and B, respectively. (b) ESI mass spectrum of reaction mixture: m/z indicating compound (3) C51H33N9 [M +
Na–2H]: calcd: 792.28 and found: 792.24. (c) Single crystal XRD structure of compound (6). (d, e) 1H and 13C NMR spectra of intermediate (5) indicating a pathway 
for the creation methyl ketone and hydroxyl functional groups in the structure of PTrz. (f) ESI mass spectrum of reaction mixture: m/z displaying signals of compound 
(4) (C17H15N3O2 [M+H]: calcd: 294.12 and found: 294) and compound (6) (C15H11N3O [M+H], [M+Na] and [M+K]: calcd: 250.09, 272.08, 288.05 and found: 
250.09, 272.08, 288.05, respectively). (g) Schematic representation of the mechanism of reaction between 2-chloro-4,6-methoxy-1,3,5-triazine (7) and sodium 
acetylide. Intermediate of this reaction (8) was detected by (h) 1H NMR and (i) 13C NMR spectra. (j, k) 1H and 13C NMR spectra of compound (11) respectively. 
Compound (9) was not detected. 
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aggregations was the reason of quenching [44]. It was more efficient for 
the intercalated dye, because the emitted fluorescence was absorbed by 
PTrz sheets dispersed in the medium. In contrast, a solution of PTrz/rh 
with only 0.1 μg ml− 1 concentration showed strong emission. Consid-
ering a 43 % loading capacity, the dye content of PTrz/rh at this con-
centration was 89 pM. Confining dye molecules inside the layers of 
PTrz18 limited their interactions with other objects and lose 
non-radiative decay pathways. This was the reason for the strong 
emission of intercalated R6G at a picomolar range that cannot be 
observed for the free dye. 

In order to explore whether the observed luminescence for PTrz/rh 
belongs to the intercalated R6G or dye molecules which are already 
released into the solution, the luminescence of PTrz/rh in the solid state 
was also investigated. In the solid state, encapsulated dyes were 
confined inside PTrz18 and did not leak to the medium. Free or 

physically absorbed dye was removed by washing the sheets that were 
fixed on the substrate. Any changes in the luminescence of dye can be 
linked to their local concentrations inside the sheets. From the PLE maps 
we learned that the strongest luminescence of the free and intercalated 
R6G is achieved by exciting at 520–540 nm. Therefore, free dye and 
PTrz/rh with 0.1 μg ml− 1 concentration were dropped on silica, the 
solvent was evaporated at room temperature and then the samples were 
excited by laser 532 nm. A clear luminescence redshift, ~150 nm, 
together with a broadening of luminescence of the free dye in compar-
ison with PTrz/rh showed that the dye aggregates upon evaporation of 
the solvent. Intercalation of dye molecules, however, inhibited their 
aggregation during solvent evaporation and PTrz/rh displayed an 
emission similar to the non-aggregated R6G (Fig. 4d). The maximum 
emission of intercalated dye at 560 nm with a shoulder at longer 
wavelengths was consistent with the PLE map of PTrz/rh in the solution 

Fig. 3. Two model reactions to investigate the mechanism and intermediates of the synthesis of PTrz. (a) Schematic representation of the reaction between 2,4- 
dichloro-6-methoxy-1,3,5-triazine (12) and sodium acetylide. (b, c) MALDI-TOF spectra of compound (13) in methanol. Repeating units at 75n m/z intervals 
indicated the cyclotrimerization of ethynyl groups to benzene rings. (d) Schematic representation of the reaction between cyanuric chloride and sodium acetylide in 
the presence of compound (1). (e) MALDI-TOF spectrum of compound (16) in methanol, displaying intermediate (17) in 212n m/z intervals. This intermediate 
changed to PTrz upon cyclotrimerization. 
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state. Therefore, the observed intense luminescence for the PTrz/rh in 
solution originates from the intercalated dye molecules. 

The capability of the synthesized frameworks for the intercalation of 
bigger objects was also investigated. Spherical gold nanoparticles with 5 
nm size were mixed with PTrz18, sonicated and stirred for several days 
at room temperature (Fig. S12a). UV spectra did not show a clear indi-
cation for the encapsulation of gold nanoparticles by PTrz18 (Fig. S10). 
To gain more information about the intercalation of gold nanoparticles, 
Cryo-ET was employed. According to the 3D reconstructed volume, only 
few gold nanoparticles penetrated the sheets, apparently only at the 
edges or through defects in the material (Fig. S12b). In the defect-free 
basal plane of two-dimensional nanomaterials no intercalated gold 
nanoparticles were detected, highlighting the site-selective penetration 
of nanoscale particles. 

The size-selective permeability of PTrz18 was further verified via 

encapsulation and then reduction of HAuCl4 molecules. PTrz18 was 
incubated with HAuCl4 for several hours at room temperature and after 
purification subjected to reduction by trisodium citrate. Gold nano-
particles with different sizes were formed and trapped inside PTrz18, 
indicating permeability of this framework to small HAuCl4 molecules 
and impermeability to big gold nanoparticles (Fig. 4e and f). 

2.1. Dye adsorption performance of PTrz18 

The permeability of PTrz18 to small molecules and impermeability 
to nanoparticles points to its potential application in water purification. 
Industrial dyes are one of the main sources of water contaminants and 
cause a severe threat to the human health and environmental safety 
[45]. Exploring new technologies and materials for the cost-effective 
and fast removing of these contaminants from water is important to 

Fig. 4. Intercalation of Rhodamine 6G by PTrz18 in water and solid state. (a) Schematic representation of intercalation of R6G by nonexfoliated PTrz18. The porous 
structure of layers of PTrz18 allowed dye molecules to penetrate deep in this compound. (b) UV–vis spectra of PTrz, free R6G and PTrz/rh in water solution. (c) PLE 
maps of different concentrations of free R6G and PTrz/rh in water. (d) Luminescence of free R6G and PTrz/rh in the solid state. A water solution of samples with 0.1 
μg ml− 1 concentration was dropped on silica surface and dried under argon and excited by laser 532 nm. (e) Cryo-ET of PTrz18/intercalated gold nanoparticles. (f) 
Cryo-electron tomography of PTrz18/intercalated gold nanoparticles to elucidate the spatial structure under hydrated conditions without drying effects. 
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inhibit their adverse effects on the public health [46]. Covalent organic 
frameworks with porous structure and large number of heteroatoms are 
excellent candidates to remove these impurities from water efficiently 
[47,48]. The ability of PTrz18 for removing dyes including Methylene 
blue (MB), Malachite green (MG), Janus green (JC), Rhodamine B 
(RhB), Methyl orange (MO) and Congo red (CR) from water was inves-
tigated in different conditions (Fig. 5a). 

PTrz18 (1 mg) removed 20 mg L− 1 of MG and MB from water in 60 s 
upon sonication, indicating the high efficiency of this framework for the 
fast water purification (Fig. 5b). The combination of high adsorption 
capacity and fast water treatment is an advantage for PTrz18 superior to 
other systems in which one factor is improved with the cost of another 
[28,49,50]. 

In the next experiments, we didn’t used sonication to make the 

Fig. 5. (a) Different dyes incubated with PTrz18 after 1 min (upper row) and 30 min (bottom row). PTrz18 with the negative surface charge showed a high ability to 
remove positively charged dyes from water but less interactions with the neutral or negatively charged dyes. (b) Water solutions (20 mg L− 1) of MB, MG, and RhB 
before (left) and after (right) sonication with PTrz18 (1 mg). PTrz18 was added to dye solution and sonicated for 60 s at room temperature. (c) Complete removal of 
MB (20 mg L− 1) in 10 ml of water by cubic sponge-PTrz18 with 1cm × 1cm × 1 cm dimensions at room temperature without shaking. PTrz18 (20 mg) was deposited 
on a polyurethane sponge with the mentioned dimensions and used for the water purification. (d) The sponge-PTrz18 was fixed in a syringe and used as a filter to 
remove dyes from water. Filtering a water solution of MG (20 mg L− 1) by sponge-PTrz18 and complete removal of dye. (e) The adsorption mechanism models of the 
MB, MG and RhB by PTrz18. (i) Langmuir isotherm model, (ii) Freundlich isotherm model. 
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purification process easier and decrease the number of parameters 
influencing the mechanism of dye adsorption. 

In order to study the mechanism of dye adsorption, PTrz18 (1 mg) 
was dispersed in 10 ml of dye solution (5–20 mg L− 1) and shaken 
continuously for 24 h under ambient condition (25 ◦C). The adsorption 
capacities were calculated using the following Formula (1): 

qt =
(C0 − Ce)V

m
(1)  

Where qe is the adsorption capacity of framework (mg g− 1), C0 and Ce 
are the initial and final concentrations of dyes (mg L− 1), respectively, m 
is the mass of PTrz18 (g) and V is the volume of the dye solutions (L) 
[51]. 

The highest adsorption capacity was measured for Malachite green 
185 mg g− 1 and Methylene blue 205 mg g− 1. The fast and efficient dye 
exclusion by PTrz18 was assigned to its porous structure and high 
negative surface charge. Rhodamine B was also removed from water by 
PTrz18 efficiently but the adsorption capacity was lower than MB and 
MG (Table S10). A comparison study of adsorption capacity, for organic 
dyes are reported in Table S11. Also, the N2 physisorption isotherms and 
the corresponding pore size distribution for PTrz18 indicates that 
PTrz18 has a narrow and well-defined distribution of micropores, with 
the specific surface area BET of 39.84 m2 g− 1, pore volume of 0.23 cm3 

g− 1 and average pore diameter of 9.54 nm, which belongs to type III 
isotherm according to IUPAC classification (Figs. S14a and S14b). 

To make the water treatment easier and faster, PTrz18 (20 mg) was 
supported on polyurethane sponge with 1cm × 1cm × 1 cm dimensions 
and immersed in water containing methylene blue (20 mg L− 1) and 
malachite green (20 mg L− 1). The sponge-PTrz18 extracted dyes, 
completely, in 60 min by one time treatment, which is fast in compar-
ison with the similar systems (Fig. 5c) [52–55]. Squeezing sponge 
pushed out the loaded dyes and made it ready for the next run of dye 
removal. The efficiency of sponge-PTrz18 after 18 runs extraction 
decreased 30 %, demonstrating the high renewability of this platform 
for water treatment. Moreover, sponge-PTrz18 with 2.5cm × 1 cm di-
mensions was fixed in a syringe and used as a filter to remove dyes from 
water (Fig. 5d). Water solutions of MG and MB (20 mg L− 1) were passed 
through the filter and cleaned water with less than 0.01 mg L− 1 dye 
content was obtained. Owing to the fast dye removal, this filter is an 
excellent candidate for the cost-effective water purification. 

To understand the mechanism of adsorption of MG, MB and RhB, the 
Langmuir and Freundlich isotherm models were studied using the 
following Eqs. (2) and (3): 

Ce

qe
=

1
K1Qm

+
Ce

Qm
(2)  

ln qe = ln Kf +
1
n

ln Ce (3)  

where, Qm was maximum adsorption capacity (mg g− 1), KF and KL were 
Freundlich and Langmuir constants, respectively and 1/n was Freund-
lich constant [56]. 

Correlation coefficient (R2) of Langmuir isotherm model for 
adsorption of MB, MG and RhB by PTrz18 was bigger than that of 
Freundlich isotherm model and almost equal to unity, thus suitable for 
the prediction of adsorption capacity of this covalent organic framework 
(Fig. 5e). Fitting parameters for both models are summarized in 
Table S9. Based on Langmuir model, dyes were adsorbed homogenously 
on PTrz18 surface [57–60]. This highlights the role of electrostatic in-
teractions, consisting repulsion between positively charged dyes but 
attraction with negatively charged PTrz18. The calculated adsorption 
capacities by Langmuir equation for MG, MB and RhB are shown in 
Table S9. The high adsorption capacity and fast uptake of MG and MB by 
PTrz18 was corresponding to the strong electrostatic attraction to the 
negative surface charge of framework [61,62]. In the case of RhB, the 

attraction force was deteriorated by negatively charged carboxylate 
group, leading to lower adsorption capacity in comparison with MG and 
MB. In the case of MO and CR, the permanent negative charge induce 
repulsion with PTrz18 and inhibit inertance of dyes into the backbone of 
this framework. 

In order to explore the adsorption rate of dyes by PTRz18, the 
pseudo-first-order and pseudo-second-order kinetic models were studied 
for our systems [63], using Eqs. (4) and (5): 

log(qe − qt)= log qe − K1
t

2.303
(4)  

t
qt

=
1

K2q2
e
+

t
qe

(5)  

where K1 and K2 were the rate constants of pseudo-first-order (min− 1) 
and pseudo-second-order (g mg− 1 min− 1) kinetics models, respectively 
and t was the adsorption time (min). 

The pseudo-first-order and pseudo-second-order kinetic parameters 
including R2, K1, K2, calculated qe (qecal) and experimental qe (qeexp) are 
presented in Table S10. The kinetic data for adsorption of MG, MB and 
RhB by PTrz18 were fitted with pseudo-first-order model, indicating a 
physiosorption mechanism for the dye removal (Fig. 6a and b). This is 
confirmed by dependency of the kinetic of dye adsorption to the dye 
concentration but not, significantly, to PTrz18 concentration (Fig. 6) 
[55,64–67]. This result was counted for the reversible electrostatic and 
π-π interactions between surface of covalent organic framework and 
dyes. The reversible interactions are importance for the removing of 
excluded dyes from frameworks to be used for the next run of extrac-
tions. This is confirmed by repeating dye extraction by sponge-PTrz18. 
The reversible interactions between dyes and PTrz18 allowed 18 times 
adsorption and desorption cycles which impact purification process 
economically (Fig. 5c). Moreover, the adsorption efficiency of MB and 
MG in the five cycles indicating that PTrz18 can be used repeatedly for 
the removal of mentioned dyes (Fig. S14d). 

The adsorption capacity versus time showed a concentration- 
dependent behavior. At low concentrations (5 mg L− 1), all dyes 
showed two phases but at higher concentrations (20 mg L− 1) three 
phases for MB and MG were realized. MB and MG with stronger elec-
trostatic interactions, in comparison with RhB, were accumulated on the 
surface of PTrz18 at higher concentrations and caused a fast uptake by 
this framework (Fig. 6c). 

3. Conclusion 

Sheet-like benzene-triazine heteroaromatic structures with several 
micrometers lateral size were synthesized by the reaction between 
cyanuric chloride and sodium acetylide at room temperature. Due to 
their porosity, the synthesized material can be used for the size-selective 
molecular storage. 

Ethynyl groups conjugated to a triazine ring are susceptible to 
catalyst-free cyclotrimerization at room temperature. This reaction 
overcomes challenges associated with the current cyclotrimerization of 
alkynes and opens up new ways for the construction of triazine covalent 
organic frameworks on gram scale. The size selective permeability of the 
synthesized frameworks provides a new strategy for the in-situ pro-
duction and intercalation of nanoparticles. Due to their high porosity 
and negative surface charge, the synthesized frameworks are excellent 
candidates for the fast and efficient dye removal from water. 
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