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p-aminobenzoic acid (pABA) sensitization of LaF3:Th> nanoparticles and its
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ABSTRACT

This work reports the utilization of water dispersible terbium (Tb**) doped spherical
LaF; nanoparticles (~5 nm) surface functionalised with p-aminobenzoic acid (pABA) for the
detection of aromatic nitro explosives. The functionalised nanoparticles show remarkable
sensitivity to a number of highly electron deficient aromatic nitro compounds like picric acid
(PA), 2.,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), 2,4-dinitrophenol (2,4-DNP)
etc. All of these nitro compounds can be detected easily at ppm level using this luminescence
quenching technique whereas in case of TNT it detects as low as 50 ppb concentration level.
This novel approach of utilising the Tb> doped NPs sensitised by pABA have potential

application in the detection of explosive materials.
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1. INTRODUCTION

An explosive material is generally a reactive substance which has a great amount of
potential energy that can give an explosion accompanied by light, heat, sound and pressure.
Among the explosive materials, nitro compounds like picric acid, 2,4-dinitrotoluene (2,4-
DNT), 2.4,6-trinitrotoluene (TNT), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), etc. are
some of the generally used components.l'6 Apart from being used as an explosive material,
nitro compounds like TNT are hazardous to human health which can cause various health
concern like anaemia, abnormal liver function, etc.”® Considering the hazardous nature of the
nitro compounds in terms of both security concerns and as a pollutant, the need for the
detection of these materials has been the primary importance.

Researchers all over the globe have been working on various techniques for the
detection of explosive material. Some of the known techniques are metal detectors which
generally detect metal based weapons, dogs with their superior sensing capabilities, X-ray
machines by analysing the density of the materials, neutron activation where the explosive
materials is bombarded with neutrons which gives its elemental composition, and so on.”'?
Apart from the above mention techniques, spectroscopic techniques especially fluorescence
based chemosensors, due to their high sensitivity and probability of using as a hand held
devices for in-field detection have superior advantage.w’14 Generally, in this approach, the
fluorescent materials on interaction with the explosives materials either turn-off or quenches
the luminescent of the sensors, which relies on an oxidative quenching mechanism.'* In
detail, the sensor material plays the role of an electron donor and aromatic nitro compounds
as an electron acceptor due to the presence of their electron withdrawing nitro groups. On
excitation with photon, an electron is transferred from the sensor materials to the analyte,
leading to oxidation of the excited state, thereby quenching the fluorescence of the sensors.
Some of the generally used fluorescent materials are conjugated polymers,15 metal
complexes,16 dendrimers,17 carbon nanotubes,18 and recently the use of metal-organic
framework (MOF)'*?" as the new generation of sensors materials for explosive detection.
Because of the unique characteristics of lanthanide luminescence (sharp emission, emission
in whole spectral range, long lived emission, etc.) lanthanides have attracted special attention
due to their wide variety of applications.m'24

The lanthanide complexes have been widely investigated over the past three decades
due to their enhanced luminescence properties. In the lanthanide complexes, the co-ordinated

organic molecule is first excited with proper wavelength and then the excited molecule
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effectively transfers its energy to the lanthanide ion and produces enhanced luminescence.

But the complexes have some limitations like quenching of the excited state of the lanthanide
ion by the vibrational overtones of -OH, -NH, and -CH groups present in the organic
molecule or in the medium.

Generally, in lanthanide doped materials, the lanthanide ions act as a guest in certain
host materials. The host just not only provides matrix to the lanthanide ion but also protects
the lanthanide ion from being quenched by the environmental quenchers like —-NH,, H,O
etc.”” The host material is first excited with proper wavelength and then the excited molecule
effectively transfers its energy to the lanthanide ion thereby resulting in a sensitised
luminescence.?® But most of the commonly used host materials viz YPO4, YVO4, CeO; etc.
have very high phonon energies which quench the excited states of the lanthanide ions in
non-radiative way and therefore reduce the radiative luminescence.?®° LaF; is well
established as a good host material due to its very low phonon energies (<400 cm™), high
solubility of lanthanide ions in its matrix and thermal stability.3 ! But, as LaF; is an insulator
its high band gap does not allow it to absorb UV light hence light cannot be generated by
exciting the nanoparticles in the host absorption region.32 To overcome this limitation, the
lanthanide ions on the surface of the nanoparticles are allowed to form complex with organic
molecules that can absorb UV or IR light and effectively transfers it to the lanthanide

. 27,33,34

ion Recently, lanthanide doped nanoparticles have been utilised for the selective

detection of explosive materials via inkjet printing and magnetic sepauration.3 236

In this work, we report that p-aminobenzoic acid (pABA) sensitised Tb** ion doped
LaF; nanoparticles has been used for the detection of nitro compounds. Herein, the pABA
sensitised the photoluminescence properties of Tb>* which on interaction with the selected
nitro compound quenches the enhanced photoluminescence properties. The properties of the

nanomaterials has been analysed by various characterisation techniques and at varying

concentration of the luminescent centre, analytes and at different pH.

2. EXPERIMENTAL SECTION

2.1 Reagents and Materials

Lanthanum nitrate hexahydrate (La(NO3);.6H,0) (99.99%), terbium nitrate pentahydrate
(Tb(NO3)3.5H,0) (99.9%), Ammonium fluoride (NH4F) (99.99%) were purchased from
Aldrich. Anhydrous citric acid (99.5%) and dimethyl sulfoxide (99.9%) were purchased from
Merck. p-aminobenzoic acid from SDFCL and picric acid (PA) obtained from Aldrich. All
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the others nitro compounds listed below are obtained from DRDO-HERML, Pune. The
abbreviated term (parenthesis) for nitro compounds are as follows; nitrobenzene (NB), o-
nitrophenol (2-NP), o-nitrotoluene (2-NT), 2.4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene
(2,6-DNT), 2,4-dinitrophenol (2,4-DNP), picric acid (PA), 2,4,6-trinitrotoluene (TNT) and
some aliphatic nitro compounds such as nitromethane (NM), 1,2,4-butanetriol nitrate
(BTTN), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 1,3,3-Trinitroazetidine
(TNAZ). Deionised water was used to make aqueous solutions. All the materials were used as

received.

2.2 Synthesis of LaF3:Th* spheres

TbyLa;xF3 (where x = 0.02, 0.04, 0.06, 0.08 and 0.1) nanoparticles were synthesised
following some previously reported works with minor modifications.””*® 3g of anhydrous
citric was dissolved in 20 ml of water in 250 ml round bottom flask. 60 ml of DMSO and 1
ml conc. NH4OH were added to the citric acid solution to adjust the pH to 5-6 and stirred
nicely. About 2 mmol (depending upon doping conc.) of lanthanum nitrate hexahydrate
(La(NO3)3.6H,O) and stoichiometric amount of terbium nitrate pentahydrate
(Tb(NOs3)3.5H,0) were dissolved in 2 ml water. This lanthanide solution was added drop
wise to the citric acid solution at 70 °C temperature. A dense white turbidity appeared. White
dense turbidity converted to a pale white suspension when 3ml aq. solution of 7 mmol NH4F
was added slowly. The reaction mixture was refluxed at 110 °C temperature under water
circulation for two hours and then cooled to room temperature. The nanoparticles were
collected by centrifugation, washed with deionised water and methanol, and dried at room

temperature.

2.3 Surface-functionalization of nanoparticles

0.2 g of the resulting nanoparticles was dispersed in 50 ml water and formed a
colloidal solution. 0.2 g of p-aminobenzoic acid was dissolved in 30 ml NaOH solution. This
p-aminobenzoic acid solution was added slowly to the nanoparticles colloid at 65 °C and
refluxed for two hours at 75 °C. The surface-functionalised nanoparticles were separated by

centrifugation, washed twice with water and methanol and dried at room temperature.

2.4 Preparation of nanoparticle dispersion
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100 mg of the LaF;:Tb’ "(8%)@pABA was nicely dispersed in 250 ml of 2%x107 M)
HCI solution by sonication and this dispersion was used for sensitization experiment and all

the analyte concentration measurements.

2.5 Preparation of analyte solution

500 mg picric acid was dissolved in 1000 ml water to prepare a stock solution of 500
ppm (2.18 mM) strength. This mother solution was followed by a two-fold serial dilution to
prepare the solutions of 250, 125, 62.5, 31, 15.5, 8, 4, 2 ppm concentrations. These analyte
solutions were mixed with equal volume of the dispersion of the nanoparticles and analysed,
i.e, the analyte concentrations in the experimental solutions were again diluted to half
concentration and pH of the resulting solution were maintained at pH = 3.

3 mg of TNT was dissolved in 25 ml water to prepare a 120 ppm (0.52 mM) stock
solution. This solution was diluted with water to prepare 100 ppm, 80 ppm, 60 ppm, 40 ppm,
20 ppm solutions which on mixing with equal volume dispersion of nanoparticles gave the
experimental solutions. A 2000 ppb solution of TNT was diluted with water to prepare 1600
ppb, 800 ppb, 400 ppb, 100 ppb solutions which were used for the experiments.

7 mg of nitrophenol was dissolved in 250 ml of water to prepare a 0.2 mM stock
solution (28 ppm). This solution was diluted with water to prepare 14 ppm, 7 ppm and 3.5
ppm solution which on mixing with equal volume of nanoparticles dispersion gave the
desired experimental solutions (14 ppm, 7 ppm, 3.5 ppm and 1.75 ppm). As for 2.,4-
dinitrophenol and 2,4-dinitrotoluene, 9 mg each of the analyte was dissolved in 250 ml of
water to prepare a 0.2 mM stock solution (36 ppm). This solution was diluted with water to
prepare 18 ppm, 9 ppm and 4.5 ppm solution which on mixing with equal volume dispersion
of nanoparticles gave the desired experimental solutions (18 ppm, 9 ppm, 4.5 ppm and 2.25
ppm).

For the preparations of 0.2 mM solutions the remaining analyte under study, 6.9, 7, 6,
9,3,9,12, 9.6, 11 and 15 mg of 2-NT, 2-NP, NB, 2,4-DNP, NM, 2,4-DNT, BTTN, TNAZ,
RDX and HMX, respectively were dissolved in 250 ml of water , which on mixing with equal

volume dispersion of nanoparticles gave the desired experimental solutions (0.1 mM).

2.6 Characterisation
The X-ray diffraction (XRD) of powder samples was examined on a Xpert-Philips

diffractometer using Cu Ko radiation (A = 0.15405 nm) powder X-ray diffraction
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(PANalytical X’Pert Pro dual goniometer diffractometer) with filtered Cu Ka at 40 kV and
30 mA and X’celerator solid state detector. The diffraction pattern is obtained at room
temperature in Bragg-Brentano geometry. Powder samples were mounted on a sample holder
and scanned in the range 26 = 5 to 90.

The functional characteristics of the nanoparticles were recorded using Fourier
Transform Infrared Spectrometer (Perkin-Elmer, Q-50000 GX Spectrometer). The recording
of spectrum was done in the wavelength range from 4000 to 400 cm’. Powder samples were
studied by making thin pellets with KBr. All the UV-visible measurements are done in
Shimadzu UV-1601 PC UV Visible double beam spectrophotometer.

All the luminescence spectra and decay lifetimes were recorded at room temperature
for the samples in aqueous medium using an EDINBURGH instrument FLS920 equipped
with 450 W Xenon lamp having Peltier element cooled red sensitive Hamamatsu R955 PMT
and a 100W microsecond flash lamp.

High resolution transmission electron microscopy (HRTEM) studies of  the
nanoparticles were done on A FEITECNAI 3010 electron microscope operating at 300 kV
(Cs = 0.6 mm, resolution 1.7 A). Samples were crushed and dispersed in isopropanol before
depositing onto a holey carbon grid. Energy dispersive X-ray (EDX) measurements were
performed on a scanning electron microscope (SEM) system (FEI, Model Quanta 200 3D)
equipped with an EDX attachment. Dynamic Light Scattering (DLS) measurements were
performed on Melvern (U. K.) instrument ZS90 Nanoseries model with zeta size of 0.2 nm to
6 micron. The samples were dispersed in isopropanol and sonicated for 30 minute before the

measurement.

3. RESULTS AND DISCUSSION
3.1 XRD study

The XRD analysis of LaF3:Tb3+ and LaFg:Tb3+@PABA samples for various
concentrations of Tb>* were performed in order to investigate the crystal structure, effect of
doping and surface functionalization on the prepared nanomaterials. All the samples (before
and after surface functionalization) had clear resemblance with the tysonite structure of LaF;
(JCPDS 82-0690) as shown in Figure la-c. No extra peaks corresponding to the impurity
phase were observed indicating the formation of the clear LaF; phase and successful doping
of the lanthanide ions (Tb**). The peaks are generally board in nature which indicate that the

prepared nanomaterials are in small size range. The average crystallite size of the
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nanoparticles were calculated using Scherrer equation (d = kA/Bcos 0), where A is the X-ray
wavelength (0.154 nm), B is the full width at half-maximum (fwhm) of a diffraction peak, 0 is
the diffraction angle, k is a constant (0.89). Average crystallite size of LaF3:Tb** and
LaF3:Tb3+@pABA nanoparticles are in the range of (5.52 - 6.29) and (4.50 - 5.53) nm
respectively, at different concentration of the dopant, Tb>* as summarised in Table 1. There is
a broadening of peaks after the surface functionalization as can be observed from the gradual
increase in the FWHM value of the (111) plane from (2.49 —2.71) to (2.70 — 3.12) nm as we
move from LaF3:Tb™ to LaF;:Tb’*@PABA nanoparticles (Table 1). There is a slight
reduction in the unit cell volume of the compound with the increase of the dopant
concentration (Tb>* ions). The reason for the shrinking phenomenon of the unit cell volume is
due to the smaller ionic radius of Tb>* (0.923 A) as compared to that of La®" ion (1.032 A).*
The above observation further confirms the successful substitution of Tb’*ions in the
crystalline LaF; lattices. All the above analysis indicates that Tb’* ions have been

successfully doped into the lattice of LaF; nanomaterials.

3.2 IR study

Figure 1d-e shows the FTIR spectra of LaFy:Tb’* and LaF;:Tb*@pABA
nanoparticles in order to analyse the substitution of citric acid by pABA on the nanoparticles
surface. The broad peak (Figure 1d) in the range of 3000 - 3500 cm’ can be assigned to the
stretching vibration of O-H group of carboxylic acid. Peaks at 1583 cm™ and 1410 cm™ are
assigned to asymmetric and symmetric stretching vibrations of carboxylic group.34 Strong
peak at 1016 cm™ is due to C-O stretching of citric acid.*” The spectra of the functionalised
nanoparticles (Figure 1e) show two new peaks at 1497 cmand 747 cm™ which are due to C-
C stretching vibration and out of plane C-H bending vibrations of benzene ring,
1respective1y.3 34 The peaks at 1558 cm™ and 1400 cm™ are due to the carboxylic acid group
of pABA. Broad peak above 3000 cm™ can be assigned to amine group of pABA. From the
above analysis, we confirmed that pABA has been successfully attached on the surface of the

nanoparticles.

3.3 Morphology and elemental composition analysis
In this work, we observed important morphological change of the nanoparticles
synthesised under similar experimental conditions, depending upon the doping concentrations

of the Tb>* ion. Figure 2a-c show the HRTEM images of as prepared surface functionalised
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LaF3:Tb3+@pABA NPs which show the morphology of spherical shape. The average size of
the spherical nanoparticles is 5.2 nm which is in good agreement with the value calculated
from XRD. The lattice fringes are clearly observed and the experimentally observed d-
spacing is found to be 0.32 nm which coincides with the (111) plane of tysonite structure
(JCPDS 82-0690) of LaF;. Crystalline nature of the nanoparticles is well understood from the
SAED pattern (Figure 2d) and the major diffraction has been assigned to their corresponding
planes. Figure 2e shows the EDX spectra of as-prepared LaF3:Tb3+@pABA NPs. All the
typical peaks corresponding to La, F, Tb are observed in the spectra. At higher dopant
concentration (10 at% of Tb>"), the spherical shape morphology of the nanoparticles get
converted to a rod shape morphology as shown in Figure 2f. The rods have average length
~10 nm and width ~2 nm.

The particles are found to be agglomerated in nature. Figure S1 (see ESI) shows the
histogram of particle size distribution from the DLS measurement. The individual particles
are found to be agglomerated in the size range of ~120-170 nm with ~150 nm constituting

half of the total populations.

3.4 Absorption study

The absorption spectra of pABA functionalised and non-functionalised LaF3:Tb**
nanoparticles are shown in Figure 3a. In case of functionalised nanoparticles a new strong
broad absorption peak having maximum at 265 nm appears which is not present for as
prepared non-functionalised LaFs:Tb** nanoparticles. The peak can be assigned to the
absorption peak of pABA which is due to the presence of —NH, group where it is in
conjugation with the benzene 1ring.42 UV absorption property of pABA is highly sensitive to
the pH of the medium. Many authors reported that the conversion of -NH, to -NH3" in
strongly acidic medium is accompanied by marked reduction in absorption.43 “ Due to
protonation, lone pair of electron on nitrogen atom of —NH; group is no more available for
conjugation with aromatic ring leading to the decrease in the absorption intensity. The
functionalised nanoparticles show lowest absorption intensity at pH = 1 (Figure S2, See ESI).
Surprisingly, absorption intensity is highest at pH = 3 which is almost double as compared to
the absorption intensity at pH = 7. The reason might be the occurrence of the -NH, form of
pABA at pH = 3. Krishna er al.*’ have reported that pABA exists dominantly in three
different acid-base states ranging from the fully protonated (-NH;"; pH = 1), through neutral

(-NHy; pH = 3.3), to anionic (-COO™; pH = 10), and its subsequent change from electron-
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acceptors to electron-donors with increasing pH. The above analysis further confirms that the
pABA sensitised LaFs:Tb** shows highest absorption activity at pH = 3 and subsequently all
the photoluminescence analysis have been performed at this optimum pH. Very low UV
absorption in the alkaline medium where free -NH, group is present is due to very little

dispersibility of the nanoparticles at pH = 13.

3.5 Photoluminescence studies

All the photoluminescence studies were performed in aqueous medium. 50 mg/250 ml
aqueous (pH = 3) dispersions of pABA functionalised and non-functionalised LaF3:Tb>*
samples were taken to examine the energy transfer or sensitization of Tb* by pABA. Figure
3b shows the excitation spectra of pABA functionalised and non-functionalised LaF3:Tb>*
nanoparticles at the fixed emission wavelength of 546 nm. When the functionalised
nanoparticles are excited at pABA absorption maximum at 265 nm, it gives ~100 times
stronger luminescence as compared to direct excitation (360 nm) of Tb>" ion as shown in
Figure 3c. This indicates that there is a successful transfer of energy from pABA molecules to
Tb** ions and pABA acts as an effective sensitizer for Tb*>* ions. In case of direct excitation of
Tb> by 360 nm effective excited state is not generated due to forbidden nature of f-f
transition. But in case of sensitization effective energy transfer takes place between Tb** and
PABA when excited at 265 nm. In this case Tb’* has a highly populated excited state. Thus
radiative transition from the excited state to ground state gives 100 times enhanced
luminescence.

The energy transfer process can be explained through the schematic diagram, Figure
3d. Here, when a photon (hv) of 265 nm excites the pABA molecules, an electron from the
ground singlet state (Sy) is transferred to the excited singlet state (S;).The excited molecules
undergo non-radiative intersystem crossing (ISC) from short lived (S;) state to a long-lived
triplet (T)) state. G. Meijer et.al reported that the triplet state of pABA lies between 1.57
(12653cm'1) and 3.00 eV (24177cm'1) above the singlet ground state.*® However, as the 5D4
state of Tb**ion is 2.54 eV (20500 cm™)*” which lies in between the triplet state of pABA,
energy is transferred from the higher triplet state to the low lying accepting levels of Tb>*.
This transferred energy from antenna (pABA) excites 4f electrons of Tb>" to the higher
energy levels. Radiative transitions from’Dy-'F; (J = 4-6) of Tb** jons gives its typical three
characteristic strong emission bands centred at 490 nm, 546 nm and 586 nm, among which

the peak at 546 nm is the strongest one. Sensitised luminescence intensity increases with
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increase in Tb>* ion concentration in the LaF; nanoparticles (Figure S3, See ESI) which is
quite understandable that with the increase of the concentration of the emitter entity, the
emission is tend to increase accordingly. But at 10% Tb>* concentration luminescence
reduces due to concentration quenching which is a phenomenon where at higher
concentration the emitted radiation from one moiety is absorbed by the another nearby
moiety and leading to the over reduction of the final emitted radiation from the sample. In

this present study, the optimum concentration of the Tb>" ion is found to be 8 at %.

3.5.1 Variation on the photoluminescence properties with change of pH

As the pH of the aqueous solutions plays a vital role on the luminescence property of
functionalised materials, pABA functionalised LaFs:Tb** (8%) were analysed at different pH
values. To each of 250 ml of aqueous solutions of different pH, 50 mg of surface
functionalised LaFs:Tb™* (8%) particles were added and nicely dispersed.

All the samples were excited at 265 nm and variation in luminescence intensity of
these samples were recorded in the wavelength range of 450-700 nm (Figure 4). In very
strong acidic medium (pH = 1) luminescence gets switched off due to protonation of the
amine group. The luminescence intensity again reappears at pH = 2 and shows maximum
luminescence at pH = 3 due to the occurrence of the -NHj state of pABA as explained above.
Luminescence intensities in the pH range of 4-7 are almost same as shown in Figure 4a. The
integrated area of 546 nm peak also shows that maximum at pH = 3 (inset of Figure 4a).
After pH =7, a slight enhancement in the luminescence is observed till pH = 9. In the strong
alkaline medium (pH = 10-13), luminescence reduces below the neutral medium
luminescence (Figure 4b). Very low luminescence intensity in strongly acidic medium (pH =
1) and strongly alkaline medium (pH = 13) is experimentally supported by very low UV
absorption intensities at that pH values (Figure S2, See ESI). Surface area to volume ratio
(4nr*/4nr’/3) of these very small nanoparticles (~5 nm) is around10’ cm™. Under this
condition, a significant number of Tb>" ions on the surface of the nanoparticles will form co-
ordinate bond with the hydroxyl ion in strong alkaline medium. Excited states of Tb>" ions
are non-radiatively quenched by the -OH group vibrations.*® Our research group has also
previously reported that the luminescence of lanthanide ions are quenched by the presence of
O-H group in the compound.**”° This nonradiative quenching as well as the low dispersibility
of the nanoparticles in strong alkali explains the observed decrease in luminescence. Low

dispersibility of the particles in alkaline medium arises due to the basic nature of the particles,

10
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which is due to the presence of free -NH, group on the particle surface. Luminescence
quenching in the alkaline medium (pH = 9-13) shows a linear relationship with pH of the
medium. A plot of integrated area of the most intense peaks at 546 nm vs pH shows a straight
line having negative slope and taking an intercept on y-axis (Inset of Figure 4b). This linear
relationship can be used to detect pH of unknown alkaline medium. Overall, by studying the
variation of the photoluminescence properties of the pABA sensitised LaF3:Tb**
nanomaterials at different pH, these materials will have potential application in the detection

of pH of an unknown solution.

3.5.2 Detection of nitro explosives

pABA surface functionalised LaF3:Tb’* nanoparticles can detect highly electron
deficient aromatic nitro compounds at very low concentrations . Equal volume of the
dispersion of the pABA functionalised LaF3:Tb™* nanoparticles and the aqueous solution of
the nitro compounds were mixed and their photoluminescence properties were recorded at pH
= 3. We conducted this experiment for some selected aromatic nitro compounds such as
nitrobenzene (NB), o-nitrophenol (2-NP), o-nitrotoluene (2-NT), 2,4-dinitrotoluene (2,4-
DNT), 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrophenol (2,4-DNP), picric acid (PA) and
2,4,6-trinitrotoluene (TNT) and some selected aliphatic nitro compounds such as
nitromethane, 1,2,4-butanetriol nitrate (BTTN), octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX), and 1,3,3-Trinitroazetidine(TNAZ).

Figure 5 shows luminescence quenching of LaF3:Tb’ "@pABA by picric acid and
TNT. Quenching is even observed at very low concentrations of TNT (10 ppm or 50uM) and
picric acid (2.25 ppm or 10uM). Figure 6 shows that NP, 2,4-DNP and 2,4-DNT can also
quench the luminescence at very low concentrations (12.5uM). Figure S4 shows very
sensitive detection of TNT at ppb level. At such low concentration the luminescence intensity
change at 5D4—7F4 is more clearly seen than for 5D4—7F5 transition. The luminescence at 490
nm was used for Stern-Volmer plot. The surface functionalised nanomaterials were able to
detect TNT up to 50 ppb.

Nature of the quenching can be understood from the respective plots of Iy/I vs
concentrations [Q]. At low concentrations of the analyte, the quenching of luminescence by
the acceptor molecules follow the classic Stern-Volmer relationship, I/l = 1+ko[Q] where kq
is the quenching constant, [ is the intensity of fluorescence at the quencher concentration [Q],

51,52

and Iy is the fluorescence intensity in the absence of quencher. Calculated values of

11
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quenching constant (kq), obtained using above Stern-Volmer equation for TNT, PA, 2-NP,
2,4-DNT, 2,4-DNP are 12295, 5738, 1683, 3296, 2103M! respectively. Among the above
analysed nitrocompounds, TNT has remarkably high quenching constant. At higher analyte
concentrations, Iyl vs [Q] plot show upward curvature. At these concentrations the
fluorescence quenching follow Iy/I = (1+k[Q]) (1+k°b8dro[Q]) equation.5 A comparison of
quenching efficiencies of the all the selected nitrocompounds at a particular concentration
(0.1mM) is shown in the bar-graph of Figure 7. Quenching efficiencies (%) are calculated
using the formula (I - )/Iy x 100%, where I, is the maximum fluorescence intensity of the
functionalised nanoparticles before exposure to the NPs, and [/ is after interaction with the
nitrocompounds. It shows negligible quenching by aliphatic nitroexplosives except for RDX
(explained below). Thus the nanoparticles are highly sensitive to the selected aromatic

nitroexplosives.

The order of quenching is as follows;
2,4-DNT > 2-NP > 2,4-DNP > NB, TNT > PA > RDX > 2,6-DNT >> NT > TNAZ > HMX >
NM, BTTN.

The observed fluorescence quenching can be explained by the donor-acceptor
electron-transfer mechanism and energy transfer mechanism. The aromatic trinitro explosives
have low-lying n*-type lowest unoccupied molecular orbital (LUMO) which is stabilised by
the electron withdrawing -NO, group. Electron can transfer from the higher energy triplet
state of pABA to the LUMO of the aromatic nitro analyte.5 *55 Thus energy transfer from
pABA to Tb** decreases in presence of aromatic nitrocompounds and results in luminescence
quenching. Now it is well established that analytes with more negative LUMO energy and
consequently less negative reduction potential exhibit a larger driving force for electron
transfer from particles to quenchers.’® Energy of LUMO of most of the aliphatic
nitroexplosives lies above that of pABA and hence no electron transfer as well as
luminescence quenching is observed by the aliphatic nitro explosives (Figure S5, See ESI).
To explain the above quenching efficiency sequence where the non-explosive or less
explosives aromatic compounds like 2,4-DNT, 2-NP, 2,4-DNP having less number of
electron withdrawing -NO, group show very much potent quenching ability, we need to
consider the energy transfer mechanism in addition to electron transfer mechanism. The

energy transfer mechanism is supported by non-linear nature of Stern-Volmer plot. A non-

12
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linear Stern-Volmer equation indicates super amplified quenching.5 8.59 Fluorophore to analyte
energy transfer can occur if the fluorophore and analyte are close to each other and the
absorption band of the analyte overlaps effectively with the emission band of the
fluorophore.60

Figure 8 shows that emission spectra of pABA overlaps effectively with the UV
absorption spectra of 2,4-DNT, 2-NP, 2,4-DNP and picric acid. This can explain high
quenching performance of less explosive or non-explosive 2,4-DNT, 2-NP and 2,4-NP. In
these cases in addition to electron transfer, energy transfer from pABA to analyte occurs as
well. There is a very less overlap for 2,6-DNT, TNT and RDX. So the quenching mechanism
for 2,6-DNT, TNT and RDX is mainly electron transfer mechanism. This observation can
also explain very low quenching performance by 2,6-DNT and RDX. From the above

analysis, we conclude that pABA sensitised LaF3:Tb®* NPs can be potential materials for

using as a sensor for the detection of highly explosive aromatic nitrocompounds.

3.5.3 Effect of laser irradiation

At a particular concentration of the nanoparticles and pH, the samples of varying
concentrations of TNT and PA were irradiated with a ultraviolet (A = 248 nm) KrF excimer
laser (Lambda Physik-Germany) having a maximum average power of 40 watts (pulse energy
= 150 mJ) and a pulse width of 20 ns to visualise the luminescence quenching by the
explosive materials. Photographic images for the change in luminescence of pABA sensitised
LaF3:Tb”* NPs by the explosives at various concentrations has been shown in Figure 9. The
concentration variations were done upto 60 ppm and 250 ppm for TNT and PA respectively.
Even 20 ppm of TNT can quench the luminescence significantly where almost no
fluorescence has been observed in presence of 60 ppm of TNT. This observation also
supports the luminescence quenching pattern as shown in the Figure 5(b). Luminescence
quenching by PA is very strong only at higher concentration, which is supported by Figure
5(a).

3.5.4 Lifetime measurements

Life-time of the nanoparticles was studied in presence and absence of the analytes
(PA and TNT) and was recorded by fixing the excitation and emission wavelengths at 265
nm and 546 nm respectively as shown in Figure S6 (See ESI). Life time of the surface

functionalised nanoparticles in absence of any analyte is 0.1177 ns. Life time values

13
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decreases in presence of aromatic analytes. In presence of 18, 61.25 and 125 ppm picric acid
life time values are 0.1158, 0.0883, and 0.0806 ns respectively. Life time values for 10, 20
and 60 ppm TNT are 0.0790, 0.0889, and 0.0785 ns respectively. In case of sensitised
photoluminescence it is well established that life time of the sensitizer gradually decreases
with the increase in the activator concentration.** In the present case life time of Tb>* ion
reduces with increase in the aromatic analyte concentration due to transfer of energy from the

excited pABA molecule to the analyte molecules.

4. CONCLUSION

In summary, a novel approach for the detection of highly explosive aromatic nitro
compounds and determination of pH of a solution utilizing the pABA sensitised terbium
(Tb®*) doped spherical LaF; nanoparticles has been reported. The as-prepared pABA
functionalised nanoparticles show remarkable (>100 times) enhancement in the luminescence
intensity as compared to the as-prepared non-functionalised compounds due to effective
energy transfer from p-aminobenzoic acid to Tb**ion. This work establishes pABA as a very
good sensitizer for Tb*" jon. This functionalised nanomaterials show great influence of pH on
their luminescence properties and can be used for the determination of pH of unknown
solutions. We used this functionalised particles to determine the concentration of nitro
compounds in aqueous medium. Luminescence intensity decreases exponentially with
increase in the nitro compounds concentrations due to quenching of the excited states of the
p-aminobenzoic acid by nitro compounds. The detection at ppm level is quite easily achieved
for all the compounds but for TNT the nanoparticles show very high sensitivity up to 50 ppb
level. The novel technique of utilising the Tb* doped NPs sensitised by pABA have potential

application in the detection of explosives.
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TElectronic Supporting Information (ESI) available:

Histogram showing the particle size distribution (DLS measurement) of LaFs:Tb**@pABA

nanoparticles. Absorption spectra of of LaF3:Tb3+@pABA nanoparticles at different pH,

Emission spectra of LaF;:Tb** @ PABA nanoparticles at different concentration of Tb>* ions,

Emission spectra of LaF3:Tb’ "@pABA nanoparticles at A, = 265 nm with the change in

concentration of TNT (ppb level). Inset shows their respective Stern-Volmer plots. Energy

level diagramme of all the selected nitro compounds along with the decay profile for

LaF3:Tb3+@pABA nanoparticles at varying concentration of (a) PA and (b) TNT.
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Figure 1: XRD and IR spectra of LaF5:Tb** nanoparticles with and without pABA along

with the JCPDS Card No. 82-0690.
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Figure 2: Images showing the morphology of LaF5:Tb** @ pABA nanoparticles (a-c) along
with (d) its SAED and (e) its EDAX spectra. Rod shape morphology of higher dopant

concentration is also shown (f).
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Figure 3: (a) Absorption, (b) excitation and (c) emission spectra of LaF5:Tb** with and
without pABA along with (d) schematic diagramme for the energy transfer in
LaF3:Tb*@pABA nanoparticles. Excitation and emission wavelength are fixed at 265 and
546 nm, resp.
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Figure 4: Effect of pH on the emission spectra LaF5:Tb** @ pABA nanoparticles at Aex = 265

nm. Inset shows the integrated area under the curve for 546 nm peak.
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Figure 5: Emission spectra of LaF3:Tb’*@pABA nanoparticles at Aex = 265 nm with the
change in concentration of (a) PA and (b) TNT. Inset shows their respective Stern-Volmer

plots.
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Figure 6: Emission spectra of LaF3:Tb*@pABA nanoparticles at Aex = 265 nm with the
change in concentration of (a) NP, (b) DNP and (c) DNT. Inset shows their respective Stern-

Volmer plots.
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Figure 7: Bar graph showing the quenching efficiencies (%) for all the analysed analyte at

their fixed concentration of 0.1 mM.
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Figure 8: UV absorption spectra of pABA along with (a) NP, 2,4-DNP, PA, DNT and (b)
2,6-DNT, TNT, RDX.

Figure 9: Photographic images for the variation in luminescence of LaF3:Tb>* NPs on laser
irradiation (248 nm) in presence of (a) O ppm analyte (b) 20 ppm TNT (c) 40 ppm TNT (d)
60 ppm TNT (e) 31 ppm PA (f) 62 ppm PA (g) 125 ppm PA and (h) 250 ppm PA.
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Table 1: Crystallite size, Lattice parameter, Unit cell volume and FWHM of pABA

functionalised and non-functionalised LaFg):Tb3 " NPs.

SL. no Sample Crystallite Lattice Unit cell FWHM
size parameter volume (111)
(nm) a=b ¢ A%
1 LaFs:Tb** (2%) 7.19 7.43 332.90 2.70
5.52
2 LaFs:Tb** (4%) 5.90 7.17 7.44 331.99 2.50
3 LaFs:Tb** (6%) 5.74 7.17 7.50 334.10 2.61
4 LaF;:Tb* (8%) 5.59 7.17 7.42 330.95 2.71
5 LaF5:Tb** (10%) 6.29 7.16 7.31 325.23 2.49
6 LaF;:Tb* (2%) @PABA 4.50 7.19 7.43 340.67 3.12
7 LaF;:Tb’* (4%) @PABA 5.28 7.17 7.44 336.10 2.70
8 LaF;:Tb’* (6%) @PABA 5.08 7.17 7.50 341.27 2.93
9 LaF;:Tb’* (8%) @PABA 4.57 7.17 7.42 338.62 3.02
10 LaF;:Tb’* (10%)@PABA 5.53 7.16 7.31 332.71 3.14
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