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Synopsis

The content of this synopsis report entitled “Design and Development of Polyfluorene
Based Conjugated Polyelectrolytes for Sensing Applications” is divided into five
chapters. Chapter 1 described the respective research area where the scope and
significance of the subsequent chapters are discussed. Chapter 2 discussed about the
synthesis and characterization of spontaneously formed conjugated polymer nanoparticles
(CPNs) PEMI and its application in the detection of potent nitroexplosive-picric acid (PA)
in multiple environments including 100% aqueous media, solid support using portable
paper strips and vapor phase detection via two terminal devices. Chapter 3 described the
synthesis of a new anionic conjugated polyelectrolyte PFPT and its application in the
detection and removal of broad spectrum antibiotic tetracycline hydrochloride (Tc) from
water. Chapter 4 highlights the synthesis of cationic CPE PFBT-MI via Suzuki cross-
coupling polymerization which has been applied for the detection of widely used anionic
surfactants SDS/SDBS in agueous solution via the phenomenon of FRET. Furthermore,
the polymer-surfactant nanoaggregates thus formed via electrostatic as well as
hydrophobic interactions has been explored for the sensitive detection of spermine
(considered as an excellent biomarker for early cancer diagnosis) in urinary samples.
Chapter 5 discussed the synthesis of a new AIEE active CPE PFTPEBT-MI which finds
it’s practicability in the development of latent fingerprints on various substrates including

plastic, glass, aluminium foil, metallic substrates, etc. without any additional treatment.
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Chapter 1: Introduction

Conjugated polymers (CPs) have been developed and widely used since Shirakawa et al.
discovered in 1977 that polyacetylenes obtained unusual conductivity, as high as 10
million times, upon halogen doping. The stable charge-transfer m complexes were
believed to be formed during the halogen doping to achieve the systematically
controllable electrical properties. As the first step of making plastics electrically
conductive, this discovery led to the 2000 Nobel Prize in Chemistry, which was awarded
to Hideki Shirakwa of the University of Tsukuba in Japan, Alan MacDiarmid of the
University of Pennsylvania at Philadelphia and Alan Heeger of the University of
California at Santa Barbara. In the past decades, we have witnessed revolutionary
applications of conducting polymers, such as flat panel displays using OLEDs, light-
emitting electrochemical cells (LECs), polymer solar cells, field-effect transistors (FETS),

and chemical and bio-sensors.

Conjugated polyelectrolytes (CPEs) have emerged as excellent materials in the field of
sensing due to their numerous features such as remarkable sensitivity, high quantum
efficiency, photostability etc. These materials combine the optoelectronic properties of
neutral conjugated polymers (CPs) as well as electrostatic behaviour of polyelectrolytes
because CPEs consists of a hydrophobic © backbone responsible for its unique optical
properties and a hydrophilic ionic side group which not only enhances its solubility in
aqueous solution but also makes it liable to exhibit strong electrostatic interactions with
various charged species and biological molecules like proteins, amino acids, DNA,
nucleosides, surfactants, explosives etc. Thus, CPEs have arisen as promising resources in
the fields of biological sensors and bioimaging entities because of their excellent
biocompatibility, low cytotoxicity, and resistance to photo bleaching. Some of the well-
known CP system are poly (p-phenylene vinylene) (PPV), poly (p-phenylenes) (PPP),
poly(p-phenylene ethynylene) (PPE), polyfluorene (PF), polythiophene (PT), polypyrrole

(PPy), etc. as shown in Figure 1.

Amplifying signal response

CPs exhibit strong absorption and emission due to the migration of excitons along the
conjugated backbone chain. These excitons can be transferred to low energy/electron
acceptor sites over a particular distance that subsequently results in signal amplification

of the acceptors or amplified quenching of the fluorescence of CPs.
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Figure 1. Structures of some well-known fluorescent conjugated polymer system.

The photophysical properties of CPs depend on effective conjugation length, chemical
nature, intramolecular arrangements and intermolecular packing that provide suitable
mechanisms for sensing applications. Sensors based on CPs are considered much more
sensitive than small molecule based indicator due to their ability to amplify the signal
from a recognition event. On binding of an analyte to a receptor attached to CP, the
conducting properties of the entire backbone or various absorbing units are collectively
affected as shown in Figure 2. Such recognition process ultimately results in signal
amplification or super quenching (turn-off) of the fluorescence compared to small
molecule based sensors where change in fluorescence usually occurred due to single
chromophore after binding to that indicator only (Figure 2). This signal amplification
process in CPs was first discovered by Swager in 1995 and termed as “molecular-wire
effect”. Such remarkable feature of CPs is important for chemo- and biosensing
applications, since extremely dilute concentrations of the probe is required. When “turn-
on” sensing mechanism is implemented, the analyte binding perturbs the electron density
along the polymer backbone or alter the conformation of the polymer chain that

subsequently results in appearance of emission.
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Figure 2. Pictorial representation of fluorescence quenching in monomer and polymer by

analyte molecules.

Applications of conjugate polyelectrolytes as sensors
In recent years, the conjugated polymers provide unique optical properties and have

triggered tremendous exploration for their use in sensing chemical and biological
materials. For example, the conjugated polymers have been effectively employed as
sensors to detect metal ions, anions, explosives, small biomolecules, proteins and DNA,
etc. Due to the amplification occurred from the conjugated backbones of these polymers,
the chemical and biosensors are able to achieve extraordinary sensitivity. Typically, the
detection limits for CPE based biosensors are in the nanomolar range. In a few cases,

sensors can even detect the target analytes at the zeptomole level.

Chapter 2: Conjugated polymer nanoparticles for the amplified

detection of nitro-explosive picric acid on multiple platforms

This chapter described the synthesis of new cationic conjugated polyelectrolyte (CPE)
poly(3,3'-((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-methyl-1H-
imidazol-3-ium)bromide) (PFMI) as shown in Figure 3 via Suzuki coupling
polymerization followed by post functionalization method without employing any hectic
purification technique. Spontaneously formed conjugated polymer nanoparticles (PFMI-
PNs) displayed remarkable fluorescence response towards nitroexplosive-picric acid (PA)
in multiple environments including 100% aqueous media, solid support using portable
paper strips and vapor phase detection via two terminal device. Highest quenching
constant value (Ky,) of 1.12 x 10 M™ and a very low detection limit of 30.9 pM/7.07 ppt

vi
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were obtained exclusively for PA in 100% aqueous environment which is rare and unique
for any CPE/CPNs. Contact mode detection of PA was also performed using simple, cost-
effective and portable fluorescent paper strips for achieving on-site detection.
Furthermore, the two terminal sensor device fabricated PFMI-NPs provide an exceptional
and unprecedented platform for the vapor mode detection of PA under ambient
conditions. The mechanism for the ultra-sensitivity of PFMI-NPs probe to detect PA is
attributed to the “molecular-wire effect”, electrostatic interaction, photoinduced electron

transfer (PET) and/or possible resonance energy transfer (RET) as shown in Figure 4.

«,N@ Br Br @hll:)

a%a%e

Figure 3. Structure of poly(3,3'-((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(1-methyl-1H-imidazol-3-ium)bromide) (PFMI).

— PFMI-NPs +PA

o —
0 50 100 150 200 250

Paper strip test #® PFMI-NPs (@ PA

Figure 4. Schematic representation for the detection of picric acid on multiple platforms.

Vii
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Chapter 3: Conjugated polyelectrolyte based sensitive detection and

removal of antibiotics tetracycline from Water

This chapter discusses about the synthesis of new conjugated polyelectrolyte poly[5,5'-
(((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(oxy))diisophthalate] ~ sodium
(PFPT) (Figure 5) via palladium catalysed Suzuki cross coupling polymerization method
and successfully applied for the rapid, real time and highly sensitive detection of broad
spectrum antibiotic tetracycline hydrochloride (Tc) in 100 % aqueous media via photo-
induced electron transfer. The detection limit of PFPT toward Tc was estimated to be
14.35 nM/6.80 ppb (6.8 ng/ mL) in 100% aqueous medium. High quenching efficiency
with a Ky, value of 1.57 x10° M was obtained which can be attributed to efficient
electron transfer from PFPT to Tc via electrostatic/hydrogen bonding interactions.
Remarkably, PFPT could also be applied for the trace analysis of Tc in serum samples
having recoveries well in the range 92-97% with relative standard deviations (RSD) of
1.01-1.14% confirming reliability of the present method for the analysis of Tc.
Additionally, PFPT was blended with the abundant natural polysaccharide chitosan to
form CS-PFPT composite films and developed as a biopolymer based membrane for the
removal of Tc from water samples with a good adsorption capacity of 3.12 mg g™ thus

finding vital application in the treatment of antibiotic infested wastewater (Figure 6).

COONa NaOOC

NaOOC
COONa

ataSel
(PFPT)

Figure 5. Structure of  poly[5,5-(((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(oxy))diisophthalate] sodium (PFPT).

viii
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Figure 6. Schematic representation for the detection and removal of tetracycline

hydrochloride from water.

Chapter 4: Aggregation induced FRET via polymer-surfactant

complexation: A new strategy for the detection of spermine

In this chapter we have described the developed of a cationic conjugated polyelectrolyte
[9,9-bis(6’-methyl imidazolium bromide)hexyl)fluorene-co-4,7-(2,1,3-benzothiadiazole)]
(PFBT-MI) (Figure 7) via Suzuki cross-coupling polymerization. PFBT-MI displayed
emission color change from blue to yellowish green in the presence of most common
anionic surfactants SDS and SDBS in 100% aqueous solution and enables naked-eye
detection and quantification of these surfactants in real time. The detection of SDS/SDBS
at parts per billion levels [SDS - (0.12 uM/34 ppb) and SDBS - (0.13 pM/45 ppb)] is
attributed to the inter-molecular FRET due to the aggregation of polymer chains assisted
by SDS/SDBS via strong electrostatic as well as hydrophobic interactions. Furthermore,
ensemble serves as a unique platform for the non-invasive, rapid and sensitive detection
of spermine over other relevant amines, which is much lower than the range required for
early cancer diagnosis and validates the reliability of the present system for real time
practical applications. The PFBT-MI/SDS nanoaggregates thus formed via electrostatic as
well as hydrophobic interactions has been explored for the sensitive detection of spermine
(considered as an excellent biomarker for early cancer diagnosis) with detection limit of
66 ppb (0.33 uM) which is much below the range 1-10 uM pertinent for the early
diagnosis of cancer in urinary samples. This, highly sensitive technique would facilitate
the direct and non-invasive detection of spermine from urine rapidly and is likely to have

great significance in early cancer diagnosis (Figure 8).
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Figure 7. Structure of poly [9,9-bis(6’-methyl imidazolium bromide)hexyl)fluorene-co-
4,7-(2,1,3-benzothiadiazole)] (PFBT-MI).

Aex 350 nm 350 nm 350 nm S, 5N
SDS/SDBS &~ /0 Spermine ::‘-? "',,’.‘I
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>, ) r
TS e,

4
L r‘

PFBT-MI Aem 415 nm 545 nm 545 nm
in aqueous solution PFBT-MI+SDS/SDBS

PFBT-MI+SDS/SDBS+Spermine

Figure 8. Schematic representation for the detection of anionic surfactants (SDS/SDBS)

and spermine in agueous solution.

Chapter 5: Development of latent fingerprints on various substrates

using AIEE active conjugated polyelectrolyte

In this chapter, we have described the development of a simple, sensitive,
environmentally friendly and cost-effective approach for the enhanced visualization of
LFPs on various substrates including plastic, glass, aluminium foil, metallic substrates,
etc. without any additional treatment based on AIEE active conjugated polyelectrolyte
PFTPEBT-MI (Figure 9) by simply dipping the fingerprint laden substrate into the
polymeric solution. The high fluorescence brightness and large Stokes shift contributed to
the high-resolution imaging of latent fingerprints without any post-treatment such as fume
treatment, surfactants, etc. for latent fingerprint development therefore providing more
clear and detailed information (1-3 level), which makes the identification of an individual
much easier. Thus, we have effectively applied this method in developing LFPs with

high-sensitivity on various smooth surfaces including glass, aluminum foil, steel, coins,

X
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adhesive tape etc. with negligible interference in presence of external abrasions which
could hinder in the identification of personal information, thus successfully demonstrated

the practicability of our method (Figure 10).

Figure 9.  Structure of  3,3-((2-(4-(1,2-diphenyl-2-(p-tolyl)vinyl)phenyl)-7-(7-
methylbenzo[c][1,2,5]thiadiazol-4-yl)-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-
methyl-1H-imidazol-3-ium) bromide (PFTPEBT-MI).

=

CPE :

Solution

Undeveloped Developed Magnified fluorescent image
Latent Fingerprint Latent Fingerprint revealing 3rd level details
under UV lamp (365 nm) ( ridge ending, bifurcation, pores)

Figure 10. Schematic representation for the detection of latent fingerprints.

Conclusion and thesis overview

In conclusion, various new conjugated polyelectrolyte derivatives of polyfluorene
were developed via Suzuki cross coupling polymerization reaction followed by
post functionalization technique. The as synthesized CPEs were successfully
explored for the selective and sensitive detection of various chemical and
biological analytes such as potent explosive and environmental contaminant picric
acid, corrosive and pollutant anionic surfactants SDS/SDBS, cancer biomarker
spermine, antibiotic tetracycline hydrochloride and the detection of latent

fingerprints.

Xi
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Chapter 1 Introduction

1.1 Introduction

Conjugated polymers (CPs) are organic macromolecules having alternating ¢ and = bonds
along their backbone. The delocalized n-electron cloud over the backbone chain is
responsible for the attractive optical and electrochemical properties of CPs. The
conducting nature of CP was first discovered and developed by Alan MacDiarmid, Hideki
Shirakawa and Alan J. Heeger in 1977 that led them to win the chemistry Nobel Prize in
2000. CPs has attracted significant attention from the last two decades because of their
technologically promising future. These CPs have been explored for a variety of
applications, including solar cells,* light emitting diodes (LEDs),** field-effect transistors
(FETs),*® and chemo- and biosensors.®” CPs can be acquired with variable backbone
chains, viz. poly (p-phenylene) (PPP), poly (p-phenylene vinylene) (PPV), poly (p-
phenylene ethynylene) (PPE), polyfluorene (PF), polythiophene (PT), polypyrrole (PPy),
etc. as shown in Figure 1.1a.

Conjugated polyelectrolytes (CPEs) are water-soluble conjugated polymers having
pendant ionic functionalities such as sulfonate (SOj3), carboxylate (CO’), phosphonate
(PO5%) and quarternary ammonium (NRs") appended with the main conjugated chain that
assist them to ionize in high dielectric media and forming stable electrostatic complexes
with target analytes.®** These materials combine the optoelectronic properties of neutral
conjugated polymers (CPs) as well as electrostatic behaviour of polyelectrolytes, thus,
providing an exceptional platform in the field of sensors (chemical and biological)**™*®
because of their capability to transform a binding/unbinding event into a measurable
optical or electrochemical response, excellent biocompatibility, low cytotoxicity, strong
emission brightness and resistance to photo bleaching. Some examples of CPEs are

presented in Figure 1.1b.
1.2 Stern-Volmer fluorescence quenching
X*+Q ﬂ» X+Q 1.1
X+ Q=2 [X, Q] Mo [X*, Q] —=X+Q 12
I/1 = 1+Kk|OQ] 1.3

From equations 1.1 and 1.2, X* is an excited-state fluorophore, Q is a quencher
molecule, kq is the bimolecular quenching rate constant, and ka is the association

constant for the ground-state complex formation [X, Q].
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Figure 1.1 Structures of some (a) Common conjugated polymer backbones (b) Selected

examples of conjugated polyelectrolytes (CPEs).

Equation 1.3 is known as Stern-Vomer equation, where Iy is the fluorescence intensity in
absence of quencher, 1 is the fluorescence intensity in presence of quencher, and Ky, is the
Stern-Volmer quenching constant. Fluorescence quenching can take place by two
different mechanisms i.e. dynamic (collisional) quenching and static (complex formation)
quenching. Dynamic quenching (equation 1.1) occurs when the excited-state fluorophore
encounters the quencher molecule which can facilitate non-radiative transitions to the
ground state and the fluorescence is quenched. Static quenching takes place by binding of
the quencher molecule to the fluorophore. The excited fluorophore generated is

immediately and quantitatively quenched (equation 1.2). In the case of dynamic

TH-1653_126122024
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quenching, Kg = kqto, where 1 is the fluorescence lifetime of X*. The lifetime of the
fluorophore in this case is reduced in the presence of quencher (Figure 1.2a). On the
other hand, K, = Ka, if quenching is dominated by the static mechanism and its lifetime
remains unaffected in presence of quencher (Figure 1.2b). In both static and dynamic
quenching, the Stern-Volmer plots of 1o/l versus [Q] should be linear as per Equation 1.3.
However, in most cases, the Stern-Volmer plots show non linearity (curved graph) which
can be explained by various complex processes, such as variation in the association
constant with quencher concentration, mixed dynamic and static quenching mechanism,

and chromophore aggregation.

a Dynamic Quenching

I/1=1+K.T, [Q] T/T=1+K, T, [Q]
= 4”" f ’1”"
= 3| e
[Q] [Q]
b Static Quenching
I/1=1+K, [Q] To=T
— ’?”’ E
— ”f” = |
[Q] [Q]

Figure 1.2 Plots showing effect of quencher concentration on fluorescence emission and

fluorescence lifetime in case of (a) Dynamic and (b) Static quenching.

1.3 Amplifying signal response in conjugated polymers

One of the interesting property of conjugated polymers is the process of efficient
fluorescence quenching at low quencher concentration, which is referred as amplified
quenching.*®*® It was Swager and co-workers in 1995 who for the first time demonstrated

this phenomenon*®*’

of super quenching in polymers via “molecular-wire effect” which is
responsible for its superior sensitivity over small molecule indicators. This signal
amplification is an outcome of the ability of the CP to generate exciton (bound electron-
hole pair) which migrates efficiently along the conjugated backbone. Because of the
efficient charge migration, a single quencher unit bound to the receptor site of the

3
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polymer will quench the fluorescence of almost the entire polymer chain leading to the
amplified quenching response to target analyte (Figure 1.3a). This incredible feature of
CPs validates its widespread application as chemo- and biosensors, since very dilute
concentration of the analyte is required. To validate the phenomena of amplified
quenching in CPs, fluorescence quenching of a cyclophane-containing poly(phenylene
ethynylene) and an oligo(phenylene ethynylene) by methyl viologen (MV?*) was studied
(Figure 1.3b). MV?* is a known electron transfer quencher agent and can efficiently bind
to the cyclophane unit to form a rotaxane complex, thus efficient fluorescence quenching

of polymer (about 60 times) was observed compared to the oligomeric compound.

Conjugated Backbone

N TERTEL)

. . . ‘hlalyte Receptor

e —> S

hv P
l/w ET Quencher
0/\,0\/\0/\,0\/\0
=B &

0\/\0/\/0\/\0/\/0
(R=0C2Hzs) Oligomer
A(_Q 0/\,0\/\0/\,0\/\0

Polymer

Mv2* Quencher

(R =CON(CgH47))

Figure 1.3 (a) Quenching mechanism of molecular wire effect in conjugated polymers (b)
Structure of oligomer, polymer and quencher (MV?*) used as fluorescence chemosensor

for the first time by Swager and co-workers.

The proposed mechanism of this effect is efficient energy migration along the polymer

backbone as discussed above. In 1998 Yang and Swager explored the above phenomena

4
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of signal amplification for the sensitive detection of nitro-explosives 2,4,6-trinitrotoluene
(TNT) and 2,4-dinitrotoluene (DNT).®° However, the super quenching effect in CPEs
was first described by Whitten and co-workers in the study of the fluorescence quenching
of MPS-PPV by MV? (Figure 1.4).° The fluorescence of MPS-PPV solution was
efficiently quenched by MV?*, with a large Ky value of 10° M™. This amplified
quenching was attributed to the strong electrostatic interaction between the negatively
charged polymer and MV?* which bring them in close proximity resulting in disruption of
exciton diffusion along the polymer backbone which leads to efficient fluorescence

quenching.
SO;
0
0 n
| MPS-PPV Mv2*

Figure 1.4 Structures of MPS-PPV and quencher (MV?")

1.4 Conjugated polymers used as chemo or biosensors (selected

examples)
Over the past few decades, CPs have been extensively used as sensory materials for

121521-26 g ich as metals ions, anions,

various chemical and biological species
environmental pollutants, explosive materials, proteins, enzymes, etc. due to their
remarkable sensitivity, high photoluminescence quantum yield, large extinction
coefficients, photo- and thermal stability, etc. One of the important features of CPs is
their capability to transform a binding/unbinding event into a measurable response
(electrochemical or optical) which makes them as material of choice for sensing

applications.

1.4.1 Detection of explosives

One of the most successful applications of CP sensors is in the detection of electron
deficient nitro-aromatic explosives especially 2,4,6-trinitrotoluene (TNT), trinitrobenzene
(TNB), Picric acid (PA) which are of great current interest in both national security and

environmental protection because they are not only explosives but also recognized as
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toxic pollutants.®” In 1998, Yang and Swager'® used a fluorescence quenching
transduction mechanism along with the amplifying nature of CPs to design P1 (Figure
1.5) as a highly sensitive material to detect TNT vapor. An important feature of this
design is the rigid pentiptycene group, which prevents the chains of polymer from
aggregating and display solution like optical properties in thin films therefore, prevents
the quenching interaction that can hinder the exciton migration. Polymer P1 was able to
detect TNT at a concentration of 10 ppb after a few seconds exposure, thus exhibiting
extraordinarily high sensitivity because of energy migration through polymer films.

Figure 1.5 Structure of P1.

It has been observed mostly that PA exhibits higher quenching efficiencies than TNT
because of its lower LUMO energy level. Therefore, to detect TNT in presence of PA in
aqueous solution is challenging. In this regard, Wang et al.?® in 2011, designed donor-
acceptor (P2) and donor only (P3 and P4) AIE active conjugated polymers (Figure 1.6)
for the selective detection and discrimination of TNT and PA in aqueous solution. In P2
the LUMO is mainly localized on acceptor unit of the CP i.e. 2,1,3-benzothiadiazole
(BT). Since PA can easily form a negatively charged anion in aqueous solution, an
electrostatic repulsive interaction between the BT unit and PA will disrupt the efficient
electron transfer from the LUMO of P2 to PA which will not occur in the case of TNT.
Therefore, P2 can selectively detect TNT instead of PA in aqueous solution. While as in
case of polymers P3 and P4 having only donor groups behaves similar to most CP
sensors i.e. having greater selectivity toward PA rather than TNT. Furthermore, these
polymers were spin coated and then exposed to the vapours of TNT and PA. For P1 film,
the Kg, of TNT (1.2 x10° M) is almost 100 times more than that of PA (1.8 x10° M™)
and the limit of detection for TNT is about 23 ppb, while the emission of the P4 film was
selectively quenched by PA with Ky, constant of 2.8 x10* M and the detection limit of 2

ppb was observed. The fluorescence quenching response follows the order of DNT >

6
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TNT > PA, which can be explained on the basis of differential vapor pressures of these
analytes. Higher quenching for DNT can be attributed to its higher vapour pressure and

vice versa in case of PA.

Figure 1.6 Structures of P2, P3, and P4.

In 2014, Scherf et al.?® synthesized two poly(3,6-carbazole) P5 and P6 (Figure 1.7) with
AlE-active tetraphenylethylene (TPE) on their side chains via nickel-catalyzed
Yamamoto coupling under microwave heating. The resulting polymers combine the
electron deficient behavior of the polycarbazole and the AIE active nature of TPE and
displays distinct AIE properties. P6 shows amplified fluorescence quenching response
upon adding trinitrobenzene (TNB) in (1: 9, v/v) THF-water mixtures with a quenching
constant of 1.26 x10° M,

CgHq7

HO-OUOH,

PCzTPEO0.5: X=Y=0.5 Po
PCzTPE X=0, Y=1 P5

Figure 1.7 Structures of P5 and P6.

TH-1653_126122024



Chapter 1 Introduction

This enhanced quenching is ascribed to the increased number of quenching sites due to
twisted 3D topology of the polymer in the nanoaggregates that can interact with TNB
molecules. The mechanism of quenching was deduced to be excited electron transfer
from the LUMO of the polymer to the LUMO of TNB. Furthermore, for practical
applications, Whatman filter paper strips were cut and dipcoated into polymer solutions
followed by drying in air. Both the polymers show TNB induced fluorescence quenching
in solution as well as in vapour phase thus demonstrating the potential in solid state

sensors for nitroaromatic explosives.

In 2015, lyer et al.* developed a new strategy of introducing an ionic functionality on to
the side chain of the polymer as a receptor for the specific interaction of CP with the
target analyte. Methyl imidazolium group was introduced into the precursor polymer
system to form a cationic polymer P7 (Figure 1.8). Since PA exists as a negative entity in
aqueous solution and the receptor attached to the CP is positively charged so there is a
strong electrostatic attraction which brings the PA in close vicinity resulting in efficient
charge transfer or energy transfer from the conjugated polymer to the analyte and
ultimately amplified fluorescence quenching is obtained. Here, in this case highest
quenching constant K, of 1 x10” M™* and a detection limit of 128 ppt was obtained which
confirms the method to be highly sensitive towards PA. Furthermore, paper strip and
polymer doped chitosan films were used for the contact mode detection of PA which
confirms the method to be practicable.

/
N
HOE o
o0
;. Blo P7

Figure 1.8 Structure of P7

1.4.2 Detection of anions

It is known that selective detection of fluoride anion can be achieved by exploring the
unique reactivity of fluoride towards silicon. As shown in Figure 1.9a fluoride triggered
the removal of silyl from compound 1 which results in the formation of a highly emissive
compound 2 (coumarin fluorophore). Swager et al.** in 2003 designed polymer P8

(Figure 1.9b) and applied the above strategy for the amplified detection of fluoride by
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exploiting the exciton-transporting property of CPs. As anticipated, fluoride induced
formation of coumarin residues along the polymer chain acts as local band gap traps for
the migrating excitons and thus gives an enhanced signal response up to 100-fold
compared to single molecule-based detection.

/j oCOOEt -~y 0o

1 SiC J o2
\F COOEt

b ~ “COOEt
OTIPS
ST
Ci2Hzs0  OCy3Hzs5 =
7 N = ¢ N :}
P8 n

Figure 1.9 (a) Fluoride triggered cleavage of Si-O bond (b) Structure of P8.

In 2010, Schanze et al.** developed a cationic CPE P9 (Figure 1.10) based on poly
(phenyleneethynylene) via Sonogashira coupling reaction with polyamine side chains and
explored its application in the ratiometric detection of pyrophosphate (PPi) with a
detection limit of 340 nM. Polymer P9 was designed in such a way that it shows red shifts

in both emission and absorption spectra upon aggregation.

® 9
NH,CI

e o ® ©

CIH;N NH;Cl

Figure 1.10 Structure of P9.
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This phenomenon of colour change by switching from free chain state to the aggregate
state was then explored for the naked eye detection of PPi in aqueous solution via analyte
induced aggregation of CPE. Upon gradual addition of increasing concentration of PPi
into the aqueous solution of P9, the absorption band at 400 nm decreases and a new
absorption band appear at 430 nm. The emission spectra also reveal the clear transition
between the two states as the blue emission with well resolved peaks between 433-455
nm decreases in intensity with increasing PPi concentration accompanied by increase in
the green emission band at 520 nm. This large red-shift of about 90 nm is due to the
efficient intermolecular exciton coupling among the polymer chains which results in

lowering of energy in aggregate state.

In 2011, Wang et al.*® developed a new CP P10 (Figure 1.11) based on polyfluorene and
dicyano-vinyl as a highly selective and sensitive sensor for cyanide. The design of P10 is
based on the fact that dicyano-vinyl group is a reactive site for cyanide via nucleophilic
addition reaction which may disrupt the effective conjugation length of the polymer
backbone and perturb its optical properties. Moreover, because of the exciton-diffusing
property of CPs along its backbone, the nucleophilic adduct thus formed acts as a charge
trapping sites which may enhance the fluorescence quenching effect and ultimately
results in the higher sensitivity of the CP for cyanide ion with a detection limit of 14 ppb.
Furthermore, naked eye detection of cyanide was also observed upon adding cyanide ions
into the polymeric solution as the colour changes from yellow green to colourless, while

as no colour change could be observed in presence of other common anions.

Figure 1.11 Structure of P10.

In 2012, Scherf et al.** studied the self-assembly complex formation between the cationic
CPE P11 (Figure 1.12) and two anionic surfactants i.e. sodium octyl sulfate (SOS) and
potassium heptadecafluoro-1-octanesulfonate (PFOS) both of which are industrially
important. The absorption and emission spectra of P11 were vividly changed in presence

of anionic surfactants due to the formation of self-assembly via ionic complex formation.
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It was observed that subtle structural differences between these surfactants has helped to
understand the effect of head group charge density, chain rigidity, and hydrophobicity on
both the complex structure and optical properties using UV/vis absorption, fluorescence
and Small-Angle Neutron Scattering (SANS). It was concluded that P11 is capable of
identifying anionic surfactants with distinct subgroups via dual mode detection.

B?(‘B -

AN

/ \

S n P11

Figure 1.12 Structure of P11.

In 2015, lyer et al.*® synthesized a new CPE P7 (Figure 1.8) via oxidative polymerization
which displayed high selectivity and sensitivity towards most common anionic surfactants
sodium dodecyl sulphate (SDS) and sodium dodecyl benzenesulfonate (SDBS) under
various harsh conditions such as full pH range (1-14), urine, and in brine as well as in sea
water. Polymer P7 is very efficient in detecting and discriminating these moderately
dissimilar anionic surfactants under acidic and basic conditions with a detection limit of
31.7 and 17.3 ppb respectively for SDBS and SDS in aqueous solution. Furthermore, P7
could also remove these hazardous surfactants at very low levels from the water and other
biological medium such as urine in the form of gel or precipitate as a result of its
differential aggregation behaviour due to inter-polymer cofacial arrangement via

Columbic attraction.

1.4.3 Detection of biomolecules

In 2004, Bazan et al.*® synthesized a multipurpose cationic CPE P12 (Figure 1.13) via
Suzuki-coupling copolymerization technique by introducing 5% 2,1,3-benzothiadiazole
(BT) units into cationic poly(fluorine-co-phenylene) to obtain two distinct emission
colors from a single polymer chain. The cationic polymer P12 strongly interacts with
oppositely charged DNA molecule in aqueous solution, resulting in aggregation of
polymer chains. Such inter-polymer interactions lead to increase in the local
concentration of benzothiadiazole (BT) units (responsible for FRET) and inter-chain
contacts that subsequently improve electronic coupling between the optical partners. This
ultimately facilitates the energy transfer process from the fluorine-phenylene (donor)
segments to BT (acceptor) units, thus enabling the change in emission color of solution
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from blue to green that aided in the determination of DNA concentration. Furthermore,
the authors demonstrated that polymer P12 could also be employed as a three-color DNA
assay using a PNA-C* strand. Depending upon the content of solution, three different
emission colors could be obtained i.e. (i) blue (in the absence of DNA), (ii) green (in the
presence of non-complementary ssDNA) and (iii) red (in the presence of complementary
ssDNA). Taking advantage of the signal amplification effect of CPs, fine-tuning of

electrostatic and optical events leads to multicolour biosensing assay.

@ @
BrMe;N P12 NMe;Br
Figure 1.13 Structure of P12.

In 2009, Liu et al.*® designed and synthesized two cationic CPEs P13 and P14 which
differ only by side chains (Figure 1.14). These benzothiadiazole (BT) based CPEs shows
low fluorescence emission in aqueous solution while as its fluorescence increases in
aggregated state. Taking the advantage of complexation-induced aggregation behaviour, a
fluorescence turn-on sensor has been developed for the detection and quantification of
heparin. A substantial increase in the fluorescence response of the polymer in presence of
heparin as compared to its analog hyaluronic acid (HA) is because of its strong
complexation with heparin, thus allowing discrimination of heparin from HA. The
advantage of this strategy is that it does not require a prequenching technique and the

analyte can be detected directly using this polymer system.

e o @
BrMe;N P13 NMe;Br  BrMe;N P14 NMe;Br

Figure 1.14 Structure of P13 and P14.

In 2009, Liu et al.>’ designed a ligand-analyte binding facilitated energy transfer strategy
for lysozyme detection using anionic CPE P15 (Figure 1.15) and dye labeled aptamer.
When the lysozyme interacts with the dye-labeled aptamer FRET occurs from P15 to dye
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because of the strong electrostatic interactions and green colour formation. In the absence
of lysozyme no FRET happens and the colour of the solution is blue. The simplicity,
sensitivity and specificity of this method has been explored by using lysozyme and
lysozyme aptamer which has not been observed in other methods like electrochemistry,
ELISA, aptamer assay based lysozyme assay therefore, this method has been successfully

applied in biological media.

Q-0

SO;Na P SO;Na

Figure 1.15 Structure of P15.

In 2015, Wang et al.*® designed new water soluble CP P16 (Figure 1.16) with PEG side
chain to which carboxylic acid group and boronate-protected fluorescein is covalently

attached.
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Figure 1.16 Structure of P16 and its conversion into P17 in presence of H,0,.
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Carboxylic acid functionality and PEG chain not only increases the solubility of the
polymer in water but also reduces nonspecific interactions with the cells and allows
further modification of CP. Efficient fluorescence resonance energy transfer (FRET)
takes place from P17 backbone to fluorescein unit in the presence of H,O, upon
excitation at 380 nm and the colour of polymer solution changes from blue to green.
Therefore, the polymer probe shows good ratiometric fluorescence response to H,0O, that
was generated from choline and acetylcholine (Ach) under AChE/ChOx enzyme-coupled
reaction. The present strategy realizes choline and ACh detection in a simple and

selective manner and presents high specificity to choline and ACh, respectively.

1.5 Objective and conclusion of the thesis work

The primary focus of the present study was to design and develop conjugated
polyelectrolyte (CPE) based fluorescence sensors for the sensitive and selective detection
of various target analytes including explosive materials, environmental contaminants,
fingerprint residues, cancer biomarkers etc. with an aim to overcome the challenges and
problems arising in the existing sensing systems. Among various CPs, polyfluorene (PF)
was chosen for sensing studies due to its ease of synthesis, low-cost, high photostability,
high quantum yield and excellent film forming ability. All of these properties enable PF
to be explored as excellent candidates for optical sensor applications. The key objective
and conclusion for each work is described below:

++ Picric acid (PA) is a superior explosive material and was extensively used until World
War-1 due to its potent explosive nature than TNT. Owing to the incredible solubility of
PA in water and widespread applications in various industries and forensic investigations,
it is likely to contaminate soil and ground water when exposed and is responsible for
several health disorders. Therefore, development of superior methods for monitoring the
traces of PA in multiple environments remains a challenging task for the researchers due
to its low vapour pressure, absence of any specific receptor for PA and interference from
other electron deficient nitroexplosives. Chapter Il highlighted the synthesis and
characterization of conjugated polymer nanoparticles for the selective and sensitive
detection of PA on multiple platforms including including aqueous solution, contact mode
as well as in vapor phase.

¢+ Tetracycline (Tc) is a versatile broad spectrum bacteriostatic antibiotic, known to inhibit
the protein synthesis by binding with the 30s ribosome subunit. Because of its broad
spectrum activity, good oral absorption, relatively low toxicity and cost effectiveness, it

14
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has been broadly used in the treatment of bacterial infections in humans, veterinary
animals and fish. The misuse or abuse of these antibiotics has led to the elevated levels of
resistant antibiotic residues in both surface and ground water, in drinking water as well as
in animal products, which has promoted the evolution of multidrug and antibiotic
resistant bacteria. Chapter 111 described the synthesis and characterization of a new
anionic conjugated polyelectrolyte and its application in the sensitive detection and

removal of broad spectrum antibiotic tetracycline Tc from water.

X/
°e

Anionic surfactants (SDS/SDBS) form a major source of environmental pollutant due to
their widespread use in personal, home/car cleaning agents, industrial and agricultural
processes. These surfactants are considered as emerging pollutants. Therefore, their
determination at very low levels in the waste water, food preparations, pharmaceuticals,
as masking agents in drug-abuse, in biological mediums etc. is highly significant. Chapter
IV discussed the synthesis of cationic CPE which has been applied for the detection of
widely used anionic surfactants SDS/SDBS in aqueous solution via the phenomenon of
FRET. Furthermore, the polymer-surfactant assembly thus formed via electrostatic as
well as hydrophobic interactions has been explored for the non-invasive detection of
spermine (considered as an excellent biomarker for early cancer diagnosis) in urine
samples.

% Latent fingerprints (LFPs) obtained at the site of crime are considered as important
physical evidence in forensic investigation because of the uniqueness in ridge pattern for
each individual and thus, can be helpful in cracking a criminal case. Mostly LFPs found
are not visible to naked eye under ambient light, hence additional efforts are required for
easy visualization. Chapter V discussed the synthesis of a new AIEE active CPE which
finds it’s practicability in the development of latent fingerprints on various substrates
including plastic, glass, aluminium foil, metallic substrates, etc. without any additional

treatment.
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Chapter 2

Conjugated Polymer Nanoparticles for the Amplified
Detection of Nitro-explosive Picric Acid on Multiple
Platforms
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Abstract

Spontaneously formed conjugated polymer nanoparticles (CPNs) or polymer dots
displayed remarkable fluorescence response towards nitroexplosive-picric acid (PA) in
multiple environments including 100% aqueous media, solid support using portable paper
strips and vapor phase detection via two terminal device. This new cationic conjugated
polyelectrolyte (CPE) poly(3,3'-((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(1-methyl-1H-imidazol-3-ium)bromide) (PFMI) was synthesized by Suzuki
coupling polymerization followed by post functionalization method without employing
any hectic purification technique. Highest quenching constant value (Kg,) of 1.12 x 10°
M™ and a very low detection limit of 30.9 pM/7.07 ppt were obtained exclusively for PA
in 100% aqueous environment which is rare and unique for any CPE/CPNs. Contact
mode detection of PA was also performed using simple, cost-effective and portable
fluorescent paper strips for achieving on-site detection. Furthermore, the two terminal
sensor device fabricated with nanoparticles of PEFMI (PFMI-NPs) provides an exceptional
and unprecedented platform for the vapor mode detection of PA under ambient
conditions. The mechanism for the ultra-sensitivity of PFMI-NPs probe to detect PA is
attributed to the “molecular-wire effect”, electrostatic interaction, photoinduced electron

transfer (PET) and/or possible resonance energy transfer (RET).
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2.1 Introduction

The development of reliable methods for the rapid and selective detection of ultra-trace
amounts of nitro-explosive are of vital concern for national security as well as
catastrophic environmental pollution.*® Although, RDX and 2,4,6-trinitrotoluene (TNT)
are the most widely used nitroexplosives; picric acid (PA) is another superior explosive
material having low safety coefficient, high detonation velocity and extensively used until
World War-I due to its potent explosive nature than TNT. Owing to the incredible
solubility of PA in water and widespread applications in various industries (leather,
pharmaceutical, chemical and dye industries) and forensic investigations, it is likely to
contaminate soil and ground water when exposed and is responsible for several health
disorders viz. sycosis, cancer, anaemia, cause strong irritation to eye/skin and potential
destruction of liver, kidney and respiratory organs.”*® Hence, there is an urgent need to
develop superior methods for monitoring the traces of PA in multiple environments
including aqueous solution, contact mode and vapor phase rapidly, in order to avert

terrorist threats as well as monitoring environmental pollution.

Though, several analytical techniques have been employed for the detection of
nitroaromatics, most of them are expensive, complex, less sensitive, time consuming and
suffer from various drawbacks such as portability and on-site detection capability making
them inappropriate for practical applications.>**™ Fluorescence signaling is considered as
a primary tool for the detection of nitroexplosives due to its simplicity and diverse notable
features viz. remarkable sensitivity, short response time and potential in both solution as
well as solid state. Hence, much attention has been paid in designing fluorometric sensors

14,16-25 26

for explosives based on oligomers/conjugated polymers, metal-

27-32 33-38

quantum dots,

organic frameworks, micro/nanoaggregates, etc. However, most of the sensors for
PA detection have reported problems of limited selectivity, low sensitivity, on-site
detection incapability and unviability in 100% aqueous medium as well as incapable
vapor phase detection (Surprisingly, there are no efficient methods developed for vapor
phase detection of PA). Thus, development of superior probes for monitoring PA with
ultra-sensitivity and high selectivity in 100% aqueous medium, solid state on-site as well

as in vapor phase is highly desirable and challenging in the present context.

To attain ultra-sensitivity, a few approaches have been made in designing CP based
probes for the detection of PA.X21223941 However, low selectivity due to the absence of
suitable receptor, interferences by other electron deficient nitro analytes, impracticability
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in 100% aqueous media and vapor mode detection persists as a challenge for researchers.
Recently, conjugated polymer nanoparticles (CPNs) have emerged as a fascinating class

of nanomaterials***3

in the field of chemical and biological sensing, imaging and
diagnosis due to their numerous advantages viz. high quantum efficiency, low
cytotoxicity, super-sensitivity, excellent photostability against photobleaching, etc. It is
noteworthy to mention that no efficient platforms for the selective detection of PA via
CPNs, as well as no devices or proficient methods for the vapor phase detection of PA
have been ever developed, thereby presenting huge opportunities that are yet to be
explored. This motivated us to develop a highly efficient and reliable protocol for
monitoring traces of nitroexplosive-picric acid in multiple media and forms [solution
(liquid in various solvents), disposable paper film (solid/powder form) as well as devices
(vapor/gas)] using CPNs in order to gain ultra-sensitivity and high/unambiguous signal

response.

Device based sensors have been proved as promising and excellent candidates for the
detection of volatile materials due to their ultra-low cost, high sensitivity, good
reproducibility, viability under ambient condition as well as capability to be miniaturized
and quantified.***" However, low volatility of the sensing analyte remains a major
obstacle for investigators in developing such detection methods. Although, gas sensors
have been designed***®*49 for monitoring trace amounts of explosives such as TNT,
DNT etc., an efficient system for the vapor mode detection of PA remains unexplored.
Since, PA has very low vapor pressure (7.4 x 10”7 mm Hg at 25 °C) compared to several
other nitroexplosives (including TNT and DNT) therefore, development of a suitable
device for vapor phase sensing of PA with high signal response is extremely challenging
yet remains highly desirable.

Herein, we report the synthesis and characterization of a new conjugated polymer PFMI
using Suzuki coupling method in high yields without employing any tedious purification
technique. The pendant cationic imidazolium groups attached on the side chains of the
polymer PFMI act as a specific recognition site for PA and also facilitate the solubility of
this probe in polar solvents (DMSO, methanol etc.). Spontaneous re-precipitation method
was employed to generate nanoparticles (PFMI-NPs) that were well characterized.
Detection for PA was achieved at picomolar levels for the first time using CPNs in 100%
aqueous media as well as in solid state using portable paper strips that makes the protocol

simple, reliable and practical. Furthermore, a two terminal sensor device was fabricated
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on glass substrate using PFMI-NPs and conductivity measurements performed with these
devices establishes the ability of PFMI-NPs to monitor and quantify trace vapors of PA
under ambient conditions which were inaccessible previously due to the extremely low
volatility of PA.

2.2 Experimental

2.2.1 Materials and measurements

Nitro-explosive picric acid was purchased from LobaChemie. TNT and RDX were
obtained from AccuStandard and used as received. All other nitroaromatics and chemicals
were obtained from Sigma Aldrich, Merck and Alfa Aesar. Milli-Q water was used in all
sensing experiments. The *H NMR (600 MHz and 400 MHz) and **C NMR (150 MHz
and 100 MHz) spectra were obtained on Bruker Ascend 600 spectrometer and Varian-
AS400 NMR spectrometer, respectively. Photoluminescence spectra were recorded on a
Horiba Fluoromax-4 spectrofluorometer using quartz cuvettes of 10 mm path length with
a slit width of 2 nm at room temperature. Perkin ElImer Lambda-25 spectrophotometer
was used to record absorption spectra. Gel Permeable Chromatography was carried out in
THF using polystyrene as standard. Sonication was performed in 500 Watt Sonics Vibra-
Cell Ultrasonic Processor. Electrochemistry was performed in CH instruments Model
700D series Electrochemical workstation. Film thickness was recorded by using Dektak
150 Profilometer. Whatman® qualitative filter paper (Grade 1) was use to prepare
fluorescent test strips. Edinburgh Life Spec Il instrument was employed for performing
time resolved fluorescence studies. PFMI-NPs were visualized using Field emission
scanning electron microscope (FESEM) (Zeiss sigma microscope) at an accelerating
voltage of 2 kV. Transmission electron microscopic (TEM) images were recorded on
JEOL 2100 UHR-TEM instrument, operating at 200 KV.

2.2.2 Synthetic procedure

2.2.2a Synthesis of 2, 7-dibromo-9, 9-bis (6-bromohexyl)-9H-fluorene (M1)

In a round bottom flask 2, 7-dibromofluorene (0.50 g, 1.54 mmol) and a catalytic amount
of TBAI (0.057 g, 10 mol%) were added as reported.® The flask was degassed and 50%
aq NaOH was introduced via syringe. To remove traces of oxygen from the reaction
vessel freeze- pump-thaw cycles were applied three times followed by degasing and
purging of argon after each cycle. 1,6-Dibromohexane (2.25 g, 9.25 mmol) was added via
syringe (degassed) into the reaction vessel and the reaction mixture was heated at 70 °C

for 4h. The reaction mixture was cooled to room temperature, extracted with chloroform
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and dried over anhydrous sodium sulfate. The solvent was removed under vacuum to get
the crude product which was purified by column chromatography to get the product as

colorless crystals. (Yield=0.7 g, 70%)

'H NMR (400 MHz, CDCl3 8 ppm): 7.52 (d), 7.43 (t), 3.29 (1), 1.94 (t), 1.67-1.61 (m),
1.23-1.14 (m), 1.10-1.14 (m), 0.59-0.55 (m).

3C NMR (100 MHz, CDCls, 5 ppm): 152.57, 139.27, 130.42, 126.31, 122.32, 55.81,
42.24, 40.29, 33.77, 29.84, 26.64, 23.78.

2.2.2b Synthesis of poly 9, 9-bis (6-bromohexyl)-2-phenyl-9H-fluorene (PF)

A mixture of M (0.200 g, 0.31 mmol), tetrakistriphenylphosphine palladium(0) (0.018 g,
0.015 mmol), benzene-1,4-bisboronic acid (0.053 g, 0.32 mmol), 5 mL of 2 M aq.
solution of K,CO3 and THF (15 mL) were taken in a Schlenk tube fitted with a
condenser. The reaction mixture was degassed thrice by freeze-thaw cycles to remove air
from the tube followed by refluxing for 24h under argon atmosphere. The reaction
mixture was then cooled, extracted with chloroform/water thrice. The organic layer was
evaporated to dryness and purified by repeated precipitation in methanol to get the
product as a light yellow colored solid. (Yield=75%, 0.110 g).

'H NMR (600 MHz, CDCls 5 ppm) : 7.82(b), 7.77(b), 7.69(b), 7.65(b), 7.48(b), 3.29(b),
2.09 (b), 1.68(b), 1.58(h), 1.31(b), 1.25(h), 1.13 (b), 0.79(h).

3C NMR (150 MHz, CDCls, & ppm): 151.43, 140.18, 139.69, 128.03, 127.59, 127.04,
126.17, 121.34, 120.21, 55.19, 40.31, 33.97, 32.63, 29.68, 29.08, 27.75, 23.64.

2.2.2c Synthesis of poly (3, 3'-((2-phenyl-9H-fluorene-9, 9-diyl)bis(hexane-6, 1-
diyl))bis(1-methyl-1H-imidazol-3-ium) bromide) (PFMI)

The polymer PFMI was prepared according to previously reported procedure.”> In a 50
mL round-bottom flask, PF (0.100 g, 2.1 mmol) and excess of 1-methylimidazole were
taken and kept for reflux under stirring condition at 80 °C for 24h. The reaction mixture
was then decanted into excess chloroform (20 mL) and stirred for 1-2h to get a
precipitate. The process was repeated thrice to remove excess of 1-methyl imidazole. The
precipitate was then filtered out and dried to obtain dark yellow colored product.

(Yield=63%, 0.096 g)

IH NMR (600 MHz, DMSO-ds, & ppm): 9.05 (b), 7.92 (b), 7.78 (b), 7.69 (b), 7.68 (),
7.64 (b), 7.61 (b), 4.02 (b), 3.77 (b), 2.16 (b), 1.56 (b), 1.33 (b), 1.22 (b), 1.09 (b), 0.99
(b) 0.86 (b), 0.59 (b).
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3C NMR (150 MHz, DMSO-ds, & ppm): 151.18, 139.96, 138.89, 135.94, 128.62, 126.94,
126.22, 125.49, 123.17, 121.79, 120.44, 120.03, 54.95, 48.85, 35.02, 29.25, 28.70, 25.32,

23.40.
Br. Br Br Br
aa atases
(M1) (PF)
63 %l(c)
N\

N N’
N, © o _Ir
«\,N@ Br Br @N\/)

S0,

(PFMI)

Scheme 2.1 Synthesis of the polymer-PFMI. (a) 1, 6-Dibromohexane, 50% ag. NaOH,
TBAI, 70 °C, 4h. (b) Tetrakis(triphenylphosphine) palladium (0), benzene-1,4-diboronic
acid, 2M K;COs (aqg.), THF, reflux, 24h. (c) 1-methyl imidazole, reflux, 24h.

2.2.3 Preparation of PFMI-NPs

The nanoparticles of PFMI were prepared via the well-established re-precipitation
technique.”’ The procedure involves the preparation of a stock solution of PEMI (10 M)
in methanol followed by filtration through 0.22 pm polytetrafluoroethylene filter. The
polymeric solution (200 pL) was then added into 2 mL of Milli-Q water under sonication
at 20 kHz/500 watt, 5 min using a microtip probe sonicator. The dispersion was
vigorously stirred at 50 °C on a hot plate to evaporate the residual methanol present in the

solution. The morphology of nanoparticles was studied by FESEM and TEM.

2.2.4 Preparation of stock solutions for sensing studies

Stock solution of PFMI-NPs and various other nitroaromatic compounds viz. picric acid
(PA), nitrobenzene (NB), nitromethane (NM), phenol, 4-nitrophenol (4-NP), 2,4-
dinitrophenol (2,4-DNP) were prepared in MilliQ water at concentrations of 1 X 10° M
and 1 x 10™ M, respectively. Nitroaromatics viz. 2,6-dinitrotoluene (2,4-DNT), 2.4-
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dinitrotoluene (2,6-DNT), 4-nitrotoluene (4-NT), 1,3-dinitrobenzene (1,3-DNB) were
prepared at concentrations of 1 x 10* M in HPLC grade THF. Stock solution of RDX and
TNT were prepared in 1:1 CH3CN: MeOH at a concentration of (1 x 10 M). The
absorption and fluorescence measurements of the PFMI-NPs with various analytes were
carried out in 3 mL aqueous solution containing 6.6 x 10° M PFMI-NPs in a quartz

cuvette (1 cm x 1 cm).

2.2.5 Quantum yield calculations
Photoluminescence quantum yield (®s) of PFMI-NPs were determined using quinine

sulphate (®s = 0.54 in 0.1 M H,SO,) as standard from the equation shown below.
D= D, (AFJAF)(Ms* /M)

Where, r and s represent reference and sample, @ denotes the quantum yield, A signifies
absorbance, F shows relative integrated fluorescence intensity and n implies the refractive

index of the medium.

2.2.6 Calculation for overlap integral value and Forster distance
The extent of energy transfer was determined by calculating the overlap integral values

for all the nitroexplosives using the equation®® shown below.

@) = f Fp(A) £, ()A*dA

0

where, J(A) denotes the overlap integral value, Fp (A) represents corrected fluorescence
intensity of PFMI-NPs from A to AX with total intensity normalized to unity, ea signifies

molar absorptivity of the acceptor at A in M*em™.

Forster distance Ry was also calculated for the interaction of PFMI-NPs with

nitroexplosives using the equation shown below:

1/6

Ry = 0.211[(NQ (™" (k)]

where, J represents the of extent of spectral overlap between the emission spectrum of
donor and absorption spectrum of acceptor, Q denotes the photoluminescence quantum
yield of PFMI-NPs (donor), k? signifies dipole orientation factor (generally consider as

0.667) and n is the refractive index of the medium.
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2.2.7 Method used for detection limit calculation

For the determination of detection limit, various samples of PFMI-NPs (6.6 M) each
containing PA (0.16 nM, 0.33 nM, 0.50 nM, 0.66 nM, 0.83 nM and 1 nM) were prepared
separately. The fluorescence spectrum was then recorded for each sample by exciting at
380 nm. A calibration curve was plotted between change in the fluorescence intensity and
concentration of picric acid to obtain the regression curve equation. The detection limit
(LOD) was then calculated using the below equation.

3o/k

where o is the standard deviation (S.D.) for five repeated fluorescence measurements of

PFMI-NPs solution in the absence of PA and k denotes the slope of the curve.

2.2.8 Cyclic voltammetry studies

Electrochemical measurements were carried out using three-electrode cell with platinum
wire as counter electrode, saturated Ag/AgNO3 electrode as reference electrode and a
glassy carbon as working electrode. Tetrabutylammoniumhexafluorophosphate (0.1 M) in
acetonitrile was used as supporting electrolyte. The Fc'/Fc couple was employed as
internal reference and all the measurements were performed at room temperature under
inert atmosphere. Single oxidation peak was observed for PEMI-NPs. The HOMO level (-
6.03eV) was calculated from the onset method [Exomo = —(E(onset,ox vs. Fe+ire) + 4.8) (V)]
Band gap (2.95eV) of PFMI-NPs were determined from the onset of UV-visible spectrum
to calculate its LUMO level (-3.08eV).

2.2.9 Preparation of fluorescence test strips

Fluorescent test strips were prepared by dipping Whatman filter paper (70 mm diameter)
in the solution of PFMI-NPs (10 M) in methanol followed by drying the solvent in air.
The filter paper coated with PFMI-NPs were then cut into desired number of pieces (1 cm

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

2.2.10 Device fabrication and electrical measurements

For the fabrication of a two-terminal sensor device, microscopic glass slides were used as
substrates. The glass substrates were cleaned in piranha solution (3:1/H,S04:H,0,) before
washing it several times with deionized water. The cleaned substrates were then dried
under vacuum at 100 °C. Using masking, 150 nm thick aluminum (Al) electrodes were
deposited on to clean glass substrates by thermal evaporation under high vacuum <107
mbar to make a blank channel with 30 um length (L) and 1500 pm width (W). From the
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stock solution of PFMI-NPs (10~ M) in water, a volume of 10 pL was drop-casted over
the channel between electrodes. The solvent was fully dried by heating on a hot plate for
10mins at 50 °C to form a thin film (thickness ~60 nm) across the fabricated Al
electrodes. The electrical characteristics of the devices were carried out under ambient

condition using a Keithley 4200-SCS semiconductor parameter analyzer.

2.2.11 Vapor phase detection

For vapor phase detection, 50 mg of various nitroaromatics (2,4-DNT, 2,6-DNT, NB, NT
and PA) were kept for two days in 20 mL airtight glass vials to ensure complete
saturation over the area of headspace. The concentration of vapors in the headspace was

calculated using the following equation.
Saturation concentration (ppm) = V.P. (mm Hg)/760 mm Hg x 10°

where, V.P. denotes vapor pressure™ of various nitroaromatics.
Each nitroaromatics were then diluted to desired concentration by air and injected into the

gas chamber using air tight syringe.

2.3 Result and discussion

2.3.1 Synthesis and characterization of PFMI and PFMI-NPs

The cationic conjugated polymer poly(3,3'-((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-
6,1-diyl))bis(1-methyl-1H- imidazol-3-ium) bromide) (PFMI) was synthesized using
Suzuki coupling polymerization method followed by post functionalization technique
with 63% yield as shown in Scheme 2.1 and characterized by NMR shown in (Figure
A2.1-2.6). The molecular weight (M) of precursor polymer PF was found to be 15101 g
mol™?, PDI-2.25 (Figure A2.7). N-methyl imidazolium groups attached onto the side
chains of the polymer act as specific recognition sites for PA and also provide excellent

solubility to PFMI in polar solvents such as DMSO and methanol.

The PFMI-NPs were prepared via well-established re-precipitation method™ (Figure
2.1a) and characterized by FESEM and TEM that reveals the presence of spherical
shaped nanoparticles with average sizes of ~30 nm (Figure 2.1b & 2.1c). The SAED
pattern of PFMI-NPs exhibited a broad hollow ring, which is attributed to its amorphous
nature (Figure 2.1d). The zeta potential of PFMI-NPs at 25 °C in water was found to be
62.8 mV+1.2.
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Figure 2.1 (a) Structure of newly synthesized polymer PFMI and its corresponding
nanoparticles (b) FESEM and (c) TEM image showing spherical shaped PFMI-NPs with
the average sizes of ~30 nm. (d) SAED pattern of PFMI-NPs exhibited a broad hollow

ring confirming the amorphous nature of molecules.

2.3.2 Sensing studies in aqueous medium

The sensing studies were performed using both free polymer (PFMI) as well as its
nanoparticles (PFMI-NPSs). The cationic polymer PFMI displayed absorption maximum at
370 nm with an emission maximum (excitation 370 nm) of 418 nm and vibronic shoulder
at 440 nm in water. Compared to free polymer PFMI, the PFMI-NPs exhibit a red shifted
absorption peak positioned at 380 nm (Figure A2.8) and emission at 420 and 444 nm
(excitation 380 nm) respectively, indicating an increase in 7-x interaction due to the close
association of backbone chains.>* The photoluminescence quantum yield (®s) of PFMI-
NPs was found to be ~46% in aqueous media. PFMI-NPs displayed unprecedented
efficiency during sensing experiments compared to free polymer PFMI, established via
the high signal response and low detection limit value obtained for PA with PFMI-NPs.
Hence, PFMI-NPs were chosen as probes rather than free polymer PFMI for studying

sensing behavior towards various nitroexplosives.

To demonstrate the sensing behavior of PFMI-NPs towards nitroexplosives in solution
state, fluorometric titration was performed with various common explosive materials viz.
RDX, TNT, PA, NB, NM, 4-NP, 2,4-DNP 2,4-DNT, 2,6-DNT, 4-NT, 1,3-DNB and
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phenol in aqueous media. Interestingly, only PA displayed significant response towards
the emission of PFMI-NPs compared to all other analytes. Instant fluorescence quenching
of ~25% was observed on adding 33 nM PA solution to PFMI-NPs (6.6 M) in aqueous
media that further reaches to ~94% on total addition of 0.5 uM PA (Figure 2.2a). The
quenching efficiency was studied via Stern-Volmer plot (Io/I vs [Q] where, ‘I,” denotes
fluorescence intensity in the absence of quencher, ‘I’ represents fluorescence intensity at
various concentrations of PA and ‘Q’ implies concentration of quencher) to acquire the
Stern-Volmer constant (Ks,). The Ky, obtained from the linear fitting of plot was found to
be 1.12 x10® M, signifying very high sensitivity of PFMI-NPs for PA (Inset of Figure
2.2a).

Interestingly, other nitroexplosives used in the present study did not cause any significant
changes on the photophysical properties of PEMI-NPs (Figure 2.2b & Figure 2A.9).
From the S-V plot of nitroexplosives (Figure 2.2c), it was clear that at lower PA
concentration, linearity in the curve was obtained which indicates static quenching
mechanism. However, at higher concentration the curve deviates and increases
exponentially suggesting an amplified signal response via the dynamic quenching
process. This non-linear nature of S-V plot may also indicate the possibility of self-
absorption or an effective energy transfer process in the quenching mechanism.®*
However, all other nitroexplosives used in the present study did not display any deviation
in the curve and remained linear even at higher concentration, confirming the absence of
energy transfer mechanism. The limit of detection (LOD) value calculated for PA on the
basis of the standard method reported® was observed to be 30.99 pM/7.07 ppt (Figure
2.3). To the best of our knowledge, such high K, and incredibly low LOD value is being
reported for the first time using CPNs in 100% aqueous media and is superior among all

the previous detection methods for PA (Table A2.1).

2.3.3 Demonstrating selectivity in competitive environment

The specific recognition of PA is an exciting and appealing area of research. However,
owing to the similar electron deficient nature of all the nitroexplosives, the specific
recognition of PA remains a challenging task for researchers. To validate the selectivity
of PFMI-NPs system, its fluorescence quenching by PA was performed in the presence of
different nitroexplosives. It is noteworthy to mention that PFMI-NPs showed remarkable
response towards PA even in the presence of various common interfering nitro analytes

(Figure 2.2d & Figure A2.10a-A2.10i). Similar experiments were also performed in the
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presence of various common metal ions (Cr**, Ni**, zn?* AP**, Co**, Pb**, Cd*", Mn*",
Cu?*, Ag', Ca**, La** and Fe**) as well as anions (BHs , NO3, N3, S, BF4, H.POy,
HPO,%, PO,* and AcO") usually found in natural water. Interestingly, PEMI-NPs showed
exceptional response exclusively towards PA even in the presence of these most common

interfering analytes (Figure A2.10j & A2.10K) validating the applicability of this system
for the investigation of natural water samples.
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Figure 2.2 (a) Emission spectra of PFMI-NPs (6.6 uM) with variable concentration of PA
in aqueous media. Inset: Stern-Volmer plot at lower PA concentration. (b) Bar diagram
showing the effect of various nitroexplosives (0.5 pM) on the emission of PFMI-NPs (6.6
pMM). (c) Stern-Volmer plots obtained for different nitroexplosives used in the study. (d)
Percentage quenching of PFMI-NPs (6.6 pM) obtained for various nitroexplosives (0.5
M) before and after addition of PA (0.5 uM) in aqueous media.

To elucidate the effect of ionic strength on PA sensing by PFMI-NPs, fluorescence
quenching experiment was performed in the solutions of different salt concentration (0,
0.1, 0.2, 0.4, 0.6, 0.8 and 1M NaCl). It was observed that increasing the ionic strength
reduces the quenching efficiency due to the weak Columbic interaction between the
oppositely charged PFMI-NPs and PA molecules (Figure 2.4). Yet, the quenching
efficiency of ~50% was observed in the presence of 1M NaCl which confirms that PFMI-
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NPs system can detect PA even at relatively high electrolyte concentrations in the

aqueous media.
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Figure 2.3 Fluorescence intensity of PEMI-NPs in aqueous medium as a function of PA

concentration.
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Figure 2.4 (a) PL spectra depicting the change in emission of PFMI-NPs (6.6 uM) after
adding PA (0.5 pM) in the solution containing various concentrations of salt. (b) The

effect of ionic strength on the quenching efficiency of PFMI-NPs by PA.

2.3.4 Sensing mechanism

The origin of the remarkable selectivity and the exceptional quenching efficiency by PA
can be explained via the electrostatic interaction between PA and PFMI-NPs. Since PA
consists of strong acidic phenolic —OH group with the ability to deprotonate in aqueous
medium, positively charged PFMI-NPs have strong tendency to interact with the resulting
picrate ions through Columbic interaction. This interaction may further facilitate the
electron and/or energy transfer process. To investigate the possibility of electron transfer
process in the quenching mechanism, higher occupied molecular orbital (HOMO) level
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and lower unoccupied molecular orbital (LUMO) level of PFMI-NPs was obtained via
cyclic voltammetry studies (Figure 2.5a). There is a possibility of excited state electron
transfer from LUMO of PFMI-NPs (-3.08eV) to the LUMO of PA (-3.89eV) resulting in
the quenching process (Figure 2.5b). Although, PA (-3.89eV) has lowest LUMO level
compared to DNT (-3.5eV), NT (-3.2eV), TNT (-3.7eV) etc.,*® the quenching does not
follow the order. Thus, it can be concluded that electron transfer may not be the only
mechanism involved in the quenching process. Non-linear nature of S-V plot and the
outstanding response of PFMI-NPs towards PA suggests that an additional energy

transfer process may also be associated with the quenching process.
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Figure 2.5 (a) Cyclic voltammogram of PFMI-NPs film obtained on glassy carbon
electrode with a scan rate of 50 mV/s. (b) Pictorial representation of excited state electron
transfer from LUMO of PFMI-NPs to the LUMO of PA. (c) Spectral overlap between
emission spectrum of PFMI-NPs and absorption spectra of nitroexplosives used in the

study. (d) Time-resolved decay curves of PFMI-NPs in absence and presence of different

concentrations of PA.

To elucidate this presumption, a plot was obtained between normalized emission

spectrum of PFMI-NPs and absorption spectrum of all nitroexplosives. It is evident
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(Figure 2.5c) that there is a significant overlap between the emission spectrum of PFMI-
NPs and absorption spectrum of PA unlike other nitroexplosives. Hence, there is a strong
possibility of resonance energy transfer (RET) from the flourophore PFMI-NPs (donor) to
the non-emissive PA (acceptor), which can enhance the quenching efficiency as well as
sensitivity. The overlap integral value (J,) was calculated for all the nitroexplosives to
ascertain the extent of energy transfer. It was observed that J, value for PA (1.59 x10* M~
'em™nm®*) was significantly higher compared to other explosives by ~100 times (Table
2.1). The value of Forster distance Ry (33.32 A) for PFMI-NPs and PA interaction also
falls well in the range 10-100 A that is appropriate for RET. To confirm the nature of
quenching and the occurrence of RET from PFMI-NPs to PA, time correlated single-
photon-counting (TCSPC) experiments were performed. The lifetime of PFMI-NPs was
measured at 420 nm in the absence and presence of variable concentrations of PA using
pulse excitation 375 nm (Figure 2.5d).

Table 2.1 Overlap integral J (A) values calculated for various nitroexplosives used in the

study.

Nitro aromatic analytes J (0) values M ' cm™ nm%

PA 1.59x10"

TNT 4.17x10"

RDX 3.00x10"

NM 2.18x10%

NB 2.33x10™

4-NT 4.90x10"

2,6-DNT 4.86x10™

2,4-DNT 2.22x10™

Phenol 1.97x10™

1,3-DNB 1.89x10%

Meanwhile, the lifetime of PFMI-NPs was determined to be 0.241 ns that reduces

dramatically and shortened to 0.05 ns at 0.5 uM PA. This significant reduction in the
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lifetime strongly supports the possibility of energy transfer from PFMI-NPs to PA and
indicates a dynamic quenching mechanism.

To further clarify the interaction between PA and PFMI-NPs, a control experiment was
performed using model compounds i.e. 2,4-DNP and 4-NP having properties somewhat
similar to PA. The photophysical properties of PFMI-NPs showed similar response to
these analytes but with the quenching order as PA>2,4-DNP>4-NP (Figure 2.6). It is
notable that the quenching pattern followed the order of acidity by these analytes. Since,
PA consists of three electron deficient —-NO, groups that boost its ability to dissociate in
aqueous medium, a more favorable electrostatic interaction between PA and PFMI-NPs is
expected compared to the 2,4-DNP or 4-NP which subsequently enhanced the quenching
efficiency. This interaction may further facilitate the PET and/or energy transfer process
to deliver the remarkable response of PFMI-NPs selectively towards PA. Other
nitroexplosives that do not possess any —OH groups were ineffectual towards quenching
process even though their LUMO level lies below the LUMO level of PFMI-NPs.
Furthermore, triflic acid (TFA), a stronger acid compared to PA did not affect the
emission of PFMI-NPs (Figure 2.7), indicating that acid itself cannot quench the
fluorescence of PFMI-NPs and electron and/or energy transfer is the main factor behind

the quenching process.

~1004
> Bl rA
80- I 2.4-DNP
I 4-NP

Quenching Percentage (%

=
L

Figure 2.6 Comparative fluorescence quenching by PA, 2, 4-DNP and 4-NP in aqueous
media. Concentration of PFMI-NPs and other analytes were 6.6 pM and 0.5 puM,
respectively.

Hence, on the above basis, it was concluded that the extraordinary selectivity and
excellent sensitivity of PFMI-NPs for PA in aqueous media is accountable for the

favorable excited state electron transfer process, efficient energy transfer process and
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Figure 2.7 Change in photoluminescence spectra of PFMI-NPs (6.6 uM) before and after
the addition of TFA (3 pM) in agueous medium.

the well-established®® “molecular-wire effect” of these polymers. This simple, yet rare
method comprising of conjugated polymer nanoparticles provides an exceptional and
unique platform for the highly selective and super amplified detection of nitroexplosive

PA in 100% aqueous media.

2.3.5 Contact mode detection

Lesser volatile explosive materials like PA can contaminate the subjects, containers etc.
by leaving trace residues during manufacturing of fireworks, transportation and handling.
Hence, detection of such explosives at actual site is highly significant for forensic
investigations. To realize portability and low cost on-site detection capability, fluorescent
test strips were prepared by dipping the Whatman filter paper (70 mm diameter) in the
solution of PFMI-NPs (10 M) in methanol followed by drying the solvent in air. The
filter paper coated with PFMI-NPs were then cut into desired number of pieces (1 cm x 1
cm) and used for the instant surface sensing purposes by applying 10 pL of various
concentration of PA solution. A solvent spot was also applied as a blank. Noticeable dark
spots were observed under UV-light (365 nm excitation) that varies with the
concentration of PA (Figure 2.8). The detection limit of 22.9fg/cm? was obtained for PA
which is among the best reported value and confirms the method as simple, portable and

most efficient for on-site detection.
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Figure 2.8 Color of fluorescent test strips under UV-light after the addition 10 puL of

various concentrations of PA. Dark spots of different strength were observed that varied
with concentration of PA (10%-10° M).

2.3.6 Vapour phase detection

The two terminal sensor devices fabricated with PFMI-NPs were kept in an air-tight
chamber and connected to Keithley 4200 SCS semiconductor parameter analyzer to
perform |-V characterization by sweeping the voltage from -10 V to +10 V. The channel
and interface between PFMI-NPs film and bare aluminum surface were visualized under
optical microscope (Figure A2.11). I-V curve thus obtained demonstrated a good
conducting nature of PEFMI-NPs thin film (Figure 2.9a). The exposure of device to air did
not cause any change in the output current, confirming its stability under ambient
condition. The vapors of nitroaromatics were injected into the testing chamber with the
help of an airtight syringe (Figure 2.9b). Four successive on/off cycles were effectively
attained that correspond to four different PA concentrations ranging from 0.2 ppb to 1
ppb, respectively (Figure 2.9c) confirming the unprecedented sensitivity of PA present
even in very minute quantities. Notably, increasing the PA concentration leads to
increased output current which subsequently enhances the sensitivity. Although the vapor
pressure of PA is much lower than other nitroaromatics, yet it displayed significant
increment in the current intensity confirming remarkable sensitivity of PFMI-NPs based
device exclusively for PA. To study the selectivity of the device, similar sensing
experiments were performed by introducing various other nitroaromatic vapors. As
revealed in Figure 2.9d, vapors of other nitroexplosives showed negligible responses to
the current intensity even at much higher concentration (100 times more) than PA and the
current intensity increases rapidly only when PA vapors were delivered into the testing
chamber. Interestingly, the device also displayed high signal response (6s) and fast
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recovery (5s) for PA detection (Figure 2.10). Furthermore, to check the reproducibility of
the device, certain concentrations (0.3 ppb) of PA vapors were exposed repeatedly into
the test chamber after certain interval of time (Figure 2.11). After each exposure, nearly
similar increment in current intensity was observed confirming the viability of device for
practical application. The robustness and reproducibility of the device response to the PA

vapors was tested over several weeks and found consistent.
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Figure 2.9 (a) I-V characteristics of PFMI-NPs under ambient conditions. (b) Schematic
representation of two terminal sensor device (c) Change in output current of the device
with increasing concentration of PA at an applied voltage of 10 V. (d) Selectivity studies
of PFMI-NPs with various nitroaromatics (100 ppb) and PA (1 ppb).

PA being an electron-withdrawing molecule, could dope the p-channel semiconductors*
(PFMI-NPs) and induce increase in the output current as the device is exposed to PA
vapors. The unprecedented selectivity of PFMI-NPs towards PA is assigned primarily to
the specific receptor site for PA present on the side chains of PFMI. Thus, these outcomes
established a highly prospective route for the development of a rapid, low cost, reliable

and easily processible device for vapor mode sensing of PA which remains an unexplored
area.
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Figure 2.10 The response and recovery time of sensor device exposed to 1 ppb of PA.
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Figure 2.11 The response of the device on repeatedly exposing PA (0.3 ppb) vapours
after certain time intervals.

2.4 Conclusion

In conclusion, a rapid and highly sensitive platform is developed for the selective
detection of nitroexposive picric acid in multiple environments (100% water, disposable
film and as devices) using newly synthesized conjugated polymer nanoparticles PFMI-
NPs. Ultra-sensitivity of PFMI-NPs for PA is attributed to the “molecular-wire effect”,
electrostatic interaction, photoinduced electron transfer (PET) and/or possible resonance
energy transfer (RET). PFMI-NPs performed PA detection even in the presence of several
other interfering nitroexplosives and most common analytes usually found in natural
water that makes the protocol reliable and suitable for real sample analysis. Contact mode
detection using simple fluorescent strips confirms the technique to be widely applicable
for instant on-site detection of PA. Furthermore, vapor mode sensing of PA was achieved
for the first time using solution-casted conjugated polymer nanoparticles fabricated as
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two terminal portable devices on glass substrates that displayed remarkable response
exclusively for PA presenting a highly reliable method with rapid on-site detection

ability.

: E
G i :!
™

.—77

Digital image of the sensing chamber. Inset: image of the two terminal device.
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Figure A2.8 Comparison of absorption maxima of PFMI and PFMI-NPs in solution.
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Table A2.1 A comparative study of recently reported probes for PA with our results.

Stern- Detection
Publication Material used Volmer Limit Medium
Constant Used
M) (LOD)
. 3.09 x 10
Current Manuscript Cor;]j:rg]g\tzdrt[i)sllggner 1.12 x 10 M Water
P (7.07 ppt)
Chem. Commun \ Water/Aceto
2014, 50, 6031-6034 Metal complex 52x10 - n_e .
(v/iv=9:1)
ACS Appl. Mater.
Interfaces, 2014, 6, | Graphene oxide (GO) 1.3x10° 125 ppb Buffer
10722-10728
Chem. Eur. J. 2014, Te”aph‘z”y'ethe'e” s0x10' | sx100M | WaterTHF
20, 195-201 ' (viv=9:1)
Nanosphere
Chem. Comm., 2014, | Bimetallic Schiff- 358x10° | 55x10°M | MeOH/DM
50, 12061-12064 base AI** complexes 1.81x 10° | 1.68x10* M SO
Chem. Mater., 2014, Derivative of 5 Water/THF
26, 4221-4229 graphene So58 300 ppb (Vv=9:1)
Chem. Eur. J., 2014, Derivative of a- 5 7 Water/THF
20, 12215-12222 cyanostilbene 3310 e ' (VIV=T:3)
Chem. Commun.,
2014, 50, 15788- Cage compound 2.2 x 10° 6.4 ppb DCM
15791
4.8x 10 'M)
J. Mater. Chem. A, . 4 (
2014, 2, 15560-15565 PDA microtube 1.3x10 0.11 ppm Water
T
Polym. Chem., 2014, Poly(acrylate) 2;3 i 134 2 5 DM Water/THF
5, 5628-5637 derivative 497 % 10" PP (Vv=9:1)
J. Mater. Chem. A, Polymeric ionic 4.15 x 10* i DMSO
2014, 2, 13983-13989 liquid 2.03 x 10*
Macromolecules . 5 Water/THF
2014, 47, 4908-4919 Conjugated polymers 2.7 %10 1uM (VIv=9:1)
J. Mater. Chem. A, : 2.6 x10°
2015, 3, 92-96 Conjugated polymer 8.3 x 10° 1 ppm Methanol
Chem. Eur. J. 2015,
DOI: Polyfunctional lewis 7
10.1002/chem. 201500 acid 16x10 18 ppb DMF
727
ACS Appl. Mater. g
Interfaces, 2015, DOI: . A 1.35x10° M
10.1021/acsami.5b0110 | CUrCUMin derivatives ] 135x10°M | e
2
J. Org. Chem., 2015, Triphenylamine 5.72 x 10° 5 oob DMA,
80, 4064-4075 derivative 2.90 x 10° PP CHCl;
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Chem. Commun., Conjugated 5.61x10° M
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2015, 51, 7207-7210 |  polyelectrolyte 1x10 128 ppt Water
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Figure A2.9 Change in emission spectra of PFMI-NPs (6.6 pM) on the addition of PA
(0.5 pM) in the presence of various nitroexplosives (0.5 pM).
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Figure A2.10 Change in photoluminescence spectra of PFMI-NPs (6.6 uM) with (a) 2,4-
DNT, (b) 2,6-DNT, (c) 4-NT, (d) 1,3-DNB, (e) NB, (f) NM, (g) Phenol, (h) TNT, (i)
RDX (0.5 uM) and (j) various metal ions (1.66 uM) and (k) common anions (1.66 M)
followed by addition of PA (0.5 uM) in aqueous medium.
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Figure A2.11 Optical microscope image of device showing channel and interface

between PFMI-NPs film and bare aluminium surface.
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Abstract
A new conjugated polyelectrolyte poly[5,5'-(((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-

6,1-diyl))bis(oxy))diisophthalate] sodium (PFPT) was synthesized via Palladium
catalysed Suzuki cross coupling polymerization method and successfully applied for the
rapid, real time and highly sensitive detection of antibiotics tetracycline (Tc) in 100%
aqueous media via photo-induced electron transfer with detection limit in ppb level.
Remarkably, PFPT could also be applied for the trace analysis of Tc in serum samples
having recoveries well in the range 92-97% with relative standard deviations (RSD) of
1.01-1.14% confirming reliability of the present method for the analysis of Tc.
Additionally, PFPT was blended with the abundant natural polysaccharide chitosan to
form CS-PFPT composite films and developed as a biopolymer based membrane for the
removal of Tc from water samples with a good adsorption capacity of 3.12 mg g™ thus

finding vital application in the treatment of antibiotic infested wastewater.
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3.1 Introduction

Tetracycline (Tc), an aromatic polyketide product of the biosynthetic pathway, is a
versatile broad spectrum bacteriostatic antibiotic, known to inhibit the protein synthesis
by binding with the 30s ribosome subunit.® Tc is active against pathogenic
microorganisms such as Streptococcus, Pneumococcus, Staphylococcus, Gonococcus,
Dysentery bacillis, Mycoplasma, Pertussis, Cholera, Rickettsia, and Chlamydia. Because
of its broad spectrum activity, good oral absorption, relatively low toxicity and cost
effectiveness’ it has been broadly used in the treatment of bacterial infections in humans,
veterinary animals and fish. It is estimated that ~5000 metric tons of Tc antibiotics are
consumed annually.® The misuse or abuse of these antibiotics has led to the elevated
levels of antibiotic residues in both surface and ground water, in drinking water as well as
in animal products,*® which has promoted the evolution of multidrug and antibiotic
resistant bacteria. Furthermore, Tc resistance in bacteria are also predicted to be
ribosomal-mechanism dependent that can not only disrupt the decoding of genetic

information but also hinder the initiation of protein synthesis.”

This merited the development of methods for the detection of Tc that included high
performance liquid chromatography (HPLC),® capillary electrophoresis (CE),” mass
spectrometry (MS),*® microbiological analysis (MA),"* Raman spectroscopy (RS),* and
ion mobility spectrometry (IMS).*®> However, most of these methods are either time
consuming or require expensive and sophisticated instruments, yet present lower
sensitivity and selectivity than required. Furthermore, meagre or no attention has been
paid for the removal of antibiotic contaminants from the environment. Therefore,
development of a reliable and cost effective method for the rapid and sensitive detection
as well as removal of Tc residues is utmost important to human health and to prevent the

unrestrained spread of antibiotic resistant bacteria.

Fluorescence based methods are considered as superior among various detection
techniques because of its easy operation, high sensitivity and rapid signal response time.
In recent years, various research groups have reported fluorescent sensors for the

detection of tetracycline-based on either inner filter effect (IFE) and/or charge transfer

14,15

using carbon dots, silica based quantum dots® etc. However, most of these systems

suffer from the issue of complex synthesis, low sensitivity and low signal response time

etc. Additionally, hitherto all efforts have been directed to design systems which can

14-16

perform only a single function at any given time i.e. either detection or removal. This
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necessitates urgent attention and presents a unique opportunity to develop materials and
methods for the detection as well as the removal of Tc from water and other competing
environment that would prevent the ever spreading menace of antibiotic-resistant

bacteria.

Conjugated polyelectrolytes (CPEs) encompass a unique family of materials that consist
of delocalized electronic backbone and ionic side groups appended with the main
conjugated chain. CPEs have emerged as novel and promising materials in the subject of
sensing because of their high quantum yields, excellent transport properties, viability in

5917-32

biological systems, amplified rapid signal response via “molecular wire effect which

has ultimately resulted in high sensitivity towards chemical and biological analytes.

Herein, we have synthesised a new CPE, poly[5,5-(((2-phenyl-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))diisophthalate] sodium (PFPT) via palladium catalysed
Suzuki cross-coupling polymerization in good yields. The anionic functionality attached
on to the side chains of the polymer were designed not only to facilitate its solubility in
polar solvents such as water, DMSO, methanol etc. but also to serve in the
electrostatic/hydrogen bonding interaction among PFPT and Tc and assist their proximate
interaction for the occurrence of efficient electron transfer. Thus, PFPT has been explored
for the selective and amplified detection of antibiotic Tc in presence of various inorganic
ions and biomolecules that are likely to compete and interfere in their detection process.
Furthermore, PFPT was blended in the low cost polysaccharide “chitosan hydrogel” to
form a fluorescent composite biomembrane which has been explored for the rapid and
highly efficient removal of Tc from water via the phenomenon of adsorption. Rapid
detection of Tc was achieved at picomolar levels for the first time using PFPT in 100%
aqueous medium. To the best of our knowledge this PFPT conjugated polyelectrolyte
based method is the first practical report that is capable of performing the dual application
of detection as well as removal of antibiotics (Tc) from water at room temperature rapidly

with unprecedented efficiency.

OH O OH O

00@0 o

_ \-HCI

Tetracycline Hydrochloride
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3.2 Experimental

3.2.1 Materials and measurements

All chemicals, including Tetracycline hydrochloride (Tc), kanamycin, streptomycin,
ampicillin, neomycin, and chitosan were purchased from Sigma Aldrich. Milli-Q water
was used in all sensing experiments. The *H NMR (600 MHz and 400 MHz) and **C
NMR (150 MHz and 100 MHz) spectra were recorded on either Bruker Ascend 600
spectrometer or Varian-AS400 NMR spectrometer, respectively. Fluorescence
measurements were performed on a Horiba Fluoromax-4 spectrofluorometer at a slit
width of 2 nm using quartz cuvette of 10 mm path length at room temperature.
Absorbance measurements were performed using Perkin Elmer Lambda-25
spectrophotometer. Gel Permeable Chromatography was carried out with THF solvent
using polystyrene standard to calculate the molecular weight of the newly synthesized
conjugated polymers (PF). Electrochemistry was performed on a CH instruments Model
700D series Electrochemical work-station. Time resolved fluorescence studies were
performed on an Edinburgh Life Spec Il instrument. Fetal bovine serum RM9955 was
purchased from Himedia. Fluorescence microscopic images were recorded on an
Olympus BX51y micro-scope. FESEM images were recorded on a Sigma Carl ZEISS

scanning electron microscope.

3.2.2 Synthetic procedure
3.2.2a Synthesis of M and PF
Synthesis of monomer M and polymer PF was carried out using a previously established

procedure shown in chapter 2.

3.2.2b Synthesis of poly [tetramethyl 5, 5'-(((2-phenyl-9H-fluorene-9, 9-
diyl)bis(hexane-6,1-diyl))bis(oxy))diisophthalate] (PFPTE)

PF (0.100 g, 0.18 mmol) and dimethyl-5-hydroxyisophthalate (0.296 g, 1.4 mmol) were
taken in a 25 mL RB flask and dissolved in anhydrous DMF (3 mL) followed by addition
of K,COj; (10 eq.). The reaction mixture was stirred overnight at 80 °C. After cooling to
room temperature, the reaction mixture was filtered to remove residual solid K,COs. The
filtrate was poured into chloroform and washed with dil. HCI and brine solution. The
separated organic layer was dried over anhydrous sodium sulfate and evaporated to obtain

the PFPTE as light yellow powder (0.109g, 75% yields).
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'H NMR (400MHz, CDCls, 8 ppm) 8.20 (b), 7.76 (b), 7.66 (b), 3.89 (b), 2.07 (b), 1.62
(b), 1.17 (b), 0.88 (b).

FTIR: IR (KBr, cm™'): 3439, 2932, 2859, 1722, 1595, 1464, 1431, 1337, 1317, 1243,
1112, 1043, 809, 760.

3.2.2c Synthesis of poly [5, 5'-(((2-phenyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-
diyl))bis(oxy))diisophthalate] sodium (PFPT)

The final conjugated polyelectrolyte PFPT was obtained via the alkali induced
saponification method. PFPTE (0.05 g) was taken in a 25 mL RB flask, dissolved in
minimum amount of THF and a solution of NaOH (0.3 g) in 3 mL water was added. The
mixture was heated overnight at 50 °C. After cooling to room temperature, THF was
removed and the mixture was dialyzed against water for 3 days to remove excess alkali
and lower molecular weight polymer using a membrane with a molecular weight cut-off
of 3.5 kDa. The solution was then freeze-dried to get PFPT as a light brown fibrous solid
(0.082 g, 80%).

Br O. Bm»BBr%/» @.@ Q

(PF)
75 o/l(c)
COONa NaOOC COOMe MeOOC
NaOOC COONeI:’I eOOC COOM
e
O, <2 (300t
(PFPT) (PFPTE)

Scheme 3.1 Synthesis of the polymer-PFPT. (a) 1, 6-Dibromohexane, 50% ag. NaOH,
TBAI, 70 °C, 4h. (b) Tetrakis(triphenylphosphine) palladium(0), benzene-1,4-diboronic
acid, 2M K,COj3 (aq.), THF, reflux, 24h. (c) dimethyl-5-hydroxyisophthalate, DMF(dry),
80 °C, overnight (d) 30% ag. NaOH, THF, 50 °C, 6h.
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'H NMR (400 MHz, CD30D, & ppm) 8.14 (b), 7.86 (b), 7.72 (b), 7.52 (b), 3.92 (b), 2.26
(b), 1.61 (b), 1.30 (b), 1.22 (b), 0.76 (b).

FTIR: IR (KBr, cm'): 3464, 2932, 2854, 1636, 1562, 1456, 1411, 1366, 1259, 1129,
1043, 814, 785.

3.2.3 Preparation of stock solutions for sensing studies

Stock solution of PFPT and all other analytes including Tc were prepared in Milli-Q
water at concentrations of 1 mM respectively. The absorption and fluorescence
measurements of the PFPT with various analytes were carried out in 3 mL solution
(HEPES 10 mM, pH 7.4) containing 6.6 uM PFPT in a quartz cuvette (1 cm x 1 cm).

3.2.4 Quantum yield calculations
Fluorescence quantum yield (®s) of PFPT were determined by single-point measurement

using quinine sulphate (®s = 0.54 in 0.1 M H,S0O,) as standard from the below equation.
D= O, (ArFs/ AsFr) (nsz/ 1]rz)

Where, r and s signify the reference and sample, ® denotes the quantum yield, A indicates
absorbance, F denotes relative integrated fluorescence intensity and m implies the

refractive index of the medium.

3.2.5 Method used for the detection limit calculation

For detection limit calculation, various samples of PFPT (6.6 uM) each containing Tc
(0.16 puM, 0.33 pM, 0.66 uM, 1.00 uM, 1.3 pM, 1.6 uM and 2 pM) were prepared
separately. The fluorescence spectrum was then recorded for each sample by exciting at
370 nm in HEPES buffer (10 mM, pH 7.4). A calibration curve was plotted between
change in the fluorescence intensity and concentration of Tc to obtain the regression
curve equation. The detection limit (LOD) was then calculated using the equation 3o/k,
where o is the standard deviation (S.D.) for five repeated fluorescence measurements of

PFPT solution in the absence of Tc and k denotes the slope of the curve.

3.2.6 Cyclic voltammetry studies

Electrochemical measurements were carried out using an electrochemical workstation at a
scan rate 50 mVs™® under argon atmosphere. It consisted of three-electrode cell with
counter electrode as platinum wire, saturated Ag/AgNO3 electrode acts as a reference
electrode and glassy carbon as a working electrode.

Tetrabutylammoniumhexafluorophosphate (TBAPFg) (0.1 M) in acetonitrile was used as
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the supporting electrolyte. The Fc*/Fc couple was employed as internal reference. PFPT
was drop casted on glassy carbon and dried before taking the measurement. Single
oxidation peak was observed for PFPT. The HOMO level (-5.95 eV) was calculated from
the onset method [Exomo = — (Eonset,ox vs. Fe+/rc) + 4.8) (eV)]. Band gap (3.35 eV) of PFPT
were determined from the onset of UV-visible spectrum to calculate its LUMO level (-
2.60 eV). To obtain the CV of tetracycline, it was dissolved in aqueous solution contained
in the cell chamber were platinum was used as working electrode with platinum wire and
Ag/AgCI counter and reference electrodes calibrated against ferrocene. KCI (0.1 M) was
used as a supporting electrolyte in PBS buffer (pH 7, 1 mM) and KCI (1 M) as reference

electrolyte.

3.2.7 Determination of Tc in serum samples

The stock solutions of Tc (0.1 mM) were prepared in serum sample (diluted 5 times with
water). Different concentrations of Tc were prepared separately by spiking them with
stock solutions of Tc and then introduced into the cuvette containing PFPT (6.6 puM) in
HEPES (10 mM pH 7.4) and fluorescence spectra recorded at an excitation of 370 nm.
All measurements were repeated thrice and compared with the calibration curves to

obtain the results.

3.2.8 Removal of Tc from water

For the removal of Tc from contaminated water samples, transparent fluorescent
biomembrane films were prepared by doping different percentage of PFPT with
commercially available chitosan (CS). In a 50 mL beaker containing chitosan (100 mg)
and PFPT (5, 10, 15, and 20 wt % taken separately) a 10 mL mixture of 0.1 M acetic acid
and glycerol in 3:2 ratios was added followed by continuous stirring for about 2 h at room
temperature to ensure complete dissolution of chitosan vis-a-vis homogenous distribution
of PFPT in the viscous liquid. After adding 5 mL of 5% NaOH drop wise into the liquid,
a hydrogel material separated out. This material was repeatedly washed with Milli-Q to
ensure complete removal of excess base and residual polymer PFPT. This hydrogel was
spread on pre-cleaned glass slide and dried for 2h at 50 °C in a vacuum oven. A
transparent free-standing film was obtained with a thickness of 0.02 mm that could be
easily peeled off using forceps and cut into desired size (1 cm x1 cm). Adsorption studies
were performed at 298 K by immersing one such film in a beaker, spiked with known
concentration of Tc for a fixed time interval. The solution was then analyzed using UV-
visible studies to determine the Tc concentration based on the calibration plot obtained
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from the solutions of known Tc concentrations. Similarly, a blank film (without PFPT)
was also prepared and adsorption studies were checked by the same procedure. The

amount of Tc adsorbed (q) with time t was calculated using following equation
= (Co-CyV/m

Where, C, was the initial concentration, C; was the concentration at time t; V (mL) is the

volume of solution; and m (g) is the mass of Chitosan-PFPT film.

3.3 Result and discussion

3.3.1 Synthesis and characterization of PFPT

The anionic conjugated polyelectrolyte  poly[5,5’-(((2-phenyl-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))diisophthalate] sodium (PFPT) was prepared via Pd-
catalyzed Suzuki coupling polymerization method followed by post functionalization
technique with 80% yield (Scheme 1). The product at each step was well characterized by
NMR and FTIR studies (Figure A3.1-A3.3). The molecular weight (My,) of precursor
polymer PF was found to be 18726 g mol™, PDI-2.09 in THF using polystyrene as
standard (Figure A3.4). 5-Hydroxyisophthalate groups were attached onto the side chains
of the polymer that facilitated its solubility in polar solvents such as water, DMSO,
methanol etc. as well as assisting in bringing PFPT and Tc in close vicinity via
electrostatic/hydrogen bonding interactions between the carboxylate groups strapped onto
the polymer chains and the multiple functionalities present on the tetracycline molecules.
Such interactions help in the strong association between the fluorophore and the quencher
molecules which eventually resulted in efficient electron transfer as in this case from
PFPT polymer to tetracycline. Due to the presence of carboxylate groups onto the side
chain of the polymer it is liable to be affected by pH change. Therefore, we studied the
effect of pH on the emission (420 nm) of PFPT and it was observed that in acidic pH the
fluorescence emission of PFPT diminished to some extent due to the aggregation but
upon increasing the pH from 6-14 the emission intensity was almost constant as shown in
Figure 3.1. The quantum yield (¢s) of PFPT was found to be 62% in water upon
excitation at 370 nm. The anionic polymer PFPT displayed absorption maximum at 360
nm with an emission maximum (excitation 370 nm) of 420 nm and vibronic shoulder at
444 and 477 nm in HEPES buffer, pH 7.4, 10 mM. The PFPT showed deep blue
luminescence in dilute aqueous solutions under the illumination of UV light that could be

visualized without doubt by naked eye.
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Figure 3.1 (a) Fluorescence emission spectra of PFPT in presence of acid and base (pH 1-
14). (b) and its corresponding plot showing the variation of emission intensity (420 nm)

with pH.

3.3.2 Sensing and selectivity studies

To explore the ability of PFPT in detecting trace quantities of Tc, the sensing experiments
were performed in 100% aqueous media (HEPES buffer 10 mM, pH 7.4). Fluorescence
quenching experiments were performed in a cuvette by gradually adding Tc into the
PFPT solution (6.6 uM) (HEPES 10 mM, pH 7.4). Instant quenching of ~32% was
observed on adding 0.3 puM of Tc into the solution of PFPT (6.6 uM) which finally
reached 88% on adding a total of 6.6 uM of Tc (Figure 3.2a) while other competing
analytes showed insignificant effect on the fluorescence quenching of PFPT. The blue
emission of PFPT disappeared in the presence of Tc which was confirmed by illuminating
UV light (lamp excitation-325 nm) (Inset of Figure 3.2a). Furthermore, selectivity of
PFPT towards Tc was examined by checking the changes in the fluorescence of PFPT in
the presence other antibiotics such as neomycin, ampicillin, kanamycin, streptomycin.
From Figure 3.2b it is clear that only Tc quenches the PFPT fluorescence significantly
while other antibiotics do not show any significant quenching. The fluorescence
quenching efficiency of PFPT in presence of Tc can be studied by Stern-Volmer plot (Io/1
vs [Q] where, ‘Ip’ and ‘I’ signifies fluorescence intensity of PFPT in the absence and
presence of Tc respectively, [Q] denotes concentration of Tc added to obtain the Stern-
Volmer constant K, (M™). The K, value obtained from the linear fitting was found to be
1.57 x 10° M, with a correlation coefficient of 0.99 in the range 1.6 nM- 2 uM (Figure
3.2c). Based on the K, value and standard deviation for five repeated measurements, the
limit of detection (LOD) for Tc was found to be 14.35 nM/6.80 ppb (Figure 3.2d).
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Figure 3.2 (a) Fluorescence spectra of PFPT (6.6 i M) with increasing concentration of
Tc (6.6 uM) in aqueous media (HEPES 10 mM, pH 7.4). Inset: Color change of PFPT
under UV lamp excited at 365 nm before and after adding Tc. (b) Effect of Tc (6.6 p M)
and various other antibiotics (6.6 p M) on the emission spectra of PFPT (6.6 1 M) (c) Ksy
plot of PFPT upon addition of Tc in aqueous media. (d) Detection limit plot:
Fluorescence intensity of PFPT in aqueous medium (HEPES 10 mM, 7.4) as a function of

Tc concentration.

Such high K, and incredibly low detection limit was being observed for the first time
using CPEs in 100% aqueous media. Furthermore, the selectivity of PFPT towards Tc
was examined by checking the changes in the fluorescence of PFPT in the presence of
other likely interfering/competing ions including anions (F', CI', Br', I', BF4, PFs, H,PO4,
HPO,*, PO,>, HSO,, HCO3, COs*, NO3, N3~ and CN’), metals (Mn?*, Cd**, Zn**, Yb**,
Eu®*, Pb**, Hg**and Cr®"), biomolecules (Ala, Asp, Gly, Arg, Ser, Val, Phe, Gln, Glu,
Asn, Trp, Tyr, Ribose, Fructose, Glucose, Citrate, Pyrophosphate, ADP, and ATP)
(Figure 3.3). Among all these analytes only Tc specifically quenched the fluorescence of

PFPT which is desirable for real-time practical applications.
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Figure 3.3 Emission spectra depicting the quenching of PFPT fluorescence in presence of
Tc and various other competing analytes such as (a) amino acids (6.6 uM) (b) biological
molecules (c) cations and (d) anions in HEPES buffer (10 mM, pH 7.4).

3.3.3 Mechanism of sensing

To investigate the reason behind the highly selective fluorescence quenching of PFPT by
Tc, the change in the absorbance and emission profile were studied carefully. A spectral
overlap between the absorption spectrum of Tc with the excitation and emission band of
PFPT was observed, suggesting that the quenching of PFPT fluorescence can take place
via FRET, IFE and PET process. From Figure 3.4a, it was observed that Tc possesses a
broad absorption band ranging from 250-440 nm whereas the PFPT has emission and
excitation bands centered at 420 (ex 370 nm) and 285 nm respectively, suggesting the
possibility of FRET. Since the fluorescence lifetime of PFPT remained unchanged
(Figure 3.4b) both in the presence (0.750 ns) and absence (0.736 ns) of Tc under a pulsed
excitation of 336 nm (Aem 420 nm), decay curve was fitted bi-exponentially as shown in
Table 3.1. The above result discards the involvement of FRET in the process of

quenching. Furthermore, a correction for self-absorption™*

was done using below
equation and the correction factor of the inner filter effect (IFE) at different

concentrations of Tc was calculated as shown in Table 3.2.
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Icorr - Iobs xlo(AEXC + Aem)/2

where, lops IS the maximum fluorescence intensity measured and I iS the corrected
fluorescence intensity after removing the IFE from los; Aex and Aem are the absorbance of
PFPT after the addition of Tc at 370 and 420 nm, respectively. The correction factor (CF)
of the IFE (lco/lobsg) at different concentrations of Tc could be calculated from Table 3.2.
After subtracting IFE from the quenched fluorescence, it was observed that only 5% of
the contribution comes from IFE as shown in Figure 3.5a. As a consequence, IFE could
not be considered as the major factor in the fluorescence quenching which undoubtedly
implies that some other mechanism exists. In PET, electrons are excited from Highest
Occupied Molecular Orbital (HOMO) of the PFPT to its Lowest Unoccupied Molecular
Orbital (LUMO) and then transferred to the LUMO of Tc. To validate this, cyclic
voltammetry (CV) studies were carried out to calculate the HOMO and LUMO energy
levels of PFPT (Figure A3.5a). Since the polymer PFPT is electron rich, only oxidation
peak was observed in the CV, from which the HOMO level was calculated to be -5.95
eV. From the onset of UV-Vis absorption spectra, optical band gap calculated was -3.35
eV and the LUMO level was found to be -2.6 eV. The HOMO (-7.55 eV) and LUMO (-
4.53 eV) of tetracycline were also obtained from CV (Figure A3.5b) and onset UV-Vis
studies. These results confirm that the mechanism operative for the selective quenching of
PFPT fluorescence by Tc is the photo induced electron transfer from the LUMO (-2.6 eV)
of polymer to the LUMO (-4.53 eV) of the quencher Tc as represented in Figure 3.5b.
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Figure 3.4 (a) Emission/excitation spectra of PFPT and absorption spectrum of Tc in
aqueous medium (HEPES buffer 10 mM, pH 7.4). (b) Lifetime decay profile of PFPT
(6.6 uM) in presence and absence of Tc (6.6 uM).
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Table 3.1 Fluorescence lifetime decay of each component of PFPT in presence and

absence of Tc with their fractions and fitting parameters.

Sample 71 (NS) % T, (NS) % %2 Tavg (NS)

PFPT 0.351 36.85 0.800 63.15 | 1.010 0.736

PFPT —Tc 0.367 40.16 0.940 59.84 | 1.042 0.750

Table 3.2 Inner filter effect (IFE) of tetracycline on the fluorescence emission of PFPT.

Tc (uM) Acx Aem CF (Icorr/lobs) lcorr lobs
0 0.236 0.076 1.27 4029810 5120172
1.6 0.305 0.144 1.67 1352260 2264958
3.3 0.314 0.145 1.69 859296 1455937
5.0 0.328 0.146 1.72 622274 1073944
6.6 0.338 0.148 1.74 482980 845140
S A
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Figure 3.5 (a) Quenching efficiency (E% =1-F/Fo), (where Fo and F are the fluorescence
intensities of PFPT in the absence and presence of Tc, respectively) of corrected (red
curve) and observed (black curve) measurements for PFPT after each addition of different
concentrations of Tc. (b) Schematic representation of electron transfer from the LUMO of
PFPT into the LUMO of Tc.

3.3.4 Application of PFPT in determining Tc in serum samples
To explore the practicability of the PFPT system for the detection of Tc, the studies were

extended to serum samples. Serum is an ideal sample to explore the biological
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applications of a probe because it provides a competitive and arduous environment due to
the presence of a number of components such as proteins, high concentration salts, etc.
which can interfere directly in the analysis of a particular analyte during the detection
process. For any detection method to be practically reliable there should not be any effect
of serum on the emission properties of PFPT. It was observed that unspiked serum
samples do not affect the fluorescence emission of PFPT. Further, a series of serum
samples containing spiked Tc with different concentrations were prepared and analyzed
by the established method. The recoveries have been obtained well in the range 92-97%
(from the calibration plot Figure A3.6) with relative standard deviations (RSD) of 1.01-
1.14% (Table 3.3). The above results substantiate that PFPT based method for the
determination of Tc had excellent accuracy and precision even in the presence of
complicated biological samples. Hence, the PFPT based probe provides a rapid, sensitive
and reliable approach for the quantification of tetracycline rapidly and can be readily

applied for the real time recognition of Tc in the field of drug analysis and food control.

Table 3.3 Detection of Tc in serum samples.

S%% %123 T(i (i)i'gl(\j/le)d (Tlcofgtl\‘;‘)%' Recovery (%) | RSD (%)
S1 13 12 92 1.14
s2 33 30 90 1.01
S3 46 45 97 1.13

3.3.5 Removal of antibiotics from water

In addition to detection, the removal of antibiotic Tc from wastewater is utmost important
in waste water treatment and to prevent the spread of antibiotic-resistant bacteria that
pose a serious threat to antibiotic efficacy, which has been a global public health menace
for the past several years. It has been reported earlier that CP composites can be used as a
good adsorbent for the removal of organic components from water.’® However, relevant
studies on antibiotic are scarce up to now. Motivated by the remarkable ability of PFPT
for sensing Tc in trace quantities (ppb levels) and the need to discover a rapid process to
separate this class of antibiotics i.e. tetracycline from water on an urgent basis, the PFPT
polymer films were prepared with abundantly available biopolymer chitosan (CS). CS
acts as a structural component supporting functional polymers and is an ultimate substrate

due to its good film-forming ability, ease of modification, ready availablity and
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environmental biocompatibility.” CS has excellent ability to adsorb a variety of chemical
compounds via electrostatic attraction/hydrogen bonding because of the presence of
multiple amine and hydroxyl functional groups. PFPT being negatively charged due to
the presence of carboxylate functionalities interacts strongly with the positively charged
CS (due to the dispersion in acidic medium) to form uniform fluorescent membrane of
thickness (0.02 mm) as is evident from the fluorescence images shown in Figure 3.6a.
Furthermore, shifting of FTIR bands clearly indicate electrostatic/hydrogen bonding
interaction between PFPT and CS and its successful incorporation into the matrix of CS
(Figure 3.6b). The morphology of CS-PFPT films before and after adsorption of
tetracycline is shown in Figure 3.6¢ & 3.6d respectively. The adsorption of Tc in CS-
PFPT composite membrane was ascertained with the help of UV-Vis spectroscopy at
different time intervals. It was observed that the composite film with 15% PFPT exhibited
highest change in absorption spectra as shown in Figure A3.7. It is evident from the
comparative UV studies (Figure 3.7a) that the decrease in the concentration of Tc is fast

in case of solution dipped with CS-15% PFPT film
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Figure 3.6 (a) Fluorescence microscopic image of Chitosan-PFPT composite film. (b)
Comparative FTIR spectra of PFPT-Chitosan composite and blank chitosan film. FESEM
images depicting the morphology of CS-PFPT composite film (c) before inset: film
thickness (0.02 mm) and (d) after adsorption of tetracycline.
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as compared to the blank film (CS only) with time that confirmed the fast adsorption

response of CS-PFPT composite and reaches a plateau after 3h.

0.6
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Figure 3.7 (a) Comparative UV-vis study for the adsorption of Tc by blank CS and CS-
15% PFPT film with time. (b) Time dependent adsorption studies of CS and CS-15%
PFPT films at 298 K.
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Figure 3.8 Schematic representation of proposed mechanism governing the adsorption of
tetracycline by PFPT-Chitosan composite film via electrostatic interactions/hydrogen

bonding for the removal of Tc from water.
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From the standard calibration curve obtained for various concentrations of Tc (Figure
A3.8), the adsorption capacity of CS-15% PFPT and CS (blank) films obtained were 3.12
mg g’ and 0.68 mg g respectively as depicted in Figure 3.7b. Furthermore, the
percentage of Tc removal from the aqueous solution containing 4.45 mg of Tc was found
to be 70% and 15% for PFPT loaded chitosan film and blank films respectively. The
higher adsorption performance of CS-PFPT membrane rather than blank could be
ascribed to the strong interaction with the adsorbate because of the increase in the number
of carboxylate functionalities. The carboxylate groups of CS-PFPT film interacts strongly
with multiple functional groups of tetracycline such as —OH, "NRj, -CONH, etc. via
electrostatic/hydrogen bonding interactions which resulted in the adsorption of Tc on the

surface of the composite film as shown schematically in Figure 3.8.

3.4 Conclusion

In conclusion, the design and development of new anionic water soluble conjugated
polymer PFPT for the selective and sensitive detection as well as removal of a broad
spectrum antibiotic tetracycline from water has been reported. The detection limit of
PFPT toward Tc is estimated to be 14.35 nM/6.80 ppb (6.8 ng/mL) in 100% aqueous
medium. High quenching efficiency with a Ks, value of 1.57 x10°> M™ was obtained
which can be attributed to efficient electron transfer from PFPT to Tc via
electrostatic/hydrogen bonding interactions. Chitosan-PFPT composite membrane shows
good adsorption capacity (3.12 mg g*) towards Tc (with excellent removal ability of
70%), thus providing a new and handy strategy for the exclusion of Tc from water that

can find immediate application in the treatment of wastewater.
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Appendix
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Figure A3.2 'H NMR spectra of PFPT.
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Figure A3.3 Comparison of FT-IR spectra of PFPTE and PFPT.
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Figure A3.5 Cyclic voltammogram of (a) PFPT film obtained on glassy carbon electrode
and (b) tetracycline obtained on platinum electrode (inset: CV of ferrocene) with a scan
rate of 50 mV/s.
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Figure A3.6 (a) Fluorescence emission spectra of PFPT upon addition of serum samples

spiked with known concentrations of Tc. (b) Calibration plot obtained for the estimation

of Tc.
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Figure A3.7 Absorbance plot depicting the effect of varying percentage of PFPT

concentration in CS films on the adsorption of Tc.
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Figure A3.8 Calibration plot obtained for the estimation of Tc.
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Complexation: A New Strategy for the Detection of
Spermine

?\. exé‘_jﬂ nm 350 Ln& -.‘:.:5’3&)0

Spermine

ﬁ

SDS/SDBS o
‘p.

z
‘?Jm Qﬁ,,

PFBT-MI Aem 415 nm 545 nm
in aqueous solution PFBT-MI+SDS/SDBS

PFBT-MI+SDS/SDBS+Spermine

Malik, A. H.; Hussain, S.; Iyer, P. K. Anal. Chem., 2016, 88, 7358-7364.

TH-1653_126122024



Chapter 4 Detection of Anionic Surfactants and Spermine

Abstract

A new water-soluble cationic conjugated polymer [9, 9-bis (6'-methyl imidazolium
bromide) hexyl) fluorene-co-4,7-(2,1,3-benzothiadiazole)] (PFBT-MI) was designed and
synthesized via Suzuki cross-coupling polymerization in good yields without any tedious
purification steps. PFBT-MI showed excellent photophysical responses towards SDS and
SDBS with a detection limit of 0.12 uM/(34 ppb) and 0.13 pM/(45 ppb) respectively.
Furthermore, occurrence of FRET from the donor (fluorene) to acceptor (BT units), via
surfactant induced aggregation results in naked-eye detection of these common anionic
surfactants (SDS/SDBS) as the color changes from blue to yellowish green in aqueous
solution. The polymer-surfactant nanoaggregates thus formed via electrostatic as well as
hydrophobic interactions has been explored for the sensitive detection of spermine
(considered as an excellent biomarker for early cancer diagnosis) with detection limit of
66 ppb (0.33 uM) which is much below the range 1-10 uM pertinent for the early
diagnosis of cancer in urinary samples. This, highly sensitive technique would facilitate
the direct and non-invasive detection of spermine from urine rapidly and is likely to have

great significance in early cancer diagnosis.
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4.1 Introduction

Spermine, a biogenic polyamine, usually found in eukaryotic cells and body fluids, plays
a vital role in the regulation of several cellular processes like cell growth and
proliferation.’® These polyamines are among the most abundant organic polycations
found in human body and are known to be involved in numerous stages of protein
synthesis, stabilization of nucleic acid conformations and cytoskeleton structures.* It has
been observed that enhanced levels of spermine in urine and blood are liable to many
types of cancer. Thus, it is regarded as an excellent biomarker for early cancer detection
and an indicator for assessing the efficiency of cancer chemotherapy during the long-term
continuation of patients.>™* Currently, spermine and its analogues are being detected
using classical analytical methods viz. immunoassays, mass spectrometry, electrophoresis
and chromatographic techniques.>*?™® Since, these techniques are complex, tedious, time
consuming and expensive, establishment of an alternate fluorescent based method for
selective and ultrasensitive detection of spermine in body fluids is highly significant in

the present context.

Anionic surfactants comprising of non-polar alkyl chain (hydrophobic tail) and an anionic
polar group (hydrophilic head), form a major source of environmental pollutant due to
their widespread use in personal, home/vehicle cleaning agents, industrial and agricultural
processes.’® Moreover, they are also known for their interaction with biomolecules like
nucleic acids, proteins and peptides with the ability to even penetrate cell membranes.*”
Among all anionic surfactants, sodium dodecyl benzenesulfonate (SDBS) and sodium
dodecyl sulfate (SDS) are most abundant owing to their extensive industrial scale
production and frequent applications in various sectors. Hence, their determination at
very low levels in the waste water, food preparations, pharmaceuticals, as masking agents
in drug abuse, in biological mediums etc., is highly significant since they are considered
as “emerging pollutants”.?*® Apart from the efforts in developing methods to reduce
their environmental impact, yet another key aspect is the introduction of new and
improved strategy for their detection in the surroundings. Although, various sophisticated

2421 are available, most of them are inefficient and suffer

surfactant detection methods
from severe drawbacks like employing large amounts of halogenated solvents, delayed
signal response, tedious procedures and irreproducibility. Hence, the development of
more efficient and reliable method for trace detection of anionic surfactants that can

overcome the limitations found in the existing methods is highly desirable.
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Fluorescence technique is regarded superior among various detection methods owing to
their simplicity, high sensitivity and rapid signal response time. In this context, few
probes for sensing anionic surfactants have been established recently.?®** However, they
usually depend on the change in the intensity of single emission band that might result in
erratic quantitative analysis due to autofluorescence, environmental effects and
instrumental fluctuation. A prospective solution to this problem is the development of
suitable ratiometric probe that exhibits spectral shifts, since it provides a relative
measurement of the intensities of two different emission bands and eliminate most of the
possible artefacts. Interestingly, FRET assisted ratiometric detection of anionic
surfactants (SDS and SDBS) using CPE has never been reported, thus, providing huge
opportunities to be explored.

Recently, conjugated polyelectrolytes (CPES) have emerged as excellent materials® in the
field of sensing due to their numerous features such as remarkable sensitivity, high
quantum efficiency, photostability etc. These materials combine the optoelectronic
properties of neutral conjugated polymers (CPs) as well as electrostatic behaviour of
polyelectrolytes, thus, providing an exceptional platform for the sensing of chemical and
biological species.**** The delocalized backbone chain of CPEs also favour rapid intra-
chain and inter-chain energy transfer processes compared to small molecules.*> However,
the inter-chain Forster resonance energy transfer (FRET) is considered as more efficient
than intra-chain FRET due to stronger electronic coupling and enhanced transfer range in

46-48 \which is also highlighted by Bazan*® and Swager’s group® in their pioneer

the former
work on the detection of charged species. Thus, an alternate method for the detection of

spermine and anionic surfactants comprising of CPE is highly significant.

Herein, we have developed a new water soluble cationic CP poly[9,9-bis(6'-methyl
imidazolium bromide) hexyl) fluorene-co-4,7-(2,1,3-benzothiadiazole)] (PFBT-MI),
comprising 20 mol% of benzothiadiazole (BT) via Suzuki polymerization method. The
blue emitting polymer PFBT-MI displayed significant changes in its photophysical
properties as well as morphology after selective interaction with anionic surfactants viz.
SDS and SDBS followed by spermine. The formation of stable polymer-surfactant
complex via Columbic as well as hydrophobic interaction induces the process of
aggregation that enables the increment of local BT concentration in aqueous solution.
This leads to the favorable inter-chain FRET from the donor (fluorene) to acceptor (BT

units), giving rise to a blue-to-yellowish green emission that was subsequently utilized for
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the detection and quantification of SDS and SDBS in aqueous solution. Furthermore, the
polymer-surfactant assembly was successfully used for the trace detection of biogenic
amine spermine in urine specimens with high selectivity and sensitivity. To the best of
our knowledge, this is the first report based on FRET assisted ratiometric detection of
most common anionic surfactants (SDS and SDBS) viz-a-viz sensing of spermine using

polymer-surfactant assembly.

4.2 Experimental

4.2.1 Materials and measurements

All chemicals were acquired from Aldrich, Merck, Ranbaxy (India) and were used as
received. UV-Visible and emission spectra were recorded on a Perkin EImer Lambda-25
and Horiba Fluoromax-4 spectrofluorometer, respectively using 10 mm path length quartz
cuvettes with a slit width of 3 nm at room temperature. Milli-Q water was used in all
sensing experiments. The *H NMR (600 MHz and 400 MHz) and **C NMR (150 MHz
and 100 MHz) spectra were obtained on Bruker Ascend 600 spectrometer and Varian-
AS400 NMR spectrometer, respectively. Gel permeable chromatography (GPC) was
performed in Waters-2414 instrument (Polystyrene calibration). Zetasizer Nano ZS90,
Model No. ZEN3690, Malvern was used to perform DLS based size and charge
measurements. Lifetime measurements were performed using an Edinburgh Instruments
F900 spectrometer with a laser source (Aex=375 nm). Morphological characterization was
done using Zeiss sigma field emission scanning electron microscope (FESEM) at an
accelerating voltage of 2 kV. Transmission electron microscopic (TEM) images were
obtained on JEOL 2100 UHR-TEM instrument, operating at 200 KV.

4.2.2 Synthetic procedure
Monomers 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (M1) and 2,7-Bis[9,9'-
bis(6”-bromohexyl)fluorenyl]-4,4,5,5-tetramethyl[1.3  .2]dioxaborolane (M2) were

prepared using established procedure.*

4.2.2a Synthesis of Poly[9,9-bis(6’-bromohexyl)fluorene-co-4,7-(2,1,3-
benzothiadiazole)] (P1)

Polymer P1 was synthesized via reported procedure.®® M1 (97.5 mg, 0.15 mmol), M2
(186.0 mg, 0.25 mmol), 4,7-dibromo-2,1,3-benzothiadiazole (29.0 mg, 0.1 mmol),
[Pd(PPh3)4] (5 mg), and potassium carbonate (345 mg, 2.5 mmol) were kept in a 50 mL
two neck round-bottom flask. A mixture of water (5 mL) and THF (15 mL) was added to
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the flask using syringe and degassed thrice by freeze thaw cycle to remove any oxygen.
The reaction mixture was then stirred vigorously at 75 °C for 24h followed by
precipitation into excess of methanol repeatedly. The precipitate was then filtered,
washed and dried under vacuum for 12h to afford the neutral dark brownish coloured
polymer. (0.220 g, 70.0%)

'H NMR (600 MHz, CDCls, § ppm): 8.06-7.47 (m), 7.96 (b), 7.87 (b), 7.69 (b), 7.52 (b),
7.47 (b), 3.30 (b), 2.16 (b), 1.93 (b), 1.69 (b), 1.26 (b), 0.88 (b), 0.71 (b), 0.59 (b).

B3C NMR (150 MHz, CDCls, & ppm): 154.57, 152.35, 139.25, 132.22, 130.52, 128.78,
126.23, 124.20, 121.77, 121.75, 121.40, 120.34, 55.73, 40.19, 34.13, 32.77, 29.85, 29.23,
27.91, 25.03, 23.63.

GPC in THF, polystyrene standard: Mw= 1.4103 x 10*, PDI-2.1.

4.2.2b Synthesis of Poly [9,9-bis(6'-methyl imidazolium bromide)hexyl)fluorene-co-
4,7-(2,1,3 benzothiadiazole)] (PFBT-MI)

Brominated polymer P1 (0.05 g, 0.031 mmol, 1 eq.) dissolved in excess of 1-methyl
imidazole was refluxed under stirring condition at 80 °C for 24h. The reaction mixture
was then decanted into excess chloroform and stirred for 1 h to get precipitate. The
yellow precipitate was then washed several times with chloroform to remove trace
quantities of methyl imidazole so as to obtain pure functionalized polymer PFBT-MI
(0.043 g, 66.0%).

IH NMR (600 MHz, CDs0D, & ppm): 8.23-7.52 (m), 4.62 (b), 4.09 (b), 3.87 (m), 2.26
(b), 2.12 (b), 2.04 (b), 1.71 (b), 1.17 (b), 0.78 ().

3C NMR (150 MHz CDsOD, & ppm): 154.45, 152.99, 151.82, 151.32, 140.34, 136.51,
136.28, 136.06, 130.57, 128.42, 126.26, 123.83, 122.65, 110.03, 55.60, 49.63, 44.83,
40.32, 39.85, 35.30, 29.77, 29.02, 25.92, 23.58.

4.2.3 Preparation of stock solutions for sensing studies

A stock solution of 10 mM for each analyte (surfactants, anions, metal ions, polyamines
and various cancer biomarkers) was prepared in Milli-Q water and diluted to desired
concentrations whenever required. A solution of PFBT-MI (6.6 uM) in repeat units (RUs)
in Milli-Q water was placed in a 3 mL cuvette (10 mm width) to record the fluorescence
spectrum by exciting at 350 nm. Various analyte solutions were then introduced to

monitor the changes in the fluorescence intensity. Similarly, the absorbance spectra of
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PFBT-MI (6.6 uM) in Milli-Q water was recorded at room temperature in presence of

SDS, SDBS and spermine to monitor the changes in absorbance.

4.2.4 Method used for detection limit calculation

Different PFBT-MI samples (6.6 uM) each containing SDS (0, 2, 4, 6 and 8 uM) and
SDBS (0, 2, 4, 6 and 8 uM) were prepared separately in Milli-Q water. The fluorescence
spectrum for each sample was recorded by exciting at 350 nm at room temperature. The
calibration curve for surfactants was then obtained from the plot of change in
fluorescence intensity vs concentration of SDS/SDBS. The detection limit (LOD) value

was determined using below equation.
LOD =3 x o/k

where, k is slope of the curve and ¢ denotes the standard deviation of five repeated
fluorescence measurements for PFBT-MI solution in the absence of surfactants.
Similarly, various PFBT-MI/SDS (6.6 uM/18 uM) samples each containing spermine (0,
1.6, 3.3, 5.0 and 6.6 uM) were prepared and used to obtain the detection limit plot for

spermine.

4.3 Result and discussion

4.3.1 Synthesis and characterization of polymer PFBT-MI

The synthetic method for newly synthesized cationic polymer PFBT-MI is shown in
Scheme 4.1. The monomers M1, M2 and 4,7-dibromo-2,1,3-benzothiadiazole was taken
in the ratio of 0.3:0.5:0.2 and copolymerized by Suzuki cross-coupling polymerization to
yield neutral polymer PFBT (P1). N-methyl imidazole was then strapped onto the side
chain of PFBT using post functionalization method to obtain pure cationic polymer
PFBT-MI in high yields without any tedious purification methods. PFBT-MI was found
to be soluble in polar solvents like water, dimethyl sulfoxide, methanol etc. All the
products were well characterized by *H and **C NMR spectroscopy (Figure A4.1-A4.6).
The molecular weight (M,,) of the precursor polymer PFBT was found to be 14103 g/mol
with PDI-2.1 by GPC using THF as solvent and polystyrene as standard (Figure A4.7).
The polymer PFBT-MI shows absorption maxima at 350 nm in aqueous solution that
corresponds to the fluorine fragment of the polymer and a band ranging from 415-530 nm
which is the characteristic of BT unit. PFBT-MI displays absorption at 350 nm and 435

nm with emission maxima at 415 nm (A=350 nm) and no peak in the region 500-650 nm
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Scheme 4.1 Synthesis of poly[9,9-bis(6’-methyl imidazolium bromide)hexyl)fluorene-co-
4,7-(2,1,3-benzothiadiazole)] (PFBT-MI) (a) 1,6-Dibromohexane, 50 % ag. NaOH,
TBAI, 70 °C, 4h. (b) Bis(pinacolato)diborane, [Pd(dppf)Cl.], KOAc, dioxane, 85 °C, 12h.
(c) Tetrakistriphenylphosphine palladium(0), 2M K,COg3 (aq.), THF, reflux, 24h. (d)
PFBT, 1-methyl imidazole, reflux, 24h.

(Figure A4.8), which indicates that polymer chains in dilute solution does not aggregate,

thus preventing inter-molecular FRET to occur.
4.3.2 Effect of pH on the fluorescence of PFBT-MI

The effect of pH on the emission of PFBT-MI was monitored at 415 nm prior to sensing
experiments by varying the pH of the solution from 1-14. The fluorescence intensity
increases as the pH varies from 1-4 while the intensity decreases by further increasing the
pH of the solution from 9-14.
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Figure 4.1 (a) Fluorescence emission spectra of PFBT-MI in presence of varying (pH 1-
14) and (b) its corresponding plot showing the variation of emission intensity at 415 nm

with pH.

However, the intensity remains unchanged in the pH range of 5-8. These results
demonstrated that PFBT-MI exhibits excellent emission in the pH range 5-8 (Figure 4.1),
confirming its ability to work efficiently under physiological conditions.

4.3.3 Sensing of SDS and SDBS

The molecular state of PFBT-MI in water was studied by dynamic light scattering that
shows an observed distribution of ~1 nm (Figure A4.9) which can be assigned to the
hydrodynamic diameter of a single polymer chain. This unimolecular state of polymer in
water explains the presence of weak FRET efficiency from fluorene to the BT unit since
inter-chain FRET is negligible. Therefore, no new peak was observed at higher
wavelength in water for polymer only. Upon successive addition of SDS and SDBS to the
aqueous solution of PFBT-MI, a new peak appeared at 545 nm while the emission peak at
415 nm disappeared completely with the formation of an isoemissive point at 500 nm.
The intensity of the emission band at 545 nm reaches its maximum value and saturated on
adding total of 18 uM SDS and 21 uM SDBS, respectively (Figure 4.2a & 4.2b). The
detection limits calculated for SDS and SDBS were found to be 0.12 uM (34 ppb) and
0.13 uM (45 ppb) respectively which is much lower than the standard methylene blue
method™ (Figure 4.2c & 4.2d). Interestingly, the solution colour progressively changed
from blue to yellowish green with increasing SDS/SDBS concentration that could be
easily visualized by naked eye under UV-light (lamp excitation-365 nm), thus, allowing
colorimetric detection of SDS/SDBS (Figure 4.3). This change in colour of PFBT-MI
upon introducing SDS/SDBS reflects the occurance of an efficient energy transfer from

80
TH-1653_126122024



Chapter 4 Detection of Anionic Surfactants and Spermine

fluorene fragment (donor) to BT units (acceptor) of the polymer due to an increased
aggregation of polymer chains facilitated by polymer-surfactant complexation. It is well-
know that a prerequisite for the phenomenon of FRET to occur is the spectral overlap
between the emission of donor and absorption of acceptor along with a suitable distance
(< 10 nm) between them.>® As shown in Figure A4.8 there is a spectral overlap between
the emission of fluorene moiety with the absorption of BT unit. To confirm the event of
FRET, lifetime of the polymer in presence and absence of SDS were examined as shown
in Figure 4.4. Upon exciting by 375 nm, the decay monitored for PFBT-MI at 415 nm
shows a reduction in the average life time after adding SDS while as the lifetime
increases when monitored at 545 nm which explains the transfer of energy from fluorine

unit to BT moiety via polymer- surfactant complexation.
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Figure 4.2 Fluorescence spectra of PFBT-MI (6.6 puM) with increasing concentration of
(a) SDS (18 uM) and (b) SDBS (21 pM) in aqueous solution. Detection limit plot for (c)
SDS and (d) SDBS at lower concentrations.
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Figure 4.3 Change in the color of PFBT-MI (6.6 uM) solution under the excitation of UV
light (365 nm) after adding variable concentration of SDS.
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Figure 4.4 Decay curves of PFBT-MI in the presence and absence of SDS monitored at

an emission wavelength of (a) 415 nm and (b) 545 nm.

To check the practicability of this probe in real environmental conditions, selectivity
studies were performed using various common analytes usually found in natural water
systems. Widespread surfactants (cetyltrimethylammonium bromide (CTAB), triton-X-
100, stearate, laurate and palmate), anions (I, CI', F, SO4, SO.*, PO,*, PO4*, PO, N3,
NOg3, BF, , PF4, p-toluenesulfinate, benzene sulfinate, pyrophosphate and citrate) and
common metal ions (Co?*, Cu®*, zn**, Fe**, Pb*, Cr**, Mn?*, Cd*', Ln**, Eu®" and Yb*")
were checked and found ineffectual towards the emission of PFBT-MI (Figure 4.5a &

46,47,53

4.5b), since imidazolium units attached to the fluorophores typically acts as specific

recognition site for SDS and SDBS.

82
TH-1653_126122024



Chapter 4 Detection of Anionic Surfactants and Spermine

18-
8Ta 184
w124
— ﬂ‘lz‘
- =y
Ty 2 =
3 o £ 7
v 6 EEE gup ¥ |
= %= s 37 EIf - 6-
= qateE, 2o 853
[ ! ey TTme= o S wan
E' wrwculméﬁgoﬂggn_gfgzsﬂ‘.u_'
s SEESE<gg
A e R Z LRI T TE R E R R
0' ------------------.--- 0-

Figure 4.5 Bar diagram depicting effect of various (a) anions (20 uM) and (b) cations (20
uM) including various cationic, anionic and neutral surfactants (20 uM) on the emission
of PFBT-MI (6.6 uM ).

4.3.4 Detection of Spermine
Surfactants usually form non-covalent assemblies with amphiphilic polymers and
solubilize them in aqueous solution with enhanced quantum yield. The photophysical

%456 and can be

properties of encapsulated fluorophores in such assemblies are tunable
employed to detect chemical or biological species that has the capability of amending
these assemblies.”” Thus, fluorescent-surfactant assemblies have recently emerged as an

1°#% and biological analytes.®

excellent platform for detecting various chemica
Furthermore, this method reduces the dependence on molecular design viz-a-viz synthesis
of new fluorophores and thus enables detection in aqueous media. Utilizing this intrinsic
advantage, we prepared PFBT-MI/SDS nanoaggregates as an exceptional probe for the
selective and sensitive detection of spermine in aqueous medium among various other
amines like spermidine, putrescine, dodecylamine, hexylamine, L-Arginine, melamine,
N,N-dimethyl ethylenediamine (DMEA), hexamethylene tetraamine (HMTA) and
pyrophosphate (PPi). PFBT-MI-SDS nanoaggregates exhibits strong emission centered at
545 nm (Aex=350 nm) that was quenched on sequentially adding the aliquots of spermine
(Figure 4.6a). This may be due to the formation of non-fluorescent complex between the
positively charged analyte molecule (spermine) and the polymer-surfactant
nanoaggregates. Greater the positive charge on polyamine, the stronger will be its
electrostatic interaction which is in well agreement with quenching efficiency by other
amines (Figure 4.6b) and forms the basis for the selective detection of spermine. Nearly
42% quenching was observed on adding 20 uM of spermine into the polymer-surfactant

nanoaggregates that reaches to 86% at total 120 pM spermine.
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To study the efficiency of quenching, Stern-Volmer (S-V) plot was obtained via lo/l vs
[Q] where, Ip and | represents fluorescence intensity of PFBT- MI/SDS complex in the
absence and presence of spermine and Q is the respective concentration of spermine. The
S-V constant (Ks,) value thus obtained for spermine was 0.35 x10° M™, confirming high
sensitivity of the polymer/surfactant assembly towards spermine (Figure 4.6c). The
detection limit (0.33 uM/66 ppb) calculated for spermine (Figure 4.6d & Figure A4.10)
was found to be far below the range 1-10 uM applicable for timely diagnosis of cancer in
urinary samples.®> Moreover, we have also monitored the effect of few other well-known

63,64

cancer biomarkers®®" such as transferrin, prothrombin, leucine, isoleucine and valine on

the emission of PFBT-MI/SDS
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Figure 4.6 (a) Fluorescence spectral changes of PFBT-MI/SDS in agueous solution with
different concentrations of spermine. (b) Percentage fluorescence quenching (at Aem=545
nm) with spermine (120 uM) and other amines (120 uM). (c) Stern-Volmer plot for
spermine with PFBT-MI/SDS (6.6 uM/18 uM). (d) Detection limit plot for spermine.
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complex. It was established (Figure A4.11) that these biomarkers have insignificant
effect on the emission of PFBT-MI/SDS complex, indicating viability of this system for

the detection of cancer biomarker spermine under realistic conditions.

4.3.5 Complexation studies

To understand the complexation process, the interaction between the polymer, surfactant
and spermine was monitored via UV-Vis, FESEM, TEM and DLS studies. Upon
successive addition of SDS and SDBS to the aqueous solution of PFBT-MI, the 350 nm
absorbance peak decreases gradually with a bathochromic shift of 5 nm while the peak at
430 nm showed a significant red shift of ~20 nm (Figure 4.7a & 4.7b). These red shifts
in the absorption spectra can be attributed to the complexation of PFBT-MI molecules on
binding with surfactants via hydrophobic and/or hydrophilic interactions driven by
Columbic attractions resulting in increased conjugation length of the PFBT-MI owing to
aggregation-induced planarization of the polymer chains.®®®® This was confirmed by
FESEM and TEM studies which indicated the formation of spherical nanoaggregates
having an average diameter of 230 nm in aqueous solution with the net negative charge
on their surface. Hence, these polymer-surfactant nanoaggregates are presumed to have
greater affinity for positively charged spermine at the interface. On introducing spermine
to PFBT-MI/SDS solution, the absorption peak at 350 nm and 450 nm displayed a
hypochromic shift and a hyperchromic shift was observed in the range 510-600 nm with
an isosbestic point at 488 nm, demonstrating the favorable interaction between spermine
and PFBT-MI/SDS nanoaggregates (Figure 4.7¢c & 4.7d). Since, the polymer chains are
expected to remain intact at the core with surfactant molecules at the outer side, the
chances for spermine molecules to interact with polymer are very less. To further confirm
this presumption, a control study was performed by monitoring the change in the
emission of polymer PFBT-MI after adding spermine. Interestingly, spermine did not
cause any significant effect on the emission of PFBT-MI (Figure A4.12) probably due to
the absence of any favorable electrostatic interaction. Thus, it can be concluded that
spermine interacts with polymer-surfactant assembly at the surface and caused

fluorescence quenching.
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Figure 4.7 UV-vis titration spectra of PFBT-MI (6.6 M) with increasing concentration
of (a) SDS (20 uM) (b) SDBS (20 uM). Change in the absorption spectra of (c) PFBT-
MI-SDS and (d) PFBT-MI-SDBS on introducing different concentrations of spermine
(100 pM).

The morphological studies revealed that the average diameter of the spherical aggregate
increases from 230 to 280 nm on introducing spermine while the net negative charge on
surface decreases from -15.5 to -6.5. DLS experiments further confirms the formation of
nanoaggregates with an average diameter of 250 and 300 nm for PFBT-SDS and PFBT-
SDS-spermine respectively which is slightly greater than observed from TEM (Figure
3.8b & c¢) and FESEM (Figure 4.9b & 4.9c) whereas PFBT-MI alone exists as a single
polymer chain in water with a hydrodynamic diameter of ~1 nm with no definite shape as
shown in Figure 4.8a & 4.9a). The above results indicate that the polymer-surfactant
complex did not disassemble in presence of spermine and remains intact on the surface
via electrostatic interaction. The overall sensing mechanism for the detection of

SDS/SDBS and spermine is shown in Figure 4.10.
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Figure 4.8 Dynamic light scattering measurements showing hydrodynamic diameter of
(a) PFBT-MI, (b) PFBT-MI+SDS, (c) PFBT-MI+SDS+spermine as 2 nm, 250 nm, and
300 nm respectively. (Inset: TEM images showing an average diameter of 230 and 280
nm respectively for PFBT-MI+SDS and PFBT+SDS+Spermine).

Figure 4.9 FESEM images of (a) PFBT-MI (b) PFBT-MI+SDS (c) PFBT-
MI+SDS+Spermine.
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Figure 4.10 Schematic representation of the overall sensing mechanism of SDS/SDBS

and spermine.

4.3.6 Detection of Spermine in urine specimens

To validate the non-invasive nature and practical utility of PFBT-MI system, sensing
studies for the detection of spermine were also performed in urine samples, since
spermine is considered as one of the important biomarker for cancer detection usually
found and tested in urine. Three urine samples were collected from three different
individuals and used as such without further treatment. No significant change in emission
of PFBT-MI was observed after introducing undoped urine specimen, indicating the
absence of spermine in the original sample (Figure A4.13). Each urine specimen was
spiked independently with known concentrations of spermine and sensing experiment was
performed in aqueous medium. The fluorescence spectra were then recorded after adding
known volumes of these spiked samples to the solution of PFBT-MI/SDS (6.6 uM/18
uM) (Figure 4.11a) and the peaks were.
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Figure 4.11 (a) Fluorescence quenching of PFBT-MI/SDS (6.6 uM/18 uM) assembly on
addition of different urine samples spiked with known concentrations of spermine and (b)

calibration plot for spermine.
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Table 4.1 Determination of spermine in urine specimen.

Urine Spermine Spermine Recovery RSD
Samples added found” (%) (%)
(107M) (107M)
Ul 66 71 107 4
U2 100 105 105 5
U3 125 133 106 7

compared with the standard calibration curve (Figure 4.11b) after taking three replicate
measurements (Table 4.1). These results demonstrate that PFBT-MI based system can be
employed as an exceptional probe to monitor traces of spermine in the urinary specimens

that can be helpful in early diagnosis of cancer.

4.4 Conclusion

In conclusion, a newly developed cationic conjugated polyelectrolyte [9,9-bis(6'-methyl
imidazolium bromide)hexyl)fluorene-co-4,7-(2,1,3-benzothiadiazole)] (PFBT-MI)
displayed emission colour change from blue to yellowish green in the presence of most
common anionic surfactants SDS and SDBS in 100% aqueous solution and enables
naked-eye detection and quantification of these surfactants in real time. The detection of
SDS/SDBS at parts per billion levels [SDS - (0.12 uM/34 ppb) and SDBS - (0.13 puM/45
ppb)] is attributed to the inter-molecular FRET due to the aggregation of polymer chains
assisted by SDS/SDBS via strong electrostatic as well as hydrophobic interactions.
Furthermore, PFBT-MI/SDS ensemble serves as a unique platform for the non-invasive,
rapid and sensitive detection of spermine over other relevant amines, which is much
lower than the range required for early cancer diagnosis and validates the reliability of the

present system for real time practical applications.
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Abstract
The development of highly efficient latent fingerprint (LFP) technology remains

extremely vital for medical, forensic and criminal investigation. A highly convincing,
straightforward, rapid and cost-effective method has been established for the quick
development of latent fingerprint on multiple substrates including plastic, glass,
aluminum foil, metallic surfaces, etc. without any additional treatment, based on AIEE
active conjugated polyelectrolyte PFTPEBT-MI, revealing clearly the third-level details
(ridges, bifurcations and pores) with high selectivity, high contrast and no background
interference even by blood stains confirming the ability of the proposed technique for
efficient LFPs detection. The LFP development process was accomplished simply by
immersing fingerprint loaded substrate into the CPE solution for 1 minute followed by
shaking off the residual polymer solution and then dried in air. The CPE were readily
transferred to the LFPs because of the strong electrostatic and hydrophobic interaction
between the CPE molecules and the fingerprint components revealing distinct fluorescent

images.
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5.1 Introduction

Latent fingerprints (LFPs) detected at the site of crime are considered as imperative
physical circumstantial evidence in forensic investigation and criminal justice because
of the distinctiveness in the ridge pattern for each individual and thus, are unique and vital
in cracking any criminal case and accurately identify the prime suspect and convict.
Predominantly, LFPs if found are not easily visible to naked eye under ambient light,
hence, additional tedious efforts are required for enhanced visualization and confirmation.
Improvements in existing methods and techniques have been attempted for the
identification of LFPs which include ninhydrin spraying,® powder dusting,®
iodine/cyanoacrylate fuming,” and fluorescent dye staining.’® Although these methods
were extensively used under specific circumstances, all of them are fraught with
numerous limitations, which primarily are very low sensitivity, low contrast, easy
damaging of fingerprint details, require long processing time, post-treatments to develop,
etc. yet are not considered as “beyond a reasonable doubt” proof to convict him or her
guilt as guilty. Therefore, development of simple, rapid, highly sensitive, cost-effective
and reliable technique with low background interference for LFPs on multiple surfaces is
highly desirable and remains in foremost demand as de facto proof and a challenge in the
field of forensic research.

Conjugated polyelectrolytes (CPEs) consisting of a hydrophobic m backbone possess
unique optical properties, which along with hydrophilic ionic side groups, enhance their
solubility in aqueous solution as well as makes it liable to exhibit strong electrostatic
interactions with various charged species like proteins, amino acids, surfactants, etc.
Thus, CPEs have emerged as key materials in the fields of biological sensors and
bioimaging entities because of their excellent biocompatibility, low cytotoxicity, strong
emission brightness and resistance to photo bleaching.***> Countless efforts by
researchers in the development of new fluorescent reagents and methods for developing
LFP, more efficiently have appeared.”>*° However, due to the lack of selectivity towards
fingerprint components and involvement of other post-treatments reduces the developing
efficiency and increases the cost of the technique proportionally. Considering the above
beneficial properties, CPEs can also be applied in the detection of LFPs because LFPs

31-33

contain sweat (comprising of charged biomolecules and sebum (consisting of oily

34,35

mixture of wax esters, triglycerides, and cholesterol esters® ) components as a mixture
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so as to have both hydrophilic and lipophilic interactions possible with appropriately
chosen CPE.

Herein, we explored a new strategy using aggregation induced enhanced emission (AIEE)
based CPE (PFTPEBT-MI) for comprehensible and “beyond a reasonable doubt”

visualization of LFPs on various surfaces without any post-treatment®®=’

or fingerprint
transfer process®®*® for the development on different substrates such as glass, aluminum
foil, steel sheet, coins, adhesive tape (both transparent and colored) and OHPC sheets by
immersing the fingerprint laden substrate into aqueous solution of polymer for ~1 minute,

withdrawing it, shaking the residual solution off and subsequently drying it in air.

The present method is simple and has numerous advantages over previously reported
techniques. Firstly, the AIEE based CPE emits strongly on the solid substrate by avoiding
the phenomenon of ACQ thus diminishing the background interference for LFPs
detection. Secondly, no post-treatment or fingerprint transfer process is required for
developing LFPs because of the presence of AIEE active moiety in the polymer
backbone. Thirdly, the visualization of LFPs on the substrate preferentially depends upon
the adhesion of the CPE to the ridges of fingerprints. Since this (PFTPEBT-MI) polymer
is amphiphilic in nature, it can interact strongly with LFPs via both electrostatic and
lyophilic interactions resulting in the enhanced contrast of fingerprints on various

substrates.

5.2 Experimental

5.2.1 Materials and measurements

All the chemicals were purchased from Aldrich, Merck (India) and were used as received.
UV-Visible and Fluorescence spectra were recorded on a Perkin Elmer Lambda-25 and
Horiba Fluoromax-4 spectrofluorometer, respectively using 10 mm path length quartz
cuvettes with a slit width of 3 nm at room temperature. Milli-Q water was used in all
experiments. The *H NMR (600 MHz) spectra were obtained on Bruker Ascend 600
spectrometer. Zetasizer Nano ZS90, Model No. ZEN3690, Malvern was used to calculate
the zeta potential of the polymer. FESEM images were recorded on a Sigma Carl ZEISS
scanning electron microscope. Different substrates used for depositing fingerprints, such
as glass slides, adhesive tapes (colored and transparent), aluminum foil, steel plate, OHPC

sheet, and metal coins were purchased from local market. The digital photographs of
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developed fingerprints were taken by Nikon D5200 camera under a hand held ultraviolet

lamp (365 nm) purchased from Sigma.

5.2.2 Synthetic procedure
5.2.2a Synthesis of M1 & M2
Synthesis of monomer M1 & M2 was carried out using a previously established

procedure shown in chapter 3.

5.2.2b Synthesis of M3

M3 was prepared by a reported procedure.®® In short, 4-Bromobenzophenone (1 g, 3.8
mmol) and zinc powder (0.74 g, 11.0 mmol) were added into a 100 mL two-necked round
bottom flask. The flask was degassed and flushed with argon 2-3 times, after which
anhydrous THF (40 mL) was injected. The mixture was cooled to —5 °C and titanium
tetrachloride (0.60 mL, 5.7 mmol) was added gradually. The mixture was heated up to 25
°C and kept for half an hour and then refluxed at 80 °C overnight. The reaction mixture
was quenched with 10% K,COj3 (ag.) and extracted with DCM. The organic layer was
washed with water and dried over anhydrous sodium sulfate. The solvent was evaporated
under reduced pressure and the residue was purified by silica gel column chromatography

to get a white solid compound (1.31 g, 70%).

'H NMR (600 MHz, CDCls, 8 ppm): 7.29-7.23 (m, 4H; Ar H), 7.17-7.12 (m, 6H; Ar H),
7.03-7.00 (m, 4H; Ar H), 6.92-6.89 (m, 4H; Ar H).

5.2.2c Synthesis of PFTPEBT

PFTPEBT was synthesized via Suzuki coupling polymerization as reported.*® M2 (0.100
g, 0.13 mmol), M3 (0.038 g, 0.08 mmol), 4,7-dibromo-2,1,3-benzothiadiazole (0.015 g,
0.05 mmol), [Pd(PPhs)4] (0.007 g) and potassium carbonate (0.215 g, 1.5 mmol) were
kept in a 50 mL two neck round-bottom flask. A mixture of water and THF (1:3) was
added to the flask using syringe and degassed thrice by flashing argon and freeze thaw
cycle to remove any oxygen. The reaction mixture was then refluxed and stirred
vigorously at 80 °C for 24h followed by repeated precipitation into excess of methanol 3-
4 times. The precipitate was then filtered, washed with water/chloroform and dried under

vacuum overnight to get the dark yellowish coloured polymer (0.114 g, 75%).

'H NMR (600 MHz, CDCls, & ppm): 8.06 (b), 7.97-7.89 (b), 7.81 (b), 7.68 (b), 7.54-7.47
(b), 7.16-7.12 (b), 7.03 (b), 6.98 (b), 6.89 (b), 6.82 (b), 3.27 (b), 2.17-2.05 (b), 1.67 (b),
0.88 (b), 0.81 (b), 0.66 (b)
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5.2.2d Synthesis of PFTPEBT-MI

Brominated polymer PFTPEBT (0.05 g, 0.051 mmol) was taken into 25 mL RB. To it 2
mL of 1-methyl imidazole was added and heated under stirring condition at 80 °C for 24h.
The whole reaction mixture was then poured into excess of chloroform kept in a separate
50 mL beaker and stirred for 2-3h to get precipitate. The light brownish precipitate was
then washed several times with chloroform to remove trace quantities of methyl

imidazole so as to obtain pure functionalized polymer PFTPEBT-MI (0.044 g, 75%).

Br. Br Br Br

Br Q.@ Br—°> Br O‘Q Br Iy (b) .@ :é

(M1) (M2)

(M3)

(M2) + (M3)+B'_Q_B'—>(d)
N._..N
e

Scheme 5.1 Synthesis of PFTPEBT-MI (a) 1, 6-Dibromohexane, 50% aq. NaOH, TBAI,
70 °C, 4h. (b) bis(pinacolato)diborane, [Pd(dppf)Cl,], KOAc, dioxane, 85 °C, 12h. (c)
TiCly, Zn powder, THF, reflux, 12h (d) Tetrakis(triphenylphosphine) palladium(0), 2M
K2COs3 (aq.), THF, reflux, 24h. (e) PFTPEBT, 1-methyl imidazole, reflux, 24h.
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'H NMR (600 MHz, CD;0D, & ppm): 8.84 (b), 8.23 (b), 8.07-8.01 (b), 7.91 (b), 7.85-7.81
(b), 7.75 (b), 7.70 (b), 7.46 (b), 7.12 (b), 4.04 (b), 3.83 (b), 2.15-2.09 (b), 1.65 (b), 1.16-
1.09 (b), 0.83-0.59 (b).

5.2.3 Preparation of stock solutions

Stock solution of PFTPEBT-MI was prepared in Milli-Q water at concentrations of 10
mM. The absorption and fluorescence measurements of the PFTPEBT-MI were carried
out in a 3 mL quartz cuvette (1 cm x 1 cm) containing 33 pM of PFTPEBT-MI.

5.2.4 LFPs collection and development

Prior to fingerprint deposition on various substrates, the donors were asked to wash hands
thoroughly with the soap and rinse with water and ethanol then blown dry. Fingerprints
were obtained by gently rubbing the fingertips across nose and forehead and then pressing
onto different surfaces with minimum pressure. The fingerprint laden substrates were
brought in contact with the developing solution (0.2 mM) by directly immersing it into
the petri dish for 1 minute and then the substrate was taken out and dried in air to splash
off the excess solution and then air dried. For practical applications polymer solution was
added into a spray bottle, together with 20—-30% (v/v) of methanol to hasten water
evaporation, and then sprayed onto the substrate. Photographs of the developed
fingerprints were taken under UV lamp (365 nm) using digital camera.

5.2.5 Abrasion tests

Physical abrasion test was performed by mounting double sided adhesive tape on to the
substrate containing developed fingerprints and then peeling off the tape from the surface
while chemical abrasions were done by treating the developed fingerprint substrates with
various solvents like chloroform, acetone, THF, and toluene after that digital images were

taken under UV lamp (365 nm) before and after abrasion.

5.3 Result and discussion
5.3.1 Synthesis and characterization of polymer PFTPEBT-MI

With an aim to develop highly efficient latent fingerprint technology that would advance
the existing method used in forensic investigation a polymer probe with high brightness
and large stokes shift that can offer superior contrast for the visualization of LFPs was
essential. The synthetic procedure for the newly synthesized cationic polymer PFTPEBT-
MI is shown in Scheme 5.1. Monomers M2, M3 and 4,7-dibromo-2, 1, 3-
benzothiadiazole were taken in the ratio of 0.5:0.3:0.2 and polymerized by Suzuki cross-
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coupling polymerization reaction to yield PFTPEBT. N-methyl imidazole was then
introduced onto the side chain of PFTPEBT via post functionalization method to obtain
cationic polymer PFTPEBT-MI in good yields without any hectic purification methods.
PFTPEBT-MI (Figure 5.1a) was found to be soluble in polar solvents like water,
dimethyl sulfoxide, methanol etc. All the products were characterized by *H NMR
spectroscopy (Figure A5.1-A5.3). The zeta potential of PFTPEBT-MI was calculated to
be 33 mV£1.52 at 25 °C in water (Figure A5.4). The polymer PFTPEBT-MI shows
absorption maxima at 350 nm and 460 nm in aqueous solution and as well as in solid state
(as film). The polymer PFTPEBT-MI shows absorption maxima at 350 nm and 460 nm in
aqueous solution as well as in solid state (as film). PFTPEBT-MI displays emission
maxima at 555 nm and 565 nm (Aex=450 nm) in liquid (aqueous solution) and solid state
(as film) respectively with Stokes shift of ~100 nm (Figure 5.1b). PFTPEBT-MI
appeared dark yellowish colour in concentrated aqueous solution as well as in thin film
state under the illumination of UV light (365 nm) (Inset: Figure 5.1b). To explore the
AIEE character of the polymer, emission studies of PFTPEBT-MI were recorded in
water-THF mixture as shown in Figure 5.2a & 5.2b. It is clear that the fluorescence
intensity of this polymer is less in pure water (good solvent), the intensity suddenly
increases when THF (poor solvent) fraction (ftur) was 30% and the fluorescence
intensity remains constant on further increasing the frur Up to 90%, which is further
confirmed by the appearance of bright fluorescence under the irradiation of 365 nm UV
lamp as shown in the inset of Figure 5.2c. The enhancement in the fluorescence intensity
with increase in frye iS due to the formation of polymer aggregates (Figure A5.5) that

endows the intense emission.

ol | / & 1.0 prrPEBT-MI[ 10 &
N = — Liquid 5
N 208 —Solid  Log 2

:
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320 400 480 560 640 720
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Figure 5.1 (a) Structure of polymer PFTPEBT-MI. (b) Absorption and emission spectra
of PFTPEBT-MI in water. Inset: Colour of polymer in solid and liquid state under the
irradiation of UV lamp (365 nm).
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Figure 5.2 (a) Fluorescence spectra of the PFTPEBT-MI (33 puM) in water and water-
THF mixture with varying fractions of THF. (b) Plot of fluorescence intensity against
fraction of THF. (c) Digital photograph of PFTPEBT-MI in water/THF mixtures with
different THF fractions from 0% to 90% (in vol%) at 365 nm UV irradiation.

5.3.2 Development of LFPs and digital magnification

LFPs were prepared from sebum and sweat components together by rubbing the finger
with nose and forehead and depositing the fingerprints initially on four different
substrates such as aluminium foil, glass slide, adhesive tape and coins as mentioned in the
experimental section. Fluorescence image of the developed fingerprints displayed
yellowish green colour under UV radiation (365 nm) with apparently high contrast
between the fluorescent ridges and non-fluorescent furrow without any post-treatment
method which could be clearly distinguished on various substrates having different
background colours by naked eye as shown in Figure 5.3. The appearance of bright and
quality fluorescence images of LFPs is due to the preferential increase in the local
concentration of PFTPEBT-MI on the fingerprint ridges rather than on the furrows as
observed in fluorescence microscope and FESEM images (Figure 5.4) by the process of
adhesion, which may be attributed to both hydrophobic and electrostatic interactions
between PFTPEBT-MI and the chemical components of the fingerprints.** The

hydrophobic interactions arise from the interactions between the fatty components (wax
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esters, fatty acids, squalene, and cholesterol) of the LFPs and the conjugated backbone of
PFTPEBT-MI which contains AIEE active moiety, whereas the electrostatic interactions
ascend from the sweat components (amino acids, proteins, glucose, etc.) and the
functional groups of PFTPEBT-MI. Using this method, fingerprints with high resolution
were obtained with distinct level 1-3 details which is a prerequisite for the identification
of individuals. Usually fingerprints are characterized at three levels of details.*? Level 1
detail is not unique enough for recognition and it includes cores and deltas. Level 2
includes ridge ending and bifurcation, which are the most characteristic features. Level 3
provides quantitative data for exact fingerprint recognition and it includes ridge path
deviations, sweat pores and edge contours. The level 3 details of the fingerprint, features
as a representative example of one developed in Figure 5.5a (left) and the regional
magnified images are shown in Figure 5.5b (right) which include core (level 1), ridge
ending, bifurcation and island (level 2) as well as pore (level 3), thus providing prima
facie evidence to prove the case during trial without contradiction and validating the
practicability of the present system for the LFP recognition. To further investigate
whether the external abrasions will affect the developing fingerprints or not, physical
abrasion test (Figure A5.6) was performed as mentioned in the experimental section to
the developed fingerprints on various substrates such as aluminium foil, glass slide,
adhesive tape (transparent), steel plate, OHPC sheet, coins, and adhesive tape (blue color)
and digital images were captured before and after abrasion under 365 nm UV lamp as
shown in Figure 5.6. Though in some cases the fluorescent images of the fingerprints
captured were scratched to some extent but still all the fingerprint patterns are very clear

even after applying external abrasion.

Aluminum foil Glass slide Adhsive tape Coin

Figure 5.3 Fluorescence images of LFPs developed with PFTPEBT-MI on different

substrates such as aluminum foil, glass slide, adhesive tape and coin.
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Similarly, chemical abrasion test was performed by treating the developed LFP substrate
such as glass slide with various chemicals such as THF, chloroform, acetone and toluene
as shown in Figure 5.7, no such interference was observed. Furthermore, we also
developed blood laden fingerprints as shown in Figure 5.8. It is clear that even the blood
stained fingerprints can be developed easily without any interference. Therefore, our
strategy is effective in developing LFP on various substrates with negligible effect even

in the presence of external interferences

Figure 5.4 (a) FESEM images of developed LFPs showing adhesion of CPE on (b) ridges
rather than on (c) furrows with a lower and higher magnification. (d) Fluorescence

microscopic images of the developed LFPs.

a

Figure 5.5 High-resolution photographs of LFPs after developing with PFTPEBT-MI
showing level 1-3 details including island, bifurcation, core, ridge ending, and pores

under the excitation of UV radiation (365 nm).
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Adhsive tape . Adhsive tape
(transparent) Steel plate Coin OHPC sheet (Blue)

Before

After

Figure 5.6 Digital photographs of LFPs developed with PFTPEBT-MI on different
substrates before and after abrasion with double sided tape under UV irradiation (365

nm).

Untreated Acetone Chloroform THF Toluene

Figure 5.7 Chemical abrasion of the developed fingerprint on a glas slide upon treatment

with various solvents.

Undeveloped Developed
Blood laden LFP Blood laden LFP

---------
~

Figure 5.8 Blood laden LFPs developed on a glas slide.
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5.3.3 Application of PFTPEBT-MI for LFP development

To evaluate the practicability of PFTPEBT-MI assay for detection of latent fingerprints as
the weight of evidence in real samples the CPE solution was added into a spray bottle,
along with 20%-30% (v/v) of methanol for quick evaporation of residual polymer
solution and then sprayed onto the substrate such as drinking glass and tin can (soft drink
container) to develop LFPs. As shown in Figure 5.9a, the fluorescence generated by CPE
in the fingerprint patterns could be clearly observed. Although the blank ink on the tin can
interfere with the visualization of LFPs, yet the fingerprint details could be clearly
recognized with high resolution and high contrast. Similarly results could also be seen on
a drinking glass, as shown in Figure 5.9b. These results confirmed that CPE PFTPEBT-
MI can be applied to a variety of samples and will have widespread use in forensic

sciences.
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Figure 5.9 Images of LFPs developed with PFTPEBT-MI (a) tin can and (b) drinking
glass. The left and middle set of each image represent the photographs of latent
fingerprints under 365 nm light irradiation. The right set shows the enlarged fluorescence
images of latent fingerprints with third level details.

5.4 Conclusion

In conclusion, a highly convincing, sensitive, environmentally friendly and cost-effective

approach for the enhanced visualization of latent fingerprint based on AIEE active
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conjugated polyelectrolyte PFTPEBT-MI was successfully developed by simply dipping
the fingerprint laden substrate into the polymeric solution or spraying the polymer on the
surface of evidence. The high fluorescence brightness and large Stokes shift contributed
to the high-resolution imaging of latent fingerprints without any post-treatment such as
fume treatment, surfactants, etc. for latent fingerprint development, therefore providing
highly reliable and concrete evidence (1-3 level), which makes the identification of an
individual suspect very easy and beyond doubt. Thus, PFTPEBT-MI polymer could be
effectively applied in developing LFPs with high-sensitivity on practically any surface
such as glass, aluminum foil, steel, coins, adhesive tape etc. with negligible interference
including blood, in the presence of even harsh external abrasions which could hinder in
the identification of personal information, thereby demonstrating successfully the
durability and unmatched ability of this approach. We anticipate that the present method
could be used in the detection of LFP and further find its utility for various forensic

applications.
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Figure A5.2 'H NMR spectra of PFTPEBT.
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Figure A5.3 'H NMR spectra of PFTPEBT-MI.

2 aPetid Osfibuion

qr - SRR _

. e - ' L ] . -

;Eu mr - - - ' o . i . o .
- mir - ) ] _

1 I 1

Figure A5.4 Zeta potential of PFTPEBT-MI.
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Figure A5.5 Formation of polymer aggregates with increasing fraction of THF (a-e).

Figure A5.6 Physical abrasion of the developed fingerprint substrate using a double sided

tape.
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