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~Synopsis~

Molecules upon electronic excitation undergoes electron redistribution which often
enhances the charge donating ability of the donor and accepting capacity of the acceptor,
similarly acidity of the acid group and basicity of the basic group. This will lead to
intramolecular charge transfer (ICT) state in system in which donor and acceptor are connected
by a spacer and proton transfer in system which contains the acidic and basic groups.

Grabowski et al. proposed that the donor is nearly perpendicular to the other part of the
molecule in the highly polar ICT state known as twisted ICT (TICT) state. The TICT
mechanism states that the emission occurs from the locally excited state as well as the TICT
state.

Excited state intramolecular proton transfer (ESIPT) is a photoinduced proton transfer
process which also leads to dual emission. ESIPT is basically a photo tautomerisation in which
a proton transfers from acidic group to basic group via intramolecular hydrogen bond. This
phototautomer generally produces a large Stokes shifted fluorescence.

No doubt, ESIPT and ICT processes are individually gained attention. Simultaneously,
some structural modifications of ESIPT/ICT dyes lead to an interesting photoinduced process
called proton coupled charge transfer. The coupling between these two (ICT and ESIPT)
processes primarily depends on molecular structure of the fluorophores.

In this thesis TICT and ESIPT of some organic molecules were investigated. The thesis

was spitted into eight chapters and a summary of the chapters are presented below:

Chapter 1: Introduction
This chapter gives a brief description to TICT, ESIPT and proton coupled charge
transfer process with literature survey. The chapter ends with a brief note on motivation for the

present thesis work.

Chapter 2: Material, Methods and Instrumentations

The second chapter provides the details about the source of the chemicals and the
solvents used in the present work and the procedures followed for the syntheses of
fluorophores. This chapter also elaborates preparation of the samples and the methods used for
the analyses as well as for the calculations. In addition, the details of some of the important

instruments used are also concisely discussed.
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Chapter 3: Relay Proton Transfer Triggered Twisted Intramolecular Charge Transfer in

2-(4'-N,N-Dimethylaminophenyl)imidazo[4, 5-c]pyridine

N CHs XN
N F T \CH3 7 T
H

PIP-c
H  DMAPIP-c

N CHs
NF N/ N\CH A T \CH3

CH; DMAPIP-ImMe

HsC
DMAPIP-PyMe
Chart 1: Structure of DMAPIP-c and related molecules.

Chapter 3 covers the investigations of mechanism for the dual emission of 2-(4'-N, N-
dimethylaminophenyl)imidazo[4,5-c]pyridine (DMAPIP-c) in protic solvents (Chart 1).
Theoretical calculations were carried out to corroborate the experimental findings. Unlike
DMAPIP-c, the methyl derivatives do not emit dual fluorescence in protic solvents. The
deprotonation studies suggest that the enhancement in TICT emission of anionic form of
DMAPIP-c is limited to protic environment. The spectral characteristics of DMAPIP-c were
also studied in methanol-acetonitrile binary solvent mixture. The relative intensity of the TICT
emission (with respect to that of normal emission) rises with methanol amount in the
acetonitrile—methanol binary solvent mixture. The studies also show that a 1:3 hydrogen bond
complex is formed between DMAPIP-c and protic solvent and it is responsible for the TICT
emission (Scheme 1). Based on the results a relay proton transfer tiggered TICT emission is
proposed (Scheme 2). The emission energies obained by TDDFT calculations were also very

close to experimental values.
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Scheme 1: Three methanol molecules are involved in the proton relay process.
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Scheme 2: The path for the formation of the TICT state.

Chapter 4: Intramolecular Proton Transfer Triggered Twisted Intramolecular Charge
Transfer in Cucurbit-7-uril: Role of Internal Water.

| X N\: ::: /™ DMAPIP-b, X =N, Y = CH
N
D - = =
Y\x/ ” \CH3 MAPIP-c, X=CH,Y=N
Chart 2: Structure of DMAPIP-b and DMAPIP-c.
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Figure 1: Fluorescence spectra neutral DMAPIP-c with varying concentration of CB-7. (Aexc
=335 nm)

This  chapter  reports the spectral properties of the  2-(4-N,N-
dimethylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b) and DMAPIP-c (Chart 2) in CB-
7 cavity. The chapter divided into two sections. In first section, the interaction of neutral
DMAPIP-b and DMAPIP-c with CB-7 is discussed. The fluorophores form 1:1 inclusion
complex with CB-7 in aqueous solution. The binding constants obtained for the inclusion
complex of these guests with CB-7 is higher than those of with cyclodextrin complex of these
guests. The electronic spectral changes and the NMR studies reveal that the guests enter the
CB-7 cavity through imidazopyridine moiety. Figure 1 depicts the fluorescence spectra of
DMAPIP-c in different concentration of CB-7. The presence of TICT emissions of guests in
CB-7 advocates that the internal water molecules are present along with the guest in the
complexes. Further, it is clear that those water molecules are involved in the intermolecular
proton transfer (double or relay) process inside CB-7. The relative enhancement of TICT

emissions of guest molecules in CB-7 depend on the position of nitrogen.

Second section focuses on the effect of CB-7 on the cationic equilibrium of the guests.
Additionally, the cationic behaviour of DMAPIP-b is reinvestigated in neat water with
fluorescence emission and excitation spectra. The pKa of these guests in CB-7 are higher in
comparison to those in water and cyclodextrin. Chart 3 depicts the different possible
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monocations of DMAPIPs. All the three MCs of DMAPIP-b are present in water at So and S;
states. Like in water, all the three MCs of DMAPIP-b are also present in CB-7 in both states.
But the cationic equilibrium is shifted from more polar MC1 towards less polar MC2 and MC3
in CB-7. In the Sp state, where DMAPIP-c exists as MC1 and MC3 in water, it is present in all
the monocationic form in CB-7. However, in Sy state it exists as MC2 and MC3 in both water
and CB-7. Like in water, MC2 is also formed from MC1 in the excited state by biprotonic

tautomerization in CB-7.

| N\ /™ DMAPIP-b, X =N, Y = CH
N

Y. > < > DMAPIP-c, X = CH, Y = N

N7 ho <

X H 3
Protonation site Monocation (MC)
N,N-Dimethylamino group MC1
Imidazole nitrogen MC2
Pyridyl nitrogen MC3

Chart 3: Monocations of DMAPIP-b and DMAPIP-c.

Chapter 5: Excited State Intramolecular Proton Transfer in 4-(3-(1H-benzo[d]imidazol-
2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(1H-benzo[d]imidazol-2-yl)-6-tert-butylphenol:
Effect of Solvent and pH

@ bis-HPBI N

Chart 4: Structure of bis-HPBI.
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Figure 2. Fluorescence spectra of (a) HPBI and (b) bis-HPBI in methanol.

The fifth chapter describes the ESIPT of a new derivative of 2-(2'-
hydroxyphenyl)benzimidazole (HPBI), which contains two alkyl substituted HPBI (bis-HPBI),
Chart 4. The chapter divided into two sections. In first section, the photophysical properties
of bis-HPBI is investigated in various organic solvents and also compared with that of HPBI.
Unlike HPBI, bis-HPBI emits exclusively intense tautomer emission in all the solvents
including protic solvents with a very faint or no normal emission (Figure 2). This may be due
to effect of bulky t-butyl substituents ortho to —OH group that may obstacles for the formation
of trans-enol in bis-HPBI. Though bis-HPBI contains two HPBI moities theoretical and
experimental studies ruled out a double proton transfer and only one HPBI moieties
participated in the process and second one behaves as substituents.

In the second section, the prototropic behaviour of bis-HPBI is invetsiagted in aqueous
media and compared with that of HPBI. bis-HPBI is having strong tautomer emission also in
neutral aqueous solution like organic solvents. Enhancement of tautomer band intensity upon
deprotonation of single —OH also supports the single proton transfer hypothesis in bis-HPBI.
On the other hand, the tautomer emission decreases in acidic solution with initial addition of
acid due to quenching by hydrogen bonding. At higher concentration when the imdazole

nitrogen is protonated the tautomer emission is partially recovered due to dissociation and

Vi
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reorganization of cation. In strongly acidic solution the dissociation of -OH group from cation

is prevented and emission observed only from cation of bis-HPBI.

Chapter 6: Aggregation Induced Enhanced Emission of 4-(3-(benzo[d]thiazol-2-yl)-5-
tert-butyl-4-hydroxybenzyl)-2-(benzo[d]thiazol-2-yl)-6-tert-butylphenol

@ bis-HPBT

Chart 5: Structure of bis-HPBT

This chapter elaborates the investigations of the aggregation-induced emission
enhancement of the 4-(3-(benzo[d]thiazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(benzo[d]
thiazol-2-yl)-6-tert-butyl phenol (bis-HPBT, Chart 5). The fluorophore is insoluble in water
and well soluble in THF. The absorption and fluorescence spectral studies reveal that at higher
water fractions (fw) the molecule aggregates to form fibres. At fw= 70 %, it is observed that bis-
HPBT exhibits maximum aggregation induced enhance emission AIEE (Figure 3). The red
shifted absorption spectra and the increase in fluorescence intensity indicates that bis-HPBT
exhibits J-aggregation. The DFT calculations also suggests that the bis-HPBT is non-planar as
it is substituted by bulky tert-butyl groups and therefore, full face to face stacking is not
possible in aggregated state. Another remarkable characteristic of bis-HPBT is almost
exclusively highly Stokes shifted tautomer emission is observed from aggregates. AIEE is due
to restricted intramolecular rotation of Carbon-Carbon bond connecting the hydroxyphenyl
ring and benzthiazole ring. The aggregated structure is very sensitive to ions and the
aggregation is ruptured upon interaction with ions. The aggregate emission is also observed

inside the HelLa cell.

vii
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Figure 3: Fluorescence emission spectra of bis-HPBT in different water/THF mixtures, Aexc =

365 nm. Inset shows the variation of fluorescence intensity with increase in water fraction.

Chapter 7: Intramolecular Proton Transfer versus Intramolecular Charge Transfer in 2-

(4'-amino-2'-hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine: Effect of Solvent and pH

CH
/ 3
H—Q C
o —N H XN N H
AN Y AL NG” M
\ \
H H
AMPIP-c
AHPIP-c
N A
| )
N N Y
\
H

APIP-c
Chart 6: Structure of AHPIP-c and related molecules.
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Chapter 7 contains the spectral behaviour of a new molecule, 2-(4'-amino-2'-
hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine (AHPIP-c). The main objectives of the studies are
to ascertain the roles of intermolecular hydrogen bond, intramolecular hydrogen bond and
proton transfer in the ICT process and to find whether intramolecular hydrogen bond or proton
transfer is competent enough to promote ICT. AHPIP-c exhibits normal and tautomer
emissions in aprotic as well as in protic solvents due to ESIPT. To comprehend the competition
between the ICT and ESIPT processes, the photophysical properties of methoxy derivative, 2-
(4'-amino-2'-methoxyphenyl)-1H-imidazo-[4,5-c]pyridine (AMPIP-c), 2-(4'-aminophenyl)-
1H-imidazo-[4,5-c]pyridine (APIP-c) and PIP-c (Chart 6) were also investigated. APIP-c
displays twisted ICT (TICT) emission only in protic solvents, on the other hand, when —OH
group of AHPIP-c is replaced by —OCHs group, AMPIP-c emits weak TICT emission in

methanol.

Chapter 8: Summary and Scope for the Future Work

The thesis ends with a summary of the presnt work and scope for the future work.
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1.0. Introduction

1.1. Dual Fluorescence
The intramolecular charge transfer (ICT) and intramolecular proton transfer (IPT) are some

of the excited state processes that leads to dual fluorescence.

1.2.0. Intramolecular Charge Transfer

CHj
NC N
CHj
LE
S1 NC N CHs
A CHs
TICT
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% emission emission
o]
<
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Scheme 1.1. Dual emission due to TICT process.

So

Absorption of photon by organic molecules having electron donor and acceptor
connected by a spacer or a single bond, triggers the charge transfer from the donor to the
acceptor in the electronic excited state of the molecule. As a result, the dipole moment of the
molecule is enhanced and it relaxes to a highly polar and more stable state known as the ICT
state. This photoinduced process causes dual fluorescence, the emissions take place from both
the locally excited state and the ICT state.r” Of the different mechanisms proposed to

understand the formation of the ICT state, twisted ICT (TICT) is the most accepted one.®*?

CH3
NC N
CH3

Chart 1.1. Structure of 4-Dimethylaminobenzonitrile.
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4-Dimethylaminobenzonitrile (DMABN, Chart 1.1) is an archetypal donor-acceptor
system emitting dual fluorescence in polar solvents because of TICT.! According to the TICT
model, the charge transfer from donor to acceptor moiety in the excited state is accompanied
by the rotational relaxation of the donor moiety from the planar to a perpendicular (twisted)
conformation called TICT state (Scheme 1.1). As photoinduced ICT plays an important in
photochemical and photobiological processes including photosynthesis, vision and mutation of

nucleic acid (DNA) base pairs, the interest on ICT has multiplied.t31°

1.2.1. Factors Affecting the ICT Emission
It is well established that the polarity and the viscosity of the medium control the
formation and stabilization of the ICT state in many ICT emitting fluorophores. The effects of

polarity, viscosity and hydrogen bonding on ICT emission are briefly discussed below:

1.2.2. Polarity and Viscosity

Due to the polar nature of the ICT state, the rate of formation and stabilization of the
ICT state increases with enhancing the polarity of the environment. 5-(4-dimethylamino-
phenyl)-penta-2,4-dienoic acid methyl/ethyl esters exhibit single emission in nonpolar solvent
and dual emission in polar solvents (Chart 1.2).1"® Recently, Righini et al.found that the
formation of ICT state of all-trans-f-Apo-8’-carotenal depends on the polarity and polarizabilty
of the solvents. They also found that in polar solvents intensity of the ICT band increases.*®
But in general, the increase in polarity does not affect the ICT emission monotonically.? 20-23
As the ICT state is stabilized in polar solvents, the nonradiative decay from the ICT state to the
low lying states also affected by the polarity of the media. E.qg., the dipole moment of TICT
state of DMABN (Scheme 1.1) is more than that in triplet state due to appreciable charge
transfer character of the TICT state.? As a consequence, with rise in polarity the energy gap
between the TICT state and the triplet state decreases. According to energy gap law of
nonradiative transition, the rate of ISC increases with decrease in energy gap between the triplet
and singlet state.?% Hence, the triplet yield of DMABN increases and TICT emission
decreases, as the polarity of the medium increases.?® Large solvatochromic shift of the emission
band and very high dipole moment value indicate that the ICT process is strongly dependent

on the polarity of the medium.
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Chart 1.2. 5-(4-dimethylamino-phenyl)-penta-2,4-dienoic acid methyl/ethyl esters.

It is obvious that the twisting motion primarily depends on the viscosity of the medium.
As TICT generated by twisting of the donor group, the medium viscosity also affects the
formation of the TICT state. Upon increasing the viscosity of the medium the barrier of twisting
increases and thus the formation of TICT state is less favoured. TICT process of molecules
having small donor group is almost independent of viscosity.?”?¢ But, at very high viscosity
the TICT process may be affected as friction plays an important role.?®3! On contrary, when
the rotating group is bulky, even with moderate viscosity the rate TICT process decreases.®?

Apart from these factors, hydrogen bonding plays a vital role in the formation and
stabilization of ICT state.3 The role of hydrogen boding in the ICT process is briefly explained
in the following sections.

1.2.3. Hydrogen Bonding with Electron Donor

Cazeau-Dubroca et al. reported the effect of hydrogen bonding of the solvent on the
donor group.3*3" They suggested that hydrogen bonding of the solvent with charge donor
produces a twisted conformer in the ground state and such ground state twisted conformer upon
excitation emit ICT fluorescence. The Cazeau-Dubroca hypothesis was severely challenged by
Al-Hassan and Azumi. They observed the of longer wavelength emission in non-hydrogen
bonding polymer matrices also.*® Cazeau-Dubrocaet al. claimed that the presence of water
traces introduced in the non-hydrogen bonding polymer matrices is the cause for the dual
fluorescence of DMABN.?® Although Kijimato et al.'s study supports the Cazeau-Dubroca’s
hypothesis*’ due to the absence of any clear evidence to substantiate the mechanism. Therefore,
the Cazeau-Dubroca’s hypothesis was easily rejected. In addition, few groups established that
the ground state hydrogen bonding at the donor does not promote ICT rather it retards the
formation of the ICT state in DMABN.*1#2 Zachariasse et al. reported that the ground state
twist of the amino group is not essential for the ICT emission of DMABN derivatives, 3,5-
dimethyl-4-(dimethylamino)benzonitrile (Chart 1.3).%3
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Chart 1.3. Structure of 3,5-dimethyl-4-(dimethylamino)benzonitrile.

Dreuw et al. investigated the role of water in the ICT emission of 4-
(dimethylamino)methylbenzoate. Based on the theoretical calculations, they predicted that in
the gas phase it is the dimethylamino nitrogen hydrogen bonded complex but not the
carboxylate hydrogen bonded molecule that is responsible for the ICT emission.*

Aminocoumarins are also the interesting class of molecules having different type of
hydrogen bonding between the amino group and the solvents. It was proposed that in ground
state, the electron donating amino group acts as a hydrogen bond donor (Chart 1.4).454
Conversely, such hydrogen bonds favour the formation of the ICT state. Recently, Krystkowiak
et al. reported the deactivation of 6-aminocoumarin via ICT in the excited state through
hydrogen bonding with various solvents having hydrogen bond accepting capacity.*” On the
basis of ab initio study, they also showed that structure with five interacting water molecules

in the surrounding to amino group of 6-aminocoumarin is the most stable structure.*8
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Chart 1.4. Structure of aminocoumarin with hydrogen bonding with protic solvent.

1.2.4. Hydrogen Bonding With Electron Acceptor

Several studies reveal that hydrogen bonding with the electron acceptor accelerates the
flow of charge from the donor to the acceptor, thereby favours the ICT process. Ma et al.
reported the formation of a hydrogen bond between methanol and cyano group in the ICT state
of DMABN. Their report suggested that the charge separation in the ICT state favours the
hydrogen bond formation between cyan group of DMABN and methanol.*® Zhao et al. based

6
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on their results, proposed that the hydrogen bond between the cyano group and methanol is
strengthened in the TICT state, which can facilitate the deactivation process of the excited
DMABN in methanol via internal conversion.

Cazeau-Dubroca et al. based on their hypothesis suggested that the hydrogen bonding
of ethanol with dimethylamino group is responsible for the formation of the ICT state of 4-
(dimethylamino)pyridine(DMAP, Chart 1.5).%¢ However, Araki et al. showed that the pre-
twisted conformer is not responsible for the ICT emission of 4-(dimethylamino)pyridine.>!
Later on the studies of Herbich et al. and Demeter et al. revealed that the hydrogen bonding of
the protic solvent with pyridine nitrogen of 4-(dimethylamino)pyridine is responsible for the
ICT emission in hexane.5?

H3C CHgj

\N/

X
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N

Chart 1.5. Structure of 4-(dimethylamino)pyridine.

Herbich et al. also investigated the photophysics of 4-dialkylaminopyrimidines (Chart
1.6) class of donor-acceptor systems similar to DMAP.*4252 They observed only single
emission from the ICT state for ortho-substituted analogue of 4-dialkylaminopyrimidine
(Chart 1.6b). But 4-dialkylaminopyrimidine emits both normal emission and the ICT emission
in polar aprotic solvents. The weak ICT emission of 4-dialkylaminopyrimidine is well
developed in presence of protic solvents or Zn?* ions (Chart 1.6c). Further monoexponetial
decay of the ICT emission indicates that only single hydrogen bonded complex is responsible
for the ICT emission. This was assigned to the hydrogen bond formed through pyrimidine

nitrogen para to amino group.
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Chart 1.6. Structure of 4-dialkylaminopyrimidines.
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a.X=N,Y =CH
b.X=CH)Y =X

H
Chart 1.7. Structures of 2-(4'-aminophenyl)-pyridoimidazoles.

O,

a.X=N)Y=CH
b.X=CH,Y =X

H

Chart 1.8. Structures of 2-(4'-N,N-dimethylaminophenyl)-pyridoimidazoles.

Aminophenylpyridoimidazoles belongs to a special type of TICT exhibiting molecules,
where the hydrogen bonding is essential for the ICT emission (Charts 1.7 and 1.8). Fasani et
al. found that the dual emission from 2-(4'-aminophenyl)-pyridoimidazoles only in alcoholic
solvents and not in nonpolar or polar aprotic solvents (Chart 1.7).> They suggested that
emissions arise from the locally excited state as well as from tha TICT state. They also
hypothesized that the protic solvents form hydrogen bond with hydrogen of the azole nitrogen
and the ‘NH’ hydrogen. This twists the pyridoimidazole moiety perpendicular to form the
twisted conformer of the TICT state. But, Fasani model did not assign any role for the pyridyl
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nitrogen in the TICT process. But, later studies clearly established both the presence and
position of pyridyl nitrogen are crucial for TICT emission in 2-(4-N,N-
dimethylaminophenyl)imidazo[4,5]pyridines (Chart 1.8).°%°7 In addition acceptor twisting
model was rejected by studies of Krishnamoorthy and Dogra.>®

1.3.0. Excited State Proton Transfer

As discussed earlier, excited state PT is one morephoto induced process that also leads
to dual emission. PT is more facile in the excited state as acid and base become stronger acid
and base in the excited state and are called photo acid and photo base, respectively. Kasha
classified the PT phenomena based on their mechanisms as excited state intramolecular proton

transfer (ESIPT), concerted biprotonic transfer and proton relay transfer.>®

1.3.1 Excited State Intramolecular Proton Transfer

%
YH
x/\)
n
Normal Band Tautomer
By hv' Band
1%
hv,;
v
YH
X/\)
Tautomer
Open trans

Closed cis

Scheme 1.2. Dual emission due to ESIPT process.

ESIPT has gained special attention among the photochemists and photophysicists
owing to its fundamental importance in science and technology. ESIPT is basically a photo
tautomerisation in which a proton transfers from a protic acidic group to nearby basic group in
electronic excited state of the molecule via intramolecular hydrogen bond.>*®® This

phototautomer generally produces a large Stokes shifted emission, which is the desired feature

TH-1702_11612207



to avoid self-absorption and the inner filter effect. The ESIPT leads to dual fluorescence as

shown by a cycle (Scheme 1.2).

1.3.2. Factors Affecting ESIPT

ESIPT is highly sensitive to the nature of environment. The ESIPT process is poorly
dependent on viscosityof the solvents as it follows an intramolecular hydrogen bonded cyclic
path (Scheme 1.2). However it depends on the polarity and strongly on the protic nature of the
solvents.®®* The microheterogenious environments also perturbs the ESIPT of several
molecules.®>®" In addition to the effect of solvents, substitution also affects the ESIPT process
of several molecules. The effects of solvent and substitution on ESIPT were briefly discussed

below.

1.3.3. Effect of Solvents on ESIPT

N
C[\

N

\

H mmmQ

\H/

X=NH, O, S

cis-enol \

Y trans-enol

Chart 1.9. cis-enol and trans-enol conformers of 2-(2'-hydroxyphenyl)benzazole.

The intramolecular hydrogen bond is the main driving force for the ESIPT. Since this
intramolecular hydrogen bond is fairly unaffected in aprotic solvents, the ESIPT is more
favoured in aprotic solvents. But polarity of the solvent alters the cis-enol-trans-enol
equilibrium. The relative population of trans-enol increases with increase in polarity. On the
other hand, in protic solvents the competition between intramolecular hydrogen bonding and
intermolecular hydrogen bonding hampers the ESIPT. Therefore, the relative intensities of the
normal band and tautomer band change with nature of the solvents. Hence, The ESIPT is highly
favoured in nonpolar solvents than in polar or protic solvents. For example, 2-(2-
hydroxyphenyl)benzazole exists as cis-enol and trans-enol (Chart 1.9).57-"? Cis-enol has a
hydrogen bond between the hydroxyl group and imidazole nitrogen atom and upon excitation

undergoes ESIPT. Trans-enol upon excitation produces normal emission. Upon addition of
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protic solvents, the intramolecular hydrogen bond that exists in cis-enol breaks and equilibrium

shifts towords trans-enol and intensity of the keto emission decreases.

1.3.4. Effect of Substituents

The proton transfer greatly depends on the acidity of the proton donor group and
basicity of the proton acceptor group. It was found that by modifying the molecular structure
of the organic molecules, the proton transfer can be controlled/modified. Since the ESIPT
behaviour of benzazole derivatives are extensively investigated, the effect of substituents on

proton transfer of benzazole derivatives is discussed below.

Y = NH,
=OH
= OCHj
= CH3

Chart 1.10. Structure of the 2-(2'-hydroxyphenyl)ben2|mldazole derivatives.

H—Q H—2Q

N N
@\P% ) '@O—{ )
Z N N
\ \
H H
H5Q H—Q

C-0 -G @m@

Chart 1.11. Nitrogen substituted analogues of 2-(2' hydroxyphenyl)ben2|mldazole

Douhal et al. proposed that substituion of groups at 5-position (at phenyl moiety) of 2-
(2'-hydroxyphenyl)benzimidazole (HPBI) produces a red shift in the absorption and the
fluorescence spectra by inducing resonance effect (Chart 1.10).72 Several other reports are also
available, where substitution on phenyl as well as benzimidazole moiety alters the spectral

properties of HPBI.”*" In addition, it was investigated that nitrogen substitution in benzene or
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phenolic ring also affects the fluorescence properties of the HPBI (Chart 1.11).7%2 Nitrogen
substitutions at benzene ring reduce the quantum yield, whereas substitutions of nitrogen at
phenolic ring increase the quantum yield. Zachariasse et al. reported the intense tautomer
emission from a bridged HPBI even in protic solvents.®

2-(2'-aminophenyl)benzimidazole also emits weak tautomer emission. It was found that
substitution at amino group affects the proton transfer and proton transfer improved by the
substitution of electronegative groups and the maximum enhancement in tautomer emission

was observed by the substitution of tosyl group (Chart 1.12).84-8%

R=H
= COCHjz
= COCg¢Hs
=Tosyl

Chart 1.12. Structure of 2-(2'-aminophenyl)benzimidazole and its derivatives.

O

l_'—
N

A (@)

(b)
Chart 1.13. Structure of 2-(2'-hydroxyphenyl)benzoxazole and its analogues.

The effect of substitution on the ESIPT of 2-(2'-hydroxyphenyl)benzoxazole (HPBO,
Chart 1.13a) was also investigated.®”? It was found that when HPBO is substituted by
methoxy at 3' positionthe fluorescence yield decreases. However, the spectral characteristics
of HPBO are almost similar when the methoxy group is substituted at 4'-position.*® Park et al.
proposed that the tautomer fluorescence of HPBO is red shifted upon substitution of an electron
donor and blue shifted upon substitution electron acceptor group (Chart 1.13b).%* Recently,
Douhal et al. reported the photodynamics of two HPBO derivatives, where the benzene ring of

benzoxazole substituted by ~NH> group at different positions.*

12
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The ESIPT behaviour 2-(2'-hydroxyphenyl)benzthiazole (HPBT, Chart 1.14a) and its
analogous were also investigated.®®-% Zhao et al. found the spectral properties of HPBT can be
modulated by attaching rhodamine moiety to HPBT.% Recently Chou et al. studied a series of
2-(2"-aminophenyl)-benzothiazoles, where proton donor is \NHz group (Chart 1.14b).1%° They
found that 2-(2'-aminophenyl)-benzothiazoles which are incapable to undergo proton transfer,
undergo ESIPT upon substitution at amino group. Further, their studies inferred that the
electron withdrawing substitution at amino group fastened the proton transfer than the electron
donating group. They also found that the substitution at aniline moiety also affects the proton

transfer process.

l_'—
N

(b)

Chart 1.14. Structures of 2-(2'-hydroxyphenyl)benzthiazole and 2-(2’-aminophenyl)-

benzothiazole.

1.3.5. Solvent Mediated Proton Transfer

In some cases the itramolecular proton transfer is not possible due to long distance
between proton donor and acceptor. But in those cases proton transfer may occurs through
solvent molecules. The solvent mediated biproton transfer and relay proton transfer are the two

major ways to peruse these processes.

Sy N NN
\ |
: \\\\“\\ u, l:l
H ~~ O\\ /73 O/
\ [
H H

Scheme 1.3. Double proton transfer in 7-azaindole.
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The phenomena of biproton transfer is often observed in 7-azaindole in protic solvents,
Where protic solvent form intermolecular hydrogen bonds with imidazole ‘NH’ group and
pyridyl nitrogen and the undergoes biproton transfer (Scheme 1.3).101102

However, in 3-hydroxyquinoline the proton donor and proton acceptor are farther away
from each other, where two protic solvent acts as a bridge between them to undergo suitable
proton transfer in excited state (Scheme 1.4).1% This is an example of a three proton relay

system.

X
=
o N
H
””"’O ‘o, H
""": / ,lll"'ll, /
(@)
\ \
H H

Scheme 1.4. Relay proton transfer in 3-hydroxyquinoline.

1.4.0. ESIPT versus ICT

ESIPT and ICT processes are individually gained attention. Simultaneously, it was
found that some structural modification of ESIPT/ICT dyes lead to an interesting photo induced
process called coupled proton and charge transfer. The coupling between these two (ICT and
PT) processes primarily depends on molecular structures of the fluorophores. Coupled proton
and charge transfer reactions play a significant role in many chemical and biological processes.
The ICT can either occur prior to PT or after PT.

H
\N/
O

H H3C\ /CH3 H\ /H H3C\ /CH3
N N N
H3CO” i H3CO ; HO : HO ;
o) OCH3 @) OCH3 o} OCHj

OCH;

Chart 1.15. Structures of aminosalicylates.
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When groups responsible for ESIPT and ICT are combined in the same fluorophores
then their photophysical properties become more interesting. Kasha et al. illustrated that the
emissions can occur from all the three states of p-dimethylaminosalicylate, i.e. the locally
excited state, the ICT state and the tautomer excited state and compete with each other (Chart
1.15),104-106

p-N,N-Dimethylaminobenzoic acid (Chart 1.16a) emits only normal emission in
nonpolar solvents but Yoon et al. found that p-N,N-dimethylaminosalicylic acid (Chart 1.16b)
emits ICT emission in nonpolar solvents also.'%1% Therefore, they proposed that the ESIPT
through hydrogen bonding favoured the ICT process. Further they have demonstrated that
when the intermolecular hydrogen bonding is supressed by complexation, the ICT emission is

enhanced due to intramolecular hydrogen bond that led to ESIPT.

HO
CH
o Ve ° o /CH3
(a) N\ (b) N
HO CHs HO \CH3

Chart 1.16. Structures of dimethylaminobenzoic and dimethylaminosalicylic acid.

Palit et al. reported substituted 1, 3-diketone systems, where proton transfer also directs
the charge transfer process (Chart 1.17). They observed that in nonpolar solvents ESIPT
favours ICT and in polar solvents ESIPT favours TICT.%®

CHgj
Chart 1.17. Structure of a 1, 3-diketone

Schiff base salicylideneaniline (Chart 1.18a) is capable of ESIPT.}10 After the
introduction of —N(C2Hs)2 groups to the salicylideneaniline (Chart 1.18b) and it undergoes
both proton and charge transfer in excited state. In addition, it was also suggested that the
proton transfer is mandatory for charge transfer process.!'! Based on the theoretical

investigation it was proposed that the dual emission of a salicylideneaniline derivative, (E)-4-

15
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(4-(diethylamino)-2-hydroxybenzylideneamino)benzonitrile (Chart 1.16c) is due to charge
coupled proton transfer. 112

O—H /
(@) N—N
/ —O0
/C2H5
(b) O—H / N\
C2H5 N—/N CZH5
\ /
N H—O

/
CoHs

(C) O—H
CoHs N CN
\ // < >
/
CoHs
Chart 1.18. Structures of salicylideneanilines.

Rodriguez et al. found that 2-(4’-N,N-diethylamino-2'-hydroxyphenyl)benzimidazole
emit normal and tautomer emissions and no ICT emission. However, they proposed ICT from
the deprotonated dialkylaminophenol to the protonated benzimidazole in the tautomeric form,

but such an ICT process resulted in non-fluorescent tautomer (Scheme 1.5.).1

/H (o} H
N CoH
N
” \CzHS N \c H O: >_© N\
(Nsyn) H ©) 22 N CoHs
3 O- (Ter)
ESipr
N syn T \ ICT
T*

Scheme 1.5. Excited state coupled intramolecular proton and charge transfer of 2-4'-N,N-

diethylamino-2'-hydroxyphenyl)benzimidazole.
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In addition, the coupled ESIPT-ICT behaviour of some substituted 2'-
hydroxyphenylbenzazole also investigated. Chou et al. and Park et al. reported the coupled
proton and charge transfer from a 2'-hydroxyphenylbenzoxazole with an electron withdrawing
group to acceptor moiety (Chart 1.19) and proposed strong solvatochromic fluorescence from
the ICT state created by ESIPT 64114

Chart 1.19. Structure of the 2'-hydroxyphenylbenzoxazole derivative.

In 4’-(N,N-diethylamino)-3-hydroxyflavone and its analogues emissions were observed
only from the ICT and phototautomer states, and an equilibrium was established between the
two states (Chart 1.20).1%>117 7-N,N-Diethylamino-3-hydroxyflavone also emits only dual
fluorescence and were observed from ICT and phototautomer states.*®'° But there was a

precursor—successor relationship between the two states (Scheme 1.6).

CoHs

|

N
C,Hs

Chart 1.20. Structure of the 3-hydroxyflavones.
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Scheme 1.6. ICT triggered ESIPT in 3-hydroxyflavone.

1.5. Motivation for the Present Work

The motivation for the thesis work is to gain more insight on TICT and ESIPT.

Aminophenylpyridoimidazoles belong to special type of TICT exhibiting molecules
(Charts 1.7 and 1.8) and protic environment is absolutely essential for the TICT emission of
these molecules. The mechanism of TICT of aminophenylpyridoimidazoles is under deep
investigation.>>>” Recently it was ascertained that double proton transfer induced TICT
emission of 2-(4'-N,N-dimethylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b, Charts
1.8a). In DMAPIP-b only one solvent molecule is sufficient to peruse the double proton
transfer.’?® But in 2-(4'-N,N-dimethylaminophenyl)imidazo[4,5-c]pyridine (DMAPIP-c,
Charts 1.8b), since the position of pyridyl nitrogen is far away from the imidazole, one protic
solvent molecule is not sufficient for the double proton transfer, therefore the studies are
performed to understand the TICT emission of DMAPIP-c in protic solvents (Chapter 3).

It was investigated that restricted environments modulate the ICT emission of number
of dyes.2-1241n addition, advances in supra molecular chemistry demands suitable host-guest
pair for the study. The cucurbit-7-uril (CB-7) is a highly water soluble host among cucurbit-n-
uril (CB-n) family and it was also found that the cavity of CB-7 contains some water
molecules.® Studies revealed that these internal water molecules inside CB-7 cavity is playing
a major role for the strong host-guest binding.1?>12® Since, TICT emission of DMAPIP-b and
DMAPIP-c is limited only to protic environment; it will be interesting to verify whether
DMAPIP-b and DMAPIP-c exhibit TICT emission in CB-7. Such a study will also provide a
new insight about the characteristics of internal water molecules of CB-7 cavity. It is reported
that the cationic guests have higher binding affinity than the neutral guests towards CB-7.127:128
However, the effect of CB-7 on the cationic mixture is not investigated. Both DMAPIPs form
more than one monocation. Therefore, the studies are extended to investigate the effect of CB-
7 on the monocatonic equilibrium of both DMAPIP-b and DMAPIP-c (Chapter 4).

18
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As TICT, ESIPT is also an important excited state process that brings dual emission in
organic molecules. Current researches focus to modulate the ESIPT behaviour of the dyes by
modifying the organic backbone.'?>1% This helps to tune the absorption and emission to longer
wavelength. Since, the normal emission is less Stokes shifted it overlaps with the absorption
spectrum, therefore it suffers from inner filter effect. Further, as the trans-enol and cis-enol are
in equilibrium, reduction in the population of trans-enol will lead to intense tautomer emission.
Therefore, it is good to minimize or completely eliminate the trans-enol (which produces
normal emission) to obtain exclusive highly Stokes shifted tautomer emission. As stated earlier,
the ESIPT behaviour of a benchmark dye HPBI was extensively investigated. To modulate the
emissions of HPBI, the ESIPT behaviour of a new HPBI derivative 4-(3-(1H-
benzo[d]imidazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(1H-benzo[d] imidazole-2-yl)-6-tert-
butylphenol (bis-HPBI) is designed and investigated. The bis-HPBI contains two HPBI
moieties connected by a methylene linkage and a bulky tert-butyl group is substituted at ortho
to —OH group in the phenyl ring of HPBI. It is expected the dye emission may affect by these
features of bis-HPBI. One more interesting option in bis-HPBI, it has two HPBI units. Thus it
will be interesting to explore whether single unit of HPBI undergo ESPT or both the unit
undergo ESIPT. In addition, the effect of acids-bases on the spectral characteristics of bis-HPBI
is explored (Chapter 5).

Some dyes possess weak fluorescence in dilute solution and exhibits intense emission
in the aggregate/solid state and the phenomenon is known as aggregation induced enhance
emission (AIEE).**® AIEE earned popularity due to its opposite behaviour to aggregation
caused quenching effect. To date variety of AIEE active fluorophores have been designed.*3”
145 Recently, AIEE from ESIPT exhibiting fluorophores have gained attention. However, in all
those cases not only the tautomer emission, but also the less Stokes shifted normal emission
was also observed. Possible AIEE from bis-HPBI and its analogues, 4-(3-(benzo[d]oxazol-2-
yl)-5-tert-butyl-4-hydroxybenzyl)-2-(benzo[d]oxazol-2-yl)-6-tert-butylphenol  (bis-HPBO)
and  4-(3-(benzo[d]thiazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(benzo[d]thiazol-2-yl)-6-
tert-butylphenol (bis-HPBT) are explored. The main objective was to obtain exclusive AIEE
only from the tautomer. In addition, the utility of AIEE in sensing of various cations and anions
as well as in cell imaging are investigated (Chapter 6).

The phenomena of TICT and ESIPT are individually investigated. As mentioned,
recently it was found that coupled TICT and ESIPT processes have also gained interest,11:113147-
151 The coupled TICT and ESIPT process mainly depends on the molecular structure of the

fluorophore and the nature of the environment. 2-(4'-amino-2'-hydroxyphenyl)-1H-imidazo-
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[4,5-c]pyridine (AHPIP-c) is a newly designed molecule having both charge donor and proton
donor groups and is a derivative of 2-(4'-aminophenyl)-1H-imidazo-[4,5-c]pyridine (APIP-c).
As shown by Fasani et al. hydrogen bonding is absolutely essential for APIP-c to emit TICT
emission. Therefore, it is interesting to see whether intramolecular hydrogen bonding promote
TICT emission or prevent it. To verify this, the spectral characteristics of AHPIP-c are
investigated in aprotic and protic solvents. In addition, the characteristics of 2-(4'-amino-2'-
methoxyphenyl)-1H-imidazo-[4,5-c]pyridine (AMPIP-c, methoxy analogue of AHPIP-c) are
also studied to further support the findings on AHPIP-c (Chapter 7).
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Chapter 2

Materials, Methods and Instrumentations
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2.0. Introduction

The details of the chemicals and the solvents used for the work carried out in the present
thesis are provided in this chapter. The methodology followed for the syntheses, experiments,
theoretical calculations and data analyses were also briefly described in this chapter. In

addition, this chapter covers the details of the instruments are used.

2.1.0. Materials
The details of the solvents and chemicals used for the thesis work are listed below:

2.1.1. Solvents

Acetonitrile (HPLC grade, Spectrochem, India)

1-Butanol (HPLC grade, Spectrochem, India)
Cyclohexane (HPLC grade, Rankem India)

Diethyl ether (HPLC grade, Spectrochem India)
Dimethylformamide (DMF), HPLC grade, Rankem India)
Dimethylsulfoxide (DMSO), HPLC grade, Rankem India)
1, 4-Dioxane (HPLC, Spectrochem India)

Ethanol (ACS grade, Merck)

Ethyl acetate (HPLC grade, Rankem India)

Glycerol (AR grade, Rankem India)

Glycol (AR grade, Rankem India)

Methanol (HPLC grade, Rankem India)

1-Propanol (AR grade, Rankem India)

2-Propanol (HPLC grade, Rankem India)
Tetrahydrofuran (THF), HPLC grade, Rankem)

Water (Millipore)

The solvents were transparent in the spectral region of interest and were used as received.

YV V.V V V V V V VYV V V V V V V V

2.1.2. Metal Salts

» Cadmium nitrate hydrate, Cd(NO3)2.xH20 (Merck)

Cobalt chloride hexahydrate (CoCl2.6H20) (Merck)

Copper perchlorate hexahydrate, Cu(ClO4)2.6H20, (Sigma Aldrich)

Iron perchlorate, Fe(ClO4)2.xH20, (Sigma Aldrich)

Magnesium perchlorate hexahydrate, Mg(Cl104)..6H.0 (Sigma Aldrich)

YV V V V
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Mercuric Chloride, HgCl, (Merck)

Nickel perchlorate hexahydrate, Ni(ClO4),.6H20 (Sigma Aldrich)
Sodium perchlorate monohydrate, NaClO4.H20 (Sigma Aldrich)
Zinc perchlorate hexahydrate, Zn(ClOa4)2.6H20 (Sigma Aldrich)

vV V V V

2.1.3. Anions

Tetra-n-butylammoniumacetate, (CH3CH2CH2CH2)sN*CH3COO(Sigma Aldrich)
Tetra-n-butylammoniumchloride, (CH3CH2CH2CH>)sN*CI(Sigma Aldrich)
Tetra-n-butylammonium fluoride, (CH3CH2CH>CH:)sN*F(Sigma Aldrich)
Tetra-n-butylammoniumnitrate, (CH3CH.CH>CH.)sN*NOsz"(Sigma Aldrich)
Tetra-n-butylammoniumperchlorate, (CH3CH2CH2CH2)sN*CIO4 (Sigma Aldrich)
Tetra-n-butylammoniumphosphate, (CHsCH2CH,CH.)4sN*PO>(Sigma Aldrich)

YV V. V V V V

2.1.4. Other Chemicals

4-Aminosalicylic acid (Sigma Aldrich)
4-Amino-2-methoxybenzoic acid (Sigma Aldrich)
4-Aminobenzoic acid (Sigma Aldrich)

Benzoic acid (Merck India)

Chloroform-d (Sigma Aldrich)

Citric acid monohydrate (Merck India)
3,4-Diaminopyridine (Sigma Aldrich)
Diphosphorouspentoxide (Merck India)
4-(N,N-Dimethylamino)benzoic acid (Sigma Aldrich)
Dimethylsulfoxide-ds (Sigma Aldrich)
Di-sodiumhydrogenphosphate anhydrous (Merck)
lodomethane (Merck India)

Methanol-d4 (Sigma Aldrich)
ortho-Phenylenediamine (Merck India)
ortho-Phosphoric acid (AR grade, Rankem India)
Phosphorous oxychloride (Spectrochem)
Potassium hydroxide (Merck India)

Silica gel (60-120 mesh) (Merck India)

Silica gel for thin layer chromatography (Merck India)
Silica gel GF254 (Merck India)

YV V V VYV V V V V V VYV V V V V V V V V V VY

24
TH-1702_11612207



Sodium bicarbonate, anhydrous, (Merck India)
Sodium carbonate, anhydrous (Merck India)
Sodiumdihydroge phosphate dihydrate (Merck)
Sodium hydroxide (Merck India)

Sodium sulfate anhydrous (Merck India)
Sulfuric acid (AR grade, Rankem India)
Trisodium citrate dehydrate (Merck India)

V V V V V V V V

Heavy water (Sigma Aldrich)

2.1.5.0. Synthesis

2.1.5.1. 2-(4'-N,N-Dimethylaminophenyl)imidazo[4,5-c]pyridine (DMAPIP-c), 2-(4'-
aminophenyl)-1H-imidazo[4,5-c]pyridine (APIP-c), 2-(4'-amino-2'-hydroxyphenyl)-1H-
imidazo-[4,5-c]pyridine (AHPIP-c) and 2-(4'-amino-2'-methoxyphenyl)-1H-imidazo-
[4,5-c]pyridine (AMPIP-c)

Rl Rl
NH,
N POCI, N N\
| + HooC R, — || R,
N Reflux N
= - = N\

H Ry=H, R, = N(CHjz),, DMAPIP-c
R;= H, Ry = NH,, APIP-c
R;= OH, R, = NH,, AHPIP-c
R;= OCHs, R, = NH,, AMPIP-C

Scheme 2.1. Syntheses of DMAPIP-c, APIP-c, AHPIP-c and AMPIP-c.

2-(4'-N,N-dimethylaminophenyl)imidazo[4,5-c]pyridine (DMAPIP-c), 2-(4'-
aminophenyl)-1H-imidazo[4,5-c]pyridine  (APIP-c), 2-(4'-amino-2'-hydroxyphenyl)-1H-
imidazo-[4,5-c]pyridine  (AHPIP-c) and 2-(4'-amino-2'-methoxyphenyl)-1H-imidazo-[4,5-
c]pyridine (AMPIP-c) were synthesized by refluxing equimolar mixture of 3,4-
diaminopyridine and corresponding acids in POCIs for 6 h (Scheme 2.1).1%2 After cooling the
reaction mixture was added to ice cold water and neutralized with sodium hydroxide. The
precipitate thus obtained was purified by column chromatography. The product was confirmed
by NMR spectrum and HRMS.

DMAPIP-c: *H NMR (400 MHz, CDClIs, ppm) & 3.11 (6H, s), 6.89 (2H, d), 7.93 (1H, d), 8.20
(2H, d), 8.34 (1H, d), 8.97 (1H, s)
HRMS (ESI) m/z: [M+ H]" Calcd for C14H14N4 239.1252; Found 239.1301.

APIP-c: 'H NMR (400 MHz, DMSO-ds): 8 12.83 (s, 1H), 8.76 (s, 1H), 8.20 (d, 1H), 7.95 (d,
1H), 7.87 (d, 2H), 6.67 (m, 2H), 5.72 (s, 2H).
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HRMS (ESI) m/z: [M+ H]" Calcd for C12H10N4 211.0939; Found 239. 211.097

AHPIP-c: 'H NMR (400 MHz, DMSO-ds): 6 8.36 (s, 1H), 7.80 (s, 1H), 7.39 (t, 1H), 7.06 (d,
1H), 6.38 (d, 1H), 5.86 d, 1H), 4.9 (br, 3H).

HRMS (ESI) m/z: [M+ H]" Calcd for C12H10N4O 227.0888; Found 227.0949

AMPIP-c: 'H NMR (400 MHz, DMSO-ds): & 12.04 (s, 1H), 8.79 (s, 1H), 8.22 (d, 1H), 8.03
(d, 1H), 7.48 (d, 1H), 6.30 (m, 2H), 5.86 (s, 2H), 3.39 (,3H)
HRMS (ESI) m/z: [M+ H]* Calcd for C1sH12N4O 241.1045; Found 241.1079

2.1.5.2. N,N-Dimethyl-4-(5-methyl-5H-imidazo[4,5-c]pyridin-2-yl)benzenamine
(DMAPIP-PyMe)

CH
| AN N\ / 3 1. CHgsl, irradiation, 200 W @i'\‘ /CH3
N - N
N \ > /
= : < > CH y C/N = N: < > \CH3

2. Ammonia solution 3

Ir—=

Scheme 2.2. Synthesis of DMAPIP-PyMe.
N,N-dimethyl-4-(5-methyl-5H-imidazo[4,5-c]pyridin-2-yl)benzenamine ~ (DMAPIP-

PyMe) was synthesized by irradiating the mixture of DMAPIP-c and methyl iodide in a

microwave oven at 200W for 4h.*>3 After irradiation, the mixture was cooled and then treated

with base.>* The product obtained was purified by preparative thin layer chromatography. The

compound was confirmed by HRMS and NMR spectrum.

DMAPIP-PyMe: *H NMR (400 MHz, CDCls, ppm) & 3.10 (3H, s), 3.53 (6H, s), 4.02 (1H, d),

7.05 (2H, d), 7.08 (2H, d ), 7.48 (2H, m)

HRMS (ESI) m/z: [M+ H]" Calcd for C1sH16N4 253.1409; Found 253.1461.

2.1.5.3. N,N-Dimethyl-4-(1-methyl-1H-imidazo[4,5-c]pyridin-2-yl)benzenamine
(DMAPIP-ImMe)

T T ) . T {
NP ~N \CH3 KOH, DMF & THF N P~ cH,

| 40°C |

Scheme 2.3. Synthesis of DMAPIP-ImMe
N,N-Dimethyl-4-(1-methyl-1H-imidazo[4,5-c]pyridin-2-yl)benzenamine (DMAPIP-
ImMe) was synthesized by procedure shown in the scheme 2.3. DMAPIP-c, methyl iodide and
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KOH (powder) were dissolved in a 3:1 solvent mixture of DMF and THF. The mixture was
stirred for 20 h at 40 °C.* The product obtained was purified by column chromatography The
HRMS and the NMR spectral data confirmed the product.

DMAPIP-ImMe: H NMR (400 MHz, CDCl3, ppm) & 3.07 (6H, s), 4.11 (3H, s), 6.65 (2H, d),
7.69 (2H, d), 7.77 (1H, d), 8.30 (2H, d)

HRMS (ESI) m/z: [M+ H]" Calcd for C15H16N4 253.1409; Found 253.1448.

2.1.5.4. 2-(Phenyl)imidazo[4,5-c]pyridine (PIP-c)

Polyphoshorlc acid X N\
HOOC — |
N = N
\
H

Scheme 2.4. Synthesis of PIP-c.

PIP-c was prepared by refluxing benzoic acid and 3,4-diaminopyridine in
polyphosphoric acid at 190°C for 5 h (Scheme 2.4).1%%-158 The reaction mixture was cooled and
poured into ice cold water. The mixture was neutralized by potassium hydroxide solution. The
dried solid product was recrystallized twice in methanol. The product was confirmed by HRMS
and NMR spectral data.

PIP-c: 'H NMR (600 MHz, CDCls, ppm) & 8.86 (1H, s), 7.36 (4H, m), 8.08 (2H, dd), 8.22
(1H, d)
HRMS (ESI) m/z: [M+ H]" Calcd for C12HoN3 196.0830; Found 196.0872.

2.155. 4-(3-(1H-Benzo[d]imidazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(1H-
benzo[d]imidazol-2-yl)-6-tert-butylphenol (bis-HPBI), 4-(3-(Benzo[d]oxazol-2-yl)-5-tert-
butyl-4-hydroxybenzyl)-2-(benzo[d]oxazol-2-yl)-6-tert-butylphenol (bis-HPBO) and 4-
(3-(Benzo[d]thiazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(benzo[d]thiazol-2-yl)-6-tert-
butylphenol (bis-HPBT).

The structure of all these molecules are given in the Chart 2. 1 and molecules were
received from Dr. M. Sathiyendiran’s (presently at School of Chemistry, University of

Hyderabad) Laboratory at Department of Chemistry, University of Delhi, India.t*
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N N
bis-HPBI

Q/ bis-HPBT \G

Chart 2.1. Structures of bis-HPBI, bis-HPBO and bis-HPBT.

2.2.0. Preparation of Samples
2.2.1. In Solvents

Most of the fluorophores were found to be well soluble in methanol. Therefore, for the
spectral measuremnt, a stock solution of the fluorophore was prepared in methanol having
solution strength 10 M. Further, 10 M of the fluorophore solution was prepared by pipetting
out 1 ml of the stock solution to a 10 ml capacity volummetric flask and filling the flask upto
the mark by adding methanol. From 103 M or 10 M solution, depending upon the requirement
1x 10° M, 1x 10° M, 3x 10® M solutions were prepared in different solvents after drying the
pipetted methanol. The solutions were shaken well and sonicated to dissolve the compound
completely in the solvents. However, in some cases due to poor solubility of the fluorophores
saturated solutions were taken for the spectral measurements. For pH titration, small amount
of H3PO4/H2SO4 or NaOH solution was added to obtain the desired pH. For pKa studies in
aqueous medium due to poor solubilty of bis-HPBI 3% methanol solution was used.

2.2.2. Cucurbit-7-uril Solution

2 x 10 M stock solution of CB-7 was prepared in a 10 mL capacity volumetric flask
by addiing milipore water. Appropriate amount of stock solution was added to the dried
fluorophores and diluted to the required volume. The pH solution maintained by using
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bicaronate-carbonate, phosphate or citrate buffer (depending on the requiredpH of the

solution).

2.2.3. Preparation of Aggregate of bis-HPBT

1 mM stock solution of the dye in THF was prepared. An aliquot of the stock solution was
transferred to a 10 mL volumetric flask to obtained 3 uM solutions of the fluorophore in
different fractions of water (fu = 0-90 %). At higher water fractions the clearness of the

solutions gradually decreased and a faint milky white colour developed.

Preparation of Solutions of Cations and Anions: 2 mM stock solutions of corresponding
cations and anions were prepared in THF. Using the stock solutions 500 uM cation/anion
solutions were prepared in 70:30 water/THF (v/v) mixture. Those solutions were used for

preparing other required solutions.

Cell Culture and Imaging: HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA),
antibiotics, and 2 mM glutamine. For experimentation, cells were passaged, plated on glass
cover slips supplemented with 1% FBS for 24 hrs. Upon cell adherence 200 pL of aggregates
were added and placed in an incubator for 2 hrs at 37 °C with 5% CO..

2.3.0. Methods
2.3.1. Quantum Yield

Fluorophores upon absorption of photons go to their excited state and are called excited
molecules. The fate of the excited molecules depends on the type of the fluorophores and nature
of the environment. However, excited fluorophore dissipates its energy by emission or
nonradiative ways. Quantum yield of fluorescence (®s) is defined as the ratio of the number of
photons emitted to the total number of photons absorbed and this definition leads to following
representation of ®s¢

s — Number of photons emitted
Number of photons absorbed

(2.1)

The quantum yield of a fluorophore can be determined relative to a reference compound

whose quantum yield is known. The absorbance(s) of the sample(s) is kept at ~ 0.1 for the
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determination of the fluorescence quantum yields. For the work done in this thesis, quinine
sulphate in 1N sulphuric acid is used as a standard whose quantum yield is 0.55.%° The quantum

yield is manually calculated by using the following equation:

n’ I
q)S :(DR F A? (22)
R

X —Rox S

A g
where Is and Ir represent the area obtained from the emission spectra of the sample and
reference, respectively and As and Ar denote the absorbance values for the sample and
reference, respectively. ns and nr are the refractive indices for solvent used for the sample and

the reference solutions, respectively.

2.3.2. Determination of lonization Constant

The acid dissociation constant (Ka) or the pKa is the measure of the strength of an acid
or a base. The pKa value of the dye gives better idea to understand about nature of the probe
and the medium. The most popular Hammett equation given below is employed for the

determination of ionization constant of an acid in aqueous medium.

BH* + H,0 ===B + H3;0" (2.3)
[B]

H, = pK, +lo 2.4

0 p a g[BH+] ( )

where [BH'] and [B] are denotes the molar concentration of conjugate acid and base
respectively.
Ho is called Hammett’s acidity function and is defined as follows

a. . fg

H, :—Iog;'; (2.5)

BH*
Where fg and fgn" are the acidity coefficient of conjugate base and acid respectively. an- is the
activity of the proton. For dilute solution, Ho is replaced by pH. The plot of pH versus

Iogﬂ is a straight line with unit slope and the pH = pKa when [B] = [BH"]. [i{ can be

[BH'] [BH™]
determined from following relation.

[BH'] [A-A,.] .

whereAgn+ and Ag are the absorbance of the pure BH™ and B respectively and A is absorbance

(at same wavelength) of any solution in which BH™ is partially ionized.

[B] __[B] (2.7)
[BH™] [C]-[B]
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where [C] is the molar concentration of the compound in the experimental solution.

(a1 AU )~ Aa)ei () 2.8)
&g (M) ean () — s (A)emy (4)

¢ 1s the molar extinction coefficient and for the calculation generally two wavelengths were

considered (A1 and A2) at both sides of the isosbestic point of the absorption spectra at different
pH.

2.3.3. Quantum Mechanical Calculation

The calculations were performed by using Gaussian 09 programm.?®! Integral equation
formalism-polarizable continuum model (IEF-PCM) is used to include the solvent stabilization
by choosing methanol as solvent.%2The configuration interaction with single excitations (CIS)
method is used for the optimization of the excited state geometry of the molecules.'®® In recent
times for the electronic structure calculations in the excited states time-dependent density
functional theory (TDDFT) is the most popular method. The combination of efficiency, that is,
computational cost, as well as precision makes TDDFT very popular.’841% The TDDFT
calculations were performed on the optimized structure to obtain molecular energy. The
approach was successful to predict molecular parameters in number of systems.%61%7 Different
functions such as Becke’s three-parameter hybrid functional B3LYP, Coulomb-attenuating
method (CAM)-B3LYP and B3LYP-D3 were used to obtain the molecular energy.8? 168171 The

6-31G (d, p) basis set were employed for the calculations.

2.4.0. Instruments

2.4.1. UV-visible Spectrophotometer

Mirror Mirror
Reference
Outputdevice
A
vy
",.: 4' IH Data processor
I Beam splitter PMT P
Lightsource Monochromator Sample

Scheme 2.5. Schematic diagram of a double beam- UV-visible spectrophotometer.
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In recent times, absorption measurements are performed by using double beam
absorption spectrometers. The block diagram of the double beam UV-visible
spectrophotometer is shown in Scheme 2.5. The double beam absorption spectrometers consist
of following components: light source, monochromator, sample holder, detector, amplifier and
recording devices. A beam of polychromatic light from the source is splited into its component
wavelengths by the monochromator. Subsequently, each monochromatic beam splits into two
sample and reference beams by a half-mirrored device. The sample beam passes through a
cuvette containing the sample solution. In the same time, the reference beam passes through an
identical cuvette containing the reference solvent. The intensities of these beams are then
measured by detectors and compared. In practice, the intensity of the reference beam denoted
as lo and the intensity of the sample beam is denoted as |. Finally the spectrophotometer
automatically scans all the component wavelengths very quickly.

For the present thesis work, absorption spectra were recorded with the help of a Cary
100, Perkin Elmer Lambda 25, and Perkin Elmer Lambda 750 double beam
spectrophotometers. Deuterium and tungsten lamps are used as light sources and
photomultiplier tube (PMT) as detector.

2.4.3. Steady State Spectrofluorimeter

Fluorescence spectral measurements were carried on Jobin Yvon Spex Fluoromax 4
and Fluorolog 3 instruments. The block diagram for steady state fluorimeter is shown in
Scheme 2.6.

Fluorimeter has xenon arc lamp as a versatile light source. Xenon light provides a
continuous emission spectrum with nearly constant intensity in the range from the ultraviolet
to the near infrared. Fluorimeters are equipped to record both fluorescence emission and
excitation spectra. Two monochromators are used for the selection of the excitation and
emission wavelengths. Motorized monochromator is used for automatic scanning of
wavelengths. The monochromators are controlled by the electronic devices and the computer.
The optical module contains various components: a sample holder, shutters, polarizers (during
anisotropy measurement only) and a beam splitter. The beam splitter is fabricated with a quartz
plate reflecting a few percentage of the exciting light towards a quantum counter or a

photodiode
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Steady State Xenon
Arc Lamp

Optional |.s Flashlamp

Standard Detector

Optional Alternative
Detector

Swing Mirror

Pt Optional Sample

Positioner
Na Flashlamp Optional Mirror

Excitation
Monochromator

Emission
Monochromator

Reference
Detector

Optional Polarisers

Optional Laser Input

Scheme 2.6. Block diagram of FSP 920 steady state spectrofluorimeter. (Diagram was obtained
from the catalogue of Edinburgh instruments FSP 920).

Optical System

The emission spectrum is monitored by fixing the excitation wavelength (Aexc) and it
reflects the variations of fluorescence intensity as a function of the wavelength at which the
fluorescence is observed (Aem). The excitation spectrum reflects the variations of fluorescence
intensity as a function of Lexc with fixed Aem. More conveniently the spectra were recorded as
a function of wavelength and not wavenumber. This is because the monochromators of
spectrofluorometers are equipped with gratings, thus for a given width of the input and output
slits, the monochromators operate at a constant band pass expressed in wavelength.

The fluorescence spectra are distorted mainly by the wavelength dependence of several
components of the instrument and required to be corrected.
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Correction for Emission Spectra

Basically emission spectrum depends on efficiency of the emission monochromator and
the response of the PMT and it is necessary to correct the emission spectra. To obtain a
corrected spectrum, the correction factors can be calculated by using a calibrated tungsten lamp
or by a standard fluorescence compound whose corrected emission spectrum is known. In

General, for all fluorimeters, the correction factors are provided by the supplier.

Correction for Excitation Spectra

Excitation spectra are mainly distorted by the variations of the intensity of the exciting light
and of the transmission efficiency of the excitation monochromator. The quantum counter
overcomes the wavelength dependence of the sensitivity of the reference photomultiplier. In
addition, the ratio of the fluorescence signal from the sample to that from the quantum counter
or photodiode (as a function of the excitation wavelength) provides the corrected excitation
spectra. However, for more accurate measurements for e.g. comparison of the absorption
spectra to the excitation spectra such a correction procedure is not sufficient. This is due to the
wavelength dependence of optical parts (e.g. focal length of lenses) may introduce some
distortion into the excitation spectrum as it is not same. Thus, the correction factor is obtained
by using a known fluorescent compound absorbing in the same wavelength region that of the
fluorescent molecule to be studied and whose absorption spectrum should be identical to the
corresponding excitation spectrum. The ratio obtained for the excitation spectrum to the
absorption spectrum of the reference compound (using the quantum counter) provides the
correction factors that can be used. However, the excitation spectra recorded using the photo
diode instead of quantum counter is further corrected as the wavelength response of the
photodiode is not firmly flat over the complete wavelength range available. But for the
fluorometers used in the present thesis instruments the correction files were supplied by the
manufacturer.

Fluorolog 3 is equipped with double excitation monochromator and has 450 W Xe lamp
as a light source. Other instruments used for the measurements have single excitation
monochromator. Fluoromax 4 has 150 W Xe arc lamp as a light source. All these instruments

have PMT as detector.
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2.4.4. Time Resolved Spectrofluorimeter

S am pl

Excitation
Source

Ivlnnachmmatar

I

Detector

l

Discriminator

Discriminator

STOP
START ITime to amplitude

converter (TAC)

Analogue to
digital converter
(ADCY

Multichannel
ana|yser COMPUTER

Scheme 2.7. Schematic diagram of time-correlated single photon counting fluorimeter.

Time correlated single photon counting (TCSPC) is the widely used technique in most
of the instruments for the determination of fluorescence lifetime. TCSPC method has also been
used for the measurement of florescence life time in the present thesis work. A conventional
single photon counting instrument sketched in Scheme 2.7. In this method the sample to be
analysed is excited with a short light pulse from the light source with sufficient delay between
pulses. In general, this method uses either a flash lamp, a pulsed laser, a laser diode or a LED
as the excitation light source. Upon excitation the molecules emit photons at different
relaxation times; thus the decay time of single molecules must have a certain rate rather than
occurring at a specific time with excitation. The basic principle of TCSPC method is the

detection of single photons and the measurement of their arrival times with respect to

35
TH-1702_11612207



instrument response function (a reference signal from the light source). This method has two
pulses namely start signal pulse and the stop signal pulse. The start signal pulse travels to a
PMT or micro-channel plate (MCP) photomultiplier that activates the heart of the technique,
time-to-amplitude converter (TAC) whereas the stop signal pulse travels through the sample.
Then, the growth of ramp signal in TAC is stopped by this pulse. TAC output is amplified
using an amplifier, and this analogue pulse of height corresponding to a measured time of the
signal goes for further processing to convert to the digital pulse through the analogue to digital
converter (ADC). The TCSPC needs a highly repetitive light source to accumulate a sufficient
number of photons. The time measurement of the start and stop sequence will be represented
by an increase of a memory value in a histogram. Thus, to accumulate sufficient photons in the
full range of delays between excitation and emission, this experiment must be repeated several
times. The resulting histogram, counts versus the time channels will represent the plot of
fluorescence decay profiles. Deconvolution procedure is used to derive the fluorescence
temporal profiles with the instrument response using nonlinear least-square fittings.

For the fluorescence lifetime measurements, Edinburgh Instruments Lifespec II
instrument is used. Lifespec Il employs Hamamatsu MCP detector that has response time of
50 ps. The light sources used to excite the sample were 308 nm, 290 nm and 336 nm LED from
PicoQuant and 375 nm laser diode obtained from Edinburgh instruments. Time-resolved data

were analysed using the FAST software provided along with the instrument.

2.4.5. pH Meter

The pH of aqueous solutions for present thesis were measured using a standard Jenway
(model No 3510) pH meter and where a glass electrode is used. The pH meter was calibrated
by using three different standard buffer solutions (pH 4, pH 7 and pH 10) within a range of +

0.02 pH units to avoid the error.

2.4.6. Other Instruments

High resolution mass spectrometry (HRMS) instruments of Agilent technologies of
Waters Instruments (Q-Tof Premier) was used for recording the mass spectra. Fourier
transform NMR spectra were recorded on Varian instrument of 400 MHz or Bruker 600MHz
NMR spectrometers.

The images of the aggregates were obtained by field-emission scanning electron

microscopy (FESEM) using a Zeiss (Sigma) instrument. The dried sample was sputter-coated

36
TH-1702_11612207



with gold film using a sputter coater (SC7620 “Mini”, Polaron Sputter Coater, Quorum
Technology).

Thermogravimetric analyses (TGA) and differential scanning calorimeter (DSC)
analyses were performed on a SDTQ600 thermo gravimetric analyser of TA instruments and

on a Q20 differential scanning calorimeter under nitrogen atmosphere respectively.
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Chapter 3

Relay Proton Transfer Triggered Twisted Intramolecular Charge Transfer
in 2-(4'-N,N-Dimethylaminophenyl)imidazo[4, 5-c]pyridinef

TPhotochem. Photobiol. Sci., 2015, 14, 2225-223.
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3.0. Introduction

The TICT emission of 2-(4'-N,N-dimethylaminophenyl)imidazo[4,5-c]pyridine
(DMAPIP-c, Chart 3.1) is an attractive one.>® Unlike other common TICT emitting molecules,
the protic environment is critical for DMAPIP-c to exhibit TICT emission. Even in polar
aprotic solvents no TICT emission was observed from DMAPIP-c. Earlier AM1 calculation on
DMAPIP-c predicted that under isolated condition, the imidazopyridine ring (the acceptor) is
out of plane from the phenyl ring.>® Further form the calculations it was also predicted that the
hydrogen bonding of the imidazopyridine ring (acceptor) with solvent make the
imidazopyridine ring coplanar with phenyl ring. This led to the proposition that the
planarization through hydrogen bonding increases the charge flow to acceptor from the phenyl
ring that results in the TICT state. But ab intio calculations on DMAPIP-c suggested that the
phenyl and the imidazopyridine rings are planar even under isolated condition.>” This ruled out
the planarization role for the protic solvents in formation of TICT state in 2-(4'-
aminophenyl)imidazopyridines. Recently, the mechanism for the TICT emission of 2-(4'-N,N-
dimethylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b) was explored and it was found
that the double proton transfer via a solvent molecule induced the TICT emission in protic
solvents.'? But, unlike in DMAPIP-b, the proton transfer is not feasible in DMAPIP-c through
a single solvent molecule. Therefore, it is interesting to reinvestigate the mechanism of dual
emission of DMAPIP-c.

N CHs XN
IO ) —<0)
N / T \CH3 / T
H

PIP-c
H  DMAPIP-c

N CHs
/ N FH
H3C/N / N \CH3 T CHs
CH; DMAPIP-ImMe

DMAPIP-PyMe

Chart 3.1. Structure of DMAPIP-c, PIP-c, DMAPIP-ImMe and DMAPIP-PyMe.

In this Chapter, the spectral characteristics of DMAPIP-c and related molecules (Chart
3.1) were studied to comprehend the mechanism for the dual emission of DMAPIP-c in protic

environment.
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3.1. Spectral Characteristics of Methyl Derivatives
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Figure 3.1. Mirror image relationship between the excitation spectrum (a), Aem= 480 nm and

emission spectrum (b), Aex= 355 nm for DMAPIP-PyMe in cyclohexane.
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Figure 3.2. Mirror Image relationship between the excitation spectrum (a), Aem = 420 nm and emission

spectrum (b), Aex= 320 nm for DMAPIP-ImMe in cyclohexane.
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Table 3.1. Absorption Band Maxima (Amax®, nm), log emax (in the parenthesis), Fluorescence Band Maxima (Amax", nm) and
Fluorescence Lifetimes (tf, ns) of DMAPIP-c, DMAPIP-ImMe and DMAPIP-PyMe.

Solvent DMAPIP-c? DMAPIP-ImMe DMAPIP-PyMe
kmaxab (|Og Smax) ;vmaxﬂ Tf )\.maxab (Iog Smax) )\.maxﬂ Tf )\.maxab )\.maxﬂ Tf
Cyclohexane 327, 341 350, 367, 384 - 278, 300 318, 344 2.2 321,339,360 397,425,456 2.2
Tetrahydrofuran 332 (4.45) 380 0.80 322 (4. 25) 411 1.8 351 440 2.4
Acetonitrile 335 (4.45) 391 0.96 314 (4. 28) 424 1.7 349 480 25
DMF 336 (4.40) 392 1.41 321 (3. 84) 437 1.9 348 470 3.0
DMSO 340 (4.38) 402 1.45 322 (3.73) 432 1.9 356 486 3.2
1-Butanol 339 (4.49) 391 0.74 320 (3. 70) 431 1.7 360 484 3.1
1-Propanol 339 (4.49) 393 1.0, 2.4 320 (3. 95) 431 1.6 361 482 3.4
Methanol 341 (4.47) 398, 475 0.35, 1.85 316 (4. 16) 437 1.8 358 490 3.2

4 Spectral data in Dimethyformaide (DMF) and Dimethylsulphoxide (DMSO) are from present work and in other solvents are from Ref.56
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The methyl derivatives of DMAPIP-c were synthesized to ascertain the role of
hydrogen bonding of the solvent with imidazole ‘NH’ hydrogen and pyridyl nitrogen in the
longer wavelength emission processes. The emission and the excitation spectra of methyl
derivatives in cyclohexane have well resolved vibronic structures with vibrational frequency
2500+ 100 cm™and 1650 + 100 cm™ (Figures 3.1 and 3.2). The good mirror image relationship
between the excitation and emission spectrum suggests that both the band corresponds to the
same electronic transition i.e. So-S1. The spectral data are in different solvents are compiled in
Table 3.1. The fluorescence emission spectra are supplied in Figures 3.3 and 3.4. When
polarity and hydrogen bonding capacity of the solvent is increased the spectra are blurred and
bathochromic shifts are observed. These features of the methyl derivatives are same as those
of DMAPIP-c. However, the solvatochromic shifts in the spectra of the methyl derivatives are

less as compared to those of DMAPIP-c.

e e
o ()
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Figure 3.3. Normalised emission spectra of DMAPIP-PyMe in some selected solvents: (1) cyclohexane
(2) tetrahydrofuran (3) DMF (4) acetonitrile, (5) butanol, (6) DMSO and (7) methanol, Aexc = 355 nm.
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Figure 3.4. Normalised emission spectra of DMAPIP-ImMe in some selected solvents: (1) cyclohexane
(2) tetrahydrofuran (3) acetonitrile, (4) DMSO, (5) propanol, (6) methanol and (7) DMF, dexc = 320 nm.

To explore the polarity effect, the Lippert—-Mataga equation used for the analysis of
solvent-dependent spectral shifts is given below,"

Vg, = {—2('”‘9 —Hy )2

A }Af + Constant (3.2)
ca

T ab VAL
Where vV, =V, —V

max !

is the Stokes shift, h is the Planck’s constant, ¢ is the speed of light, ze

and ug are the excited state and ground state dipole moments of the dye, respectively and a
denotes the Onsagar cavity radius. The orientation polarizability is defined by

— 2_
af =] 271 _n-l (3.2)
2¢+1 2n+1

where ¢and n are the dielectric constant and refractive index of the solvent, respectively.

The pe of the methyl derivatives are calculated using Lippert-Mataga plot (Figure 3.
5). The excited state dipole moments of DMAPIP-ImMe, and DMAPIP-PyMe thus obtained
are 9.9 and 7.7 D, respectively. Smaller pe of methylated derivatives compared to that of
DMAPIP-c (12.0 D)*® indicates that charge transfer process is affected by the methylation of
pyridyl nitrogen as well as that of imidazole ‘“NH’ group.
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Figure 3.5. Lippert-Mataga plot for DMAPIP-ImMe (A) and DMAPIP-PyMe (@).

Interestingly, no dual emission is observed form both of the methyl derivatives.
However, sometimes a weak emission may be buried underneath the strong normal emission.
Even in DMAPIP-c, though clear dual emission is not observed in solvent such as propanol the
time resolved studies indicated the weak TICT emission is submerged under the normal
emission. Therefore, the fluorescence decays of the methyl derivatives were measured (Table
3.1). In aprotic solvents, the fluorescence decay of DMAPIP-c was monoexponential,
nevertheless it was double exponential in protic solvents.>® But the fluorescence decays of
methyl derivatives are monoexponential in aprotic as well as protic solvents. This shows that
the dual emission is not observed in the methyl derivatives. Due to methylation the hydrogen
bonding with pyridyl nitrogen and imidazole ‘NH’ hydrogen are not feasible in DMAPIP-
PyMe and DMAPIP-ImMe, respectively. Therefore, the nonappearance of longer wavelength
emission in methyl derivatives specifies that the hydrogen bonding of both azole ‘NH’
hydrogen and pyridyl nitrogen with the solvent are essential for the dual emission of DMAPIP-
C. The proton transfer from the azole ‘“NH’ hydrogen to the pyridyl nitrogen is one such process
which requires the hydrogen bonding of solvents at both azole ‘NH’ hydrogen and pyridyl
nitrogen. In the excited state, the transfer of proton from the acidic group to the basic group
occurs through hydrogen bonding and it often results in dual emission.’® 13176 Usually a
negative solvatochromism is observed in the fluorescence of tautomer that formed by proton
transfer. However, the longer wavelength fluorescence of DMAPIP-c is a TICT emission and
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it exhibits strong positive solvatochromism. A red shift was observed in the longer wavelength
emission in water compare to that of methanol and strong blue shift was observed in the longer
wavelength emission on moving from the more polar to less polar environment.®126177
Nonetheless in some cases positive solvatochromism is observed when the proton transfer

assist the ICT process.*® 107111

3.2. The Relay Proton Transfer

In 7-hydroxyquinoline-8-carbaldehydes the relay proton transfer was reported to take place
via ionic form.}”® In DMAPIP-c also the proton transfer might involve deprotonation at
imidazole ‘NH’ proton followed by its addition at pyridyl nitrogen. The effect of deprotonation
on the spectral charcteristics of DMAPIP-c in aqueous solution was already investigated.!’®
Though the absorption spectrum and the normal emission of the anion are blue shifted
compared to neutral molecule no shift was observed in its’ longer wavelength emission. But,
the intensity of the longer wavelength fluorescence of DMAPIP-c enhanced upon
deprotonation. These results suggest that the species responsible for the longer wavelength
emission in both anion and neutral species is same. Therefore, it may be hypothesized that the
molecule that was deprotonated in the ground state to form anion and was again protonated in
the excited state. If reprotonation occurs at same site, one should expect no shift in the nomal
emission also. The blue shift in the normal emission of the anion with respect to neutral form
indicates that reprotonation did not occur at same site. Further, the enhancement in the longer
wavelength emission suggests that the depronation is one of the steps that lead to the longer
wavelength emitting state. In DMAPIP-c single solvent molecule is not sufficient to produce
the biproton transfer and this should occur via solvent network. To verify the relay proton
transfer hypothesis, DMAPIP-c was deprotonated using with fluoride anion in acetonitrile.
Since acetonitrile is an aprotic solvent whose polarity similar to that of methanol it is expected
to prevent the relay proton transfer without hindering the charge transfer process. Upon
addition of fluoride the absorption and the fluorescence spectra are blue shifted due to
formation of anion (Figures 3.6 and 3.7). However, no longer wavelength fluorescence is
observed in presence of fluoride.

Similar study with chloride ion (relatively weaker base) does not produce any shift in the
absorption and fluorescence spectra of DMAPIP-c (Figures 3.8a and 3.8b). This confirms the
fact that the spectral shift observed upon addition of fluoride ion is not due to the effect of ionic

strength but due to formation of anion.
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Figure 3.6. Absorption spectra of DMAPIP-c in neutral (OuM F~) and anion (175uM F")

forms in acetonitrile.
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Figure 3.7. Fluorescence spectra of DMAPIP-c at different fluoride ion concentration in

acetonitrile, Aexc = 330 nm.
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Figure 3.8. (a) Absorption spectra and (b) Fluorescence spectra at Aexc = 330 nm of DMAPIP-
c at different chloride ion concentration in acetonitrile.
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The results are summarized below: (i) the non-appearance of longer wavelength
emission in methyl derivatives shows that the hydrogen bonding of the solvents with both azole
‘NH’ hydrogen and pyridyl nitrogen play the essential roles in formation of TICT state (ii) the
enhancement in TICT emission upon deprotonation in aqueous medium and its absence upon
deprotonation in polar aprotic solvent signifies the role of relay proton transfer in the process.
(iii) Strong positive solvatochromism advocates that the relay proton transfer leads to a TICT
state. Based on these, a scheme for the formation of TICT state is proposed (Scheme 3.1). The
scheme was substantiated by the fact that the TICT emission for both neutral and anion is same.
This relay proton transfer is a paramount interesting process and it can mimick proton relay in

vital biosystems.

(A

H ©
| /: < > " +H* | G 4 "
/ N CH3 N CH3

Scheme 3.1. The path for the formation of the TICT state.

3.3. Binary Solvent Mixture and Stochiometry

The spectral characteristics of DMAPIP-c in neat solvents were reported else where.*
A bathochromic shift was observed in the absorption spectra with increase in polarity and
hydrogen bonding capacity of the solvents except in water. Here, the effect of acetonitrile-
methanol binary solvent mixture on the absorption spectrum of DMAPIP-c is investigated
(Figure 3.9). Successive addition of methanol to acetonitrile shifts the absorption spectrum of
DMAPIP-c towards longer wavelength. This red shift is the consequence of hydrogen bonded

complex formation between DMAPIP-c and methanol.

50
TH-1702_11612207



0.14

012

01

e
o
©

Absorbance
g
o
[+2]

0.04

0.02

282 302 322 342 362 382
Wavelength (nm)
Figure 3.9. Absorption spectra of DMAPIP-c in acetonitrile-methanol mixture.
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Figure 3.10. Normalized fluorescence spectra of DMAPIP-c in acetonitrile-methanol mixture,

}Lexc =340 nm.

The relay proton transfer process involves cylic hydrogen bonding network of
fluorophore and solvent molecules. For e.g., relay proton transfer of 7-hydroxyquinoline and

3-hydroxyxanthone involves cylic network of two and three solvent molecules,
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repectively.'9318! Therefore, to determine the number of methanol molecules those act as bridge
connecting the ‘NH’ group and pyridyl nitrogen in the relay transfer, the fluorescence
characteristics are investigated in acetonitrile-methanol mixture. DMAPIP-c emits a single
emission at 390 nm in acetonitrile and is consistent with the earlier work.*® Gradual addition
of methanol leads to formation of an additional band at longer wavelength. The relative
intensity of the longer wavelength band increases with increases in quantity of methanol
(Figure 3.10). Though at low methanol concentration, the longer emission band is not clear,
the band is well devepoled with sequential addition of methanol. The emission spectrum of

DMAPIP-c in neat methanol matches with the literature report.>®
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Figure 3.11. Benesi-Hilderbrand plot showing 1:3 binding of DMAPIP-c and methanol
(measured at TICT band).

The stoichiometric ratio of DMAPIP-c and methanol is estimated from the Benesi-
Hildebrand plot (Figure 3.11).18 Since, it is interested to determine the stoichiometry of
complex responsible for the TICT emission the fluorescence intensities at 550 nm is used for
calculations. The general form of Benesi-Hilderbrand equation for a 1: n complex formed
between dye and methanol is presented below:

1 _ 1 1
-1, 1 -1, K[MT{, -1} (3.3)

52
TH-1702_11612207



where [M] represents the concentration of methanol, lp and | are the fluorescence intensities in

absence and presence of alcohol respectively, I.. is the limiting intensity of fluorescence, n is

the number of methanol molecules and K is the binding constant. The plots of - Vsﬁ
Yo
1 1 . : : . 1 1 .
and Vs[—2 did not yield straight lines. However, the plot of I VsW results in
Yo o

a straight line (r?> = 0.995, Figure 3.11). This advocates that three methanol molecules are
involved in the proton transfer process. The multiple proton-transfer systems are rare compared
to single or two proton transfer and typically entail molecular self-assembly or assembly of
solvent molecules.

Strong positive solvatochromism clearly suggests that the longer wavelength emission
is TICT emission. Still to rule out that the emission is not due to relay proton transfer without
charge transfer, the spectral characteristics of 2-phenylimidazo[4,5-c]pyridine (PIP-c) are
studied in acetonitrile-methanol mixture. The longer wavelength emission is observed neither
in acetonitrile-methanol mixture nor in pure solvents (Figure 3.12). Unlike in DMAPIP-c with
addition of methanol only a blue shift is observed even in normal emission of PIP-c. Thus, the
conclusion that the longer wavelength is due to emission of the TICT state is further
substantiated.
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Figure 3.12. Normalized fluorescence spectra of PIP-c in acetonitrile-methanol mixture, Aexc

=290 nm.
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3.4. Quantum Mechanical Calculations

.

JA.,myO,O /’J‘K}J
Nd ‘sz“ 3 A

1 1V

Figure 3.13. Excited state optimized structures of different forms of DMAPIP-c. (CH30OH)3 complex.
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Table 3.2. Calculated Energy (eV) Obtained for the Normal Emission

Methods Functional Normal Emission
CIS/TDDFT B3LYP 3.45
CIS/ITDDFT CAM-B3LYP 3.70
CIS/TDDFT B3LYP- D3 3.43

TDDFT B3LYP 3.21

TDDFT CAM-B3LYP 3.41

TDDFT B3LYP-D3 3.20

Experimental Value for Normal Emission is 3.13 eV

As mentioned earlier, the structure of the complex (Figure 3.13) were optimized in the
excited state by CIS and TDDFT methods and the emission energy of the normal emission is
calculated by TDDFT method using different functions (Table 3.2). The normal emission
predicted from the TDDFT (with B3LYP-D3 function) optimized structure is in better
agreement with the experimental value. Therefore, this procedure was followed for the excited
state optimization of different forms of DMAPIP-c.(CH3OH)z complex (Figure 3. 13). The
calculations also suggest that three methanol molecules are required to form the cyclic
hydrogen bond structure. In the normal form complex the Hi7---O1s and Has*Ng hydrogen
bond lengths are 1.93 A and 1.77 A, respectively. In Hi7--O1s hydrogen bond the hydrogen
atom of the imidazole ‘NH’ group acts as the hydrogen bond donor and the oxygen atom of the
methanol acts as the hydrogen bond acceptor. In Has+*Ng hydrogen bond, the hydrogen atom
of the methanol acts as the hydrogen bond donor and the pyridyl nitrogen acts as the hydrogen
bond acceptor. The H17-O1g and H23-Ng bond distances shrink to form covalent bonds and the
N1 -+Hi7 and O2-H23 bond distances elongate as hydrogen bond to form tautomer. In
tautomer-(CH3OH)s complex N1--Hi7 and Ozz++-Hzs hydrogen bonds are 1.70 A and 2.22 A
respectively. In all the complexes, the N-H----O hydrogen bonds are little longer than O-H--N
hydrogen bonds. In other words, methanol formed a shorter bond when it acts as hydrogen
bond donor than when it acts as hydrogen bond acceptor. The intermolecular hydrogen bonds
between methanol molecules (O-H--+H hydrogen bond) are shorter than 2 A. The
intermolecular hydrogen bonds between methanol molecules are also affected by the formation
of tautomer. The cone angles of tautomer-(CH3OH)z complex are /Ni--H17-O13 = 166°,
Z018+*H19-O20 = 176°, L0020 +*H21-O22 = 174°, £022----H23-N¢ = 131° and those of normal-
(CH30H)3z complex are Z/Ni-Hi7++O18= 148°, £018-H1g'+O20=177°, Z/O20-H21-+-020= 173°,
Z022-Ha3+*Ng = 158°. Twisting of dimethylamino group shortens these hydrogen bonds. In
other words, the formation of TICT strengthened the hydrogen bonds of the imidazo pyridine

ring (acceptor). But still the hydrogen bond is little shorter when methanol acts as donor than
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when it acts as acceptor. The bond distances and cone angles are suitable for the hydrogen bond

formation in both complexes.'8
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Scheme 3.2. Energy level diagram of different forms of DMAPIP-c.(CH3OH)s complex

shown in Figure 3.13.

The emission energy obtained from the theoretical calculations are sketched in Scheme
3.2. The calculations predict that the energy of normal hydrogen bonded structure is lowest in
the ground state. But in the excited state, the energy of the normal form is higher than that of
the tautomer. This suggests that the relay proton transfer through solvent molecule is
energetically favoured in the excited state. From the tautomer, twisting of the dimethylamino
group or the dimethylaminopheny! group should lead to TICT state. Therefore, the energies of
both the excited states were calculated. In the S; state, the energy of the dimethylamino twisted
conformer is less than that of the dimethylaminophenyl twisted conformer. Thus, it can be
inferred that it is the dimethylamino group that is twisted to form the TICT state in DMAPIP-
c. The energy predicted by the calculation for the TICT emission (2.41 eV) is also concord
with the experimental value (2.61 eV) in methanol.>® The frontier molecular orbitals involved
in this transition are shown in Figure 3.14. The charge is localized on the dimethylamino group
in the highest occupied molecular orbital (HOMO) and on the other part of the molecule in the
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lowest unoccupied molecular orbital (LUMO). These decoupled orbitals (very little overlap

between the orbitals) are consistent with TICT model.*

Normal Planar Tautomer amino twisted
> ’
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LUMO i ‘#” a, J % s
Qo Qs
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HOMO ™ 3 3 o i
9 ‘e 2@
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Figure 3.14. The frontier molecular orbitals of DMAPIP-c, normal planar form and the

dimethylamino twisted conformer of tautomer form.

The proton transfer induced charge transfer that lead to nonradiative process was reported
in number of molecules.*®” 18 Similar proton transfer enhanced/induced TICT emission was
reported from 4-amino- and 4-N,N-dimethylamino- salycylic acids.%® But in salylic acids the
proton transfer is an intramolecular process. In DMAIP-b, it is an intermolecular process
involving just one solvent molecule, but the salient feature in DMAPIP-c that it is an

intermolecular process involves relay of four proton transfer which leads to TICT emission.

3. 5. Conclusion

No dual emission is observed when pyridyl nitrogen or imidazole ‘NH’ of DMAPIP-c
can not form hydrogen bond. The binary solvent study reveals that three solvent molecules are
involved in the formation of TICT state. No TICT emission is observed upon deprotonation in
acetonitrile. Comparison of characteristics of anionic form in protic and aprotic solvents
indicates that the formation of TICT state occurs via monoanionic form, but the anion does not
emit TICT emission in aprotic solvent. The relay transfer of proton from the imidazole
hydrogen to the nitrogen at pyridyl ring induces the TICT emission in DMAPIP-c. In contrast
to Fasani et al. model, the dimethylamino group of DMAPIP-c is twisted to form the TICT
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state. The theoretical calculations support the proposed mechanism and the transition energy

predicted by the calculation is in good agreement with the experimental value.
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Chapter 4

Intermolecular Proton Transfer Induced Twisted Intramolecular Charge
Transfer Inside Cucurbit-7-uril Cavity: Role of Internal Water
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4.0. Introduction

Supramolecular systems for designing new systems with improved host-guest
interaction have been a topic of growing research interest. Further these host-guest bindings
are used to modulate the photophysical and photochemical properties of the various organic
dyes. 18187 Todate variety of organic host systems including cyclodextrins (CDs), calixarenes,
octa-acids, cucurbit[n]urils (CB-n)etc. are used to encapsulate guest molecules.*®’-1%2 Among
the various kind of supramolecular host systems, CB-ns have gained fame in recent years.*?>192-
194 CB-ns are highly water soluble macrocylic host, which are having different glycoluril units
connected by a pair of methylene linkers. CB-ns are classified into different types such as CB-
5, CB-6, CB-7 etc. depending upon the n value 5, 6, 7 etc. respectively.'?® They have fairly
rigid hydrophobic cores of different sizes and are blessed with fairly low polarity and
polarizability. Furthermore, on-going research on host-guest chemistry with CB-n shows that
the release of the high energy water molecules from CB-n cavity in aqueous solution upon
binding with guests is one of the major driving forces for encapsulation.1?>1261% However, for
higher members of CB-n, the energy of internal molecules decreases due to improved
hydrogen-bonding possibilities between guest and CB-n through hydrogen bond network.251%

Among the CB-n family, cucurbit -7-uril (CB-7) has been established as an excellent
water-soluble host, with high binding affinity with various guests.%-2°° CB-7 also shows high
binding affinity for cationic guest molecules such as milrinone, N-alkylated pyridines,
imidazolium-based compounds etc.t?"128201-202 |t js well studied that the CB-7 forms inclusion
complex with guest molecules through charge-dipole and hydrogen bonding interactions at the
carbonyl oxygen present at the opening of CB-7 cavity and through hydrophobic interaction at
inside CB-7 cavity. CB-7 is also recognized to modify the photophysical characteristics of
chromophoric guest molecules.19%200203.204 Nodulations of the acid— base behaviour of
encapsulated molecules contribute surplus interest to understand the host—guest interactions.?%>
207 Bhasikuttan et al. investigated the modulation of ICT to TICT state upon interaction of
coumarin derivative with CB-7.1% Recently, Bhattacharya et al. reported that N,N-
dimethylaminonaphthyl-(acrylo)-nitrile has high binding affinity with CB-7 compared to that
of p-CD.1?*

In this chapter the interactions of DMAPIP-b and DMAPIP-c with CB-7 are
investigated. The chapter is divided into two sections. First section contains interaction of the
CB-7 with neutral DMAPIP-b and DMAPIP-c. Second section focuses the effect of the CB-7
on the monocationic equilibrium of DMAPIP-b and DMAPIP-c.
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4.1.0. Interaction of the CB-7 with Neutral DMAPIP-b and DMAPIP-c

Though studies of ICT/TICT probes are investigated in CB, studies of DMAPIP-b and
DMAPIP-c inside CB is much more interesting as for these molecules protic environment is
essential to exhibit TICT emission. As described in previous chapter TICT emission of
DMAPIP-b and DMAPIP-c induced by double proton transfer and relay proton transfer,
respectively. Therefore studies of DMAPIP-b and DMAPIP-c in CB will provide new insight
about the characteristics such as proton transferring ability of the internal water present inside
CB.

4.1.1. Absorption Spectra of the Neutral DMAPIP-b and DMAPIP-c in CB-7

The absorption spectra of DMAPIP-b and DMAPIP-c in presence of CB-7 are depicted
in Figures 4.1 and 4.2, respectively. The spectral data in presence of CB-7 along with aqueous
medium and cyclodextrin media are provided in Table 4.1. It was reported that the neutral
DMAPIP-b and DMAPIP-c in aqueous solution possess longest wavelength absorption band
at 345 nm and at 335 nm, respectively.>"1’® With gradual addition of CB-7, a very little blue
shift is observed in the absorption spectra of DMAPIP-b. The absorbance decreases for the
initial addition of CB-7. The absorbance as well as the absorption band maximum remains
unchanged after addition of 66 uM of CB-7. On the otherhand, the absorption spectrum of
DMAPIP-c in CB-7 is distinctly blue shifted by ~ 5 nm with decrease in absorbance. Although
not clear, a quasi-isosbestic point is observed at ~ 321 nm in the absorption spectra of
DMAPIP-c. The variations in absorption spectra infer that the interaction of fluorophores and
CB-7 and might be due to formation of host-guest inclusion complexes. It was reported that
the neutral probes bind with CB-7 through hydrogen bonding at carbonyl portal region and
mainly through hydrophobic interaction inside the CB cavity.'?* Therefore, these two
interactions are primarily responsible for changes in the absorption spectral profile. The
spectral shift observed in presence of CB-7 is just opposite to that observed in presence 5 -CD,
where the spectrum is red shifted upon complexation with £ -CD.*?%122 The difference in
absorption profile may be due to the structural difference between CB -7 and S-CD, which

might have provided different binding opportunity.
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Table 4.1. Absorption Band Maximum (Ama®, nm), Fluorescence Band Maximum (Amax", nm) and Fluorescence Lifetimes (1, ns) of

Neutral DMAPIP-b and DMAPIP-c in Different Media.

Molecule Medium Amax?® Amax!
N TICT N TICT
DMAPIP-b Water (pH 9.0)° 345 451 0.16 (98.75) 2.12 (1.25)
B-CD (pH 9.0)° 350 424 0.61 (79.54) 2.04 (20.46)
CB-7 (pH 9.5) 344 448 0.23 (96.14) 2.70 (3.86)
DMAPIP-c Water (pH 9.0) 335 414 505 0.17 (89.80) 1.47 (10.20)
B-CD (pH 9.0)° 340 397 460 0.54 1.74
CB-7 (pH 9.5) 331 407 510 0.29 (74.83) 2.52 (25.87)

2Relative amplitudes of the species in the biexponential decays are present in parenthesis.’From ref. 121.°From ref. 122.
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4.1.2 Fluorescence Spectra of DMAPIP-b and DMAPIP-c in CB-7
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Figure 4.3. Fluorescence spectra of neutral DMAPIP-b with varying concentration of CB-7,
7\4exc =345 nm.
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Figure 4.4.(a) Instrument Response function and (b) fluorescence decay of neutral DMAPIP-

b in 160 uM CB-7, along with fitted curve and residue plot at Aexc = 375 nm and Aem= 450 nm.
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In addition to absorption study, the fluorescence study of both the molecules is studied
with CB-7. Upon, addition of the CB-7, the fluorescence spectra of DMAPIP-b undergoes a
gradual blue shift with increase in intensity (Figures 4.3). However, no clear TICT band
appears in presence of CB-7. The TICT emission of DMAPIP-b in water is also very weak and
is present underneath the sturdy normal emission.®” The biexponential decay in water illustrated
the dual emission of the DMAPIP-b in water. Therefore, the fluorescence decay was measured
in CB-7 solution (Figure 4.4). The biexponential fluorescence decay obtained in CB-7 (Table
4.1) indicates the presence of TICT emission in CB-7 environment also. The blue shifts in the
fluorescence spectrum are much small compared to that in f-CD. Though the relative amplitude
of TICT emission increases in CB-7 compared to aqueous medium, like the spectral blue shift

it is also relative small compared to that in presence of 5-CD.
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Figure 4.5. Fluorescence spectra of neutral DMAPIP-c with varying concentration of CB-7,
7Lexc =335 nm.

The changes in the fluorescence spectra of DMAPIP-c in presence of CB-7 are more
significant than those of DMAPIP-b (Figure 4.5). Nevertheless, like those of DMAPIP-b the
blue shift is less compared to the effect of f-CD on DMAPIP-c (Table 4.1). The noted
difference between the effect of CB-7 on fluorescence of DMAPIP-b and DMAPIP-c is the
reduction in fluorescence intensity of DMAPIP-c with increase in CB-7 concentration.

Whereas, the fluorescence of DMAPIP-c also increases upon complexzation with CDs.??
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Unlike that of DMAPIP-b, the TICT band of DMAPIP-c is clearly visible in water. With
addition of CB-7 though the fluorescence intensities of both normal and TICT bands of
DMAPIP-c decrease, the relative amplitude of the TICT emission increases (Table 4.1 and

Figure 4.6).
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Figure 4.6. (a) Instrument response function, (b) fluorescence decay of neutral DMAPIP-c,
absence of CB-7 and (c) presence of CB-7, Aem= 510 nm along with fitted curve and residue

plot at Aexc = 375 nm.

As mentioned earlier, both DMAPIP-b and DMAPIP-c emit dual emission in protic
environment.®”?%® The dual emission are the normal emission and the proton transfer induced
TICT emission. In general, the polarity experienced by the guest inside the CB cavity depends
upon the local polarity, partial encapsulation of the probe, number of water molecules confined
inside the cavity, freedom of movement etc. It was also reported that the polarity of CB-7 is
comparable to ethanol or octanol.1?>2%° Therefore, in hydrophobic CB-7 cavity the guest is

expected to experiences a less polar microenvironment than water. The excited state dipole
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moments of DMAPIP-b and DMAPIP-c are higher than their respective dipole moments in the
ground state. Hence, the reduction of polarity increases the energy gap between the ground
state and more polar excited state of the guest molecules; as a result the spectra of the guests
are blue shifted compared to aqueous medium. The blue shift observed in the fluorescence
spectra of both guest molecules suggests that both of them are encapsulated inside the CB-7
cavity. However, the fluorescence of DMAPIP-c decreases upon complexzation with CB-7 and
this may be due to dipole-dipole interaction between electron rich carbonyl portal of CB-7 and
lone pair electron of pyridyl N of DMAPIP-c. Theoretical calculations also predict that the
position of pyridyl nitrogen is closer to carbonyl portal of CB-7 (see later). The fluorescence
lifetime of guest molecules are longer inside the CB cavity than those in aqueous medium.
Interestingly, the lifetimes of the normal emission in CB-7 cavity are shorter than those in /-
CD complex but the lifetimes of the TICT emission in CB-7 are longer than those in 5-CD
complex. This may be due to difference in orientation of the guest molecules inside CB-7 cavity

than in S-CD inclusion complexes (see later).

4.1.3. Stoichiometry and Binding Constant

0 0.04 0.08 0.12 0.16 0.2 0.24
1/[CB-7] X 10¢ (M-

Figure 4.7. Double reciprocal plot for (a) DMAPIP-b (®) and (b) DMAPIP-c (4).
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Since, the fluorescence spectra are more sensitive than the absorption spectra the
association constants of these guest molecules with CB-7 have been determined using

fluorescence intensities. The Benesi-Hildebrand equation (Equation 3.3, Chapter 3) is used

for the calculation. The double reciprocal plots of

VErsus

1
-1, [CB-7]
4.7 for DMAPIP-b and DMAPIP-c, respectively. The linear plots with good correlation

are depicted in Figure

coefficient (r> = 0.99) show the formation of 1: 1 inclusion complexes between these guest
molecules and CB-7. The binding constants obtained for CB-7 complexes much greater than
the CD complexes of these molecules reported earlier (Table 4.2).12122 This shows that
binding affinity of the guest molecules with CB-7 is more than with S-CD. Varieties of other

guest molecules also have greater binding affinity towards CB-7 than CDs,241%.210211

Table 4.2. Binding Constants (Ka, M) of DMAPIP-b and DMAPIP-c.

Host K,

DMAPIP-b DMAPIP-c
4CD" 41X10° 3.9X10°
CB-7 27X 10" 33X 10°

aFrom ref.121 and122

4.1.4. Mode of Encapsulation of Guests inside CB-7

Apart from the spectral changes, the dimensions of CB-7 and the size of the guests will
give a better picture for the mode of encapsulation. As mentioned earlier, CB-7 is a barrel
shaped molecule having cavity parameters as shown in the Figure 4.8.The optimised
geometries of the DMAPIP-b and DMAPIP-c are also provided in the Figure 4.9. The

dimensions of both the molecules are nearly same.

r ~ 160A
498y r—)
Ny ‘ao*aj
> 4: — 7.3A 9.1 A
2 ? — —eey

‘fs 3;;‘" 3  S—

Cavity volume = 279 A3 54A

Figure 4.8. Different representations of CB-7 (from Ref. 192).
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Figure 4.9. Dimensions of DMAPIPs.
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Scheme 4.1. Orientations of the guests inside CB-7.

By taking into account the stoichiometry and the dimensions of host and guest
molecules, it can be inferred that both guests are encapsulated only partially inside the host.
Two different orientations are possible for guest molecules as shown in the Schemes 4.1 (A)
and (B). In orientation (A), the imidazopyridyl ring of the guest resides inside the CB-7 cavity
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and the other part of the molecule resides outside the cavity. While, in orientation (B) the
dimethylaminophenyl ring of the guest exist inside CB-7 and other part of the molecule is

present outside the cavity.

In DMAPIP-b and DMAPIP-c hydrogen bonding with the imidazopyridine (the charge
acceptor) increases the charge flow to the acceptor which produces red shift in the spectra. On
the other hand, the hydrogen bonding with dimethylamino group (charge donor) reduces the
charge flow from the donor which leads to the blue shift in the spectra. The absorption spectrum
of both guest molecules are blue shifted compared to that in water. This suggests that both
guests form complexes with CB-7 in such a way that the hydrogen bonding with the
imidazopyridine moiety is eliminated. In other words, the guest molecules form the inclusion
complexes as shown in orientation (A). In this orientation, the imidazopyridine present inside
the CB-7, as a result of the hydrogen bonding interaction is eradicated (Scheme 4.1 A). The
blue shifts of the CB-7 complexes are less and these suggest that the hydrogen bonding with
imidazopyridine through reduced but not completely eliminated. With CD, these
imidazopyridines form complexes in such a way that the dimethylamino groups were present
inside the CD cavity and the imidazopyridine rings were present in water and red shifts were
observed in the absorption spectra of theses guests upon complexzation with CD.

H He
H N cH, T
| R ey N/ 3
4N CH, f
2 ||1 Hyg He
Hp
H
H, H f
a ''c H
L .

9.0 8.6 8.2 78 74 7.0 6.6 6.2 / /3_5

Figure 4.10. *H NMR spectra of DMAPIP-b (a) without CB-7 and (b) with CB-7 in D20.

Table 4.3. TH NMR Spectral Data of DMAPIP-b (Proton labels, Figure 4.10)
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Proton D20 CB-7+D20 Ad shift
Ha 8.23 (brs, 1H) 8.52 (brs, 1H) -0.29
Hp 7.28 (dd, 1H) 7.58 (brs, 1H) -0.30
Hc 7.93 (d, 1H) 8.30 (brs, 1H) -0.37
Ha 7.82 (d, 1H) 7.12 (brs, 1H)

6.99 (brs, 1H) +0.77
He 6.76 (d, 2H) 6.08 (brs, 2H) +0.68
Hs 3.24 (s, 6H) 3.27 (s,6H) —0.03

'H NMR measurements provide useful details about molecular orientation in inclusion
complexes. 12112419212 Thys  NMR spectra were recorded. Figure 4.10 depicts the NMR
spectra of DMAPIP-b in the absence and in the presence of CB-7 and the data are compiled in
Table 4.3. The peaks are better resolved in D20 than earlier work, but the values are very close
to reported values.'?! The better resolution may be due to higher frequency (600 MHz) of the
spectrometer used in the present work. All the peaks broaden upon addition of CB-7. It is
reported that the hydrophobic interaction of guest and host produce an upfield shift in the *H
NMR spectrum.'? Therefore, the peaks of protons which reside inside the cavity are shifted to
upfield and protons nearer to the carbonyl portal shifted to downfield upon interaction with
CB.128213 Since, the Hq and He protons are outside the cavity nearer to carbonyl portal of the
CB-7, they experience a down field effect. Only small downfield effect in the peak of Hs

protons (dimethylamino protons) is observed.

Table 4.4. *H NMR Spectral Data of DMAPIP-c (for Proton Labels, see Figure 4.11)

Proton D.O CB-7 + D20 A6 shift
Ha 8.37 (s, 1H) 9.26 (s, 1H) —-0.89
Ho 8.05 (d, 1H) 8.67 (brs, 1H) -0.62
He 7.43 (d, 1H) 8.25 (brs,1H) -0.82
Had 7.11(d, 2H) 7.22 (brs, 2H) ~-0.11
He 6.14 (d, 2H) 6.08 (brs, 2H) +0.06
Hs 2.64 (s, 6H) 2.84 (s,6H) -0.20

Similarily, the data of *H NMR spectra of DMAPIP-c in the absence and in the presence
of CB-7 are compiled in Table 4.4 and Figure 4.11 depicts the NMR spectra. Same as earlier,
the peaks of the imidazopyriyl protons of DMAPIP-c are shifted upfield. But the shifts in the
peaks of protons of phenyl ring are relatively small and the downfield shifts in peak of
dimethylamino protons are higher than that of DMAPIP-b. This effect may be due to better
charge transfer in DMAPIP-c than in DMAPIP-b upon encapsulation by CB-7. As a
consequence of this, the upfield shift in the peaks of He protons are less than that in DMAPIP-
b and that of Hq protons is also shifted downfield though to a smaller extent. Therefore, it is
clear that small change in position of pyridyl nitrogen made large change in the complexzation.
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Figure 4.11. *H NMR spectra of DMAPIP-c in (a) the absence and (b) the presence of CB-7
in D20.

4.1.5. Quantum Mechanical Calculations on Host-Guest Complex

It is evident from the experimental findings that a 1:1 complex is formed between guests
and CB-7 as shown in orientation (A). To gain further insight about the complex, the structure
of the complex is optimized by Gaussian 09 using B3LYP-D3 functional. The optimized
geometries of the complexes are provided in the Figures 4.12 and 4.13. In the optimized
structure, the guests are only partial encapsulation in CB-7. The pyridoimdazole moiety present
inside the CB-7 in such a way that the pyridyl nitrogen and imidazole nitrogen and azole‘NH’
group present in close proximity to the carbonyl portals at openings of CB-7. The optimized
structures of uncomplexed DMAPIP-b and DMAPIP-c suggest that the imidazo pyridine ring
and the aminophenyl ring are coplanar before forming the complex. Even upon forming
inclusion complex with CB-7 two ring of DMAPIP-c retains the coplanarity. In contrast, the
angle between the two rings of DMAPIP-b increases to ~ 25° upon complex formation. This
decreases the charge flow from the phenyl ring to imidazopyridine of DMAPIP-b. Kim et al.
also hypothesized that the increase in planarity
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Figure 4.13. Optimized geometry of DMAPIP-c and CB-7 complex (Snapshots from different view).
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between the spacer (phenyl ring) and the acceptor moiety increases the charge flow in
diethylaminobenzoic acid.?** This also corroborates with the NMR spectral finding that the
charge transfer is better in DMAPIP-c than in DMAPIP-b upon complexation with CB-7.

The stabilization energies (Es) of host—guest complexes were calculated by using the
following equation:

Es = Ecomplex _[Ehost + Eguest] (4.1)

Where Enost, Eguest and Ecomplex are the energy of the host, guest and complex obtained from the
DFT optimized structures. The stabilization energy obtained for DMAPIP-c and CB-7 complex
is -165 kJ/mol and -167 kJ/mol for DMAPIP-b and CB-7 complex. The high negative value of
stabilization energies signifies that the complex formation is much reliable and energy release

takes place through hydrogen bonding and other interactions.

4.1.6. Proton Transfer Induced TICT Emission in CB-7

TICT emission of both DMAPIPs are lesser in aqueous medium compared to those in
alcohols.>”2%® This was attributed to increase in non-radiative decays to the lowlying states due
to decrease in the energy gap by greater stabilization in more polar protic water. ICT is more
in DMAPIP-b than in DMAPIP-c, due to change in position of the pyridyl nitrogen. Therefore,
the TICT state of DMAPIP-b will be stabilized more than that of DMAPIP-c in agueous
medium. Consequently, the TICT emission of DMAPIP-b is very weak in water compared to
that of DMAPIP-c. When DMAPIP-b or DMAPIP-c enter the CB-7 cavity, will experience a
less polar environment which reduces the nonradiative decay due increase in the energy gap
between the TICT state and lowlying states. Due to this in CD medium also the relative
intensity of the TICT emissions of these molecules are enhanced.?122 But the observation of
TICT emissions of DMAPIPs in CB-7 is much more interesting than that in CD. This is because
of the fact that the TICT emissions of DMAPIPs are special cases and they are induced by
proton transfer. Since these proton transfers are intermolecular processes, hydrogen bonding
with protic solvent is an essential requirement. In CD inclusion complexes of DMAPIPs the
dimethylaminophenyl groups were present inside the cavity and the imidazopyridines were
present in bulk water, which make the hydrogen bonding with bulk water feasible. But, in CB-
7 both DMAPIPs enter through imidazopyridine rings and only the dimethylaminopheny! rings
are projected outside. Therefore, the hydrogen bonding with external water is not feasible. It is
reported that the cavity of CB-7 is occupied with some water molecules (7 to 8), termed as

internal water molecules.*?%1?6 The energy of these water molecules are generally high than the
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bulk water due to the effect of confined environment. When guest approaches to the CB cavity,
the high energy water molecules releases from the cavity or they form suitable hydrogen
bonding with guest through hydrogen bond network and are in fact act as a driving force for
the complex formation.'?% The observation of TICT emission from DMAPIP-b complex
implies the presence of at least an internal water molecule inside the CB cavity. The TICT
emission from DMAPIP-c complex advocates not only the presence of a few internal water

molecules but also indicates that they will involve relay transfer of proton.

4.1.7. Conclusion

The fluorescence intensity of DMAPIP-b increases in CB-7, but that of DMAPIP-c is
reduced in CB-7. The spectral data confirms the formation of 1:1 inclusion complex between
CB-7 and DMAPIPs. The NMR spectral data also substantiate the formation of inclusion
complexes. In CB-7 cavity both the guests are only partially encapsulated. The
imidazopyridines reside inside the CB-7 cavity and the dimethylamino phenyl rings are present
outside in bulk water. This orientation of these guests in CB-7 is just opposite to that of these
guests in CD complexes. The association constants with CB-7 are also higher compared to
those with $-CD. Interestingly the TICT emission is observed from both the guest molecules.
The internal water molecules are present inside the CB-7 cavity and make hydrogen bonding
with the guest molecules in CB-7 medium. The hydrogen bonding network ensured not only
the double proton transfer induced TICT emission from DMAPIP-b but also the relay proton
transfer induced TICT emission from DMAPIP-c. Though, both the molecules are planar
before complexzation, upon complex formation only DMAPIP-c retains the planarity but the

dimethylamino phenyl ring of DMAPIP-b is twisted with respect to imidazopydine ring.

4.2.0 Effect of the CB-7 on the Cationic Equilibria of DMAPIP-b and DMAPIP-c

It was reported CBs show higher affinity to host the cationic guests than the neutral
guests. 1271128201202 The jnteractions of single cations with CB-7 were investigated, 127:128:201-202
Therefore, the effect of CB-7 on the cationic mixture will be very much interesting and such a
study is not reported so far. Both DMAPIPs have three basic centres and possess very
interesting cationic equilibrium. DMAPIP-b exists as MC2 in water and MC2 and MC3 p-CD
or micelle in the ground as well as the excited state.>”1222 Though, it is also possible for
DMAPIP-c to form three monocations (Chart 4.1), not in a single medium, DMAPIP-c exists
in all three monocationic forms. In water, f-CD and micelle, DMAPIP-c exists as MC1 and
MC3 in the ground state and as MC2 and MC3 in the excited state. On the other hand, in aerosol
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OT reverse micelle before addition of external water it exists as MC2 and MC3 in both the
ground as well as the excited states. After addition of external water again it present as MC1
and MC3 in the ground state and as MC2 and MC3 in the excited state. Thus, monocationic
equilibrium is medium dependent and the prototropic behaviour of the fluorophore is also
affected by the formation of inclusion complex. Therefore, the effect of CB-7 on the
monocationic equilibrium of DMAPIP-b and DMAPIP-c are explored in details in this section.

X N\ /CH3 Protonation site Monocation (MC)
| %@*\ Dimethylamino nitrogen MC1
Y\X/ N CH,  Imidazole nitrogen MC2
H Pyridyl nitrogen MC3

DMAPIP-b, X=N, Y =CH
DMAPIP-c, X=CH,Y=N

Chart 4.1 DMAPIPs and their monocations.

4.2.1.0. Prototropic Equilibrium of DMAPIP-b
4.2.1.1. The Acid Dissociation Constant in CB-7
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Figure 4.14. Absorption spectra of DMAPIP-b in 200 uM CB-7 at different pH.

Since, the acid dissociation constant of guest molecules are influenced by the formation
of inclusion complex, the prototropic behaviour of DMAPIP-b has been investigated in 200
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uM of CB-7. The effect of pH on the absorption spectra of DMAPIP-b is depicted in Figure
4.14. The absorbance of the band at 344 nm slowly decreases with formation of red shifted
absorption band of monocation with a quasi-isosbestic point at ~ 370 nm. This specifies the
equilibrium between N and MCs. The pKa value for the neutral-monocation equilibrium is
calculated in CB-7 environment is 7.7. In p-CD, the pKa (4.8) decreases compared to water
(5.4).5"12! But in CB-7, it is much higher than that in water and interestingly it is even little
higher than that in anionic micelle sodium dodecysulphate (7.3). This signifies the higher
affinity of the cations towards CB-7. In 5-CD, the pKa values decreases compared that in water.
This substantiates the different in orientation of DMAPIP-b in f-CD and CB-7, where pyridyl
nitrogen is present near the carbonyl portal. In other pyridyl guest molecules also it was
reported that when pyridyl nitrogen resides closer to the carbonyl portals of the CB-7 the pKa

value of the guest increases. 2”211

4.2.1.2 The Monocations in Water and CB-7

1.2

Normaized Intensity

320 370 420 470 520 570 620 670
Wavelength (nm)

Figure 4.15. Normalized fluorescence emission spectra of MCs (at pH 4. 3) of DMAPIP-b in
aqueous solution, (1) Aexc = 305 nm, (2) Aexc = 320 nm, (3) Aexc = 350 nm, (4) Aexc = 380 nm and
(5) 7\,exc =440 nm.
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Figure 4.16. Normalized fluorescence emission spectra of MCs of DMAPIP-b at different
excitations in 200 uM CB-7, (1) Aexc = 305 nm, (2) Aexc = 320 nm, (3) Aexc = 350 nm, (4) Aexc =
390 nm and (5) Aexc = 440 nm.

The absorption spectra did not provide the information about the number of
monocations present in the solution. As mentioned earlier, three different monocations are
possible for DMAPIP-b. In such a complicated case, the fluorescence excitation and emission
spectra are often useful to identify the species. The absorption spectrum of monocation at 385
nm is dominated by MC2 and excitation at 385 nm resulted in 451 nm band, due to emission
of MC2.%" Based on those results it was suggested that MC2 is present in water. But the
fluorescence lifetime was not measured. As reported earlier, sometime a weak fluorescence
band might present underneath a strong emission and fluorescence decay measurements will
better reveal the number of species present in the system. Therefore, the fluorescence decay is
measured in water by excited at 370 nm and is monitored at much longer wavelength at 500
nm. The decay thus obtained yield two different lifetimes, 1 = 0.11 (93.52) and 12 = 1.18
(16.48). This shows the presence of more than one monocation. To ensure the number of
monocations, the emission spectra were recorded by exciting at different wavelengths (Figure
4.15). The emission spectra clearly show the presence of three monocation. When excited at
305 or 320 nm a band is observed at 350 nm with a shoulder at 435 nm. Upon excitation at 350
or 380 nm the band at 435 nm becomes strong with a long tailing at longer wavelength.
Excitation at 440 nm yields a new band at 535 nm. The spectral data are compiled in Table
4.5.
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Figure 4.17. Normalized fluorescence excitation spectra of MCs of DMAPIP-b at different
emissions in 200 uM CB-7 (1) Aem = 400 nm, (2) Aem =420 nm, (3) Aem = 440 nm (4) Aem = 500
nm and (5) Aem = 540 nm and (6) Aem = 600 NM.

The fluorescence spectra of monocations of DMAPIP-b in 200 uM of CB-7 at pH 4.5
at different excitation are given in Figure 4.16. Excitation at shorter wavelength results in a
band at 385 nm and a shoulder at ~ 430 nm. Upon exciting at longer wavelength the relative
intensity of the 385 nm band decreases and that of the ~ 430 nm increases. Excitation at 440
nm produces a large Stoke shifted band at 522 nm. The excitation spectra were also recorded
at different Aem and depicted in Figure 4.17. The fluorescence excitation spectra at Aem = 400
nm has a main band at 320 nm and has a small hump around 385 nm. The relative intensity of
~ 385 nm band raises than that of the 320 nm band shrinks with Aem till 460 nm. When
monitored at longer wavelength (Aem > 480 nm) a band emerges at ~ 430 nm along with 385
nm band. This indicates like in water in CB-7 also all three monocations are present and the

data are also compiled in Table 4.5.

Table 4.5. The Excitation Band Maximum (Amax®¢, nm) and the Emission Band Maximum
(Amax®™, nm) and the Fluorescence Lifetime (t, ns) of the MCs of DMAPIP-b in Water and

CB-7.
MCs In water In CB-7
7\,m.51xexc A.maxem T Xmaxexc 7\.maxem T
MC1 320 350 0.96 321 385 1.8
MC2 375 435 0.05 380 430 0.4
MC3 535 2.97 425 522 1.2
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The absorption and the emission spectra of DMAPIP-b were red shifted upon formation
of monocation than in neutral molecule in respective medium. 57121215 Addition of proton at
pyridyl nitrogen produced more bathochromic shift relative to protonation at azole nitrogen
due to higher conjugation.t”® Accordingly, in water the newly found emission band at longer
wavelength (535 nm) can be assigned to MC3 (Chart 4.1). Other assignment of blue shifted
band at 321 nm and the corresponding emission band at 385 nm to MC1 (Chart 4.1) and the
excitation bands at 380 nm and emission band at 430 nm to MC2 (Chart 4.1) are already
made. 21215 As protonation at dimethylamino nitrogen reduces the conjugation and that at azole
nitrogen increases the conjugation the assignment aremade based on the shift in spectra. By
analogy the emission bands at 380 nm, 430 nm and 522 nm and the corresponding excitation
spectral bands at 321 nm, 380 nm and 425 nm in CB-7 may be assigned to MC1, MC2 and
MC3. Three distinct fluorescence lifetimes are found for the MCs are compiled in Table 4.5.

4.2.1.3. Effect of CB-7 on Monocationic Equilibrium
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Figure 4.18. Effect of CB-7 on the fluorescence spectra of MC1, Aexc= 305 nm (* indicates the

water Raman).

With increases in CB-7 concentration the fluorescence intensity of MC1 decreases
(Figure 4.18) and those of MC2 (Figure 4.19) and MC3 (Figure 4.20) increases. From this it
can be inferred that addition CB-7 shifts the equilibrium more towards MC2 and MC3 from

81
TH-1702_11612207



MC1. Among the three monocations, MC1 is the most polar and MC2 is the least polar.?*®
Since, CB-7 is less polar than water, addition of CB-7 move the equilibrium in favour of MC2
and MC3 from MC1. The association constant of MC2 and MC3 with CB-7 are 100 x 10* M
and 8.0 x 10* M, respectively.
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Figure 4.19. Effect of CB-7 on the fluorescence spectra of MC2, Aexc= 390 nm.
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Figure 4.20. Effect of CB-7 on the fluorescence spectra of MC3, Aexc = 440 nm.

4.2.2.0. Prototropic Equilibrium of DMAPIP-c
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4.2.2.1. The Acid Dissociation Constant in CB-7
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Figure 4.21. Absorption spectra of DMAPIP-c in 200 uM CB-7 at different pH.

The absorption spectra of DMAPIP-c in 200 uM CB-7 at different pH are investigated
(Figure 4.21). As that of DMAPIP-b, the absorption spectrum of DMAPIP-c also red shifted
upon reducing the pH with a quasi isosbestic point at 358 nm. A new band emerges at ~ 390
nm. The pKj value for neutral-monocation equilibrium determined in CB-7 is 7.55. Like
DMAPIP-b, the pKa observed for DMAPIP-c is also higher than the pKa obtained in water and
S-CD (6.45).122 But unlike the pKa of DMAPIP-b it is less than that in anionic sodium
dodecylsuphate micelle (9.0).2 This difference may be due to the difference in position of the

pyridyl nitrogen.

4.2.2.2. The Monocations of DMAPIP-c in CB-7

To explore the monocations of DMAPIP-c in CB-7, the fluorescence excitation spectra
in 200uM CB-7 at pH 5.8 were also recorded at different Aem and are shown in Figure 4.22.
When monitored at shorter wavelengths two bands are observed one at 305 nm and one at ~
365 nm. Upon shifting towards the longer wavelengths, 365 nm band is gradually replaced by
a band at 388 nm and 305 nm band also diminishes slowly. The presence of three distinct

excitation spectral maxima indicates the presence of all three
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Figure 4.22. The fluorescence excitation spectra of MCs of DMAPIP-c at different emissions
in 200 pM CB-7, (1) Aem = 400 nm, (2) Aem = 420 nm, (3) Aem = 440 nm (4) Aem = 500 nm and
(5) Aem =520 nm.
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Figure 4.23. Normalized fluorescence emission spectra of MCs of DMAPIP-c at different
excitations in 200 pM CB-7, (1) Aexc = 310 nm, (2) Aexc = 320 nm, (3) Aexc = 335 nm, (4) hexc =
350 nm, (5) Aexc = 357 nm, (6) Aexc = 378 nm and (7) Aexc = 387 nm
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monocations in the ground state. A band at ~ 365 nm was not observed in water.'”® The 365
nm band and 388 nm bands are bathochromically shifted compared to absorption band of
neutral DMAPIP-b (331 nm). From the extent of red shift the 365 nm and 388 nm can be
assigned to absorption band of MC2 and MC3, respectively. Since the other band at 305 nm is
hypsochromically shifted the band can be assigned absorption band of MC1. Whereas, the
emission spectra are two bands system and the bands are at ~ 420 nm and ~ 515 nm (Figure
4.23). When at shorter wavelength, the ~ 420 nm band dominates and when excited at longer
wavelength the 515 nm band is the prominent band. As both the bands are red shifted they are
due to the emission from monocations formed by the protonation of ring nitrogens. Since, the
shorter wavelength excitation produces ~ 420 nm band and the longer wavelength excitation
produces ~ 515 nm band, they are assigned the emission of MC2 and MC3, respectively.
Distinct lifetimes are observed for both MC2 and MC3 in water as well as in CB-7 (Table 4.6).

Table 4.6. The Excitation Band Maximum and the Emission Band Maximum and the
Fluorescence Lifetime of the MCs of DMAPIP-c in Water and CB-7.

MC In water In CB-7

7\,maxeXC }\.maxem T }\.maxexc Xmaxem T
MC1 310 310
MC2 416 0.99 365 420 0.30
MC3 380 525 1.07 390 515 2.60

4.2.2.3. The effect of CB-7 on Cationic Equilibrium

The effect of CB-7 on the fluorescence spectra of monocations are depicted in Figure
4.24 and 4.25. As reported in literature,!”® excitation of MC1 at 310 nm produced a band at ~
420 nm which corresponds to the emission spectrum of MC2. Upon addition of CB-7 only a
small enhancement in fluorescence was observed. This indicates that even in CB-7 the MC1
dissociates in the excited state and the molecule undergoes phototautomerism to form MC2.
The excitation spectra monitored at 420 nm is interesting (Figure 4.24 Inset). Initially before
addition of CB-7 a single band is observed at 305 which correspond to MC1. With addition of
CB-7 anew band of MC2 started to appear at ~ 365 nm and slowly gains intensity with addition
of CB-7. This is consistent with the observation of previous section. Excitation at 390 nm
produces two bands at ~ 420 nm and ~ 520 nm. The intensities of both the band rise with
addition of CB-7. The binding constants of MC2 and MC3 with CB-7 are 2.7 X 10° M and
5.6 X 10° M, respectively. The binding constant MC2 of DMAPIP-b is nearly 10 times higher
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than MC3 of DMAPIP-b. On the other hand, association constant MC3 of DMAPIP-c was
nearly 2 times higher than MC2 of DMAPIP-b.
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Figure 4.24. Fluorescence spectra of DMAPIP-c in different CB-7 concentration at pH ~ 5.5,

Aexc = 310 nm. Inset shows the excitation spectra of the same solutions, Aem = 420 nm.
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Figure 4.25. Fluorescence spectra of DMAPIP-c in different CB-7 concentration at pH ~ 5.5,

Aexc = 390 nm. Inset shows the excitation spectra of the same solutions, Aem =490 nm,
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Upon excitation of MC1, due to more charge flow from the dimethylamino group, the
protonated dimethylamino group behaves like a photoacid and dissociates to produce a proton
which attacked the azole nitrogen to form MC2 as in to other media.}”® As revealed earlier, at
monocationic pH, DMAPIP-c exists as MC1 and MC3 in the ground state and as MC2 and
MC3 in the excited state.>”* MC2 is formed in the excited state from MC1 by phototautomerism
by relay transfer of proton.t’® MC1 is more polar than MC3 which is more polar than MC2 of
DMAPIP-c. Therefore, the decrease in polarity is expected to shift the equilibrium towards less
polar MC2. The most the exciting feature in CB-7 is the existence of all three monocations of
DMAPIP-c i.e MC1, MC2 and MC3 in the ground state. But, unlike the MC2 of DMAPIP-b,
the MC2 of DMAPIP-c was observed in CDs or aqueous micelles.*?**" Though, MC2 was
found in aerosol OT/n-heptane reverse micellar solution before the addition of external water.
However, in that solution MC1 was not observed, only MC2 and MC3 were present in the
ground state.>”” Interestingly, all three monocations are present in the ground state in CB-7 and
it provides the unique environment for the survival of all three monocations in the ground state.
The other interesting aspect is though inclusion complexes are formed with both nonpolar hosts
CDs and CB-7 but MC2 is observed in the ground state in CB-7 only. This can be attributed to
the difference in orientation of DMAPIP-c inside these host molecules (Scheme 4.1). In CD-
complexes of DMAPIP-c, the dimethylaminophenyl ring resides inside the cavity and the
imidazopyridine ring was present outside the cavity. But in CB-7 complex of DMAPIP-c, the
imidazopyridine ring present inside the cavity and therefore the azole nitrogen is present inside
the hydrophobic cavity. Thus, MC2 exist in CB-7, whereas it fails to exist in CDs. The
enhancement in the fluorescence intensity with addition of CB-7 is less with excitation at 310
nm whereas, significant enhancements are observed in both the bands with addition of CB-7
when excited at 390 nm. This is due to fact that both MC1 and MC2 form MC2 in the excited
state. With addition of CB-7 the relative population of MC1 decreases and that of MC2
increases due to reduction in polarity of the environment. The reduction in MC1 (ground
precursor for MC2 in the excited sate) population decreases the MC2 population in the excited
state. This is compensated by the formation of MC2 in the ground state (which upon excitation
gives excited MC2). Therefore, only small enhancement in fluorescence intensity is observed
when excited at 310 nm. On the other hand, when excited at 390 nm both MC2 and MC3 are

excited. Therefore, their respective fluorescence intensity also increases.
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4.2.3. Conclusion

The pKa values of both DMAPIP-b and DMAPIP-c are higher in CB-7 compared to
water and CDs. In water all three monocations of DMAPIP-b are present in the ground as well
as the excited states. Addition of CB-7 shifts the equilibrium towards MC2. On the other hand
DMAPIP-c which exists only as MC1 and MC3 in water exists as MC1, MC2 and MC3 in CB-
7. The difference in orientation of fluorophore inside CB-7 ensures the existence of MC2.
However, in the excited state, like in water and £-CD, MC1 undergoes phototautomerism to
form MC2 in CB-7 too. Addition of CB-7 shifts the equilibrium from polar MCL1 to relatively
less polar MC2 and MC3. The association constant of MC2 of DMAPIP-b is higher than that
of MC3 of DMAPIP-b. But that of MC3 of DMAPIP-c is higher than that of MC2 of DMAPIP-
C.
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Chapter 5

Excited State Intramolecular Proton Transfer of 4-(3-(1H
benzo[d]imidazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(1H-
benzo[d]imidazol-2-yl)-6-tert-butylphenol: Effect of Solvent and pH7

TRSC Adv., 2016, 6, 59708-59717.
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5.0. Introduction

ESIPT of hydroxyphenylbenzazoles such as 2-(2'-hydroxyphenyl)benzimidazole
(HPBI), 2-(2'-hydroxyphenyl)benzoxazole (HPBO), 2-(2'-hydroxyphenyl)benzothiazole
(HPBT) and their derivatives have been extensively studied.>®717581.9. 217-220 yndoubtedly,
these dyes are good candidates for the study because of their efficient ESIPT fluorescence, easy
synthetic modulations and wide varieties of applications.5%173221-226 | recent times also, these
dyes are used for the study as a tailoring molecule with different organic back
bone.64:99.98.129.130132.133 The jdea behind these studies to tune the absorption or emission to a
longer wavelength or to obtain a largely Stoke shifted emission. The acidity and basicity of the
groups are affected by the substitutions there by the rate of proton transfer is also altered.

In the first report on HPBI, Dogra et al. studied the spectral properties of HPBI in
organic as well as aqueous media and established the ESIPT in HPBI.%8 Later HPBI became a
prototype and ESIPT behaviour of HPBI was investigated both experimentally and
theoretically.”>8"92217.227 However, HPBI emits the normal emission along with tautomer
emission. Currently, research is focussed to avert the normal emission which overlaps with the
absorption. As a consequence the dye will emit only tautomer emission that may help to avoid
the fluorescence quenching due to self-absorption (inner filter effect) etc. This can be achieved
by eliminating the presence of trans-enol, which is the cause for normal emission. Having a
hope to peruse this, ESIPT behaviour of a new HPBI derivative, 4-(3-(1H-benzo[d]imidazol-
2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(1H-benzo[d]imidazol-2-yl)-6-tert-butylphenol  (bis-
HPBI), Chart 5.1 is investigated. The special features of bis-HPBI are that it contains a bulky
tert-butyl group ortho to —OH groups and also have two HPBI moieties which are not in
conjugation.

Like HPBI, the proton transfer behaviour of HPBO was also investigated.?!8219 In
addition to single proton transfer of HPBO, the double proton transfer behaviour of bis-3,6-(2-
benzoxazolyl)-pyrocatochol is also reported, where two HPBO moieties are in same plane and
also in conjugation.??® Studies revealed that apart from normal and tautomer emissions, the
emission is observed form the diketo due to ESIPT of monoketo tautomer which is present in
the ground state. Based on the experimental studies only one proton transfer is reported from
bis-2,5-(2-benz oxazolyl)hydroquinone (which has two HPBO groups).?? On the contrary,
recently Hoffmann et al. based on theoretical calculations reported that both single and double
proton transfer is possible in bis-2,5-(2-benzoxaroiyl)hydroquinone.??® Unlike these systems,

in bis-HPBI the two HPBI groups are not in conjugation.
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The goal of the work is to find out (i) whether a single or double proton transfer is
taking place (ii) the effect of bulky substitution at ortho to —OH group on the emission
characteristics of the dye (iii) the effect of acids and bases on the spectral characteristics of the
bis-HPBI. The chapter is divided into two sections. In first section, the photophysical properties
of bis-HPBI investigated in various organic solvents and theoretical calculations are also
performed. In second section, the effects of bases and acids on spectral characteristics of bis-
HPBI are studied in aqueous medium. The results of bis-HPBI are also compared with that of
HPBI.

HPBI bis-HPBI

Chart 5.1. Structures of HPBI and bis-HPBI.

5.1.0. Effect of Solvents on the ESIPT of bis-HPBI
5.1.1. Absorption Study

The absorption spectra of bis-HPBI in few selected solvents are provided in Figure 5.1
and the complete data are compiled in Table 5.1. Like HPBI,%® the absorption spectra of bis-
HPBI are structured and blue shifted with increase in polarity and hydrogen bond capacity of
the solvent. However, bis-HPBI absorbs at a longer wavelength than HPBI and the molar
extinction co-efficient obtained for bis-HPBI is also higher than that of HPBI in corresponding
solvents. This suggests that the alkyl substitution at 3' and 5' positions have some effect on the
transition.®® Douhal et al. also reported a red shift in the absorption spectra in 5'- substituted
HPBI derivatives.” A tailing towards longer wavelength was found in the absorption spectra
of bis-HPBI in protic solvents and it may be due to small amount of anions (phenoxide ion)

present in the ground state.”7
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Figure 5. 1. Absorption spectra of bis-HPBI in selected solvents (1) cyclohexane, (2) dioxane

(3) acetonitrile, and (4) methanol.

Table 5.1. Absorption Band Maxima (Amax®®, nm), log emax (in the Parenthesis),
Fluorescence Band Maxima (Amax", nm) and Stoke Shift (cm™) of bis-HPBI in Different

Solvents.
Solvents Amax?® (log €max) Amax'! Stokes shift
Normal Tautomer
Emission Emission
Cyclohexane 332 (4.28), 343 (4.20) 482 8408
1,4-Dioxane 329 (4.91), 341 (5.03) 480 8361
Diethyl Ether 328 (4.89), 341 (5.06) 479 8449
Ethylacetate 327 (4.87), 340 (5.04) 477 8449
Tetrahydrofuran 329 (4.95), 341 (5.06) 477 8361
Acetonitrile 326 (4.89), 339 (4.90) 385 478 8490
DMF 327 (4.95), 340 (5.04) 481 8623
DMSO 328 (4.95), 341 (5.06) 478 8405
Butanol 328 (4.98), 341 (5.04) 471 8139
2-Propanol 328 (4.94), 340 (5.07) 471 8135
1-Propanol 328 (4.95), 340 (5.07) 470 8180
Ethanol 328 (4.95) 340 (5.07) 472 8180
Methanol 327 (4.93), 338 (5.08) 470 8309
Glycol 327 (4.95), 340 (5.08) 393 477 8447
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5.1.2. Steady State Fluorescence Measurements
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Figure 5. 2. Fluorescence spectra of of bis-HPBI in selected solvents (1) cyclohexane, (2)
dioxane, (3) acetonitrile and (3) methanol, Aexc = 340 nm. (“*” denotes normal band in

acetonitrile).
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Figure 5.3. Plot of tautomer band maximum versus E1(30) of the solvents.
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In most of the solvents, bis-HPBI exhibits almost exclusively single emission (Figure
5.2 and Table 5.1). In acetonitrile and glycol a very weak shorter wavelength emission is
observed along with a strong longer wavelength emission. Except in few nonpolar solvents,
HPBI emits two emissions in most of the solvents.®® The shorter wavelength emission is the
normal emission from the excited trans-enol and the longer wavelength emission is from the
tautomer which is formed by ESIPT.®® As mentioned earlier, the tautomer emission has high
Stokes shift. The Stokes shift calculated for bis-HPBI is higher than that of normal emission of
HPBI and comparable to that of tautomer emission. Therefore, it can be inferred that the single
emission at longer wavelength of bis-HPBI is the tautomer emission. Following points
substantiate this assignment, (i) The second weak emission in acetonitrile and glycol is
observed at shorter wavelength indicates that it is the normal emission and the strong longer
wavelength emission is the tautomer emission. (ii) The longer wavelength emission band is
blue shifted with increase in polarity and hydrogen bonding capacity of the solvent (Table 5.1).
This is a characteristic of tautomer emission. But the normal emission undergoes a
bathochromic shift with rise in polarity and hydrogen bonding capacity of the solvents. The
blue shift in the tautomer emission is due to smaller dipole moment of the tautomer in the
excited state compared to that in the ground state. Therefore, upon increasing the polarity and
hydrogen bond capacity of the solvent, the excited state is less stabilized than the ground state.
This leads to increase in the energy gap between these states. Thus, a negative solvatochromism
is observed (Figure 5.3). But the extent of blue shift in bis-HPBI is less than that in HPBI.
However, the tautomer emission of bis-HPBI is red shifted compared to that of HPBI in the
same solvent. For example, in methanol it is 34 nm red shifted to that of HPBI. These changes

indicate the effect of substitution.

5.1.3. Tautomer Lifetime and Quantum Yield

Since bis-HPBI has two HPBI units, it is possible to form monoketo upon ESIPT of
one unit of HPBI and diketo upon ESIPT of both the units of HPBI. bis-HPBI exhibits single
longer wavelength emission indicating the presence either monoketo or diketo. Sometimes if
one emission is very weak and buried underneath the other then it is very difficult to distinguish
the single emission and the dual emission. In those cases, the time resolved emission is handy
to detect the existence of weak emission that is hidden beneath a strong emission.3® Therefore,
the fluorescence decays of tautomer emission are recorded in different solvents. A single
exponential decay is observed in all the solvents and the lifetimes thus obtained are compiled

in Table 5.2. It clearly tells that only one species is responsible for the tautomer emission. The
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fluorescence lifetimes of bis-HPBI in methanol and acetonitrile are less and this indicates that

non-radiative channel become active in these solvents.

Table 5.2. Lifetime (TT,ns), Quantum Yield (®T), Radiative Rate Constant (kr, 107s™)
and Non-radiative Rate Constant (knr, 10’s™%) of Tautomer emission of bis-HPBI in
Different Solvents.

Solvents Tr o7 kr Knr
Cyclohexane 4.0 0.82 20.50 4.50
1,4-Dioxane 3.8 0.41 10.78 15.52
Diethyl Ether 4.2 0.51 12.14 11.67
Ethylacetate 3.7 0.39 10.54 16.48

Tetrahydrofuran 3.8 0.40 10.52 15.79
Acetonitrile 2.6 0.26 9.62 27.40
DMF 4.0 0.48 12.00 13.00
DMSO 4.3 0.51 11.86 11.40
Butanol 3.8 0.41 10.78 15.52
2-Propanol 3.6 0.39 10.83 16.95
1-Propanol 3.5 0.39 11.14 17.43
Ethanol 3.2 0.29 9.06 22.18
Methanol 2.2 0.17 7.72 37.73
Glycol 3.9 0.51 13.07 12.56

Since, almost exclusive tautomer emission is observed the quantum yield of tautomer
emission as well as the radiative and the nonradiative rates are calculated in different solvents
(Table 5.2). The quantum vyield of tautomer emission is less in methanol and acetonitrile
relative to other solvents. Therefore, the radiative rate constants are low and the nonradiative
rate constants are high in these solvents. In HPBI and related molecules the torsional rotation
around phenolic/azole rings of keto in the excited state leads to a nonemissive ICT state which
acts as a major nonradiative channel 8289167231232 g ;chy g process is expected to be high in polar
nonviscous solvents like methanol and acetonitrile. Grellinann et al. observed a relatively
intense tautomer emission when the cis-trans conversion of keto tautomer is practically
disabled by bridging the bezinmidazole and phenolic ring of HPBI in a bridged HPBI.2% In bis-
HPBI, the rotation of the phenolic ring is difficult due to bulky substitution, but, the rotation of
benimidazole ring is not hampered that much. As a result torsional rotation of the keto tautomer
is feasible. However, the torsional rotation of excited keto of HPBI is also predicted to be
retarded by viscosity of the medium.?2 The quantum yields of bis-HPBI are higher in relatively
more viscous solvents like DMF, DMSO and glycol despite their higher polarity. Similarly, the

fluorescence lifetimes are also longer in these solvents.
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Table 5.3. Optimized Parameters of Different Conformers of bis-HPBI in Acetonitrile.

cis-cis-enol cis-trans-enol trans-trans-enol Monoketo Diketo
So State
E (eV) 0.00 0.34 0.60
u (D) 6.8 9.3 8.3
Transition energy 331 (339) 329 (326) 314
(So— S1)/nm
SiState
E (eV) 3.76 3.11 3.36
u (D) 9.2 7.7
Transition energy 378 (385) 493 (477)
(S1—> So)/nm

E (relative energy with respect to most stable cis-cis-enol energy -46940.30 eV)
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5.1.4. Ground State and Excited State Species
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Figure 5. 4. Presence and absence of steric effect in trans-enol’s of bis-HPBI and HPBI

HPBI exists as cis- and trans-enol in the ground state.%® Due to the presence of two
HPBI units, three conformers are possible for the enol form of HPBI. The optimized structures
of different forms are presented in Chart 5.2 and the data are compiled in Table 5.3. The
cis,cis-enol is more stable than cis,trans-enol by 0.34 eV which more stable than trans,trans-
enol by 0.26 eV. cis,trans-enol or trans,trans-enol is required to produce normal emission
from excited trans-enol. As cis,cis-enol has very high stability than other two conformers and
bis-HPBI is present almost exclusively as cis,cis-enol in ground state. This explains the
negligible presence of normal emission in acetonitrile and its almost complete nonexistence in
other solvents. Unlike in bis-HPBI, in HPBI the normal emission is significant in polar and
protic solvents.®® In bis-HPBI, the substitution of bulky tert-butyl group ortho to —OH group
helped in suppressing the population of the trans conformer. Unlike that of HPBI, in the trans-
enol conformer of bis-HPBI has steric hindrance between the hydrogen atom of the —OH group
and hydrogen atom of the tert-butyl group (Figure 5.4). Consequently, the population of
cis,trans-enol is negligible and almost no existence of trans,trans-enol is there in the ground
state. Excitation of the cis-enol will result in keto tautomer in the excited state. Both, cis,cis-
enol and cis,trans-enol has cis-enol conformer. As mentioned earlier, bis-HPBI can form
monoketo or diketo. The excitation of cis conformer of cis,cis-enol and cis,trans-enol can lead
to monoketo. Whereas, excitation on both cis conformer of cis,cis-enol may lead to diketo. As
suggested by the calculation bis-HPBI exist primarily as cis,cis-enol. Therefore, both one
proton transfer and two proton transfers are probable. However, in nonconjucated system like
bis-HPBI at least one of the cis-enol of cis,cis-enol has to be excited to form monoketo and
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both the cis-enols have to be excited to form diketo. Such an excitation of two chromophores
has to be a two photon absorption processes. To find the dependence of fluorescence intensity
on excitation intensity, using a set of neutral density filters the excitation intensity is attenuated.
The relative spectral areas of bis-HPBI fluorescence spectrum with no filter (Fo) to with
different filters (F) are obtained. Similarly, the relative spectral areas of standard quinine sulfate
solution in 1 N sulphuric acid with no filter (lo) to with different filters (I) are measured. A
linear fit with a slope of 0.96 + 0.05 was obtained for the plot of relative fluorescence of both
the solutions (Figure 5.5). This shows that the formation of keto tautomer is a single photon
processes. Therefore, it can be inferred that the emitting species of bis-HPBI is the monoketo
tautomer. This is further substantiated by the theoretical calculation which suggests that the
formation of monoketo is energetically favored over diketo (Table 5.2). The calculated
excitation and emission energies are in good aggrement with the experimental values (Table
5.2). The tautomer emission is observed along with the anion emission even after the
deprotonation of one of the —OH group of bis-HPBI (see Section 5.2.1). This further supports

assignment of tautomer band to emission form monoketo formed by single proton transfer.
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Figure 5.5. Logarithmic plot of relative fluorescence intensity (Fo/F) of bis-HPBI in

acetonitrile versus relative excitation intensity log (lo/l), Aexc = 330 nm.
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Chart 5.2. DFT optimized geometries of the different conformers of the bis-HPBI.

100
TH-1702_11612207



5.1.5 Conclusion
The absorption and emission spectra of bis-HPBI are bathochromically shifted than

HPBI. Unlike HPBI, bis-HPBI emits almost exclusively intense tautomer emission even in
protic solvents. The presence of bulky tert-butyl group ortho to —OH group hindered the
formation of trans-enol which is responsible for normal emission. Though bis-HPBI has two
HPBI units the tautomer emission of bis-HPBI is due to only single proton transfer. The

theoretical calculation also supports this result.

5.2.0. Effect of Bases and Acids on ESIPT

Besides the ESIPT process, the acid-base chemistry of bis-HPPBI will be an interesting
one as it has two HPBI moieties. The variation in hydrogen ion concentrations is expected to
modulate the spectral characteristics due to the presence of acidic and basic groups in bis-
HPBI.

5.2.1. Effect of Base
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Figure 5.6. Absorption spectra of bis-HPBI in agueous medium in pH /H_ range 7.2 to 14.2.

bis-HPBI exists in neutral form at pH 7.2. Upon increasing the pH, a new band starts to
appear on the red side of the neutral band of the bis-HPBI (Figure 5.6). The new band at ~ 360

nm co-exists with neutral band upto pH ~12.5. Nonetheless, with further rise in pH, the
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molecular band totally disappeared and a single band at ~360 nm is observed around pH ~12.9
to H_ ~14.2 (Figure 5.6). The red shift illustrates the increase in conjugation due to

deprotonation of hydroxyl group.®®

1.0E+06

(a)

8.0E+05 |

u)

3 6.0E+05 |

Intensity (a

4.0E+05 |

2.0E+05 |

0.0E+00

370 410 450 490 530 570 610 650
Wavelength (nm)

1.8E+06

(b)

1.5E+06 |
1.2E+06 |

= 9.0E+05 |

Intensity (a.u)

6.0E+05 |

3.0E+05 |

0.0E+00

370 410 450 490 530 570 610 650
Wavelength (nm)

Figure 5.7. Fluorescence spectra of bis-HPBI under basic media , Aexc = 360 nm.

The emission spectrum of bis-HPBI in water at pH 7.2 is also having predominantly a
single emission around 475 nm. Therefore the emitting species in aqgueous medium is also the

tautomer (Figure 5.7a) and the fluorescence lifetime is 1.64 ns. Upon addition of the base, the
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fluorescence intensity increases and a new band appear at shorter wavelength (~435 nm). But
the intensity of the tautomer also increases with base concentration till pH 12.5 along with the
band at 435 nm (Figure 5.7a). In contrast, it was reported that the tautomer emission of HPBI
decreases and that of its anion increases upon addition of base to aqueous solution.®® This
difference in behaviour is due to the presence of two HPBI units in bis-HPBI. The step wise
deprotonation is taking place in bis-HPBI for initial addition of base only one units of —OH
group is deprotonated to form anion. Since, the other HPBI unit possess the —OH group and it
can undergo ESIPT. As a result, the tautomer emission is also observed along with the emission
from the anion. At higher concentration of base both the —OH groups are deprotonated and bis-
HPBI exhibits only single emission (Figure 5.7b). The single exponential decay is also
obtained for bis-HPBIl at H_14.2 (Table 5.4). Such an enhancement in lifetime is also obtained
for HPBI upon deprotonation of —OH group compared to that of tautomer (the fluorescence

lifetimes of tautomer and anion in aqueous solution are 1.86 ns and 2.95 ns, respectively).®

Table 5.4. Fluorescence Wavelength Maximum (Amax", nm) and Lifetimes (T, ns) of bis-
HPBI in Aqueous Medium at Different Conditions.

Conditions Amax " T (ns)
H_14.2 435 3.97
pH 11.0 435 0.31

470 2.52
pH 7.2 475 1.64
pH 1.0 388 0.38
360 1.89
Ho -7.3 388 0.28
455 2.88
Ho -10.0 388 1.18

5.2.2. Effect of Acid

Under acidic condition, the vibrational structure in the absorption spectrum of bis-HPBI
is lost and the absorbance of the longer wavelength emission band decreases and that of shorter
wavelength increases (Figure 5.8). In other words, the addition of acid brings minimal changes
in the absorption spectrum of bis-HPBI in aqueous medium. This shows the interaction of
protons with bis-HPBI in the ground state, but no clear picture emerges from the absorption
studies. However, the emission spectra gave a clear picture about the interactions. As
mentioned earlier, neutral bis-HPBI emits the tautomer emission at 475 nm. For initial addition
of acids, the intensity of the tautomer emission decreases (Figure 5.9a). When acidity of the
solution increased a new band appeared at a shorter wavelength at 388 nm and the tautomer

emission also recovered its fluorescence partially (Figure 5.9b). Interestingly, both the bands
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co-exist up to Ho -7.8. However, with further increase in acid concentration, the two band
system slowly moves toward a single band system. The emission at 388 nm gains the intensity
and the tautomer emission intensity diminishes. In a strongly acidified solution (~Ho -10.0)
the tautomer band totally vanishes and bis-HPBI exclusively emits only 388 nm emission
(Figure 5.7c). The fluorescence lifetimes of bis-HPBI in aqueous medium at different

conditions are summarized in Table 5.4.
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Figure 5.8. Absorption spectra of bis-HPBI in agueous medium in pH /Hp range 7.2 to -10.

The initial decrease in tautomer emission suggests weaker hydrogen bonding type
interaction of protons with bis-HPBI. Such hydrogen bond induced quenching of tautomer
emission was observed in several other dyes also.?3*?%® The recovery of tautomer emission and
appearance of new band at 388 nm are due to protonation of imidazole nitrogen of one of the
HPBI unit. The emission band at 388 nm can be assigned to emission of cation formed by the
protonation of imidazole nitrogen. The appearance of neutral tautomer emission along with
cationic emission is due to dissociation of proton from the —OH group of cation which
reorganizes to form tautomer in the excited state. Rodr1’guez-Prieto et al. also reported that in

aqueous acidic solution (pH~3), the cation of HPBI upon excitation emits the neutral keto
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Figure 5.9. Fluorescence spectra of bis-HPBI under acidic media, Aexc = 300 nm.
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emission.’! Similar events are also encountered by HPIP-b in water.!®%?% However,
Rodr1’guez-Prieto et al. observed the two emission of HPBI in acidified ethanol, due to excited
state cation and the neutral tautomer produced from cation.5! The results of bis-HPBI in
acidified aqueous solution is little similar to results of HPBI in acidified ethanol rather than
acidified aqueous solution. Recently, Rodr1’guez-Prieto et al. demonstrated that when electron
donating amino group was substituted in HPBI, the excited cation was unable to transfer its —
OH proton to solvent, due to electron donating nature of —NH. group.Z’ In bis-HPBI, the
electron donating alkyl groups are substituted, but as the electron donating ability is less than
that of amino group, bis-HPBI exist in both cationic form and neutral tautomeric form. As, the
deprotonation is prevented in strongly acidic solution emission is observed only from the

cationic form of bis-HPBI

5.2.3. Conclusion

Enhancement of tautomer band intensity upon deprotonation of single —OH also
supports the single proton transfer hypothesis in bis-HPBI. On the other hand, the tautomer
emission decreases in acidic solution with initial addition of acid due to quenching by hydrogen
bonding. When the imdazole nitrogen is protonated the tautomer emission is partially recovered
due to dissociation of proton of —OH group and reorganization of cation. In strongly acidic
solution the dissociation of —OH group from cation is prevented and emission is observed only

from cation of bis-HPBI.
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Chapter 6

Aggregation Induced Enhance Emission of 4-(3-(benzo[d]thiazol-2-yl)-5-
tert-butyl-4-hydroxybenzyl)-2-(benzo[d]thiazol-2-yl)-6-tert-butylphenoly

‘tFaraday Discuss., 2016, DOI:10.1039/C6FD00171H.
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6.0. Introduction

In recent times molecular self-assembly of organic dyes have gained much attention in
science and technology because of their potential use in optoelectronic and photonic
applications.?3-248 But, due to aggregation caused quenching most of the organic molecules
which are otherwise highly fluorescent in dilute solution become weakly emissive or non-
emissive in self-assembly or in solid state. However, the pioneering work of Tang et al. opened
up a new avenue of aggregation-induced emission (AIE) and aggregation induced emission
enhancement (AIEE) mechanisms. Tang et al. first reported the aggregation-induced emission
(AIE) phenomenon of silole molecule, which is just opposite to aggregation caused quenching
effect.’® Successively, the AIE and AIEE properties of variety of luminophores were
investigated.'**1% The noncovalent intermolecular forces such as hydrogen bonding, van der
Waals interaction, nt-m stacking, hydrophobic interaction etc. control these self-assembly. 49250
Several mechanisms such as restricted internal rotation, J-aggregation formation, restriction of
TICT emission etc were proposed to explain the AIE and AIEE of dyes. 2°1:252 After the design
of AIE/AIEE molecules, now many reports are available on the high-tech applications of the
AIE/AIEE not only optoelectronic but also in sensing and detection.?*2->*® More recently cell
imaging application of aggregated structure and the ion sensing ability of AIEE self-assembly
got attentation.?®’-22\With time ESIPT dyes were developed to show AIEE.?%3270|n the present
scenario ESIPT dyes offers a better platform due their abnormal large Stokes shift, which helps
to avoid the self-absorption and brings the intense emission by ESIPT. Recently the AIEE
active ESIPT dyes, N,N ~di[3-Hydroxy-4-(2'-benzothiazole)phenyl]isophthalic amide (DHIA)
and N,N ~di[3-Hydroxy-4-(2'-benzothiazole)phenyl]5-tert-butyl-isophthalic amide (DHBIA)
were investigated by Yang et al?® In these fluorophores two 2-(2-
hydroxyphenyl)benzthiazole moieties were attached to a phenyl spacer through amide linkage.
Based on theoretical calculation Yang et al. hypothesized that, DHIA and DHBIA emit weak
fluorescence in diluted solution but high fluorescence in aggregates due to inhibition of twisted
intramolecular charge transfer (TICT) of the enol conformer in the excited state.}** They
suggested formation of TICT state by C-N bond of the amide linkage that suppress the ESIPT
process. Later, they also showed AIEE in the fluorophore with one 2-(2'-
hydroxyphenyl)benzthiazole but possess the amide group connecting to phenyl ring.2% In most
of the systems including the present thesis work (see later Chapter 7), it is observed that the
ESIPT suppresses the C-N rotation route that lead to TICT emission. Rather in ESIPT
exhibiting 2-hydroxyphenylazoles it was predicted that the torsional rotation of C-C bond
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connecting the azole ring and the phenyl ring from the keto tautomer leads to ICT state and
that opened a channel for non radiative decay.828%167:213232 Therefore to understand the cause
of AIEE in ESIPT fluorophores, 4-(3-(benzo[d]thiazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-
(benzo[d]thiazol-2-yl)-6-tert-butylphenol (bis-HPBT) (Chart 6.1) is investigated. In bis-
HPBT, the phenyl ring with amide linkage were replaced with simple methylene group to
completely eliminate the option of C-N twisting. In addition, bis-HPBT has a smaller less
interacting spacer which may reduce the flexibility of the system. As a consequence, more
enhancements in AIEE may be achieved. In the last chapter, it is shown that the less Stoke
shifted normal emission can be suppressed by substituting tert-butyl group at ortho position to
phenolic OH group. Therefore, tert-butyl group was substituted at ortho position to phenolic
OH group in bis-HPBT. In this chapter, the possible AIEE from not only that of bis-HPBT but
also those of 4-(3-(benzo[d]oxazol-2-yl)-5-tert-butyl-4-hydroxybenzyl)-2-(benzo[d]oxazol-2-
yl)-6-tert-butylphenol  (bis-HPBO) and 4-(3-(1H-benzo[d]imidazol-2-yl)-5-tert-butyl-4-
hydroxybenzyl)-2-(1H-benzo[d]imidazol-2-yl)-6-tert-butylphenol (bis-HPBI) (Chart 6.1) are
explored. The applications of AIEE in sensing of metal ions, anions and imaging of cells are

also examined.

H H
N
bis-HPBI

Q/ bis-HPBT \©

Chart 6.1. Structures of the bis-HPBI, bis-HPBO and bis-HPBT.
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6.1. Solubility Testing

bis-HPBI and bis-HPBO are well soluble in most of the organic solvents (Table 6. 1).
On other hand bis-HPBT is insoluble in most of the organic solvents except in THF, DMF and
DMSO (Table 6. 1). It is insoluble in water also. Therefore, it can be inferred that by a small

change in molecular substitution, the solubility can also be changed.

Table 6.1. Solubility of bis-HPBI, bis-HPBO and bis-HPBT in Different Solvents.
(Soluble: S, Insoluble: Siand Sparingly Soluble: Sp).

Solvents bis-HPBI bis-HPBI bis-HPBT
Cyclohexane S S Sp
Dioxane S S Sp
Ethylacetate S S Si
THF S S 5
Acetonitrile > S Si
DMF S S S
DMSO S S Sp
Butanol S S Si
Ethanol S S Sp
Methanol S S Si
Water Sp Sp Si

Since bis-HPBT is insoluble water and soluble in THF, the molecular aggregation of bis-HPBT

studied in THF/water mixture.

6.2. Molecular Aggregation of bis-HPBT

The absorption spectrum of bis-HPBT exhibits two main absorption bands in THF
(Figure 6.1). The absorption spectra in THF is structured having vibrational frequency equal
to 1000 + 40 cm™. The higher energy bands around 315 nm are for benzthiazole moiety and
the lower energy bands around 360 nm corresponds to the w-rt* transition of the coupling
between benzthiazole and the hydroxyphenyl moieties.?64?% To study the molecular
aggregation the absorption spectra of bis-HPBT in different mixtures of water/THF (v/v) are
recorded. From the absorption spectra, it can be clearly seen that the spectral pattern of the dye
in water-THF mixtures remains same up to 60% volume fraction of water (fw), only the
absorbance of the dye decreases compared to that in pure THF, which indicates that the dye
has no apparent structural changes up to fw = 60%. The decrease in absorbance may be due to
different solubility of the fluorophores in water/THF mixture than pure THF owing to the
change in dielectric constant of the solution.?’* But, after fu, = 60%, rapid bathochromic shift is

observed with spectral broadening and a long tailing. This sudden spectral changes may be due
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to change in homogeneity of the solution.?’> The emergence of level-off tails in the absorption
spectra indicates the formation of aggregated structure in higher water fraction (> 60%).2%4
Similar level - off tail is also obtained due the Mie scattering of the aggregated structure .2732™
The red shifts in the spectrum are due to the weak n—n stacking interaction of the dye in its
aggregated structure and attributed for the J-aggregation formation.? Usually, in J-aggregation
the absorption band is red shifted, which is intense and narrow as compared to the monomer.2”
But, the weak and broad absorption spectra of bis-HPBT may be due to the less optimal J-

aggregation way alignment of molecules.
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Figure 6.1. Absorption changes of bis —HPBT in different fractions of water/THF. The inset

shows level-off tails owing to Mie scattering at higher water content..

Field emission scanning electron microscope (FESEM) images were obtained to verify
the observed spectral changes. Fibrous aggregated structures having width ~300 nm were found
from the fw = 70% solution, whereas in pure THF no such aggregated morphology was found
(Figure 6.2).
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Figure 6.2. FESEM images of bis-HPBT in pure THF (left) and in fw = 70% water/THF
mixture (right).

6.3. Enhanced Fluorescence
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Figure 6.3. Fluorescence spectra of bis-HPBT in different water/THF (v/v) mixtures, Aexc =

365 nm. Inset showing variation of fluorescence intensity with increase in water fraction.

The fluorescence emission spectrum of bis-HPBT in THF was monitored by exciting
the solution at 365 nm (Figures 6.3). In THF solution, bis-HPBT emits two distinct emissions
one at ~ 410 nm and other at ~ 530 nm (Figure 6.3). By analogy with HPBT the dual emissions
of bis-HPBT in THF can be attributed to normal emission (410 nm) and keto emission (~ 530
nm) after ESIPT.?4 The normal emission of bis-HPBT is weak and structured in THF having

vibrational frequency 1400 + 50 cm™. But the THF solution of bis-HPBT is weakly fluorescent
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and poorly soluble in water. With addition of water to THF solution of the bis-HPBT, the
fluorescence may enhance due to aggregation formation. To verify this phenomenon, different
amount of water (fw) are added to the THF solutions of bis-HPBT. As a result, small
enhancement in fluorescence was observed at fw = 20% and remain constant up to fw = 60%.
At fw = 70%, a sudden boost in the green fluorescence is observed (Figure 6.4.). The
fluorescence yield (®r) of the tautomer band increases ~300 times in aggregation (®r = 0.3885)
than that in THF (dr =0.0013). This increase in fluorescence intensity can be attributed to the
AIEE effect. The increase in fluorescence yield is much impresive as compared to those
obtained for DHIA (21 times enhancement) and DHBIA (112 times enhancement).?% This
infers more facile AIEE in bis-HPBT than in DHIA and DHBIA. The other foremost advantage
of bis-HPBT is that the less Stokes shifted normal emission is completely eleminated and only
AIEE of highly Stokes shifted tautomer emission is observed. After reaching a maximum
intensity at fw = 70% the fluorescence intensity of the dye decreases at higher water fractions
i.e fw = 80% and fw = 90% (Figure 6.3). This type of change in fluorescence intensity is
observed in other AIEE systems also.2’? It is attributed to the fact that aggregation is much
more facile at high water contents and emission is probably due to the molecules attached on
the surface of these highly aggregated particles together with aggregated structure. This may

results in drop of original fluorescence of the aggregated structure.?’227
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Figure 6.4. The instrument response function and the fluorescence decay of bis-HPBT in fw =

70% along with fitted curve and residue plot.
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The fluorescence lifetime of bis-HPBT in pure THF is short (0.89 ns). However, the
decay lifetime of the dye in fw = 70% is as long as 5.3 ns (Figure 6.4). The longer fluorescence
decay time reveals that the nonradiative processes of the electronically excited state of the dye
are substantially reduced due to molecular aggregation. To further substantiate this
fluorescence decay was monitored in solid state. The longer life time obtained for solid bis-

HPBT (5.1 ns) also corroborates with the conclusion.

6.4. The Cause for AIEE

To confirm the role of RIR in AIEE of bis-HPBT, the effect of viscochromism and
thermochromism on the dye emission are scrutinized. Since, the RIR process is expected to
affect by the viscosity of the mediun, the fluorescence of bis-HPBT is recorded in glycol/THF
mixtures. The fluorescence of the dye is enhanced with an increase in the viscosity of the
solvent mixture (Figure. 6.5). In addition to tautomer emission, the normal emission also
increases. This is due to breaking of intramolecular hydrogen bond of the cis-enol by the
intermolecular hydrogen bond of protic glycol. This shifts the cis-enol-trans-enol equilibrium
towards trans-enol. Regardless of the decrease in cis-enol population that the tautomer

emission increases, this shows the strong RIR due to enhanced viscosity.
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Figure 6.5. Fluorescence spectra of bis-HPBT in glycol/THF mixture.
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The effect of temperature on the fluorescence spectrum of fi = 70% solution is depicted
in the Figure 6.6. The fluorescence maximum is virtually unaffected by the temperature. The
fluorescence intensity of the system decreases with rise in temperature (Figure. 6.6). This
indicates that with increase in temperature the flexibility of the aggregate increases, which

reduces the RIR. The results of viscochromism and thremochromism, suggested that the RIR
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Figure 6.6. Fluorescence spectra of bis-HPBT in different temperature.
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Figure 6.7. Fluorescence spectra of bis-HPBT in (a) THF and (b) solid state, Aexc = 365 nm.
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Table 6.2. Absorption Band Maxima (A max?®, nm), Fluorescence Band Maxima (Amax™, nm)
and Fluorescence Yield (®f) of bis-HPBT in THF, fw = 70% and Solid State.

A max@® Amax'! Tl ()=
THF 348, 360 542 0.89 0.0013
fw=70% 353, 368 527 5.30 0.3885
Solid 527 5.10 -

As mentioned earlier, Yang et al. proposed that the weak emission of DHIA and
DHBIA in diluted solution is due to non-emissive TICT formed by C-N rotation. They
hypothesized the high fluorescence of DHIA and DHBIA in aggregates is due to inhibition of
non-emissive TICT of the enol conformer in the excited state.’** In bis-HPBT there is no C-N
bond, therefore the hypothesis that RIR of C-N which led to non-emissive TICT state of enol
is ruled out. Hence, the enhancement of fluorescence intensity in aggregated state is due to
restriction of RIR of C-C single bond connecting hydroxyphenyl and benzthiazole moieties of
bis-HPBT. As discussed earlier, subsequent to ESIPT the keto form of 2-(2'-
hydroxyphenyl)azoles undergo torsional rotation which led to nonradiative de-excitation of the
excited states. 8289167.213232 Byt aggregation of bis-HPBT leads to close packing of the
molecules which provide structural rigidity to molecular rotation. bis-HPBT is also highly
emissive in solid state than its diluted solution which infers that molecule is highly emissive in
its closed pack structure (Figure 6.7). The fluorescence spectra of bis-HPBT is blue shifted in
the solid state and aggregated state than in THF solution (Figures 6.3 and 6.7, Table 6.2). This
spectral blue shift clearly suggests that rigidity of the system increases by aggregation as it
obeys the principle of rigidochromism.?”® The intarmolecular hydrogen bonding, the weak van
der Waals interaction and hydrophobicity provided by the tert-butyl groups and the partial

(head to tail) -7 stacking interactions may be responsible for the formation of aggregation in

3

water-THF mixture.
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J

Figure 6.8 DFT optimized structure of bis-HPBT.
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To gain more insight the structure of the bis-HPBT is optimized using Gaussian 09 by
employing Becke’s three-parameter hybrid functional B3LYP with 6-31G (d, p) as basis set at
DFT level and the optimized structure has nonplanar geometry (Figure 6.8).1%! The presence
of two bulky t-butyl groups prevents the full face to face arrangement due to steric reasons.
Absence of full face to face arrangement of aromatic moicties reduces the m-m stacking
interactions, which leads to fluorescence quenching. It appears that RIR plays a predominant
role than other factors in aggregated state (fw = 70%). When fw > 70%, the solubility of bis-
HPBT in the solvent mixture decreases further to yield more insoluble particles and thus,
expected to decrease the number of emitting molecule. In other way it can be interpretted that
in the mixture with medium water content (here at fw = 70%), molecules of bis-HPBI steadily
gather to form fibrous aggregates and lead to an enhancement in the fluorescence intensity.
However, it is very difficult to control the uniform formation of aggregation at high water
fraction. Thus, no uniformity is observed and the fluorescence intensity drops at high water
content.277'28°'281

The advantage of AIEE of bis-HPBT over DHIA or DHBIA is not only limited to more
enhancement than those fluorophores. In most of the ESIPT fluorophores in the aggregate
solution both normal and tautomer emission are observed. However, the less Stoke shifted
normal emission is almost completely eliminated and bis-HPBT almost exclusively emit highly
keto emission. Despite the fact that in THF the relative intensity of normal emission is not
negligible and water is a protic solvent. Here it can be hypothesized that the presence of two
bulky tert-butyl groups at ortho position has reduced the population of trans-enol by providing
steric hindrance as well as more hydrophobicity to the aggregates.

6.5. Thermal Stability

The AIEE behaviour of bis-HPBT, motivated to investigate the thermal properties of
the dye. Fortunately the dye is thermally stable. It can be inferred from differential scanning
calorimetry (DSC) the melting temperature of bis-HPBT is ~ 245 °C (Figure 6.9) and from
thermal gravimetry analysis (TGA) it is found that there is no weight loss up to ~ 300 (Figure
6.10). It is obvious that the stability and lifetime are affected by these thermal properties. The
high thermal stability renders that bis-HPBT can be used in optical devices such as OLED.
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Figure 6.9. DSC plot showing heat change of bis-HPBT.
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Figure 6.10. TGA plot showing weight loss of bis-HPBT.
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AIEE molecules recently used for the ion sensing and cell imaging.?>2-2%¢ To further
enhance the utility of the AIEE of bis-HPBT, the sensing ability of aggregates have been
investigated with various metal ions and anions. The effect of different metal ions on
fluorescence intensities is depicted in Figure. 6.11. Significant quenching of aggregates
fluorescence is observed with metal ion such as Cu?*, Fe?*, Co?*, Cd?*, Hg?*, Mg?* and Na".
Only in the case of Zn?* and Ni?* the quenching is lesser extent with addition of ~ 12 uM of
metal ions. But the fluorescence is nearly completely quenched at around 170 uM in case of
Zn?*, Ni%*, Mg®* and Na* and at around 100 uM additions of other tested transition metal ions.
The interaction of Zn?* ion on AIEE is presented in Figure 6.12 as a representative plot. The
studies indicate that AIEE is hampered by the addition of metal ions and therefore, it can be
used for metal ion sensing. From the quenching it can be inferred that the aggregation is
hampered by these metal ions due to binding of metal ions with monomers which breaks the

aggregation.
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Figure 6.11. The histogram plot for the cation sensing of the aggregated structure. (12 uM

metal ion concentration).
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Figure 6.13. The histogram plot for the anion sensing of the aggregated structure (~12 uM

anion concentration is considered.
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Figure 6.14. Effect of F~ on the AIEE.

Similarly the interaction of the aggregates with different anions such as F, CI,
CH3COO", NO*, PO4* and CIO* are e also evaluated. With addition of anions at ~ 12 uM
cause a drop in fluorescence intensity (Figure 6.13), successive addition of anions continue
the decrease of fluorescence and the fluorescence is almost quenched at higher anion
concentration. NO*and PO4* are more efficient in quenching. On the other hand F- and CI- are
relatively less interacting. The interaction of F~ ion on aggregates is presented in Figure 6.14
as a representative plot. ~ 130 uM of anions is sufficient enough to completely brake the

aggregated structure. Thus, like the metal ions, the anions also quench the aggregation therefore
may be used for sensing.

Bright field image Fluorescent image Merge
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Figure 6.15. Representative phase and fluorescent images showing HelLa cells treated with fu
= 70% and aggregate formed after 2 hrs. Scale bar represents 50 microns.

Figure 6.16. Representative images showing morphology of HelLa cells (a) Control (without
treatment) and (b) after 8 hrs of THF treatment. Scale bar represents 50 microns.

The application of aggregated structure for imaging living cells is also explored using
HeLa cells. Green emission of aggregates is also observed inside cell and this observation
relates to the fluorometric studies done with fw = 70% (Figure 6.15). This suggest that the
aggregates are cell permeable and in addition there was no morphology alteration within cells
treated with aggregated structure (fw = 70%) upto 8 hrs (Figures 6.16a and 6.16b). From the
results obtained, it may be inferred that the bis-HPBT aggregate is useful for shorter incubation
studies (Figure 6.16b). As in published reports, all incubation studies for in vitro imaging are
performed for only shorter duration (minimum 1-2 hrs and maximum 4-5 hrs).?61:262 Thus, the
bis-HPBT aggregate may be useful as biomedical sensing probe for future in vitro and in vivo

application.

6.9. Conclusion

AIEE is observed from bis-HPBT whereas it is absent in other two derivatives i.e bis-
HPBI and bis-HPBO. Bis-HPBT is weakly fluorescent in THF solution and highly fluorescent
aggregates are obtained at fw = 70% due to aggregation. The enhancement of fluorescence due
to aggregation bis-HPBT is much impressive than other similar ESIPT fluorophores. Added
advantage of AIEE of bis-HPBT is almost exclusive highly Stokes shifted tautomer emission.
The high fluorescence in aggregate state is due to RIR of C-C single bond connecting the
benzthiazole and hydroxyphenyl ring. The aggregate structure ruptures by the addition of ions.
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The aggregated structure acts as a good fluorescence chemosensor for metal ions as well as

anions. The AIEE also observed inside the HelLa cell.
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Chapter 7

Photophysics of 2-(4'-Amino-2'-hydroxyphenyl)-1H-imidazo-[4,5-
c]pyridine and Its Analogues: Effect of Solventst

1J. Phys. Chem. B, 2015, 119, 23302344,
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7.0. Introduction

No doubt TICT and ESIPT processes have earned popularity due to their contribution
in science and technology. As mentioned earlier, in recent times, the coupled proton and charge
transfer process received major attention.1%%45-10\When groups responsible for ESIPT and ICT
are combined in the same fluorophore then their photophysical properties become more
interesting. In Chapter 3 it is shown that in DMAPIP-c relay proton transfer induces the TICT
emission in protic solvents and it is applicable also for APIP-c. Therefore, AHPIP-c (Chart 7.
1) was synthesized where both proton donating and electron donating groups are attached in
the single fluorophore. So far in the combined ESIPT-ICT system those reported in the
literature, the intermolecular hydrogen bonding is not absolutely essential for ICT molecules
to emit ICT emission,104-109.113,115-119.235,182283 ance  AHPIP-c is the first molecule of this kind.
The effect of solvent on AHPIP-c was investigated. Besides, for better understanding, the

spectral characteristics of AMPIP-c and PIP-c are also investigated (Chart 7.1).
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N O/ 3
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| N NH, N
N A N | N NH,
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(I—0)
N _~ N
H PIP-c

Chart 7.1. Structures of APIP-c, HPIP-c, AHPIP-c, AMPIP-c and PIP-c.
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7.1.0. Effect of Solvents on Spectral Charateristics

The main objective of the study is to ascertain the roles of intermolecular hydrogen
bond, intramolecular hydrogen bond and proton transfer in the ICT process and to find whether
intramolecular hydrogen bond or proton transfer is competent to promote ICT. Further, the
studies in protic solvents will be more interesting to determine the dominating process
(ICT/ESIPT) in protic solvents.

7.1.1. Spectral Characteristics of APIP-c

1—>7
1
0.8
2
@
c
[
£ 08
o
Q
N
™
E
g 04
0.2
0 " A 4 ——x
330 380 430 530 580 630

480
Wavelength (nm)

Figure 7.1. Fluorescence spectra of APIP-c in (1) ethylacetate, (2)dioxane, (3) acetonitrile,

(4) dimethylformamide, (5) 2-propanol, (6) butanol and (7) methanol, Aexc =320nm.

Fasani et al. studied only the steady state spectral characteristics of APIP-c in few
selected solvents.> For a better comparative study the steady state spectral characteristics of
APIP-c in more solvents are measured. The data are presented in Table 7.1 and the
fluorescence spectra in few solvents are depicted in Figure 7.1. APIP-c exhibits only normal
emission in aprotic solvents. In methanol TICT emission is observed at longer wavelength. The
results are well reproducible and in good agreement with the spectral maxima reported by
Fasani et al. The fluorescence spectra of APIP-c are recorded in more protic solvents. In all
these solvents though no clear band appears (as in methanol), but long tailings are observed. In
addition, time resolved fluorescence measurements are also performed in some solvents (Table

7.2). The fluorescence decay in propanol is shown as representative plot (Figure 7.2). Single
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exponential decays were detected when decays were monitored at 380 nm, in all aprotic as well
as protic solvents except in methanol. However, when monitored at 460 nm, a biexponential
decay was observed in all the protic solvents. The short lifetimes match with the lifetimes
obtained at shorter wavelength. Therefore they can be assigned to normal emission. The long
lifetime components are due to TICT emission and their relative amplitude increases with
protic nature of the solvents. Thus, not only methanol but also other protic solvents induce the
TICT emission. The absence of dual emission in polar aprotic solvents and its presence in protic
solvents suggest the realy proton transfer induces TICT emission in APIP-c also (as discussed
in chapter 3 for DMAPIP-c).

Table 7.1. Absorption Band Maxima (A max®®, nm), Fluorescence Band Maxima (Amax",
nm of APIP-c in Different Solvents.

Solevent ;\.maxab 7\,maxfI
Shorter Longer Wavelength
Wavelength
Methylcyclohexane 366, 394, 415
Dioxane 309 367
Ether 311 371
Ethylacetate 310 369
Tetrahydrofuran 313 375
Acetonitrile 314 378
Dimethylformamide 314 384
Dimethylsulphoxide 317 385
Butanol 316 383
2-Propanol 316 384
1-Propanol 318 383
Ethanol 318 384
Methanol 319 384 470

Table 7.2. Fluorescence Lifetime of APIP-c in Different Solvents Along With the
Corresponding Chi Square (x?) (Values in the Parentheses are the Relative Amplitudes).

Solvent Aem = 380 Nm Aem =460 nm
1 x? T T x?
Dioxane 1.0 1.0
Acetonitrile 1.2 1.0
2-Propanol 1.3 1.0 1.1 (52.59) 2.7 (47.41) 1.0
Butanol 1.3 1.0 1.1 (46.34) 2.9 (53.66) 1.0
1-Propanol 1.3 1.0 1.0 (38.28) 2.8 (61.72) 1.0
Methanol 0.5 1.4 0.4 (27.43) 2.2 (72.57) 1.0
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Figure 7.2. The instrument response function (a) and the fluorescence decays of APIP-c in
propanol (b) Aem= 380 nm and (c) Aem = 460 nm along with fitted curve and residue plot , Aexc
=308 nm.

The electronic transition dipole moment (Msy) for the charge transfer state can be
determined using following expression,?®*

4
647" _nicr 2

K¢ = 3—h(nVﬂu )? ‘M flu

Where ks is the radiative rate constant, h is the Planck’s constant and n is the refractive index.

(7.1)

Since clear dual emission is observed only in methanol, calculation of quantum yield is more
reliable in methanol. Therefore, the Mny is estimated in methanol. The quantum yield, radiative
rate constant, nonradiative rate constant and electronic transition dipole moment for the longer
wavelength emission are 0.039, 1.8 X 107 s, 4.4 X 108 s* and 1.5 D.The small values of the
electronic transition dipole moments corresponding to the longer wavelength emission suggest

a small overlap between the donor and the acceptor orbitals. This supports the TICT model.?%>
287
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7.1.2. Spectral Characteristics of AHPIP-c

The absorption spectra of AHPIP-c were recorded in different solvents and the data are
compiled in Table 7.3. Absorption spectra in all the solvents consist of one band at ~ 300 nm
and another band at ~ 345 nm. The longer wavelength absorption band maxima of AHPIP-c
are red shifted compared to those of APIP-c and HPIP-c. This may be due to greater
conjugation in AHPIP-c which has both hydroxyl and amino groups. Upon increasing the
polarity and hydrogen bonding capacity of the solvents a small blue shift is observed in the
longer wavelength absorption band maximum whereas, it produces a red shift in the absorption

spectrum of APIP-c. However, a blue shift was found in the absorption maximum of HPIP-c.”

Table 7.3. Absorption Band Maxima (A max®®, nm) and Fluorescence Band Maxima
(Amax'!, nm ) of AHPIP-c in Different Solvents.

Solevent ;\.maxab 7\,ma><fI
Shorter Longer Wavelength
Wavelength

Methylcyclohexane 287, 327, 353 390, 420 474
Dioxane 296, 346 389 472
Ether 389 473
Ethylacetate 300, 346 388 465
Tetrahydrofuran 310, 347 388 464
Acetonitrile 297, 344 386 460
Dimethylformamide 300, 344 376 462
Dimethylsulphoxide 304, 443 379 462
Butanol 310, 346 384 455
2-Propanol 309, 346 382 451
1-Propanol 305, 345 389 452
Ethanol 307, 345 389 452
Methanol 303, 342 379 451

Fluorescence spectral data of AHPIP-c in different solvents are compiled in Table 7.3.
Figure 7.3 shows the representative spectra of AHPIP-c in selected solvents. Unlike APIP-c,
in AHPIP-c dual emission is observed in both aprotic and protic solvents. The fluorescence
decays were monitored at both bands and were found to be single exponentials (Table 7.4).
The fluorescence lifetime of the shorter wavelength emitting species is shorter than that of the

longer wavelength emitting species.
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Figure 7. 3.Fluorescence spectra of AHPIP-c in (1) ethylacetate, (2) acetonitrile, (3) 1-
propanol, (4) butanol, (5) methanol and (6) dimethyformamide, Aexc=340 nm.

Table 7.4. Fluorescence Lifetime of Shorter Wavelength Emission (ts, ns ) and Longer
Wavelength Emission (. , ns ) of AHPIP-c in Different Solvents Along With the
Corresponding Chi Square (¢?).

Solvents TS i TL i
Dioxane 3.0 1.0
Ethylacetate 1.2 1.0 3.9 1.2
Acetonitrile 1.2 1.1 3.1 1.0
Butanol 1.3 0.9 2.8 1.0
2-Propanol 1.4 1.0 3.2 1.0
1-Propanol 1.3 1.0 2.8 1.0
Ethanol 1.3 1.0 2.6 1.0
Methanol 1.1 1.0 2.3 1.0

Dogra et al. established that HPIP-c exists in both cis and trans enol forms.”® Cis-enol
upon excitation undergoes ESIPT to form a keto tautomer and the emission occurs from the
tautomer, whereas the trans-enol upon excitation emits the normal emission. The shorter and
the longer wavelength emissions were assigned to normal emission (from trans enol) and
tautomer emission (from the tautomer formed by ESIPT from cis-enol), respectively. In APIP-
c only a single emission is observed in aprotic solvents. But, Yoon et al. hypothesized that the
activation energy for the ICT processes is lowered by the ESIPT through the intramolecular
hydrogen bonding in 4-aminosalicylic acid.®” Park et al. also described a consecutive
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ESIPT/ICT process that led to dual emission when different acceptors were substituted in the

ESIPT exhibiting 2-(2'-hydroxyphenyl)benoxzazole.5488
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Figure 7.4. Plot of tautomer band maximum against the dielectric constant of aprotic and protic

solvents.

ESIPT vyields a phototautomer whose dipole moment is lesser than the ground state.
Therefore, upon increasing the polarity of the solvent, the excited state is less stabilized than
the ground state. This lead to increase in the energy gap between the states, thus, a negative
solvatochromism is experienced. On the other hand, ICT in the excited state generates a highly
polar TICT state whose dipole moment is much higher than the ground state, 1?3328
Consequently, the excited state is more stabilized with increase in polarity which decreases the
energy gap. Accordingly, it produces a red shift in the fluorescence spectra upon increasing the
polarity of the environment. In AHPIP-c the longer wavelength emission is blue shifted with
increase in solvent polarity (Table 7.3). In other words a negative solvatochromism is observed
(Figure 7.4). Hence, it can be concluded that the longer wavelength emission of AHPIP-c in
aprotic solvents is due to ESIPT. Guchhait et al. found that in some Schiff bases the proton
transfer assist the ICT process.!* It was also reported that the ICT emission is at shorter
wavelength than the tautomer emission. But the solvatochromic shift of the shorter wavelength

emission is small to assign the shorter wavelength as ICT band. In addition the shorter
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wavelength band is blue shifted with respect to the ICT emission of APIP-c (Tables 7.1 and
7.3). Therefore, the shorter wavelength and the longer wavelength emission from AHPIP-c in
aprotic solvents can be assigned to normal and tautomer emission, respectively. This
conclusion is further substantiated from the single emission observed in aprotic solvents from
the methoxy derivative of AHPIP-c (see later).

TICT process is responsible for the longer wavelength emission of the 4-aminophenyl
derivatives of imidazopyridines in protic solvents.>®>>"120 But, in protic solvents also the longer
wavelength emission of 2-hydroxyphenyl derivative is due to ESIPT process.’® Protic solvents
break the intramolecular hydrogen bond in cis enol which is perquisite for the ESIPT process.
This decreases the tautomer intensity. In contrast, the intermolecular hydrogen bond with the
charge acceptor favours the formation of ICT state thereby enhances the ICT emission, 7120
Therefore, the effect of protic solvents is further more exciting. The single exponential decays
of both emissions clearly suggest that in protic solvents also AHPIP-c exhibits only dual
fluorescence and not the triple fluorescence. Therefore, it is clear that one of the processes
(TICT or ESIPT) is suppressed by the other in AHPIP-c. The longer wavelength fluorescence
of AHPIP-c may be due to ESIPT or ICT process. The longer wavelength emission maxima in
protic solvents also show negative solvatochromism (Figure 7.4). The longer wavelength band
maxima in methanol is blue shifted compared to nonpolar solvents (Table 7.3). This indicates
that the longer wavelength emission is the tautomer emission. The intermolecular hydrogen
bonding is essential for the ICT emission in APIP-c. In AHPIP-c, the ESIPT process
completely prevents the ICT process in protic solvents also despite the fact that protic solvents
favour the intermolecular hydrogen bonding. In 4-(diethylamino)-2-hydroxybenzaldehyde also
the ICT process is supressed by ESIPT process.?® But the nature of 4-
(diethylamino)benzaldehyde is different unlike in APIP-c, the protic environment is not
essential for the ICT process in 4-(diethylamino)benzaldehyde. Rodriguez et al. illustrated
though nonemissive ICT is observed in 2-(4'-N,N-diethylamino-2'-
hydroxyphenyl)benzimidazoles no ICT emission is found in aprotic or protic solvents.!™* But
unlike AHPIP-c, 2-(4'-N,N-diethylamino-2'-hydroxyphenyl)benzimidazole does not have
pyridyl nitrogen which plays a crucial role in the intermolecular proton transfer induced TICT
emission of 2-(4'-aminophenyl)imidazopyridines.>>*"20 In AHPIP-c despite the presence of
the pyridyl nitrogen the TICT emission is suppressed by ESIPT.

The fluorescence excitation spectra of AHPIP-c monitored at both emission maxima
are different (Figure 7.5). This suggests that the ground state precursors for both the emissions

are different. As mentioned earlier, HPIP-c and related molecules exist as cis-enol and trans-
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enol conformers. Accordingly, in AHPIP-c also the two different ground state species can be
assigned to cis- and trans- enols (Chart 7.2). Subsequently, two different lifetimes obtained
for the normal and the tautomer emissions can be assigned to the lifetime of the excited trans-
enol and the tautomer, respectively. The fluorescence lifetimes of both species of AHPIP-c are
longer than those of respective forms of HPIP-c.”® Such enhancements in radiative lifetimes
are observed in ESIPT molecules also upon increasing conjugation.’®*! The increase in
polarity and hydrogen bonding capacity of the environment shifts the cis-enol-trans-enol
equilibrium towards trans-enol. Therefore, the intensity ratio of the tautomer emission to
normal emission decreases with increase in polarity and hydrogen bonding capacity of the
solvent (Figure 7.6). The ratio is less in protic solvents than in aprotic solvents and, it decreases
with the protic nature of the solvent. As the intermolecular hydrogen bond breaks the
intramolecular hydrogen bond in cis-enol, the completion between the intramolecular and
intermolecular hydrogen bond decreases the relative population of cis-enol in protic solvents.”
In other words, the ESIPT process is hindered by intermolecular hydrogen bonding and it is

evident from Figure 7.6.
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Figure7.5. Fluorescence excitation spectra of AHPIP-c monitored at normal band maximum

(dotted line) and tautomer band maximum (solid line) in methanol.
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Figure 7. 6. Plot of I1/In versus dielectric constant (g).

7.1.3. Spectral Characteristics of AMPIP-c

To understand the role of ESIPT in suppressing the ICT process of AHPIP-c, the
spectral properties of methoxy derivative AMPIP-c are further investigated (Chart 7.1). Upon
enhancing the polarity and the hydrogen bonding capacity of the solvents, though, little smaller
than APIP-c, a bathochromic shift is observed in the absorption spectrum of AMPIP-c (Table
7.5). This behaviour of AMPIP-c is different from that of methoxy derivative of HPIP-c. Dogra
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et al. reported that the absorption maxima of MPIP-c are nearly insensitive to nature of the
solvents.?® Therefore, it is clear that the substitution of electron donating amino group make it
sensitive to environment and characteristics of AMPIP-c are more closer to APIP-c than those
of MPIP-c.

Table 7.5. Absorption Band Maxima (A max?®, nm) and Fluorescence Band Maxima
(Amax"!, nm) of AMPIP-c in Different Solvents.

Solevent Amax?® Amax"
Shorter Longer Wavelength
Wavelength
Methylcyclohexane 297, 321, 334 339, 355, 374
Cyclohexane 298, 320, 334 341, 356, 374
Dioxane 300, 328 371
Ether 301, 327 371
Ethylacetate 302, 328 370
Tetrahydrofuran 301, 328 373
Acetonitrile 301, 329 373
Dimethylformamide 302, 334 383
Dimethylsulphoxide 304, 337 384
Butanol 301, 336 381
2-Propanol 301, 333 383
1-Propanol 302, 336 383
Ethanol 301, 336 383
Methanol 302, 336 383 450
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Figure 7.7. Fluorescence spectra of AMPIP-c in (1) cyclohexane, (2) ethylacetate, (3) dioxane,

(4) acetonitrile, (5) 1-propanol and (6) methanol, Aexc =310 nm.
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Figure?. 8. The instrument response function (a) and the fluorescence decays of AMPIP-c in

methanol (b) along with fitted curve and residue plot, Aem = 385 nm.

The fluorescence maxima of AMPIP-c are also more sensitive to the solvent polarity
(Figure 7.7 and Table 7.5). Same as in APIP-c a positive solvatochromism is observed. But
the charge transfer is less in AMPIP-c than in APIP-c. This is substantiated by the lower dipole
moment of AMPIP-c than APIP-c (see later). The TICT emission of AMPIP-c is not as
prominent as in APIP-c only long tail is found in methanol (Figure 7.1 and Figure 7.7). The
excited decays of AMPIP-c measured in all solvents except methanol are single exponentials
(Table 7.6). Attempt to fit the single exponential decay to the fluorescence decay in methanol
resulted in poor fit with high chi square (). But the biexponential fit yields good results with
two different lifetimes which further substantiate the presence of two different emitting species
(Figure 7.8 and Table 7.6). By analogy with APIP-c they may be assigned to normal and TICT
emitting species. In other protic solvents even when monitored at 465 nm single exponential
decays are observed. The fluorescence lifetime also matches with the fluorescence lifetime
obtained by monitoring at 385 nm. This shows that except methanol other alcohols do not
induce TICT emission in AMPIP-c.
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Table 7.6. Fluorescence Lifetime of AMPIP-c in Different Solvents Along With the
Corresponding Chi Square (x?), Aem= 385 nm (Values in the Parentheses are the Relative

Amplitudes).
Solvent Single exponential decay Biexponential decay
T i T 2 12
Cyclohexane 1.1 0.9
Dioxane 1.1 1.1
Ether 1.2 1.0
Ethylacetate 1.3 1.1
Acetonitrile 1.3 1.1
Butanol 1.4 1.1
2-Propanol 1.4 1.0
1-Propanol 1.4 1.1
Ethanol 1.3 1.1
Methanol 1.3 1.6 0.2 (82.72) 0.7 (17.28) 1.0

Table 7.7. DFT Optimized Parameters for AHPIP-c, AMPIP-c and APIP-c.

Parameters APIP-c AHPIP-c AMPIP-c
Energy (eV) -18563.43 -20610.75 -21679.54
ug (D) 7.84 6.98 7.08
Dihedral angle between imidazole 0.01 0.03 37.13
moiety and phenyl ring (°)

Dihedral angle between amino 0.01 0.09 22.39

group and phenyl ring (°)

Therefore, it is clear that the TICT emission of AMPIP-c is weak due to substitution of
methoxy group at ortho position. It may be the substitution of methoxy group at ortho position
twists the acceptor imidazopyridine out of plane from the phenyl ring. To substantiate this, the
geometries of APIP-c, AHPIP-c and AMPIP-c were optimized by DFT method using Gaussian
09.281 The optimized structural parameters are summarized in Table 7. 7. APIP-c and AHPIP-
c are planar molecules. The imdazopydridine ring and the phenyl ring are out of plane by 37.1°
in AMPIP-c. Such a twisting should reduce the charge flow from the phenyl ring to acceptor.
Yoon et al. also proposed that the planarization of the benzene ring with acceptor favours the
TICT processes owing to large charge flow from the phenyl ring to acceptor.?4?%° In APIP-c
and AMPIP-c the TICT state is formed by the twisting of the amino group induced by relay
proton transfer (Chapter 3). The reduced TICT emission from AMPIP-c also suggests that the
TICT state is not formed by the twisting of the imidazopyridine as proposed by Fasani et al.>®
Like AHPIP-c, 2-(4'-N,N-diethylamino-2'-hydroxyphenyl)benzimidazoles also undergo
ESIPT and no ICT emission was observed. But unlike the methoxyderivative of 2-(4’-N,N-
diethylamino-2'-hydroxyphenyl)benzimidazoles, AMPIP-c emits ICT emission in methanol.
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7.1.4. Solvatochromismic Approach
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Figure 7.9. Lippert-Mataga plot using normal emission of APIP-c (@), AMPIP-c (m), and
AHPIP-c (A).

Lippert-Mataga analysis (Chapter 3, Equation 3.1) is employed to estimate the excited
state dipole moments of the molecule to verify the charge transfer characteristics in the excited
state. The Lippert-Mataga plot is constructed for normal emissions of APIP-c, AMPIP-c and
AHPIP-c (Figure 7.9). Using the slope obtained from Lippert plot and the Onsager radius and
the ground state dipole moments obtained from the DFT calculations, the excited state dipole
moments are calculated. The excited state dipole moment, thus estimated for APIP-c, AMPIP-
¢ and AHPIP-c (trans-enol) are 11.9 D, 10.8 D and 10.8 D, respectively. The ground state
dipole moments of APIP-c, AMPIP-c and AHPIP-c (trans-enol) are 7.1 D, 7.8 D and 9.6 D,
respectively. Thus, it can be interpreted that the charge transfer is enhanced in the excited state.
The enhancement in excited state charge transfer is more in APIP-c than in AMPIP-c, which
is higher than that in AHPIP-c.

The dipole moments for the normal emissions suggest appreciable charge transfer from
the donor to acceptor in all the molecules. Unfortunately, the longer wavelength emission is
observed from AMPIP-c only in methanol. Therefore estimating the dipole moment of the

longer wavelength emitting state by solvatochromic approach is not viable. Even the longer
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wavelength emission of APIP-c is buried under the normal emission (expect in methanol). The
spectral characteristics of PIP-c, the fluorophore without the charge donor (amino group) are
studied and summarized in Table 7.8 and the fluorescence spectra are presented in Figure
7.10. As it is found in methanol- acetonitrile (Chapter 3) no dual emission is observed in PIP-
c innot only in aprotic solvents but also in protic solvents. On the other hand, when the electron
donating ability of the donor is higher the longer wavelength emission induced by protic
solvents increases (intensity ratio of longer wavelength to shorter wavelength is 0.18 in
methanol for APIP-c and the same for the dimethyl derivative of APIP-c, DMAPIP-c is 0.30
in methanol (Chapter 3). This is consistent with our assignment that the longer wavelength
emission is the TICT emission. In APIP-c analogue, DMAPIP-b also dual emission observed
only in protic solvents. Since DMAPIP-b, emits clear dual emission in other protic solvents,
the dipole moment was estimated using longer wavelength emission by solvatochromic
approach. The estimated dipole moments (e = 12.0 D (normal) 24.6 D (TICT)) substantiated

the assignment of the longer wavelength emission as the TICT state.%%2%°
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Figure 7.10.Fluorescence spectra of PIP-c in different solvents : (1) ether, (2) butanol, (3) 1-

propanol, (4) ethanol and (5) methanol, Aexc = 290 nm.
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Table 7.8. Absorption Band Maxima (Amax 2, nm) and Fluorescence Band Maxima
(Xmaxﬂ, nm) of PIP-c.

Solvent Amax@ Amax'!
Cyclohexane 292, 311 316, 331, 345, 364
Dioxane 293, 312 319, 334, 347, 366
Ether 292, 309 317, 331, 346, 362
Butanol 291, 308 315, 329, 343, 361
2-Propanol 292, 308 315, 329, 343, 360
1-Propanol 291, 308 315, 329, 343, 361
Ethanol 290, 307 315, 329, 343, 361
Methanol 290, 307 315, 329, 344, 362

Kamlet Taft solvatochromic method is widely used to understand the interaction
between the solute and solvent molecules.?®* This multi-parametric approach separates the
effects of polarity and hydrogen bonding, and provides useful information. According to

multiple linear regression analysis approach the spectral band energy (in cm™)
v =V%+ sn* + aa +bp (7.2)

where t*, oo and [ are the polarity/polarizability, hydrogen bond donating ability and hydrogen
bond accepting capacity of the solvents, respectively. The sensitivity to each individual
parameter were given as s, a and b coefficients. The fits obtained using the absorption spectral
data are presented below:

V(APIP-c) = 32589 —8631* - 7500 - 24P (r = 0.89) (7.3)
V (AHPIP-c) = 28364 + 8801* + 306a. - 57p (r = 0.93) (7.4)
V(AMPIP-c) = 31205 — 11677* - 713a. - 260 f (r = 0.89) (7.5)

The v° values obtained in all the molecules are in good agreement with the values in
nonpolar solvent. The negative and positive values of coefficients indicate the stabilization and
destabilization of the system by individual parameter. Not only the polarity parameter but also
the hydrogen bond donating ability of the solvent has positive coefficient for the hydroxyl
derivative. The hydroxyl derivative has strong intramolecular hydrogen bond which stabilizes
the system. Therefore, any intermolecular hydrogen bonding through solvents destabilizes it.
On the other hand, when there was no intramolecular hydrogen bond the intermolecular
hydrogen bond stabilizes the molecules. Therefore, the intermolecular hydrogen bonding
stabilizes APIP-c and AMPIP-c. In other words, when the intramolecular hydrogen bonding
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that leads to ESIPT is prevented and the intermolecular hydrogen bonding dominates which

allows TICT to prevail.

Less sensitivity of the fluorescence maxima toward the solvent results in a poor
correlation for AHPIP-c. However, reasonably good correlations were obtained for APIP-c and
AMPIP-c and are shown below:

V(APIP-c) = 27514 —12037* - 8630 - 243p (r = 0.82) (7.5)

V(AMPIP-c) = 27982 —15077* - 825a -552p (r = 0.91) (7.6)

Like the ground state, the excited state is also stabilized by both polarity and hydrogen
bonding parameters. The solvatochromic approach clearly shows that the intermolecular
hydrogen bonding plays an important role in the stabilization of APIP-c and AMPIP-c. The
ESIPT prevents the TICT processes of AHPIP-c in protic solvents also and blocking of ESIPT

in AMPIP-c opens the TICT channel due to strong intermolecular hydrogen bonding.

7.1.5. Conclusion

APIP-c exhibits dual emission only in protic solvents. Dual fluorescence is observed
from AHPIP-c in all solvents. The shorter wavelength emission is the normal emission from
the excited trans-enol. Unlike in APIP-c the longer wavelength emission of AHPIP-c is the
tautomer emission. Like in HPIP-c, the radiative lifetime of the tautomer emission is longer
than normal emission. But the lifetime of both normal and tautomer emissions of AHPIP-c are
longer than the respective lifetimes of HPIP-c. The intensity ratio of the tautomer emission to
the normal emission is sensitive to nature of the solvent. Not only in aprotic solvents but also
in protic solvents the ESIPT process suppresses the TICT process. When the intramolecular
hydrogen bond is blocked, the methoxy derivative of AHPIP-c, AMPIP-c emits normal
emission in most of the solvent. But it exhibits the TICT emission in methanol. The TICT
emission of AMPIP-c is weaker than the TICT emission of APIP-c. The substitution of bulky
methoxy group twisted the imidazopyridine out of plane from the benzene ring and thereby

reduced the ICT from the benzene ring to imidazopyridine ring.
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Summary and Scope for Future Work

TH-1702_11612207



TH-1702_11612207



8.1 Summary of the Present Thesis Work

In the present thesis, intramolecular processes such as TICT and ESIPT are explored
and the outcome of the works is summarized below:

In the family of TICT exhibiting systems, DMAPIP-b and DMAPIP-c are the unique
ones. They emit TICT emission only in protic medium. Unlike in DMAPIP-b, the pyridiyl
nitrogen is far away from imidazole nitrogen in DMAPIP-c. Hence, one solvent molecule is
not sufficient enough for the proton transfer induced TICT emission. To comprehend the
mechanism for the TICT emission of DMAPIP-c, DMAPIP-c and related molecules were
synthesized and studied. Based on the experimental studies a relay transfer of proton from the
imidazole hydrogen to the nitrogen at pyridyl ring induced TICT emission is proposed. Three
protic solvent molecules are involved in the relay proton transfer process. The proposed
mechanism was further corroborated by the theoretical calculations.

The inclusion complex formation of CB-7 with DMAPIP-b and DMAPIP-c is
investigated to find the effect of CB-7 and the role of internal water molecules on the TICT
emission of these fluorophores. DMAPIPs forms 1:1 complex with CB-7. They enter the CB-
7 reverse form the way they form the complexes with CD. In the inclusion complex the
pyridoimidzole ring is present inside the cavity and the dimethylaminophenyl ring is present
outside. TICT emission is observed from the inclusion complex indicating that the internal
water molecules participate in the proton transfer process. Despite the fact that CB has higher
binding affinity towards cations than neutral guests the effect of CB on the mixture of cations
are not investigated. Therefore, the effect of CB-7 on the monocationic equilibrium of
DMAPIP-b and DMAPIP-c are explored. Both the imidazopyridines forms all three
monocations in CB-7 in the ground state. However, addition of CB shifts the monocationic
equilibrium towards MC2 and MC3 and the relative population of these monocations increases
over MC1. In the excited state, DMAPIP-b exists in all three monocationic forms. But,
DMAPIP-c is present only as MC2 and MC3 in the excited state. Upon excitation MC1
undergoes biprotonic phototautomerization to MC2 in CB-7 also.

In an effort to obtain self-quenching free emission, the spectral characteristics of a
newly designed derivative of HPBI derivative (bis-HPBI) was investigated. The absorption and
emission spectra of bis-HPBI are bathochromically shifted compared to that HPBI. This is due
to the effect of substitution at 3' and 5' position of HPBI. Unlike HPBI, bis-HPBI emits almost
exclusively intense tautomer emission even in protic solvents. The tautomer emission of bis-
HPBI is due to only single proton transfer and is supported by the theoretical calculation.

Enhancement of tautomer band intensity upon deprotonation of single —OH also supports the
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single proton transfer hypothesis in bis-HPBI. Conversely, the tautomer emission decreases in
acidic solution with initial addition of acid due to quenching by hydrogen bonding. When the
imdazole nitrogen is protonated the tautomer emission is partially recovered due to dissociation
and reorganization of cation. In strongly acidic solution the dissociation of —OH group from
cation is prevented and emission is observed only from cation of bis-HPBI.

AIEE studies of bis-HPBI, bis-HPBO and bis-HPBT reveal that only bis-HPBT
experiences AIEE. bis-HPBT is weakly fluorescent in THF solution and highly fluorescent
aggregates are obtained at fw = 70% in water/THF solution. The fluorescence quantum yield is
enhanced nearly 300 times. Added advantage is the AIEE emission is free of less Stokes shifted
normal emission. Therefore, it does not suffer self quenching. In addition, the mechanism for
the RIR in ESIPT exhibiting molecules is revealed. It is due to restriction on the torsional
rotation of the keto tautomer around C-C bond connecting the two rings. The AIEE of bis-
HPBT can be used for sensing the ions and Hela cell imaging.

It is revealed that when intramolecular hydrogen bond is introduced in AHPIP-c, not
only, it does not aid TICT emission but also suppress TICT emission even in protic solvents.
When the intramolecular hydrogen bond is blocked, the methoxy derivative of AHPIP-c,
AMPIP-c emits normal emission in most of the solvent. But it exhibits the TICT emission in
methanol. The TICT emission of AMPIP-c is weaker than the TICT emission of APIP-c due
to non-planarity of the benzene ring and imidazopyridine ring due to the substitution of bulky
methoxy group.

8.2 Scope for the Future Work

In the present thesis the relay proton transfer induced TICT emission of DMAPIP-c in
protic solvent is investigated. The TICT emission of DMAPIP-c can also be studied by
replacing pyridine moiety with pyrimidine. As a result the electron withdrawing capacity of
the acceptor group will be increased, which may facilitate the charge flow from donor to
acceptor.

The ESIPT behaviour of bis-HPBI is studied in different solvents at room temperature.
The study can be extended to investigate the effect of temperature on the photophyics of bis-
HPBI.

Though the spectral characteristics of the AHPIP-c are studied, a complete theoretical
study can be performed to gain insight on the proton transfer and charge transfer characteristics
of AHPIP-c. In addition, the spectral characteristics of AHPIP-c can be explored in the

microhetrogenous media such as cylodextrins, curcurbit-n-uril, proteins, DNA etc. Besides the
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acid-base chemistry of AHPIP-c can be explored to find out the different prototropic species
involved in prototropic equilibrium. The spectral characteristics of different prototropic species
may provide further insight for the charge suppressing ESIPT emission to induce TICT
emission.

Studies revealed that the position of pyridyl nitrogen alters the charge transfer and it is
greater in APIP-b than in APIP-c. Therefore, the position of pyridyl nitrogen may be changed
in AHPIP-c to verify whether that can lead to TICT emission. In addition, the amino group can
be replaced by better charge donating dialkylamino to study the influence.

It was found that binding of metal ion to pyridyl nitrogen induces the TICT emission.
Therefore, the work can be extended to study the effect of metal ions on the TICT emission of
DMAPIP-c.

All these fluorophores DMAIP-c, bis-HPBI, bis-HPBT and AHPIP-c interacts with
protons. Thus, they may bind with metal ions. Only the effect of metal ions on bis-HPBT
aggregates is explored. All these molecules emit dual fluorescence, so they can act as
ratiometric sensors. The interaction and metal ions sensing ability of all the molecules can be
investigated.
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