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ABSTRACT: The identification of explosives is critical for
analyzing the background of terrorism activities and the origin
of pollution aroused by the explosives, but it is a challenge to
discriminate the explosives with a very similar structure.
Herein we report a series of TPE-based macrocycles with an
AIE effect for the 0.2−4 ppb level detection of TNT among a
number of nitro-aromatic compounds through fluorescence
quenching in natural water sources, whereas the contact mode
approach using portable paper sensors exhibited a high sensitivity for the detection of TNT at 1.0 × 10−13 M level. The reliability
of the quantitative analysis has been confirmed by HPLC. Our findings demonstrate that the TPE-based macrocycles have great
potential as excellent sensors for TNT. Moreover, it was found for the first time that the macrocycles could selectively recognize
nitroaromatics explosives bearing methyl group through a CH3−π interactions, and even exhibit a sole selectivity for TNT among
the very difficultly differentiating nitroaromatics including trinitrophenol and trinitrobenzene.

KEYWORDS: tetraphenylethylene macrocycles, aggregation-induced emission, selective probe for TNT, CH3−π interaction,
explosive sensor

■ INTRODUCTION

Because of the importance of counter-terrorism and environ-
mental protection from widely used nitroaromatics, the
detection of explosives has become an increasingly important
and urgent issue.1,2 To date, many suitably analytical methods
have been used for the detection of explosives, such as gas
chromatography, Raman spectroscopy, mass spectrometry, X-
ray imaging, and so on.3−7 Among these techniques,
fluorescence sensing of explosives harnessing organic dyes has
attracted the most attention because it is more simple, sensitive,
and cost-effective.8−11 Explosives are often multiple nitro
organic compounds which are electron-deficient. They can
arouse the fluorescence quenching of an electron-rich probe
through a photoinduced electron transfer (PET) mechanism.
Therefore, almost all the fluorescence probes are jointed with
electron-rich functional groups which exhibit a very sensitive
fluorescence response to the electron-deficient explosives.8−11

However, the so prepared fluorescence probes lack selectivity
although the determination of individual target from a similar
class of explosives is critical for tracking the source of the
explosives, seeking the origin of pollutants, and providing the
detail-forceful forensic evidence. Under this situation, some
research works on the selective detection of explosives have
been done very recently.12−16 For example, Moore and Zang et
al.12 reported a selectively diffusion-controlled detection of
2,4,6-trinitrotoluene (TNT) by fluorescence nanoporous fibers
because the more electron-deficient TNT remained in the
electron-rich nanopores while other nitroaromatic compounds
(NACs) bearing less nitro groups were going out after the

analyte vapor was removed. In contrast, Li et al.13 reported a
selective detection of nitrobenzene (NB) by a fluorescence
microporous metal−organic framework (MOF) due to higher
vapor pressure of NB than other NACs bearing more nitro
groups. However, very rare work is reported on the selective
detection among NACs bearing the same number of nitro
groups such as trinitro NACs: TNT, 2,4,6-trinitrophenol
(TNP), 1,3,5-trinitrobenzene (TNB), which are the most
well-known and most widely used explosives. Moreover, the
specific interactions between the electron-rich fluorescence
probes and the electron-deficient explosives, whether ArH−π,
CH3−π, π−π, or others, are generally not known although it is
helpful to the design of more excellent fluorescence probes for
explosives.
Tetraphenylethylene (TPE) and its derivatives are a class of

organic compounds that can exhibit a novel aggregation-
induced emission (AIE) effect, and are extensively studied as
chemo/biosensors and solid emitter.17,18 For instance, they are
tested as the fluorescence probes for TNT and TNP with high
sensitivity, especially, with a superamplified quenching effect in
sensing these two explosives.19−24 But they generally exhibited
no discrimination between TNT and TNP. To endow the TPE
derivatives with better selectivity, very recently, macrocyclic
compounds composed of TPE unit(s) started to be synthesized
in our group.25−29 The TPE macrocycles truly displayed a
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highly selectivity besides the high sensitivity. For example, a
Schiff base TPE macrocycle25 could differentiate the 2,4-
dinitrophenol (DNP) from other NACs such as TNT, TNP,
2,4-dinitrotoluene (DNT), 1,3-dinitrobenzene (DNB), para-
nitrotoluene (PNT), para-nitrophenol (PNP), and so on,
because of the cavity size of the macrocycle that is suitable for
including DNP. In the course of our continuous effort to
develop excellent fluorescence probe for explosives, we report
here that new electron-rich benzenedioxy TPE macrocycles are
synthesized. It was found for the fist time that CH3−π
interaction between TNT and the cavity of 1,2-benzenedioxy
TPE macrocycle played a pivotal role on the exceptional
selectivity for the detection of TNT among a series of NACs.
Moreover, a completely new AIE mechanism of self-included
dimer plus head−tail π−π stacking of the TPE macrocycle in
aggregate state endowed the macrocycle with a high quantum
yield and a high sensitivity for the detection of TNT at 1.0 ×
10−13 M level.

■ RESULTS AND DISCUSSION
The synthesis of benzenedioxy TPE macrocycles 5a, 5b, and 5c
is depicted in Scheme 1. The known AIE compound 1 was used

as starting material, which was formylated by hexamethylene-
tetramine (HMTA) in trifluoroacetic acid (TFA) to give
dialdehyde 2. By a reduction of the dialdehyde 2 with sodium
borohydride in ethanol/THF and the chloridization of the
obtained dialcohol 3 by thionyl chloride in dichloromethane,
the key intermediate dichloride 4 was obtained. The reaction of
4 with 1,2-benzenediol, 1,3-benzenediol, or 1,4-benzenediol in
the presence of potassium carbonate gave the benzenedioxy
TPE macrocycle 5a, 5b, and 5c, respectively. All macrocycles
were fully characterized by 1H NMR, 13C NMR, HRMS, and IR
spectra.
As expected, while the dilute solution of macrocycles in THF

or chloroform had almost no fluorescence, their solids were
blue green light emitting under irradiation of a 365 nm UV
lamp. When the nonsolvent water was gradually added into the
solution of the macrocycles in THF until a turbid appeared, the

resultant suspension started to show fluorescence. After that,
with the rising of water fraction in THF, the fluorescence
intensity of the macrocycles increased (see Figure S13 in the
Supporting Information). At 95% water, the fluorescence
intensity of the resultant suspension was 801 fold larger than
that of the solution in THF for 5a, 166 fold for 5b, and 38 fold
for 5c, indicating that all the benzenedioxy TPE macrocycles
were AIE compounds. Moreover, a dynamic light scattering
(DLS) diagram (see Figure S14 in the Supporting Information)
showed that the suspension of TPE-cycles had a diameter from
100 to 250 nm in a mixed solvent of water/THF (95:5, v/v).
The fluorescence quantum yields for the suspension of 5a, 5b,
and 5c in 95:5 H2O/THF (volume ratio, the same below) were
48, 11, and 3.0%, companied with an emission maximum
wavelength (λmax) of 489, 478, and 466 nm, respectively. The
gradually shortening of the emission λmax from 5a, 5b, to 5c was
in accordance with the successive decrease of the absorption
λmax from 5a (343 nm), 5b (335 nm), to 5c (325 nm) in THF
(see Figure S15 in the Supporting Information).
The fluorescence response of the benzenedioxy TPE

macrocycles 5a, 5b and 5c in 95:5 H2O/THF to the NACs
including TNT, TNP, TNB, DNT, DNP, DNB, PNT, PNP,
NB and phenol (P) (Scheme 2) was investigated. As shown in

Figure 1, after 2 equiv. of different NACs were respectively
added into the suspension of 5a (1.0 × 10−6 M), only TNT and
DNT significantly attenuated the fluorescence of the macro-
cycles (Figure 1A). The fluorescence intensity of 5a at 489 nm
was lessened to 30 and 412 from 767, which gave a fluorescence
quenching efficiency (Figure 1B) of 96 and 46% for TNT and
DNT, respectively. In contrast, by addition of TNB, only 18%
quenching efficiency was obtained. Surprisingly, just like
phenol, TNP aroused a little increase rather than decrease of
the fluorescence of 5a, giving a negative quenching efficiency of
−7.4%. Other NACs including DNP, DNB, PNT, PNP, and
NB displayed a quenching efficiency less than 8%. In the tests
with 5b and 5c, the quenching efficiency also had the similar
order to 5a: TNT > DNT ≫ other NACs, but the quenching
extent was less than that of 5a (see Figure S16 in the
Supporting Information).
It has been reported that the fluorescence quenching of TPE

derivatives by explosives usually had a superamplification
quenching effect, that is, an exponential increase of I0/I with
concentration of the explosives.19−24 To know this, the

Scheme 1. Synthesis of Benzenedioxy TPE Macrocycle
Scheme 2. Structure and the Abbreviation of NACs
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fluorescence titrations of 5a with TNT, TNB, DNT, and DNB
were carried out. With gradual addition of TNT, TNB, DNT,
or DNB, the fluorescence intensity of 5a in 95:5 H2O/THF
decreased. But the fluorescence intensity had a rapid
attenuation with concentration of TNT whereas it had only a
slow decrease with concentration of TNB, DNT, or DNB. As a
result, the intensity ratio I0/I had an exponential increase with
TNT but a linear rise with TNB, DNT, or DNB (Figure 2).

This indicated that only TNT had a superamplification
quenching effect among the tested NACs. By using the
exponential quenching equation (I0/I = Aek[Q]+B),19 the
quenching constants of 5a with TNT was calculated to be
1.37 × 105 M−1. According to the Stern−Volmer equation, the
linear quenching constants of 5a by TNB, DNT, and DNB was

determined to be 4.5 × 104 M−1, 7.9 × 104 M−1, and 1.9 × 104

M−1, respectively.
To determine the detection limits of TNT by 5a, we

measured the fluorescence change of 5.0 × 10−7 M 5a with
different amounts of TNT in 95% water. As shown in Figure 3,

the fluorescence intensity of 5a decreased with TNT. Even in
the presence of 1.0 × 10−9 M (0.22 μg/L, 0.22 ppb) TNT, the
fluorescence intensity appeared a significant decrease. More-
over, the linear change in the fluorescence intensity versus the
logarithm of concentration of TNT will be convenient for
quantitative analysis of TNT in water. Considering the
maximum permissible concentration of such hazardous
substances in drinking water stipulated by the European
Union that is 10 μg/L (10 ppb), 5a could serve as a promising
fluorescent probe for the detection of TNT. The other two
macrocycles 5b and 5c also showed a sensitive response to
TNT, and could be used to detect TNT at 10 × 10−9 M and 20
× 10−9 M levels (see Figure S17 in the Supporting
Information).
To explore the practical applicability of the fluorescence

macrocycles in natural environment, we tested a soil water
sample. The soil water was prepared as the following. Soil was
taken from farmland and fully mixed with deionized water.
After leaving the mixture to stand for several hours, the
supernatant was isolated by filtration to give the soil water.
Then NACs and phenol was added into the soil water to be
acted as the pollutants in soil. After the deionized water in the
mixed solvent of 95:5 H2O/THF was replaced by the soil
water, the fluorescence quenching of 5a by NACs and phenol
was similar to that in the mixed solvent of deionized water/
THF (Figure 4), demonstrating that other materials especially

Figure 1. (A) Fluorescence spectra and (B) fluorescence quenching
efficiency of 5a in 95:5 H2O/THF by addition of different NACs
including phenol. The quenching efficiency = (1 − I/I0) × 100%, I and
I0 denote the fluorescence intensity of 5a with and without analyte,
respectively. [5a] = 1.0 × 10−6 M, [TNT] = [TNP] = [TNB] =
[DNT] = [DNP] = [DNB] = [PNT] = [PNP] = [NB] = [P] = 2.0 ×
10−6 M, λex = 360 nm, ex/em slit widths = 5/5 nm.

Figure 2. Fluorescence intensity ratio (I0/I − 1) of 5a (5.0 × 10−6 M)
changed with concentration of the selected NACs. in 95:5 H2O/THF.
λex = 360 nm, ex/em slit widths = 3/3 nm.

Figure 3. Change in fluorescence spectra of 5a in 95:5 H2O/THF with
concentration of TNT. Inset, curve of fluorescence intensity of 5a at
488 nm vs logarithm of concentration of TNT. λex = 360 nm, ex/em
slit widths =5/5 nm. [5a] = 5.0 × 10−7 M, [TNT] = 0, 0.010, 0.020,
0.050, 0.10, 0.40, 0.80, 1.0, 4.0, 8.0, 10, 20/10−7 M.

Figure 4. Fluorescence spectra of 5a with addition of NACs and
phenol in 95:5 soil water/THF. [5a] = 1.0 × 10−6 M, [TNT] = [TNP]
= [TNB] = [DNT] = [DNP] = [DNB] = [PNT] = [PNP] = [NB] =
[P] = 2.0 × 10−6 M, λex = 360 nm, ex/em slit widths =5/5 nm.
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the metal ions in soil had not effect on the detection. In
addition, the fluorescence intensity of 5a decreased with the
content of TNT in the soil water and displayed linear
dependence between the intensity and the logarithm of TNT
concentration. Therefore, the fluorescence probe 5a could
quantitatively detect TNT in soil, showing a high sensitivity
almost the same as that in deionized water (Figure 5). The

reliability of quantitative analysis using 5a was corroborated by
HPLC analysis (see Figure S18 in the Supporting Information).
A 1.0 × 10−6 M solution of TNT in deionized water was used
as a sample that needed to be measured. By drawing a HPLC
standard curve, the sample was measured to be 1.08 × 10−6 M,
with an error of 8.0%. By making a fluorescence standard curve
with 5a, it was shown to be 1.05 × 10−6 M, having an error of
5.0%. This confirmed that the quantitative analysis of TNT in
the soil water using 5a as fluorescence probe was reliable.
As an explosive sensor in the demand for homeland security

and environmental safety, simplicity and rapidity are also highly
desired besides sensitivity and selectivity. Taking this into
account, a facile fluorescence test paper for the TNT analysis
was developed. For this purpose, a filter paper strip (about 1.0
× 1.0 cm) was immersed into the solution of 5a and then dried
to get the TNT test paper. A 10 μL of TNT solution in 70:30
H2O/CH3OH with different concentrations was spotted onto
the center of the test paper to give a wet spot of approximately
0.5 cm2. As soon as the test paper was air-dried, it was observed
under a 365 nm UV lamp by the naked eye. It was found that
the fluorescence intensity in the wetted area gradually
decreased with increase of TNT concentration, and the
minimum amount of TNT that could be detected by the
naked eye was as low as 1.0 × 10−13 M with a detection limit of
approximately 0.45 pg cm−2 (Figure 6). With 5b and 5c, the
lowest concentration was 1.0 × 10−11 M and 1.0 × 10−10 M,
respectively. The visual change in the fluorescence intensity on

the test paper makes 5a applicable to facile and instant
detection of TNT onsite with very high sensitivity.
In most of related literatures for detection of explosives,

TNT and TNP display nearly same quenching effect on the
electron-rich fluorescence probes. In some cases, TNP was even
used as a model sample for detection of TNT.19−24 In our case,
unlike TNT, TNP exhibited no any quenching effect.
Compared TNB with TNT, TNB lacks the methyl group
that is electron-donating and it will be more electron-deficient.
Therefore, TNB will have stronger donor−acceptor interaction
and stronger quenching effect on 5a than TNT in theory.
However, the fluorescence quenching efficiency of 5a aroused
by TNT is much larger than that by TNB. After checking the
fluorescence quenching efficiency of 5a by DNT, DNP, and
DNB, it was also found that the quenching extent of 5a by
DNT was much bigger than that by DNP or DNB. Like TNP
and TNB, DNP and DNB also lack the methyl group.
Therefore, the methyl group should play a critical role on the
fluorescence quenching of 5a. Most probably, a CH3−π
interaction was involved in the quenching process.
In order to confirm the CH3−π interaction, 1H NMR

titrations of 5a with TNT and 1H−1H 2D NOESY NMR
spectrum were carried out in CDCl3 which could give better
signals. When 2 mM 5a in CDCl3 was mixed with four molar
equivalents of TNT, it could be found that the methoxyphenyl
proton (Hd), methylene protons (He), and benzenedioxy
protons (Hf, Hg) of 5a exhibited an upfield shift of 0.0059,
0.0065, 0.0052, and 0.0072 ppm, respectively, whereas other
protons had almost no chemical shift change (Figure 7).

Meanwhile, the aromatic protons (Hi) and methyl protons (Hj)
of TNT also showed an upfield shift of 0.0028 ppm. Although
the change was not large, the protons’ upfield shift of 5a
displayed an obviously gradual increase with TNT concen-
tration. This ascertained the interaction between 5a and TNT.
Because it is strongly electron-deficient, TNT should make the
protons of 5a downfield shift rather than upfield shift according
to the electron donor−acceptor interaction. The protons’
upfield shift of 5a hinted that these protons including Hd, He,

Figure 5. Change in the fluorescence spectra of 5a with concentration
of TNT in 95:5 soil water/THF. Inset, curve of fluorescence intensity
of 5a at 488 nm vs logarithm of concentration of TNT. λex = 360 nm,
ex/em slit widths = 5/5 nm, [5a] = 5.0 × 10−7 M, [TNT] = 0, 0.010,
0.020, 0.040, 0.080, 0.10, 0.20, 0.40, 0.80, 1.0, 2.0, 5.0/10−6 M.

Figure 6. Photos of the fluorescence TNT test paper containing 5a,
5b, or 5c before and after spotted with different concentrations of
TNT under irradiation of a 365 nm UV lamp.

Figure 7. Structure of 5a and TNT with their protons being marked
by letters (upper) and change of 1H NMR spectra of 5a with TNT in
CDCl3 (lower). [5a] = 2.0 mM. The number over the spectrum is the
molar equivalents of TNT vs 5a.
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Hf, and Hg were in the shielding area of the TNT aromatic ring.
Only in the case of inclusion of TNT in the cavity of 5a could
the protons of two kinds of aromatic rings together with the
methylene protons of 5a enter into the shielding area of the
TNT aromatic ring. Meanwhile, the protons of TNT also had
an upfield shift under shielding of the aromatic rings of 5a that
formed the cavity.
The 2D NOESY spectrum of mixture of 5a and TNT

showed a distinct NOE signal between methyl proton (Hj) of
TNT and methoxyphenyl proton (Hd) of 5a (Figure 8 and

Figure S19 in the Supporting Information), indicating that the
methyl group was pointing to the methoxyphenyl ring instead
of the more electron-rich 1,2-benzenedioxy ring, probably
because of the steric factor. No cross-peak between aromatic
protons of TNT and protons of 5a was found. Therefore, TNT
was included into the cavity of 5a from the side of its methyl
group rather than the side of its aromatic proton. This
confirmed the interaction of methyl group of TNT with
aromatic ring of 5a. For TNP, after mixed with 5a in CDCl3,
the hydroxyl proton of it exhibited almost no any chemical shift
change but this proton signal became wide and low, indicating
an obvious OH-OAr hydrogen bond. However, there was no
any NOE signal between hydroxyl proton or aromatic protons
of it and protons of 5a, demonstrating that TNP was probably
not included in the cavity.
To have a clear insight into the AIE effect and the NAC-

aroused fluorescence quenching of the benzenedioxy TPE
macrocycles, single crystal of 5a and 5c suitable for crystal
structure measurement was obtained by slow evaporation of
their diluted solutions in CHCl3 and methanol at room
temperature.30 As expected, the TPE unit in both 5a and 5c
was twisted to be like a propeller (Figure 9A, B). From the
crystal structure of 5a (Figure 9A), the 1,2-benzenedioxy unit
was protruded from the cycle rim and formed a more opening
cavity together with one of the two methoxyphenyl rings. This
resulted in less dihedral angle and more coplanarity between
the methoxyphenyl ring and the double bond plane of 5a,
which brought longer absorption and emission λmax. In contrast,
in the crystal structure of 5c (Figure 9B), the 1,4-benzenedioxy
unit was located on the cycle rim and made the two
methoxyphenyl rings keep away from the double bond plane,
which resulted in shorter absorption and emission λmax. With
enlarging of the cycle, the increase of the dihedral angle and the
decrease of coplanarity between the methoxyphenyl ring and
the double bond plane led to a gradually shortened absorption
and emission λmax from 5a, 5b, to 5c.
By extracting the short contacts from the crystal structure of

5a, a very novel phenomenon was revealed. Two molecules of
5a can form a self-included dimer by CH3−π (2.783 Å) and
ArH−π (2.782 Å) interactions (Figure 9C). One methoxyl

group of one molecule can insert into the cavity of another
molecule by CH3−π interaction, whereas the methoxyl group
of the later molecule can also insert into the cavity of the
former molecule in the same way. Meanwhile, the ArH−π
interactions each other between the two molecules further
consolidate the self-included dimer. It was worthy to note that
the methyl group was also pointing to the methoxyphenyl ring
rather than 1,2-benzenedioxy ring, which was in accordance
with the result from 2D NMR measurement. The self-included
dimer of 5a demonstrated that the cavity of 5a easily included
methyl group by a CH3−π interaction, specifically, methox-
yphenyl ring being easier to accept the methyl group. As long as
the cavity of 5a is inserted by the methyl of TNT, the
fluorescence of 5a will be quenched by a PET process and a
high selectivity for TNT can be obtained.
More interesting, a lot of dimers can tightly link together

through a π−π stacking (3.324 Å) between unsubstituted
phenyl rings of TPE units to form a 1D network (Figure 9D).
These two phenyl rings in π−π stacking have a dihedral angle
of 0.00°, demonstrating that they are completely parallel.
Therefore, this is a typical π−π stacking interaction but in a
head−tail way just like J-aggregation, which can give rise to
fluorescence or fluorescence enhancement. As a result,
aggregates of 5a exhibited a fluorescence quantum yield
much higher than that of 5b and 5c. The high quantum yield
of the macrocycle can allow it to be used at a very low
concentration, which can bring a high sensitivity. Due to the
propeller structure of TPE unit, the phenyl rings are very
difficult to form a π−π stacking. To the best of our knowledge,
this is the first example that TPE derivative can exist in a π−π
stacking in aggregate state.
Unexpectedly, CH3−π interaction (2.829 Å, 2.985 Å) was

also observed in the crystal structure of 5c (Figure 9E).
Although the cycle of 5c is larger than that of 5a, the more
twisted methoxyphenyl rings resulted in a small cavity that is
not suitable for inclusion of a methyl group. Instead, the methyl
group is included in the opening place between one
unsubstituted phenyl ring and one methoxyphenyl ring of
TPE unit. The molecules of 5c can form a 1D network through
CH3−π interactions each other but can not form a self-included
dimer. The intermolecular CH3−π interaction of 5c also
provided it a high selectivity for TNT and DNT. In addition,
no head−tail π−π stacking was observed in the crystal structure
of 5c, therefore, the quantum yield of 5c is not high. So much
for that, it is very clear that the high quantum yield of 5a (48%)
compared with that of 5c (3.0%) is aroused by the self-included
dimer and head−tail π−π stacking which were not existing in
the crystal structure of 5c. The formation of a self-included
dimer by two TPE units could very efficiently limit the phenyl
ring rotations of TPE units and enhanced the emission. TPE
and its derivatives are the most studied AIE compounds,17,18

but the mechanism underlying the AIE phenomenon is still
bewildering and in dispute due to limited direct evidence.31

This finding provides one new convincing evidence for AIE
mechanism of TPE derivatives.

■ CONCLUSION
In conclusion, three novel macrocycles were synthesized by
bridging two phenyl rings of TPE with 1,2-benzenedioxy, 1,3-
benzendioxy or 1,4-benzendioxy unit. It was found that the
aggregate fluorescence of these TPE macrocycles could be
quenched by TNT and DNT bearing a methyl group through a
CH3−π interaction. Moreover, TNT exhibited a superamplified

Figure 8. Partial 2D NOESY spectrum of the mixture of 5a and TNT
in CDCl3. [5a] = 10 mM, [TNT] = 40 mM.
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quenching effect on the fluorescence of macrocycle 5a, whereas
DNT did not. Therefore, 5a exhibited a sole recognition for
TNT among the difficultly differentiating trinitroaromatics
including TNP and TNB. In addition, the macrocycle 5a could
be prepared into TNT test paper, which could detect TNT at
1.0 × 10−13 M level with a detection limit of 0.45 pg cm−2. 1H

NMR titration, 2D NOESY spectrum and crystal structure of
5a and 5c confirmed the CH3−π interaction. Moreover,
macrocycle 5a could form a self-included dimer and heat-tail
π−π stacking in aggregate state, which brought 5a a high
quantum yield and a very high sensitivity for detection of TNT.
This finding not only has exceptional novelty but also provides

Figure 9. (A) Crystal structure of 5a. (B) Crystal structure of 5c. (C) Self-included dimer formed by CH3−π and ArH−π interaction between two
molecules of 5a. (D) Head−tail π−π stacking between the self-included dimers of 5a. (E) 1D network formed by CH3−π interaction between
molecules of 5c.
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a completely new idea to design excellent TNT fluorescence
probe.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents were chemical pure (CP)

grade or analytical reagent (AR) grade and were used as received
unless otherwise indicated.
Caution. PA, TNT, and other NACs used in the present study are

highly explosive and should be handled only in small quantities.
Measurements. 1H NMR and 13C NMR spectra were measured

on a Bruker AV 400 spectrometer at 298 K in CDCl3. Infrared spectra
were recorded on BRUKER EQUINAX55 spectrometer. Absorption
spectra were recorded on a Hewlett-Packard 8453 UV−vis
spectrophotometer. Mass spectrum was measured on an IonSpec 4.7
T FTMS instrument. Fluorescent emission spectra were collected on a
Shimadzu RF-5301 fluorophotometer at 298 K. The fluorescence
spectra for AIE effect were measured after water was added and let the
mixture stand for 4 h at 298 K. For measuring change of fluorescence
intensity with explosives, all mixtures of 5a, 5b, 5c and explosives were
left standing for 8 h at 298 K before their fluorescence spectra were
measured. HPLC analysis of TNT concentration was carried out on a
Agilent 1100 HPLC instrument under the following conditions: 4.6 ×
250 mm Agilent HC-C18 column at 35 °C, detection wavelength 225
nm, mobile phase: 50:50 mathanol/water (V/V) with a flow velocity
of 0.5 mL/min. The soil which was taken from farmland was mixed
with tap water; the weight ratio of water/soil was 10:1. After the
mixture was left standing for several hours, the supernatant was
isolated by filtration.
Synthesis of 1,2-Benzenedioxy TPE Macrocycle 5a. To a solution

of 4 (0.20 g, 0.409 mmol) in anhydrous acetonitrile (15 mL) was
added potassium carbonate (0.226 g, 1.624 mmol). After the reaction
mixture was stirred for 30 min at room temperature, 1,2-
dihydroxybenzene (0.054 g, 0.4904 mmol) was added and the mixture
was refluxed for 24 h. Acetonitrile was removed under vacuum and
CH2Cl2 (30 mL) was added. The mixture was washed twice with water
and dried over anhydrous sodium sulfate. The solvent was evaporated
and the residue was purified by flash column chromatography to afford
5a as a pale yellow solid (0.04 g, 19%). Mp = 241.2−241.9 °C. 1H
NMR (CDCl3, 400 MHz) δ = 3.76 (s, 6H), 5.19 (s, 4H), 6.42 (d, J =
8.6 Hz, 2H), 6.80 (dd, J = 3.6, 6.0 Hz, 2H), 6.86 (d, J = 2.1 Hz, 1H),
6.89 (d, J = 2.1 Hz, 1H), 6.99 (d, J = 2.0 Hz, 2H), 7.03 (dd, J = 3.6, 5.9
Hz, 2H), 7.14 (m, 10H) ppm. 13C NMR (CDCl3, 100 MHz) δ =
55.40, 65.09, 109.30, 116.15, 121.15, 124.81, 126.41, 127.96, 131.53,
134.22, 136.00, 136.22, 137.56, 139.04, 145.05, 149.58, 155.77 ppm. IR
(film): νmax = 3051.6, 3026.5, 2925.1, 2835.7, 1595.2, 1500.8, 1462.4,
1444.6, 1363.2, 1252.5, 1187.5, 1111.7, 1026.6, 988.5, 819.0, 744.9,
699.6 cm−1. HRMS (ESI+): Calcd for C36H31O4 527.2222 [M + H]+,
Found 527.2225.
Synthesis of 1,3-Benzenedioxy TPE Macrocycle 5b. the procedure

was similar to that of 5a. The title compound was synthesized from 4
and 1,3-dihydroxybenzene and was obtained as a white solid (yield,
65%). Mp = 217.2−218.1 °C. 1H NMR (CDCl3, 400 MHz) δ = 3.79
(s, 6H), 5.04 (s, 4H), 5.98 (s, 1H), 6.46 (d, J = 8.5 Hz, 2H), 6.57 (d, J
= 2.0 Hz, 1H), 6.59 (d, J = 2.0 Hz, 1H), 6.63 (d, J = 1.9 Hz, 2H), 6.88
(d, J = 2.0 Hz, 1H), 6.90 (d, J = 2.0 Hz, 1H), 7.00−7.06 (m, 5H),
7.09−7.19(m, 6H) ppm. 13C NMR (CDCl3, 100 MHz) δ = 55.49,
69.12, 109.50, 112.62, 113.72, 124.05, 126.24, 127.80, 129.48, 131.49,
133.57, 134.43, 135.45, 138.63, 139.43, 144.61, 156.45, 158.84 ppm. IR
(film): νmax = 3066.2, 3019.0, 2911.0, 2835.2, 1594.3, 1501.1, 1441.8,
1328.9, 1251.7, 1125.8, 1028.8, 966.7, 694.8 cm−1. HRMS (ESI+):
Calcd for C36H31O4 527.2222 [M + H]+, Found 527.2222.
Synthesis of 1,4-Benzenedioxy TPE Macrocycle 5c. the procedure

was similar to that of 5a. The title compound was synthesized from 4
and 1,4-dihydroxybenzene and was obtained as a white solid (yield,
52%). Mp = 233.9−234.6 °C. 1H NMR (CDCl3, 400 MHz) δ = 3.84
(s, 6H), 4.96 (s, 4H), 6.11 (d, J = 2.0 Hz, 2H), 6.48 (d, J = 8.5 Hz,
2H), 6.52 (s, 4H), 6.80 (d, J = 2.1 Hz, 1H), 6.82 (d, J = 2.2 Hz, 1H),
6.88−6.90 (m, 4H), 7.04−7.06 (m, 6H) ppm. 13C NMR (CDCl3, 100
MHz) δ = 55.60, 71.92, 109.30, 122.54, 123.69, 126.04, 127.63,

131.32, 133.62, 134.90, 135.42, 139.47, 139.62, 144.19, 153.15, 157.10
ppm. IR (film): νmax = 3051.4, 3007.9, 2919.7, 2852.2, 1603.5, 1501.4,
1443.8, 1363.4, 1253.5, 1186.1, 1028.4, 961.3, 823.7, 700.4 cm−1.
HRMS (ESI+): calcd for C36H31O4, 527.2222 [M + H]+; found,
527.2225.
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