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Polyazoles are a class of explosives and the synthetic precursors of antibiotics. The detection of polyazole
compounds is quite important but challenging. In this work, a novel fluorescent probe with AIE-activity
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was designed and synthesized. The probe displays dramatic turn-on behavior and visible distinguishability
by the naked eye in the presence of 5-nitro-2,4-dihydro-3H-1,2,4-triazole-3-one (NTO) with a limit of
detection (LOD) of 7 nM in a water/THF mixture. In addition, the probe shows a high sensitivity to most of

the polyazoles, while other common explosives and imidazoles induced a fairly low interference effect,

rsc.li/frontiers-materials

Polyazoles are aromatic five-membered nitrogen/carbon hetero-
cycles, including triazoles," tetrazoles,'”* and pentazoles.>*
Polyazole derivatives have biological and/or pharmaceutical
activities and are employed as vital units in antibiotics.” For
example, triazoles can be used as antifungal, antibacterial,
antiviral, analgesic, and antituberculosis agents,® while tetrazoles
may serve as lipophilic spacers and carboxylic acid surrogates in
biologically active molecules.” Therefore, both triazoles and tetra-
zoles widely appear in some well-known antibiotics and are of
importance as precursors in synthesis.® However, the abuse of
these antibiotics has led to a high level of antibiotic residues and
they have been noticed as a class of important organic pollutants
in water. Various polyazole compounds from antibiotic synthesis
or livestock farms have been detected in both surface and ground
water, and even in drinking water. Similarly, polyazoles widely
used as explosives are another source of organic pollutants in
wastewater.” Differing from the other nitroaromatic explosives,
polyazoles are highly soluble in water, which further raises the
risk of water pollution.’® Therefore, monitoring and detecting
polyazoles are quite important not only for biomedical studies
but also for environmental conservation."" Different analytical
techniques that have been applied for trace polyazole sensing
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which makes the probe potentially applicable in monitoring water quality.

include liquid chromatography-mass spectrometry (LC-MS), gas
chromatography-mass spectrometry (GC-MS), high-performance
liquid chromatography (HPLC), ion mobility spectrometry, proton
transfer reaction-mass spectrometry (PTR-MS)."> However, all of
these approaches require expensive instrumentation and/or pre-
concentration strategies that render them far less applicable."®

Optical sensing is considered as a promising technology for
the detection of polyazoles because of its high sensitivity and
portability. Aggregation-induced emission (AIE) materials, which
fluoresce weakly, or not at all in dilute solutions but are brightly
fluorescent when aggregated, offer great opportunities for detection
in water."* A large number of AIE probes have demonstrated the
detection of heavy metal ions," nitroaromatics,'® and organic
pollutants’” in water. However, the detection of polyazoles in a
water system has been rarely reported due to the high affinity
binding sites between polyazoles and water molecules. Wang et al.
reported three AIE-based metal-organic framework (MOF) materials
that exhibited high sensitivity toward the triazole explosives."®
A major concern with the MOF approach is that these chemi-
cals are highly poisonous and are not biodegradable, which
limits their usage in the field of environmental protection."®
Development of environmentally robust, reliable, and inexpen-
sive methods for the detection of polyazoles has been a matter
of great concern.

Recently, our group reported a series of novel hexaphenyl-
1,3-butadiene (HPB)-based AlEgens (luminogens with AIE) with
high emission in their aggregated states. This series of molecules
showed highly sensitive mechanochromic, thermalchromic,
and photochromic®® performances. The HPB-based probe was
also used to efficiently differentiate structurally similar volatile
amines.”" In this work, we report a novel fluorescent probe for
the detection of polyazoles. E,E-HPB-ID (Scheme 1) with a
typical AIE feature shows a visible emission and high quantum
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Scheme 1 Molecular structure of E,E-HPB-ID.

yield (QY) in the solid state (¥ = 27.90%). The probe could be
self-assembled into various sizes of nanoparticles by carefully
tuning the stirrer rotational speeds. Inspired by their emissive
characteristics in the aggregated states, E,E-HPB-ID nano-
particles with a suitable size are applied in the detection of
triazoles and tetrazoles in water. The probes displayed a broad
spectrum of fluorescence turn-on response toward most
of triazoles and tetrazoles. The detection limit of 5-nitro-2,4-
dihydro-3H-1,2,4-triazole-3-one (NTO) could reach up to
0.9 pg mL ™' (7 x 10~ ® mol L") in water. The results indicated
that E,E-HPB-ID is a favorable material for the detection of
polyazoles in water, being potentially useful in monitoring
water quality and in biological/biomedical studies.

In order to enable the visible detection of polyazoles, the
donor-acceptor (D-A) approach was used to build the probe
molecule, in which six phenyl units and two indandiones were
employed as the donor and acceptor units, respectively. The
molecular structure and synthetic routes of E,E-HPB-ID are
depicted in Scheme 1 and Fig. S1 (ESIt), respectively. Density
functional theory (DFT) calculations were used to investigate the
molecular conformation and electronic structure of E,E-HPB-ID
(Fig. S5, ESIT). The molecule was found to be twisted because of
the strong steric hindrance among the six phenyl rings, which
was beneficial for constructing AIE fluorophores and achieving
highly bright AIE nanoparticles.

The AIE features of E,E-HPB-ID were investigated via photo-
luminescence (PL) spectra in THF/water mixtures with different
water fractions (f,) as shown in Fig. 1. The fluorescence
intensity of THF/water mixtures with f,, lower than 70% was
negligibly small due to the non-radiative decay caused by the
free intramolecular rotation of the ¢ bonds between the phenyl
and alkenyl groups. The emission began to increase once f,,
reached 70%. The fluorescence intensity of the 90% water
fraction increased by ~6 fold. The ultraviolet-visible (UV-Vis)
spectra (Fig. S6, ESIT) confirmed the formation of aggregates.
Dynamic light scattering (DLS) results showed that the size of
the E,E-HPB-ID aggregates in the 90% water fraction was
79.3 nm (inset of Fig. S6, ESIt). E,E-HPB-ID was weakly emissive
in THF solution with a quantum yield @ = 0.56%, but highly
emissive in the THF/water mixture (f, = 90%) and in the solid
powder with @ = 14.84% and &y = 27.90%, respectively, also
indicating the AIE feature.

As a proof-of-concept experiment, NTO was selected as the
target triazole material (Fig. 2). E,E-HPB-ID (1 x 10 * mol L™')*?
was pre-assembled into nanoscale particles with a size of 172 nm
in a 90% water fraction solution without stirring rotation.
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Fig.1 (A) Photoluminescence (PL) spectra of E,E-HPB-ID in THF/water
mixtures. (B) Correlation between the net change in PL intensity [(/ — lo)//ol,
and (C) the wavelength of E,E-HPB-ID with different water fractions in the
THF/water mixtures. [E,E-HPB-ID] = 1 x 107> mol L™%; excitation wave-
length: 410 nm.

This aggregate was stable and did not coagulate for at least
one night (Fig. 2B insets). Upon the titration of freshly prepared
nanoparticles with NTO, the PL intensity of the E,E-HPB-ID
particles enhanced up to 3-fold (black line in Fig. 2B). The
dissociated E,E-HPB-ID nanoparticles further aggregated to a
larger formation (~2100 nm determined by DLS), and the
emission boosted as a result of the restriction of intramolecular
rotations. The maximum emission wavelengths gradually blue-
shift (20 nm) as well, most likely because the condensed
packing further twisted the molecular conformations.

It’s worth mentioning that the nanoparticle size could be
systematically tuned by varying the stirrer rotational speeds
during the incubation process, while the response sensitivity to
NTO was associated with the different sizes of aggregates. The
fluorescent turn-on efficiency can be quantitatively explained by
the Stern-Volmer equation in Table 1. As shown in Fig. 2A, the
sizes of the aggregates decreased with increasing revolutions.
Stirring at a rate of 1000 revolutions per minute (rpm) decreased
the size of the aggregates from 172 nm (no stirring rotation) to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 2 (A) Dynamic light scattering (DLS) results of E,E-HPB-ID versus
different stirring rotational speeds in 90% water fraction before and
after the addition of NTO (2 eq.); (B) Stern—Volmer plots of different sizes
of E,E-HPB-ID aggregates in 90% water fraction upon incremental addi-
tion of NTO. Inset picture, (a and b): 90% water fraction without NTO
under sunlight and UV light; (c and d): 90% water fraction with NTO (2 eq.)
under sunlight and UV light at a size of 99.8 nm. Stern—Volmer equation:
(lo/N= 1 + Ky IQl, where K, is the quenching constant (M3, [Q] is the
molar concentration of the analyte, and /o and / are the luminescence
intensities before and after the addition of the analyte, respectively.
[E,E-HPB-ID] = 1 x 10~* mol L™*; excitation wavelength: 410 nm.

Table 1 Values of the quenching constants (K) for NTO

Particle sizes/nm 172 140 99.8 74.1

Ke/M ™ 610 770 1330 230

140 nm. These smaller sizes of aggregates showed a higher
sensitivity to NTO with a K, value (Table 1) of 770 M~ " and
~3.9 folds enhancement in the presence of 2 equiv. of NTO.
The probe with a particle size of 99.8 nm has the highest K,
value of 1330 M~ ' toward NTO along with ~6.7 fold fluores-
cence enhancement (Fig. 2B and Fig. S7, ESIT). The DLS results
demonstrated that the particle size increased from 99.8 nm
to ~5000 nm with the addition of 2 equiv. of NTO. Lumines-
cent sediments could be observed directly by the naked eye

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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(inset pictures of Fig. 2B). Minor change occurred after the
addition of NTO when the particle size was further decreased to
74 nm (Fig. S8, ESIt). Based on the Kj, values and the standard
deviations for three repeated fluorescent measurements of
blank solutions, the limit of detection (LOD) of E,E-HPB-ID
with a size of 99.5 nm toward NTO was calculated to be
0.9 pugmL ™" (7 x 10 ® mol L™Y).

The universal detection of polyazoles in water systems is
highly desirable for practical applications in the detection of
antibiotic residues and wastewater monitoring. To explore the
sensitivity of E,E-HPB-ID to other polyazoles, fluorescence
titrations were carried out with incremental addition of several
triazoles and tetrazoles to water where E,E-HPB-ID was dispersed.
Six more triazoles and tetrazoles, five classes of common explosives
and three imidazole derivatives were checked (Fig. 3, Table S1 and
Fig. S9, ESIt). All measurements were performed 270 s after the
addition of each target compound to ensure that a steady intensity
of fluorescence had been achieved. As compared to common
explosives (PA, TNT, HMX, CL-20 and RDX) and imidazole
derivatives (N-IM, 2N-IM and IM), triazole and tetrazole derivatives
demonstrated an outstanding ‘“turn-on” response as shown in
Fig. 3, suggesting that most of the explosives did not interfere with
the detection of polyazoles in water (Table S2, ESIt). In addition,
E,E-HPB-ID displays only a very weak turn-on behavior to RDX,
while its fluorescence was quenched in the presence of other
nitroaromatic compounds, indicating that the probe is potentially
applicable to distinguish polyazole explosives and nitroaromatic
explosives.

To better understand the turn-on response of E,E-HPB-ID
toward NTO, NMR titration, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were performed.
'H NMR images of E,E-HPB-ID in THF-dg and NTO in H,O
with different molar ratios is shown in Fig. S10 (ESIt) (volume of
THF-dg and H,O remained constant). With the incremental
addition of NTO, no other signal changed except for the signal
enhancement of the NTO peaks, indicating that no reaction
occurred during the titration process. In addition, the UV-vis
absorption spectra were the sum of the corresponding compo-
nents after the addition of NTO (Fig. S11, ESIY). Fig. 4 shows the
SEM images of the nanoaggregates in as-prepared samples of
E,E-HPB-ID, NTO and their mixtures, respectively. E,E-HPB-ID
exhibited a spherical morphology (Fig. 4A), while NTO exhibited
a sheet-like morphology (Fig. 4D). Some rods emerged among
the spheres after the addition of NTO (Fig. 4G, Fig. S13, ESIT),
indicating that NTO could induce crystallization of E,E-HPB-ID
aggregates. In addition, the size of the aggregates of E, E-HPB-ID
(determined by SEM, in Fig. S12C, ESIt) increased to 5 um upon
the addition of NTO, which was consistent with the DLS results.

The formation of crystallized E,E-HPB-ID and NTO aggre-
gates was further evident by the TEM (Fig. 4B, E and H) and
selected-area electron diffraction (SAED) patterns. The SAED
patterns of the E,E-HPB-ID + NTO nanoparticles showed
diffraction features with a d-value of 3.15 A, while E,E-HPB-ID
and NTO showed ring like patterns with an amorphous
morphology. The d-value of the E,E-HPB-ID + NTO mixture
was larger than those of either E,E-HPB-ID or NTO suggesting

Mater. Chem. Front., 2018, 2, 1779-1783 | 1781
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Fig. 3 Fluorescence enhancement ((I — Io)/lo) of E,E-HPB-ID by different analytes (Mg, e.1pg-ib : Manaiytes = 1:2) in the 90% water fraction in THF/water
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Fig. 4 SEM images of (A) E,E-HPB-ID, (D) NTO and (G) E,E-HPB-ID +
NTO; TEM images of (B) E,E-HPB-ID, (E) NTO and (H) E,E-HPB-ID + NTO;
SAED patterns of (C) E,E-HPB-ID, (F) NTO and (I) E,E-HPB-ID + NTO.

that NTO not only induced E,E-HPB-ID nanoparticles to further
aggregate, but also penetrated into the lattices of E,E-HPB-ID
nanoparticles. In addition, as compared to the pattern of
E,E-HPB-ID, higher order diffraction spots were observed in
the mixture patterns (Fig. 41), indicating that along with NTO,
the degree of crystallization of E,E-HPB-ID gradually increased,
resulting in the restriction of intramolecular rotations. There-
fore, the suitable size of E,E-HPB-ID nanoparticles was more
sensitive to NTO, because NTO can penetrate into E,E-HPB-ID
nanoparticles. The close packing and high crystalline structure
resulted in a turn-on response to the NTO series compounds.

Conclusions

In conclusion, a new probe with a typical AIE property was
developed for the detection of polyazoles. The E, E-HPB-ID probe
showed a high sensitivity to a broad spectrum of triazoles and

1782 | Mater. Chem. Front., 2018, 2, 17791783

tretrazoles, such as NTO, ATZ, NT, CTO and DAT. The detection
was visible to the naked eye with a ~6.65 fold fluorescence
enhancement under optimal conditions. This enhancement was
attributed to the aggregation of the E,E-HPB-ID probe induced by
NTO. Although the mechanism of the intermolecular interaction
between the probe and polyazoles is not very clear, the method
showed advantages of universality, high sensitivity, and ease
of visualization and can be practically used for the detection of
polyazoles in wastewater.
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