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Experimental section

Materials

The various organic amines, cesium carbonate (Cs2CO3), potassium carbonate 

(K2CO3), LiN(SiMe3)2, benzene-1,4-dicarbonitrile, 4-formylphenylboronic acid, 

tetrakis(triphenylphosphine)palladium Pd(PPh3)4 and 4,7-

Dibromobenzo[c][1,2,5]thiadiazole were purchased from Energy Chemical Co. Ltd. 

Hydrochloric acid (HCl) and acetone were purchased from Beijing Chemical Works. 

Dimethyl sulfoxide (DMSO), diethyl ether (Et2O), ethanol (EtOH), methanol (MeOH), 

dichloromethane (DCM), N, N-Dimethylformamide (DMF) and Tetrahydrofuran 

(THF) were purchased from Sinopharm Chemical Reagent Co. Ltd. 

Equipment

FT-IR Spectra were collected on a FT-IR spectrometer equipped with an ATR 

attachment (TENSOR II, Bruker, Germany) over the wavenumber range of 400-4000 

cm-1. 1H Nuclear magnetic resonance (NMR) spectra were measured on a Bruker 

AVANCE III 400M spectrometer. Solid-state 13C-NMR spectra were recorded at 

room temperature on a Bruker Fourier 300 M spectrometer. X-ray photoelectron 

spectroscopy (XPS) was measured on a Thermofisher K-alpha XPS spectrometer. 

High resolution transmission electron microscopy (HR-TEM) micrographs were 

recorded on JEM-2100F (JEOL, Japan). Atomic-force microscopy (AFM) images 

were collected by a scanning probe microscope (Bruker Dimension ICON, USA). The 

pore properties of the samples were measured by N2 adsorption and desorption at 77 

K using ASAP 2020 Plus HD88. Thermogravimetric analysis (TGA) data were 

obtained by using a NETZSCH TG 209 F3 Tarsus analyzer with a heating rate of 10 

°C min-1 under N2 atmosphere. Fluorescence spectra data were recorded on an F-7000 

Fluorescence spectrophotometer equipped with a xenon lamp and quartz carrier. 

Fluorescence decay curves and fluorescent absolute quantum yield of the samples 

were measured at ambient temperature using an Edinburgh FLS 980 spectrometer 



(Edinburgh Instruments, UK). UV−vis spectra were obtained with a UV-2600 

spectrophotometer in the range of 250−800 nm at room temperature. Powder X-ray 

diffraction data (PXRD) analysis of powders were recorded on a SHIMADZU XRD-

6000-X-ray diffractometer in reflection mode using Cu Ka radiation (λ=1.5406 Å). 

The 2θ range from 1˚ to 50˚ was scanned with a step size of 0.01˚. UV−vis spectra 

were recorded on a Shimadzu UV-2600 spectrometer. 
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Scheme S1. Synthetic procedure for PAHC monomer.

Synthesis of phenamidine hydrochloride (PAHC). PAHC monomer was 

synthesized according to the published literatures1,2 To a 1000 mL single-necked, 

round-bottomed flask, benzene-1,4-dicarbonitrile (6.4 g, 50.0 mmol) and THF (100 

mL) were added, which was degassed with three freeze-vacuum-thaw cycles in N2. 

LiN(SiMe3)2 solution (1M, 200 mL) was added dropwise in the mixture within 30 min 

at ice-water bath. The mixture was stirred at room temperature for 3 h and then cooled 

to 0 °C. Then HCl–EtOH mixture (6M, 200 mL) was carefully added the reaction 

system. After standing overnight, the white precipitate was filtered, washed with Et2O, 

and then recrystallized from H2O–EtOH mixture. Yield: (2.26 g, 96%). 
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Fig. S1 1H-NMR of PAHC monomer.
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Scheme S2. Synthetic procedure for BTDD monomer.

Synthesis of 4, 4’-(benzothiadiazole-4,7-diyl)dibenzaldehyde (BTDD). 

To a 1000 mL three-necked, round-bottomed flask, 4,7-dibromo-2,1,3-

benzothiadiazole (17 mmol, 5g), 4-formylphenylboronic acid (51 mmol, 7.65 g), 

K2CO3 (100 mmol, 13.9g), H2O (50 mL), THF (600 mL), and Pd(PPh3)4 (0.12 g) was 

added. Under the protection of nitrogen, the suspension was reacted with stirring at 

reflux for 48 h. The organic solvent was evaporated on rotary evaporator. After that, 



the crude product was extracted with DCM. The organic phase was dried with MgSO4. 

After removed the DCM solvent, the crude product was column chromatographed 

over silica gel using pure dichloromethane to the product as yellow solid. (5.18 g, 88% 

yield).

Fig. S2 1H-NMR of BTDD monomer.

Synthesis of F-CTF-3. In a 100 mL single-necked, round-bottomed flask, BTDD 

(172 mg, 0.5 mmol), PAHC (235.2 mg, 1.0 mmol), and cesium carbonate (716.8 mg, 

2.2 mmol), DMSO (50 mL) and H2O (2 mL) were added. The mixture was heated at 

60 °C for 12 h, then heated at 80 °C, 100 °C for 12 h and 120 °C for 3 days to yield a 

yellow solid. The resulting solid was washed with dilute HCl (3 × 100 mL), water (3 

× 100 mL), acetone (3 × 100 mL), and THF (3 × 100 mL), the obtained yellow solid 

was dried at 80 °C under vacuum for 12 h. (374.6 mg, 92% yield).

Fluorescence detection. 

In a typical fluorescence detection experiment, 10 mg of F-CTF-3 sample was 

weighed, finely grounded, and then added to a cuvette containing 20 mL of deionized 

water under stirring. The fluorescence upon excitation at 372 nm of 2 ml F-CTF-3 



suspension was measured in situ after increased addition of freshly prepared analyte 

solutions (3 mM, 20 μL addition each time). The mixed solution was stirred about 10 

s to maintain its homogeneity and then the emission spectra were recorded at the 

excitation wavelength of 372 nm.

Similarly, in a selective detection experiment, 10 mg finely grounded F-CTF-3  

sample was added to a cuvette containing 20 mL of deionized water under stirring. 

Fluorescence of the obtained 2 ml F-CTF-3 suspension was recorded. Then, 3 mM 

PAAs and saturated non-PAAs amines aqueous solutions were alternatively 

introduced (twice for each) into the suspension in such a sequence (In the case of PA-

TPA): TPA (20 μL), TPA (20 μL), TPA (20 μL), TPA (20 μL), TPA (20 μL), TPA 

(20 μL), etc., the process was repeated until the total volume of added analytes 

solutions reached 200 μL. After each addition, the fluorescence of the suspension was 

monitored.

In addition, in a time-depended detection experiment, 10 mg finely grounded F-CTF-

3 was added into a cuvette containing 20 mL of deionized water under stirring.  

Fluorescence of the obtained 2 ml F-CTF-3 suspension was recorded. Then, PAAs (20 

μL) was added into the F-CTF-3 suspension and the mixture was shaken for a certain 

time before emission spectra measurements. For each point-in-time, the fluorescence 

intensity of the F-CTF-3 suspension was monitored.

Limit of detection (LOD) calculation 

Combined the standard deviation (Sb) of fluorescence intensity detected in water for 

20 times and the Ksv value calculated by Stern - Volmer (SV) equation, the LOD 

value was calculated by the following equation. [1,3,4]

𝑆𝑏=
∑(1 ‒ 𝐼0𝐼1)2

𝑁 ‒ 1

(𝑁= 20)



𝐿𝑂𝐷=
3𝑆𝑏
𝐾𝑆𝑉

where Sb is the standard deviation for replicating detections of blank F-CTF-3 

solutions; I0 is the fluorescence intensity of F-CTF-3 in water; I1 is the average of the 

I0.

Regeneration of F-CTF-3. The F-CTF-3 used in detection measurements were 

collected and washed with DMF and acetone through stirring at room temperature for 

12 h. This procedure was repeated at least three times by using fresh DMF and 

acetone. After filtration, the regenerated product was dried under vacuum at 333 K for 

4 h to remove the residual solvents. 

Dynamic/static quenching of F-CTF-3.

To investigate the quenching process between F-CTF-3 and the analyte, the nature 

of the quenching mechanism was explored using the Stern–Volmer (SV) equation: 5

𝐼0
𝐼
= 1 + 𝐾𝑠𝑣[𝑄] = 1 + 𝐾𝑞𝜏0[𝑄]

where I0 and I are the fluorescence emission intensities of the F-CTF-3 in the absence 

and presence of the analyte; [Q] is the concentration of analyte; τ0 is the average life 

of F-CTF-3 with the value about 1.67 ns; Kq is the rate constant in the process of 

double molecules quenching; Ksv is the dynamic quenching constant. 

When Kq < 2.0×1010 mol/s, it can be determined that the quenching process is 

dynamic quenching;

When Kq > 2.0×1010 mol/s, the quenching process is the static quenching one.

Binding constants and stoichiometry

The binding constant (Kb) and the corresponding stoichiometry (n) were calculated 



for each interaction between F-CTF-3 and analyte using the following equation6:

log (𝐼0 ‒ 𝐼𝐼 ) = 𝑙𝑜𝑔𝐾𝑏+ 𝑛𝑙𝑜𝑔[𝑄]

where I0 and I are the fluorescence intensities of the F-CTF-3 in the absence and 

presence of different concentrations of analyte, respectively; [Q] is the concentration of 

the respective analyte; Kb is the binding constant and n is the stoichiometry of binding.

Adsorption kinetic experiment.

After pre-degassing F-CTF-3 sample (10 mg) was totally activated and then transferred 

into water PAA solutions with different schedule times in a vial, respectively. UV-vis 

spectra of the solutions were recorded to characterize the adsorption performances of 

F-CTF-3 along with the soaking time at 298 K. The amount of the PAAs adsorbed on 

the F-CTF-3 was calculated using the following equation:

V
M

CC e
e

)(Q 0 

Where Qe (mM g−1) is the equilibrium adsorbed amount; C0 and Ce (mM) are the initial 

and equilibrium concentrations of solution; V (L) is the volume of solution; and M (g) 

is the mass of F-CTF-3. 
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Fig. S3 Molecular structures of the various organic amines.

F-CTF-3

 Fig. S4 13C-CPMAS solid-state NMR spectra of F-CTF-3.
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Fig. S5 XRD patterns of F-CTF-3.

Fig. S6 Simulated AA stacking model structure of F-CTF-3 by Material Studios.
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Fig. S7 (a) XRD patterns and (b) FT-IR spectra of F-CTF-3 before and after treated in NaOH (6M) 

and HCl (6M) aqueous solution, respectively.
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Fig. S8 TGA curves of as-prepared F-CTF-3.
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Fig. S9 (a). High-resolution TEM image of F-CTF-3. (b). AFM image and height profile of F-

CTF-3. 
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Fig. S10 Solid-state UV spectra of BTDD and F-CTF-3 excited at 372 nm and 412 nm, 

respectively. 
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Fig. S11 Photoluminescent spectra of F-CTF-3 dispersed in different solvents excited at 416 nm in 

room temperature.
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Fig. S12 Stability test for the fluorescence intensity of F-CTF-3 in water at room temperature.
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Fig. S13 The emission spectra of F-CTF-3 dispersed in water upon the increased addition of 200 

μL (3 μM, 20 μL addition each time) aqueous solution of (a) PDA and (b) NPA at room 

temperature, respectively.
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Fig. S14 The emission spectra of F-CTF-3 dispersed in water upon the increased addition of 200 

μL (3 μM, 20 μL addition each time) aqueous solution of (a) EA and (b) PPA at room temperature, 

respectively.
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Fig. S15 The emission spectra of F-CTF-3 dispersed in water upon the increased addition of 200 

μL (3 μM, 20 μL addition each time) aqueous solution of (a) DMA and (b) TMA at room 

temperature, respectively.
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Fig. S16 The emission spectra of F-CTF-3 dispersed in water upon the increased addition of 200 

μL (3 μM, 20 μL addition each time) aqueous solution of (a) TMAC and (b) TPA at room 

temperature, respectively.
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Fig. S17 The emission spectra of F-CTF-3 dispersed in water upon the increased addition of 200 

μL (3 μM, 20 μL addition each time) aqueous solution of (a) DMAP and (b) ATL at room 

temperature, respectively.
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Fig. S18 Fluorescence quenching efficiencies of F-CTF-3 by different analytes at room 

temperature.

Table S1 The quenching constants (Ksv) and limit of detection (LOD) of F-CTF-3 for sensing 

different analytes at room temperature.

analytes KSV (F-CTF-3)/M-1 LOD (F-CTF-3)/μM

PDA 6.36×106 1.47×10-3

PA 8.01×105 1.17×10-2

NPA 3.57×105 2.62×10-2

EA 8.76×103 1.07

PPA 5.59×103 1.67

DMA 4.44×103 2.10

TMA 3.50×103 2.67

ATL 2.74×103 3.41

DPA 2.23×103 4.20

ATZ 2.08×103 4.48

DEA 1.19×103 7.84

DMAP 1.11×103 8.39

TMAC 1.07×103 8.76



TPA 9.77×102 9.56

Table S2 The Stern-Volmer constant (Ksv) and limit of detection (LOD) of F-CTF-3 for PA 

detection was compared with those of other materials. 

No. Material Solvent/supported

systems

LOD (nM) Ref.

1 FJU-10 DMF 580 7

2 dye@FJU-10 DMF 620 7

3 Compound 4 Water 6800 8

4 Compound 6 Water 9000 8

5 LVMOF-1 Water 55 9

6 DTPP THF 12.65 10

7 PVDF-Embedded 1 amine vapor 24 11

8 phenoxyquinone 1 Acetonitrile 1200 12

9 EDMAYM Acetonitrile 25000 13

10 DSB-dialdehyde Water/THF (9:1) 3760 14

11 HPQ-Ac amine vapor 29000 15

12 PFPE-COOH DMF 90000 16

13 Spiropyran derivatives THF 100 17

14 BODIPY derivatives THF 3060 18

15 TPPA amine vapor 3000000 19

16 compounds 1 DMF 3060 20

17 compounds 5 DMF 2290 20

18 R6G@ZIF-8 acetone 5000000 21

19 Film 1 amine vapor 161 22



20 8FP-2F aniline vapor 32.3 23

21 S-NG/GCE water 23 24

22 DOF amine vapor 142 25

23 TCbzBSF amine vapor 60 26

24 CDs-silica aerogel amine vapor 834408 27

25 Cellulose-based sensor Phen-MDI-CA aniline 460 28

26 F-CTF-3 water 11.7 This work

Table S3 The Stern-Volmer constant (Ksv) and limit of detection (LOD) of F-CTF-3 for PDA 

detection was compared with those of other materials.  

No. Material Solvent/supported

systems

LOD (nM) Ref.

1 PFPE-COOH DMF 89250 16

2 S-NG/GCE water 51 24

3 BCP-Py-CHO water 7 29

4 Py-CHO water 9000 29

5 Gelator DMSO/H2O (10/1, v/v) 90 30

6 ARS/4-FPBA water 30000 31

7 CDs@NBD water 56 32

8 GCE water 163 33

9 DTAF water 50 34

10 F-CTF-3 water 1.47 This work
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Fig. S19 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) EA, (b) PPA and (c) DMA followed by 3 µM aqueous solution of PA at room temperature, 

respectively (20 µL addition each time).
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Fig. S20 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DEA, (b) TMA and (c) TMAC followed by 3 µM aqueous solution of PA at room 

temperature, respectively (20 µL addition each time).
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Fig. S21 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) ATL, (b) ATZ and (c) DMAP followed by 3 µM aqueous solution of PA at room 

temperature, respectively (20 µL addition each time).
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Fig. S22 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DPA and (c) TPA followed by 3 µM aqueous solution of PA at room temperature, 

respectively (20 µL addition each time).
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Fig. S23 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) EA, (b) PPA and (c) DMA followed by 3 µM aqueous solution of PDA at room temperature, 

respectively (20 µL addition each time).
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Fig. S24 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DEA, (b) TMA and (c) TMAC followed by 3 µM aqueous solution of PDA at room 

temperature, respectively (20 µL addition each time).
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Fig. S25 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) ATL, (b) ATZ and (c) DMAP followed by 3 µM aqueous solution of PDA at room 

temperature, respectively (20 µL addition each time).
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Fig. S26 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DPA and (c) TPA followed by 3 µM aqueous solution of PDA at room temperature, 

respectively (20 µL addition each time).
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Fig. S27 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) EA, (b) PPA and (c) DMA followed by 3 µM aqueous solution of NPA at room temperature, 

respectively (20 µL addition each time).
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Fig. S28 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DEA, (b) TMA and (c) TMAC followed by 3 µM aqueous solution of NPA at room 

temperature, respectively (20 µL addition each time).
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Fig. S29 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) ATL, (b) ATZ and (c) DMAP followed by 3 µM aqueous solution of NPA at room 

temperature, respectively (20 µL addition each time).
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Fig. S30 Tracked emission spectra of F-CTF-3 upon the addition of a saturated aqueous solution 

of (a) DPA and (c) TPA followed by 3 µM aqueous solution of NPA at room temperature, 

respectively (20 µL addition each time).
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Fig. S31 Selective detection of (a) PDA and (b) NPA on F-CTF-3 in the presence of the other 

non-PAAs in water at room temperature.
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Fig. S32 The recycle stability F-CTF-3 for (a) PDA and (b) NPA detection at room temperature. 

(The black bars represent the initial fluorescence intensity and the red bars represent the intensity 

upon addition a solution of 2 mL 30 µM analyte PDA or NPA in water).
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Fig. S33 (b) HOMO and LUMO energies for selected analytes and F-CTF-3 arranged in decreased 

order of LUMO energies.



Table S4 HOMO and LUMO energies calculated for selected analytes and F-CTF-3 used at 

B3LYP/6-31G* level.

Analytes HUMO (ev) LUMO (ev) Band Gap (ev)

DMA -6.12801 1.21281 7.34082

DEA -6.11712 1.20683 7.32395

TMA -5.91304 1.17199 7.08503

PPA -6.54706 1.16601 7.71307

EA -6.55604 1.12546 7.6815

TMAC -5.30976 -0.09034 5.21942

PDA -4.98186 -0.2049 4.77696

PA -5.76555 -0.24871 5.51684

DMAP -5.91576 -0.28953 5.62623

ATZ -7.23333 -0.3532 6.88013

ATL -7.37157 -0.48083 6.89074

DPA -5.46405 -0.59539 4.86866

TPA -5.28799 -0.85281 4.43518

NPA -5.47711 -1.15295 4.32416

F-CTF-3 -6.027 -3.123 2.904



Table S5. Stern–Volmer quenching constants and bimolecular quenching constant for the 

interaction of F-CTF-3 and different analytes. 

Analyte Ksv (M-1) (0°C) Ksv (M-1) (25°C) Kq (mol/s)

PDA 2.62×107 6.36×106 3.81×1015

PA 1.82×106 8.01×105 4.80×1014

NPA 8.33×105 3.57×105 2.14×1014
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Fig. S34 The SV plots of the selected PAAs (a. PA, b. PDA and c. NPA) (3 uM, 20 μL each time) 

in F-CTF-3 suspension solution at different temperature. 
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Fig. S35 Plot of log[(I0-I)/I] versus log[Q] for the interaction of (a) PDA, (b) PA, (c) NPA, (d) 

DPA, (e) DMAP and (f) TPA with F-CTF-3 in aqueous solution.



Table. S6 binding parameters for the interaction of F-CTF-3 and different analytes.

Analyte Kb (L/mol) n

PDA 7.45×108 1.54

PA 1.06×107 1.46

NPA 1.95×106 1.08

DPA 1.31×102 0.59

DMAP 2.17×101 0.45

TPA 4.45×100 0.31

a



b

Fig. S36. 1H NMR spectra of (a) PA and (a) PA@BTDD.
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Fig. S37 The binding energies of PAAs and various aliphatic amines on F-CTF-3.
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Fig. S38 Optimized geometries for the interactions of F-CTF-3 with (a) PA, (b) PDA and (c) NPA. 

Color code: C, gray; H, white; N, blue; S, yellow.
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Fig. S39 Optimized geometries for the interactions of F-CTF-3 with (a) EA, (b) PPA and (c) 

DMA. Color code: C, gray; H, white; N, blue; S, yellow.
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Fig. S40 Optimized geometries for the interactions of F-CTF-3 with (a) DEA, (b) TMA and (c) 

TMAC. Color code: C, gray; H, white; N, blue; S, yellow; Cl, reseda.
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Fig. S41 The emission spectra of F-CTF-3 dispersed in water upon incremental addition of 

triaminobenzene (TAB) (3 μM, 20 μL addition each time). The TAB solution was neutralized with 

NaOH before fluorescence detection experiments.



Table S7. The quenching constants (Ksv) and limit of detection (LOD) of F-CTF-3 for sensing 

different analytes at room temperature.

analytes KSV (F-CTF-3)/M-1 LOD (F-CTF-3)/μM

PDA 6.36×106 1.47×10-3

PA 8.01×105 1.17×10-2

NPA 3.57×105 2.62×10-2

TABa 2.13×104 4.40×10-1

a TAB solution was neutralized before the fluorescence quenching experiment.
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Fig. S42 The emission spectra of F-CTF-3 dispersed in water upon incremental addition of (a) PA 

and (b) TAB in pH=1 aqueous solution (3 μM, 20 μL addition each time).
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Fig. S43 Adsorption kinetics of F-CTF-3 after adsorbed PA and NPA. (The initial concentration is 

0.5 mM)

The adsorption dates fitting by kinetic models

In order to get more information about sorption process, the experimental dates were fitted with 

the pseudo-first-order kinetic model and the pseudo-second-order kinetic model. Two models are 

expressed as follows. 

The pseudo-first-order equation:

tkQQQ ete 1ln)(ln 

The pseudo-second-order equation:

ee Q
t

Qk
 2

2t

1
Q
t

Where Qt (mM g-1) and Qe (mM g-1) are sorption quantity of PA and NPA at time t and at 

equilibrium, K1 (min-1) and K2 (g mM-1min-1) are the pseudo-first-order and pseudo-second-order 

equation rate constants. The plots of ln (Qe-Qt) versus t and t/Qt versus t are shown in Fig. S44. 

The model parameters and the correlation coefficients are listed in Table S8.



Table S8 The kinetic parameters for the PA and NPA adsorption on F-CTF-3.

pseudo-first-order kinetic

model

pseudo-second-order kinetic

model

Qe(mM g-1) k1(min-1) R2 Qe(mM g-1) k2 (g mM-1 min-1) R2

F-CTF-3-PA 0.2430 0.74799 0.80585 0.3694 34.53457 0.99999

F-CTF-3-NPA 0.6252 0.10829 0.95215 0.8561 0.30048 0.99997
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Fig. S44 The pseudo-first-order kinetic model (a) and pseudo-second-order kinetic model (b) 

linearized plots for PA and NPA adsorption on F-CTF-3.
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Fig. S45 The emission spectra of F-CTF-3 dispersed in water after adding (a) PA and (b) NPA 

solution with the increasingly time. 
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Fig. S46 The time-depended emission spectra intensity of F-CTF-3 suspension towards (a) PA and 

(b) NPA. 
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Fig. S47 The emission spectra of PA, NPA and F-CTF-3 dispersed in water system. 
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Fig. S48 The emission spectra of F-CTF-3 dispersed in DMF system upon incremental addition of 

four amines (a. PA, b. NPA, c. AAT and d. APT) (3 μM, 20 μL each time).
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Fig. S49 The SV plots of the selected amines (PA, NPA, AAT and APT) (3 μM, 20 μL each time) 

in F-CTF-3 suspension solution.

Table S9 The quenching constants (Ksv) of F-CTF-3 for sensing different molecule size analytes.

analytes KSV (F-CTF-3)/M-1

PA 2.69×104

NPA 1.74×104

AAT 4.22×103

APT 4.13×103
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