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Synopsis

The content of this synopsis report entitled “Newly Developed Conjugated Polymer
Systems for Nitroexplosive Detection: Insights into the Mechanistic Investigations”
is divided into six chapters. Chapter 1 specifically describes the respective research area
where the scope and significance of the subsequent chapters are discussed. Chapter 2
discusses about the synthesis and characterization of conjugated polymer (PFAM) and its
application in the rapid and specific recognition of nitroexplosive-picric acid (PA) on
solid support and in solution based on IFE/PET mechanism. Chapter 3 describes the
synthesis of a new water-soluble non-fluorescent cationic conjugated polyelectrolyte
PPPy, which selectively recognized nitroexplosive PA by fluorescence “turn-on” in the
presence of closely related nitroexplosive compounds via fluorescence indicator
displacement assay (IDA) technique in water at pH 7.0. Chapter 4 highlights the synthesis
of cationic CP PFBT via oxidative polymerization and displayed dual state emission in
DMSO as well as in water, a phenomenon very rarely observed, and tested for
nitroexplosive analytes detection to observe a remarkable fluorescence quenching
response for picric acid (PA) in the both solvents. Contact mode detection of PA was also
accomplished using easy, economical and portable fluorescent test strips for on-site
detection, which can detect upto 0.22 attogram level of PA. Vapor phase detection of PA
was also established, which can detect up to 42.6 ppb level of PA vapors. Interestingly,
the mechanism of sensing in DMSO solvent was attributed to strong inner filter effect
(IFE) and photo induced electron transfer (PET), while in H,O the sensing occurs via
possible resonance energy transfer (RET) and photoinduced electron transfer (PET),
which is exceptional and not reported earlier for a single probe. Chapter 5 discusses the
synthesis of the neutral “receptor-free” highly fluorescent conjugated polymers (PF1 and
PF2), which detects PA by a fluorescence turn-off response, and was found as a result of
exclusive IFE and was further confirmed via IFE corrections. Chapter 6 summarizes the
thesis overview and the importance of various sensing mechanisms that can probably
exist for nitroexplosive detection but not limited to these chemical entities. Additionally,
the design principle of probes that can result in efficient sensing of picric acid via these

mechanisms was also studied and presented.
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Chapter 1: Introduction

Conjugated polymers (CPs) are typically organic macromolecules consisting of a
backbone chain with alternating single and multiple bonds. The research on conducting
polymers began in 1970’s, when films of polyacetylene were found to exhibit profound
increase in electrical conductivity when exposed to halogen vapors. In the year 2000,
three scientists Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa, founders of the
conjugated conducting polymer chemistry, won the Noble prize in chemistry for their
discovery. Recently CPs became an important class of materials, which have been used in
various emerging area of research such as field-effect transistors (FETS), polymer solar
cells, light-emitting electrochemical cells (LECs), flat panel displays using OLEDs and
chemical and bio-sensors. These wide range of applications are due to their distinguished
delocalised m-bonds throughout the polymeric backbone, which is the origin of their
emissive as well as conductive property. CPs can be obtained with a variety of polymeric
backbones like poly(para-phenylenes) (PPP), polypyrrole (PPy), polyfluorene (PF),
poly(para-phenylene vinylene) (PPV), poly(para-phenylene ethynylene) (PPE) and
polythiophene (PT) (Figure 1).

Poly(p-phenylene) Polypyrrole Polyfluorene
(PPP) (PPy) (PF)

Oy, tO=% Ok

n

Poly(p-phenylene vinylene) Poly(p-phenylene ethynylene) Polythiophene
(PPV) (PPE) (PT)

Figure 1. Structures of some well-known fluorescent conjugated polymer system.

Sensory signal amplification of CPs

CPs have more advantages than small molecular sensors because they are able to amplify
the signal from a single binding event. The signal amplifying model of CPs was proposed
by Swager group in 1995 and termed it as “molecular-wire effect” (figure 2). The
conceptual basis of the signal amplification of the fluorescence sensory signal generated
by CP is based upon binding with a target analyte. When an analyte binds locally to a

receptor on a CP repeat unit the entire conjugated backbone is affected due to its 1-
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dimensional wire-like property and the fluorescence of the entire polymer chain is altered.
This results in an amplification of fluorescence when compared to small molecule sensors
because a binding event on a small molecule only causes a single chromophore to change
its fluorescence, whereas a CP binding event affects the fluorescence of an entire chain of
chromophores by energy migration through the conducting polymer backbone. This
amplification of signals provided by CPs is important for sensing applications because the

molecules being analysed are often present in extremely dilute concentrations.

4 B 1C
W e

Monomer Quenching of monomer

—2
Analyte

Conjugated Polymer Quenching of polymer

Fluorescence

Wavelength

“Molecular-Wire Effect”

Fluorescence

Wavelength

Figure 2. Pictorial representation of fluorescence quenching in monomer and polymer by
analyte molecules.

Applications of conjugate polymeric systems in nitroexplosive sensing
CPs are one of the most promising class of materials for the recognition of

nitroexplosives both in liquid phase as well as thin films owing to their high quantum
efficiency, excellent molar absorptivity and high signal amplification via the “molecular
wire effect”. CPs provide unique optical properties and viability of distinguished receptor
sites making them a desirable sensory candidate for detection of nitroexplosive at ultra-
trace levels. Hence, in the recent year, researchers have designed various CPs and studied
their potential application in detection of nitroexplosive-PA (Figure 3), and explored
distinguished mechanisms of sensing (Figure 4).

TH-2168_126122039



Synopsis

N
Z X
Yuan.et.al., Macromolecuies 2009, 42, 9400-941  Yang. et. al., J. Mater. Chem. A, 2014, 2, 15560—15565 Zhao. et. al., Polym. Chem., 2015,6, 7641-7645.
/ - - -
o
Oy SeavL Sy 52 9
. O HH-O -0,
Pl W2 Y P (2 cnSomn
@ R R R R R R
/N B° By N\ R=0
Hussain. et. al., Chem. Commun. 2015, 51, 7207-7210. Malik. et. al., ACS Appi. Mater. interfaces, 2015, Zhuo. et. al., Polym. Chem., 2016,7, 310-318.
7, 26968-26976.
X
n
|
CrX
0
N,
o~/ Z
OH
Ma. et. al., Sensors and Actuators B 2017, 251, 851-857 Wang. et. al., Polym. Chem., 2017,8, 2353-2362. wang. et. al., J. Mater. Chem. C, 2018,6, 266.

Figure 3. Structures of some conjugated polymer system used for PA detection.
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Figure 4. Flow chart representing various possible mechanism of sensing.
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Chapter 2: Inner Filter Effect Based Selective Detection of
Nitroexplosive-picric Acid in Aqueous Solution and Solid Support Using

Conjugated Polymer

This chapter describes the synthesis of a new polyfluorene derivative, poly[4,4’-(((2-
phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(oxy))-dianiline)] (PFAM) as shown
in Figure 5 via Suzuki coupling polymerization method in high yields for the rapid and
specific recognition of nitroexplosive picric acid (PA) at 22.9 picogram level on solid
support using paper strips and at 13.2 ppb level in aqueous solution. The polymer PFAM
was well-characterized by means of NMR, UV-vis, fluorescence, time-resolved
photoluminescence (TRPL) spectroscopy and cyclic voltammetry. The amplified signal
response exclusively for PA was achieved via a strong inner filter effect (IFE), a
phenomenon different from the widely reported ground-state charge transfer and/or
Forster resonance energy transfer (FRET) based probes for nitroaromatics detection.
Pendant amine groups attached on the side chains of PFAM provide enhanced sensitivity
and exceptional selectivity via protonation assisted photoinduced electron transfer (PET)
even in the presence of most common interfering nitroexplosives, as well as other
analytes usually found in natural water. Thus, the PFAM based platform was
demonstrated for monitoring traces of PA at very low levels even in competitive

environment in solution as well as solid state (Figure 6).

NH, NH,
o) o}

ataTer

Figure 5. Structure of poly[4,4’-(((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(oxy))-dianiline)] (PFAM).

Vii
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Figure 6. Schematic representation for the detection of picric acid by PFAM.

Chapter 3: Fluorescence “Turn-On” Indicator Displacement Assay
Based Selective Detection of Nitroexplosive-picric Acid in Agueous

Media via a Cationic Conjugated Polyelectrolyte and Dye Complex

This chapter discusses about the synthesis of a new water-soluble nonfluorescent cationic
conjugated polyelectrolyte poly(1,1’-((1,4-phenylenebis(oxy))bis-(propane-3,1-diyl))bis
(pyridin-1-ium)bromide) (PPPy) (Figure 7) via an economical method of oxidative
coupling polymerization in high yields. PPPy selectively recognized nitroexplosive picric
acid (PA) by fluorescence “turn-on” in the presence of closely related nitroexplosive
compounds, namely, 2,4,6-trinitrotoluene, 2,4-dinitrophenol, and 4-nitrophenol via
fluorescence indicator displacement assay (IDA) technique in water at pH 7.0. The
polymer PPPy was characterized by NMR spectroscopy, gel permeable chromatography,
UV-—vis spectroscopy. The polymer PPPy forms an electrostatic complex with uranine
dye. This ensemble scheme was utilized to detect PA with a limit of detection (LOD)
value of 295 nM (solution state) and 0.22 ppm (vapor state) through IDA, a phenomenon
that is very different from the widely reported Forster resonance energy transfer,
photoinduced electron transfer, ground-state charge transfer and inner filter effect based

probes used for nitroexplosive PA detection (Figure 8).

viii
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Figure 7. Structure of poly(1,1’-((1,4-phenylenebis(oxy))bis-  (propane-3,1-
diyl))bis(pyridin-1-ium)bromide) (PPPy)
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Figure 8. Schematic representation for the detection PA by IDA.

Chapter 4: Inner Filter Effect and Resonance Energy Transfer Based
Attogram Level Detection of Nitroexplosive-Picric acid Using Dual

Emitting Cationic conjugated Polyfluorene

In this chapter we have described the synthesis of a new a new cationic conjugated
polyfluorene  derivative, poly(3,3'-((9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-
methyl-1H-benzo[d][1,2,3]triazol-3-ium) bromide) (PFBT) (Figure 9) using a simple and
inexpensive method of oxidative coupling polymerization. The polymer PFBT displayed
dual state emission in DMSO as well as in water, a phenomenon very rarely observed,
and tested for nitroexplosive analytes detection to observe a remarkable fluorescence
guenching response for picric acid (PA) in both solvents. The polymer PFBT was found

iX
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to be highly sensitive and selective towards nitroexplosive PA in both the solvents
(DMSO and H0) with exceptional quenching constant values of 2.69 x 10* M and 2.18
x 10°> M™ and a very low detection limit of 92.7 nM (21.23 ppb) and 0.19 nM (43.53 ppt)
in respective solvents. Furthermore, contact mode detection of PA was also accomplished
using easy, economical and portable fluorescent test strips for on-site detection, which
can detect upto 0.22 attogram level of PA. Vapor phase detection of PA was also
established, which can detect up to 42.6 ppb level of PA vapors. Interestingly, the
mechanism of sensing in DMSO solvent was attributed to strong inner filter effect (IFE)
and photo induced electron transfer (PET), while in H,O the sensing occurs via possible
resonance energy transfer (RET) and photoinduced electron transfer (PET), which is

exceptional and not reported earlier for a single probe (Figure 10).

/

(PFBT)

Figure 9. Structure of poly(3,3-((9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-
methyl-1H-benzo[d][1,2,3]triazol-3-ium) bromide) (PFBT).

Figure 10. Schematic representation for the detection PA by PFBT.
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Chapter 5: “Receptor Free” Inner Filter Effect Based Detection of
Nitroexplosive-Picric Acid using two Polyfluorenes derivatives in

solution and solid state and IFE corrections.

Previously inner filter effect (IFE) has been considered as an error in photoluminescence
spectroscopy. Recently IFE has gained significance as one of the key cause of sensing
mechanism in the area of chemical and biological sensing. IFE based sensing platforms
provides simple and flexible sensing without any kind of interaction in between
fluorophore and receptor. Therefore, it is quite challenging to design IFE based
fluorophore and quencher combination. In this chapter, two “Receptor-free” fluorescent
conjugated polymers of fluorene namely 9,9-bis(6-bromohexyl)-2-phenyl-9H-fluorene
(PF1) and 9,9-bis(6-bromohexyl)-9H-fluorene (PF2) (Figure 11) were synthesized with
slight modification in the main fluorescent backbone using Suzuki cross coupling
polymerization and oxidative coupling polymerization methods with high vyields
respectively. The polymers were well characterized by gel permeable chromatography,
NMR, UV-vis, fluorescence and time-resolved photoluminescence (TRPL)
spectroscopies. The fluorescent polymers PF1 and PF2 explicitly recognize nitroexplosive
picric acid (PA) among other nitroexplosive compounds used and displayed fluorescence
quenching response in solution as well as on solid support via an IFE mechanism. The
polymer, PF1 and PF2, were both found to be highly selective and sensitive towards the
nitroexplosive PA with a high quenching constant value (Kg) 5.1 x 10* M and 5.0 x 10*
M, respectively and remarkably low LOD of 110 nM and 219 nM respectively. Contact
mode detection of nitroexplosive PA was also performed using economical and
transportable fluorescent paper test strips for on-site sensing, which can detect a
minimum of 229.1 picogram level of PA. Earlier IFE mechanism for PA sensing has not
been much explored in detailed and therefore we have studied it in detail and performed
IFE correction for nitroexplosive PA and found ~ 77% suppression efficiency due to IFE
(Figure 12).

xi
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Br. Br Br Br

5O HO-0%

Figure 11. Structure of 9,9-bis(6-bromohexyl)-2-phenyl-9H-fluorene (PF1) and 9,9-
bis(6-bromohexyl)-9H-fluorene (PF2)).

Absorbance Emission
Picric acid  Spectrum
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f;/
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Figure 12. Schematic representation for the detection of PA by IFE mechanism.

Chapter 6

Thesis overview and Future Perspective

In summary, different types of conjugated polymeric systems have been designed,
synthesized and utilized them in attaining simple, low cost and portable optical
sensors capable of monitoring nitroexplosive-Picric acid (PA) at ultra-trace level.
The mechanism of sensing for each of the CPs was studied in detail and explored.
The conjugated polymer PFAM showed rapid and specific recognition toward PA
on solid support and in solution based on IFE/PET mechanism. The non-
fluorescent cationic conjugated polymer PPPy participates in indicator
displacement assay resulting turn-on fluorescence selectively in presence of PA.
The cationic conjugated polymer PFBT displayed substantial fluorescence
qguenching for PA in solution as well as solid state based on IFE and RET
mechanism at attogram level of PA and utilised in making economical paper strips
for on-site detection of nitroexplosive. The neutral “receptor-free” highly

fluorescent conjugated polymers (PF1 and PF2) detect PA by a fluorescence turn-

Xii
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off response which was found as a result of exclusive IFE and was further
confirmed via IFE corrections. All the CPs systems were found to be highly
sensitive and selective towards nitroexplosive-PA.

Additionally, this thesis includes chemo-sensors based on fluorescence turn-off,
indicator displacement assay and “receptor-free” sensing. To date, there are only
countable reports available for the PA detection based on CPs. There is still scope
for designing and exploring new sensing mechanisms, in order to achieve an ideal

sensory system for nitroexplosive detection.

xiii
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Chapter 1 Introduction

1.1 Introduction

Conjugated polymers (CPs) are typically organic macromolecules consisting of a backbone
chain with alternating single and multiple bonds. The alternate o and © bonds over the main
backbone chain creates an electronic cloud throughout the chain, which is responsible for the
delocalization of electrons, electrochemical properties and characteristic optical properties of
CPs. The research on conducting polymers began in 1970’s, when films of polyacetylene
were found to exhibit profound increase in electrical conductivity on exposure to halogen
vapours. In the year 2000, three scientists Alan J. Heeger, Alan MacDiarmid and Hideki
Shirakawa, won the chemistry Noble prize for their discovery of conducting polymers.
Recently CPs became an important class of materials, which have been explored in various
emerging areas of research such as field-effect transistors (FETs),™* polymer solar cells,?
light-emitting diodes (LEDs),*® and chemical and bio-sensors.®’ These wide range of
applications are due to their distinguished delocalised n-bonds throughout the polymeric
backbone, which is the origin of their emissive as well as conductive property.

CPs can be obtained with a variety of polymeric backbones like poly(para-phenylenes)
(PPP),2 polypyrrole (PPy),” polyfluorene (PF),"® poly(para-phenylene vinylene) (PPV),™
poly(para-phenylene ethynylene) (PPE)*? and polythiophene (PT)™ (Figure 1.1). One more
benefit of using CPs is that the particular backbone can be functionalised with distinct
receptors on the side chains, which can tune the photophysical properties of the CPs and
enhance the selectivity and sensitivity of the CPs towards desired analytes.”***® Some of the

CPs reported as a sensory material are shown in the Figure 1.2.

Poly(p-phenylene) Polypyrrole Polyfluorene
(PPP) (PPy) (PF)

n

Poly(p-phenylene vinylene) Poly(p-phenylene ethynylene) Polythiophene
(PPV) (PPE) (PT)

Figure 1.1 Structures of some common conjugated polymer backbone.

TH-2168_126122039



Chapter 1 Introduction

/ Bre

CP3

CP2
CP1
N
YA
O Ya V- a0
N
Qo
N
Ln SR Ho—/_z
NJ o Br N
/) Br \ OH
CP5
CP4

Figure 1.2 Structures of some conjugated polymers with a variety of side chain functionality

used as sensory materials.

1.2 Advantages of using CPs as Sensory System

CPs have more advantages compare to various other small molecule sensors, because they are
able to amplify the signal from a single binding event.”" The signal amplifying model of CPs
was proposed by Swager and co-workers in 1995 and termed as “molecular-wire effect”
(Figure 1.3)."”?° The conceptual basis of the signal amplification of the fluorescence sensory
signal generated by CP is based upon binding with a target analyte. When an analyte binds
locally to a receptor attached to a CP, repeat unit the entire conjugation length on a backbone
is affected due to its 1-dimensional wire-like property and the fluorescence of the entire
polymer chain is altered. This results in an amplification of fluorescence response when
compared to small molecule sensors because a binding event on a small molecule only causes

a single chromophore to change its fluorescence, whereas a CP binding event affects the
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fluorescence of an entire chain of chromophores by energy migration through the conducting
polymer backbone. This amplification of signals provided by CPs is important for various
sensing applications because the molecules being analysed are often present in extremely

dilute concentrations.
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Figure 1.3 Pictorial representation of quenching of fluorescence in monomer and conjugated

polymer by a particular analyte via “molecular wire effect”.

1.3 Insights into the mechanistic investigation for fluorescence based

nitroexplosive detection

It is because of the non-fluorescent nature of the explosive materials, fluorescence based
detection of nitroexplosive emphasized the use of fluorescent probes which change their
fluorescence in presence of explosives as an indicative test for explosive detection. There are
many phenomenon which lead to change in emission intensity (turn-on or turn-off i.e.
enhancement or quenching) and among all the previous reports chiefly using fluorescence
method for explosive sensors, major of them are based on fluorescence quenching while a
few reports are with fluorescence enhancement. On the basis of interaction between
fluorophore and quencher, detection can be categorised into two categories (a) Interaction
and (b) Interaction-free caused fluorescence detection.?

1.3.1 Fluorescence sensing based on interaction between fluorophore and explosive
(quencher)

Interaction based detection of explosives is most common and in which fluorescence
guenching method still dominates. There exists some interaction between fluorophore and
explosive, which lead to several possible fluorescence quenching mechanism such as

3
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resonance energy transfer (RET), photo-induced electron transfer (PET), intramolecular
charge transfer (ICT) etc.?> which results in the sensing of the nitroexplosive via a
fluorescence turn-off signal.

1.3.1.1 Photo-induced electron transfer (PET)

Nitroexplosives possess electron withdrawing nitro groups, which makes them highly
electron deficient that could easily bind to electron rich fluorescent sensory material via
acceptor-donor (A-D) interactions.” In PET, a complex is formed between the electron donor
and the electron acceptor species, where the excited fluorophore (donor) (D) donates an
electron to the ground state of the acceptor (explosive compound) (A) yielding a complex
[D*.A7, as shown in the Figure 1.4.%* The charge transfer complex can return to the ground
state via non-radiative transitions, but in some cases exciplex emission could be observed.
Finally the extra electron on the acceptor is returned to the electron donor. In general, PET
plays a major role in quenching of fluorescence and gives significant insights into the

development of fluorescent nitroexplosive sensors.?

PET
D* + A _— D* + A
LUMO —17
Al
HOMO + —H— 1‘
Excited NAC Quenched Reduced
Fluorophore s Fluorophore NACs

Figure 1.4 Molecular orbital schematic representation for PET.

1.3.1.2 Resonance energy transfer (RET)

A number of nitroexplosive sensors have been developed on the basis of energy transfer
mechanism because it increases the sensitivity via enhancement in efficiency of fluorescence
quenching. In RET, the excited donor molecule (D*) releases the energy while coming back

to the ground state, which is absorbed by the acceptor molecule (A) and utilised by the
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electron of acceptor to reach to the higher excited state (A*) as shown in the Figure 1.5. The
rate of the energy transfer depends on three factors (1) relative orientation of the donor and
acceptor dipoles, (2) extent of overlapping of the emission spectrum of donor and the
absorption spectrum of acceptor and (3) distance between the donor and acceptor.”?! The
probability of RET depends upon the extent of overlap between donor and acceptor. RET
occurs due to the long range dipolar interactions though the D* and A. Therefore, RET is not

sensitive to steric factors.?>?

RET

I
I
I
I
\

y
HOMO + —H— + _’_

Excited NAC Quenched Excited
Fluorophore y Fluorophore NACs

Figure 1.5 Molecular orbital schematic representation for RET.

1.3.1.3 Intramolecular charge transfer (ICT)

Involvement of ICT mechanism is quite known in the area of sensing and it has been already
used in case of CP for fluoride detection.?” However, its involvement in explosive detection is
relatively new. Recently Xu et al. in 2013 developed a zwitterionic squarine dye based
DNSA-SQ compound, which selectively detect PA via a ratiometric fluorescent method in
the near IR region.?® The change in fluorescence was ascribed to the ICT deterrence followed
by the protonation of N atom of dimethylamine group by nitroexplosive PA. Through astute
and coherent strategy of ICT fluorescent compounds, a ratiometric approach for

nitroexplosive detection could be developed (Figure 1.6).
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Figure 1.6 Schematic representation of ICT deterrence in the PA sensing.

1.3.2 Fluorescence sensing based on interaction-free between fluorophore and explosive
(quencher)

So far a majority of developed sensors work on direct interaction between the fluorophore
and the analyte (nitroexplosive).”?* Designing a sensor, which have no direct interaction with
the analyte but they can sense the presence of a particular analyte, is highly challenging. The
interaction-free detection of explosive is done by inner filter effect (IFE), which was
previously considered as an error in fluorescence measurements but recently gained attention
of distinguished researchers to develop various chemical and biological sensors based on this
phenomenon.?

1.3.2.1 Inner filter effect (IFE)

IFE is an important phenomenon in spectrofluorometry based on the non-irradiation energy
conversion model, which results from the absorption of the excitation and/or emission
spectrum of fluorophore by the absorber (quencher or nitroexplosive) in the detection system,
subsequently leading to an exponential quenching of fluorescence of fluorophore, which
enhances sensitivity of the system and gives rise to low limit of detection in sensing.?>* IFE
can be subdivided into two components primary IFE (pIFE), which arises from the absorption
of the excitation radiation by the absorber, and secondary IFE (sIFE), which arises from the
absorption of the emission radiation by the same absorber. IFE based systems work straight

forward and doesn’t require any interaction between fluorophore and quencher. It does
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however just require the perfect combination of fluorophore and quencher, whose absorbance

(quencher) overlap with excitation and/or emission of fluorophore (Figure 1.7).%°

A B C
Fluorophore FluOl‘Opl’lDl‘C FiauOl::)pt}.mre
Excitation .| Excitation Fluorophore xcitation - Fluorophore
Fluorophore F Emission
o = / Emission \Emlssmn
2 52
$£E
2 = 9
22
E =<
=~ 5
‘Absorber bsorber
Absorptigz‘ Absorption Absgrption

Wavelength Wavelength Wavelength

Figure 1.7 IFE conditions: overlapping of absorption spectrum of quencher with (A)
excitation spectrum, (B) emission spectrum and (C) both excitation and emission spectrum of

fluorophore.

1.4 Theory of fluorescence quenching

In a typical fluorescent molecule, quenching of fluorescence requires molecular contact
between quencher and fluorophore. This contact can happen either with ground state
fluorophore (X) or excited state fluorophore (X*) with quencher molecule (Q). The
aforementioned quenching of fluorescence can occurs via two different mechanisms namely
dynamic (collisional) quenching and static quenching. Quenching of fluorescence due to
encounter or collision of excited state fluorophore with the quencher molecule is called as
dynamic quenching as shown in equation 1.1. While quenching of fluorescence due to
binding of the fluorophore in ground state to the quencher molecule is called as static

quenching as shown in equation 1.2. The resultant complex is non-fluorescent in nature.
X* + Qﬂn— X+Q 1.1
X+ Q2= X, Q] Mo [X*, Q] —>=X+Q 12
/1 = 1+kg[Q] 1.3
These quenching routes can be distinguished by time-resolved measurements of fluorescence
decay of fluorophore. In case of dynamic quenching, as it requires the molecular collision
between excited fluorophores and the quencher thereby it is a diffusion controlled process.

The quencher and fluorophore are unbound and quenching occurs as the excited fluorophore
collides with the quencher. As a result the average fluorescence lifetime of the fluorophore
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decreases with increase in the quencher concentration. Whereas in case of static quenching,
fluorescence lifetime remains constant with increase in the concentration of quencher. As
quenching occurs via the formation of ground-state complex between fluorophore and
quencher, so any fluorophore not bound to the quencher will decay with its natural lifetime.
So the change in fluorescence lifetime of fluorophore before and after addition of explosive
quencher decides whether the quenching is dynamic or static process. Furthermore, from the
Stern-Volmer plots as obtained from equation 1.3, it gives a linear lo/l versus [Q] curve for
both of the static and dynamic quenching as shown in Figure 1.8. Where Iy and | denote the
fluorescence emission of fluorophore in absence and presence of quencher [Q], respectively,
and slope of the curve represents the Stern-Volmer constant (Ks,), which measures the
sensitivity of the fluorophore toward the quencher. For dynamic quenching, Ks, = Kqto, Where
Kq is the bimolecular quenching constant and to denotes lifetime of the fluorophore [X*] in
the absence of quencher [Q]. On the other hand for static quenching, K, = ka, and the lifetime

remains unchanged during the quenching process.

a Dynamic Quenching

I/1=1+K.T, [Q] T/T=1+K, T, [Q]
= ;”” E ’d””
— ‘1"’ Ho ’a”
[Q] [Q]
b Static Quenching
I,/1=1+K, [Q] T.=T
= ¢”” E
— //' =
[Ql [Q]

Figure 1.8 Plots obtained for (a) dynamic and (b) static quenching showing the effect of
qguencher concentration on fluorescence intensity and fluorescence lifetime of the

fluorophore.

However, a non-linear (curved) nature of Stern-Volmer plot can be seen in most of the cases,

due to involvement of various other complex processes like aggregation of chromophore,
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change in association constant with change in quencher concentration, re-absorption

processes and mixed quenching mechanism (dynamic and static quenching).??

1.4 Applications of CP systems in nitroexplosive sensing

During last few years, CPs have been widely used as biosensor and chemosensor material for
various biological and chemical species, and recently became the most promising class of
materials for the recognition of nitroexplosives in liquid phase as well as thin films owing to
their high quantum efficiency, excellent molar absorptivity and high signal amplification via
the “molecular wire effect”. ©"%% CPs provide unique optical properties and viability of
distinguished receptor sites making them a desirable sensory candidate for detection of
nitroexplosive at ultra-trace levels. Hence, in years, researchers have designed various CPs
and studied their potential application in detection of nitroexplosive-PA, which is of great
current interest in both national security and environmental protection agency because it not

only possesses explosive nature but also recognized as a hazardous pollutant.*

In 2009, Yuan et al.** synthesized luminogenic polyacetylenes and conjugated
polyelectrolytes and used polyacetylene derivative (CP1) containing diethylamine
functionalised tetraphenylethene (TPE) unit in the side chains for the superamplification
fluorescence quenching by the explosives. Because of the AIE active TPE molecule, CP1
exhibits AIE property, which forms suspended nanoaggregates in 90% water/THF mixture
and possess ~57 fold more emission as compared to its solution in THF. The emission of
these nanoaggregates of CP1 is quenched by PA with a non-linear nature of stern-volmer plot
having the quenching constant (Ks,) values 3.1x10* 1.7x10° and 3.4x10° M obtained for the
low, intermediate and high concentration of PA respectively. The selectivity studies of CP1
nanoaggregates with other nitroexplosive compounds were not reported and furthermore,
guenching of the CP1 nanoaggregates can be seen with as low as 0.72 uM or 0.17 ppm of PA
concentration. However, the detailed mechanism of sensing was not studied and the reason of
the quenching was suggested to be penetration of PA molecule into 3-D network of CP1

nanoaggregates, which are suspended in the aqueous medium.
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Figure 1.9 Structure of CP1.

Yang et al.*

in 2014 developed a novel polydiacetylene (CP2) microtube for the selective
and reproducible detection of PA in the agueous media. Amine group present at the side
chains of the PDA form the ion-pair with the PA and leading to a fluorescence turn-off signal
in presence of PA. A linear nature of Stern-Volmer plot was observed for the emission
intensity at 640 nm with a quenching constant (Ky,) of 1.3 x 10* M™. The limit of detection
was calculated to be as low as 0.48 uM by using the equation 36/K, which is lower than the
maximum acceptable level of PA i.e. 0.5 mg/mL in drinking water.

NH,

NH

CP2

Figure 1.10 Structure of CP2.
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In 2015, Gao et al.** synthesized three conjugated polymers based on di(naphthalene-2-yl)-
1,2-diphenylethene unit, which is a new AIE active unit, making these polymers exhibit
fascinating aggregation-enhanced emission and their application in nitroexplosive detection
in aqueous media. The synthetic procedure involves Yamamoto coupling of 1,2-bis(4-
bromophenyl)-1,2-di(naphthalen-2-yl) to get the homopolymer (CP3), and Suzuki coupling
of  2,7-bis(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di-noctylfluorene and  2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9-n-octylcarbazole with 1,2-bis(4-
bromophenyl)-1,2-di(naphthalen-2-yl) to get copolymers (CP4 and CP5) respectively. The
polymers (CP3, CP4 and CP5) show close absorbance maxima i.e. 365, 369, and 371 nm,
respectively and emit weak fluorescence at ~520 nm for P1, ~405-430 nm band with ~518
nm maxima for CP4 and CP5 in THF solution (excitation wavelength = 350 nm), which on
increasing the water fraction blue-shifted to 515, 509 and 511 nm respectively. The Stern-
Volmer plots of CP3, CP4 and CP5 showed a non-linear nature for PA, with quenching
constant (Ks,) of 4204, 11830 and 6726 M™, respectively. The limit of detection using these
polymers can reach up to ppm level. The mechanism of quenching was suggested to be
excited state electron transfer from LUMO of polymers to LUMO of PA where the probable

resonance energy transfer of the polymeric emission (donor) to the PA (acceptor) could be

assumed.

CP3 CP4 CP5

Figure 1.11 Structures of CP3, CP4 and CP5.

In 2015, Hussain et al.*® synthesised a new cationic fluorescent conjugated polyelectrolyte
(CP6) by introducing cationic methyl imidazolium unit onto the side chains of polyphenylene
backbone, which makes the conjugated polymer solubilise in aqueous medium and also acts
as a recognition site for the nitroexplosive PA. Since PA dissociates in agueous media as
anionic picrate, it forms strong electrostatic interaction with CP6 which favoured efficient

charge transfer or energy transfer from the polyelectrolyte to the PA leading to amplification
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in florescence quenching. Hence Stern-Volmer plot showed very high value of quenching
constant (Ks,) of 1 x10° M and a very low limit of detection value of 128 ppt obtained for
this CP indicating the ultra-sensitivity toward PA. Also, polyelectrolyte can be used to make
portable solid test strips made of paper and chitosan, both of them showing good utility of

this method for on-site detection of PA.

B N
=
0 ND
E : ;n
o
o
N
/ BP
CP6

Figure 1.12 Structure of CP6.

Malik et al.*® in 2015 developed cationic conjugated polymer nanoparticles or polymer dots
of a polyfluorene derivative i.e. poly(3,3’-((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(1-methyl-1H-imidazol-3-ium)bromide) (CP7), which can optically and
electronically detect PA on various platforms like water, disposable films and electronic
device. The synthesis of polymer involves Suzuki coupling polymerisation which was later
functionalised with methyl imidazolium and using reprecipitation technique polymer
nanoparticles were obtained. A highest value of quenching constant (Ks,) of 1.12 x10® M™
was obtained from the Stern-Volmer plot and a very low limit of detection of 30.9 pM was
obtained for detection of PA in water medium. For on-site detection purposes, polymer
nanoparticles were dip coated over paper to attain simple, low cost and portable fluorescent
test strips. Additionally, vapour phase detection of PA was achieved using polymer fabricated
two terminal sensor device, which detect PA vapour under ambient conditions. The
mechanism of sensing was attributed to the electrostatic interactions, photoinduced electron

transfer (PET) and possible resonance energy transfer from polymer to PA.
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Figure 1.13 Structure of CP7.

In 2016, Zhou et al.¥" synthesised a series of CP (CP8, CP9 and CP10) based on
benzo[5]helicene using Yamamoto homocoupling and Suzuki-Miyara cross coupling
polymerisation method for the nitroexplosive sensing. The electron rich fluorescent CPs
showed quenching response towards the electron deficient nitroaromatic compound in
chloroform solution. Among all the electron deficient nitroexplosive compounds, these
polymers showed highest value of Stern-VVolmer quenching constant with an order of
PA>TNT>DNT>NT, which is in accordance to their electron deficient nature in the
chlorform. Additionally, for the on-site detection purposed, fluorescent film of polymer- P1
was prepared as it showed excellent fluorescent behaviour in solid state and when exposed to
the vapour of various electron deficient compounds for 10 s, follows a quenching order of
DNT>TNT>NT>PA. These results are based on the redox potential and vapour pressure of
these analytes. The mechanism of sensing was suggested to be the strong charge-transfer
complex formation between the electron rich polymer with the electron deficient

nitroexplosives.

CP8 CP9 CP10

Figure 1.14 Structures of CP8, CP9 and CP10.
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In 2017, Ma et al.*® developed a fluorescent hydrophilic conjugated polymer (CP11) having
hydroxyl group onto the side chain of main backbone. The polymer uniformly disperses in
water and shows bright blue fluorescence. The hydroxyl groups attached onto the side chain
are involved in making the hydrogen bonding with the nitroaromatic compounds, results an
amplified fluorescence quenching in the aqueous medium. The CP11 shows absorbance
maxima at 280 nm and emission maxima at 380 nm. The quenching efficiency of CP11 in
water follows a particular order of TNT>DNT>NB>PA. The obtained results are depending
on the exciton acceptance ability of CP11 and the electron withdrawing potency of the

nitroaromatic compounds.

Figure 1.15 Structure of CP11.

In 2017, Wang et al.*® synthesized three conjugated polymers with a common backbone of
alternate tertraphenylethylene (TPE) and phenylene-ethylene unit via Sonogashira coupling
polymerisation. Incorporation of TPE unit makes all of these polymers (CP12, CP13 and
CP14) show AEE-active behaviour in THF/water mixtures, which was further utilized to
develop these into fluorescent probes for nitroexplosive detection. The Stern-Volmer plots
displayed a linear nature at the lower concentration of PA i.e. [PA] < 0.1 mM with a
quenching constant (Ks,) of 37100, 56100 and 53700 M™ for the PO, P1, and P2 respectively,
and deviates from linearity at the higher concentration of PA i.e. [PA] > 0.2 mM. This non-
linear nature of Stern-Volmer plot was ascribed to the “super-amplification effect” and the
mechanism of fluorescence quenching was suggested to be photo-induced charge transfer

from the polymer to the PA.
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Figure 1.16 Structures of CP12, CP13 and CP14.

In 2018, Wang et al.** reported a fluorescent conjugated polymer (CP15) having donor-
acceptor combination within the main backbone chain, which lead to aggregation enhanced
FRET activity. The polymer shows absorbance maxima at 310 nm with a secondary weak
peak at 450 nm in dioxane and similarly two emission peaks were seen at 416 nm and 560
nm. The emission peak at 560 nm is indicative of the intra and/or inter molecular FRET
process from the carbazole-biimidazole emission to cabazole-benzoimidazole moiety. This
polymer forms well dispersed fluorescent nanoparticles in water, which shows orangish-red
emission (emission wavelength=572 nm, excitation wavelength = 333 nm) under UV
illumination, which has been used for the detection of PA in aqueous medium. The Stern-
Volmer plots show linear increment at lower concentration of PA i.e. [PA] < 100 uM with a

quenching constant (Kg) of 3.4 x 10* M*

and deviates from linearity at the higher
concentration of PA i.e. [PA] > 100 uM. The limit of detection of this polymer was
calculated to be 0.51 uM and the mechanism of sensing was attributed to the photo-induced

electron transfer from polymer nanoparticles to the PA.
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Y

Figure 1.17 Structure of CP15.

1.5 Thesis overview and future perspective
The content of this thesis entitled “Newly Developed Conjugated Polymer Systems for
Nitroexplosive Detection: Insights into the Mechanistic Investigations” is divided into six

chapters.

K/
L X4

Chapter 1 discusses literature survey based on the latest trend in the sensing of

nitroexplosive-PA by CPs and insights into their mechanistic details.

*

)

*

Chapter 2 discusses about the synthesis and characterization of conjugated polymer (PFAM)

L)

and its application in the rapid and specific recognition of nitroexplosive-picric acid (PA) on

solid support and in solution based on IFE/PET mechanism.

K/
L X4

Chapter 3 describes the synthesis of a new water-soluble non-fluorescent cationic conjugated
polyelectrolyte PPPy, which selectively recognized nitroexplosive PA by fluorescence “turn-
on” in the presence of closely related nitroexplosive compounds via fluorescence indicator

displacement assay (IDA) technique in water at pH 7.0.

R/
°e

Chapter 4 highlights the synthesis of cationic CP PFBT via oxidative polymerization and
displayed dual state emission in DMSO as well as in water, a phenomenon very rarely

observed, and tested for nitroexplosive analytes detection to observe a remarkable

16
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fluorescence quenching response for picric acid (PA) in the both solvents. Contact mode
detection of PA was also accomplished using easy, economical and portable fluorescent test
strips for on-site detection. Interestingly, the mechanism of sensing in DMSO solvent was
attributed to strong inner filter effect (IFE) and photo induced electron transfer (PET), while
in H,O the sensing occurs via possible resonance energy transfer (RET) and photoinduced
electron transfer (PET), which is exceptional and not reported earlier for a single probe.

¢+ Chapter 5 discusses the synthesis of the neutral “receptor-free” highly fluorescent conjugated
polymers (PF1 and PF2), which detects PA by a fluorescence turn-off response, and was
found as a result of exclusive IFE and was further confirmed via IFE corrections.

%+ Chapter 6 summarizes the thesis overview and the importance of various sensing mechanisms
that can probably exist for nitroexplosive detection but not limited to these chemical entities.
Additionally, the design principle of probes that can result in efficient sensing of picric acid

via these mechanisms was also studied and presented.
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Chapter 2

Inner Filter Effect Based Selective Detection of
Nitroexplosive- Picric Acid in Solution and Solid
Support Using Conjugated Polymer
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Chapter 2 Explosive Detection

Abstract

A new polyfluorene derivative, poly[4,4'-(((2- phenyl-9H-fluorene-9,9-diyl)bis(hexane-
6,1-diyl))bis(oxy))-dianiline)] (PFAM) was synthesized via the Suzuki coupling
polymerization method in high vyields for the rapid and specific recognition of
nitroexplosive picric acid (PA) at 22.9 picogram level on solid support using paper strips
and at 13.2 ppb level in aqueous solution. The polymer PFAM was well-characterized by
means of NMR, UV-vis, fluorescence, time-resolved photoluminescence (TRPL)
spectroscopy and cyclic voltammetry. The amplified signal response exclusively for PA
was achieved via a strong inner filter effect (IFE), a phenomenon different from the
widely reported ground-state charge transfer and/or Forster resonance energy transfer
(FRET) based probes for nitroaromatics detection. Pendant amine groups attached on the
side chains of PFAM provide enhanced sensitivity and exceptional selectivity via
protonation assisted photoinduced electron transfer (PET) even in the presence of most
common interfering nitroexplosives, as well as other analytes usually found in natural
water. Thus, the PFAM based platform was demonstrated for monitoring traces of PA at

very low levels even in competitive environment in solution as well as solid state
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2.1 Introduction

Development of superior probes to monitor traces of nitroexplosives especially picric acid
(PA), is of immense significance for homeland security, forensic investigations, as well as
environmental protection.' Owing to the versatile applications of PA in dye, drugs,
leather, fireworks, and matchbox industries, it pollutes natural water and has severe
consequences on human health, viz., cancer, sycosis, damage to the liver and kidney as
well as breathing organs.”™ Another critical problem associated with PA is its lower
degradation in biosystems, thereby accounting for numerous chronic diseases.” Thus,
there is an urgent need to develop highly sensitive and selective probes for determining
traces of PA with respect to terrorist threats as well as environmental issues.

Several detection platforms have been established for monitoring nitroexplosives.®
However, most of these methods suffer largely from issues of portability, selectivity, high
operation cost, and on-field use. Owing to the notable sensitivity, rapid signal response
time toward analytes, and ease of operation, the development of fluorescent-based probes
is in huge demand.” With this in view, numerous fluorescent probes for nitroaromatics
based on metal complexes, conjugated polymers (CPs), organic molecule dyes,
nanoaggregates, and quantum dots have been reported.* > Several of them suffer from
the issues of discrimination, sensitivity, ease of handling, and on-site detection.
Moreover, most of these probes are based on either Forster resonance energy transfer
(FRET) or electron transfer processes that are distance dependent mechanisms and
require close interaction between the sensor molecule and analyte to deliver a sensible
signal response. The inner filter effect®® (IFE) is another vital phenomenon of
spectrofluorometry that does not require any link between the fluorophore and the
guencher molecule, subsequently resulting in enhanced fluorescence quenching due to
absorption of the excitation and/or emission by the absorbers (quencher). Recently, IFE
has gained much attention in the field of sensors,° due to its simplicity, flexibility, and
substantially enhanced sensitivity and selectivity. Zhang et al.*! reported a fluorescent
probe for the detection of TNT in a strong alkaline solution via IFE between absorptive
Meisenheimer complex and fluorescent quantum dots. However, less attention has been
paid in designing IFE based probes for sensing PA. Hence, development of an alternative
method for PA detection that overcomes the existing limitations still remains a challenge

for researchers due to the similar electron deficient nature of other nitroexplosives.
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CPs are one of the most promising class of materials for the recognition of
nitroexplosives both in liquid phase as well as thin films owing to their high quantum
efficiency, excellent molar absorptivity, and high signal amplification via the “molecular
wire effect”.'?*™* In this regard, few probes based on CPs have been reported for
monitoring PA, yet most of them are nonspecific due to the absence of specific binding
sites or they lack sufficient sensitivity in various environments.*® Hence, fluorescence
amplifying detection of PA using CPs with suitable binding sites to achieve high
selectivity and enhanced sensitivity for on-site detection remains highly appealing. Few
amine substituted small molecules have also been explored as efficient materials for
monitoring PA with high selectively via the formation of hydrogen bonding, protonation
of amine groups, as well as electrostatic interaction.>****>"*® This encouraged us to
design a new CP PFAM incorporated with amine groups for the specific and amplifying
detection of PA at very low concentration. The PA detection by PFAM is based on a
strong inner filter effect (IFE) as well as favorable photoinduced electron transfer (PET)
assisted by protonation, which further boosts the sensitivity of the probe. To the best of
our knowledge, this is the first report based on CP for the selective detection of
nitroexplosive picric acid via the inner filter effect, a phenomenon that is different from
ground-state charge transfer and resonance energy transfer based sensors reported

exhaustively. 4”79

2.2 Experimental

2.2.1 Materials and measurements

Nitroexplosives viz., 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 4-
nitrotoluene (4-NT), and 1,3-dinitrobenzene (1,3-DNB) were purchased from
SigmaAldrich Chemicals. TNT and RDX were purchased from AccuStandard. PA was
purchased from Loba Chemie Pvt. Ltd. All other chemicals and reagents were purchased
from Alfa-Aesar and Merck, and were used as received without further purification.
Milli-Q water was used for making stock solutions as well as experiment purposes. *H
NMR (600 and 400 MHz) and **C NMR (150 and 100 MHz) spectra were obtained on
Bruker Ascend 600 spectrometer and Varian-AS400 NMR spectrometer. UV/visible and
photoluminescence spectra were recorded on a PerkinElmer Lambda-25 and Horiba
Fluoromax-4 spectrofluorometer using 10 mm path length quartz cuvettes with a slit
width of 3 nm at 298 K. Time-resolved fluorescence measurements were carried out in

Edinburgh Instruments Life Spec Il instrument. Cyclic voltammograms were recorded
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using CH instruments model 700D series electrochemical workstation. Paper strip tests
were performed using Whatman qualitative filter paper, grade 1. Gel permeable
chromatography (GPC) was performed in THF using Agilent Technologies instrument
with polystyrene as standard.

2.2.2 Synthetic Procedure

2.2.2a Synthesis of 2, 7-dibromo-9, 9-bis (6-bromohexyl)-9H-fluorene (M2):
Monomer (M2) was synthesized by using a previously established procedure from
literature.®® 2,7-dibromofluorene (1.0 g, 3.086 mmol) and catalytic amount of tetrabutyl
ammonium iodide (TBAI) (0.24 g, 0.617 mmol) were taken in a 50 mL round bottom
flask. 50% aqueous NaOH (50%, 12 mL) was added to the flask under inert condition.
The flask was degassed using freeze-thaw cycles followed by addition of 1,6-
dibromohexane (3.32 mL, 21.602 mmol). The reaction mixture was maintained at 70 °C
and stirred for 4 h. Further, it was cooled to room temperature and extracted with
dichloromethane (DCM). The DCM layer was washed with water thrice and dried over
anhydrous sodium sulfate. The organic layer was concentrated using rotatory evaporator
and crude compound obtained was purified via column chromatography over a silica gel
pad using hexane (Yield = 1.8 g, 90 %). *H-NMR (400 MHz, CDCls, & ppm): 7.53 (d,
2H), 7.45 (m, 4H), 3.29 (t, 4H), 1.92 (t, 4H), 1.68 (m, 4H), 1.18 (m, 4H), 1.08 (m, 4H),
0.58 (m, 4H).*C NMR (100 MHz, CDCls, 8): 152.40, 139.31, 130.57, 126.33, 121.80,
121.45, 55.79, 40.26, 34.05, 32.83, 29.17, 27.97, 23.68.

2.2.2b Synthesis of Di-tert-butyl((((2,7-dibromo-9H-fluorene-9,9-
diylh)bis(hexane-6,1-diyl))bis(oxy))bis(4,1-phenylene))-dicarbamate (M3):

A mixture of 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (M2) (0.100 g, 0.153
mmol), tert-butyl(4-hydroxyphenyl) carbamate (0.064 g, 0.307 mol) and potassium
carbonate (0.127 g, 0.921 mmol) were heated at 70 °C in dry DMF for 24 h. The reaction
was monitored by TLC using 10% EtOAc in hexane. After the completion of reaction, the
mixture was cooled, filtered, and extracted multiple times using chloroform/water. The
organic layer was collected, dried over anhydrous sodium sulfate, and evaporated to
obtain crude product as a light brown colored product. Purification was performed by
column chromatography (6% EtOAc:Hexane) (Yield = 0.102g, 73%). 'H-NMR (600
MHz, CDCls, & ppm) : 7.52 (d, 2H), 7.46 (d, 2H), 7.43 (s, 2H), 7.22 (d, 4H), 6.78 (d, 4H),
6.31 (s, 2H), 3.80 (t, 4H), 1.93 (m, 4H), 1.50 (s, 18H), 1.21 (m, 4H), 1.12 (m, 4H), 0.61
(m, 4H). °C NMR (100 MHz, CDCls, & ppm): 155.07, 153.33, 152.34, 139.06, 131.36,
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130.29, 126.11, 121.55, 121.27, 120.72, 114.80, 80.04, 68.08, 55.61, 40.05, 29.57, 29.13,
28.42, 25.65, 23.65. MS (ESI): calculated for C47HsgBrN,Og [M + H]™: 907.2719; Found
907.2722. Elemental analysis: calculated for M3: C, 62.25; H, 6.45; N, 3.09; found: C,
62.42; H, 5.087; N, 3.27

2.2.2¢ Synthesis of Poly(di-tert-butyl((((2-phenyl-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))bis(4,1-phenylene))-dicarbamate) (P0):

A mixture of M3 (0.100 g, 0.11 mmol), tetrakistriphenylphosphine palladium(0) (0.0063
g, 0.005 mmol), benzene-1,4-bisboronic acid (0.018 g, 0.11 mmol), 3 mL of 2 M aq
solution of K,CO; and THF (9 mL) were taken in a flask fitted with a condenser. The
reaction mixture was degassed thrice by freeze—thaw cycles followed by refluxing for 18
h under argon atmosphere. The reaction mixture was then cooled and extracted with
chloroform/water thrice. The organic layer was then evaporated to dryness and purified
by precipitation method in methanol twice. The product was obtained as grey color
precipitate after drying in vacuum (Yield = 0.065 g, 71%). '"H NMR (400 MHz, CDCls, &
ppm): 7.80(br), 7.701(br), 7.64(br), 7.53(br), 7.26(br), 6.80(br), 6.44(br), 3.83(br),
2.066(br), 1.62(br), 1.54(br), 1.30(br), 1.19(br), 0.90(br).*C NMR (150 MHz, CDCls, &
ppm): 155.33, 153.36, 152.51, 151.07, 140.20, 139.99, 139.24, 131.43, 130.44, 129.01,
127.75, 127.35, 126.33, 126.30, 121.70, 121.48, 120.66, 120.39, 115.00, 80.32, 68.32,
55.64, 40.40, 29.86, 29.31, 28.55, 25.82, 23.80. GPC using polystyrene as standard in
THF: M,, = 1.03 x 10%, PDI = 2.2.

2.2.2d Synthesis of Poly(4,4’-(((2-phenyl-9H-fluorene-9,9-diyl)bis-(hexane-
6,1-diyl))bis(oxy))dianiline) (PFAM):

To the solution of polymer (P0), (0.05 g) in DCM, TFA (excess) was added and kept for
stirring in inert atmosphere for 12 h at room temperature. The resulting viscous solution
was washed repetitively with diethyl ether to obtain product as dry solid compound. Any
unreacted polymer PO was removed by dissolving the mixture again in dichloromethane,
followed by decantation. The collected residue was dissolved in methanol and basified
with TEA to obtain grey colored precipitate. This was then centrifuged, filtered, and
washed with ether to get purified polymer PFAM (Yield = 0.035 g, 92%). "H NMR (400
MHz, CDCl3, & ppm): 7.78(br), 7.64(br), 7.48(br), 6.65(br), 6.58(br), 3.73(br), 3.34(br),
2.03(br), 1.55(br), 1.25(br), 1.15(br), 0.79(br).
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Scheme 2.1 Synthesis of the polymer-PFAM. (a) 1,6-Dibromohexane, 50% ag. NaOH,
TBAI, 70 °C, 4 h; (b) tertbutyl(4-hydroxyphenyl)carbamate, DMF, K,COs, reflux, 12 h;
(c) tetrakistriphenylphosphine palladium(0), benzene-1,4-diboronic acid, 2 M ag. K,COs,
THF, reflux, 24 h; (d) TFA/CH,CI,, rt, 12 h, followed by EtzN in CH3;OH.

2.2.3 Preparation of stock solutions for sensing studies

Stock solution of polymer PFAM and explosives, viz., 2,6-dinitrotoluene, 2,4-
dinitrotoluene, 4-nitrotoluene, and 1,3-dinitrobenzene, were prepared at concentrations of
10 mM in HPLC-grade THF. Stock solution (10 mM) of RDX and TNT was prepared in
1:1 CH3CN:MeOH. Similarly, stock solution of other analytes, viz., PA, nitromethane
(NM), nitrobenzene (NB), phenol, benzoic acid (BA), 4-nitrophenol (4-NP), and 2.,4-
dinitrophenol (2,4-DNP) were prepared in Milli-Q water at concentration of 10 mM. The
absorption and fluorescence studies were performed after making different solutions of
PFAM (1 x 10°° M), each containing various concentrations of each analyte in 4:1/
THF:HEPES (pH = 7, 10 mM) in a quartz cuvette (1 cm x 1 cm). The spectra of each
resultant mixture were recorded after mixing the solutions thoroughly at room
temperature.
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2.2.4 Calculations for photoluminescence quantum yield
The quantum yield of polymer PFAM was determined in THF using quinine sulfate (Or =

61,62

0.54 in 0.1 M H,SO,) as reference material. The following equation” >~ was employed for

calculations
0= D, (AF/AF) (M)

where s and r represents the sample and reference, respectively, A denotes the
absorbance, F is the relative integrated fluorescence intensity, and 1 is used for refractive

index of the medium used.

2.2.5 Time-resolved decay measurements

Lifetime decay measurements of PEAM (1 x 107® M) in the presence and absence of PA
(5 x 107> M) were carried out using pulse excitation of 375 nm and emission at 408 nm.
The curves were fitted biexponentially and the average lifetime was considered for
consistency in results. Lifetime of each component, amplitude, and average lifetime are
shown in Table A2.1.

2.2.6 Preparation of paper strips

Fluorescence test strips were prepared by dipping the Whatman filter paper (70 mm
diameter) in the solution of PFAM (10~* M) in THF followed by drying of solvent in an
air stream. The filter paper coated with PFAM was then cut into the desired number of

pieces (1 cm x 1 cm) and used for the surface sensing purposes.

2.2.7 Calculating detection limit

Different solutions of PEAM (1 x 10°° M), each containing PA (0 uM, 0.33 puM, 0.66 pM,
0.99 uM, 1.33 uM, 1.66 uM, and 1.99 uM) were prepared separately in 4:1 THF:HEPES
buffer (pH 7.0, 10 mM) and the fluorescence spectrum was recorded for each sample. A
calibration curve was then plotted between fluorescence intensity and concentration of
PA to obtain the regression curve equation. The detection limit was calculated using the
equation 3o/k, where ¢ represents the standard deviation for the intensity of PFAM in the

absence of PA and k denotes the slope.

2.2.8 Electrochemistry
The cyclic voltammogram for PFAM was recorded using three-electrode cell under inert
atmosphere at room temperature. A glassy carbon electrode acts as a working electrode,

while the saturated Ag/AgNO; electrode and platinum wire were employed as reference
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and counter electrodes, respectively. TBAPFs (0.1 M) in acetonitrile was used as
supporting electrolyte with Fc'/Fc couple as an internal reference. A total of 5 uL of
PFAM (1 mM) dissolved in THF was drop-cast on a working electrode over the area of 7
mm?” to record cyclic voltammogram. Noticeable oxidation potential was observed for the
polymer PFAM. From the onset method (Exomo = —[E(onset, ox vs Fc'/ Fc) + 4.8] (eV))
the HOMO level of PFAM was calculated to be —5.65 eV. Using the band gap of 3.02 eV
as determined from the onset of UV—vis spectrum of PFAM, the LUMO level of polymer
PFAM was finally calculated to be —2.62 eV.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Poly(4,4'-(((2-phenyl-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))- dianiline) (PFAM)

The synthetic scheme for polymer PFAM is presented in Scheme 2.1. The monomer (M2)
was subjected to substitution by Boc protected aminophenol followed by the Suzuki
polymerization reaction to obtain polymer PO in high yields. The polymer PO was then
deprotected using TFA to obtain the final polymer PFAM with pendant amine groups.
The products at each step were well characterized and purified before further use (Figures
A2.1-A2.6). The molecular weight Mw of precursor polymer PO as determined by GPC
was found to be 1.03 x 10% PDI = 2.2, in THF using polystyrene as standard (Figure
A2.7). The p-aminophenol group attached on the side chains of PFAM acts as a selective
recognition site for PA and facilitates its sensing efficiency via photoinduced electron
transfer. The CP PFAM exhibited good solubility in most organic solvents with
fluorescence quantum yield (®s) of 0.30 in THF. The absorption and emission maxima
were observed at 370 and 408 nm (excitation at 366 nm), respectively, in THF solution.
2.3.2 Sensing and selectivity studies

Considering the critical environmental applications, sensing studies for PA were
performed in 4:1/ THF:HEPES buffer (pH = 7.0, 10 mM). The PFAM displayed strong
blue luminescence in dilute solutions under UV light illumination that was visible to the
naked eye. Fluorescence quenching experiments were performed by varying the
concentrations of nitro compounds in the solution of PFAM (1 x 10°° M). It was observed
that addition of only 3.3 x 10°® M PA solution causes instant fluorescence quenching of
~25% which further reaches 95% at 5 x 10 ° M PA concentration (Figure 2.1a). The
disappearance of the blue luminescence of PFAM in the presence of PA was clearly

visible under UV light (Figure A2.8). Stern-Volmer plot was obtained via I/l vs [Q],

28
TH-2168_126122039



Chapter 2 Explosive Detection

where |, and | denote the fluorescence intensities before and after addition of quencher,
[Q] represents the concentration of quencher added, and Ky, denotes the quenching
constant (M™"). The quenching constant value (Ks,) calculated through linear fitting of S-
V plot was found to be 1.05 x 10° M™" (inset of Figure 2.1a) indicating remarkable
amplification quenching process for PA. The detection limit calculated using 3o/k, was
found to be 57.8 nM (13.2 ppb) (Figure A2.9), which is being reported for the first time
using IFE assisted CP based detection of PA (Table A2.2).

To elucidate the selectivity, fluorescent titration experiments were performed by adding
various common interfering analytes, viz., TNT, 2,4-DNT, 2,6-DNT, RDX, 1,3-DNB, 4-
NT, BA, NB, NM, and phenol to the solution of PFAM (1 x 10°° M) in 4:1/THF:HEPES
buffer (Figure 2.1b and Figure A2.10). Interestingly, no significant change in the
fluorescence of PFAM was observed after introducing these analytes. It can be seen from
Figure 2.1c that at lower PA concentration, S—V plot follows a linear nature that further
deviates from linearity and rises exponentially at higher concentration. However, all other
nitroexplosives displayed only linear increment in S—V plot (Figure 2.1c). The
exponential nature of S—V plot for CP indicates an amplified quenching and may be
accountable for the efficient singlet exciton migration®® within the polymer chains,

additional energy transfer process, self-absorption,*®*

or quencher-induced aggregation of
the polymer chains.®® The K, value obtained for PA was significantly high compared to
other analytes indicating an amplified quenching and remarkable selectivity of PFAM
toward PA. Furthermore, other metal ions (Hg®*, AI**, Cd**, Zn**, Cu®*, Ni**, Ca**, Co™*,
Cr®*, Pb**, La**, Mn®") as well as anions (I, F, BHs, NOs;, N3, S*, BF,, CN,
H,PO4~, HPO,*", PO,", NO,, AcO") usually found in natural water did not have any
effect on the fluorescence of PFAM (Figures A2.11-A2.12) which confirms the exclusive
selectivity of PFAM toward PA and suggesting the viability of this system for practical
applications in natural water.

2.3.3 Sensing in competitive environment

For day-to-day application purposes, the detection of PA in competitive environment is
highly desirable. To demonstrate this potential, various fluorescence titrations were
performed in the presence of several other interfering analytes. In a typical experiment, a
solution of TNT (5 x 10> M) was added initially to the solution of PFAM (1 x 10° M) to
access most of the binding sites of the polymer, but no significant change in the

fluorescence intensity was observed (Figure 2.1d). The solution of PA was then
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introduced which resulted in significant fluorescence quenching. The same set of
experiments were repeated with rest of the analytes and similar results were obtained with
almost no change in quenching efficiency of PA (Figure 2.1d and Figures A2.13-A2.22).
It is noteworthy to mention that most of the chemosensors developed for PA suffered
from very large interference by several other electron deficient nitro aromatics that
prevent the practical applicability of those systems. The present method provides a
simple, reliable, rapid, and efficient platform for the specific detection of PA even in a

competitive environment.
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Figure 2.1 (a) Photoluminescence spectra of PFAM (1 x 10°° M) with various
concentrations of PA in 4:1/THF:HEPES buffer (pH = 7.0, 10 mM). Inset: Stern—Volmer
plot for PA. (b) Bar diagram depicting the effect of various interfering analytes (5 x 10~
M) on emission maximum of PFAM (1 x 10 ° M) (error bars = £5%). (c) Stern—Volmer
plots obtained for various interfering analytes in 4:1/THF:HEPES buffer (pH = 7.0, 10
mM). (d) Percentage of quenching by different interfering analytes (5 x 107> M) before
and after addition of 5 x 10> M PA.

2.3.4 Mechanism of sensing

On the basis of these observations, there could be three possible mechanisms for PA
sensing by PFAM. These are (a) FRET or IFE between PFAM and PA, (b) formation of a
ground-state electrostatic complex, and (c) PET from PFAM to PA. To fulfill the
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conditions of FRET or IFE, there should be significant spectral overlap between the
absorption spectrum of quencher (PA) and emission spectrum of fluorophore (PFAM).
Note that the absorption spectrum of PA has a wide range from 280 to 480 nm and
showed significant spectral overlap with excitation and emission spectrum of polymer
PFAM (Figure 2.2a). Hence, to ascertain the main reason for quenching, the lifetime
decay of PFAM was monitored in the absence and presence of PA. It is evident from
Figure 2.2b that the lifetime of PFAM (0.298 ns) does not display any significant change
after adding PA (0.287 ns). This confirms that quenching occurred primarily via a static
mechanism and ruled out the possibility of FRET in the quenching process. Hence, IFE
could be the main mechanism responsible for fluorescence quenching of PFAM by PA.
This can be explained via inefficient overlap between the absorption spectra of other
nitroaromatics and excitation/emission spectrum of PFAM that subsequently results in
poor IFE (Figure 2.2¢). Furthermore, UV—visible spectra of PFAM with PA (Figure 2.2d)
displayed a minor increment in the absorption intensity without causing any shift in the
peak of PFAM. This excludes the possibility of aggregation of PFAM chains by PA and
formation of any ground-state charge transfer complex between PFAM and PA. Hence,
IFE is the most probable mechanism likely responsible for the high sensitivity and
selectivity of PFAM toward PA.

To elucidate the role of electrostatic complex on quenching efficiency, control
experiments were performed taking 2,4-DNP, 4-NP, and PA as model compounds since
they all contain a single —OH group with a variable number of “NO, groups that control
their acidity in the order PA > 2,4-DNP > 4-NP. Since PA is a stronger acid compared to
2,4-DNP and 4-NP, it has greater tendency to interact with PFAM via acid—base
interaction to form a stable electrostatic complex.>***"® Hence, the percentage of
fluorescence quenching by these compounds was found in the order PA > 2,4-DNP > 4-
NP (Figure 2.3). Nitro analytes that do not possess hydroxyl groups cannot interact
strongly with the free basic amine sites of PFAM, and hence displayed negligible
quenching efficiencies. Note that the spectral overlap region between absorption spectra
of PA or DNP and excitation/emission spectra of PFAM is almost the same (Figure
A2.23), yet the quenching efficiency is greater for PA. This can be explained via the ease
of photoinduced electron transfer (PET) from polymer PFAM to PA induced by
acid—base interaction. PET is a well-known phenomenon that exists in sensor systems
when both the probe and the sensing analyte come at a particular distance via some

favorable interactions. Since the acid—base interaction brings PFAM and PA into close
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proximity, there is a strong possibility of PET from polymer PFAM to PA that
subsequently enhances the sensitivity of the probe. To demonstrate this, cyclic
voltammetry (CV) was carried out to calculate the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels of PFAM (Figure 4a).
However, from CV only the oxidation process was observed, since the polymer PFAM is
electron-rich and the HOMO level was calculated to be —5.65 ¢V. Considering an optical
band gap of 3.02 eV via the onset of the UV—vis absorption band, the LUMO level was
found to be —2.62 eV. These results demonstrate the possibility of photoinduced electron
transfer from high-energy LUMO of PFAM (—2.62 eV) to low-energy LUMO of PA
(—3.89 eV)," resulting in enhanced fluorescence quenching (Figure 2.4b).

Note that LUMO values® of 2,4-DNP (—2.82 eV) and 4-NP (-2.22 eV)) are usually above
that of PA, resulting in reduced quenching efficiency. Although PA has the lowest
LUMO energy level compared to other analytes,'® viz., DNT (-3.5 eV), NT (-3.2 eV),
TNT (-3.7 eV), the quenching efficiency by other analytes does not follow this order.
This is in agreement with the formation of an electrostatic complex and strong IFE
between PFAM and PA, unlike in other nitroaromatics. Thus, it can be concluded that
high selectivity and enhanced sensitivity of PFAM toward PA is due to strong IFE and a
favorable PET process induced by formation of the electrostatic complex.

To investigate whether the protonation of PFAM by PA is the decisive factor behind the
fluorescence quenching, a control experiment was performed using TFA, a stronger acid
than PA. It was found that TFA has an insignificant effect on the emission of PFAM even
at much higher concentrations than PA (Figure A2.24), suggesting that PA plays a key
role in the quenching effect via PET rather than the sole acidity. In another control
experiment, preprotonated PFAM was subjected to a PA salt solution. Significant
fluorescence quenching was observed (Figure A2.25) with slightly greater sensitivity, i.e.,
40 uM PA salt solution was employed instead of 50 uM. This can be attributed to the ease
of electrostatic interaction between PA salt and preprotonated PFAM, resulting in
enhanced quenching efficiency. To further confirm whether ion pairing followed by
protonation is crucial for the proposed sensing and selectivity, TNT was introduced in the
presence of TFA. Interestingly, no change in the emission of PFAM was observed (Figure
A2.26) confirming that ionic pairing followed by protonation is essential for sensing

purposes.
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Figure 2.2 (a) Overlap between excitation/emission spectra of PFAM and absorption
spectrum of PA in 4:1/THF:HEPES buffer (pH = 7.0,10 mM). (b) Lifetime decay of
PFAM (1 x 10 M) before and after addition of PA (5 x 10~ M). (c) Overlap between
excitation/emission spectra of PFAM and absorption spectra of various nitroaromatics in
4:1/THF:HEPES buffer (pH = 7.0,10 mM). (d) UV—visible spectra of PFAM (1 x 10°°

M) with increasing concentration of PA.
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Figure 2.3 Comparison of fluorescence quenching of PFAM obtained for PA, 2,4-DNP, and 4-
NP in 4:1/THF:water.
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Figure 2.4 (a) Cyclic voltammogram of PFAM film on glassy carbon electrode using 0.1

M tetrabutylammonium hexafluorophosphate (TBAPFs) as a supporting electrolyte in

CH3CN solution with a scan rate of 50 mV/s. (b) Pictorial representation of PET from

LUMO of PFAM to the LUMO of PA.

2.3.5 Analysis of PA in natural water samples

Among all nitroexplosives, PA has maximum solubility in water due to the presence of

the hydroxyl group. It can easily contaminate water bodies as an effluent from various

sources. Hence, development of suitable probes that can monitor and estimate the traces

of PA in natural water samples is highly significant. High selectivity of polymer PFAM

for PA in competitive environments encouraged us to utilize it for detection in natural

water samples. To accomplish this, natural water samples from the Brahmaputra river

(near NTG campus and Serpentine Lake inside IITG campus) were collected

independently, centrifuged at 5000 rpm for 30 min, and filtered using a 0.2 um

membrane. The samples were then spiked with known concentration of PA and used for

sensing purposes by adding known volumes from each sample. The results obtained

(Table 2.1) were compared with a standard calibration curve (Figure A2.27) which

confirms the feasibility of the system to detect PA efficiently even under competitive

environment and which is perceived to be very difficult.

Table 2.1 Determination of PA in Natural Water Samples

TH-2168_126122039

River Water Samples Lake Water Samples
Added Found Recovery Added Found Recovery
Sample Sample
10°M) | (10°M)* (%) (10° M) (10° M) (%)
RW1 3.00 2.83+0.07 94.3 LWI1 5.00 4.81+0.23 96.2
RW2 6.00 5.63£0.26 93.8 Lw2 8.00 7.57+0.24 94.6
RW3 9.00 8.82+0.40 98.0 LW3 11.00 10.37+0.48 94.2
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A B
a b c d e

Figure 2.5 Photographs (under 365 nm UV-light) of fluorescent test strips. (A) before
and (B) after dipping in PA (10* M) solution in water. (C) (a) Before and after ((b) 10~
M, (c) 107° M, (d) 10° M, (e) 10 M) applying spots of different concentrations of PA

solution.

2.3.6 Solid state studies for on-site detection

The human body, clothing, and other surroundings can be contaminated by traces of
nitroexplosives during manufacture of fireworks, matches, rockets, and explosive devices.
Therefore, detection of nitroexplosives in trace amounts is especially an appealing field of
research with respect to forensic and analytical sciences. In this context, we performed
the paper strip tests using Whatman filter paper. The desired sizes of paper strips were cut
and dip-coated in the solution of PFAM (10* M) in THF followed by drying in air.
PFAM coated paper strips (Figure 2.5A) displayed complete fluorescence quenching
(Figure 2.5B) after dipping in solution of PA (10 M). The paper strip was then recycled
by washing carefully with water and used thrice efficiently (Figure A2.28). To monitor
the effect of various concentration of PA on PFAM coated paper strips, different
concentrations of PA solution in water (10 puL each) were applied as small random spots
and observed under UV-light (lamp excited at 365 nm). Dark spots of various paper strips
displayed the regulation of quenching behavior by PA (Figure 2.5C). However, a paper
strip with water (blank) did not show any noticeable change (Figure 2.5C(a)). The
minimum amount of PA that can be detected by the naked eye was found to be as low as
10 pL of 10 M, thereby confirming the detection of 22.9 pg PA, which is among the
best reported values.'***¢""° Interestingly, other nitroaromatics did not cause any
significant change in the emission of PFAM (Figure A2.29) confirming the selectivity of

the probe in the solid state platform.
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2.4 Conclusion

In conclusion, picric acid detection was achieved at incredibly low levels of 57.8 nM
(13.2 ppb) using a newly synthesized amine functionalized conjugated polymer PFAM in
solution state as well as on a solid-based platform using simple filter paper strips. The
excellent signal response for PA was accomplished via a strong inner filter effect (IFE)
and favorable photoinduced electron transfer (PET) between polymer PFAM and PA
assisted by acid—base interactions. PFAM reports the first conjugated polymer based
example of designing IFE based probes for sensing PA. The rapid and on-site detection
applicability of this system in the competitive environment establishes the method as very
effective and suitable for real sample analysis as demonstrated by analyzing natural

sample.
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Figure A2.1 "H-NMR and 13C-NMR spectra of monomer M2 and M3.
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Figure A2.3 High resolution mass spectrum of monomer M3.
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Figure A2.6 "H-NMR spectrum of polymer PFAM.
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GPC/SEC Software Sample GPC Analysis Report glE. Agilent Technologies

Generated by acer at 15:11:11 on 18 May 2015

Results
Analysed by acer at 15:10:13 on 18 May 2015
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Figure A2.7 GPC chromatogram of polymer PO.

Figure A2.8 Image of PFAM under UV-light before and after addition of PA.

Table A2.1 Fluorescence lifetime decay of each component and their fractions.

T T T
Sample . % ? % x2 9
(ns) (ns) (ns)
PFAM 0.068 3.040 0.306 96.96 1.086 0.298
PFAM-PA | 0.060 4.863 0.299 95.14 1.048 0.287
43
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Figure A2.9 Fluorescence intensity of PFAM in 4:1/THF:HEPES buffer (pH=7, 10 mM)

vs PA concentration.
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Figure A2.10 Photoluminescence spectra showing the effect of various nitro analytes (5
x 10™ M) on the emission of PFAM (1 x 10°® M) in 4:1/THF:HEPES buffer (pH=7.0,10

mM).
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Table 2A.2 A comparative study of some conjugated polymers based reports for picric acid

detection.
Stern-volmer Detection Sensing
Publication Constant S Selectivity | Mechanism
(M'l) Limit
. 5 | 578x10°M . Inner Filter
Present Manuscript 1.05 %10 (13.24 pph) Selective Effect
J. Am. Chem. Soc. 2003, In the range Not reported | Not selective Electron-
125, 3821-3830 10°- 10* P transfer
Macromolecules 2009, 5 0.17 ppm . -
42, 9400-9411 3.5x10 (0.72 uM) Not studied
Macromol. Rapid 8.4 x 10° -
Commun. 2010, 31, 6 .36 x 10° Upto 1ppm Not studied
834-839 :
Electron
Macromolecules 2011, 5 3 and/or
44, 5977-5986 8.48 x 10 Upto 1ppm Not studied energy
transfer
Macromol. Rapid Energy
Commun. 2013, 34, 1.6 x 10° 9x10%M Not studied transfer
796—802
RSCSi\SX:ngOgl(SS, 3, 2.33 x 10° 1 ppm Not studied i
Macromolecules 2013, 1.95 x 10* . -
46. 39073914 567 x 10° Upto 1pg/mL | Not studied
Macromolecules 2014, 5 . Energy
47, 49084919 2.7x10 1uM Not selective transfer
9.72 x 10* Electron
Polymsé:zrgirgégzg 14,5, 6.98 x 10° 2.5 ppm Not selective transfer
4.27 x 10*
J. Mater. Chem. A, 2014, 4 0.11 ppm i Electron
2, 1556015565 1.3x10 (0.48um) | SElECtve | efer
J. Mater. Chem. A, 2014, | 4.15 x 10* Not ol | NGselbctive s
2, 13983-13989 2.03 x 10* P interactions
Electron
Chem. Commun., 2015, 7 . and/or
51. 72077210 1 x10 0.128 ppb Selective energy
transfer
J. Mater. Chem. A, 2015, 2.6 x 10° About 1 bom Selective Electron
3,92-96 8.3 x 10° PP transfer
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Figure A2.11 Bar diagram depicting effect of various metal ions (5 x 10 M) on the
fluorescence intensity of PFAM (1x 10°° M).
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Figure A2.12 Bar diagram showing effect of various anions (5 x 10° M) on the
fluorescence intensity of PEFAM (1x 10°° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.13. Emission spectra of PFAM (1x 10°® M) with 2,4-DNT (5 x 10° M)
followed by addition of PA (5 x 10™ M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.14. Emission spectra of PFAM (1 x 10° M) with 2,6-DNT (5 x 10®° M)
followed by addition of PA (5 x 10 M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.15. Emission spectra of PFAM (1x 10°® M) with 4-NT (5 x 10 M) followed
by addition of PA (5% 10 M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.16. Emission spectra of PFAM (1x 10° M) with 1,3-DNB (5 x 10° M)
followed by addition of PA (5 x 10" M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.17. Emission spectra of PFAM (1x 10° M) with NB (5% 10° M) followed by
addition of PA (5 x 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.18. Emission spectra of PFAM (1x 10 M) with NM (5 x 10™ M) followed by
addition of PA (5 x 10 M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.19. Emission spectra of PFAM (1x 10 M) with BA (5 x 10™ M) followed by
addition of PA (5% 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.20. Emission spectra of PFAM (1x 10° M) with Phenol (5 x 10° M) followed
by addition of PA (5 x 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.21. Emission spectra of PFAM (1x 10 M) with TNT (5 x 10° M) followed
by addition of PA (5x 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.22. Emission spectra of PFAM (1x 10° M) with RDX (5 x 10”° M) followed
by addition of PA (5x 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.23. Overlap between excitation/emission spectra of PFAM and absorbance
spectra of various nitrophenols.
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Figure A2.24. Emission spectra of PFAM (1x 10 M) before and after adding TFA (1 x
10 M) in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.25. Emission spectra of PFAM/TFA (1 puM/50 pM) with different
concentrations of PA salt solution in 4:1/THF:HEPES buffer (pH=7.0,10 mM).
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Figure A2.26. Change in emission spectra of PFAM (1x 10° M) with TFA (1 x 10 M)
followed by the addition of TNT (5 x 10° M) in 4:1/THF:HEPES buffer (pH=7.0,10
mM).
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Figure A2.27. Calibration plot obtained for the estimation of PA.
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Figure A2.28. Recyclability test of PFAM coated paper strip.

Phenol

2,4-DNT 2,6-DNT 1,3-DNB

Figure A2.29. Colour of PFAM coated paper strips under UV light (lamp excitation-365
nm) after addition (10 pL) of 10 M solution of various analytes.
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Fluorescence “Turn-On” Indicator Displacement
Assay-Based Sensing of Nitroexplosive Picric
Acid in Aqueous Media via a Polyelectrolyte
and Dye Complex
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Tanwar, A. S.; lyer, P. K. ACS Omega 2017, 2, 4424-4430.
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Abstract

A water-soluble non-fluorescent cationic conjugated polyelectrolyte poly(1,1'-((1,4-
phenylenebis(oxy))bis-  (propane-3,1-diyl))bis(pyridin-1-ium)bromide)  (PPPy)  was
specifically synthesized via an economical method of oxidative coupling polymerization in
high yields. PPPy selectively recognized nitroexplosive picric acid (PA) by fluorescence
“turn-on” in the presence of closely related nitroexplosive compounds, namely, 2,4,6-
trinitrotoluene, 2,4-dinitrophenol, and 4-nitrophenol via fluorescence indicator displacement
assay (IDA) technique in water at pH 7.0. The polymer PPPy was characterized by NMR
spectroscopy, gel permeable chromatography, UV—vis spectroscopy. The polymer PPPy
forms an electrostatic complex with uranine dye. This ensemble scheme was utilized to detect
PA with a limit of detection value of 295 nM (solution state) and 0.22 ppm (vapor state)
through IDA, a phenomenon that is very different from the widely reported Forster resonance
energy transfer, photoinduced electron transfer, ground-state charge transfer and inner filter
effect based probes used for nitroexplosive PA detection.
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3.1 Introduction

2,4,6-Trinitrophenol, commonly referred as picric acid (PA), has been categorized as a strong
nitroexplosive compound. The potential explosive power of PA is remarkably superior than
that of other competitive and interfering nitroexplosive 2,4,6-trinitrotoluene (TNT). Thus, its
detection is of immense significance for homeland security and forensic investigation.™?
Owing to its high solubility in water and extensive use in dye, leather, drugs, matchbox, and
firework industries, it can easily contaminate land and water resources.® PA is a well-known
environmental pollutant that has lower degradation rate in biosystems and can cause severe
health problems such as cancer, abnormal liver functions, sycosis, and damage to kidney as
well as respiratory organs.*> Furthermore, during metabolism, PA is transformed into
picramic acid, which has even much higher mutagenic activity than PA.° Therefore, there is
an urgent need to develop superior methods with high selectivity, rapid detection probes, and
high sensitivity for PA detection with respect to environmental issues and terrorist threats.

Host/guest chemistry is a very active area of research in supramolecular chemistry.””'! The
change in the response of host/dye complex property after the addition of particular analyte
has been extensively investigated to build a selective and sensitive chemosensor.'**
Fluorescent dyes possess high affinity for macrocyclic host and significant change in
fluorescence is observed after the host/dye complex formation in water medium.**>%* When
an analyte is introduced into the host/dye complex, it selectively displaces the dye from the
host and forms a host/analyte complex with an initial fluorescence recovery. This
phenomenon is generally termed as indicator displacement assay (IDA). There is competition
between the analyte and the indicator for the selective binding of the host.’*!” Several

host/dye complex-based sensing with a variety of hosts used, such as calixarenes,®%?0%2

10,19,22

cyclodextrins,* cucurbiturils, and pillararene,”* have been reported. However, no report

is available till date with a cationic conjugate polymer as a host. Notably, the IDA technique

has been widely used for selective sensing of biological and environmental analytes such as

27,28 29-31

basic amino acids,*® adrafinil,* heparin,® carbohydrate,?® Ccitrate,
32,33

phosphate,

tartarate, nitrate,34 and so on.

Several literature methods are available for the sensitive detection of PA; however, most of

35-41

them use organic media and fluorescence “turn-off” and lack good selectivity toward

PA,*"*™* with selected reports available based on fluorescence “turn-on” sensing.*” ' The

mechanisms of sensing involved in the previous reports are majorly photoinduced electron

52-54

transfer and/or energy transfer process and inner filter effect.>® To the best of our
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knowledge, there are no reports available for the sensitive PA (solution and vapor) detection
based on fluorescence turn-on via IDA. In this work, we introduce a straightforward method
to synthesize pyridinium receptor containing non-fluorescent cationic conjugated polymer
poly- (1,1'-((1,4-phenylenebis(oxy))bis(propane-3,1-diyl))bis-(pyridin-1-ium)bromide (PPPy)
(Scheme 3.1), which shows selective fluorescence turn-on sensing of PA over 2,4-
dinitrophenol (2,4-DNP), 4-nitrophenol (4-NP), and TNT through the IDA technique in water
at pH 7.0 for the first time (Scheme 3.1).

3.2 Experimental

3.2.1 Materials and methods

Nitroexplosives, namely, 4-NT, 1,3-DNB, 2,4-DNT, and 2,6-DNT, were purchased from
Aldrich Chemicals. RDX and TNT were purchased from AccuStandard. PA was purchased
from Loba Chemie Pvt. Ltd. HEPES buffer was purchased from Sigma-Aldrich Chemicals.
Various other reagents and chemicals and were purchased from Merck and Alfa-Aesar and
used without further purification. *H and *C NMR spectra were recorded at 400 and 100
MHz, respectively, using Varian-AS400 NMR spectrometer. Gel permeable chromatography
(GPC) was performed in CHCI; using Shimadzu LC solution GPC instrument with
polystyrene as the standard. All of the experimental titrations were done by using Milli-Q
water. PerkinElmer Lambda-25 spectrophotometer was used to record the UV—vis absorption
spectra. Horiba Fluoromax-4 spectrofluorometer was used to record the PL spectra by using

quartz cuvettes of 10 mm path length and having a slit width of 1 nm at 298 K.
3.2.2 Synthetic procedure

3.2.2a Synthesis of 1,4-Bis(3-bromopropoxy)benzene (M1):

In a 50 mL round-bottom flask (RBF) fitted with water condenser, a mixture of potassium
carbonate (12.5 g, 90.81 mmol) and hydroquinone (1.0 g, 9.08 mmol) in dry acetone (20 mL)
was taken and degassed followed by stirring under inert atmosphere for 30 min.
Subsequently, 1,3-dibromopropane (6.48 mL, 63.56 mmol) was added to the above mixture
and refluxed for 24 h. After completion of the reaction, it was concentrated, chloroform was
added and filtered. The chloroform layer was washed thrice with water, concentrated to get a
crude product M1, which was further purified via column chromatography to obtain a white
product (yield = 75%). *H NMR (400 MHz, CDCls, 8 ppm): 2.29 (m, 4H), 3.60 (t, 4H), 4.05
(t, 4H), 6.84 (s, 4H). *C NMR (100 MHz, CDCls, & ppm): 153.17, 115.67, 66.08, 32.62,
30.41.

57
TH-2168_126122039



Chapter 3 Explosive Detection

3.2.2b Synthesis of Poly(1,4-bis(3-bromopropoxy)benzene) (PPBr):

In a three-necked RBF, ferric chloride (anhydrous) (1.84 g, 11.36 mmol) was solubilized in
nitrobenzene (10 mL) under continuous nitrogen flow. Monomer M1 (1.0 g, 2.84 mmol)
(solubilized in nitrobenzene (15 mL)) was added to flask dropwise. After that, the reaction
mixture flask was kept for 36 h under stirring at rt, followed by precipitation in methanol.
The solution was centrifuged and precipitates were washed with methanol (repeated thrice).
The resulting precipitates were lastly dried under vacuum to obtain a brown polymer with
66% yield. The GPC using polystyrene as the standard in CHCl;: M,, = 2.07 x 10
polydispersity index = 4.1. 'H NMR (400 MHz, CDCls, & ppm): 2.20 (br), 3.45 (br), 4.09
(br), 7.06 (br). °C NMR (100 MHz, CDCls, § ppm): 150.01, 127.93, 117.08, 67.09, 32.64,
30.70.

3.2.2c Synthesis of PPPy:

Polymer PPBr (0.067 g) was dissolved in dry DMF (2 mL) and then pyridine (0.306 mL) was
added to the reaction mixture under inert condition. Then, the reaction mixture was stirred for
24 h at 80 °C. The reaction mixture was then poured into excess of chloroform and stirred for
1 h to get a precipitate. The process was repeated thrice to remove excess pyridine, DMF, and
PPBr. The solution was centrifuged and the precipitates were collected followed by drying
under reduced pressure to get a dark brown sticky product with 70% yield. "H NMR (400
MHz, CDCls, 6 ppm): 8.75 (br), 8.38 (br), 7.85 (br), 7.13 (br), 4.68 (br), 4.24 (br), 2.45(br).
3.2.2d Synthesis of (1,1’-((1,4-Phenylenebis(oxy))bis-(propane-3,1-
diyl))bis(pyridin-1-ium)bromide) (M2°):

A mixture of pyridine (0.046 mL, 0.568 mmol) and 1,4-bis(3- bromopropoxy)benzene (M1)
(0.100 g, 0.284 mmol) was dissolved in acetonitrile and refluxed overnight. On cooling,
yellow crystals were obtained. These crystals were filtered and washed with chloroform to
get pure shiny yellow crystal (yield = 85%). 'H NMR (400 MHz, CDCls, 8 ppm): 2.42 (m,
4H). 4.01 (t, 4H), 4.76 (t, 4H), 6.69 (s, 4H), 7.98 (t, 4H), 8.49 (t, 2H), 8.82 (d, 4H); °C NMR
(100 MHz, CDCl3, & ppm): 29.63. 59.38, 65.07, 115.48, 128.05, 144.33, 145.61, 151.84;
mass spectrometry (electrospray ionization): calculated for Co,HysN,0,>" [m/z]*": 175.0997;

found: 175.1118.
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Scheme 3.1 (1) Synthesis of the Polymer PPPy and Monomer M2’ and Chemical Structures
of (2) Uranine Dye (UD) and (3) PA. (a) 1,3-Dibromopropane, dry acetone, K,COs3, reflux,
24 h. (b) FeCls, nitrobenzene (NB), room temperature (rt), 36 h, (c) pyridine,
dimethylformamide (DMF), 70 °C, 24 h, and (d) pyridine, acetonitrile, reflux, overnight.

3.2.3 Sensing Studies in Aqueous Solution

The stock solutions of the polymer PPPy and other analytes, namely, NB, nitromethane, BA,
4-NP, phenol, and 2.4-DNP, were prepared in Milli-Q water at concentrations of 1 x 10 and
1 x 1072 M, respectively. Stock solutions of other nitroaromatics, namely, 2,6- DNT, 2,4-
DNT, 4-NT, and 1,3-DNB, were prepared at concentrations of 1 x 102 M in high-
performance liquid chromatography grade tetrahydrofuran. Stock solutions of TNT and RDX
were prepared at concentration of 1 x 107 M in 1:1 CH;CN/MeOH. The absorption
measurements and the PL titrations of UD (6.6 x 10~® M) with different concentrations of the
polymer PPPy were carried out by sequentially adding various concentrations of the polymer
PPPy (1.6 x 107%,3.3 x 107, 5.0 x 107, 6.66 x 10°°, 8.3 x 10°°, 10.0 x 10°, 11.6 x 10°°,
133 x 107, 15.0 x 10°°, and 16.6 x 10° M) to a 3 mL water medium buffered with HEPES
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(0.01 M, pH 7.0) containing 6.6 x 10°® M of UD in a quartz cuvette of 10 mm path length.

The resultant mixtures were mixed thoroughly before recording the spectra at rt.

3.2.4 Titration Conditions
All of the UV—vis and PL titrations were carried out in aqueous solutions buffered with
HEPES (pH 7.0, 0.01 M). The concentration of the fluorophore-UD was kept constant at 6.6

x 107° M throughout the fluorescence titrations.

3.2.5 Calculation of Detection Limit

For calculating the detection limit, different solutions of the polymer PPPy (16.6 x 107° M)
and UD (6.6 x 10° M) each containing PA (3.3x 107, 6.6 x 107°, 10.0 x 107, 13.3 x 107°,
16.6 x 107, and 20.0 x 10°° M) were taken individually in HEPES buffer (pH 7.0, 0.01 M)
and then the emission spectrum was obtained for individual sample by exciting at 490 nm. A
calibration plot was obtained between the fluorescence intensity and the increasing
concentration of PA to get a regression curve equation. From the calibration curve, the LOD
was evaluated using the equation 3o/ K, where o denotes the standard deviation for the

intensity of UD and PPPy in the absence of PA and K is the slope of the curve.
3.2.6 Vapor-Phase Detection
Hundred milligrams of dried PA was taken in an airtight flask and kept for 2 days at rt and

maintained at 40 °C for 15 min before titration so that the air inside the flask gets completely
saturated with PA vapors. The vapor pressure (P) of PA was calculated using the integrated
form of Clausius—Clapeyron equation (logjo P = A — B/T).”*>’ Here, A and B are the two
conventionally used fitting parameters. Furthermore, the concentration of PA vapors was also
calculated by the following equation: saturation concentration (ppm) = P (mmHg)/760 mmHg
x 10°, where P represents the vapor pressure of PA.>® For each titration, the concentration of
PA vapors was kept constant (i.e., 0.018 ppm, 50 mL) and purged through cuvette using a
leak-proof syringe.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of PPPy

The cationic polymer PPPy was obtained via post-functionalization polymerization method
(Scheme 3.1 and Figures A3.1—-A3.8). Pyridinium group strapped along the side chains of the
PPPy makes the polymer highly soluble in polar solvents such as methanol, water, and so on,
and also provides specific recognition site for PA because of attractive electrostatic
interactions. The cationic polymer PPPy shows an absorbance maximum at 319 nm and does
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not emit any kind of fluorescence in water buffered with 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES, pH 7.0, 0.01 M). The indicator used in the IDA studies is UD
(Scheme 3.1), which has the absorbance and fluorescence maxima at 490 and 513 nm
(excitation 490 nm), respectively, in water buffered with HEPES (pH 7.0, 0.01 M). The
concentration of UD for every titration experiment was fixed at 6.6 x 10° M. In the
preliminary experiment, the fluorescence of UD (6.6 x 10°® M) in water buffered with
HEPES (pH 7.0, 0.01 M) was measured in the presence of various concentrations of PPPy
(1.6x10°33x10° 5.0x10° 6.66 x 10, 8.3 x 10, 10.0 x 10, 11.6 x 10°®, 13.3 x
107, 15.0 x 107, and 16.6 x 10°° M) (Figure 3.1a). The fluorescence intensity of UD
gradually quenched on further addition of PPPy, and 86% of the quenching occurred after the
addition of PPPy in 16.6 x 10® M concentration. It should be noted that the addition of
monomer M2’ (Scheme 3.1) to the solution of UD barely affected its fluorescence intensity
(Figure A3.9). This proved the high affinity of PPPy toward UD. The UV—vis spectra of UD
were studied after adding PPPy in varying concentrations (1.6 x 107, 3.3 x 107, 5.0 x 10°°,
6.66 x 10°°,8.3x107° 10.0x 10°°, 11.6 x 10 13.3 x 107, 15.0 x 107, and 16.6 x 107° M)
(Figure 3.1b). The absorbance maxima of UD (490 nm) was red shifted by 12 nm to 502 nm.
This new peak at 502 nm in the UV—vis spectrum was indicative of the host/dye complex,
that is, the PPPy/UD complex.

—
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Figure 3.1 (a) Photoluminescence (PL) spectra of UD (6.6 x 10° M) with increasing
concentrations of PPPy in water buffered with HEPES (0.01 M, pH 7.0). (b) UV—vis spectra
of UD (6.6 x 10"® M) with increasing concentrations of PPPy in water buffered with HEPES
(0.01 M, pH 7.0).
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To examine the displacement of the indicator, UD, from the cationic conjugated polymer
PPPy, the IDA studies were done for PA, carried out in cuvettes, keeping the fixed
concentration of resulting solution of PPPy (16.6 x 10® M)/UD (6.6 x 10® M) complex in
water buffered with HEPES (pH 7.0, 0.01 M) by varying the concentration of PA. In typical
IDA studies, fluorescence spectra of PPPy (16.6 x 10°° M)/UD (6.6 x 10° M) complex were
recorded at various concentrations of analyte PA (16.6 x 107, 33.3 x 10°°, 50.0 x 10°°, 66.6
x 107, 83.3 x 10™°, 100.0 x 10°°, 116.6 x 10, 133.3 x 10°°, 150.0 x 10°°, and 166.6 x 10°°
M) (Figure 3.2a). The fluorescence intensity increased gradually with the addition of PA, and
86% dequenching occurred after the addition of PA in 166.6 x 10° M concentration. The
UV-vis spectra of PPPy (16.6 x 10°° M)/ UD(6.6 x 10~° M) complex were recorded upon the
addition of various concentrations of PA (16.6 x 107, 33.3 x 10°°, 50.0 x 10, 66.6 x 107°,
83.3 x 10°°, 100.0 x 10°¢, 116.6 x 107, 133.3 x 107, 150.0 x 10°°, and 166.6 x 10° M)
(Figure 3.2b). The absorbance maximum of UD/PPPy complex (502 nm) is blue shifted back
to 490 nm, indicating the displacement of UD from the PPPy/UD complex.

In addition, the limit of detection (LOD) was calculated to be 295 nM based on the change
inthe emission spectrum of the PPPy (16.6 x 10® M)/UD (6.6 x 10~° M) complex at various
concentrations of PA (3.3 x 10, 6.6 x 10°®, 10.0 x 10, 13.3 x 10, 16.6 x 10 °, and 20.0 x
107° M) by using the equation 30/K (Figure A3.10), which is being reported for the first time
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Figure 3.2 (a) PL spectrum of PPPy (16.6 x 10°° M) and UD (6.6 x 10 ° M) complex with
increasing concentrations of PA (166.6 x 10°° M) in water buffered with HEPES (pH 7.0,
0.01 M). (b) UV—vis spectra of UD (6.6 x 10 M) and PPPy (16.6 x 10 ° M) complex with
increasing concentrations of PA (166.6 x 10° M) in water buffered with HEPES (pH 7.0,
0.01 M).
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by means of the IDA technique via a conjugated polymer—dye system (Table A3.1). The
photograph of UD (6.6 x 10°° M) solution (Figure 3.3a) in HEPES (pH 7.0, 0.01 M) was
taken in natural light with successive additions of PPPy (16.6 x 10° M) (Figure 3.3b) and PA
(166.6 x 10°® M) (Figure 3.3c). Similarly, the photographs of vertical view of their respective
solution were taken in the presence of 490 nm emission wavelength source using Horiba

Fluoromax-4 spectrofluorometer (Figure 3.3).

C

Figure 3.3 (a—c) Photographs of UD (6.6 x 10° M), UD (6.6 x 10 ° M)/PPPy (16.6 x 10°°
M) complex, and UD (6.6 x 10°® M)/PPPy (16.6 x 10°® M)/PA (166.6 x 10 ° M) in natural

light, respectively. (d—f) Vertical view of cuvettes under 490 nm light source in Horiba

Fluoromax-4 spectrofluorometer, respectively

3.3.2 Selectivity studies in competitive environment

To elucidate the selectivity, fluorescent IDA studies were performed by adding various
common interfering analytes, namely, 2,4-DNP, 4-NP, TNT, research department explosive
(RDX), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6- DNT), 4-nitrotoluene (4-NT),
1,3-dinitrobenzene (1,3-DNB), benzoic acid (BA), NB, and phenol to the solution of PPPy
(16.6 x 10°° M)/UD (6.6 x 10"® M) complex in water buffered with HEPES (pH 7.0, 0.01 M)
(Figures 3.4a and A3.11). Interestingly, no significant change was seen in the PL spectra of
PPPy/UD complex after the addition of these analytes. Furthermore, other metal ions (Fe**,
Cd?*, zn**, cu*, Co*, Cr**, Pb?*, and Mn?*) as well as anions (H,PO, , HPO,*", PO, I,
ClI',F,NO;3;, N3, BF;, and AcO") did not have any effect on the fluorescence of PPPy/UD
complex (Figures 3.4b,3.4c, A3.12, and A3.13), which confirms the high selectivity of PPPy

toward PA in the IDA studies. Sensing studies were also done in a competitive environment.
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In a typical set of experiment, a solution of 2,4- DNP (166.6 x 10~° M) was added initially to
the solution of PPPy (16.6 x 10°° M)/UD (6.6 x 10 ° M) complex in water buffered with
HEPES (pH 7.0, 0.01 M), but no substantial change in the emission intensity was seen
(Figure A3.14). The solution of PA (166.6 x 10® M) was then introduced to the same
solution, which resulted in significant enhancement in fluorescence. The same sets of
experiments were repeated with other nitroaromatic compounds and similar fluorescence
turn-on response was obtained after the addition of PA (Figures A3.15— A3.24). It is worth
mentioning that most of the existing chemosensor systems developed for the detection of PA
suffered from a large interference by several other electron-deficient nitroaromatic
compounds, particularly 2,4-DNP, 4-NP, and TNT. The present method provides a simple,

rapid, reliable, and highly specific detection of PA even in a competitive environment.

a
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E
2
‘mn 1.5
=
S 1
=
o
-
~ 0.5
0
Q & 8 & 8 8 D 2 &F 8 8 8
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Na~ M“Z: i j_‘
H2PO," | Co? fl_'
HPO,>" | Fe'* |
NO;™ | Cu** |
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AcO™ i Cr3+ :
r Pb** |
CF'_ Cd** |
PPPy+UD PPPy+UD . . |
0 1 2 3 1 2 3
PL Intensity (a.u) PL Intensity (a.u)

Figure 3.4 Bar diagrams depicting the effect of (a) various interfering analytes (166.6 x 10~
M), (b) anions (166.6 x 10°® M), and (c) metal ions (166.6 x 10°° M) on the emission
maximum of the PPPy (16.6 x 10° M)/UD (6.6 x 10"° M) complex.
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3.3.3 Vapor-phase detection

Vapor-phase detection of PA was also carried out by using PPPy. Fixed volumes of PA
vapors of concentration (0.018 ppm, 50 mL) were purged through the UD/PPPy complex
using a leak-proof syringe. The PL spectra were recorded after the purging of PA vapors in
the cuvette and the increase in the emission maxima observed with each addition (Figures 3.5
and A3.25) were recorded. Furthermore, the LOD value was calculated to be 0.220 ppm
based on the change in the emission spectrum of the PPPy (16.6 x 10 M)/UD (6.6 x 10°°
M) complex at various concentrations of PA vapors (0.316, 0.632, 0.948, 1.264, 1.580, and
1.896 ppm) using the equation 36/K (Figure A3.26). Thus, the present method established a
rapid and specific detection of PA in the vapor phase as well, which remains a highly

challenging and an exciting area of research.

2.0

1.6 1

1.24 [/ PA Vapor

0.8

PL Intensity (a.u)

0447

L)
495 545 595 645
Wavelength (nm)

Figure 3.5 PL spectrum of PPPy (16.6 x 10°® M) and UD (6.6 x 10°° M) complex with
increasing concentration of PA vapors in water buffered with HEPES (pH 7.0, 0.01 M).

3.4 Conclusion

In conclusion, a non-fluorescent cationic conjugated polymer was demonstrated to selectively
detect PA among other closely related electron-deficient nitro aromatic compounds like 2,4-
DNP, 4-NP, and TNT via fluorescent turn-on IDA using UD as the indicator for the first
time. The ensemble system could be used to detect PA with a LOD of 295 nM in water
buffered with HEPES (pH 7.0, 0.01 M) and 0.22 ppm in the vapor state. The addition of PA
thus led to a quick fluorescence turn-on response of the PPPy/UD complex even at very low
concentrations. This fluorescence turn-on based system avoids the erroneous false signals and
significantly improves the detection sensitivity as compared with the assays that work on the

fluorescence quenching methods.
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Figure A3.2 *C-NMR spectra of ML1.
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Figure A3.5 High resolution mass spectrum of monomer M2”.
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Table 3A.1 A comparative study of various turn on chemosensor reported for PA detection.

o ) Detection Medium Sensin Phase of
Publication Material used Limit Used mechanigm Detection
Solution
Present Conjugated polyelectrolyte 295 nM H.0 IDA and
Manuscript and dye complex 2 Vapor
phase
CH3;CN:H,0 ICT Solution
45 Zwitterionic squaraine dye 70 nM \ 2 )
(9:1,viv) Prevention
46 Rhodamine based derivative 45 nM H,0 Picrate adduct Solution
. CH-CN:H,O | chemodosimeter Solution
a7 3,5-bis(acetal) BODIPY 162 ppb 3 z
( ) PP (9:1; viv) PET deterrence
48 Rhodamine based derivative 35nM CH;0OH spirocyclic ring Solution
opening
49 Curcumin—.Tryptophan 13.5 M H,0 (pH=4) AIE Solution
Conjugate
50 BODIPY derivative 0.65 ppb Ethanol PET deterrence | Solution
- . 6 Solution
ol Acridine derivative 2.4 %x10°M CH5OH PET deterrence
3
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<, . 33.3uM
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Figure A3.9 Photoluminescence spectra of UD (6.6 x 10 M) with increasing concentration
of M2’ in water buffered with HEPES (pH=7.0, 10mM).
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Figure A3.10 Fluorescence intensity of PPPy (16.6 uM) and UD (6.6 uM) in HEPES buffer
(pH= 7.0, 10 mM) with increasing concentration of PA.
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Figure A3.11. Change in Photoluminescence spectrum of UD (6.6 uM) and PPPy (16.6 uM)
in the presence of various nitroexplosive compounds (166.6 uM) in Hepes buffer (pH-7.0, 10
mM).
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Figure A3.12. Change in Photoluminescence spectrum of UD (6.6 uM) and PPPy (16.6 uM)
in the presence of various metal ions (166.6 uM) in HEPES buffer (10 mM, pH-7.0).
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Figure A3.13. Change in Photoluminescence spectrum of UD (6.6 uM) and PPPy (16.6 uM)
in the presence of various anions (166.6 uM) in HEPES buffer (10 mM, pH-7.0).
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Figure A3.14. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of 2,4-DNP (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.15. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of phenol (166.6 uM) and PA (166.6 puM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.16. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of 2, 4- DNT (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.17. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of 2, 6- DNT (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.18. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of 1,3- DNB (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.19. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of NT (166.6 puM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.20. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of NB (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.21. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of 4-NP (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.22. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of RDX (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.23. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of TNT (166.6 uM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.24. Emission spectra of UD (6.6 uM) with PPPy (16.6 uM) followed by addition
of BA (166.6 pM) and PA (166.6 uM) in HEPES buffer (pH-7.0, 10 mM).
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Figure A3.25. Fluorescence intensity of PPPy (16.6 x 10° M) and UD (6.6 x 10° M)
complex at 513 nm with increasing concentration of PA vapors in water buffered with
HEPES (pH=7.0, 0.01 M).
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Figure A3.26. Fluorescence intensity of PPPy (16.6 uM) and UD (6.6 uM) in HEPES buffer
(pH= 7.0, 10 mM) with increasing concentration of PA vapors.
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Abstract

A new cationic conjugated polyfluorene derivative, poly(3,3'-((9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(1-methyl-1H-benzo[d][1,2,3]triazol-3-ium)bromide)(PFBT)
was synthesized using a simple and inexpensive method of oxidative coupling
polymerization. The polymer PFBT displayed dual state emission in DMSO as well as in
water, a characteristic phenomenon of polyfluorene homopolymers, and tested for
nitroexplosive analytes detection to observe a remarkable fluorescence quenching
response for picric acid (PA) in both solvents. The polymer PFBT was found to be highly
sensitive and selective towards nitroexplosive PA in both the solvents (DMSO and H,O)
with exceptional quenching constant values of 2.69 x 10* M and 2.18 x 10° M and a
very low detection limit of 92.7 nM (21.23 ppb) and 0.19 nM (43.53 ppt) in respective
solvents. Furthermore, contact mode detection of PA was also accomplished using easy,
economical and portable fluorescent test strips for on-site detection, which can detect
upto 0.22 attogram level of PA. Vapor phase detection of PA was also established, which
can detect up to 42.6 ppb level of PA vapors. Interestingly, the mechanism of sensing in
DMSO solvent was attributed to strong inner filter effect (IFE) and photo induced
electron transfer (PET), while in H,O the sensing occurs via possible resonance energy
transfer (RET) and photoinduced electron transfer (PET), which is exceptional and not

reported earlier for a single probe.
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4.1 Introduction

The development of high energy nitroexplosive sensing probes are in huge demand.’?
Picric acid (PA) is a well-known nitroaromatic explosive since world war | and possesses
high energy content even superior to that of 2,4,6-trinitrotoluene (TNT).* Due to the high
solubility of PA in water and its extensive application in the dye industries,
pharmaceuticals, fireworks, chemical laboratories, and match box industries, it
contaminates soil and natural water and therefore causes several serious health hazards
like sycosis, cancer, damage to respiratory organs, abnormal liver functions and kidney
failure.”” Moreover, PA is converted to picramic acid during metabolism, which possess
very high mutagenic activity in higher proportions than PA itself.? Additionally, because
of the similar electron deficient nature of other nitroexplosives, especially TNT, it often
interferes in the selective sensing of PA in presence of other competing nitroexplosive.
Therefore, it turns out to be very vital and a challenging task to develop a method for
highly sensitive and selective detection of PA with respect to homeland security and
environment pollution.

There are many reports available on nitroexplosive detection based on various analytical
techniques viz. high performance liquid chromatography,’ surface enhance raman
spectroscopy,™®  dynamic light scattering,'* solid phase microextraction-ion mobility
spectroscopy,™® enzyme linked immunosorbent assay,*®* and electrochemical methods
etc.™ but these techniques have some disadvantages such as most of them are expensive,
time consuming and less sensitive, complex to handle for on-site detection and thus
unsuitable for hands-on use. In contrast, fluorescent probes based nitroexplosive sensing
has attracted remarkable attention due to its simplicity, swift response time, noteworthy
sensitivity, and capability of sensing in both solution as well as in solid state.>®®
Therefore, researchers have created various fluorescence based probes such as quantum
dots, organic molecule dyes, metal complexes, metal organic frameworks,
nanoaggregates and conjugated polymers (CPs) for the nitroexplosive detection.'®>?
Nevertheless, these fluorescent probes have some limitations like poor sensitivity and
selectivity, difficult to use for on-site detection purposes, vapor phase and utilization of
organic medium for sensing. In addition, mechanism of fluorescence quenching for
nitroexplosive detection has been reported earlier majorly based on either resonance
energy transfer (RET) and/or electron transfer processes, ground state complex formation,
inner filter effect (IFE) and indicator displacement assay (IDA).*****" However, less
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attention has been paid for designing a probe with likely multiple sensing mechanisms
and their elucidation. Hence, development of an efficient probe for PA detection with
high selectivity and ultra-sensitivity in an aqueous, organic and solid state as well as in
vapor phase is highly desirable and challenging.

CPs are forefront among various materials used in the area of sensing.**** They possess
excellent light harvesting properties and due to the ‘molecular wire effect’ an amplified
fluorescence signal response is achieved making them highly sensitive toward analytes.*’
Recently, few reports appeared for nitroexplosive detection based on CP probes, yet
sensitivity, selectivity and applicability in water can be improved by choosing an efficient
receptor.”***? Hence, signal amplifying nature of CP sensors for the detection of
nitroaromatic explosives with desirable receptor units, which offer high selectivity and
extraordinary sensitivity to the CPs remains challenging. Previously, two cationic CPs for
the sensitive detection of PA based on ground state charge transfer complexation and
RET mechanisms were reported.>** To further advance the overall sensing parameters it
IS necessary to explore new and alternate possible fluorescence mechanisms by designing
better sensor probes. To realize this, methylbenzotriazolium appended cationic CP PFBT
[poly(3,3'-((9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-methyl-1H-benzo[d][1,2,3]
triazol-3-ium)bromide)] for the specific and fluorescence amplifying detection of PA at
ultra-low level was synthesized. Interestingly, the detection of PA in DMSO solvent is
based on strong inner filter effect (IFE) assisted by PET while in water buffered with
HEPES (pH-7.0, 10 mM) it is based on RET assisted by PET. To the best of our
knowledge, no previous reports exist where a single probe detects PA based on both RET
and IFE mechanisms, acting independently, in different solvents with high sensitivity and
on multiple platforms, making PBFT a very unique probe for PA detection at such low
levels. Moreover, detection of PA in very low levels in vapor phase was also possible

with this probe.
4.2 Experimental

4.2.1 Materials and Measurements

PA was obtained from Loba Chemie Pvt. Ltd. Nitroaromatic compounds namely, 4-
nitrotoluene (4-NT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 1,3-
dinitrobenzene (1,3-DNB) and HEPES buffer were obtained from Sigma-Aldrich
Chemicals. Research department explosive (RDX) and TNT were purchased from

AccuStandard and used as received. Other compounds were obtained from Alfa-Aesar or
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Merck and used without extra purification. All the sensing experiments and agqueous stock
solution were prepared using Milli-Q water. *H NMR (600 and 400 MHz) and *C NMR
(150 and 100 MHz) spectra were recorded on Varian-AS400 NMR spectrometer and
Bruker Ascend 600 spectrometer respectively. Absorption spectra were obtained from
Perkin Elmer Lambda-25 spectrophotometer. Photoluminescence spectra were obtained
from Horiba Fluoromax-4 spectrofluorometer using quartz cuvettes of 10 mm path length
keeping 3 nm of slit width at 298 K. Edinburg Life Spec Il instrument was utilized for
execution of time-resolved fluorescence studies. Gel Permeable Chromatography was
carried out in THF using polystyrene as standard. Cyclic voltammogram was obtained by
means of CH instruments Model 700D series Electrocchemical workstation. Whatman

qualitative filter paper grade 1 was used to prepare portable fluorescent test strips.
4.2.2 Synthetic Procedure

4.2.2a Synthesis of 1-methyl-1H-benzo[d][1,2,3]triazole:

To a solution of benzotriazole (357 mg, 3 mmol) in DMF (10 mL), fine powder of NaOH
(480 mg, 12 mmol) and methyl iodide (187 pL, 3 mmol) were added and mixed for 1 h at
room temperature. After that it was decanted into water and extracted with chloroform.
The chloroform layer was washed with water and dried over sodium sulfate (anhydrous).
The crude product was obtained after concentrating the chloroform, which was purified
by column chromatography over silica gel (Ethyl acetate: Hexane 1:9). (Yield = 60%). *H
NMR (CDCls3, 400 MHz, 6 ppm): 8.07 (d, 1H), 7.52 (q, 2H), 7.40 (m, 1H), 4.31 (s, 3H).
3C NMR (CDCl;, 100 MHz, & ppm): 145.83, 133.42, 127.24, 123.80, 119.70, 109.20,
34.16. MS (ESI): calculated for C;H;N3 [M+H]": 134.0718; Found 134.0737.

4.2.2b Synthesis of 9,9-bis(6-bromohexyl)-9H-fluorene (M2):

Synthesis of monomer (M2) was carried out by previously established method.”® In a 50
mL RBF, fluorene (1 g, 6.016 mmol), aqueous NaOH (50%) and tertabutyl ammonium
iodide (TBAI) (0.476 g, 1.203 mmol) were taken. The flask was purged with argon gas
and degassed using freeze-thaw cycles followed by addition of 1,6-dibromohexane (6.47
mL, 42.112 mmol). It was kept under stirring for 4 h at 70 °C. After completion of
reaction, temperature was lowered to 25 °C and then extracted with chloroform followed
by washing with water thrice. Thereafter, it was dried via sodium sulfate (anhydrous) and
concentrated under low pressure to get crude product. Further purification of crude
product was done over a silica gel pad via column chromatography technique taking

hexane as eluent to yield the desired product. (Yield = 82 %, 2.4 g). 'H NMR (400MHz,
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CDCls, 6 ppm): 7.32 (m, 6H), 7.71 (d, 2H), 3.27 (t, 4H), 1.63 (m, 4H), 1.97 (t, 4H), 1.06
(m, 4H), 1.16 (m, 4H), 0.60 (m, 4H). °C NMR (150MHz, CDCI3, & ppm): 150.45,
141.28, 127.27, 127.01, 122.92, 119.89, 55.07, 40.40, 34.12, 32.81, 29.23, 27.93, 23.68.
4.2.2¢ Synthesis of poly(9,9-bis(6-bromohexyl)-9H-fluorene) (PF):

To a three necked round bottom flask, containing dissolved anhydrous ferric chloride (1.4
g, 8.124 mmol) in 15 mL of nitrobenzene fitted with argon inlet. A solution of 9,9-bis(6-
bromohexyl)-9H-fluorene (1 g, 2.031 mmol) in 10 mL of nitrobenzene was then added
slowly to the above round bottom flask using a syringe. The reaction mixture was kept
under stirring for 36 h at room temperature followed by precipitation with methanol. The
precipitates were dissolved in chloroform, reprecipitated from methanol, centrifuged and
filtered (repeated thrice). Finally, it was dried under low pressure to obtain brown colored
polymer. (Yield = 50 %, 49 mg). 'H NMR (400 MHz, CDCI3, & ppm): 7.70 (br), 7.86
(br), 7.33 (br), 2.08 (br), 3.30 (br), 1.69 (br), 1.18 (br), 1.27 (br), 0.73 (br). GPC using
polystyrene as standard in THF: Mw =2.41 x 10*, PDI=3.6.

4.2.2d Synthesis of poly(3,3'-((9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-
methyl-1H-benzo[d][1,2,3]triazol-3-ium) bromide) (PFBT):

Polymer PF (40 mg, 8.124 mmol) and 1-methyl-1H-benzo[d][1,2,3]triazole (108 mg,
81.24 mmol) was solubilized in 5 mL of dry DMF and 2 mL of dry THF. The reaction
mixture was stirred for 24 h at 70 °C under inert atmosphere and then decanted into
excess diethyl ether and stirred further to obtain precipitates. The precipitates were further
washed thrice with chloroform filtered out and dried under vacuum to obtain brown
polymer (PFBT). (Yield = 75%, 46 mg). 'H NMR (600MHz, DMSO-d6, § ppm): 8.32
(br), 8.14 (br), 7.97 (br), 7.87 (br), 7.79 (br), 7.48 (br), 7.36 (br), 4.54 (br), 3.95 (br), 2.89
(br), 2.08 (br), 1.37 (br), 1.10 (br), 0.66 (br).

N N/
N N

1-methyl-1H-benzo[d][1,2,3]triazole

Scheme 4.1 Synthesis of the 1-methyl-1H-benzo[d][1,2,3]triazole. (a) Mel, NaOH, DMF,
rt, 1 h.
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Br. Br

G0 == G~

(m1) (M2)

Br

(PF) (PFBT)
Scheme 4.2 Synthesis of the polymer-PFBT. (a) 50% NaOH(aqg.), 1,6-dibromohexane,
TBAI, 70°C, 4h. (b) FeCl;, nitrobenzene, rt, 36 hr (c) 1-methyl-1H-
benzo[d][1,2,3]triazole, DMF, THF, 70 °C, 24 h

4.2.3 Stock solutions for sensing studies

Stock solution of the polymer PFBT was prepared in DMSO solvent at a concentration of
1 x 10® M. Stock solution of various nitroaromatic compounds, namely, phenol,
nitromethane (NM), nitrobenzene (NB), 4-nitrophenol (4-NP), 2,4-dinitrophenol (2.,4-
DNP) were prepared at concentrations of 1 x 107 M in MilliQ water. Stock solution of
other nitroaromatics viz. 1,3-DNB, 2,4-DNT, 4-NT, 2,6-DNT were prepared in HPLC
grade THF at concentrations of 1 x 10> M. RDX and TNT solutions were prepared in 1:1
MeOH:CH;CN at concentration of 1 x 10 M. The absorption and fluorescence spectra
of the Polymer PFBT with different nitroaromatic compounds were carried out in 3 mL of
DMSO and water buffered with HEPES (10 mM, pH-7.0) having 3.3 x 10° M of PFBT

in a 10 mm path length quartz cuvette.

4.2.4 UV-vis absorption spectrum of PFBT in DMSO:H,O ratio

The UV-vis spectra of PFBT was studied under two different DMSO:H2O ratios. The
isolated polymer-PFBT absorption band at 370 nm in DMSO:H20 (100:0) ratio is red
shifted by 8 nm up to 378 nm in DMSO:H20 (0:100) ratio (Figure A4.1). This red shift
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in the UV-vis absorption band can be interpreted as a result of J-type aggregation by non-

covalent interactions between intermolecular polymer chains.”*>>

4.2.5 Time-resolved decay measurements

Lifetime decay measurements of PFBT (3.3 x 10°® M) in the presence and absence of PA
(93.3 x 10” M) were carried out using pulse excitation of 375 nm and emission at 419 nm
in DMSO. Similarly, Lifetime decay measurements of PFBT (3.3 x 10° M) in the
presence and absence of PA (26.6 x 10 M) were carried out using pulse excitation of
375 nm and emission at 529 nm in aqueous medium buffered with HEPES (pH- 7.0, 10
mM). The curves were fitted bi-exponentially and average lifetime was considered for
consistency in results (Table A4.1-A4.2).

4.2.6 Preparation of paper strips

Whatman filter paper (70 mm diameter) was taken and dipped into the solution of PFBT
(3.3 x 10 M) in DMSO and dried to get fluorescent paper strip. The PFBT coated filter
paper was then cut into desired number of pieces and size (1 cm x 1 cm) and used for

portable surface sensing purposes.

4.2.7 Photoluminescence quantum yield
Quantum yields were measured using absolute fluorescent quantum yield via the

integrating sphere method using an Edinburgh FLS980 fluorescence spectrometer.

4.2.8 Method used for detection limit calculation

For calculating detection limit in DMSO solvent, various samples of polymer PFBT (3.3
x 10 M) each having PA (0.33 x 10° M, 0.66 x 10° M, 1.0 x 10° M, 1.33 x 10° M,
1.66 x 10° M, 2.0 x 10° M) were taken separately and later photoluminescence spectrum
was obtained for respective solution keeping the same excitation wavelength i.e. 370 nm.
A regression equation was obtained from the calibration curve between emission maxima
and concentration of PA. Limit of detection (LOD) was then calculated from the
calibration plot using the equation 3o/k, where ¢ denotes standard deviation (SD) for the
emission intensity of PFBT solution in the absence of PA and K denotes the slope of
calibration curve. In a similar manner, LOD was determined in water medium, where
different samples of PFBT (3.3 x 10 M) having different concentration of PA (0.0 M,
0.3 x 107 M, 0.6 x 10° M, 1.0 x 10° M, 1.3 x 10 M) were utilized to get the calibration

curve between emission intensity and PA concentration. Using the equation 3o/k, LOD
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was calculated for aqueous medium where ¢ designates standard deviation for PFBT
solution intensity in the absence of PA and K denotes slope of the calibration curve.

4.2.9 Cyclic voltammetry studies

The cyclic voltammogram for PFBT was recorded using three-electrode cell with a
saturated Ag/AgNOs electrode as a reference electrode platinum wire as a counter
electrode and glassy carbon as working electrode. All these measurements were done
under inert atmosphere at room temperature. Tertabutylammoniumhexafluorophosphate
(TBAPF¢) (0.1 M) in CH3CN was taken as supporting electrolyte and Fc'/Fc couple was
employed as internal reference. HOMO level of PFBT was calculated to be - 5.56 eV via
onset method [Epomo = -(E(onset,ox vs F.'/F.) + 4.8) (eV)]. Band gap of PFBT was
determined from the onset of UV-vis spectrum of PFBT and finally LUMO level of PFBT
was calculated to be - 2.65 eV.

4.2.10 Overlap integral value and Forster distance calculations

Overlap integral value determines the extent of energy transfer between the PFBT and

PA. It was calculated by the using the below equation™

J) = fo Fy (1) £, ()A*dA

Where, J(A) represents the overlap integral value, FD (A) denotes corrected fluorescence
intensity of PFBT from A to AA with total intensity normalized to unity, €x denotes molar
absorptivity of the acceptor (PA) at A in M"'cm™ .Forster distance (Ro) was calculated by
using the equation given below:
Ro = 0211[(DQGr ) (k)]

where, J denotes the extent of spectral overlap between the emission spectrum of donor
(PFBT) and absorption spectrum of acceptor (PA), Q represents the photoluminescence
quantum yield of PFBT (donor), 1) denotes refractive index of the medium and k” signifies

dipole orientation factor (generally considered as 0.667).

4.2.11 Calculations of inner filter effect correction

The role of IFE in the suppression of the fluorescence of PFBT can be calculated by using

the below equation for a 1 cm size of cuvette.™

Icorr/IobS_ 1 0(Aex+Aem)/2
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Where, I.orr and Iops are the fluorescence intensity before and after the IFE correction. Aep
and A are the UV-vis absorption value of the fluorophore (PFBT) having analytes (PA)

at emission maxima and excitation wavelengths.

4.2.12 Vapor phase sensing

100 mg of the anhydrous PA was taken in an airtight flask, kept for two days at room
temperature, maintained at 30 °C for 30 minutes before each titration so that the air inside
the flask reached complete saturation level with the PA vapors. The integrated form of
Clausius-Clayperon equation (log;o P = A-B/T) was used to calculate the vapor pressure
(P) of PA. Here, P represents the vapor pressure of PA, A and B are two conventionally
used fitting parameters, and T corresponds to temperature. Furthermore, amount of PA
vapors in ppm was calculated using the following equation: saturation concentration
(ppm) = P (mmHg) / 760 mmHg x 10°, where P denotes the vapor pressure of PA. The
amount of PA vapors was maintained constant (101.64 ppb, 2.5 mL) for purging through

fluorescence cuvette using an air-tight syringe.

4.3 Result and Discussion

4.3.1 Synthesis and characterization of PFBT

Synthetic pathway to precursor polymer poly(9,9-bis(6-bromohexyl)-9H-fluorene) (PF)
and target polymer poly(3,3'-((9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-methyl-
1H-benzo[d][1,2,3] triazol-3-ium) bromide) (PFBT) are shown in Scheme 4.2. The
monomer and polymers at each step were well characterized and purified before further
use (Scheme 4.1, Figures A4.2-A4.8). The molecular weight of the precursor polymer PF
was found to be 2.41 x 10*, PDI= 3.6 in THF using polystyrene as standard. N-methyl
benzotriazolium groups attached on to the side chains of PFBT act as specific recognition
sites for PA and enhanced their sensing efficiency via electrostatic interactions. The CP
PFBT exhibited high solubility in DMSO with a photoluminescence quantum yield (Ps)
of 0.81 in DMSO and 0.19 in H,0O. The absorption maxima were observed at 370 nm in
DMSO and at 378 nm in H,O buffered with HEPES (pH= 7.0, 10 mM) (Figure A4.1).
The emission spectra were observed at 419 nm in DMSO and 529 nm in H,O buffered
with HEPES (pH= 7.0, 10 mM), when excited at 370 nm (excitation wavelength). To
investigate this unique shift of 110 nm in the emission spectrum from 419 nm to 529 nm
in 100% DMSO to 100% H,0, the fluorescence spectra in various DMSO and water

fraction ratios were recorded keeping the fixed concentration of PFBT (3.3 x 10° M).
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When water ratios were increased to 30%, the emission intensity at 419 nm decreases and
with further increment in water ratio the peak completely shifts to 529 nm, (Figure A4.9).
The emission of new peak at 529 nm in water is due to the spontaneously formed polymer
nanoaggregates via fluorene-fluorene non-covalent interaction and leading to aggregation
caused quenching (ACQ) red-shifted effect, a unique phenomenon associated with
polyfluorene homopolymers.>**® This unusual orange emission (huge 110 nm of stokes
shift) has been attributed to intermolecular self-assembly behavior or due to J-type of
aggregation as evident from UV-Visible spectrum of PFBT and as well as due to the
formation of nano objects in aqueous environment.>**°

Fluorescence quenching experiments of PFBT were investigated in both mediums i.e.
DMSO and water for various nitroexplosives viz. TNT, PA, 2,4-DNT, 2,6-DNT, 1,3-
DNB, 4-NT, Phenol, NB, NM and RDX. Interestingly only PA showed significant
fluorescence quenching in both these solvents. The concentration of PFBT (3.3 x 10° M)
was kept constant in both solvents (DMSO and water) and then the quenching

experiments were initiated by addition of various nitroexplosives.

4.3.2 Sensing Studies in DMSO

The polymer PFBT showed blue luminescence (419 nm) in dilute solution (3.3 x 10° M)
under UV light illumination that was visible clearly by naked eyes (Figure A4.10). It was
noticed that addition of first 3.3 x 10° M PA solution causes immediate fluorescence
quenching ~10 %, which further reaches to 92 % on total addition of 93.3 x 10° M PA
concentration (Figure 4.1a). Fading of blue fluorescence of PFBT in presence of PA
under UV light illumination was also clearly visible by naked eyes (Figure A4.11). In
order to calculate quenching efficiency of the PFBT in response to the PA concentration
in solution, Stern-Volmer (S-V) plot was obtained using the equation (lo/l = 1 + K¢,[Q]),
where lo represents initial emission intensity devoid of any quencher; | represents the
emission intensity after addition of quencher of concentration [Q]; and K, denotes the
Stern-Volmer constant (M™). The K, determined through linear fitting of S-V plot was
found to be 2.69 x 10* M (inset of Figure 4.1a) signifying high sensitivity of PFBT for
PA. LOD value for PA was calculated using standard method reported,* and found to be
92.7 nM (Figure A4.12).

4.3.3 Selectivity studies in DMSO

To investigate the selectivity of PFBT towards PA, various interfering analytes viz. TNT,
RDX, 2,4-DNT, 2,6-DNT, 1,3-DNB, 4-NT, NM, NB and phenol were tested under the
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same experimental conditions. As shown in Figure 4.1b, no substantial changes in the
fluorescence quenching of PFBT was witnessed in presence of these interfering analytes.
The Stern-Volmer plots for all these nitroexplosives were also obtained (Figure 4.1c). It
could be observed clearly that at lower concentration of PA, S-V plot follows a linear
nature, however, at higher concentration the curve rises exponentially. This non-linear
nature of S-V curve signifies the amplified quenching in case of CP and may be liable for
the singlet exciton migration within the polymer chains, self-absorption, or an additional
energy transfer process. On the other hand, S-V plot remains linear for all other analytes
confirming the absence of above phenomenon. Significantly higher value of K, was
found for PA as compared to other nitroexplosives, indicating amplified quenching and
remarkable selectivity. Furthermore, other inorganic ions (Cr** ,Cu?*, Cd**, Hg**, Fe*",
Co*, zn*, Ag', Pb?*, Mn*, AI**, Ni**, HCO3, SO4*, NO3, S%, BF,, CN’, CO~ I, F,
Cl', PO.*, H,POy) that may be present in natural water samples did not show any
interference with the fluorescence of PFBT (Figure A4.13), suggesting exclusive
selectivity of PFBT towards PA and feasibility of this system for practical application in
natural contaminated water.

4.3.4 Sensing in Competitive Environment

The specific recognition of PA in the occurrence with different nitroaromatic compounds
is highly desirable for realistic application of this platform. All other nitroaromatic
compounds possess similar electron deficient nature like PA and their presence may
affect the sensitivity of PFBT and compete with PA, hence detection of PA in presence of
different nitroexplosives remains challenging. To validate the selectivity of PFBT system,
various photoluminescence titration experiments were conducted in the presence of these
interfering nitroaromatic compounds. Initially, fluorescence spectrum of PFBT (3.3 x 107
M) was recorded and to the above, a solution of TNT (93.3 x 10 M) was added initially
so that TNT molecules could attain maximum binding sites of the polymer, however
addition of TNT resulted in no significant change in fluorescence intensity (Figure
A4.14). After that, solution of PA (93.3 x 10° M) was added to the above mixture i.e.
(PFBT+TNT), which resulted in significant quenching of fluorescence. Similar
experiments were repeated with other analytes and the results obtained were quite similar
to above case with almost no change in the quenching efficiency of PA (Figure 4.1d and
Figure A4.15-A4.22).

4.3.5 Sensing Studies in Aqueous Medium
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The polymer PFBT emits orange fluorescence (529 nm) in dilute solution (3.3 x 10°° M)
under UV light illumination that was visible clearly by naked eyes (Figure A4.10). It was
also noticed that cationic CP PFBT is very sensitive to the PA in aqueous medium as
compared in DMSO solvent. Initial addition of just 3.3 x 10°® M PA solution causes
immediate fluorescence quenching ~48 %, which further reaches 86 % on total addition
of 26.6 x 10° M PA concentration (Figure 4.2a). The orange color is vanished in
presence of PA and clearly visible under UV light illumination (Figure A4.11). In the
same manner as observed with DMSO solvent, quenching efficiency of PFBT in water
(pH-7.0, 10 mM, HEPES buffer) showed identical responses to the PA concentration as
seen from the slope of S-V plot. The K, value determined through the linear fitting of S-
V plot was found to be 2.18 x 10°> M™ indicating very high sensitivity of PFBT for PA in
water (inset of Figure 4.2a). The limit of detection (LOD) value for PA in aqueous
medium was calculated using standard method reported, and found to be 0.19 nM (43.53
ppt) (Figure A4.23).

4.3.6 Selectivity studies in Aqueous Medium

To examine the selectivity of PFBT towards PA, various interfering analytes viz. TNT,
RDX, 2,4-DNT, 2,6-DNT, 1,3-DNB, 4-NT, NB, phenol and NM were tested under the
same experimental conditions. As shown in Figure 4.2b, no substantial change in
fluorescence quenching was observed in presence of these interfering analytes. S-V plots
for all other nitroexplosive were also obtained in water buffered with HEPES (pH- 7.0, 10
mM) and showed linear nature (Figure 4.2c). This linear nature of S-V curve in aqueous
medium indicated the possibility of either static or dynamic type of quenching is
happening. Significantly high value of K, was obtained for PA as compared to other
nitroexplosives, indicating remarkable selectivity towards PA. Further, other inorganic
ions (Cr** ,Ccu®, Cd**, Hg*", Fe**, Co®*, Zn**, Ag", Pb*, Mn?*, AI**, Ni**, HCO3, SO.%,
NOs5, S, BF,, CN’, COs* I, F, CI", PO,*, H,PO%) that can be present in natural water
samples did not show any interference with the fluorescence of PFBT in water (pH-7.0,
10 mM, HEPES buffer) (Figure A4.24), suggesting exclusive selectivity of PFBT toward
PA and motivated us to test the feasibility of this system for practical application in

natural contaminated water.
4.3.7 Sensing in Competitive Environment

As mentioned in case of DMSO solvent, selectivity of PFBT system was also tested in

water (pH-7.0, 10 mM, HEPES buffer) in a competitive environment with other
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nitroaromatic compounds. In this case, first PL spectrum of PFBT (3.3 x 10° M) was
recorded and to this a solution of TNT (26.6 x 10°® M) was added so that TNT molecules
could attain maximum binding sites of polymer. However, no substantial change in PL
spectrum was observed after addition of TNT (Figure A4.25). To the same mixture i.e.
(PFBT+ TNT), a solution of PA (26.6 x 10° M) was added which resulted in significant
fluorescence quenching indicating superior recognition of PA by PFBT in presence of
interfering analyte like TNT. Similar types of experiments were repeated with other
analytes and no variation in results were obtained (Figure 4.2d and Figure A4.26-A4.33)
as compared to most other chemosensor systems developed previously for the PA
detection that suffer from huge interference. In sight of these studies, PFBT system
provides a rapid, reliable and effective platform for PA detection in a competitive

environment and irrespective of the solvent medium, which is exceptional.
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Figure 4.1 (a) PL spectra of PFBT (3.3 x 10 M) with various concentrations of PA in
DMSO (inset: Stern-Volmer plot for PA). (b) Bar diagram showing effect of other
nitroexplosives (93.3 x 10° M) on PL intensity of PFBT (3.3 x 10 M) (error bars =
+5%). (c) Stern-Volmer plots obtained for various interfering analytes in DMSO. (d)
Percentage of quenching by different interfering analytes (93.3 x 10 M) before and after
addition of 93.3 x 10° M PA.
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Figure 4.2 (a) PL spectra of PFBT (3.3 x 10° M) with various concentrations of PA in
water buffered with HEPES (10 mM, pH- 7.0) (inset: Stern-Volmer plot for PA). (b) Bar
diagram showing effect of other nitroexplosives (26.6 x 10°® M) on PL intensity of PFBT
(3.3 % 107 M) (error bars=£5%). (c) Stern-Volmer plots obtained for various interfering
analytes in water buffered with HEPES (10 mM, pH- 7.0). (d) Percentage of quenching
by different interfering analytes (26.6 x 10" M) before and after addition of 26.6 x 10° M
PA.

4.3.4 Mechanism of sensing

There can be many reasons for quenching of fluorescence as reported in literature.
However, based on the above observations, there could be majorly three possible
mechanisms of sensing for PA detection by PFBT. These are (a) Inner filter effect (IFE)
or Resonance energy transfer (RET) between PA and PFBT, (b) ground state charge
transfer complex between PA and PFBT and (c) a favored PET from PFBT to PA. PA has
a wide UV-vis absorbance spectrum from 280-480 nm and in the present PFBT system
involving both the solvents i.e. (DMSO and water), PA shows a huge overlap with both
excitation and emission spectrum of polymer PFBT (Figure 4.3a and 4.4a) which is the
prerequisite for IFE and RET to take place. Ideally IFE occurs whenever there is a

substantial spectral overlap of absorption spectra of quencher (PA) with excitation and/or
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emission spectra of fluorophore (PFBT) while in case of RET, the spectral overlap
happens exclusively between emission spectrum of fluorophore (PFBT) and absorption
spectrum of quencher (PA). Hence, to determine key cause of quenching, fluorescence
decay time of PFBT was examined in absence and presence of PA for both the solvents.
Interestingly, there was no significant change in the fluorescence decay time of PFBT
(0.464 ns) after the addition of PA (0.455 ns) in DMSO (Figure 4.3b). This consistency in
the fluorescence decay time after the addition of PA confirms that the quenching is of
static type in DMSO solvent and also rules out the possibility of any RET, which falls
under the category of dynamic fluorescence quenching. Therefore, IFE could be the key
cause for fluorescence quenching of PFBT rather than RET in DMSO. While in the case
of aqueous medium, there was a significant change in the fluorescence decay time of
PFBT (2.011 ns) after the addition of PA (0.692 ns) (Figure 4.4b). This significant change
in decay time of PFBT in water medium confirms the dynamic fluorescence quenching
mechanism and indicates RET is happening in water medium. These observations can be
further clarified by the ineffective overlapping of spectrum between excitation/emission
spectra of PFBT and the absorption spectra of other nitroaromatic compounds in DMSO
and water which consequently resulted in poor IFE and RET in respective solvent (Figure
3c and 4c). This was further confirmed by calculation of IFE corrections and RET
parameters in both the solvents. In case of water solvent, RET plays a major role in
quenching with ~52% of RET efficiency (Table A4.3), while IFE contribution was very
insignificant when quenching in water i.e. 11%, whereas the rest of the quenching
efficiency came from PET mechanism (Figure A4.34 and Table A4.5). In case of DMSO
solvent, RET contributed less than 2% of the quenching efficiency while the major
quenching occurred via strong inner filter effect (IFE) i.e. ~69% and the rest came from
PET mechanism (Figure A4.34 and Table A4.4) as discussed below. Furthermore, to
check the possibility of ground state charge transfer complexation, UV-vis absorbance
spectra of PFBT was obtained in presence of different PA concentrations. In both solvent
cases, there was just an increase in the absorbance value but no new peak appeared
(Figure 4.3d and 4.4d). These results eliminate the possibility of creation of any ground
state complexation between PFBT and PA in DMSO as well as in water. Hence, on the
basis of above observation it can be stated that IFE is the most probable mechanism in
case of DMSO solvent and eventually accountable for high sensitivity and selectivity of

PFBT for PA. Meanwhile, RET plays a major role in fluorescence quenching mechanism
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in case of aqueous medium and resulting in very high sensitivity and selectivity of PFBT
for PA.

Further, to investigate the interaction between PFBT and PA, we performed control
competitive experiments using model compounds i.e. 2,4-DNP and 4-NP which are
similar to PA. The only difference in the chemical structure of the above compounds is
the quantity of —-NO, groups linked to benzene ring, which makes the phenols acidic in a
particular order of PA>2,4-DNP>4-NP. Moreover, PL quenching response obtained for
these analytes followed the same order (Figure A4.35). Since, the number of electron
deficient nitro groups attached to the phenolic ring is directly proportional to its acidity
and so is the dissociation of phenol. This facilitates a favorable electrostatic interaction
between cationic PFBT and the dissociated phenol. PA can undergo more dissociation
than 2,4-DNP and 4-NP therefore resulting in more electrostatic interaction between
PFBT and PA than 2,4-DNP and 4-NP subsequently highest fluorescence quenching.,
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Figure 4.3 (a) Overlap between excitation/emission spectra of PFBT and absorption
spectrum of PA in DMSO. (b) Lifetime decay of PFBT (3.3 x 10° M) before and after
adding PA (93.3 x 10° M). (c) Overlap between emission/excitation spectra of PFAM
and absorption spectra of different nitroaromatics in DMSO. (d) UV-visible spectra of
PFBT (3.3 x 10® M) with increasing concentration of PA
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Other analytes that are devoid of —OH functional groups can seldom interact effectively
with PFBT and therefore showed negligible fluorescence quenching response. Moreover
addition of an acid like trifluoroacetic acid (TFA), which is stronger acid than PA, did not
influence fluorescence of PFBT (Figure A4.36). This can be justified via ease of PET
from PFBT to PA. This electrostatic interaction promotes the PET or energy transfer
mechanism for the highly selective response of PBFT toward PA. To further confirm the
role of electrostatic interactions, sensing experiment was carried out in high ionic
strengths solution by using NaCl solution (1M).>" It was observed that the quenching
efficiency of the polymer-PFBT decreases (13%) in high ionic strength solution, which
indicates the reduction of electrostatic interactions between PFBT and PA in high ionic
strength solutions leading to lessening in RET/PET mechanism (Figure A4.37).°" To
validate this, highest occupied molecular orbital (HOMO) level and lowest unoccupied
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Figure 4.4 (a) Overlap between excitation/emission spectra of PFBT and absorption
spectrum of PA in water buffered with HEPES (pH=7.0,10 mM). (b) Lifetime decay of
PFBT (3.3 x 10® M) before and after addition of PA (26.6 x 10° M). (c) Overlap
between excitation/emission spectra of PFBT and absorption spectra of various
nitroaromatics in water buffered with HEPES (pH=7.0,10 mM). (d) UV-visible spectra of
PFBT (3.3 x 10® M) with increasing concentration of PA.
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Figure 4.5 (a) Cyclic voltammogram of PFBT film on glassy carbon electrode with a
scan rate of 50 mV/s. (b) Pictorial representation of photo induced electron transfer from
LUMO of PFBT to the LUMO of PA

molecular orbital (LUMO) level of PFBT was obtained through cyclic voltammetry studies
(Figure 4.5a). It was observed that there is a possibility of PET from LUMO of PFBT (-2.65 eV)
to the LUMO of PA (-3.89 eV) resulting in superior quenching (Figure 4.5b). Note that, LUMO
levels of 4-NP (-2.22 eV) and 2,4-DNP (-2.82 eV) are usually higher than LUMO of PA, resulting
in reduced fluorescence quenching efficiency. PA has the lowest LUMO energy compared to
other nitroexplosives, namely TNT (-3.7 eV), NT (-3.2 eV), DNT (-3.5 eV) etc., but the
guenching efficiency was quite insignificant for them. This is in agreement with the electrostatic
interaction enhanced PET and is valid in both solvents. Therefore, it can be concluded that PFBT
possessed remarkable selectivity and enhanced sensitivity for PA due to strong IFE and possible
PET in DMSO and RET and favorable PET in aqueous medium.

4.3.5 Analysis of PA in natural water samples

To verify the feasibility of the PFBT based method, it is highly important to recognize the
presence of PA in natural water samples. Water samples were collected from the

Brahmaputra river (near 1I'TG campus) and sea water sample from Bay of Bengal. These

Table 4.1 Determination of PA in Natural Water Samples

Sample Added Found Recovery RSD
(10° M) (10° M) (%) (%, n=3)

1.0 0.92 92.0 2.12

River 2.5 2.34 93.6 6.06

3.5 3.49 99.7 1.07

4.0 3.98 99.5 9.31

Sea 6.0 5.99 99.8 1.71

10.0 9.76 97.6 6.82
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samples were centrifuged and filtered using 0.2 um membrane filter. The recoveries were
carried out by using samples spiked with known concentrations of PA (Table 4.1). As
shown in Table 1, recoveries for PA in the Brahmaputra river water samples and sea
water varied from 90% to 99% and RSD was found to be lower than 10 %. Therefore,

PFBT showed excellent feasibility for detection of PA in real samples.

4.3.6 Sensing on Solid Support

For rapid and low cost on-site detection of PA, test strips were developed by dipping the
Whatman filter paper in PFBT solution (10* M) followed by drying in air. 10 pL of
various concentration of PA in water was applied on each paper strip. A dark spot was
observed under UV lamp (365 nm), and this darkness appeared light at lower
concentration of PA indicating quenching of PFBT (Figure 4.6). It can be seen from the
naked eyes that the paper strips can detect minimum amount of 10 pL PA (107 M)
solution that is equivalent to 0.22 attogram level, which is among the best reported
literature values (Table A4.6). Furthermore, we checked the selectivity studies of PFBT
on portable and readily usable paper strips. For this purpose, we applied 10 pL of other
nitroaromatic compounds (10 M) and compared them with the PA spot to confirm that

the paper strips were selective only for PA (Figure A4.38).

Figure 4.6 Photographs of fluorescent test strips after addition of 10 puL of PA solution of

various concentrations [under UV-light (365 nm)]. A dark spot can be seen after the
addition of PA.

4.3.7 Vapor-phase detection

As an advanced ability of the PFBT probe, PA was also detected in the vapor phase by
using the PFBT in water medium. Fixed volumes of PA vapors (101.64 ppb, 2.5 mL)
were passed through the PFBT solution in water via an air-tight syringe, thereafter the PL

spectra were recorded and quenching in the fluorescence maxima was detected with each
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Figure 4.7 PL spectrum of PFBT (3.3 x 10°® M) with increasing concentration of PA

vapors in water buffered with HEPES (pH=7.0,10 mM).

addition (Figure 4.7 and A4.39). Furthermore, LOD of the PFBT polymer was calculated
to be 42.6 ppb based on the change in the fluorescence maxima of PFBT in water at
different amounts of PA vapors (84.7, 169.4, 254.1, 338.8, 423.5, 508.2 ppb) using the
equation 3o/K (Figure A4.40). Thus, the present system established a fast and selective
detection of PA in the solution as well as vapor phase, which remains an exciting and

highly challenging area of research.
4.4 Conclusion

In summary, a new cationic conjugated polymer PBFT was synthesized using simple and
economic method of oxidative polymerization for PA sensing in solution and solid state.
The polymer PFBT displayed dual emission in DMSO and aqueous medium. It was found
that polymer PFBT senses PA in solution as well as on solid platform like normal filter
paper strips for onsite portability purposes and an extremely low detection limits 92.7 nm
and 0.19 nm were obtained in DMSO and water respectively while minimum of 0.22
attogram of PA can be detected using portable paper strips. This system can also detect
PA in vapor phase with a very low limit of detection of 42.6 ppb. The fluorescence of the
PFBT gets quenched by strong inner filter effect (IFE) and PET mechanisms between
polymer and PA in DMSO. Whereas in case of aqueous medium, resonance energy
transfer (RET) and PET mechanism are responsible of fluorescence quenching. This
method is very simple and provides excellent selectivity and high sensitivity even in

competing environment, therefore can be used for analyzing natural water samples.
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Appendix
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Figure A4.1 Normalised absorbance of PFBT (3.3 x 10° M) in DMSO and Water.

Table A4.1: Fluorescence lifetime decay of each component and their fractions in

DMSO.
Sample T1 % T2 % ' Tavg
(ns) (ns) (ns)
PFBT 0.136 21.14 0.552 78.86 1.091 0.464
PFBT-PA 0.133 24.33 0.559 75.67 1.088 0.455

Table A4.2: Fluorescence lifetime decay of each component and their fractions in water.

Sample T % T2 % Y Tavg
(ns) (ns) (ns)
PFBT 0.668 46.60 3.183 53.40 1.125 2.011
PFBT-PA 0.452 59.37 2.482 40.63 1.128 0.692
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Figure A4.3 3C NMR spectrum of 1-methyl-1H-benzo[d][1,2,3]triazole.
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Figure A4.9 Photoluminescence spectra of PFBT (3.3 x 10°® M) in various DMSO and
Water ratios.
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Figure A4.10 Solution of PFBT (3.3 x 10°® M) in various DMSO and Water ratios under
UV lamp (365 nm).

Figure A4.11 Solution of PFBT (3.3 x 10° M) in (A) DMSO and (B) Water buffered
with HEPES (pH-7.0, 10 mM) before and after addition of PA under UV lamp (365 nm).
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Figure A4.12 Fluorescence intensity of PFBT in DMSO vs PA concentration.

LOD=3 x S.D./k
LOD = 3 x 1627.68 / (52649x 10°)
LOD=92.7 nM
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Figure A4.13 Bar diagram depicting effect of various ions (93.3 x 10° M) on the
fluorescence intensity of PFBT (3.3 x 10°® M) in DMSO solvent.
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Figure A4.14 Emission spectra of PFBT (3.3 x 10° M) with TNT (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.15 Emission spectra of PFBT (3.3 x 10°® M) with 2,4-DNT (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.16 Emission spectra of PFBT (3.3 x 10 M) with 2,6-DNT (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.17 Emission spectra of PFBT (3.3 x 10° M) with 4-NT (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.18 Emission spectra of PFBT (3.3 x 10° M) with NB (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.19 Emission spectra of PFBT (3.3 x 10° M) with 1,3-DNB (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.20 Emission spectra of PFBT (3.3 x 10°® M) with phenol (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.21 Emission spectra of PFBT (3.3 x 10° M) with NM (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.22 Emission spectra of PFBT (3.3 x 10° M) with RDX (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A4.23 Fluorescence intensity of PFBT in water buffered with HEPES (pH=7.0, 10
mM) vs PA concentration.
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Figure A4.24 Bar diagram depicting effect of various ions (26.6 x 10° M) on the
fluorescence intensity of PFBT (3.3 x 10°® M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.25 Emission spectra of PFBT (3.3 x 10° M) with TNT (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.26 Emission spectra of PFBT (3.3 x 10® M) with 2,4-DNT (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.27 Emission spectra of PFBT (3.3 x 10° M) with 2,6-DNT (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10

mM).
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Figure A4.28 Emission spectra of PFBT (3.3 x 10° M) with 1,3-DNB (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.29 Emission spectra of PFBT (3.3 x 10° M) with NM (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.30 Emission spectra of PFBT (3.3 x 10° M) with phenol (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.31 Emission spectra of PFBT (3.3 x 10° M) with NB (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.32 Emission spectra of PFBT (3.3 x 10® M) with RDX (26.6 x 10° M)
followed by addition of PA (26.6 x 10° M) in water buffered with HEPES (pH=7.0, 10
mM).
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Figure A4.33 Emission spectra of PFBT (3.3 x 10° M) with NT (26.6 x 10°° M) followed
by addition of PA (26.6 x 10 M) in water buffered with HEPES (pH=7.0, 10 mM).

Table A4.3 Forster distance, Overlap integral J (1) values and RET efficiency calculated
for PA in the DMSO and water buffered with HEPES (pH=7.0, 10 mM).

Solvent Forster distance J (A) values RET
Ro (A) (M 'em™nm*) | efficiency
DMSO 34.89 1.82x10™ 1.9
H,0 21.32 2.67x10" 52.1
100 -
—+—E(obs) a 100 1 ——E(obs) b
~ 80 -+ —=-E(corr) -=-E(corr)
S ¥
5 60 1 =, 60 |
g =
‘S 40 4 =
= S 40
= =
20 1 Py
0 — T T T ] 0 . T .
0 20 40 60 80 100 0 10 20 30
[PA] pM [PA] pM

Figure A4.34 Quenching efficiency (E%= 1- 1/lp) of the corrected (blue) and observed
(red) measurements for PFBT after addition of various concentration of PA in (a) DMSO
and (b) Water (buffered with HEPES) solvent. Where | and 1o are the fluorescence

intensities of PFBT in presence and absence of PA.
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Table A4.4. Calculations for IFE corrections for quenching in DMSO.

PA(HM) Aex Aem Iobs Icorr Icorr /Iobs ICOH/ICOIT,Q Eobs Ecorr
Correction
factor
(CFH
0 | 0.039952 | 0.009627 | 1308600 | 1385467.734 1.05874 1 0 0
13.3 | 0.263665 | 0.161107 | 832044.5 | 1356852.255 | 1.630745 | 0.979346 36.4172 | 2.065402
26.6 | 0.477182 | 0.302843 549043 | 1347779.546 2.45478 | 0.972797 | 58.04348 2.72025
40 | 0.692118 | 0.442767 | 358040.4 | 1322435.624 | 3.693537 | 0.954505 | 72.63943 | 4.549518
53.3 | 0.910493 | 0.580956 | 225746.8 1257031.09 | 5.568324 | 0.907297 | 82.74899 | 9.270273
66.6 | 1.071489 | 0.677135 | 163034.3 | 1220649.146 | 7.487072 | 0.881038 | 87.54132 | 11.89624
80 1.29072 | 0.804451 | 101043.2 | 1127437.963 | 11.15798 0.81376 | 92.27853 | 18.62402
93.3 1.48138 | 0.909261 | 65712.14 | 1030305.738 | 15.67908 | 0.743652 | 94.97844 | 25.63481
Table A4.5. Calculations for IFE corrections for quenching in water.
PA(HM) Aex Aem Iobs Icorr Icorr /Iobs Icorr/Icorr,o Eobs Ecorr
Correction
factor
(CF)
0 | 0.062055 0.00206 | 128678.1 138535.8 | 1.076608 1 0 0
3.3 | 0.117949 | 0.002376 | 66482.37 76360.54 | 1.148583 | 0.551197 | 48.33434 | 44.88028
6.6 | 0.180098 | 0.002273 | 50468.91 62260.04 | 1.233632 | 0.449415 | 60.77893 | 55.05851
10 | 0.243191 | 0.002539 | 41115.84 54559.97 | 1.326982 | 0.393833 | 68.04751 60.6167
13.3 | 0.307217 | 0.002785 | 32742.41 46785.54 | 1.428897 | 0.337714 | 74.55478 | 66.22855
16.6 0.36874 | 0.003023 | 27629.01 42388.38 | 1.534198 | 0.305974 | 78.52858 | 69.40258
20 | 0.431753 0.00299 | 23697.72 39091.12 | 1.649573 | 0.282173 | 81.58371 | 71.78266
23.3 | 0.495079 | 0.003144 | 21924.65 38908.47 | 1.774645 | 0.280855 | 82.96163 71.9145
26.6 | 0.557521 | 0.002004 | 17939.82 34164.93 | 1.904419 | 0.246614 | 86.05837 | 75.33855
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Figure A4.35 Comparison of fluorescence quenching caused by PA, 2,4-DNP and 4-NP
of PFBT in water buffered with HEPES (pH-7, 10 mM).
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Figure A4.36 Emission spectra of PFBT (3.3 x 10° M) before and after adding TFA
(26.6 x 10°° M) in water buffered with HEPES (pH=7.0, 10 mM).
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Figure A4.37 (a) PL spectra of PFBT (3.3 x 10"® M) with various concentration of PA in

water having 1 M NaCl ionic strength. (b) Comparison of PL Intensity (%) of PFBT with
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Figure A4.38 Color of PFBT coated paper strips under UV light (lamp excitation-365

nm) after addition of 10 pL of 10° M solution of various analytes.
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Figure A4.39 (a) PL intensity of PFBT (3.3 x 10 M) with increasing concentration of
PA vapors in water buffered with HEPES (pH=7.0,10 mM). (b) Stern-Volmer plot
obtained for the vapor sensing of PA.
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Figure A4.40 Fluorescence intensity of PFBT in water buffered with HEPES (pH=7.0, 10
mM) vs PA vapor concentration.
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LOD =3 x 922.48 / (64.89)
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Table A4.6: A comparative study of some conjugated materials based reports for picric
acid detection.

o ] i o Sensing Medium
Publication Material Used Delf?gi'fn Selectivity | Mechanism Used
92.7 x 107
M
Present ' (21.23 ppb) ' IFE DMSO
Manuscript Conjugated Polymer And . Selective and And
0.19 x 10° RET Water
M
(43.53 ppt)
J. Am. Chem. Electron- THF
Not Not
Soc. 2003, 125, Polymetalloles reported selective transfer
3821-3830
Macromolecules - THF:H,O
; 0.17 ppm Not
2009,94221,19400— Conjugated Polyelectrolyte (0.72 uM) studied
Macromol. - THF:H,O
F;%pllgl ggmsrgzg Poly(silylenevinylene) Upto 1ppm sttl:ld(:e d
839
Electron THF:H,O
Macromolecules Not B /o
2011, 44, 5977—- Poly(silylenevinylene)s Upto 1ppm .
5986 studied energy
transfer
Macromol. Energy THF:H,0
Rapzlglgc,)r;run. Polytriazole 9x10%M st::ldc?te q trafier
796—802
RSC Adv., 2013, Poly(arylene ynonylene) 1 ppm Not - THF:H,0
3, 8193-8196 studied
Macromolecules Upto Not - THF:H,O
2013, 46, Poly(aroxycarbonyltriazole)s Tua/mL studied
3907-3914 HY
Macromolecules . Energy THF:H,0O
2014, 47, poly(dipropargyl 1uM INOtF transfer
49084919 amine)s selective
Polym. Chem., Not Electron THF:H,O
2014, 5, 5628- Poly(acrylate) 2.5 ppm . transfer
selective
5637
J. Mater. Chem. 0.11 ppm Electron CH;0OH
A, 2014, 2, polydiacetylene ((') 48UM) Selective transfer
15560-15565 \
Chem. Elegjron H,0
Commun., 2015, | Conjugated Polyelectrolyte 0.128 ppb Selective :::eror
51, 7207-7210 9y
transfer
J. Mater. Chem. About 1 Electron CH5;0OH
A, 2015, 3, 92— Covalent-organic polymer Selective transfer
2 ppm
A]CSHS)%S_IZ(?;;S Conjugated Polymer 57.8nM Selective IFEEE:Pd THF:H,0
ACS Omega IDA H,O
2017, 2, Conjugated Polyelectrolyte 295 nM Selective
4424—4430
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“Receptor Free” IFE Based Detection of Nitroexplosive-
Picric Acid Using Two Polyfluorene Derivatives in
Solution and Solid State and IFE Correction

Absorbance Emission
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Wavelength (nm)

Tanwar, A. S.; Patidar, S.; Ahirwar, S.; Dehingia, S.; Iyer, P. K. (Analyst 2019, 144, 669-676.)
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Abstract

Two “Receptor-free” fluorescent conjugated polymers (CPs) of fluorene namely 9,9-
bis(6-bromohexyl)-2-phenyl-9H-fluorene (PF1) and 9,9-bis(6-bromohexyl)-9H-fluorene
(PF2) were synthesized using Suzuki cross coupling polymerization and oxidative
coupling polymerization methods in high yields and well characterized by gel permeable
chromatography, NMR, UV-vis, fluorescence and time-resolved photoluminescence
(TRPL) spectroscopies. Both CPs explicitly recognized nitroexplosive picric acid (PA)
and displayed fluorescence quenching response in solution and on solid support via Inner
Filter Effect (IFE) mechanism. Both CPs were highly selective and sensitive towards PA
with a high quenching constant values (Kg) of 5.1 x 10* M™* and 5.0 x 10* M™ and
remarkably low limit of detection (LOD) values of 110 nM and 219 nM. Contact mode
detection of PA was also performed using economical and transportable fluorescent paper
test strips for onsite sensing, which easily detects a minimum of 22.9 femtogram level of
PA. Earlier, the IFE mechanism for PA sensing has not been explored elaborately and
therefore experiments for IFE correction were performed carefully for PA to observe
~77% suppression efficiency due to IFE. Such studies provide fundamentally important

information to IFE based mechanism for detection of various analytes.

129
TH-2168_126122039



Chapter 5 Explosive Detection

5.1 Introduction

Picric acid (PA) which is also known as 2,4,6-trinitrophenol, a well-known
nitroexplosive possessing potent explosive nature, higher than even 2,4,6-trinitrotoluene
(TNT),! has gained attention of many researchers in order to develop a method for its
detection.”® However, to date, nitroexplosive detection remains as a challenging task.
Besides its explosive nature, it has been used extensively in various other application
purposes such as in dye industries, pharmaceutical industries, leather, matchbox
industries, etc.*® Owing to its high water solubility, PA contaminates very easily land
and nearby water reservoirs, making it as a potential environment pollutant which has
very severe effects on health of living beings causing chronic diseases such as cancer,
kidney and liver damage, sycosis as well as respiratory problems.”® Moreover, it has low
rate of degradation in biosystems and converts into picramic acid under metabolism,
which has much more mutagenic activity as compared to PA itself.'° Thus, keeping this in
view, detection of PA is highly significant for forensic investigation, terrorist threats,
abandoned military bases or war sites, homeland security as well as environment
protection.

Several detection platforms are presently available for nitroexplosive sensing based on
few analytical techniques namely electrochemical methods,** solid phase

microextraction-ion mobility spectroscopy,*? dynamic light scattering,®

and enzyme
linked immunosorbent assay (ELISA), etc.** However, most of these analytical methods
are deficit in selectivity, expensive, suffer from portability issues and therefore possess
limited on-site use. As a result, fluorescent technique based sensors came into existence
and recently played a major role as a detection method in nitroexplosive sensing owing to
the remarkable sensitivity, fast response time and convenient in portability.>*® Therefore,
several reports for nitroexplosive detection based on a variety of fluorescent probes such
as organic molecule dyes, metal complexes, conjugated and non-conjugated polymers,
metal organic frameworks, quantum dots, carbon dots, nanoparticles etc. are reported*®=°
though many reports still bear poor sensitivity, discrimination issues, and lack selectivity
in competitive environment, challenging for on-site detection due to difficulty in handling
probes and their portability. Moreover, the mechanism of sensing found in these reports
was either photo induced electron transfer (PET), Forster resonance energy transfer
(FRET), ground state charge transfer complexation, static or dynamic quenching or

indicator displacement assay (IDA) based or combination of two or more mechanism.****
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Interestingly, all of the above reported mechanism tend to have interaction between the
probe and the nitroexplosive, while none of the previous report involves “interaction free”
or “receptor free” detection of PA in case of conjugated polymers i.e. inner filter effect
(IFE) except a handful.** IFE is an important phenomenon in spectrofluorometry based on
the non-irradiation energy conversion model, which arises when a quencher/absorber
(PA) absorbs the emission and/or excitation light in the detection system, that
subsequently leads to an amplified or exponential quenching of florescence of
fluorophore, giving rise to low limit of detection (LOD) and enhances sensitivity of the
system.*® As compared to the other mechanisms, IFE based sensing works in a
straightforward manner, devoid of any interaction between fluorophore (probe) and
absorber (PA). However, in order to design IFE based systems, a desired fluorophore and
a quencher combination is still quite challenging. Therefore, keeping this in view, two
polyfluorenes derivatives (PF1 and PF2) based conjugated polymers (CPs) were designed
as fluorophores. Notably in the last few years, CPs have gained much attention for their
wide range of applications, especially in the area of sensing, owing to the efficient
photophysical properties like remarkable molar absorptivity, high quantum efficiency,
extraordinary amplification in signals via “molecular wire effect” and film forming
property, 33

the “Receptor free” detection of nitroexplosive-PA, which until now remains a highly

which encouraged us to choose CPs based fluorophore i.e. PF1 and PF2, for

challenging analyte.
5.2 Experimental

5.2.1 Materials and Methods

Nitroexplosives namely, 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 1,3-
dinitrobenzene (1,3-DNB) and 4-nitrotoluene (4-NT) were purchased from Sigma
Aldrich. 2,4,6-trinitrotoluene (2,4,6-TNT) and RDX were purchased from AccuStandard
and used as received. Picric acid (PA) was obtained from Loba Chemie Pvt. Ltd. All other
chemicals and reagents were bought from Merck and Alfa-Aesar, and were used without
further purification. Milli-Q water was used everywhere in titration. *H NMR (400 and
600 MHz) and *C NMR (100 and 150 MHz) spectra were recorded on Varian-AS400
NMR  spectrometer and Bruker Ascend 600 spectrometer respectively.
Photoluminescence spectra were taken on a Horiba Fluoromax-4 spectrofluorometer
using 10 mm path length quartz cuvettes with a slit width of 3 nm at 298 K. Perkin Elmer

Lambda-25 spectrophotometer was used to record absorption spectra. Edinburg Life Spec
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Il instrument was used for execution of time-resolved fluorescence studies. Cyclic
voltammograms were recorded using CH instruments Model 700D series
Electrocchemical workstation. Gel Permeable Chromatography was carried out in THF
using polystyrene as standard. Paper strip test was done by using Whatman qualitative

filter paper grade 1.

5.2.2 Synthetic Procedure

5.2.2a Synthesis of 2,7-Dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (M2):
Monomer (M2) was synthesized by using a previously established procedure from
literature.*® As reported earlier in chapter-2, 2,7-dibromofluorene (1.0 g, 3.086 mmol) and
catalytic amount of tetrabutyl ammonium iodide (TBAI) (0.24 g, 0.617 mmol) were taken
in a 50 mL round bottom flask. 50% aqueous NaOH (50%, 12 mL) was added to the flask
under inert condition. The flask was degassed using freeze-thaw cycles followed by
addition of 1,6-dibromohexane (3.32 mL, 21.602 mmol). The reaction mixture was
maintained at 70 °C and stirred for 4 h. Further, it was cooled to room temperature and
extracted with dichloromethane (DCM). The DCM layer was washed with water thrice
and dried over anhydrous sodium sulfate. The organic layer was concentrated using
rotatory evaporator and crude compound obtained was purified via column
chromatography over a silica gel pad using hexane. (Yield = 1.8 g, 90 %). *H NMR (400
MHz, CDCls, § ppm): 7.53 (d, 2H), 7.45 (m, 4H), 3.29 (t, 4H), 1.92 (t, 4H), 1.68 (m, 4H),
1.18 (m, 4H), 1.08 (m, 4H), 0.58 (m, 4H). *C NMR (100 MHz, CDCls, & ppm): 152.40,
139.31, 130.57, 126.33, 121.80, 121.45, 55.79, 40.26, 34.05, 32.83, 29.17, 27.97, 23.68.
5.2.2b Synthesis of poly 9,9-bis(6-bromohexyl)-2-phenyl-9H-fluorene (PF1):

A mixture of M2 (0.200 g, 0.35 mmol), benzene-1,4-bisboronic acid (0.053 g, 0.32
mmol), tetrakistriphenylphosphine palladium (0.018 g, 0.015 mmol), 3 mL of 2M
aqueous solution of K,CO; and THF (9 mL) were added to a two neck round bottom flask
equipped with a reflux condenser. The reaction mixture was degassed thrice by freeze-
thaw cycles followed by refluxing for 15 h under inert atmosphere. The reaction mixture
was cooled and concentrated via rotatory evaporator then extracted with chloroform/water
thrice. The chloroform layer was evaporated to get a thick solution which was further
purified by precipitation in methanol thrice, to obtain a pale white solid. (Yield = 70 %,
0.140 g). '"H NMR (400 MHz, CDCls, & ppm): 7.82 (br), 7.66 (br), 7.48 (br), 7.36 (br),
3.28 (br), 2.09 (br), 1.65 (br), 1.23 (br), 1.12 (br), 0.77 (br). GPC using polystyrene as
standard in THF: Mw =1.87 x 10°, PDI=1.64.

132
TH-2168_126122039



Chapter 5 Explosive Detection

5.2.2¢ Synthesis of 9,9-bis(6-bromohexyl)-9H-fluorene (F2):

Monomer (F2) was synthesized by using a previously established procedure from
literature.* As reported earlier in chapter 4, fluorene (1 g, 6.016 mmol) and catalytic
amount of tetrabutyl ammonium iodide (TBAI) (0.476 g, 1.203 mmol) were taken in a 50
mL round bottom flask. 50% aqueous NaOH (15 mL) was added to the flask under inert
condition. The flask was degassed using freeze thaw cycles followed by addition of 1,6-
dibromohexane (6.47 mL, 42.112 mmol). The reaction mixture was maintained at 70 °C
and stirred for 4 h. It was further cooled to room temperature and extracted with
dichloromethane (DCM). The DCM layer was washed with water thrice and dried over
anhydrous sodium sulfate. The organic layer was concentrated using rotatory evaporator
and 2.4 g of crude compound obtained was purified via column chromatography over a
silica gel pad using hexane. (Yield = 82 %). 'H NMR (400 MHz, CDCls, & ppm): 7.72 (d,
2H), 7.32 (m, 6H), 3.27 (t, 4H), 1.97 (t, 4H), 1.65 (m, 4H), 1.18 (m, 4H), 1.06 (m, 4H),
0.60 (m, 4H). >C NMR (100 MHz, CDCl;, & ppm): 150.45, 141.28, 127.27, 127.01,
122.92, 119.89, 55.07, 40.40, 34.12, 32.81, 29.23, 27.93, 23.68.

5.2.2d Synthesis of poly(9,9-bis(6-bromohexyl)-9H-fluorene) (PF2):

As reported in chapter 4, In a 50 mL two necked round bottom flask fitted with argon
inlet, ferric chloride (anhy.) (8.124 mmol, 1.4 g) was dissolved in nitrobenzene (15 mL).
A solution of monomer (F2) (2.031 mmol, 1 g) in nitrobenzenze (10 mL) was added
slowly to the above round bottom flask via a syringe under inert atmosphere and stirred
for 36 h at room temperature. The reaction mixture was poured in methanol and stirred
for 1 h to get precipitate, centrifuged and filtered. The polymer obtained was dissolved in
chloroform and further precipitated with methanol. The polymer was repeatedly washed
with methanol and finally dried under reduced pressure to obtain 49 mg of brown colored
polymer. 'H NMR (400 MHz, CDCls, & ppm): 7.84 (br), 7.70 (br), 7.37 (br), 3.30 (br),
2.07 (br), 1.67 (br), 1.27 (br), 1.14 (br), 0.72 (br). GPC using polystyrene as standard in
THF: Mw =2.41 x 10, PDI=3.6.

5.2.3 Preparation of stock solutions

Stock solution of polymer PF1 and PF2 were prepared in THF solvent at a concentration
of 1x 10 M. Stock solution of other nitroaromatic compounds i.e. nitromethane (NM),
phenol, 4-nitrophenol (4-NP), nitrobenzene (NB), were prepared at concentrations of 1 x
10 M. Stock solution of 2,4- dinitrophenol (2,4-DNP) was prepared in Milli-Q water at a

concentration of 1x 10° M. Stock solution of other nitroaromatics namely 4-Nitrotoluene
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(4-NT), 1,3-Dinitrobenzene (1,3-DNB), 2,4-Dinitrotoluene (2,4-DNT), 2,6-Dinitrotoluene
(2,6-DNT), were prepared in HPLC grade THF at concentrations of 1 x 10 M. Stock
solution of TNT and RDX were prepared at concentration of 1 x 10% M in 1:1
CH3CN:MeOH. The absorption and fluorescence titrations were carried out in a quartz
cuvette (1 cm x 1 cm) after preparing various solution of PF1 (1.6 x 107 M) and PF2 (3.3
x 107 M) separately in 4:1 THF:HEPES (10 mM, pH=7) each containing different
concentration of nitroaromatic compounds. All the spectra were recorded at room
temperature after thoroughly mixing of the resultant mixture.

5.2.4 Time-resolved decay measurements

Lifetime decay measurements of PF1 (1.6 x 107 M) in the absence and presence of PA
(66.6 x 10°® M) were performed via pulse excitation of 375 nm and emission at 408 nm in
4:1 THF:HEPES (10 mM, pH=7). Similarly, Lifetime decay measurements of PF2 (3.3 x
107 M) in the absence and presence of PA (66.6 x 10° M) were performed via pulse
excitation of 375 nm and emission at 415 nm in 4:1 THF:HEPES (10 mM, pH=7). The
curves for PF1 and PF2 were fitted mono- and bi-exponentially respectively and the
average life time was considered for uniformity in results. Table A5.1 and A5.2 in the
supporting information file shows amplitude, lifetime of each component and average
lifetime.

5.2.5 Preparation of paper strips

Whatman filter paper (70 mm diameter) was used to prepare fluorescent paper strips by
dipping it into a solution of polymer (1x 10* M) in THF followed by drying in air. The
dried polymer coated test strip was cut into desired size (1 cm x 1 c¢cm) and used a

portable PA detection purposes.

5.2.6 Detection limit calculations

Various solutions of PF1 (1.6 x 107 M) in 4:1 THF:HEPES (10 mM, pH=7) each
containing PA (2.33 uM, 2.00 uM 1.66 puM, 1.33 uM, 1.0 uM, 0.66 uM, 0.33 uM, 0.0
MM) were prepared separately and emission spectrum was recorded for each sample.
Similarly, Various solutions of PF2 (3.3 x 107 M) in 4:1 THF:HEPES (10 mM, pH=7)
each containing PA (2.33 uM, 2.00 uM 1.66 uM, 1.33 puM, 1.0 uM, 0.66 pM, 0.33 uM,
0.0 uM) were prepared separately and emission spectrum was recorded for each sample.
A calibration curve was obtained for both PF1 and PF2 separately, between the emission

intensity maxima and the concentration of PA to get a regression curve equation. The
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limit of detection (LOD) was evaluated from the equation 3c/k, where o is the standard
deviation (SD) in the emission intensity for the blank polymer solution in the absence of

PA and K is the slope of the calibration curve.

5.2.7 Calculations for photoluminescence quantum yield
The quantum yield of polymers PF1 and PF2 were determined in THF using quinine
sulphate (@, = 0.54 in 0.1M H,S0O,) as reference material. The following equation® was

employed for calculations.
s = O, (AFJAF) (s’ / %)

where, s and r represents the sample and reference, respectively, A denotes the
absorbance, F is the relative integrated fluorescence intensity and n is used for refractive

index of the medium used.

5.2.8 Cyclic voltammetry studies

CV measurements were performed using a CH Instruments 760D electrochemical
workstation at a scan speed of 50 mV/s. A three-electrode cell with platinum wire counter
electrode, glassy carbon working electrode and Ag/Ag” reference electrode was used.
Tetrabutylammonium hexafluorophosphate (0.1 M) in acetonitrile was used as supporting
electrolyte and Fc* /Fc was used as reference. A thin film of polymer was casted from 10
puL, 1 mM solution in DCM on the glassy carbon working electrode and the

measurements were performed at room temperature under inert atmosphere.
5.3 Result and Discussion

5.3.1 Synthesis and characterization of 9,9-bis(6-bromohexyl)-2-phenyl-
9H-fluorene (PF1) and 9,9-bis(6-bromohexyl)-9H-fluorene (PF2)

The highly fluorescent neutral conjugated polyfluorene derivatives PF1 and PF2 were
synthesized via Suzuki cross coupling polymerization and oxidative polymerization
methods, respectively as shown in scheme 5.1. Monomers (M2 and F2) were synthesized
in high yields using an environmentally green methodology in aqueous media.*> Both
monomers (M2 and F2) and polymers (PF1 and PF2) were purified and characterized
before further use (Figure A5.1- A5.6). The molecular weight of the Polymers PF1 and
PF2 was found to be 5.68 x 10°, PDI=2.7 and 2.41 x 10* PDI=3.6, respectively (Figure
A5.7-A5.8). Both polymers PF1 and PF2 were found to be highly soluble in most of
organic solvents with a high value of PL quantum yield (®s) in THF i.e 0.61 and 0.40
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respectively. Polymers PF1 and PF2 displayed absorption maxima at 354 nm and 373 nm,
respectively and emission maxima at 408 nm (excitation at 360 nm) and 415 nm

(excitation at 369 nm) respectively in THF.

Br.

A S P A Sy ST, 8 W

(M1) (M2) (PF1)

Br. Br Br. Br

(5 2m (3 2o (500

(F1) (F2) (PF2)

Scheme 5.1 Synthesis of the polymer-PF1 and PF2. (a) 1,6-dibromohexane, 50%
NaOH(aqg.), TBAI, 70°C, 4h. (b) tetrakistriphenylphosphine palladium (0), benzene-1,4-
diboronic acid, 2 M ag. K,COgz, THF, reflux, 24 h. (c) FeCls, nitrobenzene, 36 h, rt.

5.3.2 Sensing studies

Considering environmental applications, PL sensing of PA were accomplished in 4:1-
THF:Water (buffered with 10 mM HEPES at pH=7.0). Dilute solution of polymers PF1
and PF2 in 4:1-THF:HEPES buffer (10 mM, pH= 7.0) showed strong blue fluorescence
under UV lamp irradiation (Figure A5.9). PL sensing of nitroexplosive-PA was
performed with both polymers PF1 and PF2 by gradually increasing the amount of
nitroexplosive in the respective solution of PF1 (1.6 x 10”7 M) and PF2 (3.3 x 107 M). It
was witnessed that addition of 3.3 uM of PA solution caused instantaneous PL quenching
of 9 % and 10 % in PF1 and PF2 solution respectively, which reached up to 93 % and 95
% after addition of 66.6 UM of PA concentration (Figure 5.1a and 5.2a) in the respective
solutions. The fading of the blue fluorescence after addition of PA could be seen easily
under UV lamp irradiation (Figure A5.9). Stern-VVolmer (S-V) plot i.e. a plot of 1,/ versus
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[Q] was attained for both polymers PF1 and PF2, where I, symbolizes intensity of
fluorophore without a quencher, | symbolizes intensity of fluorophore with a quencher,
and [Q] symbolizes concentration of quencher i.e. [PA]. The quenching constant or S-V
constant (Ks,) was calculated to be 5.1 x 10* M™ and 5.0 x 10* M™ for the both the
polymers PF1 and PF2, respectively via the linear fitting of S-V plot (Figure A5.10-
Ab5.11) signifying extraordinary sensitivity of PF1 and PF2 toward PA. LOD was
evaluated to be 110 nM and 219 nM for polymers PF1 and PF2, respectively via the
equation 3o/k (Figure A5.12-A5.13),** Polymer PF1 showed superior results over PF2
and which is also superior to most of the sensor reported for PA detection earlier (Table
A5.3).

5.3.3 Selectivity studies

To investigate the sensing behavior of PF1 and PF2 towards various interfering analytes,
fluorometric titrations were done with various interfering nitroexplosive compounds such
as TNT, RDX, 2,6-DNT, 2,4-DNT, 4-NT, NB, 1,3-DNB, phenol and NM in the
respective solution of PF1 (1.6 x 107 M) and PF2 (3.3 x 10”7 M) (Figure A5.14-A5.15).
Interestingly, addition of these analytes hardly affected fluorescence of both the CPs
(Figure 5.1b and 5.2b). Figure 5.1c and 5.2c showed the S-V plot obtained for various
analytes for PF1 and PF2 respectively, which follows a linear relationship with the
concentration of various analytes added whereas in case of PA, it follows a linear
relationship at low concentration and diverges from linearity at higher concentration of
PA. This divergence or non-linear nature of S-V plot is an indication for an amplified
quenching in CPs and could be due to efficient singlet exciton migration, or existence of
either static and dynamic quenching mechanism, or self-absorption, or any other
additional energy transfer process, or IFE due to higher concentration of quencher.?
Considerably high difference in K, value was obtained for PA in comparison to various
analytes, suggesting remarkably high selectivity and amplified fluorescence quenching of
PF1 and PF2 via PA. Additionally, various inorganic ions (Fe**, Fe**, Cd**, zn**, Cu*,
Ni?*, Ca®*, Co**, Cr**, Pb**, Hg**, Ag’, Mn?, I, F,, CI', NOs, N3, S*, BF,, COs%,
H.PO., HPO.Z, PO,%, SO,%, NO,, AcO") that could interfere with the detection of PA in
natural water, did not show any significant effect on the emission of PF1 and PF2 (Figure
Ab5.16-A5.19) suggesting exclusive selectivity of the system and signifying its further

applicability in contaminated natural water bodies.
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For consistent application, a sensor must be able to detect a particular analyte in presence
of various competitive analytes. For this purpose, we tested PF1 and PF2 for the selective
recognition of PA in presence of other nitroaromatic compounds as they hold similar
electron deficient nature like PA and therefore, might affect in the detection of PA. In a
typical experiment, initially fluorescence measurement of PF1 was recorded when TNT
solution (66.6 x 10° M) was added to the polymer solution, so that TNT could interact
with polymer prior to the further addition of PA (66.6 x 10" M). However, no significant
effect of TNT was observed on the PL of CPs and no interference was observed in the
detection of PA in presence of TNT (Figure A5.20). Similar sets of fluorescence titration
were done with rest of the nitroaromatic compounds and similar results were obtained as
in case of TNT (Figure 5.1d, A5.20-A5.28). The above competitive titrations were
repeated with the polymer PF2 to obtain similar results (Figure 5.2d & Figure A5.29-
Ab5.37). The remarkably high selectivity of these polymers is exceptional as compared to
various chemosensors synthesized for PA sensing and thus provides an exceptional

platform for fast, reliable and selective sensing of PA in competitive environment
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Figure 5.1 (a) Photoluminescence spectra of PF1 (1.6 x 107 M) with different
concentrations of PA in 4:1 THF:H,O ( buffered with 10 mM of HEPES (pH= 7.0)). (b)
Bar diagram showing influence of different interfering analytes (66.6 x 10° M) on
fluorescence maximum of PF1 (1.6 x 107 M). (c) Stern-Volmer plots achieved for
different interfering analytes. (d) Quenching percentage of emission of PF1 (1.6 x 107 M)

138
TH-2168_126122039



Chapter 5 Explosive Detection

by different interfering analytes (66.6 x 10° M) before and after addition of 66.6 x 10° M
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Figure 5.2 (a) Photoluminescence spectra of PF2 (3.3 x 107 M) with different
concentrations of PA in 4:1 THF: H,O (buffered with 10 mM of HEPES (pH= 7.0)). (b)
Bar diagram showing influence of different interfering analytes (66.6 x 10° M) on
fluorescence maximum of PF2 (3.3 x 107 M). (c) Stern-Volmer plots achieved for
different interfering analytes. (d) Quenching percentage of emission of PF2 (3.3 x 107 M)
by different interfering analytes (66.6 x 10° M) before and after addition of 66.6 x 10° M
PA.

5.3.4 Mechanism of sensing

There are many possible ways, which can lead to the quenching of fluorescence such as
static quenching (e.g. ground state donor-acceptor complexation), dynamic quenching
(e.g. collisional/diffusional quenching), Forster resonance energy transfer (FRET),
electrostatic interaction, aggregations caused quenching (ACQ), photoinduced electron
transfer (PET) and IFE. However, to elucidate the exact reason for the quenching of
fluorescence of CPs (PF1 and PF2) by PA, certain set of experiments were performed.
Firstly, note that PA has a broad range of UV-vis absorption spectrum of around 280 nm
to 480 nm, which almost overlaps with the excitation as well as emission spectra of both

CPs (Figure 5.3a and 5.3b). This gives a clear indication for the possibility that either
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FRET or IFE may occur in this system. As this condition fulfills the primary requirement
for both FRET and IFE, which tends to have overlapping emission spectrum of
fluorophore (CPs) with the absorption spectrum of the quencher (PA), while in addition to
emission spectrum overlap, IFE may include an extra excitation spectrum overlap also.
Besides, a second condition for FRET requires the optimum distance between
fluorophore/donor (CPs) and quencher/acceptor (PA) in order to achieve a feasible energy
transfer from donor (CPs) to acceptor (PA), which is only possible if there is some kind
of strong interaction present between them. Whereas, in the present case, such kind of
strong interaction was not feasible between them, hence unable to reach Forster radii for
FRET to happen. Furthermore, to ascertain involvement of FRET or dynamic quenching,
time resolved photoluminescence (TRPL) studies were performed. The fluorescence
lifetime decay of the CPs were examined before and after the addition of PA to the
solution. It can be seen from Figure 5.3c and 5.3d that lifetime of PF1 (0.551 ns) and PF2
(0.719 ns) remains unchanged even after addition of PA to their respective solution i.e.
(0.548 ns and 0.717 ns respectively). This confirms that the quenching of fluorescence is
static in nature and excludes possibility of the involvement of FRET or dynamic
guenching in the mechanism. However, to understand the role of static quenching in the
mechanism, UV-vis spectra of PF1 and PF2 were studied in the presence of PA. It was
noticed that UV-vis absorption band of CPs (PF1 and PF2) after the addition of PA
almost completely overlap with the CPs itself and just rise in the absorption band of CPs
with no appearance of new peak or any shift in the band was observed (Figure A5.38-
Ab5.39). This implies that the interaction between the CPs (PF1 and PF2) and PA are very
weak and there is no formation of any ground state charge transfer complexation, also no
aggregation of CPs occur after addition of PA. Therefore, this excludes the possibility of
static quenching mechanism in the sensing process. All of the above results collectively
indicate the presence of IFE in sensing process. Additionally, IFE is also supported by the
Figure 5.3a and 5.3b, where efficient overlap of excitation/emission spectrum of CPs with
absorption of PA leads to strong IFE while inefficient overlap in case of other
nitroaromatics leads to poor IFE and results in higher selectivity of CPs toward PA. Thus,
to prove the role of IFE in the suppression of the fluorescence of CPs, the observed
fluorescence intensity was corrected by using the below equation.=+

10(AEX+AEm)/2 (l)

lcorr/ lobs=
The equation (1) describes a simple correction method and has been used very rarely
previously.=# lcorr is the fluorescence intensity after the IFE correction and lobs is the
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fluorescence intensity before the IFE correction. Aem and Aex are the UV-vis absorption
value of the fluorophore (CPs) having analytes (PA) at fluorescence emission and
excitation wavelengths, respectively. The simplified equation (1) is applicable for
correcting the fluorescence IFE in a spectrum taken via a fluorescence cuvette of 1 cm x 1
cm dimension. The correction factor of fluorescence IFE (lcor/lobs) and the observed (Eops)
and corrected (Ecorr) fluorescence quenching efficiencies at various concentration of PA
was therefore calculated in Table A5.4 and A5.5. The outcomes validated that the
suppression efficiency (E %) of IFE for PA to PF1 and PF2 reaches ~77% indicating the
suppressed fluorescence quenching primarily was from IFE only (Figure 5.4)

To further support the involvement of IFE in detection mechanism, two model
compounds such as 4-NP and 2,4-DNP were chosen, which are chemically similar to PA
except the number of nitro group attached to the phenyl ring and thus possessing different

absorption spectra.
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Figure 5.3 Overlapping of excitation/emission spectra of (a) PF1 and (b) PF2 with
absorption spectrum of various nitroexplosive compounds. Lifetime decay of (c) PF1 (1.6
x 107 M) and (d) PF2 (3.3 x 10" M) before and after addition of PA (66.6 x 10°° M).
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As IFE does not require any interaction between fluorophore and absorber or quencher,
there won’t be any interaction except the IFE, which would govern the quenching of
fluorescence of the polymers (PF1 and PF2) by these analytes. It was
observed that the UV-Visible spectrum of these nitrophenols significantly overlaps with
the excitation and emission spectrum of the PF1 and PF2 (Figure A5.40-A5.41) and the
resulting quenching efficiency obtained follows a particular order i.e. PA>2,4-DNP>4-
NP, indicating dominancy of IFE in case of PA (Figure A5.42-A5.43). Furthermore, the
HOMO levels of the polymers PF1 (- 5.76 eV) and PF2 (- 5.80 eV) were calculated from
the cyclic voltammetry (CV) (Figure A5.44-A5.45) and using the optical band gap (Eg) of
the polymers PF1 (2.96 eV) and PF2 (2.81 eV) via onset of absorption band of the
polymers, LUMO of both polymers PF1 (-2.79 eV) and PF2 (-2.98 eV) was obtained. It
was then compared with the LUMO levels of various nitroexplosive compounds such as
PA (-3.89 eV), 2,4-DNP (- 2.82 eV), 4-NP (-2.22 V), TNT (-3.7 eV), DNT (-3.5 eV) and
NT (-3.2 eV). It was observed that there could also be possible electron transfer through
PET, but due to the very weak physical interaction between fluorophore and quencher
tendency for PET are very low (~10%) as indicated by very high IFE (~80%).
Consequently, all these studies cumulatively suggested the key role of IFE in the

guenching mechanism.
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Figure 5.4 Observed (blue line, lys) and corrected (red line, lcor) fluorescence intensity

of the (a) PF1 and (c) PF2 under the influence of PA concentration. Suppressed
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efficiency (E, %) of the corrected (blue) and observed (red) fluorescence intensity for (b)
PF1 and (d) PF2 under the influence of PA concentration.

5.3.5 Analysis of PA in natural water samples

To validate the practicability of this system (polymer-PF1), natural sea water collected
from Bay of Bengal and Brahmaputra river water (nearby IITG campus) were analysed.
Initially, the water samples were centrifuged and filtered through 0.2 pm membrane filter
and then spiked with known varying amount of PA (Table 5.1). A standard calibration
curve was plotted for comparing the results obtained from the spiked natural water
samples (Figure A5.46). It can be seen from the Table 5.1, that recoveries for PA was
clearly found, which varied from 91 % to 99 % for both sea and river water samples,
indicating feasibility of this system for efficiently sensing PA in a highly competitive

environment.

Table 5.1 Determination of PA in Natural Water Samples *An average of three replicate

measurements with standard deviation.

Sample Added( 10° M) Found( 10° M)? Recovery (%)
10.00 9.16 £ 0.05 91.6
River 17.00 16.82 £ 0.06 98.9
Water 25.00 24.88 £0.11 99.5
13.00 1247+ 0.11 95.9
Sea 28.00 27.08 £0.02 96.7
Water 42.00 40.16 £0.14 95.6

5.3.6 Test paper strips for on-site visual detection

Figure 5.5 Photographs of the filter paper test strips coated with fluorescent Polymer PF1
after applying the solution of PA at various concentration under UV light (365 nm).
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For economical and swift on-site detection of nitroexplosive-PA, low cost and portable
fluorescent paper strips were prepared by means of Whatmann filter paper. Desired size
of Whatman paper was cut into pieces (1 cm x 1 cm) and thereafter immersed into the
polymer PF1 solution (1 x 10 M) and dried in air. Different solutions of PA (10 pL) with
varying concentration was introduced into each test strip. A dark spot was seen on the
position of contact as a result of quenching of the fluorescence of fluorescent CP after the
introduction of the PA over it under UV light (365 nm), which can be seen easily for a
minimum of 10™ M of PA i.e. equivalent to 22.9 femtogram of PA (Figure 5.5). These
experiments validate the potential of both the CPs for portable sensor development with

the ability of rapid onsite detection of PA in natural contaminated samples.
5.4 Conclusion

In conclusion, two neutral highly fluorescent conjugated co-polymer (PF1) and
homopolymer (PF2) of fluorene were synthesized via Suzuki-cross coupling
polymerization and oxidative polymerization methods, respectively. These “receptor free”
polymers showed blue emission and were found to be highly sensitive and remarkably
selective towards nitroexplosive-PA. Polymer PF1 and PF2 can detect as low as 110 nM
(25.2 ppb) and 219 nM (50.1 ppb) of PA in solution respectively, while a minimum of
22.9 femtogram of PA can be detected using portable test strips of PF1. The key
mechanism of quenching was found to be exclusively IFE, which was confirmed and
thoroughly explained via IFE corrections. These types of detection systems are unique
and do not require any kind of interactions, and hence the chances of interference during
detection are very minimum and can be further utilized in analyzing analytes of choice

even in natural water samples.
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Appendix

Table A5.1: Fluorescence lifetime decay of each component and their fractions.

Sample T % x2
(ns)
PF1 0.551 100 1.093
PF1-PA 0.548 100 1.047

Table A5.2: Fluorescence lifetime decay of each component and their fractions.

Sample T % T % x> Tavg
(ns) (ns) (ns)
PF2 0.599 94.104 2.637 5.896 1.126 0.719
PF2-PA 0.596 94.585 2.838 5.415 1.105 0.717
BrREees mAA FHRREGE RES3ERR
S G NS WS
_Mui\_. ) _,_J‘t‘- - _ lﬁ_él I /#'vll,' :W ___..i_
10I.0 915 QTU 8{5 ETU ?.IB ?TD 6?5 5I.5 SIU 4?5 4I.0 3?5 25 2?0 15 1.0 0?5 0.0

Figure A5.1 *H NMR spectra of M2.
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Figure A5.3 *H NMR spectra of F2.
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Figure A5.5 'H NMR spectra of PF1.
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Figure A5.6 'H NMR spectra of PF2.
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Figure A5.7 GPC chromatogram of polymer PF1.
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Figure A5.9 Image of PF1 and PF2 under UV-light before and after addition of PA.
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Figure A5.10 Stern-Volmer plot obtained at lower concentration of PA for PF1.
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Figure A5.11 Stern-Volmer plot obtained at lower concentration of PA for PF2.
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Figure A5.12 Fluorescence intensity of PF1 in 4:1/THF:HEPES buffer (pH=7, 10 mM)
vs PA concentration.
LOD=3 x S.D./k
LOD = 3 x 1375.02/ (3724.2 x10)
=110 nM or 25.2 ppb
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Figure A5.13 Fluorescence intensity of PF2 in 4:1/THF:HEPES buffer (pH=7, 10 mM)

vs PA concentration.

LOD=3 x S.D./k

LOD =3 x 1739.66/ (2378.1 x10)
=219 nM or 50.1 ppb

Table A5.3: A comparative study of some conjugated polymers based reports for picric

acid detection.

A . Detection . Sensin Medium
Publication Material Used Limit Selectivity Mechani%m Used
110 x 10°
M IFE THF:H,0
Mz;?:cl:%pt Conjugated Polymers (25£n%pb) Selective
219 x 10°
M
(50.1 ppb)
3.87 uM
J. Am. Chem. for P1a2d Not AIE THF/water
Soc. 2017, 139, Poly(B-aminoacrylate)s and 0.12 studied
5437—5443 MM for
P1b2d
J. Am. Chem. Conjugated Covalent Not i CH.Cl,
Soc. 2017, 139, Organic Frameworks i Selective
242]1-2427
ACS Appl. Mater. polyimide covalent Electron C,HsOH
Interfaces 2017, oraanic framework 0.25 uM Selective Transfer
9, 1341513421 9 And IFE
ACS Omega IDA H,O
2017, 2, Conjugated Polyelectrolyte 295 nM Selective
4424—4430
ACS Sens. 2016, Conjugated Polymer 57.8 nM Selective IFE and THF:H,0
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1, 1070—1077 PET
J. Mater. Chem. Covalent-organic polymer About 1 Selective Electron CH5;0OH
A, 2015, 3, 92-96 ppm transfer
J. Mater. Chem. 0.11 ppm Electron CH5;0OH
A, 2014, 2, polydiacetylene ((') 48ppM) Selective transfer
1556015565 ol
Macromolecules . Energy THF:H,0
2014, 47, po'yg‘:r']‘i’;fe’g’jrgy' 1M Sel';':ttive transfer
49084919
Polym. Chem., Not Electron THF:H,0
2014, 5, 5628— Poly(acrylate) 2.5 ppm lecti transfer
5637 selective
RSC Adv., 2013, Poly(arylene ynanylene) 1 ppm Not - THF:H,0
3, 8193-8196 ylarylene ynony PP studied
Macromolecules Upto Not - THF:H,0
2013, 46, Poly(aroxycarbonyltriazole)s 4
39073914 1pg/mL studied
Macromol. Rapid Not Energy THF:H,0
Commun. 2013, Polytriazole 9x10%M stildicd transfer
34, 796—802
Electron THF:H,O
Macromolecules Unto Not b T
2011, 44, 5977— Poly(silylenevinylene)s P :
1lppm studied energy
5986
transfer
Macromol. Rapid - THF:H,0
Commun. 2010, Poly(silylenevinylene) lUptr?] stllrldoited
31, 834-839 PP
Macromolecules 0.17 ppm Not - THF:H,O
2009,942121,19400- Conjugated Polyelectrolyte (0.72 uM) studied
J. Am. Chem. Not Not Electron- THF
Soc. 2003, 125, Polymetalloles . transfer
3821-3830 reported selective
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Figure A5.14. Photoluminescence spectra showing the effect of various nitro analytes
(66.6 x 10°° M) on fluorescence emission of PF1 (1.6 x 107 M) in 4:1/THF:water.
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Figure A5.15. Photoluminescence spectra showing the effect of various nitro analytes
(66.6 x 10°° M) on fluorescence emission of PF2 (3.3 x 107 M) in 4:1/THF:water.
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Figure A5.16 Bar diagram depicting effect of various metal ions (66.6 x 10° M) on the
fluorescence intensity of PF1 (1.6 x 107" M).
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Figure A5.17 Bar diagram depicting effect of various anions (66.6 x 10° M) on the
fluorescence intensity of PF1 (1.6 x 107" M).

800000 ~

700000 +
600000 +
500000 +
400000 +
300000 +
200000 +
100000 +

0

PL Intensity (a.u.)

x

‘f‘w '\,& S &S @*‘ v°° G’ (,2 & &

Figure A5.18 Bar diagram depicting effect of metal ions (66.6 x 10° M) on the
fluorescence intensity of PF2 (3.3 x 107" M).
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Figure A5.19 Bar diagram depicting effect of various anions (66.6 x 10° M) on the
fluorescence intensity of PF2 (3.3 x 107" M).
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Figure A5.20 Emission spectra of PF1 (1.6 x 107 M) with TNT (66.6 x 10°° M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.21 Emission spectra of PF1 (1.6 x 107 M) with 2,4-DNT (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).
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Figure A5.22 Emission spectra of PF1 (1.6 x 107 M) with 2,6-DNT (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).
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Figure A5.23 Emission spectra of PF1 (1.6 x 107 M) with 1,3-DNB (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).

PL Intensit

_ 1200000 - — PRl

S — PF1+4-NT

< 1000000 - PF1+4-NT+PA
> 800000 A

il

% 600000 -

£ 400000 -

~] 200000 +

0 0

370 420 470 520 570
Wavelength (nm)

Figure A5.24 Emission spectra of PF1 (1.6 x 107 M) with 4-NT (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).
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Figure A5.25 Emission spectra of PF1 (1.6 x 10" M) with RDX (66.6 x 10°® M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.26 Emission spectra of PFBT (3.3 x 10° M) with phenol (93.3 x 10° M)
followed by addition of PA (93.3 x 10° M) in DMSO.
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Figure A5.27 Emission spectra of PF1 (1.6 x 10" M) with NB (66.6 x 10°® M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.28 Emission spectra of PF1 (1.6 x 107" M) with NM (66.6 x 10° M) followed
by addition of PA (66.6 x 10°° M).
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Figure A5.29 Emission spectra of PF2 (3.3 x 10" M) with TNT (66.6 x 10 M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.30 Emission spectra of PF2 (3.3 x 107 M) with 2,4-DNT (66.6 x 10° M)
followed by addition of PA (66.6 x 10 M).
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Figure A5.31 Emission spectra of PF2 (3.3 x 107 M) with 2,6-DNT (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).
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Figure A5.32 Emission spectra of PF2 (3.3 x 107 M) with 1,3-DNB (66.6 x 10° M)
followed by addition of PA (66.6 x 10 M).
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Figure A5.33 Emission spectra of PF2 (3.3 x 107 M) with 4-NT (66.6 x 10° M)
followed by addition of PA (66.6 x 10°° M).
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Figure A5.34 Emission spectra of PF2 (3.3 x 107 M) with RDX (66.6 x 10°° M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.35 Emission spectra of PF2 (3.3 x 107 M) with phenol (66.6 x 10° M)
followed by addition of PA (66.6 x 10° M).
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Figure A5.36 Emission spectra of PF2 (3.3 x 107 M) with NB (66.6 x 10°® M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.37 Emission spectra of PF2 (3.3 x 10" M) with NM (66.6 x 10° M) followed
by addition of PA (66.6 x 10° M).
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Figure A5.38 UV-Visible spectrum of PF1 (1.6 x 107 M) with the increasing
concentration of PA.
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Figure A5.39 UV-Visible spectrum of PF2 (3.3 x 107 M) with the increasing
concentration of PA.
Table A5.4. IFE of PA on the fluorescence of PF1.

TH-2168_126122039

PA(IJ-M) Aex Aem Iobs Icorr Icorr llobs Icorrllcorr,o Eobs Ecorr
Correction (%) (%)

factor

(CF)
0.0 0.00327 -0.00035 1117560 1121318 | 1.003363 1 0 0
6.6 0.134571 | 0.098285 | 883766.4 1155488 | 1.307459 | 1.030473 20.92 -3.0473
13.3 0.260257 | 0.192205 670316 1128523 | 1.683569 | 1.006426 | 40.01968 -0.64258
20.0 0.392172 | 0.290904 | 505958.9 1110844 | 2.195523 0.99066 | 54.72646 | 0.934048
26.6 0.521551 | 0.385995 | 381816.6 1085495 | 2.842975 | 0.968053 65.8348 | 3.194731
33.3 0.657292 | 0.487313 | 283849.2 1060206 | 3.735102 0.9455 | 74.60099 | 5.450042
40.0 0.787289 | 0.581273 | 216180.1 1044953 | 4.833715 | 0.931897 | 80.65606 | 6.810312
46.6 0.924155 | 0.680701 | 158820.8 1007710 | 6.344947 | 0.898683 | 85.78861 | 10.13169
53.3 1.056392 | 0.774255 | 119473.1 | 983090.7 | 8.228554 | 0.876728 | 89.30947 | 12.32723
60.0 1.189109 | 0.870032 89895.4 | 962294.4 10.7046 | 0.858181 91.9561 | 14.18185
66.6 1.322754 | 0.962819 | 67334.48 | 935457.4 | 13.89269 | 0.834248 | 93.97487 | 16.57521
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Table A5.5. IFE of PA on the fluorescence of PF2.

PA(“M) Aex Aem Iobs Icorr Icorr /Iobs Icorrllcorr,o Eobs Ecorr
Correction (%) (%)
factor
(CF)

0.0 0.006842 | 0.001354 | 742999.6 | 750043.7 | 1.009481 1 0 0
6.6 0.145425 | 0.091007 | 555744.7 729611 | 1.312853 0.972758 | 25.20255 | 2.724209
13.3 0.291972 | 0.185852 | 409644.4 | 710099.2 | 1.733453 0.946744 | 44.86613 | 5.325621
20.0 0.433255 | 0.276891 305668 | 692345.7 | 2.265025 0.923074 | 58.86027 | 7.692614
26.6 0.575615 | 0.368119 | 227674.9 | 674811.1 | 2.963924 0.899696 | 69.35733 | 10.03044
33.3 0.720185 | 0.459858 | 169103.4 | 657921.1 | 3.890644 0.877177 | 77.24045 | 12.28231
40.0 0.862995 | 0.550753 | 127194.5 | 647652.8 | 5.091831 0.863487 | 82.88095 | 13.65132
46.6 1.02185 | 0.649378 | 91055.99 | 623623.6 | 6.848792 0.83145 | 87.74481 | 16.85503
53.3 1.173185 | 0.745069 | 66709.42 | 607175.4 | 9.101794 0.80952 | 91.02161 19.048
60.0 1.320497 | 0.837099 49314.7 | 591254.5 | 11.98942 0.788293 | 93.36275 | 21.17067
66.6 1.465231 | 0.926808 | 36267.65 | 569559.3 | 15.70433 0.759368 | 95.11875 | 24.06319
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Figure A5.40 The normalised UV-Visible spectrum of PA, 2,4-DNP, 4-NP and the
normalised fluorescence excitation and emission spectrum of PFL1.

TH-2168_126122039

168




Chapter 5 Explosive Detection

1.2
—PA
1 2,4-DNP
—4-NP
0.8 -==Exc-PF2
===Em-PF2

o
o

o
~

Normalised PL Intenisty (a.u.)

Normalised Absorbance (a.u.)

02 \ \‘\
O L] L] L | | ‘---q

250 350 450 550 650
Wavelength (nm)

Figure A5.41 The normalised UV-Visible spectrum of PA, 2,4-DNP, 4-NP and the
normalised fluorescence excitation and emission spectrum of PF2.
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Figure A5.42 Comparison of quenching efficiency for 4-NP, 2,4-DNP and PA in 4:1-
THF:HEPES (10 mM, pH=7.0) for PF1.
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Figure A5.43 Comparison of quenching efficiency for 4-NP, 2,4-DNP and PA in 4:1-
THF:HEPES (10 mM, pH=7.0) for PF2.
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Figure A5.44 Cyclic voltammogram of PF1 (inset shows ferrocene peak).
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Figure A5.45 Cyclic voltammogram of PF2 (inset shows ferrocene peak).
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Figure A5.46 Calibration curve obtained for Polymer PF1.
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Chapter 6 Thesis Overview and Future Perspective

6.1 Thesis overview

Due to the influential motivation and demand of recent day technology for highly efficient
explosive sensing device, this thesis entitled “Newly Developed Conjugated Polymer
Systems for Nitroexplosive Detection: Insights into the Mechanistic Investigations”
mainly focuses on the development of various conjugated polymer systems for the
nitroexplosive detection and its mechanism of sensing. For this purpose, different types of
conjugated polymeric systems have been designed, synthesized and utilized in attaining
simple, low cost and portable optical sensors capable of monitoring nitroexplosive-Picric acid
(PA) at ultra-trace level. The mechanism of sensing for each of the CPs was studied in detail
and explored. In Chapter-2, CP PFAM showed rapid and specific recognition toward PA on
solid support and in solution based on IFE/PET mechanism. In Chapter-3, the non-fluorescent
cationic conjugated polymer PPPy participates in indicator displacement assay resulting
“turn-on” fluorescence selectively in presence of PA. In Chapter-4, the cationic conjugated
polymer PFBT displayed substantial fluorescence quenching for PA in solution as well as
solid state based on IFE and RET mechanism at attogram level of PA and utilized in making
economical paper strips for on-site detection of nitroexplosive. In Chapter-5, the neutral
“receptor-free” highly fluorescent conjugated polymers (PF1 and PF2) detect PA by a
fluorescence turn-off response which was found as a result of mainly strong IFE and was
further confirmed via IFE corrections. All the CPs systems were found to be highly sensitive
and selective towards nitroexplosive-PA. The results obtained from each chapter are shown
in below Table 6.1.

Chapter | Polymer | Stern-Volmer | Detection | Sensing | Fluorescence | Solvent
No. Constant Limit | Mechanism Signal Used
(Ks) (LOD)
2 PFAM | 1.05x10°M™" | 57.8nM | IFE/PET Turn-Off | THF:H,0
3 PPPy - 295 nM IDA Turn-On H,0
4 PFBT | 2.69x10*M™ | 92.7nM | IFE/PET Turn-Off DMSO
2.18x10°M™* | 0.19nM | RET/PET | Turn-Off H,0
5 PF1 51x10°M* | 110nM | IFE/PET Turn-Off | THF:H,0
PF2 50x10°M* | 219nM | IFE/PET Turn-Off | THF:H,0

Table 6.1 Comparison of the sensing results of various conjugated polymers shown in thesis.
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6.2 Future Perspective

Additionally, this thesis includes chemo-sensors based on fluorescence “turn-off”, indicator
displacement assay and “receptor-free” sensing, as shown in figure 6.2. To date, there are
only countable reports available for the PA detection based on CPs. There is still scope for
better design and exploring new sensing mechanisms, in order to achieve an ideal sensory

system for nitroexplosive detection.

Different Types of Chemo-sensors

D—@ Turn-off Sensor
I_© Turn-on Sensor

I—@ Ratiometric Sensor
AN ¢

<>|:| I:IO( Chemodosimeter Sensor

D—@. Indicator Displacement
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I:I O Receptor-free Sensor (IFE)
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Figure 6.2 Possible types of different chemosensors.
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