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Abstract
The precise regulation of interactions provided by aggregation-induced emission
(AIE) probes is of considerable significance for improving the sensing performance
in the field of on-site detection. Here, a highly sensitive perchlorate detection probe
was designed by precisely modulating the van der Waals interactions by adjusting
the length of the alkyl chain. The optimized AIE probe demonstrated superior per-
chlorate detection performance owing to its strong van der Waals interactions with
perchlorate, including a low detection limit (53.81 nM), rapid response (<5 s), and
excellent specificity even in the presence of 16 interfering anions. In addition, a
hydrogel-based device loaded with the probe was constructed to achieve ultrasensi-
tive recognition of perchlorate particles with a detection limit as low as 15 fg under
a fluorescence microscope. Moreover, the practicality of the probe was further ver-
ified by employing a sensing chip in a portable detector, and thus the probe has
been proven to be highly promising for trace perchlorate monitoring in real sce-
narios. We expect the present study to be of great value for the efficient design of
high-performance fluorescent probes.
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1 INTRODUCTION

Accurate, sensitive, and rapid detection and identification of
toxic and harmful anions is of great importance because they
can effectively prevent human beings from environmental
pollution and terrorist attack.[1] For detecting and identifying
toxic and harmful anions, great efforts have been devoted
to fluorometry,[2] colorimetry,[3] Raman spectroscopy,[4]

ion migration spectrometry,[5] and electrical methods[6] to
explore pioneering methods. Among them, benefiting from
adjustable structure, diverse functional groups and high
luminescence efficiency, organic fluorescent probes have
been widely used in biological imaging,[7] ion analysis,[8]

explosive detection,[9] gas sensing,[10] etc. Regarding the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2022 The Authors. Aggregate published by SCUT, AIEI, and John Wiley & Sons Australia, Ltd.

fluorescence behaviors, fluorophores for high-performance
probes design can be divided into aggregation-induced
quenching (ACQ) and aggregation-induced emission
(AIE).[11] Among them, AIE fluorophores, such as
tetraphenylethylene, hexaphenylsilole, oligo/polyphenyle-
nevinylenes, and so on, owing to their unique optical char-
acteristics of weak emission in dispersion but high emission
efficiency in aggregation or the solid state, provide a solu-
tion to the concentration-induced quenching problem of
traditional organic dyes and have been widely studied in
the field of ion detection.[12] The basic origin for utilizing
the AIE characteristic phenomenon is to restrict intra/inter
molecular motion and hence control the non-radiative
decay pathways.[13] In the AIE principle-based detection
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field, for reactive electron-rich anions, such as CN−, F−,
and HSO3

−, it is feasible to design probes by introducing
electron-deficient groups, such as C═C bond and C═N bond,
allowing nucleophilic addition reaction. The sensing could be
achieved with high sensitivity and specificity by fluorescence
quenching due to the reaction, blocking the photoinduced
electron transfer (PET) process, or fluorescence enhancement
due to excited-state intramolecular proton-transfer (ESIPT)
process recovery.[14] However, for non-coordination and
non-reactive anions with dispersed charges, such as NO3

−

and ClO4
−, only weak interactions, such as hydrogen bonds,

electrostatic force, and anion–π interactions could be utilized
to design AIE probes, which generally lead to low sensitivity
and specificity.[15] To improve the sensitivity and specificity
of the AIE probe, the microenvironmental hydrophilicity and
hydrophobicity can be regulated to affect the non-covalent
weak interactions between the AIE probe and anions,[16] and
then influence the aggregation size and number of the AIE
probe, resulting in the variation in the detection performance.
From the perspective of modulating the chemical structure of
probes, including changing the core of AIE and the auxiliary
group[17] of the dipyridinium salt, or changing the number
of recognition sites of wax salt and the length of the flexible
chain, the structure of the AIE probe is crucially important
for promoting the detection performance. However, the
underlying mechanism of how the specific probe molecular
structure can precisely modulate the resulting sensitivity
and specificity is still unclear. It is of great significance
for the directional design of a highly efficient functional
probe.

Perchlorate, as a typical charge-dispersion-type non-
coordination and non-reactive anion,[18] is a strong oxidizer,
and could cause combustion and explosions when mixed
with organic substances or reducing agents. It has been used
as an important raw material for manufacturing improvised
explosive devices,[19] which would cause a more severe
threat to world security with readily available raw materials
compared to tightly controlled military explosives. Accord-
ing to the 2018 explosive incident report of the United States
Bomb Data Center, perchlorates are responsible for more
than 60% of the worldwide explosion incidents in the past
few years.[20] Moreover, because of its regular tetrahedral
structure, resulting in non-volatility, high stability, and
solubility, perchlorate can be a ubiquitous environmental
contaminant,[21] occurring in a wide range of foods, includ-
ing vegetables, fruit, milk, and dairy products.[22] Due to
the risk of perchlorate accumulation in the human body
inhibiting iodine utilization,[23] the European Commission
(EU) issued Regulation 2020/685 amending maximum levels
of perchlorate in certain foods as low as 0.01 μg/kg.[24]

Therefore, the highly sensitive detection of perchlorate is of
great significance to environmental protection, public health,
and homeland security. Although some attempts have been
made to detect perchlorate using organic probes,[25] most
of them suffer from high sensitivity and specific selectivity
owing to the charge-dispersion nature of perchlorate anion.
Although a few of them achieved enhanced sensitivity and
specificity by molecular structure regulation from the aspect
of hydrophilic and hydrophobic consideration,[26] the under-
lying mechanism remains unclear. Furthermore, the presence
of a non-negligible background signal restricts the practical
application of the probe. To address these issues, exploring a

new methodology for specifically and rapidly distinguishing
perchlorate with minimal background interference is highly
demanded but remains a challenge.

Herein, rapid and sharp turn-on fluorescence detection of
perchlorate anions with high sensitivity and anti-interference
capability was realized by effectively modulating the van
der Waals forces between perchlorate and the as-designed
oligo(p-phenylenevinylene) derivative AIE probe by vary-
ing the alkyl chain’s length. The investigation of the role
of the alkyl chain’s length in the probe revealed that the
most remarkable restriction of the single-probe motion could
be achieved by the probe with the octyl chain (C8) in the
presence of perchlorate owing to strong intermolecular inter-
action. Consequently, a detection limit as low as 53.81 nM
perchlorate resulted in the emergence of green fluorescence
emission (530 nm) within 5 s with good selectivity and
excellent anti-interference capability. In addition, a hydrogel-
based device incorporated with the C8 probe was constructed
to achieve ultrasensitive recognition of perchlorate particles
with a detection limit as low as 15 fg under a fluorescence
microscope. Furthermore, the detector-based ultra-fast on-
site identification of perchlorates in simulated circumstances,
such as security checkpoints, entrance, and the trunk of the
car, further verified the reliability of the present probe mod-
ulation strategy in advancing probe utilization in practical
scenarios.

2 RESULTS AND DISCUSSION

2.1 Influence of precise modulation of alkyl
chain on the sensitivity of the AIE probe to
perchlorate

The core idea of the proposed probe design strategy is to
precisely modulate the van der Waals interaction between
the probe and perchlorate by tuning the alkyl chain length
(with the C atom number from 3 to 9) of the oligo(p-
phenylenevinylene) derivative AIE probe (C3–C9 probe)
with cyano and phenyl substituents as optical property regula-
tion sites and pyridinium as the recognition site (Figure 1A).
Although these oligo(p-phenylenevinylene) derivatives have
subtle structural modifications (Figures S1–S11), it can be
proved that all C3–C9 probes are AIE molecules according
to the AIE characteristic curves of C3–C9 in different pro-
portions of good (DMSO) and poor (water) solvents (Figures
S12–S18). With an increase in the alkyl chain length, the
fluorescence emission of the dilute solution of the probes
remained low and unchanged except for the C9 probe (Figure
S19a). The much stronger fluorescence emission of C9 probe
was generated due to the self-aggregation with the aggrega-
tion size of about 1 μm, which is 200 times larger than that
of C3 and C8 (Figure S19b), demonstrating that the chain
length is sufficient to modulate the hydrophobicity and hence
the aggregation behavior of the probe. After adding 1 equiv
of perchlorate, all C3–C9 probes with same concentration
showed a fluorescence-on phenomenon due to probe aggre-
gation induced by perchlorate, and the C8 probe showed the
most prominent emission compared with the other probes in
the fluorescent images under 365 nm UV light illumination
(Figure 1B). From the extraction of the corresponding green
values of the fluorescent images (Figure 1C), it can be
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F I G U R E 1 (A) Schematic illustration of the precise modulation of alkyl chains in the aggregation-induced emission probe for the regulation of its
sensitivity toward perchlorate. (B) Fluorescent images of C3–C9 probes (2 mM) in the mixture solution of ethylene glycol/0.1 M citric acid (3:2, v/v) before
and after perchlorate addition under 365 nm UV light and (C) the corresponding green values. (D) The dihedral angle between inner diphenyl-substituted
phenylene and the vinylene units (1), the vinylene units and the outer pyridinium rings (2), as well as the phenyl substituents and the phenylene core (3) of the
C8 probe. (E) The single-crystal structure and (F) scanning electron microscopy image of the aggregate product of the optimized probe (C8) and perchlorate
with the fluorescent image of the aggregate powder as inset. (G) Dark-field fluorescence images of the C8 probe when analyzing various sizes of perchlorate
microparticles. (H) 3D colormap surface analysis of the selected fluorescent area caused with diameter of 2.33 μm by a perchlorate particle. (I) Line scan of
the selected area for rapid identification of perchlorate microparticles

found that the C8 probe is more sensitive than C3–C7 and
C9 probes to perchlorate with the maximum fluorescence
change and the quantum yield boosted by 60 times from
0.43% to 25.91% before and after detection. In general,
the increase of the alkyl chain length leads to the enhance-
ment of the probe detection efficiency toward perchlorate
(Figure S20). However, a further increase in the C number
from 8 to 9 in the alkyl chain would not help to enhance
the detection efficiency due to the self-aggregation of the
C9 probe, making the C8 probe the most efficient probe.
Therefore, it can be concluded that modulating the length of
the alkyl chain in the presented oligo(p-phenylenevinylene)
derivative AIE probe is an effective strategy to achieve the
best response for perchlorate detection. To further investigate
the fluorescence-on mechanism of the AIE probes after the
sensing process, the molecular dynamics simulation and the
single-crystal structure analysis were performed. From the
molecular dynamics simulation result of a single C8 probe
molecule with H2O as model solvent, the molecule was

constantly in motion driven by C─C single bond rotation
(Video S1). For instance, the dihedral angles in the C8 probe
between the inner phenylene core and the vinylene units,
the vinylene units and the outer pyridinium rings, as well
as the phenyl substituents and the phenylene core sponta-
neously change rapidly in the range of −50◦ and 50◦, −30◦

and 30◦, −30◦ and −150◦, respectively (Figure 1D). The
continuous molecular motion leads to the energy dissipation
in a non-radiative decay pathway, conducing to very weak
or even no fluorescence emission. From the single-crystal
structure analysis of the aggregation product from C8, it is
obvious that the cationic probe molecules were assembled in
a regular cross arrangement, in which one probe was bound
with two perchlorates with the dihedral angles of the inner
diphenyl-substituted phenylene and the vinylene units, the
vinylene units and the outer pyridinium rings, and the phenyl
functionalities and the phenylene center of the C8 probe fixed
at 35.6◦, 32.2◦, and 145.2◦, respectively (Figure 1E and Table
S1). Therefore, the rigid restriction of intra/intermolecular
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motion (RIM) of the probe molecule in the crystal leads to
a strict control over non-radiative decay pathway to ensure
that the radiative decay pathway is the only excitation energy
dissipation path, resulting in the bright green fluorescent
emission of the aggregates. Revealed by scanning electron
microscopy (SEM), the green fluorescence emitting powder
of the aggregation product has the flake-shaped morphology
with diameter of several microns, which is more than 50 folds
larger than that of the self-aggregation of C8 probe (Figure
S21), further proving that the sharp emission of the powder
was caused by perchlorate-induced aggregation (Figure 1F).

The fluorescence of this C8 probe could even be visualized
directly by perchlorate microparticles in a wet environment.
When the C8 probe was embedded in a polyacrylamide
(PAM) hydrogel to capture airborne perchlorate particles,
green fluorescence signal was clearly observed with diam-
eters in the range of 2 to 60 microns (Figure 1G). Most
importantly, the C8 probe dispersed in the PAM hydrogel
showed no fluorescence, but green fluorescence appeared
immediately in the region of perchlorate microparticles,
indicating the excellent fluorescence performance. A rep-
resentative particle with the diameter as small as nearly
2.33 μm (16.69 pg) could be clearly identified in the
enlarged view. The 2D fluorescent pattern of a selected
region was finely simulated by extracting the green value
(Figure 1H). As a result, the 3D color map surface trans-
formed from the 2D fluorescent pattern exhibited more
detailed morphological information, which is helpful for
understanding the remarkable change in fluorescence. Sharp
intensity increase (Figure 1I) could be obtained by the line
scan of selected region in Figure 1F, which corresponds
to the location of the fluorescent dots, demonstrating that
the C8 probe is promising for fluorescence-on detection
of perchlorate microparticles owing to the large emission
contrast.

2.2 The role of alkyl chain length in
determining the sensitivity difference to
perchlorate and the detailed analysis of the
aggregates

To discover the intrinsic reason for why C8 has the most
sensitive response, molecular dynamics simulations of the
C3–C9 probes with and without perchlorate were carried out.
Within the simulation time scale of 200 ns, all the probes
showed a scatter phenomenon with no apparent difference
(Figure 2Ai). However, in the presence of perchlorate, dif-
ferent clustering conditions were observed. C4–C6 formed
multiple clusters with different sizes, while C3 and C7
remains ununited. Meanwhile, C8 and C9 formed single clus-
ters, and the cluster formed by C8 is more condensed than
C9 (Figure 2Aii). Furthermore, the quantitative analysis of
the radius of gyration results extracted from dynamic simula-
tions in time interval of 100–200 ns, showed that C8 and C9
had the smallest radius of gyration, representing the lowest
degree of system looseness and hence the largest aggrega-
tion size (Figure 2B). Considering the self-aggregation of C9
before detection, C8 is the most efficient probe for aggre-
gating with perchlorate induction. It is suspected that the
alkyl chain of the probe greatly impacts its interactions with

perchlorate, thereby affecting the aggregation state of the
probe. To thoroughly investigate the interactions between
probe and perchlorate, the average non-covalent interaction
(aNCI) was calculated from the molecular dynamics simula-
tion trajectory by taking C8 as an example. The predominant
interaction between C8 probe and perchlorate was van der
Waals forces represented by the green region (Figure 2C).
In addition, a statistical analysis showed that the van der
Waals interaction energy between the C8 probe and per-
chlorate was the strongest among the C3–C9 probe family
(Figure 2D), confirming that modulating the alkyl chain of
the probe is an efficient strategy for optimizing the detec-
tion sensitivity to perchlorate by adjusting the van der Waals
interaction.

Furthermore, based on the fluorescence decay curves
(Figure S22), the C8-ClO4 aggregates showed a much longer
average fluorescence lifetime than the C8 probe, suggesting
that the perchlorate anion in the aggregate might offer the
non-covalent interactions, such as hydrogen bonds, to restrict
the free rotation of the probe.[27] Therefore, the single-crystal
parsing of the C8-ClO4 aggregates was conducted to fur-
ther identify and analyze the weak interactions between the
C8 probe and perchlorate in detail. The solid-state structure
of [C8](ClO4)2 revealed the presence of C─H⋅⋅⋅O hydrogen
bonds between the C8 probe and the perchlorate (Figure 2E).
The highly polarized C─H bonds of pyridinium and the
phenyl substituents engaged in dipole–anion interactions with
the O of perchlorate as dC─H⋅⋅⋅O = 2.481(9)–2.555(7) Å and
dC─H⋅⋅⋅O = 2.653(11)–3.091(10) Å, respectively (Figure 2F).
Therefore, [C8](ClO4)2 aggregates can emit strong fluores-
cence and are stable owing to the restricted rotation of the
hydrogen bond.

To verify the interaction between the C8 probe and per-
chlorate in the crystal, Hirshfeld surface analysis was used
to qualitatively analyze the non-covalent interaction force
in a specific area of the probe.[28] From the results of the
distance and curvature functions reflected in the Hirshfeld
surface of C8 probe, it could be concluded that the inter-
action between the C8 probe and perchlorate anion was
obviously dominant among over all interactions. The com-
pact and concentrated red areas on the Hirshfeld surface of
the C8 probe and perchlorate indicates the existence of strong
non-covalent interactions, which could be attributed to the
hydrogen bond interaction between the O atom in perchlo-
rate and the H atom in the C8 probe (Figure 2Fi). From the
2D fingerprint plots for the local contact surface contribu-
tion of the C8 probe (Figure 2Fii), obtained by combining
the distance from the internal and external nearest atom to
the Hirshfeld surfaces (defined as di and de, respectively),
the H atom in the C8 probe and the O atom in perchlorate
have the closest distance (d = 2.35 Å), which reconfirmed the
relatively stronger non-covalent interaction between the C8
probe and perchlorate. Moreover, in addition to the strength
advantage, this non-covalent interaction (O─H) also occu-
pied the largest area with 15.1% of the total Hirshfeld surface
despite of the widespread weak H─H interaction between
probe molecules caused by aggregation (Figure 2Fiii). Thus,
both the van der Waals interaction and the hydrogen bond
interaction between perchlorate and the C8 probe facilitates
the aggregation process to restrict molecular rotation and
results in green fluorescence emission.
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F I G U R E 2 (A) Snapshot of molecular dynamics simulation of C3–C9 probe (i) alone and (ii) in the presence of perchlorate at 200 ns. (B) Radius of
gyration of C3–C9 with perchlorate during 100–200 ns extracted from dynamic simulations. (C) Average non-covalent interaction between C8 probe and
perchlorate. (D) The van der Waals interaction energies of C3–C9 with perchlorate calculated by molecular dynamics. (E) C─H⋅⋅⋅ClO4

− hydrogen bonding
(green dashed lines) in the crystal packing of C8-ClO4 based on crystallographically determined atomic coordinates. (F) (i) The 3D Hirshfeld surfaces of the
C8 probe surrounding perchlorates mapped by electron density under promolecular approximation cartography with color scheme varies in blue, white, and
red, representing no interaction, weak attraction, and strong attraction, respectively, and (ii) the 2D fingerprint plots for the local contact surface contributed
by O─H hydrogen bonds with the discrete gray clouds as the total Hirshfeld surface; and (iii) the contact surface area contributions of various fragments to the
total Hirshfeld surface in the C8 probe

2.3 Fluorescent sensing performance of C8
probe to perchlorate

The sensing performance of the C8 probe for perchlorate
anions via the anion-induced AIE effect was evaluated. The
fluorescent optical images of the C8 probe solution toward
ClO4

− with different concentrations showed an apparent
change from no emission to bright green with the corre-
sponding fluorescent intensity gradually increased with the
concentration increasing from 0 to 10 mM (Figure 3A).
Particularly, the probe solution with perchlorate of 0.5 mM

showing green fluorescent emission with 365 nm UV illumi-
nation could be clearly distinguished from the blank probe
solution by naked eye. Dynamic light scattering (DLS)
results revealed that the diameter of the hydrodynamic
aggregates increased from 10 nm to 2 μm with the addition
of 5 equiv of perchlorate, indicating that the fluorescence
turn-on process was accompanied by the formation of aggre-
gates in the solution (Figure 3B). The fluorescence spectra
showed that the characteristic emission peak at 530 nm for
green fluorescence increased with increasing perchlorate
concentration at 398 nm excitation (Figure 3C). Notably, the
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F I G U R E 3 Fluorescent sensing performance of the C8 probe (2 mM) in glycol/0.1 M aqueous citric acid (3:2, v/v) mixed solution. (A) Images of C8
probe in response to perchlorate (0–10 mM) under 365 nm UV light. (B) Dynamic light scattering analysis of C8 probe with and without 10 mM perchlorate.
(C) Fluorescence emission spectra of C8 probe upon addition of perchlorate (0–10 mM). (D) The relationship between the concentrations of ClO4

− and the
corresponding fluorescence intensities at 530 nm of C8 probe upon addition of perchlorate. (E) Selectivity of the C8 probe solution toward 5 equiv of perchlorate
anion to other common anions with inset of the enlargement of the response toward the common anions. (F) Anti-interference ability of the C8 probe solution
toward 5 equiv of perchlorate anion in the presence of other common anions separately or mixed together. The standard deviations were obtained from three
repeated measurements

fluorescence intensities at 530 nm rise in a linear manner
with respect to the increase of perchlorate concentration in
the range of 0.5–5 mM (Figure 3D). According to the linear
fitting slope (k = 167,233) of the fluorescence intensity, the
limit of detection (LOD, defined as 3σ k−1, σ = 3) toward
perchlorate was determined to be as low as 53.81 nM (∼7 μg
L−1), which is much lower than the maximum limit of
perchlorate (56 μg L−1) stipulated by the Environmental
Protection Agency[29] and proved to be premier compared
with recently reported perchlorate probes (Table S2). The
time-dependent observation of the response process of the
2 mM C8 probe to 25 equiv ClO4

− showed that the probe
responded immediately after the addition of perchlorate,
and the response time could be defined as 5 s (video S2),
indicating the rapid response of the probe.

Furthermore, the C8 probe solution showed a remarkable
fluorescence turn-on response toward perchlorate with sig-
nificant intensity enhancement from 0 to 105, while the 16
other common anions (Cl−, NO2

−, ClO−, BrO3
−, HCO3

−,
HSO4

−, H2PO4
−, HPO4

−, HCOO−, Ac−, C2H5O−, SCN−,
CO3

2−, SO4
2−, PO4

3–, C6H5O7
3−) only lead to little fluores-

cent intensity increase (Figure 3E and its inset), indicating the
good selectivity of the C8 probe toward the perchlorate anion.
Besides, the anti-interference capability of the C8 probe was
further evaluated by monitoring its sensing performance in

the presence of perchlorate anion with the 16 other common
anions co-existing respectively and all together. It could be
concluded that most of the interfering anions alone had no
apparent influence on the final characteristic fluorescence
response toward perchlorate, with the emission intensity
maintained at >70%, except for SCN− (Figure 3F and Figure
S23). The SCN− revealed a fluorescence quenching effect
of up to 45% of the original intensity for perchlorate, which
could be attributed to the consumption of the highly oxidizing
perchlorate anion by its reaction with the relatively reductive
SCN− anions.[30] More importantly, even with all the 16
interfering anions mixed up, the C8 probe still shows green
fluorescence emission in the presence of ClO4

−, indicating
its excellent anti-interference capability (Figures 3F inset).
The above results clearly demonstrate that C8 probe is highly
selective, specific, and sensitive toward perchlorate, with an
aggregation-induced turn-on feature facilitated by van der
Waals interactions.

2.4 Ultrasensitive detection of perchlorate
particles

To further investigate the fluorescence-on sensing perfor-
mance of the C8 probe toward perchlorate particles, the PAM
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F I G U R E 4 (A) Schematic diagram of the direct sensing of perchlorate particles by C8-PAM hydrogel with the diameter comparison of the detected
perchlorate particle referring to human hair, PM 10 and PM 2.5. (B) Time-lapse images extracted from the video of the sensing process captured under a
fluorescence microscope and (C) its corresponding diffusion area as a function of time. (D) The identification of the smallest perchlorate particles under
fluorescence microscope observation

hydrogel loaded with the C8 probe was exposed to a great
deal of perchlorate particles (Figure 4A). It is clear that upon
contact with perchlorate particles, the C8 probe incorporated
PAM hydrogel immediately show green fluorescence emis-
sion regardless of the particle size, which could be with a
diameter of tens of microns as an individual human hair, in
the range of 2.5–10 μm as the dust particles in polluted air, or
even below 1 μm. The time-lapse fluorescent images of the
green emitting patterns formed on the C8-PAM hydrogel in
contact with perchlorate particles, which were extracted from
the dynamic video of the detection of perchlorate particles
with different masses, shows that all the fluorescence areas

tended to increase with time owing to the dissolution and
diffusion of the perchlorate particles (Figure 4B). Notably,
the mass of an individual perchlorate particle was estimated
based on the approximate circular size of the initial green
emission, and the corresponding time was defined as 0 s.
The fluorescence areas are larger and brighter for larger per-
chlorate particles, along with the more pronounced diffusion
over time compared with small particles. According to the
relationship between the diffusion area counted by pixels
and time, it can be found that the large perchlorate particle
with a mass of ∼147.46 pg diffused from the initial area of
18 to 83 μm2 within 20 s, while the diffusion of the small
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F I G U R E 5 (A) Schematic diagram of the sensing chip for airborne perchlorate particulates detection. The real-time response image of the sensing chip
incorporated in a portable explosive detector invented by our group after automatic pumping sample collection of the air (B) with only perchlorate particles for
1 and 3 s, and (C) with perchlorate, soil, sodium nitrite, sodium carbonate, sodium sulfate, potassium bisulfate, and calcium hypochlorite mixtures for 3 s. (D)
Mock tests for the in-field detection of ultratrace perchlorate at security checking spots employing the detector on perchlorate-free bag and luggage (i) passing
through an X-ray security inspection machine and (ii) at the entrance, and (iii) luggage with trace perchlorate residue in a car trunk with the test results shown
in the insets

perchlorate particle with a mass of ∼1.93 pg expanded from
1.01 to 5.22 μm2 (Figure 4C). Although the diffusion ratios
are almost the same, it should be noted that the brightness of
the fluorescence signal was enhanced rather than weakened
with the increase of perchlorate particle mass, implying that
it is reasonable and conservative to estimate the mass of
ultra-small particles through the final-state fluorescence area
after diffusion. The detection limit is highly dependent on the
spatial resolution of the fluorescence microscope employed,
which is 0.23 μm per pixel in this case. The diffused fluo-
rescence final area covering 3 × 3 pixels manifests that the
mass of the corresponding perchlorate particle should not
exceed 412 fg (Figure 4Di). For a particle with the corre-
sponding fluorescence emission restrained in 2 × 2 pixels,
the corresponding mass decreased to 122 fg (Figure 4Dii).
Even when a particle was small enough to limit the result-
ing fluorescence area to only one pixel, the corresponding
fluorescence emission could still be clearly observed and
distinguished, indicating that the mass could be as low as 15

fg (Figure 4Diii). Therefore, the C8-PAM hydrogel sensing
platform with high sensitivity and ultra-fast response is
promising for ultratrace perchlorate particle detection.

2.5 Practical applicability evaluation of the
C8 probe to perchlorate particles

To further investigate the practical application of the C8
probe, a sensing chip was constructed from a porous polymer
foam (Figure 5A). It is expected that the as-prepared sensing
chip, which is yellow under sunlight and black under 365 nm
UV light, would emit green fluorescence immediately when
encountering perchlorate and would not be disturbed by
other airborne particles. The sensing chip was incorporated
into a portable explosive detector explored in our laboratory.
By employing this detector and pumping air with perchlorate
particles suspended for 1 s, green fluorescence emission
spots appeared immediately on the sensing chip within 1 s
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(Figure 5B). In addition, with the observation time extending
to 10 s, the green emission spots tended to become increas-
ingly larger and brighter. If the pumping time was extended
to 3 s, the lightened spots would even cover the entire
sensing chip with an observation time of only 1 s, and more
remarkable green emission could be observed in the next 9
s, indicating the importance of pumping procedure for col-
lecting perchlorate particles onto the surface of the sensing
chip. Therefore, the air-pumping time was set to 3 s to ensure
effective sample collection in practical scenarios. To further
evaluate the reliability of the detector in sensing perchlorate
particles in complex environments, air suspending samples
were prepared with 10% mass ratio of perchlorate in mixing
with soil and other interferents. The sensing chip can still
immediately emit green fluorescence (Figure 5C), indicating
good anti-interfering and highly reliable performance of
the C8 probe for the rapid discrimination of perchlorate.
Furthermore, this detector was applied in simulated tests
for perchlorate-free and perchlorate-particle-polluted bags
and luggage under various circumstances (Figure 5D). The
detector could cooperate with the X-ray security inspection
machine to finely screen possible residues or adsorbates on
the bag surface. In addition, it could also be applied for rapid
on-site checking of suspicious luggage carried by human
beings or vehicles with alarm information involving the exact
name of the suspected hazardous explosive substance, which
is perchlorate in this case, once it is detected.

3 CONCLUSION

In summary, it has been demonstrated that precise modulation
of the alkyl chain length is of great influence for regulating
the sensing performances of the oligo(p-phenylenevinylene)
derivative AIE probe and achieving an excellent recogni-
tion capability toward the target analyte. The modulation of
van der Waals interactions by the alkyl chain length enables
efficient light-up detection of perchlorate with a low detec-
tion limit (53.81 nM), rapid response (<5 s), and excellent
specificity even in the presence of 16 interfering anions mix-
ture. The constructed hydrogel sensing device could achieve
ultrasensitive detection of perchlorate particles as low as 15
fg under a fluorescence microscope. The proposed probe
design strategy has proven to be reliable for exploring a
portable detection platform, which significantly facilitate on-
site detection of trace perchlorate in security checks. The
present strategy is a promising candidate for detecting trace
hazardous substances and AIE-based functional material
conceptualization.

4 EXPERIMENTAL SECTION

4.1 Experimental details

Materials, general characterization, synthesis process of
probes, single-crystal preparation and X-ray crystallography,
sensing performance evaluation of C3–C9 probes to perchlo-
rate, preparation and sensing testing of perchlorate solution
and other analytes by C8 probe, preparation of C8-PAM
hydrogel and sensing performance evaluation for perchlorate
particles, preparation of the C8 porous polymer foam sensing

chip and the detection of airborne particulates, are all placed
in the Supporting Information.

4.2 Calculation methods

The theoretical calculation in this work were conducted
through the Gaussian software.[31] Subsequently, the wave
function results were performed by the Multiwfn dev3.8.[32]

The GROMACS package was used for the molecular dynam-
ics simulation.[33] The VMD program[34] was used in the
graphing of the molecular constructure. More details of the
calculations are placed in the Supporting Information.
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