Development of New Self-Assembly Driven Chemo-
Sensors for Various Important Analytes

by

Bapan Pramanik,

Department of Chemistry
Indian Institute of Technology Guwahati
Guwahati, Assam, 781039
India

O

Ul e
ANZlTPR,

2

) .)i;v
atj Q—ﬁ

A Thesis Submitted in Partial Fulfillment of the
Requirements for the degree of

Doctor of Philosophy
In
Chemistry
IIT Guwahati, March 2019



TH-2083_146122005



Dedicatied
To

My Parents and Sister. ..

TH-2083_146122005



TH-2083_146122005



Declaration

| hereby declare that the matter embodied in this thesis is result of investigations carried
out by me in the Department of Chemistry, Indian Institute of Technology Guwahati, India,
under the guidance of Dr. Debapratim Das. In keeping with the general practice of reporting
scientific observations, due acknowledgements have been made wherever the work

described is based on the findings of other investigators.

(Bapan Pramanik)

TH-2083_146122005



TH-2083_146122005



A TR e AR

Sl gy
ﬁgﬁ ?@ INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
& B
g k] Dr. Debapratim Das
“é-% .' u; Associate Professor

mﬁhﬂuws-"‘ Department of Chemistry
Ph: +91 361 258 3301
Fax: +91 361 258 2349
E-mail: ddas@iitg.ac.in

05% March, 2019

To whom it may concern.

This is to certify that the thesis entitled “Development of New Self-Assembly Driven
Chemo-Sensors for Various Important Analytes” submitted by Bapan Pramanik (Roll No.
146122005) for the award of PhD degree to lIT Guwahati, is absolutely based on his own
research work and that neither this thesis nor any part of it has been submitted for any

degree/diploma or any academic award anywhere before.

(Dr. Debapratim Das)

TH-2083_146122005


mailto:ddas@iitg.ac.in

TH-2083_146122005



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

Contents

Abstract
Acknowledgement
List of Abbreviations

Chapter 1
Introduction
1.1 Introduction
1.2 Arylene Diimides
1.2.1 Naphthalene Diimides
1.2.2  Perylene Diimides
1.2.3 NDI Based Chemo-sensors
1.24 PDI based chemo-sensors
1.3  Pyrene
1.3.1 Photophysical properties of Pyrene derivatives
1.3.2 Pyrene Based Chemo-sensors
1.3.3 Peptide Self-assembly
1.3.4 Chemo-sensors Based on Peptide Self-assemblies
1.4 Some Important Analytes and their Reported Chemo-sensors
1.4.1 Base Sensors
1.4.2 Palladium Sensors
1.4.3 Cyanide Sensors
1.4.4 Histone Sensors
1.4.5 Picric acid Sensors
1.5 Obijectives of the Present Thesis

Chapter 2
Solvochromism and Efficient Base Sensing by a Viologen-Perylenediimide Conjugate
2.1 Introduction
2.2 Results and Discussion
2.3 Conclusions
2.4 Experimental section
24.1 General Information and Materials
2.4.2 Synthesis and Characterization of Compounds
244 Methods

Chapter 3
A Perylenediimide-Peptide Conjugate for Self-Assembly Assisted Tandem Sensing of
Pd?** and CN
3.1 Introduction
3.2 Results and Discussion
3.3 Conclusions
3.4 Experimental Section
3.4.1 General Information and Materials
3.4.2 Synthesis and Characterization of Compounds
34.3 Methods

TH-2083_146122005

27
27
29
29
41
41
41
42
44

47
47

49
50
58
59
59
60
61



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

Chapter 4
Efficient Detection of Histone by a DNA-Naphthalenediimide Hybrid
4.1 Introduction
4.2 Results and Discussion
4.3 Conclusion
44 Experimental Section
44.1 General Information and Materials
44.2 Synthesis and Characterization of Compounds
443 Methods

Chapter 5
Picric Acid Detection at Femtogram Level by a Short Peptide Gelator
5.1 Introduction
5.2 Results and Discussion
5.3 Conclusion
54 Experimental Section
5.4.1 General Information and Materials
5.4.2 Synthesis and Characterization of Compounds
54.3 Methods

NMR, Mass Spectra, and Chromatogram of the Synthesized Compounds

References
Publications

TH-2083_146122005

65
65
67
68
78
79
79
79
83

85
85
87
87
99
101
101
101
102

105
133
149



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

Abstract

The thesis “Development of New Self-Assembly Driven Chemo-Sensors for Various Important
Analytes” deals with the development of new fluorescent chemo-sensors based on the

aggregation dis-aggregation phenomenon.

Chapter 1 is a brief introduction of aggregation dis-aggregation based chemo-sensors with up to

date literature review.

Chapter 2 describes the efficacy of a viologen perylene diimide conjugate towards base in solution
phase and solid crystalline phase. Also, this bola-amphiphilic viologen-PDI conjugate showed

solvatochromism with generation of distinguishable colors in different solvents.

Chapter 3 deals with the tandem sensing of Pd** and CN™ ions utilizing a perylenediimide-peptide

conjugate based on aggregation dis-aggregation phenomenon.

Chapter 4 describes the sensing of histone, a DNA binding protein. A series of Naphthalenediimide
(NDI) derivatives are subjected to DNA binding studies for the sensing of histone. The strong
binding affinity of histone toward DNA lead to release of the NDI molecules from the NDI-DNA
complex resulting in enhancement of the fluorescence intensity and used as an efficient “turn-on”

sensor for histone.

Chapter 5 describes the sensing of picricacid (PA), a well-known explosive based on a pyrene based
short peptide gelator. The gelator molecule shows its efficacy and selectivity towards PA in solution
phase, gel phase as well as in paper based systems with high sensitivity. In addition to that, the test
strips can detect PA vapors in sub ppb level and are effective for detection of PA contamination in

ground water.
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Chapter 1

Introduction
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1.1 INTRODUCTION

A chemo-sensor is a chemical system that is used for the sensing of an analyte to produce some
easily detectable responses, such as change in emission intensity, color or conducting property, etc.'
In recent years, the development of chemo-sensors has gained much attention in the field of
chemistry, biology and material sciences.? Among the different chemo-sensors, fluorescent active
sensors have emerged as an attractive domain because of their high sensitivity, ease of operation,
applicability in different material state, real-time detection, non-destructive determination and low-
cost instrumentation.”®> Fluorescent chemo-sensors showed potential in a variety of fields like
biological probes, environmental sensors, molecular devices, volatile gas sensing, food safety,
process control, medical diagnosis, and fluorescence imaging, etc.and it has the advantage over
others sensors because fluorescence signals offer high selectivityas well as sensitivity.*> A
fluorogenic chemo-sensor is a molecule or it's aggregate which undergoes changes in the

photophysical properties upon binding with an analyte species to give a detectable signal.

Self-aggregation of small molecules can be of tremendous help while designing and constructing
new fluorescent chemo-sensors.® Aggregation of small fluorescent molecules leads to a modest to
significant change in the emission behaviour of the probe. Decrease in the emission intensity of a
fluorophore as a result of aggregation is a common phenomenon. The decrease accompanies a fall
in their life time. In certain cases, the aggregates generates a new emission band in the form of
excimer or exciplex.”® Aggregation induced emission is another phenomenon which gained
tremendous attention owing to their wide applicability in imaging and sensor development. * '
However, all the systems can be restored with their original photophysical properties once the
aggregation in destroyed so that the fluorophore molecules come back to monomeric state. The
process is reversible as the self-assembly involves only some weak physical forces and no covalent
bonding is involved. The assembly and disassembly processes thus result in reversible changes in

the emission property of a fluorophore which can be used as a signal for chemo-sensing processes.

We envisioned that proper design of fluorogenic molecules which can assemble/dis-assemble in
presence of the targeted analyte molecule can lead to new selective and highly sensitive chemo-
sensors (Scheme 1.1). The key behind the success here is the attachment of proper ligand for the
analyte under scanner and the effect of the analyte binding on the self-assembly/dis-assembly of

the sensor molecule."

Below is an overview of the present literature status of self-assembly based chemo-sensors. In this

process, a discussion on different fluorophores capable of self-assembly and their self-aggregation
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processes are discussed. Different biologically and environmentally important species for which

development of new chemo-sensors are essential is also discussed in the later section.
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Scheme 1.1 Pictorial representation of aggregation/dis-aggregation based chemo-sensors.
Organic fluorophores, in general possess fused w-ring systems. When they self-assemble in solution
or at the solid-liquid interface, they often form H-type or J-type aggregates, depending on the

relative alignment of the transition dipole moments on adjacent molecules.'

B e &F
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states

— Excited

Ground
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Absorbance

/A

Wavelength (nm) Wavelength (nm) Wavelength (nm)

\.

Figure 1.1 Pictorial representation of J- and H- aggregate.

J-aggregation is defined as the aggregation pattern where the absorption band is shifted to higher
wavelength (bathochromic shift) i.e., red shifted compared to monomer absorption band in which
the molecules arrange themselves in such a way to align in head to tail fashion as can be seen in
Figure1.1. When the absorption band is shifted to lower wavelength (hypsochromic shift) i.e., blue
shifted compared to monomer absorption band in which the molecules arrange themselves in such

a way to align in side-by-side fashion, it is denoted as J-aggregation and exhibit in most cases low

or no fluorescence.’
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1.2 ARYLENE DIIMIDES (ADI)

Arylenediimdes are the inherently electron deficient molecules with r-scaffold." It has gained
enormous attention towards academic as well as in industry due to their wide range of application
including industrial pigments,'> models for biological systems,'®*' and n-type semiconductors for
photovoltaic and organic electronics semiconductors,?*% radical ion-based sensor probes, charge
transporting materials, solar cell, energy storage and in catalysis of reactions." Out of the
arylenediimides, naphthalenediimides (NDI)*** and perylenediimides (PDI)**3° have been
established as promising electronic materials because of their large electron deficient n- surfaces
and ability to form self-assembled structures. Also, the synthesis of NDIs and PDIs are relatively
easier compared to other arylenediimides and they are easily soluble in organic non-polar or polar
solvents. NDIs and PDIs can be solubilized in aqueous media by incorporating hydrophilic

substituents at imide positions of NDI and PDI respectively. The chemical structure of NDI, PDI and

their corresponding normalized absorption and emission spectra are shown in Figure 1.2.
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Figure 1.2 Chemical structures of NDI, PDI and their corresponding ansorption and emission spectra.

1.2.1 Naphthalenediimides (NDI)

NDIs are neutral, planar, chemically robust, redox-active, electron-deficient class of aromatic
compounds, and they have been used for a variety of applications, ranging from biomedicine to
electronics.® The structure of the parent NDI compound is composed of a naphthalene core that
bears at its four a—positions two electron-withdrawing imide groups, whose nitrogen atom can
further be substituted with a variety of alkyl or aryl residues*” which are displayed in Figure 1.2.
Naphthalene diimide (NDI) chromophores have drawn considerable attention due to their unique
optical and electronic properties, which have led to various applications in sensors, semiconductor
devices, organic phtovoltaic devices, and artificial photosynthesis, as well as biological
applications.>' NDIs are the most fascinating and versatile class of organic n-type semiconductors
in the field of designing of electronic conducting functional materials due to their high electron
affinity, good charge carrier mobility, and excellent thermal and oxidative stability that enable

applications such as organic field effect transistors (OFETs), photovoltaic devices and flexible
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displays.?® The NDIs make desirable chemo-sensors, as they are small, easy to functionalize, soluble

in a broad range of solvents, and they have tuneable fluorescent properties.
1.2.2 Perylene Diimides (PDI)

Perylene diimides (PDI) are well-known for their chemical inertness, bright photoluminescence with
quantum yield up to unity, '*3*** and excellent n-type semiconductivity.*>*” The PDIs are extensively
used as industrial pigments, laser dyes, photovoltaic cells, fluorescence switches, molecular wires,
molecular transistors, sensors®*?°, probes for single molecule spectroscopy, “**' organic thin film
transistors, ** and solar cells.**** However, most PDIs are not water-soluble, and those which are
soluble show a strong tendency to aggregate extensively in aqueous solution leading to
fluorescence quenching. As a result, PDI derivatives have seldom been used as fluorescent labels
for bio-sensing applications.* PDIs have a large core aromatic chromophore of 11.52 x 4.88 °A
(length x width), and as a result PDIs exhibit coherent -  stack. The r1- 7t stacks may be attributed
for the strong solvophilic and - m forces.*” PDI has twelve functionalizable positions out of which 3,
4,9,10 positions are called peri positions; 1, 6,7,12 positions are called bay positions and 2, 5,8,11 are
termed as ortho positions as shown in Figure 1.2. In general, PDIs display an absorption band in
the visible range particularly from 400 nm to 800 nm. Despite different substituents at the imide
nitrogen, the shape and position of the absorption and emission bands of these dyes are almost
identical in their non-aggregated state.”® The UV-Vis absorption spectrum of PDlIs in different
solvents show three fine vibronic bands which arise from the 0—0, 0—1, and 0—2 electronic
transitions respectively.’®* To describe the behaviour of PDI derivatives in solution phase, the
intensity and the pattern of absorption bands have been used.*>'It is reported that an electronic
transition is coupled to a single vibration and the intensities of the transitions within the progression
follow the order So—o > So—1> So_, for non-aggregated monomeric form.>*** But as the monomer
starts to self-aggregate, the peak intensities start to follow the reverse order i.e., So—i or So—z >

S0-0.592>°*The emission spectra of PDIs look like the mirror image of the absorption spectra.”’
1.2.3 NDI Based Chemo-sensors

Out of the different applications of NDI derivatives, the development of chemo-sensors using these
arylenediimides gained much popularity amongst the chemists and biologists. There are several
research groups who are involved in designing NDI based fluorescent sensors. Yoon et al. reported
a fluorescent chemo-sensor (1.1) for pyrophosphates (PPi) with high selectivity over adenosine
triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP) or Pi in
aqueous medium based on NDI derivative.’® In presence of PPi, compound 1.1 shows a unique

dimeric system which can induce an excimer band through n—r stacking between the NDI cores.

TH-2083_146122005
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Tian and co-workers described two near-IR fluorescent chemo-sensor for Zn?*ions based on core-
substituted NDI (cNDI) as a novel NIR fluorophore (1.2 and 1.3). Water-compatible and membrane-
permeable chelators, N, N-di (pyridin-2-ylmethyl) - ethane-1, 2-diamine (DPEA) and N, N, N'-tri
(pyridin-2-ylmethyl) ethane-1, 2-diamine (TPEA), were incorporated into the core position of NDI for
the sensing of zinc ions over other metal ions under physiological conditions. ** Upon addition of
Zn**, the fluorescence enhancement was observed for both the cases but in case of 1.2, the
enhancement was observed due to photoinduced electron transfer (PET) process but in case of 1.3,
the enhancement is a combination of PET and intramolecular charge transfer (ICT) process. Both of
the NDI derivatives were used successfully to image intracellular Zn?* ions in living human
nasopharyngeal epidermal carcinoma cells. In 2012, George et al. designed two NDI amphiphiles
(1.4 and 1.5) functionalized with dipicolylethylenediamine motifs for sensing of ADP.*° These motifs
form dipicolylethylenediamine-zinc (DPA-Zn) complex in presence of zinc salts and these
amphiphiles self-assemble into one-dimensional helical assemblies in presence of different
adenosine phosphates and competitive guest binding leads to the dynamic helix reversal of these
assemblies. In presence of adenosine di phosphate, the absorption band gets broadened along with

reversal of peak and the fluorescence is decreased which is the characteristic feature of the NDI self-

assembly.
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Figure 1.3 Some reported NDI based chemo-sensors.

Govindaraju et al. reported an asymmetric NDI based chemo-sensor (1.5) for sensing of aromatic
solvents.®! The derivative showed multicolour emission properties in the visible spectrum, changing
from blue to greenish yellow (Amax = 450, 487 and 523 nm for benzene, toluene and xylene
respectively) with large Stokes shifts in aromatic solvent due to the excited state specific solvent-
fluorophore interactions (or excited state exciplex formation). Bandyopadhyay et al. reported a
highly selective fluorescence probe for Hg?* ions, based on dithiocarbamate-NDI (1.7) in aqueous-
ethanol (4:1, v/v) media.*? In presence of Hg**, weakly fluorescent dithiocarbamate-NDI (O = 0.03)
converted into a highly fluorescent isothiocyanate (O = 0.11). This conversion can be easily detected

by a distinct blue-shift (43 nm) with the detection limit of 2.1 X 107 M. Bhosale et al. reported core
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substituted NDI probe (1.7) for detection of cysteine in HEPES buffer based on the photo-induced
electron transfer (PET) mechanism. ¢ The derivative forms a thiazolidine with Cys through a formyl-
Cys reaction.The same group have developed another NDI based probe (1.8) for selective detection
of Cu?* and Fe** ions as compared to other metal ions.** Wei's group have developed a novel water
soluble chemo-sensor (1.10) for selective detection of mercury ion based on NDI derivative.® The
probe does not emit any fluorescence but upon addition of Hg?*, the probe emitted bright blue
colour emission. So, the probe acts as a “turn-on” fluorescence sensor for Hg** in water with high

selectivity and sensitivity.
1.2.4 PDI based chemo-sensors

The excellent fluorescence properties of PDIs have been utilized to develop fluorescent probes for
analytes. For example, Jingsong and co-workers employed a PDI derivative (1.11) functionalized
with a dipicolylethylenediamine (DPEN) moiety as a colorimetric and fluorometric dual-channel
sensor to specifically detect the presence of Cu** over a wide range of other cations in THF-water
mixture.®® The probe 1.11 displayed a relatively strong emission. Upon addition of Cu?, the
fluorescence intensity was decreased due to the photoinduced electron transfer from the
fluorophore to protonated pyridine unit. When the dipicolylamine units coordinate to a metal ion,
the electron density of the DPEN moiety might be decreased, and lower the electron-donating
ability of the fluorophore accordingly. Yu's group reported a fluorescence “turn-on” approach for
the selective and sensitive detection of proteins based on a nucleic acid aptamer and PDI probe
(1.12).* In water, 1.12 showed both monomeric and aggregated forms, therefore strong
fluorescence was observed. In presence of a negatively charged nucleic acid aptamer, PDI probe
(1.12) undergoes instantaneous binding with the aptamer through strong electrostatic interactions
between the dye monomer/aggregates and the aptamer. As PDI probe (1.12) is prone to self-
assemble via m—n stacking between themselves, decrease in the fluorescence intensity was
observed. Upon addition of lysozyme, the recovery of fluorescence was observed as the monomer
of PDI probe (1.12) becomes free due to the strong affinity of lysozyme toward the aptamer. Jiang
et al. reported a fluorescent sensor based on PDI derivative (1.13) for detection of mercury through
aggregation dis-aggregation process.®”” They have observed the imide groups of the derivative are
similar to the binding site of thymine (T) for Hg** for the well-known “T-Hg?*~T" structure which can
be used as a sensor material for Hg**. In presence of Hg?*, the modestly fluorescent derivative form
linear complex via the “T-Hg**-T” binding mode which further extend to form H-type aggregate,
leading to decrease of fluorescence intensity. Upon addition of Cys or other thiol species, the Hg-
imide interaction is replaced by that of Hg-S, resulting in the dissociation of “PDI-Hg"” aggregates

and recovery of fluorescence was observed. The same PDI probe (1.11) was reported for detection
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of ATP in aqueous media with high selectivity by Zhang et al. ®® Here, they have first prepared Zn-
complex with Zn?* ion and this complex was used for the sensing purpose. The complex exhibited
a moderately strong fluorescence emission. A remarkable enhancement of fluorescent intensity was

observed only for ATP upon addition of different anions. Shi and co-workers prepared a symmetric
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Figure 1.4 Some reported PDI based chemo-sensors.

PDI derivative (1.14) in which the imide position of the PDI core is substituted by the dipeptide unit
Asp-Glu, shows a “turn-on” sensor for pyrophosphate. In presence of cupricion, PDI derivative (1.14)
undergoes assembly to form 1.14/Cu?* and as a result fluorescence intensity get quenched. Upon
addition of PPi into the aggregates, the aggregates break down due to the disassembly of the
aggregates as the Cu?* acts as a competitive binder towards pyrophosphate compared to 1.14 and

simultaneously the fluorescence enhancement was observed.*®

Zhang et al. synthesized a PDI derivative (1.15), tethered by naphthyl linker and investigated the
sensing properties towards spermine in aqueous media through host-guest chemistry.”” In
presence of host, cucurbit[7]uril (CB[7]), PDI derivative (1.15) undergoes dis-aggregation because
of the binary complexation between the naphthyl group of the probe and the host CB[7], so the
fluorescence get enhanced. Upon addition of spermine, the dissociation of the complex was
observed as spermine has affinity towards CB[7] owing to the presence of multiple charges and long
alkyl chains and thus leading to the fluorescence quenching. Later, Shaangguan et al. investigated
fluorescence response of the same derivative 1.11 to Zn** and Cd?** at different pH values. "' They
have observed that the derivative 1.11 shows low fluorescence at pH above 6.0 due to the photo-
induced electron transfer (PET) process from 2-pyridylmethyl-amine (DPA) to PDI unit. In presence
of Zn** and Cd?**, DPA undergoes chelation with Zn** and Cd**, rapidly the PET is inhibited which
results in the fluorescence recovery of 1.11. It shows good selectivity and sensitivity for Zn?* at pH
6.0 and for Cd** at pH 9.0. Govindaraju et al. reported an amphiphilic PDI derivative (1.16)
connected with a L-DOPA derivative as a reversible fluorescence switching probe for the detection

and sensing of cationic surfactants and Fe**/Cu?*" in an aqueous media through host—guest
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interactions driven assembly and disassembly of the derivative.*® In presence of cationic surfactant,
1.16 undergoes disassembly, as a result the fluorescence intensity is increased. As L-DOPA has
binding ability with metal ions, in presence of Fe**/Cu?", 1.16 undergoes self-assembly again and
the fluorescence intensity is decreased. The Erdemir group developed a fluorescent probe (1.17) for
the selective detection of mercury ion in Water-DMF mixture solvent.”?In presence of Hg** ion, it
exhibits a remarkable fluorescence enhancement with respect to other competing metal ions
because of photoinduced electron transfer (PET) from di (2-thiopheneylimino) ethylamine unit to
the PDI core. Wurthner et al. reported a fluorescent sensor (1.18) for Ba?* ion, in which 1, 7-position
of the aromatic core is functionalized with crown ether receptor.” The derivative 1.18 exhibited a
high fluorescence intensity. In presence of Ba**, it undergoes H-type self-assembly and as a result
fluorescence intensity decreased. Shen et al. prepared a multifunctional dithioacetal-modified
perylenediimide (1.19) for the sensing of Hg** and as an effective DNA carrier.”* The probe showed
higher emission intensity but upon addition of the Hg**, the fluorescence quenching was observed
because 1.19 underwent a fast Hg*-promoted hydrolysis. Malik et al. reported a water-soluble
fluorescent probe consisting of a PDI derivative (1.20) and melamine, for the detection of L-Cys
and L-Hcy.”” In presence of melamine, PDI derivative generates very bright yellow luminescence and
the emission spectra showed characteristic emission bands in 550-600 spectral range, which
indicates lack of n—n interactions. With a gradual addition of Hg?** to the complex solution, the
quenching of the emission bands is instantaneously observed due to complex formation between
the carboxylic groups in PDI derivative with Hg?* ion. In presence of Hg*? ions, the -COOH groups
of the complex become deprotonated and the resulting perylene moieties get aggregated. As a
result, the fluorescence quenching of monomeric emission was observed along with a weak excimer
band at a higher wavelength. Then they have used this non-fluorescent probe for the sensing of
amino acids or peptides. They have found among all the amino acids, only the two thiol containing
amino acids (L-Cys and L-Hcy) recovered the intensity of fluorescence in the solution. Also they have
used the fluorescence technique to quantity Cys or Hcy in human blood plasma and urine in
presence of other biothiols. Galeotti and co-workers developed a cysteine based PDI derivative
(1.21) for sensing of Hg?* ions in water with high selectivity and sensitivity.”® The probe has tendency
to self-aggregate in aqueous medium even at low concentration which results in a dramatic
fluorescence emission quenching. In presence of Hg?* ion, cysteine unit of the probe get complexed
with mercury ion, creating steric hindrance which leads to the partial dis-aggregation of the probe.

As a result, the fluorescence intensity is recovered.
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1.3 Pyrene

Compounds containing polyaromatic hydrocarbons (PAHSs) have drawn particular attention due to
their extended mi-conjugation that provides them with unique photophysical and charge transport
properties. Pyrene belongs to the family of PAHs, and its use in the design of optical devices has
increased due to the ability to tune its electrochemical and photophysical properties as a result of

strong m-electron delocalization over the four fused benzene rings.

1.3.1 Photophysical properties of Pyrene derivatives

Pyrene is a well-known organic fluorescent compound with environment-responsive vibrational
fluorescence structures, exceptionally long fluorescence lifetime and the ability to form excimers.””
8 As a simple aromatic fluorophore, pyrene has a large extinction coefficient,”® pure blue
fluorescence with high quantum yield.®* The fluorescence emission spectrum of pyrene is
characterized by major vibronic bands |, II, I, IV, and V, with well-defined peaks at ~375, 379, 385,
395, and 410 nm, respectively and presence of these peaks are referred as the monomer band.
Another interesting feature of pyrene fluorescence emission is the appearance of a broad,
structureless band at longer wavelengths (ranging from 425 to 550 nm, centered on 460 nm) when
two pyrene rings are ~10 A from each other. It arises due to formation of an excited state dimer or
‘excimer’ and involves interaction between two pyrenes. The unusually long lifetime of pyrene
emission (>100 ns) allows this excited state reaction to occur. The monomer/excimer (m/e) ratio,
calculated by comparing the fluorescence intensity (or quantum yield) of the first monomer peak
(typically ~375 nm) with respect to the excimer band (generally~460 nm), is a relative indicator of

the extent of excimer formation, and therefore the spatial proximity between two pyrene moieties.?'
1.3.2 Pyrene Based Chemo-sensors

Pyrene as an important fluorophore, has been widely used to build fluorescence chemo-sensors due
to its high sensitivity for detection through excimer formation.?? More importantly, a ratiometric
fluorescence may be achieved when pyrene is introduced into chemo-sensors, which can effectively
eliminate most interferences from the environment by built-in correction of two emission bands.
Ratiometric fluorescence is defined as the ratio of the excimer to monomer emission of the pyrene

units. Therefore, it has been widely used to evaluate the concentration of the analyte.

Yam et al. reported a positively charged pyrene probe (1.22) for sensing of nucleic acid in an
aqueous buffer solution.®® In presence of oligonuecleotide, the probe exhibited a remarkable
change in the fluorescence and UV-Vis absorption spectra. In case of fluorescence, the probe
showed a significant decrease in emission from the monomeric form of pyrene probe and the

concomitant appearance of a red-shifted, broad pyrene emission band which was assigned to
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excimer emission of pyrene unit. In that year, they developed another synthetic polymer connected
with a boronic acid group and a pyrene derivative containing a quaternary ammonium group
(1.22).3* The addition of glucose to an aqueous buffer solution containing both the boronic acid-
containing polymer and the pyrene derivative, caused the formation of a very broad, red-shifted,
new structureless band which can be assigned as the excimer band of the pyrene derivative. In the
presence of glucose, the polymer containing multiple boronic acid functional groups is converted
into a polyanion and as pyrene contains positive charge, it undergoes electrostatic interaction. As a
result, the concentration of the probe molecule are increased in the vicinity of the polymer. So, the
hydrophobic n—mr interaction between the pyrene moieties increases and an enhanced excimer
band is observed. Cao et al. reported a fluorescent sensor (1.23) for detection of mercury based on
pyrene derivative with high selectivity in aqueous medium.?> The probe showed typical monomeric
emission when excited at the excitation wavelength. Upon addition of mercury salt, a significant
fluorescence quenching was observed due to the chelation enhanced quenching (CHEQ). Later, the
same group developed another pyrene containing fluorescent sensor (1.24) for lead detection.®
The probe exhibited characteristic spectral features of pyrene monomer in the 365-425 nm spectral
region but in presence of lead salt, the fluorescence emission spectrum of 1.24 also displayed an

excimer band at 469 nm together with a decrease of the emission intensity of monomeric band. Das
T
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Figure 1.5 Some reported Pyrene based chemo-sensors.

et al. prepared a new fluorogenic compound (1.25) for Hg** detection.?” The derivative 1.25 showed
an excimer band with the monomeric emission of the pyrene unit. In presence of Hg**, the intensity
of the excimer band decreases along with enhancement of the monomeric band.Schmuck and co-
workers reported a pyrene-based peptide beacon (1.26) which is capable of intercalating with
DNA.2 The beacon exhibited a typical excimer band in solution state due to its folded nature. In
presence of DNA, the beacon undergoes a conformational change from folded state to unfolded

state and as a result it showed monomeric emission pattern rather than excimer emission.
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An aggregation-based glucose sensor (1.27) has been developed by Jiang’s group for sensing of
glucose.?? The probe consists of a pyrene unit and a phenyl boronic acid derivative. In an alkaline
(pH 10) medium, 1.27 exhibited small aggregates which showed only the pyrene monomer
emission. Upon binding with glucose, 1.27 formed more ordered aggregates because one glucose
molecule binds two boronic acid groups and the complex obtained are hydrophobic in nature,
leading to the pyrene excimer emission. Fabbrizzi and Amendola group reported a fluorescent
chemo-sensor (1.28), consisting of a pyrene unit and a urea binding group for sensing of F ion.*
The probe showed pyrene monomeric emission but upon addition of F ion, the fluorescence
intensity decreases (off) because of the electron transfer process occurring in the locally excited
complex and the conversion of locally excited complex to poorly emissive excited tautomer.
Interestingly, upon further addition of F ion, a new emission band was observed with a yellow
fluorescence which can be attributed to a charge transfer emission by the deprotonated receptor.
Das et al. prepared a pyrene based schiff base (1.29) probe for sensing of lysine.’ The probe 1.29
showed typical emission bands at 404 and 505 nm, attributed to pyrene monomer and excimer
emissions respectively. Upon addition of Lys to 1.29, the intensity of monomer emission band

significantly decreases whereas a gradual increase of excimer band was observed.

Anzenbacher Jr. and Co-workers developed three pyrene based fluorescent chemo-sensors for
sensing RDX out of which 1.30 showed higher selectivity over others.”? The fluorescence intensity is
increased in presence of RDX because of the imine formation. Fang’s group designed a pyrene based
fluorescent sensor (1.31) for sensing of heparin and then they have used this complex (pyrene with
heparin) for detection of protamine in water.” The probe showed monomer emission in aqueous
medium. In presence of heparin, the monomer emission is significantly reduced along with gradual
enhanced excimer emission with a color change of the solution from dark blue to bright green.
When protamine was added to this complex solution, the monomer intensity is significantly
enhanced, at the same time the excimer emission is gradually reduced due to strong heparin
binding affinity. The higher binding constant of protamine is able to compete with the cationic
probe and thus releasing the probe from the complex. As a result, the probe emits monomer
emission. Another pyrene based fluorescent sensor (1.32) was developed by Ma's group for
detection and removal of Fe** and Pb?* from aqueous solution.®* The probe exhibits an intense
excimer band and a weak monomer emission around 370-400 nm in Water-ACN (v/v = 3:2). Upon
addition of Fe*, the emission bands of the probe decreased dramatically with decrease in
fluorescence intensity. Under UV light, the color of the solution changed from green to colorless.
Bhosle et al. prepared a pyrene-based chemo-sensors (1.33) connected with a benzothiazole

ionophore for the “turn-on” sensing of Fe** and Fe** ions.* The chemo-sensor showed optical as well
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as colorimetric changes towards Fe’" and Fe?* ions along with a remarkable enhancement in
fluorescence emission. Cao et al. prepared an amphiphilic probe (1.34) consisting of a pyrene
fluorophore and a hydrophobic cetyl chain for the sensing of Hg?". The probe showed monomer

emission and in presence of Hg*, the fluorescence intensity decreases.’
1.3.3 Peptide Self-assembly

One of the characteristic properties of a peptide is the self-assembly which leads to different
secondary structure. The secondary structures are regulated by different non-covalent interactions
like hydrogen-bonding, salt-bridge, m— n stacking, hydrophobic interactions etc. The common

secondary structures are a-helix, -sheet, B-hairpin, § -turn.””
1.3.4 Chemo-sensors Based on Peptide Self-assemblies

Peptide based soft materials are gaining increasing attention in the context of sensor field. Some of
the peptide based sensors are summarized below. Lee et al. prepared a new peptidyl fluorescent
chemo-sensor (1.35) for selective detection of mercury ions in which two pyrene (Py) fluorophores
are attached to a tetra peptide using sulfonamide group.’® The peptide 1.35 showed both monomer
emission and excimer emission band in buffer solution. Upon addition of Hg?**, the intensities of
monomer and excimer emissions decreased significantly due to the quenching effect of Hg?". Lee
et al. have prepared three pyrene based short peptides (1.36, 1.37, and 1.38) consisting of arginine
units for monitoring heparin in serum samples.” Among these three peptides, 1.37 and 1.38
showed typical pyrene monomeric emission band with an excimer band. When heparin is added to
the 1.37, there is a decrease in the pyrene monomer emission band as well as increase of the pyrene
excimer band with a clear iso-emission point. Similar change was observed in case of 1.38 but the
fluorescence response is higher compared to 1.37 due to the electrostatic interaction between the

positively charged arginine group and negatively charged heparin.
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Figure 1.6 Some reported peptide based chemo-sensors.
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Recently, Govindaraju et al. reported two anti- parallel B-sheet forming peptides (1.39 and 1.40) in
which the N-terminus are connected with pyrene.'® These two peptides form hydrogel when mixed
into 1:1 molar ratio and the gel can be used as a fluorescence sensor for nitro explosives. The 1:1
mixture of 1.39 and 1.40 exhibited an excimer band which could be due to the effective cofacial
n—n stacking between the pyrene chromophores in the bicomponent assembly state. In presence
of nitro explosives, the excimer band intensity get quenched due to the PET from an excited pyrene
to the electron deficient nitro-aromatic compounds. Ramanathan et al. designed a tetrapeptide
(1.41) for self-assembly and its application as a mercury sensor.'' The emission spectra of ligand
have a weak emission butin presence of Hg?, the enhancement in fluorescence intensity of peptide
was observed with a blue shift and it gave rise to a colour emission change from light yellowish to
cyan under UV light. Liu et al. prepared a peptide-based fluorescent chemo-sensor (1.42) for sensing
of Zn?" in aqueous media.'”” The peptide showed moderate fluorescence intensity but in presence
of Zn*, the fluorescence intensity increases due to the binding with the imidazole moiety of the

peptide.
1.4 Some Important Analytes and their Reported Chemo-sensors

In recent years, the recognition and detection of environmentally and biologically important
analytes has become an essential research topic in chemistry, biology as well as in material
chemistry. So, we attempt to describe the recent development of chemo-sensors based on NDI, PDI

and pyrene derivatives in a systematic and inclusive manner.
1.4.1 Base Sensors

Detection of amines is important for monitoring industrial and environmental pollution, checking
the quality of food products and medical diagnosis of certain diseases.'”® Zang et al. prepared

fluorescent ultrathin nanofibers from perylene monoanhydride imide (1.43) for sensing of amine
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Flgure 1.7 Some reported base sensors.
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vapours.'™ In presence of amine vapours, the fluorescence gets quenched due to the increased
surface area and the enhanced exciton diffusion along the long axis of nanofiber. Liu et al. designed
an asymmetric amphiphilic PDI derivative (1.44) by grafting permethyl-pB-cyclodextrin at one side
and an octadecyl chain at the other side.'® They have checked the aggregation study of 1.44 in
pure methanol and Water-MeOH binary solvent mixture and the resulting aggregate was used for
the sensing of amines. As the aggregates of 1.44 showed solid-state emission, it can act as
fluorescent sensory material for amine vapour detection. In presence of amine vapour, the
fluorescence get quenched due to two reasons: one is photoinduced electron transfer from analytes
to 1.44 and the other is the inclusion of analytes into the cyclodextrin cavity which disturbs the well-

ordered ni-m stacking of PDI backbones.

In another example, Fang et al. prepared a nanofilm from a symmetric PDI derivative (1.45)
connected with cholesterol units at both the N-terminus of the PDI core.'® The fluorescence of the
nanofilm gets quenched in presence of organic amine vapors. The nanofilm exhibited moderate
higher fluorescence but in presence of amine vapours the fluorescence decreases because of the
electron transfer between the electron rich amine to electron deficient PDI core. Later Zhao et al.
reported fluorescent bilayer nanocoils assembled from an asymmetric perylene diimide molecule
(1.46) which is very sensitive to amine vapours.'”” The nanocoil formed is highly emissive with a
fluorescence quantum yield of 25%. When the nanocoil is deposited onto a glass substrate, it
exhibited ultra-sensitivity to trace amines. Valiyaveettil et al. designed and prepared a perylene
dimide based probe (1.47) for sensing of organic amines in solution phase. Upon addition of a series
of aliphatic primary, secondary, tertiary and aromatic amines to the solution of 1.47 in THF, instantly
the fluorescence quenching was observed which could be due to photoinduced electron transfer

from HOMO of electron donor amines to HOMO of PDI. ¢

Zhao et al. reported an asymmetric perylene diimide derivative (1.48), exhibiting high sensitivity
and selectivity to amines in the vapour phase, which renders them capable of monitoring and
assessing the deterioration of meat.'® The asymmetric PDI derivatives are prone to assemble into a
fluorescent nanotube which shows “turn-off” emission in presence of amine vapours. Sillanpaa et al.
prepared a series of structurally analogous PDlIs (1.49, 1.50 and1.51) and used as fluorescent sensor
arrays. """These arrays displayed high sensitivity to amine vapours and allowed the fingerprint

differentiation of different species.

For easy reference, a table containing prominent chemo-sensors for bases are tabulated in Table

1.1 with their sensitivity and medium of function.

TH-2083_146122005

16

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

TH-2083_146122005

SL. No. Material Medium Detection Limit
01 PDI derivative'® Solid state 5 ppt
02 PDI derivative'® Solid state 44 ppm
03 PDI derivative' Solid state 150 ppt
04 PDI derivative'” Chloroform 0.8 ppt
05 PDI derivative'® THF Not reported
06 PDI derivative'® Solid state 1.2 ppb
07 PDI derivative!? Solid state 6.67x 107 ppm

Table 1.1 A comparative chart of the detection limits for bases.

1.4.2 Palladium Sensors

Palladium is one of the important elements used in various industries, such as automobile, fuel cells,
dental crowns and catalysts in drug synthesis. Its extensive use and thereby the produced waste has
raised pollution in water bodies and soil. This in turn severely effects plants, animals and humans.
Palladium influences our health and environment in an adverse way because it can bind to thiol-
containing amino acids, proteins, DNA, and other biomolecules and thereby may disrupt variety of
cellular processes.'"" Detection of palladium in aqueous medium is thus an important challenge for

chemists. Below is brief description of reported chemo-sensors for palladium.

Liu et al. reported a water soluble colorimetric and fluorescent sensor for the detection of palladium
based on a naphthalimde derivative (1.52) with high selectivity and sensitivity.'' In presence of
Pd*, it undergoes Pd’-catalyzed cleavage of an allyoxy carbonyl group of amines and as a result
1.52 exhibited a visual colour change from colourless to jade-green as well as the fluorescence
change was observed from blue to green through internal charge transfer (ICT) process.
Furthermore, the probe was successfully used for ratiometric fluorescence imaging of Pd** in living

cells. Wang et al. designed two novel NIR fluorescence probe (1.53 and 1.54) for selective detection
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Figure 1.8 Some reported palladium sensors.
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of palladium based on a perylene diimide based allyl carbonate derivative.'* In presence of Pd*",
deallylation of PDI occurs and as a result fluorescence quenching was observed along with a red
shift Li et al. developed a series of PDI derivatives (1.55, 1.57, and 1.58) for sensing of Pd** ions in
mixed aqueous media.'"* Out of these derivatives, 1.58 showed negligible fluorescence due to quick
and efficient PET process from nitrogen lone pair of DPA to PDI fluorophore but in presence of Pd**
ions, the fluorescence intensity is enhanced due to chelation of the DPA moiety with the Pd*" ions.
Zhang et al. reported a highly sensitive fluorescent chemo-sensor (1.56) for the intracellular Pd*
imaging based on triphenylphosphine supported Pd-catalyzed deallylation. '*> In presence of Pd**,
the probe undergoes Pd-catalyzed deallylation reaction and as a result, the emission spectrum got
shifted to higher wavelength with a decrease of fluorescence.

In another example, Singh et al. prepared a new PDI based mono-propargyloxy derivative, 1.59
having N-(ethylpropyl) and N-cyclohexyl groups, respectively at imide positions and bis-
propargyloxy derivative 1.60 substituted with N-(ethylpropyl) group at imide positions.'"® On
addition of Pd° the fluorescence intensity of 1.59 gradually decreased due to photo induced
electron transfer (PET) process. The cause of change in colour or fluorescence intensity of the
solution of 1.59 on addition of Pd® could be attributed to de-propargylation. Singh et al. reported
another allylcarbonate-functionalized perylene diimide (1.61) for sensing of palladium in solution
as well as in solid state. '’ In presence of Pd?, the alloc group cleaves and the fluorescence intensity
gets diminished to provide PDI-OH.

For easy reference, a table containing prominent chemo-sensors for palladium are tabulated in

Table 1.2 with their sensitivity and medium of function.

Material Medium Detection Limit

01 NMI derivative''? Water : ACN (1:4, v/v) 6.1 nM
02 PDI derivative'? Water:THF (1:4, v/v) Not reported
03 PDI derivative''* Water:-DMF (1:7,v/v,) 732x10°M
04 NMI derivative''® PBS buffer (10 mM, pH 7.4) 1nM
05 PDI derivative''® 1. THF- HEPES buffer (1: 1, v/v, pH 7.3) 1.66x10°M
2. Water:-DMSO (9:1, v/v) 2.21x10%M
06 PDI derivative' Water:ACN (1:1, v/v) 39 nM (UV), 45 nM (FL),
0.58 pg cm? (solid state)

Table 1.2 A comparative chart of the detection limits for palladium ions.
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1.4.3 Cyanide Sensors
Cyanide (CN) is one of the highly toxic anions that can affect many biological functions such as
vascular, visual, central nervous, cardiac, endocrine and metabolic systems.''® On the other hand,

cyanide ions are widely used in numerous chemical processes, such as electroplating, plastic
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Figure 1.9 Some reported cyanide ion sensors.

manufacturing, gold and silver extraction, tanning and metallurgy. Therefore, trouble-free,
inexpensive and easy-to-prepare colorimetric or fluorometric chemo-sensors with high selectivity
and sensitivity could be a good option.'"”Kumar et al. reported PDI based chemo-sensors (1.62 and
1.63) for detection of cyanide ion in which the 8-hydroxy quinoline group is connected at the bay
position of perylene core.'® At first, it undergoes chelation with Cu** ion to form chelate complex
and as a result, the fluorescence of PDI core gets quenched. When cyanide ion is added to the
complex solution, the fluorescence is again enhanced due to strong complex formation between
Cu?* and cyanide ion and PDI molecule becomes free. Kim et al. prepared a pyrene based chemo-
sensor (1.64) for detection of cyanide ion in a PBS-EtOH solution.'? The probe 1.64 exhibited an
excimer band with green fluorescence with the typical monomeric emission in the fluorescence
profile and the excimer band is attributed due to strong n—n stacking between pyrene moieties.
Upon addition of cyanide ion to the probe solution, the intensity of pyrene monomer as well as the
excimer band decrease and the excimer band was completely diminished due to the synergistic

effects of n—r interaction, ionic interaction, and hydrogen bonding.

Lee et al. reported a peptoid-based fluorescent probe (1.65) in which coumarin moiety was
incorporated for the sensing of cyanide ion. The peptide undergoes dramatic quenching of
fluorescence in presence of Cu?* ion owing to the photo induced electron transfer, and the resulting
peptoid-Cu** complex exhibited enhanced emission in presence of cyanide ion.'?> The enhanced
emission is attributed to the complex formation between CN and Cu?* ion to form [Cu(CN)a
complex which released the peptide from the peptoid-Cu** complex. As a result, the enhanced

emission was observed. Velmathi et al. prepared a pyrene based fluorescent sensor (1.66) for

TH-2083_146122005

19

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

sensing of CN"in aqueous media.'”” When CN"was added to 1.66, the fluorescence is decreased due
to the Michael addition of cyanide to dicyanovinyl group of the probe. Wei et al. have prepared a
fluorescent chemo-sensor (1.67) via a simple one step reaction through rationally combining
benzimidazole and naphthalene diimide (NDI) moieties together.'** Upon the addition of aqueous
solution of cyanide salt into the DMSO solution of 1.67, it shows an instant fluorescence
enhancement and other anions couldn't interfere in the CN" detection process. Singh et al. designed
a perylene diimide based probe (1.68) in which the bay postion is functinalized with an O-silylated-
8-hydroxyquinoline group.'” The derivative 1.68 is capable of differentiating CN" from F over other
anions. When the CN" ion is added, three is an electron transfer from cyanide ions to 1.68 which
leads to the emergence of panchromatic and NIR absorption bands due to the formation of a radical

anion. As a result, the fluorescence gets quenched.

For easy reference, a table containing prominent chemo-sensors for CN-ions are tabulated in Table

1.3 with their sensitivity and medium of function.

SL.No.  Material Medium Detection Limit
01 PDI derivative'® Chloroform 8x10°M
02 Pyrene derivative'?! PBS-EtOH (5:95),pH=7.4 13 ppb
03 Peptide'® DMSO Not reported
04 Pyrene derivative'? ACN 1.76 nM
05 PDI derivative'? THF Not reported
06 NDI derivative'? DMSO 832x107M

Table 1.3 A comparative chart of the detection limits for cyanide ions.

1.4.4 Histone Sensors

Histone, the DNA-binding protein, has been gaining notable significance in clinical diagnostics.
Abnormal epigenetic patterns have been found in many diseases like cancer, diabetes, microbial
infections, HIV and others. In the case of a fatal mosquito-borne viral disease, dengue, the capsid
protein of the virus binds with nuclear histone in liver cells and results in the inhibition of
nucleosome formation and overexpression of histone. So, the need for a reliable, fast histone

sensing method is gravely required.'*

Hayashida et al. developed fluorescent rotaxanes (1.69 and 1.70) receptor composed of cyclophane
as the wheel for histone-binding site and a 2,6-disubstituted naphthalene derivative having two
fluorophore moieties, such as fluorescein and rhodamine residues, as the axle for fluorescence

spectral changes upon complexation with histone.'” In presence of histone, receptor 1.69 forms a
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complex with histone in a 3: 1 molar ratio and as a result fluorescence intensity coming from
fluorescein groups of 1.69 increased. A similar binding characteristic toward histone was observed
for receptor 1.70. The receptors show high selectivity compared to other acidic and neutral proteins.
In addition, the pair of rotaxanes 1.69 and 1.70 exhibited FRET detection of histones. That is, upon
addition of 1.70 to an aqueous solution containing histone and 1.69, the fluorescence intensity
originating from 1.69 at 518 nm decreased along with a concomitant increase in fluorescence

intensity of 1.70 bound to histone at 576 nm by excitation at 430 nm of the fluorescein residues of

1.76

Figure 1.10 Some reported histone sensors.

1.69. Huang et al. designed and prepared iridium (lll) complex containing cationic conjugated
polyelectrolytes (CPEs) (1.71) with energy donor—acceptor architecture for detection of histone.'”®
Investigation of emission responses of 1.71 toward proteins reveals a unique weakened FRET
process from the main segments (donor) to the (ppy).Ir(FIPy) units (acceptor) in presence of histone.
Zhang and co-workers reported a novel approach for detection of histone proteins with high
selectivity based on the recognition of a specific aptamer.'® They have modified the aptamer with
biotin, followed by attachment to streptavidin agarose beads. The beads selectively interact with
histone and in addition this work might be highly attractive for chromatin histone marker
identification in epigenetic research. Kikuchi et al. reported a fluorescent probe (1.72) based on
tetraphenylethylene unit for detection of histone deacetylases (HDAC). *° In the acetylated state,
the probe exhibits weak fluorescence due to lack of aggregation of the probe. In presence of HDAC,
the deacetylation of the probe occurs which helps in electrostatic interaction among the sulphonate
unit and the cationic N-e-ammonium ion which eventually leads to fluorescence enhancement

based on aggregation-induced emission (AIE).
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Wu’'s group reported a hyper branched polyester (1.73) based one-step fluorescent assay for
HDAC."' This assay system consists of two water-soluble components: the hyperbranched polyester
coupled with the acetylated lysine groups (H40-Lys(Ac) and negatively charged
tetraphenylethylene (TPE) derivative (1.74) bearing two sulfonic acid groups (TPE-2SOs) HDAC
triggers the deacetylation of H40-Lys (Ac), thereby turning the electroneutral polymer into
positively charged one. Consequently, complexation occurs between the positively charged
polymer and negatively charged 1.74, thereby leading to the formation of nanoaggregates.
Eventually, the fluorescence enhancement as a result of AlE effect is achieved. Das et al. prepared a
quaternized carbon dot-DNA nanobiohybrid (1.75) which is used for the detection of histone.'*The
quaternized carbon dot forms complex with DNA and as a result the fluorescence gets quenched.
Upon addition of histone, the fluorescence enhancement of the complex was observed due to
strong binding between DNA and histone. Kikuchi et al designed and prepared a fluorogenic probe
which is a DNA staining dye—peptide conjugate (1.76) containing an acetylated lysine, used for the
detection of activity of histone deacetylases (HDACs), which are key enzymes involved in epigenetic
gene regulation.’ BOXTO is a DNA staining dye derived from thiazole orange (TO) that binds to the
minor groove of DNA with high specificity and shows a strong increase in fluorescence upon binding
to double-stranded DNA. The DNA-dependent fluorescence of BOXTO-GK (Ac) G was greatly
enhanced upon deacetylation of the acetylated lysine moiety, owing to the increased DNA binding
ability of the probe. Li et al. presented an effective approach to improve the fluorescence intensity

and stability of DNA-templated CuNCs through histone-DNA interactions.'**

For easy reference, a table containing prominent chemo-sensors for histone are tabulated in Table

1.4 with their sensitivity and medium of function.

SL.No.  Material Medium Detection Limit
01 Resorcinarene tetramers'?’ HEPES buffer (0.01 M, pH 7.4) Not reported
02 Conjugated polyelectrolytes PBS buffer(2 mM, pH = 7.4) 0.06 uM

(CPEs)'®
03 DNA aptamer'?® Water Not reported
04 Cu nanoclusters's3 MOPS buffer (10 mM, pH 7.6). 83nM
05 Hyperbranched Polyester'! HEPES buffer (20 mM, pH 8.0) 0.025 pg mL™!
06 Carbon —dot'%¢ PB buffer (10 mM, pH 7.0) 0.2ng mL™
07 Peptide Conjugate’? Tris buffer (20 mM, pH =8.0) Not reported

Table 1.4 A comparative chart of the detection limits for histones.
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1.4.5 Picric acid Sensors

Picric acid (PA) is highly explosive and toxic in nature. It can pollute ground water due to its higher
solubility in water and causes severe poisoning, including skin and eye irritations, headache, nausea,
vomiting, liver malfunction and chronic diseases such as destruction of erythrocytes, cyanosis, and
cancer.”* So, more attention needs to be paid for the rapid detection of PA with high selectivity and

sensitivity.
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Figure 1.11 Some reported picric acid sensors.
Fang et al. prepared a pyrene derivative (1.77) connected with terthiophene group and the
derivative can be chemically immobilized onto a glass wafer surface via a flexible spacer by
employing a single-layer chemistry technique.” The film prepared from the derivative shows
fluorescence due to presence of the fluorophore but upon addition of PA, the fluorescence intensity
of the film was quenched due to possible proton transfer from quencher to the film surface. Itis also
true in case of vapour phase sensing. Singh et al. reported another pyrene probe (1.78) for sensing
of PA in mixed aqueous media i.e., in THF-HEPES buffer solvent mixture.”® In pure THF, the probe
showed a typical monomeric emission spectrum, but at higher percentage of HEPES buffer, the
probe tends to aggregate due to overlapping of pyrene unit to form an excimer band and as a result,
the emission intensity gets enhanced. Upon gradual addition of PA solution, the intensity band of

the probe decreases.

Misra et al. prepared a pyrene based schiff base (1.79) connected with anti-pyrene group for sensing
of PA in agueous media.”*’ The probe 1.79 showed an aggregation induced emission enhancement
at higher percentage of water. The fluorescence intensity of the hydrosol prepared at higher
percentage of water decreased with the addition of PA along with a red shift, signifying a charge-
transfer interaction between them. Chae et al. designed and prepared a pyrene-based dipodal
probe (1.80) with a range of molecular flexibility for PA detection.'** Due to the presence of dipodal
character, these probes show an excimer band and aggregation induced emission phenomenon.

The emission of the probe gets quenched upon addition of PA due to the formation of probe-PA
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complexes via m-1 interactions between the pyrene ring and PA in an aqueous solution. This
complex formation enabled energy transfer from electron-rich pyrene to electron-poor PA upon
excitation, leading to fluorescence quenching. Wu et al. reported a pyrene based fluorescent sensor
(1.81) functionalized with a quaternized ammonium group for rapid detection of PA in aqueous
media."*® When PA was added to the probe solution, there is a possibility of electrostatic interaction
between positively charged probe and PA. Simultaneously, there are n—n stacking and charge
transfer interactions which cooperate with electrostatic interactions, thereby leading to efficient
fluorescence quenching of the probe. This approach affords a rapid detection of PA in 100%
aqueous solution with high selectivity and sensitivity. Bicak et al. prepared a pyrene tethered
microsphere (1.82) by anchoring of 1-[(2-Propynyloxy) methyl] pyrene] onto the surface of the
microspheres via alkyne-azide click chemistry for the sensing of PA in aqueous media."** The pyrene-
linked microspheres showed an intense green-blue excimer emission with a maxima at 480 nm,
implying m—= stacking between pyrene moieties on the microsphere surfaces. This fluorescence
emission is extremely sensitive to the aromatic nitro compounds. As a result, the green-blue light
fades immediately upon addition of trace amounts of 2, 4, 6-trinitrotoluene (TNT), 2, 4-
dinitrotoluene (DNT) and PA in 100% aqueous media. Laskar et al. reported a pyrene based schiff
base (1.83) for detection of PA in aqueous media.'* The compound exhibits aggregation induced
phenomenon that means at higher water percentage the molecule shows higher fluorescence
intensity. Upon addition of PA to aqueous solution of the probe, fluorescence intensity gets
diminished. This is because of the acidic nature of PA which causes protonation of pyrene probe to

change the fluorescence signal.

For easy reference, a table containing prominent chemo-sensors for PA are tabulated in Table 1.5

with their sensitivity and medium of function.

SL.No. Material Medium Detection Limit ‘
01 Pyrene derivative'* Water 2.08 X107 M

02 Pyrene derivative'3¢ THF:HEFES buffer (10:90 v/v) 1.93 ppb

0.46 attogram (contact mode )
03 Pyrene derivative'® HEPES buffer (10 mM, pH 7.4) 23.2nM
04 Pyrene derivative'¥’ Water:ACN mixture (7:3, v/v) 16.51 nM

05 Pyrene derivative  Water 0.13 pM

06 Pyrene derivative'¥° Methanol 56 nM

Table 1.5 A comparative chart of the detection limits for PA.
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1.5 The Present Thesis

In the previous section, a detailed analysis of various fluorphores, their aggregation properties as
well as uses toward development of new chemo-sensors is provided. Along with that, a brief
description of various important analytes and the present status of their chemo-sensors is also
given. In the present thesis, we were focused on developing chemo-sensors based on the self-
aggregation and analyte induced dis-aggregation of the system. For that purpose, we have used
PDI, NDI as well as Pyrene as the fluorogenic unit and rationally designed various self-aggregating
molecules. These molecules were used for efficient and selective sensing of bases, histone,

palladium, cyanide as well as PA. The entire work is divided into four chapters as given below,

Chapter 2. Solvochromism and Efficient Base Sensing by a Viologen-Perylenediimide

Conjugate

In this chapter, a viologen- perylenediimide conjugate is prepared. This bola-amphiphilic viologen-
-PDI conjugate showed solvatochromism with generation of distinguishable colors in different
solvents. Also, the probe exhibited its efficacy towards base in solution phase and solid crystalline

phase.

Chapter 3. A Perylenediimide-Peptide Conjugate for Self-Assembly Assisted Tandem Sensing
of Pd** and CN

Here, a tandem sensor for Pd** and CN- ions based on perylenediimide-peptide conjugate is
reported. Binding with Pd* leads to aggregation of the ligand and consequently results in
quenching of its emission. The quenched emission can be turned on in presence of CN™ ions as the

cyanides form stronger complex with Pd?** leading to dis-aggregation of the aggregated system.
Chapter 4. Efficient Detection of Histone by a DNA -Naphthalenediimide Hybrid

In this report, a series of Naphthalenediimide (NDI) derivatieves are subjected to DNA binding
studies for the sensing of histone, a DNA binding protein. The strong binding affinity of histone
toward DNA lead to release of the NDI molecules from the NDI-DNA complex resulting in

enhancement of the fluorescence intensity and used as an efficient “turn-on” sensor for histone.
Chapter 5. Picric Acid Detection at Femtogram Level by a Short Peptide Gelator

This chapter describes the sensing of picric acid (PA), a well-known explosive based on a pyrene
based short peptide gelator. The gelator molecule shows its efficacy and selectivity towards PA in
solution phase as well as gel phase even in paper based systems with high sensitivity. In addition to
that, the test strips can detect PA vapors in sub ppb level and are effective for detection of PA

contamination in ground water.

TH-2083_146122005 25

——
| —



TH-2083_146122005



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

Chapter 2

Solvochromism and Efficient Base Sensing by a
Viologen-Perylenediimide Conjugate
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2.1 Introduction

Solvents and bases are two important constituents of the modern chemical industry and are
produced and used in huge quantities. However, the inherent cytotoxicity and volatility of these
chemicals have an adverse impact on the environment and effective ways to sense these toxic
chemicals are essential. '*"'*2 Detectors allowing efficient visual sensing of solvent polarity and bases

are therefore of great importance.

The sensitivity of viologen towards bases can be amplified by conjugating viologen units with a
suitable fluorophore that can also act as an alternative to common solvatochromic probes. As
discussed in chapter 1, perylenediimides (PDIs) are a well-studied class of fluorophores with
excellent electronic, optical, and redox properties. '**''** PDIs have recently emerged as very efficient
moieties for the preparation of fluorescent sensors for a variety of species, especially because of their
outstanding photochemical stability and high quantum yields."*'* In addition, the PDI
chromophores have an added advantage in the design of sensors because of their inclination
towards self-assembly through m--m stacking, electrostatic, and solvation interactions. '’ *> % The
presence of a planar m-conjugated core leads to the formation of both J- and H-type aggregates,
depending on the functionalization at the imide positions and the medium (solvent).>® "%
Aggregation of PDIs is associated with drastic effects on their photophysical properties. 7462069 143-
'“ The aggregation of PDIs and consequently the changes in their photophysical properties are
highly influenced by the medium, and thus PDIs with appropriate conjugation can be solubilized in

solvents with a wide range of polarity and used as solvatochromic agents.'**'*

In this chapter, we have selected PDI as the emissive component of our sensor and prepared a
viologen-PDI conjugate (2.1, Scheme 2.1). This bola-amphiphilic viologen-PDI conjugate showed
solvatochromism with generation of distinguishable colors in different solvents. As expected, the
presence of viologen units at the two termini of PDI make this compound an effective sensor for
bases. Incorporation of the fluorophore significantly enhanced the base-sensing efficiency
(sensitivity =1—77 ppb for various bases) compared to those of the previously reported viologen-
based base sensors in the solution phase (sensitivity ~130—1880 ppb for various bases) '*° and solid

crystalline phase.
2.2 Results and Discussion

Viologens (Scheme 2.1) have found use as base sensors owing to their redox-controlled color
change induced by charge-transfer complexation.”® "' An important feature of viologens is their
electron-deficient nature, which makes them very good electron acceptors.'*'** Viologens undergo

a fast and reversible two-step redox process and are capable of forming three different species:
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dication, radical cation, and the neutral species (Scheme 2.1).">>'*” The charge transfer between N*

and N of the radical cation makes them intensely colored." "’
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Scheme 2.1 A) Redox induced chromic process of viologens; B) Chemical structures of the compounds synthesized and

used in this study.

The absorption spectra of 2.1 exhibited several absorption bands in the range between 200 nm -
800 nm which are arising from the viologen unit and PDI chromophore in aqueous medium. As the
PDI core is predominantly responsible for the aggregation and emission, the absorption region
corresponding to the PDI core (400—800 nm) is shown throughout this chapter. The compound 2.1
showed two prominent vibronic bands at 534, 494 and a shoulder at 464 nm which are attributed
to the 0-0, 0-1, and 0-2 vibrational transitions.*® > To check the aggregation behavior of the 2.1,
concentration dependent UV-Vis spectra was measured and it was observed that up to 2.6 x 10° (M)
concentration, the absorbance value increases gradually with the progression 0-0> 0-1> 0-2 but
after this concentration, the intensity order changes from 0-0>0-1 to 0-1>0-0, and this order reversal
is characteristic of aggregation of the PDI core. In this process, the Ao-o/Ac-1 ratio decreased from
1.54 (0.1 X 10° M) to 0.85 (= 2.6 x 10°M). Thus, 2.6 X 10°M can be considered to be the minimum

aggregation concentration (MAC, Table2.1).
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Figure 2.1 Absorption spectra of 2.1 in water with varying concentrations. A) up to 2.6 x 10° M, and B) above 2.6 x 10° M
showing the reversal of order of 0-0, 0-1 transitions above this concentration. Inset of A) plot of absorbance at 534 nm

versus log [2.1] showing the inflection point.
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The emission spectrum of 2.1 in water is the mirrorimage of the absorption spectrum with a Stokes
shift of 12 nm. The fluorescence spectra showed three emission peaks at 549, 588, and 639 nm.*
Notably, the concentration-dependent emission pattern also showed a drastic change at 2.6x107
M. The initial linear enhancement of the intensities with increasing 2.1 concentration suddenly took
on a negative slope above 2.6x10° M. Above a concentration of 1x10* M, no measurable emission
intensity was observed. The decrease in the emission intensity and complete loss of emission can
presumably be explained in terms of self-quenching by stacked arrangements of molecules. The
inflection point at 2.6 X 10®° M is very similar to the MAC obtained from absorption spectra and can

be regarded as the concentration above which all the molecules remain in aggregated form.
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Figure 2.2 Emission spectra of 2.1 in water with varying concentration A) up to 2.6 X 10° M, and B) above 2.6 X 10° M
showing the decrease in emission intensities after this concentration. Inset of A) plot of absorbance at 534 nm versus log
[2.1] showing the inflection point.

Solvents  Et(30)/ (o) MAC
kcal mol”! (x10°M)
Water 63.1 1 534 18727 549,588 18215 512 0.06 26
MeOH 554 0.762 530 18868 536,574 18656 212 0.04 32
EtOH 519 0.654 528 18939 537,575 18622 317 0.08 12
ACN 456 0.46 526 19011 533,572 18762 249 0.06 12
DMSO 451 0.444 524 19084 539,577 18553 531 0.06 20
DMF 432 0.386 523 19120 542,581 18450 670 0.08 8.2
Acetone 422 0.355 522 19157 523,562 19120 37 0.03 5.2

Table 2.1 Photophysical parameters of 2.1 in different solvents.

2.1 has fairly high solubility in water, DMF, DMSO, methanol (MeOH), ethanol (EtOH), acetonitrile
(ACN), and acetone. The concentration-dependent studies in these solvents exhibited similar
behavior as in case of water as shown in Figure 2.3. However, a sudden change in the absorption in
all these solvents was observed above a particular concentration but no peak reversal was observed

in any of these organic solvents.
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Figure 2.3 Concentration dependent absorption spectra of 2.1 in A) MeOH, B) EtOH, C) ACN, D) DMSO E) DMF, and F)
Acetone at room temperature.

As in the case of water, the fluorescence intensities increased with increasing concentration, and a
sharp decrease was observed above a certain concentration. The inflection points in both

absorption and emission spectra were obtained at very similar concentrations for a particular

solvent.
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Figure 2.4 Concentration dependent emission spectra of 2.1 in A, B) MeOH, C, D) EtOH, E, F) ACN at room temperature.
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Figure 2.5 Concentration dependent emission spectra of 2.1 in G, H) DMSO, |, J) DMF, K, L) Acetone at room temperature.
Then at low concentration where the 2.1 molecule remains as a monomer, the UV-Vis and
fluorescence spectra of 2.1 in different solvents was measured (1 x 10° M) and it was observed that
there is a clear bathochromic shift in the peaks generated from 0-0, 0-1, and 0-2 vibrational
transitions with increasing solvent polarity as shown in Figure 2.5. The absorption maxima of 2.1
show good linear correlation with the E«(30) values (parameter indicative of solvent polarity and
hydrogen-bond donating ability) of the solvents and shift to lower energies with increasing E+(30)
value. This can probably due to the presence of dicationic viologen units at both ends of 2.1, which

stabilize the excited states with increasing solvent polarity.'’

The emission of 2.1 in these solvents, except DMF and DMSO (hydrogen-bond-accepting solvents),
also show similar changes in the emission-band positions. A red shift was observed for all the peaks
on moving from nonpolar to polar solvents as shown in Figure 2.6.%>*However, the quantum yields
® of 2.1 in these solvents, determined by using rhodamine 6G as standard, did not reveal any
correlation with solvent polarity (Table 2.1). Interestingly, 2.1 exhibited different colours in these
solvents which indicates the solvatochromic property. (Figure 2 .6) The aqueous solution of 2,1 was
reddish orange in color, while the color changes to pale straw yellow to dark straw yellow in ACN
and DMSO respectively. Under UV light (365 nm), the same solutions fluoresce differently, as can be
expected from the emission studies. On moving from water to the less polar acetone, the color of
the emitted light changes from dark orange (water) to fluorescent yellow (ACN) to fluorescent

greenish yellow (acetone).

Then the effect of pH on the spectroscopic behavior of 2.1 was tested by varying the pH of the

solution using various buffer solutions. The UV-visible spectra of 2.1 in different pH are shown in
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Figure 2.7. The three absorption peak pattern is clearly seen for the entire pH range of 1-13. Notably,
the absorption corresponding to the 0-1 transition was observed to be higher than that of the 0-0
transition suggesting the aggregated state even at this low concentration (1 x 10° M) which is much

lower than the observed MAC in water.
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Figure 2.6 A) Normalized absorption and C) normalized emission spectra of 2.1 in different solvents. B) ., vs Er(30) of
solvents, E) 7,,vs Er(30) of solvents plots. Photographic images of 2.1 in different solvents, C) under normal light, and F)
under UV light (A =365 nm).[2.1]1=1 x 10° M.

With increase in pH, the absorption corresponding to all three transitions decreased while the ratio
between signals arising from 0-1 and 0-0 transitions enhanced consistently. At extremely high pH
(pH 13), all the peaks showed significant hypsochromic shifts (~ 35 nm) as well as a significant
decrease in the absorption from 0-0 transition observed. The change in the PDI core related
absorption at higher pH was also associated with the appearance of new bands in the near infrared
(NIR, 700-1000 nm) region. The new peaks in the NIR region at pH 13 can be attributed to the
reduced species generated from 2.1 at this highly basic condition. The new bands in the NIR region
is characteristic of the viologen radical cations (Scheme 2.1). The generation of the viologen radical
cation is associated with a prominent change in the absorption spectra with three new bands (the
positions of the bands depend on the substitution on the viologen units as well as on solvent)."** In
the present case, at pH 13, the new absorption profile can presumably be attributed to the
overlapping of the radical cation absorption and the PDI absorption in the 400-500 nm range.

Another broad absorption band can be seen at ~ 750 nm arising from the radical cation. The third
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band in the NIR region is the most prominent signature of the formation of the viologen radical
cation in the present case as shown in inset of Figure 2.7A. Though no visible change in the color
of the solutions was observed up to pH 11, the solution turned slightly bluish at pH 13. The
generation of the blue color is also a well-studied phenomenon of viologen radical cations. The
formation of the radical cations on both terminals certainly affect the electronic transitions in the

PDI core which results in the observed blue shifts.

The fluorescence spectra of 2.1 at various pH also showed a clear dependence of the emission
property of 2.1 with pH of the system. Increasing the pH, caused a prominent decrease in the
luminescence intensity as shown in Figure 2.7B. At pH 13, a sudden change in the emission pattern
was also observed as the emission intensity dropped significantly and the fine emission structure is
no longer visible. The change in the emission behavior at higher pH can also be attributed to the

effect of the radical cations formed on the viologen units.
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Figure 2.7 A) Absorption and B) emission spectra of 2.1 at different pHs. [2.1] = 1 X 10 M. [Buffer] = 2.0 X 10 M. Inset of
A) Higher wavelength region of the absorption spectra.

The base sensitivity of 2.1 was checked in presence of six different amines [diisopropylethylamine
(DIPEA), N, N-dimethyl-4-aminopyridine (DMAP), pyridine, piperidine, triethylamine (TEA), and
triisopropylamine (TPA)] and NaOH. Addition of base to the 2.1 solution, the colour of 2.1 changed
dramatically as shown in Figure 2.8. Compound 2.1 can act as a fast detector of amines for the
naked eye. These prominent changes in color can be detected even at a concentration of 5x10° M
in the presence of 1-2 equiv of base, which makes 2.1 a far superior and efficient visual base sensor
to other viologen-based sensors.'”'" Under the influence of UV light (365 nm), these solutions emit
differently, and notably the visual detection limit further dropped to 5 x 10 7 M of 2.1, which is the

lowest ever reported to the best of our knowledge.

TH-2083_146122005

35

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

To gain insight into the possible reason behind such changes in color, we examined the absorption
and emission behavior of 2.1 in the presence of various bases. When titrated with NaOH, the
absorption profile of 2.1 showed a decrease in intensity up to an equimolar amount of NaOH as
shown in Figure 2.8. Above this concentration, the absorption corresponding to the 0-1 transition
becomes stronger than that of the 0-0 transition, owing to aggregation. With further increase in
NaOH concentration (>2 equiv.), the absorption bands are blue shifted significantly and broadened.
A similar absorption profile was observed at high pH as well (Figure 2.7). Along with these changes
in the UV/Vis region, new bands started appearing in the NIR region at higher molar ratios (3-4
equiv.) as shown in Figure 2.8. The new bands in the NIR region and deep blue color suggest radical-

cation formation.'*'*¢ Above this concentration, the material precipitated.
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Figure 2.8 Photographic images of 2.1 in presence of different bases, A) under normal light [2.1] = 5 x 10° M and B)
under UV light (A = 365 nm), [2.1] = 5 X 107 M. Photographs were taken two minutes after the addition of aqueous
(inorganic bases) or ACN (amines) solutions to an aqueous solution of 2.1 and mixing.C) Absorption spectra of 2.1 in
water with increase in concentration of NaOH, D) same in the higher wavelength region showing the appearance of the
viologen radical cation peaks, E) emission spectra of 2.1 in water with increase in concentration of NaOH. Inset of E)
Intensity vs molar ratio of NaOH/[2.1] plot. F) under UV light (A =365 nm). [2.1]=1 X 10° M.

SEM image of the precipitate showed extremely ordered flowerlike arrangements as shown in
Figure 2.9. Aqueous solutions of 2.1 at concentrations below the MAC showed no prominent
morphology, whereas above the MAC a highly ordered arrangement of bricklike structures was
found. As expected, the fluorescence intensity decreased with increasing NaOH concentration
without any significant change in the emission pattern as shown in Figure 2.8. The intensity versus

concentration plot showed an inflection point when one equivalent of NaOH was added. At higher
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concentrations of NaOH (>2 equiv.), the emission property vanishes completely. The blue shift of

the absorption bands and complete loss of emission suggests H-type aggregation of the PDI core.”

Figure 2.9. FESEM images of dried samples of A) T uM, and B) 50 uM aqueous solution of 2.1 and C) of the precipitate
obtained from the 1 uM aqueous solution of 2.1 treated with 3 equiv. of NaOH. Image A shows no particular feature
whereas image B indicates well-ordered brick arrangement of aggregated 2.1 molecules. Upon treatment with NaOH, a
flower like growth is observed as can be seenin C.

Excitation spectra of the 2.1/NaOH (1:2) solution collected at 575 nm showed a broad, structureless

band centered at 535 nm suggesting the formation of H-type aggregates as shown in Figure 2.10.
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Figure 2.10 A) Normalized fluorescence excitation spectra of 1:2 [2.1]-NaOH collected at 575 nm and Absorption spectra
of 2.1and 1:2[2.1]-NaOH; [2.1] = 1 x 10 M, B) absorption spectra of 2.2 in absence and presence of NaOH showing the
generation of absorption peaks associated with the of titration of 2.3 formation of viologen radical cations; [2.3] =1 X

10 M. C) Absorption and D) emission spectra of 2.3 with NaOH. [2.3] = 1 x 106 M.
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Notably, for 2.3 under similar conditions, only about 25 % decrease in emission intensity was
detected with no change in the color of the solution as shown in Figure 2.10. The absorption
spectra of 2.3 in the presence of NaOH also did not show the appearance of any new peak in the NIR
region. Additionally, treatment of 2.2 with NaOH produces a strong blue color and peaks
corresponding to viologen radical cations in the NIR region as shown in Figure 2.10. These results
conclusively indicate the effect of the viologen units in 2.1. In a strongly basic medium, the

formation of viologen radical cations leads to aggregation and consequently affects the emission of
the PDI core.
In the case of the organic bases, for solubility reasons, ACN solutions of the amines were used for

titration. In all cases, the absorption corresponding to all three transitions decreased with increasing

base concentration, but no reversal of the peak intensities was detected in any case as shown in

Figure 2.11.
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Figure 2.11 A) Absorption spectra of titration of 2.1 with A) DIPEA, B) TEA, C) TPA, D) Piperidine, E) DMAP, and F) Pyridine.
Inset Absorbance at Amax vs. concentration of respective bases. [2.11=1 x 10° M.

Also in the emission spectra, a continuous decrease in the emission intensity was noted with
increasing base concentration (Figure 2.12). Owing to the weak nature of the organic bases, no

noticeable absorption band in the NIR region was detected.

The EPR spectra of 2.1, 2.2, and 2.3 showed no measurable signal as shown in Figure 2.13. When
treated with NaOH, intense signals were observed only in the cases of 2.1 and 2.2. As a standard,
the EPR Spectrum of 2.1 in the presence of a strong reducing agent (sodium hyposulfite) was
monitored for comparison purposes. Though the signal position remained the same, the intensity

was found to be much higher than those of the other samples at similar 2.1 concentration. These

TH-2083_146122005

38

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

observations, along with the appearance of absorption bands in the NIR region in case of NaOH-
treated 2.1 samples, clearly indicate the formation of viologen radical cations."* However, the
presence of various amines resulted in extremely weak signals indicating a minor population of the

radical cation in these cases as shown in Figure 2.13.
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Figure 2.13 A) EPR spectra of 2.1, 2.2 and 2.3 in presence of various inorganic bases, B) same in presence of various
amines.

Base sensitivity of 2.1 in the solution phase was quantified in terms of both absorbance and
fluorescence. Only the absorbance and fluorescence changes of the PDI core were considered, as it
is not directly affected by the bases. Plots of the changes in absorption and emission intensities

versus the equivalents of bases in all cases follow a linear trend up to 2 equiv. of base. These linear
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plots can be regarded as calibration curves for quantitatively estimating the amount of base present.
However, concentrations of bases required to change the absorbance by 0.01 (A.=0.01) and
emission intensity by 10 % (A.m=10 %) in the initial linear part of these calibration plots were
considered to calculate the sensitivity (Table 2.2). Remarkably, the sensitivities were at or below the
ppb level. The sensitivity observed in the present case was in the range of 1-77ppb, whereas the
previously reported best viologen-containing sensor showed sensitivity on the order of 130-1880
ppb."° Overall, the sensitivity is observed to be three orders of magnitude lower than those of the

previously reported viologen-based sensors. To the best of our knowledge, these results suggest

that 2.1 is the most sensitive base sensor both qualitatively and quantitatively.

Base Sensitivity (ppb)

Aabs=0.01 Aem=10% ‘
NaOH 535 1.89
DIPEA 533 19.95 12.27
DMAP 522 29.10 14.68
Piperidine 524 17.78 3.69
Pyridine 523 36.76 17.45
TEA 533 77.41 41.01
TPA 521 40.84 18.91

Table 2.2. Absorption maxima of [2.1] in presence of various bases, Base sensitivity at Aas = 0.01 and Aem = 10% of a 1.0 X
10¢ M Aqueous Solution of 2.1 Measured at Absorbance and Emission Maxima.

Besides solution-based detection, for practical colorimetric detection, it would be preferred if the
compound showed color changes in solid state on exposure to amines. To this end, the
tetrafluoroborate salt of 2.1 was prepared and crystallized from acetonitrile. On exposure to amine
vapors, the dark red crystals immediately changed to purple as shown in Figure 2.14. When kept
under ambient conditions, the color of the crystals slowly returned to the original dark red color.
Unfortunately, the obtained crystals could not be analyzed by X-ray crystallography owing to poor

diffraction.

For another practical application, a paper-based sensor was developed for in situ on-site detection
of both solvents and bases. A strip of filter paper was immersed in a methanolic (for base sensing)
or aqueous (for solvents) solution of 2.1 and air-dried. Papers from the aqueous solution do not
fluoresce under UV light (365 nm), whereas those from methanolic solution emit strongly as shown
in Figure 2.14. On exposure to various solvents, the test papers from the aqueous medium showed

different colors (Figure 2.14). Spraying dilute solutions of different bases on the test papers from
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methanolic solution quenched the emission completely (Figure2.14). These results show that 2.1

can be used to prepare efficient and easy paper-based sensors for both solvents and bases.

4
Water MeOH DMSO DMF EtOH ACN Acetone Piperidine

Figure 2.14 A-B)Photographs of 2.1 crystals A) before and B) after exposure to amine vapor, C-D) photographs of test
papers soaked in 2.1 solution and then exposed to different C) solvents and D) bases. C-D) images were taken under UV
light (365 nm).

2.3 Conclusions

Conjugation of PDI with viologen allowed us to prepare an efficient base sensor and solvatochromic
probe. 2.1 shows linear dependence of its photophysical properties on solvent polarity and
generates distinguishable colors in different solvents. In the presence of bases, viologen radical
cations are produced, which affect the photophysical behavior of the PDI core and thus allow optical
sensing of bases. Bases can be detected by 2.1 at the ppb level in solutions and in the crystalline
state. For practical application, a paper-strip-based technique was developed to detect bases and
solvents through color changes. These findings open up the possibility to create new base and

solvent sensors with higher efficacy.
2.4 Experimental section

2.4.1 General Information and Materials: All the chemicals and reagents used were obtained from
Sigma-Aldrich (USA) and used without further purification. All solvents were procured from Merck,
India and Spectrochem, India. Amberlite IR 400 anion exchange resin was obtained from Merck,

India. To prepare samples, Milli-Q water with a conductivity of less than 2 uS-cm™" was used. '"H NMR
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and "*C NMR were recorded either on a Bruker Ascend 600 MHz (Bruker, Coventry, UK) or on an
Oxford AS400 (Varian) spectrometer and referenced to deuterated solvents. ESI-MS was measured
using a Q-tof-Micro Quadrupole mass spectrophotometer (Micromass). UV visible data was recorded
using a PerkinElmer Lambda 750 spectrometer. Fluorescence measurements were obtained using a
Carry Eclipse spectrophotometer (Agilent). All emission spectra were recorded by exciting the
sample at 485 nm. Unless otherwise mentioned, all studies were performed at room temperature.

Standard 10 mm path quartz cuvettes were used for all spectroscopic measurements.

2.4.2 Synthesis: All the compounds were synthesized following the routes shown in Scheme 2.2.

Br

= EtBr, 80 °C -+ —+

] Br 7N -/
2.2

+ -
Acr\i,j\wc 5/ NH,Br o 0.0 0
o 0

=8

FA\_/\+ /N o o)
“Q—@N PTCDA N /NH
. N
2.A Imlfjazole, DMAP DMF,130 °C /
1,2 - dichlorobenzene, h

80°C, 12h o 0 y
O
>N—/_N Q.Q N

S SO ’ ’
N N
WA 2.C
:_> <\ /: 4 > 8h _
2B o o 'y,
- N_
o OO
reflux, 12h —N O O
/ o o}

o o Br; _ . 23
- N N
Ve 3g 0200 S ehuly:
- Br ° °
2.1

Scheme 2.2 Synthetic route for synthesis of the compounds 2.1, 2.2 and 2.3.

Compound 2.A: To a stirring solution of 4, 4-bipyridyl (1 g, 6.4 mmol) in acetonitrile (10 mL), 2-
bromoethylamine hydrobromide (262 mg, 1.28 mmol) was added and was refluxed. After 12 h, the
reaction mixture was cooled to room temperature and volatiles were removed under reduced
pressure. The crude product was then washed several times with ether to get the white solid. Yield:
83%. '"H NMR (600 MHz, D,0) 6 =9.09 (d, J = 6.6 Hz, 2H), 8.80 (d, J = 4.8 Hz, 2H), 8.53 (d, /= 6.6 Hz,
2H), 7.96 (d, J = 4.8 Hz, 2H), 5.07 (t, J = 6.6 Hz, 2H), 3.79 (t, J = 3.6 Hz, 2H) ppm; Mass (ESI-MS): m/z
calcd. for CyoH14N5*[M]*, 200.1184; found, 200.1174.
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Compound 2.B: Perylene-3, 4, 9, 10-tetracarboxylic anhydride (PTCDA, 100 mg, 0.255 mmol),
compound 2.A (184 mg, 0.501 mmol), and imidazole (68 mg, 1 mmol) were taken in 1, 2-
dichlorobenzene (8 mL), 4-N, N-dimethylaminopyridine (56 mg, 0.5 mmol), and was heated at 80 °C
with stirring for 12 h. The reaction mixture was then cooled to room temperature and the precipitate
was collected by centrifugation. The collected red solid was dissolved in water (50 mL) and washed
with dichloromethane (DCM) to remove water insoluble residues. The volume of the aqueous layer
was lowered by removing water on a rotory evaporator and to it was added a portion of saturated
aqueous ammonium hexafluorophosphate (NH4PFs) solution (10 mL). The resulting red precipitate
was collected by filtration and dried under vacuum. Yield: 62%. '"H NMR (400 MHz, DMSOd): 6 = 9.37
(d, J=5.6 Hz, 4H), 8.87 (d, J=4.4 Hz, 4H), 8.72 (d, J= 8 Hz, 4H), 8.63 (d, J= 6 Hz, 4H), 8.35 (d, J=8 Hz,
4H), 8.04 (d, J=4 Hz, 4H), 5.0 (s, 4H), 4.70 (s, 4H) ppm. Mass (ESI-MS): m/z calcd. for CssH32NsO4* [M]**,
378.1237; found 378.1227.

Compound 2.1: A mixture of 2.B (100 mg, 0.09 mmol) and ethyl bromide (104 mg, 0.9 mmol) in
acetonitrile was refluxed for 12 h. After cooling to room temperature, the resulting precipitates were
collected by centrifugation and washed with acetonitrile several times before drying it under
reduced pressure. The material was then taken in water and subjected to ion exchange by passing
the solution through a column of bromide functionalized amberlite IR 400 anion exchange resin.
The fractions containing the compound was freeze dried and crystalized from methanol-diethyl
ether solvent mixture to get the desired compound. Yield: 63 %. '"HNMR (600 MHz, DMSQOds): & =
9.58(d, J=5.4Hz, 4H),9.44 (d, J=5.4Hz, 4H), 8.92 (d, J= 7.2 Hz,4H), 8.85 (q, /= 5.4, 6.0 Hz, 8H), 8.47
(d, J=7.2Hz, 4H), 5.10 (s, 4H), 4.74 (t, J= 7.8 Hz, 8H), 1.61 (t, J= 7.2 Hz, 6H) ppm; *C NMR (100 MHz,
DMSOd6) 6 = 163.17, 162.91, 148.79, 148.13, 146.68, 145.68, 134.18, 131.08, 126.54, 126.18, 125.61,
124.28, 122.63, 56.53, 40.95, 16.33 ppm. Mass (MALDI-TOF, DHB matrix): m/z calcd. for Cs;HaaNsO4*
[M]*, 814.3246; found 814.3510.

Compound 2.C: A suspension of PTCDA (500 mg, 1.27 mmol) and N, N-dimethylaminoethylamine
(1.5 mL, 13.7 mmol) in dimethyl formamide (10 mL) was heated at 130 °C under stirring for 5 h. After
cooling to room temperature, 25 mL tetrahydrofuran (THF) was added and the resulting precipitate
was collected by suction filtration and washed with 3 x10 mL THF. Drying the residue in vacuum
oven at 40 °C overnight yielded the title compound as a dark purple solid. Yield: 90 %. 'H NMR (400
MHz, CDCl;) 6 =8.67(d, J=8.0 Hz, 4H), 8.62 (d, J= 8.0 Hz, 4H) 4.37(t, J= 8.0 Hz, 4H), 2.70 (t, /= 8.0 Hz,
4H), 2.38 (s, 12H).ppm. Mass (ESI-MS): m/z calcd. for Cs;H20N4O4 [M + H]*, 533.2183; found 533.2183.

Compound 2.2: Compound 2.C (50 mg, 0.094 mmol), iodomethane (58 uL, 0.94 mmol) were taken
in DCM and the mixture was stirred for 8 h. The reaction mixture was centrifuged and the precipitate

was washed with DCM, finally with THF. The resulting red precipitates were dried under vacuum.
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Yield: 84 %. TH NMR (600 MHz, DMSO-de) 6 = 9.02 (d, J= 7.8, 4H), 8.64 (d, J= 7.8 Hz, 4H), 4.51(t, J =
7.2Hz,4H),3.67 (t, J=7.2 Hz,4H), 3.24 (s, 12H) ppm; 13CNMR (125 MHz, DMSOdk) 6= 162.69, 133.93,
130.92, 128.36, 125.26, 124.21, 122.36, 61.89, 52.56, 33.76 ppm. Mass (ESI-MS): m/z calcd. for
Cs4H34N4O42%* [M]**, 281.1284; found 281.1280.

Compound 2.3: Compound 2.3 was prepared following a previously reported protocol.?® In brief,
excess (10 equivalent) ethyl bromide was mixed with 4, 4'-dipyridyl in a glass tube and the mouth
of the tube was sealed. The tube was heated to 80 °C for 24 h. After being cooled to room
temperature, the seal was broken and the material was concentrated on a rotory evaporator, and
the residue was crystallized three times from methanol-diethyl ether to get a yellow solid. Yield:
35%. '"H NMR (400 MHz, D,0O) 6 =9.15 (d, J= 7.2 Hz, 4H), 8.56 (d, J= 7.2 Hz, 4H), 4.77 (m, 4H), 1.73 (t,
J=8.0 Hz, 6H) ppm; *C NMR (100 MHz, D,0) 6= 150.17, 146.12, 129.21, 57.92, 15.91 ppm; Mass (ESI-
MS): m/z calcd. for Ci4H1sN, [M1%, 214.1459; found 214.150.

2.4.3 Method

Sample Preparation: The stock solutions of 2.1, 2.2, and 2.3 were prepared in a 10 mL of volumetric
flasks in different solvents. These stock solutions were diluted to desired concentration as required
for the experiments. For amine sensitivity, the organic bases were dissolved in acetonitrile at high
concentration and appropriate amounts from these stocks were added to the aqueous solutions of
2.1. In order to avoid any effect from added acetonitrile, only 0.1% v/v of the base solutions were
added. An appropriate control experiment carried out by adding exactly the same amount of
acetonitrile in aqueous solution of 2.1 resulted in no observable change in the absorption as well as

emission spectra.

Field Emission Electron Scanning Microscopy (FESEM): FESEM samples were prepared by casting
a drop of the solution on a silicon wafer and dried under ambient conditions. FESEM images were

taken using a SIGMA ZEISS Microscope.

Electron paramagnetic resonance (EPR): For EPR measurements, prior to the addition of the
bases, all the samples were degassed by purging argon gas for 10 mins. After the addition of bases,
Argon was flushed thoroughly and the sample tubes were sealed properly to prevent any areal
oxidation. All measurements were carried out with 1 x 10° M samples (2.1, 2.2 and 2.3) with 2

equivalents of bases/reducing agent on a JES-FA200 instrument from JEOL.

Quantum Yield Measurements: The fluorescence quantum yields of 2.1 in different solvents were

determined by using Rhoamine-6G as a standard fluorophore following equation (2.1),

O, = (AsFunuZ)/ (Aqunsz) (O (21)
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where, @ is the quantum yield of the reference (Rhodamine, 0.95) in ethanol, ®, is the quantum
yield of 2.1, A;and A, are the absorbance of Rhodamine and 2.1 at the excitation wavelength, F; and
F. are the area of integrated fluorescence intensity of the Rhodamine and 2.1 sample when excited
at the same excitation wavelength. The refractive indices of the solvents for the 2.1 and Rhodamine
are denoted by n, and n, respectively. To minimize the reabsorption of the fluorescence light

passing through the samples their absorption maximum was kept 0.1.

Calculation: The initial linear parts of the absorption (at absorption maximum) or emission intensity
(at 588 nm) vs concentration of added bases are considered. The concentration of base required
([base conc.]) to change the absorbance by 0.01 (Aass = 0.01) or initial emission intensity by 10% (Aem

=0.01) used in equation 2.2 to calculate the base sensitivity.'

Sensitivity (ppb) = MW x [base conc.] x 1000000 (2.2)
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Chapter 3

A @erylenediimide-Peptide Conjugate for Self-
Assembly Assisted Tandem Sensing of Pd’* and CN
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3.1 Introduction

Palladium (Pd) compounds are widely used as catalysts for numerous chemical conversions in the
fine chemical, pharmaceutical and polymer industries.'*'®° Palladium is also extensively found in
various commercial materials such as jewellery, dental alloys, automobile catalytic converters, fuel
cells, medical instruments, and electronics to name a few.'*' However, release of Palladium by these
materials or the industrial wastes has raised great concern because of its adverse effect on human
health and environment.'®? Palladium is cytotoxic and causes considerable damage and
degradation of DNA.'®'* |t is also known to damage mitochondria as well as inhibits various
enzyme activities.'®'** The threshold level of palladium in pharmaceutical products is thus
stringently limited to be less than 10 ppm.'®> ' Monitoring these low levels thus require efficient

and easy methods.

Among the common anionic species, cyanide (CN) is in particular, highly toxic. Cyanide inhibits the
enzyme, cytochrome-C oxidase, by attaching with iron of this protein which consequently disrupts
the electron transport chain.'® Though certain bacteria, fungi and algae produces cyanides, majority
of cyanide existence in environment is primarily due to metal finishing and mining industries.'**'%
Consequently, efficient methods for monitoring these low levels of cyanides in industrial as well as

in environmental samples, are highly desirable.

Several chemo-sensors have separately been reported for sensing either Pd?* or CN.''® 170178 A
tandem sensing system could be extremely useful to detect both species present or generated from
the same source, for example, processes involved with Palladium catalysed cyanation reaction or
medicines or other consumable supplies. Therefore, designing of new and effective chemo-sensor
for sequential sensing of palladium and cyanide with high selectivity and sensitivity under mild
conditions is required for further developments. In order to design such a sensor molecule,
perylenediimide (PDI) was chosen as the fluorophore unit. In recent years PDIs have emerged as
efficient fluorescent sensors for a variety of species especially because of their outstanding
photochemical stability and high quantum yields."*"'** Moreover, the emission property of these
fused m-ring systems can easily be fine-tuned through their aggregation behavior.!- 46617918 The
aggregation dis-aggregation of these arylenediimides and consequent changes in their emission
behavior has been utilized to develop several arylenediimides of analytes.?¢%7¢ 181184 We envisioned
that a proper ligand for Pd?* attached to PDI core can lead to such aggregation induced quenching
in presence of Pd** and subsequent addition of CN" will be able to break the aggregation and lead

to “turn-on” the fluorescence.

TH-2083_146122005

49

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

G D [PA(CN),]
"~
\
Non-aggregated state
Non-, ted stat s
on-aggregnscna’e Aggregated state Highly

Highly
Fluorescent

Aggregation Induced Quenching Fluorescent

Scheme 3.1 Chemical structure of the ligand and pictorial presentation of the sensing mechanism.

3.2 Results and Discussion

Compound 3.1 (Scheme 3.1) was designed and synthesized where two pyridine groups are
attached to the PDI core through peptide linkages in order to bind metal ions efficiently."'* Notably,
the asymmetric positioning of the pyridine groups are achieved by incorporating aspartic acid
residue in order to gain selectivity toward Pd* over other metal ions as palladium is capable of
forming distorted square planar structures. In order to find a suitable mixed solvent system for the
study, the effect of water on the aggregation and consequently on the spectroscopic properties of
3.1 in DMF was tested. The absorption spectra of 3.1 in different volume ratio of Water-DMF showed
two prominent vibronic bands as shown in Figure 3.1 at 531, 494 and a shoulder at 463 nm which
are attributed to the 0-0, 0-1, and 0-2 vibrational transitions generated by the PDI core.”'®> The
absorption decreases along with a red shift in the absorption bands with increasing amount of water
and at higher water content, a broad band appeared. However, the absorption ratio of 0-0 and 0-1
bands (Aoo/Ao-1) remained constant at ~1.54 up to 50% water content but decreases dramatically to
reach a saturation value of 0.65 with more water. It is worth mentioning here that the A¢.o/Ao- ratio
is commonly considered as a tool to monitor the aggregation. For perylene chromophores in
aggregated state, typical values for the absorption ratio Ao-o/Ao-1 are <0.7 while monomerically
solubilized PDIs show Franck—Condon progression with a ratio Ao o/Ao-1 of ~ 1.6.°> '8 1% When
excited at 490 nm, compound 3.1 showed an intense emission at 545 nmin 1:1 Water-DMF as shown
in Figure 3.1. Interestingly, only a small decrease in the emission intensity was observed up to 50%
water content (Figure 3.1). However, with more water, the emission quenched drastically. These
results signify that at higher water content, the PDI cores stack to form J-type aggregates whereas

up to 1:1 Water-DMF, the major population of the molecules remain in non-aggregated state.
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Figure 3.1 A) UV-Visible spectra of 3.1 (1uM) in different volume ratio of DMF-Water under ambient condition, B)
absorption ratio of the 0-0 and 0-1 transitions at different water content, C) emission spectra of 1 (1uM) in different volume
ratio of Water-DMF under ambient condition, D) the relative intensity of fluorescence with increase in water content.
Photographs of 3.1 in different Water-DMF compositions, E) under normal light, and F) under UV light. [3.11 =1 X 10° M.

Further, to confirm the aggregation, FESEM images were taken from 1:1 and 2:1 Water-DMF samples.
While no clear morphology can be found after careful investigation in case of 1:1 Water-DMF, the
1:2 DMF-water system showed uniform spherical aggregates of ~ 50 nm (Figure 3.2). The aggregate
size was further confirmed by DLS measurement (Figure 3.2). In accordance with these results, 1:1

DMF-water system was chosen as the medium for testing the sensing ability of 3.1.

A) 20- B)

B 3.1 (1x 106 M) in DMF

3.1 (1x 106 M) in 1:1DMF-water

3.1 (1x 106 M) in 1:3 DMF-water

3.1 (1 10°6 M) in 1:1DMF-water
+ 2 equiv. Pd2+

-
)}
1

31 (x 106 M) in 1:1DMF-water
+ 2 equiv. Pd2+ + 4 equiv. CN-

Intensity (%)
N

1 10 100 1000
Figure 3.2 A) Intensity weighted distribution of particle sizes from different compositions of 3.1, Pd?*and CN, B) FESEM
images of samples of compound 3.1 in 2:1 Water-DMF, and C) FESEM images of a Pd?*(1 equiv.) sample of 3.1 in 1:1 Water-
DMF. [3.1] =1 uM.

To check the response of compound 3.1 toward Pd** ions, absorption and fluorescence spectra were
recorded in 1:1 Water-DMF in presence of Pd** ions. Addition of PdCl, resulted in continuous
decrease in absorption for all three transitions as can be seen in Figure 3.3. Along with decrease in
absorbance, the absorption order changes from 0-0 > 0-1 to 0-1 > 0-0. The reversal of the order is a

characteristic of the aggregation of PDI molecules. *® ¥ In this process, the Aq.o/Ao-1 ratio decreased
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from 1.54 (without Pd?**) to 0.3 (with 1.8 equivalents of Pd**) suggesting fully aggregated state.
Further, the presence of Pd** created flake like morphology with dimension of 20 x 150 nm and
similar size distribution was also observed in DLS measurement as can be seen in Figure3.2. These
observation further confirm the aggregation due to the presence of Pd**. Further, the mole fraction
in aggregated state (al.gq, cONsidering the absorbance at 530 nm) are calculated and correlated with

the equivalence of Pd** which fits perfectly with the trend observed from Aq.o/Ao.i ratio (Figure 3.3).”"

A) 0.035- B) 1.6
0.030-]
0.025 1.21
37 o
] 3
S0.020 &
o ~ 0.8
£0.0154 3
= <
0.010
0.4
0.005
O
0.0 T T T — 0.0
400 450 W |5°° thi )55" 600 Y 04 08 12 16 20
© avelengthinm D) o- (Pd*] (uM)
120-
=100 100
[=1
-
g 80 80
E :
[:7] - i
& 60 £ 60
a _Ih
g 47 404
3
20
E 20_
0- = = = T T T T T O——!O
500 550 600 650 700 0.0 1.0 20 30 4.0 5.0
Wavelength(nm) [Pd™"] (uM)

Figure 3.3 Absorption A) and fluorescence C) spectra (Aex =490 nm) of 3.1 (1.0 uM) in Water-DMF (1:1, v/v) in presence of
various amounts of Pd?*, B) absorption ratio of the 0-0 and 0-1 transitions at different concentrations of Pd?*, and D)
fluorescence intensity (Amax = 545 nm) vs, [Pd?*] (uM).

Interestingly, a dramatic change in the appearance of the solution is also observed as it changed
from yellowish orange to pink (Figure 3.4). The highly fluorescent solution becomes almost non-
fluorescent after treatment with Pd**. As observed in Figure 3.4, the emission property of 3.1 is
significantly affected by the presence of Pd** salt. When excited at 490 nm, compound 3.1 showed
an intense emission at 545 nm. With increase in Pd**, the emission quenched drastically and above
4 equivalents of Pd**, it becomes negligible. Compound 3.1 showed a high quantum yield of 0.63 in

1:1 Water-DMF. With the addition of Pd** (1 equivalent), the quantum yield dropped to 0.07.

In order to check the selectivity of the ligand, quenching (“turn-off”) of the emission was monitored
for several other metal ions (Mg?*, Sr**, AP+, Cr**, Pb?*, Mn**, Fe**, Co**, Ni**, Zn**, Cd**, Hg** and Cu*').
The fluorophore shows high selectivity toward Pd** over other metal ions, which is evident from the

negligible fluorescence changes in presence of other metal ions as shown in Figure 3.4. The
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competitive experiment in presence of other metal ions, also suggest the high selectivity toward
Pd** as the background metal ions showed no effect to the detection of Pd** (Figure 3.4C). The
detection limit for Pd** was measured using fluorescence titration and found to be 0.55 ppb (Figure

3.8). The detection limit observed for Pd** is at per with other reported sensors for this metal ions.
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Figure 3.4 A) UV-Visible spectra of 3.1 (1 uM) in presence of different metal ions in Water-DMF (1:1, v/v) under ambient
condition, B) emission spectra of 3.1 (1uM) in presence of different metal ions in Water-DMF (1:1,v/v) under ambient
condition. Photographs of solutions of 3.1 in presence of different metal ions, C) under normal light and D) under UV light,
[3.1] = TuM, and E) relative Fluorescence response of 3.1 toward Pd?* over miscellaneous competitive metal ions upon
excitation at 490 nm. Orange bars represent the decrease in the intensity of 3.1 in presence of Mg?*, Sr#*, AI**, Cr3*, Pb?*,
Mn?, Fe3t, Co?*, Ni?*, Zn?*, Cd?*, Hg?* and Cu?*. Blue bars represent the subsequent addition of Pd?* to the solution.

To understand the mechanism behind such changes in spectroscopic properties of 3.1 upon
addition of Pd** salt, Job’s plot experiment was carried out which results in a 2:1 binding between
3.1 and Pd** as can be seen in Figure 3.5. Further, the binding constant was measured using both
UV and fluorescence titration employing Benesi-Hildebrand equations and in both cases very
strong binding (10° M") was observed.'®'® To confirm the actual quenching mechanism,
fluorescence lifetime of 3.1 was measured as a function of concentration of Pd*". The lifetime

remained constant throughout the titration, confirming static quenching.

Analysis of IR spectra of the free ligand and 2:1 complex of 3.1-Pd** showed the involvement of
pyridine groups in the complex formation. The stretching frequency generated by pyridine groups
of the free ligand merged with the imide signals of PDI. Whereas, the same stretching in the Pd**
treated sample shifted to lower wavenumber and appeared as a new band at 1620 cm™ as can be
shown in Figure 3.5. Based on these data it can be postulated that Pd** binds with two molecules

of 3.1 as shown in Scheme 3.1. This complexation is accompanied with n—r stacking of the PDI core
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leading to the aggregation induced quenching of emission and thus creates a “turn-off” sensing for
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Figure 3.5 A) Job's plot for Pd?* indicating 1:2 chelation from conventional Job's plot experiment, B) variation of gy with
equivalence of analyte added to the sensor solution. For Pd?*, a TuM solution of 3.1 was titrated with Pd?*. For CN;, a 2:1
solution of 3.1-Pd?** was titrated with CN-. o.gg were calculated by considering the absorbance value at 530 nm.C)
Fluorescence life time of 3.1 in presence of varying amount of Pd?* ions measured in 1:1 Water-DMF at room temperature.,
and D) IR spectra of 3.1 (Black), 3.1-Pd?* (2:1) complex (Red) and 3.1-Pd?* (2:1) treated with 4 equivalents of CN- (Blue).

The 2:1 complex of 3.1 and Pd** was then employed for the sensing of cyanide ions. UV-Visible and

fluorescence spectra were recorded with the incremental addition of tetrabutylammonium cyanide

(TBACN). Upon addition of aqueous solution of CN-, a continuous increase in absorption peaks were

observed as shown in Figure 3.6A. After addition of 0.4 equivalents of CN-, the Ao, transition

becomes higher than Aq, transition and at 4 equivalents, the Ao.o/Ao1 value goes back to 1.54

indicating complete dis-aggregation of the PDI chromophore. Correlation between o.gg and

concentration of CN"also showed similar trend. The emission spectra of the complex in presence of

CN" showed a drastic enhancement in fluorescence emission intensity as observed in Figure 3.6C.

Interestingly, the emission intensity reaches the value of free ligand above 4 equivalents of CN"and

no further change was observed. Moreover, the color of the solution reverts back to yellowish

orange (Figure 3.7). Interestingly, the FESEM image of CN  sample showed no particular

morphology which is also supported by the disappearance of any prominent particle size

distribution in the DLS measurement (Figure 3.2).
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To evaluate the selectivity of the sensor toward CN ions, the emission spectra were recorded in
presence of other common anions, including OAC, ClO4, HSO4, H,PO4, SCN', BF4, PF¢, NOs, OH, F,
Cl, Br, I, SO4*, and PO,* as can be seen in Figure 3.7. None of these anions caused any change to
the fluorescence intensity under the same condition. Unlike the case of CN", no change in the color
of these solutions were observed upon addition of these anions (Figure 4A). Further, the
competitive experiment was performed and the results showed that 3.1-Pd** (2:1) is highly specific
toward CN" even in presence of other anions (Figure 4B).
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Figure 3.6 A) Absorption spectra of 3.1-Pd?* (2:1,[3.1] = 1.0 uM) complex in Water-DMF (1:1, v/v) in presence of various
concentrations of CN-, B) absorption ratio of the 0-0 and 0-1 transitions at different concentrations of CN, C) fluorescence
(Aex=490 nm) spectra of 3.1-Pd?*(2:1,[3.1] = 1.0 uM) complex in Water-DMF (1:1, v/v) in presence of various concentrations
of CN, and D) fluorescence intensity (Amax= 545 nm) vs. [CNT] (uM).

IR spectra of the CN" treated samples showed the disappearance of the pyridine stretching
frequency back to its original position which suggests that the ligand is no longer in complex with
Pd** (Figure 3.5). Notably, addition of a DMF solution of Pd(CN), to a 1:1 Water-DMF solution of 3.1
resulted in no change in the spectroscopic property of 3.1. Cyanide, being a strong field ligand as
well as softer than pyridine (HSAB principle),’' presumably replaces pyridines to form a stable
[PA(CN)4]* coordination polymer.' The high stability constant of [Pd(CN).]* (log B4 > 60)'* as
reported by Hancock as well as the appearance of the CN stretching frequency (~2190 cm-1, Figure
3.5, typical of bridging cyanide ions)'" in the IR spectra of cyanide treated 3.1-Pd** complex support
this hypothesis. In the present case, due to the formation of [Pd(CN)4]*, the complex between 3.1
and Pd* is destroyed leading to dis-aggregation of the ligand. This, in turn results in the

enhancement of emission and the “turn-on” sensing of Cyanide ions (Scheme 3.1).
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Figure 3.7. A) Emission spectra of 3.1-Pd?* (2:1) complex in presence of different anions in Water-DMF (1:1,v/v) under
ambient condition ([3.1] = 1.0 uM). Photographs of solutions of 2:1 complex of 3.1 and Pd?* in presence of different anions,
B) under normal light and C) under UV light, [3.1] = 1.0 uM. D) Relative Fluorescence response of 3.1-Pd?* (2:1) toward CN-
over miscellaneous competitive anions upon excitation at 490 nm. Black bars represent the addition of the intensity of
3.1-Pd?** (2:1) in presence of OAc, ClOs, HSO4, H2PO4, SCN;, BF4, PFs, NOs, OH,, F, CI;, Br, I, SO4%, and PO4*; Red bars
represent the subsequent addition of CN" to the solution.

The detection limit for the CN- ion was calculated to be 0.26 ppb which is much lower than the
highest permissible limit in drinking water (0.07 ppm) recommended by World Health Organization
(WHO)."® The mechanism of the tandem sensing process can be summarized in terms of the
aggregation/dis-aggregation of the PDI moiety. In 1:1 Water-DMF, compound 3.1 (1 x 10° M)
remained in monomeric state as can be observed from the Ao.o/Ao-1 ratio, high emission, no clear
morphology as well as the absence of any particular particle size distribution in DLS measurement.
Upon addition of Pd** to this solution a 2:1 complex was formed between 3.1 and Pd** as can be
seen from Jobs plot. The metal complexation lead to aggregation of the PDI core which was
confirmed by the appearance of a broad peak in UV-vis absorption spectra along with a sharp
decrease in Ao.o/Ao ratio (0.3). Moreover, flake like morphology in the FESEM and a distribution
centered at 150 nm in the DLS also suggested the aggregation in this case. The aggregation was
further confirmed by the aggregation induced quenching of the emission. In presence of CN’, the
same solution resulted in reappearance of the emission. In this case, CN" being a stronger ligand
displaces the pyridine groups and forms [Pd(CN).*. As the 3.1-Pd** complex breaks down,
compound 3.1 also returns to its original non-aggregated form which was confirmed from the
reappearance of the structured absorption profile, increase in the Aoo/Ao ratio to 1.54, re-
appearance of emission, dis-appearance of any particle distribution in DLS. Further evidences were

obtained from the FESEM images.
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The selectivity as well as high sensitivity of the developed sensor can thus be used for practical
purposes. To test its practical use, a solution of 3.1 (1 x 10® M) was casted on a pre-coated thin layer
chromatography (TLC) plate with a syringe as shown in Figure 3.8. After drying, the casted portion
of the plate showed strong fluorescence under UV-light irradiation. The plate was then dipped in a
solution containing Pd** (5 x 10° M) and taken out after two minutes. The solvent was removed
under reduced pressure. In this case, no fluorescence could be detected under UV-light as the metal
ions are now complexed with the ligand and thereby quenched the emission property of the ligand.
The plate was further dipped in a solution containing CN" (5 x 10° M) and taken out of the solution
after two minutes before drying the solvent. Under UV light, as expected, the fluorescence re-
appeared as can be seen in Figure 3.8. Thus, the developed chemo-sensor can be used for an easy
and effective sequential sensing of Pd** and CN" ions at this concentration range. Naked eye
detection showed a detection limit of 5 x 10°M for both Pd?* and CN" when a 1 x 10° M solution of

3.1 was used. Below this concentration of 3.1, no emissive spot was observed.
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Figure 3.8 Photographs of a TLC plate casted with a solution of 3.1 (A) and consequently treated with a solution of Pd**
(B) and finally with a solution of CN-(C), D) intensity vs. concentration of Pd?* plot for determination of detection limit, and
e) intensity vs. concentration of CN" plot for determination of detection limit.

Analyses of Pd?* and CN"in environmental samples such as tap water and pond water collected from
different sources were also carried out. Different samples were spiked with various concentrations
of Pd?* and CN ions.""® The concentrations thus determined by both absorbance and emission
spectroscopy agreed with actual concentrations with a relative error of ~ 2% or better for both Pd**

and CN-as shown in Table 3.1.
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Added Conc. = SD (uM)?/ (relative Added Conc. £ SD (uM)¥/ (relative error)

Sample
(1x10°M) error) (UV@530 nm) (1x10°M) (FL@545 nm)

0.2+ 0.0003 (0.66) 0.2+ 1.73 (3.50)
Tap 0.2 0.4+ 0.0001 (0.70) 0.2 0.4+ 1.56 (2.30)
water 0.4 0.6 + 0.0004 (0.57) 0.4 0.6 + 0.58 (9.00)
(Pd*) 0.8 0.8 +0.0005 (0.71) 0.8 0.8+1.21(11.80)
0.2 0.2 +0.0005 (6.50) 0.2 0.2 + 0.64 (9.50)
Pond 0.2 0.4+ 0.0003 (7.30) 0.2 0.4+ 1.32(9.50)
water 0.4 0.6 +0.0002 (6.40) 0.4 0.6 +0.92 (14.90)
(Pd*) 0.8 0.8 + 0.0005 (7.40) 0.8 0.8+ 1.11 (15.50)
0.4 0.4+0.003 (7.10) 0.1 0.1+ 1.50 (4.80)
Tap 0.8 0.8 + 0.0002 (8.00) 0.2 0.2 + 1.45 (3.70)
water 12 1.2 +0.0004 (7.10) 0.3 0.3+ 1.89 (4.10)
(CN) 1.6 1.6 + 0.0006 (8.00) 0.4 0.4 +1.05 (2.50)
0.4 0.4 + 0.0005 (6.10) 0.1 0.1+1.43(11.0)
Pond 0.8 0.8 +0.0001 (9.20) 0.2 0.2 +1.76 (10.30)
water 12 1.2 +0.0004 (3.50) 03 0.3 +1.57 (10.40)
(CN) 16 1.6 + 0.0008 (1.80) 0.4 0.4 +1.09 (9.70)

2Average = standard deviation of three determinations.

Table 3.1. Application of 3.1 for the determination of Pd** and CN-in various environmental samples.

3.3 Conclusion

In conclusion, we have developed an efficient and highly selective chemo-sensor for both, Pd** and
CN-ions. The detection limits observed in this case for both the ions are significantly lower to those
reported earlier.” Moreover, the tandem detection of these ions is the first of its kind. The 2:1
binding of the ligand with Pd?" leads to the formation of n—m stacking between the PDI cores. The
aggregation essentially quenches the emission property of the dye. In presence of CN" ions, the
coordination between pyridine groups of the ligand and Pd?* ions are disrupted which causes dis-
aggregation of the PDI-cores and brings the ligand molecules to non-associated state leading to
“turn-on” emission. The ligand can be used for environmental samples and was employed to create

a TLC plate based efficient and easy sequential sensing tool for Pd** and CN-ions.

TH-2083_146122005

58

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

3.4 Experimental section

3.4.1 General Information and Materials: All chemicals and reagents were purchased from Sigma-
Aldrich (USA) and used without further purification. All solvents were procured from commercial
suppliers. To prepare samples, Milli-Q water with a conductivity of less than 2 uS cm™was used. UV-
Visible spectra were recorded on a PerkinElmer Lambda 750 spectrometer, while fluorescence
measurements were performed on a FluoroMax-4 (Horiba). All emission spectra were recorded by
exciting the sample at 490 nm. Standard 10 mm-path quartz cuvettes were used for all spectroscopic
measurements. 'H NMR and *C NMR were recorded with a Bruker Ascend 600 MHz (Bruker,
Coventry, UK) spectrometer and referenced to deuterated solvents. ESI-MS was performed with a Q-

tof-Micro Quadrupole mass spectrophotometer (Micromass).
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3.C 3.D
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Scheme 3.2: Synthetic Scheme for compound 3.1.
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3.4.2 Synthesis and Characterization of Compounds
Compound 3.1 was synthesized according to Scheme 3.2.

Synthesis of compound 3.A: Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA, 2.0 g, 5.10
mmol) was suspended in 20 mL DMF and to it 1,8-diazabicycloundec-7-ene (DBU, 3.09 g, 20.3 mmol)
and 1-hexanol (4.17 g, 40.8 mmol) were added. After stirring for one hour at room temperature a
homogeneous red solution was obtained. After 24 hours, butyl amine (186.5 mg, 2.55 mmol) was
added and the solution was stirred for 3 days. 1-butyl bromide (5.59 g, 41.4 mmol) was added and
the mixture was stirred for further 24 hours. The mixture was poured into 100 mL of deionized water
and neutralized with HCl (2N), and subsequently extracted four times with dichloromethane (250
mL each time) and the organic phase was dried with sodium sulfate. After purification by column
chromatography (silicagel 60-120 mesh, DCM), the product was obtained as a red solid. Yield = 75%.
'H NMR (600 MHz, CDCls): 6 = 8.46(d, J= 7.9 Hz, 1H), 8.28-8.21 (m, 2H), 8.12-8.07 (m, 2H), 8.01 (d, J =
7.8 Hz, 2H), 7.93 (d, J = 7.8 Hz, 1H), 4.33 (t, J= 7.4 Hz, 4H), 4.20 (t, J= 7.4 Hz, 2H) 1.82 - 1.81 (m, 8H),
1.37 = 1.35 (m, 4H), 1.02 (m, 8H), 0.92 - 0.90 (t, J = 7.4 Hz, 9H) ppm. Mass (MALDI-TOF, DHB matrix):
m/z calcd. for C4HssNOg [M + HI*, 633.31; found 633.52.

Synthesis of compound 3.B: The di-ester 3.A (1.28 g, 1.73 mmol) was suspended in a mixture of 30
g glacial aceticacid and 1.5 g concentrated sulfuric acid and refluxed for two hours. The mixture was
cooled to room temperature and poured into 100 mL of deionized water. The precipitate was
filtered and washed with water until the filtrate was neutral. After drying the red-brown solid at 80
°Cfor 12 hours under high vacuum the mono-anhydride 3.B was obtained. Yield = 98%. The product
was used without further purification and characterization due to insolubility in all common organic

solvents. Mass (MALDI-TOF, DHB matrix): m/z calcd. for C;gH7NOs [M + H]*, 477 .45; found 477 .44.

Synthesis of Compound 3.C: To an ice-cooled solution of Boc-Asp (0.5 g, 2.14 mmol) in 10 mL of
dry DCM and 0.3 mL DMF, was added N,N,N’,N'-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU, 1.79 g, 4.72 mmol), N, N-diisopropylethyl amine (DIPEA, 1.22g, 9.43
mmol) and stirred for 10 min. To the reaction mixture, 4-aminomethyl pyridine (0.51 mL, 4.68 mmol)
was added and stirred for 24 h at room temperature. The reaction mixture was filtered and the
filtrate was diluted with 100 mL of DCM, washed with saturated NaHCO; solution and brine solution.
The organic layer was dried over Na,SO4 and concentrated on a rotory evaporator. The crude
product was chromatographed on a column of silica gel using DCM/MeOH as eluents to obtain the
pure product 3.C as white solid. Yield = 62%. '"H NMR (600 MHz, CDCls): 6 = 8.52(d, J = 7.5 Hz, 4H),
7.19(d, J=7.5Hz, 4H), 4.99-5.03(m, 2H), 4.94-4.96 (m, 2H), 4.49-4.53 (m, 1H), 2.98 - 3.02 (m, TH), 2.65-
2.69 (m, TH), 1.44 (s, 9H) ppm. Mass (ESI-MS): m/z calcd. for C;1H27NsO4 [M + HI*, 414.21; found 414.22.
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Synthesis of Compound 3.D: Compound 3.C (300 mg, 1.33 mmol) was taken in DCM (1 mL). To it,
trifluoroacetic acid (1 mL) and few drops of triethylsilane (TES) were added and stirred for 2h. Then
solvent was removed on a rotory evaporator and the residue was taken in MeOH and precipitated
from diethyl ether to get the product as a white solid. It was then dried under vacuum and used for
the next step. Yield = 84 % (400 mg). Mass (ESI-MS): m/z calcd. for Ci¢H20NsO, [M + HI*, 314.16; found
314.16.

Synthesis of Compound 3.1: Monoanhydride 3.B (200 mg, 0.44 mmol) and the amine 3.D (470 mg,
0.72 mmol) were heated together with 8 g of imidazole for 6 hours at 130 °C under nitrogen
atmosphere. The reaction mixture was then poured into 100 mL of deionized water and neutralized
with HCl (2N, 60 mL). The mixture was extracted with DCM (3 x 30 mL). The organic phase was
washed with 400 mL saturated potassium carbonate solution, dried with sodium sulfate and
concentrated on a rotory evaporator. The crude product was purified by washing with acetonitrile
to obtain the title compound 3.1 as a red solid. Yield: 40%. '"H NMR (600 MHz, DMSO-ds): 6 = 8.63 (s,
br,4H), 8.54 (s,br, 4H), 7.98-7.92 (m, 2H), 7.83-7.78 (m, 2H), 7.72 - 7.65 (m, 2H), 7.51-7.49 (m, 2H), 6.14
(s, 2H), 5.15-5.11 (m, TH), 4.86-4.76 (m, 6H), 3.83 (t, J=7.5 Hz, 2H), 1.60 (t, J= 7.5 Hz, 2H), 1.37-1.35 (m,
2H), 0.96 (t, J = 7.5 Hz, 3H) ppm. *C NMR (150 MHz, DMSO-ds): 6 = 174.6, 174.5, 162.2, 162.0, 149.5,
149.4,145.0,133.9,131.1,128.9,125.6, 124.1,123.3,122.2, 122.1,48.7, 40.8, 40.0, 33.5, 29.3,19.8, 13.6
ppm. Mass (MALDI-TOF, DHB matrix): m/z calcd. for C4sH3sNOsNa [M + Nal*, 765.24; found 765.28.

3.4.3 Method

Sample Preparation: Stock solution of compound 3.1 was prepared in a 10 mL of volumetric flask
in DMF. The stock solution was then diluted to the concentrations with Water-DMF solvent mixtures
for the experiments. Stock solutions of various metal ions and anions were prepared in mili-Q water.
Chloride salts of various metal ions were chosen for the selectivity experiments of metal ion sensing
whereas for the anion sensing tetrabutyl ammonium salts were used. Control experiment was
carried out by adding exactly the same amount of water to the 1:1 solutions of Water-DMF but no

observable change in the absorption and emission spectra were obtained.

Job’s plot experiment: Ten sets of 3 mL Water-DMF (1:1, v/v) solution were prepared and labeled
1 to 10. Appropriate amounts of the ligand stock solutions were added to each set of solution so
that the concentration of ligand in the solutions varies from 1 uM to 10 UM in these ten vials.
Appropriate amounts of Pd** solution was added to each set of solution in a way to maintain the
total concentration of the ligand and metal ion to 10 uM. The UV-Vis spectra of all these 10 sets were
recorded and the absorbances at 530 nm were plotted against the mole fraction of Pd** to obtain

Job’s plot.
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Binding constants using spectroscopic titration data: The binding constant for the formation of
the complex was determined using the Benesi-Hildebrand (B-H) equation 3.1 and 3.2 for UV-Visand
fluorescence spectroscopy respectively.'

1/(A-Ao) = 1/(K(Amax-Ao) [PA*1°°) + 1/(Amax-Ao) (3.1

1/ (I-lo) = 1/(K(Imax-lo) [PA*1°%) + 1/(lmax-lo) (3.2)

Here Ao is the absorbance of the ligand in absence of analyte (Pd?*), A is the observed absorbance in
presence of added analyte, Ama is the maximum absorbance value that was obtained during
titration with varying analyte concentrations. Similarly, |, is the emission of the ligand in absence of
analyte, | is the observed emission in presence of added analyte, Imax is the maximum emission value
that was obtained during titration with varying analyte concentrations. K is the binding constant,
determined from the slope of the linear plot between (Ama-Ao)/(A-A¢) vs 1/[Pd*1% in case of
absorbance and (Imax-lo)/(I-lo) vs 1/[Pd?**]°% in case of emission.

Fourier transformed infrared spectroscopy (FTIR): To get the complexes, concentrated samples
in 1:1 Water-DMF were prepared and kept under high vacuum at 40 °C for several hours when
precipitates were obtained. These precipitates were then centrifuged and collected before drying
them for 48 h under high vacuum over dessicant silica gel. KBr pellets were prepared by mixing the
samples with oven dried KBr. The spectra were recorded on a Nicolet is10 spectrometer. The
baseline was subtracted from the obtained absorbance intensity in each case.

Dyanamic Light Scattering (DLS): The particle sizes of the samples were measured at 298 Kon a
Zetasizer Nano ZS90 from Malvern using a 632.8 nm He—Ne laser. Prior to measurements, the
samples were filtered through appropriate filters to remove dust particles if any.

Calculation of a.gq: The mole fraction of aggregate (o.q5) Was estimated by using Equation 3.3,
Olagg = (A-Amon)/(Aagg~ Amon) (3.3)

Where, a.qq is the mole fraction of aggregate at any stage, and Amon, A, and A.qq are the absorbance
at 530 nm for the monomer, the solution under question, and the pure aggregate solutions

respectively.

Quantum Yield measurement: The fluorescence quantum yields of PDI ligand was determined by
Parker-Rees method using Rhoamine-6G as a standard fluorophore. The Parker-Rees equation (2.1)

is written as follows,
q)u = (AsFunuZ/ Aqunsz) ¢s

where, ¢ ;=Quantum Yield of standard fluorophore =0.95 in EtOH, ¢ .= Quantum Yield of unknown
fluorophore, A; = the absorbance of standard fluorophore at the excitation wavelength, A, = the
absorbance of unknown fluorophore at the excitation wavelength, F, = the area of integrated

fluorescence intensity of the reference sample when excited at the same excitation wavelength, F,
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= the total area of integrated fluorescence intensity for the unknown sample when excited at the
same excitation wavelength, The refractive indices of the solvents for the unknown and the standard
samples are denoted by n, and n; respectively. To minimize the reabsorption of the fluorescence

light passing through the samples their absorption maximum was kept 0.1.

Time-resolved fluorescence lifetime measurements: Lifetime measurement was done using
Eddinburg (FSP920) spectrophotometer.

Detection Limit: Detection limits were calculated from the fluorescence titration. The fluorescence
emission spectra of 3.1 was measured 10 times, and the standard deviation of blank measurement
was determined. To achieve the slope, the fluorescence emission at 545 nm was plotted as a
function of the concentration of Pd** and CN-individually. The detection limits were obtained using
the following equation,

Detection limit = 30/k (3.4)

Where o is the standard deviation of blank measurement, and k is the slope between the
fluorescence emission intensity versus [Pd**] or [CN].

The calculated detection limits for Pd** and CN" ions were 5.2 nM and 9.8 nM respectively. The
conversion to ppb unit was done considering Mol. wt. of Pd** and CN" as 106.42 and 26.01

respectively.

Preparation TLC Based Tool: To test its practical use, a solution of 3.1 (1 x 10° M) in 1:1 Water-DMF
was casted on a pre-coated thin layer chromatography (TLC) plate using a syringe. After drying, the
casted portion of the plate showed strong fluorescence under UV-light irradiation. The plate was
then inserted in a solution containing Pd?* (5 x 10 M in water) and taken out after two minutes. The
solvent was removed under reduced pressure. In this case no fluorescence could be detected under
UV-light. The plate was further dipped in a solution containing CN" (5 x 10° M in water) and taken
out of the solution after two minutes. The plate was dried under vacuum and irradiated with UV-
light. To check the lower detection limit for this TLC based tools, different concentrations of 3.1 was

used. However, it was observed that below 1 x 10°® M, emission bands could not be observed.
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Preparation of environmental samples: The measurements of optical properties of 3.1 towards

Pd** and CN" were performed in the environmental samples such as tap water, pond water. For

preparation of solution of 3.1 (1 x 10 M) in these environmental samples, the de-ionized water in

DMF-Water (1:1, v/v) was replaced by tap water, or pond water followed by addition of various

concentration of Pd?*and CN" as per design of the experiment . The samples were equilibrated for

1h and then absorption and emission spectra were recorded. The absorption and emission spectra

of 3.1 were measured in triplicate, and the standard deviation of each sample was determined.

Relative error of each sample was also calculated.

System

Medium

Detection Limit

Reference

01 Small molecule Water-DMF 0.552 ppb (5.2 nM) This work
02 Small molecule DMEF-HEPES buffer 780 nM 195
03 Small molecule EtOH-HEPES buffer 470 nM 196
04 Small molecule Water-EtOH 191 nM 172
05 Small molecule Water-EtOH 10 nM 197
06 Small molecule Water-DMSO 85 nM 171
07 Purine Nucleoside DMSO-Tris buffer 647 nM 198
08 Small molecule EtOH 5nM 199
09 Small molecule Water-ACN 6.1 nM 113

Table 3.2. Comparison of detection limit between previously reported Palladium sensors and compound 3.1.

SL.No.  System Medium Detection Limit Reference ‘
01 Small molecule Water-DMF 0.26 ppb(8.69 nM) This work
02 Quantum dots NaOH-NaHCOsbuffer 520 nM 200
03 Nanoparticles Water 9.1 nM 201
04 Metal coefficient ACN 1600 nM 202
05 Gold nanoclustures ~ Water 75 nM 203
06 Metal complex Water 5770 nM 204
07 Peptide HEPES buffer 24.9 nM 205
08 Metal complex ACN 0.3 ppm 206
09 Small molecule Water 320 nm 175

Table 3.3. Comparison of detection limit between previously reported CN- sensors and compound 3.1-Pd** complex.
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Chapter 4

Efficient Detection of Histone by a DNA-
Naphthalenediimide Hybrid
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4.1 Introduction

Histone, a DNA-binding protein, governs the chromosomal organization and gene regulation in
cells.*72% Anomalous epigenetic arrangements have been found in a plethora of diseases, such as
cancers, schizophrenia, Alzheimer’'s and Huntington’s diseases, heart failure, arthritis, diabetes,
microbial infections, HIV etc.'” 221" Dengue virus, a continuing global threat, works via binding
with the nuclear histone in liver cells and inhibits the nucleosome formation and over-expression of
histone. 2% A reliable, efficient histone sensing thus became essential. Unfortunately, methods
capable of sensing histone are rare and the existing ones often has issues with the sensitivity and
ease of use.?'*?"* Nevertheless, the efficiency of sensing as well as that of the process need to be

enhanced further.

In this regard, small molecules with the ability to recognize and bind with DNA have drawn
considerable interest owing to their potential on imaging, diagnostics, and therapeutics.?'*?"
Recognizing and binding with DNA by small molecules follow mainly intercalation through non-
covalent interactions.?'® To this end, naphthalene diimides (NDI) with appropriate functionalization
were found to be an excellent probe to intercalate with DNA double strands.?®?'72'8 Several detailed
studies on NDI-DNA interaction have been reported by Iverson and Wilson.?'®#* A direct
consequence of DNA-binding by all these NDI derivatives is the drastic fall in fluorescence quantum
yield of NDIs.?'9?2 We envisioned that this quenching of emission upon binding with DNA can be
utilized to create new sensor for proteins capable of binding with DNA, such as histone. The strong
binding affinity 2 of histone toward DNA will lead to release of the NDI molecules from the NDI-
DNA complex resulting in enhancement of the fluorescence intensity (Scheme 4.1). This

phenomenon can be quantified and used as an efficient “turn-on” sensor for histone.
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Scheme 4.1. Pictorial presentation of histone sensing mechanism and chemical structures of NDIs.
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In this chapter, we have created a new NDI-DNA hybrid material for efficient and selective sensing
of histone. To find a suitable NDI derivative toward creating the planned sensor, four amine
functionalized NDIs having different numbers of amine groups (4.1- 4.4, Scheme 4.1) were
prepared to find the effect of positive charges on their DNA binding ability. A control molecule (4.5)

with acid functionality is also prepared for comparative studies.
4.2 Results and Discussion

The absorption spectra of all NDIs showed two prominent vibronic bands at ~ 380, 360 and a
shoulder at 340 nm attributed to the 0-0, 0-1 and 0-2 vibrational transitions as seen in Figure 4.1. In
each case, the absorption increases with increase in concentration. The minimum aggregation
concentrations (MAC) measured from the inflection points in emission vs. concentration plots for all
compounds were observed to be higher than 10 ug mL". Similar trends were observed in their
concentration dependent emission behavior as observed in Figure 4.1. Emission intensities for both
the emission bands at ~393 and ~412 nm increased with concentration and after the critical value,
decreased rapidly as shown in Figure 4.1.This is typical of arylenediimides.”®'®> Thus, for DNA
binding studies, concentration of the NDI derivatives was kept at 1 ug mL"' to avoid any self-
aggregation induced changes. Concentration dependent DLS studies were performed for all these
compounds and it was observed that the first sign of any aggregation was seen above 15 ug mL"
concentration for all the samples. Further, to confirm that there is no aggregation at a concentration
below 15 pg mL", FESEM images of 1 and 10 ug mL"' samples were checked and no sign of any
aggregation was observed. Based on these observation, to avoid any effect from aggregation, we

have carried out all studies below 15 pug mL" concentration for the DNA binding studies.
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Figure 4.1Concentration dependent changes in A) absorption, B) emission for 4.2 in phosphate buffer (10 mM, pH 7.4),
(solid lines and dashed lines represent concentration up to 22 ug mL™" and concentrations thereafter respectively).
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All NDI derivatives were subjected to binding studies with double stranded calf thymus DNA (CT-
DNA). Titrating 1 ug mL™" solutions of NDIs with DNA solution resulted in hypochromicity and a small
red-shift of the absorption maxima as shown in Figure 4.2 and 4.3 except in case of compound 4.5.
The % hypochromism for 1 ug mL" NDI and 10 ug mL"' DNA are listed in Table 4.1. The prominent
hypochromism (32-45%) in case of cationic NDI signifies that the molecules are strongly intercalated
with the DNA.??® Among the cationic NDIs, compound 4.2 showed maximum hypochromism (45%)
indicating the strongest binding among this series of molecules. Along with hypochromism, two
clear isosbestic points were also observed. Both, hypochromicity and red-shifts are indications of
intercalation of the molecules between the DNA strands.??® The presence of isosbestic points
indicated the equilibrium between the bound and free ligand. In case of the anionic analogue, 4.5,

no noticeable change was observed which presumably due to no binding in this case.
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Figure 4.2 A) Changes in absorption of 4.2 upon titration with DNA, the arrows indicate isosbestic points, [4.2] = 10 pug
mL", B) thermogram (top) and binding isotherm (bottom) of 4.2 and DNA obtained from ITC measurement.

Further information about the binding affinity were obtained from Isothermal Titration Calorimetry
(ITC) measurements as shown in Figures 4.2B) and 4.3E-H). NDI conjugates were titrated at room
temperature into 10 mM phosphate buffer, pH 7. 4 containing DNA, and the heat change was
measured over time. The binding isotherm of heat exchange versus the molar ratio was generated
by fitting the raw data by nonlinear least-squares fitting with a one-site binding model. As expected,
cationic NDIs (4.1-4.4) showed efficient binding with DNA (K, ~ 10° M) while no proper isotherm
obtained for the anionic analogue (4.5). The terminal acid groups of 4.5 interacted repulsively with
the phosphate backbone of DNA which prevent any measurable binding. 4.2 resulted in
significantly higher binding constant than the other analogues suggesting much stronger binding
in this case. Other thermodynamic parameters like change in enthalpy and entropy (Table 4.1) were
also found to favor stronger binding in case of 4.2 over other analogues and the exothermic binding
process was found to be enthalpy driven.?”” The positively charged ammonium groups on each side

of the NDI core of cationic NDIs interacted with the phosphate backbone of DNA to contribute to
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the gain in enthalpy. These results clearly indicate toward the possible threading intercalation by
these cationic derivatives of NDI. The entropy variations (Table 4.1) were observed due to the

differential binding behavior of NDI derivatives with DNA.
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Figure 4.3 Changes in absorption of A) 4.1, B) 4.3, C) 4.4, D) 4.5 upon titration with DNA, the arrows indicate isosbestic
points, [NDI] = 10 ug mL", and E-H) thermogram (top) and binding isotherm (bottom) of 4.1, 4.3, 4.4, 4.5 and DNA
obtained from ITC measurement.

In order to identify the binding mechanism, competitive binding assays were performed. Binding of
NDI molecules were studied using fluorescent dye displacement assays.??® EtBr and DAPI were used
as intercalating and groove binding dyes respectively. The fluorescence of EtBr and DAPI bound
DNA was monitored upon addition of 4.1-4.5 as shown in Figure 4.4. The extent of quenching of
emission for these two dyes in presence of NDI derivatives were then correlated with the binding
affinity as shown in Figure 4.4. The cationic NDIs effectively displaced both dyes from their
intercalation and groove binding. Maximum quenching was observed in case of 4.2 while 4.5 did

not show any noticeable change in the fluorescence intensities.

TH-2083_146122005 70

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

— EtBr
—— EtBr + DNA

550

650

600 700 750
Wavelength (nm)

7 —npari
——DAPI +DNA

ni

-

& o -3 =)
=) =) o =]
1 1 1 1

Intensity (Relative ul

[N
o
1

B)
240

200

T
800 o 5 10

15
[NDI] /M

DAPI

0.8-T T T T
2 3
[NDI] fuM

4 5 6

DAPI

480 520 560
Wavelength (nm)

T T
400 440

T
600

15
INDI] /uM

T 40 T
640 5 10

20

25 3 4
[NDI] /pM

Figure 4.4 Decrease in emission intensity of EtBr (A) and DAPI (D) bound DNA with increase in 4.2 concentration. Decrease
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Figure 4.5 A)-D) Fluorescence quenching of EtBr (10 uM) bound to DNA (10 uM) upon titrating with A) 4.1, B) 4.3, C) 4.4,
D) 4.5 at room temperature in 10 mM phosphate buffer pH 7.4.
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Figure 4.6 A)-D) Fluorescence quenching of DAPI (4 ug mL") bound to DNA (14 ug mL™") upon titrating with A) 4.1, B) 4.3,
() 4.4,D) 4.5 at room temperature in 10 mM phosphate buffer pH 7.4.

The plots of fluorescence quenching of DNA-bound EtBr and DAPI by NDIs are in good agreement
with linear Stern-Volmer Equation.?”® Ki,, the Stern-Volmer quenching constant, a measure of the
quenching efficiency, was found to be highest in case of 4.2 (for both EtBr and DAPI displacement,
Figure 2 and Table 4.1) indicating stronger intercalation and groove binding in this case.”®
Interestingly, the K., values obtained are in good agreement with the binding constants (~ 10° M)
obtained from the ITC measurements. Moreover, higher K, values for EtBr displacement than for
DAPI, suggests that these NDIs (4.1-4.4) preferentially intercalate with DNA and then slowly binds
in the grooves through ionic interaction between cationic side groups of NDIs and phosphates of

DNA.*2'Thus, the molecules are binding in a threading intercalation mechanism.

The AT, for all the NDI-DNA hybrids are given in Table 4.1 and these values also follow similar trend
to that of the binding affinity. Higher AT. value indicates better stability of the complex and
accordingly, the 4.2-DNA hybrid was observed to be the most stable complex of the series. The
stability of the 4.2-DNA hybrid was further evaluated by its dissociation kinetic. Dissociation kinetic
was measured by using the SDS sequestration method with time dependent UV monitoring as
shown in Figure 4.7.%%" 222 Reasonably high half-life value 67 min was observed which not only

support strong binding but also signifies intercalation as well as groove binding by the cationic
4.2.221,222
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MAC % Hypo- Thermodynamic properties for DNA Dye
NDI  (ug mLT) chromism? binding displacement
UV-Visible, Upon Ksv (x 10° M)

Fluore- DNA K.  AH  AS  EtBr DAPI

scence Binding (x10°M7")  Kcal/mol cal/mol/deg
41 205,176 38
4.2 222,219 45 9.18+0.88 -9.68+0.3 23.40 46 2.6 12.5
4.3 34.1,28.1 32 1.11 £0.51 -1.19+£ 0.1 12.5 14 1.1 1.9
44 196,191 40 2.86+1.05 -1.03%0.01 8.5 2.3 1.2 5.5
45 16.2,15.2 - - - - 028 0.25 0.2

“calculated for 1 pg mL-!' of NDI in presence of 10 ug mL! of DNA; Tin of DNA = 64.5 °C

Table 4.1 Minimum aggregation concentrations, thermodynamic parameters of DNA binding, dye displacement data and
melting temperatures data for 4.1-4.5.

Interestingly, the binding ability was found to follow the order, 4.2 > 4.4 > 4.1 > 4.3, from all these
studies. The binding stability of the NDI-DNA hybrids can be expressed in terms of their melting
temperature.?’® Melting temperatures (T.) were determined using absorption spectroscopic

method and the free DNA showed a T, of 64.5 °C (Figure 4.7).
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Figure 4.7 A) UV melting curves of DNA in the absence and presence of 4.1-4.5; [NDI] = 50 ug mL", [DNA] = 10 pg mL",
B) dissociation kinetic profile of 4.2 from DNA in 1%SDS; data are fitted to one-phase exponential decay.

Overall, all the results from DNA binding studies lead to the conclusion that the cationic NDlIs are
binding with DNA through threading intercalation mechanism. The NDI core binds between the
strands of DNA via intercalation while the cationic side chains interact with the phosphate exteriors
of the double stranded DNA through electrostatic interaction. The anionic analogue failed to bind
phosphate groups of DNA which not only prevent any grove binding but also did not allow the
planner NDI core to intercalate. The order of binding affinity was found to be 4.2 > 4.4 > 4.1 > 4.3.
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These results indicate that though the presence of positive charge is important, the overall binding
efficiency depends on the optimal charge on the molecule. 4.2, having two positive charges on each
sides of the NDI group showed strongest affinity toward DNA.
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Figure 4.8 A) Emission spectra of 4.2 with increasing concentration of DNA, B) changes in emission intensity of 4.1-4.5
upon titration with DNA. [NDI] = 1 pg mL"

In order to utilize these threading intercalators as a probe for histone detection, the effect on their
emission property upon binding with DNA was evaluated. As expected, binding with DNA resulted

in significant quenching in the emission intensity for all cationic NDIs as shown in Figure 4.8.
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Figure 4.9 Emission spectra of A) 4.1, B) 4.3, C) 4.4, D) 4.5 upon titrating with DNA, Lex = 360 nm, [NDI] = 1 pg mL™" at
room temperature in 10 mM phosphate buffer pH 7.4.
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A saturation in the emission intensity is recorded in all cases after a certain concentration of DNA.
However, the extent of quenching was found to be maximum (~97%) in case of 4.2. Moreover, the
concentration of DNA at which the emission reached its saturation was much lower for 4.2 (120 ng
mL™") than the other analogues. This is presumably due to stronger affinity of 4.2 compared to the
other NDIs as observed in the binding studies. Based on these results, 4.2 was selected as the probe
for histone detection.

To verify our idea (Scheme 1), a mixture of 4.2 (1 ug mL") and DNA (140 ng mL™") was prepared.
Concentrations of the components were chosen in a way to achieve maximum binding and
consequently the least possible emission arising from 4.2. Varying amounts of histone (to reach the
final concentrations of 0.1-1000 ng mL'") were added in this solution and the change in emission
intensity was monitored as shown in Figure 4.10. A sharp increase in emission intensity was
observed upon addition of 0.1-400 ng mL" of histone and thereafter no further change in
fluorescence was noted up to 1000 ng mL"' (Figure 4.10). Interestingly, with 400 ng mL™" or higher

histone, the system recovered ~95% of its original emission (4.2 without DNA). As a control, a
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Figure 4.10 A) Enhancement of emission intensity of 4.2 upon titration of DNA-4.2 hybrid with histone, B) plot for
intensity (at 393 nm) vs concentration of histone, C) % emission intensity recovery of 4.2 of a DNA-4.2 hybrid upon

addition of excess of various proteins. [4.2] = 1 ug mL"; [DNA] = 140 ng mL", D) intensity versus concentration of histone
plot for determination of detection limit.
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solution of 4.2 (1 ng mL") was titrated with histone and followed by fluorescence spectroscopy.
Notably, no detectable change was monitored in the emission of 4.2 in this case. Additionally, when
excited at 360 nm, a 1 ug mL" solution of histone produced no measurable emission which negate
the possibility of any contribution arising from histone. Further, The detection limit of the system
was calculated to be 0.052 ng mL" or 52 ppt (parts-per-trillion, as shown in Figure 4.10 which is
much lower compared to the previously reported histone sensors (previously reported lowest
detection limit was 0.2 ng mL").'*® Further, to check the effect of 4.2 concentration on the detection
limit, another composition of 5 ug mL" 4.2 and 600 ng mL™" of DNA was tested. The detection limit
of the system was calculated to be 0.03 ng mL™ or 30 ppt which is very similar to that of the original
composition of 1 ug mL" 4.2 and 140 ng mL™" of DNA. Lowering the 4.2 concentration to 0.1 ug mL°

'yielded in very low emission value which restricted us to use this concentration for sensing histone.
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Figure 4.11 A) Emission spectra of 4.2-DNA hybrid in presence of various proteins, B) comparative study of 4.2 toward
histone over miscellaneous competitive proteins. Black bars represent the increase in the intensity of 4.2-DNA in presence
of proteins and red bars represent the enhancement with subsequent addition of histone to the solution. Aex = 360 nm,
[NDI] = 1 ug mL"; [DNA] = 140 ng mL", [protein] = 500 ng mL". All samples in 10 mM phosphate buffer pH 7.4 and
measurements were done at room temperature.

To establish that the method is specific to histone sensing, a number of other proteins were also
examined. Four positively charged proteins (lysozyme (pl 10.8), trypsin (pl 10.5), chymotrypsin (pl
8.5) and cytochrome-c (pl 9.6)) with isoelectric points close to the pl of histone (10.8),%%* along with
five anionic proteins (bovine serum albumin (BSA, pl 4.5), tyrosinase (pl 4.5), alkaline phosphatase
(Alk. Phos, pl 4.4-5.8), lipase (pl 4.5) and laccase (pl 5.0)) were used for the study. As control, two
neutral proteins (thermolysin and horseradish peroxidase (HRP)) were also subjected to similar
experiments. In each case, a solution of 1 ug mL" of 4.2 and 140 ng mL" of DNA was treated with
these proteins and the final concentration of the protein was maintained at 500 ng mL™" to ensure
maximum displacement of 4.2 from DNA upon protein binding. However, nominal changes in

fluorescence intensity of 4.2 were detected in all cases. The percentage recovery of the fluorescence
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is presented in Figure 4.11 for all the proteins tested. Though nominal, higher recovery (5-9%) was
detected in case of positively charged proteins compared to the neutral or anionic proteins and that
may be due to similar pl values as well as positive surfaces of these proteins. To verify the effect of
pH, further experiments in different other buffers (pH7-12) were carried out. However, no change in
the trend was observed. To further determine the selectivity, histone (500 ng mL") was added to
4.2-DNA hybrid ([DNA] = 140 ng mL", [4.2] = 1 ug mL") containing one of these different proteins
and the changes in the emission intensity were monitored. The competitive experiment in presence
of other proteins also suggest the high selectivity of 4.2-DNA hybrid toward histone as the

background proteins showed no effect to the detection of histone as shown in Figure 4.11.

<«— Histone(ng mL-1)
8

A) B) 10 6 4 2 0
10- 42 30 1 1 1 1 1 1 30
——DNA 3 e DNA +4.2
——DNA + Histone S 25 i A DNA + 4.2 + Histone 25 S
54 ——42+DNA £ 2 ° £
—_— A . S AA =
= 42+DNA+Histone = | a08a saa,, lon ®
@ = 20 20 .8
< - ° r'y -
\ c A c
E 0 g . . g
~ A
® g 154 ° A F15 8
8 ° AAA 8
2 L ]
1N N 10 B B 10N
\ v ° [ ] ° A A
¥ %00 o o2
-10 ; r r v , 5 " T T : . . 5
250 300 350 400 450 0 2 4 6 8 10
Wavelength (nm) DNA(ng mL-1)—p»

Lane 1 Lane 2 Lane 3 Lane 4

e .

DNA +
DNA + 42+
Histone Histone

Figure 4.12 A) CD spectra of DNA under different compositions with 4.2 and histone, B) change in the zeta potential value
of a 4.2 solution with increasing amount of DNA to reach a saturation value and subsequent addition of various amounts
of histone to it, and c) Agarose gel electrophoresis of different compositions of DNA with 4.2 and histone.

To getinsightinto the structural changes in DNA upon binding with 4.2 followed by treatment with
histone, circular dichroism (CD) spectra were recorded. The CD spectra of DNA alone presented in
Figure 4.12 exhibits two characteristic peaks, one positive band around 280 nm complemented to
n—n stacking of the bases and a negative band around 245 nm for helicity.?'® Upon addition of 4.2,
DNA generates an induced CD (ICD) signal near 350-400 nm region along with increase in
n—n stacking peak. In addition to that, the peak owing to the helicity is shifted to 235 nm. The ICD
peak can be accredited to the orientation of transition moments of the NDI core perpendicular to
the long axis of the DNA double helix. This negative ICD signals in the NDI absorption region further
confirms the threading intercalation. The shift in the peak resulting from the helicity is an indication

of the change in the conformation of DNA double helix upon binding with 4.2. With addition of
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histone to this 4.2-DNA hybrid, not only the intensity of the ICD signal diminished significantly, the
peaks generated from the n—m stacking and helicity returned back to their original positions and
intensities. These results suggests the dissociation of 4.2 from its DNA bound state while histone
binds to the DNA.

To get further mechanistic detail about the process, a solution of 10 ug mL" solution of 4.2 was
titrated with DNA and the zeta potential () of the system was monitored. As shown in Figure 4.12,
the C value of 4.2 decreases with increase in concentration of DNA and reaches a saturation value of
+7.1 mV. Electrostatic interaction between the positive charges of 4.2 and the phosphates of the
surface of DNA decreases the overall charge of the system. Upon titrating the solution with histone,
the C value enhanced and followed a reverse path to get a final saturation value of +22.4 mV
indicating dislodging of the 4.2 molecules not only from the intercalated position but from the
surface bound state as well. Another evidence of displacement of 4.2 from DNA by histone was
obtained from gel-electrophoresis. As can be seen in Figure 4.12, the intensity of the 4.2-DNA
hybrid is much lower than that of free DNA. Notably, the histone treated 4.2-DNA hybrid is equally
intense like histone-DNA and this is significantly higher than that of 4.2-DNA hybrid. The
enhancement of intensity of the 4.2-DNA band by treatment with histone clearly establish the fact
that 4.2 is displaced from its DNA bound state histone. Based on these observations, the sensing
process can be summarized pictorially as shown in Scheme 4.1. 4.2 binds with DNA through
threading intercalation and consequently loses its emission property. Histone, having a stronger
binding affinity toward DNA, displaces 4.2 from DNA. The displacement of 4.2 leads to a situation
where it remains in non-aggregated state and thus the emission returns back to the original

intensity.

4.3 Conclusion

In conclusion, a series of NDI derivatives have been prepared and their DNA binding abilities were
evaluated. While cationic derivatives efficiently bind both as intercalator as well as act as groove
binder, the anionic species failed to show any affinity toward DNA. The optimal positive charges for
strongest binding was found to be two on each sides of NDI (in case of 4.2). Strongest threading
intercalation was observed for 4.2 and binding with DNA leads to a significant (97%) loss of its
emission. This fluorescence quenching of 4.2 upon binding with DNA is used for quantitative
detection of histone. Upon binding with histone, 4.2 molecules are released from their DNA bound
state which allows them to regain their emission (95%). The sensor, a hybrid of 4.2 and DNA, was
found to be highly selective toward histone and the detection limit calculated to be the lowest

reported so far.
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4.4 Experimental sections
4.4.1 General Information and Materials

All chemicals and reagents used were obtained from Sigma-Aldrich (USA) and used without further
purification. All solvents were procured from Merck, India and Spectrochem, India. DNA from calf
thymus (1 mg of DNA is equivalent to 20 A260 Units; Lot no. 105K7025V) was purchased from Sigma-
Aldrich (USA). To prepare samples, Milli-Q water with a conductivity of less than 2 uS-cm~' was used.
'H NMR, *C NMR were recorded on a Bruker Ascend 600 MHz (Bruker, Coventry, UK) and referenced
to deuterated solvents. ESI-MS was performed with a Q-tof-Micro Quadrupole mass
spectrophotometer (Micromass). UV/Vis spectra was recorded with a PerkinElmer Lambda 750
spectrometer. Fluorescence measurements were performed with a Cary Eclipse spectrophotometer

(Agilent). Unless otherwise mentioned, all experiments were carried out at room temperature.
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Scheme 4.2. Synthetic scheme for 4.1A, 4.2A and 4.3A.

4.4.2 Synthesis and Characterization of Compounds

Synthesis of 4.1A: To a stirred and cooled solution of EDA (5g, 0.083 mol) in DCM (65 mL) was
added di-tert-butyl dicarbonate (1.82g, 0.0083mol) in DCM (45 mL) dropwise for 1h. After stirring at
room temperature for 24h, the solvent was removed under reduced pressure. The crude product
was dissolved in saturated NaHCO; (20 mL) solution and was extracted with DCM for 3 times. The
organic phase was dried over Na,SO, filtered and the filtrate was concentrated under reduced
pressure to give the desired product as a colourless oil. Yield: 60 %. 'H NMR (400 MHz, CDCl;): § 4.88
(s, TH), 3.17 (g, J= 5.9 Hz, 2H), 2.79 (t, J= 5.9 Hz, 2H), 1.43 (s, 9H). ESI-MS (m/z): calculated, 160.1212
for GGH1¢N,O,; found, 161.1284 for [M+H]".

Synthesis of 4.2A: DETA (2.55g, 0.025 mol) was taken in 5 mL of dioxane. To it di-tertbutyl
dicarbonate (0.59g, 0.0027mol) in 5 mL dioxane was added dropwise over a period of 15 mins. The
mixture was stirred for 22 h in salt-ice bath. The solvent was evaporated in vacuo and 5 mL of water

was added to the reaction mixture and the mixture was extracted with DCM for four times.The
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organic layer was separated, dried over anhydrous Na,SO,and evaporated to get the desired
product as a yellowish liquid. Yield: 58%. '"H NMR (400 MHz, CDCl;) 6 5.11 (s, 1H), 3.15 (t, J= 6.0 Hz,
2H), 2.76 - 2.72 (m, 2H), 2.67 (t, J= 5.9 Hz, 2H), 2.61 (m, 2H), 1.38 (s, 9H). ESI-MS (m/2z): calculated,
203.1634 for CoH21NsO,; found, 204.1702 for [M+H]".

Synthesis of 4.3A: TETA (1.46 g, 10 mmol) was dissolved in 10 mL of dry DCM and cooled to 0°C. A
solution of di-tertbutyl dicarbonate (1.96 g, 9 mmol) in 10 mL dry DCM was added dropwise over 1
h. The mixture was stirred at room temperature for 12 h. After removal of the solvent under reduced
pressure, the remaining yellow oil was dissolved in ethyl acetate and washed with 0.5 N NaOH. The
aqueous phase was diluted with brine and extracted with ethyl acetate. The combined organic
phases were dried over MgSO,4 and the solvent was removed under reduced pressure. The product
was purified by flash chromatography on SiO.. Yield: 72%. '"H NMR (600 MHz, CDCls): 6 5.05 (s, TH),
3.26-3.38 (m, 2H), 3.20-3.22 (m, 2H), 2.71-2.79 (m, 4H), 2.40-2.46 (m, 4H), 1.44 (s, 9H) ppm. ESI-MS
(m/2): calculated, 246.2056 for C11H26N4O-; found, 247.2323 for [M+H]*.

Synthesis of compound 4.1B, 4.2B, 4.3B: All the compounds were synthesized using simialar
synthetic protocol. Naphthalene-1, 4, 5, 8-tetracarboxylic dianhydride (1 mmol) and 4.1A or 4.2A or
4.3A (4.8 mmol) were refluxed in THF (5 mL) for 18 h. The reaction mixture was allowed to cool and
then poured into chloroform (10 mL). The precipitate formed was removed by filtration and the
solvents were removed under reduced pressure. The residue was dissolved in methanol (5 mL) and

poured into water (40 mL). The product was obtained as a reddish brown solid.

Compound 4.1B: Yield 60%. '"H NMR (600 MHz, CDCls): 6 8.71 (s, 4H), 4.97 (s, 2H), 4.35 (s, 4H), 3.54 (s,
4H), 1.20 (s, 18H), ppm. ESI-MS (m/2): calculated, 552.2220 for C;sH3,N4Osg; found, 553.2291 for [M+H]*
and 227.1182 for [M+2H]*".

Compound 4.2B: Yield: 54%. '"H NMR (600 MHz, CDCls): 6 8.77 (s, 4H), 4.97 (s, 2H), 4.32 (t, J= 6.3 Hz,
4H), 3.19-3.21(m, 4H), 3.01 (t, J= 6.3 Hz, 4H), 2.81 (t, J= 5.8 Hz, 2H), 1.42 (s, 18H) ppm. ESI-MS (m/2):
calculated, 638.3064 for Cs,H.42NeOg; found, 639.3134 for [M+H]*and 320.1602 for [M+2H]*".

Compound 4.3B: Yield: 35%. '"H NMR (600 MHz, CDCl;) § 8.75 (s, 4H), 5.01 (s, 2H), 4.27-4.35 (m, 4H),
3.17-3.40 (m, 4H), 2.93-3.04 (m, 4H), 2.41-2.80 (m, 8H), 2.27-2.31 (m, 4H), 1.42 (s, 18H), ppm. ESI-MS
(m/2): calculated 724.3908 for CssHs2NsOs; found, 777.4316 for [M + H + 2 G H.)*.
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Scheme 4.3. Synthetic pathways for 4.1-4.5.

Synthesis of NDI conjugates (4.1-4.3): Boc protected naphthalene diimide (4.1B or 4.2B or 4.3B)
was dissolved in trifluoroacetic acid (TFA, 5 mL) and stirred for 40 min. Methanol was added to the
mixture and solvents were removed under reduced pressure to obtain a pale brown solid. This solid
was dissolved in methanol (30 mL) and poured into cold diethyl ether. The precipitate formed was

collected and dried under reduced pressure to get a pale pink solid.
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Compound 4.1: Yield: 95%. 'H NMR (600 MHz, D,0): 6 8.64 (s, 4H), 4.52 (t, J= 6.0 Hz, 4H), 3.45 (t, J=
6.0 Hz, 4H), ppm; ESI-MS (m/2): calculated, 352.1172 for CisH1sN4O4; found, 353.1257 for [M+H]*and
177.0671 for [M+2H]*.

Compound 4.2: Yield: 87%. '"H NMR (400 MHz, D,0) 6 8.72 (s, 4H), 4.53 (t, J= 5.7 Hz, 4H), 3.53 (t, J=
5.7 Hz, 4H), 3.43 (t, J= 5.7 Hz, 4H), 3.33 (t, J= 6.9 Hz, 4H), ppm"*C NMR (150 MHz, D,0): 6 35.53, 37.29,
44.71, 46.88, 126.56, 126.83, 134.50, 165.05 ppm. ESI-MS (m/2): calculated, 438.2016 for C;,H2sNcO4;
found, 439.2220 for [M+H]*and 220.1183 for [M+2H]*".

Compound 4.3: Yield: 75%. '"H NMR (600 MHz, D,0): 6 8.73 (s, 4H), 3.54-3.59 (m, 10H), 3.26-3.29 (m,
8H), 2.79-2.83 (m, 6H), ppm; ESI-MS (m/z): calculated, 524.3860 for CycH3sNsO4; found, 577. 3420 for
[M+H+ 2 GH,J".

Synthesis of compound 4.4A: Compound 4.4A was synthesized by condensation of 1, 4, 6, 8-
tetracarboxilic dianhydride (2.68 g, 10 mmol) and N, N-dimethylethylenediamine (4.4 mL, 40 mmol)
in aqueous solution. The suspension was heated at 80 °C for 8 h. The precipitate was filtered and
washed with acetone. Yield: 86%. '"H NMR (600 MHz, CDCls): 68.75 (s, 4H), 4.35 (t, J= 6.8 Hz, 4H), 2.67
(t, J = 6.8 Hz, 4H), 2.34 (s, 12H), ppm. ESI-MS (m/2): calculated, 408.1798 for C;;H4N4O4; found,
409.1975 for [M+H]*and 205.1028 for [M+2H]*".

Synthesis of compound 4.4: Compound 4.4A (50 mg, 0.122 mmol) and iodomethane (76.2 uL, 1.22
mmol) were added to DCM (5 mL), and the mixture was stirred for 12h. The reaction mixture was
centrifuged and the precipitate was washed with DCM. The resulting yellow solid was dried under
vacuum. Yield: 90%. 'H NMR (600 MHz, D,0): 6 8.82 (s, 4H), 4.71 (t, J= 7.7 Hz, 4H), 3.75 (t, J= 7.6 Hz,
4H), 3.35 (s, 18H), ppm; *C NMR (150 MHz, DMSO-ds): 6 33.76, 52.56, 61.89, 126.21, 126.72, 130.92,
164.05 ppm. ESI-MS (m/2): calculated, 219.1128 for C4H30N40,%%; found, 219.1020 for [M+2H]?".

Synthesis of compound 4.5: A suspension of 1, 4, 5, 8-naphthalenetetracarboxylic dianhydride (1
g, 3.73 mmol) and 3-amino propionic acid (0.80 g, 9.00 mmol) in DMF was heated at 80°C for 4 h.
Upon cooling to room temperature, the mixture was poured into water (50 mL). The resulting solid
was filtered, washed with water and acetone to give the desired compound as a pink powder. Yield:
78%. The characterization data of 5 was in accordance with the reported ones. '"H NMR (600 MHz,
DMSO-de): 8.65 (s, 4H), 4.27 (t, J= 7.6 Hz, 4H), 2.63 (t, J = 7.6 Hz, 4H), ppm. ESI-MS (m/2): calculated,
411.08 for CyoH14N,0s; found, 411.07 for [M+H]*.
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4.4.3 Method

Sample preparation: A super-stock solution of NDI derivatives (4.1-4.4) were prepared
maintaining the concentration of 1 mg mL" in a 10 mL of volumetric flask using mili-Q water while
in case of 4.5, NaHCO:; buffer (10 mM, pH 9) was used for solubility issue. These stock solutions were

diluted to the concentrations required for the experiments.

Preparation of DNA solution: To a 2 mL volumetric flask, 2 mg of DNA was dissolved in phosphate
buffer (10 mM, pH 7.4) and the solution was divided in smaller portions and kept at 4 °C. All DNA
related experiments were performed by taking appropriate aliquot from these super-stock solutions
and diluting it accordingly. The concentration of DNA was determined spectrophotometrically by
measuring absorbance at 260 nm, 25 °C using molar extinction coefficient €60 = 13,200 bp cm'M"'
(base pair).However, it is worth mentioning that the concentration of DNA was considered in micro-
molarity only in case of dye displacement and ITC measurements while for all other experiments, ug

mL™"is considered.

Circular dichroism spectroscopy (CD): Circular dichroism (CD) spectra were recorded on a J-1500
CD (JASCO, US.A)) instrument at room temperature. The data were collected at 1 nm intervals with
1 nm band width. All measurements were done in 0.2 cm path length cuvette with 400 mL sample
volume. Each CD profile is an average of 3 scans of the same sample collected at a scan speed 100

nm min’', with a proper baseline correction from buffer. Scans were performed over 200-450 nm.

Thermal denaturation: The absorption (260 nm) of DNA was monitored in the absence or presence
of NDI derivatives over 25-90 °C. DNA (50 ng mL™") and NDI derivatives (15 ug mL™") were mixed, and

absorption values were measured at 260 nm. The variable temperature mode was used.

Isothermal titration calorimetry (ITC): The binding constant, stoichiometry and thermodynamic
parameters for the binding with DNA were determined by isothermal titration calorimetry using
Nano-ITC instrument from MicroCal. For every experiment, the temperature was fixed at 298 K. The
first data point was omitted from the data set for curve fitting. All solutions were prepared in buffer
(10 mM phosphate, pH 7.4) and degassed prior to titration. Heats of dilution were checked by
titration of the NDI derivatives into a buffer solution and subtracted from the normalized enthalpies.
The data were fitted to a theoretical titration curve by one set of sites binding model using a

software supplied by Microcal.
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Dye displacement study: Stock solutions of EtBr and DAPI were prepared by dissolving a weighed
amount of EtBr and DAPI in milli- Q water to attain a concentration of 1 mg mL™". All experiments
involving EtBr and DAPI were performed by taking appropriate aliquots from this super-stock and
diluting it accordingly. In a typical experiment, a mixture of the dye and DNA solution (10 uM dye
and 10 uM DNA) was titrated with NDI solution (1-30 uM) and the emission was monitored by
exciting at the respective excitation wavelengths of the dye used. In case of DAPI, control
experiments showed no overlap of the emission in the concentration range of 1-30 uM of NDI-
derivative and 10 uM DAPI. For Stern-Volmer constant calculation, values from the linear part are

taken into account (1-6 uM of NDI-derivative).

Gel Electrophoresis: Agarose gel electrophoresis (0.8 wt%) was performed in 1x TAE buffer at E =
60 V/cm for 30 min. DNA, 4.2-DNA, 4.2-DNA-Histone, DNA-Histone were run on this agarose gel
stained with ethidium bromide and photographed upon irradiation with UV light.

Zeta Potential: The zeta potential of the samples were measured at 298 K on a Zetasizer Nano Z590
from Malvern using a 632.8 nm He-Ne laser. Prior to measurements, the samples were filtered

through appropriate filters to remove dust particles if any.

Detection Limit: Detection limits were calculated from the fluorescence titration data. The emission
spectra of 4.2-DNA was measured 10 times, and the standard deviation of blank measurement was
determined. To achieve the slope, the fluorescence emission at 412 nm was plotted as a function of
the concentration of histone. The detection limits were obtained using the following equation (3.4),
Detection limit = 3o0/k

Where o is the standard deviation of blank measurement, and k is the slope between the

fluorescence emission intensity versus [Histone].
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Chapter 5

Picric Acid Detection at Femtogram Level by a Short
Peptide Gelator

Quenchmg of Contact mode
excimer emission detection
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5.1 Introduction

Picric acid (PA) is a strong organic aromatic acid and like many polynitrated aromatic compounds, it
also possesses powerful explosive property.2®23? The explosive power of PA is even greater than
trinitrotoluene (TNT) and are found in various explosive formulations. Moreover, exposure to PA
leads to severe adverse effects on human health. PA is irritant to skin and eye, causes damage to
respiratory organs, liver, spleen and affects the immune system.?* The biodegradation products of
PA are also mutagenic and carcinogenic and the high water solubility of PA allows it to easily
contaminate ground water and soil.** Above all, the present day scenario regarding the worldwide
terrorist activities demands a convenient, efficient and selective sensor for PA. Even though a large
number of sensors are reported, a simple and practical approach to the detection of explosives like

PA at a scale as low as femtogram (107° g) still remains a challenge.

Wide range of methods including colorimetry,* SERS,*® X-ray diffraction,?” surface plasmon

28 mass spectrometry,?? electrochemistry?*®%*! etc. have been utilized for sensing of PA.

resonance,
However, these techniques are not in commonplace as they require expensive instruments as well
as complicated and time consuming experimental procedures. Fluorescence based chemo-sensors
are an attractive alternative and provides high sensitivity, low cost and can be used without the
requirement of any sophisticated instruments.*** Fluorescence based explosive-sensors
predominantly work on fluorescence quenching methods.?**?* In principle, electron transfer from
excited fluorophore to the acceptor analyte results in a decrease in the emission which can be
quantitatively monitored. In this regard, molecular self-assembly of fluorophores is an attractive

approach. Self-assembled nano-fibers of fluorophore conjugates exhibit properties which are

different from those of their constituent molecules.

In this chapter, we have reported a small fluorescent peptide (5.1, Scheme 5.1) based gel. The
gelator molecule is capable of selectively detect PA in solution phase as well as in gel state with high
sensitivity (in ppt level). A convenient paper based contact mode technique is developed which

detects PA at a record femtogram scale in contact mode.
5.2 Results and Discussion

The peptide was rationally designed by incorporating the aggregating ability of the well-
known self-assembling peptide sequence “PhePhe”,*** hydrophobic and n-stacking unit of
pyrene and hydrophilic character of lysine. Pyrene also serves the role of the emissive unit
of the molecule. The incorporation of pyrene also serves the aim to use the peptide-gelator

for sensing of PA as interaction of fused aromatic rings and PA is documented in
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literature.’®® 2% The peptide 5.1 was synthesized using standard solid phase peptide
synthesis technique employing Fmoc-chemistry. After a thorough screening of different
combinations of solvents, it was found that 1:1 mixture of water and acetonitrile (ACN)
could be immobilized by 5.1 to form self-supporting gel with minimum gelation

concentration (MGC) of 21.85 mM.
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Figure 5.1 A) Chemical structure of 5.1 (Top) and photograph of a 21.85 mM gel of 5.1 in 1:1 Water-ACN under UV light
showing the reversible gel-sol transition upon heating/cooling and changes in the emission color when illuminated with
UV-light (Below), B) dependence of T, on the concentration of the gelator.

The cyan colored emission of the solution changes to blue upon gelation (Figure 5.1). Gel to sol
transition temperature of the gel was found to be 51 °C which showed a linear increase with the
concentration of gelator (Figure 5.1).>* Room temperature rheology (Figure 5.2) showed the gel
character as the storage modulus (G’) was found to be considerably higher than the loss modulus
(G") over a range of applied angular frequency. Interestingly, the gel also has the self-healing

property as can be seen from Figure 5.2.
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Figure 5.2 A) Changes in storage and loss modulus as a function of shear strain (amplitude sweep at frequency of 1 rad
s, B) cyclic strain time sweep rheology measurements of 5.1 (21.85 mM) showing the healing behaviour of gel.
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A time dependent strain sweep was performed by alternating the applied strains at a fixed angular
frequency of 1 rad s'. At higher strain (y = 100%), the gel loses its viscoelastic property and
interestingly, in every successive step, it regains its initial viscoelastic nature almost completely
while coming back to a lower strain (Figure 5.2B). Such recovery of the mechanical properties for a

gel is termed as self-healing or thixotropic behavior.?*®

Microscopic techniques like FESEM, FETEM and AFM revealed the formation of a tightly knitted
fibrous network in the gel state (Figure 5.3). Absorption spectra of 5.1 in 1:1 Water-ACN showed
three prominent bands at 312, 325, and 341 nm arising from pyrene (Figure 5.4). When excited at

337 nm, it resulted in three emission bands at 375, 396, and 417 nm which are typical of pyrene

(Figure 5.4).

Figure 5.3 A) FESEM, B) FETEM, and C) AFM images of 21.85 mM gel of 5.1 in 1:1 Water-ACN.

'H NMR of 5.1 (1 mM) in CDsCN with increasing amount of D,O showed a continuous up-field shift
of aromatic protons (Figure 5.5A) indicating probable n—= stacking of the aromatic rings in the
aggregated state.'® Importantly, a strong excimer band,** centered at 477 nm was observed above
1 mM concentration (Figure 5.5B). The appearance of the excimer band also supports the strong

n—n stacking of pyrene rings during the self-assembly process.
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Figure 5.4 Concentration dependent A) absorption, and B) emission spectra of 5.1 in 1:1 Water-ACN measured at room
temperature. Aex= 337 nm.

TH-2083_146122005

89

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

Solution phase circular dichroism (CD) of 5.1 in this mixed solvent system resulted in interesting
features. At very diluted condition (20 uM), a peak appeared at 206 nm which shifted to higher
wavelength with increase in concentration (Figure 5.5C). At the highest measurable concentration
(500 uM), a strong negative signal appeared at 220 nm along with a positive signal at 195 nm
demonstrating possible B—sheet formation by the peptide.?*#' Other negative signals at 243, 286,
340 and 355 nm in the aromatic absorption region suggest the formation of left-handed helical

aggregates.'®'® FTIR of the gel also supports p—sheet formation as two characteristic signals were

observed at 1633 and 1671 cm™ (Figure 5.5D).>*
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Figure 5.5 A) Aromatic region of 'TH NMR spectra of 5.1(1 mM) in CD:CN containing different amounts of DO.
Concentration dependent B) emission (Aex = 337 nm), and C) CD spectra of 5.1 in 1:1 Water-ACN. D) FTIR spectra of as
synthesized 5.1 and the xerogel of 5.1 obtained from a 21.85 mM gel in 1:1 Water-ACN.

All the experimental evidences indicate a possible aggregation of 5.1 where n—r stacking between
pyrene rings plays a crucial role and the peptide adopts a f—sheet like structure. The hierarchical
self-assembly eventually lead to the formation of fibers which interweave to form the network

where solvent molecules are immobilized to form the self-supporting gel.
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Solution Phase Detection of PA.

To investigate the ability of the gelator to detect nitroaromatics, first we examined the effect of
different aromatic compounds in solution phase. Various compounds including, PA (CsHsNs05), 2,4-
dinitrophenol (DNP, C¢HiN>Os), p-nitrophenol (PNP, CsHsNOs), phenol (CsHsO), 2,4-dinitrotoluene
(2,4-DNT, GHeN2O4), 2,6-dinitrotoluene (2,6-DNT, C;HeN2O4), 4-nitrotoluene (4-NT, CGGH;NO,), 1,3-
dinitrobenzene (1,3-DNB, CsHsN.O.), nitrobenzene (NB, CsHsNO,), 4-nitrobenzoic acid (4-NBA,
C/HsNO, ) and benzoic acid (BA, C;HsO.) were tested. In the concentration dependent emission
spectra of 5.1, the excimer band appeared only after 1 mM concentration and thus a concentration
of 1 uM was safely considered as the monomeric solution of the molecule (Figure 5.5B). The
emission spectra of a 1 uM 5.1 solution was monitored by exciting it at 337 nm in presence of these
analytes (Figure 5.6A). Effective fluorescence quenching was observed only in presence of
nitrophenol solutions while the other aromatic compounds showed nominal changes. The
qguenching was observed to be highest for PA (~95%) with ~65% for DNP and 52% for PNP. The
effect of nitrophenols on the emission of 5.1 can also be visualized by illuminating the solutions

with UV light as can be seen in Figure 5.6B.
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Figure 5.6 A) Emission spectra of 5.1 in 1:1 Water-ACN in presence of different analytes when excited at 337 nm, B)
photographs of vials containing 0.1 mM 5.1 in 1:1 Water-ACN in presence of different analytes under UV light.

As only the nitrophenols showed effective quenching amongst all the analytes, fluorescence
titration experiments with PA, DNP and PNP were performed. For all three nitrophenols, with
increase in concentration of analyte, the emission intensities decreased as can be seen in Figure 5.7.
The Stern-Volmer (SV) plots were linear at lower concentrations and subsequently deviated from
linearity at higher concentrations (Figure 5.7D). The nonlinearity of the SV plot can be attributed to
self-absorption, a combination of both static and dynamic quenching and an energy transfer
process between the nitrophenols and pyrene of 5.1.2* At lower concentration of PA (up to 10

equivalence), the Ksy was calculated to be 3.94 x 10* M. Similarly, the calculated Ksy values were
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obtained as 2.63 x 10* and 9.73 x 10° M respectively for DNP and PNP (Figure 5.7). Comparative
studies also suggest that compound 5.1 is highly selective towards PA (Figure 5.8).
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Figure 5.7. Emission spectra of 1 uM 5.1 in 1:1 Water-ACN with increasing amounts of A) PA, B) DNP, and C) PNP. D) Plots
of lo/l vs concentration of PA/DNP/PNP when 1 uM solutions of 5.1 in 1:1 Water-ACN were titrated with these analytes
separately at room temperature. Inset: Stern-Volmer plots for PA, DNP and PNP for up to 10 equivalents as obtained from
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Figure 5.8 A) Comparative study, and B) bar diagram for the interference of different analytes toward detection of PA by
5.1 in 1:1 Water-ACN. Blue bars represent the addition of different analytes to 5.1 and orange bars represent the
subsequent addition of PA to these solutions. All experiments were performed at room temperature.
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Gel Phase Detection of PA.

Encouraged by the solution phase selective detection of PA, we wanted to evaluate the possibility
of sensing PA in gel state. For this purpose, a multiwell PA sensing gel plate was prepared. In a typical
process, 200 L portions of freshly prepared a 21.85 mM 5.1 (1:1 Water-ACN) solution was added to
the wells of a 96-well plate and incubated for 30 mins to form gels. The gels showed blue emission
when irradiated with UV light (Figure 5.9A). Interestingly, the emission spectra of the hydrogel
showed predominantly the presence of excimer band of pyrene centered at 477 nm (Figure 5.9B).
On top of the gels, 30 pL of analyte solutions (1 mM) were added and the plate was incubated at
room temperature with constant shaking at 100 rpm for 10 mins. Fluorescence was measured using
a multi-well plate reader. The images of the gels in presence and absence of the analytes are shown
in Figure 5.9A. As expected, the wells containing nitrophenols showed significant quenching in
emission while the other gels did not show any noticeable change. The quenching efficiencies were
quantified and plotted against each analyte (Figure 5.9C). Similar to solution phase, PA showed
highest quenching (95.4%).
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Figure 5.9 A) Photographs of 5.1 gel-loaded wells of a multiwell plate in presence or absence of different analytes under

different lights, B) emission spectra of a gel sample in before and after treatment with PA solution (Aex =337 nm), and O)

the extent of quenching of the 477 nm band in the emission spectra of the gel samples in presence of different analyte
solutions. All experiments were performed at room temperature.

When similar experiments were performed with varying concentrations of PA (Figure 5.10), below
107 M concentration, only a small decrease in the emission was monitored. However, at 107 M, the
emission was quenched by 47% and above this concentration, no noticeable emission could be
measured. Thus, in the gel phase, the detection limit is determined as 107 M (22.91 ppb). In presence
of PA, the observed decrease in the emission was due to the quenching of the excimer emission as
can be seen from Figure 5.9B. It is to be noted that the solution phase detection of PA entirely relied

on the quenching of monomeric emission. Detection of an analyte using both monomeric and
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dimeric emission at two different physical states of a molecule is an interesting phenomenon and

are not common in literature.
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Figure 5.10 A) Photographs of 5.1 gel-loaded wells of a multiwell plate after treatment with solutions of different
concentrations of PA under different lights, B) extent of quenching of the emission at 477 nm for samples in (A). All
experiments were performed at room temperature

Paper Based Detection of PA

Contamination of human body, clothing or other materials by explosives can happen during
preparation of explosive devices or an explosion. In such situations, contact mode detection of
residual contamination is the ideal case. In order to prepare a gel coated test-strip, a 21.85 mM gel
was heated above its T to prepare the sol. Pieces of filter papers were dipped into this solution for
30 s and then removed and air-dried to get the gel coated test strips.?** The coating of the gel on
filter paper surface was confirmed from strikingly different morphology compared to the un-coated
filter paper (Figure 5.11). Apart from very long fibers (>100 um) of cellulose, no other features could
be found for the un-coated filter papers. However, fibrous network of the gel is clearly visible on the
gel coated filter papers. The emission spectra recorded for the gel coated filter paper showed only
a broad peak centered at ~444 nm (Figure 5.11C).** The fine structure of pyrene emission was
completely lost and only the excimer peak was observed. Interestingly, a control strip prepared from
a 21.85 mM solution in DMF resulted in predominantly the signature signals of pyrene monomer.
Appearance of only excimer peak in the gel-coated test strips can be attributed to the formation of

fibers during the gelation process of 5.1 as seen in the gel state.

The contact mode detection of PA was tested by placing few crystals of PA on a test strip for 5s. Black
spots were seen at those positions when exposed to UV light (Figure 5.11D). Similar results were
obtained for DNP and PNP while the other analytes failed to create such spots. Further, a human
thumb was rubbed with PA (caution: to avoid any direct contact, use glove) and then all visible
particles were brushed off. The thumb was pressed on the test strip for 5s and the test strip was
exposed to UV light where the thumb impression was clearly visible from the quenching of the

emission of 5.1 (Figure 5.11E). A control experiment without PA showed no such changes in the
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test strip. These experiments and the images illustrate the usefulness of the on-site contact mode

detection of PA on a specimen.

4000 Test-strip
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£ 30001 \ ——pNP ——24-DNT
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2 \ —4NT
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Figure 5.11 FESEM images of A) filter paper, B) 5.1 gel-coated filter paper (test strip), C) emission spectra of the test strips
in presence of different analyte solutions. D), and E) photographs of 5.1 gel-coated test strips under different experimental
conditions. D) PA crystals on top, and E) thumb impression after rubbing with PA crystals. All photographs were taken
under 365 nm UV irradiation.

To quantify the detection efficiency as well as selectivity of these test strips, 10 uL of aqueous
solutions (with 0.5% ACN) of all the analytes were drop casted on specific positions in a way that the
overall spot area remain ~ 0.2 cm?. All tests were performed in triplicate to avoid any experimental
error. The visual response of different analytes at 1 mM concentration by contact mode detection
on these test strips is shown in Figure 5.12. Quenching of 5.1 excimer emission in presence of
different analytes were recorded at 444 nm and is shown in Figure 5.11. It is clear that even in the
contact mode detection, the system showed specificity toward the nitrophenols and can detect PA
selectively (Figure 5.12B). When the concentration of PA was varied, the minimum amount of PA
detectable by the naked eye was as low as 10 pL of 1x107'?> M and thus the detection limit can be
considered as 0.229 ppt. The quenching in emission could be visually detected to the level of 2.29 x
10" g using these test strips. From these data, the detection limit of PA was calculated as ~11.45 fg

cm? which is amongst the lowest reported detection limits for PA (Table 5.1).2¢ 252
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Figure 5.12 A) Photographs of the fluorescence quenching of 5.1 gel-coated test strips by different analytes on contact
mode (10 pL solutions with a spot area of ~0.2 cm?) under 365 nm UV illumination, B) extent of quenching of the emission
at 444 nm of the 5.1 gel-coated test strips from (A). All experiments performed at room temperature solutions.

One of the challenging task in PA sensing material is to detect PA in vapour phase owing to its very
low vapour pressure (7.4 X 107 mm Hg at 25 °C).?*? The sensing performance of the test strips were
further tested using saturated vapor of PA. Figure 5.13 shows the time-dependent fluorescence
emission spectra of a test strip exposed to saturated vapours of PA with excitation at Aex =337 nm.
The fluorescence intensity of the test strip decreases significantly, showing ~ 75% quenching at 444
nm within 30 mins. Considering negligible vapor pressure of PA, this can be regarded as a good

response time. The detection limit is thus in the ppb - ppt level for the vapor phase detection.
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Figure 5.13 A) Time-dependent emission spectra of a 5.1 gel-coated test strip upon exposure to saturated vapours of PA,
B) fluorescence quenching of the test strip as a function of time.

Contamination of soil and water by nitrophenols after any military operations is highly possible.
Water contamination by PA above ~ 20 ppm level could be dangerous as it is highly toxic and
carcinogenic in nature. Detection of PA in ground water at an extremely low level is thus important.
We did try our test strip for this purpose following similar procedure as above. Solutions of PA
(prepared in local ground water from tube well) at different concentrations of PA were spotted on

the test strips and visually detected through the quenching of the emission (Figure 5.14). It was
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observed that the lowest amount of PA in the ground water can be detected by naked eye is 2.29 x
10" g. For comparison amongst different fluorogenic sensors reported in literature and 5.1, a table

containing the detection limits is provided at Table 5.1.
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1.0
. . — 1012Mm
3000 110%™
g 8 0.8
- —— 10%M
2 107 M
L} \ — 10%Mm 0.6
= 2000 -
5 W —— 10°M ~
> \ — 10%M 0.4
a \ —— 10°M

W -2
%1000- N— 10°M 0.2
N -
00 KN ® e
0 \8" PR S S ° A *’“ o™ oV ¥ 0
T T T T 1
350 400 450 500 550 600 I R R T T L R
Wavelength (nm) [PA] (M)

Figure 5.14 A) Emission spectra of the fluorescence quenching of 5.1 gel-coated test strips by different amount of PA in
ground water, B) extent of quenching of fluorescence at 444 nm of test strips with added amount of PA in ground water
(10 pL).

Mechanism of PA Sensing.

The solution phase detection of PA was carried out at a probe concentration where the molecules
were in non-aggregated state. At this monomeric state, the presence of PA presumably formed a
complex with pyrene of 5.1 and decreased the emission of the system.” The high Ksy value at a lower
concentration range describes a static quenching process. Moreover, NMR study of 5.1 showed
prominent upfield shift of all aromatic protons in presence of PA (Figure 5.15A). The spectral
changes could be attributed to a possible complex formation between these two molecules.?® The
complexation was further confirmed from the appearance of a 5.1-PA mass in the ESI MS spectrum
of the solution (Figure 5.15B). To understand the excited-state behavior of the 5.1 in presence of
PA, the fluorescence lifetime decay profiles before and after addition of PA were recorded (Figure

5.16). The lifetime decreased from 58.4 ns to 43.1 ns supporting the complex formation.

In the aggregated state (gel or gel-coated test strips), the sensing relies entirely on the quenching
of the excimer emission. At higher concentration of 5.1, the molecules self-assemble to form the
fibrous network. As mentioned before, the self-assembly occurs through strong n—n stacking of
pyrene units of the gelator. The PA molecules presumably breaks the stacking through
complexation with the pyrene rings as in case of the solution phase. This, consequently results in to
the drop in intensity of excimer emission. Fluorescence life time measurements of gel state and gel-
coated test strip in presence and absence of PA describes a sharp fall (35.8 to 15.4 ns (for gel), and

6.99 to 0.98 ns (for test strip)) in the fluorescence life time of the excimer (Figure 5.16).
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Figure 5.15 A) '"H NMR of 5.1, PA and a 1:1 mixture of 5.1 and PA in 1:1 D20-CDsCN, B) mass spectrum of a solution of 5.1
in 1:1 Water-ACN in presence of PA showing the mass of the 5.1-PA complex, C) relative energy levels HOMO and LUMO
of 5.1, PA and 5.1-PA complex, and D) relative energy levels HOMO and LUMO of 5.1, DNP and PNP.

In order to further investigate the structural changes what may happen during the PA sensing
process in monomeric as well as aggregated states, energy-minimized structures were obtained by
density functional theory (DFT) calculations at the B3LYP/6-31G (d,p) level using the Gaussian 9.0
software. As can be seen from Figure 5.15, the smaller HOMO (5.1)-LUMO (PA) energy difference
(1.31 eV) compared to that of HOMO-LUMO (5.1) (3.71 eV) favors the complex formation between
these two molecules. Similar calculations with DNP and PNP (Figure 5.15) explains the preferential
binding for PA over the other two compounds as the HOMO (5.1)-LUMO (PA/DNP/PNP) was found
to be smallest in case of PA. In aggregated state, the energy minimized structure showed preference
for face to face stacking of the pyrene rings of molecules from the opposite sides as shown in Figure
5.16D. This arrangement also explains the observed (-sheet formation in gel state. Based on this
structure, the aggregation can be pictorially explained as in Figure 5.17. While the binding energy
for dimerization of 5.1 was calculated as -12.59 kcal mol”, the same for 5.1-PA complex was -28.65
kcal mol . The much lower binding energy of 5.1-PA presumably allows the PA molecules to enter
between pyrene stacks in the aggregated state and this in turn explain the observed quenching of

emission (Figure 5.17).
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Figure 5.16 A) Lifetime decay profiles of 5.1 A) solution, B) gel, and C) test-strip before and after addition of PA at room
temperature, and D) energy minimized structures and calculated binding energies of 5.1 dimer and 5.1-PA complex.
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Figure 5.17 Graphical presentation of the aggregation of 5.1 and PA detection mechanism in solution, gel-coated state.

5.3 Conclusion

In summary, a small peptide based gelator, 5.1 and it’s efficient and selective sensing of PA in sol,
gel and paper based system is reported. The peptide forms self-supporting gel in 1:1 Water-ACN.
Strong n— stacking between pyrene rings along with B-sheet formation by the peptide sequence
are the key forces behind the gelation. In solution phase, the detection of PA is achieved via
interaction of the pyrene unit and PA molecules which significantly quenches the monomeric

emission of pyrene. A multi-well plate based platform is developed where the detection of PA could
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be done using the gel. The detection limit in this case is 22.91 ppb. A paper based test strip is created
where contact-mode detection of PA is possible for solid PA as well as extremely diluted solutions
of the analyte. Moreover, the detection can be achieved for as low as femtogram (2.29 x 10" g) level
using these test strips. In addition to that, the test strips can detect PA vapors in sub ppb level and
are effective for detection of PA contamination in ground water. The detection limits achieved for
solution, gel and paper-based system is amongst the lowest reported so far. Importantly, unlike the
solution phase, the gel phase or paper-based systems, sensing of PA relies entirely on the excimer
quenching. DFT calculation reveals the energetically favorable complex formation between pyrene
of 5.1 and PA is behind the quenching in all three states. Overall, the new system is one of the few

systems which can be used as a sensor in three different states: sol, gel, and solid. Also the paper

based test strips can be used for practical use efficiently.

SL.No. Material Medium Detection Limit
01 Pyrene containing Peptide Water-ACN (1:1, v/v) Sol: 115.24 ppt
Gel: 22.91 x 10° ppt
Test strip: 11.45 fg cm2

02 Triarylamine-cored dendrimer?>  THF 224.52 ppt

03 Isophthalic acid derivatives®* Water 1.20 X 10° ppt

04 Iridium(lll) complexes?*® Water-ACN (9:1, v/v) 3.44 X 10* ppt

05 Coordination polymer?¢ Water 2.63 X 10* ppt

06 Organic framework?*’ Water 8.20 X 10° ppt

07 Nanoparticles?>® BR buffer (pH 7.0) 5.96 X 10° ppt

08 Pyrene—polyethersulfone DMEF-THF (4:6, v/v) 5.27 X 10° ppt
nanofibers?*®

09 Curcumin Conjugates?6° Water 3.09X 10° ppt

10 Covalent organic cages®®' DCM 6.40 X 10° ppt

11 Anthracene derivatives?* DMSO 3.54 X 10° ppt

12 MOF?262 ACN Not reported

13 p-phenylenevinylene a) Water a) 5.04 X 10° ppt
derivatives®®? b) THF b) 2.70 X 10° ppt

14 Fluoranthene derivatives?? Ethanol 2.00X 10° ppt(1.15fg cm?)

15 Ploysilole?4 Seawater 6.00 X 10° ppt

16 Pyrene based system'3¢ THF 0.46 ag

17 Hexa-peri- Water-THF Attrogram
HexabenzocoroneneBased
Chemo-sensors?%

18 Hexaphenylbenzene derivative + Water-EtOH ~2.29 fgcm?
H92+ 266

Table 5.1 A comparative chart of the detection limits for PA with previously reported systems.

TH-2083_146122005

100

——
| —



Development of New Self-Assembly Driven Chemo-Sensors for Various Important Analytes

5.4 Experimental sections

5.4.1 General Information and Materials: Rink amide MBHA resin and protected amino acids and
coupling reagents were purchased from Novabiochem. All other chemicals and reagents were
obtained from Sigma-Aldrich (USA). HPLC-grade dimethylformamide (DMF), dichloromethane
(DCM), and acetonitrile (ACN) were procured from Spectrochem (India) and Fisher Scientific (India),
respectively. To prepare samples, Milli-Q water with a conductivity of less than 2 uScm™ was used.
Chromatographic purifications were performed on a Luna 5 um (C18) column (Phenomenex) using
a Dionex Ultimate 3000 HPLC. Standard 10 mm-path quartz cuvettes were used for all spectroscopic
measurements. 'H NMR and *C NMR were recorded with a Bruker Ascend 400 MHz (Bruker,
Coventry, UK) spectrometer and referenced to deuterated solvents. ESI-MS were performed with a
Q-tof-Micro Quadrupole mass spectrophotometer (Micromass). Absorption and fluorescence
spectra were recorded on a Lambda 750 (Perkin Elmer) and a Cary Eclipse (Agilent)

spectrophotometers respectively.

5.4.2 Synthesis and Characterization of Compounds

Synthesis of peptide 5.1: The peptide 5.1 was synthesized on Rink amide MBHA resin using
standard solid phase peptide synthesis (SPPS) technique and Fmoc-chemistry. Fmoc-Phe-OH, Fmoc-
Lys(Boc)-OH and 1-pyrene butyric acid were used as building blocks. In a typical coupling, 3 equiv.
of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6 equiv. of
DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading) and stirred
for 5 minutes prior to addition of the mixture to the resin. The reaction mixture was shaken for 60
min and the resin was washed several times with DMF. Fmoc-deprotection was achieved by
treatment of the resin with 20% piperidine (5 mL, 5 minutes, three times) followed by thorough
washing of the resin with DMF. The Fmoc-deprotection and coupling steps were repeated until the
designed peptide sequence was obtained. Finally, the peptide loaded resin was washed several
times with DMF followed by DCM and dried under reduced pressure. The dried resin was then
treated with a mixture of 95% trifluoroacetic acid (TFA) in DCM containing 1% triethylsilane (TES)
and stirred for 1 h. The resin was finally washed with DCM several times. The cleavage cocktail and
the washings were combined and concentrated to a minimum volume on a rotary evaporator. The
cleaved peptide was then precipitated from cold dry ether, centrifuged and lyophilized to get the
crude peptide. Purification was done in a semi-preparative HPLC using a Luna 5 um (C18) column
(Phenomenex) and an eluent of acetonitrile and water starting at 20% ACN in H,O reaching at 100%
ACN in 8.9 mins) to complete the chromatogram in 20 mins. Yield = 70%. '"H NMR (400 MHz, DMSO-
ds) 6 (ppm) =8.31 - 8.24 (m, 3H), 8.23 - 8.16 (m, 2H), 8.13 (d, J= 2.0 Hz, 1H), 8.12 - 8.07 (m, 2H), 7.99
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(d, J=8.2Hz 1H), 7.83 (d, J= 7.8 Hz, 1H), 7.65 (s, 2H), 7.24 - 7.16 (m, 8H), 7.11 - 7.06 (m, 2H), 4.62 -
448 (m, 2H), 4.16 (td, J= 8.4, 5.1 Hz, 1H), 3.13 (t, J= 7.7 Hz, 2H), 3.06 (dd, J = 14.0, 4.8 Hz, TH), 2.96
(dd, J=14.0, 4.1 Hz, 1H), 2.85 (dd, J= 14.0, 9.0 Hz, 1H), 2.70 (dd, J = 15.8, 5.5 Hz, 3H), 217 (t, J=7.2
Hz, 2H), 1.85 (g, J= 7.6 Hz, 2H), 1.66 (s, 1H), 1.50 (g, J= 7.5 Hz, 3H), 1.35 - 1.21 (m, 2H). *CNMR (100
MHz, DMSO-ds) 6 (ppm) = 173.23, 172.01, 171.49, 170.63, 137.56, 136.55, 130.89, 130.43, 129.22,
129.10, 128.03, 127.97, 127.52, 127.46, 127.15, 126.51, 126.16, 124.91, 124.79, 123.55, 53.95, 52.08,
37.23,34.82,32.06,31.43,27.38, 26.64, 22.14. Mass (ESI-MS): m/z calcd. for C44H4sNsO4 [M+H]*, 710.37;
found 710.39.

5.4.3 Method

Sample preparation: Stock solutions of analytes were prepared in ACN and then diluted to the
required concentrations with acetonitrile or Water-ACN mixtures. Caution! The nitro aromatic
compounds used in this study, especially PA is a very powerful explosives. It must be handled with
care and also in very small quantities.

Gel preparation: In a typical experiment, 18 mg of 5.1 was taken in 1 mL of 1:1 mixture of water
and acetonitrile in a glass vial. The mixture was sonicated to dissolve the solid completely and then
allowed to stand at room temperature without any disturbance. After 30 minutes, a transparent gel

was obtained that did not flow downward upon inversion of the glass vial.

Stern-Volmer plots :The quenching behavior was studied by Stern-Volmer equation, lo/I = 1+K,[Q],
where |y, | are the fluorescence intensities before and after addition of the quencher, K, is the Stern-

Volmer quenching rate constant and [Q] is the concentration of the quencher.

Circular dichroism (CD): CD spectra of all the samples were recorded on a J-1500 (JASCO, U.S.A.)
instrument at room temperature. The data were collected at 1 nm intervals with 2 nm band width.
All measurements were done in 0.2 cm path length cuvette with 400 uL sample volume. Each CD
profile is an average of 3 scans of the same sample collected at a scan rate 100 nm min™, with a

proper baseline correction from the respective solvents. Scans were performed over 190 to 650 nm.

Determination of sol—gel transition temperature (Ty): T, was determined using standard ball
dropping method. A small steel ball was placed on top of the hydrogel sample (equal volume). The
samples were placed in a water bath and the bath was heated at a rate of 0.5 °C/min. The
temperature at which the steel ball drops to the bottom was noted as Ty. The experiments were
performed in triplicate.

FTIR: KBr pellets were prepared by mixing the samples (as synthesized 5.1 and 5.1 Xerogel) and
oven dried KBr. The spectra were recorded on a Nicolet is10 spectrometer. The baseline was

subtracted from the obtained absorbance intensity in each case.
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Field emission scanning electron microscope (FESEM): For 5.1 gel, a small portion of the gel was
casted on a silicon wafer and air-dried for 1 day before the experiment. FESEM images were taken

on a Gemini SEM 300 (Sigma Zeiss) instrument.

Field emission transmission electron microscope (FETEM): 5 pL of 5.1 gel was casted on carbon
coated copper grid (300 mesh Cu grid with thick carbon film from Pacific Grid Tech, USA) and
allowed to air dry for 2 minutes and then the excess sample was bloated with a tissue paper. The

grid was then air dried for 1 day. FETEM images were taken in JEOL 2100F microscopes.

Atomic force microsope (AFM): A small portion of the 5.1 gel was casted on a silicon wafer and air-

dried for 1 day before the experiment. AFM images were taken on Oxford Cypher microscope.

Rheology: The viscoelastic properties of the 5.1 gel were characterized using rheometer (Anton-
Paar MCR 102) equipped with a 20 mm parallel plate measuring system at 25 °C. A strain sweep test
was performed first to identify the linear viscoelastic region (LVR) over a range from 0.1 to 100 %
strain at a fixed oscillatory frequency of 1 rad/s. The LVR can be defined as where strain has no impact
upon G’ and G”". Further, the mechanical strength of the gel was determined from oscillatory test i.e,,
frequency sweep, which was carried out under an appropriate strain (y = 0.1 %) selected from the

LVR with the frequency ranging from 0.1 to 100 rad s at 25 °C.

Lifetime Measurements: Fluorescence lifetimes measurements were carried out with time-
correlated single-photon counting (TCSPC) spectrophotometer (Edinburgh FSP920). The samples
were excited at 336 nm using a pulsed diode laser (full width at half maximum (FWHM) of 568 ps).
An aqueous solution of Ludox was used to measure the instrument response function (IRF). The
fluorescence decays were analyzed by re-convolution method using the FAST software provided by
Edinburgh Instruments.

Multiwell experiments: A 21.85 mM 5.1 solution was prepared in 1:1 Water-ACN and 200 pL
portions of the solution were added to different wells of a 96 multiwell plate and the solution was
incubated at room temperature for 30 mins to form gels in the wells. On top of the gels, 30 uL of
analyte solutions were added and the plate was incubated at room temperature with constant
shaking at 100 rpm for 10 mins. The readings were recorded in a Tecan infinite M1000 multimode
microplate reader (TECAN USA) using a filter pair with excitation at 337 nm and emission at 477 nm.
Preparation of test strips: Gel samples of 5.1 (21.85 mM in 1:1 Water-ACN) were heated to 55 °C to
melt the gel into sol. Filter paper strips (5 cm X 2 cm) were then dipped into the sol for 30 s, allowed
to come to room temperature and finally the solvents were removed under reduced pressure at
room temperature. The gel-coated filter papers were then cut into smaller pieces to get the test

strips and used for the detection of explosives.
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Contact mode visual detection of PA: Aqueous samples were prepared by dissolving PA in ACN-
water (0.5:9.5) mixture. The explosive solutions were spotted onto the test strips at the desired
concentration level using a glass micro syringe. A solvent blank was spotted near to the spot of each
explosive. In order to ensure consistent analysis, all depositions were prepared from a 10 pL volume,
thereby producing a spot of ~0.2 cm?area (diameter ~0.5 cm). After solvent evaporation, the filter
paper was illuminated with 365 nm UV light. The dark spots were identified by an independent
observer, and each set of experiments was repeated three times for consistency. The detection limits
were calculated from the lowest concentration of the explosive that enabled an independent

observer to detect the quenching visually.

Vapor-Phase Detection: The vapor phase detection was done by monitoring the fluorescence
spectra of 5.1 gel coated test-strips before and after exposure to equilibrated vapors of PA.
Saturated vapors of PA generated by keeping PA in a sealed tube for three days to ensure that the
equilibrated vapor pressure is reached. The test strips were then kept in these tubes for a specific
time period and the fluorescence spectra of the exposed test-strips were recorded immediately after

taking out from the sealed tube without any delay.

Quantitative detection of PA by test strips: The required analyte solutions of various
concentrations (1 x 107'2— 1 x 10~ M) were added to each strip, and the solvents were allowed to
evaporate. The film was placed in such a way that the excitation beam falls on the spot where PA is
added. Emission was collected by a front face technique using a film sample holder. Emission of a

blank sample was monitored by the addition of solvent alone.

Detection of PA in ground water: A stock solution (1 x 10 M) was prepared by weighing
appropriate amounts (2.3 mg/mL) of the compound and dissolving in collected ground water
sample. This solution was diluted to different concentrations and used as the test samples. The test
samples (10 pL) were spotted to the test strips, and the fluorescence quenching was measured with
the help of fluorimeter. The minimum detection level of PA was qualitatively determined by

measuring the fluorescence quenching (%) using the front face technique.

Detection Limit: Detection limits were calculated using the same protocol described in the

previous chapters.

Density functional theory (DFT): The M06 family of functions were chosen over other conventional
DFT functions as they are proven to be more accurate toward geometries and energy calculations
for a variety of dispersion dominated systems like DNA base pair stacks. HOMO and LUMO orbital
energies of the 5.1, PA and the complex 5.1-PA were obtained using the density functional theory

(DFT) at the B3LYP/6-31G(d,p) accuracy level using the Gaussian 09 package of programs.
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NMR, Mass Spectra, and Chromatogram of the
Synthesized Compounds
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