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ABSTRACT

The Fluorescence sensing technique for trace detection of High Energy Materials
(HEMs) has gained more attention in recent times. In the present paper, the
interaction between the fluorophore and HEMs is studied using spectroscopic
and electrochemical techniques. The fluorophore polyaniline (PANI) was
functionalised by doping it with benzenesulfonic acid (BSA) to increase the
processability, and mobility of n-electrons along with decreased n-stacking. It is
observed that upon doping the solubility of BSA-PANI is increased, facilitating
a higher quenching by commercial explosives, i.e., RDX, CL-20, CL-20:RDX
cocrystal. The interaction studies undertaken though fluorescence quenching,
FTIR and Resonance Raman studies shows that the benzenoid unit, polaron and
bipolaron nitrogen in BSA-PANI interact with nitro groups of HEMs and form a
charge-transfer complex between HEMs and BSA-PANI undergoing predomi-
nantly a PET mechanism. LOD value is found to be least for Cocrystal
(1.876 x 10° M) when compared to other HEMs 3.191 x 10° M (CL-20),
5.904 x 10° M (RDX), 3.734 x 10° M (PETN) indicating that cocrystal can be
detected in trace level. The collaborative study between cyclic voltammetry and
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the observed results of fluorescence quenching, revealed that the emeraldine salt
form of (BSA-PANI) is sensitive to HEMs.

1 Introduction

The development of sensors for quick and sensitive
detection of HEMs [PA (Picric acid), RDX (1,3,5-
trinitroperhydro-1,3,5-triazine), PETN (pentaerythri-
tol tetranitrate), Cl-20 (hexanitrohexaazaisowurtzi-
tane), etc.] has garnered more interest in recent years
[1]. HEMs are mostly fabricated for use in military
and commercial purposes. The degradation products
and by-products of HEMs cause an adverse effect on
the environment, especially soil and water where
there stored and produced [2]. In recent years, the use
of HEMs by terrorist groups has increased; therefore,
their detection in the solid, liquid, or vapour phase is
of utmost importance for the safety of the citizens.
The techniques such as Raman spectra, ion mobility
spectroscopy, mass spectroscopy, chromatography
and electrochemical technique are used for the
detection of HEMs [3, 4]. The fluorescence technique
is the most sensitive technique to detect HEMs with
high selectivity, low cost, and ease to handle. In this
technique, fluorophore acts as an electron donor and
the analyte HEMs acts as an acceptor. In the litera-
ture, fluorescence quenching (turn off) and enhancing
(turn on) mechanisms for the detection of HEMs are
reported. Swager et al. [5] in 1998 used fluorescence
turn-on mechanism for the detection of explosives
using an exotic conducting polymer pentiptycene
polymer and the other conjugated polymers such as
polyacetylenes, poly(p-phenylenevinylenes) etc.,
were reported for the detection of TNT using fluo-
rescence turn-on mechanism [6, 7]. Heran Nie et al.
used conjugated copolymer film as electroactive
material for the detection of TNT in an aqueous
medium [8]. Paul Martinez et al. synthesised lumi-
nescent organosilicon copolymers poly(silafluo-
renyldiethynylspirobifluorene) and poly
(tetrasilolediethynylspirobifluorene) for detection of
explosive mixture such as TNT, DNT, PA, HMX,
RDX, CL-20 using fluorescence quenching technique
along with separation by employing chromato-
graphic support [9].

In the literature, there are reports on fluorogenic
chemosensors used for the detection of anions. These
anions quench the fluorescence emission through a
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non-radiative pathway [10-12]. Our group has earlier
reported work on doped polyaniline for the detection
of nitroaromatics, like picric acid, p-nitrotoluene etc.,
indicating that doped polyaniline is capable of
studying other complex HEMs [13, 14]. Our present
work reveals that detection of HEMs using doped
polyaniline with other complex HEMs such as RDX,
PETN, CL-20 and CL-20: RDX Cocrystal shown in
Scheme 1. The sensing of these HEMs is essential
because RDX is most commonly used in terrorist
attacks and commercial explosives. PETN is primar-
ily used in detonators and landmines [15]. CL-20 is
the most powerful green energetic material compared
to RDX and TNT [16]. Whereas CL-20: RDX Cocrys-
tals are the next generation energetic materials with
improved characteristics without affecting the energy
of its sub crystals [17]. The doped polyaniline is a
conjugated polymer that acts as a fluorophore and
show a molecular wire effect during fluorescence
quenching studies. The doping process in polyaniline
increases solubility and processability with decreased
n stacking between polymer chains. Upon doping the
polymer chain with suitable dopant the conductivity
of the polymer chain enhances [18]. The emeraldine
salt form with benzenoid, quinoid, polaron and
bipolaron units in the polymer are sensitive towards
the interaction with the HEMs [13].

In the present study, BSA-doped PANI is synthe-
sised and used as a fluorophore. In this paper, we
have undertaken a detailed study and explained
details of characterisation techniques (UV-Vis, FTIR,
Raman spectroscopy). The details on the interaction
mechanism taking place during fluorescence
quenching are explained based on spectroscopic
techniques Viz. FTIR, Resonance Raman spectra, and
electrochemical studies.

2 Experiment
2.1 Materials and methods

Aniline, ammonium per-sulfate (APS), benzenesul-
fonic acid (BSA), and other solvents were of analyti-
cal grade. RDX, Cl-20, PETN was provided in
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Scheme 1 BSA-doped polyaniline and interaction of HEMs with BSA-doped Polyaniline

anhydrate form with 99% purity by Premier Explo-
sives Limited, Hyderabad, India. CL-20: RDX
cocrystal was synthesised by a solvent evaporation
method using acetone as solvent [17].

2.2 Synthesis of BSA-doped polyaniline

The benzenesulfonic acid-doped polyaniline (BSA-
PANI) was synthesised by chemical oxidative poly-
merization as reported by MacDiarmid et al. [14, 19]
and shown in Scheme 2. The synthesis involves
preparing an equimolar mixture of aniline and ben-
zenesulfonic acid (BSA). A precooled solution of APS

acting as an oxidizer was added dropwise to this
mixture at 0-5°C. After complete addition, the
reaction mixture was stirred for 24 h to complete the
polymerization in cold conditions. Then, the solution
is filtered, washed with water/methanol and dried at
60 °C for 12 h to get a dark green powder of BSA-
PANL

2.3 Characterisation

BSA-PANI and BSA-PANI on interaction with HEMs
were characterised by FT-IR, Resonance Raman, UV-
Vis,  Fluorescence spectroscopy and Cyclic

@ Springer



8554

Scheme 2 Schematic model SO;H
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voltammetry. The morphology of BSA-PANI and
BSA-PANI on interaction with HEMs samples were
investigated by FESEM. The solid samples for FT-IR,
Resonance Raman and FESEM studies were prepared
by dissolving HEMs in acetone and added to BSA-
PANI followed by evaporation, drying and then
taken for analysis. The FTIR analysis was carried out
using Perkin Elmer IR spectrometer 1000 using KBr
pellet method in the range of 400 cm™" to 4000 cm™".
The Resonance Raman spectra were recorded by
Horiba Jobin Yvon instrument within the range of 60

m~" to 2500 cm™! employing laser wavelengths of
638 nm with laser power of 25% of 25 mW. The
absorption spectra were analysed using UV-Vis
spectrometer PG Instruments Limited T90+ ranging
from 200 to 900 nm. The fluorescence quenching
studies were carried by Horiba Jobin Yvon fluorolog3
spectrofluorometer. The electrochemical study, i.e.,
cyclic voltammetry, was carried out by Gamry ref.
3000 Potentiostat/Galvanostat with a three-electrode
system with platinum as working electrode, Ag/Ag+
as reference electrode and a platinum wire as counter
electrode along with 0.1 M TBHF in acetonitrile
which was used as an electrolyte.

3 Results and discussion
3.1 FTIR studies

The FTIR spectra for BSA-PANI and BSA-PANI
interacted with HEMs is shown in Fig. 1 with the
peak assignments given in Table 1. The nature of the
interaction between BSA-PANI and HEMs is under-
stood from FTIR spectra by analysing the shift in
bond stretching frequency of BSA-PANI before and
after interaction with HEMs. From FTIR spectra, we
observed nine prominent peaks, as shown in Table 1.
The peak at 3432 cm ™' corresponds to N-H stretch-
ing vibration in BSA-PANI, peak at 1634 cm™'
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corresponds to N=Q=N stretching vibration, peak at
1496 cm™! corresponds to N-B-N stretching vibra-
tion. The phenazine-like structure stretching is
observed at 1406 cm™' due to the cross-linked poly-
mer chain formed during synthesis. The peaks at
1298 cm™!, 1182 ecm ™! and 1132 cm ™' correspond to
(C-N) stretching of secondary aromatic amine, C-H
bending of quinoid unit in the BSA-PANI, and for
charge portion of the polymer chain of Q=NH"-B or
B-NH""-B. The HSO, /SO5~ group on the sulfonated
aromatic ring of dopant is observed at 1020 cm™',
and the remaining peaks below 1000 cm ™' are from
dopant HSO,™ [20-22]. The © electron delocalization
in the polymer is rapid by transforming benzenoid
and quinoid units through chemical equilibrium.
During the synthesis bipolaron is generated in the
initial step which is stabilised through interconver-
sion to polaron by electron delocalisation [23]. The
FTIR spectra of BSA-PANI resemble the characteristic
peaks of PANL On interaction with HEMs, few
characteristic peaks of BSA-PANI show a small shift.
The electron-rich moiety i.e., nitrogen (polaron and
bipolaron), n electrons of benzenoid and quinoid
units of the BSA-PANI interacts with the nitro groups
in HEMs which acts as electron-deficient groups or
electron-withdrawing groups. From Table 1, the peak
at 3432 cm™! which corresponds to N-H stretching,
shows a major shift on interaction with HEMs; this
shows that the electron-rich nitrogen in the polymer
chain interacts with the HEMs.

The peak at 1634 cm ™' corresponding to N=Q=N
in the BSA-PANI also shows a significant shift on
interaction with HEMSs confirming the interaction
between the n electrons of quinoid unit in the BSA-
PANI with the HEMs, which further stabilises the
quinoid unit in the polymer chain. The peak at
1298 cm™" corresponds to V(C-N) of secondary aro-
matic amine i.e., the benzenoid unit attached to
nitrogen shows a change in vibration peak, which
confirms the interaction between nitrogen attached to
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Fig. 1 FTIR Spectra of BSA-
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Table 1 FTIR spectral assignment for BSA-PANI and BSA-PANI with HEMs

BSA-PANI in BSA-PANI-RDX

-1 1

cm in cm™ !

BSA-PANI-CL-20 BSA-PANI-

BSA-PANI-PETN  Assignments

1 1

incm™ Cocrystal in cm™ incm™

3432 3442 3422 3434 3444 N-H stretching of the amine group

1634 1648 1650 1660 1648 N=Q=N Quinoid (Q) unit
stretching

1496 1494 1494 1496 1494 N-B-N Benzenoid (B) unit
stretching

1406 1402 1406 1406 1414 Phenazine ring stretching

1298 1288 1290 1296 1286 V(C-N) of secondary aromatic
amine

1182 1186 1184 1182 1184 N=Q=N C-H bending

1138 1138 1142 1138 1138 Q=NH"-B or B-NH*-B

610 600 600 606 600 HSO,, SO,

1020 1020 1020 1016 1020 HSO, /SO;™ group on a

sulfonated aromatic ring

the benzenoid unit with the nitro group of the HEMs.
From Table 1, it is clear that PETN shows
notable shifts in the vibration peak, confirming more
prominent interaction between the BSA-PANI and
the nitro group of PETN when compared to other
quenchers. In PETN, the nitro group is attached to the
open-chain compared to the nitro group attached to
caged HEMs viz., CL-20 and Cocrystal shows more
accessibility for interaction. The peaks at 1020 cm™"

and below 1000 cm™' form dopant HSO; ™' do not
show any change in frequency on interaction with
HEMs confirms there is no destabilisation for
dopants attached to the PANI on interaction with
HEMs. Further, the peak intensity at 3600 cm™' to
3400 cm™' confirms the secondary interaction
between N-H of the BSA-PANI and the HEMs. The
other changes in intensity is due to effective charge
influenced by the surrounding atoms, which also
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confirms the interaction between BSA-PANI and the
HEMs. From FTIR spectra, shifts in vibration confirm
the formation of a charge-transfer complex between
BSA-PANI and HEMs. Further interaction between
polymer and HEMs is reported by employing Reso-
nance Raman Spectroscopy (RRS).

3.2 Resonance Raman spectroscopy

In the present paper, the Resonance Raman Spectral
(RRS) study is important because it helps to under-
stand the sensitive mechanistic study of the interaction
between BSA-PANI and HEMs. From RRS, sensitive
C-C vibrations in the polymer chain are studied and
used to investigate the structure, electronic properties,
and intermediate formed. From literature, the RRS of
PANI hydrochloride films and other doped PANI,
including BSA-doped along with its base forms, with
differentlaser wavelengths with differentlaser powers
observed various vibrations of the polymer chain. It
was observed that at lower laser power at 638 nm laser
wavelength, the functionalized PANI shows several
peaks for benzenoid, quinoid unit vibrations, phena-
zine like cross-linkage vibrations, polaron vibrations
or radical segment vibrations with other vibrations in
the polymer chain [24]. While employing higher laser
power caution is taken so that the polymer chain is not
damaged through deprotonation. On using higher
laser power, only two peaks (1574 cm™' and

] Mater Sci: Mater Electron (2022) 33:8551-8565

1324 cm ™' are shown in Fig. 2 and tabulated in Table2)
were observed due to a change in polarizability ellip-
soid during irradiation. These two bonds stretching
vibrations are important in the interaction study. The
peak at 1574 cm™' is assigned for C=C stretching
vibrations of the semiquinoid unit, and the peak at
1324 cm™! is assigned for delocalised polaronic peak
or C~N™" stretching vibrations of semi quinoid unit.
When BSA-PANI interacts with HEMSs, these two
peaks show a prominent shift indicating interaction
with polaron and semiquinoid units. In the RRS, the
polaron peak at 1324 cm™' is important and this
vibration is FTIR inactive [25, 26]. From Fig. 2, itis clear
that PETN interacts with BSA-PANI to a greater extent
than other HEMs. The four nitro groups (nitro ester) in
PETN are attached to the open-chain has better inter-
actions at these positions. Compared to other HEMs
with cage structures with a higher number of nitro
groups which are non-accessible to interact with BSA-
PANI. The nitrogen groups in PETN freely move and
arrange themselves to a structure with higher inter-
action with the electron-donating polaron unit in the
BSA-PANI, showing a more significant shift in peak
than other HEMs.

The FTIR and RRS results revealed a strong elec-
trostatic interaction between the BSA-PANI and the
HEMs. The FTIR spectrum shows the interaction
between the nitrogen of BSA-PANI with the nitro
groups of HEMs through a slight shift in N-H

Fig. 2 Resonance Raman
Spectra of BSA-PANI and
BSA-PANI with HEMs

1000

2000 +

Intensity/ arbitrary units

1000 -

e BSA-PANI
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Table 2 Resonance Raman spectral assignment for BSA-PANI and BSA-PANI with HEMs

BSA-PANI in BSA-PANI-RDX BSA-PANI-CL-20 BSA-PANI-

—1 1 1

Cocrystal in cm™

BSA-PANI-PETN  Assignments
1

cm in cm™ in cm™ in cm™

1574 1546 1560 1566 1556 C=C stretching vibrations of the
semiquinoid unit

1324 1342 1342 1354 1367 C ~Nstretching vibrations of

Semi quinoid unit

stretching and also N=Q=N interaction with HEMs.
The RRS confirms the interaction between C~N™,

i.e, polaron in the polymer chain, which is not
observed in FTIR.

3.3 UV-Vis spectroscopy

Two distinct peaks at 336 and 562 nm are observed
on the UV-Vis spectra for BSA-PANI and are shown
in Fig. 3. The peak at 336 nm is due to m—n* transition
of benzenoid and quinoid units of BSA-PANI, while
the broad peak near 562 nm is assigned to n-n*
transition of polaron or nonbonding electrons in the
polymer chain [27, 28]. At lower wavelengths, the
absorbance due to n—r* transition shows a change in
intensity on interaction with HEMs corresponding to
the static interaction mode [29] and at higher wave-
length, BSA-PANI with HEMs shows the n-r* tran-
sition in the polymer with a slight decrease in

absorbance and a slight shift in wavelength, sug-
gesting the formation of a possible exciplex complex
between BSA-PANI to HEMs. The UV-Vis absorp-
tion results support the possibility of charge transfer
from the BSA-PANI to the energy acceptor HEMs.

3.4 Field-emission scanning electron
microscopy (FESEM)

The FESEM images of BSA-PANI and BSA-PANI-
HEMs are shown in Fig. 4. The micrographs show
polymer aggregation forming a globular structure
with a large surface area. Globular structures possess
high surface area and are suitable to act as materials
optical devices for sensing applications [30]. On
interaction with HEMs, polymer morphology does
not show significant change showing disorganized
structure along with the broken globule-like
structures.
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Fig. 4 FESEM images of
BSA-PANI (a), BSA-PANI-
PETN (b), BSA-PANI-RDX
(c), BSA-PANI-CL-20 (d),
BSA-PANI-COCRYSTAL
(e) & (H)
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3.5 Fluorescence study

In the present study, fluorescence quenching experi-
ments are performed using BSA-PANI as fluorophore
and HEMs as quenchers in DMF. From fluorescence
spectra efficiency of quenchers and the Limit of
Detection (LOD) are calculated. The quenching
results are shown in Fig. 5 for PETN, CL-20, RDX,
and CL-20: RDX Cocrystal.

The fluorescence experiments were carried out
using 100 ppm BSA-PANI solution in DMF as sol-
vent, which acts as fluorophore in a quartz cell by
keeping BSA-PANI concentration constant and
varying the concentration of HEMs. The fluorescence
emission spectra are recorded on exciting the fluo-
rophore at Anax 352 nm to get the highest intensity
peak at 434 nm. Upon gradual addition of quenchers,
efficient quenching of the fluorescence intensity was
observed. The Stern—Volmer (S-V) plots give
quenching efficiency of HEMs and are shown in
Fig. 6. On addition of HEMs to BSA-PANI in DMF,
fluorescence emission of BSA-PANI is quenched with
shift in emission frequency (PETN) are observed. It
was observed that CL-20 and Cocrystal could quench
the fluorescence of BSA-PANI only upto a certain
concentration, further addition of CL-20 and
Cocrystal had no effect on the fluorescence emission
of BSA-PANI. The CL-20 and Cocrystal are large

300000
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caged HEMs in which the nitro groups are attached
at different positions of the cage structure, as these
nitro groups are inaccessible to interact with BSA-
PANTI; hence they quench the fluorescence emission
of the fluorophore to a lesser extent. Whereas PETN
shows quenching to a greater extent even at higher
concentrations, along with a shift in maximum
emission peak intensity. This is due to the formation
of exciplex, which stabilises the excited state [31].
RDX also shows good quenching of fluorescence
emission of BSA-PANI without any shift in the
maximum emission peak intensity.

It is also interesting to note that as the concentra-
tion of HEMs increases, the emission peak shows
three peaks at 410 nm, 434 nm and 454 nm along
with an additional peak at 394 nm. The peak at
410 nm and 454 nm is due to undoped forms of the
reduced and oxidized entity [32]. The main peak at
434 nm is due to n—n* transition of the doped oxi-
dized form of BSA-PANI and the peak at 394 nm is
due to solvent impurities [33, 34]. The fluorescence in
the BSA-PANI is due to the presence of n—m* transi-
tion of the benzenoid unit present in the polymer
chain and the quinoid unit in the polymer chain
quenches the fluorophore to a considerable extent
[35]. The HEMs on interaction with BSA-PANI causes
fluorescence intensity changes by the interaction of
electron-withdrawing nitro group of HEMs with

Fig. 5 Fluorescence Spectra
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Fig. 6 Stern—Volmer Plots
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electron-rich m bonded centres, localised and delo-
calised polarons of the amine group of BSA-PANIL.
A Stern—Volmer (S5-V) plot is plotted by taking Iy/I
Vs the concentration of quencher. The Stern—Volmer
constant (Ksv) can be determined by calculating the
slope of the S-V plots (Fig. 6), which provides an
information of the quenching efficiency and the
mechanism of quenching [36]. It is observed from the
5-V plots that at a lower concentration of HEMs, all
the plots are linear. While at higher concentration of
the HEMs viz. CL-20 and Cocrystal, the quenching
efficiency becomes saturated, leading to deviation
from linearity, while for PETN and RDX, the plot
remains linear, indicating amplified quenching pro-
cess as shown in Fig. 6. From the slope of the S-V
plots for PETN and RDX, quenching constants were
found to be 2103 x10°M~' (PETN) and
2.010 x 10° M™' (RDX), whereas the linear part of
CL-20 shows Ksv constant 2.394 x 10° M~ (CL-20)
and 3.541 x 10° M~ (Cocrystal). From the S-V plots,
it is observed that quenching constant is higher for
Cocrystal as compared to other HEMs at lower con-
centration. The LOD for HEMs was obtained from the
plot of fluorescence intensity Vs their concentration
as shown in Fig. 6. LOD for HEMs then calculated
using the formula 35/K, where S is the standard
deviation and the K is slope [30, 37]. These results
demonstrate that BSA-PANI can function as a highly
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Concentration (M)

sensitive and selective detector towards Cocrystal at
a lower concentration (which has a higher number of
NO; groups) when compared with other HEMs like
CL-20, RDX, PETN. However, all HEMs show
remarkable sensing with the fluorophore. Using the
above formula, the LOD for Cocrystal was found to
be 1.876 x 10> M, and LOD for CL-20, RDX, PETN
was found to be 3.191 x 10° M, 5.904 x 10° M,
3.734 x 10 M. The highest quenching of HEMs is
obtained for RDX compared to other HEMs and this
is observed from Fig. 7.

The NO, group plays a vital role in fluorescence
quenching, which withdraws electron from the
polymer chain. The Cocrystal shows higher quench-
ing constant because of more number of NO, groups
compared to other HEMs. At higher concentrations of
HEMs, the strained structure in CL-20 and Cocrystal
limits the quenching; thus, there is no quenching
observed after a certain concentration but for RDX
and PETN shows quenching even at higher concen-
tration are shown in Fig. 7. Here the accessibility of
the nitro group plays an essential role in quenching.
It may be understood that the RDX possess a planar
structure with a moderately higher charge on the
nitro group when compared with other strained
HEMs used in the study, and thus has more acces-
sibility for interaction.
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Fig. 7 Quenching efficiency
of different HEMs at different
concentration

Absorbance spectra of HEMs also show quencher
behaviour by overlapping with the normalized fluo-
rescence spectra of BSA-PANI, as shown in Fig. 8.
Figure 8 shows no overlap between emission spectra
of BSA-PANI and absorption spectra of HEMs, indi-
cating that the fluorescence emission energy is
insufficient to absorb and excite electrons in the
quencher, thereby indicating the absence of the inner
filter effect. To understand the selectivity of different
HEMs, the quenching mechanism was investigated;

— Emission spectra
of BSA-PANI

e CL-20

e CRCC

e PETN

e RDX

Absorption / Intensity

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 8 Absorption spectra of HEMs and emission spectra of BSA-
PANI
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the quenching phenomenon and fluorescence may be
explained by electron transfer of donor-acceptor
groups through the interaction of electron-rich BSA-
PANI with electron-deficient analytes (HEMs). The
electron transfer takes place in the ground state by
forming a complex or in the excited state by collision.
Using molecular orbital theory, the electron transfer
is understood. The electron transfer from lowest
unoccupied molecular orbital (LUMO) of the excited
fluorophore to LUMO of HEMs occurs only if the
LUMO of HEMs lie below LUMO of the fluorophore
[38]. Therefore, the electron-deficient analyte sta-
bilises the electron transfer from the HOMO to
LUMO of BSA-PANI, which is higher than the
LUMO of HEMs, making it thermodynamically
favourable. Further understanding on the mechanism
is obtained from electrochemical studies i.e. cyclic
voltammetry studies discussed in the next section.
The linear plot for PETN and RDX suggests
quenching occurs through single mechanism either
static or dynamic. The interaction between nitro
group of these with forming electron donor-acceptor
complex was confirmed by Resonance Raman and
FTIR studies as discussed earlier. Moreover, CL-20
and Cocrystal show nonlinear plots suggesting mul-
tiple mechanisms. As there is no overlap of the
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absorption spectra of quencher and emission spectra
of fluorophore possible FRET (Fluorescence Reso-
nance Energy Transfer) mechanism is not observed. It
is understood from these S-V plots that the mecha-
nism of fluorescence is through PET (Photoinduced
Electron Transfer) as the excited electron transfer
takes place through the thermodynamically favour-
able route (LUMO of the fluorophore to LUMO of
quencher) non radiatively shown in Fig. 9 [39].

3.6 Cyclic voltammetry

Numerous electrochemical techniques are available
for the detection of HEMs with various redox-active
reagents in the accessible potential range possessing
good sensitivity, selectivity and suitable concentra-
tion range [40—42]. The most commonly used elec-
trochemical techniques are stripping voltammetry,
square wave voltammetry and cyclic voltammetry.
Stripping voltammetry is a preconcentration tech-
nique with lowest limit of detection among other
electrochemical techniques. Amongst all the electro-
chemical techniques, the cyclic voltammetry tech-
nique, which distinguishes the oxidation and
reduction in the single run plays a key role in
understanding such processes. Cyclic voltammetry is
one such important electrochemical technique
wherein one will observe both oxidation and reduc-
tion process, and the technique is highly sensitive
and selective. Ramanavicius et al. gave a critical
review on the use of conducting polymer as elec-
trochromic sensors in cyclic voltammetric study for
selective and sensitive sensing of heavy metal ions,
various gases, humidity, chemical and biochemical
compounds [43, 44].

In our study, we employed BSA-PANI for cyclic
voltammetry for the detection of HEMs (RDX, CL-20,
and Cocrystal). The sensitivity and selectivity of these
analytes towards BSA-PANI are understood through
the changes observed in current intensity and shift in

?, LUMO — LUMO
LUMO LUMO
é’ hv gfL ﬁ
3 I 1
[ = ePnIRSE, R
i HOMO HOMO
BSA-PANI  HEMs BSA-PANI  HEMs

Fig. 9 Fluorescence quenching mechanism
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the CV traces oxidation potential peak positions.
From the literature, the reduction potential peak
intensities are studied for detection of HEMs by
studying the nitro groups reduction process on
applying the potential [41, 42]. HEMs on interaction
with the BSA-PANI with multiple stable oxidation
forms (pernigraniline, emeraldine and leu-
coemeraldine) lead to a shift in the applied potential.
BSA-PANI possess a partially oxidised form, emer-
aldine (with three moieties of benzenoid units pos-
sessing amine linkage and one moiety of quinoid
unit, with imine linkages), which further fully oxi-
dises to perniganiline (equal numbers of benzenoid
units and Quinoid units) and these transitions are
observed at two different oxidation potentials viz
0.7 V and above 1.159 V respectively. Similarly, the
emeraldine base (a partially reduced form with three
benzenoids and one quinoid unit) reduces fully to
luecoemeraldine (only benzenoid units with amine
linkages).

The CV studies are conducted in the presence of
the electrolyte solution, i.e., Tetrabutyl ammonium
hexafluorophosphates(TBHF) in acetonitrile solvent
with an applied potential range from —09to+ 1.4V
with a scan rate of 0.05 V/s up to 20 cycles to stabilize
the electrochemical activity of BSA-PANI and BSA-
PANI with HEMs [45]. Further, it is observed that the
morphology plays an important role in electrochem-
ically accessible sites and the diffusion path, which
impact the electrochemical behaviour of polyani-
line/doped polyaniline giving rise to different shapes
in the cyclic voltammograms and at higher scan rate
possess better retention [46, 47].

The overlap of BSA-PANI and BSA-PANI with
HEMs, CV shows a variation in oxidation potential
and reduction potential before and after the interac-
tion. The CV trace in Fig. 10 shows a single peak at
(0.78 V) for merged bipolaronic and polaronic peaks
due to rapid transitions between polaron to bipolaron
during the oxidation cycle in the BSA-PANI, but in
the presence of HEMs, the two peaks are separately
seen in CV. This observation indicates the conversion
of polaron to bipolaron is stabilised by electron-de-
ficient nitro groups of HEMs by withdrawing the
electron from the BSA-PANI chain. The reverse scan
in the reduction zone also shows this behaviour,
thereby indicating that partially and the fully
reduced forms (i.e., emeraldine base and perni-
graniline) possess very close oxidation and reduction
potentials. It may with caution be mentioned here
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Fig. 10 Cyclic voltammeter

8563

6
6.0x10
curve of BSA-PANI and BSA-

4.0x10°

__2.0x10"4
<
T 0.0
£
=)
o

— BSA-PANI

PANI with HEMs 494 —— BSA-PANI

—— BSA-PANI+Cocrystal

—— BSA-PANI+Cocrystal

4 —— BSA-PANI+CL-20

—— BSA-PANI+CL-20
BSA-PANI+RDX
BSA-PANI+RDX

1.0x10°7

0.349, 0.599, 0.849,

1.09
—

that the doped BSA functionality plays a critical role
in electrochemical treatment, reducing the oxidation
and reduction potentials. Figure 10 shows the CV
trace of BSA-PANI and BSA-PANI-HEMSs; it is
observed that oxidation and reduction peaks are
shifted to a slightly higher or lower potential than
that of BSA-PANI (BSA-PANI:0.832 V, BSA-PANI-
RDX:0.805 V, BSA-PANI-Cocrystal: 0.786 V and BSA-
PANI-CL-20:0.778 V) with a significant change in the
current (BSA-PANI:2.15X10™° A to BSA-PANI-CL-
20:2.362 x 107° A). CL-20 stabilises the polaron and
bipolaron units in the polymer chain at particular
potentials interacting the nitro groups of CL-20 with
BSA-PANI at a lower concentration than other HEMs
with slightly increased current peak, shows the
interaction of BSA-PANI with HEMs influences the
electrochemical properties of BSA-PANI.

4 Conclusions

In this study, BSA-PANI is used as a fluorophore to
understand the interaction between the BSA-PANI
and commercial HEMs (RDX, PETN, CL-20, and CL-
20: RDX Cocrystal). The BSA-PANI shows higher
sensitivity towards RDX. FTIR and Raman spectra
characterisation studies show the interactions
between BSA-PANI and HEMs. Electrochemical

LJ
-0.401,

LJ LJ L)
0.099, 0.599, 1.099,

Potential (V)

detection studies show that emeraldine form of BSA-
PANI is sensitive towards HEMs with stabilisation of
polaron and bipolarons on interaction of BSA-PANI
with HEMs. Spectral and electrochemical studies
help in understanding the number and arrangement
of NO, groups in HEMs involved in the interaction.
The overall study has shown BSA-PANI can act as a
potential fluorophore for detection of highly impor-
tant HEMs through fluorescence quenching method
and interesting details of the chemistry between the
fluorophore and the quencher are neatly presented in
this paper through spectroscopic and electrochemical
studies approach.
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