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PREFACE

Squaramc dyes possess sharp and intense absorption bands in the
visible and near infrared region which become broad and red shxfted in the
solid statc. These properties combined with their ability to photoconduct
make thcm‘é tmportant for a number of applications such as in solar energy
conversionﬁ and xerography. The intense bands of these dyes arise from an
intramolecular charge transfer transition and these bands are highly
sensitive t(ia substitutional changes as well as to changes in the surrounding
medium. 'I"‘he main objectives of the present investigations were, (i) the
design and study of squaraine based chromo- and fluoroionophores and (ii)
study of the aggregation behaviour of squaraines in homogencous and
heterogeneous media. _

In Chapter 1 of the thesis, a brief review on the photophysical,
photocherpical and aggregation properties of squaraines in homogeneous
and heterogeneous media is presented.

Chapter 2 deals with the synthesis and photophysical characterization
of a few éréwn ether derivatives of squaraines, 12-14. The excited singlet,
triplet and radical ion formation in these squaraines were studied by
picosecond and nanosecond laser flash photolysis. Although complexation
of the crown ether.squaraines with different alkali metal ions did not bring
about significant changes in the shape of their absorption and emission
spectra, a significant decrease in the quantum yield of fluorescence of these
dycs was observed. These cffects have been attributed to partial inhibition

of the intramolecular charge transfer process brought about by metal ion



complexation. The associalyon constants of these dyes with metal ions vary
with the size of the crown ether moiety. The changes in the redox
properties of these dyes brought about by metal ion complexation were
studied using cyclic voltamfnetry.

The third Chapter of the thesis describes the photophysical and
photochemical properties, as well as metal ion complexation properties of a
cationic squaraine dye, 10, Complexation of this dye with metal ions
brir;gs about significant changes in the absorption properties of the dye
giving risc to a new band. 'l"hc position of this band is dependent upon the
metal ions used, making it possible to distinguish various metal ions.
Interestingly, it was observed that élkali and alkaline earth metal cations
have no effect on the absorption properties of this dye, enabling thereby the
detection of millimolar to nanomolar quantities of metal ions such as Cu*,
Hg* and lanthanides even in the presence of millimolar quantitics of alkali
and alkaline earth metal ions.

The last chapter of the thesis (Chapter 4) describes the detailed
photophysical studies of two bis(benzothiazolylidene)squaraine dycs, 7 and
8 containing carboxylic functional grotips. The presence of the carboxylic
functional groups make these dyes water soluble in basic medium (pH ~8).
These dyes form sandwich type H-aggregates in water and the photophysical
properties of these aggregates have been investigated. Addition of low
concentrations of polyvinylpyrrolidone (PVP) (<3 x 10™ M) brought about
an enhancement in the aggregation of 7, whereas that.of 8 remained
unaffected. At high concentrations of PVP (>3 x 10" M), the formation of

highly fluorescent species was observed for 7 and 8 and these species have

viii



been attributdd to the polymer microencapsulated monomeric forms of these
dyes. The na&ure of the mteractlon between PVP and these dycs has been
discussed. Pllcosecond laser ﬂash photolysis studies of the aggregates
showed that they break-up in the excited state to yield both excited and
ground state monomeric molecules. Rapid recombination of these solvent

caged monomers lead to the reformation of the ground state aggregates.

# The compound numbers listed in this preface refer to those given in the

different Chapters of this thesis.



CHAPTER 1

PHOTOCHEMISTRY AND PHOTOPHYSICS OF SQUARAINE
DYES: A BRIEF REVIEW AND OBJECTIVES OF THE
PRESENT INVESTIGATION

1.1. Introduction

During the past couple of decades squaraine dyes have been
extensively investigated for their diverse applications such as in xerogra-
phy,' organic solar cells,”? optical recording media,* and non-linear optical
devices®’ by many research groups. Squaraine dyes are 1,3-disubstituted
squaric acid derivatives, posscssing sharp and intense absorption in the
visible region which become broad and red shifted in the solid state due to
the strong intermolecular donor-acceptor interactions.®® A brief review on
the synthesis, photophysics and photochemistry of squaraine dyes with
special emphasize on the microenvironment effect and aggregation proper-
ties as well as the objectives of the present investigation are presented in

this Chapter.
1.2. Synthesis

Squaric acid undergoes condensation reactions with a variety of
nucleophiles to form 1,3-disubstitut;d products possessing intense
absorption in the visible and near-infrared region.'®'* Schmidt'’ has
proposed the widely accepted name ‘squaraine’ for this class of dyes which

was first reported by Treibs and Jacobs.'® The major part of the earlier

work on the synthesis of squaraines was carried out by the former group'®!®

17-19

and by Sprenger and Ziegenbein. Later, Law- and co-workers have



-

contributed extensively on the synthesis of unsymmetric squaraines.’®?
More recently, Nakasumi and co-workers?® have reported a new class of

cationic squaraines.
1.3. Absorption and Emission Spectra

Squaraine dyes can be gencrally described as molecules consisting of
two donor moicties (D) connected to a central C40; ¢lectron withdrawing

group (A) (Chart 1). The optical properties of Squaraincs, are very simtlar

o@
R 7 8 . 4 s R
R s« 8 7 R 2, R=C4Hy
O
Chart 1

to those of polymethine cyanine dyes, suggesting a cross-conjugated
structure as shown in Chart 2. In such a structure the bond lengths betwecen
the conjugated carbons are cxpected to be equal, with values in between
those of a single and double bond. X-ray crystallographic studies suggest
that the average C-C bond length is about 1.414 A indicating considerable
amount of double bond character, suggesting extensive delocalization
throughout the molecule.?**® Whereas the C4-Cs bond length of 1.366 A is
suggestive of a quinoid like structure, the C-C bond length of the cyclobu-
tane ring deviates closest to that of a single bond.” Thus, while the net
molecular carbon-carbon bond order suggests a cross-conjugated cyanine

like structure, squaraine also possesses a cyclobutadienylium dication



character. The true structure must therefore be a complex mixture of the
two resonance forms, shown in Chart 2.

MNDO and CNDO calculations have showed that the SO-SI' electronic
excitation involves a charge transfer process which is primarily confined to
the central cyclobutane ring, from each oxygen atom to the four membered
ring with minor contributions from the donor groups. The intramolecular
CT character of this transition, combined with an extended conjugated
n-electron donor network gives rise to the sharp and intense bands in the

visible region observed for squaraines.®

o o®
H3C\ @/CH:; HJC\@ /CH3
N O =N N N
H,C CH H,C CH
o 3 o) }

Chart 2

The effect of substituents and solvents on the ground and excited
state properties of bis[4—(dimcthylamino)phényl]squarainc, 1 (Chart 1) and
its derivatives have been studied in detail by Law.?° Increase in the chain
length of the N-alkyl group as well as substitution at the C, and Cs
positions brought about bathochromic shifts in the absorption spectra of
these squaraines. These effects could partly be attributed to the minor
involvement of the donor groups in the So-Sx- excitation. The enhancement
in the D-A-D CT character brought about by the substituents can lead to a
stabilization of the polarized charges. Law’’ has suggested that the batho-
chromic shifts can mainly be attributed to improved formation of solutc-

solvent complexcs with increase in the stabilization of these charges.



The absorption and emission properties of [4-methoxyphenyl-4'-

(dimethylamino)phenyl]squarain‘e, 3 (Chart 3) and its derivatives, a class of
unsymmetrical D'-A-D compounds showed interesting differences from

those of the symmetrical squaraines.’’? Their absorption spectra are blue-

shifted relative to those of the symmetrical squaraines, due to the presence

09
/CH3
H,Co O @ O N
H
0o CH,

3
Chart 3

of the less electron donating anisole ring. Introduction of asymmetry
through the anisole ring cnhances vibronic coupling during electronic
transition, producing vibrational fine structure in both absorption and fluo-
rescence spectra. The multiple fluorescence observed for these compounds
has been shown to be the sum of vibronic bands of the unsymmetrical
squaraine and its solvent complex. The fluorescence quantum yields of the
unsymmetrical squaraines are a factor of 30 lower than those of symmetri-
cal squaraines and these differences have been attributed to radiationless
decay, due to enhanced rotation of the C-C bond between the anisole ring
and the central four-membered ring.

For the symmetrical bis[4-(dimethylamino)phenyl]squarainc, 1
(Chart 1) and its derivatives, complexation with alcoholic solvents was
shown to bring about bathochromic shifts in their absorption speétra.” For

the bis(benzothiozolylidene)squaraines such as 4 (Chart 4), however,



complexation with alcoholic solvents brought about marked hypsochromic
shifts in their absorption maxima.34 The hypsochromic shifts have been
attributed to formation of hydrogen bonds between the alcohols and the
oxygen atoms of the central cyclobutane ring, which can hinder- the

intramolecular charge-transfer process. A strong correlation was observed

0@
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Chart 4

between the extent of the hypsochromic shift and the hydrogen bonding
strength of the alcohol. Such hypsochromic shifts have also been observed
for similar squaraine dyes.>® The differences in the behaviour of the [4-(di-
alkylamino)phenyl]squaraines and bis(benzothiozolylidene)squaraines sug-

gest that the quinoid like structure may be more pronounced in the latter.
1.4, Excited Statc Propertics

The properties of the excited states and the reduced and oxidized
forms of bis[4-(dimethylamino)phenyl}squaraine, 1-and bis[4-(dimethyla-
mino-2-hydroxy)phenyl]squaraine, 5 (Chart 5) have been investigated by
picosecond and nanosecond laser flash photolysis.?®

The transient absorption spectra recorded at different time intervals,
following 532-nm laser pulse (18 ps) excitation of § show an absorption

maximum around 480 nm.>® The lifctime of the excited singlet state and the

fluorescence quantum yield of 5 are about twice that of 1. This has been



attributed to hydrogen bonding between the OH group in the phenyl ring
and the CO-group in the central cyclobutane ring, which can restrict the

rotational relaxation of the excited state of 5 as proposed earlier by Law.?®

X o@
H3C\ /CH3 1, X=H
N O S O NG 5 X = OH
H,C i CH, ’
o X '
Chart 5

The intersystem crossing efficiencies of 1 and § were very small
(1%). The triplet-triplet spectra of these dyes were obtained using the
triplet-triplet energy transfer method using 9,10-dibromoanthracene (DBA)
as the sensitizer. The transient absorption spectrum recorded immediately
after laser pulse excitation (A..x 425 nm) corresponds to the sensitizer
triplet while those recorded at time intervals greater than 10 ps correspond
to the triplet state of 1. The triplet lifetimes of 1 and 5 were identical,
indicating that the triplet excited states, unlike the singlet excited states, are

insensitive to the presence of OH groups on the phenyl ring,

1.5. Photophysical Properties of Squaraines in Heterogenecous Media

~

The intramolecular charge-transfer nature of the electronic transitions
of squaraines makes their photophysical properties highly sensitive to the
properties of the surrounding medium. In addition, the ability of these dyes
to form solute-solvent complexes and their sensitivity to pH, polarity and
hydrogcn bonding ability of solvents can make these dyes useful as probcs

for assessing the microstructures of organized assemblies and of polymers.



1.5.1. Effect of B-Cyclodextrin

Addition of B-cyclodextrin {-CD) to aqueous solutions of 6b
(Scheme 1) brought about a gradual red shift in the absorption and emission

bands with an enhancement in fluorescence yield.>” At the highest concen- -

tration of B-CD studied the fluorescence yield of 6b (®f= 0.18) was nearly

OH gy HO OH oy HO

‘ @ +H"
HOOH HOO
-H'
OH O HO OoH O HO
6a 6
+H1 -H
OH o HO OH o® HO
+H*
8o dom(Dre 2wy~
OH O Ho OH O HO
6¢c . 6b
Scheme 1

90 fold of that observed in water. Benesi-Hildebrand analysis of the
dependence of fluorescence yield of 6b on $3-CD concentration indicated a
2:1 complex formation between B-CD —and 6b.

Encapsulation by [-CD molecules can enhance the microviscosity
around the dye anion which can restrict the free rotation of the two phenyl
groups. Additionally, the hydrogen bonding of 6b with the solvent

molecules will also be restricted. Due to a combination of these effects the



non-radiativc dccay routes become far less efficient leading to the observed
enhancement in fluorescence yield. From picosecond laser flash photolysis
studies the rate constant for non-radiative internal conversion was estimated
as 1.18 x 10'° 5! and 6.6 x 10® s”! in the absence and presence-of 3-CD,

respectively.
1.5.2. Effect of Polymers

In basic methanolic solutions of 6, addition of poly(4-vinylpyridine),
(P4VP) brought about a marked red shift in the absorption band of the dye
anion®® which was accompanied by a significant enhancement in the
fluorescence quantum yield. At low concentrations of P4VP employed in
these studies, the change in macroviscosity would not sufficient to affect
the fluorescence yields significantly. It was proposed that entrapment of the
}jye anion by the polymer macrocages leads to the observed effects, with
the driving force for the cntrapment being hydrophobic interactions

between P4VP and the dye anion.

1.6. Aggregation Properties of Squaraines

Photoconducting and other solid state properties of matcrials are
dependent both upon the intrinsic molecular properties of the material as
well as the intermolecular interactions that occur in the solid state. The
sharp and intense bands of squaraines for example, become broad and red
shifted in the solid state. Studies on aggregates can help in developing a

molecular level understanding of their solid state properties. In view of

39-4} 42,43

this, the aggregation behaviour of squaraines in solutions™ ~, vesicles

44-47

. . - . 49-5
thin films in the solid statc’® and on semiconductor surfaces*®>? has

been extensively studied.



1.6.1. Aggregation in Solutions

The equilibrium constants and thermodynamic parameters for aggre-
gate formation of bis(2,4-dihydroxyphenyl)squaraine {7) and ‘bis(2,4,6l-tri-
hydroxyphenyl)squaraine (6) (Chart 6) have bcen studied by absorption
spectroscopy.”’ In dry acetonitrile, at low concentrations, the dyes
exhibited a broad absorption band centered around 480 nm. At higher
concentrations a sharp new band centered around 565 nm was observed.
Based on the dependence of the absorption spectral changes on dye concen-
tration the aggregated forms were determined to be dimeric specics and
intermolecular hydrogen bonding has been proposed to be responsible for
the dimerization process. This was confirmed by addition of hydrogen bond
donating or accepting solvents to these solutions which led to a decrease in
the intensity of the dimer band and a concomitant increase in the intensity

of the monomer band.

6, X=0H
7, X=H
Chart 6 -

According to exciton theory®* the excited state energy level of the
monomeric dye splits into two upon aggregation, one level being lower and
the other higher in energy than the monomer excited state. The transition to
the higher state is forbidden for head-to tail (J-type) dimers, whereas the
lower excited state is forbidden for sandwich type. (H-type) dimers. The



sharp bands observed in the red reé,ion of the monomer bands indicate that
J-type aggregates predominate in the case of these dyes.

Addition of iodine to acetonitrile solutions of 6 ied to an increase in
aggregate formation and this has been attributed to the formation.of charge-
transfer complexes between iodine and 6. Squaraine dyes such as bis[4-
(dimethylamino)phenyl]squaraine, 1 have been observed to form charge
transfer compleies with iodine.**

The emission and excitation spectra of 7 in acetonitrile suggest that

I At lower

the dimer aggregates tend to dissociate in the excited state.
concentration the dye is predominantly in the monomer state and exhibits
emission in the 580 nm region. The excitation spectrum closely matches the
absorption spectrum of the inonomer. The large Stoke’s shift in emission is
suggestive of deprotonation of the monomeric form in the excited statc. The
emission and excitation bands mcasured in solution containing higher con-
centrations of the dye indicate that the emission from the aggregate closely
matches that of the monomer emission. This is suggestive of dissociation of
the aggregate in the excited state, possibly involving proton exchange as
well. Confirmation of dissociation of the dimer in the excited state was
obtained from picosecond laser flash photolysis studies.

The excited singlet states of 6 and 7 in the neutral form exhibited
characteristic transient absorption in the 430-450 nm with lifetimes of 130
and 30 ps, respectively. Corresponding bleach and recovery of the ground
state absorption were also observed.?' At higher concentrations of the dye,
bleaching of the dimer band was observed and this was accompanied by
formation of a transient absorption band in the 430-450 nm region indica-

ting formation of the excited singlet state of the monomer. These results
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suggest that the squaraine aggregate dissociate in the excited state. The
decay time of the excited singlet state matched the recovery time of the
dimer band. The rapid recovery of the dimer band suggests that dissociation
of the dimer in the excited state leads tb a solvent caged excited
state/ground state dye pair.

UV-vis spectroscopic studies showed that the squaraine dye, 8 (Chart
7) can exist in the form of two aggregates which form preferentially in
different DMSO-water compositions.’® In pure DMSO and DMSO-water
mixturcs containing more than 70% DMSO, 8 exists in the monomeric form

o
0 HO
HoCa\ C4Ho

: @/
N~ O~ )=~
/ .
HoCy4 .
C4Hy
OH O
8
Chart 7

which has a sharp absorption band with a maximum around 600 nm. In

70% v/v DMSO-water mixtures, 8 exists in a stable aggregated form which

has a blue shifted absorption band (Anex = 530 nm, € = 80,000 M cm™). In

DMSO-water mixtures containing 20-50% of DMSO a second type of ag-
gregate form with a broad absorption band in the region 550-700 nm was
observed. This species underwent a time dependent change to the aggre-
gated species observed in the DMSO-rich solvent mixture. The rate of this
change increased with increase in the DMSO content. Similar observations
on the formation of thermodynamically and kinetically preferred aggregates

were made for other bis[4-(dialkylamino)phenyl] squaraine derivatives,*°
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1.6.2. Aggregation in Langmuir-Bledgett Films

The aggregate properties of surfactant squaraines 9-11 (Chart 8)
which were designed to orient the “bricklike” squaraine chromophore in
three different directions when organized in monolayers and Langmuir-

Blodgett films (LB films) have been reported.’

G
O
Riy R 9, Ry =Ry=CHs; Ry =Ry=n-CgHy;
e WacaWe
Ry \R4 10, RI = R.3 = CH3 ’ Rz = R4 = n-C|3H37
0o

11, R; =Ry =Ry =Ry =n-Cy3Hyy
Chart 8

Surface pressure-area isotherm studies showed that the squaraine
chromophores of 9, 10 and 11 orient as designed, namely being laid down
vertically along the long axis, vertically along the short axis and flat on
water. Thus, the surface pressure area isotherm of 9 on water surface
exhibits only one transition with a limiting arca of 52 A*molccule. From
single crystal X-ray structure of bis(4-mcthoxyphen),rl)squaraine,28 X-ray
powder diffraction patterns of bis[4-(dialkylamino)phenyl]squaraine556 and
molecular modeling studies, the dimensions of the squaraine chromophore
have been estimated as 17 A x 7 A x 3.5 A. Based on \thesc values, the
limiting area upon compression for 9 residing vertically on its long axis on
water, would be 25 A%*/molecule. However, depending upon the nature of
the stearyl chain attachment a spread of about 20-25 A can be expected in
these values.’” Based on this and the nature of the intermolecular interac-
tion of the aggregates which involve C-O dipole-dipole interactions, it was

proposed that 9 aligns vertically on its long molecular axis. The limiting



area of the isotherm was 60 A*/molecule for 10, which agrees well with the
assumption that the molecule resides vertically along the short axis.
Compound 11 showed two transitions of limiting areas of 126 and 85
A%*molecule. Since the calculated molecular area of squaraine ch.romophore
of 11 is 119 Azlmoleculc, excluding the molecular chains, these results
suggest that this dye lays flat on the water surface upon compression. Since
the limiting area of the second transition is smaller than the molecular area
of a squaraine chromophore, the pressure-isotherm curve suggests that the
chromophores may bccome tilted and stack on cach other at surface
pressures higher than 10 mN/m.

The aggregation of 9 and 10 was studied by absorption spectroscopy.
By comparison with the absorption spectra of model squaraine aggregates,
it was concluded that 9 forms sandwich type dimers which is essentially
controlied by C-O dipole-dipole interactions. For 10, the aggregate band is
red-shifted to that of the monomer and this has been attributed to an
aggregated form involving intecrmolecular charge-transfer interactions
between the electron-donor and electron-acceptor groups of squaraines. The
difference in aggregational behaviour was attributed to orientational effects
induced by the LB film technique. ~

More recently it was observed that the blue shifted aggregate of 9
could be converted to two different aggregates at higher temperatures from
65 to 100 °C.*> The absorption spectrum of a monolayer of 9 on a glass
substrate showed an absorption peak at 530 nm which was attributed to the
blue shifted aggregate. On heating the film at 65 °C under ambient
conditions, the absorption peak at 530 nm decreases in intensity and an

increase in absorption around 660 nm was observed, indicating conversion
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of one aggregated form to another. Interestingly, the heat-generated by the
red-shifted aggregate in the LB film of 9 was similar to that obtained in
freshly prepared LB film of 10. When the blue-shifted and the 're'd—shifted
aggregates of 9 werc heated at 105 °C for 10-20 min, absorption due to
thesc species was replaced by that of a new species with a maximum at 695

nm. This new species has been assigned to a J-aggregate of 9 based on

41,58-60 61,62

similar characteristics of other squaraine dyes and cyanine dyes.
.When both the red-shifted and the J-aggregated films were treated with
water vapour at 65 °C a gradual reversal in the aggregation process lcading
to regeneration of the blue shifted aggregate was observed. The formation
of J-aggregates were not observed for 10 and 11. Steam treatment of the
red shifted aggregates of these dyes did however, lead to the formation of
blue shifted aggregates. It was also observed that thesc dyes form blue
shifted aggregates in DMSO. On addition of the dye to DMSO-water
mixtures of increasing water concentration, a decrease in the intensity of
the 530 nm band and an increasc in intensity of absorption at 650-680 nm
were observed. Similar effects in DMSO-water mixtures were observed
earlier for other bis{4-(dialkylamino)phenyl]squaraines by Buncel et al.”®
and Mckerrow et al.*° -

Bascd on thesc studies, Liang et al.** have proposed the molccular
arrangement for the blue-shifted, J-aggregates of 9 in LB films. In the LB
films of 9, each squaraine molecule occupies 26 A? in the vertical orienta-
tion whereas its limiting molecular area in LB films was estimated as 51
A%** The excess free arca, enables tilting movement of the squaraine chro-

mophores within the LB film on hcating. Due to the relatively good match

of the estimated areas occupied by the squaraines 10 and 11 to the limiting
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molecular arcas in LB films, these {ilms-are less susceptible to rearrange-
ment on heating,.

The observed aggregational behaviour has been rationalized in terms
_ of an optimization between hydrophobic interactions (between hydrocarbon
chains) and charge-transfer interactions (between the squaraine chromo-
phores). In the air-water interface, due to the predominance of hydrophobic
interactions the card pack arrangement (blue-shifted aggregate) is formed.
On being transferred to a glass substrate this arrangement is maintained.
“Heating at 105 °C, however, leads to the more stable J-aggregate which are
stabilized by the intermolecular charge transfer interactions. On exposure to
steam, the hydrophobic interactions again become the dominating force
leading to reformation of the card-pack arrangement. These studies have

recently been cxtended to several amphiphilic squaraines containing

carboxylic units.’ .
0@
HyC, CH,
\ /
N ) )
HoCq N-CO,H
Oe
12
Chart 9 -

The aggregation of a surfactant squaraine, 4-[N-methyl-N-(carboxy-
propylamino)phenyl-4'-(N,N-dibutylamino)phenyl]squaraine, 12 (Chart 9)
has been studied in a variety of media, including organic solvents, aqueous
cyclodextrin solutions, vesicles, monolayers, LB films and pure dry films.*’

In dilute aqueous solution, 12 has a strong abso;ption at 650 nm with

a shoulder at 590 nm. At higher concentrations, the 594 nm band increases



in relative intensity and this band has been attributed to the H-dimer form
of 12. The monomeric form fluoresces with a maximum at 678 nm, whereas
the dimeric form is non-fluorescent. The structural assignment of the
dimeric form was supported by studying the spectroscopic propérties of 12
in cyclodextrin (CD) solutions. Compound 12 formed 1:1 inclusion
complexes with a-and B-CD, which absorb at A, 650 nm and emit at Ap
~672 nm with fluorescence quantum yields of 2-3 times higher. than in pure
water. In y-CD solution due to its larger cavity size, a 2:1 complex between
12 and y-CD was observed. The absorption and emission characteristics of
the 2:1 complex was similar to those of the dimeric form. A further blue
shift in absorption, An. 500-540 nm, was observed when 12 was incorpo-
rated in vesicles, monolayers, supported on LB films and in pure solid dye
fiim. Intermolecular interactions between squaraine chromophores invol-
ving the C-O dipole-dipole interactions similar to those observed in
microcrystals’**® have been proposed as the main driving force for the

aggregations of these dyes.
1.6.3. Aggregation in Vesicles

The synthesis and aggregation behaviour of several a;nphiphilic
squaraines in aqueous and mixed aqueous-organic solutions as well as in
bilayer vesicles have been rcportt':d.“'43 In aqueous solutions containing the
amphiphilic squaraines and phospholipids, clear solutions could be obtained
upon sonication. Light scattering and membrane filtration studies indicate
that the mixed vesicles were much larger than the corresponding pure phos-
pholipid vesicles. At higher concentrations of squaraine to phospholipid the

bluc-shifted (520 nm) aggregate with spectra similar to those observed in
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LB films or in DMSO-water mixtures were observed, whereas at lower
dye/phospholipid ratios, an increase in the intensity of the monomer band
was observed. These squaraines were also capable of formir'1g stable large
vesicles upon probe sonication. Under these conditions only the blue
shifted aggregate band was observed.

The tendency for aggregation was found to incrcase. with the increase
in the length of the alkyl chain substituent on nitrogen. Squaraines with
quarternary ammonium head groups exhibited less tendency for aggrega-
tion, probably due to electrostatic repulsion of the hcad groups. The aggre-
gation number was determined by Benesi-Hildebrand type analysis to be ~4
for several of these squaraines. Bascd on thc induced circular dichroism ob-
_ served for the aggregate and Monte Carlo simulation results, Chen et al 424

propose that the unit aggregate is a tetramer with chiral pin-wheel structure.
1.7. Interaction with Semiconductors

Squaraines are capable of sensitizing large band-gap semiconductors
such as TiO,, SnO; and ZnO. The dynamics of the charge injection from the
excited state of squaraines to the conduction band of semiconductors have
been investigated by picosecond spectroscopy.’®**® The ;harp absorption
band of bis[4-(dimethylamino-2-hydroxy)phenyl]|squaraine, 5 with Ag. at
636 nm became broad and red-shifted (Amex 670 nm) in the presence of
colloidal TiO,. The red-shift of 35 nm, in the absorption band has been
attributed to a strong charge transfer interaction of the dye with the TiO,
surface. Concurrently a quenching of fluorescence is also observed which
could be attributed to charge injection from the excited singlet of the dye to

the conduction band of TiO,. The formation of the dye radical cation was
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further confirmed by picosecond laser flash photolysis experiments. The
J-type dimer of bis(2,4,6-trihydroxyphenyl)squaraine, 6 was found to form
charge transfer complex with Ti0,.%* Squaraines were found to have much
better solar energy conversion efficiencies than a variety of other

merocyanine dyes.?”
1.8. Biological Applications

There is considerable interest in the study of fluorescent dyes absor-
bing in the near infrared region for a number of biological applications.
Such dyes have applications in fluorescence lifetime sensing techniques for
intracellular chemical imaging of analytes such as pH, O, K*, or Ca®*" %
However, very few NIR dyes possessing high quantum yields of fluores-
cence are known. Several squaraine dyes are known which absorb in the

NIR region and also possess strong emission properties which are highly

sensitive to the nature of the surrounding medium, In view of this, the use

O
T mc 0® H,C CH
N\O,% 7y O ) 3 13,R= GCHs
0 A CH—=e 14,R= (CH),SS,
|
& 0 &

Chart 10

of squaraines as fluorophores or fluoroionophores for biological
applications is gaining increased attention. Lakowicz and co-workers have
synthesized and studied the biological applications of several new squaraine

65-69

dyes. It was found that indolenine-containing squaraines were the most

photostable and that their lifetimes are significantly increased in the
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presence of bovine serum albumin (BSA). Two amine reactive N-hydroxy-
succinimide esters of squaraines 13 and 14 (Chart 10) were synthesized.
Squaraine dye 14 is water soluble due to the presence of a sulfobutyl group
and 13 was made water soluble by reacting it with taurine, |

The fluorescence quantum yields and lifetimes of the Sqg-taurine
derivative increased by 28-fold and 31-fold, respectively on binding to
BSA. The short lifetimes and low quantum yields of fluorescence in water
of these squaraines, increase significantly when bound to proteins. Also,
their absorption maxima around 635 nm in water and 640 nm when bound
to proteins allow excitation with diode lasers making these dyes highly
suitcd for applications as rcactive fluorcscent labels in immunochcmical

assays and biophysical studies of proteins.
1.9. Non-lincar Optical Propertics

Non-linear optical (NLO) materials play an important role in modern
technology, such as in imaging and information processing, telecommuni-

70,71

cation, integrated optics and optical computing. The origin of the

second-order optical nonlinearities in organic conjugated molecules is fairly

-

well explained by distortion of m-electrons induced by electron donating
(donor) and electron accepting (acceptor) groups. In most such molecules
however, formation of centrosymmetric crystal structures is observed due to
elcctrostatic interaction between adjacent rr.lolccules. One of the major
problems to be addressed in these studies is thé requirement of non-

centrosymmetric alignment of molecules in crystals and thin films.
The large values reported for squaraines indicate that noncentrosy-

mmetric crystals or film of these dyes should be capable of efficient second
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harmonic generation (SHG). A new class of chiral D'-A-D squaraines,
obtained by 1,2-substitution of squaric acid showed second harmonic
generation intensities of upto 64 times that of urea in the powder form.”>°
X-ray crystal analysis indicated that two hydrogen bonds between adjacent
molecules and the chirality of the molecule contribute to one dimensional
molccular alignment in spite of the strong dipole-dipole interactions and
that the conjugated system of D'-A-D molecule extend from amino groups
to cyclobutenedione ring to enhance the second harmonic nonlinearity of
these crystals.

In a recent study Ashwell et al. have observed that centrosymmetric
squaraine dyes incorpdra-ted into LB monolayers showed high second
harmonic generation efficiencies.” It has been proposed that formation of
non-centrosymmetric aggregates is responsible for these effects. Nonlinear
optical studies have also shown that symmetric squaraines have quite large

molecular second hyperpolarizabilities.”*”®

1.10. Objectives of the Present Investigation

Though the photophysical and photochemical properties of squa-
raines have been investigated extensively, many aspects of squaraine
photophysics have yet to be addressed. The design of squaraine fluoro- and
chromoionophores is important with reference to their use in intracellular
trace metal analysis. Additionally, aggregation of squaraine dyes can play
an important role in many device app-lications such as in second harmonic
generation and solar energy conversion. In order to explore these aspects,
we have undertaken the synthesis and detailed photophysical studies of a

few squaraine dyes. The main objectives of the present investigation are (i)
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the design and study of squaraine based chromo- and fluoroionophores and
(i) study of the aggregation behaviour of squaraines in homogeneous and

heterogeneous media.
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CHAPTER 2

SYNTHESIS AND PHOTOPHYSICAL STUDIES OF
CROWN ETHER SQUARAINES

2.1. Abstract

The synthesis and photophysical properties of three new red-sensttive
highly fluorescent bis[4-(monoaza-crown-ether)phenyl]squaraine fluoroio-
nophores 12-14 are reported. The dycs are soluble in both polar and
nonpolar solvents with fluorescence quantum yields varying from 0.01 to
0.89. Complexation of the fluoroionophores with alkali metal ions brings
about drastic recductions in their fluorescence 'quantum yiclds as well as
significant changes in redox properties. These effects could be attributed to
a cation induccd reduction in the clectron donating ability of the aza-
crown-ether moiety of these dyes. Dyes 13 and 14 form aggregates in
‘aqucous solutions which could be disrupted by the formation of a I:1
complex between these dyes and B-cyclodextrin. This complexation is
accompanied by a significant enhancement in the ﬂuorescenge yields of
these dyes. Direct laser excitation of these dyes lead to the formation of

excited triplets as well as dye radical cations and anions via a biphotonic

photoionization process.

2.2. Introduction

Interest in the design of fluoro- and chromoionophores has increased
significantly during rccent years because of their potential as chemical

sensors for metal and molecular cations as well as for neutral molecules.'™
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Chromoionophores generally comprise of two functionally different chemi-
cal -groups; an ionophore, capable of recognizing specific ions, and a chro-
mophore, capable of transducing the chemical information produced by the

interaction of the ionophore and ion into an optical signal.

After the discovery of crown-ethers as a new generation of comple-
xing agents, they have found many applications in analytical chemistry.’
Chromoionophoric macrocycles are interesting primarily because of their
utility in the identification and quantitative detection of metal cations.® For
the design of chromo- and fluoroionophores for detection of metal ions the
following aspects are of particular interest;’ (i) fluorophores which respond
with high sensitivity to local elecironic disturbances by cations, (ii)
connections between ionophore and fluorophore which allow the strongest
clectronic interactions with complexed cations and, (iii) the mechanism of
intcraction between the metal ions and the fluorophore or chromophore.
The replacement of an amino substituent of the chromophore by aza-crown-
ethers provides an e¢ffective method for designing new fluoro- and chro-
moionophores.® In such molecules the amino nitrogen of the crown-ether
moiety plays the role of an electron-donor with respect to both complexed
cation and the chromophore.® A majority of the donor-acceptor chro-

moionophores (1-11) reported in the literature meet this requirement.

When a group acting as an electron donor within the chromoiono-
phore interacts with a cation, the latter reduces the electron donating
character of this group, owing to the reduction of conjugation and a bluc
shift in the absorption and emission spectra of the molecule is observed.®
On the contrary, a cation interacting with the acceptor moiety enhances the

electron pulling capacity of the group and the absorption and emission
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spectra undergo bathochromic shifts.® There are many reports on these kind
of fluoro- and chromoionophores. It is well known that the fluorescence of
anthracene and its derivatives are quenched by amines because of the elec-
tron transfer from the latter to the flourophore. Based on this observation
many systems were dévelopcd in which anthracene was linked to aza-
<rown-cther ionophores (Chart 1). In these fluoroionophores the anthracene
fluorescence, which is efficiently quenched by clectron transfer from the
lone pair of the nitrogen atom, recovers on complexation with metal

cations, which suppresses the electron transfer.®

CH,—N

LY et
VSRS (o

Chart 1

Valeur and co-workers have demonstrated that alkalme earth metal
ions could be selectively detected using benzoxazinone dyes linked to
crown-ether moieties such as 3 (BOZ-crown) (Chart 2).°!! The emission
band of 3 undergoes remarkable shifts upon complexation with cations; the
emission maximum shifts from 642 nm for the free ligand to 578 nm in the
presence of 2 x 10" M calcium perchlorate. Besides, a significant
cnhancement of the fluorescence quantum yield was also observed. The

quantum yield of fluorescence increases from 0.33 for the free ligand to
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0.64 for the calcium complex. It was observed that alkali metal ions have

only slight effect on the spectral features of 3.
;/\0,5
LSO O

Chart 2

BOZ-crown

The ﬂuoroionophorc, 4 (Chart 3) obtained by the replacement of the
dimcthylamino group of the 4-dicyanomethylene-2-methyl-6-{p-(dimethyl-
amino)styryt]-4H-pyran (DCM) by monoaza-15-crown-5-ether, was found
to be highly sensitive to the presence of alkaline earth metals.'? Intramole-
~cular charge transfer is responsible for the fluorescence emission of DCM
derivatives which in fact arises from a relaxed intramolecular charge trans-
fer state, whereas the locally excited state is nonemissive. This charge

transfer from the amino group to the dicyanomethylene group can be dimi-

nished if the electron-donating character of the donor moiety is reduced.

CN

(\o | NC
ok
(L/O \) \ {) / DCM-crown

4 CH,

Chart 3

On complexation with metal cations, the donor character of the

nitrogen atom reduces depending upon the size and charge of the cation
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used. The strongest effect was observed for Ca®* which offers the best
compromise regarding charge and size, wi.th respect to the crown-ether
moiety. Eventhough, Mg®* possess a higher charge density, due to its small
size the complex formed is not very stable and relatively high salt concen-
tr\ations are required to bring about signiﬁycant changes in the observed
absorption and emission properties of the chromoionophore. Based on
picosecond laser flash photolysis studies of DCM crown, they have sug-
gested a temporary photoejection of the cation in less than 5 and 20 ps,
takes place on excitation of the respective complexes of lithium and
calcium.” They have attributed this phenomenon to photoinduced charge
transfer from the nitrogen atom of the crown-ether to the dicyanomethylene
group, so that the nitrogen atom of the crown-ether becomes positively
polarized, and the resulting repulsion with the complexed cation causes
photoejection. Based on these studies stability constants of the complexes
in.their excited states were estimated to be two orders of magnitude lower
than those in the ground states.

Bourson et al, '*

have synthesized a series of coumarin dyes, cova-
lently linked to crown-ether moieties such as 5-7 {Chart 4). These crown-
ether coumarin derivatives undergo interesting photophysical changes upon
cation binding. The changes in the absorption spectra are attributed to the
direct interaction between the bound cation and the carbonyl group of the
coumarin moiety. The electron withdrawing character of this group is rein-
forced by the cation, which leads to a bathochromic shift of the absorption
spectrum with an increase in the extinction coefficient. The fluorescence
spectra were also red shifted upon cation binding, but to a lesser extent than

the absorption spectra. For the free ligand, the fluorescence is quenched

statically due to the interaction between the carbonyl group and the
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aza-crown-ether moiety. Upon complexation with metal ions these interac-
tions disappear and an increase in the quantum yields is generally observed.
However, complexation of Ca®" and Mg?* with 5, for example leads to
fluorescence quenching, indicating the presence of additional competitive
routes for nonradiative decay which seem to be related to the charge den-
sity of the cation. The quantum yield of 7 is much lower than the quantum
yield of other coumarin derivatives. Self quenching is indeed possible
because the flexibility of the crown-cther allows the two coumarin moieties

to come into close contact. It is interesting to note that upon complexation

o’ )
S CHZ——Z;’ o
&)
N 0o n=0,1
» N =
6, n=0
0] O
CFJ (‘ _> CF,
‘o -CHz—N N-CHo
Co o
N 0" o \__/ 0% ™o N
7
Chart 4

there is an increase in the quantum yield only with Ba® and K ions and
not with other cations. BaZ* and K' are the cations that fit best into the

crown-cther cavity. Therefore, it is anticipated that in the complexes of
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these cations the carbonyl groups of the two coumarins are preferentially
on opposite sides with respect to the cation and thereby self quenching is
partially suppressed. However, for complexes of smaller cations, the
preferred conformation may be such that the two carbonyls are in closc
proximity as in the free ligand, which may account for the static quenching,
The alkali and alkaline carth metal complexation properties of a se-

rics of 4-(N-monoaza-15-crown-5-ether)stilbene derivatives, 8-10 (Chart 5)

_ were investigated by Letard et al. '> These compounds exhibit gencrally

drastic blue shift in their absorption spectra, upon cation binding. The al-

kaline earth metal cations were found to induce larger effects than the alkali

\‘ \Vo\)hm —
k/o\)‘.—_\—. DS-crown

\\/0\) PDS-crown

Chart 5

metal cations, as expected from the double charge of the former. They have

observed a dual fluorescence for the PDS-crown complexed with Ca®* in
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n-BuCN. They ascribed this phenomenon to an equilibrium, in the excited
state, between the cation complexed ligand and a species consisting of the
cation-ligand separated by a solvent molecule brought about by the
photoejection of the cation. They have suggested that the plahar excited
state of these donor-acceptor stilbenes can undergo single bond twist to a
TICT (twisted intramolecular charge transfer) state which may be respon-
sible for the emission.

" The alkali metal ion complexation properties of 4-[4-(N-aza-15-
crown-5-cther)styryl]-1-methylpyridinium iodide, 11 (Chart 6) was
investigated.'® Complexation of alkali metal ions (Li* and Na®) induces
suppression of its intramolecular charge transfer transitions, which lead to
a blue shift in the absorption and elﬁission spectra. The twisting of the
c‘xcited state was hindered on complexation with cations, leading to an
enhancement in the fluorescence quantum yield. It was observed that the
chromoionophore, 11 shows more selectivity to Li* than Na’, owing to the

greater charge density of the former.

2
0 N@—\\_@@

N—CH, ~
Q/O\'% 11 — °

Chart 6

There are several reports on redox active ion responsive ligand
systems, which are highly useful for biological applications.!” Crown-ether
linked ferrocenes, bipyridyls and ruthenium (II) bipyridyls are the noted

examples of these classes of ligands. Cyclic voltammetric studies of a series
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of ferrocene crown-ethers have shown positive shifts in the oxidation
potentials, on complexation with lithium and sodium ions.'® These anodic
. perturbations were attributed to the bound metal cation withdrawing charge
from the ferrocene redox centre making it less easy to oxidi'ze. Intere-
stingly, it was observed that the magnitudes of anodic shifts increased with
increasing charge/radius ratio of the guest cation.'” The electrochemical
properties of ferrocene crown-ether systems containing a saturated linkage
between the crown-ether and redox-active centre were found to be totally
insensitive to the presence of metal ions.'” Significant amperometric sclec-
tivity for potassium ions were also obtained using certain ferrocene crown-
cther derivatives.'” Beer and co-workers have synthesized few crown-ether
linked ruthenium (II) bipyridyl systems.'®?' Although the electrochemical
response of these systems with Na*, K” and Mg** were not satisfactory,
‘spectrochémical recognition capability were found to be good. It was
observed that the MLCT emission maxima for the ruthenium (1I) complexes
were shifted significantly to lower wavelengths with increase in intensity
in the presence of Li*, Na* or Mg®".

Eventhough there are several reports on the design of chromo- and
fluoroionophores for the selective recognition of biologic\ally important
Na*, K* and Ca®" ®'¢**2® the application of these

cations such as Li’

T ’

systems are limited since the absorption and emission properties of most of
the systems studied are in the UV and visible region of the spectrum. For
biological applications it is desirable to synthcsizc water soluble flouro- or
chromoionophores which absorb at longer wavelengths, preferably in the
ncar infrared region® inorder to reduce overlap with tissue autofluorescence

and to avoid absorptions of the nucleic acids and amino acids, > Since the



37

fluorescence signaling permits the monitoring of both excitation and
emission wavelengths and are more sensitive to changes in the surrounding
medium,*® molecules which possess high quantum yield of fluorescence are
more suited for the recognition of 1ons and molecules. A

This Chapter of the thesis describes the synthesis as well as the
photophysical studies of three new crown-ether squaraines, 12-14 (Chart 7).
This includes the study of absorption and excited state properties in
different solvents, aggregation behaviour as well as study of the alkali
metal ion recognition ability using f{luorescence quenching and clectro-

chemical techniques.

2.3. Experimental Section
2.3.1. Materials and Methods

All melting points are uncorrected and were determined ecither on a
Biichi melting point apparatus or on a Aldrich meltemp apparatus. All new
compounds were fully characterized on the basis of analytical results and

spectral data. IR spectra were recorded on a Perkin Elmer Model 882 IR
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spectrometer and the UV-visible spectra on a Shimadzu 2100 spectrometer.
'H and >C NMR spectra were recorded on a JEOL EX 90 spectrometer.
*C NMR (22.5 MHz) resonances were assigned using QUAT and DEPT
programs to determine the number of hydrogen attachments. Mass spectra
were recorded on a Finnigan MAT Model 8340 or JEOL JMS AX 505 HA
mass spectfometer. Quantum yields of fluorescence were measured by the
relative method using optically dilute solutions with bis[4-(dimethylamino)-

I as reference.

2-hydroxyphenyl]squaraine (®; = 0.84) in dichloromethane’
Corrections have been made in fluorescence quantum yield measurements
for the changes in the absorbance at the excitation wavelength., Spectro-
scopic solvents were used throughout. For metal binding studies, anhydrous

metal perchlorates and dried solvents were used.

2.3.2. Laser Flash Photolysis®’

Piéosccond laser flash photolysis experiments were performed with
532-nm laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd: YAG laser system (output 2-3 mJ/pulse, pulse width ~18 ps). The white
continuum picosecond probe pulse was generated by passing the fundamen-
tal output through a D,0/ H,0 solution. The excjtation and the probe pulse
were incident on the sample cell at right angles. The output was fed to a
spectrograph (HR-320, ISDA Instruments, Inc.) with fiber optic cables and
was analyzed with a dual diode array detector (Princeton Instruments, Inc.)
interfaced with an IBM-AT computer. Time zero in these experiments
corresponds to the end of the excitation pulse. All the lifetimes, rate
constants and equilibrium constants reported in this study are within an

experimental error of * 5%.
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Direct excitation of the squaraine dye ‘solution was carried out using
the second harmonic of a Quanta-Ray CDR-1 Nd:YAG pulsed laser (532-
nm, 6 ns pulse width, 10-50 mJ/pulse). The third harmonic of the same
laser (355-nm, 10 mJ/pulse) was used for triplet-triplet (T-T) sensitization
and clectron transfer reactions of squarainc triplets with triphenylamine.
For the T-T encrgy transfer studics the Molectron UV-400 nitrogen laser

system (337.1-nm, 8 ns pulse, 1 mJ/pulse) was also used.
2.3.3. Synthesis of 12-14

N-Phenylmonoaza-12-crown-4-¢ther’”, N-phenyl-monoaza-15-crown-
5-ether’® and N-phenyl-monoaza-18-crown-6-ether’® were synthesized, ado-
pting methods similar to reported procedures. Crown-ether bearing squar-
aine dyes were synthesized by refluxing the corresponding N-phenyl-mono-
aza-crown-ether (0.3 mmol) and squaric acid .(0.15 mmol) in a solvent
mixture containing 3 mL of benzene and 5 mL of 1-butanol, accompanied
by azeotropic distillation of water. Recrystallization from a mixture (3:1) of
chloroform and n-hexane gave a 44% yield of bis[4-(monoaza-12-crown-4-
cther)phenyl]squaraine, 12, mp 225 °C (decomp.) and a 27% yield of bis(4-
monoaza-15-crown-5-ether)phenyl]squaraine, 13, mp 215 °C (decomp.),
while recrystallization from a mixture (1:3) of chloroform and lzenzcne gave
a 36% yield of bis[4-(monoaza-18-crown-6-ether)phenyl]squaraine, 14, mp
176 °C.

Analytical results and spectral data of ﬂuoroionophorcs 12-14 are summa-

rized below.

12: (44%) mp 225 °C (decomp); IR v,.x (KBr) 1586 cm™t; UV Auax (CHCLS)
634 nm (¢ 3,00,000 M"' ¢cm™); '"H NMR (CDCl,, TMS) & 3.6-4.0 (32 H, m,
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CH,), 6.85 (4 H, d, aromatic), 8.4 (4 H, d, aromatic); '>*C NMR (CDCl,)
189.00 (C), 183.32 (C), 154.57 (C), 133.08 (CH), 120.29 (C), 113.31 (CH),
71.41 (CH,), 69.87 (CHy), 69.21 (CHy), 52.94 (CH,); HRMS, exact mol wt
calcd for C3;Hy 0N, (MHY), 581.2863; found, 581.2862 (FAB high resolu-

tion mass spectroscopy).

13: (27%) mp 215 °C (decomp); IR Ve (KBr) 1595 em™; UV A, (CHCI5)
632 nm (s 2,70,000 M cm™); 'H NMR (CDCl;, TMS) & 3.6-4.0 (40 H,
m, Cly), 6.8 (4 H, d, aromatic), 8.4 (4 H, d, aromatic); '?*C NMR (CDCls)
5 188.64 (C), 182.97 (C), 153.56 (C), 133.00 (CH), 119.90 (C), 112.59
(CH), 71.00 (CH,), 70.23 (CH,), 69.81 (CH,), 68.08 (CH;) 53.13 (CH,);
HRMS, exact mol wt calcd for CssHsoO10N2 (MH") 669.3387; found
669.3372 (FAB high resolution mass spectroscopy).

14: (36%) mp 176 °C; IR vuyay (KBr) 1615 cm™; UV Ay, (CHCL3) 634 nm
(e 2,80,000 M' ¢m™); 'H NMR (CDCl;) & 3.6-3.9 (48 H, m, CH,), 6.8 (4
H, d, aromatic), 8.35 (4 H, d, aromatic); 3C NMR (CDCl3) 6 188.58 (C)
183.27 (C), 153.89 (C), 133.18 (CH), 128.05 (C), 112.59 (CH), 70.88
(CH,), 70.79 (CH,), 70.65 (CH,), 68.44 (CH,), 51.70 (CH;); HRMS exact
mol wt calcd for CyoHs70,,N; (MH+), 757.3912; found 757.3916 (FAB high

resolution mass spectroscopy).
2.4. Results and Discussion
2. 4. 1. NMR studics of 12-14

The '"H NMR spectrum of 13 in CDCl; is shown in Figure 2.1, The

CH; protons of the crown-ether moieties appear together as a multiplet at
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3.6-4.0 ppm. The aromatic protons appear‘ as two sets of doublets at 6.8 and

8.4 ppm. Similar '"H NMR spectra were obtained for 12 and 14 also.

T 1 T T 1 L T T I T
9 8 7 6 g 4 3 2 1 ¢}
PPM

Figure 2.1. 'H NMR spectrum of 13 in CDCl;

The high solubility of these newly synthesized squaraine dyes in
CDCl; facilitated the recording of their '>*C NMR specra (solubility of 13 in
CDCl; is greater than 1.5 M). The °C NMR spectrum of 13 in CDCl,
(Figure 2.2), for example, showed two tertiary carbon signals, four quarter-
nary carbon signals and five secondary carbon signals. The two tertiary car-
bon peaks observed at 133.00 ppm and 112.59 ppm have been assigned to
the two sets of i1dentical carbon atoms at C,, Cg, C4, Cs and Cs, Cq, Cs, C;
positions (Chart 7). The quarternary carbon signals at 153.56 ppm and
119.90 ppm were attributed to the two sets of identical carbon atoms situ-

ated at the C3, C; and Cs, Cs, positions and the quarternary carbon signals
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at 188.64 ppm and 182.97 ppm could be attributed to the two scts of identi-
cal carbon atoms at the C,, C, and C, C, positions of the centrgl cyclobu-
tane ring,. In the case of 13 and 14, the secondary carbons of the crown-ether
moiety appear as five peaks, whereas for 12 they appear as four peaks.

All the other spectral features of 12 and 14 are similar to those of 13.

Y7 17177 v T T 7 7 1T 7 7 T 1 T T T T
230 210 i8¢ 170 185G 130 0o 390 70 50 3G 10 -10

PPM
Figure 2.2. °C NMR spectrum of 13 in CDCl;

-

The spectral features of 12-14 indicate that the two halves of the

molecules arc i1dentical, indicating the highly symmetric donor-acceptor-

donor naturc of these molecules.
2.4.2. Absorption and Excited State Properties

The photophysical properties of 12-14 have been studied in solvents
~of varying polarities and the results are summarized in Table 2.1. MNDO
and CNDO calculations have shown that the singlet-singlet excitation of

'bis[4-(dimethylamino)phenyl]squaraine and its derivatives arise from the



43

|.||..\...\\!
b T0 co9  L¥9 020  ¥99  St9 - - - O NW LT + PEM
croo L9 PO S10°0 99  0¥9 - . - 1o1e M
61°0 7.9 919 0Z°0 0L9 £vo SI'0 7.9 999 [OURYI2AXOTIDIA]
] - - - 199 8¢€9 - - ] [OUEgIAN
L1o 999 0v9 gI'0 799 8¢9 VIO 99 0¥9 Jourm
ezo €99 869 pE0 099  9€9 €20 799  8€9 jouedoid-os:
ccrg 8§99 " ) - - . - [oueing-;
100 <9 629 LO°0 LS9 1¢9 900 199  ¥€9 [oueyi20I0N[JLIL
€10 199 9¢9 P10 659  pE9 IT0 799  Lg£9 I[LIHUO0)IY
epo 099 99 0s°0 LS9 ¥E9 8%°0 099  9£9 QUBYI2WOIO[YDI(]
or0 959 V€9 €80  TS9 €9 PL'O SS9 €9 WwI0J0I0[q)
ar0  ps9  SE9 680  TS9  ££9 80 TS9  SE9 suszuag
S I
Comom o, momoo, mom
. c1 o SIUIA[OS

ar p1-21 saulel®

SIUIAJOS JWALJJIP

=vm:huona?uﬁu-nkgu-ﬁuonoEv-v_mE JO S31)SLI3)IBIRYD mOISSID pue uwo)duaosqy :J d[qe L



44

charge transfer transitions involving the central cyclobutane ring and the
oxygen atoms with a minor contribution from the amino moieties.”” The
slight red-shift in the absorption spectra of crown-ether derivatives of
sciuaraines in comparison to that of bis[4-(difnethylamino)phcnyl]squaraine
could be attributed to the electron rich crown-ether moieties on the two
nitrogen atoms. Similar effects were earlier reported for squaraines with

long alkyl chain substitution on the N atoms.*®

-
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Figure 2.3. Plot of absorption maxima of 13 in wavenumbers versus the
solvent Taft parameter, ©* in protic solvents.

In protic solvents the absorption and emission spectra are more or
less independent of the nature of the solvent. However, in protic solvents
they depend largely on the hydrogen bonding ability of the solvent. For
example in a strongly hydrogen bonding solvent such as trifluoroethanol
the absorption maximum was at 629 nm for 14 whereas it was considerably

red shifted to 646 nm in a weakly hydrogen bonding solvent such as
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methoxyethanol. In the case of protic sqlvents, the plot of absorption
maxima in wavenumbers versus solvent Taft parameter, n (Figure 2.3)
showed a linear dependence for all these dyes. The observed hypsochromic
shift in absorption maxima can be attributed to the formation of specific
hydrogen-bonded solute solvent complexes. Similar solvent hydrogen bon;
ding effects were earlier observed for bis(benzothiazolylidene)squaraines.*’

Solvent polarity has a drastic effect on the fluorescence quantum
yields (@) and singlet excited state life times (t,) of these dyes (Tables
2.1 and 2.2). In a relatively nonpolar solvent such as benzene (n° = 0. 59),
the quantum yield of fluorescence of 13 was very high (®¢ = 0.89) whereas
in a polar solvent such as acetonitrile (x° = 0.75), it was very low (®r =
0.14). The singlet excited state spectra and fluorescence lifetimes were

determined using picosecond laser flash photolysis with 532-nm laser

Table 2.2. Singlet excited state characteristics of 12-14

Amax (S1-S,), nm* Lifetime (1,), ns’

. Solvent 12 13 4 12 13 14
Benzene 495 495 495 236 213 2.50
Chloroform 480 480 480 1.25 1.20 1.45
Water - 465 468 - 0.07 0.11
Water + B-CD° - 480 480 - 0.90 0.94

“ Difference absorption maximum of the excited singlet state.
® Measured from the decay of the transient absorption at the Agax.
€2.7 mM.
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pulse as the source of excitation. Figure 2.4 shows the time resolved
transient absorption spectra of the singlet excited state of 14 in benzene.
Singlet excited state shows absorption maximum around 495 nm, whose

decay closely matches with the recovery of the ground state at 635 nm.

T
485 nm b
) L
O o5 -
C ~
] i [
0 Time, ns 4
| -
o 1
8 J
0.0
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<]
1YY SR PP T R PP |
400 450 500 550 600

Wavelength, nm

Figure 2.4. Time-resolved transient absorption spectra recorded following
532-nm laser puise (pulse width 18 ps) excitation of 14 in benzene. Insct
shows the decay profile of the singlet excited state as monitored from its
absorbance at 495 nm.

-

The transient profiles were fitted to first order kinetics and the life-
times thus obtained are given in Table 2.2. The fluorescence lifetimes of
these dyes varied from 70 ps’in water to 2.5 ns in benzene indicating its
direct dependence on the nature of the solvent. Picosqcond studies have
revealed the absence of long lived transients which could arise due to the
triplet states. These results are in agreement with the earlier reports that

. . : : ; 1,38,39
the intersystem crossing efficiency of squaraine dyes are very low.’?
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The decrease in singlet excited-state lifetimes and fluorescence quantum
yields with increasing solvent polarity could be attributed to specific
complex formation between the dye and solvent molecules as reported

6,37 Ty : P
%37 The values of radiative and nonradiative decay rate constants

carlier.
listed in Table 2.2 indicates the influence of such solute-solvent complexa-
tion on the deactivation pathways of the excited singlet state.

When solutions of these dyes were made in water from stock
acetonitrile solutions, a rapid decrease in the absorbance was observed until
they reached a stable value and this was accompanied by a broadening of

the absorption band. Since the solubilities of these dyes in water are low,

Absorbance

0.2+

500 . 600 700
Wavelength, nm_

Figure 2.5. Effect of addition of acetonitrile on the absorption spectra of
an aqueous solution of 14 (1.7 uM). Acctonitrile v/v (a) 0%, (b) 5%, (c)
20% and (d) 40%.



48

these changes in absorption spectra with time could be attributed to forma-
tion of aggregated species. Addition of acetonitrile leads to the recovery of
the original absorption band (Figure 2.5). Since the dyes are expected to be
better solvated in acctonitrile this effect may be attributed to a break-up of
the ‘aggrcgatc form of the dye to its monomer form.

Since the photoconducting propertics of squaraine dyes arise from
intermolecular interactions, the understanding of those forces involved in
the aggregation process is important. There have been few studies on the
formation of squaraine dye aggregates in solution as well as in the solid
state.’”*? 1t was reported that both bis(2,4-dihydroxyphenyl)squaraine and
bis(2,4,6-trihydroxyphenyl)squaraine form head-to-tail (J-type) aggregates
in dry acctonitrile solutions.”' However, in the present case the exact nature
of the dye aggregate could not lbe ascertained. The intermolecular charge-
transfer interactions between the donor (amino) and acceptor (cyclobutane
ring).as proposed earlier for the formation of aggregates of bis(alkylamino-
phenyl)squaraines in DMSO/water solutions*® and Langmuir-Blodgett
films" could lead to the formation of the aggregates of the crown-cther

squaraines in the present case.
2.4.3. Interaction with -cyclodextrin

In polar solvents the nonradiative decay 1s the predominant\pathway
of deactivation of the singlet excited state of the squaraine dyes 12-14. In
water the fluorescence quantum yicld of the crown-ether derivatives of
squaraines ({3 and 14) were found to be very low (d; = 0.015 for 14).
However, the emission properties can be significantly improved by encap-
sulating the dye in a hydrophobic environment. Addition of low concentra-

tions of B-cyclodextrin (f-CD) (< 3 mM) to aqueous solutions of 13 and 14
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brings about a drastic enhancement in the intensity of their absorption
bands, indicating that complexation of the dye with $-CD also leads to a
breaking up of the aggregates. This was accompanied by a significant
cnhancement in the fluorescence quantum yield (Figure 2.6). Thé enhance-
ment in fluorcscence yields cannot be attributed to a simple breaking up of
the aggrcgate, since addition of acctonitrle, which also Icads to a brecak up
of the aggregate does not lead to any significant change in the emission
properties. The fluorescence quantum yield, @y was 0.02 in water and 0.03
in 40% acctonitrile-water mixture and this very minor effect may bc attri-
buted to the changes in the solvent polarity brought about by the addition of
acetonitrile. The enhancement of fluorescence yield on addition of $3-CD

can thereforc be attributed to specific complex formation between the dye

og]

PN

Emission intensity, a.u.

0! : -
600 650 - 700 750
Wavelength, nm

Figure 2.6. Influence of B-cyclodextrin {B-CD] on the emission spectrum

of 13 (5.1 uM) in aqueous solutions. {B-CD] (a) 0, (b) 0.06, (c) 0.18, (d)

0.39, (e) 1.2 and (f) 2.7 mM. Insect shows the plot of quantum yield of flu-
orescence of 13 versus [B-CD] in aqueous solutions.
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and 3-CD. Similar interaction with B-CD has also been observed for other

squaraine dyes.*®*® The formation of dye-B-CD complexes which would
lead to the break-up of the aggregate could be described by Equation 1,

-M + 3-C
M, «—— = 2M;‘£’ 2[M-.....3-CD] (1
+M - B-CD
where, M, = aggregate and M = monomer.

X The fluorescence enhancement of 13 and 14 could be analyzed by the
Benesi-Hildebrand equation for a 1:1 complex formation between monomer
and B-cyclodextrin (Equation 2),

| l . 1 . )
Ks(@10 - @r) [B-CD]

OO- Or OO - Of
where, K, is the equilibrium constant, @ is the fluorescence quantum yield

of the monomer, @¢ is the quantum yield of fluorescence of the dye-$-CD

40—
4 6 8

0 2
1/[p-CD], 103 M""

Figure 2.7. Plot of 1/(®¢-®;) versus reciprocal of p-CD concentration for
the fluorescence enhancement of 13 upon addition of B-CD.
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complex and @y the observed quantum yield of fluorescence. The depen-

dence of 1/ (CDrO- d¢) on the reciprocal concentration of B-CD, was found
to be linear, indicating a 1:1 complex formation between the dye and $-CD
(Figurc 2.7). The values for the equilibrium constant K, and ﬂﬁorescencc
quantum yield of the dye-B-CD complex, @f determined from the siope
and intercept of these plots were 1100 M™' and 0.24 for 13 and 1750 M
and 0.16 for 14, respecti'vely.

~ Picosecond laser flash photolysis studies on the dye-3-CD complexes
(of 13 and 14) showed that the absorption spectra of the excited singlet
states were very similar to those for the uncomplexed dyes (Figure 2.8).

However, the excited singlet state lifetime was much longer for the complex
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Figure 2.8. Transient absorption spectra of excited singlet of 14 in aque-
ous solution containing {(a) 0 mM B-CD and (b) 3 mM B-CD (excitation

532-nm, A, = 0 ps). Inset shows the decay of the transient absorption at

465 nm. '
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than for the free dye. Similar observations were made for 13 also. These
results are summarized in Table 2.2. The nearly ten-fold enhancement in
singlet excited state lifetime observed in the solutions containing 3-CD,
parallels the increase in fluorescence yield observed for these dyes, indi-
cating suppression of the non-radiative internal conversion modes of the
excited singlet state. For the dye 13, the non-radative decay rate constant

(kn) value decreased from 1.4 x 10'° to 8.9 x 10® ', and for 14 it

decreased from 8.95 x 10° to 9.16 x 10® s in B—CD solutions. The two
inajor modes of non-radiative decay for dimethylaminophenylsquaraines
and its derivatives have been proposed to be via rotation of the adjacent
phenyl groups and hydrogen bonding with the solvent molecules.”® Both
these processes will be restricted to a certain extent on microencapsulation
of the dye molecules by 3-CD. These studies indicate that although the
crown-cther squaraine dyes are relatively non fluorescent in aqueous media,

hydrophobic interactions would lead to substantial enhancement of their

fluorescence quantum yield.

2.4.4. Alkali Metal Ion Recognition using 12 and 13

-

The alkali metal ion binding abilities of crown-ether squaraine dycs
were investigated using absorption and emission spectroscopy. These stud-
ies were carried out in 70% (v/v) toluene-30% (v/v) acetonitrile mixture.
Under these conditions the fluorescent quantum yield of the dyes are high.
It was observed that complexation of alkali metal cations induces signifi-
cant changes in the photophysical properties of fluoroionophores 12 and 13
whereas, the photophysical properties of 14 was almost unaffected by the

presence of Na’ or Li".
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Fluoroionophore 12 has an absorption maximum at 639 nm and an
emission maximum at 661 nm (®¢ = 0.51) in 30% (v/v) acetonitrile-toluene
mixture. The photophysical properties of 12 are highly sensitive to the

" presence of alkali metal ions such as Na* and Li*. Although the alteration
in the shape of the absorption and emission spectra are small, the quantum
yield of fluorescence was drastically quenched by these metal ions. The
quenching of fluorescence of 12 on addition of lithium perchlorate as well

.as sodium perchlorate is shown in Figure 2.9. Even at low concentrations
of lithium perchlorate (1 mM), a substantial quenching of fluorescence

(8%) was observed. An isobestic point and a gradual red shift in

0.0 - T , . - T — "
0 15 30 45
[M], MM

Figure 2.9. Plot of quantum vyield of fluorescence (®y) of 12 (3.0 uM)
versus metal ion concentration in 30% (v/v) acetonitrile-toluene mixture.
(a) NaClOQy; (b) LiCl0,.

absorption maximum were observed upon further addition of lithium

perchlorate. Concurrently, there was a shift in emission maximum and a
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Figure 2,10. Influence of LiCl104 concentrations on the emission spectrum
of 12 (3.0 uM) in 30% (v/v) acetonitrile-toluene mixture. [LiCl1O4) (a) 0,
(b) 1.88, (c) 3.75, (d) 6.25 and (e) 12.5 mM
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Figure 2.11. Influence of NaClQO, concentrations on the emission spectrum
of 12 (3.0 uM) in 30% (v/v) acetonitrile-toluene mixture. [NaClQy] (a) O,
(b) 2.5, (c) 5.0, (d) 12.5 and (e) 25 mM.

54
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significant quenching of fluorescence (38%) upon addition of 20 mM of
lithium perchlorate (Figure 2.10, Table 2.3). In the case of sodium perchlo-
rate, the absorption and emission maxima remain unchanged, while 4%
quenching of fluorescence was observed on addition of 1 mM of sodium
perchlorate and 18% quenching of fluorescence was observed on addition
of 20 mM of sodium perchlorate (Figure 2.11, Tables 2.4). These results
indicate that the fluoroionophore 12 is more sensitive to Li*, especially at

low concentrations. The ligand to metal stoichiometry and stability constant

Table 2.3. Effect of LiClO4 on the photophysical properties of squaraine
fluoroionophores 12, 13 and model compound 15 in 30% (v/v) acetoni-
trile-toluenc mixtures

12 13 _ 157
[LiCl0,] N -
. OmM 1 mM OmM 1 mM OmM 1mM
}'max
(Abs) 639 640 637 637 644 644
}"max
(Em) 661 661 657 657 662 662
&b, 0.51 0.47 0.51 0.36 0.67 0.66
% guenching 8 29 b 1

“ Reflerence compound (Chart 8)

for 12 on complexation with metal cations have been investigated using

Equation 3,

1 _ L 1 o 1 3)
OO - Pp o0 -0 | Ks(M]
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Table 2.4: Effect of NaClO, on the photophysical properties of squa-
raine fluoroionophores 12, 13 and model compound 15 in 30% (v/v) ace-

tonitrile-toluene mixtures

12 13 15°
[NaClO)] & — — -
0mM 1 mM 0mM 1 mM OmM  1mM
Ao (Abs) 639 639 637 637 644 644
Aeax (Em) 661 661 657 657 662 662
® 051 049 0.51  0.41 0.67 0.67
% quenching 4 : 20 0

? Reference compound (Chart 8)

0 v T g T
0 200 400 600 . 8a¢

1/[M*], M~

— T ™

Figure 2.12. Plot of 1/(®°-®¢) versus reciprocal of lithium ion concentra-
tion for the fluorescence quenching of 12 in presence of LiCiOs.
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where, K, is the stability constant, @;°, the quantum yield of fluorescence
of free ligand, ®¢ the quantum yield of fluorescence of complexed ligand,
@ the observed quantum yield of fluorescence and [M] is the concentration

" of metal perchlorate. Plot of 1/(®d° - ®¢) against the reciprocal of lithium
ion concentration showed a linear dependence in the concentration range of
0-10 mM, indicating a 1:1 metal to ligand complexation for 12 (Figure
2.12). Stability constaht (K, = 2.71 x 10* M’'] was obtained from the ratio

- of intercept and slope. The deviation from linearity found above 10 mM can
be due to the formation of 2:1 metal to ligand complexes.

The changes in absorption spectra of 13, on addition of lithium
perchlorate (0-2.5 mM) in 30% (v/v) acetonitrile-toluene mixture are shown
in Figure 2.13. A well defined isosbestic point at 625 nm indicates the
existence in equilibrium of the uncomplexed and complexed fluoroiono-

.phores (Figure 2.13). Similar changes in absorption spectra were observed

Absorbance

0.0 L 2 ' N
550 575 600 625 650 - 675 700

Wavelength, nm

Figure 2.13. Effect of LiClOy4 concentrations on the absorption spectrum
of 13 (7.4 uM) in 30% (v/v) acetonitrile-toluene mixture. [LiCIO4] (a) 0,
(b) 0.25, (c) 0.5 and (d) 2.5 mM. ,
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on addition of sodium perchlorate. The emission maximum remain unchan-
ged on addition of LiClO,4 (Figure 2.14) as well as NaClO, (Figure 2.15).
Upon addition of 1 mM of lithium perbhlorate, 29% quenching of fluores-
cence was observed and for 1 mM of sodium perchlorate, 20% quenching
of fluorescence was observed (Figure 2.16, Tables 2.3 and 2.4). The metal
to ligand stoichiométry and the stability constants were determined from the
Benesi-Hildebrand analysis of the emission data. Plot of 1/(®¢ - ®;) versus
reciprocal of metal ion concentration showed a linear dependence for
lithium perchlorate (Figure 2.17) as well as sodium perchlorate (Figure
2.18) in the concentration range of 0-2 mM, indicating a 1:1 metal to
ligand complexation. Stability constants K, were calculated as 1560 M’

for lithium perchlorate and 1300 M for sodium perchlorate.
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Figure 2.14. Influence of LiCIQ4 concentrations on the emission spectrum

of 13 (7.4 pM) in 30% (v/v) acetonitrile-toluene mixture. [LiClO,] (a) 0O,
(b) 0.5, (c) 1.25, (d) 2.5 and (e) 5.0 mM.
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Figure 2.15. Influence of NaClO, concentrations on the emission spectrum
of 13 (7.4 uM) in 30% (v/v) acetonitrile-toluene mixture. [NaClO,] (a)
0, (b) 1.25, (¢) 3.75, and (d) 7.5 mM,
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Figure 2.16. Plot of quantum vyield of fluorescence (®g) of 13 (7.4 uM)
versus metal ion concentration in 30% (v/v) acetonitrile-toluene mixture.
{a) NaClO; (b) LiClO,.
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Figure 2.17. Plot of 1/(®-®;) versus reciprocal of lithium ion concen-
tration for the fluorescence quenching of 13 ir presence of LiClQO;.
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tration for the fluorescence quenching of 12 in presence of NaClOQ,.
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Blank experiments were carried out with a similar squaraine dye,
‘bis(4-dioctadecylphenyl)squaraine,sl 15 (Chart 8), which does not possess
the crown-ether appendages. A slight reduction in quantum yield of fluores-
cence (1%) was observed on addition of 1 mM of LiClO, to a solution of 15
in acectonitrile-tolucne mixture (30/70, v/v) whereas in the case NaClO;,
absorption and emissidn properties remain unchanged. At higher concentra-
“tions (5 mM) of LiClO,, absorption as well as emission maxima shift to
longer wavelength by 1 nm and 6% quenching of fluorescence was observed
(Table 2.3-2.4). In the case of NaClO4 (5 mM), the absorption as well as
emission maxima remain unchanged and a slight quenching of fluorescence
(1%) was observed. These results clearly indicate that the complexation of

the metal ions is predominantly by the crown-cther moiety of the dyes.

00
HJ'?Cls\N O @ O N/C!BHJ’I
7 N
HJ‘!CIE/ S CisHjyy
15
Chart 8

The absorption and emission spectra of squaraine dyes have been
suggested to arise from charge transfer transitions. Eventhough the charge-
transfer is primarily confined to the central C40, unit (from the oxygen
atom to the four membered ring), there is a minor contribution from the
anilino moicty also. Complexation of the cation by the crown-cther moiety
induces a reduction in the electron donating ability of the nitrogen atom and
thereby hindering its ability to contribute to the intramolecular charge

transfer process leading to a hypsochromic shift of the absorption band. The
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reason for the decrease in fluorescence quantum yield brought about by
metal ion complexation is not obvious. Law,”” had earlier reported that for
unsymmetrical squaraines such as the 4-(dimethylamino)phenyl-4’-(metho-
xy)pheny! squaraine dye and its derivatives, introduction of asymmetry
through the less electron donating anisole ring has a significant impact on
the absorption and fluorescence properties. Such unsymmetrical squaraines
are reported to have a blue shifted absorption and emission bands and the
fluorescence quantum yields are significantly lower. These effects were as-
cribed to the rapid free rotation of the C-C bond between the C4O; unit and
the anisole ring. Due to the less electron donating nature of the anisole ring
the double bond character of the bond between the C4O, unit and the
anisole ring will be reduced making free rotation around this bond casier.
This argument may also hold for the crown-ether squaraines, complexcd
with metal ions, since the complexation of the metal ion by one of the
crown-ether moieties induces asymmetry in the molecule and reduces the
electron donating ability of one of the rings. As a result, easier free rotation
of the bond between the C40; unit and the phenyl ring containing the metal
ion becomes possible, leading to enhancement in the nonradiative decay

process.

The selectivities observed for Li* than Na® in the case of 12 and 13
can bc explained by comparing thc cavity size of the crown-ether moieties
with the ionic diameter and charge densities of the metal ions'® (Table 2.5).
Tonic diameter of Li  ion matches well with the cavity size of N-aza-12-

crown-4-ether moiety and hence can complex more efficiently than Na’.

" . . -+ - 3 -
Fluoroionophore 13 is also more selective to Li ion, eventhough the ionic

diameter of Na' ion matches well with the cavity size of N-aza-15-crown-5-
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ether moiety (1.7-2.2 A). This can be explained on the basis of the charge
densities of the two ions.'* Charge density of lithium ion is higher than so-

dium ion and hence will be strongly solvated. The solvated Li* ion fits well

Table 2.5: lonic radii of various alkali metal ions and the cavity size of
different crown-cthers

Metal cation/ Ligand Ionic diameter/ Cavity
size of the crown-ether
A
Lit 1.36
Na® 1.94
K* 2.66
N-Aza-12-crown-4-ether 1.2-1.5
N-Aza-15-crown-5-ether 1.7-2.2
N-Aza-18-crown-6-ether 2.6-3.2 )

to the crown-ether cavity of 13 and leads to a more stable complex. Such
effects were previously reported by Valeur and co-workers.'? The size of
the crown-ether cavity of 14 (2.6-3.2 A) is much larger than the size of Li*

and Na' ions and hence fluorescence quenching was not observed.

2.4.5. Electrochemical Recognition of Alkali Metal Ions’?

The dye 12 exhibits two reversible oxidation peaks at 705 and 1030
mV vs Ag/AgCl in acetonitrile with tetrabutylammonium perchlorate

(TBAP) as the electrolyte and the dye could be subjected to several
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oxidation/reduction cycles without undergoing any significant chemical
changes. Both of these potentials are significantly greater than the corre-
sponding oxidation potentials of bis[4-(dimethylamino)phenyl]squaraine
(710-790 mV vs SCE), and its derivatives.” These oxidation peaks are

sensitive to metal ions present in the electrolyte. With TBAP as the
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Figure 2.19. Electrochemical oxidation of 12 (5.7 mM) in CH;CN con-
taining 0.1 M TBAP. The concentrations of Na* were: A, 0; B, 3.3, C,
10; D, 16.4 and E, 93.7 mM. The inset shows the shift in the anodic peak
versus the concentration of Na* ion (working electrode, glassy carbon; re-
ference electrode, Ag/AgCl in 0.1 M AgNO;; electrolyte, 0.1 M
TBAP in CH3;CN; scan rate, 100 mV s™. The solid line represents a quali-
tative trend in attaining saturation.

electrolyte, the dye shows reversible oxidation with E,, and E,; at 670 and
740 mV, respectively. Upon addition of small amounts of NaClO,, these

peaks shift towards less positive potentials (Figure 2.19). The dependence
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of the shift in the anodic peak on the concentration of Na* ions is shown in
the inset of Figure 2.19. A saturation in this shift was evident at metal ion
concentrations greater than 25 equivalents of the dye. This behaviour
parallels the metal ion quenching of fluorescence of 12. The shift in the
oxidation potentials of 12 on addition of Li*, Na* and K", measured in the
presence of excess metal ion concentration could be attributed to the metal
ion binding by the crown-ether moiety of 12, Dyes 13 and 14 (with K") also
exhibited similar results. The metal cation recognition capability of crown-
cther squaraine dyes makes them potentially useful in biological applica-
tions. The selective complexation of metal ions as well as the redox-active
nature of these molecules make them highly suited for developing chemical

sensors as well as redox-active switches for metal ions.

2.4.6. Flash Photolysis Studies®”

Direct excitation led to the photoionization of these dyes along with
the formation of small amounts of triplets. The transient absorption spectra
obtained by the nanosecond laser flash photolysis of 12 in deaerated
acetonitrile solution show a bleaching at 630 nm and transient absorption
maxima at 540 and 680 nm were observed. The absorption at 540 nm was
prompt and was readily quenched by dissolved oxygen. Although the inter-
system crossing efficiency of squaraines are generally low, this absorption
band has been attributed to triplet excited state of the dye. However, even
in air saturated solutions significant amount'of transient absorption was
observed at 680 nm, indicating the presence of species other than the triplet
state. This could be attributed to the radical cations of the dye. Since both

So and S, states exhibit significant absorption at the excitation wavelength
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(532-nm), multiphotonic excitation of the dye is possible within the dura--
tion of the laser pulse. These effects were more evident at high laser in-
tensities as the dye molecules photoionize. Similar biphotonic photoioniza-
.tion has been reported earlier for bis[4-(dimethylamino)phenyl]squaraine.’’
Photoionization of 12 yields dye radical cations and solvated electrons.
The reaction of these solvated electrons with the ground state dye
molecules produces dye radical anions. In air-saturated solutions the anion
radical formation was suppressed as dissolved oxygen scavenges away the
\solvated electron. Thus, excited triplet, radical anion and radical cation are
the major reaction intermediates that result from direct excitation of the
dye.

The triplet excited states of these dyes were generated using the
triplet-triplet energy transfer method using 1-pyrenecarboxaldehyde and Cgg
as sensitizers. It was observed that the lifetime of the triplet formed was
dependent upon the ground state dye concentration. This indicates the
participation of the ground state in deactivating the triplet excited dye. The
decay of the triplet state (540- 560 nm), follows the formation of a species
with absorption maximum at 680 nm. The spectral features of the transient
observed at 680 nm match with those of the transient observed in the
photoionization experiments. This suggests the formation of dye radical
cations and anions via the quenching of the triplet state with the ground

state of the dye.
2.5. Conclusion

A series of new crown-ether-linked squaraine fluroionophores have

_ been synthesized and characterized. The BC NMR spectra of these dyes
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substantiated their highly symmetric structure. The fluoroionophores 13

and 14 form aggregates in water. Addition of B-cyclodextrin leads to the

break-up of the aggregate and the formation of a fluorescent dye-p-CD-
complex. These fluoroionophores complex with alkali metal ions selec-
tively and thus can be used as ion-sensitive near-infrared probes. Direct
laser excitation of these dyes resulted in the production of different
transient intermediates such as excited triplet, radical anion and radical
cation. The triplet excited state, radical anion, and radical cation of all the
three dyes exhibit strong absorption in the visible region. Although
substituent groups on the phenyl ring are generally capable of influencing
the intramolecular charge transfer in the excited state, the size of the

crown-ether moiety seems to have no major effect.
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CHAPTER 3

SYNTHESIS AND PHOTOPHYSICAL STUDIES OF A NEAR-
INFRARED ABSORBING CATIONIC SQUARAINE DYE

3.1. Abstract

The photophysical properties of a near infrared (NIR) absorbing
cationic squaraine dye, 10 were investigated. This dye was found to exist in
an acid-base equilibrium in aqueous and other protic solvents. The pK, of
this cquilibrium in water-acetonitrilc (4:1) mixture was estimated as 4.9. In
water and other protic solvents the dye is normally present in the nonfluo-
rescent deprotonated form. However, the protonated form obtained by the
addition of appropriate amounts of an acid is fluorescent; for examplc, the
®¢ value obtained in methanol in presence of acetic acid (~40 uM) was
0.21. In aprotic solvents the dye however, exists in the fluorescent proto-
nated form and the ®¢ value measured in chloroform was 0.24. The singlet
and triplet excited states of the cationic squaraine dye were characterized
using laser flash photolysis studies. The absorption spectrum of the cationic
squaraine dye in water-acetonitrile mixture (4:1) was found to be highly
sensitive to the presence of trace amounts of transition and lanthanide metal
cations. On complexation with these metal cations characteristie new ab-
sorption bands are formed, which are blue shifted with respect to the nor-
mal absorption band. Absorption maxima of the complex is characteristic
of the metal ion used. The dye is capable of detecting nanomolar quanti-
ties of Cu®*, La’*, Bu**, Tb*", Gd®* and Lu’*, micromolar quantities of
Hg®* and Pb®* and millimolar quantities of cations such as Mn?* and Zn**

in aqueous solutions. The cationic squaraine dye 1s insensitive to alkali and
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alkaline earth metal cations, which makes it possible to detect submicromo-
lar quantities of transition and lanthanide metal ions even in the presence of
high concentrations (mM) of the former cations. The high fluorescence in-
tensity of the cationic squaraine dye in acetonitrile facilitates tHe detection

of metal ions such as copper using fluorescence spectroscopy.

3.2. Introduction

-

Design of organic materials as building blocks for optical data
storage, NIR lasers and biosensors is currently an active arca of research.'?
One of the desired properties of such materials is their ability to absorb
and emit in the NIR region.” Only a small fraction of the known organic
and organometallic molecules emit in the infrared region.>”> The important
classes of IR sensitive dyes so far reported are the cyanines, oxazines,
phthalocyanines and polynuclear aromatic hydrocarbons.’~"'®

Among the various compounds reported to be fluorescent in the IR
region, cyanines (for an example see Chart 1) are the most widely used.’
They have been used as laser dyes and as saturable absorbers in mode-
locked and Q-switched laser systems.®’ Although the ability of most of the
cyanines to undergo photooxidation makes them suited for applications in
photographic films and saturable absorbers, it makes them less d;sirable for
the design of fluorophores.®> The tuning ranges of these dyes in dye lasers
are also limited due to their small Stoke’s shifts.” The excited state dipoles
of most cyanines do not have much difference from those of the ground
state, and thus exhibit very limited solvent dependent shifts in emission
wavelengths.” Some of the recently developed cyanine laser dyes have

larger Stoke’s shift and improved stability and their emission may also be
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more solvent sensitive.® The squarylium cyanines, recently reported by
Terpetschnig and Lakowicz® showed improved photostability. Only few IR
cyanine dyes have been reported so far, forr biochemical and biophysical
applications. The bis-alkylindocarbocyanine'® family of dyes used in fluo-
rescence recovery after photobleaching microscopy studies are photoun-
stable. Most of these cyanincs are relatively new and much more studies are
necessary before they can be compared with commonly used fluorophores
such as fluorescein or rhodamines for applications in microscopy, cell
sorting, or fluorescence immunoassay.” The styryl series of dyes, which are
structurally related to cyanines, are found to be more efficient laser dyes
than the corresponding cyanines because they exhibit larger Stoke’s shifts,
but otherwise share most of the characteristics of the c:yanines.3 In general,
eventhough cyanines are widely used as IR dyes, they have significant

drawbacks with regard to design of fluoro- and chromoionophores.

S=C=N
O DN~ O CY-7-isothiocyanate
N N

Em =777 nm

-

Q
SO; 1 SO,

Chart 1

Soper et al. have reported detection sensitivity at the single molecule
level in the NIR region using pulsed-laser excitation and time-gated detec-
tion for the NIR fluorescent dye IR-132 in methanol.'' Recently, Soper and
Mattingiy have studied the fluorescence properties, lifetimes and other

photophysical properties of tricarbocyanine dyes'?, IR-125 and IR-132
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(Chart 2). In aqueous solvents IR-132 underwent extensive ground state
aggregation whereas IR-125 showed little evidence of aggregation. The
fluorescence lifetimes for both dyes demonstrated negligible dependence
on solution viscosity, indicating that photoisomerization is ﬂot a major
nonradiative path for these tricarbocyanine dyes. Internal conversion,
resulting from the small electronic energy difference between the ground
and the singlet state seems to be the major nonradiative pathway for decay

of the singlet excited state.

O H;C O
CHfCH:CH D
3

{
I
(CH,)4S05Na (CHy):SOS

2

O

i |
(CH,);CO,CH, s cid? (CH,);CO,CH,
Chart 2

Oxazines form another major class of IR fluorescent dyes and their
photostability is much better. than that of the cyanines. Oxazines are
synthesized by condensation of the appropriate p-nitrosoaniline derivatives
with phenols.'’ Though they have better Stoke’s shifts, the major limitation
of these class of dyes are their absorption and emission are not very close

towards the red.” The most commonly used phenoxazine dye, Nile Blue
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(Chart 3) is often contaminated by the corresponding oxazone Nile Red,
which is readily formed by the weak acid hydrolysis of the former.'* Nile
Red exhibits solvent sensitivity in its emission, but its absorption and
emission are at much shorter wavelengths than Nile Blue.'° Oxaiines may
be easier to solubilize since they are relatively compact compared to

cyanines.’

JOHOY im

@ @

(Et);N o ' (Et); H,N . O (Et}),
4 5

" Oxazine 1, Em = 658 nm . Nile blue, Em = 660 nm

Chart 3

Polynuclear aromatic hydrocarbons (PAH) (Chart 4) represents a
diverse group of fluorophores which have not been as well exploited as
compared to cyanines.”'*> Unlike cyanines, PAH are of low commercial
interest primarily because of the difficulty to synthesize a variety of
derivatives.” PAH such as perylene, pyrene and coronene are very useful
fluorophores in the UV-visible range of the spectrum, while they have little
use in the IR region, primarily because the IR-emitting PAH ‘are large mole-
cules and are difficult to solubilize. Some of the PAH have very good fluo-
rescence quantum yields in organic solvents. Carcinogenicity is another

limiting factor for PAH such as benzo[a]pyrenes.
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A |
16,17-dimethoxy violanthrone
(Em =713 nm)

5,7,12,14-tetrakis(phenylethynyl)
pentacene (Em = 740 nm)

Chart 4

Phthalocyanines and naphthocyanines (Chart 5) form another class of
very \stablc IR fluorophores.'® Most of the phthalocyanine derivatives can
be made by prolonged heating of a phthalimide or phthalic acid derivative
with a metal in powder or salt form at elevated temperatures. Several of the
phthalocyanines absorb in the NIR region and either fluoresce or phospho-
resce.” The electronic transitions of phthalocyanines are complex and have
been extensively studied. The unsubstituted phthalocyanines and_naphtho-
cyanines are very insoluble in solvents other than, for instance, nitroben-
zene. Sulfonated phthalocyanines are water soluble and exhibit spectra
comparable to the parent derivatives. _

A few other dyes are also known to be fluorescent in the IR and NIR
region.” However the number of such dyes are limited and are not well
characterized. Some anthraquinone dyes have been described as fluorescent

in the IR region, but their emissions have not been well characterized.’
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Bis(trialkylsiloxy)silicon naphthocyanine
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Charts

Near infrared absorbing ion and molecular probes find a lot of
biological applications due to the inherently low biomolecular interference
in this region.”'""!” Some of the desirable attributes of chromogens for applica-

tion in naturally occurring systems are (i) ability to function in aqueous

17,18

media, (ii) ability to detect specific metal 10ns in the presence of other closely

17,19

related species and (1ii) absorption and emission in the near infrared (NIR)

17.19-24 » .
71924 most of these studies have been con-

region.'"' 7 With a few exceptions
cemed with non-aqueous solutions of metal ions or the chromophores used tend to
possess absorption in the short wavelength region.

Since squaraines are highly fluorescent in the visible and NIR region,

2326 and fluorophores in biological

their potential as fluoroionophores
applications®” have recently been explored. However these studies have

dealt with 1,3-disubstituted squaraines. The synthesis and characterization
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of a new class of water soluble dyes known as cationic squaraines have
been reported recently.?® In this Chapter of the thesis, the detailed photo-
physical studies of the cationic squaraine dye, 10 (Chart 6) have been
reported. This dye is soluble in water with strong absorption in the NIR
region and possess a suitable geometry for strong complexation with metal
cations. These properties: make the cationic squaraine dye ideal for the
detection of trace metal ions in aqueous systems and these aspects have also

been discussed in detail.

Chart 6

3.3. Experimental Section
3.3.1. Materials and Methods

All melting points are uncorrected and were determined on a Aldrich
Meltemp apparatus. Absorption spectra were recorded on a Shimadzu 2100
or on a GBC UV-vis spectrophotometer. IR spectra were recorded on a
Perkin Elmer Model 882 spectrophotometer. NMR spectra were recorded on
a Varian 300 MHz FT NMR spectrometer and the mass spectra on a JEOL
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IMS AX 505 HA mass spectrometer. Fluores¢ence spectra were recorded
on a SPEX Fluorolog F-112X spectrofluorimeter. The solutions were
excited at 730 nm and the emission was followed from 740 nm to 880 nm.
The fluorescence quantum yield, ®; was determined relative to IR-125 in
DMSO (®; = 0.13)."*%° Stock dye solutions (2.5 x 10> M) were made by
dissolving the cationic squaraine dye in dry acetonitrile. Two mL of this
dye solution was diluted to 10 mL using water and this solution was further
puréed with argon. All spectroscopic measurements were carried out in a
quartz cuvette, closed with a septum. Appropriate concentrations of metal
cations were added by injecting ul. quantities of argon bubbled metal salt
solutions. Complexes of all the metal ions studies except with Cu®* and
Mn** are stable in H,O/CH;CN (4:1) mixture and the solutions were kept
for 15 minutes for equilibration before carrying out the measurements. In
the case of Cu®* and Mn**, the measurements were carried out immediately
after the addition of the metal ions. The pH of the solution remained
unchanged on addition of metal ions. Spectroscopic grade solvents, double
distilled water and analytical grade metal salts were used for the
experiments.

Picosecond laser flash photolysis’® experiments were performed with
355-nm laser pulses from a mode-locked, Q-switched Quantal-YG-501 DP
Nd:YAG laser system (output 1.5 mlJ/pulse, pulse width ~18 ps). Details of
the experiments are described in Section 2.3.2. Nanosecond laser flash
photolysis studies were carried out using the third harmonic of a Quanta-
Ray CDR-1 Nd:YAG pulsed laser (355-nm, 6 ns pulse width, 2-5 mJ/pulse).

Details of the experimental setup are described in Section 2.3.2,
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3.3.2. Synthesis of Cationic Squaraine Dye 10

Cationic squaraine dye, 10 was synthesized according to a reported |
procedure.’® A mixture of 3-ethyl-2-methylbenzothiazolium iodide (1.32 g,
4 mmol) and squaric acid (0.23 g, 2 mmol) was refluxed for 3h in a solvent
mixture containing 2 mL of benzene and 8 mL of n-butanol, accompanied
by\ azeotropic distillation of water. Purification was carried out by recrys-
tallizing twice from a mixture (3:1) of dichloromethane and ethyl acetate to
give 0.4 g (44%) of 10, mp 218 °C (decomp.); IR vy (KBr) 1750, 1633,
1410, 1243 cm™'; UV-vis Agey (CH;CN) 783 nm (g 3,00,000 M 'cm™); 'H
NMR (CDCl3)) § 1.1-1.4 (m, 9 H, CH,), 4.4-4.6 (m, 4 H, NCH3), 4.8 (m, 2
H, NCHy), 6.1 (s, 2H, vinyl), 7.2-8.0 (m, 10 H, aromatic), 8.1-8.2 (m, 2 H,
aromatic); HRMS, exact mol wt calcd for C;3H3oN3S;0, (M"), 688.1398,
found 628.1434 (FAB high resolution mass spectrometry).

3.4. Results and Discussion
3.4.1. Acid-Base Equilibrium Properties

The cationic squaraine dye 10 absorbs strongly in the near infrared
region and the spectrum was found to be dependent upon the pH of the
solution. Figure 3.1 shows the absorption spectra in a mixture (4:1) of
water and acetonitrile at different pH values. At-pH 6.5, (curve a, Figure
3.1) two absorption maxima, centered around 790 and 640 nm are observed.
On lowerning the pH, by the addition of dilute HCI to the solution, a
decrease in the intensities of these bands were observed along with the
formation of a sharp new band centered around 690 nm. These spectral

changes are marked by the presence of an isosbestic point at 715 nm.
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A plot of pH versus absorbance ag 790 nm (inset, Figure 3.1)
indicated the presence of a single acid-base equilibrium. The pK, of 10 has
been evaluated as 4.9, based on these pH dependent spectral changes. The
probable structures of the acid/ base species.in equilibrium with each other

are shown in Scheme 1. Since the sharp absorption bands observed for
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Figure 3.1. Variation in the absorption spegtra of 4.7 pM of 10 in H;0/CH;CN
(4:1): pH=(a) 6.5, (b) 5.6, (c) 5.1, (d} 4.9, (e} 4.5, (f) 4.0. Inset shows the plot of
absorbance at 790 nm versus pH (pK, =4.9).
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squaraine dyes arise mainly from an intramolecular charge transfer transi-
tion between the central cyclobutane rings and the oxygen atoms,’' 3 pro-
tonation of this oxygen atom will result in a reduction of the intramolecular
charge transfer character. Accordingly, in the protonated state of 10 the

absorption spectrum becomes blue shifted.
3.4.2. Absorption and Emission Properties

The cationic squaraine dye 10 exists in two distinct forms in
solution, depending on the pH. The absorption and emission properties of
this dye are highly sensitive to the nature of the solvent. In aprotic solvents
the dye exists predominantly in the protonated form. For example, in
acetonitrile the absorption spectrum of 10 is sharp with a maximum at 783

nm (Figure 3.2). Since this form corresponds to the protonated form,
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Figure 3.2. Absorption spectrum of the cationic squaratne dye, 10 (5.7. pM) in
dry CH;CN containing various amounts of triethylamine (TEA): [TEA] (a) O;
(b) 5.5, (c) 28 and (d) 580 pM.
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deprotonation can be carried out by adding water or base such as triethy--
lamine. The effect of various concentrations of triethylamine on the ab-
sorption spectrum of 10 in acetonitrile 1s shown in Figure 3.2. On addition
of triethylamine, the spectrum shows two new absorption ma:lcima, one
around 830 nm and the other at 660 nm, while the original peak at 783 nm
decreases in intensity. These changes are marked by the presence of two
isosbestic points at 695 and 810 nm, which confirm the existence of an
acid-base equilibrium as shown in Scheme 1. Addition of water also leads

to similar changes in the absorption spectrum of 10 in acetonitrile.

Table 3.1: Absorption and emission properties of 10 in different solvents

Amex (NM)
Solvent Os
Abs Em

Chloroform : 797 826 0.24
Dichloromethane 795 824 0.26
Acetone 787 822 0.21
Acetonitrile 783 812 0.31
Methanol® 780 812 0.21
Methoxyethanol® 788 825 0.10
Trifluoroethano!l® 760 790 - 0.40
n-Butanol® 793 818 0.13

“ in presence of acetic acid (~0.04 mmol)
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In protic solvents such as water ‘or methanol, the dye exists in its
deprotonated form with a broad absorption band. However, protonation by
the addition of acid leads to noticeable changes in the absorption spectra.
For example, in methanol 10 possess a broad absorption band centered
around 805 nm with a shoulder at 650 nm and the fluorescence intensity is
negligible. On addition of acetic acid (40 uM), the absorption spectrum be-
comes sharp with a maximum centered at 780 nm. The emission maximum
was observed at 825 nm and the fluorescence quantum yield was found to
be 0.21. Similar bchaviour was also observed on addition of acctic acid to
the solutions of 10 in other protic solvents. The fluorescence quantum yicld
observed 1n trifluoroethanol containing acetic acid (40 pM) was 0.40.

The absorption and fluorescence properties of the cationic squaraine
dye was studied in different solvents and .the results are summarized in
Table 3.1. In dry acétonitrile, 10 has an absorption maximum at 783 nm and
the corresponding emission band was at 812 nm, with a fluorescence quan-
tum yield of 0.31. The deprotonated form, obtained by the addition of
appropriate amounts of a base was found to be nonfluorescent. The high
fluorescence intensity of the protonated form of 10 was ascribed to hydro-
gen bonding between the central O° and OH groups of the cyclobutane
rings, which is expected to rigidize the configuration of<the excited state

and suppress energy loss due to rotor motion.
3.4.3. Excited State Properties

The excited singlet state of the protonated form of the cationic
squaraine dye, 10 was characterized using picosecond laser flash photoly-

sis. Since the dye has a small absorption in the UV region, the 355-nm laser
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pulse could be used for excitation of the dye. The time-resolved transient
absorption spectra of '10"" in acetonitrile are shown in Figure 3.3. The
singlet excited state has a characteristic absorption maximum at 650 nm.
The exponential decay of the transient absorption at 650 nm (inéet, Figuré
3.3),\indicated a singlet excited lifetime of 1.13 ns. Although at lower laser
intensities, recovery of most of the dye bleaching was observed, some
irreversible degradation was observed at higher laser intensities. The

spectral characteristics and lifetimes of the excited states are summarized in
Tabic 3.2.

Table 3.2: Excited state properties of 10 in acetonitrile

Transient Abs. Max. (nm) Lifetime
'10" 640 1.13 ns
10" 620 9+ 1us
10%*° 630 77us )

As a result of poor interéystem crossing efficiency, the triplet
excited state could not be generated by direct excitation. The triplet excited
state of the dye was therefore generated via photosensitization using
pyrenecarboxaldehyde as triplet sensitizer (Er = 186 kJ mol™). Excitation
of the sensitizer with 355-nm laser pulse in the presence of the dye led to
the formation of dye triplets. Time resolved transient absorption spectra
recorded during the formation of 10" in acetonitrile using triplet excited

1-pyrenecarboxaldehyde as a sensitizer are shown in Figure 3.4. The
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spectra recorded immediately after the laser flash exhibits an absorption
maximum at 440 nm corresponding to the formation of the sensitizer triplet
within the laser pulse duration. The sensitizer triplet decays as the acceptor
triplet (310" is formed by a diffusion controlled process. The difference

absorption maximum recorded 11.2 us after the laser pulse excitation shows
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Figure 3.3. Difference absorption spectra of singlet excited 10" in acetonitrile.
Time-resolved transient absorption spectra were recorded, following 355-nm laser
pulse excitation of 10 pM 10" in acetonitrile. The spectra were recorded at time
intervals: (a) 20, (b) 400 and (c) 4000 ps, after laser pulse excitation, Inset
shows decay profile at 640 nm.,

a maximurr{ at 620 nm and bleaching at wavelengths greater than 660 nm.
The bleaching around 700 nm further confirms the depletion of ground state

dye molecules to form excited state squaraine dye t}iplcts. The 1sosbestic
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» point observed in the 550 nm region indicates that only t\\;o factors (Cdye’
absorption and dye depletion) contribute to the difference absorption
spectra in Figure 3.4.

The inset of Figure 3.4 shows the decay of *Sens’ at 440 nfn and the
growth of *10"" at 620 nm. The extinction coefficient of 310" at the

\absorption maximum can be determined by recording the maximum
absorbance values of *Sens” and *10”" as reported earlier.>? In the present
experiments we estimate the difference extinction coefficient of *10”" to be
7.0 x 10° M cm™" at 620 nm. The triplet excited state is sufficiently long
lived with a lifetime of 9 & | us.
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Figure 3.4. Triplet-triplet sensitization of 10". The transient absorption spectra
were recorded following 355-nm laser (6 ns) excitation of 0.1 mM pyrenecarboxa-
ldehyde in acetonitrile containing 20 puM 10". The spectra were recorded at (a) 0,
(b)3.2 and (c) 11.2 us after laser pulse excitation. Insets show the decay profile of
the sensitizer triplet at 440 nm and the growth profile of 10" triplet at 620 nm.
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Since the dye underwent degradation under high laser intensities, we -
probed this process further with nanosecond laser flash photolysis setup.
Laser pulses of 355-nm with high intensity (> 10 mJ/pulse) was used for
these experiments. The transient absorption spectrum obtained in' deaerated
acetonitrile solution is shown in Figure 3.5. An intense difference maxi-

mum at 630 nm and bleaching at wavelengths greater than 660 nm were
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Figure 3.5. Photoionization of 10", The transient absorption spectrum was rec-
orded, following 355-nm laser pulse (6 ns) excitation of 10 uM 10"

observed. The transient absorption at 630 nm is prompt and is not quenched
readily by dissolved oxygen. The linear dependence of the transient

absorption at 630 nm to the square of the laser intensity (inset, Figure 3.5)



confirms the biphotonic photoionization process. This transient has been
attributed to the oxidized form of 10". Photoionization of 10" yields dye

radical cations and solvated electrons.

Usually, the reaction of these solvated electrons with the ground state
dye molecules produce dye radical anions. This property is similar to the
photoionization behaviour observed for the crown derivatives of squaraine
dyes. Since we did not see any significant effect of dissolved oxygen on the
transient absorption spectrum in Figure 3.5, we consider the absorption of
the reduced form of the dye to be relatively small in the spectral region
chosen in the study. The transient and the bleaching did not recover during
the time period of ~100 us. Thié is indicative of the fact that the cation

radical of the dye eventually undergoes permanent degradation.
'3.4.4. Detection of Transition Metal lons Present in Aqueous Medium

An interesting property of 10 is its capability to detect trace amounts
of transition metal ions present in aqueous medium. Since the dye and the
dye-metal ion complexes undergo slow precipitation in purely aqueous
media, the experiments were carried out in water-acetonitrile mixture (4:1).
Addition of low concentrations of copper ions to a solution of 10 in a mix-
ture (4:1) of water and acetonitrile at pH 6.7 led to a decrease in the in-
tensities of the absorption maxima at 790 and 640 nm, which was accom-
panied by the formation of a sharp new band around 670 nm (Figure 3.6). It
has been observed that addition of even 50 nM (4 ppb) of Cu®" leads to a
notable change in the absorption spectrum. The stability constants for the
complex formation of 10 with Cu® was estimated using the Benesi-

Hildebrand equation (Equation 1) for 1:1 metal to ligénd stoichiometry.
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Figure 3.6, Effoct of Cu®™ concentrations on the absorption spectrum of 10 (4.7
pM) in HHO/CH,CN (4:1) : [Cu™] () 0, (b) 0.15, (c) 0.3, (d) 0.6, (e) 1.2, (f) 1.8,
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Figure 3.7. Plot of A,/ (As-A) versus reciprocal of Cu™ concentration for the
complexation of 10 with Cu®" in water-acetonitrile mixture (4:1).
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‘ =8L[‘ +1} (1)
A-Ag €L -&mL | KsM]
where, A is the absorbance of the solution containing different concentra-
tions of metal ions, Ao is the absorbance of the free ligand, K, is the
stability constant and [M] is the concentration of the metal ion. g and sy
are the molar extinction coefficients of the free ligand and the complex,
respectively. The complex formation, studied by following the changes in
absorbance at 670 nm on addition of copper ions, (Figure 3.7) indicated a
1:1 ligand to metal stoichiometry with a stability constant of 1.5x10° M™".
Complexation of 10 with various transition metal cations such as
Hg**, Mn®" and Zn** and other metal ions like Pb?* have also been studied.
Effect of addition of Hg®" and Pb®" on the absorption spectrum of 10 is
shown in Figures 3.8 and 3.9, respectively. The complexation of the
cationic squaraine dye with different metal ions led to the formation of new
absorption maxima. The absorption maximum and equilibrium constants
measured for different metal ions are shown in Table 3.3. With the excep-
tion of the complexes of Hg?* and Cu?* which have a maximl;m at 670 nm,
the other complexes have their own characteristic absorption maxima. The
marked difference in absorption maxima of the complexes of the dye makes
it possible to detect various metal ions in a mixture using procedures such
as higher order derivative spectrophotometry’® or kno‘wn statistical meth-
ods.>® With the exception of Cu** and Hg®*, the hypsochromic shift obser-
ved for the dye-metal ion complex increases with increasing charge density
of the cation (Table 3.3). The minimum concentration detectable for Cu®" is

40 nM, Hg?" is 2 pM, Pb®* is 20 uM, Mn?" is 40 uM and Zn** is 0.4 mM.
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Figure 3.8. Effoct of Hg™ concentrations on the absorption spoectrum of 10 (4.7
pM) in H;O/CH,CN (4:1) : [Hg*) (a) 0, (b) 3.33, (c) 5.55, (d) 6.65, (0) 7.76, (f)
8.87, (g) 9.98 uM.
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Figure 3.9, Effect of Pb™ concentrations on the absorption spectrum of 10 (4.7
uM) in H;O/CH;CN (4:1) : [Pb™] (a) 0, (b) 22, (c) 44, (d) 133, (¢) 222, and
(f) 267 uM.
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Table 3.3: Complexation properties of 10 with various transition metal
cations

Solvent Metal Amex (nM) log K, Charge ‘Detection
cation density limit
CH,CN - 783 - - -
CH;CN Cu®* 705 4.97 - nM
H,O/CH,CN - 790,640 - - -
(4:1)
- H,0/CH;,CN  Cu* 670 5.19 2.778 nM
(4:1) ' :
H,0/CH,CN  Pb* 732 3.52 1.667 uM
4:1) '
H,0/CH;CN  Mn** 720 2.87 2.500 pM
(4:1)
H,O/CH;CN  Hg* 670 3.90 1.818 pM
(4:1)
H,O/CHsCN  Zn* 718 - 2.703 mM
(4:1) h

Although Hg*" and Cu®* complexes absorb at the same wavelengths,
the differences in equilibrium constants for complex formation permit the
analysis of nanomolar quantities of the latter even in the presence of
micromolar quantities of the former. Determination of Cu®* in the presehce
of Hg®* using 10 in water-acetonitrile mixture (4:1) is shown in Figure

3.10. The absorption spectrum of 10 remained unaffected on addition of



95

up to 1.1 uM of Hg?*" (trace a, Figure 3.10). Whereas addition of even
' nanomolar quantities of Cu®* (~50 nM). to the above solution containing
1.1 uM of Hg®" (curve b) causes the decrease in the intensities of absorp-
tion band of the dye which is accompanied by the formation of the 670 nm

band characteristic of Cu®*"-dye complex.
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Figure 3.10. Determination of Cu®" in the presence of Hg*™ using 10 (4.7 pM) in
H;0/CH;CN (4:1) following the absorbance at 790 nm: (a) effect of addition of
Hg™ (upto 1.1 uM), (b) effect of addition of Cu®" in presence of 1.1 uM of Hg”".

The complexation of the metal ion is assumed to take place at the O°
atoms of the central cyclobutane rings. In the anionic form of the dye 10,
the oxygen atoms of the two cyclobutane rings are i\deally located to yield
the suitable geometry for strong complexation with metal ions. The long
wavelength absorption bands of the 1,3-disubstituted squaraine dyes are

essentially due to an intramolecular charge transfer transition which is
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primarily confined to the C,0; unit.>'**> The long wavelength absorption of
the cationic dye is similar to those of the 1,3-disubstituted analogues,
except that it is significantly red shifted. These transitions could arise out
of similar intramolecular charge transfer transition, as reporté’d for the
earlie; dyes. The large bathochromic shift observed in the case of 10 could
be attributed to the extended conjugation present in its structure with
respect to the disubstituted squaraine derivatives. On complexation with
metal ions, a decrease in the intensity of the long wavelength band is
accompanicd by the formation of a blue shifted new band, in each case.
Complexation of metal ions reduces significantly the electron donating
propcr‘ty of the two oxygen atoms. The hypsochromic shift in the absorption
spectra, upon complexation,‘ can be attributed to a reduction in the electron

donating ability of the O™ atoms on complexation by the metal ions.
3.4.5. Determination of Lanthanide Metal Cations

The cationic squaraine dye, 10 is capable of complexing with
lanthanide metal cations present in aqueous media. To a solution of 10, in
water-acetonitrile mixture (4:1) the addition of nanomolar quantities of
trivalent lanthanide metal cations resulted in significant changes in its
absorption spectrum. The new band which is characteristic of the metal ion
used appeared at shorter wavelengths. We have studied the complexation
properties of representative lanthanide ions such as La’*, Ev**, Gd**, Tb**
and Lu**. The changes in the absorption spectra of 10 on addition of Eu>"
and Tb*" are given in Figures 3.11 and 3.12, respectively. In general, on
increasing the atomic number of lanthanide ion, the absorption maxima of

the complex shifts towards the blue region and the stability constant slowly
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Figure 3.11. Effect of Eu™ concentrations on the absorption spectrum of 10 (4.7
M) in H,O/CH,CN (4:1) : [Eu™](2) 0, (b) 0.11, (c) 0.34, (d) 0.57, (e) 0.91, (f)
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Figure 3.12. Effect of Tb” concentrations on the absorption spectrum of 10 (4.7
uM) in H,O/CH;CN (4:1) : [T} (a) 0, (b) 0.44, (c) 0.88, (d) 1.32, (e) 1.76, ()
2.20, (g) 2.64, (h) 3.52, (i) 5.29, (j) 8.80 uM.
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decreases. For example, the Amax Of the La®’ complex is at 735 nm, Eu’” is
733 nm, Gd** is 727 nm, and Tb>' is 724 nm. But this observation is not‘
true towards the end of the lanthanide series. For example the Ayq of the
Lu’* complex at 732 nm, which is higher than that observed for Tb**
(724 nm). Among the lanthanide metal ions studied, the absorption maxima
of the complexes are at different wavelengths (Table 3.4), which is charac-
teristics of the metal ion used. Thus, it is possible to discriminate the
various lanthanide ions by monitoring the Ay, of the complex.

These mectal ion complexcs are found to be substantially stable under
the experimental conditions. It was observed that the pH of the solution

remains unchanged after the addition of the final concentration of the

Table 3.4: Complexafion properties of 10 with lanthanide metal cations

Solvent Metal Amax (Nm) log K, Charge  Detection
cation density limit

H,O/CH;CN - 790,640 - - -
(4:1)

H,0/CH;CN La* 735 5.90 2953 nM
(4:1)

H,0/CH;CN Eu*’ 733 5.75 3.158 nM
(4:1)

H,O/CH,CN Gd** 727 5.44 3.198 nM
(4:1) '

H,0/CH5CN Tb>* 724 5.23 3.250 nM
(4:1) |

H,0/CH;CN  Lu” 732 524  3.529 nM

(4:1)
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metal ions. Addition of strong acids such as trifluoroacetic acid resulted in
the break-up of the dye-metal ion complexes and formation of the
protonated form of the dye, indicating that the complexation process is
reversible. Furthermore, it is evident that the deprotonated fo'rm of the
cationic squaraine dye is the species which is involved in the metal ion

complexation process.
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Figure 3.13. Plot of A,/ (As-A) versus reciprocal of Eu®" concentration for the
complexation of 10 with Eu" in water-acetonitrile mixture (4:1).

-

Benesi-Hildebrand analysis (Equation 1) of the absorption spectrum
showed the formation ot; a 1:1 metal to ligand complexation in the case of
lanthanides also. However, at higher concentrations of the metal ions (>1
uM), deviation of the curve from linearity was observed (Figures 3.13 and

3.14) which could probably be due to the formation of higher order
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complexes. The equilibrium constants for the formation of complexes with

various lanthanides are given in Table 3.4,
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Figure 3.14. Plot of Ay / (As~A) versus reciprocal of Tb™ concentration for the
complexation of 10 with Tb*" in water-acetonitrile mixture (4:1).

As discussed in Section 3.4.4, the complexation of the metal ion
could be attributed to take place at the oxygen atoms of the central cyclobu-
tane ring. Comparison of the shift in absorption maxima with charge
density of the metal ions within the lanthanide series indicates that the
hypsochromic shift does indeed increase with increasing charge density of
the metal ion (Table 3.4). The ability of 10 to detect submicromolar quanti-
ties of rare earth metal cations in aqueous medium and its ability to
discriminate among the various ions make it potentially useful in the quali-

tative and quantitative analysis of rare earth metal ions.



101

3.4.6. Detection of Transition Metal Ions Selectively in the Presence of

Alkali and Alkaline Earth Metal Ions

An interesting property of the cationic squaraine dye is itS ability to
selectively complex various metal ions. Even high concentrations (milli-
molar) of alkali and alkaline earth metal cations do not affect the absorption
spectrum of 10 in acetonitrile-water mixture (4:1) making 1t possible to
detect transition and rare earth metal cations even in the presence of large
amounts of alkali and alkaline earth metal cations. We have studied the
complexation properties of 10 with copper and mercury ions in the presence
of millimolar quantities of metal ions such as Li*, Na*, K* and Ca®*. The
presence of the latter did not affect the complexation properties of the cati-

onic squaraine dye with the former. Plot a in Figure 3.15 shows the effect
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Figure 3.15. Determination of Cu®™ in the presence of Na* using 10 (4.7 uM) in
H;O/CH,CN (4:1) following the absorbance at 790 nm: (a) effect of addition of
Na'* (upto 3.55 mM), (b) effect of addition of Cu®* containing " 3.55 mM of Na*.



102

of addition of various concentrations of sodium chloride to a solution of 10
in water-acetonitrile (4:1) mixture. The absorption spectrum remains
unchanged even by the addition of millimolar quantities of alkali metal
ions. On addition of nanomolar quantities of Cu®* to the solution.containing
3.55 mM of Na" (curve b, Figure 3.15) resulted in the formation of the blue
shifted peak (670 nm), which is characteristic of the dye-copper complex.
The detection limit remained unaffected by the presence of Na'. Similarly,
the detection of other transition metals and lanthanides is also possible in

the prescnce of alkali and alkaline earth metal ions.
3.4.7. Detection of Copper ions (Cu**) in Acetonitrile Using 10

Since the dye exists in the protonated form in aprotic solvents with
high fluorescence quantum yield, fluorescence spectroscopy can also be
used for the detection of metal ions in nonaqueous media. In acetonitrile the
absorption spectrum of 10 is sharp and intense with a maximum at 783 nm
(Figure 3.16, curve a) and the emission band is centered at 812 nm with a
fluorescence quantum yield of 0.31. Upon addition of trace amounts of
copper perchlorate a substantial change in the absorption and fluorescence
properties was observed. Addition of nanomolar quantities of Cu®" ions to
the solution leads to the formation of a characteristic new band at 705 nm
(Figure 3.16). This can be attributed to the formation of a complex between
Cu”* and the ligand. Complexation of 10 with metal ions also leads to a re-
duction in the fluorescence yield of the dyé (Figure 3.17). The changes in
the absorption spectra are marked by a clear isosbestic point at 730 nm
(Figure 3.16). The features of the Cu’*-dye complex were analyzed using

the Benesi-Hildebrand equation (Equation 1}, assuming a 1:1 metal to
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Figure 3.16. Effect of Cu™ concentrations on the absorption spectrum of 10
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Figure 3.17. Effect of addition of Cu® ions on the fluorescence spectrum of
10: [Cu™] () 0, (b) 0.64, (c) 1.9, (d) 3.2 uM. '
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ligand stoichiometry. A plot of As/(A-Ao) versus the reciprocal concentra-
tion of copper ions gave a straight line (Figure 3.18). The equilibrium con-

stant was calculated from the ratio of the intercept/slope as 9.3 x 10° M.
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Figure 3.18. Plot of A, / (A-A) versus the reciprocal of Cu®* concentration for
the complexation of 10 with Cu® in CH,CN.

The stability constant was determined using the Benesi-Hildebrand analysis

of the emission data also, using the equation, h

! r_ 1 1 )
Q- O . - Of | Ks[M]
where, @ is the fluorescence quantum yiéld of the free ligand, ¢ is the

observed fluorescence quantum yield, @¢ is that of the complex, M is the

concentration of the metal ion used and K, is the stability constant. The
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value of K, (9.3 x 10* M") is the same as that obtained from the studies on

the changes in the absorption of the dye on metal ion addition.
- 3.5. Conclusion

A detailed study of the photophysical and metal ion recognition
properties of the cationic squaraine dye has been carried out. The cationic
squaraine dye was fouﬁd to exist in the protonated or deprotonated form,
.depending upon the pH of the solution. The pK, of the dye was estimated as
4.9 in water-acetonitrile (4:1) mixture. The dye exists predominantly in the
protonated form in organic aprotic solvents, whereas the deprotonated form
predominates in water and other protic solvents. The protonated form of the
dye was found to have a high fluorescence quantum yield. In dry acetoni-
trile, the quantum yield was found to be 0.31 which is reasonably high
compared to other reported IR fluorescent dyes. The high fluorescence
quantum yield of this dye has significant implications in the design of IR
fluorescence probes for a number of biclogical and other applications. The
singlet excited state of the dye showed a characteristic absorption band at
640 nm with a lifetime of 1.13 ns. Laser flash photolysis studies indicated
the poor intersystem crossing efficiency of the dye. However, the triplet
excited state produced by energy transfer using 1-pyrenecarboxaldehyde as
sensitizer, showed a lifetime of 9 us. Nanosecond laser flash photolysis
studies indicated the photoionization of 10 via a biphotonic process.

The cationic squaraine dye binds several transition and lanthanide
metal cations in aqueous solutions. The equilibrium constant and the
maximum of the absorption band of the dye-metal ion complex is character-

istic of the metal ion used. On complexation with metal cations blue shifted
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bands are formed in the absorption spectrum. The detection limtt for metal
ions such as Cu®* and lanthanides are found to be in the nanomolar range.
The cationic squaraine dye does not complex with alkali and alkaline earth
metal cations, facilitating the detection of transition and lanthanide metal
cations even in the presence of large amounts of the former. Detection of
the metal ions such as Cu?" in acetonitrile is also possible using fluores-
cence measurements, since the dye is fluorescent in nature. These proper-
ties make the cationic squaraine dye highly suited for the quantitative

analysis of trace metals present in various systems.
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CHAPTER 4

SYNTHESIS AND PHOTOPHYSICAL STUDIES OF
WATER SOLUBLE SQUARAINES CONTAINING
CARBOXYLIC GROUPS

4.1. Abstract

Two new water soluble squaraine dyes, bis[3(p-carboxybenzyl)ben-
zothiazol-2-ylidene]squaraine (7) and bis[3(carboxymethyl}benzothiazol-
2-ylidene]squaraine (8) have been syuthesized and characterized. The
photophysical properties of these dyes have been studied in detail. Both 7
and 8 form dimer aggregates in water which have absorption bands, blue
shifted to those of the monomeric forms. These dyes have a stronger
tendency to form aggregates in D,0O than in H,O. In the presence of low
concentrations (< 3 x 10™* M) of polyvinylpyrrolidone (PVP), enhancement
in aggregate formation of 7 was observed, whereas 8 remains unaffected
under these conditions. Addition of higher concentrations (> 3 x 10™* M) of
PVP leads to the disruption of the aggregate and formation of a new species
with absorption bands, red shifted to those of the corresponding monomers.
An cnhancement in fluorescence quantum yield was also observed along
with this process. The nature of these interactions have been investigated.
Addition of B-cyclodextrin or cetyltrimethylammonium b}omide (CTAB)
above its critical micellar concentration also leads to an enhancement in
fluorescence quantum yield of these dyes. It is proposed that hydrophobic

interaction between the chromophoric units is the main driving force for the
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formation of the blue-shifted sandwich type aggregates in water. The red-
shifted species were attributed to the monomeric forms, microencapsulated
in a hydrophobic environment provided by PVP. Picosecond laser flash
photolysis studies of the aggregates show; clear evidence for the break-up of
the aggregate from the excited state to yield an excited state-ground state

monomer pair which rapidly recombine to form the ground state dimer.
4.2, Introduction

Aggregation is a phenomenon observed for many organic compounds
including dyes'™ such as xanthene, methylene blue, certain cyanines, and
crystal violet. It is frequently encountered in crystals and in organized
media such as Langmuir-Blodgett (LB) films where the close packing of
chromophores with certain favoured orientations leads to strong coupling of -
‘the interacting dipoles and distinct changes in spectral and photophysical
properties.”” Eventhough the molecules are situated away from each other,
aggregation is observed for certain dyes in the solution state also.®® Based
on the orientation of the dipoles and the spectral features, aggregates can
be classified into two types, H-type and the J-type aggregates. The
H-aggregate is characterized by a head-to-head'(sandwich type) orientation
of the transition dipole and a blue shift in the electronic transition,
compared to the monomer.'® A head-to-tail transition dipole arrangenient
and a red shift in the absofption band are the characteristic features of

J-aggregates. '’

Since aggregation modifies the absorption spectrum and
photophysical properties of a dye, which affects its ability to emit at a

certain wavelength or to act as a photosensitizer,” it has fundamental
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consequences in applicatioﬂs in areas as diverse as in photographic
technology, tunable lasers, fluorescence depolarization diagnostic devices,
and photomedicine.'* '
Absorption and emission spectroscopy are the techniques most
widely used to study aggregation of complex organic molecules in aqueous
solution since spectral shifts, nonconformity with Beer-Lambert’s Iaw, ;nd
fluorescence quenching at high concentrations are all indicative of second-
order spectroscopic interference between dye chormophores. The strength
of the aggregation between two or more dye molecules depends on the
structure of the dye, the solvent, the temperature, and the presence of
electrolytes. Various mechanisms have been proposed to explain the driving
force of aggregation. These forces include van der Waals interactions,
intermolecular hydrogen bonding, hydrogen bonding with the solvent, and

~ coordination with metal ions.” The spectral features of dye aggregates have

been correlated with its structure in the exciton theory by Kasha and

15,16 17,18

Hochstrasser, and by Kuhn and co-workers. The theory put forward
by the latter generally gives better agreement with the experimental obser-
vations. According to exciton theory'®, the splitting of the excited state is a
consequence of the two possible arrangements (in-phase and out-of-phase
oscillation) of the transition dipoles of the chromophores in the dimer. The
interaction energy between the chromopi-lores is a function of the transition
moment of the monomer, the angle and distance between the transition
dipoles. Transition from the ground state to any one of the split excited

states is determined by the geometry of the dimer.
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There have been several reports on the photophysics and photoche-
mistry of various dye aggregates in solution. The aggregation behaviour of
rhodamine 6G (Chart 1) has been studied by many research groups because
of its applications in tunable lasers.”*>*! Formation of aggregates decreassas

its emission intensity due to nonradiative decay. Aggregation of rhodamine

Rhodamine 6G

Chart 1

6G 1s a function of its concentration and it occurs in both aqueous and
organic solvents. In water the aggregation process was reporied to be
exothermic ( AH ~-6.9 kcal mol') and H-aggregates were formed.?
However, in ethanol the dimer spectrum was red shifted with respect to the
monomer indicating the formation of J-type aggregates.?’ Furthermore,
according to Ruiz-Ojeda et al.”! dimerization in ethanol was endothermic
with an enthalpy of 9.3 kcal mol’. Aggregation in ethanol involves
breaking of two hydrogen bonds between ethanol and the monoethylamino
., groups of rhodamine 6G and formation of one hydrogen bond between the
\ monoethylamino groups. This interpretation is consistent with the different

geometries observed for the dimer in water and ethanol.
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Several research groups have extensively studied the aggregation
properties of rhodamine B in aqueous as well as in organic solutions.’ It has
been generally observed that H-aggregates were formed in water. Hydro-
phobic interactions and hydrogen bonding were proposed to be the driving
forces of the aggregation in aqueous solutions. Levschin et al.** have
reported that aggregates were not detectable in ethanol and other organic
solvents up to rhodamine B concentration of 5 x 10 M. However, Selwyn
and Steinfeld find aggregation in ethanol and ether-pentane-alcohol (EPA)
to be stronger than in water.”® The absorption band of the dimer in these
solvents was red shifted as compared to the monomer band, indicating that
the geometry of the dimer in the organic solvents is different from that
obtained in aqueous solution. From these studies they concluded that
dimerization of rhodamine B in EPA is driven exclusively by dispersion
forces whereas hydrogen bonding with solvent molecules plays an impor-
tant role in the association in ethanol.

Fluorescein and its derivatives are another class of dyes that undergo
aggregation in solution. The existence of trimers and higher aggregates in
aqueous solution have also been reported for fluorescein, eosin and
erythrosin® (Chart 2). Detailed studies by Rohatgi and co-workers**** on
the aggregation properties of a series of halofluorescein dyes have showed
that the tendency to aggregéte increases with increasing halogen substitu-
tion and also with the presence of more polarizable halogens. It is worth
noting that the dimerization constants for these dyes in ethanol and
glycerol were similar to those obtained in water indicating that similar

forces are involved in all these solvents.® The good correlation with the
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polarizability of the halogens suggests that hydrophobic forces play an
important role in the association process. Based on these studies they
concluded that association of fluorescein in aqueous solution is mediated

by hydrogen bonding with the water molecules.

(J J g

CO,Na CO,Na CO,Na

I X I Br l X I Br I‘ l X I 1
NaQ O (0] NaO 0 0 NaOQ 0 o
Br Br 1 i
3 4 5
Fluorescein Eosin Erythrosin
Chart2

Neckers and co-workers have studied the aggregation processes of
Rose Bengal dyes (Chart 3) extensively.” They observed that in aqueous
solutions, Rose Bengal ethyl ester exists as a monomer®® up to a concentra-
tion of 3 x 10° M. Addition of saits such as potassium nitrate significantly
changes the shape of the absorption spectrum. This process was attributed
to the aggregate formation induced by the cations. Based on the analysis of
the spectral changes with ionic strength and dye concentration, they have
suggested a mechanism for aggregation, which involves coordination
between the metal cation and the xanthene chromophore. It has also been
observed that the equilibrium constant increases moderately with the
polarizability of the cation. However, this effect was not pronounced and
they have concluded that the dimerization step is driven mainly by the

hydrophobicity of the dye. Later, the same authors have studied the
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intramolecular aggregation properties of Rose Bengal by connecting two
dye units through a methylene chain.® They have observed that the stability
of the aggregate formed does not increase or decrease monotonically with

the length of the mcthylerie chain.

Rose Bengal
Chart 3

Squaraines are capable of forming different types of aggregates
depending on the structure and the surrounding medium (see Section 1.6).
Although there are a few reports on the aggregation behaviour of certain
squaraine dyes, 2*>* the diverse consequences of the aggregation process
demand more fundamental knowledge. We have synthesized two new water
soluble squaraine dyes with carboxylic functional groups. This Chapter of
the thesis describes the synthesis and characterization, photophysical and
aggregation properties of 7 and 8 (Chart 4) in purely aqueous media. The
effect of adding polyvinylpyrrolidone, B-cyclodextrin and micelles on the

photophysical and aggregation properties of 7 and 8 are also reported.
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4.3. Experimental Section
4.3.1. Materials and Methods

Polyvinylpyrrolidone (Mol. Wt. ~44,000) obtained from SD Fine
Chemicals (Bombay) was further purified by dissolving it in chloroform
and reprecipitating with hexane, followed by repeated washings with
hexane. )

All melting points are uncorrected and were determined on a Aldrich
MEL-TEMP apparatus. IR spectra were recorded on a Perkin-Elmer Model
882 IR spectrometer and the UV-visible spectra on a Shimadzu 2100
spectrometer or on a GBC UV-VIS 918 spectrophotoxﬁeter. '"H and "C
NMR spectra were recorded on either a Varian 300 MHz or a JEOL EX-90

FT-NMR spectrometer. Mass spectra were recorded on a JEOL AX 505 HA
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mass spectrometer. Emission spectra were recorded on a SPEX Fluorolog
F112X spectrofluorimeter. Quantum yields of fluorescence were measured
by the relative method using optically dilute solutions with bis[4-(dimethy-
lamino)-2-hydroxyphenyl]squaraine (®¢ = 0.84)35 as reference. The changes
in absorptivity on addition of PVP, B-CD and CTAB have been taken into
account for all quantum yield measurements and the solutions were excited
at 590 nm where these changes are minimum. Polymer concentrations are
expressed in terms of monomer units. All the experiments in aqueous
solutions were carried out at pH 8.0, which was obtained by adding the
appropriate amount of KOH.

Picosecond laser flash photolysis'experimentsm were performed with
355-nm or 532-nm laser pulses from a mode-locked, Q-switched Quantel
YG-501 DP Nd:YAG laser system (see Section 2.3.2 for details). All the
lifetimes and rate constants reported in this study have an experimental
error of £ 5%. Because of the instability of the dye to laser excitation, the

dye solution was continuously flowed through the sample cell.

4.3.2. Synthesis of 3-(p-Carboxybenzyl)-2-methylbenzothiazolium Bro-

mide

-

3-(p-Carboxybenzyl)-2-methylbenzothiazolium bromide was synthe-
sized’” by heating a mixture of 2-methylbenzothiazole (1.32 g, 8.8 mmol)
and p-bromomethylbenzoic acid (1.90 g, 8.8 mmol) for 15 h. The product
was recrystallized from methanol to give 1.28 g (40 %), of a pure sample,
mp 265 °C; IR vme (KBr) 3600-3200 (CO,H), 1704, 1434, 1384, 1236,
765 cm™; 'H NMR (CD,0D) & 3.3 (3 H, s, CHs), 6.2 (2 H, s, CHy), 7.2
7.5 (2 H, d, aromatic), 7.75-8.5 (6 H, m, aromatic).; 3C NMR (DMSO-dg)
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o 178.83, 167.25, 141.18, 137.66, 131.21, 130.41, 130.11, 129.48, 128.77,
127.48, 125.04, 117.25; Anal. Caled for C;¢H4NO,SBr: C, 52.76; H,
3.87; N, 3.85; found: C, 52.57; H, 3.85; N, 4.33; HRMS, exact mol wt
calcd for (C,sH,4NO,S)", 284.0745; found, 284.0735 (FAB high resolution

mass spectrometry).
4.3.3. Synthesis of 3-(Carboxymethyl)-2-methylbenzothiazolium Bromide

3-(Carboxymethyl)-2-methylbenzothiazolium bromide was synthesi-
zed’’ by heating a mixture of 2-methylbenzothiazole (1.49 g, 10 mmol) and
bromoacetic acid (1.39 g, 10 mmol) for 5 h. The product was recrystallized
from mf:thanol to give 2.0 g (70%), of a pure product, mp 218 °C; IR vy
(KBr) 3600-3200 (CO,H), 1740, 1444, 1248, 767 cm’'; '"H NMR (CD;0OD)
8 3.3 (3 H,s, CHy), 5.75 (2 H, s, CHy), 7.8-8.5 (4 H, m, aromatic); '°C
NMR (CD,0D) & 180.86, 168.18, 143.57, 132.02, 130.92, 130.65, 126.28,
118.24, 52.66; Anal. Calcd for C,oH,;(NO,;SBr: C, 41.68;~ H, 3.50; N,
4.86; found: C, 41.29; H, 3.90; N, 5.35; HRMS, exact mol wt calcd for
(C1oHoNO;S)*, 208.0432, found: 208.0453 (FAB high resolution mass
spectrometry).

4.3.4. Synthesis and Characterization of 7 and 8

Squaraine dyes 7 and 8 were synthesized by refluxing the approp-
riate 2-methylbenzothiazolium bromide (2 mmol) and squaric acid
(1 mmol) in a solvent mixture containing 5 mL of benzene and 7 mL
~of n-butanol, in presence of quinoline (2 g, 23 mmol) accompanied
by azeotropic distillation of water. Purification was carried out by

repeated washing with boiling methanol to give a 10 % yield of
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bis[3{p-carboxybenzyl)benzothiazol-2-ylidene]squaraine, 7, mp 315 °C
(decomp). The dye 8 was purified by repeated washings with chloroform,
followed by methanol to give a 20% yield of a pure sample, mp 235 °C. -

Analytical results and spectral data are given below.

7: mp 315 °C (decomp); IR vume (KBr) 3600-3200 (CO,H), 1707 (CO),
1550, 1460, 1428, 1242 cm'; UV An,, (H,0, pH = 8) 645 nm (g 190,000
M' cm™); '"H NMR (DMSO-ds) & 5.66 (4 H, s, CHy), 5.76 (2 H, s, CH),
7.23-7.96 (16 H, m, aromatic); Anal. Calcd for C3sH24N2S8,04: C, 67.07;
H, 3.75; N, 4.34; S, 9.94. found: C, 66.95; H, 3.93; N, 4.33; S, 9.69;
HRMS, exact mol wt calcd for C3;cHzsN2S,0s (M+H)" 645.1154; found
645.1131 (FAB high resolution mass spectrometry).

8: mp 235 °C (decomp); IR vme (KBr) 3600-3200 (CO,H), 1734, 1658,
1565, 1459, 1430, 1351, 1262 cm™; UV Amu (H:0, pH = 8) 641 nm (e
1,70,000 M' cm™); '"H NMR (DMSO-ds) & 5.12 (4 H, s, CHy), 5.67 (2 H,
s, CH), 7.23-7.87 (8 H, m, aromatic); Anal. Calcd for C,;H;sN,5,0¢: C,
58.53; H, 3.27; N, 5.69; S, 13.02. found: C, 58.10; H, 3.66; N, 5.60; S,
12.77, HRMS, exact mol wt calecd for Cz4H;sN,S;0s(M+H)Y 493.0528;
found 493.0522 (FAB high resolution mass spectrometry).

4.4. Results and Discussion
4.4.1. Acid-Base Equilibria of 7 and 8

It has been observed that the photophysical properties of 7 and 8 are
highly sensitive to the pH of the medium. The protonation-deprotonation

process leads to changes in the absorption spectra of 7 and 8. In acidic
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medium (pH < 6.0), the squaraine dye 7 shows an absorption band in the
range of 500-750 nm region with a mﬁximum éround 565 nm. On increasing
the pH by the addition of base (KOH) to this solution formation of a sharp
band centered at 645 nm was observed. These spectral changes were

marked byA the presence of an isosbestic point at 595 nm (Figure 4.1).
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Figure 4.1 Effect of pH on the absorption spectrum of 7 (1.4 uM) in
aqueous medium at 300 K. pH (a) 5.93, (b) 6.11, (c} 6.18, (d} 6.37 and
(e) 6.72. Inset shows the plot of absorbance at 645 nm versus pH.

-

A plot of the absorbance at 645 nm versus pH indicated a single protona-
tion-deprotonation equilibrium for 7, with a pK, of 6.4 (inset, Figure 4.1).
The pK, of 6.4 of 7 probably corresponds to —the deprotonation at the ring
nitrogen since pK, for deprotonation of the carboxyfic group would not be

expected to be much different from 4.2, reported for benzoic acid.
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The squaraine dye 8 also exhibits similar acid-base equilibrium pro;
_ perties. In acidic medium (pH < 4.4), the absorption band of 8 is very broad
in the range of 550-750 nm (Figure 4.2). On increasing the pH of the
solution, a sharp intense band develops at 641 nm. The extinction coéfﬁ~
cient of this band has been estimated as 170,000 M cm™. A plot of absor-
bance at 640 nm agéinst the pH of the solution showed the presence of

two distinct protonation-deprotonation equilibria (inset, Figure 4.2). From
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Figure 4.2, Effect of pH on the absorption spectrum of 8 (8 pM) in aque-
ous medium at 300 XK. pH (a) 9.7, (b) 6.49, (c} 4.50, (d} 3.89 and (e)
3.43. Inset shows the plot of absorbance at 640 nm versus pH.

this plot, the pK, values were estimated as 6.7 and 4.4. The pK, observed
at 6.7 can be assigned to the deprotonation of the benzothiazole ring

nitrogen and the one at 4.4 to the deprotonation of the carboxylic groups.
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In the case of the squaraine dye 8, the carboxylic group 1s in close proxi-
mity to the chromophore and hence protonation/deprotonation at this site

can influence the absorption spectrum of the dye.
4.4.2. Absorption and Emission Properties of 7 and 8

The squaraine dyes 7 and 8 were found to be soluble only in protic
solvents (in presence of base) and in highly polar solvents such as DMF and
DMSO. The absorption and emission properties of 7 and 8 have been stu-

died in these solvents and are summarized in Table 4.1. In protic solvents,

Table 4.1;: Absorption and emission properties of 7 and 8 in different
solvents

7 8
Solvent O, . jof
Amax (nm) Amax (nm)
Abs Em Abs Em
Water 645 659 0.027 641 658  0.03
Methanol” 656 673 0.17 650 667  0.12
Trifluoroethanol” 642 657 0.19 640 657  0.10
Methoxyethanol® 663 679 0.38 - 659 675 0.20
DMSO 679 702  0.32 667 687  0.14
DMF 678 693  0.28 676 691  0.16

" In presence of KOH (~10™* M)
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hypsochromic shifts in the absorption and emission maxima and a decrease
in @¢ with increasing hydrogen bonding ability of the solvent were observed -
which are similar to those reported for some bis(benzothiazolylidene)-
squaraines.’® These effects have been attributed to hydrogen bonding of the
oxygen atoms of the central cyclobutane ring with solvent molecules. The
strength of such interactions are expected to depend upon the relative
acidity of the alcohols. The electron density at the oxygen site will be
strongly reduced on changing from the ground to the excited singlet state.
Such a change will weaken the hydrogen bond between the alcohol and the
excited state of the dye. However, in aprotic polar solvents such as DMF
and DMSO the spectra were considerably red-shifted and the fluorescence

quantum yield was relatively higher (Table 4.1).
4.4.3. Aggregation Prbperties of 7 and 8 in Water

It has been observed that the absorption bands of these dyes in water
are highly dependent on the concentration and temperature of the solution.
At very low concentrations (< 10°° M) the absorption spectrum of 7 showed
a sharp band at 645 nm with an extinction coefficient of 190,000 M™' cm™'.
With incrcasihg. concentration of 7 (>10° M), a new band develops at
595 nm and the relative intensity of this band increases with decrease in

wageratute (Figure 5«3\ Figure 4.4 shows the absorption spectra measured
for different concentrations of 7 in water, at 280 K. At higher concenira-
tions, the intensity of the 595 band went up significantly and became more

intense than the 645 nm band, suggesting that this band is due to the

formation of aggregates.
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Figure 4.3. Absorption spectrum of 7 (12 pM) in water at temperatures:
(a) 280, (b) 291, (c) 301 and (d) 308 K.
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Figure 4.4. Absorption spectra of 7 in water at 280 K: [7] (a) 4.73,(b)

7.757, (c) 11.35, (d) 14.19 and (e) 18.92 uM. Inset shows the plot of log
[dimer] versus log [monomer] for solutions of 7 in water at 280 K,
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The squaraine dye 8 also shows similar behaviour in aqueous media.
At low concentrations (< 10°° M), 8 exhibits a sharp intense band at 641 nm
with an extinction coefficient of 170,000 M™! cm™’. With increasing concen-
~tration (Figure 4.5), a new band was formed at 590 nm. As in the case of 7,
the newly formed band was found to be temperature and concentration de-
pendent with an extinction coefficient of 340,000 M cm™, suggesting that

the band is due to the formation of aggregates.
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Figure 4.5. Absorption Spectra of 8 in water at 280 K. (8] (a) 2.82, (b)
565, (c) 8.47, (d) 11.3 and (e) 16.93 uM. Inset shows the plot of log
[dimer] versus log [monomer] for solutions of 8 in water.at 280 K.

1939 the excited state energy level of the

According to exciton theory
monomeric dye splits into two upon aggregation, one level being lower and

the other higher in energy than the monomer excited state. For head-to-tail
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aggregates (J-type), transition to the higher energy state is forbidden,-
whereas for head-to-head aggregates (H-type) the lower excited state is
forbidden. The blue shifted bands observed in the present study indicate
‘that H-type aggregates are formed for 7 and 8 . The concentrations of the
monomer and aggregate forms as well as the extinction coefficient of the
aggregate were estimated, assuming negligible spectral overlap between the
monomer and aggregate at the peak positions and that the aggregates
formed are dimers. These values are summarized in Table 4.2. A plot of
log [aggregate] versus log [monomer] (insets, Figures 4.4 and 4.5) was
linear with a slope of 8, confirming that dimer aggregates are formed for

both dyes.

Table 4.2: Parameters for the aggregation of 7 and 8 in water -

7 8
H,0 D,0 H,0
K3osx, 10° M 0.54 1.19 0.14
-AG (k cal mol™) 6.73 7.01 5.78
-AH (k cal mol™) 8.15 9.47 ) 4.66
-AS (eu) ~4.82 7.89 -3.81
& (monomer), M cm™ 1,90,000 1,55,000 1,70,000
(645 nm) (645 nm) - (641 nm)
e (dimer), M 'cm 2,40,000 2,30,000 3,40,000

(595 nm) (600 nm)’ (590 nm)
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The equilibrium constants and the thermodynamic parameters for the
aggregation process have been evaluated by studying the aggregation pro-
cess at different temperatures. These results are summarized in. Table 4.2.
The Arrhenius plot of log K versus 1/T for 7 and 8 are shown in Figure
4.6. Enthalpies of formation AHy, have been calculated using the van’t Hoff
equation. The standard free energy and entropy changes have been calcu-

lated by means of equations AG® = -RTInK and AS® = (AH- AG°)/T.

8 v T T T T T d
3.2 3.3 34 3.5 3.6

17,103 K!

Figure 4.6. Arrhenius'plot of log K versus 1/T in water for the aggrega-
tion of : (a) 7 and (b) 8. ’

The equilibrium constant for dimerization of 8 was nearly an order of
magnitude less than that of 7. The standard free energy and enthalpy
chahgcs associated with the aggregation of 7 was also higher in comparison
to that of 8. These effects can be explained on the basis of the hydropho-
bicity of the two dyes. Both of these dyes have a hydrophobic core (the
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.

chromophoric part) and a hydrophilic part {carboxylic groups). In a highly
hydrophilic solvent such as water, the hydrophobic forces tend to form
aggregates whereas the carboxylic groﬁps favour dissolution. The presence
of two additional phenyl groups enhances the hydrophobic character of 7 as

compared to 8 giving it a stronger tendency to aggregate in water.
4.4.4. Aggregation of 7 in D,0

The aggregation of 7 has been studied in D,0. Figure 4.7 shows the
absorption spectrum of 7 in D,0, recorded at different temperatures. The
absorption maximum of the monomeric form was unchanged, whereas that
of the dimer was red-shifted (An.x = 600 nm), compared to that in HO. The
equilibrium constant, as Wcll as thermodynamic functions were estimated

and are given in Table 4.2, These values indicate that 7 has a stronger
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Figure 4.7. Absorption spectrum of 7 (6.5 uM) in D,0 at temperatures:
(a) 303, (b) 308, (c) 313, (d) 318 and (e) 323.
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tendency to aggregate in D,O than in water. The difference in the ability of
7 to form dimers in H;O and D;0 may be related to the differences in
hydrogen bonding ability of the two solvents. Since dcuterium'bonds are
reported to be stronger than hydrogen bonds in neutral water complexes*® it
will be more difficult for the dyes to disrupt these bonds. Hence aggregate

formation will be relatively more favoured in D,0.

4.4.5. Effect of Addition of Polyvinylpyrrolidone (PVP) on the Aggre-

gation Process

It has been found that addition of low concentrations of polyvinyl-
pyrrolidone (PVP) has a signiﬁcant effect on the aggregation behaviour of
7, whereas that of 8 was unaffected. Figure 4.8 shows the effect of addition
of low concentrations of PVP (< 0.30 mM) oh the absorption spectrum of 7
in water. A decrease in the intensity of the monomer band and an increase
in the intensity of the aggregate band which were also accompanied by a
shift in its absorption maximum to 612 nm were observed. A substantial
decrease in the fluorescence quantum yield was also observed. The ratio
of the absorbance at the two maxima (Ag12/A¢4s) increases with increasing
concentrations of 7 at fixed PVP concentrations, confirming that the 612
nm band results from dye aggregation. It is_proposed that the formation of
a complex between 7 and PVP, (7....PVP)' can bring about non-homoge-
neous distribution of 7 in solution. Increased concentration of 7 around the
polymer chains can enhance aggregate formation (Equations 1 and 2), the

driving force being the hydrophobic interaction between 7 and PVP.
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7 + PVP =——>(7..PVP) (1)
2(7...PVP) =—= (7..PVP} )

Considering the reaction scheme shown in equations 1 and 2, the following
relationship (Equation 3) can be obtained,®

2

(7] ! 3)
e N ——— ) (
[(7....PVP)] KK, [PVP]

where, K, and K, are the equilibrium constants for the reactions 1 and 2,

respectively. Since the extinction coefficient of 7 is known, the concen-

tration of 7 and (7....PVP), could be determined. A plot of [7]*/[(7...PVP)']

Wavelength, nm

Figure 4.8. Effect of low concentrations of PVP (< 2 x 10 M) on the ab-
sorption spectrum of 7 (3.0 pM ) in water it 300 K: [PVP] (a) 0, (b}

22, (c) 36 (d) 73, (e) 110 and (f) 220 puM. Inset shows the plot of
(712/{(7..PVP)2'] versus l/[PVP]2.
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Table 4.3: Absorption and emission ‘characteristics of 7 and 8 in solution
_ containing PVP, 3-CD and CTAB in water

Amax (NM)

D¢ K, A

Abs Em 10°M™ ps
7 645 659 0.027 - 250
7+ 17 mM PVP 667 679 ~ 0.072 1.90 500
7+2.7mM p-CD 652 667 0.15 8.68 650

7+ 4.0 mM of CTAB 664 | 680 0.33 - -
8 641 658 _ 0.03 - 180
. 8+ 17 mM PVP 645 675 0.126 2.20 175
8 +2.7mM B-CD - ‘642 659 0.042 7.23 175

8+ 4.0 mM CTAB 663 682 0.29 - -

versus 1/[PVP]’, where PVP concentration was expressed ih monomer units
gave a straight line (inset, Figure 4.8), which supports the above mecha-
nism. Interestingly, at these low concentrations of PVP, no significant
effect on the aggregation behaviour of 8 was observed. Since the equilib-
rium constant for aggregate formation was about ten fold lesser than for 7,
the hydrophobic interaction of 8 with PVP is also expected to be lesser.
Addition of higher amounts of PVP ( > 0.30 mM ) to 7 leads to a

decrease in the intensity of the aggregate band centered around 612 nm.
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Figure 4.9. Absorption spectra of 7 (3.0 uM) in presence of higher con-
centrations of PVP ( >3 x 10 M ) measured at 300 K: [PVP] (a) 1.1,
(b) 2.38, (c) 3.66, (d) 5.49, (e) 9.15 and (f) 16 mM. Inset shows the plot
of 1/(A-Ag) versus I/[PVP].
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Figure 4.10. Emission spectra of 7 (3.0 uM) in presence of higher con-
centrations of PVP ( >3 x 10™ M ) measured at 300 K: {PVP] (2) 0, (b)
2.4,(c)5.5 (d) 9.2 and (e) 16.5 mM, '
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This change was accompanied by the formation of a new band centered
around 667 nm (Figure 4.9), which was considerably red shifted from the
original monomér band (Ay.x = 645 nm). These changes were also accom-
panied by an increase in the fluorescence quantum yield. The fluorescence
enhancement on addition of higher amounts of PVP is shown in Figure
4.10. In presence of 17 mM of PVP, ®¢ measured at 590 nm was 0.072,
which was substantially higher than that in the absence of PVP (®¢= 0.027)
(Table 4.3).

Squaraines are known to form J-type aggregates which have absorp-
tion maxima, red-shifted to those of the corresponding monomers.”® The
species formed in aqueous solution of 7 at higher concentrations of PVP,
with absorption maximum at 667 nm however, does not appear to be the
J-aggregate since it is highly fluorescent and also the analysis of the
absorption and emission data indicates a 1:1 squaraine/PVP complex. The
absorption and emission characteristics of 7 in the presence of high concen-
trations of PVP tends towards those observed in aprotic solvents such as
DMSO and DMF (Table 4.1). The species observed in the polymer contai-
ning solution can therefore be assigned to the monomeric form of the dye,
encapsulated in a hydrophopbic domain provided by the polymer. At higher
concentrations of PVP, more sites will be available for 7 to complex,
which can cause the aggregate to break due to a better distribution of 7
within PVP matrix. The équilibrium constart for the formation as well as
the extinction coefficient of the (7....PVP) and (8...PVP) complex were

determined from the relationship (Equation 4),
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1 € [ 1 +1 ] @

A-Ag € -¢ K] [PVP]
where, A and Ap are the absorptivity of the complexed and uncomplexed
dye, respectively at 667 nm, K; is the equilibrium constant for complex
formation according to equation 1 and € and €' are the molar extinction
coefficients of the free dye and encapsulated dye, respectively at 667 nm. A
plot of 1/(A -A,) versus 1/[PVP] gives a straight line (inset, Figure 4.9),
indicating a 1:1 complex formation. The values of K, and €' were deter-
mined from the slope and intercept of this linear plot were 1.9 x 10> M and
141,000 M cm™, respectively.

Addition of PVP did not sig,hiﬁcantly affect the shapes of the absorp-
tion and emission spectra of 8. At low concentrations of PVP (< 0.30 mM),

' the aggregation behaviour remains unaffected unlike in the case of 7. At
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Figure 4.11. Absorption spectra of 8 (6 pM) in presence of PVP (> 10
M ) measured at 300 K: [PVP] (a) 0, (b) 5.5, (c) 13, (d) 17 mM.
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higher concentrations of PVP (~17 mM), a slight red shift in the absorption

maxima along with the formation of an absorption shoulder around 670 nm
were observed (Figure 4.11). Eventhough low concentrations of PVP has no
significant effect on the aggregation behaviour of 8, higher concentrations
of PVP (> 3 x 10"* M) lead to a substantial enhancement in the fluores-
cence quantum yield (Figure 4.12). At a concentration of 17 mM of PVP,
the ®; value of 8 shows a four fold enhancement (Table 4.3). An emis-
ston band with a maximum around 675 nm was also observed (Table 4.3).
The equilibrium constant for the 8...PVP complex was estimated using
equation 4 and this value is given in Table 4.3. These results confirm that
the hydrophobic interactions of 8 are. much weaker than those for 7. The
presence of two additional phenyl groups in 7 imparts greater hydrophobic

- character to this molecule.
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Figure 4.12. Effect of PVP on the emission spectrum of 8 (6 pM) in wa-
ter at 300 K: [PVP] (2) 0, (b) 2.5, (c) 5.5, (d) 9.2 and () 17 mM.
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4.4.6. Effect of Addition of B-Cyclodextrin (f-CD)

Addition of B-cyclodextrin-to aqueous solutions of 7 and 8 brings
about a bathochromic shift in their absorption and fluorescence spectra,
accompanied by an enhancement in their quantum yields of fluorescence
(Figures 4.13 and 4.14). These effects were less pronounced for 8 than 7.
(Table 4.3). The hydrophobic nature of the dye has been proposed to be the
driving force for such interactions. Similar B-CD encapsulation was earlier
reported for bi5(2,4,6-trihydroxyphenyl)squaraine.“ The equilibrium con-
stants for the formation of the complexes between the dyes and B-CD, as
well as the fluorescence yields of the complexed dye were estimated using

the Benesi-Hildebrand expression for 1:1 complexation (Equation 5),
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Figure 4.13. Effect of B-cyclodextrin on the emission spectrum of 7
(3.0 pM) in water at 300 K: [B-CD] (a) O, (b) 0.06, (c) 0.45, (d) 0.6, (e)
0.9, (f) 1.5 and (g) 2.7 mM. Inset shows the plot of ll(tbro- @) versus
1/[B-CD].
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1 1 . +‘ 1 | %)
O~ Ot O - Of K3(®e - Of) [B-CD]

where, @ is the initial fluorescence quantum yield, @f the fluorescence of
the Dye'f-CD complex and K3 the equilibrium constant for the formation
of such a complex. A plot of 1/(®0 -®f) versus 1/[B-CD] gives a straight
line, indicating a 1:1 complex formation (insets, Figures 4.13 and 4.14).

The values estimated for K3 and ®f for 7 and 8 are included in Table 4.3.
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Figure 4.14. Effect of p-cyclodextrin on the emission spectrum of 8 (4
pM) in water at 300 K: [B-CD] {(a) 0, {b) 0.15, (¢) 1.2 and (d) 2.7 mM.
Inset shows the plot of 1/(®;- &;) versus 1/[B-CD].

The enhancement in fluorescence quantum yield for 8 on complexation with
B-CD was very small (0.04 in presence of 2.7 mM of B-CD as compared to
0.03 without 3-CD). -cyclodextrin is known to provide a hydrophobic
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environment, enabling it to complex with a variety of organic dyes inclu-
ding squaraines, in water. The enhanced hydrophilic character of 8 favours ‘
the equilibrium in favour of the uncomplexed state. These results are in

agreement with the observation that the dye 8 is less hydrophobic than 7.

4.4.7. Effect of Cetyltrimethylammonium Bromide Micelles (CTAB)

The photophysical properties of 7 and 8 were found to be affected
significantly, on incorporation into CTAB micelles. The photophysical
properties of 7 and 8 in cetyltrimethylammonium bromide (CTAB) have
been studied using absorption and emission spectroscopy. In presence of
CTAB, above its critical micellar concentration (CMC), both 7 and 8 show
a bathochromic shift in the absorption (Figure 4.15) and emission spectra

(Figure 4.16). This process was accompanied by a drastic enhancement in
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Figure 4,15, Effect of CTAB on the absorption spectrum of 7 ( 2.6 pM)
in water: [CTAB] (3) 0, (b) 2.0, (¢) 3.0 and (d) 7.41 mM.
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their fluorescence intensities (Figure 4.16). The micellar media are known
to provide, hydrophobic microdomains in water for guest molecules.*?
Since the dye molecules are distributed among the micelles, aggregation
will not be favoured. These results are similar to those observed in the case

of PVP at higher concentrations.

[ae)
(<))

— - N
o (&) o
I I L]

Emission intensity, a.u.
[4)]
I

600 ' 650 ' 700 750
Wavelength, nm

Figure 4.16. Effect of CTAB on the emission spectrum of 7 (2.6 uM)
water: [CTAB] (a) 0, (b) 3.5, {c) 3.7, (d) 4.0 and {e) 6.2 mM.

4.4.8. Transient Absorption Studies*’

The behaviour of the excited singlet state of 7 and 8 in aqueous
solution with and without PVP was investigated using the picosecond laser
flash photolysis technique. Figure 4.17 shows the time-resolved transient
absorption spectra of an 8.2 uM solution of 7 in water. Immediately after
the laser flash, the dye is excited into its singlet state to give the transient

absorption spectrum (spectrum a, Figure 4.17), with a maximum at 530 nm
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and a bleaching at 645 nm. Some bleaching around 600 nm, where the
aggregate absorbs, was also observed. From the exponential decay of the
‘transient absorption at 520 nm and the recovery of the bleach at 645 nm

(inset, Figure 4.17), a singlet excited lifetime of 250 + 20 ps was obtained.
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Figure 4.17. Time-resolved transient absorption spectra recordéd follow-

ing 532-nm laser pulse excitation of 7 (8.2 pM) in water. Inset shows the
transient decay at 520 nm and bleaching recovery at 645 nm.

The recovery of absorption at 645 nm was only partial and the formation of
a long-lived transient with an absorption maximum at 570 nm was evident

from the spectrum recorded at 600 ps after the laser pulse excitation

(spectrum d, Figure 4.17).
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.

Figure 4.18 shows the transient absorption spectrum 6f an 8.2 pM
solution of 7 in water containing 22 uM of PVP. At these concentrations,

" addition of PVP shifts the monomer/aggrégate equilibrium in favour of the
aggregate. The spectrum, recorded immediately after the laser pulse, shows
bleaching of both the monomer and the aggregate bands at 645 nm and 600
nm, respectively. The fransient spectrum measured at 100 ps shows a partial
“recovery of the 600 nm band, whereas a further bleach was observed at
645 nm. These results can be interpreted in terms of the reaction mecha-

nism shown in equations 6 and 7.
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Figure 4.18. Transient absorption spectra recorded immediately (At = 0
ps) and 100 ps after 532-nm laser puise excitation of 7 (8.2 pM) in aque-
ous PVP (22 pM) solution. Inset shows the bleaching recovery at 595 and
645 nm corresponding to the aggregate and monomer band, respectively.
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The 532-nm laser pulse used for excitation, can excite both the

monomer and the aggregate. According to the mechanism shown above,

excitation of the monomer will lead to a depletion of the ground state and

formation of the excited state. Excitation of the aggregate on the other hand

will lead to a depletion of the ground state aggregate and formation of the

excited state monomer as well as an equal amount of the ground state
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Figure 4.19. Time-resolved transient absorption spectra recorded follow-
ing 532-nm laser pulse excitation of 7 (8.2 pM)} in aqueous B-CD (2.7
mM) solution. Inset shows the transient decay at 520 nm and bleaching
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monomer. If the reverse reaction 7 occurs within 100 ps, this will lead to a
recovery of the ground state aggreéate and a further depletion of the
monomer band, which is indeed observed at 645 nm. Thus, the laser flash
photolysis study clearly indicates the break-up of the excited state of the
dimer to give an excited state/ground state monomer pair, which rapidly
recombines within 100 ps. The subsequent decay of the excited state of the
monomer occurs with a lifetime of about 125 ps. |

The transient behaviour at higher PVP concentrations was similar to
that observed for the monomeric dye in the absence of PVP, except that the

lifetime of the excited singlet state was significantly enhanced. (r = 500 ps).
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Figure 4.20. Excited singlet spectra of 8 in water {18 uM) containing (a)
0; (b) 20 uM and (c) 17 mM of PVP. The difference spectra were re-
corded immediately (At = 0 ps) following 355-nm laser pulse excitation.
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This increase in lifetime parallels the enhancement observed in the fluores-
cence yield of 7 at high ( >10"* M) PVP concentrations. Similar effects were
observed for aqueous solutions of 7 containing B-CD (Figure 4.19). The
spectral features were similar to those observed in the absence of B-CD or
PVP. The excited state lifetime was longer (650 + 20 ps), similar to that
observed in aqueous solution of 7, containing high concentrations of PVP.
The singlet excited state of 8 shows a characteristic absorption
maximum around 530 nm with bleaching at 590 and 640 nm. The diffe-
rence absorption spectra recorded, following the 532-nm laser pulse
excitation of 8 are shown in Figure 4.20. From the decay of the transient
absorption at 530 nm the lifetime of 8 has been estimated as 180 ps. The
singlet excited state properties are summarized in Table 4.3. Transient
absorption spectra obtained in presence of PVP (Figure 4.20) and B-CD
have also been recorded . It has been found that addition of PVP has little
effect on the transient absorption spectra. The bleaching at 590 nm was
less, whereas the one at 640 nm was retained its intensity. This is probably
due to the presence of less amount of aggregates in presence of PVP. The
lifetime of the singlet excited state showed a little increase in the presence

of PVP and B-CD (Table 4.3).
4.5. Conclusion

Two new water soluble bis(benzothiazolylidene)squafaines were
synthesized and characterized. The photophysical properties of these
squaraine dyes have been investigated. The absorption spectra of these dyes

are highly dependent on the pH of the solution. In acid medium, the
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absorption spectra are broad and blue shifted for both these dyes. However,
the spectra become sharp and intense in basic medium. The squaraine dye
7 shows one acid-base equilibrium with a pK, value of 6.4, whereas 8 has
two distinct pK, values as 6.7 and 4.4. These dyes form H-type .aggregates
in water. Addition of low concentrations of PVP (< 3 x 10™ M) brought
about an enhancement in the aggregation of 7 whereas that of 8 remained
unaffected. At high concentrations of PVP (>3 x 10™ M), formation of
highly fluorescent species was observed for 7 and 8 and these species have
been assigned as a polymer microencapsulated monomeric forms of these
dyes. Picosecond laser flash photolysis studies of the aggregates indicated
the break-up of the aggregate in the excited state to yield excited state-
ground state monomer pairs which undergo rapid recombination to yield
the ground state aggregate. The fluorescence intensity of the dye 7 can be-
" substantially enhanced by encapsulating it in B-CD, whereas that of 8
undergoes only a minor enhancement. In presence of cationic micelles such
as CTAB, the absorption and emission spectra become red-shifted and was

accompanied by an increase in the fluorescence intensity.
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