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A novel fluorescent nanofilm DBAP-ETTA has been developed for
diethyl chlorophosphate (DCP) vapor detection with high sensitivity
and selectivity. Its smooth, homogeneous structure and large Stokes
shift enable significant fluorescence quenching upon DCP exposure.
The protonation-based sensing mechanism makes it ideal for real-time,
portable DCP vapor sensing.

Sarin is an extremely toxic nerve agent that poses severe threat to
human health and public safety.' Due to its high toxicity and
potential use in chemical warfare, the detection and monitoring of
Sarin are of paramount importance.> However, handling and
testing Sarin directly in laboratory settings are highly hazardous
and impractical due to its lethal nature. Alternatively, diethyl
chlorophosphate (DCP) with a similar chemical structure to Sarin
(Scheme S1, ESIT) is commonly used as a simulant in laboratory
experiments for developing and validating detection methods.’
DCP is significantly less toxic, allowing for safer handling and
experimentation while still providing relevant insights into the
detection mechanisms applicable to Sarin.*

Detecting nerve agents, however, presents several challenges.
Traditional detection methods, such as chromatography,” electro-
chemical spectroscopy,® and mass spectrometry,” while effective,
have drawbacks including high cost, lengthy analysis time, and the
requirement for sophisticated equipment and trained personnel.
In contrast, film-based fluorescence sensing techniques have
attracted much attention because of their high sensitivity, rapid
response, and relatively simple operation.® The fluorescent film is
the core component of a film-based fluorescence sensing unit,
which determines the sensor’s detection object and sensing
performance.’ Although many fluorescent sensors for DCP have
been developed,'® they suffer from several limitations. Traditional
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film preparation methods, such as drop coating,'* dip coating,'?
spin coating,® chemical vapor deposition,* etc., are afflicted
with issues like the coffee-ring effect, manufacturing complexity,
and suboptimal utilization of sensor cells. Additionally, some
fluorescent probes have sensitivities at the parts-per-billion (ppb)
level, which is not considered optimal.'® Therefore, innovation in
nanofilm preparation methods and rational film structure design
is crucial for enhancing fluorescence sensing performance.

To address the aforementioned issues, we employ a film
fabrication method based on the Schiff base reaction at the air-
liquid interface, rather than a simple physical approach.'® In
this work, we select tetrakis(4-aminophenyl)-ethene (ETTA) as
the precursor because TPE is a very famous aggregation-
induced emission unit,'” which guarantees good luminescence
properties of solid-state nanofilms. The nonplanar structure of
TPE enhances the porosity of the nanofilms at the molecular
level, facilitating increased contact between the fluorescent
unit and DCP molecules.'® Furthermore, nitrogen-containing
materials, such as pyridine groups, are frequently utilized to
construct fluorescent probes for the specific recognition of DCP
due to their Lewis basicity.'® Consequently, we incorporate the
pyridine  derivative  4,4-(2,5-pyridinediyl)bis-benzaldehyde
(DBAP) as the recognition unit to enhance the film’s capability
for specific capture and selection of DCP molecules, thereby
improving the sensitivity of the film for DCP detection.

In this study, we rationally designed and successfully prepared a
novel nanofilm, DBAP-ETTA, as shown in Scheme 1 (see the ESIt
for detailed steps). This film boasts a smooth and homogeneous
surface, controllable thickness, and substrate adaptability. As
anticipated, the film demonstrated rapid and specific recognition,
as well as a highly sensitive response to DCP molecules. Notably, it
produced a significant response to DCP vapors at a concentration
of 0.1 ppt. This advancement not only enhances the overall
performance of fluorescence-based sensing systems, but also pro-
vides a robust platform for the detection of nerve agent mimics.

As shown in Fig. 1a, the Fourier-transform infrared (FTIR)

spectra of the nanofilms lack peaks at 3352 cm™" and 2749 cm ™},
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Scheme 1 Schematic representation of the nanofilm preparation pro-
cess, including the preparation of the precursor solution, drop coating,
reaction, and film transferring. Detailed steps are provided in the ESI.{

which correspond to the -NH, and -CHO functional groups in
ETTA and DBAP, respectively. The absence of these peaks
indicates that the functional groups in the monomers have
reacted, resulting in their near-complete disappearance in the
nanofilms. Furthermore, we characterized the absorption spec-
tra of DBAP, ETTA, and DBAP-ETTA (Fig. S1, ESIt). The DBAP-
ETTA nanofilm exhibits distinct absorption peaks around
335 nm and 410 nm, which are different from the individual
absorption peaks of DBAP (327 nm) and ETTA (285 nm and
357 nm). These variations in the FTIR spectra and absorption
spectra confirm the formation of new chemical structures,
indicating that the film formation involves chemical interac-
tions rather than simple physical stacking.

Moreover, we conducted X-ray photoelectron spectroscopy
(XPS) analysis. The C 1s and N 1s spectra of the nanofilms
(Fig. S2, ESIt) exhibit distinct peak shifts that confirm the
formation of -C—=N- bonds, resulting from the reaction between
-C=0 and -NH, groups. These XPS results corroborate the
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findings from FTIR, providing a comprehensive understanding
of the chemical processes involved in the formation of the
nanofilms.

As shown in Fig. 1b, the nanofilm exhibits a smooth,
homogeneous, and intact surface. Microscopic analyses using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM) also
confirm that the nanofilm has a uniform, smooth, and defect-
free surface (Fig. 1b—f). The folds observed on the surface of the
film under SEM (Fig. S3, ESIt) indicate good flexibility. AFM
measurements determine the film thickness to be 73 nm
(Fig. 1f). Additionally, by varying the concentration of the
precursor solution, the film thickness can be adjusted within
the range of 52 to 200 nm (Fig. S4, ESIt), demonstrating that
the film thickness can be effectively controlled through the
precursor solution concentration. X-ray diffraction (XRD)
results (Fig. S5, ESIT) reveal that the nanofilms are amorphous,
which is corroborated by the selected area electron diffraction
(SAED) (inset of Fig. 1d). Energy-dispersive X-ray (EDX) element
mapping (Fig. S6, ESIt) confirms that the nanofilms are pri-
marily composed of carbon (C) and nitrogen (N), with these
elements uniformly distributed across the nanofilm’s surface.

Under daylight, it appears yellow, while under 365 nm UV
light, it emits a bright orange-red fluorescence (Fig. 1h). The
ability to load the nanofilm onto an iron ring demonstrates its
toughness and self-supporting capability (inset on the left of
Fig. 1b). The water contact angle measurement shows an angle
of 81° (inset on the right of Fig. 1b), indicating slight
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Fig. 1 (a) FT-IR spectra of compounds DBAP, ETTA, DBAP-ETTA. (b) Photographs of the nanofilm DBAP-ETTA, the inset on the left shows the nanofilm

loaded on an iron ring, the inset on the right shows the water contact angle results for nanofilm of 81°. (c) SEM image of DBAP-ETTA. (d) TEM image of
DBAP-ETTA, inset shows SAED results. (e) AFM images of the nanofilm with a concentration of 0.5%. (f) Cross-section and height distribution of the
nanofilm with a concentration of 0.5%. (g) UV absorption and fluorescence spectra of the nanofilm DBAP-ETTA (note: Agx = 331 nm, Agm = 574 nm).
(h) Fluorescence emission spectra of the nanofilm before and after DCP treatment (note: the left and right insets in graph (b) show pictures of nanofilm
DBAP-ETTA under 365 nm UV light before and after exposure to DCP vapor, respectively).
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hydrophilicity. These findings collectively demonstrate the
films’ structural integrity, flexibility, and tunable thickness,
highlighting their potential for various applications.

The fluorescence emission and absorption spectra of the
nanofilm were measured, which exhibits an absorption max-
imum at 331 nm and an emission maximum at 574 nm,
resulting in a large Stokes shift of 243 nm (Fig. 1g). This
substantial Stokes shift helps to reduce the sensor device’s
signal-to-noise ratio, thereby enhancing its sensitivity. Upon
exposure to DCP vapor fumigation, the nanofilms exhibited
significant fluorescence quenching, achieving a quenching
efficiency of 75% (Fig. 1h). This pronounced sensing response
underscores the nanofilm’s potential for effectively detecting
DCP vapors.

To further investigate the sensing behavior of the nanofilms
towards DCP vapors, a dedicated sensing test platform was
constructed in the laboratory. As illustrated in Fig. 2a, the
platform comprises a sample feeding system, a sensing unit,
and a data conversion and transmission system. The prepared
sensing nanofilm was mounted on the surface of a quartz
wafer, which was then placed inside the sensor. The test gas
was precisely controlled to enter the sensor through a control
panel (Fig. 2b), inducing a change in the fluorescence intensity
of the nanofilm. This change in the optical signal was subse-
quently converted into an electrical signal by the data conver-
sion and transmission system, which then relayed the data to a
computer for analysis.

The nanofilms were irradiated on the sensing platform
using a 331 nm wavelength light source. As shown in Fig. 3a,
the fluorescence intensity of the film decreased by only 11%
over 7 hours, demonstrating good photostability. Additionally,
to evaluate the selectivity of the nanofilms, responses to 17
common volatile organic and inorganic reagents were mea-
sured (Fig. 3b).>° Among these, DCP vapor triggered a signifi-
cant fluorescence quenching response. Interestingly, the
sensor’s response to HCl and DCP differs significantly. This
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Fig. 2 (a) Schematic diagram of the sensing system, (gas storage, sole-
noid valves, and pumps): exhaust treatment to form the sample feeding
system, nanofilm acts as the core sensing unit, and sensors and computers
form the data conversion and transmission systems. (b) Photographs of
sensing test systems.
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Fig. 3 (a) Photostability testing of DBAP-ETTA. (b) Selectivity testing of
DBAP-ETTA for DCP vapors containing 17 interferents was performed. (c)
Sensitivity test result of DBAP-ETTA for DCP detection. (d) Reproducibility
of DBAP-ETTA for DCP detection (note: the error bars in the graph b and ¢
mean values are standard deviation of three independent experiments).

distinction is evident from the response kinetic curves
(Fig. S7a, ESIt), which show that the response curves for HCl
and DCP are distinctly different. The specific interaction
between DCP and the nanofilm leads to a unique response
pattern, underscoring the sensor’s specificity for DCP.

Furthermore, the sensitivity of the nanofilms was tested
with varying concentrations of DCP vapor from 0.1 ppt to
1 ppm (Fig. 3c). The nanofilms exhibited a significant response
to DCP vapor at concentrations as low as 0.1 ppt, highlighting
their superior detection capability. The recovery of the film was
achieved by alternating exposure to DCP vapor, air, and NH;
vapor (Fig. S7b, ESIt). Under these conditions, the nanofilms
maintained consistent performance over at least 30 cycles
(Fig. 3d), demonstrating their robustness and reliability.

To further investigate the response mechanism of the nano-
films to DCP vapor, IR and XPS spectra of the films before and
after DCP treatment were measured. As shown in Fig. 4a, the IR
spectra of the nanofilms after DCP treatment exhibited a
distinct new peak at 1645 cm™*, attributed to the formation
of a C=N-H' bond,>'* which can be attributed to the
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Fig. 4 (a) FT-IR spectra of the DBAP-ETTA before and after DCP treat-
ment. (b) *H NMR spectra of the compound DBAP with different equiva-
lence ratios of DCP addition. (c) Proposed mechanism of binding of the
compound DBAP to DCP.
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protonation of the nitrogen atoms in the pyridine ring and the
imine bond,** facilitated by the acidic environment created by
the hydrolysis of DCP. This observation is further confirmed by
the XPS results (Fig. S9, ESIT).

Additionally, NMR titrations of DBAP, the building block of
the films, were conducted with the addition of different equiva-
lents of DCP (Fig. 4b). The results indicated that the N atom in
the pyridine moiety is protonated upon the addition of DCP.
This occurs because, during DCP hydrolysis, acidic by-products
such as HCI are formed, which can protonate the nucleophilic
pyridinyl nitrogen atom. The phosphorus atom in DCP is
attacked by the nucleophilic pyridinyl nitrogen atom, resulting
in an intermediate that loses its diethyl phosphate group and
becomes the final protonated product, DBAP-H (Fig. 4c). This
protonation was also confirmed by high-resolution mass spec-
trometry (Fig. S11, ESIT). This process leads to intramolecular
charge rearrangement. Specifically, the chemical shifts of H,,
H., Hq, and H. moved downfield, while Hb exhibited a slight
upfield shift. These shifts indicate that DBAP binds effectively
and specifically to DCP.>'? To further demonstrate the critical
role of the pyridine unit in the sensing process, we prepared the
control nanofilm TPDA-ETTA with a benzene ring structure
instead of a pyridine structure (Fig. S12a and b, ESIf). And the
sensing results showed that it could produce only 0.3%
response intensity to 1 ppm concentration of DCP vapor
(Fig. S12c, ESIY), which is far inferior to that of DBAP-ETTA.

In summary, we successfully developed a novel fluorescent
nanofilm DBAP-ETTA for high sensitivity and selectivity DCP
detection. The nanofilm exhibits homogeneity, flexibility, and
controllable thickness. Its large Stokes shift enhances fluores-
cence detection. The nanofilm selectively detects DCP vapors
and maintains its performance through multiple NH; vapor
fumigation cycles. It shows transient and extremely sensitive
responses to DCP vapor, with a significant response at 0.1 ppt,
attributed to its high porosity and strategic incorporation of
pyridine moieties. These findings highlight the potential of
combining pyridine derivatives with highly porous nanofilms
for detecting the nerve agent simulant DCP.
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