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Enhanced TNT vapor sensing through a PMMA-
mediated AIPE-active monocyclometalated iridium(in)
complex: a leap towards real-time monitoringt
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Based on the explosive nature and harmful effects of nitro-based explosive materials on living beings and
the environment, it is extremely important to develop luminescence-based probe molecules for their
detection with excellent selectivity and sensitivity. Two AIPE (aggregation-induced phosphorescence
emission)-active iridium(in) complexes (M1 and M2) were developed for the sensitive detection of TNT in
both contact and non-contact modes. The aggregate solutions of both complexes (M1 and M2 in THF/
H,O, 1/9 by volume) detected TNT at the pico-molar (pM) level. These complexes showed greatly
enhanced emission intensity while embedded in a PMMA(polymethyl methacrylate) matrix film. The
amplified quantum efficiency, improved phosphorescence lifetime, and enhanced porous network of
M2-PMMA composite helps to improve the sesitivity of TNT vapor detection. Interestingly, the sensitivity
of the detection of TNT by the M2 complex was significantly improved (5-fold) in a PMMA-incorporated
complex (CP) with an observed limit of detection (LOD) of 12.8 ppb. From the BET analysis of CP, it was
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observed that the mesoporous network of CP has an average pore diameter of 8.52 nm and a surface
area of 2.03 m? g‘l. The porous network of CP assists in trapping TNT vapor in a polymeric network
containing an electron-rich probe (iridium(i) complex, M2), which helps to effectively trap TNT, thus
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1. Introduction

In recent years, convenient methods for detecting nitro-based
explosive compounds with high selectivity and sensitivity have
become an area of significant interest since these compounds
pose a potential threat to humanity and the environment.
Among these compounds, 2,4,6-trinitrotoluene (TNT) is one of
the most extensively utilized in military operations and terror-
ist attacks owing to its stability under ambient conditions."?
The widespread use of TNT leads to significant environmental
implications and, therefore, TNT has been recognized as a
major water pollutant. These attributes of TNT lead to its easy
handling. Thus, it is increasingly used by terrorists in making
life-threatening weapons, triggering a serious concerns for
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enhancing electronic communication. As a result, significant emission quenching was observed.

homeland security. Moreover, it is a contaminant of water
bodies, with permissible concentrations in drinking water
limited to 2 ppb because of its risk to the liver, eyes, and
nervous system.® Therefore, it is kept under the category of pri-
ority pollutants by the United States Environmental Protection
Agency (USEPA),*"® and the sensitive detection of TNT in water
bodies and in the vapor phase is highly desirable.

In general, nitro-based explosives have a low vapor pressure
(107°-107"° torr). In the case of TNT, the vapor pressure is 5.8
x 107° Torr (~10 ppb) at 25 °C, which makes it challenging to
identify it in the vapor phase.” Many approaches have been
used to detect TNT, such as chromatography, mass spec-
trometry, Raman spectroscopy, X-ray imaging, thermal
neutron analysis, electrochemical assays, and ion mobility
spectroscopy.® The equipment required for these procedures is
expensive, heavy, and difficult to monitor in real-time
applications.”"® Fluorescence-based techniques have a distinct
set of advantages, such as greater sensitivity, low cost, and con-
venience in fabricating portable devices for onsite and real-
time detection. Many fluorescence-based probe molecules
have been developed for the detection of TNT in the solution
phase with high sensitivity, even at the parts per quadrillion
(ppq) level."'™*° However, vapor phase sensing presents many
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challenges, such as exceptionally low vapor pressure (107°-
10™" torr), and the demands for detecting hidden explosives
in transportation hubs and war zones create a complex land-
scape that is difficult to navigate.>*>* The scientific commu-
nity thus finds itself in urgent need of a fluorescence-based
probe that is highly sensitive and selective for the detection of
TNT in the vapor phase. The key attributes of a robust probe
include the appropriately aligned LUMO levels of the probe
molecule and analyte for effective electron transfer, significant
overlap of the absorption spectrum of the analyte and the
emission spectrum of the probe molecule for efficient energy
transfer, an extended excited state lifetime of the probe to
maximize the interaction time with the analyte, a high
quantum yield, and the integration of a porous medium to
trap the elusive vapors of the explosives.>® In the quest to
detect nitro-based explosive compounds, various luminescent
explosive sensors have been developed, leveraging small mole-
cules, conjugated polymers, self-assembled organic nano-
materials, and metal-organic frameworks.'>'**>* These have
been evaluated for their utility in both solution and vapor-
phase sensing, but very few reports for fluorescence-based
molecules have been employed to detect TNT
vapor.' 192334736 Mothika and co-workers reported films of
tetraphenylene ethylene-based conjugated microporous poly-
mers (PTPETCz) through an electro-polymerization method
using tetra(carbazolylphenyl)ethylene monomer, which can
detect TNT vapor even at a very low concentration of 33 ppb. In
that report, the authors used a custom-made set-up with
attached heating coils for the probe as well as the analyte and
maintained a temperature of 35 °C for generating TNT vapors.
Despite these advancements, the selective vapor sensing of
TNT under atmospheric conditions, particularly at a detection
limit that would be considered satisfactory (lower ppb to ppt),
remains an elusive goal.

Phosphorescent transition-metal complexes have been con-
sidered potential candidates in various fields such as
chemosensors,>” ' optoelectronic materials,**** biological
probes,*>*® etc. The role of heavy metals like osmium(u) (Os),
platinum(u) (Pt), and iridium(m) (Ir) as triplet emitters in these
probes is highly desirable. Among these metals, iridium(im)
complexes are highly impactful, primarily due to their superior
emission properties because of strong spin-orbit coupling
(3909 cm™").*”*® Moreover, the superior photothermal stabi-
lities and colour tuneability as compared to ruthenium(u) and
osmium(u) complexes, and their high coordination number
relative to platinum(u) complexes, provide the iridium(ur) com-
plexes with a better platform for the structural modifications.
‘Aggregation-induced Phosphorescence Emission’ (AIPE)-active
iridium(m) complexes have emerged as a promising avenue in
this quest; their desirable photophysical properties include a
significant Stokes shift, high emission efficiency, and relatively
extended excited state lifetime.**>" Their versatility has found
applications in diverse fields such as light-emitting diodes,
therapy, and sensing.’*">’

In 2015, our group (Alam et al.) developed mono-cyclometa-
lated AIPE-active iridium(m) complexes and studied their
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potential for picric acid detection.”® Recently, our group
(Agarwal et al.) synthesized a series of AIPE-active Ir(um) com-
plexes and used them to successfully sense different nitro-
based explosives.*’ It was observed that tuning the electronic
substituents on phenyl pyridine ligands modulates their sensi-
tivity and selectivity towards different nitro-based explosives.
One of the complexes having moderately electron-withdrawing
substituents (COOH) was found to be sensitive towards TNT in
contact mode (LOD —3.6 ppb) based on the PET mechanism.
In our study, we have ventured into this exciting terrain to
design and synthesize the two new mono-cyclometalated AIPE-
active iridium(m) complexes (M1 and M2) by using electron-
donating (OMe) and highly electron-withdrawing (CN) substi-
tuents on the phenyl ring of the phenyl pyridine ligand, to
explore their potential in the sensing of TNT. Initially, we
investigated the sensing of TNT in contact mode and found
the limit of detection to be in the pM (ppt) range. This
impressive sensitivity emboldened us to test our probes for
TNT vapor phase sensing. To further improve the sensitivity
and stability of the probe, we made the strategic decision to
impregnate the probes in a porous PMMA polymer. This
decision yielded impressive results, i.e., the post-impregnated
probes exhibited quantum yields and lifetimes that were
enhanced as compared to the original probe. Then, the prepa-
ration of various films from the polymer-impregnated complex
(CP) and exposure to nitro-based explosive vapors were carried
out. The results were resoundingly positive: the probes demon-
strated an uncanny ability to selectively sense TNT vapors with
a high level of sensitivity, achieving a detection limit of 12.8
ppb. These findings affirm the potential of our approach and
lay the foundation for further advancements in the field.

2. Experimental section
Materials and methods

All materials used were commercially available and were used
without further purification. Iridium(u) salt was purchased
from TCI, India. 2-Ethoxyethanol was purchased from Sigma
Aldrich. The common salts (e.g., sodium carbonate, potassium
carbonate, sodium chloride) were purchased from Merck.
Boronic acids were purchased from Sigma Aldrich and TCI,
and 2-bromo pyridine was purchased from Alfa Aesar. 4-(2-
Pyridyl)benzaldehyde was purchased from TCI India. Triply de-
ionized water was used throughout this research work. UV-
grade organic solvents were purchased from Spectrochem and
used without further purification. "H NMR, >C NMR, and *'P
NMR spectra were recorded using a 400 MHz Brucker NMR
spectroscope. Infrared spectra were recorded on a Shimadzu
IR Prestige 21. UV-VIS absorption spectra were recorded using
a Shimadzu Spectrophotometer (model UV-1800 and 2550).
Steady-state photoluminescence (PL) spectra were recorded on
a Horiba Jobin Yvon Spectrofluorometer (FluoroMax-4). Cyclic
voltammetry (CV) measurements were carried out on a CH
instrument (CHI601E) by using tetrabutylammonium hexa-
fluorophosphate (NBu,PF,) as a supporting electrolyte in THF

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 The general synthesis route for ligands and their corresponding complexes M1 and M2.

solvent at a scan rate of 100 mV s'. The glassy carbon elec-
trode was used as a working electrode, Ag/AgCl as a pseudo
reference electrode, and Pt as a counter electrode were used for
the experiment. The particle sizes of the 0% and 90% solu-
tions of M1 and M2 were determined on a Malvern Zetasizer
(MAL1040152). The quantum yields of the complexes were
obtained on a Quanta-Phi (F-3029) instrument. The lifetimes
of the complexes were recorded on Horiba Delta Flex 01. An
“Apreo LoVac, FEI” FESEM (field emission scanning electron
microscopy) instrument was used to record the morphology of
the samples. A Quantachrome® ASiQwin™- Automated Gas
Sorption Data Acquisition and Reduction © 1994-202 instru-
ment was used for BET analysis. Thermogravimetric analysis
(TGA) was performed using TGA-50, SHIMADZU equipment at
10 °C min™", under a nitrogen atmosphere.

Synthesis and characterisation

Synthesis of ligands. L1: (2,4-dimethoxyphenyl) boronic acid
(1.1 mmol) and 2-bromopyridine (1 mmol) were taken in a
clean and dry two-necked round bottom flask. A solvent
mixture of toluene:ethanol (2:1) was added to the round
bottom flask and the mixture was purged with nitrogen for
5-10 minutes. Palladium(0) tetrakis(triphenylphosphine)
(0.0015 mmol) was added in an inert atmosphere under stir-
ring. Sodium bicarbonate (2.1 mmol) in water was added after
10 minutes of catalyst addition. The reaction mixture was
refluxed for 15 hours with intermittent TLC observation. After
completion of the reaction, the reaction mixture was cooled to
room temperature, water was added, and the compound was
extracted in ethyl acetate twice. The organic layer was collected
and purified by column chromatography using silica (mesh
60-120) and hexane and ethyl acetate (9:1) as a solvent
system. A brownish solid product was obtained with an 80%
yield (Scheme 2). The ligand was characterized by NMR and
HRMS (the spectra are shown in Fig. S1, S2, and S11, ESI¥).

Br Pd(O), N32C03 =
@4 * Ethanol/Toluene(1:2)
SN
= B(OH), N,, Reflux | _

Scheme 2 The synthesis of ligand L1.

This journal is © The Royal Society of Chemistry 2024

'"H NMR (400 MHz, chloroform-d) § 8.68 (dd, J = 4.9, 1.9,
1.0 Hz, 1H), 7.86-7.75 (m, 2H), 7.69 (dd, J = 8.1, 7.4, 1.9 Hz,
1H), 7.17 (m, J = 7.4, 4.9, 1.2 Hz, 1H), 6.64 (dd, J = 8.5, 2.4 Hz,
1H), 6.58 (d, J = 2.4 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H).

3C NMR (101 MHz, chloroform-d) § 161.33, 158.11, 155.90,
149.30, 135.61, 131.98, 124.74, 122.11, 121.14, 105.06, 98.89,
55.59, 55.46.

HRMS calculated: [M + H]": m/z = 215.0946; found: [M +
H]": m/z = 216.1051.

L2: (4-cyanophenyl) boronic acid (1.1 mmol) and 2-bromo-
pyridine (1 mmol) were taken in a clean and dry two-necked
round bottom flask. A solvent mixture of toluene and ethanol
(2:1) was added to the round bottom flask and the mixture
was purged with nitrogen gas for 5-10 minutes. Palladium(0)
tetrakis(triphenylphosphine) (0.0015 mmol) was added in an
inert atmosphere under stirring. Sodium bicarbonate
(2.1 mmol) in water was added after 10 minutes of catalyst
addition. The reaction mixture was refluxed for 15 hours with
intermittent TLC observation. After the completion of the reac-
tion, we isolated the product by following the same process as
for L1, and the solid product was obtained with an 85% yield
(Scheme 3). The ligand was characterized by NMR and HRMS
(the spectra are shown in Fig. S3, S4, and S12, ESIY).

'"H NMR (400 MHz, chloroform-d) § 8.83-8.73 (m, 1H), 8.13
(d, ] = 8.3 Hz, 2H), 7.83 (dd, J = 7.4, 1.8 Hz, 1H), 7.83-7.72 (m,
3H), 7.39-7.31 (m, 1H).

3C NMR (101 MHz, chloroform-d) § 155.22, 150.06, 143.47,
137.16, 132.59, 127.48, 123.39, 121.04, 118.84, 112.45.

HRMS calculated: [M + H]": m/z = 180.0687; found: [M +
H]": m/z = 181.0785.

Synthesis of the complexes. M1: iridium(m) salt (IrCl;-6H,0)
(1 mmol) and triphenylphosphine (3 mmol) were taken in a
10 ml round bottom flask and refluxed in 2-ethoxyethanol for
4-5 hours. A pale-yellow salt was formed. L1 (1 mmol) was

CN
CN
Br Pd(0), Na,CO;
+ >
@l Ethanol/Toluene(1:2) N
— B(OH), N2, Reflux | -

Scheme 3 The synthesis of ligand L2.
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Scheme 4 The synthesis of metal complex M1.

added, followed by sodium bicarbonate (1.1 mmol) as a base,
and the mixture was further refluxed for 1 hour; the progress
of the reaction was monitored by TLC. The reaction mixture
was cooled to room temperature (RT) followed by the addition
of hexane, and then the solvent was decanted. The crude
complex was washed with hexane and diethyl ether 2-3 times
and then dissolved in DCM. The dissolved complex was fil-
tered and then recrystallized in a DCM and hexane solvent
system. A blue emissive product was obtained with a 76% yield
(Scheme 4). The complex was characterized by NMR, HRMS,
and IR (spectra shown in Fig. S5-S7, S13 and S15, ESI{).

"H NMR (400 MHz, chloroform-d) § 8.15 (dd, J = 8.3, 1.2
Hz, 1H), 7.70 (dd, J = 12.0, 8.2, 1.4 Hz, 1H), 7.61-7.53 (m, 1H),
7.49 (dd, J = 8.4, 6.8, 3.1 Hz, 1H), 7.39 (dd, J = 7.2, 6.0, 4.3 Hz,
11H), 7.26 (d, J = 7.2 Hz, 1H), 7.21 (t, ] = 7.3 Hz, 6H), 7.16-7.08
(m, 11H), 6.58 (dd, J = 7.1, 5.6, 1.4 Hz, 1H), 5.76 (d, J = 2.3 Hz,
1H), 5.32 (d, J = 2.3 Hz, 1H), 3.83 (s, 3H), 2.92 (s, 3H), —16.45
(t,J=17.1 Hz, 1H).

3C NMR (101 MHz, chloroform-d) & 164.56, 161.16, 158.52,
154.62, 149.49, 135.20, 134.21 (t, / = 5.4 Hz), 132.17, 132.08,
131.98, 131.96, 131.69, 131.43, 128.95, 128.59, 128.47, 127.16 (t,
J = 4.8 Hz), 124.42, 121.46, 118.66, 92.05, 54.86, 54.20, 79.16.

3P NMR (162 MHz, chloroform-d) § 10.397, stretching fre-
quency of the Ir-H bond = 2127 em™".

HRMS calculated: [M + H]": m/z = 967.2087; found: [M +
H]": m/z = 969.2034.

M2: iridium(m) salt (IrCl;-6H,0) (1 mmol) and triphenyl-
phosphine (3 mmol) were taken in a 10 ml round bottom flask
and refluxed in 2-ethoxyethanol for 4-5 hours. A pale-yellow
salt was formed. L2 (1 mmol) was added, followed by sodium
bicarbonate (1.1 mmol) as a base, and refluxed for 1 hour. The
product was isolated using a similar procedure to that for M1.
A greenish-yellow emissive product was obtained with a 78%
yield (Scheme 5). The structure of the compound was charac-
terized by NMR, HRMS, and IR (spectra shown in Fig. S8 to
S10, S14 and 15, ESIY).

CN CN
PPhj, IrCl;.3H,0 PPh;
Na,CO3 oH
Ir
2-ethoxyethanol Ve \
N

| N,,Reflux [ N | cl

2  PPh;

Scheme 5 The synthesis of metal complex M2.
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"H NMR (400 MHz, chloroform-d) § 9.08 (d, J = 5.6 Hz, 1H),
7.54 (d, ] = 8.1 Hz, 1H), 7.48 (td, J = 7.7, 1.6 Hz, 1H), 7.43-7.34
(m, 12H), 7.28-7.19 (m, 7H), 7.15 (tt, J = 6.9, 1.4 Hz, 12H),
6.86-6.76 (m, 2H), 6.40 (d, J = 1.6 Hz, 1H), —16.87 (t,J = 16.7
Hz, 1H).

3C NMR (101 MHz, chloroform-d) § 163.70, 150.78, 150.38,
146.66, 146.17, 135.99, 133.88 (t, J = 5.5 Hz), 131.67, 131.41,
131.14, 129.39, 127.45 (t, J = 4.9 Hz), 122.13, 121.68, 119.23,
118.37,112.37.

*'P NMR (162 MHz, chloroform-d) § 7.118, stretching fre-
quency of Ir-H bond = 2137 em ™.

HRMS calculated: [M + H]": m/z = 932.1828; found: [M +
H]": m/z = 931.1869.

Sample preparation for sensing

Solution  phase detection. The “Aggregation-induced
Phosphorescence Emission” (AIPE)-active solutions of both
complexes were prepared. Stock solutions of M1 and M2 (1073
M in THF) were prepared first, and then 0.5 ml of each
complex solution was taken in a glass vial of 5 ml volume. For
preparing the 0% water fraction, 4.5 ml of THF was added,
and for making the 90% water fraction, 4.5 ml of water was
added. The total volume was made up to 5 ml. The 90% water
(fw) in the mixed solvent (THF/water) was directly used for the
contact mode detection of TNT.

Vapor phase detection. Both complexes were dissolved in
chloroform (107> M solution), and directly applied to the
Whatman filter paper with dimensions 1 cm X 2 cm by
dipping paper strips into the complex solution, then the
soaked paper was air dried for 12 h and used to record the PL
spectra. Similarly, to prepare the PMMA-embedded iridium(m)
complex, a mixture containing 5 mg iridium(m) complex and
95 mg PMMA in 10 ml chloroform was sonicated for
15-20 min, then the filter paper strip was dipped into the
iridium complex-PMMA mixture solution. The paper strips
were dried for 12 hours and then used for sensing
applications.

For TNT vapor saturation, 200 mg of TNT crystals were
placed in an airtight glass vial of 5 ml capacity overnight at
25 °C to obtain saturated vapors of TNT. Filter paper (FP) is a
cheap substrate that is easy to handle for use as the coated
probe material. Initially, FP was cut into 1.0 cm x 2.0 cm
pieces and coated with the probe material (M1 and M2) by
simply dipping the filter paper in a solution of the complexes
(107® M solution in chloroform), air dried, and used to record
the PL spectra. The probe (M1 and M2)-coated filter paper was
held on the top of a glass vial with saturated TNT vapors
(Fig. S29c¢, ESI{).

A study of the restricted intramolecular rotation (RIR)
mechanism

We prepared 10™* M solutions of complexes M1 and M2 in
THF, and 0.5 ml of stock complex solution was taken in a glass
vial of 5 ml capacity. For making 0% polyethylene glycol (PEG),
4.5 ml of THF was added to make the total volume 5.0 ml.
Similarly, to prepare 60% PEG, to a 0.5 ml stock solution of
complex, 3.0 ml of PEG and 1.5 ml of THF were added, and for

This journal is © The Royal Society of Chemistry 2024
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90% PEG, 4.5 ml PEG in 0.5 ml stock solution of THF was
added. The recorded photoluminescence spectra and the
corresponding photoluminescence image of the prepared solu-
tion under UV excitation (365 nm) are shown in Fig. S18, ESIf.

Limit of detection (LOD) calculation

A series of fluorometric quenching titrations were carried out
for the detection of TNT by using synthesized complexes (M1
and M2) in the solution phase as well as the vapor phase. The
limit of detection (LOD) was determined in both complexes by
using the standard method (36/M).>* Here, o is the standard
deviation of 10 blank measurements and M is the slope from
the Stern-Volmer (S-V) plot. We repeated all the titrations
three times. Each S-V plot was plotted for I,/I versus the con-
centration of analyte, where I, is the intensity of the initial
fluorophore in the absence of a quencher, and I is the intensity
change with the subsequent addition of a quencher. The stan-
dard deviation of three measurements was calculated as an
error and shown as an error bar for all the S-V plots.

Computational studies

To gain insight into the distribution of electrons in the com-
plexes, Density Functional Theory (DFT) calculations were per-
formed using the Gaussian 16 package.’®”” As both the com-
plexes have iridium(ur) as a heavy metal, PBEPBE was used as a
functional and LANL2DZ as a basis set.>® All the compu-
tational studies were done in the gaseous state. The optimized
structure with HOMO-LUMO distribution is shown in Fig. S39,
ESIY.

Electrochemical properties

Cyclic voltammetry (CV) measurements were performed on an
electrochemical analyser from CH instruments in a 10™* M
THF solution of the complexes using tetrabutylammonium
hexafluorophosphate as a supporting analyte under an inert
atmosphere. An Ag/AgCl electrode was used as a reference elec-
trode, a platinum wire as a counter electrode, and a platinum
electrode as the working electrode. All measurements were per-
formed with a scan rate of 0.1 Vs~ and a 0.1 M concentration
of the supporting electrolyte was used throughout the experi-
ment. Every solution was degassed with nitrogen bubbling
before performing the experiment.

The HOMO and LUMO energy levels for M1 and M2 were
determined from the equation Egumo) = Emomo) + E(gap,
electronic)- The energy gap between the HOMO and LUMO levels
was determined from the band-edge absorption of the UV-VIS
spectrum. The HOMO energy Emomo) Was calculated from
cyclic voltammetry (CV) for both complexes.

Thin film formation for lifetime, quantum efficiency, and BET
analysis

Solid samples of both complexes (M1 and M2) were dissolved
in chloroform (107 M) and deposited on a glass coverslip
through drop-casting and dried in a vacuum oven at 60 °C for
24 h. The dried film was used for measuring the excited state
lifetimes and quantum yields (with the help of an integrating

This journal is © The Royal Society of Chemistry 2024
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sphere) of complexes. Similarly, to prepare the PMMA-
embedded iridium(u) complex, the mixture of 5 mg iridium
() complex and 95 mg PMMA in 10 ml chloroform was soni-
cated for 15-20 min. The PMMA-complex solution was spread
on a glass coverslip through drop-casting and dried in a
vacuum oven at 60 °C for 24 h. The dried film was used for
recording excited state lifetime and quantum yield measure-
ment. The PMMA-embedded complex films were prepared in
large quantities and were cut into small pieces and used for
BET analysis.

X-ray single-crystal diffraction study

Single-crystal data for M2 were collected using a Rigaku Oxford
XtaLAB diffractometer using Mo-Koa (4 = 0.709 A) radiation,
and the collected data were processed with the CrysAlisPRO
2021 software.”® The structure determination was carried out
with the SHELXT program, and data refinement was done
using SHELXL programs embedded in OLEX’-1.51.°>°' All
non-hydrogen atoms were refined anisotropically by the full-
least-squares method, whereas all the hydrogen atoms were
refined isotopically.

3. Results and discussion

The synthesis of ligands was conducted via the Suzuki coup-
ling of 2-bromopyridine with boronic acid-substituted phenyl
analogues. These ligands were then used to synthesize mono-
cyclometalated (C*N) complexes of iridium(m)>* (Scheme 1).
The detailed synthetic procedures for ligands and complexes
are described in the Experimental section. The complexes were
obtained with good yields (>70%) and were characterized by
'H, **C, *'P-NMR, HRMS, and IR spectroscopy (see data in the
Experimental section and ESI, Fig. S1-S157).

Photophysical properties

The absorption spectra of the complexes were recorded in THF
solvent at room temperature (Fig. 1a). Here, three absorption
bands were observed for the cyclometalated complexes of
iridium(ur) (M1 and M2), which is in line with the previous
reports (the absorption spectrum of the unsubstituted
complex is shown in Fig. $17, ESIT).>**" The intense lowest
wavelength transition for both complexes was at 290 nm,
which is primarily due to 'n-rn* transitions centred in the
cyclometalated ligand as observed in the unsubstituted
complex (Fig. S17 ESIf). The middle-range transitions
(320-400 nm) are attributed to the mixed *z-n* transitions and
spin-allowed 'MLCT (metal-to-ligand charge transfer) tran-
sitions, which were centred at ~330 and ~380 nm for M1 and
M2, respectively. For M1, these transitions started at 374 nm
and extended to 404 nm, which might be due to the mixing of
the "MLCT and *MLCT.®>%® Similarly, for M2, the combined
'MLCT and *MLCT peak was observed at 413 nm, which
extended to 490 nm. A bathochromic shift was observed
because of the electron-withdrawing substituent on the phenyl
pyridine ligand of M2. It stabilized the LUMO of M2, which in
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Fig. 1 (a) UV-visible spectra (10~ M solution in THF) and (b) PL spectra (10~ M solution in THF) of both the complexes.

turn shifted the absorption to a longer wavelength as com-
pared to the M1 complex.

Here, 10~ M solutions of iridium(m) complexes were pre-
pared in THF solvent to record the emission spectra (Fig. 1b).
The observed structured emission suggests that the lowest
excited state will have a predominantly ligand-centered
transition.®*®* On exciting at 370 nm, Ir 20Me (M1) produced
an emission with A.,.x of 492 nm, which is in accordance with
its bluish emission colour under a UV lamp. On substitution
of the phenyl pyridine with an electron-withdrawing group
(-CN), the value of 1. in the emission spectrum was shifted
bathochromically by 47 nm with respect to M1, which showed
a greenish emission (Aynax ~539 nm). On recording the excited
state lifetime of both complexes, these were observed in the ps
range (M1-7.5 ps and M2-8.8 us, ESI, Table S1}), suggesting
that they are phosphorescence-emitting molecules.

We were able to grow single crystals of one of the complexes
(M2) in a DCM/hexane (1:1) mixture through the diffusion
technique (M2, CCDC 2314849). The ORTEP diagram for M2
showed a distorted octahedral geometry at the Ir(m) site.
Asymmetric units contain two molecules. The crystal packing
with crystal voids present in the crystal lattice is shown in
Fig. 2. The presence of propeller-shaped triphenylphosphine
molecules in a crystal packing led to the void space in the
crystal packing. The crystallographic data is presented in
Table S3, ESIt.

We investigated the ‘Aggregation-induced Phosphorescence
Emission’ (AIPE) properties of both complexes in the mixed
tetrahydrofuran and water solution. In a solution of THF, the
complexes showed very weak emission. An increase in photo-
luminescence intensity was observed when the water concen-
tration was gradually increased (Fig. 3). Photographs of the
AIPE study under a 365 nm UV excitation and a plot of PL
intensity at 0% water to 90% water are shown in Fig. 3, inset.
Additionally, a PEG and THF experiment was conducted to
verify the restricted intramolecular rotations (RIR) of PPh,
units in the complexes (Fig. S18, ESIt). The gradual enhance-
ment of emission with increasing PEG concentration supports

2450 | Analyst, 2024, 149, 2445-2458

that the RIR effect might be responsible for AIPE. The AIPE
occurs because of the limited rotation of phenyls in triphenyl-
phosphines, known as restricted intramolecular rotation (RIR).
This phenomenon is evidenced by the crystal packing diagram
of M2, which displays C-H---n interactions and several short
contacts with distances ranging from 2.35-2.85 A (Fig. S19,
ESIT). The phenyls in triphenylphosphines participate in these
short contacts, which restrict the rotation of propeller-shaped
triphenylphosphines in the solid state. As a result, non-radia-
tive pathways are blocked, leading to AIPE activity in the solid
state. A DLS study for particle size analysis was performed for
0% and 90% water for both complexes (Fig. S20, ESIf). For
M1, the observed particle size for 0% was 22.3 nm, and that
for 90% was 231.9 nm. For M2, the observed particle size was
38.9 nm for 0% and 165.8 nm for 90% solution.

The reported iridium(m)-based monocyclometalated com-
plexes showed AIPE active properties with high quantum
yields and phosphorescence lifetimes.®® Thus, we have ana-
lysed the excited state lifetimes and quantum yields (QY) of
both complexes in the solid state (Table S1, ESIT). M1 had an
absolute QY of 23.8% and a lifetime of 7.5 ps, while M2 had a
QY of 33.6% and a lifetime of 8.8 us. The observed high QY
and lifetime data also indicate the potential of these com-
plexes towards the sensing of analytes. The synthesized com-
plexes M1 and M2 were tested in their ability to sense different
nitro-based explosives by using probe-coated filter paper strips
(Fig. S21(a) and (b), ESIT). The results showed that M1 is selec-
tive towards both TNP and TNT, while M2 is selective towards
TNT. The selectivity of M2 in the AIPE-active solution was also
tested (Fig. S21(c), ESIt), and it showed selectivity towards the
TNT analyte. We also performed the anti-interference study of
M2 in the presence of different nitro-based analytes for TNT
sensing experiments as shown in a bar graph (Fig. S21(d),
ESIY). It was found that the quenching performance of M2 was
not affected by the presence of various analytes. Thus, the syn-
thesized complexes were used for sensing TNT in an aqueous
medium. An aqueous solution of TNT (10~* M) was added to
the aggregate solution (90% water) of M1 (addition: 1.0 nM

This journal is © The Royal Society of Chemistry 2024
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diagram showing crystal voids (filled with yellow colour).

(a) The ORTEP diagram for M2 (left) and the asymmetric unit of the complex having two molecules of M2 (right). (b) The crystal packing
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Fig. 3 The probe in THF (10™* M) and its aggregate solution (90% water): (a) PL spectra of the probe in THF (0% water, blue line) and its aggregate
solution (90% water, red line) in the case of the M1 complex. (b) PL spectra of the probe in THF (0% water, black line) and its aggregate solution (90%
water, red line) in the case of the M2 complex. The inset images represent the emissions of the respective probe solutions under UV irradiation (ley =

365 nm).

each time up to 14 nM). The emission spectrum of each solu-
tion was recorded (Fig. 4 for M1). Similarly, the initial emis-
sion spectrum of the aggregate solution of M2 was recorded,
then titrated with aqueous TNT (10™> M) by gradually adding
0.5 nM each time and recording the change in the emission
intensity (Fig. 5 for M2). It was observed that in the case of
M1, the limit of detection (LOD) was 1091 pM (1.091 ppb) and

This journal is © The Royal Society of Chemistry 2024

in the case of M2, the LOD was 450 pM (450 ppt). The Stern-
Volmer (SV) plot (Fig. S22, ESIT) showed a linear relationship
at a lower concentration; moreover, it bent upward as the con-
centration of TNT increased. Considering the lower concen-
tration plot, the quenching constant (Kgy in M™") was calcu-
lated for both complexes (1.49 x 10° M™" for M1 and 2.5 x 10°
M~ for M2). This non-linear S-V plot indicated that PL

Analyst, 2024,149, 2445-2458 | 2451
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Fig. 5 (a) PL spectra showing the gradual decrease in the photoluminescence (PL) intensity of the AIE solution of M2 (10> M THF (10%) and water
(90%)) with the continuous addition of ag. TNT (10~> M) 0.5 nM each time. Inset: the 15 vial shows the AIE (90% water) solution of the probe and the
2" vial shows the aggregate solution of the probe with TNT. (b) Stern—Volmer plot for emission quenching in the case of M2; the error bars rep-
resent the standard deviation obtained from three independent measurements.

quenching of AIPE-active complexes occurs through dynamic
(diffusion) quenching.”® However, the S-V plot with deviation
from linearity was also observed for mixed static/dynamic
quenching.® Furthermore, to confirm the nature of quench-
ing, we analysed the excited state lifetime study of both com-
plexes in the presence and absence of an analyte (Fig. S23,
ESIt). In both cases (M1 and M2), the excited state lifetime
values decreased in the presence of TNT analyte, which
excluded the possibility of static quenching. No notable differ-
ence was observed in the UV-VIS absorbance spectra of the
probe and TNT with the absorbance of the sole probe molecule
(Fig. S24, ESIt). This observation also neglects the fluorophore
(donor) interaction with TNT (acceptor) in the ground state,
hence no static quenching could occur.

2452 | Analyst, 2024, 149, 2445-2458

From these LOD values, we concluded that M2 is more sen-
sitive towards TNT as compared to M1. To investigate the
quenching mechanisms, the possibilities of the quenching of
emission by the inner filter effect (IFE), resonance energy
transfer (RET), and photoinduced electron transfer (PET) have
been studied. No overlapping of excitation and emission
spectra of M1 and M2 was observed, which indicates that there
was no IFE present in the prepared complexes (Fig. S25, ESIt).
To investigate the possibility of RET, in the case of M1, it was
observed that there was a slight overlapping of the absorption
of TNT and the emission spectrum of M1 in the same solvent
medium (Fig. S26, ESIT), indicating that a possible quenching
mechanism for M1 is RET. The overlapping integral () calcu-
lated using the MATLAB program is 3.94 x 10'*.°® No such

This journal is © The Royal Society of Chemistry 2024
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overlap was found in the case of M2. The HOMO and LUMO
energies of synthesized complexes (Fig. S27, ESI}) were deter-
mined to check the possibility of electron transfer from the
electron-rich complexes to the electron-deficient TNT. On
further analyzing the PET possibilities, we observed that the
LUMO level of TNT was —3.49 eV (ref. 67) and for M1 and M2,
the LUMO levels were —2.10 eV and —2.82 eV, respectively
(Fig. S28, ESIT). From these LUMO alignments, it was observed
that electron transfer was more favourable from the LUMO of
M2 to the LUMO of TNT, which led to the quenching of the
emission intensity for M2.3%:6%:9

The vapor phase detection of nitro-based explosives is a
challenging task since the vapor pressure of nitro-explosive is
very low (107°-10"° torr).>* To detect nitro-explosives in their
vapor phase, a very sensitive probe molecule is desirable. The
solution phase sensing performances of the complexes (M1
and M2) indicate that M2 was more sensitive towards TNT
(LOD = 450 ppt). To test the probe molecules with TNT vapor,
many aspects need to be considered, such as TNT vapor satur-
ation, the selection of a substrate, and the experimental setup
for sensing. The experimental setup for TNT vapor sensing is
shown in Fig. S29, ESIt. On testing the M1 and M2 complexes
towards TNT vapors, it was observed that there was no observa-
ble decrement in PL intensity with TNT vapor in the case of
M1 (Fig. S30, ESIt). On the other hand, M2 showed observable
PL intensity quenching in the presence of TNT vapor (Fig. 6).
The limit of detection (LOD) was found to be 66.3 ppb for M2.
Although M1 showed a quenching response in the contact
mode detection of TNT, it did not respond to vapors of TNT,
which might be due to the lower quantum yield and excited
state lifetime of M1 as compared to M2 (Table S1, ESI}).

Apart from the mechanism (IFE, RET, and PET) mentioned
above, many other factors are responsible for improving the
sensitivity in detecting nitro-explosives from vapors, such as
the quantum efficiency of the probe molecule, the excited state
lifetime of the probe and the porous substrate for trapping
vapors of the explosive. Keeping these features in mind, we

View Article Online
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searched the literature and found some interesting reports
from the years 2007 and 2011 regarding the utilization of
PMMA polymer as a substrate for improving the photostability
and optical properties of metal complexes (quantum yield and
excited state lifetime).”"”> We proceeded with the further
improvement of the quantum efficiency of the probe and thus,
the probe was embedded in PMMA and tested with TNT
vapour to improve the trapping of TNT molecules. First, the
composite materials made of complexes (M1 or M2) embedded
in PMMA were coated on the filter paper (the detailed method
of preparation is described in the Experimental section). After
fabricating the probe-PMMA film on filter paper strips, the
emission spectra were recorded. Interestingly, the photo-
luminescence intensity of the embedded film increased drasti-
cally as compared to the filter paper containing only the
complex (the PL intensity increased up to 4-fold in the case of
M1 and 16-fold in the case of M2 spectra, as shown in the
ESIf, Fig. S31). The QY and lifetimes (Fig. S32, ESI}) of Ir(ui)
complexes with and without incorporation into the PMMA
matrix were recorded and both parameters were enhanced in
the complex-embedded polymeric matrix (Table S1, ESIT). The
photostability of M2 and M2-PMMA composites (CP) was also
studied (Fig. S33 and S34, ESIt). The photostability of M2 was
measured with UV-visible spectra (Fig. S33a) and photo-
luminescence spectra for 2 hours (Fig. S33b). The experiment
indicated that M2 is photostable. Similarly, the photostability
of CP was analysed by UV-VIS and photoluminescence spectra
(Fig. S34, ESIYf), and it was stable for up to 5 hours under
atmospheric conditions. The thermal stability of complexes
was investigated by TGA analysis (Fig. S35, ESIf), which
showed that both complexes were stable up to ~220 °C. The
NMR spectrum of M2 was recorded after several months and it
matched well with the original spectrum of M2 (Fig. S40,
ESIT).

To gain insights into the observed enhanced PL intensity in
the presence of PMMA, the surface morphology and porosity
of the composite material (CP) were determined. BET data
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(a) PL spectra show changes in the photoluminescence (PL) intensities of M2 on filter paper upon continuous exposure to TNT vapors for

2 min. (b) Stern—Volmer plot for emission quenching in the case of M2. The error bars represent the standard deviation obtained from three inde-

pendent measurements.
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Fig. 7 Nitrogen adsorption—desorption isotherms of the PMMA polymer (1) and M2-PMMA composite (CP) (2) on the left, and corresponding

FESEM images on the right.

were obtained and FE-SEM studies of the polymer (PMMA)
and CP (Fig. 7) were conducted. The obtained isotherms of CP
belong to type IV with an H2(b)-type hysteresis loop at a higher
relative pressure.”*””® The observed H2(b)-type hysteresis loops

indicate that the pores are not uniform and are made up of an
interconnected network of different sizes. The pore size and
the surface area of PMMA and CP were obtained by the
Barrett-Joyner-Halenda (BJH) method,””””® and the surface
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(a) The decrease in the photoluminescence (PL) intensities of M2-PMMA on filter paper upon continuous exposure to TNT vapors for 2 min.

(b) Stern—Volmer plot for emission quenching. The error bars represent the standard deviation obtained from three independent measurements.
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area for PMMA was found to be 2.944 m> g~ " with an average
pore radius of 2.3407 nm and total pore volume of 0.0034 cc
g, For CP, the surface area was found to be 2.029 m* g~* with
an average pore radius of 4.259 nm and a total pore volume of
0.0043 cc g~'. The pore size distributions for PMMA and CP
are presented in Fig. S36, ESIf. On analysing the FE-SEM
images on thin film for M2 and CP, it was found that CP
showed an interconnected porous network structure (Fig. 7).
After developing the CP with high photostability, quantum
efficiency, improved excited state lifetime, and a porous poly-
meric network, it was tested with TNT vapors and exciting
results were obtained as shown in Fig. 8. The CP showed a
LOD of 12.8 ppb (limit of detection calculation Fig. S37, ESIf),
with ~5 times better quenching efficiency than the M2 (66.3
ppb). FE-SEM images of PMMA, M2, CP, and CP after exposure
to TNT are shown in Fig. S38, ESIf. The TNT molecules occupy
the pores of the network in CP (Fig. S38, ESIt). The Ir(m) com-
plexes are, in general, highly electron-rich, while trinitrotolu-
ene (TNT) is an electron-deficient molecule. The porous
network of CP assisted in trapping the TNT vapor in a poly-
meric network containing the electron-rich probe (iridium(u)
complex, M2), which helped to trap TNT effectively, thus
enhancing better electronic communication. As a result, sig-
nificant emission quenching was observed in the case of CP.
The essence of the work was to develop a paper strip-based
porous polymeric matrix with the AIPE-active iridium(m)
complex, which improved the vapor sensing ability of TNT.

4. Conclusion

In summary, an iridium(m)-based monocyclometalated (C*N)
phosphorescence sensory material has been developed from a
substituted phenyl pyridine ligand. It was strategically planned
to impregnate the probes into a porous polymethyl-
methacrylate (PMMA) polymer. The M2-impregnated PMMA
resulted in a much higher quantum yield and enhanced life-
time as compared to the sole complex (5-times QY enhance-
ment). PMMA polymer-based films fabricated from the Ir(m)
complex have demonstrated compelling efficiency in the detec-
tion of explosive vapor. The enhanced quantum efficiency and
phosphorescence lifetime of the probe molecule are the essen-
tial features of fluorescent sensors and the extended porous
morphology allows better interactions of the probe with the
analyte. These findings affirm the potential of the present
approach, which will be promising for detecting explosives
having low vapour pressure in real-time monitoring.
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