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PREFACE

Semisquaraine, squaraine and croconaine dyes have been the
subject of many recent investigations owing to their excellent
optical and electronic properties. The intramolecular charge-
transfer (CT) character of the So-S1 electronic excitation combined
with an extended conjugated m-electron network gives rise to the
intense bands observed in the visible to near-infrared (NIR) region
for these dyes. These peculiar spectral features along with
remarkable stability and wide molecular structure diversity
promoted their exploitation in a number of applications including
photoconductivity, data storage, light emitting field-effect
transistors, solar cells, non-linear optics, fluorescent probes,
fluorescent NIR dyes, sensors, fluorescence patterning,
photodynamic therapy (PDT) and in two-photon absorption (TPA)
applications. Photochemistry of these systems has been extensively
studied and many derivatives of the parent squaraine and
croconaine moieties have been synthesized mostly for
improvements in various applications. In this context, the present
thesis entitled “Synthesis and Study of Photophysical and Metal Ion

Binding Properties of a Few Novel Semisquaraine and Croconaine
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Dyes” describes our efforts towards the design of a few novel
semisquaraine and croconaine dyes and study of their metal ion
binding and light harvesting properties under different conditions.

The thesis has been divided into four chapters, of which the
first chapter describes a brief account on semisquaraine and
croconaine dyes. Focus was placed on the various methods reported
for these derivatives. Further, emphasis has been given to the
various applications reported in the literature for the semisquaraine
and croconaine dyes.

The second chapter of the thesis describes the synthesis and
characterization of a few novel quinaldine based semisquaraine
dyes 1a-k and 2a-k derived from dibutyl squarate and squaric acid,
respectively. Reaction of the quinaldinium salts containing electron
withdrawing groups with squaric acid gave the corresponding
squaraine dyes in quantitative yields, whereas the semisquaraine
dye intermediates were isolated in quantitative yields from the
quinaldinium salts containing electron donating groups.
Surprisingly, when the quinaldinium salts substituted with electron
donating groups were reacted with dibutyl squarate, we isolated

semisquaraine derivatives, which were found to be structurally



different from those obtained with squaric acid. Characterization of
these dyes on the basis of spectroscopic and analytical evidence
including the single crystal X-ray structure analysis indicated that
the semisquaraine dyes obtained through squaric acid and dibutyl
squarate were found to be Z- and E-isomers, respectively.
Theoretical calculations showed that the geometrical
semisquaraine dye E-isomer showed a dihedral angle of 9.5°
between the quinoline and squaryl rings, whereas a dihedral angle
of 32° was observed for the Z-isomer. Both the semisquaraine
derivatives showed intense absorption maxima in the region of 450-
550 nm with negligible fluorescence quantum yields. Notably, the
structural differences of the semisquaraine isomers were
manifested in the different reactivity exhibited by these two dyes.
The Z-isomer of the semisquaraine dye reacted readily with a
second nucleophilic enamine to form the unsymmetrical squaraine
dye, while the E-isomer required the hydrolysis of the butyl adduct
before the dye reaction. The uniqueness of this study is that,
although semisquaraine dyes have been understood to be the

intermediates formed during the squaraine dye reaction, this is for
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the first time the existence of semisquaraine isomers have been
proposed and observed.

The squaryl ring of the semisquaraine dyes have electron rich
oxygen atoms, which enable them to act as stable bidentate ligands
for various metal ions. In this regard, a comparative study of the
metal ion binding properties of the semisquaraine dye Z-isomers
1a-e and E-isomers 2a-e is presented in the third chapter of the
thesis. Among the various mono and divalent metal ions, it was
observed that these semisquaraine dyes showed significant
interactions with mercuric ions. The addition of one equivalent of
mercuric ions to semisquaraine Z-isomer in acetone, resulted in the
formation of a new blue shifted band in the absorption spectrum,
together with a concomitant increase in the fluorescence intensity
of ca. 18-fold. This resulted in a color change of the solution from
deep red to orange and visual ‘turn on’ fluorescence intensity in the
presence of Hg?+ ions.

Similarly, the addition of mercuric ions to a solution of the E-
isomer, caused a decrease in the absorption maximum of the dye at
475 nm with a concomitant ca. 42-fold enhancement in the

fluorescence intensity. In the presence of Hg?* ions, we observed

xii



change in color from deep orange to colorless solution and visual
‘turn on’ emission intensity at 467 nm. The association constants for
the binding of mercuric ions with the semisquaraine Z- and E-
isomers for 1:1 stoichiometry have been estimated and are found to
be 2.4 £ 0.1 x 10> M1and 2.2 + 0.1 x 10* M-}, respectively. The Z-
isomer-Hg%* complex was found to be one order more stable than
the E-isomer-Hg?* complex, indicating the importance of the
orientation of groups in the complexation. The binding site of the
two semisquaraine dyes was characterized through various
experimental techniques such as FT-IR, TH NMR and 13C NMR
spectral analysis, which showed that these dyes bind to Hg?* ions
through the electron rich carbonyl groups.

To understand whether the semisquaraine dyes can act as
selective probes for mercuric ions under aqueous medium, the
interaction of the semisquaraine dyes with various mono and
divalent metal ions were studied under different micellar
conditions. Of all the conditions examined, it has been observed that
a solvent system consisting of a mixture (9:1) of water and acetone
containing sodium dodecyl sulfate (SDS) has been found to be very

effective with respect to the stability of the semisquaraine dye as

xiii



well as to the selectivity and sensitivity of the metal ion binding
event. Our results indicated that the Z-isomer, which showed high
binding affinity towards the mercuric ions in acetone, showed
selective binding interactions under the aqueous medium as well
with an association constant (K) of 4.0 = 0.1 x 104 M-1. In contrast,
the E-isomer, which showed one order lower binding affinity,
exhibited negligible interactions with Hg2* ions under identical
conditions. The selectivity of semisquaraines towards Hg?* ions can
be attributed to the soft acid nature as well as the size of the metal
cation. Results of these investigations reveal that the semisquaraine
dyes selectively interact with Hg?* ions as compared to other
biologically and environmentally relevant metal ions like Li*, Na*,
K+, Ag*, Ca?*, Mg?*, Zn2*, Pb2*, Cd?*, Cu?* and Fe3* ions, thereby
indicating their potential use as efficient dual chromogenic and
fluorogenic probes for Hg?* ions.

The synthesis and study of metal ion binding and light
harvesting properties of a few quinaldine-based croconaine dyes
1a-d form the subject matter of chapter four of the thesis. These
dyes were synthesized in quantitative yields by the condensation

reaction between the quinaldinium salts and croconic acid and have
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been characterized based on spectroscopic and analytical evidence.
These dyes showed absorption maximum in the infrared region (IR,
840-870 nm) with high molar extinction coefficients (¢ = 1-5 x 105>
M-1 cm-1). As observed in the case of the semisquaraine dyes, the
croconaine dyes could also act as bidentate ligands for various
metal ions. The addition of divalent metal ions resulted in decrease
in the absorption maximum of the dye at around 870 nm with the
formation of a new blue shifted band at 735-805 nm. These dyes
exhibited negligible fluorescence emission, but upon binding with
metal ions showed an enhancement in fluorescence intensity in the
infrared region at around 810-820 nm. These dyes showed high
affinity for divalent metal ions with high association constants in the
order of 10%-107 M-, while the monovalent metal ions showed
negligible affinity. The stoichiometry of the complexes with divalent
metal ions was found to be 2:1 and exhibited selectivity in the order
Zn2+> Pb2* >> Cd?* >> Mg?* ~ Hg?*~ Ca?* ~ Ba?+.

As the croconaine dyes have strong absorption in the infrared
region, we have investigated their potential applications in light
harvesting systems. These dye molecules found to undergo

intermolecular interactions and form H-type aggregates. By making

XV



use of this property, we have demonstrated the possibility of tuning
the absorptive range of a photoelectrochemical cell using the
croconaine dyes. The excited singlet of the monomeric dye quickly
deactivated (4-7 ps) without undergoing intersystem crossing to
generate triplet excited state. The triplet excited-state of the
croconaine dye produced via triplet-triplet energy transfer method
showed relatively a long lifetime of 7.2 us.

The dye molecules when deposited as thin film on optically
transparent electrodes or on nanostructured TiO: film, they formed
H-aggregates with a blue-shifted absorption maximum around 660
nm. The excitons formed upon excitation of the dye aggregates
resulted in charge separation at the TiO2 and SnO: interface. The H-
aggregates in the thin film were photoactive and produced anodic
current when employed in a photoelectrochemical cell. These
studies reveal that the suitably substituted croconaine dyes with
electron rich carbonyl groups at the croconyl moiety can have
potential applications as molecular probes for divalent metal ions

and as sensitizers in light harvesting devices.

Note: The numbers of various compounds given here
correspond to those given under the respective Chapters.

XVvi



CHAPTER1. SEMISQUARAINE AND CROCONAINE DYES: AN OVERVIEW

OH
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1.1. INTRODUCTION

Squaraines and croconaines belong to a class of dyes having
resonance stabilized zwitterionic structure, while semisquaraine dyes are
the intermediate structure in the squaraine dye formation reaction (Chart
1.1).22 These dyes have attracted increasing attention in recent years due to
their favourable spectroscopic properties such as narrow absorption bands
with high molar absorption coefficients (¢ > 10> M-Icm'1) and moderate
fluorescence quantum yields in polar and aqueous media.3 Attracted by

these features, the squaraine and croconaine dyes have been utilized as
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on 3 . 3 .
D=0 D=0 OO~

0 0 O O
Semisquaraine (SSQ) Squaraine (SQ) Croconaine (CR)

Chart1.1

deeply coloured and fluorescent materials for various applications such as
optical recording,* solar energy conversion,>® electrophotography,’
nonlinear optics,® photodynamic therapy,® multiphoton absorption,°
biochemical labelling!? and chromo- and/or fluorogenic probes? for
sensing of pH,!3 cations,#1> anions!® and neutral molecules!”18 as well as
for the study of self-assembled dye aggregates.1®

The ground (So) and the excited (Si) electronic states of these
systems are intramolecular charge transfer (CT) in nature.2® The
aromatic/heterocyclic moiety and the oxygen atoms are electron donors
and the central four membered ring is an acceptor. The So-S1 electronic
excitation involves a charge transfer character (CT) process that is
primarily confined to the central C402 or CsO3 rings in squaraines and
croconaines, respectively. In these cases, the intramolecular charge
transfer takes place from the oxygen atoms of the squaryl ring and the
aromatic/heterocyclic moiety to the central acceptor C402 or CsO3 unit.

Thus the squaraine and croconaine dyes can be generally described as



Semisquaraines and Croconaines

compounds containing two donor moieties (D) connected to a central C40;
or Cs03 electron withdrawing group (A) forming a donor-acceptor-donor
(D-A-D) system, whereas the semisquaraines may be considered to be a
donor (D) in conjugation with an acceptor Cs0: (A) unit?! The
intramolecular charge transfer character of the So-S1 transition combined
with an extended m-electron network, gives rise to the observed sharp and
intense bands in the visible to infrared region for these dyes.

Due to the favourable photophysical properties, the squaraine
chemistry has been at the centre stage of research from both fundamental
and technological viewpoints. In contrast, the potential of the
semisquaraine dyes has been limited only to the synthesis of
unsymmetrical squaraine dyes and their applicability has remained
unexplored. Similarly, the croconaine dyes, which are the higher
homologues of squaraine dyes, have received less attention due to the
difficulties associated with their synthesis. Due to these reasons, the design
and development of novel semisquaraine and croconaine dyes are of
paramount importance for potential optoelectronic applications. This
Chapter presents a brief overview on the various synthetic strategies
adopted for the synthesis of semisquaraine derivatives and their
applications. In addition, the importance of the croconaine dyes is

discussed with particular emphasis on the applications of this class of dyes.
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Further, the objectives of the present investigations are also briefly

described in this Chapter.
1.2. SYNTHESIS OF SEMISQUARAINE DYES

The reaction between squaric acid and an electron rich aromatic or
heterocyclic species yields squaraine dyes through the intermediacy of the
semisquaraine dyes. The typical squaraine synthesis is carried out by
condensation of 1 equivalent of squaric acid (1) with 2 equivalents of
aromatic or heterocyclic compounds. For example, the synthesis of aniline
based dye 4 has been achieved by the reaction of two equivalents of the
corresponding aniline derivative 2 with 1 equivalent of squaric acid in an

azeotropic solvent mixture of butanol-benzene (Scheme 1.1).1 The reaction

OH n-Butanol

NR, OH
:<?OH N @ Benzene RZNO
0]
1 2 l 3
OH
0

4
Scheme 1.1
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mechanism for the squaraine dye reaction proposed by Sprenger and
Ziegenbein, shows that this reaction takes place through the formation of
an intermediate system formed by the nucleophilic attack of the aromatic
compound (Ar-H) at the carbonyl carbon in the half- ester of squaric acid
(Scheme 1.2).22 This intermediate system is popularly known as the
semisquaraine dye. The subsequent attack of another Ar-H followed by
dehydration gives the squaraine dye. However, the separation of the
semisquaraine, thus formed, from the squaraine dye was difficult and
performed only by means of special procedures and under different
conditions.23

Later, alternate reaction strategies have been reported for the

synthesis of semisquaraine derivatives in quantitative yields by employing

HO 0] +C,HoOH C4H90):,(0 C4H9% 0 + Ar-H C4HqO Ar o
— > \ |:i — |:i
HO® "0 -Hz0 HO O HO é) HO" OH
1 5 6
-C4H90Hl
Ar 0 1(\-91‘ 0 A 0
— Ho NP  sarH g
-~ Ar -— ~ 5
0 Ar HO OH HO 0 HO 0
© @ S) ©
9 8 7
Scheme 1.2
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derivatives of squaric acid.2* Among them, the most widely employed
method is the use of dialkyl squarates reported by Terpetschnig and
Lakowicz.2> In this strategy, the equimolar amounts of heterocyclic
compounds such as 1,2,3,3-tetramethylindolium salt 10 is reacted with
diethyl or dibutyl squarates, followed by hydrolysis to afford
indolinylidenemethyl- substituted semisquaraine dye 12. (Scheme 1.3).11a
This procedure was applicable to benzothiazolium and benzoselenazolium

salts with an active methyl group at the 2-position.

C,HsO_ ,0C,Hs
HsC cH, 7 Ny HsCCH; OCHs 1)NaOH/  HsC CH; OH

Ethanol
@/)—CHy;—> 0O —» 0
N N 2) HClaq N

CH;  NEG CH; O CH; O
Ethanol
10 11 12

Scheme 1.3

Green and NeuseZ¢ reported a Friedel-Crafts type reaction of aromatic
systems with 3,4-dichloro-3-cyclobutene-l,2-dione in the presence of AlCl3
to obtain semisquaraine derivatives in quantitative yields (Scheme 1.4).
Squaryl chloride or 3,4-dichloro-3-cyclobutene-1,2-dione (13) employed in
the reaction was prepared from squaric acid through chlorination with
thionyl chloride.2” The monosubstituted squaryl chlorides obtained were

converted to semisquaric acids 15 by hydrolysis under acidic conditions.
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(n-C4Hg),N (n-C4Ho),N

oo e, (L g . L on
K oo Q-
0" "0 CHyCly, o’ o 0”0
AlCl,
13 14 15
Scheme 1.4

Law and Bailey2® have employed [2+2] cycloaddition reaction of
tetraethoxyethane with arylacetylchloride 16 to obtain semisquaraine dye
18 (Scheme 1.5). The semisquaraine dyes prepared through the various
reaction pathways are converted to the unsymmetrical squaraine dyes by
condensation with a second different aromatic or heterocyclic derivative.
The synthesis and isolation of the semisquaraine derivatives through the
various reaction pathways indicated above enabled the easy synthesis of
different unsymmetrical squaraine dyes with varying donor strengths. Such

effective procedures provide immense possibilities to design a variety of

i) C;Hs0,_ OC,Hs

OMe C2H50 OCZHS H3CO H3CO
NEt;/n-hexane H;0*
3/ g - OC,H: _3 - OH
CH-COCQl ii) Basic A1203 OC2H5
2 0 0C,Hs 0 0
16 17 18

Scheme 1.5



Chapter 1

squaraine dyes with tunable optical properties in the visible to the near-
infrared (NIR) range.

Even though the reaction of aromatic or heterocyclic systems with
squaric acid takes place through the intermediacy of semisquaraine, the
isolation of the semisquaraine dye as the exclusive product was not
observed in this reaction pathway. In this context, we observed that the
isolation of the intermediate products in the squaraine dye reaction
depends mostly on the nucleophilicity of the heterocyclic system used. For
example, when we carried out the condensation reaction between the
quinaldinium salt 19a and squaric acid in 2:1 equivalents, (Scheme 1.6),2°
we did not get the expected squaraine dye; instead a different product
having much shorter wavelength absorption was obtained quantitatively.

Since squaraine dyes, in general, are brightly coloured compounds
with absorption in the near-infrared region, the progress of the reaction
was monitored by absorption spectroscopy in addition to the thin layer
chromatography. No absorption band in the near-infrared region was
observed during the initial stages of the reaction. However, an absorption
band around 485 nm was observed within 4 h of the reaction and this band
increased in intensity with reaction time. The reaction mixture following
work up and column chromatography after 30 h, gave the semisquaraine

dye 20a as the major product.
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X X X X 0] 0]
Clol
N CH; N

| OC4H9'”
CH

20a-b

X N C6H6/H-BUOH X X 0 0
© N”"CHjz N 0C4Hg-n
[ CH; CH;
19¢c-g i 20c-g ]
a) X=0H
b) X = OEt o CH3
c)X=H X N 0) N
d)X=1 SOP=EaS
e) X=Br N 0 X
f) X = NOZ CH3
g) X=CN 21c-g

Scheme 1.6

Further investigation of the effect of various substituents revealed
that substituents with electron donating groups such as the hydroxyl or the
ethoxy (19a,b) gave only the corresponding semisquaraine dyes 20a-b in
quantitative yields. In contrast, the salts with electron withdrawing
substituents (19c-g) like the halogen substituted, nitro or the cyano gave
the corresponding squaraine dyes 21c-g, through the intermediacy of the
semisquaraine dyes 20c-g under analogous conditions. The variation in the
reactivity of the substituted quinaldinium salts 19a-g in the dye reaction
can be explained on the basis of the electronic effects of the different

substituents.
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Squaraine dye forming reaction involves the reaction between an
electron rich aromatic derivative and squaric acid. The success of the
reaction depends mainly on the nucleophilicity of the aryl species. In the
present study, the nucleophile is an enamine formed from the quinaldinium
salt, which reacts with squaric acid resulting in the formation of the
semisquaraine dye. Subsequently, the semisquaraine undergoes further
reaction with another moiety of the enamine to give the squaraine dye. The
presence of electron-donating groups on the benzene ring of the
quinaldinium salts 19a-b reduces the acidity of the hydrogen atoms of the
2-methyl group, thereby, decreasing the formation of the enamine
nucleophile. Nevertheless, the enamine formed reacts with squaric acid
resulting in the corresponding semisquaraine dyes 20a-b. Furthermore,
the electrophilic terminus of these semisquaraines is rendered less reactive
by the electron-donating substituents and hence further reaction with the
less acidic salts becomes extremely difficult. As a result, the reaction stops
with the formation of the semisquaraine only in the case of the salts 19a-b.

In contrast, in the presence of neutral (19c), electronegative (19d,e)
and electron-withdrawing substituents (19f,g), the hydrogen atoms of the
2-methyl group of the quinaldine moiety are relatively more acidic and
thereby favours the formation of the enamine nucleophile very efficiently.
These salts yield higher concentrations of the nucleophile and hence results

in the formation of the corresponding squaraine dyes 21c-g in quantitative
10
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yields through the intermediacy of the semisquaraine intermediates 20c-g.
Thus, by proper tuning of the nucleophilicity of the quinaldinium salt
employed in the squaraine dye reaction, one can obtain semisquaraine or

squaraine dye in quantitative yields.

1.3. PHOTOPHYSICAL PROPERTIES OF SEMISQUARAINE DYES

Semisquaraine dyes have an absorption in the region 350-500 nm
region depending on the aromatic donor group present. For example, the
semisquaraine based on N,N-dialkylated aniline derivatives have
absorption maxima in the region 400-450 nm and emission maxima at 450-
500 nm,3% whereas semisquaraine dyes based on heterocycles such as
benzothiazoles or indoles have absorption in the range 450-500 nm.3!
Recently, Hecht and co-workers32 reported semisquarine dye 22 having
ortho-dialkylamino substituents (Chart 1.2). This semisquaraine dye
exhibited absorption maxima at 355 nm in nonpolar (methylene chloride)
and polar nonprotic solvents (acetonitrile), while polar protic solvents
(methanol) induced a dramatic hypsochromic shift to 269 nm.
Furthermore, they observed that strong emission occurs only in methanol
(Aex = 269 nm, Aem = 354 nm). These results suggest the presence of an
intramolecular N-H-O hydrogen bonding in nonprotic media, while in

protic solvents such a bonding is inhibited, resulting in the formation of a

11
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decoupled system with strongly altered electronic and photophysical

properties.

(C2Hs) N S-S, S
N(C,Hs), | = |
O 0 [SIS S 0
I .
HO 0 iPr-0O 0
22 23

Chart 1.2

Tetrathiafulvalene-based semisquaraine 23 reported by Miyazaki et
al3c shows solvatochromic behaviour in different solvents with an
absorption maximum at 490, 514, 529 nm in acetone, toluene and
chloroform, respectively (Chart 1.2). Theoretical calculations showed that
intramolecular charge transfer from the tetrathiafulvalene (TTF) unit to the
squaraine ring is negligibly small without UV-light irradiation. Despite the
closed-shell electron configuration, this molecule showed conductive
behaviour in the range 10° () even in the neutral state. The MO calculations
showed that the HOMOs of these molecules are mainly delocalized in the
TTF skeleton, whereas the LUMOs are mainly populated on the four
membered squaric acid ring. Therefore, the electronic charge
redistribution from the TTF to the squaryl ring corresponds to a HOMO-
LUMO excitation and gives a small electron deficiency in the TTF columns

to produce the electrical conductivity.
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1.4. SEMISQUARAINE DYES AS PROBES AND SENSITIZERS

The semisquaraine dyes have been synthesized with a view to
prepare unsymmetrical squaraine dyes.33 Although a number of
semisquaraine dyes have been synthesized by various research groups, the
applications of this versatile class of compounds remained unexplored. In
the following section a brief account of the applications of the
semisquaraine dyes reported in the literature are presented.

Squaric acid can act as a ligand due to the presence of the carbonyl
group which, not only provides proton acceptor sites for hydrogen bonding
with other molecules, but also presents a potential binding site for divalent
metal ions. Due to this unique structure, systematic and exhaustive
research work has been carried out to exploit their potential use as
exceptionally versatile scaffolds for molecular recognition. Although large
number of metal complexes of squarate dianions have been reported,3*
where it acts as a potential bridging ligand with possible u-2 to pu-4
between the metals, only a few reports have appeared in the literature,3>
where the semisquaraine dyes have been utilized as probes for metal ions.

Recently, Kim et al3> have reported benzothiazolium based
semisquaraine dye 24 as a selective sensor for mercuric ions in 9:1 DMSO-
water mixture (Chart 1.3). Titration studies showed that the dye 24 forms a

1:1 complex with the metal ions. The addition of Hg?* ions resulted in

13
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decrease in the absorption as well as emission spectra of the semisquaraine
dye as compared to other metal ions such as Ca?*, Pb2+, Al3+, Ce3+, Ba2*, Ni?+,
Cd%*, Zn2+* and Mg?* ions. Theoretical studies carried out on the system
revealed that HOMO-LUMO excitation moved the electron distribution from
the thiazole moiety to the cyclobutene moiety, which reflect a strong
migration of the intramolecular charge-transfer character of the dye 24. It
is proposed that the sulfur atom of the benzothiazole moiety is important
for an effective complexation with Hg?* ions in this system. The
complexation of the Hg2+ ions to the sulfur atom reduces the electron
density on the sulfur atom and lowers the electron donating ability of the
thiazole moiety. Later on, the same group reported another probe 25,
which forms a 2:1 complex with mercuric ions, resulting in the decrease in
its absorption and emission intensity.3¢
Qo oy
N N X
CH3 0C4Hg-n J 0C4Hg-n

24 25

Chart 1.3
Since the discovery of the highly efficient dye-sensitized solar cell
(DSSC) by Gratzel et al.,3” much attention has been paid to the development
of organic dye sensitizers. A schematic presentation of the operating
principles of the DSSC is given in Figure 1.1. In the TiO2 based DSSC cell

14
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design, the mesoscopic semiconductor oxide film, coated on an ITO
electrode, is placed in contact with a redox electrolyte or an organic hole
conductor. A monolayer of the sensitizer (S) is coated on the surface of the
nanocrystalline TiO2 film. Upon photoexcitation, electrons are injected into
the conduction band of TiO; and these travels across the nanocrystalline
film to the conducting glass support serving as a current collector. The
sensitizer dye is regenerated by electron donation from the electrolyte,
usually an organic solvent containing a redox system, such as the I3-/I-
couple. The regeneration of the sensitizer by the iodide intercepts the
recapture of the conduction band electron by the oxidized dye. The iodide
is regenerated, in turn, by the reduction of triiodide at the counter

electrode, with the circuit being completed via electron migration through

Working ) Counter
Electrode _© Electrode

-,

Figure 1.1. Principle of operation of a dye-sensitized solar cell (DSSC).
15
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the external load. Among the various sensitizers investigated, polypyridyl
complexes of ruthenium, such as N3 dye, cis-bis(isothiocyanato)bis(2,2'-
bipyridyl-4,4'-dicarboxylate) ruthenium(II) and the more recently reported
‘black  dye’, tris(isothiocyanato)-2,2,2'-terpyridyl-4,4,4'-tricarboxylate
ruthenium(II) have been reported to have solar energy to electricity
conversion of up to 10.4%.

Recently, various coumarin,3® merocyanine,3? squaraine4? and styryl4!
dyes have been proposed as sensitizers for solar cells. Semisquaraine dyes
have been also reported to act as sensitizers, for a TiO2 based solar cell.#2 In
this regard, Matsui and co-workers3? have studied the photochemistry and
solar cell applications of a series of semisquaraine derivatives. Cyclic
voltammetric studies of these compounds showed that the E:.q of the
semisquaraines was sufficiently negative to inject electrons into the
conduction band of TiO>. In addition, the Eox was positive enough to accept
electrons from the electrolyte (Is-/I'). Among the various semisquaraine
dyes, the semisquaraine dye 26 with the longest alkyl chain showed the
highest efficiency (Chart 1.4). These semisquaraine dyes were found to
undergo aggregation on the TiO2 surface due to strong intermolecular
interactions involving polar carbonyl moieties. Furthermore, it was
hypothesized that, m-m interactions between the aryl moieties as well as
hydrophobic interactions between the long alkyl chains assist the self-

assembly of 26 on the TiO2 surface and thereby, increase the conversion
16



Semisquaraines and Croconaines

efficiency. The incident photon to charge carrier generation efficiency
(IPCE) of 26 was found to be 48% with a photocurrent and photovoltage of

2.88 mA cm2 and 0.59 V, respectively.

0
("'C12H25)2N0
OH

26

Chart 1.4

Semisquaric acids can be considered as good electrostatic mimics for
the phosphate group*? and can be used to design effective inhibitors of
protein tyrosine phosphatases (PTPases) (Chart 1.5). In this regard, Seto et
al.** have studied a series of semisquaraine derivatives which provide a
good electrostatic mimic of protein tyrosinase (pTyr) and bear a reduced
negative charge at neutral pH, when compared to many of the other
dianionic pTyr analogues. It is proposed that the squaric acid binds in the

active site of the PTPase in a conformation that mimics the binding of aryl

Q Oe (50@
o - @ Q-5 = G0
OH OH
27 28 29
Chart 1.5
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phosphate ester substrates.*> The anion of the squaric acid could form an
electrostatic interaction with Arg-409 of the protein. This residue along
with Cys-403 and Asp-356 make up the key catalytic residues of the
enzyme.*¢ The aromatic portion of the inhibitor undergoes hydrophobic
contacts with Phe-229 of the protein. The larger aromatic ring of inhibitor,
as in the case of 30, strengthens these hydrophobic contacts and lead to the
enhanced inhibition of the enzyme activity (Chart 1.6). In addition,
favourable electrostatic interactions between Phe-229 and the electron-
poor aromatic rings of compounds 31a-b result in the enhanced activity of

these inhibitors when compared to their electron rich counterparts 31c-e.

0 0 a) R = NO,
b) R = CN
(=0 RH =0 &R NMe,
§ ) OH OH  d)R=0CH;
e) R = CH,
30 31a-e
Chart 1.6

1.5. SYNTHESIS AND APPLICATIONS OF CROCONAINE DYES

Croconaine dyes are the higher homologues of the well-studied
squaraine dyes having a highly efficient electron accepting croconyl moiety
as the central core. These dyes are prepared by the reaction between highly

reactive aromatic and heterocyclic compounds with croconic acid 32

18
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(Scheme 1.7).47 Although, the croconaine dyes are known since the last
decade, they have been investigated to a much lesser degree than the
analogous squaraine dyes.*® The replacement of the central four membered

ring in the squaraine dyes by a croconyl ring with strong acceptor ability

n-Butanol
Benzene O

32 33 34

HO, OH NR, Rz@
Ok o
0 o * —_—
0

Scheme 1.7

shifts the absorption maxima of the croconaines dyes to longer
wavelengths compared to the homologues squaraines. Theoretical
calculations and experiments have shown that the croconaine dyes have
absorption maxima that are approximately 100 nm red-shifted than the
corresponding squaraine dyes.*? Bhanuprakash and Jayathirtha Rao et al.>°
have carried out the structural analysis of these dyes and have explored the
role of oxyallyl substructures in tuning the absorption and
hyperpolarizability of the croconaine dyes.

The longer wavelength absorption in the croconaines as compared to
the squaraines is clearly due to the larger diradical nature in the former.
The croconaine dyes are known to have narrow and intense absorption

bands that peak in the 800 nm spectral region. These features make the
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croconaine dyes attractive for many of applications especially as infrared
(IR) probes and non-linear optical (NLO) materials.>® However, as
compared to the corresponding squaraine dyes, their applications are yet
to be explored.

Recently, Wang et al>? have synthesized croconaine dye 35 as a
colourimetric chemodosimeter for biological thiols and cyanide ion (Chart
1.7). The dye has an absorption maximum at 823 nm, which decreases in
intensity with the addition of 10 equivalents of cysteine at pH 5.7 when
compared to other amino acids. However, at pH 6.8, other amino acids like
glutathione, cysteine-glycine, homocysteine also showed similar changes in

its absorption. In the absence of the amino acid nucleophiles, 35 can also

CzH?\] OH 2 io e
C,H: oo Q N‘CZH5
35
Chart 1.7

act as a chemosensor for the cyanide ion. In the presence of 2 equivalents
of cyanide ions, the dye 35 showed a decrease in its absorption maximum
at 823 nm with the formation of a new band in the 550-725 nm region in
CH2Cl2:CH3CN (98:2). Similar changes were observed in aqueous ethanol

solutions at pH 9.0 with detection limit of (0.13 ppm) in water.
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1.6. OBJECTIVES OF THE PRESENT INVESTIGATIONS

Development of functional molecules with favourable photophysical
properties and exhibiting selective interactions towards different metal
ions has great significance in optoelectronic, environmental and medicinal
applications. In this context, the synthesis of semisquaraines that are
intermediates in the preparation of squaraine dyes has immense
significance in the development of novel dyes for various applications. In
addition, the synthesis of croconaine dyes with absorption in the infrared
region extends the applicability to the infrared region. Our main objective
of the present investigations has been to design a few novel semisquaraine
and croconaine dyes that can selectively bind and recognize various metal
ions. Our strategy was to design novel quinaldine based semisquaraine and
croconaine dyes substituted with different functional groups. It was
proposed that these systems would act as bidentate ligands for various
metal ions, by virtue of the presence of electron rich carbonyl groups.
Another objective of the thesis has been to understand the structural
differences of the different semisquaraine dyes. Since the donor-acceptor-
donor character of the croconaine dyes makes them suitable candidates as
sensitizers in solar cell applications, it was also of our interest to

investigate the light harvesting properties of these dyes.
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We synthesized a series of novel semisquaraine and croconaine dyes
and have investigated their interactions with various metal ions through
photophysical, electrochemical and NMR techniques. Our results indicate
that the semisquaraine derivatives, synthesized through different reaction
pathways are isomeric to each other and exhibit selective interactions with
mercuric ions in both organic as well as aqueous medium and can have
potential use as probes. In addition, our investigations on the
photophysical properties of the croconaine dyes reveal that these dyes can
act as potential sensitizers for solar cell applications as well as probes for

bivalent metal ions.
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CHAPTER 2. SYNTHESIS AND REACTIVITY OF A FEW NOVEL

SEMISQUARAINE DERIVATIVES
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2.1. ABSTRACT

Squaraine dye reaction is a well-studied one, where the dye
formation takes place by the condensation of electron rich aromatic
systems and squaric acid through the formation of the intermediate
semisquaraine dyes. However, the isolation of the semisquaraine is decided
by the nucleophilicity of the aromatic system. In this regard, it was
observed that the reaction of quinaldinium salts substituted with electron

withdrawing groups with squaric acid yielded the squaraine dyes due to
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the higher electrophilicity of the semisquaraine intermediate formed
during the dye reaction. In contrast, the reaction of the quinaldinium salts
with electron donating groups and squaric acid yielded the butyl adducts of
the semisquaraine dyes only. Interestingly, the reaction between the
quinaldinium salts having either electron withdrawing or electron donating
substituents and dibutyl squarate yielded the semisquaraine dye
intermediates; which were found to be isomeric (E-isomer) to the
semisquaraine dyes (Z-isomer) isolated from squaric acid. An interesting
aspect of these isomers is that, not only do they differ in their reactivity
pattern but also in their photophysical as well as metal ion binding
properties. Notably, the Z-isomer formed from squaric acid readily reacts
further to furnish the unsymmetrical squaraine dyes, while its isomer
undergoes further dye reaction only after hydrolysis of the butyl adduct.
Our results demonstrate that the occurrence of E- and Z-isomers have
immense implications in the synthesis of novel symmetrical and
unsymmetrical squaraine dyes, which opens up new avenues for the design

of novel materials for various optoelectronic applications.

2.2. INTRODUCTION

Squaraine and semisquaraine dyes have been the subject of many
recent investigations owing to their excellent optical and electronic

properties.l'13 The intramolecular charge-transfer (CT) character of the
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So-S1 electronic excitation combined with an extended conjugated n-
electron network gives rise to the intense bands observed in the near-
infrared (NIR) region for the squaraine dyes.!* These dyes are generally
prepared by the condensation of electron rich aromatic or heterocyclic
compounds such as N,N-dialkylanilines, benzothiazoles, phenols, azulenes
and pyrroles with 3,4-dihydroxy-3-cyclobutene-1,2-dione (squaric acid) to
give the 1,3-disubstituted squaraine dyes.!> However, the reaction of these
nucleophiles with squaric acid under these conditions yields only the
symmetrical squaraine dyes. To synthesize unsymmetrical squaraine dyes,
the most useful and widely employed method involves the preparation of
the semisquaraine derivatives.1®¢ These can be prepared by the reaction of
activated squaric acid derivatives, such as dibutyl squarate or squaryl
chloride, with electron rich compounds. The reaction of dibutyl squarate or
squaryl chloride yields the butyl or chloride adducts of the semisquaraine
dyes, which when hydrolyzed can react with a different electron rich
component to give the unsymmetrical squaraine dyes.!”

Recently, we have proposed that squaraine dyes could be used as
potential sensitizers in photodynamic therapy (PDT).112< During the course
of our efforts to prepare quinaldine based systems, we observed that the
quinaldinium salts with electron withdrawing groups exclusively form the
squaraine dyes as the main product.’8 Surprisingly, the quinaldinium salts

with electron donating groups gave the intermediate semisquaraine dyes
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as the sole product. Further investigation on the effect of substituents
revealed that the product formed upon dye reaction with the squaric acid is
decided by the nucleophilicity of the salt taking part in the reaction. This
was the first report, which highlighted the role of the electronic factors in
governing the squaraine dye reactions. Further, we could also tune the
synthesis of the unsymmetrical squaraine dyes by modulating the
nucleophilicity of the quinaldinium salt employed in the dye reaction.
Interestingly, the reaction of the quinaldinium salts with dibutyl squarate
gives exclusively semisquaraines as the reaction products, irrespective of
the nucleophilicity of the quaternary salt employed in the reaction. In this
context, it is important to understand the structural differences between
the two semisquaraine dyes isolated from the quinaldinium salts through
the different reaction routes. Our results indicate that the two

semisquaraine derivatives formed are geometric isomers (Chart 2.1).

Chart 2.1
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Interestingly, these two semisquaraine isomers are found to differ in their

photophysical properties as well as in their reactivity pattern.

2.3. RESULTS

2.3.1. Synthesis of Semisquaraine Dyes

The synthesis of various quinaldine derivatives was achieved starting
from 6-hydroxyaniline (3a) as shown in the Scheme 2.1. The reaction of 3a
with crotonaldehyde in 6N HCI for 12 h gave the 6-hydroxyquinoline (4a)
in 40% yield, which was subsequently converted to various 6-substituted
quinaldine derivatives. The ethoxy substituted quinaldine derivative 4b
was prepared by the reaction 4a with ethyl bromide in sodium hydride and
THF at 80 °C for 8 h, whereas the benzoyl derivative (4c) was prepared in
85% yield using benzoyl chloride. The reaction of 4a with chloresteryl
chloroformate in dichloromethane in presence of pyridine at 60 °C yielded
the cholesterol linked quinaldine 4d in 80% yields. Further, when 4a was
reacted with 4-bromobutyrate in DMF and Cs.CO3 at 25 °C, 4e was
obtained in quantitative yields, which was subsequently hydrolyzed using
NaOH in methanol to give the corresponding acid derivative 4f in 75%
yields.

The synthesis of the 2,4-dimethylquinoline derivatives (4g-i) is
shown in Scheme 2.2. As shown in the scheme, the reaction of the 6-

substituted aniline derivative 3g with pentane-2,4-dione in the presence of
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anhydrous calcium sulphate under reflux gave 80% of the corresponding 6-
substituted enamine derivative 5g. Subsequently, the reaction of enamine
with H2SO; at 80 °C yielded the corresponding 6-methoxy-2,4-
dimethylquinolines (4g) in quantitative yields. The product 4g obtained

was further hydrolyzed with BBr3 in dichloromethane at 0 °C to give the

no CZHSOm
N” CH;

4b

) i C6H50C0m
¢ .
3a N”CH;

l i 4c
Tl - e,
N~ CH;

4d

v H5C202C(CH2)30m
> N” “CH,

4e

lvi
HO,C(CH>)3 Om
N” “CH;

4f

o
T

Z
an

i) Crotonaldehyde, 6N HCI, 100 °C; ii) C,HsBr, NaH, THF, 80 °C, 8 h;
iii) benzoyl chloride, CH,Cl,, pyridine, 0°C, 4 h; iv) cholesteryl
chloroformate, CH,Cl,, pyridine, 60 °C, 12 h; v) Br(CH,)3;CO0C,Hs,
DMF, Cs,C03, 25 °C, 8 h; vi) CH3;0H, NaOH, 25 °C, 8 h.

Scheme 2.1
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H,4CO i HsCO

—_—

NH,

3g

iii Hom iv RO
—_—

N”“CHs,

4h

i) Pentane-2,4-dione, anhydrous calcium sulphate, reflux, 1 h; ii) H,SO,,
reflux, 3 h; iii) BBr3, CH,Cl,, 0 °C; iv) cholesteryl chloroformate,
triethylamine, 80 °C, 12 h.

Scheme 2.2

hydroxy derivative 4h. This was subsequently reacted with cholesteryl
chloroformate at 80 °C to give the quinoline derivative 4i. The synthesis of
the quinaldine based semisquaraine dyes was carried out as shown in the
Scheme 2.3. The reaction of the substituted quinoline derivatives 4a,b, 4e.f
and 4h-k with methyl iodide or bromoethanol gave the corresponding N-
quaternized quinolinium derivatives 6a,b,e,fh-k in 85-95% yields.
Subsequent condensation reaction of the quinolinium salts with squaric
acid at 100-105 °C in a 1:1 mixture of benzene and n-butanol using
quinoline as catalyst yielded the corresponding substituted semisquaraine

dyes 2a,b,e,f,h-k in quantitative yields.
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The reaction between the quinaldinium salts and squaric acid affords
the semisquaraine derivatives only in the case of the electron donating
group substituted quinaldinium salts, while the electron withdrawing salts
yielded the squaraine dyes.1%2¢ In order to overcome this limitation, an

alternate reaction pathway was adopted to prepare the semisquaraine

4ab,e fh-k 6a,b,ef h-k 2a,b,ef h-k

a) R!=0H,R?=H, R3=CH;4

b) R'= 0C,Hs, R>=H, R3 = CH;

e) R!=0C3H¢CO0C,Hs, R? = H, R3 = CH;
f) R' = 0C3HsCOOH, R? = H, R® = CH;4

h) R!=0OH, R?=CH;, R®= CH;

v @ , R?= CH3, R® = CH;
0COO0

j) R'=H, R*=H, R® = CH,CH,0H
k) R!=Br, R?=H, R3= CH,CH,0H

X=Br,1

i) CH3I/BrCH,CH,0H, 100 °C, 12 h; ii) squaric acid, n-BuOH/ C¢Hg (1:1),
quinoline, 100-105 °C, 12 h.

Scheme 2.3
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derivatives with electron withdrawing substituents by employing activated
squaric acid derivatives.l® Following the same strategy, the reaction
between various quinaldinium salts (6a-k) and dibutylsquarate was
carried out as shown in the Scheme 2.4. The reaction of the various

substituted quinolinium salts with dibutylsquarate in n-butanol at 25 °C

1 R? 1 R® 0
L. "7
7 N
XGE?’ CHs 23 I 0CHgen
6a-k 1a-k

a) R'=0H,R?=H, R®=CH;
b) R'= 0C,Hg, R?=H, R3 = CH;
¢) R'=0COC¢Hs, R?=H, R® = CH;

" géjp{ SRl
0COO0

e) R' = 0C3H,COOC,He, R?= H, R3 = CHj
f) R! = 0C3H;COOH, R?= H, R3 = CHj
h) R! = OH, R?= CH3, R3 = CH;

0COO0

j) R'=H, R?>=H, R3 = CH,CH,0H
k) R!=Br,R?=H, R3 = CH,CH,0H

i) 3,4-Dibutyl squarate, n-BuOH, 25 °C, 12 h.

Scheme 2.4
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using triethylamine as a catalyst yielded the isomeric semisquaraine dyes
1a-k. Characterization of the product through 'H NMR indicated that the
semisquaraine dyes obtained through this reaction pathway exist as butyl
adducts. Interestingly, H, 13C NMR, FT-IR and HRMS spectral analysis
indicate that the products obtained from the reaction of the quinaldinium
salts with dibutyl squarate are different from the semisquaraine dyes
obtained from the reaction of squaric acid with quinaldinium salts

containing electron withdrawing substituents.

2.3.2. Characterization of Semisquaraine Dyes

The semisquaraines obtained from the reaction of the quinaldinium
salts with dibutyl squarates (1a-K) and squaric acid (2a,b,e,f,h-k) have
been characterized through various analytical and spectral techniques. For
example, the 1TH NMR spectrum of the semisquaraine dye 1b showed well-
resolved peaks corresponding to the aromatic protons in the region
between § 6.8-7.4 ppm and a broad signal at 6 8.5 ppm. The olefinic
protons and N-methyl protons, on the other hand, appeared at § 5.2 and 3.7
ppm, respectively (Figure 2.1A). The broadening of the aromatic proton
shows a dynamic process and was, therefore, further investigated by
variable temperature 'H NMR experiments. Figure 2.1B shows the NMR

spectrum of a solution of 1b in CDCl; at 233 K. Interestingly, the broad
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aromatic band at § 8.5 ppm splits into a well resolved doublet at § 8.7 ppm
with | = 9.5 Hz with a shift (A8) of 0.2 ppm. This proton is assigned as the

3-H proton of the quinoline ring, which is capable of undergoing hydrogen

bonding interactions with the carbonyl group.

C2H50 5\ 4\ 3 O\\ //O
¥ L
7 8 N OC4H9'I’I
CH,H

b L

3-H OLEFINIC N-CHs

S N

9.0 8.0 7.0 6.0

. B

]

. 3.0 2.0 1.0 0.0
o

Figure 2.1. 'H NMR spectrum of 1b in CDClzat A) 298 K and B) 233 K.

In contrast, in the 1H NMR spectrum of the isomeric semisquaraine
dyes (2a,b,e,f,h-K), the characteristic olefinic proton appear in the range
from 6.1-6.2 ppm, whereas the N-methyl protons appear at 4.0-4.2 ppm.
For example, the TH NMR spectrum of the semisquaraine dye 2b in CDCl3
showed well-resolved peaks corresponding to the aromatic protons in the
range from 6 7.1-7.8 ppm with the 3-H proton appearing at 6 9.5 ppm
having ] = 9.5 Hz (Figure 2.2). In addition, the olefinic proton can be seen

45



Chapter 2

as a sharp signal at 6 6.2 ppm, while the N-methyl protons appeared at 6

4.1 ppm.

OLEFINIC
3-H

| L B
| 90 80 70 60 5.08 40 3‘.0‘ 20 l‘.O‘ 00

Figure 2.2. 1H NMR spectrum of 2b in CDCls.

The 13C NMR peaks corresponding to the squaryl carbonyl carbons
appeared at 6 193 and 185 ppm, for 1b, while it is at § 184 and 176 ppm for
2b. The downfield shift of the carbonyl carbons in 1b further substantiates
the presence of strong hydrogen bonding interactions involving the squaryl
oxygen. Furthermore, a molecular mass of 353.22 and 353.16, respectively,
was obtained for 1b and 2b, which corresponds to the molecular formula
C21H23NO4. Both the CHN analysis and the FAB-MS indicate that 1b and 2b
are isomeric in nature.

Further evidence for the structural difference between the

semisquaraines 1 and 2 was obtained by analyzing the FT-IR spectra. For
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example, the dye 1b showed a sharp and strong characteristic stretching
frequency corresponding to the carbonyl groups at 1766 and 1696 cm1. In
contrast, for the Z-isomer (2b), the carbonyl stretching band appears at
1760 cm-1. The lowering of the carbonyl stretching frequency of one of the
carbonyl groups to 1696 cm'! in 1b could be due to the interactions of the
carbonyl group with the quinoline proton which decreases the C-O bond
order. Moreover, the broadening of the proton peak (6§ = 8.5 ppm) in the
proton NMR spectrum suggests that such an interaction indeed exists in the
semisquaraine dye 1 systems.

The structure of the semisquaraines was further analyzed through
nuclear overhauser effect (NOE) and 2D NMR experiments. The NOE
experiments demonstrated that irradiation of the olefinic peak at § 5.2 ppm
induced 15% enhancement at § 3.7 ppm corresponding to the N-CHz group
for 1b. For 2b, the irradiation of the peak at & 6.2 ppm induced 12%
enhancement of the N-CH3 group at § 4.1 ppm. Figure 2.3 shows the ROESY
(rotating frame overhauser effect spectroscopy) spectra of the
semisquaraine dyes 1b and 2b. As can be seen from the figure 2.3A, the
N-CH3 peak at 6 3.7 ppm shows a ROE cross peak with the olefinic proton of
1b. This coupling could also be seen in the ROESY spectrum of the dye 2b
(Figure 2.3B). Similar ROE cross peaks between the olefinic protons and

the N-CHz-CH: protons can be observed for the dyes 1j and 2j (Figure 2.4).
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Figure 2.3. ROESY spectra of the semisquaraine dyes (A) 1b and (B) 2b in CDCls.
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Figure 2.4. ROESY spectra of the semisquaraine dyes (A) 1j and (B) 2j in CDCls.
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Based on these observations, we propose that the two semisquaraine
derivatives could exist in either of the four isomeric forms as shown in
Chart 2.2. To understand the stability of the various conformations,
theoretical calculations were also carried out, which further, supports the
existence of the four different conformers. Of all the possible structures for
the dye 1a-kK, structure 1’ is the most probable structure. This structure
was, further, conclusively determined by single crystal X-ray analysis of the
representative semisquaraine dyes 1b and 1j (Figure 2.5) and their data
has been summarized in Table 2.1.19 The semisquaraine dyes 1a-k have an
E-conformation as represented by 1’. For example, the dye 1b crystallized
in the triclinic space group P-1 with cell parameters of a = 8.78 A, b=9.15 A

and c = 13.15 A. The angles a,  and y have been found to be 85.53°, 76.52°

R? R?
0 OC4Hqg-n
R! O N 0 Ry N )
NEQ <] _— Y [1]
R3 H OC4H9-H R3 H 0
1l' 1"

Chart 2.2
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and 62.87°. Moreover, the dyes with E-conformation have a dihedral angle
of around 10° between the quinoline and the squaryl ring.

Our attempts to unambiguously establish the structure of the Z-
isomer through single crystal X-ray analysis were unsuccessful owing to its
less stability, as compared to the E-isomer. Based on the analytical and
spectral evidence we conclude that this isomer has a conformation

represented by the stable structure 2’ with a dihedral angle of around 32°.

Figure 2.5. Projection view of the semisquaraine dyes (A) 1b and (B) 1j with
50% probability ellipsoids.
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Table 2.1. Summary of crystallographic data for the semisquaraine dyes 1b

and 1j.

Parameters 1b 1j

Empirical formula C21H23NO4 C20H21NO4

Formula weight 353.40 339.38

Temperature, K 293(2) 293(2)

Wavelength, A 0.71073 0.71073

Crystal system, Triclinic Triclinic

space group P-1 P-1

a, A 8.7796(2) 10.8220(8)

b, A 9.1523(2) 12.8641(10)

c, A 13.1484(3) 13.8618(11)

a, deg 85.5340(10) 65.888(2)

B, deg 76.5160(10) 87.750(2)

Y, deg 62.8700(10) 87.170(2)

Volume, A3 913.86(4) 1758.9(2)

Z 2 4

dcal, mg/m3 1.284 1.282

F(000) 376 720

Crystal size 0.30x0.20 x 0.20 mm 0.25x0.20 x 0.20 mm

Theta range for data 2.50 to 29.07 1.61 to 26.03

collection, deg

Limiting indices -12<=h<=11, - -13<=h<=13, -
12<=k<=12, -17<=1<=17 15<=k<=15,

-17<=1<=17

Reflections collected / 21943 / 4827 32888 / 6898

unique

Data / restraints / 4827 /1 /245 6898 /0 /462

parameters

Goodness-of-fit on F?2 1.047 1.032

Final R indices [[>20(I)] R1=0.0590, R1=0.0653,
wR2 =0.1833 wR2 =0.1725

R indices (all data) R1 =0.0875, R1=0.0994,
wR2 =0.2109 wR2 =0.2060
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2.3.3. Reactivity of Semisquaraine Isomers

As indicated in Section 2.3.1, the quinaldine based squaraine dyes are
prepared by the reaction between the corresponding quinaldinium salts
and squaric acid through the intermediacy of the semisquaraine dye.18ac
The intermediate semisquaraines formed readily undergoes further dye
formation, unless the semisquaraine is rendered less electrophilic by the
substituent present in the quinoline ring. In this context, the semisquaraine
dyes 2a,b,e,f,h-k were prepared by the reaction between squaric acid and
the quinaldinium salts having electron donating substituents. Due to the
presence of the electron donating substituent at the 6-position, there is a
greater electron density at the squaryl carbonyl groups making them less
electrophilic; as a result of which further reaction of the semisquaraine
with a second weakly nucleophilic quinaldinium salt was inhibited.
Nevertheless, the semisquaraine dye thus formed, can react directly with
more reactive quinaldinium salts (ie, salts with electron withdrawing
groups) to give the corresponding unsymmetrical squaraine dyes (Scheme
2.5). For example, the semisquaraine dye 2b can undergo reaction with
highly reactive quinaldinium salt to give the unsymmetrical dye 7 in 90%
yield.

In contrast, the E-isomer (1b) did not undergo further condensation

reaction with the N-methyl-6-iodo-2-quinaldinium salt under analogous
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§ CH3

CZHSO\O N
AL

CH, 0
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i) N-Methyl-6-iodo-2-methylquinolinium iodide, n-BuOH/ C¢Hg (1:1),
quinoline, 100-105 °C.

Scheme 2.5

reaction conditions (Scheme 2.6). However, as shown in the scheme, it was
observed that the dye reaction is feasible after hydrolysis of the
semisquaraine dye. The dye 1b was hydrolyzed in a mixture (50:50:1) of
CH3COOH:H20:4N HCI to yield the semisquaric acid 8, which, then, readily
reacted with the quinaldinium salt to form the unsymmetrical squaraine
dye 7.

To understand the reactivity pattern of the semisquaraine isomers,
we have carried out the reaction of the hydroxy substituted semisquaraine
1a and 2a with benzoyl chloride in dichloromethane using pyridine as
catalyst at 0 °C for 12 h (Scheme 2.7). Interestingly, the reaction of the
semisquaraine derivative 2a with benzoyl chloride under similar reaction
conditions gave the E-conformer (1c) in quantitative yields; the formation
of which may be explained by the acid catalyzed isomerization of the
Z-isomer under the reaction conditions.
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i) N-Methyl-6-iodo-2-methylquinolinium iodide, n-BuOH/CgHg (1:1),
quinoline, 100-105 °C, 12 h; ii) CH3COOH:H,0:4N HCI (50:50:1), 25 °C, 4 h.

Scheme 2.6
0
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i) Benzoyl chloride, CH,Cl,, pyridine, 0 °C, 12 h.

Scheme 2.7
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2.4. DISCUSSION

The quinaldinium salts with electron donating groups on reaction
with dibutyl squarate and squaric acid respectively, gave the
semisquaraine dyes 1a-k and 2a,b,e,f,h-k. Further, it was observed that on
reaction with squaric acid, only the quinaldinium salts with electron
donating groups yielded the semisquaraine derivatives, whereas the
quinaldinium salts with electron withdrawing group, gave exclusively the
corresponding squaraine dye. This difference in the reactivity of squaric
acid towards the quinaldinium salts was explained in terms of the
nucleophilicity of the salt taking part in the dye formation reaction.
Interestingly, the reaction of the quinaldinium salts substituted with
electron donating/withdrawing groups and dibutyl squarate yielded
exclusively E-isomer of the semisquaraine dyes (1a-k); the structure of
which was confirmed through single crystal X-ray analysis.

The minimum energy conformation of the dye 1a-k obtained through
molecular modeling studies were found to be consistent with the data
obtained through single crystal X-ray structure analysis. For example,
Figure 2.6 shows the optimized geometry of the rotomers of 1b, which
shows a distance of 2.096 A between the 3-H proton of the quinoline ring
and the squaryl oxygen atom, which is comparable to the value of 2.239 A

obtained through the crystallographic data. Of the two possible rotameric
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Figure 2.6. Optimized geometry of the rotamers of 1b obtained with
B3LYP/6-31G theoretical calculations. (A) 1b’ and (B) 1b”.

structures for 1b, the structure 1b’ is 1.83 kcal/mol more stable than the
structure 1b”. This is further substantiated by the single crystal structure
analysis of 1b. Similar to the E-isomer (1b), the Z-isomer (2b) can also
exist in two rotameric forms (Figure 2.7); of which, the structure 2b’ is 2.38
kcal/mol more stable than the structure 2b”. In 2b’ and 2b”, the squaryl
ring is twisted by an angle of 32° with respect to the quinoline ring.
Theoretical calculations showed that the Z-isomer is 3.72 kcal/mol less

stable than the E-isomer.
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Figure 2.7. Optimized geometry of the rotamers of 2b obtained with
B3LYP/6-31G theoretical calculations. (A) 2b’ and (B) 2b”.

The Z-conformation for the semisquaraine dyes (2a,b,e,f,h-k) was
assigned based on the analytical and spectral evidence like 1D and 2D NMR,
FTIR, FAB mass and elemental analysis. This was, further, confirmed by the
presence of the cross peaks between the N-CHz and the olefinic group in the
ROESY spectra. This can be attributed to the steric crowding between the
carbonyl group and the N-CH3z group, which result in the twisting of the
squaryl ring with respect to the quinoline ring, as validated by the

theoretical calculations. This would bring the olefinic and N-CHz protons
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within a distance of 44, which, in turn, gives rise to the ROESY cross peak.
This was further verified in the case of the semisquaraine derivative 2j.
Efforts are currently in progress to establish the structure of the Z-isomer
unambiguously through single crystal X-ray analysis. We observed that the
Z-isomer reacts readily with a strong nucleophilic salt to form the
unsymmetrical squaraine dye, while the E-conformer should be hydrolyzed
before it can react further. This is attributed to the greater reactivity of the

Z-isomer, as compared to the E-isomer.

2.5. CONCLUSIONS

The synthesis of novel isomeric semisquaraine derivatives based on
the quinaldine moiety has been achieved in quantitative yields. The
reaction of the quinaldinium salts containing electron donating groups and
squaric acid gave the Z-isomer of the semisquaraine derivative, while
dibutyl squarate yielded the E-isomer. These dyes have been characterized
based on various analytical and spectral evidences. In addition, the
structure of the representative examples of the E-isomer has been
established through single crystal X-ray analysis. These derivatives also,
interestingly, showed different photophysical properties and reactivity

patterns. Further, the existence of such isomers of semisquaraine dyes
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opens up new avenues for the synthesis of novel symmetrical and

unsymmetrical squaraine dyes for various optoelectronic applications.

2.6. EXPERIMENTAL SECTION

2.6.1. General Techniques

The equipment and procedure for spectral recordings are described
elsewhere.20 All melting points are determined on a Mel-Temp II melting
point apparatus. The IR spectra were recorded on a Perkin Elmer Model
882 infrared spectrometer. Elemental analyses were done using a Perkin-
Elmer series-II 2400 CHN analyzer. The electronic absorption spectra were
recorded on a Shimadzu UV-3101 or 2401 PC UV-VIS-NIR scanning
spectrophotometer. The fluorescence spectra were recorded on a SPEX-
Fluorolog F112X spectrofluorimeter. 'H and 13C NMR were recorded on a
300 MHz and 500 MHz Bruker advanced DPX spectrometer. All the

solvents used were purified and distilled before use.

2.6.2. Materials

6-Hydroxy-2-quinaldine (4a), mp 262-264 °C (lit. mp 262-264 °(C),192
6-ethoxy-2-quinaldine (4b), mp 71-72 °C (lit. mp 71-72 °C),1%2 6-cholester-
3-yl-2-methylquinoline-6-yl carbonate (4d), mp 101-102 °C (lit. mp 101-
102 °C),1% 6-hydroxy-N-methyl-2-quinaldinium iodide (6a), mp 238-239 °C
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(lit. mp 238-239 °(C),192 6-ethoxy-N-methyl-2-quinaldinium iodide (6b), mp
182-183 °C (lit. mp 182-183 °(C),192 6-iodo-N-methyl-2-quinaldinium iodide,
mp 222-223 °C (lit. mp 222-224 °C)?! and cholesterol linked N-methyl-
quinolinium iodide (6d), mp 216-217 °C (lit. mp 216-217 °C),1% were
prepared by modifying the reported procedures. 4-Aminophenol,
cholesteryl chloroformate was purchased from Aldrich and used as such
while squaric acid was a gift from Professor Waldemar Adam, University of

Wiirzburg, Germany.

2.6.3. Preparation of Enamine 5g

A mixture of 2.5g (0.023 mol) of p-toluidine and 2.33 g (0.023 mol) of
pentane-2,4-dione, 5 g of granular anhydrous calcium sulphate was
refluxed for 1 h. The reaction mixture was cooled and filtered after adding
40 mL of ethyl ether. The precipitate obtained was washed with about 40
mL of ethyl ether and the combined filtrate was evaporated to get the
product as a viscous liquid. 5g: (80%); IR (KBr) vmax 3051, 1697, 1595 cm'};
1H NMR (300 MHz, CDCl3) 6 12.47 (1H, s), 7.36 (2H, t,] = 7.5 Hz), 7.21 (1H,
t,] =7.4Hz),7.12 (2H,d,] = 7.6 Hz), 5.18 (1H, s), 2.10 (3H, s), 1.99 (3H, s);

FAB-MS m/z Calcd for C12H15NO2205.33, Found 205.25.

2.6.4. Preparation of 2-Methylquinolines 4c,e-f

Preparation of 6-benzoyl-2-methylquinoline 4c : To a mixture of

61



Chapter 2

200 mg (1.25 mmol) of 3a ( in dichloromethane (10 mL) in presence of
pyridine (0.5 mL), benzoyl chloride (2 mL) was added dropwise at 0 °C and
stirred for 8 h. The resulting mixture was neutralized with NH4OH and
extracted with CHCl3 to give a residue which was purified by column
chromatography. Elution of the column with a mixture (9:1) of chloroform
and methanol gave 4c in 85% yield. mp 94-96 °C; IR (KBr) vmax 3061, 1697,
1598, 1450 cm; *H NMR (500 MHz, CDCl3) 6 8.17 (2H, d, ] = 9 Hz), 7.7-7.4
(8H, m), 2.85 (3H, s); FAB-MS m/z Calcd for C17H13NO2 264.29 (M+1), Found
264.53.

Preparation of 6-hydroxy-2-methylquinoline derivative 4e : A mixture
of 4a (200 mg, 1.25 mmol), ethyl-4-bromobutyrate (190 mg, 1.25 mmol)
and Cs2C03 (1.22 g, 3.75 mol) was stirred in DMF (5 mL) at room temp
under inert atmosphere for 12 h. The inorganic precipitate was filtered off,
the filtrate was concentrated under reduced pressure. The residue was
diluted with water and extracted with dichloromethane. The combined
organic solution was washed with water and saturated aqueous NaCl, dried
over NazSOs; and evaporated. Chromatographed on silica gel and elution
with a mixture (1:9) of ethyl acetate and hexane gave 4e in 88% yield. mp
60-62 °C; IR (KBr) vmax 2920, 1735, 1602, 1375 cmt; 1H NMR (300 MHz,
CDsCN) 6 7.94 (2H,d, ] =9.4 Hz), 7.33 (1H, d, ] =9.1 Hz), 7.23 (1H, d, ] = 8.4

Hz), 7.02 (1H, s), 4.14 (4H, m), 2.69 (3H, s), 2.58 (2H, t), 2.21 (2H, m), 1.28
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(3H, t); FAB-MS m/z Calcd for C16H19NO3274.33 (M+1), Found 274.45.
Preparation of 6-hydroxy-2-methylquinoline derivative 4f: To a
solution of 4e (2.7 mg, 10 pmol) in methanol (1 mL), 2N aq NaOH (0.1 mL,
0.2 mmol) was added. The mixture was stirred at 25 °C for 4 h and
neutralized with 2N HCL The solvent was evaporated off and
chromatographed over silica gel. Elution of the column with a mixture (2:8)
of ethyl acetate and hexane gave 4f. (75%) mp 173-175 °C; IR (KBr) Vmax
2964, 1689, 1602, 1506, 1234 cm!; 1H NMR (300 MHz, CDs0D) & 8.11 (1H,
d, ] =8.4 Hz), 7.85 (1H, d, ] = 9.2 Hz), 7.37-7.32 (2H, m), 7.20 (1H, s), 4.15
(2H, t), 2.67 (3H, s), 2.56 (2H, t), 2.18 (2H, t); FAB-MS m/z Calcd for

C14H15sNO3 245.27, Found 246.46.

2.6.5. Preparation of Dimethylquinolines 4g-i

Enamine 3g (4g, 18.26 mmol) was added in portions to 6 mL conc.
sulphuric acid and heated to 60-70 °C for 3 h. The reaction mixture was
cooled to room temperature and 10 mL of ice water was added to the
reaction mixture. Sodium carbonate was added until the reaction mixture
turned alkaline. The reaction mixture was extracted with chloroform. The
solvent was distilled off under reduced pressure to obtain a residue which
was chromatographed over silica gel. Elution of the column with a mixture
(1:10) of ethylacetate and hexane gave the dimethylquinoline derivative

4g: (82 %); mp 85-87 °C; IR (KBr) Vmax 2974, 1560, 1444, 1232 cm';
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1H NMR (300 MHz, CDCI3) 6 8.29 (1H, d, ] = 8.8 Hz), 7.34 (1H, d, ] = 9.1 Hz),
7.13-7.08 (2H, m), 3.90 (3H, s), 2.92 (3H, s), 2.60 (3H, s). FAB-MS m/z Calcd
for C12H13NO 187.24 (M+1), Found 187.36.

Preparation of 6-hydroxy-2,4-dimethylquinoline derivative 4h. To
solution of 4g (2 g, 10 mmol) in dichloromethane (10 mL) BBr3 (2 mL, 21
mmol) was added at 0 °C and stirred overnight. 50 mL of distilled water
was added to the reaction mixture. The reaction mixture was made basic by
adding 1.5 N of NaOH gave 4h which was recrystallised from methanol, (69
%); mp 220-222 °C; IR (KBr) vmax 3061, 1618, 1568, 1446, 1238 cm'};
1H NMR (300 MHz, CD30D) 6 7.79 (1H, d, ] = 8.9 Hz), 7.28-7.14 (3H, m), 2.58
(6H, s); FAB-MS m/z Calcd for C11H11NO 174.21 (M+1), Found 174.38.

Preparation of cholesterol linked 6-hydroxy-2,4-dimethylquinoline
derivative 4i. A mixture of 6-hydroxy-2,4-dimethylquinoline 4h (250 mg,
1.4 mmol), cholesteryl chloroformate (1.2 g, 2.9 mmol) and triethylamine
(10 mL) was heated at 90 °C for 12 h. Removal of the solvent gave a
residue, which was then subjected to column chromatography over silica
gel. Elution of the column with a mixture of ethyl acetate and petroleum
ether (1:9) gave 85% of the quinoline derivative 4i: mp 172-174 °C; IR
(KBr) vmax 2945, 1761, 1606, 1465, 1249 cm-1; TH NMR (300 MHz, CDCls)
08.01 (1H, d, ] = 9.1 Hz), 7.76 (1H, s), 7.54 (1H, d, ] = 9.1 Hz), 7.38 (1H, s),

5.43 (1H, s), 4.56 (1H, s), 2.69-0.61 (47H, m); FAB-MS m/z Calcd for
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C3sH55N03586.86 (M+1), Found 586.85.

2.6.6. General Procedure for Synthesis of Quinaldinium Salts 6c-k

A mixture of the corresponding quinaldine (1 mmol) and methyl
iodide/2-bromoethanol (4 mmol) was heated in a sealed tube at 100-
105 °C for 12 h. The precipitate formed was filtered, washed thoroughly
with cold diethyl ether and recrystallized from methanol to give the
corresponding quinaldinium salts 6¢-k in good yields.

6c: 90%; mp 100-102 °C; IR (KBr) vmax 3068, 1693, 1600, 1450, 1290
cm'l; 1H NMR (CDs0D) 6 8.9 (1H, d, ] = 8.5 Hz), 8.6 (1H, d, ] = 9 Hz), 8.2-7.6
(8H, s), 4.7 (3H, s), 2.9 (3H, s); FAB-MS m/z Calcd for CisH1sNO2+ 279.32
(M+1), Found 279.44.

6d: 95%; mp 216-217 °C; IR (KBr) vmax1762, 1612 cm-1; 1H NMR (300
MHz, CDCl3:MeOH-d4) 6 8.92 (1H, d, ] = 8.4 Hz), 8.57 (1H, d, ] = 9.9 Hz), 8.17
(1H, s), 8.05 (1H, m), 7.47 (1H, s), 5.45 (1H, s), 4.60 (3H, s), 4.59 (1H, s),
3.35 (3H, s), 2.05-0.71 (43H, m); FAB-MS m/z Calcd for C39Hs6NO3* 587.87
(M+1), Found 587.89.

6e: 92%; mp 163-165 °C; IR (KBr) vmax 2993, 1716, 1610, 1519, 1388,
1271 cm't; *H NMR (500 MHz, DMSO-ds) 6 8.93 (1H, d, ] = 8.5 Hz), 8.52 (1H,
d, ] =9 Hz), 8.05 (1H, d, ] = 8.5 Hz), 7.82 (2H, m), 4.42 (3H, s), 4.24 (2H, t),

4.10 (2H, m), 3.03 (3H, s), 2.55 (2H, m), 2.10 (2H, t), 1.20 (3H, t); 2.21 (2H,
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m), 1.28 (3H, t); FAB-MS m/z Calcd for C17H22NO3* 288.36, Found 288.59.

6f: 85 %; mp 178-180 °C; IR (KBr) vmax 3414, 1718, 1608, 1519, 1269
cm'l; 1TH NMR (500 MHz, DMSO-d¢) & 12.18 (1H, s), 8.91 (1H, d, ] = 8.5 Hz),
8.51 (1H, d, ] = 9.5 Hz), 8.04 (1H, d, ] = 8.5 Hz), 7.82 (2H, m), 4.41 (3H, s),
4.23 (2H, t), 3.01 (3H, s), 2.47 (2H, t), 2.06 (2H, t); FAB-MS m/z Calcd for
C1sH18NO3*260.31, Found 260.52.

6h: 90%; mp 224-226 °C; IR (KBr) vmax 3435, 3099, 1610, 1537, 1431,

1261 cm't; tH NMR (CD30D) 6 8.36 (1H, d, ] = 9.5 Hz), 7.82 (1H, s), 7.70 (1H,
d, ] = 9.5 Hz), 7.66 (1H, s), 4.82 (3H, s), 4.42 (3H, s), 2.86 (3H, s); FAB-MS
m/z Calcd for C12H14NO+* 188.25, Found 188.41.

6i: 85 %; mp 193-195 °C, IR (KBr) vmax 2935, 1761, 1616, 1465, 1253
cm'l; tH NMR (CDCl3) 6 8.63 (1H, d, ] = 9.6 Hz), 8.06 (1H, s), 7.99 (2H, m),
5.44 (1H, s), 4.62 (3H, s), 3.24 (3H, s), 2.88 (3H, s), 2.02-0.67 (46H, s); FAB-
MS m/z Calcd for C40Hs5sNO3*600.58, Found 600.56.

6j: 90%; mp 128-130 °C; IR (KBr) vmax 3242, 1604, 1523, 1433, 1371,
1078 cm't; 1H NMR (300 MHz, CD30D) 6 9.03 (1H, d, ] = 8.5 Hz), 8.58 (1H, d,
] =9 Hz), 8.37 (1H, d, ] = 8 Hz), 8.24 (1H, m), 8.06 (1H, d, ] = 8.5 Hz), 7.99
(1H, t), 5.26 (2H, t), 4.20 (2H, t), 3.23 (3H, s); FAB-MS m/z Calcd for
C12H14NO*188.25, Found 188.27.

6k: 85 %; mp 194-196 °C, IR (KBr) vmax 3257, 1598, 1506, 1369 cm;

1H NMR (300 MHz, CDs0D) & 8.95 (1H, d, ] = 8.5 Hz), 8.60-8.49 (2H, m),
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8.30-8.21 (1H, m), 8.09 (1H, d, ] = 8.6 Hz), 5.23 (2H, t), 4.17 (2H, t), 3.21

(3H, s); FAB-MS m/z Calcd for C12H13BrNO+267.14, Found 267.87.

2.6.7. General method for Synthesis of Semisquaraine Dyes 1a-k

A mixture of the corresponding quinaldinium salt (0.06 mmol),
dibutylsquarate (0.06 mmol) and triethylamine (0.5 mL) in butanol (10
mL) was stirred at 25 °C for 12 h. The solvent was distilled off under
reduced pressure to obtain a residue which was chromatographed over
silica gel. Elution of the column with a mixture (1:10) of methanol and
chloroform gave the semisquaraine derivative 1.

1a: (95%) mp 205-207 °C; IR (KBr) vmax 3450, 1753, 1649, 1612,
1500, 1348 cm'1; TH-NMR (500 MHz, DMSO-ds) 6 8.39 (1H, bs), 7.65-7.59
(2H, m), 7.12 (1H, d, ] =9 Hz), 6.91 (1H, s), 5.2 (1H, s), 4.74 (2H, t), 3.7 (3H,
s), 1.79 (2H, t), 1.55 (2H, m), 0.96 (3H, t); 13C NMR (125 MHz, DMSO-ds)
6 192, 184, 182, 171, 153, 150, 132, 124, 120, 116, 111, 84, 72, 54, 35, 31,
17, 13; FAB-MS m/z Calcd for C19H19NO4325.14, Found 325.37.

1b: (98%) mp 202-204 °C; IR (KBr) vmax 1766, 1696, 1529, 1462 cm'};
1H-NMR (500 MHz, CDCls) 6 8.55 (1H, bs), 7.34-7.26 (2H, m), 7.12 (1H,d, ] =
9 Hz), 6.91 (1H, s), 5.2 (1H, s), 4.81 (2H, t), 4.1 (2H, t), 3.66 (3H, s), 1.86 (2H,
m), 1.51 (5H, m), 1.006 (3H, t); 13C NMR (125 MHz, CDCI3) § 193, 185, 184,

173, 155, 151, 134, 132, 124, 119, 115, 111, 85, 73, 64, 35, 32, 18, 14, 13;
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FAB-MS m/z Calcd for C21H23NO4 353.163, Found 353.22. Anal. Calcd;
C,71.37; H, 6.56; N, 3.96. Found: C, 71.37; H, 7.04; N, 4.2.

1c: (90%) mp 188-190 °C; IR (KBr) vmax 2964, 1759, 1726, 1618,
1539, 1350 cm1; tH-NMR (500 MHz, CDCl3) 6 8.57 (1H, bs), 8.22 (2H, d, ] =
8 Hz), 7. 68 (1H, t), 7.55 (2H, t), 7.38 (2H, s), 7.35 (2H, m), 5.27 (1H, s), 4.83
(2H, t), 3.68 (3H, s), 1.86 (2H, t), 1.52 (2H, m), 1.01 (3H, t); 13C NMR (125
MHz, CDCI3) 6 193, 186, 185, 173, 165, 151, 146, 138, 133, 132, 130, 130,
129, 128, 128, 125, 124, 124, 120, 115, 87, 73, 35, 32, 18, 13; FAB-MS m/z
Calcd for C26H23NOs5426.46, Found 426.05.

1d: (95%) : mp 201-203 °C; IR (KBr) vmax 2945, 1762, 1539, 1232 cm-
L 1H NMR (300 MHz, CDCl3) 6 8.57 (1H, bs), 7.32-7.26 (4H, m), 5.43 (1H, s),
5.25 (1H, s), 4.84 (2H, m), 4.61 (1H, s), 3.65 (3H, s), 2.50 (2H, d, ] = 6.3 Hz),
2.01-0.90 (48H, m); 13C NMR (75 MHz, CDCl3) 6 192, 188, 186, 185, 173,
152, 151, 146, 138, 132, 125, 124, 123, 120, 118, 117, 116, 115, 114, 111,
110, 109, 108, 87,79, 69, 56, 49, 49, 42, 41, 39, 37, 36, 35, 31, 31, 28, 27, 27,
24, 22, 21, 19, 18, 15, 11; FAB-MS m/z Calcd for C47He3NOs 738.00, Found
737.83.

le: (96%) mp 146-148 °C; IR (KBr) vmax 2958, 1764, 1730, 1697,
1672, 1537, 1355 cmt; 1H-NMR (500 MHz, CDCl3) 6 8.37 (1H, bs), 7.64 (2H,
m), 7.19 (2H, m), 5.18 (1H, s), ), 4.72 (2H, t), 4.20 (4H, m), 4.07 (2H, s), 3.67

(3H, s), 2.00 (2H, m), 1.77 (2H, m), 1.42 (5H, m), 0.947 (3H, t); 13C NMR
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(125 MHz, DMSO-ds) 6 193, 185, 182, 172, 171, 154, 150, 134, 133, 124,
123, 120, 117, 110, 85, 72, 66, 59, 35, 31, 30, 24, 18, 14, 13; FAB-MS m/z
Calcd for C25H20NO6440.50 (M+1), Found 440.35.

1f: (98%) mp 167-169 °C; IR (KBr) vmax 2962, 1764, 1668, 1602,
1533, 1465, 1354 cm'%; 1H-NMR (500 MHz, CDClz) & 8.7 (1H, bs), 7.95 (1H,
d, ] = 7 Hz), 7.29-7.23 (2H, m), 7.05 (1H, s), 5.2 (1H, s), 4.52 (4H, m), 4.16
(3H, s), 2.57 (2H, m), 2.2-2.0 (2H, m), 1.78 (2H, m), 1.45 (2H, m), 1.0 (3H,
m); 13C NMR (125 MHz, CDClz) 6 193, 188, 185, 184, 174, 155, 143, 135,
129, 127, 122, 106, 67, 66, 56, 35, 32, 30, 29, 24, 24, 18, 13; FAB-MS m/z
Calcd for C23H25N06412.45 (M+1), Found 412.40.

1h: 95%, mp 230-232 °C; IR (KBr) vmax 3086, 1757, 1676, 1570, 1514,
1354, 1201 cm'}; 'H NMR (CDs0D) 6 8.3 (1H, bs), 7.52-7.28 (3H, m), 5.27
(1H, s), 4.55 (2H, t), 3.8 (3H, s), 2.62 (3H, s), 1.76 (2H, m), 1.51 (2H, m), 1.01
(3H, t); 13C NMR (125 MHz, CD30D) 6 192, 184, 182, 172, 153, 150, 132,
124,120,116, 111, 85, 72, 54, 35,31, 17, 14, 13; FAB-MS
m/z Calcd for C20H21NO4340.39 (M+1), Found 340.50.

1i: 80%, mp 205-207 °C; IR (KBr) vmax 2947, 1759, 1697, 1635, 1535,
1240 cm; tH NMR (500 MHz, CDCl3) 6 8.54 (1H, bs), 7.43-7.26 (3H, m),
5.43 (1H, s), 5.23 (1H, s), 4.83 (2H, t), 4.63 (1H, m), 3.66 (3H, s), 2.50-0.68
(53H, m); 13C NMR (125 MHz, CDCI3) 6 192, 188, 186, 185, 173, 152, 150,

146, 139, 138, 137, 125, 124, 123, 123, 116, 115, 79, 73, 56, 56, 49, 42, 39,
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39,37, 36, 36, 36, 35, 35, 32, 31, 31, 28, 28, 27, 24, 23, 22, 22, 21, 19, 18, 15,
13, 13; FAB-MS m/z Calcd for C4sHesNOg 752.03, Found 752.23.

1j: (95%) mp 170-172 °C, IR (KBr) vma 3446, 1761, 1678, 1625,
1519, 1334 cm1. 'H-NMR (500 MHz, CDClz) § 8.48 (1H, bs), 7.52 (2H, m),
7.47 (1H, d, ] = 7.5 Hz), 7.39 ( 1H, d, ] = 9.5 Hz), 7.25 (1H, m), 5.36 (1H, s),
4.81 (2H, t), 4.37 (2H, bs), 4.13 (2H, ), 1.86 (2H, m), 1.51 (2H, m), 1.01 (3H,
t); 13C NMR (125 MHz, CDCls) § 193, 186, 185, 173, 151, 139, 133, 131, 128,
124, 123, 114, 99, 86, 73, 58, 49, 32, 18, 13; FAB-MS m/z Calcd for
C20H21N04 340.39 (M+1), Found 340.45.

1k: (88%) mp 230-232 °C; IR (KBr) vmax 1759, 1680, 1629, 1523,
1467, 1328 cm-!; H-NMR (500 MHz, DMSO-ds) § 8.35 (1H, bs), 7.83 (1H, s),
7.68 (1H, d, ] = 9.5 Hz), 7.61-7.56 ( 2H, m), 5.42 (1H, s), 4.78 (2H, t), 4.37-
4.24 (4H, m), 1.78 (2H, m), 1.41 (2H, m), 0.92 (3H, t); 13C NMR (125 MHz,
DMSO0-ds) § 193, 186, 184, 172, 150, 139, 133, 132, 130, 125, 124, 118, 115,
94,86, 73, 57, 31, 18, 13; FAB-MS m/z Calcd for C20H20BrNO, 418.28, Found

418.74.

2.6.8. General Procedure for Synthesis of Semisquaraine Dyes 2a-k

A mixture of the corresponding quinaldinium salt (0.06 mmol),
squaric acid (0.06 mmol) and quinoline (0.5 mL) was refluxed in a mixture

of n-butanol and benzene (6 mL each, 1:1) with azeotropic distillation of
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water for 12 h. The solvent was distilled off under reduced pressure to
obtain a residue which was chromatographed over silica gel. Elution of the
column with a mixture (1:9) of methanol and chloroform gave the
semisquaraine derivatives 2a,b,e,f,h-k.

2a: (95%) mp 150-152 °C; IR (KBr) vmax 3412, 3042, 2963, 1761,
1606 cmL. 1H-NMR (300 MHz, CDCl3+DMSO0-ds, 1:4) 6 10.06 (1H, OH), 9.29
(1H,d,]J=11.4Hz),7.89 (1H,d,] =9.3 Hz), 7.73 (1H, d, ] = 9.4 Hz), 7.34 (1H,
d,] =9.3 Hz), 7.17 (IH, s), 6.16 (1H, s), 4.64 (2H, t, ] = 6.5 Hz), 4.11 (3H, s),
1.78 (2H, m), 1.45 (2H, m), 0.93 (3H, m). 13C NMR (DMSO-ds, 1:4) & 185,
177,175, 171, 155, 152, 137, 132, 127, 124, 123, 119, 111, 95, 70, 37, 31,
18, 13; FAB-MS m/z Calcd for C19H19NO4325.139, Found 325.140.

2b: (90%) mp 184-186 °C; IR (KBr) vmax 3016, 2923, 1760, 1602

cm1. 1H-NMR (500 MHz, CDClz) 6 9.45 (1H, d, ] =9.3 Hz), 7.84 (IH,d, ] =9.3
Hz), 7.63 (1H, d, ] = 9.4 Hz), 7.33 (1H, d, ] = 9.5 Hz), 7.09 (1H, s), 6.15 (1H,
s),4.71 (2H, t,] = 6.6 Hz), 4.14 (2H, t, ] = 6.9 Hz), 4.05 (3H, s), 1.78 (5H, m),
1.49 (2H, m), 0.96 (3H, m). 13C NMR (CDCIz) & 184, 176, 174,170, 156, 153,
136,126, 125,122,117, 109, 94, 71, 63, 37, 31, 18, 14, 13, 13; FAB-MS m/z
Calcd for C21H23N04 353.163, Found 353.164; Anal. Calcd; C, 71.37; H, 6.56;
N, 3.96. Found: C, 71.02; H, 7.12; N, 4.24.

2e: (88%) mp 210-212 °C; IR (KBr) vmax 3412, 1762, 1726, 1597,

1354 cm-L; tH-NMR (300 MHz, CDCls) §9.43 (1H, d, ] = 9.33 Hz), 7.86 (1H, d,
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] = 9.3 Hz), 7.66 (1H, d, ] = 9.47 Hz), 7.36 (1H, d, ] = 9.43 Hz), 7.11 (1H, s),
6.14 (1H, s), 4.72 (2H, t), 4.20 (4H, m), 4.04 (3H, s), 2.57 (2H, 1), 2.20 (2H, 1),
1.83 (2H, t), 1.52 (2H, t), 1.29 (3H, t), 0.98 (3H, t); 8 198, 176, 172, 171, 169,
163, 161, 158, 152, 142, 134, 130, 127, 121, 108, 98, 72, 67, 59, 31, 29, 23,
18, 14, 13; FAB-MS m/z Calcd for C2sH20NOs 439.50, Found 439.05.

2f: (85%) mp 152-154 °C; IR (KBr) vmax 2964, 1762, 1710, 1570,
1346, 1257 cm-l; 1H-NMR (300 MHz, CDCls) 8 9.23 (1H, d, ] = 9.27 Hz), 8.05
(1H, d, ] = 8.36 Hz), 7.89 (1H, d, ] = 9.18 Hz), 7.73 (2H, m), 7.12 (1H, s), 6.15
(1H, s), 4.52 (4H, m), 4.17 (3H, s), 2.59 (2H, m), 2.22 (2H, m), 1.78 (2H, m),
1.45 (2H, m), 0.97 (3H, m); 13C NMR (125 MHz, DMSO-ds,) & 185, 177, 175,
173,172, 156, 152, 137, 133, 126, 124, 123, 119, 109, 99, 95, 79, 70, 67, 66,
60, 37, 34, 31, 30, 29, 28, 24, 18, 18, 13, 13; FAB-MS m/z Calcd for
C23H25N06412.45 (M+1), Found 412.35.

2h: (95%) mp 231-233 °C, IR (KBr) vmax 3126, 1759, 1618, 1564,
1442, 1224 cml; H NMR (CDs0D) & 9.01 (1H, s), 8.02 (1H, d, ] = 9.5 Hz),
7.42 (1H, d, ] = 9.5 Hz), 7.33 (1H, s), 6.19 (1H, s), 4.54 (2H, t), 4.18 (3H, s),
2.68 (3H, s), 1.78 (2H, m), 1.50 (2H, m), 1.00 (3H, t); 13C NMR (125 MHz,
DMSO0-ds) § 185, 177, 175,171, 155, 151, 145, 132, 127, 124, 122, 119, 116,
97,79, 71, 31, 19, 18, 13; FAB-MS m/z Calcd for C20H21NO4 340.01 (M+1),

Found 340.50.
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2i: (80%) mp 228-230 °C, IR (KBr) vmax 2953, 1761, 1604, 1558,
1471, 1247 cm'1; tTH NMR (500 MHz, CDCI3) 6 9.26 (1H, s), 7.70-7.53 (3H,
m), 6.32 (IH, s), 5.37 (1H, s), 4.66 (2H, m), 4.01 (3H, s), 2.60-0.61 (52H, m);
13C NMR (125 MHz, CDCl3) & 189, 178, 178, 176, 154, 152, 148, 138, 136,
126,126,125,123,117,117,95, 79, 76,72, 56, 56,50, 42, 39, 39, 37, 37, 36,
36, 36, 35, 32, 31, 31, 28, 28, 27, 24, 23, 22, 22, 21, 19, 19, 18, 18, 13, 11;
FAB-MS m/z Calcd for C4sHesNO¢ 752.03, Found 752.37.

2j: (90%) mp 182-184 °C; IR (KBr) vmax 3330, 1761, 1593, 1560,
1342 cm'1; TH-NMR (500 MHz, CDCI3) 6 9.36 (1H, d, ] =9 Hz), 7.95 (2H, d,] =
9 Hz), 7.78 (2H, d, ] = 10 Hz), 7.53 (1H, m), 6.34 (1H, s), 4.75 (2H, t), 4.58
(2H, t), 4.24 (2H, t), 1.78 (2H, t), 1.46 (2H, m), 0.96 (3H, t); 13C NMR
(CDsOD) 6 184, 181, 178, 172, 156, 140, 134, 130, 128, 123, 121, 119, 97,
73, 60, 52, 33, 19, 18, 14; FAB-MS m/z Calcd for C20H21NO4 340.39 (M+1),
Found 340.45.

2k: (90%) mp 208-210 °C; IR (KBr) vmax 3062, 1764, 1597, 1554,
1435, 1350 cm't; TH-NMR (500 MHz, CDCI3) § 9.1 (1H, d, ] = 9.5 Hz), 7.9-7.5
(4H, m), 6.36 (1H, s), 4.7 (2H, t), 4.6 (2H, t), 4.25 (2H, t), 1.77 (2H, t), 1.46
(2H, m), 0.96 (3H, t); 13C NMR (DMSO-ds,) & 187, 182, 178, 171, 159, 146,
139, 131, 126, 125, 124, 111, 108, 93, 68, 49, 31, 19, 18, 14; FAB-MS m/z

Calcd for C20H20BrN04419.28 (M+1), Found 419.74.
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2.6.9. Synthesis of semisquaric acid 8

A solution of 1b or 2b (1 mmol) in 5 mL acetic acid:water:2N HCI
(50:50:4) is stirred for 4 h at room temperature. The resulting solution was
extracted with CHCIz to give 30% of 8. mp > 300 °C; IR (KBr) vmax 3095,
1753, 1602, 1562, 1492, 1363 cm!; 1H-NMR (300 MHz, CDCl3) 6 8.72 (1H,
d, ] =9.6 Hz), 7.17 (1H, d, ] = 8.6 Hz), 6.95 (3H, m), 5.10 (1H, s), 4.54 (3H, s),
4.27 (2H, m), 1.35 (3H, t); FAB-MS m/z Calcd for C17H15NO4 298.31 (M+1),

Found 298.10.

2.6.10. Synthesis of unsymmetrical squaraine dye 7

A solution of 1 mmol of 2b/8 is refluxed with 1 mmol of 6-iodo-N-
methyl-2-quinaldinium iodide in 1:1 butanol:benzene (5 mL) at 100 °C for
12 h. The solvent was distilled off under reduced pressure to obtain a
residue which was chromatographed over silica gel. Elution of the column
with a mixture (1:9) of methanol and chloroform gave the unsymmetrical
squaraine dye 7. (90%) mp >300 °C; IR (KBr) vmax 2922, 1614, 1564, 1485,
1317 cm%; tH NMR (500 MHz, CDCls) 6 9.35 (1H, d, ] = 9.5 Hz), 9.21 (1H, d, ]
= 9.5 Hz), 7.47-6.93 (8H, m), 5.82 (1H, s), 5.72 (1H, s), 4.11 (2H, m), 3.85
(3H, s), 3.70 (3H, s), 1.46 (3H, t); FAB-MS m/z Calcd for C2sH23IN203 563.40

(M+1), Found 563.21.
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CHAPTER 3. NOVEL SEMISQUARAINES AND STUDY OF THEIR

INTERACTIONS WITH MONO- AND DIVALENT METAL IONS

Visual colour ‘Turn-on’
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3.1. ABSTRACT

With the objective of evaluating the ability of the semisquaraine dyes
as molecular probes, we have investigated the interaction of these dyes
with various mono- and divalent metal ions. Due to the presence of highly
electron rich carbonyl groups, both the E- and Z-isomers of the
semisquaraine dyes 1 and 2 can function as bidentate ligands for various
metal ions. Addition of mercuric ions to these semisquaraine dyes resulted
in colour change as well as significant enhancement in fluorescence

intensity in acetone. Interestingly, both these dyes (E- and Z- isomers)
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show selective reversible interactions with mercuric ions, while negligible
interactions were observed with other biologically and environmentally
relevant mono- and divalent metal ions. Jobs plot analysis of the
complexation showed that the semisquaraine dye 2a showed a 1:1 binding
stoichiometry, while its isomer 1a formed both 1:1 as well as 2:1
complexes under similar conditions. Notably, of the two dyes, 1a showed a
higher binding affinity of 2.4 * 0.1 x 105 M1 towards the Hg?* ions as
compared to 2a which showed a binding affinity of 2.2 + 0.1 x 104 M-1..
H NMR and IR spectral analysis confirms that the binding of the
semisquaraine dyes with the mercuric ions involves the participation of the
carbonyl groups of the squaryl moiety. These studies demonstrate that the
semisquaraine dyes can function as efficient probes for mercuric ions and
signal the complexation event through visual colour change as well as

‘turn-on’ fluorescence intensity.

3.2. INTRODUCTION

Optical probes for the sensing and reporting of chemical species are
of significant importance in chemical, biological and environmental
sciences.! Of particular interest has been the development of specific
probes for the detection of transition or heavy metal ions because they play

important roles in living systems and have an extremely toxic impact on
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the environment.2 In this regard, the selective detection of Hg2+ ions gains
increasing attention owing to the inherent toxicity of the Hg?* ions which
can result in severe environmental and human health hazards.3

Inorganic mercury, Hg® and Hg?* ions, are released into the
environment through a variety of anthropogenic and natural sources. The
United States Environmental Protection Agency has mandated an upper
limit of 2 ppb for Hg?* ions in drinking water.3d A fraction of Hg?* ions is
reduced to Hg® or methylmercury (CH3HgX species), which gets
biomagnified in the food chain.2ef Neurological problems associated with
methylmercury intoxication include prenatal brain damage, cognitive and
motion disorders, vision and hearing loss and death. At the molecular and
cellular levels, methylmercury causes oxidative stress®¢ and lipid
peroxidation,? and it inhibits the division and migration of neurons. It
accumulates in astrocytes, preventing glutamate uptake, and thereby
causes excitotoxic injury to neurons.383h [norganic mercury targets the
renal epithelial cells of the kidney, causing tubular necrosis and
proteinuria.?3 It is also a neurotoxin and causes immune system
dysfunction.3x The Minamata disaster in Japan? as well as the epidemic in
Irag? are indicative of the disastrous effects of mercury intoxication.

The recognition of toxic Hgz* ions through optical methods has been
an area of intense research in recent years. A number of reported Hg?+

sensors employing dual mode recognition in the aqueous medium employ
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rhodamine based systems, where the initially colourless and non-
fluorescent spirolactam ring undergoes ring opening to form the highly
coloured and emissive open form.* Modification of this framework with
various receptor groups has afforded a number of Hg?* ion probes.> A few
examples are shown in Chart 3.1.6 However, lack of solubility in the
aqueous medium prevents the use of most of these sensors for the

detection of Hg?* ions.”

0 =
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Chart 3.1

A number of selective probes for Hg?* ions have been devised using
redox, chromogenic or fluorogenic changes.® Among these, fluorescence
monitoring has received great interest because of the simplicity, selectivity,
and sensitivity of the technique.? In particular, the design of sensors that
give fluorescence enhancement upon binding to Hg?* ions is an intriguing
challenge, since Hg?* ions, like many heavy elements, can cause
fluorescence quenching.l® Restriction of such ‘turn-on’ Hg?* sensors to

aqueous environments introduces additional complexity.l? Moreover, the
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development of specific probes for Hg?* ions employing multichannel
sensing is still a challenge.1?

In this context, it was of our interest to investigate the interactions of
semisquaraine dyes with metal ions and evaluate their potential as probes
for metal ions. These systems are characterized by high electron density at
the carbonyl group. Hence, these systems can, in principle, act as bidentate
ligands for metal ions. Chart 3.2 shows the different semisquaraine
derivatives that we have investigated. Of these, two semisquaraine dyes 1a
and 2a have been chosen for detailed investigation as representatives of
each class of isomers due to their higher solubility and stability (Chart 3.2).
Our results indicate that, these two semisquaraine dyes bind selectively to

Hg2+ ions as compared to other mono- and divalent metal ions. Of the two

a) R' = 0C,Hs, R? = CH;

b) R! = OH, R? = CH;4

c¢) R! = 0(CH,);CO0H, R? = CH;
d)R' =H, R, =H, R? = CH,CH,0H
e) R! = Br, R, = H, R?= CH,CH,OH

Chart 3.2
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isomeric systems, 1 showed one order higher binding affinity towards the
Hg?* ions as compared to 2. Uniquely, such binding event was signaled
through ‘turn-on’ fluorescence intensity, thereby demonstrating the
potential of the dyes 1 and 2 as selective probes for the detection of Hg?+

ions.

3.3. RESULTS

3.3.1. Synthesis and Photophysical Properties

The synthesis of the semisquaraine dyes, 1a-e and 2a-e has been
achieved, as described in Chapter 2 of the thesis, by the reaction between
the corresponding quinaldinium salt and squaric acid/dibutyl squarate,
respectively. These semisquaraine dyes exhibited good solubility in various
organic solvents with absorption in the range 450-540 nm and molar
extinction coefficients of 1-6 x 10* M-1cm-1. The photophysical properties of
these dyes are summarized in Table 3.1.

The absorption properties of the semisquaraines were found to be
independent of the substituent present at the 6-position of the quinoline
ring. For example, the ethoxy substituted semisquaraine derivative 1a
showed the absorption maximum at 515 nm in chloroform, while the
absorption maximum of the semisquaraine derivative 1c is at 508 nm

(Figure 3.1). Compared to the Z-isomer, the E-isomer (2a-e) showed blue-
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Table 3.1. Photophysical properties of the semisquaraine dyes.2

No Z-isomer  Amax € E-isomer Amax €
(nm) (M-lcm1) (nm) (M-1cm1)
1 1ab 478  2.93x10% 2ab 476 1.91 x 10*
2 1bb 479  4.12x10* 2bb 475 190 x 104
3 1ce 501 3.21x10* 2c¢c 478 9.23x 103
4 1dd 509 3.43x10* 2dd 471 5.81x 104
5 led 512 2.23x10* 2ed 475 5.83 x10*

aThe data are the average of more than two independent experiments and the
error is ca. #5%. PCH30H. cDMSO. dCHCls.
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Figure 3.1. Absorption spectra of the dyes in CHCIz (A) 1a-e (B) 2a-e.

shifted and vibrationally resolved absorption spectrum. For example, the

ethoxy substituted dye 2a has an absorption maximum at 476 nm in
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chloroform, while the acid derivative 2c¢ exhibited absorption at 478 nm.
All the semisquaraine derivatives were found to have negligible

fluorescence quantum yields in the solution state.

3.3.2. Interactions of Semisquaraine Dyes with Metal Ions

The interaction of semisquaraine dyes la-e and 2a-e have been
studied with various mono- and divalent metal ions in the organic and
aqueous media in presence of micelles. Interestingly, it was observed that
these semisquaraine dyes, showed an increase in fluorescence intensity

upon complexation with mercuric ions. Figures 3.2 and 3.3 show the

Absorbance

0.0

400 500 600
Wavelength, nm

Figure 3.2. (A) Absorption spectra of 1a (26.5 pM) in acetone with increase in
concentration of Hg(ClO4)2. [Hg(ClO4)2]: a) 0 and j) 26.5 pM. (B) Photograph
showing the visual colour change of 1a alone and in the presence of one
equivalent of Hg(Cl04)2.
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changes in the absorption and emission spectra of the Z-isomer (1a) with
the addition of Hg?* ions. The solution of 1a in acetone shows the
absorption and emission maximum at 505 and 558 nm, respectively. Upon
addition of increasing concentration of Hg?* ions (in water) to 1la in
acetone, a decrease in the absorption at 505 nm was observed with a
concomitant increase in absorption at 444 nm through an isosbestic point
at 454 nm. After the addition of 0.5 equivalent of Hg2* ions, we observed a
shift in the isosbestic point from 454 nm to 455 nm. The changes reach
saturation with the addition of 1 equivalent of Hg?* ions. The appearance of

the new absorption band at 444 nm as well as the decrease in absorption at

Fl. Intensity (a.u.)

400 500 600 700
Wavelength, nm
Figure 3.3. Fluorescence spectra of 1a (26.5 pM) in acetone with increase in
concentration of Hg(ClO4)2. [Hg(ClO4)z]: a) 0 and j) 26.5 pM. Excitation

wavelength, 389 nm. (B) Photograph showing the visual fluorescence colour
change of 2a alone and in the presence of one equivalent of Hg(Cl104)2.
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505 nm enables ‘naked eye’ detection of Hg2* ions with a colour change
from deep red to orange.

The corresponding changes in fluorescence are shown in Figure 3.3.
With increasing concentration of Hg?* ions, an enhancement in the
fluorescence intensity (ca. 18 fold) with a blue shift of ~37 nm was
observed. Similar observations in the absorption and emission spectra have
been made for the dyes 1b-e in the presence of Hg?* ions, indicating that
the Z-isomer of the semisquaraine dyes undergo efficient interactions with

the Hg?* ions.

Figure 3.4 shows the changes in the excitation spectra of the dye 1a
with increasing concentration of Hg?*ions. Before the addition of Hg?* ions,

the excitation spectrum of the semisquaraine exactly matches with the

Fl. Intensity (a.u.)

Wavelength, nm

Figure 3.4. Excitation spectra of 1a (26.5 uM) in acetone with the increase in
concentration of Hg(Cl04)2. [Hg(Cl04)2]: a) 0 and j) 26.5 pM.
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absorption spectrum. As can be seen from the figure, in the presence of the
metal ions, we observed an increase in the absorption at 358 nm and
correspondingly an increase in the fluorescence intensity was observed.
Figure 3.5 shows the changes in the absorption spectrum of the
E-isomer 2a with the addition of Hg?*ions. As observed in the case of the Z-
isomer, when an aqueous solution of Hg?+ions was added to 2a in acetone,
we observed gradual change in the colour and a significant increase in the
fluorescence intensity. 2a has absorption and emission maxima at 475 and
545 nm, respectively, in acetone. But when a solution of Hg?* ions was
added, we observed a decrease in the absorbance and colour change from

deep orange to light yellow. In the fluorescence spectrum, we observed ca.

Absorbance

0.0

350 400 450 500 550 600

Wavelength, nm
Figure 3.5. (A) Absorption spectra of 2a (13.6 pM) in acetone with increase in
concentration of Hg(ClO4)2. [Hg(ClO4)2]: a) 0 and i) 26.8 uM. (B) Photograph

showing the visual colour change of 2a alone and in the presence of one
equivalent of Hg(Cl04)2.
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41-fold enhancement in the fluorescence intensity along with a blue shift of
~78 nm under similar conditions (Figure 3.6). Similar observations have

been made with the dyes 2b-e in the presence of Hg?* ions.

10+

Fl. Intensity (a.u.)

400 500 600 700
Wavelength, nm

Figure 3.6 emission spectra of 2a (13.6 uM) in acetone with increase in
concentration of Hg(ClO4)2. [Hg(ClO4)2]: a) O and i) 26.8 uM. Excitation
wavelength, 340 nm. (B) Photograph showing the visual fluorescence colour
change of 2a alone and in the presence of one equivalent of Hg(ClO4)2.

The changes in the excitation spectrum of 2a with increasing
concentration of HgZ* ions are shown in Figure 3.7. Before the addition of
mercuric ions, the excitation spectrum of the semisquaraine dye exactly
matches with the absorption spectrum. However, with the addition of Hg2+

ions, we observed an increase in the band at 366 nm and a corresponding

increase in the fluorescence intensity.
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Fl. Intensity (a.u.)
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Figure 3.7. Excitation spectra of 2a (13.6 uM) in acetone with increase in
addition of Hg(Cl04)2. [Hg(ClO4)2]: a) 0 and i) 26.8 pM.

3.3.3. Stoichiometry and Reversibility of Complexation

The stoichiometry of the complex formed between the semisquaraine
dyes 1a-e and 2a-e and Hg?* ions were analyzed through Jobs plot and the
binding constant was calculated through Benesi-Hildebrand analysis.!3 The
semisquaraine dye 1la formed a 2:1 complex in the presence of 0.5
equivalents of Hg2* ions, , while a 1:1 complex formation was observed with
one equivalent of Hg?* ions. The Benesi-Hildebrand analysis gave an
association constant (K) of 2.7 £ 0.1 x 10> M-1 for the 2:1 complex, whereas
it was calculated to be 2.4 £ 0.1 x 105> M1 for the 1:1 complex (Figure 3.8).
In the case of the E-isomer, we observed a 1:1 stoichiometry with an

association constant (K) of 2.2 + 0.1 x 10* M-1. These results indicate that
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the Z-isomer shows one order higher binding affinity when compared to

the E-isomer (Figure 3.9).
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Figure 3.8. Benesi-Hildebrand analysis of the complexation between 1a with
HgZ*ions in acetone for (A) 2:1 complex and (B) 1:1 complex.
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Figure 3.9. (A) Job’s plot for the complexation of 2a with Hg2+ ions in acetone.
(B) Benesi-Hildebrand analysis of the complexation between 2a with Hg2+ions in

acetone.
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To investigate the reversibility of the complexation of the
semisquaraine dyes la-e and 2a-e with mercuric ions, ethylenediamine
tetraacetic acid (EDTA) was used as the complexating agent (Figures 3.10
and 3.11).14 Initially both these semisquaraine dyes showed negligible
fluorescence emission. With the addition of one equivalent of Hg?* ions,
significant enhancement in the fluorescence intensity was observed (trace
b in Figure 3.10B and Figure 3.11B). However, when EDTA was added to
the solution of the [dye-Hg?*] complex, a decrease in the fluorescence
intensity was observed. These results demonstrate that both the Z-and E-
isomers show reversibility of the complexation in the presence of EDTA

(trace cin Figure 3.10 and Figure 3.11).
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Figure 3.10. (A) Absorption and (B) emission spectra of 1a showing reversibility
of the complexation in acetone a) 1a, b) [1la-Hg?*] and c) 1a-Hg?* after the
addition of EDTA (in water). Excitation wavelength, 389 nm.
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Figure 3.11. (A) Absorption and (B) emission spectra of 2a showing reversibility
of the complexation in acetone a) 2a, b) [2a-Hg?*] and c) 2a-Hg?* after the
addition of EDTA (in water). Excitation wavelength, 389 nm.

3.3.4. Nature of Complexation

To understand the nature of the complexation, we monitored the 'H
NMR spectral changes of the dyes 1a and 2a in the absence and presence of
different concentrations of Hg?* ions. Figure 3.12a shows the 'H NMR
spectrum of the semisquaraine dye 1a in CDClz. The H NMR spectrum of
1a in CDCIz showed five aromatic protons as multiplets in the region
between & 7 and 9.5 ppm, whereas the olefinic and N-CHz protons appeared
as singlets at 6 6.2 and 4.1 ppm, respectively. With the increase in the
addition of Hg?* ions, the aromatic proton at 6 9.45 ppm (3-H) showed a
regular upfield shift (Ad = 0.55 at 1 equivalent of Hg?* ions), and the other

aromatic protons (4-H, 7-H, and 8-H) and the olefinic and N-methyl protons
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Figure 3.12. 1H NMR spectra of 1a (1in CDClz with increasing concentration of
Hg?* ions (in CD3CN). The mole ratio of [Hg2*] to [1a] is a) 0, b) 0.36, c) 0.76 and
d) 1.0, respectively.

exhibited downfield shifts in the range AS = 0.35-0.6 ppm (Figure 3.12b-d).
However, the 5-H aromatic proton and the aliphatic protons showed
relatively negligible changes in their chemical shifts. Interestingly, with the
addition of 1 equivalent of Hg?* ions, the changes in the chemical shifts of
the various protons reached saturation, confirming thereby the 1:1
stoichiometry for the [la-Hg2*] complex. The significant upfield shift of
aromatic proton 3-H and the downfield shifts observed for the other
aromatic, olefinic, and N-methyl protons clearly indicate the involvement of
the carbonyl groups of the squaryl moiety of the dye 1a in the

complexation.
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Figure 3.13a shows the TH NMR spectra of the E-isomer 2a in CDCls.
The aromatic peaks of the semisquaraine dye 2a are observed in the region
6 7.35-691 ppm in addition to a broad band at § 855 ppm. The
characteristic olefinic proton peak was observed at § 5.2 ppm, while the
N-CHs protons appreared as a singlet at § 3.7 ppm. With the addition of
Hg(ClO4)2 in CD3CN, the peaks corresponding to the aromatic as well as the
olefinic and N-CHsz protons exhibited broadening together with a change in
the chemical shift by A§ = 0.01 to 0.4 ppm (Figures 3.13b-d). The 3-H
proton of the quinoline ring seen as a broad peak at 8.55 ppm undergoes an
upfield shift of A6 = 0.04 ppm, while the olefinic proton showed a shift of

0.036 ppm. On the other hand, the aromatic protons such as 4-H, 5-H, 7-H

3H 4-H |7H 5-H VINYLIC N-CH3
ML

8.5 7.0 5.5 4.0

9, ppm

Figure 3.13. 'H NMR spectra of 2a in CDCl3 with increasing concentration of Hgz*
ions (in CD3CN). The mole ratio of [Hg?+*] to [2a] is a) 0, b) 0.36, ¢) 0.76 and d) 1.0,
respectively.
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and 8-H showed deshielding by 0.09-0.17 ppm, while the N-CH3z protons
broadened and deshielded by 0.09 ppm. Furthermore, negligible changes
are observed in the chemical shift values of the aliphatic protons indicating
their non-involvement in the binding process. The changes in the TH NMR
spectra of the isomer 2a indicate that electron rich carbonyl groups are
involved in the complexation.

The binding of the mercuric ions at the carbonyl group was also
confirmed by 13C NMR experiments, where we could observe the downfield
shift in the frequency of the carbonyl carbons of the semisquaraine isomer
1a from 184 and 176 ppm to 195 and 185 ppm, respectively; while the
isomer 2a showed a shift from 193 and 185 ppm to 198 and 186 ppm,
respectively. The involvement of carbonyl groups of the E- and Z-isomers in
the complexation was also further confirmed through infrared spectral
analysis (FTIR) of the dyes in the presence and absence of Hg?* ions. The
characteristic carbonyl peaks of the semisquaraine E-isomer 2a were
observed at 1766 and 1696 cm! (Figure 3.14). However, the [2a-Hg?+]
complex showed a shift in the carbonyl stretching frequencies to 1756 and
1676 cm1. Similar changes were observed in the case of the Z-isomer 1a.
The shift of the carbonyl stretching frequency of 1a from 1760 cm1to 1739
cm-1 upon complexation confirms that the binding of the Hg?* ions occur at

the electron rich carbonyl groups of the squaryl ring. Further, the
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formation of 1:1 complex was characterized through the observation of the

peak at 591.43 and 591.52 for the dyes 1a and 2a, respectively.
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Figure 3.14. FTIR spectra of 2a alone and in the presence of Hg(ClO4)2.
3.3.5. Selectivity of Recognition of Hg2+ ions

To demonstrate the selectivity of the semisquaraine dyes for Hg2*
ions, we have investigated the interactions of dyes 1a and 2a with other
environmentally important metal ions such as Li*, Na*, K*, Ca2+, Ba%*, Mg?+,
Zn?*, Pb2+* and Cd?* ions in acetone. Figure 3.15 shows the relative changes
in the fluorescence intensity of 1a with the addition of one equivalent of
different metal ions. As evident from the figure, the addition of other metal
ions caused negligible changes in the fluorescence emission of 1a. The
selectivity of 1a towards Hg?+ ions can be observed visually because the

deep red colour and the fluorescence intensity of 1a remained unchanged
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Figure 3.15. Fluorescence response of 1a towards various metal ions in acetone.
Excitation wavelegnth, 389 nm. Inset shows the fluorescence of 1a on adding
various metal ions. From left : 1a alone, 1a in presence of Hg?+, Na*, Mg2+, Pb?+,
Cd?+, Zn?+*ions.
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Figure 3.16. Fluorescence response of 2a towards various metal ions in acetone.
Excitation wavelegnth, 340 nm. Inset shows the fluorescence of 2a on adding
various metal ions, From left : 2a alone, 2a in presence of Hg?+, Na*, Mg2+, Pb?+,
Cdz?+, Zn2+ions.
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upon the addition of these metal ions, whereas with Hg2+ions, we observed
visual colour change as well as turn on fluorescence intensity. Similar
observations have been made with the E-isomer 2a, but the intensity of

fluorescence enhancement observed was ca. 42-fold (Figure 3.16).

3.3.6. Detection of HgZ* Ions in Aqueous Medium Containing Micelles

The semisquaraine dyes showed unusual selectivity for Hg?* ions and
hence it was our goal to identify the ideal conditions for the detection event
in aqueous solutions. With the objective of demonstrating the potential of
the semisquaraine dyes as probes, we have investigated the interactions of
1 and 2 with Hg?* ions and other metal ions under different conditions
including the micellar media. We chose three surfactants such as
cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS),
and Triton X-100 (TX-100), which are representative examples of cationic,
anionic, and neutral surfactants. Of the two series chosen for the study, it
was observed that the Z-isomers 1a-e showed significant changes in their
absorption and fluorescence properties with the addition of Hg2+* ions in the
aqueous medium. Of all the conditions examined, it has been observed that
a solvent system consisting of a mixture (9:1) of water and acetone

containing SDS has been found to be very effective with respect to the

102



Semisquaraines as Probes

stability of 1 as well as to the selectivity and sensitivity of the metal ion
binding event.

Figure 3.17A shows the changes in the absorption spectra of 1a in a
mixture (9:1) of water and acetone containing SDS (12 mM) with the
addition of Hg?* ions. As the concentration of Hg?* ions increased, we
observed a regular decrease in the absorbance of 1a at 472 nm with a
concomitant increase in absorbance at 360 nm through an isosbestic point
at 392 nm. Further addition of Hg?* ions resulted in the complete
disappearance of the absorbance at 472 nm, leading to a visual colour
change from a deep yellow to a colourless solution. Similarly, with an
increase in the concentration of Hg?* ions, we observed a gradual increase

in the fluorescence intensity of 1a (Figure 3.17B). Addition of 19.8 uM Hg?*
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Figure 3.17. Changes in the (A) Absorption and (B) emission spectra of 1a (19.8
uM)in 9:1 water/acetone mixture containing 12 mM SDS with increase in
concentration of Hg(ClO4)2 a) 0, and j) 19.8 uM. Excitation wavelength, 392 nm.
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ions gave ca. 8-fold enhancement in the fluorescence intensity along with a
hypsochromic shift of 30 nm. This significant ‘turn-on’ intensity led to the
visual observation of the change in fluorescence intensity of 1a in the
presence of Hg?*ions.

In order to understand the stoichiometry of the complex formed, Jobs
plot analysis was carried out, The stoichiometry of the complex formed
between 1a and Hg?* ions was found to be 1:1 (Figure 3.18A). Benesi-
Hildebrand analysis showed that the association constant for the complex
formation is K= 4.0 + 0.1 x 104 M1 (Figure 3.18B).

To investigate the effect of a micellar medium on the sensitivity of the
assay, the detection of Hg?* ions by 1a has been examined by varying the

concentration of SDS. Thus, in the presence of 6 mM SDS, we observed ca.
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Figure 3.18. (A) Job’s plot and (B) Benesi-Hilderbrand analysis for the
complexation of 1a with Hg?+ ions in 9:1 water/acetone mixture containing 12
mM SDS.
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2-fold enhancement in fluorescence intensity of 1a upon binding with Hg?*
ions, and it reached a saturation with a maximum enhancement of ca. 8-
fold at 12 mM SDS. Figure 3.19 show the relative changes in the
fluorescence intensity of 1a upon the addition of 1 equivalent of Hg?* ions
at different concentrations of SDS. With increase in concentration of SDS,
the changes in the fluorescence intensity of 1a upon addition of Hg?* ions
increased and reached saturation at and above the critical micellar

concentration (CMC)?!® of SDS.
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Figure 3.19. Relative changes in fluorescence of 1a in 9:1 water/acetone on
complexation with HgZ* ions as a function of [SDS].

Figure 3.20 shows the plot of the variation of association constants
with varying SDS concentrations for the semisquaraine isomer 1a. As can
be seen, the association constant (K) is clearly dependent upon the

concentration of SDS. Interestingly, the association constant in SDS
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solutions shows saturation at 12 mM of the surfactant. The CMC in mixed
solvents and in the presence of free ions will be different from that in pure
solvents.1¢ This might explain the higher value of the CMC observed. This
variation in the CMC is reflected in the higher value of K observed at 12 mM

of SDS.

0 10 20 30 40
[SDS], mM

Figure 3.20. Variation of the association constant (K) with concentration of SDS
on the addition of Hg?* ions to a solution of 1a in 9:1 water/acetone mixture
containing SDS.

3.3.7. Selectivity of Hg?* Ions Recognition in Aqueous Medium

To demonstrate the selectivity of the semisquaraine dyes for Hg2*
ions, we have investigated the interactions with other environmentally
important metal ions such as Li*, Na*, K+, Ag*, Ca%*, Mg?+, Zn?*, Pb2+, Cd?-,
CuZ* and Fe3* ions in a mixture (9:1) of water and acetone containing 12
mM SDS. For example, the addition of K* and Cd2* ions showed negligible
changes in the absorption and fluorescence intensity of 1a (Figures 3.21
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Figure 3.21. (A) Absorption and (B) the corresponding fluorescence spectra of
1a (18 uM) in 9:1 water/acetone mixture containing 12 mM SDS with increase in
concentration of KCL [K*] (a) 0 and (f) 90 uM. Excitation wavelength, 392 nm.
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Figure 3.22. (A) Absorption and (B) the corresponding fluorescence spectra of
1a (20 uM) in 9:1 water/acetone mixture containing 12 mM SDS with increase in
concentration of Cd(ClO4)2. [Cd2+] (a) 0 and (f) 90 uM. Excitation wavelength, 392
nm.

107



Chapter 3

and 3.22). Similar observations have been made with the divalent metal
ions. Figure 3.23 shows the relative changes in the fluorescence intensity of
1la with the addition of one equivalent of different metal ions. The
selectivity of 1a toward Hg?* ions can be observed visually because the
deep yellow colour and the fluorescence intensity of 1a remained
unchanged upon the addition of these metal ions, whereas with HgZ* ions,
we observed visual colour change as well as ‘turn-on’ fluorescence intensity
(Inset, Figure 3.23). Further, the presence of equimolar concentrations of
these metal ions in the sample showed negligible influence on the

sensitivity of 1a for Hg?* ion detection in the aqueous solutions.

Fl. Intensity (a. u.)

Figure 3.23. Fluorescence response of 1a towards various metal ions in a
mixture (9:1) of water and acetone containing SDS (12 mM). Inset shows the
visual changes in (A) absorption and (B) fluorescence of 1a on adding various
metal ions, From left : 1a alone, 1a in presence of Hg2+, Na*, Mg2+, Pb2+, Cd?* ions.
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3.4. DISCUSSION

The semisquaraine dye isomers la-e and 2a-e undergo selective
interactions with mercuric ions resulting in visual colour change as well as
enhancement in fluorescence intensity. Theoretical calculations have been
carried out to understand the nature of the complex between the
semisquaraines and Hg?* ions.1” The electrostatic potential map showed
the availability of lone pair of electrons at the carbonyl oxygen atoms, and
the distance between the two carbonyl oxygen atoms is found to be 3.3 A
(Figure 3.24). The selectivity of the semisquaraines towards Hg?* ions can
be attributed to the soft acid nature!8 as well as the size of the mercuric
ions. The fixed distance of 3.3 A between the two carbonyl groups of the
squaryl moiety can ideally accommodate mercuric ions with a diameter of
2.2 A. Moreover, the significant changes in the 'H NMR, FTIR spectra of the
semisquaraine dyes indicate that the binding of the mercuric ions involves

the carbonyl groups in the metal ion complexation (Figure 3.25).

Figure 3.24. Geometry optimized structure as well as the electrostatic potential
map of 2a.
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C,Hs0

[1a-Hg?*] complex [2a-Hg?*] complex

Figure 3.25. Structures of the complexes formed between Hgz* ions and the
semisquaraine dyes 1a and 2a.

A comparison of the metal ion binding ability of the two classes of
semisquaraine dyes indicated that the efficiency of binding interaction is
higher in the case of the Z-isomer. This is clear from the higher association
constants observed for the complexation between the semisquaraine dye
1a and Hg?* ions as compared to the [2a-Hg?*] complex. This could be
attributed to the absence of hydrogen bonding between the carbonyl
oxygen and the quinoline proton in the Z-isomer (1a), resulting in greater
electron density at the carbonyl group as compared to the E-isomer (2a).
Notably, the higher complexation ability of the Z-isomer with mercuric ions
is also retained under aqueous conditions, whereas the E-isomer exhibits
less significant interactions with Hg2* ions under similar conditions. This
could be due to the fact that in poorly coordinating organic solvents, there
is no competition by the solvent molecules towards the coordination of the
probe to the metal ions, so that effective binding takes place between the

probe and metal ions.!® However, in organic solvent-water mixtures or in
110



Semisquaraines as Probes

neat water, the competitive nature of the solvent increases, resulting in
decreased complexation ability of the probe. This is due to the strong
solvation energy of the metal ions in the presence of water, which
disfavours metal-ligand interactions. Hence, only a strongly coordinating
ligand can induce a favourable response towards the metal ions. In the
present case, due to the stronger complexation ability of the Z-isomer to
the Hg2* ions, we were able to observe significant changes in its absorption
and fluorescence property, as compared to the E-isomer, albeit with lower
association constants.

The semisquaraine dye 1a shows significant binding with the
mercuric ions in aqueous solution containing anionic micelles. In the case
of anionic surfactants, the anionic charges are present at the micellar
interface, and hence this micellar region becomes favourable as a
complexation field for cations.2® By taking into account the binding of the
dye with the metal ions, we propose that these dye molecules distribute
within the micellar structure but close to the surface near the polar head
groups (Figure 3.26). In such a situation, the hydrophobicity rendered by
the aromatic moieties can be overcome by the hydrophilicity of the
carbonyl oxygen atoms. This would enhance the affinity of the dye
molecules toward polar ends so that stable complex formation between the

dye and HgZ* ions could occur at the interface involving water molecules as
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Figure 3.26. Schematic representation of the micellization of the dye 1a.

other coordinates. The observed significant signaling efficiency of 1a for
Hg?+* ions in the presence of SDS as compared to the aqueous medium could
be attributed to the microencapsulation of the complex. This results in the
decrease in the rotational as well as translational freedom of the excited
state of the complex leading to the significant fluorescence enhancement in
the presence of the surfactant.

To rationalize the variation in the activity of the semisquaraine dye
towards the Hg?* ions in various SDS concentrations, it is important to
consider two competing processes: the first is the electrostatic interaction
between the anionic SDS micellar surface and the positively charged metal
ion (Hg?*ions) and the second factor is the lesser accessibility of the probe
molecules toward the metal ions within the micellar environment.?2! The
electrostatic interaction between the SDS micellar surface and the Hg?* ions

leads to an increase in the local concentration of the metal ions in the near
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vicinity of the probe. This close proximity of 1a and the metal ions in
micellar aggregates ensure effective communication between the probe
and the metal ions. Thus, with the formation of the micellar units, an
efficient complexation was observed between the semisquaraine dyes and

Hg?* ions when compared to the aqueous medium.

3.5. CONCLUSIONS

We have synthesized a series of novel semisquaraine dyes 1a-e and
2a-e and investigated their metal ion binding properties with various
mono- and bivalent metal ions. These systems are characterized by the
presence of electron rich carbonyl group in the squaryl ring, due to which
these semisquaraine dyes act as bidendate ligands for metal ions. Both the
semisquaraine derivatives displayed unusual selectivity for the Hg?* ions
among the various metal ions investigated. Our investigations revealed that
the metal ion complexation involves the electron rich carbonyl groups of
the semisquaraine derivatives as characterized by 1H, 13C NMR and FTIR
spectral analysis. The unusual selectivity of the semisquaraine dyes for the
Hg?* ions could be rationalized due to the soft acid nature and size of the
metal ion. This binding of the semisquaraine derivatives to Hg2+ ions could
be visualized through visual colour change as well as ‘turn-on’ fluorescence

intensity. These results demonstrate that the semisquaraine dyes can
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function as efficient dual chromogenic and fluorogenic probes for the

detection of Hg?* ions.

3.6. EXPERIMENTAL SECTION

3.6.1. General Techniques

The equipment and procedure for spectral recordings are described
elsewhere.22 All melting points were determined on a Mel-Temp II melting
point apparatus. The IR spectra were recorded on a Perkin Elmer Model
882 infrared spectrometer. The electronic absorption spectra were
recorded on a Shimadzu UV-3101 or 2401 PC UV-VIS-NIR scanning
spectrophotometer. The fluorescence spectra were recorded on a SPEX-

Fluorolog F112X spectrofluorimeter.

3.6.2. Materials

Hg(Cl04)2, Pb(ClO4)2, Cu(ClO4)2, Zn(ClO4)2, Ca(ClO4)2, NaClO4, KClO4,
LiCl04, Mg(Cl04)2 was purchased from Aldrich, India and used as received.
The synthesis of the semisquaraine dyes 1a (mp 202-204 °C), 1b (mp 205-
207 °C), 1c (mp 167-169 °C), 1d (mp 170-172 °C), 1e (mp 230-232 °C), 2a
(mp 184-186 °C), 2b (mp 150-152 °C), 2¢ (mp 152-154 °C), 2d (mp 182-

184 °C), 2e (mp 208-210 °C) used in the present study was achieved as
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described in Chapter 2 of the present thesis. All the solvents used were

purified and distilled before use.

3.6.3. Determination of Stoichiometry of Complexation

In the Jobs plot method, the total molar concentration of the two
binding partners (e.g. dye and metal ions) are held constant, but their mole
fractions are varied. The fluorescence intensity (or peak area) that is
proportional to complex formation is plotted against the mole fractions of
these two components. The maximum on the plot corresponds to the
stoichiometry of the two species if sufficiently high concentrations are

used.

3.6.4. Determination of Association Constants

The binding affinities of the semisquaraine dyes were calculated
using Benesi-Hildebrand equation 3.1 for 1:1 stoichiometry and equation
3.2 for 2:1 stoichiometry, where K is the equilibrium constant, Io is the
fluorescence intensity of the free dye, I is the observed fluorescence
intensity in the presence of metal ions and Is is the fluorescence intensity at
saturation. The linear dependence of on the reciprocal (or its square root)
of the metal ion concentration indicates the formation of a 1:1 or 2:1

complex between the dye and the metal ion.
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1 1 1

-1, I-—1I * K({I — Iy)[Mn+]

eq (3.1)

1 1 N 1
I —1, I — I K- Io)[Mn+]1/2

eq (3.2)
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CHAPTER 4. NOVEL CROCONAINE DYES AND STUDY OF THEIR METAL

ION BINDING AND LIGHT HARVESTING PROPERTIES
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4.1. ABSTRACT

With an objective to develop infrared absorbing dyes as probes for
metal ions and sensitizers in solar cells, we synthesized a few quinaldine
based croconaine dyes. These dyes exhibited absorption maximum in the
infrared region (840-870 nm) with high molar extinction coefficients (1-5 x

10> M-1cm-1). Upon interaction with divalent metal ions these dyes were
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found to form complexes with a 2:1 stoichiometry having high association
constants in the order 105-107 M-1, while the monovalent metal ions caused
negligible changes in their spectral properties. As characterized through
FTIR and NMR, the complex formation with divalent metal ions involves
the participation of the croconyl moiety and results in strong chelation
enhanced fluorescence emission.

Another interesting aspect of these dye molecules is their ability to
undergo intermolecular interactions and form H-type and ]-type
aggregates. By making use of this property, we have demonstrated the
possibility of tuning the absorptive range of a photoelectrochemical cell.
These dyes when deposited as thin film on optically transparent electrodes
or on nanostructured TiO; film resulted in H-aggregates with a blue-shifted
absorption maximum at 660 nm. The excitons formed upon excitation of
the dye aggregates undergo charge separation at the TiO: and SnO:
interfaces. The H-aggregates in the thin film are photoactive and produce
anodic current when employed in a photoelectrochemical cell. Our results
reveal that the suitably substituted croconaine dyes can have potential
applications as probes for divalent metal ions and also in dye sensitized

solar cells.

124



Croconaines as Probes and Sensitizers

4.2. INTRODUCTION

Dyes that absorb or emit in the long wavelength (> 650 nm) region of
the optical spectrum have gained increasing attention in the last few years,!
especially because of their potential optoelectronic? and biomedical3
applications.# Several attempts have been made towards developing
compounds that absorb in the near-infrared (NIR) region. One commonly
employed approach is to increase the extent of @ conjugation, however, this
would eventually lead to its convergence limit.> Further, most of the near-
infrared absorbing dyes require tedious synthetic methodologies.¢ Of these,
cyanine dyes have received considerable attention as NIR dyes due to their
remarkable absorption and emission properties.” However, photobleaching
and low chemical stability of these dyes has necessitated the development
of alternate dyes with absorption in the infrared (IR) region including
squaraines and croconaines.8

The interest in IR dyes as indicators and labels grew strongly in the
last decade,” triggered by significant advances in optical detection and
imaging technologies.l® Two of the main advantages of operating in the IR
region are the virtually negligible background absorption and the absence
of autofluorescence.!! In this context, there is an intense search for potent

IR fluorophores.’213 On the other hand, most IR dyes show intense
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absorption bands because their chromophores are characterized by a

highly conjugated and often largely extended m-electron system.1#

o, ,0
OH
Croconaine dye (CR)

Chart 4.1

Croconaines are a class of dyes possessing sharp and intense
absorption bands in the near-infrared to infrared region (Chart 4.1) and
can, in general, be considered as an acceptor in conjugation with two
donors, D-A-D.15 Although, croconaine dyes are the higher homologues of
squaraine dyes, the photophysical and photochemical properties of these
dyes have not been studied extensively.16 These dyes are usually prepared
by the condensation between croconic acid and an electron rich aromatic,
heteroaromatic or olefinic compounds in a one-step reaction. In this
context, we synthesized quinoline based croconaine dyes 1a-d, absorbing
in the infrared region (Chart 4.2) and examined the potential use of these
dyes as probes for metal ions and also in solar cell applications. Our results
indicate that the croconaine dyes undergoes efficient interactions with

various metal ions leading to chelation enhanced fluorescence intensity.172
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In addition to this, the thin films of the croconaine dyes can generate

photocurrent when employed in an electrochemical cell.17b

)
ey St
N
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CH; ¢
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(a) X=H, b) X=Br, ¢) X=1,

d)X =

0COO

Chart 4.2

4.3. RESULTS

4.3.1. Synthesis of Croconaine Dyes

The synthesis of the dyes 1a-c¢ has been achieved by the
condensation reaction between 2:1 equivalents of the quinaldinium salts
3a-c and croconic acid in ethanol at 80 °C using quinoline as catalyst. The
quinaldinium salts 3a-d, in turn, was isolated by the reaction of the
substituted quinaldines 2a-d with methyl iodide at 100 °C in a sealed
tube.18 With a view to improving the solubility and cellular permeability of
the dyes, cholesterol anchored croconaine dye 1d was synthesized from the

corresponding quinaldinium salt 3d, following the same synthetic strategy
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i) Methyl iodide, 100 °C, 12 h; ii) croconic acid, ethanol, quinoline, 80 °C, 12 h

Scheme 4.1

as in the previous cases. The reaction mixture following work up and
column chromatography gave the cholesterol linked croconaine dye 1d in
75% vyield. All the croconaine dyes were characterized on the basis of
analytical and spectral techniques. For example, in the 1H NMR spectrum of
the unsubstituted croconaine dye 1a in DMF-ds, showed the aromatic
protons in the range from 6 7.5-7.3 ppm, while the 3-H proton appeared as
a doublet at 8.9 ppm with J = 9.4 Hz. In addition, the olefinic proton can be
seen as a sharp peak at § 6.4 ppm, while the N-methyl protons appear as a
singlet at 6 3.9 ppm. In the FTIR spectrum, the characteristic carbonyl
stretching frequency of the croconyl ring appeared at 1604 and 1558 cm-.
The FAB mass analysis showed a molecular mass of 420.14, which

corresponds to the molecular formula C27H20N203 of the croconaine dye 1a.
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4.3.2. Photophysical Properties of Croconaine Dyes

The croconaine dyes 1a-d showed sharp and intense absorption in
the infrared window with absorption maximum ranging from 840-875 nm
and high molar extinction coefficients in the range € = 1-5 x 10> M1 cm1.
Figure 4.1 shows the absorption spectra of the various croconaine dyes.
The unsubstituted croconaine dye 1a showed absorption maximum at 840
nm in DMF, while the halogenated dyes 1b and 1c exhibited absorption
maximum, which is ca. 20 nm red-shifted from the parent unsubstituted
derivative, 860 and 865 nm, respectively (Table 4.1). The dyes 1a-c have
low solubility in common organic solvents. However, the substitution of
quinaldine ring with the cholesterol moiety resulted in increased solubility
of the dye 1d in THF and CHCIl3. The dye 1d showed an absorption

maximum at 871 nm in THF.

0.54
0.4
0.31
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Figure 4.1. Normalized absorption spectra of the croconaine dyes 1a-d.

129



Chapter 4

All these dyes were found to have negligible fluorescence quantum
yields and hence their singlet excited state characterization using emission
spectroscopy was difficult and femtosecond transient absorption
spectroscopy was employed to probe the excited state behaviour of the
croconaine dyes. The time-resolved spectra of the transients recorded
following 775 nm laser pulse excitation of the croconaine dye 1d in CH2Cl;
are shown in Figure 4.2. The formation of singlet excited state can be seen
from the transient absorption spectrum recorded immediately after 130 fs
laser pulse excitation. The difference in the absorption spectra shows a
broad absorption peak in the visible region with split maxima at 630 and

720 nm. The decay of this absorption band in the visible region parallels

Table 4.1. Excited-State Properties of Croconaine Dyes?

Dye Amay, NM g, Mlcmt? S1-Sn abs Excited singlet
Abs max, nm lifetime (ps)

1ab 842 1.3x105 - -

1bb 861 1.9x105 630, 720 7.3

1cP 865 1.4x10° 635, 685 4.4

1dc 865 4.2x10° 630,720 4.1

aAverage of more than 2 experiments and the error is ca. + 5 %. P DMF. <CHCI:.
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the bleaching recovery at 860 nm. The excited state lifetime, as monitored
from the decay at 630 nm, is 7.3 ps. The excited singlets of 1b and 1c also
show similar broad absorption in the 600-720 nm region and exhibit
lifetimes of 4.4 and 4.1 ps in DMF, respectively. The decreased lifetime of
these dye singlets as compared to 1d is expected to arise from the

difference in the solvent medium.
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Figure 4.2. Transient absoprtion spectra recorded following the 775 nm laser
pulse excitation of 1d in CH2Clz. (A) Time resolved absorption spectra recorded
at 0, 1, 3, 6, 13, 23 and 83 ps and (B) absorption-time profiles recorded at 630
and 860 nm.

The bleaching recovery for all three dyes was completed within ~40
ps. This complete recovery of the ground state in turn indicates the absence
of long-lived transients and confirms that the singlet excited state is the
only transient formed when monomer croconaine dye is excited with 775

nm laser pulse. Absence of long-lived transient rules out the possibility of

intersystem crossing in the formation of triplet excited state. The side chain
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modification with Br, I or cholesterol group had little effect on the
formation or deactivation of the croconaine dye singlet excited states.

Since the intersystem crossing efficiency was found to be negligible
under direct excitation of the croconaine dyes, triplet-triplet (T-T) energy
transfer method was adopted to characterize the triplet excited state of
these dyes.l? Pyrenecarboxaldehyde, PyC (Er = 186 kcal/mole; Amax = 440
nm and €max = 20000 M-1cm-1) in CH2Cl2 was used as a sensitizer to transfer
triplet energy to 1d in a nanosecond laser flash photolysis set up

(equations 4.1 and 4.2).

hv ISC
PyC —> 'Pyc* —> 3pyC* eq (4.1)
3PyC* + 1d — PyC +31d* eq (4.2)

The transient absorption spectrum recorded immediately after 355
nm laser pulse excitation of PyC shows absorption maximum at 440 nm,
corresponds to the triplet excited state (spectrum a in Figure 4.3). In
presence of 1d, the deactivation of the pyrene triplet proceeds via T-T
energy transfer as illustrated in equation 4.2. This is evident from the
growth of a new absorption band in the visible region (spectra b and c in
Figure 4.3). The broad absorption band seen around 500 and 680 nm
corresponds to the triplet of excited state of 1d. The bimolecular rate as

determined from the dependence of pseudo-first order decay rate constant
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Figure 4.3. T-T energy transfer between excited 0.1 mM PyC and 0.02 mM 1d in
dichloromethane. Time-resolved spectra were recorded following 355 nm laser
pulse excitation: (a) 50 ns (b) 500 ns (c) 5 ps and (d) 20 ps.

of PyC triplet on the concentration of 1d is 1.8 x 101° M-1s-1, [f we assume
energy transfer to be 100%, we can determine the extinction coefficient of
triplet excited state of 1d. By comparing the maximum absorbance values
and the extinction coefficient of PyC triplet, we obtained a value of 15500
M-1cm1 for 1d triplet at 680 nm. The triplet excited state of 1d is relatively
long lived (lifetime of 7.2 ps) compared to its singlet excited state (7.3 ps).
Spectrum d in Figure 4.3 shows the residual absorption following the decay
of triplet excited state. The formation of the photoproduct is an indication
of the photochemical reactivity of triplet excited state. Since the triplet
excited state has a longlife, if formed under direct excitation, we could have

seen a long-lived transient in Figure 4.2. These results further confirm that
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the intersystem crossing is a minor pathway in the deactivation of the

singlet excited state of the croconaine dyes.

4.3.3. Study of Interactions with Mono- and Divalent Metal Ions

With a view to investigate the ability of the croconaine dyes 1a-d as
bidentate ligands and thereby their potential use as probes, we have
carried out their interactions with various mono- and divalent metal ions
such as Li*, Na*, K+, Ag*, Ca%+, Mg+, Zn2+, Pb2* and Cd?* ions. The derivative
1d was selected as a representative example, because of its higher
solubility and stability. Figure 4.4A shows the changes in the absorption
spectrum of the dye 1d on addition of Zn2+ ions. With increasing
concentration of Zn?* ions, we observed a decrease in the absorption band
at 871 nm, with the concomitant formation of the band at 788 nm. The
corresponding changes in the fluorescence spectra of the dye 1d with
increasing addition of the metal ions are shown in Figure 4.4B. The dye 1d
alone is weakly fluorescent. With the addition of Zn?* ions, a significant
increase in the fluorescence intensity was observed with an emission
maximum at 814 nm.

The progressive increase in the fluorescence intensity reached
saturation with the addition of 0.5 equivalents of the metal ions and ca. 28-

fold fluorescence enhancement could be observed with Zn2* ions (®= 2.5 x
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Figure 4.4. Changes in the (A) absorption and (B) emission spectra of the
croconaine dye 1d (7.75 pM) in THF with the addition of Zn2+ ions, a) 0, and
e) 3.87 uM. Excitation wavelength, 700 nm.

10-3). The stoichiometry of the complex formed between the croconaine
dye 1d and the representative metal ion Zn%* ions was found to be 2:1 as
evident from the Job’s plot (Figure 4.5).1c Benesi-Hildebrand analysis2? of
the complex formation between the dye 1d and Zn?* ions was studied by
following the changes in the fluorescence spectra. These analysis gave a
binding constant of 1.1 + 0.3 x 107 M-1, which is in good agreement with the
value obtained from the absorption changes.

The interaction of the dye 1d with different alkali, alkaline earth,
transition and heavy metal ions was also examined. The complexation of 1d
with other metal ions led to the formation of a new absorption band
characteristic of the complexation with the corresponding metal ions. For
example, with the addition of Pb2* ions to the dye solution in THF, a

decrease in the band corresponding to the dye at 871 nm was observed,
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Figure 4.5. (A) Job’s plot for the complexation of the croconaine dye 1d with Znz*
ions in THF. Figure B shows the Benesi-Hildebrand analysis of the emission
changes for the complexation between the dye 1d and Zn2+ions.

with the concomitant formation of a new band at 735 nm (Figure 4.6A).
With increasing concentration of Pb2+ ions, the initially weakly fluorescent
dye showed ca. 26-fold enhancement in fluorescence intensity (® = 2.2 x
10-3) with the emission maxima at 816 nm (Figure 4.6B). Similar
observations have been made with Cd?* ions; however, the new band
corresponding to the [1d-Cd2*] complex was observed at 804 nm and ca.
14-fold fluorescence enhancement (¢ = 1.4 x 10-3) was observed with
emission maxima at 818 nm. Based on the fluorescence data, the binding
constants for Pb2+ and Cd?* ions were calculated and these values are found
to be 6.5 + 0.5 x 106 M-1and 2.6 = 0.3 x 106 M-1, respectively. The relative
changes in the fluorescence intensity of the croconaine dye 1d upon the

addition of different metal ions are shown in Figure 4.7.

136



Croconaines as Probes and Sensitizers

The monovalent metal ions such as Li*, Na* and K* ions caused

negligible changes in the absorption and fluorescence spectra. In contrast,

the addition of other divalent metal ions like Pb2+, Cd%*, Mg2+, Hg?+, Ca?* and

Ba?* ions showed significant affinity for the dye resulting in the chelation

0.87 A 30-
0.6 =
g 8,204
£ 04 2
T
(%] "E 104
2 0.2 =
[y
0.0 , , : 0 . .
600 700 800 900 1000 750 800 850 900

Wavelength, nm

Wavelength, nm

Figure 4.6. Changes in the (A) absorption and (B) emission spectra of the dye 1d
(7.75 uM) in THF with the addition of Pb%* ions. [Pb%*] a) 0, and e) 3.87 uM.

Excitation wavelength, 700 nm.
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Figure 4.7. Relative fluorescence enhancement of the croconaine dye 1d (7.75
UM) upon interaction with different metal ions.
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enhanced fluorescence intensity. However, the relative changes were found
to vary with different metal ions. Similar, but less significant effects were
observed in the absorption and emission spectra of the dye 1d upon adding
other divalent metal ions like Mg?*, Hg?*, Ba2* and Ca%*ions. The absorption
and emission maxima as well as the association constants calculated for the

various metal complexes of 1d are summarized in Table 4.2. As shown in

TABLE 4.2. Absorption and fluorescence maxima, association constants
and quantum yields of the various metal ion complexes of 1d in THF.2

Complex Amay, I Opb Association constant
Abs Em (K),c M
(1d-znz] 788 814  25x10° 1.1£0.3 x 107
[1d-Pbz] 73> 816 2.2x107 6.5+ 0.5 x 106
[1d-cd»+] 804 818 L4 %107 2.6+0.3 x 106
(1d-Mgz] 805 815 5.5 x 10+ 32+ 0.4 x 106
[1d-Baz] 750 818 47x10% 8.0%0.2 x 105
[1d-Hg] 735 812 42x10% 2.6%0.3 x 105
[1d-car] 755 820 3.2x10% 1.3%0.4 x 105

aAverage of more than 2 experiments and the error is ca. + 5 %. *’Fluorescence
quantum yields were calculated using indocyanine-green (IR-125) as the
standard (@ = 0.13, in DMSO). cAssociation constants were calculated based
on fluorescence changes.
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the table, the [1d-M™*] complexes have absorption maxima in the range
735-805 nm, while the emission maxima is in the range 812-820 nm. For
example, the absorption and emission maxima for the complex [1d-Zn2+*]
was observed at 788 and 814 nm with association constant 1.1 + 0.3 x107
M-1, while for the [1d-BaZ*] complex, we observed a lower value of 8.0 + 0.2

x 105M-1,
4.3.4. Characterization of Metal Ion Complexation

The complexation between various metal ions and the dye 1d was
confirmed through 'H NMR and infrared (FTIR) spectral analysis of the
complex. The H NMR spectrum of the croconaine dye 1d in CDCIl3 showed

five aromatic protons as multiplets in the region between & 7-9.1 ppm,

b
. |
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Figure 4.8. 'H NMR spectra of the dye 1d in CDCI3 with increasing concentration
of Zn2+ ions in CD3CN. The mole ratio of [ZnZ*] to [1d] is a) 0, b) 0.25 and c) 0.5.
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while the olefinic and N-methyl protons appeared as singlets at 6 6.4 and
3.9 ppm, respectively (Figure 4.8). With the addition of Zn2+ ions, a
broadening of the aromatic signals as well as the olefinic and N-methyl
protons could be observed.

The infrared (FTIR) spectrum of the dye 1d is shown in Figure 4.9.
The bands at 1660, 1598 and 1560 cm, are characteristic of the carbonyl
groups of the croconyl moiety, while the band at 1755 cm-! is assigned to
the carbonyl group attached to the cholesterol moiety. The FTIR spectrum
of the [1d-Zn?*] complex showed the carbonyl band at 1610 cm-?, while the
bands at 1598 and 1560 cm-! were merged to give a new band at 1564 cm-1.
This clearly indicates the involvement of two carbonyl groups of the

croconyl moiety of 1d in the complexation with Zn2+*ions. As expected, the

100+ [1d—Zn2+] complex
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Figure 4.9. IR spectra of the croconaine dye 1d and the [1d-Zn2+] complex.
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band at 1755 cm! corresponding to the carbonyl group attached to the
cholesterol moiety showed negligible changes. Moreover, no significant
changes were observed in the protons of the aliphatic region in the 1H NMR
spectrum of the [1d-Zn?*] complex, indicating that the cholesterol moiety

has no significant interactions with the metal ions.

4.3.5. Light Harvesting Properties of Croconaine Dyes

Dye sensitization of nanocrystalline semiconductors have attracted
considerable attention since Gratzel first reported on the highly efficient
ruthenium complex sensitized nanocrystalline TiOz-based dye sensitized
solar cell (DSSC).21 Polypyridyl complexes of ruthenium, such as N3 dye,?12
and the ‘black dye’?le have been reported to have solar energy to electricity
conversion of up to 10.4%. Various sensitizers based on coumarin,?2
indoline,?3 cyanine,2* hemicyanine,2> merocyanine,?¢ perylene,2’ xanthene,28
triarylamine,?° squaraine3? and thiophene3! have been explored. Since the
croconaine dyes under investigation exhibit intense absorption in the infra-
red region, it was our interest to investigate the potential of these dyes as
sensitizers in solar cells.

One of the possible ways to utilize the croconaine dyes for harvesting
infrared photons (in a photoelectrochemical cell) is to cast thin films on the

electrode surface. Two different approaches were adopted for casting the
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films of the croconaine dye 1d in the electrode surface. A drop cast method
was employed to cast thin film of 1d on glass slide by applying the
chloroform solution and air drying, while the other method involved the
assembling of the dye molecules as thin films on nanostructured TiOz and
Sn0z. The absorption spectra of the dye film cast on conducting glass and
the dye molecules deposited on TiO; and SnO: films are shown in the
Figure 4.10. The dye film cast on the conducting glass exhibits blue-shifted
absorption band with a maximum at 660 nm, indicating thereby, the
formation of H-aggregates under these conditions.32 The presence of both
monomer and aggregate forms are evident from the absorption spectra as

shown in Figure 4.10 (traces b and c).

1.00 ; :-._. )

Absorbance

400 600 800 1000
Wavelength, nm

Figure 4.10. Absorption spectra of the croconaine dye 1d cast or deposited on
(a) glass slide using drop cast method, (b) nanostructured TiO: film, (c)
nanostructured SnO: film using dip-adsorption method and (d) monomer
solution spectrum.
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The observation of smaller peaks in the higher energy region (e.g.,
560 nm) is indicative of higher ordered aggregates such as trimer and
tetramer of 1d. The broadness of the aggregation peak indicates the degree
of randomness of the aggregates formed in these films. As compared to the
solution spectrum, the absorption peak of the monomer dye on TiO2 and
SnO; surface is slightly blue shifted with maximum around 840 nm. The
presence of monomer form in these films indicates that the surface of the
oxide particles promotes dispersion of dye molecules without aggregation.

The excited state behaviour of the croconaine dye films were further
investigated using pump-probe spectroscopy. Figure 4.11 shows the time-
resolved absorption spectra recorded following 775 nm excitation of 1d

film cast on conducting glass electrode. A difference absorption peak at 610

B o - -
615 nm Al ﬁﬁﬂ
Reo % Timélps |*
S ————————
660 nm
500 600 700 0 500 1000
Wavelength, nm Time, ps

Figure 4.11. Transient absorption spectra recorded following the 775 nm laser
pulse excitation of 1d film on glass. (A) Time resolved absorption spectra
recorded at 0, 1, 3, 25, 100 and 1340 ps and (B) the absorption-time profiles
recorded at 615 and 660 nm.
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nm and bleaching at 670 nm can be seen as the excitonic state of the dye
aggregate is generated using infrared laser excitation. The transient decay
when fitted to biexponential decay analysis, gave lifetime values of 1.1 and
7.6 ps. The inhomogeneity of the aggregates in the film is expected to
influence the decay kinetics and contribute to the deviation from the
monoexponential decay behaviour.

The excited singlet of H-aggregate is nonfluorescent because of the
forbidden transition between the lower excited singlet level and ground
state.33 Thus, the excited H-aggregates undergo intersystem crossing to
produce relatively long-lived triplet species. More than 98% of the
bleached dye is recovered in ~30 ps. Based on this observation, we can
conclude that the intersystem crossing is not a dominant deactivation
pathway for the excited dimer of 1d. Further, the excited state or excitonic
state formed with direct excitation of the dye aggregate on a glass surface
undergoes rapid annihilation without producing charge separated state or
triplet excited state. In order to see whether the semiconducting property
of TiO2 and SnO2 can influence the charge separation process, we evaluated
the transient spectra following laser pulse excitation of 1d films.

Figure 4.12 compares the transient spectra recorded following the
387 nm laser pulse excitation of the 1d film on glass and TiO: surface. The
higher energy of the laser pulse chosen for this experiment ensured the

excitation of all aggregated forms of the dye in the film. Neither the SnO: or
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Figure 4.12. Transient absorption spectra recorded following the 387 nm laser
pulse excitation of 1d film on (A) glass and (B) nanostructured TiOz film. The
absorption-time profiles recorded for (C) 1d film on glass at 580 and 690 nm and
(D) nanostructured TiO; film at 500 and 670 nm.

TiO2 (Eg >3.5 eV) substrate can be directly excited with 387 nm laser pulse.
The transient absorption and decay behavior of the 1d films on the glass
surface was similar to the one observed with 775 nm laser pulse excitation.
Any higher energy states formed during 387 nm laser pulse excitation are
quickly relaxed to form the excitonic state similar to the 775 nm laser pulse
excitation. The transient decay deviates from the monoexponential

behavior. The biexponential kinetic analysis of the transient decay yielded

lifetimes of 1 and 11 ps.
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Interestingly, a different type of transient absorption behaviour was
observed on the TiO2 surface with a broad maximum around 500 nm. The
bleaching in the 670 nm confirms that the origin of the transient is still
centered on the dimer of 1d. Upon fitting the transient decay at 500 nm to
biexponential kinetic analysis, we obtain lifetimes of 0.5 and 3.4 ps. Two
notable differences emerge from these experiments. (i) The transient
observed on the TiO; and SnO: surface exhibits blue shifted absorption
compared to the excitonic absorption on the glass surface. (ii) The initial
decay times of the transient on the TiO2 and SnO; surface are shorter than
the one observed on the glass surface and formation of long-lived transient
is also visualized from the residual bleaching at 690 nm. These results
suggest that a significant fraction of the excitonic state of the aggregate dye
dissociates at the TiO2 surface to generate the charge separated pair.

The transient absorption around 500 nm is attributed to the charge
separated state. Most of these separated charges undergo recombination,
however, a small fraction (<10%) of the charge separated state is stabilized
as the electrons are trapped within the TiOz particles. The possible reaction
pathways with which the excited dye aggregates in the film undergo
deactivations are summarized in equations 4.3-4.6. If indeed TiO; is
capable of accepting electrons from the charge separated dye aggregate, we
should be able to collect these charges at the electrode surface in a

photoelectrochemical cell.
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(dye)2 + hv—— (dye):* eq (4.3)
(dye)2* — (dye)2 eq (4.4)
(dye)2*— (dye* + dye’) —— (dye): eq (4.5)
(dye* + dye-) + TiO—— (dye* + dye) + TiOz (e) eq (4.6)

4.3.6. Photocurrent Generation at Dye Modified TiO: Electrode

The nanostructured TiO: film was first cast on a conducting glass
electrode (OTE/TiOz) using TiO2 colloids. The dye 1d deposited on the TiO;
surface (referred as OTE/TiO;/1d) was found to be photoactive and
generates photocurrent in a photoelectrochemical cell when irradiated
with light. Figure 4.13 shows the photocurrent response to On-Off cycles of
illumination and the power characteristics of the cell. The photocurrent
response is prompt and reproducible at several cycles of illumination. As
the electrons are transported towards the collecting electrode surface, the
dye is regenerated by the redox couple (I3/I) at the electrolyte interface. A
maximum current of 0.23 mA/cm? and a photovoltage of 190 mV was
observed for visible-IR illumination (100 mW/cm?2) of the electrode.
Although overall power conversion efficiency is small (<0.1%), the
generation of anodic photocurrent confirms the light initiated electron flow

towards TiO: film and the collecting OTE surface.
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Figure 4.13. (A) Photocurrent response and (B) power characteristics of
OTE/TiO2/CR-1 electrode. Excitation wavelength, >400 nm, 100 mW/cmz2.
Electrolyte: 0.5 M Lil and 0.05 M Iz in acetonitrile.

The incident photon to charge carrier generation efficiency (IPCE) of
OTE/TiOz/1d electrode and OTE/SnO2/1d electrode is shown in Figure
4.14. These experiments were carried out in a two arm flat cell and the
illumination area was limited to 0.28 cm2. The dye 1d modified OTE/TiO;
electrode shows photocurrent response in the 500-800 nm region, thus
matching the absorption of the H-aggregates. The maximum IPCE was ~1.2
% (curve a) at 650 nm. The performance of OTE/Sn0z/1d electrode was
relatively poor with maximum IPCE of 0.6%. It is interesting to note that
the IPCE at longer wavelengths (> 800 nm) is relatively low and there was
no contribution from the monomer dye to the photocurrent generation.
The blue-shift in the IPCE peak compared to the absorption maximum

indicate that higher aggregates of dye 1d contribute to the photocurrent

148



Croconaines as Probes and Sensitizers

1.0
. f (a)
A &% {08
\ X
[\ / "Q@O 1
B A Joe6 &
o 0.8 F / ) g
b ! (b) {1 =
[Sa} ] SR L o
&) L \ - RN 7
A ~ </ T " 404 é::
| ) .
04F «—— NN -
\ \ 4 0.2
L \
| AN
0.0 L. - - LCoorcreead
400 600 800 1000

Wavelength, nm

Figure 4.14. Photocurrent response of the OTE/TiO:/1d electrode to
monochromatic illumination. The comparison of (a) IPCE and (b) absorbance
traces show the primary species responsible for photocurrent generation.

generation with greater efficiency. The varying photocurrent generation
efficiency of monomers aggregates has been elucidated in earlier studies.3*
Compared to the dye 1d, the other croconaine dyes, 1b and 1c, performed

poorly and no attempt was made to further evaluate the

photoelectrochemical performance of these two dyes.

4.4. DISCUSSION

The ground (So) and excited states (S1) of the croconaine dyes are
intramolecular D-A-D charge transfer (ICT) states.3> The So-S1 electronic
excitation in these systems involves a CT process that is primarily confined

to the central Cs03 cyclopentane ring. The intramolecular charge transfer
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character (ICT) of this transition, combined with an extended © conjugation
is responsible for the sharp and intense absorption bands of these dyes.
The interaction of the metal ions at the carbonyl group lowers the &
conjugation as well as the CT character, resulting in the formation of a
hypsochromically shifted absorption band for the dye-metal complex. The
formation of the [1d-M2?*] complex reduced the bond energy of the
conjugated C=0 bond, leading to the reduction of the carbonyl stretching
frequency as seen in the FTIR analysis. In addition, in the 'H NMR spectra,
the peaks corresponding to the aromatic, olefinic and N-methyl protons get
broadened upon metal ion binding. The presence of electron rich carbonyl
oxygen allow only the interaction with divalent metal ions, in a 2:1 binding
mode as evidenced through Jobs and Benesi-Hildebrand analysis and the
sensitivity of the binding follows the order, Zn?* > Pb%* >> Cd?* >> Mg?* =

Hg?+~ Ca2* ~ Ba%*ions (Figure 4.15).

[1d-M?*] complex

Figure 4.15. Schematic representation of the complexation between divalent
metal ion, M2+ and the croconaine dye 1d.
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Depending on the nature of substituents and the medium, squaraine
and croconaine dyes can form H-aggregates or J-aggregates, (Figure
4.16);3¢ the formation of which have been explained by the molecular
exciton theory. According to this theory, the dye molecule is regarded as a
point dipole and the excitonic state of the dye aggregate splits into two
levels through the interaction of transition dipoles. The dye molecules can
aggregate in a parallel way (plane-to plane stacking) to form a H-aggregate
(sandwich-type arrangement) or in a head-to-tail arrangement (end-to end
stacking) to form a J-aggregate. A transition to the upper state having
parallel transition moments (in parallel aggregates) and to a lower state
with perpendicular transition moments (in a head-to-tail arrangement)

leads to hypsochromic (blue) and bathochromic (red) shifts, respectively.3”

Parallel Head-to-tail
Sz 1+ O~ a”----$_- SZ
3T —F  — i
Sl Y ‘~._=_ Sl
0 I
| 1
1 1
1 1
1 1
| 1
1 1
1 1
SO : 1 — 1 - - ! SO
H-aggregate Monomer J- aggregate
(blue shift) (red shift)
I — I
L] L
] ]
] |
] ]
I I

Figure 4.16. Exciton band energy diagram for molecular excitons for H- and J-
aggregates.
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In the case of the croconaine dye 1d, it is the H-aggregate of the dye
that undergo charge separation over TiO: electrode, rather than the
monomer dye. In a dye-sensitized photocurrent generation mechanism, the
excited singlet of the sensitizing dye directly injects electrons into the TiO2
particles. The oxidation potential of the ground state dye (1d) as
determined from the cyclic voltammetry experiment is 1.22 V vs. NHE. This
value corresponds to ~ 0.23 V for the oxidation potential of the excited
monomer (assuming the singlet energy as 1.45 eV). Since the conduction
band energy of TiOz (0.5 V vs. NHE) is more negative than the oxidation
potential, the excited monomer form of the dye cannot directly participate
in the charge injection process. As a result of this energy mismatch, we are
not able to observe sensitized photocurrent generation from the monomer.
However, the dye aggregates are capable of generating photocurrent as the
excitons undergo charge separation and thus contribute to the

photocurrent generation.38

4.5. CONCLUSIONS

In conclusion, a new class of substituted quinoline based croconaine
dyes was synthesized and their interactions with metal ions and light
harvesting properties have been investigated. Due to the presence of a

stronger acceptor moiety, these croconaine dyes exhibited around 100 nm
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red-shifted absorption compared to the corresponding squaraine dyes. The
presence of the two carbonyl groups facilitates complex formation of the
croconaine dyes with divalent metal ions. The lowered ICT character and
decreased conjugation in the ring resulted in the formation of a new
absorption band at lower wavelength region for the dye-metal ion complex
and the metal binding is signaled through ‘turn on’ fluorescence intensity.
The photophysical properties of the croconaine dyes in the
monomeric and aggregated forms have been characterized using
femtosecond spectroscopy. The excitation of the H-aggregate of the thin
films produces excitons, which are capable of undergoing charge
separation on the TiO; and SnO; surface. When the dye molecules adsorbed
on TiO: films were excited with visible-IR light anodic current generation
was observed, wherein only the aggregates contribute to the photocurrent
generation. The low IPCE of the croconaine dye film shows that the net
charge separation is  poor. Improvement in  the  dye
aggregate/semiconductor heterojunction is necessary to further improve
the efficiency of charge separation. Results of the investigations
demonstrate that croconaine dyes act as potential probes for metal ions in

the infrared region and also in light harvesting applications.
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4.6. EXPERIMENTAL SECTION

4.6.1. General Techniques

The equipment and procedure for spectral recordings are described
elsewhere.3? All melting points were determined on a Mel-Temp II melting
point apparatus. The IR spectra were recorded on a Perkin Elmer Model
882 infrared spectrometer. The electronic absorption spectra were
recorded on a Shimadzu UV-3101 or 2401 PC UV-VIS-NIR scanning
spectrophotometer. The fluorescence spectra were recorded on a SPEX-
Fluorolog F112X spectrofluorimeter. 'H and 13C NMR spectra were
measured on a 300 MHz Bruker advanced DPX spectrometer. Ultrafast
(femtosecond) transient absorption experiments were conducted using a
Clark-MXR 2010 laser system and an optical detection system provided by
Ultrafast Systems (Helios). The source for the pump and probe pulses is the
fundamental of the Clark laser system (775 nm, 1 mJ/pulse, fwhm 130 fs, 1
kHz repetition rate). Nanosecond laser flash photolysis experiments were
performed with a 355 nm laser pulse (5 m], pulse width 6 ns) from a
Quanta Ray Nd:YAG laser system. All the solvents used were purified and
distilled before use. Fluorescence quantum yields were calculated using IR-
125 as the standard (& DMSO = 0.13).40 Metal ion binding studies were

carried out by the addition of equal aliquots of metal ion stock solution in
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water to 3 mL of dye in THF.

4.6.2. Materials

Cholester-3-yl-2-methylquinoline-6yl carbonate (2d), mp 101-102 °C
(lit. mp 101-102 °C),18b 6-iodo-2-methylquinoline (2c¢), mp 108-109 °C (lit.
mp 108-109 °C),41 6-bromo-2-methylquinoline (2b), mp 95-96 °C (lit. mp
95-96 °C),*! cholester-3-yl-N-methyl-2-quinaldinium-6yl carbonate iodide
(3d), mp 216-217 °C (lit. mp 216-217 °C),'8 6-iodo-N-methyl-2-
quinaldinium iodide (3c), mp 222-223 °C (lit. mp 222-223 °(C),*! and 6-
bromo-N-methyl-2-quinaldinium iodide (3b), mp 237-239 °C (lit. mp 237-
239 °C)*! were prepared by modifying the reported procedures. Croconic
acid, Hg(ClO4)2, Pb(Cl04)2, Cu(ClO4)2, Zn(ClO4)2, Ca(ClO4)2, NaClO4, KClO4,

LiCl04, Mg(Cl04)2 were purchased from Aldrich and used as such.

4.6.3. General Procedure for Synthesis of Croconaine Dyes 1a-d

A mixture of the corresponding quinaldinium salt (0.06 mmol),
croconic acid (0.03 mmol) and quinoline (0.5 mL) was refluxed in ethanol
(6 mL) for 24 h. The solvent was distilled off under reduced pressure to
obtain a residue, which was washed with methanol and DMSO to give the
corresponding croconaine dyes 1a-c.

1a (80%, based on conversion): mp >300 °C, IR (KBr) vmax cm1 3035,

1604, 1558, 1454; 'H NMR (DMF-ds, 300 MHz) § 9.14 (1H, d, ] = 9.4 Hz), 7.9
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(2H, d, ] = 9 Hz), 7.82 (2H, m), 7.53 (1H, m), 6.46 (1H, s), 4.14 (3H, s); FAB-
MS: m/z Calcd for Cz7H20N203: 420.14. Found: 420.06. Anal. Calcd for
C27H20N203: C, 77.13; H, 4.79; N, 6.66. Found: C, 76.92; H, 4.65; N, 6.54.

1b (85%): mp >300 °C, IR (KBr) vmax cm? 3055, 1654, 1608, 1543;
FAB-MS: m/z Calcd for C27H18Br2N203: 578.25. Found: 579.35. Anal. Calcd
for C27H18Br2N203: C, 56.08; H, 3.14; N, 4.84. Found: C, 55.74; H, 2.97; N,
5.10.

1c (85%): mp >300 °C, IR (KBr) vmax cm? 3055, 1653, 1606, 1546;
FAB-MS: m/z Calcd for C27H18l2N203: 672.25. Found: 672.31. Anal. Calcd for
C27H18I2N203: C, 48.04; H, 2.70; N, 4.17. Found: C, 48.21; H, 2.90; N, 4.16.

Procedure for the synthesis of dye 1d: A mixture of the cholesterol
linked quinaldinium salt 3d (0.06 mmol), croconic acid (0.03 mmol) and
quinoline (0.5 mL) was refluxed in ethanol (6 mL) for 24 h. The solvent was
distilled off under reduced pressure to obtain a residue, which was then
subjected to column chromatography over silica gel. Elution of the column
with a mixture (1:9) of methanol and chloroform gave 75% of the
croconaine dye 1d, mp 290-292 °C, IR (KBr) vmax cm1 2947, 1755, 1660,
1598, 1560; tH NMR (CDCls, 300 MHz) 6 8.99 (2H, d, J]= 9.4 Hz), 7.55-7.39
(8H, m), 6.39 (2H, s), 5.37 (2H, s), 4.55 (2H, s), 3.95 (6H, s), 2.44 (4H, s),
1.96-0.75 (82H, m); 13C NMR (CDCls, 75 MHz) § 196.6, 188.3, 186.8, 183.2,
154.1, 153.1, 140.4, 130.3, 128.2, 124.9, 123.2, 121.4, 118.2, 117.5, 114.3,

111.1,108.4,103.3,81, 73.3,72.1,58.2,57.7, 51.5, 43.8, 41, 37.7, 37.3, 33.4,
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31.2, 30.9, 29.7, 29.5, 25.8, 25.4, 24.4, 24.2, 24.1, 22.6, 20.8, 20.3, 13; FAB-
MS: m/z Calcd for Cs3H108N207: 1277.75. Found: 1277.69. Anal. Calcd for

Cs3H108N207: C, 78.02; H, 8.52; N, 2.19. Found: C, 77.85 ; H, 8.3; N, 2.13.

4.6.4. Determination of Stoichiometry of Complexation

In the Jobs plot method, the total molar concentration of the two
binding partners (e.g. dye and metal ions) is held constant, but their mole
fractions are varied. The fluorescence intensity (or peak area) that is
proportional to complex formation is plotted against the mole fractions of
these two components. The maximum on the plot corresponds to the
stoichiometry of the two species if sufficiently high concentrations are

used.

4.6.5. Determination of Association Constants

The binding affinities of the semisquaraine dyes were calculated
using Benesi-Hildebrand equation 4.7 for 2:1 stoichiometry, where K is the
equilibrium constant, Iy is the fluorescence intensity of the free dye, I is the
observed fluorescence intensity in the presence of metal ions and Is is the
fluorescence intensity at saturation. The linear dependence of on the
reciprocal of square root of the metal ion concentration indicates the

formation of a 2:1 complex between the dye and the metal ion.
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11 1
I=1ly I-1Is g -I1)[Mn+]"Y2

eq (4.7)

4.6.6. Preparation of Electrodes

To prepare the SnO; Electrodes (OTE/Sn0O2), the SnO2 (15%)
suspension obtained from Alfa chemicals was first diluted (1 mL of SnO;
solution with 47 mL of water and 2 mL of ammonium hydroxide) to obtain
0.3% solution. 500 uL of this diluted suspension was spread over 2 cm?
area of an optically transparent electrode (OTE). These electrodes were
then air-dried on a warm plate and annealed in an oven at 673 K for 1 h.
Details on the preparation of electrodes can be found elsewhere.*2

To prepare the TiO2 Electrodes (OTE/TiOz), TiOz colloids were first
prepared by hydrolyzing titanium isopropoxide in glacial acetic acid
solution followed by autoclaving the suspension at 507 K for 12 h. The
details of the procedure can be found elsewhere.*3 500 uL of the suspension
was spread over the OTE plate using a syringe. After air drying the

electrodes were annealed in an oven at 673 K for 1 h.

4.6.7. Photoelectrochemical Measurements

Photoelectrochemical measurements were performed using a
standard two-compartment cell consisting of a working electrode and Pt

wire gauze counter electrode. All photoelectrochemical measurements
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were carried out in acetonitrile containing 0.5 M Lil and 0.05 M L.
Photocurrents were measured using a Keithley model 2601 source meter.
A collimated light beam from a 150 W Xenon lamp with a 400 nm cut-off
filter was used for excitation of the electrodes. A Bausch and Lomb high
intensity grating monochromator was introduced into the path of the
excitation beam for selecting appropriate wavelength. The incident photon-
to-photocurrent efficiency (IPCE) at various excitation wavelengths was

determined from the equation 4.8, where igc is the short-circuit
photocurrent (A/cm?), Ijnc is the incident light intensity (W/cm?2) and A is

the excitation wavelength.

ise 1240

IPCE(%) = ———x100 eq (4.8)

inc
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