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Chemical sensors based on metal halide perovskites have recently attracted tremendous interest
because of their excellent photophysical properties. In this work, we report the synthesis of a solid-state
luminescent gas sensor based on a nanocomposite of CsPbBrs nanocrystals (NCs) embedded in a
molecularly imprinted polymer (MIP) using 3-nitrotoluene (3-NT) and nitromethane (NM) as template
molecules. The MIP sensor fabrication is straightforward and low-cost: the molecular imprinting process
occurs inside the nanocomposite of CsPbBrs NCs in polycaprolactone (PCL) during the baking step
after spin-coating. The sensing capability of the MIP sensors was evaluated and compared to that of the
non-imprinted polymer (NIP) by monitoring the photoluminescence (PL) upon exposure to vapours of
different explosive taggants, nitro-containing molecules and some organic solvents. The nanocomposite
sensors show a fast response time to analytes below 5 s. The molecular imprinting enhances the PL
response of MIP sensors and a robust specificity to 3-NT, and an excellent selectivity towards nitro-
containing molecules, particularly when NM is used as the template molecule. Chromatography
confirms that molecular imprinting of CsPbBrz—PCL with NM provides two times more selective binding
sites than 3-NT and four times more sites than non-imprinted polymer sensors. Surface topography also
suggests that the molecular imprinting in NM MIP is higher than that in 3-NT MIP. These facts confirm
that molecular imprinting successfully generates specific recognition sites, allowing fast detection of
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rsc.li/materials-c 3-NT below 3 s with a limit of detection as low as 0.218 ug mL™,

2-nitrotoluene (2-NT), 3-nitrotoluene (3-NT), and 4-nitrotoluene
(4-NT) are used as a taggant for TNT detection,* whereas 2,3-

Introduction

Fast, sensitive, and selective detection of explosives and
explosive-like molecules has attracted considerable attention
in military operations, homeland security, and environmental
safety.” High explosives such as 2,4,6-trinitrotoluene (TNT) or
1,3,5-trinitroperhydro-1,3,5-triazine (RDX) have a very low
vapour pressure at room temperature (TNT = 5 X 10°° mmHg
and RDX = 3 x 10~ ° mmHg at 25 °C), and their detection in the
vapour phase is pretty difficult. Therefore, all manufactured
explosives require the presence of explosive taggants to increase
their vapour pressure (10 >-10"° mmHg at 25 °C) to facilitate
their detection.® Some nitroaromatic molecules such as
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dimethyl-2,3-dinitrobutane (DMDNB) is used as a taggant
in plastic explosives such as C-4 (91% RDX) and Semtex (40-76%
PRTN).>® Trained canines’® and conventional analytical
techniques such as ion chromatography-mass spectrometry,"*
liquid-chromatography-mass spectrometry,"” surface-enhanced
Raman spectroscopy,"® X-ray diffraction,’* and electrochemical
methods,"” have been used for the explosive detection and
quantification. Although the sensitivity and selectivity of analy-
tical techniques indicate the highest performance, most of
them are expensive and require bulky and sophisticated instru-
mentation, which limits their portability and field analysis.'®
An explosive sensor must be selective and sensitive and have a
short response time. Additionally, it should be cost-effective,
portable, and robust for routine use in the field."”

Recently, we reported a molecularly imprinted Ag nano-
composite as a selective and sensitive platform to detect and
quantify 3-NT. The sensor is based on Ag NPs embedded inside
the polyethyleneimine (PEI) as a polymer matrix and 3-NT as a

This journal is © The Royal Society of Chemistry 2022
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template to generate specific molecular recognition sites. In
our approach, the synthesis of the Ag NPs and the molecular
imprinting process take place simultaneously during the baking
step. The resulting nanocomposite combines the optical properties
of the Ag NPs with the specific characteristics of the MIP. However,
Ag-PEI 3-NT MIP sensors present a slow response time, and, in
consequence, their application would be limited to some specific
fields, such as sentinels in cargo ship containers."® Alternatively,
fluorescence-based sensors for detecting explosives and taggants
offer benefits such as short response time, low limit of detection
(LOD) and high selectivity.'® The sensing mechanism is pre-
dominantly based on fluorescence quenching when the analyte
molecules interact with the fluorophores.® The state of the art
indicates that conjugated polymers,*® nanoclusters,> metal-
organic frameworks,> dendrimers,”® and luminescent
quantum dots (QDs),>* among others,”> have been used to
detect trace amounts of explosives or explosive-like molecules.

In recent years, metal halide perovskites (PVKs) have
attracted tremendous interest because of their excellent opto-
electronic properties such as large absorption co-efficient, long
carrier lifetime, and large diffusion coefficient.”® Owing to their
excellent properties and the possibility of processing them into
thin films from solution, these materials are ideal candidates
for use in applications such as lighting devices, photodetectors,
photocatalysts and flexible solar cells.”” PVKs show an ionic-
rich labile surface, but this apparent drawback could be helpful
for sensing.”® Therefore, metal halide PVKs have been proposed
to sense ozone,” oxygen,’>*" humidity,>>*® metal ions,**
ammonia,* nitro-compounds,®® etc. PVKs show outstanding
results as active materials in sensors with high selectivity and
sensitivity. In general, the photo-induced electron transfer
between the PVK and the analyte ultimately will cause
variations in the PL features (intensity, mainly). Compared with
bulk PVKs, nanocrystals (NCs) of metal halide PVKs are more
interesting for sensing applications because they show superior
optical properties, like very narrow photoluminescence (PL)
and near-unity PL quantum yield (PLQY) due to the high
tolerance to defects.’” The transduction mechanism of a PVK
NC-based sensor is generally based on the quenching of the PL
when the analyte reaches the PVK NC surface. The exact
sensing mechanism behind PL quenching is still controversial:
some authors propose a charge transfer mechanism between
the PVK NCs and the analyte, and other authors propose trap-
state generation in PVK NCs.?*%%°

In the past years, conventional chalcogenide nanocrystalline
semiconductors and their composite structures, graphene
and several organic compounds were employed to sense
explosives.’®™*? Similar to the traditional semiconductor
nanomaterials, the explosive sensing capability of PVK nano-
structures can be of potential interest, and the necessary efforts
can be undertaken to find the possible ways to explore them for
such applications. Because of the electron-withdrawing
ability of the nitro group, the photo-induced charge transfer
mechanism between PVK NCs and nitro explosives is speculated
to help in the sensing characteristics. For instance, Muthu
et al.*® used CH;NH,;PbBr; (MAPDBr;) NCs in toluene to detect
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2,4,6-trinitrophenol (TNP) in the solution and vapour state at
concentrations as low as 10~ "> M. The authors observed about
65% fluorescence quenching after 1 hour of exposure to TNP.
Still, the selectivity could be affected by the presence of 4-NP.
Chen et al.® prepared CsPbX; (Br/I) NCs in cyclohexane and
determined their use in detecting picric acid (PA) in organic
solutions with high sensitivity and selectivity; after 1 min of
exposure, the LOD to PA was about 0.8 nM; the electrostatic-
assisted electron transfer was proposed as the origin of the
measured PL quenching. Most of the research in the state-of-
the-art literature is based on detecting explosives in solution
because of their low vapour pressure, as previously mentioned.
However, to develop optical sensors directly on-field, their
primary purpose will be to detect explosives and explosive-like
molecules in the vapour phase. Harvell et al.** synthesized 3D,
2D and 0D dimensional CsPbBr; NC films to detect vapours of
DNT with high selectivity; the LOD to DNT was determined to be
in the ppb range after 3 min of exposure.

One of the main drawbacks of NC thin films is the poor
long-term stability of their PL, which makes it essential to
stabilize the PVK NCs in ambient environments to improve
reproducibility and repeatability to achieve reliable sensing
results and avoid false positives. These are prerequisites for
the integration for commercial purposes. An approach to
enhance the stability of PL properties against moisture, heat
and light is to embed PVK NCs into a polymer matrix to
form a nanocomposite. Xin Shan et al.*° fabricated MAPbBTr;
NC-poly(vinylidene fluoride) nanocomposites through a freeze-
drying process to detect explosives in solutions like TNT,
trinitroglycerin (TNG) and RDX. Similar to other findings, when
the MAPbBr; NC-PVDF composite was exposed to TNT, a strong
PL quenching was observed after 10 min. The authors propose
the introduction of trap-states by TNT on the surface of
MAPDbBr; NCs to explain the PL quenching. However, these
sensors suffer from low selectivity and sensitivity. A promising
way to improve the sensitivity and selectivity of sensors is to use
molecularly imprinted technology (MIT) to create specific
molecular recognition sites in a polymer. In general, the
conventional method consists in polymerizing the monomer
and the cross-linkers in the presence of template molecules.
In contrast, the sensor is prepared by mixing the polymer with
the template via the encapsulation method, following a sol-gel
or a hydrothermal method.*> When the template is removed
from the polymer matrix, some nanocavities are generated in
the polymer matrix with a similar size and shape to the
template molecule and a chemical environment, which drive
the molecular recognition phenomena.’® In this way, the
resulting molecularly imprinted polymer (MIP) would recognize
and bind selectively only those molecules with similar size,
shape, and functional groups to the template molecule.

Huang et al.*’ studied the role of CsPbBr; NCs embedded in
a siloxane-based molecularly imprinted polymer for sensing
omethoate, an organophosphorus insecticide. The APTES-
capped CsPbBr; MIP sensor showed high sensitivity and
selectivity, allowing the determination of omethoate in solution
with a concentration of 18.8 ng mL .
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Most of the explosive sensors reported up to now show good
sensitivity and selectivity, mostly in solution. However, the
development of explosive gas sensors is still necessary for the
accurate detection of explosives and is still challenging.

In this work, we report a gas explosive MIP sensor based on
CsPbBr; NCs embedded in a polycaprolactone (PCL) matrix,
using 3-nitrotoluene (3-NT) or nitromethane (NM) as template
molecules. The MIP sensor fabrication is very fast and low-cost.
A precursor solution of OAm/OA capped CsPbBr; NCs, PCL, and
template molecules is spin-coated onto a substrate to generate
a thin film and baked. The template is removed in the drying
process. Selective binding sites are generated in the solid-state
sensor. The resulting nanocomposite combines the sensitivity
of the CsPbBr; NCs with the selectivity of the MIPs, showing a
speedy sensing response upon exposure to analytes in the gas
phase. We have demonstrated the vapour sensing capabilities
of the CsPbBr;-PCL MIP sensor to some explosive taggants and
other nitro containing compounds. Different cycles of 3-NT/air
determined the partial reversibility of the sensing process
in MIP sensors. FTIR and gas chromatography confirm the
template removal in the MIP sensor after the baking and also
that molecular imprinting with NM provides two times more
selective binding sites than 3-NT and four times more than the
reference sensor without MIT. Surface topography also suggests
that the molecular imprinting in the NM MIP is higher than in
the 3-NT MIP. These facts confirm that the specific recognition
sites have been successfully generated, allowing the detection
of 3-NT in the vapour phase under concentrations of around
0.218 ug mL ™" and a response time of a few seconds.

Experimental
Reagents and materials

Polycaprolactone (PCL, average molecular weight: 80 000, pellets),
cesium carbonate (99%), oleic acid (OA, 90%), 1-nitronaphthalene
(1-NN, 98%), 2,3-dimethyl-2,3-dinitrobutane (DMDNB, 98%),
3-nitrotoluene (3-NT, 99%) and chlorobenzene (ClBz) were
purchased from Sigma-Aldrich. Lead(u) bromide (98 + %),
o-xylene, ethyl acetate (EtOAc), toluene, acetonitrile (ACN), chloro-
form, acetone, and methanol (MeOH) were purchased from Fisher
Chemical. 4-Nitrotoluene (4-NT, 99%), 5-nitroisoquinoline (5-NI,
98%), nitromethane (NM, 99 + %), 4-nitrophenol (4-NP, 99%)
and oleylamine (OAm, 80-90%) were purchased from ACROS
Organics. 1-Octadecene (ODE, 90%) was purchased from Merck.

Synthesis and purification of CsPbBr; nanocrystals

The CsPbBr; NCs were synthesized via the hot-injection
method with some modifications.*® On the one hand, 0.16 g
Cs,CO3, 10 mL 1-ODE and 5 mL OA are mixed into a 50 mL
three-neck flask and heated under vacuum for 1 h at 120 °C,
and the temperature is then increased to 150 °C under a N,
atmosphere to form a Cs-oleate precursor. On the other hand, a
mixture of 0.55 g PbBr, and 20 mL ODE is loaded into a 100 mL
three-neck flask and dried under vacuum at 120 °C for 1 h. After
that, 5 mL OAm and 5 mL OA is added under a N, atmosphere,
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and the solution is heated to 160 °C for 1 h. Then, the solution
is heated to 195 °C, and the Cs-oleate solution is swiftly injected
and 1 min later, the reaction system is cooled in an ice-water
bath. The CsPbBr; NCs are purified by several successive
centrifuging and redispersion steps with a mixture of n-hexane
and EtOAc. The purification is an essential step to reach the
isolation of the CsPbBr; NCs for further embedding into
a polymer to form thin films by spin-coating. Finally, the
CsPbBr; NCs are redispersed in o-xylene with a concentration
of 32 mg mL ",

CsPbBr;-PCL nanocomposite preparation and sensor
fabrication

CsPbBr3-PCL solution was prepared by dispersing CsPbBr3
NCs (28.5 mg) and PCL (200 mg, 4 wt%) in o-xylene (5 mL).
The solution was mixed with 3-NT or NM in a ratio 4:1. The
final composition achieved for PVK-PCL MIP solution was
PCL (24 mg mL ™", 2.40 wt%), CsPbBr3 NCs (3.58 mg mL™ "),
and 3-NT (229.02 mg mL ", 1.67 M) or NM (219.74 mg mL ™,
3.6 M) for 3-NT and NM MIP. NIP solution was prepared
without template keeping the same concentrations of PCL
and CsPbBr3.

The MIP- and NIP-based sensors are deposited by spin-
coating a precursor solution onto a 0.5 cm? glass slide substrate
at 2000 rpm for 30 s and baked at 100 °C for 10 min to remove
the solvent and the template. The film thickness of the sensors
is measured to be around 180 nm on a mechanical profilometer
(Veeco Dektak 150).

Characterization techniques

The absorbance spectra of the colloidal solution containing
CsPbBr; NCs in o-xylene and the nanocomposite films containing
CsPbBr; NCs are measured at room temperature using a UV-
Visible spectrophotometer (V-770 UV-Visible/NIR Spectrophoto-
meter, Jasco). The photoluminescence spectra of CsPbBr; NCs
embedded in the PCL host matrix are obtained upon the
excitation of the sensors with a CW GaN laser (404 nm) for
NIP and MIP nanocomposites. The CsPbBr; NCs PLQY was
determined to be 70% using an integrated sphere (Hamamatsu
model C9920-0). The functional groups of the sensor were
identified on a FT-IR spectrometer (ATR-FTIR Thermo Nicolet
Nexus).

Quantification of 3-NT was carried out by gas chromatography
(GC) using a chromatograph (Agilent 6890+ series) coupled to a
flame ionization detector (FID), equipped with a cross-linked 5%
phenyl-methylsiloxane column (30 m x 0.32 mm X 0.25 pm
film thickness). This technique provides information about the
number of molecular recognition sites depending on the amount
of 3-NT detected. Fig. S3 (ESI{) shows the calibration line obtained
from blends prepared by mixing 3-NT solutions (0.05, 0.1, 0.5, 1,
and 5 mM in chloroform) and chlorobenzene as the internal
standard (10~ * M). The calibration line presented a good correla-
tion (R = 0.999) between the analyte concentration and the
detector response. Twenty films of NIP, 3-NT MIP, and NM MIP
were prepared by spin-coating and baked at 100 °C. These films,
which have internal average concentrations in the range of the

This journal is © The Royal Society of Chemistry 2022
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calibration blends, were dissolved in chloroform and
analysed by GC.

The CsPbBr;-PCL films were also characterized by XRD
(XPERT Pro, Panalytical). The surface morphology of the films
was studied by scanning electron microscopy (SEM, Hitachi
S4800). In order to obtain the size and shape of the CsPbBr;
NCs embedded in the polymer, transmission electron
microscopy (TEM) was carried out at an accelerating voltage of
100 kV using a JEOL 1010 microscope. TEM samples were
prepared by ultrasonication in o-xylene of small pieces of CsPbBr;
NCs nanocomposite coated on coverslips with the sensor. This
procedure led to a suspension of micrometre-sized fragments of
nanocomposites that was dropped onto a carbon-coated Cu grid.
The microstructural information and chemical composition
of the CsPbBr3-PCL sensors were obtained by HR-TEM

(Tecnai G2 F20 S-TWIN from FEI Company).

Sensing protocol

The sensing capability of the CsPbBr;-PCL films was measured
by a homemade setup based on a CW GaN laser (404 nm)
focused onto the sensor using a lens and positioning system to
measure the fluorescence spectra in the same position to
achieve accurate and reproducible PL intensity values.
CsPbBr;—PCL sensors are introduced into a cuvette of
4.5 cm®, and are exposed to vapours of different organic volatile
compounds. This process was carried out using air as a gas
carrier at room temperature at different times pumped using a
peristaltic pump at a constant flow of 0.57 pL min~". The PL
sensitivity and response time of the various sensors were
obtained by means of the commercial spectrophotometric
system NanoSPR103 (NANOSPR).

View Article Online
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Results and discussion

Synthesis and characterization of the CsPbBr;-PCL NIP/MIP
sensor

The fabrication of MIP nanocomposites is depicted in Fig. 1A.
First, an o-xylene solution containing PCL, CsPbBr; NCs and
3-NT or NM is spin-coated onto a glass substrate and baked at
100 °C. The molecular imprinting process occurs by the evaporation
of the template during the baking step (encapsulation method).*>*°
PCL is a semicrystalline biodegradable polymer that exhibits a
hydrophobic character and good processability due to the
extraordinary blend of compatibility, low melting point and
low glass transition temperature (—60 °C).*>' Moreover, the
electron pairs from the C=—O bond in PCL can form an
intermediate adduct with the under-coordinated lead atoms in
the perovskite, enhancing the perovskite grain size, achieving
the grain boundary regulation and obtaining high-quality per-
ovskite films with low defect density and high flexibility.>>>*

The optical properties (absorbance and PL) of the CsPbBr;
NC colloidal solution and the three thin films (i.e., the sensors)
were examined. Fig. 1B shows the UV-Vis spectra of colloidal
CsPbBr; NCs in o-xylene and embedded in the polymer matrix.
The exciton absorption resonance of the colloidal NCs is
observed at 490 nm. When the CsPbBr; NCs are embedded
into PCL, the exciton peak is observed at 511 nm for NIP,
495 nm for 3-NT MIP, and 503 nm for NM MIP. The different
exciton absorptions of CsPbBr; NCs when they are embedded
in PCL is attributed to the presence of the polymer and
nanocavities in MIPs.

Fig. 1C illustrates the PL spectra of the colloidal CsPbBr;
NCs in o-xylene solution and in the different nanocomposite
thin films measured upon excitation at 404 nm. The maximum

A) Template Removal
PCL PCL Matrix & 3-NT/NM Cavity
in xylene I I I I
Spin-coating Bake
Glass 100°C
= o 3-NT/NM-CsPbBr;-PCL CsPbBr;-PCL Nanocomposite
Molecularly Imprinted Polymer
B) \\\\ CsPbBr, NCs in o-xylene C)
\
\\ =———CsPbBr-PCL-3NT MIP Tn\
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Fig. 1 (A) Schematic steps of the fabrication of the CsPbBrs—PCL 3-NT or NM MIP sensor. (B) UV-vis absorbance spectra and (C) emission spectra of
CsPbBrz NCs in o-xylene (purple line) and embedded in the PCL polymer matrix without (green line), with 3-NT (blue line) and NM (red line) template.
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emission band of the CsPbBr; colloidal solution in o-xylene is
around 511 nm with a 22 nm of FWHM. When the CsPbBr; NCs
are embedded in the PCL matrix, the emission spectra changes
depending on the nanocomposite composition. The CsPbBr;—
PCL NIP and CsPbBr;-PCL-3NT MIP were red-shifted to
513 nm with an FWHM of 21 nm and 512 nm with an FWHM
of 21 nm, respectively, but the emission of the CsPbBr;-PCL-
NM MIP was blue-shifted to 509 nm with an FWHM of 19 nm.
In any case, the difference in the PL peak wavelength is
significantly smaller than the one observed in the exciton
absorbance. On the other hand, the shape of the emission
bands of the nanocomposites is similar to that of the CsPbBr;
NCs in solution. This fact indicates that the NCs embedded into
the polymer matrix are well-dispersed with no aggregation.

The different optical properties of NIP and MIP are ascribed
to the various porosity levels generated during the molecular
imprinting of the nanocomposite. As discussed below, molecular
imprinting with NM results in CsPbBr;-PCL films with higher
porosity than that imprinted by 3-NT. Therefore, CsPbBr;
NCs have different electronic surroundings in NIP, 3-NT
MIP and NM-MIP, which can affect their optical properties
(both absorbance and PL).*®

Fig. 2A shows FTIR spectra of PCL, NIP, 3-NT MIP and NM
MIP. We observed that all spectra are similar to that of PCL.
The absorption bands at 2940 cm ' and 2863 cm ' are
correlated with the asymmetric and symmetric stretching of
PCL C-H alkyl chains. Moreover, the C—0 stretching vibration
of the ester carbonyl group could be assigned to the peak at
1722 em™". Additionally, the peaks at 1238 cm ™' and 1161 cm ™"
may be attributed to C-O-C asymmetric and symmetric
stretching bands, respectively.”> We do not observe the presence
of —NO, groups in 3-NT MIP and NM-MIP nanocomposites.
This indicates that the approach used to imprint the CsPbBr;-
PCL nanocomposite molecularly is successful: both templates
(3-NT and NM) are removed entirely after the baking step.

Fig. 2B shows the XRD patterns of PCL and CsPbBr;-PCL
nanocomposites. We observe two diffraction peaks at 15.1° and
30.5° that are assigned to the (100) and (200) planes of the cubic
phase of the CsPbBr; NCs. This confirms the presence of
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CsPbBr; NCs embedded in the polymer matrix. The peak at
11.7° corresponds to the CsPb,Br; phase®® and the broad
diffraction centred at 13.5° is assigned to neat PCL. Moreover,
we can determine the average size of the CsPbBr; NCs in the
different nanocomposites using the Scherrer equation to the
(200) plane. The calculated sizes are 7.6 + 0.5 nm for the NIP
sensor, 7.2 £ 0.5 nm for the 3-NT MIP sensor and 7.3 = 0.5 nm
for the NM MIP sensor. These different NC sizes can also be
consistent with the blueshifts of excitonic absorption from NIP
to MIP shown in Fig. 1B. These results suggest that the
dispersion of CsPbBr; NCs into PCL for 3-NT and NM MIP
decreases the NC size. Recently we reported that the ageing of
CsPbBr3 NCs under ambient conditions might lead to an
apparent reduction of the NC size.?” Therefore, it is plausible
that cavities in the MIP nanocomposite can induce a similar
effect.

The cubic morphology of the CsPbBr; NCs is confirmed by
TEM (Fig. 3A), revealing a uniform size distribution of CsPbBr;
NCs. From TEM images, we measured an average size of 7.4 +
1.7 nm for the NIP, 7.0 & 1.3 nm for 3-NT MIP and 7.3 £+ 1.2 nm
for NM MIP. These sizes are in good agreement with those
deduced from XRD. Fig. 3B represents the size distribution of
the 3-NT MIP sensor. From the HRTEM image (Fig. 3C), the
measured interplanar distance of 5.6 A for the 3-NT MIP sensor
corresponds to the spacing of the (100) plane measured by XRD
(5.8 A). The elemental mapping of the CsPbBr;~PCL 3-NT MIP
was also performed by HRTEM (Fig. 3D) and confirmed the
presence of Cs, Pb and Br from the perovskite nanocrystals.

The surface morphology of the NIP, 3-NT MIP, and NM MIP
thin films was characterized by SEM and compared to a PCL
film (Fig. 3E). Both PCL and NIP films show a flat and smooth
surface. The presence of CsPbBr; NCs (average size 7 nm) inside
the PCL matrix does not influence the surface topography.
This reveals that CsPbBr3 NCs are homogeneously dispersed
inside PCL, and they do not aggregate. On the other hand, both
MIP sensors exhibit a rougher surface with some topographic
defects like bumps. These defects are generated after the
removal of the template and are therefore related to molecular
imprinting. Specifically, the average size of the surface defects is

78N
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Fig. 2 (A) FTIR and (B) XRD spectra for PCL, CsPbBrz—PCL NIP, CsPbBrz—PCL 3-NT MIP, and CsPbBrz—PCL NM MIP.
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Fig. 3 (A) TEM image (B) size distribution of CsPbBrz NCs (C) HRTEM, and (D) HRTEM compositional mapping of CsPbBr;—PCL 3-NT MIP. (E) SEM images

of the surface morphology of PCL, NIP, 3-NT MIP and NM MIP thin films.

350 nm and 800 nm for NM MIP and 3-NT MIP sensors,
respectively. Therefore, NM MIP shows a higher number of
defects per area than 3-NT MIP. These results would suggest
that the molecular imprinting in NM MIP is higher than in
3-NT MIP.

Sensing of 3-NT in the vapour phase

The sensing capability of the CsPbBr;-PCL MIP and NIP
nanocomposites was evaluated by exposing the sensors to
vapours of 3-NT using air as a gas carrier at a constant flow
of 0.57 uL min . The scheme of the MIP sensing process is
shown in Fig. 4A. Fig. 4B exhibits the PL spectra of the CsPbBr;—
PCL 3-NT MIP thin film upon exposure to vapours of 3-NT for
different times. Time intervals were chosen to provide enough
time for the analyte to interact with the sensor. As can be
observed, the interaction between the analyte and the CsPbBr;
NC surface is speedy, and after only 6 s, we can already measure
a noticeable PL quenching (28.2% NIP, 27.9% 3-NT MIP and
16.4% NM MIP). Fig. 4C illustrates the real-time kinetic
response of the CsPbBr; nanocomposites upon exposure to
vapours of 3-NT as a function of exposure time and 3-NT mass
using the PL intensity as a response variable. Both MIP sensors
exhibit a remarkably higher response to 3-NT than NIP sensors.
This confirms that the molecular imprinting approach successfully
creates specific molecular recognition sites facilitating the
interaction and the diffusion process of the taggants to the

This journal is © The Royal Society of Chemistry 2022

CsPbBr; NCs.*® This increases the porosity and permeability of
the thin film. After 120 s of exposure, about 69% quenching is
observed for both MIP sensors, while the PL quenching of the
NIP sensor is only 53%. The progressive PL decay in all sensors
is caused by the increase of the number of 3-NT molecules
attached to the surface of the CsPbBr; NCs. The response of all
sensors to the laser without any gas exposure is negligible,
which indicated a good shelf stability as is shown in Fig. S1 (¥).
The mechanism of the PL quenching when analyte molecules
interact with the CsPbBr; NC surface could be attributed due to
an electronic energy transfer from the sensor (electron donor)
to the 3-NT (electron acceptor) because the nitro group has a
strong electron-withdrawing ability that makes the aromatic
ring very electron-poor relative to benzene.'®384347

The PL quenching in this system can be fitted by the
following exponential curve: PL, = PL,, + A-e” ", where PL, is
the PL intensity at a given time, PL, is the response when the
sensor is saturated by the analyte, and k is the binding rate
constant.

The results obtained from fitting the saturating function are
listed in Table 1. The NM MIP sensor shows the highest
response to 3-NT (PL, = —83.5%) followed by 3-NT MIP
(PL,, = —73.8%) and NIP (PL., = —60.3%). The adsorption of
3-NT molecules on the surface of the CsPbBr; NCs is a strongly
time-dependent phenomenon, which is determined by the
vapour-phase analyte transport to the NCs and the subsequent
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Fig. 4 (A) Schematic representation of the MIP sensing process. (B) Fluorescence response of the CsPbBrz—PCL 3-NT MIP sensor to 3-NT vapours. (C)
Time- and 3-NT mass-dependent PL intensity of NIP, CsPbBrz—PCL 3-NT MIP and, CsPbBrz;—PCL NM MIP nanocomposites sensing 3-NT and (D) PL

intensity as a function of the amount of 3-NT and time exposure.

chemical interaction rate.** The analyte binding rate (slope of
the curve at any point) is mainly determined by the number of
accessible CsPbBr; NCs (binding sites) embedded into the PCL
matrix and the analyte concentration in the vapour phase,
which is correlated to their vapour pressure. The molecular
imprinting of the CsPbBr;-PLC nanocomposite with 3-NT or
NM generates nano- or microcavities and increases the porosity
of the sensor and the permeability. This is in good agreement
with the surface topography shown in Fig. 3E. Consequently,
the accessibility of analytes to the binding sites is strongly
enhanced. Furthermore, the selectivity is enhanced because the
sensors can recognize the target analytes.”® The response of the
different sensors to the analyte is cumulative over time until
almost no more binding sites are available.

Table 1 Kinetic binding constants and maximum PL quenching for
CsPbBrz—PCL sensors exposed to 3-NT vapours

Sensor PL. % kups™t

CsPbBr;-PCL NIP —60.3 + 0.7 23.1 + 2.0
CsPbBr;-PCL 3-NT MIP —73.8 £ 0.9 299 +1.9
CsPbBr;-PCL NM MIP —83.5+ 0.5 14.3 £ 0.4

1760 | J. Mater. Chem. C, 2022,10, 1754-1766

The maximum binding rate is achieved at the beginning
of the sensing process when all the binding sites are empty.
The limiting step of the process changes during the sensing.
In the beginning, the limiting factor is mainly the analyte mass
transport from the gas to the CsPbBr; NC binding sites, while
the interaction analyte-CsPbBr; NCs controls the later stages.
Fig. 4D shows the sensor’s response within the first 30 s of the
sensing process. As we can observe, the PL decays rapidly with
increasing the amount of 3-NT up to 300 pg. Within the first
10 s, the NIP sensor shows a faster response than the 3-NT MIP
and NM MIP sensors. This can be explained by the different
porosities generated during the molecular imprinting (Fig. 5A).
In the NIP sensor we can assume that 3-NT molecules should
attach to those CsPbBr; NCs at the surface of the nanocomposite
film because there are no pores to circulate the vapour with
analytes. This will produce a fast decrease of binding sites and
saturation to PL_.. It is well known that we need a minimum
number (tens or hundreds) of molecules bound to PVK NCs to
generate surface defects and produce a change in the PL. When
sensor films are more porous (MIP ones), vapours will circulate
deeper in the film and more NCs will be accessible to the
analytes (this leads to a higher PL.,), and hence the analyte/

This journal is © The Royal Society of Chemistry 2022
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NC ratio is lower at a given time. For this reason, we expect a
relatively slower sensor response. According to previous results,
the porosities of the sensors follow the order NM MIP > 3-NT
MIP > NIP. This would explain why NIP exhibits a shorter
response time than 3-NT MIP and NM MIP. To evaluate the
quenching efficiency of the analyte, the sensing results were
fitted to the Stern-Volmer equation (Fig. S2, ESIt):
?= 1+ Ksv - Ca-nt

where I, is the PL intensity before sensing, I is the PL intensity
at a given concentration of quencher, Kgy is the quenching
constant of 3-NT and, C;.nr is the concentration of the 3-NT.

As can be observed, the exposure of the CsPbBr;-PCL NIP
and CsPbBr;-PCL 3-NT MIP to 3-NT vapours follows an
exponential relationship, whereas a good linear correlation is
shown with CsPbBr;—PCL NM MIP (R* = 0.9996). This upward
deviation from the linear Stern-Volmer law has been reported
in many experimental systems depending on the underlying
quenching mechanism: contact quenching and collisional
quenching. On the other hand, non-linear Stern-Volmer plots
can also occur in the case of purely collisional quenching
if some of the fluorophores are less accessible than others.>
The linear Stern-Volmer relation of the NM MIP sensor

This journal is © The Royal Society of Chemistry 2022

suggests that the PL dropping mechanism is predominantly
due to a collisional quenching between the CsPbBr; NCs and
the analyte. However, the exponential fitting of the NIP and
3-NT MIP data to 3-NT vapours may indicate that some PVK NCs
are less accessible than others for 3-NT MIP and NIP sensors.
This is in good agreement with the real-time kinetic results
shown in Fig. 5B with as shown in the surface topography shown
in Fig. 3A and gas chromatography (see below in Fig. 6). For that
reason, the different number of accessible binding sites between
in each sensor might be related to the deviation from the
linearity. From Fig. 4D, we can also determine the limit of
detection (LOD) of the sensors; this is the lowest analyte concen-
tration to produce a reliably distinguished PL decay from the
blank. LOD is determined to be 19.7 pg, which corresponds to
218 ppb, 1.59 uM or a PL quenching of 2% for the NIP sensor
and 1% for both MIP sensors.

The sensitivity and the response time of the MIP sensor
depend on the concentration of the template. Fig. 5A illustrates
the influence of the template concentration on the 3-NT MIP
sensor upon exposure to 3-NT vapours. After 300 s, the PL
intensity decays from 60% for the NIP sensor (0 M 3-NT) to 76%
for the 3-NT MIP sensor with 1.67 M 3-NT concentration, ie., the
highest response (PL quenching percentage) to 3-NT. However,
this response is practically the same as that prepared from 2-x
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180 s.

107> M 3-NT (73%), whereas, for 2 x 10°°M and 2 x 10°° M
3-NT, the MIP sensor response at 300 s clearly decreases to 71%
and 68%, respectively. The number of molecular recognition
sites would increase with the template concentration. The
maximum response is reached when the template concentration
is 107° M. The number of molecular sites generated during
the molecular imprint does not increase proportionally with
3-NT concentration: only a finite number of molecular sites are
generated when the solution is formulated from 107° to 10> M
3-NT. Further increase does not result in more accessible selective
sites. For that reason, the amount of 3-NT has an essential role in
the sensing performance.

The reversibility of the sensors is also tested to have a deeper
insight into the nature of the analyte binding between the
CsPbBr; NCs and 3-NT vapours. Every exposure cycle consists of
an exposure to an analyte flow for 60 s followed by exposure to
airflow for 60 s. Fig. 5B shows that the PL intensity decreases
significantly when the sensor is exposed to 3-NT for 60 s.
Afterwards, when exposed to airflow, they recover the PL of
around 83%, 78% and 72% for NIP, 3-NT MIP and NM MIP,
respectively. The reversibility is possible because the OAm and
OA ligands (amino and carboxylate ligands) are remarkably
labile, dynamic and are suitable leaving ligands. OAm and OA
can be easily exchanged by other ligands, as already observed in
PbS QDs.*® As a result, OAm and OA can exchange their
position in the CsPbBr; NC by the analyte. Once the analyte
is removed, OAm and OA can return to the original
positions.****

After four sensing and recovering cycles, the NIP sensor
response decays and recovers approximately to the initial PL
intensity after every cycle. The NIP sensor is almost reversible.
Fig. 5C shows the possible mechanism. The reversibility of the
NIP sensor is because 3-NT molecules are only adsorbed within
the first few nanometres (Fig. 5C) of the 100 nm-thick film. As a
result, 3-NT can be easily desorbed when exposed to an airflow
with an average recovery time of 22 s. On the other hand, both
3-NT MIP and NM MIP sensors exhibit a certain hysteresis after
every sensing and recovery cycle. Therefore 3-NT MIP and NM
MIP sensors are partially reversible with an average recovery
time of 12 and 14 s respectively. As suggested in Fig. 5C, after

1762 | J Mater. Chem. C, 2022,10,1754-1766

the molecular imprinting, the 3-NT molecules are adsorbed not
only at the surface of the 100 nm-thick sensing films, but also
deeper in the film due to the specific cavities generated after
the template removal. Only those 3-NT molecules located at the
surface are desorbed during every recovery cycle, but not those
located at the bottom of the film.

Gas chromatography was employed to measure quantitatively
how effective the adsorption of 3-NT in NIP, 3-NT MIP and NM
MIP sensor is. Gas chromatograms before sensing are shown in
Fig. 6A. In the case of 3-NT MIP, chromatography confirms the
complete removal of the template, in total agreement with the
results obtained in the FTIR (Fig. 24A).

CsPbBr;-PLC NIP/MIP nanocomposite films were exposed to
3-NT vapours for 180 s and then analyzed by gas chromatography.
The chromatograms of NIP, 3-NT MIP, and NM MIP after sensing
are shown in Fig. 6B. The quantification was carried out by
interpolation in the calibration curve (see Fig. S3 in the ESIY) of
the peak areas of 3-NT measured in Fig. 6B. The quantity of 3-NT
adsorbed by the sensors was 75 ng for NIP, 151 ng for 3-NT
MIP and 285 ng for NM MIP. Chromatography confirms that
molecular imprinting of CsPbBr;-PCL with NM provides two
times more selective binding sites than 3-NT and four times
more than NIP. This suggests that the molecular imprinting in
NM MIP is higher than in 3-NT MIP, as shown in the surface
topography (Fig. 3A). The sensing performance of 3-NT follows the
order NM MIP > 3-NT MIP > NIP, which is consistent with the
real-time kinetic results shown in Fig. 5B.

Fig. 7 shows the selective response of the NIP, 3-NT. MIP and
NM MIP sensors to vapours of explosive taggants (3-NT, 4-NT,
and DMDNB) and other NO,-containing molecules (4-NP, NM,
1-NN, and 5-NI) as well as to some common solvents (acetone,
acetonitrile (ACN), ethyl acetate (EtOAc), methanol (MeOH),
and toluene).

Generally, the results show that 3-NT MIP (see Fig. S4 in
ESIt) and NM MIP sensors interact more selectively with the
explosive taggants and nitro-containing molecules than with
common solvents. This trend is already observed for the NIP,
but molecular imprinting significantly improves selectivity.
This means that PCL shows specific permeability to nitro
compounds. The NM analyte is an exception to this tendency.

This journal is © The Royal Society of Chemistry 2022
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This low sensor response can be attributed to rapid analyte
desorption from the CsPbBr; NC surface due to the high
volatility of NM. 3-NT MIP does not show sensitivity to NM.

The NM MIP sensor shows the highest response to nitro
compounds, particularly when it is exposed to explosive taggants
like 3-NT (76,3%) and 4-NT (77.5%). For the other nitro-
containing analytes, the NM MIP exhibits a PL quenching of
around 60%. In the case of NM, NM MIP shows remarkable
selectivity to NM compared to NIP and 3-NT MIP sensors.
In contrast, NM MIP shows a low affinity for common solvents,
although NM MIP is the most porous sensor. On the other hand,
3-NT MIP shows a specific response to 3-NT (72.7%), whereas,
for the rest of the nitro compounds, 3-NT MIP shows a similar
response to that measured for NIP. This is especially striking for
some compounds like 4-NT and 4-NP, which have similar sizes
and shapes to 3-NT. The selectivity results confirm that
molecular imprinting contributes to creating specific molecular
recognition towards nitro compounds, more specifically 3-NT
and 4-NP.

Conclusions

In the present study, we have developed two fluorescent MIP
nanocomposites based on CsPbBr; NCs embedded in PCL as a
host matrix and 3-NT and NM as a template to sense and
quantify trace amounts of 3-NT. Molecular imprinting takes place
simultaneously during the baking step after the deposition. Both
MIP sensors combine the high PL quantum yield of the CsPbBr;
NCs and the high selectivity provided by the MIP to show a higher
quenching response (>75%) than our reference NIP sensors
(>60%) after exposure to 3-NT for 3 min. Chromatography
confirms that molecular imprinting of CsPbBr;-PCL with NM
provides two times more selective binding sites than 3-NT and
four times more than NIP. Surface topography also suggests that
the molecular imprinting in NM MIP is higher than in 3-NT MIP.
Consequently, our results show that 3-NT MIP and NM MIP
sensors interact more selectively with the explosive taggants and

This journal is © The Royal Society of Chemistry 2022
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nitro-containing molecules than with common solvents. This
trend is already observed for the NIP, but molecular imprinting
significantly improves the higher responsivity and selectivity.
Particularly, NM MIP sensor exhibits the highest response to nitro
compounds. These facts confirm that the specific recognition
sites have been successfully generated, allowing a fast detection of
3-NT in the range of 2-3 s with a LOD as low as 0.218 ug mL ™",
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