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Steric hindrance-engineered porous fluorescent
films for ultrafast and ultrasensitive detection of
nerve agent simulants

Yuxuan Liu,? Min Qiao,1? Jiali Liu,+® Gege Wang,? Siyue Wang,? Ruijuan Wen,?
*® |iping Ding,

a

*2 Xiaolin Zhu (2*2 and Yu Fang

Addressing the critical challenge of simultaneous high solid-state photoluminescence and efficient analyte
mass transport for vapor sensors, a steric hindrance-engineered boron difluoride complex film, BODIQU-
tBuCzZ, is reported for ultrasensitive detection of nerve agent simulant DCP. Strategic incorporation of bulky

tert-butyl groups suppresses detrimental -7 stacking and creates a porous 3D network (38.76% free

volume) for rapid mass transport. Comprehensive structural and spectroscopic analyses validate this
design principle and its impact on photophysics and sensing kinetics. The resulting BODIQU-tBuCZ
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sensor achieves exceptional performance: an ultra-low LOD of 0.001 ppt, ultra-fast ~3-second

response, and remarkable stability over >50 cycles. Quantitative comparison confirms its superiority over
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Introduction

Neurotoxic agents pose severe and ongoing threats to human
health and environmental safety. Despite long-standing inter-
national bans on chemical weapons, the continuous emergence
of novel neurotoxins and the potential for their misuse mean
that these chemicals remain a significant risk to public safety.
Their capability to cause catastrophic harm and disrupt
ecological balance globally highlights the critical importance of
rapid and sensitive detection for effective early warning and
response.*” As such, the detection and neutralization of these
agents have become critical topics in national defence and
security research.

Sarin, a prototypical organophosphorus nerve agent, exhibits
extreme toxicity due to its irreversible inhibition of acetylcho-
linesterase, an essential enzyme responsible for terminating
neural signals via acetylcholine hydrolysis.>” This inhibition
triggers a cascade of physiological dysfunctions, including
paralysis, respiratory failure, and ultimately death.*” Rapid and
reliable detection of nerve agents at trace levels in real-time is
therefore vital for timely medical intervention and
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state-of-the-art sensors. This work presents a generalizable steric engineering strategy for high-
performance fluorescent films, offering a promising platform for real-time neurotoxic threat monitoring.

environmental decontamination.® Therefore, diethyl chloro-
phosphate (DCP), a structural analogue with reduced toxicity, is
commonly used as a simulant for sarin and related agents in
laboratory studies.**®

A variety of techniques have been explored for nerve agent
detection, including colorimetric assays,"" surface acoustic wave
(SAW) sensors,'** photoacoustic spectroscopy,'**® enzyme-
based assays,'” electrochemical sensors,’”® and gas
chromatography-mass  spectrometry  (GC-MS).*>**  While
offering valuable analytical capabilities, these methods often
present significant limitations for practical field deployment,
such as insufficient sensitivity, slow response times, low selec-
tivity, and complex instrumentation, that hinder their practical
deployment in the field.>* Consequently, there is an urgent need
for alternative approaches that can overcome these challenges.
Fluorescence-based sensors have emerged as a promising
alternative, offering advantages such as ultrahigh sensitivity,
fast response kinetics, low detection limits, and compatibility
with portable and miniaturized devices.?**

Fluorescence sensing strategies for nerve agents generally
follow two mechanistic approaches: (i) direct phosphorylation
of the probe by the agent or simulant® and (ii) protonation of
functional groups (e.g., hydroxyl, amino, or pyridine) by
hydrolysis products.**?® Despite their inherent advantages, the
practical utility of many fluorescent sensors is still restricted by
several key challenges: (1) inadequate sensitivity for real-time
detection at ultra-trace levels,® (2) vulnerability to environ-
mental interferents such as acidic vapors, structural analogues,
and background fluorescence,* and (3) intrinsic limitations of
current recognition mechanisms.** Therefore, the development
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of advanced fluorescent sensing materials with enhanced
sensitivity, environmental tolerance, and rapid response is
paramount for effective early warning systems against neuro-
toxic threats.

Boron-dipyrromethene (BODIPY) fluorophores have recently
attracted considerable attention in the scientific community
owing to their outstanding photophysical characteristics. As
a representative class of organoboron complexes, these
compounds demonstrate remarkable molar absorptivity, high
fluorescence quantum yields, and exceptional chemical
stability.**** These properties make them highly promising
scaffolds for fluorescence sensing. Among various BODIPY
derivatives, aza-BODIQU fluorophores are particularly attractive
for nerve agent detection due to their superior photophysical
performance.*®*?” and, of special significance, aza-BODIQU
derivatives exhibit selective reactivity with nerve agents via
Lewis base-mediated protonation mechanisms.*®*® The struc-
tural flexibility of these compounds, afforded by multiple
modifiable sites, enables precise customization of their sensing
properties.** However, a major challenge hindering the practical
application of conventional aza-BODIQU derivatives, and many
other fluorescent dyes, in vapor-phase thin-film sensors, is the
severe solid-state fluorescence quenching. Molecular packing
plays a crucial role in the emission performance of materials,
particularly in the aggregated state. The relatively planar
molecular geometry of these dyes often leads to strong inter-
molecular -7 stacking interactions in the condensed phase,
promoting aggregation-caused quenching (ACQ) and thus
severely limiting their practical applications.*>** Furthermore,
achieving simultaneously high sensitivity (often requiring
a thicker film for analyte absorption) and rapid response speed
(favored by a thin film for rapid diffusion) in such thin-film
sensors represents a long-standing trade-off.
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Herein, we report a novel strategy based on steric hindrance
engineering to overcome the aforementioned limitations and
achieve high-performance vapor-phase fluorescence sensing.
Specifically, we incorporated bulky substituents into the aza-
BODIQU core. This molecular design achieves three critical
functions simultaneously: (i) suppression of intermolecular -
T interactions via steric repulsion, thereby mitigating solid-
state fluorescence quenching; (ii) formation of a porous nano-
structure that facilitates analyte diffusion throughout the film;
and (iii) retention of strong fluorescence emission in the solid,
collectively leading to enhanced sensitivity and ultra-fast
response speed, thereby effectively addressing the long-
standing trade-off between sensitivity and response speed in
fluorescent film sensors.

Building upon this strategy, in this study, we designed and
synthesized a sterically engineered fluorescent material by
coupling aza-BODIQU with 3,6-di-ter¢t-butylcarbazole via
Suzuki-Miyaura cross-coupling (Schemes 1 and S1). The incor-
poration of tert-butyl groups induces intramolecular twisting,
disrupts dense molecular packing, and generates a porous film
(BODIQU-tBuCZ) with a free volume of 38.76%. As hypothe-
sized, this porous architecture significantly enhances vapor-
phase analyte diffusion kinetics and simultaneously
suppresses fluorescence quenching. Consequently, the result-
ing film sensor exhibits unprecedented performance for DCP
vapor detection, demonstrating a detection limit of 0.001 ppt,
an ultra-rapid 3-second response time, high selectivity against
common interferents, and outstanding recyclability over 50
cycles. These results represent a significant advancement in the
field of vapor-phase fluorescence sensing, offering a solution to
the long-standing challenges of sensitivity and speed trade-off
and solid-state quenching. Control experiments with unmodi-
fied carbazole and benzimidazole analogues confirmed the

(@)

Strong mr-11 Stacking

N a

Small Stokes Shifts &

Large Steric Hindrance

p
< P < |
! tBuCZ o

N 'PO@

I N OP. ,p \/
~NON
@5 ON
% ,ﬂ . .

v’ Large Stokes shift

o
A Y »“& v Rough porous film
& €L \,\ /‘\).g %
‘ﬁt} v Film recoverability
S

v" Enhanced mass transfer

Scheme 1

(a) Design strategy for achieving efficient analyte transport and high-sensitivity, real-time vapor sensing via steric hindrance-engi-

neered fluorescent films, integrated into a homemade sensing platform. (b) Sensing mechanism of DCP by BIDQIQU core unit.
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critical role of the steric bulk in achieving superior sensing
properties. Our findings highlight a generalizable strategy for
constructing high-performance porous fluorescent films via
steric hindrance engineering, offering new opportunities for
real-time monitoring of hazardous neurotoxic threats.

Results and discussion
Crystal structure and porosity of BODIQU-tBuCZ

To elucidate the structure-property relationships underpinning
the optical and sensing performance of BODIQU-tBuCZ, single-
crystal X-ray diffraction (XRD) analysis was performed (Fig. S1
and Table S1). As shown in Fig. 1, the crystal structure confirms
that the bulky tert-butylcarbazole groups create a porous solid-
state structure, which promotes high solid-state fluorescence.
Recognizing that drop-cast thin films may not perfectly repli-
cate the single-crystal arrangement, we first used Powder X-ray
Diffraction (PXRD) to assess the powder structure. PXRD
revealed higher crystallinity for BODIQU-tBuCZ powder
compared to films of BODIQU-CZ and BODIQU-BZI (Fig. S2).
This suggests that the bulky substituents hinder dense packing,
consistent with the single-crystal structure. This looser packing
and increased free volume in BODIQU-tBuCZ are crucial for
efficient vapor transport and interaction with the sensing
material in the resultant films, ultimately enhancing sensor
performance. The observed molecular channels within the
crystal lattice (Fig. 1c) suggest the potential for efficient mass
transfer. To investigate the actual packing arrangement in the
thin films, we employed Grazing Incidence Wide-Angle X-ray
Scattering (GIWAXS) (Fig. S3). The GIWAXS patterns revealed
distinct differences in molecular ordering and m-m stacking
among the films. BODIQU-tBuCZ films exhibited well-defined

Fig. 1
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Bragg diffraction peaks or arcs, indicative of a high degree of
molecular order. Importantly, they lacked the characteristic
diffraction peak associated with close - stacking. In contrast,
BODIQU-BZI films displayed both Bragg diffraction features
and a pronounced w-7 stacking peak, while BODIQU-CZ films
predominantly exhibited strong - stacking peaks, suggesting
a higher degree of aggregation. These results confirm that the
tert-butyl groups in BODIQU-tBuCZ effectively suppress w-m
stacking during film formation, promoting an ordered yet non-
aggregated molecular arrangement. This balance of order and
reduced m-7 interaction is crucial for achieving high free
volume and enhanced guest molecule accessibility within the
sensor film. This suppression of -7 stacking is evident in the
single-crystal structure as well (Fig. 1a). The two N-tert-butyl-
carbazole rings are sterically forced to twist significantly out of
the plane of the aza-BODIQU core, creating a non-coplanar
structure that prevents tight -7 interactions in the solid state.

Fig. 1b shows the intramolecular C-H---F hydrogen bond
distances ranging from 2.30 to 2.54 A, while the weak inter-
molecular interactions between adjacent molecules fall within
the range of 3.71 to 3.73 A. These weak intermolecular inter-
actions, combined with the twisted intramolecular geometry,
result in the compound exhibiting strong fluorescence in the
solid state by significantly reducing m-m stacking induced
quenching. The formation of these hydrogen bonds may also
contribute to stabilizing the twisted conformation and influ-
encing the specific packing arrangement, potentially guiding
the directional transport of the sensing molecules within the
pores, thereby enhancing the mass transfer efficiency. Addi-
tionally, the dihedral angles between the tert-butyl carbazole
groups and the core are 52.3° and 53.2°, respectively. These
bulky groups profoundly disrupt the spatial arrangement of the

Free Volume

BODIQU-tBuCZ 38.76 %

(a) Crystal structure of BODIQU-tBuCZ from the front and side views and spatial molecular arrangement and the packing mode of

compound BODIQU-tBuCZ in the crystal. (b) Molecular stacking in the crystal for BODIQU-tBuCZ: green dotted lines: intramolecular C-H---F
interaction (2.30-2.54 A): orange dotted lines: intermolecular C—H--F interaction (3.71-3.73 A). (c) Calculated free volume of BODIQU-tBuCZ in
the crystalline state. The pink and white parts represent pores and compound molecules in the crystal cell.
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BODIQU structure to some extent, making the overall structure
more flexible. Importantly, the free volume within the material's
lattice reaches a remarkable 38.76% (Fig. 1c), which strongly
supports the beneficial effect of the N-ter¢t-butylcarbazole group
in enhancing the porous structure. The larger free volume
provides more space for molecular movement and higher
diffusivity, thereby accelerating the mass transfer process.
Overall, the crystal structure compellingly demonstrates that
the tert-butyl-induced twisted conformation is the key factor
responsible for suppressing detrimental m-m stacking and
generating a high free volume porous structure. This sophisti-
cated structural design, robustly validated by the XRD, PXRD,
and GIWAXS results, effectively mitigates unfavorable m-m
stacking during thin film fabrication and promotes an ordered,
yet non-aggregated, molecular arrangement. Such an architec-
ture fundamentally establishes the foundation for achieving
both high solid-state fluorescence quantum yield and rapid
analyte diffusion, which are prerequisites for a high-
performance vapor-phase fluorescent sensor.

Mechanism of response for BODIQU-tBuCZ to DCP detection

To fully elucidate the molecular-level mechanism underlying
the highly sensitive and rapid detection of nerve agent simu-
lants using BODIQU-tBuCZ, we performed comprehensive
spectroscopic and structural investigations comparing BOD-
IQU-tBuCZ with its structural analogs, BODIQU-CZ and BOD-
IQU-BZI. These studies aimed to track the interaction between
BODIQU-tBuCZ and diethyl chlorophosphate (DCP) at the
molecular level and understand how this interaction translates
into a fluorescence response.

In solution, BODIQU-tBuCZ exhibited distinct photophysical
behavior characterized by broad UV-vis absorption (438-
505 nm, Aya = 468 nm) and a pronounced redshift compared to
BODIQU-BZI (391-443 nm, Ay.c = 441 nm). This redshift is
attributed to the strong electron-donating ability of the 3,6-di-
tert-butylcarbazole moiety, which enhances intramolecular
charge transfer (ICT) characteristics (Fig. S4). In addition,
BODIQU-tBuCZ also demonstrated significantly larger Stokes
shifts (82 nm) and green-region fluorescence emission (Aem =
525 nm), in contrast to its blue-emitting counterpart BODIQU-
BZI with a small Stokes shift (28 nm). The high molar extinction
coefficient (44000 L mol™' em™") further indicated the
enhanced light-harvesting capabilities enabled by molecular
engineering (Fig. S5-S7). Solvent-dependent fluorescence life-
time studies (Fig. S8-5S10 and Table S2) further support its ICT
nature; the fluorescence lifetime of BODIQU-tBuCZ was mark-
edly reduced in polar solvents, while it remained stable in
nonpolar media such as toluene, suggesting that solvent
polarity influences the charge separated state.

Given that the aza-BODIQU core in BODIQU-tBuCZ
possesses inherent Lewis basicity, it is expected to be highly
responsive to electrophilic or acidic species like DCP. Coupled
with its high film-state fluorescence quantum yield (Table S3),
BODIQU-tBuCZ is an ideal candidate for a turn-off type fluo-
rescence sensor platform. To evaluate the protonation tendency
and investigate the electronic structure changes of the BODIQU-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tBuCZ molecule upon interaction with electrophilic species,
density functional theory (DFT) calculations were performed at
the B3LYP/6-311G* level (Fig. S11). This basis set incorporates
polarization functions for heavy atoms, striking a good balance
between computational accuracy and efficiency. Calculations
were conducted for both the neutral BODIQU-tBuCZ and its
protonated form, BODIQU-tBuCZ-H". The optimized structures
and frontier molecular orbital (FMO) distributions are pre-
sented in Fig. 2a. Analysis of the calculated electronic structure
for the neutral BODIQU-tBuCZ revealed that the highest occu-
pied molecular orbital (HOMO) electron density is primarily
distributed on the electron-donating ¢-butyl carbazole moieties
and the nitrogen atoms of the aza-BODIQU core. This spatial
distribution of the HOMO indicates that these nitrogen sites are
the most nucleophilic centers within the molecule and thus the
most probable sites for electrophilic attack and protonation.
The calculated HOMO energy for the neutral molecule was
—5.45 eV, and the lowest unoccupied molecular orbital (LUMO)
energy was —2.58 eV. Upon protonation at the aza-nitrogen
atom of the BODIQU core, significant changes in the elec-
tronic structure were calculated. The calculated HOMO energy
of the protonated species, BODIQU-tBuCZ-H', decreased
substantially to —7.44 eV, indicating a significant stabilization
of the highest occupied levels. Concurrently, the LUMO energy
shifted significantly to —5.65 eV.

This calculated pronounced reorganization of the frontier
molecular orbital energies upon protonation provides strong
theoretical support for the proposed sensing mechanism. The
dramatic decrease in HOMO energy and shift in LUMO energy
fundamentally alter the electronic structure and are consistent
with the observed disruption of the intramolecular charge
transfer (ICT) process that dominates the photophysics of
neutral BODIQU-tBuCZ. Both BODIQU-tBuCZ and its proton-
ated form (BODIQU-tBuCZ-H') exhibit charge transfer (CT)
character in their HOMO-LUMO transitions. However, proton-
ation induces significant LUMO localization within the BOD-
IQU core (Fig. 2a), where the electron density becomes
concentrated near the protonation site. This localization, along
with a sharp decrease in both HOMO and LUMO energies
(narrowing the S; — S, gap from 2.87 eV to 1.79 eV), alters the
excited-state relaxation pathways. The resulting enhanced non-
radiative decay leads to the observed fluorescence quenching.
These theoretical calculations confirm that protonation at the
aza-nitrogen induces substantial electronic structural changes,
directly impacting the photoluminescence properties and
explaining the experimentally observed quenching.

Upon DCP exposure, a series of photophysical changes were
observed (Fig. S12 and Table S4). In diluted dichloromethane,
the UV-vis spectra showed the disappearance of the 465 nm
absorption band, accompanied by increased intensity at 345
and 360 nm and the emergence of two well-defined isosbestic
points (Fig. 2b), suggesting a well-defined molecular trans-
formation rather than simple non-specific quenching.

Simultaneously, the fluorescence spectra revealed progres-
sive quenching of the 525 nm emission peak with an increasing
DCP concentration, accompanied by the appearance of a weak,
red-shifted emission at 626 nm (Fig. 2¢). These spectral changes
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(a) Sensing mechanism of the BIDQIQU core unit and fluorescence response of BODIQU-tBuCZ solution to DCP, with the solution colour

changing from green to orange. (b) UV-vis absorption spectra and (c) fluorescence emission spectra of BODIQU-tBuCZ titrated with DCP in
DCM. (d) Lifetime spectra of BODIQU-tBuCZ before and after DCP treatment. (e) 'H NMR spectra of the compound BODIQU-tBuCZ with
different equivalence ratios of DCP addition. (f) FT-IR spectra of BODIQU-tBuCZ before and after DCP treatment.

closely resemble the response of BODIQU-tBuCZ upon proton-
ation with p-toluenesulfonic acid (Fig. S13 and S14), strongly
suggesting a protonation-induced sensing mechanism. Time-
resolved photoluminescence (PL) measurements further
confirmed this (Fig. S15). The excited-state lifetime of BODIQU-
tBuCZ in solution significantly reduced from 5.75 ns to 2.61 ns
upon DCP treatment (Fig. 2d), indicative of enhanced non-
radiative decay pathways in the protonated state.

To provide direct molecular-level evidence for the proposed
protonation, "H NMR titration experiments were carried out by
gradually adding DCP to BODIQU-tBuCZ in CDCIl;. A contin-
uous downfield shift of the aromatic proton signals (e.g., from
8.05 ppm and 7.95 ppm) was observed upon DCP addition

16928 | Chem. Sci., 2025, 16, 16924-16935

(Fig. 2e and S16). This spectral evolution is consistent with
a stepwise electrophilic attack by DCP leading to the formation
of a protonated species, BODIQU-tBuCZ-H", where the positive
charge is delocalized onto the aromatic system, causing the
observed downfield shifts. This provides direct evidence of
a strong electronic perturbation upon interaction with DCP.
Furthermore, Fourier-Transform Infrared (FT-IR) spectros-
copy of BODIQU-tBuCZ thin films before and after exposure to
DCP vapor revealed the emergence of a new band at 1550 cm ™+
(Fig. 2f and S17). This band is characteristic of the C=N-H"
stretching vibration in protonated imine or aza systems.* Its
appearance upon DCP exposure firmly indicates that the
nucleophilic nitrogen atom within the aza-BODIQU core serves

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as the primary site for electrophilic attack and subsequent
protonation by DCP. This mechanism is further corroborated by
XPS analysis, which revealed a characteristic binding energy
shift of the 1s orbital of nitrogen (Fig. S18 and S19). Notably,
when the BODIQU-tBuCZ film was left in air for one hour after
DCP exposure, the intensity of the 1550 cm ™' peak significantly
decreased, suggesting reversible protonation of the protonated
species under ambient conditions. Further investigation
revealed that this reversibility is not solely due to ambient
exposure but is strongly influenced by environmental humidity
and the presence of trace weakly basic components in the air
that facilitate neutralization and removal of the protonated
species. Regarding the role of counteranions (e.g., Cl~ from DCP
hydrolysis), their direct impact on the photophysical properties
of the BODIQU core appears minimal. The observed fluores-
cence quenching is primarily attributed to the electronic
structural changes arising from nitrogen protonation. However,
counteranions may indirectly influence the sensing process. For
instance, variations in anion size and hydrophilicity could affect
their diffusion within the film—smaller, more hydrophilic
anions like Cl~ are likely to diffuse more readily than bulkier,
hydrophobic ones. Additionally, the charge density and geom-
etry of the counteranion may influence its interaction with the
protonated BODIQU-H" core, potentially altering the local
dielectric environment and subtly shifting the protonation/
deprotonation equilibrium. These indirect effects could mani-
fest as variations in fluorescence quenching efficiency or
recovery kinetics. Although this study focuses on the response
to HCI, a systematic investigation of counteranion-dependent
effects on sensor performance warrants future exploration.

Collectively, these results firmly provide compelling evidence
for a protonation-induced fluorescence quenching mechanism.
Upon exposure to DCP, the lone pair on the central nitrogen
atom of the BODIQU unit undergoes electrophilic attack,
leading to the formation of a protonated species. This structural
transformation fundamentally alters the electronic structure of
the BODIQU core, effectively disrupting the original ICT
process. The resulting protonated state enables efficient fluo-
rescence quenching by enhancing non-radiative decay path-
ways. Crucially, the inherent porous solid-state structure of
BODIQU-tBuCZ, as jointly supported and demonstrated by
single-crystal XRD, PXRD and GIWAXS measurements (Fig. S2
and S3), facilitates rapid diffusion of volatile DCP molecules
throughout the thin film, allowing for efficient interaction with
the sensing material. Furthermore, the steric hindrance engi-
neering suppresses detrimental intermolecular -7 stacking,
ensuring high initial solid-state fluorescence quantum yield
that is critical for sensitive turn-off detection. Therefore, the
combination of the intrinsic protonation reactivity of the aza-
BODIQU core and the uniquely engineered porous solid-state
architecture is key to achieving the observed ultra-sensitive
and rapid vapor-phase sensing performance. These results
collectively demonstrate the successful tuning of the optoelec-
tronic structure and solid-state packing of BODIQU-tBuCZ,
establishing a strong basis for high-performance solid-state
sensing applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Solid-state sensing performance of BODIQU-tBuCZ films

Building upon the solution-phase titration and spectroscopic
analyses, it is evident that BODIQU-tBuCZ undergoes a proton-
ation reaction upon exposure to DCP, leading to the formation of
the electron-deficient species BODIQU-tBuCZ-H' and a corre-
sponding color change from green to yellow (Fig. S20). This
chemical transformation, accompanied by fluorescence quench-
ing and absorption peak modulation, provides strong evidence for
a specific chemical sensing mechanism rather than nonspecific
physical adsorption. The distinct interaction pattern underscores
the selectivity and reliability of the sensor platform. Furthermore,
the observed rapid kinetics and high sensitivity of BODIQU-tBuCZ
in the liquid-phase established a robust foundation for its appli-
cation in gas-phase detection of nerve agent simulants.

Given the high volatility of nerve agents such as sarin,
developing sensitive and durable thin-film-based gas sensors is
of critical importance. Compared to solution-based systems,
solid-state films offer improved analyte accessibility and are
more readily integrated into device architectures. In this study,
a custom-designed sensing platform was employed to assess the
gas-phase detection performance of BODIQU-tBuCZ films. The
sensor architecture adopts a laminated structure wherein the
fluorescence emission at 490 nm, triggered by 365 nm LED
excitation, is continuously monitored using a photodiode. DCP
vapor was introduced into the sensing chamber via a micro-
pump system from a pre-filled sampling bag, allowing precise
control over exposure time and concentration (Fig. S21).

Sensing films were fabricated by drop-casting a diluted DCM
solution of BODIQU-tBuCZ onto quartz glasses. The resulting
films demonstrated excellent photostability, with negligible
fluorescence degradation (<5%) observed after 12 hours of
continuous UV irradiation. In stark contrast, control films made
from BODIQU-CZ and BODIQU-BZI
quenching of approximately 20% and 40% (Fig. S22), respec-
tively, under identical conditions, highlighting the superior
intrinsic stability of the sterically hindered BODIQU-tBuCZ.
Fluorescence intensity measurements were conducted over
a wide range of DCP vapor concentrations (0.001 ppt to 1 ppm).
As shown in Fig. 3a, the BODIQU-tBuCZ film exhibited
a concentration-dependent quenching response, with a discern-
ible signal reduction observed even at ultra-trace levels (0.001
ppt), corresponding to a quenching ratio of 2.6%. The response
to DCP vapor was rapid, typically within a few seconds, and full
recovery of fluorescence was observed upon removal of the DCP
vapor followed by air purging, attesting to the reversible nature
and excellent durability of the film during single exposure-
recovery cycles. The experimentally determined detection limit
(LOD) was found to be a remarkable 0.001 ppt, calculated based
on the 3¢/S method as recommended by IUPAC, with details
provided in the SI. According to the data from the U.S. Depart-
ment of Energy (DOE) in 2024, this ultra-low LOD is significantly
below the PAC (Protective Action Criteria) threshold of DCP (0.73
mg m *, 1 ppm),* affirming its applicability for ultra-trace
detection and highlighting its potential for effective early
warning systems. To benchmark the performance of the BOD-
IQU-tBuCZ sensor, its key sensing parameters (LOD, response

showed fluorescence

Chem. Sci., 2025, 16, 16924-16935 | 16929


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05184c

Open Access Article. Published on 18 August 2025. Downloaded on 10/5/2025 7:14:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
Detection limit
(a) 0 1 VWWV m (b) 0.001 ppt
-54 .
Sy £ 2
S o2 F & ’ )
“10{s s~ 5 & £o -8
- S S =~ J 100 ppt g %
s ——o001ppt @ ©
~ 154" p';f 1 ppb < %
~ o1ppt y = -1.181C - 6.165 10 ppb ®
=2 -20 —1ppt e R?=0.998
- 10ppt £
100 ppt < °
-25 1ppb = 100 ppb Q o
:gop:::b 7 J— KCY » & .36‘\\
01— Roncmration (g (ppt ] PP gop s %5 o
Ppm Concentration (log ( ppt)) %, % This Work G
- N
S, °'
. i (9
Time (s) o <&
(©) ;) (d)
1 357 91113 15 16 17 18 19 20 21 DCP 2'
0 1 MM“
5 2 4 6 8 101214 — 1 1
] X
3 10 = o1 (%
S .
~ -15 - e . % Acidic vapors and
~ 1. Air; 2. DCM; 3. DMF; 4. EtOH; 5. H,0; 6. MeOH; o~ -1 Ne ) other CWAs vapors
=o -2047. NH;; 8. PE; 9. AC; 10. Tol; 11. ETA; 12. IPA; (&) (15-21)
- —25 13. CHCI;; 14. Malathion; 15. 1 ppm AcOH; o -2 4
16. 1 ppm C,H;COOH; 17. 1 ppm HCI; DCP
—30 - 18. 1 ppm DCNP; 19. 1 ppm DMMP; -3
35 20. 1 ppm TBP; 21. 1 ppm TEP; 22. 1 ppm DCP.
- 1 2 4
@ PC1 (89.96%)
0 Sample in 10 th 20 th 30th 40 th 50 th
<3
X -5
>~
S -10-
-
= -
= 151 %

Fig. 3

(a) Response intensity of the BODIQU-tBUCZ film to DCP vapor of different concentrations (0.001 ppt—1 ppm). (b) The comparison of

DCP sensing performance of representative methods reported in the literature. (c) Response intensity of the sensor to the presence of DCP and
other vapors. (d) Two-dimensional PCA score plot based on fluorescence response intensity, recovery time, and response time for discrimination
of chemical analytes (n = 6 replicates per analyte). (e) Results from continuous recyclability tests using the film-based sensor in the presence of

the vapors of 10 ppb DCP (50 cycles).

time, stability, etc.) were quantitatively compared with those of
previously reported DCP-sensitive materials (Table S5). As
summarized in Table S5 and illustrated in Fig. 3b, the BODIQU-
tBuCZ sensor demonstrates superior overall performance,
particularly in achieving both an ultra-low detection limit and
ultra-rapid response speed simultaneously, a combination rarely
reported in the literature.*>****” To rigorously evaluate the sensor
selectivity and its ability to distinguish diethyl chlorophosphate
(DCP) from a diverse range of analytes, including common acidic
vapors (HCl and acetic acid), other nerve agent simulants (diethyl
cyano phosphate (DCNP), dimethyl methylphosphonate
(DMMP), tributyl phosphate (TBP), and triethyl phosphate
(TEP)), and the organophosphorus pesticide malathion, we
conducted a comprehensive assessment (Fig. 3c and S23). The
results demonstrated a clear and highly selective response of the
sensor towards DCP. This discrimination was further verified by
a two-dimensional principal component analysis (PCA) score
plot (Fig. 3d), based on fluorescence response intensity, recovery
time, and response time, clearly differentiating DCP from these
other analytes. This high selectivity stems from the protonation-
based sensing mechanism and the varying acid strengths of the
hydrolysis products. DCP hydrolysis yields hydrochloric acid

16930 | Chem. Sci., 2025, 16, 16924-16935

(HCI), a strong acid that efficiently and rapidly protonates the
BODIQU core. In contrast, the other tested organophosphorus
compounds hydrolyze to form weaker acids, resulting in
substantially less fluorophore protonation and consequently
diminished fluorescence quenching. These findings highlight
the sensor ability to selectively detect DCP with high sensitivity
while effectively differentiating it from structurally similar
compounds and common acidic interferents, emphasizing its
strong potential for practical nerve agent simulant detection.
To investigate the humidity dependence of the sensor, we
conducted gradient humidity (RH) tests ranging from 0 to 100%
(Fig. S24). The results clearly demonstrate that humidity critically
influences both the response and recovery behaviors. Under a dry
nitrogen atmosphere, the fluorescence quenching induced by
DCP was minimal. In contrast, exposure to DCP in humid air
triggered a rapid decrease in fluorescence intensity, with the
strongest response observed at around 75% RH. At higher
humidity levels, a slight fluorescence recovery was noted, poten-
tially due to changes in DCP partitioning behavior or altered
hydrolysis kinetics. The recovery process also exhibited a strong
humidity dependence. After exposure to DCP, purging with dry N,
resulted in minimal fluorescence recovery. However, switching to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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humid air led to rapid and complete fluorescence recovery,
underscoring the essential role of water vapor in promoting
deprotonation and removing adsorbed acidic products (e.g., HCI)
from the sensing film. Notably, introducing trace amounts (~1%)
of weakly basic species such as NH; into a 50% RH environment
further enhanced the recovery rate. Nevertheless, humidity alone
was sufficient to achieve effective sensor regeneration. These
findings elucidate the deprotonation mechanism and provide
a basis for optimizing the sensor's operating conditions.

Our investigation into the relationship between the proton-
ation mechanism and sensor reversibility reveals a critical
concentration-dependent behavior. At low DCP concentrations
(<1 ppm), the sensor exhibits complete fluorescence recovery
within approximately 600 seconds (Fig. $25). This suggests
a dynamic equilibrium where the interaction between the HCI
produced by DCP hydrolysis and the BODIQU fluorophore is
relatively weak, possibly involving hydrogen bonding or loose ion
pairing. These weaker interactions can be readily reversed upon
purging with nitrogen or dry air, leading to complete fluores-
cence recovery. However, at DCP concentrations above 1 ppm,
the response becomes increasingly irreversible. This may be
attributed to several factors: (1) a higher concentration of HCI
could lead to stronger protonation, forming more stable ion
pairs that are resistant to deprotonation; (2) secondary reactions,
such as irreversible chemical modification of the BODIQU
fluorophore, may become more prominent at higher DCP
concentrations; or (3) the higher concentration of adsorbed HCI
could lead to increased film acidity, further stabilizing the
protonated state. Long-term operational stability was evaluated
over 50 repeated exposure/recovery cycles at 10 ppb DCP (Fig. 3e),
revealing no observable loss in sensing performance, high-
lighting excellent robustness and recyclability of the sensor film.

BODIQU-BZI
3
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In contrast to the superior performance of BODIQU-tBuCZ,
control films fabricated from BODIQU-CZ and BODIQU-BZI
exhibited significantly inferior sensitivity and higher detection
limits (Fig. S26), conclusively demonstrating the critical role of
the bulky tert-butyl functionalization in preventing detrimental
aggregation-caused quenching, promoting the formation of
a porous structure, and thereby enabling the observed ultra-
sensitive and rapid solid-state sensing performance.

Morphological features of BODIQU-tBuCZ films

To further rationalize the superior gas-phase sensing perfor-
mance of BODIQU-tBuCZ films, scanning electron microscopy
(SEM) and atomic force microscopy (AFM) analyses were
employed to investigate the morphological features of BODIQUs
(Fig. 4 and S27-S32). In their pristine state, as shown in Fig. 4a-
¢, the BODIQU-BZI film exhibited large, smooth hexagonal
prism-like crystals with minimal porosity, impeding efficient
analyte diffusion. The BODIQU-CZ film, while presenting
smaller crystals and a rougher surface, remained relatively
compact and similarly limited in porosity. In striking contrast,
the BODIQU-tBuCZ film displayed a three-dimensional network
of ellipsoidal cocoon-like nanostructures, characterized by
significantly increased porosity. This highly interconnected
morphology affords a larger surface area and numerous diffu-
sion pathways, promoting rapid analyte transport and
improving the availability of active interaction sites within the
sensing film. The hierarchical porous framework thus facili-
tates both mass transfer and analyte-matrix interactions,
aligning with the observed rapid and sensitive gas-phase
response. AFM characterization (Fig. S30-S32) revealed
distinet morphological features correlating with the observed
sensing performance. The BODIQU-tBuCZ films exhibited an

v b

Fig.4 SEM of the films (a) BODIQU-BZI, (b) BODIQU-CZ, (c) BODIQU-tBuCZ, (d) BODIQU-BZI-H*, (¢) BODIQU-CZ-H* and (f) BODIQU-tBuCZ-

H*.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ultra-thin morphology, with an average thickness of ~2 nm and
a low RMS surface roughness of 0.42 nm. This minimal thin-
ness offers significant advantages by shortening the analyte
diffusion path and increasing the effective sensing area-to-
volume ratio. This facilitates rapid analyte transport and
enhances access to active sensing sites, mitigating diffusion
limitations that can hinder sensor response in thicker films. In
contrast, control films showed markedly greater thickness and
roughness: BODIQU-BZI films had an average thickness of
~50 nm and an RMS roughness of ~13 nm, while BODIQU-CZ
films averaged ~100 nm in thickness with an RMS roughness of
~16 nm. These morphological differences likely contribute to
the inferior sensing performance observed for the BODIQU-BZI
and BODIQU-CZ films.

To assess structural stability upon exposure to DCP vapor,
the three types of films were subjected to 1 ppm DCP under
ambient conditions for one hour and subsequently analyzed by
SEM (Fig. 4d-f). Pronounced morphological changes were
observed in the control materials: the crystalline framework of
BODIQU-BZI underwent complete collapse, transforming into
dense, lamellar aggregates, while the low-density ellipsoidal
structures initially present in BODIQU-CZ disintegrated into ill-
defined, continuous 2D mesh-like networks. In sharp contrast,
the BODIQU-tBuCZ film retained its distinct cocoon-like
morphology with minimal distortion, demonstrating remark-
able structural resilience under chemical stress.

The formation of this distinct porous microscopic
morphology in BODIQU-tBuCZ is hypothesized to be closely
linked to the strategic incorporation of bulky ter¢t-butyl groups.
The significant steric hindrance introduced by tert-butyl moie-
ties generates strong spatial repulsion effects, which effectively
prevent dense molecular packing and notably increase inter-
molecular distances, thereby promoting pore formation within
the film matrix. Moreover, the presence of ter¢t-butyl groups may
influence molecular alignment during self-assembly processes,
particularly during solvent evaporation, likely favoring the
development of well-organized network-like architectures.
Upon exposure to DCP gas, the expanded molecular spacing
and inherent rigidity conferred by the network structure are
proposed to effectively alleviate stress concentration, suppress
plastic deformation, and act as barriers against excessive
adsorption of polar DCP molecules, thus preventing swelling-
induced structural degradation observed in the control films.

Collectively, these observations underscore the critical
influence of tert-butyl functionalization in dictating the hierar-
chical microstructure and structural resilience of the sensing
film. The unique porous and resilient morphology of BODIQU-
tBuCZ plays a pivotal role in ensuring fast mass transport, high
analyte accessibility, and mechanical robustness under oper-
ating conditions, features that are conspicuously absent in its
non-tBu-substituted counterparts.

Femtosecond transient absorption (fs-TA) for BODIQU-tBuCZ
response to DCP

To elucidate the influence of protonation on charge separation
dynamics in porous small-molecule systems, femtosecond

16932 | Chem. Sci., 2025, 16, 16924-16935
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transient absorption (fs-TA) spectroscopy was conducted on
BODIQU-tBuCZ, BODIQU-CZ, and BODIQU-BZI, both in their
pristine state and after protonation (Fig. 5, S33 and S34). Fig. 5
presents a comparative analysis of time-resolved spectra of
BODIQU-tBuCZ and its protonated analog, BODIQU-tBuCZ-H",
within the visible region.

Prior to protonation, photoexcitation of BODIQU-tBuCZ in
solution resulted in a strong negative photobleaching (PB)
signal centered at 530 nm and a broad positive photoinduced
absorption (PIA) band at around 660 nm (Fig. 5a and b). The PIA
feature arises from the transition of photoexcited electrons to
higher unoccupied states, as schematically illustrated in the
inset of Fig. 5b. Notably, both the PL and PIA lifetimes of
BODIQU-tBuCZ are significantly shorter than those of its
protonated form, indicating more efficient charge separation in
BODIQU-tBuCZ-H" (Fig. 5b and c).

Upon protonation, the fs-TA spectra exhibit distinct alter-
ations, characterized by multiple positive features at 520 nm,
650 nm, and 750 nm (Fig. 5d and e). These spectral changes
reflect the introduction of additional holes, which disrupt the
electrical neutrality of the system and facilitate strong hole-
lattice coupling, leading to the formation of hole polarons
(inset, Fig. 5e). While the polaron model is traditionally applied
to polymers or crystalline semiconductors, it is also applicable
to large m-conjugated molecular systems under certain condi-
tions. In the BODIQU-tBuCZ molecule, protonation at the
central nitrogen induces structural reorganization (Fig. 2f) and
lattice interaction, supporting a polaronic picture even in
a molecular film. The formation of polarons accounts for the
emergence of a dual-peak pattern in the linear absorption
spectrum (Fig. S12), the redshifted and quenched PL emission,
and the multi-peak signatures observed in the TA profiles of
BODIQU-tBuCZ-H".

As illustrated in Fig. 5e, the hole polaron enables three
optically allowed transitions—P;, P,, and P;. While P, likely lies
in the mid-infrared region beyond the spectral range of the
current instrumentation, transitions P, and P; occur in the
visible region and correspond to the twin absorption peaks
observed in the steady-state absorption spectrum (Fig. S12).
Following photoexcitation, P; is suppressed due to electron
depletion at the HOMO, limiting available electrons for the P;
transition. Meanwhile, a redshifted PIA feature appears at
740 nm immediately after excitation, consistent with the initial
excitation of the polaronic system. Subsequently, as electron
depletion progresses at the LUMO, the P, transition is
enhanced. This temporal evolution is clearly captured in Fig. 5f,
where P, intensifies gradually while the PIA signal rapidly
decays within the first 5 ps. Such kinetic behavior is inconsis-
tent with conventional excited-state absorption of neutral or
protonated fluorophores. Instead, it aligns with dynamic
polaronic transitions involving HOMO and LUMO depletion,
ruling out a general excited-state absorption explanation.

Comparisons of the fs-TA data with those of BODIQU-CZ and
BODIQU-BZI further support the unique properties of BODIQU-
tBuCZ. While BODIQU-CZ and BODIQU-BZI also exhibit changes
in TA spectra upon protonation, their features and dynamics
differ from those of BODIQU-tBuCZ. Furthermore, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transient absorption (TA) spectra of BODIQU-tBuCZ solution before and after protonation. (a) Pseudo-color TA spectra of BODIQU-
tBuCZ. (b) TA spectra at different time delays for BODIQU-tBuCZ, with insets showing energy levels and optical transitions. (c) Comparison of
photo-induced absorption (PIA) peak decay dynamics before and after protonation. (d) Pseudo-color TA spectra of BODIQU-tBuCZ-H"*. (e) TA
spectra at different time delays for BODIQU-tBuCZ-H", with insets illustrating energy levels and optical transitions in the proposed polaron
model. (f) Comparison of P2 and PIA peak decay dynamics in BODIQU-tBuCZ-H*.

significantly, the pristine solid films of BODIQU-CZ and BODIQU-
BZI show evidence of faster excited-state decay kinetics compared
to BODIQU-tBuCZ films, consistent with the greater solid-state
fluorescence quenching observed in these control materials
(Fig. S22) due to aggregation. This contrasts with the slower decay
of neutral BODIQU-tBuCZ films, which is attributed to the
effective suppression of aggregation by the tert-butyl groups.

In summary, fs-TA spectroscopy provides compelling ultra-
fast dynamic evidence supporting the proposed protonation-
induced fluorescence quenching mechanism. Protonation
leads to a fundamental reorganization of the electronic struc-
ture, resulting in the formation of transient absorbing species
(likely polaronic) that open up highly efficient, rapid non-
radiative decay pathways on the picosecond timescale. This
fast deactivation process directly explains the observed fluo-
rescence quenching upon DCP exposure. Moreover, the fs-TA
comparison with control compounds highlights how the
molecular design in BODIQU-tBuCZ influences both initial
solid-state photophysics (suppressing aggregation-induced
quenching) and the dynamics of the protonated state, contrib-
uting to the overall high sensitivity and rapid response speed of
the sensor. In addition, the observed strong PL quenching upon
protonation is consistent with exciton-polaron interaction—
a well-known non-radiative decay pathway in molecular and
polymeric optoelectronic systems.*®

Conclusions

A high-performance fluorescent sensor based on a boron di-
fluoride complex (aza-BODIQU) functionalized with a 3,6-di-tert-

© 2025 The Author(s). Published by the Royal Society of Chemistry

butylcarbazole moiety was successfully constructed for neuro-
toxic agent detection. The resulting BODIQU-tBuCZ film exhibi-
ted a highly porous structure with a remarkable 38.76% free
volume. This porosity, stemming from the steric hindrance
induced by the tert-butyl groups, effectively suppresses detri-
mental -7 stacking and facilitates rapid analyte mass transfer,
addressing a fundamental challenge in solid-state vapor sensing.
This unique porous architecture, coupled with the molecule's
intrinsic reactivity towards electrophiles, enabled ultra-trace
detection of DCP vapor with exceptional performance metrics:
a detection limit of 0.001 ppt, a rapid 3 s response time, and
excellent recyclability over >50 exposure/recovery cycles. Quanti-
tative performance comparisons revealed its superiority over
previously reported sensors. In contrast, control materials lack-
ing the tert-butyl functionalization exhibited significantly infe-
rior performance, attributed to their denser, less porous
morphologies and more pronounced aggregation. Furthermore,
the BODIQU-tBuCZ sensor demonstrated high selectivity against
common acidic interferents and excellent photostability.
Collectively, these findings establish a robust steric design
strategy for constructing porous fluorescent sensors that
combine high solid-state efficiency with real-world applicability.
This approach offers a promising platform for the future devel-
opment of versatile, scalable, and field-ready sensing technolo-
gies targeting a broader range of hazardous analytes.
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