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ABSTRACT 

Highly crystallinity of covalent organic frameworks (COFs) with dual fluorescence 

emissions has not been reported so far. Here we show the rational design and 

preparation of high crystallinity COF TzDa via the synergetic interaction of docking 

sties and hydrogen bonds. 4,4',4''-(1,3,5-Triazine-2,4,6-triyl)trianiline (Tz) with the 

docking site and 2,5-dihydroxyterephthalaldehyde (Da) with OH group are employed 

to synthesize the imine-linked two-dimensional high crystallinity layered structure 

TzDa. The prepared mesoporous TzDa (ca. 36 Å) exhibits high thermal and chemical 

stability. The intramolecular charge transfer (ICT) and excited state intramolecular 

proton transfer (ESIPT) effects bring TzDa two main fluorescence emissions around 

500 nm and 590 nm. Water molecules can interfere with the ICT and ESIPT effects, 

allowing developing a ratiometric fluorescent sensor for water in organic solvent. The 

proposed sensor shows high sensitivity to trace water in conventional organic solvents. 

The high stability of TzDa allows its recyclable uses for trace water detection. This 

work not only offers a platform for the construction of high crystallinity COFs, but 

also provides a rational design of COFs with dual fluorescent emissions for 

ratiometric sensing application. 

KEYWORDS: covalent organic framework, high crystallinity, dual fluorescence 

emissions, ratiometric sensing, trace water 
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INTRODUCTION 

Covalent organic frameworks (COFs) is new emerging type of crystalline porous 

polymer, and gains great concern in recent years.1-5 Construction of light elements and 

strong covalent bonds with highly regular structures offers COFs inherent porosity 

with low density, high stability and large surface area.6-11 The utilization of the COFs 

focuses in catalysis,12-14 photoconduction,15-17 gas storage18-20 and separation.21,22 

Recently, Wang’s group and Jiang’s group brought a new application area of COFs in 

sensing.23,24 As a crystalline materials, enhancing the crystallinity of COFs remains a 

challenge in preparing high quality of COFs.25 General strategies to improve the 

crystallinity of COFs are to introduce either hydrogen bonds to increase intralayer 

interaction and layer planarity,16,26-28 or docking sites with lock-and-key-like central 

units to guide the attachment of the successive layers.25,29 

Detection of moisture content in organic solvents is always an important process in 

many chemical and industrial productions because water content directly influences 

the yield and selectivity of numerous sensitive chemical reactions.30 Although 

traditional analytical techniques for detection of trace water, such as Karl Fischer 

titration and chromatography, show ppm level water detection with high accuracy, 

they own some shortcomings (use of toxic reagents, long analysis time and tedious 

operation). Recently, luminescence-based sensors have been developed to detect trace 

water with different kinds of fluorogenic probes,30,31 luminescent metal nanoclusters32 

and metal organic frameworks.33 However, most of these reported sensors only 

provide intensity-varying signals of single fluorescence, which likely be interfered by 

Page 3 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

intensity of excitation, collection efficiency of emission signal, and inhomogeneous 

distribution of probe.34 Besides, they cannot be recycled for use due to their hard 

separation from water or instability. 

Herein, we report the rational designed synthesis of a high crystallinity COF with 

dual fluorescence emissions for ratiometric sensing of trace water in organic solvents 

via a synergetic approach of docking sites and hydrogen bonds. We chose the 

4,4',4''-(1,3,5-Triazine-2,4,6-triyl)trianiline (Tz) and 2,5-dihydroxyterephthalaldehyde 

(Da) as the ligands to synthesize a high crystallinity COF TzDa where the Tz offers 

the docking sites and the Da provides the hydrogen bonds. The mesoporousTzDa 

possesses high stability and large surface area. The Tz moiety brings TzDa structure 

an intramolecular charge transfer (ICT) effect while the hydrogen interactions 

between the Da and imines results in excited state intramolecular proton transfer 

(ESIPT) effect. As a result, the TzDa gives two main fluorescence emissions around 

500 nm and 590 nm. On the basis of the effect of water on ICT and ESIPT, we 

develop a ratiometric fluorescent sensor for detecting trace water in organic solvents 

with high sensitivity and selectivity as well as excellent reusability. 

EXPERIMENTAL SECTION 

Synthesis of COF TzDa. A 35 mL Schlenk tube (OD 26 × L 125 mm) was 

charged with Tz (31.9 mg, 0.09 mmol), Da (21.6 mg, 0.13 mmol), o-dichlorobenzene 

(o-DCB, 1.8 mL), N,N-dimethylacetamide (DMAC, 0.2 mL) and 6 M aqueous acetic 

acid (0.2 mL). After 10 min sonication, the tube was frozen with liquid nitrogen bath, 

degassed through three freeze–pump–thaw cycles, sealed with the screw cap and 
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heated at 120 °C for 3 d. The formed dark red product was collected via centrifugation 

and rinsed with tetrahydrofuran (THF). The isolated powder was then extracted with 

dichloromethane (DCM) and dried at 100 °C under vacuum for 24 h to obtain TzDa in 

ca.88 % isolated yield. Fourier transform-infrared spectroscopy (FTIR): 3432, 1614, 

1579, 1511, 1411, 1363, 1208, 1175, 1146 cm-1. Anal. Calcd. for (C10H7N2O)n: C 

70.18; H 4.09; N 16.37. Found: C 70.02; H 3.98; N 16.04. Powder X-ray diffraction 

(PXRD): 2.9°, 4.9°, 5.8°, 7.5°, 8.8°, 25.9°. 

Structural Simulation and PXRD Analysis. Structure modeling of the TzDa 

was conducted with Material Studio (ver. 7.0) suite of programs by Accelrys. 

According to the previous work,27 the initial lattice was generated with the space 

group P6/m (a = b = 36.2000 Å, c = 3.4000 Å), and the unit cell was defined by two 

Tz molecules bond to Da via six hydrazine linkages. After geometry optimization 

using MS Forcite molecular module (Universal force fields, Ewald summations), the 

crude structure modeling of the TzDa was obtained. Subsequently, pawley refinement 

was applied to obtain the refined PXRD profile with the lattice parameters of a = b = 

36.1922 Å, c = 3.4399 Å, Rwp = 6.92%, Rp = 4.99%. Moreover, a staggered 

arrangement for TzDa as an alternative structure was also performed wherein the 

initial lattice was generated with the space group P63/m (a = b = 36.1922 Å, c = 

6.8800 Å). 

Stability Test. 10 mg of the COF samples were immersed in 1 mL of THF, 

acetone, acetonitrile (ACN), ethanol, ethyl acetate (EtAC), isopropanol (IPA) or water 

for 5 days. Then, the samples were rinsed with THF and DCM, dried under vacuum at 
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100 °C for 24 h and offered to PXRD characterization. Besides, the 10 mg TzDa 

samples were heated under air at 200 °C, 250 °C, 300 °C and 350 °C for 3 h, then 

offered to PXRD characterization. 

Ratiometric Detection of Water in Organic Solvents. Certain amount ofTzDa 

(1.000 mg) was ultrasonically dispersed in 10 mL organic solvent samples. 1 mL of 

the above obtained sample solution was added to a clean quartz cell (1 × 1 cm) with a 

slight shaking. The corresponding fluorescence spectra upon excitation at 365 nm 

were recorded for subsequent fluorescent ratiometric detection of water. 

RESULTS AND DISCUSSION 

Design, Preparation and Characterization of the COFs. Figure 1 shows the 

design and synthesis of COF TzDa. So far, two strategies, either introducing hydrogen 

bonds to increase intralayer interaction and layer planarity25,26 or docking sites to 

guide the attachment of the successive layer,27 have been developed to prepare high 

crystallinity COFs. Here we introduced an approach to integrate the above two 

strategies to synthesize high crystallinity COF TzDa (Figure 1b). For this purpose, we 

used Tz and Da as the ligands. Tz is a typical screw-shaped molecule and this kind of 

structure with docking sites can significantly preclude error-prone network formation 

during the preparation of COFs. Moreover, Da can provide OH group to offer strong 

intramolecular hydrogen bonding interactions with the imine nitrogen to lock the 

phenyl rings and amplify the interactions among the adjacent layers. 
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Figure 1. (a) Construction of TzDa via the condensation of Tz and Da. (b) Illustration of the 

docking sites and hydrogen bond of TzDa. (c) Graphic view of TzDa for the AA eclipsed model 

(grey, C; cyan, N; red, O; H is omitted for clarity).  

The present combined approach of the two strategies gave a high crystallinity COF 

TzDa. The PXRD pattern shows a high intense peak at 2.9° and other minor peaks at 

4.9°, 5.8°, 7.5°, 9.8°, 25.9° corresponding to the strong reflection from 100 and 110, 

200, 120, 220, 001 plane, respectively (Figure 2a, red line). Such specific peaks are 

rarely seen in Schiff-base type COFs.35-38 The stacking distances of the adjacent layers 

were determined to be ca. 3.4399 Å from the d spacing (Figure 2a insert) according to 

the Bragg’s law.39 The above results reveal the high crystallinity of the prepared 

TzDa. 

We also prepared a TRITER-1 COF with Tz and terephthaldehyde as the ligands 

according to Gomes40 for comparison (Figure S1-S4). In this case, Tz can still provide 

the docking sites whereas terephthaldehyde cannot offer the OH group for hydrogen 

bonding. As a result, we obtained poor crystallinity of TRITER-1 (Figure S2). The 

above result indicates only the docking sites without the hydrogen bonds cannot bring 
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high crystallinity of the COF and the synergetic effect of the docking sites and 

hydrogen bonding plays a critical importance in the preparation of high crystallinity 

of the COF. 

Two kinds of two-dimensional (2D) models (eclipsed AA and staggered AB) were 

generated by Materials Studio (ver. 7.0) to investigate the possible structure of TzDa 

(Figure 2b and 2c; Figure S5 and S6). Compared with the PXRD pattern of staggered 

AB model, those of the eclipsed AA mode generated with a space group P6/m (a = b = 

36.1922 Å, c = 3.4399 Å, α = β = 90° and γ = 120°) shows more agreement with the 

experimental pattern with Rwp of 6.92% and Rp of 4.99% after pawley refinement 

(Figure 2a; Figure S7 and Table S1), indicating that the structure of the prepared TzDa 

mainly matches an eclipsed AA stacking 2D material. 

 

Figure 2. (a) PXRD pattern of TzDa: experimental pattern (red curve); simulated pattern for the 

AA eclipsed model (blue curve) and AB staggered model (black curve). (b) Eclipsed unit cell of 

TzDa. (c) Staggered unit cell of TzDa. 

The TzDa gave a new characteristic peak of the stretching band of C=N at 1614 

cm-1 in Fourier transform-infrared (FTIR) spectra other than those of Tz and Da 
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(Figure 3a), revealing the formation of imine bonds. The absence of some 

characteristic peaks of the starting ligands (C=O at 1664 cm-1 of Da and N-H at ca. 

3300 cm-1 of Tz) further proves the occurrence of the Schiff-base reaction. 13C 

CP-MAS solid-state nuclear magnetic resonance (NMR) spectroscopy gave more 

specific structure information of the TzDa. The carbon chemical shift of the C=O on 

Da was 200 (Figure S8). After condensation reaction, the corresponding carbon 

chemical shift on TzDa changed to 160 (the carbon peak of the C=N, Figure 3b), 

indicating the successful construction of imine bonds. The other chemical shifts for 

the rest carbon peaks of TzDa at 115, 122, 129, 135, 148, 153 and 169 are in good 

agreement with those of Tz and Da (Figure S9 and S10). 

 

Figure 3. (a) FTIR spectra of Da, Tz and TzDa.(b) Solid-state 13C NMR spectra of TzDa. (c) 

PXRD patterns of TzDa after treatment in different solvents. 

Thermogravimetric analysis (TGA) reveals no remarkable weight loss of TzDa up 

to 400 °C under air condition (Figure S11). Furthermore, the PXRD pattern of TzDa 

heated at different temperatures in air were monitored to demonstrate the thermal 

stability of the crystal structure of TzDa (Figure S12). The PXRD pattern of TzDa 
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remained unchanged until 300 °C, showing the framework of TzDa is stable up to 

300 °C. However, all the peaks of the PXRD pattern disappeared after further increase 

to 350 °C, indicating the framework of TzDa collapsed. TzDa is also stable in water 

and various organic solvents (Figure 3c). 

Both scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) images reveal the fluffy cluster-like morphology of TzDa (Figure 4a and 4b). 

Further magnification of the TEM image reveals the obvious sheet structure of TzDa 

due to the strong π-π stacking interactions between adjacent layers (Figure S13). 

The permanent porosity and Brunauer-Emmett-Teller (BET) surface areas of the 

activated TzDa were characterized via the N2 adsorption–desorption analysis at 77 K 

(Figure 4c and Figure S14). The BET surface area of the as-prepared TzDa was 709 

m2 g-1 and the total pore volume of TzDa was 0.53 cm3 g-1. The large surface area of 

the prepared COF was benefit from the high crystallinity of the COF. The prepared 

TzDa are mainly mesoporous with a main pore size of ca. 36 Å. (Figure 4d). 

 

Figure. 4 (a) SEM and (b) TEM image of TzDa. (c) N2 adsorption–desorption isotherms of TzDa. 

(d) Pore size distribution of TzDa. 
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Optical Properties of TzDa.The prepared TzDa gives absorption peaks at 365 and 

425 nm, and shows two main fluorescence emissions around 500 nm and 590 nm in 

common organic solvents (Figure 5a and Figure S15). The main emission around 500 

nm shows a slight red-shift as the solvent polarity increases owing to the 

intramolecular charge transfer (ICT) of Tz moiety with the phenyl group as a donor 

and the triazine as an acceptor.41 Tz ligand also exhibits the same red-shift 

phenomenon (Figure S16). In addition, TzDa owns intramolecular hydrogen bonding 

interaction between the O-H on Da and the generated C=N bond. Such intramolecular 

hydrogen bonding leads to excited state intramolecular proton transfer (ESIPT) effect 

in TzDa to give a second emission at ca. 590 nm.42 For comparison, a compound TzSa 

with similar structure to the unit of TzDa synthesized through the condensation of Tz 

and salicyldehyde only gives a single fluorescence emission (Figure S18-S20), 

indicating the strong π-π stacking crystallinity structure of TzDa also plays an 

essential role in providing the dual fluorescence emissions. 

We also found the sensitive response of the dual fluorescence emissions of TzDa to 

trace water in organic solvents (Figure 5b and Figure S21). The increase of water 

content leads to the growth of the fluorescence intensity of TzDa for the longer 

wavelength emission (ca. 590 nm) and the reduction of that for the shorter wavelength 

emission (ca. 500 nm). This special phenomenon results from the interference of 

water to the ICT and the ESIPT effect of TzDa as shown in Figure 5c. On the one 

hand, the hydrogen bonding interaction between water (as a hydrogen bond donor) 

and Tz moiety (as a hydrogen bond acceptor) would block the ICT process from 
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triazine to the phenyl group, increasing the possibility of nonradiative relaxation of 

TzDa. Thus, the fluorescence emission intensity at ca. 500 nm would decrease.43,44 On 

the other hand, the water also interacts with the OH group on the Da, breaking the 

intramolecular hydrogen bonding between the OH and the generated C=N. 

Consequently, the changed exited state form of the hydroxyl group in Da moiety 

increases the fluorescence emission intensity at ca. 590 nm.45,46 

Fluorescence experiments were performed on the control COF DhaTab and 

TRITER-1 to further support the above explanation for the effect of water on the 

fluorescence of TzDa. The COF DhaTab was synthesized with 

1,3,5-tris(4-aminophenyl)benzene (Tab) and Da (Figure S22-S25).27 DhaTab and 

TzDa have similar structure, but the former has no triazine group in Tab while the 

later possesses the triazine group in Tz. Owing to the absence of the triazine group in 

Tab, DhaTab has no ICT effect. The only ESIPT effect in DhaTab leads to the only 

one emission at ca. 590 nm of DhaTab and the growth of the fluorescence intensity 

with the increase of water content (Figure S26). The COF TRITER-1 was synthesized 

with Tz and terephthaldehyde. TRITER-1 and TzDa also have similar structure, but 

the former has no OH group in terephthaldehyde while the later possesses the OH 

group in Da. The absence of the OH group in terephthaldehyde leads to the 

disappearance of ESIPT effect. Thus, the only ICT effect of TRETER-1 gives the only 

one emission at ca. 510 nm and the decrease of the emission intensity with the 

increase of water content (Figure S27). 
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Figure. 5 (a) UV−vis absorption (black) and fluorescence (red) spectra of the TzDa in pure EtAc. 

(b) Fluorescence spectra of TzDa in EtAC with different water content. (c) H2O sensing 

mechanism by TzDa. 

Ratiometric Fluorescence Sensing of Water. The dual emissions of the prepared 

TzDa with ICT and ESIPT phenomena and their sensitive response to trace water in 

organic solvents offer the potential of TzDa as a fluorescent ratiometric probe for 

sensing water. To this end, we first studied the effect of ultrasonication time on the 

intensity ratio of the two fluoresce emissions of TzDa in various organic solvents (IPA, 

acetone, THF, EtAC, and ethanol) containing 10.0wt% water. The results show that 

the fluorescence ratio (longer wavelength emission to shorter wavelength emission) in 

organic solvents got stable within 1 min, revealing the quick fluorescence response of 

TzDa to water (Figure S28). In addition, the ratio of the two fluorescence emissions of 

TzDa linearly increases with the water content in organic solvents IPA, acetone, THF, 

EtAC and ethanol in a range of 1.1wt% - 7.7wt%, 0.1wt% - 5.1wt%, 0.5wt% - 

5.1wt%, 0.6wt% - 3.2wt%, 0.4wt% - 2.5wt%, respectively (Table S2). The limit of 

detection (3s) (wt%) in IPA, acetone, THF, EtAC and ethanol is 0.085, 0.022, 0.026, 
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0.006, and 0.034, respectively (Figure S29-S33, Table S2), which is comparable to or 

better than those obtained by other fluorescent probes (Table S3). The relative 

standard deviation for 10 replicates detections of 1.27% water in IPA, acetone, THF, 

EtAC and ethanol is 0.10%, 0.06%, 0.10%, 0.24% and 0.03%, respectively, indicating 

the high precision of our method. Owing to the high stability of the COF in organic 

solvents, the prepared COF can be recycled to use in practice for the relative standard 

deviation of 8 recycling detections of water in analytical regent (AR) EtAc is 4.1% 

(Figure S34). To prove the accuracy of our method, we compared the results of the six 

commercial AR organic solvents tested with TzDa to those obtained by gas 

chromatography. The results show no obvious difference found between our method 

and gas chromatography, indicating the high reliability of our method (Table S4). All 

of the above results reveal the prepared COF is promising as a ratiometric 

fluorescence probe for rapid sensing of trace water in organic solvents. 

CONCLUSIONS 

We have reported the first example of high crystallinity of COFs with dual 

fluorescence emissions for ratiometric fluorescent sensing application. Rational 

design and synthesis of the new high crystallinity COF TzDa have been realized via a 

combined approach of introducing both docking sites and hydrogen bonds. The ligand 

Tz brings the docking sites and ICT effect to the TzDa, while the ligand Da offers the 

hydrogen bonds and ESIPT effect to the TzDa. The synergetic effect of docking sties 

and hydrogen bonds gives a high crystallinity AA eclipsed 2D layered COF with high 

thermal and chemical stability. Moreover, the introduction of ICT and the ESIPT 
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effects to TzDa brings dual fluorescence emissions of TzDa. The good stability and 

sensitive fluorescence response make TzDa great potential for building a ratiometric 

fluorescent sensor for trace water in organic solvents with quick response, low LOD, 

excellent accuracy, reproducibility and reusability. This work not only proposes a 

platform for the construction of high crystallinity COFs with dual fluorescence 

emissions, but also paves the way to the utilization of COFs for ratiometric 

fluorescent sensing application. 
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