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PREFACE

Design and study of switching devices is an emerging and rapidly
expanding branch of molecular and supramolecular chemistry. The development
in this area 1s of importance for a variety of photonic applications such as
information processing and storage, molecular recognition and controlled release
devices. A brief review on molecular switching devicgs, with special emphasis on
photo- and electrochemical switching devices, is presented in Chapter 1 of the
thesis. The overall objective of the present investigation is to examine the
photophysical and switching behaviour of some hemicyanine chromdphores and
bichromophores.

Polymethine dyes with heterocyclic acceptor and non-heterocyclic donor
groups in terminal position are referred to as hemicyanines. The Chapter 2 of the
thesis deals with the photophysical studies, particularly the singlet excited state
dynamics of a few hemicyanine chromophores (Chart 2.4). The donor-acceptor
propertics of hemicyanines were varied by linking 4:(N,N-dimethy])aminostyryl
donor group to acceptors of varying strength. A systematic study of the effect of
the environment (polarity and viscosity)} on the singlet excited state dynamics of
hemicyanines was carried out. The excited singlet state properties of hemicyanines
were found to depend mainly on the viscosity of the environment. A substantial
increase in the fluorescence quantum yields as well as siﬁglet lifetimes, with

increase in viscosity of the medium, suggested restricted bond twisting in the
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singlet exciled state. Activation parameters (diffusive and thermally activated
intrinsic barriers) for the nonradiative deactivation from the excited singlef state
were estimated. In hemicyanines, diffusive barrier was found to have substantial
contribution and attributed to the bond twisting in the singlet excited state

Bichromophores are molecular systems containing two chromophoric units,
linked together by a bridging units and in the present case hemicyanine units are
connected by poly(oxoethylene) linkers. Chapter 3 of the thesis describes the
synthesis, photophysical studies and switching behaviour of a few hemicyanine
based bichromophoric systems (Chart 3.11). The bichromophores prefer a well-
defined folded conformation (intramolecular aggregates of H-type) in low polar
media and at lower temperatures. The polarity dependent conformational changes
of the bridging unit and the solvophobicity of the dye in nonpolar medium, drives
the folding of the bichromophores. On increasing the temperature or polarity of
the medium they adopt an extended conformation. The photophysical and excited
state properties of both the forms are quite different and investigated, in detail.
Unfolding of the folded form was also brought about by laser excitation. Thus, the
conformational changes of the bichromophore were tuned by varying the solvent
polarity, temperature as well as through irradiation.

The host-guest binding properties in a supramolecular assembly can be
modulated by the reversibie interconversion of one of its unit. Chapter 4 of the
thesis deals with the synthesis and photophysical studies of a pyrene based

conjugated donor-acceptor system and the corresponding bichromophore (Chart 4.1).



Both the compounds absorb around 400 nm in dichléromethane and sensitive to
micromolar quantities of copper ions. The steadj‘f state and time resolved
fluorescence properties in the absg:nce and presence of copper ions were
investigated. The photophysical properties of the uncomplexed and bomplexed
forms were quite different and the later one can be converted into uncomplexed

ligand by chemical reduction.

# The chart numbers listed in this Preface refer to those given in different
Chapters in the thesis.



CHAPTER 1
A Brief Review on Molecular Switching Devices

1.1. Molecular Devices

Macroscopic devices possess extensive applications in our day to day life.
Such devices cah be considered as assemblies of several macroscopic components
designed to achieve specific functions. The extension of this concept to the
molecular level forms the basis of molecular devices.! A molecular device can be
defined as an assembly of molecular components designed to achieve specific
functions. The idea of “molecular electronics™ was first suggested by Carter in a
“Molecular Electronics Devices Workshop™ held in Washington DC in 1981.!
Carter hypothesized that a single molecule or a few molecules could be used for
switching and memory functions. A variety of models for moleculfar switches and
functionalized molecular circuits, as molecular devices, have been proposed later
by Balzani and co-workers.? Lehn and co-workers® have made substantial
contributions to the conceptual development of molec:ular and supramolecular
devices. Several molecular systems of varying complexity, which can perform
specific functions, have been synthesizéd in recent years.4-% These include
molecular devices such as sensors, logic gates (for computing)®-13 and information
storage systems.!* By extending the concept of information storage from

macroscopic devices to molecular level, the amount of information stored could be



-

increased by several orders of magnitude. Design of most of these molecular

systems, capable of performing specific functions are based on organic materials.

1.2. Organic Molecules as Components of Molecular Devices

Limitations of inorganic solids in their scope, flexibility in synthesis and
predictability of the desired properties have directed research activities towards the
development of materials based on organic molecules.!5 Organic molecules are
now widely accepted as useful synthetic building blocks in non-linear optics,!6
liquid crystals in modern displays,!7 superconductors,!8 ferromagnets,!9-22 optical
sensors23 and supramolecular devices (ordered molecular assemblies based on
molecular recognition and self-organization).24. 23 There are several advantages in
‘using organic materials for such applications. The photophysical properties of
organic materials can be fine-tuned by small structural variations and also it can be
easily processed to the desired structures by molecular engineering. Recent studies
have shown that the disadvantages associated with tlre stability and fatigue
resistance of organic compounds can be resolved by structural modifications.26
The necessary ordering of organic molecules into larger macroscopic structures
can be achieved by Langmuir-Blodgett techniques,27-30 the aggregation of
surfactant molecules into micelles and vesicles,3! doping in polymer matrices or
by self-assembly through molecular recognition processes.24:23.32 The flexibility in
the synthetic pathways allows the introduction of functional groups for attachment

or incorporation into the polymers, thereby it is possible to drastically improve the



material properties. The typical properties of polymers, like the ease of
processibility. mechanical strength, long-term stability etc, combined with the
above mentioned advantages of organic molecules may form the basis of future

use of these materials for molecular switching devices.33

1.3. Molecular Switching Devices

The basic requirement for a switching device is bistability, i.e., a molecular
species (or supramolecular system) capable of reversible interconversion between
two thermally stable states with the aid of an external stimulus.!3 Any molecular
system having two stable states with reversible switching ability can in principle
be used as a memory clement (binary logic) in a digital computer. The working
principle of such a device is illustrated in Scheme 1.1, where ‘A’ and ‘B’ represent

S

A — B
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Scheme 1.1

two different states of a bistable system. The substrate in the ‘A’ state carries
information in the form of a signal such as color, luminescence, conductivity,
nonlinear optical signal, phase transition etc. The form ‘A’ can be interconverted
to ‘B’ by an external stimulus ‘S;’ (photochemical or electrochemical) and as a
consequence some of the properties such as redox activity, energy and electron
transfer behavior are modified. With the aid of a different stimulus ‘S,’, form ‘B’

can be switched back to ‘A’. The interconversion between the two forms should be



efficient and procee.d with good revers.ibilily and with resistance to fatigue. The
switching devices consist of two main components - a stimulus (an external
tnigger) and a substrate (the specics undergoing switching). A whole set of
molecular switches based on substrate;stilnulus pairs, for e.g., opto-phdlo, opto-
electro, electro-photo switches etc., have been demonstrated. If the stimulus to
which the device résponds is optical in nature and if it alters the optical properties
of the molecule (i.e., the signal generated is optical in nature), then it is referred to
as an opto-photo switch. Similarly, when the optical signal tunes the electric
properties of the molecule, then it is referred to as an opto-electro switch. The
chemistry of signal generation, processing, transfer, conversion and detection is
referred to as semiochemistry.3 Development in this area is important for a variety
of photonic applications such as information processing and storage, molecular

recognition and controlled release devices.?

1.4. Applications of Molecular Switching Devices

Among the various phototriggered natural processes,~vision and plant gene
expression adopt switching mechanisms for perforrnihg their functions. Several
pertinent reviews,34 which reveal the basic aspects of these natural systems, are
available. Fundamental understanding of these" light activated reversible
isomerization processes reveals the potential for ,development of artificial
photochemical switching systems and optical data storage devices.353

Photochemical and electrochemical switching have been utilized for specific



binding, release and transport of metal cations and organic molecules.33 Th¢
design of photoswitchable compounds covalently linked to electrode surfaces is
yet another step in the development of reversible sensing devices.36 Stimuli
responsive self-organized systems, such as photoswitchable micelle and vesicle,
have applications as controlled release devices in medicine and agriculture.3?
Earlier investigations on switching devices were reviewed in two comprehensive
articles: (i) on artificial photobiological switching systems and their application in
sensing biomaterials and biomodel compounds by Willner and Willner35 and (i1)
on the design of reversible optical storage of organic materials by Feringa and co-
workers.38 An extensive compilation of the fluorescent signaling systems, with
special reference to molecular switches and molecular sensors, is available in a
- 1997 review, by de Silva and co-workers.43 More recently, Balzani, Stoddart and
co-workers have reviewed the photochemically and electrochemically induced
changes in interlocked molecules (catenanes and rotaxanes) as well as in
coordination and supramolecular complexes.39 A few repsesentative examples of
the photochemical and electrochemical switching devices, relevant to the present

investigation, are preserted here.

1.5. Electrochemical Switching of Emission
A two component device combining a luminescent centre and an
electroactive unit may function as a photo-electroswitch in which the emission

properties are modulated by redox interconversion vig energy or electron transfer



quenching. Flectrochemical switching of the emission was first demonstrated by
Lehn and co-workers by linking tris-bipyridine ruthenium(II) centre to quinone (1,
Chart 1.1).40 This quinone-hydroquinone redox couple fuifils the reqﬁirements of
a bistable electro-photoswitch; reduced form is luminescent, whereas the emission

of the oxidized form is totally quenched.

Chart 1.1

Interconversion between the redox-couple allows reversible switching of
luminescence via a photoinduced electron transfer (PET) from the metal centre to
the acceptor unit (quinone). Later, Daub and co-workers?! have demonstrated dual

mode switching of luminescence by electrochemically reducing a benzodifurane-

quinone system (3 in Chart 1.2). The parent molecule and its anion are nonfluorescent

Chart 1.2



whereas the dianion of 3 is strongly fluorescent. An electro-photoswitch (4 in
Chart 1.3) working on the same principle was demonstrated by Arounaguiri and

Maiya.42

Chart 1.3

Another ‘type of electrophotoswitch was suggested by de Silva which
utilizes the intrinsic redox activities of guest molecules i.e., redox interconversion
of metal 1ons between their various oxidation states and a schematic representation
of its working is shown in Scheme 1.2.43 On excitatiqn, PET occurs between the

metal ion (G), complexed in the receptor and the fluorophore, depending upon their
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Scheme 1.2



redox potential. A molecular system working on this concept is shown in Scheme
1.3. In this system, the anthracene fluorescence was switched ‘on' and 'off', through

the redox interconversion of Cu'/Cu’ couple.

e c
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| Scheme 1.3

1.6. Molecular Switches Based on Photochromics

The principle of information storage process involves, writing, reading and
erasing of information in a binary format provided by two Ziistinct photochemical
forms. Three-dimensional optical data storage of memory, using a photochromic
material, has been earlier reported by Parthenopoulos and Rentzepis.#4 On
irradiation, photochromic molecules normally form (\:ollored products, which revert
back to the colorless {or less colored) state, either thermally or on irradiation with
hght of another frequency. Photochromic reactions‘-‘ are accompanied by bond

rearrangentents and several systems have been extensively investigated, which



includes cis-trans isomerization (indigos, azo compounds), cleavage (spiropyrans)
and electrocyclic processes (fulgides). Extensive reviews and books on
photochromic molecules are available in the literature.43-5! In most of the above-
mentioned systems, the low fatigue resistance (the undesirable photoreactions
restrict the number of reversible transformations) and thermal reversibility, limit
their use in devices. A new class of thermally stable photochromic system,
diarylethenes, was developed by Irie which possess most of the desirable
properties as imaterials for optical storage and switching.26 A brief description of
diarylcthene based molecular switches are presented below.

Diarylethenes (an example is shown in Scheme 1.4} can undergo thermally

irreversible and fatigue-resistant photochromic reactions. They are well suited as

Scheme 1.4

optical switching units, since irradiation with light of well separated wavelengths
can interconvert them between isomers (conjugated closed state or nonconjugated
open state) with distinct physical properties. Most of the diarylethenes possessing
benzothiophene ring undergo photochromic cycles more than 1.0 x 10* times and

the absorption maximum of the closed-ring form extends to the near-infrared
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region depending on the substitution. The response time for the cyclization and
ring opening reactions are less than 10 picosecond. These properties make them
ideal candidates for switching and opticai recording applications. However, non-
destructive read-out capacity (i.e., reading with light, without destroying the
memory) 1s lacking in these systems and this is one of the most challenging
problems in the development of optical data storage systems. However, some
progress has been made in this direction by making use of what i1s known as
“gated photochemical systems”. The chemically gated photochromic devices so
far reporteds2 are not ideal due to several practical reasons. Recently, Lehn and co-
workers have designed photochromic systems, which can be gated

electrochemically (Scheme 1.5).53

Electrochemically

inert
Pho‘tochemically
inert

Scheme 1.5



1.7. Photochemically Induced Conformational Switching

The photochemical isomerization of an olefinic bond is one of the
fundamental processes in vision. The slruclﬁral perturbations induced by the cis-
trans 1somerization of the retinal moiety (of rhodopsin), results in conformational
changes in the protein molecule and through a cascade of reactions, neural pulse
responsible for vision is generated. This principle has been “cdpied from nature”
to design molecular systems which can undergo light induced structural changes
for signaling applications. A number of artificial systems based on the azobenzene
functionality were investigated based on this principle. Azobenzenes exist in two
forms, E (frans) and Z (cis) forms, and their in’terconversions were induced by

irradiation with appropriate wavelengths (Scheme 1.6).

@ 300 nm

- —_— N=N

S O O
8h

8a

Scheme 1.6

Upon photochemical excitation, structural changés occur in molecular
systems having azobenzene functionality and such changes were utilized for
modulating (i) the host-guest properties (for e.g., controlled metal binding)3%:34,55
(i) phase changes in liquid crystals36.57 (iii) photo-triggered reversible gel

formation38 and (iv) photoinduced switching of conductivity.99:90 However, the
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unwanted thermal reactions prohibit the‘ use of hzobenzene based molecular
systems from their use in informatior; storage system';s.

Chemically, photocherﬁically and  electrochemically  controllable
conformational motion of interlocked molecules sucL as catenanes, rotaxanes and
pscudorotaxanes have been extensively investigated\and reviewed.3? The stimuli
induced molecular motions in these systems may uqdoubtedly play a key role in
developmént in the future optoelectronic devices. Th‘pse' aspects are not discussed
here since they are beyond the scope of the thesis.

The main objective of the present investigzl_tion was to examine some
hemicyanine systems, with particular reference to thei:r‘ photophysical properties as

well as switching behaviour. Brief reviews pertaininé to hemicyanines as well as

bichromophores are presented in Sections 2.3,and 3.3, respectively.
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CHAPTER 2

Singlet Excited State Dynamics of Hemicyanine Dyes

2.1. Abstract

The synthesis and photophysical properties of three hémicyanine dyes
4-6 (Chart 2.4) are reported. The donor-acceptor properties of hemicyanine
dyes were varied by linking 4-(N,N-dimethyl)aminostyryl group to
heterocyclic acceptors of varying strength. Photophysical properties of these
dyes (4-6) were investigated in solvents of varying polarity and viscosity.
Hemicyanines possess relatively low fluorescence quantum yi'ields (£0.01) in
polar solvents. A significant increase in fluorescence quantum yield and
lifetimés was observed with increase in viscosity of the solve¢nt medium. The
radiative as well as nonradiative decay channels from the singlet excited state
were investigated by varying the viscosity of the medium. Various activation
processes involved in the excited state bond twisting were investigated. The
viscosity-dependent radiationless relaxation observed in hemicyanine dyes is

suggestive of a restricted rotor motion in the singlet excited state.

2.2, Introduction
Interest in the design and studies of chromophoric systems has
increased significantly in recent years, due to their potenti{al applications in

optoelectronic devices (for e.g. optical recording systems,!*3 thermal writing
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displays? and laser printing systems®) and in biomedical procedures®-!3 (in
imaging and as probes for detection of cations, anions and organic molecules).
Most of the chromophoric systems used for such applications contain strong
electron donor-acceptor groups (for e.g. polymethine dyes) and exhibit solvent
dependent emission properties resulting from an internal charge transfer
process in their excited state. Polymethine dyes!4 are rchﬁracterized as donor-
acceptor systems linked together by conjugated double bonds, with electron
donating/accepting groups in the terminal positions. They are further classified
as cyanines, hemicyanines etc. based on the type of electron donor and
acceptor groups. If both the donor as well as acceptor groups are heterocyclic,
then they are ‘referreﬁ to as cyanines. Polymethine dyes with heterocyclic
acceptor and non-heterocyclic donor groups in terminal positions are referred
to as hemicyanines. General structure of cyanings and hemicyanines are

shown in Chart 2.1.

Cz z’) Z

@ . @ R!l
| n | | al
R' R R' R

{
Cyanine Hemicyanine

n = no. of double bonds |
Z = heteroatom - S, N, O
R, R', R*= alkyl group

Chart 2.1. General structure of cyanines and hemicyanines!4
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2.2.1. Applications of Hemicyanines

The amphiphilic hemicyanines have been used as voltage sensitive
fluorescence probes 1o record the fast changes in the electrical membrane
potential (molecular voltmeter) in neurons.!3-20 A typical example of a
hemicyanine dye, frequently used as fluorescent probe,2! is shown in Chart
2.2, An explicit kﬁowledge on the photophysical pro;ﬁerties of hemicyanine
dyes 1s helpful in optimizing the design strategies of such probes for biological

applications.

Pl

Chart 2.2. A voltage sensitive fluorescence probe
((Dibutylamino)stilbazolium butylsulfonate)?!

Hemicyanines have also received attention as materials for nonlinear optics
and molecular electronics.?22-26 The viscosity dependent photophysical
properties and the charge transfer nature of hemicyanines offer applications in
polymer science and as sensors in analytical chemistry. Hemicyanine based
chromoionophores 2 and 3 (Chart 2.3) have been recently synthesized and their
metal sensing propertics were investigated. Complexation of 2 as well as 3

with metal cations leads to dramatic changes in their absorption and emission

properties, due to suppression of its intramolecular charge transfer.2’



Chart 2.3. Hemicyanine chromoionophores?’, 28

2.2.2. Charge Transfer and Structure of Hemicyanines

The structure of hemicyanine dye 3 has been investigated in the
crystalline state by X-ray diffraction (XRD) studies and in solution by 'H
NMR studies.27 The hemicyanine part of the rﬁolecule possesses remarkably
planar structure with an extensive n-conjugation throughout the chromophore.
Based on these studies, it has been suggested that intramolecular charge
transfer (ICT), from the anilinic nitrogen to the benzothiazolium nitrogen,
occur through the involvement of resonance hybrids as shown in Scheme 2.1.
Both the XRD, as well as NMR studies indicate that the crown moiety is
puckered and is not considered here for discussion. In the present studies we

have undertaken a detailed investigation of the photophysical properties of a
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Scheme 2.1. Resenance hybrids of hemicyanines?’

series of hemicyanine dyes (Chart 2.4) by linking hetergcyclic acceptor groups

of varying strength to the 4-dimethylaminostyryl group.,

CH3

H;C,_ “
AN <:> \\_</ @‘}ﬂ-CH
H,C - = iIG 3

|

6
Chart 2.4. Hemicyanines under invqstigation

The photophysical studies of several hemi%yanine dyes have been

investigated, in homogenous as well as microheterogenous systems. Among
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these, the excited state dynamics of Ir:ans—4-[4—(dimelhylaminOphcnyl)slyrylj-
1-methylpyridiniumijodide (6 in Chart 2.4) was subjected to extensive
investigation employing computer simulation as well as spectroscopic
measurements.2933 A brief summary of the excited singlet as well as triplet

state properties of hemicyanines is presented in the following sections.

2.2.3. Photophysical Properties of Hemicyanines
Stilbazolium salts (the quarternary salts of styrylpyridine 7 or styry}

quinoline 8, Chart 2.5) possess interesting photochemical and photophysical

Chart 2.5. Stilbazolium salts

properties. Photochemical trans-cis iso_merizatioln of stilbazolium salts have
been investigated by several groups34-42 and it is concluded that the
isomerization mechanism depend mainly on the; substitution at the 4-position
of the styryl ring. For example, the photoisomerization mechanism changes
from singlet mediated to triplet mediated, when the substitution in the 4-

position of the styryl ring (R= H, CHs, OCH;, or CN} is replaced by nitro
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group.34.36 In an earlier study, Gérner and Gruen have investigated various
deactivation channels from the excited state of the quarternary salts of trans-1-
alkyl-4-[4-dialkylaminostyryl]pyridinium and trans-1-alkyi-4-[4-dialkylamin§—
styryl]quinolinium (Chart 2.6) by laser flash phptolysis and pulse radiolytic

methods.2?

R =R'=alkyl
X iodide, perchlorate

Chart 2.6 !

The introduction of dialkylamino group in the 4-position of the styryl ring
|

markedly reduces the trans-cis isomerization yield (®,,.<1%).38 Also, these

compounds exhibit a low intersystem crossing (ISC) in polar solvents. Based
on these observations, 1t is concluded ‘that in‘ pplar solvents the deactivation
from the singlet excited state is mainly througp,an internal conversion (IC)
channel. |

Photoexcitation of hemicyanines result in;internal twisting and a twisted

intramolecular charge transfer (TICT) model was invoked by Fromherz and
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Heilemann to explain the fluorescence behaviour of 6.59 In the present case no
dual {luorescence was observed in the emission spectra and suggests that the
twisted states are possibly nonemissive in nature, unlike other molecules
having TICT states. There are several chemical bonds in hemicyanihes, which
can undergo excited state bond twisting (rotamerism) and it is difficult to
suggest the exact deactivation path on the basis of spectroscopic results. For
e.g., hemicyanine 6 (Chart 2.7) has three single bonds (®,, ®, and @) which
can undergo twisting in the excited state.3 It is also possible that the TICT

states of one or more bonds may be involved in the excited state deactivation.

Chart 2.7. Internal twisting channels in hemicyanines43

Spectroscopic studies have shown that hemicyanine 6 possess a low
photoisomerization yield (in most solvents <Dt_,c<1°/:>) and poor intersystem
crossing efficiency (in polar solvents) and hence these deactivation channels
are not considered in the present discussion.2® Rettig and co-workers have
performed quantum chemical investigations3! of various TICT conformations
of 6 (Chart 2.7) and the model suggested is shown in Scheme 2.2. The possible
deactivation channel through the twisting of diamino group (®,;) can be

completely neglected since the corresponding CT state formed is ~1.5 eV
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higher in energy than the Franck-Condon (FC) state. The twist of the single
bonds adjacent to central double bond (@, and @5) also results in CT states,

comparable in energy to that of FC state (Scheme 2.2). By incorporating the

solvent effects in the theoretical model, Cao et al.43 have pointed out that the

excited state twisting of the anilinic ring (®,) becomes barrierless in polar

H;C ¢ ¢
-:\---I" (b i R N \\ <b 3‘/ I\
s H;C _@NéC H;
1

b2
03

T
AL

Excitation Possible TICT states

Ground state energies

-
PRL A
wett
et
.

Planar Twisted single
bond

~

Scheme 2.2. Calculated energies of the twisted
conformations of 6 2>
solvents. However, the rotation around the pyridyl-ethylene bond (®;) is not so
much influenced by solvation effects. In conclusion, these theoretical studies
inidicate that the torsion of the aniline moiety is mainly responsible for the
. si“nglet state deactivation through a nonradiative channel. These theoretical
| oHiaservations were further supported by photophysical investigations of

j hémicyanines in various matrices such as amylose, reverse micelle and in
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optically transparent mica layers.44-4% The quantum yield of hemicyanine was
found to increase substantially when encapsulated in constrained media such as
" mica.50 A longer lifetime was observed for 6 when it'was solvated by
nanosized water pools formed in reverse micelles.3? The¢ enhancement of
singlet quantum yields -and lifetimes can be attributed to the slowing down of
the internal twisting in rigid matrices. The above studies indicate that the
excited state bond twisting of hemicyanine dyes are extremgly sensitive to the
environment. The environmental effects were related ;rto a radiationless
deactivation process influenced by two macroscopic parameters, solvent
polarity and viscosity.2? In this Chapter, we have examinf%d the contributions
of these factors (polarity as well as viscosity) on the internal twisting dynamics
of hemicyanines 4-6. Singlet excited state deactivation processes of 4-6 were
investigated by varying (i) the viscosity of the medium, l"teeping the polarity
factor more or less constant and (ii) the polarity of the n‘ﬁediurn, keeping the

viscosity factor constant.

2.3. Results and Discussion
) |

Both the steady state and time resolved siaectroschpic techniques were
employed to invéstigate the ground as well as "'excitecJ state properties of
hemicyanines 4-6. The absorption and emission maxima, fluorescence

quantumn yields and fluorescence lifetimes were meafured under various

conditions.
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2.3.1. Synthesis and Characterization.

Syntheses of the hemicyanines 4-6 were carried out as per a reported
procedure (Scheme 2.3).5! The compounds were fully characterized on the
basis of analytical results and spectral data. The expetimental procedurés for
the synthesis, purification and characterization of the hemicyanines are given

in Section 2.5.

H;C HyC
om0 N
H,C H,C g
 4-6
S 0
= Ulps Ul w0
CH, CH,

Scheme 2.3. Synthesis of hemicyanines a) quarternary salt of the
corresponding heteroaromatic compound, piperidiiim, dry methanol (the
salts used for 4, 2-methylbenzothiazolium metbiodide; 5, 2-methyl
benzoxazolium methiodide; 6, 2-methyipyridinium methiodide).

-

2.3.2. Absorption and Emission Spectra

The absorption spectrum of hemicyanine dye 4 in dichloromethane
shows a maximum around 551 nm (trace :;1, FigureI 2.1). The corresponding
emission spectrum has a maximum at around 597 nm A large hypsochromic
shift in absorption maximum was observed on increasing the polarity of the
solvent, for all the hemicyanines under investigfation. For example, the

absorption spectrum of 4 in a polar solvent such as acetonitrile was shifted to



28

520 nm (trace a, Figure 2.1). The absorption spectra! properties of 6 were
earlier investigated by several groups.29-31.43.52 [t hag been suggested that the
ground state of 6 has its positive chargé concentrated on the pyridyl ring while
the excited state has even charge distribution particularly in polar solvents, due
to efficient charge transfer.43 The excited state molecule is thus less polar in
polar solvents than the ground state and hence the absbrpﬁon spectrum shifts to
blue with increasing polarity.3 The photophysical, NMR and X-ray diffraction
studies have indicated that the broad absorption band observed in the case of 6
15 due to a charge transfer transition _originating from the electron rich

dimethylaminostyryl group to the electron deficient pyridine moiety.27.28

10
03} =
b‘ ! . 8 C‘.
\.‘ p E.)
o . . J6°¢
£02f g g
£ L 1,5
- - 1's
201} 1.%
| | {12°E
- |_‘. . ] m

0.0 E==m” - =t IR I |

400 500 600 l‘ 700

Wavelength, nm

Figure 2.I. Absorption (a) and emission (b} spectra of
hemicyanine 4 in acetonitrile (—) and dichloromethane (----)
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Also a spectral broadening was observed for 6 in polar solvents.32 The
torsional motions in 6, coupled with the solvent reorganization, result in the
spectral broadening. |

The charge transfer (CT) in hemicyanines 4 and 5 was confirmed by
examining the effect of perchloric acid on the absorption spectral features
(Figure 2.2). Addition of perchloric acid protonates the amino moiety, leading
to the disappearance of the long wavelength band. This is accompanied by the
formation of a new blue shifted band centered at 350 nm. A decrease in
emission intensity was also observed on protonation. These studies suggest
that the origin of the long wavelength absorption band, observed in 4 and 5, is

due to a charge transfer transition.

0.25

0.20

Absorbance

0.00 = —
300 400 500 600
Wavelength, nm

Figure 2.2. Effect of perchloric acid on the absorption
spectra of 4 in CH,Cly: [HC1O4] (a) 0, (b) 3.2, (c) 6.5, (d)
9.8 and (e) 13.1 uM.
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The absorption and emission spectra of 4—(; were measured in a series of
straight chain alcohols of varying polarity and the results are presented in
Tables 2.1-2.3. The solvent molecules influence the pholophysical properties:
of the chromophoric systems through solute-solvent interactions, depending on
the functional groups present. In the present investigation, :the photophysical
" studies are restricted to alcoholic solvents in order to minimize such
complications. In general. a bathochromic shift in the absofption spectra was
observed for 4-6 in straight chain alcohols, with increase in polarity, whereas

the emission maxima remained unaffected. The absorption maxima of 4-6 were

Table 2.1. Correlation of absorption and emission maxima® of 4 with

) . . b;
solvent polarity functions ¢

a
Solvent abs_lmax, = oL (v;;l/_fl) ‘ £ Af€
Methanol 523 594 2085.4 0.762 0.309
Propan-l-ol 529 593 2054.4 0.617 0.275
Butan-1-ol 532 . 594 1961.9 0.586 0.264
Pentan-l-of 532 594 19478 0.586 0.250
Hexan-1-ol 531 593 1954.8 0.559 0.248

a . . ) b . . ¢
Absorption and emission maxima; Er", Reichardt’s solvent polarity parameter 54. TAf,

. d .
Lippert’s solvent polarity function 33; "(v,-v¢), Stokes shift.
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Table 2.2. Correlation of absorption and emission q'naximaa of 5 with

solvent polarity functions ’C
a !

Solvent ab:mm = o (Vca;:fl) ’ B’ Af€
Methanol 494 555 22249 0.762 0.309
Propan-1-ol 500 555 19819 . 0.617 0.275
Butan-1-ol 502 555 1902.3 - 0.586 0.264
Pentan-1-ol 502 555 1918.2 | 0.586 0.250
Hexan-1-ol 503 555 1878.5 | 0.559 0.248

a ) N . b ) ' . c
Absorption and emission maxima; Er", Reichardt’s solvent polarity parameter 54; ~Af,

. . : . d .
Lippert's solvent polarity function 3%; ~(v,-v¢), Stokes shift.

Table 2.3. Correlation of absorption and emission maxima® of 6 with

b,c

solvent polarity functions

|
a |

;kmam nm - d | ND c
Solvent (vav)© o Er Af
| abs. em. cm | -
Methanol 476 613 46952 . 0.762 0.309
Propan-1-ol 478 609 4482.6 0.617 0.275
Butan-1-ol 487 607 40594 ' 0.586 0.264
Pentan-1-ol 485 610 42166 . 0.586 0.250
Hexan-1-ol 486 606 4066.0 . 0.559 0.248

a . .. . b . | . ¢
Absorption and emission maxima; E+", Reichardt’s solvent polarity parameter 54; “Af,

d .
Lippert’s solvent polarity function 33; ~(v,-vy), Stokes shift.
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correlated with the Reichardt’s solvent polarity parameter (ETN) and defined
according to equation 2.1°% as a dimensionless figure, using water and TMS
(tetramethylsilane) as extreme polar and nonpolar reference solvents. The EfN
scale ranges from 0 for TMS, the least polar solvent, to 1 for water, the most
polar solvent. Er is the molar electronic transition energy of 2,6-diphenyl-
(2,4,6-triphenyl-1-pyridino)phenolate betaine dye measured in kcal/mol at 298

K and 1 bar pressure according to equation 2.2.%4

e E(solvent) - £ .(TMS)
"~ Eq(water)- E (TMS)

_ ET(solvent)-30.7 (2.1)
324
28591 (2.2)
E(30) (kcaVmol) = —— :
1(30) (keal/mol) TR

A higher E¢" value indicates a higher solvent polarity. For hemicyanines 4 and
5 a good correlation was observed, whereas for 6 the correlation was not
satisfactory. The square of the correlation coefficient (rz) of Ef versus Amax fOr
hemicyanines is presentéd in Figure 2.3.

The Stokes shift (Avy) of hemicyanines 4-6 in straight chain alcohols
were estimated from the absorption and emission maxima (Tabl;:s 2.1-2.3).
The Avg values were correlated with (i) Reichardts' parameter (Figure 2.4) and

(ii) solvent polarity function, Af (Figure 2.5). For hemicyanine dyes 4 and 5,
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320 - a,4(r’ = 097)
b, 5 (£'= 0.99)

Absorption max., nm
n
o
&

Figure 2.3. Plots of Reichardt's parameter (EeY) vs
absorption maxima (nm) of hemicyanines 4-6 in straight
chain alcohols.
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Figure 2.4. Plots of Reichardt's parameter (E") vs
Stokes shift (Avy) of 4-6 in straight chain alcohols.
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Figure 2.5, Plots of solvent polarity function (Af) vs stokes
shift (Avg) for 4-6 1n straight chain alcohols.

|
the Stokes shift increases linearly with E1" and Af values. The data points of 6
were scattered in both the plots and hence these "correlations were not further

|
pursued The increase in Avg values with solve#lt polarity indicates that the

|

chromophores undergo a dipole moment chaﬁge on photoexcitation. The
difference in dipole moment, Ay, between the éxcited and ground states of 4

and 5 were estimated from the Lippert-Mataga ejc!]uation (equation 2.3),36,57
|

e
AVst = Vabhs - Vem = Z—A—:zz—jﬂ" + Constant (2.3)

where ‘a' is the radius (A") of the spherical’cavity in Onsager's theory of

J

reaction field, 'h' is the Planck's constant (JK';mol") and ‘¢’ is the velocity of
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light (ms'l). The solvent polarity .parameter Af is related to the solvent

refractive index (n) and dielectric constant (g) as perlequation 2.4.

Af - (8 '1) - : (l'lz-'l) ' (2.4)
2e+l  2n%+l

The difference in dipole moment, Ap,, for herﬁicyanines 4 and S were
estimated as 11.47 D and 10.76 D, respectively. |

The emission spectra of 4, recorded in .la series of straight chain

aléohols, of varying polarity, is shown in Figure 2.6. The quantum yield of
|

fluorescence decreased by an order of magnitude by increasing the polarity of

the solvent. For example, in hexanol (ETN = 0.5595 the fluorescence yield (®y)

is estimated as 3.2 x 10™, whereas the ®;in methano! (E;" =0.762) is 4 x 10~.

The ®¢values of 4-6 in straight chain alcohols are summarized in Table 2.4. As
discussed in Section 2.2, the hemicyanine 6 pref%rs a twisted conformation in
its excited state.32 An increase in solvent polarity stabilizes the twisted state
leading to a decrease in quantum yield.2? Apart from the solvent polarity, the
viscosity of the medium may also influence; the\emission properties of
hemicyanines. An increase in viscosity was observed for higher homologues of
straight chain alcohols (Table 2.4) and this may also be responsible for the
changes in the fluorescence yield. In order to -obtain a better insight on the
dependence of viscosity and polarity, emissionfproperties of 4-6 were carried

out int isoviscous solvents of varying polarity. Propan-1-ol at 265 K, butan-1-ol

at 279 K, pentan-1-ol at 289 K and hexan-1-ol at 299 K possess almost the
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same viscosity (5 cP) and the ®¢ of 4-6 were found to remain more or less
constant in isoviscous solvents. These results are summarized in Table 2.5. In
the present study, viscosities of solveht were maintained at 5 cP by keeping the
solutions at different temperatures and the activation factors are not‘
considered. These aspects are discussed in the following sections by
investigating the viscosity dependent photophysical properties of hemicyanines
by (i) varying the composition of glycerol/methanol at constant temperature
and (i1) varying the temperature of the medium {(glycerol). Temperature
dependent studies can provide a better understanding of the intramolecular

activated processes from the singlet excited state of herhicyanines.

10 F a a, hexan-1-ol
= b, butap-1-ol
"i 8 ¢, propan-1-ol
Z d, methanol
z
o O
~
=
o
=
lo 4
@

R4
g 2
=

0

520 560 600 640 680
Wavelength, nm

Figure 2.6. Emission spectra of hemicyanine 4 in
straight chain alcohols. ‘



Table 2.4. Fluorescence quantum yield of 4jand 6
in straight chain alcohols

¢

1 \ O
Solvent Ef n{cPy _f
4 6
Methano! 0.762 0547  0.004 0.007

Propan-1-0l  0.617 1.947 0.012 0.018
Butan-1-o! 0.586 2.607 0.027 |'0.006
Pentan-1-o1  0.586 3.190 0.024 10.045

Hexan-1-0ol  0.559 4.592 0.032 0.073

|

“EN, Reichardt’s solvent polarity p’arameter“;!

b ; . .
n, viscosity at 298 K58 ; C(Df, quantum yield of
fluorescence, error limit £ 5 %.

Table 2.5. Fluorescence quantum yields of 4-6 in
isoviscous alcohols (n = 5 cP)S® of varying
polarity

Solvent (temp.) ENe P
4 5 6

Propan-1-0l (265K)  0.617 0.04 0.03 0.8
Butan-1-o! (279 K) 0.586 0.04- 004 0.10
Pentan-1-ol (289 K)  0.586 005 003 0.11

Hexan-1-0l (299 K)  0.559  0.045  0.04 0.08

a ] ] b
E.", Reichardt’s solvent polarity parameter54;;” ®; quantum
yield of fluorescence, error limit + 5 %.



38
2.3.3. Effect of Viscosity

The effect of viscosity () of the medium, on the fluorescence quantum
vields (®¢) and lifetimes (t7) of hemicyanines were studied by varyiﬁg the
compositions of methanol and glycerol. Viscosity of glycerol/methanol
mixtures were determined using Brookefild Viscometer. All the measurements
were carried out at 293 K. Since both the solvents are highly polar in nature the
polarity changes were neglected (dielectric constant of methano! and glycerol

are 32.6 and 42.5, respectively).

The absorption spectral features  of 4-6 remain unaffected In
methanol/glycerol mixtures of varying viscosity and the viscosity dependent
emission studies were carried out using optically matched solutions (OD at 440
nm = 0.1). The emission spectra of hemicyanine 4 in different
glycerol/methanol mixtures are shown in Figure 2.7. Dramatic enhancement in
the emission yields were observed for 4-6 with increase.in viscosity of the
medium. The emission yield of 4 in methanol (n = 0.49 cP) is very low ((5 £
0.25) x 10™), whereas in glycerol (n = 1490 cP) it is 0.34 + 0.03. This can be
attributed to the slowing down of excited state bond twisting in viscous

medium. The fluorescence quantum yields of 4-6 in different

glycerol/methanol compositions are summarized in Tables 2.6 - 2.8.
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Figure 2.7. Effect of addition of glygerol on the
fluorescence of 4 in methanol: Glycerol % (1, cP) (a) 0
(0.49), (b) 70% (80), (c) 80% (328), (d) 8?% (448) and
(e) 100 (1490). :

The fluorescence decay profiles of 4-6 in methanol/glycerol mixtures
were recorded by using the time correlated single-photon counting (TCSPC)
system. Samples were excited at 440 nm and the emi§sion were followed at
600 nm. All the fluorescence lifetimes were measured at 293 K. The decay
curves in all the above cases were fitted to a monoexponential decay and the
lifetime were extracted from the measured decay curves by deconvolution of
the instrument response function. Figure Z.é shou{s the fluorescence decay
profile of 4 in methanol/glycerol mixture and an enhancement in lifetimes was
observed with increase in viscosity for all the three compoundé. For eg.,
lifetimes of 4 in methano! (n= 0.49 ¢P) and glycerol (n= 1490 cP) are 0.1 and

1.4 ns, respectively (error limits < 5%). The lifetimes of 4-6 in

methanol/glycerol mixtures are summarized in Tables 2.6-2.8.
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Table 2.6. Fluorescence propertiesa and singlet state | deactivation

b .
rate constants "~ of 4 in glycerol/methanol mixtures at 293 K

[ '

% Glycerol  7,cP?  @° 1,n8° k. 10°s7"° ikm, 10°s7'¢
in Methanol |

0 049 0.005 0.10 0.050 © 9950
- 70 80 0.078 0.22 0.355 4.191
75 198 0.107 0.31 0.345 2.881
80 528 0.136 0.47 0.289 1.838
85 448 0.185 0.47 0.393 1.734
95 1114 0.335 0.68 6.493 0.978
100 1490 0.344 1.39 0.248 0.472

a . o ..
@y, quantum yield of fluorescence and 1y fluorescence lifetime (ehor limit + 5%);
k., rate constant for radiative decay estimated as per equation 2.5; ik“"’ rate constant

- . . d. .
for nonradiative decay estimated as per equation 2.6; viscosity of 41ycerol/methanol
mixtures détermined using Brookefield Viscometer. ;



Table 2.7.  Fluorescence pr0pertiesa and singlet sta

4]

deactivation

t
b, - -
rate constants - of 5 in glycerol!methanfl mixtures at
203 K

% GI‘cherol in m,cP? D 1,ns® k, 10°s” hr;r Ko, 10%57¢

Methanol J

70 80 007 0230 0304 4.043

75 198 0.10 0237  0.424 3.798

80 328 0.14 0377 0371 2.281

85 448 0.18 0569 0316 1.441
|

90 696 020 0566 0353 1.413

95 1114 025 0.784 0319 0.957

100 1490 033 1.120 0.598

0.295
|

a . . .
@, quantum yield of fluorescence and ¢ fluorescence| lifetime (error

limit + 5%);

b . .
K,, rate constant for radiative decay estimated as per

‘ . ¢ . .
equation 2.5; Ky, rate constant for nonradiative decay estimated as per

. d. . X : .
equation 2.6; viscosity of glycerol/methanol mixtures determined using
Brookefield Viscometer.
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Table 2.8.  Fluorescence propertiesa and singlet state deactivation

b, . ~ .
rate constants '~ of 6 in glycerol/methanol mixtures at
293K

ot

% Glycerol n,¢P? % 1,ns* ki, 10°s'% Kk, ilO? !¢
-/Methanol

70 80 0066 0260 0254 3.592
75 198 0080 0358 0224 2,570
80 328 0.121 0431 0.281 2,039
85 448 0.150  0.559 0.268’ 1.521
90 696  0.166 0.611 0.272 1.365
95 1114 0216  0.781 0.277 1.004
100 1490 0227 1180  0.192 0.655

a . . e |
®y, quantum yield of fluorescence and T; fluorescence lifetime (efror -
. b . . ‘
limit + 5%); k., rate constant for radiative decay estimated as per
» ¢ - . |
equation 2.5; k,, rate constant for nonradiative decay estimated as per

: d. . : . :
equation 2.6;  viscosity of glycerol/methanol mixtures determined using
Brookefield Viscometer.
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Counts

Lifetime, ns |

Figure 2.8. Effect of addition of glycerol on the

fluorescence decay profile of 4 in methanoli Glycerol %
(M, cP) (@ 70 (80), (b) 75% (198), (c) 80% (328), (d)
85% (448) and (e) 100 (1490).

The cnhanéemcnt of lifetime with viscosity is attributed to the
rigidization of the molecule in the excited state, which retards the bond
twisting in viscous medium. The radiative rate constan#s (k;) and the total
nonradiative rate constants (k,*) from the singlet excited state of 4-6 in

methanol/glycerol mixtures were estimated from the ®¢ and T, values, using

equations 2.5 and 2.6 and they are summarized in Tables 2.6-2.8.

= ¢_f (2.5)
T
k:"rt= a-¢0) @.6)
L7

|
Plots of the singlet state deactivation rate constants, k, and k', as a function

of viscosity for hemicyanines 4-6 are shown in Figures 2.9-2.11.
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Figure 2.9. Plot of singlet state deactivation rate
constants of 4 (k, and kn) vs viscosity in different
compositions of methanol/glycerol mixtures.
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Figure 2.10. Plot of singlet state deactivation rate
constants of 5 (k. and k) vs viscosity in different
compositions of methanol/glycerol mixtures.
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Figure 2.11. Plot of singlet state deactivation rate
constants of 6 (k. and ki) 'vs viscosity in different
compositions of methanol/glycerol mixtures.

The rate constant of singlet state deactivation through radiative decay
(k;) remains more or less viscosity independent for all 'the three compounds,
whereas a substantial decrease in the total nonradiative rate constant (k. ") was
observed, with increase in the viscosity of the medium. The relaxation through
nonradiative channel becomes less significant in highly viscous medium.

The relaxation rates of several triphenylmethane and polymethine dyes
were investigated earlier®® and the macroscopic shear viscosity (n) were

related to k,, using a linear relationship®! (equation 2.7)

Koe 0 1] ‘ 2.7)
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where. o is the viscosity dependent parameter for radiationless relaxation.
Earlier studies have shown that the value of o is not a constant for a particular
dye molecule and depends more on the nature; of the solvent system. The
nonradiative rate constants (knr)kof 4-6, summarized in Tables 2.6-2.8, are

further related to 1. A linear correlation was obtained between In k"

and In 7,
in me,l.hanolfglycerol mixtures (Figures 2.12-2.14) and the values of o were
determined from the slope. In the case of hemicyanines 4 as well as 6, the
values of a were estimated as 0.5, whereas for 5 a higher value (0.77) was
obtained. The values obtained for 4 and 6 were similar to that reported by

Sundstroin and Gillbro®! for cyanines (~0.5) in methanol/glycerol and

methanol/water mixtures.

-0.5 : . . L : L
4.0 5.0 6.$ 7.0
In viscosity |

Figure 2.12. Plot of In k™ vs In viscosity for 4 in
different compositions of methanol/gl‘;{cerol mixtures.
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Figure 2.13. Plot of In k." vs In vistosity for 5 in
different compositions of methanol/glycerol mixtures.
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Figure 2.14. Plot of In k., vs In viscosity for 6 in different
compositions of methanol/glycerol mixt\hes.
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In the present case, the macrosco;.aic viscosity of the medium was varied
by changing the compositions of methanol and glycerol, at constant
temperature. Since the solvent compositions are different in each case, the
microscopic viscosity experienced by the chromophore may vary due to the
size differences of methanol and glycerol. This problem can be addressed, to
an extent, by using single solvent systems and by varying the viscosity by
changing the temperature of the medium. Viscosity of glycerol in the
temperatures, ranging from 253 K to 298 K, are presented in Table 2.9 The
viscosity of glycerol varied from 9.54 x 10? cP (298 K) to 1.38 x 10° cP (253
K) on decreasing the temperature of glycerol.

The emission spectra of 4 and § in glycerol were measured at different
temperatures in the range of 253 K to 298 K. A representative example 1s
shown in Figure 2.15. A dramatic enhancement in the emission intensity, with
a hypsochromic shift in emission maximum was ob;served, on decreasing the
temperature of the medium. Similar results were 0b§erve‘d for hemicyanine $.
The solutions were excited at 450 nm and the corrections for minor changes in
absorbance at excitatlion wavelength, on.decreasing the temperature, were
accounted while calculating ®r. The ®;of 4 and 5 at different temperatures are
presented in Table 2.9.

The fluorescence decay profiles of 4 and § in glycerol were investigated
by varying the temperature (298-253 K) of the medium. A representative

example is shown in Figure 2.16. The decay curves, in all cases, were fitted to
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Figure 2.15. Emission spectra of 4 in gfyccrol at variou

temperatures. J
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Figure 2.16. Fluorescence decay profiles of 4 in glycerol
at various temperatures.
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a monoexponential form and the ¢ values.are summarized in Table 2.9. A
gradual increase in fluorescence lifetime was observed ' with decrease in
temperature and the Tt at lower tempcraturés (below 275 K) remains more or
less constant. The changes in 1, values with temperature (i.e., viscosity) are
shown in Figure 2.17. As is evident from the Figure 2.17, the curve assumes a
plateau below 275 K and the corresponding lifetiine is referred to as the
limiting fluorescence lifetime (Tpay). Tmaxof 4 and $ in glycérol are 2.15 ns and
2.0 ns, respectively.

Temperature, K
290 280 270 260

2.0
&
= 1.6
g
=
s

1.2

0.0 4.0 8.0 12.0
Viscosity x 10, cP

Figure 2.17. Plot of lifetime vs viscosity in glycerol for 4.
The radiative rate constant (k) and the sum of rate ¢onstants of all the

nonradiative processes (k") of 4 in glycerol, at differedt temperatures were

determined fromn the ®; and t, values (Table 2.9) using equations 2.5 and 2.6.
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k, and k. values are tabulated in Table 2.10. The radiative rate constant (k)
remains more or less unchanged whereas a dramatic decrease in the total

nonradiative rate constant (k"

) was observed with increase in viscosity of the
medium, by decreasing the temperature of glycerol. Similar results were
observed for 4-6, on varying the viscosity of the medium, by changing the
compositions of methanol/glycerol mixtures (Figures 2.9-2.11}.

Correlation of the natural logarithm of the total nonradiative rate
constants for hemicyanines (obtained by varying the temperature of glycerol)

and the natural logarithm of the viscosity of glycerol were further investigated.

A linear plot (Figure 2.18) was obtained for both the compounds. The values

0.0 !
a, Compound 4 ( a = 0.46) '
b, Compound 5 ( & = 0.4) &)2027

_‘2.5 ‘ A 1 N \ N \
7.0 8.0 9.0 10.0
In viscosity

Figure 2.18. Plot of In ku{(T) vs In 1 for 4 and 5 in glycerol at
different temperatures.
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Table 2.9. Emission properties of 4 and 5 in glycer’ol at different
temperatures

4 s

Temp., K n,cP? @ b tf,.ns ¢ O, P Te, NS¢
248 -~ 0798 2.20 0.594 2.00
253 130000  0.774 2.15 0.478 1.98
257.6 66000 0.766 2.12 0.567 2.11
262.2 35000 0.743 2.07 0454 1.97

268.8 15000  0.709 1.90 0.537 2.13
273 12000 0.656 1.85 0.516 1.80
279 6260  0.598 1.69 0.482 1.66
288 2330 0.464 1.60 0.395 1.36
293 1490 0312 139 0.334 1.12
298 954  0.206 1.10 0271 _  1.04

? viscosity of glycerol at various temperatures8; * quantum y}le of fluorescence
(error limit + 5%); © fluorescence. lifetime (error limit + 5%).
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Table 2.10. Radiative and non-radiative rate constants of 4
and S in glycerol at different temperatures

Temperature 4 | 5
(&) k10°s1e ko 10°s'® K,10°s'¢ k,.10°s'®
268.8 0373 0.153 0.252 0.212
273 0.354 0.186 0.286 0.269
279 0.354 0.238 0.290‘ 0.312
288 0.29 0.335 0.290. 0.445
293 0.224 0.495 0.298: 0.595
298 0.187 0.722 - 0.261 0.701

“ rate constant for radiative decay estimated as per equation 2.5;
’ rate constant for nonradiative decay estimated as per equation 2.6.

of o were obtained from the slope as 0.46 for 4 and 0.4 for S. These results

|
were almost the same as found for other chromophores such as cyanines and
rhodamines in alcohols.62.63 >

Several nonradiative processes occur from the‘singlet excited state,
which include intersysterﬁ crossing, internal c.onversiop, isomerization, bond
twisting etc. The k" value, estimated using equation 2.6, is the sum of the
rate constants of all the nonradiative processes from tHe singlet excited state.
The k., * were broadly divided into two components (i) the temperature

dependent or activated component (k. (1)) and (ii) the temperature independent

or nonactivated component (k’,.), as shown in equation 2.864
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Ko ' =Ko + ko (T) (2.8)

One of the major channels for nonactivated decay from the singlet excited state
is through intersystem crossing to the triplet state. Attempts were made to
investigate the excited state properties of hemicyanines in polar solvents such
as methanol, using‘ nanosecond laser flash photolysis techniques and no
transients were observed. These results indicate that the intersystem crossing is
of minor importance for hemicyanines, 4 and 5 in méthanol. The activated
components of the nonradiative rate constants were further evaluated from the

lifetimes of 4 (or 5) in glycerol at various temperatures (Table 2.10) using
equation 29" |
KnelT) = 71 - 7 ras 2.9)

where T, is the limiting fluorescence lifetime. The gctivation energies E“obs
for the nonradiative process were estimated using the Arrhenius equation by
plotting the logarithm of the température dependent nonradiative rate constant
(log k(T)) versus /T (Figures 2.19 and 2.20). The E#Ob; for 4 and § were
evaluated from the slopes of the plots as 42 kJ/mol and 50.6 kJ/mol,
respectively. The activation energy E¥ s 1S th.e barrier of the reaction which has
to be crossed. For an adiabatic photoreaction the main factors influencing the
processes are diffusive effects and intrinsic thermal Barﬁer55, as illustrated in

Scheme 2 4. The diffusive effects mainly depend on (i) the viscosity of the

medium and its temperature and (ii) on the size of the reaction volume.66 The
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Figure 2.19. Plot of log ky vs UT fdr 4 in glygerol at
different temperatures.

20.0 |

18.0 A |- 2 i N |
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Figure 2.20. Plot of log kn vs U/T for 5 in glycerol at
different temperatures.




56

viscosily dependent photophysical studies of 4-6 in glycerol have shown that
the diffusive effects play a significant role in slowing down the bond twisting.
This is often described by a hydrodynamic model qging the Debye-Stoke-

Einstein relation.

Scheme 2.4. Schematic representation of an afiabatic photoreaction
involving two states separated by an intrinsic barrier EO# and diffusive one

E4"; a) and b) denote cases with and without intrinsic barrier.65

The intri-nsic thermal height is derived from the relative population of
the transition and depend on the polarity and temperature of the medium. Thus,
the observable activation energy E* s Of hemicyan’nes 4 and 5 in glycerol
were related to the diffusive activation energy (E,) dpd to the intrinsic barrier
height Eo (P} using equation 2.1063

E* 155 = oL Ey + Eo(P) _ 2.10
’lj’he diffusive activation energy of a particular solvent can be estimated using
the Andrade equation,®5 which relates the temperatq‘re dependence of solvent

viscosity (equation 2.11},

£
Tl 1

I T e——

nm Rx

—T—— + In AT] 2.11
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where, An 1s the preexponential factor and R is the Universal gas constant. The
viscosity of glycerol at different temperaturess$ are summarized in Table 2.9
and the E, was estimated as 67.3 kJ/ mol for glycerol from the siope of the plot

of In 1 versus /T (Figure 2.21). The thermally activated intrinsic barriers (E'o)

12
11
10

In n

= - )

0.0036 0.0038 0.0040
1/T

|

0.0034

Figure 2.21. Plot of In viscosity vs U/T for[ glycerol at
different temperatures (viscosity values are adopted from
reference 58).

-~

were further investigated by substituting the values of E#n for glycerol and a,
the viscosity dependent p&ameter for radiationless relaxation (Figure 2.18) in
equation 2.8. The polarity dependent activation energy (E"y) for 4 was
estimated as 11.0 kcal/mol. These results indicate that the viscosity dependent
factors play a dominant role in the singlet excited state photophysics of

hemicyanines.
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2.4. Conclusions

A systematic study of the effect of polarity and viscosity of the
environment on the excited state properties of hemicyanings was carried out. A
substantial increase in the fluorescence quantum yield as well as the singlet
lifetime, observed with increase in viscosity of the medium is suggestive of a
restricted bond twisting. The activation energy (E*qs) for the singlet state
nonradiative deactivation was estimated and separated into diffusive barrier
(E') and a thermally activated intrinsic barrier (E*,). %n hemicyanines, the
diffusive barricr was found to have a substantial conﬁbuﬁon in the observable
activation energy E’.,. and is attributed to the bond twisting in the singlet

excited state.
2.5. Experimental Section

General method for the preparation of hemicyarines d4 and 5)

A mixture of the quarternary salt of the chromophore (1 mmol) and N,N-
dimethyl-4-aminobenzaldehyde (1 mmol) was refluxed in dry methanol (15
mL) in the presence of piperidine (2 drops) for 48 h under argon atmosphere.

The solvent was removed under reduced pressure .and the crude product

obtained was purified.

Hemicyanine 4. The crude product obtained was recrystallized from a mixture

of chloroform and hexane to give 72 % of 4, m.p. 259-260 °C (decomp.); IR



59

(KBr) voa 1571, 1531, 1487, 1442, 1381, 1343, 1265, 1125, 924 cm™; 'H
NMR (CDCl;+ DMSO- d¢) $8.2- 6.7 (m, 10H), 4.3 (s, 3H), 3.0 (s, 6H); HRMS
calculated for CjgH¢N,SI [M-1]+ 295.1269 found 295.1259 (FAB High
resolution mass spectroscopy).

Hemicyanine S. The crude product was recrystallized from a mixture of
chloroform and hexane to give 60 % of 5, m.p. 249-250 oc (decomp.); IR
(KBr) vinex 1588, 1466, 1381, 1287, 1179, 935, 812, 755, 680, 573 cm™'; 'H
NMR (CD;0D) ¢8.2-6.7 (m, 10H), 4.06 (s, 3H), 3.09 (s, 6H); HRMS
calculated for C;gHgN,OI [M-I]+ 279.1497 found 279.1509 (FAB high
resolution mass spectroscopy).

Hemicyanine 6 was prepared as per a reported procedure.67 The crude product
was chromatographed over silica gel {100-200 mesh) using a mixture (1:4) of

methanol and chloroform to give 84% of 6, mp 254-256 °C (decomp.).

Instrumental Techniques

All melting points are uncorrected and were detetmined on an Aldrich
melting point apparatus. IR spectra were recorded on a Perkin-Elmer Model
882 IR Spectrometer and the UV-Visible spectra on a Shimadzu UV-3101PC
UV-VIS-NIR Scanning Spectrophotometer. 'H and BC NMR spectra were
recorded on a Bruker DPX-300 MHz spectrometer. Emission spectra were
recorded on a SPECTRACQ spectrofluorimeter and corrected using the

program supplied by the manufacturer. Quantum yield of fluorescence was
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determined by a relative method using optically dilute solul:tions of the dyes

(OD of 0.1 at the excitation wavelength) using Rhodamine 6G in ethanol (O¢=

0.9) as standard. Fluorescence lifetimes were measured iusing a Tsunami
!

Spectra Physics or Edinburgh FL900CD single photon counting system. The

viscosity of different compositions of glycerol/methangl mixtures were

determined using a Brookefield Viscometer.
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CHAPTER 3

Conformational Switching and Exciton Interactions in

Hemicyanine Based Bichromophores

3.1. Abstract

Two novel hemicyanine based bichromophores, l énd 2 have been
synthesized and characterized. The photophysical properti¢s of these dyes have
been studied in detail. Both the bichromophores exist in an ¢xtended conformation
in polar medium and undergoes an intramolec_ular folding to a well ordered,
parallel stacked conformation, on decreasing the polarity asiwell as temperature of
the medium. The polarity dependent conformational chang@s of the bridging unit
and the solvophobicity of the dye in nonpolar medium dtive the folding of the
bichromophores. Dramatic changes in the ground and excited singlet state
properties, observed upon folding are attributed to the formation of intramolecular
aggregates of H-type. Folding-unfolding processes in these molecular systems
were completely reversible and studied, in detail, using steady state absorption and
time resolved fluorescence spectroscopy. The eqijilibriu‘my constant as well as the
free energy of formation of intramolecular aggregates are reported. Based on the
steady state emission and excitation studies it is suggested that the weak emission
observed in the case of the folded form originates from a forbidden state. Time
resolved fluorescence studies indicate that both the bichromophores exhibit

monoexponential decay, with a short lifetime, in dichloromethane solutions
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containing, < 50% toluene. Interestirigly, a biexponential decay with a short and

long lived species was observed at a higher toluene concentration, due to the

~presence of unfolded and folded forms. Folding results in the int_ramolecu'lar

stacking of chromophores which restrict their tors'fional dynamics, leading to a
longer lifetime. Laser excitation of the folded form results in a temporal
conformational switching, to the unfolded form of the bichromophore, due to light

induced temperature jump.

3.2. Introduction

Design and study of molecular as well as supramolecular photoactive
systems have been actively pursued in recent years, due to their potential
applications-in optoelectronic devices' (for e.g., molecular switches,”™ sensors, 3
transducers,’ information processing and storage -devices®). Synthetic molecular
systems and polymers, which can adopt well-deflned conformations in solution,
analogous to the folded state of proteins, are of particular interest. Spectroscopic
investigations of these systems, by various groups have provided reasonable
understanding on the interactions such as hydrogen bonding and solvophobic

forces.” These studies also provided insight into the manner in which

conforinational ordering develops in molecular systems to helical, pleated and

foldameric structures.®
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3.2.1. Conformational Ordering of Molecules

Several types of synthetic foldamers have been ¢xplored in recent years,
among which the B—peptides are the most thoroughly characterized in térms of
folding properties.” Oligemeric systems which can adopt secondary structures
through hydrogen bonding have also been examined."® Another class of molecular
system, based on oligomeric donor-acceptors (Chart 3.1}, was reported to fold into
pleated secondary structures, resulting from the interaction between alternating

electron-rich donor and electron-deficient acceptor groups.'’

Chart 3.1. Pleated structures"
Soivophobically driven folding of phenylene-ethynylene oligomers (for e.g.,

compound 2) to helical conformation (Chart 3.2) has been recently demonstrated
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by Prince ef al.'? This putative helical conformation creates a barrel-like cavity

that may function as a molecular container for specific recognition and
complexation.

CH;,

OO A GO -CHs

H o~
~3

SiMe3
n

2 (oligomerwithn=2,4,6...18)

Chart 3.2. Solvophobically driven folding"?

Conformational changes in molecular and supramolecular systems can, in
principle, be modulated by chemical, photochemical xor electrochemical
methods."” Such changes when translated to optical as well as electronic
+ properties form the basis of switching devices."! Most of the above mentioned
systems are either oligomeric or polymeric in nature and it is difficult to
understand the dynamics of the conformational changes in these complex
molecular structures. Another class of molecular systems which can form well

ordered structures in solution are bichromophores and a few representative

examples are summarized below.
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3.2.2. Bichromophores

Bichromophores are molecular systems consisting of two chromophoric
units linked together by a bridging unit. Conformational changes in such systems
can be modulated by varying the nature of the bridging (rigid or ﬂexiblé) and the
chromophoric  units (charge density, hydrophobicity/hydrophilicity etc.).
Conformational changes in bichromophores can affect the interchromophoric
separation and their close proximity results in coupling. This can induce changes
in their ground and excited state properties, for e.g., unsymmetric bichromphores
containing chromophoric units with properly tuned optical and redox properties,
can induce energy or electron transfer. Photoinduced energy transfer studies in
coumarin based unsymmetric bichromophores, linked together by penta(ethylene

oxide) spacer, have been reported by Valeur and coworkers '* (Chart 3.3).

Fy
L0 >
070 (OCH,CH,)sNH 0”0

DONOR ' ACCEPTOR
3

GO

lo
SUE

Chart 3.3. Photoinduced energy transfer in bichmmophores13
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A significant increase in efficiency and rate of energy transfer was
observed upon complexing with Pb>". More recently solvent dependent
conformational changes in a poly(oxoethylene) linked binuclear complex were
investigated by probing the photoinduced energy transfer.'*

Conformational changes in symmetric bichromophores can lead to the
formation of either ground state aggregates or excimers. Aromatic compounds (for
eg., pyrene’’) form molecular associates in their excited states {excimers),
whereas the interaction between the chromophoric dyes in their ground state leads
to the formation of aggregates and is explained on the basis of the theory of

“exciton coupling.'®

3.2.3. Exciton Coupling in Chromophoric Dyes

The self-association of dyes in solution (or at the solid-liquid intc?rface) is
referred to as aggregation and its importance has been widely recognized in
photographic sciences, tunable lasers and photomedicine.'” Aggregation leads to
spectroscopic changes-in molecules such as spectral shifts, nonconformity with
Beer-Lambert law and fluorescence quenching. The most widely used techniques
to study aggregation are absorption and emission spectroscopy. The ability of
chromophoric dye molecules to aggregate depends on (i) the structure of the dye,
(i1} solvent medium, (iii) temperature and (iv) the presence of electrolytes. The
various driving forces of aggregation are electrostatic dipole-dipole interactions,

solvophobic interactions and intermolecular hydrogen bonding.'® In the case of



71

ionic dves, aggregation results from the strong hydrophobic interactions, which
first overcomes the coulombic repulsion between the chromophores and then
brings them to a reasonable distance to form dimers (and subsequently higher
oligomers}. There have been different approaches to explain the phenomenon of
aggregation, the simplest of which is the theory of exciton coupling put forward by
Mc Rae and Kasha.'®

According to exciton theory,'® the dye molecule is considered as a point
dipole. Strong dipole-dipole interactions in the excited state lead to the formation
of an exciton band. Dye aggregation splits its singlet state into two levels; one
lower in energy and the other higher in energy, than the excited state of the

corresponding monomer (Chart 3.4),

"Head to Tail" "Card Pack"
ES — _\(....“.. \{1-
GS -+ —
Monomer J-aggregate . H-aggregate

Chart 3.4. Exciton splitting in dye aggregates 16

The allowed transitions are governed by the tilt angle, o (often referred as angle of
slippage) as shown in Chart 3.5. When the slippage angle is less than
approximately 54 , the transition to the lower energy level is allowed. This leads

to a narrow red shifted absorption, relative to that of the monomer absorption and
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is often referred as J-aggregates. In contrast, transition to the higher level is
* allowed, when the slippage angle is more than 54  resulting in a hypsochromically
shifted absorption band (H-aggregates). In the case of H- aggregates, the molecﬁles
get packed in a plane to plane manner, and in an ideal situation it forms a
sandwich type arrangement. For any intermediate geometry, both the blue shifted

as well as the red shifted peaks may appear. The oscillator strengths of the

]J M H
o 0 54° 99
-
Line of ___ 71)0‘
Centers ﬁﬁ

Chart 3.5. Angle of slippage in dye aggregates

short wavelength (f}) as well as fong wavelength bands (f;) and the slippage angle

() can be correlated by the equation (3.1)."
fi/f, = tan” {(180-ct) /2) (3.1)

The extent of splitting depends on the magnitude of interaction between the
oscillating dipeles of the two molecules and in the case of coloumbic interactions,
only the dipole-dipole term is considered.”® In such cases, the interaction energy,

AE (equation (3.2)) is related to the transition moment integral,

AE = 2M’/R’] G (3.2)
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M| and d, the distance of separation bel;)veen the centers of gravity of the
component molecules in the dimer (G is the geometry factor).

Earlier studies were focused on the spectroscopic characterization of the
ground state of aggregates. The most notable investigations on their photophysical
properties ar¢ by Rohz—itgi and Singhal21 on lonic dyes and by Neckers and
coworkers '’ on Rose Bengal based systemns. Polymethine dyes such as cyanines
and squaraines have a strong tendency to form aggregates and are widely used as
photosensitizers in optoelectronic devices and as fluorescent probes in biomedical
field ** (details on the applications are presented in Chapter 1). An understanding
_of the intermolecular interactions such as aggfegation, in these chromophoric
systems, can help in tuning their photophysical properties (by structural
modifications). These aspects have been investigated in great detail by several
groups of workers. For example, Wurthner and Yao,” in a recent report, have
related the low nonlinear optical susceptibilities of merocyanine dyes in polymeric

materials to an aggregation mechanism (Scheme 3.1). Merocyanine dyes are

Scheme 3.1. Dipole-dipole interactions and electric-field-
induced orientation (model for the competition between internal
organization of dipolar dyes by dipole-dipole interactions (right}
and external organization by electric-field-induced orientation
leading 1o a noncentro-symmetric metastable dye arrangement as
desired for nonlinear optical applications).23
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considered as the most suitable candidate for photorefractive applications on the
basis of their molecular properties.”* However, such dipolar dyec molecules
aggregate in an antiparallel fashion as a result of internal electrostatic ‘forces
(Scheme 3.1, right) which counteract the external forces imparted by the electric
field during poling and thus fail in providing the expected electro-optic responses.
Advances in the ultrafast spectroscopic methods (nanosecond as well as
picosecond time resolved absorption and emission techniques) have widened
the scope of our understanding of the excited state properties of dye aggregates.
Excited state properties of an aggregated cyanine were investigated in detail by
Khairutdinov and Serpone®® and found that these aggregates have longer singlet
lifetime, though their fluorescence quantum yield are lower than that of the
monomeric analogue. Another class of chromophoric aggregates, which
received attention in recent years, are systems based on squaraines.”® More
recently, Das and coworkers?’ have extensively investigated, both the singlet as
well as triplet excited state properties of J- and H-aggregates of squaraine dyes.
In all the above-mentioned cases, the intermolecular association of two
chromophoric units results in the formation of the dimer. Further addition of
monomers can lead to the formation of higher order aggregates and it is
difficult to control their spatial dimension. A better control on the spatial
disposition of the interacting chromophores in aggregates is possible through a
rational design and bichromophores are a group of molecular systems, which

have gained attention in this regard.
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In an earlier work, Nakanishi and coworkers®® hdve linked cyanine
chromophores to the 1,2-positions of cyclohexane as in 4 (Chart 3.6) and have

|
related the circular dichroism observed in 4, to exciton coupiing.

H O
O:NMN
NSNS

4

Chart 3.6. Biscyanine (Nakanishi, Harada and coworkers®®)

Effect of the relative orientation of the chrolmophores on the spectral shift
in biscyanines, linked through a rigid 1,8-naphthylene skeleton as in § (Chart 3.7),

was investigated by Kato er al.*®

29)

Chart 3.7. Biscyanine (Kato ef al.

More recently, Whitten and coworkers have investigated the aggregation
properties of bichromophores based on squaraines® (6 Fn Chart 3.8a) and

merocyanines®' (7-10 in Chart 3.8b) tethered by methylene chain.
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Chart 3.8a. Squaraine bichromophores (Whitten and coworkers’")

Chart 3.8b. Merocyanine bichromophores (Whitten and coworkers M

For both these systems, an extended conformation s preferred in nonpolar
solvents and a folded one in polar solvents leading to J- and H-aggregates,
respectively. In contrast to the squaraine dimers, whith do not fluoresce, excimer
type fluorescence was observed from the folded form of merocyanine dimers. The

studies on bichromophores reported so far, deal mainly with the chromophoric
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mnteractions and it is possible to design optoelectronic devices by modulating their
_opiical propertics. This Chapter mainly focuses on the design of bistable molecular
systems based on bichromophores, taking advantage of' the chromophoric
interaction and exciton coupling. In Chapter 2, we have investigated the detarled

photophysical and excited state properties of a few of the hemicyanine based

cl&romophorcs Jisted in Chart 3.9.

11 12 : 13 14
Chart 3.9

Here, we have designed a few novel bichromophores possessing the above mentioned
hemicyanine units, linked together by polyethylene glycol chain (15-19, Ghart 3.10). The
detailed photophysical properties of two of these bichromophoric systems (15 and
16), having benzothiazolium acceplor groups, were investigated by varying the
solvent polarity or by the application of an external stimulus such as heat.or light.
The conformational changes of the polyoxoethylene chain in nonpolar solvents

bring about the folding of the bichromophore, leading to the formation of

intramolecular homoaggregates.
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3.3. Results and Discussion

3.3.1. Synthesis and characterization of bichromophores

Syntheses of the hemicyanine based bichromophores, 15-19 (Chart 3.10),
were achieved through the sequence of reactions shown in Scheme 3.2.
N-methylaniline tethered glycols (21, 22) were prepared through reported
procedures, ** which were further subjected to Vilsmeier fohnylation to obtain the
bisaldehydes (23, 24). These bisaldehydes were the kéyl intermediates in the
syntheses of the bichromophores, 15-19 and were achieved by the condensation of

the corresponding aldehydes with the appropriate quarternary salt of the
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A

chromophore.”® The crude product, inr each case, was purified by chromatography
over alumina to give the appropriate bichromophores in 40-50 % yield. All new
compounds were fully characterized on tﬁe basis of analytical results and épectral
data. Detailed experimental procedures for the synthesis, purification and

“ characterization of the bichromophores and the precursors are given in Section 3.5.

23, n=1
¢ 24,n=2
o 0
ava N
R/ CH; H,C N_r
15-19

Scheme 3.2. Synthesis of bichromophores a) CICH;-[CH;O-CH;],-
CH,Cl (n = 1, 2}, K;CO;, KI, n-butanol; b) DMF, POCl,; c) quarternary
salt of the corresponding heteroaromatic compound, piperidine, dry
methanol, in step (c) the salts used for 15 and 16, 2-methyl-
benzothiazolium methiodide, 17, 2-methylbenzoxazolium methiodide; 18,

4-methy) picolinium methiodide; 19, 4-methylquinolinium methiodide.
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3.3.2. Steady State Absorption

Hemicyanine based bichromophoric systems (L'S -19) absorb in the 450-600
nm spectral region. The structureiess absorption/ bands observed in theée
bichromophores were attributed to a donor-acqreptor charge-transfer (CT)
transition. We héve confirmed this by investigating the effect of perchloric acid on
the absorption spectra of model compounds and these results are summarized in
Chapter 2. Recent X-ray diffraction studies™ as' well as absorption spectral
studies®® have also suggested the involvement of an fintramolecular charge transfer
resonance between the nitrogen atoms in hemicyanir;e dyes.

The absorption spectra of the bicﬁromophorés (15 and 16) were compared
with a corresponding model compound (11 in Chart 3.9) and their spectral
properties are summarized in Table 3.1, Comparative plots of the absorption
spectra of the bichromophore 15 (A = 540 nm) aTLd model compound 11 (Ag. =
553 nm) in dichloromethane are shown in Figurei 3.1. Both the bichromophores
exhibit a broad band centered around 540 nm in fCH;‘(\Zlg_ The absorbance of this
band follows Beer-Lambert law and the spectral| shape remains unaffected with
concentration, ruling out the possibilify of a ‘;‘strong intra- or intermolecular
interactions. Thus, the broad band, absorbing airc&und 540 nm may correspond to
mononieric form of the bichromophores. SimilarjI results were obtained for model

compound 11 and bichromophores, in polar sdlvents such as CHCI;, CH,CN,
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CH;OH etc. The origin of this structureless absorthion band is attributed to a

donor-acceptor charge-transfer (CT) transition. The half width of the absorption

0.4

0.3Fz"

0.0 S ;
0.2 F 400 4s0 s00 S50 6o0s
Wavelength, nm

Absorbance

0.0 Rl et L e
300 400 500 600
Wavelength,i nm

|
Figure 3.1. Normalized absorption spectrum of the

bichromophore 15 and model compound 11 in CH,Cly:

(a) 15, (b) 11. Inset shows the abkorption spectra of 15
and 11 in CH;0H.

band (v ) of 11 in CH,Cl, is 2283 cm™ and a spectral broadening was observed

=

with increase in polarity of the solvent. There are several bonds in hemicyanines,
which may undergo torsional motions. It is suggestgd that the torsional motions,

coupled with solvent reorganization may lead to spectral broadening of

\
hemicyanines, in polar solvents. Compared to 11, both the bichromophores 15 and

16 exhibit a broad absorption band and v, is not inﬂuenced by solvent polarity
(Vin ~ 3000 cm™). The chromophoric units in 15 and 16 are linked together by a
flexible poly(oxoethylene) chain. Depending on the nature of the solvent, the

|
poly(oxoethylene) bridging unit can adopt various conformations, which may
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result in weak through-space interactions lbetween the two hemicyanine units, in
15 and 16. These factors along with the torsional motions of the hemicyanines,
\may lead to the broadening of the absorption spectrum. For detailed photophysiéal
investigations, we have selected the benzothiazolium based bichromophoric

systems 15 and 16 and the results are compared with the model compound 11

(Chart 3.11).

O O
@Ew CH3 H3C @\_m
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Crp o CH@WJ\KJ
Hch %m

CH,
Chart 3.11
Addition of varying amounts of toluene to a solution of 15 and 16 in CH,Cl,
led to a gradual hypsochromic shift in its absorptior-l band \(Eigures 3.2 and
3.3, respectively). Interestingly, on increasing the toluene content (> 70 %
(v/v) toluene/CH,Cl, at 25 °C), a decrease in the intensity of the monomer
band was observed, accompanied by the formation of a shafp band at 420
nm. The effect of temperature on the absorption spectrum of 15 was

investigated in a mixture of 80 % toluene/CH,Cl, (Figure 3.4).



Table 3.1. Absorption and = emission properties of -
bichromophores and model compounds in
dichloromethane

Absorption F‘Juorescence

Compound Amax (@bs) Avip Amax (BTT1.) OFs

(e, M'em™) (em™)
15 540 2979 600 0.01
(104940)
16 540 2979 600 0.0098
(107000)
11 553 2283 597 0.018
(89563)
17 519 2860 55% 0.012
(85021) ‘
12 524 2143 559 0.028
(86141)
18 519 3271 614 0.095
(62600)
13 513 2826 6114 0.122
(46606) | N
19 551 3555 682 0.007
(22631)
14 572 2620 ° 6§2 0.013
(28350) -

a) error limit + 5%.

33



0.16

a, 0 %

0.12

Absorbance

I ] -
400 500 600
Wavelength, nm

| Figure 3.2. Visible absorption spectra of 15 in different
compositions of toluene/CH,Cl; at 25 OﬁC.
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Figure 3.3. Visible absorption spectra of 16 in different
compositions of toluene/CH,Cls at 25 o}
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The intensity of the 420 nm band is markedly higher at lower temperatures. A
complete reversal to the monomeric form was observed with increase inr
temperature, indicating that an equilibrium process is involved. Similar results were
observed for the bichromophore 16 (Figure 3.5).

Cyanines and squaraines derived from benzothiazolium units are known to
form face to face or parallel dimers (H-aggregates), characterized by the
appearance of a blue-shifted absorption band.***” The new high-energy band,
observed at 420 nm 1s due an H-aggregate, arising from the paralle! stacking of the
hemicyanine chromophores. In the present case, parallel stacking of the
chromophores is possible in two different ways: (i) through an intermolecular
interaction between two or more bichromophores {aggregation number > 2) in a
card pack arrangement or (i1} through an intramolecular interaction between two
hemicyanine units of the bichromophore, as a result of the folding of the molecule

(aggregation number one). Both these possibilities are illustrated in Scheme 3.3.

5o
s e, WP
@:@,?;/ CHy HyC @;f = —T
[ é"“- n=1 H,
n= 2
| 4 —
[ —
or
I 1
| t = b
— — J"J
Type 1; aggregation number > 2 Type 2; aggregation number = }

Scheme 3.3: Pictorial representation of the aggregation of bichromophore
{Type 1-card pack arrangement; Type 2- intramolecular folding).
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Figure 3.4. Visible absorption spectra of 15 at various
temperatures in 80 % (v/v) toluene/CH,Cl,.
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Figure 3.5. Visible absorption spectra of 16 at various
temperatures int §0 % (v/v) toluene/CH,Cla.
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In order to understand the naturelof stacking, aggregation properties of the
bichromophores were investigated in detail. The aggregation numbers of 15 (Figure
3.6) and 16 (Figure 3.7) were determined by‘studying the effect of concentration of
bichromophore on the absorption spectra. The absorption bands of the monomer and
aggregate were well séparated and the spectral overlap at their absorption maxima
were negligible (Figure 3.2-3.7). The extinction coefficient of the monomer of both
the bichromophore were estimated (for 15, & (500 nm) = 74300 M'cm™ and 16, ¢
(500 nm) =58300 M'cm’™) at their peak maxima in 70 % tgluene/ dichloromethane
at 25 °C (aggregation was not observed when the toluene content was below 70 %,
refer Figures 3.2 and 3.3). The concentration of the monon;‘xer ([M] = absorbance of
M/e of M) and aggregate ([A] = total concentration - [M])‘ were estimated and they
followed a linear dependence ([M] o [A]) for both the bichromophores. The
equilibrium constants (K) for the bichromophores were estimated from the

concentrations of the monomer and aggregate (equation 3.3) and the plots of the

K =[A)/[M] 3.3)
log [M] versus log [A] \.Nere tound to be linear. Thel-l aggregation number was
estimated as one, in both the cases, indicating the formeition of homoaggregates of
Type 1I (Scheme 3.3). The equilibrium constants (K (24 OC)) for the formation of
homoaggregates of 15 and 16, through the folding of bichromophore, were

estimated as 2.2 and 5.2, respectively. Based on these results it is concluded that
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Figure 3.6. Visible absorption spe¢tra of 15 at different

concentrations (0.56-2.84 uM) in 85 % (v/v)
toluene/CH;Cl, at 25 °C.
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Figure 3.7. Visible absorption spectra of 16 at different
concentrations (1.38-3.03 uM) in 85 % (v/v) toluene/
CH,Cl, at 25 °C.
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both the bichromophores exist in equilibrium conformations, folded and unfolded
(a pictorial presentation is shown in Scheme 3.4), depending on the polarity and
temperature.

The sharp band with absorption at 420 nm corresponds to a well-de;ﬁned

{olded conformation. The long wavelength band, observed in the 450-600 nm

1© 1
oN-CH; CH3-Ng
\

S S

e N N_
00 CH;

Unfolded
Scheme 3.4. An illustration of the folding-unfolding process of
bichromophores, based on the photophysical studies.
region corresponds to a unfolded geometry. In the unfolded geometry
bichromophoric systems can exist in several conformations, which are more
disordered since they are linked togethér by a flexible poly(oxoethyiene) chain.
Poly(oxoethylene) linkers exhibit solvent depehdent conformational changes and
have been studied by theoretical as well as experimental investigations.*® It is
reported that the carbon-carbon bond of --OCH;CH,O- unit exists predominantly

in the gauche- conformation in a highly polar‘medium, but shifts to the frans-
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conformation in a low polar medium.*® In 15 and 16, the unfolded conformation
may be more stable in polar solvents due to the presence of gauche configuration.
The polarity dependent conformational changes of the bridging unitl and
solvophobicity of the dye in nonpolar medium, enables the folding of 15 and 16,
overcoming the coulombic repulsion between the chromophores. Solvophobically
driven folding processess were recently reported in mero¢yanine dimers’' (Chart
3.8b) and substituted phenylacetylene oligomers'? (Chart 3.2). In the present case,
the molecular systems 15 and 16 prefer a well ordered folded conformation in
nonpolar medium with parallel stacking of the chromopl‘mres (Schemes 3.3 and
3.4), since such an arrangement can minimize the polar chromophoric surface
exposed to the nonpolar solvent.

One of the intercsting features of 15 and 16 is their ability to undergo
temperature dependent conformational changes. The folding-unfolding processes
were completely reversible and highly sensitive to the temperature of the medium
(for e.g., Figure 3.4). In the present case, the interconversions between the two
forms of the bichromophores are possible in a small temperature range. The
equilibrium constants for the formation of intramolecular aggregates of
bichromophores (K (24 OC) of 15 and 16 are 2.2 and 5.2, respectively) are orders of
magnitude lower than the intermolecular dimerization constants for
merocyanines.”> In the case of hemicyanine based bichromophores, the main
driving force for aggregation is the solvophobicity, whereas the latter ones are

driven by electrostatic dipole-dipole interaction. The equilibrium constants for the
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formation of the intramolecular aggregates of 15 and 16 were obtained at different
temperatures. The free energy for the formation (~AG(24OC)) of the homoaggregates
. of 15 and 16 were estimated as 2.0 and 3.7 kJ mol”, resjpectively using the
equation 3.4, These low energies suggest that the folded formsiare not energetically

AG =-2303 RT log K : 3.4)
favoured. Indeed, the low equilibrium constant and free energy of formation of
intramolecular aggregates are advantageous in the present case, since they permit
the interconversion in a smaller temperature range (15-35 ?C). In summary, both
the bichromophores undergo folding from an extended conformation to a well
ordered, paraillel stacked conformation, on decreasing the polarity as well as
temperature of the medium.

3.3.3. Steady Siate Emission Properties

39,40

Recent investigations on the excited state properties of hemicyanine

dyes suggest that (i) the singlet excited state of the chromadphore deactivate mainly

!
through bond twisting (rotamerism)® and rigidizatian by structural

(a

prevent nonradiative deactivation; (i) the substitution of

dialkylamino- group in hemicyanines markedly Jreduces the trans-cis

modifications®

isomerization.*® Viscosity and polarity dependent studi¢s of 11 indicate that the
singlet excited state of the chromophore deactivates through competing radiative

and nonradiative channels. The rigidization of 11 in viscous medium, prevents the
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excited state bond twisting, leading to a dramatic enhancement of fluorescence
quantum yield (@) and lifetime (t,) and these results are summarized in Chapter 2.

In this Chapter, the conformational switching of 15 as well as 16 were
studied by steady state and time resolved fluorescence techniques. The unfolded
form of both the brichromophores in CH,Cl, emits around 600 nm (Table 3.1), with
almost 1dentical quantum yields (d¢ ~ 0.01). A substantial lowering of the
emission yield was observed for both the bichromophores on increasing the
toluene content. The relative emission intensities of 15 (excited at the isosbestic
point), in mixtures of dichloromethane and toluene, are shown in Figure 3.8.
Lowering of the emission yield is attributéd to the formation of intramolecular
aggregates, resulting from the folding of the bichroméphores. The folded form of
the bichromophores (in 95 % toluene/CH,Cl,) was further selectively excited at
420 nm, where the unfolded form does not absorb. Emission spectra having almost
similar spectral shapes as those of the unfolded forms, with extremely low yields
(¢ < 10"‘) were observed in the case of the folded f:)rms of 15 and 16. A
representative example is shown in the inset of Figure 3.8, It has been reported
that intermolecular aggregates of cyanine d-yes possess lower fluorescence yields
and longer singlet lifetimes, than those of their correlsponding monomers.’* Based
on the exciton theory, the transition to the upper energy level is allowed for the H-

aggregates, which rapidly deactivate to the lower energy level vie internal
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conversion. The emission from the lower energy level is theoretically forbidden'”

and hence the singlet excited state
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b, 50 %
[ ¢, 80 %

> <
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Figure 3.8. Emission spectra of 15 in diﬂférent compositions of
toluene/CH,C), at 25 °C (excitation wavelength, 450 nm). Inset

shows the emission spectrum of the folded form of 15 in 95 %

toluene/CH,Cl, mixture (excitation wavelength, 420 nm).

of the bichromophoric aggregates get trapped in a low emissive state. Based on the
absorption and emission maxima of the folded as well as unfolded forms, an energy
diagram of the Davydoy splitting in the bichromophoreﬁ is proposed in Scheme 3.5.
The effect of addition of toluene on the quantum yield of fluorescence of 11 in
CH,Cl, was studied. A slight increase in ¢ was obsérved for 11, on increasing the
proportions of toluene and is attributed to the decreasd in polarity of the medium. The
lack of strong ¢y dependency of 11, in mixtures of tc:)luene-CHZCIZ, further supports

the formation of intramolecular H-aggregates of the:bichromophores. The origin of

the emission of the folded and unfolded forms was confirmed by recording the
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excitation spectra of the bichromophores as a function of solvent composition (Figure

3.9). The excitation spectrum of 15, recorded in 50 % (v/v) toluene/CH,Cl, at 25 °C,

/_A
jE

hv T hv 1)

A hd

Unfolded Folded‘:

Scheme 3.5. Schematic representation of the energy levels of the
unfolded and the folded forms of 15.
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Figure 3.9. Excitation spectra of 15 in toluene/CH,Cl

mixtures ; (a) 85 %, (b) 50 %. Inset shows the excitation

spectra of 11 in same solvent mixtures (emission monitored at
580 nm for 15 and 11). ‘
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possesses a broad band around 540 nm, which closely matches the absorption
characteristics of the unfolded bichromophore (Figure: 32). In 8 % (v/iv)
toluene/CH,Cl,, the excitation spectrum of 15 (trace a) exhibits a band at 420 nm,
apart from the long wavelength band and matches with the corresponding
absorption spectrum in spectral shape (Figures 3.2 and 3.4). The intensity of the
long wavelength band is higher in the excitation spectrum due to the higher
emission yield of the monomer, compared to the aggregated form. These results
further confirm that the emission of the folded form originates from the 420 nm
band and the unfolded form, from the 540 nm band. The excitation spectrum of
11, in both the solvent mixtures, is shown in the inset ofFigure 3.9 for comparison
aﬁd the 420 nm bénd is absent.
3.3.4. Fluorescence Lifetimes

Characterization of the singlet excited state properties of the folded form as
well as the unfolded forms of 15 and 16 was achieved by investigating the singlet
lifetimes as a function of solvent composition and temperature. Samples were excited
at 440 nm and the fluorescence lifetime measurements were followed at 600 nm. Both
the bichromophores exhibited monoexponential decay.With a short lifetime (~ 350 ps)
in 0-50 % (v/v) toluene/CH,Cl, mixtures at 20 ‘OC. Interestingly, both the
bichromophores exhibited biexponential decay in 7Q-95 % (V/V)-tOIUCDe/CI_]QCIZ
mixtures at 20 °C, with a short-lived (t;) and long-lived (1) component.

Representative fluorescence decay profiles of 15 and 16 in 30 % and 95 % (v/v)
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toluene/ CH,Cl, at 20 °C are illustrated in Figures 3.10'and 3.11. The fluorescence
lifetimes of 16 in various compositions of toluene/CHZCI; are presented in Table 3.2.
The interconversion between folded and unfolded fortns was further in;/estigated
by plotting their fractional contribution of lifetime:{, as a function of solvent
polarity (Figure 3.12) and temperature. The populatipn of the long-lived species
increased substantially for both the bichromophores 6n (i) increasing the toluene
content (Figure 3.10) and (i1) decreasing the temperéture of the medium (Table
3.3). A complete reversal in the fractional contribution of lifetimes was observed
on increasing the temperature of the medium.
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Figure 3.10. Fluorescence decay profiles of 15 in
toluene/CH,Cl, mixtures at 20 °C. A third component (with

a longer lifetime) is not analyzed since its relative
distribution is only around 1.5 %. ?
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Figure 3.11. Fluorescence decay profiles of 16 in
toluene/CHyCl; mixtures at 20 °C. A third component
(with a longer lifetime) is not analyzed since its relative

distribution is only around 1.5 %.
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Figure 3.12. Relative distribution ofj| folded and unfolded forms of
15 in mixtures of toluene/ CH,Cl, at 20 °C.



Table3.2. Fluorescence lifetimes"* and fractional
contributions®® of 16 in toluene/CH2Clzf mixtures at 20 °C -

% toluene/ Ty ( 11 %) T2 (12%) xz

CH,Cl,
50 0.37 (100) 113
75 033(56)  3.08(44) 1.16
85 033(35)  3.76(65) 1.9
95 0.76 (21) 4.2 (75) .10

J

|
a) t,and 1,; b) error limit + 5%; ¢) excited at 440 nm and emission
followed at 600 nm; d) x, and ¥, ; e) fractiou{al contributions of 15
is presented as Figure 3.12.

(
Table 3.3.  Fluorescence lifetimes" and fractional

contributions’ of 15° as a function ofﬁemperature

Temp.  1(u%)  T0e%) e
C) '
175 05125 423(75)  1.14
2 041(38)  369(62) 0879
25 042(49)  3.72(51) 114
27 033(51) 315 (49) 0.98
33 027(72)  3.06 (28 1.17

a) t;and 15; b} error [imit + 5%; ¢} excited 7‘;11’ 440 nm and emission
followed at 660 nm; d) x; and y; €) 75 % (,V/v) toluene/CH,Cl,.
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3.3.5. Laser Flash Photolysis Studies ;

We have further demonstrated the laser-induced processes in the folded and
unfolded forms of bichromophores using laser flash pho{olysis experiments. The
folded form was excited using an excimer pumped dye! laser (420 nm) and the
unfolded form using ND-YAG laser (532 nm). '

In polar solvents, such as methanol, both the bichromophores exist in the
unfolded form and no transient was observed in thejI nanosecond time scale.
Interestingly, an intense transient absorption was obselifved for 15 in 50% (v/v)
toluene/CH,Cl, (Figure 3.13). The transient decay at 42d| nm (inset of Figure 3.13)
consist of a major short lived (k; = 1.07 x 10 s'l);’ and a minor long-lived
component (k; = 6.32 x 10> s, The major compo%]ent is quenched by O,
ferrocene and B-carotene.!’ Based on these results anci the similarity of spectra}
behaviour to those reported for other hf:micyamines,‘md éhe major transient species

is assigned as triplet. In less polar solvents, the bichrpmophores may exist as a

contact ion pair and the heavy atom induced intersyl;tem\crossing leads to the

formation of the triplet. A transient species with simﬁlar properties observed on
addition of 1" to a methanolic solution of the bichromoﬁ;horc, further confirmed the
heavy atom induced triplet formation. The yield of ti}ie minor component (k) is
less than 10 % and hence no attempt was made to estaq,ﬂish its identity.

|
Laser pulse excitation of the folded form of bithomophores results in their

unfolding. Figure 3.14 shows the transient spectrun‘;l of the folded form of the
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bichromophore 15 (90% (v/v) toluene/dichioromethane), observed immediately
afier the laser pulse excitation. The unfolding process‘ is prompt and we could not
observe it in the nanosecond time scale. The transient formed was not quenched by
O,. The negative absorbance observed in the spectral region of 375-450 nm is due
to the laser-induced depletion of the ground state of the folded form. The band
observed at 450-600 nm corresponds to the ground state absorption of the

unfolded form and it does not decay up to 100 ps (100 ps is the highest detection

0.010 f'» |
0.01 " 8 00 l*'u,l 420 nm
Q 0.005 u’;r,{“ “ i
N 0.000 &| N ’7“1 ‘\
o 0.0 ogr 04 08 Tr
' ime, ms
S 0.00 \
|
0.01 ] /
400
Wavelength, nm >

Figure 3.13. Transient absorption spectrum measured
following laser pulse excitation (532 nm, ~120 mJ/pulse) of
the unfolded form of 15. Inset shows the transient decay at
420 nm.

limit of our equipment). The ground state absorption spectra recorded
before and after the laser flash photolysis remained unchanged, indicating

that the refolding process is completely reversible and occurs in the time
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Figure 3.14. Transient absorption spectrum measured following
laser pulse excitation (420 nm, ~10 mJ/pulse) of the folded form of
15. |

scale longer than 100 us. Intermolecular aggregates of cyanines were reported
to disrupt under laser excitation through photoinducegi thermal dissociation,*®
whereas in the case of squaraine a photodissociation mechanism®® has been
suggested. Results presented in Section 3.3.2 hav; proved that the
interconversion between the two forms is possible in a small temperature range
and the low equilibrium constant and- free energy of formation of
intramolecular aggregates indicate that the folded form is not
thermodynamically stable. In the present case, the laser excitation of the folded

forms of 15 as well as 16 may cause a local temperature jump, leading to the

folding of bichromophores.
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3.4. Conclusions

The newly designed hemicyanine based bichromophotes 15 and 16 possess
a unique property of folding-unfolding and their interconverision was achieved by
varying the polarity of the medium or temperature. BotH the bichromophores
prefer a well-detined folded conformation in nonpolar medium and the solvent
dependent conformational changes of the poly(oxoethylené) linker group as well
as the solvophobicity of the chromophores in nonpolar solvents drive the folding
process, overcorning the coulombic repulsion. The laser flash excitation of the
folded forms result i‘n fast conformational changes due to| photoinduced thermal
dissociation. The conformational switching in such bichromophores could lead to
the design of novel type of molecular switching devices. Also, similar strategies of

chromophoric interactions can be employed for probing conformational changes in

macromolecular systems.

3.5. Experimental Section

|
General method for the preparation of N-methylanjiline tethered glycols
(21 and 22) |

A mixture of N-methylaniline (100 mmol), potassiunP carbonate (100 mmol),
potassium iodide (500 mg) and the appropriate polyethylene glycol dichloride (50
mmol) was refluxed in n-butanol (30 mL) for 90 h. On cooling, the solvent was

|

removed under reduced pressure and the crude product was chromatographed over
{

silica gel (100-200 mesh).
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Compound 21. Elution of the column using a mixiure (1:5) of ethyl a;:elale and
hexane gave 70 % of 21 as a viscous liquid. IR (neat) vma, 2891, 1604, 1501, 1352,
906 cm™; '"H NMR (CDCly) 6 7.22-7.14 (m, 4H), 6.70-6.56 (m, 6H), 3.62-3.49 (m,
12H), 3.0 (s, 6H); >C NMR (CDCly) & 149.19, 129.16, 116.23, 112.38, 112.10,
70.72, 68.61, 52.33, 38.88; exact mass caled. for CyoHlsN,0, [MH" 329.2229, found

329.2232 (FAB, high resolution mass spectroscopy).

Compound 22. Elution of the column using a mixture (1:9) of ethyl acetate and
i

hexane gave 67 % of 22 as a viscous liquid. IR (nq‘at) Vmax 2890, 1602, 1495, 1350,
906 cm™'; 'H NMR (CDCly) 8 7.14-7.09 (m, 4H), 6:63—6.57 (m, 6H), 3.54-3.40 (m,
16H), 2.86 (s, 6H) ; °C NMR (CDCl;) 8 149.08,1129.06, 116.19, 112.34, 112.06,

70.60, 68.45, 52.28, 38.8; exact mass calcd. for C,4H;,N,05 [MH'] 373.2491, found

373.2506 (FAB, high resolution mass spectroscopy).

General method for the preparatien of N-me;thyl {p-formyl)aniline tethered
glycels (23 and 24)

To an ice-cold solution of N, N-dimethylfofmamide (30 mmol), phosphorous
oxychloride (20 mmol) was added dropwise over a period of 30 min. To this mixture
the appropriate N-methylaniline tethered glycol (lb mmol) was added dropwise over
a period of 1 h. The reaction mixture was further hﬁeated for 1 h at 80 ° C. The pH was

adjusted to 7-8 and the organic portion was exﬁacted with dichloromethane. The
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solvent was removed under reduced pressure and the crude product was

chromatographed over neutral alumina. -

Compound 23. Elution of the column using a mixture (1:1) of chloroforrh and
hexane gave 45 % of 23 as a viscous liquid. IR (neat) v, 2898, 2738, 1673, 1597,
1560, 1462, 1373, 1241, 1149, 1004, 823, 726, 601, 520 em™'; '"H NMR (CDCls)
89.71 (s, 2H), 7.69 (d, 4H), 6.69 (d, 4H), 3.63-3.56 (m, 12H), 3.05 (s, 6H) ; Be
NMR (CDCl3) & 190.14, 153.48, 131.96, 125.14, 110.97, 70.78, 68.47, 51.89,

39.08; exact mass caled. for CHagN,O4 [MH'] 385.2127, found 385.2142 (FAB,

high resolution mass spectroscopy).

Compound 24. Elution of the column using a mixture (1:1} of chloroform and
hexane gave 46 % of 24 as a viscous liquid. IR (neat) vmy 2897, 2743, 1676, 1603,
1538, 1445, 1388, 1244, 1169, 822, 725, 601, 518 cm™; 'H NMR (CDCl3)  9.71 (s,
2H), 7.7 (d, 4H), 6.7 (d, 4H), 3.7-3.4 (m, 16H), 3.0 (s, 6H) ; ]jC NMR (CDCl,) &
190.29, 153.72, 132.15, 125.33, 112.55, 70.97, 68.68, 32.09, 39.25; exact mass
caled. for CyaHypN,O5 [MH'] 429.2389, found 429.2382 (FAB, high resolution
mass spectroscopy). -
General method for synthesis of bichromophores (15, 16, 18 and 19)

A mixture of quarternary salt of the heteroaromatic compound (I mmol)
and the appropriate N-methyl (p-formyl)aniline-tethered glycol (0.5 mmol) was

refluxed in methanol (50 mL) in presence of piperidine (2 drops) for 72 h under



105

argon atmosphere. The solvent was removed under redu¢ed pressure and the crude

product was chromatographed over neutral alumina.

Bichromophore 15. Elution of the coluﬁn using a mixture (2:5) of methanol and
chloroform gave 43 % of 15 as a solid, mp 217-218 "C (decomp.); IR (KBr) v
1776, 1739, 1668, 1534, 1457, 1392, 1273, 1183, 815, 7§8 cm™; '"H NMR (CDCl; +
DMSO-dg) & 8.23 (d, J=7.75Hz, 2H ), 8.03 (d, /= 8.28 Hz, 2H), 794 (d, J=15.2
Hz, 2H), 7.83 (d, J = 8.54 Hz, 4H), 7.71 (t, J = 7.67 Hz, 2H), 7.61 (1, J = 7.52 Hz,
2H), 7.49 (4, J = 15.33 Hz, 2H), 6.79 (d, J = 8.6 Hz, 4H), 4.17 (s, 6H), 3.2-3.9 (m,
12H), 3.04 (s, 6H); °C NMR (CDClL + DMSO-d¢) & 153.62, 151.23, 141.44,
13399, 128.84, 127.15, 126.84, 123.98, 121.85, 114.87, 112.25, 107.55, 105.22,
98.27, 96.09, 71.07, 68.53, 52.13, 29.65; HRMS caldd. for CsoHaN4O,S,1, M-I

803.1950, found 803.1964 (FAB high resolution mass s{pectroscopy).

Bichromophore 16. Elution of the column using a mixture (1:9) of methanol and
chlorofornin gave 45 % of 16 as a solid, mp 143-145 °C Edecomp.). IR (KBr) viax
1587, 1534, 1519, 1435, 1389, 1343, 1268, 1183, 1116, 1031, 985, 813, 758, 717,
638, 519 cm™; '"H NMR (CDCl; + DMSO-d;) 8 8.27/(d, J = 7.83 Hz, 2H), 8.07(d, J
= 8.37 Hz, 2H), 7.96 (d, J = 15.26 Hz, 2H), 7.85 (d; J = 8.54 Hz, 4H), 7.74(t, J =
7.77 Hz, 2H), 7.64 (t, J=7.61 Hz, 2H), 7.54 (d, /= 515.32 Hz, 2H), 6.83 (d, /= 8.73

Hz, 4H), 4.20 (s, 6H), 3.2-3.9 (m, 16H), 3.07 (s, 6H); °C NMR (CDCl; + DMSO-
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de) & 171.65, 153.29, 150.38, 142.33, 133.33, 129.29, 127.85, 127.22, 124.22,
121.93, 116.36, 112.45, 106.55, 104.79, 70.48, 70.39, 68.36, 51.68, 36.08; HRMS
caled. for CyHegN4OsSol, [M-I]7 847.2213, found 847.2186 (FAB high resolution

inass spectroscopy).

Bichromophore 18. Elution of the column using a mixture (1:1) of methanol and
chloroform gave 50 % of 18 as a solid, mp 168-170 °C (decomp.). IR (KBr) vy 1651,
1583, 1548, 1479, 1432, 1388, 1335, 1175, 1136, 1039, 986, 935, 884, 824, 7215, 660,
594, 534,498 cm’'; 'H NMR (CDCI;+CD50D) & 8.46 (d, J = 6.5 Hz, 4H), 7.73 (d, J =
6.65 Hz, 4H), 7.53 (d, /= 15.87 Hz, 2H), 743 (d, /= 8.78 Hz, 4H), 6.72(d, /= 18.42
Hz, 2H), 6.68 (d, J = 8.95 Hz, 4H), 4.19 (s, 6H), 3.64 -3.55 (m, 12H), 3.04 (s, 6H);
BC NMR (CDCl,+CD;0D)  154.30, 151.73, 143.05, 130.78, 128.77, 122.58, 122.49,
116.29, 112.08, 70.99, 68.65, 52.10, 38.85; HRMS calcd. for CigHyuN,O,l; M-I

691.2509, found 691.2496 (FAB high resolution mass spectroscopy).

Bichromophore 19. Elution of the column using a mixture (1:9) of methanol and
chloroform gave 19 as a solid, mp 298-300 °C (decomp.). IR (KBr) Vgay 2356, 1653,
1586, 1540, 1524, 1484, 1438, 1382, 1331, 1235, 1185, 1118, 1068, 828, 754, 658,
618, 560, 519 cm™; 'H NMR (DMSO-dg) 6-9.01(d,\ J=6.54 Hz, 2H), 8.90(d, J =
8.68 Hz, 2H), 8.27-7.86 (m, 14H), 7.78 (d, J = 8.54 Hz, 2H), 6.78 (d, J = 8.84 Hz,

411), 4.38 (s, 6H), 3.58-3.51 (m, 12H), 3.03 (5, 6H); °C NMR (DMSO-dg) & 153.67,
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152.06, 147.24, 145.15, 139.26, 131.98, 129.12, 126.24, '123.54, 119.49, 114.42,
113.50, 112.44, 104.90, 70.64, 68.53, 51.75, 33.91; HRMS caled. for CHagNeOsl,

[M-I]*791.2822, found 791.2866 (FAB high resolution mass spectroscopy).

Synthesis of Bichromophore 17. A mixture of 2-methylbenzoxazolium methiodide
(1 mmol) and the bisaldehyde (0.5 mmol) was refluxed in acetic anhydride (5 mL)
for 45 min. The solvent was removed under reduced pressure and the resultant solid
was recrystallized from a mixture of chloroform and heleine to give 40 % of 17 as a
solid, mp 219-220 °C (decomp.). IR (KBr) v, 1588, 1533, 1456, 1390, 1284, 1184,
1121, 928, 811, 751, 694, 586 cm™; 'H NMR (CDCl; + DMSO-dg) & 8.18(d, J =
15.23 Hz, 2H), 7.96-7.93 (m, 6H), 7.87 (d, ./ = 8.65 H.‘z 2H), 7.65 (t, J = 7.3 Hz,
4H), 7.31(d, J = 15.3 Hz, 2H), 6.86 (d, / = 8.5 Hz, 4Hj, 4.06 (s, 6H), 3.6 — 3.2 (m,
12H), 3.08 (s, 6H); ’C NMR (CDCl; + DMSO-de) & 153.18, 150.95,149.70, 146.78,
140.59, 133.05, 128.84, 127.01, 121.02, 113.39, 112.06L 111.82, 96.39, 69.98, 67.95,
67.63, 51.18, 31.70; HRMS calcd. for C4HsaN4O4ly [N*I-I]* 771.240, found 771.2434

(FAB high resolution mass spectroscopy).

Instrumental Techniques

All melting points are uncorrected and were determined on an Aldrich

melting point apparatus. IR spectra were recorded on a Perkin-Elmer Model 882
f

IR Spectrometer and the UV-Visible spectra on a Shimadzu UV-3101PC UV-VIS-

NIR Scanning Spectrophotometer. 'H and C NMR spectra were recorded on a
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Bruker DPX-300 MHz spectrometer.” Emission speetra were recorded. on a
SPECTRACQ spectrofluortineter and corrected using the program supplied by the
manufacturer. Quantum yield of fluorescence was determined by a relative method
using optically dilute solutions of the dyes (OD of 0.1 at the excitation
wavelength) using Rhodamine 6G in ethanol (®;= 0.9) as standard. Fluorescence
lifetimes were measured using a Tsunami Spectra Physics single photon counting
system. Ti Sapphire laser, having a fundamental wavelength of 880 nm, was used
as an excitation source. The average output power is 680 mW with a pump power
of 4.5W. The pulsewidth of the laser is <2 ps. The flexible harmonic generator
(FHG) gives the second harmonic (440 nm) output from the Tsunami laser system.
The fluorescence was detected using two-stage microchannel plate photomultiplier
(MCP-PMT R38094). The ﬂuorescenéc decay measurements were further
analyzed using the IBH sofiware library, which includes an iterative shift of the
fitted function as part of ¥* goodness of the fit criterion. Laser flash photolysis of
the unfolded form was carried out in an Applied Photophysics model LKS-20
Laser Kinetic Spectrometer using the second harmonic (532 nm) of a Quanta Ray
GCR-12 series pulsed Nd:YAG laser with a pulse duration of 10 ns band energy of
120 mJ/puise. Laser flash photolysis experiments of the folded form were carried
out using a L.ambda Physik Lextra 50 excimer laser pumped scanmate 2-dye laser.
The excitation wavelength was 420 nm.. All solutions for laser flash photolysis

were deaerated by bubbling argon for 15 minutes unless otherwise indicated.
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Chapter 4

Photophysical Processes in.Pyrene Based Conjugated

Donor—Acrceptor Systems

4.1. Abstract

The synthesis and photophysical properties of a cf:)njugated donor-acceptor
system, containing p-(dimethylaminostyryl) group linl%ed to pyrene (1 in Chart
4.1}, and the corresponding bichromophore (2), were q‘lam"ed out. Photophysical
properties of these compounds are compared with a m_lodel compound 3, which
does not possess a donor group. The absorption spectra of 1-3 were broad and not
influenced by varying the polarity of the solvent. The émission spectrum of 3 in
toluene possesses structured bands. Peak position and the spectral shape of 3
remain more or iess unaffected, by varying the solvert polarity. Interestingly, a
substantial shift in emission band was observed for 1 and 2 with increase in
polarity, indicating the possibility of a charge transfer (CT) in the excited singlet
state. Also, an enhancement in the fluorescence lifetime was observed, for both 1
and 2, with increase in polarity of the solvent. Comple)'(atior: properties of 1 and 2
with copper perchlorate were investigated using absorﬁtion as well as steady state
and time resolved fluorescence techniques. Dramatic cbanges in the photophysical

properties were observed, in CH,Cly, on addition of micromolar quantities of Cu®.

Uncomplexed and complexed forms were charact%:rized and the latter one
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possesses a longer lifetime compared to the free ligand. The reduction of complex
on addition of sodium dithionate, led to the decomplexation.

4.2. Introduction

The photoinduced electron transfer (PET) processes in [luorescent
molecules, through host-guest interaction (for example, ligand-metal ion
interaction), possess exlensive application in sensing of ions and organic
molecules.]4 The supramolecular aspects of these systems arise from the
interaction between the ligand and guest molec‘ulesﬁ'8 Such supramolecular
systems containing redox-active guest can be extended as fluorescent ‘on-off’
switches.?. 10 Most of the chromophoric lfgands employed for such applications are
based on electron donor-acceptor systems, which exhibit charge-transfer
absorpticn or emission in the visible and near-infrared region.!,12 Co-ordination
with 10ns can affect the intensity as well as position of the absorption and emission
bands of the chromophore. The direction of shift of the bands depends on the
coordination site, relative to the electron donor aI;d acceptor site, in the
chromophore. Also, the extent of shift depends on the charge density of the metal
ton, nature of solvent etc. Principles involved in the design of such molecular
devices and the details of the photophysical effects arising {rom the host-guest
interaction were presented, with numerous examples, by de Silva et al.13

The excimer-monomer formation in pyrene based molecular and
supramolecular systems have been extensively utilized for sensing and

switching.!4-26 Guest-induced switching of excimer emission with corresponding
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changes in monomer emission form the bas-is of the design strategy adopted, in
these systems.

In this Chapter, the molea.llar bistability was tlemonstrated by varying the
redox properties of the metal ion in a ligand-metal ion complex.-Molecu[.ar
systems containing dimethylamino styryl group Iinkefd to pyrene {1 and 2 in Chart
4.1y were synthesized for this purpose. These q:hromophoric systems form
complexes with metal cations such as Cu®". The reflox interconversion of metal
jons between their various oxidation states wdre found to modulate the
photophysical properties (absorption as well as stq’tady state and time resolved

emission} of the chromophore and also their binding jproperties.

Chart 4.1. Compounds under investigation
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4.3 Results and Discussion
4.3.1 Synthesis and Characterization

Syntheses of the compounds 1-3 were carried qIUt as shown in Scheme 4.1.
The compounds were fully characterized on the basis of analytical results and

spectral data. The experimental procedures for the synthesis, purification and

characterization of the hemicyanines are given in Section 4.5.

O cnzor; O CH,Br

b

CHI%(Ph)J%r
—c O Y Q 4 O "
& T

Scheme 4.1. Scheme for the synthesis of 1-3; a) PBrj, dry chloroform; b)
triphenylphosphine, dry benzene; ¢) N)N-dimethyl(p-amino)benzaldehyde, sodium
hydride, dry THF; d) p- tolualdehyde, sodium hydride, dry THF; e) 2-N-methyl(p-
formyl)anilinoethoxy ethane, sodium hydride, dry THF.
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4.3.2.Absorption and Emission Properties

The absorption and emission preperties of 1-3 were studied in solvents of
varying polarity. The absorption spectrum of 1 in tolugne (1 " = 0.099) showed a
maximum around 386 nm and emits around 486 nm ](trace a, Figure 4.1). With
increase in solvent polarity, the absorption maximﬁm remains more or less
unaffected, whereas a large bathochromic shift in the e;fnission band was observed.
The spectral shape of the emission band remains unaffected with solvent polarity.
Similar results were observed for bichromophore 2 ($igure 4.2). The absorption

and emission maxima as well as the Stokes shift of both the compounds, in

solvents of varying polarity are summarized in Table 4.1.
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Figure 4.1. Absorption and emission spectra of |l in solvents of
varying polarity: (a) C¢HsCHs, (b) CH2Cly, (c) GH3CN.
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Figure 4.2. Absorption and emission spectra of 2 in solvents of
varying polarity: (a) CsHsCHjs, (b) CH3CN, (¢} CH1Cls.

The donor-acceptor interactions between pyrene and the donor moiety (4-
(N,N-dimethyl)ami-nostyryl group) were compared to jthat of hemicyanines in
Chapter 2. The ground as well as Franck-Condon excited{ state of 1 and 2 were not
influenced by solvent polarity. An excited state charge transfer is
thermodynamically possible in these systems, from anilinic donor to pyrene
moiety. The emission of both the compounds may be originating from a charge
transfer (CT) state, which exhibits a bathochromic sbift with increase in the
solvent polarity. The charge transfer state may be miore stabilized in a polar
solvent, leading to a red shift in the emission band (Figures 4.1- 4.2). It can also be
seen from Table 4.1, that with increase in solvent |polarity £he Stokes shift

|‘
increases for both the compounds. For example, the Stakes shift of 1 in toluene is
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5330 cm’' whereas in a polar solvent such as acetonitrile it is around 7679 cm’.
These results further support the view that CT state of 1 and 2, are more stabilized
in polar solvents. Thus, the excited singlet state propenibs of these compounds are
quite different from that of hemicyanines reported i;n Chapter 2. The charge-
transfer nature is further confirmed by investigating the absorption and emission
properties of a model compound 3, which does not posﬁess a donor group (Figure
4.3). The emission spectrum of 3 possesses structured bands and the shape as weli
as peak positions were not influenced by varying the solvent polarity. These

studies indicate that the charge transfer occurs in the excited singlet state, from the

anilinic donor group.
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Figure 4.3. Absorption and emission spectra pf 3 in solvents of
varying polarity: (a) CH;Cls, (b) CH3CN.
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Table 4.1. Absorption and emission properties of 1 and 2

1 | 2

Solvent ETN
Amax(abs) Ama(em.) (Va'Vlf) A-rnax(‘ribs) Amad(€m.) (va-vy)

nm nm - cm "nm nm cm’
C¢HsCH; 0.099 386 486 5330 402 492 4550
CH,Cl, 0.309 . 406 527 5655 406 531 5798
CH;CN  0.460 395 567 7679 400 564 7269

The fluorescence decay profile of 1 and 2 1n different solvents were
measured by using the time correlated single-photon"counting (TCSPC) system.
The samples were excited at 366 nm. Emission sped:tra of both the compounds
Vshif't to red with increase in polarity and hence t;i)e fluorescence decay was
followed at the maximum (Table 4.1). Lifetime meas:urements were carried out at
293 K. The decay profiles of 2, in different solvents,fare shown in Figure 4.4 and
fitted to a monoexponential decay. The lifetimel’lﬁ were extracted from the
measured decay curve, by deconvolution of instrumént response function and are
summarized in Table 4.2. An enhancement in lifetimk was observed with increase
in polarity. For exampie, the lifetime of 1 in toluene; and acetonitrile are 0.72 and
1.6 ns, respectively. These results indicate that the erhission in a polar solvent may
be originating from a more stabilized state. The emission decay profiles of 2 in

solvents of varying polarity were fitted to a biexpoqential decay and the lifetimes
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extracted, arc summarized in Table 4.2. The biexponeritial behavior may be due to

the presence of different conformations of the bichromophore, depending upon the

solvent polarity.

10000 3
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Figure 4.4. Fluorescence decay profiles of 1 in solvents of
varying polarity: (a) CH3;CN, (b) CH2Cl, (¢} CeHsCH,
(the lamp profile is shown in trace d).

Table 4.2. Emission properties of 1 and 2

Solvent g™ 1 | 2

O otns O unsQu%) wns (%)

CeHsCHy  0.099  0.26 0.72 0.34 d.68 (93%) 3.32 (7%)
. {
CH,Cl, 0.309 0.19 0.94 0.24 0.62 (57%) 2.12 (43%)

CH;CN 046 0.24 1.6 0.24 10.69 (70%) 3.61(30%)

I
a) tjand 1, are lifetimes of the short- and long-lived species; b) the quality of the fit is judged by
means of usual statistical parameters such as x2 (1.04—1.20);; ¢) excited at 366 nm and emission
followed at the maxima; d) ¥, and 7y, are the relative distributions.
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4.3.3. Complexation Studies with Metal Ions.

Complexation of 1 with copper. perchlorate in; CH,Ci, was invesfigated :
using absorption as well as steady §tate and time resolved emission studies. The
absorption spectrum of I in CH,Cl, possesses a broadlband centered around 386
nm. Absorption spectral changes on addition of Cu®* to a solution of 1, in CH,Cl,,
are presented in Figures 4.5-4.7. A decrease in the absorption of the 386 nm band,
accompanied by the formation of a long wavelengﬁ:h band, was observed on
addition of low amounts of Cu** (< 5 uM). These changes were marked by the
presence of a clear isosbestic point at 480 nm. The spectral changes were reversed
on addition of a methanolic solution of sodium dithiopate (~ 4 pM) to the above

solution. These results indicate that the long wavelength i)and is due to a dye-copper

0.6
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Flgure 4.5. Effect of Cu®" on the absorption spectrum
of 1 in CH,Cl: [Cu**] (2) 0, (b) 1, (¢) 2 ‘(d) 3, (e) 4 and
() 5 uM. Inset shows the normalised ab orption spectra
(300-500 nm) of 1 in presence of Cu™": FCu2+] (a) 0, (b)
5 pM.
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ion complex and the reduction of Cu®" led to the disruption of the complex. The
stability constant for the complex formation of 1 with Cu™" was estimated as

8.33 x 10* M using Benesi-Hildebrand equation,

1 _ &L 1

(4.1)

where A is the absorbance (followed at 650 nm) of the solution containing
* different concentrations of Cu®', Ay is the absorbance of the free ‘ligand (1 does not
have any ébsorption at 650 nm), K, is the stability constant, [M] is the
concentration of Cu®*, £ and gy are the molar extinction coefficients of the free
ligand and complexed ligand, respectively. A plot of 1/(A-Ay) versus 1/[M] was

_linear (Figure 4.6) in the case of 1, indicating a 1:1 stoichioqﬁetry of the dye-metal

complex at concentrations < 5 uM,

1/A

4

02 04 06 08 10
1/[M] x 10°, M |

Figure 4.6. Plot of 1/A vs the reciproial of

concentration of Cu*" for a solution of 1 in C 1,Cl,.
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The normalized absorption spectrum of 1, in the absence and presence of
Cu™ (5 pM) is shown in the inset of Figure 4.5. From this it is clear that a new
band is also formed at the shorter wavelength, on addition of Cu”". This band
became dominant and spectral changes were more' significant on further addition
of copper perchlorate (5-9 uM) to a solution of llf(Figure 4.7). Spectral features
were reversed on addition of a methanolic solution 'of sodium dithionate (~ 4 pM),
indicating the formation of a copper complex. The new band formed is buried in
the absorption of 1 and hence difficult to invesﬂjgate the stoichiometry of the
complex, based on absorption spectral changes. The long wavelength band was
more or less unaffected on addition of Cu®" in the toncentration range of 5-9 uM.
Intensity of‘;he short wavelength band (Ag.= 390 hm) as well as long wavelength
band (Ama= 650 nm) decreases, on further additlon of Cu® (> 10 M), These
changes were accompanied by the formation of a new structured absorption band,
similar to that of pyrene and the spectral changes are shown in Figure 4.8. The
new structured absorption band was unaffected by\ the addition of sodium
dithionate, indicating the possibility of an irreversible reaction. Aftempts were
made 1o characterize' the long wavelength absorption band (Amax= 650 nm) as well
as the short wavelength absorption band (}"maxz\ 390 nm), formed on addition of
Cu®” 10 1.Blank experiments were carried out by'adding same concentrations of

copper perchlorate to CH,Cl, and no absorption wds observed in the long
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Figure 4.7. Effect of Cu®" on the absorption sp;ectruan of 1 1n
CH,Cly: [Cu**](a) 5, (b) 6, (¢} 7, (d) 8 and (e) 9 uM.
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Figure 4.8. Effect of Cu®* on the absorption spectrum of 1 in CH,Cly:
[Cu™] (a) 10, (b) 11.8, (c) 16.8 and (d) 21.5 uM.
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, were investigated and no

spectral changes, similar to that of 1 was observed. Binding studies with Cu®* were -

carried out using a model compound 3, which does not

dimethyl amino group is replaced by a methyl grou

possess a donor group (the

p). Interestingly, the long

wavelength band was observed in compound 3 on addition of Cu®*, whereas the

short wavelength band is absent. These results indicate

that short wavelength band

may be due to the formation of a copper complex, involving the lone pair of the

nitrogen atom of 1. More detailed spectroscopic investigations were required to

characterize the exact nature of the long wavelength band.

The emission spectral changes, on addition of

CH,Cl,, were investigated. The long wavelength bar

exciled and no emission was observed. Figures 4.9-4.1(
of 1, recorded 1in the absence and presenée of Cu2+, by ¢
nm (isosbestic point in Figures 4.6-4.7). In the concen
decrease in the CT band was obscrved along with the

the shorter wavelength (inset of Figure 4.9). The ints

Cu®* to a solution of 1 in
id formed was selectively
) show the emission spectra
xciting the solutions at 355
trations < 5 uM of Cu®*, a
formation of a new band at

-

snsity of this band became

prominent at higher concentrations of Cu®* (> 5 pM) ?nd is shown in Figure 4.7.

We have further investigated the complexation prog
emission studies. Solutions were excited at 366

was followed at 530 nm. Compound 1 exhibits a mo!

n
!

esses using time resolved

nm and emission decay

noexponential decay in the
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absence of Cu®’ {t, =092 ns).l A biexponential de!fcay, with a short-lived (t,) and
long-lived (t;) component, was observed in the presence of Cu®”. Representative
fluorescence decay profiles in the absence and lfjresence of Cu® are shown in
IFigure 4.11. The lifetimes and the fractional contL‘ibutions are presented in Table

4.3. The lifetimes of both the species are unaffecth by metal ion concentration

10000
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Figure 4.11. Fluorescence decay proﬁles of 1 momtored
at 560 nm at different concentratlo?s of Cu **: [Cu®]

(b) 0, (c) 4.88, (d) 16.3 uM, (lamp |profile is shown as
trace a).

and the relative distribution of these species as a function of Cu** concentration is
presented in Figure 4.12. The population of the ’ilong-lived species increased with
increase in Cu™* concentration. The emission dt%cay was selectively monitored at
420 nm and a single exponential decay, indepen&ent of the Cu®* concentration was
observed. Compound 1 has no absorption at 420'nm and the new short wavelength

emission band with longer lifetime (t,= 2.1 ns), Is assigned to the copper complex
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Figure 4.12. Relative distribution of the long lived and short
lived species of 1 in different concentrations of Cu®*

Table 4.3. Fluorescence lifetimes™™
and fractional distributions® of 1 asa
function of [Cu®*]

[Cul, tM 1, (%), ns  15(x2%), ns

i

0 0.92 (100)

3.25 0.95(70)  2.11(30)

-

4.88 0.90 (65)  2.11 (P5)
6.50 092(58)  2.16 ()42)
9.75 0.98 (48)  2.34 (52)

13.0 093(34) 227 (66)

|
16.25 0.88 (28)  2.25(72)
|

a) t,and 13; b) the quality of the fit is judgecrby means of
usual statistical parameters such as X,z (1 .?4—1.20); c)
excited at 366 nm and emission followed at/560 nm; d)
¥ and ¥ are the relative distributions.
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of 1. On further addition of Cu®*, a decrease in the intensity of the 450 nm band
was observed, followed by the formation of a.structurq'd band similar to that of
pyrene (Figure 4.10). The normalized~ emission spectra in the absence_ and
presence of Cu’’ are shown in Figure 4.13. The e@ission spectra are well
separated and the complex absorbing around 450 nm unaergoes interconversion to

the uncomplexed form on addition of sodium dithionate.,

o) w 4 th

L} L '
L]
l=x

4]

[a—y

Emission Intensity, a.u.

=

400 500 600 | 700
Wavelength, nm

Figure 4.13. Normalised emission spectta of 1 in
CH2CI2 in presence of Cu®": [Cu®*] (a) 0, (b) 11.8 and
(c)21.5 pM
The effect of Cu’" on the absorption and emission of the bichromophore
was also studied. The spectral changes were more or lgss similar to that observed
for 2. The uncomplexed form of 2 has an emission arjund 530 nm (Figure 4. 14).
Addition of Cu®" to a solution of the bichromophore in!/CH,Cl;, led to the decrease

in the intensity of the band at 530 nm, accompanied by fhe formation of a band with

emission at 430 nm. As in the case of 1, the band at 430}‘nm 1s more structured
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Figure 4.14. Effect of Cu®* on the emissjon spectrum of
2 in CH,Cly: [Cu™] (@) 0, (b) 4, (c) 6, ( ) 8, (e) 10, ()
11.8, and (g) 23.4 uM

compared to the uncomplexed form. Also, the emi#sion yield of the complexed

form is higher than that of 2. Higher concentrations qff Cu®" led to the formation of

a structured band (trace g in Figure 4.14), similar to tbat of pyrene.

4.4, Conclusions |

| e

Photophysical investigations of a pyrene based conjugated donor-acceptor
system (1), the corresponding bichromophore (2) an:ﬂ a model compound (3) were
carried out. The absorption spectra of these compq};unds were not influenced by
solvent polarity, whereas a substantial shift in t};e:emission band was observed
with increase in polarity. Solvent sensitive emission‘of 1 and 2 may be originating
from a charge transfer state. Complexation behavior of 1 and 2 with copper

perchlorate were investigated using absorption as well as steady state and time
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A |
resolved emission studies. The complexed form emits at a shorter wavelength and
its lifetime is longer than that of the uncomplexed dye and the former one can be

converted into uncomplexed ligand by chemical reduction.

4.5. Experimental Section

Compound 5. To a solution of I-pyrenemethanol (2 g, 8.6 mmol) in
dichloromethane (30 mL), phosphorous tribromide] (2:33 g, 8.6 mmol) was added
dropwise over a period of 30 min under ice cold cT)nditions. The reaction mixture
was stirred at room temperature for 12 h and w45 neutralized using a saturated
solution of sodium bicarbonate. The organiq layer was extracted using
dichloromethane and the solvent was removed under reduced pressure to give 5
(2.3 g, 90%) as a solid. m.p. 243-245 °C.

Compound 6. A mixture of l-bromomethylpyrene (1 g, 3.4 mmol) and
triphenylphosphine (0.9 g, 3.4 mmol) was refluxed in dry benzene (30 mL) for
12 h. The reaction mixture was cooled and filteréd utlder suction to give 6 as a
white solid (1.5 g, 78 %). The Wittig salt thus obtained was directly used for the
subsequent reactions with out further characterizatﬁon.

Compound 1. To a suspension of sodiu;n hydride (0.12 g, 5 mmol) in dry THF,
6 (0.56 g, 1 mmol) was added and the mixture was refluxed for 30 min. To the
above solution, N,N-dimethyl p-aminobenzaldehyde (0.15 g, 1 mmol) in dry THE
(40 mL) was added dropwise over a period of 43 min. The reaction mixture was

then refluxed for 24 h. On cooling, excess soc#ium hydride was quenched by
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adding ice cold water. The organic ‘l‘ayet was extracted using dichloromethane.
The solvent was removed under reduced pressure and the residue was
chromatographed over silica gel (100-200 mesh)| using a mixture (3:7) of
chloroform and hexane to give 1 (166 mg, 46 %). mp 188-190 °C (deéomp.); IR
(KBr) v 3035, 2893, 2723, 2612, 2494, 2370, 2323, 1668, 1604, 1451, 1346,
1223, 1180, 1066, 951, 838, 806, 751, 705, 597, 482 cm™; 'H NMR (CDCl;) &
6.7-8.5 (15H, m) 2.96 (6H, s); HRMS calculated for CyHyN [M]+ 347.1674
found 347.1688 (FAB high resolution mass spectroscapy).

Compound 2. To a suspension of sodium hydride ((.12 g, S mmol) in dry THF

(20 mL), 6 (0.87 g, 1.6 mmol) was added and the mixture was refluxed for 30 min.

To the above solution, N-methyl-p-formylanilinoethoxy ethane (0.3 g, 0.8 mmol)
in dry THF (50 mL) was added dropwise over a period of 75 min and the reaction
mixture was refluxed for 24 h. On cooling, excess sodium hydride was quenched
by adding ice cold water. The organic layer was extracted using dichloromethane.
The solvent was removed under reduced pressyre and the residue was
chromatographed over neutral alumina using a mixture (2:3) of cliloroform and
hexane to give 75 mg (12 %) of 2, mp 138-141 °C (de{:omp.); IR (KBr) via 3747,
3614, 3554, 3472, 3051, 2883, 2346, 1810, 1-711, 1605, 1515, 1450, 1359, 1207,
1122, 965, 816, 707, 611, 515 cm™; "H NMR (CDCls) E 6.76-8.44 (m, 30H), 3.50-
3.69 (m, 12H), 3.05 (s 6H); HRMS calcd. for C56H4g|:NzOz [M]" 780.3716 found

780.3730 (FAB high resolution mass spectroscopy).



134

Compound 3. To a suspension of sodium hydride (0.i2 g, S mmol) in dry THE, 6
(0.56 g, I mmol) was added and the mixture was refluxed for 30 min.To this p
tolualdehyde (0.12 g, 1 mmol) in dry THF (40 mL)|was added dropwise over a
period of 45 min. The reaiction mixture was then reﬂluxed for 24 h. On cooling,
excess of sodium hydride was quenched by adding jice cold water. The organic
layer was extracted using dichloromethane. The sblvent was removed under
reduced pressure and the residue was chromatographed over silica gel (100-200
mesh) using a mixture (3:7) of chloroform and hexane lto give 3 (72 mg, 60 %). mp
145-147 °C (decomp.); 'H NMR (CDCls) & 8.48-7.23 (m, 15 H), 3.00 (3H, s); 1°C

NMR (CDCly) & 137.78, 134.99, 129.52, 127.47, 126.64], 124.96, 123.61,21.32.

Instrumental Techniques

All melting points are uncorrected and were| determined on an Aldrich
melting point apparatus. IR spectra were recorded onl a Pérkin-Elmer Model 882
IR Spectrometer and the UV-Visible spectra on a Shimadzu UV-3101PC UV-VIS-
NIR Scanning Spectrophotometer. 'H and C NMR spectra were recorded on a
Bruker DPX-300 MHz spectrometer. Emission spectra were recorded on a
SPECTRACQ spectrofluorimeter and corrected using Fle program supplied by the
manufacturer. Fluorescence lifetimes were measured using a Tsunami Spectra

Physics single photon counting system.
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