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Thiadiazole-Based Covalent Triazine Framework Nanosheet for 

Highly Selective and Sensitive Primary Aromatic Amines Detection 

among Various Amines 

Yuanzhe Tang,a,b Hongliang Huang,*a,b Ben Peng,a,b Yanjiao Chang,a,b Yang Li a,b and Chongli Zhong 
*a,b,c

The primary aromatic amines (PAAs), as a class of persistent and highly toxic organic pollutants, have been posing a great 

threat to human health and the environment. Therefore, design and preparation of highly sensitive and selective 

luminescent probe to detect PAAs among various amines are important but challenging. In this work, by introducing 

electron-deficient monomer 4,4'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzaldehyde (BTDD) with an aggregation-caused 

quenching behavior into the 2D framework, fluorescent ultrathin covalent triazine framework (F-CTF) nanosheet was 

constructed. Compared with aggregated BTDD monomer, the obtained F-CTF-3 nanosheet shows much high fluorescence 

quantum yield due to BTDD fragment is well dispersed in the 2D framework. The F-CTF-3 nanosheet exhibits high stability, 

high porosity, high fluorescence performance and has rich electron-deficient unit in the pore channel, making it ideal 

platform for sensing electron-rich PAAs molecules. In fact, the F-CTF-3 nanosheet shows high sensitivity and selectivity for 

PAAs detection by fluorescence quenching, among various amines, covering some classic aliphatic amines, heterocyclic 

amines, secondary aromatic amines and tertiary aromatic amines. To the best of our knowledge, it is the first reported 

fluorescent sensor for selective PAAs sensing from various amines. Moreover, F-CTF-3 exhibits the unprecedented low 

detection limit of 11.7 and 1.47 nM toward phenylamine (PA) and p-phenylenediamine (PDA), respectively, surpassing all 

the reported fluorescent sensors. The combination of experimental analysis and density functional theory (DFT) 

calculations demonstrate that the unique PAAs detection performance of the F-CTF-3 can be attributed to the static 

quenching process, which is confirmed by the formation of the ground-state fluorescence-quenched complex on account 

of the hydrogen bonding interactions between F-CTF-3 and PAAs. This work not only provides a thiadiazole-based 2D 

fluorescent organic framework nanosheet, but also an excellent fluorescent sensor with unexpected sensitivity and 

selectivity for PAAs detection.

Introduction

In recent years, amines have been widely applied to many 

domains including chemical, pharmaceutical, food and military 

industries.1-3 In particular, primary aromatic amines (PAAs), 

such as phenylamine (PA), p-phenylenediamine (PDA) and 1-

naphthylamine (NPA) are widely used in manufacturing dyes, 

rubber and agrochemicals, and exposure to PAAs is considered 

to result in the damage to the respiratory system, central 

nervous system, cardiovascular system, and may even cause 

carcinogenicity.4-8 Meanwhile, the PAAs usually coexist with 

other amines in the fields of environmental and industrial 

monitoring, quality control of food, and medical diagnosis, 

thus the high selective and sensitive detection of PAAs 

pollutants have great significance.9-13 However, owing to the 

amines have the similar molecule structures, physicochemical 

properties, and interaction force, the selective detection of 

PAAs from the other amines is still a tough task. At present, 

numerous analytical procedures have been developed for the 

detection of PAAs and its derivatives, including spectrometry, 

chromatography, electrochemistry and fluorescent 

chemosensor methods.4,14-20 Among them, fluorescent 

chemosensor has great advantages due to its high sensitivity, 

easy operation and fast response that is capable for real-time 

monitoring.21,22 These fluorescent chemosensors are mostly 

based on fluorescence quenching or the active materials by 

interaction with analytes.23,24 Although many fluorescent 

sensors based on polymers or organic small molecules as 

active materials for fluorescence detection of PAAs have been 
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developed, the specific sensor material can selectively detect 

PAAs molecules from various amines has not yet been 

reported.

Strategically, it is very thrilling to design and synthesize 

fluorescent materials for discriminative recognition of amines 

through interactions between an electron-deficient unit and 

electron-rich amines, which can perturb the 

photoluminescence (PL) of the sensors.25,26 As electron-

deficient fluorescent molecules that have been widely used in 

various optoelectronic fields, 2,1,3-Benzothiadiazole (BT) 

based molecules are ideal chromophores to construct 

fluorescent sensors for amines detection.27,28 However, the BT 

based molecules usually belong to a series of special 

fluorescent small molecule probes, called aggregation-caused 

quenching luminogens (ACQgens), which display luminescence 

property at the solution state.1,29-32 However, the aggregated 

ACQgens exhibit the energy loss of excited states via non-

radiative pathways, thus they cannot fluoresce at solid state, 

limiting the practical application of the ACQgens.31,33,34 

Therefore, by covalently immobilized onto the material 

skeleton, the aggregation of ACQgens can be effectively 

suppressed by the synergy of the anchoring and diluting effect, 

thus the obtained materials can possess strong fluorescent 

emission.35,36

Covalent triazine frameworks (CTFs) are a kind of new multi-

functional materials with the triazine ring unit, which not only 

have stable and adjustable porous structure, but also are 

convenient for the functional group and performance 

design.37-42 In consequence, CTFs with BT unit may be a 

promising candidate for the detection of amines in water. 

Compared with the small molecule fluorescent probe, the 

designed fluorescent CTF materials not only can greatly 

enhance the fluorescence performance because of the BT 

units with ACQ behavior are fully dispersed in the framework 

of the CTF material, but also have synergistic effect for the 

fluorescence detection as a result of the preconcentration 

effect of the abundant porous structure of F-CTF.37,43

According to the above discussion, herein, we proposed the 

strategy to construct ACQgens into 2D fluorescence CTF 

materials to achieve highly luminescent fluorescent porous 

material for the selective detection of PAAs in water. As a 

proof-of-concept experiment, the fluorescent covalent triazine 

framework (F-CTF) was synthesized by the condensation 

reaction between 4,4'-(benzo[c][1,2,5]thiadiazole-4,7-

diyl)dibenzaldehyde (BTDD) monomer with ACQ behavior and 

phenamidine hydrochloride (PAHC). Compared with the BTDD 

monomer, the F-CTF-3 exhibits much higher luminous 

efficiency with the quantum yield of 33.3%, indicating that the 

dispersed ACQgens in 2D CTF framework nanosheet can 

efficiently and substantially tune the electronic transition 

energies and raise the luminous efficacy. Based on their 

outstanding water stability, porosity, and high fluorescent, the 

detection of selected amines was explored in the F-CTF-3. 

Fourteen amines of nine classes (Molecular structures of the 

various organic amines is shown in Fig. S3, ESI � ): primary 

aliphatic amines (ethylamine, EA; n-propylamine, PPA), 
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Scheme 1. Schematic of the synthesis route of F-CTF-3 via the condensation 
reaction of PAHB and BTDD.

secondary aliphatic amines (dimethylamine, DMA; 

diethylamine, DEA), tertiary aliphatic amines (trimethylamine,   

TMA), primary aromatic amines (phenylamine, PA; p-

phenylenediamine, PDA; 1-naphthylamine, NPA), secondary 

aromatic amines (diphenylamine, DPA), tertiary aromatic 

amines (triphenylamine, TPA), heterocyclic amines (5-amino-

1h-tetrazol, ATZ; Amitrole, ATL), pyridine amine (4-

dimethylaminopyridine, DMAP) and quaternary ammonium 

salt (tetramethylammonium chloride, TMAC) were studied. It 

has been found that F-CTF-3 represents high fluorescence 

quenching efficiency toward PA, PDA and NPA. The limit of 

detection (LOD) of F-CTF-3 toward PA, PDA and NPA are 

estimated to be 11.7, 1.47 and 26.2 nM, respectively. 

Particularly, the LOD values for PA and PDA sensing are much 

lower than that of any other reported fluorescence sensors, 

including MOFs, COFs, and POPs, such as DTPP (24 nM for PA), 

LVMOF-1 (55 nM for PA), BCP-Py-CHO (7 nM for PDA) and 

DTAF (50 for PDA). To our knowledge, the F-CTF-3 is the first 

fluorescent sensor that can selectively detect PAAs from 

various amine molecules. The experimental results and density 

functional theory (DFT) calculations demonstrate the static 

quenching mechanism, the guest PAAs molecules and the host 

F-CTF-3 are formed the ground-state non-fluorescent complex 

by the hydrogen bonding, which is able to collaboratively 

enforce for its specific recognition and detection of PAAs 

molecules. Therefore, the F-CTF-3 possesses high fluorescent 

selectivity and sensitivity towards PAAs among various amines. 

Results and discussions

Synthesis and Characterization.

PAHB and BTDD monomers were used to preparation of the 

2D F-CTF-3 nanosheet with irregular hexagonal (Scheme 1). 

The condensation reactions were conducted under 

solvothermal conditions in a mixed solvent of dimethyl 

sulfoxide and water with cesium carbonate catalyst at 120 °C 

for 3 days. The detailed synthesis methods can be seen in the 

ESI�. Fourier Transform infrared spectroscopy (FT-IR), nuclear 

magnetic resonance (NMR), and X-ray photoelectron 

spectroscopy (XPS) spectra of the acquired solid were 

measured to confirm the structure of the F-CTF-3. The FT-IR 

spectra of the F-CTF-3 show the appearance of the 
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CTF-3 at 1420 cm-1 shifted to 1416 cm-1, while the N-S bonds 

of the thiadiazole ring shifted from 842 cm-1 to 839 cm-1.51 

For XPS spectra in Fig. 4e, it can be seen that the N1s peaks of 

the thiadiazole ring and triazine ring in F-CTF-3 and PA@F-

CTF-3 are shifted from 400.3 and 398.8 eV to 400.0 and 398.3 

eV, respectively. The S2p peak of BTDD in F-CTF-3 obviously 

shifts from 166.8 and 165.6 eV to 166.0 and 165.2 eV after PA 

adsorption. (Fig. 4f) All those shifts suggest the strong 

interactions between -NH2 group in PA and thiadiazole ring in 

F-CTF-3, as illuminated in the Fig. 5a. 

To further confirm the formation of non-fluorescent complex 

induced by the hydrogen bonding between the F-CTF-3 and 

PA, we calculated the interactions of PA and F-CTF-3 in the 

excited-state complex by using time-dependent density 

functional theory (TDDFT) with CAM-B3LYP functional and 6-

31G(d,p) basis set. As shown in Fig. 5b, the distance between 

H atoms of -NH2 in PA and the N atoms of the thiadiazol ring 

in F-CTF-3 is 2.176 Å, which is within the range of classic 

hydrogen bond length, indicating that F-CTF-3 has the 

hydrogen bond interaction with PA in the excited-state 

PA@F-CTF-3 complex. Moreover, Fig. 5b shows that the 

binding energy between PA and F-CTF-3 in the excited-state 

complex is -211.44 kJ/mol, further suggesting that F-CTF-3 

possesses the strong interaction with PA in the non-

fluorescent complex. Therefore, the strong interactions 

between PA and F-CTF-3 can be attributed to the formation 

of the non-fluorescent complex induced by the hydrogen 

bond interactions between PA and F-CTF-3.

In order to elucidate the difference of quenching efficiency 

between PAAs and aliphatic amines, DFT calculations were 

performed to access optimized geometries for the 

interactions of F-CTF-3 with PAAs and aliphatic amines, 

respectively. As shown in Fig. S37-S40�, the binding energies 

of F-CTF-3 toward PAAs molecules (-60.21 KJ/mol, PA; -83.62 

KJ/mol, PDA; -92.54 KJ/mol, NPA) are larger than those of 

aliphatic amines molecules (-44.47 KJ/mol, EA; -48.82 KJ/mol, 

PPA; -47.46 KJ/mol, DMA; -50.49 KJ/mol, DEA; -48.34 KJ/mol, 

TMA; -56.16 KJ/mol, TMAC), suggesting much stronger 

interactions between F-CTF-3 with PAAs. The larger binding 

energies indicate that PAAs could more easily form the 

ground state non-fluorescent complex structure with F-CTF-3, 

which is the precondition for the fluorescence detection of 

PAAs in F-CTF-3. 

Besides, the fluorescence detection experiments show that 

the fluorescence quenching efficiency of PDA molecules with 

two amino groups is higher than that of PA and NPA with only 

simple amino group, implying that the multiple amino groups 

in PAAs molecules are beneficial to quench the fluorescence 

of F-CTF-3. In order to verify the conjecture, we investigated 

the detection ability of F-CTF-3 towards 1,3,5-

triaminobenzene (TAB) molecules. Since 1,3,5-

triaminobenzene trihydrochloride was used in this work, TAB 

solution was neutralized before the fluorescence quenching 

experiment. As shown in Fig. S41 and Table S7�, the Ksv and 

LOD values of F-CTF-3 toward TAB are 2.13×104 MX) and 440 

nM, respectively, and the fluorescence detection ability of F-

CTF-3 toward TAB is observably lower than that of PA in this 

condition. It should be noticed that the TAB molecule is 

relatively stable in hydrochloride state. However, it will 

immediately deteriorate in the neutral or basic solution, thus 

resulting in poor detection performances of F-CTF-3 toward 

TAB. In fact, the distinct colour change of TAB solution was 

also observed in the neutralization process. To compare the 

real quenching ability of TAB and PA for F-CTF-3, the 

fluorescence detection experiments were performed in 

aqueous solution of pH=1. As shown in Fig. S42 � , the 

fluorescence detection performance of F-CTF-3 toward TAB is 

observably higher than that of PA in pH=1 aqueous solution, 

proving that more amino groups of PAAs are conductive to 

the fluorescence detection of F-CTF-3 in the same conditions. 

More significantly, although F-CTF-3 shows excellent 

fluorescence detection abilities towards PA under the nearly 

neutral conditions, only weak fluorescence-quenching effect 

was observed in acid aqueous solution of pH=1, further 

confirming that the hydrogen bond interactions between PA 

molecules and F-CTF-3 plays a key role in fluorescence 

detection process. Owing to the presence of a large number 

of H+ disrupts the hydrogen bond interactions between PA 

and F-CTF-3 in the acid solution, the formation of stable 

ground state non-fluorescent complex between F-CTF-3 and 

PA will be unfavourable, thus significantly suppressing the 

fluorescence detection of F-CTF-3 toward PA. 

To explain the difference of the fluorescence detection 

toward PA and NPA, the adsorption kinetics of PA and NPA 

were studied. As shown in Fig. S43�, the adsorption of F-CTF-

3 toward PA reaches equilibrium within 2 mins, while that of 

F-CTF-3 toward NPA still does not reach equilibrium even in 

30 mins, indicating that F-CTF-3 has higher adsorption rate 

for PA because of the molecular dimension of PA is smaller 

than that of NPA. To further verify this conclusion, the 

adsorption kinetics data was fitted with pseudo-first-order 

kinetic model and pseudo-second-order kinetic model. 

Remarkably, as shown in Fig. S44 and Table S8�, the pseudo-

second-order kinetic model is more precise, and the derived 

kinetic rate constant k2 of F-CTF-3 toward PA is 34.53 g mMX) 

minX), which is 2 orders of magnitude higher than that of F-

CTF-3 toward NPA. Owing to the faster adsorption rate and 

adsorption induced preconcentration effect,37,43 the 

fluorescence detection ability of F-CTF-3 toward PA is higher 

than that of NPA.

The binding energy and the equilibrium absorption capacity 

of NPA in F-CTF-3 are higher than that of PA since the larger 

molecule usually possesses higher affinity for its stronger van 

der Waals interactions with adsorbent.52-54 However, in 

comparison with PA, the larger molecule size of NPA results 

into the slower diffusion rate of NPA to access to the pore of 

F-CTF-3, as confirmed by the above adsorption kinetic data. 

Therefore, although F-CTF-3 has the larger binding energy 

and equilibrium absorption capacity towards NPA, the 

detection ability of F-CTF-3 toward PA is higher than that of 

NPA because of the slower adsorption rate of NPA. To verify 

this conclusion, the time-depended fluorescence detection of 

F-CTF-3 toward PA and NPA were performed. As shown in Fig. 

S45�, the detection of F-CTF-3 toward PA reaches quenching 
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equilibrium within 1 min, while 10 min are needed to reach 

quenching equilibrium for NPA in F-CTF-3, indicating that F-

CTF-3 has faster response for PA detection. These results are 

in line with the adsorption kinetic data in Fig. S43, S44 and 

Table S8 � . It should be noticed that even at 20 mins of 

contacting time between the F-CTF-3 and two amines, the 

quenching ability of NPA is still inferior to that of PA, as 

shown in Fig. S46 � . This inconformity may be attributed to 

fluorescence emission overlap of NPA with F-CTF-3. To 

confirm this conclusion, the emission spectra of PA, NPA and 

F-CTF-3 were tested in water system at the excitation 

wavelength of 372 nm. Fig. S47� shows that the fluorescence 

emission spectra of NPA and F-CTF-3 has overlapping parts, 

while that of PA and F-CTF-3 does not. The result indicates 

that NPA has the fluorescence compensation effect for the 

quenched F-CTF-3. Based on these findings, the low detection 

rate and Ksv values of F-CTF-3 toward NPA than that of PA can 

be attributed to the slower diffusion rate of NPA and its 

fluorescence compensation effect.

In addition, to further evaluate the molecular size screening 

effect of F-CTF-3 toward PAAs, four PAAs with incremental 

molecular sizes (PA, NPA, Amino anthracene (AAT) and 4-

amino-P-triphenyl (APT)) were selected. Since APT and AAT 

are insoluble in water, the selected amines for fluorescence 

quenching experiments were measured in DMF system. As 

shown in Fig. S48 � , it can be preliminarily found that the 

detection performances of the PAAs analytes with different 

molecule size in F-CTF-3 decrease in the following order: 

PA>NPA>AAT>APT. Furthermore, the SV equation and Ksv 

value were utilized to further quantify the quenching ability. 

As illustrated in Fig. S49 and Table S9 � , the Ksv values of F-

CTF-3 toward PA, NPA, AAT and APT are 2.69×104, 1.74×104, 

4.22 × 103 and 4.13 × 103 M-1, respectively, in which the Ksv 

value of F-CTF-3 toward PA with smallest molecule is 1 order 

of magnitude higher than that of F-CTF-3 toward APT with 

largest molecule. Therefore, the results indicate that F-CTF-3 

has an obvious screening effect on the PAAs analytes with 

different molecule size. 

It should be noticed that the Eddaoudi group developed a 

luminescent Zr(IV)-based MOF (Zr-BTDB-fcu-MOF) in which 

the thiadiazole unit can freely rotate in the 3D framework. 11  

This MOF exhibits excellent turn-on fluorescent detection of 

aliphatic amines on account of the restricted rotation of the 

thiadiazole core in the 3D framework, reducing nonradiative 

recombination pathways and subsequently enhancing 

emission intensity. In stark contrast, the rotation of the 

thiadiazole ring in F-CTF-3 is limited because of the 

thiadiazole units are dense stacking in the 2D framework, 

thus the detection mechanism of F-CTF-3 toward amines is 

quite different from that of Zr-BTDB-fcu-MOF. The turn-off 

model of F-CTF-3 toward PAAs detection is attributed to the 

static quenching process, which derived from the formation 

of the ground state non-fluorescent complex induced by the 

hydrogen bonds interactions between PAAs and thiadiazole 

ring of F-CTF-3. In addition, although some nonporous 

polymers containing thiadiazole units were also reported for 

PAAs detection, their performances are inferior than that of 

F-CTF-3,3,23,24,55 suggesting that adsorption induced 

preconcentration effect is also beneficial to the PAAs 

detection.

Conclusions

In summary, by constructing the BTDD monomer with ACQ 

effect into the framework of 2D ultrathin covalent triazine 

framework nanosheet, the thiadiazole-based F-CTF-3 with 

irregular hexagonal pore structure was synthesized. Owing to 

the synergy of the anchoring and diluting effect, F-CTF-3 

possesses the much higher fluorescence quantum yield and 

radiative rate constant than those of the BTDD monomer. 

Interestingly, the F-CTF-3 is the first fluorescent probe that 

exhibits excellent selectivity and sensitivity for PAAs sensing 

among various amine molecules in water system. Moreover, 

the LOD values of F-CTF-3 for PA and PDA are estimated to be 

11.7 and 1.47 nM, respectively, which are much lower than 

any reported sensing materials. Experimental analysis and 

DFT calculations demonstrated that the highly selective and 

sensitive PAAs detection in F-CTF-3 can be ascribed to the 

static quenching process, which derived from the formation 

of the ground state non-fluorescent complex induced by the 

hydrogen bonds interactions between PAAs and F-CTF-3. 

Given its outstanding sensitive and selective for PAAs 

detection as well as the high thermal and chemical stability, 

F-CTF-3 has great prospects as a fluorescent sensor for 

practical applications.
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The thiadiazole-based covalent triazine framework nanosheet is the first fluorescent 

sensor that can selectively detect PAAs from various amines.
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