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Luminescent conjugated network polymer is one of the most promising chemo-sensors owing to their
good chemical/optical stability and multiple functionalization. Herein, three conjugated network
polymers were prepared by using aggregation-induced emission active 1,1,2,2-tetrakis(4-formyl-(1,10-
biphenyl))-ethane (TFBE) unit as monomer and hydrazine as linker. Through regulating the synthetical
condition, the polymeric network can form either uniform two-dimensional azine-linked nanosheets (A-
NS), conjugated microporous polymers (A-CMP) or covalent organic frameworks (A-COF). All of these
polymers exhibited good stability and high fluorescence quantum efficiency with the quantum yield of [14_TD$DIFF]
6.31% for A-NS, 5.26% for A-CMP, and 5.80% for A-COF, aswell as fast and selective fluorescence quenching
response to 2,4,6-trinitrophenol (TNP). And the best TNP sensing performance with the Stern-Volmer
constants (Ksv) values up to 8� [15_TD$DIFF]105 L/mol and a detection limit of 0.09 [16_TD$DIFF]mmol/Lwas obtained for A-NS. The
study explores various strategies to construct conjugated polymers with different nanoarchitectures
based on the same building block for sensitive detection of explosives.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Conjugated network polymers have attracted more and more
attention due to their increasing applications in organic optoelec-
tronic devices [1], photocatalysis and eletrocatalysts [2], sensors
[3], energy storage [4], and bioprobes [5]. Luminescent conjugated
network polymers is one of the most promising chemo-sensors for
volatile chemicals [6], biomolecules [7], metal ions [8], gases [9]
and explosives [10] owing to their good chemical/optical stability
and multiple functionalization [11]. In most applications, it is
necessary for the luminescent covalent organic networks to have
high fluorescence quantum efficiency in aggregated states. But
conventional polymers often suffer from aggregation-induced
quenching (ACQ) effect in their concentrated solution and solid
state. While conjugated polymers with aggregation-induced
emission (AIE) characteristics can overcome ACQ effect because
of the restricted intramolecular motion of the monomer and super
amplification effect, resulting in high fluorescence quantum
efficiency in solid state [12].

The morphology of luminogenic conjugated network polymers
is a key factor that influences their characteristics and even
practical applications [13]. Scientists have been making the effort
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to construct conjugated polymers with controllable morphologies
and nanostructures by tuning the building blocks or synthesis
conditions. Up to now, a variety of fluorescent conjugated organic
polymers with multiple architectures, including nanoparticles
[14], micro/nanospheres [15], nanotubes [16], two-dimensional
nanosheets [17], conjugatedmicroporous polymers (CMP) [18] and
covalent organic frameworks (COF) [19], have been prepared and
are widely applied in drug delivery [20], sensing [16], solar cells
[21], separation [22], and storage [23] by virtue of their
morphological advantages. Thanks to their fascinating high
fluorescence quantum efficiency in aggregation state, AIE-active
polymers is potentially useful for understanding and considering
polymer morphology [24,25]. For example, Bu and coworkers [26]
prepared three AIE-active conjugated poly(tetraphenylethene)s (o-
PTPE, m-PTPE and p-PTPE) via Sonogashira cross-coupling
polymerization with TPE as the monomer and different aryl
diiodides as the linker, and the polymers can self-assemble to form
nanospheres, hollow nanostructures and free-standing sheets by
adjusting the solvent condition. Tang and coworkers [27] synthe-
sized AIE-active polytriazole P(TPE–alanine) through a click
reaction, which can be self-assembled into various architectures
in THF/H2O mixture like vesicles, “pear-necklace’’ and micro/
nanofibers with the increase of water content. It is worth noting
that most of the conjugated polymers with different morphologies
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a,b) SEM image of A-NS at different scales. (c,d) TEM image of A-NS at
different scales. (e) AFM image of A-NS. (f) Height profile along the line in the AFM
image of polymer nanosheets.
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Fig. 2. (a) SEM and (b) TEM images of A-CMP. (c) TEM and (d) high-magnification
TEM images of A-COF. (e) SEM image of A-COF. (f) The experimental pattern (black),
Pawley refined pattern (red), simulated PXRD pattern for AA staggered structure
(purple), and the difference plot between the experimental and refined patterns of
A-COF (green).
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were prepared through self-assembly by changing the solvent
conditions or tuning the building blocks, but theweak constructive
interactions often result in nanostructures that are not strong
enough for practical applications [28]. Therefore, it is crucial to
directly synthesize covalently bonded network polymers with
differentmorphologies from small AIE-activemonomers. Recently,
Son and Ko [29] synthesized CMP tubes (CMP-AT) and bulk CMP-A
powder with AIE properties by changing the synthetic procedures,
and applied them for nitrotoluenes sensing. However, to our best
knowledge, only few studies focused on developing AIE-active
conjugated polymers with different morphologies by covalent
crosslinking fluorescent molecules directly.

Given the above consideration, we prepared azine-linked
conjugated organic network polymers with different morpholo-
gies based on AIE-active monomer TFBE and hydrazine linker, in
the form of two-dimensional nanosheets, conjugatedmicroporous
polymers and conjugated organic frameworks. All of the three
polymers with uniform architecture and unique AIE activity
demonstrated high fluorescence quantum efficiency and favorable
stability, and presented substantial selectivity and sensitivity
toward nitro-explosive TNP.

Three conjugated polymers were prepared by Schiff base
reaction based on the same AIE-active building block TFBE and
hydrazine linker (Scheme 1) [31]. A simple method for the rapid
synthesis of homogeneous nanosheets A-NS has been developed
according to our previous works [15,30]. The scanning electron
microscopy (SEM) micrographs of A-NS presented uniform and
flattening sheet-like structures ([17_TD$DIFF]Figs. 1a and b). Transmission
electron microscopy (TEM) images of nanosheets also showed
large-scale homogeneity and well-defined film morphology
( [17_TD$DIFF]Figs. 1c and d). It was also confirmed by atomic force microscopy
(AFM) that the polymer nanosheets exhibited structural integrity
and thinner slice architecture ([17_TD$DIFF]Figs. 1e and f). The thickness of the
layer polymer sheet obtained by AFM analysis was found to be
about 5 nm.

Different from A-NS, A-CMP and A-COF are synthesized by
solvothermal method under different solvent conditions. A-CMP
was prepared in o-DCB/n-BuOH (4/1 by vol), while A-COF was
synthesized in dioxane according to the previous literature [31]. A-
CMP and A-COF presented uniformly distributed agglomerated
nanometer-sized particles with overall morphology featured by
SEM and TEM analysis (Fig. 2). TEM pictures at high magnification
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Scheme 1. Schematic representationwith the structures ofmonomer and linker for
the preparation of three fluorescent polymers and their application in the detection
of TNP.
and PXRD data of A-COF revealed well-defined crystal lattice,
indicating that A-COF possessed high crystallinity and uniformly
ordered arrangement ([17_TD$DIFF]Figs. 2d and f). A-COF exhibited strong XRD
peaks at 2.3�, 4.6�, 6.9�, and 20.4�, which can be assigned to the
(100), (200), (300) [18_TD$DIFF]and (001) planes, respectively. The experimen-
tal PXRD profile matches well with the simulated data from the
eclipsed AA stacking model, which is consistent with previous
reported results (Fig. S3 in Supporting information) [31]. While, no
diffraction peak can be seen on the PXRD patterns of A-CMP and A-
NS, demonstrating that they are amorphous (Fig. S4 in Supporting
information).

As shown in Fig. S5 (Supporting information), the successful
synthesis of the polymers under different conditions was
demonstrated by Fourier transform infrared spectroscopy (FTIR).
The characteristic C¼N stretching vibrations of the azine group at
around 1620 cm�1 indicated that azine linkages are definitely
formed in the three conjugated polymers. The UV–vis absorption
and PL spectra of A-NS, A-CMP and A-COF showed a gradually red
shift owing to the increasedp-p interactions between the benzene
rings (Figs. S6 and S7 in Supporting information) [17]. The
fluorescence quantum yields of A-NS, A-CMP, and A-COF were
measured to be [19_TD$DIFF]6.31%, 5.26%, and 5.80%, respectively (Table S1 in
Supporting information). The porosity of A-CMP and A-COF were



[(Fig._4)TD$FIG]

Fig. 4. Fluorescence intensity changes of three polymers induced by different
nitroaromatic compounds. The concentration of nitroaromatic analytes is
22mmol/L.
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carried out by nitrogen sorption measurements at 77 K. As shown
in Fig. S8 (Supporting information), the BET surface area was
estimated to be 137.29m2/g for A-NS, 109.44m2/g for A-CMP and
599.87m2/g for A-COF, respectively. Thermal gravimetric analysis
(TGA) profile showed that the three polymers showed no obvious
weight loss before 200 �C, suggesting the polymers exhibited good
thermal stability (Fig. S9 in Supporting information).

It is known that azine-linked molecules can be deserved as
chemo-sensing detector due to their open nitrogen atoms in azine
moieties [32,33]. As can be seen in Figs. S10 [20_TD$DIFF]�S12 (Supporting
information), EDS mapping images of the three polymers revealed
that N was homogeneously dispersed within the polymers. Taking
advantage of their high fluorescence and generous contact sites,
azine-linked conjugated polymers were exploited as fluorescence
sensors for explosive detection. To examine detection capabilities
of the three polymers, TNP with hydroxy units was chosen as the
model explosive compound. The fluorescence quenching behaviors
of the three polymers for TNPwere investigated in ethanol solution
because of good stability and dispersion of polymers in ethanol.
The PL intensities of the three polymers progressively decreased
with TNP being added gradually (Fig. 3 and [21_TD$DIFF]Fig. S13 in Supporting
information). And A-NS showed the best fluorescence quenching
response to TNP (Fig. 3a). The fluorescence of A-NS was almost
wholly quenched when the TNP concentration reaches only
22mmol/L. The Stern-Volmer plot ([22_TD$DIFF]Ksv) of A-NS exhibited a linear
correlation with a quenching constant of 8� 105 L/mol at low
concentrations of TNP (Fig. 3b). The limit of detection (LOD) value
of A-NS for TNP has been determined to be 0.09mmol/L. Ksv of A-
CMP and A-COF acquired from the Stern-Volmer plots was
calculated as 4.7�105 L/mol and 5.4�105 L/mol, respectively.
And the detection limits were found to be 0.19mmol/L for A-CMP
and 0.17mmol/L for A-COF. A-NS with thin-sheet like morphology
has more contact opportunity with TNP and the dangling azine
groups on the surface of two-dimensional polymer nanosheets can
strongly interact with TNP, while TNP is difficult to diffuse into the
bulk porousmaterial such as A-CMP and A-COF although they have
inner micro porosity [29,34]. Thus, A-NS showed more rapid and
sensitive fluorescence quenching response to TNP compared with
A-CMP and A-COF.

To explore the selectivity of the azine-linked conjugated
polymers, further fluorescence behavior was examined in the
presence of various nitroaromatic compound 4-nitrotoluene (NT),
2,4-dinitrotoluene (DNT), p-nitrobenzaldehyde (FNB), m-dinitro-
bezene (DNB), 4-chloronitrobenzene (NCB), 2,4-dinitrochloroben-
zene (DNCB), 4-nitrophenol (NP), and 2,4-dinitrophenol (DNP),
and their molecular structure were presented in Fig. S14 (Support-
ing information). The fluorescence intensity of three polymers was
changed obviously after being added TNP, while the other
nitroaromatic compounds exhibited slight effect to the fluores-
cence intensity of the polymers (Fig. 4). The sensing performance
of the three azine-linked polymers as well as other conjugated
[(Fig._3)TD$FIG]

Fig. 3. (a) Fluorescence spectra of A-NS in ethanol phase (c =0.04mg/mL) as the
adding of TNP. (b) The Stern-Volmer plots of (I0/I-1) values versus TNP
concentrations (inset: the enlarged Stern-Volmer plots versus low TNP concentra-
tions).
polymers with different morphologies for TNP were listed in
Table S2 (Supporting information), and the polymers in present
work exhibited higher Ksv compared with other polymer-based
sensors, demonstrating that azine-linked polymers are highly
selective and sensitive sensors for TNP detection.

To shed insights on the fluorescence quenching mechanism, we
intercepted the model compound whose molecular structure was
contained in the three polymers and studied the interaction
between TNP and the model compound byMOE. Fig. [23_TD$DIFF] 5 and Fig. S15
(Supporting information) showed 2D and 3D styles of model
compound/TNP complex with the lowest energy. It can be found
that the intermolecular forces between TNP and model compound
aremostlymade up of hydrogen-bonding between hydroxyl of TNP
and the azine moieties of model compound. Compared with other
nitroaromatic analytes, TNP exhibited more strong interactions
with azine edges because of the electron deficient nature of TNP
came from three substituted -NO2 groups with strong electron-
withdrawing tendency, indicating that TNP is easily combinedwith
polymer to form ground-state complex which facilitates the
fluorescence quenching [32,35]. The fluorescence lifetimes of the
three polymers illustrated the quenching dynamics (Table S3 and
Fig. S16 in Supporting information). The lifetimes of the three
polymers remain almost unchanged with the presence and
absence of TNP, which is consistent with the ground-state
complexation in the static fluorescence quenching. The combina-
tion of TNP with the azine-linked polymers forms non-emissive
complex that traps the excitation energy of the skeletons of the
polymeric network, resulting in the fluorescence quenching
process [32,36,37].

In summary, we synthesized three azine-linked conjugated
network polymers with distinct morphologies by using the same
building block AIE-active TFBE and hydrazine through changing
the synthetic condition. The three polymers displayed high
fluorescence quenching selectivity and sensitivity toward TNP
due to the hydrogen-bonding interactions between polymers and

[(Fig._5)TD$FIG]

Fig. 5. Three-dimensional image showing the interactions between the model
compound and TNP.
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TNP. The best TNP sensing performance with the Stern-Volmer
constants (Ksv) values up to 8� 105 L/mol and a detection limit of
0.09mmol/L was obtained for A-NS. It is unique to construct
polymer systems with different morphologies based on the same
monomer by covalent crosslinking polymerization, and we believe
that developing AIE-active conjugated polymers with various
morphologies will be worthy of expectation.
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