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Abstract. Two tetraphenylethylene-based fluorescent conjugated microporous polymers (TTTPT and TTDAT) were

obtained by the Friedel-Crafts polymerization reactions catalysed by CH3SO3H. In virtue of containing tetra-

phenylethylene, triphenylamine and s-triazine units in their porous skeletons, the resulting TTTPT and TTDAT show

excellent fluorescence sensing performance for trinitrophenol (TNP) with high quenching coefficients of 1.66 9 104 and

1.31 9 105 l mol–1, respectively. TTDAT can also sense to dinitrophenol (DNP) with the Ksv of 2.70 9 104 l mol–1. The

fluorescent quenching mechanisms of TTTPT and TTDAT for selective detecting TNP attribute to conventional pho-

toinduced electron-transfer mechanism, absorption competition quenching mechanism and/or the resonant energy transfer

mechanism.

Keywords. Conjugated microporous polymer; fluorescence sensor; trinitrophenol; tetraphenylethylene; dinitrophenol.

1. Introduction

As one of nitro-aromatic compounds (NACs), 2,4,6-trini-

trophenol (TNP) is a significant threaten for human health

and national homeland safety [1]. TNP is not only one of

the most dangerous explosives, but also severe environ-

mental pollutant, and its extensive applications can cause

hurt to the human body [2]. TNP can cause intense skin and

eye irritation, severe respiratory disorders, liver or kidney

damages, dizziness, as well as mutagenic effects, which

give rise to significant menaces to mankind health [2–5]. It

is also the cause of sycosis, anaemia, gastritis, cancer,

infertility and diarrhea [5]. Because of the frequent use of

TNP in fireworks, dyes, leather and textile industries, a

fungicide in agricultural, a powerful explosive in landmines

and pharmaceutical industries, TNP unavoidably leads to its

release to the environment in the process of production and

utilization, and brings about increased pollution of farm-

lands and water bodies [3,4,6]. As it is characterized by high

water-soluble, strong toxicity and low biodegradability,

which can cause serious pollution to the supply of irrigation

land and groundwater, and has a harmful impact on human

health, TNP has already been placed at the forefront pol-

lutants [4,6]. Moreover, TNP has been considered an

extremely dangerous explosive compared with other NACs,

because of its low safety factor and high explosive energy

[3,5,6]. Hence, fast, sensitive and selective detection TNP is

important [3–6].

Among the various TNP determination methods, for

instance, gas chromatography, liquid chromatography, mass

spectrometry, Raman spectroscopy, cyclic voltammetry, ion

mobility spectroscopy, ion mobility spectrometry, field-

effect transistor and fluorescence spectroscopy [1,5–8],

fluorescence sensing technique provides intriguing merits,

for example, simplicity, excellent sensitivity, rapid response

time, inexpensiveness, and it can test whether in solution or

in solid-phase [3,5–10].

Several electron-rich conjugated microporous polymers

(CMPs) have been successfully prepared and reported as

chemosensors. In particular, fluorescent CMPs have been

widely used in the study of NACs detection [7,10]. The

microporous environment of the framework enables rapid

diffusion of analytes, thus decreasing response time. The

effective host-object interactions are valid to improve sen-

sitivity [11]. The extended p-conjugate in CMPs can

amplify signal transduction, hence further improving the

sensitivity, which is known as the ‘molecular wire effect’

created by Swager group [5,9]. Furthermore, commercial

NACs, for instance, TNP or dinitrophenol (DNP), all have

the electron-withdrawing nitryl (–NO2) that can interact

with electron-donating CMPs, leading to effective excita-

tion migration within the CMPs’ porous structures to
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improve quenching sensitivity. Therefore, these conjugated

and porous features of the organic frameworks make CMPs

suitable for detecting the NACs [8,9,12].

Our group [13] have developed two CMPs with the units

of 1,3,5-triazine, triphenylamine (TPA) and tetra-

phenylethylene (TPE) (TTTPT and TTDAT, scheme 1).

TTTPT and TTDAT are insoluble bulk solids and have the

excellent porosity (564.8 and 44.1 m2 g–1), high thermal

stability (575 and 487�C) and excellent performances for

fluorescence sensing and adsorbing I2. As a continuation of

the work, we studied the fluorescence sensing properties of

TTTPT and TTDAT for TNP and DNP in the contribution.

2. Results and discussion

2.1 Optical property

As shown in the solid-state adsorption spectrograms of the

both CMPs and their corresponding structural blocks [13],

the significant redshifts of the maximum absorption peaks

of TTTAT and TTDAT suggests that the conjugated per-

formances were extended after polymerization reactions.

When TTTPT and TTDAT are dispersed in some ordinary

solvents, they emit strong fluorescence. TTTPT dispersion

in 1,4-dioxane (DOX) shows the most robust fluorescence

under light excitation at 460 nm wavelength, while TTDAT

dispersion in DMF emit the maximum fluorescence upon

excitation at 350 nm [13]. When they are excited at 365 nm,

TTTPT dispersion in DOX and TTDAT dispersion in DMF

radiate severally yellow-green and cyan fluorescence. The

CIE chromaticity diagrams are identical to the fluotescence

photographs of TTTPT and TTDAT (figure 1a and b) [14].

2.2 Response time

We studied the relationships between fluorescence intensi-

ties of TTTPT dispersion in DOX and TTDAT dispersion

in DMF (1.0 mg ml–1) and the time after addition of TNP

(5.0 3 10–4 and 2.5 3 10–5 mol l–1; figure 2). The fluo-

rescence of TTTPT and TTDAT decreases almost instantly,

Scheme 1. Synthesis of TTTPT and TTDAT.
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and reaches the quenching equilibrium in less than 20 s,

which indicated that the porous networks and extended

conjugate structure have fast responses to TNP [15,16]. The

micropore structure can provide more sites of action for

TNP and promote the rapid diffusion and proximity of TNP.

Thus, the surface areas of CMPs improve the sensitivity in

sensing to TNP and can shorten the response time [15–17].

2.3 Sensitivity and selectivity

Since TTTPT and TTDAT are porous and fluorescent, we

then investigated their chemosensing behaviours by

choosing the NACs, including TNP, p-nitrophenol (p-NP),

4-nitrotoluene (p-NT), nitrobenzene (NB), 2,4-dinitro-

toluene (DNT), paradinitrobenzene (p-DNB), m-nitroben-

zene (m-DNB), m-nitrophenol (m-NP), o-nitrophenol

(o-NP), and DNP, as well as phenol (PhOH). Among them,

the most toxic and damaging compounds, TNP and DNP,

Figure 1. CIE chromaticity diagrams of (a) TTTPT and

(b) TTDAT under ambient conditions, with excited wavelength

365 nm. Inserts: Photos of (a) TTTPT dispersed in DOX and

(b) TTDAT dispersed in DMF under a UV lamp.

500 550 600 650 700 750 800

0.0

0.2

0.4

0.6

0.8

1.0 time (s)  0

 20

 40

 60

 80

 100

 120

 140

 160

 180

 200

 220

(a)

ytis
net

ni
ec

necser
o

ulf
dezila

mr
o

N Wavelength (nm)

400 450 500 550 600 650

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

ytis
net

ni
ec

necser
o

ulf
dezila

mr
o

N

(b)
time (s)  0

 20

 40

 60

 80

 100

 120

 140

 160

 180

0 30 60 90 120 150 180 210
0.2

0.4

0.6

0.8

1.0

 TTTPT

 TTDAT

(c)

Time (s)

ytis
net

ni
ec

necser
o

ulf
dezil

a
mr

o
N

Figure 2. Normalized fluorescence intensities of the CMPs upon

addition of TNP: (a) TTTPT, (b) TTDAT for different periods of

time. (c) The plots of fluorescence maximum of TTTPT and

TTDAT as the functions of time (1.0 mg ml–1, TTTPT in DOX:

excited at 460 nm; TTDAT in DMF: excited at 350 nm).
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should deserve particular attention [18]. Figure 3a–c shows

the fluorescence spectra of TTTPT and TTDAT with the

incremental addition of different amounts of TNP and DNP

into the dispersions of TTTPT in DOX and TTDAT in

DMF. Apparently, the fluorescence of TTTPT and TTDAT

was quenched when TNP was added gradually into the

dispersions. When other NACs were added gradually into

the dispersion, respectively, the quenching efficiencies were

very low, indicating that TTTPT and TTDAT have good

selectivity for TNP over other NACs [1,18,19]. We used the

Stern–Volmer equation, (I0/I) = KSV[A] ? 1, to calculate

the quenching coefficients (or Stern–Volmer constants,

KSV) of TNP [18,20]. According to the Stern–Volmer

curves, the KSV values of TTTPT and TTDAT were esti-

mated to be 1.66 9 104 and 1.31 9 105 l mol–1, respectively

(figure 3d and e, table 1), which are much bigger than those

for other CMPs (table 2). Fluorescence spectrometric

titration experiments proved that TTDAT can fluorescent

sense DNP and has high sensitivity, and its KSV reaches

2.70 9 104 l mol–1. The limit of detections (LODs) of TNP

in DOX for TTTPT and in DMF for TTDAT are severally

9.04 9 10–12 and 1.15 9 10–13 mol l–1 (table 1). The LOD
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Figure 3. The changes of fluorescence spectra of the (a) TTTPT in dispersions of the DOX upon addition

of TNP (1.0 mg ml–1, excited at 460 nm); TTDAT in dispersions of the DMF upon addition of (b) TNP,
(c) DNP (1.0 mg ml–1, excited at 350 nm). Relative fluorescence intensity (I0/I) of the (d) TTTPT and

TTDAT in dispersions upon addition of various concentrations of TNP or DNP; (e) Stern–Volmer plots of

TTTPT and TTDAT with various concentrations of TNP and DNP.
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of DNP in DMF for TTDAT is determined to be 5.56 9

10–13 mol l–1. These results showed that TTTPT and

TTDAT in dispersions possess the high sensitivity for

detecting TNP and DNP, and are comparable to other CMPs

(table 2) [1,18,19,32]. The higher sensitivity of TTDAT to

TNP than TTTPT to TNP is because the nitrogen content of

TTDAT is higher than TTTPT, so that TTDAT has more

sites of action with TNP than TTTPT. Thus, the sensitivities

of CMPs to NACs fluorescence sensing depend their

interactions with NACs rather than their specific surface

areas.

The sensing selectivities of TTTPT and TTDAT systems

to TNP were investigated (figure 4, red bar). 5.0 3 10–4 and

2.5 3 10–5 mol l–1 NACs (p-NP, TNP, NB, p-NT, o-NP,

Table 1. Equation of I0/I of TTTPT and TTDAT to the concentrations of TNP and DNP for suspension in DOX and DMF.

CMPs Solvent The equation

Regression coefficient

(R)
The concentration range (mol

l–1) LODs (mol l–1)

TTTPT DOX I0/I = 0.9468 ? 1.66 9 104 [TNP] 0.9870 0 to 3.5 9 10–5 9.04 9 10–12

TTDAT DMF I0/I = 0.9302 ? 1.31 9 105 [TNP] 0.9834 0 to 1.0 9 10–5 1.15 9 10–13

TTDAT DMF I0/I = 0.9904 ? 2.70 9 104 [DNP] 0.9966 0 to 1.5 9 10–5 5.56 9 10–13

Table 2. Summary of BET, Ksv and LODs of other CMPs for the determination of TNP.

Materials BET (m2 g-1) KSV (l mol -1) LODs (mol l-1) References

TDPDB 592.18 1.55 9 104 1.93 9 10–11 [21]

CK-CMP — 9.9 9 104 — [12]
iPrTAPB -Azo-COP 395 1.1 9 104 — [5]

HPP-2 747 2.41 9 104 17.67 ppb [7]

CMP-LS1 493 5.05 9 104 — [10]

CMP-LS2 1576 3.70 9 104 —

PNT-4 1311.54 6.22 9 105 2.36 9 10–9 [2]

PNT-5 817.32 5.08 9 105 3.12 9 10–9

PNT-6 433.24 2.38 9 105 5.52 9 10–9

COP-612 48.80 2.51 9 105 — [14]

DTF 705.27 2.08 9 103 7.22 9 10–7 [22]

PTPATTh 594 5.00 9 103 3.01 9 10–9 [15]

PTPATCz 894 4.28 9 103 7.01 9 10–9

TTPB 222.25 1.29 9 103 8.14 9 10–9 [23]

DCZP 688 3.94 9 103 — [24]

DCZN 97 6.63 9 103 —

DBQP 355.76 9.02 9 104 3.33 9 10–13 [25]

DBQN 25.48 1.79 9 104 2.48 9 10–13

COP-401 — 8.3 9 104 — [26]

COP-301 — 2.6 9 105 —

FL-SNWDPP-0.11 750 5.3 9 104 — [18]

polyTPECz film 1020 6.4 9 104 [27]

COP-61 1302 2.40 9 105 1 ppm [28]

COP-62 1208 1.82 9 105 1 ppm

COP-63 931 8.04 9 104 1 ppm

COP-64 716 9.79 9 104 1 ppm

COP-65 869 6.80 9 104 1 ppm

P2 39 2.1 9 103 — [29]

P3 143 7.6 9 104 —

COP-3 1869 1.45 9 104 — [30]

COP-4 2015 3.93 9 103 —

HHQ 24.16 2.30 9 105 1.30 9 10–11 [31]

TTTPT 564.8 1.66 9 104 9.04 9 10–14 This work

TTDAT 44.1 1.31 9 105 1.15 9 10–13
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p-DNB, DNT, m-DNB, m-NP and DNP) and PhOH were

added to TTTPT and TTDAT dispersions, respectively. The

fluorescence of TTTPT and TTDAT was strongly quenched

by TNP. In contrast, fluorescence intensities of TTTPT and

TTDAT were not obvious changes after other NACs

and PhOH were added. The results indicated that TTTPT

and TTDAT are well selective for detecting TNP [1,33–35].

In order to check the selectivity of TTTPT and TTDAT

for the actual detection of TNP, the competitive experi-

ments were actualized in the presence of the various com-

petitive NACs and PhOH with a concentration of 5.0 3
10–4 and 2.5 3 10–5 mol l–1 for the dispersions of TTTPT

and TTDAT, respectively. The changes of fluorescence

intensities of TTTPT and TTDAT were monitored upon

addition of TNP in the presence of other NACs and PhOH.

As is seen from figure 4 (green bar), neither of the other

NACs nor PhOH have interferences with TTTPT detecting

TNP except to DNP. Similarly, the anti-interference of

TTDAT towards TNP was further validated. The results

further showed that TTTPT and TTDAT are well selective

for detecting TNP, indicating that the fluorescence intensi-

ties of TTTPT or TTDAT were slightly affected by the

addition of other NACs and PhOH, and TTTPT and

TTDAT dispersions have the excellent anti-interference

ability [1,6].

2.4 Fluorescence sensing mechanisms

The S–V plots are non-linear with increasing concentrations

of TNP and DNP (figure 3c), indicating that the static

quenching processes coexists synchronously with the

dynamical quenching processes during the detecting pro-

cesses [6,9,36].

In order to comprehend the cause of the TTTPT or

TTDAT selectivity to TNP, we measured the UV–Vis

spectra of NACs and PhOH and compared them with the

fluorescence spectra of the two CMPs, and employed the

resonance energy transfer mechanisms, absorption compe-

tition quenching mechanism and photoinduced electron

transfer mechanisms to explain the sensing mechanisms

[6,33]. Except for DNP, the UV–Vis spectra of NACs and

PhOH hardly overlap the fluorescence emission spectrum of

TTTPT, implying that there is no resonance energy transfer

process happening in the sensing process (figure 5a). The

second mechanism for the quenching may be absorption

competition quenching mechanism, which arises from the

absorption of the excitation and emission lights of the flu-

orescent matter or both simultaneously by other absorbents

in the detection system [7,37]. According to the UV–vis

absorption spectra of phenolic NACs such as TNP, DNP,

o-NP, p-NP, and m-NP, the absorption peaks of the phe-

nolic NACs have obvious overlapping with the excitation

spectrum of TTTPT (the excitation wavelength 460 nm is

included). Hence, the absorption of the phenolic NACs may

permeate the light adsorbed by TTTPT, resulting in fluo-

rescence quenching [7]. As shown in figure 5b, there are

overlaps among the UV–vis absorption spectra of TNP,

DNP, DNT, m-NP, p-NP and o-NP with the fluorescence

emission spectrum of TTDAT, which showed that there are

energy transfer among TTDAT with TNP, DNP, DNT,

m-NP, p-NP and o-NP [33]. The fluorescence excitation

spectrum of TTDAT has overlaid evidently with the UV–vis

absorption spectra of all the NACs and PhOH, which

implies that there are absorption competition quenching

mechanisms among TTDAT and all NACs as well as PhOH

[7].

If the lowest unoccupied molecular orbital (LUMO)

energy levels of the CMPs are higher than that of the ana-

lytes, the exciting electrons will transfer from CMPs to the

analytes, and then perform fluorescence quenching, which is

the photoinduced electron transfer quenching pathway [33].
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Figure 4. Selectivity and competitiveness of (a) TTTPT in DOX

(the concentration of NACs and PhOH: 5.0 9 10–4 mol l–1, kex =
460 nm) towards TNP and (b) of TTDAT in DMF towards TNP

(the concentration of NACs and PhOH: 2.5 9 10–5 mol l–1, kex =
350 nm). The red bars represent the relative fluorescent intensities

of TTTPT and TTDAT in the presence of the competition NACs

and PhOH, and the green bars represent the relative fluorescent

intensity upon the addition of TNP to the above solutions.
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Therefore, the HOMO and LUMO energy levels of TTTPT,

TTDAT, the NACs and PhOH had been calculated (fig-

ure 6). The LUMO energy levels of TTTPT or TTDAT are

lower than these of NB, p-NT and PhOH, which would

hinder the radiative transition from TTTPT or TTDAT to

NB, p-NT and PhOH, thus, there is no effective fluores-

cence quenching [8,21,33]. The LUMO energy levels of the

TTTPT or TTDAT are higher than those of some NACs

(such as TNP, p-DNB, DNP, m-DNB, o-NP and DNT),

which promotes the electrons transferring from TTTPT or

TTDAT to the electron-deficient NACs, and causes the

fluorescence quenching phenomenon (figure 6)

[9,18,33,35,38]. Because the LUMO energy level of TNP is

very lower than those of the other NACs and PhOH, TNP

can quench more efficiently the fluorescence of TTTPT or

TTDAT than other NACs and PhOH [35].

3. Conclusions

The fluorescent tetraphenylethylene-based conjugated

microporous polymers containing triphenylamine and

s-triazine units (TTTPT and TTDAT) were successfully

used for fluorescence sensing TNP and dinitrophenol. Both

TTTPT and TTDAT have the high sensitivity for TNP with

quenching constants (KSV) of 1.66 9 104 and 1.31 9 105

l mol–1. TTTPT can also sense dinitrophenol with the KSV

of 2.70 9 104 l mol–1. The fluorescent quenching mecha-

nisms of TTTPT and TTDAT for selective detecting TNP

were also studied by experiments and theoretical calcula-

tions, which could attribute to the conventional photoin-

duced electron-transfer mechanism, absorption competition

quenching mechanism and/or the resonant energy transfer

mechanism.
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