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-Synopsis-
Proton transfer (PT) is a fundamental process in biology and chemistry. Excited
state intramolecular proton transfer (ESIPT) takes place upon light excitation when acidic (e.g.,
OH, —NH:etc.) and basic groups (e. g. =O, =N etc.) are close enough to form an intramolecular
hydrogen bond. Usually, ESIPT shows dual emission, one from the normal excited state (N*)
and the second one from a lower energy excited state tautomer (T*) (Scheme 1). It is very

sensitive to the medium and surrounding environment.

N*f
hv hy' hv"

Scheme I. A simple schematic diagram of proton transfer.

Proton transfer between donor and acceptor groups of two different molecules is
called intermolecular proton transfer. In such cases, proton transfer may occur between two
molecules via dimer formation or through solvent assistance. In biological systems, the proton
is transported by a chain of water molecules by accepting and donating protons. In chemical
systems, it is observed with alcohol or water chain in a similar fashion. These kinds of proton
transfers (known as relay proton transfer) have attracted a lot of interest from experimental as
well as theoretical chemists.

Excited state proton transfer in hydroxyarenes have been studied for several decades.
However, new prospects are still opening for this fundamental proton transfer process. Steady
state and time resolved photoluminescence, transient electronic spectroscopy, femtosecond
fluorescence up-conversion measurements and quantum mechanical calculations are employed
to elucidate the mechanism of ESIPT. As a result of new substrates, new instrumentation for
ultrafast processes, and new calculation tools, a fairly reliable picture of proton transfer has
emerged.

The effect of different environment on the PT process of a few azole derivatives are
studied. The thesis is divided into eight chapters and a summary of all the chapters are given
in brief ahead.
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Chapter 1: Introduction

Chapter 1 gives a brief description of PT, different types of PT and effect of various
factors on PT, along with relevant studies from the literature. A brief introduction about charge
transfer and aggregation induced enhanced emission (AIEE) are also given, along with suitable
examples from literature. The motivation to carry out this research work is given at the end of
the chapter.

Chapter 2: Materials, Method and Instrumentation

Chapter 2 lists all the chemicals and instruments used in the thesis work. The synthetic
procedures of all the synthesized compounds are reported here. This chapter also contains
details about the preparation of solutions. Computational and other methods used in this work
are also presented in brief.

Chapter 3: The origin of longer wavelength emission in 2-(4-Fluorophenylamino)-5-(2,4-
dihydroxybenzeno)-1,3,4-thiadiazole  and its analogue  2-Phenylamino-5-(2-
hydroxybenzono)-1,3,4-thiadiazole

H H H
T, Q<0 O
1 F N-N _N
OH o
H,C

OH

FABT PHBT PMBT

Chart I. Structures of FABT, PHBT and PMBT.

2-(4-fluorophenylamino)-5-(2,4-dihydroxybenzeno)-1,3,4-thiadiazole (FABT, Chart
I) has been studied for its pharmacological properties, especially the anticancer activity by
many research groups. In an aqueous solution, FABT emits dual emission and the longer
wavelength emission in FABT was assigned to the combination of aggregation and change in
conformation in the literature. However, FABT has proton donor and acceptor groups in close
proximity and therefore, the longer wavelength emission may originate from excited state
tautomer.

In this work, an analogue of FABT, 2-phenylamino-5-(2-hydroxybenzono)-1,3,4-
thiadiazole (PHBT, Chart 1), was synthesized to determine the origin of the longer wavelength
emission. The luminescence of PHBT and its methoxy derivatives 2-phenylamino-5-(2-
methoxybenzono)-1,3,4-thiadiazole (PMBT, Chart I) were studied and compared with that of
FABT. The longer wavelength emission band was assigned to the excited state tautomer

(Figure I).

xii
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Figure I. ESIPT in PHBT.

Chapter 4: Effect of pH and host-guest complexation on PTTPT of 3,5-bis(2-
hydroxyphenyl)-1H-1,2,4-triazole

o ring
/ * *
* )
H-O HwO H O\
N: ESIPT I N \ ESIPT 11 N
R - T = R
O\ \\NNNH O\ \\N\NH 'tH/ NH
H L H h
/ Enol Mono-keto* Di-keto
B ring

Scheme Il. PTTPT pathway in bis-HPTA.

A special kind of PT called Proton transfer triggered proton transfer (PTTPT) in 3,5-
bis(2-hydroxyphenyl)-1H-1,2,4-triazole (bis-HPTA) was reported recently (Scheme II). This
fluorophore has two proton donor-acceptor pairs. But the first proton transfer (ESIPT-I) is

feasible only in one pair.

The other pair did not show proton transfer (ESIPT-II) initially due to annular
tautomerism. ESIPT-II is only feasible after ESIPT-I because of the decrease in annular
tautomerism. In other words, ESIPT-I triggers ESIPT-II. Therefore, this PT was named PTTPT.

Water is an important solvent for fluorescence study for understanding biological
systems and application point of view. ESIPT properties of molecules are dictated by a change
in pH. Therefore, PTTPT of bis-HPTA was studied in aqueous media. Cyclodextrins (CDs)
have been used to study excited state processes such as proton transfer and charge transfer. -
CD is considered the best system for studying inclusion complexes. Its interior is hydrophobic

and the external wall is hydrophilic. The hydrophobic nature of the cavity increases the

xiii
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solubility and hence the fluorescence of organic guests. Therefore, PTTPT properties of bis-

HPTA in water and 5-CD were explored.

N$H_O %2 ////O@
\ AN
O\H\\\\ '\l\ w f\l\N
H H
Enol Anion
H""""O ,H““""O\ %,
l\/l \ hv' N>;® s,
— - 4, - T 5=
O\ WIS H O\ \\\N\
H N H HY N
* Anion*
Keto Keto

Scheme I11. Tautomer formation via intermolecular proton transfer in the bis-HPTA
anion.
PTTPT of bis-HPTA was more favoured in water compared to organic solvents.

However, it was reduced inside f-CD. Photoexcitation induced intermolecular proton transfer
in the anion of bis-HPTA in water. In the excited state, the anion rearranged to form the keto
tautomer (Scheme I1II). Bis-HPTA was encapsulated inside f-CD in such a way that the triazole
ring and most parts of the a-ring are entirely inside. The encapsulation prevents the
intermolecular proton transfer in the anion. Hence, no tautomer emission was observed from
bis-HPTA anion inside f-CD.
Chapter 5: Effect of micelles and reverse micelles on PTTPT of 3,5-bis(2-hydroxyphenyl)-
1H-1,2.4-triazole

Micelles and reverse micelles are interesting micro-heterogeneous systems. As ESIPT
is susceptible to surroundings, the confined environments such as micelles and reverse micelles
significantly alter this photophysical process. Therefore, the effects of micelles and reverse

micelles on the proton transfer of bis-HPTA were studied.

The keto band intensity increases upon increasing the micelle concentration. This
increase indicates the encapsulation of the molecule inside the micellar interior. The less polar
and restricted environment of the micellar interior decreases the nonradiative decay. Tautomer

formation from anion via intermolecular proton transfer is not observed in micelles. In Aerosol-

Xiv
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OT (AOT)/n-heptane/water reverse micelles, on increasing the water amount, the tautomer

emission decreases along with the increase in normal emission.

—-0
H=0 AN
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Scheme IV. ESIPT I in the bis-HPTA-AOT hydrogen-bonded complex.

The B-ring of bis-HPTA is opened to form an intermolecular hydrogen bond with the
sulpho- group of AOT. The molecule then undergoes ESIPT 1 in the a-ring to form only
monoketo (Scheme 1V). Water breaks the a.-ring to give solvated enol. The solvated enol emits
only normal emission. On increasing the water quantity, the tautomer emission decreases and
a little enhancement was found in the normal emission.

Chapter 6: The suppression of Intramolecular Charge Transfer by tautomerism in 2-(4'-
amino-2'-hydroxyphenyl)-1H-imidazo[4,5-c]pyridine: Intramolecular Proton Transfer
Versus Intermolecular Proton Transfer

Scheme V. Suppression of twisted intramolecular charge transfer (TICT) by ESIPT in
AHPIP-c.
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Chart Il. Structures of AHPIP-c and APIP-c.

2-(4'-Aminophenyl)-1H-imidazo-[4,5-c]pyridine (APIP-c, Chart I1) undergoes relay
proton transfer in methanol that induced TICT emission (Scheme V). But its hydroxy
derivative, 2-(4’-amino-2'-hydroxyphenyl)-1H-imidazo[4,5-c]pyridine (AHPIP-c, Chart 1)
emits only tautomer emission along with normal emission in methanol. The cause for the
absence of TICT emission of AHPIP-c in methanol was unknown. Therefore, theoretical
calculations were performed using a polar continuum model with methanol molecules to
understand the mechanism.

The barrier heights for proton transfer of both the processes in ground states are more
compared to excited states (Figure 11). Due to lesser barrier height in excited states, these

proton transfers would be favoured in excited states than in the ground states.

(i) (ii)
-1104.72 -1104.72
> 3 <
8 -1104.8 > -1104.8
> =2
> )
& -1104.84 C -1104.84
c L
L ’/—‘——‘_‘;'
-1104.88 | — s, -1104.88
-1104.92 -1104.92
09 11 13 15 17 19 21 0.9 1.1 1.3 15 1.7 1.9
O-H bond length (A) N-H bond length (A)

Figure 1. The potential energy curve for the intramolecular (i) and intermolecular (ii)
proton transfer.
The lesser barrier height for ESIPT shows that the ESIPT is favoured over solvent

assisted proton transfer in the excited state (Figure I1).

Chapter 7: Turning on intramolecular charge transfer emission in 2-(4’-amino-2’'-

hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine by intermolecular proton transfer
AHPIP-c, (Chart I11) emits only ESIPT emission. Its methoxy counterpart, 2-(4'-

amino-2'-methoxyphenyl)-1H-imidazo[4,5-c]pyridine (AMPIP-c) (Chart I11) cannot undergo

ESIPT due to the absence of proton donor ‘-OH’ group but gives ICT emission in methanol. In

XVi

TH-2834_146122035



AHPIP-c, the binding of proton to the pyridyl nitrogen might increase the charge flow from

donor to acceptor moiety and hence, may induce the ICT emission.

CH;
HO (0]
N XN
N~ N N~ N
H H

AHPIP-c AMPIP-c
Chart I11. Structures of AHPIP-c and AMPIP-c.

AHPIP-c forms two kinds of monoanions. Both are formed by the deprotonation of
charge donor groups. One of them emits the TICT emission. Both AHPIP-c and AMPIP-c
forms three monocations namely MC1, MC2 and MC3 and dications, DC1, DC2 and DC3.
MC3 and DC3 of both the molecules emit TICT fluorescence. MC3 of AHPIP-c also undergoes
ESIPT in acetonitrile to emit tautomer emission.

Chapter 8: Summary and scope for future work

The last chapter of the thesis gives a summary of the present work and scope for future

work.

XVii
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Chapter 1

Introduction
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1.1 Fluorescence

A fluorophore is a molecule that absorbs the energy of a particular wavelength and
emits energy at a different but specific wavelength.! The intensity and wavelength of the
emission energy depend on the molecular structure of the fluorophore and the surrounding

chemical environment.2
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Scheme 1.1. Perrin-Jablonski diagram.

Luminescence is the common term used for radiative decays.? Fluorescence is the term
given to radiative decays occurring from the singlet state after photo-excitation (Scheme 1.1).
The lifetime of fluorescence is ~10° to 10 s. The fluorescence efficiency is measured in terms
of fluorescence quantum yield. It is defined as the ratio of emitted photons to absorbed photons.
The emitted photons are of lesser energy than the absorbed photons. This difference in
wavelength is known as Stokes’ shift. Fluorescence is a widely used technique in chemical and

life sciences.?®

1.2. Dual fluorescence

Many processes such as proton transfer,*> charge transfer,®’ energy transfer®° etc. are
characterized by dual emission,'® when another radiative species from a molecule is formed in
its excited state.

1.3. Proton transfer

Proton transfer (PT) is a fundamental process in biology and chemistry.**!112 Photo-

induced proton transfer has been reported in respiration,®® photosynthesis,’* DNA base-

3
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pairs, 1% ATP synthesis,!” proton channels,® proton pumps,3® and photoreceptors®. In
addition, PT molecules find application in LASER dyes,?*% LEDs,?*?% Solar cells,?"%
sensors?®-3! etc. Therefore, the interest in proton transfer systems is not purely basic research.

It also opens channels for the development of novel materials for numerous applications.
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Scheme 1.2. A simple schematic diagram of (I) Intramolecular and (I1) Intermolecular
proton transfer.

As the name suggests, PT is the transfer of a proton from an acidic to a basic centre.*
Hydrogen bond formation between a proton donor and acceptor is essential for proton transfer
(Scheme 1.2).3232 If proton transfer occurs between two different molecules, it said to be
intermolecular proton transfer.33-3" If the acidic and basic moieties of the same molecule are
involved, then called intramolecular proton transfer.3-4% If PT occurs in the ground state, it is
called the ground state proton transfer (GSPT).**3 If PT takes place upon light excitation, then
it is known as the excited state proton transfer (ESPT).3>#445 There are different sub-types and
mechanisms reported for proton transfers.364647 Some of these types of PT and effects of the

various factors on them will be discussed in subsequent sections.

1.3.1. Excited state intermolecular proton transfer

Proton transfer occurring between donor and acceptor groups of two different
molecules is called intermolecular proton transfer.3*3%- In such cases, proton transfer may
occur between two molecules via dimer formation or through solvent assistance. >3

1.3.1.1. Excited state intermolecular proton transfer without solvent assistance

Excited state intermolecular proton transfer between a hydrogen bonded donor-

acceptor pair are useful for understanding the mutagenesis in DNA.654%6 proton transfer in
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hydrogen bonded DNA base pairs and model systems have been studied extensively, 16495760
Many researchers have shed light on the mechanism of excited state double proton transfer
(ESDPT) of 7-azaindole as a model system®”%2-%® |t undergoes intermolecular proton transfer
after dimer formation. The dimers of 7-azaindole and similar molecules are prototypical to the
hydrogen bonded adenine-thymine base pair with two hydrogen bonds. It gives a violet

emission in ether.%! However, in 3-methyl pentane, it shows green emission.%*

| SN\ | YN
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Scheme 1.3. Excited state intermolecular proton transfer of 7-azaindole dimer in 3-
methylpentane.

The violet emission comes from the normal form. The green appears from the tautomer. In 3-
methylpentane solution, the molecule exists in dimer form, whereas it exists in monomer form
in ether. A low-lying tautomer is formed from the dimer via concerted double proton transfer
in the excited state (Scheme 1.3). The mechanism of PT in 7-azaindole has been fiercely
debated in the scientific community. Douhal et al. proposed that ESDPT of 7-azaindole follows
the stepwise mechanism.®? Folmer et al. confirmed this proposition by arresting the reaction
intermediate.®® Catalan et al. proposed the concerted mechanism.’® Sekiya and Sakota
concluded that the reaction occurs in a concerted manner in gas phase.®” Crespo-Otero et al.
established that stepwise mechanism is kinetically and thermodynamically unfavorable in 7-

azaindole.®® Similar PT is also observed in salicylic acid dimer.®

1.3.1.2. Excited state intermolecular proton transfer with solvent assistance

Biological systems often show solvent-mediated long-ranged proton relay
transfer.52538 Proton is transported by a chain of water molecules by accepting and donating
protons. It is also observed in many chemical systems with alcohol, water, formic acid, acetic
acid or ammonia chain.®®-"* These kinds of proton transfers have attracted a lot of interest from

theoretical chemists as well. They have used different parameters such as bond lengths and
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angles, vibrational analysis, hydrogen bond strengths and potential energy surface diagrams in
the ground and excited states to study relay proton transfer.”>"

Recently, imidazopyridines have been studied for solvent mediated proton transfer in
methanol by many research groups™ %798 Relay proton transfer in quinolone—pyrazole has
been reported in methanol solvent.®! Similar solvent mediated proton transfer was also reported

in 2-(1H-pyrazol-5-yl)pyridine in 1-propanol.®
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Scheme 1.4. ESDPT mechanism of 7-azaindole cyclically H-bonded to an alcohol
molecule.®

The involvement of polar protic solvents such as alcohol and water in ESDPT of 7-
azaindole is also well reported (Scheme 1.4).5%8387 Chou et al. reported that 7-azaindole
undergo water catalyzed ESPT in neutral water.®® Stairs et al. suggested that excited state
proton transfer in the gas phase hydrated 7-azaindole monomer may be possible via a water
proton bridge.®* Full tautomerization may not be feasible, but the transfer of a proton from the
7-azaindole monomer to the solvating water is possible. They also studied the rate of proton
transfer in 7-azaindole complexed with two, three and four water molecules. The rate increased
in 7-azaindole monomer with four water molecules compared to two and three waters. 7-
azaindole and water complexes formed in aprotic solvents are also reported to undergo
ESDPT.8%

1.3.2. Excited state intramolecular proton transfer

Excited state intramolecular proton transfer (ESIPT) takes place when an acidic (e.g.
—OH, —NH:etc.) and basic groups (e.g. =O, =N etc.) are close enough to form an intramolecular
hydrogen bond.>3944568%-93 The pasicity of the proton acceptor and the acidity of the proton
donor groups of an aromatic molecule increases upon light excitation and this induces proton
transfer. ESIPT is a superfast®®* light induced proton transfer facilitated by intramolecular
hydrogen bonding. It is characterized by dual fluorescence, normal emission and a large
Stokes’ shifted emission (~6000-12000 cm™) (Scheme 1.5). ESIPT is attractive both for
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mechanistic studies and practical applications. Steady state and time-resolved
photoluminescence, transient electronic spectroscopy, femtosecond fluorescence up-
conversion measurements and quantum-mechanical calculations are employed to elucidate the

mechanism of ESIPT.*"%:%: |t is very sensitive to medium and surroundings environment.*>%~
99
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Scheme 1.5. A schematic diagram of ESIPT.

ESIPT exhibits four level cyclic photo-physical scheme (Scheme 1.5).% First step is
light absorption by the normal form of the molecule for N—N* excitation. Then, proton
transfer occurs in the excited state resulting in excited tautomer formation (N*—T%*) followed
by emission from the excited tautomer (T*—T). Finally, the back transfer of the proton takes
the molecule back to its normal form (T—N). If the intramolecular hydrogen bond breaks, the
molecule emits normal emission. As both the normal and tautomer forms emit light, ESIPT
usually results in dual fluorescence. Various effects on ESIPT are generally analyzed by
observing normal to tautomer intensity ratio. It depends on factors such as substituent, solvent
polarity, pH, temperature, etc. Therefore, it finds many applications as fluorescent probes and
luminescent materials.3%4277.190-102 Normal to tautomer intensity ratio can be anywhere between
0 to 1 depending upon molecular structures and surrounding environment. The effects of

different factors on ESIPT are discussed later.

TH-2834_146122035



1.3.2.1 Excited state intramolecular double proton transfer

0
|

H\\
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Scheme 1.6. Intrinsic proton relay in 7-hydroxyquinoline-8-carboxylic acid.

7-Hydroxyquinoline-8-carboxylic acid was shown to undergo excited-state
intramolecular double proton transfer (ESIDPT) (Scheme 1.6).* The cooperative effect of
ESIDPT in the molecule was shown by chemically blocking each proton donating site one by
one. Theoretical results favored a concerted mechanism with a small barrier. This study
indicates that 7-hydroxyquinoline-8-carboxylic acid is an intrinsic proton relay system. A
similar relay type intramolecular double proton transfer has been also reported in 1,8-
dihydroxy-2-naphthaldehyde.'®® ESIDPT of 2,2'-bipyridyl-3,3'-diol***1%7 and 2,2'-bipyridyI-
3,3"-diamine’?”1% are reported using different techniques and in various media. One of the
fundamental issues addressed in all the above examples is whether the proton transfer process
of the two hydrogens proceeds in a concerted manner with a single transition state or through

a stepwise pathway by forming an intermediate species (Scheme 1.7).
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Scheme 1.7. ESIDPT in 2,2'-bipyridyl-3,3’-diol via the sequential and concerted
mechanism.
Lischka et al. reported that the mechanism is sequential in 2,2"-bipyridyl-3,3'-diol.1%*A

femtosecond fluorescence up-conversion study of 2,2'-bipyridyl-3,3'-diamine concluded that it
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undergoes ESIDPT consisting of two trajectories: (a) ultrafast double proton transfer (<100 fs)

followed by twisting (~250 fs); (b) combined double proton transfer and twisting (~250 fs).%

1.3.2.2. Effect of molecular geometry on ESIPT

Molecular planarity plays a crucial role in intramolecular proton transfer as the planar
structure is ideal for forming intramolecular hydrogen bonds. The influence of hydrogen bond
geometry on the dynamics of ESIPT and photoinduced tautomerization in a series of phenol-

quinoline compounds was studied by Zietz et al. (Chart 1.1).1%°

doa
He. %
D~ |A/
0
2w N s
[VaVal
1 11

Chart 1.1. (1) Phenol-quinoline and (I1) intramolecular H-bond in a conjugated ring,
where dpa is the proton donor-acceptor distance and 0 is the dihedral angle.”®

Different donor-acceptor distance (dpa) and dihedral angle between the proton donor-acceptor
subunits was achieved by adding methylene straps of increasing lengths to link the phenol and
quinoline. They showed that a longer dpa resulted in a higher barrier for ESIPT. At the same
time, a large dihedral angle opened very efficient deactivation paths after ESIPT, thereby
preventing the formation of the fully relaxed tautomer.

With increasing dihedral angle between the donor and acceptor groups, the ease of
the proton transfer is reduced. The non-planarity of the cyclic hydrogen bond ring structure in
the ground state can also lead to a higher non-radiative decay rate of an ESIPT species. This
increase in non-radioactive decay decreases the fluorescence lifetime of the ESIPT state. 1-
methyl-2-(2’-hydroxyphenyl)benzimidazole has a non-planar cis-enol structure in the ground
state.’® The excited state lifetime of its keto tautomer is very low (one-tenth) in comparison to
the keto tautomer of a similar 2-(2’-hydroxyphenyl)benzimidazole (HPBI) molecule. It was
reported that the excited keto tautomer of HPBI and related molecules undergo a non-radiative
decay induced by torsional rotation.!! In 1-methyl-2-(2°-hydroxyphenyl)benzimidazole, this

non-radiative path is much faster because the molecule is non-planar.
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1.3.2.3. Effect of substituents on ESIPT

In aromatic molecules, the electron donating substituents on the donor moiety and
electron withdrawing groups on the acceptor site promote ESIPT.2 In simple words, ESIPT
is enhanced when both/either of the acid and base groups become stronger acids or bases in the
excited state. As we know that there are two sides of ESIPT molecules, i.e., proton donor
(acidic) and proton acceptor (basic). Substituents that increase acidity of the donor or increase
the basicity of the acceptor favor ESIPT.

Chou et al. have studied the substituent effect on 2-(2’-aminophenyl)benzothiazole
(APBT) by synthesizing a series of compounds with electron withdrawing (EWG) (-COCHg, -
tosyl) and donating substituents (EDG) (-CHs) on the donor group (Chart 1.2).°3 APBT does
not undergo ESIPT. When the —-NH> group has methyl substitution, ESIPT is still not feasible.
But slow proton transfer takes place upon acyl substitution on —NH>. However, ultrafast proton
transfer is observed upon tosyl substitution. Carbon para to the amino group was also
substituted with donating (-NH2) and withdrawing groups (—-CN). The electron withdrawing

cyano- group increases the rate of ESIPT.

R R R’ Proton transfer
H—N
N,’ CHs H No
@E \ H H No
S CH3 CN Slow
K H CN Slow
COCHz3 H Slow
Tosyl NH:2 Ultrafast
Tosyl H Ultrafast
Tosyl CN Ultrafast

Chart 1.2. Chemical structure of 2-(2’-aminophenyl)benzothiazole (APBT) and effect on
proton transfer upon various substitutions.®

Douhal et al. showed that substitution of electron donating groups at 5-position (para to -OH)
produces a red shift in the absorption and the fluorescence spectra by inducing resonance effect
in HPBI (Chart 1.3).112
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H=0 Y = NH,

N - OH
N ~ OCH,4
H = CH3

Y =F

Chart 1.3. Substituted HPBI derivatives studied by Douhal et. al.!*3

They have also reported the photophysics of two 2-(2’-hydroxyphenyl)benzoxazole
(HPBO) derivatives, where the benzene ring of benzoxazole was substituted by —NH. group at
different positions in the acceptor ring.!* In this study, they showed that the presence and
position of the amino group in substituted HPBO can change both the ground and excited state
behaviors of the intramolecular proton transfer. Contrary to HPBO, these amino derivatives do
not show any proton transfer process. Only the emissions of the open enol (Scheme 1.5) were
observed just like the methylated derivatives of the studied molecules. Hence, amino being
EDG at the acceptor side hampers ESIPT in these substituted HPBO derivatives.

1.3.2.4. Effect of solvent on ESIPT

H—Q .
N A\
(0 ;
N H
H O\
H

CiS- trans-

H
-0 Sol‘lyent O/
VAR :
N N
(= @@
i i
keto solvated enol

Chart 1.4. Three enol conformers and keto tautomer of HPBI.11°

The dielectric environment around the molecule produces a substantial impact on the
proton transfer process. ESIPT is affected by solute-solvent interactions. Therefore, solvent
dependent intensity variations are key characteristics of ESIPT dyes. The effects of solvent on
ESIPT have been studied in a variety of solvents both experimentally and theoretically?’’:89:116-
120 Ysually, the solvent effect is governed by two factors, i.e. polarity and hydrogen bonding
ability.*?! The normal to tautomer ratio is highly dependent on solvent polarity in ESIPT

molecules.””# The effect of solvent on the relative intensities of normal and tautomer emission
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of ESIPT molecule depends on cis-trans equilibrium.**%%5 The cis-conformer of a molecule
possesses intramolecular hydrogen bond between the donor and the acceptor (Chart 1.4).122
The cyclic intramolecular hydrogen bonded ring is the precondition for ESIPT. Another
conformer called trans-conformer also exists where donor and acceptor groups are trans with
respect to each other. It is the cis-conformer which gives phototautomer upon light excitation.
Non-polar solvents aid in ESIPT process and tautomer formation. This is due to two reasons.
First, they do not hamper intra-molecular hydrogen bonding (hence, cis- conformer
predominates) and second, tautomer being less polar than the normal form is more stable in
non-polar solvents.

Intermolecular hydrogen bonding with polar protic solvents such as alcohols break the
intra-molecular hydrogen bond and hence, inhibit ESIPT. It favours the normal emission.””%
Polar solvents cause a bathochromic shift in the normal band and hypsochromic shift in the
tautomer band. Tautomer to normal band ratio is inversely proportional to the solvent polarity.

4,5-dimethyl-2-(2’-hydroxyphenyl)imidazole (I, Chart 1.5) exhibits only blue-green
tautomer emission in dried non-polar solvents.”® However, the intensity of the normal

emission is enhanced in polar protic solvents.

HO OH N
0 O
X ;
7 h

0 (1)
Chart 1.5. 4,5-Dimethyl-2-(2’-hydroxyphenyl)imidazole (I) and 2-(2’-hydroxyphenyl)-5-
phenyloxazole (I1).
This is due to shifting of equilibrium from cis- to trans- conformer of the molecule
upon increasing the polarity and hydrogen bonding capacity of solvents. In 2-(2’-
hydroxyphenyl)-5-phenyloxazole (11, Chart 1.5), the tautomer emission is 210 times higher
than that of the normal emission in octane.?* Solvent polarity also dictates the wavelength shift

of these two bands, polarity causing red shift in the normal band and blue shift in the tautomer
band.lOO,llS,lZS

1.3.2.5. Effect of pH on ESIPT

Molecule is more sensitive towards the pH in the excited state than ground state.? The
pKa of the molecule in the excited state is different than ground state pKa. Therefore, excited

state processes like ESIPT are pH dependent. The donor and acceptor sites of ESIPT molecules
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can get altered by changing pH. Lower pH can lead to protonation of the basic site while higher
pH can lead to deprotonation of the acidic site. If protonation happens at the photo-basic site
or deprotonation at the photo-acidic site then, ESIPT is hampered. Therefore, these molecules

have been utilized as pH responsive probes. 126127

OH

(=J0)

0]
® + I .
NNH H N H OH A

- N _— - N

L X =
O O

Scheme 1.8. Effect of pH on benzothiazole based Schiff’s base.

A benzothiazole-based Schiff-base (Scheme 1.8) was used for pH sensing and tested
for intracellular imaging.'?® The molecule shows violet fluorescence in pH range 1.0-5.0,
yellow in 6.0-8.0 and green in 9.0-14.0. The yellow fluorescence in the pH range 6.0-8.0 is due

to the tautomer emission.

Scheme 1.9. Spirobenzopyran based ratiometric pH responsive probe.
Spirobenzopyran based ratiometric pH responsive probes were synthesized by Shuang
et al.!?” ESIPT gets turned on in the probe on adding H*. The longer to shorter wavelength

intensity increased 68 times on changing the pH from 8.0 to 4.0 (Scheme 1.9).

1.4. Effect of heterogeneous media on PT

Proton transfer is sensitive to the local environment such as polarity and
viscosity.”"117:128129 These properties make them useful fluorescent probes of heterogeneous
environments, e.g. micelles and reverse micelles, supramolecular cavities, etc.43%-132 Many
photophysical processes have been studied in these systems using steady state and time
resolved emission spectroscopy.!®® These supramolecular entities are not just passive hosts.
Hydrophobic and electrostatic interactions in these clusters profoundly influence the guest’s

chemical properties, leading to novel and often interesting host-guest chemistry.'®* Water
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molecule are confined within these supramolecular hosts.*>!3 This confined water is different
from bulk water. As proton transfer is highly affected by the surrounding micro-environment,
the ESIPT properties of a molecule vary greatly in these systems compared to aqueous

solutions. Therefore, many ESIPT molecules have been studied in these organized media.3"
140

1.4.1. Effect of micelles on PT

Micelles form a part of micro-heterogeneous systems uniformly distributed in aqueous
solution. 1361417143 gyrfactants, detergents or amphiphiles are molecules with distinct
hydrophobic and hydrophilic regions within the same molecule that can form micelles. The
polarity decreases as we go from the interfacial region to the micellar core. In an aqueous
medium, surfactant molecules dynamically and spontaneously associate to form aggregates
known as micelles above a characteristic concentration, critical micelle concentration (CMC).
Association between the hydrophobic chains and repulsion between the surfactants’ polar head
groups is responsible for micelle formation. As a general rule of thumb, the longer the
hydrocarbon chain, the lower the CMC. They can be cationic [e.g.,
hexadecyltrimethylammonium bromide (CTAB)], anionic [e.g., sodium dodecyl sulfate
(SDS)], neutral [e.g., polyoxyethylene(9.5)octylphenol (TritonX-100)], and zwitterionic [e.g.,
3-(dimethyldodecylammonio)propane-I-sulfonate].

ESIPT of HPBI was studied in micelles.*** Above the CMC, the intensity of the normal
emission band, decreased and a large enhancement tautomer emission along with a 20 nm red
shift of the emission maxima was observed. The fluorescence decay of the normal emission
was unaffected. However, the lifetime of tautomer emission of HPBI increased sharply above
the CMC. The enhanced tautomer emission is due to the penetration of HPBI molecules

residing in the micelles’ non-polar and aprotic interior.

Chart 1.6. Structure of 3-hydroxyflavone.
ESIPT on 3-hydroxyflavone (Chart 1.6) was studied in aqueous micelles.}* The
ESIPT dynamics of 3-hydroxyflavone in aqueous micelles is similar to that in polar, protic

solvents like methanol and water, where dual emission is also observed. In both micelles and
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polar protic solvents, ground state intermolecular proton transfer occurs, producing the anion
which emits independently.

Hazra et al. have studied ESIDPT of 2,2'-bipyridyl-3,3’-diol in micelles and bile salts
aggregates.”® ESIDPT follows sequential pathways in all these supramolecular assemblies
(Scheme 1.7). However, the time-range for the proton transfer was different in different
systems. The first proton transfer was faster in these systems, while the second was much
slower than water. The different proton transfer dynamics in these supramolecular aggregates

were attributed to the variation of water molecules in the probe’s vicinity.
1.4.2. Effect of reverse micelles on PT

Surfactants having suitable lipophilic hydrophobic balance [e.g. sodium bis(2-
ethylhexyl)sulfosuccinate (Aerosol-OT or AOT)] (Chart 1.7) undergo self-association in non-

SNAPN
e

Chart 1.7. Structure of sodium bis(2-ethylhexyl) sulfosuccinate or Aerosol-OT (AOT).

polar solvents, 146147

7

"NaO

O=wnn=0

These surfactants can solubilize a large number of water molecules. These
surfactant/non-polar solvent/water systems form reverse micelles. The molar ratio (wo) of
added water or polar solvent to the surfactant is given by (wo = [Polar solvent]/[surfactant]). A
water-in-oil microemulsion is produced with nanometer sized water droplets, called water pool,
surrounded by a layer of surfactant molecules dispersed in the non-polar organic solvent. The
water molecules in the water pool are highly structured, less mobile and have a polarity less
than that of ordinary bulk water. On adding water to reverse micelles in micro-quantities, a
substantial amount of water can be solubilized inside a non-polar solvent like n-heptane. In n-
heptane, the radius of the water pool is roughly 2wo (A). For small water pools (wo up to 10),
the water molecules are held very tightly by the polar head groups of the surfactant, while for

large pools (wo = 10 to 30), the water molecules (mainly at the center) are relatively free.

Dual emission of HPBI was studied in the reverse micelle.*® The increase in the
tautomer emission in reverse micelles, compared with n-heptane, was attributed to decreased
non-radiative rates. It was also inferred that the polarity of the water pool is less than that of

ordinary bulk water.
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Chart 1.8. Structure of 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepatadiene-3,5-dione
or Curcumin.

Curcumin (Chart 1.8), an ESIPT active natural yellow pigment, was studied in AOT
reverse micelle. The AOT micellar interface was modulated by using different hydrogen-bond-
donor and non-hydrogen-bond-donor core solvents such as water, amides, glycols and glycerol
and n-heptane as bulk solvent.1*® On increasing the amount of core solvents, the emission
intensity and lifetime of curcumin increased with substantial red shift inside the reverse
micelle. The confined probe’s lifetime values in the micellar environment were significantly
longer than those observed in pure homogeneous solvents.

ESDPT in 7-Azaindole in AOT reverse micelle has been reported. 4% The emission
changed from dual to single on increasing wo.X*® The fluorophore molecules were found to
reside at the bound-water regions of AOT reverse micelle.®® The decrease of proton transfer
in the bound-water regions was due to the increased free energy of solvation to form a

prerequisite cyclic 1:1 7-azaindole:water complex.

1.4.3. Effect of supramolecular hosts on PT

Host-guest inclusion complexes are formed when a small guest molecule becomes
encapsulated in a sizeable cage-like host cavity.’®*** These complexes represent a simple
supramolecular system as they are bound only by non-covalent interactions. There is a dynamic
equilibrium between free host, guest and the complex because of the lack of host-guest covalent
bond.

Organic hosts such as cyclodextrins (CDs) and cucurbit[n]urils (CB-n) or (CB[n]) are
very popular supramolecular hosts. Their bindings have been studied with many fluorescent
guests, 132133155719 Cyclodextrins (CDs) consist of glucose subunits cyclic ring, joined by a-1,4
glycosidic bonds.'®° CDs have a nanosized cavity of different sizes and shapes labelled as a, f,
y. Their methylated variants are also used as a host. 5-CD is considered the best system for
studying inclusion complexes (Chart 1.9). Its interior is hydrophobic and the external wall is
hydrophilic. The hydrophobic nature of the cavity increases the solubility and hence
fluorescence of organic guests. CDs have been used to study the effect of encapsulation on the
excited state processes such as proton transfer and charge transfer etc, 130:132.155.158,161-165
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Chart 1.9. Structure of g-cyclodextrin.

The effects of CDs on HPBI, HPBO and 2-(2'-hydroxyphenyl)benzothiazole (HPBT)
were studied in the ground and excited states in water by Warner et al.1®3 Their results suggested
HPBO exists as a planar conformer and HPBT and HPBI both exist as twisted. The molecules
were stable inside CD cavities which were suggested by an increase in absorbance and
bathochromic shift in absorption spectra as compared to water. They showed weak
intramolecular hydrogen bonding in HPBI and the formation of strong intermolecular hydrogen
bonds with the hydroxyl groups of the CD. Also, they reported that phototautomers of all these

azoles exist as zwitterions inside $-CDs and y-CD.

OH
o9

Chart 1.10. Structure of 1-hydroxy-2-napthaldehyde.

Guchhait et al. studied the ESIPT of 1-hydroxy-2-napthaldehyde (Chart 1.10) in the
presence of CDs.™® Enhanced tautomer emission in the encapsulated state predicted favourable
ESIPT reaction in CDs. Benesi—Hildebrand plots indicated 1:2, 1:1, and 1:1 complexation for
a-, -, and y-CD, respectively. Hazra et al. studied 2,2’-bipyridyl-3,3’-diol in CB [7] and 5 -CD.
The ESIDPT in water and -CD takes place via a two-step sequential mechanism, but it changes
to concerted inside CB [7] (Scheme 1.7).

1.5. Intramolecular charge transfer
Intramolecular charge transfer (ICT) is another process in fluorophores that can result
in dual emission.1®5-188 |CT occurs when a spacer or single bond connects a charge donor and
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a charge acceptor. This photoinduced phenomenon results in a highly polar ICT state. Molecule
emits from both locally excited and charge transfer state hence resulting in dual emission. ICT
also plays an important role in biological systems and has many practical applications.114167.169-
173 When the donor group gets twisted to prevent back transfer of the charge, the process is
called twisted intramolecular charge transfer (TICT) (Scheme 1.10).16816%174 Dye to this charge

separation, the fluorescence of a TICT molecule is strongly dependent on the polarity.

/
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Scheme 1.10. Dual emission from a TICT fluorophore.

I

N

Chart 1.11. Structure of 4-dimethylaminobenzonitrile (DMABN).

4-Dimethylaminobenzonitrile (DMABN, Chart 1.11) is a popular donor-acceptor
system emitting dual fluorescence in polar solvents because of TICT.””™ The hydrogen
bonding ability of solvent, pH and micro-viscosity or rotational hindrance posed by the local
environment also affect TICT. The dipole moments of these dyes are greater in the excited state
compared to their ground state. Therefore, one of the significant characteristics of ICT emission
is the bathochromic shift in emission spectra with an increase in solvent polarity. This positive
solvatochromism is exactly the opposite of ESIPT. Due to the polar nature of the TICT state,
the rate of formation and stabilization of the ICT state increases on increasing the polarity of

the environment.
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Chart 1.12. The chemical structure of 7-aminocoumarin.

7-aminocoumarin (Chart 1.12) and its substituted derivatives were widely studied as
TICT probes.*>176-17® Dye to ICT in the excited state, 7-aminocoumarins show a highly polar
excited state. Sometimes the ICT is followed by twisting of the amino group in the excited state

to give TICT emission in these molecules.

1.5.1. Therole of hydrogen bonding in intramolecular charge transfer

The fluorescence of 6-dodecanoyl-2-dimethylaminonaphtalene (laurdan) (Chart 1.13)
was studied in pure and mixed solvents.*” It shows a large solvent shift as a function of the

solvent polarity. This shift was attributed to the ICT emission.
o

N
CH;
0

CH
. A,

Chart 1.13. 6-Dodecanoyl-2-dimethylaminonaphtalene (laurdan).

The difference of ICT emission of laurdan in methylcyclohexane—tetrahydrofuran and
methylcyclohexane—ethanol was explained by the absence and presence of hydrogen bond. The
presence of isosbestic point in absorption spectra of laurdan in methylcyclohexane—ethanol
confirmed the formation of 1:1 complex between laurdan and ethanol. In
aminophenylpyridoimidazoles, hydrogen bonding with protic solvents is essential to obtain
TICT emission. Fasani et al. showed that 2-(4'-aminophenyl)pyridoimidazoles (APIPs) emit
single emission in non-polar and polar aprotic solvents, but dual emission from both locally
excited state and ICT state in alcoholic solvents.’® TICT emission is also reported from
dimethylamino derivatives of APIPs, 81182

1.6. Coupled proton and charge transfer systems

When both ESIPT and ICT groups are combined in the same fluorophore, their
photophysical properties become very interesting. Coupled proton and charge transfer
reactions play an important role in chemical and biological processes.*®3*” ICT can occur

either before or after PT and often these two processes compete with each other.
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Kasha et al. demonstrated that all the three states of p-dimethylaminosalicylate, i.e. the
locally excited state, the ICT and tautomer can emit and therefore, compete with each other
(Chart 1.14).188-190

H H HyC.  CH, H.H HyC. | .CH;
H;CO” ; H;CO” ; HO i HO ;
07 >0CH, 07 >0CH, 07 "OCH, 07 "OCH;

Chart 1.14. Structures of aminosalicylates.

Park et al. studied two HPBO derivatives substituted with electron acceptor substituents
(Chart 1.15).2% These substituents can rearrange themselves as dipolar push-pull systems after
ESIPT. The keto emission of these two dyes showed a large red shift with an increase in solvent
polarity and a negligible shift in enol emission. However, HPBO shows a slight blue shift on
increasing the solvent polarity. This opposite behaviour in these two HPBO derivatives was
attributed to the ICT process followed by ESIPT.

O—H_ O—H
O N ,
Il
- 7N\
O\(\/\

(D (IDm

Chart 1.15. HPBO derivatives studied by Park et al.
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Scheme 1.11. Excited state coupled intramolecular proton and charge Transfer of 2-(4'-
N,N-diethylamino-2'-hydroxyphenyl)benzimidazole derivatives (X = NH and NMe).
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Rodriguez et al. reported that 2-(4'-N,N-diethylamino-2'-
hydroxyphenyl)benzimidazole and its methylated derivative emit normal and tautomer
emissions and no ICT emission (Scheme 1.11).1% However, they proposed ICT from the
zwitterionic molecule, which resulted in a non-fluorescent tautomer. The same mechanism was

also reported in 1-methyl-2-(2¢-hydroxyphenyl)benzimidazole.!%

1.7. Aggregation induced enhanced emission

Aggregation-caused quenching is responsible for fluorescence quenching in
concentrated solutions and solids. The z—z stacking interaction between the fluorophore
molecules is responsible for this quenching. This notorious phenomenon poses a hindrance to
the practical application of fluorophores. An entirely opposite phenomenon called aggregation-
induced emission (AIE) or aggregation-induced enhanced emission (AIEE) causes
fluorescence enhancement in aggregates.'®*1* The mechanism of AIE is proposed to be the
restriction of intramolecular rotation (RIR) and intramolecular vibrations. AlE-active ESIPT

and TICT fluorophores are well reported.*%6-2%

SO0

HO

HO

Chart 1.16. HPBT derivative.

Substituted HPBT derivative given in Chart 1.16 gives dual emission in
methyltetrahydrofuran, methylcyclohexane and methanol.?%? The ratio of normal to tautomer
band intensity is dependent on solvent polarity. The molecule’s solubility is significantly less
in methyltetrahydrofuran and methylcyclohexane, which results in poor emission intensity of
the molecule in these two solvents. When the temperature is decreased, the emissions of the
molecule increases in all three solvents. A ~28 fold increase in emission was observed in
methylcyclohexane when the temperature was reduced from 298 to 140 K; This enhancement
was attributed to AIEE due to RIR upon bringing the temperature to freezing point of the
solvent. This molecule also shows AIEE in water methanol mixtures. In 90% water, 20 times
emission enhancement of the keto band was observed compared to pure methanol.'?

HPBT based ESIPT molecules, N,N’-di[3-Hydroxy-4-(2'-
benzothiazole)phenyl]isophthalic amide and N,N’-di[3-Hydroxy-4-(2'-
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benzothiazole)phenyl]5-tert-butyl-isophthalic amide were synthesized by Yang et al. (Chart
1.17).1%°

R= H(I)
S

> NH ~_CH R = 'Bu (I)
@N ud 0 @\«N
S

Chart 1.17. Structures of N,N’-di[3-hydroxy-4-(2'-benzothiazole)phenyl]isophthalic
amide (1) and N,N'-di[3-Hydroxy-4-(2’-benzothiazole)phenyl]5-tert-butyl-isophthalic
amide (I1).

TZ

They were weakly emissive in THF. These two molecules in THF/H2.O mixture
exhibited AIEE due to RIR. In solid state, Il showed more enhancement than | due to the steric

hindrance by the tert-butyl group.

Chart 1.18. Boradiazaindacene (BODIPY) derivative.

Combined AIE-TICT effect has been studied in boradiazaindacene (BODIPY)
derivative (Chart 1.18).1% The studied BODIPY derivative emits at 685 nm in pure THF. The
spectrum undergoes a 15 nm red shift in THF—water (90:10) mixture due to an increase in
solvent polarity. The emission remains weak up to 65% water content, and after that, it starts
to increase. In 99% water, fluorescence intensity increases to 70 times as compared to 50%

water with blue-shifted emission at 658 nm.

1.8. Motivation for the present work

Excited state proton transfer from hydroxyarenes has been studied for decades.
However, new horizons are still opening for this fundamental proton transfer process. As a

result of new substrates, new instrumentations and new calculation tools, a fairly consistent
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proton transfer picture has emerged. The present thesis is focused on the proton transfer in three
model systems, (i) 2-phenylamino-5-(2-hydroxybenzono)-1,3,4-thiadiazole (PHBT), (ii) 3,5-
bis(2-hydroxyphenyl)-1H-1,2,4-triazole (bis-HPTA) and (iii) 2-(4'-amino-2'-hydroxyphenyl)-
1H-imidazo-[4,5-c]pyridine (AHPIP-c). PT mechanism was studied in these systems using
UV-visible spectroscopy, steady state and time resolved photoluminescence and theoretical
calculations.

2-(4-fluorophenylamino)-5-(2,4-dihydroxybenzeno)-1,3,4-thiadiazole (FABT) has
been studied for its pharmacological properties, especially the anticancer activity.2%® In aqueous
solution, FABT emits dual emission and the longer wavelength emission in FABT was
assigned to the combination of aggregation and change in conformation.?®* FABT has proton
donor and acceptor groups in close proximity and therefore, the longer wavelength emission
may originate from excited state tautomer. An analogue of FABT, PHBT was synthesized to
determine the origin of the longer wavelength emission. The luminescence of PHBT and its
methoxy derivatives 2-phenylamino-5-(2-methoxybenzono)-1,3,4-thiadiazole (PMBT) were
studied and compared with that of FABT. Based on the experimental and theoretical studies,
the origin of the longer wavelength emission was revealed.

A special kind of ESIDPT called Proton transfer triggered proton transfer (PTTPT) in
a triazole derivative, bis-HPTA, was reported recently.’® The fluorophore has two proton
donor-acceptor pair. But the first proton transfer (ESIPT-I) is feasible only in one pair. The
other pair did not show proton transfer (ESIPT-I11) initially due to annular tautomerism. ESIPT-
Il is only feasible after ESIPT-I because of a decrease in annular tautomerism. In other words,
ESIPT-I triggers ESIPT-I11. Therefore, this ESIDPT was named PTTPT. As we know, pH plays
an important role for dictating the ESIPT properties of molecules. Water is an important solvent
for fluorescence study for understanding biological systems and application point of view. As
discussed in this chapter, the ESIPT processes is highly sensitive to the environment and
micelles, reverse micelle and CD provide a heterogeneous environment. Therefore, the proton
transfer process of bis-HPTA was investigated in micelle and 4-CD to find the effect of these
micro heterogeneous system on PTTPT of bis-HPTA in aqueous media.

2-(4’-Aminophenyl)-1H-imidazo-[4,5-c]pyridine (APIP-c) emits TICT emission in
methanol (Scheme 1.12).%° But its hydroxy derivative, AHPIP-c, emits only tautomer
emission along with normal emission in methanol.?% No TICT emission is observed in AHPIP-
¢ in methanol. DFT calculations were performed using the polar continuum model with
methanol molecules to understand the PT mechanism in AHPIP-c. TDDFT calculations were

used for vibrational frequency analysis in the excited state.
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Scheme 1.12. Excited state intramolecular proton and charge transfer of 2-phenyl-1H-

imidazo-[4,5-c]pyridine derivatives.

The fluorescence properties of molecules may vary drastically on changing the pH. In

AHPIP-c, the binding of proton to pyridyl/imidazole nitrogen should increase the charge flow

from donor to acceptor moiety and increase the ICT emission. Spectral characteristics of

AHPIP-c and its methoxy derivative were studied at different pH in water. The study was

further extended to acetonitrile and methanol to determine the polarity dependence on

emission. The study aimed to find whether ICT emission is possible in the prototropic species

in AHPIP-c.
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Materials, Methods and Instrumentations
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2.0. Introduction

This chapter gives the details of the chemicals, solvents, instruments, synthetic
procedures and various methods used in this thesis work.
2.1. Materials
2.1.1. Solvents
2.1.1.1. For spectroscopic measurements
e n-Heptane (CH3(CH2)sCHs), (HPLC grade, Merck)
e Toluene (CeHsCHa), (HPLC grade, Rankem India)
e Ethyl acetate (CH3COOCH2CHzs), (HPLC grade, Spectrochem India)
e 1,4-Dioxane (C4H40z), (HPLC grade, Spectrochem India)
e Tetrahydrofuran, THF (C4HsO), (HPLC grade, Spectrochem India)
e Acetonitrile (CH3CN), (HPLC grade, Spectrochem India)
e N,N-Dimethylformamide (C3H7NO), (HPLC grade, Spectrochem India)
e Dimethyl sulphoxide (C2HsOS), (HPLC grade, Spectrochem India)
e 1-Propanol (CH3(CH2)0H), (HPLC grade, Spectrochem India)
e 1-Butanol (CH3(CH>).0OH), (HPLC grade, Spectrochem India)
e 2-Butanol ((CH3).CHCH2OH), (HPLC grade, Spectrochem India)
e 2-Propanol ((CH3).CHOH), (HPLC grade, Spectrochem India)
e Methanol (CH3OH), (HPLC grade, Spectrochem India)
e Water (H20), (Elix, Merck Millipore)
e Chloroform-d (CDClIs), (Sigma Aldrich)
e Dimethylsulfoxide-d6 (C.DeOS), (Sigma Aldrich)

2.1.1.2. For synthesis and purification
e Acetonitrile (CH3CN), (AR grade, Spectrochem India)

e Ethanol (CH3CH20H)

e Xylenes (CsH4(CHz3)2), (AR grade, Merck)

e Pyridine (CeéHsN), (AR grade, Merck)

e Methyl tetrahydrofuran (C4H7OCHa), (AR grade, Merck)

e Diethyl ether (CH3OCH3), (AR grade, Merck)

e Hexanes (CeH12), (AR grade, Merck)

e Ethyl acetate (CH3COOCH2CH?3), (AR grade, Spectrochem India)
e Dichloromethane (CH2Cl), (AR grade, Merck)
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Methanol (CH3OH), (AR grade, Merck)

2.1.2. Starting materials and reagents

Dichloro dicyano benzoquinone (DDQ) (Sigma Aldrich)
3,4-Diaminopyridine (Sigma Aldrich)
4-Amino-2-hydroxybenzoic acid (Sigma Aldrich)
Phosphorus oxychloride (POCIs)

Sulphony!l chloride (SOCI.)

Salicylic acid (98%, Merck)

Salicylamide (99%, Sigma Aldrich)

Hydrazine monohydrate (80% solution in water) (Merck)

2.1.3. Other chemicals

Silica gel (SiO2) (60-120 mesh) (Merck India)

Silica gel for TLC (SiO2), (Merck India)

Silica gel GF254 (SiO2), (Merck India)

Cetyl trimethylammonium bromide or hexadecyltrimethylammonium bromide
(CTAB) (Sigma Aldrich)

Sodium dodecyl sulfate (SDS) (Sigma Aldrich)

Polyethylene glycol tert-octyl phenyl ether (Triton-X 100) (Sigma Aldrich)
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) (Sigma Aldrich)
S-Cyclodextrin hydrate (Sigma Aldrich)

Sodium bicarbonate (Merck)

Sodium hydroxide (Merck)

Sodium sulphate anhydrous (Merck India)

Sulfuric acid (AR grade, Merck)

Buffers (pH 4.0, 7.0 and 9.2) (Merck)

2.2. Synthetic procedures

2.2.1. Synthesis of 2-(Phenylamino)-5-(2-hydroxybenzeno)-1,3,4-thiadiazole (PHBT) and

2-(phenylamino)-5-(2-methoxybenzeno)-1,3,4-thiadiazole (PMBT)

reported for the synthesis of similar molecules.?%” A mixture of appropriate thiosemicarbazone
(0.25 mmol) (hydroxyl for PHBT and methoxy for PMBT) and DDQ (0.25 mmol) was stirred

PHBT and its methoxy derivative, PMBT, were synthesised using the procedure

in acetonitrile (2.0 ml) at room temperature for an hour.
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Scheme 2.1. Synthesis of PHBT (R=H) and PMBT (R=CH3).

After the completion of the reaction, acetonitrile was removed under reduced pressure.
Water was added to the reaction mixture and the compound was extracted by ethyl acetate. The
organic layer was separated, dried using anhydrous sodium sulfate, filtered. Ethyl acetate was

removed under reduced pressure.

The crude PHBT was purified using column chromatography using a 70:30 hexane-
ethyl acetate mixture. The final product was a white powder. The product was confirmed using

'H and 13C spectra (Annexure A) and mass data.

PHBT (*H NMR, 600 MHz, Chloroform-d): § 6.93 (t, 1H), 7.10 (d, 1H), 7.19 (m, 1H), 7.36
(m, 2H), 7.44 (m, 4H), 9.57 (s, 1H), 11.19 (s, 1H). Mass [M+H]" 270.0733.

The crude PMBT was obtained as red and white solid. It was washed with methanol to
remove red impurity and recrystallised with ethyl acetate. The final product was a white
crystalline solid. The product was confirmed by 'H and *C NMR, single crystal X-ray
diffraction (SCXRD) analysis (Annexure A) and mass data.

PMBT (*H NMR, 600 MHz, Chloroform-d): & 3.99 (s, 3H),7.02 (d, 1H), 7.11 (t, 2H), 7.48-
7.40 (m, 5H), 8.40 (dd, 1H). Mass [M+H]" 284.0897.

2.2.2. Synthesis of 3,5-bis(2’-hydroxyphenyl)-1H-1,2,4-triazole (bis-HPTA)

Bis-HPTA was synthesised in two steps by using the procedure reported in the
literature.2%® First, 2-(2’-hydroxyphenyl)-4H-1,3-benzoxazin-4-one i.e. the precursor for Bis-
HPTA, was synthesised. 0.01 M of salicylic acid, 0.01 M salicylamide and a catalytic amount
of pyridine were stirred in a 25 ml round bottomed flask with 15 ml xylene maintaining a
temperature of 65°C. An equivalent amount of thionyl chloride was added in batches over 4
hours time period. The reaction was carried at 65° C for another 30-40 minutes after the
complete addition of SOClI>. The reflux condenser was then removed and the reaction mixture
was heated for another 30 minutes to remove excess SOCI,. Xylene was evaporated at low
pressure using ethanol as a co-solvent. For completely drying, methyl THF was added to the
round-bottomed flask and left overnight in ice. The precipitate was washed with ethyl acetate,

dried and weighed. No purification was needed after this step.
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Pyridine, Xylene

2-(2'-hydroxyphenyl)-4 H-benzoxazin-4-one
Scheme 2.2. Synthesis of the precursor of bis-HPTA.

In the final step, the equimolar amounts of 2-(2'-hydroxyphenyl)-4H-benzoxazin-4-one
and hydrazine monohydrate were taken into diethyl ether and left for reaction overnight at room
temperature to obtain bis-HPTA. The compound was purified by column chromatography
using the ethyl acetate and hexane mixture. The molecule was characterised by proton and **C

NMR (Annexure B) and ESI-mass spectrometry.

0
H-0O
o w0
0)\© + NH,NH,.H,0 Dicthyl cther S N

3,5-bis(2-hydroxyphenyl)-1H-1,2,4-triazole (bis-HPTA)

Scheme 2.3. Synthesis of bis-HPTA.

Bis-HPTA (*H NMR, 600 MHz, DMSO-d6): 5 11.46 (s, 2H), 8.02 (dd, J = 7.8, 1.6 Hz, 2H),
7.35 (t, J = 7.7 Hz, 2H), 7.03 (d, J = 8.1 Hz, 2H), 7.00 (t, J = 7.5 Hz, 2H).

2.2.3. Synthesis of 2-(4’-amino-2’-hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine (AHPIP-c)

AHPIP-c were synthesised by refluxing 3,4-diaminopyridine and 4-amino-2-
hydroxybenzoic acid in POCl3 at 110 °C.2%° After 8 hours, the reaction mixture was cooled to
room temperature and poured into ice-cold water. The hydrochloric acid formed as a byproduct
was neutralised by a concentrated sodium hydroxide solution. The precipitates were filtered
and dried. The compound was purified by column chromatography using the dichloromethane-
methanol mixture. The final compound was brown in colour. The identity of the compounds

was confirmed by 'H NMR spectroscopy.

NH, HO HO
| N N POCI, N
N, HOOC NH, | P NH,
NH, Reflux N ~N
H
AHPIP-c
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Scheme 2.4. Synthesis of AHPIP-c.

AHPIP-c (*H NMR, 600 MHz, DMSO-d6): § 8.10 (s, 1H), 7.57 (d, 1H), 7.06 (d, 1H), 7.01 (d,
1H), 5.56 (d, 1H), 5.48 (s, 1H).

2.3. Sample preparation
2.3.1. Preparation of stock solutions

The stock solutions (1 mM) of PHBT, PMBT and AHPIP-c were prepared in

acetonitrile. 1 mM stock solution of bis-HPTA was prepared in methanol.

2.3.2. Solvatochromic studies

50 uL (for 5 uM) or 100 uL (for 10 uM) of the stock solutions were pipetted out to a
10 ml volumetric flask. The solution was dried under nitrogen. 10 ml of required solvents were
added to each volumetric flask containing the dried compound.

2.3.3. Prototropic studies

The aqueous solutions of different pH were prepared by adding an appropriate amount
of acid (sulfuric acid) and base (sodium hydroxide) to distilled water. The solution of pH 3.0
to 11.0 were prepared by adding the appropriate amount of dil. acid and base. The solutions of
pH 11.0-13.0 were obtained by using conc. sodium hydroxide. The solutions of pH 1.0-3.0
were prepared by adding conc. sulfuric acid to distilled water. These solutions were then added

to the volumetric flask containing 10 pM of the dried compound.

2.3.4. Micellar and g-CD solutions

The stock solutions of surfactants and -CD were prepared in a 100 ml volumetric flask
by adding an appropriate quantity of CTAB/SDS/Triton-X 100/4-CD in distilled water. The
stock solutions were then added to the volumetric flasks. The pH of the solutions was adjusted
by adding little dilute sulfuric acid or sodium hydroxide solution. These solutions were then

added to the volumetric flask containing the dried compound.

2.3.5. Reverse micellar solutions

AOT/n-heptane/water reverse micelle solutions were prepared by mixing the required
amount of water to n-heptane-AOT solution. The water quantity in the reverse micellar
system is expressed in terms of the molar ratio (w,) of water to the surfactant. The AOT
concentration (0.1 M) was kept fixed and the amount of water was varied to obtain solutions
of different wo values. These solutions of different wo values were then added to the volumetric
flask containing the dried compound.
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2.4. Methods
2.4.1. Quantum Yield and relative fluorescence quantum yield

Quantum yield (ds) is the ratio of the number of photons emitted to the number of

photons absorbed.%

Number of photons emitted
= P (2.1)

£ Number of photons absorbed

The relative fluorescence quantum vyields are determined with respect to a known

standard by using the below equation,
2
CDS = CDRX:LXEXI—S (22)
R

Is and Ir are the area under curve for the emission spectra of the sample and reference,
respectively. As and Ar are the absorbance for the sample and reference, respectively. ns and
nr are the refractive indices for the solvent used for the sample and the reference solutions,
respectively. Quinine sulphate in IN sulphuric acid (®f = 0.55) is used as the reference in the
work done in this thesis.

2.4.2. Quantum mechanical calculations

Theoretical calculations were performed by density functional theory (DFT)?° and
time-dependent density functional theory (TDDFT)?!! methods using Gaussian09 and
Gaussian16.2'? Becke’s three-parameter hybrid exchange function with the Lee-Yang-Parr
gradient-corrected correlation functional B3LYP, CAM-B3LYP and B3LYP-D3 were
employed as functions?**>-21¢ Solvent effect was included using integral equation formalism-
polarisable continuum model (IEF-PCM).?'" 6-31G ++ (d, p), DGTZVP, aug-CC-PVTZ were
used as basis sets. LanL2DZ was used as basis set to optimize g-cyclodextrin in chapter 4. IR
vibrational frequencies were also calculated to rule out imaginary frequencies. UV-visible and
emission spectra were calculated using the same theoretical parameters. Potential energy
curves in So and S; states were obtained to determine the barrier height by using modified
redundant coordinates and scan features in Gaussian09. In chapter 6, the isosurfaces of hole,

electron and hole electron overlap were done by using Multiwfn?*® wavefunction analyzer.

2.5. Instruments
2.5.1. pH meter

A pH meter consists of a glass electrode to measure the H* concentration. The electrode

is connected to a small electronic device to display the results. The pH of different solutions
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were measured using Jenway 3510 and Eutech instruments (pH 700) pH meters. Calibration
was done before every experiment using three standard buffer solutions (pH 4.0, pH 7.0 and
pH 9.2) within a range of + 0.01-0.02 units.
2.5.2. UV-visible spectrophotometer

UV-visible or absorption spectrophotometer is an instrument that measures the
absorption wavelength and molar extinction coefficient of the chromophore. It consists of two
light sources (for UV and visible range), a monochromator (for wavelength segregation), a
detector (to detect the incoming light), an amplifier (to amplify signals) and a recorder (Figure

2.1).
Mirror F} Reference P Detector

i ) Data Output
Light Beam .
m‘-’ Monochromator Splitter processor device

Mirror Sample |mmafp Detector

Figure 2.1. Block diagram of a double beam UV-visible spectrophotometer.

In the present work, the absorption spectra were recorded on a Perkin EImer Lambda
35 double beam UV-visible spectrometer. It uses deuterium (for UV) and tungsten (for visible)

lamps as light sources. It has two photo-diode detectors each for reference and sample beams.

2.5.3 Steady state fluorimeter

Steady state measurements are carried out by constantly illuminating a sample with a
continuous source of light.! The rate of excitation and emission are equal in this case. Hence,
this state is called a steady state. The basic components of a steady state fluorimeter are a light
source (Xenon arc lamp), excitation and emission monochromators (diffraction gratings), a

detector and a recorder (computer).

2.5.3.1 Basic parts of a fluorimeter

The optics of a fluorimeter contains a light source, a sample holder, monochromators,
shutters, polarisers if necessary, and a beam splitter consisting of a quartz plate reflecting a
fraction of the exciting light towards a quantum counter or a photodiode (Figure 2.2).
Fluorescence is collected at 90° with respect to the incident light, i.e. the placement of light
source and detector are at the right angle to each other. Most of the fluorimeters use xenon
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lamp as the light source. It provides a relatively uniform intensity from UV to near infra-red.
Monochromators are used to select excitation and emission wavelengths. Diffraction gratings
are usually utilised as monochromators. Motorised monochromators are used for the automatic
scanning of wavelengths.

Emission Spectrum: It represents the emitted photons count over a chosen wavelength range
by keeping the excitation wavelength fixed. Usually, emission spectra and quantum yields are

independent of excitation wavelength.

Light Excitation Sample
Source Monochromator Chamber
Slits
Emission
Monochromator

v

Detector

3

Recorder [¢——| Amplifier

Figure 2.2. Block diagram of steady state fluorescence spectrophotometer.

Excitation Spectrum: It represents the relative emission at a particular emission
wavelength of the fluorophore at each excitation wavelength. The excitation spectrum of a
fluorophore can be usually superimposed on its absorption spectrum. However, exact matching
absorption and excitation spectra are rarely observed because the excitation intensity is
different at each wavelength.

The spectra are recorded as a function of wavelength and not wavenumber because the
monochromators employ diffraction gratings. For a given input and output slit widths, the
monochromators operate at a constant bandpass expressed in wavelength (nm).
The fluorescence spectra are corrected for the distortion caused by the wavelength dependence
of several instrumental components.
Spectral correction for emission spectra

The distortion in the emission spectrum is due to the wavelength dependence of the

emission monochromator efficiency and detector response. The correction factors are

34
TH-2834_146122035



measured by a calibrated tungsten lamp or a standard fluorescent dye whose corrected emission
spectrum is available.
Spectral Correction for excitation spectra

The excitation spectrum is distorted due to the wavelength dependence of the lamp
intensity and transmission efficiency of the excitation monochromator. The ratio of the
fluorescence signal from the sample to that of the photodiode (as a function of Aex) provides
the corrected excitation spectra. However, such correction procedures may not suffice for
correct measurements (e.g. for comparing absorption and excitation spectra). The optical
geometry of the reference channel is not identical to the main channel. The wavelength
dependence of optical parts (e.g. focal length of lenses) may introduce some distortion too. It
is then recommended to use correction factors obtained by using a fluorescent compound that
absorbs in the same wavelength range as the sample and has identical absorption and excitation
spectra. The ratio of the excitation spectrum to the absorption spectrum of this reference
provides the correction factors that can be stored in the computer. Spectrofluorometers with
photodiode need further correction because the wavelength response of the photodiode is not
linear over the complete wavelength range. Most commercially available instruments come
with a file containing the correction factors.

Jobin-Yvon Fluoromax 4 and Fluoromax+ spectrofluorometers were used for this work
to record emission and excitation spectra. Both the Fluoromax models have single excitation
monochromators. Fluoromax 4 has 150 W Xe arc lamps as the light source. They use
Hamamatsu red-sensitive PMT detector. The corrected spectra were recorded using the

instrumental correction factors provided by the manufacturer.
2.5.4. Time resolved fluorimeter
The fluorescence decay of an excited fluorophore can be expressed as:

t

I(t) =le = (2.3)
lo is the fluorescence intensity at time O after the photoexcitation and I(t) is the emission
intensity after the time t. 7 is the excited state lifetime of the molecule. 7 is the time needed to

drop I(t) by 1/e (~37%). The fluorescence lifetime can also be expressed as

1
Kp+Kny

(2.4)

ke and knr are radiative and non-radiative rate constants, respectively. Fluorescence
lifetime is an intrinsic property of a fluorophore and is independent of how it is measured. It is
a state function independent of fluorophore concentration, excitation wavelength, one- or
multi- photon excitation, duration of light exposure and fluorescence intensity. It is unaffected
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by photobleaching. As fluorescence occurs from an energetically unstable state. Therefore, the
fluorescence lifetime is sensitive to internal and external factors. The internal factor is
fluorophore structure and the external factors are polarity, temperature, viscosity and
fluorescence quenchers etc.

The fluorescence lifetime of fluorophores are measured in frequency-domain or time-
domain.'® They have different instrumentation setups and follow different data acquisition
methods. However, both approaches are mathematically equivalent and their data can be
interconverted by Fourier transformation. In the frequency domain, the incident light is
sinusoidally modulated at high frequencies such that the emission occurs at the same frequency
as the incident light. The difference between the incident and emitted light is that the emitted
light experiences a phase delay, and the amplitude of the emitted light is changed relative to
the excitation light (demodulation). Data are acquired with photomultipliers or charge-coupled

devices (CCD) equipped with a gain modulator.

Light Source > Sample
‘ TAC start ‘

Time to amplitude T Filter/Monochromator
converter (TAC)
Analogue to digital Detector (MCP)
converter (ADC) l
Multichannel pulse height _ | Personal Stop discriminator
analyzer computer

Figure 2.3. Block diagram of a TCSPC instrument.

In the time-domain, the sample is excited with a short light pulse from a flash lamp,
pulsed laser, laser diode, or LED with sufficient delay between pulses. Various methods are
available for data collection. Time-correlated single photon counting (TCSPC) which is used
in this work.*® Figure 2.3 explains the working principle of a TCSPC instrument. The TCSPC

method needs a highly repetitive light source to accumulate sufficient photons. The source light
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beam is split into the start and stop signal pulses. The start pulse travels to a micro-channel
plate (MCP) photomultiplier tube (PMT), which activates the time-to-amplitude converter
(TAC). The stop pulse travels through the sample. The growth of the ramp signal in TAC is
stopped by this pulse. The TAC output can be amplified by an amplifier, and this analogue
pulse of height equal to a measured time of the signal goes through an analogue to digital
converter (ADC).

The photons are not emitted all at once but with different relaxation times following
their excitation. TCSPC detects and measures single photon arrival times to a reference signal
from the light source. The time measurement of the start and stop sequence is represented by
increasing the histogram memory value. Thus, this experiment should be repeated many times
to collect sufficient photons in the full range of excitation and emission delays.

It is a statistical method and requires excellent statistical data precision. The resulting
histogram of counts versus the time channels represents the fluorescence decay profile.

In this work, fluorescence lifetimes were measured with the LifeSpec Il instrument
from Edinburgh Instruments. It has a Hamamatsu MCP detector that has a 50 ps response time.
The excitation light sources used were 290 nm, 308 nm and 336 nm LED from PicoQuant and
375 nm laser diode from Edinburgh. Data were analysed by Discrete Component Analysis
using the FAST software provided by the manufacturer. ¥ and residual plots determined the
goodness of fit.

2.5.5. Other instruments

Fourier transformed nuclear magnetic resonance (FTNMR) spectra were recorded as
the standard for *H nuclei on AVANCE 11l 600 MHz NMR spectrometer from Bruker. The
high resolution mass spectrometry (HRMS) data was obtained on Agilent technologies’ Waters
Instruments (Q-Tof Premier). Single crystal X-ray diffraction was recorded on Bruker SMART
APEX-1l CCD diffractometer. Structural illustrations were drawn with MERCURY for

Windows.
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Chapter 3

The Origin of Longer Wavelength Emission in 2-(4-
Fluorophenylamino)-5-(2,4-dihydroxybenzeno)-
1,3,4-thiadiazole and its Analogue 2-Phenylamino-5-
(2-hydroxybenzono)-1,3,4-thiadiazole
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3.0. Introduction

2-Amino-1,3,4-thiadiazoles show a broad spectrum of medicinal properties?® such as
anticancer,??® antimicrobial #2222 antiinflammatory,?? antidepressant,??* anticonvulsant,?®
antifungal 2262%" etc. 2-(4-Fluorophenylamino)-5-(2,4-dihydroxybenzeno)-1,3,4-thiadiazole
(FABT, Chart 3.1) is an important molecule of this class. Researchers have studied FABT for

its pharmacological properties, in particular, the anticancer activity.203228.229
H

S N
HO CT @
N’N F

O-H

2-(4-Fluorophenylamino)-5-(2, 4-dihydroxybenzeno)-1,3,4-thiadiazole (FABT)

N
S
Sy O
N/
O-H

2-(Phenylamino)-5-(2-hydroxybenzono)-1,3,4-thiadiazole (PHBT)
H

N N
S ()
N’N

(@)

H,C

2-(Phenylamino)-5-(2-methoxybenzono)-1,3,4-thiadiazole (PMBT)

Chart 3.1. Structures of FABT, PHBT and PMBT.

Photophysical properties of FABT and a few other 1,3,4-thiadiazoles are
reported.2%4230-232. Gago$ et al. studied the polymorphism, solvatochromism and prototropism
of FABT.2%22 They observed dual emission of FABT in water.?* They attributed this dual
emission to two factors, the specific conformational change and aggregation. They assigned
the longer wavelength absorption and emission bands to the enol conformer. However, the keto
tautomer usually absorbs and emits at a longer wavelength than the normal/enol form. In
suitable conformers of FABT and similar molecules, excited state intramolecular proton
transfer (ESIPT) is feasible. Therefore, the viability of ESIPT in a structurally similar 2-amino-
1,3,4-thiadiazoles was studied. To understand the ground state and the dual fluorescence of 2-
amino-1,3,4 thiadiazole molecules with ‘phenolic’ substitution, 2-(phenylamino)-5-(2-
hydroxybenzono)-1,3,4-thiadiazole (PHBT) and its methoxy derivative (PMBT) (Chart 3.1)
were synthesized. PHBT is a structurally similar but simpler molecule than FABT. It has

phenol in place of the resorcyl ring and does not have fluorine substitution. PMBT has a
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methoxy group in place of hydroxyl. In PMBT, the acidic ‘OH’ proton is replaced by a methyl

group. Therefore, it cannot undergo ESIPT to form a keto tautomer.

3.1. Spectral characteristics of PHBT and PMBT

3.1.1. The excited state proton transfer

'H
—_
T

Normalized absorbance

s = & £
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r r T

235 265 295 325 355 385 415
Wavelength (nm)

Figure 3.1. (a). Normalized absorption spectra of PHBT in toluene (1), ethyl acetate (2),
acetonitrile (3) and methanol (4).
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Figure 3.1. (b). Normalized absorption spectra of PMBT in toluene (1), ethyl acetate (2),
acetonitrile (3) and methanol (4).

Figure 3.1. (a) shows the absorption spectra of PHBT in selected solvents. The
complete data in all studied solvents are in Table 3.1. Like FABT2%, PHBT has maximum
absorbance around 340 nm. This longer wavelength absorption maximum is blue shifted in
PMBT in most of the solvents (Figure 3.1. (b) and Table 3.2). This blue shift is also observed
upon methoxy substitution in other ESIPT molecules.'8205206 [t js because the ‘OH’ proton of
the hydroxyl derivative forms an intramolecular hydrogen bond, and the methoxy derivative
cannot. In hydrogen bond accepting polar solvents like DMF and DMSO, the difference in the
spectral maxima is small. The absorption spectra of PMBT are little red shifted compared to
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the hydroxyl derivative. It may be due to the formation of a trans-enol conformer, which does
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Table 3.2. Experimental absorption band maxima (Aabs, nm, log &max), fluorescence
emission band maxima (Aem,NM), quantum yield (®), Stokes’ shift (¥Vss, cm™) of PMBT in
different solvents.

Solvent Aabs (log Smax) Aem (D) Vss

Toluene 335 (4.48) 390 (0.31) 4210
Ethyl acetate 331 (4.48) 396 (0.27) 5086
1,4-Dioxane 334 (4.26) 403 (0.33) 4877
Tetrahydrofuran 336 (4.30) 406 (0.47) 5607
Acetonitrile 332 (4.16) 415 (0.01) 6197
N,N-Dimethyformamide 339 (4.26) 418 (0.44) 5969
Dimethyl sulphoxide 340 (4.26) 416 (0.35) 5545
1-Propanol 336 (4.50) 417 (0.24) 5781
1-Butanol 336 (4.00) 418 (0.36) 5838
2-Butanol 336 (4.48) 418 (0.30) 5838
2-Propanol 335 (5.20) 418 (0.21) 5927
Methanol 331 (5.15) 426 (0.01) 6737
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Figure 3.2. Normalized emission spectra of PHBT in toluene (1), dioxane (2), ethyl acetate
(3), acetonitrile (4) and methanol (5), Aex = 340 nm.

PHBT gives dual emission in nonpolar solvents (Figure 3.2, Table 3.2). The significant
Stokes’ shift observed for the longer wavelength emission suggests a substantial change in this
emitting state’s molecular structure. The intensity of the longer wavelength emission is greater
than, the shorter wavelength emission in toluene. The relative intensity for shorter is to longer
wavelength band decreases with the increase in polarity. Even in a solvent such as dioxane, the
shorter wavelength emission is predominant over the longer wavelength emission. The shorter
wavelength emission undergoes a bathochromic shift with an increase in solvent polarity and
hydrogen bonding capacity (Table 3.1). It is because polar solvents stabilize the excited state
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more than the ground state. This relative stabilization decreases the energy gap between the
two states that results in a bathochromic shift.

On the other hand, the increase in solvent polarity produces a hypsochromic shift in the
longer wavelength emission. This shows that the excited state is less polar compared to the
corresponding ground state. Such a nature is a characteristic feature of the keto emission in the
ESIPT molecules.®”115120233 The calculated dipole moment of the keto tautomer (8.5 D in the
ground state and 3.3 D in the excited state) confirms this. Therefore, the longer wavelength
emission can be assigned to the keto tautomer emission. The shorter wavelength fluorescence
corresponds to the normal emission from the excited enol. The calculated ground state dipole
moment and the excited state dipole moment of the trans-enol are 4.7 D and 13.9 D,
respectively. This is consistent with the red shift of the normal emission with an increase in
polarity.

Table 3.3. Theoretically calculated emission wavelength maximum for enol and keto
species of PHBT in few selected solvents.

Solvent dem®™ (NM)  Aem® (M)
Cyclohexane 350 486
Toluene 350 471
THF 422 441
Methanol 416 —

The DFT calculations also predicted that the emission maximum of the normal emission
is red shifted and that of the keto tautomer emission is blue shifted (Table 3.3).

1.2
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Figure 3.3. Normalized emission spectra of PMBT in toluene (1), dioxane (2), ethyl acetate
(3), acetonitrile (5) and methanol (5), Aex = 330 nm.
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To confirm the longer wavelength emission assignment to the keto tautomer formed by
ESIPT, the emission characteristics of the methoxy derivative, PMBT, were studied. PMBT
emits only one emission. Similar to the normal emission of the PHBT, a bathochromic shift is
observed in the fluorescence spectrum of PMBT with an increase in polarity and hydrogen
bonding capability of the solvent. In PMBT, the acidic ‘OH’ proton is replaced by the methyl
group and therefore, it cannot undergo ESIPT to form the keto tautomer. The absence of the
longer wavelength emission from the excited methoxy derivative confirms that the longer
wavelength in the hydroxyl derivative (PHBT) is due to keto fluorescence (Figure 3.3).
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Figure 3.4. Fluorescence decay of PHBT monitored at (b) Aem =395 nm and (¢) Aem = 520
nm in 1,4-dioxane, Aex = 336 nm, (a) Instrument response function.

Table 3.4. Fluorescence lifetime (1, ns) of PHBT and PMBT, Aex = 336 nm.

PHBT PMBT
Solvent Aem™" (NM) 7 (ns) Aem™" (NM) 7 (ns)
Toluene 532 0.15 (63.1 %) 390 0.84 (100 %)
2.65 (36.9 %)
1,4-Dioxane 399 1.38 (100 %) 386 1.08 (100 %)
523 0.06 (56.7 %)
1.29 (43.3 %)
Tetrahydrofuran 400 1.08 (100 %) 397 1.51 (100 %)
Ethyl acetate 398 0.88 (100 %) 397 1.32 (100 %)
Dimethyl sulphoxide 425 1.88 (100 %) 420 1.77 (100 %)
N,N-Dimethyformamide 409 1.75 (100 %) 418 1.76 (100 %)
1-Propanol 408 1.49 (100 %) 420 1.38 (100 %)
2-Butanol 408 1.62 (100 %) 416 1.53 (100 %)
1-Butanol 415 1.54 (100 %) 420 1.45 (100 %)
2-Propanol 430 1.49 (100 %) 413 1.40 (100 %)
Methanol 425 1.01 (100 %) 428 0.90 (100 %)
46
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The fluorescence decay of the normal emission of PHBT is single exponential and is
about 1-2 ns (Figure 3.4(b) and Table 3.4). These lifetimes match with the fluorescence
lifetime of the methoxy derivative. The fluorescence decays of PHBT monitored at the longer
wavelength are biexponential decay (Figure 3.4(c) and Table 3.4). The relative amplitude of
the shorter lifetime is greater than that of the longer lifetime species (Table 3.4). Therefore,
the shorter lifetime can be assigned to the keto tautomer. The other lifetimes correspond to the
normal emission. The lifetime data thus substantiate the assignment of shorter wavelength and

longer wavelength emissions to the normal emission and tautomer emission, respectively.
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Figure 3.5. The excitation spectra of PHBT in dioxane at em = 400 nm (1) and 520 nm
(2) along with its absorption spectrum (dashed line).

Since the excitation spectrum provides the information about the ground state species
which is excited, the excitation spectra were recorded at emission wavelengths. The excitation
spectra of both emissions are different (Figure 3.5). This shows that both emissions originate
from different ground states.

3.2. Ground state equilibrium

Based on the “OH” group orientation, FABT and PHBT can exist in two conformers
(Chart 3.2). Gagos et al. label the two conformers as “S” and “N” conformers.?** In the “N”
conformer, the “OH” group is oriented towards the thiadiazole nitrogen and an intramolecular

hydrogen bond exists between the “OH” group and the thiadiazole nitrogen. In the “S”
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conformer, the “OH” group is oriented towards the thiadiazole sulphur and therefore,

intramolecular hydrogen is not feasible.

PHBT FABT
H H
S N S N
\H/ o \H/
Q—\<N/N \N/N F
o—H
o_Hcis-enol cis-enol
H\ H\
\'/ " \|(
\/|N \N/N F
trans-enol trans-enol
N §
S S
Q=X T e
—~N N’N F
N \
N /
O---H 0---H
keto keto

Chart 3.2. Different conformers and tautomers of PHBT and FABT.

Conventionally, the conformer that possesses the intramolecular hydrogen bond in
ESIPT molecules is labelled as cis-enol and the other conformer is called as trans-enol.}*® By
the convention, the “N” and or “S” conformers (labeled by Gagos et al.) are referred to as cis
and trans conformers (Chart 3.2) in this work.

The ground state geometries of both the conformers of PHBT were optimized by the
DFT method (Figure 3.6). The cis-enol is more stable than the trans- enol (Table 3.5).

*® u)_‘? *e ,
>9%9° "“u“»/“ <.
,”J/“' » > j:

(b)

Figure 3.6. Ground state optimized geometry of PHBT cis-enol (a) and trans-enol (b).
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Table 3.5. Ground state optimized energies of FABT and PHBT and excitation spectral
maximum (Aex, NM).

FABT PHBT
cis-enol trans-enol cis-enol trans-enol
Relative energy (eV) 0.00 0.34 0.00 041
Aex (NM) 352 347 355 (340) 352 (332)

Values in parenthesis represent experimental data.

The stabilization of cis-enol over the trans-enol is due to the intramolecular hydrogen bond
between the acidic and basic centers. Upon photoexcitation, ultrafast proton transfer occurs
through this bond due to the increase in the acidity and the basicity of the acidic and basic
groups, respectively.?*

The increase in the molecular acidity and basicity is evident from the increase in the
O-H bond distance and the decrease in the N- - -H hydrogen bond distance (Table 3.6).

Table 3.6. The O-H bond and the N---H hydrogen bond distance of the cis-enol in the
ground and the excited states.

FABT PHBT
So S1 So S1
O-H (A) 0.993 0.996 0.991 0.993
N---H (A) 1.745 1.732 1.756 1.746

Since the trans-enol lacks the intramolecular hydrogen bond, it emits normal emission.
In protic solvent, the intermolecular hydrogen bond interferes with the intramolecular hydrogen
bond and the breaking of the intramolecular hydrogen bond decreases the relative population
of cis-enol, leading to the formation of solvated enol (Chart 3.3). Since the solvated enol does
not possess the intramolecular hydrogen bond, only the normal emission is observed in protic
solvents. Due to the same in other ESIPT active molecules also, it was found that the relative
intensity of the normal emission increased in protic solvents compared to in aprotic

solvents, 36115235

Cﬁ e @

/

Solvent

(1

Chart 3.3. cis-enol and solvated enol conformers of PHBT.
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The excitation spectrum of the longer wavelength emission is red shifted compared to
the excitation spectrum of the shorter wavelength emission (Figure 3.5). Therefore, the 340
nm and 332 nm excitation spectra can be assigned to cis-enol and trans-enol, respectively. The
bathochromic shift in the excitation spectrum of cis-enol compared to trans-enol is due to the
intramolecular hydrogen bond. The theoretically predicted excitation maxima are also in good

agreement with the experimental excitation spectral maxima (Table 3.4).

2 %o > » 2 o9
3 5 /‘ 2 y/&\Q/ \‘ : B ,
9 j ’ ’e *) g

?

(@) (b)

Figure 3.7. Ground state optimized geometry of FABT cis-enol (a) and trans-enol (b).
The geometries of both the conformers of FABT were also optimized (Figure 3.7).
Similar to the cis-enol of PHBT, the cis-enol of FABT is more stable than its trans-enol (Table
3.5). Gagos et al. also reported that the cis-enol is more stable than trans-enol.?®* The longer
wavelength absorption maximum of FABT is close to the theoretically predicted absorption
maxima of cis-enol of FABT. The observation of the keto emission being longer than the enol
emission specifies that the energy gap between the first excited state and the ground state is
lesser in the keto than the enol form. Therefore, like the emission spectrum, the absorption
spectrum of the keto tautomer should also be red shifted compared to the absorption spectrum
of the enol.?® As established earlier, the 340 nm band corresponds to the enol form. Gagos et
al. also assigned the 340 nm band to the enol form. However, similar to its analogue PHBT, no
absorption band is observed for FABT at longer wavelength than the 340 nm absorption band
of enol.?% This suggests that FABT exists as enol and not as the keto tautomer in the ground
state. To substantiate further, the keto geometry of FABT was put for optimization in the
ground state to calculate its absorption theoretically. But attempts to optimize the keto
geometry in the ground state resulted in the cis-enol. This states that the keto form is not stable
in the ground state. This confirms that FABT exits as an enol, not in the keto form in the ground
state. The relative fluorescence intensity of the tautomer emission (with the respective normal
emission) is less in PHBT (Table 3.1) than in similar oxadiazole and triazole derivatives.>>5

This may be the effect of the thiadiazole ring of PHBT. Similar behaviour was observed in
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hydroxyphenylbenzthiazole than in the corresponding benzoxazole and benzimidazole

derivatives. 11174

3.3. Aggregation assisted ESIPT

Table 3.7. The fluorescence maximum (3™, nm) and Stokes’ shift ( vss, cm?) of the

emissions.

Shorter Wavelength

Longer Wavelength

A Vss A Vss
FABT (in water, at pH = 7)?2 410 5776 500 9425
PHBT (in water, at pH = 7) 425 6592 515 10703
PHBT (in cyclohexane) 410 4240 536 10721
PHBT (in toluene) 395 3838 531 10322

aFrom reference 204,

The absorption maximum in water at basic pH (13.0) is red shifted compared to that in

neutral pH (7.2) (Figure 3.8). This is typical of phenolic compounds on deprotonation.*® The

spectral red shift occurs due to increased conjugation in the phenoxide ion compared to phenol.
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Figure 3.8. Normalized absorption spectra of PHBT in the water of pH value 7.2 (dashed

line) and 13.0 (solid line).
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Figure 3.9. Normalized emission spectra of PHBT at pH values 7.2 (dashed line) and 13.0
(solid line) in water (Aex = 340 nm), *water Raman.
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In an aqueous solution at neutral pH, like its analogue FABT, PHBT also emits dual
emission (a strong emission at 515 nm along with a weak emission at 425 nm, Figure 3.9,
Table 3.7). Gagos et al. showed that at pH 7, FABT emits dual emission (Table 3.7).2% They
assigned the 410 nm band to the emission from the ‘S’ conformer. They associated the longer
wavelength emission in an aqueous medium at pH 7 with the combination of aggregation and
conformational change.?®* However, this proposition alone fails to explain the large difference
in the emission maximum between the shorter wavelength and the longer wavelength
fluorescence band and the large Stokes shift associated with the longer wavelength emission.
The difference in the excitation maxima of cis- and trans- enols is only 5 nm (Table 3.5 and
Figure 3.8). The difference in both the emission band maxima is huge (90 nm). Furthermore,
since the difference in the excitation spectral maximum of both the conformers is very small,
the difference in the Stokes shift of the emission spectra of both the conformers is also expected
to be similar. The difference in the Stokes shift between the two emissions for both the
molecules in water is large (Table 3.7). However, the Stokes shift of the shorter wavelength
and the longer wavelength emission in water are comparable to that of the normal emission and
tautomer emission. This shows that the longer wavelength emission cannot be assigned to the
enol emission and clearly indicates that the longer wavelength emission is the tautomer
emission from the keto tautomer. To confirm the assignment further, the emission maximum
of the keto form of FABT were theoretically calculated using water as the solvent. Thus, the
calculated emission maximum of 494 nm is in agreement with the experimental value (500
nm). The assignment of the longer wavelength emission to the tautomer emission can be easily
confirmed in an aqueous solution. If the ‘OH’ proton (that is transferred during ESIPT) is
removed by deprotonation, the ESIPT is not feasible. Then, the molecule can emit only the
normal emission but not the tautomer emission (only a single emission will be observed). Upon
deprotonation in the basic solution, no dual emission is observed from PHBT, and it emits only
a single emission at 446 nm (Figure 3.9). Gagos$ et al. also reported that in an alkaline solution
at pH 12.0, FABT emits a single emission (431 nm).2% Observation of the single emission upon
deprotonation confirmed the dual emission attribution to ESIPT and the longer wavelength
emission to the tautomer emission. The anionic fluorescence in PHBT and FABT are red
shifted compared to the enol emission (normal fluorescence), but blue shifted relative to keto
fluorescence (tautomer emission). It is typical behaviour of the anionic fluorescence in ESIPT
molecules.?*"?*® This is because the anion is formed from the enol form by the deprotonation
of the ‘OH’ proton which increases the conjugation. The polarity and protic nature of the

solvent favour the trans-enol. Water is the most polar and protic solvent. Nonetheless, not only
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the relative intensity of the tautomer is higher than that of other solvents such as ethyl acetate,
but the intensity of the tautomer emission is also higher than that of the normal emission (the
intensity ratio of the tautomer emission to the normal emission is more than 1.0 i.e. 1.4). Gago$
et al. have shown the FABT aggregates in water.2®* Organic molecules aggregate in water due
to hydrophobic interactions. In solution, the individual solute molecules are present in the
solvent cage surrounded by solvent molecules in all directions. In the aggregated state, the
individual organic molecules are not surrounded by solvent molecules and have limited solvent
molecules exposure. This will reduce the solvent-solute interaction in aggregates. As a result,
hydrophobicity of the environment increases. The hydrophobicity of the environment favours
cis-enol. Thus, the trans-enol equilibrium towards the cis-enol in the aggregates is comparable
to that in solution. This causes an enhancement in the tautomer emission. Such an aggregation
induced enhancement in the tautomer emission was reported in several ESIPT exhibiting
molecules. The tautomer emission of HPBI was reported to be enhanced due to the shift in the
equilibrium.2*®> A bis-hydroxyphenylbenzothiazole derivative emits an exclusive tautomer
emission upon aggregation.’®® Another chloro substituted hydroxyphenylbenzothiazole
derivative was shown to exhibit an enhanced keto emission in water due to aggregation.?®
More recently, a tetraphenylethylene based dye was reported to undergo aggregation assisted
ESIPT in 99 : 1 water : tetrahydrofuran mixture.®® The cis-enol possesses the intramolecular
hydrogen bond, which is the prerequisite for ESIPT. As the trans-enol lacks the intramolecular
hydrogen bond between the proton donor and the proton acceptor, it is incapable of undergoing
ESIPT. Hence, the aggregation induced conformational change aided the ESIPT and it is the
cause of dual emission. Thus, emitted tautomer fluorescence is enhanced due to aggregation
induced emission enhancement (AIEE).193194

3.4. Conclusion

Based on the study, it can be concluded that PHBT and FABT exist as enol in the ground
state. Both these molecules do not exist in the keto form in the ground state. However, keto
species is formed in the excited state from the cis-enol by ESIPT. The single emission from the
methoxy derivative supports this conclusion. The trans-enol upon excitation emits normal
emission. The longer wavelength emissions of FABT and PHBT in aqueous solutions are due
to ESIPT. In water, the aggregation of the molecules reduces the solvent-solute interaction.
This shifts the equilibrium from trans-enol to cis-enol that undergoes ESIPT to form a keto
tautomer. Gagos et al. also found that in an aqueous solution, FABT undergoes aggregation

and conformational change. Upon deprotonation of the ‘OH’ proton (involved in the proton
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transfer), only single emission is observed from the anion. This work is published in
Photochem. Photobiol. Sci., 2020, 19, 844-853.
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Chapter 4

Effect of pH and Host-Guest Complexation on
PTTPT of 3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-
triazole
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4.0. Introduction

Host-guest systems are used to tune the photophysical properties of fluorescent
dyes. 133138151157 Qrganic hosts such as CDs are popular supramolecular hosts.*®® They have
been used to study the excited state processes like proton and charge transfer.?*18 Reduction
of non-radiative decay was reported as the cause of enhancement of tautomer emission in 3,5,6-
trichlorosalicylic acid in CD.®® ESIPT of 1-hydroxy-2-naphthaldehyde was studied in
supramolecular assemblies of CDs and micelles.®®® Enhanced tautomer emission in the
encapsulated complexes predicted favourable ESIPT reaction in these assemblies.
Heptakis(2,6-di-O-methyl)-A-cyclodextrin was used to study salicylic acid-loaded Pluronic
F127 micelles as drug nanocarriers for controlled release.?*® ESIPT of 3-hydroxyflavone was
more favourable in the CD hydrophobic cavity than in an aqueous solution.’®* Abu-Zaid
studied excited state intramolecular double proton transfer (ESIDPT) of 2,2'-bipyridine-3,3'-
diol in CDs. The molecule remains in the di-enol conformer inside the host cavities.?! Hazra
etal. also studied this molecule in CB[7] and -CD.?*?While the double proton transfer in water
and S-CD occurs via a two-step sequential process, the mechanism changes to concerted inside

CBI[7].
ocring
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Scheme 4.1. ESIPT pathway in bis-HPTA.
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Scheme 4.2. Annular tautomerism in bis-HPTA.
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Bis-HPTA undergoes a new type of proton transfer, PTTPT, where the first proton
transfer triggers the inactive second proton transfer (Scheme 4.1).2% It possesses two
intramolecular cyclic rings, labelled as a and B. In B-ring, the annular tautomerism (Scheme
4.2) prevents the ESIPT-11. After the first proton transfer (ESIPT-1), the electronic distribution
change obstructs the annular tautomerism promoting ESIPT-11. However, solvents like DMF
strongly perturb PTTPT by forming intermolecular hydrogen bond complexes with the
molecule and completely alter the ground state conformer equilibrium.?#® It not only prevents
the PTTPT but also opens a new intermolecular proton transfer path. CDs have been used to
study ESIPT and ESIDPT. 19515624 Hence, the effect of f-CD on the PTTPT of bis-HPTA are
investigated. As water is used as a solvent to study the host-guest system. Therefore, the

spectral properties of the molecule were first studied in an aqueous solution.

4.1. Electronic spectra of bis-HPTA in aqueous solution

4.1.1. Neutral bis-HPTA

=
()

pH4.0t07.0 pH8.0t012.0

[N

© o o o
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o N M o o

250 290 330 370 410
Wavelength (nm)

Figure 4.1. Normalized absorption spectra of bis-HPTA in the water of pH 4.0 to 12.0.
Unlike in organic solvents, the determination of pH is crucial for any study in aqueous
solution. As discussed earlier, the presence of acidic and basic sites and hydrogen bonding in
an ESIPT molecule are susceptible to pH change. Depending on the pH, the molecule may be
in cationic, anionic or neutral form. If protonation or deprotonation does not happen at the
phototautomerization site, then the molecule can still undergo ESIPT.23"24 The absorption
spectra of aqueous bis-HPTA in the pH range of 4.0 to 12.0 is given in Figure 4.1. The
absorption maximum (AJ}2*) of bis-HPTA in the water of pH 4.0 to 7.0 is 298 nm. This band
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maximum is similar to the absorption maxima in organic solvents.?®*At higher pH, the

3% shifts towards red, indicating the deprotonation of the molecule.
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Figure 4.2. (a). Normalized emission spectra of bis-HPTA in water from pH 4.0 to 12.0,
Aex = 300 nm. (b). Normalized excitation spectra of bis-HPTA in water from pH 4.0 to
12.0, Aem = 420 Nm.

(a) (b)
1.2 1.2
> > —
% 1 E 1 1 6
S o
% 0.8 "é‘ 0.8
o
2 06 g o6
= T
g 04 £ 04
= 5
2 02 S 02
0 Leedi : 0
300 340 380 420 460 500 540 580 260 280 300 320 340 360

Wavelength (nm) Wavelength (nm)

Figure 4.3. (a). Normalized emission spectra of neutral bis-HPTA in water at difference
excitation wavelengths, Aex = 270 nm (1), 280 nm (2), 290 nm (3), 300 nm (4), 310 nm (5),
320 nm (6), 330 nm (7). (b). Normalized excitation spectra of neutral AHPIP-c in water
at different emissions, Aem = 360 nm (1), 380 nm (2), 400 nm (3), 420 nm (4), 440 nm (5),
460 nm (6).

In water (pH 4.0), the emission is observed at 420 nm and is highly Stokes’ shifted
(9748 cm™) than its absorption spectrum (Figure 4.2 (a)). Bis-HPTA emits high Stokes’ shifted
(10728 cm™) keto emission at ~460 nm in organic solvents.?®® The tautomer emission
undergoes negative solvatochromism with an increase in polarity. The 420 nm band in water
is 18 nm blue-shifted compared to the longer wavelength emission in methanol. The longer
wavelength emission in other solvents (except in DMF) is due to the tautomer emission.20>:243
Therefore, the 420 nm emission band can be assigned to the tautomer formed by ESIPT. As
discussed in the last chapter, the tautomer is less polar in the excited state than the ground state.
The blue shift of the emission in water compared to the longer wavelength emission in organic
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solvents supports the proposition that the tautomer emission undergoes negative

solvatochromism.
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Figure 4.4. (b). Fluorescence decay of bis-HPTA in water (pH 4.0) at Xex = 308 nm and (a)
IRF.
The fluorescence decay monitored at 420 nm emission of bis-HPTA in water is

biexponential with lifetimes at 1.5 ns (73.3%) and 3.9 ns (26.7%) (Figure 4.4 (b)). The

biexponential decay of the tautomer emission was also reported in other solvents.?® As stated

earlier, bis-HPTA emits two tautomer emissions; one is from the monoketo, K1 due to ESIPT-
| from a-ring, and the second is from the diketo emission due to PTTPT (Scheme 4.1). The
fluorescence lifetime of the diketo is shorter than the monoketo.?%® In methanol, the mono

keto emission (52.0%) dominates over the diketo emission (48.0%). But in water, the shorter
lifetime component’s relative amplitude is more than the longer lifetime component. That
means the diketo emission is relatively increased in water than the monoketo emission. This

relative enhancement in the percentage of diketo shows that PTTPT is more favoured in water.

4.1.2. Anionic bis-HPTA

Anion absorption for this molecule in polar protic solvents and alkaline methanol was
reported at ~340 nm.2% The absorption spectra get red shifted on increasing pH. At pH 9.0, a
new band appears at 328 nm (Figure 4.1). Bis-HPTA has three acidic centers. The acidic
centers are two phenolic ‘OH’ and one ‘NH’ of the triazole ring. Deprotonation can occur at
one of the acidic centers on increasing the pH. The ‘OH’ protons are more acidic than the ‘NH’
proton due to the greater electronegativity of oxygen than nitrogen. The deprotonation of ‘OH’
results in an increase in electron delocalization in phenolic molecules. This delocalization
reduces the energy gap between the ground and excited electronic energy states, which results
in a red shift in the absorption spectra. The unusual surprise is that on increasing the pH, the
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absorption spectra (Figure 4.1) show anion formation, but the emission spectral maximum
(Figure 4.2 (a)) is affected very little. However, the excitation spectrum is similar to the
absorption spectrum of the anion (Figure 4.2 (b)). This confirms that the ground state precursor
for the emission at higher pH (> 9.0) is the anion. In ESIPT molecules, the anion’s emission

spectrum is red-shifted with respect to normal emission and blue-shifted than the tautomer

emission.237:238
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Figure 4.5. (a). Normalized emission spectra of anionic bis-HPTA in water, hex = 270 Nm
(1), 280 nm (2), 290 nm (3), 300 nm (4), 310 nm (5), 320 nm (6), 330 nm (7). (b). Normalized
excitation spectra of anionic bis-HPTA in water, Aem = 400 nm (1), 420 nm (2), 440 nm (3),
460 nm (4), 480 nm (5), 500 nm (6).

The anion is formed from the enol form by the deprotonation of the ‘OH’ proton, which
increases the conjugation. If the ‘OH’ proton (that participates in ESIPT) is deprotonated, the
ESIPT is not feasible. Then, the molecule can emit the normal emission but not the tautomer
emission. Only a single emission will be observed. The absence of the shift in the emission

spectrum indicates the formation of tautomer from the anion.

C O—H
Hmn /
l\ll>/® hv' - OH "
N

Keto* Amon*

Scheme 4.3. Tautomer formation via intermolecular proton transfer in bis-HPTA anion.
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The transformation of anion to tautomer occurs by intermolecular proton transfer in the
excited state (Scheme 4.3). At higher pH due to an increase in the basicity, the ‘OH’ group
deprotonates to form an anion. Upon excitation, the negative charge is shifted to azole nitrogen
by resonance. The nitrogen whose basicity increased with negative charge abstract the proton
from water to form keto tautomer. Thus, the formed excited state keto tautomer (keto*) emits
tautomer emission. Depending upon the solution’s pH, the excitation spectra recorded at 420
nm match the absorption spectra of the neutral or that of the anion (Figure 4.2(b)). Thus, keto
tautomer is formed from both neutral and anionic species.

At pH 12.0, a single exponential emission decay is observed with a lifetime value of
1.7 ns. (Figure 4.6). This indicates the presence of single species. The environment
significantly alters the PTTPT of bis-HPTA. Besides, photoexcitation also induced

intermolecular proton transfer in the anionic form of bis-HPTA.
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Figure 4.6 (b). Fluorescence decay of bis-HPTA in water (pH 12.0) at Xex = 336 nm and

(@) IRF.
4.2. Effect of pH on electronic spectra of bis-HPTA in the presence of -CD

The inclusion of a non-polar guest into a host molecule is favoured due to the release
of the water molecules. It results in an increase in entropy.’®10 |t is also enthalpically
favourable, as the released water molecules can then form hydrogen bonds with other water
molecules in bulk. As the hydrophobicity of the cavity is different. It is interesting to find the
effect of encapsulation by -CD on the unique kind of proton transfer of bis-HPTA. In an
aqueous S-CD solution, due to water presence, pH plays an important role. The molecule can
be in different ionic forms depending upon the pH.237:240.246 Therefore, the pH effect on the

molecule was investigated first by absorption and emission spectroscopic techniques. Figure
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4.7 shows the normalized absorption spectra of bis-HPTA at different pH in the presence of -
CD. The absorption maximum of bis-HPTA in the pH 1.0 to 6.0 range is 300 nm and 328 nm
in pH 7.0 to 12.0.

0.3
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260 290 320 350

Wavelength (nm)
Figure 4.7. Normalized absorption spectra of bis-HPTA in g-CD (12.0 mM) of pH 1.0 to
12.0.
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Figure 4.8. Emission spectra of bis-HPTA in g-CD (12.0 mM) of pH 1.0 to 12.0.

The red shift in the absorption spectra indicates the ‘OH’ group deprotonates to form
an anion. The emission spectra of bis-HPTA in -CD (12.0 mM) in pH range 1.0 to 12.0 is
presented in Figure 4.8. Unlike in water, in CD, the emission spectrum was blue shifted, from
421 nm to 417 nm with increase in pH. The fluorescence lifetimes of the anion are also
distinctly different from the fluorescence lifetimes of the tautomers (see later). The blue shift
in the emission spectrum upon increasing the pH shows that the molecule is emitting in the
anionic form, not as keto tautomer like water. As stated earlier, the blue shift in the emission

spectrum compared to that of tautomer is a characteristic feature of the anion.?*” The anion
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emission of ESIPT molecules are blue-shifted with respect to tautomer emission. The anionic

emission of bis-HPTA is also blue-shifted compared to tautomer emission in alcohols.?%®
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Figure 4.9 (a). Instrument response function and (b) fluorescence decay of bis-HPTA in
S-CD (12.0 mM) at pH 4.0.

The fluorescence decay was monitored at 420 nm emission of bis-HPTA in 12.0 mM
S-CD (pH 4.0). The decay is biexponential with lifetimes at 0.8 ns (35.0%) and 4.5 ns (65.0%)
(Figure 4.9). As stated earlier, the fluorescence lifetime of the diketo is shorter than the
monoketo. In water, the relative amplitude of diketo (73.3%) was higher than that of monoketo
(26.7%). However, the relative amplitude of monoketo increases than diketo in f-CD. This
increase shows that the PTTPT is more favoured in water than in f-CD. The excited state
lifetime of anionic bis-HPTA (at pH 12.0) in f-CD is monoexponential (2.0 ns) and distinctly
different from the tautomers.
4.3. Effect of -CD on electronic spectra of bis-HPTA
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Figure 4.10. Absorption spectra of bis-HPTA in different concentrations of #-CD in
aqueous solution (at pH 4.0).
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Absorption spectra of bis-HPTA in the presence of f-CD is given in Figure 4.10. The
addition of -CD to bis-HPTA causes a slight increase in absorbance with a small red shift of
2 nm in absorption maximum. Such an increase in absorbance was reported when other non-
polar guests were encapsulated in CD.*

The fluorescence spectra of bis-HPTA at different f-CD concentration are given in
Figure 4.11. The fluorescence intensity of the molecule increases with a red shift gradually
with the addition of p-CD. The emission intensity of bis-HPTA in 12.0 mM g-CD (Figure
4.11) is doubled compared to that in water. The CD cavity is relatively less polar than the bulk
aqueous phase. The inclusion of guest molecules by CDs in an aqueous solution, results in a
substantial rearrangement and removal of the water molecules originally solvated to CD. Due
the restricted motion also, the local viscosity/rigidity are very different from the bulk liquid
medium. This is reflected by the enhancement in fluorescence upon the addition of f-CD. The
enhancement in fluorescence and the red shift indicates the encapsulation of the molecule
inside the cyclodextrin. In CD, guest molecules are in a more confined and restrictive
environment compared to that in solution.*® Therefore, intramolecular rotations and other
molecular motions of the guest molecule are significantly hindered upon inclusion compared

to the free molecule in the bulk phase.
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Figure 4.11. Emission spectra of bis-HPTA in different concentrations of #-CD in aqueous
solution (at pH 4.0), Aex = 290 nm.

Due to these restrictions, the non-radiative decays of the guest were decreased in 5-CD.
This led to enhancement in the fluorescence lifetime of both the keto species. Like in water,

the fluorescence decay of bis-HPTA in p-CD was also biexponential (Figure 4.6). But the
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lifetimes of both species are different compared to water (Figure 4.6). The relative amplitude
of the longer lifetime component to that of the shorter lifetime component in 4-CD is more than
water. This may be due to the reduced polarity of the environment. The other difference
between the molecule in water and CD was the absence of intermolecular proton transfer in the
anionic form to form tautomer in the excited state. In aqueous solution, the water molecule is
near the triazole ring nitrogen. Therefore, it can form an intermolecular hydrogen bond, as
shown in Scheme 4.3. However, in CD, since the triazole ring is present inside the cavity
(Figure 4.13) (discussed later), it may not be able to form the hydrogen bond. Therefore,
intermolecular proton transfer was prevented. Hence, the anion emits radiative emission instead
of undergoing proton transfer to form tautomer.

12.0

10.0

80

6.0 |

40

(1 o Tol)/ (I_Io)

20

00 1 1 1 1
0 0.2 0.4 0.6 0.8 1
1/[-CD] x (103 M)L

Figure 4.12. Benesi-Hildebrand plot showing 1:1 binding of bis-HPTA and g-CD.

Benesi-Hildebrand equation was used to find the stoichiometry of the binding (Figure

4.12).
The general form of the equation is
[Too—1o] 1
== =1+ — 4.1
[1-I,] K[B—CD]n (4.1)

for 1 : n ratio of host : guest. Here, I and lo are the emission intensity in the absence and
the presence of CD. K is the binding constant. |, is the limiting intensity. A good correlation
coefficient (r? = 0.99) was obtained for n = 1 and K was calculated to be 8.4 x 10 M1, 5-CD
has portal and interior diameters of 6.0 and 6.5 A and a height of 7.9 A. The molecular
dimensions of bis-HPTA are 12.3 A X 4.6 A. Therefore, bis-HPTA can be encapsulated inside
S-CD. But, since the length is longer and the molecule formed 1:1 complex, it was only

encapsulated partially. Accordingly, three different orientations of bis-HPTA inside the CD
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were considered (I) the a-ring was inside the cavity, (IT) the B-ring was inside the cavity, and

(IIT) the triazole ring was completely inside and a-ring and B-ring were partially encapsulated

Figure 4.13. Optimized geometries of bis-HPTA and #-CD complexes.

Table 4.1. Relative energy (kJ/mol), stabilization energy (kJ/mol) and relative population
(%) of p-CD and bis-HPTA complexes.

Orientation
p-CD Bis-HPTA | 11 i
Relative energy 82560.55 412536.44 0 0.47 0.41
Stabilization Energy -2037.91 -2025.05 -2026.62
Relative population 98.43 0.55 1.02

The molecular geometries of all three inclusion complexes were fully optimized by
DFT and the optimized geometries of all three complexes were shown in Figure 4.13. The
stabilization energy (Es) of the host-guest complex was calculated by using the following
equation.
Es = Ecomplex— [Enost + Eguest] 4.2)
Where Enost, Eguest and Ecomplex are the energy of host, guest and complex obtained from DFT
optimization. The optimized energies of the complexes along with the stabilization energies of
all three different orientations, were compiled in Table 4.1. The calculations suggested that the
orientation I (in which most parts of the a-ring along with triazole ring present inside the cavity)
was the most stable and the relative population of the molecule in other orientations are
negligible. In the inclusion complex, since triazole nitrogen is present inside the cavity, water
is not accessible to triazole nitrogen. Therefore, it was not able to abstract the proton as in water

and the molecule emits only anion emission, not the tautomer emission like water.
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4.4. Conclusion

The PTTPT of bis-HPTA is significantly altered by the environment. Bis-HPTA is
neutral at pH 4.0. PTTPT was more favoured in water than in organic solvents. However, it
was reduced upon encapsulation by S-CD. Photoexcitation also induced intermolecular proton
transfer in the anionic form of bis-HPTA in water. The anion rearranged to form the keto
tautomer in the excited state. The orientation of host bis-HPTA inside $-CD is such that the
triazole ring and most part of the a-ring are completely inside. The spectral changes in the
presence of £-CD suggest that the relative position and orientation of the guest relative to the
host impact the photophysics of the guest. The encapsulation prevents the intermolecular

proton transfer in the anion and therefore, no tautomer emission was observed from the anion.
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Chapter 5

Effect of Micelles and Reverse Micelles on PTTPT of
3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazole
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5.0. Introduction

Micelles and reverse micelles are interesting micro-heterogeneous systems, !42:143.147.247

The rigid environment around the molecule inside micelles decreases the nonradiative rate and
consequently increases the fluorescence intensity of the encapsulated fluorophores.'?4248-253 A5
ESIPT is susceptible to surroundings, the confined environments such as micelles and reverse

micelles significantly alter this photophysical process.!3!:136:234255

Warner et al. studied the ESIPT of 10-hydroxybenzoquinoline and found that the
tautomer emission increases in the presence of micelles.!* Molecules residing inside a micellar
interior experience a nonpolar, aprotic microenvironment. Therefore, they exhibit enhanced
tautomer emission and lifetime. The mechanism of interaction of curcumin with soluplus
micelle was studied.!*® Absorption and emission enhancement of curcumin was reported. The
fluorescence anisotropy studies showed the presence of a rigid environment around curcumin
upon encapsulation. The tautomer emission of salicylic acid was enhanced on increasing the
F127 concentration.?®® Disruption of the intermolecular hydrogen bond in the ESIPT dye, 3-
hydroxyflavone and the water molecules was reported inside cationic micelles.?>” The ESIPT
of 4'-N,N’-dimethylamino-3-hydroxyflavone was studied in AOT/n-heptane/water.?>® ESIPT
was hindered at wo = 0, as the molecules were attached to the ionic AOT headgroups via
intermolecular hydrogen bonding. The addition of water freed the molecules as water can form
stronger hydrogen bonds with AOT headgroups. Hence, on increasing the wo, ESIPT became

faster.

In the last chapter, it was shown that the encapsulation affects the PTTPT of the neutral
and intermolecular proton transfer of the anionic forms of bis-HPTA. Micelles are
supramolecular molecular assemblies. Unlike CD, they are formed by the association. Water
pool inside a reverse micelle behaves different than bulk water or the encapsulated water inside
cyclodextrins. Therefore, the effect of micelles and reverse micelle may be different on bis-
HPTA and the study would be interesting. Thus, in this work, the effects of cationic (CTAB)
and anionic (SDS), non-ionic (Triton-X 100) and reverse (AOT/n-heptane/water) micelles on
the proton transfer of bis-HPTA were studied using UV-visible, steady state and time resolved

fluorescence spectroscopy.
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5.1. Effect of micelle on neutral bis-HPTA

Neutral bis-HPTA emits keto emission at 420 nm (chapter 4). In all three micelles
studied, the fluorescence spectrum of bis-HPTA is red shifted with an increase in surfactant
concentration
(Table 5.1). The emission intensity also increases with the increase in surfactant
concentration.
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Figure 5.1. Emission spectra of neutral bis-HPTA in different concentrations of CTAB in
water, Aex = 300 nm.

As a representative, the fluorescence spectra of bis-HPTA in different concentrations
of CTAB are shown in Figure 5.1. Enhancement in fluorescence of bis-HPTA with surfactants
concentration in micelles shows that the bis-HPTA enter inside the micelles. The fluorescence
of fluorophore are enhanced in micelles due to a reduction in the nonradiative decay.?>® The
confined environment hinders the rotation of the molecule. As a result, the nonradiative decay

rate also decreases.

Table 5.1. Absorption maximum (A5}, nm), emission maximum (Aga*, nm), fluorescence
lifetime (t, ns) of bis-HPTA in Water, CTAB, SDS and TX-100.

R T

Water 297 420 1.5 (73.3%)
3.9 (26.7%)

CTAB 299 418 2.22 (58.2%)
5.44 (41.8%)

SDS 298 434 0.69 (66.9%)
1.95 (33.1%)

TX-100 303 433 1.97(39.1 %)
4.76(60.9 %)
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As discussed earlier, the spectral shift provides information about the nature of the
emission and the surrounding environment. The fluorescence spectrum of bis-HPTA in water

and micelles are compared in Figure 5.2.
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Figure 5.2. Emission spectra of neutral bis-HPTA in water (1), CTAB (2), SDS (3) and
TX-100 (4), Aex = 300 nm, *water Raman.

The data are compiled in Table 5.1. The absorption spectra and the fluorescence spectra
in micelles are red shifted compared to those in water (except fluorescence spectra in CTAB).
The micelle environment weakens the intermolecular hydrogen bond and strengthens the
intramolecular hydrogen bond. It results in a bathochromic shift in the absorption spectrum.
The 420 nm emission in water corresponds to the tautomer emission (chapter 4). The
fluorescence spectra of the bis-HPTA in SDS and TX-100 are bathochromically shifted than in
water. As discussed earlier, the keto emission will be red shifted in a less polar environment.
Since the polarity inside the micelle is less than water, the emission spectra in SDS and TX-
100 are red shifted. But, in CTAB, despite the decreases in polarity, the fluorescence spectrum
is little blue shifted than that in water. It may be due to the following reason. K1 tautomer
emission spectrum is blue shifted than the diketo emission.?”® Enhancement in relative
fluorescence of K1 than diketo may cause an apparent blue shift in the fluorescence spectrum.
Though the relative fluorescence is enhanced in micelle, still it is less; therefore, the full time
resolved area normalized spectra could not be obtained. However, the fluorescence lifetime
was measured at fluorescence maxima (Figure 5.3). Same as in an aqueous medium, the
fluorescence decay is bi-exponential. However, the relative amplitude of the longer lifetime
component increased in CTAB (Table 5.1). This might be the cause of the small blue shift of
the apparent fluorescence maximum. In TX-100 though the relative population of the K1

tautomer increases still a red shift was observed. In TX-100, it may be the shift in the
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fluorescence spectra of the tautomer emission that dominates the relative increase in
population. Both absorption and fluorescence spectra are also more shifted in TX-100 than
other micelles. It indicates that the molecule is experiencing a lesser polar environment inside
the TX-100 than SDS and CTAB. Comparative study of SDS, CTAB and TX-100 micelle

showed that organic molecules experience less polar environment inside TX-100 than SDS and
CTAB. %0
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Figure 5.3. Fluorescence decay of neutral bis-HPTA in (b) water and (c) CTAB. (a) IRF.

5.2. Effect of micelle on the anion of bis-HPTA

Absorbance

270 300 330 360 390 420
Wavelength (nm)
Figure 5.4. Absorption spectra of bis-HPTA in SDS at different pH.
The effect of pH on bis-HPTA in a micellar environment was investigated first. As a
representative, the effect of pH on bis-HPTA in SDS is shown in Figure 5.4. In all the micelles,
upon increasing the pH, the neutral molecule absorbance decreases and a new band appears at

the longer wavelength. For example, in SDS, the neutral band's absorbance at 298 nm decreases
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and a new band emerges at 328 nm. The increase in the absorbance of the longer wavelength
absorbance band with increasing pH shows gradual deprotonation of the molecule upon
increasing the base concentration. A quasi isosbestic point is observed at 316 nm. Similar
changes are observed in CTAB and TX-100 also. These changes show that bis-HPTA is

deprotonated to form an anion in the micelle.

Table 5.2 Absorption maximum (A31**, nm), emission maximum (AgaX, nm), excitation
maximum (Ag2*, nm) of anion of bis-HPTA in micelles.

Medium ax Amax Agax
Water 326 326 420
CTAB 333 333 408
SDS 328 328 416
TX-100 329 329 414
(@) (b)
1.2 1.2
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% 1} > 1}
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Figure 5.5 (a) Absorption and (b) emission spectra of anionic bis-HPTA in water (1),
CTAB (2), SDS (3) and TX-100 (4), Aex = 300 nm.

The effect of different micelles on absorption spectrum and fluorescence spectrum of
bis-HPTA anion are shown in Figure 5.5 and the data are compiled in Table 5.2. The
absorption spectra of the anion are red shifted and the fluorescence spectra are blue shifted in
the micelles. As stated, the deprotonation increases the conjugation that produces a
bathochromic shift. In water, the emission spectrum was unaffected when anion was excited.
It was inferred that the tautomer was formed from the intermolecular proton transfer in the
excited state. But in all three micelles, the anion's excitation resulted in the emission that is
blue shifted than the tautomer emission. The blue shift in the emission is consistent with anionic
emission in the ESIPT molecule.?®® Unlike in water, the intermolecular proton transfer is
prevented in micelles. Since the polarity and hydrogen bonding are reduced in the micelles, the
intermolecular proton transfer is not feasible.
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5.3. Effect on electronic spectra of bis-HPTA in the presence of AOT/n-heptane/water

Absorption spectra of the molecule were recorded in AOT/water/n-heptane at different
Wo values (Figure 5.6). Bis-HPTA at wo = 0, absorbs at 306 nm. On gradually increasing the

Wo value, we observe a decrease in absorbance at absorption maxima.

[AOT/n-heptane/water]

Absorbance

270 300 330 360
Wavelength (nm)

Figure 5.6. Absorption spectra of bis-HPTA in AOT/n-heptane/water with changing wo
values.

The emission spectra of bis-HPTA were recorded in AOT/water/n-heptane at different
wo values (Figure 5.7). At wo = 0, only longer wavelength emission at 435 nm was observed.
On increasing the wo value gradually, this band starts to decrease with a blue shift and a new
band starts to appear at ~ 340 nm. The tautomer emission maximum is shifted to 430 nm in
reverse micelle at wo = 18. But the intensity of the 340 nm band is very small even at wo = 12.4.
Due to very weak intensity, the decay of the 340 nm band could not be measured, but that of
the tautomer emission was measured.

Interestingly single exponential decay was observed for the longer wavelength emission
in AOT/n-heptane/water reverse micelle (Table 5.3). Like the fluorescence intensity the
fluorescence, lifetime of the longer wavelength emission decreases with increases in water
quantity.

Table 5.3. Absorption maximum (A3;**, nm), emission maximum (Agm*, nm) and
fluorescence lifetime (t, ns) of bis-HPTA in AOT/n-heptane/water at different wo values.

Wo max Amax T

0 306 436 5.2 (100 %)
0.4 306 436 5.0 (100 %)
6.2 308 436 2.5 (100 %)
12.4 308 435 2.0 (100 %)
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Figure 5.7. Emission spectra of bis-HPTA in AOT/n-heptane/ water with changing wo
values, Aex = 300 Nm.

The 340 nm emission matches with the normal emission of bis-HPTA in methanol.
Therefore, it can be assigned to the normal emission of bis-HPTA. The 436 nm band is close
to the tautomer band in methanol.?® In methanol, the decay is biexponential due to emission
from K1 and diketo tautomers. But it is single exponential in AOT/n-heptane/water reverse
micelle. In hydrogen accepting solvents like DMF also, bis-HPTA emits single tautomer
emission.?%®243 The single tautomer emission of bis-HPTA suggests the presence of a single
intramolecular hydrogen bond, like in DMF. But, in DMF, bis-HPTA emits the tautomer
emission at 480 nm, where the tautomer is formed by ESIPT in 3-ring. In AOT/n-heptane/water
reverse micelles, bis-HPTA emits the tautomer emission at 435 nm, close to tautomer emission
in methanol. The K1 tautomer emission is blue shifted compared to the diketo emission,?® and
the 435 nm emission is blue shifted compared to methanol, where mixed emission from K1
and diketo tautomers is observed. The tautomer fluorescence lifetime in AOT/n-heptane is
close to that of K1 tautomer in other solvents, and diketo tautomer lifetime is shorter than
this.?®® For example, in methanol, the fluorescence lifetimes of K1 and diketo are 0.7 ns and
3.0 ns, respectively.?®® This suggests the tautomer emission is most likely from K1 formed by
ESIPT in the a-ring. It also indicates that the a.-ring is intact. AOT is an anionic surfactant and
it can act as a hydrogen bond acceptor. The proton of bis-HPTA can form an intermolecular
hydrogen bond with a negatively charged sulpho group of AOT (Figure 5.8). It breaks the

intramolecular hydrogen bond in the B-ring. Since, the complex has only one intramolecular
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hydrogen bond. Therefore, excitation of this complex led to the formation of only K1 by ESIPT
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Figure 5.8. ESIPT I in the bis-HPTA-AOT hydrogen-bonded complex.
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Reverse micelle has three different regions (i) oil phase, (ii) interfacial region with
bound water and (iii) core water. The tautomer fluorescence maximum in AOT reverse micelle
is blue shifted than nonpolar solvents and is red shifted than in methanol. Therefore, bis-HPTA
is present not in the oil phase or core water but in the interfacial region with bound water. In
this region, bis-HPTA can form an intermolecular hydrogen complex, as shown in Figure 5.8.
The change in fluorescence intensity with water also suggests that the bis-HPTA is present in
the region accessible to water. In ESIPT molecules, the keto ring's torsional rotation in the
excited state via the ICT state is reported to be the major nonradiative decay.'%>! In reverse
micelles, the size of the water pool increases with the addition of water. The viscosity and
polarity, therefore the nonradiative decays, increase with the size of the water pool.**!148 The
blue shift in the tautomer emission of bis-HPTA shows the rise in polarity and decrease in its

lifetime, with water quantity support the increase in nonradiative decay with the addition of

water.
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Figure 5.9. Formation of solvated open enol from cis-enol.
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The increase in water amount enhances the nonradiative rate and breaks the
intramolecular hydrogen bond in the a-ring (Figure 5.9). Thus, form the solvated enol. Due to
the absence of an intramolecular hydrogen bond, the solvated enol emits only normal emission.
Though in small amount bis-HPTA emits enol emission with the rise in the water pool size.
The presence of isosemissive point confirms the conversion of cis-enol to open enol. This

conversion to the solvated enol also contributes to the reduction in tautomer fluorescence.

5.4. Conclusion

The increase in the keto band emission intensity upon increasing the micelle
concentration indicates the encapsulation of the molecule inside the micellar interior. The less
polar and restricted environment of the micellar interior decreases the nonradiative decay. The
molecule experiences a less polar environment in TX-100 as compared to CTAB and SDS. In
CTAB, the relative population of the K1 tautomer increases. Tautomer formation from anion
via intermolecular proton transfer is not observed in micelles. The normal emission of the
molecule is absent in water and micelles. However, in AOT/n-heptane/water reverse micelles,
on increasing the wo, the tautomer emission decreases along with the normal emission increase.
The B-ring of bis-HPTA can form an intermolecular hydrogen bond with hydrogen bond
accepting polar head group of AOT. The molecule can then undergo ESIPT | in the a-ring to
form only K1. On increasing the wo, water can break this intermolecular hydrogen bond to give

a solvated enol structure. The solvated enol structure emits only normal emission.
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Chapter 6

The Suppression of Intramolecular Charge Transfer
by Tautomerism in 2-(4’-Amino-2'-hydroxyphenyl)-
1H-imidazo[4,5-c]pyridine: Intramolecular Proton
Transfer versus Intermolecular Proton Transfer

TH-2834 146122035
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6.0. Introduction

As mentioned earlier, intramolecular charge transfer followed by the torsional rotation
of the donor results in TICT emission.1®8260261 TICT requires a charge donor and acceptor
connected by a spacer. Intramolecular hydrogen-bonded acid-base pair is a prerequisite for

ESIPT. AHPIP-c (Chart 6.1) has both proton donor-acceptor and charge donor-acceptor pairs.

HO NHO N CH,
X | N
N SN | N NH 1\(;[><>N\
NN P 2 N CH,
NH, N_J N H
N A ~N H H
H

APIP HPIP-c AHPIP-¢ DMAPIP-c
_c e

Chart 6.1. Structures of 2-(4’-amino-2’-phenyl)-1H-imidazo[4,5-c]pyridine (APIP-c),
2-(2'-hydroxyphenyl)-1H-imidazo[4,5-c]pyridine (HPIP-c), 2-(4'-amino-2'-
hydroxyphenyl)-1H-imidazo[4,5-c]pyridine (AHPIP-c) and 2-(4’-dimethylamino-2’-
phenyl)-1H-imidazo[4,5-c]pyridine (DMAPIP-c).

APIP-c (Chart 6.1) shows normal emission in aprotic solvents and normal plus TICT
emission in alcohols.*®® (HPIP-c, Chart 6.1) emits only tautomer emission in a nonpolar
solvent like cyclohexane.?® But it emits both normal and tautomer emissions in polar and protic
solvents. Torsional rotation of the keto tautomer after ESIPT is a main non-radiative
deactivation path for HPIP-c and its analogues.*'! The photophysics of (AHPIP-c, Chart 6.1),
which is a combination of APIP-c (Chart 6.1) and HPIP-c (Chart 6.1) and its methoxy
derivative, AMPIP-c, was investigated.?® APIP-c and AMPIP-c emit TICT emission in
methanol 189206 AHPIP-c emits dual emission.?% But the negative solvatochromism indicated
that the longer wavelength in all organic solvents, including methanol, is due to keto emission
(Chart 6.2). No TICT emission is observed. The experimental emission maxima match the
theoretically calculated maxima.?®® Omidyan and Iravani studied the ESIPT and non-radiative
deactivation path of AHPIP-c in the gas phase theoretically.?®® They found a conical
intersection between the Si/Sp states along the torsional relaxation path of the keto. They
proposed non-radiative deexcitation from the excited to the ground state via the conical
intersection. It explains the low fluorescence quantum yield of AHPIP-c. Zhou et al. studied
the solvent effect on the ESIPT of AHPIP-c by DFT.”” They showed that the proton transfer
barrier is inversely proportional to the solvent polarity.

In systems like AHPIP-c, it is essential to understand the cause of suppression of one

process by the other. In general, the ESIPT process is hampered by alcohols and they induce
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the TICT process in APIP-c. But the ESIPT process suppressed the TICT of AHPIP-c in
alcohols. However, the cause of the suppression was not understood. But it is necessary to

understand the competing ESIPT and TICT. It will also be useful for identifying and designing

photoswitches with multiple reaction coordinates.?6426¢
HO H 0]
XN XN
| N NH, I — NH,
N~ N N~ N
H H
@ (b)

Chart 6.2. Structures of (a) enol and (b) keto forms of AHPIP-c.

The theoretical studies with explicit solvent molecules gained momentum and provided
more detailed insight into the molecular interaction.”>’7:80:263.267 Therefore, The theoretical
studies to determine the cause for the suppression of the TICT process by ESIPT in AHPIP-c

are discussed in this chapter.

6.1. Absorption maximum

The absorption spectral maxima calculated using the 6-31G++(d, p) basis set are close
to the experimental value than those calculated by other functionals (Table 6.1). Therefore, it
was used for TDDFT optimizations and the potential energy curves.

Table 6.1. Calculated and experimental absorption spectral maximum (Amax, Nm).

7\,max
So—S1 So— S
B3LYP/6-31G ++ (d, p) 349 293
B3LYP/DGTVZP 331 291
B3LYP/aug-cc-PVTZ 326 297
Experimental®®® 342 303

6.2. Structure of the enol complex

Though hydrogen bonding may influence the TICT emission, it is predominantly the
polarity that determines the TICT.1®® APIP and their dimethylamino derivatives are special
kind of TICT emitting molecules.'®182 Hydrogen bonding of the solvent plays an essential role
in the TICT emission of the molecules. 8182268 protic environment is necessary to obtain TICT
emission in these molecules. For example, no TICT emission is observed from APIP-c in
aprotic solvents, including polar acetonitrile.’®® On the other hand, it emits TICT emission in
alcohols, such as ethanol, propanol and butanol, whose dielectric constants are lesser than

acetonitrile. After numerous experimental and theoretical studies, the proton transfer induced
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TICT emission mechanism of these molecules was revealed (Scheme 6.1).181:182269.270 The
intermolecular proton transfer from the imidazole ‘NH’ to the pyridyl ‘N’ increases the
acceptor’s electron withdrawing ability. It induces the charge transfer from the donor
amino/dimethylamino to the acceptor imidazopyridine ring. This intramolecular charge
transfer accompanies the torsional rotation of the donor to form the TICT state. Calculated
emission energies of the TICT state of these molecules matched well with the experimental

longer wavelength emission,206:80.182

N R
I~
—>
NP~ \R

H,> \ Proton Transfer
/O:Q\O@é\
\
R = H, CHs TICT

Scheme 6.1. The intermolecular proton transfer induced TICT in APIP-c (R=H) and
DMAPIP-c (R=CHy3).

In imidazo[4,5-b]pyridine analogues, 2-(4’-amino-2'-phenyl)-1H-imidazo[4,5-b]pyridine
(AHPIP-b) and its dimethylamino derivative, 2-(4'-dimethylamino-2'-
phenyl)-1H-imidazo[4,5-b]pyridine (DMAPIP-b), single solvent molecule connects the
intermolecular proton donor ‘NH’ and the proton acceptor pyridyl ‘nitrogen’.?® In imidazo[4,5-
c]pyridine analogues, three solvent molecules are required to bridge the proton donor ‘NH’
group with the acceptor pyridyl ‘N”.182267 |n DMAPIP-c (Chart 6.1), the intermolecular relay
proton transfer via a wire of three solvent molecules induced the TICT emission (Scheme
6.1).2% Yang et al. performed detailed theoretical studies on DMAPIP-c.(CH30H)s and
validated the mechanism.2’ They also suggested that more than three methanol molecules
cannot hold the cyclic structure. They also considered 2-(2'-phenyl)-1H-imidazo[4,5-
c]pyridine (PIP-c) with three methanol molecules to study the intermolecular proton transfer.25’
Therefore, a cyclic complex of AHIPIP-c with three methanol molecules [AHPIP-c.(CH30H)s]

was considered in the present work.
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Figure 6.1. The optimized structures of AHPIP-c.(CH3OH)s complex in the ground and
first excited states.

The ground state optimized geometry of AHPIP-c.(CH30OH)s complex is shown in
Figure 6.1. The bond angles involved in the hydrogen bonding, N7—H27—025 and N2—
H18—019, are 152.4° and 159.6°, respectively. The hydrogen bond length between the
hydrogen bond donor ‘NH’ group (N7—H27) and the methanol oxygen (the solvent accepting
hydrogen bond) is 1.92 A. The hydrogen bond length between the pyridyl nitrogen (N2)
(hydrogen bond acceptor) and the methanol (the solvent donating hydrogen bond) is 1.88 A.
The hydrogen bond distance is smaller when methanol act as the donor than when it acts as the
acceptor. Methanol being a protic solvent is a stronger hydrogen bond donor than an acceptor.

The electronic structure of the complex changes in the excited state. To understand the
effect of change in the electronic state on the hydrogen bond strength, AHPIP-c.(CH30H)s3
complex was optimized in the first excited state (Figure 6.1). The N7—H27—025 and N2—
H18—019 bond angles are 153.9° and 161.5°, respectively, in the excited state. In the excited
state, the hydrogen bond’s length with solvent as an acceptor is unaffected and the bond length
remains 1.92 A. But the solvent donating hydrogen bond length decreases to 1.83 A, which
shows the strengthening of this hydrogen bond. It is due to the increase in charge density on
the pyridyl nitrogen, N2 in the excited state. The charge density on the pyridyl nitrogen in the
ground and excited states are — 0.222 and — 0.244. However, the pyridyl nitrogen (N2) and the
methanol hydrogen bond length of AHPIP-c.(CH3OH)s cyclic complex is still longer than the
same bond length in DMAPIP-c.(CH3OH)s cyclic complex (1.77 A).8182 The other interesting
aspect is methanol-methanol hydrogen bond lengths. The hydrogen bond length between the
two methanol molecules in the cyclic structure of AHPIP-c.(CH3OH)3 are 1.83 A and 1.81 A.
On the other hand, in DMAPIP-c.(CH3OH)s, they were 1.80 A and 1.77 A.8%18 Al these
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evidence suggest that the AHPIP-c.(CH3OH)s cyclic structure is relatively weaker than
DMAPIP-c.(CH30H)s3 cyclic complex.

Vibrational frequencies analysis also provides information about the strength of the
bond. The theoretically calculated infrared spectrum of AHPIP-c.(CH3OH)s complex in the
ground and the excited states were shown in Figure 6.2. The OH and NH stretching frequencies
of the complex are compared in Table 6.2 to evaluate the strengthening or weakening of the
bonds in the excited state. The frequencies of all the hydrogen bond donors reduced in the
excited state, indicating a weakening of these bonds in the excited state. Compared to other
‘O-H’ or ‘N-H’ bonds, the frequency shift is more for the O17-H28 bond, which forms H-
bond with imidazole nitrogen. This bond is clearly elongated in the excited state. This
elongation shows the increase in the acidity of the O17-H28 group, which is an indication of
its ease to undergo proton transfer. In other words, the intramolecular proton transfer is more
favoured over the intermolecular proton transfer. Further, the distance between the ‘OH’ proton
of AHPIP-c and imidazole nitrogen is reduced from 1.70 A in the ground state to 1.67 A in the

excited state.
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Figure 6.2. Simulated infrared spectra of AHPIP-c.(CH3OH)s complex in the ground
(solid line) and excited states (dashed line). Inset represents the normalized spectra
depicting O17-H28 (1, 1%), O19-H18 (2, 2"), N7-H27 (3, 3'), O22-H21 (4, 4') and O25-H24
(5, 5") stretching frequencies.

87
TH-2834_146122035



Table 6.2. Calculated bond lengths (A) and vibrational frequencies (8, cm™) of O-H and
N-H bonds of AHPIP-c.(CH3OH)s complex in the ground and the excited states.

Bond length Vibrational frequency Vibrational
frequency
So S1 So S1 So-S1
O17-H28  1.00 1.01 3125 2972 153
019-H18  0.99 0.99 3359 3251 108
N7-H27 1.02 1.02 3395 3387 8

022-H21  0.99 0.99 3446 3425 21
025-H24  0.98 0.98 3522 3504 18

The ‘O-H’ stretching frequency of the methanol molecule formed the hydrogen bond
with pyridyl nitrogen (O19-H18) in AHPIP-c.(CH3OH)s; complex is 3359 cm™. But the ‘O-H’
stretching frequency of the methanol molecule that formed the hydrogen bond with pyridyl
nitrogen (019-H18) in DMAPIP-c.(CH3OH)s complex was reported as 3318 cm™.8 If the
methanol ‘O-H’ bond forms a stronger hydrogen bond with pyridyl nitrogen, its strength
reduces and its vibrational frequency decreases. It shows that the ‘O—H’ bond of methanol that
formed a hydrogen bond with pyridyl nitrogen in AHPIP-c.(CH3OH)s complex is stronger than
the same in DMAPIP-c.(CH30H)3 complex. It means that the intermolecular hydrogen bond
formed with pyridyl nitrogen is weaker in AHPIP-c.(CH3OH)3 than DMAPIP-c.(CH30OH):s.
Therefore, the intermolecular proton transfer is less favoured in AHPIP-c.(CH3OH)s complex.

6.3. Structure of Tautomer complexes

Excited state optimized structures of the possible tautomers are given in Figure 6.3,
along with selected geometrical parameters in Table 6.2. The intramolecular proton transfer
from the ‘OH’ group to azole nitrogen results in keto tautomer I. In the keto tautomer, N9—H28
hydrogen bond shrunk to 1.02 A as the covalent bond O17-H28 bond elongated as a hydrogen
bond. The intermolecular relay proton transfer in the cyclic ring produces pyridinyl tautomer
IHA. In this tautomer methanol complex, hydrogen bonds (H27---O25 and H18---N2) are
shortened to form covalent bonds (1.00 A and 1.02 A). The bond length of H18—-019 and H25—
N7 increases to 2.14 A and 1.81 A, respectively and convert to hydrogen bonds. The other
molecules involved in the hydrogen-bonded ring also rearrange accordingly to change the
covalent bonds to hydrogen bonds and vice-versa. The torsional rotation of the amino group of
the tautomer leads to the TICT state formation. Thus, the structure of the amino twisted
tautomer 11B was also fully optimized. When the amino group is twisted, the N9—H28 bond
becomes a covalent bond and the O17-H28 bond becomes a hydrogen bond, indicating the

conversion of enol to keto tautomer. The observed vibrational frequency 1466 cm™ of the
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amino twisted tautomer 1B is close to the vibrational frequency at 1474 cm™ of the keto
tautomer (I), which corresponds to the ‘C=0’ stretching frequency. It shows that
intramolecular proton transfer is more favoured in the excited state.

Table 6.3. O17-H28, N9-H28, N7—H27, 025—H27, N7—H18, O19—H18 bond lengths
N7—H27—025 and N7—H18—019 bond angles for enol, keto, pyridinyl tautomer
(normal and amino twisted) in the excited state (Refer figure 6.3 for structures).

Bond length (A)/ angle (°) Enol Keto Pyridinyl tautomer
tautomer Normal Amino twisted
017-H28 1.01 1.98 1.03 1.97
N9-H28 1.67 1.02 1.59 1.01
N7-H27 1.03 1.03 1.81 1.85
025-H27 1.92 1.88 1.00 0.99
N2-H18 1.83 1.84 1.02 1.02
019-H18 0.99 0.99 2.14 2.12
N7-H27-025 153.93 154.51 171.13 170.66
N2-H18-019 16155 161.12 138.26 139.02

1.83 & “}9

180&{

1.85 A « 1.81 A
S, J f
@
(IIA) Pyridinyl Normal (11B) Pyridinyl Amino Twisted

Figure 6.3. The excited state optimized structure of the tautomers, (1) keto, pyridinyl (I11A)
normal tautomer and (11B) amino twisted tautomer.
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Figure 6.4. Simulated infrared spectra of keto (solid line) and pyridinyl tautomer (dotted)
AHPIP-c.(CH30H)s complex in the excited states.

6.4. Potential energy curves of the proton transfers
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Figure 6.5. The potential energy curve for the intramolecular proton transfer in
methanol.
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Figure 6.6. The potential energy curve for the intermolecular proton transfer from
imidazole N7—H27 to the methanol molecule.

Potential energy curves were obtained for both the proton transfer processes in the
ground and excited states (Figures 6.5 and 6.6). Enol ‘O-H’ (O17-H28) distance was
increased stepwise (step size = 0.1 A) in the ground and excited states and the energies were
calculated at each point to construct the plot. The initial and final bond lengths were kept as
obtained from the optimized geometries of the tautomers. Similarly, imidazole ‘N-H’
(N7-H27) distance was increased to obtain the plot for the intermolecular proton transfer from
imidazole to methanol (Figure 6.3, 11A). This normal pyridinyl tautomer may create the TICT
state by twisting the amino group (Figure 6.3, 11B). The barrier heights for both proton transfer
processes in the excited states (13.6 and 80.5 kJ/mol) decreases compared to the ground states
(27.0 and 81.1 kJ/mol). Due to reduced bareer height, these proton transfers would be favoured
in excited states than in the ground states. The reduction in the barrier height of the ESIPT is
significant, but that of intermolecular proton transfer is negligible. The barrier height for ESIPT
is also significantly less than that of solvent assisted proton transfer from imidazole to pyridyl
nitrogen. Omidyan et al. calculated the ESIPT barrier in AHPIP-c as 13.5 kJ/mol.?®® They
concluded that the proton transfer dynamics of AHPIP-c should be similar to HPIP-c (Chart
6.1). Hence, ESIPT is much favoured over solvent assisted proton transfer from imidazole to
pyridyl nitrogen.

The theoretical rate constant (k) for the ESIPT was calculated by using the Arrhenius
equation,
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k = A.exp(—E,/RT)
where, A = kBTTexp (AS/R)

A is pre-exponential factor. Ea is the activation energy calculated by subtracting the enthalpy
of the reactant from the enthalpy of the transition state. R is the universal gas constant. T is the
absolute temperature, i.e. taken as 298K (room temperature), ks and h are the Boltzmann and
Planck’s constants, respectively. The change is entropy (AS) is calculated by subtracting the
entropy of the reactant from the entropy of the transition state. The transition state was taken
as the maximum of the PES diagram and optimized. The thermochemical data (enthalpy and
energy) were obtained from frequency calculation results. The theoretical rate constant of
ESIPT in AHPIP-c.(MeOH)s was calculated to be 6.2 x 10*2 s*. This is in accordance with

literature reports on the rate constant of ESIPT reactions.?’

6.5. Electronic transitions

Table 6.4. Major absorption transitions, wavelength maximum (Amax, Nm), oscillator
strength (f) and corresponding contributing molecular orbitals of Enol form of AHPIP-

C.(CHsOH):s.
Transition Amax f Contributing Molecular Orbitals
So— S1 349 1.2069 HOMO — LUMO (97%)
So—S 293 0.0489 HOMO - 1 — LUMO (81%)

HOMO — LUMO + 1 (11%)
HOMO — LUMO + 4 (4%)

Surface cubes for the frontier molecular orbitals (FMOs) were generated to understand
the nature of the electronic transitions in various forms of AHPIP-c.(CH30H)s complex
(Annexure C). The details of the absorption transitions are provided in Table 6.4. The longest
wavelength absorption is predominantly a single excitation from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Itis an® — n*
transition. This transition is highly allowed (higher oscillator strength) than the other higher
energy transitions. The higher energy transitions involve multiple excitations and have
relatively lower oscillator strengths. The natural transition orbitals (NTOs)?"? generated for the
first excited states of all the four forms (enol, keto and pyridinyl tautomers) of AHPIP-
c.(CH30OH)z are the same as their respective HOMO and LUMO (Figure 6.7). They show that
the transitions are primarily HOMO-LUMO transition.
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Amino twisted pyridinyl tautomer (11B)

Figure 6.7. Natural transition orbitals (NTOs) generated for the first excited states of
enol, keto (1), pyridinyl tautomer (I11A) and amino twisted pyridinyl tautomer (11B).
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Figure 6.8. TDDFT simulated emission spectra of enol (1) and keto (2) tautomers of
AHPIP-c in methanol (dashed line is the experimental spectrum).

Table 6.5. Theoretical (A¢2, nm) and experimental emission maximum (Ar,, Nm)?% of
enol and keto forms of AHPIP-c.

Forms ADe aoT
Enol 358 379
Keto 441 451

Table 6.6. The emission transition of different forms, emission maximum (Amax),
Oscillator strength (f) and corresponding contributing molecular orbitals of Different
forms of AHPIP-c.(CH3OH)s.

Forms Amax (NmM) f Contributing Molecular
Orbitals

Enol 358 1.0408 LUMO — HOMO (98%)

Keto (1) 441 0.5002 LUMO — HOMO (98%)

Pyridinyl Tautomer (11 A) 400 0.5520 LUMO — HOMO (99%)

Amino Twisted Pyridinyl 546 0.1308 LUMO — HOMO (100%)

Tautomer (11 B)
The frontier molecular orbitals are shown in Annexure C.

The experimental absorption maxima for the enol form of AHPIP-c in methanol are
303 and 342 nm (Table 6.1).2% The theoretically obtained absorption maxima (293 and 349
nm) match well with experimental maxima (Table 6.4). The shorter wavelength emission
(corresponding to normal form) and longer wavelength emission maxima (corresponding to

94
TH-2834_146122035



keto form) are 379 and 451 nm, respectively.?®® The stimulated emission spectra of keto and
enol forms are shown in Figure 6.8. The emission maxima (358 nm) of the normal form are
quite close to the experimental value. The calculated keto emission (441 nm, Table 6.5) also
matches well with the observed keto emission (451 nm). The theoretically calculated TICT
emission maximum (amino Twisted Pyridinyl Tautomer, Il B, Table 6.6) is the longest (546
nm) and is not observed experimentally.2%®
6.6. Isosurface of hole and electron distribution and heat map

The isosurfaces of hole, electron and hole electron overlap were done by the approach
proposed by Chen et al.?’® using Multiwfn?® wavefunction analyzer (Figure 6.9). The
corresponding Ar and t indices were also obtained using the Multiwfn program (Table 6.7).3%%
The contribution of all non-hydrogen atoms to hole and electron are also shown as the heat
map in Figure 6.9. The x-axis on the heat map denotes the no. assigned to individual atoms in
the Z-matrix of optimized output in Gaussian09. The colour scale on the right represents
percentage contribution.

Table 6.7. Ar and t indices of first excited state of different forms of AHPIP-c.(CH3OH)s.

Forms Ar index t index
(A) (A)
Enol 1.94 -0.78
Keto 2.68 0.49
Pyridinyl (11 A) 3.93 1.49
Amino twisted pyridinyl (11 B) 4.66 2.84

In a single-electron excitation process, hole and electron distributions respectively
indicate the region where an electron leaves and goes to. The Ar index is a quantitative indicator
of an electron excitation mode.?”® A smaller Ar index value indicates the likelihood of
excitation to be a locally excited state. If the Ar index for a state is smaller than 2.0, then the
state can be characterized as the locally excited state. However, in exceptional cases, it may be
large. Other indices are proposed to assign locally excited, charge transfer or Rydberg character
to an electronic state. For example, t index?” also gives details about the separation of hole-
electron. t > 0 means the separation is clear.

Figure 6.9 presents the isosurfaces of distribution of hole, electron and hole-electron
overlap of the S; state of enol, keto, pyridinyl and pyridinyl twisted forms of AHPIP-

.(CH30H)z. The corresponding Ar and t indices are also given in Table 6.7.
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Figure 6.9. Heat map and isosurface of hole, electron and overlap distribution of first
excited state of different forms of AHPIP-c.(CH30OH)s.

Figure 6.9 clearly shows that in the case of enol, hole and electron overlap over each
other. Ar < 2, t (-0.775 A) is negative also indicate that hole and electron overlap. In the case

96
TH-2834_146122035



of keto, the hole is concentrated on the aminophenol ring, but the electron is distributed over
the whole molecule. The hole electron separation in the first excited state is more apparent in
pyridinyl tautomers than keto (Figure 6.9). The charge transfer character increases in the order
of keto < pyridinyl 1A < pyridinyl 11 B.

6.7. Conclusion

The proton transfer mechanism of AHPIP-c was investigated in methanol using
TDDFT. The calculations suggest that AHPIP-c.(CH3OH)s cyclic structure is weaker than
DMAPIP-c.(CH3OH)s cyclic structure. The decrease in vibrational frequency in the S; state in
the enol O-H bond is more than the imidazole N—H bond. It shows that breaking of the enol
O-H bond is more favourable than the N—H bond in the excited state. The barrier heights for
proton transfer-processes is reduced in the excited state compared to the ground state in both
proton transfer. Potential energy curves also suggested that the intramolecular proton transfer
is favoured over the intermolecular proton transfer. Thus, ESIPT dominates over TICT in
AHPIP-c and AHPIP-c emits only tautomer emission along with normal emission. This work
is published in J. Photochem. Photobiol. A Chem., 2021, 113199.
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Chapter 7

Turning on Intramolecular Charge Transfer
Emission in 2-(4’-Amino-2'-hydroxyphenyl)-1H-
Imidazo-[4,5-c]pyridine by Intermolecular Proton
Transfer
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7.0. Introduction

In AHPIP-c (Chart 7.1), ESIPT predominates over ICT.2% However, TICT takes
places in its methoxy counterpart, AMPIP-c (Chart 7.1) in methanol.?°® In the previous

chapter, the cause for the absence of TICT emission in AHPIP-c was revealed.

HO CH;3
- N °
I N\ NH, N
N A ~N I N NH,
H N A~N
H
AHPIP-c (1) AMPIP-c (11)

Chart 7.1. Structures of AHPIP-c (1) and AMPIP-c (I1).

However, TICT takes places in its methoxy counterpart, AMPIP-c (Chart 7.1) in methanol.?%
In the previous chapter, AHPIP-c was studied in methanol using TDDFT. Based on the bond
lengths, angles, vibrational analysis and potential energy curves in the ground and excited
states, we inferred why AHPIP-c gives ESIPT emission in methanol.?"

A——DH"

Blue shift
Red shift

Scheme 7.1. Electronic spectral shifts upon binding of H* with donor (D) and acceptor
(A) groups.

The binding of proton at the acceptor (pyridyl/imidazole =N-) or donor (-NH2) groups
can influence the proton and charge transfer (Scheme 7.1). The binding of the proton to
imidazole nitrogen can turn off the ESIPT emission by making the proton acceptor unavailable
for proton transfer. The deprotonation of —OH may also turn off the ESIPT emission (The
findings in chapter 3 also corroborate this.).?’” The protonation at acceptor and
deprotonation at the donor enhance the charge transfer. Therefore, the effect of acid and base

on AHPIP-c and its methoxy derivative, AMPIP-c, is investigated.
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Table 7.1. Excitation spectral maximum (A5%2*, nm) and emission spectral maximum
(A;a*, nm) of different species of AHPIP-c and AMPIP-c in water.

AHPIP-c AMPIP-c
Species pH/Ho AS*  AgRY  H /pH/Ho AS AgRX
Neutral-enol 8.0 330 392 9.8 329 387
Neutral-keto 8.0 330 444 - - -
MA1 10.5 357 425 — — —
MAZ2 10.5 337 ~510 — — —
MA3 — — — 14.0 318 378
MC1 4.0 ~275 ~385 4.5 ~295 —
MC2 4.0 ~340 380 4.5 ~335 ~410
MC3 4.0 360 ~505 4.5 ~350 ~505
DC1 2.0 ~280 380 1.7 ~285 ~365
DC2 2.0 ~330 450 ing4 ~320 ~420
DC3 2.0 367 520 1.7 ~370 ~500
TC I 354 430 -10.2 350 430

7.1. Neutral-monoanion equilibria
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Figure 7.1 (a). Absorption spectra of neutral-monoanionic equilibria of AHPIP-c in

water. (b). Emission spectra of neutral-monoanionic equilibria of AHPIP-c in water, Aex
=300 nm.

0

AHPIP-c at pH 8.0 shows maximum absorbance at 332 nm (Table 7.1). This
experimental data is close to other organic solvents.2® When the pH of the solution increases
from 8.0 to 10.5, the 332 nm absorption band of AHPIP-c is red-shifted with an increase in
absorbance (Figure 7.1 (a)). The increase in pH deprotonates the molecules. Emission spectra
of AHPIP-c monitored in the pH range 8.0 to 10.5 are given in Figure 7.1. (b). Neutral AHPIP-
¢ emits at 392 and 444 nm in water (pH 8.0). Like other solvents, the shorter and the longer
wavelength emissions in water can be attributed to normal and keto emissions, respectively.
The 392 nm band is red-shifted than normal emission in other solvents. The 444 nm band is

blue-shifted with respect to the keto band of other less polar solvents.?% The spectral shift and

102
TH-2834_146122035



the absence of the keto band in the emission spectrum of methoxy derivative (see later)
confirms these assignments. Upon increasing the pH from 8.0 to 10.5, the intensities of both
enol and keto band decrease. When the pH was raised, a strong emission emerged at about 425

nm with a very weak emission at ~ 510 nm.

@ (b)
1.2
23

2 1 p 3\1'2 )

Zos | g

] A

E 0.6 E ¥

© | —_

202 | So2

O L L L L 0 L L L L
370 420 470 520 570 620 210 300 330 360 390
Wavelength (nm) Wavelength (nm)

Figure 7.2 (a). Normalized emission spectra of MAs of AHPIP-¢ in water, Aex = 320 Nm
(1), 335 nm (2), 350 nm (3), *water Raman. (b). Normalized excitation spectra of MAs of
AHPIP-c in water, Aem = 430 nm (1) and 510 nm (2).

The emission spectra of AHPIP-c at pH 10.5 at different excitations are given in Figure
7.2 (a). Excitation spectra of monoanions were recorded at 430 and 510 nm (Figure 7.2 (b)).
When monitored at 430 nm, the excitation maximum was observed at 357 nm. On the other
hand, when monitored at 510 nm, the excitation band at 357 nm becomes a shoulder, and a new
excitation band appears at 337 nm. It shows that the 357 nm excitation band corresponds to the

425 nm emission band. The 337 nm excitation corresponds to the ~510 nm emission band.

e H-0 H-O
H XN H N H
NN / | . S | ©) N,
N~ N N~ N A 'H
N H \ N
H H

MA1 MAZ2 MA3

Chart 7.2. Different possible monoanions of AHPIP-c.

AHPIP-c has three acidic groups. Accordingly, three kinds of monoanions are possible
and are labelled as MA1, MA2 and MA3 (Chart 7.2). Two acidic groups, the ‘OH’ and ‘NH>’
groups, are present on the charge donor aminophenyl ring. Deprotonation of these protons
increases charge transfer from the donor, which will produce a red shift in the spectra.
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The molecule has an acidic group, ‘NH’, on the charge acceptor, and the deprotonation
of this proton will reduce the acceptor’s ability to accept the proton. This deprotonation will
cause a blue shift in the spectrum. Both the excitation spectral bands (337 and 357 nm) are red
shifted than the corresponding excitation spectra of the neutral band. The red shift in the
excitation suggests that both the monoanions are formed by deprotonation of the acidic groups
present in the aminophenol ring. As the 357 nm excitation band corresponds to 425 nm
emission, it can be assigned to MA1 formed by the deprotonation of ‘OH’. The ‘OH’
deprotonation causes a red shift in the emission spectrum but eliminates the ESIPT process.
The 425 nm emission spectrum is red-shifted than the normal emission and blue-shifted than
the tautomer emission. As discussed in chapters 3 and 4, such spectral shift is a characteristic
feature of the anion formed by the ‘OH’ deprotonation in ESIPT molecules.'*>?3 The 337 nm
band can be attributed to MA2 formed by the deprotonation of the ‘NH>’ proton. Though the
excitation spectrum of the MA2 is blue-shifted than the excitation spectrum of MAL. The
corresponding emission spectrum (~510 nm) is substantially red-shifted. The Stokes shift is
also very large (8403 cm™). The emission (=510 nm) is also close to the TICT emission of the
methoxy derivative.?%® As discussed in the previous chapter in APIPs, the TICT emission is
formed by the charge transfer from amino group to imidazopyridine ring. The deprotonation of
the amino group increases the charge donating ability of the amino group. Therefore, it
enhanced the ICT and MA2 gives TICT emission.

(a) (b)
0.16 7.0E+5
0.14 | 6.0E+5 |
80.12 - = 50645 |
S 01 ;
S L 40E+5 |
5008 | >
34 0.06 2 S0BFFT
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004 N g 20E+5 B
0.02 | 10E+5 |
0 ' ' 0.0E+0 : : ' =
240 290 340 390 335 385 435 485 535 585
Wavelength (nm) Wavelength (nm)

Figure 7.3 (a). Absorption spectra of neutral-monoanionic equilibria of AMPIP-c in
water. (b). Emission spectra of neutral-monoanionic equilibria of AMPIP-c in water, Aex
=300 nm (*water Raman).

The neutral form of AMPIP-c (at pH 9.8) has absorption maximum at 329 nm (Figure
7.3 (a) and Table 7.1). Upon increasing the basicity, the absorption spectrum is blue-shifted

with an increase in absorbance. The neutral form emits normal fluorescence at 387 nm and a
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weak TICT emission at ~500 nm in water. In methanol also, AMPIP-c emits both normal and
a weak TICT emission.?®® In water, both the emissions are red-shifted compared to the
respective emission in methanol. Upon increasing the basicity, the fluorescence intensity
decreases and the emission maximum is blue-shifted to 378 nm. Unlike hydroxy derivative,
AMPIP-c lacks an ‘OH’ proton; therefore, it cannot form MA1. Although it can form MA2,
but both the absorption and emission spectra are blue-shifted than the neutral. This blue shift
shows that the methoxy derivative forms MA3, not MA2.

7.2. Neutral-monocation equilibria
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Figure 7.4. Absorption spectra of neutral-monocation equilibrium of (a) AHPIP-c and (b)
AMPIP-c in water.

0

When the pH decreased from 8.0 to 4.0, the absorption maximum of AHPIP-c in water
is red shifted with an enhancement in absorbance (Figure 7.4 (a)). No clear isosbestic point is
observed. The absorption band of AHPIP-c at pH 4.0 has a maximum at 348 nm. Upon reducing
the pH, the absorption spectrum of the methoxy derivative, AMPIP-c, also undergoes
bathochromic shift with a quasi-isosbestic point at 337 nm (Figure 7.4 (b)). At pH 4.5, the
absorption maximum of AMPIP-c is observed at 352 nm. The bathochromic shift (332 nm —
352 nm) suggests an increase in conjugation. In both AHPIP-c and AMPIP-c, the

imidazopyridine ring is the charge acceptor and the aminophenyl ring is the charge donor

(Chart 7.1).
H-0O /H H-0O
(OO S SO
H NN H H
H
MC1 MC2 MC3

Chart 7.3. Different possible monocations of AHPIP-c.
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Both the molecules have three basic nitrogens, one is present on the donor and two are
present on the acceptor. Accordingly, three monocations are possible and they are labelled as
MC1, MC2 and MC3 (Chart 7.3). The protonation at the acceptor, i.e., the imidazopyridine
ring nitrogen, enhances the acceptor’s electron withdrawing capacity that increases the
conjugation. On the other hand, protonation at the donor, i.e., the amino nitrogen of the amino
hydroxyphenyl ring, decreases the donor ability to donate the proton that decreases the
conjugation. Therefore, MC1, which is formed by the protonation of ‘NH2’ of the amino
hydroxyphenyl ring, produces a blue shift. MC2 and MC3, respectively formed by the
imidazole and the pyridyl nitrogen protonations produce a red shift in the spectrum. Since
protonation at the pyridyl nitrogen increases the conjugation more than that at imidazole
nitrogen,2%278 the red shift in the absorption and emission spectra of the MC3 is expected to

be larger than in those spectra of the MC2.

370 420 470 520 570
Wavelength (nm)

Figure 7.5. Emission spectra of neutral-monocation equilibria of AHPIP-c in water, Lex =

335 nm.
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Figure 7.6 (a). Normalized emission spectra of MCs of AHPIP-c in water, Aex = 320 nm
(2), 335 nm (2), 350 nm (3), 370 nm (4). (b). Normalized excitation spectra of MCs of
AHPIP-c¢ in water, Aem = 395 nm (1), 410 nm (2), 430 nm (3), 450 nm (4), 490 nm (5), 510
nm (6).
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The fluorescence intensity of the AHPIP-c in water decreases when the pH drops from
8.0t0 4.0 (Figures 7.5). Though, two emission bands are observed even at pH 4.0, the intensity
ratios are different. It shows the formation of monocations. AHPIP-c has three basic centres
and can form MC1, MC2 and MC3 at the same time as discussed. The absence of isosbestic
point also suggests that the formation of different monocations. The different monocations
absorb at different wavelengths. In such cases, emission spectra (at multiple excitations) and
excitation spectra (at multiple emissions) can better represent the existence of various
monocations. Therefore, the emission spectra were recorded by exciting at various wavelengths
(Figures 7.6 (a)). Excitation at 320 nm has an emission band at ~385 nm along a band at ~450
nm. The 450 nm band further shifts towards red when excited at longer wavelengths and emits
at ~505 nm when excited at 370 nm.

The excitation spectra at different emission wavelengths are shown in Figures 7.6 (b).
The excitation spectra monitored at 395 nm and 410 nm results in a band at ~ 275 nm with a
shoulder at ~340 nm. When monitored at 430 nm and 450 nm, both the band shifts red, and the
shoulder emerges as a band. When monitored further at wavelengths 490 and 510 nm, it results
in another shoulder at 360 nm. The 360 nm excitation band is observed as a weak shoulder
even when monitored at 450 nm, but its relative intensity increases when monitored at longer
wavelengths. The excitation spectra clearly show the existence of all three different
monocations. The ~275 nm excitation band and ~ 385 nm emission bands are blue-shifted than
the neutral AHPIP-c. This blue shift shows the reduction in conjugation, therefore, can be
assigned to MC1. As stated earlier, protonation at imidazole nitrogen (MC2) produces a lesser
red shift in the spectra than pyridyl nitrogen (MC3). Therefore, based on the magnitude of the
shift, the ~ 340 nm excitation and ~450 nm emission bands can be attributed to MC2. The ~
360 nm (shoulder) excitation band and the emission at about 505 nm can be assigned to MC3.
The Stokes’ shift of MC3 emission is ~8000 cm™. In DMAPIP-c, Based on the significant
Stokes shift, the emission of MC3 may be attributed to TICT emission of MC3.2® However,
due to the feasibility of both ESIPT and TICT, the study of methoxy molecule may be helpful

for the assignment.

The normalized emission and excitation spectra of the methoxy derivative, AMPIP-c at
pH 4.5 are given in Figure 7.7 (a) & (b), respectively. At pH 4.5, MCs emission spectra consist
of two bands centred at ~410 and ~505 nm (Figure 7.7 (a)). It indicates that there are at least

two different MCs are present at this pH. Three different excitation bands were observed in
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methoxy derivative at ~295, ~335 and ~350 nm like AHPIP-c (Figure 7.7 (a)). An excitation

band was observed at 295 nm when monitored at 390 nm.
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Figure 7.7 (a). Normalized emission spectra of MCs of AMPIP-¢ in water, Lex = 290 nm
(1), 325 nm (2), 350 nm (3), 370 nm (4). (b). Normalized excitation spectra of MCs of
AHPIP-c in acetonitrile, Aem = 390 nm (1), 430 nm (2), 460 nm (3), 480 nm (4), 510 nm (5).

When monitored at 430 nm, another band also emerges at 335 nm along with 290 nm.
The 350 nm becomes the sole excitation band when monitored at 460 nm. Monitoring at 480
nm and 510 nm yield another band at 350 nm. Both 410 and 505 nm emissions are red-shifted
than the normal band emission (387 nm) of the neutral AMPIP-c. Therefore, they can be
assigned to MC2 (410 nm) and MC3 (505 nm), respectively. Like AHPIP-c, the Stokes’ shift
in the fluorescence spectrum of MC3 is much greater than MC2. Unlike in AHPIP-c, ESIPT is
not feasible in AMPIP-c, but it emits TICT emission.??® The emission is also closely similar to
its neutral form’s TICT emission. As stated earlier, the proton transfer to pyridyl nitrogen
induced the TICT emission in 4’-dimethylaminophenylimidazopyridines.'8:182 Therefore, the
505 nm emission of MC3 can be attributed to the TICT emission of MC3 rather than the normal
emission. In DMAPIP-c also, the pyridyl nitrogen protonated monocation (MC3) emits TICT
emission.?’® The existence of TICT emission in methoxy derivative (where ESIPT is not
feasible) suggests that the 505 nm band of the MC3 of AHPIP-c is also a TICT emission
(Figure 7.15 (a)). This assignment can be confirmed by solvatochromism. As discussed earlier,
ESIPT and TICT will produce negative and positive solvatochromism, respectively. Therefore,

the neutral-monocation equilibria were studied in methanol and acetonitrile.

The absorption maximum of AHPIP-c in methanol is at 340 nm.2% With sulphuric acid
addition, the absorption spectrum of AHPIP-c in methanol shifts from 340 nm to 370 nm with
a quasi-isosbestic point (Figure 7.8 (a)). Similarly, upon sulphuric acid addition, the absorption

maximum of AHPIP-c in acetonitrile is shifted batchochromically (Figure 7.8 (b)). The
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bathochromic shifts in the absorption spectra suggest that like in water, in these organic
solvents, the monocationic equilibrium is dominated by the monocations that absorb at a longer
wavelength, i. e. MC2 and MC3.
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Figure 7.8. Absorption spectra of neutral-monocation equilibrium in (a) methanol and
(b) acetonitrile.

AHPIP-c undergoes ESIPT and emits dual emission in both methanol and acetonitrile
(Figures 7.9 (a) & (b)).2% The shorter and longer wavelength emissions are normal and
tautomer emissions, respectively. Upon increasing the acid concentration, the fluorescence
spectra of both the emissions are red-shifted (Figures 7.9 (a) & (b)). It also suggests that MC2
and MC3 exist in the excited state and both emit.

(b)

360 410 460 510 560 610 660 340 390 440 490 540 590
Wavelength (nm) Wavelength (nm)

Figure 7.9. Fluorescence spectra of neutral-monocation equilibrium in (a) methanol and
(b) acetonitrile, Aex = 340 Nnm.
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Figure 7.10 (a). Normalized emission spectra of MCs of AHPIP-¢ in methanol, Aex = 320
nm (1), 340 nm (2), 360 nm (3), 390 nm (4). (b). Normalized excitation spectra of MCs of
AHPIP-¢ in methanol, em = 360 nm (1), 410 nm (2), 440 nm (3), 470 nm (4), 500 nm (5).

The normalized emission and the excitation spectra of MCs in methanol are depicted
in Figure 7.10. The longer wavelength emission maximum at 490 nm is nearly unaffected
when excited at longer wavelengths. The longer wavelength emission in less polar methanol is
blue-shifted than the corresponding 505 nm emission of MC3 in water. This blue shift further
substantiates the prediction that the ~505 nm of MC3 emission is a TICT emission.

In acetonitrile, excitation at 320 and 340 nm produces band maxima at ~390 nm and
505 nm (Figure 7.11 (a)). Interestingly the 505 nm emission maximum is blue shifted when
excited at longer wavelengths. The emission maximum is shifted to ~490 nm when excited at
390 nm. It shows the existence of at least two kinds of MC3 in acetonitrile. The excitation

spectra at different emission wavelengths are shown in Figure 7.11(b).
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Figure 7.11 (a). Normalized emission spectra of MCs of AHPIP-c in acetonitrile, Lex = 320

nm (1), 340 nm (2), 360 nm (3), 390 nm (4). (b). Normalized excitation spectra of MCs of

AHPIP-c in acetonitrile, Aem = 360 nm (1), 380 nm (2) 410 nm (3), 440 nm (4), 470 nm (5),

500 nm (6).
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The excitation band maximum is blue-shifted from 361 nm to 356 nm for the change in
monitoring wavelength from 470 to 500 nm in acetonitrile. It shows that the 490 nm emission
corresponds to 365 nm and 505 nm emission corresponds to 361 nm. Like neutral AHPIP-c,%
MC3 can also exist as cis-enol and trans-enol conformer (Chart 7.4). The cis-enol has an

intramolecular hydrogen bond; thus it absorbs at a longer wavelength than the trans-enol.?%’
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Scheme 7.2. ESIPT and TICT in MC3 of AHPIP-c.

The cis-enol of MC3 can undergo ESIPT to form the keto tautomer and trans-enol of
MC3 (which cannot undergo ESIPT) emits TICT fluorescence (Scheme 7.2). The absence of
cis-enol in protic solvents may be due to breaking of intramolecular hydrogen bonds by

intermolecular hydrogen bonds.
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Figure 7.12 (a). Normalized emission spectra of MCs of AMPIP-c in acetonitrile, Aex = 290
nm (1), 320 nm (2), 330 nm (3), 340 nm (4), 350 nm (5), 370 nm (6). (b). Normalized
excitation spectra of MCs of AMPIP-c in acetonitrile, Aem = 400 nm (1), 420 nm (2) 440
nm (3), 460 nm (4), 480 nm (5), 500 nm (6).
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To confirm the ESIPT in MC3, the monocationic equilibrium of methoxy derivative is
investigated in acetonitrile (Figures 7.12 (a) & (b)). Monocation of AMPIP-c emits at ~410
and ~490 nm. Unlike AHPIP-c, only 5 nm blue shift in longer wavelength emission is
independent of excitation wavelength. Therefore, MC3 exists as cis- and trans- conformers in
AMPIP-c also. cis-MC3 of AMPIP-¢ cannot undergo ESIPT due to the absence of ‘OH’.

7.3. Monocation-dication equilibria
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Chart 7.4. Different possible dications of AHPIP-c.
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Scheme 7.3. Formation of different dications from monocations.
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Figure 7.13. Absorption spectra of monocation-dication equilibria of AHPIP-c (a) and
AMPIP-c (b) in water.
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Figure 7.14. Emission spectra of monocation-dication equilibria of AHPIP-c in water, Aex
=320 nm (a) and Aex = 350 nm (b).

The absorption spectra of AHPIP-c in the pH range 4.0 to 2.0 are given in Figure 7.13
(a). The absorption spectra of AHPIP-c have three new absorption band at pH 2.0 in water.
The positions for the three absorption bands are at ~290, ~325 and ~380 nm. The spectra have
two quasi-isosbestic points at 321 and 375 nm. The structures of three dications, DC1, DC2
and DC3, are presented in Chart 7.4. Binding on proton on the imidazole nitrogen on MC1
and amino nitrogen of MC2 produces DC1 (Scheme 7.3). It will be red-shifted than MC1, but
blue-shifted than MC2. Protonation at pyridyl nitrogen of MC1 and amino nitrogen of MC3
leads to the formation of DC2 (Scheme 7.3). The difference between DC1 and DC2 is the
protonation site at the ring nitrogens. Since, the addition of proton at pyridyl nitrogen causes a
large red shift than the protonation at the imidazole nitrogen, DC1 is expected to be red-shifted
than the DC2. Protonation of pyridyl nitrogen of MC2 and imidazole nitrogen of MC3 leads to
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the formation of DC3 (Scheme 7.3). Accordingly, the absorption bands at ~290, ~325 and ~380
nm can be attributed DC1, DC2 and DC3, respectively.

The absorption spectra of AMPIP-c in the pH range of 4.5 to 1.7 are given in Figure 7.13 (b).
In AMPIP-c (pH 1.7), absorption band are present at ~290, ~320 and 370 nm (Figure 7.13
(b)). Like AHPIP-c, the absorption band at ~290, ~320 and 370 nm can be assigned to DC1,
DC2 and DC3, respectively.
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|+:igure 7.15 (a). Normalized emission spectra of DCs of AHPIP-c in water, Aex = 300 nm
(1), 320 nm (2), 335 nm (3), 350 nm (4), 370 nm (5).
(b) Normalized excitation spectra of DCs of AHPIP-¢ in water, kem = 395 nm (1), 410 nm
(2), 430 nm (3), 450 nm (4), 490 nm (5), 510 nm (6).

Figure 7.15 (a) and (b) represent emission spectra of AHPIP-c in water in the pH range
4.0-2.0. Normalized emission and excitation spectra of DCs are given in Figure 7.15 (a) and
(b). At pH 2.0, AHPIP-c emits at ~450 nm at Aex = 335 nm (Figure 7.15 (a)). But at Aex = 370
nm, the emission is observed at ~520 nm (Figure 7.15 (a)). The excitation maximum for ~450
nm band is ~330 nm, while for ~520 nm band, it is ~367 nm (Figure 7.15 (a)). The 505 nm
emission in MC3 was assigned to TICT emission. As DC3 can form from MC3 (Scheme 7.3),
~520 nm emission in DC3 can be assigned to TICT. Unlike MC3, DC3 cannot undergo ESIPT
due to protonation at the imidazole ring.

Figure 7.16 (a) and (b) show the normalized emission and excitation spectra of
AMPIP-c in water (pH 1.7). At dicationic pH, three emission bands are observed at 365, 420
and 500 nm, respectively. Based on the shift, the emission bands at 365, 420 and 500 nm can
be assigned to DC1, DC2 and DC3, respectively. The respective excitation bands of DC1, DC2

and DC3 are also observed at 285 nm, 320 nm and 370 nm.
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Figure 7.16 (a). Normalized emission spectra of DCs of AMPIP-¢ in water, Aex = 292 nm
(1), 325 nm (2), 350 nm (3), 420 nm (4). (b). Normalized excitation spectra of DCs of
AMPIP-c in water, Aem = 390 nm (1), 430 nm (2), 460 nm (3), 480 nm (4), 510 nm (5).
Like water, in methanol and acetonitrile two isosbestic points were observed (Figure
7.17 (a) and (b)). In water, three distinct bands are found for DC1, DC2 and DC3 and their
relative absorbance are 1.08: 1.12: 1, respectively. But in methanol, the absorbance of the
absorption band of DC3 is higher than that of the DC2 band and no clear band was observed.
In acetonitrile, the absorbance of the DC2 further decreases. The ratio of absorbance at 335
nm: 385 nm is 0.68: 1 in methanol and 0.31: 1 in acetonitrile. In other words, the relative
population of DC1 reduces compared to DC2 with decreases in polarity and hydrogen bond
ability of the solvent; in turn the relative population of DC2 diminishes compared to DC3 with

decreases in polarity and hydrogen bond ability of the solvent.
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Figure 7.17. Absorption spectra of monocation-dication equilibria of AHPIP-c in (a)

methanol and (b) acetonitrile.

7.4. Trication of AHPIP-c and AMPIP-c

In concentrated sulphuric acid at Ho —10.2, AHPIP-c exhibits a single emission at 430

nm that has an excitation band maximum at 352 nm (Figure 7.18 (a)). The excitation band is
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red-shifted than the corresponding excitation and emission bands of DC1 and DC2. It is also

blue-shifted than the respective excitation and emission band of DC3.
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Chart 7.5. Trication of AHPIP-c.
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Figure 7.18. Normalized excitation (1) (Aem = 430 nm) and emission (2) spectra (Aex = 350
nm) of TC of (a) AHPIP-c and (b) AMPIP-c in water.

The protonation of the unprotonated site, i.e., pyridyl/imidazole nitrogen of DC1/DC2,
results in the trication (Chart 7.5). As protonation at amino nitrogen produces a blue shift in
the excitation spectrum, the respective spectrum of trication is blue-shifted than the spectrum
of DC3. The same behaviour is found in AMPIP-c and the excitation and emission spectral
maxima are at 350 and 428 nm, respectively (Figure 7.18 (b)).

7.5. Conclusion

AHPIP-c forms two kinds of monoanions, both MA1 and MA2 are formed by the
protonation of charge donor. MA2 emits the TICT emission. On the other hand, deprotonation
of AMPIP-c lead to formation of MA3 and it emits both normal and TICT emission. Both
AHPIP-c and AMPIP-c forms all three monocations MC1, MC2 and MC3 and dications DC1,
DC2 and DC3. MC3 and DC3 of both the molecules emits TICT fluorescence. MC3 and DC2
of AHPIP-c also undergoes ESIPT in acetonitrile to emit tautomer emission. At H, —10.2 all
three basic sites of AHPIP-c are protonated to form trication. The methoxy derivative also form

trication at that acid concentration.
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8.1. Summary of the present work

In this thesis work, intra- and inter-molecular proton transfer have been studied using
three azole derivatives as model systems. 1,3,4-Thiadiazole PHBT, a molecule with single
intramolecular proton transfer unit was investigated to understand the origin of longer
wavelength emission of FABT. Then, bis-HPTA, a molecule with two intramolecular proton
transfer unit was investigated to understand the effect of water and microheterogeneous
environment. The competing intramolecular proton transfer and intermolecular proton transfer
induced TICT was studied theoretically in AHPIP-c. This study was followed by the
experimental study of the effect of intermolecular proton transfer that led to

protonation/deprotonation of basic/acidic sites of AHPIP-c.

Introduction
(Chapter 1)

Materials, Methods and Instrumentation
(Chapter 2)

Model System
ESIPT Effect of

I—» PHBT
solvent (Chapter 3)
+ ESIPT
v Effect of CD
ESIPT + ESIPT p————>
Model System
Bis-HPTA
Effect of (Chapter 4 & 5)
ESIPT + Intermolecular PT micelle
A 4
Methanol
Replace ESIPT by Intermolecular PT
Model System
AHPIP-c
Effect of pH (Chapter 6 & 7)
>

Summary and Scope for future work
(Chapter 8)

Scheme 8.1. Organisation of the thesis.

The cause for the origin of longer wavelength emission of FABT was investigated. A
similar and simpler analogue of FABT, PHBT was synthesized and its emission was studied in
various organic solvents and water. The methoxy derivative of PHBT was also synthesized to
confirm the role of the ‘OH’ group in dual emission. PHBT also exhibits dual emission like

FABT, but its methoxy derivative emits single emission. PHBT and FABT exist as enol in the
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ground state. Enol form exist in two conformers cis- and trans- enol. But both the molecules
do not exist in keto form in the ground state. However, upon excitation cis-enol undergoes
intramolecular proton transfer to form keto tautomer in the excited state. Absence of longer
wavelength emission in methoxy derivative which is not capable of intramolecular proton
transfer confirm this. The trans-enol emits the shorter wavelength normal emission. The
normal emission is the major emission in most of the organic solvents. However, in non-polar
solvents such as toluene, the longer wavelength emission dominates. In water, the aggregation
of the molecules, shift the equilibrium from trans- to cis- enol. As a result, tautomer emission
predominates. Upon deprotonation of the ‘OH’ proton, the anion emits single emission.
Bis-HPTA has two intramolecular hydrogen bond units. It undergoes a special kind of
PT called PTTPT where one PT triggers the second PT. The PTTPT of bis-HPTA is affected
by solvent nature as well as by encapsulation. This alters the relative population of monoketo
and diketo. In B-CD, the triazole ring and most part of the a-ring of bis-HPTA remain
completely inside. The relative position and orientation of the guest impacts its photophysics.
Photoexcitation induced intermolecular proton transfer in anion of bis-HPTA in water. The
host guest chemistry prevents the intermolecular proton transfer in anion. No tautomer

emission is observed from the anion of bis-HPTA inside 4-CD.

In micelles, the reduction in nonradiative decay enhanced the tautomer emission of bis-
HPTA. Like p-CD, the micelles also prevent the formation of tautomer from anion via inter
molecular proton transfer. In AOT/n-heptane/water reverse micelles the tautomer emission
decreases with increases in water content. The -ring of bis-HPTA is opened by intermolecular
hydrogen bond of bis-HPTA with negatively charged polar head group of AOT. The molecule
can then undergo ESIPT only in the a-ring to form the monoketo tautomer. On increasing the
Wo, the water solvated enol structure emits only normal emission. But the normal emission is
very little compared to tautomer emission.

APIP-c emits TICT fluorescence in protic environment due to intermolecular proton
transfer induced charge transfer. Introduction of intramolecular hydrogen bond forming ‘OH’
suppresses the TICT and the new molecule, AHPIP-c emit only TICT emission. Computational
studies were carried out to understand the cause for the suppression of TICT emission in
AHPIP-c. The studies reveal that the hydrogen bonded solvent bridge between imidazole and
pyridyl nitrogen is weaker in AHPIP-c than in DMAPIP-c. The barrier heights for both proton

transfer is reduced in the excited states than ground state. However, the barrier height of ESIPT
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is significantly lesser than the intermolecular proton transfer. Thus, the solvent assisted proton
transfer is suppressed by ESIPT.

Depending on the pH of the water, intermolecular proton transfer led to
protonation/deprotonation of basic/acidic site of AHPIP-c. AHPIP-c forms two kinds of
monoanions. The deprotonation of —OH can turn off the ESIPT emission. The deprotonation
of “NH>’ can turn on the charge transfer emission by increasing the charge flow from the donor
to acceptor. Both hydroxy and methoxy molecules form all three types of monocations and
three types of dications. Protonation at pyridyl nitrogen also induces TICT emission in AHPIP-
c. In acetonitrile, MC3 and DC2 exist as two conformers. cis-enol of both MC3 and DC2
undergoes ESIPT to form tautomer. The trans-enol of both the species emit TICT emission.

8.1. Scope of the future work

In the present work, time resolved emission of the molecules are carried out. But due
to the instrumental limitation, the rate of proton transfer could not be followed. A femtosecond
time resolved study may provide more information about the rate of proton transfer.

FABT and other 1,3,4-thiadizoles are important class of biological active molecules.
Attempts were made to study the anticancer properties of PHBT and PMBT in collaboration.
Though the results were promising, the work could not be extended due to solubility issue.
However, the issue may be addressed with some modifications in the chemical structure.

Binding of proton at pyridyl nitrogen enhanced the acceptor ability to accept the charge
and induced TICT fluorescence. Therefore, the binding of metal ions may induce charge
transfer and the molecule may be potential sensor for metal ions. Study of switching between

two different states can be crucial for designing molecular photo-switches.
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IH NMR (600 MHz, CDCls) 6 11.15 (s, 1H), 9.01 (s, 1H), 7.43 — 7.35 (m, 4H), 7.32 — 7.26
(m, 2H), 7.14 (t, J = 6.7 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 6.89 (t, J = 7.5 Hz, 1H).
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Figure Al. 'H NMR Spectrum of PHBT.
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13C NMR (151 MHz, CDCls) 6 157.02, 139.95, 131.70, 129.97, 128.59, 124.61, 119.88,
119.07, 117.79, 114.67.
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Figure A2. 1*3C NMR Spectrum of PHBT.
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IH NMR (600 MHz, CDCls) 5 8.37 (dd, J = 7.8, 1.5 Hz, 1H), 7.44 (d, J = 7.8 Hz, 2H), 7.39
(dt, J = 13.8, 4.9 Hz, 3H), 7.08 (t, J = 7.6 Hz, 2H), 6.99 (d, J = 8.3 Hz, 1H), 3.96 (s, 3H).
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Figure A3. 'H NMR Spectrum of PMBT
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13C NMR (151 MHz, CDCls) 6 155.2, 140.6, 131.2, 129.7, 128.2, 123.2, 121.5, 119.9, 118.2,
111.5, 55.9.
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Figure A4. °C NMR Spectrum of PMBT.
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Figure A5. Crystal structure of PMBT (Cambridge Crystallographic Data Centre
(CCDC) no. 1921954-1921955).

Figure A6. Ground state optimized geometry of PHBT cis-enol.
Table Al. Ground state optimized Parameters of PHBT cis-enol.

Center Atomic Atomic

Number Number — Type Coordinates (Angstroms)

X Y 4
1 6 0 -4.3942 1.7079  0.642138
2 6 0 -5.59938 1.303279 0.065096
3 6 0 -5.68107 0.038284 -0.52697
4 6 0 -4.56932 -0.80061 -0.55756
5 6 0 -3.35474 -0.38994 0.019114
6 6 0 -3.27692 0.868556 0.634265
7 7 0 -2.27559 -1.29419 -0.02181
8 6 0 -0.93016 -1.07818 0.047564
9 7 0 -0.09542 -2.08636 0.173021
10 7 0 1.204662 -1.68701 0.121211
11 6 0 1.392413 -0.39813 -0.02282
12 16 0 -0.13807 0.487485 -0.13006
13 6 0 2.708843 0.225506 -0.06348
14 0 3.874834 -0.57544 0.0887
15 0 5.139827 0.030821 0.056969
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16 6 0 5.261861 1.403804 -0.12526
17 6 0 4.120967 2.205369 -0.28048
18 6 0 2.864581 1.614031 -0.24942
19 8 0 3.824626 -1.91258 0.265938
20 1 0 -4.31863 2.679523 1.121262
21 1 0 -6.4638  1.959295 0.081044
22 1 0 -6.61125  -0.2955 -0.977
23 1 0 -4.63377 -1.77527 -1.03386
24 1 0 -2.36898 1.188528 1.131318
25 1 0 -2.50758 -2.27395 -0.13358
26 1 0 2.877013 -2.20299  0.25991
27 1 0 6.012154 -0.60325 0.17705

28 1 0 6.249781 1.854221 -0.14845
29 1 0 4.214699 3.276505 -0.42535
30 1 0 1.981649 2.235239 -0.37305

P

Figure A7. Ground state optimized geometry of PHBT trans-enol.
Table A2. Ground state optimized parameters of PHBT trans-enol.

Center Atomic Atomic

Number Number  Type Coordinates (Angstroms)

X Y Z
1 6 0 -4.47877 1.592418 -0.15943
2 6 0 -5.51506 0.669195 -0.03847
3 6 0 -5.22197 -0.69203 0.104582
4 6 0 -3.8973  -1.1147  0.124997
5 6 0 -2.8292  -0.20217 0.003798
6 6 0 -3.14743 1.163733 -0.13852
7 6 0 -1.45315 -0.71494 0.025536
8 16 0 0.013399 0.284129 -0.05742
9 6 0 0.910741 -1.21699 0.064535
10 7 0 0.146412 -2.28811 0.152488
11 7 0 -1.17869 -1.98969 0.123818
12 8 0 -2.10972  2.051026 -0.25529
13 7 0 2.27053 -1.35858 0.005019
14 6 0 3.308683 -0.41383 0.025925
15 6 0 457159 -0.83168 -0.43468
16 6 0 5.652852 0.04545 -0.42519
17 6 0 5.498768 1.358521 0.033493
18 6 0 4.248094 1.771679 0.495516
19 6 0 3.157508 0.897612 0.503611
20 1 0 -4.69544 2.652253 -0.27142
21 1 0 -6.54475 1.013026 -0.05523
22 1 0 -6.02225 -1.41871 0.200448

xlviii

TH-2834_146122035



23 1 0 -3.65608 -2.16553 0.235415
24 1 0 -2.44393 2.952815 -0.35516
25 1 0 2.547705 -2.32818 -0.09239
26 1 0 4.696656 -1.8457  -0.80554
27 1 0 6.617997 -0.29791 -0.78588
28 1 0 6.340242 2.043942 0.033897
29 1 0 4112121 2.78265 0.868461
30 1 0 2.21118 1.238175 0.904995

Figure A8. Excited state optimized geometry of PHBT cis-enol.
Table A3. Excited state optimized parameters of PHBT cis-enol.

Center  Atomic Atomic

Number Number  Type Coordinates (Angstroms)

X Y 4

1 6 0 -4.3942 1.7079  0.642138
2 6 0 -5.59938 1.303279 0.065096
3 6 0 -5.68107 0.038284 -0.52697
4 6 0 -4.56932 -0.80061 -0.55756
5 6 0 -3.35474 -0.38994 0.019114
6 6 0 -3.27692 0.868556 0.634265
7 7 0 -2.27559 -1.29419 -0.02181
8 6 0 -0.93016 -1.07818 0.047564
9 7 0 -0.09542 -2.08636 0.173021
10 7 0 1.204662 -1.68701 0.121211
11 6 0 1.392413 -0.39813 -0.02282
12 16 0 -0.13807 0.487485 -0.13006
13 6 0 2.708843 0.225506 -0.06348
14 6 0 3.874834 -0.57544  0.0887

15 6 0 5.139827 0.030821 0.056969
16 6 0 5.261861 1.403804 -0.12526
17 6 0 4120967 2.205369 -0.28048
18 6 0 2.864581 1.614031 -0.24942
19 8 0 3.824626 -1.91258 0.265938
20 1 0 -4.31863 2.679523 1.121262
21 1 0 -6.4638 1.959295 0.081044
22 1 0 -6.61125  -0.2955 -0.977

23 1 0 -4.63377 -1.77527 -1.03386
24 1 0 -2.36898 1.188528 1.131318
25 1 0 -2.50758 -2.27395 -0.13358
26 1 0 2.877013 -2.20299 0.25991
27 1 0 6.012154 -0.60325 0.17705
28 1 0 6.249781 1.854221 -0.14845
29 1 0 4.214699 3.276505 -0.42535
30 1 0 1.981649 2.235239 -0.37305
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Figure A9. Ground state optimized geometry of FABT cis-enol.
Table A4. Ground state optimized parameters of FABT cis-enol.

Center  Atomic Atomic

Number Number  Type Coordinates (Angstroms)

X Y 4

1 6 0 -4.37768 -1.40214 0.791563
2 6 0 -5.51362  -1.0792  0.062577
3 6 0 -5.60309 0.085325 -0.69059
4 6 0 -4.50444 0.942196 -0.7281

g 6 0 -3.33928 0.644382 -0.00182
6 6 0 -3.29021 -0.52603 0.770587
7 7 0 -2.27101 1.564778 -0.04997
8 6 0 -0.92711 1.337917 0.038838
9 7 0 -0.07908 2.327185 0.189711
10 7 0 1.217407 1.906016 0.142162
11 6 0 1.383562 0.615367 -0.01977
12 16 0 -0.16181 -0.24211 -0.15595
13 6 0 2.686146 -0.02843 -0.05485
14 6 0 2.833615 -1.41504 -0.26275
15 6 0 4.074889 -2.0291  -0.2877

16 6 0 5.224451 -1.24292 -0.10226
17 6 0 5.121598 0.13136 0.102098
18 6 0 3.864958 0.748949 0.126382
19 9 0 -6.57839 -1.92842 0.089873
20 8 0 6.428453 -1.88628 -0.13435
21 1 0 -4.35149 -2.31076 1.382985
22 1 0 -6.50762 0.305941 -1.24656
23 1 0 -454735 1.844785 -1.33048
24 1 0 -2.42038 -0.75101 1.376592
25 1 0 -2.50421 254265 -0.17127
26 1 0 4.175272 -3.09623 -0.44867
27 1 0 6.003321 0.749371 0.244107
28 1 0 7.148983 -1.25606 0.005127
29 1 0 1.947898 -2.02655 -0.40995
30 8 0 3.83271 2.081474 0.326153
31 1 0 2.886809 2.384128 0.311453
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Figure A10. Ground state optimized geometry of FABT trans-enol.
Table A5. Ground state optimized parameters of FABT trans-enol.

Center  Atomic  Atomic

Number Number  Type Coordinates (Angstroms)

X Y 4

1 6 0 4.282674 -1.46055 -0.61679
2 6 0 5484731 -1.0498 -0.06035
3 6 0 5.638502 0.205972 0.514849
4 6 0 4.542886 1.065613 0.545057
5 6 0 3.307526 0.680825 -0.00814
6 6 0 3.192501 -0.58666 -0.60122
7 7 0 2.255391 1.610845 0.035112
8 6 0 0.899302 1.43496 -0.05082
9 7 0 0.106385 2.477933 -0.17249
10 7 0 -1.21255 2.141007 -0.1485

11 6 0 -1.44945 0.861206 -0.02375
12 16 0 0.046347 -0.09195 0.100121
13 6 0 -2.80575 0.304623 -0.01333
14 6 0 -3.90351 1.172817 -0.19544
15 6 0 -5.21408 0.721448 -0.18872
16 6 0 -5.46797 -0.64336 0.004786
17 6 0 -4.4084  -1.53343 0.188303
18 6 0 -3.09182 -1.06091 0.178163
19 9 0 6.549927  -1.902 -0.0803

20 8 0 -6.77288 -1.04733 0.002485
21 1 0 420176 -2.44178 -1.07165
22 1 0 6.592698 0.497857 0.939644
23 1 0 4.642947 2.043785 1.006608
24 1 0 2.268992 -0.89617 -1.07446
25 1 0 2.512688 2.584255 0.144096
26 1 0 -6.04444 1.403742 -0.33187
27 1 0 -459862 -2.59388 0.341052
28 1 0 -6.83428 -2.00289 0.137119
29 1 0 -3.69596 2.226017  -0.3447

30 8 0 -2.03689 -1.91461 0.354419
31 1 0 -2.34593  -2.82122  0.48513
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Figure All. Excited state optimized geometry of FABT cis-enol.
Table A6. Excited state optimized parameters of FABT cis-enol.

Center  Atomic Atomic

Number Number  Type Coordinates (Angstroms)

X Y Z

1 6 0 -4.93869 -0.01388 1.434593
2 6 0 -5.99973  -0.13459 0.523093
3 6 0 -5.8136  -0.20268 -0.86864
4 6 0 -4.53209 -0.14844 -1.36052
5 6 0 -3.41526  -0.0249  -0.4631

6 6 0 -3.65219 0.040975 0.952417
7 7 0 -2.17574  0.027714 -0.96245
8 6 0 -0.97429 0.208501 -0.19393
9 7 0 -0.38684  1.44077 -0.32975
10 7 0 0.924742 1.376093 -0.18868
11 6 0 1.465903 0.157488 -0.13458
12 16 0 0.233996 -1.13314 -0.30315
13 6 0 2.884924 -0.07749 -0.00309
14 6 0 3.434946 -1.37725 0.025884
15 6 0 4.801854 -1.60559 0.144402
16 6 0 5.66704 -0.51054 0.242502
17 6 0 5.165332 0.79277 0.219084
18 6 0 3.79193 1.019965 0.098312
19 9 0 -7.24836 -0.18622 0.999274
20 8 0 7.011669 -0.77037 0.362082
21 1 0 -5.15015 0.03555 2.496192
22 1 0 -6.67428 -0.2943  -1.52043
23 1 0 -4.35066  -0.1955 -2.42878
24 1 0 -2.80076 0.139948 1.611143
25 1 0 -2.09701 0.005373 -1.98209
26 1 0 5.203924 -2.61238 0.166261
27 1 0 5.826086 1.65231  0.29088
28 1 0 7.499725 0.061074 0.43224
29 1 0 2.767191 -2.23116 -0.04144
30 8 0 3.3681  2.305738 0.078372
1 1 0 2.377575 2.304203 -0.02327
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IH NMR (600 MHz, DMSO-ds) § 12.97 (s, 1H), 8.39 (s, 1H), 7.87 (s, 1H), 7.82 (d, J = 9.5
Hz, 1H), 7.42 — 7.38 (m, 1H), 6.86 (dd, J = 13.0, 7.9 Hz, 2H).
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Figure B1. 'H NMR Spectrum of bis-HPTA.
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13C NMR (151 MHz, DMSO-ds) 6 172.20, 161.09, 134.33, 128.31, 118.66, 117.58, 114.60.
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Figure B2. 3C NMR Spectrum of bis-HPTA.
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Figure B3. Optimized geometry of bis-HPTA in g-CD.

Table B1. Optimized geometry of bis-HPTA in g-CD.

Figure B4. Optimized geometry of bis-HPTA in -CD, orientation I.

Table B2. Optimized geometry of bis-HPTA in g-CD.

Center  Atomic Atomic Coordinates (Angstroms)

Number Number  Type X Y Z
1 8 0 5.842682 2.835886 2.050834
2 1 0 6.008694 2.407807 2.904323
3 8 0 4.816208 5.519002 1.587827
4 1 0 4973984 4.574297 1.790909
5 8 0 2.134404 6.505557 2.009299
6 1 0 2.823408 6.489971 2.690566
7 8 0 -0.65245 4.825822  3.18229
8 1 0 -1.16511 4.373519 3.869385
9 8 0 -3.0133  3.327159 2.762231
10 1 0 -2.70126  2.402157 2.829036
11 8 0 -5.75734  2.960765 2.28783
12 1 0 -4.79543 3.068822 2.460494
13 8 0 -6.1836  0.109808 2.090011
14 1 0 -6.0946  0.582134 2.932026
15 8 0 -6.12329  -2.75148 1.851988
16 1 0 -5.93061 -1.79395 1.930477
17 8 0 -4.00649 -4.68806 1.940956
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-3.44293
-2.80228
-1.33288
-1.12155
-0.24083
-0.50695
1.106109
1.426046
1.000868
0.765995
-0.13907
-0.32313
1.419521
-0.67644
-1.98608
-2.10087
-3.1677
-3.34424
-1.1964
-4.41713



156 6 0 -1.01573 1.142996 -4.50434
157 1 0 -2.30544 249222  -3.41225
158 1 0 0.364719 -0.32005 -5.30577
159 1 0 -1.28594 1537601 -5.47916
160 7 0 -0.56632 -0.11673 0.512459
161 8 0 1.181226  -1.4301 -3.14472
162 1 0 1.392913 -1.63786 -2.20266
163 7 0 0.927082 -1.41661 -0.53912
164 7 0 0.912755 -1.70124 0.785622
165 1 0 1460284 -2.48865 1.114751
166 6 0 -0.31541  -0.9201 2.841797
167 6 0 -1.36334 -0.08816 3.308592
168 6 0 0.371665 -1.72265 3.774009
169 6 0 -1.70649 -0.08169 4.665229
170 6 0 0.031535 -1.71036 5.121387
171 1 0 1.185469 -2.36126 3.446748
172 6 0 -1.01341 -0.88693 5.564204
173 1 0 -2.51794 0.558469 4.995687
174 1 0 0.574591 -2.33514 5.822176
175 1 0 -1.2868  -0.8722  6.61467
176 8 0 -2.06913 0.717722 2.466299
177 1 0 -1.70036  0.61402 1.542364

Figure B5. Optimized geometry of bis-HPTA in #-CD, orientation I1.

Table B3. Optimized geometry of bis-HPTA in g-CD, orientation 11.

Center  Atomic  Atomic Coordinates (Angstroms)

Number Number  Type X Y z
1 8 0 -1.47181 5.966933 2.049892
2 1 0 -0.94564 6.044129 2.860771
3 8 0 -4.23026 5.248088 1.964576
4 1 0 -3.25138 5.284495 1.993416
5 8 0 -5.64201 2.754715 2.095099
6 1 0 -5.3552  3.265007 2.868418
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2.766135
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2.083115
2.137751
-0.02315
-0.1322
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0.086576
-0.06242
-0.04599
0.04077
-1.49451
-1.5615
-1.29475
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-1.52838
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-2.62082
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-3.43428
-2.93117
-2.86568
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54 1 0 3.729889 -5.98745 -3.10795
55 8 0 5374639 -0.76584  -3.7891

56 1 0 5.752326 -1.65701 -3.77013
57 6 0 -4.87012 2.208409 -2.76736
58 1 0 -4.22 2.589016 -3.56505
59 1 0 -4.79955 1.115594 -2.74811
60 6 0 -4.36528 2.744711 -1.43927
61 1 0 -3.35937 2.33586  -1.27885
62 6 0 -5.24953 2.357884 -0.23559
63 1 0 -6.28736 2.648884 -0.43238
64 6 0 -4.74534  3.060477 1.021006
65 1 0 -3.74597 2.675583  1.26347
66 6 0 -4.66577 4.572528 0.793592
67 1 0 -5.67337 4.946449 0.579902
68 6 0 -3.78775 4.870043 -0.4321

69 1 0 -3.83195 5.931466 -0.69229
70 6 0 -5.17667 -2.40478 -2.59276
71 1 0 -5.20489 -1.68395 -3.41941
72 1 0 -4.26369 -3.00385 -2.6784

73 6 0 -5.12565 -1.63449 -1.28513
74 1 0 -4.18056 -1.07943 -1.26335
75 6 0 -5.19051 -2.53452 -0.03451
76 1 0 -6.05118 -3.20855 -0.10543
7 6 0 -5.3129  -1.68363 1.225063
78 1 0 -4.3855  -1.1116  1.356523
79 6 0 -6.48993 -0.71112 1.106025
80 1 0 -7.4149  -1.28997 1.004797
81 6 0 -6.32625 0.139498 -0.16316
82 1 0 -7.2082 0.763401 -0.33388
83 6 0 -1.38828 -5.15461 -2.69877
84 1 0 -1.92226 -4.57746 -3.46427
85 1 0 -0.32211 -4.93434 -2.77748
86 6 0 -1.89543 -4.72728 -1.32665
87 1 0 -1.76068 -3.64229 -1.22776
88 6 0 -1.19063 -5.43127 -0.15131
89 1 0 -1.23748 -6.51686 -0.29677
90 6 0 -1.87999 -5.06355 1.15871
91 1 0 -1.74465 -3.98959 1.342617
92 6 0 -3.37701 -5.38578 1.081791
93 1 0 -3.49003 -6.46766 0.949772
94 6 0 -4.00789 -4.69341 -0.13646
95 1 0 -5.03348 -5.03896 -0.29343
96 6 0 3.319586 -4.10435  -2.788

97 1 0 2.536664 -4.0227 -3.55255
98 1 0 3.899201 -3.18011 -2.78486
99 6 0 2.654371 -4.29119 -1.42944
100 1 0 1.952461 -3.46282 -1.26762
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-0.45926
1.02569
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0.821351
0.592754
-0.37987
-0.63111
-2.62303
-2.68485
-2.60337
-1.34051
-1.36981
-0.07676
-0.15187
1.213715
1.410753
1.056555
0.922266
-0.20832
-0.38435
-2.62381
-3.42023
-2.76846
-1.2913
-1.297
-0.07274
-0.14366
1.227299
1.376261
1.174635
1.098221
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-0.17971
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148 6 0 0.59878 0.144953 2.035023
149 6 0 0.84587  0.20655  -0.0948

150 6 0 0.5738  0.146423 -1.52685
151 6 0 -0.74245 -0.14187 -1.97352
152 6 0 1.577454 0.369998 -2.4892

153 6 0 -1.01391 -0.19277 -3.34944
154 6 0 1.303806 0.315998 -3.84967
155 6 0 -0.0025 0.033345 -4.27662
156 1 0 -2.02815 -0.4122 -3.66676
157 1 0 2.095218 0.490104 -4.57044
158 1 0 -0.2299  -0.01123 -5.33742
159 7 0 -0.06952 -0.0253  0.855561
160 7 0 2.021942 0.504931 0.50536

161 7 0 1.879441 0.468041 1.855719
162 6 0 0.001905 0.002608 3.36382

163 6 0 -1.35052 -0.36269 3.497991
164 6 0 0.763313 0.234441 4.535884
165 6 0 -1.94261 -0.49542 4.749808
166 6 0 0.162475 0.100867 5.795337
167 6 0 -1.17797 -0.26076 5.901519
168 1 0 -2.98695 -0.77893 4.83019

169 1 0 0.766406 0.285274 6.678167
170 1 0 -1.62813 -0.36029 6.884754
171 1 0 2.590023 0.586831 -2.1678

172 1 0 -1.9301  -0.5413 2.598682
173 1 0 2.934478 0.7418 0.120837
174 8 0 -1.76797 -0.37301 -1.12238
175 1 0 -1.42986  -0.3127 -0.19065
176 8 0 2.075909 0.59062  4.50736

177 1 0 2.382677 0.646769 3.574415

Figure B5. Optimized geometry of bis-HPTA in #-CD, orientation Il1.

Table B3. Optimized geometry of bis-HPTA in #-CD, orientation 111,

Ixv
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Center  Atomic Atomic Coordinates (Angstroms)
Number Number  Type X Y Z
1 8 0 6.528432 -0.53742 1.977713
2 1 0 6.491313 -1.0354 2.808488
3 8 0 6.973454 2.304842 1.694594
4 1 0 6.636128 1.397247 1.841525
5 8 0 5.177948 4.511256 2.185414
6 1 0 5.747164 4.11249 2.860774
7 8 0 1.891407 4.41395 3.309076
8 1 0 1.208505 4.225077 3.970671
9 8 0 -0.88967 4.24983 2.833025
10 1 0 -1.08142 3.29055 2.833577
11 8 0 -3.44154 5.347826 2.354142
12 1 0 -2.56434 4.94174 2.532618
13 8 0 -5.2631  3.124307 2.076141
14 1 0 -4.9566 3.455417 2.934149
15 8 0 -6.78865 0.730894 1.706283
16 1 0 -6.10968 1.425244 1.839344
17 8 0 -6.00549 -2.02214 1.869252
18 1 0 -6.2428 -1.4739  2.633244
19 8 0 -4.86377 -4.63279 2.098002
20 1 0 -5.04001 -3.67215 2.034995
21 8 0 -2.21432 -5.70769  2.44147
22 1 0 -1.25322 -5.6343 2.599713
23 8 0 0.696284 -5.73572 2.804341
24 1 0 0.897142 -6.45155 3.422308
25 8 0 3.407486 -4.65333 2.610113
26 1 0 2.941513 -4.48404 3.442323
27 8 0 5.951487 -3.36933 2.088469
28 1 0 5.018131 -3.62057 2.24593
29 8 0 3.881285 -3.37306 0.149029
30 8 0 5.231516 0.875587 -0.07528
31 8 0 2.670882 4.226769 0.59597
32 8 0 -1.70477 4.613909 0.100766
33 8 0 -4.81199 1.509117 -0.19687
34 8 0 -4.17776  -2.9229  -0.07581
35 8 0 -0.33751 -4.97101 0.364442
36 8 0 5.365033 -2.55555 -1.45321
37 8 0 5.255499 2.712621 -1.52109
38 8 0 1.602232 6.278547 0.181776
39 8 0 -3.53723 4.805528 -1.28555
40 8 0 -5.71119 0.006996 -1.73998
41 8 0 -3.61698  -4.8083 -1.35103
42 8 0 1.445605 -5.99767 -0.774
43 8 0 3.932064 -6.04514 -2.21538
44 1 0 4.385886 -6.11838 -3.06544
45 8 0 6.507726 -0.64425 -3.20852
Ixvi
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140 6 0 5.762394 -0.43758 -0.28754
141 1 0 6.813105 -0.37279 -0.59383
142 6 0 5.664709 -1.18685 1.037618
143 1 0 4.6283 -1.1309  1.396541
144 6 0 6.060409 -2.65716 0.863677
145 1 0 7.116672 -2.70263 0.57708
146 6 0 5.238725 -3.305 -0.26265
147 1 0 5.61668 -4.30374 -0.49699
148 6 0 -0.45819 -0.89298 1.136116
149 6 0 -0.1709  -0.38138 -0.92847
150 6 0 -0.08051 0.370403 -2.18156
151 6 0 -0.28011 1.763078 -2.19244
152 6 0 0.191969 -0.28529 -3.40868
153 6 0 -0.2209 2.492455 -3.37557
154 1 0 -0.4846  2.265904 -1.25344
155 6 0 0.254283 0.454676 -4.59767
156 6 0 0.047949 1.831083 -4.58179
157 1 0 -0.38378 3.564767 -3.36349
158 1 0 0.463342 -0.0723  -5.52325
159 1 0 0.096836 2.390417 -5.51135
160 7 0 -0.46834 0.15133 0.295794
161 8 0 0.399678 -1.62537 -3.50306
162 1 0 0.320434 -2.03376 -2.61206
163 7 0 0.021699 -1.69905 -0.87569
164 7 0 -0.16157 -2.00817 0.433228
165 1 0 -0.15663 -2.99141 0.700742
166 6 0 -0.7399 -0.80178 2.565532
167 6 0 -1.18829 0.429535 3.103908
168 6 0 -0.5866  -1.89916 3.435455
169 6 0 -1.48886 0.534751 4.466645
170 6 0 -0.88054 -1.79033 4.789687
171 1 0 -0.22051 -2.84737 3.056184
172 6 0 -1.33707 -0.56798 5.302425
173 1 0 -1.83793 1.487004 4.852643
174 1 0 -0.75298 -2.64767 5.441681
175 1 0 -1.57089 -0.47404 6.358309
176 8 0 -1.34718 1537201 2.326246
177 1 0 -1.06262 1.316053 1.393885
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HOMO -2 LUMO+1

HOMO LUMO
Figure C1. Frontier molecular orbitals of enol forms of AHPIP-c.(MeOH)s.
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HOMO LUMO

Pyridinyl Tautomer (Normal)

e

HOMO LUMO

Pyridinyl Tautomer (Amino Twisted)

Figure C2. Frontier molecular orbitals of keto (1), pyridinyl tautomer (11A) and amino
twisted pyridinyl tautomer (11B) of AHPIP-c.(MeOH)s.
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Figure C3. Ground state optimized structure of cis-enol of AHPIP-c.(CH3OH)s.

Table C1. Ground state optimized parameters of cis-enol of AHPIP-c.(CH30OH)s3 using

B3LYP functional.
Center ~ Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

1 6 0 -2.3941  -3.11737 -0.36413
2 7 0 -2.96005 -1.89809 -0.53575
3 6 0 -2.16974 -0.81456 -0.56795
4 6 0 -0.79914 -0.94119 -0.39648
5 6 0 -0.19795 -2.20764 -0.21996
6 6 0 -1.02544 -3.33883 -0.21323
7 7 0 0.224257 -0.01852 -0.33515
8 6 0 1.383935 -0.71798 -0.12348
9 7 0 1.160167 -2.04297 -0.06263
10 6 0 2.700471 -0.13125 0.019869
11 6 0 2.918847 1.262311 -0.03716
12 6 0 4178525 1.81534 0.100041
13 6 0 5.30127 0.974786 0.303113
14 6 0 5.108237 -0.414  0.364984
15 6 0 3.834545 -0.96842 0.2281

16 7 0 6.556282 1.522054 0.489837
17 8 0 3.727021 -2.31601 0.297972
18 1 0 -4.59436 -1.04328 -0.18982
19 8 0 -5.23499 -0.32418 0.03219
20 6 0 -6.11759  -0.7845 1.061028
21 1 0 -4.31513 1.206242 0.374276
22 8 0 -3.78666  2.02366 0.527051
23 6 0 -4.67532 3.13476 0.682171
24 1 0 -2.03217 2.343567 0.038206
25 8 0 -1.10716 2.521169 -0.24013
26 6 0 -1.12441  3.44813 -1.33115
27 1 0 0.051993 0.99148 -0.33579
28 1 0 2.762847 -2.55522 0.185836
29 1 0 -3.08339 -3.95666 -0.34615
30 1 0 -2.64079 0.149779 -0.71906
31 1 0 -0.63355 -4.34163 -0.0822
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32 1 0 2.077887 1.930634 -0.19405
33 1 0 431062 2.891815 0.053233
34 1 0 5949106 -1.08273 0.522074
35 1 0 7.354034 0.916892 0.351361
36 1 0 6.702974 2.46615 0.160015
37 1 0 -6.7009  -1.64898 0.722875
38 1 0 -5.568  -1.05586 1.970808
39 1 0 -6.80428 0.032117 1.294615
40 1 0 -5.34414 2990174 1.538873
41 1 0 -4.06434 4.022236 0.861555
42 1 0 -5.2771  3.296595 -0.22031
43 1 0 -1.57078 4.40399 -1.03265
44 1 0 -0.08812 3.623306 -1.62847
45 1 0 -1.67559 3.047392 -2.19062

Figure C4. Excited state optimized structure of cis-enol of AHPIP-c.(CH3OH)s.

Table C2. TDDFT optimized parameters of the enol form of AHPIP-c.(CH3OH)s using

B3LYP functional.

Center  Atomic Atomic Coordinates (Angstroms)

Number Number  Type X Y Z
1 6 0 2.441303 -3.07295 0.397932
2 Y 0 2.993568 -1.86078 0.660712
3 6 0 2.176603 -0.77807 0.755118
4 6 0 0.806496 -0.91231 0.526366
5 6 0 0.21894 -2.18592 0.249815
6 6 0 1.08507 -3.3175 0.204688
7 7 0 -0.21107 0.001482 0.47659
8 6 0 -1.37979  -0.69848 0.159016
9 7 0 -1.10593  -2.0389  0.040438
10 6 0 -2.67328 -0.13271 0.008345
11 6 0 -2.92682 1.268395 0.141533
12 6 0 -41987  1.7872  -0.0182
13 6 0 -5.29928  0.929397  -0.3201
14 6 0 -5.07764  -0.4647  -0.45698
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15 6 0 -3.81335 -0.99469 -0.30168
16 7 0 -6.54735 1.450638 -0.47461
17 8 0 -3.64055 -2.32244 -0.43954
18 1 0 4541119 -1.01188 0.195949
19 8 0 5.18078 -0.30572 -0.08585
20 6 0 5.996994 -0.80859 -1.14691
21 1 0 4.225442 1.190601 -0.43188
22 8 0 3.701624 2.00963 -0.59717
23 6 0 4594254 3.089153 -0.88616
24 1 0 1.997626 2.355324 -0.03036
25 8 0 1.087172 2.560226 0.278863
26 6 0 1.168011 3.47955 1.372295
27 1 0 -0.03246  1.010243 0.454977
28 1 0 -2.66675 -2.53573 -0.29549
29 1 0 3.146434 -3.89886 0.337742
30 1 0 2.630558 0.179459 0.980658
31 1 0 0.717684 -4.3169 0.000077
32 1 0 -2.10795 1.940913 0.369533
33 1 0 -4.36819 2.854657 0.083533
34 1 0 -5.90133 -1.13332 -0.68569
35 1 0 -7.33983 0.863121 -0.69069
36 1 0 -6.71774 2.441168 -0.37762
37 1 0 6.593093 -1.66723 -0.81495
38 1 0 5.393456 -1.10666 -2.01359
39 1 0 6.676049 -0.0084  -1.45053
40 1 0 5.184577 2.885653 -1.78772
41 1 0 3.987553 3.980909 -1.0597

42 1 0 5.27517 3.283455 -0.04842
43 1 0 1.633085 4.423734 1.064564
44 1 0 0.147789 3.684102 1.704984
45 1 0 1.734984 3.058383 2.211793
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>
" i; o 90
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a) ¢ °
Figure C5. Excited state optimized structure of keto form of AHPIP-c.(CH3OH)s.
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Table C3. TDDFT optimized parameters of keto form of AHPIP-c.(CH3OH)s using

B3LYP functional.
Center  Atomic Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

1 6 0 2.545955 -3.05705 0.389632
2 7 0 3.056223 -1.8406 0.652693
3 6 0 2.205523 -0.77733 0.743408
4 6 0 0.845504  -0.9508 0.5115

5 6 0 0.319219 -2.23286 0.242007
6 6 0 1.187671 -3.34148 0.191393
7 7 0 -0.20715 -0.05798 0.458239
8 6 0 -1.36693 -0.73459 0.153952
9 7 0 -1.02166 -2.06113 0.045119
10 6 0 -2.68454  -0.1729  0.003593
11 6 0 -2.93455 1.186035 0.145553
12 6 0 -4,23627 1.741638 -0.01102
13 6 0 -5.33492 0.934022 -0.31805
14 6 0 -5.11304  -0.4565 -0.46767
15 6 0 -3.82484 -1.047 -0.31756
16 7 0 -6.60074 1.470676 -0.54045
17 8 0 -3.65722 -2.30787 -0.45683
18 1 0 4583649 -0.92914 0.187218
19 8 0 5.190089 -0.19796 -0.09761
20 6 0 6.023696 -0.66834 -1.16066
21 1 0 4176823 1.264037 -0.4395

22 8 0 3.621385 2.06239 -0.60144
23 6 0 4471578 3.179207 -0.87801
24 1 0 1.91703 2.343934 -0.01218
25 8 0 1.005091 2.512132 0.315685
26 6 0 1.073067 3.420329 1.420272
27 1 0 -0.04679 0.956119 0.460332
28 1 0 3.268745 -3.86704 0.326801
29 1 0 2.630253 0.191773 0.971583
30 1 0 0.844782 -4.3478  -0.01533
31 1 0 -2.12745 1.870635 0.386089
32 1 0 -4.36507 2.812923 0.110464
33 1 0 -5.9348 -1.12521 -0.70623
34 1 0 -7.37845 0.840902 -0.38748
35 1 0 -6.7686  2.383625 -0.13693
36 1 0 6.657968 -1.49873 -0.82795
37 1 0 5.430158 -0.99525 -2.02369
38 1 0 6.665495 0.160116 -1.46913
39 1 0 5.075383 3.00488 -1.77662
40 1 0 3.830214 4.046483 -1.0506

41 1 0 5.13827 3.395574 -0.03436
42 1 0 1.504465 4.381375 1.116697
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43 0 0.052084 3.589353 1.769626
44 0 1.665113 3.006082 2.245552
45 1 0 -1.74342  -2.74524  -0.17201
4 . 9 '
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Figure C6. Excited state optimized structure Pyridinyl Tautomer (11A) form of AHPIP-

C.(CHsOH)s.

Table C4. TDDFT optimized parameters of Pyridinyl Tautomer (11A) form of AHPIP-
¢.(CHsOH)s using B3LYP functional.

Center  Atomic Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

1 6 0 2.336703 -3.23572 0.265255
2 7 0 2.896037 -1.99045 0.437192
3 6 0 2.150487 -0.82034 0.500928
4 6 0 0.762903 -0.95416 0.345604
5 6 0 0.161276 -2.23239 0.171381
6 6 0 0.983673 -3.41361 0.144035
7 7 0 -0.20705 0.013062 0.302159
8 6 0 -1.35612 -0.70676 0.106145
9 7 0 -1.18131 -2.05403 0.024581
10 6 0 -2.67548 -0.11281 -0.00855
11 6 0 -2.87855 1.285663 0.064377
12 6 0 -4.13866 1.836837 -0.05469
13 6 0 -5.27808 0.99004 -0.25669
14 6 0 -5.1031  -0.40933 -0.32814
15 6 0 -3.83877 -0.96245 -0.20881
16 7 0 -6.5072 1.546156 -0.37662
17 8 0 -3.69194 -2.29102 -0.28241
18 1 0 3.90592 -1.8678  0.424906
19 8 0 5.317394 -0.30128 0.086889
20 6 0 6.258244 -0.54652 -0.96011
21 1 0 4818461 0517387 -0.12164
22 8 0 3.829781 2.037121 -0.49714
23 6 0 4491899 3.30458 -0.5209

24 1 0 2.873483 2.173306 -0.29835
25 8 0 1.135141 2.455186 0.092941
26 6 0 0.893315 3.274185 1.240005
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27 1 0 0.572545 1.637009 0.160226
28 1 0 -2.69385 -2.50356 -0.18137
29 1 0 3.039668 -4.05926 0.232799
30 1 0 2.68632 0.101635 0.65328
31 1 0 0.571146 -4.40762 0.018019
32 1 0 -2.0186 1.926687 0.214191
33 1 0 -4.27829 2.911513 0.001165
34 1 0 -5.95405 -1.06499 -0.47933
35 1 0 -7.32924 0.979045 -0.52869
36 1 0 -6.63656 2.546801 -0.33541
37 1 0 6.805378 -1.45687 -0.70314
38 1 0 57593  -0.69797 -1.92607
39 1 0 6.976707 0.277172 -1.05703
40 1 0 5540516 3.123966 -0.76832
41 1 0 4.060293 3.963812 -1.28363
42 1 0 4.442096 3.804086 0.45456
43 1 0 1514892 4.168175 1.149344
44 1 0 -0.15715 3.585757 1.29151
45 1 0 1.156233 2.755075 2.170371
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Figure C7. Excited state optimized structure Amino Twisted Pyridinyl Tautomer (11 B)
form of AHPIP-c.(CH3OH)s.

Table C5. TDDFT optimized parameters of Amino Twisted Pyridinyl Tautomer (11 B)
form of AHPIP-c.(CH3OH)s using B3LYP functional.

Center  Atomic Atomic Coordinates (Angstroms)

Number Number  Type X Y 7
1 6 0 2.431009 -3.21956 0.265879
2 7 0 2.9498  -1.96022 0.461028
3 6 0 2.155403 -0.80983 0.518616
4 6 0 0.785598 -0.99536 0.349964
5 6 0 0.246534 -2.28133 0.165218
6 6 0 1.087763 -3.44227 0.128684
7 7 0 -0.22985 -0.04736 0.304091
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8 6 0 -1.35021 -0.74389 0.095891
9 7 0 -1.10893 -2.0832 0.008973
10 6 0 -2.69576 -0.15594 -0.02657
11 6 0 -2.87415 1.212225 0.051866
12 6 0 -4,15011 1.802853 -0.08216
13 6 0 -5.30014 1.015985 -0.28382
14 6 0 -5.15534 -0.36595 -0.33398
15 6 0 -3.8689  -1.0054 -0.23559
16 7 0 -6.56472 1.673396 -0.39383
17 8 0 -3.76856  -2.27256  -0.3086

18 1 0 3.95326  -1.79992 0.432798
19 8 0 531182 -0.20926  0.0792

20 6 0 6.265346 -0.44248 -0.959

21 1 0 4.793027 0.593918 -0.14186
22 8 0 3.770787 2.077721 -0.54367
23 6 0 4404462 3.358498 -0.61121
24 1 0 2.821879 2.197515 -0.30675
25 8 0 1.092616 2.450389 0.16189
26 6 0 0.895537 3.189702 1.371724
27 1 0 0.540237 1.629671 0.198061
28 1 0 -1.86124 -2.74907 -0.13929
29 1 0 3.157087 -4.0223 0.231132
30 1 0 2.651505 0.12956 0.690159
31 1 0 0.705314 -4.44517 -0.01062
32 1 0 -2.0141 1.853611 0.204802
33 1 0 -4.25073 2.881935 -0.04001
34 1 0 -6.01624 -1.01544 -0.45951
35 1 0 -6.99188 1.799806 0.522709
36 1 0 -7.21585 1.093609 -0.91917
37 1 0 6.83454 -1.33496 -0.68761
38 1 0 5.776653 -0.61869 -1.92602
39 1 0 6.962595 0.39851 -1.06176
40 1 0 5.444374 3.196327 -0.90375
41 1 0 3.924869 3.999088 -1.36088
42 1 0 4.387849 3.868371 0.359937
43 1 0 1.502991 4.095358 1.30901
44 1 0 -0.15448 3.481979 1.49152
45 1 0 1.20863 2.614119 2.251623
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