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Covalent organic hollow nanospheres constructed by using AIE-
active units for nitrophenol explosives detection
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The development of conjugated nanomaterials with high sensitivity and super-amplified quenching effect for the detection of
nitrophenol explosives is still a great challenge. Herein, we developed conjugated hollow nanospheres constructed by using
aggregation-induced emission (AIE) active 1,3,5-tris(4-formyl-phenyl)benzene (TFPB). The high emission hollow nanospheres
with uniform size and admirable dispersiveness exhibited obvious fluorescence quenching response with the addition of
nitrophenol explosives owing to the photoinduced electron transfer (PET) from the hollow nanospheres to nitrophenol ex-
plosives. The Stern-Volmer constants of hollow spheres for 2,4,6-trinitrophenol (TNP), 4-nitrophenol (NP) and 2,4-dinitrophenol
(DNP) can reach 9.67×105, 3.14×105 and 4.8×104 M−1, respectively. Furthermore, the handy test paper coated with hollow
nanospheres was prepared and showed a good response toward TNP solutions and vapor. The study provides a novel strategy to
construct AIE-active conjugated hollow nanospheres for efficient nitrophenol explosives sensing.
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1 Introduction

Nowadays, the increasing well-organized regional terrorist
bomb attacks have been heavily threatened the human social
security. Additionally, the wide application of explosives in
chemical plants and defense industries has also led to sig-
nificant environment pollution and harmful effects on human
health due to high toxicity [1–3]. Nitroaromatics explosives,
such as 2,4,6-trinitrophenol (TNP), 4-nitrophenol (NP) and
2,4-dinitrophenol (DNP), are the major components of the
military explosives and mines [4,5]. To reduce the risk of
explosives, various sophisticated instrumental techniques
such as surface enhanced Raman spectroscopy [6], nuclear
quadrupole resonance [7], gas chromatography mass spec-
troscopy [8], and X-ray diffraction [9] have been developed

to detect nitroaromatics explosives. Nevertheless, most of
these techniques are complicated, expensive, and time-con-
suming for the practical applications [10–12]. Recently,
fluorescent techniques have attracted considerable research
interests, owing to their advantages of low cost, fast re-
sponse, noteworthy sensitivity and simple operation [13].
Various fluorescent probes, such as metal-organic frame-
works [14,15], fluorescent polymers [16,17], quantum dots
[18] and organic fluorescent molecules [19] have been de-
veloped to detect nitroaromatics explosives. However, their
relatively low sensibility and complex synthesis process
make them difficult to be used for in-situ detection and vapor
phase sensing of nitrophenol explosives to some extent.
As potential fluorescent probes, fluorescent conjugated

polymer with amplified fluorescence signal response has
been developed in recent years [20–22]. Among these
probes, fluorescent conjugated polymer nanomaterials with
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aggregation-induced emission (AIE) feature can be applied
in explosives detection due to their high brightness, uniform
dispersion, and good optical stability [23–29]. For example,
Tang and co-workers [26] prepared fluorescent nanosheets
by crystallization of polymers capped with a typical AIE
molecule tetraphenylethene (TPE), and the nanosheets ex-
hibited sensitive and superior specific response to TNP with
the Stern-Volmer constants of 3.8×105 M−1. Besides, they
developed stable AIE polymer nanoparticles for the ni-
troaromatics detection with the highest Stern-Volmer con-
stants of 1.45×105 M−1 [27–29]. In recent years, hollow
micro/nanospheres with high dispersibility, low density,
stable chemical properties, high specific surface area and
high contact possibility were reported for numerous appli-
cations, such as sensors, lithium batteries, drug delivery and
solar cells [30–42]. However, only few studies focused on
applying conjugated polymer hollow micro/nanospheres for
explosives detection. For instance, Liao and co-workers [39]
prepared hollow microspheres based on aniline/amino-
carbazole copolymers (PACs), and applied them to nitro-
based explosives detection with the Stern-Volmer constants
of 1.08×104 M−1.
Considering the amplified fluorescence signal response of

AIE fluorescent conjugated polymer and morphological su-
periority of hollow spheres, herein, we developed covalent
polymer hollow nanospheres (HS) via Schiff’s-base-reaction
by using AIE-active 1,3,5-tris(4-formyl-phenyl)benzene
(TFPB) molecule as the building block and ethylenediamine
as the linker. The hollow nanospheres with uniform-sized
good dispersibility and strong emission displayed highly
sensitive fluorescence quenching response to nitrophenol
explosives owing to the photoinduced electron transfer
(PET) effect.

2 Experimental

Attention! The nitroaromatic compounds (especially TNP,
DNP and NP) possess extremely explosive nature. There-
fore, special care should be taken when operating with ap-
propriate safety measurements.

2.1 Materials and methods

All the solvents were purchased by commercial approaches.
Ethanol and tetrahydrofuran were used with further pur-
ification. All the other chemicals were purchased from
Aladdin or Aldrich (USA), and used as received without
further purification.

1H nuclear magnetic resonance spectroscopy (1H-NMR)
spectra in solution was measured by Bruker Avance III 510
spectrometer (500 MHz, Germany) at 298 K using CDCl3 as
solvent and tetramethylsilane (TMS) as the internal standard

(δ=0.00 ppm). The time of flight mass spectra was recorded
using a Kratos MALDI-TOF mass system (UK). Fourier
transform infrared (FTIR) spectra were recorded on a Vertex
80V spectrometer (Germany). The sample was grinded into
powder and dried, then mixed with dried potassium bromide
powder and pressed into piece. Dynamic light scattering
(DLS) experiments were carried out with Malvern Instru-
ment Zetasizer Nano ZS (UK) equipped with a He-Ne laser
(633 nm, 4 mW) and an avalanche photodiode detector. The
DLS measurement was recorded at 25 °C and the scattering
angle was fixed at 90°. UV-Vis spectra were recorded with a
Shimadzu UV-2550 spectrophotometer (Japan). Fluores-
cence spectroscopy was taken with a Shimadzu RF-5301 PC
spectrometer. Fluorescence quantum yields were measured
using absolute fluorescent quantum yield via the integrating
sphere method using an Edinburgh FLS980 fluorescence
spectrometer (UK). Fluorescence lifetime was investigated
using time-correlated single-photon counting (TCSPC)
method and collected on an Edinburgh FLS980, with an
Edinburgh EPL-375 picosecond pulsed diode laser as the
excitation source. Scanning electron microscope (SEM)
images were recorded on scanning electron microscopy
(JEOL JSM 6700F, Japan). A drop of the aqueous solution
was dripped directly onto a silicon wafer and air-dried.
Transmission electron microscope (TEM) images were re-
corded on a JEM-2100F instrument with an accelerating
voltage of 200 kV. The sample was prepared by placing a
drop of the stock solution on a 300-mesh, carboncoated
copper grid and air-dried before measurement. Atomic force
microscopy (AFM) was performed on Nanoscope III a
controller (Veeco Metrology, USA) Santa Barbara, CA using
tapping modetin with a SiN4 tip.

2.2 Synthesis

The monomer TFPB was synthesized by using the procedure
shown in Scheme S1 (Supporting Information online). It was
prepared according to the previous method with little mod-
ification and characterized by 1H NMR, and mass spectro-
scopies (Figures S1, S2) [43]. 1,3,5-tribromobenzene
(100 mg, 0.32 mmol), 4-formylphenylboronic acid (216 mg,
1.44 mmol), palladiumtetrakis (triphenylphosphine) (18 mg)
and aqueous solution of potassium carbonate were reacted in
tetrahydrofuran for 48 h under nitrogen. The reaction mix-
ture was added to water and extracted with dichloromethane.
Then it was dried over anhydrous MgSO4 and filtered. The
crude product was concentrated by rotary evaporation and
purified by column chromatography to afford TFPB in 71%
yield. 1H NMR (500 MHz, Chloroform-d) δ 10.11 (s, 3H),
8.03 (d, J=8.2 Hz, 5H), 7.91 (s, 3H), 7.88 (d, J=8.2 Hz, 6H).
ESI-MS: m/z 390.43.
Polymer hollow spheres were prepared through a Schiff

base reaction. Ethylenediamine (0.9 mg, 1.5×10−5 mol) was
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added to a solution of TFPB (3.9 mg, 1×10−5 mol) in ethanol
(20 mL). Then the mixture was stirred for 30 min at room
temperature. In addition, the method of preparing the poly-
mer hollow nanospheres in methanol and toluene was the
same as that in ethanol.

2.3 Sensing studies

The quenching efficiency can be described by the Stern-
Volmer equation, I0/I=Ksv[A]+1, where I0 and I are the
fluorescence intensities, [A] is the concentration of the ana-
lyte quencher and Ksv is the Stern-Volmer constant. After-
ward, the limit of detection (LOD) was calculated from 3σ/k,
where k denotes the quenching constant and σ represents
standard deviation in the emission of the hollow nanospheres
without nitrophenol analytes. The aliquots of the nitrophenol
solution were added to the ethanol solution of polymer hol-
low nanospheres in an incremental fashion and the fluores-
cence spectra were obtained accordingly. The polymer-
coated indicator paper was produced by immersing the filter
paper in the solution of hollow nanospheres, and then drying
them in air. The filter paper was thereafter cut into 1 cm×
1 cm pieces and then used for on-site sensing. Thereafter, the
vapor phase sensing was also carried out. The TNP solid was
placed for 3 d at room temperature in a sealed flask, which
was kept for 30 min at 30 °C before each measurement in
order to ensure the saturation of the TNP vapor in the flask.

2.4 Cyclic voltammetry studies

Cyclic voltammetry (CV) measurements were carried out
using CHI 620E electrochemical workstation with three
electrode system [44]. Tetrabutylammonium hexa-
fluorophosphate (TBAPF6) in anhydrous dichloromethane
(0.1 M) was used as the supporting electrolyte. Glassy car-
bon electrode (GCE) with 3 mm in diameter was used as the
working electrode, Ag/AgCl was used as the reference
electrode and platinum wire electrode was used as the
counter electrode. 5 mg polymer was mixed with isopropyl
alcohol (0.48 mL), subsequently added with 25 µL 5 wt%
Nafion and sonicated in a bath sonicator for 1 h. 20 µL of the
polymer mixture was drop casted on the Glassy carbon
working electrode surface and air dried overnight. CV stu-
dies were done at room temperature and the scan rate of the
electrochemical measurements was 100 mV s−1.

2.5 Theoretical calculations

2.5.1 Molecular dynamics simulations
The force field is COMPASSII and the atomic charges are
generated according to force field. The total energy is
minimized for 50,000 steps. The particle mesh Ewald (PME)
summation method was applied to treat the long range

electrostatic interactions with a periodic boundary condition.
The time step in all molecular dynamics (MD) simulations
was 2 fs.

2.5.2 DFT calculation
First-principles density functional theory (DFT) calculations
were performed using the projected augmented wave (PAW)
[45]. The Perdew-Burke-Ernzerhof exchange-correlation
functional of the generalized-gradient approximation (PBE-
GGA) was adopted for the exchange-correlation functional
[46]. In all calculations, the plane-wave expansion of the
wave functions with an energy cutoff of 400 eV was applied.
A vacuum region of 20 Å was inserted between the periodic
slabs along the Z direction in order to avoid the interlayer
interactions.

2.5.3 Molecular modelling of interactions between hollow
nanosphere and TNP
Interactions between the polymer hollow nanospheres and
TNP were theoretically interrogated by molecular modelling
via molecular docking and MD simulation according to the
Refs. [47,48]. Specifically, the repeat unit of polymer HS
was built in 3D coordinates using the MOE’s (molecular
operating environment software package, Chemical Com-
puting Group, Canada) builder tool. The 3D structures were
preoptimized before running simulations using an Amber10
force field. Subsequently, TNP was docked into the mini-
mized HS structures using the MOE software package to
calculate the intermolecular interactions.

3 Results and discussion

3.1 Synthesis and characterization

Polymer hollow spheres were prepared by using AIE-active
TFPB as the building block and ethylenediamine as the soft
linker through simple synthesis method based on our pre-
vious work (Figure S3) [30]. The forming process of hollow
spheres was directly observed by TEM (Figure S4). Initially,
the polymer lamels were formed rapidly and then curled into
hollow nanospheres. The absorption and PL spectra of hol-
low nanospheres were shown in Figure S5 and the PL spectra
of hollow nanospheres with the change of the reaction time
were shown in Figure S6. The fluorescence intensity of the
polymer hollow spheres gradually increased along with the
reaction time and it saturated at 30 min because the AIE-
active monomer TFPB aggregated during the polymerization
process until the covalent hollow nanospheres were com-
pletely emerged. To further monitor the fluorescent property
before and after the polymerization process, we testified the
fluorescence quantum yield of TFPB monomer and polymer
hollow spheres in ethanol solution (Figure S7). As can be
seen, the hollow nanospheres had higher fluorescence
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quantum yield (ΦF=7.72%) than that of isolated TFPB
monomer, indicating the fluorescence enhancement of
polymerization process [17,20,30]. The forming process of
the fluorescent hollow nanospheres was shown in Scheme 1.
The FTIR spectroscopy (Figure S8) showed that the

stretching vibration peak of C=O centered at 1674 cm−1 al-
most disappeared, while that of the C=N peaked at
1639 cm−1 emerged at the same time, demonstrating the
formation of hollow spheres. As shown in Figure 1(a), TEM
image presented spherical structures with uniform size, and
the distinguishing contrast between the periphery and inner
part confirmed the architecture of hollow nanospheres. Both
the SEM image (Figure 1(b)) and AFM analysis (Figure 1(c))
presented that the average diameter of the hollow spheres
was about 150 nm. Besides, the DLS data showed that the
volume average hydrodynamic diameter of the hollow na-
nospheres was 169.4 nm with a narrow size distribution
(Figure 1(d)).

3.2 Sensing for explosives in solution

We investigated the fluorescence sensing behaviors of the
hollow nanospheres for nitrophenol explosives. Figure 2
showed the fluorescence spectra of hollow nanospheres in
ethanol phase in the presence of different concentrations of
TNP, NP and DNP. As shown in Figure 2(a), the fluorescence
was almost completely quenched when the concentration of
TNP in ethanol was only 17.5 µM. The linear Stern-Volmer
curve is presented in Figure 2(b). The quenching constant
(Ksv) was calculated to be 9.67×10

5 M−1, and the LOD value
for TNP was found to be 0.084 µM based on S/N=3 at lower
concentrations of TNP. The fluorescence spectra of polymer
hollow nanospheres upon the addition of NP also presented
high quenching effect (Figure 2(c, d)). Ksv of hollow nano-
spheres for NP obtained from the linear fitting of plot was
found to be 3.14×105 M−1 in the concentration range of NP
0–34.9 µM, and the detection limit was calculated to be
0.26 µM. In addition, DNP can also decrease the fluores-
cence intensity of the hollow spheres, and the quenching
constant was calculated as 4.8×104 M−1 which is lower than
that for TNP and NP (Figure 2(e, f)). It can be seen that the
quenching response of TNP is the highest among nitrophenol
explosives, while that of DNP is the lowest, due to the
electron deficient nature of TNP based on the strong elec-
tron-withdrawing tendency of the substituted nitro groups
[49,50]. It can also be seen in Figure 2(c, e) that the fluor-
escence peak of the polymer was redshifted from 441 to
461 nm with the increase of the concentration of NP which
changed more than that of DNP. The obvious fluorescence
peak location change indicates that the interaction between
polymer and NP is stronger than that between polymer and
DNP. Therefore, the fluorescence quenching effect of DNP is
lower than that of TNP and NP [51]. At high concentration of

nitrophenol explosives, the Stern-Volmer quenching curves
diverged from linearity and bended upward gradually with
the increasing of nitrophenol explosives concentration, il-
lustrating the super-amplified quenching effect (Figure 2(b,
d, f)) [28,29,52]. Figure S9 demonstrated the fluorescence
quenching of polymer hollow nanospheres in solution with
the addition of nitrophenol explosives. The schematic re-
presentation of nitrophenol explosives detection by polymer
hollow nanospheres was also shown in Scheme 1.
To evaluate the selectivity of hollow nanospheres, other

nitroaromatics, 2,4-dinitrotoluene (DNT), 4-nitrotoluene

Scheme 1 Schematic representation of the forming process of the fluor-
escent hollow nanospheres and their application in the detection of ni-
trophenol explosives (color online).

Figure 1 (a) TEM, (b) SEM and (c) AFM image of hollow spheres (inset:
height profile along the line in the AFM of polymer hollow spheres). (d)
Particle size distribution of hollow spheres (color online).
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(NT), 4-chloronitrobenzene (NCB), 2,4-dinitrochloroben-
zene (DNCB), m-dinitrobezene (DNB), and p-nitrobenzal-
dehyde (FNB) whose molecular structure were shown in
Figure S10, were added to the solution of the hollow nano-
spheres, respectively. Figure 3 showed the selectivity of the
hollow nanospheres towards nitrophenol explosives, in-
dicating that only the nitrophenol explosives (TNP, DNP and
NP) significantly quenched the fluorescence emission of
hollow spheres comparing with the analogous nitroaromatic
compounds. The sensing ability of hollow nanospheres as
well as other AIE-active covalent nanomaterials for ni-
trophenol explosives were summarized in Table S1 (Sup-
porting Information online). The hollow nanospheres
exhibited higher Ksv than other AIE-active covalent nano-
materials, indicating the potentiality of hollow nanospheres
for the sensitive and selective detection of nitrophenol ex-
plosives.

3.3 Mechanism of sensing

To understand the origin of the sensitivity of hollow nano-
spheres towards nitrophenol explosives, the sensing me-
chanism was investigated. As shown in Figure 4(a) and
Figure S11, the lifetime of the hollow nanospheres remains
almost unchanged when adding nitrophenol explosives so-
lution into the solution of HS, suggesting that the fluores-

cence quenching of the polymer hollow nanospheres mainly
originated from a static mechanism [29,53–56]. Although the
UV-Vis absorption spectra of nitrophenol compounds ex-
hibited an overlapping with the fluorescence spectra of the
hollow nanospheres (Figure S12), the unchanged lifetime of
hollow spheres ruled out the possibility of the resonance
energy transfer process. To assess the feasibility of PET from
electron-rich polymer hollow nanospheres to electron-defi-
cient nitrophenol analytes, we calculated the highest occu-
pied molecular orbital (HOMO) and lowest occupied
molecular orbital (LUMO) of the polymer hollow spheres
and nitroaromatic compounds through cyclic voltammetry
measurement (Figure 4(b), Figures S13, S14). The LUMO
level of the polymer hollow spheres was calculated to be
−3.15 eV, which is higher than that of nitrophenol ex-
plosives. The energy difference between the LUMO level of
the donor fluorescence polymer hollow spheres and that of
the accepter nitrophenol compounds provided thermo-
dynamic driving force for the electron transfer from polymer
hollow spheres to nitrophenol analytes, and then electrons
came back to the ground state via a nonradiative process,
resulting in the fluorescence quenching of polymer hollow
spheres [52–58]. Notably, the LUMO energy of polymer HS
was lower than the other nitroaromatic compounds, in-
dicating that PET is the reason for the selective fluorescence
quenching for nitrophenol explosives. Meanwhile, the den-

Figure 2 Fluorescence spectra of polymer HS in ethanol phase in the
presence of different concentrations of (a) TNP, (c) NP and (e) DNP; the
Stern-Volmer plots of (I0/I−1) values versus the concentrations of (b) TNP,
(d) NP and (f) DNP (inset: the enlarged Stern-Volmer plots at low con-
centrations of (b) TNP, (d) NP and (f) DNP) (color online).

Figure 3 Changes in fluorescence intensity induced by different ni-
troaromatic analytes; the concentration of them is 17.5 µM (color online).

Figure 4 (a) Fluorescence decay curves of HS before and after adding
TNP in ethanol solution. (b) Pictorial representation of excited state elec-
tron transfer from the LUMO of HS to the LUMO of nitrophenol ex-
plosives (color online).
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sity of states (DOS) was calculated by DFT to further con-
firm the PET process. The optimized structures of polymer
hollow nanospheres were simulated and the optimal contact
location of TNP on polymer hollow nanospheres was found
at the outside phenyl ring of TFPB moiety (Figures S15,
S16). Orbital analysis showed that the LUMO+2 was mostly
concentrated on TFPB moiety of polymer hollow nano-
spheres, while the LUMO and LUMO+1 were pre-
dominantly distributed on TNP unit. Thus, the excited state
level of polymer hollow nanospheres was higher than that of
TNP, indicating the PET process from polymer hollow na-
nospheres to TNP (Figures S17, S18). To further investigate
the origin of super-amplified quenching effect, we made a
profound study of the interaction between TNP and the
polymer HS. We used the MOE’s builder tool to estimate the
intermolecular interactions between the polymer HS and
TNP, and the lowest energy complexes of HS/TNP were
rendered as two-dimensional and three-dimensional styles
(Figure S19). It can be clearly seen that forces between the
polymer HS and TNP are mainly composed of H-bonding
between the hydroxyl groups on TNP and the imine bond
beside triphenylbenzene. Thus, the hydrogen bonding inter-
actions between HS and TNP made the combination of them
closer, resulting in the super-amplified quenching effect of
the hollow nanospheres [59,60].

3.4 Sensing for TNP in solid state

In order to realize rapid, convenient and inexpensive sensing
of explosives, portable paper-based detectors were fabricated
by dipping the Whatman filter paper in the hollow spheres
solution before drying them in the air. The filter paper was
cut into portable test strips and various concentrations of
TNP in ethanol solutions (10 µL) were dripped onto the
papers. Then we can clearly see that the fluorescence in-
tensity of the paper decreased gradually with the increase of
TNP concentration and finally the emission almost quenched
when the concentration reaches 10−3 M (Figure 5(a, b)).
Figure 5(c) showed that the darkness of the test paper gra-
dually appeared with the increase of TNP concentration due
to the fluorescence quenching of the hollow nanopheres by
TNP. The response level of paper strips for TNP was as low
as 10−9 M. It can be clearly seen that no obvious fluorescence
quenching was observed after the other nitroaromatic solu-
tions being dripped on the HS-coated filter paper (Figure
S20). Moreover, TNP sensing in vapor phase was also es-
tablished. The paper was placed in the flask with saturated
TNP vapor and the fluorescence was measured at different
TNP vapor fumigation times. As shown in Figure S21, the
fluorescence emission of the paper was significantly de-
creased after being fumed only 15 s under TNP atmosphere
and completely quenched after two hours’ fumigation. Al-
though our test paper can only detect saturated TNP vapor at

present, test strips for trace amounts of nitrophenol ex-
plosives can still be expected in the future by optimizing
monomers and nanostructures of polymer hollow spheres.
Therefore, the hollow nanospheres coated test strips dis-
played sensitive and rapid sensing of TNP in solution as well
as the vapor phase, which has application prospect in sensing
and detecting nitrophenol explosives.

4 Conclusions

In summary, we prepared conjugated hollow nanospheres
constructed by using AIE-active TFPB monomers for ni-
trophenol explosives sensing. The hollow nanospheres with
bright blue emission in solution possessed high selectivity
and sensitivity quenching response to nitrophenol explosives
with Ksv of 9.67×10

5 M−1 for TNP and 3.14×105 M−1 for NP.
The sensing mechanism can be attributed to photoinduced
electron transfer process from polymer hollow nanospheres
to nitrophenol explosives. In addition, a facile test strip was
fabricated for the rapid detection of TNP with a low detec-
tion limit of 10−9 M. Our studies demonstrate that the hollow
nanospheres can be used as an excellent sensor for ni-
trophenol explosives.
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Figure 5 (a) Fluorescence spectra of the hollow spheres filter paper after
adding different concentrations of TNP solutions. (b) The plot of the
fluorescence intensity versus concentrations of TNP. (c) Fluorescent pho-
tographs of the hollow spheres filter paper upon TNP solutions with dif-
ferent concentrations (color online).
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