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CHAPTER1

INTRODUCTION

This chapter gives a brief introduction on the photoinduced charge
separation process with emphasis on twisted intramolecular charge transfer
(TICT) phenomenon. Subsequently, fluorescence studies on the micellar media
are summarised briefly. The chapter ends with a description of the motivation of

the present work and the layout of the thesis.

1.1. Photoinduced Charge Separation at Molecular Leve

Photoinduced charge separation (PECS) reactions occupy a centra
position in the chemistry of life. Over the past decades, a sgnificant effort has
been devoted to the study of PECS as a means of capturing and storing solar
energy.”  Photoinduced energy and electron transfer processes in atificia
multicomponent systems are currently the object of extensive studies? The
interest on these processes can be related to the following goals: i) a better
understanding of natural photosynthesis® ii) the design of supramolecular
luminescent systems capable of sensing environments;* iii) the construction of

nanometer scale wires,”® switches,® logic gates,® and other components for



the development of molecular electronic devices® The development of non-
linear optical materids is dso primarily based on charge-transfer phenomenon.”
Mulliken introduced the concept of the charge transfer transition to
describe the spectral and bonding interactions of molecular complexes formed
between an dectron donor and acceptor® Weller was firs to show that a
charge-transfer complex can be formed between an excited and a ground state
species,” even though no complex formation could be detected in the ground
state. Such an excited molecular complex is termed as exciplex.® In systems
involving flexible spacers, the charge transfer complex or exciplex is often
formed by conformational changes occurring in the spacer, where the donor (D)
and the acceptor (A) moieties come closer, thus dlowing charge transfer to
occur by D-A orbital overlap.™® In systems with limited conformational
flexibility, where through-space interaction of the D and A orbitals is not
possible, the charge separation can take place as a result of through-bond
interaction of the D and A orbitals. There has been considerable effort thorough
mode systems comprising electron D and A groups linked covalently through n
or ¢ bond to investigate the dependence of the electron transfer rates on the free
energy of reaction, D-A distance, orientation and solvent.*** PECS has aso
been studied in great detail in an attempt to minimise the back electron transfer
steps so that these materials could be useful for molecular devices.® Many
systems are reported in the literature to demonstrate that efficient PECS can

occur over large distances.”®* One of the most spectacular of which is to be



found in the photosynthetic reactions centres of certain photosynthetic
bacteria.

Since charge separation on a molecular levd is often involved, the study
of the modd systems displaying charge separation is essential to understand the
mechanisms involved. In the fortuitous case of luminescent charge transfer (CT)
state, the CT emisson provides an excellent opportunity to monitor their
dynamics because internal and environmental influences affect this luminescence
in characteristic way yidding detailed informaion on their thennodynamic,
kinetic and other Photophysical and even photochemica properties of such
species.  The Photophysica techniques such as steady-state, time-resolved
fluorescence and transient absorption studies are ussful to detect the CT states.
Luminescent molecules are aso known for their extengive utility in the study of

15,23

molecular organisation and dynamics in macromolecules and organised

16,19,23 17-22,23

assemblies such as proteins, micelles, cyclodextrins and

membranes etc. 1623

1.2. Twisted Intramolecular Charge Transfer Phenomenon

Ove past three decades there has been considerable interest in the
Photophysical properties of the D-A compounds formdly linked by a single
bond.?*2%2%  Gnce the first report by Lippert®® on dua fluorescence
exhibited by p-(dimethylamino)benzonitrile (DMABN), a vast number of studies

have been devoted to eucidation of the mechanism of the intramolecular charge



transfer (ICT) emisson in systems where the D and A moieties are linked by a
single bond#%2%28 |ippert origindly proposed that there are two excited
states, a highly polar state (A band, iLa state in Platt's notation®’) and rlaively
nonpolar state (B band, iLb, state), responsible for the long and short
wavelength emission, respectively. Later Grabowski et a, ? on the basis of
experimental studies on mode compounds such as 1-4, proposed the TICT

concept to account for the dual-luminescence. According to this hypothesis, the

primary excited
\N/ \N \N/ ™~
! ! !
1 2 3 4

state of D-A molecules (for eg. p-didkylamino derivatives of benzonitrile)
converts to a highly polar fluorescent state with a mutualy perpendicular
confirmation of the D* and A” moieties. The 7z-electronic decoupling of the
D* and A" moieties leads to a full charge separation and consequently, to a
23-26,28

large dipole moment and a considerable solvent reorientational energy.

Dud luminescence is bdieved to be due to the emisson from the substrate



locdly excited (LE) state (planar conformation) and the product TICT state

(twisted conformation). The energetic situation, as can be extracted from the

spectra of DMABN and related compounds, is depicted in Fig 1.1.
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Fig. 1.1. A schematic representation of the TICT phenomenon.



There have been numerous studies, on a wide variety of systems,
primarily for the verification of the TICT mechanism. Observation of TICT like
emisson from the molecules dready twisted in the ground state, absence of the
second emission in rigidized sysems® consistency of the excited state dipole
moment with a large degree of intramolecular separation of charge®
observation of radicd anon in transient absorption  spectroscopic
measurements,* observation of dua fluorescence in vapour phase®* and many
others®*?* have given this mechanismn a strong basis. Apart from molecules
containing didkylamino or arylamino groups, TICT is reported for a host of

2

other molecules, eg. biaryls, amides etc.!? and recently for 3H-indoles.®

Even though dua emisson is observed for many compounds, a non-emissive
TICT has aso been proposed in many cases.**:3%127

Several other modds have been offered in the literature to account for
the dud emisson in DMABN and its derivatives, e.g. solute-solvent exciplex
formation,® the so caled pseudo-Jahn-Teller coupling effect and/or change in
pyramidalisation of the amino nitrogen® and the recently proposed modd that
assumes a bending of the cyano group.®® Some of these models have been
criticised. 3°-*°

The most important feature of the TICT states is the transfer of exactly
one unit of eectronic charge from D to A which can be verified by experimental

measurement of the dipole moment of charge separated species. A number of

external and internd factors influence the TICT formation rate. The eectron



donor and the acceptor strength of the substituents,24.28 ground state twist
angle,292,d,41 rotating volume of the twisting group42 and molecular shape are
some of the factors which determine the rate of TICT formation. An increase in
the polarity is expected to stabilise the TICT state by solvation and hence should
favour the TICT process.23.24 Toaccount for the observation of an increase in
the TICT rate increase with increase in the polarity of the medium, Eisenthal et
al43 proposed a polarity dependent activation barier (Eg) which decreases
linearly with increase in polarity as in egun. 11, where ET(30) is the

microscopic polarity parameter (defined in sec. 2.1.1) ad E% Is the barrier in a

hydrocarbon having an E7(30) value of 30 kcal/mol.

Ep = Eg - A[E1(30) - 30] 11

Thus the overdl rate, kis given by equn. 12

kT = kUTcxp(mEOB/RT)exp[A{ET(3D)— 301/RT] 12

This relation accounts for a linear relation between log k1 and ET(30). Increase
in viscosity is likely to hinder the twisting motion, thereby retarding the TICT
process.*4 Pressure also affects the rate of TICT process as it changes the

solvent viscosity and dielectric constant which play avita role in determining the
rate 45,46



The dramatic dependence of the TICT process on solvent polarity has
attracted a large number of theoretical studies on the solvents effects on TICT,
classified as stochastic modds and quantum chemica methods.?® In the
stochastic models, the ovedl rate is obtained by statistical treatment or
mechanica modd (e.g. Langevin equations) incorporating the solvent effect as a
friction term.*” The second approach is based on quantum chemica calculation
of the potentia energy surface with twist angle as the reaction co-ordinate for
isolated molecules and in the presence of solvents.®%*%>® The semi-empiricd
caculation based on various methods such as INDO?*®, MNDO,*® CNDO>®
and AMI methods®” 3% %2 and ab initio studies,?®*° have been performed
to describe the anomalous behaviour of DMABN and smilar systems. Most of

the calculations support the TICT mechanism.

1.3. An Introduction to Micelles

The organised sysems can be broadly classified into three types. 1)
organised assemblies composed of surfactants and lipids such as miceles,
vesicles, liposomes, mono and multilayers, microemulsions, and liquid crystals,
2) supramolecular host systems with large cavities capable of accommodating
smdl guest molecules and ions such as zeolites, clays and cyclodextrins etc.; 3)
adsorbed molecules on reactive and non-reactive surfaces e.g. slica, porous
glass etc. These systems are generdly caled 'microheterogeneous’ to indicate

their heterogeneous character at the microscopic level with the presence of



interfaces separating distinct hydrophobic and hydrophilic domains. A good
magority of these systems provide optically clear solutions readily amenable to
photochemical  studies. > Organised surfactant  aggregates, miceles,
microemulsions etc. have been extensvely exploited for developing chemistry
based on membrane-mediated processes. > Micelles have been proposed as
ample model systems for a variety of important two-phase systems such as
monolayers, colloids, proteins, enzymes and membranes.>* °® Micele-water
interface incorporates the dielectric asymmetry and microenvironments typical of
other interfacial systems, thus extremdy usgful for posing and answering
problems regarding microenvironments encountered in interfacia systems of
other complex systems of biologica interest. The formation of micelles is one of
the most spectacular example of hydrophobic interactions.®™ Therefore, smple
micelles provide models for the investigation of hydrophobic interactions, a
crucia problem in understanding the stability of biologically important molecules

such as protein. Organisation and compartmentalisation in membrane mimetic

|’54 t,54'57

systems have been exploited for reactivity control,” molecular transpor

54,58 4,59

recognition, atificid photosynthesis® and target-directed drug
deliveries.®*®® Lastly, but not leastly, organised surfactant assemblies, as the
term membrane mimetic implies, can be consdered to mode structures and
interactions in real membranes.®

Micelles refer to aggregates of surfactant molecules of colloidd

dimensons and implies a dtuation in which these aggregates are in mobile



equilibrium with the molecules or ions from which they are formed, i.e. a micelle
Is a dynamic structure which exists in equilibrium with its monomer. Depending
on the chemicd composition, micelles can be non-ionic, ionic or ampholytic.
Aggregation behaviour depends on the nature and length of the hydrocarbon
54, 55 A

chain, the head group, concentration, temperature and other additives.

schematic sketch of different possible structures of micelles is shown in Fig. 1.2
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Fig. 1.2. Different structures of micelles and mesophase.
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The concentration at which micelles appear corresponds to the critica micelle
concentration (CMC).  However, the change occurs, over a narrow
concentration range rather than a precise point and the magnitude of the range
depends somewhat on the physica property being measured. For detergents
containing long-chain hydrocarbon groups, the CMC value is usually between
10* and 10%? M.* The addition of strong electrolytes reduces the CMC of
ionic surfactants but only dightly alters that of nonionic surfactants. Effects of
temperature and other factors which ater the CMC are hdpful in investigation
of micdlar catalysis, inhibition, or hydrophobic interactions.® > The number
of monomers in the aggregate, the aggregation number (N) determines the size
and the geometry of the micele and hence an important quantity. 2°°* N ranges
for surfactants of 10-18 carbon atoms in agq medium generally between 10-150
Like CMC, N is adso dependent on the concentration of the surfactant, additives
and on the temperature. The conventional methods for the determination of N
are light scattering, diffusion, viscosity, NMR and fluorescence techniques.?%>*

The common picture of a micdle is quite smilar to Hartley's origina
notion of an oil droplet in a polar coat.®* At CMC, the aggregation begins
which grow rapidly over a very limited concentration range to a sSize which for a
given surfactant remains agpproximately constant with further increase in
surfactant concentration. Fig. 1.3. shows the conventiona representation of the
micelle formed by ionic detergents. Typicaly such micelles have an average
radii of 12-13 A containing 20-100 monomers. Depending on the head group



structure, concentration and other experimental variables, the micdle may be
roughly spherical, elipsoidal, disk-like or rod-shaped.34,35,56 Spherica at low
concentration and rod-shaped at high concentrations is found to be the case for a
wide variety of ionic surfactants. The hydrophobic part of the aggregate forms

the 'core’ of the micdle which is liquid-paraffin like in character while the polar

Aqueous o @ WATER MOLECULE
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-
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Fig. 1.3. laand b. Schematic representation of a typica ionic micdle.



head groups are located at micelle-water interface in contact with and hydrated
by a number of water molecules. The charged head groups and the smadl
counterions of the ionic micelle are located in a compact region known as the
'Stern layer', which extends from the core to a few angstroms beyond the shear
surface of the micelle. The compactness of the Stern layer is responsible for the
reduction of the net charge on the micdle and is an extremely anisotropic region
with properties intermediate between those of water and hydrocarbon (alcohol-
like is the common description Of its polarity).94.55 The remaining counterions
are however, located outside the shear surface forming diffuse 'Gouy-Chapman'
electrica double layer where they are completely dissociated from the charged
aggregate and are able to exchange with the ions in the bulk of the solution. The
structure of the smdl globular micelles formed a low surfactant concentrations

is a matter of on going and livdy debate®"®

especidly with regard to the
guestion of water penetration in the micdle  Hartley's modd cannot be
reconciled with any appreciable water-to-hydrocarbon contact. Experimental
studies do indicate that depending on the micedle type, water appears to
penetrate the micelle to various depths.0> There have been other models from
Dill and Flory,60 Fromherz,67 and recently Menger's reef model which proposes
aloose, porous, and highly disordered cluster comprising of hydrocarbon chains

and water.05 Molecular dynamics smulation method is also being used to

investigate the microstructure of micelles theoretically.70



Formation of association colloids is not restricted to aqueous solutions.
In non-aqueous media, certain amphiphilic molecules, such as sodium bis(2-

ethylhexyl)sulfosuccinate (AOT), assemble to form reverse micelles aggregation

TS Tew S
— ¢§$:r

Fig. 1.4. Structure of reversed micelle.

in which the polar heads of the amphiphile cluster to form a micellar core and
the hydrophobic tails extend into the organic bulk phase.54.55,71 Thestructure
of areverse micelle in a nonpolar media is shown in Fig. 14. The distinguishing
feature of these inverted micelles is their ability to solubilize large amounts of
water in the inner core. The ability to control the size of the water pool and the

properties of the water present therein itself is a unique feature that a good

14



magority of studies in reversed micdles are devoted to the characterisation of
waterpools (size, polarity, viscodty, etc.) and exploitation of various chemicd
reactions in these waterpools. The waterpool is an interesting model candidate
to mimic the water pockets that are often found in various bioaggregates such as

proteins, membranes, etc.”!

1.3.1. Fluorescent Systems for Study of Micellar Media

A considerable amount of effort has been directed over the past decades
in determining the physo-chemica properties of sdf-assembled surfactant
aggregates using physcad methods such as X-ray, smdl angle neutron
spectroscopy, nuclear magnetic resonance spectroscopy, light scattering etc.
Photophysica methods stand gpart for their wide scope and extreme sengtivity
a very low solute concentrations which is necessary for least perturbation of the
host system by the guest molecules. 15-23,56,71,72 Luminescence probes can
be thought of as sensors of microenvironments. The photons emitted by such
probes are reporters of the locd structure in the vicinity of the probe at the time
of emisson. The basic notion behind the use of a luminescent probe is that
luminescence parameters, sendtive to changes in the microenvironments will
display experimentaly distinct luminescence properties which will characterize
uniquely each environment. The various luminescence parameters that are used
in this context are the location (Amax), intengity (¢), lifetime (1) and polarisation

(P) of the emission. The measured changes in a luminescence probe have been



related to the properties of the environment of the probe as i) polarity; ii)
viscosity; iii) diffuson; iv) partitioning between phases, v) roughness of the
micelle surface; vi) degree of water penetration into these aggregates; vii)
concentration of quenchers and viii) distance between groups.

A variety of probes are documented in the literature whose fluorescence
characteristics are dtered by the environment for a variety of reasons (polarity,
viscosity, pH etc.). The structures of a few commonly used fluorescence probes
are shown in Fig. 15. The properties or the parameters of the micelles that are
most commonly measured by employing fluorescence probes are CMC, mean
solvent properties such as polarity and viscosity measured in terms of effective
dielectric constant (ef) or ET(30) and apparent micro viscosity, n, respectively,
degree of water penetration and mean electrostatic surface potentia (). 13-
23,72 The various commonly used fluorescence probes can be classfied as

follows.

1.3.1.1. Probes Based on Ham Effect

Condensed aromatics such as Py (1) show farly well-resolved
fluorescence spectra in solution. Variation of solvent leads to a large variation
in the intendties of the vibronic bands without much spectral shift and the
phenomenon is known as Ham Effect.’3 For Py, the pesk intensity ratio of the

vibronic bands | and Ill serves as a sendtive guide of the environmenta

16
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Fig. 1.5. Chemica structures of some commonly used fluorescence probes.

contd....
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Fig. 1.5. Chemicd structures of some commonly used fluorescence probes.

micropolarity and this has been used to evaluate the different parameters relating
to micellar aggregates.”4 75 Important among them are CMC values of the
micdles, polarity of the interfacid region, water penetration into the

micelles. 74,75 Zachariasse et al’® employed amphiphilic molecules such as Py-
+
(CHy),-COOH and Py-(CHp),-N(CH3)3Br~ to show that the pyrenyl group

penetrates more and more into the interior of the micelles when n increases from
3 to 15. The polarity of the direct probe environment decreases from a vaue
somewhat larger than that of methanol for Py-(CH»)3-COOH solubilised in

surface region of the micelle, to a value approaching that of hexadecane for the



centra region of the micdle (e.g. SDS) for n-15. It is concluded that the water
content in the micelles decreases when going from the surface region to the
micdlar interior and the later was found to be free of water molecules.

The bile sdts are among the most important biologica detergent-like
molecules and aggregation in aq solution has been investigated using Py
monomer fluorescence/® The utility of the I/ITI peak ratio of Py emission as a
probe for determining the pressure effect on CMC was demonstrated by Hara et
al78 at high pressures. Frindi et al’9 have found that the CMCs of amphoteric
surfactants n-octyl, n-decyl DPSs are much higher than expected for surfactants
with zero net charge usng Py probe. The presence of polymers induces the
aggregation behaviour of surfactant well below the CMC, referred to as critica
aggregation concentration (CAC). Recently, this has been studied using Py
probe in presence of nonionic polymer, PVA and highly co-operative nature of
the aggregation has been concluded from pesk ratio variation.802  The
interfacia polarities, ef of the mixed systems CT AB/PPG estimated to be 17 and
13 for M.W=425 and 1000, respectively. 80b Py fluorophore has also been used
to study 1:1 CTAB/B-CD complex aggregates.80¢
1.3.1.2. Probes Based on High Excited State Dipole Moment

In certain cases, the dipole moment of the excited state is significantly
higher than that of the ground state. As a consequence, the emisson maxima

(AM2%) and yidd (¢p) depend on the polarity of the solvent. Usualy an

empiricd procedure of comparison of the emisson spectra of the probe in



different solvents with those obtained in the organised media is used for the
evaluation of microenvironmental polarity. Examples of this kind of probes are
ANS (2),81aTNS (3),81b DNSC (5) and NPN (6). These probes show a large
variation in 27 and ¢ with solvent polarity which serves as an indicator of the
surrounding the microenvironment. Recently, Narang et al®1¢ have introduced
a new hemicyanine polarity probe whose emisson behaviour is extremey
sensitive to polarity. The increase in ¢f and blue shift of /llf’é?'“‘of ANS with
formation of micelar aggregates was monitored to estimate the CMC vaues of
nonionic and SDS surfactants.82 The interfacid polarity of nonionic and
zwitterionic micelles was found to correspond to the polarity of 70% ethanol-
30% water mixture from ANS fluorescence. This probe was aso used in testing
the environment of AOT reversed micdlles when the volume of the water core
was varied. 82¢ TNS83 has been shown to be a potentia indicator for following
the micellisation of different surfactants in the absence and the presence of sdft.
Kano et al84 used dansyldodecylamine as probe to conclude that the fluorescing
moiety could be located near the surface of the micelles.

Recently, Melo et al®5 used 12-AS to probe the water content of
cationic and anionic micelles. Very recently, Sarkar et al®¢ have studied the
solvation dynamics of coumarin 480 in AOT/n-heptane/water, in neutral (TX-
100), cationic (CTAB) and anionic (SDS) micelles showing that the dynamic
properties of the water molecules in water cluster of reversed micelles and Stern

layer of the norma micelles were appreciably different from those in bulk water.
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The structure of the AOT reverse micelles in near-critica and supercritical fluids
has sparked dgnificant interest which has been investigated using fiuorophores
such as prodan and ANS.87
1.3.1.3. Probes Based on Solvent Effects on (n,n*) and (n, z%) Sates

Presence of low-lying closdy-spaced (n, n*) and (n, n*) leves is a
common feature in the photophysics of organic heterocyclics. As (w, n*) and (n,
n*) states respond differently to the polarity of the medium, in molecules that
have the (n, n*) state as the lowest energy in nonpolar solvents, there can be
inversion in the nature of the lowest excited state in polar solvents leading to
drastic changes in fluorescence efficiency. Fluorophores PyCHO (4),88 and 7.
alkoxycoumarin (7) show this type of behaviour. Nile red aso has recently
been shown to be an excellent fluorescence probe of this class. 89

The strong solvent polarity dependence of the fluorescence of PyCHO
has been excdlently exploited to probe the polarities of a number of various
micelles.  As this molecule was found to St a the micelle-water interface, it
served for the estimation of interfacial polarities of micelles.88  Turro et a88b
have studied the variation the interfacid polarities of SDS, CTAB and CTAC
micelles with pressure. PyCHO was dso reported to be an ided fluorophore for
CMC evauation. 88¢ Solvent dependent ¢ values of 7-alkoxycoumarins Was
found to be useful in measuring the CMCs and also the surface polarities of the
micelles formed by ionic (SDS, CTAB) and non-ionic (TX-100) detergents. 90

Using picosecond emission spectroscopy, the dynamics of the ICT process of
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nile red insgde the water pool of AOT/n-heptane microemulsions has been
studied recently. 91
1.3.1.4. Donor-Acceptor Molecules with TICT Sates

A few organic molecules with D and A moieties linked by single bond
exhibit dual fluorescence originating from planar ICT (short A band) and
perpendicular TICT states (long X band). Fluorescence originating from the
TICT state is highly sendtive to the solvent polarity due to the large dipole
moment arising from the perpendicular conformation of the Dt and A"
Examples of probes of the this category could be found in a recent review
article.23  Systems such as DMABMN (8) display fluorescence that is
remarkably senditive to the polarity and viscosity of the microenvironment.
Hence many probes of this class find application in the measurement of
micropolarity as well as microviscosity.92.93

High surface roughness and porous nature of SDS micdles have been
suggested from a study of the polarity and viscosity dependent fluorescence
properties of severad 3H-indole derivatives in SDS and CTAB micelles. 94a.b
These derivatives have also been employed for the study of reverse micelles. 94¢
Very recently, BSA-SDS aggregates have been investigated using ED AC. 95
1.3.1.5. Probes Sensitive to Hydrogen-Bonding Effects

There are certain fluorescent probes such as xanthene dyes (9) (e.g., rose
bengal and erythrosin) whose absorption and emission properties are particularly

sensitive to the hydrogen-bonding ability of the solvent.9¢ These probes show a
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drastic increase in Tfin going from a protic to polar a aprotic media. The effect
has been used in probing hydrogen bonding capabilities of and water penetration
into the microenvironments of organised media.97 Acridine,® methyl 9-
anthroate, 9 4-aminophthalimide!00 are systems belonging to this class.

Molecules undergoing excited state proton transfer (ESPT) often exhibit
dua emission, with the norma one arisng from an excited species smilar in
geometry to that in ground state while the Stoke's-shifted emisson originates
from a tautomer formed in the excited electronic state. The norma and
tautomer emission depend crucidly on the conformation of the molecule,
polarity and hydrogen bonding ability of the solvents. A recent finding indicates
that fluorophores which display ESPT can serve as sendtive probes for
exploring microenvironment and phase transitions in micelles, and for estimation
of CMCs.101 3.HF 102a HpB] (24)102b.c and 7-azaindole!Y3 are examples
of thiskind.
1.3.1.6. Probes for Environmental Rigidity

Stilbenes and higher polyenes in genera represent a group of molecules
whose fluorescence properties are very sendtive to the environmenta rigidity.
Trans-stilbene, for example, is only weskly fluorescent (J ~ 0.05) and cis
dtilbene is non-fluorescent in fluid solutions a room temperature. But in rigid
environments both compounds are highly fluorescent (¢ ~ 0.75). Whitten and
co-workers have used several surfactant derivatives of stilbenes as probes. | 04

Fromherz et all04 have introduced amphiphilic stilbazonium dye and



hemicyanine dyes of smilar kind. AuO (10) is another excellent example of a
viscosity sensitive probe.*®® The ¢ of this system is sensitive to the viscosity of
the medium as it afects the interna rotation of the dimethylamino groups, the
main cause of the deactivation of the excited state . Rhodamine B107 i also a
viscosity sensitive probe.

As the ¢¢ of cis and trans stilbenes, in particular the surfactant stilbenes,
depends on the fluidity of the environment, the effect has been studied by
Suddaby et all082 to show that the fluidity decreases in the order of
homogeneous hydrocarbons > micelles > vescles. Similar report has been
obtained from aminostilbazonium dye fluorescence. 198b Au0 is found to be a
good probe for the determination of CMCs and n of various micelles. 106
1.3.1.7. Other Fluorescent Probes

Apart from the types of probes dready discussed, one can find a few
other fluorescent systems which are used for studies in organised media.20-22
Fluorescent pH indicators such as NpOH (11), PyTS (12) and proflavin have
been extensvely used to investigate the proton donor-acceptor character of the
microenvironments and the electrical potential at the surface of the charged
interfaces. 109-113

Since excimer formation is viscosity dependent, a number of systems
which form inter or intramolecular excimer are used to measure the
microviscosities of micelles including bile sdt micelles.20.21,72  propes

involving Py are most commonly employed for this purpose. 72,113
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Monitoring the depolarisation of solubilised probe fluorescence often
dlows the determination of the microviscosity of probe environment. Both
steady-state and time-resolved fluorescence depolarisation measurements have
been used to measure the microviscosities oOf organised media 20,22,72
Fluorescence polarisation studies of 2-MeAn, Pe,l15 n-AS 116 thodamine
B,117 pyTs, 118 pTC,*® ANS, 120,121 TNSI20  and very recently SDU

probe 122 in various organised media are examples of this kind.

1.4. Motivation of The Present Work

The main objective of this investigation is i) to exploit the sengtivity of
the fluorescence properties of already known EDA molecules to study the
microenvironments of the organised media such as micdles and to modify or
design them with enhanced ability as sensors for microenvironments and ii) to
study the Photophysical behaviour of some new EDA molecules which may have
potential as sensors or reporter molecules. The effective use of fluorescence
probes requires a detaled knowledge of the nature of the radiative and
radiationless transitions and of the mechanism of the interaction of the excited
state with different environments.  Fluorescent EDA molecules form an
important class of candidates for probing microstructural aspects of organised
media

Aminophthaimides are known for their spectral sengtivity towards

minor changes in the physica properties of the environment. 123,124 During the
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study of EDA molecules,124-127 it was observed that the fluorescence
properties of 4-aminophthalimide (AP) were extremely sensitive to the polarity
of the media, in particular to the hydrogen bonding solvents.124,127 The
emisson properties of dimethylamino derivative of AP i.e 4-N,N-
dimethylaminophthalimide (DAP) were found to be even more sensitive to the
polarity of the medium when compared with those for AP. This is due to the
existence of a non-fluorescent TICT state below the ICT emitting state of
DAP_ 127 Thusqudifying to act as probes for microstructures, we prompted to
use AP and DAP as fluorophores to investigate the structural aspects of
organised systems among which the micdlar sysems are the smplest ones of
biologicad models. Therefore, studies have been carried out using these polarity
sengitive probes. The results show that aminophthalimides can act as excellent
probes for following the aggregation behaviour of the surfactants. Polarity of
the binding sites have been evauated from the spectral data. AP is found to be a
good probe for the interfacia region of the micelles.

Further, to develop probes for the core region of the micelles, new
amphiphilic probes , 11-(4-aminophthalimido)undecanoic acid (APL) and 11-(4-
N,N-dimethyaminophthalimido)undecanoic acid (DAPL) have been synthesised
where the fluorophores AP and DAP are integra part of the respective
amphiphiles. Mode of binding and Solubilisation ste have been examined for

these probes in micellar media apart from their ability to follow micellisation.
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While investigating the fluorescence decay behaviour of the surfactant
fluorophore, APL, it was observed that the fluorescence decay of the system in
aqueous medium as biexponential with long-lived component along with the
expected short-lived species. It is known that in agueous and agueous-organic
binary mixed solvents, hydrophobic interactions force molecules with long
hydrocarbon chain to aggregate or sdf-coil. 128,129 Tofi,j out theorigin of
the unusuad long-lived second component a series of AP-labelled alkanes (APn)
with different hydrocarbon chan length have been synthessed and their
fluorescence behaviour has been observed in different media

Among the new EDA systems, we have studied the Photophysical
behaviour of two structuraly related systems, Cabodyril 124 and Carbostyril
165 (C124 and C165) which are used as laser dyes. 130 The focus of this
investigation is to find out the possible role of the TICT state, if any, on the
fluorescence properties of these systems. This was considered necessary in view
of amilarity (structural and electronic) of the these systems with the extensively
gudied coumarin dyes C1 and C120, the latter is known to possess a low-lying
non-fluorescent TICT state that affects its fluorescence properties.34
Theoretical study based on semi-empiricd AM1 method has been performed on
C124 and C165 to confirm our experimental results. Despite the possibility of
the existence of Carbostyrils as keto-enol tautomers, the keto form is shown to
be the only absorbing and emitting species. The likey use of these systems as
probes for the organised media has been investigated.
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A symmetrical dimeric Species, N,N'-bis(4-
carbomethoxyphenyl)benzoate (BIMBP) has been synthesised and its
fluorescence behaviour is studied in media of different polarities to find out
whether structural changes in the excited state of this highly symmetrical system
could lead to the formation of dipolar species.

15. Layout of The Thesis

The 2nd chapter of the thesis gives the experimenta details of this
Investigation. The 3rd chapter presents the results of the investigation carried
out on AP and APL in micdlar media Chapter 4 describes the study of the AP-
labelled compounds in polar media. Chapter 5 describes the results obtained for
DAP and DAPL in micdlar media. Chapter 6 is divided into two sections, the
first of which concerned with the study of the Carbostyril dyes and the second

one describes the fluorescence behaviour of BIMBP in homogeneous media

Glossary

ANS - 1-Anilinonaphthalene-8-sulfonate

nAS - n-(9-anthroyloxy)stearic acid, n= 2, 6, 9, 12

Au O - Auramine O

nADPS - n-Alkyl(dimethylamino)propane sulfonate
CTAC - Cetyltrimethylammonium chloride

CTAB - Cetyltrimethylammonium bromide

DMABMN - N,N-dialkylaminobenzylidene malononitrile
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DNSC - Dansyl chloride

ED AC - Ethyl p-dimethylamino cinnamate
HPBI - 2-(2'-hydroxyphenyl)benzimidazole
3-HF - 3-Hydroxyflavone
2-Methylanthracene - 2-MeAn

NpOH - 2 - naphthol

Pe - Perylene

NPN - N-Phenylnaphthylamine

PVA - Poly(vinyl alcohol)

PPG - Poly(propylene glycol)

Py - Pyrene

PyCHO - Pyrene-3-carboxaldehyde

PyTS - 8-Hydroxy-l,3,6-pyrenetrisulfonate
PTC - 3, 4, 9, 10-Perylene tetracarboxylate
SDS - Sodium dodecyl Sulfate

SDU - 5(E)-Styryl-1,3-dimethyl uracil

TNS - 2-(p-Toluidinyl)-naphthal ene-6-sulfonate
TX-100 - Triton X-100
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CHAPTER?2

EXPERIMENTAL AND THEORETICAL DETAILS

This chapter gives a description of the experimental and theoretical
procedures that have been followed at various stages of the investigation. In the
experimental section, detaills have been provided regarding the procurement,
synthesis and purificaion of the materids, the instruments and the
methodologies for Photophysica investigations. The theoretical section outlines
a brief account of various semi-empiricd methods and is followed by a

description of the actua procedure employed in our AMI calculations,

2.1. Experimental
2.1.1. Materials and Purification

4-Aminophthalimide (AP) was obtained from Kodek and recrystallised
severd times from an ethanol-water mixture for Photophysical studies but used
as received for the synthess of its derivatives. Laser grade Carbostyrils, Cl24
and CI65 (Fisher Scientific) were used without any purification.  Sodium
dodecyl sulphate (SDS), Cetyltrimethylammonium bromide (CTAB) and Triton
X-100 were from Aldrich and were purified thoroughly before use as follows:

SDS and CTAB were recrystalised from ethanol-water and acetone-water



mixtures, respectively. Triton X-100 was purified by column chromatography
using silica gel column and acetone as eluent. Quinine sulphate monohydrate
(Aldrich) used for fluorescence quantum yied measurements was recrystallised
several times from water-ethanol mixture before use. Kl and CuSO4:5H»O,
used for quenching studies, were localy procured chemicals of andytica grade
(SDS Fine Chemicals Ltd., Indid). Anaytica grade H»SO4 was aso received
from the same source.

p-Fluorobenzoic acid, p-fluorobenzonitrile and 11 -bromoundecanoic acid
were from Aldrich and were used as such for synthetic purpose. Piperazine
(BDH) used for synthesis was recrystallised from acetonitrile.  n-Propylamine,
n-butylamine and n-hexylamine were from SDS Chemicals and distilled over
KOH prior to use. Dodecylamine, hexadecylamine and octylamine (Aldrich)
were used as received. 70 Wt. % solution in water as ethylamine solution was
used as such which was from SDS Chemicals.

Slica g used for column chromatography (SGC) was from Acme
Scientific Chemicals (India). The drying agents used at various stages of the
purification procedure, anhydrous CaO, CaCly, MgS0Oy4, CaHy, K2CO3, P05
and Mg turnings were from Indian chemicas. Other common chemicals used
KOH, NayCO3 were of laboratory grade from BDH (India).

CDCl3 (99.8%) from Sgma and DMSO-dg from Aldrich were used for

IH NMR measurements.



Solvents

Extremely pure and dry solvents are essentid for  spectroscopic
investigation of compounds involving dipolar species, because any
contamination of the solvent by polar impurities such as water affects the
spectra behaviour of the compounds sgnificantly. Even though the solvents
(locdly procured, India) were of spectra grade, extreme care was taken for the
purification and drying of the solvents in view of the solvatochromic nature of
the spectrd bands of the compounds studied. Each solvent was purified by
following a standard procedure ! which is outlined below. Only freshly purified
solvents were used for spectra measurements.
Toluene, I.4-dioxane, tetrahydrofuran and diethyl ether: Prdiminary drying
was done over ignited CaCly or CaHy depending on the solvents. The perfect
dryness of solvents was attained by didtilling the solvent containing the blue
ketyl formed from the reaction of Na with smdl amounts of benzophenone.
Ethyl acetate: Preliminary drying was done over anhydrous CaCl, and again
dried by shaking with MgSO4. Findly, the solvent was fractionaly distilled over
P20s5.
Chloroform:  Preliminary purification was done by washing with water 2 to 3
times, drying over anhydrous CaCly overnight and didtilling fractionally. Finaly,
the solvent was digtilled over P»Os.
Dichloromethane:  Shaken with portions of concentrated HoSO4 until the acid

layer remained colourless, then washed successvely with water, 5% agueous
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NapCO3 and water. Pre-dried over anhydrous CaCly and didtilled. Perfectly
dried solvent was findly obtained by digtilling over P205.

Acetone:  Smdl portions of KMNC>4 added to acetone at reflux, until the violet
colour persisted. This was followed by didtillation, drying with anhydrous
K»CO3 and fractiond distillation.

Acetonitrile.  Most of the water was removed by shaking the solvent with
activated slicagel. Subsequent stirring with CaH» until no further evolution of
hydrogen gas was evolved left only traces of water. This was followed by
fractiona distillation over CaHy:

Methanol (MeOH): First, dried over CaHy by irring overnight. Then to
50-75 ml of methanol, clean dry Mg turnings (5 g) and iodine (0.5 g) were
added and warmed until dl the Mg was converted into the magnesum
methoxide. To this about 1 litre of methanol was added, refluxed for 2-3 h and
ditilled.

Ethanol (EtOH). First, the solvent was refluxed with freshly dried CaO (250
g/lit) for 6 h, dlowed to stand overnight and then it was distilled to give absolute
ethanol. To 50-75 ml of absolute ethanol, clean dry Mg turnings and iodine (0.5
g) were added and warmed until dl the Mg was converted to the ethoxide. To
this about 1 litre of ethanol was added, refluxed for 2-3 h and fractionaly
distilled to give perfectly dry solvent.

n-Propanol (n-PrOH): Pre-dried with CaHy and digtilled fractionaly. Then

dried further by didtilling at reflux with activated Mg with iodine.
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n-Butanol (n-BuOH): Pre-dried with anhydrous MgSOy4, followed by reflux
with and distillation over activated Mg with iodine.

The solvents, N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) used for synthess were purified by the procedures mentioned in
reference 1.

Water. Triply distilled water was used for dl studies involving agueous medium.

The extent of dryness of each solvent was checked by monitoring the
wavelength of the absorption maximum of the betaine dye 1 in a given solvent
which exhibits one of the largest solvatochromic effects 2 1 was introduced by
Dimorth and Reichardi® as a polarity indicator of the solvent in view of the

extreme sengdtivity of the intramolecular charge transfer band of the dye. Based

O
[ O
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on the transition energy of the longest wavelength solvatochromic absorption
band of the dye, a solvent polarity scale in terms of a polarity parameter, ET(30)
was proposed. E1(30) was defined as

ET1(30)(kcal/mol) = 28591/ A;,ax (nm) 2.1

where ET(30) is the molar transition energy of 1 measured in kcal/mol a room
temperature (25°C) and 1 atmospheric pressure and A  is the wavelength of
the longest absorption band in nanometers. We measured the E(30) values of
the solvents and compared with the literature ET(30) values of the respective
solvents to determine the extent of the contamination by the polar impurities. 1
was a kind gift from Prof. C. Reichardt of Philips University and used without

any further purification.

2.1.2. Synthesis of the Probe Molecules
2.1.2.1. 11-(4-Aminophthalimido)undecanoiacid

An equimolar mixture (2.2 mmol) of
the potassum sat of AP and 11-

bromoundecanoic acid was heated at

100 °C in dry DMF for 24 h under
nitrogen atmosphere. The cooled reaction mixture was added to the water and

the product was extracted with ethyl acetate. The ydlowish solid obtained on

0



remova of ethyl acetate was purified by SGC (Hexane (HX): Ethyl acetate
(EtOAc) / 60:40). The desired product was confirmed by the andysis of IR, |H
NMR and Mass spectroscopy.

IR(KB, Cm"l): 3445, 3330, 2918, 2851, 1714, 1614, 1506, 1469.

IH NMR (DMSO-dg): 5 1.1-1.7 (m, 16H); 2.2 (t, 2H); 4(t, 2H); 6.8 (dd, 1H)
71 (d, 1H);7.5(d, 1H); 12 (s, 1H).

Mt: 185, 162.

2.1.2.2.  11-(4-N,N-Dimethylaminophthalimido)undecanocid

First, 4-dimethyl aminophthaimide
(DAP), which was prepared from

AP by following a procedure given

in the literature.4 Next, the
potassum sat of DAP was prepared by heating a mixture of DAP (0.77 mmol)
and KOH (0.77 mmoal) in ethanol for 1 h and removing the solvent. In the
second step, equimolar (0.5 mmol) mixture of the potassum sdt of DAP and
11 -bromoundecanoic acid was heated a 80 °C for 36 h in dy DMF. The
cooled reaction mixture was added to the water and the product was extracted
with ethyl acetate.  The <0lid thus obtaned was purified by SGC
(HX:ETOH/70:30) to yidd a yelowish crystdline material which was
characterised by IR, ITHNMR.
IR(KBr, cm"%): 3500, 2926, 2854, 1745, 1703, 1618, 1520, 1446.
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1HNMR(CDC13): 5 1.2-20 (m, 16H); 2.2 (t, 2H); 3.5 (t, 2H); 6.8 (dd, 1H);
7.1(d, 1H);7.6(d, 1H).
2.1.2.3. N,N'-bis(4-Cyanophenyl)piperazine

The compound was prepared by following a

procedure given in the literature> as follows.

A mixture of piperazine (4 mmol) and p-
fluorobenzonitrile (8 mmol) was taken in dry DMSO and heated a 90 °C for
24 h. The pae ydlowish precipitate thus formed, after cooling reaction mixture
was recrydallised from acetonitrile to obtain pae yellowish crystals. The
compound was confirmed from the analytical data by comparing with the
literature.

IR: (KBr, cm"Y): 2962, 2843, 2216, 1602, 1514.

CHN Anayss Calculated for CooH | eN4: C=19.44, H=5.37, N=74.33; Found:
C=19.44, H=5 55, N=75.0.

2.1.2.4. N,N -bis(4-Carbomethoxyphenyl)piperazine(BIMBP)

A mixture of piperazine (6.67 mmol)

and  p-fluoromethylbenzoate (13

mmol) was taken in dry DMSO and
heated a 90 °C for 24 h. The cooled
reaction mixture was added to the water and the product was extracted with
ethyl acetate. The brownish solid thus obtained on evaporation of the solvent
was purified by SGC (HX:EtOAc/60:40). The ydlowish solid obtained was



further purified by recrystdlisation usng EtOH-H,O mixture. The desred
product was characterised by IR, 1H NMR and CHN analysis.

IR: (KBr, cm"h): 2950, 1699, 1518, 1601, 1284, 1182, 1109.

IH NMR (DMSO-dg): & 7.95 (d, J=9Hz, 4H); 6.9(d, J=9Hz, 4H); 3.85 (s, 6H);
3.5 (s, 8H).

CHN Andyss. Caculated for CpoHpaN2O4: C=67.79, H=6.21, N=7.90;
Found: C=67.54, H=6.31, N=7.87.

mp: 225-229 °C.

2.1.2.5. 16- (4-Amin ophthalimido) h exadecane

A mixture of AP (0.037
mmol) and hexadecylamine
(0.037 mmol) in 1 ml of DMF

was heated a 110 °C for 8 h. .
After cooling the reaction mixture, HoO was added and the compound was
extracted with EtOAc. The residue obtained on evaporation of the solvent was
purified by SGC (HX:EtOAC/90:10) to obtan an ydlowish solid. The
structural identity of the compound was established by the following andytica
data
IR(KBr, cni'!): 3495, 3373, 2918, 2849, 1763, 1689, 1614, 1406.
THNMR (CDCl3): 8 0.87 (t, 3H); 12516 (m, 28H); 3.57 (t, 2H); 6.8 (dd,
IH; 7.04(d, 1H; 7.6(d, 1H; 43(s, 2H).
np: 82-84°C



2.1.2.6. 12-(4-Aminophthalimido) dodecane

A mixture of AP (0.49 mmol) and
dodecylamine (0.49 mmol) in 1 ml
of DMF was heated a 110 °C for 6

h. The reaction mixture was added
to HpO and extracted with EtOAc. On evaporation of the solvent the residue
was purified by SGC (HX:EtOAc/90:10). A nice ydlowish solid was obtained
which was characterised by the following andytica data.

IR(KBr, cm-1): 3487, 3379, 2918, 2849, 1763, 1689, 1614, 1494.

THNMR (CDCl3): 50.85 (t, 3H); 1.25 (m, 18H); 163 (t, 2H); 3.61 (t, 2H); 6.8
(dd, 1H); 7.04 (d, 1H); 7.57 (d, 1H); 4.35 (s, 2H).

mp: 72-74 °C.

2.1.2.7. 8-(4-Aminophthalimido)octane

A mixture of AP (0.49 mmol) and
octylamine (3 mmal) in 1 ml of DMF was

heated a 80 °C for 3 h. The cooled

reaction mixture was added to the H,O and
the compound was extracted with EtOAc. The residue thus obtained on
evaporation of the solvent was purified by SGC (HX:EtOAc/85:15) to yidd an
yellowish s0lid of andytical grade. The product was anaysed.
IR (KBr, cm"Y): 3476, 3362, 2922, 2851, 1759, 1695, 1630, 1502.



IH NMR (CDCl3): 50.85 (t, 3H); 125 (m, 10H); 16 (t, 2H); 3.65 (t, 2H); 6.8
(dd, 1H); 7.0 (d, 1H); 7.55 (d, 1H); 4.35 (s, 2H).

mp: 52-55 °C.

2.1.2.8. 6-(4-Aminophthalimido)hexane

A mixture of AP (0.49 mmol) and hexylamine
(7.5 mmol) were heated a 80 °C for 3 h.

After the reaction, hexylamine was removed in

vacuum. The residue was purified by SGC
(HX:EtOACc/80:20) to give an yedlowish, low meting solid of andytica grade.
The product was analysed.
IR(KBr, cm"%): 3440, 3368, 2930, 2858, 1759, 1699, 1616, 1502.
ITHNMR (CDCI3): 509 (t, 3H); 1.31 (m, 6H); 165 (t, 2H); 3.65 (t, 2H); 6.75
(dd, 1H); 7.03 (d, 1H); 7.57 (d, 1H); 4.34 (s, 2H).

2.1.2.9. 4-(4-aminophthalimido)butane

AP (0.62 mmol) and butylamine (0.01 mol) were
heated & 80 °C for 4 h. On remova of

butylamine in vacuo, the residue was purified by

SGC (HX:EtOAc/75:25) to obtain an ydlowish
crystals on evaporation of the solvent.
IR(KBr, cm"Y): 3483, 3375, 2753, 1753, 1689, 1626, 1502.
TH NMR (CDCl3): 5 0.94 (t, 3H); 14 (m, 2H); 165 (t, 2H); 3.66 (t, 2H); 634
(dd, 1H); 7.03 (d, 1H); 7.57 (d, 1H); 4.35 (s, 2H).



mp: 118-120 °C.

2.1.2.10. 3-(4-Aminophthalimido)propane

AP (0.49 mmol) and propylamine (0.024 mol) were
heated a reflux for 3 h.  After remova of

propylamine in vacuo, the solid was purified SGC

(HX:EtOAC/80:20) to give an ydlowish solid of
analyticd grade. It was anaysed.
| R(KBr, cni'!): 3479, 3373, 2955, 2872, 1749, 1685, 1630, 1612.
IHNMR (CDCl3):50.97 (t, 3H); 166 (m, 2H); 3.63 (t, 2H); 6.82 (dd, 1H);
7.03(d, 1H); 7.55(d, 1H); 4.3 (s, 2H).
m: 52-55°C
2.1.2.11. 2-(4-Aminophthalimido)ethane

AP (0.17 mmol) and 10 ml of ethylamine solution ( 70

o
. N/\m, wt. % in HyO, 0.18 mmol) were stirred for about 8 h

a room temperature. HpO was removed from

reaction mixture and the residue was purified by SGC
(HX:EtOAc/85:15) to yidd ydlowish crystals of andytical grade. The product
was analysed.
IR (KBr, cm"%): 3452, 3356, 2939, 1759, 1689, 1612, 1502.
IH NMR (CDCl3): 5 1.24(t, 3H); 369 (t, 2H); 6.82 (dd, 1H); 7.03 (d, 1H);
755 (d, 1H); 4.38 (s, 2H).
mp: 159-160 °C.
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2.1.3. Solution Preparation for Spectral Measurements

Dilute solutions (optical dendity in the range 0.1 - 0.25 at the longest
waveength absorption maximum which corresponded to the concentration of 2-
8 x 105 M) were used for the measurement of absorption, fluorescence
emisson and excitation spectra.

For studies in agueous medium the procedure followed was as follows
Solutions of the compounds were prepared in water either by direct addition of
the solid to water or dissolving the compound in organic solvent (like DCM or
MeOH), evaporating it and then adding water. The agueous solutions were
sonicated for ~ 15 min. and dlowed to stand for about 30 min. This was
followed by repeated filtration of the solution so as to avoid ay undissolved
particles. The solutions were diluted or taken directly depending on the
concentration.  Usudly concentrations of the solutions in ag medium were
maintained a 2 - 10 x 10-> M. Required amounts of surfactants were added
either directly as solid or diquots of agueous surfactant solutions to an agueous
solution of the probe for studies in microheterogeneous media and steady-state
and time-resolved dudies were performed. In some cases where very low
concentrations (~ x 10-6 M) were needed for measurements. In these cases a
few microlitres of methanolic solution of the compound was added to the water
to prepare the aq solutions.

Quenching experiments were performed a high concentrations of the

surfactants such that the probe molecules were dmost completely micellised.
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These experiments were carried out by adding few microlitres of stock solution
of quencher to the probe solution (3 ml in the cuvette) in micdles. A low
concentration of probe/micelle was employed during the quenching experiments
to ensure that no more than one probe molecule was bound to each micelle. All

the physical measurements were done at 25 °C.

2.1.4. Measurement of Fluorescence Quantum yields (¢f)

Quinine Sulfate was used as the reference compound for fluorescence
quantum yield measurements of al the samples (¢f = 0.55 in IN H»S04).6
Fluorescence quantum yields were determined by integrating the area under the

fluorescence curves and using the expression of Austin and Goutermann.”

Isample % O.Dgtandard

¢sample = X @standard 2.2

Istandard % O-Dsample

where | is the area under the emission curve. O.D is the optical density of the
compound at the exciting wavelength. For actua measurements, optically
matched solutions of the reference and the sample at the exciting wavelength
were used and areas were determined either by the programme available with the
spectrofluorimeter or by 'cut and weigh' method. No solution of O.D more than
0.2 a the exciting wavelength was used and no correction for the solvent

refractive indices was made.
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2.1.5. Measurement of Change in Dipole Moment on Excitation (Ap)

Although a number of expressions have been proposed which correlate
the absorption and emission spectral data of the systems with the solvent
polarity, the most widely used expression is one based on early experiments of
Lippert and Mataga. 8.9 Onsagar reaction field theory provides the basic
framework for this equation, which assumes the solute molecule as a point
dipole stuated in the sphericd cavity, known as Onsager cavity, in a
homogeneous and continuous dielectric medium. 10 According to this modd,
the fluorophore-solvent interaction is given by the interaction of the dipole in the
cavity with its own reaction fidd arisng from the polarisation of the surrounding
didectric by the dipole. According to Lippert-Mataga equn.8, the energy
difference of the absorption and fluorescence maxima of a compound
(Vg= v / cm™ 1) in a given solvent is related to the solvent polarity function (f -
f'or Af) as shown below

?a—?fzﬁ:’;-fiﬁ(f—r) 23
hca”

where f is (e-1)/(2e+]) and f is (n2-1)/(2n2+1), h is the Planck constant, ¢ is the
velocity of light, a is the Onsager cavity radius and g and pe are the ground
and excited state dipole moments of the molecule, respectively. € and n are the
bulk solvent properties, dielectric constant and refractive index, respectively.

The solution of this equation requires the use of measurable parameters such as
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Onsager cavity radius, the absorption and fluorescence energies in solvents of
varying polarity. Au was estimated from the dope of the plot of (T/a —T/f)vs
(f-£).

In the origind papers on dua fluorescence by Lippert et. d, !l the
excited dipole moments of DMABN (4-dimethylaminobenzonitrile) and DEABN
(4-diethylaminobenzonitrile) were determined by solvatochromic measurements,
based on the energy difference Av' between the maxima of the locally excited or
charge transfer fluorescence band and the absorption maxima, as a function of
the solvent polarity and polarizability of the solvent,® with the assumption that
the charge transfer (CT) state can be populated directly by light absorption.
However, Zachariasse et.al 12a.b have later pointed out that the charge transfer
state is not accessible by direct excitation. In such cases, where the emitting
state can not be populated directly by excitation, the dipole moment is to be

determined by a dightly modified relation between the emisson wavenumber
(T}f“m‘/cm“l) and the solvent polarity function, (f - %f’) This reation which

is also valid for exciplexes!2¢is shown below
2

_ _ 2 1
vp/em ™! = #g(f——f') 2.4
hca 2

-

where p, is determined from the slope of the plot of v vs (f —;—f ). We have

used equn. 2.4 for determining pe in some cases where we thought this

expression to be appropriate (sec. 6.2.3).

60



2.1.6. Calculation of Nonradiative Rate Constants (kyr)

The nonradiative rate constants (k,,) were edimated from the measured

fluorescence quantum yield (¢f) and the lifetime (tf) using

(1-¢r) 25

knr — ————
¥

2.1.7. Instrumentation

The IR and THNMR spectra were recorded on JASCO FT-IR/5300 and
on Bruker ACF-200 a 200 MHz spectrophotometers, respectively. CHN
andyss was performed on Perkin-Elmer 2400 CHN andyser. Mélting points
were determined on Superfit meting point apparatus and were uncorrected.
High resolution mass spectra were recorded on Micromass VG/70H instrument
a 1CT, Hyderabad.

The absorption spectra were recorded either on a JASCO Model 7800 or
on a Shimadzu Model 160A spectrophotometer. Fluorescence spectra were
recorded either on JASCO FP-777 or on a Hitachi-3100 spectrofluorimeter
The fluorescence spectra were not corrected for the instrumental characteristics.

The fluorescence lifetimes were measured on IBH 5000 Single-photon
counting spectrofluorimeter.13 Fig. 21 shows the layout of a typica time-

correlated single-photon counting fluorimeter.
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A hydrogen flash-lamp of pulse-width 1.4 ns and frequency of 40 kHz
was employed as the excitation source. A sndl fraction of the excitation pulse
was directed to a photomultiplier tube (1P28) and the photomultiplier sgna was
fed into a constant-fraction-discriminator (CFD) to discriminate the back-ground
noise and generate a precise timing pulse. The output of CFD served as the
START purse of the timeto-amplitude converter (TAC). A fluorescence
photon recorded by the emisson photomultiplier (Hamamastu 3235), as
determined by discriminator, generated a pulse which served as the STOP sgnd
for the TAC. The TAC signa produced was proportional to the time taken from
the excitation event to the first photon recorded. The dgnd from TAC was
digitised by the analog to digital converter (A/D converter) and sent to the
appropriate channel, depending on the digitised value of the TAC voltage, of a
multichannel analyser (MCA). The whole process was repeated so that the
MCA counts represented the number of photon events as a function of time.
After many excitation pulses the MCA memory contents represented a
histogram of the emisson decay i.e. time profile of the fluorescence intensty.
For recording the lamp-profile, a scatterer (dilute solution of MgO in HyO) was

placed in the place of the sample.
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Fig. 2.1. Schematic representation of a single-photon counting apparatus.

Data Analysis

Procedure must be used to extract the decay parameters from the
collected data. The programme which we have used is based on reconvolution
|east-squares method. 14

When the decay time is long compared to the decay time of the
excitation pulse, the excitation may be described as a 5function. However,
when the lifetime is short, distortion of the experimental data occurs by the finite

decay time of the lamp pulse and response time of the photomultiplier and



associated electronics.  Since the measured decay function is convolution of the
true fluorescence decay, it is necessary to andyse the data by deconvolution in
order to get the fluorescence lifetime.

The mathematica statement of the problem is given by the following

equn.

t
D(t) = [P(t') G(t-t') dt 2.6
0

where D(t) is the fluorescence intensity at any time t. P(t") is the intensity of the
exciting light at time t', G(t-t") is the response function of the experimenta
sysem. The experimenta data D(t) and P(t") from the MCA are fed into a
computer (IBM PC clone, 80486, 50 MHz) to determine t. We have used the
IBH programme to analyse the multi-exponential decays.

An excitation pulse profile was recorded and then deconvoluted with the
mixing of the excitation pulse and the projected decay to form a new
reconvoluted set. The data was compared with the experimental set and the
difference between the data points summed, generating %2 function for the fit.
The deconvolution proceeded through a series of such iterations until an
insgnificant change of x2 occurs between iterations. The quality of the fit is
normally assessed by the inspection of reduced x2, plot of weighted residuals
and autocorrelation function of the residuas. The data points and the fitted

curve were findly recorded by a plotter.



2.1.8. X-Ray Crydallography

Crystal structure of BIMBP has been determined as described. The
crystals of the compound were grown from an acetonitrile solution of the
compound. A crystd of dimenson 0.22 x 0.15 x 0.10 mm was mounted on a
Semens SMART charge coupled device detector sysem dngle crysta
diffractometer using graphite monochromated MoK a radiation (X = 0.71073 A)
Preliminary unit cdl constants were determined with a set of 60 narrow frames
(0.3° in @) scans. A tota of 1500 frames of intensity data were collected with a
frame width 0.3° in @ The collected frames were integrated using an orientation
meatrix determined by narrow frame scans. Find cdl congtants were determined
by a globa refinement of xyz centroids of 1490 reflections. Absorption
correction was not gpplied to the data. The integration process yielded 5549
reflections of which 1559 were independent reflections. The crystallographic
parameters are summarised in Table 2.1. The pogtiona parameters for non-
hydrogen atoms aong with isotropic therma parameters, anisotropic thermal
parameters, hydrogen coordinates, the bond lengths ard bond angles with
standard deviations are given in Appendix, Tables A1-A4.
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Table 2.1 Crystd Data and Structure Refinement for the Molecule, BIMBP.

Systematic name
Structural Formula
Formula weight
Temperature
Crystd System
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient

F (000)

Crystd size

Crysta colour

0 range for data collection
Limiting indices
Reflections collected
Independent reflections

Absorption correction

N,N'-bis(4-carbomethoxypheny!)piperazine
CooH22N204

354.40

298 (2) K

Monoclinic

P21/n

a=94015(4) A alpha = 90°
b=81435(4) A  beta= 102978 (2)
c=118872(55 A gamma=90°
886.85 (7) A3, 2

1.327 Mg/m®

0.093 mm"*

376

0.22x0.15x0.10mm

Dark yelow

2.51 to 24.99°

-12<h<12,-7<k <10,-15<1<13
5549

1559 (Rjpt = 0.0522)

None
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Refinement method

Data/ restraints / parameters
Goodness-of-fit on F2

Find R indices [l > o(I)]

R indices (dl data)

Largest diff. peak and hole

Full-matrix least-squares on F2
1529/0/118

1.053

R1=0.0551, wR2 = 0.1208
R1=0.1071, wR2 = 0.1582
0.153 and -0.186 eA-3

Standard error limits involved in various measurements are;

Amax (abs/fluo) +1 nm
bf +10%
(> 1 ns) +5%
(< 1 ns) +15%
2.2. Theoretical

2.2.1. Semi-empirical Calculations

Quantum chemica calculations can be broadly cassfied into ab initio
and semi-empirical methods.15 The oldest and smplest semi-empiricd method
of quantum-chemistry, utilisng the so-caled = - electronic approximation is that
of Huckel, usually referred to by the abbrevigion HMO (Huckd Molecular
Orbitd Method). The counterpart of the traditiona Huckel method is
represented by the so-called Extended Huckd Theory (EHT) proposed in 1963
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by R. Hoffman. 16 The methods which follow the Hartee-Fock-Roothan
approach can be digtinguished as NDDO (Neglect of Diatomic Differentia
Overlap), CNDO (Complete Neglect of Differentid Overlap) and INDO
(Intermediate Neglect of Differential Overlap) schemes introduced in 1965 by
Pople and his co-workers.17  The schemes are obtained by various
approximations involved in the reduction of the Hartee-Fock-Roothan method.
Among INDO type of methods one should consider the semi-empirica
approaches due to Dewar et. a and known as MINDO (Modified Intermediate
Neglect of Differentid Overlap) schemes.!3 Confidence in semi-empirical
procedure is moreover strengthened by demonstrations of its ability to
reproduce experimental results. One of the mgor assets of MINDO/3 and
MNDO was their demonstrated ability to reproduce the ground state properties

of molecules of dl kinds.'®'1°

MNDO is proved to be a good method over
MINDO/3 in the case of molecules containing heteroatoms, but at the expense
of other weaknesses.19 To avoid these, a new parametric quantum mechanical
molecular model, AM1 (Austin Model 1), based on the NDDO approximation is
developed by Dewar et. al.20 Calculations on severa test molecules indicate
that AM1 seems to represent a very red improvement over MNDO with no
increase in the computational time needed. The man improvements are the
ability of the AM1 method to reproduce hydrogen bonds and better estimates of

activation energies for reactions. Recent AMI results on some polar systems

show that the method is capable of predicting the excited state properties aso



farly well. 21 Recently, Soujanya et. al22 have demonstrated the ahility of this
method in predicting the Photophysica features of DMABN which exhibits dud
fluorescence.

We have performed our calculations usng semi-empiricad AM1 method
usng MOP AC programme (ver. 5) and Hyperchem software. Preliminary
optimisation of structures were obtaned from MM™ molecular mechanics
programme. Subsequently, more precise geometry optimisation was achieved at
semi-empirical level. The influence of the twist angle on the energetics of the
ground and excited state was studied by fully optimisng the geometry for each
dihedra angle (every 10 degrees). Reasonably lower gradient norms (0.01)
were chosen. The excited State energies were obtained using configuration
Interaction with 128 microstates generated by exciting one electron from each of
the eight highest occupied orbitals to the eight lowest unoccupied orb\tals.
Calculations were performed on personal computers. Output of each calculation
gave the heat of formation, dipole moment, ionization potential, gas phase
energy and electron density.

2.2.2. Calculation of Solvation Energies

The solvation of the different electronic states has been taken into
account within the basic framework of Onsager's theory. 19 The energy of a
dipole z in areaction field Ris given by

> >
E= u R 2.7



._)
When a molecule with a permanent dipole moment z is surrounded by solvent

molecules, the inhomogeneous field of the permanent dipole polarises the
environment. The resulting inhomogeneous polarisation of the environment will

create a reaction field R at the dipole which is given by

=) 2 =p
R="fpu 2.8

a3

>
K isthe spl ute dipole causing polarisation of the cavity of radius a. When the
solvent is fully equilibrated, f is given by fle) = (¢-1)/(2&+1), where 6 is the
dielectric constant of the medium. But if the dipole moment of the solute
changes so rapidly that the solvent dipoles cannot reorient, although its electrons
are polarised, f is given byf(n) = (n7--1)/(2n2+1), where, n is the refractive index

of the medium.

_.)
The solvation energy of a fully relaxed state of dipole £4; is given by
>
2,2
AE = o4 (1) 29
ad (2e+1)

Since the fluorescence lifetime of most of the molecules are larger than the
solvent relaxation time, the emitting states can be assumed fully solvated and the

solvation energies were calculated using equn. 2.9. The solvent-modulated
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energy of a state have been obtained by adding the solvation energy to the gas

phase total energy of a particular state.
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CHAPTERS3

4-AMINOPHTHALIMIDE AND ITS AMPHIPHILE,
11-(4-AMINOPHTHALIMIDO)UNDECANOIC ACID AS
FLUORESCENCE SENSORS OF MICROENVIRONMENTS:
STUDY IN MICELLAR MEDIA

The present chapter describes the fluorescence response of 4-
aminophthalimide (AP, Chart 3.1) and 1 I-(4-aminophthalimido)undecanoic acid
(APL, Chart 3.1) in micellar media. While the first section of this chapter is
concerned with the study of AP, the second section describes our observation

with APL.

AP APL

CHART 3.1



3.1. AP as Sensor of Microenvironments in Micellar Media

Molecular spectroscopy provides a powerful tool in understanding and
description of the photoinduced intramolecular charge transfer (ICT) processes.
The use of fluorescent molecules as reporters of the local .envi ronment of the
microheterogeneous media such as micdles, cyclodextrins, membranes etc. is
well-documented in the literature. I-11  As mentioned previously, fluorescent
electron donor-acceptor (EDA) molecules are excellent polarity probes as the
fluorescence originating from locally excited ICT state is highly sensitive to the
solvent polarity. A number of probes of this kind can be found in the
literature. 1-11

Aminophthalimides are known for their high sendtivity of the
fluorescence properties towards minor changes in the structure and dynamics of
the environment!2 and have been widdy employed as solvation probes for the
investigation of solvent relaxation in pure and binary solvents. 12a-e,g,i]
Picosecond domain experiments have been peformed to follow the time-
dependent Stokes shift of AP fluorescence in fluid solvents 28,1 reveding
strongly solvent dependent relaxation times. Noukakis et all2€ suggested a
large change in dipole moment of APs on electronic excitation that corresponds
to the nearly complete charge transfer from the amino nitrogen to the acceptor
imide system.

During the studies on EDA molecules Soujanya et a observed that the

fluorescence properties of AP were extremely sendtive to the polarity of the



media, in particular, to the hydrogen bonding solvents. 13,14 A detailed study
on AP and its N,N-dimethylamino derivative has reveded that the fluorescence
of aminophthaimide derivatives originates from a locally excited state with ICT
in nature. 14 The change in the dipole moment of the molecule on excitation is
found to be approximately 5 D. The specific interaction of AP with hydrogen
bonding solvents was aso observed by Haju e ad who suggested that AP
undergoes solvent-mediated proton transfer. 1281 Very recently, Das et all®
a0 suggested that the unusua Stokes shift of the fluorescence band of AP in
alcoholic solvents is due to the solvent-mediated proton transfer, as suggested
by Harju et d. However, the fact that N-methyl-AP, which does not contain the
imide hydrogen necessary for the proton transfer, shows behaviour smilar to AP
suggests that the Stokes-shifted fluorescence of AP in acoholic solvents is
amply due to hydrogen bonding interaction. The possble application of AP in
determining the water content of a medium is adso suggested by Langhals.1©
More recently, Basu et all 7 reported the CT character of triple state of AP by

laser flash photolysis studies.

The fluorescence maximum (Aq‘) of AP shifts by more than 100 nm on
max’ 7

changing the solvent from 1,4-dioxane to water. 13,14 T‘hefluor@cence yied (¢
f) and lifetime (tf) decrease by a factor of 60-70 and ~ 12, respectively for the
same change of solvent. 13.14  Taking advantage of these polarity sensitive
fluorescence properties, the guest-host interaction in cyclodextrins usng AP as

the guest molecule was studied recently. 13 Since micelles are composed of both

76



hydrophobic and hydrophilic pockets, we thought it appropriate to examine the
potential of AP as a neutral polar probe to follow the microheterogeneous
environments of the micellar aggregates. AP, because of its solvatochromic
fluorescence properties, is expected to provide a precise estimate of the polarity
of the microenvironment in which it is solubilised. The microscopic polarity of
an organised medium is a fundamental property, a knowledge of which helps
understanding its structure and the function. Among the available experimental
methods for investigation of the micropolarity, emisson technique is particularly
a good tool..6 We have chosen three types of commonly used surfactants,
cationic (Cetyltrimethylammonium bromide, CTAB), anionic (sodium dodecyl
Sulfate, SDS), and neutral (Triton X-100, TX) for our study to find out whether
the fluorescence response of the system is dependent on the charge of the

micelle.

3.1.1. Absorption Spectra
The change in the absorption spectrum on addition of surfactants (SDS,

CTAB, TX) to an aq solution of AP is found to be rather smdl. The
representative spectra illustrating the effect of addition of a surfactant on the
absorption spectrum of AP are shown in Fig 3.1. The minor changes in the
absorption spectra on the addition of the surfactant are in agreement with the
fact that the absorption spectrum of AP is not very sensitive to smal changes in

the polarity of the medium. Because the surfactant induced changes in the

7
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absorption spectrum of AP is not very significant, no attempt has been made to
analyse these spectral data further.
3.1.2. Fluorescence Spectra

In contrast to the effect on the absorption spectra, addition of surfactants
leads to dgnificant changes of the fluorescence spectrum. Addition of the
surfactants is associated with a blue-shift of the spectrum and an enhancement of
the fluorescence intensity. The effect of SDS on the emission behaviour of AP is
illustrated in Fig. 3.1 However, as seen from the figure, the change in the
fluorescence properties is not dgnificant below a certain concentration of the
surfactant and above which both the enhancement and the spectral shift are more
pronounced. The ghift of the spectra and the enhancement of the fluorescence
intensity can be rationalised in terms of the binding of the probe molecule to a
less polar site in the micdle. As the excited state of AP is more polar than the
ground state, | 4 alowering of the polarity of the medium destabilises the excited
state more than the ground state. As a consequence, the energy gap between the
ground and the emitting state is increased and the spectra shift towards the blue
region. The fluorescence enhancement is most likely due to a reduction in the
internal conversion rate as a consequence of the increased separation between
the S; and SQ states. The reduction in hydrogen bonding interaction with the
solvent may also be partly responsible for the increase in ¢f.  The fluorescence
intensity or the position spectra maximum changes linearly with surfactant

concentration beyond the critical micelle concentration (CMC). However, at
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higher surfactant concentrations, no farther change in the position of the spectral
maximum or the fluorescence intendity could be observed. Obvioudy, under this
condition most of the probe molecules are bound to micelles. The fluorescence
behaviour of AP in cationic (CTAB) and neutral (TX) micelles is found to be
quite Smilar to that observed with anionic (SDS) micdle. Although in the case
of CTAB, initid addition was associated with a smdl decrease in the
fluorescence intensity, presumably due to heavy aom quenching of the
fluorescence by Br- ions, later addition (beyond CMC) led to expected increase
in the fluorescence intengity.

The maximum spectrd hift and the fluorescence enhancement data of
AP in the three micelles are summarised in Table 3.1. A quantitative analysis of
fluorescence enhancement data has been carried out to obtain the CMCs. In Fig.
32 is shown a plot of the relative fluorescence intensity (é¢/dy, ¢y and ¢¢ are
the fluorescence yields a zero and a a given surfactant concentration,
respectively) against [SDS], The insert in the same figure shows the variation of
the relative intensity with surfactant concentration over the entire concentration
range used. From the intersection point of the two straight lines shown in the
Fig. , the CMC of SDS is estimated to be (7.5 + 0.5) x 10-3 M. In a Similar
manner, the measured CMC vaues of CTAB and TX are found to be
(8+05) x 104M ad (28 + 02) x 10-4 M, respectively. Table 3.2
summarises the measured CMC vaues aong with the literature vaues for

comparison.



Table 3.1 Fluorescence Enhancement and Spectral Shift of AP in Aqueous
Solution Containing Highest Amount of the Surfactant.

Surfactant Concentration (mM) Maximum
Enhancement( d¢ /dy) | Shift (nm)

SDS 160 2.74 14.0
CTAB 93 2.61 18.0
Triton X-100 78 2.95 20.5

Table 3.2 Criticd Micdlar Concentrations of SDS, CTAB and Triton X-100.

Micelle Measured CMC (104 M) | Literature CMC2 (10-4 M)
SDS 75.0 (+5.0) 80.0
CTAB 80 (0.5) 9.2
Triton X-100 2.8 (+0.2) 2.6

ACollected from Re. [1]
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Fig. 3.2. A plot of the relative fluorescence intensty (¢r/¢) of AP as a
function of SDS concentration in agueous solution. The insart shows the

variation of the ratio over alarger concentration range



Micropolarity probes 1,8,18-20 have often been used for the
determination of CMC, though some of them have various weak points. 1-
Pyrenecarboxaldehyde!8¢ appears better among the widely used fluorescence
probes for determining CMC. Recently, Miyagishi et al20 introduced auramine
O, a microviscosity fluoroprobe to follow the micellisation and determined
CMCs of various ionic, nonionic and zwitterionic surfactants which are in good
agreement with those determined by other physcad methods such as surface
tension . Since auramine O exists as a cation in neutral condition (pH=7) it is
not possible to obtain an estimate of CMC of anionic micelle such as SDS.
Polar donor-acceptor ionic systems such as ANS19d ( 1-anilinonaphthalene-8-
sulfonate) or TNS (6—toluidinonaphthalene-2-sulfonate)19ﬁc are excdlent
probes. However, they fal to follow the micdlisation in some cases involving
charged micelles due to the formation of premicellar aggregates. The case for
acridine!8h is smilar to those of ANS and TNS. The ability of AP to follow the
micellar aggregation irrespective of its charge makes this molecule superior to
many other probes.

3.1.3. Time-resolved Fluorescence Study

The fluorescence decay curves of AP in micdlar media were measured
under conditions in which it is expected to be completely micdlised
(corresponding to a high concentration of the surfactants in the plateau region of
the plot of (¢¢/dy) vs [surfactant] as shown in the insert of Fig. 3.2). The

specific concentrations used for the surfactants aong with the measured



lifetimes of AP in micellised condition are presented in Table 3.3. These
concentrations were chosen such that the addition of surfactants beyond these
concentrations failled to bring any further change in the spectral shift,
enhancement and lifetime. A typical fluorescence decay curve in micellar media
along with the best possible fit is shown in Fig. 3.3. The decay data in the
micellar media were fitted to be a biexponentia function of the form
A +Bjexp(—t)/7)+Byexp(~ty/7) to obtain the best possible %% and

residuals.

Table 3.3 Time-resolved Fluorescence Data of AP in Micdlar Media.

Surfactant Concentration Lifetime Relative amplitude?
(mM) . (ns)
T i R R
SDS 160 3.2 0.96 92.0 8.0
CTAB 93 31 0.75 92.5 7.5
Triton X-100 78 3.6 0.33 95.9 4.1

2
a Caculated using relative amplitude, Rj = 100B; r;/ > (kak)-
k

The fluorescence lifetime data, as presented in Table 3.3 show that the
mgor component of the decay (~ 92-96%) consists of a lifetime between 3.1 and

3.6 ns and the minor component exhibits a lifetime which is lower than the time
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Fig. 3.3. Exciting lamp profile, fluorescence decay curve aong with the best fit
to the decay curve of AP in agueous solution in presence of 78 mM CTAB.
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resolution of our instrument (1.4 ns). We assgn the long-lived predominant
component to the micellised probe molecule whose lifetime is sgnificantly
higher than that of AP in water (1 ns) indicating that the probe is bound to a
relatively non-polar site in micelle. The sub-nanosecond component most likey
originates from a few molecules in aq phase. Although no importance should be
attached to the absolute values of the lifetimes of the short-lived components (in
view of the resolution of the instrument), the trend in lifetime variaion is
ingtructive. The lifetime of the short-lived component in CTAB is less than that
in SDS suggesting quenching of the free molecules by Br" ions. However,
possible reason for quenching of the same in TX is not clear to us. It can also be
seen from the Table that the percentage of the free form in TX (4%) is dightly
less than that in other micelles indicating a rdatively stronger binding of AP with
TX.

3.1.4. Binding Ability

Micdlar binding of an organic substrate is manly governed by
hydrophobic interactions.2! The association of a probe molecule with a micelle
can be described by the following relationship, for which the binding constant K
is given by equn 3.2, where [Sy,] ad [S;,] denote, respectively, the probe
concentration in aq and micellar phase. [M] is the concentration of the micelle

K
Sw+Me Sy, 31



S 3.2
[Sw]M] |

and is equa to ([surfactant] - CMC)/N, where N is aggregation number of the
surfactant.  In order to quantitatively estimate the binding of AP with the
micelles, we have evaluated the binding constant of the probe by following a
method suggested by Almgren et al.22 This method is possibly best suited for
the present sysem whose ¢f in an ag and micdlar environment are quite

different. According to this method,

33

where I, Ip and I; are the relative fluorescence intensities under complete

micellisation, in the absence of micdlisation and in presence of intermediate
amounts of surfactant, respectively. K is the binding constant. A typicd plot
based on the above in aqueous micdlles is shown in Fig. 3.4. The measured K
values (+ 15%) are 3400, 4500 and 5600 M-l in SDS, CTAB ad TX,
respectively. Since the K values are found to be of the same order of magnitude
we can conclude that AP does not show any preference to a particular micelles
instead, the binding is independent of the micelar head group. A rdatively
larger binding constant with the neutral micelle, TX, as measured here is

consistent with the lifetime data.
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Fig.3.4. Plot of (I, —In)/(I; = Ip) vs [M]-! in the case of Triton X-100. The
plot is based on equn. 3.3.

3.1.5. Nature of the Solubilisation Site and Evaluation of Microscopic
Polarity

As mentioned earlier, micdles are characterised by three distinct regions,
an inner nonpolar hydrophobic core, a compact Stern layer and a comparatively
wider Gouy-Chapman layer. Micelles solubilise a wide variety of hydrophobic
and hydrophilic substances,® and depending on their structure they can bind

either to the nonpolar core or to the surface. It is generdly believed however



that aromatic compounds with hydrophilic groups such as adehydes, ketones
and acohols are solubilised with their hydrophobic moiety in the micellar core
and with the hydrophilic groups protruding into or anchored at the micdlar
surface.23  The mode of solubilization for PyCHO in micelle is in accordance
with this picture. 24

In the present case, the maximum enhancement under complete
micellisation is between 2.6 and 2.9. If AP penetrated into the micellar core then
the expected enhancement would have been by a factor of ~ 70 (since the ()f of
AP in nonpolar media is nearly 70 times that in water 14) when dl molecules are
micellised. Two to three fold fluorescence enhancement suggests that the
microenvironment around the probe is only marginaly less polar than water
Snce the ¢f of AP in methanol is ~ 10 times that in water one expects an
enhancement by a factor of 10 if the molecule sees a methanol-like environment
However, one has to take into consideration that even at highest surfactant
concentration a the small percentage of molecules is present in agq solution (as
indicated by lifetime data) which do not contribute to the enhancement. If we
take into account of these molecules, the expected enhancement for a methanol-
like environment is ~ 9. The tfof AP in methanol is 5 times that in water. Thus
based on the tgdata one expects = 4.5 fold lifetime enhancement in a methanol -
like environment. Therefore, both the intensity and lifetime data indicate that the
site in which the micellised probes are located is more polar than methanol. The

observed spectral shift lie in the range 15-20 nm. It has been shown earlier!4
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that the emisson maximum of AP in methanal is blue-shifted by 22 nm with
repect to that in water. Therefore, the spectra shift also that the environment
of the binding site is little more polar than methanol. It is therefore concluded
that the probe is bound to the interfacid region where the polarity is expected to
be that indicated in the measurement. We bdieve that the polar nature of the
probe and strong &finity towards hydrogen bonding solvents are responsible for
binding of the probe at the surface separating the micdle from the water
molecules.

It is clear from the above discussion that the polarity of the binding site
of AP, the interface, is between that of methanol and water. In terms of
Reichardt's ET(30) scale,25 the polarity lies between 55.4 (MeOH) and 63 1
(HpO) for dl three micdles. We now atempt to pinpoint this polarity usng the
spectra hift data.  Since the lifetime data indicate that under no condition al the
molecules are micellised, one needs a smdl correction to the spectral data
presented in Table 3.1, to find out the expected shift under 100% micellised
conditions. Assuming the spectral maxima to change linearly as the composition
changes, the calculated maximum shifts under completely micdlised condition
ae 15.2, 194 and 21.3 nm in SDS, CTAB ad TX, respectively. Using these
data and a linear relationship2> between v and the solvent polarity parameter,
E1(30), the polarities of the interfaces are cdculated to be 57.9, 56.3 and 55.6
for SDS, CTAB and TX, respectively. The results suggest that the variation in



the interface polarity is smdl and the presence of ionic charges does not to ay
sgnificant extent influence the interface polarity.

Micropolarities of the micelle-water interface of various micelles ae
reported in literature which have estimated by employing different kinds of
polarity sensitive probes. 1,2,7,26,27 Using fluorescent pH indicators, coumarins
as probes, the polarities of the interfacial region of the micelles have been
estimated by Fernandez et al.28 These values are in agreement with those
obtained by us. Recently, Durocher et al2® reported the interface polarities of
SDS and CTAB to lie between 50-35 in terms of effective dielectric constant, by
using polarity sensitive 3H-indole derivatives as probes.

The polarity values of the solubilization sites of the classica probe
pyrene are found to be significantly different in different micelles.26 However,
pyrene, being a hydrophobic probe with no hydrogen bonding tendency, is
solubilised in different regions of the micelles depending on the head group and
hence the polarities of different regions are reported by pyrene. 1,26 On the
contrary, AP being a polar molecule with strong d&finity towards hydrogen
bonding solvents aways prefers to bind to a site where it can ill be hydrogen
bonded to water molecules. The interface polarities of SDS, CTAB and TX as
estimated by pyrenecarboxaldehyde (PCA) as probe are 88, 83 and 66 on
Kosowar's Z scale2’ which on conversion to Reichardt's ET(30) scale using Z=
1.337 Ex(30) + 9.8%° become 58.5 54.7 and 42.0, respectively. While the first

two values agree farly wel with our values, the surface polarity of TX differs
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consderably. We think that PCA, because of the strong hydrophobic character
of pyrene, possibly penetrates a little deeper into the core of TX and reports the
properties from therein. This conjecture is supported by the fact that when ANS
was used as a reporter molecule, the ET(30) value of the interface of TX was
found to be 56.6, a value widdy different from that obtained with PCA 27 This
indicates how crucial is the sdection of the probe in achieving a specific
objective. We can conclude from the above data that if the hydrophobic portion
of the probe molecule is large, the molecule may penetrate into the core region
of the micelle even though the reporter molecule is polar. Zachariasse et al30
have estimated the interface polarity of the micelles by employing betaine dye
whose absorption spectrum is highly sendgtive to the polarity of the medium.
The microscopic polarities as edimated by the betaine dye are 57.5, 53.4 and
53.0 for SDS, CTAB and TX, respectively. Again, both the trend as wdl as the
numerica values are in good agreement with our values. The advantage of AP
over the betaine dye is that the former alows three parameters to be monitored
independently thereby providing a more detailed picture of micellisation than
that obtained using the latter where only one parameter, the change in location
of the absorption maxima, can be monitored. Also, the micdllisation of AP is not
expected to be affected by eectrostatic interaction with the charged micelles
because of the electroneutrality of the probe. This makes this probe superior to
other polar ionic probes. 19d,£31 The hydrogen bonding interaction of the



probe, AP with water molecules is primarily responsible for the location of the
molecule at the polar interfacia region.
3.1.6. AP as Micelle- Water Interface Polarity Probe

Micelle-aqueous interface incorporates features of electrical double layer,
and may be typical of interfacia systems biologica interest such as membranes.
Most catalytical reactions occur at the interface with water. 3 2 Micellewater
interface polarity is a crucia property in understanding the micellar structure and
function. The literature contains conflicting data on the polarity of the micelar
interface.  While some fluorescence based studies suggest that the interfacid
polarity of micelle is dependent on the charge of the micdle and thus varies from
micelle to micelle, some other studies point to an almost identical polarity of it. !
It should be noted that if a probe molecule is bound to different regions in
different micelles then one obtains different polarity values (corresponding to the
binding sites) even though the interface polarity need not be different. In order
to measure the surface polarity of different micelar systems using fluorescence
technique one needs to identify a probe which will bind only at the interface
irrespective of whether the micdlle is charged or not. This can only be achieved
if the chosen probe is polar such that there exists a tendency to remain at the
surface; it should also contain a smdl hydrophobic region which will account for
binding. It would be an advantage if the probe is prone to hydrogen bonding
with the solvent. Thus AP as neutra molecule, with smdl hydrophobic region

and two active centres for hydrogen bonding, is an excellent probe for the
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micelle-water interface and the results of its fluorescence behaviour in micdlar

media do confirm this.

3.2. Amphiphile, ll-(4-aminophthalimido)undecanoic Acid as Sensor
of Micellar Microenvironment

As AP is found to be bound sdectively to the interfacid region, the
sysem cannot be used as a reporter molecule for the hydrophobic core region of
the micelle. There have been a growing number of studies on micellar, vesicular
and membrane assemblies that have profitably employed specificaly synthesised
surfactant, lipid molecules that carry a chromophoric unit. One normaly obtains
information from different depths of an organised medium by using amphiphilic
molecules with the fluorophore connected a different postions of the
polymethylene chain. Probes covalently bound to different locations of the
detergents or lipids are widdy employed to andyse different depths of micelles
and biologicd membranes 2,4.6,33-35  Examples of this kind are surfactant
derivatives of indole, coumarin and pyrene-lipid etc. 1.4 NBD-labelled lipids are
usad as fluorescent analogues of native lipids in biological and modd membranes
to study a variety of processes.34 Using pyrene-linked amphiphilic molecules 1

and 2 in various micelles and microemulsions, Zachariasse et al3© have demonst-

=]
Py-(CH,)COOH  Py=(CH,)7N(CH;);Br°

1 n=3-15 2



rated that the polarity of the binding site of the probe decreases as n increases.
Studies on indole detergents 3 and 4 have been carried out by Turro et al37 ad
it was shown that the indole moiety of detergent resides in the interior of the
host micelles in contrast to the native fluorophore. Severa n-(9-
anthroyloxy)fatty acids38 such as 5 have been extensively employed in micelles.
It was found that the fluorophores of the fatty acids reside at graded series of
positions in the interior of the micelles depending on the location where the
fluorophore is connected with the fatty acid. The fluorophore of the faity acid
was found to be located 15 A from the head group, i.e. near the centre of the
micelle when it is attached a 12th position of hydrocarbon chain of the fatty acid
(12-(9-anthroyloxy)fatty acid). 3 82 Recently, Melo et ad have used same probe
to monitor the water content insde micelles by incorporation of the fluorescing

moiety. 38b

M/\(\/\/\/\/\('()()g
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@® N(CH3)3Br® 039Na'
3 4 5

In the light of the above, it was thought that if AP could be covaently

attached to the non-polar tal of a surfactant molecule, it might be possible to



incorporate the fluorophore into the hydrophobic core region of the micelles and
receive information from therein. With this intention, we have synthesised a new
amphiphilic fluorophore, 1 I-(4-aminophthalimido)undecanoic acid (APL). Since
it is necessary to have a prior knowledge of the fluorescence behaviour of the
probe molecule in homogeneous media for an understanding of the fluorescence
response in the microheterogeneous media we have firs studied the
Photophysicd behaviour of APL in homogeneous media and subsequently

sudied the same in micdlar environments.

3.2.1. APL in Homogeneous Media

The absorption and fluorescence spectra of APL are characterised by
broad structureless bands whose locations are manly determined by the polarity
of the media. The representative absorption and emisson spectra are shown in

Fig. 3.5 and the Photophysical properties are summarised in Table 3.4
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The intramolecular charge-transfer nature of the first absorption band
ad the fluorescence is evident from the polarity dependence of the band
maxima. A greater polarity dependent Stokes shift for fluorescence is indicative
of a larger dipole moment of the emitting state. That the fluorescence state of
APL is more polar than the ground state and ICT in nature is supported by the
fact that the ground and excited state dipole moments of AP are 5.3 and 8.3-8.9
D, respectively. 14  The hydrogen bonding interaction of APL with some
solvents is evident from the enhanced Stokes dhift of the fluorescence band in
methanol and water that cannot be corrdated soldy to the solvent polarity
effect. Thisisillustrated in Fig. 3.6 with a plot of the Tﬂ‘u“ vs the microscopic

olvent polarity parameter, ET(30).
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Fig. 3.6. Plot of the energy of the fluorescence maximum (in cm-!) vs

microscopic solvent polarity parameter, ET(30). The data points in aprotic
solvents are fitted to the line shown. THF- tetrahydrofuran, AN - acetonitrile.

The fluorescence decay of APL in dl solvents except in water was found
to be single exponential. The decay in water was found to be biexponentia with
the lifetime of 11 ns for the mgor component (86%) and ~ 7 ns for the minor
component. Because of the larger contribution and amilarity with the lifetime of
AP in ag medium (1 ns), the former is taken as the lifetime of APL in agq medium

for subsequent measurements.  Preliminary experiments aimed a finding out the
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origin of the long-lived component were not very conclusive. However, further
investigations have been undertaken on a series of AP-derivatives (discussed in
chapter 4) to find out whether aggregation or sdf-coiling is responsible for the
biexponential decay of APL or related molecules. The ¢f and tfdo not show
any ggnificant solvent dependence as long as aprotic solvents are used.
However, in protic solvents, a drastic reduction in ¢fand tis observed due to
the hydrogen bonding interactions between the probe and the solvent molecules.
This results in an enhancement of the nonradiative decay rate by an order of

magnitude (Table 3.4).

3.2.2. APL in Micellar Media

The three kind of micelles chosen for this study are cationic (CTAB),
anionic (SDS) and neutra (TX), same as those employed earlier for sudies
involving AP.
3.2.2.1. Absorption Behaviour

The effect of the addition of the surfactants on the absorption spectrum
of APL is not very dgnificant. Thisis illustrated in Fig. 3.7. In view of the fact
that the surfactant-induced spectral changes are smdl, no further andyss of the
absorption spectra has been carried out.
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3.2.2.2. Fluorescence Behaviour

Addition of surfactants to an aq solution of APL causes a blue-shift of
the spectrum and an enhancement of the fluorescence yield indicating the
passage of the fluorophore from the polar ag medium to a relatively nonpolar
site in the micdlar environment. The spectra shift and enhancement were
noticeable only beyond a certain concentration of the surfactant. The change in
the fluorescence spectra of APL with the surfactant concentration is shown in
Fig. 3.7. A typicd plot of (¢¢/¢y) vs [surfactant] is shown in Fig. 3.8 from
which the CMCs are evaluated. The insert in the plot shows the variation of
fa/00 overtheentire range of the surfactant concentration. It can be seen from
the Table 3.5, except for TX, the estimated CMC vaues agree rather well with
the literature values. A summary of the fluorescence enhancement and the
spectral qhift data are presented in Table 3.6. The data clearly show the ability
of APL to follow the aggregation behaviour of the surfactant molecules.
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Table 3.5 Criticd Micdlar Concentrations of SDS, CTAB, Triton X-100.

Micelle Measured CMC Literature CMC3a
(104 M) (10-4M)

DS 705 (£5.0) 80

CTAB 96 (+0.5) 9.2

Triton X-100 6.0 (+ 10) 2.6

2 Collected from Ref. [1],

Table 3.6 Fluorescence Spectral Shift and Enhancement of Intensity and Lifetime
in Micellar Environment.

Surfactant Concentration | (If/Ip) Shift T1/ns 19/ ns
(102 M) (nm) (Rp)3
DS 15.0 2.9 15 3.3 0.04
(99.5)
CTAB 11.7 2.8 21 35 0.33
(93.7)
Triton X-100 94 30 23 3.9 0.95
(97.2)

2
a Calculated using relative amplitude, Rj = 100B; r,-/ ¥ (Byrk).
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3.2.2.3. Flu florescence Decay M easurements

The fluorescence lifetimes of APL in micdles under completdy
micdlised conditions were measured a high concentration of the surfactants
(indicated in Table 3.6). The fluorescence decay curves were fitted to
biexponential decay functions yidding lifetimes (Table 3.6) between 3.3-3.9 ns
(93.7-99.5%) and < 1 ns (6.3-0.5%). We as3gn the long-lived component to
micdlised-APL, while the short-lived one to unbound-APL in the agueous
medium.  This assgnment is based on the fact that in a given micdlar
environment, the lifetimes remain congtant with only the relative amplitudes of
the two components vary when the surfactant concentration is changed. The
quenching of APL present in the ag phase in surfactant-added solutions is
presumably due to the counterions present in the media. This is substantiated by
the fact that in TX where no counter ion is present, the short-lived component
has a lifetime (0.95 ns) very close to that of APL in ag medium. A typica plot
of fluorescence decay of APL in micdle aong with the fitted curve is shown in

Fg. 3.9.
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3.2.2.4. Binding Ability

The binding constants of APL with the micelles are estimated from the
fluorescence data using the equn. 3.3. A typica plot based on equn 3.3 is shown
in Fig 310, The messured K values (+ 15%) with SDS, CTAB and TX are
4200, 8000 and 8500 M-1 respectively. A comparison of the K values of APL
with those of AP shows that the attachment of the fatty acid chain helps in better

binding of the probe molecule.
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Fig. 3.10. Plot of (I-I)/(L; - Ig) againgt [M]-! in the case of SDS. The
plot isbased on equn. 3.3.
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3.2.2.5. Quenching in Micellar Solutions

As quenching studies are often useful in determining the location of the
fluorophores and their  accessihilities®®  we  examined the fluorescence
guenching behaviour of micdlised AP and APL (at high surfactant concentration
so that the molecules are dmost completely micdlised) towards ag quenchers, 1"
and Cu *? which are capable of quenching fluorescence of molecules located in
the water-accessible interfacid region or in ag medium. The quenching
behaviour of both the compounds was adso examined in ag medium for
comparison. Depending on the micellar charge, we have used either one or both
the quenchers. The linearity of the quenching plots, based on Stern-Volmer
equation, shown in Fig 3.11, is indicative of a sngle class of fluorophores, dl
equaly accessible to the quenchers. Further, absence of any non-linearity in the
plots suggests relatively smdl contribution of quenching by a static mechanism.
The quenching data are collected in Table 3.7.
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Fig 3.11. A plot of relative fluorescence intensity in SDS micelle, for AP (13, 70
mM SDS) and for APL (O, 150 mM SDS).

110



Table 3.7 Quenching Constants of AP and APL in Aqueous and Micdlar

Media
kq/10°M 157!
Probe Quencher a
Aqueous | CTAB SDS Triton X-100

I 10.6 25.9 - 2.4

AP
Cut? 6.8 . 33.0 0.3
I- 9.8 41.6 - 27

APL
Cut2 4.7 2 18.8 0.2

3.2.2.6. Location of APL in Micelles

Surfactant-induced changes in the fluorescence properties of APL ae
clear indications of the fluorophore occupying a less polar site in the micdlar
environment. However, as stated earlier, the micelles are characterised by
different regions of polarity and it is necessary to find out the exact location of
the AP moiety (in APL) by a quantitative andysis of the fluorescence data. On
the basis of its covalent attachment with the non-polar tail, if the fluorophore is
assumed to occupy a dte in the non-polar core region, the expected

enhancement in intensity and lifetime based on the data presented in Table 34

would have been 50 and 15, respectively, in fully micelised condition. A
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fluorescence spectral shift of more than 100 nm is expected. However, the
experimentally observed values (Table 3.6) are far less than the expected values
indicating that the microenvironment around the fluorophore is dightly less polar
than water. Since the changes in fluorescence properties of APL are very similar
to those of free AP, it appears that the location of the fluorophore is very similar
in both cases. Based on the interface polarities (as estimated from with AP, sec
3.1) and assuming a linear variation of the vf}‘uax with ET(30), the calculated
shifts of the fluorescence maximum on complete transfer of the fluorophore from
aq to the micellar interface works out to be 186, 24.3 and 26.7 nm,
respectively, in three micelles. The shift data presented in Table 3.4 is fairly
close to these values. Further, when the smdl percentage of the molecules
present in the ag phase even at high surfactant concentration are taken into
consideration from the lifetime data, the calculated shifts (17.2, 22 4 and 25 8
nm in SDS, CTAB and TX, respectively) are even closer to the experimental
values. Therefore, we are led to conclude that the fluorophore in APL is also
located at the micelle-water interface.

It can be seen from the quenching data that both 1" and Cu*2 ions are
good quenchers of AP and APL in ag medium. In a cationic micellar
environment (CTAB), the quenching of AP with I" is enhanced presumably due
to high local concentration of these ions near the interface because of
electrostatic interaction. The quenching behaviour of AP with Cut2 ion in

anionic micelle is aso very smilar for the same reason. In TX, where



electrostatic forces are not operative, the quenching rate constant is lower then
that in the ag medium indicating a lesser accessibility of the probe molecules
towards the quenchers. A comparison of the quenching data of AP with that of
APL shows that the quenching trend is very smilar in both cases. If the AP
moiety in APL penetrates into the deeper hydrophobic region, then a drop in kq
value in the micdlar environment would have been observed for APL. The
smilarity of kq values of APL with that of AP (which is known to locate at the
interface in al three micdles) suggests that covaent linking of the chromophore
to the non-polar end of the fatty-acid chain did not help incorporation of the

fluorophore into the micdlar core.

Based on above observation, the binding of APL with the micelles can be
best represented by a folding of the hydrocarbon chain which brings the
fluorophore at the interface. Thisis schematically represented in Fig. 3.12. The
driving force behind such an arrangement is most likely the strong hydrogen
bonding interaction of the fluorophore with the water molecules. Thus
athough derivatisation of a system is expected to give some indication of the
probe location in a host34.3 5.3 7,3 8,40-44 the results show that the actud
location of the probe could be quite different.  Similar folding of the
polymethylene chain in micdlar environments or in membranes is reported in

some Cases_34,45-47



Fig.3.12. Schematic representation of binding of APL with the micelle.
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CHAPTERA4

PHOTOPHYSICAL BEHAVIOUR OF
n-(4-AMINOPHTHALIMIDO)ALKANES IN POLAR MEDIA AND
ITSIMPLICATIONS

In this chapter the Photophysca behaviour of some N-akyl-4-
aminophthaimide derivatives with varying dkyl chan length is described. This
sudy is undertaken with a view to find out whether any perturbation of the
microenvironment around the fluorophore can be induced by the hydrocarbon

chan in polar media

4.1. Introduction

Hydrophobic interactions play a pivotd role in many chemica
phenomena such as the formation of surface films, micdles, lipid bilayers,
protein-amphiphile complexes, folding of globular proteins, biologica
membranes and are the basic forces for host-guest interactions It has been
well-established that in hydrophilic or aggregating media such as agueous or
agueous-organic binary solvents, hydrophobic interactions force molecules with
long hydrocarbon chains to form aggregates even at very low concentrations and

self-coil.2  Aggregation and sdf-coiling may be one of the smplest ways in



which hydrophobic forces manifest. These considerations may be taken as a fird
good reason to investigate thoroughly the phenomena of aggregation and Hf-
coiling.

Aggregation can be defined as a cluster of neutral organic species in
equilibrium with its monomeric form as wdl as with clusters of differing
aggregate numbers. Besides aq medium, most aggregating media studied ae
agui-organo binary sysems.3 The properties of these aggregates, including
aggregation number, microscopic polarity and microscopic viscosity within the
aggregate have been the primary objects of examination.*

Menger first proposed the concept of intermolecular aggregation in order
to explain the rate of retardation of hydrolysis of certain long-hydrocarbon chan
esters® Knowles then suggested that sdf-coiling of long-chain molecules can
aso be the cause of such rate retardation.® Bresow and co-workers have used
the hydrophobic effect to accelerate reactions between lipophilic compounds by
placing them in water, thereby intentionaly bringing the reactants in dose
proximity” It has been reported that the sdf-coiling can be used to expedite the
formation of macrocyclic entities from molecules of flexible chains®

A number of fluorescence studies have been reported in the systems of
long-chain hydrocarbon aggregates in order to examine the molecular mobility,
local polarity and viscosity inside aggregates.®® That the conformation of the
polymer chan can be affected by hydrophobic interactions has been

demonstrated by the observation of excimer emisson in pyrene appended



systems 10 Jiang et alll have demonstrated the hydrophobicity-enforced chain
folding and aggregation phenomena by monitoring excimer formation of
naphthyl appended systems such as 1 and 2. Vey recently, using fluorescence
techniques Tung et al8¢-fhave illustrated the important role of the hydrophobic
interactions by studying severa long-chain hydro and fluoro carbon compounds

linked by naphthyl chromophore. Zhen et al 12 reported the formation of

Np-CH,CH,0O(CH,),(0OCH,CH;Np Np—CH,CH,0—C,Hs
1 2
aggregates of 3 by monitoring excimer formation in aqui-organo mixtures. It
was found that the microscopic polarity within the aggregate was smdl enough

not to dlow TICT formation. However, the excimer formation could be obser-

H,C (”)
)‘@7(1 —0—C)H3;
H.C |

3
ved a this polarity. Demas e d '3 concluded intramolecular fold back of the
dkyl chan in a series of surfactant-active complexes of the form
[(bpy)Re(CO)3NC—~(CH2),CH3]®  (bpy=2.2"-bipyridine, n=0-17). This
conclusion was based on the observation of the dependence of the lifetime of the
charge transfer band on the length of the akyl group in solvents such as

acetonitrile, methanol and toluene.



In the course of our study on AP-labelled amphiphilic molecule, 11-(4-
aminophthalimido)undecanoic acid, (APL) it was observed that the fluorescence
decay of APL in ag medium was biexponential with lifetimes of ~ 1 ns for the
mgor component and ~ 8 ns for the minor component. Interestingly, in the
absence of the fatty acid chain the decay was clearly single exponentid
(rf=~ 1 ns). APL being an amphiphilic molecule, it is quite possible that the
long-lived component arises due to inter or intramolecular interactions in
hydrophilic media with the hydrophobic interaction as the driving force. In
order to have an insght into this problem, we have prepared and examined the
fluorescence behaviour of a series of n-(4-aminophthalimido)akanes (APn,
Chart 4.1) derivatives in which the environment senstive fluorophore, AP is

linked with akyl chain of varying length. Since aggregation or self-coiling is

O

N—(CH,)7—CH,

APn n=1,2,3,5,7,11,15
CHART 41

expected mostly in polar media, the studies on these systems have been carried
out in pure MeOH, HO and binary mixtures of DM SO-H20.



4.2. Spectral Features of APn

4.2.1. Absorption Spectra

Absorption spectra of al the AP-derivatives (AP1-AP15) consist of a
structureless charge transfer band as the lowest energy transition both in MeOH
and in ag medium. Some representative spectra in MeOH and HoO are shown
inFigs. 4.1 and 4.2, respectively. The spectral data of the systems are compiled
in Table 4.1. In MeOH, there is no noticeable change in the position of the
gpectral maxima or bandwidth as n varies from 1 to 15 indicating a similar
environment around the fluorophore for dl the systems. In ag medium, even
though no significant difference in the spectral behaviour of the compounds,
AP1 to AP7 could be observed, minor broadening along with ~ 2-5 nm red shift
of the absorption band is observed in the case of higher homologues, AP11 and

AP15.
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Fig. 4.1. Absorption (a) and fluorescence (b) spectra of N-alkyl-AP derivatives
in MeOH a room temperature : (—) AP3; (e ) AP7; (—) AP11; (-—~)
AP15. Aexc =370 nm.
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Fig 4.2. Absorption (a) and fluorescence (b) spectra of N-alkyl-AP derivatives
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AP11; (-=+—) AP15. Agyc =370 nm.
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4.2.2. Fluorescence and Excitation Spectra

The room temperature fluorescence spectra of APn  are broad
unstructured bands whose location is determined by the polarity of the medium.
This is in agreement with the Photophysica behaviour of AP* The
fluorescence spectra of the systems in MeOH and H?O have been shown in
Fgs 4.1 and 4.2, respectively and the spectra data can be seen in Table 4.1
The location of the emisson maxima and the bandwidths (fwhm 3000 c¢m-!)
reman about the same as n varies from 1 to 15 in MeOH, indicating that neither
intra nor intermolecular interactions are dominant in this medium. In water, for
sysems AP1 to AP7, there is no noticeable change ether in the location of the
emisson maxima or bandwidth (fivhm ~ 3000 cm-!). This again suggests that
the akyl chain does not influence the photophysics of AP moiety. Interestingly,
in the case of AP 11 and AP 15, the emisson spectra were found to be
considerably different (Fig. 4.2) in the same concentration range (~ 1 x 10- M)
as that for the lower chan systems. Smilar behaviour was observed for these
systems even a lower concentrations (~ 1x 10-¢ M) tried for. This peculiar
behaviour can arise in principle due to intra or intermolecular interactions (or
both) by hydrophobic forces induced by the long dkyl chains. Since the
concentration range a which the unusud blue-shifted fluorescence spectra is
observed is rather low it may appear that intramolecular interaction (presumably
sf-cailing) is responsible for the observed effect rather than inter molecular

aggregation. However, Guthriel > and Menger et al5a@ have reported from a



study of hydrolysis of aryl alkanoates in ag medium that the critical aggregation
concentration of the substrates of dkyl chain length of 12 carbons or above can
be as low as 10-7 M. This implies that aggregation of neutral molecules with
long akyl chain can take place a a very low concentration. And hence, the
observed speptral behaviour of the higher homologues, AP 11 and AP 15 can be
due to aggregation as well. In order to find out whether aggregation or df-
coiling is responsble for the blue-shifted fluorescence maxima we have
performed experiment with the lowest possible concentration of the probe
(~ 1 x 106 M). Practica restrictions did not alow us to perform experiments at
too low concentrations. The reason being the low molar extinction coefficients
of these systems (3 gg ~ 3700 M-lem-1) and low fluorescence yield in aq
medium.  Within these limitations, the spectral data observed at lowest
permissible concentrations were found to be identica with those at reatively
higher concentrations.

In order to understand the origin of the blue-shifted fluorescence band of
AP1 1 and AP 15 in water we have measured the fluorescence excitation spectra
of dl the systems monitoring the fluorescence bands. The spectra data are
collected in Table 4.1 and the representative excitation spectra are shown in the
Fig. 4.3. As can be seen, while there is hardly any variation in the position of the
spectral maxima of derivatives AP1-AP7, for AP 11 and AP 15, the excitation
maxima are drasticaly red-shifted.



It may be noted in this context that the absorption spectrum of AP is
rather insensitive to the polarity of the medium A smal red shift with increase in
the polarity of the medium could be observed.14 In the case of a change in the
locd environment of the fluorophore due to fold-back of the hydrocarbon chain
or self-coiling (intramolecular effect induced by hydrophobic forces), the
microenvironment of the fluorophore was expected to be less polar and hence a
smdl blue-shift of the absorption or excitation spectrum was expected.
Obvioudly, a large red-shift of the maximum of the fluorescence excitation
spectrum can not be understood in terms of self-coiling of the hydrocarbon chain
around the fluorophore. This clearly indicates that the blue-shifted fluorescence
of AP 11 and AP 15 originates from intermolecular aggregation that takes place
even at a very low concentration. The excitation spectral data shows that the
aggregates which emit at ~ 480 and 470 nm absorb at 412 and 397 nm, in the

case of AP11 and AP 15, respectively.
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Fig. 4.3. Fluorescence excitation spectra of N-alkyl-AP derivatives in agueous
medium (—) AP2; (ss=s) AP3; (—) AP7; (—-) AP11; (-——) API15.

4.2.3. Fluorescence Soectra in Water-Organic Binary Mixtures

Having understood the origin of apparently unusua fluorescence of
AP11 and AP 15 in ag solutions we have caried out further experiments to
substantiate our conclusion.  Fig. 4.4. shows the fluorescence spectra of dilute
solutions of AP11 (~5 x 10-3 M) in DMSO-H20 mixtures. It can be seen that
with increase in the volume fraction of water ((p) in the solution, a blue-shift of
the spectrum is observable from Fig. 4.4. At ¢ ~ 0.6, it appears that most of the
molecules are in monomeric form as the emission corresponds closdly to that of

the fluorophore in pure organic medium. The blue shift of the spectrum with



increase in the amount of water in the solvent can only be explained in terms of
the formation of the molecular clusters or aggregates as a result of hydrophobic
interactions. This observation suggests that the association of the molecules
readily takes place with increase in hydrophilicity of the medium as a result of
hydrophobic interactions. The difference in the fluorescence excitation spectra
of the compounds in pure water and water-DMSO mixture shown in Fig 4.5,
aso support that aggregation is responsible for the anomalous fluorescence

behaviour of AP1 1 and AP 15 in agueous solutions.

FLUORESCENCE INTENSITY
{arb. units)

400 L50 500 550 600 650

WAVELENGTH (nrn)

Fig. 4.4. Fluorescence spectra of AP 11 in DMSO-water mixtures. The ¢
vaues for the gspectra labelled 1 to 6 are 1, 0.80, 0.60, 0.50, 0.45, 0.40

respectively.
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Fig. 4.5. Fluorescence excitation spectra of AP11 in DMSO-water mixtures
The ¢ vauesare(—) 1, (—) 0.4.
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Fig. 4.6. Fluorescence spectra of AP 11 in aqueous solution containing various
amount of SDS. The SDS concentrations (mM) for the spectra labelled 1 - 6 are
0, 5, 11, 37, 98, 158, respectively.
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4.2.4. Effect of Surfactant on the Fluorescence Behaviour of APn with Long
Alkyl Chain

To confirm the formation of the aggregates, we have studied the effect
of the surfactant on the fluorescence behaviour systems with long akyl chain (n>
11) in hydrophilic medium. It is known that hydrophobic-lipophilic forces are
manly responsible for the formation of micelles in hydrophilic media and their
binding
with organic hydrophobic probes. 1© Fig 4.6 shows the effect of sodium dodecy!
Sufae (SDS) on the fluorescence spectra of AP1 1 (~2 x 10-6 M). It should be
noted that the addition of SDS to an aq solution of AP (monomeric) leads to a
blue-shift of the fluorescence maximum (sec. 3.1.2) which can be attributed to
binding of the fluorophore a the micelle-water interface. However, addition of
DS to the ag solution of AP11 leads to a red shift of the emisson band even
when the surfactant concentration is below criticdl micdlar concentrations
(CMC) of the micelle. A further shift towards red associated with an increase in
the intengty of the fluorescence is observed a higher concentrations of SDS.
After a certain concentration of the surfactant, only enhancement in the intensity
with no change in the position of the emisson maximum (Fig. 4.6) could be
noticed. This observation can only be rationdised in terms of deaggregation of
the clusters of the host molecules by the surfactant molecules. With increase in
the amount of SDS, more and more AP1 1 molecules are deaggregated. Since

emisson from monomeric AP 11 is expected a a wavelength longer than that



observed for the aggregated system, the spectrum shifts towards red. At higher
concentration of SDS, since the deaggregation is more or less complete, no
further shift of the spectral maximum could be observed with increase in the
concentration of the surfactant. The fluorescence enhancement a high
concentration of SDS is due to the micellisation of the monomeric AP 11
molecules. It is interesting to note that the location of the fluorescence
maximum of AP 11 a highest concentration of SDS is amog identical with that
observed with AP in micdlar environment.

4.2.5. Time-resolved Fluorescence Study

As dtated earlier, the above study was undertaken with a view to find out
the origin of the unusud long-lived second component in the fluorescence decay
of APL and DAPL. Since this component could only be observed for systems
with polymethylene chain, it was apparent that hydrophobic interaction induced
by the long hydrocarbon chain is responsible for the appearance of the second
component. However, it was not clear immediately whether intermolecular
interaction (leading to aggregation) or intramolecular interaction (leading to df-
coiling) gives rise to the long-lived component. The above experiments clearly
show that the long-lived component has to be assigned to aggregate of the probe
molecules. The lifetime measurements have been peformed on dl the systems
in ag solution. The fluorescence decay curves of dl the systems have been
analysed using a bi-exponential decay function to obtain the best possible fits. It

can seen from the Table 4.2, all the systems contain a second component with a
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relativey long lifetime even though the weightage of this component to the total
decay is relatively smdl for AP2-AP7. However, as expected, the second
component is present in gppreciable amount for even farly dilute solution of
AP11 and AP15. However, we are unable comment on why the 1, vaues are

different for different systems.

Table 42 Timeresolved Fluorescence Data of N-Alkyl-AP  Systems in
Aqueous Medium a Room Temperature.

Probe | Concentration T %) B,

WEEECERD

AP15 4.4x 1076 0.61 41 0.72b

AP11 22x%10°6 0.63 37 0.61b

AP7 43 x JO® 12 9.8 0.96
AP5 11 x 10-3 12 84 0.91
AP3 1.8x 10-6 0.98 31 0.90
AP2 13x 1073 12 4.4 0.97

aThe fluorescence decay curves were analysed using I(t) = Bye ~t'n Bje =K
Y For AP 15 and AP 12 a third component could be observed with lifetimes of 11 ns
(5.3%) and 9.9 ns (1.0%), respectively when fitted to a tri-exponential decay function.
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CHAPTERS

AN,N-DIMETHYLAMINOPHTHALIMIDE AND ITS FATTY
ACID DERIVATIVE AS SENSORS IN MICELLAR MEDIA.

The fluorescence behaviour of 4-N,N-dimethylaminophthalimide (DAP,
Chart 5.1) and its fatty acid derivative, [1-(4-N,N-
dimethylaminophthalimido)undecanoic acid (DAPL, Chart 5.1) in micellar media
is described in this chapter. The am of this investigation is to find out the
potential of these compounds as fluorescence probes for characterising the

organised environments.

() ()

N—H !\/\/\/W\)\{}H

DAP DAPL
CHART 51

5.1. Introduction
The elegant usage of the fluorescent EDA molecules in probing the

microstructures of various organised media, is well documented.*™* In the



previous chapter, such usage is illustrated with EDA molecules, AP ad its
derivative, APL. A new class of fluorescence probes, which show remarkabdly
higher sengitivity toward solvent polarity are sysems, where the electron donor
and the acceptor moieties are formdly linked by a sngle bond. On excitation,
this class of systems often display an additiond charge transfer emisson band
which is bdieved to originate from a state (cdled TICT state) in which the
donor and acceptor moieties are perpendicular to each other.3 The fluorescence
originating from such a state is much more sengtive to the solvent polarity due
to the large dipolar character of the TICT date resulting from complete
decoupling of the donor and acceptor orbitals with one unit of charge transfer
In some EDA systems, the TICT dtate is well-above the localy excited ICT date
or the barrier to ICT>TICT process is aufficently large so that the TICT does
not influence the Photophysical behaviour of the sysems. AP can be consdered
as one such sysems. In many systems, TICT can be nonfluorescent. The
presence of a low-lying TICT state, whether emitting or not, enhances the
sengtivity of the fluorescent properties of the locdly excited ICT state because
of the polarity dependence of the nonradiative ICT—TICT process. 12 The best
known examples of such systems are coumarin dyes. 1" 3 The highly sensitive
fluorescence properties of the coumarins have been explained due to the
presence of low-lying nonfluorescent TICT state and this has been exploited
extengvely 13 to probe the micropolarity of the organised systems and to study

the solvent relaxation processes.
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Recently, a comparative study of the Photophysical behaviour AP and
DAP has revealed that the fluorescence properties of DAP are much more
sensitive to the solvent polarity compared to AP.**  This observation is
atributed to the presence of a nonfluorescent TICT state below the locally
excited emitting state of DAP and also due to the enhanced dipole moment of its
fluorescent state. 14 Therefore, one expects, that the fluorophores based on
DAP to be superior to those based on AP In addition, the dimethyl substitution
of the amino hydrogens of AP is expected to enhance the hydrophobicity of the
fluorophore which might help its deeper penetration into the core region of the
micelle.  With this view in mind we have explored the potential of DAP and
DAPL as fluorescence probes in micellar media

DAP exhibits a shift of ~120 nm on changing the solvent from 14-
dioxane to water. 14 The fluorescence quantum yield (¢f) decreases by a factor
of ~ 620 for the same change of solvent. In aprotic media, when the solvent
changes from 1,4-dioxane to acetonitrile, the ¢f decreases by a factor of ~5 and
the nonradiative rate constant (kp) increases by a factor of ~ 10.14 On the
other hand, the fluorescence yield, lifetime and kp; values remain more or less
same in these solvents for AP. This disparity in the fluorescence behaviour of
DAP when compared to that for AP, is attributed to the presence of a
nonradiative decay channel (nonfluorescent TICT state) even though the
emission in both cases originates from the ICT state. Clearly, the change in the

fluorescence yields with variation of solvents, which is an indicator of the
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effectiveness of a probe, is much higher for DAP than that of AP.** All these
observations suggest that DAP can act as a more efident probe than AP. We
have therefore undertaken the following investigation employing DAP and its
derivatives in three types of surfactants, cationic (CTAB), anionic (SDS), and
neutral (TX) *°

5.2. DAP as a Sensor for Micellar Media
5.2.1. Absorption Spectra

Fig. 51 shows the absorption spectra of DAP in the presence of CTAB
surfactant. The changes in the spectra on addition of the surfactant are rather
smal. A very amilar behaviour is observed with SDS and TX. This observation
Is in accordance with the results obtained with AP and APL.
5.2.2. Fluorescence Spectra

Addition of surfactants to an aq solution of DAP has marked effect on its
fluorescence behaviour. Fig. 5.1 displays the fluorescence spectra of DAP as a
function of CTAB concentration. A blue-shift of the spectrd maximum and an
enhancement of the fluorescence intendty are the two noticesble observations
that can be made on addition of CTAB to an ag solution of DAP. The change in
the fluorescence properties is sgnificant only beyond a certain concentration of
the surfactant. The blue-shift of the spectra and increase in the fluorescence
yield are clearly due to as the binding of the probe to a less polar site of the

micellar environment than the bulk ag phase once the micdlles are formed. The
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decrease in the polarity of the microenvironment of the probe leads to greater
destabilisation of the emitting state compared to the ground state (as the excited
state dipole moment of DAP is higher than the ground state moment). This
results in an increased separation between the SQ and Sy states which lowers the
nonradiative trangtion rate from S| leading to an increase in the fluorescence
yield. The reduction in hydrogen bonding interaction with the solvent could aso
be responsble for an increase in the fluorescence yidd on micellisation. The
behaviour of DAP in cationic (SDS) and neutral (TX) micdles is found to be
quite amilar.

The maximum spectral dhift and the fluorescence enhancement data in
three micdles are gathered in Table 5.1. A quantitative andyds of the
fluorescence enhancement data gave the CMC values of the surfactants
employed (Fig. 5.2). The insart in Fig. 52 shows the variaion of the fc/fo
with the surfactant concentration over the entire range used. From the inflection
point of the two gtraight lines in the Fig. 5.2, the CMC of the CTAB is estimated
to be (0.6 + 0.03) x 10-3 M. Similarly, the estimated CMC values of SDS and
TX are found to be (7.8 + 0.4) x 103 M ad (0.26 + 0.02) x 1073 M,
respectively. A farly good agreement of the measured CMC vaues with the
literature can be found from Table 5.1. The important point that is to be noted
here is that the change in the relative fluorescence intensity and shift in the

emisson maximum (Table 51) for DAP are consderably higher in micelar
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media when compared to those for AP. This makes DAP clearly more efficient

than AP in monitoring even subtle changes in the surrounding environment.
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Fig. 5.2. A plot of the relative fluorescence intensity (d¢/#gy) of DAP as a
function of CTAB concentration in agueous solution. The insert shows the

variation of the ratio over a larger concentration range.
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5.2.3. Time-resolved Measurements

The fluorescence lifetimes of DAP have been measured by selecting the
surfactant concentrations such that most of the probe molecules are micellised.
The lifetime data in micdlar media are shown in Table 51 which has been
obtained from a biexponentia fit of the fluorescence decay curves in the
respective media.  The lifetime of the mgor species (97-99%) ranges between
0.3-0.8 ns which is consdered as the lifetime of the micdlised probe. This
lifetime is 2-5 folds higher than that of DAP in ag medium (~ 0 18 ns). Though
the enhancement of lifetime of DAP on micdlisation is very clear from the data,
it is not possible to quantify the lifetime enhancement data because the time-
resolution of our instrument (1.4 ns) is congderably lower than the lifetimes
measured both in agq and micdlar media
5.2.4. Binding Strength of DAP with Micelles

Binding constants (K) of DAP with the micelles have been determi ned by
following the method described earlier (equn. 3 3). The plot based on this equn.
Is shown in Fig. 5.3 from which the K values (+ 10%) are evauated as 11600,
11850 and 21400 M-1 in SDS, CTAB and TX, respectively. The measured K
values are consstent with the spectrd dhift data Compared to the binding of
AP with the micelles, DAP binds reatively strongly (K values are higher by a
factor of 3.4 - 3.8) which could be most likely due to the hydrophobic influence

of the methyl groups.
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Fig. 5.3. Plot of (I, —Ip)/(I; —Ip) vs [M]'l in Triton X-100 for DAP. The
plot is based on equn. 3.3.

5.2.5. Location of DA P in Micelles

With DAP, the observed enhancement of fluorescence intensity in
micdlar environment is 7-21 fold, whereas the expected enhancement for a 14
dioxane like environment is nearly 600 fold. Quite obvioudy, DAP experiences
an environment that is consderably polar. However, the polarity experienced by

DAP is less polar than water. One arrives a a Smilar concluson on
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consideration of the spectral shift data.  The microscopic polarities (in ET(30)16
scde) for the solubilization sites of DAP, by following the method described in
the previous chapter, are 57.3, 551 and 528 in SDS, CTAB and TX,
respectively. The interface polarities as estimated by DAP are not very different
from those estimated by AP. The dightly lower polarity estimates obtained with
DAP are presumably due to a dightly deeper penetration of this probe towards
the core region compared to AP.

One of the findings that is common in both cases is that the interface in
DS micdle is relaively more polar than in CTAB and TX. This is in
accordance with the observation of Menger and co-workers who proposed the
SDS micdlar aggregates to have a large wet Stern region, and a rough
surface. ! 7 There were aso supportive reports for the more porous nature and
'wet' miceles of SDS from amdl angle neutron scattering (SANS) studies. 18 On
the other hand, SANS data on CTAB micdles excluded the possibility of wet
and rough surfaces. 182,19 Recently, Sapd e al20 have adso provided the
evidence for surface roughness of SDS micdles by employing 3H-indole
derivatives as fluorophores. The irregularities caused by the surface roughness
are probably filled by the water molecules. The more porous nature or high
surface roughness of SDS micdles is probably the reason for higher polarity
sensed by DAP and AP in SDS micdles, when compared with that in CTAB and
TX micdles. This observation further highlights the efficiencies of these systems

as reporter molecules.
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5.3. 11-(4-N,N-Dimethylaminophthalimido)undecanoic Acid as an
Amphiphilic Fluorophore

As the resdence of DAP is found to be near the surface, we thought of
examining its faty add derivative, DAPL where the fluorophore, DAP is
attached to its nonpolar end of the fatty acid chain, with the idea that such
covaent linkage might help pushing the fluorescing moiety towards the micellar
core. Even though such an attempt was unsuccessful in the case of APL, we
thought that enhanced hydrophobicity introduced in the fluorophore by
methylating the amino group, might be of some help in achieving the objective.
The fluorescence spectrum of DAPL in aq solution was reported to be unusudly
broad to suggest the presence of multiple components in the spectrum. 15 We
thought that this could be due to various microenvironments experienced by
DAPL. Sdf-coiling and/or aggregation were considered to be responsible for
this behaviour. However, a detailed investigation led us to conclude that
aggregation was respongble for this. In our investigations, we have carried out
experiments with ~ 1 x 10-® M concentrations of the probe molecule such that

aggregation did not affect the spectral results.

5.3.1. Spectral Characteristics of DAPL in Homogeneous Media
The spectra data of DAPL in homogeneous media are presented in

Table 52 and some representative absorption and fluorescence spectra are
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shown in Fig. 54. The spectra features are found to be quite smilar to those of
DAP showing more pronounced solvatochromic shifts of the fluorescence
maxima than those for absorption, indicating an emitting state that is more polar
than the ground state. In hydroxylated solvents, the Stokes ghift of the
fluorescence maximum is considerably larger than that expected based on the
polarity of the medium done. This behaviour is due to the hydrogen bonding
interaction between the probe and the solvents. A plot of the Stokes hift
(Av,cm-1) vs solvent polarity function (Af) according to Lippert-Mataga equn.
( sec. 2.15) is shown in Fig. 55 to depict the polarity and hydrogen bonding
interaction effects of the solvents on the emisson energy of DAPL. As can be
seen from the Figure the hydrogen bonding interaction of DAPL is evident from
the enhanced Stokes shift in protic solvents that can not be correlated to the
polarity done. In any given solvent, both the absorption and fluorescence
maxima of DAPL are Stokes-shifted with respect to those for APL (Table 3.4).
Thisis presumably due to higher ground and excited state dipole moments of the
DAP moiety.



o))
0
o)
o
T
©
&
Ln

Fig. 5.5. Dependence ofthe Stokes dhift (A v) of DAPL on the solvent polarity
function Af (sec. 2.1.5) according to the Lippert-Mataga equn. (equn. 2.3). The
solvents are 1. 1,4-dioxane; 2. tetrahydrofuran; 3. acetone; 4. acetonitrile, 5.
ethanol; 6. methanol; 7. water. The straight line represents the best fit to the
data collected only in the aprotic solvents.

The fluorescence yidd (¢f) and lifetime (tf) of DAPL as a function of the
polarity of the solvent are shown in Table 52 along with the caculated rate

constants for the nonradiative decay process (k). It is observed that while ¢y,



Tf and ky, vaues of APL (Table 3.4) remain more or less constant in aprotic
solvents, for DAPL, there is a reduction in ¢f and trand enhancement of the
nonradiative rates on increase of the polarity of the media. This behaviour is
consgtent with the difference in the behaviour of AP and DAP Which has been
interpreted due to the existence of a nonemissive TICT state (that acts as a
nonradiative decay channel) below the emitting locally excited state of DAP.
This additiond polarity dependent property makes DAPL a probe superior to
APL. In hydrogen bonding solvents , a drastic decrease in ¢ and tfis observed

for both the compounds.
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5.3.2. DAPL as Sensor for Microenvironments of Micelles
5.3.2.1. Spectral Features

Studies have been carried with SDS, CTAB and TX surfactants. No
noticesble change could be observed in the absorption spectrum of DAPL on
addition of the surfactants to an aq solution of DAPL. A representative
absorption spectrum in micelar medium is shown in Fig. 5.6.

Fig. 56 displays the fluorescence spectra of DAPL as a function of TX
concentration. A blue-shift of fluorescence maxima with an enhancement of the
fluorescence yidd can be noticed from Fig. 5.6, as has been observed with other
AP derivatives. The binding of the fluorophore to a less polar site in the micdle
is indicated by these data. The spectral dhift and enhancement are observable
only beyond a certain concentration of the surfactant and also, at sufficiently
higher concentration of the surfactant, there is no change either in the location of
the spectral maximum or in the fluorescence intensity indicating that most of the

molecules are in bound condition.
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A representative plot of ¢¢/d) of DAPL against the surfactant concentration
from which the CMC vaues of the surfactants have been evaluated is shown in
Fig. 5.7. The edtimated CMC vaues are tabulated in Table 5.3. Agan, a good
agreement with the literature values can be noticed. A summay of the
maximum spectral dhift and fluorescence enhancement data is dso given in the
Table 5.3. The 1f vaues of DAPL under completely micdlised condition are
shown in Table 5.3.
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5.3.2.2. Binding Ability

The binding constants, evaluated from the fluorescence intendity data
using egqun. 3.3, z;\re given in Table 5.3. A typicd plot for this probe based on
this equation is shown in Fig. 5.8. Congderably higher K vaues of DAPL when
compared to the native probe, DAP with the respective micdles, suggest that the
attachment of the fatty-acid chain help better binding of the probe molecule. A
amilar observation was dso noted for APL. 2-4 folds increase in the binding
ability of DAPL over that of APL with the micdles show that former is a better

probe than the latter.
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Fig. 5.8. Plot of (Io ~10)/(I; - Iy) against [M]-1 in Triton X-100 for DAPL.
The plot is based on equn. 3.3.

5.3.2.3. Quenching Studies

Quenching studies have been performed in both ag and micdlar media
usng aqueous quenchers I- and Cu™2 as they are hdpful in determining the
location of the probe. The plots of the relative fluorescence intensity againgt the

quencher concentrations were found to be linear, indicating the absence of any
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ggnificant static quenching over the quencher concentration range used. The

guenching data are tabulated in Table 5.4.

Table 5.4 Quenching Data of DAP and DAPL in Aqueous and Micdllar Media

Probe Quencher kq? / 109 M-1 -1
H,O DS CTAB | Triton X-100
DAP Cut? 162 66 - 2.33
|- 119 118 -
DAPL Cut2 183 64 - 2.62
I- 8.1 816 5

4The uncertainties in kq values are fairly high as 1) values were low and could not be

measured accurately with the experimental set-up in this study.

5.3.2.4. Location of DAPL in Micelles

The observed maximum hift and enhancement in micdlar media lie
between 31-54 nm and 7.2-22.4, respectively. The vaues are very smilar to
those obtained for DAP. Therefore, it gppears that the DAP moiety of DAPL
resdes at a dte very amilar to that resded by the native probe, DAP. The
micropolarities estimated for the Solubilisation sSite of the probe are 56.9, 54.4
and 52.7 (in ET(30) scae) for SDS, CTAB, and TX, respectively. These values
are again very close to the micropolarities sensed by DAP in respective micelar

microenvironments.



It can be seen from the quenching data presented in Table 5.4 that both
I" and Cu*? are good quenchers of DAP and DAPL fluorescence in agq medium.
Secondly, the quenching rates of DAP and DAPL with Cu*2 and I~ in anionic
(SDS) and cationic (CTAB) micdles, respectively, are considerably higher due
to high loca concentration of the quencher ions near the surface because of
electrostatic attraction. In neutral micelles, TX where electrostatic forces are
absent, the quenching rate congtant is quite lower than that in ag medium,
suggesting lesser accessbility of probe molecules towards the quenchers.
Fndly, the amilarity of the quenching data of DAPL and DAP clearly suggests
that the location of fluorescing moiety in the former is very smilar to the later in
micdles. Therefore, it is concluded that the binding of DAPL with the micdles
Is very gmilar to that of APL (as depicted in Fig. 3.12) i.e folding of the
hydrocarbon chain brings the termina fluorescing moiety near the surface.

DAPL is proved to be a potentia indicator to follow the micdlisation
process irrespective of the charge of the micelle. In terms of sengtivity, as was
expected, dimethylamino derivatives are superior to their amino counterparts.
Chain folding appears to be a genera phenomenon for AP or DAP fluorophore
labdlled fatty acids.
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CHAPTERG

PHOTOPHYSICAL STUDIES ON TWO CARBOSTYRIL DYES
AND N,N'-BIS(4-CARBOMETHOXYPHENYL)PIPERAZINE

The present chapter is divided into two sections. The fird section is
devoted primarily to the study of the possible role of the rotary decay process on
the fluorescence properties of two Carbostyril dyes, C124 and C165. The
potential of these systems as fluorescence probes for micdlar media is adso
explored. The following section describes the fluorescence characteristics of a
symmetrical molecule, N,N'-bis(4-carbomethoxyphenyl)piperazine as a function

of the polarity of the media

6.1. Photophysical Behaviour of Carbostyrils, C124 and C165

A number of coumarin derivatives which are extensvely used as laser
dyes, non-linear optica chromophores and fluorescence probes are known to
possess a low-lying nonfluorescent twisted intramolecular charge transfer
(TICT) state which affects the fluorescence properties of the dyes ! -3 Since
Carbostyrils, C124 and C165 (Chart 6.1), used as laser dyes,4 are structurally
and electronically very amilar to the coumarin dyes, Cl and C120 (Chart 6.1), a
study of the Carbostyrils should reved whether substitution of the ring O atom



by an NH group can have any influence on the Photophysical properties. As an
identification of a nonradiative pathway (such as transition to a TICT dtate)
helps the design of more efficient dye systems, we examined whether a rotary
decay mechaniam plays any role in determining the fluorescence characteristics
of structurdly dmilar Carbostyrils. Another point of interest is that both C124
and C165 can exig in tautomeric forms; enol or lactim and keto or lactam form
(as shown in Chat 6.1). As 2-hydroxyquinoline is known to exis in two
tautomeric forms? it is aso relevant to study any possible effect of the keto-enol

tautomerisation on the Photophysical behaviour of the Carbostyrils.
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Coumarin 120 © Coumarin 1

CHART 61

6.1.1. Spectral Characteristics

A summay of the absorption and fluorescence spectra data of two
compounds is given in Table 6.1. The representative absorption and
fluorescence spectra of the two compounds are shown in Figs. 6.1 and 6.2. A
loss of the vibrationa dstructure in the spectra aong with a red shift of the
gpectra maxima has been obsarved with an increase in the polarity of the

solvent. As the shift is more pronounced for fluorescence, the emitting state of
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the Cabodyrils is more polar than the ground state. A comparison of the
location of the emisson maxima of the two compounds reveas that C165 is
more polar than C124, which is understandable in terms of a larger inductive
effect of the dimethylamino group. The smilarity of the spectra behaviour of
the Carbostyrils and the coumarins!2.€ js a reflection of the structural similarity

of the two sets of compounds.
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6.1.2. Dipole Moment Change on Excitation (4x)

In order to quantity the polar nature of the excited states of the
Cabodyrils we have andysed the solvatochromic data of the two systems in
terms of the solvent polarity functions using Lippert-Mataga equn. (sec. 2.1.5).
The Lippert-Mataga plots (Av vs Af') for the two dyes are shown in Figs. 6.3
and 6.4. The Onsager cavity radius which is needed for the calculation of Ay, is
estimated from the AM1 optimised distance between the amino nitrogen (N-11)
and the carbonyl oxygen (0-12), which corresponds to the maximum distance
across which charge separation occurs. This choice is based on a recent
publication® in which it is shown that the length of the akyl group attached to
the amino group is unimportant in determining the dipole moment. The
estimated radii are 3.565 and 3.575 A for C124 and C165, respectively. As can
be seen from the plots that although the data points in aprotic solvents are
correlated to the polarity function, in hydroxylic solvents Stokes shifts are much
larger than tha predicted by the Lippert-Mataga equn. This is indicative of a
soecific solute-solvent interactions. It has been recently reported that the
hydrogen bonding interaction is primarily responsible for the enhanced Stokes
shift in alcoholic solvents and water.” In view of this, the Au values have been
esimated from the data collected in aprotic solvents. The dipole moment data
of the Carbodyrils and the coumarins are collected in Table 6.2 for both the

ground and excited states
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Fig. 6.3. Dependence of the Stokes shift (Av) of C124 on the solvent polarity
function Af (sec. 2.1.5) according to the Lippert-Mataga equn. (equn. 2.3). The
solvents are 1. 1,4-dioxane; 2. diethyl ether; 2. chloroform; 4. ethyl acetate, 5.
tetrahydrofuran; 6. acetone; 7. acetonitrile; 8. ethanol, 9. methanol and 10.

water. The straight line represents the best fit to the data collected only in the

aprotic solvents.
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Fig. 6.4. Dependence of the Stokes shift (Av) of C165 on the solvent polarity
function Af (sec. 2.1.5) according to the Lippert-Mataga equn. (equn. 2.3). The
solvents are 1. 1,4-dioxane; 2. diethyl ether, 3. chloroform; 4. ethyl acetate; 5.
tetrahydrofuran, 6. acetone; 7. acetonitrile; 8. ethanol; 9. methanol and 10.
water. The straight line represents the best fit to the data obtained in the aprotic

solvents.
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The changes in the dipole moments, 2.63 D for C124 and 3.69 D for
C165 are similar to the reported Au values of coumarins; 2.61,1¢ 2.16 D8 for
the amino derivative and 3.721¢, 3.46 D8 for the di methylamino derivative. A
close similarity of the Au vaues of the coumarins and Carbostyrils indicates that
neither the ring oxygen of the coumarins nor the NH group of the Carbostyrils
are involved in the charge separation process. This conclusion is further
substantiated by the theoretical calculations of the charge densities at different

atoms of the two systems (sec. 6 1.5).

Table 6.2 Dipole Moments of the Carbostyrils in the Ground and Excited
States.

Compound Dipole moment or Dipole moment changes
g (AMI1)(D) | Ap (expt.) (D) He (D)

Cl24 5.78 2.63 8414
C165 5.99 3.69 0.684
C120 6.03 - 8.19b
Cl 6.35 — 9.81b,¢

aValues obtained from AM1 calculated 1, and experimental Au. b Theoretical values
taken from ref. [8]. €Vaues reported are for 4-methyl-7-N,N-dimethylaminocoumarin
(instead of the ethyl group asin the case of C165).
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6.1.3. Role of Keto-Enol Tautomerism

As stated earlier, unlike the coumarins the Carbostyrils can exist in two
tautomeric forms. Mason et d examined the keto-enol tautomerism of severa
hydroxyquinoline derivatives and concluded that the enol form contributes to the
aosorption spectra.9 Recently, the absorption and fluorescence of both the
forms of 2-hydroxyquinoline have been detected in a supersonic jet expansion
experiment.5 While exploring the lasng potentid of the Carbostyrils, the keto
fom was assumed to be predominant by Hammond et al.10 However, no
rationale of such a proposition was forwarded. Although a close smilarity of
the fluorescence behaviour of the Carbostyrils and coumarins possibly indicates
an inggnificant contribution of the enol form in the excited state, it is not clear
whether the enol form contributes to the absorption. One point to be noted is
that despite the presence of the enol form in the ground state, the keto form
could be the only excited state species in view of an enhancement of the acidity
of the -OH group and the basicity of the ring nitrogen in the excited state I 1 In
order to find out any possible contribution of the enol form in the ground state
we caefully examined the absorption spectra of the Carbostyrils in a large
number of solvents of different polarity. Assuming the keto-enol equilibrium to
be solvent dependent, it was expected that a change in the polarity of the solvent
would lead to a variation of the relative intendgty distribution of the peaks.
However, apart from a genera loss of the spectra resolution with increase in the

polarity (which could be due to an enhancement of the charge transfer character
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of the state), we did not observe any noticeable variation in the spectral pattern
that might suggest the presence of more than one form in the ground state. We
dso studied the temperature dependence of the absorption spectra in the
temperature range 268-323 K. However, no vaiaion in the intensty
distribution could be observed as function of the temperature The
predominance of the keto form in the ground state is aso supported by the
results of theoretica calculations based on AM1 method (sec 6.1.5).
6.1.4. Fluorescence Quantumyields (fa) and Lifetimes (7¢)

The fa and 75 vaues of the dyes in various solvents have been collected
in Table 6.3. It is seen that C165 is more fluorescent than C124 and the fa

values of both the compounds increase with increasing polarity. The measured

¢ values dso show a gmilar trend. The fluorescence lifetime of C124 is amost

haf of that for C165 in non-polar media.
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Table 6.3 Huorescence Quantum yield and Lifetime of the Carbostyrils.

Solvent o¢ F (ns)_ )
Cl24 | C165 | Cl24 | Cl65 |
1,4-dioxane 0.13 0.36 05 13
Ether 0.15 0.35 — —
Chloroform 0.13 0.27 - -
Ethyl acetate 0.16 0.45 - -
Tetrahydrofuran 0.13 0.37 0.6 14
Acetone 0.20 0.66 — —
Acetonitrile 0.30 0.79 14 32
Ethanol 054 0.85 — ~
Methanol 0.68 0.90 3.8 4.4

Although the spectral data of the coumarins and Carbostyrils are very
smiler, the variation in ¢¢  and 7¢ of the Carbodtyrilsisin contrast to that for the
corresponding coumarins. It has been observed that ¢¢ of Cl fdls off
sgnificantly with incressing polarity. 12 The ¢¢ of CI (which resembles C165)
drops from 0.99 in ethyl acetate to 0.055 in H,O indicating a drastic
enhancement of the nonradiative rate in polar media This has been interpreted
in terms of a polarity dependent change in the rate of the nonradiative transition

to a non-emissive TICT state. 12 The enhancement of fc and ze of both C124



and C165 with increasing solvent polarity suggests the absence of a rotary decay
pathway in these sygdems. The dkylation of the amino group is known to
stabilise the TICT date relative to the localy excited state and lower the barrier
involved in the twisting process.!2 Therefore, one should have expected the
rotary decay of the emitting state in C165, more 0, because of its structural

smilarity with Cl.

6.1.5. Theoretical Sudy
6.1.5.1. Keto-Enol Tautomerism

In order to account for the contrasting behaviour of two sets of
compounds and obtain supportive data on the charge distribution and a
dominant lactam form of the Carbostyrilss AMI1 cdculaions have been
peformed. The ground date caculations have been peformed for fully
optimised keto and enol forms of C124 and C165 and the corresponding
derivatives without the amino or the dimethylamino group (4-methyl-2-
hydroxyquinoline and 4-methyl-2-quinolone) and the results are presented in
Table 6.4. It can be seen from the Table that substitution at the 7-position by an
amino or a dimethylamino group stabilises the keto fom relative to the enol
form. In carbostyrils, keto forms are more sable than the enol forms by =~ 6.3
kcal/mol.  Since this stabilisation is found to be more than that in 7-unsubstituted
compounds by nearly 1 kcd/mol, the contribution of the enol form in

carbostyrils’ can be sad to be insignificant.
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Table 64 AMI1 Cdculated Heats of Formation (in kcal/mol) of Some
Carbostyril Derivatives.

Compound Keto foom | Enol form | AH( of Tautomerisation

7-unsubstituted

compound -4.125 1180 5.305
C124 -6.107 0.213 6.320
C165 4.207 10.461 6.254

6.1.5.2. Ground Sate Charge Distribution

The ground state charge distributions of the coumarins and Carbostyrils
have ds0 been calculated and shown in Fig. 6.5. It can be seen the substitution
of the ring oxygen of the coumarin by an NH group does not sgnificantly affect
the electron dendties a other centres. It is particularly interesting to note that
the charge densdties of the two centres primarily responsible for charge
separation in these compounds, N-11 and O-12 (Chart 6.1), are changed only by
0.006 e ad 0.066 e, respectively, on substitution. This further validates our
concluson that the charge distribution of the two sets of compounds are very

amila.



Coumarin 120 Carbostyril 124

Fig. 6.5. Calculated atomic charges (in decima fractions of an electronic

charge) for C120 and C124 in the ground state.

6.1.5.3. Ground and Excited Sate Properties

In order to rationalise the difference in behaviour of the coumarins and
Carbostyrils with respect to the twisting of the amino or the dimethylamino
group, AMI1 calculations of the ground and excited states of Carbostyrils have
been carried out as a function of the twist angles. The suitability of this method
in predicting the ground and excited state properties of large polar systems is
well-documented.8  Recently, it has been shown!3.14 that AMI calculated
properties of DMABN, a molecule extensively studied for the TICT
phenomenon, are in excellent agreement with the experimental results. The
ground and excited state properties, namely, the heats of formation (AHf), and
the dipole moment values (D), obtained from complete optimisation of each
molecule at various twist angles, are summarised in Tables 6.5 and 6.6, for C124

and C165, respectively. The variation of the ground and excited state energy as
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a function of the twist angle of the amino or dimethylamino group is depicted in

Figs. 6.6 and 6.7, respectively.

Table 6.5 The Ground and First Excited Singlet State Properties of Ci24 as a
Function of the Twist Angle.

Twist angle Ground state Excited state

AHg Hg AHg He

(Deg) (kcal mol~ (D) (kcal mol~ (D)
0 -5.817 5.78 74.11 6.19
10 -5.551 5.74 74.34 6.13
20 -4.784 5.63 75.01 6.01
30 -3.606 5.48 76.04 5.79
40 -2.156 5.28 1729 5.54
50 -0.610 5.06 78.66 526
60 -0.843 4.84 80.00 494
70 2.029 4.67 81.21 4.54
80 2.801 4.55 82.09 4.13
90 3.069 451 82.43 3.93
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Table 6.6 The Ground and First Excited Singlet State Properties of C165 as a
Function of Twist Angle.

Twist angle Ground state Excited state

AHg ng AHfp He

(Deg) (kcal mol- (D) (kcal mol” (D)
0 4.580 5.99 84.05 6.84
10 4.631 5.93 84 .06 6.79
20 4. 897 W i) 84.19 6.66
30 5,531 5.53 84.66 6.46
40 6.531 523 85.42 6.25
50 7.725 493 86.37 6.14
60 8.935 4.69 8735 6.12
70 10.008 4.49 88.53 5.89
80 10,786 435 89 81 4.85
90 11.264 | 4.57 90.64 3.93
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It is evident from the figures that the planar fom is mos stable for both the
compounds. The gas phase energy differences between the 90° twisted form
and the planar one in the ground sate are 0.39 and 0.29 eV for C124 and C165,
respectively. Asthe energy gap is much higher than the available thermal energy
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a room temperature (0.026 eV a 27°C) the planar form is expected to be
predominant in the ground state. The twisting in the excited state involves
barriers of 0.36 and 0.28 eV, respectively, in the gas phase. Therefore, - the
barriers to twisting do not change significantly on electronic excitation. Further,
as seen from the energy profiles in acetonitrile (calculated using equn. 2.9), the
twisting becomes more difficult in polar media. These results suggest an
unfavourable energetics for the rotary decay process in Carbostyrils both in the
ground and excited states.

Two sets of molecules with smilar structure and electron distribution
behaving differently with respect to twisting is rather unusual. Since the rotary
decay is governed by the energetics of the excited state, one expects the relative
pacing and ordering of the energy states of the coumarins (Cl, in particular) to
be different from those in Carbodtyrils. However, a recent study on coumarins
suggests that twisting of the a dialkylamino group in Cl is unfavourable 8 In a
more recent paper, Rechathaer and Kohler concluded that the rotary decay
process in coumarins is ggnificant only when the methyl hydrogens at C4 are
replaced by electronegative fluorine atoms. 1€ There has been an instance when
dud amplified spontaneous emisson has been reported for C115 and C12016'1n
polar solvents, but this was later disproved. 17 Thus we are led to conclude that
as far as twisting in the excited state is concerned, the behaviour of Carbostyrils
and coumarins should be smilar. We believe that the reduction of ¢¢ of C1 in

water, which was considered as an evidence of TICT decay!2, is actually due to
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the gspecific hydrogen bonding interaction of the probe and the solvent
molecules. On careful examination of the data of Cl presented in ref. la, one
finds no reduction of ¢f with increase in the polarity of the solvents in aprotic
media. - Therefore, the present results suggest that further studies on coumarins,
Cl in particular, taking into consderation of the hydrogen bonding effect, is
necessary. It is shown clearly that the rotation of the amino or dimethylamino
group of the Carbostyrils does not play ay dSgnificant role in determining the

fluorescence yield and lifetimes of the compounds.

6. ]. 6. Likely Application of Carbostyrils in Studying the Organised Media

In view of the solvent sendtive fluorescence response of the Carbogtyrils
we thought that it might be appropriate to examine the potentia of the
Carbostyrils as probe molecules for the organised media  The results of the
preiminary investigation carried out with C165 and C124 in SDS and CTAB
micelles are not very encouraging and hence, no studies were attempted in
Triton-X.

The absorption spectra of C165 in aqg SDS are shown in Fig. 6.8.
Increase in surfactant concentration leads to a amdl shift of the absorption band
indicating . the passage of the probe molecules into a less polar micdlar
envirgnment. A smilar observation has been made in CTAB micdles. The

_abgq;%%mcctral behaviour of C124 in SDS and CTAB is quite Smilar to that
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The fluorescence spectra of C165 as a function of SDS concentration is
shown in Fig. 68 The fluorescence intendty and the postion of the
fluorescence maximum remain constant initidly. Beyond a certain concentration
of the surfactant, the fluorescence intensity starts increasing with a blue shift of
,1’}1‘3"' At very high SDS concentration, as expected, the saturation values are
reached. The plot of the variaion of the relaive fluorescence intendsty as a
function of SDS concentration for C165 is shown in Fig. 6.9. The inflection
point corresponds to the CMC. The changes in spectral data of C165 in the
presence of micdlles, the measured CMC vaues and the binding constants with
the micelles (calculated usng equn. 3.3) are given in Table 6.7. A good

agreement of the measured CMC vaues with the literature vaues of the micelles

has been observed.
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Fig. 6.9. A plot of ¢¢/¢y of C165 against SDS concentration in aqueous
medium. The insert shows the variation of the ratio over a larger concentration

range.
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The maximum shift of the fluorescence maximum observed for C124 a
very high concentration surfactant concentrations is relatively lower; 6 and 6.5
nm in SDS and CTAB, respectively. The fluorescence enhancement was not
high enough to dlow the measurement of CMC values or the binding constants
with any reasonable accuracy. However, the CMC values of the micellle“ts. COi.Iid
be determined from the variation of /1’83" of C124 for SDS and CTAB are (8i5
+05) x 10-3 M and (0.92 + 05) x 10-3 M, respectively.

The changes in the fluorescence properties of both the dyes in agueous
solutions of surfactants suggest the binding of the Carbostyrils to a relatively less
polar micdlar dte than the bulk agueous phase. The spectra hift and
enhancement values of C165 in aq miceles show that the probe molecule is
bound to a site which is more polar than MeOH but less polar than the aq phase.
The edtimated polarities of the binding sites of C165 are 58 1 and 57.4 (in
E7(30)!8 scdle) for SDS and CTAB, respectively. A lower surface polarity
obtained for CTAB than SDS is consistent with the literature. 19 The data
obtained for C124 could not be andysed precisely to estimate the polarity values
of the binding Sites because the surfactant induced changes were rather small.

The results presented above athough show that the Carbostyrils are
capable of following micdlisation, the fact that changes in the fluorescence

properties are rather smdl do not make them very promising candidates.
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6.2. Study of N,N'-bis(4-Carbomethoxyphenyl) piperazine

There has been a report on N,N'-bis(4-cyanophenyl)piperazine (BCCPZ,
IChaT 6 2), essentidly a dimer of dimethylaminobenzonitrile (DMABN), that it
diqoléys fluorescence very smilar to the long-wavelength fluorescence band of

DMABN. Further, it is interesting to note that even though the excited state

dipole moment of BCCPZ is expected to be less than that of the TICT state of
DMABN (because of partid cancdlation of moments in  Acceptor-Donor-
Spacer-Donor-Acceptor configuration of the molecule) the measured excited
state dipole moment of BCCPZ is reported to be more than that of the TICT
state of DMABN . << In order to find out whether other derivatives of this class
show smilar behaviour. we have examined the fluorescence behaviour of the
symmetricd, molecule N,N'-bis(4-carbomethoxyphenyl)piperazine (BIMBP,
Chat 6.2).

BCCPZ
7

o) D)oo

BIMBP
CHART 6.2
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6.2.1. Sructure of the Molecule
The molecular structure of BIMBP as determined by X-ray

crystallography, is shown in Fig. 6.10. The structure of this molecule is found 1o

Fig. 6.10. Molecular structure of BIMBP. The atoms with a prime are related

to those without prime through the inversion center.

very smilar to that reported for BCCPZ.21 The two protons of the piperazine
have been replaced by 4-carbomethoxyphenyl group and the piperazine is shown
to adopt a chair conformation. The two halves of the molecules are related by a
crystallographic centre of symmetry; hence the phenyl rings can be sad to be
paralel. The nitrogens are seen to be dightly above the planes of the respective
pheny! rings and can be described as flattened pyramid as in the case of BCCPZ.
The important bond lengths and angles are shown in Table 6.8.
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Table 6.8 Some Selected Distances and Angles in the Molecular Structure of
BIMBP (estimated standard deviations in parentheses referring to the last digit).

Distances (A) Angles (deg)
N()-C(1) 1.404(3) | C(1)-N(1)-C(9) 116.4 (2)
N(1)-C(9) 1.464(3) | C(1)-N(1)-C(10) 1178 (2)
N(1)-C(9) 1.457(3) | C(10)-N(1)-C(9) 110.3 (2)
C(10)-C(9)# 12 1.502(3) | C(2)-N(1)-C(10) 122.5(2)
C(9)-C(10)# 1 1.502(3) | N(I)-C(10)-C(9)# 1 111.7 (2)
N(1)-C(9)-C(10)# 1 112.2 (2)

A Refer to the appendix. Table 3.

6.2.2. Soectral Features of BIMBP

The representative absorption and emission spectra are shown in Fig.
6.11 and the spectral data in various solvents are given in Table 6.9. That the
emitting state of the molecule is more polar than the ground state is evident from
large Stokes shift of the fluorescence maximum. Further, large Stokes shift
between the 270~ and A3>* in any given solvent is indicative of the fact that
emission originates from a low-lying state that is different from the locally
excited (LE) state. The solvent polarity dependent shift of the emission maxima
and a.comparison of the fluorescence data of BIMBP and DMABNZ23 indicate

that the emission takes place from a highly polar state, which could be either a
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TICT state?3 or a state involving more pyramida nitrogen (PICT).24 The
amilarity of the spectra behaviour of BCCPZ and BIMBP adso points to the
same conclusion. The measured ¢¢ and trof BIMBP are aso indicated in Table
6.9. It can be seen that with increase in polarity of the medium both bf and Tf
decrease.  This is indicative of an enhancement of the nonradiative rate with
increase in polarity of the medium.
6.2.3. Excited Sate Dipole Moment

In order to establish the nature of the emitting state (whether LE or
TICT) the excited state dipole moment of BIMBP has been estimated from the
fluorescence spectral data, using the equn. 2.4. The use of the this equation
over the commonly used Lippert-Mataga equn. for the measurement of the
excited state dipole moment is based on the fact that the emitting state in the
present case can not be directly populated and hence it resembles more the
emitting state of exciplexes. 230, 25 The plot of V¢ Vs (f — -jl f')is shown in Fig.
6.12, from the dope of which pe of BIMBP has been calculated. We adopted
the following procedure to obtain a reasonable estimate of the Onsager cavity
radius of BIMBP for the estimation of pe usng equn. 2.4. Since the dipole
moment of the BCCPZ has been determined by time-resolved microwave
conductivity method that is considered to be accurate,22 we have andlysed first
the fluorescence spectral data of BCCPZ in terms of equn. 2.4 to detggnj ne the
representative cavity radius for BCCPZ. Such an analysis (using ,pe,-pﬁ;}ﬁp)zz
leads to a cavity radius of 6.94 A that corresponds closdly to the distance
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between one of the piperazine ring nitrogen to the termina nitrogen atom of the
cyano group (6.82 A) of the fully optimised (AM1) ground state of BCCPZ.
Therefore, pe of BIMBP is edimated using the distance between the ring
nitrogen to the termind carbon atom of the -OCHS3 group.

3 «]
f/1(} cm

A%

rJ
o
bt

02 0.3 0.4

Fig. 6.12. Variation of % (cm"!) of BIMBP as a function of the solvent

»»»»»

polarity' uriction (f —4-f')(sec. 2.1.5) according to equn 24. a. 1,4-dioxane; b.
tettatiydriOfuran; c. ethyl acetate; d. dichloromethane and e. acetonitrile.
v12th ods i -
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From the plot based on equn. 24 (Fig. 6.12), pe of BIMBP is obtaned as
18.9 D. Thus the excited state dipole moment of BIMBP is quite smilar to that
of BCCPZ. Even though the value may not be accurate, it clearly suggests that
the emitting state of BIMBP is more polar than the TICT?® or PICT244te of
DMABN. The ground state dipole moment of BIMBP, as is evidetit' finfrrh the
crysa structure or AM1 caculated (0.64 D) structure is close ‘to’ ‘zero,
indicating the cancelation of the dipole moments of the two haves of the
molecule. Obvioudy, if the chair form of the piperazine ring is retained in the
excited state, a dipole moment larger than that of the TICT of DMABN can not
be explained. The structural restraints in the present system do not alow a twist
of didkylamino group, as commonly observed for this class of systems. Even if
it is assumed that one of the carbomethoxyphenyl moieties twists relative to the
rest of the molecule, the resulting dipole moment of BIMBP in the excited state
would be less than that of DMABN because of partial cancellation of the dipole
moment. Therefore, a structural change of the piperazine ring (most likey from

achair to a boat transformation) takes place in the excited state.
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CHAPTERY

CONCLUDING REMARKS

The conclusions drawn from the investigations reported in the thesis are
presented in this chapter. The scope of further work that could be carried out
based on the present findings is dso briefly discussed.

The work embodied in the thesis describes the Photophysical behaviour
of some fluorescent electron donor - acceptor (EDA) systems in homogeneous
and micdlar media  The highly sendtive fluorescence properties of 4-
aminophthaimide (AP) and 4-N,N-dimcthylaminophthalimide (DAP) on the
polarity of the surrounding environment have been made use of in studying the
microenvironments of the amplest membrane mimetic systems, micelar media,
It has been shown that the aggregation of the surfactant molecules in agueous
solution can be very conveniently followed by monitoring any one of the
following emisson parameters of AP, fluorescence intensity, lifetime or position
of the band maximum. It is of interest to note in this context that the ability of
the AP derivatives to follow the micdlar aggregation is not limited by the
micellar charge. In this respect, the AP derivatives are found to be superior to
many ionic EDA fluorescent sysems. One of the severd parameters that
characterises a micellar aggregate, criticd micdle concentration (CMC), has



been evauated for three types of micelles usng AP. The measured values are
found to be in excdlent agreement with the literature values. It has been
unambiguously established that AP can aways be located at the micelle-water'
interfacid region. This preferentia |ocation of the fluorescence probe-molecule
a the interface is found to be the result of a combination of hydrogen bonding
interaction of AP with the water molecules and its hydrophobic interaction with'
the micdles. The interfacid polarities of the anionic, cationic and neutra
micelles, quantitatively measured using AP as fluorescent probe, in terms of
microscopic polarity parameter, E1(30), show a rather smdl variation with the
charge of the micdles.

A new amphiphilic fluorophore, APL has been developed, in which the
AP fluorophore is covadently labeled to the nonpolar terminad group of a fatty
acid, in an attempt to design fluorescence probe for the deeper core region of
the micelles The Photophysical properties of this system in homogeneous media
are found to be quite amilar to those of AP. In micdlar media, however, APL
shows stronger binding with the micelles. Even though the binding of APL with
the micdles is found to be stronger than with AP, interestingly, the changes of
the fluorescence properties of APL on micdlisation are not found to be
drastically different from those observed with AP. Fluorescence quenching
studies suggest that despite its covalent attachment with the nonpola tail of the
surfactant molecule, the fluorescing moiety of APL can ill be located a the

interface. Chain folding of the polymethylene spacer of APL has been proposed
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in micellar media to account for this observation. Strong hydrogen-bonding
affinity of the carbonyl groups of the fluorophore seems to be the driving force
for this type of behaviour.

aluzsic The studies involving DAP and DAPL revea clearly the superiority of
the DAP fluorophore compared to the AP fluorophore in sensing the
hydrophobic regions of the micdlar structure. The existence of a low-lying
nonfluorescent TICT state below the fluorescent ICT state and enhanced
hydrophobicity of the DAP fluorophore seem to account for the observed
Photophysical behaviour of the compounds. Chain folding, as observed in the
case of APL, has also been demonstrated in the case of DAPL.

A series of new n-(4-aminophthalimido)alkane derivatives have been
synthesised and fully characterised with a view to understand their Photophysical
behaviour in homogeneous media. Studies on these systems have led to some
interesting observations particularly in aqueous media. For systems with large
alkyl groups, the polarity sensed by the fluorophore in agueous media is found to
be considerably different from that of water. It has been shown that even at very
low concentration, these molecules readily aggregate in aqueous solutions. The
emission observed from these aggregates is found to be considerably different
from that of the bare fluorophore in the same medium.

.+, The photophysics of two Carbostyril laser dyes, Cl 24 and CI65, which
are structurally and electronically similar to extensively studied coumarin dyes,

has been studies as a function of the solvent polarity to find out whether keto-
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enol tautomerism and interna rotation (twisting) of the amino or dialkylamino
group plays any role in influencing the Photophysical behaviour of these systems.
The experimentd studies have been supplemented by semi-empirical theoretical
caculations. The results of this investigation reved that the keto form of the
Carbostyrils is the only dominant form, both in the ground and  excited ~ date.
Further, unlike in coumarins, twisting of the dialkylamino group is found have
no influence on the photophysics of the Carbostyrils. A reinvestigation of the
fluorescence properties of a few coumarin dyes seems to be necessary based on
the present findings. The preliminary investigation carried out to investigate the
potentiad of the Carbostyrils as fluorescence sensors for micelar media reveds
that dthough these systems can be used to follow the microheterogeneous
environments, the fact that the magnitudes of the changes of the fluorescence
properties are not very appreciable suggest that the Carbostyrils are not very

promising systems among the EDA molecules.

The fluorescence behaviour of a dimeric gspecies N,N'-bis(4-
carbomethoxyphenyl)piperazine has been investigated in media of different
polarities to determine the excited state dipole moment of this kind of highly
symmetricd systems.  The X-ray diffraction studies confirmed a highly
symmetrica structure of the system in the ground state. On the other ‘hand, the
fluorescence data clearly indicate that the ground state symmetry of the molecule
is logt in the excited state. It is argued that twisting alone can not account for

extremey high dipole moment of the molecule in the excited state. Structural
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changes in the piperazine ring seem to be necessary to account for the
experimentd findings.

Since hydrogen bonding interaction with water molecules is primarily
responsible for the location of the fluorescent AP moiety a the micelle-water
interface the devdopment of AP-based fluorescence probe molecules for the
nonpolar micellar core region requires development of systems where the
hydrogen bonding interaction of the fluorophore with the solvent is prevented
Since the carbonyl groups of AP are found to be involved in hydrogen bonding
interaction with water molecules, one can probably achieve this objective by
designing systems in which the carbonyl groups are engaged in intramolecular
hydrogen bonding interaction with appropriate groups (such as -OH group) at 3
and 6 positions of AP. This is one direction where further studies are to be
made.

As hydrogen bonding interaction is dso responsible for chain-folding in
surfactant-linked systems, APL and DAPL; the structural modification as stated
above might aso hdp preventing such folding of the polymethylene groups.
This aspect needs to be sudied.

The invedtigations have been caried out only in membrane mimetic
simple model systems. The present results will be useful in understanding more
complex media of biologicad relevance such as membranes and proteins. Such

studies are required to be undertaken.

e 8IeTs !
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The TICT modd has recently been criticised and a new model has been
proposed according to which a change in the hybridisation of the amino nitrogen
is responsible for the nonradiative decay of the fluorescent LE state and long-
wavelength fluorescence band of DMABN. It is therefore necessary to re
investigate the Photophysical behaviour of dimethylamino derivative of AP to
find out whether it can be understood in terms of the newly-proposed
mechanism.

The results obtained with the dimeric molecule raises interesting
posshilities. Further studies are necessary to find out the exact nature of the

structural changes associated with the electronic excitation of the system.
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APPENDIX

_TabIeAI Atomic coordiantes [ x 10% ] and equivalent isotropic displacement
parameters [A x 10 ]. U(eq) is defined as one third of the trace of the
orthogonalized Uij; tensor

i3 q! r‘.'-' Lo,

X y z U(eq)
0(1) 12622(2) -255(3) 9334(2) 81(1)
0(2) 13203(2) 1035(3) 7849(2) 68(1)
N(1) 6365(2) 302(3) 5811(2) 44(1)
c(l) 7827(3) 330(3) 6425(2) 42(1)
C(2) 8922(3) 1106(4) 6006(2) 56(1)
C(3) 10352(3) 1123(4) 6630(2) 55(1)
C(4) 10746(3) 375(3) 7700(2) 45(1)
C(5) 9647(3) -353(4) 8138(2) 51(1)
C(6) 8227(3) -379(4) 7523(2) 50(1)
C(7) 12256(3) 325(4) 8388(3) 52(1)
C(8) 14732(3) 1018(5) 8445(3) 73(1)
C(9) 5613(3) -1280(4) S754(3) 56(1)

C(10) 6007(3) 1113(4) 4689(2)  58(1)




Table A2 Bond lengths[ A ] and angles [ ° I

0(1)-C(7) 1.197(3) 0(2)-C(7) 1.340(3)
0(2)-C(8) 1.452(3) N(1)-C()) 1.404(3)
N(1)-C(10) 1.457(3) N(1)-C(9) 1.464(3)
C()-C(2) 1.391(4) C(1)-C(6) 1.399(4)
C(2)-C(3) 1.383(4) C(3)-C(4) 1.385(4)
C(4)-C(5) 1.390(4) C(4)-C(7) 1.471(4)
C(5)-C(6) 1.371(4) C(9)-C(10)# 1.502(3)
C(10)-C(9) #1 1.502(3)

C(7)-0(2)-C(8) 117.02)  C(1)-N(1)-C(10) 117.8(2)
C(1)-N(1)-C(9) 116.4(2)  C(10)-N(1)-C(9) 110.3(2)
C(2)-C(1)-C(6) 117.1(2)  C(2)-C(1)-N(l) 122.5(2)
C(6)-C(1)-N() 120.3(2)  C(3)-C(2)-C(1) 121.5(3)
C(2)-C(3)-C(4) 121.0(3)  C(3)-C(4)-C(5) 117.7(2)
C(3)-C(4)-C(7) 1233(3) C(5)-C(4)-C(7) 119.0(2)
C(6)-C(5)-C(4) 1215(3) C(5)-C(6)-C(!) 121.1(2)
0(1)-C(7)-0(2) 1225(3)  O(1)-C(7)-C(4) 124.8(3)
0(2)-C(7)-C(4) 112.6(3)  N(I)-C(9)-C(10)# 112.2(2)
N(1)-C(10)-C(9) #1 111.72)

Symmetry transformations used to generate equivadent atoms: #1 -x+1, -y, -z+1.
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Table A3 Anisotropic displacement parameters [ A% x 10° ]. The anisotropic

displacement factor exponent takes the form: -2n° [ (ha*)® Ujp + . +

2hka*b*Ujs).

()00

Citbak ] Ull u22 U33 U23 ul3 Uiz

(1) 47(2) 124(2) 62(2) 23(1) -5(1) 0(1)

LO(2) 35(1) 96(2) 67(1) 12(2) 0(1) -5(1)
N(I) 391 45(1) 44(1) 5(1) -1(1) -7(1)
c() 32(2) 43(2) 48(2) -1(1) 3(1) 0(1)
C(2) 45(2) 72(2) 48(2) 13(2) 2(1) -7(2)
C(3) 42(2) 66(2) 54(2) 6(2) 7(1) -9(1)
C(4) 33(2) 48(2) 48(2) -4(2) 5(1) 4(1)
C(5) 44(2) 60(2) 44(2) 6(2) 0(1) 3(1)
C(6) 41(2) 59(2) 50(2) 10(2) (1) -4(1)
c(?) 40(2) 60(2) 53(2) -7(2) 4(1) 4(1)
o6) 36(2) 96(3) 80(2) 2(2) 0(2) 1(2)
c) 45(2) 54(2) 60(2) 12(2) -5(1) -8(1)
C(10) 45(2) 65(2) 56(2) 14(2) -4(1) -12(2)

213



Table A4 Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A°2x103).

X y z U eq)
H2) 8686( 3) 1624(4)  291(2) 68
H(3) 11062(3)  1646(4)  6326(2) 65
H(5) 9881(3) -834(4)  8866(2) 61
H(6) 7517(3)  -876(4)  7841(2) 60
H(8A) 15301(3)  1558(5)  7978(3) 109
H(8B) 15056( 3) -98(5)  8580(3) 109
H(8C) 14848(3)  1581(5)  9169(3) 109
H(9A) 5807(3)  -1765(4)  6519(2) 67
H(9B) 5998(3)  -2015(4)  5253(2) 67
H(10A) 6410(3) 483(4)  4141(2) 69
H(10B) 6451(3)  2194(4)  4755(2) 69
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