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~ SYNOPSIS ~

The PhD work is focused on the study of photoplatsiroperties of excited state
intramolecular proton transfer (ESIPT) exhibitingg@nic molecules. The thesis is divided

into six chapters.

Chapter 1: Introduction

Chapter 1 gives a brief account of ESIPT process with liiema survey. ESIPT is a
phototautomerization of enol to keto form in thecieed state in a cyclic intramolecular
hydrogen bonded ring system. Factors affectingptibeess are also reviewed in this chapter.

The scope of the present work is presented innbdeoéthe chapter.

Chapter 2: Materials, Methods and Instrumentation

Chapter 2 provides the details of the materials used in ghesent work and the
synthetic procedures followed in the syntheseshef ftuorophores. Methods used for the
analysis, calculations and preparation of the sasple also elaborated in this chapter. The
chapter also describes the methods used for thetwmachemical calculations. In addition,
brief descriptions of UV-Visible absorption spe@hotometer, and steady-state and time-

resolved fluorimeters are provided.

Chapter 3: Excited State Intramolecular Proton Transfer and Rotamerism in
2-(2'-Hydroxyphenyl)benzimidazole and its NitrogenSubstituted Analogues

Chapter 3 consists of three sections. The first two sectidiscuss the role of
nitrogen substitution in 2-(2'-hydroxyphenyl)benidarole (HPBI,Chart 1) on ESIPT and
rotamerism based on the theoretical results oldafram ab initio and density functional
theory calculations performed on HPBI and its mjao substituted analogues. Theoretical
study on the effect of azo substitution in benzeng of HPBI is carried out in the first
section. In the second section the theoreticalysisi@xtended to study the effect of nitrogen
substitution on the phenolic ring. These groupsofecules can exist in different rotameric
and isomeric forms as shown@hart 2. cis-Enol which forms an intramolecularly hydrogen
bonded ring is the most stable form of these comgsuexcept in 2-(2'-hydroxy-3'-
pyridyl)benzimidazole (2',3'-HPyBI) where K-2 ketGhart 3) is the most stable forneis-
Enol undergoes ESIPT through the hydrogen bondite the keto isomer. The proton
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X=N.Y=CH HPIP-b X:N,W:Y:Z:CH, 3',4'-HPyB|
X=CH,Y=N HPIP-c Y =N,W=X=2Z=CH, 4,3-HPyBI
X=Y=N HPP Z=N,W=X=Y =CH, 3,2-HPyBI

X=Z=N,W =Y =CH, 5 4-HPymBlI
Chart 1. HPBI and its nitrogen substituted analogues.
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Chart 2. Different conformeric and isomeric forms of HPBI.

transfer is unfavorable in the, Sstate but becomes N

feasible in the § state except in 2-(5'-hydroxy-4'-©i A\ / \
pyrimidinyl)benzimidazole. Upon excitation, ultrafa N N
proton transfer occurs iris-enol form to give the \H J \H
phototautomer keto form. Theans-enol is responsible Chart 3. Structure of K-2 form
for the normal band while the highly Stokes’ shdfteand

is due to emission from the keto form. After ESIfe keto form undergoes torsion rotation

through the carbon-carbon double bond linking tixe &romatic rings to form a twisted keto

structure at 90 The twisted keto structure is characterized Itsamolecular charge transfer
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(ICT) and its energy is lower than the planar kétbis can act as a nonradiative channel
from the keto tautomer. This may be the possibleseaof smaller quantum yield of the
phototautomer of 2-(2'-hydroxyphenylHdmidazo[4,5b]pyridine (HPIP-b) and 2-(2'-
hydroxyphenyl)-Bi-imidazo[4,5€]pyridine (HPIP-c) compared to that of HPBI.

However, when more electronegative nitrogen is tuibesd in the phenolic ring of
HPBI, the charge donating capacity of the dissedigtyridinol or pyrimidinol moiety is less
than the dissociated phenol. This reduces the IQT thus destabilizing the twisted keto
tautomer. This is consistent with the experimerfitait that the quantum yield of 2-(3'-
hydroxy-2'-pyridyl)benzimidazole (3',2'-HPyBI) isgher than that of HPBI.

The third section of chapter 3 is an experimerttadys on the effect of temperature on
ESIPT of HPBI and its nitrogen substituted analegt#IP-b and HPIP-c in solvents of
different polarity and hydrogen bonding capacity.ithVincrease in temperature, the
fluorescence of both normal and tautomer emissibecsrease. The rate of decrease of
tautomer emission is more than that of normal @omnssThe decrease in fluorescence of
tautomer is governed by two factors: (i) decreaseelative population ofis-enol, and (ii)
increase in nonradiative decay from the excitedestdihe changes in the fluorescence
emission are also reflected in the lifetime of tttgmal and the tautomer fluorescence. In
general, decrease in lifetime values is observeith wse in temperature indicating the

increase in the rate of nonradiative decay.

Chapter 4: Study of Fluorescence Sensing Ability of 2-(2'-Hydroxyphenyl)
benzimidazole and its Nitrogen Substituted AnalogueToward Metal lons

In Chapter 4, the interactions of HPBI, HPIP-b and HPIP-c wdifferent metal ions
are elaborated. In this study the potential impiwe of the fluorophores as probes and
sensors are also explored based on ratiometricefigence emission.

Alkali and alkaline metal ions NaMg*, C&" and B&" have little or no effects on
the absorption and fluorescence properties of ltterdphores in the concentration range of
the metal ions (0 to 500M) studied. However, changes in fluorescence aszmied upon
binding with transition metal ions Nj Cu/#* and Zrf*. Transition metal ions form complexes
with the fluorophores by coordination between tregahion and the fluorophores through the
phenolic oxygen and imidazole nitrogen. This isfeamed by the single crystal structure
obtained for Ni*:HPIP-b of 1:2 complex which shows that the fludrop acts as bidentate
ligand by coordinating with the metal centre thriouts phenolic oxygen and imidazole

nitrogen.
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The ratio of normal to tautomer emissions of HRR&Ireases by 143 folds in presence
of CU#* ions and 10.4 folds in presence of?Zion at 1:5 concentration ratio of the
fluorophore to that of metal ion. While the fluoceace ratio of HPIP-b at 1:5 concentration
ratio increases by 2.1 and 2.8 folds in presenc&lidf and Cd*, respectively. Cti ion
enhances the fluorescence ratio of HPIP-c by 1l8sfat 1:5 concentration ratio. The
increase in the ratio is attributed to the dismuptdf ESIPT process due to the binding of the
fluorophores with metal ions by coordinating thrbugnidazole nitrogen and phenolic
oxygen.

However, the normal to tautomer fluorescence m¢icreases for HPIP-b in presence
of Zn*" ion and for HPIP-c in presence of Ma@nd Zi* ions. This indicates that these metal

ions bind with the fluorophores through the pyre&mtrogen.

Chapter 5: Photophysical Properties of 2-(2'-Hydroyphenyl)benzimidazole and its
Nitrogen Substituted Analogues in MicroheterogenecaiMedia

Chapter 5 reports the effect of the presence and positioN-bkteroatom in benzene
ring of HPBI on the photophysical properties infeliént microheterogeneous environments.
The chapter is divided into three sections. Thelystof photophysical properties of HPBI,
HPIP-b and HPIP-c in presencef®€tyclodextrin 3-CD) is presented in the first section. The
fluorophores form 1:1 inclusion complexes witB-CD in water as well as
dimethylsulphoxide (DMSO). Both Ka and 'H-NMR experiments indicate that the
fluorophores enter th@-CD cavity through benzimidazole/imidazopyridine ietg. The
effects of encapsulation 3+CD are much significant in HPIP-b and HPIP-c corepato
HPBI. The encapsulation enhances the ESIPT reaetioich is reflected by remarkable
enhancement in fluorescence of tautomer emissi¢tPdlP-b and HPIP-c though the effect is
much less in HPBI. In DMSO, HPBI is present in mautorm, but the nitrogen substituted
analogues are present both in neutral and monoarfimms. However, upon encapsulation
by B-CD all three molecules are present in both newrad monoanionic forms in the
nanocavity. The monoanion is stabilized more inside-CD cavity. The studies revealed
that the ESIPT of nitrogen substituted analoguesiase susceptible to environment than
HPBI and therefore are more promising probes.

The second section discusses the ESIPT behaviall tfiree fluorophores in AOT
reverse micelle. The tautomer to normal band rafidhese fluorophores decrease with

increasing value ofi, = [H.O)/[AOT]. The decrease in the ratio is 5 times iRBI fromw, =
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0 to 30. In addition a blue shift is observed ie tautomer band of HPBI with increasing
volume of water quantity in reverse micelle. Howewbere are no shift in the tautomer
bands of HPIP-b and HPIP-c and the decrease misati2.4 and 3.2 times, respectively. The
results show that initially these molecules praféedly reside in the interfacial region
between the oil and water surface. Upon increase,ithe molecules drift away toward the
bulk of the nanopool and the formation of solvatggen enol conformer is favored. The
decrease in tautomer to normal emission ratio & tdu(i) nonradiative de-excitation of the
tautomer by torsion rotation, (ii) shifting ofs-enol totrans-enol equilibrium towardrans-
enol and (iii) formation of solvated open enol camfer.

The third section deals with interactions of theofbphores with bovine serum
albumin (BSA). HPBI and HPIP-c bind in the hydroplwsite of BSA which is indicated by
the red shift of the tautomer band in presence $ABbut HPIP-b binds in the hydrophilic
site of BSA. The fluorescence of both normal anddmer bands increase upon increase in
concentration of BSA. With increase in concentratid BSA, the intensity ratios of normal
to tautomer bands of HPBI and HPIP-b decrease,e@isghat of HPIP-c increases.

Chapter 6: Excited State Intramolecular Proton Transfer and Rotamerism of

2-(2'-Hydroxyphenyl)-3H-oxazo[4,5b]pyridine

(=0 OO
T~ o

HPOP HF’BO
HO

N
\ N
| \> ; > > ; >
/ N

H

HPIP-b' HPEI

Chart 4. HPOP and its Parent Molecules.

In Chapter 6, the photophysical studies carried out in différealvents, pH and
temperatures of a newly synthesized molecule, -Py@toxyphenyl)-8i-oxazo[4,5-
blpyridine (HPOP) are reported. HPOP is a nitrogesbsstuted analogue of 2-(2'-
hydroxyphenyl)benzoxazole (HPBO) and the structfrélPOP resembles that of HPIP-b'
which is the isomeric form of HPIP-KEhart 4).
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HPOP also shows dual fluorescence viz. the normdltautomer emissions due to
emission from excitedrans-enol and tautomer formed by ESIPT, respectivatydibxane
and polar solvents except glycerol, the tautomemfes observed in the ground state. The
study shows that nonradiative decay is more efiicie the present molecule as compared to
those in HPBO and HPIP-b. The fluorescence of HPd&ereases with increase in
temperature except the normal emission in acet@iffhis indicates the efficiency of the
nonradiative deactivation increases with tempeeatyH titration of HPOP shows the

existence of equilibrium between neutral-monoanion.
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Chapter 1
Excited State Proton Transfer

1.1.0. Excited State Proton Transfer

Proton transfer (PT) has been ubiquitously foungarious chemical and biological
reactions:® As a general rule, electron donating substitugntsromatic molecules become
stronger donors in the excited state, while acesptiract the electrons more strongly in the
excited stateTable 1.1). In other words, PT can proceed in the excitatesivhen both/either

of the acid and/or base groups become stronges acidases in the excited state.

Table 1.1. Functional groupsthat act asstronger acids and basesin the excited state.
Stronger Basesin the Excited State Stronger Acidsin the Excited State
RCOOH, R-COOH', R,C=0H, .
R-SQH;", R-AsQHs", RNOH B R RN
One of the important characteristic of PT activelenoles is that, depending on the
solvent they show dual fluorescence - one bandgbt#ia normal emission from the local
excitation and the other called the keto or tautob@nd due to emission from the tautomer
structure that is formed after PT occurs which mrenstrongly Stokes-shifted than normal
emission. The normal and tautomer emissions ansespuiently their ratio depend heavily on
the solvents® and the pH of the mediufif
Based on the PT mechanism, Michael K&sttiatinguished the phenomena of the
excited state proton transfer (ESPT) into intringieramolecular proton transfer (IPT),
concerted biprotonic transfer and proton relaysfan However, a particular molecule can
exhibit more than one class of behavior dependingwiether it acts individually or
concerted with other molecules. Strictly speakimmply the intrinsic process is an
intramolecular process is popularly called as exkistate intramolecular proton transfer
(ESIPT) and others are varieties of intermolecyaston transfer within microsolvent

clusters.

1.1.1. Intrinsic Intramolecular Proton Transfer

ESIPT occurs in molecules containing both acidid basic groups in close proximity
forming an intramolecular hydrogen bonded cycligrivhere a covalently attached proton of
the acid, typically of hydroxyl or amino group, mages in the electronically excited state to a
neighboring hydrogen bonded atom (base) less thah &@way to give phototautomer
products. ESIPT is the very fast process of themnod femtosecond/picosecafid* *3time

scale. The phototautomer formed decays to the gratete in a radiative or non-radiative
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manner, then the tautomer returns back to ther@igtructure by reverse proton transfer
thereby completing a cyclic four-level scheme asashin Scheme 1.1.
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Scheme 1.1. Excited state intramolecular proton transfer.

In 3-hydroxyflavonesr—z* is the lowest excited state. There is an increadeond
order of the phenyl ring linkage to the chromoneeatyy this implies that the phenyl ring
nearly planar to chromone in the excited state.rdhis no viscosity barrier to 3-
hydroxyflavone on the S»S;' reaction coordinate and only green fluorescenece to the
tautomer $ is observed in dry hydrocarbon solversheme 1.2).1%*

®
O
X
=
(@]
/
OmniminiH
S
Enol Tautomer

Scheme 1.2. IPT in 3-hydroxyflavone.

ESIPT from phenol OH to $garbon atoms of aromatic ring has also been obderv
For example, the photolysis ofhydroxystyrene in aqueous acetonitrile gave therdmyon
product viao-quinone methideScheme 1.3).>* The primary photochemical event from S
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is believed to be ESIPT from the phenol to fhearbon of the alkene moiety. Reverse proton
transfer is not observed, and instead the protamsterred product is quantitatively
hydrolyzed by water to give alcohol.

O_

Ilght HZO
ZO CH3CN

Scheme 1.3. IPT in o-hydroxystyrene.

However, molecules featuring intramolecular hydrodgpends in non-polar solvents
may lack such bonds in hydroxylic or protic sohgetitat are themselves capable of forming
hydrogen bonds with the relevant groups of the owéein question. As a result, ESIPT
taking place along with intramolecular hydrogen d®rn nonpolar solvents may have to
compete with intermolecular proton transfer to oyni the solvent in hydroxylic/protic

solvents.

1.1.2. Concerted Biprotonic Transfer

Concerted biprotonic transfer arises because ofatige distance between the proton
donor and acceptor group in a molecule which isblen#o form intramolecular cyclic H-
bonded ring. Thus, a molecular companion is needadh usually is a solvent molecule.
The phenomenon can be clearly understood from iidae in alcohol $cheme 1.4).1"*°
However, ethyl ether blocks tautomerization by lagkup the pyrolo-H while water
eliminates phototautomerization due to separaténdmgdrogen bonding to the pyridine-N

and pyrolo-NH groups.

| ! ™
X N N i N N\
N - Z i =
= \|_| | :T—| ! s H
§ N\ Y7 ! H E
H \O\\\\\\\\ iy, ”O/ ! O/ z
| | O—
\ \ o e
Et t :
7-Azaindole i 7-azaindole polysolvate

Scheme 1.4. Solvated structures of 7-azaindole.

In hydrocarbons like 3-methylpentane af@Qa doubly hydrogen bonded dimer is
formed. It undergoes a concerted double protorstearirom the pyrrolo-N to the pyridine-N
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within the S state lifetime to give the tautomer dim&ctieme 1.5). Hence, a concentration-

dependent green fluorescence due to the tautommar i@ observed in addition to the normal

violet fluorescence.

= \
\N N

= \ ~11ps

g U —_—

H = 3-Methylpentane

\ N

B
Violet Fluorescence Green Fluorescence
at 330 nm at 475 nm

Scheme 1.5. Proton transfer in dimer of 7-azaindole.

Because of the skeletal resemblance of the 7-agl@ingith those of purine bases
adenine and guanine, this proton transfer in diimer-azaindole has been widely studied for
understanding the excimer formation, and the sules@gprotonic tautomerization in DNA
and polynucleotides due to the radiaton.

Solvent can catalyze the reaction either a statthynamic way:

Static Catalysis
In static catalysis, the solvent molecule acts &sfunctional acid-base catalyst for

PT. The proton donor and acceptor groups of therdjphore are hydrogen bonded to the
acidic and basic moieties of the solvent molecalsuch a way to form a cyclic hydrogen
bonded ring structure. The concerted biprotoningier in a cyclic hydrogen bonded dimer,

like the one case as in 7-azaindole dimer alreasbudsed, can be considered as an example

NH, NH;
= N NT O N
Ly @
AN ,\{ Light N

|
H

of static catalysis.

\\\Z\/

N 3
= «H L
|:| — O\\\\\\\ /, ////// ", / H
)\ )\CHg
g CHs g

Scheme 1.6. Proton transfer in adenine catalyzed by acetid. aci
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Adenine in hydrocarbon solution has absorptionl#&t 8m, in presence of acetic acid
it fluoresces at 380 nm due to tautomer formatiothe excited state. The use of acetic acid
as a proton transfer agent is a simple case ot statialysis of concerted biprotonic transfer
(Scheme 1.6).°

The multifunctional molecule lumichrome (7,8-dimgtiloxazine) which has several
proton donor and proton acceptor sites also beldongshis category. In acetic acid,

lumichrome undergoes ESPT to give flavin tautorSehéme 1.7).2%4

OYMe OYMe
0 ()
H / //,///// \\\\\\\ \H
Me lfl N (0} Me IL lfl (@)
ﬁ Ol ad
—_—
P N\ = N
Me N H Me N \H
() )
Lumichrome Flavin tautomer

Scheme 1.7. Acetic acid catalyzed ESPT in lumichrome.

Dynamic Catalysis

In dynamic catalysis, the solvent molecule behasea general base catalyst for the
PT. After accepting a proton from the proton dosde of the fluorophore the solvent
molecule undergoes rotational relaxation to reantself so that it can donate the abstracted
proton to the accepting site of the fluorophoreyn@mic catalysis of phototautomerism by
pyridine in lumichrome is observéd®* A ground state hydrogen bonded complex of
pyridine with lumichrome on excitation forms an iqair intermediate. On excitation,
redistribution in the electronic structure of tlhienichrome molecule increases the acidity of
the N, proton in lumichrome, at the same time it increabe basicity of the {§y atom. This
leads to the release of the Nroton to the pyridine molecule to form an ionrpamplex.
The protonated pyridine undergoes rotational reélarao the $ equilibrium position from

where the basic center of lumichrome can acceppribin Scheme 1.8).
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Scheme 1.8. Pyridine catalyzed proton transfer in lumichrome
1.1.3. Proton Relay Tautomerization

Here, a proton, but not the same from the moledsléransferred from one part to
another part of a molecule through protic solvemiaoules acting as bridges joining the
donor and acceptor groups by cyclic hydrogen bohd$act, we could consider concerted

biprotonic tautomerisation as a two-proton relansfer. Three- and four-relay PTs mediated
by methanol and water molecules respectively aevetin Scheme 1.9.2223

(0] (@)
~
H
/O\ R
’;‘ \H
/,,, N
,(|) _ ”I”II”(|) _H \O\\\\\\\H O\
R
Me Me R
7-Hydroxyquinoline

3-Hydroxyxanthone
Scheme 1.9. Proton relay tautomerization

TH-1151_07612201

8 Proton Relay Tautomerization



Chapter 1
Excited State Intramolecular Proton Transfer

Direct and water-mediated ESPT reactions from ph&ts to sg carbon atom of
extended ring are observed in 2-(hydroxypheni)}@iorene Scheme 1.10).%* These ESPT
reactions require the twisting of the biaryl stwues in the ground state for the initial
formation of hydrogen bonding interaction betweble phenol and the-system of the
adjacent ring. This twisted geometry allows overtds-orbital of the acidic OH phenolic
proton with the accepting-system that subsequently facilitates the protandier. After PT
in the excited state the molecule attains a mosel@oar structure.

direct proton transfer

+
D ———
H

H
direct proton transfer

+
. H
O

formal ESIPT
water-mediated proton transfer

O—H O

Scheme 1.10. Proton transfer in 2-(hydroxyphenylHSluorene.

1.2. Excited State I ntramolecular Proton Transfer

Among the various types of proton transfer pattert® category relevant to
ESIPT1%?532has received much attention by photochemists dmdophysicists owing to
the simplicity and fundamental importance of itsatgon pattern.

Molecules undergoing intramolecular PT exhibit deulminimum potential energy
wells along the reaction coordinate — one minimwra tb the normal structure and the other
minimum due to the proton transfer produeiglire 1.1). Depending on the geometry and
nature of the molecules, the double—minimum poéémiells in both ground and excited state
may be symmetric curve (where the two minima haeesame energy), common asymmetric

curve (where the lower minima in both the ground arcited state correspond to the same

TH-1151_07612201 ESIPT
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structure) and the third possibility is the reverssymmetry (where the lower minimum in
the ground state become the upper minimum in thizeskstate§>

In Figure 1.1, O" and O are the vibrationless levels, the origin of thesa be
pictured as firstly the instantaneous movemenhefgdroton with respect to the heavy atoms
and then relaxation of these atoms into their nquilibrium positions>> By symmetry, Q"
and Q are allowed vibronic transitions; the latter ie thiot band. These transitions of the left
and right oxygen atoms cannot be distinguishedthén case of common asymmetry, the

allowed transitions become,Xanalogous to Q) and &* (analogous to O, i.e. 3—0).

COMMON REVERSED
ASYMMETRY ASYMMETRY

SYMMETRIC

Figure 1.1. Schematic diagram of vibronic transitions invotyidouble minimum potential
energy curves due to proton transfer.

The reversed asymmetric type of double-minimum mitde energy has implications
on dual fluorescence of ESIPT exhibiting moleculBserefore, it is the most investigated
among the three. Several molecules such calsydroxybenzaldehyd€d* methyl

49 o-hydroxyacetophenorie, salicylamide’*  3-hydroxyflavones?##*° 2-(2-

salicylate®
hydroxyphenyl)benzazoles and analogiés, 1,5-dihydroxyanthraquinorf&®® exhibit

ESIPT.

TH-1151_07612201 10 ESIPT
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Cyclic process of
h four energy
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Figure 1.2. ESIPT Process.

The origin of dual fluorescence in ESIPT exhibitimplecules is demonstrated in

Figure 1.2. ESIPT molecules have cyclic intramolecular hy@mdponded ring. In aprotic
solvents the hydrogen bonded ring is very stromgpriexcitation ESIPT occurs through the
intramolecular hydrogen bonded ring to give thetgmotransferred phototautomer which
exhibits highly Stokes shifted tautomer emissioowidver, protic solvents or other external
perturbations such as temperature break the intesmmlar hydrogen bond that lead to the
opentrans-structure which is in equilibrium with the closeid form. Excitation of therans

form gives the normal emission band.

1.2.1. Factors Affecting ESIPT

PT highly depends on the nature and hydrogen bgndiapability of the
solvent***?%%%7Since in most of the ESIPT dyes intramolecularrbgdn bond forms a
stable cyclic ring ESIPT is generally poorly depemidon viscosity. However, there has been
one evidence of the strong effect of viscosity loa tate of ESIPT in polar environmefis.
Studies have also been done on ESIPT in room textyverionic liquids (RTILS), which are
organic salts that are in the liquid phase at rdemperatur&® RTILs possess solvation
dynamics in a wide time range, and thus it is ¢énest to investigate the dynamics and
kinetics involved in the proton transfer. The effeof solvent environment within a wide
variety of pure and mixed homogeneous and microbgémeous solvents on ESIPT in
different molecules have been studfed?and a number of theoretical studies from semi-
empirical to density functional theory calculatidreve also been perform&tf?>*"3"8apart
from the environmental factors substitution alsects the ESIPT. The effect of solvent and

substitution are briefly discussed here.

TH-1151 07612201 Factors Affecting ESIPT
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1.2.1.1. Effect of Intermolecular Hydrogen Bond

The cyclic intramolecular hydrogen bonded ring e tprerequisite for ESIPT
reaction. Therefore, intermolecular hydrogen bogdwith solvent molecules is the major
factor that hampers the ESIPT reactidhi®! Therefore, the relative intensities of the normal
and proton transferred bands of ESIPT moleculeg depending on the molecular structures
and the nature of the environment surrounding tbé&aules mainly polarity and hydrogen
bonding capacity of the solvent molecuéghe ratio of the two emissions can range from
unity up to the complete disappearance of one effehms. The ESIPT is more favored in

non-polar solvents than in protic or polar solvéité

Violet
Fluorescence
k N . Green Fluorescence
hv nr kan kT
kN r

Scheme 1.11. IPT in 3-hydroxyflavone.

In polar or protic solvents like dimethylsulfoxideyethanol and water the cyclic

intramolecular hydrogen bond in ESIPT moleculeskseand intermolecular hydrogen bond
is formed between the proton donor/acceptor andstients molecules. This leads to the
formation of solvated enol form resulting in thgrsficant rise of the normal band at the cost
of suppressed tautomer band. Such perturbatioreetey in molecules with five-membered
cyclic intramolecular hydrogen bonded ring struetuas in 3-hydroxyflavone due to weak
nature of intramolecular hydrogen bohds discussed irBection 1.1.1 3-hydroxyflavone
which hasnn* absorption band at 335 nm in non-polar solvemheéthylbutane exhibits a
single emission large Stokes’ shifted tautomer bafdHowever in methanol, in addition to
green tautomer band, a violet emission from enwhfis observedScheme 1.11).%°
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N
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N
\

Rt g

X=NH, O, S X=0,S \H

cis-Enol trans-Enol trans-Enol
Scheme 1.12. Rotameric forms of 2-(2'-hydroxyphenyl)benzazoles.

2-(2'-Hydroxyphenyl)benzazoles exists in two rotamdorms cis-enol andtrans-
enol Scheme 1.12). cissEnol forms hydrogen bond between the hydroxyl grand
imidazole nitrogen atom and is responsible for HSHs-Enol is more stable thanans-enol
due to its relatively stronger hydrogen bond. Hoerene effect of protic solvent is less than

that of five-membered cyclic intramolecular hydrodgmnded ring structures.

1.2.1.2. Effect of Substitution

Studies show that the fluorescence of ESIPT modscid affected by substitution in
terms of spectra position and quantum yield. Hemdepducing a suitable substituent in a
specific position of the molecular framework wiksult in obtaining a compound with
desired properties which can be utilized where EStkolecules find applications. Since
ESIPT prone molecules find vast applications asrldyes, probes, sensors, photostabilizers,
and molecular devices, it is important to alter ecolar structure to get the desired
properties. One way is to involve modification betmolecular framework by substituents
thus affecting the basicity and/or acidity of theaction centers. On the other hand
substitution within the molecular skeleton can teated as selective perturbation, and its
action can be helpful in elucidation of the reattimechanisms. A few examples of

substitution effects are briefed below:

Salicyl Derivatives

Since the pioneering work on the ESIPT reaction in
methyl salicylate by Welle® a vast number of works have
been performed on the molecule and its derivativegudy

the fundamental aspects and to explore the apiplisabf

ESIPT. Substitution of methoxy group at positionirb R = H, Salicylic acid
R = Me, Methyl salicylate

. . , Scheme 1.13. Salicylic acid
salicylate results in large Stokes shift of the tptautomer and methyl salicylate.

salicylic acid and at positions 3 or 4 or 5 in nykth
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emission in nonpolar solventScheme 1.13).2%%" Further, substitution at position 5 also

causes a decrease in the intensity of the phototart emission with an increase in the
intensity of the fluorescence from the primary form

The effect of methyl and methoxy substitution o@ tluorescence of salicylic acid at
position 5 has also been studied in supersonic culele beam& The phototautomer
emission of methyl substituted compound is stromglg shifted as high as 10,000 tm
However, for methoxy substituted compound the fsoence is red-shifted only 3000 tm

indicating the ESIPT reaction is suppressed wlgdlue to the electron donating effect of the
methoxy group at thpara position to the hydroxy group.

The effect of substitution on ESIPT in salicyldedydnd its derivatives was also
studied Bcheme 1.14).%° Replacing R and R' by electron withdrawing grogerdases the

guantum vyield of the phototautomer compared topdrent molecule. But substitution with
an electron donating group increases the quantahd.yi

R

R = -CFj3, -CHCl;, -CH,CI (Withdrawing) R'=
-CHs, -C,Hsg, -OCHg, -OH, -NH, (Donating)

-NO,, -CN (Withdrawing)
-Cl, -CH3, -OCH3 (Donating)

Scheme 1.14. Derivatives of salicyldehyde.

2-Amino-3-naphthoic acid and its methyl estétheme 1.15) also show excited state
prototropism similar to those of salicylat8sThe conformer | undergoes ESIPT to give the

tautomer emission while the conformer Il gives tloemal emission. The conformer Il exists
as a closed ring structure in non-polar solventamdpen structure in protic solvents.

H H

) \
“H “H

OH

Conformer |

O

Conformer [
Scheme 1.15. 2-Amino-3-naphthoic acid.
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Hydroxybenzo[h]quinoline
Spectral tuning is also displayed by
derivatives of 10-hydroxybenzdguinoline
with different electron donating and accepting
substituents Scheme 1.16).*2 The frontier

molecular orbitals of the enol form are

delocalized over the whole molecule.

.

________________

However, in the PT keto form the higheStSchemel.la Hydroxybenzdfjquinoline.
occupied molecular orbital (HOMO) is localized ke tcyclohexa-2,4-dienone (Part A) and
the lowest unoccupied molecular orbital (LUMO) gtigine (Part B). Therefore, substituting
electron withdrawing group at Part A moiety decesashe energy of HOMO while an
electron donating group in Part B raises the LUM&@hbof which result in increase in
transition energy of the keto form. Substituting electron donating group to Part A

decreases the transition energy of the keto form.

Chromones and Flavones

Klymchenko et al. have shown that modulation ofvent dependent dual emission
and sensing properties of 3-hydroxychromones carmliained by the proper choice of
subsitutents on the 3-hydroxychromone framew@&théme 1.17).°* The ESIPT rate of 3-
hydroxyflavone, the phenyl ring substituted delivabf 3-hydroxychromone at position 2, is
slowed down compared to that of the parent moletulEhe ortho aryl substitution to
hydroxyl group enhances the electron donating tghilius lowering the transfer ability of
hydrogen atom. When the phenyl ring is replacedth®y bigger naphthyl ring, the rate
decreases further.

O
O
QuimnnniH /
Om\u\\\mH

3-Hydroxychromone
3-Hydroxyflavone

Scheme 1.17. 3-Hydroxychromone and 3-hydroxyflavone.

3-Hydroxyflavone displays laser actidff However, in 2-methyl-3-

hydroxychromone the lasing activity cannot be acki€® The authors explained this
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observation in terms of fluorescence quenching tduaolecular aggregation and transient
parasitic absorption of the phototautomeric sped@esides, in flavonols (such as quercetin,
and 3,5,7,3,4'-OH flavone), where 5-OH and 3-OHugs are simultaneously present, the
hydrogen bond between the carbonyl oxygen and kytligroup of C-5 position interferes
with that of carbonyl oxygen and hydroxyl group@® position’* This prevents the ESIPT

and consequently lowers the fluorescence quantefd.yi

Azoles and Benzazoles

2-(2'-Hydroxyphenyl)benzimidazole (HPBI) exhibitingle largely Stokes shifted
tautomer emission in nonpolar hydrocarbons and éuoaksion consisting of normal and
tautomer emissions in protic solveftsBut its analogues 2-(2'-hydroxyphenyl)benzoxazole
(HPBO) and 2-(2'-hydroxyphenyl)benzthiazole (HPEBW)it dual emission even in non-polar

hydrocarbon§’***®The normal emission is due to ttrans-form (Scheme 1.12). Similar
101,102

behavior is observed in their 2-hydroxynaphthyivives also $cheme 1.18).
H—Q

Me

Scheme 1.19. 2-(2'-Aminophenyl)benzimidazoles.

The ESIPT is weakly observed in 2-(2-aminophergijtimidazold®1%
Substitution at the amino group of 2-(2-aminopltgrenzimidazole with electron
withdrawing group enhances the ESIPT process aagkases the quantum vyield of the
tautomer emissionStheme 19).>°1%1%The increase in quantum yield of the phototautomer
is more in case of tosyl derivativeOne probable reason is the absencgarfs-conformer
in tosyl substituted derivative&s¢gheme 1.20). The aryl and benzimidazole moieties are out-
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of-plane such that there #sstacking between the tosylamide and benzimidadofgs. The
conversion oftis- to trans-conformers requires rehybridization of the sulimige nitrogen
and also result in loss of resonance stabilizagioergy between the nitrogen lone pair and
the sulfone moiety.

/
H—N
N\\
A\
N H”””“”NH
\H trans-Rotamer
cissRotamer

Scheme 1.20. cis andtrans-conformers of 2-(2'-aminophenyl)benzimidazole.

The fluorescence yield of the 3'-methoxy substdu#BO Scheme 1.21) was found
to be lower than that of the parent molecileHowever, when the methoxy group is
substituted at 4'-position, the spectral charasties are similar to HPBO. This difference is
due to specific interaction between the hydrogemnatof methoxy group and the phenolic

oxygen.

Scheme 1.21. 2-(2'-Hydroxyphenyl)benzoxazole.

Spectral tuning of HPBO was achieved from deep-tugreen by incorporating
diethylamino or methoxy groups as electron donad aldehyde or ethylester groups as
electron acceptor at'-4and 6-positions of HPBO, respectivelgclieme 1.21).2"'%® The
mesomeric effects of either electron-donating ocepting substituents decrease the
electronic transition energy. The electron donagmngup raises the HOMO more than the
LUMO while the electron accepting group stabilisles LUMO more than the HOMO. As a
result, the absorption maxima of thé 4nd 6-substituted derivatives are red-shifted
compared to that of HPBO. The electron acceptimgtuent at 6-position caused a red-shift
in the tautomer band and on the other hand, eleafanating substituent at-gosition
resulted in blue shift. The HOMO and LUMO are delasd over the whole molecule in
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both enol and keto form, but teelectron density at 4'-position of HOMO of ketarfois
extremely lower than that of enol form. Therefdhe negative inductive effect of donating

group lowers the HOMO and caused the blue shithétautomer emission.

H—O
S R=-H
N -COOH
A\ -CH3
-OH
g -OCHg

R
Scheme 1.22. 2-(2'-Hydroxy-4'-R-phenyl)benzothiazole.

The effects of substitution on the spectral chan§eESIPT emission of HPBT
nanoparticles was studied recentBzi{eme 1.22).1%° A bathochromic shift is observed upon
substitution with electron donating group and a soghromic shift is observed upon
substitution with electron withdrawing group. Tlaitomer emission and its lifetime of the
aggregated HPBT-R nanopatrticles are strongly emtanompared to those of the HPBT-R
monomers. With rise in temperature, the equilibrilbetween the monomer enols and
nanoparticles shifts toward monomer enol forms #mgs the relative enol emission is

increased.

1.2.2. ESIPT and Charge Transfer

Due to the involvement of large electronic and dtrital rearrangements during
ESIPT reaction, introducing an electron donatingel@ctron withdrawing group to ESIPT
molecules may lead to intramolecular charge tran$g€T) coupled reactions. According to
the mechanism of the ICT coupled ESIPT reactios, ItBT could occur prior to or after
ESIPTH?2 0One such example for the former case is obsemetlN,N-diethylamino-3-
hydroxyflavone and its analogues which MNBl-dialkylamino group as an electron donor
and the carbonyl oxygen of the parent ESIPT moteaslan electron acceptdt:*®

The molecule upon photoexcitation first undergoested state ICT in femtosecond
time scale after which ESIPT competes with theesativelaxation process to the equilibrium
ICT state Scheme 1.23). After reaching the solvent equilibrium, ESIPTcocs from the ICT
state as well. As a result, the molecule exhibital @mission in polar aprotic solvents. The
shorter wavelength emission band due to ICT shdven@ positive solvatochromic shift
while the longer wavelength emission band due tasgon from EISPT product shows

solvent polarity independent emissith 7-N,N-Diethylamino-3-hydroxyflavone, where here
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the position of the diethylamine is changed frond'C{o C(7) position, also exhibits dual
emission but here a precursor—successor relatjprestists between the ICT state and the
phototautomet?*?> However, when the diethylamine is substituted @thkthe C(4') and

C(7) positions, the fluorophore exhibits predomihathe proton-transfer emission orfi?

/ /
OuummH OlnummH

Scheme 1.23. Intramolecular charge transfer induced ESIPT hy8roxyflavones.

In 2"-hydroxyphenylazoles the ICT occurs after ESIP?°°22>1%®The |CT is shown
to be associated with the conformational changéhefESIPT product by torsion rotation
between the two aromatic ringScheme 1.24).*?® The torsional rotation leads to the
formation of a twisted nonfluorescent charge trangfitermediate having a structure with
suitable redox pair. The phenyl ring of the molesuls electron rich while the azole ring is
electron deficient. The electron-donating and etechccepting strengths of the substituents
are shown inScheme 1.25. 2'-Hydroxyphenyloxazole and 2'-hydroxyphenyltioigz are
shown to undergo torsion rotation of the tautomeihe first excited singlet state overcoming
a small energy barrier to give a twisted tautorhat possesses a biradicaloid naftire.

2-HydroxyarylbenzotriazolesS¢heme 1.26) show ICT induced PT**!?° Complete
active space self consistent field (CASSCF) stufithe reaction path for ESIPT of 2-(2'-
hydroxyphenyl)triazole predicted that the ESIPTriggered by the ICT from the phenol to
the triazole moiety. The ESIPT reaction results the phototautomer that decays
nonradiatively’?® The increase of blue fluorescence in 2-(2'-hydpwenyl)benzotriazole in
strongly polar media was attributed to the fornratd a long-lived intermediate of a twisted
ICT state. In solution the intramolecular hydrogeond breaks and the intermolecular

hydrogen bond is formed between the hydroxyl grang the solvent moleculé®*?' This
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render the molecule lose its planarity and the tamgy enol emits luminescent from its
excited state. Substitution by methyl anebutyl groups at 3'-positon of 2-(2'-

hydroxyphenyl)benzotriazole hinders the rotatiorhgfiroxyl group and thus strengthen the
126,128

intramolecular hydrogen bond which favors the ESi€action:.

Nsyn

Scheme 1.24. Proton coupled charge transfer.

Electron acceptor strength
»

Me
+/

\> @\> @\> o8

Electron donor strength
-
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Scheme 1.25. Electron accepting and donating strengths in basiea and hydroxypyridines.
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Scheme 1.26. 2-(2'-Hydroxyphenyl)benzotriazole.

The phototautomer emission usually shows small thegasolvatochromism.
However, introduction of conjugative electron adoeproups at the 6-position of HPBO
resulted in moleculesS¢Cheme 1.27) those exhibit a strong positive solvatochromisinithe
phototautomer emissions due to consecutive ICT BSEPT process. But their normal

emission bands are independent of solvent polérity.

N
\\\\\H—O \
4
\ (@]
(0] 0]
gz
N /
O
= NV
NZ Ny j\

Et Bu
Scheme 1.27. Derivatives of HPBO.

1.2.3. Applications of ESIPT

In general, fluorophores with large Stokes shié desired because self-absorption or
the inner filter effect can be avoided. This witiprove the fluorescence analysis. Since it is
difficult to increase the Stokes shift of the comvenal fluorophores by chemical
modification, utilization of ESIPT exhibiting fluophores can be a substitute. ESIPT is
accompanied by large electronic and structuralraegements; hence, is associated with
change in dipole moment and molecular geometrys $titong and fast reorganization of the
charge distribution resulting from the PT makes thelecules exhibiting ESIPT very
attractive as potential implications in lasing sys$ as tunable laser dyes and light emitting
diodes (LEDsf?'#3° molecular switche® photostabilizers® 831132 probes:***3" and

sensorg®141

1.2.3.1. Four Level Chemical L aser

Organic laser dyes often suffer from serious litiotas arising due to occurrence of

TH-1151_07612201 Applications of ESIPT
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self-absorption and concentration quencHiti:***However, four-level proton-transfer laser
dyes have been found to be extraordinarily efficidhis can be considered to be a true
chemical laser because the flash-photolysis putsduges a new chemical species - the
excited tautomer state (} easily attaining a complete population invemswith respect to
the ground & state which initially has zero population andapidly depopulated thereafter
to the original ground state,.SA stimulated emission is easily obtained. The kivagy of a
four level PT laser is schematically illustratedScheme 1.11. The whole PT becomes a
cyclic process and thus, ESIPT molecules are ptaiiles unlike other organic dye lasers
which undergo photobleaching on prolong exposuradation.

The strong and rapid reorganization of charge itigion in the excited state render
large Stokes' shift in fluorescence. Besides, & adunable range, as for instance, desired
wavelength between 518 and 545 nm can be obtarned 3-hydroxyflavone in hydrocarbon

t*2 Such properties are also observed in other ESIRlecules salicylamid&?

sodium salicylaté?* HPBI and its anologued** and quinoline-based ESIPT moiety

,146

solven

containing dendrimer neat filtf$"**®and highly doped polymer filnts’
1.2.3.2. Optoelectronic Devices

The cyclic process in ESIPT can be controlled lgitlito halt at one point of the
reaction where the material has different struct@ed functions. Hence, this principle finds
use in molecular switches, energy and informatimmage systems at molecular 1€V&{°

and organic light emitting diodes (OLED)****°
H—0Q HinmQ

: :N/ \C

Scheme 1.28. Tautomerization of 2-(2'-hydroxyphenyl)benzoxazole

\\\

N
S
N

The optical switching effect in HPBOS¢heme 1.28) originates from the beam
deflection of the probe beam (632 nm) when a thadnonic generation laser (355 nm) is
used as the pump beam used for irradidtionhis is due to ESIPT process, and not the
thermal effect because of absorption of the pumgmbevhich was assumed earlier. This
causes the change in refractive index under thepploeam. As the ESIPT process is very

fast, HPBO might be an excellent material for hggieed optical switching.
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Scheme 1.29. Molecular structures of SOX and DOX.

White luminescence is one significant applicatibi=81PT chromophores because of
their large Stokes shift and the transient featofethe ground states of the emissive
specie€/?|t is difficult to obtain a luminophore that givesission over the whole range of
the visible spectrum. To obtain white light emissiat least two luminophores that show
different emission colors are mixed. It is impottemnote that energy transfer irrespective of
its actual mechanism (Forster, Dexter or triviaBncoccur between the component
luminophores if there is overlap between the emissif one (donor) with the absorption of
the other luminophore (acceptor). In two level fiesrent chromophores, the Sate of the
donor and the §state of the acceptor are highly populated unidlenination and thus the
energy transfer cannot be frustrated. Howeverpunr fevel fluorescent chromophores like
ESIPT molecules consisting 0,55, ' and §' states $cheme 1.1) the energy transfer is
frustrated in the sense that the population ofgrmund state K form of the acceptor is
negligible since the ground state tautomer forntaimty reverses back the transferred proton
to the normal form after radiative relaxation. Téfere, ESIPT luminophores are ideal for
construction of white luminescent materials. Foaraple, highly efficient OLED can be
fabricated by doping two ESIPT luminophore molesu&0X and DOX in 9:1 by weight
(Scheme 1.29).**° The SOX has one phenolic hydroxyl group (i.e. BS4PT chromophore)
while DOX has two. SOX gives a broad tautomer emmsdand at 492 nm and DOX
exhibits the tautomer emission band at 583 nm witiminor emission 450 nm due
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to the enol form. The longer wavelength of thedawtr emission in DOX is explained by the

enhanced coplanarity of the molecule due to theagotienolic hydroxyl group.

1.2.3.3. Molecular Switches

Any chemical system that can exist in at least twasi-stable states of different
chemical or physical properties can be regardemiraslecular switch. However, these states
should be relatively stable and reversibly intekaotible caused by an external stimulus. The
existence in different states could be due to dfie processes such as
protonation/deprotonation, geometrical isomerizgtjgroton transfer, charge transfer, change
in spin state, bond formation/cleavage, photoetioita oxidation/reduction, luminescence or
specific interactions with ions and molecutds™® Therefore, the switching of one state to
another can be used build a molecular logic gate €ate of the switch can be assigned as
ON and the other as OFF. In terms of digital infation processing, the ON or OFF can

represent as the signal 1 or O, respectively @& versa depending on state assignment.

H\
N
N
N OH
OH N
/
OH
/N
H
N
/
/N
H

Scheme 1.30. Molecular logic gate operators based on ESIPT.

Since ESIPT molecules often exist in different noéaic and tautomeric forms, they
are good examples of molecular switches and thaybeaused to construct molecular logic
gates. For example, the fluorophore ®j3{4H-benzimidazolyl-2-yl)[1,1']binaphthalenyl-
2,2'-diol Scheme 1.30) consisting of 2,2binaphthol and benzimidazole moieties has been

suggested for molecular arithmetic half-subtratbgric operator that can operate INHIBIT,
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XOR, and XNOR gates by manipulating the neutraldiacand basic conditions of the

fluorophore®®*

The fluorophore consisting of naphthol and imigazaline moieties has
been used as INHIBIT, INVERTOR, and XOR half-subtoa on based on selective emission

changes of the fluorophore on interaction witf'Gand F~ ion&?

1.2.3.4. Photostabilizers
To prevent destructive degradation of polymericeamals by ultraviolet (UV) light
absorption, the product materials are coated wit¥ &bsorbers like derivatives of
hydroxyphenyltriazole/triazineStheme 1.31).”8132°9%1The coated material (light stabilizer)
filters off the UV radiation by ultrafast dissipati of the absorbed light via an internal
conversion mechanism of intramolecular rearrangémen
H—O

- \\\H—O
Q¢
\_ /

o-Hydroxyphenyltriazine
Tinuvin

Scheme 1.31. ESIPT based UV stabilizers.

1.2.3.5. Fluorescent Probes

The ESIPT process is affected by interaction whiin surrounding environment, such
as intermolecular hydrogen bond formation with salvmolecules and deprotonation by
basic media. This leads to the formation of varisasers. Therefore, multiple emissions are
obtained from an ESIPT molecule due to emissiomftbe initial and proton-transferred
form as well its rotamers and protomers. In addjtibe emission intensities and wavelength
of each band are subjected to vary with changéenstirrounding environment due to large
structural and electronic changes involved duri®FH. Such a unique sensitivity of ESIPT
process to the environmental factors is very berafin designing fluorescence probes for
polarity, viscosity, pH, ions, biological systemsic couple of examples are discussed
hereZ8 163,164

ESIPT exhibiting 4-hydroxy-5-azaphenanthrene isnshto act as a good fluorescent
probe for human serum albumin and beaver apomyagldbThe ESIPT of 4-hydroxy-5-

azaphenanthrene is free from hydrogen bonding sblagerference, hence can give dynamic
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information about the surroundin§ocheme 1.32). It is blue shifted with increased polarity,
thus acts as ideal probe for prediction of the fityigoroperties of protein binding sites and

their conformational stability.

light

/
Ot

O—H

Scheme 1.32. 4-Hydroxy-5-azaphenanthrene.

Derivatives of 2-(2-furyl)-3-hydroxychromon&gheme 1.33) are used as hydration-
sensitive probes for the interaction between pepsitd oligonucleotide based on ratiometric
response of the normal and tautomer emissithi lower hydration environment, dual
fluorescence consisting of both normal and tautosmarssions is observed. However, in
agueous environment, the tautomer emission disap@eal only the normal emission is
detected. The ESIPT chromophore tagged in the iprage shielded by the protein-
oligonucleotide interaction from the aqueous enwinent. This changes the fluorescence
intensity ratio of normal to tautomer which actgoal in quantification of the hydration

environment of the biomoleculé%® 1%

HO

(@] O||||||||||||H

Scheme 1.33. 2-(2-Furyl)-3-hydroxychromone.

1.2.3.6. Fluorescent Sensors

Since ESIPT results in dual emission, moleculesbitxiig ESIPT can be used as
ratiometric sensors. Ratiometric fluorescent redagn has advantages over conventional
single wavelength monitoring as the ratiometric hodt is free from the errors associated
with receptor concentration, photobleaching andirenmental effects. Most of the
applications of ESIPT chromophores are based orpémrbation of the ESIPT process
upon interaction with the analytes. A variety ofI[EB based sensors have been reported in

the literature, some of these sensors are discusskd following.
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Hydrogen Bonding Sensors

Molecular hydrogen bonding sensors are highly ddsipy modern science and
technology. The equilibrium between the hydrogendasal and non hydrogen bonded forms
of 4'-dialkylamino-3-hydroxyflavone dyesgheme 1.34) in mixed solvents in the ground
state remain almost unchanged upon excitation ¢éonibrmal excited state;:£° In the
excited state no new hydrogen bond forms, but tlabsady existing undergo slow ESIPT
reaction. The fluorescence spectra of the dye deova measure of the ground state
distribution between its hydrogen bonded and nodrdgen bonded forms, which in turn
reflects the hydrogen bonding potential of the sovinent. Due to this feature, these dye
derivatives can serve not only as a calibratorobfent properties but also as a unique sensor

of hydrogen bonding potential in unknown media.

z—<

Me

0
/

Qi

Scheme 1.34. 4'-Dimethylamino-3-hydroxyflavone.

Metal lon Sensors

Some metal ions are found as environment pollatantt some are essential
trace elements in biological systems. For the dietecand measurement of metal ions
fluorescence sensors are highly investigdtdd®*"® Using a Schiff base, Mg ion is
recognized based on the fluorescence intensity aitthe keto and enol emissioli&.The
sensor Schiff base in THF/water (9:1 v/v) when &dtiat 275 nm exhibits dual emission at
355 and 427 nm, due to normal enol and keto tautdomms, respectivelyScheme 1.35).
Upon addition of Mg(ll) ion to the solution, thetémsity of the emission band at 355 nm
decreases along with the concomitant increaseeob#imd at 427 nm. However, other metal
ions including alkali (N§ K*), alkaline earth (G4, SF*) and transition metal ions (Nh
Fe¥, Cd*, Ni#*, CU*, Zr?") give no such significant change in the fluoreseespectrum
under the same conditiohs. The sensor could potentially be used to detectliions such

as hypermagnesaemia.
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Scheme 1.35. Schiff base as chemosensor for¥ig
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Scheme 1.36. Chemosensors for detection of Nend C&" ions.
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ESIPT molecules containing aza crown ether moi@&sheme 1.36) have been
exploited as chemosensors for'Ned C&" ions!”* The conformer | is the dominant species
in acetonitrile and undergoes ESIPT to give itsttasmionic form responsible for the large
stokes’ shifted emission. On addition of ‘N#&n, the equilibrium shifts towards the
conformer Il and the ESIPT process is inhibited grenormal emission which occurs from
conformer 1l is enhanced. When R group is the fdrmgiety, another ESIPT channel is
switched on in the conformer Il where the aldehgdeup acts as proton acceptor and the
hydroxyl group as donor. This gives another ESIRilssion.

Anion Sensors

2-(2'-Phenylureaphenyl)benzoxazol&ctfeme 1.37),®

Is a good hydrogen-bond
donor, can be used as sensor for fluoride and tacatéons. In fluoride and acetate anions the
different mechanisms operates to inhibit the ESTH¥e inhibition of ESIPT occurs either by
the fluoride induced deprotonation of the urea wniby the formation of a strong acetate-
urea intermolecular hydrogen bond complex. Thisngka the ratiometric responses of the

normal and tautomer emissions.
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Scheme 1.37. Inhibition of ESIPT in 2-(2'-phenylureaphenyl)berazole in presence of
fluoride ion.

Thiazole-based ESIPT moleculgchieme 1.38) has been used as a chemosensor for
selective detection of fluoride anion in acetotett{> The fluoride anion deprotonates the
phenolic hydroxyl group, therefore inhibits the B®lreaction. Upon addition of fluoride
anion, the normal and tautomer bands disappeaaar@lv emission corresponds to phenolic

anion form starts to appear. Such changes arelsetved in case of other halides.

<
H—O H—0 ©0
N\\\\ F© . s £© N
| N | A - HF, | N
S g S

Scheme 1.38. Inhibition of ESIPT by fluoride ion.

7,

A Zn** complex oHPBO derivative has been used as a ratiometricdiaent probe
for selective detection of pyrophosphate anitfdn the zrf* bonded form the phenolic
hydroxyl group is deprotonated thus the ESIPT Hhited. Binding with pyrophosphate
anions frees the phenolic hydroxyl group which wrnt triggers the ESIPT. The
pyrophosphate bonded sensor gives emission at 548due to tautomer emission.
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1.3. Scope of the Present Work

As discussed earlier, HPBI exhibits clear foutidid energy levels due to ESIPT it
undergoes. Hence, HPBI is used as a source foldgal chemical lasers. The photophysics
of HPBI is studied by replacing the NH group with(@PBO) and S (HPBT) hetero atoms,
respectively. These molecules show different phoysjgal properties in terms of quantum
yield, Stokes’ shift, photostability and ESIPT jatt they undergo. Further substitution with
hetero atoms in these molecules will further aleir photophysics. Besides, the substitution
creates a new binding site in the molecule whickebigps a new dimension in exploring the
potential implications of these molecules as prohed sensors. It also helps better in
understanding the photophysical properties of tiheskecules.

The primary scope of the present work is to undestthe ESIPT reaction and the
related photophysics of HPBI and its analogueslidtastudies carried out by Dogra et

al #917417%3nd Rodriguez et al"*"®

revealed that presence of N-heteroatom in thedrenz
ring of HPBI reduces the quantum yield of the pkexttomer while the nitrogen substitution
on the phenolic ring increases its yield. Therefaheoretical calculations have also been
performed to understand the photophysical proceabssg occur in these molecules.

In the literature, many physical and chemical tégphes such as X-ray diffractid’
nuclear magnetic resonance (NMR), electron paramagnetic  resonanCe,
electrophoresi8®® ultrafiltration!®* light scatterind® absorption®® or emission
spectroscopy” are used to study the characteristics of micraenwmients. Fluorescence is
more popular than other techniques not only dusnplicity in measurement but also due to
the high sensitivity of the technique. Since enoigsintensity depends on factors such as
concentration, bleaching, optical path length, dinghination intensity, ratiometric sensing
are more desired over single wavelength measurenherthis aspect ESIPT exhibiting
molecules can be used as probes or sensors. Magegf the ratiometric measurements the
interactions of HPBI and its nitrogen substitutetilagues with metal ions and different
microheterogeneous media viz. cyclodextrin (CDyerse micelle and bovine serum albumin
(BSA) protein were investigated. In the procesdepiial implications of these molecules as
sensors and probes were also explored. A new filan@ 2-(2'-hydroxyphenyl)+3-
oxazo[4,5b]pyridine (HPOP) was synthesized and studied toetstdnd the effects of

substituent on ESIPT.
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2.0. Introduction

The chapter provides the details of the materigksdun the present work and the
synthetic procedures of the fluorophores. Methosisdufor the analysis, calculations and
preparation of the samples are also elaborated.chipter also describes the methods used
for the quantum chemical calculations and in addijti brief descriptions of the
instrumentations such as UV-Visible absorption sp@totometer, and steady-state and

time-resolved fluorimeters are provided.

2.1.0. Materials

Details of the materials utilized in the preseptkvare given below.

2.1.1. Solvents
» Acetonitrile, CHCN (HPLC grade, Spectrochem Pvt. Ltd., India)
e 1-Butanol, CHCH,CH,CH,OH (HPLC grade, Spectrochem Puvt. Ltd., India)
e Chloroform, CHC} (HPLC grade, Rankem India)
* Cyclohexane, gHi, (HPLC grade, Rankem India)
* N,N-Dimethylformamide, N(Ch.CHO (HPLC grade, Rankem India)
* Dimethylsulfoxide, (CH),SO (HPLC grade, Rankem India)
e 1, 4-Dioxane, gH;,0,C;H, (AR grade, Spectrochem Pvt. Ltd., India)
* Ethylene Glycol, (CkEOH), (AR grade, Rankem India )
e Ethyl Acetate, CHCOOCHCH3; (HPLC grade, Rankem India)
» Ethyl Alcohol, CHCH,OH (ACS grade, Merck India)
* Glycerol, CHOHCHOHCHOH (AR grade, Rankem India)
e Methyl Alcohol, CHOH (HPLC grade, Rankem India)
e Tetrahydrofuran, ¢HgO (HPLC grade, Rankem)
e Toluene, GHsCH;3; (HPLC grade, Rankem India)
e 1-Propanol, CHCH,CH,OH (AR grade, Rankem India)
» Water, HO (Millipore water)
All the solvents were tested and found free of s fluorescence in the region of

spectral measurement before use.

2.1.2. Metal Salts
» Barium perchlorate hydrate, Ba(G)@xH,0 ( 99.0%, Sigma Aldrich)

TH-1151 07612201 33 Syntheses



Chapter 2
Materials

» Calcium perchlorate tetrahydrate, Ca(@QitH,O (99.0%, Sigma Aldrich)

» Copper perchlorate hexahydrate, Cu(g¥®H,0O, (98.0% Sigma Aldrich)

* Magnesium perchlorate hexahydrate, Mg(£}®H.O (> 99 %, Sigma Aldrich)
* Nickel perchlorate hexahydrate, Ni(G)@6H,0O (98.0% Sigma Aldrich)

* Sodium perchlorate monohydrate, Na@GKDO (99.0%, Sigma Aldrich)

» Sodium sulphate anhydrous, 488, (99.5 %, Merck India)

* Zinc perchlorate hexahydrate, Zn(G)©@6H,0 (98.0%, Sigma Aldrich)

2.1.3. Other Chemicals
* Aerosol Orange T, (AOT, Sigma Aldrich)
* Bovine serum albumin (BSA, 98%, Merck India)
* B-Cyclodextrin 3-CD, Sigma Aldrich)
» 2,3-Diaminopyridine (98%, Sigma Aldrich)
» 3,4-Diaminopyridine (98%, Sigma Aldrich)
* Diphosphorous pentoxide (97%, Merck India)
» ortho-Phenylenediamine (98%, Merck India)
» ortho-Phosphoric Acid, (AR grade, Rankem India)
» Phosphorous oxychloride (Spectrochem)
» Potassium hydroxide (Merck India)
» Salicylic Acid, (98%, Merck India)
* Sodium hydroxide (Merck India)
* Sulphuric Acid (AR grade, Rankem India)

2.1.4. Syntheses of 2-(2'-Hydroxyphenyl)benzimidal® 2-(2'-Hydroxyphenyl)-3H-
imidazo[4,5-b]pyridine and 2-(2'-Hydroxyphenyl)-3H-imidazo[4,5<]pyridine

HPBI, 2-(2'-Hydroxyphenyl)-B-imidazo[4,5b]pyridine (HPIP-b) and 2-(2'-
Hydroxyphenyl)-#-imidazo[4,5¢€]pyridine (HPIP-c) were synthesized following the
reaction scheme shown Scheme 2.18"# Equimolar mixture of appropriate diamine and
salicylic acid was heated in polyphosphoric acid160-200°C until the reaction was
completed (~ 4.5 hours). The reaction was monitdnedhin layer chromatography (TLC).
The reaction mixture was cooled to room temperaflioethe reaction mixture, 2 heaps of ice
cold water were added and stirred well so thatntingure become a complete slurry. The
acidic grey colored slurry was neutralized with egus KOH solution to neutral pH at which
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the product precipitated out. The precipitate wasuum suctioned and dried for overnight
in a dessicator. The dried precipitate was threzystallized. The identities and purity of the
synthesized compounds were confirmed by TLC, Fourfransform Infrared (FT-IR), and
NMR. The'H NMR peaks were assigned based on the decoupkiperienents performed

(Appendices Al A2, andA3). Figure 2.1 shows the NMR spectra of HPBI, HPIP-b and
HPIP-c in the aromatic region.

HO HO
NH,
v Polyphosphoric acid "y _—N
k + mnooc > m N
X~ w, 160-200 °C F ¥
H

X=Y=CH HPBI
X=N,Y=CH HPIP-b

X=CH,Y=N HPIPc

Scheme 2.1Synthetic procedure for HPBI, HPIP-b and HPIP-c.

90 88 86 84 8.2 80 7.8 7.6 74 7.2 7.0 ppm
Figure 2.1.'"H NMR Spectra of HPBI, HPIP-b and HPIP-c in DM$Q-

HPBI: White solid;'H NMR (400 MHz, DMSOd¢/CDCls, 1:7)5 = 7.01 (1H, d, Ar-
H), 7.05 (1H, d, Ar-H), 7.28 (2H, br, Ar-H), 7.38H, m, Ar-H), 7.61 (1H, br, Ar-H), 7.70
(1H, br, Ar-H), 8.02 (1H, d, ArN-H).
IR (KBr): 3325, 3056, 2508, 1602, 1590, 1492, 13952, 726 cril.
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HPIP-b: Light green solid*H NMR (400 MHz, DMSO-¢) § = 7.02 (2H, d, Ar-H),
7.30 (1H, m, Ar-H), 7.42 (1H, t, Ar-H), 8.04 (1H, Ar-H), 8.11 (1H, d, Ar-H), 8.39 (1H, d,
Ar-H).
IR (KBr): 3432, 3064, 1634, 1588, 1491, 1422, 1254) cn'.

HPIP-c: White solid;'"H NMR (400 MHz, DMSO-¢, 1:7) 8 = 6.98 (1H, d, Ar-H),
7.04 (1H, d, Ar-H), 7.39 (1H, t, Ar-H), 7.69 (1H, Ar-H), 8.11 (1H, d, Ar-H), 8.28 (1H, d,
Ar-H), 8.92 (1H, s, Ar-H).
IR (KBr): 3505, 3044, 1632, 1590, 1491, 1415, 12889, 754 cil.

2.1.5. Synthesis of 2-(2'-Hydroxyphenyl)-3-oxazo[4,5b]pyridine
2-(2'-Hydroxyphenyl)-Bl-oxazo[4,5b]pyridine (HPOP) was synthesized by
following the procedure reported earlier for thetsesis of the similar compoun¥. The
reaction schemés presented irscheme 2.2 Salicylic acid (1.4 gram) was dissolved and
stirred in POQ (2 mL) for ~ 3 minutes. Then 2-amino-3-hydroxyplme (1.1 gram) was
added to the solution. The reaction mixture wagdteat 90 °C and heated until the reaction
was complete (6 hours). The reaction was monitdredTLC. After completion of the
reaction the mixture was cooled. 2-3 heaps of ies wdded, stirred and scratched with
spatula to mix the hardened solid. White precipitaas formed. The precipitate was filtered
and dried. The dried residue (1.3 gram) was digsbim dichloromethane leaving behind
insoluble sticky solids. The filtrate was dried hwiatnhydrous NaSQand filtered. The
product was dried from the solvent to give greerfiakes (600 mg). The compound was

doubly recrystallized in methanol.

N NH, HO HO
= POCI, N N
s or HOOC ~ 90 °C P

HPOP

Scheme 2.2Synthetic Procedure for HPOP.

The identities and purity of the synthesized conmub2-(2'-Hydroxyphenyl)-3-
oxazo[4,5b]pyridine (HPOP) were confirmed by TLC, LC-MS, FR;l and NMR. The
HNMR spectrum of HPOP is shown Figure 2.2
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11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 ppm
Figure 2.2.'"H NMR Spectra of HPOP in DMS@/CDCl; (1:4 v/v).

HPOP: Yellowish green}H NMR (400 MHz, DMSOds/CDCls, viv = 1:4)5 = 7.0
(1H, t, Ar-H), 7.15 (1H, m, Ar-H), 7.35 (1H, m, At), 7.5 (1H, t, Ar-H), 7.9 (1H, d, Ar-H),
8.08 (1H, d, Ar-H), (1H, br s, ArO-H).
IR (KBr): 3452, 1631, 1544, 1485, 1404 ¢tm
ESI-MS, m/z: 213.07 (M+1)

2.2.0. Preparation of Samples
2.2.1. In Solvents

A stock solution of the fluorophore of 1 mM conaatibn was prepared in methanol.
10* M of the fluorophore solution was further prepaieanethanol by pipetting out 1 ml of
the stock solution to a 10 ml volummetric flask ditichg the flask upto the mark by adding
methanol. From the 10M solution, 50QuL of the solution was pipetted out to another 10 ml
volummetric flask. The solution was kept in the wevernight at ~ 50 °C to remove the
methanol. After complete removal of methanol, 10ofdiifferent solvents was added to each
volumetric flask containing the dried compound. Tlek was shaken well to dissolve the
compound completely in the solvent. For pH titratia small amount of 420, or NaOH
solution was added to obtain the desired pH. Tim@ ioncentration of HPBI/HPIP-b/HPIP-c
for any absorption or fluorescent measurement wal hinless otherwise mentioned. In the
case of HPOP, 10QL of 1 mM solution in methanol was pipetted out @010 mL

volummetric flask. The final concentration of HP@Pa given solvent for the study was 10

UM.
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2.2.2. Metal Solutions

Metal perchlorate solutions were prepared in adeilen The compound was
completely dissolved in acetonitrile. Metal ionrdtions were carried out by mixing
appropriate amount of the metal ion solutions ® flhorophore solution. The fluorophore

concentration was maintained aigl.

2.2.3. Reverse Micelle

AOT/n-heptane/water reverse micelles were prepared Isfersyatically adding
desired amount of water to a solution of AOTnsheptane. The amount of water present in
the mixture is expressed as the molar ratio of wate AOT surfactant Wp). The
concentrations of the fluorophore and AOT in theerse micelle system were maintained at

5uM and 0.1 M, respectively throughout the experiraent

2.2.4. Protein Samples

10 mM of aqueous phosphate buffer of pH 7.0 + Oa% wsed to prepare the protein
samples. For fluorescence resonance energy traffiSR&T) experiments, the concentration
of bovine serum albumin (BSA) was kept constart@#M and fluorophores concentrations
were varied. For other studies the ligands conag&atrs were kept constant a8l and BSA

concentrations were varied.

2.3.0. Methods
2.3.1. Quantum Yield )

The excited molecules after absorption of lightsgliate their absorbed energy by
decomposition, reaction, emission or nonradiatigeexcitation. The efficiency with which
these processes take place is called the quanticrerty. Quantum vyield of fluorescence
(P5) is defined as the ratio of the number of photenstted to the number of photons
absorbed as given by the following equation.

_ Number of photons emitte:
Number of photons absorb

2.1)

f

The fluorescence quantum yield of a samglg (s determined with respect to that of

a standard known fluorophore using tguation 2.2 given below

®d. I.AN?
¢TS: SA’S Q.Z)
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where @5 is the fluorescence quantum yield of the samplegnd } are the integrated
fluorescence area, amdl and A, are the absorbance values for the sample andereter
solutions, respectivelyns and n, are the refractive indices for the sample andreeiee
solutions, respectively. Quinine sulphate in 1Nobufic acid solution®, = 0.546) was used
as the reference for fluorescence quantum yielerodenation'®* The dielectric constants and
refractive indices of different solvents at diffetreiemperatures for the determination of

fluorescence quantum yields were obtained fronitekature:®>*%

2.3.2. Determination of lonization Constant

The acid dissociation constant dfjas a measure of the strength of an acid or a base.
The K, measurements are useful parameters for understariie behavior of probe
molecules. Different ionic species of a moleculgediin physical, chemical and biological
properties and so it is important to find whichi@form of the molecule is present at the site
of action. The most familiar Hammette equation ugmdthe determination of ionization
constant (K;) of the dissociation reaction of an acid in wasegiven below:

_ [B]
H, =pK, + Iog[BH+] 2.9

where [BH] and [B] are the molar concentration of conjugatél and base, respectively as
described by the reaction givenkuguation 2.3 Hy is called the Hammette acidity function,
which is given by the followingquation 2.5

H, = -|oga1f+;f8 e

BH"
wherefg andfgy” are the acidity co-efficients of conjugate base acid, respectivelyay” is
the activity of the proton. For dilute solutiong Ean be replaced by pH. A plot of pH versus

|0gﬁ

BH] gives a straight line with unit slope and the gHegual to K, when [B] = [BHT].

[B]

The factor
B

can be determined from following relation.

+

(B _ [A-A
[BH] [A-A,]

where A+ and A are the absorbances (at the analytical wavelemgtpure BH and B,

2.6

respectively and A is the absorbance (at same wagti) of any solution in which BH
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is partially ionized. The factci% can also be expressed as
[Bl _ [8
_= @7
[BH] [ 18

where [C] = molar concentration of the compounthim experimental solution.

The concentration of the conjugate base is giyven b
A(/]l)‘ggH (/]2) ~ A(/‘Z)ng (/]1)
€y (Al)ggH (/]2) — &g (Az)ggH (/]1)

£ is the molar extinction coefficient. Generally,awavelengthsX; andA,) are chosen on

[B] =

2.9

both side of the isosbestic point.

2.3.3. Quantum Mechanical Calculations

Density functional theory (DFT) methods for solvingplecular parameters in the
electronic ground state have gained rapid momemtumodern computational chemistry due
to their accuracy and lower computational cost. ditgrfunctional calculations are based on
electron probability density function or electroandity function unlikeab initio methods
which are based on solving wavefunctions. The bpsitiples on developing the methods
and solving the electronic structure of a molecate discussed in details by Lewdt,
Cramet® and Szabo et & and Gaussian Manuai*%in their books.

However, calculating molecular parameters for apctebnic excited complex
molecular system is difficult in terms of accuraemd computational cost and time.
Configuration interaction singles (Cf&}is a common method for calculations of excited
state parameter§?® CIS is an analytic gradient method which allowsimjzation of the
excited state geometries and is less expensiveg@ébmetries obtained at the CIS level are
quite reasonable and correct at least as a fibapmation for a variety of moleculé%-%%
But CIS has certain limitations such as significdiffierence of the calculated energies from
the experimental data, and incorrect order of treted state$?*2°*?%To be more specific,
CIS overestimates the energy barrier for PT aridtdaflescribe the breaking of bofftf:?*°
The multireference complete active space self stersi field (CASSCEY! method gives
better accuracy and optimization in the electromicited state is also possible with the
method. The nondynamic electron correlation effeltte to degenerate configurations are
also taken into account in CASSCF. However, in thethod only selected few orbitals can
be included in the molecular orbital (MO) activeasg®>***?*The active orbitals in the

active space can change during geometry optimiz&tidherefore, extreme caution should
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be taken in choosing the active space. Moreovernrtathod is computationally expensive for
large system&%1%2"During the past decade, there has been signifitsmin development
of time-dependent density functional theory (TDDHRmgthods which are DFT based for
calculations of excited state properti€$?!° TDDFT proves good for electronic structure
calculations in the excited states including prot@msfer even for large molecular system
due to its moderate efficiency and accur&ly?° Lately, excited state gradients have been
implemented in TDDFT#*?*"but it is reported that optimization by TDDFT methgives
incorrect ordering of energies in few ca$&sTDDFT calculations over CIS optimized
geometries have been proven to be an efficientoggprin predicting energy parameters for
various system&22232\1oreover, TDDFT method employing B3LYP functionigishown

to be reliable in treating vertical excitation egies even for charge transfer stdtes.
Therefore, the hybrid method TDDFT//CIS for enegg@jculations in the excited state was
implemented in the entire work. The excited sfate geometries were optimized usaiy
initio restricted configuration interaction singles RCI3M85(d) approach.

In all the cases for optimization, the 6-31G(d)iba®t was used but the molecular
energies and other properties were obtained usiB@+&(d,p) basis set. The minimum
energy nature of the geometries was confirmed Hyration frequency calculations
performed on the optimized stationary point georeetand first-order transition states using
the same basis set 6-31G(d) used during the gepmetimization'*®*” Vertical excitation
energy calculations were performed on the optimigemlnd and §Sstate geometries by
TDDFT/B3LYP/6-31+G(d,p) for the assignment of eatibn and emission energies,
respectively. The convergence threshold for thegee and residual forces on the atoms
during geometry optimization (both the ground amel éxcited states) were $hartree and
4.5 x 10* hartree/bohr, respectively.

Solvent stabilization effects were also studied dgclohexane, 1,4-dioxane,
acetonitrile, methanol and ethylene glycol using ititegral equation formalism-polarizable
continuum model (IEF-PCM}*?**The dielectric constants available from the litere**
were used for these calculations. In all the cése®sptimization, the 6-31G(d,p) basis set
was used but the molecular energies and other girepeavere obtained using 6-31+G(d,p)
basis set.

Theoretical calculations were performed using Gaus83W prograrft> throughout
the work to obtain the molecular parameters. Mdircmodeling software GaussView #4
was used for drawing the molecules to obtain therdinates and to give inputs for the

calculations. The flowchart for a typical quantuhemical calculation employed in this work
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is schematically described Figure 2.3 The ground state geometries of the molecules were
obtained by full optimization of structural paraewst employing Berny optimization
algorithm by DFT utilizing Pople's split-valencelgzed basis s&t’ 6-31G(d) in a spin
restricted shell wavefunction manrfét?**The calculations in the ground state were carried
out using the hybrid functional B3LYP containingdRe's gradient corrected three-parameter
exchange functional B3 with 20% of Hartree-Fock ferme’*® and nonlocal correlation
functional of Lee, Yang, and Parr (LYP},given by the expression below.

aE;™ +(1-a)Ey" +bAES™ + EM™N +cAES™ 2.9
The constants, b and ¢ are semiempirical coefficients with values 0.8/20and 0.81,
respectively.
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Multiplicity

b

Basis set &
Method
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Figure 2.3.Flowchart for quantum chemical calculations.
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2.4.0. Instruments
2.4.1. pH Meter

The pH of different solutions was measured usingwdy pH Meter (Model No
3510). The pH meter was calibrated by using thifflerdnt standard buffer solutions (pH
4.0, pH 7.0 and pH 10.0) within a range of £ 0.0020pH units before a measurement was

performed.

2.4.2.Absorption Spectrometer

Absorption spectroscopy is the most widely usedttspscopic tool which provides
the wavelength of a transition and the correspandmolar extinction coefficientef) of a
chromophore under investigation. The modern Ultralet-Visible (UV-Vis) spectrometer
consists of light source, monochromator, deteaarplifier and recording devices. Quartz
cells to hold the sample are used for the measureafi¢he absorption spectra.

In the present work, the absorption spectra wererded on a double beam UV-Vis
spectrometer Cary 100 from Varian. Deuterium anmigsten lamps are used as UV and
visible sources, respectively. In the Cary 100, hatpmultiplier tube (PMT) is used as

detector. The error limits in absorption maximunvelangth were + 1 nm

2.4.3. Steady State Spectrofluorimeter

Steady state fluorescence spectra were recordéttimburgh Instruments FSP 920,
Jobin Yvon Spex Fluoromax 4 and Cary Eclipse sppbimtometers. As an illustration for
the instrumentation of a spectrofluorimeter, dggmyn of FSP 920 instrument is shown in
Figure 2.4. In the experiments, both emission and excitasidnvidths were of same width

and were maintained at 1 nm, 2 nm, and 5 nm irltloze three instruments, respectively.

Optical System

The most common light source for fluorimeters isorerarc lamp. These lamps
provide a relatively uniform intensity over a brospkctral range from UV to near infrared
(IR). Excitation monochromator is used to seleet ¢ixcitation wavelength. Fluorescence is
collected at right angles with respect to the ianidbeam and the emitted light is detected
through a monochromator by a PMT. Motorized monootator is used for automatic
scanning of wavelengths. The monochromators ar&alted by the electronic devices and

the computer. The optical module contains varicurgspa sample holder, shutters, polarizers
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if necessary, and a beam splitter consisting ofiatq plate reflecting a few percent of the

exciting light towards a quantum counter or a ptmde.

Steady State Xenon
Arc Lamp

Optional us Flashlamp

Standard Detector

Optional Alternative
Detector

S

: 9 / .
Hy /
“" 2 _ptional External

Swing Mirror

Optional Sample
Positioner

! !
Na Flashlamp L Optional Mirror

W Assembly

Excitation
Monochromator

Emission
Detector A 3 Monochromator

Optional Polarisers

Optional

T-Geometry Universal Sample Chamber \

Optional Laser Input

Figure 2.4. Block diagram of FSP 920 steady state fluorescapaetrophotometer from
Edinburgh Instruments. Diagram was obtained froendatalogue of Edinburgh instruments
FSP 920.

The emission spectrum reflects the variation obrilscence intensity as a function of
Aem (the wavelength at which the fluorescence is alegBrwhen the excitation wavelength
(Aexo Is fixed. The excitation spectrum shows the \tamaof fluorescence intensity as a
function ofAexc With fixed Aer The spectra are recorded as a function of wagéieand not
wavenumber because the monochromators of spedrfiater are equipped with gratings,
so that for a given width of the input and outplitssthe monochromators operate at a
constant band pass expressed in wavelength. Tloeeflicence spectra are needed to be
corrected for the distortion by the wavelength aejemce of several components of the

instrument.

Correction for Emission Spectra

The emission spectrum is distorted by the wavelengipendence of the emission
monochromator efficiency and the photomultipliespense. In general, the correction factors
are measured using a calibrated tungsten lamp oa Isyandard fluorescent dye whose
corrected emission spectrum has been reported.siEmisorrection factors are provided by

the manufacture in all the three instruments used.
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Correction for Excitation Spectra

The excitation spectrum is distorted by the vaviadi of the intensity of the exciting
light. These variations are due to the wavelengiieddence of the lamp intensity and of the
transmission efficiency of the excitation monochabon. Because the quantum counter
circumvents the wavelength dependence of the satsiof the sample and the reference
photomultiplier. The ratio of the fluorescence sigrirom the sample to that from the
guantum counter or photodiode, as a function of ékeitation wavelength, provides in
principle corrected excitation spectra. Howevergchswcorrection procedures may be
insufficient when very accurate measurements aeelet (for instance when information is
expected from the comparison of the absorption exwitation spectra). In fact, the optical
geometry of the reference channel is not identicathat of the main channel, and the
wavelength dependence of optical parts (e.g. fteagth of lenses) may introduce some
distortion into the excitation spectrum. It is thescommended to use correction factors
obtained by using a fluorophore absorbing in theesaavelength range as that of the sample
to be studied, and whose absorption spectrum igig#e to its excitation spectrum. The ratio
of the measured excitation spectrum of this refe@ertompound — as described above using
the quantum counter — to the absorption spectrwowighes the correction factors that can be
stored in the computer. It should be noted thattrnosmercially available instruments are
delivered with a file containing the correction ttass and the manufacture provided the
correction file for all three molecules.

FSP 920 is equipped with double excitation monatfator and the other instruments
used for the measurements have single excitatioronfwomator. FSP 920 and Fluoromax 4
have 450 W and 150 W Xe arc lamps, respectivelight source. But Cary Eclipse employs
75 W pulsed Xe lamp as light source. All three nmstents use Hamamatsu red sensitive
PMT R928 as detector.

2.4.4. Time Resolved Spectrofluorimeter

Fluorescence lifetime is the time required by aytafpon of N electronically excited
fluorophores to decrease exponentially by a facta to N/e via the loss of energy through
fluorescence and other nonradiative processesflitwescence lifetime may vary from tens
of femtoseconds to nanoseconds. It is an intrinmioperty of a fluorophore and is
independent the way it is measured. It is consdlasea state function, as it is independent of
the initial perturbation conditions like excitatiovavelength, one or multiphoton excitation,

duration of light exposure, fluorescence intenaitg fluorophore concentration. Moreover, it
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is not affected by photobleaching. Since fluoreseeoccurs from an energetically unstable
state, fluorescence lifetime is sensitive to indérand external factors. The internal factor
comprises of the fluorophore structure and theraatdactors include temperature, polarity,
viscosity and the presence of fluorescence quescher

Light Source > Sample
l TAC Start l
Time to Amplitude Filter or
Converter (TAC) TAC Stop Monochromator
Analogue to Digital Detector
Converter (ADC) (PMT/MCP)
Multichannel Pulse f Stop
Height Analyzer L Discriminator
A 4
Computer

Figure 2.5.Block diagram of a TCSPC instrument.

There are two ways to determine the fluoresceniatinie of the fluorophores,
frequency-domain and time-domaii:**® They have different instrumentation setups and
follow different data acquisition methods, howevbaoth approaches are mathematically
equivalent and their data can be interconvertedrdayrier transform. In frequency domain
method, the incident light is sinusoidally modutatat high frequencies such that the
emission occurs at the same frequency as the micidght. The difference between the
incident and emitted light is that the emitted tighperiences a phase delay and change in the
amplitude relative to the excitation light (demamtidn). Data are acquired with
photomultipliers or charge-coupled devices (CCD)ipped with a gain modulator.

In time-domain, the sample to be analyzed is edaigh a short light pulse from a
light source with sufficient delay between pulsBEse light source can be flash lamp, pulsed
laser, laser diode, or LED. Various methods areladve for data collection. The most

common technique is the time correlated single @nobunting (TCSPC) which is applied in
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this work®*"%*® Figure 2.5 explains schematically the working principle of T€SPC
instrument. In TCSPC method, the light source besasplit into start and stop signal pulses.
The start signal pulse travels to a PMT or micrasstel plate (MCP) photomultiplier which
activates the time-to-amplitude converter (TAC)eTstop signal pulse travels through the
sample. The growth of ramp signal in TAC is stoppgdhis pulse. The TAC output can be
amplified by an amplifier, and this analogue putéeneight corresponding to a measured
time of the signal goes through further processmgonvert to digital pulse through the
analogue to digital converter (ADC).

10000
1000/ B <
w
el
c
S 100
o
o Bz <
10
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0 . : : : ;
0 10 20 30 40 50
Time (ns)

Figure 2.6.Exponential decay model for three components.

Since the fluorophores emit photons at differeaxation times following their
excitation by radiation, the decay time of singlelecules must have a certain rate rather
than occurring at a specific time with excitatidie principle of TCSPC is the detection of
single photons and the measurement of their artizas in respect to a reference signal
from the light source. The TCSPC method needs la tagetitive light source to accumulate
a sufficient number of photons since this is astiaal method and requires many numbers of
statistical data precision. The time measuremetti@ftart and stop sequence is represented
by an increase of a memory value in a histogranusTkhis experiment must be repeated
many times to gather sufficient photons in the falhge of delays between excitation and

emission. The resulting histogram counts versugithe channels on the x-axis represents
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the curve of fluorescence decay profiles. A typaraission decay of a fluorophore consisting
of three components obtained from TCSPC metholdaws inFigure 2.6

In most cases, the TCSPC technique has limits Her temporal resolution and
lifetime range measurable for the fluorescenceitifes. Therefore, for the curve fittings the
method involving linearization of the fitting fumoh and least-squares fitting is the most
widely used deconvolution technique. The fluoreseetemporal profiles were derived by
deconvolution procedures with the instrument resparsing nonlinear least-squares fittings.

In the entire work, fluorescence lifetimes were sugad with the use dfifeSpec ||
from Edinburgh InstrumentsLifeSpec Il employs Hamamatsu MCP detector that has
response time of 50 ps. The light sources useddivecthe sample were 308 nm LED from
PicoQuant and 375 nm laser diode from Edinburgh Wl pulse widths of 635 ps and 2 ps,
respectively at half-maximum. Time-resolved dataensnalyzed with reconvolution method
based on discrete components analysis model usen§AST softward® developed by the
Edinburgh Instruments Ltd. The goodness of fit wetermined by the reducg@ivalues and
weighted residualsX) which were between the range of + 6. The redyéeahd weighted
residuals X) are given by the following equations.

X; =w (S -F) @.11)

wherew;, F;, andS are the weighting factor, measured value, anddiitalue, respectively
andn is the number of fitted data points subtractednhgynumber of lifetime parameters used
in the fit. The error limits in the lifetime valuggere = 0.05 ns.

2.4.5. Other Instruments

Fourier transform infra red (FTIR) spectra in taage 450-4000 cthwere recorded
in KBr pellets on Nicolet Impact-410. Fourier tréoren NMR spectra of the synthesized
compounds (~ 5 mg) were recorded in ~ 400 of CDCl; or DMSOds with
tetramethylsilane as the standard fer nuclei on Varian instrument of 400 MHz. The
chemical shifts were recorded in parts per millfppm) on the scale using tetramethylsilane
(TMS) or residual solvent peak as the reference.

For single crystal structure determination the neity data were collected using
Bruker SMART APEX-II CCD diffractometer equippedttvia fine focus 1.75 kW sealed
tube graphite monochromated N&g-radiation § = 0.71073 A) at 298 K with increasing
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(width of 0.3 per frame) at a scan speed of 5 second per fr@uk.parameters were
retrieved using SMART softwat® and refined with SAINT on all observed reflectiobsta
reduction was performed with the SAINT software andected for Lorentz and polarization
effects. Absorption corrections were applied witle program SADABS$>' The structure
was solved by direct method implemented in SHELXSg®ogram* and refined by full-
matrix least-square method &a using SHELXL-97°°* All non-hydrogen atomic positions
were located in difference Fourier map and refiasigotropically. The hydrogen atoms were
placed in their geometrically generated positidiie positional and temperature factors were
refined isotropically. Structural illustrations teaween drawn with MERCURY 2.8r

Windows?>*
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Nitrogen Substitution in the Benzene Ring of HPBI

3.0. Introduction

Since the first report of Dogra et al. on ESIPTHIRBI,* several groups investigated
HPBI.2%>>28Dogra’s group and Rodriguez’s group studied the ob nitrogen substitution
in different parts of HPBI. Dogra’s group concetech on nitrogen substitution in the
benzene ring of HPBI by synthesizing and studyirRJ48*** and HPIP-&/® Their works
revealed that N-heteroatom substitution in the beazring reduces the quantum yield, and
the excited state lifetimes also strongly depentdomdy on the presence of nitrogen but also
its position. Rodriguez’s grouff*’® examined the role of nitrogen substitution on the
phenolic ring by studying 2-(3'-hydroxy-2'-pyridggnzimidazole (3',2'-HPyBI) and they
found that the quantum yield of the phototautonredpct increases by nitrogen substitution.
However, Dogra found that when the position of stltson changed, 2-(2'-hydroxy-3'-
pyridyl)benzimidazole (2',3'-HPyBI) does not undergSIPT:’® All these results clearly
suggest that the presence and position of nitr@gem strongly perturb the ESIPT process
and the related photophysics of these molecules.

Severalab initio and semiempirical calculations have been perfororedHPBI and
other 2-hydroxyphenylbenzazoles to demonstrate owmari aspects of their
photophysics/%2°%¢!Recently Chattopadhyay et al. carried out AM1-8@ltulations on
2-hydroxyphenylbenzazoles including HPBI and cormagathe calculated results with
experimental resultd:*?> Dogra et al. performed semiempirical calculationsHPIP-b and
HPIP-c to rationalize the experimental findirfgs?

In this chapter, the role of nitrogen substitutiotHPBI on ESIPT and rotamerism are
investigated by DFT calculation and temperaturelisgi The chapter is divided into three
sections. The theoretical study on the effect tbgen substitution in benzene ring of HPBI
is carried out in the first section. The secondisacis the extension of the DFT study to
examine theoretically the role of nitrogen subsitiuin the phenolic ring of HPBI on ESIPT
and rotamerism. The third section is an experimestialy of temperature effect on ESIPT in

HPBI and its nitrogen substituted analogues viziRdand HPIP-c.

3.1.0. Nitrogen Substitution in the Benzene Ring diiPBI

The common characteristics of HPBI and azo sulbstdtaompounds HPIP-b, HPIP-c
and 8-(2'-hydroxyphenyl)#®-purine (HPP,Chart 3.1) are summarized belowis-enol, the
intramolecularly hydrogen bonded form is the madable form of these compounds. Upon
excitation, ultrafast IPT occurs ois-enol to give the phototautomer. In polar solverass-

enol conformer was observed, and is responsiblé¢hismormal emission. But the quantum
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yields and the excited state lifetimes stronglyed&pbnot only on the presence of nitrogen but

also its position.

v XN

X N\ Hmmnno\
H H
cis-Enol trans-Enol
HummmQ
/ \ X=Y=CH HPBI
v \ N
| —_— X=N,Y=CH HPIP-b
>(/ N X=CH,Y=N HPIP-c
\ X=Y=N HPP
H
Keto

Chart 3.1. HPBI and its nitrogen substituted molecules.

3.1.1. Molecular Geometries and Energies

Two isomeric forms are possible for HPIP-b, HPIBrd HPP and we labeled the
respective isomeric forms as HPIP-b', HPIP-c' arfdlPHScheme 3.1 The optimized
energies calculated for all the forms of both themers are compared Trable 3.1 For all
rotameric and tautomeric forms, HPIP-b, HPIP-c HRP isomers are more stable than their
respective forms of HPIP-b', HPIP-c' and HPP' isem&he keto forms of the isomers are
interconvertable by torsional rotation of phenalwiety. Torsional rotation of keto form
followed by reverse proton transfer will lead te tither isomer§cheme 3.1

Table 3.1. Relative energies (eV) of different fors of HPIP-b, HPIP-c, HPP and their
respective isomers (HPIP-b', HPIP-c', HPP") with repect to their correspondingcis-
enol forms of HPIP-b, HPIP-c, HPP isomers in the §state.

Molecule cis-Enol trans-Enol Keto

HPIP-b 0.0 0.2526 0.4343
HPIP-b' 0.1497 0.4031 0.5475
HPIP-c 0.0 0.4485 0.2259
HPIP-c' 0.0044 0.2329 0.4365
HPP 0.0 0.2176 0.4700
HPP' 0.1368 0.3560 0.5637
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The optimized parameters df-enol,trans-enol and keto forms for all the molecules
in the ground state are compiledTable 3.2 The calculation predicts th@s-enol as the
most stable geometry in all the molecules and @&urttihe dihedral angles between the
imidazole ring and phenyl ring as @nd 180 in cis- andtrans-enol conformers in all the
molecules. The corresponding angles reported fremiempirical calculations for HPBT;*®
HPIP-B'* and HPIP-t™® are about 40and 140. The relative stability of theis-enol to
trans- enol decreases with nitrogen substitution andbtedl the order HPBI > HPIP-b' >
HPIP-b > HPIP-c' > HPIP-c > HPP' > HPP. This maydoue to relative weakening of
hydrogen bond betweem ldnd Hg in cis conformer of enolTable 3.2. Thus substitution of
nitrogen in benzene ring affects the relative papoh of the two rotamers in the ground
state. The potential energy surfaces (PES) for emmn of cis-enol to trans-enol are
constructed by optimizing the molecular geometmeth different preset torsional angle
between the hydroxyphenyl plane and the heteracyitine. The PES thus constructed are
shown inFigure 3.1 The barrier height for the conversion @§-enols totrans-enols are
found to be 0.512, 0.522, 0.538, 0.501, 0.511,5).91541 eV for HPBI, HPIP-b, HPIP-b',
HPIP-c, HPIP-c, HPP and HPP' respectively. Theridrarheights for the reverse
transformation for the compounds are 0.252, 0.27P85, 0.275, 0.283, 0.297, 0.322 eV

respectively.
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Figure 3.1.Plot of molecular energy as a function of torsicaradle between hydroxyphenyl
plane and heterocylic plane for different molecuteS, state.
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Table 3.2. Optimized parameters for different enolsand keto form of molecules in &
and S states. Energy difference between other forms ands-enol form (AE, eV), dipole
moment (u, D), interatomic distances (R, A) and charge on nitrogen. For the atom
numbering, refer Scheme 3.1. Values in parenthessse that correspond to § state.

Molecule  Parameter cis-enol trans-enol Keto

HPBI AE 0.0 (0.0} 0.2597 (0.2621)  0.4075 (-0.3387)
u 3.9(3.8) 4.7 (3.9) 5.9 (4.9)
Row (17,18)  0.998 (0.964) 0.970 (0.948) 1.630 (1.963)
R (1,18) 1.732 (1.825) - 1.057 (1.001)
Row (17,10) - 2.038 (2.097) -

HPIP-b AE 0.0 (0.0) 0.2526 (0.3884)  0.4343 (-0.3884)
m 1.6 (1.5) 3.6 (2.6) 3.9(2.7)
Row (17,18)  0.996 (0.964) 0.970 (0.948) 1.611 (1.953)
R (1,18) 1.736 (1.824) - 1.357 (1.001)
Ron (17,10) - 2.050 (2.112) -

HPIP-b'  AE 0.0 (0.0) 0.2534 (0.3574)  0.3979 (-0.4393)
m 6.1 (5.8) 6.8 (6.5) 7.4 (6.5)
Row (17,18)  0.998 (0.966) 0.970 (0.948) 1.685 (1.987)
Rwu (1,18)  1.735(1.820) - 1.048 (1.001)
Row (17,10) - 2.030 (2.089) -

HPIP-c AE 0.0 (0.0) 0.2259 (0.3685)  0.4485 (-0.3531)
u 5.3 (4.8) 7.3(5.9) 5.7 (5.1)
Row (17,18)  0.996 (0.965) 0.970 (0.948) 1.626 (1.961)
Rwu (1,18)  1.743(1.821) - 1.058 (1.001)
Row (17,10) - 2.030 (2.102) -

HPIP-c' AE 0.0 (0.0) 0.2286 (0.4001)  0.4321 (-0.3882)
u 3.6 (3.9) 6.4 (5.5) 3.5(2.9)
Row (17,18)  0.997 (0.968) 0.970 (0.948) 1.621 (1.954)
R (1,18) 1.737 (1.800) - 1.060 (1.954)
Row (17,10) - 2.029 (2.097) -

HPP AE 0.0 (0.0) 0.2176 (0.2980)  0.4700 (-0.3912)
u 3.6 (3.7) 6.5 (5.3) 3.2(2.9)
Row (17,18)  0.995 (0.966) 0.970 (0.948) 1.617 (1.952)
Rwn (1,18)  1.746 (1.816) - 1.060 (1.002)
Row (17,10) - 2.038 (2.117) -

HPP' AE 0.0 (0.0) 0.2193 (0.2946)  0.4270 (-0.4346)
u 5.9 (6.4) 8.1(7.9) 5.7 (5.4)
Row (17,18)  0.996 (0.970) 0.970 (0.949) 1.677 (1.973)
R (1,18) 1.741 (1.790) - 1.050 (1.002)
Row (17,10) - 2.022 (2.089) -

'Energy ofcis enol in $ and S states are -18672.8614 eV and -18672.5751 eVectsply.

On the other hand the relative stabilityar$-enol to keto tautomer increases in the
order HPIP-b' < HPBI < HPP' < HPIP-c' < HPIP-b <IPHe < HPP. In general, the relative
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stability of cis-enol to keto tautomer increases with nitrogen suwit®n. Exceptional
behavior of HPIP-b' and HPP' may be due to thegmas of pyridine ring nitrogen gNwith
lone pair near the imidazole nitrogen; Nhat also has lone pair and the proton transfer

reduces the lone pair-lone pair repulsion.

Table 3.3. Calculated excitation and fluorescencepsctral data (nm) for different
isomers along with corresponding experimental data.

Excitation Fluorescence
Molecule _ .
Cal. Exp. (Dioxane) Cal. Exp. (Dioxane)
HPBI
cis-enol 316 293, 318, 3382 341
trans-enol 307 304, 376 343 366"
Keto 389 429 458
HPIP-b
cis-enol 324 318, 3%7 344
trans-enol 307 315, 329 (sh) 340 335, 350, 363
Keto 409 450 485
HPIP-b'
cis-enol 326 344
trans-enol 306 337
Keto 412 451
HPIP-c
cis-enol 315 329 337
trans-enol 302 299, 309 (sh) 340 337, 342, 355
Keto 392 434 476
HPIP-c'
cis-enol 318 336
trans-enol 293 326
Keto 395 439
HPP
cis-enol 326 341
trans-enol 309 339
Keto 411 456
HPP'
cis-enol 330 344
trans-enol 317 342
Keto 416 461

®Data from present workRef. 98 ‘Ref. 174 °Ref. 175.

Since the experimental excitation energies areladai in the literature for both
conformers (except for HPP) we calculated and coetpthe excitation energy of different

forms with the experimental valuegaple 3.3. The calculated data show that the excitation
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spectrum was red shifted on moving from HPBI to PHelto HPIP-b and is consistent with
the experimental report. The excitation energiesdigted by the calculations are also in
reasonable agreement with the experimental data.

The parameters obtained for optimized moleculangoes in the first excited state
are compiled inTable 3.2 The energy difference betweers-enol and keto increases with
nitrogen substitution. The fluorescence data catedl for different isomers are in reasonable

agreement with the available experimental spedatd [able 3.3.

3.1.2. Proton Transfer

The CIS method is known to overestimate the endxayiers for proton transfer
reactions,?°2?*The TDDFT has been proven much more reliable \pithton transfer
reactions,’?13220262283Ths the PES for proton transfer process have beserated in &
and S states using the distinguished coordinate appradtththe OH bond elongation as the
primary reaction coordinate by TDDFT/B3LYP/6-31G;p(dcalculations. The diagrams are
shown inFigure 3.2and the data are compiledTiable 3.4

5.5 -=— HPBI —+— HPIP-c
—+— HPIP-b —— HPIP-¢'
—— HPIP-b' —+— HPP

>
o

P
(=)

o o

Relative Energy (eV)
- -
Y

e
©

0.4

-0.1 . '

0.75 1.25 1.75 , 2.25
Rox (17,18) A

Figure 3.2.Simulated PES for proton transfer reaction tautemerthe $ and $ states for

different molecules.
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Table 3.4. Energy difference between Ketand cis-Enol along the reaction coordinates
and barrier for proton transfer reaction (eV).

Energy Difference Energy Barrier
Molecule between Ketoand cis- .
cis-Enol Keto
Enol
HPBI
S, State -0.1326 0.3778 0.5104
S, State 0.9195 0.9986 0.0790
HPIP-b
S, State -0.1557 0.3521 0.5078
S, State 0.9535 1.0433 0.0898
HPIP-b'
S, State -0.2052 0.3380 0.5431
S, State 0.9053 1.0177 0.1124
HPIP-c
S, State -0.0985 0.3902 0.4887
S, State 0.9851 1.0789 0.0939
HPIP-c'
S, State -0.1307 0.3521 0.4829
S, State 0.9566 1.0463 0.0897
HPP
S, State -0.0972 0.3761 0.4733
S, State 1.0357 1.1195 0.0838
HPP'
S, State -0.1518 0.3448 0.4966
S, State 0.9744 1.0743 0.0999

The general features of PES are summarized belbw: pfoton transfer process is
endothermic in the ground state and exothermic he first excited state. Thus
thermodynamically unfavorable proton transfer psscebecomes thermodynamically
favorable in the Sstate. The potential energy barrier for the prdtansfer reaction is also
appreciably lowered in the; State compared to,State and the proton transfer become
favored in the §state. The barrier for reverse transfer is verylsmm the $ state, but
increases in the;State. The energy difference between the enokataltautomers along the
reaction coordinates inyState increase in the order HPIP-b' < HPBI < HPRHPIP-c' <
HPP' < HPIP-c < HPP. On the other hand, the theymaniic feasibility of proton transfer in
the S state decreases with nitrogen substitution exdépP-b, HPIP-b' and HPP'. A similar
effect was also found when —NH- is replaced by m@eetronegative —S— and —O- in
HPBI>’ The difference in behavior of HPIP-b' and HPP' rhaydue to the reduced lone pair-
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lone pair repulsion in keto tautomer as mentiorediex. This was further supported by fact

that the barrier height for reverse proton tran&féows the order HPIP-b' > HPBI > HPIP-b
> HPP' > HPIP-c > HPIP-c' > HPP i.e. for HPIP-thigher than HPBI and for HPP' is higher

than HPIP-c'.

Table 3.5. Properties of the energy minima and thdransition state of tautomer
rotamers and the values in parenthesis are that @b initio calculations.

cis-keto twisted- keto trans-keto
HPBI
Relative Energy (eV) 0.0 -0.2619 (0.3769)
S —» & Transition energy (eV) 2.89 (3.93) 0.75 (2.19)

Oscillator Strength

S, State
S, State

S, State
S, State
1

@

Relative Energy (eV)

S § Transition energy (eV)

Oscillator Strength

S, State
S, State

S, State
S, State
1

(Pf

Relative Energy (eV)

S, - & Transition energy (eV)

Oscillator Strength

S, State
S, State

S, State
S, State
1

(Pf

Relative Energy (eV)

S, - & Transition energy (eV)

Oscillator Strength

S, State
S State

S, State
S, State

0.3300 (0.6100) 0.0001 (0.0010)
Dipole Moment (D)

(4.9) (3.6)
5.9 8.2
Charge on Benzimidazole ring
(0.5423) (0.0816)
0.8496 (0.6536)
0.65 (ref24)
HPIP-b
0.0 - 0.2589 (0.3391)
2.76 (3.88) 0.70 (2.21)

0.3024 (0.6324) 0.0003 (0.0011)
Dipole Moment (D)

(2.7) (4.3)
3.9 7.6
Charge on Imidazopyridine ring
(0.3754) (0.0763)
0.8895 (0.6808)
0.26 (ref30)
HPIP-c
0.0 -0.3422 (0.2711)
2.85(3.91) 0.67 (2.12)

0.2941 (0.5591) 0.0001 (0.0006)
Dipole Moment (D)

(5.1) (6.2)
5.7 6.2
Charge on Imidazopyridine ring
(0.3780) (0.0734)
0.3711 (0.6430)
0.22 (ref31)
HPP
0.0 -0.3437 (0.2124)
2.72 (3.85) 0.57 (2.09)

0.2684 (0.5689) 0.0002 (0.0006)
Dipole Moment (D)

(2.9) (6.6)

3.2 5.3
Charge on Purine ring
(0.3469) (0.0642)
0.7933 (0.5019)

0.0870 (0.0704)
2.75 (3.86)
0.3122 (0.6438)

(6.5)
7.4

(0.3759)
0.9173

-0.0355 (-0.0194)
2.83 (3.90)
0.2891 (0.5684)

(2.9)
3.5

(0.2343)
0.3701

0.0544 (0.0470)
2.69 (3.82)
0.2761 (0.5912)

(5.4)
5.7

(0.3431)
0.7972

'Fluorescence quantum yields] are that of tautomers in dioxane.
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3.1.3. Torsion Rotation of Keto Tautomer
One of the important consequences of nitrogentiutisn is the decrease in the

fluorescence quantum yieldgdble 3.5. Several mechanisms for nonradiative transitibn o

TDDFT CIsS
(a) (a)
4.0 4.0 »/\_@
S
s, !
3.0 ')—O/O\O/O\o—o 3.0
2.0 2.0
1.0 1.0
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Figure 3.3.Simulated PES for torsion rotation of tautomershim S and $ states (a) HPBI,
(b) HPIP-b, (c) HPIP-c and (d) HPP (left panel TDDEalculations and right panel CIS
calculations).
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ESIPT molecules have been proposed but still urgsroVhe ICT reaction in the excited state
keto form which results in twisted geometry is e@d as one of the possible paths for
quenching in 2-(2-hydroxyphenyl)-oxazole (HPO) atikiazole (HPT)® Ab initio
calculations on HPO and HPT predicted twisted con&tions have a biradicaloid nature and
have the minimum energy in the Sate. Vazquez et al. investigated the effecubgstuting
nitrogen on the phenyl ring of 2-(2-hydroxyphebghzazoles and suggested that the
radiationless decay involves a proton coupled ahtnansfer process from dissociated phenol
or pyridinol moiety to protonated benzazole moféfy.

Dissociated phenol being a better donor than tesodiated pyridinol moiety, with
increase in electron accepting strength by nitrogdustitution in protonated benzimidazole
the feasibility of such a process increases inpifesent systems. We have constructed the
potential energy surface for torsional motion ofdioxyphenyl moiety relative to the
heterocyclic ring from the relaxed keto tautomeysperforming partial optimization on
different geometries that have preset torsionalear®gs mentioned earlier such a rotational
motion of HPIP-b, HPIP-c and HPP keto tautomersiltaa the respective keto tautomers
obtained from HPIP-b', HPIP-c' and HPP'. Thennagtiher cases we have performed single
point TDDFT calculations over CIS optimized geonestr From these calculations, it is
found that the first electronic transition;(SS,) corresponded only to the promotion of an
electron from HOMO to LUMO in all of these molecsileThe PES constructed by TDDFT
predict that - andtrans-rotamers are stable forms of keto tautomergraswell as in §
states Figure 3.3). The perpendicular geometry of tautomer possebsemaximum energy
in & state and the minimum energy ins$ate. The full optimization of;Sninimum starting
with the perpendicular structure of thg Sate leads to a bent or twisted structure with
nonplanar heterocyclic subsystenialjle 3.6 andFigure 3.4). This twisted structure is the
result of pyramidalization of imidazole ring sub®ys by rehybridization. Such a
rehybridization is due to increase in electron dgnsf five member ring and is consistent
with the literature reporf®®*The charge calculations on heterocyclic and phembieties
indicate the dot-dot electronic configuration foetperpendicular geometry in the Sate.
The dot-dot electronic configuration is consistesith previous finding of HPO and HPf.
However, it was reported for HPO and HPT that the & transition corresponds to the
transfer of nearly a full electron. In the presesms$es the charges on the individual moieties in
the ground state suggests that-S& transition corresponds to partial electron tranfiem

heterocyclic moiety to phenolic moiety.
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Table 3.6. Selected bond lengths and angles of theto tautomers in the optimized %
and S states. For the atom numbering, refer Figure 3.4.

Geometry cis-keto Twisted-Keto trans-Keto

Parameters S State $ State g State $ State o State $ State
HPBI
N1 C2 1.353 1.358 1.350 1.409 - -
N3 C2 1.370 1.370 1.350 1.410
C2C11 1.416 1.406 1.448 1.436 - -
ClicCi12 1.463 1.502 1.461 1.488 - -
Cl1Cl16 1.420 1.394 1.407 1.421 - -
Cl2 017 1.273 1.230 1.258 1.207 - -
N1 C2 C11C12 0.00 -0.10 88.0 67.7 - -
C5N1cC2cC11 180.0 180.0 -174.93 -151.8 - -
HPIP-b
N1 C2 1.358 1.360 1.354 1.411 1.376 1.371
N3 C2 1.371 1.371 1.350 1.402 1.356 1.360
C2C11 1.414 1.406 1.446 1.438 1.410 1.407
ClicCi12 1.463 1.499 1.462 1.488 1.466 1.499
Cl1Cl16 1.421 1.392 1.407 1.419 1.423 1.392
Cl2 017 1.274 1.231 1.258 1.207 1.267 1.229
N1 C2 C11C12 0.1 0.0 88.4 67.9 180.0 180.0
C5N1cC2cC11 179.8 180.0 -174.4 -149.1 180.0 180.0
HPIP-c
N1 C2 1.353 1.357 1.349 1.410 1.370 1.368
N3 C2 1.376 1.376 1.355 1.410 1.359 1.364
C2C11 1.413 1.406 1.445 1.435 1.413 1.406
ClicCi12 1.464 1.501 1.462 1.488 1.464 1.501
Cl1C16 1.421 1.391 1.407 1.421 1.422 1.391
Cl2 017 1.272 1.230 1.258 1.207 1.272 1.230
N1 C2 C11C12 -0.02 -0.01 87.6 68.1 180.0 180.0
C5N1C2cC11 180.0 180.0 -174.5 -151.7 180.0 180.0
HPP
N1 C2 1.358 1.359 1.353 1.412 1.376 1.370
N3 C2 1.378 1.377 1.356 1.404 1.363 1.365
C2C11 1.409 1.406 1.443 1.436 1.406 1.407
CliCi12 1.465 1.498 1.462 1.488 1.468 1.498
Cl1Cl16 1.423 1.390 1.408 1.419 1.389 1.425
Cl1l2 017 1.271 1.230 1.258 1.207 1.266 1.229
N1 C2 C11 C12 0.0 0.0 87.9 69.3 180.0 180.0
C5N1C2C11 180.0 180.0 -174.0 -149.5 180.0 180.0

It is reported in the literature that TDDFT pooxescribes some charge transfer
situations, in which little or no overlap betwedre tatomic orbitals contributing to the
HOMO and those to the LUM&®?%’ Since we have also constructed the potential gnerg
surface by performing single point over CIS optietizgeometries, we have presented the
CIS energy curves alsd-igure 3.3). CIS curve for HPBI differs significantly from ah of
TDDFT in the sense that the unlike TDDFT no minimignobserved at the twisted geometry
by CIS. Similarly a barrier was found at twistedtdkefor 2-(2'-hydroxyphenyl)-4-
methyloxazole by CIS calculatidh’ On the other hand in nitrogen substituted anale@Li&
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Figure 3.4.0ptimized structures of (&)s, (b) twisted minimum and (¢jans of keto on the
excited state surface along with corresponding LUdM@ HOMO for HPIP-b.

also predicted a minimum for twisted geometry. Big energies of the twisted geometries
are higher than that of planar isomers. While thedition energies calculated for planar keto
by TDDFT is closer to experimental values the Ci&hnd overestimates them. It is difficult
to predict whether TDDFT or CIS is closer to thereot description. However, both the

calculations predict that the-Sy energy gap decreases in order HPBI > HPIP-b > HPIP

TH-1151 07612201 65 Torsion Rotation of Keto Tautomer



Chapter 3
Nitrogen Substitution in the Phenolic Ring of HPBI

HPP {Table 3.5. According to energy gap 1&¥° the decrease in energy gap would lead to
increase in non radiative rate. Thus the nitrogebsstution in benzene ring of HPBI
increases the torsion induced nonradiative dec&etaf tautomer in the order HPBI < HPIP-
b < HPIP-c < HPP. The results are in good agreemihtthe experimental findings that the
fluorescence quantum vyield for tautomer decreasethe order HPBI > HPIP-b > HPIP-

C.l74'175

3.1.4. Conclusion

A comparative theoretical study of nitrogen substin in the benzene ring of HPBI
is presented. The calculated excitation and fllmese spectral data agree well with the
available experimental results. The present stugy eeveals: (i) All molecules have two
stable rotameric forms in the ground state andélstive stability ofcis-enol decreases with
nitrogen substitution. (ii) For all the moleculeket intramolecular proton transfer is
unfavorable in the $Sstate and becomes feasible in thestte. (iii) The energy difference
between the keto and enol forms along the protansfer coordinates in the; State
decreases in the order HPIP-b’ > HPIP-b > HPP’ BHP HPIP-c’ > HPIP-c > HPP (iii)
Torsion rotation of the tautomer to form twistedusture at 90 is one of the nonradiative
channels for the tautomer. At this conformatior 8+S, energy gap is reduced in the order
HPBI > HPIP-c > HPIP-b > HPP. (iv) The influencenirogen substitution on photophysics
of HPBI depends not only on the number of nitrogésm present in the benzene ring but
also on the position of nitrogen atom.

3.2.0. Nitrogen Substitution in the Phenolic Ring otHPBI

The role of nitrogen substitution in the phenoliogr of HPBI on ESIPT and
rotamerism are studied in this section. The mokxudonsidered in this work are 2',3'-
HPyBI,  2-(3'-hydroxy-4'-pyridyl)benzimidazole @-HPyBI), 2-(4'-hydroxy-3'-pyridyl)
benzimidazole (4',3'-HPyBI), 3',2-HPyBI, and 24 droxy-4'-pyrimidinyl)benzimidazole
(5',4'-HPymBI,Chart 3.2).

3.2.1. Rotamers and Tautomers

The important stationary point molecular structui@sall the molecules (except
2',.3'-HPyBI) arecis, open andrans-enols and the keto fornChart 3.3). The optimized
energy parameters for all these forms in thst&te as well as the State are compiled in

Table 3.7along with the transition energies for differerartsitions. The dihedral angle
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Chart 3.2. HPBI and nitrogen substituted molecules.
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Open Enol X=Z=N,W =Y =CH, 5,4-HPymBI
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Chart 3.3. Isomeric forms of nitrogen substituted analogueldPBI.
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Table 3.7. Transition energies for different enol&and keto form of molecules in the &

and S states in vacuunf

Parameter cis-Enol Open-enaol trans-Enol Keto
HPBI
AE (eV) 0.0 0.6303 0.2597 0.4075
(0.0Y (0.6137) (0.2621) (-0.3387)
Excitatiorf 316 223923;, 318, 311 307 (304, 326) 389
Emissiofi 341 344 343 (360) 429 (458)
2'.3'-HPyBI
AE (eV) 0.0 0.3600 -0.0411 0.4014
(0.0) (0.2967) (-0.1062)  (-0.1705)
Excitation 317 321 321 379
Emission 347 354 355 406
3',4'-HPyBI
AE (eV) 0.0 0.5755 0.2227 0.4106
(0.0) (0.5669) (0.2243) (-0.3635)
Excitation 320 317 315 398
Emission 343 345 345 438
4'.3'-HPyBI
AE (eV) 0.0 0.6307 0.3319 0.3368
(0.0) (0.5310) (0.2011) (-0.2991)
Excitation 299 306 307 358
Emission 332 340 343 394
3',2'-HPyBI
AE (eV) 0.0 0.6075 0.7257 0.3682
(0.0) (0.5164) (0.6795) (-0.2500)
Excitatiorf 320 (328§ 330 326 386
Emissiofi 347 357 353 415 (458)
5'4'-HPymBI
AE (eV) 0.0 0.5505 0.6685 0.3680
(0.0) (0.4592) (0.5873) (-0.7086)
Excitation 323 337 336 439
Emission 347 354 354 490

®Energy difference AE in eV with respect tais-enol. Values in parentheses are that
correspond to the;Sstate. Transition energies are in nm. All expentakdata are that of
molecule in dioxan€Energy ofcis-enol in the $and the $states are -18671.5598 eV and -
18667.5684 eV respectiveli/alues in parentheses are experimental dRief. 54.

between the benzimidazole and phenyl rings is Gisrand open enol conformers and is
180° intrans-enol conformer. The dipole momenttoéns-enol is higher than that afs-
enol in all the molecules. 3',4'-HPyBI and 2',3'yBIP are exceptions where the dipole
moment oftrans-enol is less than that efs-enol. In all of the moleculesjs-enol which
forms intramolecularly hydrogen-bonded structurethe most stable geometry in the
ground state. 2',3'-HPyBI is an exception whichlveié discussed later. Compared to
HPBI the relative stability o€is to trans-enol decreases in 3',4'-HPyBI and 2',3'-HPyBI.
However, the relative stability ais to trans enol increases in 3',2'-HPyBI, 5',.4'-HPymBlI
and 4',3'-HPyBI. In particular theans-enol is the most unstable form of 3',2'-HPyBI and
5'4'-HPymBI due to lone pair-lone pair repulsiogtween the imidazo nitrogen and the

pyrido nitrogen. The presence of additional nitmogeduces the repulsion in 5',4'-
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HPymBI, hence the relative stability offs to trans-enol increases in 5',4'-HPymBI when
compared to 3',2'-HPyBIl. Except 5,4'-HPymBI and2'34PyBI, in the other four
moleculegrans-enol is more stable than open-enol and keto foritiné ground state. The
open enols are expected to be dominant only inipsmivent'’® Rodriguez-Prieto et al.
showed that in nonaqueous solvents, 3',2'-HPyBstexonly ascis-enol in the ground-
state and as keto in the excited stdteTheir Hartree-Fock calculations also predicted
planar structure for the molecule.

The potential energy pathways for conversion od-enol to trans-enol for
different molecules were constructed by optimizitige molecular geometries with
different preset torsional angle between the twoneatic planes Kigure 3.5. The
calculations suggest that like HPBI, all theseagén substituted molecules can also be
present in these two rotameric forms. The barreaglit for the conversion increases with
nitrogen substitution. 2',3'-HPyBI is an exceptiand it has lower energy barrier than
HPBI. Relative to other molecules the barrier heifgr conversion is nearly 1.6 times
greater in 5,4'-HPymBI and 3',2'-HPyBI, where tlome pair repulsion reduces the
stability oftrans-enol. Reduction of repulsion due to additionalagen in 5',4'-HPymBI

also increases the barrier for the reverse process.

— HPBI —— 3' 2"-HPyBI
1-=- 2',3-HPyBl —-e 5'.4'-HPymBlI
— 3" 4-HPyBI o* .

—= 4',3'-HPyBI

e
©

o
~
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o
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Figure 3.5. Plot of molecular energy as a function of torsioaalgle between the two
aromatic rings for different molecules.

The photoexcited molecule from the Franck-Condegion undergoes vibration
transitions to reach the relaxed geometry in thst Bxcited state or relax to keto tautomer
through ESIPT. The energies of those conformatignedlaxed states for all of the

isomers are also presentedTiable 3.7 The distance between the proton donor (oxygen
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atom) and the proton acceptor (nitrogen atom) ito kerm increases in the, State. Also
in the first excited singlet state, as expecte@ kieto form is the most stable form.
Although cis-enol is more stable thatmans-enol, the relative stability ofrans-enol for
the nitrogen substituted molecules increases inSih&tate relative to that in the ground
state. It is opposite to that observed in HPBI, ehthe relative stability ofrans-enol

decreases in the, State relative to that in the ground state.

5'4'-HPymBI 2',3'-HPyBI
Planar Keto

HOMO-1
Figure 3.6. Frontier molecular orbitals of 2',3'-HPyBI and,45HPymBI involved in the
longest wavelength transition. FMOs of the ketarfaof 5',4-HPymBI [HOMO-1-LUMO
(nTe* excited state has lower energy than HOMO-LUM®@xY) excited state].

The longest wavelength transitions of the enabiorfs in all the molecules have
ot character. Although the keto forms of mono niteagsubstituted molecules hama*
state as emiting state, in dinitrogen substituted'-5iPymBI the keto form has thath
state as lowest excited state amt state as higher excited statéiqure 3.6 and Table

3.8). The excitation and emission maxima in all themeric forms are red shifted on
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nitrogen substitution. The red shifts suggest ttteg lone pair of electrons in the
substituted nitrogen are involved in conjugation3'4HPyBIl, where the nitrogen is
substituted at meta position to the electron wilwdng benzimidazole, is an exception.
The spectral maxima for all the forms of 4',3'-HPwBe blue shifted relative to HPBI.
2',3'-HPyBI is a special case, in the sense thantexist in two additional keto forms
(K-1 and K-2,Chart 3.4). Dogra has studied the photophysics of 2',3'-HRy#l found that
K-2 keto tautomer is the most stable form in bogragd S states.”® Our calculated results
were consistent with his observation that K-2 fasnmost stable in the ground state and its
stability increases further more in the excitedes{@able 3.7 andTable 3.9. Interestingly

cis-enol, the most stable form in other moleculetgss stable thamans-enol by 0.0149 eV.

N A N/ " N\
COAOTEG
\ H

K-2

K-1
Chart 3.4. Ground state keto tautomers of 2',3'-HPyBI.

The experimental excitation and emission wavelengph 0-0 transition of K-2 keto
in dioxane are 386 nm and 404 nm respectiVélpur present calculated values 372 nm and
407 nm for excitation and emission respectively ame better agreement with the
experimental values than the theoretical valueg, 13® and 443 nm respectively reported
earlier by Dogra’® Alike the keto tautomer formed by ESIPT, in K-Zdéhe lowest energy
transition is mainly described byt, with small contribution (16%) from the local etation

of benzimidazole moiety (L§ to i (Table 3.10andFigure 3.7).

3.2.2. Intramolecular Proton Transfer

After photoexcitationgis-enol undergoes ultrafast proton transfer thatltesa keto
tautomer**® In most of the molecules, ESIPT process is vesy, faappening in femto- to
subpicosecond timescale. The PES of the IPT praoelsth the ground and excited states
were generated as a function of the distance betteedissociable hydrogen and oxygen of
the phenolic hydroxyl group afis-enol geometries. As the distance between the piceno
oxygen and proton gets larger, the proton comeseclto the imidazole nitrogen i.e. the

hydrogen bond between the dissociable hydrogen taedimidazo nitrogen becomes
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Table 3.8. Properties of the planar and twisted ket tautomers in vacuum.

HPBI 2',3'-HPyBI 3',4'-HPyBI 4'.3'-HPyBI 3',2'-HPyBI 5'.4'-HPymBI

Planar Twisted Planar Twisted Planar Twisted Planar Twisted Planar Twisted Planar® Twisted
S, Energy (eV) 0.0 -0.2619 0.0 -0.1961 0.0 -0.1846 0.0 8401 0.0 0.0462 0.0 0.5584
S« S (eV) 2.89 0.75 3.05 0.90 2.83 0.85 3.15 1.34 2.99 0.93 532 1.09
State nature ot biradicaloid Tt biradicaloid Tt biradicaloid Tt biradicaloid Tt biradicaloid ?;g biradicaloid
gtsrg'r']'g:ﬁr 0.3300 0.0001 0.4426 0.0001 0.3279 0.0001 0.3107  000Q. 0.4494 0.0005 0.00b7  0.0003

Dipole Moment (D)
S, State 4.92 3.62 7.84 5.04 7.17 2.46 5.31 1.22 4,02 3.33 6.55 0.68
S, State 5.88 8.18 8.62 9.53 8.82 10.71 7.19 9.1 481 7.28 7.64 9.93
Charge on hydroxypyridine/pyrimidine moiety
S, State -0.5423 -0.0816 -0.4601 -0.0974 -0.4418 94970 -0.4337 -0.1052 -0.4796 -0.1211 -0.5068 -0.1357
S State -0.8496 -0.6536 -0.2510 -0.5304 -0.8196 2881 -0.5377 -0.1931 -0.4859 -0.4198 -0.5888 -0.2816
b

[0} 0.27 0.49

®Relative energy with respect to the planar k¥tbiorescence quantum yieldg)(are that of tautomers in acetonitriiBef. 54.°The lowest
excited state is mf with oscillator strength 0.0007, the second eectistate isut* that has oscillator strength 0.4475.

Table 3.9. Important parameters of 2',3'-HPyBI for the keto forms Table 3.10. Properties and nature of the transitionof tautomer
K-1 and K-2 in the & and § states (Within Parentheses) in rotamers K-1 and K-2 of 2',3'-HPyBI in vacuum.

vacuum?
Parameter K-1 K-2
AE? (V) 0.3985 (-0.1024) -0.2445 (-0.7817)
Excitationnghn
Theoretical 363 372
Experimentdl - 386
Emission (nm)
Theoretical 400 407
Experimentdl - 404

K-1 K-2
S S (eV) 3.10 3.05
Tut* (84%)

State nature Tt LEgn* (16%)
Oscillator Strength  0.6196 0.5033
108 0.48

Dipole MoméBx)
S, State 5.71 2.09
S, State 6.68 4.49

%Energy difference in eV is with respectds-enol.’"Experimental data *Fluorescence quantum yield in dioxane from Ref. 176

(0-0 transition) are that of molecule in dioxanef{R.76).
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covalent bond. After relaxation, the keto produetals to the Franck-Condon region in its
ground state. In the ground state keto form isabistand reverses back the proton transfer to

form cis-enol.

— HPBI

= 2',3'-HPyBI
—+ 3'4'-HPyBI
= 4".3'-HPyBI
—— 3'2'-HPyBI
-e- 5' 4'-HPymBI

|

.
N

Relative Energy (eV)
- -
B © N

©
©

0.4 -

'0-1 T T T
0.75 1.25 1.75 2.25

Ro.4(17,18) A

Figure 3.7.Simulated potential energy surfaces for IPT reactar different molecules.

Although 2'.3-HPyBI and 3'2-HPyBl have been eiwd theoretically*'"
complete PES for proton transfer process were moulated for any of these nitrogen
substituted molecules. The PES for different mdesware shown irFigure 3.7 and the
energy difference and the energy barriers are giv@able 3.11 In all of the moleculesiis-
enol is the stable form in the State while keto, the proton transfer producimge stable in
the § state (except that of 5',4-HPymBI). This showattlPT is thermodynamically not
favored in the ground state but favored in thestate. However, theis-enol form of 5',4'-
HPymBI is more stable than keto in botha®d S states.
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Contrary to nitrogen substitution in the benzemg,rihe relative stability of the keto
form with respect t@is-enol form in the $Sstate decreases upon nitrogen substitution in the
phenolic ring. The exception is 4',3'-HPyBI, whergogen is substituted @ara position to
hydroxyl group and the electron withdrawing natof@itrogen make it more acidic. In 2',3'-
HPyBI, although the keto form is relatively moralde thancis-enol in the $ state, no
ESIPT was observed. The absence of ESIPT in 2R§BHis due to the absence @$-enol
in the ground state which has the prerequisitemalecular hydrogen bond that is essential
of ESIPT (as mentioned earlier K-2 keto is the tratable form).’® Water assisted relay

transfer of proton in 2',3'-HPyBI is discussedha hext section.

Table 3.11. Energy difference and barrier for prota transfer reaction (eV) in vacuum.
Energy Barrier

Energy

Sate pE cis-Enol Keloy
Tautomer
HPBI

S -0.1326 0.3778 0.5104

S 0.9195 0.9986 0.0790
2' 3-HPyBI

S -0.0468 0.4743 0.5211

S 0.9100 1.0066 0.0966
3',4'-HPyBI

S -0.0743 0.4207 0.4950

S 0.9701 1.0806 0.1105
4',3'-HPyBI

S, -0.2025 0.4596 0.6621

S 0.8166 0.9317 0.1151
3',2"-HPyBI

S -0.0346 0.6000 0.6345

S 0.8874 1.0896 0.2022
5',4'-HPymBI

S 0.0297 0.6572 0.6275

S 0.9747 1.1734 0.1986

®Energy difference between cis-enol and keto-tautome

The energy barrier for the IPT in the Sate also increases upon nitrogen substitution,
4' 3'-HPyBI is an exception. In the excited sfate the barrier decreases with respect to the
ground state. This is consistent with the fact thatinterconversion of the enol form to the
keto form is more favorable in the State. Unlike the Sstate, in the Sstate the barrier
increases in all the nitrogen substituted molecalas it is highest in dinitrogen substituted
5'4'-HPymBI. Thus, substitution of nitrogen in thieenolic ring decreases the IPT process.
The effect is just opposite to that observed whignogen is substituted in the benzene ring of
HPBI. Despite this, the opposite trend is observethe fluorescence quantum vyield of the
keto form®"*1">1""The fluorescence yield decreases when nitrogenkistituted in benzene

ring and increases on substitution in the phemnoig.
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3.2.3. Intermolecular Proton Transfer in 2',3'-HPyBI

As reported by Dogr&? the absence of ESIPT in 2',3'-HPyBI can be atteihio the
non-existence ofcis-enol in the ground state. In the ground state thelecule is
predominately present in K-2 form, which is tinens conformer of K-1. Both K-1 and K-2
are keto tautomeric form of 2',3'-HPyBI and ardetént from the one that is formed by
ESIPT. This renders a special interest on the doterersion of different forms of 2',3'-
HPyBI in ground state. In absence of intramolecthiggrogen bonding between the proton
donor and the proton acceptor, the transfer shbal@ssisted by protic solvents. We have
examined water mediated conversion of open- @ads-enol to K-1 and K-2 tautomers

respectively by adding a water molecule.

, é
B ° A 2
Hete o
> ',—1‘1.1530 S 3‘ ¥ 2 } 2
9 A . 9 ) JO,J.‘. >
- 't “ J‘/‘ ‘»" 4‘?‘ o ‘ > P ./;‘J
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(14 K-1 Open 2',3'-HPyBI gt e 99 0.0
¢ @ 9 9 2
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trans-2',3'-HPyBI ’ .
K2 @&

Figure 3.8.Water molecule assisted proton transfer in 2',34B1P

In absence of water molecules, the open-enol sireicis more stable than K-1
(Tables 3.7and3.9). Upon addition of a water molecule K-1 becomesarstable than open-
enol by 0.0703 eV. The geometry of open enol alsnges to a measurable extend mainly
the dihedral angle between the two aromatic ringEkvwas 0 in absence of water increases
to 37.4. The activation energy for the conversion to Krdnf open-enol is 0.5278 eV in case
of simultaneous double proton transfer that ocauas TS1 transition stateFigure 3.8).
Proton transfer can also occur step wise throughdifferent path ways: (i) the open enol
loses its phenolic proton to solvent molecule tomfoa phenolate-hydronium complex,
followed by proton transfer from the hydronium ianthe fluorophore to form K-1 tautomer,

(i) proton is first transferred from water moleeuto pyridine nitrogen of 2',3'-HPyBI
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forming a pyridinium-hydroxyl ion pair and in thext step the phenolic proton is transferred
to hydroxyl ion to give K-1. The activation energief these step wise proton transfer
processes are same and are 0.5412 eV.

The energy barrier for rotation of hydrated opentéa trans-enol is 0.0121 eV and
trans-enol is more stable than the K-1 tautomer. Howevlte K-2 tautomer is the most
stable form in hydrated state also. The barrierctorversion frontrans-enol to K-2 is also
less than that of open-enol to K-1. Here the bafdesimultaneous proton transfer is 0.4617
eV (Figure 3.8). On the other hand the activation energies fep stise proton transfer via
phenolate-hydronium and pyridinium-hydroxyl ion ngaiare 0.4518 eV and 0.4516 eV,

respectively.

3.2.4. Torsional Rotation of Keto Tautomer

As discussed isection 3.1.4he torsional relaxation of the keto tautomer twisted
state competes with radiative transitions and leadkiorescence quenching. Vazquez et al.,
based on their experimental work, proposed thatetk@ted state intramolecular coupled
proton and charge transfer leads to a non fluordscmtermediate in 2-(2'-
hydroxyphenyl)benzazoles and 3',2-HPY&I.lt was also suggested that the relative
efficiency of this radiationless decay is less fadbin 3',2'-HPyBlI compared to 2-(2'-
hydroxyphenyl)benzazoles. We have optimized thergery of twisted keto in the;State.
As shown inFigure 3.9, the increase in the electron density of the fember ring leads to
its pyramidalizationborne out by the angle ~ @&nd 150 (in the S state) deviation from ~
90° and 180 (Table 3.12. This is consistent with the pyramidalization lwincrease in
electron density on the azole rings observed egiection 3.1.4 The energies obtained
from the present TDDFT calculations predict thké IHPBI, the twisted keto is more stable
than planar keto in 2',3'-HPyBI, 3',4'-HPyBI an84HPyBI. But twisted keto of 3',2'-HPyBI
and 5',4'-HPymBI are less stable than correspongliaigar conformer in the;State Table
3.9.

The present results depict a different scenarinmftbe earlier oneSection 3.1.4,
where the benzene ring of benzimidazole moiety RBHis substituted by nitrogen. There
the twisted keto form is more stable than the plame in all the molecules and the relative
stability increases with nitrogen substitution. Trergy difference between the &d S at
the twisted geometry decreases with nitrogen duwihisin. This provides a route for

nonradiative deactivation to the ground state ftbm S state. Thus, the radiationless decay
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involves large-angle motion of the excited tautorassociated with intramolecular charge
transfer from the deprotonated phenol to the pmttoh benzimidazole ring to form the
twisted keto. However the efficiency of the processelated to the strength of the electron

donor (dissociated phenol moiety) and electron @tocéprotonated azole).

HOMO HOMO

Figure 3.9. Optimized structures of (a) Keto and (b) Twistedtéaer on the excited state
surface along with corresponding frontier molecwiditals for 3',2'-HPyBI.

Substitution of nitrogen in the benzimidazole rfagors the formation of the twisted
form. In the present case, due to incorporationmmire electronegative nitrogen in the
phenolic ring, the charge donating capacity ofdissociated pyridinol or pyrimidinol moiety
is less than the dissociated phenol. Hence, thegehaansfer is less in the present systems
and thus the twisted keto tautomer is less stauiliz

Contrary to the nitrogen effect on benzene ring, $hS, energy gap for the twisted
keto also increases by nitrogen substitution omphe moiety Table 3.8. Hence, it is clear
that the non radiative deactivation through twistedo is less important in the present
system. This result is consistent with the obsehigtler quantum yield for 3',2'-HPyBd{ =
0.49 in acetonitrile) compared to HPRI(= 0.22 in acetonitrile}®* It may also be noted that

the fluorescence quantum yield of 2-(2'-hydroxypldrenzoxazole strongly depends on
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temperature and viscosity. On the other hand, therdscence quantum vyield of

corresponding hydroxypyridinyl analogue, whose tetecdonating capacity decreases due to

Table 3.12. Selected bond lengths and angles of tia@tomers in the optimized $ and S
states (for the atom numbering, refer Figure 3.9).

Geometry Keto Twisted Tautomer
Parameters S, State $State  $State $ State
2',3-HPyBI
N1 C2 1.35148 1.35685 1.35087 1.40842
N3 C2 1.36952 1.36830 1.35089 1.41004
c2C11 1.41744 1.40534 1.44595 1.43209
Cl1Ci12 1.47001 1.51001 1.47101 1.49396
C11 Ci16 1.41041 1.40079 1.39493 1.42450
C12 017 1.25922 1.22002 1.24600 1.19754
N1 C2 C11 C12 -0.01990 -0.01137 87.65675 66.48273
C5N1C2C11 179.99811 179.99047 -174.09121  -19229
3',4'-HPyBI
N1 C2 1.35180 1.35553 1.34938 1.40602
N3 C2 1.36768 1.36650 1.34939 1.40959
c2cC11 1.41812 1.40491 1.44780 1.43868
Cl1Ci12 1.45214 1.48856 1.45497 1.47364
C11 Ci6 1.41788 1.39092 1.40709 1.41547
C12 017 1.26986 1.23010 1.25400 1.20461
N1 C2 C11 C12 0.00103 -0.00060 87.47633 67.61629
C5N1C2C11 -180.00000 -179.99689  -174.45755  OE0.6
4'3'-HPyBI
N1 C2 1.35067 1.36125 1.35019 1.40832
N3 C2 1.36710 1.37070 1.35018 1.41025
c2cC11 1.41879 1.40076 1.44495 1.42684
Cl1cCi12 1.46159 1.49712 1.46559 1.48964
C11 Ci16 1.41327 1.40157 1.40196 1.44774
C12 017 1.26705 1.22591 1.25021 1.20418
N1 C2 C11 C12 0.00302 -0.00121 88.08348 68.30817
C5N1C2cC11 -179.99962  -179.99877  -175.52207 11834
3',2-HPyBI
N1 C2 1.35058 1.35406 1.34614 1.40567
N3 C2 1.35872 1.35709 1.34615 1.40948
c2cC11 1.41819 1.40972 1.46840 1.43429
Ci11cCi12 1.45276 1.49196 1.44735 1.48415
C11 Ci16 1.35946 1.33170 1.34348 1.35814
C12 017 1.26741 1.22956 1.25833 1.20610
N1 C2 C11 C12 0.00077 0.00283 89.70911 68.10541
C5N1C2cC11 -180.00000  179.99906 -178.23576  -P&UB
5'4'-HPymBI
N1 C2 1.34957 1.35250 1.34526 1.40265
N3 C2 1.35660 1.35523 1.34525 1.40880
c2C11 1.41985 1.40794 1.46778 1.43584
Cl11cCi12 1.44233 1.47674 1.44199 1.47002
C11 C16 1.35941 1.33215 1.34680 1.35666
C12 017 1.26493 1.22972 1.25397 1.20366
N1 C2 C11 C12 -0.00564 0.00647 89.04696 68.09616
C5N1C2C11 179.99927 179.99212 -177.50183  -14404
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nitrogen substitution, is independent of tempemtand viscosity®® Thus, it may be
concluded the decrease in the non radiative rae tduformation of twisted keto is
responsible for the different dependence on visgoand temperature between 2-(2'-

hydroxyphenyl)benzoxazole.

3.2.5. Conclusion

Studies on the role of nitrogen substitution in theenolic ring of HPBI were
performed theoretically. The theoretical calculasidor excitation and emission energies are
in agreement with available literature data. Thiewdations show thatis-enol is the most
stable geometry in theyState in all the molecules except in 2',3'-HPyBileve K-2 keto is
the most stable form. In 2',3'-HPyBtans-enol is also more stable thars-enol. The energy
barrier predicted for water molecule assisted ausversion oftrans-enol to K-2 form is
lower than that of open-enol to K-1. In all the emlles except 5',4-HPymBI, the ESIPT
process is favored in the State thermodynamically with the energy barri@réasing with
nitrogen substitution. The energy difference betwe enol form and the keto form along
the proton transfer coordinates in thestte decreases with nitrogen substitution exitept
the case of 4',3'-HPyBI. The calculations suggést the non radiative decay through
torsional rotation of the excited keto tautomerthe twisted structure is less important in
these molecules. This is consistent with the expental fact that the quantum yield of 3',2'-
HPyBI is higher than that of HPBI.

3.3.0. Effect of Temperature on the Photophysics ¢#PBI, HPIP-b and HPIP-c
1-Hydroxy-2-naphthaldehyde shows remarkable seitgititowards variation of
temperaturé®® With an increase in temperature, the intensitshef phototautomer emission
decreases with a simultaneous slight increaseeohtiimal emission band in both polar and
nonpolar solvents. It was explained that the chaingthe intensities may be due to (i)
temperature induced breaking of intramolecular bgdn bond which leads to enhancement
of the enol form, and (ii) increase in nonradiatre¢e leading to decrease of fluorescence.
Besides, in protic solvent the phototautomer erisss blue shifted indicating the formation
of unsolvated structures which are energeticalg able than their solvated counterparts.
The increase in temperature decreases the quanalds yf HPBO and HPBT and
their derivatives 2-(3hydroxy-2-pyridyl)benzoxazole and 2-(3-methyl-1,3-benzotble®-
ium-2-yl)benzenolaté*>?** The decrease in the quantum yield has been asswaidth the

temperature-dependent radiationless deactivationthef phototautomer. However, the
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mechanism of the deactivation process is still alear?2°***However, it was predicted
thatcis-trans isomerization of the phototautomer may be the eafighe thermally activated
decay after formation of the ICT state having asted tautomer structut&?’127>27°The
trans-tautomer Chart 3.5 has been experimentally detected by transienbrpben
measurements and two-step laser excitation asgalied transient ground-state species for
HPBT and HPBQd%%2712722762"8 Racently photophysical properties of two different
polymorphic crystalline forms of HPBI have beendstal from liquid nitrogen temperature to
room temperature by Sekiya et?a.They found that the fluorescence quantum yielthef
tautomer emission is dependent on the polymorphti@d/alue decreases with increase in

temperature. Further, they proposed that the dseneathe quantum yield is associated with

ICT.
H Q g
/ 2 J
|
[ I " :: :x
X=NH, O, S o)
cis-Tautomer trans-Tautomer

Chart 3.5. cis- andtrans-Tautomers of 2-(2'-hydroxyphenyl)benzazoles.

As discussed earlierSéction 3.1.4, the torsion rotation of the phototautomer is
favored when the benzene ring of HPBI is substtwt&h a nitrogen atom. Therefore, the
effect of temperature on the spectral charactesistf HPBI and its nitrogen substituted
analogues viz. HPIP-b and HPIP-c was studied. Algho the spectral characteristics of
HPBI, HPIP-b and HPIP-c were investigated eaftiér’**">the effect of temperature was
not studied. The studies were carried out in ndafpsolvents cyclohexane (due to poor
solubility HPIP-c was not studied in cyclohexane)d adioxane, polar aprotic solvent
acetonitrile and protic solvents ethylene glycotl anethanol. Such a study may lead to a
better understanding of the ESIPT induced chargester observed in these molecules.
Temperature effects on the ground state distributictheir different conformersChart 3.1)

are studied theoretically by DFT method.

3.3.1. Population Ratio of Enol Conformers

The energies dfis, trans and open conformers of enol isomer were obtainedufly
optimized geometries in different solvents at ddfg temperatures using the integral
equation formalism-polarizable continuum (IEF-PCividdel?***** The dielectric constants

TH-1151 07612201 Population Ratio of Enol Conformers
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Figure 3.11.Population ratio ofrans-enol to open enol of (a) HPBI, (b) HPIP-b, andH®)IP-c in cyclohexanex-), dioxane {e-), acetonitrile

(- A-), methanol {m-), and ethylene glycol¢-) at different temperatures. The inset in eachrégs the enlarged plot for acetonitrile, methanol,
and ethylene gylcol.

TH-1151_07612201



Chapter 3
Effect of Temperature on the Photophysics of HPBI, HPIP-b and HPIP-c

available from the literatur€> were used for these calculations. Using the eesrtfius

obtained and the Boltzmann distribution equatieq. 3.1,

_AE
I\Il\lcis —e KT 31

trans
the relative population focis-enol to trans-enol at different temperature are plotted in
Figures 3.10 The population ratios ofrans-enol to open enol at different temperature
obtained by following the same procedure are gimdfigures 3.11 The relative population

of open-enol is negligible and at a given tempeeat@nd solvent, the ratio @is-enol to
trans-enol decreases in the order HPBI > HPIP-b > HRIPer all of the molecules, in a
particular solvent the ratio decreases with anease in temperature which indicates that the
population oftrans-enol relative tacis-enol increases. In other words, increase in teatper

favors thearans-enol form.

3.3.2. Absorption Spectra

Table 3.13 summarizes the absorption maxima and their cooreipg molar
extinction coefficient in different solvents meastirat 293 K. The absorption spectra in few
selected solvent and at different temperaturesshoevn in Figure 3.12 The absorption
spectra of HPBI and HPIP-b have resolved strucamgk the resolution decreases in HPIP-c.
The absorption spectra of HPBI, HPIP-b and HPIR-all the solvents consist mainly of
three vibronic bands at around 285-300 nm, 315+88%nd 330-340 nm. In a given solvent
and temperature the absorption peaks are red-ghiftélPIP-b compared to HPIP-c which

are red-shifted compared to HPBI.

Table 3.13. Absorption band maxima and Log{nax) of HPBI, HPIP-b and HPIP-c in
different solvents at 293 Kelvin®

Solvent HPBI HPIP-b HPIP-c
207 (4.14), 317 (4.29), 299 (4.22), 325 (4.36), 288 (4.22), 318 (4.18,

Ethylene glycol 531 (4 25) 337 (4.334) broad)

Vethanl 201 (4.10), 316 (4.28), 297 (4.24), 324 (4.35), 286 (4.27), 317 (4.20,
329 (4.24) 334 (4.33) broad)

Acetonitrile 201 (4.16), 317 (4.35), 296 (4.28), 322 (4.39), 286 (4.27), 316 (4.25), 326
330 (4.32) 335 (4.38) (4.24)

1 4-Dioxane 202 (4.17), 319 (4.37), 297 (4.27), 323 (4.37), 287 (4.13), 318 (4.17), 329

Cyclohexane

333 (4.338)

285 (4.03), 293 (3.95),

321 (4.15), 336 (4.11)

337 (4.36)

287 (3.42), 297 (3.70),

327 (3.78), 341 (3.78)

(4.15)

®The band maxima are given in nm and the valuesiiantheses are the corresponding Log

Emax

The absorption spectra of HPBI, HPIP-b and HPIRicail the solvents show

hypochromic effect with the increase in temperatwiéh the exception of HPIP-b in
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Figure 3.12. UV-Visible absorption spectra of (a) HPBI in metbg (b) HPIP-b in
acetonitrile, and (c) HPIP-c in dioxane, and (d)IP#B in cyclohexane at different
temperatures.

cyclohexane Kigure 3.12d. Peculiar behaviour is observed for the absonpspectra of
HPIP-b in cyclohexane, the absorbance decrease avittue shift for initial increase in
temperature from 283 K to 323 K. However, uponHertincreases of temperature from 323
K to 348 K the absorbance increases. In generaliserption maxima remain is insensitive
to the change in temperature. But alike HPIP-byriahexane a small blue shift is observed

for HPBI and HPIP-b in ethylene glycol.

3.3.3. Fluorescence Emission Spectra

At room temperature, all three molecules HPBI, HRIRnd HPIP-c emit dual
fluorescence in most of the solvent&ble 3.13. The shorter wavelength emission band
that exhibits vibrational structure is the emiss{aormal) due to the excited enol form that
exists in ground state. The red shifted and maenge emission band is due to the emission
from keto, formed after ESIPT, which is charactedizy its large Stokes’ shift from the
absorption banf?>9917417525>2%he flyorescence intensity of both the bands dépen the
wavelength of excitation. This was illustrated I trepresentative 3D emission spectra of
HPIP-c in methanol at room temperature and theesponding contour diagranfigures
3.13aand3.13bh. Clear dual fluorescence is obtained in protilvesats for all of the three
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Table 3.14. Fluorescence band maxima of HPBI, HPIB-and HPIP-c in different solvents at different tenperatures®

Normal band

T HPBI HPIP-b HPIP-c

(Kelvin) EG MeOH ACN Dx Cy EG MeOH ACN Dx Cy EG MeOH Acn Dx
283 338, 353, 371333, 349, 367 334, 343, 365 371 363 360 335, 351, 373 370 35552 3 327,342,359
293 338, 353, 371333, 349, 367 334,343,365 332,343,363 370 36358 3 335, 351,373 335,342,352,367 370 355 352 , 327 359 326, 342, 360
303 338, 353, 371333, 349, 367 334,343,365 332,343,363 369 36357 3 335,351,373 335, 342,352,36370 355 350 327,342,359 326, 342, 360
313 338, 353, 371333, 349, 367 334,343,365 332,343,363 369 36357 3 335,351,373 335, 342,352,36370 354 350 327,342,359 326, 342, 360
323 338, 353, 371333, 349, 367 334,343,365 332,343,363 369 36356 3 335,351,373 335,342, 352,36370 352 350 327,342,359 326, 342, 360
333 338, 353, 371333, 349, 367 334,343,365 332,343,363 368 36355 3 335,351,373 335,342, 352,36370 351 349 327,342,359 326, 342, 360
343 338, 353, 371 334,343,365 332,343,363 365 363 335, 351, 3335, 342, 352, 367370 351 327,342,359 326, 342, 360
353 338, 353, 371 332, 343, 363 363 335, 342, 352, 367 350 326, 342, 360
363 338, 353, 371 332, 343, 363 363 335, 342, 352, 367 350 326, 342, 360
373 338, 353, 371 363 350

Keto band

T HPBI HPIP-b HPIP-c

(Kelvin) EG MeOH ACN Dx Cy EG MeOH ACN Dx Cy EG MeOH Acn Dx
283 454 455 461 473 492 490 488 490 475 474 476
293 454 455 461 465 473 492 490 488 489 490 475 474 476 478
303 454 455 461 465 473 492 490 488 489 490 475 474 476 478
313 454 455 462 465 473 491 490 488 489 490 475 474 476 478
323 454 455 462 466 473 491 490 488 489 490 475 474 476 478
333 454 455 462 466 473 491 490 488 489 490 475 474 476 478
343 455 263 467 473 491 488 489 490 475 476 478
353 468 491 489 475 478
363 456 469 491 489 475 478
373 457 491 475

exc = 310 nm. EG, MeOH, Acn, Dx and Cy stand for ethg glycol, methanol, 1,4-dioxane and cyclohexaspectively.
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Figure 3.13.(a) 3-D Emission spectra of HPIP-c in methanabaim temperature, and (b) its
corresponding contour diagram.
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Figure 3.14.Emission spectra of HPIP-b in ethylene glycol ifecent temperaturesSuy. =
310 nm).

molecules. For HPIP-b and HPIP-c in both methanul athylene glycol, the normal
emissions are more intense than tautomer emisgitiPB-b in ethylene glycol is shown as
representative plofigure 3.14. On the other hand, the tautomer emissions ddmiozer
the normal emissions in aprotic solvents. HPBI ytlehexane shows almost a single
emission band from keto with negligible normal estos Figure 3.15. Upon increasing the

polarity and hydrogen bond formation capacity & solvents, the normal band is red shifted
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for all of the molecules while the keto band isebkhifted in the case of HPBI and HPIP-c
but is insensitive in the case of HPIP-b. All oé$k results are consistent with the earlier

literature report§*>17417
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Figure 3.15.Emission spectra of HPBI in cyclohexane at diffétemperatures.{,. = 310
nm).

As shown for the emission spectra of HPIP-b in @uétle at different temperatures
(Figures 3.16aand3.16b) in all other solvents also (not shown) the emisdrand maxima
of both normal and tautomer emission are indepdanafe@xcitation wavelength. This shows
that emissions occur from excited state structafeompletely relaxed states at these range
temperatures. The variation in temperature hartfhces the emission band positiohaple
3.14). However, the effect of temperature on fluoreseentensities depends on the nature of
the solvent. The fluorescence spectra of HPIP-dxcetonitrile Figure 3.169 and HPIP-b in
ethylene glycol Figure 3.149 shown as a representative demonstrates the effect
temperature in aprotic and protic solvents, respelgt In aprotic solvents where the normal
emissions are weak, the temperature effects ongspectral intensities are relatively smaller,
but the strong tautomer emission intensity decieaggnificantly with rise in temperature.
However, in protic solvents where the normal emisss also significant, both tautomer and
normal emission decreases substantially with irsgréatemperature. The same behaviors are

observed in all aprotic and protic solvents fortlatee molecules.
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Figure 3.16. Emission spectra of HPIP-b in acetonitrile ataléint temperatures (A}« =
310 nm, and (b)exc = 340 nm.

3.3.4. Fluorescence Quantum Yield
The quantum yield of the normal band of both HP&d &lPIP-b in acetonitrile and
dioxan increases with increase in temperatliigutes 3.17. Since the ESIPT process is

faster the emission froncisenol is not observed in these systems. It is well
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established thatis-enol, which forms an intramolecular hydrogen bahdgclic ring, is the
species responsible for ESIPT anahs-enol is responsible for the normal emissidn 4"
Therefore the increase in quantum yield of normaision with rise in temperature is due to
the increase in population tfans-enol in the ground stat&éction 3.3.2 For HPIP-c in
acetonitrile, the quantum yield remains almost tamts while in dioxane there is an
insignificant decrease in the quantum vyield of tirmal emission. This difference in
behaviour of HPIP-c can be explained by the flaat the relative population @¢fans-enol to
cis-enol decreases in the order HPBI > HPIP-b > HRIFar both HPBI and HPIP-b in
cyclohexane, and for all of the three moleculegiatic solvents methanol and ethylene
glycol, the quantum yield of the normal band desesa This shows that the increase in
nonradiative decay dfans or solvated enol dominates over the increaseair fhopulation
with increase in temperature. Though a negativpesie displayed in the plot of quantum
yield of the normal band to temperature for HPBIniethanol, and for both HPIP-b and
HPIP-c in ethylene glycol, the plots are curved apvat higher temperature. On the other
hand, the quantum vyield of the tautomer band deeseavith temperature for all the three
molecules in all the solventEigures 3.1§ due to decrease in the relative populatiowisf
enol and enhanced nonradiative decay of keto-taertowith increase in temperature.
Rodriguez et al. found that the methylated denreatf HPIP-b at pyridine nitrogen is non-
fluorescent due to the formation of a nonemissVé state after ESIP? The methylation
enhances the electron withdrawing ability of theleazmoiety and hence the ICT from the
phenolic moiety to the heterocyclic ring is moredeed.

The quantum yield ratios of normal to tautomer lsaotiHPBI, HPIP-b and HPIP-c
in different solvents at different temperatures sinewn inFigures 3.19 For HPIP-b and
HPIP-c at a given temperature, the ratio is in ¢hder methanol > ethylene glycol >
acetonitrile > dioxane. For HPBI it follows the ercethylene glycol > methanol > dioxane >
acetonitrile > cyclohexane. There is an increasthénquantum vyield ratio of the normal to
tautomer band of all the molecules in all the sotsestudied except for HPBI in methanol
and ethylene glycol, where normal emission domsateer the tautomer emissioRigure
3.19. The ratios of HPBI in methanol and ethylene glymdicates that the nonradiative

decay from solvated enol dominates till 323 K abthat the ratios show upward curvature.

3.3.5. Fluorescence Excitation Spectra
As expected, the excitation spectra recorded ahtmmal band (~350 to 370 nm) is
blue shifted from those recorded at the keto taetoband (~450 to 495 nm) in all three
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molecules in all solvents. This is consistent with fact that the normal and keto emissions
originate from two distinct ground state species wians-enol andcis-enol respectively. The
two spectra differ considerably in aprotic solvets the differences in spectra are small in
protic solvents due to solvation wans-enol in protic salvation to form solvated enol.
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Figure 3.20.Fluorescence excitation spectra of HPBI in 1,4«die at different temperatures
(Aem = 480 nm).

The general features of the temperature depentiere$cence excitation spectra of
all three molecules recorded at tautomer bandhereame in all the solvents. Those of HPBI
in dioxane are shown as representative ploFigure 3.2Q The spectra monitored at the
tautomer band match better with the correspondibgpption spectra indicating that the
species responsible for the tautomer band i.ecithenol is the prominent structure in the
ground state. The spectral intensity decreases indttease in temperature. This is due to a
decrease in relative populationa$-enol and increases in the nonradiative decayekéto-
tautomer after ESIPT. As discussed earliebattions 3.1.4and3.2.5 the torsional rotation
of keto-tautomer to a twisted structure is onehefrionradiative decay pathways.

The effect of temperature on the spectral intezsitif the excitation spectra observed
at the normal band varies for all three molecutedifferent solvents. Based on the effect of
temperature on the spectral intensities excitasjppectra observed at the normal band, they
may be classified into three different types. Hbioathe molecules in protic polar solvents

ethylene glycol and methanol, and HPIP-b in cyckaime; the fluorescence excitation spectra
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Figure 3.21.Fluorescence excitation spectra of (a) HPIP-dhiylene glycol kem = 355 nm),
(b) HPIP-b in acetonitrileAtr, = 360 nm), and (c) HPBI in 1,4-dioxank4 = 365 nm) at

different temperatures.

recorded at the normal band decrease with a rigemperature. As a representation the
excitation spectra of HPIP-c in ethylene glycol sihewn inFigure 3.21a This indicates that
the nonradiative transition from the normal emissilmminates over the increase in relative

population of its ground state precursor with iase in temperature. In the second type, as
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shown inFigure 3.21bthe spectral intensities of the excitation bandam invariant in the
studied temperature range. The behavior was ols$drywdiPIP-b and HPIP-c in acetonitrile
and dioxane, and HPBI in cyclohexane. This indgdieat the increase in the rate of
nonradiative decay was compensated by the increaséative population ofrans-enol with
increase in temperature. In the third type, theease in relative population tfans-enol
with rise in temperature is higher than the inceessthe nonradiative decay with rise in
temperatureKigure 3.219. The behavior is observed in the excitation gpeof HPBI in

acetonitrile and dioxane where the spectral intgrigcreases with increases in temperature.

3.3.6. Time Resolved Fluorescence

The lifetime values of all the three molecules iiffedent solvents at different
temperatures are given ihables 3.15-3.17 Small differences are observed between the
present measurements of lifetime values and théeediterature value§’*?! These
differences may be due to the difference in thepeature, the wavelength of excitation and
the wavelength used for monitoring the decay.

As a representation, the decay profile of HPIP-mathanol at different temperatures
monitored at the normal and tautomer bands is showirigure 3.22 With rise in
temperature, a small decrease in lifetimes of thenal emission of HPBI is observed in
cyclohexane, dioxane and ethylene glycol, whereasmall increase is observed in
acetonitrile and methanol. However, the lifetimégsle keto tautomer of HPBI gradually
decrease with increase in temperature in all theests. The temperature has greater effect
on the lifetimes of the tautomer than on that ahmal species.

The normal and the tautomer emission of HPIP-b ldRtP-c are single exponential
in aprotic solvents whereas, they are biexpoentiamethanol. In ethylene glycol, the
tautomer emission is single exponential, but thenab emission is monoexpoential in HPIP-
¢ and biexponential in HPIP-b. This suggests that presence of pyridine nitrogen the local
environment around pyridine nitrogen substitutedl@gues have different solvation in protic
solvents and thus different lifetime. Such behaviomas also observed in 2-(2'-
aminophenyl)benzimidazof® The observation of two lifetime decays could bee do
superimposition of many such exponential de¢&yas in HPBI, in nitrogen analogues also
the lifetime of the tautomer decreases strongly witrease in temperature and the effect is
marginal for the lifetime of the normal species.
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Table 3.15. Lifetime data of HPBI in different sohents at different temperatures®

Temperature Cyclohexane 1,4-Dioxane Acetonitrile Methario Ethylene Glycol
(K) ™ T’ ™ T’ ™ T’ ™ T T T
293 1.74 3.76 141 4.32 1.58 3.83 1.59 3.93 1.62 48 4.
303 1.71 3.52 1.33 4.15 1.59 3.62 1.58 3.82 161 314
313 1.71 3.29 1.34 3.96 1.65 3.39 1.56 3.72 1.60 12 4.
323 1.68 3.06 1.38 3.72 1.68 3.14 1.60 3.63 1.60 89 3.
333 1.62 2.80 1.38 3.58 1.71 2.92 1.63 3.48 159 67 3.
343 1.60 2.51 1.37 3.35 1.78 2.65 1.59 3.39
'Lifetimes are given in nanosecond.
Table 3.16. Lifetime data of HPIP-b in different sdvents at different temperatures®
Temperature Cyclohexané 1,4-Dioxane Acetonitrile Methanol Ethylene Glycol
(K) TT TN TT TN TT TlN (fl) T2N (fz) T]_T (fl) TZT (fz) T]_N (fl) T2N (fz) TT (fl)
293 3.41 1.02 3.66 1.14 159 0.55(32) 1.65(68) 0.84(80) 4.47(20) 0.64 (89).35211) 2.00
303 3.02 1.00 3.28 1.10 133 0.76 (41) 1.69(59) 0.70(81) 4.35(19) 0.55(86).28214) 1.52
313 2.62 0.99 2.82 1.09 1.00 0.71(43) 1.69(57) 0.58(78) 4.34(22) 0.53(86).31214) 1.24
323 2.26 0.96 2.46 1.07 0.82 0.52(34) 1.63(66) 0.45(74) 4.24(26) 0.42(79).881(21) 0.97
333 1.89 0.96 2.12 1.04 0.67 0.51(34) 1.68(66) 0.39(72) 4.14(28) 0.42(79).911(21) 0.78
343 1.56 0.95 1.66 1.04 0.58 0.39 (75) 1.77 (25) 0.64

ILifetimes are given in nanosecorffalues within parentheses are the relative pergentamponentThe lifetime of the normal species could
not be measured due to weak fluorescence of theal@pecies.

Table 3.17. Lifetime data of HPIP-c in different stvents at different temperatures®

Temperature 1,4-Dioxane Acetonitrile Methanol Ethylene Gycol
(K) T T T T 7" (fa) L2 (f2) T (fa) T (f2) T T
293 1.10 2.85 1.28 145 0.32(84) 1.84(16) 0.98(86) 3.10(14) 0.79 2.36
303 1.06 2.36 1.26 112 0.29(84) 1.87(16) 0.77(86) 3.24(14) 0.68 .1.81
313 1.04 2.16 1.24 0.88 0.32(85) 2.12(16) 0.62(86) 3.42(14) 0.60 1.39
323 1.03 1.69 1.22 0.71 0.26 (84) 2.34(16) 0.49(84) 3.46(16) 0.50 1.13
333 1.01 1.50 1.21 0.62 0.29(84) 291(16) 0.44(83) 3.54(17) 0.45 0.88
343 0.97 1.44 1.20 0.49 0.41 0.60

ILifetimes are given in nanosecofWalues within parentheses are the relative pergentamponent.
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Figure 3.23. Nonradiative decay plots of normal band againstperature for (a) HPBI, (b) HPIP-b, and (c) HPIkHccyclohexane -@-),
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Figure 3.22.Decay profile of HPIP-b in methanol at differeetriperatures from 293 K to
333 K with interval of 10 K monitored at the (a)rm@l band (~ 355 nm), (b) tautomer band
(~ 490 nm) and.ex. = 308 nm.
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Scheme 3.2Kinetics schemes for the decay toédns-enol and ESIPT process in nitrogen
substituted HPBI analogues.

The results can be explained by the commonly aedekinetics scheme for ESIPT
molecules $cheme 3.2).e. in the excitedis-enol undergoes the ESIPT process while the

excited trans-enol gives the normal emission. Increase in teatpeg affects the relative
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population of ground state conformers and alsoeees the nonradiative decay which in
turn affects the fluorescence of both enol andotaer forms. Since the rise in temperature
decreases population ofs-enol and also increases the nonradiative decayddcrease in

emission and lifetime are more for tautomer emis#ian those for normal emission.

3.3.7. Conclusion

The effects of temperature on the dual fluorescefd¢¢PBI, HPIP-b and HPIP-c due
to ESIPT were studied in different solvents of eliént polarity and hydrogen bonding
capacity. The quantum yield ratio of the normataotomer band increases with increase in
temperature except for HPBI in methanol and ethg/lglycol. This shows that the rate of
decrease in quantum yield with increase in tempegas greater in the tautomer band than in
the normal band. The change in the fluorescende wirease in temperature is influenced
by two factors: (i) the increase in relative popiolia of trans-enol with respect to that afs-
enol, and (ii) the increase in nonradiative degaynfthe excited states. As with the rise in
temperature, the population ofs-enol decreases and the nonradiative decay of rtaarto
increases, temperature affects the tautomer emigsmre than the normal emission. With
rise in temperature, the increase in nonradiata@ay of the normal emission competes with
the increase in relative populationtofns-enol. Nitrogen substitution in the benzene ring of
HPBI increases the nonradiative deactivation to ¢fneund state. The changes in the
fluorescence emission are also reflected in tlegitife of the normal and tautomer emissions.
In general, the lifetime decreases with rise ingerature indicating the increase in the rate of

nonradiative decay.
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Chapter 4
Effect of Metal lons on ESIPT in HPBI and its Nitrogen Substituted Analogues

4.0. Introduction

Fluorescence sensors and probes are one of the @oramalytical tools for the
detection and measurements of various kinds of yw®l due to their high
sensitivity?’ 28163283291 Moregver, the techniques applied in the analydessed on
fluorescence sensors are easy to handle and lgsnsxe. Most of the fluorescence
chemosensors are based on a turn on/off mechaniarewhe fluorescence is enhanced or
quenched upon binding with the anal§te?®° Since the intensity of the fluorescence is
dependent on the concentrations of both analytesandor molecule, measurements at only
one emission wavelength face practical limitatispscially for use in biological systems due
to the difficulty in determination of the fluoropteoconcentration. One possible solution to
the problem is to use a fluorophore that exhibiscsral shift in the emission or excitation
spectra upon binding with the analgté?°° This provides a ratiometric measurement of the
emission intensities at two excitation or emissi@avelengths. The ratiometric measurments
eliminate the artifacts due to concentration vargt photobleaching, or any instrument
related parametef8’?%®

ESIPT exhibiting molecules find suitable applioatias fluorescence sensors for
solvent polarity’™*?%°*®yiscosity**° pH" anionst*****=%and cation¥°?%3"*%hecause
of their photophysical properties such as high ritscence, large Stokes’ shifts and
photostability?”?*'%® In most of the cases, fluorescence sensing by E$8Pbased on
ratiometric measurements due to their dual fluaese:*!*7°2872%831q |imited number of
works have been done on the investigations on rcagensing based on derivatives of
HPBO?98’309’313

Fahrni et al. have studied the complexation of @aylc acid derivatives of HPBI,
HPBO, and HPBT with Z ion in water?”?® They found that deprotonation of the hydroxyl
proton occurs upon coordination with Znion. This results in the formation of the
corresponding phenolate ions of the benzazolesy als® found that while the fluorescence
of oxazole and thiazole derivatives increase upompiexation with Zf", the imidazole
derivative does not show significant change indbantum yield but it exhibits ratiometric
response toward Zn-complexation. Jen et al. deeelopne-photon and two-photon-
absorbing sensors containing one and two HPBO grdhgt act as binding sites for metal
ions3™ These sensor molecules have unique response foriginand their properties are
dramatically affected by base. While the sensoreswde with one binding site has more
sensitivity to ZA" ion at low concentration, the molecule with twading sites exhibits a

larger enhancement in fluorescence. O’Halloran.etlso designed HPBO based fluorescent
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sensor Zimbo-5 that has a variety of chelating gsoin the molecular structufé&® They
showed that Zff and Cd* induce an emission shift while other heavy maiakiquench the
fluorescence of Zimbo-5.

However, interaction of HPBI, the imidazole analegf HPBO, with metal ions has
not been studied yet to the best of my knowledgé¢his chapter, we report the photophysical
study of HPBI and its nitrogen substituted analegwgz. HPIP-b and HPIP-c upon
interaction with alkali, alkaline and transition talkeions. The ratiometric response of the
fluorophores toward complexation with different aleions and the influence of nitrogen

substitution in the benzene ring of HPBI upon camrption are the main theme of the study.

4.1. Absorption Spectra
4.1.1. Alkali and Alkaline Metal lons

HPBI shows in increase in absorbance on increaingentrations of NaMg?* and
C&" ions, but shows a decrease in the case 6f. Boowever, no shift is observed and the
changes in the spectral shape are also not signtfi&s a representatioRigure 4.1 shows
the increase in absorbance of HPBI in increasimgeotration of Na HPIP-b in presence of
Mg**, Ca&* and B&" ions and HPIP-c in presence of N&&" and B&" ions also show

similar trend in the absorption spectra.

0.25 4

Absorbance
o = o o
(@) = = N
(6)] o (6)] o
1 [ 1 1

0.00

250 280 310 340 370 400
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Figure 4.1. Absorption spectra of HPBI in presence of Na

However, in the presence of Naon, HPIP-b shows a stepwise change in the
absorption spectra as the concentration of idancreased from 0 to 9, as is shown in
Figure 4.2 For initial addition of N&ion to HPIP-b solution, the absorbance increasgi$ u

the concentration of Nareaches 5.2uM (1:1 molar ratio, Figure 4.28. Above this
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concentration ([Na> 5.2uM), a new band appears at 354 nm while the bandrmar at
322 nm decreases and an isosbestic point is olisat\838 nmKigure 4.2b). The new band
reaches the maximum when [§la& 6.0 uM. Further increase in concentration from 6N

to 7.1uM decreases the absorbance of 354 nm band anggss¢hat of 322 nm band with
an isosbestic point at 338 nriigure 4.29. Beyond 7.1uM, the 354 nm band increases
again while the 322 nm band decreaggégure 4.2d). Above 9.7uM of Na', no significant

change in the spectra is observed.
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Figure 4.2. Stepwise change in the absorption spectra of HPdP{a) 0-5.2:M, (b) 5.2-6.0
uM, (c) 6.0-7.3uM, and (d) 7.3-9.7uM of Na'.
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Figure 4.3.Absorption spectra of HPIP-c in presence offg
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Figure 4.3 shows the effect of Mg ion on HPIP-c. On increasing the concentration
of Mg*, the absorbance at onset increases while thateofrtain band at 315 decreases.
However, unlike in the earlier case (interactiorNaf ion with HPIP-b) the spectral changes

are not significant.

4.1.2. Nf*, Cu?* and Zn** Metal lons

Figure 4.4 depicts the absorption spectra of HPIP-b at dsfferconcentrations of
Zn** ion. The absorbance of the main band decreasea aew band starts to appear at the
red side of the absorption spectra (~ 360 nm) aedspectral changes reach saturation at
higher concentrations and a quasi isosbestic pialso observed. Similar behaviour is also
observed in the other two molecules (Figures nowsl), but the saturation point for the
interaction of ZA" with HPBI and HPIP-b is reached at 5001 and 460uM, respectively.
However, for HPIP-c the saturation point is reache8uM which is ~ 1.5 equivalent. This

shows the sensitivity of HPIP-c toward Znis nearly 60 times higher than that of its

analogues.
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Figure 4.4.UV-Visible spectra of HPIP-b in presence of'Zn

The effect of C& ions on the absorption spectra of all three flpbares is nearly
similar to that of ZA" up to ~ 10uM (i.e. ~ 2 equivalents). That is, a decrease Boeimance
of the main band with a formation of new band omndd side band. The isosbestic points are
observed at 334 nm, 342 nm and 334 nm in the atisorppectra of HPBI, HPIP-b and
HPIP-c, respectivelyFigure 4.5 shows the absorption spectra of HPBI in preseficdud’
ion as representative plot. On increasing the aanagon until 13uM, the absorbance of the
shoulder at 355-370 nm increasEgy(ire 4.59. On the other side of the isosbestic point, the
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absorbances of the vibronic bands at 315-323 nredse. Above this concentration of?Cu
ion the isosbestic points disappear and the absogsancrease with increasing concentration

of CU#" ion, but the increases in small and it is satarate~ 35QuM (Figure 4.5b).
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Figure 4.5.UV-Visible spectra of HPBI in presence of Ca) from OpM to 13uM, and (b)
>13uM.
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Figure 4.6.Absorption spectra of HPIP-c in presence & Ni
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Figure 4.7.Stepwise change in absorbance of HPIP-b in presehid?* in the range (a) O -
4 uM, (b) 4.3 - 8.7uM, and (c) 8.7 - 13QM.

The effect of Ni* on the absorption spectra of HPBI and HPIP-cds almilar to that
of Zn?* ion. Figure 4.6 shows the representative spectra of HPIP-c inepiess of Nf* ion.
With increase in Nfi ion concentration, the absorbances of the vibrbaitds at 315-330 nm

decrease. On the red side, a new red band appex86-870 nm whose absorbance increases
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with Ni?* ion concentration. The spectra of HPBI and HPHeach the saturation point at 55
uM and 82uM, respectively.

However, HPIP-b shows stepwise change in the absorppectra upon interaction
with Ni?* ion (Figures 4.7. The effect is quite similar to that of Neon on HPIP-b. A new
band appears at 380 nm and its absorbance increddlesthose of vibronic bands at blue
side decrease with increase in“Nion concentration up to gM (~ 1 equivalent) and an
isosbestic point is observed at ~ 345 riigre 4.7g. From 4uM to 4.3 uM, the band at
380 nm disappears rapidly and the spectra remaistaot till 8.7uM (Figure 4.70). With
further increase in Ni ion amount, a new band starts to appear at ~ 360and the
absorbances of the vibronic bands at 296 nm ancdB2dlecrease. The changes continue till
the saturation point (130M). A quasi-isosbestic point is observed at ~ 334 (frigure
4.79.

4.2. Fluorescence Spectra
4.2.1. Alkali and Alkaline Metal lons

1.6E+5

OuM

320 370 420 470 520 570
Wavelength (nm)

Figure 4.8.Fluorescence spectra of HPIP-b in presence 6f &= 308 nm).

Except for a small decrease in normal and tautamessions, no significant change
is observed in the fluorescence spectra of HPBlitsnahalogue in presence of Nend B&*
ions. Similar behaviour is observed for the flusexe spectra of HPBI and HPIP-b in
presence of Caion and that of HPIP-b in presence of Mipn. As a representatioRjgure
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4.8 shows the fluorescence of HPIP-b in presence &f @m where both normal and
tautomer emissions decrease with increasing corat@nt of C&* ion and reaches saturation

on reaching @M.
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Figure 4.9. Fluorescence spectra of HPBI in presence of Mk = 300 nm). The inset
shows the expanded spectra of normal band region.
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Figure 4.10.Fluorescence spectra of HPIP-c in presence Jf Kig = 308 nm).
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It is interesting to note that in presence of Nalike in the absorption spectra no
significant effect is observed in the fluorescerspectra of HPIP-b (not shown). This
indicates that the Nacomplex of HPIP-b is unstable in the excited state the metal ion has
only weaker interaction with HPIP-b in the excitethte. The tautomer band of HPBI
decreases with increases in ¥Mgoncentration, but the normal emission of HPBtiatly
decreases till 2.22M, then it is red shifted to 375 nnkigure 4.9. The 375 nm band
enhances with increase in concentration of Mmd the saturation point was reached at 269
uM.

However, in case of HPIP-c a new emission bandeisetated at 405-415 nm in
presence of Mg and C&" ions. As a representatioRjgure 4.10 shows the fluorescence
spectra of HPIP-c in presence of §ipns. As the concentration of Mgons increases, both
normal and tautomer emissions decrease and a nésgiemband is generated at 413 nm

which increases with Mg concentration. An isoemissive point is also obsért 451 nm.

4.2.2. Nf*, Cu** and zn** Metal lons
As in absorption spectra, the effects of transitioetals ions Ni, Cu#* and Zrf* on
the fluorescence of the fluorophores are more prooced than that in presence of alkali and

alkaline earth metal ions.
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Figure 4.11.Fluorescence spectra of HPBI in presence 6f Za,. = 300 nm).
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Figure 4.12.Fluorescence spectra of HPIP-b in presence 6 @a.= 308 nm).

Addition of zrf* ion decreases the fluorescence intensities of mmttmal and
tautomer emissions and a new band appears ineathtee moleculed={gures 4.11to0 4.13.
The new band is red shifted relative to normal band blue shifted relative to tautomer
band. In HPBI and HPIP-c, the dual emissions ofliends are placed by a single emission
in presence of Zf ion. A quasi-isoemissive point is observed at #440in the fluorescence
spectra of HPBI in presence of Zrion (Figure 4.11). Two quasi-isoemissive points are
observed at 373 nm and 446 nm in the fluoresceheEdtP-c on increasing concentration of
Zn** ion (Figure 4.13. But in case of HPIP-b, even at saturation (600 uM) the emission
spectrum is not single emission and no quasi-ise&Em@ point is also observed. The
excitation spectra recorded at normal and tautaen@ssion matches with that of the pure
ligand and the additional band was observed whenitored at 440 nm only in presence of
metal ion. The new excitation band agrees well wétv red band of the absorption spectrum
in presence of Z1i (Figure 4.14 These results indicate that like Nan complex of HPIP-b,
its Z* complex is also unstable. However,?’Zoomplexes of HPBI and HPIP-c are quite
stable.
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Figure 4.13.Fluorescence spectra of HPIP-c in presence 6f @8 = 310 nm).
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Figure 4.14.Normalized fluorescence excitation spectra of HPIliA presence (solid lines)
and absence (dotted lines) of?Zi500 uM) monitored at (Lkem = 350 nm (blue), (2hem =
440 nm (red), and (3)m = 480 nm (green).
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Figure 4.15.Fluorescence spectra of HPBI in presence of (&3 @M, and (b) above 18M
of CU* (hexc = 302 nm).

The effect of Ct" at lower concentrations (up to ~ Bl) is similar as that of Zf.
That is decreases in fluorescence of both emissigtis an appearance of new band in
between those bandsigure 4.15shows the stepwise change observed in the fluemescof
HPBI on addition of Cti ion. On initial addition of Cti solution to HPBI till 13uM, the

tautomer emission decreases and the normal emialsordecreases with the emergence of
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red shift band at 380 nm. Beyond 181, 380 nm band is quenched with increase in

concentration.
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Figure 4.16. Fluorescence spectra of HPIP-b in presence ddBjuM, and (b) above 17
UM of CU* (Aexc = 308 nm).

Figures 4.16and Figures 4.17show the effect of Cii ion of HPIP-b and HPIP-c.
Although the general features of both HPIP-b andP-fare similar to those of HPBI, but
the magnitudes of the changes are different iretieslecules. The new band of GiPBI
at lower concentration is strong, but those ofogén substituted analogues are weak. The
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excitation spectra recorded for the new fluoreseelands in presence of €tons (not
shown) indicate that the corresponding red shittbdorption bands are their ground state

precursor in all three molecules.
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Figure 4.17.Fluorescence spectra of HPIP-c in presence d-@)M, and (b) above 9M
of CUF* (hexc = 310 nm).

The effect of Ni* ion on the fluorescence spectra of HPBI resemthias of Md*.
Figure 4.18 shows the fluorescence spectra of HPBI excite298tnm in presence of i
ion. The normal emission of HPBI initially decressmtil the concentration of Niis 16 M
with a red shift from 352 nm in the absence of i0r868 nm in 16:M of Ni*. On further

increase beyond 16M, the normal emission increases with further feift $0 378 nm at 350
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uM (saturation limit). The shifting is due to ememge of a new band at the red side of the

normal emission. However, the tautomer emissiomuatly decreases with an increase in

metal ion concentration. The fluorescence excitapectrum of the 378 nm fluorescence

band matches with the absorption spectrum of tkenee shifted band (not shown). On the

other hand, Ni" quenches both normal and tautomer emissions oidipgr nitrogen

substituted molecules and no new fluorescence Isatietected at any concentration of metal

ion (Figure 4.19) The concentration required for complete quenclohdluorescence of
HPIP-b (350uM) is less than that required for that of HPIP-8q@M).
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Figure 4.18.Fluorescence spectra of HPBI in presence 6f ®kxc = 299 nm). Inset shows
the enlarged spectra of normal band region.
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Figure 4.19.Fluorescence spectra of HPIP-b in presence Tf(Ni,. = 306 nm).
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4.3. Fluorescence Intensity Ratio

From the absorption and fluorescence spectra seen that the alkali and alkaline
earth metal ions have lower binding affinity towale fluorophores than transition metal
ions NF*, CU** and ZA". The intensity ratios of normal to tautomer enussif HPBI, HPIP-
b and HPIP-c are plotted against concentration etahions inFigures 4.2Q0 4.21and4.22,
respectively. In most of the cases, metal coor@inatinders the ESIPT process. In particular
Ni%*, CU#* and Zrif* ions produce substantial change in intensity satihe histogram plot
(Figure 4.23 shows that HPBI has high sensitivity towards®Cand Z&* ions. The
sensitivity of the intensity ratio is highest towarC#". It is 143 times higher in presence of
CU?* than in the absence of metal ion and it is 14 sifmgher than that in presence ofZn
Intensity ratio of HPIP-b is more sensitive towalNi$" and Cd" ions and the intensity ratios
at ksdlsgo are 2.1 and 2.8 times higher than that of pur@nligEigure 4.21). On the other
hand, despite being highly sensitive towards mietalike Zrf*, the intensity ratio of HPIP-c
is relatively less sensitive toward metal ions, lifghest value is obtained for €don which

is 1.9 higher than that of pure ligand at/l 476 (Figure 4.22).
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Figure 4.20.Fluorescence intensity ratio of normal (351 nmjaistomer (462 nm) bands of
HPBI at different concentration of metal ions.
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Figure 4.21.Fluorescence intensity ratio of normal (355 nmjaatomer (479 nm) bands of
HPIP-b at different concentration of metal ions.
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HPIP-c at different concentration of metal ions.
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Figure 4.23. Histogram plot of normal to tautomer band ratioflabrophore to metal
concentration ratio of 1:5.

The results suggest that nitrogen substitutionhenbenzene ring of HPBI decreases
the fluorescence sensitivity of the fluorophore @oss metal ions. This may be due to
reduced fluorescence quantum vyield of the nitrogelstituted analogues. In addition, the
presence of extra nitrogen increases the weakeragtion between the metal ions and the
pyridine nitrogen by coordination (similar to hydem bonding). This interaction increases
the ICT from the phenolic moiety to the aromaticietyay The ICT increases the nonradiative

decay due to increased vibrational overlap betweemround and excited states.

4.4. Metal Complexes
Since the spectral characteristics of the molecatesmore sensitive towardsNi

CU*" and Zrt*, the spectral maxima of the three molecules in presef these metals are
complied inTable 4.1 As seen earlier, The results reveal that allehmolecules form
complexes with Ni*, Ci#* and zri*. Imidazole nitrogen and phenolic oxygen are abégla
for metal coordination in HPBI. In addition pyridmitrogen is available for coordination in
HPIP-b and HPIP-c. Fahrni et al. investigated tieraction of Zf" ion with derivatives of
HPBI, HPBO and HPBT and found that the shouldethef excitation spectra of the metal
complex matches with the excitation spectrum of deprotonated forrf®> From this they

hypothesized that the coordination of metal resduitethe deprotonation of phenolic group.
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Table 4.1. Absorption maxima Ama™, nm) and fluorescence maximaNmna.", hm) of

ligands and transition metal complexes of the HPBIHPIP-b and HPIP-c.
flu

: abs max
Solution Amax Normal Complex Tautomer
HPBI
No metal ion 330, 316, 291 352 - 462
Ni?* (350puM) 369, 330, 316, 291 - 378 -
CU** (13uM) 364, 334, 321, 295 - 382 -
Zn®** (500uM) 358, 333, 321, 297, 288 - 414 -
HPIP-b
No metal ion 335, 322, 296 338, 355, 368 - 479
Ni?* (130puM) 353, 339, 314, 297 338, 355, 368 - 479
CU* (17 uM) 357, 337, 305 - 386 -
Zn** (47uM) 356, 335, 321, 305, 297 341, 356, 371 382 474
HPIP-c
No metal ion 326, 314, 285 325, 340, 359 474
Ni?* (23 uM) 370, 326, 314, 287 328, 346, 368 409 473
CU* (10uM) 380, 321, 291 - 412 -
Zn** (13 uM) 362, 326, 290 - 418 -

The absorption spectra of the metal complexeseatehifted compared to the ligand.
However, not only the deprotonation of —OH groupt blso the protonation at the ring
nitrogen(s) can contribute to this red shif.Therefore, it is difficult to verify the hypothesi
The extent of red shift differs with the naturetbé metal ions. This clearly indicates that
metal binding has significant role in the bathochioshift and therefore it is not merely due
to deprotonation. It is well establish&d:>!° that binding of cations with ring nitrogens
produces a bathochromic shift in the absorptionfaratescence spectra, and that the shift is
more pronounced upon binding with the pyridine agén than that with the imidazole
nitrogen. Therefore, in HPBI the imidazole nitrogeninvolved in coordination with the
metal ions and the oxygen of the phenolic grouphtnégso be involved in the coordination.
The red shift observed in the absorption and theréiscence spectra of the metal complex of
nitrogen substituted analogues are comparableosethf HPBI. From this it may be inferred
that the coordination sites of the metal ions amaesin all three molecules. The attempts to
crystallize the metal complexes were successfuf amkcase Ni* complex of HPIP-b. The
solved crystal structure of NiHPIP-b 1:2 complex is shown Figure 4.24 The parameters
of the complex are provided ippendix A4. The ligand binds with N ion in a bidentate
binding mode through its imidazole nitrogen andralie oxygen. The cyclic intramolecular
hydrogen bonded ring is broken upon binding with thetal ions. This prevents the ESIPT
reaction thereby reducing the tautomer emissiofy anrmal emissions are observed in

metal complexes. Due to paramagnetic nature of ritetal ions Ni* and Cd" the
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fluorescence is quenched in presence 6f Bind C@" (at higher concentration). Since,?Zn
is diamagetic no such quenching is observed irfltiieescence spectra of Zncomplexes

even at saturation limits.

Figure 4.24.Crystal structure of HPIP-b-Rlicomplex.

4.5. Conclusion

In summary, the effects of metal ions on the dlabreéscence of HPBI and its
pyridine nitrogen substituted analogues toward matms are investigated. The
photophysical perturbations induced by alkali arkiblane earth metal ions are small.
However, significant changes are observed uponifgndith transition metal ions Ki, Cuf*
and Zri*. Although the fluorescence intensity ratios chaigell three molecules, HPBI,
HPIP-b and HPIP-c, the changes are higher in HPFhtin its nitrogen substituted
analogues. The normal to tautomer fluorescencasitteratio of HPBI increases by 143 and
10.4 fold in the presence (5 equivalents) of‘Gand ZA", respectively, compared to that in
neat solution. The fluorescence ratio of HPIP-bnges by 2.1 and 2.8 fold in presence of
Ni?* and Ca", respectively, Ctf ion enhances the fluorescence ratio of HPIP-c.Byfdlds.
This shows that nitrogen substitution on the beazérg of HPBI decreases the fluorescence
emission ratio. The increases in shorter wavelengénsities are attributed to the disruption
of ESIPT process due to the binding of metal iogscbordination through imidazole
nitrogen and phenolic oxygen of the ligands. Thelenof binding is confirmed by the single
crystal structure of Nf complex with HPIP-b with stoichiometric ratio fN;[HPIP-b] of
1:2 where the ligand coordinates with the metaltreethrough its phenolic oxygen and

imidazole nitrogen.

TH-1151 07612201 i
| 118 Conclusion



Chapter 5

Photophysical Properties of
2-(2'-Hydroxyphenyl)benzimidazole and its Nitrogen
Substituted Analogues in Microheterogeneous
Media

TH-1151_07612201



TH-1151_07612201



Chapter 5
HPBI and its N-substituted Analogues in Microheterogeneous Media

5.0. Introduction

Studies on organized microheterogeneous asseniidies been growing rapidly
during the past few decades as these serve as moudture models for studying and
mimicking important phenomena in biosystettfs®® Among the studies on
microheterogeneous media, inclusion complexes aeeobd the interesting subjects for many
researchers. Inclusion complexes provide valuabdormation about noncovalent
intermolecular interactions between the host aresgmolecules where the guest component
is residing within the cavity of the host molecwiéthout forming any covalent borid®
Apart from biomimicking®*"*'®inclusion complexes find applications in drug detiy'®
nano-sized molecular devic&,and energy storage devicés.

Cyclodextrins (CDs)**#*® gre the most sought host systems for studying such
inclusion complexes. CDs are cyclic oligosaccharidemposed of glucopyranose units
linked bya-(1,4) bonds with hydrophilic external walls andeiror hydrophobic nano-sized
cavity of different size and shap¥:>8322323|n nature, CDs are formed by the action of
bacteria such aBacillus macerans andPaenibacillus macerans on starci#?**?°The shape of
the cyclic ring is like a conical cylinder and ieduently characterized as a doughnut or
wreathshaped truncated cone. The secondary hydgoayps of the glucopyranose unit are
situated on one rim of the ring whereas the prinfgigroxyl groups are situated on the other
rim. The most commonly used CDs are -, andy-CD which have six, seven, and eight
glucopyranose units, respectively. Though larges @2 available, they have lesser value in
terms of application¥*

Reverse micelles are another kind of organized ohi&tlerogeneous assemblies that
are widely studied. Reverse micelles are formedhlkyaggregation of surfactant molecules,
which consist of hydrophobic side chain and polkadgroup, in nonpolar solvents in the
presence of water molecul®&S:*?° The polar head groups in the reverse micellaresysire
collected together in an inner core toward the mpwlater pool and the hydrocarbon chains
are directed outward to the nonpolar oil phase.igtijuishing feature of these reverse
micelles is their ability to solubilize fairly laegamounts of water in the polar core. The size
of a reverse micelle is measured in terms of thianratio,wy, of polar solvent to surfactant.
As an example, for AOT¢heptane/water reverse micellar system, the radiuke water
pool is roughly 2 A.*3****'Two layers are found in the confined water poal e bound
water and free water. The bound water layer istegtat the interfacial region between the
polar head group and water molecules while theirar layer resides inside the core of the

water pool. Reverse micelles have been extensiwdy as interesting models for biological
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membrane¥? and water molecules confined in biological systéfiStructure, equilibrium
and dynamics of molecules in confined environmamis at various interfaces play a crucial
role in various biological and natural proces¥&$>°>The water pool in the reverse micelle is
also employed as a reaction medium for enzomof§Sis.

In nature organized assemblies are also found menous systems, for example
proteins. Poteins are biopolymer molecules made up of sevaraho acid residues and are
the main target of all the medicin€$:>*® Proteins are important for structure, functiongd an
regulation of cells, tissues, and organs; and evy@otein has a unique function in
maintaining life**"**¥The structure of a protein gives rise to its hiital function of great
selectivity and variety. Its structure depends oydrbphobic, electronic, and steric
parameters.

Serum albumins are the most abundant proteins faonbdlood plasma in the
circulatory system and have been the most exteysstadied proteins for many yeats.
Serum albumin functions as transport proteins farious exogenous and endogenous
substances in the body by hydrophobic, hydrophaling] ionic interactions. Many researchers
have studied the structures, functions and praggedf serum albumins to understand their
interactions with other external substances. Somallumins widely studied are human
serum albumin, bovine serum albumin (BSA), equereis albumin and rat serum albumin.
The external substances that have been studiadtéwaction with serum albumins are fatty
acids, metal ions, pigments, and numerous ditfgSor elucidating information regarding
environment of the binding sites protein-bound feszent probes are often used.

Despite the fact that the utility of HPBI as fluscent probe has been well
established®""1%%3*the utility of its nitrogen substituted analogu¢BIP-b and HPIP-c are
not yet investigated. Chattopadhyay pointed out #ftaough the ESIPT process is affected
by the microheterogeneous media, it also stronglyedds on the nature of the molectife.
As already discussed iBections 3.1and 3.2, substitution of N-heteroatom in the benzene
ring of HPBI reduces the quantum yi&i**">and on the other hand nitrogen substitution on
the phenolic ring increases the quantum ytéfd’®Theoretical calculations predicted that the
proton coupled charge transfer state may act am#jer nonradiative decay channel for the
proton transferred tautom@&r?®42>3*3The ESIPT is accompanied by a torsional rotatibn o
the two aromatic rings which lead to an ICT statenf where the nonradiative decay occurs.
This should increase environmental sensitivity lté hitrogen substituted analogues more
than that of HPBI.
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This chapter discusses the effect of the presendepasition of N-heteroatom in
benzene ring of HPBI on the photophysical propertie different microheterogeneous
environments. In this study the potential implioas of HPBI, HPIP-b and HPIP-c as probes
and sensors are also explored based on rationfleti@scence emissioi2>>**3*4yhich
has better advantages over measurement on singgsiem The ratio eliminates the errors
generated due to concentration variation, photcbieg, or any instrument related
parameter$?®*®The chapter is divided into three sections. Thet ection is the study of
photophysical properties of HPBI, HPIP-b and HPIRqresence of3-CD. The second
section is the discussion on ESIPT behavior ofghmaslecules in AOT reverse micelle and

in the third section; study on interactions of thelecules with BSA is discussed.

5.1.0. HPBI, HPIP-b and HPIP-c inB-Cyclodextrin

The hydrophobicity of th@-CD cavity enhances the solubifify and fluorescence of
the encapsulated guest molectiféTherefore, CDs have been used as a microenvirantmen
study excited state processes such as proton erdfis*® charge transfét®**'and energy
transfer>*3°3 Douhal et al. reviewed the dynamics and structaspects of host guest
interactions in C3>***The inclusion complexes of a fluorophore in aqeeloost molecules
including CDs were recently reviewed by Nau e?‘E’gI\Nagner more recently reviewed the
hydrogen bonding of excited states in supramoledntiusion complexes including CBY’

Unlike ICT and intermolecular proton transfer, #itect ofp-CD on ESIPT processes
is still relatively less studietl;*%?%!%>%39gyhal et al. investigated the effectCD on
the dynamics of ESIPT molecul® Warner et al. studied the dual fluorescence dBHihd
the corresponding benzoxazole and benzothiazopedsence of-CD.**° They showed the
existence of weak intramolecular hydrogen bondmddPBI and the formation of strong
intermolecular hydrogen bonds with the hydroxylugre of CD. They further showed that the
phototautomers exist as zwitterions. More rece@ilighhait et al. studied the ESIPT process
of 1-hydroxy-2-napthaldehyde in CBS.

In this section, we extended the study of the ef¢@-CD on ESIPT in HPBI using
DMSO as the solvent. The nitrogen substituted ajueds of HPBI viz. HPIP-b and HPIP-c
are also studied. This study is an attempt to erploe efficiency of these fluorophores as
potential fluorescence probes by investigating pineperties of these inclusion complex

assemblies utilizing ESIPT reaction.
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5.1.1. Absorption Spectra
HPIP-b and HPIP-c have low solubility in water Iieir solubility enhances in the

presence of3-CD. This enhancement in solubility is an indicatiof inclusion complex
formation by the encapsulation of the fluorophareshe hydrophobic cavity gf-CD. The
effect of B-CD on the absorption spectra of HPIP-b and HPIiR-water are depicted in
Figure 5.1 Though absorbance maxima of both HPIP-b and HPdfe nearly unaffected
with increase in concentration ¢tCD, a small hyperchromic effect is observed. These
increases in absorbance are attributed to thegdteaction of the host molecyteCD on

the guest molecule which also confirms the formmatiof the host-guest inclusion

complex3°0:36!
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Figure 5.1. Absorption spectra of (a) HPIP-b, and (b) HPIR-ditierent concentrations @
CD in water.

The effect of3-CD on the absorption spectra of HPBI and its anads in DMSO are
presented irFigure 5.2 Same as in aqueous solution, there is a hypargbreffect in the
absorption spectra of HPBI and HPIP-c upon additibf-CD (Figure 5.2aand5.2¢. The
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Figure 5.2. Absorption spectra of (a) HPBI, (b) HPIP-b, and KPIP-c in increasing
concentration op-CD in DMSO.

changes in absorption spectra of HPIP-b in DMSOdifferent in the sense that isosbestic
points are observedrigure 5.2b). However, the most striking difference between M

and aqueous solution is the appearance of a weakbaed at ~ 365 nm in HPIP-b and
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HPIP-c. The band’s absorption is very weak in DM3ft increases with increase in
concentration of3-CD in DMSO. In HPBI although the red shifted basdabsent in the
absence of-CD in DMSO, it appears in DMSO at higher concetidres of 3-CD.

5.1.2. Fluorescence Emission Spectra

Figure 5.3 depicts the fluorescence of HPIP-b and HPIP-cgmeaus solution upon
excitation at 310 nm. Upon addition §fCD, a small enhancement is observed in the
intensity of the normal emission of HPIP-Biqure 5.33. However, there is a significant

Intensity (a. u

315 365 415 465 515 565
Wavelength (nm)

320 370 420 470 520 570
Wavelength (nm)

Figure 5.3. Fluorescence spectra of (a) HPIP-b, and (b) HPdPetfferent concentrations of
B-CD in water Aexc = 310 nm). Water Raman band is denoted by *.
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Figure 5.4. Plot of quantum vyield ratio of tautomer to norrbaihds of (a) HPIP-b, and (b)
HPIP-c againstf-CD] in water fexc = 310 nm).

change in the tautomer fluorescence of HPIP-b meags solution with increasingCD
concentration. While the emission maximum of themmal band at 365 nm is nearly
unaffected, that of tautomer band is red-shifted®y:m from 468 nm in aqueous medium to
484 nm at 15 mM op-CD with substantial enhancement in fluorescent¢e flll width at
half-maximum (FWHM) of normal band also remainsrheeonstant (61 + 4 nm), but that of
tautomer band decreases from 5635 ¢émabsence dof-CD to 3170 crit at 15 mM of3-CD.
The quantum yield ratio of tautomer to normal emisg®/®y) increases from 0.9 (in
absence of-CD) to 2.6 (at 15 mM concentration {CD, Figure 5.4).

The effects of3-CD on fluorescence characteristics of HPIP-c inemys media are
little different from that of HPIP-bHigure 5.3b). The intensity of the normal emission is
reduced upon increase in tautomer emission withasigsoemissive point. But the increase
in tautomer emission is relatively smaller in magde to that of HPIP-b. The tautomer band
is red-shifted from 464 nm at 0 mM to 469 nm atni4 of B-CD. The FWHM of tautomer
band decreases from 3715 tin absence to 3400 ¢hat 15 mM off-CD. Thed/dy ratio
increases from 4.9 at 0 mM to 7.4 at 15 mM conegioin of -CD (Figure 5.4).

Red shifts are observed in tautomer bands of HPARebHPIP-c upon decreasing the
polarity of the environmerit!’ Therefore, the red shift suggests the inclusiothefguest
molecule into the hydrophobic cavity of the h@sED. This is further substantiated by the
decrease in FWHM of tautomer band due to reduciionsolvated structures. The
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enhancement of tautomer emissiorB#€D complex can be explained as follows. HPBI and
its analogues are present in batk and trans-enol forms>*®"* |t was already shown in
Section 3.1thatcis-enol is less polar thattans-enol. The closedais-enol upon excitation
exclusively undergoes ESIPT to form the tautomer @ietrans-enol upon excitation gives
normal emission. The assignment of the fluorescdracel is already discussed $ection
3.3 Protic solvent breaks the intramolecular hydrogend and forms more solvat&@ns-
enol that lead to an increase in normal emissiam@ex formation shifts theis- andtrans-
enol equilibrium towardcis-enol due to reduced polarity of the interior BCD and by
reduction in the intermolecular hydrogen bond végternal water. The increase in relative
population ofcis-enol results in the enhancement of the tautomasseom. However, the
increase in the relative populationax-enol is not the sole factor that leads to incréashe
tautomer emission. The other factor that is resptador the increase in the tautomer
fluorescence is the decrease in the nonradiativayde inclusion complex. It should be
noted here that torsional induced rotational reiaraof the phototautomer to non-emissive
ICT acts as nonradiative channel for the deactivatof excited tautomer Sgction
3.1.4.95%%53%3pgyhal et al. also reported that the twisting mof 2-(2-hydroxyphenyl)-4-

methyloxazole after ESIPT is restricted €D nanocavity'®?

(@) (b)
0

\

H///

Figure 5.5. Sites of hydrogen bond formation with the imidagigyl moiety of (a) HPIP-b,
and (b) HPIP-c ifB-CD nanocavity.

Warner et al. reported that the fluorescence spectof HPBI in aqueou$-CD
remains unaffected except small red shift in thegér wavelength emissidf’ However,
unlike HPBI, significant changes are observed ie thutomer emission of nitrogen
substituted analogues upon encapsulation in aquUg@I3 cavity. The tremendous increase
is also observed in the tautomer to normal emisstin. All these suggest that the nitrogen
substitution makes HPIP-b and HPIP-c more sensitvenvironment and can be better
ratiometric probe than HPBI. Our earlier theordtisaudies on HPBI and its analogues
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suggested that nitrogen substitution increasetotis@nal induced formation of non-emissive
ICT state Section 3.). This is due to higher electron accepting cajigitolf imidazopyridyl
moiety over benzimidazolyl moiety. In addition hgden bonding of the solvent with
pyridine nitrogen increases the electron withdrgnability of the imidazopyridine ring that
increases the ICT. In 2-(;N-dimethylaminophenyl)imidazopyridines also it igpoeted
that the hydrogen bonding of the solvent with pyréd nitrogen induces the 1Cf33%
Rodriguez et al. also found that the pyridine wgjgno methylated derivative of HPIP-b is non-
fluorescent due to the formation of a non-emiss®@€ state after ESIPT° The electron
withdrawing ability of the azole moiety increasegshmwmethylation and hence the ICT from
the phenolic moiety to the heterocyclic ring isdead more. Complex formation reduces the
interaction of water molecule with pyridine nitregeuch as reduction in hydrogen bonding
should reduce the electron withdrawing ability ok tazole moiety. The difference in
behavior of HPIP-b and HPIP-c is due to the pasitid the pyridine nitrogen atom. As
shown inFigure 5.5(see later for the orientation), the hydrogen logaf the rim hydroxyl
group/ water molecule with pyridine nitrogen isddsasible in HPIP-b complex than HPIP-c
complex. Therefore, the decrease in the nonra@iatecay by torsional rotation is more in
HPIP-b than HPIP-c due to higher reduction in hgérobonding with pyridine nitrogen.

Figure 5.6 depicts the fluorescence spectra of HPBI, HPIPbPIP-c in DMSO at
different concentration g-CD. As in aqueous medium, in DMSO also HPBI exsiloiual
emission due to normal and tautomer fluoresceki(e 5.69. The intensities of both the
bands increase witlf;-CD concentration up to 4 mM. With further increase 3-CD
concentration, the intensity of the tautomer erissincreases with increase RCD
concentration. But that of normal emission decread®mve 4 mM and a new band starts to
appear at 415 nm. The intensity of the band ineeasthp-CD concentration. On the other
hand in both HPIP-b and HPIP-c the additional bappears as a shoulder in between the
normal and tautomer bands even in the absenpeC@. With increase ifi-CD the tautomer
emission undergoes a blue shift with increase iensity and the new band buried
underneath the tautomer band. The normal emissiensgity decreases and a quasi
isoemissive points are observed. These changessutjgat in DMSO also the ESIPT
process is favored more upon formation of inclugsiomplex.

To confirm the origin of the emitting species, thwrescence excitation spectra of all
three molecules were recorded in DMSO at differicentrations op-CD (Figures 5.7
5.8and5.9). The excitation spectra monitored at the normaksion Figures 5.7a5.8aand

5.99 are blue-shifted from the excitation spectra rmeid at the tautomer emission
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Figure 5.6. Fluorescence spectra of (a) HPBI, (b) HPIP-b, @dHPIP-c in DMSO as a
function of B-CD].
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Figure 5.7.Fluorescence excitation spectra of HPBI in DMS@hwmcreasing concentration
of B-CD at (a)kem = 365 nm, (blem = 420 nm, and (Qem = 465 nm.

TH-1151 07612201 131 Fluorescence Emission Spectra



Chapter 5
HPBI, HPIP-b and HPIP-c in B-Cyclodextrin

(@)

u.)

Intensity (a

250 280 310 340 370 400
Wavelength (nm)

u.)

=
o
m
+
(€]
1

Intensity (a

250 280 310 340 370 400
Wavelength (nm)

250 280 310 340 370 400
Wavelength (nm)

Figure 5.8. Fluorescence excitation spectra of HPIP-b in DMS$Mh increasing
concentration op-CD at (a)kem = 365 nm, (bjem = 415 nm, and (Qem = 485 nm.
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Figure 5.9. Fluorescence excitation spectra of HPIP-c in DMS${@h increasing
concentration op-CD at (a)kem = 355 nm, (bjem = 430 nm, and (Qem = 465 NmM.
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(Figures 5.7¢ 5.8cand5.9q. This indicates that the normal and tautomer siois originate
from two distinct ground state specigsans- and cis-enols respectively. The red shifted
absorption band at around 365 nm is present ontiierexcitation spectra monitored at 420
nm (Figure 5.7b), 415 nm Figure 5.8 and 430 nmKigure 5.9b). These show that the new
band is due to a different species. It can be asdigo the monoanion formed by the
deprotonation of phenolic proton. This is suppotbgdthe following facts: (i) a red shift is
observed in the absorption and the excitation spagbon deprotonation in HPBI and its
analogues HPIP-b and HPIP-c, and the new band @bmorspectrum is close to that of
monoanion absorption spectrum (see later) (ii) #redpositions of the bands are consistent
with the fact that the monoanion fluorescence spattis red shifted with respected to

normal emission and blue shifted compared to taat@mission.

trans-Enol

X=Y=CH, HPBI
X =N, Y =CH, HPIP-b
X =CH, Y =N, HPIP-c

Monoanion
Chart 5.1. Solvated structures.

DMSO acts as proton acceptor and it can abstraciptbton from hydrogen bond
donor depending upon the acidity of the donor. fi@seilting anion is stabilized by solvation
(Chart 5.1). The monoanion is formed in nitrogen substitiaedlogue even in the absence
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of B-CD but not in HPBI due to greater stabilizationmdnoanionic form of HPIP-b and
HPIP-c than the monoanionic form of HPBI due tosprece of pyridine nitrogen. This was
substantiated by the loweKp of HPIP-b and HPIP-c than that of HPBP*"°The K, value
of HPBI decreases inside ti3eCD due to stabilization of monoanion ByCD nanocavity,
therefore addition o8-CD leads to formation of monoanion in HPBtMukherjee et al. also
observed the formation of monoanion in 4-methyk&iférmylphenol in DMSCG®® They
also reported that the monoanion is more stabilineBMSO than in water due to higher

dipole moment of DMSO.

Table 5.1. Lifetimes of HPBI, HPIP-b and HPIP-c inabsence and presence @§CD (15

mM) in DMSO.
Ssample Normal Emission Tautomer Emission Anion Emissiorf
7" (ns) L 7' (ns) 1 =" (ns) x
HPBI
DMSO 1.5 1.0 4.4 1.0
DMSO +p-CD 1.5 1.0 4.4 1.0 3.2 1.0
HPIP-b
DMSO 1.2 1.0 3.2 1.1 4.0 1.1
DMSO +p-CD 1.2 1.1 3.5 1.2 4.1 1.0
HPIP-c
DMSO 1.2 1.0 3.4 1.1 3.7 1.0
DMSO +p-CD 1.2 1.0 3.9 1.0 3.9 1.0

Nexc = 308 NPAeye = 375 nm.

The formation of monoanion was further substantiatey fluorescence decay
measurements. The lifetime data of HPBI, HPIP-b ERIP-c in DMSO in presence and
absence off-CD are tabulated iTable 5.1 The lifetimes of the normal emission of the
fluorophores is not affected by the presence3-&¥D. Although the lifetime of tautomer
emission of HPBI is not affected IyCD, there is slight increase in the lifetime afit@mer
emission of HPIP-b and HPIP-c. Using 375 nm lagedelas the excitation source, the decay
was monitored at 420 nm, 435 nm and 438 nm for HPBIP-b and HPIP-c, respectively.
The lifetime values thus obtained are differentnfréhose of the normal and tautomer

emissions. This confirms the formation of monoanion

5.1.3. Binding Constants

To determine the stoichiometry and the binding tamtsof the inclusion complexes,
the fluorescence intensities of the tautomer ewmssiat differen3-CD concentration in
water as well as DMSO were analyzed using BendsieHiand equatioi®*’ (Equation

5.1) for 1:1 complex formation.
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1 1 1
+
-1, 1,-1, (I,-1,K[CD]

a

©.1

wherely, | andl, are emission intensities in the absenc@-aD, at an intermediatp-CD
concentration and when the molecule is completebapsulated if;-CD, respectively, and
K being the association constant.

The plot of 1/(-1o) against p-CD]™* obtained Appendix A5) shows linear variation
justifying the validity of equation 1 and thus shiog the formation of a 1:1 complex
between the fluorophores afeCD both in water and DMSO. The plots ofl1lf) against -
CD] could not be fitted linearly (not shown) for aflet solutions which rules out the 1:2
complex formation withp-CD. The association constants obtained from tha&eBie
Hildebrand plot for HPIP-b and HPIP-c wifhCD in water are 200 M and 95 M,
respectively. Warner and his group calculated ihdibg constant for HPBB-CD inclusion
complex formation to be 131 Min water>*® In DMSO, association constants for HPBI,
HPIP-b and HPIP-c are 19378 M* and 70 M, respectively.

5.1.4. pH Titration

The prototropic equilibrium of the fluorophores aféected by complexation and the
calculation of acidity constantsKp which gives useful information about guest oration
inside the inclusion compléX®*®®3°Hence, the acidity constantsky) of HPIP-b and
HPIP-c in the presence @fCD (15 mM) was determined spectrophotometricallthwhe
help of UV-Visible absorption measurements at d#feé pH in aqueou$-CD solutions
(Figure 5.10.

In presence op-CD, HPIP-b is completely in neutral form at pH 6vBile HPIP-c is
neutral at pH 5.3. Thely value for the neutral-monoanion equilibrium of RFI was found
to be 8.3 which is little lower than 8.6 in the ahse off-CD reported by Dograt. al.° In
case of HPIP-c also thé&kpvalue for the neutral-monoanion equilibrium (8$%)ower than
that in aqueous solution (9.3},

The fluorophores have two acidic centers viz. therplic OH and the imidazole NH.
Phenol has I, ~ 10 while imidazole haskp ~ 14.5. Hence, since observed,ps closer to
that of phenol the monoanion formed is due to grotonation of phenolic OH. The lower
pKa, value observed here compared to phenol (~10) reagiue to polarisation of phenolic
OH bond as a result of presence of electron withithg imidazopyridine moiety. Since the
pK, of the imidazole >NH group is higher than hydropybton of the3-CD,*"® we did not
attempt to calculate theékp of the imidazole >NH group.

TH-1151_07612201 pH Titration

136



Chapter 5
HPBI, HPIP-b and HPIP-c in B-Cyclodextrin

(@) 0.10 1 pH = 10.62

Absorbance

o o o o
o o o o
N I o) ©

L L L

285 305 325 345 365 385 405
Wavelength (nm)

b ¥ pH = 12.46

Absorbance

285 305 325 345 365 385 405
Wavelength (nm)

Figure 5.10. Absorption spectra of (a) HPIP-b, and (b) HPIR*db mM aqueou$-CD at
different pH.

Similar decrease inka values were observed for 2-(2'-hydrophenyl)bentesz6 and
other aromatic alcohof€® The lowering of {5 value for the neutral-monoanion in presence
of B-CD is ascribed to the formation of intermolecutgdrogen bond between the phenolic
oxygen and the alcoholic OH groupsps€D, the alcoholic OH groups acting as the H-bond
donor. This facilitates the stabilization of the moanion formed by deprotonation. The
difference in the K, values in presence and absencg-@D is a measure of strength of
intramolecular hydrogen bond, through which theRESbccurs. It appears that the strength
of intramolecular hydrogen bond depends on thetiposof pyridine nitrogen and is stronger

in HPIP-c than HPIP-b. This was consistent withfdw that®/®y is higher in HPIP-c than
HPIP-b Figure 5.4).
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5.1.5. Orientations of the Guests in Inclusion Conlpx and NMR Studies

The length and interior diameter RfCD cavity are 7.9 A and 7.8 A, respectivély.
The dimension of the DFT optimized structure HPIBheady calculated iSection 3.1is
shown inFigure 5.11 The dimensions of HPBI and HPIP-c are nearly sasi¢hose of
HPIP-b. Based on the dimensions of the host andtguelecules, it can inferred that the
guest can be encapsulated only partially and tiestgnolecule can enter the cavityBe€D
in two possible ways as shown schematicallyigure 5.12 If the guests were oriented as
shown inFigure 5.123 the —OH group of the guest molecules will be nésear the rim.
On the other hand, if the guests were presentarrglierse way as shown kigure 5.12k
the —OH group of the guest molecules will be preseside the cavity. Since the interior of
the CD nanocavity is hydrophobic the formation afmaanion is possible only if the solvent
molecule interacts with guest molecules. The foiomabf monoanion clearly suggests that
the phenyl ring of the molecule is present outdide cavity Figure 5.129. Such an
orientation allows restricted hydrogen bonding v&tiivent molecules. It is also feasible for
intermolecular H-bonding with the -OH group®CD.

fe 10.8 A =

~1
ca |

J

«~——55R——
Figure 5.11.0ptimized geometry of HPIP-b obtained from DFTcadtions.

L
<

(b)

Figure 5.12. Mode of 1:1 complexation of HPIP-b witf-CD with the heterocyclic
imidazopyridine moiety (a) inside, and (b) outside-CD nanocavity.
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(b) by H—O, HE

He

pm

89 86 83 80 7.7 7.4 7.4

Figure 5.13.'"H NMR spectra of (a) HPBI, (b) HPIP-b, and (c) RRI in the presence (solid
line) and absence (dotted line)lCD in DMSO-ds.
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Formation of monoanion indicates that HPIP-b andR-f partially penetrate thg
CD cavity through the imidazopyridine moiety. Theepolic group resides outside the upper
rim and exposed to the solvent environment anddts group presents near the rim. HPBI
was also reported to have the same orientatiogueeus3-CD.'®

The NMR spectra of the guest in the presence amalisence di-CD should give a
clear picture of the orientation of the moleculeside thep-CD cavity>*® Due to poor
solubility the NMR spectra in heavy water could hetrecorded. BuiH NMR spectra were
recorded in DMSO and the aromatic region of thectspds depicted ifrigure 5.13 NMR
decoupling experiments were performed for protosigasnents. The proton assignments
from decoupling experiments are describedppendices Al A2 andA3.

In all of three molecules, as expected, the congtiex with 3-CD affects protons of
the benzimidazole/pyridoimidazole more than thetgure of the hydroxyphenyl ring. The
chemical shift values for HPIP-b are in the order<HHy < H, <Hi <H, <Hg <H.. In the
absence of-CD, H, proton peak appears as doublet at 8.04 ppm amutdtbn peak appears
as doublet at 8.10 ppm. In the presenc@-QID, Hy proton is affected less, but,groton
peaks are shifted down field and merged withpkbton to appears as a broad shoulder. The
H¢ proton appears as doublet in the absend@&®©D and the doublet merged to appear as
broad single peak in presencepe€D. The well resolved peaks of,lgroton in the absence
of B-CD become less resolved in presence pe€D. However, the effect of3-CD
complexation is negligible for protons of the phlengg. Similarly in case of HPIP-c, the
chemical shift values of HiH, and H are affected more than that of phenyl ring protdine
chemical shift values for HPIP-c are in the ordexHHy < Hr < Hc < Hq < H, < Ha where the
Hg proton is shifted up-field and the protons of legerocyclic moiety are in the downfield
region. In HPBI the peaks of benzene ring protaeshdurred even in absence BD, but
clear splitting are appeared in those of phenatig proton. The splitting of phenolic ring
proton is unaffected but the peaks of benzenepmotpns are affected in presencee€D
(Figure 5.139.

The mode of encapsulation of HPBI and its analogaes different from
corresponding  (4N,N-dimethylamino) substituted analogues where the4'-RL(N-
dimethylamino)phenyl is encapsulated and the beidainole/imidazopyridine ring is present
outside the cavity*>*"**20n the other hand, Douhal et al. demonstrated BSIPT
exhibiting milrinone also enters the CD cavity thgh pyridine ring”® It appears that

substitution influences the orientation of the ncales inside the cavity.
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5.1.6. Conclusion

HPBI, HPIP-b and HPIP-c enter thg-CD cavity through benzimidazole/
imidazopyridine moiety. NMR confirms the proposedientation of the molecules.
Encapsulation of HPIP-b and HPIP-c D enhanced the ESIPT reaction. Although all of
the three molecules form 1:1 inclusion complexeth $iCD, the effects op-CD on HPIP-b
and HPIP-c are much significant compared to HPBEmRrkable enhancement in
fluorescence and red shift are observed in taut@mession of HPIP-b and HPIP-c than that
of HPBI. The tautomer emission is increased by E$HPT favorable environment pfCD
cavity and reduction in the torsional induced ndrative decay through twisted ICT state.
The K, for the neutral-monoanion equilibrium of the malles decreases due to greater
stabilization of monoanion inside the nanocavityl. tAree molecules donate the proton to
DMSO to form monoanion in DMSO. However, the monoarof HPBI is formed in DMSO
solution only whenf}-CD] > 4 mM. The presence of extra nitrogen stabgithe monoanion
and HPIP-b and HPIP-c. Therefore, they are preasnboth neutral and monoanion in
presence as well as absenc@-@iD in DMSO. The presence of extra nitrogen makes+b
and HPIP-c more sensitive to environment than HR®&l therefore they can be a better

environment probe than HPBI.

5.2.0. Effect of AOT Reverse Micelle

Many important biological processes happen in brpatkets of confined water
surrounded by biological systems, such as watprateins, biomembranes, vicinity of DNA,
etc3**"" However, these processes do not occur in bulkrwatee difference is probably
because of the presence of localized charged baesdaurrounding the confined biological
water. Studies of such biological processes in seiwironment have been of research
interest for years and still clear cut knowledgethadse systems is not attained. The water
molecules in the water pool of reverse micelle hanaperties quite similar to those bound to
biological systems in terms of less mobility andslgolarity compared to that of ordinary
bulk water. Therefore, reverse micelles are ong¢hefattractive biomimicking models for
biological systema’®38!

Reverse micelles have three different regions thie confined water pool, the
interfacial region formed by a monolayer of thefactant molecules surrounding the pool
and the external hydrophobic oily region. The coadi water pool has atleast two types of
water populations present: bound water moleculegtwhre strongly associated with the

polar head group of the surfactants, and free watdecules which lie deep inside the core
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of the water poot>*3"> The properties of free and bound water moleculfferdnarkedly
with each othe?’ 2380382383y eret. al. demonstrated that the water in the interfaciaioreg
has different structure from that of the water presnside the core of the water pdtt=®
The two types of water are coupled by hydrogen banhdetwork which slower the dynamics
compared to that in bulk water. On increasing tlze sf reverse micelle, which is usually
expressed in terms of water to surfactant moldo i@ = [H,O]/[Surfactant])®*¢%43%the
extent of free water increases over the bound whedrcoexist and exchange rapidly with
each other.

Information about the environment of different i@tg in reverse micelle are obtained
by inserting a probe molecule into this structure different locations. Thus local
polarity #°3%7 viscosity®® and dynamic®® of different regions of reverse micelle can be
provided by the probe molecule. Hydrogen bond/proteansfer probe molecules are
effective in studying such systert{i€>*°3%As the different regions of water nanopool are
interconnected by hydrogen bonds researchers untestl hydrogen bond/proton transfer
sensitive probes to obtain the properties and ttraicinsights of the water nanopool in
reverse micell&’°3%°3%7 ESIPT exhibiting molecules have also been usedhesprobe
molecules for the stud{*3"®3913%Egrlier Bhattacharyya et al have studied the ESIPT
phenomenon of HPBI in AOWtheptane/water reverse micelfé.They found that both the
normal and tautomer emissions are enhanced in #terwool of reverse micelle. In this
section, we extended the study on the effects of /ADeptane/water reverse micelle on the
photophysics of nitrogen substituted analoguesPBHviz. HPIP-b and HPIP-c. The results
obtained for HPBI in this study are also comparéti those obtained by Bhattacharyya et al.

5.2.1. Solubility and Absorption Spectra

The solubility of HPBI, HPIP-b and HPIP-c mheptane is quite low but when AOT
is present im-heptane, their solubility is enhanced significantt can be inferred from this
that these molecules interact with the polar heaggmregion of the AOT in the solution.
Except small decrease in absorbance the absogjeetra Figure 5.14 of HPBI and HPIP-
b are less sensitive to the change in water canganhe results were reported for HPBI
earlier®* On the other hand with increase in water amowsthall increase in absorbance is
observed in the spectrum of HPIP-c. As no spesetnéts or occurrence of new band was
observed in the absorption spectra, it can be redethat the fluorophores exist only as

neutral molecule in the ground state.
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Figure 5.14.UV-Visible spectra of (a) HPBI, (b) HPIP-b, and HPIP-c as a function afy.
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5.2.2. Fluorescence Emission Spectra

The fluorescence spectrum of HPBlidure 5.15 in dry AOT solution \p = 0) is
nearly a single emission peak. The intensity ofrtbemal band is negligible and the Stokes
shifted tautomer band is highly intense. Umig = 12.4 the intensity of the tautomer band
remains almost same, but a small blue shift fro® di atwp = 0 to 459 nm aivp = 12.4 is
observed. Upon further increasews (= 30.9), the intensity is markedly increased ahae
shifted to 457 nm. The normal band is also slightihanced and structured with red shift of
2 nm on varying fromwy = 0 to 30.9. The structure of the normal band bex more
prominent on increasingo. The blue shift of the tautomer band and the dleift of the
normal band indicate that the environment surraumdhe HPBI molecule becomes more
polar on subsequent addition of water to the AOVerse micelle. This is further
substantiated by the fluorescence emission of HRBleat non-polan-heptane. In heptane
only the tautomer band with emission maximum 478 nm which is red shifted than that in
AOT reverse micelle. Our observed fluorescenceltesigree well with the results obtained
by Bhattacharyya et af!

The fluorescence of HPIP-b and HPIP-c in neat nalarm-heptane also only has the
tautomer band with emission maxima at 495 and 480raspectively. The emission maxima
of tautomer bands in dry AOT are 496 and 474 nspeetively. However, both HPIP-b and
HPIP-c show dual emission in dry AOT solutidfigure 5.15. Upon increase img value,
the intensities of both normal and tautomer baretsehse in both HPIP-b and HPIP-c. The
reduction in the intensity of the tautomer band®ath molecules decrease with increase in
Wo. In HPIP-b, the intensity of tautomer decreadésvsi= 9.3 and with further increase wp
(> 9.3), the tautomer band remains constant. le cd$1PIP-c, the intensity of the tautomer
band decreases tilp = 18.5 while that of the normal band decreasé8.til Overall a small
blue shift in tautomer band and a red shift in rarivand of both HPIP-b and HPIP-c are
observed with increase in size of the water nanbpidtese shifts indicate the HPIP-b and
HPIP-c molecules enter the more polar water pool.

In AOT/n-heptane solution, the rotational mobility of thefactant molecules is less
restricted®4°°On addition of water, the surfactants align togetto form reverse micelles
and water is solubilized inside the core of theersg micelles. On further increase in amount
of added water, the size of the water pool swelld the polarity of the system increases.
Three factors can contribute to the decrease @mgity of the tautomer band with increase in
Wo. The first is nonradiative de-excitation of theittamer formed by torsion rotation (as

discussed irBection 3.} to ICT state. The ICT is favored more with in@eanw, due to
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Figure 5.15. Fluorescence emission spectra of (a) HPBI, (b)PHPland (c) HPIP-c as a
funtion ofwg, Aexc = 310 Nm.

increase in polarity. The second is shiftingcefenol totrans-enol equilibrium toward the
trans-enol due to perturbation from external water moles by breaking the cyclic
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intramolecular hydrogen bonded ring é¢rs-enol and favoring the formation é@fans-enol.
The third is the formation of solvated open enoif@as discussed below:

More than half of the total reduction in the taugyrband in HPIP-c is observed to be
completed atvp = 1.44 while in HPIP-b it is till 3.1. Douhal amds group proposed that the
water nanopool consists of three regions viz. likkk-water core and two shells surrounding
the core’”® The outer shell is strongly attached to the phksad group of the surfactant. As
the size of water pool increases W = 2, the first region which is the shell of boundter
molecules attached to the polar head group is fdrrimethis region, the confinement effects
dominate over the relaxation dynamics of these watdecules. On further increase in size
to wp = 5, the core of the water pool begins to grow gedlgiias a result of which the water
content in the core increases and relaxation dycgwfi these water molecules also change.
Beyondw, > 5, the third region, no more significant changethe relaxation dynamics
occurs. But there is an appreciable decrease ifiutieescence of HPIP-b and HPIP-ongt>
5 also. It appears that the length and natureeoptbbes also play a role in the determination

of relaxation limit.

Solvent /H
Q H
/t[ Y
§ N
H E
X=Y=CH HPBI Solvent

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

Chart 5.2. Solvated open enol conformers.

The results also suggest that HPIP-b and HPIPfenertially reside at the interfacial
region between the water pool and the polar headpg: Further lowering of the tautomer
band of both HPIP-b and HPIP-c shows that the enuient surrounding the molecules
continues to change. The change in environmenteause of the drifting away of the
molecules from the interfacial region toward theecof the nanopool. The movement away
from the interfacial region is influenced by thévemt water molecules by forming hydrogen
bond with the enol forms. These hydrogen bondskbtiea intramolecular hydrogen bonded
cyclic ring in cis-enol and result in formation of solvated open eocohformer Chart
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5.2).91415Gychhaitet. al. had also reported similar solvated structure otqr transfer
probe 1-hydroxy-2-naphthaldehyde in micefl®Bhattacharyyat al. explained the increase
in the normal emission of HPBI in AOT reverse migalpon addition of water is due to

formation of polyhydrated open enol conformér.

30-l e HPBI ., . Aloa
= HPIP-b

AHPIPc g

Figure 5.16. Fluorescence emisson ratio of tautomer to normassons (solid curve) for
HPBI, HPIP-b and HPIP-c excited at 310 nm as atfan of w, values. The dotted curves
represent the normal to tautomer emission ratio.

As mentioned earlier the formation of solvated openl conformers also increases
the normal to tautomer ratidriQure 5.16. The decrease in tautomer to normal ratio is
highest in HPBI. The ratio in HPBI &= 30.9 is 5.2 times less than thatat= 0. While the
decreases in ratio (fromp = 0 to 30.9) in HPIP-b and HPIP-c are 2.4 and tiies,
respectively. This indicates the cyclic intramolecunydrogen bonded cyclic ring is strongest
in HPBI and is least perturbed by the surroundirggip water molecules. As a result there is

no significant change in the intensity of the tawo band.

5.2.3. Fluorescence Excitation Spectra

Pal et al. observed that in dry AOT solution, 74toyy-4-methylcoumarin exists only
in the neutral form in the ground state as wellnathe excited stat&®**" But at highemy
values, apart from the neutral form, the anionienf@f the molecule is also observed in the
excited state though only the neutral form is pnese the ground state. On the other hand,

Valeur et. al. found that the photoacid 2-naphtedbcalized at the interfacial region and no
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Figure 5.17.Fluorescence excitation spectra of HPBI monitaethe (a) normal¢y, = 365
nm), and (b) tautomei{, = 465 nm) bands.
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Figure 5.18.Fluorescence excitation spectra of HPIP-b monitaethe (a) normali{, =
390 nm), and (b) tautomex(, = 495 nm) bands.
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Figure 5.19.Fluorescence excitation spectra of HPIP-c monit@ethe (a) normali{, =
360 nm), and (b) tautomer bandg,(= 475 nm).
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deprotonation occurs in the excited state irrespeadf wy value, whereas the charged
photoacid sulfonato derivatives of 2-naphthol arealized around the center of the water
pool and show significant proton transfer activity>°?In the previous section, we have seen
that in DMSO, HPBI in presence pfCD and nitrogen substituted analogues even innalase
of B-CD form anion even in the ground state. Since dkeitation spectra give a better
picture, the excitation spectra were recorded fdheee molecules monitored at both bands.
The fluorescence excitation spectra of HPBig(gre 5.17) show quite differently
from those of HPIP-bRigure 5.18 and HPIP-c Kigure 5.19. The excitation spectra of
HPBI monitored at the normal band show an incraasetensity fFigure 5.173. This
indicates that not only the increase in the nomtads decay of the tautomer but also the rise
in relative population of enol conformers is respble for the enhancement in the normal
band rather than increase in the nonradiative dddatythe spectra monitored at the tautomer
band initially decreases tilp = 12.4 Figure 5.17b then increases on increase in size of the
nanopool following the similar trend as observedhia tautomer band of emission spectra of
HPBI (Figure 5.15hH. However, in case of HPIP-b and HPIP-c, samenasston spectra the
intensities of the excitation spectra monitoredath normal and tautomer bands decrease.
While the excitation spectra monitored at normaiddaf HPIP-b reach saturation pointat
= 12.4, the spectra monitored at tautomer bandhreaturation point atp = 9.3. On the
other hand, both excitation spectra of HPIP-c geturated atwp, = 9.3. However the
excitation spectra do not indicate the formatiorany additional band due to deprotonation.

Thus, ruling out the existence of anionic species.

5.2.4. Fluorescence Lifetime

Time resolved fluorescence is a useful techniqueexplore the location of
fluorescence probe in a multi component environtA&rit®****4ndependent of the size of
the nanopool, biexponential decay is observed @ rtbrmal emissions and the tautomer
emissions exhibit monoexponential dec@glfle 5.2. However, the lifetimes of both normal
and tautomer bands decrease with increase in watgent. This is due to the increase in
polarity and hydrogen bonding experienced by theriphores. Though the present lifetimes
data for HPBI are a bit shorter than those obtaime®hattacharyya et af! In the case of
HPBI whenwp = 0, one of the decays with 9.2 % composition rtayad at the normal band
matches with that of tautomer emission. This is tduthe overlap of the tautomer band and
the normal band of HPBI &, = 0. Dogra et al. had assigned the normal bamtP&| due to

emission fromtrans-enol rotamer? This further indicates that there is only one s®and
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that is thetrans-enol rotamer which is responsible for the normahd of HPBI in AOT
reverse micelle atp = 0. On increasing the size of the water nanogbel contribution from
the tautomer of HPBI is not observed in the deaayilp of the normal band. Instead apart
from thetrans-enol, a new species is observed in the biexpoaleteicay of the normal band.
The new species has lifetime different from thath@ tautomer anttrans-enol and can be
assigned to solvated erflAt wo = 12.4, the solvated enol form has the major douiion of
53.2% with lifetime of 1.81 ns while the trans-efimim has a contribution of 46.8% with
1.14 ns lifetime. The decrease in lifetimes of battrmal and tautomer bands is not so
significant in HPBI.

Table 5.2. Fluorescence lifetime of HPBI, HPIP-b ath HPIP-c in AOT reverse micelles
monitored at normal and tautomer band maxima.
Normal Band

Tautomer Band

Wo

Aem (nM) 7" (1) " (f) . Aem (NM) ' (F) .
HPBI
0 350 147(90.8) 420(9.2) 1.08 470 4.30 (100) 141
12.4 355 1.14 (46.8) 1.81 (53.2) 1.00 465 4.1D)10 1.18
HPIP-b
0 355 110 (854) 2.20 (14.6)  1.00 500  4.84 (1001.25
3.1 355 0.95 (85.4) 1.97 (14.6) 1.01 500 3.80)1001.17
6.2 355 0.80 (78.0) 1.65 (22.1) 1.00 500 3.19)1001.16
9.3 355 0.70 (68.8) 1.44 (31.2) 1.03 500 2.91)1001.26
HPIP-c
0 390 097 (175) 2.73(825) 098 485 4.83 (1001.04
0.36 385 0.76 (23.9) 2.44 (76.1) 1.00 485 4.68)10 1.02
0.9 390 0.71(29.2) 2.21(708) 1.00 480  4.41)1001.00
31 390 0.65(48.3) 1.85(51.8) 1.00 485  3.66)1001.00
9.3 385 0.58 (69.0) 1.88(31.0) 1.01 485  2.86)1001.04

Nexc = 308 nm.

In the case of HPIP-b and HPIP-c, both the compisnenthe normal emission have
different lifetimes than that of the tautomer bawn atw, = 0. This shows that the normal
band has contribution from two different excite@sps — one is thigans-enol and the other
is the solvated open enol form. The presence afaemitrogen might have lead to this
solvated enol, where the fluorophores should hawadéd hydrogen bonding with surfactant.
The relative population between ttrans-enol and the solvated open enol also changes to a
great extent. Th&rans-enol has lifetime of 1.10 ns with contribution&5.4 % in dry AOT
while the solvated open enol form has 2.20 nsitifetwith contribution of 14.6 %rans-
Enol has lifetime of 0.27 ns in water (pH 7.0). Tifetimes oftrans-enol in acetonitrile and
ethanol are 0.65 and 0.76 ns, respectiVElyAt wo = 9.3, the lifetimes ofrans-enol and
solvated enol form are 0.70 ns and 1.44 ns, respdct The relative contribution dfans-

enol reduces to 68.8 % and that of solvated esekrio 31.2%trans-Enol of HPIP-c in dry
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AOT has lifetime of 2.73 ns with relative contritmrt of 82.5 % and the solvated enol form
has 0.97 with contribution of 17.5 %ans-Enol of HPIP-c has lifetime of 0.05 ns in water
(pH 7.1). The lifetimes ofrans-enol of HPIP-c in acetonitrile and methanol ar@ ds and
0.34 ns, respectivefyf> At wp = 9.3, the lifetimes ofrans-enol and solvated enol form are
1.88 ns and 0.58 ns, respectively. The solvatedl fenm becomes a major contributor with
relative contribution of 69.0 %. All these show #tefting of equilibrium to towards solvated
enol.

Solvent H *

@c»b o

N

' 3 Cyclic process of Keto Band
" Band , . Fout ener
" hv hv aqy hv,
A2
Solvent H
trans- EnoI cis-Enol

Solvated open enol

Figure 5.20.Schematic diagram of the photophysical processé#&| occurring in AOT
reverse micelle.

Based on the experimental results a scheme wasulated for the photophysical
processes of the fluorophores occurring in AOT rewanicelle and is depicted Figure
5.20 cis-Enol is the main component present in dry AOT vgitime population dfans-enol
and small contribution from solvated enol (in pymi nitrogen substituted analogues) and all
are in equilibrium. Addition of water increases tbanation oftrans-enol and solvated enol
from cis-enol. Initially, the molecules reside at the ifaeral region between the polar head
group and water nanopool. With further addition vedter, formation of solvated enol
conformers indicates that the molecules drift airayn the interfacial region and reside
between the interfacial region and the center & bHulk water nanopool. When the

fluorophore molecules are photoexcited, ¢tieeenol conformers undergo the ESIPT process
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and give the tautomer band while thans-enol and open enol emit the normal band.
5.2.5. Conclusion

The ESIPT behavior of HPBI, HPIP-b and HPIP-c in TA@everse micelle is
reported. The tautomer to normal band ratio ofénfasorophores decrease with increasing
value ofwp. The extent of decrease in the ratio is 5 timesiHBI fromw, = 0 to 30. In
addition there is a blue shift of tautomer bandHBBI with increasing volume of bulk water
in reverse micelle. However, there is no appreeiabift in the tautomer band of HPIP-b and
HPIP-c; and the decrease in ratio is ~ 2 timess Hfmows that initially these molecules
preferentially reside in the interfacial regionweén the oil and water surface. On further
increase innv, the molecules drift away toward the bulk of theopool that increases the
relative population of solvated open enol confosndrhe decrease in tautomer to normal
band ratio is due to nonradiative de-excitatiothef tautomer formed by torsion rotation and

shifting of cis-enol,trans-enol, solvated enol equilibrium toward solvatedlen

5.3.0. Effect of Bovine Serum Albumin

Serum albumin is the most abundant protein founblood plasma in the circulatory
system. It has the ability to bind with extremeiffetent types of compounds and this makes

407 serum albumins function as

it important in separation and drug delivery me#ity
transport proteins for various exogenous and enumge molecules in the body by
hydrophobic, hydrophilic, and ionic interactionsSAB is a globular water-soluble protein
which is used as a model in many physical and otednstudies since it exhibits high
conformational adaptability to a number of ligafitfs'°° Besides, BSA is readily available
and is easy to be extracted. Because of its dtahitid reproducibility, it is ideal for use in
the calibration of many biological ass&ys.

The tertiary structure of BSA is composed of thdeenains 1, Il, and 1ll and each of
which is composed of subdomains A and B. Domaimsd 11l share a common interface and
because of which the binding of an external mokectérmed as ligand, to domain |lli
associates with conformational change of domaianidl hence the binding affinities. The
primary binding sites are located in the hydrophotavities of subdomains IIA and IlIA
which are sometimes referred to as site | andlisitespectively?*?4°®*1#2rhe pinding site
| is sometime referred to as Sudlow’s site | orfesan binding site while the binding site Il is
also known as Sudlow’s site Il or binding site lofiprofen. The BSA molecule contains two
tryptophan residues — Trp-134 and Trp-213. The évrtryptophan residue is located in the
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hydrophilic subdomain IB near the surface of tHeualin molecule. Being at the surface of
BSA, subdomain IB is exposed to solvent environmdmp-213 is located deep in a
hydrophobic microenvironment in subdomain lA.

In solution, a molecule of known structure andpamies so called probe/ligand is
used to interact with proteins. The informationttisaobtained from the interaction helps to
create inferences as to the forces involved andidpegraphy of the binding sites of the
protein analyzed. This has been the main methodiegppn modern days for structural
elucidation of protein molecules in solution. Theletular interactions are often monitored
using optical techniques mainly the fluorescenacspscopic techniques as these methods
are relatively easy to use, highly sensitive andytldisplay a variety of measurable
properties'™® Protein-bound fluorescent probes have been useshsixely for elucidating
information regarding environment of their bindisiges***3***1**1®Besides, proton transfer
probes are important in identifying proton or adoept the binding site. The prototropic
transformation of the proton transfer exhibitin@ipes can decipher the binding interaction
with biological receptors and the environmentatdes affecting the transformatiGr’ '

In this section, the interaction of HPBI, HPIP-ladPIP-c with BSA is studied. The
effect of interaction with BSA on the photophysafsthese molecules is reported. The main
objective of the work is to study how the interantwith the host BSA molecule is reflected

by nitrogen substitution at different position bétbenzene ring of HPBI.

5.3.1. Absorption Spectra

The absorption spectra of HPBI, HPIP-b and HPIR-different BSA concentrations
are presented ifrigures 5.21 Gradual addition of BSA to the aqueous HPBI arRIRHc
solutions lead to increase in the absorbance offltleeophores. However, on addition of
BSA to aqueous HPIP-b solution, the absorbanceasedised. BSA induced spectral changes
are evidence for the interaction between the ligaardtl BSA. The different trend observed in
HPIP-b than in HPBI and HPIP-c shows that the Imgdnode/binding site of HPIP-b is
different from those of HPBI and HPIP-c.
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Figure 5.21.Absorption spectra of (a) HPBI, (b) HPIP-b, angH®IP-c in presence of BSA.

5.3.2. Fluorescence Spectra
In aqueous buffer solution (pH 7.0-7.1), HPBI, HBIPand HPIP-c display

fluorescence consisting of the normal and tautoeneissions Kigure 5.22. The emissions
observed are in agreement with the data availabl¢he literaturé:®*" The tautomer
emissions of HPBI and HPIP-c are more prominent ttiee normal emission and the
intensity ratio of normal to tautomer emission df®and 0.17, respectively. But in case of
HPIP-b both normal and tautomer bands are neanalegtense and the intensity ratio is
1.17.

Upon gradual addition of BSA, initially the intetiss of both normal and tautomer
emissions of HPBI decrease with red shifts tillp of BSA (Figure 5.239. The
bathochromic shift shows that HPBI enters into ssl@olar environment from a polar
environment. With further addition of BSA, both iesions begin to increase, but the
bathochromic shift continues. The saturation limibbserved at 48M of BSA. Though it is
not very clear for the reason of initial decreasdliiorescence of HPBI, this indicates the

interaction of electronic excited states of HPBd dme BSA.
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Figure 5.22.Normalized fluorescence spectra of HPBI (A), HBIPB) and HPIP-c (C) at
pH ~ 7.1. Water Raman band is denoted by *.

Initially, the normal band of HPIP-b with a maximuwat 378 nm is more prominent
than the tautomer band but as the concentrati@Béf increases the tautomer band becomes
more prominent Kigure 5.230. Upto 3.3uM BSA, the intensity of the normal band is
slightly decreased and the emission maximum is Bhifted, but increases with further
addition of BSA. Although the emission spectrumBS8A overlaps with that of normal
emission, the increase in intensity is not simplhe do emission from BSA. This can be
inferred fromFigure 5.233 where upto 4uM of BSA, no significant enhancement in the
normal emission of HPBI. The normal band of HPI¥sbblue shifted from 378 nm in
absence of BSA to 360 nm at 2QM of BSA. Since the dipole moment decreases in the
excited stateTable 3.1), the emission is expected to be blue shiftedalampenvironment.
The initial decrease in intensity of the normal dauggests the shifting of equilibrium
towardscis-enol. At higher concentration, the decrease imihreradiative rate is responsible
for the increase in intensity. The blue shift ine thormal band upon increasing the
concentration of BSA shows that ttrans-enol of HPIP-b molecule binds at the hydrophilic
pocket of the host BSA. On the other hand, no ssiftbserved in the tautomer band, this
suggested that thees-enol is exposed to solvent molecule. In other wgrid-enol also binds
at the hydrophilic site of BSA. Since the major toghilic binding site of BSA is the
subdomain IB which contains Trp-134 residue, itlddae that the molecule HPIP-b binds at
the subdomain IB. Further docking study might givelear picture.
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Figure 5.23.Emission Spectra of (a) HPBI, (b) HPIP-b, andH®)IP-c in presence of BSA
(Aexc =310 nm).

In case of HPIP-c, both normal and tautomer emissiaorease with increasing

concentration of BSAKigure 5.239. There is no change in the position of the norbaadd
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of HPIP-c in presence of BSA, but the tautomer bianeéd-shifted from 463 nm in absence
of BSA to 471 nm at 20QM of BSA. The red shift indicates the HPIP-c molecmoves
toward the hydrophobic binding site of BSA.

0.9 - -o- HPBI
-- HPIP-b
—-4 HPIP-c

0 5 10 15 20 25
[BSA] (M)

Figure 5.24.Fluorescence intensity ratio plot of normal totéaer bands of HPBI (square),
HPIP-b (circle) and HPIP-c (triangle) against caricaion of BSA.

The intensity ratios of normal to tautomer band&ov¥o different trend in all three
molecules Figure 5.24. It may be mentioned here the contribution of B&Anormal
emission is minimum in these concentration ranB&4] < 25uM). The emission intensities
of the normal emission were also corrected forabwtribution of BSA, but it hardly has an
impact. HPBI shows a small gradual decrease in ithensity ratio with increase in
concentration of BSA. The decrease in the internsityp is relatively more in HPIP-b upto
1:1 ratio. In HPIP-b, beyond 1:1 concentrationaathe decrease in the intensity ratio of
normal to tautomer bands becomes less. This decnedise ratio in HPBI and HPIP-b shows
that the tautomer emission becomes more prominghtimcrease in concentration of BSA.
The increase in the tautomer emission may be duevéomain factors: (i) decrease in
nonradiative deactivation of the phototautomer tigio the formation of ICT by torsional
rotation of the two aromatic ringSéctions 3.1and3.2). (ii) Shifting of equilibrium in BSA
towardscis-enol conformer of HPBI and HPIP-b which is thegrd state precursor of the

phototautomer.
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Figure 5.25. Fluorescence excitation spectra of (a) HPBI, (BIP4b, and (c) HPIP-c
monitored at the tautomer bands in presence of BSA.
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However, in case of HPIP-c the ratio increases wiffositive slope upon increase in
concentration of BSA. This shows that with increaseoncentration of BSA the normal
emission becomes more prominent than the tautoméssen. This increase in intensity
ratio of HPIP-c indicates that the breaking of ayahtramolecular hydrogen bonded ring to
form trans-enol in HPIP-c is facilitated in BSA. This may tee to hydrogen bonding of the
guest molecule with the amino acid residues of B@#ere a proton donor or acceptor is
available for hydrogen bonding. In other words, stie of BSA at which the molecule HPIP-
¢ binds favors the formation dfans-enol of HPIP-c. Further more, this shows that the
hydrophobic sites of BSA at which the molecules H&®Bl HPIP-c bind are different. It may
be noted that in the former casis-enol is the favored conformer.

The fluorescence excitation spectra of the fluoowph monitored at the tautomer
emission as the function of BSA concentration igerinterestingKigures 5.25 than that of
normal emission (not shown). The excitation speatidPBl monitored at the tautomer band
are different from those of HPIP-b and HPIP-c iae #ense for initial addition of BSA up to
2.2 UM, the intensity of the band in HPBI decreadeigfres 5.253. For further addition of
BSA, the intensity increases with increase in B®Aaentration. However, the fluorescence
excitation spectral intensities of HPIP-b and HEI§-adually increase with increase in BSA
concentrationKigures 5.25band5.259. Even in the absence of BSA the excitation spectr
of HPBI has a shoulder at ~ 360 nm and its intgnsitreases with increase in BSA
concentration. On the other hand, in the excitaspactra of HPIP-b and HPIP-c no such
shoulder are observed in absence of BSA, but alddioemerges on red side of the spectrum
in both HPIP-b and HPIP-c with addition of BSA. Tinew band gains intensity with addition
of BSA.

As the main excitation band is dueds-enol, to understand the red end shoulder, the
fluorescence spectra were obtained by excitatidheated end shouldeFigure 5.26. HPBI
has a new emission band at 440 nm in water andntbasity of the band increases with
increase in BSA concentration. Addition of BSA shithe emission maximum of HPIP-b to
red side and new band appears at 443 nm and @ssity enhances with increase in BSA
guantity. In HPIP-c, no band is observed in absesfcBSA and a band emerges with
addition of BSA and its intensity increases withttier addition of BSA.

The red side excitation bands and the corresporftiingescence bands in HPBI can
be assigned to zwitterions and in HPIP-b and HRfR&y can be assigned to corresponding

monoanions. These assignments are based on thewifugl facts: (i) The red side
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Figure 5.26.Fluorescence spectra of (a) HPB{ = 365 nm), (b) HPIP-bigx. = 375 nm),
and (c) HPIP-CXexc = 375 nm) in presence of BSA.

fluorescence spectral band maximum (440 nm) isstatted compared to monoanion of
HPBI. (ii)) Sinha and Dogra reported the formatidrewitterions in agueous medium at pH
6,> and the fluorescence maximum of the observed emidtis agree well with that of
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Table 5.3.Fluorescence excitation ¥ma<© nm) and emission Xmax nm) band maxima of
the red shifted band.

Solution Amacs © Amax!
HPBI

0 uM 362 441

27 uM 360 440
Monoanion in watepr 304, 228 410

Zwitterion™ 440
HPIP-b

OuM - -

48 uM ~ 365 443
Monoanion in watér 360 461
Monoanion in DMSO 369 421

HPIP-c

OouM = r

23uM 366 439
Monoanion in water 351 438
Monoanion in DMSO 363 433

fluorescence spectrum obtained by excitation atr885n case of HPBI and 375 nm in case
of HPIP-b and HPIP-cTiable 5.3. (iii) However, formation of zwitterions was nobserved

for pyridine nitrogen substituted analogues in anyironmenf*"**">(iv) The K, value for
neutral-monoanion equilibrium of HPBI is very hi@gh 10), whereas those of HPIP-b (8.6)
and HPIP-c (9.3) are relatively small. ThE,pralue is expected to decrease inside the
protein, due to interaction of phenolic —OH grouphwamino acid residues of proteins, as
found inB-CD (Section 5.). (v) The fluorescence excitation and emissiorcspemaxima

of the new red side band of HPIP-b and HPIP-c als@asonable agreement with those of
corresponding monoanion3gble 5.3. Small discrepancy in the excitation and emission

spectral maxima may be due to effect from the emvirent.

5.3.3. Binding Constants

The association constants for the binding of tlyards with BSA protein were
determined from the fluorescence emission data diyguthe Benesi-Hildebrand equation
(Equation 5.1).%°®%%" The emission intensities of the tautomer emissibd55 nm, 484 nm
and 472 nm are used for the Benesi-Hildebrand pfotHPBI, HPIP-b and HPIP-c,
respectively. The Benesi-Hildebrand plotEigure 5.27 obtained with good linear
correlations ofR* = 0.99 confirm the formation of 1:1 inclusion coewes between the
fluorophores and BSA protein. The binding constasft&HPBI, HPIP-b and HPIP-c with
BSA protein are 14.3 x oM™, 14.9 x 16 M™* and 4.0 x 1M, respectively. It is difficult

to explain the trend in the binding constant valdas to the complicacy of the complexes.
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However, the possible reason could be that HPBiase hydrophobic than HPIP-c; and the
hydrophobicity plays greater role than hydrogendiog at the hydrophobic binding sites at
which HPBI and HPIP-c bind. On the other hand, HPIBInds strongly with the binding site

through hydrogen bonding which has greater imgsaot hydrophobicity.

e HPBI y = 105X + 1.50

90 - R?=0.99
m HPIP-b  y =174x +2.59
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Figure 5.27.Benesi-Hildebrand plot for the HPBé), HPIP-b @), and HPIP-c 4).

5.3.4. Conclusion

Study on interaction of the fluorophores with BSAreported. All three fluorophores
form 1:1 complexes with BSA. The fluorescence ahbmormal and tautomer bands increase
substantially in BSA. However, the intensity ratadshormal to tautomer bands of HPBI and
HPIP-b decrease, but that of in HPIP-c increaseBS#A. HPBI and HPIP-c bind in the
hydrophobic site of BSA. On the other hand, HPIBHims at the hydrophilic site of BSA.
Although both HPBI and HPIP-c bind at hydrophobites their binding pockets and
interaction with BSA are different. Further dockistyidies are required to identify the exact
location of the fluorophores. In additiondis- andtrans-enolic forms, HPBI is present in the
zwitterionic form, whereas HPIP-b and HPIP-c arespnt as monoanion in additionds-
andtrans-enols in the ground state. In the excited stade along with tautomer and enol
forms, HPBI and its pyridine nitrogen analoguesmesent in the zwitterionic form and the

monoanionic form, respectively.
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Chapter 6
2-(2'-Hydroxyphenyl)-3H-oxazo[4,5-b]pyridine

6.0. Introduction

o-Hydroxyphenylbenzaz0Ié%‘r’z'67‘95’98'99’102’123'256'257'259’261’269'2w8’281'42°'442I4PBI,
HPBO and HPBT have been studied extensively dUeSIi®T exhibited by them and their
high fluorescence and large Stokes shift of thePESproductsThis class of compounds
have wide applications as lasers, probes, sensorglactronic devices:}?3209444445Thage
o-hydroxyphenylbenzazoles have similarities in teohsolecular structures and the ESIPT
processes they undergo. However, they have markddfgrence in some of their
photophysical characteristics such as quantum yialtl lifetimes, and amongst the three
molecules HPBI has the highest yiéfd?32%°

As mentioned earlier, these molecules exist irgtieeind state in two rotameric forms
cis-enol andtrans-enol®**?In HPBO, thetrans-keto rotamer, which is theans conformer
of the proton transferred tautomer formed by torgiotation of 180° is also detected in the
ground staté®? Formation of open enol is also suggested in psuleents:*? As discussed
earlier, different rotameric and isomeric forms al possible for HPBSections 3.1.2and
3.2.2. In recent years, studies on the pyridine nitrogestituted analog of HPBI have gained
momentunt’® The role of nitrogen substitution in HPBI on ESIRMd rotamerism was
discussed theoretically and experimentally in detarlier sections. As discussed, these
compounds have low quantum vyield due to enhancedad@tive decay through proton
coupled charge transfer. Some of the photophypicgierties of HPIP-b are similar to those

of HPBI and HPBO $ection 3.1.2

S0, 0105
5 o

HPOP HPBO
HO HO

N
\ N N
l \%2 ) CE\%% )
/ N N

\ \

H H

HPIP-b’ HPBI

Chart 6.1. Nitrogen Substituted Analogues of HPBI and HPBO.
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To the best of the author's knowledge, studies yndme nitrogen substitution on
HPBO are not reported yet. Thus, the nitrogen suiesi analogue of HPBO, 2-(2'-
hydroxyphenyl)-8-oxazo[4,5b]pyridine (HPOP, Chart 6.1) was synthesized and its
photophysical characteristics were studied in cgffié solvents, pH and temperatures. HPOP
is a nitrogen substituted analogue of HPBO andsthecture of HPOP resembles that of
HPIP-b' Chart 6.1), where in the present molecule the nitrogen isitpm 3 is replaced by
oxygen.

The chapter is divided into three sections. Thst feection deals with the study of
photophysical properties of HPOP in different salge Temperature effect on photophysical
properties of HPOP are presented in the secontsedihe effect of pH on the absorption

and fluorescence spectra is discussed in the sbrton.

6.1.0. Effect of Solvents
6.1.1. Absorption Spectra

0.08 -

o

o

(o))
1

o

o

e
1

Absorbance

0.02

0.00 T T T T T Y f T

270 310 350 390 430
Wavelength (nm)

Figure 6.1 UV-visible absorption spectra of HPOP in (1) oyexane, (2) ethyl acetate, (3)
methanol, (4) glycerol, (5) dimethylsulfoxide, af&) water (pH ~ 7.2).

Figure 6.1 shows the representative UV-visible absorptioncspeof HPOP in
selected solvents. The absorption peaks and thalarnabsorption coefficient in different
solvents are summarized Trable 6.1.1n general, HPOP has four vibronic absorption peak
at 287-289 nm, 297-301 nm, 324-329 nm and 334-3d2aygions in all solvents. The well
resolved vibronic structures indicate coplanarityh@ phenolic and oxazopyridine rings and

the rigidity of the molecular structure. The twasgiler wavelength peaks of HPOP are similar
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to those found in benzimidazdl¥;**® 2-phenylbenzimidazot®®**°and benzoxazol&® The

two longer wavelength bands in HPOP are red shittechpared to benzimidazole and
benzoxazole and are observed in all the solventiext. The bathochromic shift is due to
intramolecular hydrogen bond formation which inses the conjugation between the

phenolic and oxazopyridine rings.

Table 6.1. UV-Visible absorption band maxima )(maxab

coefficient in Log emax Of HPOP in different solvents.

, hm) and molar absorption

Dielectric

Solvent Cafistant Amax (LOG £max)
Cyclohexan® 2.02 288 (3.70), 299 (3.86), 329 (3.81), 342 (B.79
1,4-Dioxane 2.21 288 (3.80), 299 (3.93), 327 (3.868 (3.88)
Toluene 2.48 287 (4.10), 299 (3.99), 329 (3.86), @182)
Chloroform 4.81 289 (3.79), 299 (3.92), 329 (3.89)] (4.85)
Ethyl Acetate 6.02 287 (3.79), 298 (3.92), 326 §}.838 (4.85)
Tetrahydrofuran 7.6 287 (3.80), 298 (3.92), 328¢R.340 (3.85)
1-Butanol 17.8 289 (3.75), 298 (3.89), 329 (3.82R (3.79)
1-Propanol 20.1 289 (3.75), 298 (3.89), 329 (3.82, (3.79)
Ethanol 24.6 288 (3.79), 297 (3.90), 328 (3.83)) @i81)
Methanol 32.63 289 (3.79), 299 (3.93), 328 (3.838 (3.84)
N,N-Dimethylformamide (DMF) 36.7 289 (3.76), 298 (3,3326 (3.88), 339 (3.84)
Acetonitrile 37.5 287 (3.76), 297 (3.89), 324 (3,8%85 (3.83)
Glycerol 42,5 289 (3.26), 301 (3.28), 327 (3.1 83.15)
DMSO 47 289 (3.76), 300 (3.86), 327 (3.83), 34T }.400 (2.95)
Water (pH ~ 7.2) 78.54 288 (3.73), 299 (3.85), 8284), 334 (3.78)

®The solution in cyclohexane is saturated.

HPOP in DMSO has an additional broad absorptiord @00 nm. The existence of
tautomer or monoanionic species in the ground stetg account for the occurrence of this
extra band in DMSO (see later). The 400 nm broadm@iion band is also observed in protic
solvents but the absorbance is very weak (absoedlass than 0.005 at 01 HPOP).

6.1.2. Fluorescence Emission Spectra

HPOP exhibits dual fluorescence in all the solvefstsidied). The fluorescence
characteristics of HPOP are similar to those olekrvn HPBI, HPBO, and HPIP-b the
isomeric form of HP|P-:°0°267.95,97-99.102.123,174.259.261. 2794810 shorter wavelength emission
(normal emission) is due to the excitedns-enol that exists already in the ground state. The
red-shifted emission band is due to the emissiom fketo structure that formed after ESIPT,
which is characterized by its large Stokes’ shifonf the absorption band of the
molecule? 9991741752552 ha f|0rescence emission maxima and quantumsyigfchormal
and tautomer bands of HPOP are compiledTable 6.2 and representative normalized
fluorescence emission spectra of HPOP in seleabctrsts are shown ikigure 6.2 The
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Table 6.2. Fluorescence maximaif,, nm) and quantum yields of normal and tautomer
emissions of HPOP in different solventS\ex.= 300 nm.

SO|Vent }\emN (DN }\emT (I)T (I)T /‘DN
Cyclohexane 340, 358, 373 0.0035 516 0.0077 2.2
1,4-Dioxane 364, 377 0.0093 497 0.0033 0.35
Chloroform 370 0.0028 498 0.0091 3.18
Ethyl acetate 363, 374 0.0035 508 0.0028 0.8
1-Butanol 385 0.0073 467 0.0236 3.23
1-Propanol 386 0.0066 465 0.0254 3.85
Ethanol 386 0.0061 462 0.0229 3.75
Methanol 390 0.0032 464 0.0209 6.53
DMF 385 0.0255 473 0.0131 0.52
Acetonitrile 380 0.0051 452 0.0145 2.84
Glycerol 389 0.0901 499 0.0803 0.89
DMSO 386 0.0461 472 0.0852 1.85
Water 389 0.0007 491 0.0014 1.97

o
o
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o
(@))
1

o
HEN

1 /ﬁ s [/
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305 355 405 455 505 555
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Figure 6.2. Normalized fluorescence spectra of HPOP excite&D8tnm in (1) cyclohexane,
(2) 1,4-dioxane, (3) methanol, (4) acetonitrile, §b/cerol, and (6) neutral (pH = 6.43). =
300 nm Kexc = 315 nm for neutral solution). Water Raman bandenoted by *.

Normalized Intensity

O
N
A

O
o

normal band of HPOP is structured in non-polar exals cyclohexane, dioxane and ethyl
acetate. Compared to HPBIHPBO?** and HPIP-H™ the normal band of HPOP is more
red-shifted in polar solvents although the tautoerarssions of the fluorophores fall almost
in the same region. The red shift in the normaldoenbecause of the greater conjugation
between the phenolic and oxazopyridine rings duéntoease in electronegativity of the

oxazopyridine ringFigure 6.3 shows the effect of excitation wavelength in acitide as
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representative plot. The relative intensity of téietomer band increases wit.

1.0

o
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o
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Figure 6.3. Normalized fluorescence spectra of HPOP in acktlen{1) lexc = 290 nm, (2)
Aexc = 300 NnM, (Bhexc = 375 nm, and (Hexc = 395 nm.

Compared to HPBO and HPIP-b, HPOP has lower quangigial ®*%1744%0|n
HPBO'?® and HPIP-b $ection 3.), formation of ICT state by torsion rotation ofeth
phototautomer acts as the major nonradiative deedlyway that leads to decrease in the
fluorescence quantum yield. Substitution with thec&onegative atom in the aromatic ring
generally favors the ICT from the phenolic ring e aromatic ring’**"® Therefore,
formation of ICT state could have been favored morelPOP due to substitution by more
electronegative atoms. This is consistent withféoe that the quantum yield of the tautomer
follows the order HPBO > HPIP-b > HPOP.

6.1.3. Fluorescence Excitation Spectra
The excitation spectrum of HPOP in all the solsembnitored at the normal band is

different from the one recorded at the tautomeidbdihe difference is well observed in non-

polar solvents. The excitation spectra monitorethatnormal bands are blue shifted with

respect to those recorded at the tautomer bandsiridicates the normal and tautomer bands
originate from two distinct ground state specied #rey can be assigned titans-enol and

cis-enol, respectively.
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Figure 6.4. Normalized (1) absorbance, and fluorescence dxmitsspectra of HPOP in
cyclohexane monitored at (2) normal (355 nm), @&)ddqutomer (517 nm) bands.

Figure 6.4 shows the normalized absorbance and the excitapentra of HPOP in
non-polar cyclohexane. In non-polar solvents, tlpecsa recorded at tautomer band
resembles better with the corresponding absorpsipectra indicating that the species
responsible for the tautomer band, which is diseenol, is the major component present in

the ground state.
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Figure 6.5. Normalized fluorescence excitation spectra of HA®RK1) glycerol, (2) 1,4-
dioxane, (3) DMF, (4) DMSO, (5) acetonitrile, (6)ethanol, (7) in water (pH ~ 6.43)
monitored at the tautomer band, and (8) in water {{12.93) monitored at the monoanion
emission.
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Figure 6.6. Normalized (1) absorbance and fluorescence exmitaspectra of HPOP in
DMSO monitored at (2) normal (387 nm), and (3) eautr (480 nm) band.

The normalized fluorescence excitation spectra &fOR in dioxane and polar
solvents monitored at the tautomer band are showigure 6.5 In DMF, DMSO as well as
in dioxane (along with the band in the other sotfyamew longer wavelength band appeared
(maxima in the range 385-400 nm). The maxima ofrtee@ band of the excitation spectra
match with the tail band (400 nm) observed in thsogption spectrum of HPOP in DMSO
(Figure 6.6). These observations indicate that in DMF, DMS@ dioxane apart frongis-
andtrans-enols, one more distinct species is present ingtbaend state. Although no clear
band was observed in the absorption spectra ino@itete and alcohols, the excitation
spectra clearly establish that in these solversts, alvo ground state species are responsible
for the long wavelength emissioRigure 6.6) The relative population of these two species

varies with solvents.

6.1.4. Binary Solvent Mixtures

To get further insights on the two species andethspecies equilibria and the
photophysical properties, the absorption and theréiscence characteristics of HPOP were
also studied in binary solutions, water/glycerotl axtetonitrile/DMSO mixtures where two
and three ground state species, respectively,rasept. A hypochromic effect is observed in
the absorption spectra of HPOP in water with ineeean composition of glycerol in the
binary mixture Figure 6.7) The absorption band is red shifted from 324 nmpure water to

327 nm in 100% of glycerol.
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Figure 6.7.UV-Visible absorption spectra of HPOP in waterfggol binary solutions.
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Figure 6.8.Fluorescence spectra of HPOP in water/glycerayisolutions.

In water/glycerol binary solution, both the nornaald tautomer emissions of HPOP
increase with increase in concentration of glycemolwater Figure 6.8. The emission
maxima of the normal emission is gradually bludtetion increasing the composition of
glycerol from 398 nm (in water) to 391 nm (in 100 @lycerol) while that of tautomer
emission is red shifted from 492 nm to 497 nm. $hidts are due to decrease in the polarity
of the surrounding environment around HPOP molecleh shifts with increase in polarity

are often observed in ESIPT molecul@s.
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Figure 6.9.UV-Visible absorption spectra of HPOP in acetoletbMSO binary solutions.
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Figure 6.10. Fluorescence spectra of HPOP in acetonitrile/DM&@ary solutionstexc =
300 nm.

With increase in concentration of DMSO in acetoletbMSO mixture, there is a red
shift in the absorption spectrum (297, 324 and 889 of HPOP in acetonitrile with a
decrease in absorbance. In addition, a new broad karerges at 396 nm with gradual
increase in composition of DMSO. A quasi-isosbepbint is also found at 343 nm till the
composition of DMSO reaches 70 % in the binary eatvmixture Figure 6.9) At 70 % of

DMSO, the band at 396 nm reaches the maximum. @hefuincrease in composition of
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DMSO the absorbance of 396 nm band decreases ahdftktructured shorter wavelength
band increases.

In acetonitrile/DMSO binary solution, although timensity of the normal emission
increases with increase in composition of DM¥re 6.10, the increase in intensity of
the tautomer emission is more until it reachesrfaimum at 70 % DMSO. Same as the
absorption band at 396 nm, the fluorescence irttei$ithe tautomer also decreases with
further increase in amount of DMSO. This suggehktt the 70 % DMSO is the most
favorable composition for red shifted ground stgdecies. This also indicates that the species
responsible for the 396 nm band is preferentialbremsolvated in DMSO. It appears that at

higher concentration this preferential solvatiamstér is disturbed.

6.1.5. Ground State Tautomer

As reported earlierSection 5.1.2, HPIP-b and HPIP-c form monoanion in DMSO.
DMSO acts as proton acceptor and the resulting sr@ona formed is stabilized by solvation.
However in HPOP, the longer wavelength excitatiandat 396 nm may be assigned to the
tautomer that is formed in the ground state ratin@n to the monoanion. The proposition that
the ground state species is the tautomer formgsdan the following observations. (i) The
tautomer emits at 491 nm in water while the monmaremits at 471 nm (see later). The
fluorescence maximum in acetonitrile when excitéd38@ nm matches with that of the
tautomer emission rather than the monoankigure 6.3). (ii) The relative intensity of the
tautomer increases until the absorbance of then@®and increases (i.e. 70 % of DMSO in
DMSO/acetonitrile mixture) and decreases with deseen absorbance of the 396 nm band.
(i) The excitation spectrum of the monoanionienfoof HPOP in basic methanol does not
coincide with the longer wavelength excitation b§B86 nm) of HPOP in methandtigure
6.11).

The enolic forms in a number of hydroxyarylbenziazdles are reported to be in
equilibrium with the tautomeric form in the grousthte>*******The enolic and tautomeric
forms of 2-(3'-hydroxy-2'-pyridyl)benzimidazole hrealmost the same energy and are in
equilibrium in water although it exists only as &l in nonaqueous solutidhAlthough in
aprotic solvents, 2-(4'-amino-2'-hydroxyphenyl)bemdazole and its alkyl substituted
derivatives exist in planaiis-enol form, they are found to be present in ena tutomer
forms in protic solvent§>! 2-(1'-hydroxy-2'- naphthyl)benzimidazole existscisenol form

in apolar solvents, but an equilibrium betwess andtrans-enolic forms and tautomer is
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observed in ethylene glycol, glycerol and 40 % etthin water*>? In glycerol, just as in non-
polar solventsgis- andtrans-enols are the species found in the ground statearg-enol as
the major component. Ground state tautomer speceegot observed in glycerol. Recently,
Sekiya et al. observed tautomer form in the grostate of HPBI in two of its polymorphic

crystalline forms"®
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Figure 6.11.Normalized fluorescence excitation spectra ofn@itral pAem = 464 nm), and
(2) monoanionicXem = 481 nm) forms of HPOP in methanol.

6.1.6. Time Resolved Fluorescence Measurements

Using the LED 308 nm and Laser Diode 375 nm ad bghrces, the lifetimes of the
normal and tautomer bands are measurfedlé 6.3) Due to weak fluorescence, the lifetime
could not be measured in a few solvents. In dioxame propanol monoexponential decays
are observed when monitored at the normal bands@amisnaxima with a slit width of 20
nm. In other solvents, when monitored at the norb@add emission maxima with same slit
width, biexponential decays are observed. Howetyer,longer lifetime values match with
those lifetime of the values of tautomer. Therefdtecan be inferred the observed bi-
exponential decay is due to overlap of the nornmal sautomer emissions. In the case of
tautomer emission single exponential is observedlinthe solvents except glycerol. In
glycerol, biexponential is observed where the grditetime value matches with the shorter
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lifetime value when monitored at the normal emisdiand. The single exponential decay of
the longer wavelength emission further substargtiaier assignment that the third ground
state species is the tautomer. If it would havenb® monoanion, one should expect a
biexponential decay with two different lifetimes eoffior the tautomer and other for the

monoanion.

Table 6.3. Lifetime values for the normal and tautmer bands of HPOP in different

solvents®P?
Solvent Monitored at Aem" , Monitored at Aem ,
Aem (M) 73 (fa) 72 (f2) X Aem (M) 7 (fo) 72 (f2) X
0.17
Cyclohexane 515 (100) 1.00
. 1.90 2.77
1,4-Dioxane 370 (100) 1.34 500 (100) 1.00
1.23 4.8 5.0
390 (77.1) (22.9) 1.03 475 (100) 1.15
1-Butanol 48
470 (100) 1.36
380 e 1.19 470 °.0 1.07
(100) (100)
1-Propanol 51
468 (100) 1.08
0.68 4.6 5.0
380 (78.4) (21.6) 1.00 470 (100) 1.09
Ethanol 5 2
470 (100) 1.03
0.48 5.0 4.5
395 1.00 465 1.03
Methded) (46.0)  (54.0) (éof)
470 (100) 1.00
1.41 34 3.6
DMF 385 (82.3) (17.7) 1.00 465 (100) 1.30
1.19 4.9 4.7
385 (94.8) (5.2) 1.09 470 (100) 1.04
DMSO 49
470 (100) 1.02
1.16 3.9 3.5 1.22
Glycerol 385 (64) (36) 500 (10) (90) 1.00
DMSO/ACN 5.0
(70/30) 465 100 1.02

/alues within parentheses are the relative pergentd the componenti,,. = 308 nm unless
otherwise mentione&exc= 375 nm.

The radiative ;) and nonradiativek(,) rate constants calculated from fluorescence
guantum yields and lifetime values of HPOP in ddfé solvents are tabulated Tiable 6.4
to understand the effect of solvation on the dyranof the excited state. The nonradiative
decay of the tautomer emission in cyclohexane happe be very high which is ~ 20 times
that in alcohols. The nonradiative decay is highan the radiative decay in all solvents and

is responsible for the low quantum yield naturé¢hef fluorophore.
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Table 6.4. Radiative rate k,, 10 s*) and nonradiative decay rate k., 10 s%) for the
normal and tautomer bands of HPOP in different solents.

Normal Band Tautomer Band
Solvent K K KT KT

Cyclohexane 4.6 587.2
1,4-Dioxane 0.5 52.1 0.1 36.1
1-Butanol 0.4 48.6 0.5 19.4
1-Propanol 0.4 60.6 0.5 195
Ethanol 0.5 76.3 0.5 19.2
Methanol 0.1 34.9 0.5 21.9
DMF 1.5 56.5 0.4 27.3

DMSO 3.4 69.4 1.8 19.5
Glycerol 4.3 43.7 5.6 63.6

6.2.0. Effect of Temperature
6.2.1. Absorption and Emission Spectra

Hypochromic effect is observed in the absorptioacsa of HPOP in all the solvents
with increase in temperatur€igure 6.12 shows the representative absorption spectra of

HPOP in DMSO at different temperatures. In DMSQe thutomer absorption peak also

decreases with rise in temperature.
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Figure 6.12.Absorption spectra of HPOP in DMSO at differemhperatures.

The variation of fluorescence characteristics of2PFn acetonitrile is different from
those in DMF, DMSO and glycerdtigure 6.13shows the fluorescence spectra of HPOP in
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acetonitrile at different temperatures. With inaean temperature, the normal emission
increases with a blue shift from 383 nm to 375 nhilevthe tautomer emission decreases
with a small blue shift from 456 nm to 451 nm. Aaguisoemissive point is observed at 400
nm indicating a possible existence of equilibriurhe enhancement of the normal emission
indicates that the equilibrium shifts towards tinans-enol with rise in temperature. The
behavior is same as that of HPBI and other anabtextion 3.3.

4.0E+4
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Figure 6.13. Fluorescence spectra of HPOP in acetonitrile fieréint temperatureSyex: =
300 nm.

Figures 6.14 6.15 and 6.16 show the change in dual fluorescence of HPOP at
different temperatures in DMF, DMSO and glyceraspectively. In DMF, DMSO and
glycerol, although the relative intensities of t@mal and tautomer emissions are solvent
dependent, both normal and tautomer bands deongtisecreasing temperature irrespective
of the solvent. The normal emission in DMF is biefted from 386 nm to 381 nm, but the
tautomer emission is red shifted from 469 nm to A@4{igure 6.14). In DMSO, the normal
emission maxima remain constant at 387 nm in al témperatures while the tautomer
emission is red shifted from 471 nm to 482 rifigQre 6.15. On the other hand, in glycerol,
both the normal and tautomer emission maxima reroaistant at 386 nm and 500 nm,
respectively in all the temperaturésdure 6.16. The rate of change in intensity is highest in
most viscous glycerol and least in least viscouwdaatrile and it also decreases with rise in

temperature.
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Figure 6.14.Fluorescence spectra of HPOP in DMF at differentgeraturesyexc = 300 nm.
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Figure 6.15. Fluorescence spectra of HPOP in DMSO at diffetentperatureSkexc = 300
nm.
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Figure 6.16.Fluorescence spectra of HPOP in glycerol at défietemperaturedex. = 300
nm.

6.2.2. Quantum Yield

The quantum yield of the normal emission of HPORagetonitrile increases with
increase in temperatur€igures 6.179. The quantum yield of the normal emission of HPB
and HPIP-b in acetonitrile and dioxane also inczeash increase in temperatur8gctions
3.3.2and3.3.5) The rise in temperature is expected to increlsenbnradiative decay. As
discussed earliermis-enol which has intramolecular hydrogen bonded icydhg, is the
species responsible for ESIPT aimdns-enol gives the normal emission. With increase in
temperature the intramolecular hydrogen bond braakis-enol which leads to formation of
trans-enol. Therefore, the increase in quantum yielthaimal emission in acetonitrile with
rise in temperature indicates the increase inivelgiopulation oftrans-enol more than the
increase in the nonradiative decay. However, in DBIMSO and glycerol the quantum yield
of normal emission decreases with increase in teatye Figures 6.17. This suggests that
the enhancement in the nonradiative decay is migeifisant than the rise in relative
population oftrans-enol in these solvents. The same behavior is vbdeby HPBI and its

analogues in protic solventS€ction 3.3.5.

TH-1151_07612201 Quantum Yield

182



Chapter 6
Temperature Effect on Photophysics of HPOP

0.12 | O
0.09 - .
- [ |
Z
S 0.06 -
0.03 -

280 300 320 340 360
Temperature (K)

Figure 6.17.Quantum yield of normal emission of HPOP in acdtdeai(- A-), DMF (-¢-),
DMSO (-=-), and glycerol{e-) at different temperatures.
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Figure 6.18.Quantum yield of tautomer emission of HPOP in augtte (- A-), DMF (-¢-),
DMSO (-m-), and glycerol{(e-) at different temperatures.
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In case of tautomer emission, the quantum yieldedeses with temperature in all the
solvents Figure 6.18. The change in the quantum vyield is highest in$Mand least in
DMF. In glycerol, the plot shows a slight upwardvaiwhich is indicative that the decrease
in quantum yield become less as the temperatues.riShis is probably because of the
breaking of solvated structure with increase ingerature. Two factors play a role on the
decrease in the quantum vyield: (i) decrease inrétetive population otis-enol and, (ii)
enhanced nonradiative decay of keto-tautomer withease in temperature. Such decrease in
the quantum yield of the tautomer band with temjpeeais already discussed in detail in
Section 3.3.5for HPBI and analogues. The plot of quantum yieios of normal to
tautomer band®y/d+ of HPOP against temperature show positive slagcgtonitrile, DMF

and glycerol Figure 6.19. However, in DMSO the plot is less sensitivedmperature.
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Figure 6.19.Quantum yield ratigbn/®t of HPOP in acetonitrile- @& -), DMF (-¢-), DMSO
(-m-), and glycerol{e-) at different temperatures.

6.2.3. Fluorescence Excitation Spectra

In acetonitrile, the spectral intensities of thecitation spectra increase with
temperature when monitored at the normal emissiamdbfigure 6.20. As mentioned
earlier this is due to the fact that increase iatnee population oftrans-enol with rise in
temperature dominates over the increase in theadative decay with rise in temperature.
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Figure 6.20.Excitation spectra of HPOP in acetonitrile monitbeg¢ normal band (385 nm).
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Figure 6.21.Excitation spectra of HPOP in DMF monitored at narimand (385 nm).

However, in DMF, DMSO and glycerol the intensit@éscrease when monitored at
the nomal emission band. As a representation tkéation spectra of HPOP in DMF are

shown inFigure 6.21 Therefore, it may be concluded the increase mramhiative transition
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in the normal emission with increase in temperatlominates over the increase in relative

population oftrans-enol.
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Figure 6.22.Excitation spectra of HPOP in DMSO monitored atdener band (480 nm).
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Figure 6.23.Excitation spectra of HPOP in glycerol monitoredeattomer band (500 nm).

The general features of the effect of temperaturetlee fluorescence excitation

spectra recorded at tautomer band all the studibersts are the same. As a representation,

TH-1151 07612201 186 Fluorescence Excitation Spectra



Chapter 6
Temperature Effect on Photophysics of HPOP

Figure 6.22shows the excitation spectra of HPOP in DMSO medrat tautomer band. In
case of HPOP in glycerol, excitation of groundestautomer is not observeligure 6.23.

As is discussed earlier Bection 6.1.2in acetonitrile, DMF and DMSO the tautomer
is observed in the ground state also. The excitatitensity ratio of the tautomer tos-enol
(I1/1g) decreases with increases in temperatbigufe 6.24). The effect is more pronounced
in DMSO at higher temperature. This indicates thatenol and tautomer (keto) equilibrium
shifts toward the enol with rise in temperaturee Tincrease in temperature favarans-enol
over other species. Due to this in acetonitrile, ®and DMF, despite the fact the relative
population ofcis-enol over the tautomer increases in the grountk dtze fluorescence
intensity of the tautomer decreases. The decreaselative population otis-enol and
increase in nonradiative decay of the phototautaanethe contributing factors which lead to
the decrease in spectral intensity of tautomer bdhe decrease in the fluorescence with

temperature is more prominent is glycerol.
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Figure 6.24.Intensity ratio of the ground states-enol and tautomer structures obtained from
the excitation spectra recorded at the tautomessgon of HPOP in acetonitrile (triangle),
DMF (diamond), and DMSO (square) at different terapges.

6.3.0. Neutral-Monoanion Equilibrium
HPOP has only one acidic center i.e. phenolic —Del deprotonation of this leads to

formation of monoanion.
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6.3.1. Absorption Spectra
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Figure 6.25 UV-Visible absorption spectra of HPOP at from $16.39 to pH 10.51.

The molecule is neutral at pH 6.39. Upon increasiegpH from pH 6.39, a new band
appears at the red side 370 nm in the absorptiectrspFigure 6.25. The absorbance of the
neutral molecule decreases on increasing the pHeo$olution and reaches the minimum at
pH ~ 10.51. On the other hand, the absorbanceeoh#w band increases and reaches the
maximum at pH ~ 10.51. Beyond pH ~ 10.51, no appbbe change in the absorption
spectra is observed. This indicates that at thighgHmolecule is fully deprotonated to form
the monoanion. A quasi-isosbestic point is obser@e®45 nm which shows the neutral
molecule is in equilibrium with monoanion. From thk&enderson plot for the neutral-
monoanion equilibrium, theky for the equilibrium is found to be 9.36; in HPB®Be K, is
10.4>* Substitution with nitrogen decreases th€, pvith respect to HPBO. However, in
HPIP-b, the . for the neutral-monoanion equilibrium is 8.Based on the general concept,
substitution with more electronegative atom (oxygenthe heterocyclic ring is expected to
decrease thekp of HPOP with respect to that of HPIP-b. Howeveshould be noted here,
oxygen replaces not merely the nitrogen atom, bat“NH" group. The hydrogen of the
“NH” group is involved in hydrogen bonding with mmanion and it plays a crucial role in

the stabilization of the monoaniéh.Due to less stabilization of the monoanion in
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Chart 6.2. Monoanionic Forms of HPOP and HPIP-b.

HPOP in comparison to HPIP-Bltart 6.2), the <, of the HPOP is higher than that of
HPIP-b. Higher g, of HPBO than HPBI substantiates the argument.

6.3.2. Fluorescence Spectra

390 440 490 540 590 640 690
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Figure 6.26 Fluorescence spectra of HPORy(= 370 nm) in pH range of 6.37 to 12.93.
Water Raman band is denoted by *.

Exciting at the absorption maximum of monoaniag, & 370 nm), the fluorescence
of the monoanion at 471 nm increases with increasgH from pH 6.37 Figure 6.26).
Beyond pH 12.93 no appreciable change in the fhamece is observed. This shows that in
the excited state the formation of monoanion is gleted at pH 12.93. The monoanion is red
shifted compared to normal emission. This indic#tesincrease in acidity of the molecule in

the excited state.
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6.4. Conclusion

The photophysical studies on a newly synthesizedpoand, HPOP) carried out in
different solvents, pH and temperatures is repor&ivent dependent equilibrium between
the rotameric and tautomeric forms is observechenground state. HPOP also shows dual
fluorescence viz. the normal and the tautomer banésto emission from excitécans-enol
and ESIPT product tautomer structures, respectivélye cis-enol and trans-enol are
observed in all the solvents. Although the groumatestautomer is observed from the
absorption spectrum only in DMSO, the excitatioecm monitored at the tautomer band
clearly show the existence of the ground stateotamat structure in dioxane, alcohols,
acetonitrile, DMF and DMSO. The study shows thatradiative decay is more efficient in
HPOP than that in HPBO and HPIP-b. Except the nbemgssion of HPOP in acetonitrile in
all other solvents both emission decreases withhease in temperature. With rise in
temperature, therans-enol andcis-enol equilibrium shifts towarttans-enol and theis-enol
tautomer equilibrium shifts towards-enol. The ;for the neutral-monoanion decreases in
HPOP than HPBO due to presence of pyridine nitraggtPOP. On the other hand, thi€,p
for the neutral-monoanion increases in HPOP thadPHPdue to less stabilization of
monoanionic form of HPOP than that of HPIP-b.
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7.1. Conclusion

A comprehensive study on the photophysical progertif ESIPT exhibiting HPBI
and related molecules in different environmentshsag temperature, pH, homogeneous and
organized microheterogeneous media was attemptedthd process of photophysical
characterization, the potential implications of therophores as probes and sensors are also
explored.

Theoretical study on HPBI and its nitrogen substduanalogues reveals that the
molecules exist in different rotameric and isomdooms. In most casesis-enol which
forms an intramolecularly hydrogen bonded ring s tmost stable form. Upon
photoexcitation, cis-enol undergoes ESIPT through the hydrogen bondgite the
phototautomer keto isomer. The IPT is unfavorahlé&j state but becomes feasible in S
state. After ESIPT, the phototautomer undergoesadnal rotation through the carbon-carbon
double bond linking the two aromatic rings to foemtwisted keto structure at 90°. The
twisted keto structure is characterized by ICT frtira phenolic moiety to the heterocyclic
moiety and the energy of the ICT state is lowemthhe planar keto. This acts as a
nonradiative channel from the phototautomer. Wheoremelectronegative nitrogen is
substituted on the benzene ring of HPBI, the ICEnkanced. On the other hand, nitrogen
substitution on the phenolic ring of HPBI lowerse ticharge donating capacity of the
dissociated pyridinol or pyrimidinol moiety. Thisduces the ICT and thus destabilizing the
twisted keto tautomer.

Experimental and theoretical study on the effectenfiperature on ESIPT of HPBI
and its nitrogen substituted analogues HPIP-b apliPH in solvents of different polarity and
hydrogen bonding capacity was also done. In salutivzese molecules exist as-enol and
trans-enol which are in equilibrium. The equilibrium gkitowardstrans-enol with increase
in temperature. The effect is more in protic sotgetue to hydrogen bonding interactions
between the fluorophore and solvent molecules. &kated trans-enol gives the normal
emission while the phototautomer resulting from FEEBIgives highly Stokes’ shifted
emission band called the tautomer band. The inergastemperature decreases the
fluorescence of both normal and tautomer emissidhe.decrease is more in tautomer band
and its decrease is governed by two factors: é)dicrease in relative populationcs-enol,
and (ii) the increase in nonradiative decay fromdRkcited state.

The cationic sensing abilities of HPBI and its lagaes were investigated. The
photophysical properties of the fluorophores agmnificantly perturbed by the transition

metal ions Ni*, CU¥* and ZA*, whereas alkali and alkaline earth metal ions @qubduce
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negligible effect. Upon binding, the ligand molexutoordinates with the metal centre
through its phenolic oxygen and imidazole nitrogérch is confirmed by the single crystal
structure of [Ni(HPIP-B)J** complex. The binding breaks the intramolecular rbgen
bonded ring which is essential for ESIPT processctur. This leads to change in normal to
tautomer fluorescence intensity ratio where thengka are higher in HPBI than in its
nitrogen substituted analogues. The results detradasthat HPBI shows high selectivity
towards C@". The normal to tautomer emission ratio of HPBFé&ses to as high as 143 and
10.4 fold in the presence of €wand Zi5*, respectively. Although the increase is not a$ hig
as in HPBI, the ratio of HPIP-b increases by 2.d ar8 fold in presence of fiand Cd",
respectively and that of HPIP-c to 1.9 fold in prese of CA'.

In addition to the greater affinity towards trammit metal ions, these fluorophores
reveal susceptibility towards different microhetgnious environments. The ESIPT is
favored in the3-CD nanocavity which is indicated by drastic enteament of the tautomer
emission. The effect is more in nitrogen substdut@alogues HPIP-b and HPIP-c than in
HPBI. All three fluorophores form 1:1 inclusion cplexes withp-CD in both water and
DMSO. The guest fluorophores enter theB-CD nanocavity through
benzimidazole/imidazopyridine moiety. In DMSO, HPBIpresent in neutral form, but the
nitrogen substituted analogues are present in t@diral and monoanionic forms. However,
upon encapsulation bf-CD all of the three molecules are present in botltral and
monoanionic forms in the nanocavity. The monoangstabilized more inside th&CD
cavity. The results reveal that the ESIPT of nimogubstituted analogues is more susceptible
to environment than HPBI and therefore are morengsimg probes. On the other hand, the
change in the normal to tautomer emission ratimase susceptible in AOT reverse micelle
for HPBI where it increases upto 5 fold fram = 0 to 30 while HPIP-b and HPIP-c depict an
increase in ratio of 2.4 and 3.2 times, respedctiviel addition a blue shift is observed in the
tautomer band of HPBI with increasing volume of evagquantity in reverse micelle while
there is no shift in the tautomer bands of HPIR BIPIP-c. These observations show that
initially these molecules preferentially residetive interfacial region between the oil and
water surface. Upon increasewp, the molecules drift away toward the bulk of tteenopool
and the formation of solvated open enol conformsefavored. The increase in the ratio in
AOT reverse micelle is ascribed to the followingsens: (i) nonradiative de-excitation of the
tautomer by torsion rotation, (ii) shifting ofs-enol totrans-enol equilibrium towardrans-

enol, and (iii) formation of solvated open enol fmymer.
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The photophysical properties of the fluorophoresenalso studied in presence of
BSA. With increase in concentration of BSA, theofiescence of both normal and tautomer
bands increase and further, the intensity ratiomafnal to tautomer bands of HPBI and
HPIP-b decrease while that of HPIP-c increases. IHfPH HPIP-c bind in the hydrophobic
site of BSA. On the other hand, HPIP-b binds athydrophilic site of BSA. Although both
HPBI and HPIP-c bind at the hydrophobic sites, rtiéiding pockets and interaction with
BSA are different. In addition tais- and trans-enolic forms, HPBI is present in the
zwitterionic form, whereas HPIP-b and HPIP-c arespnt as monoanion in additionds-
andtrans-enols in the ground state.

All these results show that while HPBI shows supechemosensing ability toward
metal ions than the nitrogen substituted analogthes,substituted analogues show better
promising probes if-CD. In another scenario, all of the three fluorog@s act as probes for
BSA binding at different sites.

HPOP is a nitrogen substituted analogue of HPBOsanutturally, resembles that of
HPIP-b' which is the isomeric form of HPIP-b. Theopphysical characterization of HPOP
in different solvents, pH and temperatures wasiezrrDual fluorescence is observed in
HPOP where the large Stokes-shifted emission ida@eenission from phototautomer formed
by ESIPT while the less Stokes-shifted emissiomfiexcitedtrans-enol. Different equilibria
between the rotameric and tautomeric forms areirddain the ground state in different
solvents. Thougltis- and trans-enol are observed in all the solvents, the grostate
tautomer is observed in dioxane, alcohols, acetiDMF and DMSO. At higher pH, the -
OH group is deprotonated to form monoanion. Thelteshow that nonradiative decay is
more efficient in HPOP than in the correspondingZoxazole derivative. It is observed that
the increase in temperature enhances the nonra@diactivation from the excited state and
thus the quantum vyield decreases with increaseempeérature. Further, with rise in
temperature, theis-enokttrans-enol equilibrium shifts towardrans-enol and thecis-enol-

tautomer equilibrium shifts towauis-enol.

7.2. Scope for Future Work

In the solvation model followed in this work, sdeciinteractions like hydrogen
bonding are not taken into account. On the othedhhydrogen bonding influences ttis-
trans (enol) equilibrium. Therefore, calculation candx@éended with explicit addition of few

protic solvent molecules.
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Although the photophysical properties of HPOP wstedied in detail, theoretical
calculations were not performed. The theoreticédutation may provide more information
about ESIPT and related photophysical processéfP@P. HPOP has one acid center and
three basic centers viz. pyridine nitrogen, oxazoiogen and oxazole oxygen. The
monoanion-neutral equilibrium is studied. Due tesance of more than one basic center,
proton and metal ions may bind at more than one &t form different prototropic
species/complexes. Therefore, studies may be eatetm other equilibriums also. Such
studies on prototropic species/complexes may leathteresting observation. In addition
knowledge on such equilibrium will help not only tmderstand the system, but also to
understand the effect of hetero atom substitutiothese equilibriums in general.

The effects of temperature, homogeneous solvgatyclodextrin, reverse micelle
and BSA on HPBI, HPIP-b, and HPIP-c were studia@ heocking studies can be performed
to support the interaction of BSA with HPBI and aisalogues. The studies can be extended
in other systems such as ionic liquids and hetereges environments such as micelles,
different albumins and allied enzymes. This mayease the application of these molecules.
Such studies may be extended with HPOP also. RFurine interaction of these molecules
with nanoparticles could be explored. Recent studiave shown some of the ESIPT
molecules exhibit polymorphism and polymorphs hdiféerent optical properties. So the
studies can be extended to explore the possiblgmmophs in these molecules and

investigating their optical properties.
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Appendix Al
'H NMR Spectra of HPIP-c in DMSO and Assignment of Protons

Al. Assignment of Protons in NMR Spectrum of HPIP-c

Ha
H
(a)
\ H, (8.92 ppm)
(b)

Hy, (8.28 ppm)

H—O HE

\ Hq (8.11 ppm)

H. (7.69 ppm) /

®)

|

8.9 8.5 8.1 7.7 7.3 6.9 op

He
(6.98 ppm)

Figure Al. Normal and decoupletH NMR spectra of HPIP-c. The arrows indicate the
position of decoupler and circles denote the pr@pothat/those is/are affected.

Proton H (Figure Al) is expected to give a singlet and be found inméeld region
due to the presence of a neighboring nitrogen aternordingly, the peak & = 8.92 ppm
(1H, s) can be assigned tq ptoton.
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Appendix Al
'H NMR Spectra of HPIP-c in DMSO and Assignment of Protons

Hp and H protons are expected to give doublet peaks. Rjatia decoupler at 8.28
ppm Figure Alc), the doublet at 7.69 ppm merges to give a sin@mhilarly, placing the
decoupler at 7.69 ppnfFigure Ale), the doublet peak at 8.28 ppm becomes singlas Th
shows these two protons are coupled and no otléorns are involved in coupling. Besides,
Hy, proton is expected to be down field due to presaimeighboring nitrogen atom. Hence,
the peaks at 8.28 ppm (1H,Hs 6.0 Hz) and 7.69 ppm (1H, d8i= 5.6 Hz) are assigned tqg H
and H protons, respectively.

Protons H and H, have one neighboring protone ldnd H, respectively. Therefore,
they are also expected to give doublet. It is reggbfor similar compoundsthe H; type
proton appears at down field than thg tifpe proton, due to the proximity to heterocyclic
ring. Therefore the doublet peak at 8.11 ppm (1H) & 7.6 Hz) may be assigned tg H
proton.

Both H. and H have two different surrounding protons viz; &d H for He proton
and H and H, for H; proton. Hence, doublet of doublet peaks are eegefdr H, and H
protons. The pseudo triplet peak at 7.39 ppm wischecause of merging of doublet of
doublet peak is due to either ldr H. The quadruplet peak at 6.98 — 7.04 ppm which is
composed of two protons is either due tpadd R or H; protons.

When the decoupler is placed at 8.11 ppm fgkbton,Figure Ald), the peak at 6.98
ppm is affected. Similarly, placing the decouple6.®8 ppm Figure Alh), the doublet peak
at 8.11 ppm becomes singlet and the pseudo tpelek at 7.39 ppm is also affected. This
shows the peak at 6.98 ppm is due tgkbton and the pseudo triplet peak at 7.39 ppm (1H
t, J=8.0 Hz, 7.6 Hz) is due tosgroton. Further, this confirms the peak at 8.1t pp due to
Hq proton.

When the decoupler is placed at 7.39 ppigyre Alf), the peaks at 6.98 ppm and
7.04 ppm (which constitute the quadruplet) arecadie. This implies the 7.04 ppm peak is
due to H proton. This also confirms the peak at 6.98 ppduis to H proton.

References
1. N. Dash, F. A. S. Chipem, and G. Krishnamoor#ygtochem. Photobiol. Sci. 2009
8, 1708-1715.
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Appendix A2
'"H NMR Spectra of HPIP-b in DMSO and Assignment of Protons

A2. Assignment of Protons in NMR Spectrum of HPIP-b

H; (7.42 ppm)
(c) AJ\L
Hy|
(7.30 ppm)
M I
4

He
M
I 1
2

84 82 80 78 7.6 7.4 T.

Figure A2. Normal and decoupletH NMR spectra of HPIP-b. The arrows indicate the
position of decoupler and circles denote the pr@pothat/those is/are affected.

Protons H and H (Figure A2) are expected to give doublet while thg ptoton is
expected to give doublet of doublet. When the dplasus placed at 8.04 ppriigure A2b),
the quadruplet at 7.30 ppm is affected. In turnemvithe decoupler is placed at 7.30 ppm
(Figure A2d), the douplet peaks at 8.39 ppm and 8.04 ppm fieeted. These results
indicate that the doublet of doublet at 7.30 - 788 (1H, ddJ = 4.8, 3.2, and 4.8 Hz) is
due to H proton. Since Htype proton is expected to be at down field dugresence of
neighboring nitrogen atom, the doublet peaks & §@n (1H, dJ = 4.8 Hz) and 8.04 ppm
(1H, d,J = 8.0 Hz) are assigned tq ENd H, protons, respectively.
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Appendix A2
'H NMR Spectra of HPIP-b in DMSO and Assignment of Protons

The environment for i He, H and H, protons of HPIP-b are similar to those of
HPIP-c. Therefore, Hand H, protons are expected to give doublets while theaktl H
protons are expected to give doublet of doublekpea pseudo triplet by merging of doublet
of doublet peak. Therefore, the doublet at 8.11 ppdue to H or Hy proton and the pseudo
triplet at 7.42 ppm is due toeldr H proton.

Since the H type proton is expected to have a higher chenshdt than H type
proton (as is also seen in HPIP-c), the doubl& &t ppm (1H, dJ = 8.0 Hz) is assigned to
Hgq proton. When the decoupler is placed at 7.02 gggu(e A2e), the doublet peak at 8.11
ppm and the pseudo triplet peak at 7.42 ppm aextaid. This shows the peak at 7.02 ppm
(1H, d,J = 7.2 Hz) is due to kproton and the peak at 7.42 ppm (1H, t, J = 844Hg) is due
to H proton. By placing the decoupler at 7.42 pgtiggre A2c), the peaks at 7.02 ppm and
7.06 ppm are affected. This shows the peak atppd6(1H, d, 8.0 Hz) is due toghdroton.
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Appendix A3
'H NMR Spectra of HPBI in DMSO and Assignment of Protons

A3. Assignment of Protons in NMR Spectrum of HPBI

H—Q HE

H, & H,,

(b)

Hy, or H,

(7.28 ppm)
(c) J|

Hg (7.05 ppm)
(d)

=S

l H, (7.01 ppm) v
(e) A |
8.0 7.8 7.6 7.4 7.2 7.0ppm

Figure A3: Normal and decoupledH NMR spectra of HPBI. The arrows indicate the
position of decoupler and circles denote the pr@othat/those is/are affected.

Protons H and H are expected to give doublé&igure A3) while H, and H, protons
are expected to give quadruplet/multiplet. Two deupeaks each of one proton count are
observed at 7.61 ppm and 7.70 ppm. Another trijket peak of two proton counts is
observed at 7.28 ppm. When the decoupler is platéd®8 ppmKigure A3c), the doublet at
7.70 ppm merged to appear as singlet. Singarnd H, protons are expected to be upfield
relative to H and H protons, from these results, the peak at 7.28 (&b pseudo triplet) is
assigned to kland H, protons. The peaks at 7.61 ppm (1H, d) and 7.8 (H, d) are
assigned to either #H. or H/H, protons.
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Appendix A3
'H NMR Spectra of HPBI in DMSO and Assignment of Protons

Similar to HPIP-b and HPIP-c, Hand H, protons of HPBI are expected to give
doublets while the Hand H protons are expected to exhibit doublet of doupketks or
mutiplet by merging of doublet of doublet peak, tifoe proton appears at ~ 8.1 ppm region
(as is seen in HPIP-b and HPIP-c).

When the decoupler is placed at 8.02 pjpigifre A3b), the peak at 7.01 ppm only is
affected. This shows the doublet peak at 8.02 didth d,J = 8.0 Hz) is due to ¥lproton and
the peak at 7.01 ppm (1H, #l= 8.0 Hz) is assigned toglgroton.

When the decoupler is placed at 7.01 ppigyre A3e), the doublet peak at 8.02 ppm
and the peak at 7.38 ppm are affected. This fudbefirms the peak at 7.01 ppm is due to H
proton and the peak at 7.38 ppm (1H,%,7.2, 7.2 Hz) is due toshbroton.

By placing the decoupler at 7.05 ppRidgure A3d), mainly the peak at 7.38 ppm is
mainly affected. This implies the peak 7.05 ppm,(@H = 9.6 Hz) is due to §iproton.
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Appendix A4

Single Crystal Structure of HPIP-b-Ni** Complex

A4. Parameters for Single Crystal of Ni(HPIP-bY** Complex

1

Figure A4. 3D molecular structures of Ni(HPIPZB*) Complex.
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Diffractometer
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346.44
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P 21/n
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11.270(2)

13.306(2)

90.00

95.357(12)

90.00

1424.1(5)

4

1.616

708

1.552

SMART APEX-II CCD (Brucker)
0.71073

Mo-K,
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16136

3526

-12<h<12,-14<k< 13, -17<1<17
3526

w = [S(FJ?) + (0.198%)% + 0.0000] %,
where P =E,2 + 2F5)/3

R?=0.0893wWR"=0.2613
R?=0.1180WR"=0.2978
0.961
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Appendix A5
Determination of Binding Constants for HPBI, HPIP-b and HPIP-c with B-CD

(@)

1.02 - n

027 U ] ) ] I ] ] T

0.06 0.08 0.1 0.12 0.14
1/[B-CD] (x 10°M™)

(b)

0.6 - r =0.99

r =0.93

1/(0-1y)

0.2 o
A A r =0.97
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Figure A5. Benesi-Hildebrand plot for the tautomer band )fH{RIP-b @), and HPIP-c &)
in water, (b) HPBI ¢), HPIP-b @), and HPIP-c &) in DMSO as a function oBfCD].
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