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PREFACE

Design of organic chromophores which selectively respond to various
analytes has attracted wide scientific and technological interests. Among this,
molecules which show distinct optical responses with specific analvies are
essential for developing molecular probes or the so called “chemosensors and
chemodosimeters”. Similarly, molecules which can be switched between two
stable states, with respect to chemical inputs are capable of encoding binary
digital inputs in a memory device. Thus, molecular probes and molecular logic
gates are the two sides of the same coin. Therefore, molecules that act as
switches and logic gates to process information in molecular electronics or
computing are important. The present thesis entitled “Design, Synthesis and
Study of a few Donor-Acceptor-Donor (D-A-D) Molecules as Molecular
Probes and Logic Gates™” embodies the result of our efforts to develop new
molecular probes for the detection of biorelevant analytes as well as new

fluorophores for molecular logic operations.

The thesis is comprised of four chapters. The first chapter is an overview of
molecular probes and logic gates where the optical and electronic properties
of donor-acceptor-donor based systems are made use of. In this chapter, a
general discussion on the basic concept of molecular probes and mbleCular
logic gates are provided. The recent progress made in this area are
highlighted with some of the important examples on molecular sysiems used
as probes for biorelevant analytes and logic gates emphasizing the various

design strategies adopted.

The second chapter describes a new strategy for the detection of thiols
and thiol containing amino acids in human blood plasma using a NIR
squaraine dye. The detection is based on the activation of fluorescence by
thiol induced breaking of conjugation in the squaraine backbone. The
squaraine probe selectively responds 1o thiols and aminothiols which allow
their ratiometric detection due to the generation of new. noninterfering
absorption and emission bands. Since the detection is based on absorption

and emission changes due to the analyte specific generation of new

vii



chromophores, other impurities do not interfere with sensitivity. Application of
the probe is illustrated with the quantitative detection of the total aminothiol
content in human blood plasma which has tremendous biological and clinical
relevance. Using this probe. we have shown that the aminothiol content is

high in the blood of heavy smokers which is responsible for many heart
diseases.

In the third chapter we discuss the synthesis, biological as well as
analytical application of two fluorescent bispyrrole derivatives. Pyrrole end
capped 5, 5" divinyl 2, 2" bipyridyl systems are excellent ratiometric probes for
the specific detection of Zn?". A bispyrrole derivative with glycol side chain
has been synthesized and used for imaging Zn* ians in MCF-7 cell lines
using epifluorescence microscopy. A chiral side chain attached bispyrrole,
exhibited high solid state luminescence and hence could be used for the
detection of Zn* ions in aqueous analytical solutions. The solid state
fluorescence (< = 0.462) of the chiral derivative was high when compared to
the one with an achiral side chain (dy = 0.018). This property of chiral
derivative is exploited for the preparation of a fluorescence “dipstick” for the
detection of Zn® ions in aqueous medium. Details of the synthesis, optical
properties and use in the fabrication of reusable dipstick fluorescence probe

for the detection of Zn?* ions are also described.

A strongly fiuorescent bipyridine based donor-acceptor-donor (D-A-D)
type receptor molecule which can pertorm multiple basic logic operations such
as AND, INHIBIT, IMPLICATION and 3-input INHIBIT etc, with different
chemical inputs is discussed in the fourth chapter. The modulation of ICT
(Inframolecular charge transfer) induced intrinsic fluorescence property of the
fluorophore, using three different chemical inputs, generating three different
fluorescence states from the same molecuiar backbone is expioited for logic
operations. Four difterent basic logic gates with different information outputs
could be achieved using this simpie strategy. A combined logic operation has
been defined by using the full fluorescence response of this new molecule.

Apart from the illustration of the logic operations in solution, we have used a

viti



paper microfluidic technique lo demonstrate the fluorescence changes and

logic operations on a solid substrate.

In summary. in this thesis, a systematic investigation on the synthesis
and studies of a few donor-acceptor-donor (D-A-D) based moltecules are
described. The new molecules were used for the detection of various
biorelevant analytes such as low molecular weighl amincthiols and Zn*" ions
and for the imaging of bialogical cells. By making use of the fluorescence
modulation with external inputs. a molecular logic gate was also developed
which can perform various logic operations. Thus, the present thesis attempts
lo bridge between two important areas namely, molecular probes and

molecular logic gates with a few fluorescent molecules.
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Chapter 1

Organic Chromophores as Molecular Probes and Logic

Gates: An Overview

1.1. Abstract

Design of organic chromophores which selectively respond 1o variows
analytes has arracted wide scieniific and technological interests. Among
these molecwdes, fluorophores which give distinet fluorescence respanse
with specific analvies are preferred for developing molecular probes due 1o
the high sensitivity of fluorescence emission with respect to a specific
analvte, Thex are widely used ax chemosensors (reversible detection) or
chemodosimerters (one time detection) and also jor the imaging of -
biological tissues. On the other hand, molecudes which car be switched
benween two stable states, with respect 1o chemical inputs are capuable of
encading bincory digital inputs in a memory device, Thus. molecules that aer
as switches and logic gates to process information in molecular elecironios
or computing are puportant. i this chaprer, an overview of the literamre
on molecular svstems that are used as probes for biorvelevant analvies and
for logic operations. emphasizing the various design strategies adopted are

discussed. Finally the aim and outline of the thesis are presenied.
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1.2, Introduction

Molecular probes or the so called “chemosensors and chemodosimeters”
are the molecules of synthetic ongin that are able w0 bind selectively and
reversibly. an analyte of interest with a concomitant change in one or more
properties such as absorption and/or emission characteristics.’ It may aiso resultin
changes of redox potentials, translocation of molecular fragment within the
supramolecular assembly (which may also be associated with changes in eptical of
electrochemical properties as well), chemical reactivity, or magnetic properties.
Among the different molecular probes, lMuorescence based probes have many
advantages: fluorescence measurements are usually very sensilive (single
molecule detection is possible), low cost. castly performed. and versatile, offering
sub nanometer spatial resolution with submicron visualization and sub millisecoil
temporal resolution.” Furthermore, many opportunities exist for modulating the
photophysical properties of a fluorophore, such as the proton. energy and electron
transfer processes, heavy atom effects, changes ol electronic density, and the
destabilization of a nonemissive n-r* excited state.”™” This offers, a wide range of
possibilities for tailoring efficient luminescent chemosensors.

Fluorescent sensors can be either based on “fluorogenic chelating agents” or
‘fluoroionophores’ with separate fluorophore and ionophore flinked with or
without a spacer. They may undergo an analyte specific fluorescence change due

to the modulation of excited state physical properties via photoinduced energy or
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eleciron transfer. ‘Fluoroionophores’ with an appropriale combination of the
fluorophore and ionophores are the most widely used strategy in probe design.”
For one ume detection of an analyle. chemodosimeters are used which show
irreversible fluorescence quenching or color bleaching. Design of fluorescent
molecular probes by incorporating the following two features enhances the
efficiency of probes: (i) easily distinguishable fluorescent states before and alter
binding event, (ii) generation of ratiometric {luorescent signals.

Many of the fluorescent chemosensors can be considered as molecular
switches.” Any chemical system that can exist in at least two difterent forms with
distinguishable physical properties in a reversible fashion is regarded as molecular
swilches. They are molecules or molecular systems that can modulate their optical
or electrical properties upon interaction with external sumuli such as anions,
cations, or neutral molecules. They are the simplest tools that can transmit
information on events occurring al a molecular scale to the macroscopic world. In
the case of fluorescence monitoring, the quantum yield should change from very
small (& <<1) to high (& = 1), or vice versa. and the shift of the emission band
should be larger than the corresponding band halfwidth. II" the change in the
absorption or emission can be switched “on™ and “off”" in response 10 a chemical
input, binary digital logic operations can be addressed with molecular systems,
resulting in molecular logic gates. Therefore. design of intelhgent [unctional

organic fluorophores which respond to specific analytes are useful either as
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molecular probes [or the detection of a specific analyte or as information
pracessing channcls for implementing future mimaturized computing devices. In
the present chapter. the recent developments in the Held of molecular probes are
discussed with special emphasis on zine jon specific chromophores. Subsequently,
an overview «f squaraine dye based molecular probes is presented. Finally, the
concept of molecular logic gates and some recent development in this area is
discussed.

1.3. Molecular Probes for Zinc Ions

Zinc is the second most abundant transition metal ion in the human body.
where it has multiple roles in both intra- and extracellular functions.”" A large
number of proteins and enzymes have been identified to contain Zn''. Zinc is
reported to be responsible for neurological disorders such as Alzheimer’s disease.
amyotropic lateral sclerosis  (ALS), Parkinson’s disease, and  epilepsy "
Furthermore, zinc plays a crucial role in insulin secretion and apoptosis, The
World Health Organization estimaies that more than 409 of the children in Africa
and Asia have stunted growth associated with limited dietary zinc.'* The extent w
which conditions ot zinc deficiency persist today is difficult to determine becuause
of the lack of suilable biochcmical markers for zinc ions. Besides growth,
numerous body functions are affected by snc ions, including the immune.
endocrine, and gastroenterological systems. The huge scope for the exploration of

the diverse physiological roles of biological zinc demands sensilive and
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noninvasive techniques for real-ime detection and imaging. The relative
concentration of free Zn™" within biological cells varies from | oM in the
cytoplasm of many cells to | mM in the vesicles ol presynaptic neurons in the
human brain."* Although. the total concentration of zinc ions in a cell is refatively
high, the concentration of free zinc, which is not strongly bound to proteins. is
extremely low. The estimation of free zinc has proved to be difficult with classical
methods. These concerns make it a top priorilly ol chemists o develop selective
and efficicnt probes for zinc ions.

The growing contrnibutions of zinc homeostasiy (0 neurophysiology and
neuropathology have prompted interest in devising new ways to detect Zn™ in
biological and analytical samples. Zn™ is a difficult unalyte to monitor owing Lo
its closed shell 3d"%4s” electronic configuration and the absence of oxidation-
reduction activity within biological environments. As  such, conventional
techniques (e.g.. NMR, EPR, and electronic absorption spectroscopy) are largely
ineffective for this spectroscopically silent metal jon. Atomic absorpliorn
spectroscopy (AA) provides a sensitive and selective method lor zinc detection
and has been used to track release of zinc into extracellular fluid after neurcnal
stimulation." However, this technique has limited spatial resolution and is
destructive to the sample.

As Zn*' is invisible to most analytical techniques, fluorescence technique

stands out as the method of choice.'” This method utilizes a probe molecule that
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recognizes Zn"* and emits a specific wavelength upon binding, which n turn
allows tracking of zinc iony in live cells with [luorescence microscopy. A
fluorescent molecular probe consists of a Muorophore altached to a chelating agent
or an ionophore with or without a spacer group.™ Analyte binding results in
either enhancement or change in the emission intensity of the probe.

Effective fluorescent probes for imaging metal ions in living cellular sysiems
must meet several strict requirements. Most importanty. the probe should be
selective for a specific metal ion over other biologically abundant cations.
including those that exist at much higher cellular concentrations {for example.
Na®, K*, Mg™ and Ca’"). Principles of coordination chemistry, including preferred
donor numbers and ligand field geometries, as well as hard-soft acid-base
considerations, are critical for designing and obtaining metal sclccti\{e responses.
A turn-on emission increase or shift in the excitation/emission profiles is preferred
over a turn-off emission quenching response 1o maximize spatial resolution using
light microscopy. Because, a metal responsive probe is inherently involved in
complex equilibria with endogenous ligands within the cell. probes must be
matched with dissociation constants (Ky) appropriate to the system under study.
Furthermore, high optical brightness values can lower the amount of dye needed
for cellular applications, which minimizes the potential for altering cndogenous
cellular distribution. Dyes that have visible hght excitation and cmission are

desirable in order 1o minimize sample damage and reduce auto fluorescence,
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Finally. probes must also be compatible with biological systems: they must he
water soluble. they must allow for examination of extracellular. inracellular or
subcellular regions. and they musi be nontoxic (though potential woxicity is a
difficult trait to predict). Addressing the challenge of meeting both chemical and
biological constraints is critical 1 developing uselul ols Tor cellular apphcations.

Many fuorescent sensors utilize the principle of photoinduced  electron
transfer (PET) for the signaling of the binding process.” ' Metal coordination 1o
the receptor unit makes it a less cfficient electron donor o an attached
fluorophore. Thus. the native fluorescence of the fluorophore s restored. This
signaling is highly selective tor the analyte. Sensors operating according o this

principle are known as CHELF (chelaton-cnhanced fluorescence) type sensors

(Figure 1.1). "
o by hi
._I-‘_\' ET 1 ET
e © o ' .
C °
% ’ . w
— Metal ion
¢ Fluorophore Binding
site s . "
non-fluorescent fivoresceni s Il'~ '

Figure 1.1. Schematic representation of CHEF-type fluorescent sensor for metal ions.

The amino nitrogen of di-2-phenylipicolylamine (DPA) ligand is a good
electron donor in PET process. DPA based sensor 1 is a typical PET sensor for

protons and post transition metal ions like zine (Chart I.1.7" Upon binding of the



Chapter 1

metal ion, the quenching process is interrupted and the fluorescence quantum yield
is increased. In order to shift the excitation wavelength (o the visible region,
fluorescien and its derivatives were used as fluorophores. Only the anionic form of
the fluorescien emits strongly, which means that the pKa values are an iniportant
factor for the pH dependent performance. Attachment of electron withdrawing
groups renders better performance in a much broader pH range. When the
fluorophores are connected to DPA, the electron transier from the DPA facilitates
quenching of the fluorescence.”” This process is interrupted when the amino
nitrogen coordinates with Zn’*. A few examples of fluorescent enhancement based

probes are shown below (Chart [.1).

@~

Chart 1.1. A few examples of tun-on fluorescent probes for Zn?*.
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Fluoreseence intensity based probes are uselul for visuadizing uptake. release

and redistribution of Zn’" in many cellular applications, However, potential
varialions in excitation intensity, sample thickness, probe concentration and
artefacts associated with the local cellular environments can preclude reliable
quantitative measurements. A strategy to avord these 1ssues is through ratiometric
imaging with chemosensors.™ A ratiometric probe responds upon binding o an
analyte with a shift m its cmission maximum, which may or may not bhe
concomitant with an increase in emission. This shift in the emission maximum
should be cnough 1o distinguish coexisting Zn~-free and Zn'-bound species.
allowing the ratio of their emission intensities. Together with the known binding
constant of the sensor. the unknown zine concentration can be derived. Assuming
identical solvent influences of fuorescence of the Zn'-free and 7Zn™'-bound
specics. a ratiometric signal is internally calibrated. The principle of a ratiometric

probe is shown in Figure 1.7.'7

Excaaton 4

M‘L Meta

Meta-specibc
boag s

AN

Figure 1.2. Schematic representation of ratiometric detection of metal ions.
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FuraZin (9) and IndoZin (10) are ratometric 7n* sensors derived (rom the
classic Fura and Indo Ca®* probes and operate via an intemal charge transfer (ICT)
mechanism, in which metal ion binding modulates the electron donating properties
of the electron rich receptor in its photoexcited state (Chart 1.2).* Zn*'
complexation causes shift in the absorption band of 9 from 378 nm to 330 nm with
a constant emission centered at 510 nm. In contrast, 10 maintains a constant
absorption maximum at 350 nm however exhibits a blue shift of its emission
wavelength from 480 nm to 395 nm upon binding Zn™". 9 and 10 have moderate
Zn®" affinities (Kd ~ 3.0 pM) with good selectivity over Ca™* and Mg, and the
former has been used Lo show that rapid zinc uptake into cellular vacuoles. 12 and
13 are a Fura-inspired pair of ratiometric Zn’' sensors bearing DPA-ype receplors
for specific Zn’* detection. The ethyl ester of 11 is cell permeable and can image

labile Zn™* in RAW 264.7 macrophages.”™

CHA
HOH OO »

9 10 1 12

Chart 1.2. A few examples of ratiometric flucrescent probes for ZnZ*,
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Henary er al® and Taki er al.” have cxploited the excited state
intramolecular proton transfer (ESIPT) processes in  benzimidazole and
benzoxazole frameworks for the development of Zn’"-specific ratiometric
fluorophores. When unbound. the receptor moiety is involved in hydrogen
bonding between heteroatoms ol the receptor. Upon coordination (o Zn’'. the
disruption of hydrogen bonding induces a shift in the emission and absorption.®
The Zinbo series of ratiometric Zn'* probes rely on this property and use a
benzoxazole scaffold with a phenolic component to generate up to an 82-lold
change in emission ratio upon interaction with Zn*".** Zinbo-5 (13) has been used
with two-photon excitation lo record ratiometric images of real-ime changes in

intracellular Zn®" concentration in fibroblast cells.

14

Zin-naphthopyr-1 (14) implements a seminapthofluorescein architecture
that, in its apo form, exhibits 1wo absorption (5. = 503 nm and 539 nm) and
emission (.. = 528 nm and 604 nm) bands in the visible region. 14 forms a strong
1:1 complex with Zn™* (Kd = (.55 nM) and displays a major emission band

centered at 624 nm with a minor peak at 545 nm. The Tq4/l5y ratio increases (rom
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0.4 to 7.1 upon addition of Zn** and maintains good selectivity over abundant
cellular cations. Confocal microscopy experiments verify that the diacetate
derivative of 14 is membrane permeable and can image, in real-time, the NO-
induced release of Zn®* in live COS-7 cells.”
1.4. 3quaraine Based Molecular Probes

Squaraine dyes (Squaraines) are ideally suited for designing molecular
probes due to their favorable optical properties, which get perturbed with polarity
of solvents, temperature and ionic inputs.’® Squaraines belong to a class of
polymethine dyes with a resonance stabilized zwitterionic structure.’’ A

representative example is shown in Scheme 1.1.

(o] o-
W O=OH e OO
N N N N= — )N
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Scheme 1.1.

Squaraines typically contain an electron deficient central four member ring
and two electron donating groups in a donor-acceptor-donor (D-A-D) form. The

intense absorption and emission properties of squaraines, which are associated
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with the donor-ascceptor-donor charge transfer. are suitable for the design of

molecular probes [or specilic analytes. These dyes possess typically narrow and
very intense absorption bands (. > 107y at the red end of the visible speciral
window and fluorescence bands of a mirror image shape with high fluorescence
quantum yield (@ > 0.1). Binding of substrates can occur either to the oxygen
atom of the electron deficient cyclobutene ring or lo an ionophore which is
atlached to the dye which perturbs the clectronic property ol the dye. The binding
of the analyte is signaled in the form of a measurable change in the absorption,

emission or redox properties.

A large number of squaraincs have been used as chemosensors ' and
chemodosimeters ™"’ for the detection of a variety of analytes including alkali,

alkaline, transition metal ions and low molecular werght ammnothiols using various
“probe responding” mechanisms. For example, the azacrown appended squaraines
18 and 19 are sensitive towards alkali and alkaline earth metal cations.™ " The 1,
2-bis (2'-aminophenoxy)ethanetetraacetic acid based squaraine 20 is sensitive to
Ca™ jons." The 2, 3. 3-trimethyl-3H-indole derived squaraine dye 21 showed

.. . ey 24 - - 4
three levels of signals based on the concentration of Zn** ions (Chart 1.3)."
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Chart 1.3

Even though squaraines are found suitable for the detection of a variety of
cations, the selectivity and sensitivity in most of the cases are not very promising.
This limitation has led to further studies on the design of squaraine based
molecular probes for better selectivity and sensitivity.

The pyrrole derived polysquaraines having different podand chains are
reported to exhibit selectivity towards alkali metal cations when compared to the
analogous squaraine dye 23. For example, the polysquaraine 22 is selective to Li*
over Na* and K* (Chart 1.4). Although there is no change in the absorption
spectrum of the polymer, considerable enhancement in the fluorescence emission

is observed upon Li* binding. However, the model squaraine 23 shows very weak
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response lo Li" revealing the crucial vole of the polysquaraine back bone i the

signal amplification process.”™

22 m=1 ) 23

Chart 1.4

Squaraines arc known to form “H™ (blue ~hitty and ™J7 (red shifts type
aggregales in appropriate solvents. In majority ol the cases, they Livor the hlue
shifted “H" aggregates with strong quenching ol the emission. This phenomenon
has been reported 10 the detection of specific cation such as Ca™ and Mg The
idea involves the induced folding of the squaraine dye 24 with Ca’' or Mg """
Formation of a folded structure or the sandwich dimer results in the dramatic
change of the spectral properties of the dye which can be followed visually
through colorimetry or monitoring the changes in the ¢nmission spectrum of the dye

(Figure 1.3),
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Figure 1.3. Different cation binding modes of a bissquaraine dye connected with a flexible
polyether linker which operates based on cation driven exciton interaction (a). The corresponding
energy diagrams showing allowed and forbidden transitions (b).
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The bichromophores 2d4a-f (Chart 1.5) show strong perturbation in the
absorption and emission spectra with high selectivity toward alkaline carth metal
cations, particularly to Mg“' and Ca™™ ions. However. no optical response was
naticed against alkali metal ions. The bichromophore 24 e with five oxygen atoms
in the podand chain shows high selectivity o Ca™. The binding is visible to the

naked eye due to the color change from light blue w deep purple blue (Figure 1.4).

a) seeem b)
(333 = 1 i 204 4 652 nm
“,“ ‘ - . . - N 1 v
* S8 &n
4010 y L

05 \
' M\

Figure 1.4, Change in the a) absorption and b} emission (Ae = 580 nm) spectra of 24 i acelonilrile
upon addition of Ca% ions. Insel shows visible color change of the bichromophore (n = 5) in
acetonitrile upon addition of Ca2*; (1) in the absence of metal salts, (2) Mg?*. (3) Na-, (4) K- and (5)
Ca?,

The change in the optical properties is associated with the exciton interaction
between the chromophores due to the cation steered folding of the molecule and
not due o a simple reorganization of the clectronic structure as a result of the
cation binding. This is clear from the fact that, although the monochromophores
25 a-c (Chart 1.5) hinds to cations, no change in the optical propertics could be

noticed. Even though these dyes show remarkable response (owards Ca™ and
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Mg™ in acetonitrile, their practical applications is limited due to the tendency of
the dye o aggregate under aqueous conditions even in the absence of cations.
Therefore, challenges remain towards the development ol squaraine based probes
for any analytes which could be useful in aqueous conditions without self-
aggregation of the dye units.

A new ratiometric nanocrystal based pH sensor was developed by
conjugating a squaraine dye with an equilibrium response to an analyte to the
surface of CdSe/ZnS nanocrystal (NC).*® The sensor was constructed from a
colloidal CdSe nanocrystal that is coated with an outer layer of ZnS. Phosphine
oxide ligands are encapsulated with an amphiphilic polymer upon which a pH
sensitive squaraine dye is conjugated. Upon excitation, the CdSe/ZnS nanocrystal
may either fluoresce or transfer energy to the squaraine dye. The sensing acti.on of
the NC-squaraine conjugate is imparted by the modulation of the FRET efliciency
arising from the overlap of the pH sensitive dye absorption spectrum with pH
sensitive quantum dot emission (Figure 1.5). A ratiometric response to pH was
observed owing to the modulation of FRET efficiency between the emussive NC

and dye conjugated to the nanocrystal surface.
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Figure 1.5. a) Schematic diagram showing a sensor canstructed from colloidal CdSe nanocrystal
{NC) which is affixed with a pH sensitive squaraine dye. b) The pH dependent absorption profile of
squaraine dye. Shown in gray and black dashed lines are emiss:ons of lhe dye and NC at pH 6.0
Inset shows changes in the critical distance for FRET with pH.

Squaraines have heen reported uselul in detecting hiorelevant analytes such
as bovine scrum albumin (BSA) and Heparin, hased on fTuorescence as well as
colorimetric changes. The squaraine dye 26 hinds 10 BSA sclectively with high
association constant (1.4 + 0.1x10° MY The site selective hinding can be
visualized through dual mode recognition of visual color change from pinkish
{squaraine dye alonej to bluish in presence of bovine serum albumin (BSA). An
80-fold cnhancement in the Muorescence was observed upon binding v BSA

(Figure 1.6).
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Figure 1.6. Changes in the absorbance and fluorescence intensity of 26 {3 M) with the addition of
BSA in phosphate buffer. Insets show visual coior change and fluorescence change before and

In another report. the squaraine dye 27 has been shown 1o he a protein

indicator. which noncovalently interacts with BSA and provides dramatic color

change rom orange 1o deep purple (Figure 1.7).
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Figure 1.7. a) Absorption spectra of 27, before and after the addition of BSA. b) Photograph of 27
in the absence and presence of BSA.
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A selective chromo-fluorogenic sensor for the detection of heparin was
developed by using a squaraine dye and functionalized silica nanoparticles.™ The
new chromo-fluorogenic sensing paradigm in this case is shown in Scheme 1.2, 1t
involves the use of silica nanoparticles decorated with two different moieties: thiol
groups (R) and polyamines (H). The role of the group R is o react with the
squaraine dye (I2) through the nucleophilic atack of the thiol group to the eleciron
deficient, central. four member ring of the squaraine scaftold. This is known 1o
result in the bleaching of the blue squaraine solution. Additionally. “11" is a

suitable host for anion coordination.

a) b)

@ [ heparin : . d
G i
Scheme 1.2, A colorimelric protocol for heparin signaling. a) Bifunctionalised nanoparticles N1

without the presence of heparin are able to react with squaraine |, and b) heparin coordinated with
the polyamines on N1 inhibiting the thiol-squaraine reaction.



22 Chapter 1

Thus, the optical properties of squaraines are excellent for a wide range of
applications especially for the design of molecular probes for the sclective
detection of analytes. This is possible because, the optical properties of squaraines
can be tuned 1o a greal extent by structural modification 1o suit a specific
application. Even though various strategies have been adopted for using squaraine
dyes in the design of molecular probes for targeting different biorelevant analytes.
there is still a huge scope for this class of dyes in the design of new molecular

probes.

1.5, Concept of Molecular Logic Operations: From Molecular
Probes to Logic Gates

Molecular level information processing is a common [eature o numerous
biological systems. All of the regulatory processes in living cells, cellular
signaling, and of course all of the ncurobiological activilies need to process

information at the molecular level ™

Every biochemical bifurcate pathway
undergoes Boolean logic rules at the molecular level in a sense that every single
molecule can follow only one reaction path. Molecular recognition in biologicul
systems, activation of enzymes by small molecules and signal transduction are
also processes based on YES-NOT logic schemes.***** Although. the collective
response of the complex chemical or biochemical system is cominuous (or. in

other words, highly linear) on a macroscopic level. on a molecular level, every

single step is a discrete process and ils apparent linearity resulls from a
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combination (or averaging) of uncountable individual discrete processes of

Boolean character.™

Two philosophically ditferent  approaches have been proposed for
information processing al the molecular level.*" The first one attlempts to mimic
the operational principles of solid state computers which are presently in use. at
the nanometer scale with molecular systems. This approach is based on molecular
electronics, in which both input and output signals are c¢lectronic in natre
{electron fluxes). Molecular photonics based on photon fluxes can be of help for
this line of research. The second approach, which takes inspiration [roi
information processing in living organisms. is based on chemionics.™ in which
molecules and ions can be used as input/output signals (o process inlormation by
using a molecular substrale. Chemionics usually operates in solution and can be
complemented hy photonics since chemical and light input/output signals can be
easily coupled. Within cach aspect of molecular electronics. photomes or
chemionics. information processing takes place at logic gates and data
manipulation relies on the binary digial (bity) nature of these input and pulput
signals that are elaborated by means of the Boolcan logic.

When considering molecules o perform Boolean operations. the whole
specrum of input and output data encoding channels is signiticant (Figure 1.8)."
Classical electronic devices use clectric input/electric outpul communication but

molecules can perform operations with a combination ol inpuls and outputs.
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Figure 1.8. Input and outpw! channels of motecular logic devices. These devices can be based on
classical eleclronics paradigms (eleclric inpulfelectric oulput) or ulilize any nonclassical
inputioutput configuration.

Among the various recording media for high density data storage, organic
materials have been especially attractive in recent yeans becitise of their Tow cost.
simplicity, good stimuli responsive  properties. and - versatility i molecular
design.™ Therefore. they have been suggested as promising candidates for Tuture
application development. In principle. the basic requirements Tor ’rumrding
materialy are that they should possess at least two dintinet stable states via an
external stimulus, where cach state can represent 07 or 717 of a digital mode.
and the states can be clearly distinguished during read-out. In principle. any
chemical system that can exist in two quasi-stable states ol different chemical or
physical properues may be regarded s a molecular switeh (or molecular logic
gatc). provided there are some physical or chemical stimuli that can (reversibly)
change the state ol the system. The simplest examiples are colorimetric pH

indicators and compounds that change colar upon change in prolon concentration.
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They function as "YES™ or "NOT™ logic gates, depending upon the property of the
individual indicator and the assignment of input and output channels (e.g.. pH
valucs and colors).

There are four possible combinations of mput and output values for one-
input one-output logic gates (Figure 1.9). The PASS 0 and PASS 1 gates yield
outputs 07 and 17 respectively. independently of the input value, The YLS gate
follows the input value 1o the output. The gate functions as a simple switch, but in
fact ts very useful for signal amplification, connecting various devices, and signal
transduction. The inverter (NOT gate) performs inversion (complementation) of
the input data. It changes one logic level into the opposite: logic O (also called the
low state, cf. Figure 1.9) is converted into logic | (the Ingh state) and vice versa.
NOT is one of the principal Boolean operation. and very often. it is concatenaied

with multiple input gates.

PASS O YEs NI PASS
Lt

——

Figure 1.9. a) Truth table for single input logic gales. The simplest electric circuits representing the
YES (b) and NOT (c) logic gates. Moving the switch (legical 1) turns on the light in the first system
(YES gate), but turns it off in the second one {NOT gate).
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Apart from these (wo single input logic gates there are 16 various
combinations of input and output signals for two-input logic gates, 8 of which are
commonly used in electronics (Table 1): basic OR, AND, and XOR, and gates
concatenated with NOT: NOR, NAND, and XNOR. Usually, INHIBIT (INH) and
NINH gates are regarded as simple logic gates as well.

Table 1. Truth tables for two input logic gates.

output | OR -‘FD"_XOR _H\_H ‘\_()R ;ND_TXNOR"
wt N\ DD |D DDID|D
0 ' 0 0 ' 0 ' 0 . 0 ' 1 : | | 1 J
0 ? | | | 0 " | . 1 ' 0 . 1 \ ]
i l 4] I : g l I Q l 0 - i 9]
1 | 1 1 F 0 o o 0 1

Furthermore, as an ideal recording media, several impornant performance
parameters are required for a memory device which include: 1) chemical stability:
2) film forming properties; 3} storage capacity; 4) transition lime (a short
transition time between two states is intrinsically indicative of a fast writing): 5)
retention ability (the abilily 1o remain in the stored state is necessary for stable and
secure recording); and 6) the on-off ratio (a high on-off ratio is crucial for memory

devices in order 1o realize high-resolution and low-crror-ratc data storage). In
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addition, low power consumption, ease of fabrication, and competitive cost are
also impaortant for practical application.
1.5.1. Chemically Driven Molecular Logic Gates

Chemically driven molecular switches are usually comprised of three main
building blocks: receptor moiety. linker (spacer), and the reporter moiety.™
Receptor moieties are specially designed binding sites for triggering ions or
molecules. They should exhibit desirable selectivity and sensitivity toward
selected triggers. The linker, in turn, should provide elcctronic communication
between the receptor and reported moieties. There are three main ways of
providing sufficient electronic communication: {i) bridge providing overlap of =-
systems of both moieties. (ii} short s-spacer enabling photoinduced clectron
transfer, or (iii) arrangement of receptor and reporter. using supramolecular
interactions to provide perturbation of elecuronic structure of the reported moiety.”
The reporter moieties in wrn should significantly change their photophysical.
electrochemical, magnetic, or chemical properties 1o yield an casily recognizable
signal. The most common are the systems where the interaction between the
trigger and the receptor results in the change of photophysical properties: changes
in absorption and/or emission characteristics of the reporter moiety. [t may also
result in changes of redox potentials. translocation of molecular fragment within

the supramolecular assembly (which may be also associated with changes in
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optical or electrochemical properties as well), chemical reactivity, or magnetic
properties.

Even though a large number of reports were published before 1993 based
on analyte induced changes in the properties of organic molecules. it was de Silva
and coworkers who exploited the use ol Boolean operations to define the relations
between chemical inputs and readable outputs. In Nature magazine in the year
1993, they have illusirated the use of a simple PET based anthracene fluorophore
(28) to define a molecular photonic two input AND gate with chemical inpuls such

as H* and Na® for the first time (Chart 1.6).°'

28
Chart 1.6. A molecular photonic AND gate 28 and the corresponding logic diagram.

After this report. a large number of organic fluorophores have been
reported which can perform various Boolean operations independently with
respect to chemical inputs.” ** Basic Boolean operations AND, OR. XOR. INH,
NOR and NAND were demonstrated in molecules with dilferent inputs including

chemical, electrochemical, photochemical and enzyme action ctc. A few
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representative examples of molecules which can perform various Boolean
operations with respect to chemical inputs are discussed below.

The molccular Togic gate 29 responds 1o various inputs based on PET
mechanism. The tricarboxylate receptor part can successfully bind magnesium and
calcium ions. This nonselectivity constitutes the basis of OR operation. When
metal jons bind 10 the respective sites, the electronic structure of the molecule
rearrange and fluorescence of the fluorophore is switched on. Similarly. in the case
of the monomolecular europium (TH) complexe 30, a strong [luorescence was
observed within the pH range of 4-7. Deprotonation of the ligand and or the amide
linker results in a change in photochemical properties of the complex. Instead of
efficient electronic energy transfer from phenanthroline antenna. an electron

transfer occurs and a nonfluorescent Eu(Tl) complex is formed (Chart 1.7). &

Chart 1.7. Molecular photonic OR gate 29 and XOR gate 30 with corresponding logic diagrams.
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Perez-Inestrosa et ol have reported & moditied  -henzyhisoguinoline N
oxide (31) that could  perform an INTIBIT fogie operation with respect o
chemical fnputs such as H- and K7 Addition of TEA of alkali metal ions

generates the ermission at 3530 mm in INHIBIT relation.

da) i out
e e
) \ &
-\\-_,r b A |
e
INH
{‘“_“bo—l._, /S~

Figure 1.10. a) Truth tables for two nput INHIBIT logic gate using 31. b) Logic representation of
INHIBIT gale. ¢} Pholograph of emission al 550 nm from 31.

Performance of arithmetic operation taddition/subtraction) requires the
conneetion of several basic Togic gates.”™™ Bmary addition of digits can be
achieved by a combination of XOR and AND gates. wsually called as “half-
adders™. On the other hand. a combination of XOR and INHIBIT gates can
perform subtraction, known as “hail-subtractors™. ‘There are numerous reports for
the implementation of binary hali-adders and hall=subtractors using molecules,
Two representative examples are included in the following discussion.

A molecular binary half-adder hased on a photochromic ligand 32 was

reported by Zhu et al. On irradiation with UV light (365 nm, the spiropyran
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moiety undergoes ring opening. yielding the colored merocyanine form (o,

590 nm). It can further react with Fe™" ions to form a stable complex characierized
by a strong absorption at 420 nm. The ligand 32 reacts also with Fe™™ in closed
spiropyran form which yields a colored cation radical, charactenized hy a strong
absorption at SO0 nm. Absorbance at 430 nm, thus corresponds to the AND
operation with UV light and Fe™ as inputs. while the absorbance at 530 nm
(halfway between merocyanine and spiropyran caton radical) corresponds to the

XOR function of the same input data.

32
“orio-
b) NU
I 1. ot ; "H' i
Feria

Figure 1.11. a} Interconversion network of four states of 32 (SP- Spyorpyran. MC: Merocyaninj. b
Truth table for nalf-adder denved from 32.
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Akkaya ¢t al., have reported the switching ol emission from a BODIPY
based system to define a molecular half-subtractor based on the combined effect of
emission modulation by PCT and PET (Figure 1.12). A hall-subtracior is @
combination ot XOR and INHIBIT operations. The molecule 33 under
deprotonation of the phenolic -OH group display a quenching in the emission
maximum at 660 nm. The quenching in emission s due o a PET process from the
phenolate unit of 33. Addition of TIFA winfluoroacetc wcid) gencrates a
hypsochromic shift in both absorbance (~40 nmy and emission bands ¢~ 100 nm) of
33. This shift is due o the modulation in ICT emission due to the protonation of
the diatkyl amino moicty of 33. The three emssion responses generated (rom 33

allow defining a hall-subtractor with respect to the chemical inputs such as acid

and base.

A survey of the recent literature reveals that a variety of [luorophores have
been synthesized and used as either probes for analyle detection or as logic pates.
Analyte detection and logic operation are therefore the two sides of the same coin.
Depending upon the requirements and nature of the fluorophores, one can use
them as chemosensors or molecular switches for logic operations. This area
continues 10 be interesting lor chemists and as a resub large number ol new

molecules are being synthesized and studied.
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Figure 1.12. a) Struclure of lhe BODIPY derivative 33. b) Emission spectra of 33 in THF n
presence of various chemical inputs. Inset shows the truth table for a half-subtractor; outputs are
borrow (B) and difference (D). c) Solution of 33 (5 x 106 M) n THF illuminated with a UV lamp at
360 nm. d} Logic diagram of a half-subtractor. The difference and borrow outputs were collected at
two different wavelengths at 660 nm and 565 nm.

1.6. Objectives of the Present Investigation

Inspired by the recent progress in the design and study of functonal orgnnic
molecules, we have planned to cxplore the possibility ol designing a few
fluorophores for the development of new molecular probes and logic gates. The
fluorophores are designed in such a way to have the donor-m-acceptor-n-donor (13-
n-A-n-D) type structure, Our first aim was to design a n-extended squaraine dye of
a fluorophore with strong near-IR absorption for the purpose of dewcting
biorelevant thiols, We have chosen a 1.4 divinyl (ary]) bridged bispyrrole for the
synthesis of a m-extended squaraine dye. Another objective of the present

investigation was 10 develop molecular probes lor Zn™™ ions. By incorporating a
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bipynidine receptor in the bispyrrole structure. we anticipated the modulation of

fluorescence upon binding with a suitable cation. Finally, we have planned the

design of a molecular logic gate using a n-conjugated donor-acceptor-donor type

molecule containing three receptor sites suitable for differem external chemical

inputs. Careful modulation of the photophysical properties of these molecules was

expected o generate different outputs to address molecular logic operations. The

present thesis is a systematic investigation on the synthesis and study of a few of

D-7-A-n-D based molecules as mentioned above and their use as molecular probes

and logic gates.
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Chapter 2

A Near Infrared (NIR) Squaraine Dye for the Detection

of Aminothiol Content in Blood Plasma

2.1, Abstract
Squaraine dves have been extensively investigated as chemosensors and
chemodosimeters for various avalvies, In e present sindy, we iflustrare o
new strategy for the detectian of thiols and thiol contaiiing amine acids i
human blood plasma wsing a NIR absorbing squaraine dve. Sqlh. The
detection ix based on the latent activation of flucrescenice of the probe by
thiol induced breaking of conjugation of the squaraine backbone in
contrast 1o the wsually used color bleaching or fluorescence quenching.
The probe, Sqlb selectively responds to thiols and wndnothiols which aflow
their ratiomerric detection due to the generation of new, woninterfernig
absorption and emixsion bands. Since the derection can be tollowed
through absorpion and emission changes due 1o the analyie specific
generation of new clromophores. other impurities do not interfere with
sensitivity. Application of the probe is dlustrated with the quantitative
detection of the total aminothiol content in himan blood plasma which has

rremendous biological wnd clinical relevance.
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2.2. Introduction

Design of molecular probes (chemosensors/chemodosimeters) is a priority
research lopic due (0 wide ranging fundamental and applicd interests in the broad
area of chemisiry and biology.' For one time detection of an analyte,
chemodosimelers are used which show irreversible fluorescence quenching or
color bleaching.” " However, detection bused on fluorescence quenching or color
bleaching are not the bext way of monitoring the response of an analyie due to
many reasons. For example, (luorescence in some cases 1% strongly intercepted by
other competing analytes or even by minor impurities. Similarly, hleaching of
color can also be due to chemical change< induced by impurines apart from the
target molccules. These potentia} imitations pose serious threals to the sensitivity
and selectivity of a given probe. Therefore, molecular probes that generates an
intensely absorbing or emitting species upon interaction with an analyte that allow
ratiometric probing and imaging at wavelengths difterent from that ol the original
probe is of congiderable significance. Such probes are particularly useful for the
detection of biologically relevant samples, for example blood plasma.

Cysteine and homocysteine (Hey) are the thiol-comaining amino acids
present in human blood plasma (HBP).'' Epidemiological studics have shown that
an excess of Hey in blood plasma can create a higher nsk of coronary heart
discase, stroke and peripheral vascular diseases.'™' Other evidence sugpest that

Hey may have an effect on atherosclerosis by damaging the inner lining of arterses
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and promoting blood clots.'™ The atherogenic property of tobacco smoking is
connected with its influence on Hey and thereby the total aminothiol concentration
in HBP."?" Apart from this, glutathione which is the most abundant intracellular
nonprotein thiol (1-10 mM). has a pivotal role in maintaining the reducing
environment in cells. Glutathione also acts as a redox regulator because cellular
thiols exists between sulfhydryl and disulfide forms.** ™" Intracellular thiol levels
change dramatically in response 1o oxidative stress.”™" Among the reported
methods for detecting thivls, the use of fluorescent probes had its apparent
advantages over other methods in sensitivity and, most importantly, in imaging
thiols in vivo. even in single living cells. Although high-performance liguid
chromatography (HPLC) combined with Ellman’s reagent (DTNB) is widely used
for detecting thiols in a chemical system,”™ the method is inconvenient o operate
and unsuitable [or intracellular thiol detection. Therefore. detection of thiol
containing amino acids in biological fluids as well as cellular environments is
important. In this context. the development of new. simple and efficient methods
for the determination of the thiol containing amine acids in physiological
conditions has considerable significance.

Huang and coworkers have reported a new strategy for the detection of
cysteine and homocysteine which is based on colorimetric as well as Nuorescence
changes.3l Addition of thiol containing molecules 10 the probe 1 results in a thiol

adduct 2 with a charactenistic green to red color change followed by the
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enhancement in the emission at AO0O o tFgure 2000 The prabe T owas further
utilized to image  inracellular Tree duols usimg confocal and - twophoton

microseopic imaging echnigues,

Abpsorbance

Fluorescence Iniensly (A.u]

Wavslength (nm) Wavelangth (nm)

Figure 2.1. a) Absorption spectral change of 1 (10 uM) upon addition of cysteine {0-330 pi}. insel

shows photograph showing the cofor change in he absence and presence of aminoacids and

peplides. b) Fluorescence spectral changes of 1 upon addition of Hey (0-200 pM). Insel shows
J0-photon absorption spectra of 1 upon addition of 40 equivalents of Hey

BODIPY based Muorescent probe 3 is reported o he uselul for (he deection
of thiol containing aminoacids.” The fluorescence of the probe is strongly
quenched by photoinduced electron tanster (PETY from BODIPY o the malemide
motety. Aler reaction with thiols. the fluorescence of BODIPY s restored wilh

350 fold cithancement in the emission intensity (Figure 221
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Figure 2.2. a) Reaction scheme showing thiol detection. b) Enhancement in the emission intensity
of 3 with increasing amounts of cysteine.

In a recent report. Xi ct al. have described the use of a coumarin derivative
§ for the detection of thiol containing aminoacids.™ They have demonstrated the
use of this probe as a high through put fTuorescent assay lor glutathione reductase.
The quenching of the emission of 5 due o PET was prevented by the thiol
addition to the acceptor moicty. The enhanced emission from the coumarin moiety
corresponds to the concentration ol the thiol containing amino acids in the sample.
The methodology was further utilized for investigating the catalytic role of

glutathione reductase enzyme during NADPIL reduction of glitathione homodimer

to glutathione.
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Figure 2.3. Reaction scheme showing thiol detection by PET a) Fluorescence spectra of 5 (1.0
pm) in tris-HCI (pH 7.4, 50 mM) buffer in the presence of different concentrations of GSH (0.2, 0.4,
06, 08, 1.0, 15, and 2.0 uM]. Insel : fluorescence intensity at 465 nm as a function of GSH
concentration. bj Fluorescence photograph of 5 (10 pM) in the absence (lefl) and presence {right)
of B-mercaptoethanol {10 pM) in tris-HC! buffer under irradiation of a 365 nm UV lamp.

Ros-Lis er al. have reported the use of M N-Dialkylaniline derived squaraine
dyes 7 and 8 as dosimeters for the detection of CN ions. ™ The same squaraines
have been found useful as fluoro- and chromogenic dosimeters for the detection of
thiol containing compounds. particularly, biorelevant thiols such as cysteine.™ In
this strategy. syguaraines were used as molecular probes by utilizing  the
susceptihility  of the clectron  deficient  central  cyclobutene  ring  towards
nucleophilic attack. The electron deficient central ¢yclobutene ring of squaraine
dyes is vulnerable for nucleophilic attack which will break the conjugation ot the

dye. resuliing in drastic changes in the optical properties of the dye (Figure 2.4).
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Figure 2.4. a} Scheme showing the reaction of thiol to squaraine dye. b) Photograph showing the
color change in acetonitrilefwater, 20:80 viv, at pH 6 (MES 0.01 mot dm*) of the squaraine 7 ([7]
1.21 x 105 moi dm) in presence of 10 equivalents of certain armino acids. From feft to right and
lop lo bottom: no amino acid, phenyia.anine, ihreonine, arginine, nisliding, asparagine. leucing,
alanine, proline, vaine, glycine, lysine, glutamine, methionine, isoluucn, serine. cysteine.
tryptophan, glutamic acid, and aspartic acid.

In the above case. the presence of thiol 1s detected either by bleaching of
the color or decrease in the fluorescence of the dye. However. since the absorption
and emission properties ol squaraine dyes are strongly influenced by acidic and
hasic impurities, or by any redox active species. it is desirable o have a ;‘)ml»c that
is stable and produces a strongly absorbing or emitling species in the visible/NIR
region upon interaction with a specihic analyle, rather than the usually used color
bleaching or ftuorescence quenching strategics.

In the present study. we have investigated the use ol m-extended squaraine
dyes that exhibit remarkable absorption and emission changes in the presence of
aliphatic thiols and demonstrate its applications in the detection ot low moleculur
weight aminothiols such as cysteine and homocysteme in human blood plasma

(HBP).
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2.3. Results and Discussion
2.3.1. The Design Strategy

Since the photophysical properties of mosl squaraine derivatives are
strongly influenced by acidic and basic impurities, polarity and the pH ol the
medium, specific sensing of an analyle using the fluorescence quenching of
conventional squaraine dyes is often difficult. Due to this reason. it is desirable o
design new dyes which are stable and generate new cmitting species upon specific
interaction of an analyle. We have chosen tluorescent bispyrroles as the monomers
for designing m-extended squaraine dyes, which suongly absorb in the near-TR
region with weak emission. Upon a specilic analyte attack to the squaraine. the
probe becomes strongly fluorescent. We have exploited the vulnerability of the
squaraine cyclobutene ring for thiol attack thereby breaking the conjugation of the
dye. Thus, the present strategy involves the chemical activaion of a weakly
fluorescent NIR probe through a conjugation break associated with the
nucleophilic attack by a thiol 1o generate a strongly emitting fluorophore. For this
purpose, we have prepared two bispyrrole appended squaraine dyes with different
side chains Sqla and Sqlb. The squaraine dye Sqlb with glycol side chain was

prepared in order lo make it more compatible with the aqueous environments,
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Chart 2.1. Structure of the squaraine derivatives Sqla and Sq1b.

2.3.2. Synthesis of the Squaraine based Probes Sqla and Sql1b

The squaraine based probes Sqla and Sqlb were synthesized from the
corresponding bispyrroles 15a and 15b which were prepared according to known
procedures. The |. 4 dimethoxybenzene (10) on bromomethylation using
paraformaldehyde and HBr in acctic acid provided the bishromomethy| derivative
(11) in 90% yield. The bisbromomethyl derivative on reaction with triethy]
phosphate gave the corresponding bisphosphonate (12) in 86% yield. The Wittig-
Homer reaction of the pyrrole carbaldehydes 14a,b with the bisphosphonate 12
using NaH in THF gave the bispyrroles 15a,b in 58 and 63% yields, respectively

{Scheme 2.1).
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Scheme 2.1. Reagents and conditions: a} Paraformaldehyde,33% HBr in acetic acid, glcial acetc
acid, sonication 4 h {80%); b) P{CEt: 100°C, 12 n (90-95%), ¢} 1-bromo-2-{2-(2-
methoxyethoxyjethoxy ethane, potassium (-butoxide, THF, 27°C, 21 h (78%), dj NaH, THF, 70°C,
12 h (45%;.

Reaction of the required bispyrroles 15a or 15h (4 mmol) with squanc acid
(2 mmoly in 1:3 butanol/benzene mixture (80 ml.) under azeotropic conditions
gave the squaraine dyes Sqla and Sqlb. respectively (Scheme 2.2). The progress
of the reaction was monitored through UV-visible absorption spectra at intervals
of the reaction. The reaction was stopped when higher homologues started
appearing. Repeated precipitation using petroleum cther gave the dye Sgla and
Sqlb in 26-32 % yields. The compounds were characterized by '‘H NMR. ''C
NMR. IR and HRMS (FAB). Significant amount of polymeric dves were also

formed which were removed by precipitation and column chromatography. Sqla
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and Sqlb showed strong peak between 1625-1620 cm™' region. which corresponds
to the C-O stretching frequency of the cyclobutenediyilium-1-3-diolate moiety. 'H
NMR spectra of the dyes showed strong rrans coupling for the vinylic linkages,
which was in agreement with the structure assigned o the dye. The N-CH; protons
were observed as triplets around & 4.8 and 4.1 ppm indicating strong resonance
stabilization in the dyes. The -OCl 15 protons of the phenyl ring were observed at &
3.9 ppm as a muliiplet along with N-CH, protons. The —OCH; protons of the

glycol side chains appeared as a singlet at & 3.3 ppm.

Sqlaor Sqib

15ab

=2
I

Scheme 2.2. Synthesis of Sq1a and Sq1b. Reagents and conditions: i) Squanc acid (0.5 equiv.}
(1:3 butanol/benzene azeotropic mixture), 80°C, 1 h.

2.3.3 Absorption and Emission Spectra of the Bispyrroles 15a and
15b

The absorption and emission spectra of 15a and 15b were recorded in
acetonitrile. These bispyrroles showed absorption maximum at 414 nm with a

broad emission band at 482 nm. The fluorescence quantum yields (dy) ol
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bispyrroles in acetonitrite were determined using guinine sulphate as standard 152
and 15b shaws high quantum yield of 043 and 040 respecuvely. The detatled

photophysical propertics ol Sgla and Sq1b are discussed in the following section.

0.4
a) — 15a B b) 482 nm
414nm s & N
§ 0.2 @
8 % 1 4
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Figure 2.5, a) Absorption and b) emission (A = 400 nm}) spectra of 15a and 15b in acetonitrile (6
% 105 M. Inset photograph shows the fluorescence of 15b in acetonitrile {under 365 nm UV tight}

2.3.4. Absorption and Emission Studies of Sqla and Sq1b

The dyes Sqla and Sqlb showed intense absorption bund around 750 nm
(3.4 % 10 *y and a shoulder at 670 nm in acetonitrile (6 x 107 M) (Figure 2.0),
This shoulder band is common o many squaraine dyes and could be attributed ©
the excitonic interaction. The emission spectrum ol Sgla showed @ weak band
the range of 730-850 nm with maximum centered at 800 nn. Detailed
photophysical propertics of Sqlb were investigated 1 u 1] solvent mixwre of

acetonitrile and water (CHES. bufter, L0IM. pH 9.6,
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Figure 2.6. a) Absorption and b) emission (Ae. = 730 nm) spectra of 8qta in acetonitile {6 x 10
5M). Inset photograph shows the color of Sq1a in acetonitrie.

Absorption and emission spectra of Sqlb (6 x 10" My in acctonitrile/water
(1:1 CHES buffer. 0.0IM, pH 9.6) is shown in Figure 2.7. The dye exhibits a
strong absorption maximum around 750 nm (& = 1.8 % 107 and a shoulder at 363
am. The Muorescence cnission spectrum ol Sqlb showed a broad band with a
maximum at 800 nm (A, = 730 nm). The effect of pH on the photophysical

properties of Sqlb were investigated by varying the pH trom 0.8-9.8. The
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absorplion and emission properties ol Sqlb did not show much change in this pH

window. The dye was found to be unstable helow pH 6.8,

a) A0 - 4] bl o |
0.8 i ’
8 | & ‘
§ -
e ]
8 g
2 044 36
= 3 : 04 _J i ‘
0.0 ‘ 0.

400 500 800 700 B00D
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Figure 2.7. a) Absorption and b) emission (Aex = 730 nm} spectra of Sqib (6 x 10° M) in
acetonitrile/water (1:1 CHES buffer, 0.01M) at pH 9.6.

2.3.5. Thiol Detection

It is known that the electron deficient cyclobutene ring of squaraine dyes
are amenable for nucleophilic attack.™® For example. N. N-dialky| aniline derived
squaraine dyes, upon addition of alkyl thiols undergo decoloration and
fluorescence quenching due 10 the thiol addition and conjugation break. In analogy
to these reports, we speculated that aliphatic thiols may open up the double bond
that connects the cyclobutene ring with the pyrrole moiety in Sqlb. In such a case,
the electronic communication between the (wo bispyrrole moieties will be hroken
leading to significant changes in the optical properties of the probe. In particular.
the fluorescence emission of the probe may be considerably enhanced due o the

formation of two dilferent chromophores as shown in Scheme 2.3.
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Scheme 2.3. Cnemicat activalion of weak flucrophore Sq1b to an active fluorophore through thiol
group attack. The background color indicates the fluorescence color of the molecules.

The above hypothests was established by the addition of aliphatic thiols or
a thiol containing c-amino acid. cysteine (0 - 4.9 x 107 M) 10 Sqlb (6 x 10" M)
in 1:1 acctonitrile/water (CHES buffer. pH 9.6) which resulied in a reduction in
the intensity of the absorption band at 750 nm. with concomitant formation of a
new band at 440 nm. The corresponding change in the absorption spectrumi is
shown in Figure 2.8a. The thiol interaction can bhe visually followed by a color

change from green to light yellow (Figure 2. 8a insets).



Y

Molecular Probe for Anunotinels m Rlood Pigsma

5_7.7 T5C rum “I b)

0.8+ J
g S ..
8 440 e ~ L
B U i " , /
£0.44 = »
<< P /

00 —-"\h ) ./_'___.»"‘.

T 400 500 600 700 800 42 40 -38 -36 -34 -82

Wavelenglh (nm)

Figure 2.8. a) UV/Vis spectra of Sq1b [6 x 101 M) befora (-~} and after (— addition of cysleine in
acetonitrilefwater (1.1, CHES buffer (0.01 M), oH {Inset shaws the photograph of the visible color
change of Sq1b with and withoul the addition of cysteine) b} Raliomelric plot based on the change
in the absorption spectrum of Sq1b at 440 nm and 750 nm against concentration of cysteine.

The emission properties of Sqlb showed o dramatic change upon addition af
cysteine. When excited at 410 nm. Sq b exhibited a new band a1 592 nm with a
bright orange fluorescence (Figure 2.9) whercas upon 730 nm excitation, a
decrcase in the infensity of the weak NIR emission at 800 nm with increasing
concentration ol cysteine is observed (Figure 2.9). These changes in the absorption
and emission spectra are attributed o the addition of the thiol group o the
cyclobutene ring, resulting in new UV-Vis absorhing chromophores with strong

fluorescence.
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Figure 2.9. a) Emission spectra of Sq1b (6 x 10 M} before (---) and after (—} addition of cysteine
in acetonitrile/water {1:1. CHES buffer (0.01 M), pH, when excited at 730 nm: b) Emission spectra
of Sqib-cystene adduct when excited at 410 nm (inset shows the photograph of the visibie
fluorescence of the Sq1b-cysteine adducl when iluminated in a 365 nm UV light)

Variations in the cnvission at 392 nm and 800 nm against the concentration
of cysteine and the corresponding ratometric plot are shown i Figure 2.1 and
b. respectively. The noninterfering absorption bands with large wavelength shilt
(A4 = 310 nmy and the possibility o monitor two entission maxima at dual

wavelength excitation make the Sq1b a unigue ratiometric probe (Figure 2.10b),
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Figure 2.10. a) Changes in the emission spectra of Sqib (6 x 10° M} al 592 nm and 805 nm
upon addition of cysteine (0-4.9 x 104M) in 1:1 acetonitrile/water solution buffered at pH 9.6
{CHES 0.01M). b) A ratiometric plot of lhe emission inlensily changes at 592 nm and 806 nm
against the concentration of cysteine.

The changes in the absorption and emission spectra of 8gqla and Sqlb
could be duc to the addition of thiol moiety to the probe resulting in the formation
of the comesponding adduct. This iy confirmed by high resolution  mass
spectroscopy (HRMS) analysis of Sqla after the addition of butane thiol. The dye-
thiol adduct was prepured by stirring Sqlta and butance thiol in acetonitrile/water
9:1 mixtre buffered at pl1 9.6 for 15 minutes. The formation of Sqla-thiol adduct
was confirmed by UV-NIR spectral changes. The resulting vellow solution was
analyzed using [TRMS. A mass corresponding to Sqla-thiol adduct was obtained

atm/z 1033.33 (Figure 2.11).
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Figure 2.11. High Resolution Mass Spectrum (HRMS) corresponding to Sq1a-butanethiol adduct
(miz 1033.33) in acetonitrile/water (3:1 v/v) solution at pH 9.6 (CHES 0.01M).

Addition of different amino acids without thiol groups to Sqlb did not alter
the absorption or emission properties, which indicated the selective interaction of
the thiol group of cysteine with the cyclobutene ring of the dye. Equal volume of
(60 pL, 4.9 x 10* M) amino acids such as phenylalanine (Phe), glycine (Gly),
tryptophan (Trp), leucine (Leu), cystine, cysteine (Cys) and glutathione (GSH)
were added to Sqlb (6 x 10° M). The emission spectrum of Sqlb at 592 nm is
monitored by exciting at 410 nm with each addition. Figure 2.12 shows plots of
the intensity of emission at 592 nm against the corresponding amino acids. Thus,

the two noninterfering absorption bands and the possibility of monitoring the



Molecular Probe for Aminothiols in Blood Plasma 59

emission at two different excitation wavelengths extend the scope of Sqlb as a
suitable ratiometric probe for the detection of thiol containing amino acids in

biological samples especially in human blood plasma (HBP).

592 nm
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Figure 2.12. Plots of the response of Sq1b (6 x 10 M) to different amino acids and fo a tripeplide
glutathione (GSH). The emission intensity is monitored at 592 nm in 1:1 acetonitrile/water solution
buffered at pH 9.6 (CHES 0.01M). Amino acids without a thiol moiety as well as cysteine (two
cysteine molecules joined by disulphide bond) did not show any response.

2.3.6. Human Blood Plasma Analysis

The thiol containing amino acids such as cysteine and homocysteine in
human blood plasma (HBP) are in the disulphide form, bhound either to the
proteins or o low molecular mass thiols. Estimation of the aminothiol level in

blood plasma is essential for understanding the role of these groups in the
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pathogenesis of vascular diseases. In this context, we have investigated the use of
Sqlb in the evaluation of the total contemt of aminothiols under different
conditions. Fresh human blood samples (5 mbL) with added ethylene diamine etra
acetic acid (EDTA) were centrifuged in a vacutainer tube at 3000 rpm for 15 min.
The supernatant solution (plasma), which contains proteins and amino acids. was
collected and used as such for further studies. For a healthy human adull, blood is
composed of about 43-56% blood plasma. 500 pL of the collected plasma was
reduced using dilute HCI in the presence of triphenylphosphine as the catalyst
Proteins present in the sample afier reduction were precipitated by the addition of
acetonilrile, followed by centrifugation (6000 rpm) of the sample lor 20 min. The
supernatant liquid which contained aminothiols in blood plasma was filtered
through a nylon filter and diluted 1o 2 mL with water/acetonitrile (1:1) and used as
such for analysis.

Addition of aliquots (10, 20, 30 and 40 (L) of the reduced HBP to Sqlb (in
water/acetonitrile |:1, pH 9) resulted in the decrease of the absorption band at 750
nm with the Tormation of new band at 440 nm. Consequently. the intensity of the
emission band at 600 nm (Figure 2.13) is enhanced, which indicated the presence

of free aminothiols that form fluorescent adducts with the probe.
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Figure 2.13. Increase in the emission intensity of Sqtb (6 x 10 W) at 600 nm (Aer = 410 nm)
upon addition of aliquots (0, 20, 30, 40 ulL) of human blood plasma after reduction.

Micro test assay experiments for the detection of thiol coniaining amino
acids and low molecular weight aminothiols in HBP were conducted in microwell
containers, each filled with 200 ul. of a solution of Sqlb in water Jacetonitrile
(1:1) at pH 9.6 (CHES buffer (0.01M). Equal volumes of different amino acids
were separately added 1o the wells (A-C). The samples in the microwells were
iluminated from undemeath by 365 nm UV light in a gel documentation
apparatus. Interestingly, only L-cysteine (Cl) and the reduced glutathione (C3)
exhibited intense emission (orange) at 600 nm (Figure 2.14). The tourth row (D)
shows the response of Sqlb to aliquots of HBP under different conditions. The
bright orange emission indicating the presence of aminothiols was obtamed only

in microwells DS-D&, which contained dilferent HBP samples after reduction.
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Figure 2.14. Detection of aminothiols m human blood piasma using a micrc we!l les! assay.
Contents of wells (each contain Sq1b): Weil A1 {blank, Sg1 aione). A2 {phenyiaianine). A3
(threonine). Ad (arginine), A5 (fustidine). A6 (asparagine), A7 (leucine). A8 (alanine), B1 (protine.
B2 (valine), B3 (glycine). B4 (lycine), B5 {serine}. B6 (methionine). BT {isoleucine). B8 (glutamine}.
C1 (Lcysteine). C2 (cystine), C3 (glutathione), C4 (tryptophan), C5 (glulamic acid). C6 (aspartic
acid), C7 (aqueous buffer at pH 6), C8 (aqueous buffer at pH above 10), D1 {Sq1 alone), D2 {20 pL
HBP before reduction), D5-D8 (different HBP samples after reduction).

The practical application of SgIb is demonstrated by the quantititive
estimation ot aminothiols in TIBP. [t is known that the total aminathiol content in
blood plasma varies for many reasons. Tor example. wmmothiol concentration
during fasting and atter food is known o vary signilicantly. Similarly. the ot
aminothiol content in the bload of chain smokers are known to he very high.
which is onc of the reasons for the health sk associated with the thickening ol the
hlood vessels. Therefore, quantitative determination ol free aminothiols in blood

plasma is of great analytical importance.
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Analysis of HBP samples collected under three different physiological
conditions revealed significant variation in the aminothiol content. The unknown
concentrations of aminothiols were determined by the standard additon method
using cysteine as the standard. To 300 3l. of the unknown plasma sample, known
concentrations of the agueous solution of cysteine were added and prepared the
solution 10 a definite volume (! mL) in separate standard flasks, A blank was
prepared using 300 uL plasma by diluting to ImL. Egual volume (60 ul.y from
each standard {lasks were added o Sqlb (6 x 107 M) in 111 (v/v)
acetonitrile/water mixture bultered at pH 9.6 and the enssion was monitored at
600 nm. A gruph was plotted using concentration of known amount of cysieine in
the x-axis and emission at 600 nm in the y-axis. Concentration of the unknown
aminothiols in 300 pl. of the plasma ~ample was calculated from the slope ol the
straight fine oblained.

For comparison of the total aminothiol concentration in variation with
dietary intake, blood samples of a healthy person was collected before breakfast
(BBF) und after breakfast (ABF) and analyzed by the standard addition methad
(Figure 2.15)." To study the effect of tobacco smoking on aminothiol production,
a third sample was taken from a person who smokes 8-10 cigarctes per day (AS)
(Figure 2.16). HBP collected before breakfast which was taken as the standard lor
comparison with the other samples after reduction of the protein bound

aminothiols.
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Figure 2.15. Standard addition plots for the determination of aminothiol concentration in human
blood plasma. a) from an overnight fasting person (BBF) b) from the same person after breakfast
(ABF). 8q1b (6 x 10 M) was taken in 1:1 {v/v) water/acetonilrile mixture buffered at a basic pH.
Intensity of enhanced emission at 600 nm was plotted against concentration of the known amount
of the cysteine added. Unknown concentration was determined from the stope of the straight fines.
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Figure 2.16. Standard addition plot for the determination of aminothiol concentration in the blood
plasma of a person who smokes 8-10 cigarettes per day. Sq1b (6 x 10 M) was taken in 1:1 (viv)
water/acetonitrile mixture buffered at a basic pH. Intensity of enhanced emission al 600 nm was
plotted against concentration of known amount of cysteine added. Unknown concentration was

determined from the slope of the straight lines.
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Table 2.1. Summary of the determined aminothiol concentrations using Sgib in human blood
plasma at three different condilions. BBF (before breakfast), ABF (after breakfast), AS (after
smoking). Recovery (%) can be calculated using the equation R = {Qu- Qe/Qa) * 100, where Qu is
the amount of unknown with added standard (cysteine), Qe is the amount of unknown without the
added standard and Qa is the amount of standard added to the unknown.

HBP Samples AmoL

ami

determined in 10

w0

BBF 154 103

ABF 352 1{)5 101.7

AS 105 (2

Analysis of reduced HBP using Sqlb revealed that the amount of total
aminothiol concentration in plasma sample before breakfast 1s 245 pg/L and is
high in the HBP after breakfast (352 yig/L). The higher concentration of thiol after
breakfast arises from the physiological processes associated with dietary intake
{Table 2.1) which will be decreased with time. However. the plasma sample (300
L) obtained after smoking showed very high aminothiol content of 545 pg/L

(Figure 2.17). This level of aminothiols may remain high in the case of chain
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smokers who smoke al intervals which could be the reason for higher risk of

coronary heart discases.
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Figure 2.17. Plot showing the vanation In the amount of total aminothiol concentrations in 300 pL
HBP obtained at three different conditions. BBF (HBP from a person after breakfast), ABF {HBP
from a person after breakfast), and AS (HBP from a person after smoking).

Thus. the utility of Sq1b as a suitable molecular probe for the detection and

estimation of the total aminothio} level in HBP is clearly demonstrated.

2.4. Conclusions

We have demonstrated a novel strategy for the detection ot low molecular
weight aminothiols using a m-extended squaraine dye that exhibits a NIR/Vis
electronic Lransition. Sqlb is a novel ratiometric probe which is different from
other known probes, since the detection is based on the generation of a new

fluorophore that emits at a different wavelength through an analyte induced
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breaking of s-conjugation. This is particularly important in biolabeling and
imaging applications since the presence of any unchanged probe does not interfere
with the measurement as the native dye is nearly nonfluorescent. The present
system is also reliable as a chromogenic probe because the analyte interaction
leads (0 a color [ormation rather than a color bleaching. The probe was
successfully used for the detection and estimation of aminothiols in human blood
plasma and confirmed the presence of the increased level of aminothiols in blood
plasma of chain smokers. Due to the crucial role of free aminothiols present in
blood plasma to the development of coronary heart diseases. stroke and peripheral
vascular diseases, the current fluorescence based technique has significant

biological and clinical relevance.

2.5. Experimental Section

2.5.1. Synthesis and characterization

Unless otherwise stated, all starting materials and reagents were purchased
from commercial suppliers and used without lurther purification. The solvents and
the reagents were purified and dried by usua) methods prior to use. Melting points
were determined with a Mel-Temp-1I melting point apparatus. 'H and "C NMR
spectra were recorded on a 300 MHz Bruker Avance DPX Spectrometer. High
Resolution Mass Spectra were recorded using JEOL IMS600. FT-IR spectra were

recorded on a Shimadzu IR  Prestige-21  Fourier  Transform  Infrared
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Specrophotometer. Electronic absorption spectra were recorded on a Shimadzu
UV-3101 PC NIR Scanning spectrophotometer and the emission spectra were
measured on a SPEX-Fluorolog FI12X spectrolluorimeter. Microtest  assay
expenments were performed using a gel documentation apparatus.

2.5.2. Preparation of 1,4-bis(bromomethyl)-2,5-dimethoxybenzene

(11)

To a suspension of the appropriate hydroguinone dialkyl cther. 10 (10 mmol) in
glacial acetic acid (35 ml.). paraformaldehyde (30025 mmol) was added and
sonicated for 10 min. To this mixture, 33% of NBr in acetic acid (31.12 mmol}
was added and sonicated for 3 h. After a further addition of 5 mL acetic acid
followed by sonication for 30 min. the reaction mixture was poured intu cold
water. The precipitated product was filtered and dried.

Yield 92%: mp 203-204 °C: '"H NMR (CDCls, 300 MHz) & (ppm): 6.81 (s, 21
aromatic), 4.60 (s. 4H, CH,Br). 3.80 (s. 611, QCHs):, "C NMR (CDCl5, 75.4 MHz)
8 (ppm): 150.72. 127.51, 114.62. 56.20. 29.65.

2.5.3. Preparation of tetraethyl (2-methoxy-5-methyi-1,4-
phenylene)bis(methylene)diphosphonate (12)

The bisphosphonate (12) was prepared by the reaction ol the bishbromomethyl
derivative (11) (643 mg, 2 mmol) with 3 mi. of triethyl phosphite at 80-85 “C for

[0-12 h followed by the removal ol the unrcacted triethyl phosphite under
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vacuum. Yield 90-95%: 'H NMR (CDCly, 300 MHz) 8 (ppm): 6.7 (2H, aromatic),

4.19 (m, 8H, OCH,). 3.83 (s, 6H, OCHs), 3.03 (s, 4H. CH,P).

2.5.4. General procedure for the preparation of A~butyl (14a) and A
glycol (14b) pyrrole-2-carbaldehydes

To a solution of potassium rert-butoxide (11 g, 100 mmol) in 100 mL dry THF.
pyrrole-2-carbaldehyde (13) (9 g, 95 mmol) was added and stirred at 30 “C for 3 h.
To the potassium pyrrole solution, 18-crown-6 (9 mmol} was added and stirred for
15 min. To the reaction mixture. |-bromoalkyl (24 g. 108 mmol) was added drop
wise and the stirring was continued for 18 h. The precipitated norganic salt was
filtered off and the solvent was removed under reduced pressure. The residue was
extracted with dichloromethane. The combined organic exiracts were washed with
brine followed by water and dried over sodium sulfate. The solvents were
removed and the crude product was punfied by column chromatography over
silica gel using petroleum ether to give the pure products 14a and 14b. Dewails of

the characterization data are given helow.

4a, Yield 70%; '"H NMR (CDCl5, 300 MHz) 8 (ppm): 9.5 (s, |H. aldehyde), 6.8
(m, 2H, aromatic), 6.1 (1, 1 H, aromatic), 4.2 (1, 2H, NCH3), [.1-1.8 (m, 4H, CH,),
0.7-0.9 (1, 3H, CHs); “C NMR (CDCly, 75.4 MHz) 8 (ppm): 179.10, 131.8, 131.0,

124.6, 111.30, 71.6, 70.6, 59.3.
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14b, Yield 58%; '"H NMR (CDCly, 300 MHz) 3 (ppm): 9.5 (s, 1H, aldehyde), 6.8
(m, 2H, aromatic), 6.1 (1, 1H, aromatic), 4.2 (1, 211, NCH,). 3.54 (m, 8H, CH;). 3.3
(, 3H, -OCHs): *C NMR (CDCly, 75.4 MHz) & (ppm): 179.10. 131.8, 131.0,
124.6, 111.30, 71.6, 70.6, 59.3.

2.5.5. General procedure for the preparation of bispyrroles (15a,b)

A suspension of sodium hydride (720 mg, 30 mmol) in THF was added slowly to a
solution of the corresponding bisphosphonate (2 g. 5 mmeol) and the respective N-
alkyl or glycolated pyrrole-2-carboxaldehyde (2.4 g, 10 mmol) in THF. After
refluxing for 10 h, the reaction mixture was cooled and THF was removed under
reduced pressure o give a pasty residue. The residue was suspended in water and
extracted with dichloromethane. The organic layer was washed with brine, dried
over Na,SO4 and concentrated o give the crude product. Further purification was
done either by precipitation using methanol from a dichloromethane solution or by
column chromatography over silica gel using 5% ethyl acetate-petroleum ether
mixture.

15a, Yield 63%; mp 141 °C; "H NMR (300 Mtz CDCly) & (ppm): 7.08 (d, 2H,
vinylic, J = 16.26 tlz), 7.00 (d, 2H, vinylic, J = 16.30 Hz), 6.91 (s, 2H, aromatic),
6.56 (s, 2H, aromatic), 6.42 (m, 2H. aromatic), 6.09 (1. 2H, aromatic). 4.2 (1, 2H.
NCH,), 1.1-1.8 (m, 4H, CH,), 0.7-0.9 (t, 3H, CHs); "'C NMR (75.4 MHz, CDCl-)
0 (ppm): 150.93, 132.87, 126.56, 123.44, 121.46, 117.56, 110.95. 108.23. 106.63,

69.12, 34.15, 31.66, 19.47, 13.91; IR (KBr) v, 2949, 2868, 1462, 1417. 1327,
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1197, 1039, 1012, 954, 707 cm’'; HRMS calcd for CystlyNO, (MT): 432.27.
found 432.27.
15b, Yield 58%; mp 141 °C; 'H NMR (300 MHz, CDCly) 8 (ppm): 7.08 (d, 2H,
vinylic, J=16.28 Hz), 7.00 (d, 2H. vinylic, J = 16.20 Hz), 6.91 (s, 2H, aromatic),
6.56 (s, 2H, aromatic). 6.42 (m, 2H, aromatic), 6.09 (1, 2H, aromatic), 4.1 (1, 4H, -
NCH,), 3.3(s, 6H, -OCH,), 2.8 (s, 6H): °C NMR (75.4 MHz, CDCl) & (ppm):
150.93, 132.87, 126.56, 123.44, 121.46, 117.56, 110.95, 108.23. 106.63, 69.12,
3415, 31.66, 19.47, 13.91; IR (KBr) v, 2949, 2868, 1462, 1417, 1327, 1197,
1039, 1012, 954, 707 cm’'s HRMS caled for CpHieN,0, (M™): 61275, found
612.34.
2.5.6. Generel procedure for the syntheses of squaraine derivatives
Sqia and Sq1b

The squaraine dyes Sqla and Sqlb were synthesized by condensing the
corresponding dialkyloxy benzene bridged bispyrroles 15a or 15b (4 mmol) with
squaric acid (0.2 g, 2 mmol) in 1:3 butanol/benzene mixture (80 ml.) under
azeotropic conditions (Scheme 2.2). The progress of the reaction was followed by
recording the absorption spectra al interval of the reaction. The rcaction was
stopped when higher homologues started appearing. Repeated precipitation using
petroleum ether gave Sqla and Sqlb in moderate yields. Significant amount of

polymeric dyes were also formed which were removed by precipiation and
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column chramatography in Silica Gel using chloroform/methanol (8:2) solvent

mixture.
Sqla: Yield 26%. 'l
o . ocHy
R () oy 7L NMR (00 Ml
O YAY R ai R
ﬂ—//_(}—J a ’ CDCLY & (ppn: 7.84
?il H,CO Sq1a, R = C.H
R ' - Ehle-]
' {s.  2H. aromatic).

1.53 (d. 2H. vinylic. J = 15.91 Hz). 7.19 (m. 6H. vinylic + aromauc). 7.06 (m. 611
vinylic + aromatic). 6.94 (m. 2H. aromatic). 6.77 (s. 2ZH. aromatic). 6.17 (5. 2H.
aromatic), 4.83 (s. 4H. -NCII:). 3.94 (m, 10H, OCH+NCH-). 1.63 (m, 8H, CH.).
094 (m, 12H . CH2. "C NMR (75 MHz. CDCIly) & (ppm): 193.67. 174.07,
[49.67. 135,11, 134.74, 134.40. 132.44, 130.05. 12972, 129.33, 129.16. 128.96.
128.86. 128.80, 128.65. 128.36, 96.37. 83.70. 77.65. 76.80. 28.41, 28.37, 28.09.
FT-IR (KBr) Vo, 704, 956, 1093, 1296, 1384, 1502, 1620, 2954 cm™': HRMS-
FAB calcd for CoHy NSOy, (M) 942.53 found: 942,30,

Sqlb: Yield 32%.

"1 NMR (300 MHz.

| | N
QCH, N N / \_/,- h
=\ Y ‘- Rl epcly & (ppm:
A ay, I HLCO 2 PP

N Hco L
3 7.6d. 21 vinylic. J
Flz Sq1b.R= [CH, CH, O |CH, 6(d. 211 vinylic

3

= 1582 Ha. 7.15
(m, 5H. vinylic + aromatic), 7.01 (m. SH. vinylic + aromatic). 6.76 (s, 2H.

aromatic), 6.55 (s. 2H, aromatic). 6.17 (s, 2H. aromatic), 4.1 (1. 811, -NCH.). 3.3
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(s, 12H, -OCHs), 2.8 (s, 12H); C NMR (75 MHz, CDCls) & (ppm): 178.611,
176.83, 152.12, 148.24, 131.91. 129.53, 120.36. 110.67. 106.69, 70.64, 70.34,
58.83, 58.73, 56.13, 46.59, 29.52; FT-IR (KBr) vy, 954, 1034, 1094, 1207, 1278,
1382, 1465, 1497, 1618, 1742, 2851, 2923 cm’': HRMS-FAB caled for
CrHoaN4Oy (M) 1302.66 found: 1302.53.
2.5.7. Details of Blood Plasma Analysis

Fresh human blood samples (5 mL) containing added EDTA were
centrifuged in a vacutainer wbe at 3000 rpm for 15 min. The supernatant solution
called ‘plasma’ which contains proteins and amino acids was collected and used as
such for further studies. Blood samples were collected from different volunteers
for analysis. For the comparison of variation in the total aminothiol content before
and after dietary intake, blood samples [rom the same person were analyzed before
and after breakfast. In order 10 study the effect of tobacco smoke on the level of
aminothiols, blood samples were collected from a volunteer who smokes 8-10
cigarettes per day. Each collected samples were reduced using similar procedure
as explained. In the case ol a healthy adult, 5 mL of the blood is composed of
about 43-56% human blood plasma. 500 ul. of the collected plasma was reduced
using dilute HCI in presence of triphenylphosphine as a catalyst. Proteins present
in the sample after reduction was precipitated using acetonitrile which was
followed by centrifugation (6000 rpm) of the sample for 20 minutes. The

supernatant liquid which contains aminothiols in blood was [iltered through a
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nylon filter and diluted to 2 mL with water/acetonitrile and used as such for

analysis. Aliquot of the plasma sample was added 1o solutions of Sqlb (6 x 10°

M) in 1:1 acetonitrile/water (CHES butfer 0.01M. pH 9.6) and the emission at 60()

nm were determined. The unknown amount of aminothiols was estimated using

the standard addition method.

2.6. References

A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugsson. A, J. M. Huxley. C. P.
McCoy, J. T. Rademacher, T. E. Rice, Chem. Rev. 1997, 97, 1515.

J.-P. Desvergne. A. W. Czamik. in Chemosensors for lon and Molecular
Recognition: NATO senies, Vol 492, Kluwer Academic Press; 1997 pp. 189-
194.

S. L. Wiskur, H. A. Haddou. J. J. Lavigne. F. V. Anslyn, Acc. Chem. Res.
2001, 34, 963,

K. Rurack, U Genger, Chem. Soc. Rev. 2002, 31, 116,

R. Martinez-Mdnez, F. Sancendn, Chem. Rev. 2003, 103, 4419,

R. Martinez-Maénez. F. Sancendn. Coord. Chem. Rev. 2006. 250, 3081.

0. S. Wolfbeis, in Fiber Optic Chemical Sensors and Biosensors. Vol. |
CRC Press, Boca Raton. FL, 1991. p 2.

V. Dujols, F. Ford, A. W. Czarnik. J. Am. Chem. Soc. 1997, 119, 7386,

F. Sancenén, R. Marlinez-Mancz. M. A. Miranda, M. -J. Scgui. J. Soto,

Angew. Chem. Int. Ed. 2003, 42, 647.

10. A. M. Costero, S. Peransi. S. Gli. Tetrahedron Lett. 2006, 47, 6561,



Molecular Probe for Aminothrols m Blood Plasmu

1.

S. Melnyk, M. Pogribna, I. Pogribny, R. J. Hine, 8. 1. James, J

Nutr. Biochem, 1999, 10, 490,

0. Nekrassova, N. 8. Lawrence, R. G. Compton, Talanta 2003, 60, 1085,
W. G. Christen, UL A, Ajani, R. J. Glynn, C. H. Hennekens, Arch. Intern.

Med. 2000, 160, 422,

M. T. Healield, S. Feam, G B. Stevenson, R.HL Waring, A, C. Williams, S,

G. Sturman. Newrosci. Let. 1990, 110, 216

H. Refsum, P. M.Ucland, O. Nygard, S. E. Vollset. Annu. Rev. Med. 1998,

49, 31,

1 Selhub, Anniu. Rev. Nur, 1999, 19,217,

M. R. Malinow, F. J. Nieto, M. Szklo. L. E. Chambless, G. Bond,
Crreudation 1993, 87, 1107,

M. Soinio, J. Mamiemi. M. Laakso, S. Lehto, T. Ronnemaa, Ann. Intern
Med. 2000, 140, 94

A. Sobezak, Addicr. Biol. 2003, 5. 147,

P. M. Ucland, 1. Refsum, S. A. Beresford, S. E. Vollset, Am. /. Clin. Nuer.
2000, 72, 324,

C. Chrysohoou, D. B. Panagiotakos, C. Pitsavos, A. Zeimbekis, A
Zampelas, L. Papademetriou, C. Masoura, C. Stelanadis, Vase. Med. 2004, 9,

117,
A. Meister, M. E. Anderson, Annw. Rev. Biochem. 1983, 52, 711,

[. Rahman, W. MacNee, Free Radical Biol. Med. 2000, 25, 1405,



76

Chapter 2

24.

25.

26.

21.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

P. K. Pullela, T. Chiku, M. J. Carvan, D. S. Sem, Anal. Biochem. 2006, 352,
265.

F. Tietze, Anal. Biochem. 1969, 27, 502.

R. E. Basford, F. M. Huennekens, J. Am. Chem. Soc. 1958, 77, 3873,

S. Y. Zhang, C. -N. Ong. H. -M. Shen, Cancer Leni. 2004, 208, 143.

G. L. Ellman, Arch. Biochem. Biophys. 1959, 82. 70.

J. Reeve, J. Kuhlenkamp, N. Kaplowitz, J. Chromatogr. 1980, 194, 424.
C. Komuro, K. Ono, Y. Shibamoto, T. Nishidai, M. Takahashi, M. Abe. J.
Chromatogr. 1985, 338, 209.

M. Zhang, M. Yu, F. Li, M. Zhu, M. Li, Y. Gao, L. Li, Z. Liu, J. Zhang,
D. Zhang, T.Yi, C. Huang, J. Am. Chem. Soc. 2007, 129, 10322.

T. Matsumoto, Y.Urano. T. Shoda, H. Kojima, T. Nagano, Org. Lett. 2007,
9, 3375.

L. Yi. H. Li, L. Sun, L. Liu, C. Zhang, Z. Xi, Angew. Chem. Int. Ed. 2009,
48, 4034,

J. V. Ros-Lis, R. Martinez-Mafiez, J. Soto, Chem. Commun. 2002, 2248,
J. V. Ros-Lis, B. Garcyé4, D. Jiménez, R. Martinez-Méfiez, F. Sancenén, J.
Soto, F. Gonzalvo, M. C. Valldecabres, J. Am. Chem. Soc. 2004, 126, 4064.

V. Ros-Lis, M. D. Marcos, R. Mantinez-Mdfiez. K. Rurack, 1. Soto. Angew.
Chem. Int. Ed. 2008, 44, 4405.
A. Kiister, . Tea, S. Sweeten, J. C. Rozé, R. J. Robhins, D, Darmaun, Anal.

Bioanal. Chem. 2008, 390, 1403.



Chapter 3

Bt 540 S e —— i —r
Bipyridine based Fluorophores for the Detection of Zinc

lons under Cellular and Aqueous Environments

3.1. Abstract

Detection and imagine of Zu in biodogiva as well as analvrical sanples
are of pardmoapnt unporiaice due o the role of thas cation e phvsiotoe af
funcrions, In they chaprer, we discuss the svatheses, biological ay well as
analvtical applications of bipvridive conjugated bispyrrole derivanves. The
Jlworescent warer soluble derivative, GBP. containmyg ¢lveol side chains o
used for imaging Zn0 in MCFEF-7 (Human breast cancert cell lines. GBP
showed a characteristic green emission around 340 wm i, = 0511 in
agqueous environments.  The emission of GBP was significantly quenclied
by other transition metal cations suclh as ( wNC He L Conand Ma

whereas the titration of 2 fons resadied i oa straong red emission arowned
630 e, The maxintm chuee (e the fluoreseence ntensity was obverved o
the pH windovw of 0.8-7.4 which is suitable jor the detection of i in
cellular cnvironments. A bispyreele eand, CBP. with vhiral side chains,
showed Tigh solid state (luorescence which cdleved the fabricarion of a
retsuble dipstick jor the detecrion of AT o in ciepteenty solplions
Details of the svnthesis and the optical properties of GBP and CBP wnd

thelr use tn the detection and imaging of Z15 are discussed.
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3.2. Introduction

Detection of heavy metal cations is i topic of numerous studies motivaied by
human health related problems as well as environmental concerns. ' In this context,
organic molecular probes that exhibit metal 1on induced changes in photophysical
properies especially, changes in tluorescence are very altractive due 1o high
sensitivity ol detection al a low analyte concentration.” Fluorescent probes
displaying “turn-on™ ratvometric lMuorescent signaling are particularly valuable
since the signal transduction is less likely to be biased by nonspecilic interactions
with background impurities and offer an improved signal to noise ratio.” Amon
the different heavy metal cations. detection of spectroscopically wilent Zn™" ions is
significantly important.*"" In the usual casc. a Zn™* specific chemosensor consists
of a multi-dendate ligand tcthered o a tluorophore. For example. 2, 2" bis(2-
picolyly amino derivatives (DPA) attached 1o vartous chromophores are the
ligands of choice for Zn™"."" Although, highly effective, such sensors aften require
laborious multistep organic synthetic protocol for their assembly. Therctore,
synthesis of new lluorescent molecular probes for the sclective detection and
imaging of Zn** has been of continued interests to chemists.”'"

A wide range of reports are available for detecting 7Zn”" ions in cellular
environments.'' Most of the reported molecules rely on the specific binding
affinity of Zn™' to dipicolyl amine derivatives. Lippard and coworkers have made

o - N 121
significant coniributions to the development of Zn™" probes. They  have
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synthesized a number of ratiometric Zn*' probes by attaching DPA-chelating
groups lo different chromophores. An inleresting case 1s the novel two-
fluorophore approach with coumazin-1 (1), which is a nonfluorescent prosensor
containing a Zn** insensitive coumarin derivative attached to a Zn™" sensitive
fluorescein moiety.'® The two fluorophores. when conjugated through an ester
linkage, bhecome nonfluorescent. This nonfluorescent compound can be
hydrolyzed by esterase (Scheme 3.1), thus separating the Zn’' sensitive
fluorescein chemosensor from the coumarin part, both of which are fluorescent.
Coumazin-1 1s u cell-permeable latent [luorophore usetul Tor the biclogical ratio
imaging of Zn®' (Figure 3.1). When it is injected into cells, the ester linkage is
cleaved by estcrase, and the fluorophores are activated. As both fuorophores have
characteristic excitation and emission properties, they can be probed
ratiometrically. Excitation of the coumarin at 445 nm and measurement of the
emission intensity at 488 nm provides information about the cleaved sensor.
Excitation of the fluorescein part at 505 nm and monitoring ol the emission
intensity at 534 nm gives information about the amount of zinc present. In the
absence of Zn®', the ratio of the emission intensities lIs3aflasy was 0.5, which

increased to 4.0) upon saluration with Zn™".
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Figure 3.1. Phase contrast (left) and fluorescence (middle, right) microscopy images of Hela cells
ncubated for 6 h with 1 {5 mm), without (top) and with (bottom) the addition of ZnCl; (5 mm) and
sodium pyrithione (45 mm). Fluorescence images were acquired with excitation at 400440 nm,
band pass of 475 nm (middle) or with excitation at 460-500 nm, band pass of 510-560 nm (right)

Recently. Lippard and co-workers have reported a4 fluorescein derivative 2
which responds to Zn~" in two different ways depending on the binding at different
L o -y 24 : - -
sites. Mode of addition of Zn™ to 2 resulted in two different emission responses,

which is the result of the formation of two stepwise complexes (Figure 3.2). The
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probe 2 was then used for imaging Zn”" ions in Min6. wn insulin cell line thal

contain a relatively high concentration of zing 1ons (Fraure 335
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Figure 3.2. A zinc ion selective probe 2 and the stepwise equilibria showing binding events. a}
Changes in the fluorescence response of 2 (5 uM) upon the addition of Zn?* (A} and fuorescence

titration of Zn?* (5 M) upon stepwise addition of 2 (B}.

Cc

Figure 3.3. Live Min6 cells were incubated with 2 {green channet), and ce!l nuclei were stained
with Hoechst 33258 (blue channel). a) DIC image; fluorescence images of b) before and c) after

addition of TPEN, Bars are 25 pym,



82 Chapter 3

The development of a practical colorimetric or fluorescence based sensor is
largely deperident upon unique optical signal transduction resulting from a given
analyte."™ Tn addition o binding a variety of metal jons more or less
indiscriminately. a chemosensor based on a derivatized bipyridyl ligand ‘L. may

underye an optical response upon formation of an L-M"

complex. However, the
interpretation ot sensor response can be complicated when two or more 1. units
bind 1o a single metal ion. producing cquilibrium mixtres of 1., M"' | L M, |"",
elc., each of which will exhibit its own optical signawre. Consequently,
chemosensors tend to employ receptors designed to provide selective binding of
the target analyte in a |:1 ratio through an appropriate combination of size/shape
and electronic characler.

Bipyridyl derivatives are one of the widely used ligands in co-ordination
chemistry. " The widespread utility of these ligands stems from their facile
preparalion/functionalization, stability and ability to bind a wide array of d- and t-
block elements. Smith and coworkers have receatly reported a molecule 3 having
a sterically crowded 5. 5" distyryl bipyridyl moiety that enforces 11 metal-to-
ligand ratio allowing a selective turn on sensing of Zn®' in THE " Binding ol Zna®*
to the sterically crowded bipyndyl moiety significantly enhances the fluorescence

at 500 nm (Figure 3.4).
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Figure 3.4. Cnanges in the a} absorption and b} emission spectra of 3 with increasing amounts of
Zn*ions in THF . Inset shows the corresponding fiuorescence change.

Liu ct al. have reported a 5. 5" hipyridine based Muroionophore 4 (Igure
3.5) which exhibits [uorescence changes hased on both photoinduced charge
transfer {(PCT) and photoinduced clectron transfer (PET) mechanisms.” The
molecule 4 is nonfluorescent (off) in the absence of Zn™ ions. Binding of Zn" 10
the high affinity dipicolylamine site prevents PET. thereby gencrating a
concentration  dependent  fluorescence  enhancement  at a  relatively  short
wavelength. Co-ordination of Zn™ with the bipyridine site occurs al a sulTiciently
high concentration. where planarization of bipyridine triggers the internal charge
wansfer process (ICT) which ultimately results in bathochromie shift to gencrate a

new emission band.
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Figure 3.5. Changes in the a) absorption and b) emission specira of 4 with increasing equivalents
of Zn* jons in THF.

A wide range of reports on efficient Zn"' selective fluorescent molecular
probes either by fluorescent enhancement or by fluorescence shifl, which can be
effectively applied in imaging zinc ions in cellular environments, are available in

the literature. "

However, attempts to develop practical strategies 1o the detection
of Zn*' under aqueous conditions are not many. For example, analytical test strips
for heavy metal ions can provide simple and convenient procedures for the onsite
analysis and daily monitoring of water quality without using costly instruments,
From this view point, Suzuki and coworkers have developed colorimetric
analytical test strips for zinc ion detection in ppm range (Figure 3.6).” This was

obtained by filtering the dispersion of the hydrophobic indicator azo dyes, 1-(2-

pyridylazo)-2-naphthol (5) in the form of nanoparticles or nanofibers through
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cellulose ester membrane Tilers. which gave a uniform coating of the dye on the

surface. Presence of 7Zn" could be detected by a color change trom yellow 1o pink.
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Figure 3.6. a) SEM image of nanofibers of 5 on a flal polycarbonate membrane, b) Change in the
refectance spectra of a S-coated membrane upon dipping into Zn?* solution of various

concentration al pH 8.4, ¢) Photograph showing detection of Znz* by S-oaded membrane by the
dip and fillraton methods.

In the present study, we describe the synthesis and application of two
fluorescent molecular probes CBP and GBP tor the detection and imaging of o
under cellular and agueous conditions. The pymole end-capped 8, 5'-divinyl-2. 2"
bipyridyl system described here is an excellent ratiometric probe for the specific
detection of 7Zn™". Here. the heteroaromatic pyrrole moiety acts as the donor part
and the bipyridine moicty acts as an acceplor as well as the metal jon chelator. The

hispyrrole derivalive with glycol side chain (GBP) is used for imaging Zn™" ions

in MCF-7 cell lines using fluorescence microscopy. The second derivative having
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the chiral side chain (CBP) exhibits strong solid state Muorescence which is useful
for the detection of Zn*' in agueous conditons. For comparison of the
fluorescence properties an achiral derivative BPT was also prepared. Details of

these studies are presented.

GBP: R =
3.3. Results and Discussion

3.3.1. Synthesis of Zn?* Probes

The bispyrroles BP1, CBP and GBP were prepared as shown in Schenie
3.2. Bromunation of 3, 5'-dimethyl-2. 2'-bipyridine (6) was carried out with N-
bromosuccinimide. The bisbromomethyl derivative 7 was converted 0 the
corresponding bisphosphonate ester (8) by Michaelis-Arbuzov reaction in 70-80%
yields. The Wittig-Horner-Emmons olefination reaction of the bisphosphonate
ester 8 with the corresponding N-alkylpyrrole-2-carhoxaldehydes 10a-¢ provided
the bispyrroles BP1, CBP and GBP in 40-50% yields. The compounds were

purified by column chromatography and characterized by FT-IR. NMR and mass
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spectral analyses. The all trans conliguration of the bispyrroles were conhirmed

from the coupling constants (/ = 16-17 Hz) obtained Itom their '11 NMR spectra

6 7 8
!'.. U —_— N L || - __ =
J & 8
9 10a-c 8P1 R= CuH
|
CBP, R=
GBP R =

Scheme 3.2. Reagents and conditions: a) NBS, CCl:, 18 h; b) P(OEt)s, 100 °C, 12 h; ¢} 1-Broma
alkyl chain, potassium t-butoxide, THF, 27 °C, 21 h; d) NaH, THF, 7G °C, 10 h.

3.3.2. Optical Properties

In polar solvents, the bispyrroles exhibited broad ubsorption around 350-
450 um without nouceable difference 1n spectral shape from cich other. The
absorption maxima in the range of 390-430 nm showed minor shift with polarity
ol the solvent, whereas the emission spectra showed considerable solvatochromic
shitt As representative examples, the solvent dependent ahsorption and emission
praperties of GBP and CBP are shown in Figure 3.7 and 3.8, respectively, For

example, in toluene, GBP showed an absorption maximum at 412 nm. Change of
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the solvent from toluene to acetoniirile resulted in a mere hiue shilt of 5 nm with
absorption maximum around 407 nm (Figure 3.7a). The {luorescence emission
spectra of the bispyrroles BP1, CBP and GBP showed intense emission with high
fluorescence quamtum  yields. As the solvent is changed from toluene to
acetonitrile, the emission hecame broad with a red shift. For example. in toluene.
GBP showed a structured emission with two maxima at 463 nm and 490 am. In
chloroform the absorption is red shifted and @ new maamum at 303 i is
observed. When the solvent is changed to acetonitrile, the emission is red -hitted

10 537 nm (Figure 3.7b).
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Figure 3.7. a) Absorption and b} emission spectra of GBP in toluene, chioroform and acetonitri e (¢
=6 106 M, ;e = 415 nm).

The spectral property of CBP is more or less similar to those of GBP. In
three ditferent solvents ranging from toluene to acetonitrile. only a small blue shift

of 3 nm was observed for the absorption maxima ol CBP around 400 nm (Figure



Fluorescent :Probes for Zn' ons R4

X8). As the polarity of the solvent is increased lrom wluene o acctonitrile. 41 nm

red shill in the emission maxima is abserved. The CBP derivative exhibited an
. . . . o SR .

absorption maximum at 408 am (1-7% ransition, ¢ = .81 x 100 M7 ¢m’ ) and an

emission maxima at 337 nm (@, = 0.531) (Figure 3.8b) in acetonitrile.
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Figure 3.8. a) Absorption and b) emission spectra of CBP in vanous solvents like toiuene,
chloroform and acetonitrile (¢ = 6 x 10€ M, /.., = 415 nm),

Interestingly. the bispyrrole derivative CBP appended with chiral side chains
showed strong green emission i the solid state (Figure 3.9 and Table 3.0 This
observation is in contrast to the propertics ol BP1 and GBP which did not show
any measurable solid state fluorescence response. This phenomenon has been
observed 1n many other cases. lor example, enhanced solid state Muorescence has

. . - RIS L . .
been reported in some p-phenylenevinylene derivatives, Adjustment ol the til
angle between the fong axes ol the transition dipole of adjacent molecules n the

solid stlate s responsible for the enhanced emission o these molecules. In view of
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this observation, the enhanced solid state fTuorescence of CBP could he ascribed
o the asymmetric carbon induced helical twist, resulting i the Tormution of
emissive aggregates, Detailed cation binding properties of CBP were conducted in
acetonitrile and found that CBP is highly sclective to Zn~ ions. The high solid

state luminescence of CBP is advantageous for the development of a reusable

sensor for the practical detection of Zn™" under agueous conditions,
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Figure 3.9. a) Solid state emission spectra of CBP {-—~) and BP1 (...} (. = 440 nm). D)
Photagraph showing solid stale fluorescence of CBP and BP1.

The Muorescence quantum yields (P of the bispyrroles in oluene.
chloroform and in acctonitrile were determined using quinine sulfate as the
standard. The @, value in oluene i1s found (o be higher than that in chlorotorm and
acctonitrile. All the bispyrroles under study showed guantum yields above 0.4 in
acctonitrile. The fluorescence lifetime measurements in acetonitrile showed o
monoexponcntial decay in all cases. The excited stawe lifetimes (v of BP1, CBP

and GBP are Tound o be high in acetonitrile (v = 1.90. 194, .86 ns. respectively .
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when compared to those values in toluene. The optical characteristics of the

bispyrroles under study are listed in Table 3.1.

Table 3.1. Photophysicai parameters of BP1, CBP and GBP in acetonitrile sofution and In the solid
state.

Acctonitrile Solid-state
Compound
' loe . A i M - &
(nm ) (1) D {11m)
BP1 100 420 537 043 NI NI
CBP 408 474 37 ns 334 (1460
GBP 308 38y 337 .51 NE NE ¢l

la] Determined in spectroscopic grade acetonitrile. b Fluorescence guantum yields (£ 5% error)
were determined using quinine sulphate as the standard (@ = 0.546 in 1 N H3S0x). [c] Scld=stale
emission (+ 2% eror) was recorded using a combination of spectrofiuorimeter and integrated
sphere. [d] Quantum yield measured using equation 1. [e] No detectable emission.

3.3.3. Solid State Quantum Yield Measurements of CBP
Solid state quantum yield of CBP was calculated by Horiba Jobin Yvon
Quantum Yield Calculator using equation 1.°%%
Dy i stueer -~ FR)-(T-A)EN L AA (1)

{A (film ubsorbancej = Lty-1. .00}
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where Ltz and Bz are respectively. the integrated Tumimescence as a result of
the direet excitation of the Nlm and as secondary excitation. Loz and LL(A) are
integrated excitanons when the excited hight direetly hits the sphere. and when the
lilm 1s direetly excited. Lu(a) is the integrated exciation profile for an cmpty

sphere (Frgure 3.1 0a),
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Figure 3.10. 2) Magnification of excitation lines. Red solid line gives Ly parameler (integrated
excitation when the light direclly hits the sphere in the absence of sample film}. Dashed line gives
L: parameler (integraled excilation when the sample film is directly excited) b) Photoluminescence
of CBP in PMMA matrix. The fuorescence quantum yield of the emission in the film state is
calculated as described above.

3.3.4. Circular Dichroism Studies of CBP

As discussed earlier. the chiral center inthe side chain of CBP can induce
chirality to the attached chromophores in the aggregated state. The enbanced ~olid
state emuission off CBP could be due o the helical twist in the aggregates which
may weaken (he a-interaction between the molecules. Circalar shichroism (CDy

spectroscopy is i uselul ol Tor the detection of chiral induction and helical
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organization of chromophores in the aggregated state. In order 1o confirm this. we

conducted circular dichroism measurements in the solution as well as in the solid

stale.
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Figure 3.11. a) Circular dichroism spectra of CBP in the solid state (—j and in acetoritrile (— (£ «
104 M} and b) the corresponding absorption spectrum in the solid state.

In acetonitrile solution CBP (6 x 10 M) is CD silent (rigure 3-.1 fa).
However. in the solid state significant CD response was obtained which may be
due 10 the helical twist in the molecular aggregates. Furthermore. the CD spectrum
1s weak and nonbisignate, indicating a weak exciton coupling. probably due to the
disorganized aggregation process, which prevents fluorescence quenching of CBP
in the solid state.

3.3.5, Cation Binding Properties of CBP
Detailed metal ion titraion study of CBP was conducted using alkali,

alkaline and lransition metal cations in acetonitrile. Titration of alkali and alkaline
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metal cation perchlorates did not show much change to the optical properties ol
CBP. However, addition of transition metal ions such as Ni**, Co™, Hg™', Mn™'
and 7Zn” imparts significant decrease in the absorption miaxima at 408 nm with the
concomitant formation of a new red shifted band at 454 nm. Most importantly, the
emission of CBP al 537 nm was significantly quenched by Cu’*, Hg™. Co®* und
Mn®', whercas the titration of Zn™" resulted in a red shifted orange-red cirission a

637 nm (Figure 2.12).
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Figure 3.12. Changes in the a} absorption and b) emission spectra of CBP (6 M) upon addition of
Zn2* (0-6 pM) in acetonitrile.

The observed red shift in the emission of CBP at 537 nm in solution
(acetonitrile) when complexed with Zn™* can be easily followed visually (Figure
3.13). The deep green fluorescence changes to orange-red when CBP complexed
with Zn™ ions. Binding of CBP with other transition metal ions such as Cu™,
Ni**. Co™" and Mn*' resulted in significant quenching of emission at 537 nm.

Binding of the cations leads to a red shift in absorption and emission maxima in
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response (o planarization of the bipyridyl unit with extended conjugaton length, i
conjunction with perturbation ol the electronic system. Although many transigion
metals induce such a response. a selective Tuorescence respanse © 7Zn° " can he
achicved because. 707" has a closed-shell d"' configuration and is diamagnetic:
thus TMuorophore appended ligands end 1o remain emissive. In contrast. other
metal ions likely W0 be encountered in the environment. such as Fe'™ and Cu’" are
puramagnetic and are typically efficient emission quenchers. Heavier d'" ions such
as Cd7and He'' abo tend to yicld less emissive complexes due o the

fluorescence quenching via the classic heavy atom effect.

Figure 3.13, Visual fluorescence change of CBP (6 x 10 M) in acetontlrile a) before and b} after
binding with one equivalent of Zn? ions.

The  solid  swate emission of  CBP  after  dispersing i a
poly(methylmethacrylaie) (PMMA) Tilm before and exposure 1o zine ions are
shown in Figure 3. 14a and Figure 3.14b, respectively. As expected. CBP exhibired
an emission maximum at 535 nm with a high quantum vield which is ca. 25 times
higher than that of BPT in PMMA matrix (®; = 0.018). When the CBP dispersed

PMMA [ilm was immersed ina solution of Zn(Cl0): (3 x O M) i acetonitrile-
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water (50%  v/v), the absorption peak at 400 nm was red shitted o0 484 .
Simifarly. Cu™". Hg™", Ag’. and Fe'" showed significant red shift 1o the absorption
spectra revealing that these changes are not specific to 7Zn™" ions. However. the
fluorescence response was specific tor Zn™" ions, The [Tuorescence of CBP was
significantly quenched with cations such as Cu™', Hg"o Ag'and e oaeept Tor
., e L, M - ) .

Zn7". In the case ol Zn77, the emission maximum was shitted w0 640 nm with
stenificant visual color change from green to red. thus allowing the speaific visual

detection (Iigure 3.14b).
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Figure 3.14. Solid state emission spectra of CBP in PMMA mairix, a) in the absence ana b) in [he
presence of Zn?* ions. Insets snow emission colors of CBP and CBP-Zn?' complex in PMMA
matrix when illuminated using 365 nm UV light.

The selectivity of the probe towards Zn' is tested by preparing o CBP
coated plate which exhibited a bright greenish yellow fuorescence (FFigure 3.15).
Aqueous solutions of different metal salts (5 x 107 M) were spotted on the plate.
individually and as mixtures. Analysis of this plate reveals that the (Tuorescence off

CBP changes from greenish-yellow to red in selective response to Zn™ iony
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{spots a-d). Promisingly, in 4 mixture of atkali, alkaline carth and transition metal
cations that arc mixed with Zn  showed the red emission of the Zn CBP
complex. revealing the high seleclivity of the probe. On the other hand, Ag’, Cu™
Feo'. and Hg“" salts which are spotted individually resulted indurk spots (spots ¢-
hy due Lo fTuorescence quenching whereas Na'o K. Ca™ and MQ salts did not
change the fTuorescence of CBP much. A gquantitative analvsis of the speciticity of
Zn' sensing in the solid stale was carried out by measuring the relative
fluorescence intensity of the CBP i the ahsence and presence of catons. Plots of
the relative fluorescence intensitics against the corresponding cations indicate that
7o', in the absence and presence ol other cations. exhibits maximum relative

fluorescence intensity (Figure 3.15h). Thus, a sclective screcning of Zn™" s

possible by monitoring the enussion color under illumination.
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Figure 3.15. a} Screening of various metal ion solutions in water under neutral pH on a CBP
coated plale under 365 nm UV-illumination. b) Plot of fluorescence intensity of CBP, a) Zn<-, b)
Zn?t+ Cu?* (1:1), c) Zn?* + Fe2 (1:1), d) Zn?* + Na* + K* + Mg? + Ca2*(1:1:1:1-1}, e) Ag*, f) Cu?,
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g) Fe?', hjHg®. 1) Na*, i) K*. k) Ca? and 1) Mg# [metal ion concentration (5 x 10 M)]. The relative
fuorescence intensity of CBP in presence of Na* was taken as unity for normalization

3.3.6. Design of Reusable Dipstick Probe for Zinc Ions using CBP

The above results encouraged us 10 develop a dipstick probe lor the
detection of Zn™' i water. completely avoiding organic solvents. ™ For this
purposce. CBP was adsorbed on aluming, o slurry ol which was coated on a
thermoplastic stick as support (Figure 3.16). The prepared stick as such was used

for the detection purpose.

a) wewer D)

Coating of CBP

Figure 3.16. Photographs of dipstick coated with CBP in alumina matrix a} under ambient light. b}
under 365 nm UV iflummination.

The performance of the stick was tested by dipping it into a Zn(ClO)-
solution (5 x 107 M. 15 ml.) in water under neutral pH. The color of the stick
wherever in contact with Zn™" was changed from greenish-yellow (0 orange which
was accompanied by a fluorescence change from greenish yellow o deep red

(Figure 3.17). upon illumination with 365 nm UV light. The detection limit of
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CBP 0 707" i salwtion is in the order of 107 M whereas in the solid state the

visible deteetion limit s in the range of 10" M.

Figure 3.17. Photographs of dipstick coated with CBP 1 aluming matrix after immersing in
aqueous medium {pH 7.2} containing Zn ions (5 x 10 Mj a) in ambient light. b} under 365 nm
UV dlumination.

In the case of aqueous solutions containing cations such as Cu™ and Fe
ete.. the green emission of the stick is completely quenched. Comparison ol the

performance of the stick with Zn™' and Cu™™ is shown in Figure 318 Alkali and
alkaline carth metal cations such as Na'. K. Ca™™ and Mg™™ (Figure 3.19) did not
affect the green fuorescence off CBP, When the stick was dipped in a solution
containing 1", Cd™* and Hg™ ™. a visual color change has occurred in the suitace
of the stick. which indicates the hinding of metal 1ons. However, m these cases.
the fluorescence corresponding 1o the CBP derivative is completely quenched.

Thus. only 7Zn~* resulted in a fluorescence signal thereby making 1 possible 1o

selectively sense 7Zn "
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/ 7

1
Figure 3.18. Pholographs of dipstick coated with CBP after immersing in aqueous medium (pH

7.2) containing Zn** (5 = 10+ Mj and Cu?* (5 x 104 M), a) under ambient light, and b) under 365
nm UV illuminafion for comparison.

Figure 3.19. Photographs of the dipsticks coated with CBP after immersing in agueous medium
(pH 7.2) containing mixture of. &, b} alkali and atkaline earth metal cations such as Na-, K*, Ca®
and Mg® and d) Fe?* {5 x 10* M). a, ¢) Under ambient light, and b, d) under 365 nm UV
iumination.
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The important criteria for the successful use of a practical sensor are s
reusability and ability to detect a specific cation in the vicinity of other competing
ions. In the present case. the reusability of the dip stick for the detection of /n"
was lested alter washing the used stick with EIYTA solution. Since EDTA is a
good Zn"" chelator. decomplexation of the bound cation occurs upon washing with
EDTA solution. After washing and drying. the initial greenish yellow [Tuorescence

of the stick was regained and was henee ready lor another trial (Figure 3.20).

Figure 3.20. a) Photograph of dipstick coated with CBP after immersing in aqueous medium (pH
7.2} containing Zn?* (5 x 10+ M) illuminated with 365 nm UV-light. b} Photograph of the dipstick
used in (a) after washing with EDTA solution followed by illumination with UV-light.

The regencrated stick upon immersion in an aqueous solution of Zn™
cxhibited the bright red emission when illuminated. These processes were repeated
10 times without the loss of the emission intensity 1o any considerable extent.

indicating the reusability of the probe even more number of times.
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3.3.7. Cation Binding Properties of GBP

The hispyrrole derivative GBP with oxycthylene side cham showed beuer
solubility 1 aqueous environments. Detatled metal ton binding  studies were
conducted and found that GBP shows selective TTuorescence changes only with
zinc tons. Figure 321 shows the change i absorption and emission spectra ol
GBP in ¥:2 water-acetoniirite mixtare (pll 7 20 HEPES, .01 My upon addition o
/niCl0Oy): solution. Addition of zine perchlorate induced o red shift i the
ahsarption maximum at 403 nm to 430 nm through an isosbeshe point at 330 nm,
The Job plocand the Benesi-Hildebrand plot for the binding of Zn™™ w GBI shows

11 stoichiomelry.
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Figure 3.21. Changes in the a) absorption and b} emission spectra of GBP (6 uM) with Ihe
addition of Zn?* (0-6 uM) in 8:2 water/acetonitrile (HEPES, pH 7.2). ¢} Job plot and d) Benesi-
Hildebrand plot showing the binding of GBP to Zn?* {in 8:2 water/acetonitrile).
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The sclecuvity of GBP towards zinc ions were investigated by conducting
the detailed metal ton titration experiments in presence of other bio-relevant metal
cations. Alkali and atkaline earth metal cations exhibit no change in the absorption
and emission properties of GBP and [ound thal in a mixture of these cations the
probe shows selectivity towurds Zn®" ions (Figure 3.22a). For hiological
applications, it Is necessary to cstablish that the metal on binding and the
corresponding changes in the photophysical properties should occur under
aqueous biological pH. For this purpose, detailed study of the effect of pH on
emission properties of GBP was camied out. The tluorescence changes of GBP
and GBP-Zn™' complex are rather insensitive to changes in pH of the solution
ranging from 6.4-7.4 except for a slight change in the intensity of the emission. In
acidic pH range (<6.8), the luorescence intensity of GBP is found o be very low
due 0 the protonation at the bipyridine binding site. A plot of the fluorescence
intensitly variation in the pH range of 6.6-7.4 indicates that the emission is stable
between pH 6.8-7.2 (Figure 3.22b).

3.3.8. Cell imaging study with GBP

We have examined the application of GBP for imaging Zn*" ions in cellular
environments by using cultured MCF-7 (human breast cancer) cell iines. Due 1o
the presence of glycol side chain, the permeability of GBP through cell membrane
was expected to be high. The cell lines were (irst incubated with 6 uM GBP [or

about 30 min, which is suificient for the cellular accumulation. After washing, the
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stained cells were cxamined using o Leica [luorescence  microscope al an
excitation wavelength of 440 nm. [iven though the intensity of emission from
GBP decreases to a considerable extent. a bright green fTuorescence was observed
from the intracetlular regions of MCEF-7 cell Tines. which indicates the penetration
of GBP inside the cell lines (Figure 3.23 a-b). The overlay image clearly shows

the intracellular penetration of GBP in MCF-7 cell lines (IYigure 3.23¢).
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Figure 3.22. a) Plot of fluorescence intensity of GBP monilored at 637 nm with different metal ions
in waler/acetonitrile 8:2 mixture. b) Emission intensity variation of GBP after addition of Zn?-
monitored at 637 nm.

The intracellular Zn”" imaging was conducted by loading the MCFE cell
lines with 4 M Zn™ for about 15 min. The Zn’" loaded cells were incubated with
GBP (6 ¢M) Tor about 30 min. The cells were then examined using fluorescence
microscopy with an excitation wavelength of 440 nim. The green emission was

changed to deep red fluorescence corresponding to GBP-7n"" complex (Figure
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3.23 d-c). The overlay image clearly indicates the intracellulur accumulation of
GBP which in wum indicates complexation of zinc ions with the cell permeable
derivative (Figure 3.230). Thus, GBP has been proved as an excellent probe for the

selective detection of zine 1ons in cellular environments.

Figure 3.23. Epifluorescence images of MCF-7 cell lines. a) Phase contrast image of cell iines
incubated with GBP. b} Dark field image showing the fluorescence of GBP. ¢} Overlay image of a
and b. d) Phase contrast image. e) dark field image and f) overlay image of d and e of Zn**
containing ceils after incubation with GBP.

3.4. Conclusions

The 2. 2-bipyridine bridged [uorophores as described are found to be
useful for the imaging and detection of Zn™ ions in cellular as well as in aqueous
conditions. The glycol chain attached derivalive GBP is found to be suitable for
the intraccllular imaging of zin¢ jons. The cellular uptake of GBP and imaging

/0" ions using GBP were demonstrated with MCF-7 cell lines. Apart from this.
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we found that the chiral bipyridyl ligand (CBP) exhibited 25 umes more
fluorescence in PMMA matrix and in the powder furm when compared o an
analogous  achiral derivative. This phenomenon has heen exploited to  the
fabrication o a reusable solid state fluorescent dipstick which selecuvely detects
Zn'' in presence of other competing cations in water. The present strategy which
uses the property of enhanced solid state emission ot a chiral organic {luorophore
for the visual detection of a biologically relevant cauon in water is a novel
approach when compared to other known methods. Moreaver, this method allows
the imaging of Zn” in analytical samples which expand the future scope of this
strategy.
3.5. Experimental Section
3.5.1. Synthesis and Characterization

All solvents were purified and dried by standard methods prior 1o use.
Melting points were determined with a Mel-Temp-IT melting point apparatus.
NMR spectra were recorded on 300 Mz Bruker Avance DPX spectrometer. F1T-
IR spectra were recorded on a Nicolet Impact 400D infrared spectrophotometer.
High-resolution mas< specira were obtained on a JEOL JM AX 505 HA mass
spectrometer.  Electronic absorption spectra were recorded on a Shimadzu LV-
3100 PC NIR scanning spectrophotometer and the emisaon specira were

measured on a SPEX-Fluorolog F112X spectrofluorimeter. CD specira were
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recorded on JASCO-J-810 spectropolarimeter equipped with a JASCO PTC-4238
Peltier type temperature control system.,

3.5.2. Preparation of 5, 5’-Bis(bromomethyl)-2, 2’-bipyridine (7)

To a solution of 5, 5-dimethyl-2. 2'-bipyridine (6) (1.84 v. 1) mmol) in 50 mL of
dry carbontetrachloride was added N-bromosuccinimide (3.5 g, 20.5 mmoly and
AIBN. The reaction mixture was refluxed for 18-20 h.. cooled, filered and the
solvenls were removed under reduced pressure to ¢ive the crude product which
was further purified by recrystallization from CCly. Yield 80-90%, mp. 188 "C; 'H
NMR (CDCly 300 MHz) 8 (ppm): 8.61 (m, 2H, aromatic), 8.34 (m, 2H, aromatic),
7.79 (m, 2H. aromatic), 4.53 (s, 4H, CH,Br); ''C NMR {CDCls, 75 MHz) & {(ppm):
[55.19. 149.27. 137.70, 133.28, 121.25,29.43.

3.5.3. Preparation of 5, 5'-Bis(diethyl phosphonomethyl)-2, 2'-
bipyridine (8)

The bisphosphonate (8) was prepared by the reaction of the corresponding
bisbromomethyl derivative (7) (680 mg, 2 mmol) with 3 ml. of triethyl phiesphite
at 80-85 °C for 10-12 h followed by the removal of the unreacted triethyl
phosphile under vacuum. Yield 90- 95%: ‘M NMR (CDCly, 300 MHz) 8 (ppmy:
%.30 (m, 2H. aromauc), 8.01 (m, 21}, aromatic), 7.34 (m, 2H, aromatic), 4.14 (m,

8. OCH,), 3.21 (5. 4H, CHP). 1.12 (m. 12H, CH;}.
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3.5.4. Preparation of BP1, CBP and GBP

A suspension of sodium hydride (290 mg, 12 mmoly in dry THF (50 mL) was
added slowly to a solution of the tetraethyl 2. 2-bipyridine-5, 5™
diylbisimethylene)diphosphonate, 8 (0.9 g, 2 mmol) and the respective alkylated
pyrrole-2-carbaldehyde 10a-¢ (4 mmol) in THF. After refluxing for 12 h. the
fluorescent reaction mixture obtained was cooled tollowed by the removal of THF
under reduced pressure 1o give a pasty residue. The residue was suspended in
water and extracted with dichloromethane. The organic layer was washed with
brine, dried over Na SO, and concentrated to give the crude product, which was
further puritied by column chromatography over basic alumina using ethyl
acetate-petroleumn cther as eluent. Yields, melting points, and spectral details of
each product are given helow.
BP1: Yield 48%; mp. 92-93 *C:; FT-IR (KBr) v, 2912, 2846, 1699, 1626, 1460,
1288, 1082, 1016, 850, 704 ¢cm "'+ 'H NMR (CDCl«, 300 MHz) & (ppm): 8.70 (m,
2H. aromanic). 8.30 (d, 2H, aromatic). 7.85 (m. 2H. aromatic). 7.07 (d. 211, vinylic,
J=16.08 Hz). 6,87 (d. 2H. vinylic, J = 16.07 Hz), 6.71 (s, 2ZH. aromatic), 6,57 (m.
2H. aromatic), 6.18 (m. 2H. aromatic), 3.98 (. 4H, NCH:), 1.95 (m, 411, CH.).
177 (m, 8H, CHa). 1.24 (m, 28H, CHa). 0.86 (1, 6H. CHy); "'C NMR (CDCly, 75

MHz) & (ppm): 153.97, 147.45, 133.55. [32.68. 130.92, 123,30, 121.46, 120.70.

119.06, 108.56. 107.4%, 47,11, 31.89. 31.63, 29.59. 29.54. 29.49, 29.31, 29.19,
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26.80). 22.65, 14.07. MALDI-TOF: [M+H]|' Calcd for CyHyo Ny 678.56; found
679.13.

CBP: Yield 41%; mp. 82 °C. IR (KBr) v, 2925, 2853, 1699, 1626, 1467, 1209,
1045, 950. 850, 727 ¢m’: '"H NMR (CDCly. 300 MHz) & (ppm): 8.70 (s. 2H.
aromatic), 8.34 (d. 2H. aromatic), 7.84 (m, 2H, aromatic), 7.05 (d. 2. vinylic, / =
16.02 Hz), 6.85 (d. 2H, vinylic, / = 16.08 Hz). 6.71 (s, 2H, aromatic). 6.57 (d. 2H,
aromatic), 6.17 (1, 2H, aromatic). 3.97 tm, 4H, NCH-), 1.71 (m, 2H, CH). 1.12 (m.
1611, CI1,).0.83 (m, 12H, CHa); ''C NMR (CDCl., 75 MH2z) & (ppm); 153.87,
147.36, 133.53, 132.58, 130.96. 124.08, 121.20, 120.70, 119.16, 108.37, 107 34,
S0.88. 41.27, 30.54. 29.65, 28.56, 23.86, 2294, 13.98.10.63: HRMS-FAR:
[M+H*:Calculated for Cs:HsgNy: 619.47. Obrtained: 619.76.

GBP: Yield 45%: (Pasty solid): "H NMR (CDCl;, 306 MHz) & (ppm): §.61 (s. 2H,
aromatic), 8.29 (d. 2H, aromauc), 7.84 (d, 2H, aromatic). 7.08 (d, ZH, vinylic. J =
16.05 Hz), 6.80 (d, 2H, vinvhic, J = 16.05 Hz), 6.70 (s, 2H. aromatic). 6,51 tm, 2IL.
aromatic), 6.12 (m. 2H, aromatic), 4.12 (1, 4H. NCH,;), 3.69 (1, 4H. OCH,), 3.49
(m. 12H. OCH,). 3.43 (m. 4H. OCH,). 3.27 (s. 6H. OCH:): ""C NMR (CDCl.,
75.4 MHz)y dippmy: 15393, 147.69, 133.74, 132.84, 131.42, 123.98. 121.6X.
120,94, 119.47 109,13, 107.70, 72.05. 71.29, 71.00, 70.76, 59.16, 47.06; HRMS-

FAB: [M]|" Calcd for CiHygNaOg: 630.77; Found 630.76.
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3.5.5. Details of the Preparation of Dipstick for Zn** Detection
Thermoplastic or glass rods having 4 mm radius were cut into small units having
10 cm length. 10 mg of CBP was dissolved in 15 mL chloroform. Te this solution
was added 2 gm of finely powdered alumina. The mixture was kept 10 minutes for
the solvent to evaporate off. The assay containing finely powdered alumina was
yellow in color with a greenish yellow fluorescence under 365 nm UV
illumination. The alumina was coated over the stick up to a length of 5 cm from
the bottom of the stick. Agitation of the dipstick in the test sample is preferred to
enhance contact between the test area and the analyte to be detected. Agitation was
performed manually or mechanically by motion of the dipstick or test sample or
both. The dipstick was made reusable after Zn®* detection by rinsing with aqueous
EDTA solution. After EDTA treatment, the stick was washed with pure water
followed by drying.

3.5.6. Details of Cell Culturing and Imaging:

3.5.6.1. Preparation of the Culture Medium

The culture medium was prepared by dissolving 8.4 g of RPMI-1640 (Sigma,
USA) in one litre of distilled water. Sodium bicarbonate (2 g/L) was added 10 the
medium and pH of the medium was adjusted to 7.3. This medium was then
sterilized by passing through sterile filter assembly fitted with 0.22 pm filter
(Millipore, USA) using vacuum pump. Later, the medium was stored in pre-

sterilized Borosil polypropylene bottles, at 4 °C, for further use.
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3.5.6.2, Preparation of Complete Medium

To the preparcd culture medium an antibiotic mixture (20 pl/ml. of 106x
concentrate, Sigma. USA) was added. Fetal calf serum (FCS) (Sigma. USA) was
alsu added to the medium to give a final concentration of 10% (o 900 miL
medium, 100 mL of FCS was added).

3.5.6.3. Cell Revival

Breast cancer cell lines (MCF-7), were stored in cryoviuls at =180 “C' in liguid
nitrogen, in a medium containing 70% FCS, 10 % Dimethyl sulfoxide (DMSO)
and 20% RPMI-1640 media. For revival, the vials were thawed by placing them in
a water-bath maintained at 37 *C. Colls were then transferred nto o radiation
sterihzed culuring Mask, T-25¢m? {Corning, USA) inside the fammar (low.
Subsequently, the flask was placed in CO; incubator for 2 h. The viable cell.. stick
to the culture flask while the dead cells remain in the medium. later the medium
was replaced with fresh medium containing 10% FCS and incubated till a
monolayer was [ormed.

3.5.6.4. Subculturing of MCF-7 Cells

A 25 cm’ cell culture flask, which had a uniform monolayer of MCF-7 cells, was
taken and 1ts medium was then discarded. Since the MCF-7 cells arc adherent in
nature, they were trypsimised by using 5 mL ol trypsin (0.25%)-EDTA (0.53 mM,
buffer containing 0.9% sodium chloride for 5 min. The cells were then transferred

to a centrifuge tube and centrifuged at 2000 rpm for 10 min., followed by the
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removal of the supernatant. For sub culturing, fresh RPMI-1640 media containing
10 % FCS was added under aseptic conditions. Cells were flushed with the help of
pipette tip (1 mL) till all the cells come into the medium. The cells were then
diluted in a sterile complete medium at 1:3 times and transferred into fresh culture
flasks. Then the flasks were placed inside CO; incubator.

3.5.6.5. Cell Imaging

For imaging, the cells were taken after trypsinisation and addition of [resh media.
Approximately, 110" cells/mL was incubated with GBP (6 uM) for 30 min. For
the removal of background luorescence in the medium, the cells were centrifuged
at 2000 rpm for 10 minutes and were resuspended in fresh medium. These cells
were then imaged using fluorescence microscope at an excitation source of 440

nm.
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Chapter 4

Excited State Charge Transfer Modulation and
Molecular Logic Operations in a Bipyridine Integrated

Fluorophore

4.1. Abstract

Construction of molecular svstems that respond to chemical inputs are
important as analvie sensors and molecular logic gates. In this chaprer,
derails of the synthesis and photophyvsical properties of a new donor-n-
acceptor-m-donor tvpe fluorophare 10 which is capable of performing
multiple Boolean operations is described. The molecule 10. by virtue of the
excited state charge transfer interaction allows reversible modulation of
emisyion from one state 1o the other in response to multiple chemical inputs
resulting in optical owtputs  ar three  different  wavelengths,  The
intramolecwlar charge transfer (ICT) emission of 10 at 574 nm is
modulared to give rwo different emission outputs (464 nm and 488 nm)
using different chemical inpurs (Zn**, ™, and EDTA). Thus, different logic
operations  such as AND, 2-input-INH, 3-input-INH. IMP and a
combination  of these logic operations could be  achieved. The
demonstration of generation of various emission owipuls from 10 with
respect 1o the respective chemical inputs are demonstrated using a paper

microfluidic technique.
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4.2. Introduction

The tremendous pace in the development ol information technology is
rapidly approaching a limit.'* Alternative materials and operating principles for
the elaboration and communication of data in electronic circuits and optical
networks must be identified.’ Molecular computing is predicted as the ultimate
solution to overcome the present limitation of computing devices." Their attractive
features are the miniaturized dimensions and the high degree of control on
molecular design through chemical synthesis. In particular, molecules can be
designed to switch from one state to another, when addressed with chemical,
electrical, or optical stimulations, to produce a deteclable signal output. Binary
data can be encoded on the input stimulations and output signals using logic
conventions and assumptions similar to those of digital electronics. Thus, binary
inputs can be transduced into binary outputs relying on molecular switches.
Following these design principles, the three basic logic operations (AND,””
OR,""" YES'' and NOT”) and more complex logic functions (NOR,”‘” INH,®1°
XOR'"” and XNOR'®) have already been demonstrated at the molecular level.

Chemical switches with optical readout are usually based on the
photophysical phenomena such as photoinduced electron transter (PET).
photoinduced charge transfer (PCT), electronic energy transfer (EET),
excimer/exciplex formation and reorganization of electronic structure of

transition-metal based chromophores/fluorophores.'”*’ PET-based luminescent
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switches can be triggered by various chemical and physical stimuli such as
protons, metal cations, anions, neutral organic molecules, and even nanoparticles.
Depending on the desired spectral properties and lifetime of the fluorescent
swilch, the molecular assembly may include various organic (eg. anthracene,
pyrene, naphthalimides, pyromellitimide, coumarins, fluoresceins,
pyrazolobenzothiazoles, and diphenylpyrazoles) or inorganic fluorophores (eg.
polypyridine Ru (II) complexes and lanthanide c0n1i:|]enesj.ll Selectivity and
sensitivity ol these systems are controlled by careful design of the receptor part.
The large diversity of possible organic ligands enables the design of fluorophores
that respond to a variety of inputs suitable for sensing and logic operations.”
Another category of chemically driven optical switches encompasses the

phenomenon of photoinduced charge transfer (PCT) systems.”™ *

In contrast (o
PET based switches, the receptor and fluorophore (chromophore) moieties are
connected in a way that provides extensive orbital delocalization between these
two parts. One end of such a molecule needs o be electron rich, while the other
side electron poor. Upon interaction with a suitable input, the electron distribution
may significantly change, thus varying the optical properties of the switch. In such
push-pull systems, photoexcitation leads to redistribution of electron density and
generation of dipole moment. If the receptor binds a charged trigger species, the

additional charge interacts with the photogenerated dipole, thus modifying the

fluorescence spectrum. For example, interaction of a charged species 1o the donor
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moicty (1) will result in the hypsochromie shift of the spectral properties
{absorpion/emission bands) while interaction with acceptor moiety (A) resubls in a

hathochromic shilt of absorption and emission bands (Figure 4.1).

c)

sor

fluorescence intensity

wavelength

Figure 4.1. Principle of the PCT driven luminescent molecular switch based on the donor-spacer-
acceptor architecture. Binding of a cationic trigger to the donor {green) moiety results in the
hypsochromic shift of the absorption {(emission) band {a), and binding of the same trigger to the
acceptor moiety {red) results in a bathochromic shift of the comesponding transition (b). The
multireceplor system may exhibil both bathochromic and hypsochromic shifts upon binding with
different trigger ions (c), which results in a multistate molecular switch.
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Tor et al. have reported the switching of CT emission in a phenanthroline
appended phenylethynylene based D-A-1D system, 1

Increasing the donor
strength in the molecular backbone results in a red-shift in the emission of the

fluorophore la-c from blue w0 orange (Figure 4.2). All denvatives exhibil

solvatochromic shilt from nonpolar to polar solvents. Addition of exogenous ions

such as Zn”" and H™ to Ih results in the generation ol new emitling species by the
modulation of the CT process (Figure 4.3).
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Figure 4.2. Canjugated 1,10 phenanthroline derivatives 1a-d. a) Normalized emission spectra of
1a (—), 1b (—). 1¢ (). and 1d (— ) in acetonitrile. b) Pholograph showing visual emission color
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Figure 4.3. Normalized emission spectra of 1b (—) 1b'excess Zn’* (—), and 1b-excess

methanesulfonic acid () in acetonitrile. b) Photograph showing corresponding visual emission

color change with the addition of external inpuls.

The main advantage of the PCT switches over the PET switches is the
possibility of control on charge transfer interactions and fTuorescence modulation
which allow the usage of several wavelengths o analyze the state ol the switch
From a Boolean logic view point, it enables parallel generation of several binary
variables, ln other words, it creates numerous independent information channels.
In this context, the switches with pronounced concomitant absorption and
fluorescence changes are of special interest. Numerous complex logic systems,
including a molecular arithmetic device, have been reported in the literature (vide
inifre),

Bipyridyl moiety 1s known o be a good chelator for transition metal

cations,™ Desvergne et al.. have reported a 2, 2-bipyridine appended
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photochromic system 2, which can perform OR logic operation with respect to

Hg™* and Na' ions as inputs and fuorescence as the readable output (Scheme

4.1).%
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Scheme 4.1. Schematic representation of the conformational changes in 2 as a result of metal ion
interaction and the corresponding representation of OR logic gate.

de Silva and co-workers have reported a molecular logic gate based on an
anthracene appended bipyridine derivative 3. The cation bound receptor is
sufficiently electron deficient and planar so as to allow rapid PET process from the
anthracence fluorophore. Therefore, significant quenching of the anthracene
emission is observed. A NOR operation was followed with respect Lo changes in

fluorescence from 3 based on the chemical input such as Zn** and H' (Figure 4.4).
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Figure 44. 2, 2-bipyrdyl based ‘*fluorophore-spacer-receplor” system 3. a) Truth (able
corresponding to the fluorescence changes with chemical inputs. b) Representation of the NOR
logic gate,

In the present work, synthesis, photophysical properties and molecular
logic operations of a D-n-A-n-D based fluorophore 10, having 2, 2-bipyridine and
N. N' dimethoxy aniline core as the receptor sites are described.

4.3, Results and Discussion

4.3.1, The Design Strategy

We have designed the bismethoxyethyl aniline derivative 10 based on a
donor-acceptor-donor (D-A-D) strategy. The, N, N-methoxyethyl substituted
aniline moietis are connected to a bipyridine core using two vinylic linkages.
Aniline moieties act as strong heteroaromatic donor groups whereas bipyridine
moiety acts as the acceptor. In this design, the donor as well as the acceptor

moielies acts as receptor sites for various inputs such as H' and metal ions, which
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allow significant control on the modulation of the excited state properties. Thus.
different Nuorescence outpuls may be generated against different chemical inputs.
The optical outputs thus generated from 10 can be defined in terms of different
logic operations. With he above design strategy and properties in mind we have

designed and synthesized the bipyridine attached uorophore 10

ock,
= /—/
1,C0 —N \ — = N
TN A / e, \
— Y { )~ N ]
N ¢ et N— OLH,
/ —
H.CO
10

4.3.2. Synthesis of 10

The required starting materials 4-bis(2-rmethoxyethyl)amjno)benzaldehyde (6) and
the bisphosphonate ester (9) have been prepared according to standard procedures.
Reaction of N-phenyldiethanolamine (4) with methyl wdide n presence of NaH in
THF gave N, N-bis(2-methoxyethyljaniline (5) in 62% yield which upon
Vilsmeyer formylation with DMF and POCl; afforded the aldehyde 6. in 78%
yield (Scheme 4.1).

o H,CO Heo
- y N } s N CHO

HO H,CC H:CO

Scheme 4.1. Reagenls and conditions. a) CHsl, NaH, THF {room (emperature), 8 h {62%), b) DMF,
POCI3, 5-10 °C, 45 min (78%).
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Compound 9 was prepared starting from 5,5-dimethyl-2,2"-bipyridine
(Scheme 4.2). Bromination of 7 was carried out with N-bromosuccinimide. The
bisbromomethyl derivative (8) was converted to the corresponding bisphosphonate

ester by Michaelis-Arbuzov reaction in 90-92% yield.

Scheme 4.2. Reagents and conditions: a) NBS, CCl: 18 h; b) P(OEt)s, 100 °C, 12 h (90-92%)

The bismethoxyethyl aniline substituted bipyridine derivative (10) was
prepared by the Wittig-Horner-Emmons olefination reaction of the bisphosphonate

ester 9 and the 4-(bis(2-methoxyethyl)amino) benzaldehyde (6) using NaH in 62%

yield (Scheme 4.3).
HACO EtO OEt
e == A\ v P NaH, THF
N BDeHO 4 g~ 4 p~ O ——— 10
o — = —N N— 70°C. 10h
6 9

Scheme 4.3. Synthesis of 10.

The compound 10 was characterized by "H NMR, "'C NMR, IR and HRMS-
FAB. FT-IR spectrum of 10 showed characteristic C-O stretching peak at 1116-
1118 cm’' and the C-N stretching peak at 1517-1602 cm™. '"H NMR spectrum of

the 10 showed strong trans coupling (J = 16-17 Hz) for the vinylic linkages. The
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N-CH, and -OCH, protons appeared as a multiplet at 6 3.5 ppm. The —~OCH;
protons of phenyl ring were observed at & 3.3 ppm as a singlet.
4.3.3. Optical Properties of 10

The molecule 10 in chloroform (¢ = 6 x 10" M) exhibited an absorption
spectrum in the range of 350-475 nm with 4 maximum at 424 nm (» = 3.2 x 10* M
'em) due to the n-n* transition. The spectrum did not show any considerabic
change in solvents such as oluene and acetonitrile except a small blue shift of
about 4 nm (Figure 4.5a). However, as the polarity of the solvent is increased from
hexane to acetonitrile, a 90 nm redshift 15 observed in the emission maximum
which is at 484 nm in hexane and 574 nm in acetonitrile when excited at 440 nm.
The quantum yields (¢ of the emission in hexane, chloroform and acetonitrile
are 0.24, 0.34 and 0.31, respectvely (quinine sulphate as standard). The observed
solvent dependency of emission is attributed to the possibility of intramolecular
charge transfer (ICT) associated with the D-n-A-7-1D hackbone of 10. The solvent
dependency of emission could be lollowed visually through a color change rom
blue o yellow when the solvent is changed from toluenc to acetonitrile (Figure

4.6).
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Figure 4.5. Normalized a) absorption and b) emission spectra of 10 in toluene. chioroform and

acetonitrile (c = 6 x 106 M, 4., = 420 nm)
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Figure 4.6. Photograph showing the visual color change in the fluorescence of 10 in loluene

chloroform and acetonitrile

For more sights on the [CT process, time resolved Muorescence decay

profiles were recorded in different solvents of varying polarity (Figure 4.7). Since

polar solvents stabilize the CT state, excited state lifetime of 10 in acetonitrile was

found 10 be high (1= 2.02 ns) when compared 10 that in less polar solvents such as



127 Boolean Logic

chloroform (t = 1.19 ns) and hexane (t = (.96 ns) (Table 1) with charactenstic

monoexponential decay profiles,

10000+
10004
@

= 1003
Q 3
° :
104

1 + T

1 20

Time 30

Figure 4.7. Comparison of the fluorescence decay profiles of 10 (6 = 10 M) in acetonitrile (o),
chloroform (m ), hexane (¥ ) (polarity index 0.1, 4.1 and 5.8). '

Table 1. Table showing the photophysical parameters of 10 in different salvents (6 x 106 M),

Solvents Aem (NM) @ 7 (ns) |

Hexane 464,480 028 096

Chloroform 520 0.34 1.19

— T

Acetonitrile 574 031 202
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4.3.4. Absorption and Emission Studies of 10 in Presence of
Different Chemical Inputs

Photophysical properties of 10 are found to be highly sensitive lo the
presence of various chemical inputs. Since the molecule 10 contains three receptor
sites which includes the central bipyridyl moiety, and the two tertiary nitrogen
atoms in the donor part, the absorption and emission could be modulated by the
addition of different inputs such as Zn’* and H'. For example, upon addition of
trifluoroacetic acid (TFA) at pH 5.2, the absorption maximum is shifted to 510 nm
(Figure 4.8), corresponding 1o a nonemissive CT state which is due to the
protonation of the bipyridyl moieties. Further addition of TFA at pH 2.3 exhibited
a shift of the CT band to 494 nm with a decreased intensity. Simultaneously, an
additional band at 371 nm is formed. While the absorption band at 494 I
nonemissive, the band at 371 nm is emissive. Interestingly, the emission at 574 nm
(output 1) of 10 is blue shifted to 488 nm (~,, @ 400 nm, @ = 0.36) (output 2)
upon addition of TFA at pH 2.3 (input 1). Inset of Figure 4.8 b shows the visual
color change for fluorescence output from yellow to pale blue. The optical output
al 488 nm could be reversed Lo the initial fluorescence of 10 with the addition of
tetra sodium salt of ethylene diamine tetra acetic acid (EDTA). These observations
indicate the possibility of a stepwise protonation of the bipyridine and the aromatic
amine moieties in presence of TFA al different pH, thereby changing the extent of

the donor-acceptor interactions.
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Figure 4.8. a) Changes in the absorption spectra of 10 (& = 107 M) () with the addition of TFA at
pH 5.2 (—) and 2.3 (—), b) Shift in the emission output of 10 in acetonitrile upan addition of TFA al
pH 2.3. Inset photographs show the visual change in the emission of 10 from yellow to blue in
acetonitrile with the addition of TFA at pH 2.3 and the reversible change from blue to yellow with
the addition of EDTA.

'H NMR titration of 10 in acetonitrile using TFA solution at different pH
indicates the step-wise protonation of the bipyridyl units followed by the amine
groups. that exhibited a gradual shift of the resonance peaks (Figure 4.9 and 4.10).
When the pH of the solution is increased to 5.2, the bipyridine proton (H,) at 3-
position (8 = 7.9 ppm) is deshielded gradually to 8 8.2 ppm. With the addition of
excess TFA all aromatic protons were completely deshielded. The aliphatic —
NCH: and —OCH; protons which appeared as a multiplet at 6 3.5 ppm were shifted
as two triplets at 8 3.4 and 3.7 ppm upon addition of excess TFA. indicating the

protonation of the 1wo amine moieties,
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Figure 4.9. Partial 'H NMR specira of 10 (aromatic region) with the addition of TFA showing the
initial protonation of the bipyridine moiety. i) 10 alone, i) 10+ TFA at pH 6.0, iil) 10+ TFA al pH 5.5,
Iv) 10+ TFA al pH 5.2 and v) 10 + excess TFA.

Addition of excess TFA, at pH 2.3 may protonate the donor as well as the
acceptor sites which results in the complete arrest of the electronic communication
between the donor and the acceptor thereby reducing the chance for ICT as shown

in Scheme 4.4.



131 Boolean Logic
vl » i
==K A
I J‘K__JL..,.. . 2
"_':' _,)bl‘—__ .. B _:“1—\‘:’]—”_
-
[ G .
b

/

U W S
' ;‘ 10

Figure 4.10. Partial 'H NMR spectra of 10 (aliphatic region) showing changes with the addition of
TFA. 1) 10 alone i) 10+ TFA at pH 6.0, iil) 10+ TFA at pH 5.5, iv) 10+ TFA at pH 5.2 and v) 10 +

excess TFA.
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Scheme 4.4. Possible mechanism of ICT modulated emission 10 with the addition of TFA at pH

52and 2.3.
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When one equivalent of Zn(CI0),), is added 10 a solution of 10, the emission
output at 574 nm is completely quenched. Sequential addition ol TFA at pH 2
resulted in the regeneration of a new emission (output 3) at 464 nm (4, @ 390 nm,
@ = 0.44) (Figure 4.11). With the addition of excess EDTA solution. the emission
output at 574 nm corresponding o 10 is regenerated without considerable loss of
the emission intensity. The absorption maximum of 10 at 422 nm is red shifted 10
486 nm upon addition of Zn(C1O4), which subsequently is blue shifted 10 377 nm
with considerable decrease in intensity upon protonation with TFA and then to the

original absorption at 422 nm with addition of EDTA (Figure 4.11a).

B] 422 nm
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Figure 4.1, a) Changes in the absorption spectrum of 10 (B x 10¢ M) (—) with the addition of one
equivalent of Zn?* ions (—) and followed by the addition of TFA (—), b) Shift in the emission output
of 10 at 574 nm (@ = 0.31) in acetonitrile to 464 nm (@« = 0.44) upon addition of Zn‘* and TFA,
Insel photographs show the corresponding reversible change in the emission color of 10 with the
addition of Zn?* and TFA (left) and the addition of EDTA (right).
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Change in the emission output of 10 with the sequential addition of
Zn(Cl10y), TFA and EDTA are shown in Figure 4.1 1b. When Zn™" is complexed
with the bipynidine receptor site. the excited slate ICT process is strengthened
which resulted in a complete quenching of the emission of 10 at 574 nm (Figure
4.11b). When TFA solution with pH 2 is added 10 10-Zn** complex. protonation
occurs at both amine donor sites thereby blocking the ICT channel which in turn
resulted in the gencration of a new emission output at 464 nm. The mechanism
involved in the [luorescence output changes upon addition of different inputs are
shown in Scheme 4.5. The main advantage of such [CT based fluorescence change
is the possibility of using multiple wavelengths to address the state of the switch,
which ultimately enables parallel generation of scveral binary variables and logic
operalions.

4.3.5. Logic Operations of 10

The in situ generation of three different Muorescence outputs  from the
fluorophore 10, allow four different muliiple input logic functions which detine
INHIBIT (/NH, 2 inputs-1 outpu). INHIBIT (JNH. 3 inputs-1 output),
IMPLICATION (IMP. 2 inputs-1 output). and AND (2 inputs-1 output) logic
operations. For example, the changes in the fluorescence of 10 with ', EDTA
and Zn** can he represented by two different logic operations corresponding to an
INHIBIT and an IMPLICATION logic gates. An INHIBIT (/NH) operation is

described by the truth table as shown in Figure 4.12e. which is a concatenation of
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AND and NOT logic funcuons and therelore expresses a noncommutative

behavior.
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Scheme 4.3. Mechanism of mulliple fluorescence expressions through excited state
intramolecular charge transfer in 10 with respect to inputs such as Zn?* and H*.

A combination of sequential inputs of pIl 2.3 and EDTA results in reversible
optical output at 488 nm equivalent to an INH logic system (Figure 4.12a). The
emission intensity varation and the corresponding truth table are shown in Figure
4.12¢ and 4.12e, respectively. At the same time, & complementary logic operation
is possible when the emission output at 574 nm is addressed in combination with

Zn*" and EDTA as inputs (Figure 4.12b). This is equivalent 1 an IMPLICATION
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(IMP) logic interpretation” as shown in the truth table in Figure 4.12f. The
corresponding fluorescence output variations against the inputs are shown in
Figure 4.12d. Thus, we could achieve simultaneous and separate operation of both
INH and IMP gates using 10. This is possible due 1o the three cmission states
generaled by ICT modulation in 10 a1 488, 574 nm (on states) and a quenched

state (off state).

Inputs Inputs
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Figure 4.12. Logic circuits, emission intensity variation plots at two independent wavelengths (488
nm & 574 nm) and the corresponding truth lables representing INHIBIT (combination of NOT and
AND gates) (a, ¢ and ) and IMPLICATION {combination of NOT and OR gates) (b, d and f) with
respect to a set of inputs.
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A third option with 10 is an AND logic operation which needs two inputs at a
time to get an output. In all other operations, the output will be zero. In the present
case, a two input AND logic operation can be defined by considering Zn** and pH
2 as chemical inputs and emission maximum at 464 nm as optical outpul {(output
3) (Figure 4.13a & 4.13b). In addition, a molecular logic gate with 3-input-/INH
logic operation can also be demonstrated by monitoring emission at 464 nm
(output 3) using Zn™, pH 2 and EDTA (in excess) as chemical inputs (Figure
4.13c and 4.13d). A 3-input-/NH is a combination of NOT gate and a 3-input
AND logic gate. Thus, the molecule 10 allows the design of four different binary

logic operations by choosing the appropriate chemical inputs and optical outputs.

a) b}
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Figure 4.13. Logic circuit representation and the comesponding truth table for AND (a & b) and 3-
input-INH logic gates (¢ & d) with respect to a set of sequential inputs of output at 464 nm.
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An added advantage of the molecule 10 is the possibility to construct
integrated logic circuits. Thus, a combined logic scheme could be designed based
on three chemical inputs of Zn*. pH 2 and EDTA with two state distinct emission
outputs at 574 nm and 464 nm. Such an integrated logic circuit comprises of a
combination of several basic logic operations. For example, a combination of three
NOT gates, along with a 2-input AND, a 3 input AND and an OR gates has been
demonstrated with the molecule 10 by monitoring two different outputs at 574 and
464 nm (Figure 4.14). Thus, integration of different logic gates could be achieved
by combining different Boolean operations in a single circuit with a specific

function as indicated in the corresponding truth table (Figure 4.14b).
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Figure 4.14. a) A three-input, two-output combinatorial logic circuit representation with
fluorescence outputs at hem 464 nm and Aem 574 nm triggered by chemical inputs of ZnZ, H* and
EDTA . b) The corresponding truth table.
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4.3.6. Paper Microfluidic Demonstration of Fluorescence
Modulation with Various Inputs

Construction of integrated circuits with molecular logic gates is a
challenging task. We have attempted a demonstration of multiple logic definitions
of the molecular logic gate 10 using micro channels in a filter paper substrate.
Whitesides et al., have recently described the development of microchannels in
filter paper using poly(dimethyl siloxane) (PDMS).”**" We have adopted a similar
strategy for the preparation of micro channels and logic operation display
chambers. A hexane solution of the hydrophobic polymer PDMS is coated over
small pieces of Whatman 40 filter paper as shown in Figure 4.15. PDMS
penetrates to the depth of the paper and forms a hydrophobic wall through which
aqueous solutions cannot cross. The design of micro channel circuitry cumpr‘ises
of four display reservoirs (DR) and a main reservoir (MR). Four sides of the filter
paper are coated with PDMS except for the “on” input channel (green color)
which is allowed 10 be in contact with aqueous solutions of different inputs. The
capillary action pulls the chemical inputs to reach the display chamber. The main

reservoir as well as the display reservoirs was preoccupied by 10,
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Figure 4.15. Demonstration of a hydrophilic microchannel display circuitry in a filter paper by using
PDMS to represenl varous logic operslions. a) Design strategy for the microcircuitry. b)
Photograph showing various emission outputs from four display chambers with respect lo the
chemical inpuls al the opened microchanneis

In order 10 visualize different optical outputs from 10 with respect 1o
various chemical inputs, the entire micro channel circuitry was illuminated with a
365 nm UV light. The main reservorr as well as the display reservoirs show yellow
cmission (574 nm) (output 1) corresponding to 10 (Figure 4.15) (see MR, DR 1),
Through the “on™ channel of DR2, a solution of TFA at pH 2.3 is allowed 10 enter
the micro channel, thus resulting in the emission output at 488 nm (output 2. pale
blue emission) (Figure 4.15). The “on” state of DR3 allows only Zn" o enter into
the channel and results in the complete quenching ol the emission of 10 at 574 nm.
The micro channel in DR4 is in the “on™ state for both chemical inputs of Zn™" and
H'. Allowing sequential entrance of Zn~" solution and TFA at pH 2 resulted in the
emission output at 464 nm (output 3). The three intrinsically generated

fluorescence responses al DR2, DR3 and DR4 are reversible when all the four
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channels are allowed 10 be in contact with the third chemical input EDTA. Thus,
DR?2 represents JNH operation using 488 nm enission output with pH and EDTA
as inpuls. while DR3 represents /MP operation using 574 nm emission output and
Zn* and EDTA as inputs. Finally. DR4 represents AND and 3-input-iNH
vperations using emission output at 464 nm and Zn”'. H™ and EDTA as inputs
(Figure 4.15).

4.4, Conclusions

The bipyridine based Tluorophore 10 described here shows significant
solvatochromic emission shift in different solvents due 1o an excited state CT
modulation. The donor-acceptor strength in 10 could be altered by different
chemical inputs resulting in different optical outputs. This property of 10 could be
addressed in the form of binary logic operations which include 2-input-INHIBIT,
IMPLICATION, AND and 3-input-iNHIBIT. In addition. combinations of these
basic logic operations are demonstrated in a single integrated circutt. Finally, a
microchannel display of the four stage intrinsic [luorescence outputs and the
corresponding logic operations are demonstrated using a paper microfluidic
technique which may find application in logic controlled design of “lab on a chip”

for micro analytical purposes.
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4.5. Experimental Section

4.5.1. Synthesis and Characterization

Solvents and reagents were purificd and dried by usual methods. All
starting materials were obtained from commercial suppliers and used as received.
Melting points were determined with Mel-Temp-11 melting point apparatus. 'H
and ''C NMR were measured on a 500 MHz Bruker Avance [l Spectrometer. High
Resolution Mass Spectra were recorded with a JEOL IMS600. Electronic
absorption spectra were recorded on a Shimadzu UV-3101 PC NIR scanning
spectrophotometer and the emission spectra were measured on a SPEX-Fluorolog
F112X spectrofluorimeter. Fluorescence quantum yields were determined
spectroscopic grade CHLCN using optically matching solutions of Quinine Sulfate
(P = 0.546 in 0.IN H,SO4) as standard at an excitation wavclength of 360 nm.
The quantum yield was calculated using equation 1.

Pr= D (AFJAFY MM (1)
where, A, and A, are the absorbance of the sample and reference solutions.
respectively at the same excitation wavelength, F, and F, are the corresponding
relative integrated fluorescence intensities and 0 s the refractive index of the
solvent.

Fluorescence lifetimes were measured using {BH (FluoroCubej time-
correlated picosecond single photon counting (TCSPC) system. Solutions were

excited with a pulsed diode laser (<100 ps pulse duration) at a wavelength of 375
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nm (NanoLED-11) with a repetition rate of | MHz. The detection system consists
of a microchannel plate photomultiplier (SO00U-09B. Hamamatsu) with a 38.4 ps
response lime coupled to a monochromator (5000M) and TCSPC elesironics (Mata
Station  Hub including Hub-NL, Nanol.ED convoller and premsialled
Fluorescence  Measurement  and  Analysis  Studio (FMAS)  softwire;. The
fluorescence lifeime values were determined by deconvoluunyg the instrurnent
response function with bi-exponential decay using DAS6 decay analysis softwarc.
The quality of the fit was judged by the fitting parameters such as ¥ (< 1.2) as
well as the visual inspection of the residuals.

4.5.2, Preparation of N, A-bis(2-methoxyethyl)aniline (5)

To a two-necked round bottom flask placed with 4 (0.9 g. 5 mmol} in dry THF, a
suspension of NaH (30 mmol) in THF was added. After stirring for [0 min, CH,l
(10 mmol) was added dropwise into the reaction mixture. After stimng for 12- h,
THF was removed under reduced pressure (o give a pasty residue. The residue was
suspended m water and extracted with dichloromethane. The organic layer was
washed with brine, dried over Na,SO, and concentrated to give a crude product,
which was further purified by column chromatography over alumina using
cthylacetate (29%)-petroleum ether as the eluent.

Yield 83%; 'H NMR (CDCl.. 500 MHz) & (ppm): 7.2 (2H, aromatic), 6.94 (2H,
aromalic), 6.79 (1H, aromatic), 4.18 (1, 2H), 3.73 (. 2H). 3.3 (s, -OCHyy. 'C

NMR (CDCl;:, 125 MHz) & (ppm): 149.6, 129.6, 121.9, 114.3, 70.3. 59.2.
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4.5.3. Preparation of 4-(bis(2-methoxyethyl)amino)benzaldehyde
(6)

To a solution of dry DMF (35 mmol) and phosphorus oxychloride (9 mmol) at 10-
20 *C, N.N-bis(2-methoxyethyl)aniline (5) (1.8 g, 9 mmol) in dry DMF was added
slowly with stirring. The mixture was stirred at 35 °C for 45 min., and then poured
into crushed ice. The clear solution formed at 20-30 “C was neutralized with
aqueous NaOH. The mixture was boiled for | min, cooled to room temperature
and extracted with diethyl ether. Removal of the solvenl gave a viscous liquid,
which was chromatographed on silica gel using petroleum ether-cthylacetate
(9.5:0.5) to give the (6).

Yield 70%: 'H NMR (CDCl,, 500 MHz) & (ppm): 9.88 (s, 1H, -CHO), 7.14 (2H,
aromatic), 6.95 (2H, aromatic), 4.18 (1, 2H), 3.73 (t, 2H), 3.3 (s, -OCH,); ''C
NMR (CDCls, 125 MHz) & (ppm): 191.0, 155.4, 130.8, 126.4, 112.3, 70.3, 59.2.
4.5.4. Preparation of 5,5'-bis(bromomethyl)-2,2'-bipyridine (8)
and bisphosphonate (9) derivatives

Details of the synthesis and characterization of 8 and 9 were discussed in Chapter
3.

4.5.5, Procedure for the Synthesis of 10

A suspension of sodium hydride (0.3 g, 12 mmol) in dry THF was added slowly to
a solution of the bisphosphonate (0.9 g, 2 mmol) and 4-(bis(2-methoxy-

ethyljamino) benzaldehyde (1g, 4 mmol) in THF. After refluxing for 12 h, the
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fluorescent reaction mixture obtained was cooled followed by the removal of THF
under reduced pressure to give a pasty residue. The residue was suspended in
water and extracted with dichloromethane. The organic layer was washed with
brine, dried over Na SO, and concenirated to give the crude product. which was
further purified by column chromatography over alumina using ethylacetate
(10%)-petroleum ether as eluent. Yields. melting points. and spectral details of 10

are given helow.

ocH, | 100 Yield 52%: mp:

H;CO 7NN\ Y N 159-162 °C: M

— N— \_\OCH3
Heo © NMR (CDCl;, 500

MHz) & (ppm): 8.7 (s, | H, aromatic), 8.3 (s, I H, aromatic), 7.9 (d, 1H, aromatic),
7.4 (d, 2H. aromatic), 7.2 (d, TH, vinylic, J = 16.41 Hz). 6.95 (d. IH. vinylic. J =
16.38 Iz). 6.7 (d, 2H. aromatic), 3.57 (m, 4H, -NCH.). 3.52 (m, 4H, -OCH.,), 3.3
(s, 6H, -OCll5); "*C NMR (CDCls, 125 MHz) & (ppm): 153.90, 147.94, 147.69.
133.65, 132.65, 130.78. 128.09, 124.96, 120.14, 112.58. 111.85, 109.61, 70.1,
59.02. 50.97; FT-IR (KBr) v, 835, 964, 1116, 1184, 1274, 1354, 1517, 1602,
1745, 2814 cm’'; HRMS-FAB: [M|":Calculated or CaHsgNy: 623.8, Obtained:

624.0.
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